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Abstract: Motivated by recent search results for the standard model (SM) Higgs boson at the Large Hadron Collider
(LHC), we revisit the Higgs phenomenology in the littlest Higgs model with T-parity (LHT'). We present the signal
strength modifier y, respectively, for the main search channels qq’ — jjh —jjyy, qa’ — Vh— Vyy, qq' — Vh — Vbb,
gg —h—vyy, and gg —h — VV in the LHT model. It is found that an enhancement factor of 1.09-1.56 in the
qq’ — jjh — jjyy channel can be obtained for this model in Case B with parameter f in the range 500-1000 GeV.
However, the rates for bb, T7 are significantly suppressed relative to the SM predictions, which are still consistent
with the current sensitivity. It is hoped that this will be further tested with larger integrated luminosity at the LHC.
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1 Introduction

The standard model (SM) is built on two corner-
stones. One is gauge theory, which has been confirmed by
the discovery of the electroweak gauge bosons W and Z
and is further verified by electroweak precision measure-
ments. However, the other one, the electroweak symme-
try breaking (EWSB) mechanism, still requires a direct
experimental test. The Large Hadron Collider (LHC)
bears the responsibility for detecting the Higgs boson
and revealing the mystery of EWSB.

Over a long period, the Higgs mass is a free parame-
ter in a wide range from 114.4 to 700 GeV, which is based
on the LEP search bound [1] and unitary constraint [2].
Lately, the Tevatron has excluded the production of a
Higgs boson in the narrow mass window 156-177 GeV
at 95% CL [3]. The LHC experiment has the potential
to cover the Higgs boson search in the mass range from
100 GeV to TeV order. For a light Higgs with a mass
below 120 GeV, the best search channel is h—yy. At a
medium mass range of 120-200 GeV, the best sensitiv-
ity is achieved in the WW channel. With the increase
in the Higgs mass, the search channel h — 7ZZ — 41 and
h—77—212v becomes more sensitive.

Recently, the ATLAS and CMS collaborations have
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released the search results for the SM Higgs based on
the 2012 data corresponding to a luminosity of about 5—
6 fb~! at 8 TeV and the 2011 data around 5 fb~! at the
7 TeV run [4, 5]. Both collaborations further confirmed
the previous event excess [6, 7] and announced the dis-
covery of a Higgs-like particle around 125 GeV with a
local significance of the 5o level.

It is interesting to note that the present Higgs search
results from ATLAS and CMS still hint at a larger ob-
served rate in h—y7y than the SM prediction, although
this is not as evident as the previous results [4, 5, 8, 9].
Motivated by recent search results, especially the h—yy
excess, extensive studies have been carried out, including
attempts to draw more information from the data and to
use a global fit to get the best constraints on the Higgs
effective couplings [10-12]. The global fit results show
that the SM Higgs boson with a mass around 125 GeV
can correctly predict the observed rates, but better fits
are obtained by some non-standard scenarios that pre-
dict more y7y signal events [10-12].

In many new physics models, new particles are in-
troduced and they will contribute significantly to Higgs
production and decay. The current Higgs search re-
sults could provide clues into the underlying physics and
then generate profound effects on new physics searches.
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After the discovery of the Higgs-like boson, the next im-
portant mission is to test the properties of the particle,
including its couplings to the SM particles and its spin
and C'P quantum numbers. Extensive studies on Higgs
phenomena in different models are needed to verify, con-
strain or rule out different new physics models according
to the data.

In the little Higgs models, new particles coupling to
the Higgs boson are introduced to cancel the quadratic
divergence of the Higgs mass induced by SM particles.
Although no direct signal of little Higgs particles has
been found until now, the search results for the Higgs
boson can give important indirect constraints on these
new particles and the model parameter space. The Higgs
phenomenology in the littlest Higgs model with T-parity
(LHT) [13] has been extensively studied in Refs. [14-16].
In this paper, we revisit the Higgs boson in the LHT
model and test the parameter space in light of recent
search data. We present the total width and the branch-
ing ratios for the Higgs boson with 125 GeV mass in the
LHT model. It is expected that the width information
of the Higgs boson in the LHT model could be further
tested with a larger data sample. Furthermore, we study
the search channels qq’ — jjh — jjyy, qq’ — Vh followed
by h—bb, gg—h—vyy, gg—h—WW, and gg—h—ZZ.

The rest of this paper is organized as follows. In Sec-
tion 2, we briefly review the LHT model. In Section 3,
we calculate the width information of the 125 GeV Higgs
boson in the LHT model, and we also calculate the rates
of the main Higgs search channels normalized to the SM
prediction in the LHT model. Finally, we give our con-
clusions in Section 4.

