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Abstract

The little Higgs model provides an alternative to traditional candi-
dates for new physics at the TeV scale. The new heavy gauge bosons
predicted by this model should be observable at the Large Hadron Col-
lider (LHC). We discuss how the LHC experiments could test the little
Higgs model by studying the production and decay of these particles.
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1 Introduction

The hierarchy problem, the question of the origin and radiative stability of
the enormous hierarchy between the electroweak symmetry breaking scale
and the fundamental scale of gravity, requires new physical phenomena to
appear at energy scales around TeV. Several models of new physics at the
TeV scale have been proposed over the years, relying on supersymmetry, new
strong dynamics, or extra dimensions to resolve the hierarchy problem. The
experiments at the upcoming Large Hadron Collider (LHC) are expected to
determine which of these possibilities is realized in Nature.

All models of TeV-scale physics are strongly constrained by non-observation
of virtual effects of new particles in experiments at presently available ener-
gies. For example, supersymmetric theories require non-trivial model build-
ing to satisfy constraints from flavor-changing neutral currents (FCNC). Re-
cently, an elegant and general way to avoid such indirect constraints has
been suggested [I], 2]. In this proposal, the hierarchy problem is solved in
two steps. First, the Standard Model (SM) in incorporated into a “little
Higgs” theory that possesses enough symmetry to cancel the quadratically
divergent contribution to the Higgs mass parameter at one-loop order. This
cancellation allows the little Higgs theory to be valid up to a scale of order 10
TeV without any fine tuning. Around 10 TeV, the little Higgs theory itself
breaks down, and the full dynamics resolving the hierarchy problem becomes
apparent. This dynamics may be described by one of the traditional solu-
tions of the hierarchy problem, e.g. a supersymmetric theory. The simple
structure of the little Higgs theory, combined with the high energy scale at
which the full set of new particles and interactions become relevant, implies
that this scenario can easily satisfy indirect constraints such as FCNC.

The little Higgs models necessarily contain new particles whose virtual
contributions cancel the one-loop quadratic divergence in the Higgs mass
parameter. To avoid fine tuning, these particles should not be much heavier
than 1 TeV; thus, they are expected to be observable at the LHC. Crucially,
the couplings of these particles to the SM Higgs are firmly predicted: indeed,
the cancellation of quadratic divergences can only occur for particular values
of these couplings. In this letter, we will discuss how the LHC experiments
can not only discover the new states predicted by the little Higgs models,
but also verify the structure of the model by measuring their couplings.



2 The Model

We will concentrate on the so-called “littlest Higgs” model [1], based on a
non-linear o model describing SU(5) — SO(5) symmetry breaking. The
symmetry-breaking vacuum expectation value (vev) is proportional to
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where 1 is a 2x2 identity matrix. The low-energy dynamics is described in
terms of the non-linear sigma model field

S(z) = M0 = 2Ty (2)

where f ~ 1 TeV is the decay constant, and IT = >, 7%(2)X® The sum
runs over the 14 broken SU(5) generators X®, and 7%(z) are the Goldstone
bosons. Furthermore, the [SU(2) x U(1)]? subgroup of the SU(5) symmetry
is gauged; the gauged generators are given by
o%/2
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for the SU(2) factors. We write the U(1) factors as Y; =diag(—3, —3,2,2,2)/10
and Y, =diag (-2, -2, —2,3,3)/10. The gauge kinetic term has the form

ngr(DHZ)(D“E)T. (4)

The covariant derivative of the X field is given by
2
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where W (a =1...3) and B; are the SU(2) and U(1) gauge fields, respec-
tively, and g; and g} are the corresponding gauge couplings.



