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Preface

This is the proceedings of the first Toyama International Workshop on“Higgs as a Probe of New Physics 2013
(HPNP2013)”, which was held in the period 13.-16. February 2013 at the University of Toyama.
It was one of the most exciting events of particle physics for the last decades that the Higgs boson was

discovered at the LHC experiment in July 2012. The existence of all the particles in the standard model
for particle physics has been confirmed finally. Even more, the mass generation mechanism for particles, the
spontaneous symmetry breaking of electroweak gauge symmetry, has been experimentally confirmed by the
detection of the couplings of the Higgs boson with the weak gauge bosons. The discovery of the Higgs boson
had indeed opened the door to a new stage of particle physics; i.e., the exploration of a new paradigm of new
physics beyond the standard model.

Although the Higgs boson was confirmed its existence, nothing remains to be understood about the essence
of the Higgs boson and the structure of the Higgs sector. They are strongly connected to the physics behind
the Higgs sector or the physics beyond the standard model. In addition, we already know that there are
phenomena which cannot be explained in the standard model, such as dark matter, neutrino oscillation and
baryon asymmetry of the universe. In order to understand these phenomena we need to go beyond the standard
model. If such new physics appears at TeV scales, it should have a strong connection with the Higgs physics.

The international workshop HPNP2013 was planned to dedicate to thoroughly discuss how we can approach
to the new physics beyond the standard model via the exploration of the essence and the structure of the Higgs
sector. Excellent invited speakers, such as Prof. Abdelhak Djouadi, Prof. Howard E. Haber, Prof. Maria
Krawczyk, and Prof. Yutaka Hosotani gave nice review talks about the Higgs physics and topics related to the
Higgs physics. These review talks were followed by many interesting contributed talks by qualified experts as
well as by poster presentations mainly by young postdocs and graduate students. Most of them are contained
in this proceedings.

In HPNP2013, we had a nice excursion during the workshop, as which we visited Kamioka Observatory of
ICRR, the University of Tokyo, which was located just 30 km south from the University of Toyama. In addition,
as the associated Public Lecture, Prof. Mihoko Nojiri and Prof. Satoru Yamashita gave lectures to the general
public for the topic“ Particle Physics and Cosmology”, which were very successful because of their exciting
and fascinating presentations.

We organizers were extremely happy to hold such a great international workshop in Toyama, and to see that
the workshop could be an extraordinary successful one. We would like to acknowledge Prof. Shunro Endo
(President of University of Toyama), Prof. Masaaki Shimizu (Dean of Science Faculty, U. of Toyama), Toyama
Prefecture and Toyama City for their financial supports, which were crucial for the success of the workshop.
Finally, we would like to thank all the participants for their nice presentations, critical questions, and active
discussions during the workshop.

Shinya Kanemura

on behalf of Organizing Committee of HPNP2013
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The SUSY Higgs Sector
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Implications of the Higgs discovery for the MSSM

Abdelhak Djouadi
Laboratoire de Physique Théorique, U. Paris–Sud and CNRS, F–91405 Orsay, FRANCE.

The implications of the discovery of the Higgs boson at the LHC with a mass of approximately 125
GeV are discussed in the context of minimal supersymmetric extension of the Standard Model, the
MSSM. Both implications from the Higgs mass and from its production/decay rates are addressed.

I. INTRODUCTION

The ATLAS and CMS discovery of the particle with a mass of approximately 125 GeV [1] and properties
that are compatible with those of a Higgs boson [2] has far reaching consequences for new physics models, in
particular, for supersymmetric theories. The latter are widely considered to be very attractive extensions as
they naturally protect the Higgs mass against large radiative corrections and stabilise the hierarchy between the
electroweak and Planck scales. In the minimal supersymmetric (SUSY) extension, the Minimal Supersymmetric
Standard Model (MSSM), two Higgs doublet fields are required to break the electroweak symmetry, leading to
five Higgs particles: two CP–even h and H, a CP–odd A and two charged H± particles [3]. Two parameters are
needed to describe the Higgs sector at the tree–level: one Higgs mass, which is generally taken to be that of the
pseudoscalar boson MA, and the ratio of vacuum expectation values of the two Higgs fields, tan β, expected to
lie in the range 1 <∼ tanβ <∼ 60. At high MA values, MA ≫ MZ , one is in the decoupling regime in which the
neutral CP–even state h is light and has almost exactly the properties of the SM Higgs boson, i.e. its couplings
to fermions and gauge bosons are the same, while the other CP–even H and the charged Higgs H± states are
heavy and degenerate in mass with the A state, MH ≈ MH± ≈ MA. In this regime, the MSSM Higgs sector
thus looks almost exactly as the one of the SM with its unique Higgs boson [2].

There is, however, one major difference between the two cases: while in the SM the Higgs mass is essentially
a free parameter (and should simply be smaller than about 1 TeV), the lightest CP–even Higgs particle in the
MSSM is bounded from above and, depending on the SUSY parameters that enter the radiative corrections, it
is restricted to values Mmax

h ≈ 110–135 GeV. Hence, the requirement that the MSSM h boson coincides with
the one observed at the LHC, i.e. with Mh ≈ 125 GeV, would place very strong constraints on the MSSM
parameters through their contributions to the radiative corrections to the Higgs sector.

Here, we summarise the consequences of such a value of Mh for the MSSM [4–6]. We first consider the
phenomenological MSSM [7] in which the relevant soft SUSY–breaking parameters are allowed to vary freely
(but with some restrictions) and constrained MSSM scenarios such as the minimal supergravity (mSUGRA)
[8], gauge mediated (GMSB) [9] and anomaly mediated (AMSB) [10] supersymmetry breaking models (for a
review, see again Ref. [3]). We also discuss the implications of such an Mh value for scenarios in which the
supersymmetric spectrum is extremely heavy, the so–called split SUSY [11] or high–scale SUSY models [12]. A
brief discussion of the Higgs rates and the search for the heavier Higgs states is given.

II. IMPLICATIONS IN THE PHENOMENOLOGICAL MSSM

In an unconstrained MSSM, there is a large number of soft SUSY-breaking parameters but analyses can
be performed in the so–called “phenomenological MSSM” (pMSSM) [7], in which CP conservation, flavour
diagonal sfermion mass and coupling matrices and universality of the first and second generations are imposed.
The pMSSM involves 22 free parameters in addition to those of the SM: besides tan β and MA, these are the
higgsino mass µ, the three gaugino masses M1,2,3, the diagonal left– and right–handed sfermion mass parameters
mf̃L,R

and the trilinear sfermion couplings Af . Fortunately, besides tanβ andMA, only two of them play a major
role: the SUSY breaking scale MS =

√
mt̃1mt̃2 and the mixing parameter in the stop sector, Xt = At −µ cotβ.

The maximal value of the h mass, Mmax
h is given in the leading one–loop approximation by (with some RG

improvement using the running top quark mass m̄t)

Mh
MA≫MZ→ MZ |cos 2β|+

3m̄4
t

2π2v2sin2 β

!
log

M2
S

m̄2
t

+
X2

t

M2
S

"
1− X2

t

12M2
S

#$
(1)

and is obtained for the following choice of parameters: i) a decoupling regime with a heavy A boson, MA ∼
O(TeV); ii) large values of the parameter tanβ, tanβ >∼ 10; iii heavy stops, i.e. large MS and we choose MS = 3

TeV as a maximal value; iv) a stop trilinear coupling Xt =
√
6MS , the so–called maximal mixing scenario.
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An estimate of the upper bound on Mh can be obtained by adopting the scenario above. To be more precise,
we use the program Suspect [13] which calculate the Higgs and superparticle spectrum in the MSSM including
the most up–to–date information to obtain the maximal value Mmax

h . Following and early analysis [14], we
have performed a large scan of the pMSSM 22 parameter space using Suspect in an uncorrelated way in the
following domains:

1 ≤ tanβ ≤ 60 , 50 GeV ≤ MA ≤ 3 TeV , −9 TeV ≤ Af ≤ 9 TeV ,

50 GeV ≤ mf̃L
,mf̃R

,M3 ≤ 3 TeV , 50 GeV ≤ M1,M2, |µ| ≤ 1.5 TeV. (2)

The results are shown in Fig. 1 where, in the left–hand side, the obtained maximal value Mmax
h is displayed as

a function of the ratio of parameters Xt/MS . The resulting values are confronted to the mass range 123 GeV ≤
Mh ≤ 127 GeV when the parametric uncertainties from the SM inputs and the theoretical uncertainties in
the determination of Mh are included; this uncertainty is obtained by comparing the outputs of SuSpect and
FeynHiggs [15] which use different schemes for the radiative corrections. Hence, only the scenarios with large
Xt/MS values and, in particular, those close to maximal mixing At/MS ≈

√
6 survive. The no–mixing scenario

Xt ≈ 0 is ruled out for MS <∼ 3 TeV, while the typical mixing scenario, Xt ≈ MS , needs large MS and moderate
to large tanβ. We obtain Mmax

h =136, 123 and 126 GeV with maximal, zero and typical mixing.

FIG. 1: The maximal value of the h boson mass as a function of Xt/MS in the pMSSM when all other soft SUSY–
breaking parameters and tan β are scanned (left) and the contours for 123< Mh <127 GeV in the [mt̃1

, Xt] plane for
some selected range of tan β values (right). From Ref. [4].

The right–hand side of Fig. 1 shows the contours in the [mt̃1 , Xt] plane where we obtain the mass range 123
GeV < Mh < 127 GeV from our pMSSM scan with Xt/MS ≤ 3; the regions in which tanβ <∼ 3, 5 and 60 are
highlighted. One sees again that a large part of the parameter space is excluded if the Higgs mass constraint
is imposed. In particular, large mt̃1 values, in general corresponding to large MS are favored. However, the
possibility that mt̃1 is of the order of a few hundred GeV is still allowed, provided that stop mixing (which leads
to a significant mt̃1 ,mt̃2 splitting) is large. Thus light stops can be still searched for at the LHC...
Squark as well as gluino masses above 1 TeV are also required by the direct searches of SUSY particles at the

LHC, confirming the need of high MS values to cope with Mh ≈ 125 GeV. Nevertheless, relatively light stops
and electroweak sparticles such as sleptons, charginos and neutralinos are still possible but the present searches
are becoming more and more constraining...

III. IMPLICATIONS FOR CONSTRAINED MSSM SCENARIOS

In constrained MSSM scenarios (cMSSM), the various soft SUSY–breaking parameters obey a number of
universal boundary conditions at a high energy scale, thus reducing the number of basic input parameters to
a handful. These inputs are evolved via the MSSM renormalisation group equations down to the low energy
scale MS where the conditions of proper electroweak symmetry breaking (EWSB) are imposed. Three classes
of such models have been widely discussed in the literature: i) the minimal supergravity (mSUGRA) model in
which SUSY–breaking is assumed to occur in a hidden sector which communicates with the visible sector only
via flavour-blind gravitational interactions, leading to universal soft breaking terms ie a common m1/2,m0, A0

values for the gaugino, sfermion masses and trilinear couplings, ii) the gauge mediated SUSY–breaking (GMSB)
model in which SUSY–breaking is communicated to the visible sector via gauge interactions, iii) the anomaly
mediated SUSY–breaking (AMSB) model in which SUSY–breaking is communicated to the visible sector via a
super-Weyl anomaly.
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These models are described by tan β, the sign of µ and a few continuous parameters. We adopt the following
ranges for the input parameters of these scenarios:

mSUGRA: 50 GeV ≤ m0 ≤ 3 TeV, 50 GeV ≤ m1/2 ≤ 3 TeV, |A0| ≤ 9 TeV;
GMSB: 10 TeV ≤ Λ ≤ 1000 TeV, 1 ≤ Mmess/Λ ≤ 1011, Nmess = 1;
AMSB: 1 TeV ≤ m3/2 ≤ 100 TeV, 50 GeV ≤ m0 ≤ 3 TeV.

allow for both signs of µ, require 1 ≤ tanβ ≤ 60 and, to avoid the need for excessive fine–tuning in the EWSB
conditions, impose an additional bound MS = MEWSB =

√
mt̃1mt̃2 < 3 TeV. In the case of mSUGRA, one

can study special cases such as: no-scale scenario with m0 ≈ A0 ≈ 0, m0 ≈ 0 and A0 ≈ − 1
4m1/2 which

approximately corresponds to the constrained next-to–MSSM (cNMSSM), A0 ≈−m0 which corresponds to a
very constrained MSSM (VCMSSM), and a non–universal Higgs mass model (NUHM) in which the universal
soft SUSY–breaking scalar mass terms are different for the sfermions and for the two Higgs doublet fields.
Using the program Suspect, we have performed a full scan of these scenarios. The results for Mmax

h are
shown in the left-hand side of Fig. 2 as a function of tanβ, the input parameter that is common to all models,
and in the right-hand side of the figure as a function of MS .
In contrast to the pMSSM, the various parameters which enter the radiative corrections to the MSSM Higgs

sector are not all independent in constrained scenarios as a consequence of the relations between SUSY breaking
parameters that are set at the high–energy scale and the requirement that electroweak symmetry breaking is
triggered radiatively for each set of input parameters which leads to additional constraints. Hence, it is not
possible to freely tune the relevant weak–scale parameters to obtain the maximal value of Mh given previously.
In order to obtain a reliable determination of Mmax

h in a given constrained SUSY scenario, it is necessary to
scan through the allowed range of values for all relevant SUSY parameters.

In all cases, the maximal Mh value is obtained for tanβ around 20. We observe that in the adopted parameter
space of the models and with the central values of the SM inputs, the upper h mass value (rounded to the upper
half GeV) is Mmax

h = 121 GeV in AMSB, i.e. much less that 125 GeV, while in the GMSB scenario one has
Mmax

h = 121.5 GeV. Thus, clearly, the two scenarios are disfavoured if the lightest CP–even Higgs particle
has indeed a mass in the range 123 < Mh < 127 GeV. In the case of mSUGRA, we obtain a maximal value
Mmax

h = 128 GeV and, thus, some parameter space of the model would still survive the Mh constraint.
The upper bound on Mh in these scenarios can be qualitatively understood by considering in each model the

allowed values of the trilinear coupling At, which essentially determines the stop mixing parameter Xt and thus
the value of Mh for a given scale MS . In GMSB, one has At ≈ 0 at relatively low scales and its magnitude
does not significantly increase in the evolution down to the scale MS ; this implies that we are almost in the
no–mixing scenario which gives a low value of Mh as can be seen from Fig. 1. In AMSB, one has a non-zero
At that is fully predicted at any renormalisation scale in terms of the Yukawa and gauge couplings; however,
the ratio At/MS with MS determined from the overall SUSY breaking scale m3/2 turns out to be rather small,
implying again that we are close to the no–mixing scenario. Finally, in the mSUGRA model, since we have
allowed At to vary in a wide range as |A0| ≤ 9 TeV, one can get a large At/MS ratio which leads to a heavier
Higgs particle. However, one cannot easily reach At values such that Xt/MS ≈

√
6 so that we are not in the

maximal–mixing scenario and the higher upper bound on Mh in the pMSSM is not reached.

FIG. 2: The maximal value of the h boson mass as a function of tan β (left) and MS (right) with a scan of all other
parameters in various constrained MSSM scenarios. The range 123< Mh <127 GeV for the light h boson mass is
highlighted. From Ref. [4].

In turn, in two particular cases of mSUGRA that we have discussed in addition, the “no–scale” and the
“approximate cNMSSM” scenarios, the upper bound on Mh is much lower than in the more general mSUGRA
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case and, in fact, barely reaches the value Mh ≈ 123 GeV. The main reason is that these scenarios involve small
values of A0 at the GUT scale, A0 ≈ 0 for no–scale and A0 ≈ − 1

4m1/2 for the cNMSSM. One then obtains At

values at the weak scale that are too low to generate a significant stop mixing and, hence, one is again close
to the no–mixing scenario. Thus, only a very small fraction of the parameter space of these two sub–classes of
the mSUGRA model survive if we impose 123 < Mh < 127 GeV. These models hence should have a very heavy
spectrum as a value MS >∼ 3 TeV is required to increase Mmax

h . In the VCMSSM, Mh ≃ 124.5 GeV can be
reached as |A0| can be large for large m0, A0 ≈ −m0, allowing at least for typical mixing.
Finally, since the NUHM is more general than mSUGRA as we have two more free parameters, the [tan β,Mh]

area shown in Fig. 2 is larger than in mSUGRA. However, since we are in the decoupling regime and the value of
MA does not matter much (as long as it a larger than a few hundred GeV) and the key weak–scale parameters
entering the determination of Mh, i.e. tanβ,MS and At are approximately the same in both models, one obtains
a bound Mmax

h that is only slightly higher in NUHM compared to mSUGRA. Thus, the same discussion above
on mSUGRA, holds also true in the NUHM case.

In the case of these constrained scenarios and in particular in the “general” mSUGRA model, most of the
points giving the correct Higgs mass correspond to the decoupling regime of the MSSM Higgs sector and, hence,
to an h boson with SM cross sections and branching ratios. Furthermore, as the resulting SUSY spectrum for
Mh=125±2 GeV is rather heavy in constrained scenarios, one obtains very small contributions to (g− 2)µ and
to B–physics observables such as BR(Bs → µ+µ−). The correct cosmological density as required by WMAP
can be easily implemented. Hence, the resulting spectrum complies with all currently available constraints.

IV. SPLIT AND HIGH–SCALE SUSY MODELS

In the preceding discussion, we have always assumed that the SUSY–breaking scale is relatively low, MS <∼ 3
TeV, which implies that some of the supersymmetric and heavier Higgs particles could be observed at the LHC
or at some other TeV collider. However, as already mentioned, this choice is mainly dictated by fine–tuning
considerations which are a rather subjective matter as there is no compelling criterion to quantify the acceptable
amount of tuning. One could well have a very large value of MS which implies that, except for the lightest h
boson, no other scalar particle is accessible at the LHC or at any foreseen collider.

This argument has been advocated to construct the so–called split SUSY scenario [11] in which the soft
SUSY–breaking mass terms for all the scalars of the theory, except for one Higgs doublet, are extremely large,
i.e. their common value MS is such that MS ≫ 1 TeV (such a situation occurs e.g. in some string motivated
models). Instead, the mass parameters for the spin– 1

2 particles, the gauginos and the higgsinos, are left in the
vicinity of the EWSB scale, allowing for a solution to the dark matter problem and a successful gauge coupling
unification, the two other SUSY virtues. The split SUSY models are much more predictive than the usual
pMSSM as only a handful parameters are needed to describe the low energy theory. Besides the common value
MS of the soft SUSY-breaking sfermion and one Higgs mass parameters, the basic inputs are essentially the
three gaugino masses M1,M2,M3 (which can be unified to a common value at MGUT as in mSUGRA), the
higgsino parameter µ and tanβ. The trilinear couplings Af , which are expected to have values close to the
EWSB scale, and thus much smaller than MS , will in general play a negligible role.
Concerning the Higgs sector, the main feature of split SUSY is that at the high scale MS , the boundary

condition on the quartic Higgs coupling of the theory is determined by SUSY:

λ(MS) =
1

4

!
g2(MS) + g′2(MS)

"
cos2 2β . (3)

where g and g′ are the SU(2) and U(1) gauge couplings. Here, tanβ is not a parameter of the low-energy
effective theory: it enters only the boundary condition above and cannot be interpreted as the ratio of two
Higgs vacuum expectation values. In this case, it should not be assumed to be larger than unity as usual and
will indeed adopt the choice 1/60 ≤ tanβ ≤ 60.

If the scalars are very heavy, they will lead to radiative corrections in the Higgs sector that are significantly
enhanced by large logarithms, log(MEWSB/MS), where MEWSB is the scale set by the gaugino and higgsino
masses. In order to have reliable predictions, one has to properly decouple the heavy states from the low-energy
theory and resum the large logarithmic corrections; in addition, the radiative corrections due to the gauginos
and the higgsinos have to be implemented. Following the early work of Ref. [11], a comprehensive study of the
split SUSY spectrum has been performed in Ref. [16]. All the features of the model have been implemented in
the Fortran code SuSpect [13] upon which the numerical analysis presented in Ref. [4] and summarised here is
based.
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One can adopt an even more radical attitude than in the split SUSY case and assume that the gauginos and
higgsinos are also very heavy, with a mass close to the scale MS ; this is the case in the so–called high–scale
SUSY model [12]. Here, one abandons not only the SUSY solution to the fine-tuning problem but also the
solution to the dark matter problem by means of the LSP and the successful unification of the gauge couplings.
However, there will still be a trace of SUSY at low energy: the matching of the SUSY and the low–energy
theories is indeed encoded in the Higgs quartic coupling λ given by eq. (3). Hence, even if broken at very high
scales, SUSY would still lead to a “light” Higgs whose mass will contain information on MS and tanβ.
The treatment of the Higgs sector of the high–scale SUSY scenario is similar to that of split SUSY: one

simply needs to decouple the gauginos and higgsinos from the low energy spectrum (in particular remove their
contributions to the renormalisation group evolution of the gauge and Yukawa couplings and to the radiative
corrections to the h boson mass) and set their masses to MS . We have adapted the version of the program
Suspect which handles the split SUSY case to also cover the case where M1 ≈ M2 ≈ M3 ≈ |µ| ≈ MS . Using
this program, we have performed a scan in the [tanβ,MS ] plane to determine the value of Mh in the split SUSY
and high–scale SUSY scenarios. The values given by the PDG for the SM input parameters have been adopted
and, in the case of split SUSY, we have chosen MEWSB ≈

!
|M2µ| ≈ 246 GeV for the low scale. The results

are shown in Fig. 3. In this figure Mh is displayed as a function of MS for selected values of tan β in split and
high–scale SUSY.
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FIG. 3: The value of Mh as a function of MS for several values of tan β = 1, 2, 5, 50 in the split SUSY (left) and high–scale
SUSY (right) scenarios. From Ref. [4].

As expected, the maximal Mh values are obtained at high tanβ and MS values and, at the scale MS ≈ 1016

GeV at which the couplings g and g′ approximately unify in the split SUSY scenario, one obtains Mh ≈ 160
GeV for the higher tanβ = 50 value. We do not include the error bands in the SM inputs which would lead to
an uncertainty of about 2 GeV on Mh, mainly due to the 1 GeV uncertainty on the top quark mass. In addition,
we have assumed the zero–mixing scenario as the parameter At is expected to be much smaller than MS ; this
approximation might not be valid for MS values below 10 TeV and a maximal mixing At/MS =

√
6 would

increase the Higgs mass value by up to 10 GeV at MS = O(1 TeV) as was discussed earlier for the pMSSM. In
the high–scale SUSY scenario, we obtain a value Mh ≈ 142 GeV (with again an uncertainty of approximately
2 GeV from the top mass) for high tanβ values and at the unification scale MS ≈ 1014 GeV as in Ref. [12].
Much smaller Mh values, in the 120 GeV range, can be obtained for lower scales and tan β.
Hence, the requirement that the Higgs mass is in the range 123 < Mh < 127 GeV imposes strong constraints

on the parameters of these two models. For this mass range, very large scales are needed for tan β ≈ 1 in the
split (high–scale) SUSY scenario, while scales not too far from MS≈104 GeV are required at high tanβ. Thus,
even in these extreme scenarios, SUSY should manifest itself at scales much below MGUT if Mh ≈ 125 GeV.

V. IMPLICATIONS FROM THE HIGGS PRODUCTION/DECAY RATES

Note that the Mmax
h values discussed above are obtained with a heavy superparticle spectrum, for which the

constraints from flavour physics (such as the limits from the processes Bs → µµ and b → sγ) and sparticle
searches (first/second generation squarks and gluinos, but also stops) evaded, and in the decoupling limit in
which the h production cross sections and the decay branching ratios are those of the SM Higgs boson. In
the real word, there are other (stringent) constraints on the pMSSM to be included: i) the production/decay
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rates of the observed Higgs particle, ii) the CMS and ATLAS search limits in of the heavier MSSM bosons in
the channels pp → A/H/(h)→ ττ and pp → tt̄ with t → bH+, iii) the non observation of heavier Higgses in
the ZZ,WW,tt channels, iv) the constraints from sparticle searches and eventually Dark Matter. Some of the
constraints provided by the ATLAS and CMS collaborations are shown in Fig. 4.
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FIG. 4: Constraints from the LHC on the Higgs bosons in the SM and the MSSM. From left to right: the signal strengths
in the various Higgs search channels derived by the ATLAS and CMS collaborations with some of the data collected
at

√
s = 7+8 TeV; the 95% confidence level limit provided by CMS on the Higgs cross section normalized to the SM

expectation as a function of the Higgs mass with ≈ 17 fb−1 data collected at
√
s = 7+8 TeV (this excludes a Higgs boson

with a mass below 700 GeV if it has SM couplings and the main channels are gg → H → ZZ,WW ); the expected and
observed exclusion limits in the [tan β,MA] plane in the CMS search of the MSSM neutral Higgs bosons in the channels
pp → h/H/A → τ+τ− with ≈ 17 fb−1 data collected at

√
s = 7+8 TeV (other processes such as pp → h/H/A+ bb̄ → 4b

or charged Higgs production in the channels pp → tt̄ with t → bH+ → bτν lead to less stringent constraints).

An example of output that can be obtained in such a case in given in the left-hand side of Fig. 5 where the
parameter space [MA, tanβ] in a benchmark scenario with MS = 2 TeV in maximal stop mixing Xt =

√
6MS .

The regions excluded by various imposed constraints that we have imposed are indicated. The green area
corresponds to the non-observation of Higgs bosons at LEP2 which excludes tan β <∼ 3 at moderate to large
MA values. The light blue area is the one ruled out by the CMS results on the search of resonances decaying
into τ+τ− final states with the 7 TeV data and it touches the LEP2 band at small MA but reduces in size
when MA is increased. The extension of the bound to the 7+8 TeV data with ≈ 17 fb−1 data is shown by the
red line. This constraint is extremely restrictive and for values MA <∼ 250 GeV, it excludes almost the entire
intermediate and high tanβ regimes, tan β >∼ 5. The constraint is less effective for larger MA, but even for
MA = 400 GeV the high tanβ >∼ 10 region is excluded and one is even sensitive to large values MA ≈ 700 GeV
for tanβ >∼ 50. Finally, he small visible area in orange is the one excluded by the Bs → µ+µ− constraint but,
in fact, part of the excluded region is hidden by the CMS blue area.

FIG. 5: The maximal value of the h boson mass as a function of Xt/MS in the pMSSM when all other soft SUSY–
breaking parameters and tan β are scanned (left) and the contours for 123< Mh <127 GeV in the [mt̃1

, Xt] plane for
some selected range of tan β values (right). From Ref. [5, 6].

To that, we superimpose the area in which we make the requirement 123 ≤ MH ≤ 129 GeV, that is indicated
in dark blue. This band covers the entire range of MA values and leaves only the tanβ values that are comprised
between tanβ ≈ 3–5 and tanβ ≈ 10. Between the LEP2 and the “Mh” blue band, one has Mh < 123 GeV,
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while above the Mh band, one has Mh > 129 GeV and both areas are excluded. The requirement that the
h boson mass should have the value measured at the LHC, even with the large uncertainty that we assume,
provides thus a strong constraint on the [MA, tanβ] parameter space in the pMSSM.

In addition, we also searched for points in the parameter space in which the boson with mass ≃ 125 GeV
is the heavier CP–even H state which corresponds to values of MA of order 100 GeV. Among the ≈ 107 valid
MSSM points of the scan, only ≈ 1.5 × 10−4 correspond to this scenario. However, if we impose that the H
cross sections times branching ratios are compatible with the SM values within a factor of 2 and include the
constraints from MSSM Higgs searches in the τ+τ− channel, only a few points survive. These are all excluded
once flavor constraints are imposed. This is shown in the right–hand of Fig. 5

We note that in Ref. [17] we have considered the production of the heavier H,A and H± bosons of the MSSM
at the LHC, focusing on the low tanβ regime, tanβ <∼ 3–5, that is allowed if the SUSY scale is assumed to
be very high, MS >∼ 10 TeV. We have first shown that in this case, the requirement that Mh ≈ 125 GeV fixes
the radiative corrections so that, to a good approximation, one needs only two basic input parameters in the
MSSM Higgs sector even at higher orders: tan β and MA. We have then shown that the searches for a heavier
SM Higgs boson in the WW,ZZ final states and the search for new resonances in the ττ, tt̄, hZ and hh channels
constrain the [tanβ,MA] parameter space at low tanβ and MA values.

The impact of the Higgs decay rates on the parameters of the pMSSM can be estimated by studying the
compatibility of the pMSSM points with the results reported by ATLAS and CMS at the LHC and also by the
Tevatron experiments. Starting from the scanned set of pMSSM points that are pre-selected for compatibility
with the constraints discussed above, we consider the decay channels which allowed the Higgs discovery at the
LHC, γγ and ZZ and include also the WW, bb̄ and ττ channels. Using the notation RXX to indicate the Higgs
decay branching fraction to the final state XX, BR(h → XX), normalised to its SM value, we compute the
ratios of the product of production cross sections times branching ratios for the pMSSM points to the SM
values, µXX for a given h → XX final state, µXX = σ(h) × BR(h → XX)|MSSM/SM, and compare them to
the experimental values with their estimated uncertainties. While most of the results are compatible with the
SM expectations within the present accuracy, they highlight a possible enhancement in the observed rates for
the γγ channel where ATLAS obtains a ≈ 2σ excess if one does not take properly into account the theoretical
uncertainties in the production cross section, which are estimated to be significant for the main production
channel gg → h [18].
If the excess is not due to a statistical fluctuation (as it appears to be the case since the µγγ rate measured

by CMS is much closer to the SM value) or to an underestimate of theory uncertainty (which, when properly
included, reduces the excess to the 1σ level [18]), what are the possible sources for such an enhancement? The
answer is given in Fig. 6 where the main possibilities discussed long ago in Refs. [19, 20] have been recently
revived in Refs. [21–23] in the light of this possible enhancement.
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FIG. 6: Possibilities for SUSY particle contributions to the rate Rγγ = σ(gg → h) × BR(h → γγ)|MSSM/SM. Left: the
contours for the rate µγγ ≡ Rγγ in the [Xt/mt̃,mt̃] plane where light stop loops contribute to the gg → h → γγ rate,
provide the ‘correct” Mh ≈ 125 GeV when calculated with Suspect or FeynHiggs; however the rate is always smaller
than in the SM; from Ref. [21]. Center: contours for µγγ in the [mτ̃L , µ]] plane where light stau’s enhance the h → γγ
decay at high tanβ values, tanβ = 60; from Ref. [21]. Right: the rate in the [M2, µ]] plane where light charginos enhance
µγγ by less than 5% (blue) and 10% (red) for tan β = 3; from Ref. [23].

Hence, in the MSSM, the enhancement is modest in most cases and is significant only in extreme scenarios.
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VI. CONCLUSIONS

We have discussed the impact of a Standard Model–like Higgs boson with a mass Mh ≈ 125 GeV on super-
symmetric theories in the context of both unconstrained and constrained MSSM scenarios. We have shown that
in the phenomenological MSSM, strong restrictions can be set on the mixing in the top sector and, for instance,
the no–mixing scenario is excluded unless the supersymmetry breaking scale is extremely large, MS ≫ 1 TeV,
while the maximal mixing scenario is disfavoured for large MS and tanβ values.
In constrained MSSM scenarios, the impact is even stronger. Several scenarios, such as minimal AMSB and

GMSB are disfavoured as they lead to a too light h particle. In the mSUGRA case, including the possibility
that the Higgs mass parameters are non–universal, the allowed part of the parameter space should have large
stop masses and A0 values. In more constrained versions of this model such as the “no–scale” and approximate
“cNMSSM” scenarios, only a very small portion of the parameter space is allowed by the Higgs mass bound.

Finally, significant areas of the parameter space of models with large MS values leading to very heavy
supersymmetric particles, such as split SUSY or high–scale SUSY, can also be excluded as, in turn, they tend
to predict a too heavy Higgs particle with Mh >∼ 125 GeV.
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Higgs Boson Mass in Low Energy SUSY Models with Vector-like Matters

Norimi Yokozaki
Kavli IPMU, University of Tokyo, Kashiwa, Chiba 277-8568, JAPAN

We show that the gauge mediation models with vector-like matters can explain the Higgs boson
mass of 126 GeV without large soft scalar masses nor a large left-right mixing of the stops. The
scenario has interesting features: the existence of the light non-colored SUSY particles accessible at
the LHC and ILC, the explanation of the muon g� 2 and the possibility of the enhanced di-photon
decay rate of the Higgs boson.

I. INTRODUCTION

The discovery of the Higgs boson like particle with the mass of ⇠ 126GeV has great influence on the super-
symmetric models. In the minimal supersymmetric standard model (MSSM), the Higgs boson mass at the tree
level is at most ⇠ 91GeV, and hence, the Higgs boson mass of ⇠ 126GeV requires large radiative corrections; the
quartic coupling in the Higgs potential should be twice as large as the tree level value. The required corrections
can be obtained by heavy stops of O(10� 1000)TeV or a large left-right mixing for O(1)TeV stops [1]. In the
former case, the SUSY CP/flavor problem as well as the cosmological moduli problem is significantly relaxed,
while not in the latter case [24]. Therefore, the heavy SUSY scenarios are somewhat favored, combined with
the non-observation of the SUSY signals at the LHC [3, 4].
However, there is an indication that the SUSY particles, at least, non-colored SUSY particles are light as

O(100) GeV: the anomalous magnetic moment of the muon (muon g� 2). The experimental value of the muon
g � 2 [5] is deviated from the standard model (SM) prediction [6, 7] at more than 3� level. Using the SM
prediction in Ref. [7], the deviation is given by

�aµ ⌘ aEXP
µ � aSMµ = (26.1± 8.1)⇥ 10�10. (1)

It was pointed out that, in MSSM, �aµ can be explained by the contributions from the light smuons and
chargino/neutralino with the mass of O(100)GeV for tan� = O(10) [8]. If the deviation is true, there exists a
tension; the Higgs boson mass favors heavy SUSY particles while the muon g � 2 requires light SUSY particles
with O(10) tan�. Because of this, there are not many SUSY scenarios which can accommodate both of them.
For instance, SUSY models with a singlet extension of the Higgs sector can not explain the muon g � 2, since
the enhancement of the Higgs boson mass occurs only in the region with low tan �.
In this letter, we consider the gauge mediation models with the vector-like matters [9] as one of the few

scenarios consistent with the muon g � 2 experiment and the Higgs boson mass of around 126GeV [25]. The
vector-like matters with ⇠ 1TeV mass which couple to the Higgs boson chiral multiplet can enhance the Higgs
boson mass by the radiative corrections in a similar manner of the top/stop loops [14–16], even for large tan �.
Because of this e↵ect, the Higgs boson mass is explained with relatively light colored SUSY particles of 1 � 2
TeV, allowing the existence of the light non-colored SUSY particles of O(100)GeV; the scenario gives rich
phenomenologies, such as the muon g� 2 explanation and the possibility of the enhanced di-photon decay rate
of the Higgs boson.

II. GAUGE MEDIATION MODELS WITH VECTOR-LIKE MATTERS

We consider the gauge mediation models with extra vector-like matters added to the MSSM matter contents.
The vector-like matters are introduced as 10 and 10 representation in SU(5) grand unified theory (GUT) gauge
group so that the gauge coupling unification is maintained. Then, the superpotential of the matter sector is
given by

W = WMSSM�Yukawa + Y 0Q0HuT 0 + µHuHd +MQQ
0Q0 +MTT

0T 0 +MEE
0E0, (2)

where 10 = (Q0, T 0, E0) ( and 10 ) are additional vector-like matters. The SUSY invariant mass terms,
µ,MQ,MT and ME , are possibly related to the Peccei-Quinn (PQ) symmetry breaking scale [17]. Here, we
neglect Q0HdU

0, which can be suppressed by the PQ symmetry. There are new radiative corrections through
the term Y 0Q0HuT 0, which are similar to the top/stop loops. With a large Yukawa coupling Y 0 ' 1 and
MQ ⇠ MT ⇠ 1TeV, the Higgs boson mass can be e�ciently enhanced and can reach to ⇠ 126GeV without the
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large left-right mixing nor heavy scalar masses. The leading part of the radiative correction to the Higgs boson
mass from the extra-matters is

�m2
h ⇠ 3Y 04v2

4⇡2
sin4 �

"
ln

m2
squark

M2
F

#
, (3)

where msquark is the soft mass of the extra squark and MF ⇠ MQ ⇠ MU . The vacuum expectation value of the
Higgs boson is denoted by v (' 174GeV). For the hierarchical SUSY mass and SUSY breaking mass generate
su�ciently large �m2

h. Note that Y 0 ' 1 at around the weak scale is quite natural since it has a quasi infrared
fix point with the value of unity [16].
The soft SUSY breaking mass parameters are induced by messenger loops. The superpotential of the mes-

senger sector is written as

Wmess = (MD + FD✓2) D D̄ + (ML + FL✓
2) L L̄, (4)

where  L and  D̄ are SU(2)L doublet and SU(3)C triplet messengers, respectively. The hyper-charge of  L

( D̄) is �1/2 (1/3). If relations, MD = ML and FD = FL are hold at the GUT scale, FD/MD ' FL/ML is
hold at any scale. However, such relations can be violated by, e.g., a higher dimensional operator picking up
the GUT scale VEV. Here, we consider only a pair of the messengers. This is because introducing two or more
messengers leads to the Landau pole below the GUT scale, unless the messenger scale is su�ciently high.
The leading contributions to gaugino masses and scalar masses at the messenger scale are given by

M1 ' g21
16⇡2

[(2/5)(FD/MD) + (3/5)(FL/ML)] , M2 ' g22
16⇡2

(FL/ML), M3 ' g23
16⇡2

(FD/MD), (5)

and

m2
Q ' 2

(16⇡2)2
⇥
g43(4/3)(FD/MD)2 + g42(3/4)(FL/ML)

2

+ g41(1/60)((2/5)(FD/MD)2 + (3/5)(FL/ML)
2)
⇤
,

m2
U ' 2

(16⇡2)2
⇥
g43(4/3)(FD/MD)2

+ g41(4/15)((2/5)(FD/MD)2 + (3/5)(FL/ML)
2)
⇤
,

m2
D ' 2

(16⇡2)2
⇥
g43(4/3)(FD/MD)2

+ g41(1/15)((2/5)(FD/MD)2 + (3/5)(FL/ML)
2)
⇤
,

m2
L ' 2

(16⇡2)2
⇥
g42(3/4)(FL/ML)

2

+ g41(3/20)((2/5)(FD/MD)2 + (3/5)(FL/ML)
2)
⇤
,

m2
E ' 2

(16⇡2)2
⇥
g41(3/5)((2/5)(FD/MD)2 + (3/5)(FL/ML)

2)
⇤
,

m2
Hu

= m2
Hd

= m2
L, (6)

where M1, M2 and M3 are the bino, wino and gluino, respectively. The mass of the SU(2) doublet squark
is denoted by mQ while those of the SU(2) singlet are denoted by mU (up-type) and mD (down-type). The
slepton masses are written as mL and mE for SU(2) doublet and singlet, respectively. By taking the ratio
(FL/ML)/(FD/MD) to be smaller than unity, we can split the masses of the colored and non-colored SUSY
particles, which enhances the SUSY contributions to the muon g � 2 for the fixed masses of the colored SUSY
particles.
The contours of the Higgs boson mass and the region consistent with the muon g� 2 are shown on the gluino

mass - tan� plane in Fig. 1. In the deep (light) green region, �aµ is explained by the SUSY contributions at
1� (2�) level. The Higgs boson mass is calculated with MQ = MT = 900GeV. Taking smaller value of MQ

(and MT ) makes the Higgs boson mass larger while larger MQ makes the mass smaller. The region above the
black dashed line is excluded by the vacuum stability condition; there exists a charge breaking global minimum
induced by the large left-right mixing of the stau (⇠ m⌧µ tan�) and the electroweak symmetry breaking (EWSB)
minimum is unstable. Requiring that the life-time of the EWSB minimum be longer than the age of the universe,
µ tan� can not be too large [18].
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The contours of the ratio of the Higgs branching fraction to di-photon, r�� , are also shown. Here, r�� is
defined as r�� ⌘ Br(h ! ��)/Br(hSM ! ��). It was shown that the di-photon decay rate is enhanced by
the stau loops with the large left-right mixing [19]. In our case, the di-photon ratio can be enhanced up to
about 40% compared to the SM prediction. The enhancement is bounded from above by the vacuum stability
constraint [20].
In most of the region consistent with the muon g�2 at 1� level, the stau is the next-to-lightest SUSY particle

(NLSP) with the mass less than about 200GeV. The light (quasi-)stable stau is severely constrained from the
LHC. The stau mass should be larger than about 340GeV [21]. On the other hand, the stau can decay with a
relatively short decay length, say, less than ⇠10 cm. For exmaple, the stau decays into the tau plus gravitino or
axino. The former case corresponds to the ultra-light gravitino with the mass of less than about 10 eV, the latter
case is realized in the DFSZ axion model [22] with the small axion decay constant fa ⇠ 109 GeV. Although
the production of the stau through the colored SUSY particles can be suppressed, the production through the
chargino/neutralino is not; the chargino mass should be larger than about 280 GeV [23]. The sample mass
spectrum is shown in Table. 1.
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FIG. 1: Contours of the Higgs boson mass (blue solid line) and the region consistent with the muon g � 2. The Higgs
to di-photon ratio r�� is also shown (red solid line). The Higgs boson mass is calculated with MQ = MT = 900GeV,
mt(pole) = 173.3 GeV and Y 0(m

SUSY

) = 1.0. In the deep (light) green region, the muon g � 2 is explained at 1�
(2�) level. The black dashed line shows the stability bound of the electroweak symmetry breaking (EWSB) minimum.
The region above the line is excluded since the lifetime of the EWSB minimum becomes shorter than the age of the
universe. Here, we take the messenger scale and SUSY breaking masses as MD = ML = 4⇥105 GeV and (FL/FD) = 0.6,
respectively.

III. CONCLUSION

In this letter, we have considered a gauge mediation model with the vector-like matters at around 1TeV.
With the help of the radiative corrections from the vector-like matters, this scenario can explain the Higgs
boson mass of ⇠ 126GeV without large scalar masses nor the large left-right mixing, which is suitable for the
gauge mediated SUSY breaking scenarios. Because of the light non-colored SUSY particles, the muon g � 2
deviation is successfully explained. Interestingly, in some region, the di-photon decay rate of the Higgs boson
can be enhanced up to 40%. It has been shown that the constraint from the LHC SUSY search can be avoided,
but still, the (right handed) sleptons are lighter than ⇠ 250 GeV and can be target at the International Linear
Collider experiment.
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TABLE I: A sample mass spectrum

M
mess

300TeV
FD 170TeV
FL/FD 0.6
tan� 20

m
gluino

1.6TeV

m
squark

2.4TeV

mL 413GeV

mE 243GeV

m⌧̃1 165GeV

m�0
1

190GeV

m�±
1

302GeV

�aµ 21.4⇥ 10�10
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LHC SUSY searches after the Higgs discovery: respecting the muon g � 2

Sho Iwamoto⇤†‡

Department of Physics, The University of Tokyo, Tokyo 113–0033, JAPAN§

SUSY searches at the LHC as well as the 126GeV Higgs boson indicate that superparticles,
especially squarks and gluinos, are not so light as we expected. It is important to investigate SUSY
searches which do not rely on the colored superparticles.

As a clue for the investigation, we focus on the muon g � 2 anomaly, which can be explained by
the SUSY contributions if some of neutralinos, charginos, and sleptons are as light as O(100)GeV.
We propose the (g� 2)µ-motivated MSSM as a benchmark model, where squarks are decoupled but
the superparticles corresponding to the muon g � 2 are light enough to explain the anomaly. We
also interpret the up-to-date results of LHC SUSY searches, and obtain experimental constraints on
the model.

We show searches for direct production of charginos and neutralinos work very well against the
scenario, but several regions are not only remain uncovered but even found challenging to be searched
for at the LHC. It is ascertained that, in order to draw out latent potential of the LHC, strategies
to attack these regions should be developed.

I. INTRODUCTION

Let us clarify the situation of the supersymmetry (SUSY), the most promising candidate for physics beyond
the Standard model. A Higgs boson was discovered at the LHC, and its mass was revealed to be approximately
126GeV [2, 3]. This discovery completed the Standard Model, but at the same time, ascertained that the
Standard Model su↵ers from the hierarchy problem [4]. The necessity of the SUSY as the solution to the
hierarchy problem is definite. However, no signatures of the SUSY have been captured at the LHC. The
squarks lighter than ⇠ 1.5TeV, and the gluinos lighter than ⇠ 950GeV are now excluded by SUSY searches
focusing on colored particle pair-production [5–7]. Moreover, the mass of the Higgs boson, 126GeV, favors that
the top-squarks as heavy as O(1–10)TeV [8]. All the results obtained at the LHC indicate that squarks are out
of the LHC reach.
Here we focus on another insu�ciency of the Standard Model, the anomaly on the anomalous magnetic

moment of the muon, (g�2)µ. The measured value of (g�2)µ is deviated at 3�-level from the theoretical value
based on the Standard Model:

�aµ ⌘ aµ(exp)� aµ(SM) = (26.1± 8.0)⇥10�10, (1)

where aµ ⌘ (g � 2)µ/2. The measurement was by the muon g � 2 collaboration at Brookhaven National
Laboratory [9], and the Standard Model prediction was obtained from the combination of the results in Refs. [10–
14] (also see Refs. [15]). This discrepancy can be interpreted as another signal of physics beyond the Standard
Model.

µ

µ̃

µ�̃0

�

µ

�̃�

µ⌫̃µ

�

FIG. 1: The diagrams of the MSSM dominant contributions to the muon g � 2.
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The SUSY is capable to solve the (g � 2)µ anomaly [16]. The MSSM dominant contribution to (g � 2)µ is,
as summarized in FIG. 1, one-loop level diagrams with smuon–neutralino (µ̃–�̃0) and muon-sneutrino–chargino
(⌫̃µ–�̃

�). They are respectively expressed as [29]

�aµ(µ̃, �̃
0) ⇡ ↵Y m

2

µ

m2

soft

sgn(µ) tan� + · · · , �aµ(⌫̃µ, �̃
±) ⇡ ↵

2

m2

µ

m2

soft

sgn(µ) tan�, (2)

where ↵Y and ↵
2

are the gauge coupling strengths of U(1)
Y

and SU(2)
weak

, µ is the µ-term (the Higgsino mass
term), and tan� = hH

u

i / hH
d

i. m
soft

represents the mass of the loop-going superparticles. In order to su�ce
�aµ with these two diagrams, the corresponding superparticles should be (precisely, at least (µ̃

1

,�̃0

1

)-pair, or
(⌫̃µ,�̃

±
1

)-pair should be) as light as O(100)GeV, and tan� = O(10) is favored.
Here a naive idea comes up: the squarks are as heavy as O(1–10)TeV to raise the Higgs mass to 126GeV

and to escape from the LHC SUSY search, meanwhile some of the (g� 2)µ-related superparticles are very light
as O(100)GeV. We will call this scenario “(g � 2)µ-motivated MSSM”, and investigate it in this article.

The discussion performed here will be restricted to phenomenological approach. It is interesting and of great
importance to construct viable SUSY models which realize such mass separation, but we will put it out of the
scope. We treat the masses of the superparticles as free parameters and discuss the following questions with
model-independent approach:

1. Is this scenario still viable? — The answer is YES; i.e., the SUSY can still explain the (g � 2)µ anomaly
(with optimism that suitable models for this scenario will be invented [30]).

2. Can we investigate this scenario at the LHC and future colliders? —We will see that most of the parameter
space which can explain the (g�2)µ anomaly can be covered with the LHC, but some regions are di�cult
to be searched for, for which we should develop the ways to search.

The rest of this article is composed as follows: Section II is for the declaration of the (g � 2)µ-motivated
MSSM, Section III is the discussion on LHC phenomenology, and they are summarized in Section IV.

II. (g � 2)µ-MOTIVATED MSSM

Here we clarify the targeted model with utilizing several simplifications. The squarks are set much heavier
than 1TeV as required by the Higgs mass. The slepton soft masses are assumed to be diagonal and common for
the first and the second generations: (m2

L)1 = (m2

L)2 and (m2

¯E
)
1

= (m2

¯E
)
2

, while the third generation sleptons

are set decoupled to simplify the collider phenomenology: (m2

L)3 ⇠ (m2

¯E
)
3

= O(1)TeV. For the gaugino masses
Ma, an approximate GUT relation M

1

: M
2

: M
3

= 1 : 2 : 6 is utilized. The scalar trilinear couplings (A-terms)
are simply set zero. The Higgs sector is set as (mA, tan�) = (1.5TeV, 40) for a large tan� is preferred. The
(lighter CP -even) Higgs mass is just set by hand as mh = 126GeV, which is assumed to be realized by the
heavy squark masses.
Here it should be emphasized that most of the above simplifications/assumptions do not a↵ect LHC phe-

nomenology, or do ease the LHC SUSY searches. The exceptions are the gaugino mass relation and the decou-
pling tau-slepton sector. Especially, LHC phenomenology with lighter tau-sleptons is left as future works.
Finally, (m2

L,m
2

¯E
,M

2

, µ) are left as free parameters. In the original paper [1], we performed analyses on the
four parameter spaces:

(a)–(c)
⇣
M

2

,
p

m2

L

⌘
-plane, where m2

¯E
is set as (3TeV)2, and µ is as (a)M

2

, (b)2 ⇥ M
2

, and (c)0.5 ⇥ M
2

.

is set as (M
2

, 3TeV), (2M
2

, 3TeV), (0.5M
2

, 3TeV), respectively. In these cases, since the right-handed
sleptons are decoupled, diagrams with Higgsino becomes much smaller, and the SUSY contribution to
(g � 2)µ is dominated by the chargino–muon-sneutrino diagram (FIG. 1-right).

(d)
⇣
M

2

,
p

m2

L

⌘
-plane, where m2

L : m2

¯E
= 22 : 32, and µ = 2TeV. This case is somewhat special for

the diagram with a bino–smuon loop dominates the SUSY contribution. This is because the large µ-term
enhances the µ

L

–µ
R

mixing and suppresses the diagrams with Higgsinos. As a result, the (g�2)µ anomaly
can be explained even if bino is as heavy as 500GeV.

In this article, however, we just consider the model (d), the most interesting one, for simplicity.
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III. (g � 2)µ-MOTIVATED MSSM V.S. LHC

1. Overview

The LHC SUSY search for this scenario is summarized to two schemes. The first one targets gluinos, hopefully
which sit around 1TeV for the approximate GUT relation. The gluinos can be searched for with the well-
known strategy, i.e., searches for events with multiple hard jets and a large missing energy. An example is
in Ref. [5], where the ATLAS collaboration analyzes their data corresponding to an integrated luminosity of
5.8 fb�1 obtained at

p
s = 8TeV to constrain the gluino mass as mg̃ > 950GeV when squarks are decoupled.

However, these searches are hopeless with gluino decoupled, i.e., without the GUT relation, which was not
necessary for the SUSY explanation of the (g � 2)µ anomaly.
The other scheme focuses on direct productions of the (g�2)µ-related superparticles. It faces more Standard

Model background events compared with the first scheme, but is very important since with such searches we can
distinguish whether the SUSY is still viable as the solution to the (g�2)µ anomaly or not. Especially, the multi-
lepton signatures are particularly important, because they are provided by the (g � 2)µ-related superparticles.
As a result which focuses on direct productions of electroweakinos (charginos and neutralinos), the ATLAS
collaboration recently reported searches for events with three leptons plus a large missing energy in the data
of 13.0 fb�1 at

p
s = 8TeV [17, 31], where multi-leptons come from electroweakinos and a large missing energy

from the lightest superparticle (LSP).
In this article, we interpret these two results from the ATLAS collaboration, i.e., the multi-jet search in Ref.[5]

targeting gluino pair production, and the multi-lepton search in Ref.[17] focusing on the electroweakino pair
production, to obtain constraints on the (g � 2)µ-motivated MSSM.

2. Method

We performed Monte Carlo simulation to interpret the ATLAS results. For each model point, mass spectrum
is generated with SOFTSUSY 3.4 [18] and SUSY-HIT 1.3 [19], and the SUSY contribution to the muon g � 2
is calculated with FeynHiggs [20], SUSY events are generated by Pythia 6.4 [21] with the CTEQ6L1 set of
parton distribution functions (PDFs), and normalized with the next leading order cross section; for gluino pair
production it was obtained Prospino 2 [22, 23], where the CTEQ6L1 and CTEQ6.6M PDFs [24] are used, and
for the electroweak channels the factor is set as K = 1.2, which is a typical value in the parameter space.
Delphes 2.0 [25] was used to simulate detector response.
E�ciency of triggering is not considered, but e�ciency and fake rate of b-tagging, and e�ciency of lepton

detection was taken into account. Detailed description of our e�ciency estimations as well as object definitions
can be found in Ref. [1].
The signal regions are defined to be the same as those in the original ATLAS analyses. The CL

s

method is
used to derive exclusions for each model point. The numbers of simulated SUSY events in the signal regions
are compared to the corresponding upper bounds obtained in the ATLAS reports. The analysis procedures are
validated by comparing the simulations with the ATLAS results.

3. Result

The result for case (d) is shown in FIG. 2-left. It should first be emphasized that the region where the (g�2)µ
anomaly, drawn with an yellow/orange band, extends transversely to the right edge of the plotted region, which
is the special feature of the case (d) originating from the enhancement of the bino–smuon diagram due to the
large left-right mixing of smuons. The (g�2)µ anomaly is explained even at M

2

= 1.3TeV for m2

L = (200GeV)2

at the 1� level. As we will discuss below, the case (d) is di�cult to be covered fully at the LHC for this feature.
The gray region is already excluded by the LHC SUSY searches (see Note [31]) at 95% confidence level. The

leftmost region, where the gluino pole mass is lighter than ⇠ 950GeV, is excluded by the multi-jet search as
expected. The center of the plotted region is covered by the multi-lepton search. The shape of the region seems
somewhat strange, but is understood easily; it is because the ATLAS multi-lepton search focuses the region in
which �̃0

1

< m
˜l± < �̃0

2

, where the direct pair production such as pp ! �̃±
1

�̃0

2

can provide three leptons as, e.g.,

�̃±
1

! ⌫̃ + l± ! �̃0

1

+ l± + ⌫, �̃0

2

! l̃⌥ + l± ! �̃0

1

+ l± + l⌥. (3)
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Excluded!
by!

jet search!

[No Gluino case] 

(d) µ = 2TeV, m2
L : m2

Ē = 4 : 9

FIG. 2: Current LHC bounds on the (g� 2)µ-motivated MSSM. Here the result of the case (d) is shown; those of (a)–(c)
can be found in Ref. [1]. In the left figure, the gluinos are as light as expected from the approximate GUT relation, while
they are assumed to be decoupled in the right. The orange (yellow) bands show the region where the (g � 2)µ anomaly
is explained by the SUSY contributions at the 1� (2�) level. The red and blue lines show the current bounds from the
LHC SUSY searches [5, 17] (see Note [31]); the gray regions are excluded at 95% confidence level, and the theoretical
uncertainty of ±30% is depicted by the red and blue bands. The LSP is �̃0

1 (⌫̃) in the regions above (below) the black
thick lines.

In FIG. 2-left, the gluinos are assumed to be within the reach, but they can be decoupled from the viewpoint
of the (g� 2)µ anomaly. The result with gluinos decoupled is provided as FIG. 2-right; in the figure, no regions
are excluded by the multi-jet search, for hard jets are less expected without gluinos. Instead, the leftmost region
is excluded by the multi-lepton search. The excluded region in the center of the parameter space is the same
as FIG. 2-left as expected.

4. Discussion / Prospects

Now we realized that the SUSY is still viable as the solution to the (g�2)µ anomaly. Then, how can we cover
the remaining regions? Here, focusing on this question, let us briefly discuss prospects. (Detailed discussion
can be found in Ref. [1].)
If the approximate GUT relation on the gaugino masses realizes (Fig. 2-left), SUSY searches focusing on

multi-jet events at the 13–14TeV LHC can cover the gap between the excluded regions. However, the gap
cannot easily be covered without gluinos (Fig. 2-right). In the gap region, the produced electroweakinos decay
into W/Z bosons so that the electroweakino pair production results in similar events as the Standard Model
di-boson production. (Actually, the leftmost region in the right figure is excluded because the electroweakinos
decay into three bodies.) We should develop the method to distinguish such events from the Standard Model
background events with utilizing the large missing energy, or rely on slepton pair production even though the
cross section is smaller than electroweakino pair production.
The rightmost regions of the figures are much more challenging. Although slepton pair production is available

with a considerable rate at the LHC, it just results in di-lepton signature and the discrimination from the
Standard Model events is extremely di�cult. The MT2

method [26] might be, from a naive thought, useful for
the discrimination, but the ILC is more suitable to explore this parameter region.
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IV. SUMMARY

The SUSY is the most promising candidate for physics beyond the Standard Model, since it solves the
hierarchy problems, provides a dark matter candidate, realizes the Higgs mass of 126GeV, and explain the
(g � 2)µ anomaly. However, the LHC SUSY search as well as the 126GeV Higgs boson indicates that the
superparticles, especially squarks and gluinos, are not so light as we expected. Now it is important to investigate
the SUSY searches which are not involved with the colored superparticles.
As a clue for the investigation, we focused on the (g � 2)µ anomaly, which can be explained by the SUSY

contributions if some of neutralinos, charginos, and muon-sleptons are as light as O(100)GeV. We proposed
the (g� 2)µ-motivated MSSM as a benchmark model, and interpreted the up-to-date results of the LHC SUSY
search [5, 17] to obtain the experimental bound on the model. In this article, we discussed only the case (d),
the most challenging benchmark model.
The results are shown in FIG. 2; the left figure is under the assumption that M

1

: M
2

: M
3

= 1 : 2 : 6, where
the SUSY search focusing on the gluino pair production [5] excludes the leftmost region, and the right figure is
with gluino decoupled. We saw that the multi-lepton search [17] is capable to exclude a wide region regardless
of presence of the gluino. However, at the same time, we realized that two sorts of the mass spectra remain
viable.
These two regions can be regarded as the targeted regions in the future colliders. The di�culty of the gap

region comes from the feature that the SUSY events are similar to the Standard Model di-boson production,
while the rightmost region is extremely challenging since only the di-lepton signatures from slepton direct pair
production are expected as the SUSY signature.
Finally let us mention what we did not cover/discuss in this article. First, we assume in order to simplify LHC

phenomenology that staus and tau-sneutrinos are decoupled; analyses and discussion with lighter tau-sleptons
are of interest for it is more natural, and left as future works. Also the fixed ratio of the gaugino masses,
M

1

: M
2

= 1 : 2, can be relaxed. This is important for the study on the rightmost region of FIG. 2, since M
2

is irrelevant for (g � 2)µ in the case (d) but LHC phenomenology in the region is considerably a↵ected by the
mass splittings between sleptons and electroweakinos.
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We consider an extended Higgs sector that arises as a low-energy description of a strongly-coupled
SUSY gauge theory. This model predicts the presence of extra superfields that couple with the
Higgs superfields through large coupling constants. Large radiative corrections involving the extra
fields can realize strongly first order electroweak phase transition, which is a vital requirement
for electroweak baryogenesis scenario. At the same time, the large radiative corrections lead to
significant deviations in the Higgs boson triple coupling and Higgs-to-diphoton branching ratio,
which are testable at the ILC.

I. INTRODUCTION

Although the Higgs-like boson has been discovered, we have not yet revealed the structure of the Higgs
potential. In building models of the Higgs sector, we adopt electroweak baryogenesis scenario as a guiding
principle. It is known that successful electroweak baryogenesis [1] relies on su�cient amount of CP violation
and strongly first order electroweak phase transition (EWPT), both of which are not realized in the standard
model (SM) with 126 GeV Higgs boson mass. The latter condition on EWPT is directly connected to the
structure of the Higgs potential and may give a clue to the study on the Higgs sector. We therefore discuss
extensions of the SM Higgs sector that enable strongly first order EWPT. In general, models that realize
strongly first order EWPT through enhanced thermal cubic term necessarily contain large coupling constants
in the Higgs sector, which blow up at a Landau pole below the Planck scale. Extended Higgs models with large
coupling constants in the Higgs sector have been investigated in refs. [2]. In such cases, the models must be
replaced by more fundamental theories above the Landau pole.
We propose an ultraviolet (UV) complete model of an extended Higgs sector that incorporates such large

coupling constants [3, 4]. Our model is based on supersymmetric (SUSY) SU(2) gauge theory with six doublets,
similar to the minimal fat Higgs model [5]. This gauge theory becomes strongly-coupled at an infrared (IR)
scale, which we call ‘confinement scale’, and below that scale, the theory is described in terms of mesonic
superfields with an emergent e↵ective superpotential which contains large coupling constants. We identify the
mesonic superfields with the Higgs superfields of the SUSY SM as well as extra iso-spin doublet and singlet chiral
superfields in an extended Higgs sector, and indentify the e↵ective superpotential with that of the extended
Higgs sector. In this way, we introduce, with a solid UV completion, extra superfields that couple with the
Higgs superfields through large coupling constants. A feature of the model is that the scale at which the large
coupling constants blow up is identified with the confinement scale of the SUSY gauge theory.
We investigate the phenomenology of the SUSY extended Higgs sector that has been obtained as the

low-energy e↵ective theory of the SUSY SU(2) gauge theory. With a benchmark mass spectrum, we calculate
the strength of EWPT and look for parameter regions where strongly first order EWPT occurs. We further
calculate the triple coupling constant of the SM-like Higgs boson and the decay branching ratio into di-photon,
whose deviations from the SM values give collider signatures of the model.

II. MODEL

We consider a SUSY extended Higgs sector that emerges as a low-energy e↵ective theory of a new SUSY
SU(2)H gauge theory with six doublet chiral superfields, which are also charged under SM gauge groups SU(2)L⇥
U(1)Y . A Z2 parity is assigned to the doublets to forbid large flavor changing neutral currents in the resultant
extended Higgs sector. One can say that the SUSY SU(2)H gauge theory is the UV picture of the model. The
field content of the SUSY SU(2)H gauge theory is summarized in Table 1.

The SU(2)H gauge theory becomes strongly-coupled at an IR scale, which we call ‘confinement scale’ ⇤H ,
and below ⇤H , the low-energy e↵ective theory is described in terms of mesonic chiral superfields. In our model,
the mesonic superfields are identified with the Higgs doublets of the SUSY SM as well as extra chiral superfields
in the extended Higgs sector. One can say that the extended Higgs sector is the IR picture of the model. The
Higgs sector contains two SU(2)L doublet, two charged singlet and five neutral singlet chiral superfields, in
addition to the two Higgs doublets of the SUSY SM. The field content is summarized in Table 2.
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Field SU(2)L U(1)Y Z2 
T1

T2

!
2 0 +

T3 1 +1/2 +

T4 1 �1/2 +

T5 1 +1/2 �
T6 1 �1/2 �

TABLE I: SM charge and Z2 parity assignments on the SU(2)H doublets, Ti.

Field SU(2)L U(1)Y Z2

Hu 2 +1/2 +

Hd 2 �1/2 +

�u 2 +1/2 �
�d 2 �1/2 �
⌦+ 1 +1 �
⌦� 1 �1 �
⇣, ⌘ 1 0 �

N , N�, N⌦ 1 0 +

TABLE II: The chiral superfields in the extended Higgs sector.

The scalar components of the superfields N,N�, N⌦ gain vacuum expectation values, which give e↵ective
µ-terms for the other superfields. The physical components of N�, N⌦ do not contribute to the one-loop
e↵ective potential for the SUSY SM Higgs scalars, and hence can be neglected in phenomenological studies.
The superpotential of the phenomenologically relevant part of the Higgs sector is then given by

WHiggs = �µHuHd � µ��u�d � µ⌦(⌦
+⌦� � ⇣⌘)

+ �̂
�
nHuHd +Hd�u⇣ +Hu�d⌘ �Hu�u⌦

� �Hd�d⌦
+
 

, (1)

where n denotes the physical component of N . �̂ denotes a running coupling constant for the superfields in the
extended Higgs sector. Näıve Dimensional Analysis (NDA) [6] suggests that the coupling constant �̂ becomes
non-perturbative at a similar scale where the SUSY SU(2)H gauge theory in the UV picture becomes strongly-
coupled, i.e., the confinement scale ⇤H . Therefore, with a given renormalization group equation of �̂, the value
of �̂ at the electroweak scale is in one-to-one correspondence with the confinement scale ⇤H .
The soft SUSY breaking terms are introduced as follows:

Lsoft = �m2
Hu

H†
uHu � m2

Hd
H†

dHd � m2
�u

�†
u�u � m2

�d
�†

d�d

� m2
⌦+⌦+ †⌦+ � m2

⌦�⌦� †⌦� � m2
⇣⇣

†⇣ � m2
⌘⌘

†⌘

� BµHuHd � Bµ��u�d � Bµ⌦(⌦
+⌦� � ⇣⌘)

� A⇣Hd�u⇣ � A⌘Hu�d⌘ � A⌦�Hu�u⌦
� � A⌦+Hd�d⌦

+ . (2)

Similar to the minimal SUSY SM, electroweak symmetry breaking occurs with the help of soft SUSY breaking
terms.
The Yukawa couplings, including the top quark Yukawa coupling, are introduced in the same way as in the

minimal fat Higgs model [5].

III. ELECTROWEAK PHASE TRANSITION IN THE MODEL

Using finite-temperature e↵ective potential and the methods introduced in [7, 8], we make a numerical analysis
on the order of EWPT, vC/TC , where TC and vC respectively denote the critical temperature and the value of
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the order parameter at that temperature.
The benchmark mass spectrum is as follows. For the SUSY SM sector,

tan� = 15 , mH± = 350 GeV , µ = 200 GeV ,

M̃t̃ = M̃b̃ = 2000 GeV , (3)

where M̃t̃ and M̃b̃ respectively denote the soft SUSY breaking masses for the SUSY tops and bottoms. For the
Z2-odd sector,

µ� = µ⌦ = 550 GeV ,

m̄�d = m̄⌦+ = m̄⇣ = 1500 GeV , m̄⌘ = 2000 GeV ,

(Aterms, Bterms) = 0 , (4)

where m̄⇤ denotes the square root of the sum of the µ-term squared and the soft SUSY breaking mass squared
for the field ⇤. The following two quantities are the free parameters in this analysis:

� ( ⌘ �̂(MZ) ) , m0 ( ⌘ m̄�u = m̄⌦� ) . (5)

We tune the value of the stop mixing term to realize mh = 126 GeV.
In Figure 1, we show the contour plot for the coupling constant � ( ⌘ �̂(MZ) ). The strength of EWPT,

vC/TC = 1, is also displayed. We find that strongly first order phase transition, vC/TC
>⇠ 1, takes places with
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FIG. 1: Contour plot for the coupling constant � (black dashed lines) with a line corresponding to the strength of EWPT
vC/TC = 1 (red solid line), on the plane of the mass of the lightest Z2-odd charged particle m�0±

1
and the mass of the

lightest Z2-odd neutral particle m�0 0
1
. The parameters are fixed according to eqs. (3) and (4).

our benchmark mass spectrum for � >⇠ 1.6 when m�0 0
1

' 60 GeV (for � >⇠ 1.8 when m�0 0
1

' 130 GeV). Note
that, in our model, � ' 1.6 corresponds to ⇤H ' 15 TeV and � ' 1.8 does to ⇤H ' 5 TeV.

IV. COLLIDER SIGNATURES OF THE MODEL

With the benchmark mass spectrum eqs. (3, 4, 5), we make a numerical analysis on the decay branching ratio
of the Higgs boson into diphoton and the triple Higgs boson coupling, and study the correlation between these
quantities and the strength of EWPT.
In Figure 2, we combine the contour plot for the ratio of the Higgs-to-diphoton branching ratio over its SM

value, µ�� , with a line indicating the strength of EWPT, vC/TC = 1. We find that the Higgs-to-diphoton
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FIG. 2: Contour plot for the ratio of Br(h ! ��) over the SM value, µ�� (black dashed lines), with a line corresponding
to the strength of EWPT vC/TC = 1 (red solid line), on the plane of the mass of the lightest Z2-odd charged particle
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. The parameters are fixed according to eqs. (3) and (4).
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FIG. 3: Contour plot for the deviation of the triple Higgs boson coupling from the SM value, ��hhh/�hhh|SM (black
dashed lines), with a line corresponding to the strength of EWPT vC/TC = 1 (red solid line), on the plane of the mass
of the lightest Z2-odd charged particle m�0±

1
and the mass of the lightest Z2-odd neutral particle m�0 0

1
. The parameters

are fixed according to eqs. (3) and (4).

branching ratio decreases by more than 20 % with our benchmark mass spectrum when the strongly first order
EWPT with vC/TC

>⇠ 1 is realized.
In Figure 3, we combine the contour plot for the deviation of the triple Higgs boson coupling from the SM

value, ��hhh/�hhh|SM , with a line indicating the strength of EWPT, vC/TC = 1. We discover that, when
the strongly first order EWPT with vC/TC

>⇠ 1 occurs with our benchmark spectrum, the triple Higgs boson
coupling increases by more than about 20 % for 150 GeV > m�0 0

1
> 50 GeV.

To summarize, we confirm that su�ciently strongly first order EWPT for successful EWBG can be realized
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with our benchmark mass spectrum. In order to have vC/TC
>⇠ 1, we need � > 1.6 provided the lightest Z2-odd

neutral scalar is heavier than 50 GeV. This corresponds to the confinement scale ⇤H lower than about 15
TeV. In the parameter regions where strongly first order EWPT occurs, the Higgs-to-diphoton branching ratio,
Br(h ! ��), and the triple Higgs boson coupling, �hhh, significantly deviate from the SM values. These are
principally due to loop corrections involving light Z2-odd scalars, which are also responsible for strongly first
order EWPT. With the benchmark mass spectrum, Br(h ! ��) decreases by about 20% and �hhh increases
by more than about 20%, both of which may be observed at the future International Linear Collider [9, 10].

V. CONCLUSIONS

We have discussed the correlation among the strength of EWPT, the Higgs-to-diphoton branching ratio
and the triple Higgs boson coupling in the extended Higgs sector with large coupling constants and the 126
GeV Higgs boson, which emerges as a low-energy e↵ective theory of the SUSY SU(2)H gauge theory with
confinement. In our benchmark mass spectrum, the condition of quick sphaleron decoupling for EWBG,
vC/TC

>⇠ 1, determines the scale of the Landau pole to be below about 15 TeV, which corresponds to the
confinement scale of the SU(2)H gauge theory. We have found that the Higgs-to-diphoton branching ratio
deviates negatively from the SM prediction by about 20% and the triple Higgs boson coupling deviates
positively by more than about 20%. Such deviations can be observed at future collider experiments.
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Vacuum stability of supersymmetric extended Higgs sectors
with a discrete symmetry
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We study vacuum stability of supersymmetric extended Higgs sectors with a discrete Z2 symmetry.
These models may be able to explain dark matter, neutrino masses, baryon asymmetry of the
Universe and hierarchy problem simultaneously at the TeV scale. This Z2 symmetry could be
broken spontaneously. We examine the stability of the Z2 symmetric vacuum at the tree level in
several models with such extended Higgs sectors.

I. INTRODUCTION

The standard model (SM) is successful in describing the particle physics below the electroweak scale. This
model is consistent with the current data from experiments at the Large Hadron Collider, Tevatron, LEP and so
on. However, there are several well-known problems which cannot be expained in the SM. There is no candidate
for dark matter (DM) [1]. The neutrino oscillation data indicate that neutrinos have tiny masses and mix with
each other [2]. Furthermore, matter and anti-matter asymmetry in the Universe has been addressed. In order
to solve these problems, we must consider a new physics model beyond the SM.
In this talk, we consider several supersymmetric SMs with extended Higgs sectors, where a discrete (Z

2

)
symmetry is introduced as a symmetry of the Lagrangian. These models can be regarded as a supersymmetric
extention of radiative seesaw models [3–5]. They may be able to solve the problems of DM, neutrino masses,
baryon asymmetry of the Universe and hierarchy problem at the same time. The lightest supersymmetric
particle (LSP), which is R-parity odd, is then a candidate of the DM. In addition, the lightest Z

2

-odd particle
is also another candidate of the DM [6]. This is a kind of multi-component DM scenarios [7]. Since tree
level neutrino Yukawa couplings are forbidden due to the Z

2

-odd right-handed neutrinos N i
R (i = 1-3), neutrino

masses are generated at the loop level. In these models, baryon asymmetry may be generated at the electroweak
phase transition (EWPT) [5]. Needless to say, hierarchy problem can be solved by supersymmetry.
These models predict many Z

2

-odd scalar particles, so that the Z
2

symmetry may be broken spontaneously
when these scalars get vacuum expectation values VEVs. We would like to consider the case where the Z

2

symmetry is not broken spontaneously. There are some previous studies in non-SUSY models [8, 9]. We
examine the stability of the Z

2

symmetric vacuum in SUSY models, and we find the parameter region which
preserves the Z

2

symmetry.

II. MODEL

We focus on supersymmetric extended Higgs sectors with a Z
2

symmetry. We consider the models listed
below:

• 4HDM : two Z
2

-even doublets and two Z
2

-odd doublets [10].

• 4HDMS : two Z
2

-even doublets, two Z
2

-odd doublets and one Z
2

-odd neutral singlet [6].

• 4HDM⌦ : two Z
2

-even doublets, two Z
2

-odd doublets and two Z
2

-odd charged singlets [11].

In these models, since Z
2

-even doublets are the identical ones in the minimial supersymmetric SM (MSSM),
the lightest Higgs boson mass is predicted to be the same as that in the MSSM at the tree level when the Z

2

symmetry is unbroken. Extra Z
2

-odd Higgs boson loop can enhance the Higgs boson mass at the one loop level.
This one loop contribution can naturally reproduce the mass 126 GeV for the Higgs boson. In these models, the
condition of su�ciently strong 1st order EWPT with mh=126 GeV, which is required for successful electroweak
baryogenesis, leads to relatively strong coupling constants. In general, such a theory brings the Landau pole at
10-100 TeV due to strong coupling constants at the electroweak scale, so that there should be the cut-o↵ scale
below 10-100 TeV, above which a more fundamental theory appears [12, 13]. These models may be able to solve
problems for DM, neutrino masses, baryon asymmetry of the Universe simultaneously at the TeV scale [14]. A
merit to consider these models is the testability at collider experiments.
First, we consider a simple toy model, because the vacuum structure in the 4HDM, the 4HDMS and the

4HDM⌦ is quite complicated. The Higgs sector in the toy model consists of one Z
2

-even isospin doublet, one
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Z
2

-odd isospin doublet and one Z
2

-odd neutral singlet (see TABLE I). The superpotential and the soft SUSY
breaking terms relevant to the Higgs potential are

W =
µS

2
S2 + �H 0

1

·H
2

S, (1)

�Lsoft = m2

1

|H 0
1

|2 +m2

2

|H
2

|2 +m2

S |S|2 + (ĀH 0
1

·H
2

S + h.c.). (2)

The Higgs potential in this toy model is

VHiggs = m2

1

|H 0
1

|2 +m2

2

|H
2

|2 +M2

S |S|2 + (AH 0
1

·H
2

S + h.c.)

+
g2 + g02

8
(|H

2

|2 � |H 0
1

|2)2 + g2

2
|H 0†

1

H
2

|2

+ |�|2(|H
1

|2|S|2 + |H
2

|2|S|2 + |H 0
1

·H
2

|2), (3)

where Ā+�µ⇤
S ⌘ A, M2

S ⌘ m2

S + |µS |2 and g (g0) is the gauge coupling constant of the SU(2)L (U(1)Y ). Notice
that this model is an unrealistic model. For example, masses of down-type quraks and charged leptons are zero
when the Z

2

symmetry is unbroken.
Second, we consider the 4HDMS. This model has four isospin doublets (two of them are Z

2

-odd) and one
Z
2

-odd neutral singlet (see TABLE II). The superpotential and the soft SUSY breaking terms relevant to the
Higgs potential are

W = �µHd ·Hu + �dHd · �uS + �uHu · �dS, (4)

�Lsoft = M2

d |Hd|2 +M2

u |Hu|2 +M 02
d |�d|2 +M 02

u |�u|2 +M2

S |S|2

+ (BµHd ·Hu +AdHd · �uS +AuHu · �dS + h.c.). (5)

In Eqs. (4) and (5), we introduce a global U(1) symmetry for simplicity, so that the µ-terms and the B-terms
in the Z

2

-odd sector vanish. The Higgs potential in this 4HDMS is

VHiggs = m2

1

|Hc
d|2 +m2

2

|Hu|2 +M 02
d |�c

d|2 +M 02
u |�u|2 +M2

S |S|2 + {m2

3

Hc†
d Hu + h.c.}

�
�
Ad(H

c†
d �uS) +Au(H

†
u�

c
dS) + �uµ

⇤(H†
d�dS) + �dµ

⇤(Hc†
u �c

uS) + h.c.
 

+ {|�d|2|�u|2|S|2 + |�u|2|�c
d|2|S|2 + |�u|2|Hu|2|S|2 + |�d|2|Hc

d|2|S|2 + |�dH
c†
d �u + �u�

c†
d Hu|2}

+
g2 + g02

8
(|Hu|2 + |�u|2 � |Hc

d|2 � |�c
d|2)2

+
g2

2
{|Hc

d ·Hu|2 + |�c
d ·Hu|2 + |Hc

d · �u|2 + |�c
d · �u|2 � |�c

d ·Hc
d|2 � |�u ·Hu|2}, (6)

where Hc
d(�

c
d) ⌘ (i�

2

)H⇤
d (�

⇤
d), m

2

1(2)

⌘ M2

d(u) + |µ|2 and Bµ ⌘ m2

3

. This Higgs sector corresponds to that

of the supersymmetric radiative seesaw model up to U(1) symmetry [15]. This model may be able to explain
the existence of DM (the lightest Z

2

-odd and/or R-parity odd particle) and neutrino masses at the one loop level.

SU(2)L U(1)Y Z2

H 0
1 2 + 1

2 –

H2 2 – 1
2 +

S 1 0 –

TABLE I: The Higgs sector in the toy model.

III. ANALYSIS

The Z
2

symmetry can be broken spontaneously depending on parameters of the Higgs potential. We would
like to find the parameter region where this symmetry is unbroken spontaneously. We impose conditions that
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SU(2)L U(1)Y U(1) Z2

Hd 2 – 1
2 0 +

Hu 2 + 1
2 0 +

�d 2 – 1
2 +1 –

�u 2 + 1
2 +1 –

S 1 0 –1 –

TABLE II: The Higgs sector in the 4HDMS.

the Z
2

symmetric vacuum satisfies

det

 
@2VHiggs

@'i@'j

�����
h'i(j)i=vi(j)

!
> 0, (7)

V
broken Z2 > V

unbroken Z2 . (8)

The first condition means that the scalar masses are non-tachyonic on the Z
2

symmetric vacuum. The second
condition means that the Z

2

symmetric vacuum (VEV v = 246 GeV) is the global minimum of the Higgs
potential if there are another local minima of the potential where the Z

2

symmetry is broken. We use these two
conditions to constrain the parameters of the Lagrangian. We find that there is the parameter region where the
Z
2

symmetry is unbroken.
In the toy model, there are one Z

2

-even neutral scalar boson, four Z
2

-odd neutral scalar bosons (two
CP-even and two CP-odd) and one Z

2

-odd charged scalar boson. Since we focus on spontaneous Z
2

symmetry
breaking, we neglect the direction of charge breaking in the potential analysis. We consider the case that
the � in Eq. (1) is of order one, which is required to realize successful electroweak baryogenesis in the
4HDMS [14]. We also require this condition in the toy model. Trilinear scalar terms (i.e. ; AH 0

1

· H
2

S) play
important roles in the potential analysis. Notice that we here assumed that all parameters are real. We
take A = 700 GeV and A = 1000 GeV with � = 1. Our numerical results are shown in FIG. 1. Vertical
axis is M2

s [GeV2] and horizontal axis is m2

1

[GeV2]. In the red region, the Z
2

symmetric realistic vacuum
with v = 246 GeV becomes tachyonic. In the blue region, the realistic vacuum is not a global minimum.
We can see that the realistic vacuum is stable when trilinear scalar term is small and mass parameters are large.

FIG. 1: The vacuum stability in the toy model. We take � = 1. A = 700 GeV at left figure and A = 1000 GeV at right
figure. In the red region, the Z2 symmetric realistic vacuum with v = 246 GeV becomes tachyonic. In the blue region,
the realistic vacuum is not a global minimum.

Next we consider the 4HDMS. There are two Z
2

-even neutral scalar bosons (they are the MSSM-like scalar
bosons at the tree level.) and three Z

2

-odd neutral scalar bosons. The toy model has trilinear scalar terms
only from Lsoft in Eq. (2). On the other hand, the 4HDMS has trilinear scalar terms not only from Lsoft

but also from the superpotential (i.e. ; �dµ(Hc†
u �c

u)S). In a strongly coupled theory, these terms become very
large, so that they aslo play important role. For simplicity, we take the universal trilinear scalar parameters as
Ad = Au = �dµ = �uµ in this analysis. Our numerical results are shown in FIG. 2. Vertical axis is m2

3

[GeV2]
and horizontal axis is m2

s [GeV2]. In the red region, the Z
2

symmetric realistic vacuum with v = 246 GeV

28



becomes tachyonic. In the blue region, the realistic vacuum is not a global minimum. We can see that the
realistic vacuum is stable when trilinear scalar terms are small and mass parameters are large.

FIG. 2: The vacuum stability in the 4HDMS. We take �d = �u = 1 and M 0
d = M 0

u = 300 GeV. Trilinear scalar terms =
800 GeV at left figure and trilinear scalar terms = 1300 GeV at right figure. In the red region, the Z2 symmetric realistic
vacuum with v = 246 GeV becomes tachyonic. In the blue region, the realistic vacuum is not a global minimum.

IV. CONCLUSION

We study the vacuum stability in the toy model (one Z
2

-even doublet, one Z
2

-odd doublet and one Z
2

-odd
neutral singlet) and the 4HDMS (four doublet (two of them are Z

2

-odd) and one Z
2

-odd neutral singlet). The
4HDMS may be able to explain DM, neutrino masses, baryon asymmetry of the Universe and hierarchy problem
at the same time. Especially, we examine the stability of the Z

2

symmetric vacuum at the tree level. We find
that the Z

2

symmetry is kept unbroken in the parameter region where the trilinear scalar terms are small and
mass parameters are large. However, in the strongly coupled theory, trilinear scalar coupling constants �i in
the superpotential are very large, so that mass parameters are very large to stabilize the the Higgs potential. In
such parameter regions, it would be more di�cult to test models because the deviation in the triple Higgs boson
coupling from the SM prediction is more decoupled [16]. Further studies on details of the vacuum structure in
these SUSY extended Higgs sectors are under way.
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The Higgs data and the Decoupling Limit

Howard E. Haber
Santa Cruz Institute for Particle Physics

University of California, Santa Cruz, CA 95064 USA

The Higgs data analyzed by the ATLAS and CMS Collaborations suggest that the scalar state
discovered in 2012 is a Standard Model (SM)–like Higgs boson. Nevertheless, there is still significant
room for Higgs physics beyond the Standard Model. Many approaches to electroweak symmetry
breaking possess a decoupling limit in which the properties of the lightest CP-even Higgs scalar
approach those of the SM Higgs boson. In some cases, an apparent SM-like Higgs signal can also
arise in a regime that may not be governed by the decoupling limit. One such scenario can be realized
if the observed Higgs signal is a result of two unresolved nearly-mass-degenerate scalar states. The
general two-Higgs doublet model provides a useful framework for studying the decoupling limit and
possible departures from SM-like Higgs behavior. The implications for current and future Higgs
data are briefly considered.

I. INTRODUCTION

Since the initial announcement of a newly discovered boson on July 4, 2012 [1] with mass m ' 125 GeV, data
collected by the ATLAS and CMS Collaborations have revealed a phenomenological profile for the Higgs boson
that closely resembles that of the Higgs boson of the Standard Model (SM). The present Higgs data are still
statistically limited. Moreover, the LHC can only provide measurements of cross section times branching ratio,
since the absolute width of the Higgs boson (which for a SM Higgs mass of 125 GeV is about 4 MeV [2]) cannot
be directly measured and is di�cult to determine at the LHC by indirect means in a model-independent way.
Nevertheless, by making some weak assumptions (e.g. no appreciable Higgs decays into light fermion pairs and
invisible modes), one can extract values for Higgs couplings from the LHC Higgs data [2].
A summary of Higgs signal strengths measured by the ATLAS and CMS experiments is shown in Fig. 1 [3–8].

The Higgs data set shows some interesting fluctuations relative to SM expectations. An enhanced �� signal in
the ATLAS data [3, 9] is perhaps the most notable departure from the SM, although a similar enhancement
initially reported by the CMS collaboration has since disappeared [10]. However, even the largest deviation
does not reach the 3� level. Global fits of the full Higgs data set yield results that are consistent with Standard
Model predictions [2]. Thus, it is probably fair to conclude that a SM-like Higgs boson has been discovered,
and any deviations of its properties from Standard Model expectations are likely to be small.
In this talk, I will discuss the concept of the decoupling limit of the Higgs sector [11], which yields one neutral

Higgs state whose properties are close to those of the SM-Higgs boson. General features of the decoupling limit
are presented in Section II. The two-Higgs doublet model (2HDM) provides an explicit framework in which
to study the decoupling limit [12]. In Section III, two forms of the decoupling limit are exhibited: large-mass
decoupling in which all but one of the Higgs boson masses of the 2HDM are very heavy and weak-coupling
decoupling in which a SM-like Higgs boson arises in a limit where one scalar self-coupling in the Higgs basis [13]
approaches zero. In order to accommodate naturally small tree-level Higgs-mediated flavor changing neutral
currents, it is standard practice to adopt a special form for the Higgs–fermion Yukawa couplings [14], as reviewed
in Section IV. The corresponding decoupling limits are special cases of the ones obtained in the most general
2HDM. In Section V, it is shown that a SM-like Higgs boson can be consistent with the existence of two nearly-
mass-degenerate neutral Higgs states [15, 16]. The implications of the present and future LHC data for such
scenarios are considered. Finally, conclusions are presented in Section VI.

II. THE DECOUPLING LIMIT OF THE HIGGS SECTOR

The Higgs boson serves as a window to physics beyond the SM only if one can experimentally establish
deviations of Higgs couplings from their SM values, or discover new scalar degrees of freedom beyond the SM–
like Higgs boson. The prospects to achieve this are challenging in general due to the decoupling limit [11].
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FIG. 1: The signal strengths µ measured by the ATLAS experiment from Refs. A1 [3], A2 [4] and A3 [5], and CMS
experiment from Refs. C1 [6, 7] and C6 [8] in the five principal channels and their combination. It should be noted that
the ATLAS combination only includes the bosonic ��, ZZ and WW channels. Taken from Ref. [2].

In extended Higgs models (as well as in some alternative models of electroweak symmetry breaking), most of
the parameter space typically yields a neutral CP Higgs boson with SM–like tree level couplings and additional
scalar states that are somewhat heavier in mass (of order ⇤H), with small mass splittings of order (mZ/⇤H)mZ .
Below the scale ⇤H , the e↵ective Higgs theory coincides with the Higgs sector of the SM.
In this discussion, two energy scales must be distinguished. The first is ⇤H , introduced above, which char-

acterizes the mass scale of the (presumed) heavier non-minimal Higgs bosons. The second is ⇤NP, which
characterizes the scale of new physics beyond the Higgs-extended SM. The departure from the decoupling limit
can receive contributions from both the Heavy Higgs states via tree-level mixing and from one-loop radiative
corrections in which particles associated with the new physics beyond the SM can enter. If deviations from SM
Higgs couplings are confirmed, the separation of these two e↵ects will be an important and challenging task.
Small deviations from SM–like Higgs behavior can be a consequence of the decoupling of heavy states, which

yields corrections to Higgs couplings of O(m2
Z/⇤

2
H). We denote this phenomenon by large-mass decoupling.

But there is an alternative mechanism which can contribute small corrections to SM–like Higgs behavior that
arises in the weak coupling limit of new physics phenomena. In this case, there is no requirement that all new
states associated with the new physics phenomena must be heavy. An example of such a scenario is the Higgs
portal [17], in which the SM Higgs bosons couples to a hidden sector consisting of new states that are neutral
with respect to the SM gauge group. For example, if H is the SM Higgs boson and � is a neutral real scalar,
then an interaction term of the form

Lint = �H†H�2 ,

can modify the decay properties of the SM Higgs boson (by allowing H ! ��) if mH > 2m�. The deviation of
the total Higgs width from its SM value vanishes in the limit of � ! 0. Thus the weak coupling limit provides
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an alternative mechanism for decoupling, which we henceforth denote by weak-coupling decoupling. Similar
modifications to Higgs properties can also be achieved by coupling the SM Higgs boson to new particles that
are charged under the SM gauge group. As an example, the lightest electrically neutral particle of the new
particle sector can also provide a possible invisible decay channel for the SM Higgs.
The two-Higgs doublet model [18–21] (2HDM) provides a compelling laboratory for studying the phenomenol-

ogy of an extended Higgs sector and possible departures from the decoupling limit. Such models are often moti-
vated by the minimal supersymmetric extension of the Standard Model (MSSM), which requires a second Higgs
doublet in order to cancel anomalies that arise from the higgsino partners [22]. The MSSM exhibits examples
of the various sources described above that can yield departures from the decoupling limit. Higgs mixing at
tree-level can alter SM Higgs couplings. One-loop corrections due to the exchange of heavy supersymmetric
particles can also yield corrections to SM Higgs behavior [23] . Finally, if the lightest neutralino is su�ciently
light, it can provide for an invisible Higgs decay channel thereby altering the Higgs total width and branching
ratios.

III. THE GENERAL TWO-HIGGS DOUBLET MODEL

The most general version of the 2HDM, which contains all possible renormalizable terms (mass terms and
interactions) allowed by the electroweak gauge invariance, is not phenomenologically viable due to the presence of
Higgs-fermion Yukawa interaction terms that lead to tree-level Higgs-mediated flavor changing neutral currents
(FCNCs). Such e↵ects are absent in the MSSM Higgs sector due to supersymmetry (SUSY), which constrains
the form of the Higgs-fermion Yukawa interactions. In non-supersymmetric versions of the 2HDM, one can
also naturally avoid FCNCs by imposing certain simple discrete symmetries on the Higgs Lagrangian. These
symmetries reduce the parameter freedom of the 2HDM and automatically eliminate the dangerous FCNC
interactions. However, the symmetries used to constrain the Higgs Lagrangian (either SUSY or the discrete
symmetries) are typically broken (either via soft explicit breaking and/or by the vacuum). In these cases, the
Higgs-mediated FCNC interactions are generated at the loop level, while remaining absent at tree-level, thereby
satisfying the phenomenological constraints.
If the energy scale associated with the symmetry-breaking is above the mass scale of the heaviest Higgs

bosons of the 2HDM, then one can integrate out the heavy degrees of freedom of the new physics. The low-
energy e↵ective field theory describing the Higgs physics is an unconstrained 2HDM, which contains all possible
gauge-invariant terms of dimension four or less [23] . In particular, terms that were previously absent due to
symmetry reasons are now present; the size of the corresponding coe�cients can be determined by matching
the low-energy e↵ective theory to the complete theory above the symmetry-breaking scale. Not surprisingly,
the size of these coe�cients possess one-loop suppression factors, although in some special cases, enhancement
factors (such as tan� in the MSSM [24]) can render them phenomenologically relevant.

We are therefore motivated to examine the general 2HDM without imposing additional constraints on the
Higgs Lagrangian. Consider the complex scalar doublet, hypercharge-one fields, �1 and �2 of the 2HDM in
a generic basis, where the vacuum expectation value (vev) of the neutral component of the scalar doublet is
denoted by h�0

i i = vi/
p
2 (for i = 1, 2), and v2 ⌘ |v1|2 + |v2|2 = (246 GeV)2. It is convenient to define new

Higgs doublet fields [25, 26],

H1 =

✓

H+
1

H0
1

◆

⌘ v⇤1�1 + v⇤2�2

v
, H2 =

✓

H+
2

H0
2

◆

⌘ �v2�1 + v1�2

v
.

such that hH0
1 i = v/

p
2 and hH0

2 i = 0, where v = 246 GeV is real and positive. This is the Higgs basis [13],
which is uniquely defined up to an overall rephasing, H2 ! ei�H2. In the Higgs basis, the scalar potential is
given by:

V = Y1H
†
1H1 + Y2H

†
2H2 + [Y3H

†
1H2 + h.c.] + 1

2Z1(H
†
1H1)

2

+ 1
2Z2(H

†
2H2)

2 + Z3(H
†
1H1)(H

†
2H2) + Z4(H

†
1H2)(H

†
2H1)

+
n

1
2Z5(H

†
1H2)

2 +
⇥

Z6(H
†
1H1) + Z7(H

†
2H2)

⇤

H†
1H2 + h.c.

o

,
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where Y1, Y2 and Z1, . . . , Z4 are real and uniquely defined, whereas Y3, Z5, Z6 and Z7 are complex and transform
under the rephasing of H2,

[Y3, Z6, Z7] ! e�i�[Y3, Z6, Z7] and Z5 ! e�2i�Z5 .

After minimizing the scalar potential, Y1 = � 1
2Z1v

2 and Y3 = � 1
2Z6v

2. This leaves 11 free parameters: 1 vev,
8 real parameters, Y2, Z1,2,3,4, |Z5,6,7|, and two relative phases.
If �1 and �2 are indistinguishable fields, then observables can only depend on combinations of Higgs basis

parameters that are independent of �. Symmetries, such as discrete symmetries or supersymmetry, can distin-
guish between �1 and �2, which then singles out a specific basis for the Higgs fields, and can yield additional
observables such as tan� in the MSSM. However, as noted at the end of Section II, such symmetries are typi-
cally broken, so that below the symmetry-breaking scale, the e↵ective 2HDM is generic, and all possible scalar
potential terms can appear.
In the general 2HDM, the physical charged Higgs boson is the charged component of the Higgs-basis doublet

H2, and its mass is given by m2
H± = Y2 +

1
2Z3v

2. The three physical neutral Higgs boson mass-eigenstates are
determined by diagonalizing a 3⇥ 3 real symmetric squared-mass matrix that is defined in the Higgs basis,

M2 = v2

0

@

Z1 Re(Z6) �Im(Z6)
Re(Z6)

1
2Z345 + Y2/v

2 � 1
2 Im(Z5)

�Im(Z6) � 1
2 Im(Z5)

1
2Z345 � Re(Z5) + Y2/v

2

1

A ,

where Z345 ⌘ Z3 + Z4 + Re(Z5). The diagonalizing matrix is a 3 ⇥ 3 real orthogonal matrix that depends on
three angles, ✓12, ✓13 and ✓23, as defined in Ref. [26]. The corresponding neutral Higgs masses will be denoted
by m1, m2 and m3. By convention, we take m1  m2,3. Under the rephasing H2 ! ei�H2,

✓12 , ✓13 are invariant, and ✓23 ! ✓23 � � .

This procedure defines a second physical basis of the general 2HDM—namely, the mass-eigenstate basis for the
neutral Higgs bosons.
The large-mass decoupling limit corresponds to Y2 � v. In this limit, the the Higgs basis and the mass-

eigenstate basis coincide. Namely, H1 becomes the SM Higgs doublet, and H2 becomes a massive scalar
doublet that decouples. Thus, in the approach to the decoupling limit, we can identify a number of important
parameters that are small by virtue of the fact that v/Y2 ⌧ 1. If we identify h1 as the SM-like Higgs boson
with m1 ' 125 GeV, then [26, 27]

s12 ⌘ sin ✓12 ' Re(Z6e
�i✓23)v2

m2
2 �m2

1

⌧ 1 , (1)

s13 ⌘ sin ✓13 ' � Im(Z6e
�i✓23)v2

m2
3 �m2

1

⌧ 1 , (2)

Im(Z5e
�2i✓23) ' 2(m2

2 �m2
1)s12s13

v2
' � Im(Z2

6e
�2i✓23)v2

m2
3 �m2

1

⌧ 1 , (3)

m2
2 �m2

3 ' Re(Z5e
�2i✓23)v2 , (4)

where m2
1 ' Z1v

2 ⌧ m2
2,m

2
3.

In fact, both large-mass decoupling and weak-coupling decoupling1 are on display in eqs. (1)–(3). Indeed,
in the limit of Z6 ! 0, the tree-level couplings of h1 are precisely those of the SM Higgs boson since s12 =
s13 = Im(Z5e

�2i✓23) = 0, independently of values of m1, m2 and m3. Note that in the case of weak-coupling
decoupling, it is possible to have m1, m2 and m3 all of the same order.

1 The weak-coupling decoupling limit of the 2HDM was first examined in detail in Ref. [12]. This limit was later called the
alignment limit in Ref. [29]. Recent phenomenological studies of this limit in the CP-conserving 2HDM can be found in Refs. [29]
and [30].
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In the analysis above, we have assumed that the SM-like Higgs boson is the lightest neutral Higgs state.
Suppose that h2 is identified as the SM-like Higgs boson. Then [27, 28],

c12 ⌘ cos ✓12 ' Re(Z6e
�i✓23)v2

m2
2 �m2

1

⌧ 1 , (5)

s13 ⌘ sin ✓13 ' � Im(Z6e
�i✓23)v2

m2
3 �m2

2

⌧ 1 , (6)

Im(Z5e
�2i✓23) ' 2(m2

2 �m2
1)c12s13

v2
' � Im(Z2

6e
�2i✓23)v2

m2
3 �m2

2

⌧ 1 , (7)

m2
1 �m2

3 ' Re(Z5e
�2i✓23)v2 . (8)

In this case, the large-mass decoupling limit does not exist, since we are identifying m2 ' 125 GeV. However,
eqs. (5)–(8) can be achieved in the weak-coupling decoupling limit when |Z6| ⌧ 1. In this case, all three neutral
Higgs masses must be of order 125 GeV (or below). This case allows for the possibility that of a new decay
channel for the SM-like Higgs boson via h2 ! h1h1 if mh1 < 1

2mh2 . If this new decay channel is present, then
all branching ratios of the SM-like Higgs boson will deviate from SM expectations (despite the fact that the
partial widths into the standard decay channels are unmodified from their SM predictions).
We next turn to the Higgs-fermion Yukawa couplings. We focus on the interaction of the Higgs bosons with

three generations of quarks, since the corresponding interactions with leptons are easily obtained from the latter
by the appropriate substitutions. One starts out initially with a Lagrangian expressed in terms of the scalar
doublet fields �i (i = 1, 2) and the interaction–eigenstate quark fields. After electroweak symmetry breaking,
one can transform the scalar doublets into the Higgs basis fields H1 and H2. At the same time, one can identify
the 3 ⇥ 3 quark mass matrices. By redefining the left and right-handed quark fields appropriately, the quark
mass matrices are transformed into diagonal form, where the diagonal elements are real and non-negative. The
resulting Higgs–quark Yukawa couplings are given by [26, 31]

�LY = UL(
UH0 †

1 + ⇢UH0 †
2 )UR �DLK

†(UH�
1 + ⇢UH�

2 )UR

+ULK(D †H+
1 + ⇢D †H+

2 )DR +DL(
D †H0

1 + ⇢D †H0
2 )DR + h.c., (9)

where U = (u, c, t) and D = (d, s, b) are the mass-eigenstate quark fields, K is the Cabibbo-Kobayashi-Maskawa
(CKM) mixing matrix and  and ⇢ are 3⇥3 Yukawa coupling matrices. Note that QR,L ⌘ PR,LQ, where Q = U
or D and PR,L ⌘ 1

2 (1± �5) are the right and left handed projection operators, respectively.
By setting H0

1 = v and H0
2 = 0, one can relate U and D to the diagonal quark mass matrices MU and MD,

respectively,

MU = vU = diag(mu , mc , mt) , MD = vD † = diag(md , ms , mb) . (10)

However, the complex matrices ⇢Q (Q = U,D) are unconstrained. Moreover,

⇢Q ! e�i�⇢Q , (11)

under the rephasing H2 ! ei�H2.
In general the ⇢Q are complex non-diagonal matrices. As a result, the most general 2HDM exhibits tree-level

Higgs-mediated FCNCs and new sources of CP-violation in the interactions of the neutral Higgs bosons. In the
decoupling limit, CP-violating and tree-level FCNCs mediated by the SM-like Higgs boson (h1) are suppressed
by factors of s12 and s13. In contrast, the interactions of the other neutral Higgs bosons (h2 and h3) in the
decoupling limit can exhibit both CP-violating and flavor non-diagonal couplings proportional to the ⇢Q. Note
that in the large-mass decoupling limit, all Higgs-mediated FCNCs are suppressed by factors of O(v2/m2

2,3),
whereas in the weak-coupling decoupling limit where |Z6| ⌧ 1 but m2,3 ⇠ O(m1), FCNCs mediated by h2 and
h3 are generically unsuppressed.

