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We examine W and Z boson pair production processes at electron-positron collider experiments in the
SU(3)c x SO(5)y, x U(1)y gauge-Higgs unification (GHU) model. We find that the deviation of the total
cross section for the e~et — W~W™ 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 /s = 250 GeV and 500 GeV, respectively, depending on the initial electron and positron polarization.
We find that for the e~e™ — ZZ process the deviation from the SM in the GHU model is at most 1%. We
find that unitarity bound for the e~e™ — W~W™ process is satisfied in the GHU model as in the SM, as a
consequence of the relationship among coupling constants.
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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 (C?) [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 m; =
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].

*yamatsu@phys.ntu.edu.tw

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2023,/108(11)/115014(24)

115014-1

In GHU models, the Higgs boson appears as a fluctuating
mode in the Aharonov-Bohm (AB) phase 65 in the 5th
dimension; SU(3), x SO(5)y x U(1)y GHU models in
the Randall-Sundrum (RS) warped space have been pro-
posed in Refs. [19-22], where SO(5)y D SU(2), x
SU(2)g. The GHU models are classified into two types,
depending on whether quarks and leptons belong to the
vector or the spinor representation of SO(5)y,. The GHU
model whose quarks and leptons belong to the spinor
representation of SO(5)y, can be regarded as a low-energy
effective description of the SO(11) GHU model [23-29],
where the SM gauge symmetry SU(3). x SU(2), x
U(1)y is embedded in the SO(11) 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
mgg 2 13 TeV and the AB phase 65 < 0.1 [22,51-58].
The strongest constraints come from the Large Hadron
Collider (LHC) experiment at /s = 13 TeV with up
to 140 fb~! data [59-64] by using the Z’' and W’ boson
search results for the pp — Zvand pp — £~¢7 processes
[55], where the Z' bosons are mixed vector bosons
of U(l)y, U(1),(cSU2),), and U(l)g(C SU(2)g)
and the W’ bosons are mixed vector bosons of
SO(S)y/(U(1), x U(1)y).

In the future ee™ 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 Z' and W’ 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
(/s = 250 GeV, integral luminosity L, = 250 fb~!) even
when mgy is larger than the current experimental constraint
mgg =~ 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"e™ — 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~ e*
collider are significant. Measurements of the W* boson
pair production process near the threshold are important for
determining the W boson mass my,. 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"e™ —
W=WT process come from the s-channel process via y and
Z boson and the t-channel via neutrinos. In s-channel
processes and t-channel processes alone, a factor s/m3,
appears in the cross section from the longitudinal polari-
zation vector of the W boson in the final state. The unitarity
bound on the high energy behavior of the total cross section
is given by 6o < C{log(s)}? known as the Froissart
bound [84,85], where C is a constant. For s > m%v, the total
cross section may behave in such a way that unitarity is
violated because each contribution from the s-channel and
t-channel are O(s). 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“et — W~W, 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"e™ 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“e™ - W-WT and e"et —» 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~e™ — W~ W process is satisfied
in the GHU model as well as in the SM by investigating the
asymptotic behavior of the cross sections for large +/s.
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"et —
W-WT* process with (y/s,Liy) = (250 GeV, 1 ab™!),
(500 GeV,2 ab~!) 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"e™ — 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
SU(3)c xSO(5)y x U(1)y 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~e™ — W~W™ and e"e™ — ZZ processes,
involving the Z’' and W’ bosons as well as the Z and W
bosons. We show that unitarity bound in the e~e®™ —
W~WT process is satisfied in the GHU model. In Sec. V,
we present numerical results for the cross sections of
e"et - WWT and e"e™ — 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 SU(3).
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 SU(3). x
SO(5)y x U(1)y GHU model was originally proposed.

The GHU model is defined in the RS warped space with
the following [90]:

ds® = gyndxMdxV = e‘z"(”iyﬂydx"dx” +dy*,  (2.1)
where M,N=0,1,2,3,5, uv=0,1,23, y=x,
N = diag(=1,4+1,4+1,41), 6(y) = 6(y +2L) = o(~y),
and o(y) = ky for 0 <y < L. By using the conformal
coordinate z = ek (1 <z<z, =ek) in the region
0 <y < L, the metric is rewritten by

1 dz?
ds* = <11de”dx” + k—i) (2.2)

The bulk region 0 <y < L (1 < z < z;) is anti—de Sitter
(AdS) spacetime with a cosmological constant A = —6k?,
which is sandwiched by the UV brane aty = 0 (z = 1) and
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the IR brane at y =L (z=z;). The KK mass scale
is mgg = ﬂk/(ZL - 1)

The SO(5)y x U(1)y symmetry includes the EW
symmetry SU(2); x U(1)y, where SO(5)y,, D SU(2), %
SU(2)g. ASO() and A,, Ull)x represent the SO(5),, and
U(l)y gauge ﬁelds respectlvely. The orbifold boundary
conditions (BCs) P;(j = 0,1) of the gauge fields on the
UV brane (y = 0) and the IR brane (y = L) are given by

<iﬂ>(x,)’j —y) = Pj(_ft:y)(x, yi+y)P;it (2.3)

y

for each gauge field, where (yg,y;) = (0,L). Forthe U(1)y
gauge boson AUU)X Py = P, = 1. For the SO(5),, gauge
boson AZSWO(S)W, Py =P, PSO(S) , Where Pgo(s)w

diag(14, —1;). The orbifold BCs of the SO(5),, symmetry
break SO(5)y to SO(4)y, ~SU((2), x SUR2)z. W, Z
bosons and y (photon) are zero modes in the SO(5)y, x
U(1)y of 4 dimensional (4D) gauge bosons, whereas the
4D Higgs boson is a zero mode in the SO(5),,/SO(4)y
part of the 5th dimensional gauge boson. In the GHU
model, extra neutral gauge bosons Z’ correspond to the KK
photons ), the KK Z bosons Z"), and the KK Z bosons

Zg'> (n > 1), where the y, and Z, Zy bosons are the mass
eigenstates of the electromagnetic (EM) U(1)g,, neutral
gauge bosons of SU(2),, SU(2)g, and U(l)y. Extra
charged gauge bosons W’ correspond to the KK W boson
W=® (n > 1) and the KK Wy bosons Wi (n > 1).
The SM lepton multiples are identiﬁed with the zero
modes of the lepton multiplets ¥ (a =1, 2, 3) in the
bulk, where the subscript of ‘I’( %) stands for the repre-
sentations of SU(3). x SO(5)y,. The bulk fields ¥

obey the following BCs:

(19)

IIJ((IIA)(X, Yji— y) - _P4 w S‘PH (x, Yj + y)v (2'4)
where P = diag(I,, —1,). From the BCs in Eq. (2.4),
the left- handed Weyl fermion in (2,1) of SU(2), x
SU(2)g and the right-handed Weyl fermion in (1,2) of
SU(2); x SU(2)p have zero mode. Note that fermions in
(1,1)(0) of SU(3)yx SO(5)y x U(1)y 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 SO(5)y, is introduced to
realize the EW symmetry SU(2), x U(1), atthe EW scale.
A spinor 4 of SO(5)yy, is decomposed into (2,1) @ (1, 2) of
SO(4)y ~SU(2); x SU(2)g. We assume that the brane
scalar develops a nonvanishing vacuum expectation value
(VEV), which reduces the symmetry SO(4)y, x U(1)y to
the EW gauge symmetry SU(2),; x U(1)y, and the VEV of
the brane scalar is much larger than mgg to ensure that the

orbifold BCs for the 4D components of the SU(2), x
U(1)y/U(1), gauge fields become effectively Dirichlet
conditions at the UV brane [25].

