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Abstract The signals of the SO(5) × U (1) gauge-Higgs
unification model at the International Linear Collider are
studied. In this model, Kaluza–Klein modes of the neutral
gauge bosons affect fermion pair productions. The deviations
of the forward–backward asymmetries of the e+e− → b̄b,
t̄ t processes from the standard model predictions are clearly
seen by using polarised beams. The deviations of these val-
ues are predicted for two cases, the bulk mass parameters of
quarks are positive and negative case.

1 Introduction

After the discovery of the Higgs boson, search for new
physics in the electroweak sector is one of the most important
topics of the particle physics. For this purpose, high-precision
measurements of the electroweak sector are necessary. The
International Linear Collider (ILC) has the capabilities for
the high-precision measurements and enables us to test the
standard model (SM) [1–4]. New physics at the ILC are pre-
dicted by many alternative models such as the Higgs portal
dark matter models [5–7], two-Higgs doublet models [8–10],
Georgi–Machacek model [11], supersymmetric models [12–
15], littlest Higgs model [16,17], universal extra dimensional
model [18], warped extra dimensional models [19–21], com-
posite Higgs models [22–24] and other models [25].

The gauge-Higgs unification (GHU) models [26–56] are
alternative models of the SM, in which the Higgs boson
appears as an extra-dimensional component of the higher-
dimensional gauge boson. Hence the Higgs sector is gov-
erned by the gauge principle and the Higgs boson mass is
protected against the radiative corrections in the GHU mod-
els. The Higgs boson is massless at the tree-level and acquires
the finite mass by the radiative corrections [26–31]. Note
that also the Yukawa interactions in the GHU models are
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the gauge interactions of the extra-dimensional component
of the gauge boson and the fermions. The phenomenologi-
cally most well-studied GHU model is the SO(5) × U (1)

GHU models [34,44–56], which are defined on the warped
metric [64]. In the SO(5) × U (1) GHU models, the Higgs
boson mass is protected by the custodial symmetry and the
Higgs boson potential is calculable. One of the features of
the warped extra dimensional models is that the first Kaluza–
Klein (KK) excited states of the gauge bosons have the large
asymmetry between the couplings with the left-handed and
the right-handed fermions. The SO(5)×U (1) GHU models
have the same feature.

There are several kinds of the SO(5)×U (1) GHU models
depending on symmetry breaking patterns and the embed-
ding patterns of the quarks and leptons. In the SO(5) ×
U (1) GHU model discussed here, the quarks and leptons
are embedded in the 5 representation of SO(5). Then the
Yukawa, HWW and HZZ couplings are suppressed by
cos θH from the SM values, where θH is the Wilson line
phase. The KK excited states of the neutral gauge bosons
appear as the so-called Z ′ bosons. Besides the KK excited
states of the photon γ (n) and that of the Z boson Z (n), that
of the SU (2)R gauge boson Z (n)

R , which does not have a
zero mode, exist as the neutral gauge bosons. Therefore the
γ (n), Z (n) and Z (n)

R appear as the Z ′ bosons. From the result
at the Large Hadron Collider, the parameter region is con-
strained to be θH � 0.1, where mKK � 8 TeV [51]. For this
region, the contributions of the KK excited states to the decay
widths, �(H → γ γ ) and �(H → Zγ ) are less than 0.2%,
thus negligible [47,50]. The decay widths �(H → WW ),
�(H → Z Z), �(H → q̄q), �(H → l+l−), �(H → γ γ )

and �(H → Zγ ) are approximately suppressed by the com-
mon factor cos2 θH at the leading order. Hence the branching
ratio of the Higgs boson in this model is almost equivalent to
that in the SM. At the ILC 500 GeV, the branching ratios of
the processes H → WW , H → Z Z , H → b̄b, H → c̄c and
H → τ+τ− are measured at the O(1)% accuracy [2]. The

123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-019-7375-2&domain=pdf
http://orcid.org/0000-0002-5366-3575
mailto:funatsu@mail.ccnu.edu.cn


854 Page 2 of 13 Eur. Phys. J. C (2019) 79 :854

branching ratios of the Higgs boson are consistent between
the GHU model and the SM at the ILC.

At the ILC, it is possible to measure effects of new physics
on the the cross sections and the forward–backward asymme-
tries forward-backward asymmetry of the e+e− → f f̄ pro-
cesses [16,17,19,20,57–60]. The forward-backward asym-
metries are important observables for indirect search of
physics beyond the SM as shown in the studies of that of
top quark production at the Tevatron and Large Hadron Col-
lider [61–63]. In this paper, the effects of Z ′ bosons in the
GHU model on these values are shown. The same topic
is studied previously [52] and clear signals are predicted
although Z ′ masses are much larger than the centre-of-mass
of the ILC. However in the previous study, the bulk mass
parameters are assumed to be positive although negative val-
ues are also allowed. Thus the negative region of the bulk
mass parameters is also checked in this study. The following
calculations are done at the tree-level without the one-loop
effective potential of the Higgs boson, so the corrections from
the strong interaction are not included.

This paper is constructed as follows. In Sect. 2, the model
is shortly introduced. In Sect. 3, the parameters and the cou-
plings and decay widths of the Z ′ bosons are shown. The bulk
mass parameter dependence of the fermion mode functions
are also shortly reviewed. In Sect. 4, the cross sections and
the forward-backward asymmetries at the ILC are shown. In
Sect. 5, the results are summarised.

