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We examine contributions to single Higgs boson production processes via Z0 and W0 bosons in the
SUð3ÞC × SOð5ÞW ×Uð1ÞX gauge-Higgs unification (GHU) model. In particular, we analyze the cross
sections of three single Higgs boson production processes e−eþ → Zh, e−eþ → νν̄h, and e−eþ → e−eþh
in the SM and the GHU model. For the Higgs strahlung process e−eþ → Zh, we show that for a parameter
region satisfying the current experimental constraints, a maximum deviation from the SM is about up to 6%
for the center-of-mass energy of the initial electron and positron

ffiffiffi
s

p ¼ 250 GeV and that from the SM is
about up to 20% for

ffiffiffi
s

p ¼ 500 GeV, depending on the initial polarization of electron and positron. The
deviation from the SM is monotonically increasing with respect to

ffiffiffi
s

p
for

ffiffiffi
s

p ≲ 1 TeV. By using the Higgs
strahlung process, it is possible to explore up to the region of tens of TeV in terms of the Kaluza-Klein (KK)
mass. We also show that the sign of the bulk mass of a lepton multiplet in the GHU model can be
determined by examining the deviation of the left-right symmetry of the e−eþ → Zh process from the SM.
The contributions to the cross sections of the e−eþ → νν̄h and e−eþ → e−eþh processes via the Z0 andW0

bosons are relatively small compared to that for e−eþ → Zh at least for
ffiffiffi
s

p
≤ 1 TeV. As is the same as in

the SM, the e−eþ → νν̄h process gives a main contribution to the single Higgs boson production processes
for

ffiffiffi
s

p ≳ 500 GeV, but large deviations from the SM are only observed on energy scales close to the
masses of the first KK gauge bosons or higher.

DOI: 10.1103/PhysRevD.107.075030

I. INTRODUCTION

The Standard Model (SM) in particle physics is well
established at low energies. However, it is not yet clear
whether the properties of the observed Higgs boson are
exactly the same as those of the Higgs boson in the SM.
Current and future experiments such as the Large Hadron
Collider (LHC) [1,2], the High-Luminosity Large Hadron
Collider (HL-LHC) [3], the International Linear Collider
(ILC) [4–10], the Compact Linear Collider (CLIC) [11], the
Future Circular Collider (FCC-hh, FCC-ee) [12,13], the
Cool Copper Collider (C3) [14], and Circular Electron
Positron Collider (CEPC) [15] are needed to more precisely
determine the couplings of the Higgs boson to quarks,
leptons, and SM gauge bosons, as well as the self-coupling
of the Higgs boson.

The SM Higgs boson sector remains unsatisfactory: the
dynamics of the SM gauge bosons, the photon, the W and
Z bosons, and the gluons, are governed by the gauge
principle, but the dynamics of the SM Higgs boson is
not governed by the gauge principle. The Higgs boson
coupling of quarks and leptons and the self-coupling of the
Higgs boson are also not governed by the principle. At
the quantum level, there are large corrections to the mass of
the Higgs boson. To reproduce the observed mass of the
Higgs boson mh ¼ 125.25� 0.17 GeV [16], an extremely
strong cancellation between the bare mass and quantum
effects must be required. One known way to stabilize the
mass of the Higgs boson against quantum corrections is to
identify the Higgs boson as the zero mode of the five-
dimensional component of the gauge potential. This sce-
nario is called gauge-Higgs unification (GHU) [17–22].
In GHU models, the Higgs boson appears as a fluctu-

ating mode in the 5-dimensional (5D) Aharonov-Bohm
(AB) phase θH; SUð3ÞC × SOð5ÞW ×Uð1ÞX GHU models
in the Randall-Sundrum (RS) warped space are proposed
in Refs. [23–26]. The phenomena of the GHU models
below the electroweak (EW) scale are very close to those
of the SM [26–36]. The gauge coupling constants of
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quarks and leptons to the Z and W bosons in the GHU
model differ by less than 0.1% from the coupling con-
stants in the SM for the parameter region that satisfies the
current experiments, i.e., the Kaluza-Klein (KK) mass
mKK ≳ 13 TeV and the AB phase θH ≲ 0.1 [35]. The
gauge coupling constants of the Higgs boson to theW and
Z bosons are approximately equal to the corresponding
coupling constants in the SM multiplied by cos θH. The
coupling constants of the Higgs boson to the quarks and
the leptons are approximately equal to those in the SM
multiplied by cos θH or cos2ðθH=2Þ depending on the
SOð5ÞW representations of the quarks and the leptons. The
deviation of the coupling constants of the Higgs boson to
the W and Z bosons, the quarks, and the leptons from the
SM in the GHU model is less than 1% for θH ≤ 0.1 [32].
The decay of the Higgs boson to two photons in the GHU
model is finite and very small, even when the contribution
of KK excitation modes is taken into account [27]. The
electroweak phase transition (EWPT) in the GHUmodel is
a weakly first order phase transition [34], which is very
similar to the EWPT in the SM [37].
The GHU models predict massive vector bosons Z0 and

W0 bosons. The Z0 bosons are mixed vector bosons of
Uð1ÞX, Uð1ÞLð⊂ SUð2ÞLÞ, and Uð1ÞRð⊂ SUð2ÞRÞ, where
SUð2ÞL × SUð2ÞR ⊂ SOð5Þ. The W0 bosons are mixed
vector bosons of SOð5ÞW=ðUð1ÞL ×Uð1ÞRÞ. The SUð3ÞC×
SOð5ÞW × Uð1ÞX GHU models can be roughly classified
into two types of models depending on whether the SOð5ÞW
representations of the quarks and the leptons are vector or
spinor representations. The GHU model whose fermions
belong to the spinor representation of SOð5ÞW [26,31–36]
can be regarded as a low-energy effective description of the
GHU model based on the SOð11Þ grand unified gauge
symmetry [38–44], where the SM gauge symmetry and
field content are incorporated into grand unified theory
(GUT) [45–50] in higher dimensional framework [51–65].
We focus on the spinor type model in this paper. In the GHU
model, θH ≲ 0.10 and mKK ≳ 13 TeV are obtained as
parameter constraints of the GHU model by using the Z0
and W0 boson search results for the pp → lν and pp →
l−lþ processes at the LHC at

ffiffiffi
s

p ¼ 13 TeV with up to
140 fb−1 data [66–71].
The e−eþ collider experiment is capable of searching

for signals in the GHU model up to the KK mass scale
mKK of tens of times the center-of-mass energy

ffiffiffi
s

p
of

e−eþ [33,36,72–83]. Large parity violation appears in the
couplings 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 determines
whether the coupling constants of the Z0 and W0 bosons to
right- or left-handed fermions are larger. In Ref. [33], the
SM and the GHU model are compared in detail for
observables such as cross sections, forward-backward
asymmetries [84,85], left-right asymmetries [84–87], and
left-right forward-backward asymmetries [85,88–91] in the

processes e−eþ → ff̄ (ff̄ ¼ μ−μþ; cc̄; bb̄; tt̄). For exam-
ple, the total cross section of the e−eþ → μ−μþ process atffiffiffi
s

p ¼ 250 GeV in the GHU model whose mKK ≃ 13 TeV
and θH ¼ 0.10 is different at most about 3% compared to
that in the SM, where it strongly depends on the initial
polarizations of the electron and the positron. Due to the
very large cross section of the fermion pair production
processes, we can clearly observe deviations from the SM
in the early stage of the ILC experiment ð ffiffiffi

s
p ¼ 250 GeV,

integral luminosity Lint ¼ 250 fb−1) even when mKK is
slightly larger than the current experimental constraint
mKK ≃ 13 TeV. The cross section of the Bhabha scattering
e−eþ → e−eþ process [92–96] is also very large, and the
deviation from the SM in the GHU model can be also
observed in the early-stage of the ILC experiment when
mKK is slightly larger than the current experimental con-
straint mKK ¼ 13 TeV [36,77]. Furthermore, since the
cross sections of the fermion pair production processes
are very sensitive to the initial polarizations of the electron
and the positron, 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.
To clarify the nature of the Higgs boson in the SM and the

GHU model, it is essential to understand Higgs boson
production processes. Since the mass of the SM Higgs
boson is about 125 GeV, a Higgs strahlung process e−eþ →
Zh is the main single Higgs boson production process forffiffiffi
s

p ≲ 500 GeV, and the W−Wþ gauge boson fusion proc-
ess e−eþ → νν̄W−�Wþ� → νν̄h is the main single Higgs
boson production process for

ffiffiffi
s

p ≳ 500 GeV [10,97,98],
where the contributions depend on the initial polarizations
of the electron and the positron. There are the Z0 and W0
bosons in the GHUmodel, so these additional gauge bosons
affect the Higgs boson production processes. The Higgs
boson production processes in the GHU model have not
been analyzed in detail. In particular, the dependence of the
initial polarizations of the electron and the positron has not
been discussed at all. In this paper, we analyze the cross
sections and the left-right asymmetries of the e−eþ → Zh
and e−eþ → ff̄h ðff̄ ¼ νν̄; e−eþÞ in the SM and the GHU
model within the Born approximation. The Higgs boson
production processes in the SM have been analyzed not only
in the Born approximation but also including quantum
corrections [99–102]. The Higgs boson production proc-
esses in other models beyond the SM have been also
discussed in e.g., Refs. [103–106].
In this paper, we consider three single Higgs boson

production processes e−eþ → Zh, e−eþ → νν̄h, and
e−eþ → e−eþh to clarify the difference between the
predictions of the cross sections in the SM and the GHU
model. For the Higgs strahlung process e−eþ → Zh, we
show that for a parameter region satisfying the current
experimental constraints, a maximum deviation from the
SM is about up to 6% for

ffiffiffi
s

p ¼ 250 GeV and that from the
SM is about up to 20% for

ffiffiffi
s

p ¼ 500 GeV, depending on
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the initial polarization of the electron and the positron. The
deviation from the SM is monotonically increasing whenffiffiffi
s

p
is increasing for

ffiffiffi
s

p ≲ 1 TeV. 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. We also show that
the sign of the bulk mass of a lepton multiplet in the GHU
model can be determined by examining the deviation of
the left-right symmetry of the e−eþ → Zh process from
the SM. The deviation of the left-right asymmetry of the
e−eþ → Zh process from the SM in the GHUmodel can be
large even when

ffiffiffi
s

p
is not so large. We show that the

deviations of the e−eþ → νν̄h and e−eþ → e−eþh proc-
esses from the SM in the GHU model are relatively small
compared to the deviations of the e−eþ → Zh process at
least for

ffiffiffi
s

p
≤ 1 TeV.

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 present numerical results for the cross
sections of the three Higgs boson production processes
e−eþ → Zh, e−eþ → νν̄h, and e−eþ → e−eþh. Section V
is devoted to summary and discussions. In the Appendix,
we give the formulas for the cross sections of the e−eþ →
Zh and e−eþ → ff̄h ðff̄ ¼ νeν̄e; e−eþÞ processes, involv-
ing the Z0 and W0 bosons as well as the Z and W bosons.

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. [26], in which the SUð3ÞC ×
SOð5ÞW × Uð1ÞX GHU model was originally proposed.
The GHU model is defined in the RS warped space with

the following [107]:

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
the IR brane at y ¼ L (z ¼ zL). The KK mass scale
is mKK ¼ πk=ðzL − 1Þ.

