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An extra dimension is one of the most attractive candidates beyond the Standard Model. In warped extra

dimensional space-time, not only the gauge hierarchy problem but also quark-lepton mass hierarchy can

be naturally explained. In this setup, a sizable parity violation through a Kaluza-Klein gluon exchange

appears in the QCD process such as helicity dependent top pair production. We investigate this QCD

parity violating process by use of the SOð5Þ �Uð1Þ gauge-Higgs unification model. We evaluate LHC

observable quantities, i.e., a charge asymmetry and a forward-backward asymmetry of the top pair

production, and find that a sizable charge asymmetry can be observed with specific model parameters.
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I. INTRODUCTION

ATLAS and CMS collaborations at the LHC reported a
discovery of a new boson which is consistent with the
Standard Model (SM) Higgs boson [1]. It is important
that the observed boson can be really identified to the
SM Higgs boson. On the other hand, a stabilization of
Higgs self coupling requires an underlying theory behind
the SM [2,3] (see also Ref. [4] and references therein).
Supersymmetry (SUSY) and an extra dimension are the
most promising candidates beyond the SM, which natu-
rally contain stable dark matter particles. For a warped
extra dimension, which is first proposed by Randall and
Sundrum (RS) in Ref. [5], provides a framework which
solves the hierarchy problem. In the original model, the
SM fields are localized to a brane. However, when the SM
fermions and gauge bosons propagate in the bulk, models
have attractive features such as explaining fermion mass
hierarchy (see, for example Ref. [6]). In this setup, con-
figuration of the SM fermion wave function depends on
bulk mass parameters ci, where i is a label of fermion.
Fermions with ci > 1=2 are localized near the Planck
brane, while the ones with ci < 1=2 are localized near
the TeV brane. Since the Higgs is localized to the TeV
brane, a mass of fermions with ci > 1=2 is smaller than that
of fermions with ci < 1=2 due to an overlap of wave
functions among the Higgs and fermions. In general, ci
of left-handed fermions are not the same as those of right-
handed fermions [7]. Focusing attention on the QCD sec-

tor, the nth Kaluza-Klein (KK) gluon GðnÞ is localized to

the TeV brane. Therefore, overlap between GðnÞ and qL is

different from that between GðnÞ and qR [8]. This means
that parity violation in the QCD process is accommodated
in a warped extra dimension scenario.

Parity violation in the QCD process can be measured by
using helicity dependent top pair production. Helicity
measurement of t�t is shown in Ref. [9]. In the SM QCD
sector, of course, there is no parity violation in top pair

production. The SM background is induced by electroweak
interaction [10,11]. The t�t helicity asymmetry is expected
to be highly sensitive to new physics. For example, SUSY
can also arise sizable t�t asymmetry through squark loop
diagrams, because ~qL and ~qR have different a mass spec-
trum in general, and qLðRÞ-~qLðRÞ-~g is a chiral interaction

[11]. For another QCD parity violating process, quark-
onium decay is investigated in Ref. [12]. Comparing to
the SUSY models, the warped extra dimension model has
much larger QCD parity violation due to an existence of
tree level contributions.
In this paper, we investigate the QCD parity violation by

use of SOð5Þ �Uð1Þ gauge-Higgs unification model as an
example of warped extra dimension scenario with bulk
quark configurations. Gauge-Higgs unification is an attrac-
tive scenario which can explain the origin of the Higgs
boson with finite mass, and the SOð5Þ �Uð1Þ model is a

realistic setup [13]. In this model, Higgs and GðnÞ are
localized to the TeV-brane, and qLðqRÞ is typically located
near the Planck (the TeV) brane [14].1 We investigate
helicity asymmetry of top pair production. It was also
researched in Ref. [8], however, we will evaluate it by
use of LHC observables, i.e., a charge asymmetry and a
forward-backward asymmetry here. We will find that a
sizable charge asymmetry can be observed with specific
model parameters.
This paper is organized as follows. In Sec. II, we give a

brief review of SOð5Þ �Uð1Þ gauge-Higgs unification
model. In Sec. III, we analyze the t�t left-right asymmetry
ALR, which can be observed by a charge asymmetry AC,
and a forward-backward asymmetry AFB in the LHC
experiment. We present a conclusion in Sec. IV.