2 Model

There are several types of the SO(5) × U (1) GHU models
depending on the symmetry breaking patterns and the embed-
ding patterns of the quarks and leptons. The SO(5) × U (1)

GHU model discussed in this paper is constructed as fol-
lows. The model is defined on the warped spacetime [64].
The metric is

ds2 = gMNdx
MdxN = e−2σ(y)ημνdx

μdxν + dy2, (1)

(0 ≤ |y| ≤ +L) where k is the AdS curvature. The action
has the SO(5) × U (1)X local symmetry. The bulk action is
given by

Sbulk =
∫

d5x
√−G

{
−1

4
trF (A)

MN F
(A)MN

− 1

4
F (B)
MN F

(B)MN − 1

4
trF (G)

MN F
(G)MN

+ 1

2ξ(A)

(
f (A)
gf

)2 + 1

2ξ(B)

(
f (B)
gf

)2

+ 1

2ξ(G)

(
f (G)
gf

)2 + L(A)
GH + L(B)

GH + L(G)
GH

+
3∑

g=1

4∑
a=1


̄
g
aD(cga )


g
a +

NF∑
i=1


̄FiD(cFi )
Fi

}
,

(2)

D(ca) ≡ �AeA
M

(
∂M + 1

8
�MBC [�B, �C ] − cakε(y)

− igA AM − igBQX,a BM − igC QC,aGM

)
, (3)

where AM , BM and GM are the SO(5), U (1)X and SU (3)C
gauge fields, F (A)

MN = ∂M AN − ∂N AM − igA[AM , AN ],
F (B)
MN = ∂M BN − ∂N BM and F (G)

MN = ∂MGN − ∂NGM −
igC [GM ,GN ], gA, gB and gC are the five-dimensional gauge
couplings of SO(5), U (1)X and SU (3)C . f (A)

gf , f (B)
gf and

f (G)
gf are gauge-fixing functions and ξ(A), ξ(B) and ξ(G)

are gauge parameters. L(A)
GH , L(B)

GH and L(G)
GH denote ghost

Lagrangians, respectively. 

g
a (a = 1, 2, 3, 4 and g =

1, 2, 3) are the four SO(5)-vector (5 representation) fermions
for each generation and 
Fi (i = 1, . . . , NF ) are the NF

number of SO(5)-spinor (4 representation) fermions, which
exist in the bulk space. The colour indices are not shown.
The SO(5) gauge fields AM are decomposed as

AM =
3∑

aL=1

AaL
M T aL +

3∑
aR=1

AaR
M T aR +

4∑
â=1

Aâ
MT â, (4)

where T aL ,aR (aL , aR = 1, 2, 3) and T â(â = 1, 2, 3, 4)

are the generators of SO(4) � SU (2)L × SU (2)R and
SO(5)/SO(4), respectively. For the fermion Lagrangian,
�M denotes 5D gamma matrices which is defined by
{�M , �N } = 2ηMN (η55 = +1),

�μ = γ μ =
(

σμ

σ̄μ

)
, �5 = γ 5 =

(
1

−1

)
,

σμ = (1, �σ) , σ̄ μ = (−1, �σ) . (5)

and 
̄ ≡ i
†�0. eAM is an inverse fielbein and �MBC is
the spin connection. ε(y) ≡ σ ′/k is the sign function and ca
are the bulk mass parameters. The bulk mass parameters are
set as cg1 = cg2 and cg3 = cg4 .

The SO(5)-vector fermions are decomposed to the
SU (2)L × SU (2)R bidoublet and singlet. The multiplet of
the third generation are denoted as


1 =
[(

T t
B b

)
, t ′

]
=

[
(Q1, q), t ′

]
=

[

̂1, t

′] ,


2 =
[(

U X
D Y

)
, b′

]
=

[
(Q2, Q3), b

′] =
[

̂2, b

′] ,


3 =
[(

ντ L1X

τ L1Y

)
, τ ′

]
=

[
(�, L1), τ

′] =
[

̂3, τ

′] ,
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4 =
[(

L2X L3X

L2Y L3Y

)
, ν′

τ

]
=

[
(L2, L3), ν

′
τ

]
=

[

̂4, ν

′
τ

]
.

(6)

The first and second generation quarks and leptons are abbre-
viated.

The orbifold boundary conditions at y0 = 0 and y1 = L
are given by

(
Aμ

Ay

)
(x, y j − y) = Pve

(
Aμ

−Ay

)
(x, y j + y)P−1

ve ,

(
Bμ

By

)
(x, y j − y) =

(
Bμ

−By

)
(x, y j + y),

(
Gμ

Gy

)
(x, y j − y) =

(
Gμ

−Gy

)
(x, y j + y),



g
a (x, y j − y) = Pve�

5

g
a (x, y j + y),


Fi (x, y j − y) = (−1) j Psp�
5
Fi (x, y j + y),

Pve = diag (−1,−1,−1,−1,+1),

Psp = diag (+1,+1,−1,−1). (7)

By these boundary conditions, the SO(5)×U (1)X symmetry
is broken to SO(4)×U (1)X � SU (2)L ×SU (2)R×U (1)X .
For quarks and leptons, the bidoublets have the left-handed
zero modes and the singlets have the right-handed zero
modes.

The brane action is given by

Sbrane

=
∫

d5x
√−G δ(y)

{
− (Dμ�̂)†Dμ�̂ − λ

�̂
(�̂†�̂ − w2)2

+
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α=1

(
χ̂
q†
αR i σ̄

μDμχ̂
q
αR + χ̂

l†
αRi σ̄

μDμχ̂ l
αR

)

− i
[
κ
q
1 χ̂

q†
1R
̂1L

˜̂
� + κ

q
2 χ̂

q†
2R
̂2L

˜̂
� + κ

q
3 χ̂

q†
3R
̂2L�̂

+ κ̃q χ̂
q†
2R
̂1L�̂ − (h.c.)

]

− i
[
κ l1χ̂

l†
1R
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l†
2R
̂4L

˜̂
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3R
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+ κ̃ l χ̂
l†
3R
̌3L

˜̂
� − (h.c.)