A. Field content

The EW symmetry SUð2ÞL ×Uð1ÞY is embedded into
SOð5ÞW × Uð1ÞX symmetry. The associated gauge fields of

SOð5ÞW and Uð1ÞX are denoted by ASOð5ÞW
M and AUð1ÞX

M ,
respectively. The orbifold boundary conditions (BCs) Pj

(j ¼ 0, 1) 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 the

Uð1ÞX 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 corre-
spond 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 eigen states of the electro-magnetic
(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).
Leptons are introduced both in the 5D bulk and on the

UV brane. They are listed in Table I. The SM lepton
multiples are identified with the zero modes of the lepton
multiplets Ψα

ð1;4Þ (α ¼ 1, 2, 3). 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. With the BCs in Eq. (2.4),

the parity assignment of the leptons is summarized in
Table II. Neutral fermions are introduced as the brane
fermions χα (α ¼ 1, 2, 3) on the UV brane, which are
responsible for reproducing tiny neutrino masses via the
seesaw mechanism in the GHU model [42].

TABLE I. The field content for the lepton sector in the GHU
model is shown.

ðSUð3ÞC × SOð5ÞWÞX
Lepton ð1; 4Þ−1

2

Brane fermion ð1; 1Þ0
Brane scalar ð1; 4Þ1

2
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The brane scalar field Φð1;4ÞðxÞ in Table I is responsible
for breaking SOð5ÞW ×Uð1ÞX to SUð2ÞL × Uð1ÞY . A
spinor 4 of SOð5ÞW is decomposed into ½2; 1� ⊕ ½1; 2� of
SOð4ÞW ≃ SUð2ÞL × SUð2ÞR. We assume that the brane
scalar Φð1;4Þ develops a nonvanishing vacuum expectation
value (VEV):

Φð1;4Þ ¼
�Φ½2;1�
Φ½1;2�

�
; hΦ½1;2�i ¼

�
0

w

�
; ð2:5Þ

which reduces the symmetry SOð4ÞW ×Uð1ÞX to the EW
gauge symmetry SUð2ÞL × Uð1ÞY. It is assumed that
w ≫ mKK, which ensures that the orbifold BCs for the
4D components of the SUð2ÞR ×Uð1ÞX=Uð1ÞY gauge
fields become effectively Dirichlet conditions at the UV
brane [40]. Accordingly the mass of the neutral physical
mode of Φð1;4Þ is much larger than mKK.
The Uð1ÞY gauge boson is a mixed state of Uð1ÞR

ð⊂ 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: ð2:6Þ

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

ffiffiffiffi
L

p
. The 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 : ð2:7Þ

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

ffiffiffiffiffiffiffiffiffiffiffiffi
2

z2L − 1

s
z;

ϕHðxÞ ¼
1ffiffiffi
2

p
�
ϕ2 þ iϕ1

ϕ4 − iϕ3

�
: ð2:8Þ

Without loss of generality, we assume that 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.

B. Action

The bulk part of the action for the EW gauge and lepton
sectors is given by

SEWþlepton
bulk ¼ SEW gauge

bulk þ Sleptonbulk ; ð2:9Þ

where SEW gauge
bulk and Sleptonbulk are bulk actions of the EW

gauge bosons and the leptons, respectively. 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

��
; ð2:10Þ

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 � ð2:11Þ

with each 5D gauge coupling constant g. The second and
third terms in Eq. (2.10) are the gauge fixing term and the
ghost term given in Ref. [26], respectively.
Each lepton multiplet Ψα

ð1;4Þðx; yÞ in the bulk has its own
bulk-mass parameter cαL (α ¼ 1, 2, 3). The covariant
derivative is given by

DðcαLÞ ¼ γAeAM
�
DM þ 1

8
ωMBC½γB; γC�

�
− cαLσ

0ðyÞ;

DM ¼ ∂M − igAA
SOð5ÞW
M þ i

1

2
gBA

Uð1ÞX
M : ð2:12Þ

Here σ0ðyÞ ≔ dσðyÞ=dy and σ0ðyÞ ¼ k for 0 < y < L. Then
the action for the lepton sector in the bulk is given by

TABLE II. Parity assignment ðPSOð5ÞW
0 ; PSOð5ÞW

1 Þ of the lepton multiplets in the bulk is shown. G22 stands for
SUð2ÞL × SUð2ÞRð⊂ SOð5ÞWÞ.
Field ðSUð3ÞC × SOð5ÞWÞX G22 Left-handed Right-handed Name

Ψα
ð1;4Þ ð1; 4Þ−1

2 ½2; 1� ðþ;þÞ ð−;−Þ νe νμ ντ
e μ τ

½1; 2� ð−;−Þ ðþ;þÞ ν0e ν0μ ν0τ
e0 μ0 τ0
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Sleptonbulk ¼
Z

d5x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detG

p X3
α¼1

Ψα
ð1;4Þ DðcαLÞΨα

ð1;4Þ; ð2:13Þ

where Ψα
ð1;4Þ ¼ iΨα

ð1;4Þ
†γ0. By using Ψ̌α

ð1;4Þ ≔ Ψα
ð1;4Þ=z

2, the

bulk part of the fermion action is rewritten by

Sleptonbulk ¼
Z

d4x
Z

zL

1

dz
k

X3
α¼1

Ψ̌α
ð1;4Þ

×

�
γμDμ þ k

�
γ5Dz −

cαL
z

��
Ψ̌α

ð1;4Þ: ð2:14Þ

The action for the brane scalar field Φð1;4ÞðxÞ is given by

SΦbrane ¼
Z

d5x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detG

p
δðyÞf−ðDμΦð1;4ÞÞ†DμΦð1;4Þ

− λΦð1;4Þ ðΦ†
ð1;4ÞΦð1;4Þ − jwj2Þ2g; ð2:15Þ

where

DμΦð1;4Þ ¼
�
∂μ− igA

X10
α¼1

Aα
μTα − i

1

2
gBBμ

�
Φð1;4Þ: ð2:16Þ

Here SOð5ÞW generators fTαg consist of SUð2ÞL and
SUð2ÞR generators fTaL; TaRg (a ¼ 1, 2, 3) and
SOð5ÞW=SOð4ÞW generators fTp̂ ¼ Tp5=

ffiffiffi
2

p g (p ¼ 1, 2,
3, 4). The corresponding canonically normalized gauge
fields are given by

AaL
M ¼ 1ffiffiffi

2
p

�
1

2
ϵabcAbc

M þ Aa4
M

�
;

AaR
M ¼ 1ffiffiffi

2
p

�
1

2
ϵabcAbc

M − Aa4
M

�
; Ap̂

M ¼ Ap5
M : ð2:17Þ

BM represents the Uð1ÞX gauge field.
The action for the gauge-singlet brane fermion χαðxÞ is

given by

Sχbrane ¼
Z

d5x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detG

p
δðyÞ

�
1

2
χ̄αγμ∂μχ

α −
1

2
Mαβχ̄αχβ

�
;

ð2:18Þ

where χαðxÞ satisfies the Majorana condition χc ¼ χ;

χ ¼
�
ξ

η

�
; χc ¼

�þηc

−ξc

�
¼ eiδC

�þσ2η�

−σ2ξ�

�
: ð2:19Þ

On the UV brane, the brane interaction terms among the
bulk leptons, the brane fermions, and the brane scalar are
given by

Sintbrane ¼ −
Z

d5x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detG

p
δðyÞfκ̃αβ1 χ̄βΦ̃†

ð1;4ÞΨ
α
ð1;4Þ þ H:c:g;

ð2:20Þ

where κ̃αβ1 is a coupling constant.
The nonvanishing VEV hΦð1;4Þi ≠ 0 generates brane

mass terms on the UV brane from the interaction term
in Eq. (2.20). Together with the Majorana mass term in
Eq. (2.18) the brane fermion mass terms are given by

Sfermion
brane mass ¼

Z
d5x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detG

p
δðyÞ

�
−
mαβ

Bffiffiffi
k

p ðχ̄βν̌0αR þ ¯̌ν0αR χ
βÞ

−
1

2
Mαβχ̄αχβ

�
; ð2:21Þ

where mαβ
B ¼ κ̃αβ1 w

ffiffiffi
k

p
.

The VEV of the brane scalar field hΦð1;4Þi ≠ 0 also
generates additional brane mass terms for the 4D compo-
nents of the SOð5ÞW ×Uð1ÞX gauge fields. It follows from
Eq. (2.15) that

Sgaugebrane ¼
Z

d5x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−detG

p
δðyÞ

�
−
g2Ajwj2

4
ðA1R

μ A1RμþA2R
μ A2RμÞ

−
ðg2Aþg2BÞjwj2

4
A
30R
μ A30Rμ

�
: ð2:22Þ

III. PARAMETER SETS

To evaluate cross sections and other observable quan-
tities in single Higgs boson production processes
e−eþ → Zh, e−eþ → νν̄h, e−eþ → e−eþh at tree level
in the GHU model, we need to know the masses, decay
widths, and coupling constants of the gauge bosons, the
Higgs boson, and the leptons. Parameters of the model are
determined in the steps described in Ref. [33].
We present several parameter sets of the coupling

constants of the leptons, which are necessary for the
present analysis. 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
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 substituting mass spectra into the mode
function of the field. Furthermore, coupling constants can
be obtained by performing overlap integrals of the wave
functions of the corresponding fields. For more details, see
e.g., Ref. [26] for gauge boson and fermion mass formulas
and wave functions and Ref. [32] for the Higgs boson
mass and coupling formulas.
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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 [35], we only
consider parameters satisfying θH ≤ 0.10 and
mKK ≥ 13 TeV.
(Note that possible values of mKK are restricted

with given θH [32]. For example, for θH ¼ 0.10
zL ≥ 108.1 to reproduce the top quark mass, and
zL ≤ 1015.5 to realize the EW symmetry breaking.
They lead to mKK ≃ ½11; 15� 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. [26].)

(3) The bare Weinberg angle θ0W in the GHU model is
given in Eq. (2.7). For each value of θH, the value of
θ0W is determined self-consistently to fit the ob-
served forward-backward asymmetry AFBðe−eþ →
μ−μþÞ ¼ 0.0169� 0.0013 at

ffiffiffi
s

p ¼ mZ [16,108],
after evaluating the coupling constants of the muon
to the Z boson with the procedure described below.
We have checked that each self-consistent value of
θ0W is found after a couple of iterations of this
process.

The parameter sets of ðθH;mKKÞ, named A�,B�,
and C�, used in this analysis are summarized in
Table III, 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 Z0, W, W0
bosons are listed for each parameter set in Table IV.
Although information on parameters of the quark
sector is also needed when we determine the decay
widths of the gauge bosons, the specific values of the
parameters of the quark sector are omitted since they
are not directly used in this analysis. The parameters
of the quark sector are obtained by the same
procedure as for the lepton sector. (For more detail,
see Ref. [26].)

