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Single Higgs boson production at electron-positron colliders in gauge-Higgs unification
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We examine contributions to single Higgs boson production processes via Z' and W’ bosons in the
SU(3)¢c x SO(5)y, x U(1)y gauge-Higgs unification (GHU) model. In particular, we analyze the cross
sections of three single Higgs boson production processes e"e™ — Zh, e"e™ — vih, and e"e™ — e"e™h
in the SM and the GHU model. For the Higgs strahlung process e~e¢™ — 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 /s = 250 GeV and that from the SM is
about up to 20% for /s = 500 GeV, depending on the initial polarization of electron and positron. The
deviation from the SM is monotonically increasing with respect to /s for /s < 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~e™ — Zh process from the SM.
The contributions to the cross sections of the e"e¢™ — voh and e~ e™ — e~e™ h processes via the Z' and W’
bosons are relatively small compared to that for e”e™ — Zh at least for /s < 1 TeV. As is the same as in
the SM, the e~e™ — vih process gives a main contribution to the single Higgs boson production processes
for /s 2 500 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 (C?) [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.
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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 m;, = 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 O; SU(3) x SO(5)y x U(1)y 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
mgg 2 13 TeV and the AB phase 6y < 0.1 [35]. The
gauge coupling constants of the Higgs boson to the W and
Z bosons are approximately equal to the corresponding
coupling constants in the SM multiplied by cos 8. The
coupling constants of the Higgs boson to the quarks and
the leptons are approximately equal to those in the SM
multiplied by cos@y or cos?(0y/2) depending on the
SO(5),y, 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 8y < 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 GHU model 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 Z’ and
W’ bosons. The Z' bosons are mixed vector bosons of
U(l)y, U(1),(c SU(2),), and U(1)g(C SU(2)g), where
SU(2); x SU(2)r € SO(5). The W' bosons are mixed
vector bosons of SO(5),/(U(1), x U(1)g). The SU(3)x
SO(5)y x U(1)y GHU models can be roughly classified
into two types of models depending on whether the SO(5),,
representations of the quarks and the leptons are vector or
spinor representations. The GHU model whose fermions
belong to the spinor representation of SO(5)y, [26,31-36]
can be regarded as a low-energy effective description of the
GHU model based on the SO(11) 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, 0y <0.10 and mgg = 13 TeV are obtained as
parameter constraints of the GHU model by using the Z’
and W’ boson search results for the pp - £v and pp —
£~¢* processes at the LHC at /s = 13 TeV with up to
140 tb~! data [66-71].

The e~e™ collider experiment is capable of searching
for signals in the GHU model up to the KK mass scale
mgg of tens of times the center-of-mass energy /s of
e~e' [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 Z' and W’ 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~et — ff (ff = u~ut,ce, bb, 7). For exam-
ple, the total cross section of the e"e™ — pu~u™ process at
/s = 250 GeV in the GHU model whose mgg ~ 13 TeV
and 6y = 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 (/s = 250 GeV,
integral luminosity L;, = 250 fb!) even when myy is
slightly larger than the current experimental constraint
mygg =~ 13 TeV. The cross section of the Bhabha scattering
e”eT — e~e™ 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
myy 1s slightly larger than the current experimental con-
straint mgg = 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”e™ —
Zh is the main single Higgs boson production process for
/s <500 GeV, and the W~ W gauge boson fusion proc-
ess e"et - voW*W™* — vbh is the main single Higgs
boson production process for /s = 500 GeV [10,97,98],
where the contributions depend on the initial polarizations
of the electron and the positron. There are the Z' and W’
bosons in the GHU model, 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~e™ — Zh
and e"e* — ffh (ff = vb, e”e") 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~et — Zh, e~e" — vbh, and
e"et > e"eth to clarify the difference between the
predictions of the cross sections in the SM and the GHU
model. For the Higgs strahlung process e~ e™ — 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 /s = 250 GeV and that from the
SM is about up to 20% for /s = 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 when
\/s is increasing for /s <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~e®™ — Zh process from
the SM. The deviation of the left-right asymmetry of the
e~e™ — Zh process from the SM in the GHU model can be
large even when /s is not so large. We show that the
deviations of the e~e™ — vvh and e”e™ — e"e'h proc-
esses from the SM in the GHU model are relatively small
compared to the deviations of the e"et — Zh process at
least for /s <1 TeV.

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 present numerical results for the cross
sections of the three Higgs boson production processes
eet - Zh, e et — vvh, and e et — e“eth. Section V
is devoted to summary and discussions. In the Appendix,
we give the formulas for the cross sections of the e"e™ —
Zhand e~et — ffh (ff = v,0,, e e*) processes, involv-
ing the Z' and W’ 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 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. [26], 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 [107]:

ds* = gyndxMdxN = e720Wy, dxtdx’ + dy?,  (2.1)
where M,N =0, 1, 2, 3, 5, u, v=0, 1, 2, 3, y:xs,
M = diag(=1, +1,+1,+1), o(y) = oy +2L) = o(-y),
and o(y) =ky for 0 <y < L. By using the conformal

coordinate z =¢eX (1 <z<z, =e) in the region
0 <y < L, the metric is rewritten by

1 dz?
ds* = 2 (nwdx"dx” + k—Zz) (2.2)

The bulk region 0 <y < L (1 < z < z;) is anti-de Sitter
(AdS) spacetime with a cosmological constant A = —6k2,
which is sandwiched by the UV brane aty = 0 (z = 1) and
the IR brane at y =L (z=z;). The KK mass scale
is mgg — ﬂ'k/(ZL - 1)

A. Field content
The EW symmetry SU(2), x U(1), is embedded into
SO(5)y x U(1)y symmetry. The associated gauge fields of
SO(5)y and U(1)y are denoted by A,SWO(S)W and Af‘],,(])x,
respectively. 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