]}
,

Dμ�̂ =
⎛
⎝∂μ − igA

3∑
aR=1

AaR
μ T aR − igB QX Bμ

⎞
⎠ �̂ ,

Dμχ̂αR =
⎛
⎝∂μ − igA

3∑
aL=1

AaL
μ T aL − igB QX,αBμ

− igC QC,αGμ

⎞
⎠ χ̂αR,

˜̂
� = iσ2�̂

∗, (8)

where

χ̂
q
1R =

(
T̂ q
R

B̂q
R

)

7/6

, χ̂
q
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(
Ûq

R
D̂q

R

)

1/6

, χ̂
q
3R =

(
X̂q
R

Ŷ q
R

)

−5/6

,

χ̂ �
1R =

(
L̂�

1XR
L̂�

1Y R

)

−3/2

, χ̂ �
2R =

(
L̂�

2XR
L̂�

2Y R

)

1/2

, χ̂ �
3R

=
(
L̂�

3XR
L̂�

3Y R

)

−1/2

, (9)

are the right-handed fermions localised on y = 0. κ
q
1,2,3,

κ�
1,2,3, κ̃q and κ̃� are the brane Yukawa couplings. The brane

scaler breaks the SU (2)R × U (1)X symmetry to the U (1)Y
symmetry spontaneously by acquiring the vacuum expecta-
tion value,

〈�〉 =
(

0
w

)
. (10)

The details of the brane interactions are shown in Refs. [44,
45]. The formulae of the KK expansion, the mass spectrum
of the KK modes and the couplings are shown in Ref. [51].

3 Parameters, couplings and decay widths

3.1 Bulk mass parameter dependence

I would like to emphasize the parameter dependence of
fermion mode functions and fermion couplings with the KK
gauge boson in this subsection. Generally, fermion with the
bulk mass parameter c on the warped metric is expanded
as [65]


L ,R(x, y) = e
3
2 ky√
L

∞∑
n=0

ψ
(n)
L ,R(x)

f (n)
L ,R(y)√
N (n)

, (11)

where N (n) is the normalisation factor defined as

N (n) =
∫ L

0

dy

L

{
f (n)
L ,R(y)

}2
, (12)

and f (n)
L ,R(y) is expressed as

f (0)
L ,R(y) = e( 1

2 ∓c)ky, (13)

f (n)
L ,R(y) = eky

{
an Jc± 1

2 ,c± 1
2

(mn

k
eky

)

+ bnYc± 1
2 ,c± 1

2

(mn

k
eky

)}
for n �= 0, (14)

where an and bn are constants determined by boundary con-
ditions. The upper and lower sign of ± and ∓ correspond to

123



854 Page 4 of 13 Eur. Phys. J. C (2019) 79 :854

the left- and right-handed fermions, respectively. Therefore
the left-handed zero-mode is localised towards y = 0 and
y = L for 1

2 < c and 0 < c < 1
2 . In contrast, the right-

handed zero-mode is localised towards y = L for 0 < c.
These behaviour of the left- and right-handed fermions are
reversed for c < 0.

From (13) and (14), it is straightforwardly derived that the
product of the left- and right-handed fermion mode functions
with the same KK number and the bulk mass, f (n)

L (y) ×
f (n)
R (y) is invariant under changing the sign of the bulk mass

parameter c → −c. Consequently, the Yukawa couplings and
the fermion masses obtained from the Higgs boson vacuum
expectation value are independent of the sign of the bulk mass
parameters in the case that the left- and right-handed quarks
have the same bulk mass. In this model, the above arguments
are applicable.

Considering gauge boson, mode function of zero-mode
is independent of y-coordinate and 1st KK gauge bosons
have peaks near y = L [66]. Therefore the right-handed
fermions with 0 < c, the left-handed fermions with c < 0
and the left-handed fermions with − 1

2 < c < 1
2 couple to

Z ′ bosons rather largely. As shown in the next subsection,
the bulk mass parameter of the third generation quarks is
|ct | < 1

2 . Therefore the left-handed third generation quarks
couplings with Z ′ bosons are large.

3.2 Parameters

The free parameters of this model are the warp factor ekL and
NF which is 
F ’s degrees of the freedom, so once the ekL

and NF are set, θH is determined. The physics of the quarks
and leptons are almost independent of NF and determined by
θH [47,48]. The input parameters and the model parameters
to realise the input parameters at the tree level are listed in
Tables 1 and 2 respectively, where ce, cμ, cτ , cu , cc, ct and
cF are the bulk mass parameters of leptons and quarks for the
each generations and 
F . As explained in previous subsec-
tion, the sign of the bulk mass parameter c does not affect the
fermion mass in this model. Therefore only the absolute val-
ues of c is determined from the input values. In the following,
the bulk mass parameters of leptons and quarks are abbrevi-
ated as cl ≡ (ce, cμ, cτ ) cq ≡ (cu, cc, ct ). The resultant W -
boson mass at the tree-level calculated by the boundary con-
dition is mtree

W = 80.0 GeV. To realise the input parameters,
the parameter region of θH is found to be 0.08 ≤ θH ≤ 0.10.
The lower limit of θH becomes slightly smaller for NF > 4.
In NF = 8 case, lower limit of θH = 0.078.

3.3 Couplings and decay widths

The fermion couplings to Z ′s are listed in the Tables 3, 4,
5, 6, 7 and 8. The 1st KK photon couplings to the left- and

right-handed fermions for c > 0 is equal to the left- and right-
handed fermions for c < 0 within 5 digits, respectively. The
Z (1)
R coupling with (uL , dL ) for c < 0 is negative, although

the couplings with (cL , sL ) and (tL , bL ) for c < 0 are positive.
This behaviour comes from the mass ratio of up-type and
down-type quarks. In this model, left-handed top-quark is
the mixing state of the (tL , BL , UL ) in (6) and their mixing
ratio is

(tL : BL : UL) =
(

1 + cH
2

: 1 − cH
2

: − κ̃

κ2

)
. (15)

where κ̃/κ2 � mb/mt in good accuracy. Their SU (2)L ×
SU (2)R isospins are

tL :
(

+1

2
,−1

2

)
, BL :

(
−1

2
,+1

2

)
, UL :

(
+1

2
,+1

2

)

(16)

Therefore up-type quark coupling with the U (1)X gauge
boson is proportional to

(
1 + cH

2

)2

+
(

1 − cH
2

)2

+
(
mb

mt

)2

, (17)

up-type quark coupling with the SU (2)L neutral gauge boson
is proportional to

(
1 + cH

2

)2

−
(

1 − cH
2

)2

+
(
mb

mt

)2

, (18)

and up-type quark coupling with the SU (2)R neutral gauge
boson is proportional to

−
(

1 + cH
2

)2

+
(

1 − cH
2

)2

+
(
mb

mt

)2

. (19)

For small θH , the sign of the last one depends on the ratio
of the up- and down-type quarks. Thus the Z (1)

R couplings
with the up-quark have different sign with that of the charm-
and top-quarks The behaviour of the Z (1)

R couplings with the
down-type quarks are derived by the same reason.

