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1. Introduction

By the discovery of the Higgs boson at the Large Hadron Collider (LHC), all of the fields in
the standard model (SM) were discovered. However, the SM is not a perfect theory. In the SM,
the Higgs boson mass is not protected by a symmetry, so there is the fine-tuning problem of the
Higgs boson mass. In addition, the reason of the negative Higgs boson mass in the Lagrangian is
not explained. Hence studies for the electro-weak sector including the Higgs sector of the SM and
of the models beyond the SM are increasingly important.

The gauge-Higgs unification (GHU) is a solution to the fine-tuning problem of the Higgs boson
mass [1,2]. In the GHU models, the Higgs boson appears as an extra-dimensional component of the
higher-dimensional gauge boson. Hence the Higgs sector is governed by the gauge principle and
the Higgs boson mass is protected against the radiative corrections. The Higgs boson is massless
at the tree-level and acquires the finite mass by the radiative corrections [3]. In the GHU models,
the most important parameter is the Wilson line phase along the compactified extra dimension, 0.
The effective potential is written by the function of 8. This phase cannot be integrated out because
the extra dimension is compactified. This mechanism of dynamical symmetry breaking is called
the Hosotani mechanism.

The phenomenologically most viable GHU model is the SO(5) x U(1) GHU model [4-16].
In the SO(5) x U(1) GHU model, the Higgs doublet is embedded in fifth dimensional components
of the SO(5)/SO(4) gauge boson. Thus the Higgs boson is protected by the custodial symmetry.
The most severe constraint on the model comes from the Z’ searches at the LHC. In this model,
the Kaluza-Klein (KK) excitations of ¥, Z and Zg which is the neutral SU(2)g gauge boson also
mediate e"e” — ff processes. As shown in Ref [12, 13], there are large asymmetries between
the Z's couplings with the left- and right-handed quarks and leptons, which are naturally caused
from the metric. Because of the large couplings, Z’s have large decay widths and the lower limit
of their masses are severely constrained. The parameter region is constrained as 6y < 0.1, where
MKK Z 8 TeV [11].

The International Linear Collider (ILC) has the capabilities for precise measurements of the
electroweak sector [17-20] and effects of new physics on the cross sections and the forward-
backward asymmetries of eTe™ — ff processes might be observed [21-24]. The effects of Z’
bosons in our SO(5) x U(1) GHU model on these values are studied in Ref. [12]. Because of the
large asymmetries of the Z’ couplings, clear deviations would be seen with the polarised electron
beams although Z' masses are much higher than the collision energy of the ILC. In the study, not
all of the allowed region of parameters is explored. Therefore the effects of Z' bosons are more
broadly studied in Ref. [13].

In this proceeding, the cross sections and forward-backward asymmetries of the fermion pair
production processes mediated by the Z’ bosons are explained. In Section 2, the SO(5) x U(1)
GHU models are introduced. In Section 3, properties of the Z’ bosons in this model is explained.
In section 4, the results obtained in Ref. [12, 13] are shortly reviewed. In Sect. 5, the results are
summarised.
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2. Model

The SO(5) x U(1) GHU models considered in this proceeding are shortly reviewed here. It is
defined on the Randall-Sundrum (RS) warped metric [25], its metric is

ds® = gyundxMdxN = e~20) Nuvdxdx" +dy?, (2.1)

(0 < |y| £ +L) where 1y = diag(—1,1,1,1). y = 0 is called the UV brane and y = L is called the
IR brane. The region between the two branes are called the bulk space. The metric has a negative
curvature, therefore the RS spacetime is an AdS spacetime.

The action has the SO(5) x U(1)x x SU(3)¢ gauge symmetry. The SO(5), U(1)x and SU(3)¢
gauge fields are expressed as Ayy, By and Gy, respectively. The SO(5) gauge fields Ay, are decom-

posed as
3

3 4
A=Y AUT®+ Y AT+ ZAf;,T&, (2.2)

ar=1 ag=1 a=1

where T (ay,ag = 1,2,3) and T4(a = 1,2,3,4) are the generators of SO(4) ~ SU (2). x SU (2)g
and SO(5)/SO(4), respectively. There are two types of the fermion multiplets in this model.
Y% (a =1,2,3,4 and « represents the generations) are the four SO(5)-vector (5 representation)
fermions and ‘Pg (60 =1,---,Np) are Np number of SO(5)-spinor (4 representation) fermions,
which exist in the bulk space. The colour indices are not shown.