The U(1), gauge boson is realized as a linear combi-
nation of U(1),x(C SU(2)z) and U(1)y gauge bosons. The
U(1), gauge field B}, is given in terms of the SU(2),
gauge fields Aj¥ (ag = 1g,2z,3%) and the U(1)y gauge
field By, by B, = sin ¢A,3‘,f + cos ¢By,. Here the mixing
angle ¢ between U(1)g and U(1)y is given by cos¢ =
94/\/ 94 + g and sin = gg/\/gj + g, Where g, and gp
are gauge coupling constants in SO(5)y, and U(1)y,
respectively. The 4D SU(2), gauge coupling constant is
given by g, = g4/VL. The 5 dimensional (5D) gauge
coupling constant g3° of U(1), and the 4D bare Weinberg
angle at the tree level, 69, are given by

. sin
gp = 9498 singh, —— S0P (55

"Vata V1 +sing

The 4D Higgs boson ¢ (x) is the zero mode contained

in the A, = (kz)"'A, component:
(75) ! 2
A7 (x.2) = ﬁfﬁj(X)uH(Z) +oe up(z) = a1
L
wo(G18) e

We take (¢1), (¢2). (¢3) =0 and (¢,) # 0, which is
related to the AB phase 0y in the fifth dimension by
(ba) = O fr. Where fr =203 K12L712(3 — 1)71/2,
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, ALO(S)W or Aﬂlf}])x, is given in the form

SEW gauge

1
bulk = / d5x V= detG |:—tr <Z FMNFMN

(fgf) + Egh)} . (2.7)

"o

where v—detG = 1/kz°, z = €*, tr is a trace over all
group generators for each group, and F,y is a field strength
defined by Fyy = 0y Ay — OnAy — ig[Ay, Ay 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

Leﬁfn:/ds V—detG lel4 {7 €s (DM

1
+ g @upe [yB,ch — % (y )} LT (2.8)
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where ¥, , = i‘P‘("M)"'yO, o'(y) == do(y)/dy and ¢ (y) = k
for0 <y < L. Each lepton multiplet ¥f; (x,y) has a bulk

mass parameter ¢ (a =1, 2, 3).

III. PARAMETER SETS

To evaluate cross sections and other observable quan-
tities in W and Z boson pair production processes e~ e —
W-WT and e"et — 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 Z(!) boson in the GHU model
shown in Ref. [57]. In Sec. II, we gave only the 5D
Lagrangian of the GHU model, but in the analysis, we use a
4D effective theory with KK mode expansion of the 5Sth
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 8 and myyx = 7k(z;, —1)7".

From the constraints on @y and mgyg from the LHC-
Run 2 results in the GHU model [55], we only
consider parameters satisfying 6y <0.10 and
mgg Z 13 TeV.

(2) k is determined in order for the Z boson mass m,

to be reproduced, which fixes the warped factor
z; as well. (For the mass formula of Z boson,
see Ref. [22].)

(3) The bare Weinberg angle 69, in the GHU model is
given in Eq. (2.5). For each value of @y, the value
of 69, is determined self-consistently to fit the
observed forward-backward asymmetry at Z pole
as in Ref. [57].

The parameter sets of (6, mgy), 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, A, 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#),, wave functions of the gauge
bosons are fixed. Masses and widths of y(!) is listed
for each parameter set in Table I, and those of zM),

Zg), w, w, W§§> bosons are listed for each
parameter set in Table IV in Ref. [57].

(5) The bulk masses of the leptons ¢f 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 m, = 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 y(!) 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 z;, k, and sin? 6’%, for each Oy and mgg are listed. In the SM,
sin?@y, (MS) = 0.23122 4+ 0.00004 at Z pole [12]. The column “Name” denotes each parameter set. The subscripts of A,, By, C.
denote the sign of the bulk masses of the leptons. For example, A, 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 0y [rad] mgg [TeV] 43 k [GeV] ., [TeV] Fym [TeV]  m, [TeV]  m,o [TeV] sin2«9‘v)‘,
A_ 0.10 13.00 3.865 x 10" 1.599 x 10" 10.198 3.252 13.039 13.039 0.2306
AL 0.10 13.00 4.029 x 101" 1.667 x 10" 10.198 3.256 13.034 13.034 0.2318
B_ 0.07 19.00 1.420 x 102 8.589 x 103 14.887 4.951 18.852 18.852 0.2309
B, 0.07 19.00 1.452 x 102 8.779 x 103 14.887 4.951 18.848 18.848 0.2315
C_ 0.05 25.00 5.546 x 10'0  4.413 x 10™ 19.649 5.862 25.528 25.528 0.2310
C, 0.05 25.00 5.600 x 1010 4.456 x 10'4 19.649 5.864 25.527 25.527 0.2313
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TABLE II.  Coupling constants of y(!) boson to electrons and Z
boson to electron and 1st KK electron in units of g,, = e/ sin &,
are listed. When the value is less than 107>, we write 0.

R

Name e, Bow i F
A_ —2.75873 +0.10788 —0.01346 0
AL +0.10727 —2.54746 —0.01347 0
B_ —2.81496 +0.10455 —0.00951 0
B, +0.10464 —2.81951 —0.00951 0
C_ —2.57731 +0.11144 —0.00664 0
C, +0.11149 —2.67947 —0.00665 0

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
to W 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"e™ — W-W and e”et —
ZZ processes. In the SM, the cross sections of the e"e™ —
W-WT* and e~et — 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.

et (p) WH(ks) s (p2) W (ks)
()
Va
ex(p1) W=(k1)  ex(p1) W= (k1)
FIG. 1. The Feynman diagrams for the s-channel and t-channel

contributions to the e~e™ — W~W™ process are shown. For the
s-channel contribution, V, stands for y, Z in the SM and for ("),
AN Zf,? (n=1,2,...) in the GHU model. For the t-channel

contribution, v") stands for v, in the SM and for " (and u(e?) in
the GHU model.

A. Cross section of e"e* - W-W™*

1. Amplitude

We consider the W~ W™ production processes:
ex(p1)ey (p2) — W (k)W (ky),

where X,Y =L, R; p; and p, are the momenta of the
initial states of electron and positron; k; and k, are the
momenta of the final states of W~ and W 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:

(4.1)

plll :g(l’()?o’—i_l)’ pg :\/75(170’0’_1)’
K = ?(1,+ﬁw sin@, 0, +fy cos 6),
K = g (1, =Py sin 0,0, —fy, cos 6), (4.2)

TABLE III. MeV scale neutrino masses and coupling constants of W boson to electron are listed in units of MeV
and g,,/+/2, respectively. There are no such neutrinos for negative lepton bulk masses. Amy o= my,  —my >
4.0 x 1077 MeV, 8.2 x 1077 MeV, 1.6 x 107® MeV for A, B, C,, respectively.
L R L gR

Name Myprev [MeV] ml/fv[w [MeV] 9 Weryeve g Wevyye gww;f[ev” Weryve
A, 9.735 9.735 —0.03534 -0.00177 +0.03534 +0.00177
B, 13.904 13.904 —0.02474 —0.00087 +0.02474 +0.00087
C, 19.464 19.464 —-0.01768 —0.00044 +0.01768 +0.00044

TABLE IV. Coupling constants of neutral gauge bosons to W boson in units of g,, are listed. In the SM and the
GHU, g}/WW =e, and gyWW/gw = 0.48085. In the SM, gzww/gw = COS 9W = 0.87680.