The vev ([Il) breaks the gauge group down to the diagonal SU(2) x U(1),
identified with the SM electroweak group. The linear combinations of the
gauge bosons that remain massless are given by W = siny W 4 cosy W¢
and By = sinv)’ By + cos’ By, where the mixing angles are determined by

tanty = go/g1, tany’ = g3/gi. (6)

The SM SU(2);, and U(1)y gauge couplings are given by g = g; sin and
g = gisiny/, respectively. The orthogonal linear combinations of the gauge
bosons, W and By, acquire masses
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Out of the 14 Goldstone bosons of the SU(5)/SO(5) sigma model, four
are eaten by W and Bpy; the Goldstone boson matrix for the remaining 10
fields has the form

.
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where H = (h*, hg) is the SM Higgs doublet, and ¢ is an additional Higgs
field transforming as a triplet under the SM SU(2).. At tree level, both H
and ¢ are massless. The couplings of the H field to the gauge bosons follow
from (@), and at leading order in 1/f are given by

VH (900 W W3, 4 613 BY B, H (9)
In a generic theory, one would also expect diagonal couplings such as g?W2HH'
and g2W2HHT. These couplings generally lead to quadratically divergent
renormalization of the Higgs mass parameter. The structure of Eq. (@), in
which the diagonal couplings are absent, guarantees the absence of such di-
vergences, and is therefore a crucial feature of the little Higgs model. In
terms of the gauge boson mass eigenstates, Eq. (@) reads,
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In this basis, the diagonal couplings of the Higgs to the gauge bosons are
present, but the couplings to the light and heavy states have equal magnitude
and opposite sign, ensuring the cancellation of quadratic divergences. There
is no such cancellation for the triplet ¢, which acquires a mass of order TeV.

Spontaneous electroweak symmetry breaking (EWSB) arises due to the
logarithmically divergent negative contribution to the Higgs mass-squared
from top loops [1]. As usual, we parametrize H = U(x) %(0, v+ h(x)), and
choose the unitary gauge, U(x) = 1. The ratio of the Higgs vev and the
decay constant f provides a useful expansion parameter: ¢ = v/f S 0.2.
The triplet ¢ is generally also expected to acquire a small vev, v" < v [3]; we
will neglect this effect in our analysis.

3 Higgs-gauge boson couplings

EWSB induces cubic couplings between the physical Higgs boson and the
gauge bosons of the model. The couplings can be obtained from Eq. (E).
Consider first the neutral gauge bosons. Let V = (W3, By, W3, By); the
relevant terms in (&) can be written as

%ﬁvﬂ (M1+ <e+%x)> M2+...> v/, (11)

where M; =diag(0, 0, g2/ sin? 21, g"*/5 sin? 2¢/'), and the dots represent terms
of higher order in 1/f. The gauge boson mass matrix to second order in e,
M + €2 M,, is not diagonal in the chosen basis; to diagonalize it, we per-
form the standard rotation by the Weinberg angle 6y in the upper left corner
taking (W}, Br) — (A, Z).
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Figure 1: Cubic couplings between the physical Higgs boson h and pairs of
neutral gauge bosons.

All other rotations required to diagonalize the mass matrix involve angles
of order ¢; we will not need to know them explicitly. The Higgs couplings
to pairs of gauge bosons are proportional to the elements of the matrix Mo;
we collect the non-vanishing couplings in Fig. 1, keeping only the leading
order in e. Note that My is not diagonal in the mass eigenbasis, leading
to off-diagonal Higgs couplings such as W3 Zh. The cubic couplings of the
Higgs to charged gauge bosons are computed in the same fashion; they are
shown in Fig. 2.

The three diagonal couplings of the Higgs in Fig. 1, hZZ, hW W3 and
hBy By, add up to zero. So do the two diagonal couplings in Fig. 2, kW W,
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Figure 2: Cubic couplings between the physical Higgs boson h and pairs of
charged gauge bosons.