(iz ) (.yj =) = P.,»<_AI:;y > (x.y; +y)P;" (2.3)

for each gauge field, where (yy,y;) = (0,L). For the

U(1)y gauge boson Ay ¥, Py=P, =1. For the
SO(5)y, gauge boson A,SWO(S)W, Py=P, = Pio(s)w, where

P3P — diag(I,,—1,). The orbifold BCs of the SO(5),,

symmetry break SO(5)y, to SO(4)y, = SU(2), x SU(2)-
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)y,/SO(4),, part of the 5th dimensional gauge boson.
In the GHU model, extra neutral gauge bosons Z’ corre-
spond to the KK photons y(”), the KK Z bosons Z™, and

the KK Z; bosons ZEQ") (n > 1), where the y, and Z, Zy
bosons are the mass eigen states of the electro-magnetic
(EM) U(1)gy neutral gauge bosons of SU(2),, SU(2)g,
and U(1)y. Extra charged gauge bosons W’ correspond to
the KK W boson W+ (n > 1) and the KK Wj bosons
Wi (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 LI"(” (a =1, 2, 3). The bulk fields LI’E'L 2 obey

14
the following BCs:

SO(S)WySlPa

LP?1,4) (x,yj - )’) =—P, (1.4) (x’ yi+ Y)v (2~4)

where P3°)" = diag(I,, —1,). 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 y* (@ =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.

(SU3)c x SO(S)y)x

Lepton (1,4)_
Brane fermion (1,1),
Brane scalar (1, 4)%

075030-3



FUNATSU, HATANAKA, ORIKASA, and YAMATSU

PHYS. REV. D 107, 075030 (2023)

TABLE II. Parity assignment (P(S)O@W, Pf()(s)W) of the lepton multiplets in the bulk is shown. G,, stands for

SU(2), x SU(2)4(C SO(5)y).

Field (SUB)e xSO(5)w)x G Left-handed Right-handed Name
pa (1,4)_ 77

(144> s : e’u¥r
[2’ 1] (+’+) (_’_) e[lT

VU, U,

[17 2] (_’ _) (+7 +) ¢ /; 7

The brane scalar field @ ; 4)(x) in Table I is responsible
for breaking SO(5)y xU(1)y to SU(2), x U(1)y. A
spinor 4 of SO(5)y, is decomposed into [2,1] & [1,2] of
SO(4)y =~ SU(2); x SU(2)g. We assume that the brane
scalar @y 4) develops a nonvanishing vacuum expectation

value (VEV):

Dy = , (@) = . (2.5)
(14) ( Oy 12)) w (

which reduces the symmetry SO(4),, x U(1)y to the EW
gauge symmetry SU(2), x U(1)y. It is assumed that
w > mygg, which ensures 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 [40]. Accordingly the mass of the neutral physical
mode of @ 4 is much larger than my.

The U(1), gauge boson is a mixed state of U(1)g
(C SU(2)g) and U(1)y gauge bosons. The U(1), gauge
field B, is given in terms of the SU(2), gauge fields AjF
(ag = 1g, 2, 3) and the U(1), gauge field By, by

BY, = sin A% + cos @By, (2.6)

Here the mixing angle ¢ between U(1l), and U(l)y
is given by cos¢ =gs/\/gi +95 and sing = gg/
V9% + g%, where g, and gz are gauge couplings in
SO(5)y and U(1)y, respectively. The 4D SU(2), gauge
coupling is given by g,, = g4/v/L. The 5D gauge coupling
constant ¢3° of U(1), and the 4D bare Weinberg angle at
the tree level, 69, are given by

5D 9a9s . 90 o Sin¢
G = ——, sin = 2.7
! T Y1+ sin?g 27)

The 4D Higgs boson ¢ (x) is the zero mode contained
in the A, = (kz)"'A, component:

Ang)(x’Z):\/L%d)j(x)uH(Z)—f—n.’ up(z) = Z%z_ i
_ L (Ptid
bl =5 <¢4 _i¢3>. (2.8)

Without loss of generality, we assume that (¢,),
(¢a), (¢p3) = 0 and (¢,) # 0, which is related to the AB
phase 0y in the fifth dimension by (¢s) =0yfp,
where f = 25, kV2L7V2 (22 — 1)71/2,

B. Action

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

SEW+lepton — SEW gauge + Slepton

bulk bulk bulk ° (2 : 9)

EW lept :
where Sy 5" and S,0°" are bulk actions of the EW

gauge bosons and the leptons, respectively. The action of

u(1)

each gauge field, Ai,,o(s) Y or A, ¥, is given in the form

1
Spy B8 = / dxvV/—=detG {—tr <Z FMNE,

+2i§(fgf)2+£gh>:|’ (210)

where v/—detG = 1/kz°, z =", tr is a trace over all
group generators for each group, and F is a field strength
defined by

Fyn = 0yAn — ONAy — ig[AM»AN] (2-11)

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 W, , (x,y) in the bulk has its own
bulk-mass parameter ¢ (a =1, 2, 3). The covariant
derivative is given by

1
Dlct) = ey (Du+ gouscl 1Y) - i),

1
Dy = 0y — igAAzst(s)W + i_gBAAI{I(l)X'

5 (2.12)

Here 6/(y) := do(y)/dy and ¢’(y) = kfor0 < y < L. Then
the action for the lepton sector in the bulk is given by
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3

lepton a a a

slevon _ / V=X C S W D)W, (2.13)
a=1

where W, ) = i‘{”{l.“)*yo. By using @?1,4) = ‘P‘(’M)/ZQ, the

bulk part of the fermion action is rewritten by
le ton awdz .
= [ [T Wy

7 e
X |:}/ﬂD” + k(ySDZ - ?L>:| (14)

The action for the brane scalar field @ ; 4)(x) is given by

(2.14)

Sorane = /ds xV—det G6(y) {—(D,@(1.4)) ' D* Dy 4)