There are four possible strategies for avoiding tree-level Higgs-mediated FCNCs in the 2HDM. First, one can
arbitrarily declare the ⇢Q to be flavor diagonal matrices. Such conditions are not renormalization group stable
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and thus must be regarded as unnaturally fine-tuned [32]. Second, one can impose an appropriate discrete
symmetry or supersymmetry, which can yield the so-called Type-I [19, 33] or Type-II [20, 33] Higgs-quark
interactions.2 Such symmetries select out a special basis in which the symmetries are manifest. The relative
orientation of this basis relative to the Higgs basis defines the ratio of neutral Higgs vacuum expectation values,
tan�. Indeed, in such a framework, ⇢Q / MQ is automatically diagonal.
In the aligned 2HDM [36], one imposes the condition ⇢Q = ↵QQ, where the ↵Q are complex scalar parameters.

Such a condition generalizes the Type-I and II 2HDMs. However, the more general alignment condition is not
renormalization group stable unless the resulting Higgs-quark interactions are of Type I or II [32]. This is not
surprising, since there is no symmetry that governs the more general alignment condition. Thus, the aligned
2HDM must be considered to be unnaturally fine-tuned. One could imagine new physics beyond the 2HDM
that imposes the alignment condition at some higher energy scale. Renormalization group running would then
generate non-diagonal ⇢Q at the electroweak scale. However, in this case the departures from flavor diagonal
could be small enough to be phenomenologically acceptable [37].
Finally, as noted above, Higgs-mediated FCNCs are suppressed in the heavy-mass decoupling limit by factors

of O(v2/m2
2,3), where m2,3 could be in the multi-TeV range. A detailed phenomenological study is required to

ascertain the precise limits on the heavy scalar masses.

IV. SPECIAL FORMS FOR THE HIGGS-QUARK YUKAWA INTERACTIONS

Since the Type-I and II Higgs-quark interactions provide a natural solution for suppressing Higgs-mediated
FCNCs, we briefly discuss the structure of the corresponding 2HDMs.
The scalar potential exhibits a Z2 symmetry that is at most softly broken,

V = m2
11�

†
1�1 +m2

22�
†
2�2 � [m2

12�
†
1�2 + h.c.] + 1

2�1(�
†
1�1)

2 + 1
2�2(�

†
2�2)

2 + �3(�
†
1�1)(�

†
2�2)

+�4(�
†
1�2)(�

†
2�1) +

n

1
2�5(�

†
1�2)

2 + h.c.
o

, (12)

where m2
12 and �5 are assumed to be real. After minimizing the scalar potential,3 h�0

ai = va/
p
2 (for a = 1, 2)

where v2 ⌘ v21 + v22 = 4m2
W /g2 = (246 GeV)2 and tan� ⌘ v2/v1 is a free parameter of the model. The Higgs

spectrum consists of a charged Higgs pair H± ad three neutral Higgs states: two CP-even Higgs states, h0 and
H0 (with mh0  mH0) and a CP-odd Higgs state A0. The two CP-even mass eigenstates are determined by
diagonalizing a 2⇥ 2 squared-mass matrix; the corresponding CP-even Higgs mixing angle is denoted by ↵. By
convention, we may choose

0  �  1
2⇡ , 0  � � ↵ < ⇡ . (13)

Thus the scalar sector is governed eight real parameters: v, ↵, �, four physical Higgs masses and one additional
parameter, typically taken to be either M2 ⌘ 2m2

12/ sin 2� or �5 = (M2 �m2
A)/v

2.
The most general Yukawa Lagrangian, in terms of the quark mass-eigenstate fields and a generic basis of

scalar doublet fields, is given by

�LY = UL�
0 ⇤
a hU

a UR �DLK
†��

a h
U
a UR + ULK�+

a h
D †
a DR +DL�

0
ah

D †
a DR , (14)

where there is an implicit sum over a = 1, 2 and K is the CKM matrix. We introduce a discrete Z2 symmetry
under which �1 ! +�1 and �2 ! ��2, which is broken softly by the term proportional to m2

12 in eq. (12). The

2 In the Type-I and II 2HDMs, the Higgs couplings to charged leptons follow the same pattern as the Higgs couplings to down-type
quarks. There are two additional coupling patterns, called Types III and IV in Ref. [34] and called Types Y and X in Ref. [35],
respectively, in which the Higgs couplings to down-type quarks and charged leptons do not match. These latter two coupling
patterns will not be considered further in this talk.

3 For simplicity, we assume that �5 < |m2
12/(v1v2)|. In this case, the minimum of the scalar potential does not break CP [12] and

one can rephase the Higgs fields such that v1 and v2 are both real and non-negative.
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quark fields transform under the discrete symmetry as QL ! +QL and UR ! �UR. Two possible choices for
the transformation of DR yield the Type-I and Type-II 2HDMs, corresponding to DR ! �DR or DR ! +DR,
respectively. Imposing this symmetry on the Higgs-quark interactions implies that two of the four matrix
Yukawa couplings, hU

1,2 and hD
1,2, vanish. In particular,

Type-I 2HDM ( hU
1 = hD

1 = 0), which yields Higgs-quark couplings:

Type-I couplings h0 A0 H0

Up-type quarks cos↵/ sin� cot� sin↵/ sin�

Down-type quarks and charged leptons cos↵/ sin� � cot� sin↵/ sin�

Type-II 2HDM (hU
1 = hD

2 = 0), which yields Higgs-quark couplings:

Type-II couplings h0 A0 H0

Up-type quarks cos↵/ sin� cot� sin↵/ sin�

Down-type quarks and charged leptons � sin↵/ cos� tan� cos↵/ cos�

Since the models under consideration exhibit a CP-conserving scalar potential and vacuum, one can find a
Higgs basis in which Y3 and Z5,6,7 are all real. Within this real basis, one is still free to redefine H2 ! �H2,
which changes the signs of Y3, Z6 and Z7. In particular, the sign of Z6, denoted by

"6 ⌘ sgn Z6 , (15)

will characterize the two-fold ambiguity of the real Higgs basis. No physical parameter can depend on "6.
We can relate the notation of the CP-conserving model to the general 2HDM of Section III by identifying [26]

h1 = h0, h2 = �"6H
0, h3 = "6A

0, e�i✓23 = "6, ✓13 = 0 and

c12 ⌘ cos ✓12 = sin(� � ↵) , s12 ⌘ sin ✓12 = �"6 cos(� � ↵) . (16)

If h0 is the SM-like Higgs boson, then eq. (1) yields the condition for the decoupling limit,

cos(� � ↵) ' � Z6v
2

m2
H �m2

h

⌧ 1 , (17)

m2
H �m2

A ' Z5v
2 , (18)

which can be achieved for large-mass decoupling (mH,A � mh) and/or for weak-coupling decoupling (|Z6| ⌧ 1).
Note that the sign of cos(� � ↵) is determined by the convention used in choosing the sign of Z6. If H0 is the
SM-like Higgs boson, then eq. (5) yields the condition for the decoupling limit,

sin(� � ↵) ' |Z6|v2
m2

H �m2
h

⌧ 1 , (19)

m2
h �m2

A ' Z5v
2 , (20)

which can only be achieved for weak-coupling decoupling (|Z6| ⌧ 1). For completeness, we note that in the real
Higgs basis, Z5 and Z6 can be expressed in terms of the parameters of the scalar potential given in eq. (12),

Z5 = �5 +
1
4 (�1 + �2 � 2�345) sin

2 2� , (21)

Z6 = ± 1
2 sin 2�(�1 cos

2 � � �2 sin
2 � � �345 cos 2�) , (22)

where �345 ⌘ �3 + �4 + �5 and the sign ambiguity in Z6 reflects the two-fold ambiguity of the real Higgs basis.
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The MSSM Higgs sector at tree-level is a Type-II 2HDM. The corresponding scalar potential is a special case
of eq. (12) with

�1 = �2 = ��345 = 1
4 (g

2 + g0 2) , �4 = � 1
2g

2 , �5 = �6 = �7 = 0 . (23)

In terms of the scalar potential parameters in the real Higgs basis [26],

Z1 = Z2 = 1
4 (g

2 + g0 2) cos2 2� , Z3 = Z5 +
1
4 (g

2 � g0 2) , Z4 = Z5 � 1
2g

2 ,

Z5 = 1
4 (g

2 + g0 2) sin2 2� , Z6 = �Z7 = ± 1
4 (g

2 + g0 2) sin 2� cos 2� . (24)

Note that the tree-level MSSM Higgs sector possesses a large-mass decoupling limit when mA � mZ in which
case h0 is a SM-like Higgs boson. The weak-coupling decoupling limit can be achieved at tree-level when
sin 4� ' 0 [cf. eq. (24)]. However, in this case the radiative corrections to Z6 cannot be neglected. On the
other hand, it is possible to find regions of MSSM parameter space where the radiative corrections conspire to
(approximately) cancel the tree level value of Z6, in which case one of the neutral CP-even Higgs bosons of the
MSSM is SM-like while the other Higgs bosons need not be particularly heavy [38].
If h0 is a SM-like Higgs boson, then its couplings can be treated to first order in the parameter that measures

the departure from the decoupling limit. For the Type-I and II 2HDMs, this parameter is cos(� � ↵). We
summarize the SM-like Higgs couplings normalized to the corresponding SM results in Table I.

TABLE I: Couplings of the SM-like Higgs boson h0 of the CP-conserving 2HDM, normalized to those of the SM Higgs
boson, in the decoupling limit. The HV V couplings apply to both V V = W+W� or ZZ.

Higgs interaction 2HDM coupling decoupling limit

hV V sin(� � ↵) 1� 1
2 cos2(� � ↵)

hhh see eq. (61) of Ref. [26] 1 + 3(Z6/Z1) cos(� � ↵)

hhhh see eq. (62) of Ref. [26] 1 + 4(Z6/Z1) cos(� � ↵)

hDD [Type-I] ,hUU [Types-I and II]
cos↵
sin�

= sin(� � ↵) + cos(� � ↵) cot� 1 + cos(� � ↵) cot�

hDD [Type-II] � sin↵
cos�

= sin(� � ↵)� cos(� � ↵) tan� 1� cos(� � ↵) tan�

For example, in the Type-II 2HDM, if �V is a Higgs coupling to vector bosons, �H is the trilinear Higgs self-
coupling, and �t [�b] are Higgs couplings to up-type [down-type] fermions, then the couplings of h0 approach
the decoupling limit as shown below:

�V

[�V ]SM
= 1 +O

✓

Z2
6m

4
Z

(m2
H �m2

h)
2

◆

, (25)

�H

[�H ]SM
= 1 +O

✓

Z2
6m

2
Z

m2
H �m2

h

◆

, (26)

�t

[�t]SM
= 1 +O

✓

Z6m
2
Z cot�

m2
H �m2

h

◆

. (27)

�b

[�b]SM
= 1 +O

✓

Z6m
2
Z tan�

m2
H �m2

h

◆

. (28)

That is, the approach to decoupling is fastest in the case of the h0V V couplings and slowest in the case of the
Type-II h0bb couplings at large tan�. Moreover, the approaches to large-mass decoupling and weak-coupling
decoupling are only distinguished by the behavior of the Higgs self-coupling. Finally, we note that if only h0

is light (implying the large-mass decoupling limit), then a precision measurement of the h0bb̄ coupling provides
the greatest sensitivity to the mass scale of the heavy Higgs states [38].
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V. NEAR-MASS-DEGENERATE SCENARIOS

The LHC Higgs data suggest that the Higgs boson has SM-like couplings to vector boson pairs. In light of this
result, how would one interpret future deviations (if present) from SM-like Higgs couplings in fermionic decay
channels or the �� decay channel in a 2HDM framework? The results of of Table I suggest that deviations in
the Higgs couplings to down-type fermions from SM predictions could be a result of first order non-decoupling
e↵ects that can be significant in Type-II models at large tan �. A deviation in the e↵ective Higgs couplings to
�� could be due to the contributions of new charged states that appear in the loop [39]. In this section, we
wish to explore a third possibility in which more than one neutral Higgs state is responsible for the Higgs data
observed at the LHC [15, 16, 40, 41].
If there are two (or more) nearly mass-degenerate neutral Higgs states, then the large-mass decoupling limit

is not relevant. Consider as an example the case of a near mass-degenerate h0, A0 pair in the Type-I or Type-II
2HDM. In this case, the coupling of h0 to vector boson pairs can be approximately SM-like in the weak-coupling
decoupling limit. Moreover, in this case it is possible to have near-mass-degenerate neutral Higgs states. We
shall assume that the two states are close enough (within about 1 GeV) in mass so that the two states cannot
be resolved with the present Higgs data. The ZZ⇤ ! 4 leptons and the WW ⇤ final states would originate from
the decay of h0 (which is assumed to be SM-like), since the tree-level couplings of A0 to vector boson pairs
are absent. Similar scenarios also exit for a near-mass-degenerate H0, A0 pair (where H0 is the SM-like Higgs
boson) and for a near-mass-degenerate h0, H0 pair. In the latter case, if h0 is the SM-like Higgs boson, then
the unitarity sum rule would imply that the couplings of H0 to vector boson pairs are suppressed [42] . Indeed
in the case of a a near-mass-degenerate h0, H0 pair, the unitarity sum rule implies that the two states taken
together would exhibit couplings to vector boson pairs that are indistinguishable from those of the SM-like
Higgs boson (assuming that the individual neutral Higgs states cannot be separately resolved).
The phenomenology of near-mass-degenerate Higgs states has been treated in Refs. [15, 16, 40]. Here, I shall

outline the results obtained in Ref. [16]. We performed parameter scans of the Type-I and II 2HDMs under the
assumptions that: (i) two of the neutral Higgs states are nearly degenerate in mass, with a common mass taken
to be the mass of the observed Higgs boson, mh0 ' 125 GeV; (ii) the scalar potential is bounded from below [43];
(iii) the couplings of h0 to V V (V = W or Z) are within 20% of their SM-values; and (iv) precision electroweak
constraints on the 2HDM contributions to the Peskin–Takeuchi [44] S, T and U parameters are satisfied [31, 45].
These assumptions are further subjected to the constraints imposed by the following experimental observables:

b ! s�, B0
d–B

0

d and B0
s–B

0

s mixing, Rb ⌘ �(Z ! bb̄)/�(Z ! hadrons) and B+ ! ⌧+⌫⌧ .
Some of the important constraints on the parameter space for Type I and II 2HDMs are summarized in Fig. 2,

where excluded parameter regions derived from BR(B ! Xs�), �0�, �MBd , Bu ! ⌧⌫⌧ , B ! D⌧⌫⌧ , K ! µ⌫µ,
Ds ! ⌧⌫⌧ , and Ds ! µ⌫µ are plotted in the (mH+ , tan�) plane [46]. Here, we have included among the list of
flavor observables the degree of isospin asymmetry in the exclusive decay mode B ! K⇤�, defined as [47]

�0� ⌘ �(B0 ! K⇤0)� �(B� ! K⇤�)

�(B0 ! K⇤0)� �(B� ! K⇤�)
. (29)

The exclusion of low tan� < 1 in the Type I and II 2HDMs for mH+ < 500 GeV, arises as a result of three
observables: BR(B ! Xs�), �0�, and �MBd . In the Type-I 2HDM, a value of tan� > 1 signals the decoupling
of one Higgs doublet from the whole fermion sector. In the Type-II 2HDM, there exists a tan �-independent
lower limit of mH+ & 300 GeV imposed by BR(B ! Xs�). (This latter constraint is now somewhat more
stringent in light of Ref. [48].) No generic lower limit on mH+ is found in the Type I 2HDM. Constraints for
high tan� are only obtained in the Type II 2HDM. This can be understood by noting that the leptonic and
semi-leptonic observables require tan �-enhanced couplings to down-type fermions.
Finally, recently current data from BaBar of the B̄ ! D⌧ ⌫̄ and B̄ ! D⇤⌧ ⌫̄ slightly deviate from the

Standard Model predictions by 2.0 � and 2.7 �, respectively [49]. Moreover, these data are also inconsistent
with the Type-I and Type-II 2HDMs, since both decay rates, which depend on the charged Higgs mass, cannot
be explained simultaneously for the same value of mH+ . However, there is no confirmation yet of the BaBar
results for B̄ ! D⌧ ⌫̄ and B̄ ! D⇤⌧ ⌫̄ from the BELLE collaboration. In the present analysis, these data will
not be included in our constraints.
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FIG. 2: Excluded regions of the (mH+ , tan�) parameter space for the Type I and II 2HDMs. The color coding is as
follows: BR(B ! Xs�) (red), �0� (black contour), �MBd (cyan), Bu ! ⌧⌫⌧ (blue), B ! D⌧⌫⌧ (yellow), K ! µ⌫µ
(gray contour), Ds ! ⌧⌫⌧ (light green), and Ds ! µ⌫µ (dark green). Taken from Ref. [46].

We now consider the observables that can be extracted from the Higgs data. It is convenient to define

RH
f =

�(pp ! H)2HDM ⇥ BR(H ! f)2HDM

�(pp ! hSM)⇥ BR(hSM ! f)
,

where f is the final state of interest, and H is one of the two 125 GeV mass-degenerate scalars. The observed
ratio of f production relative to the SM expectation is

Rf ⌘
X

H

RH
f .

Two main Higgs production mechanisms, gg fusion and vector boson (W+W� and ZZ) fusion, are included in
our analysis. The final states of interest are f = ��, ZZ⇤, WW ⇤ and ⌧+⌧�. Note that the LHC is (eventually)
sensitive to the bb̄ final state primarily in associated V h production (where V = W± or Z), which will be briefly
considered below. In our analysis, we assume that RWW ' RZZ ' 1± 0.2.

We first consider the implications of an enhanced �� signal due to mass-degenerate h0 and A0. By imposing
the constraints of the mass-degenerate h0, A0 pair, we find that sin(� � ↵) is necessarily near 1 as shown in
Fig. 3. Hence, it follows that the couplings of h0 to the massive gauge boson pairs are close to their SM values.
Similar result follow for other mass-degenerate pair choices.
Consider first the case of the Type-I 2HDM. The enhancement of R�� occurs in the parameter regime of

tan� <⇠ 1.5, as shown in Fig. 4. It is also possible to experimentally separate out �� events that arise from
Higgs bosons produced by WW -fusion. The relevant quantity of interest is

RVBF
�� =

�(pp ! V V ! h)2HDM BR(h ! ��)2HDM

�(pp ! V V ! hSM) BR(hSM ! ��)
. (30)

There is some correlation between R�� and RVBF
�� as shown in the left panel of Fig. 5 in which both quantities

exceed unity. Note that there are also allowed parameter points in which only one of these two quantities is
enhanced above SM expectations.
An enhanced �� signal in the Type-I 2HDM for the mass-degenerate scenario yields a number of associated

predictions that must be confirmed by experiment if this framework is to be consistent. First, the inclusive
⌧+⌧� signal is enhanced with respect to the SM due to the production of A via gg fusion, as shown in the right
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FIG. 3: Values of sin(��↵) as a function of tan� in the 2HDM of Type-I (left panel) and Type-II (right panel), subject
to 0.8 < RZZ < 1.2 and the near-mass degeneracy of h0 and A0. The value of sin(� � ↵) = 1 corresponds to limit in
which h0 possesses SM couplings to gauge bosons and fermions.
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FIG. 4: For the Type-I 2HDM. Left panel: R�� as a function of tan� for h (blue), A (green), and the total observable
rate (cyan), obtained by summing the rates with intermediate h and A, for the unconstrained scenario. Right panel:
Total rate for R�� as a function of tan� with (red) and without (green) the B-physics constraints..

panel of Fig. 5. A similar enhancement would occur in the inclusive bb̄ production from Higgs decay, although
this channel cannot be isolated at the LHC due to huge QCD backgrounds. In contrast, the exclusive bb̄ signal
due to the production of Higgs bosons in association with V = W± or Z is close to its SM value but is not
enhanced, due to the assumed SM-like hV V coupling.
We can repeat the exercise for the Type-II 2HDM. Once we assume a heavy charged Higgs mass, there are

no further constraints from B physics. In this case, RVBF
�� can never be enhanced above 1 as shown in the left

panel of Fig. 6, since it only receives contributions from h production, which has nearly exact SM couplings
since sin(� � ↵) is extremely close to 1 [cf. the right panel of Fig. 3]. As in the Type-I 2HDM, the ⌧+⌧� signal
is also enhanced as shown in the right panel of Fig. 6, which is a critical prediction of the mass-degenerate
scenario.
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�� � R�� . Right panel: R⌧⌧ as a function of R��

for h (blue), A (green), and the total observable rate, obtained by summing the rates with intermediate h and A (cyan).

For completeness, the implications of other nearly-mass-degenerate neutral Higgs pairs are briefly summarized
here (details can be found in Ref. [16]). Consider the case of a nearly mass-degenerate h0 and H0. In the Type-I
2HDM, there is no longer a constraint on sin(� � ↵) since both h and H can couple to vector boson pairs. It
turns out that after imposing B-physics constraints, it is not possible to enhance the �� signal. In Type-II
models, the constraint on sin(� � ↵) is more complicated as shown in the left panel of Fig. 7. We find that an
enhanced �� signal is possible. As in the previous case of mass-degenerate scalars in the Type-II 2HDM, the ��
signal resulting from Higgs bosons produced in vector boson fusion is slightly suppressed. Likewise, the ⌧+⌧�

signal is again enhanced in regions of the enhanced �� signal, as shown in the right panel of Fig. 7.
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The case in whichH0 and A0 constitute the nearly-mass degenerate pair (with H0 responsible for the observed
Higgs decay to ZZ⇤ and WW ⇤) would imply that a lighter Higgs state h0 was missed at LEP, which is possible
if the h0ZZ coupling is su�ciently suppressed. We assume that mH0 < 2mh0 ; otherwise H0 ! h0h0 would
be a significant decay mode and the H0 ! ZZ⇤ ! 4 leptons signal would be suppressed. Assuming that
mH0 ' mA0 ' 125 GeV and mh0 > 1

2mH0 , the LEP Higgs search cannot probe regions of sin(��↵) <⇠ 0.1 [50].
In the case of the mass-degenerate H0 and A0, we find that mH+ must lie below about 200 GeV; otherwise,
the Higgs corrections to the electroweak ⇢-parameter are too large [51]. This immediately rules out the Type-II
2HDM (due to b ! s� constraints), so we have examined the consequences of a nearly-mass degenerate H0 and
A0 pair for the Type-I 2HDM. As before, the enhanced �� signal lies mostly in the vicinity of tan� <⇠ 1 (where
the ⌧+⌧� signal is also enhanced). However, taking all B-physics constraints into account, only a few points
with a (slightly) enhanced �� signal survive.
Ultimately, if a near-mass degenerate neutral Higgs pair exists with a common mass around 125 GeV, it

would be surprising if the mass di↵erence were significantly smaller than a GeV. In this case, one would expect
that evidence for a second state could be revealed with a large enough data sample. Current Higgs mass
measurements in the ZZ⇤ ! 4 leptons and �� channels have mass resolutions in the range of 1–2 GeV. In
models of an enhanced �� signal due to nearly-mass-degenerate states, the ZZ⇤ ! 4 leptons channel arises
entirely from one SM-like Higgs boson state, whereas the �� signal is made up of contributions from both scalar
states. Thus, the average mass inferred from the �� channel can be slightly di↵erent from the one inferred from
the ZZ⇤ ! 4 leptons channel. Indeed, the present Higgs data sample does seem to indicate slightly di↵erent
masses in the ZZ⇤ ! 4 leptons and �� channels (albeit not at a statistically significant level with the present
data), although the sign of the mass di↵erence di↵ers in the ATLAS and CMS data samples.

VI. CONCLUSIONS

The current LHC Higgs data sets are limited in statistics. Despite some intriguing variations, the present
data is consistent with a SM-like Higgs boson. If further data reveal no statistically significant deviations from
SM Higgs behavior, then we are in the domain of the decoupling limit. A precision Higgs program is then
required to elucidate the possibility of new Higgs physics beyond the Standard Model [28].
In the two-Higgs-doublet model (2HDM), one expects the approach to the decoupling limit to be fastest in

the behavior of the Higgs coupling to W+W� and ZZ. Present Higgs data already suggest that these couplings
are within about 20–30% of SM expectations. Even if no significant deviations in these couplings are detected in
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future LHC data, it is still possible that deviations from SM predictions could emerge in the Higgs couplings to
�� and down-type fermion pairs. The enhancement in the �� channel observed by the ATLAS Collaboration has
fueled much speculation of such a possibility, which would be a clear hint of new physics beyond the Standard
Model if confirmed.
One possible source of an enhancement (if present) in the �� channel of the Higgs signal (while maintaining

SM-like Higgs couplings to W+W� and ZZ) is the existence of a mass-degenerate pair of neutral Higgs bosons
in the 2HDM [16]. We find that a significant enhancement can occur in the 2HDM with Type-I and Type-II
Higgs-fermion Yukawa couplings for values of tan � near 1 (or below). Such a scenario is easily tested, as it
would also require an enhanced production of ⌧+⌧� and the possibility of a small measurable di↵erence in the
Higgs mass measurement in the ZZ⇤ ! 4 leptons and �� channels.
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We confront the most common version of the CP-conserving 2HDM with LHC data, taking into
account all previously available experimental data. We also discuss the scenario where the 125 GeV
Higgs discovered at the LHC is the lightest neutral scalar of a particular CP-violating 2HDM. In this
scenario we focus on what data can already tell us about the amount of mixing between CP-even
and CP-odd states.

I. INTRODUCTION

After the discovery [1, 2] of a Higgs boson at CERN’s Large Hadron Collider (LHC), it is now time to confront
possible extensions of the Standard Model (SM) with LHC data. One of the simplest ways to extend the scalar
sector of the SM is to add one more complex doublet to the model. The resulting two Higgs doublet models
(2HDMs) can provide additional CP-violation coming from the scalar sector and can easily originate dark matter
candidates. More evolved models with additional field content have a 2HDM like scalar sector - as in the case,
for instance, of the Minimal Supersymmetric Standard Model. 2HDMs have a richer particle spectrum with one
charged and three neutral scalars. All neutral scalars could in principle be the scalar discovered at the LHC [3–
5]. However, data gathered so far allow us to rule out the 125 GeV particle as being a pure pseudoscalar state.
Hence, we are left with either one of the CP-even states of a CP-conserving model or a neutral state from a
CP-violating model [6]. In the next section we will present the 2HDM models and in the following sections we
discuss in turn how well 2HDMs can accommodate LHC data for the CP-conserving and for the CP-violating
case.

II. THE MODELS

In this section we present the two versions of the 2HDM to be discussed, one CP-conserving and the other
explicitly CP-violating. The most general 2HDMs’ Yukawa Lagrangian gives rise to scalar exchange flavour
changing neutral currents (FCNCs) which are strongly constrained by experiment. A simple and natural way
to avoid those dangerous FCNCs is to impose a Z2 symmetry on the scalar doublets, �1 ! �1, �2 ! ��2, and
a corresponding symmetry to the quark fields. This leads to the well known four Yukawa model types I, II, Y
(III, Flipped) and X (IV, Lepton Specific) [7, 8]. The di↵erent Yukawa types are built such that only �2 couples
to all fermions (type I), or �2 couples to up-type quarks and �1 couples to down-type quarks and leptons (type
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II), or �2 couples to up-type quarks and to leptons and �1 couples to down-type quarks (type Y) or finally �2

couples to all quarks and �1 couples to leptons (type X).
The scalar potential in a softly broken Z2 symmetric 2HDM can be written as

V (�1,�2) =m2
1�

†
1�1 +m2

2�
†
2�2 + (m2

12�
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where �i, i = 1, 2 are complex SU(2) doublets. All parameters except for m2
12 and �5 are real as a consequence

of the hermiticity of the potential. The phases of m2
12 and �5 together with the ones in the vacuum expectation

values (VEVs) will determine the CP nature of the model (see [9] for a review). A CP-violating model has three
spin 0 neutral states usually denoted by h1, h2 and h3 while in the CP-conserving case the three CP-eigenstates
are usually denoted by h and H (CP-even) and A (CP-odd). As shown in [10, 11], once either a CP-conserving
or a CP-violating vacuum configuration is chosen, all charge breaking stationary points are saddle points with
higher energy. Hence, the 2HDM is stable at tree-level against charge breaking and once a non-charge breaking
vacuum is chosen both models have two charged Higgs bosons that complete the 2HDM particle spectrum.
We will focus on two specific realisations of 2HDMs. One is the usual 7-parameter CP-conserving potential

where m2
12, �5 and the VEVs are all real. In this model we choose as free parameters, the four masses, the

rotation angle in the CP-even sector, ↵, the ratio of the vacuum expectation values, tan � = v2/v1, and the soft
breaking parameter redefined as M2 = m2

12/(sin� cos�). The other is an explicit CP-violating model [12–14].
In the CP-violating version m2

12 and �5 are complex and the fields’ VEVs are real. Existence of a stationary
point requires Im(m2

12) = v1 v2 Im(�5). Because the VEVs are real in both models, a common definition for
the rotation angle in the charged sector tan� = v2/v1 can be used. In this model, besides mH± and tan�, we
take as free parameters the masses of the lightest scalars mh1 and mh2 the three rotation angles in the neutral
sector ↵1, ↵2 and ↵3 and Re(m2

12). Details of the model can be found in [12–14].

A. Constraints on the models

We have imposed the following theoretical bounds on both models: we require that the potential is bounded
from below [15] and we impose unitarity limits on the quartic Higgs couplings [16]. We have also taken into
account the precision electroweak constraints [17, 18]. Furthermore, we discuss the scenarios in which two
normal minima coexist in the CP-conserving potential. In those scenarios it could happen that we are living in
a local minimum and tunnelling to a global deeper minimum could occur. This deeper minimum would have a
di↵erent v2 and therefore di↵erent masses for the elementary particles. We call this a panic vacuum [11, 19, 20].
The experimental bounds pertaining to the charged sector apply to both models since the charged Higgs Yukawa
couplings have exactly the same form. Except for the LEP bounds they all constrain regions of the (tan �,mH±)
plane. The LEP experiments have set a lower limit on the mass of the charged Higgs boson of 80 GeV at 95%
C.L., assuming BR(H+ ! ⌧+⌫)+BR(H+ ! cs̄)+BR(H+ ! AW+) = 1 [21] with the process e+e� ! H+H�.
The bound on the mass is 94 GeV if BR(H+ ! ⌧+⌫) = 1 [21]. These are model independent bounds as long as
the above mentioned sum of BRs is one. Values of tan � smaller than O(1) together with a charged Higgs with a
mass below O(100 GeV) are both disallowed by the constraints [22] coming from Rb, from BqB̄q mixing and from
B ! Xs� [23] for all models. Furthermore, data from B ! Xs� [23] imposes a lower limit of mH± >⇠ 360 GeV,
but only for models type II and type Y. We have also considered the most recent bounds from the ATLAS [24]
and CMS [25] collaborations on the (tan�,mH±) plane coming from pp ! tt̄ ! bb̄W⌥H±(! ⌧⌫). Finally, we
have considered the LEP bounds on the neutral Higgs [26].
Combining it all, our scans will be performed takingmH± � 90 GeV and tan� � 1 for type I whilemH± > 360

GeV for type II. For the CP-conserving case we also take mA � 90 GeV, mh = 125 GeV and mH > mh while ↵
is free to vary in its allowed range although subject to the above constraints. For the CP-violating model we take
mh1 = 125 GeV and mh2 > mh1 while ↵i (i = 1, 2, 3) are again free to vary in their allowed ranges, subject to
the above constraints. Finally, we note that we do not include the constraint that would result from the anomaly
observed by the BaBar collaboration in the rates R(D) and R(D⇤), with R(D) = (B ! D⌧�⌫⌧ )/(B ! Dl�⌫l),
which deviates by 3.4 � (when D and D⇤ final states are combined) from the SM prediction [27]. It is clear that
the deviation cannot be explained by a charged Higgs boson from either of the four FCNC conserving Yukawa
types. Therefore, if this observation is independently confirmed by the BELLE collaboration not only the SM
will be excluded at 3.4 � but all 2HDMs Yukawa types will also be excluded with a very similar significance.
We should point out that there will never be an exclusion of the 2HDM in favor of the SM. Indeed, the models

discussed here include the SM as a specific (decoupling) region of parameter space. As a result, experiments
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may exclude the SM in favor of the 2HDM; they may exclude both; or they may be compatible with SM, thus
restricting the 2HDM extension into a particular (eventually, small) region of the parameter space.

III. CP-CONSERVING MODEL

We start with the CP-conserving model and randomly generate points in the parameter space such that
mh = 125 GeV, 90 GeV  mA  900 GeV, mh < mH  900 GeV, 1  tan�  40, �(900)2 GeV2  m2

12  9002

GeV2 and �⇡/2  ↵  ⇡/2. Further, for type I we take 90 GeV  mH±  900 GeV while for type II the
allowed range is 360 GeV  mH±  900 GeV. In order to use the LHC data we define the quantities Rf as the
ratio of the number of events predicted in the 2HDM to that obtained in the SM for a given final state f .

Rf =
�(pp ! h)2HDM BR(h ! f)2HDM

�(pp ! hSM) BR(hSM ! f)
, (1)

where h is the lightest CP-even Higgs (125 GeV), � is the Higgs production cross section, BR the branching
ratio, and hSM is the SM Higgs boson. In our analysis, we include all Higgs production mechanisms, namely,
gluon-gluon fusion using HIGLU at NLO [28], vector boson fusion (VBF) [29], Higgs production in association
with either W , Z or tt̄ [29], and bb̄ fusion [30]. A di↵erent approach was recently followed in [31] where they
have looked for the best fit point in parameter space for the four Yukawa types of the same CP-conserving
2HDM.

FIG. 1: Points in the (sin↵, tan�) plane that passed all the constraints in type I (left) and in type II (right) at 1� in
green (light grey) and 2� in blue (dark grey). Also shown are the lines for the SM-like limit, that is sin(� � ↵) = 1
(negative sin↵) and for the limit sin(� + ↵) = 1 (positive sin↵).

The points generated have then to pass all the constraints previously described plus the combined [32] ATLAS
and CMS strengths R�� = 1.66± 0.33, RZZ = 0.93± 0.28 and R⌧⌧ = 0.71± 0.42. It is important to point out
that this talk was given in February, 2013, prior to the updates from Moriond. We have added a subsection
regarding the Moriond updates below. In figure 1 we present the points in the (sin↵, tan�) plane that pass all
the constraints in type I (left) and in type II (right) at 1� in green and at 2� in blue. Also shown are the lines
for the SM-like limit, that is sin(� � ↵) = 1 (negative sin↵) and for the limit sin(� + ↵) = 1 (positive sin↵).
To better understand these results we approximate RZZ in the case where Higgs production is due exclusively

to gluon-gluon fusion via the top quark loop, and the total Higgs width is well approximated by �(h ! bb̄).
This is a very good approximation for most of the parameter space and it yields

RI,approx
ZZ =

cos2 ↵

sin2 �
sin2 (↵� �)

sin2 �

cos2 ↵
= sin2 (↵� �). (2)

By setting RI,approx
ZZ = 1 one obtains the SM-like limit line shown in the picture for negative ↵. Applying the

same simplified scenario we obtain for type II

RII,approx
ZZ = sin2 (↵� �)

1

tan2 ↵ tan2 �
. (3)
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Now, when RII,approx
ZZ = 1 we obtain not one but two lines, the red lines shown in figure 1. The approximate

scenarios lead us to the following conclusions. First, it is very hard in type I to have RZZ above 1. Further, the
function sin2 (↵� �) is very sensitive to deviations from 1. This leads to a larger dispersion of points around
the SM-like limit line. Regarding type II, not only do we get two lines instead of one but the function RII,approx

ZZ
is now very insensitive to deviations from 1 and that is why the points are all in a narrow band close to each
line. It is interesting to note that while the tension between RZZ and R�� excludes all points at 1� in type II,
there is still a band in type I close to sin↵ = 0 where RZZ is below 1 while R�� can be large. The 1� points in
type I all have a charged Higgs mass below 130 GeV.

FIG. 2: In the left panel we show the points in the (sin↵, tan�) plane that have passed all the constraints in type II
with an exact Z2 symmetry. In the right panel we show type II with the broken Z2 symmetry where we have plotted
the panic points in red. No points survive at 1� and the 2� points are shown in blue.

FIG. 3: Points in the (sin↵, tan�) plane that passed all the constraints in type I (left) and in type II (right) at 2� in
blue. We have taken all masses except mh = 125 GeV to be above 600 GeV.

In the left panel of figure 2 we present the points that have passed all the constraints in type II with an
exact Z2 symmetry (m2

12 = 0). It was recently shown [33] that if mh = 125 GeV, then tan� has to be below
approximately 6 . This is confirmed in the plot. Apart from the limit on tan�, the plot does not di↵er much
from the softly broken Z2 case except that there are fewer points and that they move slightly away from the
red lines when compared with the soft breaking scenario. We note that in type I no points survive at 1� in the
exact Z2 symmetric case. In the right panel of figure 2 we show the panic points (in red) for the soft breaking
type II model. Panic points are easily found by using the following discriminant [20]

D =
�
m2

11 � k2m2
22

�
(tan� � k). (4)
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where k = 4
p
�1/�2. If D < 0 we live in a metastable state and our current (v1, v2) solution is the panic vacuum.

We found panic points distributed all over the 2� allowed region. We should note however that as shown in [20],
the panic points are further away from the SM-like limit than the non-panic points.
In figure 3 we present similar plots to the ones shown in figure 1 the only di↵erence being that all masses

except for the lightest Higgs one are taken to be above 600 GeV. This plot is representative of the decoupling
limit of the 2HDM - if all particles except h are too heavy to be detected at the LHC this is how the plot would
look after the bounds on those masses are considered.
We finish this section with a comment on the values of M2 and the values of the remaining masses that

are still allowed by data. We had already noted that the points with M2 = 0 are disallowed at 2� in type
I. We have checked that also M2 < 0 is excluded at 2� in type I. In type II all values of M2 are allowed at
2�. Regarding the remaining masses, our conclusion is that the data on the 125 GeV Higgs does not provide
meaningful constraints on the masses of the remaining scalars.

A. Update after Moriond 2013

In this section we present updated plots after Moriond 2013. We use the latest updates from from ATLAS [34]
and from CMS [35] for the 7 and 8 TeV runs. Regarding the CMS results for h ! �� we use the result from
the Multivariate analysis.

FIG. 4: Points in the (sin↵, tan�) plane that passed all the constraints in type I using the ATLAS data (left) and using
the CMS data (right) at 1� in green (light grey) and 2� in blue (dark grey). Also shown is the line for the SM-like limit,
sin(� � ↵) = 1.

In figure 4 we present the results for the type I model in the (sin↵, tan�) plane using the ATLAS data (left)
and the CMS data (right). The di↵erences between the two plots are easy to understand. The ATLAS data
forces RZZ to be large but as we have previously shown (equation 2) RZZ can never be above one in type I.
Consequently, no points survive at 1�. With the CMS data plenty of 1� points survive because all RV V are
below one. As expected, the 1� region is slightly away from the SM-like limit because, on one hand, the central
values of RV V are below one, and, on the other hand, we already saw that RV V are very sensitive quantities in
type I.
In figure 5 we now show similar plots for the type II model. In type II RV V is not a sensitive quantity.

Therefore both the 1� and the 2� points are very close to the two limiting lines (in red). The di↵erence between
the two plots is that the points tend to concentrate below the limiting lines for ATLAS and above the same
lines for CMS. This is of course a consequence of the central values of the ATLAS RV V being above the SM
while the CMS ones are below the SM expectation. Finally we present in figure 6 plots similar to the ones in
figure 5 but now in the (cos(� � ↵), tan�) plane. Again we see the same trend with the allowed points on
opposite sides of the limiting lines, cos(� � ↵) = 0 and cos(� + ↵) = 0.

51



FIG. 5: Points in the (sin↵, tan�) plane that passed all the constraints in type II using the ATLAS data (left) and using
the CMS data (right) at 1� in green (light grey) and 2� in blue (dark grey). Also shown are the lines for the SM-like
limit, that is sin(� � ↵) = 1 (negative sin↵) and for the limit sin(� + ↵) = 1 (positive sin↵).

FIG. 6: Points in the (cos(� � ↵), tan�) plane that passed all the constraints in type II using the ATLAS data (left)
and using the CMS data (right) at 1� in green (light grey) and 2� in blue (dark grey). Also shown are the lines for the
SM-like limit, that is cos(� � ↵) = 0 and for the limit cos(� + ↵) = 0.

IV. CP-VIOLATING MODEL

In this section we discuss the CP-violating model 2HDM presented in section II. The lightest neutral particle
of the model h1 is considered to be the one discovered at the LHC. This particle can be seen as being composed
by a CP-even and a CP-odd component. The amount of mixing is controlled by s2 = sin↵2 (one of the three
rotation angles in the neutral sector - see [6] for details). When s2 = 0, h1 is a pure CP-even state and when
s2 = 1, h1 is a pure CP-odd state. Our goal is to constrain the amount of mixing using LHC data. In the left
panel of figure 7 we show RZZ versus R�� for type I and for three regions of the parameter s2: |s2| < 0.1 in
green (light grey), 0.45 < |s2| < 0.55 in blue (black), and |s2| > 0.83 in red (dark grey). In the right panel
we present a similar plot for type II. We also show in both plots the combined ATLAS and CMS results at
1� (yellow line) and at 2� in blue. We conclude that the red points are excluded at 2� when the combined
results [32] from ATLAS and CMS are considered.
The results of the Moriond updates are shown as 2� solid (CMS) and dashed (ATLAS) lines in figure 7. We

see that |s2| > 0.83 is still excluded at 2� by the ATLAS data, but that it is allowed by the new CMS data.
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FIG. 7: In the left panel we show RZZ versus R�� for type I and for three regions of the parameter s2: |s2| < 0.1 in
green (light grey), 0.45 < |s2| < 0.55 in blue (black) and |s2| > 0.83 in red (dark grey). In the right panel we present a
similar plot for type II. We show in both plots the combined ATLAS and CMS results at 1� (yellow line) and at 2� in
blue and the 2� updated lines after Moriond 2013 (solid black - CMS and dashed black - ATLAS).

V. CONCLUSIONS

We have considered the most common CP-conserving 2HDMs and a CP-violating 2HDM in light of the recent
data from the LHC. For the CP conserving case, there are 4 di↵erent models, corresponding to the transformation
properties of the quarks, leptons and Higgs bosons under a Z2 symmetry. We include constraints from vacuum
stability, unitarity, precision electroweak constraints, LEP experimental bounds, bounds from b decays as well
as LHC bounds on top decays. The full parameter space is scanned, subject to these constraints, and allowed
points are plotted in the (sin↵, tan�) plane and in the (sin↵, cos(��↵)) plane. This talk was presented before
the Moriond 2013 meeting, at which time the Standard Model branching ratios disagreed by more than one
sigma with the combined data from ATLAS and CMS, and thus the plots show no points within one sigma
of the Standard Model curves. However, we have updated the plots since Moriond, and find that in type I
CMS data does allow points within one sigma of the Standard Model. In type II both ATLAS and CMS now
allow points within one sigma of the SM. In the next run, these experimental bounds will tighten considerably,
providing a strong test of the models.
In the CP violating case, the key parameter is s2, which controls the amount by which the observed 125 GeV

state is CP-even vs. CP-odd. We have shown that some regions of relatively large s2 can be excluded, but a
wide range of values remains. Over the next few years, the rectangles shown in figure 7 will shrink considerably,
providing a much stronger bound on the amount of the scalar’s CP-odd component.
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The two Higgs doublet model has a rich vacuum structure, including the possibility of existence
of two Standard Model-like minima at tree-level. It is therefore possible that the universe’s vacuum
is metastable, and a deeper minimum exists. We present the analytical conditions one must demand
of the potential’s parameters to prevent that possibility, and analyse what the current LHC data
tells us about the eventual existence of that second minimum.

I. INTRODUCTION

The two Higgs doublet model (2HDM) [1] is one of the simplest extensions of the Standard Model (SM) of
particle physics, in which the number of scalar doublets is doubled compared to the SM. This simple addition
makes for a richer scalar spectrum, which includes two CP-even scalars, the lightest h and the heaviest H,
a pseudoscalar, A, and a charged scalar, H±. The 2HDM boasts very interesting phenomenology, including
possible spontaneous CP violation, tree-level flavour changing neutral currents mediated by scalars and dark
matter candidates. For a recent review, see [2]. The recent discovery of the Higgs boson [3, 4] enables us to
further constrain the 2HDM parameter space, and ascertain whether the model survives comparison with data.
In fact, the 2HDM does a very good job describing the LHC results [5–8].
In the SM there is only one possible type of vacuum. In the 2HDM, on the other hand, charge breaking vacua

may occur, and in those situations the photon would acquire a mass. Also, as was already mentioned, we also
have possible minima in which the CP symmetry is spontaneously broken, alongside with the electroweak gauge
symmetry. But a remarkable property of the 2HDM potential is that these di↵erent types of minima cannot
coexist [10, 11]. We call a vacuum which breaks electroweak symmetry but preserves the electromagnetic and
CP symmetries a “normal” minimum. And whenever a normal minimum exists, any possible charge or CP
breaking stationary points are necessarily saddle points, and lie above the normal minimum. The stability of
the normal minimum against charge or CP breaking is thus guaranteed. But there is still another di↵erence
in the 2HDM vacuum structure regarding the SM: for certain choices of parameters, the 2HDM potential can
have two normal minima simultaneously [12–14]. The two Higgs doublets, �1 and �2, would have vacuum
expectation values (vevs) v1 and v2 such that v21 + v22 = 246 GeV2 in one of the minima, and all elementary
particles would have the known masses - this would be the minimum where the universe is currently at. In the
second minimum, however - and this minimum could be deeper or higher than ours - the fields would have vevs
{v01 , v02}, with v0

2
1 + v0

2
2 6= 246 GeV2 - and the elementary particles might have masses much smaller, or larger,

than what is observed.
It is therefore possible that “our” vacuum is not the state of lowest energy of the theory. Thus the universe

would be in a metastable state, with the possibility of tunneling to the deeper vacuum. We call this situation
the “panic vacuum”. In [15] we presented the conditions that the parameters of the potential need to obey so
one can avoid the presence of a panic vacuum in the softly broken Peccei-Quinn [16] version of the 2HDM. We
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also showed that the LHC data already excludes most of the parameter space where panic vacua might occur
in this model. In this talk I will discuss the existence of double neutral minima in the 2HDM potential with a
Z2 discrete symmetry. That is the most used version of the 2HDM, and panic vacua do occur in it, for plenty
of the model’s parameter space. The bounds one has to impose on the potential to avoid such minima were
deduced in [9] and will be reviewed here, as well as what the current LHC data tells us about the existence of
the second minimum.

II. THE VACUUM STRUCTURE OF THE 2HDM

The most general 2HDM potential has 14 real parameters, which can be reduced to 11 using the reparametriza-
tion invariances of the model. That model, however, leas to tree-level flavour changing neutral currents mediated
by scalars. In order to avoid them - since they are incredibly constrained by experimental measurements - one
usually imposes a discrete Z2 symmetry on the lagrangian, such that �1 ! �1 and �2 ! ��2. This was
first proposed by Glashow, Weinberg and Paschos [17, 18], and the resulting scalar potential has only seven
independent real parameters. Its parameter space is however extremely constrained, which is why one many
times adds a softly breaking term m12. The softly broken potential is therefore written as

V = m2
11|�1|2 +m2

22|�2|2 �m2
12

⇣
�†

1�2 + h.c.
⌘

+
1

2
�1|�1|4 +

1

2
�2|�2|4 + �3|�1|2|�2|2 + �4|�†

1�2|2 +
1

2
�5

⇣
�†

1�2

⌘2
+ h.c.

�
, (1)

where we have also imposed CP symmetry on the scalar potential and all the parameters shown are real.
As we have already mentioned, the 2HDM can have charge breaking vacua, wherein the doublets acquire
vevs h�1iCB = (0 , c1)T /

p
2 and h�2iCB = (c2 , c3)T /

p
2. If, simultaneously, there is a “normal” solution

(v1 , v2)/
p
2 of the minimization equations, the depth of the potential at the charge breaking stationary point,

VCB , is related to the depth of the potential at the normal stationary point, VN , by [10, 11]

VCB � VN =

✓
m2

H±

4v2

◆

N

⇥
(v1c3 � v2c1)

2 + v21c
2
2

⇤
, (2)

where m2
H± is the square of the charged scalar mass at the normal stationary point - meaning, if that is a

minimum we will have VCB � VN > 0; further, it was also shown that the charge breaking stationary point
is, in this case, necessarily a saddle point. Ergo, the normal minimum is the global one, and no tunneling
to a deeper minimum can occur. Likewise, if there is a CP breaking stationary point, with vevs such as
h�1iCP = (0 , v̄1)T /

p
2 and h�2iCP = (0 , v̄2ei✓)T /

p
2, the di↵erence of depths of the potential at this stationary

point and a normal one is given by

VCP � VN =

✓
m2

A

4v2

◆

N

⇥
(v̄2v1 cos ✓ � v̄1v2)

2 + v̄22v
2
1 sin

2 ✓
⇤
, (3)

where m2
A is the pseudoscalar mass at the normal stationary point. Again, if the normal stationary point is a

minimum, it will be the deepest and thus stable against tunneling. In short, the existence of a normal minimum
guarantees that the global minimum of the potential is also normal. However, the 2HDM, due to the soft
breaking term, can have two normal minima [12–14]. Further, it may be shown that if the potential has a depth
equal to VN for the minimum with vevs {v1 , v2}, and a depth VN 0 for the minimum with vevs {v01 , v02}, we
have

VN 0 � VN =
1

4
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m2
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v2

◆

N
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In this expression, both the charged Higgs mass m2
H± and the sum of the squared vevs v2 is evaluated at each

minima. It is not therefore clear which is the deepest minimum. But in [13, 14, 19] the conditions for the
existence of two neutral minima in the 2HDM were established. They were cast into a simpler form in [15] for
the Peccei-Quinn model, and in [9] for the Z2 one. In [9] we also presented a thorough deduction of the bounds
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to avoid panic vacua, and their generalisation for all 2HDM CP-conserving potentials. Therein we were able to
deduce simple necessary conditions for the existence of two normal minima for any such potentials, which we
will not reproduce here for briefness. Fortunately, the study of panic vacua does not require that one analyses
whether or not the potential satisfies those conditions. In fact, all we need do is compute the following quantity
D, which we call a discriminant:

D = m2
12(m

2
11 � k2m2

22)(tan� � k) with k = 4

r
�1

�2
. (5)

As usual, tan� = v2/v1, written with the vevs of “our” vacuum. The existence of a panic vacuum is thus
summarised in the following theorem:

Our vacuum is the global minimum of the potential if and only if D > 0. (6)

It is therefore extremely simple to ascertain whether the 2HDM minimum is, or is not, the global minimum
of the model: all one has to do is to compute the value of D above, having reconstructed the parameters of the
model from experiments (this may prove to be di�cult, but it is, in principle, quite achievable). Up to date,
there is no evidence of the existence of any scalars beyond that which is predicted by the SM. Nonetheless, as
we will now see, the current LHC data already allow us to exclude most of the parameter space where panic
vacua might occur.

III. PANIC VACUA EXCLUSION USING LHC DATA

The 2HDM scalar potential we are considering has 8 independent parameters. That is a vast parameter space,
but it can be constrained in many di↵erent ways. In the first place it needs to have one minimum with vevs
which originate the correct masses for the W and Z bosons, i.e. the doublets must need have vevs v1 and v2
such that v21+v22 = 246 GeV2. Further, since the discovery of the Higgs boson, we must ensure that the lightest
CP-even scalar has a mass of 125 GeV. On the other hand, the potential has to be bounded from below, which
imposes the following constraints on its quartic couplings:

�1 > 0 , �2 > 0 ,

�3 > �
p
�1�2 , �3 + �4 � |�5| > �

p
�1�2 . (7)

Then, just as in the SM, we need to ensure that the model obeys perturbative unitarity, which again constrains
the potential’s quartic couplings [20, 21]. And of course, the model also must comply with the precision
electroweak constraints, via the bounds on the S, T and U parameters [22–25]. However, all of these bounds
apply exclusively to the scalar sector of the theory, but one must be aware that there are plenty of restrictions
on extended scalar sectors from their interactions with fermions, namely from B-physics experiments. The
Z2 symmetry imposed on the scalar potential is extended to the fermion sector in a variety of ways, we will
consider only the two most studied: in model Type I the fermion fields transform under the global Z2 in such
a way that only �2 couples to the fermions; and in model Type II �2 couples only to up-type quarks, and �1

to down-type quarks and charged leptons. Both of these models possess very di↵erent phenomenologies, and
B-physics bounds have been taken into account in our simulations [26, 27]. With all of these constraints in
place, we performed a vast scan of the 2HDM parameter space, for both models considered, taking mh = 125
GeV, 125 < mH < 900 GeV, 90 < mA,mH± < 900 GeV, �⇡/2 < ↵ < ⇡/2, 1 < tan� < 40 and |m2

12| < 900
GeV2. At this point we are ready to compute the observables which will be compared to the LHC data.
In order to reduce the large uncertainties present in the calculation of hadronic cross sections at the LHC,

we consider the ratios between the observed rates of the Higgs boson decaying into certain particles and their
expected SM values. If we assume that what is being observed is described by the 2HDM, that ratio is defined,
for a given final decay state f of the lightest CP-even Higgs boson h, as

Rf =
�2HDM (pp ! h)BR2HDM (h ! f)

�SM (pp ! h)BRSM (h ! f)
. (8)

Thus both production cross sections � and branching ratios (BR) of the Higgs boson are included, and we have
considered all possible Higgs production mechanisms at the LHC.
In Fig. 1 we present, for both models under consideration, the rates of the light Higgs h into two Z bosons

versus the rate of h into two photons. In green (light grey) are all the points obtained in our scan, with the
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FIG. 1: RZZ as a function of R�� for models I and II. Green (light) points represent all points generated, red (dark) ones
correspond to the existence of a panic vacuum (D < 0). The solid (dashed) lines correspond to 1� (2�) experimental
bounds on the rates.

above constraints, both theoretical and experimental. In red (black) we show the points for which a panic
vacuum occurs - meaning, points for which the value of D, calculated from eq. (5), is negative. It is important
to consider that the density of points generated is so large that there are many green points scattered in the
middle of the red ones - meaning, the areas marked red are not necessarily excluded (a consequence, of course, of
the fact that we are dealing with an 8-dimensional parameter space, and these figures are only 2-dimensional).
Fig. 1 clearly shows that there are regions, in the plane R��-RZZ , which are completely free from panic vacua.
The solid and dashed lines shown in the plots correspond to conservative 1� and 2� intervals on the combined
values for RZZ and R�� , RZZ = 0.93± 0.28, R�� = 1.66± 0.33, which we took from ref. [29], based on the LHC
data before the Moriond conference [28]. Notice that after the recent Moriond update on the LHC results [30]
these numbers may have changed substantially, but there isn’t yet an o�cial combination of the ATLAS and
CMS results. However, the plots we show in this communication have the advantage of being easily adapted
for changing LHC experimental bounds, by simply drawing over them di↵erent black lines.
The remarkable thing is how much the current LHC data already can tell us about the nature of the 2HDM

vacuum, even if no extra scalars have been found. In fact, as can be seen from Fig. 1, the panic points are
distant from even the 2� bands, which include some non-panic region as well, for model Type I. That does not
occur in model Type II, in which some of the panic region is inside the 2� region. But notice that there are
many choices of parameter space values still allowed by the current data for Model II which do not lead to panic
vacua. Thus, at least in these two variables, both types of models are capable of describing the current data.
Nonetheless, that data does not exclude the possibility, in model type II, of our vacuum being metastable.
It has been possible to measure at the LHC - with considerable uncertainty - the production of Higgs bosons

via di↵erent processes, namely gluon-gluon fusion and vector boson fusion (VBF). Analysing these processes
separately gives us information about the coupling of the Higgs to both fermion (the gluon-gluon process) and
gauge bosons (the VBF one). We shall use the results of the ATLAS experiment [28], which appear as 1� and
2� ellipses in the Rgg

��-R
V BF
�� plane. Our results appear in Fig. 2, for both Type I and Type II models. We

observe that the experimental exclusion of points with panic vacua is not as thorough as that which happened
with the previous observables. In model Type I it is not possible to exclude, at 2�, the existence of panic vacua.
However, the panic vacua points which now seem allowed have been excluded in Fig. 1. For model Type II,
even the 1� bands include panic vacua solutions. We observe, nonetheless, that the ellipses contain plenty of
green/light grey points as well - which means that there are many allowed choices of parameters for which panic
vacua do not occur. We even see that in these variables the Type II model agrees with the data at the 1� level,
something which the Type I model cannot achieve.
The current results for a Higgs decaying to ⌧ ⌧̄ are compatible with the expected SM value. In fact, ATLAS

measured R⌧⌧ = 0.7± 0.7 and CMS R⌧⌧ = 0.72± 0.52. We can see how the panic vacua points are distributed
in the {R⌧⌧ , R��} in Fig. 3. The ⌧⌧ data (we represent the less restrictive bounds, those of ATLAS), tells us
that panic vacua are 2� disfavored in model Type I, and that model barely agrees, at 2�, with the LHC results
in R�� , agreeing at 1� in R⌧⌧ ). In model Type II, there are many panic vacua solutions not excluded by the
data at 1�; but for much of Model II’s parameter space, we have agreement with the experimental results at
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FIG. 2: R�� , with Higgs production via gluon-gluon fusion versus vector boson fusion production, for models I and II.
Same colour codes as Fig. 1.

FIG. 3: R⌧⌧ as a function of R�� for models Type I and Type II. Same colour codes as Fig. 1

the 1� level, with or without panic vacua.

IV. CONCLUSIONS

The rich vacuum structure of the 2HDM includes the possibility of two neutral minima being able to coexist
at di↵erent depths. Thus there is the possibility that the vacuum we are currently living in is metastable, which
we called the panic vacuum. It is possible to find an extremely simple criterium, the discriminant D of eq. (5)
being positive, which, if obeyed, guarantees that no metastability occurs. We emphasise that this situation
is quite di↵erent from the SM one: there a metastable (or even unstable) vacuum may develop but only due
to radiative corrections. In fact, the importance of radiative corrections to the results found here cannot be
overstated, and remains an open question. We also performed an estimate of the lifetime of the false vacuum
in the panic situation, and verified that it is, for the vast majority of the points scanned, much inferior to the
age of the universe - as such, these panic vacua are indeed to be excluded, since “our” vacuum would have
decayed long ago. Nevertheless, we see that the current LHC results already tell us a lot about the stability
of the vacuum in the 2HDM. For instance, a measurement of RZZ and R�� very close to 1, with su�cient
precision, would exclude the possibility of panic vacua. We also saw that the values of the parameters of the
potential which produce panic vacua do not correspond to uninteresting regions of the model - rather, they
predict observables which are not absurd and indeed may fall into the current experimental bounds. This, by
itself, indicates the need to take seriously this possibility of vacuum instability in the 2HDM.
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Two Higgs doublet models at future colliders

Koji Tsumura
Department of Physics, Nagoya University, Nagoya 464-8602, Japan

The two Higgs doublet model (THDM) is a simple extension of the standard model, which can
provide a low energy e↵ective description of more fundamental theories. The model contains ad-
ditional Higgs bosons, and predicts rich phenomenology especially due to the variation of Yukawa
interactions. Under imposing a softly broken discrete symmetry, there are four independent types of
Yukawa interactions in THDMs. In this review, we briefly summarize bounds from current experi-
mental data on THDMs and implications at future collider experiments. We pay special attention to
the collider phenomenology of the Type-X (lepton specific) THDM, and also discuss recent progress
for tan� determination in THDMs.

I. INTRODUCTION

A Higgs boson has been confirmed at the LHC [1, 2]. Clear peaks are observed in invariant mass distributions
in �� and ZZ(! 4`) decay channels, and excesses are also seen in several decay modes. It is consistent with the
property of the Higgs boson in the standard model (SM) [3, 4]. In order to test the nature of the Higgs boson
more accurately, precision measurement for the particle will be continued at the LHC. Expected uncertainties
of the Higgs boson interaction strengths are evaluated in Ref. [5]. At the International Linear Collider (ILC),
the interaction strengths would be measured very precisely [5, 6].
The Higgs sector of the SM is constructed as the minimal form, i.e., the one Higgs doublet model. However,

there is no fundamental reason to employ the minimal Higgs sector. The electroweak ⇢ parameter has been
measured very precisely, which seems to be a good guideline for constructing the extended Higgs sector. The
measured value is very close to unity. The SM Higgs field, which develops the vacuum expectation value (VEV),
is an SU(2)L doublet scalar with hypercharge Y = 1/2. It predicts ⇢ = 1 at the tree level, which is consistent
with experimental data. Multi doublet extensions of the SM also hold ⇢ = 1 at the tree level. If the electroweak
symmetry is broken by the VEV of an SU(2) triplet scalar with Y = 1, ⇢ = 1/2 is obtained, which is obviously
disfavored by data. If a triplet develops a VEV in addition to the VEV of the SM Higgs field, a VEV of the
triplet is required to be very small. The next minimal representation, which keeps the ⇢ parameter to be unity,
is an SU(2) septet with Y = 2 [7]. Therefore, the two Higgs doublet model (THDM) is a minimal viable
extension of the SM Higgs boson sector.
Multi doublet extensions of the SM Higgs sector have many variations due to the variation of Yukawa inter-

actions. In general, there are two independent Yukawa interaction for each SM fermion. Thus, it leads to tree
level flavor changing neutral currents (FCNCs), which are severely constrained by existing flavor data. In order
to forbid the tree level FCNC, a discrete symmetry is introduced to THDMs [8]. Under the discrete symmetry,
there are four types of the Yukawa interactions [9, 10]. Summary of the flavor constraints and the collider
phenomenology of each THDM are presented in Ref. [11].
In order to explain many issues such as the naturalness problem of the Higgs boson mass, candidates for

the cold dark matter, the origin of neutrino mass, etc..., the extended Higgs sector is often introduced in the
beyond the SM. The most familiar THDM is the minimal supersymmetric standard model (MSSM), where the
supersymmetry (SUSY) is designed to solve naturalness problem of the Higgs boson mass under the quantum
correction. In SUSY models, the Higgs sector is automatically extended to have even numbers of the Higgs
doublets due to the holomorohy of the superpotential. The Yukawa interactions is classified as the Type-
II [11–13]. The THDM is also required in the gauged version of the seesaw model, where tiny neutrino masses
are explained by the seesaw mechanism via triplet fermions [14]. The model predicts the Type-X Yukawa
interactions due to the anomaly cancellation. The Type-X THDMs are also used to explain the excess of the
positron in the cosmic rays at PAMELA, Fermi, and Planck [15], the tiny neutrino mass by a three-loop radiative
seesaw model [16], and the deviation in the muon anomalous magnetic moment [17].
In this talk, we summarize flavor constraints and direct search bounds on the THDMs. In the Type-X (lepton

specific) THDM, relatively light non-standard Higgs bosons are allowed after considering all experimental data.
In such a scenario, we can access to the new Higgs bosons at future colliders. The search strategies and the mass
determinations of the additional Higgs bosons are presented. In THDMs, the ratio of the VEVs for two doublets,
tan�, is an important parameter. The information about tan� can be extracted from not only non-standard
Higgs bosons but also SM-like Higgs boson phenomenology. We discuss recent studies of tan � determination
methods at the ILC.
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�1 �2 uR dR `R QL, LL

Type-I + � � � � +

Type-II + � � + + +

Type-X + � � � + +

Type-Y + � � + � +

TABLE I: Parity assignments under the softly broken Z2 symmetry [18].

⇠uh ⇠dh ⇠`h ⇠uH ⇠dH ⇠`H ⇠uA ⇠dA ⇠`A

Type-I c↵/s� c↵/s� c↵/s� s↵/s� s↵/s� s↵/s� cot� � cot� � cot�

Type-II c↵/s� �s↵/c� �s↵/c� s↵/s� c↵/c� c↵/c� cot� tan� tan�

Type-X c↵/s� c↵/s� �s↵/c� s↵/s� s↵/s� c↵/c� cot� � cot� tan�

Type-Y c↵/s� �s↵/c� c↵/s� s↵/s� c↵/c� s↵/s� cot� tan� � cot�

TABLE II: The scaling factors in each type of Yukawa interactions in Eq. (5) [18].

II. THDMs CONFRONT EXPERIMENTAL DATA

We here consider the Higgs potential which consists of two Higgs doublet fields �a(a = 1, 2) as

VTHDM = +m2
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where a softly broken discrete symmetry is imposed [8]. The component fields are parameterized as
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where h and H are CP even states, A is a CP odd state, H± are charged states, z and !± are Nambu-Goldstone
bosons, and

R(✓) =

✓

cos ✓ � sin ✓
sin ✓ cos ✓

◆

. (4)

In order to forbid tree level FCNCs the discrete symmetry is introduced, where the parity assignments for
each field are listed in TABLE. I. There are four independent combinations of parity assignments. Using the
component fields, Yukawa interactions are given by

LTHDM
yukawa =�

X
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, (5)

where the scaling factors ⇠�f (� = h,H,A) are determined by the Higgs mixing parameters ↵ and � in TABLE. II.

The various constraints on the THDMs have been studied in the literature. From the theoretical consideration
such as perturbativitive unitarity [19] and the vacuum stability [20], parameters in the Higgs potential are
bounded. Too large mass splittings among additional Higgs bosons are also constrained because mass di↵erences
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are induced from the violation of the custodial symmetry in the two Higgs doublet model potential [21–24].
These above bounds are originated from the Higgs potential, and hence these are independent of types of Yukawa
interactions.
The Yukawa interactions of THDMs receive severe constraints from flavor physics experiment, because in-

teraction strengths of the additional Higgs bosons with fermions are enhanced/suppressed depending on the
type of Yukawa interactions as shown in TABLE. II. In the Type-I THDM, Yukawa interactions of h, H and
A are universally corrected for all fermions. For small tan �, the mass of charged Higgs boson is bounded by
Z ! bb̄ [25], and B ! Xs� [9, 26]. With nearly SM-like condition sin(��↵) ' 1, H and A become fermiophobic
for large tan�. Thus, all flavor constraints on the Type-I THDM can be evaded for moderate or large tan �
even with relatively light additional Higgs bosons. In the Type-II THDM, the stringent bound on the mass of
H± comes from B ! Xs� [9]. For the wide range of tan� (& 2), mH± & 300 GeV is obtained [26]. For large
tan� (& 40), the more stronger bound is derived from B ! ⌧⌫ [27]. Note that the bound from B ! Xs� may be
weakened due to the cancellations in the loop diagram, i.e., the stop-chargino loop diagram in the MSSM [28].
In the Type-X THDM, there are no severe constraint from B decay data due to the less interaction with quarks.
Purely leptonic observables such as leptonic decays of tau lepton can constrain light charged Higgs boson with
very large tan� [29]. In the Type-Y THDM, Yukawa interactions with quarks are the same as in the Type-II
THDM. Thus, severe constraint is also obtained from B ! Xs�.

The additional Higgs bosons have been searched at the LEP [30, 31]. For HA pair production, their bb̄, ⌧+⌧�

decay modes are analyzed to obtain the lower mass bound [30]. For charged Higgs pair production, their cs̄(sc̄),
⌧⌫ decay channels are used [31]. These production cross section are mostly independent of tan � in the nearly
SM-like limit. Therefore, the lower mass bounds of about one hundred GeV are obtained almost independently
from types of Yukawa interaction. If there are relatively large mass splittings, � ! �0V (V = W,Z) decay modes
may become important, where � denotes an additional Higgs boson. Since the production cross sections for
additional Higgs bosons are small at the LHC due to the electroweak interaction, possible production mechanism
would be the gluon fusion to H/A, H/A radiations from quark pairs, and the top quark decays into charged
Higgs bosons via the enhanced Yukawa interactions. In the Type-I THDM, the small tan � region is only
accessible parameter space through these above processes because of fermiophobic nature of additional Higgs
bosons. In the Type-II THDM, H/A production in association with bb̄ becomes significant for large tan� due
to the enhanced Yukawa interaction with bottom quarks. The experimental bounds are obtained in the context
of the MSSM, where the lower bound of tan� is not applicable for the Type-II THDM since it comes from the
SUSY specific property [32, 33]. In general, small tan � and light H/A are ruled out. For instance, mA = 250
GeV is excluded for tan� > 5 [32]. From non-observation of t ! H+b decay, small tan� is also ruled out [34].
In the Type-X THDM, H/A is di�cult to be produced via the Yukawa interaction because only leptonic Yukawa
interactions are enhanced for large tan �. Therefore, there is no severe bound from the direct search except for
LEP bound [18]. In the Type-Y THDM, additional Higgs bosons can be produced similarly to those in the
Type-II THDM. Since the leptonic Yukawa interactions are suppressed for tan �, produced Higgs bosons tend
to decay hadronically. Thus, it is di�cult to be observed in the same process as in the Type-II THDM.

III. IMPLICATIONS AT FUTURE COLLIDERS

We here focus on the following two subjects. In subsection A, collider phenomenology of relatively light
additional Higgs bosons in the Type-X THDM is discussed. In subsection B, sensitivities of tan � in THDMs
at the ILC are studied by several methods.

A. Direct search for H/A in Type-X THDM

Since masses of the additional Higgs bosons can be of the order of one hundred GeV in the Type-X THDM,
these particles can be produced at the LHC and also at the ILC. In this subsection, we introduce search strategies
of non-standard Higgs bosons in each experiment.
At the LHC, relatively light additional Higgs bosons can be pair produced as qq̄ ! HA. Generated H/A

subsequently decays into ⌧+⌧� for tan� & 3 in the Type-X THDM [18]. Therefore, multi tau lepton events are
the distinctive signal of this model. In Ref. [35], we made detailed simulation studies for such multi tau lepton
signatures. One of the key selection cuts is a requirement of the high multiplicity of tau-jets, where a tau-jet
candidate is identified by a jet which contains 1 or 3 charged hadrons in a small cone (R < 0.15). As for the
HA ! 4⌧ signal, background events are well reduced by requiring two or more tau-jets. For example, in the 4⌧h
channel, where ⌧h is a hadronically tagged tau lepton, the signal significance S =

p

2[(s+ b) ln(1 + s/b)� s]
is expected to be 9.3 after the selection cuts, where mH = 130 GeV, mA = 170 GeV,

p
s = 14 TeV and
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L = 100fb�1 are assumed [35]. Other tau lepton decay channels (3⌧h`, 2⌧2`) are also useful to see multi tau
lepton signatures, where ` = e, µ [35]. Thus, the model would be easily test at the LHC. In the more recent
study, the same signed dilepton with hadronically tagged tau leptons are also discussed as a promising signal
of the Type-X THDM [36]. For the mass determination of H/A, the dimuon decay channel of H or A seems
to be useful. Assuming one muonically decaying non-standard Higgs boson, we expect 2µ2⌧ signatures, which
are only 0.7 % of HA pair production events. This decay chain can be seen due to the strong suppression
of background events using the sharp invariant mass cut of dimuons if we have large enough luminosity. The
⌧+⌧� invariant mass can also be constructed in this channels by the help of the collinear approximation. Thus,
HA pair production can be explored at the LHC. For more details and also for the charged Higgs productions
qq̄0 ! W ⇤ ! �H± and qq̄0 ! Z⇤ ! H+H�, see Ref. [35]. Note that the former process is possible only at
hadron colliders, which is useful to analyze charged Higgs bosons at the LHC [35].
At the ILC, the non-standard Higgs bosons can be pair produced in e+e� ! HA and e+e� ! H+H�, if

they are light enough. Similar decay chains discussed in the LHC case can be analyzed for HA pair production.
Thanks to small background event rates, the signal excess can be easily seen by more than 13� level in 4⌧h channel
only with 10 fb�1, where the collision energy is assumed to be 500 GeV, andmH = 130 GeV,mA = 170 GeV [37].
Although there are at least four missing neutrinos, momenta for all the tau leptons can be reconstructed using
the collinear approximation. In the LHC case, we rely only on the conservation of the transverse momentum,
and hence only two missing momenta are allowed to reconstruct tau lepton momenta. On the other hand, the
initial four momentum is known at the ILC so that four missing momenta from 4⌧ events are fully reconstructed.
Therefore, precise mass determination and also the test of pair production can be easily performed at the ILC
through the HA ! 4⌧ decay chain. The detailed information is given in Ref. [37].

B. tan� determination at the ILC

The ratio of VEVs, namely tan� = v2/v1 is an important parameter in THDMs. The tan � measurement in
the MSSM has been investigated in Refs. [38, 39]. The branching ratios of H/A into bb̄ are dependent on tan�,
and reach a saturation point, which is about 90% for moderate tan� values (10 % for ⌧+⌧� decay mode). Thus,
the branching ratio measurement of H/A is sensitive only for small tan� [38, 39]. While for large tan�, total
decay widths of H/A are roughly proportional to the square of tan�. If the total widths are wider than the
detector resolution, information of tan� can be extracted [38, 39]. For both methods to determine tan �, HA
pair production with e+e� collision energy of 500 GeV is assumed. Due to the limitation of collision energy, mA
is taken to be light, i.e., 200 GeV [38, 39]. However, the recent LHC data exclude the most of the parameter
space in the MSSM with mA = 200 GeV except for tan� < 5.
Since yb/y

SM
b = sin(� � ↵) � tan� cos(� � ↵), where yb is the Yukawa coupling strength for h with bottom

quarks in the Type-II THDM while ySMb is that in the SM, the deviation becomes significant for large tan �.
Information of tan� can be extracted from the SM-like Higgs boson decay if we observe deviations in the SM-like
Higgs gauge coupling, V = sin(� � ↵) 6= 1. In the MSSM, sin(� � ↵) is restricted to be very close to unity,
because the SUSY requires the relation, sin(��↵) ' 1� 2m4

Z/(m
4
A tan2 �) for large tan� with mZ ⌧ mA. On

the other hand, interactions of the SM-like Higgs boson h in the Type-II THDM can be di↵erent from those in
the MSSM. The Higgs mixing parameters ↵ and � are, in general, independent in the Type-II THDM. Thus,
precise measurement of sin(� � ↵) is crucial to independently determine tan �.
At the ILC with

p
s = 250 GeV and L = 250 fb�1, the correction factor to the gauge coupling of the SM-like

Higgs boson is expected to be measured by the ��Zh/�Zh = 2.5% accuracy, where the leptonic decays of the
recoil Z boson are assumed in e+e� ! Zh [40]. The uncertainty would be reduced to 0.8 % by taking into
account hadronic decay modes [41]. On the other hand, the cross section times the decay branching ratio of
the SM-like Higgs boson into bb̄ could be measured more precisely as �(�ZhBh

bb)/(�ZhBh
bb) = 1% [42]. Thus,

expected uncertainty for the independent determination of Bh
bb is �Bh

bb/Bh
bb = 2.7% at 2� level (assuming

leptonic decay channels of the recoil Z boson).
In FIG. 1, the 1� (2�) sensitivities of tan� by several methods are shown in the solid (dashed) curves [43].

The red, blue, and black curves denote the method by i) the branching ratio measurement of H/A, ii) the total
width measurement of H/A, and iii) the branching ratio measurement of h, respectively. The 1� sensitivities
for each method are defined;

i). N(tan� ± � tan�) = N(tan�) ±
p

N(tan�), where N(tan�) is the number of 4b events from HA
production after the selection cuts. The acceptance of the 4b final states is evaluated to be 51 %.

ii). �R
H/A(tan� ± � tan�) = �R

H/A(tan�) ± ��R
H/A(tan�), where the observable averaged width is �R

H/A =
1
2 [
p

(�H
tot)

2 + (�res)2 +
p

(�A
tot)

2 + (�res)2], and 1� error is ��R
H/A(tan�) = [(�R

H/A/
p

2N(tan�))2 +
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FIG. 1: Sensitivities of tan� by several methods in the Type-II THDM [43]. From the left to right, sin2(� � ↵) is taken
to be 1, 0.99, and 0.98, with cos(� � ↵)  0. The branching ratio measurement method of H/A ! bb̄ (red curves), the
total width measurement method of H/A (blue curves), and the branching ratio measurement method of h ! bb̄ (black
curves) are shown. For HA production,

p
500 GeV and L = 250 fb�1 is assumed with mH = mA = 200 GeV. For

the h ! bb̄ measurement, �B/B = 1.3 %(1�) and 2.7 %(2�) are chosen without specifying masses of additional scalar
bosons. The dashed curves stand for the 2 � sensitivities.

FIG. 2: Sensitivities of tan� by several methods in the Type-X THDM [43]. Figures are set by the similar manner with
FIG. 1. For the h ! ⌧+⌧� measurement, �B/B = 2 %(1�) and 5 %(2�) are chosen.

(��sys
res )

2]1/2. The detector resolution is evaluated to be �res = 11.3 GeV, and 10 % systematic error is
assumed. N(tan�) is the number of events after the acceptance cuts with mass window cut of Mbb ± 10
GeV, where the selection e�ciency of mass window cut is estimated to be 42 %.

iii). Bh
bb(tan� ±� tan�) = Bh

bb(tan�)±�Bh
bb(tan�).

The condition, cos(� � ↵)  0, is taken, which is the same sign as in the MSSM. Note that cos(� � ↵) can be
positive in general THDMs. The results for cos(� � ↵) � 0 and detailed studies are given in Ref. [43]. The
masses of H/A are taken to be 200 GeV for HA pair production, which is however ruled out for large tan�
by the LHC data. On the other hand, for the SM-like Higgs boson study, masses of H/A are not specified.
Therefore, the sensitivity of tan� by the SM-like Higgs boson decay are still applicable in the Type-II THDM.
Note that there is no black curve in the SM-like limit sin(� � ↵) = 1 (left panel), because tree level couplings
of the SM-like Higgs boson with fermions and weak gauge bosons are the same as those of the SM one. For the
middle and the right panels, the sensitivities by the SM-like Higgs boson decay become rapidly worse for large
tan�, where Bh

bb is saturated. Such large corrections of the SM-like Higgs boson decay should be excluded by
the LHC data.
In the Type-X THDM, leptonic Yukawa interactions of H/A are enhanced by tan� with sin(� � ↵) ' 1.

Thus, the decay of H/A into ⌧+⌧� becomes dominant if tan� > 3. For the wide range of the parameter space,
4⌧ final states are expected following HA pair production. Therefore, measurements of H/A ! ⌧+⌧� can probe
tan�. The correction to Yukawa interactions of h with tau leptons is also useful to explore tan�.
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In FIG. 2, sensitivities of tan� in the Type-X THDM are presented [43]. The model parameters are chosen
similarly to as in FIG. 1. Instead of bb̄ decay channels oin the Type-II THDM, ⌧+⌧� decay modes are used to
determine tan� in the Type-X THDM. For HA production, the acceptance for 4⌧ events is estimated to be 47
%. The detector resolution of ⌧+⌧� invariant mass is evaluated as 6.8 GeV, where the selection e�ciency of
M⌧⌧ ± 10 GeV cut is 31 %. For the measurement of the SM-like Higgs boson decay, the expected uncertainty is
�Bh

⌧⌧/Bh
⌧⌧ = 5 % at 2�. For the wide range of the parameter region, the precision measurement of the branching

ratio for h gives the best sensitivity of tan�. Since relatively light additional Higgs bosons are allowed in the
Type-X THDM, direct measurements of H/A can also probe tan�. For very large tan�(& 100), the total width
measurement is useful to constrain tan �.

IV. SUMMARY

In this review, we have studied THDMs. The THDMs contain additional Higgs bosons, which provide rich
phenomenology in the Higgs sector. These models are categorized by the Yukawa interactions under imposing
a discrete symmetry. The experimental constraints from the flavor data and the LHC data on the THDMs are
highly dependent on the type of the Yukawa interactions.
In the Type-II THDM, the Yukawa interaction of non-standard Higgs bosons with the bottom quarks are

enhanced for large tan�. Such a parameter region is strongly constrained by the direct search for H/A at
the LHC and by B decay data. Thus, small (large) tan � region together with light (heavy) additional Higgs
bosons is experimentally allowed. In order to explore tan �, three di↵erent methods, i) the branching ratio
measurement of H/A, ii) the total width measurement of H/A, and iii) the branching ratio measurement of h,
are applied. If the ILC energy is high enough to produce additional Higgs bosons, methods i) and ii) seems to
be useful. If we observe deviations in the SM-like Higgs gauge interaction, the branching ratio measurement of
the SM-like Higgs boson can probe tan� even when H/A are heavy.
In the Type-X THDM, the non-standard Higgs bosons are leptophilic, and hence it is di�cult to be con-

strained. Therefore, additional Higgs bosons can be light enough to be produced at the ILC. The model can be
tested both at the LHC (with high luminosity) and the ILC by looking at multi tau lepton signatures followed by
HA pair production. The mass determination of H/A is also possible by the help of the collinear approximation.
Similarly to the Type-II THDM, tan� can be probed by several methods.
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Inert Doublet Model with a 125 GeV Higgs

M. Krawczyk, D. Sokołowska, B. Świeżewska
University of Warsaw, Faculty of Physics

A 125 GeV Higgs-like particle discovered at the LHC in 2012 has properties expected for it in the
Standard Model (SM), with a possible enhancement in the two-photon channel. Such SM-like Higgs
scenario can be realized within the Inert Doublet Model (IDM) - a version of the Two Higgs Doublet
Model with an exact discrete D (Z2-type) symmetry. In this model one SU(2) doublet plays the
role of the SM Higgs doublet with one SM-like Higgs boson. The second doublet has no vacuum
expectation value and does not interact with fermions. Among four scalars constituting this D-odd
doublet the lightest one is stable, being if neutral a good DM candidate with the right relic density.
In this paper an analysis of the two-photon Higgs decay rate in IDM, respecting theoretical and
other experimental constraints, is presented. The enhancement in h ! �� is possible only if invisible
channels are closed, with the enhancement R�� >1.2 for masses of DM and charged scalars below
154 GeV. The temperature evolution of the Universe to the Inert phase (described by the IDM) in
T 2 approximation is presented and all possible sequences of phase transitions in one, two and three
steps are analyzed. Going beyond this approximation by using an effective potential approach with
one-loop T = 0 Weinberg-Coleman term and temperature dependent effective potential at T 6= 0 we
address the question, whether the strong first-order phase transition needed for baryogenesis can be
realized in IDM. A region with a good DM relic density and a strong first-order phase transition is
established, and discussed in the light of the XENON-100 data.

I. INTRODUCTION

The Theory of Matter refers to the basic concepts like the quantum field theory framework, gauge symmetry
and the assignments of the lightest fermions. The idea of Spontaneous Symmetry Breaking (SSB) also has such
status, although a particular realization of the SSB is not known and various models are considered. Standard
Model (SM) is based on one SU(2) doublet of spin-zero fields. Standard extensions of the SM are models with
two doublets (2HDM), which can be realized in MSSM. Similarly, models with more doublets, as well as with
singlets, can be considered, all leading to ⇢ = 1 at the tree-level. In 2HDM various versions of the Yukawa
interactions are possible.

There are five scalars in 2HDM, among them neutral SM-like Higgs particles. The new particle, discovered
in 2012 at the LHC, strongly resembles the Higgs boson from the SM. Here we consider a particular version
of 2HDM - the Inert Doublet Model (IDM), which is very similar to the SM, in the sense that only one SU(2)
doublet is involved in the SSB and there exists only one Higgs particle with the tree-level properties like the
Higgs boson in the SM, HSM . The properties of the second doublet are quite different: it is not involved in the
SSB and does not interact with fermions. It contains four dark scalars, which have limited interactions with
the SM particles and the lightest of them is stable, thus, if neutral, being a good candidate for the Dark Matter
(DM) particle.

II. D-SYMMETRIC 2HDM

The real content of the theory is determined by the symmetry properties of the Lagrangian as well as of
the vacuum state. Here we assume that the potential is Z2-symmetric with respect to the transformation
�S ! �S , �D ! ��D, which we call below the D symmetry. This symmetry leads to the CP conservation in
the model.

The D-symmetric potential has the following form:

V = � 1
2

h
m2

11(�
†
S�S)+m2

22(�
†
D�D)

i
+ �1

2 (�†
S�S)2+

�2
2 (�†

D�D)2

+�3(�
†
S�S)(�

†
D�D)+�4(�

†
S�D)(�†

D�S) +
�5
2

h
(�†

S�D)2+(�†
D�S)2

i
,

with all parameters real. We take �5 < 0 without loss of generality [1].
Various extrema (which can be local or global minima or the saddle points) can be realized in this potential.

The vacuum expectation values (vevs) are as follows:

h�Si =
1p
2

✓
0
vS

◆
, h�Di = 1p

2

✓
u
vD

◆
, vS , vD, u 2 R. (1)
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Neutral vacua are realized for u = 0. There are four types of neutral extrema (so also vacua) that have different
symmetry properties:

(i) The EWs case with u = vD = vS = 0 corresponds to the EW symmetry.

(ii) Mixed vacuum (M) with u = 0, vS 6= 0, vD 6= 0. There exist two charged Higgs particles H±, a pseu-
doscalar Higgs A and two CP-even Higgses h and H, both of them could be SM-like.

(iii) Inert vacuum (I1) with u = vD = 0, vS 6= 0 is the only state that conserves the D-parity and assures the
existence of a stable scalar particle - the DM candidate.

(iv) Inertlike vacuum (I2) with u = vS = 0, vD 6= 0, which spontaneously violates the D symmetry by vD 6= 0.

If u 6= 0 then the charged vacuum (CB) is realized. This leads to the U(1)QED symmetry breaking and the
appearance of a massive photon. Such a case is not realized in the nature today.

Mixed and charged minima cannot exist for the same values of the parameters of the potential V . On the
other hand, minima of the inert-type (I1 or I2) can overlap one another and M or CB in the parameter space,
e.g. in the (�4,�5) plane [2].

A stable vacuum exists only if

�1 > 0, �2 > 0, �3 +
p

�1�2 > 0, �345 +
p

�1�2 > 0 (�345 = �3 + �4 + �5), (2)

so that

R =
�345p
�1

p
�2

> �1.

Extremum with the lowest energy corresponds to the global minimum, i.e. the vacuum. The vevs (1) are related
to the parameters of the potential through the extremum conditions and so the various values of vS , vD, u can
be represented on the phase diagram (µ1, µ2), where

µ1 =
m2

11p
�1

, µ2 =
m2

22p
�2

.

Different regions of this parameter space correspond to the different vacua. There are three regimes of parameter
R which correspond to very different phase patterns shown in Fig. 1. There is a possibility of unique coexistence
of two inert-type minima, as shown in Fig. 1a.

µ1

µ2 A

C

B

I2

I1EWs

(a) R > 1

µ1

µ2 C

A
MI2

I1EWs

(b) 1 > R > 0

MI2

I1EWs

µ1

µ2C

A

(c) 0 > R > �1

FIG. 1: Phase diagrams for the neutral vacua in the D�symmetric potential: regions of µ1, µ2 where various
neutral minima EWs (white), I1 (yellow/light gray), I2 (blue/dark gray), M (green/medium gray) can be
realized are shown. The hatched region in the panel (a) corresponds to the coexistence of I1, I2 minima.

Analogous phase diagrams can be considered for EWs, I1, I2, CB with R ! R3 = �3/
p
�1�2 and M ! CB.

69



III. IDM

The Inert Doublet Model (IDM) is realized if I1 is the vacuum state. Here only one doublet (�S) is involved
in the SSB and there is only one SM-like Higgs boson h - we assume that its mass is equal to 125 GeV. The
doublet �D has vev = 0 and Yukawa interaction is as in Model I, since �D does not interact with fermions (it is
inert). The D symmetry is exact here and only the second doublet is D-odd. It contains four scalars H, A,H±,
called also dark scalars (D-scalars). The lightest neutral scalar H (or A) may play a role of the DM. We take
DM = H (so �4 + �5 < 0).

Masses of the scalar particles read:

M2
h = �1v

2 = m2
11 , M2

H± =
�3v

2 �m2
22

2
, M2

A = M2
H± +

�4 � �5

2
v2 , M2

H = M2
H± +

�4 + �5

2
v2 .

with v = 246 GeV.
These masses and the physical couplings can be used to describe the properties of the IDM. �345 is related

to triple and quartic couplings between the SM-like Higgs h and the DM candidate H. �2 gives the quartic
DM self-couplings, while �3 describes the Higgs particle interaction with charged scalars. These parameters
are subject to various theoretical and experimental constraints (see e.g. [2–17]):

a. Perturbative unitarity constraints on self-couplings Parameters � of V are constrained by the condition:
|⇤i| < 8⇡ [13–15], where ⇤i are the eigenvalues of the high-energy scattering matrix of the scalar sector. This
leads to the following limits:

�max

1,2 = 8.38, �3 2 (�6.05, 16.53), �345 2 (�8.10, 12.38).

b. Constraints from existence of I1 vacuum Existence of the normal (Mixed) vacuum is equivalent to having
positive scalars’ masses squared (condition for the minimum). It is not enough in the case of the Inert vacuum,
as a coexistence of Inert and Inertlike minima is possible (see Fig. 1a). For the Inert state to be the global
minimum in addition the following condition has to be fulfilled [1]:

m2
11p
�1

>
m2

22p
�2

. (3)

Knowing the Higgs boson mass Mh = 125GeV and using the unitarity limit �max

2 = 8.38 one can derive the
following limit on m2

22, that was not considered before [15]:

m2
22 . 9 · 104 GeV2.

c. Electroweak precision tests EWPT strongly constrain physics beyond SM. Values of S and T parameters
are demanded to lie within 2� ellipses in the (S, T ) plane, with the following central values [18]: S = 0.03±0.09,
T = 0.07± 0.08, with correlation equal to 87%.

d. LEP II limits The LEP II analysis excludes the region of masses where simultaneously: MH < 80 GeV,
MA < 100 GeV and MA � MH > 8 GeV. For MA � MH < 8 GeV the LEP I limit MH + MA > MZ applies
[16, 17].

e. �2 parameter Neither there exist, nor are expected in the near future, experimental limits on quartic
selfcoupling for dark scalars �2. However, as we pointed out in [19, 20] there are some indirect constraints for
�2 that come from its relation to �345 through the vacuum stability constraints (2) and existence of I1 vacuum
(3).

IV. RELIC DENSITY CONSTRAINTS

IDM provides a good DM candidate (H) in agreement with the data on relic density ⌦DMh2, ⌦DMh2 =
0.1126± 0.0036 [21], in three regions of MH [3, 5–11, 19, 20, 22, 23]:

• light DM particles with mass below 10 GeV. Other dark particles are much heavier than DM and so this
scenario mimics the behavior of the singlet DM model.

• medium mass regime of 50� 150 GeV with two distinctive regions: with and without coannihilation of H
with the neutral D-odd particle A.
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• heavy DM of mass larger than 500 GeV. In this region all dark particles have almost degenerate masses
and coannihilation processes between all dark particles are crucial for the agreement with the measured
DM relic density.

The relic density data can be used to constrain �345 coupling for chosen values of masses of H and other scalars
[6, 8]. In Fig. 2 the ⌦DMh2 as a function of �345 for various values of the DM mass is shown. Horizontal lines
correspond to the 3� limit 0.1018 < ⌦DMh2 < 0.1234.

For both cases, i.e. (a) with and (b) without coannihilation of H and A, shown respectively in Fig. 2a and
Fig. 2b, the allowed region of �345 is symmetric around zero for masses MH . 72 GeV. Usually small values of
�345 are excluded due to a non efficient DM annihilation. In the case (a) allowed values of �345 are smaller than
in the case (b), as the process HH ! f̄f with the cross-section � ⇠ �2

345 does not have to be that efficient to
provide the proper relic density value. As mass increases, the region of proper relic density shifts towards the
negative values of �345, which is due to opening of the annihilation channels into the gauge bosons final state
and interference of processes HH ! h ! V V and HH ! V V .
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FIG. 2: (�345,⌦DMh2) for various values of MH with (a) and without (b) coannihilation. Horizontal lines
denote 3� WMAP limit: 0.1018 < ⌦DMh2 < 0.1234. For ⌦DMh2 < 0.1018 H from IDM does not constitute
the whole DM in the Universe. Region of ⌦DMh2 > 0.1234 is excluded. Numbers on the curves denote the

DM mass MH (GeV). We set Mh = 125 GeV and MH± = MH + 50 GeV.

As it will be shown in the next section, in the IDM the enhancement of the �� decay rate for the 125 GeV
Higgs is possible for �3 < 0. If H is the lightest dark particle (DM candidate) then also �4 + �5 < 0 and so
we get �345 < 0 for such case. For a recent analysis of the DM properties in the IDM and its relation to the
two-photon decay rate of the Higgs boson see also Ref. [24].

It is worth noticing that the relic density as all other experimental data does not limit the �2 parameter.

V. THE TWO-PHOTON DECAY RATE OF THE HIGGS BOSON

The two-photon decay rate of the Higgs boson in the IDM reads:

R�� :=
�(pp ! h ! ��)IDM

�(pp ! h ! ��)SM

⇡ Br(h ! ��)IDM

Br(h ! ��)SM

,

where the fact that the main production channel is the gluon fusion and that the Higgs particle in IDM is
SM-like (in the sense defined before) was taken into account. In the IDM there are two possible sources of
deviation from R�� = 1:

• A contribution from the charged scalar loop to the partial decay width �(h ! ��)IDM [25–29]:

�(h ! ��)IDM =
GF↵

2M3
h

128
p
2⇡3

��MSM + �MIDM

��2 ,

where MSM is the amplitude present in the SM and �MIDM =
2M2

H±+m2
22

2M2
H±

A0

✓
4M2

H±
M2

h

◆
, with 2M2

H±+m2
22 =

�3v
2 (the definition of the function A0 can be found in Ref. [25, 26]). The charged scalar contribution can
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interfere either constructively or destructively with the SM contribution, this way increasing or decreasing
the decay rate.

• The invisible decays: h ! HH and h ! AA can augment the total decay width �IDM(h) with respect to
the SM case.

Performing a scan of the parameter space [30], taking into account the theoretical and experimental constraints
presented in Sec. III, we found the regions where R��>1, with the maximal value of R�� around 3.4. Fig. 3a
shows values of R�� as a function of MH - it is clear that R�� > 1 is not possible for MH < Mh/2 ⇠ 62.5 GeV.
It means that if the invisible channels are open, they suppress the charged scalar loop effect and enhancing R��

is impossible.

(a) Values of R�� allowed by the theoretical and

experimental constraints as a function of the DM

mass MH for �2 · 106 GeV

2 6 m2
22 6 9 · 104 GeV

2
.

(b) Region allowed by the theoretical and

experimental constraints in the (m2
22,MH± ) plane.

The curves correspond to the fixed values of R��

(for the invisible channels closed).

FIG. 3: Results on R�� for IDM, points with R�� < 1 (R�� > 1) are displayed in dark green/gray (light
green/gray).

Fig. 3b shows the viable parameter space in the (m2
22,MH±) plane together with the curves corresponding to

constant values of R�� (calculated for the case with invisible decay channels closed). It can be seen that than
the R�� enhancement is possible only for:

m2
22 < �9.8 · 103 GeV2,

which is equivalent to the bound �3 < 0, and consequently �345 < 0, see also Ref. [29]. We found that R�� > 1
can be achieved for any value of MH± . However, if larger value of R�� is demanded, then allowed values of MH±

are constrained. For example, for R�� > 1.2 we get the following bounds on MH± and MH (as MH < MH±):

62.5GeV < MH < 154GeV,
70GeV < MH± < 154GeV.

VI. EVOLUTION OF THE UNIVERSE TOWARDS THE INERT PHASE

We assume that today we live in the I1 vacuum, however in the past the vacuum could have been different.
We first consider the simplest description of the evolution of the Universe with the thermal T 2 corrections. In
this approximation, valid for high temperatures T � M , � parameters are fixed and only mass parameters vary
with temperature as follows:

m2
ii(T ) = m2

ii � ciT
2 (i = 1, 2),
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where

c1 =
3�1 + 2�3 + �4

6
+

3g2 + g02

8
+

g2t + g2b
2

, c2 =
3�2 + 2�3 + �4

6
+

3g2 + g02

8
.

Here g, g0 are the EW gauge couplings, while gt, gb are the SM Yukawa couplings [1, 31]. From the positivity
conditions and the positivity of the vevs squared it follows that c1 + c2 > 0.

The quadratic coefficients of V change with temperature T and so the ground state of the potential may
change. There exist three types of evolution of the Universe from the EW symmetric state to the I1 phase in
one, two or three steps: EWs ! I1, EWs ! I2 ! I1 or EWs ! I2 ! M ! I1. In general, in the considered
T 2 approximation, phase transitions are of the second order with the exception of the I2 ! I1 transition in the
two-stage evolution. This is a transition between two degenerate minima I2 and I1 and it can be realized only
if R > 1. Notice, that the DM exists only in the D-symmetric state I1 and so it may appear later during the
evolution, if the Universe goes through the two- or three-stage sequences.

If R < 0 only one sequence that corresponds to the restoration of EW symmetry in the past is possible,
namely EWs ! I1 (Fig. 4a). It can be realized when R�� > 1, which is suggested by the recent LHC data, as
discussed above. In the other scenarios for R < 0 in the initial state of the Universe there is no EW symmetry
(Fig. 4b). There is a possibility of a temporary restoration of the EW symmetric state (scenario Y), in other
cases the EW symmetric state never existed.

For a certain parameter range there is a theoretical possibility of having a charged vacuum in the past
(Fig. 4c) [1]. This type of evolution is equivalent to having IDM with the charged DM particle [1]. Current
model-independent bounds require the charged DM to be heavier than 100 TeV [32]. Heavy charged scalar may
appear in the model without breaking the perturbative unitarity conditions for very negative m2

22, i.e. large
|m2

22|. However, the sequence Z+ requires that c2 < 0 and |c2|/c1 > |m2
22|/m2

11 & (105 ÷ 106). This contradicts
the requirement c1 > �c2 based on the positivity condition and invalidates the possibility of passing through
the charge breaking phase during the evolution [1].

MI2

I1

EWs

µ1(T )

µ2(T )

Ic

C

A

(a) R < 0: the only sequence that leads

to restoration of EW symmetry in the

past.

MI2

I1

EWs

µ1(T )

µ2(T )

X

Y

Z
C

A

(b) R < 0: possible sequences with

non-restoration of EW symmetry.

CBI2

I1

EWs

µ1(T )

µ2(T )
Z+

C

A

(c) R3 < 0: transition through the

charged vacuum.

FIG. 4: Possible sequences of phase transitions for R < 0.

VII. TEMPERATURE EVOLUTION BEYOND T 2 APPROXIMATION

The T 2 approximation, used in the previous section, simplifies the discussion so that all phase sequences,
that are in principle possible, can be recognized and analyzed in details. However, this approach has obvious
limitations, since some sequences are realized at relatively low temperatures, where the T 2 approximation is
not valid. The analysis of the evolution of the Universe to the Inert phase going beyond this approximation was
performed in [31], where the effective potential approach was used under the assumption that only neutral vacua
(phases) were realized in the past. It was found, as expected, that some of the second-order phase transitions
change their character to the first-order. The analysis which focused on the strength of the first-order phase
transition needed for baryogenesis was performed, based on the one-loop effective potential at T = 0 (Coleman-
Weinberg term) and temperature dependent effective potential at T 6= 0 (including sum of the ring diagrams)
[33]. Of course, IDM as a model with the CP-conserving potential can not serve alone as a realistic model
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for baryogenesis and an additional source of CP violation has to be included. Nevertheless, one can examine
whether the model parameters, for which the right density of relic particles is predicted, are compatible with
the strong first-order phase transition that could allow the electroweak baryogenesis.

The strong first-order transition is realized if for the critical temperature TEW we have v(TEW )/TEW > 1.
We found that this condition is fulfilled in the Mh=125 GeV case with medium DM mass MH ⇠ 60 GeV and
relatively heavy dark scalars A and H±, with masses ⇠ 300 � 400 GeV (we took them to be degenerate for
simplicity). The important parameter is �345 - the coupling of the Higgs particle h to the DM (hHH), while the
parameter �2 does not play any role in the analysis (we fix it to be equal to 0.2). For the mass of the DM equal
to 65 GeV we obtained allowed mass region of heavier dark scalars between 275 and 380 GeV (MA = MH±),
and in order to be in agreement with XENON-100 data |�345| should be smaller than 0.1. This is in agreement
with similar analyses [34, 35], see also papers for 2HDM (not IDM) [36–39]. It is worth noticing that these
regions of parameters correspond to the one-stage evolution of the Universe, and the negative �345 corresponds
to the enhanced h ! �� decay rate.

