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We examine W and Z boson pair production processes at electron-positron collider experiments in the
SUð3ÞC × SOð5ÞW ×Uð1ÞX gauge-Higgs unification (GHU) model. We find that the deviation of the total
cross section for the e−eþ → W−Wþ process from the Standard Model (SM) in the GHU model with
parameter sets, which are consistent with the current experiments, is about 0.5% to 1.5% and 0.6% to 2.2%
for

ffiffiffi
s

p ¼ 250 GeV and 500 GeV, respectively, depending on the initial electron and positron polarization.
We find that for the e−eþ → ZZ process the deviation from the SM in the GHU model is at most 1%. We
find that unitarity bound for the e−eþ → W−Wþ process is satisfied in the GHU model as in the SM, as a
consequence of the relationship among coupling constants.

DOI: 10.1103/PhysRevD.108.115014

I. INTRODUCTION

The Standard Model (SM) in particle physics has been
established at low energies. However, it is not yet clear
whether the observed Higgs boson has exactly the same
properties as those in the SM. The Higgs couplings to
quarks, leptons, and SM gauge bosons, as well as the Higgs
self-coupling, need to be determined more accurately
in future collider experiments such as the International
Linear Collider (ILC) [1–6], the Compact Linear Collider
(CLIC) [7], the Future Circular Collider (FCC-ee) [8], the
Cool Copper Collider (C3) [9], Circular Electron Positron
Collider (CEPC) [10], and muon collider [11].
The SM Higgs boson sector has many problems, one of

which is the fact that there are large corrections to the Higgs
boson mass at the quantum level. Fine-tuning of the bare
mass is required to obtain the observed Higgs mass mh ¼
125.25� 0.17 GeV [12]. One known way to stabilize the
mass of the Higgs boson against quantum corrections is
to identify the Higgs boson as a zero mode of the 5th
dimensional component of the gauge potential. This sce-
nario is called gauge-Higgs unification (GHU) [13–18].

In GHU models, the Higgs boson appears as a fluctuating
mode in the Aharonov-Bohm (AB) phase θH in the 5th
dimension; SUð3ÞC × SOð5ÞW ×Uð1ÞX GHU models in
the Randall-Sundrum (RS) warped space have been pro-
posed in Refs. [19–22], where SOð5ÞW ⊃ SUð2ÞL×
SUð2ÞR. The GHU models are classified into two types,
depending on whether quarks and leptons belong to the
vector or the spinor representation of SOð5ÞW . The GHU
model whose quarks and leptons belong to the spinor
representation of SOð5ÞW can be regarded as a low-energy
effective description of the SOð11Þ GHU model [23–29],
where the SM gauge symmetry SUð3ÞC × SUð2ÞL ×
Uð1ÞY is embedded in the SOð11Þ grand unified gauge
symmetry [30–35] in higher dimensional framework
[36–50]. The phenomena of the GHU model below the
electroweak (EW) scale are very close to those of the
SM in a parameter regime that satisfies the current
experimental constraints on the Kaluza-Klein (KK) mass
mKK ≳ 13 TeV and the AB phase θH ≲ 0.1 [22,51–58].
The strongest constraints come from the Large Hadron
Collider (LHC) experiment at

ffiffiffi
s

p ¼ 13 TeV with up
to 140 fb−1 data [59–64] by using the Z0 and W0 boson
search results for the pp → lν and pp → l−lþ processes
[55], where the Z0 bosons are mixed vector bosons
of Uð1ÞX, Uð1ÞLð⊂ SUð2ÞLÞ, and Uð1ÞRð⊂ SUð2ÞRÞ
and the W0 bosons are mixed vector bosons of
SOð5ÞW=ðUð1ÞL×Uð1ÞRÞ.
In the future e−eþ collider experiments, it is possible

to explore up to the region of tens of TeV in terms of
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the KK mass scale [53,56,57,65–78]. Large parity violation
appears in the coupling of quarks and leptons to KK gauge
bosons, especially to the first KK modes; the sign of the
bulk mass parameter of the fermions in the GHU model is
an important factor in determining whether the coupling
constants of the Z0 and W0 bosons to the right- or left-
handed fermions are larger. We studied observables such as
cross sections and asymmetries [79–82] in the process
of fermion pair production. Due to the very large cross
section of the processes, we can clearly observe deviations
from the SM in the early stage of the ILC experiment
(

ffiffiffi
s

p ¼ 250 GeV, integral luminosity Lint ¼ 250 fb−1) even
whenmKK is larger than the current experimental constraint
mKK ≃ 13 TeV. The cross sections of the processes are
very sensitive to the initial polarizations of the electron and
the positron, so the sign of the corresponding bulk mass of
each fermion in each final state in the GHU model can also
be determined by analyzing the polarization dependence.
Recently, we examined the single Higgs production proc-
esses such as the Higgs strahlung process e−eþ → Zh [57].
By using the Higgs strahlung process, it is possible to
explore up to the region of tens of TeV in terms of the KK
mass scale.
The vector boson pair production processes at e−eþ

collider are significant. Measurements of the W� boson
pair production process near the threshold are important for
determining the W boson mass mW . The deviation from
the SM prediction has been recently reported by the
Collider Detector at Fermilab (CDF) Collaboration at the
Tevatron [83]. In the SM, the contributions to the e−eþ →
W−Wþ process come from the s-channel process via γ and
Z boson and the t-channel via neutrinos. In s-channel
processes and t-channel processes alone, a factor s=m2

W
appears in the cross section from the longitudinal polari-
zation vector of theW boson in the final state. The unitarity
bound on the high energy behavior of the total cross section
is given by σtotal ≤ CflogðsÞg2, known as the Froissart
bound [84,85], whereC is a constant. For s ≫ m2

W, the total
cross section may behave in such a way that unitarity is
violated because each contribution from the s-channel and
t-channel areOðsÞ. In the SM, individual cross sections that
would break unitarity are miraculously canceled out by the
cross sections between them because special conditions
are satisfied between the coupling constants. As a result,
the total cross section of e−eþ → W−Wþ, which includes
both s- and t-channel contributions, satisfies Froissart
(unitarity) bound. This is required by the Goldstone
boson equivalence theorem [86–88], where this theorem
was first proofed in Ref. [86]. The proof of the theorem is
based on the Ward identities of the spontaneously broken
gauge theory. In Ref. [89], W� boson pair production has
been partially analyzed in the LHC experiment, but not
in the e−eþ collider, and the GHU model discussed in
Ref. [89] is different from the GHU model discussed in
the paper.

In this paper we analyze the W and Z boson pair
production processes e−eþ → W−Wþ and e−eþ → ZZ in
the GHU model to clarify the difference between the
predictions in the SM and the GHU model. We show that
unitarity bound for the e−eþ → W−Wþ process is satisfied
in the GHU model as well as in the SM by investigating the
asymptotic behavior of the cross sections for large

ffiffiffi
s

p
.

We calculate the energy and angle dependence of the cross
sections and clarify the differences between the predictions
of the SM and GHU models. We show that the e−eþ →
W−Wþ process with ð ffiffiffi

s
p

; LintÞ ¼ ð250 GeV; 1 ab−1Þ;
ð500 GeV; 2 ab−1Þ at the ILC can explore up to the region
of tens of TeV in terms of the KK mass scale, which is
beyond the current constraints on the KK mass scale from
the LHC experiment. We analyze the e−eþ → ZZ process
in the same way and show that the deviation from the SM is
at most 1%.
The paper is organized as follows. In Sec. II, the

SUð3ÞC × SOð5ÞW ×Uð1ÞX GHU model is introduced.
In Sec. III, we give some parameter sets of the GHU
model. In Sec. IV, we give the formulas for the cross
sections of the e−eþ → W−Wþ and e−eþ → ZZ processes,
involving the Z0 and W0 bosons as well as the Z and W
bosons. We show that unitarity bound in the e−eþ →
W−Wþ process is satisfied in the GHU model. In Sec. V,
we present numerical results for the cross sections of
e−eþ → W−Wþ and e−eþ → ZZ. Section VI is devoted
to summary and discussions.

II. MODEL

In this paper, we focus on observables related with the
EW gauge bosons and leptons at tree level. The SUð3ÞC
gauge bosons and fermions except leptons are not directly
involved, so we omit them. For the full field content in
the GHU model, see Ref. [22], in which the SUð3ÞC ×
SOð5ÞW × Uð1ÞX GHU model was originally proposed.
The GHU model is defined in the RS warped space with

the following [90]:

ds2 ¼ gMNdxMdxN ¼ e−2σðyÞημνdxμdxν þ dy2; ð2:1Þ

where M;N ¼ 0; 1; 2; 3; 5, μ; ν ¼ 0; 1; 2; 3, y ¼ x5,
ημν ¼ diagð−1;þ1;þ1;þ1Þ, σðyÞ ¼ σðyþ 2LÞ ¼ σð−yÞ,
and σðyÞ ¼ ky for 0 ≤ y ≤ L. By using the conformal
coordinate z ¼ eky (1 ≤ z ≤ zL ¼ ekL) in the region
0 ≤ y ≤ L, the metric is rewritten by

ds2 ¼ 1

z2

�
ημνdxμdxν þ

dz2

k2

�
: ð2:2Þ

The bulk region 0 < y < L (1 < z < zL) is anti–de Sitter
(AdS) spacetime with a cosmological constant Λ ¼ −6k2,
which is sandwiched by the UV brane at y ¼ 0 (z ¼ 1) and
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the IR brane at y ¼ L (z ¼ zL). The KK mass scale
is mKK ¼ πk=ðzL − 1Þ.
The SOð5ÞW ×Uð1ÞX symmetry includes the EW

symmetry SUð2ÞL ×Uð1ÞY, where SOð5ÞW ⊃ SUð2ÞL×
SUð2ÞR. ASOð5ÞW

M and AUð1ÞX
M represent the SOð5ÞW and

Uð1ÞX gauge fields, respectively. The orbifold boundary
conditions (BCs) Pjðj ¼ 0; 1Þ of the gauge fields on the
UV brane (y ¼ 0) and the IR brane (y ¼ L) are given by

�
Aμ

Ay

�
ðx; yj − yÞ ¼ Pj

�
Aμ

−Ay

�
ðx; yj þ yÞP−1

j ð2:3Þ

for each gauge field, where ðy0; y1Þ ¼ ð0;LÞ. For theUð1ÞX
gauge boson AUð1ÞX

M , P0 ¼ P1 ¼ 1. For the SOð5ÞW gauge

boson ASOð5ÞW
M , P0 ¼ P1 ¼ PSOð5ÞW

5 , where PSOð5ÞW
5 ¼

diagðI4;−I1Þ. The orbifold BCs of the SOð5ÞW symmetry
break SOð5ÞW to SOð4ÞW ≃ SUð2ÞL × SUð2ÞR. W, Z
bosons and γ (photon) are zero modes in the SOð5ÞW ×
Uð1ÞX of 4 dimensional (4D) gauge bosons, whereas the
4D Higgs boson is a zero mode in the SOð5ÞW=SOð4ÞW
part of the 5th dimensional gauge boson. In the GHU
model, extra neutral gauge bosons Z0 correspond to the KK
photons γðnÞ, the KK Z bosons ZðnÞ, and the KK ZR bosons

ZðnÞ
R (n ≥ 1), where the γ, and Z, ZR bosons are the mass

eigenstates of the electromagnetic (EM) Uð1ÞEM neutral
gauge bosons of SUð2ÞL, SUð2ÞR, and Uð1ÞX. Extra
charged gauge bosons W0 correspond to the KK W boson

W�ðnÞ (n ≥ 1) and the KK WR bosons W�ðnÞ
R (n ≥ 1).