The boundary conditions at yg = 0 and y; = L are given by

(il;:> (X,YJ'_y) =P (f:y> (xayj+y)P‘;1’
(?y’) (r.y;—y) = (fgy) (6,75+),
<f;’> (xy53) = <_G5> i)

W (x,y; —y) = P 7P% (x,y; +),

P2 (x,y; —y) = (= 1)/ PpTo3 (x,y; + ),
Pre = diag(—1,—1,—1,-1,+1), (2.3)
Py = diag (+1,41,—1,—1). (2.4)

By these boundary conditions, Ay*, A{® and A have the zero modes. Thus, the SO(5) x U(1)x
symmetry is broken to SO(4) x U(1)x ~ SU(2)L x SU(2)g x U(1)x at low energy and the Higgs
boson is protected by the custodial symmetry. The remaining SU (2)g symmetry must be broken
because no SU (2)g gauge bosons have been observed. In our model the SU (2)g x U(1)x symmetry
is broken to U(1)y by the brane interaction with a brane scalar on the UV brane. Finally the
remaining SU(2), x U(1)y is broken to U(1)gm by the Hosotani mechanism. For quarks and
leptons, the bidoublets have the left-handed zero modes and the singlets have the right-handed zero
modes.
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The vacuum expectation value of the Higgs boson appears as a Wilson line phase. The vacuum

expectation value is taken to (Af) =v- 8%y (y), where iig(y) = eZksz—l €2, and the Wilson line
phase is given by
; . L
exp {;BHZ\ET“} = exp {igA/ dy(AQ} . (2.5)
0
v is written as v = fy 0y, where
2 k
== 2.6
fH gA eZkL - 1 ( )

It is thought that there is a holography between the SO(5) x U (1) GHU models and the min-
imal composite Higgs models [4, 5]. A composite pseudo Nambu-Goldstone boson in composite
Higgs models corresponds to a zero-mode of Ay, in GHU models defined on AdS spacetime and the
Higgs potential in composite Higgs models correspond to the effective potential by the Hosotani
mechanism in GHU models. Here it should be emphasised that the effective potential in GHU
models are calculable. In addition, actions in GHU models are more restrictive.

Recently, two types of the SO(5) x U (1) GHU models are phenomenologically studied. One
is called the A-model and the other is called the B-model. The main difference is the SO(5)
representations in which the quarks and leptons are embedded. In this proceeding, the A-model is
explained.

Table 1: Matter and brane fields of the SO(5) x U(1) GHU A-model and B-model. The left numbers (3 or
1) in the parenthesis represent the representation for SU(3)¢ (colour triplets or singlets). The right numbers
represent the representations for SO(5). For the brane fields, [2, 1] is SU(2),, doublets and SU(2)g singlets
and [1, 2] is SU(2),, singlets and SU (2)g doublets. The subscripts represent the U (1)x charges.

A model B model
quark PP(3,5).2 P (35) 1 | Wyt (34),0, l}f?;‘j;) : (3,1)1
lepton w5 (1,5)1, Wi (1,5)o Pl (1L4)
dark fermion wi(1,4),, gh . (3.4), 1, %75 - (1,5);

}Zq 2(3,[2, 1]) 7.,.1_5
1,2,3R +5t 5 %a : (1’1)0

5l )
12k (1,]2, 1])%#%7,%

brane fermion

brane scalar o (1,1, 2]). D14y :(1,4)

+

symmetry of
SU(3)e xSO(4) xU(1)x SU(3)e xSO(5) xU(1)x
brane interactions
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3. Parameters, Z’' couplings and decay widths

In the A-model, there are only two free parameters. From the metric, two parameters k and ek-
appear. By adjusting k, the Z-boson mass is determined. The three gauge couplings in the gauge
Lagrangian are set to realise 4D couplings. In the quark Lagrangian, two mass parameters appear
for each generations. One is the bulk mass ¢ and the other is a ratio of brane masses r. The brane
interactions are necessary to obtain mass ratio of the up-type and down-type quarks. By adjusting
¢ and r, the up- and down-type quark masses are realised for each generations. The dark fermions
‘I’? (0 =1,---,Np) have the bulk mass cg. The dark fermions do not contain the ordinary quarks
and leptons, so this cr is set to realise mgy = 125 GeV. It is already known that Kaluza-Klein scale
mgyg is almost independent of Nr by setting Ny and cp to obtain a set of my and Oy. Therefore
the phenomenology of the quark and lepton at low energy is almost uniquely determined by one
parameter, Oy.