Name g,oww [GeV] Izww [GeV] Gzmww [GeV] 970 ww [GeV]
A_ —0.00029 +0.87715 —0.00019 +0.00027
Al —0.00029 +0.87647 —0.00019 +0.00027
B_ —0.00014 +0.87698 —0.00009 +0.00013
B, —0.00014 +0.87664 —0.00009 +0.00013
C_ —0.00008 +0.87693 —0.00005 +0.00007
C, —0.00008 +0.87676 —0.00005 +0.00007
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where By i=1/1— 4mW The Mandelstam variables are
defined as
s = (p1+p2)?* = (ky + k)7,
t:=(p—ki)> = (pr—ky)* = m}, — 2(1 — BwcosB),
s
u=(py —ky)* = (pr — ki )* = my, —5(1 + By cos6),

(4.3)

where s + 1 + u = 2m3,.

The contributions to the e~e™ — W~W™ process come
from s-channel and t-channel. The s-channel amplitude is
given by

sXY —

0

where
1
AWV = . 4.6
sX ;g\%aeegvaww (S _ m%/a) + imVaFVa ( )
The t-channel amplitude is given by
ww _ * * = v Y
Mixy = _eu(kl)eu(k2)v(p2)PY7’ {Zg)v(l/ew")gWeu(”)
(7 —K)+ myw}
X 7" Pxu(p:)
(1= mi(n))
=Jixyeu(k)e; (ko). (4.7)
The J%y, can be written as
g —AR"5(p2)r* (P = H)7"Pxu(p,) for X =Y
Y =BV o(pa)rtr Pxu(py) for X # Y
(4.8)

where

AWW — (g)V(Vev("))2 BWW — gl‘;‘/eu(”)gﬁlev(”) My
X T Z 2 P t = z B .
n 1= ml,(n)

L m,

(4.9)
2. Squared amplitude

The squared amplitude of the exe; — W~W™ process is
given by

i {AvX 0(p2)y,Pxu(pr)VF (=ky, —ky. ky + ky)

MY = 0(p2)v,PyPxu(p)V* (=ki, =ky, ky + k)
)ei(kﬁzg)\gaeggvaww

1
X
(S—mv)+lmvrv

‘]sXY€ (ky)e; (k).

(4.4)

where V(g k_.k,) = [(q—k-)'g" + (ko =k, )%+
(ki = qVg°]. q" = (pi+ pa) = (ki + ko), gy, are
the left-(right-)handed couplings of f to V,. gy ww is the
coupling constant of V,, — W — W, where my_and I'y, are
mass and total decay width of V,. ¢* = (p, + p)* =
(ky + ki ). The J%y, can be written as

forX=Y

4.5
for X#+Y' (43)

[
MY = IMEY + MY P
= |MEFP + IMEYP +

WWi
+ My MEY.

MSXYM:/;/(‘;/T
(4.10)

The third and forth terms stand for the interference terms
between s- and t-channel.

First, from Eq. (4.4), the s-channel contribution | M "%
is given by

IMEYP = Zeft(kl)e;f(kz)eﬂ’ (ki)ey (kZ)JsXYJsXY

spins

k] k] 4 k2l/k2yr
= (_gﬂﬂ/ + I;<2 ”> (_gm/ + k%

XY T Ty (4.11)

spins

Substituting Eq. (4.5) into Eq. (4.11), we find
45 |AMVPA(s, t,u) for X =Y

MY = { . (412)
0 for X #Y

where
t 1 2 4

e (2 ) (L g
my, 4 s W

(4.13)

Second, from Eq. (4.7) the t-channel contribution
|IMEY|? is given by
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tXY Ze (ki)es

spins

klﬂklﬂ’
= (‘9;4#’ + 2

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

}tAWW 2.4E(s,t,u)

MY P =

where

tu 1 m s
E(S,l,u) = <’n%v—1> <4+l‘;v> +m7‘2)v

Finally, we consider the interference terms in Eq. (4.10).
Due to M,xy =0 for X #7,

(4.16)

M.YX}’MZ—XY = MIXYMIXY =0. (4-17)

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

MW _
sXX XX E € kl

spins

ky ko Kk
= (_9/4// + ’;Cz ”> <_9W’ + T)

X stxszxx (4.18)

spins

k2)€ /(ky)e, '(k2>J};;(XJtXX

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

MW AW APV AWW  Astl(s,t,u) for X =Y
sxy/Vlixy 0 for X £V
(4.19)
where
tu 1 m% mb
I(s,t 1) (- -
(.2, ) (mé‘, )(4 2s st)
2
SRR N Ji 4 (4.20)
2 t

From Egs. (4.12), (4.15), and (4.19), the total amplitude
of exe; — W-W* for X =Y given by
|IMYVY? = 4s2|[AWY PA(s, t, u) + 42 ANY 2E (s, t, u)
+ dst(AMV AR + ANV AN (5,1, u),
(4.21)

2m? ’
b () 5] oo

S(ky)ey (ky ey (ko) ey iy

k k
) ( 9w/ 2 21/ > Z‘I tXY (414)
spins
for X=Y
(4.15)

|
where A(s,t,u), E(s,t,u), and I(s,t,u) are defined in
Egs. (4.13), (4.16), and (4.20), respectively. The total
amplitude of e}e},’ — W-WT for X # Y given by

4s s 4 (u my
2+m—4+—2<?—t—2)]. (4.22)

wo My

|M |2 |tBWW|2|:

3. Cross section

For the e}e; — W~WT process, the cross section of
the initial states of the polarized electron and positron is
given by

de"V 1 do"W
P, P, cosf) =—-<(1- 1+P,)—LL
dcost‘)( e Per, cos0) 4{( S+ ) cos@
dJWW

1+ P, )(1—-P, )RR

+( + 8)( e)dCOSH

dUWW

1-P,)(1-P, )—LR

+( 6)( E)dcose

+(1+P)1+P ) do”
« "V dcosO[’

(4.23)

where P,- and P,+ are the initial polarizations of the
electron and positron

oy do N
= wW-w
dcose( ) d ose(exe - )
Bw w2
= 4.24
327[5 | XY ’ ( )
where MY)¥ are given in Egs. (4.21) and (4.22)

The total cross section of the e“e™ — W~W™ process
with the initial polarizations can be defined by integrating
the differential cross section in Eq. (4.23) with the angle 6

1 de™W
WP, P,) ::/ dcosH(Pe , P+, cos8)dcos,

(4.25)
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where the minimum and maximal values of cosé are
determined by each detector and we cannot use a date
near cos @ =~ £1. The total cross section of e"e™ - W™ W
is given by