- /1<1>(1‘4) (dﬂ q)(1,4) - |W|2>2}7

(14) (2.15)

10
. ara i1
qu)(1_4) = {6ﬂ—lgA ZA”T _ZEQBBﬂ}®<l'4). (216)

a=1

Here SO(5)y, generators {T*} consist of SU(2), and
SU(2)r generators {T%,T%} (a=1, 2, 3) and

0(5)y,/SO(4),, generators {T? =TP/\/2} (p =1, 2,
3, 4). The corresponding canonically normalized gauge
fields are given by

1
- _€abcAbc +Aa4>’
ﬁ<2 e
s = L (Lgaveppe _ pas),
V2 \2

By, represents the U(1)y gauge field.
The action for the gauge-singlet brane fermion y*(x) is
given by

AP = AP (217)

bmnf:_/d5 v_det(;(s( ){ )( yﬂ@ﬂ){ _lMaﬂ)()(ﬂ}
(2.18)

where y*(x) satisfies the Majorana condition y¢ = y;

(¢ . (N i55<+‘72’7*>
X‘(n) ”"(—&)‘e e ) E

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

Sttae = = [ /BTG D] Vg + )

(2.20)

where k‘fﬁ is a coupling constant.

The nonvanishing VEV (@ 4)) # 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

S, — [ 0/ =0e1Ga0) [ = © (s + )
1 _
- Eerﬁ)(aXﬁ] , (2.21)

where m(/j fc’llﬁ wVk.

The VEV of the brane scalar field (®(4)) # 0 also
generates additional brane mass terms for the 4D compo-
nents of the SO(5)y, x U(1)y gauge fields. It follows from
Eq. (2.15) that

2 2
s = [ xv=aeiGoty) {5 alrarm s azare

(g +93)IWI2 B p3on }

. (2.22)

III. PARAMETER SETS

To evaluate cross sections and other observable quan-
tities in single Higgs boson production processes
e~e" = Zh, e"e” = vbh, e"e” — e"e"h 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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TABLE III.  The name of the parameter set and the corresponding z;, k, and sin? 6’%, for each 0y and mgy are
listed. In the SM, sin? 8y, (MS) = 0.23122 + 0.00004 [16]. The column “Name” denotes each parameter set.

Name 0y [rad] mgg [TeV] 7L k [GeV] sin? 69,
A_ 0.10 13.00 3.865 x 10" 1.599 x 10" 0.2306
A, 0.10 13.00 4.029 x 10" 1.667 x 101 0.2318
B_ 0.07 19.00 1.420 x 10'2 8.589 x 10" 0.2309
B, 0.07 19.00 1.452 x 10" 8.779 x 10" 0.2315
C. 0.05 25.00 5.546 x 10'° 4413 x 10" 0.2310
C, 0.05 25.00 5.600 x 100 4.456 x 10™ 0.2313

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 mygg = nk(z; — 1)1
From the constraints on 8y and mgy from the LHC-
Run 2 results in the GHU model [35], we only is positive and A_ denotes the case where the bulk
consider parameters satisfying 6y <0.10 and mass of the lepton is negative.
mgg = 13 TeV. (4) With given siné,, wave functions of the gauge

(Note that possible values of mgy are restricted bosons are fixed. Masses and widths of Z', W, W’
with given 6y [32]. For example, for 65 = 0.10 bosons are listed for each parameter set in Table IV.
7, > 108! to reproduce the top quark mass, and Although information on parameters of the quark
7, <1053 to realize the EW symmetry breaking. sector is also needed when we determine the decay
They lead to mgg ~ [11,15] TeV.) widths of the gauge bosons, the specific values of the

(2) k is determined in order for the Z boson mass m; parameters of the quark sector are omitted since they
to be reproduced, which fixes the warped factor z; are not directly used in this analysis. The parameters
as well. (For the mass formula of Z boson, see of the quark sector are obtained by the same
Ref. [26].) procedure as for the lepton sector. (For more detail,

(3) The bare Weinberg angle #9, in the GHU model is see Ref. [26].)
given in Eq. (2.7). For each value of 8, the value of (5) The bulk masses of the leptons ¢j in Eq. (2.14)
69, is determined self-consistently to fit the ob- are determined so as to reproduce the masses of
served forward-backward asymmetry Agg(e”e™ — i.cl

The parameter sets of (6, mgg), 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, A,
denotes the case where the bulk mass of the lepton

charged leptons, where we denote c},c?,c; as c,,

wut) =0.0169 £0.0013 at /s =m, [16,108], Cy» €. We use the masses of the electron, the muon,
after evaluating the coupling constants of the muon and the tau lepton given by m, = 0.48657 MeV,
to the Z boson with the procedure described below. m, = 102.72 MeV, and m, = 1.7462 GeV at u =
We have checked that each self-consistent value of my [109]. The parameters of the Majorana mass
69, is found after a couple of iterations of this terms and brane interactions in the neutrino sector in

process. Eq. (2.21), M* and mj;ﬁ, are determined so as to

TABLEIV. Masses and widths of Z’, W, W’ bosons are listed for each parameter set listed in Table III. In the SM, agy = 1/128 at the
mass scale of Z boson, m, = 91.1876 GeV, ', = 2.4952 GeV, my, = 80.377 + 0.012 GeV, 'y, = 2.085 £ 0.042 GeV, [16]. The

column “Name” denotes each parameter set in Table III. my, and T'y, (V = VASN z§§>, w,w, WSQ) 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.

m r

m r
mz) | ) z) z\V my Ty My Ty

: wy Ty
Name [TeV] [TeV] [TeV] [TeV] [GeV] [GeV] [TeV] [TeV] [TeV] [TeV]
A_ 10.196 7.840 9.951 0.816 79.98 2.02 10.196 9.802 9.951 0.359
A, 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
B, 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
C, 19.648 10.700 19.137 1.432 79.95 2.02 19.648 12.784 19.137 0.638
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TABLE V. The bulk masses of electron, muon, and tau lepton, c,,c,,c, and the brane interaction parameters of leptons
My, mg ,mp ,,mp_are listed. In the SM, m, = 0.48657 MeV, m, = 102.72 MeV, and m, = 1.7462 GeV at u = my [109]. We
take the neutrino masses: m, = m, =m, = 10712 GeV. The column “Name” denotes each parameter set in Table III.