1In general, configuration of quark wave functions are also
different among their flavor. Thus, a different configuration
between qL and qR induces not only parity violation but also
flavor violation. Constraints from flavor violation are studied in
Ref. [15].
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II. SOð5Þ � Uð1Þ GAUGE-HIGGS
UNIFICATION MODEL

We pick up the SOð5Þ �Uð1Þ gauge-Higgs unification
model as a warped extra dimension scenario in which
Higgs and KK gluon are localized to the TeV brane and
left- and right-handed fermions have different configura-
tions in the bulk. The model is constructed in the RS
warped space-time [5], which metric is given by

ds2 ¼ e�2�ðyÞ���dx
�dx� þ dy2; (2.1)

where �ðyÞ ¼ kjyj with 5-dimensional (5D) scalar curva-
ture k. The fifth dimension y is orbifolded on S1=Z2, and
the region of y is given by 0 � y � L. The Planck and the
TeV brane are located at y ¼ 0 and y ¼ L, respectively.
The gauge group of this model is SOð5Þ �Uð1ÞX �
SUð3ÞC in the bulk, and SOð5Þ �Uð1ÞX is reduced to
SUð2ÞL � SUð2ÞR �Uð1ÞX by orbifold boundary condi-
tions. The SUð2ÞR �Uð1ÞX symmetry breaks down to
Uð1ÞY by the vacuum expectation value (VEV) of a scalar
field � on the Planck brane.

At a low-energy scale, relevant parameters in the QCD
sector of this model are k, the warp factor zL ¼ ekL which
represents the scale of hierarchy between the Planck and
the TeV brane, 5D strong gauge coupling gC, bulk mass
parameters cq, and brane mass ratios ~�q=�q

2 . The gC is

related to 4-dimensional strong gauge coupling as gs ¼
gC=

ffiffiffiffi
L

p
. Basically, cq controls the localization of the zero

mode wave functions near the TeV brane and the Planck
brane. ~�q and �q

2 are induced by VEVs of the scalar filed

�. Brane mass matrices are regarded as flavor diagonal so
that the flavor mixing is turned off in this paper. Our setup
follows in Ref. [14], and unknown parameters are
ðk; zL; cq; ~�q=�q

2Þ at low energy. Three of these parameters

can be fixed by taking electroweak coupling �W , W boson
mass mW , and quark mass mq. One parameter of

ðk; zL; cq; ~�q=�q
2Þ remains as a free parameter, and we

take zL as an input parameter. In this paper we consider
two cases of zL ¼ 1015 and zL ¼ 1020. Once the zL pa-
rameter is fixed, Higgs mass is determined. When we input
zL as zL ¼ 1015 and 1020, Higgs mass is calculated as
mH ¼ 135 GeV and 158 GeV when �H ¼ �

2 , respectively,

where �H is the Wilson line phase which gives a non-
vanishing VEVof Higgs. This is not compatible with recent
experimental data, and the suitable Higgs mass can be
obtained when �H � �

2 . Such �H might be realized by

taking specific matter content,2 and the QCD sector is
not affected by such modification of the model. We focus
on the QCD sector of this model, and therefore, our analy-
sis is not conflicted with the observed mH.

In the SOð5Þ �Uð1Þ gauge-Higgs unification model,
parity is violated in the QCD process because of the

difference between qL- �qL-G
ðnÞ and qR- �qR-G

ðnÞ couplings.
As we show in Sec. III, the latter coupling is much larger
than the former one. This is because that qR (qL) wave
function is located near the TeV (the Planck) brane,
and KK gluon is located near the TeV brane. Such a
configuration of a quark wave function is related to
brane mass parameters induced by VEVs of � on the
Planck brane. Only the left-handed quark has brane mass
terms, and mixes with extra particles located on the Planck
brane. These chiral interactions induce a sizable parity
violation in the QCD process, which can be discovered at
the LHC. In order to investigate this parity violation, we
focus on the helicity dependence of top pair production at
the LHC.

III. EXPERIMENTAL OBSERVABLES AT LHC

A. Production cross sections

First, we prepare parameter sets of the model. Parity
violation in the QCD process arises from one KK gluon

exchange at tree level, which the process is q �q ! GðnÞ !
t�t. KK gluon masses and their total decay widths are shown
in Table I with zL ¼ 1015 and Table I with zL ¼ 1020. The
couplings of KK gluon to quarks are listed in Table II,

where gG
ðnÞ

q represents the q- �q-GðnÞ coupling constants in

unit gs ¼ gC=
ffiffiffiffi
L

p
. cq and ~�q=�q

2 are given in Table III.