The SM lepton multiples are identified with the zero
modes of the lepton multiplets Ψα

ð1;4Þ (α ¼ 1, 2, 3) in the

bulk, where the subscript of Ψα
ð1;4Þ stands for the repre-

sentations of SUð3ÞC × SOð5ÞW . The bulk fields Ψα
ð1;4Þ

obey the following BCs:

Ψα
ð1;4Þðx; yj − yÞ ¼ −PSOð5ÞW

4 γ5Ψα
ð1;4Þðx; yj þ yÞ; ð2:4Þ

where PSOð5ÞW
4 ¼ diagðI2;−I2Þ. From the BCs in Eq. (2.4),

the left-handed Weyl fermion in ð2; 1Þ of SUð2ÞL ×
SUð2ÞR and the right-handed Weyl fermion in ð1; 2Þ of
SUð2ÞL × SUð2ÞR have zero mode. Note that fermions in
ð1; 1Þð0Þ of SUð3ÞC × SOð5ÞW ×Uð1ÞX are also intro-
duced as the brane fermions on the UV brane to reproduce
tiny neutrino masses via the seesaw mechanism in the GHU
model [27].
The brane scalar field in 4 of SOð5ÞW is introduced to

realize the EW symmetry SUð2ÞL ×Uð1ÞY at the EW scale.
A spinor 4 of SOð5ÞW is decomposed into ð2; 1Þ ⊕ ð1; 2Þ of
SOð4ÞW ≃ SUð2ÞL × SUð2ÞR. We assume that the brane
scalar develops a nonvanishing vacuum expectation value
(VEV), which reduces the symmetry SOð4ÞW ×Uð1ÞX to
the EW gauge symmetry SUð2ÞL ×Uð1ÞY, and the VEVof
the brane scalar is much larger than mKK to ensure that the

orbifold BCs for the 4D components of the SUð2ÞR ×
Uð1ÞX=Uð1ÞY gauge fields become effectively Dirichlet
conditions at the UV brane [25].
The Uð1ÞY gauge boson is realized as a linear combi-

nation of Uð1ÞRð⊂ SUð2ÞRÞ and Uð1ÞX gauge bosons. The
Uð1ÞY gauge field BY

M is given in terms of the SUð2ÞR
gauge fields AaR

M ðaR ¼ 1R; 2R; 3RÞ and the Uð1ÞX gauge
field BM by BY

M ¼ sinϕA3R
M þ cosϕBM. Here the mixing

angle ϕ between Uð1ÞR and Uð1ÞX is given by cosϕ ¼
gA=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2A þ g2B

p
and sinϕ ¼ gB=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2A þ g2B

p
, where gA and gB

are gauge coupling constants in SOð5ÞW and Uð1ÞX,
respectively. The 4D SUð2ÞL gauge coupling constant is
given by gw ¼ gA=

ffiffiffiffi
L

p
. The 5 dimensional (5D) gauge

coupling constant g5DY of Uð1ÞY and the 4D bare Weinberg
angle at the tree level, θ0W , are given by

g5DY ¼ gAgBffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2A þ g2B

p ; sin θ0W ¼ sinϕffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ sin2ϕ

p : ð2:5Þ

The 4D Higgs boson ϕHðxÞ is the zero mode contained
in the Az ¼ ðkzÞ−1Ay component:

Aðj5Þ
z ðx; zÞ ¼ 1ffiffiffi

k
p ϕjðxÞuHðzÞ þ � � � ; uHðzÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2

z2L − 1

s
z;

ϕHðxÞ ¼
1ffiffiffi
2

p
�
ϕ2 þ iϕ1

ϕ4 − iϕ3

�
: ð2:6Þ

We take hϕ1i; hϕ2i; hϕ3i ¼ 0 and hϕ4i ≠ 0, which is
related to the AB phase θH in the fifth dimension by
hϕ4i ¼ θHfH, where fH ¼ 2g−1w k1=2L−1=2ðz2L − 1Þ−1=2.
We will give a part of the bulk action below, where the

full action is given in Ref. [22]. The action of each gauge

field, ASOð5ÞW
M or AUð1ÞX

M , is given in the form

SEW gauge
bulk ¼

Z
d5x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detG

p �
−tr

�
1

4
FMNFMN

þ 1

2ξ
ðfgfÞ2 þ Lgh

��
; ð2:7Þ

where
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detG

p ¼ 1=kz5, z ¼ eky, tr is a trace over all
group generators for each group, and FMN is a field strength
defined by FMN ≔ ∂MAN − ∂NAM − ig½AM; AN � with each
5D gauge coupling constant g. The second and third terms
in Eq. (2.7) are the gauge fixing term and the ghost term
given in Ref. [22], respectively. The action for the lepton
sector in the bulk is given by

Sleptonbulk ¼
Z

d5x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detG

p X3
α¼1

Ψα
ð1;4Þ

�
γAeAM

�
DM

þ 1

8
ωMBC

�
γB; γC

��
− cαLσ

0ðyÞ
�
Ψα

ð1;4Þ; ð2:8Þ
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where Ψα
ð1;4Þ ¼ iΨα

ð1;4Þ
†γ0, σ0ðyÞ ≔ dσðyÞ=dy and σ0ðyÞ ¼ k

for 0 < y < L. Each lepton multiplet Ψα
ð1;4Þðx; yÞ has a bulk

mass parameter cαL (α ¼ 1, 2, 3).

III. PARAMETER SETS

To evaluate cross sections and other observable quan-
tities in W and Z boson pair production processes e−eþ →
W−Wþ and e−eþ → ZZ at tree level in the GHU model,
we need to know the masses, decay widths, and coupling
constants of the gauge bosons, and the leptons. Parameters
of the model are determined in the steps described in
Refs. [53,57].
We present several parameter sets of the coupling

constants of the leptons, which are necessary for the
present analysis, where we omit quantities such as the mass
and the decay width of Zð1Þ boson in the GHU model
shown in Ref. [57]. In Sec. II, we gave only the 5D
Lagrangian of the GHUmodel, but in the analysis, we use a
4D effective theory with KK mode expansion of the 5th
dimension. By solving the equations of motions derived
from the BCs of each 5D multiplet, we can obtain the mass
spectra of 4D modes for each 5D field. Once mass spectra
of a field are known, wave functions of the zero mode and
the KK modes of the field can be determined by substitut-
ing mass spectra into the mode function of the field.
Furthermore, coupling constants can be obtained by per-
forming overlap integrals of the wave functions of the
corresponding fields. For more details, see Ref. [57].
We will describe the steps to fix parameter sets in the

GHU model, where we will show parameter sets for
leptons, the gauge bosons, and the Higgs boson.
(1) We pick the values of θH and mKK ¼ πkðzL − 1Þ−1.

From the constraints on θH and mKK from the LHC-
Run 2 results in the GHU model [55], we only
consider parameters satisfying θH ≤ 0.10 and
mKK ≥ 13 TeV.

(2) k is determined in order for the Z boson mass mZ
to be reproduced, which fixes the warped factor
zL as well. (For the mass formula of Z boson,
see Ref. [22].)

(3) The bare Weinberg angle θ0W in the GHU model is
given in Eq. (2.5). For each value of θH, the value
of θ0W is determined self-consistently to fit the
observed forward-backward asymmetry at Z pole
as in Ref. [57].
The parameter sets of ðθH;mKKÞ, named A�,B�,

and C�, used in this analysis are summarized in
Table I, where the subscripts denote the sign of the
bulk masses of the leptons. For example, Aþ denotes
the case where the bulk mass of the lepton is positive
and A− denotes the case where the bulk mass of the
lepton is negative.

(4) With given sin θ0W , wave functions of the gauge
bosons are fixed. Masses and widths of γð1Þ is listed
for each parameter set in Table I, and those of Zð1Þ,
Zð1Þ
R , W, Wð1Þ, Wð1Þ

R bosons are listed for each
parameter set in Table IV in Ref. [57].

(5) The bulk masses of the leptons cαL in Eq. (2.8) are
determined so as to reproduce the masses of charged
leptons, as the same in Ref. [57]. The bulk masses
and the brane interaction parameters of the leptons
are listed in Table V in Ref. [57].

(6) With given the bulk masses and the brane interaction
parameters, wave functions of fermions are fixed.

(7) The mass of the Higgs boson can be obtained from
the effective potential of the Higgs boson [52].
The mass of the Higgs boson is determined by
adjusting the bulk mass of the dark fermions so that
the mass of the Higgs boson is mh ¼ 125.25�
0.17 GeV [12].

Next, coupling constants of the gauge bosons and the
leptons are obtained from the five-dimensional gauge
interaction terms by substituting the wave functions of
gauge bosons and fermions and integrating over the fifth-
dimensional coordinate [89,91,92]. The coupling constants
of the gauge bosons to the leptons are obtained by
performing overlap integrals of the wave functions in the
fifth dimension of gauge bosons and leptons. Coupling
constants of γð1Þ to electron are listed in Table II. Coupling
constants of gauge bosons to leptons are listed in Table VII
in Ref. [57] for W boson to leptons Tables VII and VIII in

TABLE I. The name of the parameter set and the corresponding zL, k, and sin2 θ0W for each θH and mKK are listed. In the SM,
sin2θWðMSÞ ¼ 0.23122� 0.00004 at Z pole [12]. The column “Name” denotes each parameter set. The subscripts of A�, B�, C�
denote the sign of the bulk masses of the leptons. For example, Aþ denotes the case where the bulk mass of the lepton is positive and A−
denotes the case where the bulk mass of the lepton is negative. The names of the parameter sets are the same as those in Ref. [57].

Name θH [rad] mKK [TeV] zL k [GeV] mγð1Þ [TeV] Γγð1Þ [TeV] mνð1Þ [TeV] með1Þ [TeV] sin2θ0W

A− 0.10 13.00 3.865 × 1011 1.599 × 1015 10.198 3.252 13.039 13.039 0.2306
Aþ 0.10 13.00 4.029 × 1011 1.667 × 1015 10.198 3.256 13.034 13.034 0.2318
B− 0.07 19.00 1.420 × 1012 8.589 × 1015 14.887 4.951 18.852 18.852 0.2309
Bþ 0.07 19.00 1.452 × 1012 8.779 × 1015 14.887 4.951 18.848 18.848 0.2315
C− 0.05 25.00 5.546 × 1010 4.413 × 1014 19.649 5.862 25.528 25.528 0.2310
Cþ 0.05 25.00 5.600 × 1010 4.456 × 1014 19.649 5.864 25.527 25.527 0.2313
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Ref. [57] for Z boson to neutrinos and charged leptons.
MeV scale neutrino masses and coupling constants of W
boson to electron are listed in Table III, where MeV
neutrinos appear only when the bulk mass of the lepton
is positive. The coupling constants of neutral gauge bosons
toW boson are obtained by performing overlap integrals of
the wave functions in the fifth dimension of triple gauge
bosons. Coupling constants of neutral gauge bosons to W
boson pair are listed in Table IV.

IV. CROSS SECTION

In this section, we give the formulas necessary to
calculate observables of the e−eþ → W−Wþ and e−eþ →
ZZ processes. In the SM, the cross sections of the e−eþ →
W−Wþ and e−eþ → ZZ processes are calculated in
e.g., Refs. [93–96]. We can use Mathematica and its
package FeynCalc [97–99] in this section for computational
checks, such as the contractions of the square of the
amplitude.