2 The Higgs in the LHT model

A key feature of the little Higgs theory is that the
Higgs boson is a pseudo-Goldstone boson from the break-
ing of a large global symmetry, and the EWSB is trig-
gered by the Coleman-Weinberg potential [17]. In this
paper, we shall focus on the LHT model, which has been
the most popular little Higgs model in recent years. In
the LHT model, a discrete parity called T-parity is in-
troduced into the littlest Higgs model [18] and particle
fields are divided into T-even and T-odd sectors under
the parity, and the SM fields are T-even. Because all
the dangerous tree-level contributions to low-energy EW
observables are forbidden by T-parity, the relatively low
symmetry breaking scale f is allowed.

To implement T-parity, two fermion SU(2) doublets,
¢ and o as ¢; = —o0»(u,, dr,)" =—(idy,, —iug,)” with
i=1 and 2, are introduced for each SM fermion doublet.
¢, and g, are embedded into incomplete SU (5) multiplets
¥, and ¥, as ¥, =(q, 0, 02)™ and ¥,=(0,, 0, g2)™, where
0,=(0, 0)T. A multiplet ¥, is introduced as ¥.=(q., X,

gc)".
The fermion mass terms and interaction terms with

the neutral Higgs boson are given by [13]
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originate from the non-linear sigma model field Y. uy,_
and uy, are defined by ur, = (ur, ¥UL2)/\/§ and they
correspond to the T-odd and T-even eigenstates, respec-
tively.

The T-odd combination of the doublets ¢; and g,
obtain a mass v2kf from L, (cf. Eq. (1)). There are
three generations of T-odd particles; here we assume they
are degenerate. A T-odd Dirac Fermion T (T}, =Uy,_,
Ty =Ugr_) gets a mass m = Ao f (cf. Eq. (2)). Note
that T” does not have tree-level Higgs boson interaction,
and thus it does not contribute to the gg fusion process
at the one-loop order. The heavy T-even partner (T') of
the top quark with the mass

My /
mp=———--—=
L (1—z) v
is responsible for canceling the quadratic divergence to
the Higgs mass induced by the top quark where
__AM
AN

The effective Lagrangian for down-type quark

Yukawa couplings in this paper is given by

iAg
Ly = —
1T 92

~(# %) 21y £ X dg, 3)

where W] = (—03q1, 0, 0,)T and ¥ = (05, 0, —02¢2)".
Here, X transforms into X under T -parity, and X =
(X33)"% (denoted as Case A) and X =(XJ;)% (denoted
as Case B) are chosen for X. Here, Y33 is the (3, 3)
component of the non-linear sigma model field Y.

T,

Sei€ay:[(¥3)s X1y 2. X
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In addition to new Higgs interactions introduced in
the LHT model, the interactions between the Higgs bo-
son and the SM particles are also modified as [14]:

AR
Z%zl\z ~ _Z%_%z};—f (u=u, c), (5)
ZS:S/I; ~ _i% %lf—id (Case A), (6)
ZS:S/I; ~ _Z%_glﬁl—y (Case B). (7)

The relation of lepton Yukawa couplings are the same as
the down-type Yukawa couplings.

3 Numerical results and analysis

In this paper, instead of studies of all the search
channels, we mainly concentrate on five channels: vec-
tor boson fusion (VBF) followed by di-photon decay,
ie. qq — jjh — jjyy, qq¢ — Vh followed by h — bb,
gg - h — vy, gg—h—> WW, and gg — h — ZZ.
This is because among all the search channels, these five
channels provide a crucial role due to the large event
rates and good reconstructed resolution. In the LHT
model, the additional T-even top partner and the T-odd
fermions contribute significantly to the processes gg—h
and h—yy induced at loop level. Modified couplings of
the SM particles as shown in Egs. (4)—(7) also affect the
production rates and decay widths of h.

In our calculation, the gg fusion process is calculated
by private codes using the loop functions, and VBF and
Vh production processes are calculated with Madgraph4
[19], where the parton distribution function CTEQ6L
[20] is used with the renormalization scale ugr, and the
factorization scale pur is chosen to be pgr=pr=my,. The
Higgs decays are calculated with HDECAY [21].