O-WW(Pe’»PN) = (1 _Pe’)(l + Pe*)ol‘iVLW

+ Bl

Bl B B

(1 + Pe‘)(l - Pe*)o}évlgv

+ (1 _Pe‘)(l _Pe+)6{VI¥V

+=(14+P,)(1+ P )opY, (4.26)

where

1 ww
oy ::/ doxy (cos@)d cos 0, (4.27)

1dcos@

where X = L, R; doYy /dcos 8 are given in Eq. (4.24).
The statistical error of the cross section 6"V (P,-, P,+) is
given by

A"V (P Pp) = o (Pe, Per)
e e NWW )

NYW = L. - "W (P,-, P,+), (4.28)
where Lj, is an integrated luminosity, and N"W is the
number of events for the e”e™ — W~W™ 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“e™ - W-W+
process from the SM in the GHU model is given by

[6"V (P, Po)lGuy _

A (Pe Per) = (B~ P )

1, (4.29)

where [6"W(P,-, P,+)|gyy and [6"W(P,-, P+ )]sy stand
for the cross sections of the e~et — W~W™ 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~e™ — W~W™ process as
e""(P,-,P,) — "W (=P,-,—P,)
o"W(P,,P,)+6"W(=P,,-P,)
(4.30)

A{VRW(Pe‘vpc'*) =

for P,- <0 and |P,-| > |P,+|.

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

VNEPNEY (VN + N
NIV + NgW)?

El

AAVY(P,- P, ) =2
(4.31)

where NV =1L, 6"V (P,-,P,) and NIV =
Lino"W(=P,,—P,+) are the numbers of the events for
P,- <0 and |P,-| > |P,+|. The amount of the deviation
from the SM in Eq. (4.30) is characterized by

[ALR (e Per)lany _

AYW(P,-, P, )=
A P Per) = e b b e

1. (432)

5. Asymptotic behavior

We consider the asymptotic behavior of e~et - W-W+
for large s to confirm that the Goldstone boson equivalence
theorem [86—88] is satisfied in the GHU model. From
Eqgs. (4.23), (4.24), and (4.26), very large cross section
appears if the total squared amplitude of | M}y |? contain
O(s?) terms. The O(s) terms of the squared amplitude do
not break unitarity because the Froissart bound [84,85] is
satisfied. In this section we consider the O(s?) and O(s)
terms of the squared amplitude. In the SM, the O(s) terms
vanish.

The total amplitudes of e;e; — W-WT are given in
Egs. (4.21) and (4.22). First, from Eqgs. (4.6) and (4.9), the
asymptotic behavior of A%Y, ANY and B'W for large s is
given by

2
my
SAMY ~ g% v (1 +2 )
ww 2 mi(n)
tAtX ~ Z(g)‘)(yev(n)) 1+ —t s
n

2
m
ZBIWW ~ ngveu@ngeu(”)m”(”) <1 + : >, (4.33)

where we ignore the decay width I'y ~for simplicity.
Second, from Egs. (4.13), (4.16), and (4.20), the asymptotic
behavior of A(s, t,u), E(s,t,u), and I(s, ¢, u) for large s is
given by

tu dtu 45

AA(s tou) ~ e — 2 T
S A

w4
4E(s,t,u)~—Z—|——§,

my My

o 2 4
AI(s,1,u) ~ - = (4.34)

my, Smy My
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Substituting Egs. (4.33) and (4.34) into Eq. (4.21), we find
the asymptotic behavior of |[M¥Y|? for X = Y:

MY > ~ (ng ce9v,ww + Z gWeL/ ) 2)
X K G¥ee9v,ww + Z >
X <m ) 2{Zg§heengWW

b

2b tu
E 9Gv,WW 3 ( 2
,,ee b W SmW

b
)u}

5 -

me

+ 2 <Z Weul™

Substituting Egs. (4.33) and (4.34) into Eq. (4.22), we find
the asymptotic behavior of |M¥Y|* for X # Y:

2
n (n) N
WW2 L R v
Myy' | (E nIWer® I ey W> -

Here we summarize the above results. From the asymp-
totic behavior of [MY)|? for X =Y in Eq. (4.35), O(s?)
terms disappear when the following condition is satisfied:

Zgi(/aeegVuWW + Z(gﬁ,el/(n))z =0.

a

(4.35)

(4.36)

(4.37)

The O(s) terms also disappear if this condition is satisfied.
Next, from the asymptotic behavior of |[M ¥V |? for X # Y
in Eq. (4.36), O(s) terms disappear when the following
condition is satisfied:

(n)
ZgWev gWev = =0.

(4.38)

We check that the unitarity is preserved in the SM and
the GHU below by using Egs. (4.37) and (4.38). First, in the
SM, V, =y, Z and ) = v,, relevant coupling constants

are given by
gﬁee = gfee =€, Ggww =2¢€ gzww = gy COS 9W9
g
gﬁVeuL, = 7%’ g{?Veug =0,
1
L gw ) R g 2
= —— 4+ sin“@ s =2 in2@ ,
YZee = cog 0W< 5T W) Yzee = g SOy w
(4.39)

where g,, = e/ sin 8y,. Therefore, we find

9

Zg{‘/aeegv,,ww = GheeGyww + 9se9zww = —5
a

7

w

Z(giL}Vey(H))z = (glL)Veu)z = ?9

deaeegvuww = Greeyww + Gy Gzww =
a

> (Ghen)” =

n

Substituting the above SM gauge coupling constants into
Eq. (4.37), the coefficients of the O(s?) and O(s) terms of
MPW and MPY vanish. Next, even when we take into
account the non-zero neutrino mass m, # 0, since g%, =0
in the SM, we find

m

my(n) L v
;g‘L)VeU(H) Weu(n) m—W - gWeugﬁ/ey m_W =0. (441)

Therefore, the coefficients of the O(s) terms of M} and
MPW vanish.

We consider the GHU model with the parameter set for
mgg = 13 TeV, 6y = 0.10, and negative bulk masses of
the leptons. For the GHU model, V, =y, Z,y™, 2, dem)
(n=1,2,...) and V") = ve,I/(e") (n=1,2,...), 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

> b ey ww = —0.4979331242,

> (gh,, m)? = +0.4979331042,

n

<108 x g2,

R )| <1078 x g2 (4.42)
We numerically find
ngL/aeegquW + Z(Q‘LWU(” ~ =2 x 1078gg,
a n

ww + Z W <108x @2 (4.43)
Therefore, the O(s?) and O(s) terms of M} and M}’

are well suppressed. We also find
) I ey n) Tl <1078 x @ (4.44)
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TABLE V. 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 =4 in the GHU model with the parameter set of mygx = 13 TeV and 0y = 0.10, and
negative bulk masses of the leptons (A_). The values of the coupling constants for neutral gauge bosons to W bosons and leptons are
given in units of g,,. The values of the coupling constants for W boson to leptons are in units of g,/ V2. g, = e/ sin 6, sin’ 9(3‘, =
0.2306 (input). In the SM sin® Hw(m) = 0.23122 + 0.00004 [12]. When the value is less than 1078, we write 0. When there is no
corresponding coupling constant, we write the symbol - - - in that field.