and hW W . These cancellations can be traced back to Eq. (I0), and are
therefore directly related to the crucial cancellation of quadratic divergences.
Measuring the diagonal couplings would provide the most direct way to ver-
ify the little Higgs model. Unfortunately, experimentally this is a difficult
task: the measurement requires associated production of a Wy boson with
a Higgs. The cross section for this process is very small: with 100 fb~! in-
tegrated luminosity at the LHC there are typically only tens of events in
this channel, rendering it virtually unobservable once specific final states are
considered. It is much easier to measure the off-diagonal couplings, such
as hW3Z and hWWiEW. Although these couplings do not directly partic-
ipate in the cancellation of quadratic divergences, verifying their structure
would provide a strong evidence for the crucial feature of the model, Eq. (@).
Indeed, the factor of cot 2y in these couplings is a unique consequence of
Eq. @). To illustrate this point, consider an alternative “big Higgs” theory
with the same [SU(2) x U(1)]* gauge structure as the little Higgs, but with
a Higgs field transforming only under a single SU(2) x U(1) factor with SM
quantum numbers. (The one-loop quadratic divergence in the Higgs mass
parameter is not canceled in this theory.) This theory predicts hW3 Z and
AWz W vertices of the same form as in the little Higgs model, but with the
replacement cot 2¢) — cot . Thus, if the mixing angle ¢ can be obtained in-
dependently, the measurement of these vertices would act as a discriminator



between the little Higgs and the alternative theory.

4 Production and decay of heavy gauge bosons

Heavy gauge bosons W, and By are produced at the LHC predominantly
through their coupling to quarks. The charges of the SM fermions under the
extended [SU(2) x U(1)]*> gauge group are constrained by the requirement
that they have correct transformation properties under its low-energy sub-
group. We choose the left-handed fermions to transform as doublets under
SU(2); and singlets under SU(2)s; the right-handed fermions are singlets
under both SU(2)’s [4]. The couplings of the heavy SU(2) bosons have the
form

B oo B o
geoto Wi, (1%L + Qv Q). (12

where L and () are the left-handed lepton and quark fields, and we sup-
press the generation indices. The charges of the fermions under the two U(1)
groups have to add up to the SM hypercharge, ()1 + Q2 =Y, but are other-
wise unconstrained. This implies a high degree of model-dependence in the
couplings of the By boson to fermions. Note that the strongest electroweak
precision constraints on the little Higgs model [3] [5] arise precisely from the
diagrams involving the By. Certain choices of the fermion charges and the
angle 1" can help minimize these constraints [6]; alternately, the extra U(1)
can be eliminated completely [8] without introducing significant fine tuning
due to the smallness of the coupling ¢’. Given this model uncertainty in the
U(1) sector, we will concentrate on the production and decay of the SU(2)
heavy bosons.

In pp collisions at the LHC, the heavy gauge bosons are predominantly
produced through ¢g annihilation. The sub-process qg — Wpyq is consider-
ably smaller and could be separately identified due to the presence of a high
pr jet. Fig. 3 shows the leading order production cross section of Wy as a
function of its mass, for the case ¢ = w/4. The general case may be obtained
from Fig. Bl by simply scaling by cot? ). Two-body decay channels of the W3,
include W3 — ff, where f is any of the SM quarks or leptons, as well as
W3 — Zh. (The decay W3 — Byh may also be allowed in certain regions
of the parameter space.) Partial decay widths in all these channels are easily
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Figure 3: Production cross sections for W3 (solid) and Wi (dashed) at the
LHC, for 1p = /4. We use the CTEQ5L parton distribution function.

computed using the Feynman rules in Fig. 1:

B 2 t2
(W3 — ) = %M,
N
2 2
_ g° cot”
T(Wi —aqq) = STM’
2cot?2
(W3 — Zh) = %M, (13)

where M = gf/sin2¢ is the mass of the Wy triplet, and we neglect correc-
tions of order € = v/ f (including the effects of non-zero top mass). Summing
over all the quark and lepton channels and ignoring the Byh mode (and all
N-particle final states with N > 3) results in a total width

9 (
1927
Partial decay widths of the W bosons are easily obtained from (I3) using
the isospin symmetry, which is accurate to leading order in e.