The Z ′ masses obtained by the boundary conditions and
the decay widths calculated from the couplings shown in
Tables 3, 4, 5, 6, 7 and 8 are summarized in Table 9. The
1st KK photon decay width is independent of the sign of the
bulk fermion parameters.

4 Cross section and forward–backward asymmetry

The parameters are constrained by the experimental results of
the forward-backward asymmetries at the Z -pole. For cl > 0,
the deviations of the Z -boson couplings are O(0.01)%. In
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Table 1 Input parameters. Masses of Z boson, the Higgs boson, leptons and quarks in the unit of GeV at the Z mass scale

α−1
EM sin2 θW

127.96 0.23122

mZ mH mν me mμ mτ

91.188 125 10−12 0.48657 × 10−3 102.72 × 10−3 1.7462

mu md ms mc mb mt

1.27 × 10−3 2.90 × 10−3 0.055 0.619 2.89 171.7

Table 2 The warp factor, the bulk mass parameters of the fermion and AdS curvature with each values of θH are listed. The resultant W -boson
mass, Higgs boson mass and KK scale given from the model parameters are also summarized

θH ekL |cF | k (GeV) mW (GeV) mH (GeV) mKK (GeV)

0.10 2.90 × 104 0.29617 7.4431 × 107 79.957 125.1 8063

0.09 1.70 × 104 0.27670 4.7190 × 107 79.958 125.1 8721

0.08 1.01 × 104 0.25356 3.0679 × 107 79.951 125.4 9544

θH |ce|
∣∣cμ

∣∣ |cτ | |cu | |cc| |ct |
0.10 1.8734 1.3139 1.0060 1.6796 1.1200 0.16116

0.09 1.9504 1.3599 1.0348 1.7459 1.1552 0.11646

0.08 2.0342 1.4100 1.0663 1.8180 1.1936 0.0089140

Table 3 Couplings of neutral vector bosons (Z ′ bosons) to fermions in unit of gw = e/ sin θW for θH = 0.10, cl , cq > 0

f gLZ f gRZ f gL
Z (1) f

gR
Z (1) f

gL
Z (1)
R

gR
Z (1)
R f

gL
γ (1) f

gR
γ (1) f

νe + 0.57037 0 − 0.20943 0 0 0 0 0

νμ + 0.57037 0 − 0.20943 0 0 0 0 0

ντ + 0.57037 0 − 0.20928 0 0 0 0 0

e − 0.30661 + 0.26384 + 0.11258 + 1.04332 0 − 1.4357 + 0.17720 − 1.8962

μ − 0.30661 + 0.26384 + 0.11258 + 0.97948 0 − 1.3582 + 0.17720 − 1.7801

τ − 0.30661 + 0.26383 + 0.11250 + 0.92684 0 − 1.2940 + 0.17708 − 1.6844

u + 0.39453 − 0.17589 − 0.14486 − 0.68311 0 + 0.94208 − 0.11813 + 1.2415

c + 0.39453 − 0.17589 − 0.14485 − 0.63219 0 + 0.88013 − 0.11812 + 1.1489

t + 0.39353 − 0.17694 + 0.57109 − 0.42117 + 1.1369 + 0.62142 + 0.46722 + 0.76730

d − 0.48245 + 0.087946 + 0.17715 + 0.34156 0 − 0.47104 + 0.059066 − 0.62077

s − 0.48245 + 0.087945 + 0.17713 + 0.31609 0 − 0.44006 + 0.059060 − 0.57445

b − 0.48252 + 0.087939 − 0.70659 + 0.21112 + 1.1347 − 0.31045 − 0.23377 − 0.38353

contrast, for cl < 0, their deviations are O(0.1)%. Thus
the forward-backward asymmetry of e+e− → μ+μ− pro-
cess at the Z -pole in the GHU model deviate nearly 10 %
from the observed value for cl < 0. Consequently, the value
sin2 θW = 0.23122 is not valid and the value of θW which
consistently explain the experimental results at the Z -pole
must be searched. In this paper, cl < 0 case is not considered
further.

The longitudinal polarisation Pe± (−1 ≤ Pe± ≤ 1) is
introduced, where the electron and positron is purely right-

handed when Pe± = 1. The cross section of e−e+ → Z ′ →
f f̄ at the centre-of-mass frame is given by

dσ

d cos θ
= 1

4

[
(1 − Pe−)(1 + Pe+)

dσLR

d cos θ

+ (1 + Pe−)(1 − Pe+)
dσRL

d cos θ

]
, (20)

where σLR (σRL ) is e−
L e

+
R (e−

R e
+
L ) → f f̄ cross section. The

formula (20) is rewritten by using Peff = (Pe− − Pe+)/(1 −
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Table 4 Z ′ couplings of fermions for θH = 0.09, cl , cq > 0. The same unit as in Table 3