Coupling n=0 n=1 n=2 n=3 n=4

Gy ww +sin 69, —0.00029313 —0.00001057 —0.00000185 +0.00000052

Gz ww +0.87715447 —0.00018818 +-0.00000002 —0.00000679 —0.00000002

9700y e +0.00027271 +0.00000983 +0.00000163 +0.00000047
R

g}ﬁ,,)ee —sin 69, —2.75873260 —1.08511541 —0.39362141 —-0.23177025

gf(,,)ee —sin @Y, +0.10708192 —0.07393235 +0.06029203 —0.05236728

géwee —0.30576326 —1.76206116 —0.00643559 —0.69313977 —0.00209004

glzem)“, +0.26291828 —0.05843186 —0.00396529 +0.04034314 +0.00296713

gé(”) —1.04437969 —0.41581800 —0.14941965 —0.08774238
R ee

.. 0 0 0 0

gsv W +0.99764683 —0.01669268 —0.00001276 +0.00209568 —0.00000029

gfv o0 0 0 0 0 0

gév o —0.01669268 —0.00001276 +0.00209568 —0.00000029
ev,,

g‘v"V ol e 0 0 0 0

TABLE VL. The values of the coupling summation are summarized for several sets of parameters (my, 8y ) with negative bulk masses

of the leptons in the units of g2. When the value is less than 1078, we write 0.

(mxk. Ox) SM (13 TeV, 0.10) (25 TeV, 0.05) (50 TeV, 0.025) (100 TeV, 0.0125)
ZaglL/,,eegV”WW -0.5 —0.49793312 —0.499484367 —0.49987087 —0.49996771
Z"(HLWM”) )2 +0.5 +0.49793310 +0.499448367 +0.49987087 +0.49996771
D0 IYcedvww 0 0 0 0 0

Zn (gfyw(n) )2 0 0 0 O O

on glweb(n)gﬁ/e‘/(n) rr:’;(‘;) 0 0 0 0 0

The O(s) term of MW and M} is sufficiently sup-
pressed. Several other parameter sets are also summarized
in Table VL.

Next, we consider the GHU model with the parameter set
for mgg = 13 TeV, 8y = 0.10, and positive bulk masses of

leptons. For the GHU model, V, =7,Z, y(”),Z(”KZg")

(n=1,2,...) and V") = ue,ugn) (n=1,2,...), 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

|

> (Ghyym)? = +0.500066467;.

> "G ey ww = ~0.5000664642.

S "GF o9y ww = —0.00028680¢2,

n

Z(gﬁvw(ro)z ~ +000028680g%}

n

(4.45)
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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 = 4 in the GHU model with the parameter set of mgx = 13 TeV and 8y = 0.10, and
positive bulk masses of the leptons (A, ). The values of the coupling constants for neutral gauge bosons to W bosons and leptons are
given in units of g,,. The values of the coupling constants for W boson to leptons are in units of g,,/+/2. g,, = e/ sin &Y, sin® &, =
0.2306 (input). In the SM sin?6y,(MS) = 0.23122 £ 0.00004 [12]. When the value is less than 1078, we write 0. When there is no
corresponding coupling constant, we write the symbol - - - in that field.

Coupling n=20 n=1 n=2 n=3 n=4
9y ww + sin 69, —0.00029370 —0.00001060 —0.00000185 —0.00000052
Jzwww +0.87647017 —0.00018736 +0.00000002 —0.00000676 —0.00000002
9700 e +0.00027211 +0.00000980 +0.00000162 +0.00000047
R
g]f(,,)ee —sin 6, +0.10727367 —0.07406031 +0.06039443 —0.05245504
gf(,,)ee —sin @Y, —2.76765185 —1.08788152 —0.39449879 —0.23232603
gé(n)ee —0.30602661 +0.06795725 +0.00461504 —0.04691696 —0.00345321
gg(,,)ge +0.26309454 +1.51736122 +0.00553476 +0.59638708 +0.00179601
- 0 0 0 0
R ee
g;n) +1.38256665 +0.55008507 +0.19760182 +0.11605766
R ee
g‘LV ) +0.998816639 —0.03534296 0 0 0
ev,
gﬁ/ @ 0 —0.00176655 —0.01669757 —0.00000003 +0.002095116
ev,’
9 +0.03534296 0 0 0
Wev,,
gRW ) +0.00176655 —0.01669757 —0.00000003 +0.002095116
ev,,)
We numerically find The O(s) term of M} and M} is well suppressed.
Several other parameter sets are also summarized in
, Table VIIIL.
Zg‘L/aeegVaWW + Z(gﬁ,e,,m) <107 x g3,
a n

B. e~ e* — ZZ process
<108 x g2. (4.46)

Zgléaeegvaww + Z (9§Vey<n> ) ?
a n

1. Amplitude
Here we consider the following t- and u-channel proc-

Therefore, the O(s?) and O(s) terms of MY and M} ©55¢5:

are sufficiently suppressed. We also find that _
ex(p1)es (p2) = Z,(ki)Z,(ky). (4.48)

where X,Y =L, R, L=R, R=L; p, and p, are the

nm.
> ey Ty U a3x 108G, (447)
' momenta of the initial states of electron and positron;

my

TABLE VIII. The values of the coupling summation are summarized for several sets of parameters (myy, 0y) with positive bulk
masses of the leptons in the units of g2. When the value is less than 1078, we write 0.

(mkk. On) SM (13 TeV, 0.10) (25 TeV, 0.05) (50 TeV, 0.025) (100 TeV, 0.0125)
S0 0 eedvww -0.5 ~0.50006646 ~0.50001791 ~0.50000448 ~0.50000112
Yo Giyem)? +0.5 +0.50006646 +0.50001791 +0.50000448 +0.50000112
S0 0 cedvww 0 —0.00028680 ~0.00006933 ~0.00001731 ~0.00000433
(e 0 ++0.00028680 +0.00006933 ++0.00001731 +0.00000433
S G G 0 ++0.00000003 ++0.00000002 ++0.00000001 0
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k, and k, 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:
P = \/7_(100+1) p2:§(17070’_1),
ky = \/7_(1 0,+p,sin0, +p, cos0),
Vs
k, = 5 (1,0,—psin@, —f, cos6), (4.49)
where f; := - %. The Mandelstam variables are
defined as
s = (p1+ p2)* = (ky + k)2,
s
t=(py—k)* = (pr—ky)* = m3 —5(1 — pzcos0),
s
ui=(py—ka)* = (pr = ki)* = m; =5 (1 + 7 cos0),

(4.50)

where s + 1 + u = 2m>.