Name Ce Cy c; M, [GeV] mg, [GeV] mp, [GeV] mg, [GeV]
A_ —1.0067 -0.7929 —0.6753 10° 4.834 x 10° 1.342 x 108 2.949 x 10°
A, +1.0058 +0.7924 +0.6750 10° 8.382 x 1022 6.373 x 10% 4.931 x 102
B_ —0.9828 -0.7791 —0.6670 10° 4.952 x 10° 1.375 x 108 3.021 x 10°
B, +0.9824 +0.7788 +0.6669 10 3.017 x 10 2.294 x 10% 1.775 x 10
C_ —1.0469 —0.8162 —0.6893 100 4.652 x 10° 1.292 x 108 2.838 x 10?
(on +1.0467 +0.8161 +0.6982 10° 1.165 x 102 8.857 x 107! 6.853 x 10%!

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 m, = my, =

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 mpg,(£ = e, u,7) 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

m, = 1072 GeV for reference. For simplicity we
assume that M and m%ﬁ are diagonal to the flavor.
We take MY = Ms6,5 (a.p =1,2,3), mj' =my,
my = mp,, my = mg_, and m% =0 for a # f5. The
neutrino masses are so small that a difference of one
to two orders of magnitude in their masses will not

TABLE VI. Coupling constants of charged vector bosons, W, W/(= W), Wg)) bosons, to leptons in units of
g,/ V/2 are listed. The fine structure constant is the same as in the SM: a(My)™" =127.951 £ 0.009 [16]. In the SM,
gy = e/ sin Oy, while in the GHU g,, = ¢/ sin#),. The coupling constants of W boson to leptons in the SM are
gﬁ,m = 1. When the value is less than 10~*, we write 0.

L
Name g%Vevg g{fVeyg 961/(”@( g()ev(ngb[ gW(R])ey‘, ngg;)eb,,
A_ +0.9976 0 +5.7451 0 +0.0145 0
A, +0.9988 0 —0.2220 0 0 0
B_ +0.9988 0 +5.8583 0 +0.0073 0
B, +0.9994 0 -0.2171 0 0 0
C_ +0.9994 0 +5.5706 0 +0.0035 0
C. +0.9997 0 —0.2316 0 0 0
Name glﬁ/ﬂu# gﬁvﬂyﬂ g€V<”M gﬁvmﬂbu géVﬁe')/m gﬁ,g)wu
A_ +0.9976 0 +5.4705 0 +0.0139 0
A, +0.9988 0 —-0.2222 0 0 0
B_ +0.9988 0 +5.5850 0 -+0.0069 0
B, +0.9994 0 -0.2171 0 0 0
C_ +0.9994 0 +5.2941 0 +0.0034 0
C, +0.9997 0 —0.2316 0 0 0
Name ngTI/T g{fV‘rv, 96‘,( D Uy gf‘/“ )‘”/1 gl‘;VE?1 ) TV, nggi,Un/,
A_ +0.9976 0 +5.2878 0 +0.0134 0
A, +0.9988 0 —0.2217 0 0 0
B_ +0.9988 0 +5.4046 0 +0.0067 0
B, +0.9994 0 —0.2169 0 0 0
C_ +0.9994 0 +5.1077 0 +0.0032 0
C, +0.9997 0 -0.2314 0 0 0
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(6)
)

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.
With given the bulk masses and the brane interaction
parameters, wave functions of fermions are fixed.
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
my, = 12525 £ 0.17 GeV [16].

To evaluate cross sections for single Higgs boson
production processes such as e“et — Zh, e"et — vih,
e~e™ — e~e'h, 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-VIIL

As can be seen from Tables VI-VIII the coupling
constants of the zero modes and the 1st KK modes of
the Z and W 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, Z'(= Z(!), Zg))

and W'(= W), W,f(l)) 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, Z'(= Z(l),Zg)) bosons, to neutrinos in units of
9w = e/ sin 6y, are listed. The coupling constants of Z boson to neutrinos in the SM are (g7 , g5 ) = (0.5703,0) in
units of g,,. Other information is the same as in Table VI.

Name gliug ggu(, gémbe ngyv 925;)% Qgg)be
A_ +0.5687 0 +3.2774 0 —1.0322 0
A, +0.5691 0 —0.1264 0 0 0
B_ +0.5695 0 +3.3413 0 —1.0586 0
B, +0.5697 0 —0.1237 0 0 0
C_ +0.5698 0 +3.1768 0 —1.0099 0
C, +0.5699 0 —0.1320 0 0 0
Name géuﬂ QZ}, gém,,” 95(1),,“ 9%;)”# gzg)
A_ +0.5687 0 +3.1207 0 —0.9852 0
Ay +0.5691 0 —0.1264 0 0 0
B_ +0.5695 0 +3.1854 0 —-1.0114 0
B, +0.5697 0 —0.1237 0 0 0
C_ +0.5698 0 +3.0191 0 —0.9623 0
C, +0.5699 0 —0.1320 0 0 0
Name I, I, Iz, g, T, T,
A_ +0.5691 0 +3.0165 0 —0.9539 0
A, +0.5687 0 —0.1262 0 0 0
B_ +0.5695 0 +3.0825 0 —0.9803 0
B, +0.5697 0 —0.1236 0 0 0
C_ +0.5698 0 +2.9129 0 —-0.9302 0
C. +0.5699 0 -0.1319 0 0 0
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TABLE VIIL

Coupling constants of neutral vector bosons, Z, Z' bosons, to charged leptons in units of g,, =

e/sin®), are listed. The coupling constants of Z boson to charged leptons in the SM are (géﬂ,gi) =

(—0.3065,0.2638) in units of g,,. Other information is the same as in Table VI.

