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ABSTRACT

To understand the possibility for precision Higgs boson coupling mea-
surements to access effects of very heavy new particles, I present five
scenarios in which significant deviations in Higgs boson couplings are pro-
duced by new particles with multi-TeV masses. These scenarios indicate
that such precision measurements provide opportunities to reach well be-
yond the capabilities of direct particle searches at the HL-LHC.
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1 Introduction

One of the goals of a program of precision measurements on the Higgs boson is
to prove that the Higgs boson is affected by new physics. Ideally, these precision
measurements should indicate the existence of new, undiscovered particles. These
precision measurements would be especially powerful if they can be sensitive to new
particles that are well beyond the search reach of the High Luminosity Large Hadron
Collider (HL-LHC).

Unfortunately, it is not so straightforward to test this claim. Models of Beyond-
Standard-Model (BSM) physics typically contain many parameters that can be ad-
justed. It is always possible to cherry-pick points in parameter space that give very
strong sensitivity to particles of high mass. Examples are cited in [1, 2]. But it may
not be clear to what extent these points are generic rather than exceptional.

One solution is to restrict oneself to the same subsets of BSM model space that are
examined at the LHC. However, this hides an important strength of precision Higgs
measurements. In complex BSM models, the studies done by the LHC experiments
often rely on particular scenarios that are favorable for direct particle discovery. But
a feature of precision measurements is that they often give access to a different class
of models than those for which the the lowest-mass BSM particles are light enough to
be discovered at the LHC. This complementarity has been noticed in supersymmetry
models, in scans of the PMSSM parameter set such as [3]. However, such multi-
parameter scans are reliant on public codes that may not be tested over the whole
parameter region of interest. For example, this particular study uses a version of the
code HDECAY [4] that is not accurate for very heavy squark masses. In general, it is
very difficult to check that public codes for complex models written with low-mass
BSM particles in mind are valid uniformly over the whole parameter space.

In this note, I approach this question in a different way. I identify specfic scenar-
ios in which integrating out individual heavy particles or heavy particle sectors leads
to potentially large corrections to the Higgs boson couplings. I base my analysis on
Standard Model Effective Field Theory (SMEFT). I present the Wilson coefficients
generated in SMEFT for the leading corrections to the Standard Model Higgs predic-
tions. These expressions isolate a small number of parameters that are important to
each particular scenario. For each case, this leads to a small parameter space that can
be explored comprehensively. These scenarios then indicate opportunities for the dis-
covery of new physics up to high mass scales by Higgs boson precision measurements.
The scenarios I discuss are simple representations of the physics of more complicated
BSM models. In fact, they are deliberately oversimplified to make the specific physics
mechanism clear. In each case, this points to a path to find these mechanism working
in more complete but more complicated models.

After some general orientation, I will explore the following scenarios: (a) the
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Strongly Coupled Light Higgs (SILH), (b) two-Higgs-doublet (THDM) models, treated
at the tree level; (c) Higgs field mixing with a scalar singlet boson field ; (d) integra-
tion out of a heavy vectorlike quark; (e) an effect of the stop-higgsino system that
appears in the Minimal Supersymmetric Standard Model.

For each case, I will give a plot of the reach in the mass of the new particles
in TeV. Note that I quote 3 σ and 5-σ discovery reach, not exclusion limits. The
projected discovery reach of the HL-LHC improves with time, but it is generally
expected that the LHC cannot discover new pair-produced new particles with masses
as high as 2 TeV, except in cases with very high cross sections and striking signatures,
for example, a gluino pair decaying to 4 heavy flavor jets plus missing energy. For
example, in [5], the discovery reach at the HL-LHC for vectorlike quarks is estimated
not to exceed 1.5 TeV and the reach for top squarks is estimated to be 1.4 TeV. On
the other hand, we will see that precision Higgs boson coupling measurements can be
sensitive to these particles at masses well above 2 TeV.