A. Cross section of e− e + → W −W +

1. Amplitude

We consider the W−Wþ production processes:

e−Xðp1ÞeþȲ ðp2Þ ⟶ W−ðk1ÞWþðk2Þ; ð4:1Þ
where X; Y ¼ L, R; p1 and p2 are the momenta of the
initial states of electron and positron; k1 and k2 are the
momenta of the final states of W− and Wþ bosons. This is
shown in Fig. 1. For massive bosons W� and massless
electrons e�, in the center-of-mass frame, we use the
following basis:

pμ
1 ¼

ffiffiffi
s

p
2

ð1; 0; 0;þ1Þ; pμ
2 ¼

ffiffiffi
s

p
2

ð1; 0; 0;−1Þ;

kμ1 ¼
ffiffiffi
s

p
2

ð1;þβW sin θ; 0;þβW cos θÞ;

kμ2 ¼
ffiffiffi
s

p
2

ð1;−βW sin θ; 0;−βW cos θÞ; ð4:2Þ

TABLE II. Coupling constants of γð1Þ boson to electrons and Z
boson to electron and 1st KK electron in units of gw ¼ e= sin θ0W
are listed. When the value is less than 10−5, we write 0.

Name gL
γð1Þee gR

γð1Þee gL
Zeeð1Þ gR

Zeeð1Þ

A− −2.75873 þ0.10788 −0.01346 0
Aþ þ0.10727 −2.54746 −0.01347 0
B− −2.81496 þ0.10455 −0.00951 0
Bþ þ0.10464 −2.81951 −0.00951 0
C− −2.57731 þ0.11144 −0.00664 0
Cþ þ0.11149 −2.67947 −0.00665 0

TABLE III. MeV scale neutrino masses and coupling constants of W boson to electron are listed in units of MeV
and gw=

ffiffiffi
2

p
, respectively. There are no such neutrinos for negative lepton bulk masses. ΔmνMeV

≔ mνMeV
−mν0MeV

≃
4.0 × 10−7 MeV, 8.2 × 10−7 MeV, 1.6 × 10−6 MeV for Aþ, Bþ, Cþ, respectively.

Name mνMeV
[MeV] mν0MeV

[MeV] gLWeνMeVe
gRWeνMeVe

gLWeν0MeVe
gRWeν0MeVe

Aþ 9.735 9.735 −0.03534 −0.00177 þ0.03534 þ0.00177
Bþ 13.904 13.904 −0.02474 −0.00087 þ0.02474 þ0.00087
Cþ 19.464 19.464 −0.01768 −0.00044 þ0.01768 þ0.00044

TABLE IV. Coupling constants of neutral gauge bosons to W boson in units of gw are listed. In the SM and the
GHU, gγWW ¼ e, and gγWW=gw ¼ 0.48085. In the SM, gZWW=gw ¼ cos θW ¼ 0.87680.

Name gγð1ÞWW [GeV] gZWW [GeV] gZð1ÞWW [GeV] g
Zð1Þ
R WW

[GeV]

A− −0.00029 þ0.87715 −0.00019 þ0.00027
Aþ −0.00029 þ0.87647 −0.00019 þ0.00027
B− −0.00014 þ0.87698 −0.00009 þ0.00013
Bþ −0.00014 þ0.87664 −0.00009 þ0.00013
C− −0.00008 þ0.87693 −0.00005 þ0.00007
Cþ −0.00008 þ0.87676 −0.00005 þ0.00007

FIG. 1. The Feynman diagrams for the s-channel and t-channel
contributions to the e−eþ → W−Wþ process are shown. For the
s-channel contribution, Va stands for γ, Z in the SM and for γðnÞ,
ZðnÞ, ZðnÞ

R ðn ¼ 1; 2;…Þ in the GHU model. For the t-channel

contribution, νðnÞ stands for νe in the SM and for νðnÞe (and νðnÞe2 ) in
the GHU model.
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where βW ≔
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

W
s

q
. The Mandelstam variables are

defined as

s ≔ ðp1 þ p2Þ2 ¼ ðk1 þ k2Þ2;
t ≔ ðp1 − k1Þ2 ¼ ðp2 − k2Þ2 ¼ m2

W −
s
2
ð1 − βW cos θÞ;

u ≔ ðp1 − k2Þ2 ¼ ðp2 − k1Þ2 ¼ m2
W −

s
2
ð1þ βW cos θÞ;

ð4:3Þ

where sþ tþ u ¼ 2m2
W .

The contributions to the e−eþ → W−Wþ process come
from s-channel and t-channel. The s-channel amplitude is
given by

MWW
sXY ¼ v̄ðp2ÞγρPYPXuðp1ÞVμνρð−k1;−k2; k1 þ k2Þ

× ϵ�μðk1Þϵ�νðk2Þ
X
a

gXVaee
gVaWW

×
1

ðs −m2
Va
Þ þ imVa

ΓVa

≕ JμνsXYϵ
�
μðk1Þϵ�νðk2Þ; ð4:4Þ

where Vαβγðq; k−; kþÞ ≔ ½ðq − k−Þγgαβ þ ðk− − kþÞαgβγþ
ðkþ − qÞβgγα�, qμ ¼ ðp1 þ p2Þμ ¼ ðk1 þ k2Þμ, gL=RVaff

are
the left-(right-)handed couplings of f to Va. gVaWW is the
coupling constant of Va −W −W, where mVa

and ΓVa
are

mass and total decay width of Va. qμ ¼ ðp1 þ p2Þμ ¼
ðk2 þ k1Þμ. The JμνsXY can be written as

JμνsXY ¼
(
AWW
sX v̄ðp2ÞγρPXuðp1ÞVμνρð−k1;−k2; k1 þ k2Þ for X ¼ Y

0 for X ≠ Y
; ð4:5Þ

where

AWW
sX ≔

X
a

gXVaee
gVaWW

1

ðs −m2
Va
Þ þ imVa

ΓVa

: ð4:6Þ

The t-channel amplitude is given by

MWW
tXY ¼ −ϵ�μðk1Þϵ�νðk2Þv̄ðp2ÞPYγ

ν

	X
n

gX
WeνðnÞg

Y
WeνðnÞ

×
ð=p1 − =k1Þ þmνðnÞ

ðt −m2
νðnÞ Þ



γμPXuðp1Þ

≕ JμνtXYϵ
�
μðk1Þϵ�νðk2Þ: ð4:7Þ

The JμνtXY can be written as

JμνtXY ¼
(
−AWW

tX v̄ðp2Þγνð=p1 − =k1ÞγμPXuðp1Þ for X ¼ Y

−BWW
t v̄ðp2ÞγνγμPXuðp1Þ for X ≠ Y

;

ð4:8Þ

where

AWW
tX ≔

X
n

ðgX
WeνðnÞ Þ2

t −m2
νðnÞ

; BWW
t ≔

X
n

gL
WeνðnÞg

R
WeνðnÞmνðnÞ

t −m2
νðnÞ

:

ð4:9Þ
2. Squared amplitude

The squared amplitude of the e−Xe
þ
Ȳ → W−Wþ process is

given by

jMWW
XY j2 ¼ jMWW

sXY þMWW
tXY j2

¼ jMWW
sXY j2 þ jMWW

tXY j2 þMWW
sXYM

WW†
tXY

þMWW†
sXY MWW

tXY : ð4:10Þ

The third and forth terms stand for the interference terms
between s- and t-channel.
First, from Eq. (4.4), the s-channel contribution jMWW

sXY j2
is given by

jMWW
sXY j2 ¼

X
spins

ϵ�μðk1Þϵ�νðk2Þϵμ0 ðk1Þϵν0 ðk2ÞJμνsXYJ̄μ
0ν0

sXY

¼
�
−gμμ0 þ

k1μk1μ0

k21

��
−gνν0 þ

k2νk2ν0

k22

�

×
X
spins

JμνsXYJ̄
μ0ν0
sXY: ð4:11Þ

Substituting Eq. (4.5) into Eq. (4.11), we find

jMWW
sXY j2 ¼

	
4s2jAWW

sX j2Aðs; t; uÞ for X ¼ Y

0 for X ≠ Y
; ð4:12Þ

where

Aðs; t; uÞ ≔
�

tu
m4

W
− 1

��
1

4
−
m2

W

s
þ 3

m4
W

s2

�
þ s
m2

W
− 4:

ð4:13Þ

Second, from Eq. (4.7) the t-channel contribution
jMWW

tXY j2 is given by
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jMWW
tXY j2 ¼

X
spins

ϵ�μðk1Þϵ�νðk2Þϵμ0 ðk1Þϵν0 ðk2ÞJμνtXYJ̄μ
0ν0

tXY

¼
�
−gμμ0 þ

k1μk1μ0

k21

��
−gνν0 þ

k2νk2ν0

k22

�X
spins

JμνtXYJ̄
μ0ν0
tXY: ð4:14Þ

Substituting Eq. (4.8) into Eq. (4.14), we find

jMWW
tXY j2 ¼

8>><
>>:

��tAWW
tX

��2 · 4Eðs; t; uÞ for X ¼ Y��tBWW
t

��24�2m2
W

t2

�
tu
m4

W
− 1



þ 2s

t2 þ s
2m4

W

�
for X ≠ Y

; ð4:15Þ

where

Eðs; t; uÞ ≔
�

tu
m4

W
− 1

��
1

4
þm4

W

t2

�
þ s
m2

W
: ð4:16Þ

Finally, we consider the interference terms in Eq. (4.10).
Due to MsXY ¼ 0 for X ≠ Y,

MsXYM
†
tXY ¼ M†

sXYMtXY ¼ 0: ð4:17Þ

Therefore, the nonzero values of the interference terms are
given by

MWW
sXXM

WW†
tXX ¼

X
spins

ϵ�μðk1Þϵ�νðk2Þϵμ0 ðk1Þϵν0 ðk2ÞJμνsXXJ̄μ
0ν0

tXX

¼
�
−gμμ0 þ

kþμkþμ0

k2þ

��
−gνν0 þ

k−νk−ν0

k2−

�

×
X
spins

JμνsXXJ̄
μ0ν0
tXX: ð4:18Þ

Substituting Eqs. (4.5) and (4.8) into Eq. (4.18), we find

MWW
sXYM

WW†
tXY ¼

(
AWW
sX AWW�

tX · 4stIðs; t; uÞ for X ¼ Y

0 for X ≠ Y
;

ð4:19Þ

where

Iðs; t; uÞ ¼
�

tu
m4

W
− 1

��
1

4
−
m2

W

2s
−
m4

W

st

�

þ s
m2

W
− 2þ 2

m2
W

t
: ð4:20Þ

From Eqs. (4.12), (4.15), and (4.19), the total amplitude
of e−Xe

þ
Ȳ → W−Wþ for X ¼ Y given by

jMWW
XY j2 ¼ 4s2jAWW

sX j2Aðs; t; uÞ þ 4t2jAWW
tX j2Eðs; t; uÞ

þ 4stðAWW
sX AWW�

tX þ AWW�
sX AWW

tX ÞIðs; t; uÞ;
ð4:21Þ

where Aðs; t; uÞ, Eðs; t; uÞ, and Iðs; t; uÞ are defined in
Eqs. (4.13), (4.16), and (4.20), respectively. The total
amplitude of e−Xe