Table 2: Relevant parameters of the A-model.

On et ¢ lcF| k(GeV)  mxx (GeV)
0.10 | 290 x 10* 0.16116 0.29617 7.4431 x 10’ 8063
0.09 | 1.70x 10* 0.11646 0.27670 4.7190 x 10’ 8721
0.08 | 1.01 x10* 0.008914 0.25356 3.0679 x 107 9544

The relevant model parameters of A-model are shown in Table 2. The smaller 6y corresponds
to the higher mgg. The upper bound of 6y (or lower bound of mgg) is constrained from dilepton
searches at the LHC [11]. The lower bound of 0y is determined by the condition to realise the top-
quark mass. Because the fermion mass is maximum for |c| = 0, top-quark mass is not realised for
6 < 0.08. The KK scale is defined by mgx = mk/(ekr —1) and 8 — 10 TeV in the 0.08 < 6y < 0.10
region.

To obtain the low energy effective theory, each fields are expanded as the KK tower. The
profile of the fermion mode functions are determined by the bulk mass parameter ¢. Fermion on
the warped metric is expanded as [26]

3y oo (n)
Wrr(x,y) = ez\/;y ;O 1,,52 (x) fL; ((y)> 7 3.1
where N is the normalisation factor defined as
o = | LdLy {1} (3.2)
Considering only the zero mode, fL(?I% (y) is
FLaly) = eaFm, (3.3)

The sign F corresponds to the left- and right-handed fermions, respectively. Therefore the left-
handed zero-mode is localised towards y = 0 and y = L for % <cand c < % In contrast, the
behaviour of the right-handed zero-mode is obtained by changing the sign of ¢ as derived from

(3.3). Their behaviour are plotted in Figure 1.
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Figure 1: The profile of the fermion mode functions are shown for 0 < c. As shown in Table 2, the third
generation quarks have the bulk mass |c| < % The other quarks have the bulk mass % < |e|. Therefore,
the left-handed up-quark is localised toward the UV brane and the right-handed up-quark and top-quark are
localised toward the IR brane.

In contrast, gauge bosons do not have a parameters like the bulk mass parameter, so the profile
of the gauge boson mode functions are determined only by the metric. Massless gauge boson has
exactly flat mode function and 1st KK gauge bosons are peaked toward the IR brane [27]. The
same is true for other gauge bosons. Their behaviour are plotted in Figure 2.
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Figure 2: The profile of the Z-boson and 1st KK Z-boson mode functions are shown. The Z-boson is almost
constant but very slightly peaked near the IR brane and the 1st KK Z-boson is peaked near the IR brane.

Z' couplings are obtained by the overlap integral along the extra dimension. Because Z' mode
functions are peaked towards the IR brane, Z’ couplings with the fermions which is peaked towards
the IR brane is large. Therefore Z' couplings depend on the sign of the bulk mass parameter.
However the fermion masses does not depend on it. The product of the left- and right-handed
fermion mode functions with the same bulk mass, fL(O) (y) x fl(eo) (y) is invariant under changing the
sign of the bulk mass parameter c — —c. The mode functions of fermion KK modes are abbreviated
but have same property. Thus, the Yukawa couplings and the masses are determined by the absolute
values of the bulk mass parameters and independent of its sign.
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Table 3: Couplings of Z and Z(!) bosons to electron and muon in unit of g, / cos By = e/(sin Oy cos By ) for
6y = 0.10 and sin® 6y = 0.23122.