The contributions to the e~e™ — ZZ process come
from t-channel and u-channel. The t-channel amplitude
is given by

)+

M = v(p2)r [ZQHPY I )? — r*gxiPx

x u(p)e,(ki)e;(ky)
tXYell(k )€ ( )v
where P; g = (1 F y5)/2, and i stands for electron and

KK charged leptons. The Ky, (X,Y =L,R) can be
written as

(4.51)

w | AR (p)r (B = K)r*Pyu(py), for X =Y
Xy = _ ,
' BZ25(py)r*v" Pxu(py). for X # Y
(4.52)
where
— Z gxl
(p1— - m
BZZ ngng i (453)
Z (p1— - m
|
my
1A% 42—

|~/\/ttXY|2

The u-channel amplitude is given by

MZZ — u p ( kZ) v
uxy = 0(p2)y [Zgn Y—(pl kz)z_ml;}’g

XPX
)eﬂ(k1)€v< 2)
= Kﬂxye (k1)e;(kz),

xu(p

(4.54)

where Py g = (1 F y5)/2. The K'5, (X,Y = L,R) can be
written as

K" — Af)%l_)(pQ)y”(ﬂl - kz)}’DPXM(PO, for X =Y
e BEZ0(py)r*y Pxu(py). for X #Y'
(4.55)
where
7z 9%(‘
Au = —l’
X Z (Pl —k2)2 - mlg
sz — grLigrim ‘ (4.56)
zi: (p1 = ky)* = m7

2. Squared amplitude

The squared amplitude of the e}e; — ZZ process is
given by

MG = IME + Mgy
= |MZ 2 + |MZy |2 + MZE M
YA
+ My Mgy (4.57)

The third and forth terms stand for the interference terms
between t- and u-channel.
First, the t-channel contribution |MZ%|? is given by

tXY Ze (ky)e

spins

kl kl ! k2vk2v’
= (_gﬂll’ + %) (_gw’ + k%

S(ka)e ’(kl)eu’(k2)K¢;Yk¢XDY

x ZKtXYKIthUY' (4.58)
spins
Substituting Eq. (4.52) into Eq. (4.58), we find
—l—m%(ut—m%)—l-%} forX=Y
’ (4.59)
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Next, the u-channel contribution |[M?%Z,|? is given by

D ek

spins

|MZZ|2

61/ k2

KKy g, Koy —y
< Gt + 3 ”)(—gw/-i- 2 >ZK’:, K.
1 2

Substituting Eq. (4.55) into Eq. (4.60), we find
|Mf§y|2 =
Finally, the interference terms are given by

> en(k)es (k)

spins

MEMET + M MEZ =

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

ZZt ZZ%
MtXYMuXY + M[XYMMXY -

From Egs. (4.59), (4.61), and (4.63), the total amplitudes
of exe; — ZZ are given by for X =Y

4

u m 1
|M)Z(%|2:|tAzZXZ|2{ (t tzz)"’m (ut —m3) + ;)
Z myz

rom 1
+ |uAZ |2{ <——m—22>+ - (ut—mj) +
u ms,

u

mz—ut

8ms
+2Re[tA% - uAf)%*]{ utZ

4
9
ol

and for X #Y

2AME)? = |tBZZ|2{t +

8s 2s 8 [t m?
(S 28 (1)
u? m, my;\u u

+ (2Re[tB7#uBZ**])
8s 8s 25 4(mZ — t)(m?
ut  mé ut

[\
N§A| ©

w(AREATE + ATRARE) - (Vi +

ui(BY/ B + BEBEY) - {4 2 -

(ke (k) K K

(4.60)
spins
+mi§(ut—m§)+%} for X =Y 461)
z(l—m—fﬂ for X #Y
e (ky ey (ko) (K REY + REKLY)
/ k I/k i v o't — v 4
)(—gw/ +—2k22 )Z(K’f KLY+ K"KLY) (4.62)
1 2 spins
Z_m %} forX=Y
4( , )Z< - . (4.63)
ut Tong — L } for X #Y

I
3. Cross section

For the eye;
initial states of the polarized electron and positron is
given by

— ZZ process, the cross section of the

dd;ZSZQ(Pef,Pﬁ,cos@) :%{(1 (1 +P,0) d"ffg
(14 Po(1 - P o
(=P (1 - P ok

P+ P,

(4.66)

where P,- and P,+ are the initial polarizations of the
electron and positron

’

do )Z(%/ do Pz
0) = et > 77) = ZZ|2
dcost9(COS ) dcosQ(eXeY - ) 327s M

(4.67)

where M are given in Eqgs. (4.64) and (4.65)
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The total cross section of the e”e™ — ZZ process with
the initial polarizations can be defined by integrating the
differential cross section in Eq. (4.66) with the angle 6

1 [1 de?*
6%%(P,-, P, ) = 5/—1 dCOSQ(Pef,Pﬁ,cos 0)d cos 6,

(4.68)

where the minimum and maximal values of cosé are
determined by each detector and we cannot use date near
cos@~+1. The total cross section of e~et™ — ZZ is
given by

UZZ(Pe‘aPe*) = (1 _Pe‘)(l +Pe+)0{%

1
4
+ (1 +Pe‘)(1 _Pe‘>6%%

Bl —

1
+Z(1 _Pe’)(l _Pe+)o-%£
1

+4—1(1 + P, )(1+ P, )o%Z, (4.69)
where
1 [1 do%%
%% = 5/_1 dccstH (cos@)d cos 0, (4.70)

where X = L, R; do%%/d cos @ are given in Eq. (4.67).
The statistical error of the cross section 6%4(P,-, P,+) is
given by

UZZ(Pe’a Pe*)
‘/NZZ ’

N#% = Liy - UZZ(Pe’vPe+)’

AGZZ(PE—,PEJr) =

(4.71)

where L;, is an integrated luminosity, and N%# is the
number of events for the e"e™ — 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 N4 multiplied by the branching
ratio of each selected decay mode. The amount of the
deviation of the cross section of the e~e™ — ZZ process
from the SM in the GHU model is given by

[GZZ(Pe” Pe*)]GHU _

AZZ(P,- P =
o P Pe) = 12 b P Yo

1. (472)

where [67%(P,-, P,+)|guu and [674(P,-, P,+)]sy stand for
the cross sections of the e~ e™ — ZZ 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 of the
e~et — ZZ process as

,_ GZZ(Pe‘7Pe+> _GZZ(_PE"_Pﬁ)

B GZZ(Pe‘7Pe+> +GZZ(_Pe‘v_Pe+)

A%%(Pe"Pﬁ) (473)
for P,- <0 and |P,-| > |P,+|.

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

VNENE (VT /)
N7+ N

AAZ2(P,-,P,-)=2 , (4.74)

where N4% = L, 6%*(P,-, P,+) and N4* = L;,,6%*(-P,-,
—P,+) are the numbers of the events for P,- <0 and
|P,-| > |P,+|. The amount of the deviation from the SM in
Eq. (4.73) is characterized by

AZZ(P,-, Por
AZZ (P, P,.) = [ LZRZ( e Pet)lany _ 1
[AZR(Pe Pet)lsm

(4.75)

ALR

V. NUMERICAL ANALYSIS

We analyze cross sections of W and Z boson pair
production processes e"eT — W™WT and e"et — 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 (P,-,P,:) = (F0.8,£0.3)
with the ILC experiment in mind.

A.e et - W-WH

Here we evaluate observables of the e"e™ —» W W+
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~et —
W~WT process in the SM and the GHU model in wider
range of /s with unpolarized and polarized electron and
positron beams, where Ay, 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
7' bosons. We focus on the cross sections around /s =~

10 TeV for A.. Three Z' bosons y(), Z(), and z;”
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 Zg) is slightly smaller than the masses of y{!) and
Z") 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 A,m, the coupling constants of the Z’' bosons to
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1000
Vs [GeV]

500

— SM:U --- AU

VWP, P,)[fb]

10'— SM:L === AL -==---- :
p—— SM:R —-=-- A:R ~=----- AR
1 E I I I
500 1000 5000 104
Vs [GeV]

FIG.2. The total cross sections of the e~e™ — W~ W™ process in the SM and the GHU model are shown in wider range of /s. The left
figure shows the /s dependence of 6"V (P,- = 0,P,+ = 0) 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 1. The right figure shows the /s dependence of
UWW(P( , P,+) 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 (P,-, P,+) = (0,0), (—0.8,+0.3), (+0.8, —0.3), respectively.