þ
Ȳ → W−Wþ for X ≠ Y given by

jMWW
XY j2 ¼ jtBWW

t j2
�
4s
t2

þ s
m4

W
þ 4

m2
W

�
u
t
−
m4

W

t2

��
: ð4:22Þ

3. Cross section

For the e−Xe
þ
Ȳ → W−Wþ process, the cross section of

the initial states of the polarized electron and positron is
given by

dσWW

d cos θ
ðPe− ; Peþ ; cos θÞ ¼

1

4

	
ð1 − Pe−Þð1þ PeþÞ

dσWW
LL

d cos θ

þ ð1þ Pe−Þð1 − PeþÞ
dσWW

RR

d cos θ

þ ð1 − Pe−Þð1 − PeþÞ
dσWW

LR

d cos θ

þ ð1þ Pe−Þð1þ PeþÞ
dσWW

RL

d cos θ



;

ð4:23Þ

where Pe− and Peþ are the initial polarizations of the
electron and positron

dσWW
XY

d cos θ
ðcos θÞ ≔ dσ

d cos θ

�
e−Xe

þ
Ȳ → W−Wþ�

¼ βW
32πs

jMWW
XY j2; ð4:24Þ

where MWW
XY are given in Eqs. (4.21) and (4.22)

The total cross section of the e−eþ → W−Wþ process
with the initial polarizations can be defined by integrating
the differential cross section in Eq. (4.23) with the angle θ

σWWðPe− ; PeþÞ ≔
Z

1

−1

dσWW

d cos θ

�
Pe− ; Peþ ; cos θ

�
d cos θ;

ð4:25Þ
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where the minimum and maximal values of cos θ are
determined by each detector and we cannot use a date
near cos θ ≃�1. The total cross section of e−eþ → W−Wþ
is given by

σWWðPe− ; PeþÞ ¼
1

4
ð1 − Pe−Þð1þ PeþÞσWW

LL

þ 1

4
ð1þ Pe−Þð1 − PeþÞσWW

RR

þ 1

4
ð1 − Pe−Þð1 − PeþÞσWW

LR

þ 1

4
ð1þ Pe−Þð1þ PeþÞσWW

RL ; ð4:26Þ

where

σWW
XY ≔

Z
1

−1

dσWW
XY

d cos θ
ðcos θÞd cos θ; ð4:27Þ

where X ¼ L, R; dσWW
XY =d cos θ are given in Eq. (4.24).

The statistical error of the cross section σWWðPe− ; PeþÞ is
given by

ΔσWWðPe− ; PeþÞ ¼
σWWðPe− ; PeþÞffiffiffiffiffiffiffiffiffiffi

NWW
p ;

NWW ¼ Lint · σWWðPe− ; PeþÞ; ð4:28Þ

where Lint is an integrated luminosity, and NWW is the
number of events for the e−eþ → W−Wþ process. Note
that the W boson cannot be observed directly, so we need
to choose the decay modes of the W boson, and then the
available number of events must be NWW multiplied by the
branching ratio of each selected decay mode. The amount
of the deviation of the cross section of the e−eþ → W−Wþ
process from the SM in the GHU model is given by

ΔWW
σ ðPe− ; PeþÞ ≔

½σWWðPe− ; PeþÞ�GHU
½σWWðPe− ; PeþÞ�SM

− 1; ð4:29Þ

where ½σWWðPe− ; PeþÞ�GHU and ½σWWðPe− ; PeþÞ�SM stand
for the cross sections of the e−eþ → W−Wþ process in the
SM and the GHU model, respectively. The same notation is
used for other cases in the followings.

4. Left-right asymmetry

We define an observable left-right asymmetry
[53,56,81,82,100] of the e−eþ → W−Wþ process as

AWW
LR ðPe− ; PeþÞ ≔

σWWðPe− ; PeþÞ − σWWð−Pe− ;−PeþÞ
σWWðPe− ; PeþÞ þ σWWð−Pe− ;−PeþÞ

ð4:30Þ

for Pe− < 0 and jPe− j > jPeþj.

The statistical error of the left-right asymmetry is
given by

ΔAWW
LR ðPe− ; PeþÞ ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NWW

L NWW
R

p
ð

ffiffiffiffiffiffiffiffiffiffi
NWW

L

p
þ

ffiffiffiffiffiffiffiffiffiffi
NWW

R

p
Þ

ðNWW
L þ NWW

R Þ2 ;

ð4:31Þ

where NWW
L ¼ Lintσ

WWðPe− ; PeþÞ and NWW
R ¼

Lintσ
WWð−Pe− ;−PeþÞ are the numbers of the events for

Pe− < 0 and jPe− j > jPeþj. The amount of the deviation
from the SM in Eq. (4.30) is characterized by

ΔWW
ALR

ðPe− ; PeþÞ ≔
½AWW

LR ðPe− ; PeþÞ�GHU
½AWW

LR ðPe− ; PeþÞ�SM
− 1: ð4:32Þ

5. Asymptotic behavior

We consider the asymptotic behavior of e−eþ → W−Wþ
for large s to confirm that the Goldstone boson equivalence
theorem [86–88] is satisfied in the GHU model. From
Eqs. (4.23), (4.24), and (4.26), very large cross section
appears if the total squared amplitude of jMWW

XY j2 contain
Oðs2Þ terms. The OðsÞ terms of the squared amplitude do
not break unitarity because the Froissart bound [84,85] is
satisfied. In this section we consider the Oðs2Þ and OðsÞ
terms of the squared amplitude. In the SM, the OðsÞ terms
vanish.
The total amplitudes of e−Xe

þ
Ȳ → W−Wþ are given in

Eqs. (4.21) and (4.22). First, from Eqs. (4.6) and (4.9), the
asymptotic behavior of AWW

sX , AWW
tX , and BWW

t for large s is
given by

sAWW
sX ∼

X
a

gXVaee
gVaWW

�
1þm2

Va

s

�
;

tAWW
tX ∼

X
n

ðgX
WeνðnÞ Þ2

�
1þm2

νðnÞ

t

�
;

tBWW
t ∼

X
n

gL
WeνðnÞg

R
WeνðnÞmνðnÞ

�
1þm2

νðnÞ

t

�
; ð4:33Þ

where we ignore the decay width ΓVa
for simplicity.

Second, from Eqs. (4.13), (4.16), and (4.20), the asymptotic
behavior of Aðs; t; uÞ, Eðs; t; uÞ, and Iðs; t; uÞ for large s is
given by

4Aðs; t; uÞ ∼ tu
m4

W
−

4tu
sm2

W
þ 4s
m2

W

4Eðs; t; uÞ ∼ tu
m4

W
þ 4s
m2

W
;

4Iðs; t; uÞ ∼ tu
m4

W
−

2tu
sm2

W
þ 4s
m2

W
: ð4:34Þ

NAOKI YAMATSU et al. PHYS. REV. D 108, 115014 (2023)

115014-8



Substituting Eqs. (4.33) and (4.34) into Eq. (4.21), we find
the asymptotic behavior of jMWW

XY j2 for X ¼ Y:

jMWW
XY j2 ∼

�X
a

gXVaee
gVaWW þ

X
n

�
gX
WeνðnÞ

�
2

�

×

��X
a

gXVaee
gVaWW þ

X
n

�
gX
WeνðnÞ

�
2

�

×

�
tu
m4

W
þ 4s
m2

W

�
− 2

	X
b

gXVbee
gVbWW

−
X
b

gXVbee
gVbWW

m2
Vb

m2
W



tu

sm2
W

þ 2

�X
m

�
gX
WeνðmÞ

�
2
m2

νðmÞ

m2
W

�
u
m2

W

�
: ð4:35Þ

Substituting Eqs. (4.33) and (4.34) into Eq. (4.22), we find
the asymptotic behavior of jMWW

XY j2 for X ≠ Y:

jMWW
XY j2 ∼

�X
n
gL
WeνðnÞg

R
WeνðnÞ

mνðnÞ

mW

�
2 s
m2

W
: ð4:36Þ

Here we summarize the above results. From the asymp-
totic behavior of jMWW

XY j2 for X ¼ Y in Eq. (4.35), Oðs2Þ
terms disappear when the following condition is satisfied:

X
a

gXVaee
gVaWW þ

X
n

�
gX
WeνðnÞ

�
2 ¼ 0: ð4:37Þ

The OðsÞ terms also disappear if this condition is satisfied.
Next, from the asymptotic behavior of jMWW

XY j2 for X ≠ Y
in Eq. (4.36), OðsÞ terms disappear when the following
condition is satisfied:

X
n

gL
WeνðnÞg

R
WeνðnÞ

mνðnÞ

mW
¼ 0: ð4:38Þ

We check that the unitarity is preserved in the SM and
the GHU below by using Eqs. (4.37) and (4.38). First, in the
SM, Va ¼ γ, Z and νðnÞ ¼ νe, relevant coupling constants
are given by

gLγee ¼ gRγee ¼ −e; gγWW ¼ e; gZWW ¼ gw cos θW;

gLWeνe
¼ gwffiffiffi

2
p ; gRWeνe

¼ 0;

gLZee ¼
gw

cos θW

�
−
1

2
þ sin2θW

�
; gRZee ¼

gw
cos θW

sin2θW;

ð4:39Þ

where gw ¼ e= sin θW . Therefore, we find

X
a

gLVaee
gVaWW ¼ gLγeegγWW þ gLZegZWW ¼ −

g2w
2
;

X
n

�
gL
WeνðnÞ

�
2 ¼ ðgLWeνÞ2 ¼

g2w
2
;

X
a

gRVaee
gVaWW ¼ gRγeegγWW þ gRZegZWW ¼ 0;

X
n

�
gR
WeνðnÞ

�
2 ¼ ðgRWeνÞ2 ¼ 0: ð4:40Þ

Substituting the above SM gauge coupling constants into
Eq. (4.37), the coefficients of the Oðs2Þ and OðsÞ terms of
MWW

LL and MWW
RR vanish. Next, even when we take into

account the non-zero neutrino massmν ≠ 0, since gRWeν ¼ 0

in the SM, we find

X
n

gL
WeνðnÞg

R
WeνðnÞ

mνðnÞ

mW
¼ gLWeνg

R
Weν

mν

mW
¼ 0: ð4:41Þ

Therefore, the coefficients of the OðsÞ terms of MWW
LR and

MWW
RL vanish.
We consider the GHU model with the parameter set for

mKK ¼ 13 TeV, θH ¼ 0.10, and negative bulk masses of

the leptons. For the GHU model, Va ¼ γ; Z; γðnÞ; ZðnÞ; ZðmÞ
R

ðn ¼ 1; 2;…Þ and νðnÞ ¼ νe; ν
ðnÞ
e ðn ¼ 1; 2;…Þ, relevant

coupling constants are given in Table V, where the
following calculation of the sum of coupling constants
adds up to a sufficiently large KK mode. We find

X
a

gLVaee
gVaWW ≃ −0.49793312g2w;X

n

ðgL
WeνðnÞ Þ2 ≃þ0.49793310g2w;����X

a

gRVaee
gVaWW

���� < 10−8 × g2w;����X
n

ðgR
WeνðnÞ Þ2

���� < 10−8 × g2w: ð4:42Þ

We numerically find

X
a

gLVaee
gVaWW þ

X
n

�
gL
WeνðnÞ

�
2 ≃ −2 × 10−8g2w;����X

a

gRVaee
gVaWW þ

X
n

�
gR
WeνðnÞ

�
2

���� < 10−8 × g2w: ð4:43Þ

Therefore, the Oðs2Þ and OðsÞ terms of MWW
LL and MWW

RR
are well suppressed. We also find

����X
n

gL
WeνðnÞg

R
WeνðnÞ

mνðnÞ

mW

���� < 10−8 × g2w: ð4:44Þ
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The OðsÞ term of MWW
LR and MWW