VIII. SUMMARY AND OUTLOOK

2HDM is a great laboratory of BSM. A distinguished version of 2HDM is the Inert Doublet Model with
the SM-like Higgs sector and the dark sector with a good DM candidate. Recent LHC data with the SM-like
Higgs signal, with a possible enhancement in the �� channel, put strong constraints on masses of DM and other
dark scalars, as well as the self-couplings, especially �345. A striking conclusion is that an enhanced h ! ��
rate excludes a light DM particle and sheds light on the evolution of the Universe, suggesting only one phase
transition from the EWs to the today’s Inert phase with the right DM relict density.

The precise measurements of the SM-like Higgs properties are crucial not only to establish details of the EWSB
mechanism, but also to understand the composition of the Dark Matter. The future linear collider in the e+e�

and ��, e� options may indeed lead to further progress in these directions [40, 41]. It is known that for example
the partial width �(HSM ! ��) can be measured at linear collider with ⇠ 2% precision, by combining the 2%
measurement of the Higgs particle production in �� collision decaying into bb̄, �(HSM ! ��)Br(HSM ! bb̄),
with the measurement of the Br(HSM ! bb̄) to be performed with 1% precision at the e+e� option of ILC at
500 GeV [42]. Some analysis on IDM at the ILC has just appeared [43].
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Status of the Inert Doublet Model

Michel H.G. Tytgat
Service de Physique Th?orique, Universit? Libre de Bruxelles

Bld du Triomphe CP225, 1050 Brussels, Belgium

In these proceedings, I discuss the current status of the so-called Inert Doublet Model, with a focus
on the issue of dark matter. I will particularly emphasize some of the most recent developments
caused by the discovery of the Standard Model Scalar around 125 GeV at the LHC, the possible
interplay between the electroweak phase transition and the properties of the dark matter candidate,
and the prospects for its direct detection.

I. INTRODUCTION

The Inert Doublet Model (IDM) is one among the very simplest extensions of the Standard Model that may
accommodate a dark matter candidate. First discussed in 1977 as a particular symmetry breaking pattern in
Two Higgs Doublets models [1], it has been revamped 2006 in [2] in an attempt to give weight to the Standard
Model Scalar (SMS, aka the Higgs) and simultaneously in [3] as a way to give radiative masses to the light
neutrinos. The latter work also illustrates the versatility of the IDM, which is clearly more a phenomenological
framework for ’Beyond the Standard Model physics at the TeV scale’ than a model. For instance the discrete
symmetry that is required to enforce the stability of dark matter is put by hand, and has no obvious connection
with other issues of the SM (a notable exception is [4]). Despite such limitations, the IDM has a very rich
and interesting phenomenology, as is witnessed by the many works that have been devoted to exploring its
implications, in particular regarding the existence of dark matter.
In these proceedings I will quickly review the status of the model, in light of the recent discovery, not of dark

matter unfortunately, but of the SMS around 125 GeV at the LHC. I will also focus on some very interesting
recent developments regarding the electroweak phase transition and direct detection.

II. THE DARK MATTER CANDIDATES

In the IDM and its siblings, the dark matter candidate is taken to be the lightest neutral component doublet
scalar H2, which is taken to be odd under a discrete symmetry that is assumed to be unbroken in vacuum. In
absence of other extra particles, the scalar doublet has no couplings to quarks and leptons (hence the name
inert doublet), and so its only interactions are through the SMS, noted here h (the SMS is otherwise just
like in the SM) and electroweak gauge bosons. In particular, the relevant new parameters that determine the
relic abundance of the dark matter candidate, which we will call H0 (it is a WIMP, so we assume a standard
freeze-out scenario), are: its mass, mH0 , its trilinear coupling with h, and, in case of co-annihilation, the mass
of the other odd scalars. The possible mass splittings within the inert doublet are constrained by electroweak
precision measurements, in particular of the �T parameter [2]. Also the mass of the other neutral, A0, and
charged, H± partners are constrained by LEP searches to mH±,A0

& 70� 90 GeV [5, 6]
Back in 2006, there existed three possibilities that were compatible with all observational and experimental

constraints, including WMAP [7]. There was a light WIMP, in the few GeV range, a middle or vanilla WIMP,
with a mass around, but below the threshold for W+W� pair production, and a heavy WIMP, with a mass
above about 500 GeV. The latter is reminiscent of Minimal Dark Matter [8], a framework in which dark matter
is supposed to have only electroweak interactions. Thanks to interactions in the scalar sector, the allowed mass
range for a heavy H0 extends to up to 58 TeV, a limit which is set by the requirement of unitarity [7, 9]. As of
today, the first option is excluded, while the middle one is challenged by direct detection (with the exception of
some fine-tuned cases), so that it is fair to say that only remains the possibility of a heavy, TeV-scale candidate.
Let me briefly explain these points.
A light H0, mH0 ⇠ few GeV has some interest, in particular with regards to the puzzling measurements

reported by some direct detection experiments (the most recent one is from CDMS-Si [10]). It is e↵ectively like
a singlet scalar, since the other components of the inert doublet are constrained by LEP to be much heavier[23].
For these candidates, the cosmic abundance requires a large coupling �H0 = O(1) of H0 to the SMS (the lightest
candidate has mH0 & m⌧ corresponding to �H0 ⇠ 4⇡). Such large couplings have two immediate implications.
First the spin-independentH0-nucleon cross-section, which is in one-to-one correspondence with the annihilation
cross-section, is so large that all the light candidates heavier than about 5 GeV are excluded by direct detection
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experiments, baring the usual assumption regarding the energy density of dark matter in the vicinity of the
Sun. Second, and more dramatically, they imply that the SMS would be essentially invisible: for mH0 = 7 GeV,
one has BR(h ! H0H0) = 99.5%. Clearly this possibility has been definitively ruled out by the discovery of
the SMS. Of course this conclusion is not specific to the IDM or singlet scalar scenarios, as any light WIMP
that interacts dominantly through the so-called Higgs portal is excluded, but regarding the IDM, constraints
from invisible SMS decay essentially exclude any candidate lighter than mh/2 [13].
In the middle mass range, things are a bit more complex, as a number of processes may be relevant to determine

the relic abundance of the H0. The most significant features are 1/ the abundance is essentially suppressed
above the threshold for production of W -pairs. Essentially because there used to be a tiny, yet viable corner
of parameter space for which destructive interference between di↵erent channels allowed for mH0 & mW± [12].
This possibility is now excluded by the latest limit set by Xenon-100 [14], as is shown in Fig.1, which I have
borrowed from [15], except for the Xenon100, 225 kg-day exposure limit, which I have included for the sake of
this review. Also shown in the Fig.1 are the many candidates that reach the observed relic abundance either
through co-annihilation or resonant annihilation through the SMS (the vertical band in the figure between 50
and 70 GeV), hence with small coupling �H0 . Although perfectly viable, one should acknowledge the fact that
these candidates live on the edge of parameter space and are not as “natural” as one would like them to be. To
put in in other words, it seems to me that most of the “natural” candidates are now excluded. Perhaps it is
worth reminding that just a few years ago the strongest exclusion limits (by then set by CDMS) were about 2
orders of magnitude weaker than there are now...

Figure 1: Scattered plot of H0 candidates taken from Gustafsson et al [15]. Notice that many candidate actually
correspond to mh � 125 GeV and so are now excluded, but the figure nevertheless reveals the gross features of the IDM
candidates in the middle mass range.

The third and last possibility corresponds to heavy dark matter candidates, typically with a mass in the TeV
range. Although for sure potentially a bad news direct production of dark matter and thus for the LHC, there
are a few generic features that make such candidates quite appealing, both theoretically and experimentally.
First, for what it is worth, in it is phase with the hope that new physics should lurk around the TeV scale.
Then, as neatly illustrated by Minimal Dark Matter, TeV is actually the natural mass scale of WIMPs, i.e.
weakly interacting particles [24] Indeed, for mDM � MW,Z , one expects �v / ↵W /m2

DM , which, depending on
the quantum number of the candidates, leads to mDM around 1 TeV (mH0 ⇡ 500 GeV for the H0). In practice,
other couplings are relevant, either simply because there are other channels, or because of the production of
longitudinal gauge boson modes, which is typically dominant at high energies (see for instance [12]). Ultimately
one reaches the limit set by unitarity, which in the case of the H0 corresponds to mH0 ⇡ 58 TeV.[25]
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III. SOME NEW DEVELOPMENTS

There are three interesting recent developments that I would like to address briefly. The first one has to do
with the branching ratio of the SMS at 125 GeV in diphotons within the framework of the IDM. As this topic is
covered in the talks by M. Krawczyk and A. Arhirb at the same meeting, I will be very brief [17] (see also [18]).
This is of course motivated by the hints of a possible enhancement in this channel compared to the expectation
for the SM. The latest results of the experiments are a bit contradictory, so for the time being it is probably
an interesting possibility to explore. Alternatively one may use the LHC measurements to constrain the IDM.
The extra contribution to h ! �� is solely from the charged H± partner of the H0 (notice that h production
is una↵ected). Both constructive and destructive interference with the SM amplitude may occur. There is also
the possibility of a modification of the branching’s due to invisible decay h ! H0H0 but this is fine tuned, as at
best mH0 ⇡ mh/2 = 62.5 GeV is allowed. Regarding the possible constraint on H±, from [17] one reads that,
provided

R(h ! ��)  1.2,

then MH± � 154 GeV, which would about a factor of two better than the limit sets by LEP. The current limit
is weaker, at least if we combine the CMS and ATLAS measurements, but one gets the idea. The lesson to be
drawn regarding the abundance of dark matter is not as direct. Taking for granted the above lower bound, the
EW precision tests imply that the A0 is about as heavy as the H±, which leaves only annihilation through the
h to determine the relic abundance if the H0 is in the middle mass range, which actually is no problem.

Another interesting recent development is the calculation of the radiative corrections to �SI in the IDM
[19]. That this may be relevant may be appreciated from the fact that, in the IDM, elastic scattering is
through the SMS channel, a process that is determined by the coupling �H0 , which may actually be small
for many candidates, for instance near the h pole or if co-annihilations is important. In [19] it is found that
the pure one-loop contribution to �SI is in the range 10�11 � 10�10 pb, depending on the mass splittings and
the mass of the H0, which is within the expected reach of Xenon-1T. It turns out that, once the constraint
mH0 ⇡ mh/2 = 62.5 GeV is taken into account, the radiative correction to �SI may or may not be important
for viable candidates in the middle mass range. As a rule of thumb, the 1-loop corrections are dominant (a
factor of enhancement of up to 100 is possible for some candidates) whenever �H0 is small, which is either near
the pole and/or when co-annihilation play a dominant role in determining the abundance of H0 (see figure 7
in [19]). The important conclusion is that 1-loop corrections put the middle mass range within reach of Xenon
1T, contrary to what is apparent is Fig.1 (which is based on tree-level �SI). Similar conclusions are reached
for the case of heavy candidates. In brief, this implies that almost all the parameter space of the IDM will be
probed by direct detection experiments, at least up to 1 TeV, a quite interesting prospect.
The last point I would like to discuss is the possible interplay between dark matter in the IDM and the

electroweak phase transition (EWPT) at finite temperature. Before going on, let me briefly recall an idea which
at the end of the day does not quite work for the IDM but which I think has still some appeal and is related
to the electroweak at finite T. The idea was to study the impact of IDM fields on the breaking of electroweak
symmetry in vacuum. In particular we considered an extreme regime (this is what does not work at the end of
the day) in which the electroweak scale and the mass of dark matter are related through the Coleman-Weinberg
mechanism [20]. The relevance of the inert doublet for such considerations is of course the fact that scalar fields
give at 1-loop a correction to the e↵ective potential which is opposite to that of the top quark. One issue of
importance was the fact that the relevant couplings were quite large, which pointed to the existence of Landau
poles are rather low scale. In other words, in our setup the IDM was only an e↵ective theory valid below, say, the
TeV scale. Regardless, the concrete realization of this scenario is now rule-out by direct detection experiments,
because large quartic couplings were required, but the spirit stays and, furthermore, the finite T works face
the same issue. Coming to this, regarding the finite temperature phase transition, there has been quite a few
recent works, see for instance [21] and [22]. In the latter, the issue of large quartic couplings vs direct detection
constraints are evaded by considering that the H0 is a sub-dominant component of dark matter. To get a
strongly first order phase transition, indeed couplings of order 1 are required, but unlike in other approaches,
in which the focus is on DM candidates around mh/2, both to have a dominant form of dark matter and to
have significant contributions to the EWPT, the dominant e↵ect comes from mH0 ⇠ 200 GeV. Although the
abundance is suppressed and the H0 is not the dominant form of DM, the rather large couplings should lead to
potentially observable signals by direct detection experiments. The need for an extra, dominant form of dark
matter concur with the fact that in such scenarios, the IDM is only a low energy e↵ective theory, which need
to be completed by extra degrees of freedom in the UV (actually not far from the TeV scale) [22]. One last
comment is that the main interest of a strongly first order phase transition is electroweak baryogenesis, which of
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course also requires CP violation on top of departure from thermal equilibrium. This feature is however absent
from the scalar sector of the IDM, hence the picture is so far incomplete.

IV. CONCLUSIONS

Despite its simplicity, it is amazing how much phenomenology has been extracted from the Inert Doublet
Model. Here I have only scratched the surface, but one lesson to take home I believe is that simple models are
interesting for their own sake. Another more concrete lesson is that it seems that most of the parameter space
of the IDM will be soon tested by direct detection experiments, in particular Xenon-1T, in parts because loop
corrections may play a dominant role in the elastic scattering of H0. Interestingly there is very little freedom
here, as the relevant couplings are actually gauge couplings so that the only relevant parameters are essentially
the mass spectrum of the inert doublet, so there is no way out here. We notice that radiative corrections are
also central to the two other aspects we have briefly reviewed, that is the contribution of the inert doublet to
the decay of the SMS into diphotons (which may probe the charged component of the inert doublet) and the
order of the electroweak phase transition.

Acknowledgments

My work is supported by the ULB Action de Recherche Concert?e “Beyond Einstein: fundamental aspects
of gravitational interactions”, the IISN and the Inter-university Attraction Pole VII/37: “Fundamental Inter-
actions”. I thank the organizer of the the Toyama workshop for a very pleasant meeting.

[1] N. G. Deshpande and E. Ma, Phys. Rev. D 18 (1978) 2574.
[2] R. Barbieri, L. J. Hall and V. S. Rychkov, Phys. Rev. D 74 (2006) 015007 [hep-ph/0603188].
[3] E. Ma, Phys. Rev. D 73 (2006) 077301 [hep-ph/0601225].
[4] M. Kadastik, K. Kannike and M. Raidal, Phys. Rev. D 81 (2010) 015002 [arXiv:0903.2475 [hep-ph]].
[5] A. Pierce and J. Thaler, JHEP 0708 (2007) 026 [hep-ph/0703056 [HEP-PH]].
[6] E. Lundstrom, M. Gustafsson and J. Edsjo, Phys. Rev. D 79 (2009) 035013 [arXiv:0810.3924 [hep-ph]].
[7] L. Lopez Honorez, E. Nezri, J. F. Oliver and M. H. G. Tytgat, JCAP 0702 (2007) 028 [hep-ph/0612275].
[8] M. Cirelli, N. Fornengo and A. Strumia, Nucl. Phys. B 753 (2006) 178 [hep-ph/0512090].
[9] T. Hambye, F. -S. Ling, L. Lopez Honorez and J. Rocher, JHEP 0907 (2009) 090 [Erratum-ibid. 1005 (2010) 066]

[arXiv:0903.4010 [hep-ph]].
[10] R. Agnese et al. [CDMS Collaboration], [arXiv:1304.4279 [hep-ex]].
[11] S. Andreas, T. Hambye and M. H. G. Tytgat, JCAP 0810 (2008) 034 [arXiv:0808.0255 [hep-ph]].
[12] L. Lopez Honorez and C. E. Yaguna, JCAP 1101 (2011) 002 [arXiv:1011.1411 [hep-ph]].
[13] A. Goudelis, B. Herrmann and O. St?l, arXiv:1303.3010 [hep-ph].
[14] E. Aprile et al. [XENON100 Collaboration], Phys. Rev. Lett. 109 (2012) 181301 [arXiv:1207.5988 [astro-ph.CO]].
[15] M. Gustafsson, S. Rydbeck, L. Lopez-Honorez and E. Lundstrom, Phys. Rev. D 86 (2012) 075019 [arXiv:1206.6316

[hep-ph]].
[16] A. De Rujula, S. L. Glashow and U. Sarid, Nucl. Phys. B 333 (1990) 173.
[17] M. Krawczyk, D. Sokolowska and B. Swiezewska, arXiv:1304.7757 [hep-ph].
[18] A. Arhrib, R. Benbrik and N. Gaur, Phys. Rev. D 85 (2012) 095021 [arXiv:1201.2644 [hep-ph]].
[19] M. Klasen, C. E. Yaguna and J. D. Ruiz-Alvarez, arXiv:1302.1657 [hep-ph].
[20] T. Hambye and M. H. G. Tytgat, Phys. Lett. B 659 (2008) 651 [arXiv:0707.0633 [hep-ph]].
[21] T. A. Chowdhury, M. Nemevsek, G. Senjanovic and Y. Zhang, JCAP 1202 (2012) 029 [arXiv:1110.5334 [hep-ph]].
[22] J. M. Cline and K. Kainulainen, arXiv:1302.2614 [hep-ph].
[23] Notice that, although the mass splittings are limited by perturbativity, �m2 ⇠ �v2 (rem: they are also constrained

by stability of the potential), decoupling is protected by the existence of a custodial symmetry, see e.g. [20].
[24] An extreme version is provided by charged dark matter, or CHAMPS [16].
[25] Another interesting feature of TeV WIMPs, which however does not apply to the H0 is stability. If instead of a

discrete symmetry, one envisions a global continuous symmetry, breaking of this symmetry by particles around the
GUT scale leads automatically to a lifetime of the order of 1026 seconds.

79



Higgs sectors with exotic scalar fields⇤

Kei Yagyu
Department of Physics, National Central University, Chungli 32001, Taiwan

The discovery of the Higgs boson like particle with the mass of around 126 GeV has given us
a great clue to know what is the true Higgs sector. New physics models at the TeV scale often
introduce Higgs sectors extended from the minimal form, so that the determination of the Higgs
sector can be a probe of new physics models. In this talk, we focus on the Higgs sector with exotic
representation fields whose isospin is larger than 1/2. We first discuss the general features of exotic
Higgs sectors, and then we consider several concrete models to clarify them. The phenomenology
of the Higgs triplet model is discussed as the simple but important example.

I. INTRODUCTION

In July 2012, both the ATLAS and the CMS Collaborations have reported the discovery of a new boson with
a mass of about 126 GeV [6]. This particle has been observed in the h ! �� and h ! ZZ⇤ ! 4` modes, and
those event numbers are compatible with that in the standard model (SM). Thus, the new particle is most likely
the SM-like Higgs boson. However, this does not necessarily mean that the Higgs sector in the SM is correct,
because the SM-like Higgs boson can also appear in the Higgs sector extended from the SM one.
On the other hand, it has been known that there are phenomena which cannot be explained in the SM such

as neutrino oscillations, the existence of dark matter and baryon asymmetry of the Universe. These phenomena
are expected to be explained in models beyond the SM where extended Higgs sectors are often introduced, and
their properties strongly depend on the new physics scenario. Therefore, determining the structure of the Higgs
sector is paramountly important to know what kind of the new physics models exists.
The two Higgs doublet model (THDM) is one of the most popular and extensively analyzed extended Higgs

sector. There are several scenarios of the THDM depending on the type of a discrete Z
2

symmetry [7] which is
basically introduced to avoid the tree level flavor changing neutral current (FCNC); i.e., the cases where the Z

2

symmetry is unbroken, softly-broken and/or explicitly-broken. The first case is known to be the inert doublet
model [8] in which the lightest Z

2

-odd scalar boson can be dark matter. In the second class of the THDM, there
are four independent types of Yukawa interactions, depending on the charge assignments of the Z

2

symmetry [9].
The collider phenomenology can be drastically di↵erent among the four types of the Yukawa interactions [10].
The third scenario where the Z

2

symmetry is explicitly broken is so-called the type-III THDM. In this case, a
particular Yukawa texture is introduced, forcing the non-diagonal Yukawa couplings to be proportional to the
geometric mean of the two fermion masses [11]. As the other way to forbid the tree level FCNC, one can assume
that one of the two Yukawa matrices is proportional to the other one, which is called as the aligned THDM [12].
After the discovery of the SM-like Higgs boson, many literatures appeared in which the Higgs boson search data
are explained based on the various scenarios in the THDM [13].
Apart from the THDM, Higgs sectors which contains scalar fields with the isospin larger than 1/2 are also

important to be studied. We here call such a Higgs field as an exotic Higgs field, and also such a Higgs
sector as an exotic Higgs sector. The Higgs triplet model (HTM) is one of the simplest exotic Higgs sectors
in which tiny neutrino masses are generated by the type-II seesaw mechanism [14]. In the HTM, the vacuum
expectation value (VEV) of the triplet field deviates the electroweak rho parameter from unity at the tree level.
The experimental value of the rho parameter is close to unity, so that the triplet VEV is severely constrained.
There have been several models proposed with triplet Higgs fields. For instance, in the Georgi-Machacek (GM)

model [15–17], a real triplet Higgs field is added to the HTM in order to keep the electroweak rho parameter to
be unity at the tree level by taking an alignment of two triplet VEV’s. In the model proposed in Ref. [18], the
lepton number violating mass in the HTM is induced at the one-loop level. In addition, the supersymmetric
extention of the HTM has also been discussed in Ref. [19].
As another example for exotic Higgs sectors, the Higgs quadruplet field is introduced in models proposed in

Refs. [20, 21], in which neutrino masses are generated through higher dimensional operators [20] and via the
one-loop level [21]. The Higgs sector with the scalar quintuplet can be used to be built a two-loop radiative
seesaw model [22]. Recently, the model with the septet Higgs field has also been discussed in Refs. [1, 23].

⇤ This talk is based on Refs. [1–5], and it is presented as a title of “Higgs Triplet Models”.
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In this talk, we focus on exotic Higgs sectors. To know the exoticness of the Higgs sector is important not
only to probe exotic Higgs sectors but also to know the usual Higgs sector such as multi-doublet models. We
first discuss the general features of the exotic Higgs sectors, and then we consider several concrete models.

II. SEVERAL FEATURES OF EXOTIC HIGGS SECTORS

There are several striking features in exotic Higgs sectors which can be listed as as follows:

1. The electroweak rho parameter can deviate from unity at the tree level.

2. The H±W⌥Z vertex (H± are physical singly-charged Higgs bosons) appears at the tree level. The
H±W⌥� vertex does not appear in any Higgs sectors at the tree level because of the U(1)

em

symmetry.

3. The hV V coupling (h is the SM-like Higgs boson and V = W or Z) can be larger than the SM value.

4. An extra global U(1) symmetry can accidentally exist in the Higgs potential.

Let us first define the general Higgs sector which contains N Higgs multiplets �i (i = 1, . . . , N) with the isospin
Ti and the hypercharge Yi to clarify the properties 1, 2 and 3 listed in the above. The sum Ti + Yi corresponds
to the electromagnetic charge Qi, and it should be an integer number. We assume CP conservation of the Higgs
sector for simplicity. The Higgs multiplet �i can be expressed as

�i =
h

�Q=Yi+Ti
i , . . . ,�+

i ,�
0

i ,�
�
i , . . .�

Q=Yi�Ti
i

iT

,

with �0

i =
1p
2ci

(h0

i + vi + iz0i ) for Yi 6= 0 field, �0

i =
1p
2ci

(h0

i + vi) for Yi = 0 field, (1)

where vi is the VEV of the Higgs multiplet, and ci = 1 (1/2) for a complex (real) Higgs field. We note that in the
Higgs field with Y 6= 0, the charge conjugation of the singly-charged component field �+

i does not correspond
to ��

i . The kinetic term in the general Higgs sector is given by

L
kin

=
X

i

ci|Dµ
i �i|2, with Dµ

i = @µ � ig(T+

i W+µ + T�
i W�µ)� i

g

cW
(T 3

i � s2WQi)Zµ � ieQiA
µ, (2)

where T±
i is the SU(2) laddar operator, and T 3

i is the third component of the isospin operator. The weak
mixing angle ✓W is introduced via cW = cos ✓W and sW = sin ✓W .

1. The electroweak rho parameter

From Eq. (2), the W and Z boson masses are calculated as

m2

W =
g2

4
v2, m2

Z =
g2

c2W

X

i

v2i Y
2

i , with v2 = 2
X

i

[Ti(Ti + 1)� Y 2

i ]v
2

i = (246 GeV)2. (3)

The electroweak rho parameter can then be calculated at the tree level as [24]

⇢
tree

=
m2

W

m2

Zc
2

W

=

P

i v
2

i [Ti(Ti + 1)� Y 2

i ]

2
P

i v
2

i Y
2

i

. (4)

From this equation, we can find that the combination of (Ti, Yi) satisfied with ⇢
tree

= 1 is

Ti =
1

2

✓

�1 +
q

1 + 12Y 2

i

◆

. (5)

According to the above expression, the possible combinations are (Ti, Yi)=(0,0), (1/2,1/2), (3,2), (25/2,15/2),
· · · . Thus, usually ⇢

tree

deviates from unity in exotic Higgs sectors except for few special cases as written in just
above. The magnitude of the deviation in ⇢

tree

from unity depends on the value of the VEV of the exotic Higgs
field. The experimental value of the rho parameter is give as ⇢

exp

= 1.0004+0.0003
�0.0004 [25] so that the VEV of the

exotic field is severely constrained by the data. For instance, in the Higgs sector with the complex (real) triplet
field in addition to the usual doublet field, the upper bound for the triplet VEV is about 3.5 GeV (3.8 GeV)
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with the 95% confidence level. There is the other way to satisfy ⇢
tree

= 1 even in the Higgs sector contained
Higgs multiplets without the relation given in Eq. (5). Namely, by taking some VEV’s of exotic Higgs fields so
as to keep the custodial symmetry, the rho parameter is kept to be unity at the tree level. The representative
example is the GM model where the real and the complex triplet fields are added to the minimal Higgs sector,
and VEV’s of the triplet fields are taken to be aligned to keep the custodial symmetry.

2. The H±W⌥Z vertex

In order to discriminate exotic Higgs sectors, we need to measure the other observables which are sensitive to
the structure of the Higgs sector. A common feature in the extended Higgs sectors is the appearance of physical
singly-charged Higgs bosons H±. Hence, we may be able to discriminate each Higgs sector through the physics
of charged Higgs bosons. Among the various observables related to H±, the H±W⌥Z vertex is useful to test
exotic Higgs sectors. The magnitude of the H±W⌥Z vertex can be parameterized by introducing ⇠↵ in the
e↵ective Lagrangian L = igmW ⇠↵H

+

↵ W�Z + h.c., where H±
↵ is the ↵-th physical singly-charged Higgs bosons.

The ⇠↵ parameter is calculated at the tree level as [24, 26] as

|F |2 ⌘
X

↵

|⇠↵|2 =
2g2

c2Wm2

W

n

X

i

[Ti(Ti + 1)� Y 2

i ]v
2

i Y
2

i

o

� 1

c2W ⇢2
tree

, (6)

where ⇢
tree

is given in Eq. (4). A non-zero value of |F |2 appears at the tree level only when H±
↵ comes from an

exotic Higgs field. In multi-doublet models, this vertex is induced at the one loop level, so that the magnitude
of the vertex tends to be smaller than that in exotic Higgs sectors [27]. Therefore, a precise measurement of
the H±W⌥Z vertex can be used to discriminate exotic Higgs sectors with ⇢

tree

= 1 such as the GM model.
The feasibility of measuring this vertex at collider experiments has been discussed in several papers [28–32].
In Ref. [30], the single H± production from the W±Z fusion and the W±Z decay of H± have been analysed
at the LHC. In the case with the mass of H± to be 200 GeV and B(H± ! W±Z) = 100%, |F |2 >⇠ 0.036 is
required to reach the signal significance to be larger than 2 at the collision energy and the integrated luminosity
to be 14 TeV and 600 fb�1, respectively. At the International Linear Collider (ILC), the H±W⌥Z vertex can
be measured via the e+e� ! Z⇤ ! H±W⌥ process [31, 32]. In Ref. [32], this process has been studied in the
lepton specific H± scenario; i.e., B(H± ! `±⌫) = 100%. When the mass of H± is 150 GeV, |F |2 > 0.001 is
required to reach the signal significance to be larger than 2 with collision energy to be 300 GeV and integrated
luminosity to be 1 ab�1.

3. The hV V vertex

So far, we have not observed any new particles other than the “Higgs boson” with the mass of 126 GeV,
so that focusing on the Higgs boson couplings is quite important. First, we define the SM-like Higgs boson h
whose mass is taken to be 126 GeV in extended Higgs sectors by

h = (RT )hih
0

i , (7)

where Rih is the element of the orthogonal matrix connecting h0

i given in Eq. (1) and the mass eigenstates for
the CP-even scalar bosons. The hV V couplings are then calculated by

ghV V = gSMhV V ⇥
X

i

cihV V = gSMhV V chV V , with V = W, Z, (8)

where gSMhV V is the hV V coupling in the SM, and the factor cihV V is expressed by

cihWW =
2vi
v

[Ti(Ti + 1)� Y 2

i ]Rih, cihZZ =
2Y 2

i viRih
q

P

j Y
2

j v
2

j

. (9)

In the general Higgs sector, the charged (neutral) Nambu-Goldstone (NG) bosons G± (G0) can be separated
from physical charged Higgs bosons (CP-odd Higgs bosons) by using the elements of the orthogonal matrices;

�±
i = RiG+G±, z0i = RiG0G0, with

X

i

R2

iG+ =
X

i

R2

iG0 = 1. (10)

If the hypercharge of �i is Yi 6= 0 and Yi 6= Ti, then (��
i )

⇤ should also be included in the vector �+

i , and the
corresponding matrix element RiG+ should be added.
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Model Content of Higgs fields tan� tan�0 ⇢tree |F |2 chWW chZZ

HTM �1 = �, �2 = �
p
2v�/v� 2v�/v� ' 1� 2v2�/v2 c2�s

2
�/c

2
W c�c↵ +

p
2s�s↵ c�0c↵ + 2s�0s↵

rHTM �1 = �, �2 = ⇠ 2v⇠/v� - 1 + 4v2⇠/v
2 c2�s

2
�/c

2
W c�c↵ + 2s�s↵ c↵

GM model �1 = �, �2 = ⇠, �3 = � 2
p
2vT /v� 2

p
2vT /v� 1 s2�/c

2
W c�c↵ + 2

p
6

3 s�s↵ c�c↵ + 2
p

6
3 s�s↵

HSM �1 = �, �2 = '7 4v7/v� 4v7/v� 1 s2�/c
2
W c�c↵ + 4s�s↵ c�c↵ + 4s�s↵

TABLE I: The coe�cients chV V and |F |2 in various exotic Higgs sectors. The mixing angle � and �0 are also given in
terms of the VEV’s. Except for the GM model, tan↵ is defined by R2h/R1h. In the GM model, R1h, R2h and R3h are

respectively given by c↵,
q

1
3s↵ and

q
2
3s↵. We use the abbreviations such as cX = cosX and sX = sinX.

From the NG theorem, RiG+ and RiG0 satisfy the following relations;

g

2

X

i

p
ciCiviRiG+ = mW ,

g

cW

X

i

YiviRiG0 = mZ , with Ci =
q

Ti(Ti + 1)� Y 2

i + Yi. (11)

We note that the chV V factor in multi-doublet models is expressed by using Eqs. (8) and (9) as

chV V =
X

i

viRih

v
. (12)

We can see that the factor is smaller than 1 because of the sum rule
P

i v
2

i = v2 (see Eq. (3)) in multi-doublet
models. However, this feature chV V  1 does notnecessarily hold in exotic Higgs sectors. We will see a few
models with chV V � 1 in the next section.

4. Global U(1) symmetry

The last feature of exotic Higgs sectors listed in the begging of this section is regarded with an extra global
U(1) symmetry. Let us consider the Higgs sector composed from one exotic Higgs fieldX in addition to the Higgs
doublet filed. If X has quantum numbers of T > 3/2 and Y 6= 0 or T = 3/2 and Y 6= ±3/2, the Higgs sector
has an global U(1) symmetry associated with the phase rotation of X [33]. If this symmetry is spontaneously
broken down due to a non-zero VEV of X, then a massless NG boson appears in addition to the usual three NG
bosons G± and G0. A model with such an additional NG boson is phenomenologically unacceptable because
the NG boson can couple to the SM particles through a mixing with the CP-odd scalar component from the
doublet field. There are several ways to avoid appearance of the additional NG boson. For example, this NG
boson can be absorbed by the additional neutral gauge boson by extending the global symmetry to the gauge
symmetry via the Higgs mechanism. Besides, by introducing explicit breaking terms of the U(1) symmetry, we
can avoid such a massless scalar boson. In the latter way, if we discuss in the renormalizable theory, additional
Higgs fields are necessary to construct such an explicit breaking term. Of course, we can introduce a higher
dimensional term such like M�N�� · · ·�X (� is the doublet Higgs field) to break the U(1) symmetry.

5. Examples

We here show that the exotic features discussed in the previous section in several concrete models. We define
the Higgs fields with the quantum numbers (T, Y ) as � (1/2,1/2), ⇠ (1, 0), � (1, 1) and '

7

(3, 2). The VEV’s for
�, ⇠, � and '

7

are respectively denoted by v�, v�, v⇠ and v
7

. As examples, we consider the HTM, the real Higgs
Triplet Model (rHTM), the GM model and the Higgs Septet Model (HSM) whose Higgs fields content is listed
in Table I. In this table, � (�0) is the mixing angle which separates G± (G0) from the physical singly-charged

(CP-odd) Higgs bosons. In each Higgs sector, tan � is calculated by R
2G+/R

1G+ (
q

R2

2G+ +R2

3G+/R
1G+) in

the HTM and in the rHTM (in the GM model and in the HSM). In the HSM, R
3G+ corresponds to the singly-

charged states of T
3

= �3 component of '
7

. On the other hand, tan�0 is calculated by R
2G0/R

1G0 except for
in the rHTM because there is no additional CP-odd scalar state.
The rho parameter ⇢

tree

, the magnitude of the H±W⌥Z vertex |F |2 and the hV V coupling constant chV V

are listed in Table I in each model. In the HTM and the rHTM (In the GM model and in the HSM), ⇢
tree

is
not (is) equal to 1, while it is to 1. We note that in the GM model, only when the triplet VEV’s are aligned as

vT ⌘ v
�p
2
= v⇠, (13)
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then ⇢
tree

= 1 is satisfied (see Eq. (4)). When v
�

(v⇠) is taken to be 3 GeV in the HTM (rHTM), the value for
|F |2 and the maximum value for chWW � 1 and chZZ � 1 are obtained as 3.9 ⇥ 10�4 (7.7 ⇥ 10�4), 1.5 ⇥ 10�4

(8.9 ⇥ 10�4) and 8.9 ⇥ 10�4 (0), respectively in the HTM (rHTM). In the GM model and in the HSM, there
is no constraint for the VEV’s from the rho parameter. As an example, when we take vT = v

7

= 30 GeV, we
obtain the value for |F |2 and the maximum value for chV V � 1 are obtained as 0.15 (0.31), 9.4 ⇥ 10�2 (1.1),
respectively in the GM model (HSM).

III. THE HIGGS TRIPLET MODEL

FIG. 1: Four regions are schemati-
cally shown on the v�-�m plane.

In this section, we discuss the HTM in which the complex triplet Higgs
field � is added to the SM. The most general Higgs potential under the
SU(2)L ⇥ U(1)Y gauge invariance is given by

V = m2�†�+M2Tr(�†�) + [µ�T i⌧
2

�†�+ h.c.] + �
1

(�†�)2

+ �
2

⇥

Tr(�†�)
⇤

2

+ �
3

Tr
⇥

(�†�)2
⇤

+ �
4

(�†�)Tr(�†�) + �
5

�†��†�.

There are seven physical scalar states; i.e., the doubly-charged H±± (=
�±±), the singly-charged H±, a CP-odd A as well as two CP-even (H
and h) scalar states. As we already discussed in the previsous sections, the
VEV of the triplet field v

�

has to be much smaller than that of the doublet
v� due to the constraint from the electroweak rho parameter. In the case
of v

�

/v� ⌧ 1, H±±, H±, A and H (h) can be regarded as the triplet-like
Higgs bosons (the SM-like Higgs boson), and their masses are given by

m2

H++ = M2

�

� 1

2
�
5

v2, m2

H+ = M2

�

� 1

4
�
5

v2, m2

A = m2

H = M2

�

,

m2

h = 2v2�
1

, with M2

�

=
µv2�p
2v

�

, (14)

where we neglect the terms proportional to v
�

. Through the new Yukawa
interaction hijLic

L i⌧2�Lj
L + h.c. and the µ term in the potential, the Ma-

jorana masses for neutrinos are obtained by

(M⌫)ij =
p
2hijv� = hij

µv2�
M2

�

. (15)

It can be seen that when the lepton number violating parameter µ is taken to be ofO(0.1�1) eV with hij = O(1),
we can take M

�

to be O(100� 1000) GeV with satisfying (M⌫)ij = O(0.1) eV which is required by the data.
In such a case, the HTM can be tested at TeV-scale collider experiments. There are two ways to test the HTM
at collider experiments; namely, (i) the direct way and (ii) the indirect way.

Direct way for testing the HTM

Discovery of the triplet-like Higgs bosons can be the direct evidence of the HTM. In particular, appearance
of H±± is the striking feature of the model so that the detection of H±± is quite important. Furthermore,
testing the mass spectrum of the triplet-like Higgs boson can be a probe of the HTM, because there appear
characteristic relationships among the masses as [5]

m2

H++ �m2

H+ = m2

H+ �m2

A (= ��
5

4
v2), and m2

H = m2

A. (16)

We can see that there are three patterns of the mass spectrum for the triplet-like Higgs bosons. In the case
with �

5

= 0, all the triplet-like Higgs bosons are degenerate in mass, while in the case of �
5

> 0 (�
5

< 0), the
mass spectrum is mA > mH+ > mH++ [37, 38] (mH++ > mH+ > mA) [5, 37].

The decay property of H±± can be drastically di↵erent depending on the value of v
�

and the mass di↵erence
�m ⌘ mH++ �mH+ . In the light H±± case; i.e., mH++ = O(100) GeV, the main decay mode of H±± in the
four regions shown in FIG. 1 is expressed as

H±± ! `±`± in Region I, H±± ! W±W± in Region II,

H±± ! H±W±⇤ ! H/AW±⇤W±⇤ ! bb̄W±⇤W±⇤(⌫⌫W±⇤W±⇤) in Region III (in Region IV). (17)
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Region I is the most promising scenario to detect H±± because of the clear same-sign dilepton signature [34, 35].
The structure of the neutrino mass matrix given in Eq. (15) can be tested by measuring the branching fraction
of the H±± ! `±`± mode, because its magnitude is determined by |hij |2. However, this scenario has already
been excluded by the LHC data if mH++ <⇠ 400 GeV [36]. In Region II, H±± can dominantly decay into the
same-sign diboson [34, 39]. According to the reference [39], H±± with a mass of 180 GeV can be tested at 5�
level in this scenario with an integrated luminosity of 10 fb�1 at 8 TeV. Region III is an important scenario to
test the mass relation given in Eq. (16). In this scenario, H±±, H± and A/H may be reconstructed by using
the invariant mass as well as the transverse mass distributions in the systems of `±`±bbEmiss

T , `±bb̄Emiss

T and
bb̄, respectively at the LHC [5]. Region IV is a night mare scenario for the detection of H±±, because the decay
product of H±± always include neutrinos.

Indirect way for testing the HTM

Measuring the deviations in coupling constants of the SM-like Higgs boson h from the SM predictions can be
an indirect evidence of the extended Higgs sector. In particular, the Higgs to the diphoton mode h ! �� is one
of the most important channels for the SM Higgs boson search at the LHC because of the clear signature. The
decay rate of h ! �� can be modified by the loop e↵ect of H±± and H± as well, which has been calculated in
the several papers in the HTM [4, 40].
In addition to the h ! �� decay which corresponds to measuring the h�� coupling, studying the deviations

in hWW , hZZ and hhh vertices from the SM predictions are also important. These Higgs boson couplings
may be accurately measured at future colliders such as the LHC with 3000 fb�1 and at the ILC [41]. In
Refs. [2, 3], the renormalized Higgs boson couplings hWW , hZZ and hhh and also the decay rate of h ! ��
have been calculated at the one-loop level in the HTM. It has been found that there are strong correlations
among deviations in these Higgs boson couplings. For example, if the event number of the pp ! h ! ��
channel deviates by +30% (�40%) from the SM prediction, deviations in the one-loop corrected hV V and hhh
vertices are predicted about �0.1% (�2%) and �10% (+150%), respectively [2] without contradiction with the
constraints from the vacuum stability [42] and the perturbative unitarity [17, 42].

IV. CONCLUSION

We have discussed Higgs sectors with exotic representation fields whose isospin are larger than 1/2. In such
an exotic Higgs sector, there are several characteristic features which do not appear in usual Higgs sectors such
as the multi-doublet model at the tree level. For instance, the electroweak rho parameter can deviate from
unity, the H±W⌥Z vertex appears, the hV V vertex can be larger than that in the SM. These properties have
been seen in concrete models; the HTM, the rHTM, the GM model, and the HSM. We also have discussed how
to test the HTM at collider experiments, and we have shown two ways; i.e., the direct way and the indirect
way.
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Radiative corrections to the Higgs boson couplings in the Higgs triplet model⇤

Mariko Kikuchi
Department of Physics, University of Toyama, 3190 Gofuku, Toyama 930-8555, JAPAN

We calculate Higgs coupling constants at one-loop level in the Higgs triplet model (HTM) to
compare to future collider experiments. We evaluate the decay rate of the standard model (SM)-like
Higgs boson (h) into diphoton. Renormalized Higgs couplings with the weak gauge bosons hV V
(V = W and Z) and the trilinear coupling hhh are also calculated at the one-loop level in the
on-shell scheme. The event rate of the pp ! h ! �� channel in the HTM to the one in the SM
can cover the value from the recent LHC data. We find that in the allowed parameter region by the
current data, deviations in the one-loop corrected hV V and hhh vertices can be about �1% and
+50%, respectively. Magnitudes of these deviations can be enough significant to compare with the
precision future data at the International Linear Collider.

I. INTRODUCTION

The Higgs boson whose the mass is about 126 GeV has been discovered via the h ! ��, h ! ZZ⇤ ! 4` and
h ! WW ⇤ ! `⌫`⌫ channels with 5.9 � at ATLAS [2] and with 5.0 � at the CMS [3]. It looks like the standard
model (SM)-like Higgs boson. However, it is not necessary that the Higgs boson is that of the SM. The SM-like
Higgs boson can also be predicted in various extended Higgs sectors; e.g., the Higgs sector with additional SU(2)
singlets, doublets and/or triplets. Such non-minimal Higgs sectors are introduced in various scenarios of new
physics beyond the SM which are motivated to solve the problems such as tiny neutrino masses, dark matter
and/or baryon asymmetry of the Universe. Changing the viewpoints, if the true Higgs sector is determined by
experiments, the new physics can also be determined. Therefore, we can explore the new physics via the Higgs
physics.
Discovery of new non-SM particles, such as charged Higgs bosons, CP-odd Higgs bosons and super particles,

directly means new physics. Currently the discovered new particle at LHC is only the SM-like Higgs boson.
Thus, studying this SM-like Higgs boson in detail is very important in order to determine the Higgs sector.
We expect that the deviations in coupling constants of the SM-like Higgs boson from the SM predictions are
detected at the LHC or at the future precision collider experiments such as the LHC at the integrated luminosity
of 3000 fb�1 and the International Linear Collider (ILC). Therefore, we can discriminate models of new physics
by comparing accurate predictions on the coupling constants associated with the SM-like Higgs boson with the
future precision measurements, even if additional new particles will be directly unfound.
In this talk, we focus on the minimal Higgs triplet model (HTM). This model can generate tiny neutrino

masses via the so-called type-II seesaw mechanism [4]. One of the important feature in this model is that the
electroweak rho parameter at the tree level (⇢tree) deviates from unity due to the nonzero vacuum expectation
value (VEV) of the triplet field v�. First, we define a full-set of on-shell renormalization conditions. The
renormalization scheme in the HTM is di↵erent from the one in the SM because of the relation ⇢tree = 1 does
not hold. Since an additional input parameter is required in electroweak sector, we must define one extra
renormalization condition to determine the counter-term which corresponds to the additional input parameter.
Then, we calculate Higgs coupling constants at one-loop level; e.g., h��, hZZ, hWW and the Higgs triple
coupling hhh. We evaluate deviations in these coupling constants from the predictions in the SM under the
allowed parameter regions by the electroweak precision data and bounds from perturbative unitarity and vacuum
stability. We then discuss the possibility to test the HTM by comparing these calculations with future precision
data at collider experiments.

II. HIGGS TRIPLET MODEL

The scalar sector of the HTM is composed of the isospin doublet field � with hypercharge Y = 1/2 and the
triplet field � with Y = 1. The detail of Lagrangian is given in Ref. [4]. The electroweak rho parameter ⇢ is

⇤
This proceedings is based on Ref. [1].
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given as the following form,

⇢ ⌘ m2
W

m2
Z cos2 ✓W

=
1 + 2v2

�

v2
�

1 +
4v2

�

v2
�

, (1)

where v� and v� are the VEVs of the doublet Higgs field and the triplet Higgs field, respectively, which satisfy
the relation v2 ⌘ v2� + 2v2� ' (246 GeV)2. Namely, ⇢ deviates from unity at the tree level. The experimental

value of the rho parameter is quite close to unity; i.e., ⇢exp = 1.0008+0.0017
�0.0007 [5], so that v� has to be less than

about 8 GeV by using the tree level formula in Eq. (1).
This model has the new interaction for neutrinos [4]. It is the one between the triplet field and lefthand

neutrinos. First, two lefthand neutrinos couple to �, then � carries the lepton number of �2. When it couples
to two �, the lepton number is broken at the vertex. Neutrino masses of the Majorana type are produced by
these interactions.
The most general form of the Higgs potential under the gauge symmetry is given by

V (�,�) = m2�†�+M2Tr(�†�) +
⇥
µ�T i⌧2�

†�+ h.c.
⇤

+ �1(�
†�)2 + �2

⇥
Tr(�†�)

⇤2
+ �3Tr[(�

†�)2] + �4(�
†�)Tr(�†�) + �5�

†��†�, (2)

where m and M are dimension full real parameters, µ is the dimension full complex parameter which violates
the lepton number, and �1-�5 are the coupling constants. We here take µ to be real. There are seven physical
mass eigenstates H±±, H±, A, H and h in addition to the three NG bosons G± and G0 which are absorbed by
the longitudinal components of the W boson and the Z boson.

When v� is much less than v�, which is required by the rho parameter data, there appear relationships[1, 6]
among the masses of the triplet-like Higgs bosons by neglecting O(v2�/v

2
�) terms as

m2
H++ �m2

H+ = m2
H+ �m2

A

✓
= ��5

4
v2
◆
, (3)

m2
A = m2

H (= M2
�). (4)

Notice that mass hierarchy among the triplet-like Higgs bosons depends on the sign of �5. If �5 is pos-
itive(negative), H++(A and H) is the lightest of all the triplet-like Higgs bosons; i.e., mA > mH+ >
mH++(mH++ > mH+ > mA)[1, 6–8]. We call the former case (latter case) as Case I (Case II). We define
�m as the mass di↵erence between the singly charged Higgs boson and the lightest triplet-like Higgs boson;
i.e., �m ⌘ mH+ �mlightest.

III. RENORMALIZATION CALCULATION

We here define on-shell renormalization conditions in this model. First, we discuss the renormalization of
the electroweak sector to calculate the renormalized W boson mass, which can be used to constrain parameters
such as the triplet-like Higgs boson masses. Second, we discuss the renormalization of parameters in the Higgs
potential.

A. Electroweak parameters

There are five electroweak parameters, mW , mZ , sin ✓W , GF and ↵em, in the model with ⇢tree = 1. They
are described by three independent input parameters. For instance, when we chose mW , mZ and ↵em as
input parameters, all the other parameters are written in these input parameters [9]. Each counter-terms can
be determined by imposing renormalization conditions. Counter-terms of mW and mZ can be determined by
on-shell conditions for two point functions, and the one of ↵em is determined by on-shell conditions for the ee�
vertex [1, 7, 9].
On the other hand, in the HTM, four input parameters are required to be fixed because the relation ⇢tree = 1

does not hold. Therefore, we need an additional input parameter. Here, three of four input parameters are
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chosen from the electroweak precision observables; i.e., mW , mZ and ↵em as in the SM. We chose ✓W as the
other one, which ✓W is related the mixing angle �0 among CP-odd scalar bosons by

cos2 ✓W =
2m2

W

m2
Z(1 + cos2 �0)

. (5)

We determine the counter-term of ✓W by using this relation from putting the condition on �0. This is the
di↵erence in the renormalization scheme between the model with ⇢tree = 1 and the HTM. Renormalized W
boson mass is calculated by these renormalization conditions in Ref. [1]. We find that the mass di↵erence �m
is constrained by the LEP/SLC electroweak precision data [5] as 0 < �m <⇠ 50 GeV (0 < �m <⇠ 30 GeV) for
v� <⇠ 1 GeV, 40 GeV <⇠ �m <⇠ 60 GeV (30 GeV <⇠ � <⇠ 50 GeV) for v� = 5 GeV and 85 GeV <⇠ �m <⇠ 100
GeV (70 GeV <⇠ �m <⇠ 85 GeV) for v� = 10 GeV.

B. Higgs potential

There are nine parameters in the Higgs potential (v, ↵, �, �0, mH++ , mH+ , mA, mH , mh, where ↵ (�)
is the mixing angle among CP-even (charged) scalar bosons). We determine the counter-term of v by the
renormalization in the electroweak parameters. � is determined through the relation with �0. Other counter-
terms can be determined by the on-shell conditions in the Higgs potential renormalization [6]. The detail of
this renormalization is described in the Ref. [1].

IV. HIGGS COUPLINGS AT THE ONE- LOOP LEVEL

In this section, we discuss the SM-like Higgs boson (h) couplings with the gauge bosons (��, W+W� and
ZZ) and the Higgs selfcoupling hhh at the one-loop level in the favored parameter regions by the unitarity
bound, the vacuum stability bound and the measured W boson mass discussed in previous sections. The mass
di↵erence �m is constrained from the perturbative unitarity and the vacuum stability because �m depends
on �4 and �5. The condition for the vacuum stability bound has been derived in Ref. [10], where we require
that the Higgs potential is bounded from below in any directions. The unitarity bound has been discussed in
Ref. [11] in the Gerogi-Machacek model [12] which contains the HTM. The unitarity bound in the HTM has
also been derived in Ref. [10].
First, we discuss the decay of the diphoton channel: h ! �� [1, 7, 13], which is important in the Higgs boson

search at the LHC. The current experimental value of the signal strength for the Higgs to diphoton mode is
1.6± 0.3 at the ATLAS [14] and 0.8± 0.3 at the CMS [15]. We can directly detect new charged particles on the
loop via h ! �� process because this process is the one-loop process. In the HTM, the doubly-charged Higgs
boson H±± and the singly-charged Higgs boson H± can contribute to the diphoton decay. In particular, the
contribution from the H±± loop to the h ! �� is quite important compared to that from H±, because H±±

contribution is roughly 4 times larger than that from the H± contribution at the amplitude level. Then, we
evaluate the ratio of the event rate for h ! �� in the HTM to that in the SM, taking into account the constraint
from the perturbative unitarity, the vacuum stability and the electroweak precision data. We define it as the
following:

R�� ⌘ �(gg ! h)HTM ⇥ BR(h ! ��)HTM

�(gg ! h)SM ⇥ BR(h ! ��)SM
, (6)

where �(gg ! h)model is the cross section of the gluon fusion process, and BR(h ! ��)model is the branching
fraction of the h ! �� mode in a model. In fact, the ratio of the cross section �(gg ! h)HTM/�(gg ! h)SM
can be replaced by the factor cos2 ↵/ cos2 �. In Fig. 1, we show the contour plots of R�� for v� = 1 MeV and
mlightest = 300 GeV on the �4-�m plane. The left panel (right panel) shows the result in Case I (Case II). The
blue and orange shaded regions are those excluded by the vacuum stability bound (assuming �2, 3 = 3) and
the measured mW data, respectively. In this model, R�� is very sensitive to �4 because SM-like Higgs boson
couplings with charged Higgs bosons are composed of �4 [1, 13]. We note that the dependence for �m of R��

in Case I is small because mH++ is fixed. On the other hand, the result in Case II slightly depends on �m
due to the larger values of mH++ which a↵ects R�� via �m. Under the constraint of the vacuum stability and
the electroweak precision observable mW , larger �m can be allowed in Case I than in Case II. We find that
predicted values of R�� are about 1.3 (about 0.6) in this case when �4 is about �1.7 (about 3) in both Case I
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FIG. 1: Contour plots of R�� for v� = 1 MeV and mlightest = 300 GeV in the �4-�m plane. The left panel (right panel)
shows the result in Case I (Case II). The blue and orange shaded regions are excluded by the vacuum stability bound
and the measured mW data, respectively.

and Case II. The data at the ATLAS is rather di↵erent from those at the CMS. When we take into account the
CMS data, the parameter region �4

>⇠ �0.5 is favored.
Next, we calculate the Higgs coupling constants at the one-loop level by the renormalization which we discuss

at the previous section. Then, we define following quantity to study deviations for hV V and hhh coupling from
the SM predictions:

�ghV V ⌘ ReMhV V
1 � ReMhV V

1 (SM)

ReMhV V
1 (SM)

, (7)

where MhV V
1 is the form factor of the hV V coupling in the HTM, which is proportional to the Minkowshi’s

metric tensor gµ⌫ . MhV V
1 (SM) is the corresponding prediction in the SM. We fix values of momenta such as

p1 = mV , p2 = mh �mV and q = mh, where p1 and p2 are external incoming momenta and q is the outgoing
momentum.

��hhh ⌘ Re�hhh � Re�SM
hhh

Re�SM
hhh

, (8)

where �hhh is the form factor of the hhh coupling in the HTM, and �SM
hhh is the corresponding prediction in the

SM. We fix values of momenta such as p1 = mh, p2 = mh and q = 2mh.
The deviation for the hWW coupling �ghWW is predicted to be at most a few percent in the allowed

parameter regions by the vacuum stability and by the measured W boson mass in Case I and Case II. Even if
we take into account the LHC data of the signal strength for the diphoton mode, �ghWW can be about 1%.
The results for deviations for hZZ coupling �ghZZ are very similar to these for �ghWW . Deviations in hV V
are expected to be measured at the ILC with a center of mass energy to be 500 GeV and integrated luminosity
being 500 fb�1 [17].

In Fig. 2, the contour plot for the deviation of hhh coupling ��hhh defined in Eq. (8) is shown for mlightest =
300 GeV and v� = 1 MeV in the �4-�m plane. The left (right) plot shows the result in Case I (Case II). The blue
and orange shaded regions are excluded by the vacuum stability bound and the measured mW data, respectively.
In both cases, positive (negative) values of ��hhh are predicted in the case with a positive (negative) �4 whose
magnitudes can be greater than about +150% (�10%) under the constraint from perturbative unitarity [10, 11].
The large deviation in the hhh coupling constant from the non-decoupling property of scalar bosons in the loop,
as was well known in the case of two Higgs doublet model [16]. Even if we take into account the LHC data of the
signal strength for the diphoton mode, ��hhh can be about +50%. Such a deviation in ��hhh is expected to
be measured at the ILC with a center of mass energy to be 1 TeV and integrated luminosity being 2 ab�1 [18].
We find that Higgs couplings with the gauge bosons (�, W and Z) and the Higgs triple coupling with radiative

corrections in the HTM may deviate from predictions in the SM. In particular, when �3 is close to 3, deviations
for these coupling constants are large enough to be measured these at the ILC. Even if any of the coupling
constants does not deviate much, we may obtain features in the HTM through the correlation among these
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FIG. 2: Contour plots of ��hhh defined in Eq. (8) for mlightest = 300 GeV and v� = 1 MeV. The left panel (right panel)
shows the result in Case I (Case II). The blue and orange shaded regions are excluded by the vacuum stability bound
and the measured mW data, respectively.

coupling constants. Namely, this model may be testable by comparing precise theoretical predictions on these
coupling constants with precision measurements at future collider experiments, especially at the ILC.

V. CONCLUSIONS

We have calculated some Higgs coupling constants at the one-loop level in the HTM in order to compare
to the data at future collider experiments. We have discussed the renormalization conditions in this model
for one-loop calculations. We have computed the decay rate of the SM-like Higgs boson h into diphoton.
Renormalized Higgs couplings with the weak gauge bosons hV V and the Higgs self-coupling hhh have also
been calculated at the one-loop level. Magnitudes of deviations in these quantities from predictions of the SM
have been evaluated in the parameter regions where the unitarity and vacuum stability bounds are satisfied
and the predicted W boson mass is consistent with the data. In the allowed region by the LHC data, deviations
in the one-loop corrected hV V and hhh vertices can be about �1% and +50%, respectively. We can obtain
features in the HTM by testing the pattern of deviations in coupling constants from the SM predictions. The
HTM may be distinguished from the other models, by comparing to measure these deviations in Higgs boson
couplings accurately. These deviations in the Higgs boson couplings may be detected at future colliders such
as the LHC with 3000 fb�1 and at the ILC.
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We study consequences of custodial symmetry in the Higgs sector of the Georgi-Machacek (GM)
model. We discuss how the 5-plet and 3-plet Higgs bosons classified under the custodial SU(2)
symmetry are produced and decay at the CERN Large Hadron Collider. By determining their
masses through proposed channels, we can test the mass degeneracy in each Higgs multiplet.

I. INTRODUCTION

Since its introduction, the standard model (SM) has been successfully explaining many elementary particle
phenomena for over four decades. All particles in the model except for the Higgs boson had been discovered
and studied at colliders in the past. In the last summer, a boson of mass about 125 GeV and properties similar
to the SM Higgs boson has been found at the CERN LHC. An immediate task is to test whether this boson is
indeed the one responsible for the electroweak symmetry breaking (EWSB) in the SM. An ensuing question is
whether this SM-like Higgs boson actually belongs to a larger Higgs sector than that of the SM.
In recent years, interest in models with Higgs triplet fields has been revived partly because it provides a

mechanism to generate neutrino mass and partly due to its rich Higgs phenomenology. Such models possess
such novel features as lepton number violating (or even lepton flavor violating) processes and doubly charged
Higgs bosons. In the simplest version where only one complex Higgs triplet field is added to the SM [1], the
model su↵ers from the constraint of electroweak ⇢ parameter so that the triplet vacuum expectation value
(VEV) cannot be larger than a few GeV. In this case, the charged Higgs bosons dominantly decay into a pair
of leptons. The corresponding collider phenomenology has been extensively studied in the past [2].
When an additional real Higgs triplet field is added to the above-mentioned model, as introduced by Georgi

and Machacek (GM) [3], and a VEV alignment is assumed, the ⇢ parameter can be maintained at unity at
tree level. It had been explicitly shown that such a VEV alignment could be achieved with a suitable Higgs
potential [4]. One-loop radiative corrections and renormalization were studied, and the ⇢ parameter was found
to be shielded at the same level as the SM [5]. In the GM model, the triplet VEV can be comparable to the
SM doublet VEV. The scenario of large triplet VEV (>⇠ a few tens of GeV) leads to di↵erent phenomenology
because the charged Higgs bosons decay dominantly into weak gauge bosons [6]. In this article, we review a
recent study that analyzes the possibility of experimentally verifying consequences of custodial symmetry of the
GM model [7].

II. GEORGI-MACHACEK MODEL

The Higgs sector of the GM model is comprised of the SM isospin doublet Higgs field � with hypercharge
Y = 1/2 and two isospin triplet Higgs fields � with Y = 1 and ⇠ with Y = 0. These fields can be expressed in
the form:

� =

✓
�0⇤ �+

�� �0

◆
, � =

0

@
�0⇤ ⇠+ �++

�� ⇠0 �+

��� ⇠� �0

1

A , (1)

where � and � are transformed under SU(2)L ⇥ SU(2)R as � ! UL�U
†
R and � ! UL�U †

R with UL,R =
exp(i✓aL,RT

a) and T a being the corresponding SU(2) generators. The neutral components in Eq. (1) can be
parametrized as

�0 =
1p
2
(�r + v� + i�i), �0 =

1p
2
(�r + i�i) + v�, ⇠0 = ⇠r + v⇠, (2)

where v�, v� and v⇠ are the VEV’s for �0, �0 and ⇠0, respectively. Assuming v� = v⇠ ⌘ v�, the SU(2)L⇥SU(2)R
symmetry is reduced to custodial SU(2)V symmetry. The phase convention for the component scalar fields are

94



chosen to be the same as in Ref. [4]. The relevant Lagrangian involving the Higgs fields is LGM = Lkin + LY +
L⌫ � VH , where Lkin, LY , L⌫ and VH represent kinetic term, Yukawa interactions between � and the fermions,
Yukawa interactions between � and the lepton doublets, and the Higgs potential, respectively.
The most general Higgs potential invariant under the SU(2)L ⇥ SU(2)R ⇥ U(1)Y symmetry is

VH = m2
1tr(�

†�) +m2
2tr(�

†�) + �1[tr(�
†�)]2 + �2[tr(�

†�)]2 + �3tr[(�
†�)2] + �4tr(�

†�)tr(�†�)

+ �5tr

✓
�† ⌧

a

2
�
⌧ b

2

◆
tr(�†ta�tb) + µ1tr

✓
�† ⌧

a

2
�
⌧ b

2

◆
(P †�P )ab + µ2tr

�
�†ta�tb

�
(P †�P )ab, (3)

where ⌧a are the Pauli matrices, and

t1 =
1p
2

0

@
0 1 0
1 0 1
0 1 0

1

A , t2 =
1p
2

0

@
0 �i 0
i 0 �i
0 i 0

1

A , t3 =

0

@
1 0 0
0 0 0
0 0 �1

1

A , and P =

0

@
�1/

p
2 i/

p
2 0

0 0 1
1/
p
2 i/

p
2 0

1

A . (4)

The SM EWSB induces the triplet fields to develop a VEV v� through the µ1 term in the Higgs potential.
One can use the tadpole conditions to eliminate the parameters m2

1 and m2
2 in terms of the other parameters

in the Higgs potential. Moreover, we have v2 = v2� + 8v2� = 1/(
p
2GF ), and define the angle ✓H via tan ✓H =

2
p
2v�/v�. We will use sH = sin ✓H and cH = cos ✓H . We also introduce the parameters

M2
1 = � vp

2sH
µ1, M2

2 = �3
p
2sHvµ2. (5)

Under the custodial SU(2)V symmetry, the triplet field � can be decomposed into a 5-plet, a 3-plet, and a
singlet, which are related to the original component fields as

H±±
5 = �±±, H±

5 =
1p
2
(�± � ⇠±), H0

5 =
1p
3
(�r �

p
2⇠r),

H̃±
3 =

1p
2
(�± + ⇠±), H̃0

3 = �i, H̃0
1 =

1p
3
(⇠r +

p
2�r). (6)

H0
5 and H̃1 are CP-even states, whereas H̃0

3 is a CP-odd state. In Eq. (6), the scalar fields with a tilde are
not mass eigenstates in general, and can in principle mix with the corresponding scalar fields from the Higgs
doublet field. After rotating to the mass eigenstates, denoted by the symbols without a tilde, one obtain the
mass eigenvalues

m2
H5

⌘ m2
H++

5
= m2

H+
5
= m2

H0
5
=

✓
s2H�3 �

3

2
c2H�5

◆
v2 + c2HM2

1 +M2
2 ,

m2
H3

⌘ m2
H+

3
= m2

H0
3
= �1

2
�5v

2 +M2
1 ,

m2
H1

⌘ m2
H0

1
= (M2)11s

2
↵ + (M2)22c

2
↵ � 2(M2)12s↵c↵ ,

m2
h = (M2)11c

2
↵ + (M2)22s

2
↵ + 2(M2)12s↵c↵ , (7)

where

(M2)11 = 8c2H�1v
2 , (M2)22 = s2H(3�2 + �3)v

2 + c2HM2
1 � 1

2
M2

2 ,

(M2)12 =

r
3

2
sHcH [(2�4 + �5)v

2 �M2
1 ] , (8)

and c↵ = cos↵, s↵ = sin↵, and the mixing angle ↵ is defined by tan 2↵ = 2(M2)12/[(M2)11 � (M2)22] .
The five dimensionless couplings in the potential, �1, . . . ,�5, can be replaced by the five physical parameters

mH5 , mH3 , mH1 , mh and ↵. The decoupling limit of this model can be obtained when we take the v� ! 0
limit (or equivalently sH ! 0), in which the mass formulas of the Higgs bosons reduce to

m2
H5

= �3

2
�5v

2 +M2
1 +M2

2 , m2
H3

= �1

2
�5v

2 +M2
1 , m2

H1
= M2

1 � 1

2
M2

2 , m2
h = 8�1v

2. (9)
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Consequently, the triplet-like Higgs bosons decouple when M2
1 � v2, and only h remains at the electroweak

scale and acts like the SM Higgs boson. In addition, in the decoupling region v� ' 0, we find a simple mass
relation for the triplet-like Higgs bosons: 2m2

H1
= 3m2

H3
�m2

H5
.

For the convenience in discussing interactions between leptons and the Higgs triplet field, we reorganize the
Higgs fields as follows:

� =

✓
�+

�0

◆
, � =

 
�+
p
2

��++

�0 ��+
p
2

!
, ⇠ =

 
⇠0p
2

�⇠+

⇠� � ⇠0p
2

!
. (10)

The Yukawa interactions between the lepton doublets and the Higgs triplet are

L⌫ = hijLic
L i⌧2�L

j
L + h.c. (11)

If we assign two units of lepton number to �, then the �5 and µ1 terms in the Higgs potential violate the
lepton number. If we then take �5 = µ1 = 0, H0

3 becomes massless and corresponds to the NG boson for the
spontaneous breakdown of the global U(1) lepton number symmetry. In fact, H±

3 are also massless in that case
because of the custodial symmetry. For simplicity, we assume that the neutrino mass eigenstates and flavor
eigenstates are identical. In terms of the scalar mass eigenstates, the interaction terms are

L⌫ =
2
p
2m⌫

sHv
H++

5 eciPLei �
2
p
2m⌫

sHv

�
H+

5 + cHH+
3 + sHG+
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⌫ciPLei
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3
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p
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0
1 ) + i(G0sH +H0

3 cH)

�
⌫ciPL⌫i + h.c. (12)

On the other hand, the Yukawa interaction between the fermions of one generation and the physical Higgs
bosons is

LY = �
X

f=u,d,e

mf

v


c↵
cH

f̄fh� s↵
cH

f̄fH0
1 + iSign(f) tan ✓H f̄�5fH

0
3

�

�
p
2Vud

v

⇥
tan ✓H ū(muPL �mdPR)dH

+
3

⇤
+

p
2me

v
tan ✓H ⌫̄PReH

+
3 + h.c., (13)

where Vud is one element of the Cabibbo-Kobayashi-Maskawa (CKM) matrix, Sign(f = u) = +1 and Sign(f =
d, e) = �1.
Finally, from the kinetic terms for the Higgs fields, one obtains the same gauge boson masses as in the SM

under the condition v� = v⇠ ⌘ v�. Thus, the electroweak rho parameter ⇢ = m2
W /(m2

Z cos2 ✓W ) is unity at the
tree level. One-loop corrections to ⇢ have been calculated in Ref. [5] for the GM model. The Gauge-Gauge-
Scalar (Gauge-Scalar-Scalar) vertices are listed in Table III (Table IV) in Appendix B of Ref [7]. One special
feature is that the GM model has a tree-level H±

5 W⌥Z vertex. In most Higgs-extended models with ⇢ = 1 at
the tree level and having singly-charged Higgs bosons (e.g., the 2HDM), the H±W⌥Z vertex is absent at the
tree level [8] and is only induced at loop levels and therefore much smaller than that in the GM model. Thus,
this vertex can be used to discriminate models with singly-charged Higgs bosons. The possibility of measuring
the H±W⌥Z vertex has been discussed in Refs. [9] for the LHC and in Ref. [10] for future linear colliders.

III. COLLIDER PHENOMENOLOGY

Decay branching ratios of the Higgs bosons depend on the mass parameters mH5 , mH3 and mH1 , the VEV
of the triplet field v�, and the mixing angle ↵. The mass of the SM-like Higgs boson h is fixed at 125 GeV. We
take �m ⌘ mH3 �mH5 , mH3 and v� as the input parameters, and assume ↵ = 0 for simplicity. Once we apply
the mass relation, there are three di↵erent patterns of masses for the triplet-like Higgs bosons. In the case of
�m = 0, all the masses of the triplet-like Higgs bosons are degenerate: mH5 = mH3 = mH1 , whereas in the
case of �m > 0 (�m < 0), the mass spectrum is then mH1 > mH3 > mH5 (mH5 > mH3 > mH1).

The decay properties of the 5-plet Higgs bosons and the 3-plet Higgs bosons can be separately considered
for four di↵erent regions in the v�-�m plane, as schematically shown in Fig. 1. In Region I, all the triplet-like
Higgs bosons mainly decay leptonically:

H++
5 ! `+`+, H+

5 ! `+⌫, H0
5 ! ⌫⌫, H+

3 ! `+⌫, H0
3 ! ⌫⌫. (14)
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FIG. 1: Four regions with di↵erent decay patterns are schematically shown on the v�-|�m| plane.

In this region, the mass of the 5-plet Higgs bosons is constrained to be mH5
>⇠ 400 GeV by the search at the

LHC for doubly-charged Higgs bosons decaying into same-sign dileptons [11]. In Region II, the 5-plet Higgs
bosons mainly decay into the weak gauge boson pairs, while the 3-plet Higgs bosons decay into the fermion
pairs. When the mass of the 3-plet Higgs bosons is less than the top quark mass, the main decay modes are

H++
5 ! W+W+, H+

5 ! W+Z, H0
5 ! W+W�/ZZ, H+

3 ! ⌧+⌫/cs̄, H0
3 ! bb̄. (15)

For Region III and Region IV, one has to separately consider the cases whether the sign of �m is positive or
negative. In the case of �m > 0, the 5-plet Higgs bosons mainly decay into the lepton pairs (weak gauge boson
pairs) in Region III (Region IV). The 3-plet Higgs bosons mainly decay into a 5-plet Higgs boson and a weak
gauge boson:

H++
5 ! `+`+ (W+W+), H+

5 ! `+⌫ (W+Z), H0
5 ! ⌫⌫ (W+W�/ZZ),

H+
3 ! H++

5 W�/H+
5 Z/H0

5W
+, H0

3 ! H±
5 W⌥/H0

5Z. (16)

In the case of �m < 0, the main decay modes in both Region III and Region IV are

H++
5 ! H+

3 W+, H+
5 ! H+

3 Z/H0
3W

+, H0
5 ! H±

3 W⌥/H0
3Z H+

3 ! H0
1W

+, H0
3 ! H0

1Z. (17)

There are several production modes for the 5-plet Higgs bosons H5 and the 3-plet Higgs bosons H3, as listed
below. Here q, q0, Q,Q0 and those with bars denote light quarks and anti-quarks.

1. The Drell-Yan process: H5 and H3 can be produced in pairs via � and Z, e.g., pp ! H5H5 and pp !
H3H3. The cross section is determined by the gauge coupling as well as the Higgs masses mH5 and mH3 ,
independent of the value of v�.

2. The mixed Drell-Yan (mDY) process: H5 and H3 can be produced at the same time, e.g., pp ! H5H3, which
we call the mixed Drell-Yan (mDY) process to be separated from the usual Drell-Yan process mentioned
above. The cross section is proportional to c2H , and is thus relatively suppressed in comparison with the
Drell-Yan process, especially in the large v� case.

3. The weak vector boson fusion (VBF) process: The single production of H5 occurs via the qQ ! H5 process.
The cross section is proportional to v2�, so that this mode can be important in the large v� case.

4. The weak vector boson associated process: In addition to the VBF process, H5 can also be produced in
association with a weak gauge boson, e.g., qq̄0 ! H5V . The cross sections of such modes are proportional
to v2� as for the VBF production mode. Thus, this mode can also become important when the VBF
process is important.

5. The Yukawa process: H3 can be produced through the Yukawa interactions given in Eq. (13) as the gluon
fusion process for the SM Higgs boson: gg ! H0

3 . There are t-channel H±
3 and H0

3 production modes:
gb ! tH�

3 and gb ! bH0
3 . These production cross sections are proportional to tan2 ✓H .

6. The top quark decay: When mH3 is smaller than the top quark mass, H±
3 can be produced from the top

quark decay. The decay rate of the t ! bH±
3 depends on tan2 ✓H .
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Among these production processes, channels 3 and 4 can be useful to discriminate the GM model from the
others with doubly-charged Higgs bosons and to test the mass degeneracy of H5. The mDY process is also a
unique feature of the GM model because the Higgs bosons H5 and H3 having di↵erent decay properties are
produced at the same time. In particular, when Region II is realized, the main decay modes of these two Higgs
bosons are distinctly di↵erent. Thus, this process can be useful not only to test the mass degeneracy of H3 but
also to distinguish the model from the others also having doubly-charged and/or singly-charged Higgs bosons.
Let us consider the case with mH3 = 150 GeV, �m = 10 GeV (i.e., mH5 = 140 GeV) and v� = 20 GeV as

an example in Region II. In this case, the 5-plet Higgs bosons decay into gauge boson pairs almost 100% (the
branching fractions of H0

5 ! W+W� and H0
5 ! ZZ being 67% and 33%, respectively). On the other hand,

H±
3 decays to ⌧±⌫ at 66% and cs at 29%, and H0

3 decays to bb̄ at 89%. We note that the branching fraction
of t ! H+

3 b here is around 0.4%. The upper limit of the top quark decay into a charged Higgs boson and the
bottom quark is 2-3% in the case where the charged Higgs boson mass is between 80 and 160 GeV, under the
assumption that the charged Higgs boson decays to ⌧⌫ at 100% [12]. Thus, the selected parameter set is allowed
by the constraint from the top quark decays. We consider the VBF and vector boson associated processes with
the weak gauge bosons from the 5-plet decaying leptonically and the associated weak gauge bosons decaying
hadronically. Then the final states of the signal events have same-sign (SS) dileptons plus dijets and missing
transverse energy (`±`±jj /ET ) for the H±±

5 production mode, where `± denotes collectively the light leptons
e± and µ±. The final state of the H±

5 production mode includes trileptons plus dijets and missing transverse
energy (`±`±`⌥jj /ET ), while that for the H0

5 production mode has opposite-sign (OS) dileptons plus dijets and
missing transverse energy (`±`⌥jj /ET ). The corresponding background events for these signal events are from
the W±W±jj for the H±±

5 production, W±Zjj for the H±
5 production, and tt̄, W±W⌥jj and ZZjj for the

H0
5 production.

`±`±jj /ET `±`±`⌥jj /ET `±`⌥jj /ET

Cuts H±±
5 jj W±W±jj S H±

5 jj W±Zjj S H0
5 jj tt̄/V V jj S

basic/�⌘jj/MT 1.80 0.05 13.2 0.33 0.07 5.22 0.48 11.4 1.39

(5.58) (0.12) (23.4) (0.98) (0.46) (8.17) (1.36) (67.4) (1.64)

b-jet veto - - - - - - 0.48 1.82 3.16

- - - - - - (1.36) (10.8) (3.90)

TABLE I: Signal and background cross sections in units of fb after each kinematic cut, along with the significance S
based on an integrated luminosity of 100 fb�1. The numbers without (with) parentheses correspond to the case with a
CM energy of 8 TeV (14 TeV). The signal cross section includes contributions from both the VBF production and the
vactor boson associated production processes. For the `±`⌥jj /ET events, we further impose the requirement of the b-jet
veto for each jet to reduce the background, where the b-tagging e�ciency is take to be 0.6 [13].

We simulate the signal and the background event rates at the parton level for the cases where the LHC
operates at the center-of-mass (CM) energy

p
s of 8 TeV and 14 TeV, and impose the following basic kinematic

cuts

pjT > 20 GeV, p`T > 10 GeV, |⌘j | < 5, |⌘`| < 2.5, �Rjj > 0.4, (18)

where pjT and p`T are the transverse momenta of the jet and the lepton, respectively, ⌘j and ⌘` are the pseu-
dorapidities of the jet and the lepton, respectively, and �Rjj is the distance between the two jets. To improve
the significance, we further impose the cuts

�⌘jj > 3.5 (> 4.0 for `±`⌥jj /ET ), 50 < MT < 150 GeV , (19)

where M2
T ⌘

hp
M2

vis + (visT )2 + |/pT |
i2

�
h
pvisT + /pT

i2
, �⌘jj ⌘ |⌘j1 � ⌘j2 |. The results are listed in Table I.

Next, we focus on the mDY production mode. In order to reconstruct the masses of H3 Higgs bosons, we
consider hadronic decays of H3, namely H±

3 ! cs and H0
3 ! bb̄, and assume leptonic decays of the weak gauge

bosons from the H5 decays. Thus, the final states of the signal events from the mDY process are the same
as those from the VBF and the associated processes. Its di↵erence from the VBF process is observed in the
�⌘jj distribution of the dijet system. In the mDY process, the dijets in the final state come from the decay
of the 3-plet Higgs boson, not the external quark jets, thus concentrating in the �⌘jj <⇠ 2.5 region. On the
other hand, the MT distributions from the mDY process and the VBF plus associated process are almost the
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`±`±jjET/ `±`±`⌥jjET/

Cuts H±±
5 jj H±±

5 H⌥
3 W±W±jj S H±

5 jj H±
5 H⌥,0

3 W±Zjj S

basic/MT 3.65 (8.57) 0.71 (1.60) 1.02 (2.20) 18.8 (28.9) 0.61 (1.60) 0.53 (1.21) 1.16 (3.42) 7.52 (11.3)

TABLE II: Signal and background cross sections in units of fb after each kinematic cut, along with the significance based
on an integrated luminosity of 100 fb�1. The numbers without (with) parentheses correspond to the case with a CM
energy of 8 TeV (14 TeV).

same. This is because the leptons plus missing transverse energy system come from the decays of H5 in both
processes. Therefore, we apply the same MT cut given in Eq. (19) to this analysis, but not the �⌘jj cut. In
the analysis of the mDY process, the `±`⌥jj /ET signal events are overwhelmed by the huge background from
the tt̄ production. The results are given in Table II.

IV. SUMMARY

In summary, we find that H±±
5 and H±

5 can be detected at LHC at more than 5� level by using the forward jet
tagging for the VBF process and the transverse mass cut on the charged leptons and missing transverse energy
system if the center-of-mass energy and the luminosity are 8 TeV and 100 fb�1, respectively. The significance of
the H0

5 Higgs boson can be reached at 3� level by further imposing the b-jet veto. We also find that the 3-plet
Higgs bosons can be detected via the mDY production process. After the MT cut, the masses of H±

3 and H0
3

can be measured from the peak in the invariant mass distribution of the dijet system. Therefore, the respective
mass degeneracies in the 5-plet Higgs bosons and the 3-plet Higgs bosons can be tested.
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Current Status and Future Prospect of the LHC Experiment

J. Tanaka
International Center for Elementary Particle Physics,
the University of Tokyo, Tokyo 113-0033, JAPAN

We present results from the ATLAS and CMS experiments focusing on Higgs searches, where
the discovery of a Higgs-like particle of around 126 GeV mass was announced on the 4th of July,
2012 and various studies has been performed to understand the properties of this new particle. In
addition the future plan of the LHC experiment is briefly summarized and the potential performance
on some of possible physics with the planned LHC is discussed. All the contents described in this
paper are based on results obtained until the 13th of February, 2013.

I. INTRODUCTION

The ATLAS and CMS experiments have achieved the excellent goal with the first 10 fb�1 at a center-of-
mass energy

p
s =7 TeV and 8 TeV. The discovery of the Standard Model (SM) Higgs boson [1–3] is one of

the primary goals of the Large Hadron Collider (LHC) [4] program at CERN to understand the mechanism of
electroweak symmetry breaking and the origin of mass of elementary particles. Both ATLAS and CMS observed
a Higgs-like particle at around 126 GeV with a significance of over 5� [5, 6]. This discovery gives us a phase
shift in the Higgs physics from “search” to “measurement” and the precision measurements of the properties
of this new particle gets more important to understand the SM Higgs sector and to look for hints of physics
beyond the SM (BSM). On the other hand, there is no indication of BSM with 7 TeV and 8 TeV direct searches.
In Supersymmetry (SUSY) searches, gluinos and squarks with masses below about 1.5 TeV were excluded for
typical SUSY models (e.g. mSUGRA) and natural SUSY scenarios were excluded up to stop (top squark) mass
of 500�600 GeV. Searches for other new particles and enhancements also excluded various models having the
mass scale of 1�3 TeV. In 2013 and 2014, LHC is stopped to go to the design energy (

p
s =14 TeV) and physics

runs will be restarted in 2015. The energy upgrade is important to discover (heavy) BSM and more data is
necessary for the precise measurements of the Higgs-like particle properties and so on.

II. LHC AND ATLAS/CMS EXPERIMENTS

LHC was operated in proton-proton collisions at
p
s =7 TeV in 2010 and 2011 and 8 TeV in 2012. The

ATLAS and CMS detectors [7, 8] collected data of ⇠6 fb�1 with
p
s =7 TeV and ⇠23 fb�1 with 8 TeV as shown

in Fig. 1. In this paper, results with 7 TeV data taken in 2011 and/or a part of 8 TeV data (up to ⇠13 fb�1)
are presented.
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FIG. 1: Integrated luminosity as a function of date in 2010 (
p
s = 7 TeV), 2011 (7 TeV) and 2012 (8 TeV) for ATLAS (left)

and CMS (right). Data-quality checks were applied and about 90% of delivered data is used in physics analysis.
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III. SEARCH FOR STANDARD MODEL HIGGS

The production cross sections and decay branching ratios for several SM Higgs channels are shown in Fig. 2 [9].
At around 126 GeV, where a Higgs-like particle was observed, five dominant decay channels can be investigated
with reasonable data statistics (up to a few 10 fb�1) and give us measurements of the properties of this new
particle, for example, (relative) couplings to gauge bosons and fermions etc. We briefly summarize analysis
and results from both ATLAS and CMS for ��, ZZ(⇤) ! `+`�`0+`0�, WW (⇤) ! `+⌫`0�⌫̄, bb̄ and ⌧⌧ channels.
Details of analysis are described in Refs cited in each section.
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FIG. 2: Production cross-sections (left) of the SM Higgs at
p
s =8 TeV and branching ratios (right) as a function of the

SM Higgs mass [9].

A. H ! �� channel

The branching ratio of H ! �� is very small, about 0.2% in the mass range of 110�150 GeV while thanks
to a good resolution of diphoton invariant mass m�� (⇠1.3% depending on categories), a narrow resonance is
observed on a huge, smooth background as shown in Fig. 3 [6, 10]. Two photon candidates are selected with a
transverse momentum (p

T

) of p
T

> 40 GeV and 30 GeV at ATLAS and pT > m��/3 and m��/4 at CMS (/2
instead of /3 for VBF-category). Selected events are separated into several categories to improve sensitivities
for a global search and specific production processes, for example, VBF and V H. At ATLAS, 12 (10) categories
for 8 (7) TeV are introduced, where one for V H (with lepton) and two for VBF and V H (with dijet) while at
CMS, 6 (5) categories for 8 (7) TeV, where two for VBF process and multi-variate analysis (MVA) is performed.
Four categories out of them are defined based on MVA outputs. The purity of VBF process in the VBF-
category is 70�80%. The largest excess with respect to the background-only hypothesis (based on local p

0

) is
observed (expected) with 6.1 (3.3) standard deviations (�) at 126.5 GeV by ATLAS and 4.1� (2.8�) at 125 GeV
by CMS.

B. H ! ZZ(⇤) ! `+`�`0+`0� channel

This channel has small background since 4 leptons (e and µ) are required and good mass resolu-
tions (⇠1.5�2%) thanks to precise measurements of muon momenta and electron energy. Higgs boson can-
didates are selected by requiring two same-flavor, opposite-sign isolated lepton pairs in an event. These four
leptons are required to have p

T

>20, 15, 10 and 7/6 GeV at ATLAS and p
T

>20, 10, 7/5 and 7/5 GeV at
CMS (e/µ). Figures 4 show the invariant mass (m

4`) distribution of selected 4 leptons and a clear resonance is
observed at around 125 GeV. A peak due to Z with FSR Z⇤ is also found at around 91 GeV. In addition CMS
adopts MELA (Matrix element likelihood analysis), which uses the fact that the kinematics of this final state
can be described with 7 parameters (5 angles and 2 masses), to improve sensitivities (⇠15%). Figures 5 show
two-dimensional plots of the output (KD) from MELA and m

4` for signal and background and the signal events
have large KD values. The largest excess is observed (expected) with 4.1� (3.1�) at 123.5 GeV by ATLAS and
4.5� (5.0�) at 125.9 GeV by CMS [11].
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at the CMS plot.
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C. H ! WW (⇤) ! `+⌫`0�⌫̄ channel

This channel relatively has a large signal event yield even in a low mass region of around 126 GeV and the
background processes can be suppressed by requiring two opposite-sign isolated leptons (ee, µµ and eµ at CMS
while only eµ at ATLAS) and high missing transverse energy Emiss

T

. The mass of the Higgs candidates cannot
be reconstructed due to two neutrinos in the final state, hence the transverse mass m

T

, defined with leptons
momenta, Emiss

T

and its angle, is used as (one of) final discriminant variable(s). In addition since the direction
of two leptons from W boson decay are preferentially close, due to the spin quantum numbers of Higgs and
W bosons, a small angle between the two leptons, as well as a low invariant mass of two leptons (m``(0)) are
expected. CMS uses two variables m

T

and m``(0) for the final discriminant while at ATLAS only m
T

is used for
the final discriminant and cuts on the m``(0) variable are applied. The selected events are separated into 0-jet
and 1-jet categories at ATLAS and 0/1 and 2-jet at CMS. Figures 6 (top) show the m

T

distribution for 0-jet
and 1-jet categories at ATLAS [12]. A two-dimensional shape analysis in the (m

T

, m``(0)) plane is performed for
0-jet and 1-jet categories at CMS. Figures 6 (bottom) show results with the one-dimensional bin distribution
obtained from the two-dimensional analysis [12]. Non-resonant WW is dominant in the 0-jet category, and top-
quark production is dominant in the 1-jet category in these distributions. Because there is no power on mass
determination, the excess is observed in a wide mass range. The observed (expected) significance at 125 GeV
is 2.6� (1.9�) and 3.1� (4.1�) at ATLAS and CMS, respectively.
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and background (right)[11].
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FIG. 6: The mT distribution (top) at ATLAS and the one-dimensional bin distribution used in the two-dimensional
analysis (bottom) at CMS [12]. Left plots are for 0-jet and right for 1-jet category.

D. H ! bb̄ channel

Higgs bosons produced in association with a W or Z boson (denoted as V ) are searched with three di↵erent
final states,WH ! `⌫bb̄, ZH ! ``bb̄ and ZH ! ⌫⌫bb̄ by requiring 1-lepton, 2-leptons and 0-lepton, respectively.
The event selection is based on the requirement of two b-tagged jets and the kinematic reconstruction of the
vector boson. A typical performance of b-tagging used is about 70%, 20% and 1�a few% e�ciencies for b, c
and light-jets, respectively. Events are separated into several categories by using the transverse momentum of
the vector boson pV

T

to improve sensitivities. ATLAS has 5 categories for 1- and 2-lepton and 3 for 0-lepton
while CMS has 2 categories in only higher pV

T

region comparing to ATLAS. CMS uses MVA to improve the
mass resolution of two b-quarks mb¯b. The final discriminant variable is mb¯b at ATLAS and MVA output at
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CMS as shown in Figs. 7. They are only for 0-lepton of the highest pV
T

category. The observed (expected) 95%
CL limit on the cross-section at 125 GeV is 1.8 (1.9) and 2.5 (1.2) times the SM prediction at ATLAS and
CMS [13], respectively. Figures 8 also show the mb¯b distribution in data after subtraction of all backgrounds
except diboson processes. The data are consistent with the presence of diboson signals with a small contribution
from 125 GeV SM Higgs boson.
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E. H ! ⌧⌧ channel

Higgs bosons decaying into a ⌧ -pair are searched in the H ! ⌧
lep

⌧
lep

(so-called ``), H ! ⌧
lep

⌧
had

(`h) and
H ! ⌧

had

⌧
had

(hh) channels, where ⌧
lep

and ⌧
had

denote leptonically and hadronically decaying ⌧ leptons,
respectively. Categorization is introduced based on the event topologies; 10(=4/4/2) categories at ATLAS and
8(=3/3/2) categories at CMS for (``/`h/hh). Among them, the VBF category is important because S/B is better
by requiring two high p

T

jets and the typical cut for such jets are mjj > 350� 500 GeV and �⌘jj > 2.6� 3.5.
The purity of VBF process in the VBF category is 70�80%. Figures 9 show the m⌧⌧ distribution of the VBF
category for ``/`h/hh channels. The observed (expected) 95% CL limit on the cross-section at 125 GeV is
1.9 (1.2) and 1.63 (1.00) times the SM prediction at ATLAS and CMS [14], respectively.

F. Observation and Signal Strength as the SM Higgs

The significance of an excess in the data is quantified with the local p
0

, the probability that the background
can produce a fluctuation greater than or equal to the excess observed in data. The equivalent formulation in
terms of number of standard deviations is referred to as the local significance. Figures 10 show the local p

0

as a
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function of mH for various channels and the combination of all channels for ATLAS and CMS. The largest local
significance in the combination is observed (expected) with 7.0� (5.9�) at 125 GeV by ATLAS and 6.9� (7.8�)
at 125.8 GeV by CMS [15].
The best-fit signal strength µ for the combination of all channels is evaluated to be 1.35 ± 0.24 at 125 GeV

by ATLAS and 0.88 ± 0.21 at 125.8 GeV by CMS [15], which are consistent with the signal expected from a
SM Higgs boson at that mass. The best-fit values of µ for each channel is independently measured as shown in
Figs. 11 for ATLAS and CMS at the given mass. Some of channels still have large uncertainties (mainly due to
statistics) and will get better by adding more data and improving analysis.
Figure 11 (right) shows 68% CL contours in the (µqqH+V H , µggH+ttH) plane for each channel [15], where

µqqH+V H represents the coupling to vector bosons and µggH+ttH for top-quark couplings. The bb̄ and ⌧⌧ channels
can determine µqqH+V H better than µggH+ttH and the ZZ channel has no power on µqqH+V H determination
because there is no category for VBF and V H. All the results are consistent with the SM prediction.

G. Mass measurement

The mass of this new particle is measured with H ! �� and H ! ZZ(⇤) ! `+`�`0+`0� channels, which have
excellent mass resolutions as mentioned before. A mass of mH = 126.6±0.3 (stat)±0.7 (syst) GeV [10] is found
with theH ! �� channel by ATLAS. A mass ofmH = 123.5±0.9±0.3 GeV and 126.2±0.6±0.2 [11] is measured
with the H ! ZZ(⇤) ! `+`�`0+`0� channel at ATLAS and CMS, respectively. About 3� di↵erence (tension)
between these channels is observed by ATLAS. From the combination of these channels the common mass is
evaluated to be mH = 125.2 ± 0.3 ± 0.6 GeV by ATLAS and 125.8 ± 0.4 ± 0.4 GeV by CMS [15]. Figures 12
show CL contours for these channels to see which values of µ and mH of a signal hypothesis are simultaneously
consistent with data.

H. Spin measurement

ATLAS and CMS have started to check if the observed new particle has spin/parity JP = 0+ by using the
H ! �� [10] and H ! ZZ(⇤) ! `+`�`0+`0� [11] channels. In the H ! �� channel, angle ✓⇤ between a photon
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in the Higgs rest frame and a Higgs lab frame with a few modifications (so-called Collins-Soper frame) is used
and two spin/parity hypotheses are compared: the 0+ SM Higgs and a graviton-like spin-2 state with minimal
couplings (2+

m

). Figure 13 (left) shows cos ✓⇤ distributions after the subtraction of background, profiled with
a fit where 0+/2+

m

ratio is free. The expected di↵erence between 2+
m

and 0+ is changed as a function of the
fraction of gluon fusion production and in the observed di↵erences, for any gluon fusion production fraction,
data favors the 0+ hypothesis [10]. In the H ! ZZ(⇤) ! `+`�`0+`0� channel, like MELA used by CMS, 5
angles and 2 masses are basically used. Figure 13 (right) shows a likelihood ratio between 0� and 0+ and the
data disfavors the 0� hypothesis with CL

S

of 2.4% [11]. Other various comparisons are found in Refs [10, 11]
and the data favors the 0+ hypothesis.

IV. SEARCH FOR BSM

Two Higgs doublets are required in several models, for example, the Minimal Supersymmetric Standard
Model (MSSM), which is an extension of the SM and they are coupled separately to up-type and down-type
fermions. This results in five physical Higgs bosons, two of which are neutral and CP -even (h,H), one of which
is neutral and CP -odd (A), and two of which are charged (H±). Since couplings to down-type fermions are
enhanced with increasing tan � for A and either H or h, searches for neutral MSSM Higgs bosons are performed
with the ⌧⌧ channel. Figures 14 (left) and (middle) show an exclusion region in (mA, tan�) plan for ATLAS
and CMS [16], respectively. A low mass region is being closed in all tan � range. A search for a low mass
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charged Higgs, which is produced via t ! bH±, is also performed with the H± ! ⌧⌫ and cb channels and
Figure 14 (right) shows results from the ⌧⌫ channel [17]. In the MSSM mmax

h scenario, a range on tan� except
around 10 is excluded in mH± < 150 GeV. A search for high mass charged Higgs is important in future.
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SUSY searches have been performed with many event topologies. In typical SUSY models, for example,
mSUGRA, gluinos and squarks can be produced via strong interactions at the LHC and such events are expected
to be observed with event topologies of high p

T

jets plus a large Emiss

T

. Figure 15 (left) shows an exclusion
mass region of gluinos and squarks with a simple SUSY model and they are excluded with masses below about
1.5 TeV [18].
By considering the discovery of a Higgs-like particle at around 126 GeV and natural SUSY scenarios, the mass

of stop is expected to be up to about (3�4)⇥Higgs mass at most. Stop particles are searched in the t̃
1

! b�̃±
1

,
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�̃±
1

! W±�̃0

1

and t̃
1

! t�̃0

1

channels with various mass values of �±
1

. Figure 15 (right) shows results from the
former channel and most of interested region in the natural SUSY is excluded [19].
Both ATLAS and CMS also search for new particles and enhancements with various BSM, for example,

models with extra-dimensions. Such searches also excluded models with a mass scale of roughly 1�3 TeV.
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FIG. 15: Exclusion limits with a simplified MSSM scenario with only strong production of gluinos and first- and second-
generation squarks decaying into jets and neutralinos (left) [18] and with various stop searches (right) [19].

V. FUTURE PROSPECT

LHC experiments will be upgraded to perform interesting physics programs as much as possible. LHC
accelerator will be upgraded for the design energy (

p
s =14 TeV) and luminosity (1034cm�2s�1 and 100 fb�1

per year) and also to get a higher luminosity of ⇠ 5⇥1034cm�2s�1, which is called “high luminosity” LHC (HL-
LHC) and planned from 2022. Table I summarizes the LHC schedule including HL-LHC. The HL-LHC is not
approved yet but is expected to be soon. In the HL-LHC, we will take data until 3000 fb�1, which is necessary to
address the Higgs self-coupling and so on. In parallel ATLAS and CMS detectors will be and must be upgraded
to take data under such higher luminosity conditions. For example, the pixel and silicon strip detectors (and
also TRT at ATLAS) will be replaced due to radiation damages (and occupancy issues) and several electronics
will be replaced and improved to reduce background and improve measurement of jets and missing-energy under
higher pile-up conditions.
The precise measurement of the properties of the new boson, in particular couplings, is very important

at the HL-LHC. Figure 16 (left) shows expected precision on the ratio measurements of Higgs boson partial
widths without theory assumptions on the particle content in the Higgs loops or total width. The improvement
with a factor of 2�3 is expected for these measurements with data of 3000 fb�1 [20]. We also studied the
possibility of the Higgs trilinear self-coupling measurement with 3000 fb�1 data in the H(! bb̄)H(! WW ) and
H(! bb̄)H(! ��) channels, which looks promising with further studies in future [20].

Direct BSM searches were studied for the LHC of 300 fb�1 and the HL-LHC. Figure 16 (right) shows both
discovery and exclusion regions of gluinos and squarks with masses and mass scales of up to 2�3 TeV can be
investigated [20].

TABLE I: LHC schedule

2013�14 Shutdown for the design energy (14 TeV)

2015�16
p
s =13-14 TeV, up to ⇠ 1⇥ 1034cm�2s�1, 25-50 fb�1 per year to get ⇠ 100 fb�1

2018 Phase-I upgrade for the full design luminosity (100 fb�1 per year)

2019�21
p
s =13-14 TeV, up to ⇠ 2⇥ 1034cm�2s�1, 100 fb�1 per year to get ⇠ 400 fb�1

2022 Phase-II upgrade for the high luminosity runs (⇠ 5⇥ 1034cm�2s�1)

2023�
p
s =13-14 TeV, up to ⇠ 5⇥ 1034cm�2s�1, take data until > 3000 fb�1
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discovery reach in a simplified squark-gluino model with massless neutralino (right) [20].

VI. SUMMARY

LHC has finished the first run period with a great success. One of LHC physics goals, “Higgs” discovery, was
achieved in 2012. This Higgs-like boson particle is observed at around 126 GeV. Couplings to gauge bosons and
fermions are measured and there is no deviation from the SM Higgs with the present precisions. The spin of this
new particle is also measured and the data favors 0+. However the present precisions of these measurements
are not good enough to conclude if this new particle is the SM Higgs or a piece of BSM. In addition there is no
hint of BSM with direct searches for SUSY etc. With the restart of physics runs in 2015 with

p
s=13/14 TeV,

these things will be improved. LHC is a long on-going and interesting project until 3000 fb�1 of data will be
taken to address, for example Higgs self-couplings while results from 13/14 TeV collision are important for the
decision of the future experimental particle physics.
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Physics at the ILC
with focus mostly on Higgs physics

Keisuke Fujii
High Energy Accelerator Research Organization (KEK), Tsukuba, Japan

Physics at the ILC is reviewed focusing mostly on Higgs physics. It is emphasized that at the
ILC it is possible to measure the hZZ coupling totally model independently, which in turn allows
model-independent normalization of various branching ratio measurements and consequently the
absolute measurements of corresponding couplings. Combining them with the measurements of the
top Yukawa coupling and the Higgs self-coupling at higher energies, the full ILC program is shown
to allow a precision test of the mass-coupling relation.