(5) The bulk masses of the leptons cαL in Eq. (2.14)
are determined so as to reproduce the masses of
charged leptons, where we denote c1L; c

2
L; c

3
L as ce,

cμ, cτ. We use the masses of the electron, the muon,
and the tau lepton given by me ¼ 0.48657 MeV,
mμ ¼ 102.72 MeV, and mτ ¼ 1.7462 GeV at μ ¼
mZ [109]. The parameters of the Majorana mass
terms and brane interactions in the neutrino sector in
Eq. (2.21), Mαβ and mαβ

B , are determined so as to

TABLE III. The name of the parameter set and the corresponding zL, k, and sin2 θ0W for each θH and mKK are
listed. In the SM, sin2 θWðMSÞ ¼ 0.23122� 0.00004 [16]. The column “Name” denotes each parameter set.

Name θH ½rad� mKK ½TeV� zL k ½GeV� sin2 θ0W

A− 0.10 13.00 3.865 × 1011 1.599 × 1015 0.2306
Aþ 0.10 13.00 4.029 × 1011 1.667 × 1015 0.2318
B− 0.07 19.00 1.420 × 1012 8.589 × 1015 0.2309
Bþ 0.07 19.00 1.452 × 1012 8.779 × 1015 0.2315
C− 0.05 25.00 5.546 × 1010 4.413 × 1014 0.2310
Cþ 0.05 25.00 5.600 × 1010 4.456 × 1014 0.2313

TABLE IV. Masses and widths of Z0,W,W0 bosons are listed for each parameter set listed in Table III. In the SM, αEM ¼ 1=128 at the
mass scale of Z boson, mZ ¼ 91.1876 GeV, ΓZ ¼ 2.4952 GeV, mW ¼ 80.377� 0.012 GeV, ΓW ¼ 2.085� 0.042 GeV, [16]. The

column “Name” denotes each parameter set in Table III. mV and ΓV ðV ¼ Zð1Þ; Zð1Þ
R ;W;Wð1Þ; Wð1Þ

R Þ are the mass and decay width of
each V boson, respectively. Decay widths are calculated by using the formulas in Ref. [33], where all possible two-body final states are
taken into account.

Name
mZð1Þ

½TeV�
ΓZð1Þ

½TeV�
m

Zð1Þ
R

½TeV�
Γ
Zð1Þ
R

½TeV�
mW
½GeV�

ΓW
½GeV�

mWð1Þ

½TeV�
ΓWð1Þ

½TeV�
m

Wð1Þ
R

½TeV�
Γ
Wð1Þ

R

½TeV�
A− 10.196 7.840 9.951 0.816 79.98 2.02 10.196 9.802 9.951 0.359
Aþ 10.196 5.982 9.951 0.775 79.92 2.01 10.196 7.163 9.951 0.358
B− 14.886 11.962 14.544 1.231 79.97 2.02 14.886 14.970 14.544 0.549
Bþ 14.886 9.162 14.544 1.168 79.94 2.02 14.886 10.979 14.544 0.548
C− 19.648 14.006 19.137 1.505 79.96 2.03 19.648 17.502 19.137 0.639
Cþ 19.648 10.700 19.137 1.432 79.95 2.02 19.648 12.784 19.137 0.638
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reproduce the neutrino masses. The neutrino masses
cannot be completely fixed because only two
mass-squared differences are known from observa-
tions [16]. In our analysis, we take mνe ¼ mνμ ¼
mντ ¼ 10−12 GeV for reference. For simplicity we

assume that Mαβ and mαβ
B are diagonal to the flavor.

We take Mαβ ¼ Mlδαβ ðα; β ¼ 1; 2; 3Þ, m11
B ¼ mBe

,

m22
B ¼ mBμ

, m33
B ¼ mBτ

, and mαβ
B ¼ 0 for α ≠ β. The

neutrino masses are so small that a difference of one
to two orders of magnitude in their masses will not

affect the results of this analysis. Neutrino mixings
are ignored, but they do not affect the present
analysis. The bulk masses and the brane interaction
parameters of the leptons are listed in Table V.
In Table V, it may be problematic that the mass

parameters mBlðl ¼ e; μ; τÞ of the brane fermions
are larger than the Planck mass for the cases of
positive bulk masses of the leptons. Furthermore, it
has been pointed out in Ref. [26] that the appearance
of extra vector-like neutrinos with MeV-scale masses
is for the case of the positive bulk masses of the

TABLE V. The bulk masses of electron, muon, and tau lepton, ce; cμ; cτ and the brane interaction parameters of leptons
Ml; mBe

; mBmu;mBτ
are listed. In the SM, me ¼ 0.48657 MeV, mμ ¼ 102.72 MeV, and mτ ¼ 1.7462 GeV at μ ¼ mZ [109]. We

take the neutrino masses: mνe ¼ mνμ ¼ mντ ¼ 10−12 GeV. The column “Name” denotes each parameter set in Table III.

Name ce cμ cτ Ml ½GeV� mBe ½GeV� mBμ ½GeV� mBτ ½GeV�
A− −1.0067 −0.7929 −0.6753 106 4.834 × 105 1.342 × 108 2.949 × 109

Aþ þ1.0058 þ0.7924 þ0.6750 106 8.382 × 1022 6.373 × 1022 4.931 × 1022

B− −0.9828 −0.7791 −0.6670 106 4.952 × 105 1.375 × 108 3.021 × 109

Bþ þ0.9824 þ0.7788 þ0.6669 106 3.017 × 1023 2.294 × 1023 1.775 × 1023

C− −1.0469 −0.8162 −0.6893 106 4.652 × 105 1.292 × 108 2.838 × 109

Cþ þ1.0467 þ0.8161 þ0.6982 106 1.165 × 1022 8.857 × 1021 6.853 × 1021

TABLE VI. Coupling constants of charged vector bosons, W;W0ð¼ Wð1Þ;Wð1Þ
R Þ bosons, to leptons in units of

gw=
ffiffiffi
2

p
are listed. The fine structure constant is the same as in the SM: αðMZÞ−1 ¼ 127.951� 0.009 [16]. In the SM,

gw ¼ e= sin θW , while in the GHU gw ¼ e= sin θ0W . The coupling constants of W boson to leptons in the SM are
gLWeνe

¼ 1. When the value is less than 10−4, we write 0.

Name gLWeνe
gRWeνe

gL
Wð1Þeνe

gR
Wð1Þeνe

gL
Wð1Þ

R eνe
gR
Wð1Þ

R eνe

A− þ0.9976 0 þ5.7451 0 þ0.0145 0
Aþ þ0.9988 0 −0.2220 0 0 0
B− þ0.9988 0 þ5.8583 0 þ0.0073 0
Bþ þ0.9994 0 −0.2171 0 0 0
C− þ0.9994 0 þ5.5706 0 þ0.0035 0
Cþ þ0.9997 0 −0.2316 0 0 0

Name gLWμνμ
gRWμνμ

gL
Wð1Þμνμ

gR
Wð1Þμνμ

gL
Wð1Þ

R μνμ
gR
Wð1Þ

R μνμ

A− þ0.9976 0 þ5.4705 0 þ0.0139 0
Aþ þ0.9988 0 −0.2222 0 0 0
B− þ0.9988 0 þ5.5850 0 þ0.0069 0
Bþ þ0.9994 0 −0.2171 0 0 0
C− þ0.9994 0 þ5.2941 0 þ0.0034 0
Cþ þ0.9997 0 −0.2316 0 0 0

Name gLWτντ
gRWτντ

gL
Wð1Þτντ

gR
Wð1Þτντ

gL
Wð1Þ

R τντ
gR
Wð1Þ

R τντ

A− þ0.9976 0 þ5.2878 0 þ0.0134 0
Aþ þ0.9988 0 −0.2217 0 0 0
B− þ0.9988 0 þ5.4046 0 þ0.0067 0
Bþ þ0.9994 0 −0.2169 0 0 0
C− þ0.9994 0 þ5.1077 0 þ0.0032 0
Cþ þ0.9997 0 −0.2314 0 0 0
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leptons. The sign of the bulk masses causes a
qualitative difference in the behavior of the coupling
constants of fermions to the KK gauge bosons, so in
this paper we consider the parameter sets of the
positive bulk masses of the leptons as well as the
negative bulk masses of the leptons for reference.

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

(7) The mass and self-coupling constant of the Higgs
boson can be obtained from the effective potential of
the Higgs boson [32]. 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 [16].

To evaluate cross sections for single Higgs boson
production processes such as e−eþ → Zh, e−eþ → νν̄h,
e−eþ → e−eþh, we need to know not only the masses and
the decay widths but also coupling constants of the gauge
bosons, the Higgs boson, and the leptons. They are
obtained from the five-dimensional gauge interaction terms
by substituting the wave functions of gauge bosons and
fermions or the Higgs boson and integrating over the fifth-
dimensional coordinate [28–30].

(i) 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 gauge
bosons to leptons are listed in Tables VI–VIII.

As can be seen from Tables VI–VIII the coupling
constants of the zero modes and the 1st KKmodes of
the Z andW bosons to the zero modes of the leptons
in the GHU are very close to those in the SM. More
specifically, the deviations from the SM are less than
1%. There is almost no difference in the coupling
constants of the Z and W bosons to the leptons for
the positive and negative bulk masses of the leptons,
while there is a large difference in the coupling

constants of the KK gauge bosons, Z0ð¼ Zð1Þ; Zð1Þ
R Þ

and W0ð¼ W�ð1Þ;W�ð1Þ
R Þ bosons, to the zero modes

of the leptons. When the bulk masses of leptons are
negative, the coupling constants of the 1st KK gauge
bosons to the zero modes of the left-handed leptons
are large, and those of the 1st KK gauge bosons to
the zero modes of the right-handed leptons are small.
On the other hand, when the bulk masses of the
leptons are positive, the coupling constants of the 1st
KK gauge bosons to the zero modes of the right-
handed leptons are large and those of the 1st KK
gauge bosons to the zero modes of the left-handed
leptons are small.

TABLE VII. Coupling constants of neutral vector bosons, Z; Z0ð¼ Zð1Þ; Zð1Þ
R Þ bosons, to neutrinos in units of

gw ¼ e= sin θ0W are listed. The coupling constants of Z boson to neutrinos in the SM are ðgLZν
; gRZν

Þ ¼ ð0.5703; 0Þ in
units of gw. Other information is the same as in Table VI.

Name gLZνe gRZνe gL
Zð1Þνe

gR
Zð1Þνe

gL
Zð1Þ
R νe

gR
Zð1Þ
R νe

A− þ0.5687 0 þ3.2774 0 −1.0322 0
Aþ þ0.5691 0 −0.1264 0 0 0
B− þ0.5695 0 þ3.3413 0 −1.0586 0
Bþ þ0.5697 0 −0.1237 0 0 0
C− þ0.5698 0 þ3.1768 0 −1.0099 0
Cþ þ0.5699 0 −0.1320 0 0 0

Name gLZνμ gRZνμ gL
Zð1Þνμ

gR
Zð1Þνμ

gL
Zð1Þ
R νμ

gR
Zð1Þ
R νμ

A− þ0.5687 0 þ3.1207 0 −0.9852 0
Aþ þ0.5691 0 −0.1264 0 0 0
B− þ0.5695 0 þ3.1854 0 −1.0114 0
Bþ þ0.5697 0 −0.1237 0 0 0
C− þ0.5698 0 þ3.0191 0 −0.9623 0
Cþ þ0.5699 0 −0.1320 0 0 0

Name gLZντ gRZντ gL
Zð1Þντ

gR
Zð1Þντ

gL
Zð1Þ
R ντ

gR
Zð1Þ
R ντ

A− þ0.5691 0 þ3.0165 0 −0.9539 0
Aþ þ0.5687 0 −0.1262 0 0 0
B− þ0.5695 0 þ3.0825 0 −0.9803 0
Bþ þ0.5697 0 −0.1236 0 0 0
C− þ0.5698 0 þ2.9129 0 −0.9302 0
Cþ þ0.5699 0 −0.1319 0 0 0
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(ii) The coupling constants of gauge bosons to the Higgs
boson are obtained by performing overlap integrals
of the wave functions in the fifth dimension of gauge
bosons and the Higgs boson. Coupling constants of
gauge bosons to Higgs boson are listed Table IX.