f gLZ f gRZ f gL
Z (1) f

gR
Z (1) f

gL
Z (1)
R

gR
Z (1)
R f

gL
γ (1) f

gR
γ (1) f

νe + 0.57035 0 − 0.21569 0 0 0 0 0

νμ + 0.57035 0 − 0.21569 0 0 0 0 0

ντ + 0.57035 0 − 0.21553 0 0 0 0 0

e − 0.30660 + 0.26382 + 0.11595 + 1.02101 0 − 1.4062 + 0.18238 − 1.8568

μ − 0.30660 + 0.26382 + 0.11595 + 0.95843 0 − 1.3307 + 0.18238 − 1.7430

τ − 0.30660 + 0.26382 + 0.11586 + 0.90600 0 − 1.2671 + 0.18225 − 1.6476

u + 0.39452 − 0.17588 − 0.14919 − 0.66857 0 + 0.92287 − 0.12159 + 1.2159

c + 0.39452 − 0.17588 − 0.14918 − 0.61829 0 + 0.86208 − 0.12157 + 1.1244

t + 0.39363 − 0.17681 + 0.61316 − 0.39018 + 1.2038 + 0.58325 + 0.50090 + 0.71132

d − 0.48244 + 0.087940 + 0.18244 + 0.33428 0 − 0.46144 + 0.060793 − 0.60793

s − 0.48244 + 0.087939 + 0.18242 + 0.30915 0 − 0.43104 + 0.060787 − 0.56219

b − 0.48250 + 0.087933 − 0.75660 + 0.19561 + 1.2016 − 0.29141 − 0.25054 − 0.35559

Table 5 Z ′ couplings of fermions for θH = 0.08, cl , cq > 0. The same unit as in Table 3

f gLZ f gRZ f gL
Z (1) f

gR
Z (1) f

gL
Z (1)
R

gR
Z (1)
R f

gL
γ (1) f

gR
γ (1) f

νe + 0.57034 0 − 0.22233 0 0 0 0 0

νμ + 0.57034 0 − 0.22233 0 0 0 0 0

ντ + 0.57034 0 − 0.22216 0 0 0 0 0

e − 0.30659 + 0.26380 + 0.11952 + 0.99861 0 −1.3762 + 0.18789 −1.8171

μ − 0.30659 + 0.26380 + 0.11952 + 0.93739 0 −1.3029 + 0.18789 −1.7057

τ − 0.30659 + 0.26380 + 0.11943 + 0.88524 0 −1.2401 + 0.18775 −1.6107

u + 0.39451 − 0.17587 − 0.15379 − 0.65398 0 + 0.90342 − 0.12526 +1.1900

c + 0.39451 − 0.17587 − 0.15377 − 0.60444 0 + 0.84393 − 0.12524 +1.0998

t + 0.39365 − 0.17675 + 0.71984 − 0.33029 +1.3690 + 0.50941 + 0.50941 + 0.58717

d − 0.48242 + 0.087934 + 0.18806 + 0.32699 0 − 0.45171 + 0.062629 − 0.59500

s − 0.48242 + 0.087934 + 0.18804 + 0.30222 0 − 0.43197 + 0.062622 − 0.54990

b − 0.48248 + 0.087927 − 0.88581 + 0.16571 +1.3666 − 0.25452 − 0.29359 − 0.30139

Table 6 Z ′ couplings of fermions for θH = 0.10, cl , cq < 0. The same unit as in Table 3

f gLZ f gRZ f gL
Z (1) f

gR
Z (1) f

gL
Z (1)
R

gR
Z (1)
R f

gL
γ (1) f

gR
γ (1) f

νe + 0.57054 0 +2.2561 0 −3.1047 0 0 0

νμ + 0.57053 0 +2.1181 0 −2.9371 0 0 0

ντ + 0.57052 0 +2.0042 0 −2.7982 0 0 0

e − 0.30384 + 0.26662 −1.2015 − 0.09790 −3.1130 0 −1.8962 + 0.17720

μ − 0.30384 + 0.26662 −1.1280 − 0.09790 −2.9450 0 −1.7801 + 0.17720

τ − 0.30383 + 0.26662 −1.0674 − 0.09783 −2.8057 0 −1.6844 + 0.17708

u + 0.39419 − 0.17630 +1.5309 + 0.06473 −1.3595 0 +1.2415 − 0.11813

c + 0.39180 − 0.17868 +1.4082 + 0.06560 +2.3878 0 +1.1489 − 0.11812

t + 0.39281 − 0.17766 + 0.9400 − 0.25520 +1.7082 + 0.41431 + 0.7673 + 0.46722

d − 0.48019 + 0.09032 −1.8649 − 0.03316 −1.3614 0 − 0.62077 + 0.05907

s − 0.48256 + 0.08794 −1.7344 − 0.03229 +2.3805 0 − 0.57445 + 0.05906

b − 0.48255 + 0.08793 −1.1585 + 0.12877 +1.7027 − 0.20689 − 0.38353 − 0.23377
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Table 7 Z ′ couplings of fermions for θH = 0.09, cl , cq < 0 The same unit as in Table 3

f gLZ f gRZ f gL
Z (1) f

gR
Z (1) f

gL
Z (1)
R

gR
Z (1)
R f

gL
γ (1) f

gR
γ (1) f

νe + 0.57050 0 +2.2079 0 −3.0408 0 0 0

νμ + 0.57050 0 +2.0725 0 −2.8775 0 0 0

ντ + 0.57048 0 +1.9592 0 −2.7400 0 0 0

e − 0.30436 + 0.26607 −1.1779 − 0.10062 −3.0474 0 −1.8568 + 0.18238

μ − 0.30436 + 0.26607 −1.1057 − 0.10062 −2.8838 0 −1.7430 + 0.18238

τ − 0.30436 + 0.26607 −1.0452 − 0.10055 −2.7460 0 −1.6476 + 0.18225

u + 0.39424 − 0.17621 +1.4986 + 0.06664 −1.3314 0 +1.2159 − 0.12159

c + 0.39231 − 0.17813 +1.3792 + 0.06736 +2.3375 0 +1.1244 − 0.12157

t + 0.39322 − 0.17723 + 0.8717 − 0.27396 +1.6023 + 0.43863 + 0.7113 + 0.50090

d − 0.48061 + 0.08986 −1.8270 − 0.03398 −1.3329 0 − 0.60793 + 0.06079

s − 0.48253 + 0.08794 −1.6963 − 0.03325 +2.3317 0 − 0.56219 + 0.06079

b − 0.48252 + 0.08793 −1.0734 + 0.13788 +1.5982 − 0.21909 − 0.35559 − 0.25054

Table 8 Z ′ couplings of fermions for θH = 0.08, cl , cq < 0 The same unit as in Table 3