I. INTRODUCTION

Let me begin my talk with the electroweak symmetry breaking and the mystery of something in the vacuum.
We all know that the success of the Standard Model (SM) of particle physics is a success of gauge principle. We
know that the transverse components of W and Z are gauge fields of the electroweak (EW) gauge symmetry.
Since the gauge symmetry forbids explicit mass terms for W and Z, it must be broken by something condensed
in the vacuum which carries EW charges:

h0 | I3, Y | 0 i 6= 0 while h0 | I3 + Y | 0 i . (1)

This ”something” supplies three longitudinal modes of W and Z:

W+
L ,W�

L , ZL  �+,��,�3 : Goldstone modes. (2)

Since left- and right-handed matter fermions carry di↵erent EW charges, explicit mass terms are also forbidden
for matter fermions by the EW gauge symmetry. Their masses have to be generated through their Yukawa
interactions with some weak-charged vacuum which compensates the EW-charge di↵erence. In the SM, the same
”something” mixes the left- and right-handed matter fermions, consequently generating masses and inducing
flavor-mixings among generations. In order to form the Yukawa interaction terms, we need a complex doublet
scalar field. The SM identifies three real components of the doublet with the Goldstone modes that supply the
longitudinal modes of W and Z. We need one more to form a complex doublet, which is the physical Higgs
boson. This SM symmetry breaking sector is the simplest and the most economical, but there is no reason for
it. The symmetry breaking sector (hear after cooled the Higgs sector) might be more complex. We don’t know
whether the ”something” is elementary or composite. We know it’s there in the vacuum with a vev of 246GeV.
But other than that we didn’t know almost anything about the ”something” until July 4th, 2012.
Since the July 4th, the world has changed! The discovery of the 125GeV boson (X(125)) at the LHC could

be called a quantum jump [1]. The X(125)! �� decay means X is a neutral boson having a spin not equal to 1
(Landau-Yang theorem). We know that the 125GeV boson decays to ZZ⇤ and WW ⇤, indicating the existence
of XV V couplings, where V = W/Z, gauge bosons. There is, however, no gauge coupling like XV V . There
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FIG. 1: The origin of XV V coupling and its relation to the mass term of V .

are only XXV V and XXV , hence XV V is most probably from XXV V with one X replaced by its vacuum
expectation value hXi 6= 0, namely hXiXV V . Then there must be hXi hXiV V , a mass term for V , meaning
that X is at least part of the origin of the masses of V = W/Z. This is a great step forward but we need to
know whether hXi saturates the SM vev of 245GeV. The observation of the X ! ZZ⇤ decay means that X can
be produced via e+e� ! Z⇤ ! ZX. By the same token, X ! WW ⇤ means that X can be produced via the
W -fusion process: e+e� ! ⌫⌫̄X. So we now know that the major Higgs production processes in e+e� collisions
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FIG. 2: X ! ZZ⇤ decay and e+e� ! ZX process.

are indeed available at the ILC, which can be regarded as a ”no lose theorem” for the ILC. The 125GeV is the
best place for the ILC, where variety of decay modes are accessible. We need to check this 125GeV boson in
detail to see if it has indeed all the required properties of the ”something” in the vacuum.
The properties to measure are the mass, width, JPC , gauge quantum numbers, Yukawa couplings to various

matter fermions, and its coupling to itself. The key is to measure the mass-coupling relation. If the 125GeV
boson is the one to give masses to all the SM particles, coupling should be proportional to mass as shown in
Fig.3. Any deviation from the straight line signals physics beyond the Standard Model (BSM). The Higgs is a
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FIG. 3: Mass-coupling relation [2].

window to BSM physics.
Our mission is the bottom-up model-independent reconstruction of the electroweak symmetry breaking sector

through the coupling measurements. We need to determine the multiplet structure of the Higgs sector by
answering questions like: Is there an additional singlet or doublet or triplet? What about the underlying
dynamics? Is it weakly interacting or strongly interacting? In other words, is the Higgs boson elementary or
composite? We should also try to investigate its possible relation to other questions of particle physics such as
dark matter, electroweak baryogenesis, neutrino masses, and inflation. There are many possibilities to discuss
and that’s exactly why we are here in this meeting. The July 4th was the opening of a new era which will last
probably twenty years or more, where a 500GeV linear collider such as the ILC will and must play the central
role.

II. WHY 500GEV?

There are three very well know thresholds. The first threshold is at around
p
s = 250GeV, where the

e+e� ! Zh process will fully open. We can use this process to measure the Higgs mass, width, and JPC .
As we will see below, this process allows us to measure the hZZ coupling in a completely model-independent
manner through the recoil mass measurement. This is very important in extracting branching ratios for various
decay modes such as h ! bb̄, cc̄, ⌧ ⌧̄ , gg,WW ⇤, ZZ⇤, ��, as well as invisible decays.
The second threshold is at around

p
s = 350GeV, which is the tt̄ threshold. Through the threshold scan,
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we can make a theoretically very clean measurement of the top quark mass, which can be translated into
mt(MS) to an accuracy of 100MeV. The precision top mass measurement is, together with the precision Higgs
mass measurement, very important from the view point of the stability of the electroweak vacuum [3]. The tt̄
threshold also provides an opportunity to indirectly access the top Yukawa coupling through the Higgs exchange
diagram as well as various tt̄ bound state e↵ects through the measurements of the forward-backward asymmetry
and the top momentum, not to mention various form factor measurements to investigate possible anomaly in
top-quark related couplings [4]. It is also worth noting that the �� collider option at this energy allows the
double Higgs production: �� ! hh, which can be used to study the Higgs self-coupling [5]. Notice also that atp
s = 350GeV and above, e+e� ! ⌫⌫̄h process becomes sizable with which we can measure the hWW coupling

and accurately determine the total width, as we will see later.
The third threshold is at around

p
s = 500GeV, where the production cross section for e+e� ! Zhh process

attains its maximum, which allows us to access the Higgs self-coupling. At
p
s = 500GeV, another important

process, e+e� ! tt̄h, will also open though the product cross section is much smaller than its maximum that
happens at around

p
s = 800GeV. Nevertheless, as we will see, QCD threshold correction enhances the cross

section and allows us to measure the top Yukawa coupling with a reasonable precision concurrently with the
self-coupling.
By covering

p
s = 250 to 500GeV, we can hence complete the mass-coupling plot. This is why the first phase

of the ILC project is designed to cover the energy up to
p
s = 500GeV.

III. ILC AT 250GEV

Let us now start with the first threshold at around
p
s = 250GeV. Perhaps the most important measurement

at this energy is the recoil mass measurement for the process: e+e� ! Zh followed by Z ! `+`� (` = e, µ)
decay. Since the initial state 4-momentum is precisely known, we can calculate the invariant mass of the system
recoiling against the lepton pair from the Z decay by just measuring the momenta of the lepton pair:

M2
X = (pCM � (p`+ + p`�))

2
. (3)

Figure 5 shows the recoil mass distribution for a mh = 120GeV Higgs boson, with 250 fb�1 at
p
s = 250GeV.

You can see a very clean Higgs peak with small background. Since we don’t need to look at the Higgs decay at
all, its invisible decay is also detectable. This way, we can determine the Higgs mass to �mh = 30MeV and
the production cross section to ��Zh/�Zh = 2.5%, and limit the invisible branching ratio to 1% at the 95%
confidence level. This is the flagship measurement of the ILC at 250GeV that allows a model-independent
absolute measurement of the hZZ coupling[6, 7].

We can also use the e+e� ! Zh process to measure various branching ratios for various Higgs decay modes.
This time we include Z ! qq̄ and ⌫⌫̄ decays in our analysis to enhance the statistical precision. Notice,
however, that what we can actually measure is NOT branching ratio (BR) itself but the cross section times
branching ratio (� ⇥ BR). Table I summarizes the expected precisions for the � ⇥ BR measurements [10, 11]
In order to extract BR from � ⇥ BR, we need � from the recoil mass measurement, hence the cross section
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FIG. 5: Recoil mass distribution for the process: e+e� ! Zh followed by Z ! µ+µ� decay for mh = 120GeV with
250 fb�1 at

p
s = 250GeV [9].

TABLE I: Expected relative errors for the � ⇥BR measurements at
p
s = 250GeV with 250 fb�1 for mh = 120GeV.

process decay mode ��BR/�BR �BR/BR

Zh h ! bb̄ 0.94% 2.7%

h ! cc̄ 6.5% 7.0%

h ! gg 8.0% 8.4%

h ! WW ⇤ 7.6% 8.0%

h ! ⌧ ⌧̄ 3.4% 4.2%

h ! ZZ⇤ 25% 25%

h ! �� 23-30% 23-30%

error, ��Zh/�Zh = 2.5%, eventually limits the BR measurements. If we want to improve this, we need more
data at

p
s = 250GeV. Notice here that ”times two” luminosity upgrade is quite possible by increasing the

number of bunches per train back to the original value of the reference design report [8].

In order to extract couplings from branching ratios, we need the total width, since the hAA coupling squared
is proportional to the partial width which is given by the total width times the branching ratio:

g2hAA / �(h ! AA) = �h ·BR(h ! AA). (4)

Solving this for the total width, we can see that we need at least one partial width and corresponding branching
ratio to determine the total width:

�h = �(h ! AA)/BR(h ! AA). (5)

In principle, we can use A = Z or A = W , for which we can measure both the BRs and the couplings. In the
first case, A = Z, we can determine �(h ! ZZ⇤) from the recoil mass measurement and BR(h ! ZZ⇤) from
the �Zh⇥BR(h ! ZZ⇤) measurement together with the �Zh measurement from the recoil mass. This method,
however, su↵ers from the low statistics due to the small branching ratio, BR(h ! ZZ⇤) = O(1%), A better way
is to use A = W , where BR(h ! WW ⇤) is subdominant and �(h ! WW ⇤) can be determined by the W -fusion
process: e+e� ! ⌫⌫̄h. The measurement of the W -fusion process is, however, not easy at

p
s = 250GeV since
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the cross section is small. Nevertheless, we can determine the total width to ��h/�h = 11% with 250 fb�1 [12].
Since the W -fusion process becomes fully active at

p
s = 500GeV, a much better measurement of the total

width is possible there. Let us then move on to the ILC at
p
s = 500GeV.

IV. ILC AT 500GEV

At
p
s = 500GeV, the W -fusion process e+e� ! ⌫⌫̄h takes over the higgsstrahlung process: e+e� ! Zh.

We can use this W -fusion process for the � ⇥ BR measurements as well as to determine the total width to
��h/�h = 6%. Table II summarizes the � ⇥ BR measurements for various modes. We can see that the

TABLE II: Expected relative errors for the �⇥BR measurements at
p
s = 250GeV with 250 fb�1 and at

p
s = 500GeV

with 500 fb�1 for mh = 120GeV and (e�, e+) = (�0.8,+0.3) beam polarization. The last column of the table shows the
relative errors on branching ratios. Then numbers in the parentheses are as of 250 fb�1 at

p
s = 250GeV alone.

�(� ·BR)/(� ·BR) �BR/BR

mode Zh@250GeV Zh@500GeV ⌫⌫̄h@500GeV combined

h ! bb̄ 0.94% 1.6% 0.60% 2.6 (2.7)%

h ! cc̄ 6.5% 11% 5.2% 4.6 (7.0)%

h ! gg 8.0% 13% 5.0% 4.8 (8.4)%

h ! WW ⇤ 7.6% 12.5% 3.0% 3.8 (8.0)%

h ! ⌧+⌧� 3.4% 4.6% 11% 3.6 (4.2)%

�⌫⌫̄h ⇥ BR(h ! bb̄) can be very accurately measured to better than 1% and the �⌫⌫̄h ⇥ BR(h ! WW ⇤)
to a reasonable precision with 500 fb�1 at

p
s = 500GeV. The last column of the table shows the results

of �BR/BR from the global analysis combining all the measurements including the total cross section
measurement using the recoil mass at

p
s = 250GeV. The numbers in the parentheses are with the 250GeV

data alone. We can see that the �BR(h ! bb̄)/BR(h ! bb̄) is already limited by the recoil mass measurements.

Perhaps more interesting than the branching ratio measurements is the measurement of the top Yukawa
coupling using the e+e� ! tt̄h process, since it is the largest among matter fermions and not yet observed.
Although the cross section maximum is reached at around

p
s = 800GeV as seen in Fig.6, the process is

accessible already at
p
s = 500GeV, thanks to the QCD bound-state e↵ects (non-relativistic QCD correction)

that enhance the cross section by a factor of two. Since the background h-o↵-Z diagram makes negligible
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contribution to the signal process, we can measure the top Yukawa coupling by simply counting the number of
signal events. The expected statistical precision for the top Yukawa coupling is then �gY (t)/gY (t) = 10% with
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1ab�1 at
p
s = 500GeV [13]. Notice that if we go up by 20GeV in the center of mass energy, the cross section

doubles. Moving up a little bit hence helps significantly.

Even more interesting is the measurement of the Higgs self-coupling, since we need to observe the force that
makes the Higgs boson condense in the vacuum in order to uncover the secret of the EW symmetry breaking.
In other words, we need to measure the shape of the Higgs potential. There are two ways to measure the
self-coupling. The first method is to use the double higgsstrahlung process: e+e� ! Zhh and the second
is by the double Higgs production via W -fusion: e+e� ! ⌫⌫̄hh. The first process attains its cross section
maximum at around

p
s = 500GeV, while the second is negligible there but starts to dominate at energies

above
p
s ' 1.2TeV, as seen in Fig.7. In any case the signal cross sections are very small (0.2 fb or less) and
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FIG. 7: Cross sections for the double Higgs production processes, e+e� ! Zhh and e+e� ! ⌫⌫̄hh, as a function of
p
s

for mh = 120GeV.

as seen in Fig.8 irreducible background diagrams containing no self-coupling dilute the contribution from the
self-coupling diagram, thereby degrading the sensitivity to the self-coupling, even if we can control the relatively
huge SM backgrounds from e+e� ! tt̄,WWZ,ZZ,Z�, ZZZ, and ZZh. See Fig.9 for the sensitivity factors
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FIG. 8: Diagrams contributing to (a) e+e� ! Zhh and (b) e+e� ! ⌫⌫̄hh.

for e+e� ! Zhh at
p
s = 500GeV and e+e� ! ⌫⌫̄hh at

p
s = 1TeV, which are 1.66 (1.80) and 0.76 (0.85),

respectively, with (without) weighting to enhance the contribution from the signal diagram. Notice that if
there were no background diagrams, the sensitivity factor would be 0.5. The self-coupling measurement is very
di�cult even in the clean environment of the ILC and requires a new flavor tagging algorithm that precedes jet-
clustering, sophisticated neural-net-based data selection, and the event weighting technique [14]. The current
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those for the background processes: tt̄Z, tt̄g(g ! bb̄) and tt̄.

state of the art for the Zhh data selection is summarized in Table III. Combining all of these three modes,

TABLE III: The number of remaining events for the three event selection modes: Zhh ! (`¯̀)(bb̄)(bb̄), (⌫⌫̄)(bb̄)(bb̄), and
(qq̄)(bb̄)(bb̄) and corresponding excess and measurement sensitivities for mh = 120GeV at

p
s = 500GeV with 2 ab�1

and (e�, e+) = (�0.8,+0.3) beam polarization.
p
s [GeV] mode signal background significance

excess measurement

500 Zhh ! (`¯̀)(bb̄)(bb̄) 3.7 4.3 1.5� 1.1�

4.5 6.0 1.5� 1.2�

500 Zhh ! (⌫⌫̄)(bb̄)(bb̄) 8.5 7.9 2.5� 2.1�

500 Zhh ! (qq̄)(bb̄)(bb̄) 13.6 30.7 2.2� 2.0�

18.8 90.6 1.9� 1.8�

we can achieve Zhh excess significance of 5� and measure the production cross section to ��/� = 27%, which
translates to 44(48)% with (without) the event weighting for mh = 120GeV at

p
s = 500GeV with 2 ab�1 and

(e�, e+) = (�0.8,+0.3) beam polarization [14]. The expected precision is significantly worse than that of the
cross section because of the background diagrams. Since the sensitivity factor for the e+e� ! ⌫⌫̄hh process
is much closer to the ideal 0.5 and since the cross section for this W -fusion double Higgs production process
increases with the center of mass energy, let us now discuss the measurements at the energy upgraded ILC atp
s = 1TeV.

V. ILC AT 1TEV

The W -fusion processes become more and more important at higher energies. Notice also that the machine
luminosity usually scale with the center of mass energy. Combination of these together with the better sensitivity
factor allows us to improve the self-coupling measurement significantly at

p
s = 1TeV, using the e+e� ! ⌫⌫̄hh

process. With 2 ab�1 and (e�, e+) = (�0.8,+0.2) beam polarization at
p
s = 1TeV, we would be able to

determine the cross section for the e+e� ! ⌫⌫̄hh process to ��/� = 23%, corresponding to the self-coupling
precision of ��/� = 18(20)% with (without) the event weighting to enhance the contribution from the signal
diagram for mh = 120GeV [14].

At
p
s = 1TeV, the e+e� ! tt̄h process is also near its cross section maximum, making concurrent mea-

surements of the self-coupling and top Yukawa coupling possible. We will be able to observe the e+e� ! tt̄h
events with 7.9� significance in 8-jet mode and 8.4� significance in lepton-plus-6-jet mode, corresponding to
the relative error on the top Yukawa coupling of �gY (t)/gY (t) = 4.0% with 1 ab�1 and (e�, e+) = (�0.8,+0.2)
beam polarization at

p
s = 1TeV for mh = 125GeV [13].

Obvious but most important advantage of the higher energy running in terms of Higgs physics is, however,
its higher mass reach to the extra Higgs bosons expected in an extended Higgs sector and higher sensitivity to
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WLWL scattering to decide whether the Higgs sector is strongly interacting or not. In any case thanks to the
higher cross section for the W -fusion e+e� ! ⌫⌫̄h process at

p
s = 1TeV, we can expect significantly better

precisions for the � ⇥BR measurements, which allows us to access very rare decays such as h ! µ+µ� as well
as to further improve the precision for the mass-coupling plot (see Fig.10).
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FIG. 10: Expected mass-coupling relation for the SM case after the full ILC program.

VI. SYNERGY: LHC + ILC

So far we have been discussing the precision Higgs physics expected at the ILC. It should be emphasized,
however, that the LHC is expected to impose significant constraints on possible deviations of the Higgs-related
couplings from their SM values by the time the ILC will start its operation, even though fully model-independent
analysis is impossible with the LHC alone. Nevertheless, reference [15] demonstrated that with a reasonable
weak assumption such as the hWW and hZZ couplings will not exceed the SM values the LHC can make
reasonable measurements of most Higgs-related coupling constants except for the hcc coupling. Figure 11 shows
how the coupling measurements would be improved by adding, cumulatively, information from the ILC with
250 fb�1 at

p
s = 250, 500 fb�1 at 500GeV, and 1 ab�1 at 1TeV to the LHC data with 300 fb�1 at 14TeV.

The figure tells us that the addition of the 250GeV data, the hZZ coupling in particular, from the ILC allows
the absolute normalization and significantly improves all the couplings. It is interesting to observe the synergy
for the measurement of the h�� coupling, whose precision significantly exceeds that of the ILC alone. This is
because the LHC can precisely determine the ratio of the h�� coupling to the hZZ coupling, while the ILC
provides a precision measurement of the hZZ coupling from the recoil mass measurement. The addition of the
500GeV data from the ILC further improves the precisions, this time largely due to the better determination of
the Higgs total width. Finally as we have seen above, the addition of the 1TeV data from the ILC improves the
top Yukawa coupling drastically with even further improvements of all the other couplings except for the hWW
and hZZ couplings which are largely limited by the cross section error from the recoil mass measurement atp
s = 250GeV. This way we will be able to determine these couplings to O(1%) or better. The SFitter group

performed a similar but more model-independent analysis and obtained qualitatively the same conclusions
[16]. This level of precision matches what we need to fingerprint di↵erent BSM scenarios, when nothing but
the 125GeV boson would be found at the LHC (see Table IV). These numbers can be understood from the
following formulas for the di↵erent models in the decoupling limit [4]:

Mixing with singlet:
ghV V

ghSMV V
=

ghff
ghSMff

= cos ✓ ' 1� �2

2
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FIG. 11: Comparison of the capabilities of the LHC and the ILC, when the ILC data in various stages: ILC1 with
250 fb�1 at

p
s = 250, ILC: 500 fb�1 at 500GeV, and ILCTeV: 1 ab�1 at 1TeV are cumulatively added to the LHC data

with 300 fb�1 at 14TeV [15].

TABLE IV: Maximum deviations when nothing but the 125GeV boson would be found at the LHC [17].

�hV V �ht̄t �hb̄b

Mixed-in Singlet 6% 6% 6%

Composite Higgs 8% tens of % tens of %

Minimal Supersymmetry ¡1% 3% 10%a, 100%b

LHC 14TeV, 3 ab�1 8% 10% 15%

Composite Higgs:
ghV V

ghSMV V
' 1� 3%

✓
1 TeV

f

◆2

ghff
ghSMff

'
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><

>:
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Supersymmetry:
ghbb
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=

gh⌧⌧
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✓
1 TeV

mA

◆2

.

The di↵erent models predict di↵erent deviation patterns. The ILC together with the LHC will be able to
fingerprint these models or set the lower limit on the energy scale for BSM physics.

VII. CONCLUSIONS

The primary goal for the next decades is to uncover the secret of the electroweak symmetry breaking. This
will open up a window to BSM and set the energy scale for the energy frontier machine that will follow the LHC
and the ILC 500. Probably the LHC will hit systematic limits at O(5-10%) for most of �⇥BR measurements,
being insu�cient to see the BSM e↵ects if we are in the decoupling regime. To achieve the primary goal we
hence need a 500GeV linear collider for self-contained precision Higgs studies to complete the mass-coupling
plot, where we start from e+e� ! Zh at

p
s = 250GeV, then tt̄ at around 350GeV, and then Zhh and tt̄h

at 500GeV. The ILC to cover up to
p
s = 500GeV is an ideal machine to carry out this mission (regardless

of BSM scenarios) and we can do this with staging starting from
p
s ' 250GeV. We may need more data at

120



this energy depending on the size of the deviation, since the recoil mass measurement eventually limits the
coupling precisions. Luminosity upgrade possibility should be always kept in our scope. If we are lucky, some
extra Higgs boson or some other new particle might be within reach already at the ILC 500. Let’s hope that
the upgraded LHC will make another great discovery in the next run from 2015. If not, we will most probably
need the energy scale information from the precision Higgs studies. Guided by the energy scale information, we
will go hunt direct BSM signals, if necessary, with a new machine. Eventually we will need to measure WLWL

scattering to decide if the Higgs sector is strongly interacting or not.
In this talk I have been focusing on the case where X(125) alone would be the probe for BSM physics, but

there is a good chance for the higher energy run of the LHC to bring us more. It is also very important to stress
that the ILC, too, is an energy frontier machine. It will access the energy region never explored with any lepton
collider before. There can be a zoo of new uncolored particles or new phenomena that are di�cult to find at the
LHC but can be discovered and studied in detail at the ILC. For instance, natural SUSY where the µ parameter
not far above 100GeV, we expect relatively light chargino and neutralinos which are higgsino-dominant and
hence nearly mass-degenerate (typically �m of a few GeV or less), a very di�cult case for the LHC. At the
ILC �m as small as 50MeV can be handled with the ISR tagging. If �m = 400MeV or so, we can determine
the masses to 2GeV and �m to 7MeV. If this is the case, the ILC will be not only the Higgs factory but
also a Higgsino factory [4]. Another example is search for possible anomalies in precision studies of properties
of W/Z and top, or two-fermion processes [4]. Whatever new physics awaits us, clean environment, polarized
beams, and excellent jet energy resolution to reconstruct W,Z, t, and h in their hadronic decays will enable us
to uncover the nature of the new physics through model-independent precision measurements.
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Higgs couplings beyond the Standard Model
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We consider the Higgs boson decay processes and its production and provide a parameterisation
tailored for testing models of new physics. The choice of a particular parameterisation depends on a
non-obvious balance of quantity and quality of the available experimental data, envisaged purpose for
the parameterisation and degree of model independence. At present only simple parameterisations
with a limited number of fit parameters can be performed, but this situation will improve with
the forthcoming experimental LHC data. It is therefore important that di↵erent approaches are
considered and that the most detailed information is made available to allow testing the di↵erent
aspects of the Higgs boson physics and the possible hints beyond the Standard Model.

I. HIGGS COUPLING PARAMETERISATIONS

Since the discovery of the Higgs boson last year by both ATLAS and CMS collaboration, it is clear that
the study of its couplings is likely to give valuable information on the nature of the electroweak symmetry
breaking and eventually to probe New Physics scenarios. Indeed, many of the currently studied BSM (Beyond
the Standard Model) models can generically lead to deviations in the Higgs couplings, allowing for a constraint
complementary to the direct searches for extra particles. However, to achieve such a goal, one must first make
contact between the theory side (that is, the large amount of BSM models) and the experimental one (which
are the results presented by the collaborations), and this implies the choice of a parameterisation.
From the experimental point of view it makes sense to just parameterise Higgs physics in terms of observed

quantities such as branching ratios and cross-sections. This is for example the case of the parameterisation
proposed in Ref. [1], where the relevant cross-sections and partial decay widths are multiplied by a suitable
factor. The advantage of such an approach is its simple link to the experimentally measured quantities. On
the other hand, with such a choice, correlations among the di↵erent parameters are not explicit, in particular
between tree level and loop induced observables. For example, a modification of the couplings to W bosons
and top will also a↵ect the loop-level couplings for the Higgs production via the gluon channel or the Higgs
decay into two photons. Instead, we propose thus in [2] a parameterisation where the contribution of loops of
New Physics to the H ! gg and H ! �� modes is explicitly disentangled from the modification of tree level
couplings.
We must point that out that many studies have also been carried out relying on an e↵ective field theory

approach ([3, 3–6] ). While this approach has the important feature of allowing a full treatment of the radiative
corrections (see [7]), it often relies on a large set of parameters, for which the current experimental accuracy is
still lacking a bit behind. A similar study has also been recently carried out in [8].

II. USING EXPERIMENTAL HIGGS RESULTS

In order to use the latest data from ATLAS and CMS collaboration ([9, 10]), one has to define the compatibility
of a given model with data. The first approach is to use a �2 test based on the signal strength µ which is simply
the cross-section for pp ! H ! XX normalised to the Standard Model expectation. Thus the �2 reads

�2() =
X

i

✓
µ̂i � µi()

�i

◆2

, (1)

where µ̂ is the best fit reported by the experiment, µ() the prediction of the model on the parameter point ,
� the uncertainty, and i runs on all subchannels of each experiment. Then this �2() is compared to a standard
�2 distribution with n degrees of freedom, where n is the number of subchannels, in order to determine if the
model is excluded or not. However this method su↵ers from a few shortcomings : first the µi() does not
correspond to the inclusive cross-section, but to the exclusive one. For instance the H ! �� decay mode in
ATLAS is divided into 11 subchannels, which amount to as many exclusive cross-sections. To compute exclusive
cross-sections, one needs the experimental fractions per mode ⇣pi , or equivalently the e�ciencies :

µXX
i =

X

p

⇣pi µ
XX
p , (2)
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where ⇣pi represent the SM fraction of the production mode p among all production modes in the subchannel
i, and µXX

p the signal strength of that specific production mode in the final state XX. Although the ⇣pi are
computed by the collaborations themselves, there are not always publicly available. Another inconvenient raised
by eq. 1 is that in adding all subchannels together we implicitly assume that they are not correlated. While
this is the case of statistical uncertainty it is certainly not true for systematical uncertainty, let alone theory
uncertainty.

A. Improved �2 method

There exists nevertheless a way to improve the statistical test : indeed the collaborations have released 2D
plots of the �2 in each decay mode, showing the �2 of this decay mode as a function of

�
µggH/ttH, µV BF/V H

�
.

Here µggH/ttH stands for a common signal strength for both gg ! H and pp ! t̄tH and µV BF/V H for both
V BF and V H. By approximating the �2 to a gaussian, we can trade the simple �2 test to a new one, defined
as

�20() =
X

XX

⇣
µ̂XX
ggH/ttH � µXX

ggH/ttH, µ̂
XX
VBF/V H � µXX

VBF/V H

⌘
V �1

✓
µ̂XX
ggH/ttH � µXX

ggH/ttH

µ̂XX
VBF/V H � µXX

VBF/V H

◆
(3)

where V �1 is the inverse of the covariance matrix, deduced from the experimental plots. The advantages of
the new method are straightforward : one does not need any knowledge of the fractions ⇣pi and moreover, most
of the correlations between production modes are taken into account.

B. Shortcomings of the improved method

It is however clear that in order to use the improved �2 one has to make some assumptions. Indeed we are
collecting 4 productions modes (gg ! H, VBF, VH and t̄tH) into 2 parameters (µggH/ttH,µV BF/V H). However
the requirement is not so stringent since any model abiding by custodial symmetry will feature an identical
rescaling for both VBF and VH cross-sections. Concerning gg ! H and t̄tH, so far most channels are not
sensitive to the latter because of its small cross-section, so assuming an identical rescaling does not a↵ect much
the prediction.
Another issue is that the �2 reported by experiment is not a gaussian, and though this approximation may

be accurate near the best fit, it goes worse as one moves away from it. However since there is no analytic form
of the real �2, there is no easy alternative to the gaussian approximation.

C. Experimental input

The experimental input consists in the best fits and covariance matrix for ��, WW and ⌧̄ ⌧ decay modes
for CMS and best fits and uncertainties for all subchannels in the remaining decay modes of CMS and all of
ATLAS. The reason why we did not use improved �2 for each decay mode is first that for decay mode ZZ and
b̄b there is no much gain since the former is an exclusive channel and the second relies entirely on associated
vector boson production. Second, all data from ATLAS was not available at the time to carry out the full
improved �2 method. Those data were extracted [9, 10], and results for improved �2 are shown in Table 1.

Decay mode (µ̂ggH/ttH, µ̂V BF/V H) V

H ! �� (0.95.3.77)

 
0.95 �1.35

�1.35 6.87

!

H ! WW (0.77.0.39)

 
0.19 0.15

0.15 1.79

!

H ! ⌧⌧ (0.93.0.89)

 
2.02 �0.92

�0.92 2.14

!

FIG. 1: CMS results in H ! ��, H ! WW and H ! ⌧⌧ channels.
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III. g,� PARAMETERISATION

Our first parameterisation will be tailored to BSM models which alter mostly the Higgs physics via loop
e↵ects. This is a generic feature of models where there is no much mixing between the SM Higgs and any other
scalars, but which feature extra particles light enough (light superpartners in Supersymmetry, light vector-like
fermions in extra dimensional theories, and so on). In which case the e↵ect of in each BSM set-up can be
parameterised by the pair (g,�), that we define as the amplitude of new particles contributing to the partial
widths �gg and ��� normalised by the SM top amplitude :

��� =
GF↵

2m3
H

128
p
2⇡3

�����AW (⌧W ) + C�
t 3

✓
2

3

◆2
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At(⌧t)(1 + g) + ...
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2

(5)

where dots stands for the contribution of light quarks, AX(⌧X) are usual SM amplitudes and CX
t contains the

QCD NLO corrections (see [2] for details).

A. Results

For reference, sample points for the following models are indicated:

- [⌥] fourth generation where the result is independent on the masses and Yukawa couplings.

- [⇤] Littlest Higgs [11], where the result scales with the symmetry breaking scale f , set here to f = 500
GeV for a model with T -parity.

- [N] Simplest Little Higgs [12], where the result scales with the W 0 mass, also set here to mW 0 = 500 GeV
for a model with T -parity;

- [⌅] colour octet model [13], where the result is inversely proportional to the mass mS = 750 GeV in the
example;

- [⌦] 5D Universal Extra Dimension model [14], where only the top and W resonances contribute and the
result scales with the size of the extra dimension (here we set mKK = 500 GeV);

- [F] 6D UED model on the Real Projective Plane [15], with mKK = 600 GeV is set to the LHC bound [16];

- [•] the Minimal Composite Higgs [17] (Gauge Higgs unification in warped space) with the IR brane at
1/R0 = 1 TeV, where only W and top towers contribute significantly and the point only depends on the
overall scale of the KK masses;

- [H] a flat (W 0 at 2 TeV) and [�] warped (1/R0 at 1 TeV) version of brane Higgs models. The result only
depends on the overall scale of the KK masses.

One must note that each model will not be represented as a point in the (g,�) plane, but rather by a
line starting at the SM point (0, 0), since they all have a decoupling limit, except for the 4th generation. We
show in figure 2, the one and two sigma excluded regions, and the position of the models with respect to those
exclusions. As one can see, the 4th generation lies well away from the compatible region, and so do some of the
benchmark of the other models. In particular, the 6D UED benchmark that we used was chosen so that the
heavy scale was at the limit of the direct searches for extra particles, and we see that in this case, the indirect
bounds form Higgs physics does much better than the direct search.

IV. CONCLUSION

We have shown how to go beyond the simplest methods when using experimental data to constrain Higgs
couplings and account for part of the correlations between measurements. We have presented a parameterisation
([2, 18]) and we showed how it can be used for testing and putting exclusion limits on models of new physics
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�� and 0

gg at the LHC for a Higgs boson with mH = 125 GeV. The two solid lines correspond to the SM values of the
inclusive �� channel (A), and the vector boson fusion production channel (B). On the left panel, the fit using ATLAS data. On
the right, the fit using CMS data. Both fits use ��, ZZ and b̄b channels. Darker (lighter) blue are the 1, 2 � limits.

beyond the Standard Model. In particular our parameterisation is tailored to investigate BSM models, keeping
track of the specific correlations among the parameters. It also allows more easily to interpret mass limits and
contributions to the loops giving the e↵ective Higgs boson vertices.
We also performed 2 parameter fits of the CMS and ATLAS results using all available channels, showing that

they already include all the necessary information and are therefore a good approximation at this stage. More
precise measurements of extra channels will require the inclusion of more e↵ective parameters.
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We present the implementation of an e↵ective lagrangian via FeynRules, featuring bosonsX(JP )
with various assignments of spin/parity JP = 0+, 0�, 1+, 1�, or 2+, that allows one to perform
characterisation studies of the boson recently discovered at the LHC, for all the relevant channels
and in a consistent, systematic and accurate way.

I. INTRODUCTION

The recent observation of a new boson with a mass of about 125 GeV at the LHC [1] brought us a lot of
excitement. While this discovery is a great triumph for theoretical and experimental high energy physics, the
detailed study of the new state will require many years of work at the LHC as well as at the ILC. The study
includes the determination of its spin and parity quantum numbers and the coupling strength for the interactions,
which can tell us if the observed resonance is indeed responsible for the Brout-Englert-Higgs mechanism [2], or
involves physics beyond the Standard Model (SM).
We introduce a complete framework, based on an e↵ective filed theory approach, that allows one to perform

characterisation studies of the recently-discovered boson. Our assumptions are simply that the resonance
structure observed in data corresponds to one bosonic state (X(JP ) with J = 0+, 0�, 1+, 1�, or 2+, and a
mass of about 125 GeV), and that no other new state below the cuto↵ ⇤ coupled to such a resonance exists.
We also follow the principle that any new physics is dominantly described by the lowest dimensional operators.
This means, for example, that for the spin-0 CP -even case (which corresponds to the SM scalar) we include all
e↵ects coming from the complete set of dimension-six operators relevant to Higgs observables. Given that our
goal is that of providing a simulation framework in terms of mass eigenstates, and consistently with the general
guidelines outlined above, we construct an e↵ective lagrangian below the EWSB scale, where SU(2)L ⇥ U(1)Y
reduces to U(1)EM ; moreover, we do not require CP conservation, and we leave open the possibility that the
new boson might be a scalar with no definite CP properties.

Technically, the implementation of the lagrangian is performed in FeynRules [3] extending and completing
the earlier version used in ref. [4]. The particle content and the Feynman rules of the model can be exported
to any matrix element generator in the UFO format [5]. We dub it Higgs Characterisation model [6] and it can
be found on the FeynRules on-line database at http://feynrules.irmp.ucl.ac.be.
There are several advantages in having a first principle implementation in terms of an e↵ective lagrangian

which can be automatically interfaced to a matrix element generator (and then to an event generator). First
and most important, all relevant production and decay modes can be studied within the same model, from gluon
fusion to VBF as well as V H and tt̄H associated productions can be considered and the corresponding processes
automatically generated within minutes. Second, it is straightforward to modify the model implementation to
extend it further in case of need, by adding further interactions, for example of higher-dimensions. Finally,
higher-order QCD e↵ects can be easily accounted for by multi-parton tree-level or full NLO computations and
their matching with parton showers in automatic frameworks, e.g. with MadGraph5 [7] or aMC@NLO [8].

In this report we first write down the e↵ective lagrangian explicitly, and then show mass and angular dis-
tributions in the pp ! X(! ZZ⇤/WW ⇤) ! 4` process, comparing with the results by the JHU program [9]
which takes the anomalous coupling framework and is employed by both ATLAS and CMS collaborations. See
ref. [6] for all the detailed demonstration and analyses.

⇤
speaker; Electronic address: kentarou.mawatari@vub.ac.be
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II. THE EFFECTIVE LAGRANGIAN

A. Spin 0

The construction of the e↵ective lagrangian for the spin-0 state is obtained by requiring that the parametri-
sation: i) allows one to recover the SM case easily; ii) includes all possible interactions that are generated by
gauge-invariant dimension-six operators above the EW scale; iii) includes 0� state couplings typical of SUSY
or of generic two-Higgs-doublet models (2HDM); and iv) allows CP -mixing between 0+ and 0� states (which
we parametrise in terms of an angle ↵).
Let us start with the interaction lagrangian relevant to fermions which, while being extremely simple, illus-

trates our philosophy well. Such a lagrangian is:

Lf
0 = �

X

f=t,b,⌧

 ̄f

�
c↵HffgHff + is↵AffgAff �5

�
 fX0 , (1)

where we use the notation c↵ ⌘ cos↵ and s↵ ⌘ sin↵, and denote by gHff = mf/v (gAff = mf/v) the strength
of the scalar (pseudoscalar) coupling in the SM (in a 2HDM with tan� = 1). We point out that the constants i
can be taken real without any loss of generality. For simplicity, we have assumed that only the third-generation
of fermions couple to the scalar state; extensions to the other families and flavour-changing structures are
trivial to implement, which can be directly done by users of FeynRules. The interaction of eq. (1) can also
parametrise the e↵ects of a Ldim=6

Y = (�†�)QL�̃tR operator, which modifies the value of the Yukawa coupling,
but not the interaction structure. Note also that all requirements listed above are satisfied at the price of
a small redundancy in the number of parameters. The SM is obtained when c↵ = 1 and Hff = 1. The
pseudoscalar state of a type-II CP -conserving 2HDM or SUSY is obtained by setting s↵ = 1 and Aff = cot�
or Aff = tan� for up or down components of the SU(2) fermion doublet, respectively. The parametrisation
of CP mixing is entirely realised in terms of the angle ↵, i.e. independently of the parameters i, so that many
interesting cases, such as again CP -violation in generic 2HDM, can be covered.
The e↵ective lagrangian for the interaction of scalar and pseudoscalar states with vector bosons can be written

as follows:

LV
0 =

⇢
c↵SM

⇥1
2
gHZZ ZµZ

µ + gHWW W+
µ W�µ

⇤

� 1

4

⇥
c↵H��gH�� Aµ⌫A

µ⌫ + s↵A��gA�� Aµ⌫
eAµ⌫

⇤
� 1

2

⇥
c↵HZ�gHZ� Zµ⌫A

µ⌫ + s↵AZ�gAZ� Zµ⌫
eAµ⌫

⇤

� 1

4

⇥
c↵HgggHgg G

a
µ⌫G

a,µ⌫ + s↵AgggAgg G
a
µ⌫

eGa,µ⌫
⇤

� 1

4

1

⇤

⇥
c↵HZZ Zµ⌫Z

µ⌫ + s↵AZZ Zµ⌫
eZµ⌫

⇤
� 1

2

1

⇤

⇥
c↵HWW W+

µ⌫W
�µ⌫ + s↵AWW W+

µ⌫
fW�µ⌫

⇤

� 1

⇤
c↵

⇥
H@� Z⌫@µA

µ⌫ + H@Z Z⌫@µZ
µ⌫ + H@W

�
W+

⌫ @µW
�µ⌫ + h.c.

�⇤�
X0 , (2)

where the (reduced) field strength tensors are defined as follows:

Vµ⌫ = @µV⌫ � @⌫Vµ (V = A,Z,W±) , Ga
µ⌫ = @µG

a
⌫ � @⌫G

a
µ + gsf

abcGb
µG

c
⌫ , (3)

and the dual tensor is eVµ⌫ = 1
2✏µ⌫⇢�V

⇢�. The parametrisation of the couplings to vectors follows the same
principles as that of the couplings to fermions. In particular, the mixing angle ↵ allows for a completely general
description of CP -mixed states. We stress here that while in general in a given model CP violation depends
on the whole set of possible interactions among the physical states and cannot be established by looking only
at a sub sector [10], in our parametrisation ↵ 6= 0 or ↵ 6= ⇡/2 (and non-vanishing Hff ,Aff ,HV V ,AV V )
implies CP violation. This can be easily understood by first noting that in eq. (1) ↵ 6= 0 or ↵ 6= ⇡/2 always
leads to CP violation and that the corresponding terms in eq. (2) are generated via a fermion loop by the X0ff
interaction. The CP -odd analogues of the operators in the last line of eq. (2) do vanish.
In our implementation, the parameters listed in table I can be directly set by the user. The dimensionful

couplings gXyy0 are set so as to reproduce a SM Higgs and a pseudoscalar one in a 2HDM with tan � = 1, e.g.
gHZZ = 2m2

Z/v as well as gHgg = �↵s/3⇡v and gAgg = �↵s/2⇡v in the heavy top loop limit.
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TABLE I: Model parameters.

parameter reference value description

⇤ [GeV] 103 cuto↵ scale

c↵(⌘ cos↵) 1 mixing between 0+ and 0�

i 0 , 1 dimensionless coupling parameter

B. Spin 1

The interaction Lagrangian for the spin-1 boson with fermions is written as

Lf
1 =

X

f=q,`

 ̄f�µ(faaf � fbbf�5) fX
µ
1 . (4)

The af and bf are the SM vector and axial-vector couplings. The most general X1WW interaction at the lowest
dimension can be written as [11]

LW
1 = iW1

gWWZ(W
+
µ⌫W

�µ �W�
µ⌫W

+µ)X⌫
1 + iW2

gWWZW
+
µ W�

⌫ Xµ⌫
1 � W3

W+
µ W�

⌫ (@µX⌫
1 + @⌫Xµ

1 )

+ iW4
W+

µ W�
⌫

eXµ⌫
1 � W5

✏µ⌫⇢�[W
+µ

(@⇢W�⌫
)� (@⇢W+µ

)W�⌫
]X�

1 , (5)

where gWWZ = �e cot ✓W . Note that our e↵ective field theory description lives at energy scales where EW
symmetry SU(2)L ⇥U(1)Y is broken to U(1)EM . This approach does not require to specify the transformation
properties of X1 with respect to the EW symmetry. In the case of ZZ, Bose symmetry implies a reduction of
the possible terms and the interaction Lagrangian reduces to [11, 12]

LZ
1 = �Z1

Zµ⌫Z
µX⌫

1 � Z3
Xµ

1 (@
⌫Zµ)Z⌫ � Z5

✏µ⌫⇢�X
µ
1 Z

⌫(@⇢Z�) . (6)

Parity conservation implies that fb
= V4

= V5
= 0 for X1 = 1� while fa

= V1
= V2

= V3
= 0 for

X1 = 1+.

C. Spin 2

The interaction lagrangian for the spin-2 boson proceeds via the energy-momentum (E-M) tensor of the SM
fields and starts at dimension five [13, 14]:

Lf
2 = � 1

⇤

X

f=q,`

f T
f
µ⌫X

µ⌫
2 and LV

2 = � 1

⇤

X

V=Z,W,�,g

V TV
µ⌫X

µ⌫
2 , (7)

where T f,V
µ⌫ are the E-M tensors; see refs. [14, 15] for the explicit forms. The coupling parameters f and V

are introduced [4, 16] in full analogy with what has been done in the spin-0 and -1 cases. For X2 = 2+ in
the minimal RS-like graviton scenario, i.e. the universal coupling strength to the matter and gauge fields, the
parameters should be chosen as f = V 6= 0.

III. DISTRIBUTIONS IN THE X ! 4` ANALYSIS: COMPARISON WITH THE JHU PROGRAM

To validate our FeynRules implementation, we show distributions in pp ! X ! 4`, comparing with the
JHU results in [9]. In table II we give the choices of parameters to be made in order to obtain their benchmarks.
For all scenarios listed in that table one can see complete agreement in the mass and angular distributions of the
X(JP ) decay products in figs. 1, 2, and 3, where the LO parton-level events were generated by MadGraph5.

We note that our CP -even spin-0 parametrisation also includes the so-called “derivative operators”, that are
absent in the parametrisation of ref. [9], and that give non-trivial contributions to X0 ! V V decays [6]. For
spin 1 the X1V V interactions defined in ref. [9] have one-to-one correspondence with the V3 and V5 terms for
both the X1WW and X1ZZ cases. We also note that a spin-2 state with non-universal couplings to SM particles
might have a very di↵erent behaviour with respect to that of an RS-graviton, especially at high energies. See
more details and non-trivial phenomenological implications due to the NLO QCD e↵ects in ref. [6].
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TABLE II: Parameter correspondence to the benchmark scenarios defined in Table I of ref. [9]. In each scenario, the i

couplings that are not explicitly mentioned are understood to be equal to zero.

JHU scenario HC parameter choice

X production X decay

0+m Hgg 6= 0 SM 6= 0 (c↵ = 1)

0+h Hgg 6= 0 H��,HZZ,HWW 6= 0 (c↵ = 1)

0� Agg 6= 0 A��,AZZ,AWW 6= 0 (c↵ = 0)

1+ fa,fb 6= 0 Z5,W5 6= 0

1� fa,fb 6= 0 Z3,W3 6= 0

2+m g 6= 0 �,Z,W 6= 0

spin-0 spin-1 spin-2

1m
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FIG. 1: Normalised distributions of the lepton invariant masses in the X ! ZZ analysis (cf. fig. 11 in the JHU paper [9]).
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FIG. 2: Angular distributions in the X ! ZZ analysis (cf. fig. 12 in the JHU paper [9]).
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FIG. 3: Mass and angular distributions in the X ! WW analysis (cf. fig. 13 in the JHU paper [9]).
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B physics and Extended Higgs sectors
(Tauonic B decays and two Higgs doublet models)

Ryoutaro Watanabe
Theory Group, KEK, Tsukuba, Ibaraki 305-0801, JAPAN

Recent experimental results on exclusive semi-tauonic B meson decays, B̄ ! D(⇤)⌧ ⌫̄, show sizable
deviations from the standard model prediction, while the recent result on pure-tauonic decay, B̄ !
⌧ ⌫̄, reduces the deviation from the prediction. These results suggest an indirect evidence of new
physics in which the structure of the relevant weak charged interaction may di↵er from that of the
standard model. We study these tauonic B decays in the context of extensions of the Higgs sector.
As a result, we find that two Higgs doublet models without tree-level FCNC are unlikely to explain
the present experimental data while those allowing FCNC are consistent with the data.

I. INTRODUCTION

Among the B meson decays, B̄ ! ⌧ ⌫̄ and B̄ ! D(⇤)⌧ ⌫̄ contain both the heavy quark (b) and lepton (⌧)
in the third generation. Therefore these processes are relatively sensitive to the e↵ect of the charged Higgs
bosons[1, 2], while they are described as processes mediated by a W boson in the SM as shown in Fig. 1. Then
these tauonic B decays are the golden modes in the search for the charged Higgs bosons at a future super B
factory. From the experimental point of view, these decay processes are rather di�cult to be identified because
of two or more missing neutrinos in the final states. At (super) B factories, however, reconstructing one of
the B mesons in the e+e� ! ⌥(4S) ! BB̄ reaction, one can compare properties of the remaining particles to
those expected for signal and background. This method allows us to identify and measure the B meson decays
including missing particles.

B̄ D(⇤)

W ⌧

⌫̄

b cB̄

⌧

⌫̄
W

b

u

FIG. 1: W boson contribution to the decays.

The branching ratio B(B̄ ! ⌧ ⌫̄) in the SM is obtained by use of the inputs |Vub| = (3.38 ± 0.15) ⇥ 10�3

coming from the fit of CKM triangle[3] and fB = (191 ± 9)MeV determined by the lattice QCD study[4]. For
a precise prediction of B̄ ! D(⇤)⌧ ⌫̄, it is useful to take the ratio of branching fraction to these light-leptonic
decay modes. The ratios of the branching fractions are defined by

R(D(⇤)) ⌘ B(B̄ ! D(⇤)⌧�⌫̄⌧ )

B(B̄ ! D(⇤)`�⌫̄`)
, (1)

and its value in the SM is precisely evaluated by use of a heavy quark e↵ective theory[5]. The Belle and BABAR
collaborations reported their new results of B̄ ! ⌧ ⌫̄ and B̄ ! D(⇤)⌧ ⌫̄ respectively in the last year[6, 7] using the
full data set. In Table I, we summarize the experimental results and the theoretical predictions in the SM, where
the average values are obtained by the combination of BABAR[7, 8] and Belle[6, 11–13] assuming the gaussian
distribution. As seen in Table I, the SM is disfavored at 3.5� in B̄ ! D(⇤)⌧ ⌫̄ while the result in B̄ ! ⌧ ⌫̄ is
consistent with the prediction in the SM. Then these results imply an existence of sizable new physics e↵ects
in B̄ ! D(⇤)⌧ ⌫̄. As shown in Ref. [7], however, one finds that these excesses cannot be explained by a charged
Higgs boson in the two Higgs doublet model (2HDM) of type II at the same time. It is easily expected that
the situation on both the results of B̄ ! D(⇤)⌧ ⌫̄ and B̄ ! ⌧ ⌫̄ is not suitable for the 2HDM because the result
of B̄ ! ⌧ ⌫̄ is consistent with the prediction in the SM as explained above. Recently there are several studies
in these decays to explain the present experimental results[14–20]. In this work, we investigate the tauonic B
decays in the 2HDMs with/without flavor changing neutral current (FCNC) in the Yukawa term and discuss a
possibility to explain the recent results of these decays within the 2HDMs.
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Belle[6] Average Prediction (SM)

B(B̄ ! ⌧ ⌫̄)⇥ 104 0.72± 0.28 1.14± 0.23 0.74± 0.07

BABAR[7] Average Prediction (SM)

R(D) 0.44± 0.07 0.42± 0.06 0.305± 0.012

R(D⇤) 0.33± 0.03 0.34± 0.03 0.252± 0.004

TABLE I: Experimental results and predictions in the SM on the measurements of B(B̄ ! ⌧ ⌫̄) and R(D(⇤)).

II. TWO HIGGS DOUBLET MODELS

As known well, the 2HDMs contribute to the tauonic B meson decays and its e↵ect is enhanced in some cases.
In order to forbid flavor changing neutral currents (FCNC) at the tree level, a Z2 symmetry is often imposed
in this class of models and it results in four distinct 2HDMs[21] . Their Yukawa terms are described as

LY = �Q̄LYuH̃2uR � Q̄LYdH2dR � L̄LY`H2`R + h.c. (type I) , (2)

LY = �Q̄LYuH̃2uR � Q̄LYdH1dR � L̄LY`H1`R + h.c. (type II) , (3)

LY = �Q̄LYuH̃2uR � Q̄LYdH2dR � L̄LY`H1`R + h.c. (type X) , (4)

LY = �Q̄LYuH̃2uR � Q̄LYdH1dR � L̄LY`H2`R + h.c. (type Y) , (5)

where H1,2 are Higgs doublets defined as

Hi =

 
h+
i

(vi + h0
i )/

p
2

!
, H̃i = i�2Hi, (6)

and vi denotes the vacuum expectation value (VEV) of Hi. The ratio of two VEVs is defined as tan� = v2/v1
and v =

p
v21 + v22 = 246GeV. In type I, all masses of quarks and leptons are given by v2. In type II, the

down-type quarks and leptons acquire their masses from v1, while the up-type quarks from v2. In type X, the
Higgs fields H2 and H1 give the masses to the quarks and the leptons respectively. In type Y, the masses of
the down-type quarks are given by v1 and other fermions obtain their masses from v2. Under this definition v2
generates up-quark masses in any types of Yukawa interaction.

Type I Type II TypeX TypeY

⇠d cot2 � tan2 � �1 �1

⇠u � cot2 � 1 1 � cot2 �

TABLE II: Parameters ⇠d,u in each type of 2HDMs.

These 2HDMs contain a pair of physical charged Higgs bosons, which contributes to B̄ ! ⌧ ⌫̄ and B̄ ! D(⇤)⌧ ⌫̄
at the tree level. The relevant e↵ective Lagrangian is represented as

Le↵ = �2
p
2GFVqb

�
q̄L�

µbL ⌧̄L�µ(⌫⌧ )L + Cq
S1
q̄LbR ⌧̄R(⌫⌧ )L + Cq

S2
q̄RbL ⌧̄R(⌫⌧ )L

�
, (7)

with

Cu
S1

= Cc
S1

= �mbm⌧

m2
H±

⇠d , Cu
S2

= �mum⌧

m2
H±

⇠u , Cc
S2

= �mcm⌧

m2
H±

⇠u , (8)

where q = c(u) corresponds to the case of B̄ ! D(⇤)⌧ ⌫̄ (B̄ ! ⌧ ⌫̄) and mH± is the mass of the charged Higgs
boson. The parameters ⇠d and ⇠u are presented in Table II. One can see that the charged Higgs interaction
corresponding to S1-type a↵ect B̄ ! ⌧ ⌫̄ and B̄ ! D(⇤)⌧ ⌫̄ in the same fashion. For the S2-type operator, the
contribution of the charged Higgs to B̄ ! ⌧ ⌫̄ is very suppressed due to the small up quark mass. As explained
in Sec. I, a sizable new physics e↵ect on R(D(⇤)) is needed in order to explain the experimental results. Thus it
is naively expected that S2-type interaction in the 2HDMs is suitable to explain the recent experimental results
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FIG. 2: Fit of tan�/mH± to both the results of B(B̄ ! ⌧ ⌫̄) and R(D(⇤)) (black line), and those of only R(D(⇤)) (black
dashed line).

in B̄ ! ⌧ ⌫̄ and B̄ ! D(⇤)⌧ ⌫̄ at the same time. To have a sizable charged Higgs e↵ect, |⇠d,u| should be much
larger than unity taking the experimental lower bound on the charged Higgs mass into account. Then the case
of ⇠u = 1 or ⇠d = �1 is not acceptable. The case of ⇠u = � cot2 � or ⇠d = cot2 � with cot2 � � 1 is unnatural
since the top Yukawa interaction becomes nonperturbative. The requirement for the top Yukawa interaction
to be perturbative results in tan� >⇠ 0.4 [21]. Therefore, the S2-type operator cannot have sizable e↵ect on
B̄ ! D(⇤)⌧ ⌫̄ in the 2HDM.
As a consequence, the type II of ⇠d = tan2 � is only the case to be sizable and only Cu,c

S1
in the 2HDM of

type II is potentially enhanced. In Fig. 2, we show the �2 fit of the charged Higgs parameter tan�/mH± to
the experimental results in the 2HDM of type II. The black dashed line represents the �2 fit to the results of
R(D(⇤)), which suggest that any value of tan�/mH± is excluded at more than 99.8% confidence level (CL). The
black solid line indicates the �2 fit to both the results of B(B̄ ! ⌧ ⌫̄) and R(D(⇤)), in which we can see that the
sizable value of tan�/mH± is disfavored at more than 99.9% CL. It is noted that the exclusion CL in the small
value coming from the fit to all the tauonic B decays is smaller than that to only R(D(⇤)). This is because the
result of B(B̄ ! ⌧ ⌫̄) is near consistent with the SM prediction.

III. TREE LEVEL FCNC IN YUKAWA SECTOR

A possible solution within 2HDMs is to violate the Z2 symmetry at the cost of FCNC. We introduce the
following Z2 breaking terms in the above four models:

�LY = �Q̄L✏
00
uH̃1uR � Q̄L✏

00
dH1dR + h.c. (for type I and X) , (9)

�LY = �Q̄L✏
00
uH̃1uR � Q̄L✏

00
dH2dR + h.c. (for type II and Y) , (10)

where ✏00u,d are 3 ⇥ 3 matrices that control FCNC and the quark fields are those in the weak basis. To obtain
the charged Higgs interaction in the mass basis, first let us rotate the quark fields into

uL(R) ! UL(R)
u uL(R), dL(R) ! U

L(R)
d dL(R), (11)

so as to diagonalize Yu,d. Then, the mass matrices are rewritten as

Mu =
1p
2

⇣
v2 Y

D
u + v1 U

L†
u ✏00uU

R
u

⌘
, Md(x, y) =

1p
2

⇣
xY D

d + y UL†
d ✏00dU

R
d

⌘
, (12)
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Zu Zd Z`

Type I
p

2Mu
v

cot� � ✏u sin�(1 + cot2 �) �
p
2Md
v

cot� + ✏d sin�(1 + cot2 �) �
p
2M`
v

cot�

Type II
p
2Mu
v

cot� � ✏u cos�(tan� + cot�)
p
2Md
v

tan� � ✏d sin�(tan� + cot�)
p
2M`
v

tan�

TypeX
p

2Mu
v

cot� � ✏u sin�(1 + cot2 �) �
p
2Md
v

cot� + ✏d sin�(1 + cot2 �)
p
2M`
v

tan�

TypeY
p
2Mu
v

cot� � ✏u cos�(tan� + cot�)
p
2Md
v

tan� � ✏d sin�(tan� + cot�) �
p
2M`
v

cot�

TABLE III: The matrices Zu,d,` in each type of the 2HDM in the presence of the Z2 breaking terms.

where Y D
u,d is the diagonal Yukawa matrix. The down-type quark mass term is represented as Md(v2, v1) for

type I and X, and Md(v1, v2) for type II and Y. At this stage, the Yukawa terms are rewritten as

LY +�LY = �ūLV
0
CKM

✓
Y D
dp
2
h0
2 + ✏0uh

+
1

◆
dR + d̄LV

0†
CKM

✓
Y D
up
2
h0
2 + ✏0uh

�
1

◆
uR + h.c. (I,X), (13)

LY +�LY = �ūLV
0
CKM

✓
Y D
dp
2
h0
2 + ✏0uh

+
1

◆
dR + d̄LV

0†
CKM

✓
Y D
up
2
h0
1 + ✏0uh

�
2

◆
uR + h.c. (II,Y), (14)

where V 0
CKM = UL†

u UL
d is the Cabibbo-Kobayashi-Maskawa (CKM) matrix in the basis diagonalizing Yu,d and

we define ✏0q = UL†
q ✏00qU

R
q (for q = u, d). In turn, rotating the quark fields into

uL(R) ! WL(R)
u uL(R), dL(R) ! W

L(R)
d dL(R), (15)

the mass matrices are diagonalized:

MD
u =

1p
2

⇣
v2 W

L†
u Y D

u WR
u + v1 ✏u

⌘
, MD

d (x, y) =
1p
2

⇣
xWL†

d Y D
d WR

d + y ✏d

⌘
, (16)

where we define ✏q = UW†
q ✏0qW

R
q . Then, rewriting the diagonal Yukawa coupling Y D

u,d in Eqs. (13) and (14) by

use of the diagonalized quark masses MD
u,d and the extra coupling ✏u,d that induce FCNC, the physical charged

Higgs and fermion interacting terms take the following form:

LH± =
�
ūRZ

†
uVCKMdL + ūLVCKMZddR + ⌫̄LZ``R

�
H+ + h.c. , (17)

where VCKM = WL†
u V 0

CKMWL
d is the CKM matrix in the (true) quark mass basis. Table III shows the expressions

of Zu,d,`, where Mu,d,` denote the diagonal up-type quark, down-type quark, and lepton mass matrices, and
✏u,d represent matrices ✏00u,d in the quark mass basis as defined above.
The FCNC in the down-quark sector is strongly constrained from several B meson decay processes, so that

✏d is negligible. On the other hand, constraints on the FCNC in the up quark sector are rather weak. Recently
the 2HDM of type II allowing FCNC, which is called as type III in the standard convention, in the up quark
sector is studied to explain B̄ ! ⌧ ⌫̄ and B̄ ! D(⇤)⌧ ⌫̄ at the same time[22]. As can be seen in Table III, we find
that the S2 operator in not only type II but also type X might be significant for large tan �. The corresponding
Wilson coe�cient is given by

Cc
S2

' Vtbp
2Vcb

vm⌧

m2
H±

(✏tcu )
⇤ sin� tan�, Cu

S2
' Vtbp

2Vub

vm⌧

m2
H±

(✏tuu )⇤ sin� tan�. (18)

In this case, the di↵erent components ✏tuu and ✏tcu of the FCNC matrix are involved in B̄ ! ⌧ ⌫̄ and B̄ ! D(⇤)⌧ ⌫̄.
As seen in Ref. [20], the current experimental results of B̄ ! D(⇤)⌧ ⌫̄ are described by the 2HDM of type II or X
with FCNC provided that |✏tcu | ⇠ 1, while ✏tuu is highly suppressed because of the enhancement factor Vtb/Vub.
If this is the case, we expect sizable deviations in polarizations P⌧ (D(⇤)) and PD⇤ from the SM as suggested in
Ref. [20, 23, 24].
The large component ✏tcu a↵ects the top quark decay to charm quark. The Lagrangian which induce the

FCNC process in the up-quark sector is given by

Lh,H,A = ūL


cos(↵� �)p

2 sin�
h+

sin(↵� �)p
2 sin�

H +
ip

2 sin�
A

�
✏uuR + h.c. , (19)
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where h(H) is the light(heavy) physical CP even Higgs, A is the CP odd Higgs, and ↵ is a mixing angle between
these two physical CP even Higgs. For example, let us consider the decay process t ! ch. The decay rate
�(t ! ch) is calculated as

�(t ! ch) =
|✏tcu |2

64⇡

cos2(↵� �)

sin2 �
mt

✓
1� m2

h

m2
t

◆2

, (20)

where mh ' 126GeV is obtained by the ATLAS[25] and CMS[26] experiments. The ratio of �(t ! ch) and
�(t ! bW ), which is the dominant decay process, is naively evaluated as

�(t ! ch)

�(t ! bW )
' 0.12

|✏tcu |2 cos2(↵� �)

sin2 �
. (21)

Therefore, the large value |✏tcu | ⇠ 1 desired for B̄ ! D(⇤)⌧ ⌫̄ gives at most around 10% of the branching ratio.
The top quark decay to charm quark might be di�cult to measure at the LHC experiment due to charm
identification and good target for the ILC experiment.

IV. SUMMARY AND DISCUSSION

The latest results of R(D(⇤)) show sizable deviations from the SM prediction, while that of B(B̄ ! ⌧ ⌫̄) turns
out to be consistent with the SM prediction with some accuracy. In response, we have studied the e↵ects on
B̄ ! ⌧ ⌫̄ and B̄ ! D(⇤)⌧ ⌫̄ in the 2HDMs. We have shown that the four distinct 2HDMs on which the Z2

symmetry is imposed in the Yukawa term cannot have large contributions to B̄ ! D(⇤)⌧ ⌫̄ except for the type
II in the operator c̄LbR ⌧̄R(⌫⌧ )L. The 2HDM of type II, however, is unlikely to explain the experimental results
of B̄ ! ⌧ ⌫̄ and B̄ ! D(⇤)⌧ ⌫̄ as we have represented in Fig. 2.
In order to solve this situation within 2HDMs, we have studied the 2HDMs allowing the FCNC in the Yukawa

term. As a result, we have shown that the 2HDMs of type II and X, (i.e. type III) can explain the experimental
results at the cost of the Higgs induced FCNC in the top quark decays. In addition, we have estimated the
contribution of the Higgs induced FCNC to the decay t ! ch when the sizable FCNC e↵ect, which is needed
for B̄ ! D(⇤)⌧ ⌫̄, exists. In a future experiment such as the ILC, this process might be measured and useful to
confirm the scenario discussed in this work.
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Top FB asymmetry vs. (semi)leptonic B decays in multi-Higgs-doublet models
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We investigate the semileptonic and leptonic B decays, B ! D(⇤)⌧⌫ and B ! ⌧⌫ in our multi-
Higgs-doublet models, while keeping in mind the enhancement of the top forward-backward (FB)
asymmetry (At

FB) at the Tevatron. In these models, the extra (pseudo)scalar bosons contribute
to At

FB with large flavor-changing Yukawa couplings involving the top quark, but the contribution
of the charged Higgs boson to At

FB is negligible. However, it may significantly a↵ect B decays:
especially, B ! D(⇤)⌧⌫ and B ! ⌧⌫. We investigate the constraints on the B decays, based on the
recent results in BaBar and Belle experiments, and discuss the possibility that the allowed parameter
region in the B decays can achieve large At

FB.

I. INTRODUCTION

In Ref. [1], the present authors proposed flavor models with extra Higgs fields, which are gauged by U(1)’
symmetry. The models slightly break the criteria of Ref. [2] by assigning flavor-dependent U(1)’ charges to
the right-handed (RH) up-type quarks. In these models, the potentially problematic flavor-changing neutral-
currents (FCNCs) for B-B̄ and K-K̄ mixings are forbidden, but certain amounts of FCNCs could still be
allowed while keeping the consistency with experimental data. For example, neutral CP-even and CP-odd
scalars can have large (t, q)q=u,c,t elements of Yukawa couplings, which may enhance the top forward-backward
(FB) asymmetry (At

FB) at the Tevatron. The strong constraints from LHC can be accommodated thanks to the
destructive interference among the scalars [1, 3]. The charged Higgs boson, which is necessarily present in the
multi-Higgs-doublet models, does not have sizable contribution to the top quark production at hadron colliders,
but may have large couplings to the bottom quark because of theoretical consequences. This indicates that the
models could strongly be constrained by B physics. For example, the (b, u) element of the charged Higgs, which
has strong correlation with the (t, u) coupling of the pseudoscalar boson, is constrained by B ! ⌧⌫. Similarly,
the large (b, c) element of the charged Higgs corresponding to the large (t, c) coupling of the pseudoscalar boson
could significantly modify the branching ratios for the semileptonic B decays, B ! D(⇤)⌧⌫.

Recently, the BaBar collaboration announced interesting experimental results for the semileptonic B decays,
B ! D(⇤)⌧⌫ [4]. The ratios R(D(⇤)) defined by the branching ratios for B ! D(⇤)⌧⌫ to those for B ! D(⇤)l⌫
(l = e, µ),

R(D(⇤)) = BR(B ! D(⇤)⌧⌫)/BR(B ! D(⇤)l⌫), (1)

are R(D) = 0.440 ± 0.072 and R(D⇤) = 0.332 ± 0.030 at BaBar [4]. These values deviate from the Standard
Model (SM) predictions, R(D)SM = 0.297 ± 0.017 [5] and R(D⇤)SM = 0.252 ± 0.003 [6], by 2.2� and 2.7�,
respectively [7]. Combining R(D) and R(D⇤), one finds that the discrepancy becomes about 3.4� [4], which
might be an evidence of new physics. (The recent Lattice calculation relaxes the deviation in R(D) [8].)
Motivated by this BaBar discrepancy, new physics scenarios are widely discussed and one good candidate for
new physics is a charged Higgs boson in the extended SM with extra Higgs doublets [7, 9].
The average value of the branching ratio for the leptonic B decay, B ! ⌧⌫, which was measured at BaBar [10]

and Bell [11], is BR(B ! ⌧⌫) = (1.67± 0.3)⇥ 10�4 [12]. Although there are some uncertainties from |Vub| and
the B meson decay constant fB in the SM calculation, this measurement is slightly inconsistent with the SM
prediction, for example, BR(B ! ⌧⌫)SM = (0.84±0.11)⇥10�4 given by the UTfit Collaboration [13]. However,
the recent Belle measurement BR(B ! ⌧⌫) = 0.72+0.27

�0.25 ± 0.11 by making use of a hadronic tagging method for
tau decays with the full data sample [14] is consistent with the SM prediction and the combination of the two is
also consistent within uncertainties. Since the same new physics (e.g., a charged Higgs boson) may a↵ect both
the semileptonic and leptonic B decays, combined analysis of the B decays will strongly constrain such a new
physics scenario.
In Ref. [15], the authors investigated if the multi-Higgs-doublet models can explain the discrepancies in the

B semileptonic decays while keeping consistency with BR(B ! ⌧⌫). Then they discussed the possibility that
the allowed parameter region can achieve the large enough At

FB which was observed at the Tevatron. In this
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paper, we summarize the results and more explicitly estimate the upper bound on the enhancement of At
FB in

the scalar-exchanging scenario.
The remainder of this paper is organized as follows. In Sec. II, we give a brief review of our models proposed in

Ref. [1]. We assign flavor-dependent U(1)0 charges to the RH up-type quarks and introduce extra U(1)0-charged
Higgs doublets in order to write Yukawa couplings for the up-type quarks including top quark. In Sec. III, we
discuss the top FB asymmetry in our models, and show the favored parameters to enhance At

FB. Sec. IV is
devoted to the constraints on especially our two-Higgs-doublet model (2HDM) from the B decays. Then, we
summarize our results in Sec. V.

II. MODELS WITH EXTRA HIGGS AND GAUGED FLAVOR U(1)0

One of the interesting extensions of the SM is to add extra Higgs doublets to the SM, for examples, two-
Higgs-doublet model (2HDM). In general, such an extension generates the FCNC problem at tree level through
neutral Higgs mediation unless each up- and down-type quark couples only with one Higgs doublet. This flavor
problem can be avoided by controlling the flavor structures of Yukawa couplings. A simple way is to assign
a new symmetry to extra Higgs and matter fields. The most popular symmetry is to introduce an extra Z2

symmetry with soft breaking terms [16]. In Refs. [1] and [2], the authors proposed gauged U(1)0 symmetry to
the SM fermions instead of Z2 symmetry. Then extra Higgs doublets charged under U(1)0 should be introduced
to generate proper mass terms of SM fermions charged under U(1)0. Especially, in Ref. [1], models where only
RH up-type quarks are charged flavor-dependently under U(1)0 was proposed. Then, only FCNCs involving the
top quark can be enhanced. In these models, interactions between the Higgs doublets charged under U(1)0 and
the RH up-type quarks are given in the form

Vy = yuijQi
fHjURj + ydijQiH2DRj + ylijLiH2ERj + h.c.. (2)

Here Hj(j = u, c, t) are charged under U(1)0. H2 has the same quantum numbers as the SM Higgs doublet.
The other fermions in the SM interact with H2.

According to Eq. (2), there may, in general, be up to four Higgs doublets: H2 and Hu,c,t, but the number
of Higgs doublets depend on the U(1)0 charge assignment. In Ref. [1], the authors constructed both 2HDM
and three-Higgs-doublet model (3HDM) by assuming the U(1)0 charge assignments (uj) = (0, 0, 1) and (uj) =
(�1, 0, 1), respectively. In the 2HDM we identify Hu and Hc as H2 and Ht as H1, while in the 3HDM, Hu as
H1, Hc as H2, and Ht as H3, respectively.
In Ref. [1], the Yukawa couplings of (pseudo)scalars and charged Higgs are calculated explicitly, and we notice

that the form of Yukawa couplings in Eq. (2) realizes large (t, q)q=u,c,t Yukawa couplings because of the top
mass. The other elements are suppressed by the light quark masses. We can expect that the large (t, u) and
(t, c) couplings of (pseudo)scalars enhance At

FB and achieve the BaBar discrepancy.

III. TOP FB ASYMMETRY IN MULTI-HIGGS-DOUBLET MODELS

The top FB asymmetry at the Tevatron is one of the interesting signals in the top-quark sector because it
might be an evidence of new physics. The recent updated result of At

FB at CDF in the lepton+jets channel
with data of a luminosity of 8.7 fb�1 is At

FB = 0.162 ± 0.047 [17], which is consistent with the previous
measurements at CDF and D0. While the SM predictions are 0.072+0.011

�0.007 at the next-to-leading order (NLO) +
next-to-next-to-leading logarithm accuracies [18, 19] and 0.087±0.010 with NLO corrections for the electroweak
interactions [20, 21], respectively. There is about 2� deviation between the SM predictions and the experimental
results in the integrated At

FB at the Tevatron.
In our models, (pseudo)scalars and Z 0 have large FCNCs between u and t, and their t-channel exchanges

in the uu ! tt process can enhance At
FB at the Tevatron. The mediators are neutral particles so that they

also allow the same-sign top-quark pair production process, uu ! tt, and the scenarios have been tested by
the process at the LHC [22, 23]. As pointed out in Ref. [22], only Z 0 scenario, which corresponds to the case
that the scalar exchanging contributions are negligible, has been excluded. Recently, the CMS collaboration
updated the upper bound on the cross section for the same-sign top-quark pair production: �tt < 0.3pb [24].
In Fig. 1, the bounds on (t, u) couplings of (pseudo)scalars and Z 0 are described. The blue line is only Z 0 case
with the interaction lagrangian �tuZ 0µtR�µuR and the Z 0 mass m while the red line is only one (pseudo)scalar
h(a) case with the interaction lagrangian �tuh(a)tLuR and the (pseudo)scalar mass m. In the one scalar case,
�tu should be so small that we cannot achieve the large enhancement of At

FB [1]. As suggested in Ref. [1, 3],
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FIG. 1: Bound on (t, u) couplings of (pseudo)scalars and Z0 from the same-sign top-quark pair production [24].

the bound from the same-sign top-quark pair production can be relaxed if destructive interferences work among
the contributions from each mediator. Especially, in the case that one CP-even scalar and one pseudoscalar
have the same (t, u) couplings and the same masses, the contributions of the scalars totally cancel each other,
and �tt becomes zero, if the contributions of the other mediators to �tt are negligible. The enhancement of At

FB
in the degenerate case is explicitly estimated in Fig. 2. Y h

tu is the (t, u) coupling of the CP-even scalar and the
pseudoscalar, and the (pseudo)scalar mass ma is heavier (lighter) than 200 GeV for the blue (red) points. We
see that Y h

tu should be around one and ma should be as small as possible. If the mass is too light compared
with top quark mass, the branching ratio for the top quark decaying to Wb will be modified. This means that
the additional enhancement from the scalar exchanging is at most 0.03, when the mass is around 200 GeV and
the coupling is around 1.
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FIG. 2: The enhancement of At
FB from new physics ((At

FB)
new) vs. (t, u)-element of Yukawa coupling. The red points

are for ma < 200 GeV and the blue points are for ma � 200 GeV. All points are consistent with the tt total cross section
at the Tevatron.

IV. (SEMI)LEPTONIC B DECAYS IN MULTI-HIGGS-DOUBLET MODELS

Based on the result in the previous section, we discuss the possibility that the enhancement of At
FB is

compatible with the (semi)leptonic B decays in BaBar and Belle experiments.
Only charged Higgs boson contributes to the B decays at the tree level, but there are theoretical relations of

Yukawa couplings and masses between the pseudoscalar and charged Higgs bosons: Y �u
ij =

P
l V

⇤
liY

au
lj

p
2 and

m2
h+ = m2

a � e�12
v2

2 in our 2HDM, where Vij is the CKM matrix and e�12 is a dimensionless coupling in the
Higgs potential. Y au

ij and Y �u
ij are the Yukawa couplings of the pseudoscalar and charged Higgs (h+) in the
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ignoring the other elements of the Yukawa coupling. The points are consistent with R(D(⇤)) within 1�. The red points
are consistent with the combined data of BR(B ! ⌧⌫) [12] while the blue points are in agreement with the new Belle
data of BR(B ! ⌧⌫) [14].

mass bases: Y au
ij auLiuRj and Y �u

ij h�dLiuRj . That is, the mass and coupling of the pseudoscalar can indirectly
be constrained by the B decays. In Fig. 3 (a) and (b), we show favored regions in our 2HDM (a) for Yukawa
couplings |Y au

tu | and |Y au
tc |, and (b) tan� and mh+ , which are consistent with R(D) and R(D⇤) at BaBar within

1�, respectively. The constraint from D0-D0 mixing at the one-loop level is also imposed. The red points are
consistent with the combined data for BR(B ! ⌧⌫) while the blue points agree with the recent Belle data for
BR(B ! ⌧⌫). |Y au

tu | is restricted to be less than 0.05 while |Y au
tc | is allowed to be O(1). In order to account for

the discrepancies in R(D(⇤)), the Yukawa coupling |Y au
tc | has to be sizable and its lower bound is about 0.2. We

can conclude that it is impossible that we can achieve large At
FB in 2HDM to be consistent with the B decays.

If the R(D(⇤)) converge to the SM prediction in the future, we would not need consider such a large new physics
e↵ect and a large Y au

tc , so that we would be able to choose the points with a large Y au
tu .

In Ref. [15], the authors also discussed the three-Higgs-doublet model (3HDM) as the solution to achieve the
enhancement At

FB and the BaBar discrepancy. In fact, both deviations requires large (t, u) and (t, c) couplings,
but the constraint from D0-D0 mixing at the one-loop level also limits the parameter space strongly. However,
we could find the allowed region in Ref. [15].

V. SUMMARY

In this paper, we investigated the semileptonic and leptonic B decays in our 2HDM, which were proposed in
Refs. [1, 3] in order to account for the At

FB measured at the Tevatron. Then we discussed the possibility that
the enhancement of the At

FB is compatible with the constraints from the B decays.
Our model predicts large (t, q)q=u,c,t Yukawa couplings of (pseudo)scalars and naturally realizes large At

FB
through the t-channel (pseudo)scalar exchanges. In our multi-Higgs-doublet models, not only CP-even scalar
boson but also pseudoscalar boson are necessary to have O(1) (t, u)-element Yukawa couplings in order to
achieve the large At

FB while keeping the consistency with the strong bound from the same-sign top-quark pair
production signal at the LHC [1, 3]. If the pseudoscalar and the CP-even scalar masses are degenerate and the
couplings are also same, the additional enhancement from the scalar exchange is at most (At

FB)
new ⇠ 0.03 when

the mass is around 200GeV and the coupling is around 1.
On the other hand, such a large (t, u) element of the pseudoscalar Yukawa coupling allows a large (b, u)

element to appear in the charged Higgs Yukawa couplings. This implies that our models may predict large
deviations from the SM predictions in B physics.
The recent BaBar results of R(D(⇤)) seem to suggest large flavor changing couplings between b and c, and

they may be evidences of new physics beyond the SM. One of the good candidates is a charged Higgs boson
and the (b, c) element of the charged Higgs Yukawa coupling, which corresponds to large Y au

tc in the 2HDM,
should be O(1) to explain the discrepancies. On the other hand, the experimental results of B ! ⌧⌫, which
constrain the (b, u) element of the Yukawa couplings, are becoming consistent with the SM. This implies that
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the charged Higgs contribution to this decay should be small. That is, Y au
tu should be small but Y au

tc should
be large. In fact, we could not find the points in Fig. 3 (a) with large Y au

tu which is needed for large At
FB. If

the R(D(⇤)) converge to the SM prediction in the future, we would not need consider such a large new physics
e↵ect and a large Y au

tc , so that we would be able to choose the points with a large Y au
tu as discussed in Ref. [15].

However, it may be di�cult to consider a light pseudoscalar mass (⇠ 200) GeV in the 2HDM because of the
bound from B ! ⌧⌫. As a solution to realize such large Y au

tu , the 3HDM is proposed in Ref. [15], and we could
find the favored parameter points which achieve large At

FB and the BaBar discrepancy without the conflict with
the leptonic B decay.
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A 4D Composite Higgs Model: Testing its Scalar Sector at the LHC
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We explain the current Large Hadron Collider (LHC) data pointing to the discovery of a neutral
Higgs boson in the context of a 4-Dimensional Composite Higgs Model (4DCHM). The full particle
spectrum of this scenario is derived without any approximation and implemented in automated
computational tools to enable fast phenomenological investigation. Several parameter configura-
tions compliant with experimental constraints are presented and discussed. A �2 fit to the LHC
data quantifying the consistency of the 4DCHM as a whole with experimental evidence is finally
performed.

I. INTRODUCTION

The first question to ask following the discovey of a Higgs-like signal at the LHC by the ATLAS and CMS
experiments [1, 2][39] would be whether such an object is fundamental or composite. After all, all (pseudo)scalar
particles so far discovered in nature have been bound states of fermions. On the one hand, plenty of literature
has ignored asking such a question and simply plunged into exploring the innumerable (and unquotable here)
variations of the fundamental Higgs hypothesis. On the other hand, all those who did it eventually considered
composite Higgs scenarios in some easily calculable regime, whereby the additional particle spectrum entering
the ensuing models (generally comprising both new heavy gauge bosons and fermions) is essentially decoupled,
i.e., by essentially accounting for the new heavy states in their infinite mass limit and studying the residual
e↵ects onto the SM sector. This may not be su�ciently accurate if one notices the following. Firstly, both
species of new particles can a↵ect the mixing pattern of the Higgs boson, modifying its couplings to the SM
particles in a way that may depend on the new gauge boson and fermion masses. Secondly, they can appear
as virtual objects interacting with the Higgs boson active at the LHC, if one realises that the Higgs production
channel to which the LHC is most sensitive for a mass around 125 GeV is gluon-gluon fusion (which can occur
in such models via not only loops of t, b quarks but also via t0, b0 ones) and that the decay channel that appears
most anomalous is the photon-photon one (which can occur in such models via not only loops of t, b quarks
and W bosons but also via t0, b0 and W 0 ones). Here too, if the masses of the new objects is not much larger
than the Higgs mass, one should expect a dependence on these in the loop functions. In essence, it is clear that
a more rigorous approach may be needed.
We followed this approach in Ref. [3] and we briefly report on it here. We will prove that the exact results

can deviate from those obtained in the aforementioned decoupling limit of the new gauge and matter states, by
adopting a particular composite Higgs model for which we have derived exactly the spectrum of particle masses
and couplings which intervene at the LHC. Then, by exploiting the latter, we will explore the viability of the
composite Higgs boson hypothesis at the LHC by comparing the corresponding preditions for cross sections and
Branching Ratios (BRs) against the ATLAS and CMS data (herein we will neglect Tevatron results).
This write up is organised as follows. In Sect. II, we introduce the reference model adopted and briefly

describe its Higgs sector. In Sect. III we map its allowed parameter space in the light of the latest experimental
results. In Sect. IV we present our main findings. Finally, we conclude in Sect. V.

II. THE HIGGS SECTOR OF THE 4DCHM

The model we adopted for our analysis is the 4DCHM of [4], to which we refer for further details. Our main
interest here will be the composite Higgs state and its couplings to both the SM particles (mainly to the W and
Z gauge bosons plus the t and b quarks) and to the other new objects belonging to such model (the W 0 and
Z 0 gauge bosons plus the t0 and b0 quarks). For a detailed phenomenological analysis of the gauge sector of the
4DCHM we refer to [5–7].
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Neutral Gauge Bosons Z1,2,...,5

Charged Gauge Bosons W±
1,2,3

Charge 2/3 quarks T1,2,...,8

Charge �1/3 quarks B1,2,...,8

Charge 5/3 quarks T̃1,2

Charge �4/3 quarks B̃1,2

TABLE I: Extra particles of the 4DCHM with respect to the SM (an increasing particle number implies a larger mass).

The 4DCHM is an e↵ective low-energy Lagrangian approximation that represents an extremely deconstructed
version of the Minimal Composite Higgs model (MCHM) of [8] based on the coset SO(5)/SO(4) that gives
four Pseudo Nambu-Goldstone Bosons (PNGBs) in the vector representation of SO(4), one of which is the
(physical) composite Higgs boson, H. This extreme deconstruction of the 5D theory leads to a two site schematic
representation, respectively called elementary and composite sectors (considered already in [9] where, however,
the full gauge/Goldstone boson structure of the theory is not incorporated). Although extreme, this two site
truncation represents the framework where to study in a computable way the lowest lying resonances (both
bosonic and fermionic) that are the only ones that may be accessible at the LHC. In essence, the 4DCHM
represents the ideal phenomenological framework where to test the idea of a composite Higgs boson as a PNGB
(see also [10] although with a di↵erent construction).
The composite Higgs particle acquires mass, mH , through a one-loop generated potential (à la Coleman-

Weinberg). The particular choice for the fermionic sector of [4] gives a finite potential and from the location of
the minimum one extracts the expression for mH and its Vacuum Expectation Value (VEV), hhi, in terms of
the parameters of the model. Further, for a natural choice of these, the Higgs mass can be consistent with the
recent results of the ATLAS [1] and CMS [2] experiments, measuring mH around 125 GeV (as mentioned). Also
for this reason then we will adopt the e↵ective description of the 4DCHM for our phenomenological analysis of
Higgs processes at the LHC. Finally, in the spirit of partial compositeness, spin 1 and spin 1/2 particles from
the SM are coupled to the Higgs boson only via mixing with the corresponding composite particles while the
new gauge and fermionic resonances directly interact with the Higgs field[40].

III. THE 4DCHM PARAMETER SPACE

Alonside the customary SM matter and force states (the e�, µ�, ⌧�, ⌫e,µ,⌧ leptons, the u, d, c, s, t, b quarks,
the �, Z, W±, g gauge bosons), the 4DCHM incorporates the Higgs state H as a PNGB and a large number of
new particles, both in the fermionic (quark) and bosonic (gauge) sector: see Tab. I.
To enable an e�cient phenomenological analysis of the Higgs sector, we have implemented the 4DCHM in

LanHEP [11], through the SLHA+ library [12], thereby deriving in an automated way the Feynman rules in
CalcHEP format [13, 14]. In addition, we have listed in Tabs. 1 and 2 of Ref. [5] the correspondence between
the model notations used here and in [3] and the ones uploaded onto the High Energy Physics Model Data-
Base (HEPMDB) [15] at http://hepmdb.soton.ac.uk/hepmdb:0213.0123 under the name “4DCHM (with
HAA/HGG)”.
To map the valid parameter space of the 4DCHM we have written a Mathematica routine [16], which considers

f (the compositeness scale) and g⇤ (the coupling common to the non-SM gauge groups) as free parameters,
performs scans over m⇤, �tL, �tR, YT , MYT , �bL, �bR, YB , MYB (see [3] for their definition) and finds allowed
points reproducing the following physical observables: e, MZ , GF , with values as per Particle Data Group
(PDG) listing [17], 165 GeV  mt  175 GeV, 2 GeV  mb  6 GeV and 124 GeV  mH  126 GeV[41].
Also notice that we have contrained the W�tb̄, Ztt̄ and Zbb̄ couplings to data. Finally, regarding the latter,
the program also checks that the left- and right-handed couplings of the Z boson to the bottom (anti)quark are
separately consistent with results of LEP and SLC [18].
As mentioned, in the 4DCHM description, additional fermions belong to its spectrum, t0s and b0s, with SM-

like charges. As these states are heavy quarks, they can in principle be produced in hadron-hadron collisions.
The most stringent limits on their mass come at present from the LHC. To account for the latter, an analysis of
the compatibility of the 4DCHM with LHC direct measurements has been performed. The pair production cross
section �(pp ! t0t̄0/b0b̄0) has been calculated according to the code described in [19]. Clearly, in the 4DCHM,
such mass limits would apply to the lightest t0 and b0 states, i.e., T1 and B1 in Tab. I. Our limits on t0s are
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ATLAS CMS

R�� 1.8± 0.4 1.564+0.460
�0.419

RZZ 1.0± 0.4 0.807+0.349
�0.280

RWW 1.5± 0.6 0.699+0.245
�0.232

Rbb �0.4± 1.0 1.075+0.593
�0.566

TABLE II: LHC measurements of some R parameters from ATLAS [25] and CMS [26] data. (The CMS numerical values
can actually be found in [27].)

based on [20], where a search for pair production of t0s is performed in CMS with 5 fb�1 of luminosity, where
the t0s are assumed to decay 100% into W+b, and on [21], where a search for pair production of t0s is performed
at CMS with 1.14 fb�1 of luminosity, where the t0’s are assumed to decay 100% into Zt. The limits on b0s are
based on [22], where a search for pair production of b0s is performed at CMS with 4.9 fb�1 of luminosity with
the b0’s that are assumed to decay 100% into W�t, and on [23], where a search for pair production of b0s is
performed at CMS with 4.9 fb�1 of luminosity with the b0’s that are assumed to decay 100% into Zb. Finally,
notice that data considered here come from the 7 TeV run of the LHC. Results for T1 and B1 are shown in
Figs. 1 and 2 of Ref. [3], respectively[42]. In practise, from the analysis, limits of about 400 GeV on both mT1

and mB1 can be ascertained.
However, one ought to notice that, beside the heavy fermions with ordinary charges, i.e., the t0s and b0s in

our notation, the composite fermionic spectrum presents also states with exotic charge, as mentioned in the
model description. Although these states do not couple directly to the Higgs boson, so that they are inert for
our purposes here, it is important to set bounds on their masses since, in certain region of the parameter space,
they can be almost degenerate with the lightest t0 or b0. Since the fermionic spectrum is determined by the
parameters we listed in Sect. II, it is clear that a bound on T̃1 (the lightest fermion with charge 5/3) mass
reflects also on mT1 and mB1 . Regarding T̃1, since in the 4DCHM this particle decays almost 100% of the
times into W+t, it is possible to apply directly the bound of 650 GeV given by [24]. Nevertheless, there are
regions of the fermion parameter space where the T̃1 is not the lightest heavy fermion[43]. This means that the
aforementioned values of mT1 and mB1 around 400 GeV remain valid.
The additional gauge bosons of the 4DCHM, the W 0s and Z 0s, are taken with masses and couplings compliant

with experimental limits from both EW precision measurements and direct searches [5].

IV. RESULTS

In this section we compare the yield of the surviving points with the LHC data. To this end, a useful
procedure to adopt is to define the so-called R (sometimes called µ) parameters, i.e., the observed signal (in
terms of counted events) in a specific channel divided by the SM expectation:

RY Y =
�(pp ! HX)|4DCHM ⇥ BR(H ! Y Y )|4DCHM

�(pp ! HX)|SM ⇥ BR(H ! Y Y )|SM
, (1)

where Y Y refers here to any possible Higgs decay channel and in our study we consider Y Y = ��, bb̄, WW and
ZZ. The particles (if any) produced in association with the Higgs boson are here denoted by X[44]. For the
latest experimental results on such quantities, wherein the label 4DCHM is meant to signify actual experimental
data, see Tab. II.
The relevant (for current LHC data) hadro-production processes at partonic level are (here V = W,Z)

gg ! H (gluon� gluon fusion), (2)

qq̄ ! qq̄H (vector boson fusion),

qq̄(0) ! V H (Higgs� strahlung).

For the purpose of our analysis, it is convenient to re-write eq. (1) as follows

RY 0Y 0

Y Y =
�(H ! Y 0Y 0)|4DCHM ⇥ �(H ! Y Y )|4DCHM

�(H ! Y 0Y 0)|SM ⇥ �(H ! Y Y )|SM
�tot(H)|SM

�tot(H)|4DCHM
, (3)
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where Y 0Y 0 denotes incoming particles participating the Higgs boson production, e.g., gg for the first process
and V V for the other processes in eq. (2), while Y Y indicates particles into which the Higgs boson decays[45].
For Y Y = ��, WW , ZZ we take the dominant production process to be gluon-gluon fusion (i.e., Y 0Y 0 =

gg) while for Y Y = bb̄ we assume that Higgs-strahlung dominates (i.e., Y 0Y 0 = V V , with the appropriate
superposition of WW and ZZ). In other words, we trade a cross section for a width (so-to-say) and this is
possible, as we will be carrying out our analysis at lowest order without the presence of radiative corrections
due to either Quantum Chromo-Dynamics (QCD) or EW interactions. In fact, following Ref. [28], we can cast
eq. (3) also in the following form:

RY 0Y 0

Y Y =
2
Y 02

Y

2
H

, (4)

wherein (recall that V V = WW or ZZ and notice that Y, Y 0 = b/⌧/g/�/V )

2
b/⌧/g/�/V =

�(H ! bb̄/⌧+⌧�/gg/��/V V )|4DCHM

�(H ! bb̄/⌧+⌧�/gg/��/V V )|SM
, (5)

2
H =

�tot(H)|4DCHM

�tot(H)|SM
. (6)

The LHC experiments then perform fits to the i coe�cients in order to test generic Beyond the SM (BSM)
assumptions (for which one or more of the the is can di↵er from 1). However, they generally fix 2

H = 1,
thereby assuming that the Higgs width does not change [25, 26][46]. This is a rather restrictive condition since
most BSM models predict 2

H 6= 1, as the Higgs boson under consideration can mix, in such BSM scenarios,
directly with other Higgs boson states or, else, the particles to which it couples can in turn mix. Such e↵ects,
whichever their nature, would induce the condition H < 1, as it is the case in the 4DCHM. In fact, we will
show later on that many of the 4DCHM e↵ects enter through such a modification of the Higgs total width.
In order to illustrate the 4DCHM phenomenology, we adopt as reference point the combination f = 1 TeV

and g⇤ = 2. However, the salient features extracted for this case may equally be referred to the other benchmark
points to be considered, i.e., those defined in Ref. [5]. Since the errors in Tab. II on bb̄ are very large, Fig. 1
shows the correlation between the event rate ratios of eq. (3) only for the �� and V V channels[47]. Furthermore,
as intimated, since most of the sensitivity of the �� and V V data is to the gluon-gluon fusion production mode,
which is in fact the dominant one in the 4DCHM for the parameter space tested here, like for the SM, we will
neglect the e↵ects of all others in our predictions (so that we can conveniently drop the superscripts gg and
V V for the time being), except for the bb̄ decay channel (accessible via Higgs-strahlung), that we will consider
later on. From the plot in Fig. 1 it is clear that there is a noticeable tendency of the model to prefer R��

and RV V values smaller than 1 (the majority of points satisfy this condition, R�� being somewhat larger than
RV V ), with WW showing a slightly stronger propensity than RZZ in this direction. The two plotted quantities
also appear to be strongly correlated, thereby hinting at a possible common origin for the 4DCHM event rate
behaviour relative to the SM predictions. Moreover, it is also worth mentioning here that the rates for RV V in
both the 4DCHM and the SM are computed for the gauge boson decay patterns which ATLAS and CMS used
in reporting the results in Tab. II. These signatures include electrons and muons in all possible combinations
entering generic ‘two-lepton plus missing transverse energy’ and ‘four-lepton’ signatures emerging from WW
and ZZ pairs, respectively[48]. In addition, we have checked that the contribution of W 0 and Z 0 states, two
of the former and three of the latter, to the yield of these final states, in both mixed 4DCHM/SM and pure
4DCHM channels, is negligible, owing to their large masses as compared to the SM gauge states W and Z,
despite their large couplings.
It is now useful to unfold the results in Fig. 1 in terms of the three 2

i entering eq. (4), as each of these can be
an independent source of variation in the 4DCHM with respect to the SM. In particular, we map such results
in terms of the masses of the lightest t0 and b0 quarks, i.e., T1 and B1, as these are the 4DCHM quantities to
which the event rate ratios are most sensitive.
We start with 2

H . This is shown in Fig. 2. Herein, we keep all generated 4DCHM points, including those
failing the constraints from direct searches for t0, b0 states or the exotic 5/3 charged fermion. This is done for
the purpose of illustrating the aforementioned sensitivity of the 4DCHM predictions upon the heavy top and
bottom masses. In fact, should have smaller mT1 and mB1 been allowed, e↵ects onto the ratio of total widths
would have been extremely large, up to �30% or so. However, even with the aforementioned limits enforced,
the 4DCHM e↵ects induced by t0 and b0 states onto the SM remain substantial, of order �15% to �20%. Hence,
bearing in mind that the contribution of the H ! gg, �� and Z� partial widths (those where such t0 and
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FIG. 1: Correlation between R�� and RV V , with V V = WW (red) and ZZ (purple), from eq. (3) in the 4DCHM for
the benchmark point f = 1 TeV and g⇤ = 2. All points generated here are compliant with direct searches for t0s, b0s and
exotic states with charge 5/3.

(a) (b)

FIG. 2: The distributions of H values entering eq. (4) as a function of (a) mT1 and (b) mB1 in the 4DCHM for the
benchmark point f = 1 TeV and g⇤ = 2.

b0 states enter at lowest order) to the total one are negligible, one has to conclude that these corrections are
induced by mixing e↵ects. Furthermore, as �tot(H)|4DCHM ⇡ �(H ! bb̄)|4DCHM (just like in the SM), it is
also clear that these are mainly due to b0-b mixing a↵ecting the Hbb̄ coupling. Therefore, the result that such
4DCHM e↵ects are negative is not surprising. Overall, the reduction of the total Higgs width in the 4DCHM
with respect to the SM induces an increase of all R values in eq. (3) except, of course, Rbb̄.

Since we are interested in probing the 4DCHM hypothesis as an explanation of the LHC data used for the
Higgs search and since the largest anomaly with respect to the SM is seen in the di-photon channel (recall
Tab. II), we next study 2

g and 2
� , also entering eq. (4)[49]. We show these two quantities in Figs. 3–4,

respectively. In both cases, we see a reduction of the partial widths in the 4DCHM relative to the SM. Again,
we trace this to mixing e↵ects, this time between t and t0 states. Both at production and decay level, in fact, t
contributions are larger than the b ones, both in the 4DCHM and SM. Again, they induce negative corrections,
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(a) (b)

FIG. 3: The distributions of g values entering eq. (4) as a function of (a) mT1 and (b) mB1 in the 4DCHM for the
benchmark point f = 1 TeV and g⇤ = 2.

typically �10% for g and �6% for � . Furthermore, that the former are larger than the latter is due to the
fact that the t loop is the leading one in the production graph whereas it is subleading (smaller than the W
contribution) in the decay diagram. Incidentally, unlike the case of the total width, for these two partial widths,
if lighter T1 and B1 masses were allowed (they are strongly correlated), genuine 4DCHM e↵ects onto the SM
would have been di↵erent in the two channels, typically inducing larger(smaller) rates at production(decay)
level. In this dynamics we recognise the e↵ects of the t0 and b0 loops in the two triangle amplitudes (as opposed
to those induced by mixing in the couplings). In fact, the lighter the t0 and b0 masses, the bigger their loop
contributions[50]. So that, at both production and decay level, the net e↵ect from t0 and b0 loops turn out to
have the same sign as the t one (recall that the b ones are negligible in both models) for the case of a light
T1 or B1 (below 500 GeV). Hence, in production they interfere constructively with the leading t contribution,
which in turn means that they interfere destructively in decay with the leading W contribution (which has a
sign opposite to the t term). In case of a heavier T1 and B1, the sign of the overall contribution of t0 and b0

quarks can vary with respect to the top quark one but the combined contribution of all heavy quarks is quite
small. In fact, we have verified that the asymptotic values, i.e., for large mT1 and mB1 , attained by 2

g and
2
� in Figs. 3 and 4, respectively, coincide with those obtained in the aforementioned literature by adopting

the described decoupling approximation of the heavy fermionic states. Conversely, it should be noted that the
asymptotic results can di↵er significantly from those obtained for small T1 and B1 masses, particularly for 2

g,
up to 7% or so (around 400 GeV). For smaller masses, the e↵ect would be even more prominent.
To summarise then, we are in presence of contrasting e↵ects entering eq. (4). All 2

i therein tend to diminish,
relative to the SM. However, the decrease of 2

H entering the denominator is bigger than the decrease of the
2
Y ⇥ 2

Y 0 product in the numerator, so that the net e↵ect could be the increase of the event rate in comparison
to the SM. This dynamics was indeed shown in Fig. 1 while its details can be seen in Figs. 2–4.
In Fig. 5 we investigate these e↵ects further for R�� , for which (recall) the largest anomaly is seen, plotted

as a function of mT1 and mB1 . For mT1 and mB1 above 400 GeV, R�� values can reach 1.1. However, again,
should heavy quark masses be allowed to be below 400 GeV or so, the values for R�� could have been rather
large, up to 1.2 (or even more). In fact, quite irrespectively of the actual values attained by R�� , the tendency
in Fig. 5 is clear enough. There is a consistent ‘leakage’ of points towards R�� > 1, the more so the lighter mT1

and mB1 . The relevance of this result is twofold. On the one hand, this calls for a thorough re-examination from
an experimental point of view of the actual limits on the t0 and b0 states, especially for low masses, certainly
a↵ording an accuracy well beyond the one stemming from the rudimentary approach we have adopted in Figs. 1–
2 of Ref. [3]. On the other hand, we would like to argue that statements from previous literature, mentioning
that accurate predictions can be made in the infinite t0 and b0 mass limit [29–32], may not be applicable to our
concrete realisation of the 4DCHM.
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(a) (b)

FIG. 4: The distributions of � values entering eq. (4) as a function of (a) mT1 and (b) mB1 in the 4DCHM for the
benchmark point f = 1 TeV and g⇤ = 2.

(a) (b)

FIG. 5: The distributions of R�� values entering eq. (3) as a function of (a) mT1 and (b) mB1 in the 4DCHM for the
benchmark point f = 1 TeV and g⇤ = 2.

However, for the time being, we take the limits on mT1 and mB1 as we obtained them at face value and
collect all the results produced, including those for the other f and g⇤ benchmarks, and compare them to the
experimental results of ATLAS [25] and CMS [26] collected in Tab. II.
For each (f, g⇤) benchmark we scan over the other free parameters and remove points that do not survive the

t0, b0 and charge 5/3 quark direct search constraints. For the remaining points we calculate RY Y for Y Y = ��,
WW , ZZ, bb̄. The results are shown in Fig. 6(a) as a series of normalised histograms in order to demonstrate
the number of points in the scan taking particular values of RY Y and the full range of values obtained is shown.
The experimental measurements for RY Y are shown by black and white points with 68% Confidence Level (CL)
error bars. As the scale f is increased, the values of RY Y become more sparse. This is because parameters in
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(a) (b)

FIG. 6: (a) Comparison of the R’s from eq. (3) with the measured experimental values by ATLAS [25] and CMS [26] (see
Tab. II) in the 4DCHM for all benchmark points in f and g⇤. (b) The �2 fit (as described in the text) in the 4DCHM
for all benchmark points in f and g⇤. All points generated here are compliant with direct searches for t0s, b0s and exotic
states with charge 5/3.

the model become more tightly constrained as this scale grows larger.
In order to have a clear picture on how the 4DCHM fares against LHC data, particularly in relation to the

SM, in a quantitative way, we calculate the �2 goodness of our fit for the ATLAS [25] and CMS [26] data from
Tab. II. We assume that all the channels and experiments are independent and simply sum them in the �2

function, giving us eight degrees of freedom (dof). The value of �2 for each parameter scan point (surviving the
experimental constraints discussed above) is shown in Fig. 6(b) using normalised histograms. The value of our
�2 function for the SM (i.e., RY Y = 1) is also plotted as a horizontal black line and the figure makes it clear
that the 4DCHM represents a better fit to the data than the SM does for most of the benchmarks considered.