From Table IX, the coupling constants of the Z
and W bosons to the Higgs boson in the GHU
model are very close to those in the SM. More
specifically, the deviations from the SM are less
than 1%.

TABLE VIII. Coupling constants of neutral vector bosons, Z, Z0 bosons, to charged leptons in units of gw ¼
e= sin θ0W are listed. The coupling constants of Z boson to charged leptons in the SM are ðgLZe

; gRZe
Þ ¼

ð−0.3065; 0.2638Þ in units of gw. Other information is the same as in Table VI.

Name gLZe gRZe
gL
Zð1Þe gR

Zð1Þe
gL
Zð1Þ
R e

gR
Zð1Þ
R e

A− −0.3058 þ0.2629 −1.7621 −0.0584 −1.0444 0
Aþ −0.3060 þ0.2631 þ0.0680 þ1.5171 0 þ1.3826
B− −0.3062 þ0.2633 −1.7964 −0.0572 −1.0646 0
Bþ −0.3063 þ0.2634 þ0.0665 þ1.5459 0 þ1.4102
C− −0.3064 þ0.2634 −1.7082 −0.0610 −1.0128 0
Cþ −0.3065 þ0.2635 þ0.0710 þ1.4690 0 þ1.3428

Name gLZμ gRZμ gL
Zð1Þμ gR

Zð1Þμ gL
Zð1Þ
R μ

gR
Zð1Þ
R μ

A− −0.3058 þ0.2629 −1.6778 −0.0584 −0.9969 0
Aþ −0.3060 þ0.2631 þ0.0680 þ1.4447 0 þ1.3197
B− −0.3062 þ0.2633 −1.7126 −0.0572 −1.0173 0
Bþ −0.3063 þ0.2634 þ0.0665 þ1.4738 0 þ1.3474
C− −0.3064 þ0.2634 −1.6234 −0.0610 −0.9651 0
Cþ −0.3065 þ0.2635 þ0.0710 þ1.3961 0 þ1.2796

Name gLZτ gRZτ gL
Zð1Þτ gR

Zð1Þτ gL
Zð1Þ
R τ

gR
Zð1Þ
R τ

A− −0.3058 þ0.2629 −1.6218 −0.0584 −0.9652 0
Aþ −0.3060 þ0.2631 þ0.0679 þ1.3965 0 þ1.2778
B− −0.3062 þ0.2633 −1.6473 −0.0571 −0.9859 0
Bþ −0.3063 þ0.2634 þ0.0664 þ1.4262 0 þ1.3060
C− −0.3064 þ0.2634 −1.5663 −0.0610 −0.9330 0
Cþ −0.3065 þ0.2635 þ0.0710 þ1.3470 0 þ1.2370

TABLE IX. Coupling constants of gauge bosons to Higgs boson in units of gw are listed. In the SM, gWWh=gw ¼
mW ¼ 80.38 GeV and gZZh=gw ¼ mZ= cos θW ¼ 104.00 GeV. When the value is less than 0.1, we write 0.

Name gWWh ½GeV� gWWð1Þh ½GeV� gWð1ÞWð1Þh ½GeV� g
WWð1Þ

R h
½GeV� g

Wð1Þ
R Wð1Þ

R h
½GeV� g

Wð1ÞWð1Þ
R h

½GeV�

A− þ79.60 þ395.80 −315.90 þ405.14 0 −156.05
Aþ þ79.54 þ395.81 −315.62 þ405.14 0 −155.92
B− þ79.78 þ406.12 −315.67 þ414.29 0 −155.67
Bþ þ79.75 þ406.12 −315.53 þ414.29 0 −155.60
C− þ79.87 þ381.16 −318.16 þ389.29 0 −156.69
Cþ þ79.85 þ381.17 −318.80 þ389.29 0 −156.65

Name gZZh ½GeV� gZZð1Þh ½GeV� gZð1ÞZð1Þh ½GeV� g
ZZð1Þ

R h
½GeV� g

Zð1Þ
R Zð1Þ

R h
½GeV� g

Zð1ÞZð1Þ
R h

½GeV�

A− þ103.47 þ514.84 −410.55 þ386.81 0 −148.87
Aþ þ103.55 þ515.66 −410.82 þ386.56 0 −148.64
B− þ103.74 þ528.25 −410.43 þ395.33 0 −148.48
Bþ þ103.78 þ528.67 −410.57 þ395.20 0 −148.37
C− þ103.86 þ495.76 −414.64 þ371.38 0 −149.45
Cþ þ103.88 þ495.96 −414.71 þ371.32 0 −149.39
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We comment on the expected improvement in the
accuracy of the Weinberg angle in the ILC experiment.
At the moment we use AFBðe−eþ → μ−μþÞ to determine
the value of the Weinberg angle θ0W . If the uncertainty of
AFBðe−eþ → μ−μþÞ is reduced by future experiments, we
can use exactly the same method to determine the param-
eters. If the uncertainty of AFBðe−eþ → μ−μþÞ is reduced
by a factor of 1=10, the uncertainty of sin2 θ0W is also
reduced by a factor of about 1=10. However, the (unpo-
larized) forward-backward asymmetry AFB is not a direct
observable in the ILC experiment with polarized electrons
and positrons. Although it is possible to obtain AFB by
combining observables, it is known that the accuracy of
Weinberg angle determination can be improved by using
more direct observables, polarization asymmetry parame-
ters Afðf ¼ e; μ;…Þ [10,16]. The relations between the
Weinberg angle and the asymmetry parameters are approx-
imately given as

Af ≃ 8

�
1

4
− jQfj sin2 θfeff

�
: ð3:1Þ

From this relationship, the accuracy of sin2 θfeff is estimated
to be 1=8 times the decision accuracy of Af. This is also
true for sin2 θ0W in the GHUmodel. At present, the accuracy
of sin2 θ0W is Oð0.1Þ% by using the currently forward-
backward asymmetry AFBðe−eþ → μ−μþÞ. We expect
that the decision accuracy of sin2 θ0W will be Oð0.01Þ%
by using the expected accuracy of the asymmetry parameter
Ae at the ILC experiment with

ffiffiffi
s

p ¼ 250 GeV and Lint ¼
2 ab−1 [10]; Oð0.001Þ% by using the expected accuracy of
the asymmetry parameter Ae at the ILC experiment withffiffiffi
s

p ¼ mZ ≃ 91.2 GeV and Lint ¼ 100 fb−1 [10].

IV. NUMERICAL ANALYSIS

We calculate cross sections of single Higgs boson
production processes. More specifically, we analyze three
processes e−eþ → Zh, e−eþ → νν̄h, e−eþ → e−eþh for
the initial states of unpolarized and polarized electrons and
positrons, where we use the formula of the cross sections
given in the Appendix. 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 + → Zh

Here we evaluate observables of the e−eþ → Zh process
in the SM and the GHU model at tree level. We use the
parameter sets A�, B�, C� listed in Tables III–IX.
In Fig. 1, we show the

ffiffiffi
s

p
dependence of the total cross

sections of the e−eþ → Zh process in wider range of
ffiffiffi
s

p
in

the SM and the GHU model with unpolarized e� beams.
The calculation incorporates contributions up to the 1st
KK mode. Above the first KK mass scale, the contribu-
tions from higher KK modes cannot be neglected, and the
region where the calculation is reliable and valid for this
analysis is well below the first KK mass scale. The left
figure in Fig. 1 shows σZhðPe− ; PeþÞ given in Eq. (A14) in
the SM and the GHU model with ðPe− ; PeþÞ ¼ ð0; 0Þ,
where A�, B�, C� are the names of the parameter sets
listed in Table III. The right figure shows σZhðPe− ; PeþÞ in
the SM and GHU models with the initial states of
polarized and unpolarized electron and positron. U, L,
R stand ðPe− ; PeþÞ ¼ ð0; 0Þ; ð−0.8;þ0.3Þ; ðþ0.8;−0.3Þ,
respectively.
From Fig. 1, in the

ffiffiffi
s

p ≲Oð1Þ TeV region, the cross
sections in the GHU model are smaller than the cross
sections in the SM, independent of the parameter sets and
initial polarizations. From the right figure, we find that the
deviations from the SM for each initial polarization of e�

FIG. 1. The total cross sections of the e−eþ → Zh process in the SM and the GHU model are shown in wider range of
ffiffiffi
s

p
. The left

figure shows the
ffiffiffi
s

p
dependence of σZhðPe− 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 III. The right figure shows the
ffiffiffi
s

p
dependence of

σZhðPe− ; 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.
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beams depend on the sign of the bulk masses. The deviation
from the SM is monotonically increasing with respect to

ffiffiffi
s

p
for

ffiffiffi
s

p ≲ 1 TeV. The cross sections in the GHU model are
smaller than those in the SM because of the interference
effects between the Z boson and the KK gauge bosons, and
the cross sections in the GHU begin to increase in the energy
scale region where the contributions to the cross sections
from the KK gauge bosons are larger than the contribution to
the cross section from the interference effects, indicating a
turning point located at

ffiffiffi
s

p
≃ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mZmKK
p

, where mKK ¼ 13,
19, 25 TeV for the parameter sets A�, B�, C�, respectively.
In Fig. 2, the electron polarization dependence of the

deviation from the SM in the GHUmodels for the total cross
sections, ΔZh

σ ðPe− ; PeþÞ, is shown, where ΔZh
σ ðPe− ; PeþÞ is

given in Eq. (A17). The 1σ statistical errors are
estimated by using the decay mode of the Z boson to μ−

and μþ, where BrðZ→μ−μþÞ¼ð3.3662�0.0066Þ% [16].

We use the sets of the center-of-mass energies and
the integrated luminosity ð ffiffiffi

s
p

; LintÞ ¼ ð250 GeV; 1 ab−1Þ;
ð500 GeV; 2 ab−1Þ, respectively. For reference, here we
consider only the decay channel of the Z boson to a pair of
the muons [98]. In the ILC experiment, smaller statistical
errors may be available by using the decay channel of the Z
boson to hadron jets [10,98].
In Fig. 3, the

ffiffiffi
s

p
dependence of the left-right asymmetry

AZh
LR of the e−eþ → Zh processes and the deviation from

the SM ΔZh
ALR

are shown, where AZh
LR and ΔZh

ALR
are given in

Eqs. (A18) and (A23), 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 esti-
mated by using the decay mode of Z to μ−μþ.
From Fig. 3, we find that for

ffiffiffi
s

p ≲ 2 TeV, the left-right
asymmetry AZh

LR in the GHU model is larger than that in the
SM when the bulk mass of the leptons is positive, while

FIG. 2. The electron polarization dependence of the deviation from the SM in the GHU models for the total cross sections,
ΔZh

σ ðPe− ; PeþÞ, is shown, where we fix Peþ ¼ 0. The gray region represents the 1σ statistical error estimated by using the decay mode of
Z to μ−μþ, where in the first and second figures, we used the sets of the center-of-mass energies and the integrated luminosity
ð ffiffiffi

s
p

; LintÞ ¼ ð250 GeV; 1 ab−1Þ; ð500 GeV; 2 ab−1Þ, respectively. Note that BrðZ → μ−μþÞ ¼ ð3.3662� 0.0066Þ% [16].