L

Name g5, g%, géme 9§<1‘Je gzg’e gzﬁj%
A_ —0.3058 +0.2629 —-1.7621 —0.0584 —1.0444 0

A, —0.3060 +0.2631 +0.0680 +1.5171 0 +1.3826
B_ —0.3062 +0.2633 —1.7964 —-0.0572 —1.0646 0

B, —0.3063 +0.2634 +0.0665 +1.5459 0 +1.4102
C_ —0.3064 +0.2634 —-1.7082 —-0.0610 —-1.0128 0
C. —0.3065 +0.2635 +0.0710 +1.4690 0 +1.3428
Name 9% I Iy, Ty, Yz, 5,
A_ —0.3058 +0.2629 —1.6778 —0.0584 —0.9969 0

A, —0.3060 +0.2631 +0.0680 +1.4447 0 +1.3197
B_ —0.3062 +0.2633 —-1.7126 —-0.0572 —-1.0173 0
B, —0.3063 +0.2634 +0.0665 +1.4738 0 +1.3474
C_ —0.3064 +0.2634 —-1.6234 —-0.0610 —0.9651 0

C, —0.3065 +0.2635 +0.0710 +1.3961 0 +1.2796
Name 95 95 gém, 95(]), glzlgyr 9§g>T
A_ —0.3058 +0.2629 —-1.6218 —0.0584 —0.9652 0
A, —0.3060 +0.2631 +0.0679 +1.3965 0 +1.2778
B_ —0.3062 +0.2633 —1.6473 —-0.0571 —0.9859 0

B, —0.3063 +0.2634 +0.0664 +1.4262 0 +1.3060
C_ —0.3064 +0.2634 —1.5663 —-0.0610 —0.9330 0

C, —0.3065 +0.2635 +0.0710 +1.3470 0 +1.2370

(i) 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 IX. Coupling constants of gauge bosons to Higgs boson in units of g,, are listed. In the SM, gwwi/ g =
my = 80.38 GeV and g,,,,/9,, = mz/ cos Oy, = 104.00 GeV. When the value is less than 0.1, we write 0.

Name  Iwwn [GeV] gywo, [GeV]  gyaryo, [GeV] Iww [GeV] Iwwi [GeV] Iwwwy [GeV]
A_ +79.60 +395.80 —315.90 +405.14 0 —156.05
A, +79.54 +395.81 -315.62 +405.14 0 —155.92
B_ +79.78 +406.12 -315.67 +414.29 0 —155.67
B, +79.75 +406.12 —315.53 +414.29 0 —155.60
C_ +79.87 +381.16 -318.16 +389.29 0 —156.69
(O +79.85 +381.17 —318.80 +389.29 0 —156.65
Name 9zzh [GCV} 977001 [GCV] 970700y, [GGV} gZZE;)h [GGV} gZ(R')ZE;)h [GGV] gZ“)Zg)h [GGV]
A_ +103.47 +514.84 —410.55 +386.81 0 —148.87
A, +103.55 +515.66 —410.82 +386.56 0 —148.64
B_ +103.74 +528.25 —410.43 +395.33 0 —148.48
B, +103.78 +528.67 —410.57 +395.20 0 —148.37
C_ +103.86 +495.76 —414.64 +371.38 0 —149.45
C, +103.88 +495.96 —414.71 +371.32 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 Agg(e”et — u~pu™) to determine
the value of the Weinberg angle €9,. If the uncertainty of
Apg(e~e™ — u~pu") is reduced by future experiments, we
can use exactly the same method to determine the param-
eters. If the uncertainty of Agg(e~e™ — puu™) is reduced
by a factor of 1/10, the uncertainty of sin’#9, is also
reduced by a factor of about 1/10. However, the (unpo-
larized) forward-backward asymmetry Agg is not a direct
observable in the ILC experiment with polarized electrons
and positrons. Although it is possible to obtain Agg 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 Ay(f = e,p,...) [10,16]. The relations between the
Weinberg angle and the asymmetry parameters are approx-
imately given as

AfgSG— |Qf|sin29§ff>. (3.1)

From this relationship, the accuracy of sin® 6‘£ff is estimated
to be 1/8 times the decision accuracy of A,. This is also
true for sin® 6%, in the GHU model. At present, the accuracy
of sin?#9, is 0(0.1)% by using the currently forward-
backward asymmetry Apg(e”e™ — puut). We expect
that the decision accuracy of sin® 6, will be 0(0.01)%
by using the expected accuracy of the asymmetry parameter
A, at the ILC experiment with /s = 250 GeV and L;, =
2 ab=! [10]; 0(0.001)% by using the expected accuracy of
the asymmetry parameter A, at the ILC experiment with
Vs =myz~912 GeV and L;,, = 100 tb~! [10].

1000 ¢

100

0.10

001

500 1000 5000 10*

Vs [GeV]

FIG. 1.

IV. NUMERICAL ANALYSIS

We calculate cross sections of single Higgs boson
production processes. More specifically, we analyze three
processes e"et — Zh, e"eT — vbh, e"e™ — e"eTh 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 (P,.-,P,+) = (F 0.8,+0.3)
with the ILC experiment in mind.

A.e et - Zh

Here we evaluate observables of the e~e™ — Zh process
in the SM and the GHU model at tree level. We use the
parameter sets A, B,, C, listed in Tables ITI-IX.