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 Z’ bosons at

energies slightly below the mass of Zg). In the case of A,
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“e™ — W~W™ process in the SM with
(P,-,P,+) =(0,0) at /s =250 GeV and 500 GeV with
unpolarized e* beams, where 6"V (P,-,P,+) given in
Eq. (4.23). Figure 3 shows that except for cos 8 ~ 1, there
is very strong cancellation among the s-channel, t-channel,
and interference terms. Furthermore, the larger /s, 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 (P,-,P,) = (0,0),
(0.8, 40.3), (+0.8,—0.3), respectively. The statistical

(P,,P,)=(0,0),4/s =250 GeV

= 80000 T
é Total
% 60000F - s—channel
L)r 40000F =--- t-channel
8 20000p-7TTIINCREIIE I
< 0
2
S —20000F
= L
§ —40000F ™ ===eee
S .
3 6000_01 0 —05 00 0.5 10
cosd

FIG. 3.

errors in the SM are estimated by using leptonic decays
W=* = #*v. Since Br(WH — ¢£v) = (10.86 £0.09)% [12],
the branching ratio of WHW~ — £=¢""w/ is 10.615%.
The estimates from the statistical errors in this figure show
that the exploration area for the GHU model is wider
for /s = 500 GeV, L, = lab™! than for \/s = 250 GeV,
Ly = 2ab~'. 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 A,, B,, C, 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"et —
W~ W process in the SM and the GHU model are shown in
range of /s = [165, 1000] GeV. The left figure shows the
/s dependence of 6"V (P,- =0, P,+ = 0) in the SM with
unpolarized electron and positron beams, Total stands for
differential cross section including all the contribution from

(P Po)=(0,0), s =500GeV

S 300000 Total
5
8 200 000F = s—channel
U" ====t—channel
Q:) 100000F -—--- interference L
Q: r-___',.rr""' -‘r_-___-_—._—,
T 0 )
%)
o ko ’
S .~ P
S 100000t .| - A
e T
e 200000b e T
= P00 T 05 00 05 To
cosf

The differential cross sections of the e"e™ — W~W™ process in the SM do” " (P,.-, P,+,cos ) are shown at /s = 250 GeV

dcos @

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.
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—T1 —
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Fr L[l r=
= —-0.005E ] ===
?)F _0.010/
(—0.8,40.3) | % -0015f N
SN - .
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s
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IR T R 0.0 05 10 Ly a—ry 00 05 o
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(0,0)

Adw(,W(Pe , P+, cosf)
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T3 0.00

005
(40.8,-0.3) ~0.10},

-0.15}

.
!
a

AYV(P,-, P, cosb)

05 10 -020/5 205 0.0 05 )

FIG. 4. The deviations from the SM in the GHU for the e~¢* — W~W process AWV (P,-, P+, cos 0) are shown with (P,-, P,+) =
(-0.8,40.3),(0,0), (+0.8,-0.3) for upper, middle and lower rows, respectively, where ACVI‘;W(P(, P,+,cos0) =
[52’3:2 (P, P+, cos )]y [% (P,-, P+, cos 6)]3,1 — 1. The left and right side figures show the deviation at /s = 250 GeV and
500 GeV, respectively. The error bars represent statistical errors in the SM at /s = 250 GeV with 1 ab™! data and at /s = 500 GeV
with 2 ab™! data by using leptonic decays W* — £*v. The branching ratio of WTW~ — £#=¢"u/ is 10.615% since Br(W+ —
¢Tv) = (10.86 = 0.09)% [12]. Each bin is given by cos 8 = [k — 0.05, k + 0.05] (k = —0.95,-0.85, ...,0.95).

(Pe’apc*):( 0,0)

800 000 — . e '(Pe’,Pe*) :'( 0, 0) '
L 2x10%r
Total e

E 600000F ---- s—channel //’ ] —

? ===~ t—channel // :% 1x 104

Q‘l 400000F T interference (x —1) //’ 1 Q::

& = < s5000]
§ /// P = §

L 200000} e ] b

s 20001, ‘ ‘ ‘ ]
200 400 600 800 1000 200 400 600 800 1000
Vs [GeV] s[GeV]

FIG. 5. The total cross sections of the e"e* — W~W~ process in the SM and the GHU model ¢"" (P,-, P,+) are shown in range of
V/s = [165,1000] GeV. The left figure shows the /s dependence of 6"V (P,- = 0, P,- = 0) 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 /s
dependence of 6"V (P,-, P,-) in the SM and the GHU model whose parameters set are A, B, C.
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FIG. 6. The /s dependence of the deviation from the SM in the GHU models for the total cross sections, AV W(PL,- , P,+), s shown for
(P,-,P,) = (=0.8,40.3), (0,0), (+0.8, —0.3), respectively, where AYW(P,-,P,+) = [6"V(P,-, Po)lauu/ 6"V (Po-, P+ )]s — 1.
The gray region represents the lo statistical error estimated by using leptonic decays W* — £*v and the integrated luminosity

Lim =1 ab_l.
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FIG.7. The /s dependence of the left-right asymmetry of the e"e™ — W~W process and the deviation from the SM are shown. The
left figure shows the /s dependence of A} (P,-, P,+) in the SM and the GHU model. The right figure shows the /s dependence of
AYV(P,-, P.+), whete AYW (P, P,+) = [A]R (Pe-, Pot )lguu/[ALR (Pe-s P )]sy — 1. The energy ranges /s in the first and second

ALR

figures are /s = [200, 3000] GeV, /s = [200, 1000] GeV, respectively. The gray region represents the 1o statistical error in the SM at
each /s with 1 ab™! for each polarized initial states (P,-,P,+) = (F 0.8,40.3) by using the total cross section of W boson pair

production.

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 /s
dependence of ¢"W(P,-,P,+) in the SM and the GHU
model whose parameters set are A, B, C.. From the left
figure, we can see that for larger /s, 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 Ay, By, C, are almost the same as that in the SM.

In Fig. 6, the /s dependence of the deviation from the
SM in the GHU models for the total cross sections,
AYW(P,-,P,:), is shown, where AYW(P,-, P,+) is given
in Eq. (4.29). The lo 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 A, B, C, cases,
where the bulk masses are positive, the deviation from the
SM is larger in the right-handed e* beams.

In Fig. 7, the /s dependence of the left-right asymmetry
AP of the emet — W-WT processes and the deviation
from the SM AY'W are shown, where A}'y" and A}'Y are
given in Eqs. (4.30) and (4.32), respectively. The lo
statistical error in the SM at each /s with 1 ab~! for each
polarized initial electron and positron (P,-, P,+) = (F0.8,
+0.3) is estimated by using the total cross section of
W boson pair production and the branching ratio of
W+ - #*v. From Fig. 7, we find that by using the left-
right asymmetry A}}" we can explore higher KK scales
than the constraints from the LHC experiment only for the
positive bulk mass.