FIG. 3. The
ffiffiffi
s

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

figure shows the
ffiffiffi
s

p
dependence of AZh

LR in the SM and the GHU model. The right figure shows the
ffiffiffi
s

p
dependence of ΔZh

ALR
. 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 decay

mode of Z to μ−μþ. Other information is the same as in Fig. 2.
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AZh
LR in the GHU model is smaller that in the SM when the

bulk mass of the leptons is negative. As can be seen from
Table IX, there is almost no bulk mass dependence for the
coupling constants of the Higgs boson to the W and Z
bosons in the SM and the GHU model, and the cubic

coupling constants of the Z boson, the Z0ð¼ Zð1Þ; Zð1Þ
R Þ

boson, and the Higgs boson, gZZð1Þh and g
ZZð1Þ

R h
, are larger

than the cubic coupling constant of the Z boson, the Z
boson, and the Higgs boson, gZZh. From Tables VI–VIII,
there is almost no dependence on the sign of the bulk
masses for the coupling constants of zero modes of the
charged leptons to the zero mode of the Z boson, while
there is large difference between the zero modes of the
right-handed and left-handed leptons to the 1st KK modes
of the Z and ZR bosons. Some gauge coupling constants of
the zero modes of the right-handed or left-handed leptons to

the 1st KK modes of the Z0 bosons Zð1Þ and Zð1Þ
R are larger

than those of zero modes of the leptons to the zero mode of
the Z boson.
In summary, for the e−eþ → Zh process, some of the

coupling constants of the Z0 bosons to the leptons and the
Higgs boson are much larger than the coupling constants of
the Z boson to the leptons and the Higgs boson, so that even
a center-of-mass energy

ffiffiffi
s

p
that is an order of magnitude

smaller than the masses of the Z0 bosons can yield
experimentally verifiable predictions.

B. e − e+ → νν̄h

Here we calculate the total cross sections of the e−eþ →
νν̄h process given in Eq. (A43), where if ν has no subscript,
the contribution of all flavors shall be considered. Since
neutrinos are not observable experimentally, we add up the
contributions not only from the e−eþ → νeν̄eh process but
also from the e−eþ → νμν̄μh and e−eþ → ντν̄τh processes.

In the SM, the contributions to σðe−eþ → νμν̄μhÞ and
σðe−eþ → ντν̄τhÞ come only from the processes σðe−eþ →
Z → Zh → νμν̄μhÞ and σðe−eþ → Z → Zh → ντν̄τhÞ,
respectively. When we ignore the neutrino masses in the
SM,

P
l¼e;μ;τ σðe−eþ → Z→ Zh→ νlν̄lhÞ ¼ 3σðe−eþ →

Z→ Zh→ νeν̄ehÞ. In the GHU model, the coupling con-
stants of the Z boson to the neutrinos given in Table VII are
almost the same regardless of neutrino flavor. Therefore, to a
very good approximation, the following relationship holds:P

l¼e;μ;τ σðe−eþ → Z → Zh → νlν̄lhÞ ≃ 3σðe−eþ → Z →
Zh → νeν̄ehÞ.
In Fig. 4, the total cross sections of the e−eþ → νν̄h

process with unpolarized and polarized electron and posi-
tron beams in the SM and the GHU model whose parameter
sets are A�, B�, C� are showed up to the energy scale

ffiffiffi
s

p
where resonances due to the KK gauge boson can be
confirmed. The left figure shows the

ffiffiffi
s

p
dependence of the

total cross sections with unpolarized electron and positron
beams in the SM and the GHU model whose parameter sets
are A�, B�, C�. The right figure shows the

ffiffiffi
s

p
dependence

of the total cross sections with polarized electron and
positron beams for the SM and the GHU model whose
parameter sets are A�. In both the figures, the main
contribution to the peak around

ffiffiffi
s

p
≃ 250 GeV comes

from the e−eþ → Z → Zh → νν̄h process, and the main
contributions to the peaks around Oð10Þ TeV come from

the e−eþ → Z0ð¼ Zð1Þ; Zð1Þ
R Þ → Zh → νν̄h process for each

parameter set. In our calculation, we take into account the
contribution to the cross section from the W and Z bosons

and the 1st KK gauge bosons W�ð1Þ, W�ð1Þ
R , Zð1Þ, and Zð1Þ

R
but the contribution from higher KK modes cannot be
ignored above OðmKKÞ. We verify that for the e−eþ → νν̄h
process the contribution from the KK gauge bosons is small,
independent of the KK masses and the initial polarization of

FIG. 4. The
ffiffiffi
s

p
dependence of the total cross sections of the e−eþ → νν̄h process with unpolarized and polarized electron and positron

beams in the SM and the GHU model is shown. The left figure shows the
ffiffiffi
s

p
dependence of the total cross sections with unpolarized

electron and positron beams in the SM and the GHU model whose parameter sets are A�, B�, C�. The right figure shows the
ffiffiffi
s

p
dependence of the total cross sections with unpolarized and polarized electron and positron beams in the SM and the GHU model whose
parameter sets are A�. The energy ranges

ffiffiffi
s

p
in the left and right figures are

ffiffiffi
s

p ¼ ½200; 21000� GeV and
ffiffiffi
s

p ¼ ½200; 15000� GeV,
respectively. U, L, R stand ðPe− ; PeþÞ ¼ ð0; 0Þ; ð−0.8;þ0.3Þ; ðþ0.8;−0.3Þ, respectively.
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the electron and the positron, except around the Z0 boson
mass scale. Since the coupling constants of the W and Z
bosons to the left-handed leptons are different from that of
the W and Z bosons to the right-handed leptons, the cross
section depend on the initial polarizations of the electron
and the positron. Furthermore, since the parity violation of
the W boson to the leptons are larger than that of the Z
boson to the leptons, the vector boson fusion (VBF) process,
in which the W boson gives the main contribution, depends
more strongly on the initial polarizations than the Zh
process, in which the Z boson gives the main contribution.
The coupling constants of the Z0 bosons to the leptons
depend on the sign o the bulk masses. When the bulk mass
is negative, the coupling constants to the left-handed
fermions is larger, and when the bulk mass is positive,

the coupling constant to the right-handed fermions is larger.
As a result, the magnitude of the cross section by polari-
zation at resonance energies strongly depends on the sign of
the bulk mass.
In Fig. 5, the

ffiffiffi
s

p
dependence of the total cross sections of

the e−eþ → νν̄h process with unpolarized electron and
positron beams in the SM and the GHU model whose
parameter set is A− is shown up to

ffiffiffi
s

p ¼ 1 TeV. The
contributions to the total cross sections from the VBF, Zh,
and interference (other) in the SM and the GHU model are
decomposed and displayed in the left and right figures,
respectively. There is almost no difference between the cross
sections in the SM and the GHU model for

ffiffiffi
s

p
≤ 1 TeV. In

both the SM and the GHU model, the main contribution
comes from the Zh process below

ffiffiffi
s

p
≃ 350 GeV, while the

FIG. 5. The
ffiffiffi
s

p
dependence of the total cross sections of the e−eþ → νν̄h process with unpolarized electron and positron beams is

shown. The left figure shows the
ffiffiffi
s

p
dependence of the cross sections for total, vector boson fusion (VBF) only, Zh only, and

interference between VBF and Zh processes only in the SM. The right figure shows the
ffiffiffi
s

p
dependence of the cross sections for total,

VBF from Z boson, Zh from Z boson, and the others without VBF and Zh only from Z boson in the
GHU model with the parameter set A−. The others includes such as VBF and Zh including at least one KK mode. The energy
ranges

ffiffiffi
s

p
in the figures are

ffiffiffi
s

p ¼ ½200; 1000� GeV.

FIG. 6. The
ffiffiffi
s

p
dependence of the deviation from the SM in the GHU model with six parameter sets A�, B�, C� for total cross

sections Δννh
σ ðPe− ; PeþÞ is shown. The left and right figures show the center-of-mass energies

ffiffiffi
s

p ¼ ½200; 1000� GeV and ðPe− ; PeþÞ ¼
ð−0.8;þ0.3Þ and ðþ0.8;−0.3Þ, respectively. The gray regions represent the 1σ statistical errors in the SM at each

ffiffiffi
s

p
with 1 ab−1 by

using the decay mode of the Higgs boson h to two photons γγ, where the branching ratio for the SMHiggs boson withmH ¼ 125 GeV is
given by Brðh → γγÞ ¼ 2.27ð1� 0.021Þ × 10−3 [16].
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main contribution comes from the VBF process aboveffiffiffi
s

p
≃ 350 GeV, where the contributions from the Zh and

VBF processes depend on the initial polarizations of the
electron and the positron.
In Fig. 6, the

ffiffiffi
s

p
dependence of the deviation from the

SM in the GHU model with six parameter sets A�, B�, C�
for the total cross sections Δννh

σ are shown, where
Δffh

σ ðPe− ; PeþÞ is given in Eq. (A45). The left and right
figures show the center-of-mass energies

ffiffiffi
s

p ¼
½200; 1000� GeV and ðPe− ; PeþÞ ¼ ð−0.8;þ0.3Þ and
ðþ0.8;−0.3Þ, respectively. The 1σ statistical errors are
estimated in the SM at each

ffiffiffi
s

p
with 1 ab−1 by using the

decay mode of the Higgs boson h to two photons γγ, where
the branching ratio for the SM Higgs boson with mH ¼
125 GeV is given by Brðh → γγÞ ¼ 2.27ð1� 0.021Þ ×
10−3 [16]. The branching ratio of the Higgs boson to the
final state of the muon pair, whose energy and momentum
can be well observed experimentally with high precision, is
very small, where Brðh → μ−μþÞ ¼ 2.18ð1� 0.017Þ ×
10−4 [16]. We refer to the decay of the Higgs boson to
two photons, but the analysis of the signal by hadron jets in
the ILC experiment is currently in progress. The mass
reconstruction of the Higgs boson by using bottom quark
pairs and τ lepton pairs may be available, which have
much larger branching ratios of the Higgs boson, where
Brðh→ bb̄Þ¼ 5.82ð1�0.013Þ×10−1 and Brðh→ τ−τþÞ¼
6.27ð1�0.016Þ×10−2 [16]. If so, the deviation from the
SM in the GHU model can be explored by using the
e−eþ → νν̄h process.
In Fig. 7, the

ffiffiffi
s

p
dependence of the left-right asymmetry

of the e−e− → νν̄h process Aννh
LR ðPe− ; PeþÞ and the

deviation of the left-right asymmetry from the SM
Δννh

ALR
ðPe− ; PeþÞ with ðPe− ; PeþÞ ¼ ð−0.8;þ0.3Þ are shown,

where Aννh
LR ðPe− ; PeþÞ and Δννh

ALR
ðPe− ; PeþÞ are given in

Eqs. (A46) and (A48), respectively. From Eq. (A47), when
ðPe− ; PeþÞ ¼ ð∓ 0.8;�0.3Þ and σννhLL ≫ σννhRR ; σ

ννh
LR ; σ

ννh
RL ,

we find Aννh
LR ðPe− ¼ −0.8; Peþ ¼ þ0.3Þ ≃ 0.887. Thus, we

confirmed that when
ffiffiffi
s

p
is sufficiently large, the main

contribution to the e−eþ → νν̄h process comes almost
exclusively from the VBF processes. Furthermore, the
deviation from the SM becomes smaller when

ffiffiffi
s

p
is larger.