2 General orientation

In SMEFT, the effective Lagrangian describing the Higgs boson and its decays is
taken to be

L = LSM +
∑
J

cJ
vDJ−4

OJ (1)

where LSM is the Lagrangian of the Standard Model (SM), the OJ are higher-
dimension operators respecting the symmetries of the SM, generated by integrating
out heavy fields, and the cJ are dimensionless numbers, the Wilson coefficients. I
take v, the Higgs field vacuum expectation value, to be the reference mass scale for
this expansion. The leading corrections to the Higgs boson couplings are given by the
operators of dimension Dj = 6. The coefficients of these operators are proportional
to M−2, where M is the mass of the heavy particles, and so the corrections to the
corresponding cj and to the dimensionless Higgs boson couplings are of the order of
v2/M2.

A naive estimation of the corrections to the Higgs boson couplings might be ob-
tained by setting M = 2 TeV and putting the coefficient 1 in front of the dimensional
estimate. This gives the size of these effects as

tree level effects: v2/M2 ∼ 1%

loop level effects: (g2/4π)v2/M2 ∼ 0.1% (2)

Since the capability of proposed e+e− Higgs factories is to measure the Higgs boson
couplings to precisions of order 1%, these estimate suggest that the mass reach of
Higgs precision is small.
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However, in many cases, the coefficient in front of the parametric dependence can
be a large dimensionless number. Those cases give opportunties for the precision
measurement of Higgs couplings to be an especially powerful route to discovery. In
this paper, I study a few concrete examples of systems that generate such large
couplings.

For most of the examples, I will discuss only the corrections to Higgs boson cou-
plings that can be studied at the low-energy stages of e+e− Higgs factories, at center
of mass energies close to 250 GeV, 360 GeV, and 500 GeV. I will ignore the dimension
4 and 6 operators involving the top quark field. For definiteness, the plots below will
compare the deviations expected in the various scenarios to the the projected errrors
in Higgs couplings expected for the 500 GeV International Linear Collider (ILC) [2,6].
Details of the SMEFT analysis for ILC projections are given in [1, 7]. The measure-
ment of the Higgs self-coupling, which is possible at 500 GeV and above, can add to
the evidence for new physics, but that effect will not be included in the plots.

Note that whenever we add dimension-6 operators to the SM Lagrangian, we
must also modify the SM parameters, which are fit to data. I do this by shifting
the basic parameters v, g, g′, λ and the quark and lepton Yukawa couplings so that
the predicted values of α(mZ), GF , mZ , mh, and the fermion masses mf remain
unchanged.

3 Strongly Interacting Light Higgs

One set of models that is known to give large coefficients is that in which the
Higgs boson is assumed to be a composite particle bound by new strongly interacting
forces. A simple framework for the SMEFT Wilson coefficients generated by this
hypothesis is the Strongly Interacting Light Higgs (SILH) model, suggested in [8].
This model is characterized by a coupling g∗, which is assumed to be strong, and
a scale Λ of resonances associated with the strong interactions. I take H to be the
effective Higgs doublet field in the low-energy Lagrangian. Then the cj for dimension-
6 operators naturally contain factors v2/Λ2. The largest contributions come from the
operators [16]

∆L =
cH
2v2

(∂µ(H†H))2 +
cb
v2
|H|2QL ·HbR + h.c. , (3)

for which

cH = cb = g2
∗
v2

Λ2
(4)

In Fig. 1, I plot the contours in the (Λ, g∗) plane along which individual Higgs bo-
son couplings have a 3 σ deviation from the SM expectation, assuming measurements
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Figure 1: Mass reach for the deviation in the Higgs boson couplings Higgs compositeness, as
described by the SILH model. The blue, black, magenta, and chocolate curves indicate the
3 σ contours for the deviation in the HWW , HZZ, Hgg, and Hγγ couplings in a SMEFT
fit to projected ILC data up to 500 GeV. The curves are plotted in the (Λ, g∗) plane. The
red curves show the 5 σ contour for the full SMEFT fit.
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with the uncertainties expected for the 500 GeV ILC. Other Higgs factory proposals
give very similar expectations. This figure is very similar to Fig. 8.4 of [9], where the
limits for the various Higgs factories are displayed separately. The combination of
these effects and effects of other dimension-6 SMEFT operators gives the contour for
a 5 σ deviation from the SM which is also shown in the figure. (Here and below, the
distance in σ between the new model and the SM is computed as in Sec. 7 of [1].)
The significance of the deviations is boosted at small values of g∗ by contributions
from deviations in precision electroweak observables.