V. CONCLUSIONS

In summary, we have shown that the 4DCHM could provide an alternative (at times even better) explanation
than the SM of the current LHC data pointing to the discovery of a neutral Higgs boson with mass around 125
GeV.
After systematically scanning the parameter space of the 4DCHM and illustrating its phenomenology for

several benchmark points, we have shown that a moderate enhancement in the H ! �� channel with respect
to the SM predictions is a possible feature of this model and can be as large as about 1.1, somewhat below the
central values of the experimental measurements.
However, we have also found that this enhancement could potentially be larger, realistically up to 1.3, due to

the contribution from the heavy t0 and b0 fermions of the 4DCHM with mass just below 400 GeV, i.e., precisely
when entering mass regions apparently excluded but for which there are no data from direct searches, only
simple extrapolations that we attempted here. So, a thorough re-assessment from the experimental side is
required in this respect[51].
The main source of the enhancement of the H ! �� channel is in the reduction of the H ! bb̄ partial

width due to b-b0 mixing e↵ects which in turn leads to the reduction of the total Higgs boson width and the
enhancement of all decay channels, including the di-photon one. Competing e↵ects emerge though from the
(e↵ective) Hgg coupling becoming simultaneously smaller.
Finally, a relevant by-product of our analysis has been to show that several approximations adopted in

literature in scenarios similar to the 4DCHM, which essentially make predictions in the limit in which the
masses of the heavy fermions (and possibly heavy gauge bosons) are infinitely heavy, cannot generally be
accurate over the entire parameter space of the corresponding model.

153



Acknowledgments

SM is grateful to the workshop organisation for financial support and for a stimulating and entertaining
meeting. DB, AB and SM are financed in part through the NExT Institute. The work of GMP has been
supported by the German Research Foundation DFG through Grant No. STO876/2-1 and by BMBF Grant No.
05H09ODE.

[1] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B716, 1 (2012), 1207.7214.
[2] S. Chatrchyan et al. (CMS Collaboration), Phys. Lett. B716, 30 (2012), 1207.7235.
[3] D. Barducci, A. Belyaev, M. Brown, S. De Curtis, S. Moretti, et al. (2013), 1302.2371.
[4] S. De Curtis, M. Redi, and A. Tesi, JHEP 1204, 042 (2012), 1110.1613.
[5] D. Barducci, A. Belyaev, S. De Curtis, S. Moretti, and G. M. Pruna (2012), 1210.2927.
[6] D. Barducci, L. Fedeli, S. Moretti, S. De Curtis, and G. M. Pruna (2012), 1212.4875.
[7] D. Barducci, S. De Curtis, K. Mimasu, and S. Moretti (2012), 1212.5948.
[8] K. Agashe, R. Contino, and A. Pomarol, Nucl. Phys. B719, 165 (2005), hep-ph/0412089.
[9] R. Contino, T. Kramer, M. Son, and R. Sundrum, JHEP 0705, 074 (2007), hep-ph/0612180.

[10] G. Panico and A. Wulzer, JHEP 1109, 135 (2011), 1106.2719.
[11] A. Semenov (2010), 1005.1909.
[12] G. Belanger, N. D. Christensen, A. Pukhov, and A. Semenov, Comput. Phys. Commun. 182, 763 (2011), 1008.0181.
[13] A. Pukhov, E. Boos, M. Dubinin, V. Edneral, V. Ilyin, et al. (1999), hep-ph/9908288.
[14] A. Belyaev, N. D. Christensen, and A. Pukhov (2012), 1207.6082.
[15] M. Bondarenko et al. (2012), 1203.1488.
[16] Mathematica Edition: Version 7.0 (Wolfram Research, Inc., Champaign, Illinois, 2008).
[17] The Particle Data Group, http://pdg.lbl.gov/.
[18] The ALEPH, DELPHI, L3, OPAL, SLD Collaborations, the LEP Electroweak Working Group, the SLD Electroweak

and Heavy Flavour Groups, Phys. Rept. 427, 257 (2006), hep-ex/0509008.
[19] M. Cacciari, M. Czakon, M. Mangano, A. Mitov, and P. Nason, Phys. Lett. B710, 612 (2012), 1111.5869.
[20] S. Chatrchyan et al. (CMS Collaboration), Phys. Lett. B716, 103 (2012), 1203.5410.
[21] S. Chatrchyan et al. (CMS Collaboration), Phys. Rev. Lett. 107, 271802 (2011), 1109.4985.
[22] S. Chatrchyan et al. (CMS Collaboration), JHEP 1205, 123 (2012), 1204.1088.
[23] CMS Collaboration, S. Chatrchyan et al., CMS-PAS-EXO-11-066.
[24] Tech. Rep. ATLAS-CONF-2012-130, CERN, Geneva (2012).
[25] Tech. Rep. ATLAS-CONF-2012-170, CERN, Geneva (2012).
[26] Tech. Rep. CMS-PAS-HIG-12-045, CERN, Geneva (2012).
[27] CMS Higgs TWiki, https://twiki.cern.ch/twiki/bin/view/CMSPublic/Hig12045TWiki.
[28] A. David, A. Denner, M. Duehrssen, M. Grazzini, et al. (2012), 1209.0040.
[29] A. Azatov and J. Galloway, Phys. Rev. D85, 055013 (2012), 1110.5646.
[30] A. Azatov, R. Contino, D. Del Re, J. Galloway, M. Grassi, et al., JHEP 1206, 134 (2012), 1204.4817.
[31] M. Gillioz, R. Grober, C. Grojean, M. Muhlleitner, and E. Salvioni, JHEP 1210, 004 (2012), 1206.7120.
[32] A. Azatov, R. Contino, and J. Galloway (2012), 1206.3171.
[33] T. Aaltonen et al. (CDF Collaboration, D0 Collaboration), Phys. Rev. Lett. 109, 071804 (2012), 1207.6436.
[34] S. Chatrchyan et al. (CMS Collaboration), Phys. Lett. B718, 307 (2012), 1209.0471.
[35] S. Chatrchyan et al. (CMS Collaboration) (2012), 1210.7471.
[36] M. Spira, A. Djouadi, D. Graudenz, and P. Zerwas, Nucl. Phys. B453, 17 (1995), hep-ph/9504378.
[37] Z. Kunszt, S. Moretti, and W. J. Stirling, Z. Phys. C74, 479 (1997), hep-ph/9611397.
[38] Tech. Rep. ATLAS-CONF-2013-018, CERN, Geneva (2013).
[39] Some supplemental evidence also emerged at the Tevatron [33].
[40] In the 4DCHM, regarding the fermionic sector, only the top and bottom quarks are mixed with the composite

fermions.
[41] Notice that mt and mb in composite Higgs models have to be run down from the composite scale, so that their mass

intervals adopted reflect the uncertainties entering such an evolution.
[42] More recent results from CMS are given in [34] and [35], however, they will not change our conclusions.
[43] In contrast, we have to say that, at the moment, no limits for the charge �4/3 fermions are given by the ATLAS

and CMS collaborations. They will of course further cut on the low mass values for T1 and B1.
[44] In reality, one should notice that eq. (1) is the limiting case in which sensitivity to the Y Y decay channel is through

only one of the production processes [36, 37]. One should more accurately sum over all of the latter. However, given
present data samples and for our purposes, such an approximation is accurate enough.

154



[45] Notice that the coupling between the Higgs boson and W or Z intervening in the last two production channels
in (2) is the same. However, also notice that, in the 4DCHM, the two couplings HWW and HZZ do not rescale
in the same way with respect to the SM ones, in particular for the parameter space investigated here, though the
di↵erences will be shown to be small. Hereafter, we will adopt the generic label V to signify either a W or a Z.

[46] In fact, the only departure from this they allow for is to take 2
H > 1, corresponding to a value of the Higgs total

width in the BSM hypothesis larger than in the SM case, thus accounting for, e.g., invisible Higgs decays that are
not captured by standard searches.

[47] However, the bb̄ case will be taken into consideration later on when making fits to data. In contrast, the ⌧+⌧� case,
being even worse in the above respect, is ignored throughout.

[48] This clarification is of relevance for the case of the 4DCHM, in which the W and Z decay rates change relatively to
the SM, unlike the case of other popular BSM models.

[49] The case of 2
V is relevant too, as also the HV V couplings in the 4DCHM change from their SM values (and,

as mentioned, di↵erently for WW and ZZ). However, here, the dynamics occur at tree-level, so the e↵ects are
trivial, as they can be easily accounted for by replacing the HV V couplings of the SM with those of the 4DCHM.
Needless to say, also in this case the di↵erences between SM and 4DCHM are negative and due to mixing, which is
non-negligible.

[50] Also recall that the Ht0 t̄0 and Hb0b̄0 couplings are not of Yukawa type, that is, they do not scale linearly with the t0

and b0 masses.
[51] After the release of [3], we have become aware that some experimental work in this direction has started [38], which,

however, does not change the main conclusions of this paper.

155



Scenarios with Composite Higgs Bosons

Michio Hashimoto
Chubu University, 1200 Matsumoto-cho, Kasugai-shi, Aichi, 487-8501, JAPAN

Typical models with composite Higgs bosons are briefly reviewed. We also introduce the isospin
symmetric Higgs model recently proposed in Ref. [1].

I. INTRODUCTION

Recently, the ATLAS and the CMS Collaborations at the Large Hadron Collider (LHC) discovered a new
boson h in the mass range 125–126 GeV [2]. In addition, the Standard Model (SM) Higgs boson has been
excluded at 95% C.L. in the mass range 110–149 GeV, except for the narrow region 122.8–127.8 GeV [3]. The
mass range from 127 to 600 GeV was previously excluded [4]. It is also noticeable that the mass mh = 125–
126 GeV perfectly agrees with the LEP precision measurements [5]. On the other hand, the contact interactions
in the processes of pp ! jet and pp ! `+`� are severely constrained, i.e., the compositeness scale ⇤ should be
larger than, say, 10 TeV [6]. Against this situation, is there still a room for some strong dynamics responsible
for the electroweak symmetry breaking (EWSB)?
We give an overview of typical models with composite Higgs bosons. It might give some hint for the origin of

the EWSB. We will also introduce the isospin symmetric Higgs model, which is recently proposed in Ref. [1],
as an example of the dynamical EWSB scenario.

II. DYNAMICAL EWSB

The earliest idea of the dynamical EWSB is Technicolor (TC) [7]: The chiral condensate of (techni-) fermions
is dynamically generated by the technicolor gauge interaction and it breaks the electroweak gauge symmetry, as
in low-energy QCD. The would-be Nambu-Goldstone (NG) bosons are eaten by the weak gauge bosons. Then
W and Z acquire their masses proportional to the technipion decay constant (⇠ 100 GeV), which is analogous
to the pion decay constant f⇡ ' 93 MeV in QCD. In order to produce the masses of the SM fermions, the
extended technicolor (ETC) has been proposed [8, 9]. Although it was beautiful, this old-fashioned TC has
been already excluded by several reasons [10, 11]. For example, the constraint of the S-parameter [12] rules out
this QCD-like TC with many weak doublets of the technifermions [13].
A modern version of TC is the walking TC where the gauge coupling of the TC gauge group runs very slowly,

or “walks” [10, 11]. The walking TC resolves the di�culties of the old-fashioned TC. The estimate of the
S-parameter expected from QCD is not applicable to walking TC. Even in walking TC, however, it is di�cult
to generate the observed mass of the top quark from the ETC interactions without producing unacceptably
large isospin breaking. Also, the walking TC usually predicts a heavy composite Higgs boson. Noticing that the
S-parameter constraint requires a heavy technirho bound state ⇢T , it is quite nontrivial to get a light composite
Higgs, mh ⇠ 100 GeV, and simultaneously to obtain the heavy ⇢T , say, M⇢T

>⇠ few TeV.
To generate the mass of the top quark, the topcolor dynamics is useful [11]. In the topcolor scenario, we assume

that the new topcolor interaction strongly couples to the third generation of quarks and then the top quark
condensate mainly yields the top quark mass. In the simplest four dimensional model that the top condensate
is responsible both for the EWSB and mt, and that there appears only one (composite) Higgs doublet, too large
top quark mass is predicted, however. In a model with extra dimensions, this di�culty is relaxed [14]. Another
approach to avoid too large top mass is to assume that the top quark condensate is responsible only for mt and
the EWSB takes place by some other mechanism. In topcolor assisted technicolor (TC2), the TC interaction
causes the EWSB [15]. Because the chiral symmetry is extended in TC2, there appears the extra NG bosons,
so-called top-pions. The masses of the top-pions are generally light and thus they are severely constrained. In
a model in Ref. [16], we employed a subcritical dynamics (although nearcritical, i.e., strong) for the topcolor
interaction, so that the mass of the scalar bound state of the top and the anti-top quarks is naturally heavy.
This mechanism is used in the isospin symmetric (IS) Higgs model recently proposed in Ref. [1].
We introduce the IS Higgs model in the next section.

156



III. IS HIGGS MODEL AND ITS PREDICTIONS

The ATLAS and CMS experiments did not only announced the mass of the new discovered boson h, but
they also reported the nature of h: While the decay channels of h ! ZZ⇤ and h ! WW ⇤ are fairly consistent
with the SM, the diphoton branching ratio Br(h ! ��) is about 1.6 times larger than the SM value [2]. In the
latest results, the ATLAS collaboration confirmed the similar enhancement in the diphoton channel [17]. On
the other hand, the CMS group changed their previous results of the signal strength from �/�SM = 1.6 ± 0.4
to �/�SM = 0.78+0.28

�0.26 for the mass-fit-MVA analysis and �/�SM = 1.11+0.32
�0.31 for the cut-based analysis [3]. The

situation thus becomes unclear at present. In any case, the deviation from the SM in the diphoton channel, if
established, would be an indication of a new physics beyond the SM.
Let us introduce the IS Higgs boson model.
The main characteristics of the IS Higgs boson model are as follows [1, 16]: a) It is assumed that the dynamics

primarily responsible for the EWSB leads to the mass spectrum of quarks with no (or weak) isospin violation.
Moreover, it is assumed that the values of these masses are of the order of the observed masses of the down-type

quarks. b) The second (central) assumption is introducing the horizontal interactions for the quarks in the
three families. As a first step, a subcritical (although nearcritical, i.e., strong) diagonal horizontal interactions
for the top quark is utilized which lead to the observed ratio mt

mb
' 41.5 [13]. The second step is introducing

equal strength horizontal flavor-changing-neutral (FCN) interactions between the t and c quarks and the b and
s ones. As was shown in Ref. [16], these interactions naturally provide the observed ratio mc/ms ' 13.4 in the
second family [13]. As to the mild isospin violation in the first family, it was studied together with the e↵ects
of the family mixing, reflected in the Cabibbo-Kobayashi-Maskawa (CKM) matrix [16].
In this scenario, the main source of the isospin violation is only the strong top quark interactions. However,

because these interactions are subcritical, the top quark plays a minor role in EWSB. This distinguishes the IS
Higgs scenario from the top quark condensate model [11].
One of the signatures of this scenario is the appearance of a composite top-Higgs boson ht composed of the

quarks and antiquarks of the third family [16]. Note that unlike TC2 [15], this class of models utilizes subcritical
dynamics for the top quark, so that the top-Higgs ht is heavy in general. Here we also emphasize that while the
top-Higgs boson ht has a large top-Yukawa coupling, the IS Higgs boson h does not, yt ' yb ⇠ 10�2. On the
other hand, the hWW ⇤ and hZZ⇤ coupling constants are close to those in the SM. Also, the mixing between
h and much heavier ht should be small.

We now describe the decay processes of the IS Higgs h.
It is well known that the W -loop contribution to H ! �� is dominant in the SM, while the top-loop e↵ect is

destructive against the W -loop. In the IS Higgs model, however, the Yukawa coupling between the top and the
IS Higgs h is as small as the bottom Yukawa coupling, so that the top-loop contribution is strongly suppressed.
The partial decay width of h ! �� is thus enhanced without changing essentially h ! ZZ⇤ and h ! WW ⇤. A
rough estimate taking the isospin symmetric top and bottom Yukawa couplings yt ' yb ⇡ 10�2 is as follows:

�IS(h ! ��)

�SM(H ! ��)
' 1.56,

�IS(h ! WW ⇤)

�SM(H ! WW ⇤)
=

�IS(h ! ZZ⇤)

�SM(H ! ZZ⇤)
=

⇣vh
v

⌘2
' 0.96. (1)

Here using the Pagels-Stokar formula [18], we estimated the vacuum expectation value (VEV) of the top-Higgs
ht as vt = 50 GeV, and the VEV vh of the IS Higgs h is given by the relation v2 = v2h + v2t with v = 246 GeV.
Note that the values of the ratios in Eq. (1) are not very sensitive to the value of vt, e.g., for vt = 40–100 GeV,
the suppression factor in the pair decay modes to WW ⇤ and ZZ⇤ is 0.97–0.84 and the VEV vh of the IS Higgs
h is given by the relation v2 = v2h + v2t with v = 246 GeV. Note that the values of the ratios in Eq. (1) are not
very sensitive to the value of vt, e.g., for vt = 40–100 GeV, the suppression factor in the pair decay modes to
WW ⇤ and ZZ⇤ is 0.97–0.84 and the enhancement factor in the diphoton channel is 1.58–1.37. For the decay
mode of h ! Z�, this model yields

�IS(h ! Z�)

�SM(H ! Z�)
' 1.07 . (2)

The values in Eq. (1) agree well with the data in the ATLAS and CMS experiments. However, obviously,
the main production mechanism of the Higgs boson, the gluon fusion process gg ! h, is now in trouble. The
presence of new chargeless colored particles, which considered by several authors [19] can help to resolve this
problem. We pursue this possibility in the next section.
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FIG. 1: The running behavior of the IS Higgs quartic coupling �h. The solid and dashed lines correspond to �h and the
SM Higgs quartic coupling, respectively. We fixed the IS Higgs mass mh =

p
2�hvh = 125 GeV and took �hS = 1.8 and

�S = 1.5. Unlike the SM, the IS Higgs quartic coupling grows up due to a large Higgs-portal coupling �hS and a small
top-Yukawa coupling yt.

IV. BENCHMARK MODEL WITH COLORED SCALAR

As a benchmark model, we may introduce a real scalar field S in the adjoint representation of the color
SU(3)c:

L � LS =
1

2
(DµS)

2 � 1

2
m2

0,SS
2 � �S

4
S4 � �hS

2
S2�†

h�h, (3)

where �h represents the IS Higgs doublet. The e↵ective Lagrangian L also contains the IS Higgs quartic
couplings �h, L � ��h|�h|4. The IS Higgs mass is mh =

p
2�hvh, and we will take it to be equal to 125 GeV.

The mass-squared term for the scalar S is M2
S = m2

0,S + �hS
2 v2h, and should be positive in order to avoid the

color symmetry breaking. Typically, MS ⇠ 200 GeV.
Taking into account the S contribution to gg ! h, we find appropriate values of the Higgs-portal coupling,

�hS ' 2.5–2.7⇥ M2
S

vvh
. (4)

As a typical value, we may take �hS = 1.8 for MS = 200 GeV and vt = 50 GeV.
A comment concerning the IS Higgs quartic coupling �h is in order. In the SM, the Higgs mass 125 GeV

suggests that the theory is perturbative up to an extremely high energy scale [20]. On the contrary, in the
present model, when we take a large Higgs-portal coupling �hS that reproduces gg ! h correctly, the quartic
coupling �h will grow because the �-function for �h contains the �2

hS term. Also, there is no large negative
contribution to the �-function for �h from the top-Yukawa coupling yt ⇠ 10�2.
One can demonstrate such a behavior more explicitly by using the renormalization group equations. In Fig. 1,

the running of the coupling �h is shown. Taking a large Higgs-portal coupling �hS = 1.8 and the S4-coupling
�S = 1.5, it turns out that the coupling �h rapidly grows. The blowup scale strongly depends on the initial
values of �hS and �S . A detailed analysis will be performed elsewhere.
Last but not least, we would like to mention that other realizations of the enhancement of the h production

are also possible.

V. CONCLUSION

We gave the overview of the typical scenarios with the dynamical EWSB and also introduced the IS Higgs
boson model.
In particular, the IS Higgs model can explain the enhanced Higgs diphoton decay rate observed at the LHC,

and also makes several predictions. The most important of them is that the value of the top-Yukawa coupling
h-t-t̄ should be close to the bottom-Yukawa one. Another prediction relates to the decay mode h ! Z�, which
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is enhanced only slightly, �IS(h ! Z�) = 1.07 ⇥ �SM(H ! Z�), unlike h ! ��. Last but not least, the LHC
might potentially discover the top-Higgs resonance ht, if lucky. For details, see Ref. [1].
I would like to emphasize that the window of the composite Higgs models is still open. Stay tuned!
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126 GeV Higgs boson and universality relations
in the SO(5)⇥ U(1) gauge-Higgs unification

Yutaka Hosotani
Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan

The Higgs boson mass mH = 126GeV in the SO(5)⇥U(1) gauge-Higgs unification in the Randall-
Sundrum space leads to important consequences. An universal relation is found between the Kaluza-
Klein (KK) mass scale mKK and the Aharonov-Bohm phase ✓H in the fifth dimension; mKK ⇠
1350GeV/(sin ✓H)0.787. The cubic and quartic self-couplings of the Higgs boson become smaller
than those in the SM, having universal dependence on ✓H . The decay ratesH ! ��, gg are evaluated
by summing contributions from KK towers. Corrections coming from KK excited states turn out
very small. With ✓H = 0.1 ⇠ 0.35, the mass of the first KK Z is predicted to be 2.5 ⇠ 6TeV.

I. INTRODUCTION

The discovery of a Higgs-like boson with mH = 126GeV at LHC may give a hint for extra dimensions. We
show [1] that the observed Higgs boson mass in the gauge-Higgs unification scenario leads to universal relations
among the AB phase ✓H , the KK mass m

KK

, the Higgs self couplings, and the KK Z boson mass mZ(1) ,
independent of the details of the model.
The gauge-Higgs unification scenario is predictive. As a result of the Hosotani mechanism [2–6] the Higgs

boson mass emerges at the quantum level without being a✏icted with divergence. The Higgs couplings to
the KK towers of quarks and W/Z bosons have a distinctive feature that their signs alternate in the KK level,
significant departure from other extra dimensional models such as UED models. As a consequence contributions
of KK modes to the decay rate �(H ! ��) turn out very small. Surprisingly the gauge-Higgs unification gives
nearly the same phenomenology at low energies as the standard model (SM).
The gauge-Higgs unification can be confirmed by finding the KK Z boson in the range 2.5 ⇠ 6TeV and by

determining the Higgs self couplings and Yukawa couplings at LHC and ILC.

II. SO(5)⇥ U(1) GAUGE-HIGGS UNIFICATION IN RS

The model is given by SO(5)⇥ U(1) gauge theory in the Randall-Sundrum (RS) warped space

ds2 = e�2�(y)⌘µ⌫dx
µdx⌫ + dy2 (1)

where ⌘µ⌫ = diag(�1, 1, 1, 1), �(y) = �(y + 2L) = �(�y), and �(y) = k|y| for |y|  L. The RS space is viewed
as bulk AdS space (0 < y < L) with AdS curvature �6k2 sandwiched by the Planck brane at y = 0 and the
TeV brane at y = L. The SO(5)⇥ U(1) model was proposed by Agashe et al [7, 8]. It has been elaborated in
refs. [9, 10], and a concrete realistic model has been formulated in ref. [1]. The schematic view of the gauge-Higgs
unification is given below.

5D AM

8
>>>><

>>>>:

four-dim. components Aµ 2 4D gauge fields �,W,Z

extra-dim. component Ay 2 4D Higgs field H

⇠ AB phase ✓H in extra dim.

Hosotani mechanism +

Dynamical EW symmetry breaking
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The 5D Lagrangian density consists of

L = Lgauge

bulk

(A,B) + Lfermion

bulk

( a, F , A,B)

+ Lfermion

brane

(�̂↵, A,B) + Lscalar

brane

(�̂, A,B) + Lint

brane

( a, �̂↵, �̂) . (2)

SO(5) and U(1)X gauge fields are denoted by AM and BM , respectively. The two associated gauge coupling
constants are gA and gB . Two quark multiplets and two lepton multiplets  a are introduced in the vector
representation of SO(5) in each generation, whereas nF extra fermion multiplets  F are introduced in the
spinor representation. These bulk fields obey the orbifold boundary conditions at y

0

= 0 and y
1

= L given by

✓
Aµ

Ay

◆
(x, yj � y) = Pj

✓
Aµ

�Ay

◆
(x, yj + y)P�1

j ,

✓
Bµ

By

◆
(x, yj � y) =

✓
Bµ

�By

◆
(x, yj + y) ,

 a(x, yj � y) = Pj�
5 a(x, yj + y) ,  F (x, yj � y) = (�1)jP sp

j �
5 F (x, yj + y) ,

Pj = diag (�1,�1,�1,�1, 1) , P sp

j = diag (1, 1,�1,�1) . (3)

The orbifold boundary conditions break SO(5)⇥ U(1)X to SO(4)⇥ U(1)X ' SU(2)L ⇥ SU(2)R ⇥ U(1)X .
The brane interactions are invariant under SO(4)⇥U(1)X . The brane scalar �̂ is in the (1,2)�1/2 representa-

tion of [SU(2)L, SU(2)R]U(1)X
. It spontaneously breaks SU(2)R⇥U(1)X to U(1)Y by non-vanishing h�̂i whose

magnitude is supposed to be much larger than the KK scale m
KK

. At this stage the residual gauge symmetry
is SU(2)L ⇥ U(1)Y . Brane fermions �̂↵ are introduced in the (2,1) representation. The quark-lepton vector
multiplets  a are decomposed into (2,2) + (1,1). The (2,2) part of  a, �̂↵ in (2,1) and �̂ in (1,2) form
SO(4) ⇥ U(1)X invariant brane interactions. With h�̂i 6= 0 they yield mass terms. The resultant spectrum of
massless fermions is the same as in the SM. All exotic fermions become heavy, acquiring masses of O(m

KK

).
Further with brane fermions all anomalies associated with gauge fields of SO(4)⇥ U(1)X are cancelled.[10]
With the orbifold boundary conditions (3) there appear four zero modes of Ay in the components (Ay)a5 =

�(Ay)5a (a = 1, · · · , 4). They form an SO(4) vector, or an SU(2)L doublet, corresponding to the Higgs doublet
in the SM. The AB phase is defined with these zero modes by

ei⇥H/2 ⇠ P exp

⇢
igA

Z L

0

dy Ay

�
. (4)

At the tree level the value of the AB phase ⇥H is not determined, as it gives vanishing field strengths. At the
quantum level its e↵ective potential V

e↵

becomes non-trivial. The value of ⇥H is determined by the location
of the minimum of V

e↵

. This is the Hosotani mechanism and induces dynamical gauge symmetry breaking. It
leads to gauge-Higgs unification, resolving the gauge-hierarchy problem.[6] Without loss of generality one can
assume that (Ay)45 component develops a non-vanishing expectation value. Let us denote the corresponding
component of ⇥H by ✓H . If ✓H takes a non-vanishing value, the electroweak symmetry breaking takes place.

III. V
e↵

(✓H) AND mH

Given the matter content one can evaluate V
e↵

(✓H) at the one loop level unambiguously. The ✓H dependent
part of V

e↵

(✓H) is finite, being free from divergence. V
e↵

(✓H) depends on several parameters of the theory;
V
e↵

= V
e↵

(✓H ; ⇠, ct, cF , nF , k, zL) where ⇠ is the gauge parameter in the generalized R⇠ gauge, ct and cF are the
bulk mass parameters of the top and extra fermion multiplets, nF is the number of the extra fermion multiplets,
and k, zL are parameters specifying the RS metric (1). Given these parameters, V

e↵

is fixed, and the location
of the global minimum of V

e↵

(✓H), ✓min

H , is determined.
With ✓min

H determined, mZ , gw, sin
2 ✓W are determined from gA, gB , k, zL and ✓min

H . The top mass mt is
determined from ct, k, zL, ✓min

H , whereas the Higgs boson mass mH is given by

m2

H =
1

f2

H

d2V
e↵

d✓2H

����
min

, fH =
2

gw

s
k

L(z2L � 1)
. (5)
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Let us take ⇠ = 1. Then the theory has seven parameters {gA, gB , k, zL, ct, cF , nF }. Adjusting theses parameters,
we reproduce the values of five observed quantities {mZ , gw, sin

2 ✓W ,mt,mH}. This leaves two parameters, say
zL and nF , free. Put di↵erently, the value of ✓min

H is determined as a function of zL and nF ; ✓min

H = ✓H(zL, nF ).
We comment that contributions from other light quark/lepton multiplets to V

e↵

are negligible.
V
e↵

(✓H) in the absence of the extra fermions (nF = 0) was evaluated in refs. [9, 11]. It was found there that
the global minima naturally appear at ✓H = ± 1

2

⇡ at which the Higgs boson becomes absolutely stable. It is
due to the emergence of the H parity invariance.[11, 12] In particular the Higgs trilinear couplings to W , Z,
quarks and leptons are all proportional to cos ✓H and vanish at ✓H = ± 1

2

⇡.[13–18]
This, however, conflicts with the observation of an unstable Higgs boson at LHC. To have an unstable Higgs

boson the H parity invariance must be broken, which is most easily achieved by introducing extra fermion
multiplets  F in the spinor representation of SO(5) in the bulk.[1]
Let us take nF = 3, zL = ekL = 107 as an example. {gw, sin2 ✓W } are related to {gA, gB} by

gw =
gAp
L

, tan ✓W =
gBp

g2A + g2B
, (6)

where zL = ekL. The observed values of {mZ , gw, sin
2 ✓W ,mt,mH} are reproduced with k = 1.26 ⇥ 1010 GeV,

ct = 0.330, cF = 0.353 for which the minima of V
e↵

are found at ✓H = ±0.258. The KK mass scale is
m

KK

= ⇡kz�1

L = 3.95TeV. V
e↵

(✓H) is depicted in Fig. 1 with red curves. For comparison V
e↵

in the case of
nF = 0 is also plotted with a blue curve. When nF = 0 and zL = 107, the minima are located at ✓H = ± 1

2

⇡.
The observed values of {mZ , gw, sin

2 ✓W ,mt} are reproduced with k = 3.16 ⇥ 109 GeV and ct = 0.345. In this
case the Higgs boson mass determined by (5) becomes mH = 87.9GeV, and m

KK

= 993GeV. One can see how
the position of the minima is shifted from ✓H = ± 1

2

⇡ to ✓H = ±0.082⇡ = ±0.258 by the introduction of the
extra fermions.

!1.0 !0.5 0.5 1.0

ΘH

Π

!15
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!5

U

!a"
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#18.670

#18.665

U

!b"

FIG. 1: The e↵ective potential V
e↵

(✓H) for zL = 107. U = 16⇡6m�4

KK

V
e↵

is plotted. The red curves are for nF = 3 with
mH = 126GeV. V

e↵

has minima at ✓H = ±0.258 and m
KK

= 3.95TeV. The blue curve is for nF = 0 in which case
mH = 87.9GeV and m

KK

= 993GeV.

IV. UNIVERSALITY

As explained above, the AB phase ✓H(= ✓min

H ) is determined as a function of zL and nF ; ✓H(zL, nF ). The KK
mass scale m

KK

= ⇡kz�1

L is also determined as a function of zL and nF ; mKK

(zL, nF ). The relation between
them is plotted for nF = 1, 3, 9 in the top figure in Fig. 2. One sees that all points fall on one universal curve
to good accuracy, independent of nF .

Similarly one can evaluate the cubic (�
3

) and quartic (�
4

) self-couplings of the Higgs boson H by expanding
V
e↵

[✓H+(H/fH)] around the minimum in a power series in H. They are depicted in the bottom figure in Fig. 2.
Although the shape of V

e↵

(✓H) heavily depends on nF , the relations �
3

(✓H) and �
4

(✓H) turn out universal,
independent of nF .
It is rather surprising that there hold universal relations among ✓H , m

KK

, �
3

and �
4

. Once ✓H is determined
from one source of observation, then many other physical quantities are fixed and predicted. The gauge-
Higgs unification gives many definitive predictions to be tested by experiments. We tabulate values of various
quantities determined from mH = 126GeV with given zL for nF = 3 in Table I. The relation between ✓H and
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FIG. 2: Universality relations. [Top] KK scale m
KK

(✓H). [Bottom left] Higgs cubic self-coupling �
3

(✓H). [Bottom right]
Higgs quartic self-coupling �

4

(✓H). The universality, independent of nF , is seen in all relations.

m
KK

is well summarized with

m
KK

⇠
1350GeV

(sin ✓H)0.787
. (7)

TABLE I: Values of the various quantities with given zL for nF = 3. mZ(1) and mF (1) are masses of the first KK Z boson
and the lowest mode of the extra fermion multiplets. Relations among ✓H , m

KK

and mZ(1) are universal, independent
of nF .

zL ✓H mKK mZ(1) mF (1)

108 0.360 3.05 TeV 2.41 TeV 0.668 TeV

107 0.258 3.95 3.15 0.993

106 0.177 5.30 4.25 1.54

105 0.117 7.29 5.91 2.53

V. H ! ��, gg

In the gauge-Higgs unification all of the 3-point couplings of W , Z, quarks and leptons to the Higgs boson H
at the tree level are suppressed by a common factor cos ✓H compared with those in the SM.[13–18] The decay of
the Higgs boson to two photons goes through loop diagrams in which W boson, quarks, leptons, extra fermions
and their KK excited states run.
The decay rate �[H ! ��] is given by

�(H ! ��) =
↵2g2w
1024⇡3

m3

H

m2

W

��F
total

��2 ,
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F
total

= FW +
4

3
F

top

+
⇣
2(Q(F )

X )2 + 1

2

⌘
nFFF ,

FW = cos ✓H

1X

n=0

IW (n)

mW

mW (n)

F
1

(⌧W (n)) , IW (n) =
gHW (n)W (n)

gwmW (n) cos ✓H
,

F
top

= cos ✓H

1X

n=0

It(n)

mt

mt(n)

F
1/2(⌧t(n)) , It(n) =

yt(n)

ySMt cos ✓H
,

FF = sin 1

2

✓H

1X

n=1

IF (n)

mt

mF (n)

F
1/2(⌧F (n)) , IF (n) =

yF (n)

ySMt sin 1

2

✓H
, (8)

where W (0) = W , t(0) = t, ⌧a = 4m2

a/m
2

H . The functions F
1

(⌧) and F
1/2(⌧) are defined in Ref. [19], and

F
1

(⌧) ⇠ 7 and F
1/2(⌧) ⇠ � 4

3

for ⌧ � 1. Q(F )

X is the U(1)X charge of the extra fermions. IW (0) and It(0) are
⇠ 1.
In Fig. 3, IW (n) , It(n) , and IF (n) are plotted. One sees that the values of these I’s alternate in sign as n

increases, which gives sharp contrast to the UED models.

IW (n) ⇠ (�1)nI1W , It(n) ⇠ (�1)nI1t , IF (n) ⇠ (�1)nI1F for n � 1 (9)

up to (lnn)p corrections. This is special to the gauge-Higgs unification models. It has been known in the models
in flat space as well.[20, 21] As a consequence of the destructive interference due to the alternating sign, the
infinite sums in the rate (8) converges rapidly. There appears no divergence.
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FIG. 3: IW (n) , It(n) , and IF (n) for nF = 3, Q(F )

X = 0 and ✓H = 0.360 (zL = 108) in the range 1  n  100. IW (0) = 1.004
and It(0) = 1.012.

Let FW only

and Ft only be the contributions of W = W (0) and t = t(0) to F
total

. The numerical values of the
amplitudes F ’s are tabulated in Table II for nF = 3. It is seen that contributions of KK states to the amplitude
are small. The dominant e↵ect for the decay amplitude is the suppression factor cos ✓H .
All Higgs couplings HWW,HZZ,Hcc̄,Hbb̄,H⌧ ⌧̄ are suppressed by a factor cos ✓H at the tree level. The

corrections to �[H ! ��] and �[H ! gg] due to KK states amount only to 0.2% (2%) for ✓H = 0.117(0.360).
Hence we conclude

branching fraction: B(H ! j) ⇠ BSM(H ! j)

j = WW,ZZ, ��, gg, bb̄, cc̄, ⌧ ⌧̄ , · · ·

�� production rate: �prod(H) ·B(H ! ��) ⇠ (SM)⇥ cos2 ✓H . (10)

The signal strength in the �� production relative to the SM is about cos2 ✓H . It is about 0.99 (0.91) for
✓H = 0.1 (0.3). This contrasts to the prediction in the UED models in which the contributions of KK states
can add up in the same sign to sizable amount.[22]
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TABLE II: Values of the amplitudes F ’s in (8) for nF = 3 and Q(F )

X = 0.

✓H 0.117 0.360

zL 105 108

FW only

8.330 7.873

FW /FW only

0.9996 0.998

Ft only -1.372 -1.305

Ft/Ft only 0.998 0.990

FF /Ft only -0.0034 -0.033

F
total

6.508 6.199

F
total

/(FW only

+ 4

3

Ft only) 1.001 1.011

VI. SIGNALS OF GAUGE-HIGGS UNIFICATION

There are several constraints to be imposed on the gauge-Higgs unification.
(i) For the consistency with the S parameter, we need sin ✓H < 0.3.[7]
(ii) The tree-level unitarity requires ✓H < 0.5.[23]
(iii) Z 0 search at Tevatron and LHC. The first KK Z corresponds to Z 0. No signal has been found so far,

which implies that mZ(1) > 2TeV. With the universality relations in Sec. IV it requires ✓H < 0.4.
(iv) In ref. [24] the consistency with other precision measurements such as the Z boson decay and the forward-

backward asymmetry on the Z resonance has been investigated when nF = 0. Reasonable agreement was found
for m

KK

> 1.5TeV. We need to reanalyze in the case nF � 1.
All of those constraints above point ✓H < 0.4. When ✓H is very small, the KK mass scale m

KK

becomes very
large and it becomes very di�cult to distinguish the gauge-Higgs unification from the SM. The range of interest
is 0.1 < ✓H < 0.35, which can be explored at LHC with an increased energy 13 or 14 TeV. The gauge-Higgs
unification predicts the following signals.
(1) The first KK Z should be found at m

KK

= 2.5 ⇠ 6TeV for ✓H = 0.35 ⇠ 0.1.
(2) The Higgs self-couplings should be smaller than those in the SM. �

3

(�
4

) should be 10 ⇠ 20% (30 ⇠ 60%)
smaller for ✓H = 0.1 ⇠ 0.35, according to the universality relations. This should be explored at ILC.

(3) The lowest mode (F (1)) of the KK tower of the extra fermion  F should be discovered at LHC. Its mass
depends on both ✓H and nF . For nF = 3, the mass is predicted to be mF (1) = 0.7 ⇠ 2.5TeV for ✓H = 0.35 ⇠ 0.1.

VII. FOR THE FUTURE

The SO(5)⇥U(1) gauge-Higgs unification model of ref. [1] has been successful so far. Yet further elaboration
may be necessary.
(1) Flavor mixing has to be incorporated to explore flavor physics.[25]
(2) It is curious to generalize the model to incorporate SUSY. The Higgs boson mass becomes smaller than

in non-SUSY model. mH = 126GeV should give information about SUSY breaking scales.[26]
(3) The orbifold boundary conditions (P

0

, P
1

) in (3) have been given by hand so far. It is desirable to have
dynamics which determine the boundary conditions.[27, 28]
(4) Not only electroweak interactions but also strong interactions should be integrated in the form of grand

gauge-Higgs unification.[29]
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Grand Unified Theories and Higgs Physics

T. Yamashita
School of Medicine, Aichi Medical University, Nagakute 480-1195, JAPAN

The grand unified theories are theoretically well motivated, but they typically have less direct
indications on the low energy physics and it is not easy to test them. Here, we discuss a scenario of
them which naturally solves the so-called doublet-triplet splitting problem and, at the same time,
generally predicts characteristic collider phenomenology. Then, we may get a hint on the breaking
of the grand unified symmetry at the on-going and next-generation collider experiments.

I. INTRODUCTION

Since a resonance consistent with the standard model (SM) Higgs field was reported [1], most people consider
that the SM is now being confirmed, at least as an e↵ective theory valid below the TeV scale. Then, the next
question that we ask is what will come as the physics beyond the SM. The reason we ask it is that the SM
still has some problems and puzzles, such as the hierarchy problem and the charge quantization problem. Here,
we emphasize that the latter requires a tuning at least as fine as 10�10 to explain why the hydrogen atom is
(almost) neutral. Thus, if we mind the former problem (as often happens), the latter also should be taken care.
A simple solution to the latter is to extend the gauge group to a semi-simple one. Looking back the history
of the physics, which is that of the unification, it is reasonable to take the idea of the grand unification [2]
seriously.
Supposing the unification of the three forces of the SM, the matter fields are also to be unified. This unification

works perfectly for the SM fermions: the five multiplets in each generation are unified into two in SU(5) grand
unified theories (GUTs). This is not trivial at all actually, as it becomes clear when people try to unify the
electroweak SU(2) ⇥ U(1) symmetry into SU(3). Thus, this success strongly supports the idea of the grand
unification. It is also to be commented that the idea can easily accommodate other ideas to solve other SM
problems: the supersymmetry (SUSY) for the hierarchy problem, the conventional seesaw mechanism [3] for the
tiny neutrino masses and the Leptogenesis [4] for the baryon asymmetry of the universe. And if the R-parity
is assumed, as usual in SUSY models, the candidate dark matter is supplied. In addition, in the minimal
model, the three running gauge couplings become almost the same value at a superheavy scale, called the GUT
scale: 2 ⇥ 1016GeV. This success of the gauge coupling unification (GCU) is so impressive that many people
tend to believe the SUSY-GUTs. In this way, GUTs, especially SUSY-GUTs, potentially solve many of the
problems/puzzles in the SM and give an amazing by-product.
On the other hand, the grand unification fails to unify the Yukawa interactions and the Higgs field. The

former is insisted as a consequence of the fermion unification and is not necessarily bad for the third generations
but not good for the lighter fermions. This issue is often called the wrong GUT relation and is to be taken
care in model building, while it is relatively easy to solve (see for example Ref. [5]). The latter requires a
SU(5) partner of the SM doublet Higgs fields. The minimal choice is to introduce a color-triplet partner to
embed them into the fundamental representation of the SU(5) group. In SUSY models [26], the triplet partner
generates e↵ective dimension five operators that contribute to the nucleon decay [6]. In order to make the
proton lifetime long enough without tuning, the triplet partner should be much heavier than the GUT scale. It
is not an easy task to realize naturally the mass splitting between such a superheavy triplet and the weak scale
doublet which originate from a common (SU(5)) multiplet. This rather severe issue is called the doublet-triplet
(DT) splitting problem and is one of the biggest problem in the SUSY-GUTs. When we consider the grand
unification seriously, these issues have to be dealt with.
Since the idea of the grand unification is so attractive, this problem has been attacked by many researchers

for long time, and several solutions have been proposed [7–11]. They, however, all require some extension of the
matter content, the grand unified gauge group and/or spacetime geometry. These extensions bring rather large
ambiguity on the gauge couplings around the GUT scale due to the threshold corrections and so on. Then,
what usually done are just to forget the ambiguity, to assume the corrections are aligned not to a↵ect the GCU
or, at most, to make models so that the GCU is kept. At this stage, the GCU is no longer a success but just
a constraint in model building. Here, however, we would like to stress that the success of the GCU is just a
by-product, and even without it the idea of the grand unification is attractive enough, as mentioned above.
Next, let us discuss indications of the grand unification on the low energy physics that we can detect. The

most famous one is the nucleon decay. It is actually impressive prediction, but the information that we would
get will be rather little and thus it would be nice if there are some characteristic predictions on the collider
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physics in addition. Unfortunately, since the GUT scale is so high, the decoupling theorem [12] makes it hopeless
to detect the e↵ects in most of the SUSY-GUTs.
Here, we would like to introduce a scenario of the SUSY-GUTs where the DT splitting problem is naturally

solved and an extraordinary collider phenomenology is generally predicted [13]. Interestingly, this scenario,
in a sense, can be regarded as an e↵ective field theoretical description of the SUSY-GUTs embedded into the
heterotic string theory [14] which could treat the quantum gravity and explain the numbers of our spacetime [15]
and of the generations [16]. It is quite exiting if we can get some informations on the GUT breaking which
might indicate the string theory at the on-going and next-generation collider experiments.

II. SUSY GRAND GAUGE-HIGGS UNIFICATION

In this section we review the scenario proposed in Ref. [13]. In the scenario, the Hosotani mechanism [17],
which works in higher dimensional gauge theories, is applied to break the GUT symmetry [18]. In the Hosotani
mechanism, the symmetry breaking occurs by the extradimensional component of the gauge field which is a
higher dimensional vector field. Thus, in this model, the Higgs field is unified with the gauge field, and it is
often called the gauge-Higgs unification especially when it is applied to the electroweak symmetry breaking. In
the present scenario, it is applied to the grand unified symmetry breaking [27] and named as grand gauge-Higgs
unification [18].
An important point is that, in this case, the order parameter is not the extradimensional component itself

which is valued on the algebra, but the Wilson loop which is valued on the group and thus free from the
traceless condition. Because of it, interestingly, a kind of the so-called missing VEV [9] can be realized and the
DT splitting problem is naturally solved even in SU(5) models [13]. In this way, the application of the Hosotani
mechanism to the GUT breaking in SUSY-GUTs looks attractive.
Naively thinking, the application to the GUT breaking seems reasonable since the Higgs field that is unified

with the gauge field behaves as an adjoint field. Actually, at the first stage of the study of this mechanism, it
was applied to the GUT breaking (or simpler toy model) [17, 19]. Unfortunately, however, chiral fermions can
not be accommodated in these models and thus these are phenomenologically less interesting. After the orbifold
symmetry breaking [11] becomes famous among researchers who works on phenomenological model building,
this mechanism have been applied mainly to the electroweak symmetry breaking [20]. This is because the orb-
ifold symmetry breaking can extract fundamental-representational components (with respect to the remaining
subgroup of the original gauge group) from the adjoint representation (with respect to the original group),
besides chiral fermions from the higher-dimensional fermions. Furthermore, in such models, the Higgs field are
free from the quadratically divergent radiative corrections to the mass term, thanks to the higher dimensional
gauge symmetry [21]. In any case, now we know the orbifold symmetry breaking to realize chiral fermions, and
thus it is interesting to examine the application to the GUT breaking. It might seem straightforward, but we
immediately meet a di�culty. Namely, the adjoint scalar fields (with respect to the remaining gauge symmetry)
originated from the extra-dimensional components tend to be projected out by the orbifold action when chiral
fermions are realized.
This di�culty is shared with the heterotic string theory [14] and, fortunately, a method, called diagonal

embedding method [22], to evade the di�culty is known. In Ref. [18], it is pointed out that the same method
can be applied in a field theoretical setup and thus we have an advantage that it is much easier to calculate the
quantum corrections that tell us the positions of vacua. By this, the symmetry breaking pattern is controlled
by the dynamics described by the field theory irrelevantly to the ultraviolet theory, in contrast to the orbifold
breaking where it is chosen by hand. In addition, as mentioned above, the DT splitting problem, when the
SUSY version is considered, is naturally solved. Thus, this scenario is theoretically well motivated.
Interestingly, this scenario generically gives particular predictions also on the collider phenomenology. It is

existence of light adjoint chiralmultiplets with masses of the SUSY-breaking scale. The reason is as follows.
The adjoint Higgs field is a part of the gauge field and thus massless at the tree level. Since the symmetry
that ensures the masslessness is broken by the compactification, the adjoint field gets mass corrections via
the quantum corrections. As the radiative corrections would be vanishing when the SUSY was not broken,
the mass corrections are proportional to the SUSY breaking scale. In SUSY models, there are the SUSY
partners of the adjoint scalar which would be degenerate with the scalar if the SUSY is exact and thus again
has masses of at most the SUSY-breaking scale. Then, the whole the adjoint chiralmultiplet is predicted to
be light (if the SUSY-breaking scale is around the electroweak scale, as often expected) while the components
of SU(5)/SU(3) ⇥ SU(2) ⇥ U(1) are eaten when the unified SU(5) gauge group is broken. Thus, color octet,
weak triplet and singlet chiralmultiplets [28] will appear in the e↵ective theory below the compactification scale
(which is assumed to be around the GUT scale), and they may be observed in the on-going and next-generation
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collider experiments.
An immediate consequence of the adjoint chiralmultiplets is that the GCU is disturbed. As mentioned above,

however, the GCU should be treated just as a constraint instead of a success. It is easy to recover the GCU
by adding further chiralmultiplets. An example which is easily realized in this scenario and we consider here is
two vectorlike pairs of (1,2)�1/2, one of (̄3,1)�2/3 and one of (1,1)1, with which the GCU is realized at the
GUT scale and the unified gauge coupling is remains in the perturbative region: ↵G ⇠ 0.3.

Since the strong interaction is no longer asymptotically free (irrelevantly to the choice of the additional fields
to recover the GCU), the QCD corrections are enhanced and thus the colored particles tend to be rather heavy
in this scenario. Although it is also interesting study to examine the extraordinary pattern of the mass spectrum
of the colored particles for the hadron colliders, here we concentrate on the colorless fields: the singlet and the
triplet. These additional fields couples to the two Higgs doublets of the minimal SUSY SM (MSSM). These
couplings push the SM-like Higgs mass by the tree level F -term contribution and thus the rather heavy Higgs
mass around 125GeV can be easily realized. In addition, they cause mixing between the MSSM doublet Higgs
fields and the adjoint fields which result in modification of the coupling of the SM-like Higgs fields [24]. Such
corrections may be measured at the linear collider. In the next section, we will discuss these issues in more
detail.

III. PHENOMENOLOGY

In order to examine the colorless sector, it is convenient to consider an e↵ective theory where the Higgs sector
of the MSSM is extended with the singlet S and the triplet �. The superpotential, in this case, is given as

W = µHuHd + µ�tr(�
2) +

µS

2
S2 + ��Hu�Hd + �SSHuHd, (1)

where Hu and Hd are the MSSM doublet Higgs supermultiplets. Note that there are no self-couplings among S
and � although such couplings are allowed by the symmetry at the level of the e↵ective theory. This is because
S and � originate from the gauge field. Furthermore, this fact also insists the two additional couplings ��

and �S to be related to the gauge couplings so that they are unified at the GUT scale (with appropriate group
theoretical factors). Thus, this model is quite predictive (up to the dimensionful parameters).
For instance, taking the above example of the additional chiralmultiplets to recover the GCU, the running of

the gauge couplings are determined. The unified gauge coupling is used to fix the boundary values of �� and
�S at the GUT scale, and we get

�� = 1.1, �S = 0.26, (2)

at the weak scale (within the 1-loop approximation). Using these predicted parameters, we can calculate the

FIG. 1: An example of running couplings.

SM-like Higgs mass, the charged Higgs mass in therms of the CP-odd Higgs mass, deviations of the SM-like
Higgs couplings from the corresponding SM values, and so on. Here, we just mention that the deviations are
typically of order a few percents and thus can be tested at the linear collider. The details of the results will be
shown in Refs. [24, 25].

169



IV. SUMMARY

In this article, we introduce the supersymmetric version [13] of the grand gauge-Higgs unification scenario [18]
where the grand unified gauge symmetry is broken by the Hosotani mechanism [17]. Interestingly, in this sce-
nario, the doublet-triplet splitting problem can be solved naturally even in SU(5) models [13], thanks to the
phase nature of the Hosotani mechanism. In addition, it generally predicts the existence of light adjoint chiral-
multiplets: the color octet, the weak triplet and the neutral singlet. Their mass is around the supersymmetry-
breaking scale, which is often assumed to be the TeV scale, and thus there is a chance to detect them at the
on-going and next-generation collider experiments.
Due to the color octet chiralmultiplet, the QCD is no longer asymptotic free, and the QCD corrections

are typically enhanced. This suggests that the additional colored particles become rather heavy. Thus, we
concentrate on the colorless fields [24], though it is also an interesting work to examine the mass spectrum
of the colored particles. Then, the e↵ective theory of this scenario becomes the one with an extended Higgs
sector: the neutral triplet and singlet are added. Since these are unified to the gauge field, they do not have
self couplings and their couplings are related to the unified gauge coupling. This fact makes the model very
predictive. For instance, we can calculate the SM-like Higgs mass, the charged Higgs mass in therms of the
CP-odd Higgs mass, deviations of the SM-like Higgs couplings from the corresponding SM values, and so on,
up to the ambiguity due to the dimensionful parameters. Although the details are referred to Refs. [24, 25], we
emphasize that the linear collider is expected since the deviations are typically of order a few percents which
are in its reach.
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Higgs phenomenology in the supersymmetric grand unified theory with the
Hosotani mechanism⇤

Hiroyuki Taniguchi
Department of Physics, University of Toyama, 3190 Gofuku, Toyama 930-8555, Japan

The supersymmetric grand unified theory with the Hosotani mechanism predicts the existence of
adjoint chiral supermultiplets at the SUSY breaking scale. In particular, the SU(2) triplet and the
singlet chiral superfields a↵ect the Higgs sector. We investigate the contributions from these adjoint
chiral multiplets to the masses of the Higgs sector particles and their couplings to the standard
model particles. We show that the predicted values of the Higgs sector parameters deviate from the
standard model and the minimal supersymmetric standard model by O(1) %�O(10) %.

I. INTRODUCTION

Since the existence of a standard-model-like Higgs boson whose mass is around 126 GeV was confirmed[2],
the standard model (SM) is established as a low energy e↵ective theory. The SM predictions are consistent with
almost all observations. However, the SM has some problems such as the hierarchy problem, and the charge
quantization is mysteries. These problems should be solved in the extensions of the SM.
The grand unified theories (GUTs) unify the gauge groups in the SM and quantize the electric charge[3].

The supersymmetery (SUSY) prevents the quadratic divergence from the Higgs boson mass and stabilizes the
hierarchy between the electroweak scale and the cuto↵ scale. Therefore, SUSY-GUTs are well-motivated models
of beyond the SM[4]. However, in the SUSY-GUTs, the GUT breaking scale is typically O(1016) GeV as is
inferred from the gauge coupling unification. Due to the decoupling theorem[5], it is di�cult to test the SUSY-
GUTs at collider experiments. Tests of the SUSY-GUTs rely on checking the relations among the parameters
of superparticles. There is another di�culty. In the SUSY-GUTs, the SU(2) doublet Higgs fields necessarily
accompany color triplet Higgs fields. The color triplet Higgs fields are as heavy as the GUT scale for proton
longevity[6], but the SU(2) doublet Higgs fields should be around O(102) GeV for the electroweak symmetry
breaking. That is, the SUSY-GUTs also have a fine tuning problem that there is the mass splitting between the
color triplet and the SU(2) doublet Higgs fields which arise from common multiplet, so-called doublet-triplet
(DT) splitting problem.
In this situation, we consider the SUSY grand unified theory with the Hosotani mechanism[7], so-called the

SUSY grand Gauge-Higgs unification (SGGHU)[8]. In this model, the GUT symmetry is broken by the Hosotani
mechanism. The extra-dimensional component of the gauge field causes the symmetry breaking. The SGGHU
realizes naturally the DT splitting problem. Furthermore, this model predicts the existence of the adjoint chiral
supermultiplets, the color octet, the SU(2) triplet and the singlet, at the SUSY breaking scale.
Since the SU(2) triplet and the singlet are included in the Higgs sector, we can test the model by studying

the Higgs sector at collider experiments. The predicted masses of the additional Higgs bosons and the Higgs
couplings to the SM particles are also di↵erent from the other SUSY models. We will discuss the Higgs sector
and show the verifiability of the GUTs by detecting the deviation from the SM and also from the minimal
supersymmetric standard model (MSSM) at future collider experiments.

II. THE HIGGS SECTOR OF THE SUSY GRAND GAUGE-HIGGS UNIFICATION

This model has the Higgs sector of the MSSM which is extended by the singlet Ŝ and the triplet �̂. The
superpotential is given as

W = µĤu · Ĥd + µ
�

Tr(�̂2) +
µS

2
Ŝ2 + �

�

Ĥu · �̂Ĥd + �SŜĤu · Ĥd, (1)

where Ĥu, Ĥd, Ŝ and �̂ have quantum numbers that are shown in Tab. I, and the hat represents superfield.
Since Ŝ and �̂ are contained by the gauge field at the GUT scale, there is neither ŜŜŜ nor Ŝ�̂�̂ term. Then the

⇤
This talk is based on the work in Ref.[1]
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SU(3) SU(2) U(1)

Ĥu 1 2 +1 MSSM doublet

Ĥd 1 2 -1 MSSM doublet

Ŝ 1 1 0 Singlet

�̂ 1 3 0 Triplet

TAB I: Superfields of the Higgs sector.

couplings �S and �
�

are related to the gauge couplings at the GUT scale. This relationship is �
�

= 2
p
5/3�S .

In this talk, we use the low energy values of the couplings as

�
�

= 1.1, �S = 0.26, (2)

which are obtained by solving the renormalization group equations (Fig. 1).
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FIG. 1: The running of the gauge couplings, �S(red line) and ��(blue line). At the GUT scale, �� and �S are unified.

The soft breaking term is written by

V
soft

= m̃2

d|Hd|2 + m̃2

u|Hu|2 + m̃2

�

|�|2 + m̃2

S |S|2

+ [BµHu ·Hd + ⌘S +B
�

µ
�

Tr(�2) +
1

2
BSµSS

2

+ �
�

A
�

Hu ·�Hd + �SASSHu ·Hd + h.c.]. (3)

In this Higgs sector, there are 15 parameters. The values of �S and �
�

are obtained by solving the renormal-
ization group equations, and 4 parameters are defined by the 4 tadpole conditions. Therefore, this model has
high predictability. After the electroweak symmetry breaking, there are 3 physical CP-odd Higgs bosons, 4
CP-even Higgs bosons and 3 charged Higgs bosons. Similarly to the next-to-MSSM (NMSSM[9]), in this model,
the SM-like Higgs boson mass is expected to be heavier by e↵ects of trilinear coupling of Higgs, as compared to
typical SUSY models[10]. In the next section, we show that by measuring the masses and the coupling constants
of the Higgs sector particles at the LHC and the ILC, we can distinguish the model.

III. PHENOMENOLOGY

First, we investigate the mass of the SM-like Higgs boson h. The SM-like Higgs boson mass mh is written
as[11]

m2

h ⇠ m2

Zc
2

� +
3m4

t

2⇡2v2

 
log

m2

˜t

m2

t

+
X2

t

m2

˜t

(1� X2

t

12m2

˜t

)

!
+

1

2
�2

Sv
2s2

2� +
1

8
�2

�

v2s2
2� , (4)
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where s� = sin�, c� = cos�, tan� = vu/vd, v2 = (v2u + v2d) ⇠ (246 GeV)2 and Xt = At � µ cot� is stop mixing
parameter. Since mh is less than the Z boson mass at the tree level, the loop correction should be relatively
large in order to reach 126 GeV in the MSSM. In the maximum mixing case Xt = ±

p
6m

SUSY

, where m
SUSY

is a scale of typical SUSY-parameters, the stop mass is O(1) TeV[12]. However, in the non-mixing case Xt = 0,
the stop mass is O(10) TeV. It seems that the heavy stop which can explain the 126 GeV Higgs boson is a
kind of new fine tuning. On the contrary, in the SGGHU, mh becomes large as compared to the MSSM by
the tree level F-term contributions. In other words, the small stop mass is allowed even in the non-mixing
case. Fig. 2 shows mh as a function of tan� in the SGGHU and the MSSM for the large soft mass scenario
m̃S , m̃�

= 2 TeV. The red line is the result for the SGGHU case and the blue line is for the MSSM case. The
upper line and the lower line correspond to the maximum mixing case and the non-mixing case, respectively.
mh can reach 126 GeV at the low tan� in this model.
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FIG. 2: The SM-like Higgs boson mass as a function of tan � for the large soft mass scenario m̃S , m̃� = 2 TeV. The
red line is the result for the SGGHU case and the blue line is for the MSSM case. The upper line is for the maximum
mixing case and the lower line is for the non-mixing case.

Second, we discuss the deviation in the masses of heavy Higgs bosons from the MSSM predictions. The
charged Higgs boson mass mH± is given as

m2

H± = m2

H± |
MSSM

(1 + �H±)2

⇠ m2

A +m2

W � 1

2
�2

Sv
2 +

1

8
�2

�

v2, (5)

where �H± is the deviation in mH± from the MSSM and mA is the CP-odd Higgs boson mass. The singlet
e↵ect is opposite to the triplet e↵ect by the group theory. Due to Eq. (2), mH± becomes large as compared
to the MSSM. We emphasize that these �S and �

�

couplings are determined by the renormalization group
equations and large mH± is the prediction in this model. Since mH± |

MSSM

is the sum of mA and mW , when
the CP-odd Higgs boson and the charged Higgs boson are discovered, we can obtain �H± by measuring the
deviation between mA and mH± . Fig. 3 shows the deviation in mH± from the MSSM as a function of mA in
the large soft mass scenario. The green, blue and red lines show the NMSSM, the MSSM with triplet and the
SGGHU case, respectively. The mass deviation is O(1) %�O(10) %. On the other hand, the deviation in the
heavy CP-even Higgs boson mass mH from the MSSM prediction is less than O(1) %. Since the charged Higgs
mass can be determined with an accuracy of a few percent at the LHC[13], we can test the SGGHU.
Then, we investigate the Higgs couplings to the SM particles. The SM-like Higgs boson was discovered, but

no one knows the detail of this Higgs sector. In order to construct a model of beyond the SM, it is important to
study the deviation in the Higgs couplings from the SM values. From Fig. 4, the deviation in the Higgs couplings
is O(1) %. As Ref.[14] shown, the ILC can reach accuracies better than a few percent for the Higgs-gauge boson
couplings. Therefore, we can distinguish these models using the precision measurement at the ILC.
Finally, we consider the small soft mass scenario. In this scenario, for example, when tan � = 3, µ = 180 GeV,

µ
�

= 330 GeV, µS = 150 GeV, m̃
�

= 100 GeV, m̃S = 300 GeV and m
SUSY

= 2 TeV, all masses of additional
Higgs bosons are less than 500 GeV. Therefore we can directly produce and test the additional Higgs bosons
at the ILC. For instance, we can test the charged triplet �± by the search of e+e� ! �+�� ! tbt̄b̄ process
via H± ��± mixing.
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FIG. 3: The deviation in mH± from the MSSM as a function of the CP-odd Higgs boson mass mA in the large soft
mass scenario. The green, blue and red line correspond to the NMSSM, the MSSM with triplet and the SGGHU case,
respectively.
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FIG. 4: The deviation in Higgs couplings from the SM at the leading order. Here the vertical axis is ghXX/ghXX(SM)�1
and X = V (= W,Z), �, t, b, h. The blue, green and red lines show the results for the MSSM, the NMSSM and the SGGHU
case, respectively. Although absolute values of the hbb̄ and hhh couplings are larger than 10 %, the Higgs-gauge boson
couplings are less than O(1) %.

IV. CONCLUSIONS

We investigate phenomenology of the Higgs sector of the model of the supersymmetric grand Gauge-Higgs
unification. The SGGHU has adjoint chiral supermultiplets at the SUSY breaking scale. In particular, the
SU(2) triplet and the singlet are included in the Higgs sector. Since these adjoint chiral supermultiplets are
unified the gauge field at the GUT scale, there is neither ŜŜŜ nor Ŝ�̂�̂ term, and trilinear couplings �S
and �

�

are related to the gauge coupling. Therefore we can obtain the values of �S and �
�

by solving the
renormalization group equations.
The predicted values of the Higgs sector parameters can deviate from the MSSM and the SM by O(1) % �

O(10) %. The strategy of discovering the SGGHU is the following. First, we test the mass of the charged Higgs
boson and the heavy CP-even Higgs boson at the LHC. Then, we measure the coupling constants of the Higgs
boson at the ILC. Through two steps, we can distinguish a model. The SGGHU is a good example of the GUT
verifiable at colliders.
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Thermal Phase Transition in the SO(5)⇥ U(1) Gauge-Higgs Unification with
126GeV Higgs

H. Hatanaka
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We study the phase structure of the gauge theories in the space-time with one compact dimension,
where the gauge symmetry can be broken by the Hosotani mechanism. As the extra dimension,
we consider the SO(5) ⇥ U(1) gauge-Higgs unification in the Randall-Sundrum space-time which
reproduce the 126 GeV Higgs mass. It is found that the thermal phase transition of the electroweak
symmetry is very weak first order or almost second order and that the critical temperature is around
160 GeV for zL <⇠ 107 and nF = 3. (This work is in progress.)

I. INTRODUCTION

Higgs physics may be related the origin of the baryon asymmetry of the universe. In the electroweak baryo-
genesis scenario[1], in order to generate the baryon number in the electroweak phase transition, it is necessary
that the phase transition is strong first-order. This criterion is quantitatively described as [2]

'c

Tc

>⇠ 1, (1)

where Tc is the critical temperature of the electroweak phase transition and 'c is the magnitude of the vacuum
expectation value (VEV) of the Higgs at T = Tc.
It is known that in the standard model (SM) the phase transition is second-order formH

>⇠ 70 GeV. Thus if the
Higgs mass is 126 GeV as overfed in LHC, it is di�cult to obtain the baryon asymmetry through the electroweak
phase transition (EWPT). Therefore, in order to make the electroweak baryogenesis work successfully, the Higgs
sector in the SM should be extended.
In this presentation we briefly report the EWPT in a particular model of the gauge-Higgs unification (GHU)[4].

In the gauge-Higgs unification scenario[5], the Higgs field is regarded as the zero-mode of the extra-dimensional
component of the gauge field in the higher-dimensional space-time. The gauge symmetry breaking is triggered
by the non-trivial vacuum expectation value (VEV) of the Wilson-line phase. This is what we call the Hosotani
mechanism[6]. It has been reported that in GHU models the thermal phase transition is strong first order[7].
In this presentation we report the EWPT in a realistic GHU model which reproduce appropriate Higgs mass
126 GeV.

II. THERMAL PHASE TRANSITION IN THE SO(5)⇥U(1) GAUGE-HIGGS UNIFICATION WITH
mH = 126 GeV HIGGS

We consider the model in [4]. This is an SO(5)⇥U(1)X gauge theory in the Randall-Sundrum space-time.[8]

ds2 = e�2k|y|(⌘µ⌫dx
µdx⌫)� dy2, �L  y  L, (2)

where k is the curvature of the five-dimensional anti-de Sitter space. The SO(5) ⇥ U(1)X gauge symmetry is
broken to SU(2)⇥U(1)Y by the boundary conditions at y = 0,±⇡R. The electroweak symmetry breaking is by
the VEV of the 5-dimensional component of the gauge field Ay in the direction of SO(5)/SO(4). The magnitude

of the VEV is parameterized by the Wilson-line phase ✓H [9]: exp[ i2✓H(2
p
2T 4̂)] = exp[igA]

R zL
1 dzhAzi (z = eky,

zL ⌘ ekL).
In order to study the phase structure of this model, we evaluate the e↵ective potential at finite temperature.

The e↵ective potential consists of zero-tempereture e↵ective potential and the finite-temperature corrections:

Ve↵ = V T=0
e↵ +�Ve↵ . (3)

The zero temperature part of the e↵ective potential V T=0
eft is calculated by the method developed in [10]. The
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explicit forms of V T=0
eft in this model can be seen in Refs. [4, 9]. Finite temperature corrections are given by

�Ve↵ = � T 4

2⇡2

⇢
G[{m(W )

n }, 0] +G[{m(Z)
n }, 0] +G[{m(H)

n }, 0]

+G[{m(t)
n }, 1

2 ] +G[{m(F )
n }, 1

2 ]

�
, (4)

G[{Mn}, ⌘] = (�1)2⌘
1X

m=1

X

n

(�1)2m⌘

md
B2(mMn/T ), B2(x) ⌘ x2K2(x), (5)

where the KK mass spectra {mX
n } (X = W,Z,H, t, F ) is for the W-tower, Z-tower, the scalar-tower, top-tower

and the KK-tower of the SO(5)-spinorial fermions, respectively, and They are given in [4, 9]. This model contains
two free parameters, namely, the warp factor zL and the number of the spinorial-representation fermion nF . In
this report we consider the case with nF = 3. The e↵ective potential is numerically evaluated. In Fig. 1, the
Ve↵ with respect to ✓H at T = 0 and T = TC = 163 GeV for (zL, nF ) = (107, 3) are plotted. We note that at
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FIG. 1: The e↵ective potential with respect to the Wilson-line phase ✓H for zL = 107 and nF = 3, in the unit of
(k/zL)

4/(16⇡2) where k = 1.26 ⇥ 1010 GeV [4]. The blue-solid [red-dashed] line is for T = 0 [T = Tc = 163 GeV]. The
downward-arrow indicates the position of the nontrivial minimum at T = Tc.

T = TC there are two minima of the potential, one of which is ✓H = 0 and the other is ✓H ⇠ 0.012⇡.
In Fig. 2, the position of the minimum of the e↵ective potential, ✓H with respect to the temperature T for

(zL, nF ) = (107, 3) is plotted. The position ✓H monotonically decreases as T increases, and there are tiny gap
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FIG. 2: Position of the minimum of the e↵ective potential v.s. temperature T for zL = 107 and nF = 3. At T ⇠ 163
GeV a tiny gap is observed.

at T = 163 GeV = TC . When T > TC , ✓H vanishes and the SU(2)⇥ U(1)Y symmetry restores. This is a first
order phase transition but it also seems very weak and almost second order.
In order to check the criterion (1), we define 'c as

'c ⌘ ✓H(T = Tc)

✓H(T = 0)
· 246 GeV. (6)
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where ✓H(T = Tc) is the position of the non-trivial minimum of Ve↵ at T = TC . In Table I, we summarized
Tc, 'c for the various value of zL for nF = 3. Tc varies from 160 GeV to 215 GeV for 2 ⇥ 104  zL  1012.

TABLE I: Critical temperatures, magnitudes of the vacuum expectation value 'c for various values of zL with nF = 3.

zL Tc [GeV] 'c [GeV]

2⇥ 104 168 12.8

105 161 12.2

107 163 11.9

1010 190 16.3

1012 215 26.3

In particular TC ⇠ O(160GeV) for zL <⇠ 107. The values 'C/TC ⇠ O(0.1) are much smaller than unity for all
values of zL. Therefore this model does not fulfill the criterion Eq. (1) for nF = 3.

III. SUMMARY AND DISCUSSION

The thermal phase transition of the SO(5) ⇥ U(1) gauge-Higgs unification model which reproduce the 126
GeV Higgs mass was studied. The e↵ective potential of the gauge-Higgs unification at finite temperature was
formulated, and phase structure of the SO(5) ⇥ U(1) gauge-Higgs unification model was studied. It is found
that the thermal phase transition in the model is very weak first order or almost second-order. This implies the
electroweak baryogenesis cannot occur successfully in this model because the baryon-number is washed-out by
the sphaleron.
The result does not exclude the possibility to reproduce the baryon number by other mechanism, e.g. lepto-

genesis. It might be possible to make the first-order phase transition stronger by introducing supersymmetry
into the model[11], in analog with the enhanced first-order phase transition in the SM with supersymmetry[12].
In this presentation an analysis only for the nF = 3 case is reported. Analysis including result for other

values of nF will be summarised in somewhere else.
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We study the e↵ects of the extended electroweak gauge sector on the signal strengths of the Higgs
boson at the LHC. Extension of the Higgs sector associate with the extension of the electroweak
gauge symmetry. In our setup, there are two neutral Higgs states (h, H) and three new gauge
bosons (W 0±, Z0). We assume the lightest scalar, h, is what LHC found and its mass is 125 GeV.
We find the enhancement of µ(gg ! h ! ��). On the other hand, other decay processes are same
as or smaller than the SM expectation.

I. INTRODUCTION

On July 2012, both ATLAS and CMS groups reported that they found a new particle whose mass is around
125 GeV [2, 3]. This particle is expected to be the Higgs boson predicted in the standard model (SM). Although
the data are consistent with this expectation, the signal strength of the diphoton decay mode has received
attention. ATLAS experiment has detected larger signal strength than the SM expectation. Although the
current deviations from the SM are still less than 2 sigma, it is intriguing to explore possible implications for
new physics which can explain this excess. Since this process is induced via one-loop diagram, it is an ideal place
where new physics can readily set in. Hence, the diphoton channel can provide an e↵ective probe of possible
heavy new states which hide in the loop and have not yet manifested in the direct productions.
In the SM, the W boson loop diagrams give the dominant contributions to this process. Therefore, if we have

one more W boson, namely relatively light W 0, then the diphoton signal might be enhanced. This idea is easily
modelized by extending the electroweak gauge symmetry. The minimal extension is SU(2)⇥SU(2)⇥U(1). This
gauge structure contains W 0± and Z 0 as well as the SM gauge bosons. It is also required to extend the Higgs
sector for correct symmetry breaking pattern. In a simple realization of it, two CP-even scalars are predicted.
One of these scalars is identified as the observed particle at the LHC.
In this talk, we focus on the signal strength of the lighter CP-even scalar. Other interesting phenomena in this

model (such as the perturbative unitarity structure, phenomenology of heavier CP-even scalar) are discussed
in [1].

II. MODEL

The gauge symmetry in this model is SU(3)c⇥SU(2)0⇥SU(2)1⇥U(1)2, where SU(3)c is QCD part and others
are electroweak sector. We introduce two Higgs fields, H1 and H2, for the electroweak symmetry breaking. The
symmetry breaking patterns are SU(2)0⇥SU(2)1 !SU(2)V by H1, and SU(2)1⇥U(1)2 !U(1)V by H2, where
the su�x V stand for the diagonal part. After both symmetry breaking, the remnant symmetry is U(1)QED,
and the six of the gauge fields become massive. These massive gauge bosons are W±, Z,W 0±, and Z 0. Each
Higgs fields contain four real scalars, and six of them are eaten by the gauge bosons. Remaining two scalars, we
call them as h1 and h2, are physical degrees of freedom. These two scalars are, however, not mass eigenstates
which we define

h =cos↵h1 � sin↵h2, (1)

H =sin↵h1 + cos↵h2. (2)

We assume h is 125 GeV and H is heavier than h. As we will see in later, the phenomenology of h is highly
depending on this mixing angle, ↵.
We introduce vector-like fermions as well as chiral fermions. The charge assignments are summarized in

Table I. After the symmetry breaking, the vector-like and chiral fermions are mixed. Then the mass eigenstates

⇤
Speaker. This talk is based on the work done in [1].
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TABLE I: Assignments for fermions under the gauge group of the present model. In the fourth and fifth columns, the
U(1)2 charges and SU(3)c representations are shown for the quarks (without parentheses) and leptons (in parentheses),
respectively.

Fermions SU(2)0 SU(2)1 U(1)2 SU(3)c

 0L 2 1 1
6

�
� 1

2

�
3 (1)

 1L 1 2 1
6

�
� 1

2

�
3 (1)

 1R 1 2 1
6

�
� 1

2

�
3 (1)

 u
2R 1 1 2

3 (0) 3 (1)

 d
2R 1 1 � 1

3 (�1) 3 (1)

given by the mixture of the chiral and vector-like fermions. Due to this mixing, we can suppress potentially
dangerous contributions to S parameter at tree level without making W 0 much heavy. In addition, the extra
degrees of freedom in the fermion sector help to enhance �(gg ! h). We will see this cross section enhancement
is crucial to explain the diphoton excess in this model.
At tree level, the S parameter is approximately given by

↵emS '� 4 sin2 ✓W
mW

mW 0

gW 0ff

gWff
, (3)

where gWff and gW 0ff are W and W 0 couplings to the SM fermions respectively. The later coupling is given
by

gW 0ff '� g1

✓
1 + r2

r2
m2

W

m2
W 0

� sin2 ✓f

◆
, (4)

where r = hH2i/hH1i, and ✓f is the mixing angle in the fermion sector [14]. We can realize gW 0ff ' 0 by
choosing a proper configuration ✓f for the light fermion mass-eigenstates. Then S parameter is suppressed even
if mW 0 is lighter than 1 TeV [4–8]. If mW 0 � 1 TeV, then we can not expect W 0 a↵ects to the diphoton excess
because such a heavy W 0 is decoupled from the SM sector. So, suppressed gW 0ff is suitable in our purpose, and
hereafter we take gW 0ff = 0 to mimic the ideal fermion delocalization [4, 8]. Then we get another advantage:
We can avoid direct detection bounds [9–13], because these bounds are derived under the assumptions that W 0

is produced via Drell-Yan process, which never happen if gW 0ff = 0.
Since we impose gW 0ff = 0, the mixing angle in the fermion sector is determined by the parameters in the

gauge sector. It is natural to assume mW 0 � mW , then the mixing angle is small as long as r ⇠ 1 [15], as we
can see from Eq. (4). Hence, the main components of the SM fermions are the chiral fermions. On the other
hand, the non-SM fermions are approximately the vector-like fermions.
In this setup, we find the h couplings to the SM gauge bosons are suppressed as a consequence of the

perturbative unitarity restoration mechanism in the longitudinally polarized gauge boson scattering processes.
In the SM case, the amplitude of WLWL ! WLWL process is proportional to E2 if the Higgs boson contribution
were absent. The Higgs boson exactly cancel this E2 terms, and perturbative unitarity is restored, not violated
at higher scale. This exact cancellation of E2 terms is guaranteed by the relations among some couplings, so
called unitarity sum rules;

4m2
W gWWWW =3m2

Zg
2
WWZ + g2WWh, (5)

which is a consequence of gauge symmetry and renormalizablity. In our model case, W 0/Z 0 and H contribute
to the process as well. We find the following sum rule for the E2 term cancellation in WW ! WW scattering
amplitude:

4m2
W gWWWW =3m2

Zg
2
WWZ + 3m2

Z0g2WWZ0 + g2WWh + g2WWH . (6)

As a consequence, the h coupling to the W bosons should be smaller than the SM case due to the extra
contributions from Z 0 and H; otherwise an over cancellation occurs and E2 terms does not vanish. In a similar
manner, we can find the suppression of the h coupling to the Z bosons. Due to these coupling suppression,
Br(h ! WW/ZZ) is smaller than the SM case and related signal strengths are suppressed, as we will discuss
in the next section.
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III. PRODUCTION CROSS SECTION AND SIGNAL STRENGTHS

In this section, we calculate the h production cross section via gluon fusion process, and some signal strengths
for h.

A. �(gg ! h)

We start o↵ by studying the h production cross section via gluon fusion process. The cross section of this
process can be enhanced because this is a loop induced process by colored particles and our model contains
extra fermions as well as the SM fermions.
In Fig. 1, we show the ratio of �(gg ! h) in this model to the SM one. It highly depends on the parameters

in the Higgs sector, especially ↵. We find the cross section is enhanced in some region. This enhancement is
due to the contributions from the extra fermions. This cross section also depends on mW 0 although the process
seems independent from the gauge sector. This is due to the condition we take, gW 0ff = 0: This condition
makes a connection among parameters in the fermion sector and the gauge sector, as we can see from Eq. (4).
Hence Fig. 1 shows the mW 0 dependence.
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FIG. 1: �(gg ! h)/SM. We take MW 0 = 400 GeV (in the panel (a)) and MW 0 = 600 GeV (in the panel (b)). The
variable in the horizontal axis is the mixing angle in the Higgs sector, and r is the VEV ratio of the two Higgs fields,
hH2i/hH1i. The actual physical space of mixing angle ↵ is ↵ = [0,⇡), only the half of the [0, 2⇡) interval.

B. µ(gg ! h ! ��, WW, ZZ)

Next, we calculate signal strengths, µ = �·Br/(�·Br)SM. Here we focus on three signal strengths, µ(gg ! h !
��, WW, ZZ). In Fig. 2, we show these signal strengths as a function of ↵, with r = 1. We find diphoton signal
excess around ↵ ⇠ 0.8⇡. Therefore this model can explain the excess observed by both ATLAS and CMS. On
the other hand, µ(gg ! h ! WW, ZZ) is suppressed. They are smaller than a half of the SM prediction. Since
the central values of these process are near the SM prediction, this result looks unattractive. These suppression
in the WW and ZZ channels are originated from the suppression of the h couplings to the SM gauge bosons,
discussed around Eq. (6). Since the couplings depend on r, the situation can be moderated by the choice of
r, and we find it is true. In Fig. 3, we show the same plot as in Fig. 2 but di↵erent choice of r. We take
r = 2 (1/2) in the left (right) panel. In these plots, we fix mW 0 = 400 GeV. We find µ(gg ! h ! WW, ZZ)
can almost reach the SM prediction around ↵ = 0.7⇡ (1.0⇡) in the left (right) panel. In those region, we still
see the diphoton excess. This is compatible with the LHC data.

C. µ(qq0 ! V h ! V ff 0) and µ(q1q2 ! hq3q4 ! ff 0q3q4)

We study other important processes, qq0 ! V ⇤ ! V h ! V ff 0 and q1q2 ! hq3q4 ! ff 0q3q4, where V stands
for W and Z. These processes are used for detecting h ! bb̄, ⌧ ⌧̄ process. Since gW 0ff = 0 in our analysis, the
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FIG. 2: µ. We take MW 0 = 400 (600) GeV in the left (right) panel, and r = 1 in both panels. The actual physical space
of mixing angle ↵ is ↵ = [0,⇡), only the half of the [0, 2⇡) interval.
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FIG. 3: µ. We take r = 2 (1/2) in the left (right) panel, and MW 0 = 400 GeV in both panels. The actual physical space
of mixing angle ↵ is ↵ = [0,⇡), only the half of the [0, 2⇡) interval.

only di↵erence of these processes from the SM case is the h couplings to the SM gauge bosons, namely

µ(qq0 ! V h ! V ff 0) = µ(q1q2 ! hq3q4 ! ff 0q3q4) =

✓
gV V h

gSMV V h

◆2

< 1. (7)

The inequality in this equation is due to the suppression of the h couplings to the SM gauge bosons as we
discussed around Eq. (6), and hence this signal strength is always suppressed. This is a feature of this process
in this model. We explicitly show this feature by plotting the signal strength in Fig. 4. These two plots make it
apparent that this process is certainly suppressed compared to the SM prediction. This result is still consistent
with the current LHC data due to large statistical error, but will become important to discriminate this model
to other models in the future.

IV. SUMMARY

We study the model which has minimally extended electroweak gauge sector and vector-like fermions. The
W 0 coupling to the SM fermions can be suppressed thanks to the mixing between chiral and vector-like fermions.
As a consequence, W 0 can be lighter than 1 TeV without any conflict with the S parameter constraint and direct
search bounds.
In this set up, we study the diphoton signal strength of the lighter CP-even scalar. We find enhancement of

µ(gg ! h ! ��), depending on the parameter choice. This enhancement is mainly due to the enhancement of
�(gg ! h) by the extra fermions contributions. On the other hand, µ(gg ! h ! WW/ZZ) can be comparable
with the SM prediction and be compatible with the LHC data, though they tend to be smaller than the SM
predictions. This behavior is due to the suppression of the h couplings to the SM gauge bosons. We also discuss
the signal strength for other interesting processes, µ(qq0 ! V h ! V ff 0) and µ(q1q2 ! hq3q4 ! ff 0q3q4).
These processes are, for example, used to observe tau leptons as decay products from the Higgs boson. We find
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FIG. 4: µ(qq0 ! V h ! V ff 0). µ(q1q2 ! hq3q4 ! ff 0q3q4) is also same. We take MW 0 = 400 GeV (in the panel (a)),
MW 0 = 600 GeV (in the panel (b)). The actual physical space of mixing angle ↵ is ↵ = [0,⇡), only the half of the [0, 2⇡)
interval.

these signal strengths are always smaller than the SM prediction. This is also due to the suppression of the h
couplings to the SM gauge bosons.
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We show two types of bounds on five- and six-dimensional universal extra dimension (UED) models
from the latest results of the Higgs search at the LHC and of the electroweak precision data for the
S and T parameters. The UED models on which we put lower bounds are the minimal UED model
in five dimensions and the six dimensional ones on T 2/Z2, T

2/(Z2 ⇥ Z0
2) , T 2/Z4, S

2, S2/Z2, RP 2

and projective sphere. The highest possible ultraviolet cuto↵ scale for each UED model is evaluated
from the vacuum stability of the Higgs potential by solving the renormalization group equation of
the Higgs self coupling. The bounds on the KK scale in the minimal UED model is 650 GeV from
the LHC results and 700 GeV from the S, T analysis at the 95% confidence level, while those in the
several 6D UED models are 850GeV ⇠ 1350GeV (Higgs search) and 900GeV ⇠ 1500GeV (S, T
analysis).

I. INTRODUCTION

Even after the discovery of the Higgs-like particle at the Large Hadron Collider (LHC), phenomenology of
the Higgs sector is not fully revealed. The ATLAS and CMS experiments reported their recent results on signal
strengths of the Higgs like boson (defined as the ratio of Higgs signal cross sections between the experimental
result and the SM prediction) for its decay into diphoton (��) and diboson (ZZ and WW ) [1–6]. According
to these results, the signal strengths of H ! ��, ZZ and WW turn out to be 1.65 ± 0.24+0.25

�0.18, 1.7+0.5
�0.4 and

1.01 ± 0.31 at the ATLAS experiment, while 0.78 ± 0.27 (MVA based), 0.91+0.30
�0.24 and 0.71 ± 0.37 (cut based) at

the CMS experiment. These results are consistent with the SM but there still is a room for a new physics e↵ect
in these processes. In this work, we put bounds on universal extra dimension (UED) models.

The UED is a candidate of new physics, in which all the SM particles propagate in extra compactified spacial
dimensions. The five-dimensional minimal UED (mUED) model without tree-level brane-localized term as a
minimal extension of the SM, which is constructed on S1/Z2 [7], has been well studied. Six-dimensional UED
models with various two-dimensional compactified spaces are also considered. We investigate the 6D UED
models based on two torus, T 2/Z2 [7], T 2/Z4 [8, 9], T 2/(Z2 ⇥Z 0

2) [10], on two sphere S2/Z2 [11] and S2, and on
the non-orientable manifolds, namely the real projective plane RP 2 [12] and the projective sphere (PS) [13], by
putting bounds on the Kaluza-Klein (KK) scale from the results of the Higgs signal search and the electroweak
precision measurements [24]. For details of these models, see for example Refs. [14, 15].

For bounds on the UED models from the electroweak precision measurements, we use the S and T parameters
defined as in Ref. [16, 17], which are the quantities based on two point functions of the gauge bosons in the
electroweak sector. The recent constraints on the S and T parameters are given in Ref. [18]. For the bounds
from the Higgs signal search, we use the recent results obtained in Ref. [1–6] for each decay process. In order to
calculate these quantities in the UED models, we need to know an ultraviolet (UV) cuto↵ scale in a view point
of four-dimensional e↵ective theory. To search for the highest possible UV cuto↵ scale, we have evaluated the
vacuum stability bound on the Higgs potential by solving renormalization group equation, whose details will be
shown in Ref. [19].

II. HIGGS SIGNAL AT THE LHC IN UED MODELS

A. Prediction on Higgs signal in UED models

The Higgs signal at the LHC can be divided into two parts, production and decay processes. Higgs production
at the LHC mainly comes from gluon fusion through the top loop. Its production cross section is about ten
times larger than other channels in SM case. On the other hand, Higgs to diphoton and digluon decays are also
induced as loop processes that are mainly constructed by top and W boson loops. The branching ratio of the
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diphoton decay is ten times much smaller than the other decay channels, but we can see the diphoton signal
clearly at the collider. KK tower in the UED models a↵ects such loop processes. Experimental data gives a
constraints on signal strength that is defined by the ratio of the cross section,

�exp
pp!H!X

�SM
pp!H!X

, (1)

where X = ��, ZZ, WW, etc. We compute it for the gluon fusion production channel in the UED models:

�UED
gg!H!X

�SM
gg!H!X

'
�UED

H!gg�
UED
H!X/�UED

H

�SM
H!gg�

SM
H!X/�SM

H

, (2)

where �UED/SM
H is total decay width of the Higgs in UED/SM case and

�̂UED
gg!H =

⇡2

8MH
�UED

H!gg�(ŝ � M2
H), (3)

�UED
H!gg = K

↵2
s

8⇡2

M3
H

v2
EW

|JSM
t + JKK

t |2. (4)

K is K-factor which accounts for the higher order QCD corrections, ↵s = g2
s

4⇡ is the fine structure constant for

QCD, vEW ' 246 GeV is vacuum expectation value of Higgs in weak scale, and J
SM/KK
t indicates the SM/KK

top loop function, defined as in Ref. [14, 20]. The diphoton decay width takes the following form:

�UED
H!�� =

↵2G2
F M3

H

8
p

2⇡3

����J
SM
W + JKK

W +
4

3
(JSM

t + JKK
t )

����
2

, (5)

where ↵ = e2

4⇡ and GF are fine structure constant for QED and Fermi constant. The SM/KK W boson loop

function J
SM/KK
W are also defined in Ref. [14, 20]. For the final states X = ZZ/WW , we can approximate as

�UED
H!ZZ/WW ⇠ �SM

H!ZZ/WW because Higgs decays into ZZ/WW boson pair at the tree level, and hence KK
loop contributions are negligible. As an illustration, we show in FIG.1 the KK loop e↵ect on the branching
ratios and on the UED/SM ratio of the diphoton Higgs decay as well as of the digluon one, in the T 2/Z2 model.
The UED/SM ratio of H ! gg (cyan line in left figure) is always enhanced in this range, while that of H ! ��
(green line in left figure) is suppressed as already seen in Ref. [14, 20]. If we consider the KK compactification
scale 1TeV, the signal strength of diboson decay is enhanced by a factor 1.5 from that of the SM, while the
diphoton decay rate is suppressed by 10%. The signal strength pp ! H ! �� becomes about 1.35 times
larger than in the SM. The branching ratios for the diphoton, diboson, and fermionic final states are suppressed
compared with those in the SM, because of an enhacement of digluon decay rate, as shown in the right of FIG.1.
The enhancement of H ! gg rate is due to the KK top contributions in the loop diagrams. The reason of the
suppression in H ! �� is as follows. Each KK fermion mode is vectorlike, and hence has twice the degrees of
freedom compared to its zero mode. Therefore their negative contributions to decay rate become larger than
the positive ones coming from the KK W loops. The sum of all the KK loops gives negative contribution, while
that of the SM ones is positive.

B. Bound on KK scale from current data

As shown above, the UED models give di↵erent production cross section in the gluon fusion (GF). On
the other hand, the other productions: the vector boson fusion (VBF), the Higgs-strahlung (VH), and the
associated production with a tt̄ pair (ttH) are the same as in the SM. The ATLAS and CMS have reported on
the proportions of these production channels for each event categories of H ! ��, ZZ and WW [1–6]. We
take these contributions into account. The details are given in [19].

Figure 2 shows the bounds on the KK scale from all the ATLAS and CMS results of H ! ��, WW, ZZ
channels. The blue solid, dashed, and dotted lines show the results in T 2-based models on T 2/Z2, T 2/(Z2 ⇥Z 0

2),
and T 2/Z4, respectively. Similarly, the red solid and dashed ones in S2-based models on S2 and S2/Z2. The
green solid and dashed ones on non-orientable manifolds RP 2 and PS. The black one for mUED model. We
can see from FIG.2 that the lower bound on the KK scale in the mUED model is around 650 GeV at the 95%
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FIG. 1: UED/SM ratio of the Higgs decay rate (left) and the branching ratios (right) as functions of the KK scale MKK

for the final states bb (red), cc (red dashed), ⌧⌧ (magenta), ZZ (blue), WW (blue dashed), gg (cyan), and �� (green).
Both left and right figures are for the T 2/Z2 model. Higgs signal
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FIG. 2: Exclusion CLs of all the UED models as functions of the KK scale MKK by use of all the ATLAS and CMS
results of H ! ��,WW,ZZ. The blue solid, dashed and dotted lines show the results in T 2/Z2, T

2/Z2 ⇥Z0
2 and T 2/Z4

models; the red solid and dashed lines show those in S2 and S2/Z2 models; the green solid and dashed lines show that
in RP 2 and PS models; and the black line indicate that in mUED model.

confidence level (CL). The six dimensional models have the bounds that are heavier than in the mUED model.
This is because the number of state in each KK excited level in six-dimensional models is larger than in the
mUED one. The bounds on the KK scale in the six-dimensional models T 2/Z2, T 2/(Z2 ⇥ Z 0

2) , T 2/Z4 are 1080
GeV, 950 GeV, and 830 GeV, respectively. Those on S2 and S2/Z2 are 1330 GeV and 920 GeV, while on RP 2

and PS, 880 GeV and 1230 GeV, respectively.

III. ELECTROWEAK PRECISION CONSTRAINT IN UED MODELS

A measurement related to electroweak sector can be used to obtain indirect bounds on phenomenological
models. The S and T parameters proposed by Peskin and Takeuchi [16, 17] are very useful quantities for such
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FIG. 3: Exclusion CLs of all UED models as functions of the KK scale MKK from the fit to the experimental results of
S and T parameters. Colors denote the same as in Figure 2.

a purpose. These parameters are represented as [21]

↵S

4s2
W c2

W

= ⇧T
ZZ

0
(0) +

c2
W � s2

W

cW sW
⇧T

Z�

0
(0) � ⇧T

��

0
(0), (6)

↵T =
⇧T

WW (0)

m2
W

� ⇧T
ZZ(0)

m2
Z

+ 2cW sW

⇧T
Z�(0)

m2
W

, (7)

where sW and cW are sine and cosine of the weak mixing angle sin ✓W and cos ✓W . The function ⇧T
ab

(0)
(0) is

the transverse component of the two point functions of the SM gauge bosons (ab = WW, ZZ, Z�, ��), which is
defined as

⇧µ⌫
ab (k) = i ⇧T

ab(k
2)

✓
gµ⌫ � kµk⌫

k2

◆
+ i ⇧L

ab(k
2)

kµk⌫

k2
, (8)

where k is the external momentum. ⇧T
ab

0
(k2) is defined as d

dk2 ⇧T
ab(k

2). Several measurable quantities are
represented as functions of the S and T parameters, and from the global fit to the experimental results, the
values of S, T are estimated as [18]

S|exp
U=0 = 0.05 ± 0.09, T |exp

U=0 = 0.08 ± 0.07, (9)

with its correlation being +0.91, assuming that the U parameter is zero. In an operator-analysis point of view,
the U parameter is represented as a coe�cient of a higher dimensional operator involving the Higgs doublet
than those for S and T in the UED models, and hence we ignore the e↵ect in our analysis.

In the UED models, the forms of S and T are written as

S =
X

s
with Ms<⇤

⇣
S

(KK)
s,boson + S

(KK)
s,fermion

⌘
+ SHiggs calibration + Sthreshold, (10)

T =
X

s
with Ms<⇤

⇣
T

(KK)
s,boson + T

(KK)
s,fermion

⌘
+ THiggs calibration + Tthreshold, (11)

where the first two terms in Eqs. (10) and (11) indicate the contributions of the KK particles via bosonic and
fermionic loops, and the middle terms represent the e↵ects from Higgs mass calibration, and the last terms show
the threshold corrections via possible operators around the UV cuto↵ scale. In our analysis, in addition to the
e↵ects of the KK Higgs boson and the KK top quark [22], the e↵ect of the KK gauge boson is newly taken into
account. The detailed forms of each terms are found in Ref. [19].
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In Fig. 3, we show the bounds on the KK scales from the fit to the results in Eq. (9). Colored lines correspond
to each UED model in the same manner as shown in Fig. 2. We find that the lower bound on the KK scale in
the mUED is around 700 GeV at the 95% CL. The bounds on the KK scale in T 2/Z2, T 2/(Z2 ⇥ Z 0

2), T 2/Z4,
S2, S2/Z2, RP 2 and PS are 1190 GeV, 1100 GeV, 900 GeV, 1500 GeV, 1050 GeV, 1020 GeV and 1410 GeV,
respectively at the 95% CL.

IV. SUMMARY

We have estimated the two types of bounds on the KK scales in 5D and 6D UED models from the Higgs
search at the LHC and from the electroweak precision data via the S and T parameters. In the UED models,
the contributions via loop diagrams including the KK top quarks and the KK gauge bosons modify the Higgs
decay rate and production cross section. These contributions a↵ect the Higgs signal strengths at the LHC. From
the analysis on the results of Higgs signal strengths in the decay modes H ! ��, H ! ZZ and H ! WW , we
find that the lower bound on the KK scale in the mUED model is 650 GeV at the 95% CL, while those in the 6D
models on T 2/Z2, T 2/(Z2 ⇥ Z 0

2), T 2/Z4, S2, S2/Z2, RP 2 and PS are 1080 GeV, 950 GeV, 830 GeV, 1330 GeV,
920 GeV, 880 GeV and 1230 GeV, respectively. The KK excited states of the massive SM particles (top quark,
Higgs boson and gauge boson) alter the S and T parameters. After evaluating the e↵ects, the lower bound in
the mUED turns out to be 650 GeV at the 95% CL, and the counterparts in T 2/Z2, T 2/(Z2 ⇥ Z 0

2), T 2/Z4, S2,
S2/Z2, RP 2 and PS models are 1190 GeV, 1100 GeV, 900 GeV, 1500 GeV, 1050 GeV, 1020 GeV and 1410 GeV.
Comparing the bounds from the Higgs signal search with those from the electroweak measurements, we find
that the latter bounds are slightly severer than the former ones in the UED models for now. However, in future
the Higgs signal search at the LHC will put more strong constraints on the KK scales in the UED models.
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We propose a new mechanism to generate a CP phase originating from a non-trivial Higgs vacuum
expectation value in an extra dimension. A twisted boundary condition for the Higgs doublet can
produce an extra dimensional coordinate-dependent vacuum expectation value containing a CP
phase degree of freedom. With this mechanism, we construct a phenomenological model on S1

which can simultaneously and naturally explain the origins of the fermion generations, the quark
mass hierarchy and the structure of the Cabibbo-Kobayashi-Maskawa matrix with the CP phase1.

I. INTRODUCTION

A quest for the origins of the quark mass hierarchy, the structure of the flavor mixing, and the three generations
of the fermions is one of the important tasks in particle physics. Lots of experiments have succeeded in measuring
values of the quark masses and the elements of the Cabbibo-Kobayashi-Maskawa (CKM) matrix with good
precision. A complex phase in the CKM matrix due to the three generations has been proposed to explain
an origin of the CP violation [2], and the existence of the CP phase has been well established by B physics
experiments. However, the Standard Model (SM) does not initiate us into the origins of quark mass hierarchy,
the structure of the flavor mixing, and three generations of the fermions even though the SM contains these
structures. Thus we consider that there is a more fundamental theory beyond the SM.

In the context of higher dimensional field theories, which are one of the candidates of beyond the SM, we
propose a new mechanism to produce a CP phase and construct a five-dimensional (5D) phenomenological
model with S1 compactification which can naturally explain all the flavor structure of the SM, i.e. the origins
of the fermion generations, the quark mass hierarchy and the structure of the CKM matrix with the CP phase.
We put point interactions on S1, which are additional boundary points on S1, to realized the three generations
from a single 5D fermion. It should be emphasized that 5D Yukawa couplings cannot be the origin of the CP
phase in our model because the model contains only a single generation fermions for each 5D quark. A twisted
boundary condition (BC) for the Higgs doublet leads to a CP phase degree of freedom. The Higgs VEV with
an extra dimensional coordinate dependent phase is a key and will be derived in the next section. We also
introduce an extra dimensional coordinate dependent vacuum expectation value (VEV) of a gauge singlet scalar
field to realize the quark mass hierarchy. The Robin BC for the gauge singlet scalar field can lead to suitable
form of the VEV. The structure of the flavor mixing is determined by the geometry of the extra dimension in
our model.