Therefore, it it very difficult to confirm the deviation from
the SM by using the left-right asymmetry of the e−eþ →
νν̄h process.

C. e− e+ → e− e +h
Here we calculate the total cross section of the e−eþ →

e−eþh process given in Eq. (A43). The cross section of the
e−eþ → e−eþh process is smaller than that of the e−eþ →
νν̄h process in all energy regions unless the initial polari-
zation of the electron (the positron) is extremely right-
handed (left-handed). Therefore, this process is usually a
subdominant Higgs boson production process.
The following figures in this subsection are made by

using exactly the same formula and calculations as those
in the previous subsection IV B, except for the difference
between the final and intermediate state particles, and their
coupling constants. The explanation of the figures is
basically the same as in the previous section. We will omit
duplicated explanations.
In Fig. 8, the

ffiffiffi
s

p
dependence of the total cross sections of

the e−eþ → e−eþh process with unpolarized and polarized
electron and positron beams in the SM and the GHU model
are showed. The left figure shows the

ffiffiffi
s

p
dependence of the

total cross sections with unpolarized electron and positron
beams in the SM and the GHUmodel whose parameter sets
are A�, B�, C�. The right figure shows the

ffiffiffi
s

p
dependence

of the total cross sections with polarized electron and

FIG. 7. The left-right asymmetry of the e−eþ → νν̄h process Aννh
LR ðPe− ; PeþÞ in the SM and the GHU model and the deviation of the

left-right asymmetry from the SM in the GHU model Δννh
ALR

ðPe− ; PeþÞ are shown. The left and right figures show the
ffiffiffi
s

p
dependence of

Aννh
LR ðPe− ; PeþÞ and Δννh

ALR
ðPe− ; PeþÞ with the polarization ðPe− ; PeþÞ ¼ ð−0.8;þ0.3Þ and the six parameter sets A�, B�, C�. The energy

ranges
ffiffiffi
s

p
in the left and right figures are

ffiffiffi
s

p ¼ ½200; 3000� GeV, ffiffiffi
s

p ¼ ½200; 1000� GeV, respectively. The gray region represents the
statistical error explained in Table VI.
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positron beams in the SM and the GHU model whose
parameter sets are A�. In both the figures, the main
contribution to the peak around

ffiffiffi
s

p
≃ 250 GeV comes

from the e−eþ → Z → Zh → e−eþh process, and the main
contributions to the peaks around Oð10Þ TeV come from

the e−eþ → Z0ð¼ Zð1Þ; Zð1Þ
R Þ → Zh → e−eþh process for

each parameter set. We verify that the contribution to the
e−eþ → e−eþh process from the KK gauge bosons is
small, independent of the KK masses and initial polariza-
tion of the electron and the positrons, except around the Z0
boson mass scale.
From Figs. 4 and 8, we confirm that the cross section of

the e−eþ → νν̄h process is larger than that of the e−eþ →
e−eþh process, unless the initial polarization is extremely
right-handed polarization since the coupling constants of
the W boson to the left-handed leptons are larger than the
coupling constants of the Z boson to leptons.
In Fig. 9, the

ffiffiffi
s

p
dependence of the total cross sections of

the e−eþ → e−eþh process in the SM and the GHU model
whose parameter set is A− with unpolarized electron and
positron beams are shown up to

ffiffiffi
s

p ¼ 1 TeV. There is

almost no difference between the cross sections in the SM
and the GHU model. In both the SM and the GHU model,
the main contribution comes from the Zh process belowffiffiffi
s

p
≃ 500 GeV, while the main contribution comes from

the VBF process above
ffiffiffi
s

p
≃ 500 GeV, where the con-

tributions from the Zh and VBF processes depend on the
initial polarizations of the electron and the positron.
In Fig. 10, the

ffiffiffi
s

p
dependence of the deviation from the

SM in the GHU model with six parameter sets A�, B�, C�
for the total cross sections Δeeh

σ ðPe− ; PeþÞ are shown.
As the same as in Fig. 6, the left and right figures show
the center-of-mass energies

ffiffiffi
s

p ¼ ½200; 1000� GeV and
ðPe− ; PeþÞ ¼ ð−0.8;þ0.3Þ and ðþ0.8;−0.3Þ, respectively.
The 1σ statistical errors are estimated in the SM at each

ffiffiffi
s

p
with 1 ab−1 by using the decay mode of the Higgs boson h
to two photons γγ, where the branching ratio for the SM
Higgs boson with mH ¼ 125 GeV is given by Brðh →
γγÞ ¼ 2.27ð1� 0.021Þ × 10−3 [16].
In Fig. 11, the

ffiffiffi
s

p
dependence of the left-right

asymmetry Aeeh
LR ðPe− ; PeþÞ and the deviation from the

SM of the left-right asymmetry Δeeh
ALR

ðPe− ; PeþÞ with

FIG. 8. The
ffiffiffi
s

p
dependence of the total cross sections of the e−eþ → e−eþh process with unpolarized and polarized electron and

positron beams in the SM and the GHU model are shown. Other information is the same as in Fig. 4.

FIG. 9. The
ffiffiffi
s

p
dependence of the total cross sections of the e−eþ → e−eþh process with unpolarized electron and positron beams in

the SM and the GHU model are shown for the left and right figures, respectively. Other information is the same as in Fig. 5.
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ðPe− ;PeþÞ¼ð−0.8;þ0.3Þ are shown, where Aeeh
LR ðPe− ; PeþÞ

and Δeeh
ALR

ðPe− ; PeþÞ are given in Eqs. (A46) and (A48).
Although the deviation from the SM of the left-right
asymmetry is quite large, but the number of events are
small due to the small cross section. Therefore, it it very
difficult to confirm the deviation from the SM by using the
left-right asymmetry of the e−eþ → e−eþh process.

V. SUMMARY AND DISCUSSIONS

In this paper, we analyzed the three main single Higgs
boson production processes e−eþ → Zh, e−eþ → νν̄h,
and e−eþ → e−eþh. For the Higgs strahlung process
e−eþ → Zh, we showed that for a parameter region satisfy-
ing the current experimental constraints (mKK ≥ 13 TeV,
θH ≤ 0.10), a maximum deviation from the SM is about up
to 6% for

ffiffiffi
s

p ¼ 250 GeV and that from the SM is about up
to 20% for

ffiffiffi
s

p ¼ 500 GeV, depending on the initial polar-
izations of the electron and the positron. The deviation from
the SM in the GHU model is monotonically increasing with

respect to
ffiffiffi
s

p ≲ 1 TeV. By observing the decay mode
of the Z boson to the muon pair for

ffiffiffi
s

p ¼ 250 GeV,
Lint ¼ 1 ab−1, and ðPe− ;PeþÞ¼ð∓0.8;�0.3Þ, the deviation
from the SM is larger than 3σ for mKK ≳ 15 TeV. By
observing the decay mode of the Z boson to the muon
pair for

ffiffiffi
s

p ¼ 500 GeV, Lint ¼ 2 ab−1, and ðPe− ; PeþÞ ¼
ð∓ 0.8;�0.3Þ, the deviation from the SM is larger than 3σ
formKK ≳ 20 TeV. We also showed that the sign of the bulk
mass of the electron multiplet in the GHU model can be
determined by examining the deviation of the left-right
symmetry of the e−eþ → Zh process from the SM. The
e−eþ → νν̄h process gives the main contribution to the
single Higgs boson production at sufficiently high

ffiffiffi
s

p
, but in

the GHU model a sufficiently large deviation from the SM
can only be observed at energy scales close to the Z0
boson mass.
Although we focuses on single Higgs boson production

processes in this paper, double Higgs boson production
processes are important to determine the self-coupling
constant of the Higgs boson because we need to confirm

FIG. 11. The left-right asymmetry of the e−e− → e−eþh process and the deviation of the left-right asymmetry Δeeh
ALR

ðPe− ; PeþÞ from
the SM are shown. Other information is the same as in Fig. 7.

FIG. 10. The deviations from the SM in the GHU model with six parameter sets A�, B�, C� for total cross sections Δeeh
σ ðPe− ; PeþÞ

are shown for
ffiffiffi
s

p ¼ ½200; 1000� GeV and ðPe− ; PeþÞ ¼ ð−0.8;þ0.3Þ and ðþ0.8;−0.3Þ, respectively. Other information is the same as
in Fig. 6.
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whether the currently observed Higgs boson fully satisfies
the properties of the Higgs boson predicted by the SM or
not. In the GHU model, it is shown in Ref. [32] that the
coupling constants of the Higgs boson to the W and Z
bosons are very close to those in the SM, while the cubic
and quartic self-coupling constants of the Higgs boson in
the GHUmodel are deviated from those in the SM for about
8% and 30%, respectively. According to Ref. [110], the
total cross section of the main double Higgs boson
production e−eþ → Zhh at

ffiffiffi
s

p ¼ 500 GeV is about
0.1 fb, where the main contribution comes from the
e−eþ → Zh → Zhh process. Even if almost all the decay
modes of the Higgs boson could be used in the analysis,
the 1σ statistical error of the e−eþ → Zhh process is about
5% by the ILC experiment with

ffiffiffi
s

p ¼ 500 GeV and
Lint ¼ 4 ab−1. Therefore, it is difficult to check the
deviation from the SM in the GHU model at the ILC
experiment. The planned experiments at higher

ffiffiffi
s

p
, such as

the CLIC experiment, may confirm the deviation of the
self-coupling constant of the Higgs boson from the SM by
using a double Higgs boson production process e−eþ →
νeν̄ehh because the cross section of the process becomes
larger when

ffiffiffi
s

p
becomes larger, where the main contribu-

tion comes from the e−eþ → νeν̄eWþW− → νeν̄eh →
νeν̄ehh process.
We comment on electroweak precision measurements.

In this paper, we focus on the search for the GHUmodel by
using the single Higgs boson production processes. By
comparing the exploration region of the KK mass in the
GHU model by using the single Higgs boson production
processes with that by using the fermion pair production
processes analyzed in Ref. [33], we find that fermion pair
production processes can be explored to higher KK mass
scale. Therefore, the first sign of the new physics in the
ILC experiment is expected to be found not in the Higgs
boson production process but in the fermion pair produc-
tion processes because the cross section in the electron-
positron collider experiments is larger for the fermion pair
production processes than for the single Higgs boson
production processes. This analysis of the Higgs boson
production process provides one important piece of infor-
mation to distinguish the GHU model from other new
physics models.
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APPENDIX: CROSS SECTION

In this section, we give the formulas necessary to
calculate observables of the e−eþ → Zh and e−eþ →
ff̄h processes, where ff̄ stands for a pair of fermions
such as the electron and the positron (e−eþ).