In Fig. 1, we show the /s dependence of the total cross
sections of the e"e™ — Zh process in wider range of /s 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 6?"(P,-, P,+) given in Eq. (A14) in
the SM and the GHU model with (P,-,P,+) = (0,0),
where A,, B., C. are the names of the parameter sets
listed in Table III. The right figure shows ¢%*(P,-, P,+) in
the SM and GHU models with the initial states of
polarized and unpolarized electron and positron. U, L,
R stand (P,-,P,+)=(0,0),(-0.8,+0.3),(+0.8,-0.3),
respectively.

From Fig. 1, in the /s < O(1) 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*

e e"> Zh
a[ I I o]
10 —— SM:U === AU -=---- AU #:)
1000 k — SM:L --- A_:L ------ A,:L ,’/’:{I‘.““:.-
< SM:R -~ A:R - AcR gt
— 100k AN
=)
5 1ol
1k
0.1¢
500 1000 5000 104
Vs [GeV]

The total cross sections of the e~e™ — Zh process in the SM and the GHU model 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, By, C. are the names of the parameter sets listed in Table III. The right figure shows the /s dependence of
oZh (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.
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\Js =250 GeV, Liy = 1 ab™!

P,

\Js =500 GeV, Liy =2 ab™!
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FIG. 2. The electron polarization dependence of the deviation from the SM in the GHU models for the total cross sections,
AZH(P,-, P,+), is shown, where we fix P,~ = 0. The gray region represents the 1o statistical error estimated by using the decay mode of
Z to y~ut, where in the first and second figures, we used the sets of the center-of-mass energies and the integrated luminosity
(s, Lin)) = (250 GeV, 1 ab™!), (500 GeV, 2 ab~!), respectively. Note that Br(Z — u~u™) = (3.3662 £ 0.0066)% [16].

beams depend on the sign of the bulk masses. The deviation
from the SM is monotonically increasing with respect to /s
for /s < 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 /s ~ | /mzmyg, where myyx = 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 GHU models for the total cross
sections, AZ"(P,-, P,-), is shown, where AZ"(P,-, P, ) is
given in Eq. (Al7). The 1o statistical errors are
estimated by using the decay mode of the Z boson to p~
and u*, where Br(Z — u~pu™)=(3.3662+0.0066)% [16].

Line = (1 + 1)ab™
10 e =1+ Dab”

-1.0

1500 2000 2500

Vs [GeV]

3000

FIG. 3.

We use the sets of the center-of-mass energies and
the integrated luminosity (1/s, Liy) = (250 GeV, 1 ab™!),
(500 GeV,2 ab~!), 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 /s dependence of the left-right asymmetry
A%l of the e“et — Zh processes and the deviation from
the SM A%" “are shown, where A7} and AZ" are given in
Egs. (A18) and (A23), respectively. The 1o statistical error
in the SM at each /s with 1 ab™! for each polarized initial
electron and positron (P,-,P,+) = (F 0.8,£0.3) is esti-
mated by using the decay mode of Z to pu—u™.

From Fig. 3, we find that for \/s < 2 TeV, the left-right
asymmetry AZ% in the GHU model is larger than that in the
SM when the bulk mass of the leptons is positive, while

1.0 —— : Li"t:,(lﬂ)ab,_l :
—_— A, — C_
[T===7 A, === C, e
0sf— g5 T
_____ B
R et
& 00
~05]
~1o0l— ‘ ‘ ‘ ‘
250 300 350 400 450 500
Vs [GeV]

The /s dependence of the left-right asymmetry of the ee™ — Zh process and the deviation from the SM are shown. The left

figure shows the /s dependence of A7} in the SM and the GHU model. The right figure shows the /s dependence of AZ" . 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, 40.3) by using the decay

mode of Z to y~u*. Other information is the same as in Fig. 2.
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AZ" 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 Z'(= Z(l),ZSQI))
boson, and the Higgs boson, g,,u), and Gy, Are larger
R

than the cubic coupling constant of the Z boson, the Z
boson, and the Higgs boson, g;7,. 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 Z bosons. Some gauge coupling constants of
the zero modes of the right-handed or left-handed leptons to

the 1st KK modes of the Z’ bosons Z(!) and Zg) are larger
than those of zero modes of the leptons to the zero mode of
the Z boson.

In summary, for the e“e™ — Zh process, some of the
coupling constants of the Z’ 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 +/s that is an order of magnitude
smaller than the masses of the Z' bosons can yield
experimentally verifiable predictions.

B.e et > vih
Here we calculate the total cross sections of the e"e™ —
vvh process given in Eq. (A43), where if v 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~et — v,,h process but
also from the e”e™ — v,,h and e~e™ — v, h processes.

e e*— vvh
£
IA)
1000 |
500}
g SM B
S 100} :
E —_— A — C
S A, - c.
B_
10l s k k k
500 1000 5000 10t
Vs [GeV]

In the SM, the contributions to o(e”e™ — v,0,h) and
o(e"e™ - v,D,.h) come only from the processes o(e"et —
Z—Zh—v,p,h) and o(e"e” - Z— Zh— v, 0.h),
respectively. When we ignore the neutrino masses in the
SM, >/ u.0(e e >Z—>Zh—vih)=3c(ee" -
Z—Zh - v,0,h). 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:

teepcO(e"€" > Z = Zh = vioh) ~30(e" et - Z —
Zh - v,0,h).

In Fig. 4, the total cross sections of the e~e™ — vih
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 /s
where resonances due to the KK gauge boson can be
confirmed. The left figure shows the /s dependence of the
total cross sections with unpolarized electron and positron
beams in the SM and the GHU model whose parameter sets
are Ay, B, C.. The right figure shows the /s dependence
of the total cross sections with polarized electron and
positron beams for the SM and the GHU model whose
parameter sets are Ay. In both the figures, the main
contribution to the peak around /s ~250 GeV comes
from the e“et - Z — Zh — voh process, and the main
contributions to the peaks around O(10) TeV come from
thee"e™ — Z/'(= Z(l),Zg)) — Zh — vwh 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*(1), W,f(l), ZM and Z;e”
but the contribution from higher KK modes cannot be
ignored above O(myy ). We verify that for the e”et — vk
process the contribution from the KK gauge bosons is small,
independent of the KK masses and the initial polarization of

e et-> wh
5000 .