B.e et - ZZ

Here we evaluate observables of the e"e™ — 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”et —
ZZ process in the SM and the GHU model in wider range
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FIG. 8.
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The total cross sections of the e~e™ — ZZ process in the SM and the GHU model 6% (P,-, P,+) are shown in wider range of

\/s. The left figure shows the /s dependence of 6%#(P,- = 0, P,- = 0) 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 1. The right figure shows the /s dependence of
o (P,-, P.+) 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 (P,-, P,+) = (0,0), (—0.8,+0.3), (+0.8, —0.3), respectively.

of /s with unpolarized and polarized electron and positron
beams. Unlike the e“e™ — W™W™ process, the e"e™ —
ZZ process has only t- and u-channel contributions, so
there are no resonances even near the Z' bosons.

In Fig. 9, we show the angular distribution of the
differential cross sections of the e”e™ — W~W™ process
at /s =250 GeV and 500 GeV with unpolarized e*
beams (P,-,P,+) = (0,0). Figure 9 shows that except
for cos@ ~ %1, there is very strong cancellation among
the t-channel, u-channel, and interference terms. Further-
more, the larger /s, 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 (P,-,P,+) = (0,0),
(-0.8,40.3), (+0.8,—0.3). 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

(P, ,P,)=(0,0), /s =250 GeV

— 3000 :
=)
£
z 2000¢ ]
Q
< xI’ TN N
& 1000f L ST SR 4
Q‘: \‘ Total :"
§ 0 \\\ = t—channel ,'l
8 \\\ ===~ u—channel ,,"
[\-]E —1000f \\:::::_i_ntcrfcrcncc ________ - ]
I\"é 2000b o
10 -0.5 0.0 0.5 1.0
cost!

leptonic decays Z — £7¢~. Since Br(Z —¢7¢7) =
(3.3658 +0.0023)% [12], the branching ratio of ZZ —
£ "¢ 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"et — ZZ
process in the SM and the GHU model are shown in range
of /s = [185,1000] GeV. The left figure shows the /s
dependence of 6"V (P,- =0,P, =0) in the SM with
unpolarized electron and positron beams, Total stands for

(P, Pe)=(0,0), s =500 GeV

— 10000 :
2 Total
§ = t—channel
o
oh 5000 = === u-channel
™
SR
2
o
Q L
=2 I
N
—-5000
LR S .
-10 -05 0.0 0.5 10
cosf

FIG. 9. The differential cross sections of the e“e™ — ZZ process in the SM with unpolarized electron and positron beams

do??
dcos@

(P,-, P+, cos ) are shown at /s = 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~e™ — ZZ process A%%(P,-, P,+,cos0) are shown with (P,-,P,+) =
(=0.8,+0.3),(0,0),(+0.8,-0.3) for upper, middle and lower rows, respectively, where AZZ(P,-, P, cos0):=
2 (P o P o) o[22 (P P )|y — 1. The left and right side figures show the deviation at /s =250 GeV and 500 GeV,
respectively. The error bars represent statistical errors in the SM at /s = 250 GeV with 1 ab~! data and at /s = 500 GeV with 2 ab™!
data by using leptonic decays Z — ¢*£~. Each bin is given by cos@ = [k —0.05, k + 0.05] (k = —0.95,-0.85, ...,0.95). Note that
Br(Z —» ¢7¢7) = (3.3658 +£ 0.0023) % [12].
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FIG. 11. The total cross sections of the e"e* — ZZ process in the SM and the GHU model ¢%%(P,-, P,+) are shown in range of
/s = [185,1000] GeV. The left figure shows the /s dependence of 6%#(P,- = 0, P,- = 0) 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 /s
dependence of 6%%(P,-, P,+) in the SM and the GHU model whose parameters set are A, B, C.
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FIG. 12. The /s dependence of the deviation from the SM in the GHU models for the total cross sections, AZ%(P,-, P,+), is shown for
(P,-,P,+) = (=0.8,+0.3), (0,0), (+0.8, —0.3), respectively, where AZ%(P,-, P,+) = [67?(P, Pt )|auu/[67% (Pe-, P ot )]sy — 1. The
gray region represents the lo statistical error estimated by using the total cross section of Z boson pair production and integrated

luminosity L, = 1 ab™!,
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The +/s dependence of the left-right asymmetry of the e~e™ — ZZ process and the deviation from the SM are shown. The left

figure shows the /s dependence of A?4(P,-, P,+) in the SM and the GHU model. The right figure shows the /s dependence of
AZ? (P, P.+), where AZ? (Po-, Pp+) i= [A7R (P, Po)|guu/ [A7R(Pe-» Pe+)lsm — 1. The energy ranges /s in the first and second
figures are /s = [200, 3000] GeV, /s = [200, 1000] GeV, respectively. The gray region represents the 1o statistical error in the SM at
each /s with 1 ab™! for each polarized initial states (P,-, P,+) = (F 0.8,4:0.3) by using the total cross section of W boson pair

production.

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 /s
dependence of ¢"W(P,-,P,+) in the SM and the GHU
model whose parameters set are A4, B, C.. From the left
figure, we can see that for larger /s, 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 Ay, B, C, are almost the same as that in
the SM.

In Fig. 12, the /s dependence of the deviation from
the SM in the GHU models for the total cross sections,
AZ%(P,-, P,+), is shown, where AYW (P,-, P,+) is given in
Eq. (4.72). The statistical errors in the SM are estimated
by by using leptonic decays Z — £7¢~. Since Br(Z —
£t¢) = (3.3658 + 0.0023)% [12], the branching ratio of
Z7Z - ¢~ ¢ 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 mgg
region.

In Fig. 13, the /s dependence of the left-right asym-
metry A% of the e"e™ — ZZ processes and the deviation
from the SM A%” are shown, where A7% and AZ” are
given in Eqs. (4.73) and (4.75), respectively. The lo
statistical error in the SM at each /s with 1 ab~! for each
polarized initial electron and positron (P,-, P,+) = (F0.8,
+0.3) is estimated by using leptonic decays Z — £1£7. 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 mgy
region.
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VI. SUMMARY AND DISCUSSIONS

In this paper we investigated the W and Z boson pair
production processes in the SU(3). x SO(5)y x U(1)y
GHU model. First, by using the asymptotic behavior of the
cross sections for large /s, we derived the conditions given
in Egs. (4.37) and (4.38) under which the O(s) and O(1)
terms of the cross section for the e"e™ — W~W™ 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”e™ - W~W™ process from the
SM in the GHU model with the parameter sets A, which
are consistent with the current experimental constraints
(mgg > 13 TeV, 0y < 0.10), is about 0.5% to 1.5% and
0.6% to 2.2% for /s = 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~e* — W~W process,
we also found that for the e~e™ — 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"et — 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 W’ and Z’ 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~e™ — W~W™ process. The contribu-
tions of 1-loop corrections for the e"e™ — W~W™ process
in the SM and additional contributions from the e~e™ —
W-WTy whose y is not detected are discussed in
Ref. [101]. These effects lead to an O(10)% contribution
to the e“e™ — W~ W 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 as A}/ and AY" in Figs. 4 and 6, in Figs. 4 and 6, for
example, is expected to be small.
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