1. Cross section of e− e + → Zh

In the SM, the contribution to the cross section of
e−eþ → Zh comes from the e−eþ → Z → Zh process at
tree level. In the GHU model, additional contributions
come from not only the e−eþ → Z0 → Zh process but also
the interference between the e−eþ → Z → Zh process and
the e−eþ → Z0 → Zh process.

a. Amplitude of e − e+ → Zh

The s-channel production process of Zh via vector
bosons Va ¼ Z; Z0 is given by

e−Xðpe−ÞeþX̄ ðpeþÞ → Vaðq ¼ pe− þ peþ ¼ pZ þ phÞ
→ ZðpZÞhðphÞ; ðA1Þ

where X ¼ L, R, L̄ ¼ R, R̄ ¼ L. The amplitude of the
e−eþ → Zh process is given by

MX ¼ JXμ ϵμ�ðpZÞQX; ðA2Þ

where ϵμ is a polarization vector of the finial state of the Z
boson, JXμ is the fermion current defined as

JXμ ≔ v̄ðpeþÞγμPXuðpe−Þ; ðA3Þ

and

QX ≔
X
a

gXVae
gVaZh

ðq2 −m2
Va
Þ þ imVa

ΓVa

; ðA4Þ

where X ¼ L, R; PR=L ¼ ð1� γ5Þ=2; gLVae
and gRVae

are the
coupling constants of the left- and right-handed electron
(the right- and left-handed positron) to the gauge boson Va,
respectively; gVaZh is the coupling constant of the gauge
bosons Va and Z to the Higgs boson h;mVa

and ΓVa
are the

mass and the total decay width of Va.

b. Kinematics of e − e+ → Zh

We use the following four moments for the initial state of
the electron (e−) and the positron (eþ), and the final state of
the Z boson (Z) and the Higgs boson (h) in the center-of-
mass system:
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pe− ¼
ffiffiffi
s

p
2

ð1; 0; 0;þ1Þ; peþ ¼
ffiffiffi
s

p
2

ð1; 0; 0;−1Þ
pZ ¼ ðEZ;þκ sin θ; 0;þκ cos θÞ; ph ¼ ðEh;−κ sin θ; 0;−κ cos θÞ;
q ¼ ð ffiffiffi

s
p

; 0; 0; 0Þ; ðA5Þ

where we neglect the mass of electron; mZ and mh stand for the masses of the Z boson and the Higgs boson, respectively;

κ ≔
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½s − ðmZ þmhÞ2�½s − ðmZ −mhÞ2�

p
2

ffiffiffi
s

p ¼ λ1=2ðs;m2
Z;m

2
hÞ

2
ffiffiffi
s

p ;

λðα; β; γÞ ≔ α2 þ β2 þ γ2 − 2αβ − 2αγ − 2βγ ¼ ðα − β − γÞ2 − 4βγ. ðA6Þ

From the above, we find

ðpe− · pZÞ ¼
s
2
ðEZ − p cos θÞ; ðpeþ · pZÞ ¼

s
2
ðEZ þ p cos θÞ: ðA7Þ

The Mandelstam variables are given by

s ¼ ðpe− þ peþÞ2 ¼ ðpZ þ phÞ2 ¼ q2; t ¼ ðpe− − pZÞ2 ¼ ðpeþ − phÞ2 ¼ m2
Z −

ffiffiffi
s

p ðEZ − κ cos θÞ;
u ¼ ðpe− − phÞ2 ¼ ðpeþ − pZÞ2 ¼ m2

Z −
ffiffiffi
s

p ðEZ þ κ cos θÞ; sþ tþ u ¼ m2
Z þm2

h: ðA8Þ

c. Cross section of e − e + → Zh

For the e−Xe
þ
X̄ → Zh process, when only vector bosons are involved in the intermediate states, the cross section of the

initial states of the polarized electron and positron is given by

dσZh

d cos θ
ðPe− ; Peþ ; cos θÞ ¼

1

4

�
ð1 − Pe−Þð1þ PeþÞ

dσZhL
d cos θ

ðcos θÞ þ ð1þ Pe−Þð1 − PeþÞ
dσZhR
d cos θ

ðcos θÞ
�
; ðA9Þ

where Pe− and Peþ are the initial polarizations of the electron and the positron, and σZhL and σZhR are cross sections of
e−Le

þ
R → Zh and e−Re

þ
L → Zh, respectively:

dσZhX
d cos θ

ðcos θÞ ≔ dσ
d cos θ

ðe−XeþX̄ → ZhÞ ¼ κ

16πs
ffiffiffi
s

p jMXj2; ðA10Þ

where the formula for the differential cross section in the SM is given in, e.g., Refs. [16,111]. The amplitude of the
e−Xe

þ
X̄ → Zh process can be obtained by using the standard method of calculation given in e.g., Ref. [111] as

jMXj2 ¼ jQXj2s
2m2

Z þ κ2 sin2 θ
m2

Z
; ðA11Þ

where QX¼L;R are defined in Eq. (A4). Therefore, we find the differential cross section of the e−ðPe−ÞeþðPeþÞ → Zh
process with the initial polarizations Pe� as

dσZh

d cos θ
ðPe− ; Peþ ; cos θÞ ¼

1

4
ðð1 − Pe−Þð1þ PeþÞjQLj2 þ ð1þ Pe−Þð1 − PeþÞjQRj2Þ

κ

16π
ffiffiffi
s

p 2m2
Z þ κ2sin2θ

m2
Z

: ðA12Þ

The total cross section of the e−eþ → Zh process with the initial polarizations can be defined by integrating the
differential cross section in Eq. (A9) with the angle θ

σZhðPe− ; PeþÞ ≔
Z

1

−1

dσZh

d cos θ
ðPe− ; Peþ ; cos θÞd cos θ; ðA13Þ
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where the minimum and maximal values of cos θ are
determined by each detector and we cannot use date near
cos θ ≃�1. By using Eq. (A12), the total cross section of
e−eþ → Zh is given by

σZhðPe− ; PeþÞ ¼
1

4
ð1 − Pe−Þð1þ PeþÞσZhL

þ 1

4
ð1þ Pe−Þð1 − PeþÞσZhR ; ðA14Þ

where

σZhX ≔
Z

1

−1

dσZhX
d cos θ

ðcos θÞd cos θ ¼ jQXj2
κ

12π
ffiffiffi
s

p 3m2
Z þ κ2

m2
Z

;

ðA15Þ

where X ¼ L, R; QX is given in Eq. (A4).
The statistical error of the cross section σZhðPe− ; PeþÞ is

given by

ΔσZhðPe− ; PeþÞ ¼
σZhðPe− ; PeþÞffiffiffiffiffiffiffiffi

NZh
p ;

NZh ¼ Lint · σZhðPe− ; PeþÞ; ðA16Þ

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

ΔZh
σ ðPe− ; PeþÞ ≔

½σZhðPe− ; PeþÞ�GHU
½σZhðPe− ; PeþÞ�SM

− 1; ðA17Þ

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

d. Left-right asymmetry of e− e + → Zh

As the same in fermion pair productions, we can define a
left-right asymmetry [33,36,86,87,93] of the e−eþ → Zh
process as

AZh
LR ≔

σZhL − σZhR
σZhL þ σZhR

¼ jQLj2 − jQRj2
jQLj2 þ jQRj2

; ðA18Þ

where σZhX and QX (X ¼ L, R) are given in Eqs. (A4) and
(A15), respectively.

An observable left-right asymmetry is defined as

AZh
LRðPe− ; PeþÞ ≔

σZhðPe− ; PeþÞ − σZhð−Pe− ;−PeþÞ
σZhðPe− ; PeþÞ þ σZhð−Pe− ;−PeþÞ

ðA19Þ

for Pe− < 0 and jPe− j > jPeþj. From Eq. (A12), we find

AZh
LRðPe− ; Peþ ; cos θÞ ¼ −

Pe− − Peþ

1 − Pe−Peþ

jQLj2 − jQRj2
jQLj2 þ jQRj2

:

ðA20Þ

The relation between the theoretically defined left-right
asymmetry AZh

LR given in Eq. (A18) and the observable
left-right asymmetry AZh

LRðPe− ; PeþÞ given in Eq. (A20) is
given by

AZh
LR ¼

1

−Peff
AZh
LRðPe− ;PeþÞ; Peff ≔

Pe− −Peþ

1−Pe−Peþ
: ðA21Þ

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

ΔAZh
LR ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
NZh

L NZh
R

p � ffiffiffiffiffiffiffiffi
NZh

L

p
þ

ffiffiffiffiffiffiffiffi
NZh

R

p �
ðNZh

L þ NZh
R Þ2 ; ðA22Þ

where NZh
L ¼ Lintσ

ZhðPe− ; PeþÞ and NZh
R ¼ Lintσ

Zh

ð−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. (A18) is characterized by

ΔZh
ALR

≔
½AZh

LR�GHU
½AZh

LR�SM
− 1: ðA23Þ

2. Cross section of e− e + → f f̄ h

The cross sections of the e−eþ → νν̄h process via the
W� bosons and of the e−eþ → e−eþh process via the Z
bosons are estimated in Refs. [112–114]. When we con-
sider the cross section of the e−eþ → ff̄h processes ðff̄ ¼
νν̄; e−eþÞ in the SM, we need to take into account not only
the vector boson fusion process e−eþ → ff̄VV → ff̄h but
also the Zh process e−eþ → Z → Zh → ff̄h. In the GHU
model, additional contributions come from the W0 and Z0
bosons.

a. Amplitude of e− e + → f f̄VV → f f̄ h

The Higgs boson production processes via vector gauge
bosons Va ¼ Wð0Þ� or Zð0Þ are given by
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e−Xðp1ÞeþȲ ðp2Þ → νeðp3Þν̄eðp4ÞWð0Þ−ðq1 ¼ p1 − p3ÞWð0Þþðq2 ¼ p2 − p4Þ → νeðp3Þν̄eðp4ÞhðphÞ
e−Xðp1ÞeþȲ ðp2Þ → e−ðp3Þeþðp4ÞZð0Þðq1 ¼ p1 − p3ÞZð0Þðq2 ¼ p2 − p4Þ → e−ðp3Þeþðp4ÞhðphÞ; ðA24Þ

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; p3 and p4 are
the momenta of the final states of fermions; and ph is the momenta of the Higgs boson. The amplitude is given by

MXY
VVh ¼

X
Va;Vb¼fWð0Þg or fZð0Þg

gVaVbhg
X
Vae

gYVbe
gμνJXYμν

1

ðq21 −m2
Va
Þ þ imVa

ΓVa

1

ðq22 −m2
Vb
Þ þ imVb

ΓVb

; ðA25Þ

where we defined

JXYμν ≔ ūðp3ÞγμPXuðp1Þv̄ðp2ÞγνPYvðp4Þ; ðA26Þ

and PR=L ¼ ð1� γ5Þ=2. We neglected electron and neutrino masses.
After some tedious calculations, we obtain