RL is sufficiently sup-
pressed. Several other parameter sets are also summarized
in Table VI.
Next, we consider the GHUmodel with the parameter set

formKK ¼ 13 TeV, θH ¼ 0.10, and positive bulk masses of

leptons. For the GHU model, Va ¼ γ; Z; γðnÞ; ZðnÞ; ZðmÞ
R

ðn ¼ 1; 2;…Þ and νðnÞ ¼ νe; ν
ðnÞ
e ðn ¼ 1; 2;…Þ, relevant

coupling constants are given in Table VII, where the
following calculation of the sum of coupling constants
adds up to a sufficiently large KK mode. We find

X
a

gLVaee
gVaWW ≃ −0.50006646g2w;

X
n

�
gL
WeνðnÞ

�
2 ≃þ0.50006646g2w;X

a

gRVaee
gVaWW ≃ −0.00028680g2w;

X
n

�
gR
WeνðnÞ

�
2 ≃þ0.00028680g2w: ð4:45Þ

TABLE V. Coupling constants ofW bosons to neutral gauge bosons, electrons to neutral gauge bosons,W bosons to electron and zero
mode,and KK neutrinos are shown up to n ¼ 4 in the GHU model with the parameter set of mKK ¼ 13 TeV and θH ¼ 0.10, and
negative bulk masses of the leptons ðA−Þ. The values of the coupling constants for neutral gauge bosons to W bosons and leptons are
given in units of gw. The values of the coupling constants for W boson to leptons are in units of gw=

ffiffiffi
2

p
. gw ¼ e= sin θ0W , sin

2 θ0W ¼
0.2306 (input). In the SM sin2 θWðMSÞ ¼ 0.23122� 0.00004 [12]. When the value is less than 10−8, we write 0. When there is no
corresponding coupling constant, we write the symbol � � � in that field.

Coupling n ¼ 0 n ¼ 1 n ¼ 2 n ¼ 3 n ¼ 4

gγðnÞWW þ sin θ0W −0.00029313 −0.00001057 −0.00000185 þ0.00000052
gZðnÞWW þ0.87715447 −0.00018818 þ0.00000002 −0.00000679 −0.00000002
g
ZðnÞ
R WW

� � � þ0.00027271 þ0.00000983 þ0.00000163 þ0.00000047

gL
γðnÞee − sin θ0W −2.75873260 −1.08511541 −0.39362141 −0.23177025

gR
γðnÞee − sin θ0W þ0.10708192 −0.07393235 þ0.06029203 −0.05236728

gL
ZðnÞee

−0.30576326 −1.76206116 −0.00643559 −0.69313977 −0.00209004
gR
ZðnÞee

þ0.26291828 −0.05843186 −0.00396529 þ0.04034314 þ0.00296713

gL
ZðnÞ
R ee

� � � −1.04437969 −0.41581800 −0.14941965 −0.08774238

gR
ZðnÞ
R ee

� � � 0 0 0 0

gL
WeνðnÞe

þ0.99764683 −0.01669268 −0.00001276 þ0.00209568 −0.00000029

gR
WeνðnÞe

0 0 0 0 0

gL
WeνðnÞe2

� � � −0.01669268 −0.00001276 þ0.00209568 −0.00000029

gR
WeνðnÞe2

� � � 0 0 0 0

TABLE VI. The values of the coupling summation are summarized for several sets of parameters ðmKK; θHÞwith negative bulk masses
of the leptons in the units of g2w. When the value is less than 10−8, we write 0.

ðmKK; θHÞ SM (13 TeV, 0.10) (25 TeV, 0.05) (50 TeV, 0.025) (100 TeV, 0.0125)P
ag

L
Vaee

gVaWW −0.5 −0.49793312 −0.499484367 −0.49987087 −0.49996771P
nðgLWeνðnÞ Þ2 þ0.5 þ0.49793310 þ0.499448367 þ0.49987087 þ0.49996771P
a g

R
Vaee

gVaWW 0 0 0 0 0P
nðgRWeνðnÞ Þ2 0 0 0 0 0P
n g

L
WeνðnÞg

R
WeνðnÞ

m
νðnÞ
mW

0 0 0 0 0
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We numerically find

����X
a

gLVaee
gVaWW þ

X
n

�
gL
WeνðnÞ

�
2

���� < 10−8 × g2w;����X
a

gRVaee
gVaWW þ

X
n

�
gR
WeνðnÞ

�
2

���� < 10−8 × g2w: ð4:46Þ

Therefore, the Oðs2Þ and OðsÞ terms of MWW
LL and MWW

RR
are sufficiently suppressed. We also find that

X
n

gL
WeνðnÞg

R
WeνðnÞ

mνðnÞ

mW
≃ 3 × 10−8g2w: ð4:47Þ

The OðsÞ term of MWW
LR and MWW

RL is well suppressed.
Several other parameter sets are also summarized in
Table VIII.

B. e − e+ → ZZ process

1. Amplitude

Here we consider the following t- and u-channel proc-
esses:

e−Xðp1ÞeþȲ ðp2Þ → Zμðk1ÞZνðk2Þ; ð4:48Þ

where X; Y ¼ L, R, L̄ ¼ R, R̄ ¼ L; p1 and p2 are the
momenta of the initial states of electron and positron;

TABLE VII. Coupling constants of W bosons to neutral gauge bosons, electrons to neutral gauge bosons, W bosons to electron and
zero mode, and KK neutrinos are shown up to n ¼ 4 in the GHU model with the parameter set of mKK ¼ 13 TeV and θH ¼ 0.10, and
positive bulk masses of the leptons ðAþÞ. The values of the coupling constants for neutral gauge bosons to W bosons and leptons are
given in units of gw. The values of the coupling constants for W boson to leptons are in units of gw=

ffiffiffi
2

p
. gw ¼ e= sin θ0W , sin

2 θ0W ¼
0.2306 (input). In the SM sin2θWðMSÞ ¼ 0.23122� 0.00004 [12]. When the value is less than 10−8, we write 0. When there is no
corresponding coupling constant, we write the symbol � � � in that field.

Coupling n ¼ 0 n ¼ 1 n ¼ 2 n ¼ 3 n ¼ 4

gγðnÞWW þ sin θ0W −0.00029370 −0.00001060 −0.00000185 −0.00000052
gZðnÞWW þ0.87647017 −0.00018736 þ0.00000002 −0.00000676 −0.00000002
g
ZðnÞ
R WW

� � � þ0.00027211 þ0.00000980 þ0.00000162 þ0.00000047

gL
γðnÞee − sin θ0W þ0.10727367 −0.07406031 þ0.06039443 −0.05245504

gR
γðnÞee − sin θ0W −2.76765185 −1.08788152 −0.39449879 −0.23232603

gL
ZðnÞee

−0.30602661 þ0.06795725 þ0.00461504 −0.04691696 −0.00345321
gR
ZðnÞee

þ0.26309454 þ1.51736122 þ0.00553476 þ0.59638708 þ0.00179601

gL
ZðnÞ
R ee

� � � 0 0 0 0

gR
ZðnÞ
R ee

� � � þ1.38256665 þ0.55008507 þ0.19760182 þ0.11605766

gL
WeνðnÞe

þ0.998816639 −0.03534296 0 0 0

gR
WeνðnÞe

0 −0.00176655 −0.01669757 −0.00000003 þ0.002095116

gL
WeνðnÞe2

� � � þ0.03534296 0 0 0

gR
WeνðnÞe2

� � � þ0.00176655 −0.01669757 −0.00000003 þ0.002095116

TABLE VIII. The values of the coupling summation are summarized for several sets of parameters ðmKK; θHÞ with positive bulk
masses of the leptons in the units of g2w. When the value is less than 10−8, we write 0.

ðmKK; θHÞ SM (13 TeV, 0.10) (25 TeV, 0.05) (50 TeV, 0.025) (100 TeV, 0.0125)P
a g

L
Vaee

gVaWW −0.5 −0.50006646 −0.50001791 −0.50000448 −0.50000112P
nðgLWeνðnÞ Þ2 þ0.5 þ0.50006646 þ0.50001791 þ0.50000448 þ0.50000112P
a g

R
Vaee

gVaWW 0 −0.00028680 −0.00006933 −0.00001731 −0.00000433P
nðgRWeνðnÞ Þ2 0 þ0.00028680 þ0.00006933 þ0.00001731 þ0.00000433P
n g

L
WeνðnÞg

R
WeνðnÞ

m
νðnÞ
mW

0 þ0.00000003 þ0.00000002 þ0.00000001 0
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k1 and k2 are the momenta of the final states of Z bosons.
For massive bosons Z and massless electrons e�, in the
center-of-mass frame, we use the following basis:

p1 ¼
ffiffiffi
s

p
2

ð1; 0; 0;þ1Þ; p2 ¼
ffiffiffi
s

p
2

ð1; 0; 0;−1Þ;

k1 ¼
ffiffiffi
s

p
2

ð1; 0;þβZ sin θ;þβZ cos θÞ;

k2 ¼
ffiffiffi
s

p
2

ð1; 0;−βZ sin θ;−βZ cos θÞ; ð4:49Þ

where βZ ≔
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

Z
s

q
. The Mandelstam variables are

defined as

s ≔ ðp1 þ p2Þ2 ¼ ðk1 þ k2Þ2;
t ≔ ðp1 − k1Þ2 ¼ ðp2 − k2Þ2 ¼ m2

Z −
s
2
ð1 − βZ cos θÞ;

u ≔ ðp1 − k2Þ2 ¼ ðp2 − k1Þ2 ¼ m2
Z −

s
2
ð1þ βZ cos θÞ;

ð4:50Þ

where sþ tþ u ¼ 2m2
Z.