f gLZ f gRZ f gL
Z (1) f

gR
Z (1) f

gL
Z (1)
R

gR
Z (1)
R f

gL
γ (1) f

gR
γ (1) f

νe + 0.57046 0 +2.1594 0 −2.9760 0 0 0

νμ + 0.57045 0 +2.0271 0 −2.8174 0 0 0

ντ + 0.57045 0 +1.9143 0 −2.6816 0 0 0

e − 0.30483 + 0.26557 −1.1539 − 0.10353 −2.9811 0 −1.8171 + 0.18789

μ − 0.30482 + 0.26557 −1.0832 − 0.10353 −2.8223 0 −1.7057 + 0.18789

τ − 0.30482 + 0.26557 −1.0229 − 0.10345 −2.6862 0 −1.6107 + 0.18775

u + 0.39429 − 0.17612 +1.4626 + 0.06866 −1.3031 0 +1.1900 − 0.12526

c + 0.39277 − 0.17764 +1.3499 + 0.06924 +2.2871 0 +1.0998 − 0.12524

t + 0.39363 − 0.17678 + 0.7390 − 0.32167 +1.3984 + 0.49872 + 0.6028 + 0.5872

d − 0.48099 + 0.08945 −1.7886 − 0.03487 −1.3042 0 − 0.59500 + 0.06269

s − 0.48250 + 0.08793 −1.6583 − 0.03427 +2.2826 0 − 0.54990 + 0.06262

b − 0.48248 + 0.08793 − 0.9093 + 0.16143 +1.3959 − 0.24918 − 0.30139 − 0.29359

Table 9 Masses of Z (1), Z (1)
R and γ (1) and total decay width of γ (1) in the unit of GeV. �γ (1) is independent of the sign of the bulk fermion

parameters. �
Z (1)/Z (1)

R
(±,±) represent that left and right sign is sign of cl and cq

θH mZ (1) m
Z (1)
R

mγ (1) �γ (1)

0.10 6585 6172 6588 905

0.09 7149 6676 7152 940

0.08 7855 7305 7858 986

θH �Z (1) (+,+) �Z (1) (+,−) �Z (1) (−,+) �Z (1) (−,−)

0.10 429 1632 959 2162

0.09 463 1674 1014 2225

0.08 534 1705 1112 2283

θH �
Z (1)
R

(+,+) �
Z (1)
R

(+,−) �
Z (1)
R

(−,+) �
Z (1)
R

(−,−)

0.10 784 2437 2398 4051

0.09 856 2480 2529 4153

0.08 1005 2485 2758 4238
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Fig. 1 Cross sections of the
e+e− → q̄q (q �= b, t) process
with unpolarised beams in the
SM and GHU model for
θH = 0.10. Black solid line
represents the cross sections in
the SM. Green dashed and
purple dotted lines correspond
to that in GHU model with
cq > 0 and cq < 0, respectively

(a) (b)

Fig. 2 Ratio of the cross sections in the GHU model to that in the
SM with polarisation beams for the e+e− → q̄q (q �= b, t) process.
The left figure shows the cq > 0 case and the right figure shows the
cq < 0 case. Solid and dotted lines are for

√
s = 250 GeV and 500 GeV,

respectively. Blue-thick and red-thin lines correspond to θH = 0.10 and
0.08, respectively. The gray band indicates the statistical uncertainty at√
s = 250 GeV with 250 fb−1 data

Pe− Pe+) as σ(Peff, 0) = σ(Pe− , Pe+)/(1 − Pe− Pe+), then
the ratio of σ is parametrised by one polarisation param-
eter Peff. Typical values of polarisation parameters are
(Pe− , Pe+) = (±0.8,∓0.3) (Peff = ±0.887).

Considering the e+e− → μ+μ− process, the difference
of the cross sections between cq > 0 case (σ cq>0) and cq < 0
case (σ cq<0) arises from only the Z ′ decay widths. Conse-
quently the deviation of σ cq<0(μ+μ−) from σ cq>0(μ+μ−)

is small. As shown in [52], at
√
s = 250 GeV with 250 fb−1

unpolarised beam, 4.66×105 events are expected in the SM.
Therefore the statistical uncertainty is 0.15 %. The differ-
ence of the cross sections of the two cases over the SM value,
(σ cq>0 − σ cq<0)/σ SM(μ+μ−) is less than 0.11% at

√
s =

250 GeV with unpolarised beam. For the forward-backward

asymmetry (A
cq>0
FB − A

cq<0
FB )/ASM

FB (μ+μ−) is less than 0.04
% at

√
s = 250 GeV with unpolarised beam. Thus the two

cases are difficult to distinguish at the e+e− → μ+μ− pro-

cess. The detailed analysis of the e+e− → μ+μ− process in
the GHU model is shown in [52].