II. HIGGS VEV WITH TWISTED BOUNDARY CONDITION

First, we discuss the property of the VEV of a SU(2)W Higgs doublet H with a twisted boundary condition
on S1. The action we consider is

SH =

Z

d4x

Z L

0

dy
h

�|@MH|2 + M2|H|2 � �

2
|H|4

i

. (1)

We impose the twisted boundary condition on H as

H(y + L) = ei✓H(y). (2)

Here, we take the range of ✓ as �⇡ < ✓  ⇡. We will obtain the VEV of hH(y)i minimizing the functional

E [H] =

Z L

0

dy
h

|@yH|2 � M2|H|2 +
�

2
|H|4

i

. (3)

⇤ This talk is given by Y.Fujimoto in the conference HPNP2013.
1 This talk is based on Ref.[1]
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To find the minimization condition of the functional E , we introduce H(y) as H(y) = ei ✓
LyH(y), H(y + L) =

H(y). The VEV of hH(y)i which minimize the functional E will lead us to the VEV of hH(y)i. See Ref.[3] in
details. The VEV hH(y)i is given, without any loss of generality, as follows:

• For M2 �
�

✓
L

�

2

> 0 case

hHi =

8

>

>

<

>

>

:

vp
2

ei ✓
Ly

✓

0
1

◆

for � ⇡ < ✓ < ⇡

vp
2

ei ⇡
Ly

✓

0
1

◆

or vp
2

e�i ⇡
Ly

✓

0
1

◆

for ✓ = ⇡
, (4)

• For M2 �
�

✓
L

�

2

< 0 case

hH(y)i =

✓

0
0

◆

, (5)

where v is given by
✓

vp
2

◆

2

:= |hH(y)i|2 =
1

�

✓

M2 �
⇣ ✓

L

⌘

2

◆

. (6)

In the following, we will assume the case of M2 �
�

✓
L

�

2

> 0. Now we discuss some properties of the derived
VEV in Eq. (4). Di↵erently from the SM, the VEV possesses y-position-dependence and its broken phase is

realized only in the case of M2 �
�

✓
L

�

2

> 0. But like the SM, the squared VEV (6) is still constant even though

hH(y)i depends on y. This means that after v/
p

L is set as 246 GeV, where the mass dimension of v is 3/2, the
same situation as the SM occurs in the electroweak symmetry breaking (EWSB) sector. On the other hand,
the y-dependence of the Higgs VEV in Eq. (4) is an important consequence for the Yukawa sector. Since the
VEV of the Higgs doublet appears linearly in each Yukawa term, the overlap integrals which lead to e↵ective
4D Yukawa couplings will produce non-trivial CP phase in the CKM matrix.

We also comment on the Higgs-quarks couplings in our model. The profiles of the VEV and the Higgs
physical zero mode in our model are the same as ei ✓

Ly up to the coe�cients. This means that the strengths of
the couplings are equivalent to those of the SM even though the mode function gets to be y-position dependent.
As a result, the decay branching ratios of the Higgs boson are the same as those of the SM. Possible deviations
in the partial widths of the one-loop induced processes could be small when we take the Kaluza-Klein (KK)
scale around a few TeV.

III. THE MODEL WITH POINT INTERACTIONS ON S1

Field localization in extra dimensions is known as an e↵ective way of explaining the quark mass hierarchy and
pattern of flavor mixing. For this purpose, we follow the strategy in [3], where point interactions are introduced
in the bulk space to split and localize fermion profiles and also to produce a y-position-dependent VEV with
an (almost) exponential shape, which generates the large fermion mass hierarchy. But in this letter, we set the
extra dimension to be a circle S1 not an interval as [3]. Under the situation, the twisted boundary condition
(2) is compatible with the geometry. In the following part, we briefly explain how to construct our model. The
5D action for fermions is given by

S =

Z

d4x

Z L

0

dy
⇥

Q̄(i�M@M + MQ)Q + Ū(i�M@M + MU )U + D̄(i�M@M + MD)D
⇤

, (7)

where we introduce an SU(2)W doublet Q, an up-quark singlet U , and a down-type singlet D. We note that
our model contains only one generation for 5D quarks but each 5D quark produces three generations of the 4D
quarks, as we will see below.

We adopt the following BCs for Q, U , D with an infinitesimal positive constant " [3]:

QR = 0 at y = L
(q)
0

+ ", L
(q)
1

± ", L
(q)
2

± ", L
(q)
3

� ", (8)

UL = 0 at y = L
(u)

0

+ ", L
(u)

1

± ", L
(u)

2

± ", L
(u)

3

� ", (9)

DL = 0 at y = L
(d)

0

+ ", L
(d)

1

± ", L
(d)

2

± ", L
(d)

3

� ", (10)
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where  R and  L denote the eigenstates of �5, i.e.  R ⌘ 1+�5

2

 and  L ⌘ 1��5

2

 . A crucial consequence of the
above BCs is that there appear three-fold degenerated left- (right-)handed zero modes in the mode expansions
of Q (U , D) and that they form the three generations of the quarks. The details have been given in Ref. [3]. We
will not repeat the discussions here.

The fields Q, U , D with the BCs in Eqs (8)–(10) are KK-decomposed as follows:

Q(x, y) =

✓

U(x, y)
D(x, y)

◆

=

0

@

P

3

i=1

u
(0)

iL (x)f
q
(0)
iL

(y)
P

3

i=1

d
(0)

iL (x)f
q
(0)
iL

(y)

1

A + (KK modes), (11)

U(x, y) =
3

X

i=1

u
(0)

iR (x)f
u
(0)
iR

(y) + (KK modes), (12)

D(x, y) =
3

X

i=1

d
(0)

iR (x)f
d
(0)
iR

(y) + (KK modes). (13)

Here the zero mode functions are obtained in the following forms:

f
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i eMQ(y�L

(q)
i�1)

h
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f
d
(0)
iR

(y) = N (d)

i e�MD(y�L
(d)
i�1)

h

✓(y � L
(d)

i�1

)✓(L(d)

i � y)
i

in [L(d)

0

, L
(d)

3

], (16)

where

�L
(l)
i = L

(l)
i � L

(l)
i�1

(for i = 1, 2, 3; l = q, u, d), (17)
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N (q)
i , N (u)

i , N (d)

i are the wavefunction normalization factors for f
q
(0)
iL

, f
u
(0)
iL

, f
d
(0)
iL

, respectively.

Since the length of the total system is universal, L
(l)
3

� L
(l)
0

(l = q, u, d) should be equal to the circumference
of S1, i.e.

L := L
(q)
3

� L
(q)
0

= L
(u)

3

� L
(u)

0

= L
(d)

3

� L
(d)

0

. (19)

Note that all the mode functions in Eqs. (14)–(16) (and a form of a singlet VEV in Eq. (23)) are periodic with
the common period L, whereas we do not indicate that thing explicitly in Eqs. (14)–(16).

In this model, the large mass hierarchy is naturally explained with the following Yukawa sector

SY =

Z

d4x

Z L

0

dy

⇢

�
h

� Y(u)Q(i�
2

H⇤)U � Y(d)QHD
i

+ h.c.

�

, (20)

where Y(u)/Y(d) is the Yukawa coupling for up/down type quark; H and � are an SU(2)W scalar doublet and a
singlet. It should be noted that although the Yukawa couplings Y(u) and Y(d) can be complex, they cannot be
an origin of the CP phase of the CKM matrix because our model contains only a single quark generation, so that
the number of the 5D Yukawa couplings is not enough to produce a CP phase in the CKM matrix. An schematic
figure of our system is depicted in Fig. 1. Note that the five terms of Q(i�

2

H⇤)U , QHD,�QQ,�UU ,�DD with
the Pauli matrix �

2

are excluded by introducing a discrete symmetry H ! �H,� ! ��. � is a gauge singlet
and there is no problem with gauge universality violation.

The 5D action and the BCs for � are assumed to be of the form [3, 4]

S
�

=

Z

d4x

Z L

0

dy

⇢

�†
⇣

@M@M � M2

�

⌘

�� �
�

2

⇣

�†�
⌘

2

�

, (21)

�+ L
+

@y� = 0 at y = L
(�)

0

+ ",

�� L�@y� = 0 at y = L
(�)

3

� ", (22)
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FIG. 1: The wavefunction profiles of the quarks and the VEV of �(y) are schematically depicted. Here we take L
(q)
0 = L

(�)
0 = 0.

Note that all the profiles have the periodicity along y with the same period L. Di↵erently from the model on an interval in Ref. [3],

we can find the (1, 3) elements of the mass matrices due to the periodicity along y-direction.

where L± can take values in the range of �1  L±  1 and L
(�)

0

and L
(�)

3

indicate the locations of the two
“end points” of the singlet. The VEV of � with the BCs, named Robin BCs, in Eq. (22) is expressed in terms of
Jacobi’s elliptic functions in general and its phase structure has been discussed in Ref [4]. We adopt a specific

form in the region [L(�)

0

+ ", L
(�)

3

� "][3]:

h�(y)i =



M
�p

�
�

np
1 + X � 1

o

1
2

�

⇥ 1

cn
⇣

M
�

{1 + X}1/4(y � y
0

),
q

1

2

(1 + 1p
1+X

)
⌘ ,

⇣

X :=
4�

�

|Q|
M4

�

⌘

. (23)

Here y
0

and Q are parameters which appear after integration on y and we focus on the choice of Q < 0.
We note that the values of y

0

and Q are automatically determined after choosing those of L±. As shown in
Ref. [3], we get the form of h�(y)i to be an (almost) exponential function of y by choosing suitable parameter

configurations. Although there is a discontinuity in the wavefunction profile of h�i between y = L
(�)

0

+ " and

y = L
(�)

3

� " in Eqs. (22), this type of BCs is derived from the variational principle on S1 and leads to no
inconsistency [4]. The BCs for the 5D SU(3)C , SU(2)W , U(1)Y gauge bosons GM , WM , BM are selected as

GM |y=0

= GM |y=L, @yGM |y=0

= @yGM |y=L, (24)

where we only show the GM ’s case. In this configuration, we obtain the SM gauge bosons in zero modes. Based
on the discussion in Section II, we conclude that the W and Z bosons become massive and their masses are
suitably created through “our” Higgs mechanism as mW ' 81 GeV, mZ ' 90 GeV. We mention that, on S1

geometry, G
(0)

y , W
(0)

y , and B
(0)

y would exist as massless 4D scalars at the tree level, but they will become massive
via quantum corrections and are expected to be uplifted to near KK states. We will discuss those modes in
another paper. We should note that in our model on S1 with point interactions, the 5D gauge symmetries are
intact under the BCs (2),(8)-(10),(22),(24).

IV. RESULTS

In this section, we would like to find a set of parameter configurations in which the quark mass hierarchy and
the structure of the CKM matrix with the CP phase are derived naturally. In the following analysis, we rescale
all the dimensional valuables by the S1 circumference L to make them dimensionless and the rescaled valuables
are indicated with the tilde .̃

We set the parameters concerning the scalar singlet � as

M̃
�

= 8.67, ỹ
0

= �0.1, �̃
�

= 0.001, |Q̃| = 0.001, (25)
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where the VEV profile becomes an (almost) exponential function of y, which is suitable for generating the large
mass hierarchy. In this case, the values of L± in Eq. (22) correspond to

1

L̃
+

= �6.07,
1

L̃�
= 8.69, (26)

where the broken phase is realized [3].
As in the previous analysis [3], the signs of the fermion bulk masses are assigned as MQ > 0, MU < 0, MD > 0

to make much larger overlapping in up quark sector than in down ones for top mass. Here we assume the
positions of the two “end points” of both the quark doublet and the scalar singlet are the same

L
(q)
0

= L
(�)

0

= 0, L
(q)
3

= L
(�)

3

= L, (27)

where we set L
(q)
0

and L
(�)

0

as zero. In addition, we also assume that the orders of the positions of point
interactions are settled as

0 < L
(u)

0

< L
(u)

1

< L
(q)
1

< L
(u)

2

< L
(q)
2

< L < L
(u)

3

,

0 < L
(d)

0

< L
(d)

1

< L
(q)
1

< L
(d)

2

< L
(q)
2

< L < L
(d)

3

. (28)

Here our up quark mass matrix M(u) and that of down ones M(d) take the forms

M(u) =

2

6

4

m
(u)

11

m
(u)

12

m
(u)

13

0 m
(u)

22

m
(u)

21

0 0 m
(u)

33

3

7

5

, M(d) =

2

6

4

m
(d)

11

m
(d)

12

m
(d)

13

0 m
(d)

22

m
(d)

21

0 0 m
(d)

33

3

7

5

, (29)

where the row (column) index of the mass matrices shows the generations of the left- (right-)handed fermions,
respectively. Di↵erently from the model on an interval in Ref. [3], the (1, 3) elements of the mass matrices are
allowed geometrically due to the periodicity along y-direction.

The parameters which we use for calculation are

L̃
(q)
0

= 0, L̃
(q)
1

= 0.298, L̃
(q)
2

= 0.659, L̃
(q)
3

= 1,

L̃
(u)

0

= 0.0245, L̃
(u)

1

= 0.0260, L̃
(u)

2

= 0.520, L̃
(u)

3

= 1.03,

L̃
(d)

0

= 0.0703, L̃
(d)

1

= 0.178, L̃
(d)

2

= 0.646, L̃
(d)

3

= 1.07,

M̃Q = 0.654, M̃U = �0.690, M̃D = 0.595, ✓ = 3.0,

(30)

where the twist angle ✓ is a dimensionless value and should be within the range �⇡ < ✓  ⇡. We should remind

that in our system, the EWSB is only realized on the condition of M2 �
�

✓
L

�

2

> 0 as in Eq. (4). Recently,
the ATLAS and CMS experiments have announced that the physical Higgs mass is around 126 GeV with 5�
confidence level [5, 6]. �̃ is 0.262 irrespective of the value of L, while M̃ is slightly dependent on the value of
L as 3.01303 (3.00052) in the case of M

KK

= 2 TeV (M
KK

= 10 TeV), where M
KK

is a typical scale of the KK
mode and defined as 2⇡/L. Here some tuning is required to obtain the suitable values realizing the EWSB.

After the diagonalization of the two mass matrices, the quark masses are evaluated as

m
up

= 2.06 MeV, m
charm

= 1.25 GeV, m
top

= 174GeV,

m
down

= 4.91 MeV, m
strange

= 102MeV, m
bottom

= 4.18 GeV,

m
up

m
up

|
exp.

= 0.897,
m

charm

m
charm

|
exp.

= 0.978,
m

top

m
top

|
exp.

= 1.00,

m
down

m
down

|
exp.

= 1.02,
m

strange

m
strange

|
exp.

= 1.07,
m

bottom

m
bottom

|
exp.

= 1.00,

(31)

and the absolute values of the CKM matrix elements are given as

|V
CKM

| =

2

4

0.971 0.238 0.00318
0.238 0.970 0.0372

0.00829 0.0364 0.999

3

5 ,

�

�

�

�

V
CKM

V
CKM

|
exp.

�

�

�

�

=

2

4

0.997 1.06 0.906
1.06 0.997 0.902
0.957 0.900 1.00

3

5 . (32)
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The Jarlskog parameter J is

J = 2.56 ⇥ 10�5,
J

J |
exp.

= 0.865, (33)

where we also provide the di↵erences from the latest experimental values in Ref. [7]. All the deviations from the
latest experimental values are within about 15% and we can conclude that the situation of the SM is suitably
generated.

V. SUMMARY AND DISCUSSION

In this letter, we proposed a new mechanism for generating CP phase via the Higgs vacuum expectation
value originating from geometry of an extra dimension. A twisted boundary condition for the Higgs doublet
has been found to lead to an extra dimensional coordinate-dependent VEV with a non-trivial CP phase degree
of freedom. This mechanism is useful for realizing CP violation in an extra-dimensional model.

As an application of this idea, we have constructed a phenomenological model with an extra dimension which
can simultaneously and naturally explain the origin of the fermion generations, the quark mass hierarchy, and the
CKM structure with the CP phase based on [3]. The point interactions realize the three fermion generations and
the situation where all the quark profiles are split and localized. With the help of the almost exponential function
of the scalar VEV, which appears in the Yukawa sector, we can generate the phenomenologically-desirable
circumstances where all the flavor structures are realized with good precision and almost all dimensionless
scaled parameters take values of natural O(10) magnitudes.

One of the most important remaining tasks is to construct a model which can explain both of the quark and
lepton flavor structures simultaneously. Then, it is necessary to explain why the neutrino masses are so light
and the flavor mixings in the lepton sector are large. The result will be reported elsewhere.

Another important topics is the stability of the system. Our system is possibly threatened with instabil-
ity. Some mechanisms will be required to stabilize the moduli representing the positions of point interactions
(branes). In a multiply-connected space of S1, there is another origin of gauge symmetry breaking i.e. the
Hosotani mechanism. Since further gauge symmetry breaking causes a problem in our model, we need to insure
that the Hosotani mechanism does not occur. To this end, we might introduce additional 5D matter to prevent
zero modes of y-components of gauge fields from acquiring non-vanishing VEVs. We will leave those issues in
future work.
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Overview of Electroweak Baryogenesis

Eibun Senaha
School of Physics, KIAS, Seoul 130-722, Korea and

Department of Physics, Nagoya University, Nagoya 464-8602, Japan

Electroweak baryogenesis is briefly overviewed with emphasis on nondecoupling loop properties
of the scalar particles. In particular, quantum corrections to the triple Higgs boson coupling is
discussed as a probe of electroweak baryogenesis.

I. INTRODUCTION

According to the cosmological data, the baryon asymmetry of the universe (BAU) is found to be [1]

⌘CMB =
nb

n�
= (6.23± 0.17)⇥ 10�10, (1)

⌘BBN =
nb

n�
= (5.1� 6.5)⇥ 10�10, (95% C.L.). (2)

Clarification of the origin of the BAU is one of the greatest challenges in particle physics and cosmology. If the
BAU is generated before T = O(1) MeV, the light element abundances (D,3He,4He,7Li) can be explained by
the standard Big-Bang cosmology. To get the right ⌘ (which is called baryogenesis) from an initially baryon
symmetric universe, the so-called Sakharov’s conditions should be satisfied [2]: (i) baryon number (B) violation,
(ii) C and CP violation, (iii) departure from thermal equilibrium. To this end, a lot of scenarios have been
proposed so far [3]. From an experimental point of view, electroweak baryogenesis (EWBG) [4] among others
is the most testable scenario, and thus it is in urgent need of detailed analysis in the LHC and future ILC eras.
Since it is not very trivial to satisfy all the Sakharov’s conditions within the EWBG framework, some distinctive
features are required in the feasible region and thus may yield striking signals to the low energy observables.
In this talk, the EWBG is reviewed focusing especially on nondecoupling loop properties of scalar particles that

may help for realizing the strong first-order phase transition (EWPT). As a consequence of the nondecoupling
scalar loop, quantum corrections to the triple Higgs boson coupling is discussed.

II. EWBG MECHANISM

Foregoing Sakharov’s conditions in the EWBG are satisfied as follows: (i) B violation is realized by an
anomalous process at finite temperature (conventionally referred as sphaleron process although the sphaleron
solution does not exist in the symmetric phase.) (ii) C is maximally violated by the chiral gauge interactions,
CP violation comes from the Cabbibo-Kobayashi-Maskawa matrix [5] or other complex parameters once the
standard model (SM) is extended. (iii) Out of equilibrium is realized by the first-order EWPT with bubble
nucleation and expansion.
The left panel of Fig. 1 shows a schematic picture of the expanding bubble wall. The inside of the bubble

corresponds to the broken phase where the Higgs vacuum expectation value (VEV) is nonzero, h�i 6= 0 while
the outside of it represents the symmetric phase where h�i = 0. In the right panel of Fig. 1, h�i is depicted as
a function of z which is a direction of the bubble expansion. The outline of the EWBG is as follows.

1. Because of CP violation induced by interactions between the bubble and the particles in the plasma,
chiral charges are asymmetrized.

2. They di↵use into the symmetric phase and accumulate.

3. B is generated via sphaleron process.

4. After decoupling of the sphaleron process in the broken phase, B is fixed.

The last step may leave a detectable footprint in low energy observables. In the following, we will look into one
of such possibilities.
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FIG. 1: (Left) The bubble expansion. (Right) The Higgs VEV as function of z which is the direction of the bubble
expansion.

III. SPHALERON DECOUPLING CONDITION

In order to preserve the generated BAU via the sphaleron process in the symmetric phase, the B-changing

rate in the broken phase (�(b)
B ) must be su�ciently suppressed. Namely,

�(b)
B (T ) ' (prefactor)e�Esph(T )/T < H(T ) ' 1.66

p
g⇤(T )T

2/mP (3)

is satisfied, where Esph denotes the sphaleron energy, g⇤ is the degrees of freedom of relativistic particles in the
plasma (g⇤ = 106.75 in the SM) and mP stands for the Planck mass which is about 1.22⇥1019 GeV. Since Esph

is proportional to the Higgs VEV (denoted by v), Eq. (3) can be realized if the EWPT is strongly first-order.
Conventionally, the sphaleron energy is parametrized as Esph(T ) = 4⇡v(T )E(T )/g2, where g2 denotes the SU(2)
gauge coupling constant. Eq. (3) is then cast into the form

v(T )

T
>

g2
4⇡E(T )

h
42.97 + log corrections

i
. (4)

The dominant contributions on the right-hand side is E(T ) while the log corrections that mostly come from the
zero mode factors of the fluctuations about the sphaleron typically amount to about 10% [6].
As an illustration, we evaluate the sphaleron energy at zero temperature, E(0), within the SM [7]. Since the

U(1)Y contribution is su�ciently small [8], it is enough to confine ourself to the SU(2)L gauge-Higgs system.
To find the sphaleron solution, we adopt a spherically symmetric configurations ansatz with a noncontractible
loop [7].
In Fig. 2, E(0) is plotted as a function of �/g22 . We can see that as �/g22 increases, E increases. For the Higgs

boson with a mass of 126 GeV, which corresponds to � ' 0.13, one finds E(0) ' 1.92. With this value, Eq. (4)
becomes

v(T )

T
> 1.16, (5)

where only the dominant contributions are retained on the right-hand side in Eq. (4). Note that the use of
E(0) in the decoupling criterion leads to somewhat underestimated results since E(T ) < E(0). In the MSSM,
using the finite-temperature e↵ective potential at the one-loop level, v(TN )/TN > 1.38 is obtained, where the
sphaleron energy as well as the translational and rotational zero mode factors of the fluctuation around the
sphaleron are evaluated at a nucleation temperature (TN ) which is somewhat below TC [6].
From the argument here, the degree to which the first-order EWPT is strengthen is one of the central questions

to be answered for successful baryogenesis. There are several ways to achieve the strong first-order EWPT (see
a recent study [9]). In what follows, we will focus on the thermally driven case, specifically.
Since most of collider probes of the EWBG are intimately related to the sphaleron decoupling condition, the

reduction of theoretical uncertainties in this condition is indispensable for reaching the definitive conclusion of
viability of the EWBG. So far, a high-temperature expansion has been exclusively used to evaluate the sunset
diagrams in the two-loop analysis of the EWPT. Recently, the validity of such a high-temperature expansion
is investigated in the Abelian-Higgs and its extended models in [10]. For gauge dependence issues in the
perturbative analysis of the EWPT, see e.g. [11–13] and references therein.
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FIG. 2: The dimensionless sphaleron energy E(0) vs. �/g22 .

IV. ELECTROWEAK PHASE TRANSITION

Here, we explicitly demonstrate why the SM EWBG fails, which may give a signpost searching for new
physics. Using a high-temperature expansion, the one-loop e↵ective potential at finite temperature is reduced
to

Ve↵(';T ) ' D(T 2 � T 2
0 )'

2 � ET'3 +
�T

4
'4, (6)

where

D =
1

8v2

⇣
2m2

W +m2
Z + 2m2

t

⌘
, E =

1

4⇡v3

⇣
2m3

W +m3
Z

⌘
' 10�2, (7)

�T =
m2

h

2v2


1� 3

8⇡2v2m2
h

⇢
2m4

W log
m2

W

↵BT 2
+m4

Z log
m2

Z

↵BT 2
� 4m4

t log
m2

t

↵FT 2

��
, (8)

with log↵B = 2 log 4⇡ � 2�E ' 3.91 and log↵F = 2 log ⇡ � 2�E ' 1.14. Appearance of the cubic term with the
negative coe�cient dictates that the EWPT should be first-order. Note that since the origin of the cubic term
is the zero Matsubara frequency mode, the only bosonic thermal loops contribute to E.
The critical temperature TC is defined by a temperature at which Ve↵(';T ) has two degenerate minima. At

TC , Ve↵ takes the form

Ve↵(';TC) =
�TC

4
'2('� vC)

2, vC =
2ETC

�TC

. (9)

As we discussed in the previous section, vC/TC
>⇠ 1 should hold to avoid the washout by the sphaleron in the

broken phase. Since �TC ' m2
h/2v

2, one obtains the upper bound of the Higgs boson mass as

mh
<⇠ 2v

p
E ' 48 GeV. (10)

This mass range has been already excluded by the LEP experiments. According to nonperturbative studies,
the EWPT in the SM is a crossover for mh

>⇠ 73 GeV [14].
From the above argument, one of the straightforward way-outs is to enhance E by adding the bosonic degrees

of freedom. However, in the case of scalar particle, the degree to which E is enhanced highly depends on the
loop properties, namely, decoupling or nondecoupling.
Suppose a mass of a scalar is given by

m2 = M2 + �̃'2, (11)

where M is a mass parameter in the Lagrangian or a thermally corrected mass at finite temperature, and �̃ is
a coupling constant between the Higgs boson and the scalar. Depending on the magnitudes of M and �̃, two
cases are conceivable:

Ve↵ 3

8
><

>:

��̃3/2T'3
⇣
1 + M2

�̃'2

⌘3/2

, for M2 ⌧ �̃'2,

�|M |3T
⇣
1 + �̃'2

M2

⌘3/2

, for M2 >⇠ �̃'2.
(12)
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Note that the first case (what we call nondecoupling [27]) can generate the cubic-like term so the E is enhanced
while the latter (decoupling) does not. This is the reason why the Higgs boson whose mass is given by m2

h(') =�m2
h/2 + 3�'2 does not contribute to E significantly.

In summary, what one needs for realizing the strong first-order EWPT via the thermally driven mechanism
are (1) relatively large coupling constant �̃ and (2) small mass parameter M [28]. Phenomenological implications
of such a nondecoupling scalar are discussed below.

V. TRIPLE HIGGS BOSON COUPLING AS A PROBE OF EWBG

As an interesting consequence of the strong first-order EWPT, we consider quantum corrections to the triple
Higgs boson coupling. Here, we take the two Higgs doublet model (2HDM) as an illustration [15]. We impose a
Z2 symmetry to avoid Higgs-mediated flavor changing neutral current processes at the tree level. In the Higgs
potential, however, such a discrete symmetry is softly broken by �†

1�2 term. Specifically, the Higgs potential is
given by

V2HDM = m2
1�

†
1�1 +m2

2�
†
2�2 � (m2

3�
†
1�2 + h.c.)

+
�1

2
(�†

1�1)
2 +

�2

2
(�†

2�2)
2 +

�3

2
(�†

1�1)(�
†
2�2) +

�4

2
(�†

1�2)(�
†
2�1) +


�5

2
(�†

1�2)
2 + h.c.

�
. (13)

In what follows, we assume that CP is not broken for simplicity. Among the 8 model parameters, v =
p
v21 + v22

(v1,2 are VEVs of �1,2) and mh are known, so the free parameters are:

mH , mA, mH± , ↵, tan� =
v2
v1

, M2 ⌘ m2
3

sin� cos�
, (14)

where the first 3 m’s denote the masses of the CP-even Higgs boson, the CP-odd Higgs boson and the charged
Higgs bosons. ↵ is defined as the mixing angle between h and H. The normalization 1/ sin� cos� in M2 is
chosen in such a way that M would be a CP-odd Higgs boson mass in the MSSM-like limit.
In this model, the dominant one-loop corrections to the triple Higgs boson coupling (�hhh) in the SM-like

limit (sin(� � ↵) = 1) is found to be [16]

�2HDM
hhh ' 3m2

h

v

2

41 +
X

�=H,A,H±

c

12⇡2

m4
�

m2
hv

2

✓
1� M2

m2
�

◆3
3

5 , (15)

where c = 1 for � = H,A and c = 2 for � = H± and the masses of the heavy Higgs bosons (m�) have the form

m2
� = M2 + �iv

2, (16)

with �i being some combinations of the Higgs quartic couplings. Since m2
� is composed of the two parts, we

may consider the two limits: M2 ⌧ �iv
2 and M2 >⇠ �iv

2. Correspondingly, the dependences of the heavy Higgs
boson loop e↵ects on �2HDM

huh are reduced to

���
hhh ⇠

⇢
m4

�, for M2 ⌧ �iv
2,

1
m2

�
, for M2 >⇠ �v2. (17)

The former corresponds to the nondecoupling limit while the latter is the ordinary decoupling limit in which
the e↵ect would vanish in the large mass limit. So far, we implicitly assume M2 � 0. The possibility of M2 < 0
may be interesting [29].
Now we are in a position to discuss a relationship between strength of the first-order EWPT and the loop

e↵ects on �hhh. Clearly, there is the strong correlation between them as can be seen from Eqs. (12) and
(17). In Fig. 3, we quantify this correlation. vC(=

p
v21(TC) + v22(TC)) and TC are determined by the numerical

evaluation of the ring-improved one-loop e↵ective potential. We take sin(��↵) = tan� = 1, and assume that all
the heavy Higgs boson masses are degenerate. At the time of this study back in 2004, the Higgs boson mass was
unknown, and thus it was set to 120 GeV. We expect that mh = 126 GeV case would not change significantly.
The deviation of �2HDM

hhh from its SM value is defined by ��2HDM
hhh /�SM

hhh, where ��2HDM
hhh = �2HDM

hhh � �SM
hhh. We

can see that for vC/TC > 1 to be fulfilled, the heavy Higgs boson should be greater than about 200 GeV.
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FIG. 3: The correlation between ��2HDM
hhh /�SM

hhh and vC/TC .

In such a case, ��2HDM
hhh /�SM

hhh would be larger than 10%. Remarkably, if the heavy Higgs bosons have the
strong nondecoupling loop e↵ects, ��2HDM

hhh /�SM
hhh can reach 100%. Note that it does not necessarily imply the

breakdown of perturbation since the Higgs quartic couplings appearing in the tree-level �hhh and those in the
one-loop expression are essentially di↵erent in a sense that the combinations of �1�5 are di↵erent. Actually,
�1�5 < 4⇡ are still maintained.

Let us consider the MSSM case next. The EWBG scenario in this model is the so-called “light stop scenario
(LSS) [17]”, which is now on the verge of being excluded. (see e.g. [18, 19]).
In order to realize the physical Higgs boson mass, the left-handed stop SUSY breaking mass (mq̃) has to be

much greater than the right-handed one (mt̃R
). According to [19], mq̃ may be as large as O(106) TeV. In such

a case, the e↵ective theory approach is more appropriate. The e↵ective theory of the LSS is constructed in [20]
and is applied to the EWBG [19, 21]. Here, to make our analysis simple, we take mh as an input.
In the limit of mq̃ � mt̃R

, the stop masses are reduced to

m̄2
t̃2

= m2
q̃ +

y2t sin
2 �

2

 
1 +

|Xt|2
m2

q̃

!
'2 +O(g2) ' m2

q̃, (18)

m̄2
t̃1

= m2
t̃R

+
y2t sin

2 �

2

 
1� |Xt|2

m2
q̃

!
'2 +O(g2), (19)

where Xt = At � µ/ tan�. As discussed above, the heavy stop does not play any role as far as the first-order
EWPT is concerned. Also, the small m2

t̃R
and Xt are desirable. More precisely, at finite temperature, the light

stop receives a thermal correction (�m2
t̃R
(T )) which is of the order of T 2 to leading order. So them2

t̃R
+�m2

t̃R
(T )

should be vanishingly small for the strong first-order EWPT, which implies m2
t̃R

< 0 since �m2
t̃R
(T ) > 0. In

the LSS scenario considered in [21], the color-charge-breaking vacuum is the global minimum. On the other
hand, the electroweak vacuum is metastable whose lifetime is longer than the age of the universe.
For simplicity, we take m2

t̃R
= 0 in the following discussion. The coe�cient of cubic term in the one-loop

e↵ective potential at finite temperature is

Ve↵ 3 �(ESM + Et̃1
)T'3, Et̃1

=
y3t sin

3 �

4
p
2

 
1� |Xt|2

m2
q̃

!3/2

. (20)

The deviation of �MSSM
hhh from the SM value is found to be [15]

��MSSM
hhh

�SM
hhh

' m4
t

2⇡2v2m2
h

 
1� |Xt|2

m2
q̃

!3

=
2v4

m2
tm

2
h

E2
t̃1

' 0.05, (21)

where we take mh = 126 GeV, tan� = 10 and Xt = 0 in the last step. Unlike the 2HDM, the size of the loop
e↵ect is bounded by the top Yukawa coupling. Beyond the MSSM, however, this limit would be relaxed. For
instance, in a SUSY model proposed in [22], the large enhancement is observed [23]. More examples along the
same line can be found in [24].
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VI. SUMMARY

In this talk, the EWBG is briefly reviewed, focusing on the nondecoupling loop properties that may induce
the strong first-order EWPT as well as the large quantum corrections to the triple Higgs boson coupling. The
2HDM is the typical example that has the large nondecoupling property. Since the deviation of the triple Higgs
boson coupling from the SM value is rather large, its detection at colliders [25] would be one of the experimental
indications of the EWBG.
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Higgs boson as a probe of dark sectors with dark gauge symmetries

P. Ko
School of Physics, KIAS, Seoul 130-722, Korea

We consider a class of hidden sector dark matter (DM) models with local dark gauge symmetries
and singlet portals to dark sector, and discuss generic aspects of these models in the context of Higgs
phenomenology and extra dark radiation. We first describe the guiding principles for DM model
building: hidden sector DM and dark gauge symmetry, renormalizability and imposing the full SM
gauge group instead of its unbroken subgroup. It is shown that DM and Higgs phenomenology
based on the e↵ective field theory for singlet fermion or vector DMs with Higgs portal can be
significantly di↵erent from their simplest UV completions, most importantly in the direct detection
cross section of DM on nucleon. In these cases, there are always the SM singlet scalar that mixes
with the SM Higgs boson, which make a generic destructive interference in the amplitude for direct
detection cross section of the DM. Also one of the two Higgs-like scalar bosons can easily escape the
detections at the LHC, and there will be a universal reduction of the signal strength for the observed
125 GeV Higgs-like boson, which could be tested at the LHC with more data in the future. Finally,
depending on the nature of dark gauge symmetry, unbroken or broken, and confining or not, there
could be some extra dark radiation which would be constrained by Planck and other cosmological
observations.

I. INTRODUCTION

The standard model (SM) has been tested from atomic scale up to electroweak scale by many experiments,
and has been extremely successful. However, there are some observational facts which call for new physics
beyond the SM (BSM):

• Baryon number asymmetry of the universe (BAU)

• Neutrino masses and mixings

• Nonbaryonic dark matter (DM)

• Inflation in the early universe

There are many models and suggestions for each problem listed above. The most economical way to solve the
BAU and the neutrino masses and mixings is probably the seesaw mechanism by introducing heavy right-handed
(RH) neutrinos. Leptogenesis through the RH neutrino decays can turn to baryogenesis around electroweak
phase transition by sphalerons. For nonbaryonic DMs, there are many models: from the lightest supersymmetric
particles (LSP) to axion (and axino) to lightest hidden sector particle (LHP) if its decay is protected by some
unbroken local dark symmetry.
Any new physics models at the electroweak scale are strongly constrained by electroweak precision test and

CKM phenomenology, if new particles feel SM gauge interactions. In this case, the new physics scales should
be larger than ⇠ O(1) TeV and ⇠ O(100) TeV in order to be safe from the EWPT and CKM phenomenology,
respectively, if one makes naive estimates. On the other hand, fine tuning problem of (Higgs mass)2 = m2

H
requires that new physics scale should be around <⇠ O(1) TeV. Thus there is strong tension between two. In
this talk, I will ignore the fine tuning problem for m2

H , and will pursue how to build DM models with explicit
mechanisms stabilizing nonbaryonic weak scale DM particles.
If any new particles are neutral under the SM gauge group and do not feel SM gauge interactions, the

constraints from the EWPT and CKM fit can be significantly relaxed and new physics scales could be easily
at the EW scale or even lower. Thus we are led to consider a weak scale hidden sector which is made of
particles neutral under the SM gauge interaction. The hidden sector matters can be easily thermalized if there
are suitable messengers between the SM and the hidden sectors. We assume all the singlet operators play the
role of messengers. In this talk, I will discuss generic aspects of hidden sector dark matter models based on the
works [1–7].

II. HIDDEN SECTOR DM AND LOCAL DARK GAUGE SYMMETRY

Hidden sector is defined as collections of particles which are singlets under the SM gauge group G
SM

. They
may have their own gauge interaction associated with G

hidden

. As mentioned in Sec. I, the hidden sector is

206



weakly constrained by EWPT and CKMology. Therefore the hidden sector particles can be very light, and the
lightest hidden particle (LHP) could be good candidates for the CDM of the universe. And its stability could
be guaranteed if there is an unbroken hidden sector gauge symmetry.
Hidden sector is very generic in many BSMs. For example, in any SUSY models, SUSY is spontaneously

broken in a hidden sector, and its e↵ects are transmitted to visible sector (MSSM sector) by some messengers.
Beyond this, hidden sector in most SUSY models does not play any further role. However one can imagine a
possibility that some hidden sector particles are relatively light, with mass around EW scale or even lighter.
Then they could play an important role both in particle physics and in cosmology as CDM.
Hidden sector gauge groups is also well motivated in superstring theory, in which the rank of gauge group is

much larger than the SM value, which is 4). One can imagine that the original G
string

(E
8

⇥ E
0

8

or SO(32), for
example) is broken down to G

SM

⇥ G
hidden

. Thus we would be naturally led to a hidden sector with its own
gauge symmetry group in the low energy world of superstring theory.
Another motivation for local dark gauge symmetry G

hidden

in the hidden sector is to stabilize the DM particle
by dark charge conservation laws, in the same way electron is absolutely stable because it is the lightest charged
particle and electric charge is absolutely conserved. Therefore we consider dark gauge theory associated with
dark charge conservation, which is the reason behind the absolute stability of dark matter. It could be either
unbroken or broken, for the latter of which DM can decay in general and we have to make it sure its lifetime is
long enough to be a good DM candidates [19].
In order to highlight the idea of local dark gauge symmetry, let us consider a scalar DM S with Higgs portal

with discrete Z
2

symmetry (S ! �S). The model Lagrangian is given by Eq. (5) in the following section [8],
and we are asking if discrete Z

2

symmetry can be global or not. If it is global symmetry, it would be broken by
quantum gravity e↵ects, which can be described by Z

2

-breaking nonrenormalizable dim-5 operators such as

L
dim�5

(Z
2

breaking) ⇠ c

M
Planck

SOdim�4

SM

, (1)

for which the scalar DM decay rate would be

�(S) ⇠ c2

M2

Planck

m3

S ⇠ c2
⇣ mS

100GeV

⌘
3

10�37 GeV. (2)

Then the corresponding lifetime for electroweak scale DM with mS ⇠ 100 GeV would be too short for c ⇠ O(1),
and the scalar boson S with weak scale mass cannot be a good CDM of the universe [20]. Therefore global Z

2

cannot stabilize electroweak scale DM, and we have to implement it to some local symmetry.
Suppose dark matter X (now this is a complex scalar, not a real scalar) carries a new conserved charge

associated with local U(1)X and this symmetry is spontaneously broken by dark Higgs �X . If X and �X carry
the same U(1)X charges equal to ‘1’, the previous dangerous dim-5 operator would be replaced by the following
dim-6 operator invariant under local U(1)X symmetry:

L
dim�6

⇠ 1

M2

Planck

�†
XXOdim�4

SM

(3)

After �X develops a nonzero VEV vX ⇠ O(100) GeV breaking U(1)X spontaneously, this operator becomes

L
dim�6

⇠ vX
M2

Planck

XOdim�4

SM

and the lifetime of X becomes long enough to be a good CDM. However this U(1)X charge assignment causes
another serious problem from the U(1)X invariant dim-4 operator:

�†
XXH†H,

which would make scalar DM candidate X decay immediately after U(1)X symmetry breaking. This is due to
the Higgs field which can make dim-2 gauge invariant operator H†H. In a sense, Higgs makes EW scale DM
unstable [21].
This problem can be resolved if we break U(1)X down to local Z

2

by judicious choice of U(1)X charges.
Let us assume that X and �X carry U(1)X -charges equal to 1 and 2, respectively. Then the renormalizable
Lagrangian of this model is given by

L = L
SM

� 1

4
X̂µ⌫X̂

µ⌫ � 1

2
sin ✏X̂µ⌫B̂

µ⌫ +Dµ�XDµ�X +DµX
†DµX � µ

⇣
X2�†

X +H.c.
⌘
�m2

XX†X

��X

�
X†X

�
2 � ��

 
�†
X�X �

v2�
2

!
2

� ��XX†X�†
X�X � ��H�†

X�XH†H � �HXX†XH†H, (4)
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which is much more complicated than the original Z
2

scalar DM model, Eq. (5). Even after U(1)X symmetry
breaking by nonzero h�Xi = vX , there still remains a Z

2

symmetry, X ! �X, which guarantees the scalar
DM to be absolutely stable even if we consider higher dimensional operators. The U(1)X breaking also lifts
the degeneracy between the real and the imaginary parts of X. This model is very similar to the models in the
literature, which were devised in order to explain 511 keV and PAMELA positron excess, except that the mass
splitting is generated by dark Higgs field �X , and not by hand. It would be interesting to see if this model can
explain some cosmic ray anomalies or not, without conflict with the CMB constraints [9].
Finally note that all the observed particles in Nature feels gauge interactions in addition to gravity [22].

Therefore it looks very natural to assume that dark matter of the universe (at least some of the DM species)
also feels some (new) gauge force, in addition to gravity.
These are reasons why we consider local dark gauge symmetry as one guiding principle for DM model building.

III. HIGGS PORTAL DM: EFT VS. RENORMALIZABLE THEORIES

A. Higgs portal DM in e↵ective field theory framework

The Higgs portal DM models are usually defined by the following Lagrangians [10]:

L
scalarDM

=
1

2
@µS@

µS � 1

2
m2

SS
2 � �HS

2
H†HS2 � �S

4
S4 (5)

L
fermionDM

=  [i 6 @ �m ] � �H 
⇤

H†H  (6)

L
vectorDM

= �1

4
Vµ⌫V

µ⌫ +
1

2
m2

V VµV
µ +

1

4
�V (VµV

µ)2 +
1

2
�HV H

†HVµV
µ (7)

for a real scalar DM (S), a singlet fermion DM ( ) and a vector DM (V ), respectively. In all cases, ad hoc

discrete Z
2

symmetries (S ! �S,  ! � , Vµ ! �Vµ) are imposed by hand in order to stabilize DM
particles. Let me discuss a few problems with these Higgs portal DM Lagrangians:

• It is not clear at all where these Z
2

symmetries come from, and whether these Z
2

symmetries are global or
local. In the previous section, we already argued that global Z

2

may not be enough to guarantee stability
or longevity of dark matter.

• In the EFT approach, the fermion or vector DM couplings with the Higgs field (�H in Eq. (6) and �HV

in Eq. (7)) are strongly constrained by direct searches of DM such as XENON100 or CDMS. And the
singlet fermion or the vector DM models are strongly constrained by these experiments. However this is
not the case if we consider the UV completions of these models.

• The Lagrangian for the singlet fermion DM is not renormalizable and should be UV-completed. The
simplest renormalizable extension of Eq. (6) will be described in the next subsection, and we show that
DM and Higgs phenomenology will be very di↵erent. The e↵ective field theory (EFT) description of the
singlet fermion DM gives erroneous results. One can consider a dim-4 operator �h h ̄ (where h is the
SM Higgs boson after EWSB) instead of dim-5 operator in Eq. (6). But this operator does not respect
the full SM gauge symmetry, and is good only at low energy, and not at high energy.

• The Lagrangian for the vector DM, Eq. (7), looks renormalizable. However it is not really the case,
because the vector DM mass is given by hand. And the model has bad high energy behavior and unitarity
would be violated, as is well known from the old intermediate vector boson theory for the massive W± in
weak interaction. We have to include some agency which provides the vector DM mass, and the simplest
and calculable way is to introduce a dark Higgs as in the SM Higgs. Then we would find that the DM
and Higgs phenomenology for vector DM in EFT and the model with dark Higgs are very di↵erent, and
the Lagrangian (7) produces wrong results.
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FIG. 1: (a) Dark matter thermal relic density (⌦CDMh2) as a function of m2 for m1 = 125GeV, � = 0.4, ↵ = 0.1
and m = 100, 500, 1000, 1500GeV from top to bottom at right side. The dotted red line corresponds to the observed
value, ⌦CDMh2 = 0.112. (b) The mass bound of SM-like Higgs (m1) as a function of energy scale for (↵,�HS) =
(0, 0.2)(left),(0.1, 0)(right) with �S = 0.1 and � = 0.4. The red/blue line corresponds to triviality/vacuum-stability
bound in SM(dashed) and our model(solid). The dashed black line corresponds to m1 = 125GeV.

B. Hidden sector singlet fermion DM model

1. Model

Let us consider the simplest UV completion of a singlet fermion dark matter model Eq. (6) by introducing a
real singlet scalar messenger S [4]:

L = L
SM

+ L
hidden

+ L
portal

, (8)

where

L
hidden

=
1

2
(@µS@

µS �m2

SS
2)� µ3

SS � µ0
S

3
S3 � �S

4
S4 +  (i 6 @ �m ) � �S  , (9)

L
portal

= �µHSSH
†H � �HS

2
S2H†H, (10)

We assume  carries some conserved dark charge, and is distinguished from the right-handed neutrinos. In the
UV completion, there are two scalar bosons in our model (h and s), and we will find that the physics results
from our model are very di↵erent from those based on Eq. (6).

2. Constraints

There are a number of constraints on the model parameters: (i) the perturbative unitarity condition on the
Higgs sector, (ii) the LEP bound on the SM Higgs boson mass, (iii) the oblique parameters S, T and U obtained
from the EWPT, (iv) the observed CDM density, ⌦

CDM

h2 = 0.1123 ± 0.0035 which we assume is saturated
by the thermal relic  , and (v) the upper bound on the DM-proton scattering cross section obtained by the
XENON100 experiment. Note that the first three constraints are independent of the dark matter sector, and
they apply to the SM plus a singlet scalar model without dark matter as well. It turns out that the EWPT
constraint on our model is generically much less severe than on the SM even for heavy Higgs case.

3. Dark matter phenomenology

The observed DM relic density, ⌦
CDM

h2 ' 0.1123±0.0035 is related with the thermally averaged annihilation
cross section times relative velocity at freeze-out temperature. The annihilation cross section of a DM pair is

209



proportional to sin2 2↵. Since the EWPT and LHC observation of the SM-like Higgs boson restricts ↵ to be
small, the cross section is generically much smaller than is needed to explained the current relic density. This
can be seen in Fig. 1 (a) except for resonance regions.
We used the micrOMEGAs package for numerical calculation of DM relic density and direct detection

cross section. In Fig. 1 (a), we show the CDM relic density as a function of m
2

for various choices of
m = 100, 500, 1000, 1500 GeV, with � = 0.4 and ↵ = 0.1. We can always find out the m

2

value which
can accommodate thermal relic density of the singlet fermion CDM  . Note that there is no strong constraint
on the heavier Higgs with a small mixing angle ↵, because H

2

would be mostly a singlet scalar so that it is very
di�cult to produce it at colliders, and also it could decay into a pair of CDM’s with a substantial branching
ratio.
The spin-independent dark matter scattering on proton target is given by

�p ' 8.6⇥ 10�9 pb

✓
125GeV

m
1

◆
4

✓
1� m2

1

m2

2

◆
2

✓
� sin↵ cos↵

0.1

◆
2

. (11)

Note that there is a generic cancellation between the H
1

and H
2

contributions [23], which can never seen within
the EFT approach with the SM Higgs only based on Eq. (6). Due to this cancellation, the constraint from
direct detection of dark matter becomes much weaker on the Higgs couplings to the DM’s. This shows that it
is very important to consider renormalizable models for singlet fermion DM models.

4. Vacuum stability and the strong 1st order phase transition

Having a singlet scalar S has another virtues. It improves the stability of the EW vacuum upto Planck scale
for mh = 125 GeV. We studied this issue and the phase structure of the singlet fermion DM model very carefully
in Ref. [5], and found that the SM vacuum can be stable up to Planck scale within this model (see Fig. 1 (b)).
Also the stronger 1st order phase transition is possible, which opens a possibility of electroweak baryogenesis
as noted in a number of works [11], if there is an additional source of CP violation beyond the KM phase in the
CKM matrix.

5. Implications for the Higgs search at the LHC

Now let us investigate if it is possible to discover both Higgs-like scalar bosons at the LHC, taking into account
of all the constraints discussed in the previous subsubsection. We calculate the signal strength ri defined as

ri ⌘
�HiBHi!XSM

�SM

Hi
BSM

Hi!XSM

(i = 1, 2), (12)

where �Hi and BHi!XSM are the production cross section of Hi, and the branching ratio of Hi ! X
SM

respectively, while �SM

Hi
and BSM

Hi!XSM
are the corresponding quantities of the SM Higgs with mass mi. Note

that the signal strength ri becomes less than ”1” in a universal manner due to the mixing between h and s,
even if the invisible mode (Hi !   ) or the Higgs-splitting mode (H

2

! H
1

H
1

) is kinematically forbidden in
the Higgs decay. In other words, a universally reduced signal of the Higgs boson at the LHC would be a generic
signature of the mixing of the SM Higgs boson with extra singlet scalar boson(s). The constraint on the possible
mixing of the SM Higgs boson with a singlet scalar from the LHC data is discussed in detail in Ref. [12].
We study the following three benchmark scenarios classified according to the Higgs mass relations: (i) scenario

1 (S1): m
1

⇠ 125 GeV ⌧ m
2

, (ii) scenario 2 (S2): m
1

⇠ m
2

⇠ 125 GeV, and (iii) scenario 3 (S3): m
1

⌧ m
2

⇠
125 GeV. We scanned the remaining parameters in the range

0 < � < 1, 10 GeV < M < 100 GeV, 0 < ↵ < ⇡/2. (13)

The results are shown in Fig. 2 (a)–(c). All the points in the plots satisfy the constraints described earlier.
We can divide the �p (in pb) into two regions:

�>
p : 10�9 < �p < 10�8, �<

p : �p < 10�9, (14)

where the former region can be probed in near future direct search experiments. The relic density is also divided
into two regions:

(⌦
CDM

h2)3� : 0.1018 < ⌦
CDM

h2 < 0.1228, (⌦
CDM

h2)< : ⌦
CDM

h2 < 0.1018. (15)
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FIG. 2: Scatter plot in (r1, r2) plane for the scenario S1, S2 and S3 (from left). The region that the LHC can probe
at 3� level with 5 (10) fb�1 luminosity is represented by solid (dashed) line. The points represent 4 di↵erent cases:
(⌦CDMh2)3�, �>

p (big red), (⌦CDMh2)3�, �<
p (big blue), (⌦CDMh2)<, �>

p (small orange), and (⌦CDMh2)<, �<
p (small

green).

where the former is the WMAP 3� allowed region.
The region that the LHC at 14 TeV can probe at 3� level with 5 (10) fb�1 luminosity is represented by solid

(dashed) line. The S1 scenario can be tested fully at the LHC with 10 fb�1 by observing H
1

. In the case of S2
the LHC may see both Higgs bosons with the standard search strategy. However, there are still some points
which the LHC has di�culty to find two Higgs bosons. These are the points near the origin (r

1

⇡ r
2

⇡ 0)
where the invisible decays becomes dominant. In S3 the region with small r

2

(< 0.24) can not be probed with
the standard decay channels. However, once H

2

! H
1

H
1

is open, this region can also be tested at the LHC.

C. Vector CDM models

Now let us turn to the Higgs portal vector dark matter described by the e↵ective Lagrangian Eq. (7). This
model is very simple, compact and seemingly renormalizable since it has only dim-2 and dim-4 operators.
However, it is not really renormalizable and violates unitarity. It is in fact a kind of EFT, just like the
intermediate vector boson model for charged weak interaction before Higgs mechanism was developed. Therefore
the model Lagrangian (7) does not capture dark matter or Higgs boson phenomenology correctly.
Let us consider a vector boson dark matter, Vµ, which is assumed to be a gauge boson associated with Abelian

dark gauge symmetry U(1)X . The simplest way to generate the VDM would introduce a U(1)X -charged dark
Higgs field �, whose VEV generates the VDM mass via Higgs mechanism. Xµ [6]:

LV DM = �1

4
Vµ⌫V

µ⌫ + (Dµ�)
†(Dµ�)� �

�

✓
�†�� v2

�

2

◆
2

� �H�

✓
H†H � v2H

2

◆✓
�†�� v2

�

2

◆
, (16)

where the covariant derivative is defined asDµ� = (@µ+igXQ
�

Vµ)�, where Q�

⌘ QX(�) is the U(1)X charge of
� and we will take Q

�

= 1 throughout the paper. Assuming that the U(1)X -charged complex scalar � develops
a nonzero VEV, v

�

, and thus breaks U(1)X spontaneously, � = 1p
2

(v
�

+ '(x)) . Therefore the Abelian vector

boson Vµ gets mass MV = gX |Q
�

|v
�

, and the hidden sector Higgs field (or dark Higgs field) '(x) will mix with
the SM Higgs field h(x) through Higgs portal of the �H�

term, like the singlet scalar S in the singlet fermion
DM case. In particular there is a generic cancellation in the direct detection cross section of VDM on nucleon
target, and the constraints from XENON100 and CDMS become relaxed significantly. Also the stability of EW
vacuum is improved and the strong 1st order phase transition is possible, as in the singlet fermion DM model.

D. Lessons

In this section, we considered renormalizable models for the singlet fermion DM and for the VDM with
Higgs portal, and showed that the results are di↵erent from those based on EFT’s, Eqs. (6) and (7). The
constraints from direct detection cross section (XENON100 and CDMS) still allows a large parameter space
in these models. It is crucial to work with a model that is renormalizable, and not with e↵ective Lagrangian.
Including the hidden sector Higgs field also improves the vacuum stability of the model for mH = 125 GeV upto
the Planck scale as in Ref. [5, 6]. Our model can be tested at colliders by searching for the 2nd Higgs boson
and/or the signal strength of the 125 GeV Higgs boson. It would take long in order to observe the 2nd Higgs
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boson since its signal strength is smaller than 0.3. In our model, ri is universally suppressed relative to the SM
case for all channels. This could be a useful criterion when the signal strengths of 125 GeV Higgs boson are
measured with smaller uncertainties. If ri is not universally suppressed or larger than one, then our model shall
be excluded.

IV. ALTERNATIVES TO THE NEW MINIMAL SM : SINGLET PORTAL EXTENSION OF THE
STANDARD SEESAW MODELS TO A DARK SECTOR WITH LOCAL U(1)X DARK SYMMETRY

A. Model

Now let us construct a realistic DM model based on local dark symmetry. We assume that dark matter resides
in a hidden sector, and it is stable due to unbroken local dark gauge symmetry, say U(1)X for simplicity. All
the SM fields are taken to be U(1)X singlets. Assuming that the RH neutrinos are portals to the hidden sector,
we need both a scalar (X) and a Dirac fermion ( ) with the same nonzero dark charge. Then the composite
operator  X† becomes a gauge singlet and thus can couple to the RH neutrinos NRi’s [24].
With these assumptions, we can write the most general renormalizable Lagrangian as follows [7]:

L = L
SM

+ LX + L + L
portal

+ L
inflation

(17)

where L
SM

is the standard model Lagrangian and

LX =
���
⇣
@µ + igXqXB̂0

µ

⌘
X
���
2

� 1

4
B̂0

µ⌫B̂
0µ⌫ �m2

XX†X � 1

4
�X

�
X†X

�
2

(18)

L = i ̄�µ
⇣
@µ + igXqXB̂0

µ

⌘
 �m  ̄ (19)

L
portal

= �1

2
sin ✏B̂0

µ⌫B̂
µ⌫ � 1

2
�HXX†XH†H

� 1

2
MiNC

RiNRi +
⇥
Y ij
⌫ NRi`LjH

† + �iNRi X
† +H.c.

⇤
(20)

gX , qX , B̂0
µ and B̂0

µ⌫ are the gauge coupling, U(1)X charge, the gauge field and the field strength tensor

of the dark U(1)X , respectively. The field B̂µ⌫ is the gauge field strength of the SM U(1)Y . We assume
m2

X > 0, �X > 0, �HX > 0, so that the local U(1)X remains unbroken and the scalar potential is bounded
from below at tree level. We assume the inflation occurs á la Starobinky [13] and Shaposhnikov and Bezrukov
[14], and the dark energy (DE) is described by the cosmological constant, which is the minimal setup for DE.
This model has only 3 more fields compared to the standard seesaw models, and is based on local gauge

principle for absolutely stable DM rather than ad hoc Z
2

symmetry [8, 15]. Therefore, our model could be
considered as an alternative to the so-called new minimal SM [15].

B. Implications on particle physics and cosmology

Our model is simple enough, but has su�ciently rich structures, and it can accommodate various observations
from cosmology and astrophysics with definite predictions for Higgs physics:

• Dark scalar X can improve the stability of the electroweak vacuum up to Planck scale, unlike the SM for
mh ⇠ 125GeV and mt = 173.2GeV and ↵s = 0.118, if �X > 0 and �HX

>⇠ 0.2.

• Perturbativity of quartic couplings for scalar fields H and X up to Planck scale puts theoretical constraints
on �X and �HX such that �X <⇠ 0.2 and �HX

<⇠ 0.6.

• Massless dark photon mediates long range between dark matter, and can solve the small scale problem
of DM subhalo while satisfying constraints from inner structure and kinematics of dark matter halos, if
gX <⇠ 2.5⇥ 10�2 (mX/300GeV)3/4.

• If dark fermion  were lighter than X and became DM, then its thermal relic density would be too large
since it can annihilate only into a pair of dark photon (�

ann

v / g4X). On the contrary the dark scalar X
can be diluted e�ciently even if gX is very small, since there is a Higgs portal term which makes XX† $
(SM particles).
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• Direct detection experiments such as XENON100 and CDMS put strong bounds on the combination of
the gauge kinetic mixing 10�12 <⇠ ✏gX <⇠ 10�5 for 6GeV <⇠ mX

<⇠ 1TeV when the upper bound on gX is
used.

• Massless dark photon in our model would contribute to the number of e↵ective neutrinos which can
be measured accurately by Planck satellite and others. We find that dark photon contributes to dark
radiation by ⇠ 0.08, which is in agreement with the recent Planck data, �N

e↵

= 3.30± 0.27 at 68% CL.

• The decay of right-handed(RH) neutrinos generate both matter and dark matter thanks to see-saw mecha-
nism. However the asymmetric component of dark matter disappears as the heavy dark fermion  decays
eventually, that can also generate visible sector lepton number asymmetry large enough to match the
observation.

• Higgs inflation can work in our model since the gauge singlet scalar coupled to SM Higgs field cures the
instability of potential in Higgs-singlet system. Inflation along the SM Higgs direction does not pose any
new constraint on the model parameters.

• In case U(1)X is unbroken, the Higgs signal strength should be equal to “1”, independent of production
and decay channels. If we consider other variations of the model with broken U(1)X or only dark scalar
or dark fermion, the number of Higgs-like scalar bosons can be more than one, with universally reduced
Higgs signal strength (see Table 1).

• It would be straightforward to construct supersymmetric version of this model, which would have rich
structures in DM physics because both the usual LSP and the hidden sector particles would make CDM
candidates [9].

In conclusion, we presented a simple extension of the standard seesaw model, where dark matter physics is
constructed with unbroken U(1)X local dark gauge symmetry. One can make variations on this model, which
are summarized in Table I. See Ref. [16] and the original paper [7] for more details about this model.

TABLE I: Dark fields in the hidden sector, messengers, dark matter (DM), the amount of dark radiation (DR), and
the signal strength(s) of the i scalar boson(s) (µi) for unbroken or spontaneously broken (by h�i 6= 0) U(1)X models
considered in this work. The number of Higgs-like neutral scalar bosons could be 1,2 or 3, depending on the scenarios.

Dark sector fields U(1)X Messenger DM Extra DR µi

B̂0
µ, X, Unbroken H†H, B̂0

µ⌫B̂
µ⌫ , NR X ⇠ 0.08 1 (i = 1)

B̂0
µ, X Unbroken H†H, B̂0

µ⌫B̂
µ⌫ X ⇠ 0.08 1 (i = 1)

B̂0
µ, Unbroken H†H, B̂0

µ⌫B̂
µ⌫ , S  ⇠ 0.08 < 1 (i = 1, 2)

B̂0
µ, X, ,� Broken H†H, B̂0

µ⌫B̂
µ⌫ , NR X or  ⇠ 0 < 1 (i = 1, 2)

B̂0
µ, X,� Broken H†H, B̂0

µ⌫B̂
µ⌫ X ⇠ 0 < 1 (i = 1, 2)

B̂0
µ, Broken H†H, B̂0

µ⌫B̂
µ⌫ , S  ⇠ 0 < 1 (i = 1, 2, 3)

V. EWSB AND CDM FROM STRONGLY INTERACTING HIDDEN SECTOR

Another nicety of models with hidden sector is that one can experiment the idea of technicolor (TC) type
EWSB in the hidden sector [1–3]. In this section, I describe a model where both EWSB and CDM come from
new strongly interacting hidden sector which has some resemblance with the conventional TC except that the
condensing hidden sector quarks are all SM singlets. In this model, all the mass scales including the DM mass
are generated by dimensional transmutation in the hidden sector.

A. Nicety of QCD

Quantum Chromodynamics (QCD) is a nonabelian SU(3) gauge theory with a number of quarks in the
fundamental representation of SU(3). It describes strong interaction among (anti)quarks and gluons, and has
been well tested at quantum level. Let me list a number of its nice properties:
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• Aymptotic freedom: QCD is asymptotically free, and the theory is well defined upto Planck scale.

• Color confinement: color is confined presumably because interaction becomes strong at low energy scale.

• Dynamical generation of mass scale: the scale ⇤
QCD

is generated dynamically. This is true even for pure
gluon dynamics and massless QCD where there are no dimensionful parameters at classical lagrangian. A
scale is generated by quantum e↵ects (dimensional transmutation).

• Spontaneous chiral symmetry breaking: massless QCD with Nf flavors possesses SU(Nf )L ⇥ SU(Nf )R
global chiral symmetry, which is spontaneously broken into SU(Nf )V by nonzero vacuum expectation
value hq̄qi. There appear N2

f � 1 Nambu-Goldstone bosons (pions, kaons and ⌘) which are massless.
Nonzero current quark masses in the real world break chiral symmetry explicitly, thereby generating
nonzero small masses for ⇡’s, K’s and ⌘.

• Pions (and other NG bosons) are stable under strong interaction, because of flavor conservation of under-
lying QCD which is an accidental symmetries of QCD. Its longevity is guaranteed by renormalizability
and local gauge symmetry, not by some ad hoc symmetry put in by hand. Of course it is broken by
nonrenormalizable operators unless the coe�cients of those operators are suppressed enough.

• Proton is stable due to baryon number which is an accidental symmetry of the SM QCD, and its composite
nature. Current lower bound on the proton lifetime indicates that the scale for baryon number violation
is ⇠ O(1016) GeV.

Considering niceties of QCD, it is natural to ask if one can construct models where all the mass scales are
generated by quantum e↵ects [17], and stability or longevity of CDM is due to some accidental symmetry and
not by ad hoc symmetry such as R�parity (Z

2

) in SUSY models. And seemingly unrelated one is to consider
a hidden sector which is neutral under the SM gauge interaction. In this section, I will demonstrate that it is
indeed possible to construct such a model with a hidden sector with a new vectorlike confining gauge theory
like QCD.

B. Scale invariant extensions of the SM with strongly interacting hidden sector

In order to generate all the mass scales in quantum mechanical way, we replace the mass parameters in the
standard seesaw model by singlet scalar S:

L
SM

= L
kin

+ L
Yukawa

� �H

4
(H†H)2 � �SH

2
S2 H†H � �S

4
S4. (21)

Since there are no mass parameters in this Lagrangain, this is a suitable starting point to investigate if it is
possible to have all the masses from quantum mechanical e↵ects. Note that the real singlet scalar S plays
the role of messenger connecting the SM Higgs sector and the hidden sector quarks. Radiative electroweak
symmetry breaking of this model was considered by Meissner and Nicolai [18] without considering dark matter.
Now let us add to the above Lagrangian a hidden sector with new strong interaction which is vectorlike and

confining like ordinary QCD and has classical scale invariance:

L
hidden

= �1

4
Ga
µ⌫Gaµ⌫ +

X

k=1,...,f

Qk [iD · � � �kS]Qk. (22)

Thus we are led to scale invariant extension of the SM with strongly interacting hidden sector.
In this model, dimensional transmutation in the hidden sector will generate the hidden QCD scale and chiral

symmetry breaking with developing nonzero hQ̄kQki. Then there appear a number of Nambu-Goldstone bosons
⇡h which are stable at renormalizable level. They will make a good CDM candidate assuming the e↵ects of
nonrenormalizable interactions such as QiQjH†H are suppressed by small coe�cients associated with them.
Also hidden sector baryons Bh will be formed, the lightest of which would be stable due to the accidental
h-baryon conservation and could make a good CDM candidates. Once a nonzero hQ̄kQki is developed, the �kS
term generate the linear potential for the real singlet S, leading to nonzero hSi. This in turn generates the
hidden sector current quark masses through �k terms as well as the EWSB through �SH term. The ⇡h will
get nonzero masses, and becomes a good CDM candidate. For the NG boson DM ⇡h, thermal relic density
and direct detection cross section can be estimated using e↵ective chiral Lagrangian approach [2, 3] or linear
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FIG. 3: �SI(⇡hp ! ⇡hp) as functions of m⇡h for (a) tan� = 1 in Model I [1], and (b) Model II [3].

sigma model [1, 2], whereas those of the hidden baryons are more di�cult to handle quantitavely. Due to the
presence of the messenger S, the ⇡h pair annihilation into the SM particles occurs more e�ciently, and it is
easy to accommodate the WMAP data on ⌦

CDM

h2. Direct detection rates of ⇡h are in the interesting ranges
(see Fig. 2). Note that the masses of both hidden sector hadrons ⇡h and Bh are generated dynamically by
dimensional transmutation, similarly to the masses of proton and pion in ordinary QCD. See Ref. [1–3] for more
detail.

VI. CONCLUSIONS

In this talk, I discussed a number of hidden sector dark matter models with singlet portals, and discussed
their interplay with phenomenology of the SM Higgs boson. We also demonstrated that it is important to
consider renormalizable models with the full SM gauge symmetry. Generic signatures of hidden sector dark
matter with local dark gauge symmetry can be summarized as follows:

• Thermal relic density of hidden sector DM can be easily compatible with the WMAP observation, and
they can be detected in the direct detection experiments.

• A real singlet scalar boson S should be introduced as a messenger between the hidden sector and the SM
sector, if the hidden sector has fermions and/or massive gauge bosons only. Therefore there are two or
more physical Higgs-like scalar bosons.

• There is a destructive interference in the contributions from two scalar bosons in direct detection cross
section (see Eq. (11)), which can not be seen in the e↵ective lagrangian approach.

• Higgs can decay into a pair of CDM, if kinematically allowed, which is begun to constrained by the LHC
data.

• Production cross section for Higgs boson is smaller than the SM Higgs boson because of the mixing with
composite scalars from the hidden sector.

• Depending on the parameters, only one or none of the two Higgslike scalar boson(s) could be found at the
LHC.

• Recent results on the Higgs-like new boson with mass around with 125 GeV from the LHC constrain this
class of models. In particular there is a universal reduction of the signal strength in all the channels. If
the future data do not respect this universal suppression, our model would be excluded, independent of
discovery of the second Higgs boson.

• If dark gauge symmetry is unbroken and there is massless dark gauge fields, they can contribute to dark
radiation, unless hidden gauge symmetry is confining. Therefore the data on dark radiation will constrain
the nature of dark gauge symmetry gauge group. For example, weakly interacting unbroken SU(NX)
hidden gauge group with NX � 4 is disfavored by extra dark radiation [9], �N

eft

= 0.254+0.54
�0.51. See

Table II for the summary [9].
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TABLE II: The number of neutral Higgs bosons, Higgs signal strengths and dark radiation and dark matter particles for
various hidden sector gauge groups [9].

Dark matter Unbroken U(1)X Local Z2 Unbroken SU(NX) (weak) Unbroken SU(NX) (confining)

µi=1 = 1 µi=1,2 < 1 µi=1 = 1 µi=1 = 1

Scalar DM 0.08 ⇠ 0 ⇠ 0.08⇥ (N2
X � 1) ⇠ 0

complex scalar real scalar complex scalar composite h-mesons and h-baryons

µi=1,2 < 1 µi=1,2 < 1 µi=1,2 < 1 µi=1,2 < 1

Fermion DM 0.08 ⇠ 0 ⇠ 0.08⇥ (N2
X � 1) ⇠ 0

Dirac fermion Majorana fermion Dirac fermion composite h-mesons and h-baryons

One can summarize the results in the following Table II. When I started working on hidden sector DM models
some years ago [1–3], I thought that it would be di�cult to make any useful and testable predictions, since we
don’t know anything about the hidden sector. However the situation turned out much more promising, since
there are some generic predictions as summarized in Table II, which is valid as long as there is only one SM
Higgs doublet. At the moment, this assumption of only one SM Higgs doublet is consistent with the LHC data,
no charged scalar boson having been observed yet. Also the amount of dark radiation, which can be precisely
measured by Planck and others, and the number of neutral Higgs-like scalar bosons and their signal strengths
at the LHC will give hints on the nature of the hidden sector gauge interaction, whether it is broken or not, and
whether it is weakly interacting or confining like ordinary QCD. These observables should be crucial keys to
understanding the hidden sector DM models, and should be measured as precisely as possible, since they would
shed light on the nature of DM and its interplay with the SM Higgs boson in a simple but an intriguing way.
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Gamma-rays Constraint on Higgs Production from Dark Matter Annihilation
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A gamma line signal in cosmic-ray observation would be found when Higgs is produced at rest
or almost rest by DM annihilation because of decay of 126 GeV Higgs into two gamma. This line
signal gives a constraint on Higgs production cross section by DM. We examine this point with
simple analysis in this work.

I. INTRODUCTION

The Standard Model (SM)-like Higgs boson was discovered at LHC and the mass is mH ⇡ 126 GeV [1–5].
This result shows good agreement with the SM, however we do not know yet whether it is truly Higgs in the
SM or not. Consequently more information is required in order to define it. One of possibilities to gain more
knowledge about Higgs is examining interaction between Higgs and Dark Matter (DM). This is achieved with
astrophysical data such as cosmic-rays. The discovered Higgs at LHC decays into gamma and it may be observed
by such as Fermi-LAT if Higgs is produced by DM annihilation [6, 7]. Especially, if Higgs at rest or almost rest
is produced by DM, a line signal at E� ⇡ 63 GeV is emitted due to the Higgs decay channel H ! 2� which can
be characteristic signal in gamma-ray observations. According to comparison with observed gamma-ray data,
we can obtain constraint on annihilation cross section into Higgs, and finally coupling strength between DM
and Higgs would be constrained. In this talk, we focus on rest or slightly boosted Higgs production by DM
annihilation [8].

II. GAMMA-RAY FROM DM ANNIHILATION

There are two types of �-rays. The first one is �-ray of continuum energy spectrum which comes from Final
State Radiation (FSR), decays and hadronization of the final state particles. The second one is �-ray line
spectrum which is directly produced and decay of rest Higgs generated by DM annihilation. In the case of
directly produced �-ray, the energy is fixed to E� = m� for the process �� ! �� where � is DM and such a
process is always loop-suppressed. The energy of gamma generated by decay of rest Higgs is almost fixed to
E� = 63 GeV. Namely, we can investigate whether a line signal around 63 GeV via rest Higgs decay exists or
not by comparing with data. Then we obtain a constraint on annihilation cross section into Higgs when DM
mass is some specific values we will discuss later.
To compare line and continuum �-rays, we have to take into account phase space suppression. For example,

for the process �� ! HH, the mass relation m� ⇡ mH is required to produce rest Higgs. Hence phase space

suppression factor
q
1�m2

H/m2

� should be multiplied. On the other hand, we do not have that factor for the

process like �� ! bb̄ since the bottom quark mass is light enough compared with DM mass. As a result much
broad � spectrum is expected via the bb̄ channel. In addition, the ratio of branching fractions among them is
small as follows

Br (H ! ��)

Br
�
H ! bb̄

� ⇡ 4⇥ 10�4. (1)

Therefore the �-ray line from the Higgs decay might be swamped by the continuum � spectrum unless some
enhancement mechanism is taken into account. In the case of SUSY models for example, a way-out is making
use of a resonance of pseudo-scalar (�A) mediation in s-channel process like �� ! �A ! HH. Moreover bb̄
production should be suppressed by heavy sbottom and small coupling between bottom and the pseudo-scalar.
As a result it is possible to see a line signal from the rest Higgs decay.
From now on, we focus on some specific DM masses such as 63 GeV, 109 GeV and 126 GeV to generate

Higgs at rest. In the case of m� = 63 GeV, the target channel is �� ! H� which is possible when DM spin
is 1/2 or 1. This fact can be seen from spin statistics and no longitudinal component of photon. After the
production of Higgs, The Higgs decays into �� and the energy is 63 GeV. In addition, the energy of the direct
produced � is E� = (4m2

� � m2

H)/4m� and this is expected to be too low energy to detect it. If � excess is
found at 63 GeV in experiments, it might be confused with direct produced � like �� ! �� when DM mass
is m� = 126 GeV. Therefore we have to disentangle it to identify where the observed signal comes from. For
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FIG. 1: The DM annihilation channels with the rest Higgs in final state that we consider in this work.

109 GeV DM, the target channel is �� ! HZ. A peak is expected at 63 GeV coming from the rest Higgs decay.
For example, this process can be possible via t-channel and s-channel exchange diagrams if DM interacts with
Z boson directly. In addition to the Higgs decay signal, a peak at 109 GeV is expected via direct � production
by DM annihilation �� ! ��. Similarly, 72 GeV line comes from �� ! �Z. However they are not relative
with Higgs, so we do not focus on them here. In the case of 126 GeV DM, the channel �� ! HH is possible
to generate the rest Higgs. This channel also gives 63 GeV line signal. In SUSY models, this process can be
possible via box diagram of bottom and sbottom at one-loop, moreover pseudo-scalar s-channel exchange at
tree level if DM has interaction with pseudo-scalar. As well as the previous case, we have to disentangle with
direct � production like �� ! ��, H� when DM mass is 63 GeV when such a line is experimentally found.

III. GAMMA-RAY FLUX

The �-ray flux coming from DM annihilation is given as

d��

dE�
= ⌘

h�vi
8⇡m2

�

dN�

dE�

Z

�⌦

d⌦

Z

los

⇢2 (r (s,⌦)) ds. (2)

where ⌘ is symmetry factor which is 1 for self-conjugate DM and 1/2 for non self-conjugate DM, h�vi is DM
annihilation cross section into �, dN�/dE� is energy spectrum and ⇢(r) is DM profile which is taken as Einasto
profile [9] in this analysis, and the profile is expressed as

⇢(r) = 0.193⇢�exp


� 2

↵

✓✓
r

rs

◆↵

� 1

◆�
, (3)

where ↵ = 017, rs = 20 kpc, ⇢� = 0.386 GeV/cm3. Note that the energy dependence comes from only the
energy spectrum dN�/dE� .

A. �-ray from Higgs at rest

We calculate the energy spectrum of � via the rest Higgs is calculated by PYTHIA 6.4 [10] and that is shown
in the left hand side of Fig 2. All channels of Higgs decay such as H ! bb̄, WW ⇤, ZZ⇤ etc are included in
the figure. A peak at 63 GeV can be seen and the peak comes from the Higgs decay process H ! 2�. A
small bump around 30 GeV which is due to the Higgs decay H ! Z� is found, and the energy is expressed as
E� =

�
m2

H �m2

Z

�
/2mH . The � line signal is visible despite of the small branching fraction of H ! ��.

The �-ray flux from Higgs decay is shown in the right hand side of Fig. 2 with Fermi-LAT data. Three
channels �� ! H�, HZ, HH are included in the figure. The most visible signal is obtained for the channel
�� ! H�. This is because DM mass is fixed to specific values for each channel and the mass is smallest for
this channel, moreover the flux is proportional to m�2

� as can be seen in Eq. (2). We can obtain the limits for
DM annihilation into Higgs as

h�vi <⇠ 2.5⇥ 10�25 cm3/s for �� ! H�, m� = 63 GeV, (4)

h�vi <⇠ 5.0⇥ 10�25 cm3/s for �� ! HZ, m� = 109 GeV, (5)

h�vi <⇠ 6.0⇥ 10�25 cm3/s for �� ! HH, m� = 126 GeV. (6)

These limits correspond to roughly 10�28 ⇠ 10�27cm3/s for � production by DM annihilation. The limits are
obtained from the line excess of H ! 2� rather than the other continuum �.
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FIG. 2: The energy spectrum of � coming from the decay of the rest Higgs (left) and the �-ray flux calculated by using
the energy spectrum for di↵erent three channels �� ! H�, HZ, HH (right).
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FIG. 3: The energy spectrum of � coming from the decay of the slightly boosted Higgs (left) and the �-ray flux
calculated by using the energy spectrum for di↵erent three channels �� ! H�, HZ, HH (right). Here Higgs is boosted
to EH = 130 GeV. The DM mass is fixed to m� = 81, 178, 130 GeV for the channels �� ! H�, HZ. HH respectively.

B. �-ray from slightly boosted Higgs

The energy spectrum from boosted Higgs is shown in the left hand side of Fig 3. The peak around 63 GeV
via H ! �� becomes tiny because of the broad energy distribution of H ! �� in the boosted case. No small
excess around 30 GeV which is di↵erent from the rest case due to the same reason. The energy spectrum of
H ! 2� is smaller than the other continuum spectrum with the several order of magnitude.
The �-ray flux is depicted in the right hand side of Fig 3. We have an intense line signal at 32 GeV for

�� ! H�. This line gives the limit of h�vi <⇠ 4⇥10�27 cm3/s for the channel �� ! H�. This strong line comes
from direct � production from DM annihilation. The direct � energy appears at E� = (4m2

� �m2

H)/4m�. We
can see from the equation that no such a strong line for the rest Higgs, but we have the line for boosted case.
For the other two channels �� ! HZ, HH, we can get the rough limits of h�vi <⇠ 5⇥ 10�25 cm3/s.

IV. SUMMARY

The SM-like Higgs boson was discovered at LHC. Using the decay property of the SM-like Higgs, we obtained
the constraint on Higgs production cross section by DM in cases of some DM masses. The constraint is roughly
h�vi <⇠ 10�25 cm3/s for all the channels when Higgs is generated at rest or slightly boosted frame. Especially,
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the limit will be important when an enhancement mechanism of production cross section of Higgs such as
Sommerfeld enhancement or resonance enhancement is working. We have done only rough estimation in this
work. More precious constraint will be obtained by more detail analysis.
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Neutrino Mass in TeV-Scale New Physics Models
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This is a short review about relations between new scalars and mechanisms to generate neutrino
masses. We investigate leptohilic scalars whose Yukawa interactions are only with leptons. We
discuss possibilities that measurements of their leptonic decays provide information on how neutrino
masses are generated and on parameters in the neutrino mass matrix (e.g. the lightest neutrino
mass).

I. INTRODUCTION

In the standard model of particle physics (SM), neutrinos are regarded as massless particles. However,
existence of nonzero masses of neutrinos has been established by a sequence of success of neutrino oscillation
measurements [1–6]. If neutrino masses are generated similarly to the other fermion masses via a Yukawa
interaction (introducing right-handed neutrinos ⌫R) with the SU(2)L-doublet scalar field �SM in the SM, the
Yukawa coupling constants must be extremely small (⇠ 10�12). Since the coupling constant seems too di↵erent
from the other Yukawa coupling constants to regard it as natural, we might expect that neutrino masses are
generated in a di↵erent mechanism. The most famous example will be the seesaw mechanism [7] where extremely
heavy gauge-singlet fermions are introduced.
In this short review, we consider extensions of the SM with new scalars (in contrast with the seesaw models)

along the viewpoint ”Higgs as a probe of new physics” of this workshop. Along my viewpoint ”neutrino as a
guide to new physics”, we investigate only leptophilic scalars which couple only with leptons among fermions
because such scalars would contribute to mechanism of generating neutrino masses. In order to give predictions,
it will not be preferred that two new particles appear in an interaction (Lepton–”New fermion”–”New scalar”).
Therefore, let us concentrate on the following types of Yukawa interactions:

Lepton–Lepton–”Leptophilic scalar” .

The leptophilic scalars here are assumed to be light enough (TeV-scale) to be produced at collider experiments.
If the Yukawa interaction relates to the neutrino mass matrix, the flavor structure of decays of the new scalar
into leptons would be predicted by using current knowledge on the neutrino oscillation parameters. If the
prediction is experimentally confirmed in the future, we would obtain information on the mechanism of the
neutrino mass generation and on parameters (e.g. the lightest neutrino mass) which cannot be measured in
neutrino oscillation experiments.
We deal with SU(2)L-singlet, doublet, and triplet scalar fields. Their Yukawa interactions are listed in Table I.

For simplicity, mixings between scalars are ignored throughout this article. Leptophilic neutral scalars in doublet
and triplet fields are not discussed in this article because their decays via Yukawa interactions are into neutrinos
which do not provide information on the flavor structure.

II. BASICS

Neutrinos ⌫`L (` = e, µ, ⌧) in the flavor basis are superpositions of mass eigenstates ⌫iL: ⌫`L =
P

i(UMNS)`i ⌫iL,
where the unitary matrix UMNS is the so-called Maki-Nakagawa-Sakata matrix [8]. When the neutrino mass
term is (m⌫)i`⌫iR⌫`L, neutrinos are referred to as the Dirac neutrinos. The mass matrix for Dirac neutrinos
is diagonalized with UMNS as m⌫UMNS = diag(m1,m2,m3), where mass eigenvalues mi are taken to be real
and positive. On the other hand, if the neutrino mass term is (m⌫)``0(⌫`L)

c⌫`0L, we call the neutrinos as
the Majorana neutrinos which break the lepton number conservation. The Majorana neutrino mass matrix is
diagonalized as UT

MNSm⌫UMNS = diag(m1,m2e
i↵21 ,m3e

i↵31), where ↵21 and ↵31 are Majorana phases [9, 10]

⇤
Current a�liation of the author is Maskawa Institute for Science and Culture, Kyoto Sangyo University, Kyoto 603-8555, Japan.
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Yukawa interaction
Decay into leptons

Singly charged Doubly charged

SU(2)L-singlet f``0
h
Lc

` i�2 L`0 s
+
i
, f 0

``0

h
(`R)c `

0
R s++

i
s+ ! `L ⌫`0L s++ ! `R `0R

SU(2)L-doublet yi`
h
⌫iR �T

⌫ i�2 L`

i
�+
⌫ ! `L ⌫iR

SU(2)L-triplet h``0

h
Lc

` i�2 �L`0

i
�+ ! `L ⌫`0L �++ ! `L `0L

TABLE I: Yukawa interactions of leptophilic scalar fields and leptonic decays of their singly-charged and doubly-charged

components.

which are physical parameters only for Majorana neutrinos. The matrix UMNS can be parameterized as

UMNS =

0

B@
1 0 0

0 c23 s23
0 �s23 c23

1

CA

0

B@
c13 0 s13e

�i�

0 1 0

�s13e
i� 0 c13

1

CA

0

B@
c12 s12 0

�s12 c12 0

0 0 1

1

CA , (1)

where sij and cij stand for sin ✓ij and cos ✓ij , respectively. Current data of neutrino oscillation measurements [1–
6] constrains mixing angles and squared-mass di↵erences (�m2

ij ⌘ m2
i �m2

j ) as

sin2 2✓23 ' 1, sin2 2✓13 ' 0.089, sin2 2✓12 ' 0.85, (2)

�m2
21 ' 7.5⇥ 10�5 eV2, |�m2

31| ' 2.3⇥ 10�3 eV2. (3)

III. SINGLY CHARGED SCALAR

A. SU(2)L-singlet I

A singly charged scalar s+ of an SU(2)L-singlet with the hypercharge Y = 1 couples to the lepton doublet
L` = (⌫`L, `L)

T as

f``0
h
Lc
` i�2 L`0 s

+
i
= �2f``0

h
(`L)c ⌫`0Ls

+
i
, (4)

where the matrix of Yukawa coupling constants is antisymmetric (f = �fT ) and �i(i = 1-3) are the Pauli
matrices. The scalar s+ is introduced in e.g. the so-called Zee model [11] where light Majorana neutrino masses
are generated at the one-loop level. The simplest version of the Zee model [11, 12] where there is no Flavor-
Changing-Neutral-Current (FCNC) was excluded by neutrino oscillation measurements (See e.g. Ref. [13]).
Motivated by the original version of the Zee model where the FCNC exists, we consider a Majorana neutrino

mass matrix (m⌫)``0 of the following structure in the flavor basis:

(m⌫)``0 =
⇣
Xmdiag

` f + (Xmdiag
` f)T

⌘

``0
, (5)

where X is an arbitrary matrix and mdiag
` ⌘ diag(me,mµ,m⌧ ). Let us assume that contributions of me and mµ

to m⌫ are negligible. Then Eq. (5) is simplified as

(m⌫)``0 ' m⌧

⇣
X`⌧f⌧`0 + f`⌧X⌧`0

⌘
. (6)

Note that m⌫ is a rank-2 matrix under this assumption although each term in the right-hand side of Eq. (6) is
a rank-1 matrix. Thus, the lightest neutrino becomes massless (m1 = 0 or m3 = 0) while the other two have
non-zero masses as required. The m⌫ includes four parameters: fe⌧Xe⌧ , fµ⌧/fe⌧ , Xµ⌧/Xe⌧ , and X⌧⌧/Xe⌧ . The
latter three combinations can be expressed with neutrino mixing parameters by using conditions that UMNS

diagonalizes the m⌫ (three o↵-diagonal parts must be zero). Since fe⌧Xe⌧ is an overall factor for neutrino
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mass eigenstates, the ratio of nonzero mass eigenstates does not depend on fe⌧Xe⌧ . We see that m3 = 0 (the
so-called inverted hierarchy where m1/m2 ' 1) is allowed while m1 = 0 (the so-called normal hierarchy where
m3/m2 � 1) cannot be obtained. When we use simple values sin2 ✓23 = 1/2 and sin2 ✓12 = 1/3 which are
almost consistent with neutrino oscillation measurements, m1/m2 ' 1 results in

sin2 2✓13 ' 0.11, � ' ⇡, ↵21 ' ⇡. (7)

The ”predicted” value sin2 2✓13 ' 0.11 seems reasonably agree with observations [4, 5]. See Ref. [14] for more
detailed analysis of the Zee model.

Partial decay widths �(s)
` for s+ ! `L ⌫L (where neutrino species are summed) are proportional to

P
`0 |f``0 |2.

In the discussion above, fµ⌧/fe⌧ is constrained by neutrino mixing parameters. Thus, we obtain the following

”prediction” for a combination of branching ratios BR(s)
` ⌘ BR(s+ ! `L ⌫L):

BR(s)
⌧

BR(s)
e � BR(s)

µ

' 1 + 2s213
1� 2s213

' 1. (8)

If this relation is confirmed experimentally, neutrino mass matrix might be of Eq. (6) with parameters in Eq. (7).

B. SU(2)L-singlet II

The singly-charged scalar s+ is utilized also in the so-called Zee-Babu model [15] where Majorana neu-
trino masses are generated at the two-loop level. Another example is a model of loop-induced Dirac neutrino
masses [16, 17]. Neutrino mass matrix might be given by

(m⌫)``0 = (fTXsf)``0 (9)

for Majorana neutrinos (similarly to the Zee-Babu model) or

(m⌫)i`
h
⌫iR ⌫`L

i
= (Xf)i`

h
⌫iR ⌫`L

i
(10)

for Dirac neutrinos (similarly to the model in Refs. [16, 17]). The matrix Xs is symmetric while X is arbitrary.
Ratios of three elements of f``0 can be easily obtained as functions of neutrino mixing parameters [18] (See also
Refs. [17, 19]). Results are the same for Eqs. (9) and (10). For sin2 ✓23 = 1/2 and sin2 ✓12 = 1/3, we obtain

BR(s)
e : BR(s)

µ : BR(s)
⌧ =

(
2 : 5 : 5 (for m1 = 0)

2 : 1 : 1 (for m3 = 0)
. (11)

If experiments confirm these ratios, the structure of the neutrino mass matrix in Eq. (9) or (10) might be true.

C. SU(2)L-doublet

Neutrinos might obtain their Dirac masses via a vacuum expectation value (vev) of an additional SU(2)L-
doublet scalar field �⌫ [20, 21]. We refer to the model as the neutrinophilic two-Higgs-doublet model. The
Yukawa interaction of neutrinos with �⌫ is written as

�(y⌫)i`

h
⌫iR �T

⌫ i�2 L`

i
= (y⌫)i`

h
⌫iR ⌫`L�

0
⌫

i
� (y⌫)i`

h
⌫iR `L�

+
⌫

i
, (12)

where ⌫iR are right-handed components of mass eigenstates ⌫i (so, we do not regard ⌫iR as new particles
here). The mass matrix of the Dirac neutrinos is simply given by (m⌫)i` = h�0

⌫i(y⌫)i`. The branching ratios
BR(�+

⌫ ! `L⌫R), where neutrino species are summed, are proportional to (m†
⌫m⌫)``. Figure 1 (taken from

Ref. [21]) shows behaviors of these branching ratios with respect to the lightest neutrino mass (m1 for the left
panel, and m3 for the right one) for the case �+

⌫ decays only into leptons. By measuring e⌫ mode, it would
be possible to extract information on the value of the lightest neutrino mass and on whether m1 < m3 (left
panel in Fig. 1) or not. If experiments show that BR(H+ ! ⌧L⌫R) is very di↵erent from BR(H+ ! µL⌫R), the
charged scalar might not contribute to the mechanism of generating neutrino masses in a simple way.
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FIG. 1: Behaviors of BR(�+
⌫ ! `L⌫R) with respect to m1 (left panel) and m3 (right panel). This figure is taken from

Ref. [21].

D. SU(2)L-triplet

A singly charged scalar exists in an SU(2)L-triplet field � with Y = 1, which can be expressed as

� ⌘
 
�+/

p
2 �++

�0 ��+/
p
2

!
. (13)

The triplet scalar field interacts with the lepton doublet as

h``0

h
Lc
` i�2 �L`0

i
= �h``0

h
(`L)c `

0
L�

++
i
�
p
2h``0

h
(⌫`L)

c `0L�
+
i
+ h``0

h
(⌫`L)

c ⌫`0L�
0
i
, (14)

where the Yukawa coupling constants satisfy h``0 = h`0`. The vev of �0 can generate neutrino masses [10, 22]
as

(m⌫)``0 = 2h�0ih``0 . (15)

Hereafter, we refer to this solo mechanism of generating neutrino masses as the Higgs triplet model. Branching
ratios BR(�+ ! `L ⌫L) in the Higgs triplet model are proportional to (m†

⌫m⌫)`` identically to those in the
neutrinophilic two-Higgs-doublet model. Therefore, the discussion in the previous subsection is applicable also
for �+ ! `L ⌫L. See e.g. Fig. 16 in Ref. [23] to compare with Fig. 1 in this article. If non-leptonic decays (e.g.
�+ ! W��++) are not negligible, a ratio of branching ratios of e⌫ and µ⌫ modes would be reliable.

IV. DOUBLY CHARGED SCALAR

A. SU(2)L-singlet

An SU(2)L-singlet scalar s++ with Y = 2 has the following Yukawa interaction:

f 0
``0

h
(`R)c `

0
R s++

i
, (16)

where the Yukawa coupling constants satisfy f 0
``0 = f 0

`0`. The scalar s++ is introduced in e.g. the Zee-Babu
model [15] where an SU(2)L-singlet scalar s+ (see also Sections IIIA and III B) is also introduced. The Yukawa
interaction with s+ is shown in Eq. (4).

Motivated by the Zee-Babu model, let us take a case in which the structure of neutrino mass matrix (m⌫)``0
is given by

(m⌫)``0 /
h
fmdiag

` f 0mdiag
` fT

i

``0
, (17)
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FIG. 2: Two axis are defined as BR``0 ⌘ BR(�++ ! `L `0L). Values of BR``0 in the shaded region cannot be achieved in
the model when the lightest neutrino mass is zero. This figure is a simplified version of the one in Ref. [25].

where mdiag
` ⌘ diag(me,mµ,m⌧ ). Discussion in this subsection is based on Refs. [18, 19] where the Zee-Babu

model was studied. The lightest neutrino becomes massless (m1 = 0 or m3 = 0) because of Det(m⌫) / Det(f) =
0. We simply assume that me in Eq. (17) can be ignored so that we can have some ”prediction” on the flavor
structure of branching ratios BR(s++ ! `R `0R) which are proportional to |f 0

``0 |2. Then, because of a large mixing
angle ✓23, we expect |(m⌫)µµ| ' |(m⌫)µ⌧ | ' |(m⌫)⌧⌧ | which results in |f 0

µµ|m2
µ/m

2
⌧ ' |f 0

µ⌧ |mµ/m⌧ ' |f 0
⌧⌧ |. The

branching ratios become

BR(s++ ! µR µR) : BR(s
++ ! µR ⌧R) : BR(s

++ ! ⌧R ⌧R) ' 1 : 0 : 0. (18)

If Eq. (18) turns out to be consistent with measurements, the neutrino mass matrix might be the structure in
Eq. (17) where m1 = 0 or m3 = 0 is predicted.

B. SU(2)L-triplet

A doubly charged scalar exists also in the Higgs triplet model (see also Sec. IIID). Let us take a scenario that
�++ dominantly decays into a pair of same-signed leptons: �++ ! `L `0L. Then branching ratios of leptonic
decays are determined by h``0 , and the flavor structure of the branching ratios can provide direct information on
the neutrino mass matrix [24, 25]. For example, if branching ratios BR(�++ ! eL eL) and BR(�++ ! eL µL)
are observed in the shaded region in Fig. 2, it would be excluded that the lightest neutrino mass is zero in this
model [25]. Note that information on the lightest neutrino mass cannot be obtained by neutrino oscillation
measurements.

V. SUMMARY

We discussed relations between the neutrino mass matrix and the flavor structure of decays of leptophilic
charged scalars. By assuming how a matrix of Yukawa coupling constants for a leptophilic scalar appears in the
neutrino mass matrix, we obtained predictions on the leptonic decays of the scalar.
If the antisymmetric matrix f of Yukawa coupling constants for an SU(2)L-singlet singly-charged scalar s+

appears in the neutrino mass matrix as (m⌫)``0 ' m⌧ (X`⌧f⌧`0 + f`⌧X⌧`0), a combination of branching ratios

for s+ ! `L⌫L satisfies BR(s)
⌧ /(BR(s)

e � BR(s)
µ ) ' 1. For sin2 ✓23 = 1/2 and sin2 ✓12 = 1/3, we obtained

sin2 2✓13 ' 0.11, � ' ⇡, and ↵21 ' ⇡. If the matrix f appears as m⌫ = fXsf
T or Xf , we predicted BR(s)

e :
BR(s)

µ : BR(s)
⌧ = 2 : 5 : 5 for m1 = 0 and 2 : 1 : 1 for m3 = 0. On the other hand, if a leptophilic singly-charged

scalar is a member of SU(2)L-doublet or triplet, a branching ratio for a decay into eL ⌫ (and µL ⌫) would provide
information on the value of the lightest neutrino mass and on whether m1 < m3 or not.
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The symmetric matrix f 0 of Yukawa coupling constants for an SU(2)L-singlet doubly-charged scalar s++

might contribute to the neutrino mass matrix as m⌫ = fmdiag
` f 0mdiag

` fT . When we assume that a contribution
of me to m⌫ is negligible and |(m⌫)µµ| ' |(m⌫)µ⌧ | ' |(m⌫)⌧⌧ |, decays of s++ into µR ⌧R and ⌧R ⌧R become
negligible in comparison with the µµ mode. For the case of �++ in an SU(2)L-triplet field, the flavor structure
of �++ ! `L `0L directly relates to the neutrino mass matrix. We showed that information on the lightest
neutrino mass (and Majorana phases etc.) could be obtained by observing the structure of the �++ decays.

We hope that the mechanism of the neutrino mass generation is uncovered by discovery of such leptophilic
scalars at collider experiments. Peaks of their signals may remind us of the Tateyama peaks in Toyama!
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Vacuum Stability, Perturbativity, EWPD and Higgs-to-diphoton in Type II
Seesaw

Eung Jin Chun, Hyun Min Lee, and Pankaj Sharma
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We study constraints from perturbativity and vacuum stability as well as the EWPD in the type
II seesaw model. As a result, we can put stringent limits on the Higgs triplet couplings depending
on the cut-o↵ scale. The EWPD tightly constrain the Higgs triplet mass splitting to be smaller than
about 40 GeV. Analyzing the Higgs-to-diphoton rate in the allowed parameter region, we show how
much it can deviate from the Standard Model prediction for specific parameter points.

I. INTRODUCTION

The discovery of the Higgs boson at around 125 GeV [1] opened a new era toward the Higgs precision test.
It is essential for the LHC and future experiments to determine how precisely the Higgs candidate follows the
very prediction of the Standard Model (SM), as new physics might enter here to modify the SM Higgs property
in various ways. One of the motivations for new physics beyond the SM comes from the smallness of neutrino
masses whose origin can be attributed to a new particle coupling to the lepton doublets of the SM.
In this paper [2], we consider the type II seesaw mechanism which introduces a Higgs triplet whose vacuum

expectation value (VEV) generates the neutrino masses and mixing [3]. The Higgs sector of the type II seesaw
contains four more bosons, H++, H+ and H0/A0, in addition to the SM Higgs boson, h. While the standard
Higgs doublet generates the quark and charged lepton masses, the Higgs triplet couples only to the lepton
doublets generating the neutrino masses. This mechanism leads to a peculiar prediction of a same-sign dilepton
resonance, H++ ! l+↵ l

+
� , which is being searched at the LHC [4]. As the Higgs triplet Yukawa matrix is

proportional to the neutrino mass matrix, the observation of the flavor structure of the same-sign dilepton final
states allows us to determine the neutrino mass pattern at colliders [5].

Other interesting features of the type II seesaw come from the Higgs boson sector. Considering the pertur-
bativity and absolute vacuum stability conditions up to the Planck scale, the perturbativity keeps a triplet self
coupling, denoted by �2, smaller than 0.25 and then vacuum stability requires all the other couplings to be
smaller than 0.5. If a lower instability scale is taken, such a stringent limit can of course be relaxed, but not too
much. Another important constraint can be deduced from the electroweak precision data (EWPD) [6]. Note
that one of the couplings between the Higgs triplet and doublet, denoted by �5, induces mass splitting �M
among the triplet components [5]. The EWPD turn out to put a strong limit of |�M | <⇠ 40 GeV allowing only
a narrow range of �5 depending on the Higgs triplet mass when the triplet VEV is taken to be tiny enough so
that its tree-level contribution to �⇢ is neglected.
As noted in [7–9], the SM Higgs boson decay h ! �� can be significantly modified through one-loop diagrams

involving the charged Higgs bosons, in particular, H++, if quartic couplings mixing with the SM Higgs are large
and the triplet mass is small. The precise measurement of the diphoton rate will place an important restriction
on the type II seesaw model. In our analysis, we show how much the h ! �� rate can deviate from the SM
prediction after restricting ourselves to the model parameter space allowed by the perturbativity and vacuum
stability conditions as well as the EWPD constraint, which has not been considered properly in the previous
studies.

II. HIGGS COUPLINGS IN TYPE II SEESAW

When the Higgs sector of the Standard Model is extended with a Y = 2 SU(2)L scalar triplet � in addition
to a SM-Higgs doublet �, the gauge-invariant Lagrangian is written as

L = (Dµ�)
† (Dµ�) + Tr (Dµ�)† (Dµ�)� LY � V (�,�)

where the leptonic part of the Lagrangian required to generate neutrino masses is

LY = f↵�L
T
↵Ci⌧2�L� +H.c. (1)
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and the scalar potential is

V (�,�) = m2�†�+ �1(�
†�)2 +M2Tr(�†�)

+ �2

⇥
Tr(�†�)

⇤2
+ 2�3Det(�†�) + �4(�

†�)Tr(�†�)

+ �5(�
†⌧i�)Tr(�

†⌧i�) +


1p
2
µ(�T i⌧2�

†�) + H.c.