1000 ¢
500 F
e
b
100 £
50F
SM:L =--- A_:L
10 L §M:R === AR o A+:‘R
500 1000 5000 1o
Vs [GeV]

FIG. 4. The /s dependence of the total cross sections of the e~e™ — vih process with unpolarized and polarized electron and positron
beams in the SM and the GHU model is shown. The left figure shows the /s dependence of the total cross sections with unpolarized
electron and positron beams in the SM and the GHU model whose parameter sets are A, By, C.. The right figure shows the /s
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 +/s in the left and right figures are /s = [200,21000] GeV and /s = [200, 15000] GeV,
respectively. U, L, R stand (P,-, P,~) = (0,0), (—0.8,40.3), (+0.8, —0.3), respectively.
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FIG. 5. The /s dependence of the total cross sections of the e"e™ — vih process with unpolarized electron and positron beams is
shown. The left figure shows the /s dependence of the cross sections for total, vector boson fusion (VBF) only, Zk only, and
interference between VBF and Zh processes only in the SM. The right figure shows the /s 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 /s in the figures are /s = [200, 1000] GeV.

the electron and the positron, except around the Z’' 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 Z' 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,

(P ,Pe+):(—0.8,+0,3), Limzlatfl

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 /s dependence of the total cross sections of
the e~e™ — vibh process with unpolarized electron and
positron beams in the SM and the GHU model whose
parameter set is A_ is shown up to /s =1 TeV. The
contributions to the total cross sections from the VBF, Z#,
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 /s < 1 TeV. In
both the SM and the GHU model, the main contribution
comes from the Zh process below /s ~ 350 GeV, while the

(Pe’9Pe*):(+O-8s_0-3), Ljn[:13b71
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FIG. 6. The /s dependence of the deviation from the SM in the GHU model with six parameter sets A, B, C, for total cross
sections A¥"(P,-, P,+) is shown. The left and right figures show the center-of-mass energies /s = [200, 1000] GeV and (P,-, P,+) =
(=0.8,40.3) and (+0.8,—0.3), respectively. The gray regions represent the 1o statistical errors in the SM at each /s with 1 ab~! by
using the decay mode of the Higgs boson / to two photons yy, where the branching ratio for the SM Higgs boson with my = 125 GeV is
given by Br(h — yy) = 2.27(1 £ 0.021) x 1073 [16].
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FIG. 7. The left-right asymmetry of the e"e™ — vh process AY4(P,-, P,+) in the SM and the GHU model and the deviation of the
left-right asymmetry from the SM in the GHU model AZ”L’; (P,-, P,+) are shown. The left and right figures show the /s dependence of

AyR (Py-, Po+) and A" (P,-, P,+) with the polarization (P,-, P+) = (—0.8, +0.3) and the six parameter sets A, B, C. The energy
ranges /s in the left and right figures are /s = [200, 3000] GeV, /s = [200, 1000] GeV, respectively. The gray region represents the

statistical error explained in Table VI.

main contribution comes from the VBF process above
/s =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 /s dependence of the deviation from the
SM in the GHU model with six parameter sets A, B, C.
for the total cross sections A%" are shown, where
A" (P,-.P,) is given in Eq. (A45). The left and right
figures show the center-of-mass energies /s =
[200,1000] GeV ~ and (P,-,P.+) = (—0.8,40.3) and
(4+0.8,—0.3), respectively. The 1o statistical errors are
estimated in the SM at each /s with 1 ab~! by using the
decay mode of the Higgs boson 4 to two photons yy, where
the branching ratio for the SM Higgs boson with my =
125 GeV is given by Br(h — yy) =2.27(1 £0.021) x
103 [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 Br(h — p~pu") =2.18(1 +£0.017) x
107 [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 7 lepton pairs may be available, which have
much larger branching ratios of the Higgs boson, where
Br(h— bb) =5.82(140.013) x 10" and Br(h —»777+) =
6.27(1£0.016) x 1072 [16]. If so, the deviation from the
SM in the GHU model can be explored by using the
e~et — vbh process.

In Fig. 7, the /s dependence of the left-right asymmetry
of the ee” — vvh process AY4(P,-,P,) and the
deviation of the left-right asymmetry from the SM
AL (P,-, P, ) with (P,-, P,+) = (=0.8,40.3) are shown,
where A7% (P, P.+) and A" (P,-,P,:) are given in

Eqgs. (A46) and (A48), respectively. From Eq. (A47), when
(Pe-,P,+) = (F0.8,£0.3) and &% > o, o4, o4,
we find AY4(P,- = —0.8, P,+ = +0.3) ~ 0.887. Thus, we
confirmed that when /s is sufficiently large, the main
contribution to the e~e™ — vbh process comes almost
exclusively from the VBF processes. Furthermore, the
deviation from the SM becomes smaller when +/s is larger.
Therefore, it it very difficult to confirm the deviation from
the SM by using the left-right asymmetry of the e”e™ —
vvh process.

C.ee* >e e*h

Here we calculate the total cross section of the e”et —
e~e™h process given in Eq. (A43). The cross section of the
e~et — e~eth process is smaller than that of the e"et —
vvh 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 /s dependence of the total cross sections of
the e“e* — e~e™h process with unpolarized and polarized
electron and positron beams in the SM and the GHU model
are showed. The left figure shows the /s dependence of the
total cross sections with unpolarized electron and positron
beams in the SM and the GHU model whose parameter sets
are Ay, B, C. The right figure shows the /s dependence
of the total cross sections with polarized electron and
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FIG. 8. The /s dependence of the total cross sections of the e~e™ — e~e*h 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.