In the LHT model, the loop-induced partial decay
width of h—yy?Y can be represented as

B V2Gra®m? |4

F(H_’YY)—W 3 1/2(T)YeYar

4 4
+§F1/2(TT)yT+§F1/2(TT’)yT’

+F (TWL)yWL yGF+F1 (TWH)yWH |27 (8)

where y; represents the corresponding Higgs coupling
in the LHT model. T, T and Wy represent, respec-
tively, the T-even top partner, T-odd fermions and heavy
charged gauge bosons in the model. Here, the dimension-

less loop factors [23] are

Fy,=2+37437(2—7) f(7),

F1/2:_2T[1+(1_T)f(7—)]7

Fy=r[1-7f(7)], (9)
with
[sin '(1/y7)]?, 7>1
f(r=4¢ 1 . (10)
= s /n-)—im?, 7<1
and
T=4M?/m3, ni=1+V1-7. (11)

For the h — gg process, the contributions from the
T-even top partner and T-odd fermions significantly
suppress its rate because in little Higgs models, the
quadratic contribution to the Higgs mass from the top
quark is canceled by the contribution from its partner,
which is derived from the underlying collective symmetry
breaking. For the h—yvy decay, the W boson contribu-
tion dominates over the top contribution in the SM and
they will partially cancel. The contributions from ad-
ditional fermions tend to cancel the contributions from
new gauge bosons, and the W boson still gives a domi-
nant contribution. Therefore, the partial decay width of
h—+yvy does not vary much. However, the branching ra-
tio of h—y7y is enhanced significantly due to total width
suppression in Case B. For precision, we have included
all the new particle contributions in the loop. Our nu-
merical calculation shows that the decay h—yy and the
production process gg — h are not sensitive to the free
parameters x1, and k. Thus, in this paper, we fix x;, =0.5
and k=1

We first present the values of the total width and
branching ratios for two typical values, f=800 GeV and
f=1000 GeV, in Table 1, and it is expected that the
width information of the Higgs in the LHT model could
be further tested at the LHC. For the SM Higgs boson
with a light mass of 125 GeV, the bb channel is the dom-
inant decay channel and the total width of the SM Higgs
boson is about 4.03 MeV [24]. When it comes to the
Higgs boson in the LHT model, the dominant channel is
still the h—bb. However, there are some differences.

In both Case A and Case B, the total widths of the
Higgs boson are suppressed. In Case A, the main de-
cay channels of bb, T, VV are slightly suppressed in
similar factors because the corresponding couplings are
suppressed, as shown in Egs. (4)—(7). While in Case
B, the b and T Yukawa couplings are significantly sup-
pressed. For the Higgs with mass 125 GeV, the bb and
TT channels are the dominant decay channels. Hence,
the suppression of the Yukawa couplings of hbb and htt

1) A detailed study of loop-induced decay in the littlest Higgs model can be found in Ref. [22].
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Table 1. Higgs branching ratios and total widths in the LHT model. (mn=125 GeV).
f/GeV(Case) bb T cc S8 B gg
800 (A) 0.5922 0.6489E—01 0.2688E—01 0.4508E—03 0.2252E—-03 0.6221E-01
1000 (A) 0.5857 0.6419E—-01 0.2770E—-01 0.4457E—03 0.2227E—03 0.7065E—01
800 (B) 0.5461 0.5984E—-01 0.3084E—-01 0.4162E—-03 0.2076E—03 0.7229E-01
1000 (B) 0.5578 0.6112E—-01 0.3012E-01 0.4246E—-03 0.2121E-03 0.7740E—-01
f/GeV/(Case) R%% zy ww 27 tt total I, /GeV
800 (A) 0.2383E—02 0.1651E—-02 0.2215 0.2712E-01 0 0.379332E—-02
1000 (A) 0.2341E—-02 0.1609E—02 0.2197 0.2689E—01 0 0.389284E—02
800 (B) 0.2734E-02 0.1894E—-02 0.2541 0.3111E-01 0 0.330616E—02
1000 (B) 0.2546E—02 0.1749E—-02 0.2389 0.2925E—-01 0 0.357995E—02

results in the evident reduction in the total width of the
Higgs boson. However, it is interesting to note that this
also leads to an enhancement of the branching ratio of
h—yy. The suppression factor of the branching ratios
of h —bb and ht7, and the enhancement factor of the
branching ratio of h—+yvy, can be read directly from the
table.