�
. (2)

Here used is the 2⇥ 2 matrix representation of �:

� =

✓
�+/

p
2 �++

�0 ��+/
p
2

◆
. (3)

Upon the electroweak symmetry breaking with h�0i = v0/
p
2, the µ term in Eq. (2) gives rise to the vacuum

expectation value of the triplet h�0i = v�/
p
2 where v� ⇡ µv20/

p
2M2. We will assume µ is real positive

without loss of generality. From the leptonic Yukawa coupling (1), one can get the neutrino mass matrix

M⌫
↵� = f↵� ⇠ v0, (4)

where ⇠ ⌘ v�/v0. The observed neutrino mass of order 0.1 eV requires |f↵� ⇠| ⇠ 10�12. Considering this
relation, we will assume |f↵� | ⌧ 1 and |⇠| ⌧ 1 throughout this work. Let us remind that the measurement of
⇢ ⌘ M2

W /(M2
Zc

2
W ) ⇡ 1 puts the bound ⇠ <⇠ 10�2. We will work in the region of |⇠| ⌧ 10�2 for our analysis.

After the electroweak symmetry breaking, there are five physical massive bosons denoted by H±±, H±, H0,
A0, h0. Under the condition of |⇠| ⌧ 1, the first five states are mainly from the triplet scalar and the last from
the doublet scalar. For the neutral pseudoscalar and charged scalar parts,

�0
I = G0 � 2⇠A0 , �+ = G+ +

p
2⇠H+

�0
I = A0 + 2⇠G0 , �+ = H+ �

p
2⇠G+ (5)

where G0 and G+ are the Goldstone modes, and for the neutral scalar part,

�0
R = h0 � a⇠H0 ,

�0
R = H0 + a⇠ h0 (6)

where a = 2+ (4�1 � �4 � �5)v20/(M
2
H0 �M2

h0). The masses of the Higgs bosons essentially from the triplet are

M2
H±± = M2 +

�4 � �5

2
v20

M2
H± = M2

H±± +
�5

2
v20

M2
H0,A0 = M2

H±± + �5v
2
0 , (7)

neglecting small contributions from v�. The mass of h0 is given by m2
h0 = 2�1v

2
0 as usual.

Eq. (7) tells us that the mass splitting, �M ⌘ MH± � MH±± , is driven by the coupling �5 which a↵ects
also the EWPD and the Higgs-to-diphoton rate. Recall that depending upon the sign of the coupling �5,
there are two mass hierarchies among the triplet components: MH±± > MH± > MH0,A0 for �5 < 0; or
MH±± < MH± < MH0,A0 for �5 > 0 [5]. The charged Higgs boson as light as 100 GeV (MH±± or MH± = 100
GeV) can evade the CMS search if the decay channels ofH±± ! H±W ⇤ andH± ! H0/A0W ⇤ are the dominant
modes allowed by a sizable �5 in the first case, or if H±± decays dominantly to W±W± with |⇠| � |fij | in the
second case.

III. VACUUM STABILITY AND PERTURBATIVITY

The scalar potential (2) contains seven free parameters: �i (i = 1 . . . 5), v� and MH++ . Rather stringent
constraints on these parameters can be readily obtained by the theoretical requirements of perturbativity and
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vacuum stability. A detailed study of the scalar potential has been performed in [11]. The vacuum stability
conditions on the scalar couplings �i are as follows:

�1 > 0, �2 > 0, �2 +
1

2
�3 > 0 (8)

�4 ± �5 + 2
p

�1�2 > 0, �4 ± �5 + 2

r
�1(�2 +

1

2
�3) > 0.

Apart from these conditions, we will put the perturbativity conditions: |�i| 
p
4⇡.

We will take the absolute stability condition that all these constraints must remain true up to the scale where
the theory is supposed to be valid. Henceforth, we study the renormalization group (RG) evolution of these
scalar couplings (�i’s), EW-gauge couplings g2, g0, strong coupling g3 and top-Yukawa coupling yt up to the
cut-o↵ scale at the one-loop level. The RG evolution of the type II seesaw model has been studied in [12].

FIG. 1: RG evolution of couplings and vacuum stability conditions.

In Fig. 1, we show an example of the RG running of the couplings which maintain the perturbativity and
vacuum stability up to the Planck scale. In the rightmost panel, the three vacuum stability conditions; (1)

�2 + 1
2�3 > 0, (2) �4 � �5 + 2

p
�1�2 > 0, and (3) �4 � �5 + 2

q
�1(�2 +

1
2�3) > 0 are presented. Note

that the Higgs doublet self-coupling �1 decreases initially due to the top Yukawa coupling as in the SM, but
it turns around to increase at a certain point with the aid of other increasing couplings. For our numerical
analysis, we use Mt = 173 GeV, mt(Mt) = 164 GeV, mh = 125 GeV and thus �1(Mt) = m2

h/2v
2
0 = 0.129 and

yt(Mt) =
p
2mt/v0 = 0.938.

IV. CONSTRAINTS FROM EWPD

In this section, we study the contributions of the Higgs triplet to the EWPD observables, also known as
the oblique parameters. In [13], the contribution of a scalar multiplet of arbitrary weak isospin and weak
hypercharge to the S, T and U parameters has been calculated. We present here the expressions for the specific
case of the Higgs triplet model:

S = � 1

3⇡
ln

m2
+1

m2
�1

� 2

⇡

+1X

T3=�1

(T3 �Qs2W )2 ⇠

✓
m2

T3

m2
Z

,
m2

T3

m2
Z

◆
(9)

T =
1

16⇡c2W s2W

+1X

T3=�1

(2� T3(T3 � 1)) ⌘

✓
m2

T3

m2
Z

,
m2

T3�1

m2
Z

◆

U =
1

6⇡
ln

m4
0

m2
+1m

2
�1

+
1

⇡

+1X

T3=�1


2(T3 �Qs2W )2 ⇠

✓
m2

T3

m2
Z

,
m2

T3

m2
Z

◆

� (2� T3(T3 � 1)) ⇠

✓
m2

T3

m2
W

,
m2

T3

m2
W

◆�

where m+1,0,�1 = MH++,H+,H0 and the functions ⇠(x, y) and ⌘(x, y) are defined in [13].
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Adopting the most recent fit results for the allowed regions of the S, T and U presented in [14], we use the
following values for the SM fit of the oblique parameters:

Sbest fit = 0.03 , �S = 0.10 , (10)

Tbest fit = 0.05 , �T = 0.12 ,

Ubest fit = 0.03 , �U = 0.10 ,

As the S, T and U are not independent quantities, there is a correlation among these quantities. The correlation
coe�cients are given by

⇢ST = 0.89, ⇢SU = �0.54, ⇢TU = �0.83 . (11)

FIG. 2: Allowed parameter space in the MH++–�5 plane. The contours represent the allowed values of mass splitting,
�M ⌘ MH+ �MH++ , in the unit of GeV. The shaded band denotes the 99% CL region satisfying the EWPD constraint.

In Fig. 2, we show the allowed parameter space in the MH++–�5 plane consistent with the EWPD. The shaded
region shows the EWPD constraint at 99% CL. The contour lines show the mass splitting, �M ⌘ MH+�MH++ ,
from which one can see that the mass splitting is tightly constrained to be within |�M | <⇠ 40 GeV independently
of the doubly charged Higgs mass.

V. HIGGS TRIPLET CONTRIBUTION TO h ! ��

Having studied the consistency conditions on the model parameters, we now analyze their impact on the
Higgs boson decay to two photons. In the type II seesaw model, the Higgs-to-diphoton decay rate gets a sizable
contribution from the charged Higgs bosons, H++ and H+, which can lead to a constructive or destructive inter-
ference with the SM contribution from the top quark and weak gauge boson. Summing up all the contributions,
one gets the following Higgs-to-diphoton rate:

�(h ! ��) =
GF↵

2m3
h

128
p
2⇡3

������

X

f

NcQ
2
f g

h
ffA

h
1/2(xf ) + ghWWAh

1 (xW ) (12)

+ghH+H�Ah
0 (xH+) + 4ghH++H��Ah

0 (xH++)
��2
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where xi = m2
h/4m

2
i and the functions are

Ah
1/2(x) = 2x�2[x+ (x� 1)f(x)] (13)

Ah
1 (x) = �x�2[2x2 + 3x+ 3(2x� 1)f(x)]

Ah
0 (x) = �x�2[x� f(x)]

where f(x) =

8
<

:
arcsin2

p
x for x  1

� 1
4

h
ln 1+

p
1�x�1

1�
p
1�x�1 � i⇡

i2
for x > 1

The Higgs couplings are ghff = 1 for the top and ghWW = 1, whereas the Higgs triplet couplings are

ghH+H+ =
�4

2

v20
M2

H+

, and ghH++H++ =
�4 � �5

2

v20
M2

H++

. (14)

Since the SM contribution amounts to about �6.5 in the amplitude, negative values of �4 and �4 � �5 can
make a constructive interference to enhance the diphoton rate. As we will see in the next section, however, the
vacuum stability condition strongly disfavors negative �4 and �4��5 and allows more parameter region leading
to a destructive interference to reduce the diphoton rate.

VI. RESULTS AND SUMMARY

In this section we perform a numerical analysis to constrain the parameter space of the scalar couplings by
considering the conditions of vacuum stability and perturbativity up to the scale where the theory is considered
to be valid. We present our results only for the instability scale 1019 GeV. We further look for the allowed
parameter space combining these with the EWPD and quantify the deviation of the ratio R�� from the SM
value RSM

�� = 1. Figs. 3 summarize our results in the �4–�5 plane with di↵erent values of �2 and �3 for the
doubly charged Higgs mass, MH++ = 100 GeV (left), 150 GeV (middle) and 200 GeV (right). The contours
represent the values of R�� . The gray (purple) bands denote the 99% (95% CL) region satisfying the EWPD
constraints.
We infer from these figures that for negative �3, larger values of �2 are allowed while for positive �3, smaller

values of �2 are preferred to satisfy vacuum stability conditions. We observe that a large �2 tends to squeeze
the allowed parameter space in the �4–�5 plane. This is due to the fact that a large �2 violates perturbativity
very quickly when we evolve the coupling with RG equations. We find that �3 = 0 allows for a larger parameter
space compared to two extremal values of �3. As a result, the enhancement of R�� is feasible for relatively larger
allowed parameter space. The shaded bands in figures denote the allowed region by the EWPD depending on
the doubly charged Higgs boson mass. As is obvious, smaller and more positive ranges of �5 are allowed for
smaller values of MH++ . Although the allowed bands of �5 get smaller for smaller MH++ , R�� can be more
enhanced in these regions due to the sizable contribution from light charged Higgs bosons, in particular, near
�4 = 0 favored by vacuum stability conditions. Of course, a larger parameter space opens up for a larger positive
�4 for which a destructive interference occurs and thus R�� can be much smaller than 1. Thus, broad ranges
with positive �4 are strongly disfavored by the current LHC data.
To summarize, we studied the parameter space of the Higgs scalar potential of the type II seesaw model in

the light of vacuum stability, perturbativity and EWPD constraints. Then we looked at the possible deviation
in the Higgs-to-diphoton rate in the allowed parameter space. The allowed parameter space is found to be
very restrictive depending on the choice of the instability scale. Regardless of any choice of instability scale,
R�� becomes smaller than 1 in a larger parameter space, but it can be enhanced by 50%-100% in some limited
parameter region. If the deviation of the Higgs-to-diphoton rate turns out to be small with more data at the
LHC, only a narrow band around �4 ⇡ �5 will survive for low Higgs triplet mass.
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FIG. 3: Allowed parameter space in the �4–�5 plane with di↵erent values of �2 and �3 for the doubly charged Higgs
mass, MH++ = 100 GeV (left), 150 GeV (middle) and 200 GeV (right). The contours represent the values of R�� . The
gray (purple) bands denote the 99% (95% CL) region satisfying the EWPD constraints. The cut-o↵ scale is assumed to
be 1019 GeV.
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h → γγ and h → Zγ in the Inert Doublet Higgs Model and type II seesaw Model
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In this talk we discuss the rate of h → γγ and h → Zγ in the Inert Higgs Doublet Model and the
type II seesaw model. In the the Inert Higgs Doublet the 2 channels are correlated. In the type II
seesaw model it is found that h → γγ and h → Zγ can be correlated or anti-correlated.

I. INTRODUCTION

The first phase of LHC run at 7+8 TeV has been very successful, and confirmed once more the success of the
Standard Model (SM). Both experiments ATLAS and CMS at LHC reported discovery of a Higgs-like particle
with a mass in the range 125-126 GeV [1], [2]. The new observed Higgs-like state have properties consistent
with the SM Higgs boson. More data from the second phase run of LHC at 13 TeV is needed in order to fully
pin down the nature of this new state.

The precision measurements, achieved up to now at LHC, of the Higgs-like couplings to fermions and gauge
bosons tells us that this Higgs-like particle behaves more and more SM–like. Hence, its properties should be
studied as precisely as possible in order to detect any deviation from SM predictions which may reveal presence
of new physics. Such measurements, if accurate enough, can be also helpful in discriminating between models
through their sensitivity to radiative correction effects, in particular in specific cases like the decoupling limit.
It is well known that many SM extentions (like SM with extended Higgs sector, Supersymmetric models, ...)
possess such decoupling limit where the light Higgs boson completely mimic the SM Higgs.

Although, CMS and ATLAS data shows no large deviation of the signal from the SM predictions, at AT-
LAS the diphoton channel shows some small enhancement. The overall signal strength for diphoton is about
1.65± 0.24(stat)+0.25

−0.18(syst), (which include gluon gluon fusion , vector boson fusion as well as Higgs-strahlung
production mode) corresponds to 2.3 σ deviation from the SM prediction [3]. Note also that all those individual
channels show a bit more than 2 σ deviation. However, at CMS, the new analysis for diphoton channel [4] shows
different result from the previous one [2]. CMS uses 2 different methods for this channel and get the following
results: 0.78+0.28

−0.26 and 1.11+0.32
−0.30 which are compatible within 1.5-σ [4]. Combining the above three results will

give a signal strength of 1.18± 0.16.
Same as for the diphoton signal, h → γZ is also a clean finale state to search for at LHC. This decay can also

provide some complementary informations on the Higgs properties such as the mass, parity and spin. In both
h → γγ and h → γZ cases, one have the same charged particles contributing to both of them. Although the
kinematics and the Z couplings to the charged particles may be slightly different, those 2 channels h → γγ and
h → γZ should be correlated to some extent. Moreover, with diphoton channel is now measured by ATLAS
and CMS, one could deduce some typical range for h → γZ. Recently both ATLAS and CMS publish their
experimental searches for h → γZ, the upper limit on the cross section times Branching ratio normalized to SM
rate is about 10 (for CMS) and 19 (for ATLAS) [5].
After ATLAS and CMS announcement of possible excess in diphoton channel, many recent studies addressed

such enhancement in various models such as SUSY, extended Higgs sector (like inert Higgs and triplet Higgs
models) [6–14]. There is also few works which study the decay h → γZ and its correlation with h → γγ [15–19].
In this talk, we would like to discuss the rate of h → γγ in the Inert Higgs Doublet Model (IHDM) and in the
type II seesaw triplet Higgs model and also study its correlation with h → Zγ in those two models.

II. INERT HIGGS DOUBLET MODEL

The Inert Higgs Doublet Model (IHDM) [20] is an extension of the Higgs sector of SM which could explain
dark matter. The model has an additional Higgs doublet H2 in addition to the SM Higgs doublet H1. Moreover,
there is a Z2 symmetry under which all the SM fields and H1 are even while H2 → −H2 under Z2. We further
assume that Z2 symmetry is not spontaneously broken i.e. H2 field does not develop vacuum expectation value
(vev). These doublets in terms of physical fields can be parameterized as:

H1 =

!
G+

v/
√
2 + (h+ iG0)/

√
2

"
, H2 =

!
H+

(S + iA)/
√
2

"
(1)

With G± and G0 are the Goldstone bosons. The Z2 symmetry naturally imposes the flavor conservation. The

234



FIG. 1: Signal strength RV γ as a function of mH± (left) and as a function of λ3 (left). With mh = 126 GeV, mS ≥ 65
GeV (such that h → SS is not open), the other parameters are in this range: 80 < mH±,A < 500 GeV, −106 < µ2

2 < 106

GeV and −10 < λ2 < 10.

scalar potential allowed by Z2 symmetry can be written as:

V = µ2
1|H1|2 + µ2

2|H2|2 + λ1|H1|4 + λ2|H2|4 + λ3|H1|2|H2|2 + λ4|H†
1H2|2 +

λ5

2

!
(H†

1H2)
2 + h.c.

"
(2)

After electroweak symmetry breaking, the spectrum contains two CP even neutral scalars (h, S) one CP odd
neutral scalar (A) in addition to a pair of charged scalars (H±). There is no mixing between the two doublets
and hence h plays the role of the SM Higgs Boson. The remaining Higgs Bosons namely S, A and H± are
“inert” and they do not have any interaction with quarks and leptons. The Z2 symmetry also ensures the
stability of the lightest scalar (S or A) that can act as a dark matter candidate.
The masses of all these six scalars can be written in terms of six parameters namely: {µ2

2,λ1,λ2,λ3,λ4,λ5}.
However, in our study we will use the four physical masses of the Higgs Bosons as well as as λ2 and µ2

2 as input
parameters. The complete set is: {mh,mS ,mA,mH± ,λ2, µ2

2, } which can be related to the previous parameter
set as :

λ1 =
m2

h

2v2
, λ3 =

2

v2
#
m2

H± − µ2
2

$
, λ4 =

#
m2

S +m2
A − 2m2

H±

$

v2
, λ5 =

#
m2

S −m2
A

$

v2
(3)

III. h → γγ AND h → Zγ IN IHDM

In the IHDM, the partial width of h → γγ and h → Zγ receives an additional contribution from the charged
Higgs boson loops. The partial decay width of h → γγ can be found in [6] while for h → Zγ it is given by:

Γ (h → Zγ) =
G2

Fm
2
W s2W αm3

h

64π4

%
1− m2

Z

m2
h

&3 ''''− 2
3− 8s2W
3sW cW

(I1(τt,λt)− I2(τt,λt))

− cotw(4(3− tan2W )I2(τw,λw) + ((1 +
2

cW
) tan2W −(5 +

2

cW
))I1(τw,λw))

+
1− 2s2W
sW cW

m2
H± − µ2

2

m2
H±

I1(τH ,λH)

''''
2

(4)

where τi = 4m2
i /m

2
h and λi = 4m2

i /m
2
Z , (i = t,W,H±). The functions I1 and I2 can be found in [21]. We stress

here that in the SM, as well known, the decay width of h → Zγ (like h → γγ) is dominated by the W loops
which can also interfere destructively with the subdominant top contribution.

In the last term of eq. (4), we have used the coupling of the SM Higgs to a pair of H± which is is given by:

ghH±H∓ = −2
mW sW

e
λ3 =

e(m2
H± − µ2

2)

2mW sW
(5)
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It is clear from the above Eq. (5), the coupling ghH±H∓ is completely fixed by λ3 parameter. Like in the case of
h → γγ [6], for negative (resp positive) λ3, H± contributions enhance (resp suppress) both h → γγ and h → Zγ
rates [6].

FIG. 2: Signal strength RV γ as a function of λL = λ3 + λ4 + λ5 (left) and the correlation between Rγγ and RZγ (right).
Parameters are like in Fig. 1.

The largest contribution to the production cross-section of the Higgs is through gluon fusion. For the higgs
decay to γγ or γZ channels, we will define the ratio of cross section times branching ratio normalized to the
SM one as:

RV γ =
σ(gg → V γ)

σ(gg → V γ)SM
=

σ(gg → h)×Br(h → V γ)

σ(gg → h)SM ×Br(h → V γ)SM
, V = γ, Z (6)

Where we have used the narrow width approximation.
In the IHDM, the Higgs h have the same couplings to fermions as in SM, so the gluon fusion cross section in
IHDM is the same as in the SM. Then, eq. (6) will reduces to the ratio of branching ratios. Note also that if
the invisible decay h → SS is not open, the total width of the Higgs will be approximately the same in both
SM and IHDM and in such case eq. (6) will reduces to the ratio of the partial width of h → V γ, V = γ, Z.
A systematic scan is performed over all the allowed parameter space for {mS ,mA,mH± ,λ2, µ2

2} with mh = 125
GeV taking into account all the theoretical and electroweak precision constraints described in [6], [7]. In the
following scan we will illustrate, the invisible decay of the Higgs will be close since we take mS > mh/2, such
invisible decay if open will only suppress the diphoton and h → Zγ rates.

Results of our scans are depicted in Fig. 1 and Fig. 2, where we plot both Rγγ and RZγ as a function of mH±

in Fig. 1(left) and as a function of λ3 in Fig. 1(right). While, in Fig. (2) we plot Rγγ and RZγ as a function of
λL = λ3 + λ4 + λ5 in Figs. 2(left) and we illustrate the correlation between Rγγ and RZγ in Figs. (2) (right).
From those plots, it is clear that enhancing substantially Rγγ and RZγ we need rather light charged Higgs and
negative λ3. The enhancement in h → Zγ is all the time smaller than the one in h → γγ because the coupling
ZµH±H∓ = e(1− 2s2W )/(2sW cW ) ≈ 0.67γµH±H∓. The suppression factor of RZγ versus Rγγ is about 0.67.
The lightest is the charged Higgs, the more spectacular are the enhancement of the diphoton and Zγ. For
example, if we need Rγγ ≥ 1.1 (resp RZγ ≥ 1.1) then the charged Higgs has to be lighter than mH± < 200 GeV
(resp mH± ≤ 115 GeV) and λ3 < 0 (which is µ2

2 > m2
H±).

In addition, λL = λ3 + λ4 + λ5 is an important parameter which enters in the calculation of the WMIP relic
density. This parameter λL is constrained from WMAP data to be in the range |λL| < 0.2. We show in
Fig. (2)(left) RV γ as a function of λL ∈ [−2, 2]. It is clear that if λL is in this range [−0.2, 0.2] allowed by
WMAP data, we can still have some enhancement in Rγγ and RZγ .
The correlation between Rγγ and RZγ is a linear one in this case Fig. (2) (right). As it can be seen from
the plot, for Rγγ > 1 where W and H± loops are constructive we have Rγγ ≥ RZγ . In the opposite case
Rγγ < 1, where W and H± loops are destructive we can have Rγγ smaller than RZγ . The raison is that the
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destructive interference between W and H± is acting more on Rγγ than on RZγ which have much more larger
W contribution.
Note that once the invisible decay of the Higgs h → SS is open, the branching ratio of Br(h → SS) will be the
dominant one over all other SM channels unless if one tune the coupling hSS =∝ m2

S − µ2
2 by taking m2

S ≈ µ2
2.

The opening of the invisible decay h → SS would enhance the total width of the SM Higgs boson and therefore
suppress both h → γγ and h → Zγ branching ratios.

At the end, we would like to comment about h → γγ and h → Zγ in the decoupling limit of the general two
Higgs doublet Model (2HDM) [24, 25]. In this limit, the SM-Higgs coupling to fermions and to gauge bosons
reduces to their SM values. Therefore, only the charged Higgs contributions will modify the rates of h → γγ and
h → Zγ exactly like in the IHDM. We have shown in [24] that the effect of the charged Higgs on Rγγ could be
on the range 0.75 ≤ Rγγ ≤ 1.25 for mH± ≥ 300 GeV. The values Rγγ ≈ 1.2− 1.25 and 0.75− 0.8 are obtained
for mH± close to 300 GeV [24]. The enhancement (resp suppression) happens when the H± contributions are
constructive (resp destructive) with the W one.

IV. HIGGS TRIPLET MODEL

Seesaw mechanism for generating small neutrino masses can be achieved without right-handed neutrinos
through an extended Higgs sector with SU(2)L triplet scalar field [26]. The scalar sector of the SM extended by
Higgs triplet, which we call Higgs Triplet Model (HTM), consists of the standard Higgs weak doublet H and a
colorless scalar field∆ transforming as a triplet under the SU(2)L with hypercharge Y∆ = 2, so thatH ∼ (1, 2, 1)
and ∆ ∼ (1, 3, 2) under the SU(3)c×SU(2)L×U(1)Y . Following ref. [22], the general renormalizable and gauge
invariant Lagrangian of this scalar sector is:

L = (DµH)†(DµH) + Tr(Dµ∆)†(Dµ∆)− V (H,∆) + LYukawa (7)

where the covariant derivatives are defined by

DµH = ∂µH + ig
σa

2
W a

µH + i
g′

2
BµH , Dµ∆ = ∂µ∆+ ig[

σa

2
W a

µ ,∆] + ig′
Y∆

2
Bµ∆ (8)

W a
µ and Bµ denoting respectively the SU(2)L and U(1)Y gauge fields and σa (a = 1, 2, 3) the Pauli matrices.

The scalar potential V (H,∆) is given by,

V (H,∆) = −m2
HH†H +

λ

4
(H†H)2 +M2

∆Tr(∆
†∆) + [µ(HT iσ2∆†H) + h.c.]

+λ1(H
†H)Tr(∆†∆) + λ2(Tr∆

†∆)2 + λ3Tr(∆
†∆)2 + λ4H

†∆∆†H (9)

where Tr is the trace over 2 × 2 matrices. We write the two Higgs multiplets in components as (the 2 × 2
traceless matrix representation for the triple is used):

∆ =

!
δ+/

√
2 δ++

δ0 −δ+/
√
2

"
and H =

!
φ+

φ0

"
(10)

After electroweak symmetry breaking, the spectrum of the HTM contains: 2 neutral CP-even Higgs h and H,
one neutral CP-odd Higgs A, a pair of singly charged Higgs H± and a pair of doubly charged Higgs H±±. The
doubly charged Higgs state H±± is pure triplet while the other scalar states h, H, A and H± are mixture of
doublet and triplet components. For A and H± Higgs , the mixing between doublet and triplet is very small
since it is given by the ratio vt/vd ≪ 1 since the triplet vev vt is constrained to be of the order of few GeV
from electroweak precision measurements. In the case of CP-even neutral states h and H, the mixing angle is
naturally small in such away that h mimic the SM Higgs and H is a pure triplet. However, for some specific
values of µ parameter (small µ), such mixing could be large and h becomes pure triplet and H pure doublet
which mimic the SM Higgs.

The scalar sector has 8 parameters which we will take as λ, λi, (i = 1, ...4), µ, vd and vt. From those inputs,
one can easily compute the physical masses and mixings [22]. We will perform a systematic scan over the eight
parameters taking into account perturbative unitarity as well as vacuum stability constraints as given in [22].
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FIG. 3: (red) Allowed parameter space for λ1 and λ4 by theoretical constraints, (green) allowed parameter space for λ1

and λ4 taking into account Rγγ = 1.18 ± 0.16 at the 3-σ level. With λ3 = 2λ2, −10 < λ2 < 10, vt = 1 GeV and µ = 1
GeV (left), µ = 8 GeV (right).

A. Numerical results for HTM

If the higgs boson h is fully dominated by the doublet component, as it will be the case in this presentation,
the production cross section in HTM and in SM would be the same. RV γ defined in eq. (6) will reduce to the
ratio of branching ratios.

The analytic expression for h → γγ can be found in [22] which contains the additional contribution from H±

and H±±. Like for h → γγ, the expression for h → Zγ in the HTM [19] can be derived from eq. (4) by adding
adequate couplings of the Higgs to top quark, W boson, H±± and H± in HTM. We remind the reader that in
the SM, h → γγ and h → Zγ are fully dominated by W gauge boson contributions. The contribution of those
new charged particles H± and H±± have an amplitude which can be constructive or destructive with the W
depending on the SM Higgs coupling to a pair of H± and H±± which are given by:

gh0H±±H∓∓ ≈ −λ1vd , gh0H±H± ≈ −(λ1 + λ4/2)vd (11)

In the above formulas, we neglect the triplet vev and the mixing angles between doublet and triplet. It is clear
from those couplings that H±± or H± contributions are fixed respectively by λ1 and λ1 + λ4/2 signs. In fact,
H± and H±± are constructive with the W contribution if λ1 < 0 and λ1 + λ4/2 < 0.
In the following numerical studies, we will allow the doubly charged Higgs mass to be as low as 100 GeV. In fact,
the actual limit from CMS on H±± decaying leptonically is of the order 450 GeV [23] for H±± → e±µ± channel.
This limit can be reduced down to about 85 GeV if one takes into account the decay channels H±± → W±W±∗

as well as the cascade decay H± → H±W±∗ [12, 27].
Since the contribution of H±± and H± depend on λ1 and λ1 + λ4/2 signs. We can ask, what sign would

prefer those quantities when taking into account all the theoretical constraints (perturbative and Boundedness
from bellow (BFB) [22])? We perform a systematic scan over −10 < λ1,2,4 < 10 with λ3 = 2λ2 and mh = 126
GeV, vt = µ = 1 GeV and the results are shown in Fig. (3). As one can see, the theoretical constraints prefer
positive λ1 and λ1 + λ4/2, only small area of parameter space with negative λ1 and/or negative λ1 + λ4/2 is
allowed. In this small area either H±± or H± contributions or both of them are constructive with the W loops
and therefore we would expect some enhancement in the diphoton rate without need for large λ1,4. Note that
we have also shown in Fig. (3) the constraint coming from the combination of ATLAS and CMS signal strength
of the diphoton channel which we take roughly to be 1.18 ± 0.16. Once this constraint is included at the 3-σ
level, the allowed parameter space in λ1, λ4 plane shrink to the green area.
In Fig. (4), we illustrate the effect of λ1 and mH±± mass. It is clear that for negative λ1 there is a small

enhancement in the diphoton rate. Such diphoton enhancement can also take place for large and positive λ1

with rather light H±± without violating the theoretical bounds. In fact, increasing λ1 (for fixed λ4 or mH±±)
enhances gh0H±±H∓∓ and gh0H±H∓ couplings. For λ1 > 0, the destructive interference between the SM loop
contributions and those of H± and H±± becomes then more and more pronounced. The leading HTM effect
is mainly from the H±± contribution, the latter being enhanced with respect to H± by a factor 4 due to the
doubled electric charge, but also due to a smaller mass than the latter in some parts of the parameter space.
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FIG. 4: Signal strength Rγγ (left) and the corresponding RZγ (right) as a function of λ1 for several values of mH±±

with µ = vt = 1 GeV and λ3 = 2λ2 = 0.2.

There exit thus necessarily values of λ1 where the effect of the destructive interference is maximized leading to
a tremendous reduction of Γ(h → γγ). Since all the other decay channels remain SM-like, the same reduction
occurs for Br(h → γγ). The different dips seen in Fig. (4) are due to such a severe cancellation between SM
loops and H±± and H± loops, and they occur for λ1 values within the allowed unitarity & BFB regions.
In the case of h → Zγ, as far as the H±± contribution is concerned, the negative λ1 is preferred in order
to have an enhancement. The enhancement of RZγ compared to the one of Rγγ will be suppressed by the
coupling gZH±±H∓∓ which is smaller that gγH±±H∓∓ . Moreover, in the HTM gZH±±H∓∓ and gZH±H∓ couplings
have opposite signs, which imply a destructive interference between the dominant doubly charged H±± and
a subdominant singly charged H± contributions when ghH±±H∓∓ and ghH±H∓ couplings have same signs. In
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FIG. 5: Signal strength Rγγ (left) in (λ1, mH±±) plane and the corresponding RZγ (right). With mh = 126 GeV, vt = 1
GeV, λ4 = 2λ2, λ3 = 2λ2 and −2 < λ2 < 2. Upper plots are for µ = 1 GeV and lower plots for µ = 5 GeV.
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Fig.5, we illustrate Rγγ left panels and RZγ right panels as a function of negative λ1 and doubly charged Higgs
mass. The effect of the mH±± is clearly seen in those plots and can be summarized as:

• For µ = 1 GeV, upper plots, one can see that Rγγ > 1.1 (resp RZγ > 1.1) for 100 < mH±± < 250 GeV
(resp for 100 < mH±± < 150 GeV). There is also a short brown area where Rγγ < 1 where H±±, H± and
W loops cancel each others. The brown area is bigger in the case of RZγ .

• For µ = 5 GeV, lower plots, one can see that Rγγ > 1.1 (resp RZγ > 1.1) for 100 < mH±± < 380 GeV
(resp for 100 < mH±± < 160 GeV). Once more, the brown area correspond to H±±, H± and W loops
cancel each others where Rγγ < 1.

It is important to notice from Fig. (6)(right), that both correlation and anti-correlation between Rγγ and
RZγ are possible. For a fixed Rγγ > 1, we can have 2 solutions for RZγ , one with enhanced RZγ > 1 rate
and one with suppressed RZγ < 1 rate. On the other hand if Rγγ < 1, we can have either 1 < Rγγ < RZγ or
RZγ < Rγγ < 1. Note that an other situation which could happen, which is not favored by LHC measurements
of diphoton channel, is a very suppressed Rγγ ≈ 0 while RZγ ≈ 0.4− 0.6.

FIG. 6: Correlation between Rγγ and RZγ with µ = 1 and 5 GeV, vt = 1 GeV, mh = 126 GeV, −10 < λ1,2,4 < 10,
λ3 = 2λ2. Allowed range for Rγγ ∈ [0, 3]

V. CONCLUSIONS

We have shown that in the IDHM substantial diphoton excess is possible for light charged Higgs mass
mH± < 250 GeV and negative λ3 which will also leads to an enhancement of h → Zγ channel with Rγγ slightly
larger than RZγ . For heavy charged Higgs mass mH± ≥ 300 GeV and negative λ3 one can still have h → γγ
enhancement but less than 10% .
In the case of type II seesaw model, taking into account all theoretical constraints on the Higgs potential such
as perturbative unitarity and vacuum stability, we have shown that important diphoton excess is possible from
light doubly charged Higgs loops together with negative λ1 ≈ O(1) or positive and large λ1. Such enhancement
in the diphoton channel would rather be possible and more pronounced (more than 30%) if the doubly charged
Higgs mass mH±± ≤ 400 GeV. We have also illustrated that only a tiny region for negative λ1, compared to
positive λ1, is allowed by perturbative unitarity and vacuum stability constraints. It has been also shown that
in the HTM, one can have excess both in diphoton channel and h → Zγ channel. But it is also possible to
have an enhancement in diphoton channel together with suppressed rate in h → Zγ with respect to SM. Both
situations would be in favor of Higgs triplet model.
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Same-sign tetra-leptons in type II seesaw at the LHC

Eung Jin Chun and Pankaj Sharma
Korea Institute for Advanced Study, Seoul 130-722, Korea

In type II seesaw model of neutrino mass generation, we study a remarkable signal of same-sign
tetra-lepton (SS4L) signal at the Large hadron collider. When doubly charged Higgs is lightest,
the heavier singly charged or neutral Higgs boson produces a doubly charged Higgs boson through
its fast gauge decay. This leads to a novel signature of same-sign tetra-leptons resulting from a
pair production of same-sign doubly charged Higgs bosons. We study production cross section for
the SS4L signal in parameter space of the mass splitting among triplet components and the triplet
vacuum expectation value at the LHC.

I. INTRODUCTION

One of the important question in particle physics is the origin of neutrino masses and mixing. In type II
seesaw model [1], Higgs triplet coupling to lepton doublet can generate neutrino mass terms once it develops
non-trivial vacuum expectation value. A distinct feature of this model is the presence of doubly charged Higgs
bosons which can give a very clean signal at collider experiments [2]–[3]. Moreover it can also explain the
deviation in Higgs-to-diphoton rate as measured by CMS and ATLAS [4].
In this work [5], we study a novel signature of same-sign tetra-leptons (SS4L) allowed in some parameter space

of the type II seesaw model that has not been studied so far. When the mass splitting among triplet components
is sizable and the doubly charged Higgs boson is the lightest, the electroweak gauge interaction allows a fast
decay of the neutral or singly charged component of the Higgs triplet into the lighter singly or doubly charged
component. Therefore, pair-produced Higgs triplet components can end up with a pair of same-sign doubly
charged Higgs bosons leading to same-sign tetra-leptons if their leptonic Yukawa coupling is larger than the
ratio of the triplet and doublet Higgs vacuum expectation values.
The SS4L final state, which is almost background free, provides an excellent new channel to test the model

and probe sizes of the Higgs triplet vacuum expectation value and the mass splitting among the Higgs triplet
components at the LHC.

II. THE TYPE II SEESAW MODEL

In this model, the Higgs sector of the Standard Model is extended with a Y = 2 SU(2)L scalar triplet � in
addition to a SM-Higgs doublet �. The leptonic part of the Lagrangian which generates neutrino masses is

LY = f↵�L
T
↵Ci⌧2�L� +H.c., (1)

and the scalar potential is

V (�,�) = m2�†�+ �1(�
†�)2 +M2Tr(�†�) + �2

⇥
Tr(�†�)

⇤2
+ �3Det(�†�) + �4(�

†�)Tr(�†�)

+ �5(�
†⌧i�)Tr(�

†⌧i�) +


1p
2
µ(�T i⌧2��) + H.c.

�
. (2)

After the electroweak symmetry breaking with h�0i = v0/
p
2, the µ term in Eq. (2) gives rise to the vacuum

expectation value of the triplet h�0i = v�/
p
2 where v� ⇡ µv20/

p
2M2 with µ being real and positive.

There are seven physical massive scalar eigenstates denoted by H±,±, H±, H0, A0, h0. Under the condition
that |⇠| ⌧ 1 where ⇠ ⌘ v�/v0, the mixing among doublet and triplet components is too small and thus the first
five states are mainly from the triplet and the last from the doublet. We write the masses of the Higgs bosons
as

M2
H±± = M2 + 2

�4 � �5

g2
M2

W

M2
H± = M2

H±± + 2
�5

g2
M2

W

M2
H0,A0 = M2

H± + 2
�5

g2
M2

W . (3)
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The mass of h0 is given by m2
h0 = 4�1v

2
� as usual.

The mass splitting among triplet scalars can be approximated as

�M ⇡ �5M
2
W

g2M
< MW . (4)

Furthermore, the sign of the coupling �5 determines two mass hierarchies among the triplet components:
MH±± > MH± > MH0/A0 for �5 < 0; or MH±± < MH± < MH0/A0 for �5 > 0. In this work, we focus
on the scenario, where the doubly charged scalar H±± is the lightest and thus it decays only to l±↵ l

±
� or

W±W±, while H0/A0 (H±) decays mainly to H±W⌥⇤ (H±±W⌥⇤) unless the mass splitting �M is negligibly
small. For more details, see, e.g., Ref. [6].
The mass splitting �MHA between H0 and A0 plays a crucial role for SS4L signal. The µ term in Eq. (2),

which is lepton number violating, generates not only the triplet VEV v� but also �MHA ⌘ MH0 �MA0 :

�MHA = 2MH0
v2�
v20

M2
H0

M2
H0 �m2

h0

. (5)

For a preferable choice of v�, �MHA can be comparable to the total decay rate of the neutral scalars, �H0/A0 ,
enhancing the SS4L signal.

III. DECAYS OF TRIPLET SCALARS

Depending on the triplet mass splitting �M and the triplet vacuum expectation value v�, the triplet scalars
have di↵erent decay properties. When H++ is the lightest, the possible decay channels for the triplet scalars
are shown in Table. I. The decays of triplet scalars can be classified into three modes, a) di-leptonic mode:
which is proportional to Yukawa coupling f , b) quark/di-boson mode: controlled by ⇠ = v�/v0, and c) gauge
decay: due to SU(2) gauge interaction which dominates if allowed kinematically.

H0 A0 H+ H++

! tt̄/bb̄ ! tt̄/bb̄ ! tb̄ ! `+`+

! ⌫⌫̄ ! ⌫⌫̄ ! `+⌫ ! W+W+

! ZZ ! Zh0 ! W+Z

! h0h0 ! H±W⌥⇤
! W+h0

! H±W⌥⇤
! H++W�⇤

TABLE I: Possible decay channels for the triplet Higgs bosons for �5 > 0.

In Fig. 1, we show phase diagrams for H+ and H++ decays in the plane of �M and v�. In the left panel,
the brown, the gray and the purple regions show the branching fractions for the decays H+ ! H++W�⇤

,
H+ ! `+⌫ and H+ ! {tb̄,W+Z,W+h}, respectively. In the right panel, the brown and the gray regions
show the branching fractions for the decays H++ ! W+W+ and H++ ! `+`+ respectively. In both panels,
the dark-colored regions denote the parameter space where the branching fraction is greater than 99% and the
light-colored regions denote the parameter space where the branching fraction is between 50%-99%.
As it can be seen from Fig. 1, the leptonic decay BF of H+ is dominant for small values of v� < 0.1 MeV

and always greater than 0.99. However, for moderate mass splitting �M > 5 GeV, the gauge decay of H+

starts becoming large at v� = 0.1 MeV and at �M around 10-20 GeV, large parameter space opens up for this
decay. Hence, for moderate v� (around 1 keV-10 MeV), large mass splitting is allowed for the BF larger than
99%. On the other hand, for large v� and low mass splitting, rest of the decays viz., (H+ ! tb̄,W+Z,W+h)
have appreciable contributions and thus BF(H+ ! H++W�⇤

) goes down.
In the case H±±, for v� < 0.1 MeV, it is completely dominated by leptonic decay i.e., H±± ! `±`± while for

v� > 1 MeV, it is dominated by the di-W decay. These BFs are completely independent of the mass splitting
�M as the H±± is the lightest.

Similarly, in Fig. 2, we show phase diagrams for H0 and A0 decays in the plane of �M and v�. In the left
panel, the brown, the gray and the purple regions show the BFs for the decays H0 ! ⌫⌫̄, H0 ! H+W�⇤

,
and H0 ! {tt̄, bb̄, ZZ, h0h0} respectively. In the right panel, the brown, the gray and the purple regions show
the BFs for the decays A0 ! ⌫⌫̄, A0 ! H+W�⇤

, and A0 ! {tt̄, bb̄, Zh0} respectively. In both panels, the
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FIG. 1: Phase diagrams for H+(left) and H++(right) decays in the type II seesaw model for �5 > 0 with M++
H = 300

GeV. The dark-colored regions denote the branching fraction larger than 99%.

FIG. 2: Phase diagrams for H0(left) and A0(right) decays in the type II seesaw model for �5 > 0 with M++
H = 300 GeV.

The dark-colored regions denote the branching fraction in the range of 49%-50%.

dark-colored regions denote the parameter space where BF is between 49%-50% and the light-colored regions
denote the parameter space where the BF is between 20%-49%.

IV. SAME-SIGN TETRA-LEPTONS AT THE LHC

In this section, we study a new possibility of probing the type II seesaw model at the LHC through a
remarkable signal of four same-sign leptons which are either positively or negatively charged. The processes
which contribute to such a signal are as follows:

1. q0q̄ ! W ⇤ ! H±H0/A0 proceeded by H± ! H±±W⌥⇤
and H0/A0 ! H±W⌥⇤ ! H±±W⌥⇤

W⌥⇤
;

2. qq̄ ! Z⇤ ! H0A0 proceeded by H0/A0 ! H±W⌥⇤ ! H±±W⌥⇤
W⌥⇤

.

Out of all the triplet pairs produced in the above three processes, only some fraction of them eventually give
same-sign H±± pairs which is controlled by the neutral scalar mixing parameter as will be discussed below.
In the limit of lepton number conservation i.e. µ, v� ! 0, the SS4L final state cannot occur, due to the

canceling interference between H0 and A0 [7]. However, the above processes 1 and 2 are allowed when there
is a finite mass di↵erence �MHA (5) violating lepton number. Like as in the B0-B̄0 system, this phenomenon
occurs as H0 and A0, sharing the same final states, can mix together . If they undergo su�cient oscillation
before they decay, i.e., �MHA

>⇠ �H0/A0 , the lepton number violating production of SS4L becomes sizable. This

244



’temp.out’ u 1:2:5

10-9 10-8 10-7 10-6 10-5 10-4 10-3

v∆ (in GeV)

 1

 10

 100

∆
M

 (
in

 G
e

V
)

 0
 0.05
 0.1
 0.15
 0.2
 0.25
 0.3
 0.35
 0.4
 0.45
 0.5

’temp.out’ u 1:2:6

10-9 10-8 10-7 10-6 10-5 10-4 10-3

v∆ (in GeV)

 0

 0.05

 0.1

 0.15

 0.2

 0.25

FIG. 3: Product of branching fractions for processes 1 (left), and 2 (right).

e↵ect is controlled by the usual oscillation parameter xHA:

xHA ⌘ �MHA

�H0/A0

. (6)

Using the narrow width approximation for the calculation of the H0-A0 interference term, we obtain the cross-
sections for the processes 1 and 2 as follows:

�
⇣
4`± + 3W⌥⇤

⌘
= �

�
pp ! H±H0 +H±A0

�  x2
HA

1 + x2
HA

�
BF(H0/A0 ! H±W⌥⇤

)

⇥
h
BF(H± ! H±±W⌥⇤

)
i2 ⇥

BF(H±± ! `±`±)
⇤2

; (7)

�
⇣
4`± + 4W⌥⇤

⌘
= �

�
pp ! H0A0

� 2 + x2
HA

1 + x2
HA

x2
HA

1 + x2
HA

�
BF(H0 ! H±W⌥⇤

)

⇥ BF(A0 ! H±W⌥⇤
)
h
BF(H± ! H±±W⌥⇤

)
i2 ⇥

BF(H±± ! `±`±)
⇤2

. (8)

As expected, the cross-sections vanish for xHA ! 0 recovering the lepton number conserving limit. In the limit
of xHA � 1 (the maximal lepton number violation), the mixing factors become one and the SS4L numbers are
controlled only by the branching fractions of H0 and A0.

The cross section for SS4L signal depend on v� through decay branching fractions. In Fig. 3, we show product
of BFs which occur in the evaluation of cross-section for processes 1 (left figure) and for process 2 (right figure)
in �M � v� plane. One can see from these figures that large parameter space are favourable. In Fig. 4
(bottom), we show sum of cross-sections for processes 1 and 2 which can finally give same-sign tetra-leptons.
The cross-sections are independent of v� and steadily decreases with the rise of �M . In Fig. 4 (top), we show
cross-sections for `±`±`±`± signal at LHC8 and LHC14 in the �M � v� plane. The Fig. 4 (top) is obtained
by superposing the Figs. 4 (bottom) and 3 and multiplying with the oscillation factor as in Eqs. (7,8). The
doubly charged Higgs mass is taken to be 400 GeV. One can see from Fig. 4 that the same-sign tetra-lepton
cross-section is maximized for v� = (10�4 � 10�5) GeV and �M = (1� 2) GeV in accordance with the rough
estimate. If the parameter region happens to be near the limited bright region in Fig. 4, one can find in addition
for SS4L allowing to get information about v� and �M .

Now we choose a benchmark point with v� = 7⇥ 10�5 GeV, �M = 1.5 GeV and MH±± = 400 GeV which
gives �MHA = 3.68⇥ 10�11 GeV, �H0/A0 = 3.73⇥ 10�11 GeV, and thus x2

HA/(1 + x2
HA) = 0.79.

So far, we have not distinguished among flavors of charged leptons i.e., e, µ, ⌧ in our analysis. However, we
know that at the LHC, ⌧ leptons are more di�cult to identify. ⌧ leptons can decay leptonically ⌧ ! e⌫e⌫̄⌧ and
⌧ ! µ⌫µ⌫̄⌧ with branching fractions of 17% each. These e’s and µ’s are less energetic than their parent ⌧ ’s.
On the other hand, decays H±,± ! e±e±/µ±µ±/e±µ± are much cleaner and produce the two energetic e and
µ closer to invariant mass MH±± . For the collider analysis including lepton flavor dependence, we consider the
full neutrino mass matrices calculated for the NH and IH, respectively. In the NH case, the BF of the H±±

decay to the e and µ final states is only 32%, and thus H±± decay mainly to same-sign ⌧ pairs. Of course, the
leptonic decays of these ⌧ ’s to e/µ are included in our analysis. On the other hand, for the IH case, the H±±

decay BF to the e and µ final states is 60% and thus we expect to have more SS4L signal events compared to
the NH case.
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FIG. 4: Bottom panels show cross-sections (in fb) for H±H0/H±A0/H0A0 production, and top panels for same-sign
tetra-lepton events. Left (right) panels are for LHC8 (LHC14).

The only potential background can come from multiW productions demanding fourW± decaying leptonically.
At the lowest order, cross-section is proportional to ↵7

EW and, at one loop, would be suppressed by ↵2
S↵

8
EW

times loop-suppression factor. Thus, the background for SS4L final states is practically zero at the LHC.
Since there is negligible background, the selection criteria for the leptons are very trivial. So, the basic cuts

like pT > 20 GeV and |⌘| <2.5 for all leptons would be su�cient to detect our signal. We use CTEQ6L parton
distribution function (PDF) and the renormalization/factorization scale is set at 2MH+ . We use CALCHEP to
generate the parton level events for the relevant processes and PYTHIA for fragmentation and initial/final state
radiations.
The SS4L signal for MH++ = 400 GeV might be barely observable at LHC8 for the IH case, but the event

number is too small to reconstruct its mass. But, at LHC14 with 100 fb�1 of integrated luminosity there would
be enough number of events to look for the doubly charged Higgs mass of MH++ = 400 GeV. Assuming the
criteria of 10 signal events for the claim of discovery, we find that H±± with mass MH±± as large as 600 GeV
and 700 GeV can be probed for NH and IH scenario respectively at the LHC14 with 100 fb�1 of integrated
luminosity.

Pre-selection Selection

`±`±`±`± (LHC8-NH) 4 3

`±`±`±`± (LHC8-IH) 9 8

`±`±`±`± (LHC14-NH) 110 94

`±`±`±`± (LHC14-IH) 240 210

TABLE II: Number of events for SS4L signals before and after selection cuts for both NH and IH scenarios at LHC8 and
LHC14 with 15 fb�1 and 100 fb�1 of integrated luminosities respectively.

In Fig. 5, we plot the reconstructed H±± mass from the sample of selected SS4L events for both NH and IH
neutrino mass scenarios at LHC14 with 100 fb�1 integrated luminosity. The peaks in all plots correspond to
H±± ! ee/eµ/µµ decays while the broad part (o↵-peak) of distribution correspond to ⌧ decays.
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FIG. 5: Invariant mass from 4`± final states.

V. CONCLUSION

We point out that a remarkable signal of SS4L, l±l±l±l±, is allowed in the type II seesaw mechanism. Such a
signal at the LHC strongly depends on the mass splitting �M and the triplet vev v� When the doubly charged
component H±± is the lightest, larger �M allows more e�cient gauge decay of the neutral component to the
singly charged one and then to the doubly charged one. Thus, a pair production of the triplet components at
colliders can end up with producing H±±H±± whose branching fraction to SS4L becomes larger for smaller v�.
Another crucial ingredient for increasing the SS4L signal number is the H0-A0 mixing parameter xHA which
becomes smaller for smaller v� and larger �M . Therefore, there appear optimal values of the model parameters
which maximize the same-sign tetra-lepton signal.
After studying such a behavior in the �M � v� plane, we identified a benchmark point with �M = 1.5 GeV

and v� = 7⇥ 10�5 GeV for maximized the signal numbers at the LHC. After making the typical selection cuts
to identify four same-sign leptons, we have shown that one can obtain sizable event numbers for MH±± = 400
GeV with integrated luminosity of 100 fb�1 at the LHC14 to reconstruct the doubly charged Higgs mass in
both cases of the normal and inverted neutrino mass hierarchy.
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A two-loop Radiative Seesaw
with multi-component Dark Matter explaining

the possible γ Excess in the Higgs decay and at the Fermi LAT

Mayumi Aoki, Jisuke Kubo and Hiroshi Takano
Institute for Theoretical Physics, Kanazawa University, Kanazawa 920-1192, Japan

We propose a non-supersymmetric model of two-loop radiative seesaw, where the tree-level Dirac
mass is forbidden by Z2×Z′

2×L symmetry, which predicts the existence of two or three dark matter
particles. We find that the model has a potential to explain both the slight excess of the diphoton
mode in the Higgs decay and the 135 GeV γ-ray line possibly observed at the Fermi LAT.

I. INTRODUCTION

The seesaw mechanism [1–3] is the orthodox mechanism to obtain the tinny neutrino masses at the tree-
level and indicates the existence of a superhigh scale physics beyond the standard model (SM). The neutrino
masses can also be radiatively generated [4–6]. The idea of the radiative seesaw mechanism [7, 8] is along this
line, where the right-handed neutrinos are introduced, but the tree-level neutrino masses are forbidden by an
unbroken discrete symmetry. This discrete symmetry can be an origin of stable dark matter (DM) particles
[7–11] in the universe.

In the radiative seesaw model, which we propose here [12] is a slight extension of the Ma model [8], the lepton
number L is softly broken by a dimension two operator. The symmetry that forbids the tree-level neutrino
mass is Z2 ×Z ′

2 ×L, and it predicts the existence of two or three DM particles in this model. [Multicomponent
DM system has been considered recently in [13–16], and see the references therein.] This model contains three
right-handed neutrinos, an inert doublet scalar η and two singlet scalars in addition to the SM matter content.
The neutrino masses are generated at the two-loop level, and consequently the mass of the right-handed neutrino
can be scaled down by several orders of magnitude, so that the right-handed neutrino masses of TeV or less are
naturally expected [17–19]. We emphasize that the set of the matter fields of our model is minimal in the sense
that none of them can be suppressed from the set for the radiative neutrino mass generation to work.

The results of LHC indicate a slight excess of h → γγ [20–22] which in fact could be explained by an
additional inert doublet circulating in one-loop [23–26]. There is yet another excess of γ at the Fermi Large
Area Telescope (LAT) [27–30]. There are analyses [31–36] that indicate a monochromatic γ-ray line of 135
GeV in the Fermi data. It has been reported [37] that a two-component DM system consisting of an inert
doublet scalar and a scalar can explain the monochromatic γ-ray line at Fermi LAT. Several models with a
two-component DM have been also considered in [38, 39] to explain the monochromatic Fermi LAT γ-ray line.
Further, it has been argued in [37, 40–44] that the monochromatic γ-ray line can be explained basically by the
same one-loop contribution as for h → γγ. We therefore would like to investigate whether our two-loop radiative
seesaw model can explain the γ excess in the Higgs boson decay as well as in the Fermi data. We find that
this is in fact possible if we accept that certain scalar couplings are large at the border of perturbation theory,
where to suppress sufficiently the continuum γ’s and the production of anti-protons, we employ a mechanism
of temperature-dependent annihilation cross section [45, 46].

II. THE MODEL

The matter content of the model is shown in Table I. In addition to the matter content of the Ma model [8],
the singlet scalars χ and φ are introduced. The Z2 × Z ′

2 × L -invariant Yukawa sector for the leptons can be
described by

LY = Y e
ijH

†Lil
c
Rj + Y ν

ikLiϵηN c
Rk − 1

2
MkN c

RkN c
Rk + h.c. (1)

The most general renormalizable form of the Z2 × Z ′
2 × L-invariant scalar potential is given by

Vλ = λ1(H†H)2 + λ2(η†η)2 + λ3(H†H)(η†η) + λ4(H†η)(η†H)
+γ1χ

4 + γ2(H†H)χ2 + γ3(η†η)χ2 + γ4|φ|4 + γ5(H†H)|φ|2

+γ6(η†η)|φ|2 + γ7χ
2|φ|2 +

κ

2
[ (H†η)χφ + h.c. ] , (2)
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TABLE I: The matter content of the model and the corresponding quantum numbers. Z2 ×Z′
2 is the unbroken discrete symmetry,

and L is the lepton number L, which is softly broken.

field statistics SU(2)L U(1)Y L Z2 Z′
2

L = (νL, lL) F 2 −1/2 1 + +

lcR F 1 1 -1 + +

Nc
R F 1 0 0 − +

H = (H+, H0) B 2 1/2 0 + +

η = (η+, η0) B 2 1/2 -1 − +

χ B 1 0 0 + −
φ B 1 0 1 − −

and the Z2 × Z ′
2- invariant mass term is given by

Vm = m2
1H

†H + m2
2η

†η +
1
2
m2

3χ
2 + m2

4|φ|2 +
1
2
m2

5[ φ
2 + (φ∗)2 ] , (3)

where the last term in (3) breaks L softly. In the absence of this term, there will be no neutrino mass. Note
that the “λ5 term”, (1/2)λ5(H†η)2, is forbidden by L. The charged, CP even and odd scalars are defined as

H =

!
H+

(vh + h + iG)/
√

2

"
, η =

!
η+

(η0
R + iη0

I )/
√

2

"
, φ = (φR + iφI)/

√
2 . (4)

νL νL
N c

R

η0 η0

×

χ

φ
×

m2
5

κvh

2

κvh

2

FIG. 1: Two-loop radiative neutrino mass.

The neutrino masses can be generated at the two-loop level as shown in Fig. 1. The soft breaking of the
dimension two operator φ2 generates the η0η0 mass term at the one-loop level. The two-loop neutrino mass
matrix is calculated to be

(Mν)ij =
#

1
16π2

$2 κ2v2
h

8

%

k

Y ν
ikY ν

jkMk

& ∞

0
dx{ B0(−x,mχ, mφR) − B0(−x,mχ,mφI ) }

× x

(x + m2
η)2(x + M2

k )
for mη = mη0

R
≃ mη0

I
, (5)

where the function B0 is the Passarino-Veltman function [47]

i

16π2
B0(p2,m1,m2) =

&
dDk

(2π)D

1
(k2 − m2

1 + iϵ)((k + p)2 − m2
2 + iϵ)

. (6)

Then the scale of the light neutrino mass will be

κ2

64π2

1
16π2

m2
D

M
∼

' κ

0.1

(2
10−7 × m2

D

M
, (7)
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where m2
D/M is the scale in the case of the tree-level Type-I seesaw. This means that we can scale down the

mass of the right-handed neutrino by several orders of magnitude, so that the right-handed neutrino masses of
TeV or less are naturally expected in this model.

III. DIPHOTON DECAY OF THE HIGGS h

The coupling LH†Hη†η = −λ3(H†H)(η†η) = −λ3vhhη+η− + · · · leads to additional diagrams that contribute
to the one-loop decay h → γγ. Therefore, the diphoton decay width can be increased [23–26]:

Γ(γγ)
ΓSM(γγ)

=

!
3(3/2)2F1/2(τt) + F1(τW ) + 2λ3(m2

W /g2m2
η±)F0(τη±)

3(3/2)2F1/2(τt) + F1(τW )

"2

, (8)

τt = 4m2
t /m2

h, τW = 4m2
W /m2

h , τη± = 4m2
η±/m2

h ,

F1/2(τ) = 2 + 3τ + 3τ(2 − τ) arcsin2(1/
√

τ) ,

F1(τ) = −2τ [1 + (1 − τ) arcsin2(1/
√

τ)] ,

F0(τ) = τ [1 − τ arcsin2(1/
√

τ)] , (9)

where arcsin2(1/
√

τ) should be replaced by (−1/4)[ln 1+
√

1+τ
1−

√
1−τ

− iπ]2 for τ < 1. If the charged inert scalar η+ is
relatively light and λ3 is negative and large, the observed excess 1.6 ± 0.4 in the CMS experiment [21] can be
explained. (The best fit signal strength for this mode in the ATLAS experiment [20, 22] is µ̂ = 1.9 ± 0.5.) In
Fig. 2 (left) we show the area in the mη±–λ3 plane in which Γ(γγ)/ΓSM(γγ) = 1.6 ± 0.4 can be obtained.
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FIG. 2: Left: The area with Γ(γγ)/ΓSM(γγ) = 1.6 ± 0.4 in the mη±–λ3 plane. The horizontal red line is the stability bound.
Right: The effective annihilation cross section (the expression in [ ] of (13)) as a function of x = µ/T for mη0

R
= 148 (dotted), 153

(solid), and 156(dashed) GeV with mχ fixed at 135 GeV.

IV. RELIC DENSITIES OF DARK MATTER

We next calculate the relic density of DM, ΩT = Ωχ + Ωη. To simplify the situation we assume that η0
R

and χ are DM particles with mφR(I) > mη0
R

+ mχ. In this two-component DM system there are three different
thermally averaged cross sections

⟨σ(η0
Rη0

R; SM)v⟩ , ⟨σ(χχ; SM)v⟩ , ⟨σ(η0
Rη0

R; χχ)v⟩ (10)
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that are relevant for calculating the DM relic density, where SM stands for the SM particles. The evolution
equation for Y , the number density over the entropy density, can be written as [13–16]

dYη0
R

dx
= −0.264 g1/2

∗

!
µMPL

x2

"#
⟨σ(η0

Rη0
R; SM)v⟩

$
Yη0

R
Yη0

R
− Ȳη0

R
Ȳη0

R

%

+⟨σ(η0
Rη0

R;χχ)v⟩
&

Yη0
R
Yη0

R
− YχYχ

ȲχȲχ
Ȳη0

R
Ȳη0

R

'(
, (11)

dYχ

dx
= −0.264 g1/2

∗

!
µMPL

x2

" )
⟨σ(χχ; SM)v⟩

*
YχYχ − ȲχȲχ

+

−⟨σ(η0
Rη0

R;χχ)v⟩
&

Yη0
R
Yη0

R
− YχYχ

ȲχȲχ
Ȳη0

R
Ȳη0

R

'(
, (12)

where Ȳ is Y in equilibrium, x = µ/T , 1/µ = 1/mη0
R

+ 1/mχ, and T,MPL and g∗ = 90 are the temperature,
the Planck mass and the total number of effective degrees of freedom, respectively.

As noticed the relic density of η0
R will be very small because of large λ3 and gauge interactions. So, the DM

conversion cross section ⟨σ(η0
Rη0

R; χχ)v⟩ and the mass difference ∆mηχ = mη0
R
−mχ will play an important role.

Note that the smaller ∆mηχ is, the larger is the effect of the DM conversion on Ωχ. To see this more explicitly,
we assume that η0

R annihilates very fast so that before and at the decoupling of χ the η0
R DM is in thermal

equilibrium. Then the expression in { } in the rhs of (12) can be written as
,
⟨σ(χχ; SM)v⟩ + ⟨σ(η0

Rη0
R; χχ)v⟩

m3
η0

R

m3
χ

exp

-
2x

m2
χ − m2

η0
R

mχmη0
R

./
*
YχYχ − ȲχȲχ

+
, (13)

which also appears in the co-annihilation of DM with an unstable particle [45] (see also [46]). If m2
χ −m2

η0
R

< 0,
the effective annihilation cross section of χ is small at low temperature (large x), while it is large at high
temperature (small x). Because of the nontrivial interplay between γ2 and ∆mηχ, it may be possible to obtain
a correct relic density ΩT h2 = 0.1157 ± 0.0023 [48]. In Fig. 2 (right) we show the effective annihilation cross
section (the expression in [ ] of (13)) as a function of x = µ/T for mη0

R
= 148 (dotted), 153 (solid), and 156

(dashed) GeV, where we have fixed the other parameters as

λ3 = −1.26 , λ4 = −0.0205 , γ3 = 11.3 , (14)
mη± = mη0

I
= mη0

R
+ 4 GeV , mχ = 135 GeV , mh = 125 GeV . (15)

As we see from Fig. 2 (right) the effective cross section around the decoupling temperature x ∼ 20 has a correct
size and decreases drastically at low temperature.
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FIG. 3: Left: The area with ΩT h2 = 0.1157 ± 0.0046 (2σ) and mχ = 135 GeV in the γ2–γ3 plane for mη0
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= 148 (black circles),
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experiments [49, 50]. Right: The parameter space (overlapped area) in which σ(χχ → γγ)v = (1.27+0.37

−0.43) × 10−27 cm3s−1 and

ΩT h2 = 0.1157 ± 0.0046 (2σ) can be obtained for mη0
R

= 153.3 GeV and mη± = mη0
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V. FERMI LAT 135 GEV γ-RAY LINE

Because of the coupling between χ and η+ (Lη†ηχ2 = −γ3 η†ηχ2) there are diagrams, which produce
monochromatic γ lines through the annihilation of χ. We use these diagrams to explain the monochromatic
γ-ray line [31, 32, 35, 36] observed at the Fermi LAT [27–30]. Due to the gauge interactions the relic density
of η0

R is very small so that the annihilation of the η0
R DM can not contribute to the monochromatic γ-ray.

Furthermore, because of the same reason, the tree level annihilation of η0
R into a pair of W ’s and Z’s, which

would contribute to the continuum γ-ray spectrum, is also suppressed. The entire annihilation of χ into the SM
particles is controlled by the single coupling γ2, which can be chosen to be small. Therefore, we may assume
that the main contribution to σ(χχ → γγ) comes from the one-loop diagrams and find

σ(χχ → γγ)v =
γ2
3α2m2

χ

32π3m4
η±

|F0(m2
η±/m2

χ)|2 , (16)

where the function F0 is given in (9). To explain the monochromatic γ line observed at the Fermi LAT, σ(χχ →
γγ)v should be (1.27+0.37

−0.43) × 10−27 cm3s−1 [32] for an Einasto DM galactic halo profile. We find that there is
an overlapped area, that is, a parameter space in which σ(χχ → γγ)v ≃ 10 × 10−27 cm3 s−1 and ΩT h2 ≃ 0.12
can be obtained. This is shown in Fig. 3 (right) for mη0

R
= 153.3 GeV and mη± = mη0

R
+ 4 GeV = 157.3 GeV.

We also have to satisfy the constraints on the continuum γ [51–53]. For the set of the same parameter values
given in (15) with γ2/4π = 1.0 × 10−4 and mη0

R
= 153.3 GeV, we obtain

Ωηh2 = 0.981 × 10−5 , Ωχh2 = 0.1197 , ΩT h2 = 0.1197 , (17)

and

σ(χχ → γγ)v ≃ 1.2 × 10−27 cm3s−1 , (18)
σ(χχ → SM)v ≃ 8.0 × 10−29 cm3s−1 , (19)

σ(χχ → W+W−)v ≃ 3.9 × 10−29 cm3s−1 , (20)
σ(χχ → ZZ)v ≃ 1.7 × 10−29 cm3s−1 , (21)
σ(χχ → hh)v ≃ 2.5 × 10−29 cm3s−1 , (22)
σ(χχ → ff̄)v ≃ 1.1 × 10−31 cm3s−1 . (23)

There are also constraints coming from the anti-proton-to-proton flux observed by the PAMELA [54]. Anti-
protons can be produced by the DM annihilations into the gauge bosons, Higgs bosons and quarks. To explain
the PAMELA data, these productions have to be suppressed. The annihilation cross sections given above satisfy
all the constraints including the most stringent one <∼ 10−26 cm3s−1 [51–53, 55–58]. So, the model could explain
the monochromatic γ line observed at the Fermi LAT if mη± ≃ 153 GeV and γ3/4π ∼ O(1), which is at the
border of perturbation theory.
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Multi-component Dark Matter Systems and Their Observation Prospects

Hiroshi Takano
Institute for Theoretical Physics, Kanazawa University, Kanazawa 920-1192, Japan

Multi-component dark matter system is studied in models with an exact Z2 ⇥ Z0
2 symmetry. We

discuss the general formulation of the time dependences of dark matter density. A supersymmetric
version and a simple extension of radiative seesaw model are introduced as the concrete models
of the multi-component dark matter. In the former model, we discuss the e↵ects of non-standard
annihilation process on the relic density of the supersymmetric dark matter. The indirect detection
possibility of the monochromatic neutrino from the sun is discussed in the latter model.

I. INTRODUCTION

The existence of dark matter is almost certain from various cosmological observations. As a dark matter
candidate which can be experimentally observable in near future, the weak interacting massive particle (WIMP)
have been studied very well in various extensions of the standard model (SM). The relic density of dark matter
in the universe is precisely obtained by WMAP [1] and Planck [2] observation. However, it is unknown whether
the dark matter is single-component or multi-component. As a more general possibility of dark matter physics,
we study the non-trivial phenomenology of the multi-component dark matter systems. The non-standard
annihilation process of the dark matter particles can a↵ect their relic densities and their detection probabilities.
The current experimental constraints on the interaction between the dark matter and the SM particles are
determined in the single-component scenario. When we consider the multi-component scenario, we need to
translate the constraints to those of the multi-component scenario.
The simplest possibility of the symmetry stabilizing dark matter is an exact Z

2

symmetry. There are various
origins of Z

2

symmetry. For example, the R parity in the supersymmetric models is introduced to forbid the
fast proton decay, and the Z

2

symmetry in the radiative seesaw model is introduced to forbid the tree level
neutrino masses. If we assume that several Z

2

symmetries exist in the extended model of the SM, the model
can be the multi-component dark matter model.
This talk is based on the works [3, 4]. In the Sec. II, we introduce the general formulation of time dependence

of dark matter density in the model with the exact Z
2

⇥Z 0
2

symmetry, and estimate the e↵ects of non-standard
annihilation process. In the Sec. III, we introduce two concrete models of the multi-component dark matter.
We study the supersymmetric radiative seesaw model and estimate the impact of presence of additional dark
matters for the Constrained Minimal Supersymmetric Standard Model (CMSSM). The possibility of the indirect
detection of the multi-component dark matter via the non-standard dark matter annihilation process is discussed
in the simple extension of the radiative seesaw model to the multi-component scenario.

II. GENERAL FORMULATION

We consider the model having exact Z
2

⇥ Z 0
2

symmetry as an example of the multi-component dark matter
system. In this symmetry, Z

2

’s are conserved individually and there are three candidates of dark matter. The
lightest two particles of di↵erent Z

2

parity are stable at a time but the heaviest candidate can decay to two
lighter dark matters in general. If the heaviest candidate is enough light to forbid its decay kinematically, there
can exist three components of dark matter.
Because the energy density of dark matter is the product of the mass and the number density, the number

densities of the multi-component dark matter cannot be summed up. The Boltzmann equations which describe
the number densities ni of the dark matter i can be written as

ṅi + 3Hni = �C[ni, nj , · · · ] , (1)

where H is the Hubble parameter and C[ni, nj , · · · ] is the collision term. The collision processes can be classified
into three types[5–7],

DMi DMi $ SM SM (Standard annihilation) , (2)

DMi DMi $ DMj DMj (Dark matter conversion) , (3)

DMi DMj $ SM DMk (Semi-annihilation) . (4)
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FIG. 1: The relic density of DM1 and DM2 with m2 = 150 GeV, h�|v|i11!SM = 10�11GeV�2 and h�|v|i22!SM =
10�7GeV�2.

The standard annihilation depends on the density of dark matter only. Because we assume SM particles are
in thermal equilibrium while dark matter decoupling, their number density can be obtained analytically. The
collision term of the standard annihilation is approximately written as

h�|v|iii!SM

(n2

i � n̄2

i ) , (5)

where h�|v|iii!SM

is the thermal averaged cross section and n̄i is the thermal number density of dark matter
i. The process of dark matter conversion is similar to that of the standard annihilation. The final states of
the conversion are the pair of the other dark matter particles j which is not in thermal equilibrium during the
decoupling of the dark matter i in general. This process depends on the two dark matter densities and the
collision term can be written as

X

j

h�|v|ii!j(n
2

i � n̄2

i

n2

j

n̄2

j

) = �
X

j

h�|v|ij!i(n
2

j � n̄2

j

n2

i

n̄2

i

) , (6)

where we used the relation h�|v|ii!j =
n̄2
j

n̄2
i
h�|v|ij!i. The semi-annihilation is allowed in the case of the three

component dark matter. The collision term of i is given by

X

j,k

h�|v|iij!kSM(ninj � n̄in̄j
nk

n̄k
)�

X

j,k

h�|v|ijk!iSM(njnk � n̄j n̄k
ni

n̄i
) , (7)

where i, j and k are di↵erent species of dark matter. Because this process is the additional possibility of
production of the SM particles, it can be important for the indirect dark matter detection. Then, the Boltzmann
equations of the multi-component dark matter system can be written as

ṅi + 3Hni = �
h
h�|v|iii!SM

(n2

i � n̄2

i ) +
X

j

h�|v|ii!j(n
2

i � n̄2

i

n2

j

n̄2

j

)

+
X

j,k

h�|v|iij!kSM(ninj � n̄in̄j
nk

n̄k
)�

X

j,k

h�|v|ijk!iSM(njnk � n̄j n̄k
ni

n̄i
)
i
. (8)

The non-standard annihilation process can a↵ect the relic densities of dark matters. To see the e↵ect of
the dark matter conversion, we consider a two component dark matter DM1 and DM2. The dark matter
conversion will be particularly important when the di↵erence of the cross sections for the standard annihilation
between DM1 and DM2 is large. If the standard annihilation cross section of DM1 is very small and one of
DM2 is large, the relic density of DM1 become very large in the absence of conversion process. If the dark
matter conversion of DM1 to DM2 exists, total relic density can be more small. Fig. 1 shows the relation
of mass di↵erence of dark matter and relic densities ⌦ih

2. In this calculation we fixed to be m
2

= 150GeV,
h�|v|i

11!SM

= 10�11GeV�2 and h�|v|i
22!SM

= 10�7GeV�2. The conversion cross section of heavier dark
matter to lighter one is h�|v|i

conv. = 0 (red/solid lines), 10�9GeV�2 (green/dashed lines), and 10�7GeV�2

(blue/dotted line). Because the dark matter particles are non-relativistic, the conversion process from the
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TABLE I: The field contents and the quantum number. R⇥Z2 is the unbroken discrete symmetry. The quarks of the MSSM are

suppressed in the Table.

superfield L EC NC Hu Hd ⌘u ⌘d �

SU(2)L 2 1 1 2 2 2 2 1

U(1)Y �1/2 1 0 1/2 �1/2 1/2 �1/2 0

R⇥ Z2 (�,+) (�,+) (�,�) (+,+) (+,+) (+,�) (+,�) (+,�)

FIG. 2: Conversion process.
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FIG. 3: The allowed region in the m0-M1/2 plane with a set of the
CMSSM parameter A0 = 2m0, tan� = 10, µH > 0.

lighter particles to the heavier particles is suppressed by Boltzmann factor. In this case, the interaction of DM1
and SM is too small to explain the WMAP data [1]. So we expect that the conversion process of DM1 to DM2
reduce the density of DM1. If DM1 is heavier than DM2 (in the right side of Fig. 1), it is good approximation
to assume that DM2 is in thermal equilibrium during the decoupling of DM1. Then, the collision term of DM1
can be written as

�
h
h�|v|i

11!SM

(n2

1

� n̄2

1

) + h�|v|i
11!22

(n2

1

� n̄2

1

n2

2

n̄2

2

)
i

' �
h�h�|v|i

11!SM

+ h�|v|i
11!22

�
(n2

1

� n̄2

1

)
i
. (9)

There is no suppression and the relic density of DM1 can be small easily. If DM1 is lighter than DM2 (in the
left side of Fig. 1), the dark matter conversion is suppressed by the Boltzmann factor exp(�2(m

1

�m
2

)/T ). To
reduce the relic density of DM1, we need the larger conversion cross section or the smaller mass di↵erence.

III. CONCRETE MODELS

We introduce two concrete models of the multi-component dark matter system. Here, the radiative seesaw
model of [8], which have an exact Z

2

symmetry and generate the neutrino masses from the one loop level
radiative correction, is extended to the models which have an additional Z

2

symmetry.

A. supersymmetric radiative seesaw model

In the CMSSM, theR-odd dark matter is Bino-like neutralino in the wide region of parameter space. Typically,
the cross section of the standard annihilation of Bino is too small to obtain the correct relic density. Also it can
be enlarged by the mixing of Wino and Higgsino or the co-annihilation process, the allowed parameter region
for the correct dark matter density is restricted to only a narrow area [9]. We can relax this situation in the
supersymmetric radiative seesaw model [10], which is a multi-component dark matter extension of CMSSM [3].
The field contents of the supersymmetric radiative seesaw model is given in Table I. The superpotential of

the model is follows.

W = Y u
ijQiU

c
jH

u + Y d
ijQiD

c
jH

d + Y e
i LiE

c
iH

d � µHHuHd

+Y ⌫
ikLiN

c
k⌘

u + �u⌘uHd�+ �d⌘dHu�+ µ⌘⌘
u⌘d +

1

2
(MN )kN

c
kN

c
k +

1

2
µ��� , (10)
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TABLE II: The field contents of the model and the corresponding quantum numbers. Z2 ⇥ Z0
2 is the unbroken discrete

symmetry. The quarks are suppressed in the Table.

field Li lci Nc
i H ⌘ � �

SU(2)L 2 1 1 2 2 1 1

U(1)Y �1/2 1 0 1/2 1/2 0 0

Z2 ⇥ Z0
2 (+,+) (+,+) (�,+) (+,+) (�,+) (+,�) (�,�)

FIG. 4: The semi-annihilation process.
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FIG. 5: The detection rate for the monochro-
matic neutrino from the sun.

where L, Hu,Hd and ⌘u, ⌘d are SU(2)L doublets of the leptons, the MSSM higgses, and the inert doublets
respectively. The quark fields are Q, Uc and Dc. The right handed fields of charged leptons and neutrinos are
EC and NC . � is an additional inert singlet field which is needed to generate the neutrino masses radiatively.
There are R-parity of supersymmetry and Z

2

symmetry for the radiative seesaw mechanism which stabilize
dark matter. In this model, we can consider three types of R ⇥ Z

2

parity odd dark matter candidates. We
choose the lightest particles of each parity, Bino-like neutralino �̃ ⇠ B̃ for (R,Z

2

) = (�,+), doublet-like inert
higgsino ⇠̃0 ⇠ (⌘̃u0 � ⌘̃d0)/

p
2 for (�,�), and doublet-like inert higgs ⇠0R ⇠ (⌘u0R � ⌘d0R )/

p
2 for (+,�). The

standard annihilation cross section of the pure Bino is too small while that of SU(2) doublet dark matter is too
large [11, 12] to explain the dark matter relic density in the consideration region. As shown in Sec. II, it can
be considered that the conversion of the Bino to the other dark matter particles reduce the relic density. If we
choose the mass hierarchy of dark matter candidates,

M
˜⇠0 ,M˜⇠+ < M�̃ < m⇠0R,I

,m⇠+ , (11)

then the conversion process of the neutralino to the inert higgsino (Fig. 2), which is determined only by their
masses, is not suppressed.
Here, the relic density of dark matter in this model is calculated with M

˜⇠0 = 120 GeV. Fig. 3 shows the

allowed region (red dots) of ⌦�h
2 = 0.1126 ± 0.0036 [1] with the parameter A

0

= 2m
0

, tan� = 10, µH > 0.
We have used the approximation of Eq. (9) for the annihilation process of the neutralino. The allowed region
is expanded to the wide region from the CMSSM by the e↵ect of the conversion process of the neutralino. The
relic density of ⇠̃0 and ⇠0 are <⇠ 10�2, and the density of the neutralino is dominant. Because the neutralino
mass is approximately written by M�̃ ⇠ 0.5M

1/2, the conversion cross section is not sensitive to m
0

. So the
conversion cross section depends on only M

1/2, and the allowed region is expanded to the horizontal wide region.

B. radiative seesaw model + additional 2 DM’s

As another concrete model, we discuss the simple extension of the radiative seesaw model [8] with the
additional dark matter particles. In this model, we introduce a gauge singlet real scalar � and a gauge singlet
Majorana fermion � and impose the additional Z 0

2

symmetry by hand (Table II). The Z
2

⇥ Z 0
2

invariant
Yukawa couplings of the lepton sector are given by

LY = Y e
ijH

†Lil
C
j + Y ⌫

ikLi✏⌘N
C
k + Y �

k �NC
k �+ h.c. , (12)

257



and Majorana mass term of the right handed neutrino and the singlet fermion � are

L
Maj

=
1

2
MkN

C
k NC

k +
1

2
M��

2 + h.c. . (13)

The scalar potential is

V = m2

1

H†H +m2

2

⌘†⌘ +
1

2
m2

3

�2 +
1

2
�
1

(H†H)2 +
1

2
�
2

(⌘†⌘)2 + �
3

(H†H)(⌘†⌘) + �
4

(H†⌘)(⌘†H)

+
1

2
�
5

[(H†⌘)2 + h.c.] +
1

4!
�
6

�4 +
1

2
�
7

(H†H)�2 +
1

2
�
8

(⌘†⌘)�2 . (14)

As a possibility of the indirect detection, we consider the monochromatic neutrino from the sun in this model.
The dark matter candidates are the right handed neutrino NC

k , the inert doublet ⌘0, the singlet fermion �, and
the singlet scalar �. � and � can not annihilate into the neutrino pair at tree level. The monochromatic neutrino
can be produced via the standard annihilation of NC

k or ⌘0. NC
k annihilation depends on the Yukawa coupling

Y ⌫
ik, which is constrained to be very small by the neutrino mass and lepton flavor violation µ ! e�. So this

annihilation cross section can not be large enough to detect the produced neutrino. ⌘0 annihilation depends
on the SU(2) gauge interaction. But the neutrino anti-neutrino pair production is helicity suppressed. So the
monochromatic neutrino production from the standard annihilation is small in this model.
To consider the possibility of semi-annihilation, we choose three component dark matter condition. We

assume that dark matter particles are ⌘0, � and �. The monochromatic neutrino can be produced by the
semi-annihilation diagram (Fig. 4). There are three channels of annihilation and the energy of the produced

neutrino is E⌫ ⇠ 1

2

(mi +mj � m2
k

(mi+mj)
) for the channel of ij ! k⌫. Since the Yukawa coupling Y �

k is not

constrained, this cross section can be relatively large.
Generally the time dependence of the number of dark matter Ni in the sun can be written as

Ṅi = Ci � CA(ii ! SM)N2

i �
X

mi>mj

CA(ii ! jj)N2

i

�[CA(ij ! k⌫)NiNj � CA(jk ! i⌫)NjNk] , (15)

where Ci is the capture rate in the sun and CA’s are the annihilation rate in the sun obtained by

CA(ij ! •) = h�(ij ! •)|v|i
Vij

, Vij = 5.7⇥ 1027
✓
100GeV

µij

◆
3/2

cm3 . (16)

Here Vij is an e↵ective volume of the sun with µij = 2mimj/(mi +mj) in non-relativistic limit. The neutrino
production rate in the sun is given by

�(⌫⌫) = CA(⌘⌘ ! ⌫⌫)N2

⌘/2 ,

�(⌫) = CA(⌘� ! �⌫)N⌘N� + CA(⌘� ! �⌫)N⌘N� + CA(�� ! ⌘⌫)N�N� . (17)

As for the monochromatic neutrino detection rate, we use [13]

�
detect

= AP (E⌫)�inc

, (18)

where A ⇠ 1km2 is the IceCube detector area facing the incident beam, P (E⌫) ⇠ 10�11(L/km)(E⌫/GeV)
is the possibility for detection as a function of the neutrino energy E⌫ (L is the depth of the detector), and
�
inc

⇠ �/4⇡R2

� is the incoming neutrino flux (R� is the distance to the sun).
Fig. 5 shows the the detection rate of the monochromatic neutrino from the semi-annihilation in the sun for

the IceCube experiment [13]. We obtain up to O(10�1) events per year in this model. In this estimation, we
have used following mass condition

Mk = 1 TeV , 80 GeV  m⌘0
R
 500 GeV , m⌘0

I
= m⌘± = m⌘0

R
+ 10 GeV ,

m� = m⌘0
R
� 10 GeV , m� = m⌘0

R
� 20 GeV , (19)

and couplings which consistent with neutrino oscillation data, WMAP data [1], constraints of collider exper-
iments and XENON100 [14] . In this model, the monochromatic neutrino from the standard annihilation of
inert higgs can not be large because of the helicity suppression. However, there is no suppression mechanism
for the monochromatic neutrino from the semi-annihilation in general. So we expect that the monochromatic
neutrino will be the hint of the multi-component dark matter.
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IV. CONCLUSION

We have considered the dark matter conversion and the semi-annihilation of dark matter in the multi-
component dark matter system in the Z

2

⇥ Z 0
2

models. These non-standard annihilation processes can a↵ect
their relic density considerably. We discussed two concrete models. In the supersymmetric radiative seesaw
model, we can consider the multi-component dark matter of neutralino, inert higgs and inert higgsino. The dark
matter conversion of the neutralino can a↵ect to the relic density. This e↵ect would expand the allowed region
for the relic density of dark matter in the m

0

-M
1/2 plane considerably. In the simple extension of the radiative

seesaw model, we introduced the additional dark matter particles, the singlet fermion and singlet scalar. Due
to the semi-annihilation processes, the monochromatic neutrinos are radiated. We estimated the observation
rates of the monochromatic neutrinos. Observations of high-energy monochromatic neutrinos from the sun may
indicate a multi-component dark matter system.
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Direct Probe of Majorana and Extended Higgs Particles
in Radiative Seesaw Models at the ILC

Hiroshi Yokoya
Department of Physics, University of Toyama, Toyama 930-8555, JAPAN

A collider probe of the radiative seesaw models are considered. Two key ingredients of these
models, the extended Higgs sector and the source of the Majorana mass, although these details
di↵er model by model, would be studied at the TeV-scale electron-positron and electron-electron
colliders. The searches and mass determinations in the inert doublet model, which is the extended
Higgs sector of the Ma model, are summarized as an example.

I. INTRODUCTION

The neutrino oscillation data clearly show that neutrinos have tiny masses and large flavor mixing. However,
the standard model (SM) cannot explain them, while the masses of the other SM bosons and ferminons are
accounted for by the Higgs mechanism. Therefore, after the discovery of a Higgs-boson at the LHC, the origin
of the neutrino masses and their tininess are imminent questions left to us.
The Majorana masses of the left-handed neutrinos are generated from the dimension-5 e↵ective operators,

L =
cij
2⇤

⌫c
i
L⌫

j
L�

0�0, (1)

where cij are dimensionless coe�cients, ⇤ is a cut-o↵ scale above which the internal structure of the vertex
may be resolved, and �0 is the Higgs-boson field. Through the vacuum expectation value of the Higgs boson
h�0i, the mass matrix for left-handed neutrinos is given as M ij

⌫ = cijh�0i2/⇤. The tiny masses of neutrinos
(M ij

⌫ . 0.1 eV) mean cij/⇤ ⇠ O(10�14) GeV�1 for h�0i ' 256 GeV. In the tree-level seesaw scenario,
it is realized by introducing right-handed neutrinos with Majorana masses of O(1014) GeV and assuming
cij ⇠ O(1). On the other hand, radiative seesaw models (RSMs) may be alternative possibilities, in which the
small coe�cient cij is realized via the n-loop suppression factor ⇠ �

1/16⇡2

�n
[1–7]. As the results, the cut-o↵

parameter ⇤ can be much lower than O(1014) GeV, e.g. at the TeV scale. Thus, in such models, direct searches
and verification at collider experiments may be possible.

General features of the RSMs are an extension of the Higgs sector and a source of the Majorana mass,
although their details are completely model dependent. For example, in the Zee-Babu model [2, 3], SU(2)L
singlet scalars (which have non-zero lepton number) are introduced with their lepton-number-violating
interaction to generate the Majorana masses of neutrinos at the two-loop level. The extended Higgs sector
in the Ma model [5, 8] is equivalent with the inert doublet model (IDM) [9] where one of the scalar doublet
field is Z

2

-odd, and that in the Aoki-Kanemura-Seto (AKS) model [6, 10, 11] is equivalent with the two Higgs
doublet model (THDM) with lepton-specific Yukawa interactions [12], with additional SU(2)L singlet scalars
which are odd under the Z

2

-symmetry. As for the Majorana nature, TeV-scale right-handed neutrinos are
often introduced in various models, which are Z

2

-odd to avoid the tree-level Dirac mass. The introduced
Z
2

-symmetry stabilizes the lightest Z
2

-odd particle in the model. Thus these models naturally contain a
candidate of the dark matter.

Collider signatures of the RSMs also di↵er model by model. To verify the model by experiments, we have to
perform direct searches of new particles at colliders, and if discovered, then by measuring their properties and
interactions we have to check whether these are enough to describe the neutrino masses. The collider searches
of extended Higgs sector have been discussed extensively [13]. On the other hand, the Majorana nature can
be probed by direct searches of the TeV-scale Majorana neutrinos [14, 15], or by observing the lepton-number-
violated processes, such like the neutrinoless double-beta decay. The searches of right-handed neutrinos in the
context of RSMs have been studied in Refs. [16, 17].

II. EXTENDED HIGGS SECTOR IN THE RSMS

Collider signatures of the lepton-specific THDM are characterized by multi-⌧ production [12, 18, 19], since
the extra scalars predominantly decay into ⌧ ’s. Such signatures can be observed at the LHC by requiring
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appropriate cuts [18]. However, the mass determination would not be straightforward since the reconstruction
of the 4⌧ event kinematics cannot be solved. On the other hand, the 4⌧ kinematics can be easily solved,
and thus the masses and parameters in the model can be determined well at the ILC [19]. The additional
SU(2)-singlet scalars in the AKS model may be searched by the energy scan of the production cross-sections of
the charged-scalar pair at the ILC [17].

Collider signatures in the IDM are charged leptons plus missing momentum, similar to those of charginos and
neutralinos in supersymmetric models. The searches of the inert doublet scalars at lepton and hadron colliders
have been studied in Refs. [9, 20–24]. The signatures can be observed at the LHC only if the mass spectrum of
the scalars are in favorable cases. On the other hand, at the ILC, the inert doublet scalars can be easily found,
unless the masses are too heavy, and precise determinations of the masses and parameters are possible [25].
In the next section, we summarize the detail studies of the searches and mass determination of the additional
scalars in the IDM at the ILC based on Ref. [25].

III. INERT DOUBLET MODEL

The IDM is one of the simplest extensions of the Higgs sector in the SM, where an additional SU(2)L-doublet
scalar field is introduced, which is odd under the unbroken Z

2

symmetry [9, 26]. Four kinds of additional scalars
appear as physical states, namely neutral CP -even state (H), neutral CP -odd state (A) and charged scalar
states (H±), all of which are called inert scalars. Yukawa interactions of the inert scalars to SM fermions are
forbidden due to the Z

2

symmetry. Because of the Z
2

-parity conservation, the lightest inert particle (LIP)
becomes stable. Therefore, the model provides a scalar dark matter candidate [9, 24, 27–30].
The most general scalar potential can be written as

V (�
1

,�
2

) = µ2

1

|�
1

|2 + µ2

2

|�
2

|2 + �
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2
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1

|4 + �
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2
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1

|2 |�
2
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+ �
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����†
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�
2

���
2

+

⇢
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5
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⇣
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1
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⌘
2

+H.c.

�
, (2)

with seven real parameters (µ2

1

, µ2

2

,�
1

,�
2

,�
3

,�
4

,�
5

). The potential has to satisfy theoretical constraints, such
as the vacuum stability [26] and the perturbativity [9]. By the vacuum stability at the tree level, the quartic
terms are constrained as �

1

> 0, �
2

> 0,
p
�
1

�
2

+�
3

> 0, and
p
�
1

�
2

+�
3

+�
4

� |�
5

| > 0 [26]. We consider the
case where µ2

1

< 0, �
1

µ2

2

> �
3

µ2

1

and �
1

µ2

2

> (�
3

+ �
4

+ |�
5

|)µ2

1

are satisfied [26], so that �
2

does not acquire
the vacuum expectation value (VEV) and only �

1

plays a role of the “Higgs-boson”. By denoting

�
1

=

✓
0

1p
2

(v + h)

◆
, �

2

=

✓
H+

1p
2

(H + iA)

◆
, (3)

where v is the VEV, v =
p

�2µ2

1

/�
1

(' 246 GeV), the masses of these scalars are expressed as m2

h = �
1

v2,
m2

H+ = µ2

2

+ 1

2

�
3

v2, m2

H = µ2

2

+ 1

2

(�
3

+ �
4

+ �
5

)v2 and m2

A = µ2

2

+ 1

2

(�
3

+ �
4

� �
5

)v2. Thus, the seven
parameters in the Higgs potential can be replaced by the VEV v, four masses of the Higgs boson and inert
scalars, (mh,mH+ ,mH ,mA), the scalar self-coupling constant �

2

, and �H(⌘ �
3

+ �
4

+ �
5

) for example. To
force the LIP to be electrically neutral, so that it can be a candidate of the dark matter, �

4

< |�
5

| must be
satisfied [31]. Depending on the sign of �

5

, either H or A becomes the LIP.1 Hereafter, we take H as the LIP.

Inert scalar masses ILC cross sections [
p
s = 250 GeV (500 GeV)]

mH [GeV] mA [GeV] mH± [GeV] �e+e�!HA [fb] �e+e�!H+H� [fb]

(I) 65. 73. 120. 152. (47.) 11. (79.)

(II) 65. 120. 120. 74. (41.) 11. (79.)

(III) 65. 73. 160. 152. (47.) 0. (53.)

(IV) 65. 160. 160. 17. (35.) 0. (53.)

TABLE I: Masses of inert scalars and ILC cross sections for our four benchmark points.

1
In the Ma model, another possibility that the right-handed neutrino becomes the dark matter is not excluded [35]. In such cases,
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FIG. 1: Distributions of Ehad, Mhad in the semi-leptonic decay mode at
p
s = 250 GeV with Lint = 250 fb�1 (left and

middle) and that of Ehad at
p
s = 500 GeV with Lint = 500 fb�1 (right).

For the collider study, four benchmark points for the masses of inert scalars listed in Table I are considered,
which satisfy all the available theoretical and also phenomenological constraints [24]. We study the case where
the masses ofH and A are close to each other (I, III) for which the LEP and LHC experiments can not probe [20–
24]. The other cases are when mA �mH is medium (II) or large such that the Z-boson from A ! HZ becomes
on-shell (IV). For the W -bosons in H± ! W±H, we consider the o↵-shell (I, II) and on-shell (III, IV) cases.
For the four benchmark points, the production cross sections of inert scalars at the ILC are large enough to be
observed. In Table I, we list the cross sections of HA production and H+H� production at

p
s = 250 GeV and

500 GeV.
For the cases (II, IV), H± decays into W±H predominantly, where we admit the W -boson to be o↵-shell if

mH± � mH < mW . While for the cases (I) and (III), H± ! W±A decay would be sizable as well, with the
branching ratios about 32% and 27%, respectively. The decay of the A-boson is dominated by A ! Z(⇤)H.

Collider signatures of the inert scalars in the IDM have been studied in the literature [9, 20–24]. In Ref. [21],
bounds on the masses of the inert scalars are obtained by using the the LEP II data. Even though the parameter
regions where the inert scalars could be discovered at the LHC are pointed out [22–24], detailed analysis on
these scalars such as the precise determination of these masses and quantum numbers would be performed at
lepton colliders.

e+e� ! H+H�
process

Here the H+H� pair production at the ILC, where H± predominantly decays into HW±, and W± further
into `±⌫ or qq̄0 are studied. The semi-leptonic and all-hadronic decay modes are used as successful signatures.

First, we study the semi-leptonic decay mode, where the signature is `±jj plus large missing energy. The
leading background process would be ⌧±⌫jj production followed by the leptonic decay of ⌧ . The `±⌫jj back-
ground process can be reduced by requiring a large recoil mass. The contribution from production of µ+µ�jj
and missing particles, where one of the muons goes out of the acceptance region, are negligible. The event
simulation for the case (I) [the case (III)] is only di↵er from that for the case (II) [the case (IV)] by the overall
normalization.
In the left and middle panels in Fig. 1, E

had

and M
had

distributions in the semi-leptonic decay mode are
plotted by using the parameter set (II) at the ILC with

p
s = 250 GeV and L

int

= 250 fb�1 with a cut
of M

rec

> 180 GeV. For the case with the o↵-shell W -boson, the endpoints of the all-jets (hadrons) energy

constraints on the parameters, �4 and �5, are relaxed.
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FIG. 2: Distributions of Mrec in the all-hadronic decay mode at
p
s = 250 GeV with Lint = 250 fb�1 (left), and Mrec

and Mvis distributions in the all-hadronic mode at
p
s = 500 GeV with Lint = 500 fb�1 (middle and right).

distribution are given by

E
max/min

had

=

p
s

4

✓
1� m2

H

m2

H±

◆2

41±
s

1� 4m2

H±

s

3

5 . (4)

Furthermore, the maximum value of the invariant mass of all hadrons is just the di↵erence between mH± and
mH ,

Mmax

had

= mH± �mH . (5)

In the right panel in Fig. 1, the E
had

distribution in the semi-leptonic decay modes are plotted by using the
parameter sets (II) and (IV) at the ILC with

p
s = 500 GeV and L

int

= 500 fb�1 with a cut of M
rec

> 150 GeV.
Notice that the parameter set (II) corresponds to the case where H± decays into o↵-shell W and H, and (IV)
corresponds to the case where H± decays into on-shell W and H. When the W -boson is on-shell, the signal
distribution is like a rectangle where the edges are given by

E
max/min

had

= �H±Ê
had

± �H±�H± p̂
had

, (6)

with �H± =
p
s/(2mH±), �H± = (1� 4m2

H±/s)1/2, Ê
had

= (m2

H± �m2

H +m2

W )/(2mH±) and p̂
had

= mH±/2⇥
�(1,m2

H/m2

H± ,m2

W /m2

H±).
Then, we present the all-hadronic decay mode, which gives the four jets plus large missing energy signatures.

Main SM background contributions are the production of four partons with two neutrinos.
In the left panel of Fig. 2, M

rec

distribution is plotted for the signal process using the parameter set (II)
at

p
s = 250 GeV with L

int

= 250 fb�1. To reduce the SM background, kinematical cuts of pmiss

T > 70 GeV,
| cos ✓

miss

| < 0.7 and E
vis

< 120 GeV are applied, where ✓
miss

is the polar angle of the missing 3-momenta and
E

vis

is the sum of the energy of all hadrons in one event. As a result, the SM background is su�ciently reduced.
The minimum of the M

rec

distribution is at the twice of mH ,

Mmin

rec

= 2mH . (7)

In the middle panel of Fig. 2, the same distributions are plotted but for the signal processes using parameter
sets (II) and (IV) at

p
s = 500 GeV with L

int

= 500 fb�1. By the kinematical cut of | cos ✓
miss

| < 0.8, the SM
background is su�ciently reduced except at M

rec

' mZ . The peak of the signal distribution is given by

Mpeak

rec

=
mH

p
s

mH±
. (8)

This relation holds even when the W -boson in H± ! W±H is o↵-shell [25]. Thus, the ratio of mH and mH±

can be determined.
In the right panel of Fig. 2, the M

vis

distributions are plotted for the signal processes using parameter sets
(II) and (IV) at

p
s = 500 GeV with L

int

= 500 fb�1. In addition to the kinematical cut applied in the previous
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FIG. 3: Determinations of mH± and mH by the four observables are illustrated in the left [right] panel for the cases (I,
II) [(III, IV)] at

p
s = 250 GeV [500 GeV]. Each observable is assumed to be measured in ±2 GeV accuracy.

panel, the cut of M
rec

> 110 GeV is applied to reduce the SM background with Z ! ⌫⌫̄. After these cuts, the
SM background is su�ciently reduced except at M

vis

' mZ . The signal distribution has a peak at

Mpeak

vis

=
mW

p
s

mH±
, (9)

when the W -boson in H± ! W±H is on-shell [the case (IV)]. When the W -boson is o↵-shell, the relation on
the peak position no more holds.
The observables for determining mH± and mH in the process e+e� ! H+H� are summarized in Fig. 3. In

the left panel, for mH± �mH  mW , the the four bands are plotted on the mH± -mH plane by assuming that
the four quantities, Emax

had

, Emin

had

in Eq. (4), Mmax

had

in Eq. (5) and Mmin

rec

in Eq. (7), are measured in ±2 GeV
accuracy. For this assumption, the accuracy of the mH± (mH) determination would be ±2 GeV (±1 GeV).
On the other hand, if mH± �mH � mW , the four observables, Emax

had

, Emin

had

in Eq. (6), Mpeak

rec

in Eq. (8) and

Mpeak

vis

in Eq. (9) are utilized for the mass determination. In the right panel of Fig. 3, the four bands are
plotted on the mH± -mH plane by assuming that the four observables are measured in ±2 GeV accuracy. It
turns out that the constraints from measurements of Mpeak

vis

and Mpeak

rec

are more stringent than those from

the E
max/min

had

measurements, if these quantities are measured in an equal accuracy. It is expected that peak
positions can be precisely determined more than endpoints of distributions in the presence of the resolution of
energy measurements and the remaining background contributions. By combining the four measurements with
the uncertainty of ±2 GeV, mH± and mH can be determined in ±1 GeV accuracy.

The discovery of A-boson, the CP -odd inert scalar, is achieved by using the e+e� ! HA process followed
by A ! HZ decay. The study of the collider signature and mass determination in this process can be found in
Ref. [25].