4 Two Higgs doublet models

A set of models that gives corrections to the Higgs boson couplings at the tree
level is built by adding to the SM a second Higgs doublet. The literature on Two
Higgs Doublet models (THDM) is vast. Recently, there has been much interest in the
alignment limit [10], in which the mixing has very small effects on the couplings of
the 125 GeV Higgs boson while the new bosons remain light enough to observe at the
LHC. Here I will consider the decoupling limit [11], where the new bosons are very
heavy, perhaps out of reach of the LHC. For simplicity, I include only the leading
correction for large masses of the new Higgs bosons. A more complete discussion of
this limit has been given in [12,13].

To make the description of the decoupling limit more transparent, I begin with a
description in terms of a light doublet field h and a heavy doublet field Φ. The most
general renormalizable Lagrangian for these fields is

L = |Dµh|2 + µ2|h|2 − λ|h|4 + |DµΦ|2 −M2|Φ|2

+η|h|2(h†Φ + Φ†h) + · · · , (5)

with µ2 � M2. I consider the case M2 > 0, so that the heavy field does not obtain
on its own a large SU(2)× U(1)-breaking expectation value. The omitted terms are
proportional to h2Φ2 and higher powers of Φ. For the leading v2/M2 effect at the
tree level, only the terms shown explicitly in (5) are relevant.

The field h acquires a vacuum expectation value 〈h〉 = (0, vh)/
√

2 where vh is very

close to the SM expresson
√
µ2/λ. The coupling η generates a small mixing between

h and Φ that induces 〈Φ〉 = (0, vΦ)/
√

2, where

vΦ = η
v2
h

2M2
. (6)

One linear combination of h and Φ has the vacuum expectation value. This is reflected
in the Goldstone boson mass eigenstate

π0 = π0
h +

ηv2/2

M2
π0

Φ . (7)
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On the other hand, the mass eigenstate of the light CP-even boson is

H0 = h0 +
2µ2 + 3ηv2/2

M2
h0

Φ . (8)

The 125 GeV Higgs boson mass m2
H equals 2µ2 to this order. Then the small angle

between these vectors,

γ =
m2
H + ηv2

M2
, (9)

is directly observable as a deviation of the Higgs boson couplings from the Standard
Model expectation yf =

√
2mf/v.

In the THDM at the tree level, the deviation in the Higgs couplings to W and Z
is of order v4/M4. The W and Z couplings do receive leading contributions in other
extended Higgs sections, for example, those discussed in the next section.

In a typical THDM, discrete symmetries force one linear combination of h and Φ
(Φ1) to couple to one set of quarks and leptons, with the orthogonal linear combination
Φ2 coupling to a different set of quarks and leptons. For example, in the Type II
THDM found in supersymmetric models, Φ1 couples to the down-type quarks and
charged leptons while Φ2 couples to the up-type quarks. Define

tan β = 〈Φ2〉 / 〈Φ1〉 , (10)

nd distinguish the two fields by restricting to tan β > 1. Then the relative corrections
to the Higgs couplings for fermions that receive their masses from Φ1 are

∆yf
yf

= −γ · tan β (11)

while the relative corrections to the Higgs couplings for fermions for fermions that
receive their masses from Φ2 are

∆yf
yf

= γ/ tan β . (12)

In supersymmetric models, the value of η is typically small. For example, the
contribution to η from the SU(2) D-term is

−g
2

8
sin 2β cos 2β → 0.1/ tan β (13)

in the large tan β limit. In more general THDMs, η can be larger, up to η ∼ 1.