Here, we also present the total decay width of the
Higgs boson in the LHT model normalized to the SM
width as a function of f in Fig. 1. As shown in Fig. 1,
in both Case A and Case B, the total widths are sup-
pressed in the whole f range. When f increases, the de-
coupling effect appears and the ratio is close to one. The
suppression factors are about 0.838-0.988 (Case A), and
0.543-0.967 (Case B) for f in the range 500-2000 GeV,
respectively. As stated above, the suppression of the to-
tal widths is derived from the suppressions of the Higgs
couplings in the LHT model. In particular, the total
widths are significantly suppressed in Case B since the
suppression of the Yukawa couplings of hbb directly af-
fects the dominant decay channel h—bb.

1.0

09 b -

----Case A
—— Case B

08

(total)/I"M(total)

0.7

LHT
h

r

0.6

05 1 n 1 " 1 n 1 " 1 n 1 " 1 L
600 800 1000 1200 1400 1600 1800 2000

flGeV

Fig. 1. M7 (total)/I$™(total) as a function of
scale parameter f.

Furthermore, we also calculate the hadron production
cross sections for the gluon-gluon fusion process gg—h,

the vector-boson fusion process qq’—jjh, the associated
Higgs production with W/Z, qq’ — Wh and qq— Zh at
the LHC. Both cases corresponding to y/s=7 TeV and
/s =8 TeV are considered, and the results are shown
in Fig. 2. Here, we mainly focus on the case for the
125 GeV Higgs and our results are consistent with those
results. As shown in Fig. 2, in the low f range, the cross
section for gluon-gluon fusion is significantly suppressed
as interpreted above, and the other modes are also sup-
pressed because of the modified couplings in the LHT
model. When f increases, the cross section is close to
the SM prediction. From a phenomenological point, the
difference between Case A and Case B is the coupling of
hdd, where d represents the down-type fermions. So the
cross sections shown in Fig. 2 are the same for Case A
and Case B.

10000 |

&
5

1000 f------ | VU P

_______ s

______ PP—=Zh .-

600 800 1000 1200 1400 1600 1800 2000
f1GeV
Fig. 2. The cross sections for the main modes of

Higgs production in the LHT model as a function
of scale parameter f.

Here, we further consider the signal strength mod-
) o(LHT)x Bry(LHT)
ifier p; =
o (SM) x Br;(SM)

mh:125 GeV, we show Hyvijs Hvbby Hyy, UV (V:W,Z)
versus the parameter f, respectively, for the production
channels qq" —hjj—vyvjj, 99’ = Vh—Vbb, gg—h—yy,
gg—h—VV in Case A and Case B.

In Figs. 3-6, taking
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The fyyj;(qq’ —jjh—jjyy) rates as a func-
tion of scale parameter f.
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Fig. 4. The qub(qq’—>Vh—>Vbl_)) rates as a func-
tion of scale parameter f.

It is found that p,.; corresponding to the vector-
boson fusion production followed by di-photon decay is
larger than one in the small f region in Case B, as shown
in Fig. 3. This was also noted in Ref. [14]. This is mainly
because in Case B, both h — bb and h — 77 are signif-
icantly suppressed due to the shift in the couplings (as
shown in Eq. (7)), which induces the branching ratios of
h — vy to increase. The increase effects dominate over
the reduced effects in production. The signal strength
yvj; normalized to the SM prediction can reach 1.09-
1.56 for parameter f in the range 500-1000 GeV. The
hint of enhanced photon production rate in the vector
boson fusion process [9] can be interpreted as the effect
of small f in Case B of the LHT model. The ratio for
channel qq’ — Vh — vy is nearly the same as p; be-
cause they mainly depend on the VVh coupling and the

branching ratio of h —yy. However, the yy enhance-
ment can not be interpreted in Case A. If more data are
collected and it is further verified that events in the yvyjj
channel are indeed larger than the SM prediction, then
Case A will be ruled out and Case B will suffer further
tests.

The py, and pyv rates as a function of f are also
illustrated in Figs. 5-6. The ratios uy, and pyv are sup-
pressed in both Case A and Case B because the gluon-
gluon fusion process is significantly suppressed by the
contributions from additional heavy fermions. The cross
section for subprocess gg—h can be represented as

7.[2

o(gg—h)=I"(h—gg) Smi (12)
Both the T-even top partner and extra T-odd fermions
are considered in the loop calculation. The effective tree
level approximation in the so-called heavy top limit is
not used?. The deviations from the SM prediction for
tyy and pyy are sensitive to the parameter f. When f
increases, the suppression is weakened sharply and the
results are close to the SM predictions in the decoupling
limit. Besides, the rate j,, for Case B is larger than that
for Case A. The main reason for this is that the large
shift in hbb coupling induces the significant increase of
the branching ratio Br(h—yy). A similar conclusion of
the deviation also holds for pv+ in Fig. 6. Our results
are consistent with those in Refs. [14-16].