The contributions to the e−eþ → ZZ process come
from t-channel and u-channel. The t-channel amplitude
is given by

MZZ
tXY ¼ v̄ðp2Þγν

�X
i

gYiPY
ð=p1 − =k1Þ þmi

ðp1 − k1Þ2 −m2
i
γμgXiPX

�

× uðp1Þϵ�μðk1Þϵ�νðk2Þ
≕Kμν

tXYϵ
�
μðk1Þϵ�νðk2Þ; ð4:51Þ

where PL=R ¼ ð1 ∓ γ5Þ=2, and i stands for electron and
KK charged leptons. The Kμν

tXY ðX; Y ¼ L;RÞ can be
written as

Kμν
tXY ¼

(
AZZ
tX v̄ðp2Þγνð=p1 − =k1ÞγμPXuðp1Þ; for X ¼ Y

BZZ
t v̄ðp2ÞγνγμPXuðp1Þ; for X ≠ Y

;

ð4:52Þ

where

AZZ
tX ≔

X
i

g2Xi
ðp1 − k1Þ2 −m2

i
;

BZZ
t ≔

X
i

gLigRimi

ðp1 − k1Þ2 −m2
i
: ð4:53Þ

The u-channel amplitude is given by

MZZ
uXY ¼ v̄ðp2Þγμ

�X
i

gYiPY
ð=p1 − =k2Þ þmi

ðp1 − k2Þ2 −m2
i
γνgXPX

�

× uðp1Þϵ�μðk1Þϵ�νðk2Þ
≕Kμν

uXYϵ
�
μðk1Þϵ�νðk2Þ; ð4:54Þ

where PL=R ¼ ð1 ∓ γ5Þ=2. The Kμν
uXY ðX; Y ¼ L;RÞ can be

written as

Kμν
uXY ¼

(
AZZ
uXv̄ðp2Þγμð=p1 − =k2ÞγνPXuðp1Þ; for X ¼ Y

BZZ
u v̄ðp2ÞγμγνPXuðp1Þ; for X ≠ Y

;

ð4:55Þ

where

AZZ
uX ≔

X
i

g2Xi
ðp1 − k2Þ2 −m2

i
;

BZZ
u ≔

X
i

gLigRimi

ðp1 − k2Þ2 −m2
i
: ð4:56Þ

2. Squared amplitude

The squared amplitude of the e−Xe
þ
Ȳ → ZZ process is

given by

jMZZ
XY j2 ¼ jMZZ

tXY þMZZ
uXY j2

¼ jMZZ
tXY j2 þ jMZZ

uXY j2 þMZZ
tXYM

ZZ†
uXY

þMZZ†
tXYM

ZZ
uXY: ð4:57Þ

The third and forth terms stand for the interference terms
between t- and u-channel.
First, the t-channel contribution jMZZ

tXY j2 is given by

jMZZ
tXY j2 ¼

X
spins

ϵ�μðk1Þϵ�νðk2Þϵμ0 ðk1Þϵν0 ðk2ÞKμν
tXYK̄

μ0ν0
tXY

¼
�
−gμμ0 þ

k1μk1μ0

k21

��
−gνν0 þ

k2νk2ν0

k22

�

×
X
spins

Kμν
tXYK̄

μ0ν0
tXY: ð4:58Þ

Substituting Eq. (4.52) into Eq. (4.58), we find

jMZZ
tXY j2 ¼

8><
>:

jtAZZ
tX j2

h
4
�
u
t −

m4
Z

t2



þ 1

m4
Z
ðut −m4

ZÞ þ 4s
m2

Z

i
for X ¼ Y

jtBZZ
t j2

h
4s
t2 þ s

m4
Z
þ 4

m2
Z

�
u
t −

m4
Z
t2


i
for X ≠ Y

: ð4:59Þ
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Next, the u-channel contribution jMZZ
uXY j2 is given by

jMZZ
u j2 ¼

X
spins

ϵ�μðk1Þϵ�νðk2Þϵμ0 ðk1Þϵν0 ðk2ÞKμν
u K̄μ0ν0

u

¼
�
−gμμ0 þ

k1μk1μ0

k21

��
−gνν0 þ

k2νk2ν0

k22

�X
spins

Kμν
u K̄μ0ν0

u : ð4:60Þ

Substituting Eq. (4.55) into Eq. (4.60), we find

jMZZ
uXY j2 ¼

8><
>:

juAZZ
uX j2

h
4
�
t
u −

m4
Z

u2



þ 1

m4
Z

�
ut −m4

Z

�þ 4s
m2

Z

i
for X ¼ Y

juBZZ
u j2

h
4s
u2 þ s

m4
Z
þ 4

m2
Z

�
t
u −

m4
Z

u2


i
for X ≠ Y

: ð4:61Þ

Finally, the interference terms are given by

MZZ
t MZZ†

u þMZZ†
t MZZ

u ¼
X
spins

ϵ�μðk1Þϵ�νðk2Þϵμ0 ðk1Þϵν0 ðk2Þ
�
Kμν

t K̄μ0ν0
u þ K̄μν

t Kμ0ν0
u

�

¼
�
−gμμ0 þ

k1μk1μ0

k21

��
−gνν0 þ

k2νk2ν0

k22

�X
spins

�
Kμν

t K̄μ0ν0
u þ K̄μν

t Kμ0ν0
u

� ð4:62Þ

Substituting Eqs. (4.52) and (4.55) into Eq. (4.62), we find

MZZ
tXYM

ZZ†
uXY þMZZ†

tXYM
ZZ
uXY ¼

8<
:

utðAZZ
tX A

ZZ�
uX þ AZZ

uXA
ZZ�
tX Þ ·

n
8m2

Zs
ut þ m4

Z−ut
m4

Z
− 4s

m2
Z

o
for X ¼ Y

utðBZZ
t BZZ�

u þ BZZ
u BZZ�

t Þ ·
n
8s
ut þ 2s

m4
Z
− 4ðm2

Z−uÞðm2
Z−tÞ

ut

o
for X ≠ Y

: ð4:63Þ

From Eqs. (4.59), (4.61), and (4.63), the total amplitudes
of e−Xe

þ
Ȳ → ZZ are given by for X ¼ Y

jMZZ
XY j2 ¼ jtAZZ

tX j2
	
4

�
u
t
−
m4

Z

t2

�
þ 1

m4
Z
ðut−m4

ZÞþ
4s
m2

Z




þjuAZZ
uX j2

	
4

�
t
u
−
m4

Z

u2

�
þ 1

m4
Z
ðut−m4

ZÞþ
4s
m2

Z




þ2Re½tAZZ
tX ·uAZZ�

uX �
	
8m2

Zs
ut

þm4
Z−ut
m4

Z
−
4s
m2

Z



;

ð4:64Þ

and for X ≠ Y

2jMZZ
XY j2 ¼ jtBZZ

t j2
	
8s
t2

þ 2s
m4

Z
þ 8

m2
Z

�
u
t
−
m4

Z

t2

�


þ juBZZ
u j2

	
8s
u2

þ 2s
m4

Z
þ 8

m2
Z

�
t
u
−
m4

Z

u2

�

þ �

2Re½tBZZ
t uBZZ�

u ��
·

	
8s
ut

þ 2s
m4

Z
−
4ðm2

Z − tÞðm2
Z − uÞ

ut



: ð4:65Þ

3. Cross section

For the e−Xe
þ
Ȳ → ZZ process, the cross section of the

initial states of the polarized electron and positron is
given by

dσZZ

d cos θ
ðPe− ; Peþ ; cos θÞ ¼

1

4

	
ð1 − Pe−Þð1þ PeþÞ

dσZZLL
d cos θ

þ ð1þ Pe−Þð1 − PeþÞ
dσZZRR
d cos θ

þ ð1 − Pe−Þð1 − PeþÞ
dσZZLR
d cos θ

þ ð1þ Pe−Þð1þ PeþÞ
dσZZRL
d cos θ



;

ð4:66Þ

where Pe− and Peþ are the initial polarizations of the
electron and positron

dσZZXY
d cos θ

ðcos θÞ ≔ dσ
d cos θ

�
e−Xe

þ
Ȳ → ZZ

� ¼ βZ
32πs

jMZZ
XY j2;
ð4:67Þ

where MZZ
XY are given in Eqs. (4.64) and (4.65)
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The total cross section of the e−eþ → ZZ process with
the initial polarizations can be defined by integrating the
differential cross section in Eq. (4.66) with the angle θ

σZZðPe− ; PeþÞ ≔
1

2

Z
1

−1

dσZZ

d cos θ
ðPe− ; Peþ ; cos θÞd cos θ;

ð4:68Þ

where the minimum and maximal values of cos θ are
determined by each detector and we cannot use date near
cos θ ≃�1. The total cross section of e−eþ → ZZ is
given by

σZZðPe− ; PeþÞ ¼
1

4
ð1 − Pe−Þð1þ PeþÞσZZLL

þ 1

4
ð1þ Pe−Þð1 − PeþÞσZZRR

þ 1

4
ð1 − Pe−Þð1 − PeþÞσZZLR

þ 1

4
ð1þ Pe−Þð1þ PeþÞσZZRL; ð4:69Þ

where

σZZXY ≔
1

2

Z
1

−1

dσZZXY
d cos θ

ðcos θÞd cos θ; ð4:70Þ

where X ¼ L, R; dσZZXY=d cos θ are given in Eq. (4.67).
The statistical error of the cross section σZZðPe− ; PeþÞ is

given by

ΔσZZðPe− ; PeþÞ ¼
σZZðPe− ; PeþÞffiffiffiffiffiffiffiffiffi

NZZ
p ;

NZZ ¼ Lint · σZZðPe− ; PeþÞ; ð4:71Þ

where Lint is an integrated luminosity, and NZZ is the
number of events for the e−eþ → ZZ process. Note that the
Z boson cannot be observed directly, so we need to choose
the decay modes of the Z boson, and then the available
number of events must be NZZ multiplied by the branching
ratio of each selected decay mode. The amount of the
deviation of the cross section of the e−eþ → ZZ process
from the SM in the GHU model is given by

ΔZZ
σ ðPe− ; PeþÞ ≔

½σZZðPe− ; PeþÞ�GHU
½σZZðPe− ; PeþÞ�SM

− 1; ð4:72Þ

where ½σZZðPe− ; PeþÞ�GHU and ½σZZðPe− ; PeþÞ�SM stand for
the cross sections of the e−eþ → ZZ process in the SM and
the GHUmodel, respectively. The same notation is used for
other cases in the followings.

4. Left-right asymmetry

We define an observable left-right asymmetry of the
e−eþ → ZZ process as

AZZ
LRðPe− ;PeþÞ≔

σZZðPe− ;PeþÞ−σZZð−Pe− ;−PeþÞ
σZZðPe− ;PeþÞþσZZð−Pe− ;−PeþÞ

ð4:73Þ

for Pe− < 0 and jPe− j > jPeþj.
The statistical error of the left-right asymmetry is

given by

ΔAZZ
LRðPe− ;PeþÞ¼2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NZZ

L NZZ
R

p � ffiffiffiffiffiffiffiffiffi
NZZ

L

p
þ

ffiffiffiffiffiffiffiffiffi
NZZ

R

p ��
NZZ

L þNZZ
R

�
2

; ð4:74Þ

where NZZ
L ¼ Lintσ

ZZðPe− ; PeþÞ and NZZ
R ¼ Lintσ

ZZð−Pe− ;
−PeþÞ are the numbers of the events for Pe− < 0 and
jPe− j > jPeþj. The amount of the deviation from the SM in
Eq. (4.73) is characterized by

ΔZZ
ALR

ðPe− ; PeþÞ ≔
½AZZ

LRðPe− ; PeþÞ�GHU
½AZZ

LRðPe− ; PeþÞ�SM
− 1: ð4:75Þ

V. NUMERICAL ANALYSIS

We analyze cross sections of W and Z boson pair
production processes e−eþ → W−Wþ and e−eþ → ZZ
for the initial states of unpolarized and polarized electrons
and positrons, where we use the formula of the cross
sections given in Sec. IV. For the values of the initial
polarizations, we mainly use ðPe− ; PeþÞ ¼ ð∓0.8;�0.3Þ
with the ILC experiment in mind.