The production cross sections of the first, second, and
third KK gluons with the parameters of zL ¼ 1015 and 1020

are summarized in Table IV, where the top quark mass is
172.5 GeV and CTEQ6L PDF [17] is used for proton-
proton collision at

ffiffiffi
s

p ¼ 8 TeV. For simplicity, the
renormalization and factorization scales are fixed at
mZ ¼ 90:188 GeV, which result in the electroweak and
strong coupling constants of �ðmZÞ ¼ 1=132:507 and
�sðmZÞ ¼ 0:1298, respectively. The top pair production
cross section of the SM prediction under the same condi-
tion is 197.6(1) pb.
Figure 1 presents the top quark pT spectrum and the t�t

invariant mass system mt�t with the first and second KK
gluons at zL ¼ 1015 and zL ¼ 1020 together with the SM
prediction, respectively.

TABLE I. KK gluon masses and their total decay widths, �total,
with zL ¼ 1015 and zL ¼ 1020.

Unit GeV 1st KK gluon 2nd KK gluon 3rd KK gluon

zL ¼ 1015

Mass 1144 2630 4111

�total 7205 1265 274.3

zL ¼ 1020

Mass 1330 3030 6452

�total 10987 1615 175.7

2When �H ¼ �
2 , Z2 symmetry called H-parity is dynamically

emerged, and Higgs boson can be dark matter. Observed Higgs
boson mass can be realized by �H � �

2 , where the model
becomes realistic as shown in Ref. [16].
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Although the figures at zL ¼ 1015 are similar to those at
zL ¼ 1020, we can notice that KK gluon contributions of
the former are larger than those of the latter.
All parts of Fig. 1 show that the SM contribution is

suppressed in high pT or mt�t regions, and the first KK
gluon production process becomes almost dominant. The
top pair production cross section is precisely measured
within a 10% level [18]. Given the fact that the theoretical
uncertainty also gives similar uncertainty at next-to-next-
to-leading order calculation [19], the shown production
cross sections in the table are nearly on the border of the
experimental uncertainty. The differential cross section
measurements [20] as a function of top quarks pT or mt�t

will allow us to explore a wide range of the parameter
space of this model.

B. Asymmetry measurement

Now let us estimate QCD parity violation in the
gauge-Higgs unification model. The left-right asymmetry
is given as

ALR ¼ NðtL �tLÞ � NðtR �tRÞ
NðtL �tLÞ þ NðtR �tRÞ ; (3.1)

where N is the number of events with a left- or right-
handed helicity state of the t (tL=R) and �t (�tL=R) quarks.
First, we present the left-right asymmetry ALR as a function
of the t�t invariant mass system in Fig. 2. The first, second,
and third KK gluons are interfered with by the SM pro-
cesses. We take the parameters zL ¼ 1015 and 1020 as
samples, and both cases are shown in the figure. There is
a very strong correlation in the asymmetric behavior of the
left- and right-handed helicity states of the t�t production in
the gauge-Higgs unification model, while there is no asym-
metric behavior in the SM prediction. This is expected that
the KK gluons are strongly coupled with the right-handed
top quark. This asymmetric behavior in Fig. 2 can be
quantitatively understood as follows. In the high-energy
limit, ALR becomes

ALR � ðgGðnÞ
tL Þ2 � ðgGðnÞ

tR Þ2
ðgGðnÞ

tL Þ2 þ ðgGðnÞ
tR Þ2 : (3.2)

Thus, ALR is close to�1 because gG
ðnÞ

tL is much smaller than

gG
ðnÞ

tR . Even with the higher-order correction, the SM only

predicts at most less than 2% [10]. Therefore, the size of
the asymmetry might be sufficient to observe in the ex-
periment. However, the t (�t) quark is immediately decayed
into the final state particles without suffering the strong
interaction, so that the correlation of the helicity state in
the t�t production is only known through the observation of
the asymmetry of the final state particles (t ! bq �q=bl�).
We focus on charge asymmetry and forward-backward
asymmetry defined in Eqs. (3.3) and (3.4) as observable

TABLE III. Bulk mass parameters cq and brane mass ratios
~�q=�q

2 with zL ¼ 1015 and zL ¼ 1020.

cq ~�q=�q
2

zL ðu; dÞ ðc; sÞ ðt; bÞ ðu; dÞ ðc; sÞ ðt; bÞ
1015 0.843 0.679 0.432 2.283 0.0889 0.0173

1020 0.757 0.634 0.451 2.283 0.0889 0.0172

TABLE IV. Production cross sections of the first, second and
third KK-gluons with the parameters of zL ¼ 1015 and 1020 in a
unit of pb. The top quark mass is 172.5 GeVand CTEQ6L PDF is
used for proton-proton collision at

ffiffiffi
s

p ¼ 8 TeV. The Standard
Model top pair production cross section is 197.6(1) pb under
same condition.