1.0
0.9
0.8
N /7 ----Case A
£ ,/ —Case B
0.7 y
/
/
' g
06 F /
7
/
/
05 F/
i

,‘I

04 1 " 1 1 1 1 " 1 1
600 800 1000 1200 1400 1600 1800 2000
fIGeV
Fig. 5. The uyy(gg—h—vyYy) rates as a function of

the scale parameter f.

As shown above, an enhancement factor of 1.09-1.56
in the qq’ — jjh — jjyy channel can be obtained for the
LHT model in Case B with parameter f in the range
500-1000 GeV. And in the same region, the event rates

1) There are detailed discussions about the comparison between loop calculation and heavy top approximation for the gluon-gluon

fusion process in Refs. [25, 26].
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Fig. 6. The pvv(gg—h—VV) rates as a function
of scale parameter f.

in the WW and ZZ channels are slightly suppressed. Al-
though the h — bb and h — 77 are significantly sup-
pressed, these two channels are not sensitive due to the
large backgrounds and relative low identification efficien-
cies of the final states. In addition, the Higgs have not
been conclusively observed in these two channels. So the
Higgs boson of the LHT model in Case B with a small f
value could fit well with the current Higgs search data. In
Ref. [11], they got a 90% CL favored region correspond-
ing to low mass my in the toy LHT modelV. Based on
the above calculation and analysis, we conclude that the
current Higgs search result favors the LHT model in Case
B with a low scale parameter f. The study in the frame-
work of varying Yukawa couplings [27] also supports this
conclusion. It is expected that the Higgs sector of the
LHT model could be further tested by the LHC by in-
creasing the integrated luminosity.

4 Conclusions

In both ATLAS and CMS analyses, the decay chan-
nel h —vyy has played an important role in discovering
the Higgs boson. Motivated by the recent results from
the Higgs search at the LHC, extensive studies have been
conducted to accommodate the hint of h—yy enhance-
ment [10-12, 27-32]. In general, the enhancement factor
in h — yy can be obtained via the contributions from

new particles in the loop of h — yy or by suppressing
the Yukawa couplings in the fermion sector. For the su-
persymmetric (SUSY) models, the hyy can be enhanced
by the contribution of T. A comparative study on dif-
ferent SUSY models was carried out in Ref. [28]. This
shows that the most favored SUSY model is the next-to-
minimal supersymmetric model (NMSSM), whose pre-
dictions about the 125 GeV Higgs boson can agree with
the experimental data at the 1o level without any fine
tuning [28], while the minimal supersymmetric stan-
dard model (MSSM) suffers from some fine tuning [28].
Ref. [29] shows that the 125 GeV techni-dilaton in the
walking technicolor (WTC) can be consistent with the
current Higgs search results, where a large diphoton
event rate can be achieved due to the loop contributions
of extra techni-fermions. In addition, the minimal model
of universal extra dimensions (MUED) explains how the
cross-sections for Higgs production via gluon fusion and
decay into photons are modified by KK particles running
in loops [30]. On the other hand, in some other studies,
the enhancement factor in h — yy can be obtained by
modifying the Yukawa couplings [27, 32].

In this paper, we have studied the Higgs produc-
tion and decay of the LHT model in the light of recent
Higgs searches at ATLAS and CMS. The decay chan-
nels and cross sections for the 125 GeV Higgs boson in
the LHT model are presented. We found that the total
widths are suppressed in both Case A and Case B of the
LHT model. However, the branching ratios of h — yy
are enhanced in Case B in the small f region since the
main decay channel h — bb is significantly suppressed.
The signal rates normalized to the SM prediction for
Higgs (my =125 GeV) search channels qq’ — jjh — jjvv,
qq’ — Vh— Vbb, gg— vy, gg — WW, gg — ZZ are also
presented. It is found that an enhancement factor of
1.09-1.56 in the qq'—jjh—jjyy channel can be obtained
for the LHT model in Case B with parameter f in the
range 500-1000 GeV. In the LHT model, the rates for
bb, Tt in Case B are significantly suppressed relative
to the SM predictions that are still consistent with the
current statistic. It is expected that the Higgs properties
of the LHT model could be further tested with a larger
data sample at the LHC.

We would like to thank Qi-Shu Yan and Xia Wan for

helpful discussions.

1) Their study was carried out in the fermionic top partner frame and only the most basic features of the LHT model are kept under
some assumptions. In particular, the hVV couplings and hbb couplings are assumed to be consistent with those in the SM.
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