[t = cot? 2¢) + 48 cot? w) M. (14)

5 Testing the model at the LHC

The discovery reach of the LHC for the W3 and W3 gauge bosons is quite
high. The cleanest mode is W3 — (T~ with { = e or u. Existing Z’ studies
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at the LHC [7] indicate that these channels are virtually free of backgrounds.
If we establish the discovery reach requiring the observation of 10 events, than
for 100 fb~! luminosity this translates into a mass reach of approximately
M =5 TeV for ¢ = w/4. Depending on the structure of the U(1) sector,
electroweak precision constraints on the model can be satisfied for f as low
as 2 TeV [5l 9], corresponding to M sin2¢) > 1.3 TeV. Thus, there is a wide
range of allowed parameters for which the extra gauge bosons are observable.
Discovering the Wy triplet does not by itself provide a striking signature
for the little Higgs model. Indeed, one can imagine many alternative the-
ories in which such a triplet is present. As we already mentioned, a good
way to distinguish between the little Higgs and alternative theories is to in-
dependently measure the mixing angle ¢ and the magnitude of the hW3 Z
and KWW/ couplings. Let us outline how these measurements can be
performed at the LHC.
The number of events in the pp — W3, — €T~ channel, where ¢ = ¢ or
1, is given by
N(HE) = Loy f(tan® §), (15)

where £ is the integrated luminosity, 0(?2)d is the W3 production cross section

for v = 7/4 (see Fig.[d), and f(z) = 8z71[192 + (1 — z)?]~!. Assuming that
agld can be accurately predicted, measuring the £/~ event rates yields f(x),
which can then be inverted to find the angle ¢ (up to a discrete ambiguity).
If the Wy triplet is not too heavy, the event rates are quite large, leading
to small statistical uncertainties. For example, for M = 2.5 TeV, ¢ = 7/6,
and £ =100 fb~!, we find N(ete™) = 3500, so the statistical uncertainty in
measuring 1) using this channel alone is less than 2%. The number of ete™
background events with such a high invariant mass is very small. The most
important limiting factor in this measurement is the lack of precise knowl-
edge of agld, limited by the uncertainties in parton distribution functions.
An alternative possibility is to measure the total width of the W} and use
Eq. (I4) to extract 1; the uncertainty in this measurement is dominated by
finite calorimeter resolution.

The number of events in each of the pp — W3 — Gq channels is given
by 3N (¢+¢7). Verifying this relation provides a good test of the universality
of the W3 ff couplings, Eq. (IZ). Once the universality is confirmed, these
channels can be combined to further reduce the statistical uncertainty in the
1 determination.

Once the mixing angle 1 is determined, one simply needs to count the



number of events in the pp — W3 — Zh channel. The little Higgs model
predicts
N(Zh) = Loy gtan® ¥), (16)

where g(z) = (1—2)?271[1924(1—x)?]~!. Taking again the sample parameter
values, M = 2.5 TeV, ¢ = 7/6, and £ = 100 fb~!, we obtain N(Zh) = 200.
The alternative “big Higgs” theory predicts N(Zh) = 0.5N(I"17), or about
10 times more Zh events for the sample parameter values than in the little
Higgs model. (We assume that the fermion couplings to the gauge bosons of
the “big Higgs” model are identical to Eq. (12).)

In order to evaluate the observability of this mode, we have assumed that
the Higgs boson is heavy enough to decay into a W pair and considered the
process [10]

Wi — Zh — Z WYW ™ — 45 + ev. (17)

We use the package MadGraph [11] to estimate the corresponding back-
grounds. We require that the kinematics of the observed final state be con-
sistent with the decay chain (7). (Note that both the W} mass and the
Higgs boson mass will be known fairly well by the time this experiment be-
comes feasible.) We find that this requirement reduces the background to
manageable levels, allowing one to clearly distinguish between the little Higgs
model with the sample parameter values and the “big Higgs” alternative with
100 fb~! integrated luminosity.

While in the above discussion we concentrated on the W3 boson, the
same measurements can be performed using its charged partners Wj. Once
the isospin structure of the couplings is verified, the measurements in W3
and Wi channels can be combined to further improve the statistics.

6 Conclusions

If the little Higgs model is a part of the solution to the hierarchy problem,
the extra gauge bosons present in this model should be light enough to be
copiously produced at the LHC. The model makes definite predictions for the
couplings of these gauge bosons to the light SM Higgs boson, which can be
measured at the LHC in decays such as W}, — Zh and Wi — Wih. This
measurement tests the detailed structure of the Higgs sector of the model,
and can be used to distinguish it from alternative theories with the same

gauge group.
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