A. e− e + → W −W +

Here we evaluate observables of the e−eþ → W−Wþ
process in the SM and the GHU model at tree level. We use
the parameter sets A�, B�, C� listed in Tables I, II, and IV.
In Fig. 2, we show the total cross sections of the e−eþ →

W−Wþ process in the SM and the GHU model in wider
range of

ffiffiffi
s

p
with unpolarized and polarized electron and

positron beams, where A�, B�, C� are the names of the
parameter sets listed in Table I. From Fig. 2, we can see that
the deviation from the SM of the GHU model is very large
due to the effect of resonances around the mass scale of the
Z0 bosons. We focus on the cross sections around

ffiffiffi
s

p
≃

10 TeV for A�. Three Z0 bosons γð1Þ, Zð1Þ, and Zð1Þ
R

contribute to this resonance via the s-channel process,
where this system take place very strong cancellation
between s-channel, t-channel, and interference terms. The

mass of Zð1Þ
R is slightly smaller than the masses of γð1Þ and

Zð1Þ and the sign of the coupling constants to the electrons
and W bosons varies with the sign of the bulk mass
parameters given in Tables II, IV, and VIII in Ref. [57],
For Apm, the coupling constants of the Z0 bosons to
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electrons and W bosons are given in Tables V and VII. In
the A− case, the combination is caused by interference
effects among the SM gauge bosons and Z0 bosons at

energies slightly below the mass of Zð1Þ
R . In the case of Aþ,

on the other hand, the sign of the coupling constants is such
that no interference occurs.
In Fig. 3, we show the angular distribution of the cross

sections of the e−eþ → W−Wþ process in the SM with
ðPe− ; PeþÞ ¼ ð0; 0Þ at ffiffiffi

s
p ¼ 250 GeV and 500 GeV with

unpolarized e� beams, where σWWðPe− ; PeþÞ given in
Eq. (4.23). Figure 3 shows that except for cos θ ≃ 1, there
is very strong cancellation among the s-channel, t-channel,
and interference terms. Furthermore, the larger

ffiffiffi
s

p
, the

more the forward cross section increases while the back-
ward cross section cancels out more strongly.
In Fig. 4, the deviations from the SM in the GHU with

polarized e� beams are shown. The deviation from the
SM in the GHU model with unpolarized and left- and
right-handed polarized e� beams ðPe− ; PeþÞ ¼ ð0; 0Þ;
ð−0.8;þ0.3Þ; ðþ0.8;−0.3Þ, respectively. The statistical

errors in the SM are estimated by using leptonic decays
W� →l�ν. Since BrðWþ →lþνÞ¼ ð10.86�0.09Þ% [12],
the branching ratio of WþW− → l−l0þνν0 is 10.615%.
The estimates from the statistical errors in this figure show
that the exploration area for the GHU model is wider
for

ffiffiffi
s

p ¼ 500 GeV, Lint ¼ 1ab−1 than for
ffiffiffi
s

p ¼ 250 GeV,
Lint ¼ 2ab−1. We also find that for the A−, B−, C− cases,
where the bulk masses are negative, the deviation from the
SM is larger in the left-handed e� beams because the left-
handed coupling constants are larger than the right-handed
ones, while for the Aþ, Bþ, Cþ cases, where the bulk
masses are positive, the deviation from the SM is larger
in the right-handed e� beams because the right-handed
coupling constants are larger than the left-handed ones.
From Fig. 5, the total cross sections of the e−eþ →

W−Wþ process in the SM and the GHUmodel are shown in
range of

ffiffiffi
s

p ¼ ½165; 1000� GeV. The left figure shows theffiffiffi
s

p
dependence of σWWðPe− ¼ 0; Peþ ¼ 0Þ in the SM with

unpolarized electron and positron beams, Total stands for
differential cross section including all the contribution from

FIG. 2. The total cross sections of the e−eþ → W−Wþ process in the SM and the GHUmodel are shown in wider range of
ffiffiffi
s

p
. The left

figure shows the
ffiffiffi
s

p
dependence of σWWðPe− ¼ 0; Peþ ¼ 0Þ in the SM and the GHU model with unpolarized electron and positron

beams, where A�, B�, C� are the names of the parameter sets listed in Table I. The right figure shows the
ffiffiffi
s

p
dependence of

σWWðPe− ; PeþÞ in the SM and the GHU model whose parameter set is A− with the three different polarizations U, L, R, where U, L, R
stand for ðPe− ; PeþÞ ¼ ð0; 0Þ; ð−0.8;þ0.3Þ; ðþ0.8;−0.3Þ, respectively.

FIG. 3. The differential cross sections of the e−eþ → W−Wþ process in the SM dσWW

d cos θ ðPe− ; Peþ ; cos θÞ are shown at
ffiffiffi
s

p ¼ 250 GeV
and 500 GeV for the left and right figures, respectively. Total stands for differential cross section including all the contribution from
s-channel, t-channel, and interference terms. s-channel, t-channel, and interference stand for differential cross section only including
each contribution.

W AND Z BOSON PAIR PRODUCTION AT ELECTRON- … PHYS. REV. D 108, 115014 (2023)

115014-15



FIG. 4. The deviations from the SM in the GHU for the e−eþ → W−Wþ process ΔWW
dσ ðPe− ; Peþ ; cos θÞ are shown with ðPe− ; PeþÞ ¼

ð−0.8;þ0.3Þ; ð0; 0Þ; ðþ0.8;−0.3Þ for upper, middle and lower rows, respectively, where ΔWW
dσ ðPe− ; Peþ ; cos θÞ ≔

½dσWW

d cos θ ðPe− ; Peþ ; cos θÞ�GHU½dσ
WW

d cos θ ðPe− ; Peþ ; cos θÞ�−1SM − 1. The left and right side figures show the deviation at
ffiffiffi
s

p ¼ 250 GeV and
500 GeV, respectively. The error bars represent statistical errors in the SM at

ffiffiffi
s

p ¼ 250 GeV with 1 ab−1 data and at
ffiffiffi
s

p ¼ 500 GeV
with 2 ab−1 data by using leptonic decays W� → l�ν. The branching ratio of WþW− → l−l0þνν0 is 10.615% since BrðWþ →
lþνÞ ¼ ð10.86� 0.09Þ% [12]. Each bin is given by cos θ ¼ ½k − 0.05; kþ 0.05� (k ¼ −0.95;−0.85;…; 0.95).

FIG. 5. The total cross sections of the e−eþ → W−Wþ process in the SM and the GHU model σWWðPe− ; PeþÞ are shown in range offfiffiffi
s

p ¼ ½165; 1000� GeV. The left figure shows the ffiffiffi
s

p
dependence of σWWðPe− ¼ 0; Peþ ¼ 0Þ in the SM with unpolarized electron and

positron beams, Total stands for differential cross section including all the contribution from s-channel, t-channel, and interference
terms. s-channel, t-channel, and interference stand for cross section only including each contribution. The right figure shows the

ffiffiffi
s

p
dependence of σWWðPe− ; PeþÞ in the SM and the GHU model whose parameters set are A�, B�, C�.
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s-channel, t-channel, and interference terms. s-channel,
t-channel, and interference stand for cross section only
including each contribution. The right figure shows the

ffiffiffi
s

p
dependence of σWWðPe− ; PeþÞ in the SM and the GHU
model whose parameters set are A�, B�, C�. From the left
figure, we can see that for larger

ffiffiffi
s

p
, stronger cancellation

between s-channel, t-channel, and interference terms is taking
place. This figure shows the SM case, but the same pheno-
menon occurs in the GHU model. From the right figure, we
find that the cross sections in the GHU with the parameter
sets A�, B�, C� are almost the same as that in the SM.
In Fig. 6, the

ffiffiffi
s

p
dependence of the deviation from the

SM in the GHU models for the total cross sections,
ΔWW

σ ðPe− ; PeþÞ, is shown, where ΔWW
σ ðPe− ; PeþÞ is given

in Eq. (4.29). The 1σ statistical errors are estimated by
using the total cross section of W boson pair production.
We find that for the A−, B−, C− cases, where the bulk
masses are negative, the deviation from the SM is larger in
the left-handed e� beams, while for the Aþ, Bþ, Cþ cases,
where the bulk masses are positive, the deviation from the
SM is larger in the right-handed e� beams.

In Fig. 7, the
ffiffiffi
s

p
dependence of the left-right asymmetry

AWW
LR of the e−eþ → W−Wþ processes and the deviation

from the SM ΔWW
ALR

are shown, where AWW
LR and ΔWW

ALR
are

given in Eqs. (4.30) and (4.32), respectively. The 1σ
statistical error in the SM at each

ffiffiffi
s

p
with 1 ab−1 for each

polarized initial electron and positron ðPe− ; PeþÞ ¼ ð∓0.8;
�0.3Þ is estimated by using the total cross section of
W boson pair production and the branching ratio of
W� → l�ν. From Fig. 7, we find that by using the left-
right asymmetry AWW

LR we can explore higher KK scales
than the constraints from the LHC experiment only for the
positive bulk mass.

B. e − e+ → ZZ

Here we evaluate observables of the e−eþ → ZZ process
in the SM and the GHU model at tree level. As the same in
Sec. VA, we use the parameter sets A�, B�, C� listed in
Tables I, II, and IV.
In Fig. 8, we show the total cross sections of the e−eþ →

ZZ process in the SM and the GHU model in wider range

FIG. 6. The
ffiffiffi
s

p
dependence of the deviation from the SM in the GHUmodels for the total cross sections, ΔWW

σ ðPe− ; PeþÞ, is shown for
ðPe− ; PeþÞ ¼ ð−0.8;þ0.3Þ; ð0; 0Þ; ðþ0.8;−0.3Þ, respectively, where ΔWW

σ ðPe− ; PeþÞ ≔ ½σWWðPe− ; PeþÞ�GHU=½σWWðPe− ; PeþÞ�SM − 1.
The gray region represents the 1σ statistical error estimated by using leptonic decays W� → l�ν and the integrated luminosity
Lint ¼ 1 ab−1.

FIG. 7. The
ffiffiffi
s

p
dependence of the left-right asymmetry of the e−eþ → W−Wþ process and the deviation from the SM are shown. The

left figure shows the
ffiffiffi
s

p
dependence of AWW

LR ðPe− ; PeþÞ in the SM and the GHU model. The right figure shows the
ffiffiffi
s

p
dependence of

ΔWW
ALR

ðPe− ; PeþÞ, where ΔWW
ALR

ðPe− ; PeþÞ ≔ ½AWW
LR ðPe− ; PeþÞ�GHU=½AWW

LR ðPe− ; PeþÞ�SM − 1. The energy ranges
ffiffiffi
s

p
in the first and second

figures are
ffiffiffi
s

p ¼ ½200; 3000� GeV, ffiffiffi
s

p ¼ ½200; 1000� GeV, respectively. The gray region represents the 1σ statistical error in the SM at
each

ffiffiffi
s

p
with 1 ab−1 for each polarized initial states ðPe− ; PeþÞ ¼ ð∓ 0.8;�0.3Þ by using the total cross section of W boson pair

production.
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of
ffiffiffi
s

p
with unpolarized and polarized electron and positron

beams. Unlike the e−eþ → W−Wþ process, the e−eþ →
ZZ process has only t- and u-channel contributions, so
there are no resonances even near the Z0 bosons.
In Fig. 9, we show the angular distribution of the

differential cross sections of the e−eþ → W−Wþ process
at

ffiffiffi
s

p ¼ 250 GeV and 500 GeV with unpolarized e�
beams ðPe− ; PeþÞ ¼ ð0; 0Þ. Figure 9 shows that except
for cos θ ≃�1, there is very strong cancellation among
the t-channel, u-channel, and interference terms. Further-
more, the larger

ffiffiffi
s

p
, the more the forward and backward

cross sections increase.
In Fig. 10, the deviations from the SM in the GHU with

polarized e� beams are shown. The deviation from the
SM in the GHU model with unpolarized and left- and
right-handed polarized e� beams ðPe− ; PeþÞ ¼ ð0; 0Þ;
ð−0.8;þ0.3Þ; ðþ0.8;−0.3Þ. Figure 10 shows that the
deviation from the SM is small for all the parameter sets.
The statistical errors in the SM are estimated by using

leptonic decays Z → lþl−. Since BrðZ → lþl−Þ ¼
ð3.3658� 0.0023Þ% [12], the branching ratio of ZZ →
l−lþl0−l0þ is 1.019%. It can be seen that while the decay
to charged leptons can be measured precisely, the statistical
errors are overwhelmingly insufficient to see the deviation
from the SM in the GHU model. It may be possible to see
the deviation of the GHU model from the SM by using
the decay modes of the Z bosons to hadrons, where the
branching ratio of the Z bosons to hadrons is about 70%
and the branching ratio of the Z bosons to leptons and
hadrons is about 10%. Therefore, it may be possible to
explore up to the KK mass scale beyond current exper-
imental limits if the systematic errors in the decay of Z
bosons into hadrons can be sufficiently suppressed.
From Fig. 11, the total cross sections of the e−eþ → ZZ

process in the SM and the GHU model are shown in range
of

ffiffiffi
s

p ¼ ½185; 1000� GeV. The left figure shows the
ffiffiffi
s

p
dependence of σWWðPe− ¼ 0; Peþ ¼ 0Þ in the SM with
unpolarized electron and positron beams, Total stands for