f K%e gée é’éme g§<ne

SM —0.26878  +0.23122

ce>0 | —0.26884 40.23133 | 4+0.09871 +0.91478

ce <0 | —0.26641 +0.23377 | —1.05350 —0.08584

f ngu gép glé(])” g§(])“
SM —0.26878  +0.23122
cy >0 | —0.26884 +0.23133 | +0.09871  +0.85881
cp <0 | —0.26641 +0.23377 | —0.98901  —0.08584

The electron and muon couplings with Z and Z(!) bosons are shown in Table 3. As explained
above, IR localised fermion couples with Z’ largely. Therefore, for positive and negative ¢;, the
right- and left-handed lepton couplings are large, respectively. This large asymmetry of couplings
cause large deviations of cross sections from that in the SM by using polarised beams as shown
later. The deviations of the electron and muon couplings with Z boson are 0(0.01)% for ¢; > 0
and 0(0.1)% for ¢; < 0. Consequently, the forward-backward asymmetry of ete™ — u™ ™ at the
Z-pole deviates nearly 30 for ¢; < 0 from the observed value. To obtain the forward-backward
asymmetry consistent with the experiment, sin® 6y ~ 0.2295 is required. In the following, only
¢; > 0 is considered. The Z(") boson mass and decay width are shown in Table 4. For the complete
set of the Z' mass, couplings and decay width, please see Ref. [13].

Table 4: Masses of Z(!) and total decay width of Y\!) in the unit of GeV. I, (%, %) represent that left and
right sign is sign of ¢; and ¢,.

O | myy To(+,+) Tuo(+—-) To(=+) Tu(=,-)

0.10 | 6585 429 1632 959 2162
0.09 | 7149 463 1674 1014 2225
0.08 | 7855 534 1705 1112 2283

4. Cross section and forward-backward asymmetry

In the following, e e~ — ff(f # e) process is considered at the tree-level. Process mediated
by Higgs boson is ignored, therefore the cross section of e“e™ — Z' — ff(f # e) is given by

1
o _ L1 _p y(14p, )20

_ doRL
o (1P )(1— B

dcos0 dcos@ |’

4.1

where Opg (Oryr) is € e (ege) ) — ff cross section and P, (—1 < P+ < 1) is the longitudinal
polarisation. The electron and positron is purely right-handed when P, = 1. (4.1) is rewritten
by Pt = (P~ — P,+)/(1 — P,-P,+) as 6(Pe,0) = o(P,-,P,+)/(1 — P,~P,+), then the ratio of o is
parametrised by one polarisation parameter Per. Typical values of polarisation parameters are taken
to (P,-,P,+) = (£0.8,%0.3), where Py = £0.887.
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Figure 3: Ratio of the cross sections in the GHU model to that in the SM with polarisation beams for the
eTe™ — uTu process. Solid and dotted lines are for /s = 250 GeV and 500 GeV, respectively. Blue-thick
and red-thin lines correspond to Oy = 0.10 and 0.08, respectively. The grey band indicates the statistical
uncertainty in the SM at /s = 250 GeV with 250 fb~! data.
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Figure 4: Ratio of the forward-backward asymmetry in the GHU model to that in the SM with polarisation
beams for the eTe™ — u™u~ process. Solid and dotted lines are for /s = 250 GeV and 500 GeV, respec-
tively. Blue-thick and red-thin lines correspond to 8y = 0.10 and 0.08, respectively. The grey band indicates
the statistical uncertainty in the SM at \/s = 250 GeV with 250 fb~! data.