X
spin

jMXY
VVhj2 ¼ 16

X
Va;Vb;Vc;Vd¼fWð0Þg or fZð0Þg

gVaVbhg
�
VcVdh

×

� gXVae
gXVbe

gX�Vce
gX�Vde

ðp1 · p2Þðp3 · p4Þ for X ¼ Y

gXVae
gYVbe

gX�Vce
gY�Vde

ðp1 · p4Þðp2 · p3Þ for X ≠ Y

�

×
1

ðq21 −m2
Va
Þ þ imVa

ΓVa

1

ðq22 −m2
Vb
Þ þ imVb

ΓVb

1

ðq21 −m2
Vc
Þ − imVc

ΓVc

1

ðq22 −m2
Vd
Þ − imVd

ΓVd

: ðA27Þ

b. Amplitude of e − e+ → Zð0Þ → Zð0Þh → f f̄ h

The Higgs boson production processes via neutral gauge bosons Va ¼ Z; Z0 are given by

e−Xðp1ÞeþȲ ðp2Þ → Zð0Þðq01 ¼ p1 þ p2Þ → Zð0Þðq02 ¼ p3 þ p4ÞhðphÞ → νðp3Þν̄ðp4ÞhðphÞ;
e−Xðp1ÞeþȲ ðp2Þ → Zð0Þðq01 ¼ p1 þ p2Þ → Zð0Þðq02 ¼ p3 þ p4ÞhðphÞ → e−ðp3Þeþðp4ÞhðphÞ; ðA28Þ

The amplitude is given by

MXY
Zh ¼

X
Va;Vb¼fZð0Þg

gVaVbhg
X
Vae

gYVbe
gμνJ0XYμν

1

ðq021 −m2
Va
Þ þ imVa

ΓVa

1

ðq022 −m2
Vb
Þ þ imVb

ΓVb

; ðA29Þ

where we define J0XYμν ðX; Y ¼ L;RÞ as

J0XYμν ¼ v̄ðp2ÞγμPXuðp1Þūðp3ÞγνPYvðp4Þ: ðA30Þ

By the same calculation as for the square of the amplitude given in Eq. (A27), we find

X
spin

jMXY
Zh j2 ¼ 16

X
Va;Vb;Vc;Vd¼fZð0Þg

gVaVbhg
�
VcVdh

×

� gXVae
gXVbe

gX�Vce
gX�Vde

ðp1 · p3Þðp2 · p4Þ for X ¼ Y

gXVae
gYVbe

gX�Vce
gY�Vde

ðp1 · p4Þðp2 · p3Þ for X ≠ Y

�

×
1

ðq021 −m2
Va
Þ þ imVa

ΓVa

1

ðq022 −m2
Vb
Þ þ imVb

ΓVb

1

ðq021 −m2
Vc
Þ − imVc

ΓVc

1

ðq022 −m2
Vd
Þ − imVd

ΓVd

; ðA31Þ

where when the fermion pair in the final state is e−eþ, gL=RVbe
, and gL=RVde

are gauge coupling constants of the left- or

right-handed electron, while when the fermion pair in the final state is νeν̄e, g
L=R
Vbe

and gL=RVde
are gauge coupling constants of

the left-handed or right-handed neutrinos The gL=RVae
and gL=RVce

are always the gauge coupling constants of the left-handed or
right-handed electron.
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c. Interference of e− e + → f f̄VV → f f̄ h and e − e + → Zð0Þ → Zð0Þh → f f̄ h

The square of the amplitude of the eþXe
−
Y → ff̄h process is given by

jMXY j2 ¼ jMXY
VVh þMXY

Zh j2 ¼ jMXY
VVhj2 þ jMXY

Zh j2 þ 2ReðMXY
VVhM

XY�
Zh Þ: ðA32Þ

The last term stands for the interference term between e−eþ → ff̄VV → ff̄h and e−eþ → Zð0Þ → Zð0Þh → ff̄h. This term
also need to be calculated.
As the same as Eqs. (A25) and (A29), after some tedious calculations, we find

2Re

"X
spin

MVVhM�
Zh

#
¼ −16Re

� X
Va;Vb¼fWð0Þg or fZð0Þg

X
Vc;Vd¼fZð0Þg

gVaVbhg
�
V�
cVdh

×

8><
>:

gXVae
gXVbe

gX�Vce
gX�Vde

Aþ igXVae
gXVbe

gX�Vce
gX�Vde

B for X ¼ Y ¼ L

gXVae
gXVbe

gX�Vce
gX�Vde

A − igXVae
gXVbe

gX�Vce
gX�Vde

B for X ¼ Y ¼ R

0 for X ≠ Y

9>=
>;

×
1

ðq21 −m2
Va
Þ þ imVa

ΓVa

1

ðq22 −m2
Vb
Þ þ imVb

ΓVb

1

ðq021 −m2
Vc
Þ − imVc

ΓVc

1

ðq022 −m2
Vd
Þ − imVd

ΓVd

�
;

ðA33Þ

where

A ≔ ðp1 · p4Þðp2 · p3Þ þ ðp1 · p3Þðp2 · p4Þ − ðp1 · p2Þðp3 · p4Þ; B ≔ pα
1p

β
2p

γ
3p

δ
4ϵγβαδ: ðA34Þ

d. Kinematics of e − e+ → f f̄ h

In the center-of-mass system of the initial electron and
positron, the initial energies are E1 ¼ E2 ¼

ffiffiffî
s

p
=2, where ŝ

is the center-of-mass energy for the initial electron and
positron. When we take the same convention in Ref. [113],
we define η and ζ as

E3 ¼ ð1 − ηÞ 1
2

ffiffiffî
s

p
; E4 ¼ ð1 − ζÞ 1

2

ffiffiffî
s

p
; ðA35Þ

so that the energy of the Higgs boson is

Eh ¼ ðηþ ζÞ 1
2

ffiffiffî
s

p
: ðA36Þ

The final state momenta lie in a plane and

ðphÞ2 ¼ ðp3 þ p4Þ2 ¼ E2
h −m2

h: ðA37Þ

We define the angle of θ by

cos θ ¼ −p̂3 · p̂4 ¼ 1 − 2
ζη − m2

h
ŝ

ð1 − ζÞð1 − ηÞ : ðA38Þ

The kinematic boundaries occur for cos θ ¼ �1, and the
allowed region must be satisfied as

ζη ≥
m2

h

ŝ
; ζ þ η ≤ 1þm2

h

ŝ
: ðA39Þ

To specify the final state in the center-of-mass system of
the initial electron and positron, we take the following
basis:

p̂1 ¼ x̂; p̂2 ¼ −x̂; p̂3 ¼ x̂ cos α cos β þ ŷ sin α − ẑ sin β cos α;

p̂4 ¼ −x̂ cosðα − θÞ cos β − ŷ sinðα − θÞ þ ẑ sin β cosðα − θÞ: ðA40Þ
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The Lorentz scalars are given as

ðp1 · p2Þ ¼
1

2
ŝ; ðp2 · p3Þ ¼

1

4
ð1 − ηÞð1 − cos α sin βÞŝ;

ðp1 · p3Þ ¼
1

4
ð1 − ηÞð1þ cos α sin βÞŝ; ðp3 · p4Þ ¼

1

4
ð1 − ζÞð1 − ηÞð1þ cos θÞŝ;

ðp1 · p4Þ ¼
1

4
ð1 − ζÞð1 − cosðα − θÞ sin βÞŝ; ðp2 · p4Þ ¼

1

4
ð1 − ζÞð1þ cosðα − θÞ sin βÞŝ;

ðq1Þ2 ¼ −
1

2
ð1 − ηÞð1þ cos α sin βÞŝ; ðq2Þ2 ¼ −

1

2
ð1 − ζÞð1þ cosðα − θÞ sin βÞŝ;

ðq01Þ2 ¼ ŝ; ðq02Þ2 ¼
1

2
ð1 − ζÞð1 − ηÞð1þ cos θÞŝ: ðA41Þ

e. Cross section of e− e + → f f̄ h

The differential cross section of the e−eþ → ff̄h process is given by

dσffh ¼ 1

16ð2πÞ4ŝ jMj2dE3dE4dαd cos β ¼ 1

64ð2πÞ4 jMj2dηdζdαd cos β; ðA42Þ

by using the formula in, e.g., Refs. [16,113]. The total cross section with the initial polarization of the electron and the
positron is give by

σffhðPe− ; PeþÞ ¼
1

4
fð1 − Pe−Þð1þ PeþÞσffhLL þ ð1þ Pe−Þð1 − PeþÞσffhRR

þ ð1 − Pe−Þð1 − PeþÞσffhLR þ ð1þ Pe−Þð1þ PeþÞσffhRL g; ðA43Þ

where

σffhXY ≔
1

64ð2πÞ4
Z

1

m2
h
ŝ

dη
Z

1þm2
h
ŝ −η

m2
h

ŝη

dζ
Z

2π

0

dα
Z

1

−1
d cos βjMXY j2; ðA44Þ

where jMXY j2ðX; Y ¼ L;RÞ are given by substituting Eqs. (A27), (A31), and (A33) into Eq. (A32). and we omitted
P

spin

to simplify our notation.
The amount of the deviation of the cross section of the e−eþ → ff̄h process from the SM in the GHU model is given by

Δffh
σ ðPe− ; PeþÞ ≔

½σffhðPe− ; PeþÞ�GHU
½σffhðPe− ; PeþÞ�SM

− 1; ðA45Þ

where ½σffhðPe− ; PeþÞ�GHU and ½σffhðPe− ; PeþÞ�SM stand for the cross sections of the e−eþ → ff̄h process in the SM and
the GHU model, respectively.

f. Left-right asymmetry of e − e+ → f f̄ h

Unlike the left-right asymmetry of the e−eþ → Zh process, we cannot define a left-right asymmetry of the e−eþ → ff̄h
process that does not depend on the initial polarization of electron and positron even if the off-shell particles are limited to
vector bosons only. Still we can define a left-right asymmetry that depends on the initial polarization of the electron and the
positron as

Affh
LR ðPe− ; PeþÞ ≔

σffhðPe− ; PeþÞ − σffhð−Pe− ;−PeþÞ
σffhðPe− ; PeþÞ þ σffhð−Pe− ;−PeþÞ

ðA46Þ

for Pe− < 0 and jPe− j > jPeþj. By using Eq. (A43), we find
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Affh
LR ðPe− ; PeþÞ ¼ −

ðPe− − PeþÞðσffhLL − σffhRR Þ − ðPe− þ PeþÞðσffhLR − σffhRL Þ
ð1 − Pe−PeþÞðσffhLL þ σffhRR Þ þ ð1þ Pe−PeþÞðσffhLR þ σffhRL Þ : ðA47Þ

We can define the amount of the deviation from the SM in Eq. (A46) as

Δffh
ALR

ðPe− ; PeþÞ ≔
½Affh

LR ðPe− ; PeþÞ�GHU
½Affh

LR ðPe− ; PeþÞ�SM
− 1; ðA48Þ

where ½Affh
LR ðPe− ; PeþÞ�GHU and ½Affh

LR ðPe− ; PeþÞ�SM are Affh
LR ðPe− ; PeþÞ in Eq. (A47) calculated with the parameter sets of

the SM and the GHU model.
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