FIG. 8. The total cross sections of the e−eþ → ZZ process in the SM and the GHU model σZZðPe− ; PeþÞ are shown in wider range offfiffiffi
s

p
. The left figure shows the

ffiffiffi
s

p
dependence of σZZðPe− ¼ 0; Peþ ¼ 0Þ in the SM and the GHU model with unpolarized electron and

positron beams, where A�, B�, C� are the names of the parameter sets listed in Table I. The right figure shows the
ffiffiffi
s

p
dependence of

σZZðPe− ; PeþÞ in the SM and the GHU model whose parameter sets are A� with the three different polarizations U, L, R, where U, L, R
stand for ðPe− ; PeþÞ ¼ ð0; 0Þ; ð−0.8;þ0.3Þ; ðþ0.8;−0.3Þ, respectively.

FIG. 9. The differential cross sections of the e−eþ → ZZ process in the SM with unpolarized electron and positron beams
dσZZ
d cos θ ðPe− ; Peþ ; cos θÞ are shown at

ffiffiffi
s

p ¼ 250 GeV and 500 GeV for the left and right figures, respectively. Total stands for differential
cross section including all the contribution from s-channel, t-channel, and interference terms. s-channel, t-channel, and interference
stand for cross section only including each contribution.
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FIG. 10. The deviations from the SM in the GHU for the e−eþ → ZZ process ΔZZ
dσ ðPe− ; Peþ ; cos θÞ are shown with ðPe− ; PeþÞ ¼

ð−0.8;þ0.3Þ; ð0; 0Þ; ðþ0.8;−0.3Þ for upper, middle and lower rows, respectively, where ΔZZ
dσ ðPe− ; Peþ ; cos θÞ ≔

½ dσZZd cos θ ðPe− ; PeþÞ�GHU½ dσ
ZZ

d cos θ ðPe− ; PeþÞ�−1SM − 1. The left and right side figures show the deviation at
ffiffiffi
s

p ¼ 250 GeV and 500 GeV,
respectively. The error bars represent statistical errors in the SM at

ffiffiffi
s

p ¼ 250 GeV with 1 ab−1 data and at
ffiffiffi
s

p ¼ 500 GeV with 2 ab−1

data by using leptonic decays Z → lþl−. Each bin is given by cos θ ¼ ½k − 0.05; kþ 0.05� (k ¼ −0.95;−0.85;…; 0.95). Note that
BrðZ → lþl−Þ ¼ ð3.3658� 0.0023Þ% [12].

FIG. 11. The total cross sections of the e−eþ → ZZ process in the SM and the GHU model σZZðPe− ; PeþÞ are shown in range offfiffiffi
s

p ¼ ½185; 1000� GeV. The left figure shows the ffiffiffi
s

p
dependence of σZZðPe− ¼ 0; Peþ ¼ 0Þ in the SM with unpolarized electron and

positron beams, Total stands for differential cross section including all the contribution from s-channel, t-channel, and interference
terms. s-channel, t-channel, and interference stand for cross section only including each contribution. The right figure shows the

ffiffiffi
s

p
dependence of σZZðPe− ; PeþÞ in the SM and the GHU model whose parameters set are A�, B�, C�.
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differential cross section including all the contribution from
t-channel, u-channel, and interference terms. t-channel,
u-channel, and interference stand for cross section only
including each contribution. The right figure shows the

ffiffiffi
s

p
dependence of σWWðPe− ; PeþÞ in the SM and the GHU
model whose parameters set are A�, B�, C�. From the left
figure, we can see that for larger

ffiffiffi
s

p
, stronger cancellation

between t-channel, u-channel, and interference terms is
taking place. This figure shows the SM case, but the same
phenomenon occurs in the GHU model. From the right
figure, we find that the cross sections in the GHU with the
parameter sets A�, B�, C� are almost the same as that in
the SM.
In Fig. 12, the

ffiffiffi
s

p
dependence of the deviation from

the SM in the GHU models for the total cross sections,
ΔZZ

σ ðPe− ; PeþÞ, is shown, where ΔWW
σ ðPe− ; PeþÞ is given in

Eq. (4.72). The statistical errors in the SM are estimated
by by using leptonic decays Z → lþl−. Since BrðZ →
lþl−Þ ¼ ð3.3658� 0.0023Þ% [12], the branching ratio of
ZZ → l−lþl0−l0þ is 1.019%. The decay mode of Z

bosons into charged leptons does not produce a sufficient
number of events. If the decay of Z bosons into hadrons
can be used with sufficient abundance and precision, it is
possible that this process could be used to explore well
beyond the limits from the LHC experiment into the mKK
region.
In Fig. 13, the

ffiffiffi
s

p
dependence of the left-right asym-

metry AZZ
LR of the e−eþ → ZZ processes and the deviation

from the SM ΔZZ
ALR

are shown, where AZZ
LR and ΔZZ

ALR
are

given in Eqs. (4.73) and (4.75), respectively. The 1σ
statistical error in the SM at each

ffiffiffi
s

p
with 1 ab−1 for each

polarized initial electron and positron ðPe− ; PeþÞ ¼ ð∓0.8;
�0.3Þ is estimated by using leptonic decays Z → lþl−. As
the same as the total cross section, the decay mode of Z
bosons into charged leptons does not produce a sufficient
number of events. If the decay of Z bosons into hadrons
can be used with sufficient abundance and precision, it is
possible that this process could be used to explore well
beyond the limits from the LHC experiment into the mKK
region.

FIG. 12. The
ffiffiffi
s

p
dependence of the deviation from the SM in the GHUmodels for the total cross sections,ΔZZ

σ ðPe− ; PeþÞ, is shown for
ðPe− ; PeþÞ ¼ ð−0.8;þ0.3Þ; ð0; 0Þ; ðþ0.8;−0.3Þ, respectively, where ΔZZ

σ ðPe− ; PeþÞ ≔ ½σZZðPe− ; PeþÞ�GHU=½σZZðPe− ; PeþÞ�SM − 1. The
gray region represents the 1σ statistical error estimated by using the total cross section of Z boson pair production and integrated
luminosity Lint ¼ 1 ab−1.

FIG. 13. The
ffiffiffi
s

p
dependence of the left-right asymmetry of the e−eþ → ZZ process and the deviation from the SM are shown. The left

figure shows the
ffiffiffi
s

p
dependence of AZZ

LRðPe− ; PeþÞ in the SM and the GHU model. The right figure shows the
ffiffiffi
s

p
dependence of

ΔZZ
ALR

ðPe− ; PeþÞ, where ΔZZ
ALR

ðPe− ; PeþÞ ≔ ½AZZ
LRðPe− ; PeþÞ�GHU=½AZZ

LRðPe− ; PeþÞ�SM − 1. The energy ranges
ffiffiffi
s

p
in the first and second

figures are
ffiffiffi
s

p ¼ ½200; 3000� GeV, ffiffiffi
s

p ¼ ½200; 1000� GeV, respectively. The gray region represents the 1σ statistical error in the SM at
each

ffiffiffi
s

p
with 1 ab−1 for each polarized initial states ðPe− ; PeþÞ ¼ ð∓ 0.8;�0.3Þ by using the total cross section of W boson pair

production.
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VI. SUMMARY AND DISCUSSIONS

In this paper we investigated the W and Z boson pair
production processes in the SUð3ÞC × SOð5ÞW ×Uð1ÞX
GHU model. First, by using the asymptotic behavior of the
cross sections for large

ffiffiffi
s

p
, we derived the conditions given

in Eqs. (4.37) and (4.38) under which the OðsÞ and Oð1Þ
terms of the cross section for the e−eþ → W−Wþ process
cancel. It is well known that these conditions are satisfied in
the SM, but it is not obvious that the conditions are also
satisfied in the GHU model because of the deviation of the
coupling constants in the GHU model from those in the
SM. We confirmed that even in the GHU model not only
the condition in Eq. (4.37) related to the unitarity bound,
but also the condition in Eq. (4.38) are satisfied with very
good accuracy. Therefore, the unitarity bound is satisfied.
Next, we found that from Fig. 6 the deviation of the total

cross section for the e−eþ → W−Wþ process from the
SM in the GHU model with the parameter sets A�, which
are consistent with the current experimental constraints
ðmKK ≥ 13 TeV; θH ≤ 0.10Þ, is about 0.5% to 1.5% and
0.6% to 2.2% for

ffiffiffi
s

p ¼ 250 GeV and 500 GeV, respec-
tively, depending on the initial electron and positron
polarization. To estimate whether these deviation is actually
observable or not, we estimated the statistical uncertainty
by using the decay mode of W� decays into leptons. As a
result, we found that it is possible to observe deviations
from the SM in the GHU model with parameter sets whose
KK mass scale is larger than 13 TeV.
From an analysis similar to the e−eþ → W−Wþ process,

we also found that for the e−eþ → ZZ process the
deviation from the SM in the GHU model is at most 1%.
To estimate whether these deviation is actually observable
or not, we estimated the statistical uncertainty by using
the decay mode of Z bosons into charged leptons.
Unfortunately, it is difficult to observe the deviation of

cross sections from the SM in the GHU model by using
the e−eþ → ZZ process because there is not a sufficient
number of events.
In the GHU model, there is the large parity violation in

the coupling constants of W0 and Z0 bosons to quarks and
leptons. The bulk mass of the lepton determines whether
the right-handed or left-handed coupling constant is larger.
Therefore, the deviation of cross sections from the SM in
the GHU model is expected to strongly depend on the
initial polarization of electrons and positrons.
Further theoretical and experimental studies in the GHU

model are necessary. As for theoretical studies, since the
present study is a Born level analysis, there are various
issues to be addressed to give more precise predictions,
for example, off-shell final state contributions, initial-state
radiation, QCD corrections, etc. Here we comment on the
corrections to the e−eþ → W−Wþ process. The contribu-
tions of 1-loop corrections for the e−eþ → W−Wþ process
in the SM and additional contributions from the e−eþ →
W−Wþγ whose γ is not detected are discussed in
Ref. [101]. These effects lead to an Oð10Þ% contribution
to the e−eþ → W−Wþ process at tree level in the SM. Since
the coupling constants in the GHU model are almost
identical to those in the SM, this subleading contributions
are expected to be almost the same as those in the SM.
Therefore, the contributions to quantities defined from the
ratio of cross sections, etc. in the SM and the GHU model
such asΔWW

dσ andΔWW
σ in Figs. 4 and 6, in Figs. 4 and 6, for

example, is expected to be small.
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