In Figs. 2 and 3, I plot the contours in the (M, tan β) plane along which individual
Higgs boson couplings have a 3 σ deviation from the Standard Model expectation,
assuming measurements with the uncertainties expected for the 500 GeV ILC. The
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Figure 2: Mass reach for the deviation in the Higgs boson couplings due to the mixing of
the Higgs boson with a second Higgs doublet. The blu and magenta curves indicate the
3 σ contours for the deviation in the Hbb, Hττ couplings in a SMEFT fit to projected ILC
data up to 500 GeV. The curves are plotted in the (M, tanβ) plane for η = 0.1 (left curves)
and η = 1.0 (right curves). The red curves show the 5 σ contour for the full SMEFT fit.
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Figure 3: Mass reach for the deviation in the Higgs boson couplings due to the mixing of
the Higgs boson with a second Higgs doublet. The blue, magenta, and pink curves indicate
the 3 σ contours for the deviation in the Hbb, Hττ , and Hcc couplings in a SMEFT fit
to projected ILC data up to 500 GeV. The curves are plotted in the (M, tanβ) plane for
η = 0.1 (left curves) and η = 1.0 (right curves). The red curves show the 5 σ contour for
the full SMEFT fit.
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combination of these effects and other effects of dimension-6 operators gives the con-
tour for a 5 σ deviation from the Standard Model which is also shown in the figure.
Figure 2 shows the reach for the standard Type II model in which the Yukawa cou-
plings of the b and τ are enhanced by tan β. In complete supersymmetric models,
the expected mass reach at the HL-LHC for the heavy Higgs boson is below 1 TeV
for low values of tan β [14], leading to a parameter region where the precision Higgs
reach extends beyond this. That region is broader for models with larger values of η.
Figure 3 shows the corresponding situation for a flavorful THDM in which the Higgs
coupling to charm is enhanced by tan β.

5 Higgs field mixing with a singlet scalar field

It is also possible to add to the Standard Model a heavy singlet Higgs field coupling
to the 125 GeV Higgs boson through

L = |Dµh|2 + µ2|h|2 − λ|h|4 + |DµΦ|2 −M2|Φ|2 − µΦ

3!
Φ3 − λΦ

4!
Φ4

− A|h|2Φ− k|h|2Φ2 + · · · . (14)

Note that A has the dimensions of GeV; I will treat A/M as being order 1. Such a
field can substantially modify the Higgs potential, leading to the possibility of a first-
order electroweak phase transition, while maintaining smaller effects on the Higgs
boson couplings to fermions and vector bosons. In (14), the cubic A term gives the
dominant effect. This is a mixing of the singlet Higgs field into the 125 GeV Higgs
boson with mixing angle

γ =
Av

M2
. (15)

For A ∼ M , v � M , this effect appears as a uniform decrease in Higgs boson
couplings by the factor

cos γ ∼ 1− 1

2
γ2 ∼ 1− 1

2

A2v2

M4
. (16)

In models with a Z2 symmetry that forbids this term, substantial reach for effects of
the singlet field can still be obtained through loop effects; see [15].

The largest effects of the Higgs-singlet mixing are seen in the self-coupling and in
cH [16],

cH =
A2v2

M4
c6 = −kA

2v2

2λM4
− µΦA

3v2

3!λM6
(17)

Again, note that both expressions are of order 1/M2. It is important that cH modifies
all Higgs boson couplings equally, so its effects can only be seen by measurements
sensitive to the absolute normalization of Higgs couplings.
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Figure 4: Mass reach for the deviation in the Higgs boson couplings due Higgs mixing with
a heavy scalar singlet. The blue, black, violet, and light blue curves indicate, respectively,
the 3 σ contours for the deviation in the HWW , HZZ, Hgg, and Hττ couplings in a
SMEFT fit to projected ILC data up to 500 GeV. The curves are plotted in the (M,A/M)
plane. The red curve shows the 5 σ contour for the full SMEFT fit. The heavy red line
shows the 5 σ contour that would be obtained from an HL-LHC 1 sigma uncertainty of 3%
on the overall signal strength for Higgs processes.
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In Fig. 4, I plot the contours in the (M,A/M) plane along which individual
Higgs boson couplings have a 3 σ deviation from the Standard Model expectation,
assuming measurements with the uncertainties expected for the 500 GeV ILC. The
combination of these effects and others gives the contour for a 5 σ deviation from
the Standard Model which is also shown in the figure. For comparison, the heavy
red line gives the 5 σ contour corresponding to a 3% uncertainty in the overall signal
strength for Higgs reactions that might optimistically be measured at the HL-LHC.
This corresponds to a 1.5% uncertainty in the scale of Higgs boson couplings. Of
course, the LHC determination has more model-dependence than that obtained from
e+e− Higgs factories.