IV. MAJORANA NATURE IN THE RSMS

Sometimes, lepton colliders have bigger potential for the direct searches of new particles in the RSMs than
hadron colliders. Not only that, to determine the masses and parameters in the model, precise measurements
at lepton colliders would be more advanced, since reconstruction of the recoil mass, decay angular distributions
and the energy scan of the production cross-sections are possible there. In this report, we have seen that the
extended Higgs sector of the RSMs, e.g. IDM or the lepton-specific THDM, can be probed precisely at the ILC.
Furthermore, the Majorana nature in the RSMs can be probed as well at lepton colliders [16, 17]. The t-

channel Majorana neutrino exchange diagrams have characteristic contribution to the total cross-section and the
angular distributions of the produced particles and their decay products, even though the mass of the t-channel
particle is heavier than the scattering energy. An electron-electron collider option at the future ILC experiment
would deserve special attention for the direct probe of the RSMs [32–34]. Since the Feynman diagrams of the
e�e� scattering in the RSMs can be regarded as parts of the diagrams for the neutrino mass generation, it
provides the direct test of the Majorana nature in the RSMs.
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V. SUMMARY

To summarize, the direct probe of the RSMs at colliders are studied. The key ingredients of the RSMs are the
extended Higgs sector and the source of the Majorana mass, while the details are completely model dependent.
The collider signatures also di↵er model by model. It is observed that at lepton colliders not only the extended
Higgs sector but also the Majorana nature in the RSMs can be probed.
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Baryon number asymmetry and dark matter in the neutrino mass model with an

inert doublet

S.Kashiwase and D.Suematsu
Institute for Theoretical Physics, Kanazawa University,

Kanazawa 920-1192, Japan

The neutrino mass model with an inert doublet has been considered as one of the candidates which
can realize very small neutrino masses and dark matter. We examine the baryon number asymmetry
by imposing all the data of the neutrino oscillation experiments and find that the su�cient baryon
number asymmetry seems not to be easily generated as long as the right-handed neutrinos are kept
in TeV regions. We consider resonant leptogenesis as a possibility to overcome this point.

I. THE RADIATIVE NEUTRINO MASS MODEL WITH AN INERT DOUBLET SCALAR

The radiative neutrino mass model with an inert doublet scalar [1] is a simple extension of the SM with three
right-handed neutrinos Ni and a scalar doublet H2. In addition, we impose a Z2 symmetry on this model in
such a way that all SM particles have even parity, while H2 and Ni have odd parity. Since H2 is assumed to
have no vacuum expectation value and called inert doublet, Z2 is the exact symmetry of the model. Z2 invariant
interaction and potential related to new fields are

� LRH = hi↵N̄iH̃
†
2L↵ +

1

2
mNiNiNi + h.c., (1)

V = µ2
1|H1|2 + µ2

2|H2|2 + �1|H1|4 + �2|H2|4

+ �3|H1|2|H2|2 + �4|H†
1H2|2 + �5

2

h
(H†

1H2)
2 + h.c.

i
, (2)

H2 =

✓
H+

(H0 + iA0)/
p
2

◆
, (3)

where L↵ is a left-handed lepton doublet and H1 is an ordinary Higgs doublet. All quartic coupling constants �i

are assumed to be real, for simplicity. We also assume that neutrino Yukawa couplings hi↵ are written by using
the basis under which both matrices for Yukawa couplings of charged leptons and for right-handed neutrino
masses mNi are real and diagonal.

A. Dark matter

We assume the lightest one of all Z2 odd particles is the neutral component H0 of the inert doublet. Since
the Z2 symmetry is unbroken, the decay of H0 is forbidden. So, H0 is stable and can be the DM candidate.
We assume the DM mass is O(1) TeV. In Fig. 1, the DM abundance of this model is ploted for the cases with
positive and negative values of �3. The value of µ2 is fixed to 1000 GeV and 1500 GeV in both cases. We can
see that required relic abundance can be realized if one of |�3,4| and |�3 +�4| has a value of O(1) at least [2, 3].

The direct search of DM [4, 5] could give a severe constraint on the value of �5. Inerasting scattering of H0

with nucleus mediated by the Z0 exchange could bring an important e↵ect to the direct search experiments,
since the masses of H0 and A0 are almost degenerate for small value of |�5|. This scattering can occur for the
DM with velocity larger than a minimum value given by [6]

vmin =
1p

2mNER

✓
mNER

µN

◆
, (4)

where � is the mass di↵erence between H0 and A0. ER is the nucleus recoil energy, and mN and µN are the mass
of the target nucleus and the reduced mass of the nucleus-DM system. Thus, the mass di↵erence is constrained
by the fact that DM signal has never been found yet [7, 9]. This condition might be estimated as � >⇠ 150 keV
[5]. Since � is related to �5, this constraints the allowed range of |�5| such as

|�5| >⇠ 5.0⇥ 10�6
⇣ mH0

1 TeV

⌘✓
�

150 keV

◆
. (5)

We take into account of this constraint in the following analysis of the neutrino masses and the baryon number
asymmetry.
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FIG. 1: We plot ⌦H2h
2 as functions of �4 for some typical values of �3 and µ2. The Black dotted line is the required

value from WMAP [8]. �5 is fixed to a very small value to satisfy the condition (5).

B. Neutrino mass

Because of the Z2 symmetry, Dirac neutrino mass term at tree level is forbidden. Thus the neutrino masses
are radiatively induced and their mass matrix can be expressed as [1, 10]

M⌫
↵� =

3X

i=1

hi↵hi�


�5v

2
0

8⇡2mNi

m2
Ni

m2
H2

�m2
Ni

✓
1 +

m2
Ni

m2
H2

�m2
Ni

ln
m2

Ni

m2
H2

◆�
, (6)

where m2
H2

= µ2
2 + (�3 + �4)v20 and v20 ⌘ �µ2

1
2�1

. Here, we can see that even if the masses of the right-handed
neutrinos are O(1) TeV, small neutrino masses can be realized by making �5 su�ciently small within the bound
of eq.(5).

C. Lepton flavor violating processes

Lepton flavor violating processes such as µ ! e� are induced through one-loop diagrams which have H2 and
Ni in the internal lines [10], and constrain the neutrino Yukawa couplings. If we assumed the lightest right-
handed neutrino is the DM candidate, its abundance would strictly be constrained by these processes because
only Yukawa interactions contribute to determine the dark matter abundance. However, since we consider
the DM candidate is the neutral component of the inert doublet, its abundance depends on not only Yukawa
couplings but also the scalar couplings �3,4. As we can see above, since the required relic abundance can be
realized if |�3,4| or |�3 + �4| is O(1), we don’t need to consider this constraint here.

II. BARYON NUMBER ASYMMETRY

A. Lepton flavor structure

To estimate baryon number asymmetry of this model, we need to fix the lepton flavor structure. So, we
assume neutrino Yukawa couplings are written as

hie = 0, hiµ = hi, hi⌧ = q1hi, (i = 1, 2);
h3e = h3, h3µ = q2h3, h3⌧ = �q3h3,

(7)

where q1,2,3 are real constants. When q1, q2 and q3 are equal to 1 respectively, PMNS matrix becomes the tri-bi
maximal form. However, the results of the recent neutrino oscillation experiments [11] suggest that the value of
✓13 is non-zero and PMNS matrix should not be the tri-bi maximal form. We look for the values of q1, q2 and q3
so as to satisfy all the data. We only examine that the case of normal hierarchy takes the model parameters as
|�5| = 10�5, |h1| = 3.0⇥ 10�8, mH0 = 1 TeV, mN1 = 2 TeV, mN2 = 6 TeV and mN3 = 10 TeV here. By fixing
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FIG. 2: The region in the (q2, q3) plane allowed by the neutrino oscillation data for q1 = 0.85. It is contained in the circle
drawn by dotted line. Each contour in the figure represents the 2� boundary value of neutrino oscillation parameters
�m2

32 (thick red solid and dashed lines), �m2
21 (thin red solid and dashed lines), sin2 2✓23 (green solid and dashed lines),

sin2 2✓12 (blue solid and dashed lines), sin2 2✓13 (black solid and dashed lines). They are given in Ref.[12].

q1 to q1 = 0.85, we plot contours of 2� bounds of neutrino oscillation parameters in the (q2, q3) plane. We find
the allowed region around (�0.30, 2.24) in the (q2, q3) plane, when |h2| = 3.50 ⇥ 10�3 and |h3| = 1.60 ⇥ 10�3

is satisfied. We note that the value of |h1| is chosen so as to satisfy the Sakharov condition, that is, the decay
of N1 should be out of equilibrium. Thus, the lepton number asymmetry could be generated through it.

B. Baryon number asymmetry generated through leptogenesis

The lepton number asymmetry is expected to be generated through the out of thermal equilibrium decay of
the lightest right handed neutrino N1. Using the parameters discussed above, we numerically solve the coupled
Boltzmann equations for the number density of N1 and the lepton number asymmetry, which are expressed
by nN1 and nL, respectively. In the left panel of Fig. 3, we show the results of Y which is defined as the
ratio of number density to entropy density s. The generated lepton number asymmetry is smaller than the
value required for the explanation of the baryon number asymmetry at least by one order magnitude. This

result is considered to be caused by lepton number violating scatterings such as H2H2 $ L↵L� (�(2)
N ) and

H2L↵ $ H†
2L̄� (�(13)

N ). The right panel in Fig. 3 shows the ratio of the thermally averaged reaction rate � to
the Hubble parameter H for these processes and also N1 decay. From this panel, we can see that the lepton

number violating scatterings induced by the s-channel Ni exchange (�(2)
N ) are kept in the thermal equilibrium
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FIG. 3: The left panel shows the evolution of YL, YN1 and |YN1 � Y eq
N1

| where Y eq
N1

is the equilibrium value of YN1 . A
black dotted line represents the required value for YL. The right panel shows the ratio �/H for each processes which
have crucial e↵ects for leptogenesis in this model.
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until rather late period. The large part of the generated lepton number asymmetry is considered to be washed
out through them. We conclude that it seems di�cult to obtain the su�cient baryon number asymmetry
consistently with all the data of neutrino oscillation as long as the right-handed neutrino masses are O(1) TeV.
Although we do not study the whole parameter space, this feature seems to be rather general. To escape this
situation some modification of the scenario seems to be required.

III. RESONANT LEPTOGENESIS

As found in the previous section, since the large part of the generated lepton number asymmetry is washed
out by lepton number violating scatterings, the required baryon number asymmetry can not be obtained. To
suppress these washout e↵ects, we consider to make neutrino Yukawa couplings smaller here. However, it
causes two problems, that is, too small neutrino masses and too small CP asymmetry. First one can easily be
solved. Eq.(6) shows that neutrino mass matrix is propotional to h↵ih�i�5. Thus, we can keep the neutrino
masses the appropriate values even for the smaller Yukawa couplings by making �5 larger. It induces no other
phenomenological problems since the constraint from the DM direct search experiments only gives lower bound
for �5 (see eq.(5)). How about the second one? Resonant leptogenesis can solve it. The CP asymmetry |✏| in
the decay of N1 which comes from interference between the tree and the self-energy diagrams can be expressed
as [13–15]

X

i=2,3

Im(h†h)2i1
(h†h)11(h†h)ii

(m2
N1

�m2
Ni

)mN1�i

(m2
N1

�m2
Ni

)2 +m2
N1

�2
i

. (8)

As found from eq.(8), we can make CP asymmetry larger by degenerating the right-handed neutrino masses
mN1 and mN2 . We introduce a parameter � such as mN2 = (1 + �)mN1 , which represents the degeneracy
between mN1 and mN2 .

We use eq.(8) and estimate YB by solving Boltzmann equations for some typical values of � by varying the
values of |�5| so as to satisfy all the neutrino oscillation data. In Fig. 4, we plot numerical results of the
obtained baryon number asymmetry. From this figure, we find that the required baryon number asymmetry
can be produced for right-handed neutrinos with the mass degeneracy � = O(10�6⇠�5) for each value of |�5|.
This required degeneracy is much milder than the one in the ordinary TeV scale seesaw model [15].

IV. SUMMARY

The neutrino mass model with an inert doublet is a simple and interesting framework for both neutrino masses
and dark matter. In this scenario, the lightest right-handed neutrino or the lightest neutral component of the
inert doublet can be a dark matter candidate. If the lightest right-handed neutrino is a dark matter candidate,
the neutrino Yukawa couplings should be O(1) to explain the relic abundance of dark matter. Therefore, the
thermal leptogenesis is di�cult in this case due to the strong washout e↵ect. On the other hand, in the latter
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FIG. 4: The baryon number asymmetry generated for the assumed degeneracy � among the right-handed neutrino
masses.
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case, the required relic abundance can be realized due to the large contribution from scalar interactions even if
Yukawa couplings are very small. The latter scenario is promising for leptogenesis.
In the poster, we examined whether the su�cient baryon number can be generated in consistent with all the

neutrino oscillation data including the recent results for non-zero sin ✓13 if the right-handed neutrino masses are
O(1) TeV. The result of our study is that the generated baryon number asymmetry is not enough to explain
our universe. Although we do not study the whole parameter space, this feature is rather general and then it
seems di�cult to find the parameters to escape this situation without any modification.
We also examined the same problem in the modified model. Resonant leptogenesis can solve it. Even if the

right-handed neutrino masses are O(1) TeV, the resonant e↵ect can enhance the CP asymmetry to generate
the su�cient amount of baryon number asymmetry even for the small neutrino Yukawa couplings which can
suppress the washout e↵ect su�ciently. The required mass degeneracy in this case is � = O(10�6⇠�5). It is
much milder than the one required in the ordinary TeV scale seesaw model. This is an interesting feature of
this model. Although we only considered the normal hierarchy case here, the similar results are obtained in
the inverted hierarchy case [16].

NOTE: Figures 3 and 4 are replaced from the ones presented in the poster where some processes have
been neglected in the calculation. The conclusions do not change.
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Testability of the Higgs inflation scenario in a radiative seesaw model ⇤

Toshinori Matsui
Department of Physics, University of Toyama, Toyama 930-8555, Japan

The Higgs inflation scenario is an approach to realize the inflation, in which the Higgs boson plays
a role of the inflaton without introducing a new particle. We investigate a Higgs inflation scenario in
the so-called radiative seesaw model proposed by E. Ma. We find that a part of parameter regions
where additional scalar fields can play a role of an inflaton is compatible with the current LHC
results, the current data from neutrino experiments and those of the dark matter abundance as well
as the direct search. We show that we can partially test this model by measuring masses of scalar
bosons at the International Linear Collider.

I. INTRODUCTION

In 2012, the LHC discovered a new particle with the mass of 126 GeV [2, 3]. The particle is regarded as
the Higgs boson predicted in the Standard Model (SM) of elementary particles. The discovery of the Higgs
boson means that all the particle contents in the SM are completed. The LHC is now searching for indications
of new physics, and is trying to measure the deviation in the coupling from the SM. On the other hand, the
cosmic observations such as the experiments at WMAP and Planck have reported the new results [4, 5]. These
experiments measure the temperature fluctuation of the cosmic microwave background precisely, by which we
can impose constraints on the models of inflation. Cosmic inflation at the early Universe [6], which is a promising
candidate to solve cosmological problems such as the horizon problem and the flatness problem, requires an
additional scalar boson, the inflaton. We consider the Higgs inflation scenario where the Higgs boson plays a
role of the inflaton. In the minimal model of this scenario [7], we do not have to introduce any other particle in
addition to the particle contents in the SM to explain an inflation.
However, it would be di�cult to realize the Higgs inflation scenario in the minimal model. Assuming the SM

with one Higgs doublet, the vacuum stability argument indicates that the model can be well defined only below
the energy scale where the running coupling of the Higgs self-coupling becomes zero. For the Higgs boson mass
to be 126 GeV with the top quark mass to be 173.1 GeV and for the coupling for the strong force to be ↵s =
0.1184, the critical energy scale is estimated to be around 1010 GeV using the NNLO calculation, although the
uncertainty due to the values of the top quark mass and ↵s is not small [8]. The vacuum seems to be metastable
when we assume that the model holds up to the Planck scale. This kind of analysis gives a strong constraint on
the scenario of the Higgs inflation, because the inflation occurs at the energy scale where the vacuum stability
is not guaranteed in the SM. Recently, a viable model for the Higgs inflation has been proposed, in which the
Higgs sector is extended including an additional scalar field [9, 10]. There is also another problem in the minimal
model, which comes from unitarity argument [11, 12].
Extending the Higgs sector from the SM one, we may expect to reveal new physics that can explain phenomena

such as neutrino oscillation, existence of dark matter and baryon asymmetry of the Universe. Here, we extend the
Higgs inflation model in the framework of a radiative seesaw scenario by E. Ma [1]. The radiative seesaw scenario
is a way to explain tiny neutrino masses, where they are radiatively induced at the loop level by introducing
Z2-odd scalar fields and Z2-odd right-handed neutrinos [13–15]. An interesting characteristic feature in these
radiative seesaw models is that dark matter candidates automatically enter into the model because of the Z2

parity.
In this work, we discuss a simple model to explain inflation, neutrino masses and dark matter simultaneously,

which is based on the simplest radiative seesaw model [14]. Both the Higgs boson and neutral components of
the Z2-odd scalar doublet can satisfy conditions on the slow-roll inflation [16] and vacuum stability up to the
inflation scale. We find that a part of the parameter region where these scalar fields can play a role of the
inflaton is compatible with the current LHC results, the current data from neutrino experiments and those of
the dark matter abundance as well as the direct search [17]. A phenomenological consequence of scenario results
in a specific mass spectrum of scalar fields, which can be tested at the International Linear Collider (ILC) [18].

⇤
This proceeding paper is based on Ref. [1].
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II. EXTENSION TO A RADIATIVE SEESAW MODEL

We extend the Higgs inflation model in the framework of a radiative seesaw scenario [14]. In this model,
there are the Z2-odd scalar doublet field �2 and right-handed neutrino ⌫R in addition to the Z2-even SM
Higgs doublet field �1 due to the invariance under the unbroken discrete Z2 symmetry [14]. Because Dirac
Yukawa couplings of neutrinos are forbidden by the Z2 symmetry, the Yukawa interaction for leptons is given
by LY ukawa = Y`LL�1`R + Y⌫LL�c

2⌫R + h.c. (the superscript c denotes the charge conjugation). The scalar
potential is given by [10]

V =
M2

PR

2
+ (⇠1|�1|2 + ⇠2|�2|2)R+ µ2

1|�1|2 + µ2
2|�2|2

+
1

2
�1|�1|4 + 1

2
�2|�2|4 + �3|�1|2|�2|2 + �4(�

†
1�2)(�

†
2�1) +

1

2
�5((�

†
1�2)

2 + h.c.), (1)

where MP (' 1019 GeV) is the Planck scale, and R is the Ricci scalar. Then, these quartic coupling constants
should satisfy the following constraints on the unbounded-from-below conditions at the tree level;

�1 > 0, �2 > 0, �3 + �4 + �5 +
p
�1�2 > 0, (2)

and we impose the conditions of triviality;

�i
<⇠ 2⇡. (3)

Assuming µ2
1 <0 and µ2

2 > 0, �1 obtains the vacuum expectation value (VEV) v (=
p

�2µ2
1/�1), while �2

cannot get the VEV because of the unbroken Z2 symmetry. The lightest Z2-odd particle is stabilized by the
Z2 parity, and it can act as the dark matter as long as it is electrically neutral. Mass eigenstates of the scalar
bosons are the SM-like Z2-even Higgs scalar boson (h), the Z2-odd CP-even scalar boson (H), the Z2-odd
CP-odd scalar boson (A) and Z2-odd charged scalar bosons (H±). Masses of these scalar bosons are given
by [14]; m2

h = �1v
2, m2

H = µ2
2 +

1
2 (�3 + �4 + �5)v2, m2

A = µ2
2 +

1
2 (�3 + �4 � �5)v2, m2

H± = µ2
2 +

1
2�3v

2.

III. CONSTRAINTS ON THE PARAMETERS

For the Higgs inflation scenario in our model defined in the previous section, there are nine parameters in the
scalar sector; i.e., ⇠1, ⇠2, µ2

1, µ
2
2, �1, �2, �3, �4 and �5. They must satisfy the vacuum stability condition on the

running of the scalar coupling constants and the constraint from the slow-roll inflation, the dark matter data
and the neutrino data. We find that a part of parameter regions is compatible with all constraints. Then, we
can get the possible mass spectrum for additional scalar bosons in our model [1].
First, we discuss the constraint from the slow-roll inflation. In order that some of the scalar bosons play a

role of the inflaton, we need to impose following conditions [10];

�2⇠1 � (�3 + �4)⇠2 > 0,

�1⇠2 � (�3 + �4)⇠1 > 0,

�1�2 � (�3 + �4)
2 > 0. (4)

Parameters in the scalar potential should satisfy the constraint from the power spectrum [4, 10];

⇠2

s
2(�1 + a2�2 � 2a(�3 + �4))

�1�2 � (�3 + �4)2
' 5⇥ 104,

�5

⇠2

a�2 � (�3 + �4)

�1 + a2�2 � 2a(�3 + �4)
<⇠ 4⇥ 10�12, (5)

where a is given as a ⌘ ⇠1/⇠2. When the scalar potential satisfies the conditions in Eqs. (4) and (5), the model
could realize the inflation.
Second, we discuss the constraint from dark matter. We here assume that the CP-odd boson A is the dark

matter (the lightest Z2-odd particle). When �5 is very small such as O(10�7), A is di�cult to act as the dark
matter because the scattering process AN ! HN (N is a nucleon) opens and the cross section cannot be
consistent with the current direct search results for dark matter [19–21]. To avoid the process AN ! HN
kinematically, we here take �5 ' 10�6 and

a�2 � (�3 + �4) ' 10�1 (6)
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FIG. 1: Running of the scalar coupling constants. Red
(solid), blue (dashed), brown (dot-dashed), green (dotted)
and black (long-dashed) curves show �1, �2, �3, ��4 and
�5, respectively.

�1 �2 �3 �4 �5

102 GeV 0.26 0.35 0.51 -0.51 1.0⇥10�6

1017 GeV 1.6 6.3 6.3 -3.2 1.2⇥10�6

TABLE I: The possible parameter set which satisfies con-
straints from the inflation and the dark matter at the scales
of O(102) GeV and O(1017) GeV.

at the inflation scale. With this choice, masses of A and H are almost the same value. The co-annihilation
process AH ! XX via the Z boson is important to explain the abundance of the dark matter where X is
a particle in the SM, because the pair annihilation process AA ! XX via the h boson is suppressed due
to the constraint from the inflation. Because the cross section of AH ! XX depends only on the mass of
the dark matter, the mass of the dark matter A is constrained from the abundance of the dark matter as
128 GeV  mA  138 GeV, where we have used the nine years WMAP data [4].
Third, we can explain tiny neutrino masses in this model which are generated by the one loop diagram [14].

The neutrino mass is related to �5 and masses of scalar bosons (mH and mA), which are constrained from the
inflation and the dark matter. From the relation (Y⌫)ki (Y⌫)kj /M

k
R ' O(10�11) GeV�1 where Mk

R is the Majorana

mass of ⌫kR (k=1-3) and (Y⌫)ki is neutrino Yukawa coupling constant, the magnitude of tiny neutrino masses
can be explained. For example, when Mk

R is O(1) TeV, (Y⌫)ki is O(10�2).
Finally, we calculate the running of the coupling constants using the renormalization group equations [22]. As

shown in Fig 1, for the contribution of additional scalar bosons, this model can be stable up to the inflation scale
from the electroweak scale [23]. As numerical input parameters, we take the VEV (v = 246 GeV), SM-like Higgs
mass (mh = 126 GeV) and the allowed value for the dark matter mass (mA = 130 GeV). Further numerical
input parameter comes from the perturbativity of �2 up to the inflation scale; i.e., �2(µinf) = 2⇡, where µinf is
the inflation scale 1017 GeV. The parameter set in Table I can be consistent with these numerical inputs and
the constraints are given in Eqs. (2)-(6). Consequently, we can obtain the mass spectrum of the scalar bosons
in our model as

mh ' 126 GeV, mH± ' 173 GeV, mH ' 130 GeV, mA ' 130 GeV, (7)

where the mass di↵erence between A and H is about 500 KeV. The mass spectrum is not largely changed even
if mA is varied with in its allowed region. In the next section, we consider the constraints on our model from the
existing experiments and the way to test the characteristic mass spectrum in this model at the future collider
experiment.

IV. PHENOMENOLOGY

The LEP experiment constrains masses of the Z2-odd scalar bosons. The mass of charged scalar bosons mH±

should be lager than 70-90 GeV by the LEP [24, 25]. This constraint is satisfied in our model (mH± ' 173 GeV).
Furthermore, mH + mA should be larger than mZ , and the combination of mH and mA is bounded by HA
production by the LEP date [24, 26]. However, when mH �mA < 8 GeV, masses of neutral Z2-odd scalar boson
loop diagrams are not really constrained by the LEP [24, 26]. On the other hand, the contributions to the
electroweak parameters [27] from additional scalar bosons loops which are given by [28, 29] are also consistent
with the electroweak precision data with 90% Confidence Level (C.L.) [29].
Next, we consider the way to test at the LHC. According to Refs. [30–32], they conclude that it could be

di�cult to test pp ! AH+/HH+/H+H� processes because the cross sections of the background processes are
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FIG. 2: The distribution of Ejj for the di↵erential cross section for e+e� ! H+H� ! W+(⇤)W�(⇤)AA ! jj`⌫AA. In
our parameter set, the endpoint of Ejj is estimated at 15 GeV < Ejj < 94 GeV.

very large. The process of pp ! AH could be tested with about the 3� C.L. with the various benchmark points
for mA and mH . However, it would be di�cult to test pp ! AH in our scenario, because mH and mA are
almost degenerate in our scenario, and the event number of pp ! AH is negligibly small after imposing the
basic cuts [30–32]. Furthermore, as the total decay width of H is about 10�29 GeV, H would pass through the
detector. Therefore, this signal is also di�cult to be detected at the LHC.
Finally, we discuss the signals of H,A and H± at the ILC with

p
s = 500 GeV. In the following, we use

Calchep 2.5.6 for numerical evaluation [33]. We focus on the H± pair production process: e+e� ! Z⇤(�⇤) !
H+H� ! W+(⇤)W�(⇤)AA ! jj`⌫AA (j denotes a hadron jet) [34]. Because of the kinematical reason, the
energy of the two-jet system Ejj satisfies the following equation;

m2
H± �m2

Ap
s+ 2

q
s/4�m2

H±

< Ejj <
m2

H± �m2
Ap

s� 2
q
s/4�m2

H±

. (8)

In our parameter set, the distribution of Ejj for the di↵erential cross section in this process is shown in
Fig. 2. The important background processes against this process, which are e+e� ! W+W� ! jj`⌫ and
e+e� ! Z(�)Z ! jj`` with a missing ` event, could be well reduced by imposing an appropriate kinematic
cuts. Then, we expect that mH± and mA can be measured by using the endpoints of Ejj at the ILC after the
background reduction.
On the other hand, we consider HA production: e+e� ! Z⇤ ! HA ! AAZ⇤ ! AAjj at the ILC. If the

mass di↵erence between mA and mH is sizable, it could also be detected by using the endpoint of Ejj . However,
mA and mH are almost degenerate in our scenario. When we detect H± but we cannot detect the clue of this
process at the ILC, it seems that mA and mH are almost same value.

V. CONCLUSION

We have studied the Higgs inflation model in the framework of a radiative seesaw scenario. In our model,
we may be able to explain inflation, neutrino masses and dark matter simultaneously. We find that a part of
parameter regions is compatible with all constraints which come from the conditions of the slow-roll inflation,
the current LHC results, the current data from neutrino experiments and those of the dark matter abundance
as well as the direct search results. We can test this scenario by measuring masses of scalar bosons at the ILC
with

p
s = 500 GeV.
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Partial Mass Degenerated Model and Spontaneous CP Violation in the Leptonic

Sector

Hiroyuki Ishida
Maskawa Institute, Kyoto Sangyo University, Motoyama, Kamigamo, Kyoto 603-8555, JAPAN

⇤

We have investigated a flavour model [1] which inspired by small squared-mass di↵erence mea-
sured in solar neutrino oscillation experiments and observability in neutrinoless double beta decay
experiments. In our model, the 1st. and 2nd. generations of fermions have a common mass at the
leading order. Such limit may be a good starting point from the points of view of understanding
the mixing patterns and mass spectra. In this limit, the mass matrices are respected an O(2) sym-
metry on flavor space of the first two generations. For simplicity, we propose a model for lepton
sector based on the DN group which is a discrete subgroup of O(2). We show that our model can
reproduce the experimental data without hierarchical couplings except for 5-10% tuning partially
for the large neutrino mixing. Further, we show a novel relation between the tiny electron mass and
the relatively large ✓PMNS

13 via CP violation by the complex vacuum expectation values of the extra
scalar fields.

I. INTRODUCTION AND MOTIVATION

On 4th. July 2013, we have been reported Higgs-like boson at long last. Although we don’t know that whether
this new boson is the Higgs boson or not, we would have found the last piece of the standard model (SM).
Although the SM of particle physics can predict various experiments very accuracy, there are some problems

and unsatisfactory points which have not been solved yet. In this paper, we would like to focus on the origin of
the flavour structure of fermions among these problems. When we consider to solve this problem, there is no
guiding principle at the present. For a long while, many scientists have employed discrete flavour symmetries
(for a review see ref.[2]) in the neutrino sector and tryed to understand the origin by using the geometric
structure. Such symmetries derive tri-bi maximal type mixing [3] and this mixing have been compatible with
the neutrino oscillation data before growth of the reactor experiments [4]. These experiments have reported
non-zero reactor angle, ✓PMNS

13 , at very high confidence level. At this point, we have to reconsider the origin of
the flavour structure of fermions.
The symmetry like flavour symmetry should be broken at enough high energy compared with electroweak

scale [5]. Searching for the clue of the guidepost for the flavour structure, it is very important to seek a small
parameter in the model. From this point of view, we show the following candidates as small parameters for
examples :

(i) ✓PMNS
13 ⌧ ✓PMNS

12 , ✓PMNS
23 (or |V PMNS

e3 | ⌧ the others),

(ii) |✓PMNS
23 � 45�| ⌧ ✓PMNS

23 (or |V PMNS
µ3 � 1/

p
2| ⌧ |V PMNS

µ3 |),

(iii) �m2
12 = (m⌫

2)
2 � (m⌫

1)
2 ⌧ �m2

23 = |(m⌫
3)

2 � (m⌫
2)

2|,

(iv) mu,d,`
1 , mu,d,`

2 ⌧ mu,d,`
3 ,

(v) ✓CKM
ij ⌧ ✓PMNS

ij (or |V CKM
ij | ⌧ |V PMNS

ij |),

where ✓PMNS
ij and ✓CKM

ij stand for the mixing angles in the Pontecorvo-Maki-Nakagawa-Sakata (PMNS), V PMNS,

and Cabibbo-Kobayashi-Maskawa (CKM), V CKM, mixing matrices which are the standard parametrization
defined by the Particle Data Group [6], respectively, and mf

i with f = u, d, `, ⌫ and i = 1, 2, 3 denote masses
of the up-type quarks, down-type quarks, charged leptons and neutrinos. In this paper, we pay our attentions
from (iii) to (v) and discuss the gifts of these viewpoints.

⇤
Current a�liation and address : Tohoku University , h ishida@tuhep.phys.tohoku.ac.jp .
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FIG. 1: The allowed region of the e↵ective mass, hmeei, of 0⌫�� decay as a function of m⌫
2 in the standard 3⌫ framework,

where 3� constraints of the neutrino oscillation parameters from [7] are imposed while varying CP phases from 0 to 2⇡.
The current upper bound by combining results from the EXO [8] and KamLAND-Zen [9] experiments at 90% C.L. and
the expected future bound by the next generation EXO and KamLAND-Zen experiments [10] are also shown.

In the limit of �m2
12 ! 0, that is m⌫

1 = m⌫
2 , the O(2) flavour symmetry appears in the Majorana neutrino

mass matrix as
0

@
cos ✓ sin ✓ 0
� sin ✓ cos ✓ 0

0 0 0

1

A

0

@
mD

mD

m3

1

A

0

@
cos ✓ � sin ✓ 0
sin ✓ cos ✓ 0
0 0 0

1

A =

0

@
mD

mD

m3

1

A , (1)

If we do not necessary to make unnatural hierarchy between the masses for first two neutrinos and the third
one, it can be realized to obtain the degenerated neutrino masses. Such region of neutrino masses (roughly
speaking m⌫

2 = 0.05�0.10eV) is very attractive from the neutrinoless double beta (0⌫��) decay. The e↵ective
mass of 0⌫�� decay can be constrained on the promising region for the next generation experiments for example
KamLAND-Zen and EXO experiments shown as FIG.1.
On the other hand, the mass matrix shown as eq.(1) seems to be di�cult to apply to the charged fermion

sector because their masses are strongly hierarchical. But one can assume the degenerate mass set to be zero
at the leading order, that is, assign the di↵erent doublet representation, 2m 6=n, or the singlet representation to
the right-handed fields. Such assignments lead two types of mass matrix,

M ` =

0

@
0 0 0
0 0 0
0 0 mf

3

1

A or M ` =

0

@
0 0 0
0 0 0

mf
31 mf

32 mf
33

1

A . (2)

We can obtain hierarchical mass for third generation in both case. In this sense, the partial degenerate limit
might be applicable to not only the charged lepton sector but also the quark sectors. We can connect the small
charged fermion masses with the O(2) symmetry breaking. Also, we may be able to naturally understand some
phenomenological relations among the CKM matrix elements [11].
The O(2) symmetry breaking triggers flavor mixing at the same time. In the quark and charged lepton

sectors, small flavour mixings are expected because the breaking terms are supposed to be much smaller than
the leading terms of eq.(2), and thus the observed small CKM mixing could be obtained. We notice that mixing
between the first and second generations is not necessarily small because of the mass degeneracy. This could
explain reason why ✓CKM

12 is a little larger than the others. Meanwhile in the neutrino sector, flavor mixing can
be large since the leading-order neutrino mass matrix in eq.(1) is almost proportional to the unit matrix if the
neutrino mass hierarchy is mild. Then, it may be possible to realize the large PMNS mixing even thought the
breaking terms are suppressed.
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LI L3 `i H SI

DN 22 1 1 1 21

TABLE I: Particle contents and charge assignments of the model, where I = 1, 2 and i = 1 · · · 3 denote the indices of
generations, L and ` represent the left- and right-handed SM leptons, and H and S1,2 are the SM Higgs and gauge singlet
scalar fields, respectively.

II. MODEL

In this section, we briefly explain about our model. At the beginning, we summarize the charge assignments
of each fields in TABLE.I. We adopt the second type of the mass matrix written in eq.(2) for the charged lepton
by assigning the singlet representation into the right-handed charged leptons, `i, in this analysis. Our model is
constructed with respect to DN flavour symmetry which is discrete subgroup of O(2). DN and O(2) have same
multiplication rules. We introduce a new SM gauge singlet scalar fields, SI , to break this flavour symmetry.
Furthermore, we impose this new scalar fields have complex vacuum expectation values (VEVs) and denote the
CP violating phases as �1,2. The Lagrangian under the DN flavour symmetry is given by

Lf = y0i L3H`i +
yi
⇤2
F

LIH`i(S
2)I +

y
0

i

⇤2
F

LIH`i(S
⇤2)I +

y
00

i

⇤2
F

LIH`i(|S|2)I

+
f⌫
⇤⌫

LILIHH +
f 0
⌫

⇤⌫
L3L3HH

+
g⌫

⇤⌫⇤2
F

L3LIHH(S2)I +
g0⌫

⇤⌫⇤2
F

L3LIHH(S⇤2)I +
g

00

⌫

⇤⌫⇤2
F

L3LIHH(|S|2)I

+
h⌫

⇤⌫⇤4
F

(LJLK)IHH(S4)I +
h0
⌫

⇤⌫⇤4
F

(LJLK)IHH(S⇤4)I +
h

00

⌫

⇤⌫⇤4
F

(LJLK)IHH(|S|4)I

+
h

000

⌫

⇤⌫⇤4
F

(LJLK)IHH(S2|S|2)I +
h

0000

⌫

⇤⌫⇤4
F

(LJLK)IHH(S⇤2|S|2)I ,

(3)

where yi, f⌫ , g⌫ and h⌫ are dimensionless couplings, ⇤F describes a breaking scale of the DN flavor symmetry
and we have ignored the next-to-next-to-leading terms in the charged lepton sector. We note that due to an
extra charge of DN which is described as a subscript in TABLE.I, we can construct ideal terms with Froggatt-
Nielsen [12] like mechanism. Furthermore, we adopt the dimension five Weinberg operator with an energy scale
with a scale, ⇤⌫ , for the neutrino masses.

For concluding of explanation of our model, we have to note that our model do not need to have any
hierarchical couplings to reproduce the experimental data. 5-10% tuning between f⌫ and f 0

⌫ , however, is
necessary in order to realize the large neutrino mixings. We have checked that our model can reproduce the
experimental data by numerical analysis with following parameter spaces :

y03 = 1.0, y01 = y02 = 1.2, y1 = �y2 = y3 = y01 = y02 = �y03 = 0.8,

y
00

1 = �y
00

2 = �y
00

3 = 0.8 ⇠ 1.3, (4)

f 0
⌫ = 1.0, f⌫ = 0.90 ⇠ 0.95, g⌫ = g

00

⌫ = 0.9, g0⌫ = 0.8 ⇠ 1.3,

h⌫ = h0
⌫ = h

00

⌫ = �h
000

⌫ = �h
0000

⌫ = 0.8 ⇠ 1.3, (5)
s1,2
⇤F

= 0.15 ⇠ 0.30, �1,2 = 0 ⇠ 2⇡, (6)

for the case of normal neutrino mass ordering and

y03 = 1.0, y01 = y02 = 1.2, y1 = �y2 = y3 = y01 = y02 = �y03 = 0.8,

y
00

1 = �y
00

2 = �y
00

3 = 0.8 ⇠ 1.3, (7)

f 0
⌫ = 1.0, f⌫ = 1.05 ⇠ 1.10, g⌫ = g

00

⌫ = �0.9, g0⌫ = 1.0 ⇠ 1.5,

h⌫ = h0
⌫ = h

00

⌫ = �h
000

⌫ = �h
0000

⌫ = �(1.0 ⇠ 1.5), (8)
s1,2
⇤F

= 0.15 ⇠ 0.30, �1,2 = 0 ⇠ 2⇡, (9)
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FIG. 2: sin2 ✓PMNS
13 as a function of sin2 ✓PMNS

23 for the cases of normal (left-panel) and inverted (right-panel) neutrino
mass orderings. The 1� error bars are also plotted for the normal and inverted cases from ref.[7] and ref.[13], respectively.

for the inverted hierarchy case. Actually, we have enough number of parameters to reproduce experimental data
shown in FIGs.2. When we determine the specific generation mechanism for the neutrino masses for example
introducing the right-handed neutrino or something like that, we may reduce the parameters and construct
predictive model.

III. DISCUSSION AND CONCLUSION

We study a DN flavour symmetric model inspired by the smallness of solar neutrino mass square di↵erence
comparing with atmospheric one and testability of the 0⌫�� decay. In this model, we introduce a new SM gauge
singlet scalar with complex VEVs. This model has a non-trivial feature between electron mass and a mixing
angle, ✓PMNS

13 , via CP violating phases in these. Here, we assume that �2 = �1 + �� with �� ⌧ 1 and from this
assumption we can rewritten the mass matrix of charged lepton as

M ` �

0

B@
Y1

�
s21 � s22

�
Y2

�
s21 � s22

�
Y3

�
s21 � s22

�

Y12s1s2 Y22s1s2 Y32s1s2
0 0 0

1

CA+ i��

0

B@
�Y 0

12s
2
2 Y 0

22s
2
2 �Y 0

32s
2
2

Y 0
12s1s2 Y 0

22s1s2 Y 0
32s1s2

0 0 0

1

CA , (10)

where Yi ⌘ yie2i�1 + y0ie
�2i�1 + y00i and Y 0

i ⌘ yie2i�1 � y0ie
�2i�1 . We can see that each term is rank = 1 matrix.

The first term is mainly responsible for muon mass and the second one is for electron mass, respectively. We
suppose that �� ⌧ 1 so that we can obtain the small electron mass. Furthermore, we need one more assumption.
To avoid accidental contribution to 1-2 mixing from charged lepton mass matrix, we assume s1 ' s2.
On the other hand, in the basis in which upper-left 2⇥ 2 elements of M `M `† is diagonalized the 1-3 element

of neutrino mass matrix can similarly be rewritten as

(M)13 / i��
�⇥
g⌫e

2i�1 � g0⌫e
�2i�1

⇤
2s1s

3
2 · · ·

 
. (11)

As we can see from this equation, the angle ✓13 is controlled by the small CP violating parameter ��.
We can see that our model can reproduce the experimental data with some assumptions but we need to check

whether such assumptions are valid or not. To do this, we discuss the possibility of spontaneous CP violation
(SCPV). At first, we assume that the singlet scalar fields were completely decoupled from the theory at high
energy. In this condition, the only to do is to investigate only the potential of the singlet scalar fields. One can
obtain the scalar potential of S as

VS = ↵S(s
2
1 + s22) + ↵0

S(s
2
1 cos 2�1 + s22 cos 2�2) + �a

S(s
2
1 + s22)

2

� 4�b
Ss

2
1s

2
2 sin

2(�1 � �2) + �c
S{(s21 � s22)

2 + 4s21s
2
2 cos

2(�1 � �2)}
+ �0

S

⇥
s41 cos 4�1 + s42 cos 4�2 + 2s21s

2
2 cos[2(�1 + �2)]

⇤

+ �S(s
2
1 + s22)(s

2
1 cos 2�1 + s22 cos 2�2) ,
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where the couplings �A
S (A = a, b, c) distinguish di↵erent combinations of S1 ,2 under the DN tensor product

rules and all of the couplings are supposed to be real. The minimization conditions respect with the phases are
given as

@VS

@�1
= �2s21

⇥
{↵0

S + �S
�
s21 + s22

�
} sin 2�1 + 2(�b

S + �c
S)s

2
2 sin [2 (�1 � �2)]

+2�0
S

�
s21 sin 4�1 + s22 sin [2 (�1 + �2)]

� ⇤
= 0 ,

@VS

@�2
= �2s22

⇥
{↵0

S + �S
�
s21 + s22

�
} sin 2�2 � 2(�b

S + �c
S)s

2
1 sin [2 (�1 � �2)]

⇤

+2�0
S

�
s22 sin 4�2 + s21 sin [2 (�1 + �2)]

� ⇤
= 0 .

(12)

For simplicity, we set ↵0
S = �0

S = �S = 0. From these condition, the minimization conditions turn to be

2(�b
S + �c

S)s
2
2 sin[2(�1 � �2)] = 0 , 2(�b

S + �c
S)s

2
1 sin[2(�1 � �2)] = 0 . (13)

This analysis is very naive one but we can see that the assumption �1 ' �2 is very good perspective from
potential analysis.
For summarizing this paper, we would like to see our future works at a glance. In the present work, we adopt

the DN flavour symmetry in our model in order to focus on only the flavour structure of fermions. It is, of
course, very interesting and challenging that to construct the model with O(2) and take into account new gauge
bosons. Actually, there may exist gauge anomalies. Furthermore, the quark sector should be included. We have
to check that whether the lightest up- and down-type quarks also obtain their masses through CP violation.
We do not mention about the specific generation mechanism of neutrino masses in this work. The neutrinos

must have their masses from the experimental facts and its generation mechanism is discussed by much amount
of frameworks. We have to decide it and discuss the implement of solving the problem for example the origin
of the baryon asymmetry of the universe. These issues will be studied elsewhere.
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Determination of mass hierarchy with medium baseline reactor neutrino
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I discuss the sensitivity of future medium baseline reactor antineutrino experiments on the neu-
trino mass hierarchy. By using the standard �2 analysis, we find that the sensitivity depends strongly
on the baseline length L and the energy resolution (�E/E)2 = (a/

p
E/MeV)2 + b2, where a and b

parameterize the statistical and systematic uncertainties, respectively. The optimal length is found
to be L ⇠ 40� 55 km, the larger resolution the shorter optimal L. For a 5 kton detector (with 12%
weight fraction of free proton) placed at L ⇠ 50 km away from a 20GWth reactor, an experiment
would determine the mass hierarchy with (��2)min ⇠ 9 on average after 5 (15) or more years of
running with the (a, b) = (2, 0.5)% ((3, 0.5)%) energy resolution. This type of experiment can also
measure the relevant mixing parameters with the accuracy of ⇠ 0.5%.

I. INTRODUCTION

Now that a large ✓13 has been measured at Daya Bay [1, 2] and RENO [3] experiments accurately, neutrino
physics enters a new era. One of the next challenges is determination of the mass hierarchy.
Among many ideas proposed, the medium baseline reactor antineutrino experiment [4–10] has stimulated

various re-evaluations of its physics potential and sensitivity recently. Some works utilize the Fourier transform
technique [11–13], first discussed in refs. [6–8], to distinguish the mass hierarchy. The main advantage of this
technique is that the mass hierarchy can be determined without precise knowledge of the reactor antineutrino
spectrum, the absolute value of the large mass-squared di↵erence |�m2

31|, and the energy scale of a detector.
Although interesting and attractive, this technique is somewhat subtle to incorporate the uncertainties of the
mixing parameters and to estimate its sensitivity to the mass hierarchy.
On the other hand, some works adopt the �2 analysis [10, 13–15] and new measure based on Bayesian

approach [16]. These methods utilize all available information from experiments, and it is straightforward to
incorporate the uncertainties to evaluate the sensitivity, providing robust and complementary results to the
Fourier technique.
In this proceedings, we analyze the sensitivity of medium baseline reactor antineutrino experiments to the

mass hierarchy for the baseline length of 10–100 km and the energy resolution (�E/E)2 =
⇣
a/

p
E/MeV

⌘2

+ b2

in the range 2% < a < 6% and b < 1% with the �2 analysis. The optimal baseline length and the expected
statistical uncertainties of the neutrino parameters, sin2 2✓12, sin

2 2✓13,�m2
21 and �m2

31, are also estimated.

II. REACTOR ANTINEUTRINO FLUX

In this section, we briefly discuss the evaluation of how many electron antineutrinos, ⌫̄e, would be detected
at a far detector with a medium baseline length from a reactor.
In a nuclear reactor, antineutrinos are mainly produced via beta decay of the fission products of the four

radio-active isotopes, 235U, 238U, 239Pu and 241Pu, in the fuel. The flux of antineutrinos with energy E⌫ (MeV)
at a reactor of P (GWth) thermal power is then expressed as [7]

dN

dE⌫
=

PP
k fk✏k

�(E⌫)⇥ 6.24⇥ 1021, (1)

where fk and ✏k are the relative fission contribution and the released energy per fission of the isotope k,
respectively [17]. �(E⌫) is the number of antineutrinos produced per fission [18].
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This rate is then modulated by neutrino oscillation. The ⌫̄e survival probability is expressed as

Pee =

�����

3X

i=1

Uei exp

✓
�i

m2
iL

2Ei

◆
U⇤
ei

�����

2

= 1� cos4 ✓13 sin
2 2✓12 sin

2 (�21)

� sin2 2✓13 sin
2 (|�31|)

� sin2 ✓12 sin
2 2✓13 sin

2 (�21) cos (2|�31|)

± sin2 ✓12
2

sin2 2✓13 sin (2�21) sin (2|�31|) , (2)

where Uei is the neutrino mixing-matrix element relating the electron neutrino to the mass eigenstate ⌫i. The
variables mi and Ei are the mass and energy of the corresponding mass eigenstate, while ✓ij represent the
neutrino mixing angles. The oscillation phases �ij are defined as

�ij ⌘
�m2

ijL

4E⌫
, (�m2

ij ⌘ m2
i �m2

j ) (3)

with a baseline length L. The plus or minus sign in the last term of eq. (2) corresponds to the mass hierarchy;
the plus sign is for normal hierarchy (NH), and the minus sign for inverted hierarchy (IH). Note that this last
term is the only source of the mass hierarchy di↵erence. We have neglected the matter e↵ect because it is small
enough for the energy range and the baseline lengths we concern in this study [19].
Similar as the current reactor experiments, such as Daya Bay [1, 2], RENO [3] and Double Chooz [20],

future medium-baseline reactor-antineutrino experiments can also use free protons as targets to detect electron
antineutrinos via the inverse neutron-beta-decay (IBD) process, producing a neutron and a positron. The
threshold neutrino energy of this process is

Ethr ⇠ mn �mp +me. (4)

The produced positron then interacts with scintillator, converting its kinetic energy to photons. Eventually,
the positron annihilates with an electron in the detector and emits two 0.5 MeV photons. The energies of
photons are accumulated as the visible energy, Evis, which is the sum of the positron’s total energy and an
electron’s rest energy,

Evis ⇠Ee +me ⇠ (E⌫ � 0.8)MeV. (5)

The observed antineutrino distribution by a detector with Np free protons after an exposure time T can then
be expressed as

dN

dEobs
vis

=
NpT

4⇡L2

Z 1

Ethr

dE⌫
dN

dE⌫
Pee(L,E⌫)�IBD(E⌫)G(E⌫ � 0.8MeV � Eobs

vis , �Evis), (6)

where �IBD(E⌫) is the cross section of the IBD process [21], G is the detector response function with the energy
resolution �Evis, and Eobs

vis is the observed visible energy by the detector. In this study, we take the normalized
gaussian function as the response function, i.e.,

G(Evis � Eobs
vis , �Evis) =

1p
2⇡�Evis

exp

(
�
�
Evis � Eobs

vis

�2

2(�Evis)2

)
. (7)

The detector energy resolution, �Evis, is parameterized into two parts,

�Evis

Evis
=

vuut
 

ap
Evis/MeV

!2

+ b2. (8)

The first term in the square root represents the statistical uncertainty, and the second one gives the systematic
uncertainty [22].
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TABLE I: The input values Y input and their uncertainties �Y taken from refs. [1, 2, 23]. The uncertainty of sin2 2✓13
can be 5% or less after 3 years running of Daya Bay experiment [24].

Y sin2 2✓12 sin2 2✓13 �m2
21 eV

2 |�m2
31| eV2 fsys

Y input 0.857 0.089 7.50⇥ 10�5 2.32⇥ 10�3 1

�Y 0.024 0.005 0.20⇥ 10�5 0.1⇥ 10�3 0.03

III. THE SENSITIVITY TO THE MASS HIERARCHY

After obtaining the energy distribution of reactor antineutrinos, we would like to estimate the sensitivity of
determining the mass hierarchy using the standard �2 analysis [5, 8, 10, 13–15].

To set the stage, we introduce the �2 function as

�2 = �2
para + �2

stat. (9)

The first term summarizes the prior knowledge on fitting parameters. In reactor antineutrino experiments,
these are the mixing angles, sin2 2✓12 and sin2 2✓13, and the two mass-square di↵erences, �m2

21 and |�m2
31|. In

this study we also consider the event-number normalization factor fsys, assuming the 3% uncertainty. Their
contributions look like,

�2
para =

⇢
(sin2 2✓12) fit � (sin2 2✓12) input

� sin2 2✓12

�2

+

⇢
(sin2 2✓13) fit � (sin2 2✓13) input

� sin2 2✓13

�2

+

⇢
(�m2

21)
fit � (�m2

21)
input

��m2
21

�2

+

⇢
(|�m2

31|) fit � (|�m2
31|) input

�|�m2
31|

�2

+

 
f fit
sys � f input

sys

�fsys

!2

. (10)

The input values Y input and their uncertainties �Y are listed in Table I.
The second term in (9) represents the statistical fluctuation. When we introduce binning w.r.t. Eobs

vis , it looks
like

�2
stat =

X

i

0

@N fit
i �NNH(IH)

iq
NNH(IH)

i

1

A
2

(11)

with the summation running over all the bins. Here, NNH(IH)
i is the event number for the ith bin when the

hierarchy is NH (IH), while Nfit
i is the theoretical prediction of the event number either with right or wrong

mass hierarchy, calculated as a function of the four model parameters and the normalization factor fsys, which

are all varied under the constraints of (10). In this study we prepare the data NNH(IH)
i by using eq. (6) with

the input values of the five parameters for each mass hierarchy.
In the limit of infinitely many events, the bin size can be reduced to zero, and the sum (11) can be replaced

by an integral. Although a finite bin size is required for actual experiments, we adopt this zero-bin-size limit as
a measure of the maximum sensitivity.
We then define ��2 as

��2 = �2 � �2
min, (12)

where �2
min is the minimum of �2, which is obviously zero in our approximation of neglecting statistical fluctu-

ations in data, NNH(IH)
i . When wrong mass hierarchy is assumed in the fit, the minimum of ��2, (��2)min,

will deviate from zero, and the wrong mass hierarchy can be rejected with the significance
p

(��2)min.
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IV. RESULTS

In this section, we discuss the sensitivity to the mass hierarchy, the optimal length and the statistical uncer-
tainties of the neutrino parameters. All our results are obtained by assuming a reactor of 20 GWth thermal
power, a far detector of 5 kton fiducial volume with 12% weight fraction of free proton and 5 years exposure
time.
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FIG. 1: The energy distribution of reactor antineutrinos with 20GWth·5kt (12% free-proton weight fraction)·5yrs ex-
posure and the baseline length L = 30 km (left) and 50 km (right). Upper: The case with exact E⌫ measurement,
where the dashed blue and dashed red curves are for NH and IH, respectively. The solid curve shows the best fit of IH
assumption to the NH data. The red arrow points out the energy at which the di↵erence due to mass hierarchy vanishes.
Lower: 6/

p
Evis % energy resolution case.

Figures 1 shows energy distributions for L = 30 km (left) and 50 km (right), in which the exact E⌫ measure-
ment is assumed in the upper panel, whereas in the lower panel the energy resolution of a = 6% with b = 0
in eq. (8) is assumed. The dashed blue curve corresponds to the NH case, and the dashed red curve to the IH
case, while the solid curve is obtained using the parameter values fitted to the NH data with the “wrong” IH
assumption. The red arrow points out the energy at which the di↵erence due to mass hierarchy vanishes (the
degeneracy point).
At L = 30 km, the solid curve almost coincides with the dashed blue one even with the exact energy

measurement, implying that it is almost impossible to distinguish the mass hierarchy by experiments at L = 30
km. This is because the small phase shift between the NH and IH predictions can be absorbed by a small shift
in |�m2

31| by a fraction of its present uncertainty, 0.1⇥ 10�3eV2.
The situation changes when the second peak of the mass-hierarchy dependent term appears in the energy

range. The mass hierarchy di↵erence can no longer be absorbed by a shift in |�m2
31| since the relative phase

di↵erence between the NH and IH oscillations changes across the degeneracy point. There is no way to make
the di↵erences on the both sides compensated, resulting in the distinct mismatch between the dashed blue curve
(the NH data) and the solid curve (the best fit under the IH assumption) as shown in the upper panel of the
right plot in Fig. 1, where the antineutrino energy is exactly measured.
Once the finite energy resolution is introduced, the phase di↵erence in the lower energy side of the degeneracy

point is significantly smeared out as it oscillates faster w.r.t. E⌫ at the low energy. Hence it is easier for one
oscillation period to be covered by a sizable Gaussian profile of the detector response function. The remaining
di↵erence in the higher energy side can then be absorbed by a small shift in |�m2

31|, resulting in an excellent
fit (solid curve) to the NH data (blue dashed curve) in the lower panel of the right plot in Fig. 1, shown for
6%/

p
E/MeV energy resolution.

The left plot in Fig. 2 shows the resulted (��2)min value as a function of the baseline length L, for several
energy resolutions, a = 2, 3, 4, 5 and 6% (with b = 0) in eq. (8), from the top to the bottom. Solid curves are
for NH, while dashed curves are for IH. The results clearly show that the mass hierarchy can be determined by
those experiments only if the energy resolution of the detector is 3%/

p
E/MeV or better, and that the optimal

baseline length (as shown by the cross symbol) is around 50 km for that resolution. The small (��2)min for the
baseline length L < 40 km and L > 80 km is due to a shift in |�m2

31| and low statistics, respectively. For the
a = 5 and 6% cases (��2)min stays almost zero at all L.
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FIG. 2: (��2)min for mass hierarchy discrimination shown as a function of the baseline length L for 20GWth·5kt (12%
free-proton weight fraction)·5yrs exposure. The solid curves are for the NH cases and dashed curves for the IH cases. The
cross symbols mark the optimal baseline lengths. Left: The energy resolution in eq. (8) is varied with a = 2 to 6% and
b = 0, from the top to the bottom. Right: The energy resolution is varied with a = 2% and b = 0%, 0, 5%, 0.75%, 1%,
from the top to the bottom.

The right plot in Fig. 2 shows the (��2)min value as a function of the baseline length L for di↵erent b
values with a = 2%. The curves from the top to the bottom are obtained for b = 0%, 0.5%, 0.75% and 1%,
respectively. The e↵ect of the systematic uncertainty is significant as discussed in ref. [13], reducing the peak
value of (��2)min from 11.0 (b = 0) to 9.7 (b = 0.5%), 8.4 (b = 0.75%) and 6.9 (b = 1%) for NH. The optimal
L shortens from 51 km for (a, b) = (2, 0)% to 47 km for (a, b) = (2, 1)%.
In addition, the neutrino parameters, sin2 2✓12,�m2

21 and |�m2
31|, can be measured accurately with statistical

uncertainties shown in Fig. 3. We find
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FIG. 3: The statistical uncertainties of the neutrino model parameters measured by this experiment as functions of the
baseline length L after 20GWth·5kt (12% free-proton weight fraction)·5yrs exposure. The results are shown for both
hierarchy (NH by solid and IH by dashed curves) and for the energy resolution of eq. (8) with (a, b) = (3, 0.5), (3, 1) and
(6, 1)%.

� sin2 2✓12 ⇠4⇥ 10�3 (0.5%), (13a)

��m2
21 ⇠3⇥ 10�7eV2 (0.4%), (13b)

�|�m2
31| ⇠7⇥ 10�6eV2 (0.3%), (13c)

with the energy resolution of (a, b) = (3, 0.5)% at L = 50 km; the percentage values in the parentheses denote
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the relative accuracy of the measurement. Those uncertainties are almost independent of the mass hierarchy
and of the energy resolution, with the only exception of the |�m2

31| uncertainty for which the larger resolution
results in the larger uncertainty. sin2 2✓13 and |�m2

31| are measured most accurately around L ⇠ 1 km.

V. DISCUSSIONS AND CONCLUSION

In this proceedings we have investigated the sensitivity of medium-baseline reactor-electron-antineutrino
oscillation experiments for determining the neutrino mass hierarchy by performing the standard �2 analysis.

We have carefully studied the impacts of the energy resolution (�E/E)2 =
⇣
a/

p
E/MeV

⌘2

+ b2 and find that

the sensitivity strongly depends on it. The optimal baseline length is found to depend slightly on the energy
resolution, preferring the length slightly shorter than 50 km for the energy resolution of (a, b) = (2, 0.75)% and
(2, 1)%. At the optimal baseline length, the energy resolution better than the 3%/

p
E/MeV level is needed to

determine the neutrino mass hierarchy pattern. For a 5 kton detector (with 12% weight fraction of free proton)
placed at L ⇠ 50 km away from a 20GWth reactor, an experiment would determine the mass hierarchy with
��2 ⇠ 9 on average after five or more years of running if the energy resolution of (a, b) = (2, 0.5)% is achieved,
while a factor of three larger or longer experiment is needed to achieve the same goal for the energy resolution
of (a, b) = (3, 0.5)%.
It is also found that this experiment can measure the neutrino parameters, sin2 2✓12, �m2

21 and |�m2
31|, very

accurately as shown in (13) for an experiment of 20GWth·5kt (12% free-proton weight fraction)·5yrs at L ⇠ 50
km.
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What can we learn from the 126 GeV Higgs boson
for the Planck scale physics ?

- Hierarchy problem and the stability of the vacuum - ⇤

Satoshi Iso
Theory Center, Institute of Particles and Nuclear Studies
High Energy Accelerator Research Organization (KEK)

1-1 Oho, Tsukuba, Ibaraki, Japan 305-0801

The discovery of the Higgs particle at around 126 GeV has given us a big hint towards the origin
of the Higgs potential. The running quartic self-coupling decreases and crosses zero somewhere in
the very high energy scale. It is usually considered as a signal of the instability of the standard
model (SM) vacuum, but it can also indicate a link between the physics in the electroweak scale and
the Planck scale. Furthermore, the LHC experiments as well as the flavor physics experiments give
strong constraints on the physics beyond the SM. It urges us to reconsider the widely taken approach
to the physics beyond the SM (BSM), namely the approach based on the gauge unification below
the Planck scale and the resulting hierarchy problem. Motivated by the recent experiments, we first
revisit the hierarchy problem and consider an alternative appoach based on a classical conformality
of the SM without the Higgs mass term.

In this talk, I review our recent proposal of a B-L extension of the SM with a flat Higgs potential
at the Planck scale [1, 2]. This model can be an alternative solution to the hierarchy problem as well
as being phenomenologically viable to explain the neutrino oscillations and the baryon asymmetry
of the universe. With an assumption that the Higgs has a flat potential at the Planck scale, we show
that the B-L symmetry is radiatively broken at the TeV scale via the Coleman-Weinberg mechanism,
and it triggers the electroweak symmetry breaking through a radiatively generated scalar mixing.
The ratio of these two breaking scales is dynamically determined by the B-L gauge coupling.

I. CENTRAL DOGMA OF PARTICLE PHYSICS

In the LHC era, we acquired various hints towards the physics beyond the SM. The first hint is of course the
mass of the recently discovered Higgs-like particle. The value of 126 GeV is quite interesting because it is close
to the boarder of the stability bound. Given the vev of the Higgs at 246 GeV, its mass gives an information
of the curvature of the potential at the minimum. As the mass 126 GeV is smaller than 246 GeV, the Higgs
potential is rather shallow and unstable against the radiative corrections. The (in)stability of the SM vacuum
can be investigated explicitly by looking at the running bahaviour of the quartic coupling. The beta function
of the quartic Higgs coupling �H is given by

�H =
1

16⇡2

✓
24�2

H � 6Y 4
t +

9

8
g4 +

3

8
g4Y

◆
. (1)

Yt is the top Yukawa coupling and g, gY are SU(2)L, U(1)Y gauge couplings. It is either positive or negative
whether the negative contribution by the large top Yukawa coupling is compensated by the gauge couplings and
the Higgs quartic coupling. The corresponding quartic coupling to the 126 GeV Higgs boson does not su�ce to
compensate it and the beta function is negative. So the running quartic coupling crosses zero somewhere at the
UV energy scale. It is very suggestive that the observed value of the Higgs mass is close to the stability bound
up to the Planck scale [3]

Mh[GeV] > 129.2 + 1.8

✓
Mt[GeV]� 173.2

0.9

◆
� 0.5

✓
↵s(MZ)� 0.1184

0.0007

◆
± 1.0th. (2)

When the Higgs mass is lighter than the above bound, new physcis must appear below the Planck scale. But
if it lies just on the border of the stability bound, it gives a big hint to the origin of the Higgs potential at the
Planck scale[4].

⇤ Contribution to SCGT12 ”KMI-GCOE Workshop on Strong Coupling Gauge Theories in the LHC Perspective”, 4-7 Dec. 2012,
Nagoya University and HPNP2013 ”Toyama International Workshop on Higgs as a Probe of New Physics 2013”, 13–16, Feb.
2013, Toyama University
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Another important information is that the LHC results are almost consistent with the SM. Furhtermore the
precision experiments of the flavor physics, Babar, Belle and LHCb, gave stringent constraints on the physics
beyond the SM. Of course, in spite of the above rather unexpectedly good agreement with the SM, there exist
phenomena which cannot be explained within the SM. Nuetrino oscillation requires the dimension 5 operator
l�l� and a new scale beyond the SM must be introduced. The baryon asymmetry of the universe also requires
an additional source of the CP violation. The SM anyway needs to be extended to explain these phenomana.
The most common appoach to go beyond the SM is based on a unification of the gauge couplings below the

Planck scale, i.e. the GUT scale. Then we need a natural explanation why the electroweak scale is much smaller
than the GUT scale. In order to solve the hierarchical structure of the scales, the supersymmetry is introduced.
Here I call the sequence of ideas from GUT to the hierarchy problem and the low energy supersymmetry the

central dogma of particle physics. In addition to solving the hierarchy problem, it can improve the gauge
coupling unification as well as providing candidates of the dark matter particles. But as the bonus we get or as
the price we pay, it predicts many new particles at the TeV scale and the recent experiments have given strong
constraints on the models with low energy supersymmetry.
In such circumstances, it may be a good time to reconsider the central dogma of particle physics. In this

note, we take an approach to the hierarchy problem suggested by Bardeen. In the next section, we interpret
the Bardeen’s argument in terms of the renormalization group. If we adopt the argument, the most natural
mechanism to break the electreweak symmetry is the Coleman-Weinberg (CW) mechanism. But we know that
the CW mechanism does not work within the SM because of the large top Yukawa coupling, so we need to
extend the SM. In section 3, we introduce our model, a classically conformal B � L extension of the SM and
then discuss the dynamics of the model.

II. BARDEEN’S ARGUMENT OF THE HIERARCHY PROBLEM

We pay a special attention to the almost scale invariance of the SM. At the classical level, the SM Lagrangian
is conformal invariant except for the Higgs mass term. Bardeen argued [5] that once the classical conformal
invariance and its minimal violation by quantum anomalies are imposed on the SM, it may be free from the
quadratic divergences.
Bardeen’s argument on the hierarchy problem may be interpreted as follows [6]. We classify divergences of

the scalar mass term in the SM into the following 3 classes,

• quadratic divergences: ⇤2

• logarithmic divergences with a small coe�cient: m2 log(⇤/µ)

• logarithmic divergences with a large coe�cient: M2 log(⇤/µ)

The logarithmic divergences are operative both in the UV and the IR. In particular, it controls a running of
coupling constants and is observable. On the other hand, the quadratic divergence can be always removed by a
subtraction. Once subtracted, it no longer appears in observable quantities. In this sense, it gives a boundary
condition of a quantity in the IR theory at the UV energy scale where the IR theory is connected with a UV
completion theory. Indeed, the RGE of a Higgs mass term m2 in the SM

V (H) = �m2H†H + �H(H†H)2 (3)

is approximately given by

dm2

dt
=

m2

16⇡2

✓
12�H + 6Y 2

t � 9

2
g2 � 3

2
g2Y

◆
. (4)

The quadratic divergence is subtracted by a boundary condition either at the IR or UV scale. Once the initial
condition of the RGE is given at the UV scale, it is no longer operative in the IR. The RGE shows that the
mass term m2 is multiplicatively renormalized. If it is zero at a UV scale MUV , it continues to be zero at lower
energy scales. In this sense, the quadratic divergence is not the issue in the IR e↵ective theory, but the issue in
the UV completion theory. Hence if the SM (and its extension at the TeV scale) is directly connected with a UV
completion theory at the Planck scale physics, the hierarchy problem turns out to be a problem of the boundary
condition at the UV scale. If the UV completion theory is an ordinary field theory, it will be di�cult to protect
the masslessness of the scalar particle against radiative corrections by massive particles of the UV scale unless
we introduce, e.g. the low-energy supersymmetry. But in the string theory, symmetry is sometimes enhanced
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on a moduli space and massless scalars can survive even without supersymmetry. Also discrete symmetry like
T-duality, which is invisible in the low energy e↵ective theory, may prohibit a generation of potential at the
string scale.
The multiplicative renormalization of the Higgs mass term is violated by a mixing with a massive field in

the loop. If the massive field aquires its mass in a di↵erent mechanism with the EWSB, the Higgs mass has a
logarithmic divergence

�m2 ⇠ �2M2

16⇡2
log(⇤2/m2) (5)

which modifies the RGE as

dm2

dt
=

m2

16⇡2

✓
12�H + 6Y 2

t � 9

2
g2 � 3

2
g2Y

◆
+

M2

8⇡2
�2. (6)

The last term corresponds to the logarithmic divergence with a large coe�cient. The coe�cient M2 has nothing
to do with the mass of the Higgs m2, and it violates the multiplicativity of the Higgs mass. Thus the hierarchy
problem, namely the stability of the EWSB scale, is caused by such a mixing of relevant operators (mass terms)
with hierarchical energy scales m ⌧ M . In the Bardeen’s argument, he also imposes an absence of intermediate
scales above the EW scale. The logarithmic divergence with a large coe�cient (5) is sometimes confused with
the quadratic divergence, but if the UV completion theory is something like a string theory, they should be
distinguished.
From the above considerations, the hierarchy problem can be solved by imposing the following two di↵erent

conditions;

• Correct boundary condition at the UV (Planck) scale Mpl

• Absence of mixings in intermediate scales below Mpl

The first condition subtracts the quadratic divergence at the Planck scale. It must be solved in the UV
completion theory such as the string theory. The most natural boundary condition is that scalar fields which
appear in the low energy physics are massless at the Planck scale. On the other hand, the second condition
assures the absence of logarithmic divergences with large coe�cients. Even if the scalars are massless at the
Planck scale, they receive large radiative corrections from the mixing with other relevant operators. Without a
cancellation mechanism like the supersymmetry, we need to impose an absence of intermediate scales between
EW (or TeV) and Planck scales. Hence all symmetries are broken either at the Planck scale or near the EW
scale. Especially, the breakings of the supersymmetry or the grand unification of gauge coupling should occur
at the Planck scale. This second condition is also emphasized in the Bardeen’s argument [5]. In such a scenario,
Planck scale physics is directly connected with the electroweak physics [8].
Hence a natural boundary condition of the mass term at the UV cut-o↵ scale, e.g. MPl, is

m2(MPl) = 0. (7)

This is the condition of the classical conformality of the BSM. The condition (7) must be justified in the UV
completion theory, and from the low energy e↵ective theory point of view, it is just imposed as a boundary
condition [14].

III. FLAT POTENTIAL AT THE PLANCK SCALE

The condition (7) restricts the form of the Higgs potential as

V (H) = �H(H†H)2. (8)

Here �H is the running coupling and the RG improved e↵ecitve potential is given by making the coupling
�H(H) field dependent. The mass term is not generated even in the IR as discussed in the previous section
once the boundary condtion (7) is imposed at the boundary with the UV completion theory. The mass of the
Higgs at 126 GeV suggests that the running coupling becomes asymptotically vanishing near the Planck scale.
The current bounds (2) is a bit heavier than the experimental data, but in this note, we assume that the Higgs
quartic coupling vanishes at the Planck scale. Hence

V (H) = 0 at the Planck scale. (9)
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The condition may connect the SM in the IR with the string theory in the UV. Now we have to solve two
problems. The first is whether we can construct a phenomenologically viable model starting from the condtion
of the flatness of the Higgs potential (9), and the second is to derive such a boundary condtion from the UV
completion theory such as a string theory. Supersymmetry or grand unification, if exists, are broken at the
Planck scale. In the following we focus on the first problem by proposing a B-L extension of the SM with a flat
potential at the Planck scale. The second issue is left for future investigations.
Since the IR theory is assumed to have the boundary condition (9), the electroweak symmetry breaking

should occur radiatively, namely the Coleman-Weinberg mechanism. However, it is now well-known that the
CW mechanism cannot occur within the SM because of the large top-Yukawa coupling. Indeed, the CW
mechanism is realized only when the beta-function of the quartic scalar coupling is positive and the running
quartic coupling crosses zero somewhere in the IR. But as we saw, the beta function of the quartic Higgs coupling
is positive in the SM and its behavior is opposite to the CW mechanism. Hence, in order to realize the EWSB,
we need an additional sector in which the symmetry is broken radiatively by the CW mechanism and whose
symmetry breaking triggers the EWSB. In the next section, we introduce our model, namely a B-L extension
of the SM with a flat potential at the Planck scale.

IV. B-L EXTENSION OF THE SM WITH FLAT POTENTIAL AT PLANCK

The idea to utilize the CW mechanism to solve the hierarchy problem was first modelled by Meissner and
Nicolai [7] (see also [9]). In addition to the SM particles, they introduced right-handed neutrinos and a SM
singlet scalar �. Inspired by the work, we proposed a minimal phenomenologically viable model [2]. It is the
minimal B-L model [10], but with a classical conformality. The model is similar to the one proposed by Meissner
and Nicolai [7], but the di↵erence is whether the B-L symmetry is gauged or not. In a recent paper we further
showed that by imposing the flatness (9) of the Higgs potential at the Planck scale the B-L breaking scale is
related with the EWSB scale. The ratio of two scales is dynamically determined by the B-L gauge coupling
and the B-L breaking scale is naturally constrained to be around TeV scale [11] for a not so small B-L gauge
coupling.
Besides the SM particles the model consists of the B-L gauge field with the gauge coupling gB�L, right-handed

nuetrinos ⌫iR (i = 1, 2, 3 denotes the generation index) and a SM singlet complex scalar field � with two units of
the B-L charge. The model is anomaly free. The Lagrangian contains Majorana Yukawa coupling ⇠ Y i

N�⌫̄icR ⌫iR,
and the see-saw mechanism gives masses to the left-handed neutrinos once the scalar � acquires vev.

V. SYMMETRY BREAKINGS OF B-L AND EW

Since the B-L gauge symmetry is broken by the CW mechanism, the breaking scale is correlated with the
quartic coupling �� at the UV scale. Its running is described by

d��

dt
=

1

16⇡2

✓
20�2

� � 1

2
Tr

⇥
Y 4
N

⇤
+ 96g4B�L + · · ·

◆
. (10)

If the Mayorana Yukawa coupling is not so large, the beta function is positive. The typical behavior of the
running �� is drawn in Fig. 1. It crosses zero at a lower energy scale M0, then the B-L symmetry is broken at
MB�L ⇠ M0 exp(�1/4) through the CW mechanism[1].

As shown in the paper [2], the ratio of the scalar boson mass to the B-L gauge boson mass is given by

✓
m�

mZ0

◆2

⇠ 6

⇡
↵B�L ⌧ 1. (11)

The condition that the B-L gauge coupling does not diverge up to the Planck scale requires ↵B�L < 0.015 at
MB�L. Hence the scalar boson becomes lighter than the B-L gauge boson, m2

� < 0.03 m2
Z0 . Such a very light

scalar boson is a general prediction of the CW mechanism.
The EWSB is triggered by the B-L breaking. The flatness condition (9) of the Higgs potential predicts an

absence of the scalar mixing at the Planck scale. Hence B-L and EW sectors are decoupled each other in the UV.
But since the matter fields are coupled to both U(1)Y and U(1)B�L, these two sectors become mixed through
the U(1)-mixing. As a result, the scalar mixing term �mix(H†H)(�†�) appears in the IR. It is interesting that
a very small negative mixing �mix is always generated irrespective of the details of other parameters once we
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FIG. 1: RG evolution of the self-coupling �� of a SM singlet scalar �. Since the � function is positive, the running
coupling crosses zero at a lower energy scale.

assume the flatness condition �mix(Mpl) = 0. By solving the RGE [1] we showed that the scalar mixing term
is dynamically generated around �mix ⇠ �4 ⇥ 10�4. If the � field acquires a VEV h�i = MB�L, the mixing
term �mix(H†H)(�†�) gives an e↵ective mass term of the Higgs field. Since the coe�cient �mix is negative,
the EWSB is triggered and the Higgs VEV is given by

v = hHi =

s
|�mix|
�H

MB�L (12)

This gives a ratio between the EWSB scale to the B-L symmetry breaking scale. The scalar mixing is determined
in terms of the gauge couplings, so the ratio of two breaking scales is also determined dynacamilly in terms of
the gauge coupling gB�L.

VI. MODEL PREDICTIONS

The dyanamics of the model is controlled by two parameters, gB�L and ��, which determines the two breaking
scales of B-L and EW. The experimental input v = 246 GeV gives a relation between these two and the dynamics
of the model is essentially described by a single parameter. The figure 2 shows the prediction of our model. The
vertical axis is the strength of ↵B�L and the horizontal axis is the mass of the B-L gauge boson. The black line
(from top left to down right) shows the prediction of our model. If an extra U(1) gauge boson and a SM singlet
scalar are found in the future, the prediction of our model is the mass relation (11), e.g., m� ⇠ 0.1 mZ0 for
↵B�L ⇠ 0.005. The CW mechanism in the B-L sector predicts a much lighter SM singlet Higgs boson than the
extra U(1) gauge boson. It is di↵erent from the ordinary TeV scale B-L model where the symmetry is broken
by a negative squared mass term.
Nuetrino oscillation is realized by the type I see-saw mechanism with small neutrino Yukawa couplings.

Baryon number asymmetry of the universe may be generated through the TeV scale leptogenesis with almost
degenerate Majorana masses[12]. Furhter phenomenological issues such as U(1) mixing or the lepton number
violation at the TeV scale are discussed in a separate paper.
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Bare Higgs mass and potential at ultraviolet cuto↵
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We first review the current status of the top mass determination paying attention to the di↵erence
between the MS and pole masses. Then we present our recent result on the bare Higgs mass at a
very high ultraviolet cuto↵ scale.

I. INTRODUCTION

It is more and more likely that the 125GeV particle discovered at the Large Hadron Collider (LHC) [1, 2] is
the Standard Model (SM) Higgs. Its couplings to the W and Z gauge bosons, to the top and bottom quarks,
and to the tau lepton are all consistent to those in the SM within one standard deviation even though their
values vary two orders of magnitude, see e.g. Ref. [3]. No hint of new physics beyond the SM has been found so
far at the LHC up to 1TeV. It is important to examine to what scale the SM can be a valid e↵ective description
of nature.
In Ref. [4], Froggatt and Nielsen have predicted the top and Higgs masses to be 173±5GeV and 135±9GeV,

respectively, based on the assumption that the SM Higgs potential must have another minimum at the Planck
scale and that its height is order-of-magnitude-wise degenerate to the SM one. (This assumption is equivalent
to the vanishing Higgs quartic coupling and its beta function at the Planck scale.) The success of this prediction
indicates that at least the top-Higgs sector of the SM is not much altered up to a very high ultraviolet (UV)
cuto↵ scale.
As all the parameters in the SM are fixed by the Higgs mass determination, we can now obtain the bare

parameters at the UV cuto↵ scale, which then become important inputs for a given UV completion of the SM.
If the UV theory fails to fit them, it is killed.
The parameters in the SM are dimensionless except for the Higgs mass (or equivalently its vacuum expectation

value (VEV)). The dimensionless bare coupling constants can be approximated by the running ones at the UV
cuto↵ scale, see e.g. Appendix of Ref. [5]. The latter can be evaluated through the standard renormalization
group equations (RGEs) once the low energy inputs are given. After fixing all the dimensionless bare couplings,
the last remaining one is the bare Higgs mass which is the main subject of this work.

II. TOP QUARK YUKAWA COUPLING AT TOP MASS SCALE

The largest ambiguity for the Higgs mass parameter is coming from the low energy input of the top Yukawa
coupling at the top mass scale. Let us review the present status of its determination. Important point is
the distinction between the modified minimal subtraction (MS) mass and the pole one, which are utilized,
respectively, in the MS and on-shell schemes.

Currently the most accurate value of the top quark mass is obtained from combination of the Tevatron data,
basically reconstructed as an invariant mass of its decay products [6]:

MTevatron
t = 173.20± 0.87GeV, (1)

whereas the similar analysis of the LHC data gives [7, 8]: MLHC
t = 173.3 ± 1.4GeV. (If we naively combine

these two results, we get M inv
t = 173.2± 0.7GeV, which is of 0.4% accuracy.) However, the authors of Ref. [9]

criticize that the top quark mass, measured at the Tevatron and LHC via kinematical reconstruction from the
top quark decay products and comparison to Monte Carlo simulations, is not necessarily the pole mass Mt but
is merely the mass parameter in the Monte Carlo program which does not resort to any given renormalization
scheme. The point is that the mass of the colored top quark is reconstructed from the color singlet final states.1

1

Note however that the pole mass of the colored quark is well defined to all orders in perturbation theory and that its infrared

renormalon ambiguity appears only at the non-perturbative level of order ⇤

QCD

.
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To circumvent this problem, they propose to determine the MS top quark mass directly from the dependence
of the inclusive tt̄ cross section on it. In Ref. [9], the observed values at Tevatron:

�(pp̄ ! tt̄+X) = 7.56+0.63
�0.56 pb (D0) and 7.50+0.48

�0.48 pb (CDF) (2)

are combined and fit by the theoretical prediction, which is obtained by using four di↵erent parton distribution
functions (PDFs) at the NNLO and by including the NNLO QCD contributions to �(pp̄ ! tt̄ + X). The
resultant value of the MS running top mass at the top mass scale becomes [9]:

mQCD
t (Mt) = 163.3± 2.7GeV. (3)

In the above computation, the NLO electroweak (EW) radiative corrections (/ ↵↵s) to �(pp̄ ! tt̄ + X) are
neglected. The ratio of the sum of such EW corrections to the tt̄ total cross section at the Tevatron in the on-shell
scheme is shown to be less than 0.2% for the Higgs mass 120–200GeV and the top pole mass 165–180GeV [10].
Theoretically the MS mass in Eq. (3) is related to the pole mass Mt by

mQCD
t (Mt) = Mt

⇣
1 + �QCD

t (Mt)
⌘
, (4)

where up to the NNLO QCD corrections of O(↵3
s), see e.g. Ref. [11],

�QCD
t (Mt) = �4

3

↵s(Mt)

⇡
� 9.125

✓
↵s(Mt)

⇡

◆2

� 80.405

✓
↵s(Mt)

⇡

◆3

, (5)

with ↵s(µ) = g2s(µ)/4⇡ being the strong coupling in the six flavor MS scheme. This relation result in the pole
mass [9]

Mt = 173.3± 2.8GeV. (6)

In Ref. [9] the pole mass of the top quark Mt is also directly extracted from the NNLO theory prediction using
the on-shell scheme. The resultant central value varies 169.9–172.7GeV, depending on the PDF, with the error
less than 2.4GeV for each. These values are consistent to Eq. (6). To summarize, the derived pole mass is close
to the experimentally obtained invariant mass (1).
It is customary to define the MS running VEV v(µ) in such a way that

�m2(µ) = �(µ) v2(µ) (7)

holds for the potential

V = m2�†�+ �
�
�†�

�2
, (8)

with h�i = v/
p
2. Then the MS top mass is commonly defined as, see e.g. Ref. [11],

mt(µ) =
yt(µ) v(µ)p

2
. (9)

This definition of the MS mass leads to [11]

mt(Mt) = mQCD
t (Mt) +Mt �

EW
t (Mt), (10)

where, taking into account up to NLO EW contributions of O(↵↵s),

�EW
t (Mt) = 0.0664� 0.00115

✓
MH

GeV
� 125

◆
. (11)

This discrepancy (11) is due to the definition of the MS top mass via Eq. (9), and is dominantly coming from the
tadpole contribution to the shift of v(µ). If we instead use the definition of the MS mass mQCD

t (µ) = yt(µ)V/
p
2

with V =
�p

2Gµ

��1/2
= 246.22GeV, where Gµ = 1.1663787(6)⇥10�5 GeV�2 is the Fermi constant determined

from the muon life time, then we would get the one given in Eq. (4).
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Plugging [15]

gs(Mt) = 1.1645 + 0.0031

✓
↵s(MZ)� 0.1184

0.0007

◆
� 0.00046

✓
Mt

GeV
� 173.15

◆
(12)

into Eq. (10), we get

mt(Mt) = Mt


1.00658� 0.00041

✓
↵s(MZ)� 0.1184

0.0007

◆
+ 0.00006

✓
Mt

GeV
� 173.15

◆
� 0.00115

✓
MH

GeV
� 125

◆�
.

(13)

The MS mass (10) becomes larger than the top quark pole mass Mt [11].
Let us review the derivation of �EW

t (Mt) more in detail. First the MS running VEV v(µ) is obtained and
then it is multiplied to the MS running Yukawa yt(µ) in order to obtain the running mass mt(µ) in Eq. (10).
v(µ) can be read from the Fermi constant GF (µ) = 1/

p
2v2(µ):

Gµ = GF (µ) (1 +�GF ,↵ +�GF ,↵↵s + · · · ) = GF (µ)


1 +

↵2(µ)

4⇡

m4
t (µ)

m2
W (µ)m2

H(µ)

✓
6� 12 ln

mt(µ)

µ

◆
+ · · ·

�
.

(14)

The O(↵) and O(↵↵s) contributions �GF ,↵ and �GF ,↵↵s are given in Eqs. (A.3) and (A.6) in Ref. [12]. The
dominant tadpole contribution is picked up in the last step in Eq. (14) for explicitness. The resultant MS VEV
is v(Mt) ⇠ 260GeV at the top mass scale. On the other hand, the MS Yukawa coupling is given by [13]

yt(µ) =
Mtp
2V

⇣
1 + �QCD

t (µ) + �QED
t,↵ (µ) + �Wt,↵(µ) + �EW

t,↵↵s
(µ) + · · ·

⌘
, (15)

where the O(↵) corrections are

�QED
t,↵ (µ) =

Q2
t↵(µ)

4⇡

✓
6 log

Mt

µ
� 4

◆
, (16)

�Wt,↵(µ) =
Gµ m

2
t (µ)

8⇡2
p
2

"
� (2Nc + 3) ln

Mt

µ
+

Nc

2
+ 4� r + 2r (2r � 3) ln(4r)� 8r2

✓
1

r
� 1

◆3/2

arccos
p
r

#
,

(17)

with Qt = 2/3, Nc = 3, and r = M2
H/4M2

t . The resultant explicit analytic formula of �EW
t (Mt) is given in

Ref. [14] that takes into account up to the NLO EW corrections of O(↵↵s). The tiny O(↵↵s) correction to the
Yukawa coupling, �EW

t,↵↵s
(µ) in Eq. (15), can be read o↵ from �EW

t,↵↵s
by subtracting the tadpole contribution to

v(µ). In Ref. [15], numerical value of Eq. (15) is evaluated as

yt(Mt) = 0.93587 + 0.00557

✓
Mt

GeV
� 173.15

◆
� 0.00003

✓
MH

GeV
� 125

◆
� 0.00041

✓
↵s(MZ)� 0.1184

0.0007

◆
± 0.00200th.

(18)

Multiplying Eq. (18) by the running VEV v(µ) that is read from Eq. (14), we obtain �EW
t , and hence the

running mass (13).

III. BARE PARAMETERS AT HIGH SCALE

In this proceedings we show our result [5] based on Eq. (18) with the pole mass (6). In Figure 1, we show a
plot with the two loop RGEs, summarized in Ref. [5], for the dimensionless SM couplings, with the low energy
boundary condition for the top Yukawa as explained above, namely with yt(Mt) = 0.93587. �� is the beta
function for the Higgs quartic coupling: �� = d�/d lnµ. m2

B/I1 is explained in the following.
In the bare perturbation theory, the renormalized Higgs mass squared parameter is given at the one loop level

by

m2
R = m2

B,1-loop +

✓
6�B +

3

4
g2Y B +

9

4
g22B � 6y2tB

◆
I1 + �m2, (19)
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FIG. 1: RGE running of the SM couplings and of the beta function for the quartic coupling ��, except for m2

B which
is not a running mass but is the (quadratically divergent part of) bare Higgs mass parameter, obtained by taking each
scale on the horizontal axis to be the cuto↵ ⇤. I

1

= ⇤2/16⇡2 is the one loop integral.

where I1 =
R ⇤

d4p/(2⇡)4p2 = ⇤2/16⇡2 is the quadratically divergent one loop integral over the Euclidean
momentum. In obtaining the expression (19), we assume existence of an underlying gauge invariant regular-
ization, such as string theory, and freely shift the integrated momenta. The requirement that the sum in the
parentheses in Eq. (19) to be zero is the celebrated Veltman condition. In a mass independent renormalization
scheme, including the dimensional regularization, the bare mass squared m2

B is chosen in such a way that the
renormalized mass parameter becomes zero, m2

R = 0, when �m2 = 0; and then non-zero �m2 is introduced as a
perturbation. (This choice of the bare mass m2

B to cancel the quadratic divergence is automatic in the dimen-
sional regularization scheme.) Consequently the bare mass m2

B contains a quadratic divergence: ⇤2, whereas
the running mass �m2 only logarithmic one: log⇤. Note that this cancellation of ⇤2 by m2

B is done once and
for all, and then we never see ⇤2. Bardeen has argued that therefore the quadratic divergence is not a real
problem, see e.g. Ref. [16] for a recent review. However, e.g. in obtaining a low energy e↵ective field theory
from string theory, this procedure of matching ⇤2 by m2

B is not a fake, and we focus on this largest part m2
B in

the bare Lagrangian, neglecting the subleasing �m2 / v2 log⇤.
In Ref. [5] we have obtained the bare Higgs mass at two loop orders in the bare perturbation theory:

m2
B, 2-loop = �

⇢
9y4tB + y2tB

✓
� 7

12
g2Y B +

9

4
g22B � 16g23B

◆
+

77

16
g4Y B +

243

16
g42B + �B

�
�18y2tB + 3g2Y B + 9g22B

�
� 10�2

B

�
I2,

(20)

which realizes m2
R = 0 for �m2 = 0 at this order, where

I2 =

Z
d4p

(2⇡)4

Z
d4q

(2⇡)4
1

p2q2(p+ q)2
(21)

is the quadratically divergent two loop integral over the Euclidean momenta. As a non-trivial check of
the consistency of our treatment, we have confirmed that the coe�cients of the infrared divergent integralR

d4p
(2⇡)4p4

R
d4q

(2⇡)4q2 cancel out in each gauge invariant set of diagrams. We note that our two loop computation

is for the quadratically divergent part m2
B and is irrelevant to the higher loop result / (log⇤)n ⇤2, obtained in

Ref. [17] and used in Ref. [18, 19], which would correspond to the e↵ects of the RGE running of the dimensionless
couplings in our language.
In obtaining the two-loop corrected bare mass m2

B = m2
B,1-loop +m2

B,2-loop, one needs a relation between the
one- and two-loop integrals I1 and I2, which is necessarily regularization scheme dependent. When we employ

Z
d4p

p2
=

Z 1

✏

d↵

Z
d4p e�↵p2

, (22)
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we get

I2 =
I1

16⇡2
ln

26

33
' 0.005I1. (23)

With the blue solid line in Fig. (2), we plot m2
B/I1 when the UV cuto↵ is at the Planck scale, that is, when

I1 = M2
P /16⇡

2. The blue dashed line is the same with the 1-loop only bare mass m2
B,1-loop/I1. We see that

the two-loop correction is small, so is the regularization dependence. For comparison, we also plot the quartic
coupling � at the Planck scale with the red dotted line. We see that both become small for Mt ' 170GeV.

IV. SUMMARY

We have computed two loop correction to the quadratically divergent part of the bare SM Higgs mass in the
bare perturbation theory. We have found that in generic regularizations the two loop correction to the bare
mass is small. Therefore the regularization dependence is not large. Both the resultant bare Higgs mass and
quartic coupling can become small if the top quark pole mass is around 170GeV. Possible consequences of this
result will be presented elsewhere.
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Classically conformal B � L extended Standard Model and phenomenology

Y. Orikasa
Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, JAPAN

Bardeen has argued that once the classically conformal invariance and its minimal violation by
quantum anomalies are imposed on the SM, it can be free from the quadratic divergences and hence
the gauge hierarchy problem. Under the hypothesis, We investigated the minimal B � L extended
SM with a flat Higgs potential at the Planck scale. In this model, the B�L symmetry is radiatively
broken at TeV scale. We studied phenomenology and detectability of the model at LHC and the
ILC.

I. INTRODUCTION

The gauge hierarchy problem is one of the most important issues in the SM, which has been motivating us to
seek new physics beyond the SM for decades. The problem originates from the quadratic divergence in quantum
corrections to the Higgs self energy, which should be canceled by the Higgs mass parameter with extremely high
precision when the cuto↵ scale is much higher than the electroweak scale, say, the Planck scale. The most
popular new physics scenario which o↵ers the solution to the gauge hierarchy problem is the supersymmetric
extension of the SM where no quadratic divergence arises by virtue of supersymmetry.
Because of the chiral nature of the SM, the SM Lagrangian at the classical level possesses the conformal

invariance except for the Higgs mass term closely related to the gauge hierarchy problem. Bardeen has argued
[1] that once the classical conformal invariance and its minimal violation by quantum anomalies are imposed on
the SM, it can be free from the quadratic divergences and hence the gauge hierarchy problem. If the mechanism
really works, we can directly interpolate the electroweak scale and the Planck scale.
As was first demonstrated by Coleman and Weinberg [2] for the U(1) gauge theory with a massless scalar,

the classically conformal invariance is broken by quantum corrections in the Coleman-Weinberg (CW) e↵ective
potential and the mass scale is generated through the dimensional transmutation. It is a very appealing feature
of this scheme that associated with this conformal symmetry breaking, the gauge symmetry is also broken and
the Higgs boson arises as a pseudo-Nambu-Goldstone boson whose mass has a relationship with the gauge boson
mass and hence predictable (when only the gauge coupling is considered).

II. CLASSICALLY CONFORMAL B�L EXTENDED MODEL

The model we will investigate is the minimal B�L extension of the SM with the classical conformal symmetry
[3]. The B�L (baryon minus lepton) number is a unique anomaly free global symmetry that the SM accidentally
possesses and can be easily gauged. Our model is based on the gauge group SU(3)c⇥SU(2)L⇥U(1)Y ⇥U(1)B�L

and the particle contents are listed in Table 2. Here, three generations of right-handed neutrinos (N i) are
necessarily introduced to make the model free from all the gauge and gravitational anomalies. The SM singlet
scalar (�) works to break the U(1)B�L gauge symmetry by its VEV, and at the same time generates the
right-handed neutrino masses.

SU(3)c SU(2)L U(1)Y U(1)B�L

qiL 3 2 +1/6 +1/3

ui
R 3 1 +2/3 +1/3

diR 3 1 �1/3 +1/3

`iL 1 2 �1/2 �1

N i 1 1 0 �1

eiR 1 1 �1 �1

H 1 2 �1/2 0

� 1 1 0 +2

TABLE I: Particle contents. In addition to the SM particle contents, the right-handed neutrino N i (i = 1, 2, 3 denotes
the generation index) and a complex scalar � are introduced.
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The Lagrangian relevant for the seesaw mechanism is given as

L � �Y ij
D N iH†`jL � 1

2
Y i
N�N icN i + h.c., (1)

where the first term gives the Dirac neutrino mass term after the electroweak symmetry breaking, while the
right-handed neutrino Majorana mass term is generated through the second term associated with the B � L
gauge symmetry breaking. Without loss of generality, we here work on the basis where the second term is
diagonalized and Y i

N is real and positive.
Under the hypothesis of the classical conformal invariance of the model, the classical scalar potential is

described as
We assume the classically conformal invariance. The classically conformal invariance protect the mass term

of Higgs boson.

V (�, H) = �H(H†H)2 + �(�†�)2 + �0(�†�)(H†H). (2)

We assume the following conditions at the Planck scale. [4]

�H = �0 = 0 (3)

gB�L ⇠ gY . (4)

And the gauge mixing vanishes at EW scale. We call the Eq.(3) a flat Higgs potential. The Higgs quartic coupling
(�H) and the mixing (�0) are generated by quantum e↵ect. We get very small and negative �0(�0(mEW ) ⇠
�O(10�3)).

Therefore there is no symmetry breaking at the classical level. We need the Coleman-Weinberg(CW) Mecha-
nism. It is a radiative symmetry breaking mechanism. We can consider the SM part and B�L part separately,
because the mixing is very small. First we consider the B � L sector in this model. B � L symmetry is broken
by CW mechanism.
Once the B � L symmetry is broken, the SM Higgs doublet mass is generated through the mixing term

between H and � in the scalar potential,

m2
h = ��0M2. (5)

Where M is VEV of �. The electroweak symmetry is broken in the same way as in the SM.
The scale of B � L symmetry breaking is written as a function of �0 and mh,

M =

s
m2

h

��0 . (6)

According to our assumption, �0 is around O(10�3). Therefore the B � L breaking scale is around a few TeV.

III. PHENOMENOLOGY OF TEV SCALE B � L MODEL

Based on the simple assumption of a flat Higgs potential, we have proposed a minimal phenomenologically
viable model with an extra gauge symmetry. The naturalness of the SM Higgs boson mass constrains the B�L
breaking scale to be around TeV and hence, the mass scale of new particles in the model, Z 0 boson, right-handed
Majorana neutrinos and the SM singlet Higgs boson, is around TeV or smaller. These new particles may be
discovered at future collider experiments such as the LHC and ILC. Now we study phenomenology of these new
particles.
The Fig.1 shows the prediction of our model and search regions at colliders. The black line is the prediction

of our model. We have only one parameter that are important in the dynamics of the model. Z 0 boson mass
can be written as a function of B�L gauge coupling. The blue line is the LEP bound. The left side of the blue
line has been already excluded by the LEP2 experiment.
We first investigate the Z 0 boson production at the LHC. In our study, we calculate the dilepton production

cross sections through the Z 0 boson exchange together with the SM processes mediated by the Z boson and
photon. The dependence of the cross section on the final state dilepton invariant mass Mll is described as

d�(pp ! `+`�X)

dMll
=

X

a,b

Z 1

�1
d cos ✓

Z 1

M2
ll

E2
CMS

dx1
2Mll

x1E2
CMS

⇥ fa(x1, Q
2)fb

✓
M2

ll

x1E2
CMS

, Q2

◆
d�(q̄q ! `+`�)

d cos ✓
, (7)
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FIG. 1: Model prediction is drawn in the black line (from top left to down right). The B �L gauge coupling ↵B�L and
the gauge boson mass mZ0 are related because of the flat potential assumption at the Planck scale. The left side of the
most left solid line in blue has been already excluded by the LEP experiment. The left of the dashed line can be explored
in the 5-� significance at the LHC with

p
s=14 TeV and an integrated luminosity 100 fb�1. The left of the most right

solid line (in red) can be explored at the ILC with
p
s=1 TeV, assuming 1% accuracy.

where ECMS = 14 TeV is the center-of-mass energy of the LHC. In our numerical analysis, we employ
CTEQ5M [5] for the parton distribution functions with the factorization scale Q = mZ0 .
Fig. 2 shows the di↵erential cross section for pp ! µ+µ� formZ0 = 2.5 TeV together with the SM cross section

mediated by the Z-boson and photon. Here, we have used ↵B�L = 0.008 and all three right-handed Majorana
neutrino masses have been fixed to be 200 GeV as an example. The result shows a clear peak of the Z 0 resonance.
When we choose a kinematical region for the invariant mass in the range, MZ0 � 2�Z0  Mll  MZ0 + 2�Z0

with �Z0 ' 53 GeV, for example, 560 signal events would be observed with an integrated luminosity of 100
fb�1, while only a few evens are expected for the SM background. We can conclude that the discovery of the
Z 0 boson with mass around a few TeV and the B �L gauge coupling comparable to the SM gauge couplings is
promising at the LHC.
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FIG. 2: The di↵erential cross section for pp ! µ+µ�X at the LHC for mZ0 = 2.5 TeV and ↵B�L = 0.008.

In order to evaluate the search reach of the Z 0 boson at the LHC, more elaborate study is necessary. We
refer recent studies in [6]. In Fig. 1, the dashed line (in green) shows the 5-� discovery limit obtained in [6] for
ECMS = 14 TeV with an integrated luminosity of 100 fb�1. If the B � L gauge coupling is comparable to the
SM ones, ↵B�L = O(0.01), the LHC can cover the region mZ0 <⇠ 5 TeV.
Once a resonance of the Z 0 boson has been discovered at the LHC, the Z 0 boson mass can be determined

from the peak energy of the dilepton invariant mass. After the mass measurement, we need more precise
measurement of the Z 0 boson properties such as couplings with each (chiral) SM fermion, spin and etc., in order
to discriminate di↵erent models which predict electric-charge neutral gauge bosons. It is interesting to note
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that the ILC is capable for this task even if its center-of-mass energy is far below the Z 0 boson mass [7]. In
fact, the search reach of the ILC can be beyond the LHC one.
We calculate the cross sections of the process e+e� ! µ+µ� at the ILC with a collider energy

p
s = 1 TeV

for various Z 0 boson mass. The deviation of the cross section in our model from the SM one,

�(e+e� ! �, Z, Z 0 ! µ+µ�)

�SM (e+e� ! �, Z ! µ+µ�)
� 1, (8)

is depicted in Fig. 3 as a function of mZ0 . Here we have fixed ↵B�L = 0.01 and the di↵erential cross section is
integrated over a scattering angle �0.95  cos ✓  0.95. Even for a large Z 0 boson mass, for example, mZ0 = 10
TeV, Fig. 3 shows a few percent deviations, which is large enough for the ILC with an integrated luminosity
500 fb�1 to identify. Assuming the ILC is accessible to 1 % deviation, the search limit at the ILC has been
investigated in [6] and in Fig. 1, the red line shows the result. The ILC search limit is beyond the one at the
LHC.
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FIG. 3: Deviation (in units of %) from the SM cross section as a function of M 0, for ↵B�L = 0.01.
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