For the e+e− → q̄q (q �= b, t) process, the cross section
in the SM is σ SM(q̄q)= 9.75 pb and 7.26 pb at

√
s = 250

GeV with unpolarised and polarised (Pe− = +0.8 and Pe+ =
−0.3) beams, respectively. For

√
s = O(100) GeV region,

the cross section in the GHU model with cq > 0 are smaller
than that in the SM. In contrast, that in the GHU model with
cq < 0 are larger than that in the SM as shown in Fig. 1.
In Fig. 2, the ratio of cross sections in the GHU model to
that in the SM with polarised beams are plotted. At

√
s =

250 GeV with Peff = +0.887 and 250 fb−1 luminosity, the
event number of the SM is 1.814 × 106 and the statistical
uncertainty σ over the event number is 0.074%. σ(q̄q) in the
GHU model deviates from the that in the SM larger than 3
% for cq > 0 at

√
s = 250 GeV with Peff = +0.887 and

250 fb−1 luminosity. The deviations at
√
s = 250 GeV are

summarised in Table 10.
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Table 10 Deviations of the
cross sections at

√
s = 250 GeV

with Pe− = +0.8 and
Pe+ = −0.3 and 250 fb−1

luminosity for
e+e− → q̄q (q �= b, t) and
e+e− → b̄b processes. The
statistical uncertainties
calculated by the SM prediction
are 0.074 % for q̄q and 0.20 %
for b̄b

θH σ cq>0/σ SM(q̄q) − 1 σ cq<0/σ SM(q̄q) − 1

0.10 −4.56% (−61.5σ ) + 0.16% (+2.21σ )

0.09 −3.70% (−49.9σ ) + 0.14% (+1.90σ )

0.08 −2.98% (−40.0σ ) + 0.11% (+1.53σ )

θH σ cq>0/σ SM(b̄b) − 1 σ cq<0/σ SM(b̄b) − 1

0.10 −4.18% (−21.1σ ) −3.96% (−19.9σ )

0.09 −3.41% (−17.2σ ) −3.29% (−16.6σ )

0.08 −2.84% (−14.3σ ) −2.65% (−13.3σ )

(a) (b)

Fig. 3 Ratio of the forward–backward asymmetry in the GHU model
to that in the SM with polarisation beams for the e+e− → c̄c process.
The left figure shows the cq > 0 case and the right figure shows the
cq < 0 case. Solid and dotted lines are for

√
s = 250 GeV and 500 GeV,

respectively. Blue-thick and red-thin lines correspond to θH = 0.10 and
0.08, respectively. The gray band indicates the statistical uncertainty at√
s = 250 GeV with 250 fb−1 data

For the c̄c final state, the forward-backward asymmetry
is also measured. The AGHU

FB (c̄c) decrease from the ASM
FB (c̄c)

for cq > 0. In contrast, AGHU
FB (c̄c) increase from the ASM

FB (c̄c)
for cq < 0. At

√
s = 250 GeV with Peff = +0.887

polarised beam, ASM
FB (c̄c) = 0.700 and with 250 fb−1 lumi-

nosity, the statistical uncertainty is 0.16%. The deviations
of the AGHU

FB (c̄c) from ASM
FB (c̄c) are − 0.38%, − 0.31% and

− 0.25% for cq > 0 and θH = 0.10, 0.09 and 0.08 at
√
s =

250 GeV with Peff = +0.887. For cq < 0 and θH = 0.10,
0.09 and 0.08 at

√
s = 250 GeV with Peff = +0.887, the

deviations are +1.68%, +1.25% and +1.03%. The polarisa-
tion dependence of the ratio AGHU

FB /ASM
FB (c̄c) are plotted in

Fig. 3 and the deviations at
√
s = 250 GeV, 500 GeV and

1 TeV are summarised in Tables 11, 12 and 13, respectively.
For the e+e− → b̄b process, the cross section in the SM is

σ SM(b̄b)= 1.77 pb and 1.02 pb at
√
s = 250 GeV with unpo-

larised and polarised (Pe− = +0.8 and Pe− = −0.3) beams,
respectively. The statistical uncertainty at

√
s = 250 GeV

and 250 fb−1 luminosity with Pe− = +0.8 and Pe+ = −0.3
beam are 0.20 %. For this process, the cross sections in the
GHU model with cq > 0 and cq < 0 cases both decrease
from that in the SM. The deviations at

√
s = 250 GeV are

summarised in Table 10. The deference between the cq > 0
and cq < 0 cases more obviously appear at the forward-
backward asymmetry. In the SM, ASM

FB (b̄b) = 0.618 and
0.366 at

√
s = 250 GeV with unpolarised and Peff = +0.887

beams, respectively. In the GHU model the AFB(b̄b) increase

from the SM value, A
cq>0
FB (b̄b) increase 4.24%, 4.07%,

4.15% and A
cq<0
FB (b̄b) increase 7.33%, 5.69%, 3.83% at√

s = 250 GeV with Peff = +0.887 for θH = 0.10, 0.09
and 0.08. In Fig. 4, the ratio of the AFB(b̄b) in the GHU
model to that in the SM with polarised beams are plotted. The
cq < 0 case predicts larger deviation than the cq > 0 case for
θH = 0.10 and 0.09. At

√
s = 250 GeV with Peff = +0.887

and 250 fb−1 luminosity, the statistical uncertainty of the
AFB(b̄b) in the SM is 0.70%. AFB(b̄b) in the GHU model
deviates from the that in the SM larger than 5.4σ . The devia-
tions at

√
s = 250 GeV, 500 GeV and 1 TeV are summarised

in Tables 11, 12 and 13, respectively.
The forward-backward asymmetry of the e+e− → t̄ t

process is measured at
√
s = 500 GeV. The polarisation

dependence of AGHU
FB /ASM

FB (t̄ t) is qualitatively similar to
that of AGHU

FB /ASM
FB (b̄b), which also increase from that in

123
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Table 11 Deviation of AFB(c̄c)
and AFB(b̄b) at

√
s = 250 GeV

with Peff = +0.887 and 250
fb−1 luminosity. The statistical
uncertainties σ calculated by the
event number of the SM
prediction are 0.16 % and
0.70 %, respectively

θH A
cq>0
FB /ASM

FB (c̄c) − 1 A
cq<0
FB /ASM

FB (c̄c) − 1

0.10 − 0.38% (−2.32σ) + 1.68% (+10.1σ)

0.09 − 0.31% (−1.88σ) + 1.25% (+7.58σ)

0.08 − 0.25% (−1.49σ) + 1.03% (+6.21σ)

θH A
cq>0
FB /ASM

FB (b̄b) − 1 A
cq<0
FB /ASM

FB (b̄b) − 1

0.10 +4.24% (+6.04σ) +7.33% (+10.4σ)