It should be noted that there is search reach at the HL-LHC for singlet Higgs
bosons up to a mass of 2.5 TeV, but only in models with very large and visible Higgs-
singlet mixing; see, for example, Fig. 54 of [17]. The relevant parameter region is
above the top of the plot in Fig. 4.

The effect on the Higgs self-coupling is larger than that shown here by a factor

1/λ ∼ O(10) . (18)

That is, few-percent-level changes in the HWW and HZZ couplings can potentially
signal order-1 changes in the Higgs self-coupling, though there might be compensating
factors. The relation between the deviations in Higgs couplings to W and Z and those
in the self-coupling are studied in explicit models in [18–20]. Note that I do not include
the effect of a deviation in the Higgs self-coupling in the discovery significance plotted
in Fig. 4.

6 Models with vectorlike quarks

Integration out of heavy new particles leads to loop corrections to the Higgs boson
couplings. These are naturally of the order of

g2

4π

v2

M2
(19)

and often are at the parts-per-mil level. However, there are exceptions. These occur
when the loops acquire large factors from coupling constants, combinatoric factors,
factors of tan β, or large mass ratios.

The simplest context in which this occurs is the integration out of a doublet of
heavy vectorlike quarks. I consider the multiplet (Q, U, D), where Q is an SU(2)
doublet and U and D are SU(2) singlets with hypercharges 2/3 and −1/3. The
Lagrangian is

L = Q(6D −M)Q+ U( 6D −M)U +D( 6D −M)D
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= +(yDQ ·H D + yUQ · H̃ U + h.c.) (20)

where H̃a = εabH
∗
b . For simplicity, I have taken the masses of the heavy quarks to be

equal. I ignore the couplings of this doublet to light quarks, which must be treated
model by model.

The largest contributions in this case come from the operators [21]

∆L =
cH
2v2

(∂µ(H†H))2 +
gscGG
v2

|H|2Ga
µνG

aµν , (21)

where gs is the QCD coupling constant, for which

cH =
3

(4π)2

4v2

5M2
(y2
U + y2

D)2 , cGG = − 1

(4π)2

v2

3M2
(y2
U + y2

D) . (22)

These are small effects if the Yukawa couplings yU and yD are small, but there is no
reason for this. In Little Higgs models, for example, the top quark Yukawa coupling
is given by

y2
t ≈ 1 =

y2
1y

2
2

y2
1 + y2

2

, (23)

forcing both underlying Yukawa couplings to be greater than 1. Even a value yU = 3
still corresponds to αU = 0.7 and give relatively small shifts of TeV-scale vectorlike
quark masses. It is true that the calculation of cGG in Little Higgs models typically
leads to cancellations due to the extra symmetries of the Little Higgs mechanism. To
see how this works in explicit models, see [22–24]. These models do still give a search
reach beyond the HL-LHC value of 1.5 TeV quoted above.

In Fig. 5, I plot the contours in the (M, yU) plane along which individual Higgs
boson couplings have a 3 σ deviation from the Standard Model expectation, assuming
measurements with the uncertainties expected for the 500 GeV ILC. The combination
of these effects and others gives the contour for a 5 σ deviation from the Standard
Model which is also shown in the figure.

7 The t squark-Higgsino system

Finally, as an example of a much more model-specific diagram that can lead
to a significant effect, I discuss the stop-Higgsino loop correction to the b quark
Yukawa coupling. This is enhanced by the top quark Yukawa coupling, the (possibly
heavy) higgsino mass, and the top quark A term in the numerator. The correction
is generated from the top quark Yukawa coupling but corrects the much smaller
bottom quark Yukawa coupling. The effect occurs on top of other supersymmetry
signals, such as those from the THDM structure, and it depends on its own specific
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Figure 5: Mass reach for the deviation in the Higgs boson couplings due to integrating out
a vectorlike quark doublet. The blue, black, and magenta curves indicate the 3 σ contours
for the deviation in the HWW , HZZ, and Hgg couplings in a SMEFT fit to projected ILC
data up to 500 GeV. The curves are plotted in the (M,yU ) plane for yD = 0 (dashed lines)
and yD = yU (solid lines). The red curves show the 5 σ contour for the full SMEFT fit.
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parameter set. Thus, it is very difficult to understand the importance of this effect
from general parameter scans of the MSSM model space. Here I give an estimate of
its potential size, though it should be emphasized that treating this term in isolation
is an oversimplification.