Unit pb 1st KK gluon 2nd KK gluon 3rd KK gluon

zL ¼ 1015 22.61(2) 0.1573(2) 6:45ð1Þ � 10�6

zL ¼ 1020 12.67(1) 0.1065(1) 8:50ð1Þ � 10�8

TABLE II. The coupling constants of q- �q-GðnÞ with zL ¼ 1015

and zL ¼ 1020 in unit gs.

Unit gs n ¼ 1 n ¼ 2 n ¼ 3

zL ¼ 1015

gG
ðnÞ

uL
�0:195 0.133 �0:108

gG
ðnÞ

cL
�0:195 0.133 �0:108

gG
ðnÞ

tL
0.442 �0:402 0.295

gG
ðnÞ

dL
�0:195 0.133 �0:108

gG
ðnÞ

sL
�0:195 0.133 �0:108

gG
ðnÞ

bL
0.661 �0:370 0.283

gG
ðnÞ

uR
6.323 2.129 0.734

gG
ðnÞ

cR
6.044 1.633 0.568

gG
ðnÞ

tR
5.603 0.949 0.408

gG
ðnÞ

dR
6.323 2.129 0.734

gG
ðnÞ

sR
6.044 1.633 0.568

gG
ðnÞ

bR
5.500 0.832 0.417

zL ¼ 1020

gG
ðnÞ

uL
�0:168 0.114 0.079

gG
ðnÞ

cL
�0:168 0.114 0.079

gG
ðnÞ

tL
0.366 �0:367 �0:221

gG
ðnÞ

dL
�0:168 0.114 0.079

gG
ðnÞ

sL
�0:168 0.114 0.079

gG
ðnÞ

bL
0.563 �0:334 �0:213

gG
ðnÞ

uR
7.158 2.174 0.455

gG
ðnÞ

cR
6.900 1.733 0.369

gG
ðnÞ

tR
6.518 1.143 0.250

gG
ðnÞ

dR
7.158 2.174 0.455

gG
ðnÞ

sR
6.900 1.733 0.369

gG
ðnÞ

bR
6.430 1.039 0.234
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quantities. These two asymmetries can access a distribu-
tion of the asymmetry of t (�t) flight direction [21], which is
caused by parity violation (ALR).

The matrix element [22] of the top pair productions is
considered up to the final state particles involving a decay
of the t (�t) quark, so that the helicity state in the t (�t) quark
in production is properly propagated into the final state
particles, and thus the event kinematics could be experi-
mentally modeled. For simplicity, the event selections
listed in Table V are applied based on the experimental
signatures, where the events are categorized as
‘‘leptonþ jets’’ and ‘‘dilepton’’ channels based on the
W boson decay from the t and �t quarks. The leptonþ
jets channel requires at least one high pT electron or muon
in the fiducial volume in the detector. The j�j< 2:5 is
chosen by the coverage of typical tracking detectors. The
b quark and the other quarks from W boson decay are
considered as a jet which has to be pT larger than 20 GeV
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FIG. 1 (color online). (a) top quark pT spectrum and (b) t�t invariant mass system mt�t with the first and second KK gluons at
zL ¼ 1015. (c) and (d) are zL ¼ 1020 case.
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FIG. 2 (color online). Left-right asymmetry, ALR, as a function
of the t�t invariant mass system.
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with in j�j< 2:5. The b jet tagging might enhance the top
pair events against background processes. In the dilepton
channel, two leptons (e or �) are required in the final
state. To further suppress the SM background processes,
the missing transverse energy, which is the vectored sum-
mation of two neutrino momenta in the transverse plane,
is required to be larger than 50 GeV. In the experiment, the
unfolding procedure is applied to the observed experimen-
tal quantities, and here we only evaluate the 4-vector
level event topology to see if given event selections are
still feasible to observe the t�t asymmetry to probe this
model.