0.09 +4.07% (+5.81σ) +5.69% (+8.10σ)

0.08 +4.15% (+5.92σ) +3.83% (+5.45σ)

Table 12 Deviations of
AFB(c̄c), AFB(b̄b) and AFB(t̄ t)
at

√
s = 500 GeV with

Peff = +0.887 and 500 fb−1

luminosity. The statistical
uncertainties calculated by the
event number of the SM
prediction are 0.26 %, 0.79 %
and 0.53 %, respectively

θH A
cq>0
FB /ASM

FB (c̄c) − 1 A
cq<0
FB /ASM

FB (c̄c) − 1

0.10 −3.25% (−12.3σ) +7.49% (+28.3σ)

0.09 −2.58% (−9.77σ) +6.50% (+24.6σ)

0.08 −2.01% (−7.59σ) +5.53% (+20.9σ)

θH A
cq>0
FB /ASM

FB (b̄b) − 1 A
cq<0
FB /ASM

FB (b̄b) − 1

0.10 +15.4% (+19.4σ) +23.1% (+29.1σ)

0.09 +14.3% (+18.1σ) +18.4% (+23.3σ)

0.08 +14.1% (+17.8σ) +12.9% (+16.3σ)

θH A
cq>0
FB /ASM

FB (t̄ t) − 1 A
cq<0
FB /ASM

FB (t̄ t) − 1

0.10 +5.36% (+9.96σ) +9.25% (+17.2σ)

0.09 +5.03% (+9.35σ) +7.23% (+13.4σ)

0.08 +5.14% (+9.55σ) +4.91% (+9.13σ)

Table 13 Deviation of
AFB(c̄c), AFB(b̄b) and AFB(t̄ t)
at

√
s = 1 TeV with

Peff = +0.887 and 1000 fb−1

luminosity. The statistical
uncertainties calculated by the
event number of the SM
prediction are 0.39 %, 1.07 %
and 0.45 %, respectively

θH A
cq>0
FB /ASM

FB (c̄c) − 1 A
cq<0
FB /ASM

FB (c̄c) − 1

0.10 −25.9% (−67.3σ) −2.46% (−6.37σ)

0.09 −18.3% (−47.6σ) +4.61% (+12.0σ)

0.08 −12.8% (−33.3σ) +9.02% (+23.4σ)

θH A
cq>0
FB /ASM

FB (b̄b) − 1 A
cq<0
FB /ASM

FB (b̄b) − 1

0.10 +46.1% (+43.1σ) +21.1% (+19.7σ)

0.09 +45.7% (+42.8σ) +36.8% (+34.4σ)

0.08 +44.9% (+42.0σ) +38.8% (+36.3σ)

θH A
cq>0
FB /ASM

FB (t̄ t) − 1 A
cq<0
FB /ASM

FB (t̄ t) − 1

0.10 +11.3% (+24.3σ) +9.36% (+20.6σ)

0.09 +11.6% (+25.7σ) +12.3% (+27.1σ)

0.08 +12.2% (+26.9σ) +11.3% (+25.0σ)
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(a) (b)

Fig. 4 Ratio of the forward–backward asymmetry in the GHU model
to that in the SM with polarisation beams for the e+e− → b̄b process.
The left figure shows the cq > 0 case and the right figure shows the
cq < 0 case. Solid and dotted lines are for

√
s = 250 GeV and 500 GeV,

respectively. Blue-thick and red-thin lines correspond to θH = 0.10 and
0.08, respectively. The gray band indicates the statistical uncertainty at√
s = 250 GeV with 250 fb−1 data

the SM. A
cq>0
FB (t̄ t)/ASM

FB (t̄ t) − 1 = 5.36%, 5.03%, 5.14%

and A
cq<0
FB (t̄ t)/ASM

FB (t̄ t) − 1 = 9.25%, 7.23%, 4.91% at√
s = 500 GeV with Peff = +0.887 for θH = 0.10, 0.09 and

0.08. At
√
s = 500 GeV with Peff = +0.887 and 500 fb−1

luminosity, σ SM(t̄ t) = 479 fb−1, ASM
FB (t̄ t) = 0.463 and the

uncertainty of the ASM
FB (t̄ t) is 0.538 %. The deviations of the

forward-backward asymmetries of the e+e− → c̄c, b̄b, t̄ t
processes at

√
s = 500 GeV and 1 TeV are summarised in

Tables 12 and 13.

5 Summary

In the above calculations, the quark bulk mass parameters
(cu, cc, ct ) are assumed to be all positive or all negative. It
is also allowed to be only one of them is positive or neg-
ative. In the case, the Z ′ decay widths change from the
values shown in Table 9, therefore the cross sections and
the forward-backward asymmetries slightly change from the
results in this paper. Neglecting the difference arising from
the Z ′ decay widths, the sign of the cc is determined by mea-
suring the AFB(c̄c) and the sign of the cu is determined by
the AFB(c̄c) and σ(q̄q) at

√
s = 250 GeV. It is difficult

to determine the sign of the ct by measuring AFB(b̄b) and
AFB(t̄ t). At the ILC 250 GeV, the cq < 0 case predicts 4σ

larger deviation of the AFB(b̄b) than the cq < 0 case for
θH = 0.10, and at the ILC 500 GeV 5σ larger deviation for
θH = 0.09. For θH = 0.08, to clearly determine the sign of
ct by observing the AFB(t̄ t), higher energy and luminosity,
such as the ILC 1 TeV are necessary.

In this paper, the forward-backward asymmetries of the
e+e− → c̄c, b̄b, t̄ t processes in the GHU model are stud-
ied for two cases where all of the quark bulk mass parameters
are positive or negative. The GHU model predicts large devi-

ations at the
√
s = 250 GeV with polarised beams. There-

fore the GHU model is testable at the ILC 250 GeV. The
signs of the bulk mass parameters are distinguished at the
ILC 500 GeV or ILC 1 TeV. For the case where the lep-
ton bulk mass parameters are negative, detail is going to be
analysed in near future.
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