Begin from the diagram

(24)

which gives a loop correction to the b quark mass or the b quark Yukawa coupling. In
principle, this diagram and the corresponding diagram with a b squark could generate
a large part of the b quark mass. Thus, this example illustrates the possibility of large
corrections to the Higgs couplings in models withmass generation by radiative feed-
down. To give a nonzero effect, the diagram requires a helicity flip in the numerator
of the Higgsino propagator, and a flip from t̃R to t̃L induced by the top squark A term.
When we expand this diagram in powers of a background field H, it also generates
the dimension-6 operator Ob that corrects the b quark Yukawa. Note that, for the
similar diagram with a b squark, the dimension-6 contribution is proportional to m3

b

and thus is smaller by (mb/mt)
2.

In evaluating the diagram in (24), I make some simplifications. Since we are
interested in heavy masses in the loop, I ignore terms in the t̃ and h̃ (mass2) matrices
proportional to m2

Z and m2
W . This, in particular, sets the charged Higgsino mass to

µ, which I take to be large. I also set the soft supersymmetry breaking masses of the
t̃R and t̃L to be equal, with the value M . Then the top squark mass matrix is

M2 =
(
M2 mtXt

mtXt M2

)
, (25)

where Xt = At − µ cot β. I run yt(Q) to the scale Q = M ; the running of yb from
mh to M cancels that of the generated dimension-6 operator running from M to mh.
With these simplifications, the diagram leads to the effective operator

∆L = −∆mb bL ·H bR (26)

where

∆mb = i
ybyt

sin β cos β

∫ d4p

(2π)4

µ mtXt

(p2 − µ2)((p2 −M2)2 − (mtXt)2)
(27)

and Xt = At − µ cot β. This operator is a function of the constant background
Higgs field H. Expanding in H reveals the correction to be a sum over operators of
dimension 4, 6, etc. Carrying out this expansion, we find

∆L = −∆ybbL ·HbR −
cb
v2
yb|H|2bL ·HbR − · · · , (28)
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with

∆yb =
yby

2
tµ

sin β cos β
Xt · (−i)

∫ d4p

(2π)4

1

(p2 − µ2)(p2 −M2)2

cb/v
2 = =

yby
2
tµX

3
t

sin β cos β
· (−i)

∫ d4p

(2π)4

1

(p2 − µ2)(p2 −M2)4
(29)

In particular,

cb = −v2 · 3

10

y2
tµX

3
t

(4π)2 sin β cos β

·
[
µ6 − 6M2µ4 + 3M4µ2 + 2M6 + 6M4µ2 log(µ2/M2)

2M4(µ2 −M2)4

]
(30)

This expression predicts the largest effects when µ2 > M2, with both being much
greater than v2.

In Fig. 6, I plot the contours in the (M,Xt) plane along which individual Higgs
boson couplings have a 3 σ deviation from the Standard Model expectation, assuming
measurements with the uncertainties expected for the 500 GeV ILC. Other Higgs
factory proposals give very similar expectations. The contours are given for M/µ =
0.5 and tan β = 20, 50. The needed values of Xt are large but not excessively
so. According to [25], the instability to a color and charge breaking minimum is
unimportant for such large values of the superpartner masses. The deviations due to
this effect would typically add to deviations induced by other supersymmetry effects.
For this reason, I draw the 5 σ contours with dashed lines.

8 Conclusions

In this paper, I have shown that models of new physics can have signficant effects
on the Higgs boson couplings even when the masses of the new particles that induce
these effects are well beyond the direct search reach of the HL-LHC. This does not
happen in all models, but it opens new classes of models and new regions of parameter
space to exploration.

It is noteworthy that each model leads to its own pattern of deviations in the Higgs
boson couplings, as was stressed in [1]. This implies that a discovery of deviations
will also give information about the nature of the new physics that causes it.

In the best case, the regions of parameter space made accessible by precision Higgs
measurements are beyond the scope of LHC searches today but within the scope of
searches at the HL-LHC. Then discoveries at the HL-LHC and the Higgs factory can
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be truly complementary, reinforcing one another and offering different viewpoints on
the nature of the new physics.
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