Based on these event selections, we define the quantities
of the t�t asymmetry as follows:

AC ¼ Nð�jyj> 0Þ �Nð�jyj< 0Þ
Nð�jyj> 0Þ þNð�jyj< 0Þ ; �jyj � jytj � jy�tj

(3.3)

for the leptonþ jets channel, and

AFB ¼ j cos�þlepj � j cos ��lepj
j cos�þlepj þ j cos ��lepj

(3.4)

for the dilepton channel, respectively. The AC is known
as the charge asymmetry and AFB is the forward-
backward asymmetry. The AC is the difference of the
events with the t ð�tÞ quark rapidities, which is parame-
trized by �jyj. The t ð�tÞ quark direction is reconstructed
by three jets from the t ð�tÞ quark decay. In the dilepton
channel, t ð�tÞ quark momentum cannot be determined.
Meanwhile, it is easy to see the charged lepton momen-
tum, and charged leptons in the final state are expected to
maintain the asymmetry of t and �t direction. Note that
AFB of (3.4) is not the same observable at the Tevatron
because an absolute value of t ð�tÞ flight direction is
meaningful at the LHC. AFB is formed by the event-
by-event basis with the positive and negative charged
lepton direction.
Figure 3(a) shows the charge asymmetry and Fig. 3(b)

shows forward-backward asymmetry as a function of the
invariant mass of the t�t system, and dilepton mass system
after event selections applied for leptonþ jets and dilepton
channels, respectively. We demonstrate the asymmetries
when the gauge-Higgs unification model is included in the
SM processes. We also estimate that the integrated AC is
�0:04. As for AFB, it reaches�0:1 in highmll region. With
5%–10% asymmetry, this is experimentally still sufficient
to observe [20].

TABLE V. Event selections, which categorized as leptonþ
jets and dilepton channels based on the W boson decay from
the t and �t quarks.

Channel Event selection

Leptonþ jets channel pT > 20 GeV, j�j< 2:5
for lepton and quarks

Dilepton channel pT > 20 GeV, j�j< 2:5
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FIG. 3 (color online). (a) charge asymmetry and (b) forward-backward asymmetry as a function of the invariant mass of the t�t
system, after event selections applied for leptonþ jets and dilepton channels, respectively.
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IV. CONCLUSION

We have discussed the parity violation in QCD in the

warped extra dimension model where Higgs and KK glu-

ons are localized on the TeV brane and left- and right-

handed fermions have different configurations in the bulk.

In this setup, parity is violated in the QCD sector at tree

level, which can be observed by the helicity asymmetry of

t�t at the LHC. We pick up the SOð5Þ �Uð1Þ gauge-Higgs
unification model as a concrete model, and find that large

helicity asymmetry appears at the highmt�t region. We have

evaluated LHC observable quantities, AC and AFB, which

can reach �0:4 and �0:1, respectively, with specific pa-

rameters in a high-energy region. We have also estimated

the integrated AC at �0:04 for all mt�t region. Clearly, it is

larger than the SM background, and it is sufficient to be

experimentally observed. Furthermore, note that the

threshold behavior of the asymmetry in the t�t invariant

mass system is proportional to the first KK gluon mass. We

comment on the case of �H � �
2 for realistic Higgs mass. In

this case the zL factor might be changed, however, the

asymmetric behavior is similar to our result since the

relation gG
ðnÞ

qR � gG
ðnÞ

qL is maintained.

In the experimental side, AFB is not yet reported at the
LHC. However, it is important because the dilepton chan-
nel is expected to be a probe of the t�t asymmetry as we
discussed in Sec. III B. As for AC measurement, statistics
are not sufficient in the mt�t > 450 GeV region. Thus, in

this region, only an integrated AC is reported. The mea-
sured charge asymmetry AC is consistent with our calcu-
lation [23], however, total error (statistic and systematic) is
still large (� 5%). Statistic and systematic errors are
approximately �0:03ðstatÞ and �0:02ðsystÞ, respectively.
It is necessary to distinguish the KK gluon contribution
from the SM background. The SM prediction of AC is
given by ASM

C ¼ 0:00115� 0:0006 [24]. Then we can

recognize the asymmetry to be KK gluon contribution
when errors are suppressed as �0:01. In order to obtain
�0:01 statistic error, the integrated luminosity needs to be
�100 fb�1. While, if the systematic error reduces about
1=10, it is possible to distinguish the AC evaluated in this
paper from the SM background. Therefore, AC is a prom-
ising observable for the KK gluon contribution. AFB is also
a hopeful observable in the dilepton channel, and the
precise measurements of AC and AFB at the LHC are
important to determine the coupling structure of this
model.
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