In the e"e™ — u™u~ process, the difference between ¢, > 0 case and ¢, < 0 case is caused
from only the Z’ decay widths. Thus the difference of two cases is very small. The analysis of
the ee™ — uu~ process in the GHU model is shown in [12]. In the SM at /s = 250 GeV
with unpolarised (and (P,-,P,+) = (40.8,—0.3)) beam, the cross section is 1.87 pb (2.16 pb) and
4.66 x 10° (5.41 x 10°) events are expected with 250 fb~!. By using unpolarised and polarised
beam (P = +0.887), the deviations of the cross section in the GHU from the SM are about
—2.2% and —4.6% as shown in Fig. 3. The forward-backward asymmetry is shown in Fig. 4.
0.32% statistical error is expected in the SM at /s = 250 GeV with 250 fb~! beam. At 6 = 0.10,
Vs =250 GeV with 250 fb~!, the deviation is nearly 4 times larger than the statistical error by
unpolarised beam and the deviation is nearly 8 times larger than the statistical error by polarised
beam P.sr = +0.887. For Oy = 0.08, the deviation is —1.6%, nearly 5 times larger than the statistical
error by polarised beam.
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For the forward-backward asymmetry of ee~ — ¢c process, its statistical error of the SM
predictions are about 0.16% at 250 GeV with unpolarised 250 fb~! luminosity beam. The ratio of
that in the GHU and that in SM plotted in Fig. 5. Blue-thick and red-thin lines correspond to the
positive bulk mass and 6y = 0.10 and 0.08 case, black-thick and green-thin lines correspond to
the negative bulk mass and 8y = 0.10 and 0.08 case, respectively. For the positive bulk mass case,
ASHU(2c) is larger than that in the SM. For 8y = 0.10 and /s = 250 GeV, the deviation is nearly 2
times larger than the statistical error for Pegs > 0. For negative bulk mass case, the deviation 10 times
larger than the statistical error is predicted at 6y = 0.10 and /s = 250 GeV with P = +0.887.
At 6y = 0.08 and /s = 250 GeV with Py = +0.887, the deviation is 6.2 times larger than the
statistical error.
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Figure 5: Ratio of the forward-backward asymmetry in the GHU model to that in the SM with polarisation
beams for the ete™ — éc process. Blue-thick and red-thin lines correspond to the positive bulk mass and
Oy = 0.10 and 0.08 case, black-thick and green-thin lines correspond to the negative bulk mass and 6y =
0.10 and 0.08 case, respectively. The gray band indicates the statistical uncertainty in the SM at /s =
250 GeV with 250 fb~! data.

For the eTe™ — bb process, both the left- and right-handed bottom-quark couples to Z’ largely,
regardless of the sign of the bulk mass. The forward-backward asymmetry of e*e™ — bb process
aty/s = 250 GeV in the GHU increase from that in the SM both in ¢, > 0 and ¢, < 0 cases. In the
GHU model Agg ”° (bb) increase 4.24% and 4.15% Apy““~"(bb) increase 7.33% and 3.83%
from that in the SM for 8y = 0.10 and 0.08 cases at /s = 250 GeV with P.gs = +0.887, respectively.
At /s = 250 GeV with Pz = +0.887 and 250 fb~! data, the statistical error of ASM(bb) is 0.7%.

Therefore the deviations of ASHY(bb) are more than 5 times larger than the statistical error.

The differential cross section in the GHU model is studied currently. At /s = 250 GeV
with P = +0.887 and 250 fb~!, 5.8 x 10* events are predicted in the SM for the bin cos0 =
[+0.8,+40.9], which leads to the statistical error 0.41%. At the same condition, the GHU predicts
the deviation 13.3 and 8.6 times the statistical error for 8y = 0.10 and 0.08, respectively. The ratio
of the differential cross section in the GHU model to that in the SM with Pegr = 40.887 is plotted
in Fig .6.
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Figure 6: Ratio of the differential cross section in the GHU model to that in the SM with Pegy = 40.887 for
the ete™ — u™u~ process. Blue-thick and red-thin lines correspond to the positive bulk mass and 8y = 0.10
and 0.08 case, respectively. The gray band indicates the statistical uncertainty in the SM at /s = 250 GeV
with 250 fb~! data.

5. Summary

In this proceedings, Z’ effects on the cross sections and forward-backward asymmetries in the
SO(5) x U(1) GHU A-model are explained. Because of the behaviours of the mode functions, left-
(right-)handed fermions with positive (negative) bulk mass term couple with Z’ largely. Therefore
by using the polarised beam, the significant deviations of the cross sections and forward-backward
asymmetries from those in the SM are predicted at /s = 250 GeV although the Z’ mass is 6 — 8 TeV.
Other observables such as the left-right asymmetry and differential cross section is to be studied. In
this analysis, the lepton bulk mass parameters are set to be positive but it can be negative. Therefore
Z' effects should be more deeply clarified in both the SO(5) x U(1) GHU A-model and B-model.
I am going to study on these topics in near future.
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