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 /s ~250 GeV comes
from the e“e™ — Z — Zh — e~ e™h process, and the main
contributions to the peaks around O(10) TeV come from
the e"e™ - Z/(= Z('),Zg)) — Zh — e~ et h process for
each parameter set. We verify that the contribution to the
e“et = e"eh 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 Z’
boson mass scale.

From Figs. 4 and 8, we confirm that the cross section of
the e~e™ — vwh process is larger than that of the e”e™ —
e~e™h 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 /s dependence of the total cross sections of
the e“e™ — e~e™h process in the SM and the GHU model
whose parameter set is A_ with unpolarized electron and
positron beams are shown up to /s = 1 TeV. There is

Np—————— . I
25f ]
20F - 1
& 15k e 3
5 g SM: Total
10f el ---- VBF ]
;‘;r - T Zh
5p D Interference
QE=27 s . TTmemmeeeees
200 400 600 800 1000
Vs [GeV]

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 below
/s 2500 GeV, while the main contribution comes from
the VBF process above /s ~ 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 /s dependence of the deviation from the
SM in the GHU model with six parameter sets A, B4, C
for the total cross sections A/ (P,-,P,+) are shown.
As the same as in Fig. 6, the left and right figures show
the center-of-mass energies /s = [200, 1000] GeV and
(P,-,P,) = (—0.8,40.3) and (+0.8,—0.3), respectively.
The 1o statistical errors are estimated in the SM at each /s
with 1 ab~! by using the decay mode of the Higgs boson &
to two photons yy, where the branching ratio for the SM
Higgs boson with my = 125 GeV is given by Br(h —
yy) = 2.27(1 £0.021) x 1073 [16].

In Fig. 11, the /s dependence of the left-right
asymmetry A$"(P,-,P,) and the deviation from the
SM of the left-right asymmetry A4 (P,-,P,) with

Vp————— T ———
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FIG.9. The /s dependence of the total cross sections of the e”e™ — e~e™ h 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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FIG. 10. The deviations from the SM in the GHU model with six parameter sets A, B, C. for total cross sections Af,“”(Pe-, P,)

are shown for /s = [200, 1000] GeV and (P,-, P+ )
in Fig. 6.
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FIG. 11. The left-right asymmetry of the e"e~ — e~ e h process and the deviation of the left-right asymmetry Agii (P,-,P,+) from

the SM are shown. Other information is the same as in Fig. 7.

(P.-,P,+)=(—0.8,+0.3) are shown, where A¢%(P,-, P,+)
and Af‘ii‘((Pe-,Pf) are given in Egs. (A46) and (A43).
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"e™ — e~ e™h process.

V. SUMMARY AND DISCUSSIONS

In this paper, we analyzed the three main single Higgs
boson production processes e~eT — Zh, e"et — vih,
and e~e™ — e“eth. For the Higgs strahlung process
e~ et — Zh, we showed that for a parameter region satisfy-
ing the current experimental constraints (mygg > 13 TeV,
0y < 0.10), a maximum deviation from the SM is about up
to 6% for /s = 250 GeV and that from the SM is about up
to 20% for /s = 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 /s <1 TeV. By observing the decay mode
of the Z boson to the muon pair for /s = 250 GeV,
Ly =1 ab™!, and (P,-,P,+) = (F0.8,40.3), the deviation
from the SM is larger than 30 for mygg = 15 TeV. By
observing the decay mode of the Z boson to the muon
pair for /s =500 GeV, L, =2 ab~!, and (P,-,P,+) =
(F 0.8, £0.3), the deviation from the SM is larger than 3¢
for mgk = 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“e™ — Zh process from the SM. The
e~e™ — vph process gives the main contribution to the
single Higgs boson production at sufficiently high /s, but in
the GHU model a sufficiently large deviation from the SM
can only be observed at energy scales close to the Z’
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
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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 GHU model 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~et — Zhh at /s =500 GeV is about
0.1 fb, where the main contribution comes from the
e“et — Zh — Zhh process. Even if almost all the decay
modes of the Higgs boson could be used in the analysis,
the 1o statistical error of the e”e™ — Zhh process is about
5% by the ILC experiment with /s = 500 GeV and
Ly = 4 ab™'. Therefore, it is difficult to check the
deviation from the SM in the GHU model at the ILC
experiment. The planned experiments at higher /s, 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”e™ —
v,U,hh because the cross section of the process becomes
larger when +/s becomes larger, where the main contribu-
tion comes from the e“e™ — v, 0, WW~ - v,0,h —
v,U,hh process.

We comment on electroweak precision measurements.
In this paper, we focus on the search for the GHU model 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”et — Zh and e e —
ffh processes, where ff stands for a pair of fermions
such as the electron and the positron (e~e™).

1. Cross section of e~ e* — Zh

In the SM, the contribution to the cross section of
e~et — Zh comes from the e"e™ — Z — Zh process at
tree level. In the GHU model, additional contributions
come from not only the e"e™ — Z’ — Zh process but also
the interference between the e"et — Z — Zh process and
the e~e™ — Z' — Zh process.

a. Amplitude of e"e* — Zh

The s-channel production process of Zh via vector
bosons V, = Z, 7’ is given by

e)_((pe’>e§(pe+) - Va(q =P T Pet =Pz +ph)

= Z(pz)h(ps)- (A1)

where X =L, R, L =R, R = L. The amplitude of the
e~ et — Zh process is given by
MX = Tie" (pz)Qx. (A2)

where €* is a polarization vector of the finial state of the Z
boson, Jff is the fermion current defined as

= 0(pe )y Pxu(pe-) (A3)

and

Oy = Z anegvaZh
Y- my,) +imy Iy,

(A4)

where X = L, R; Pry;, = (1 £75)/2; gy , and g§ , are the
coupling constants of the left- and right-handed electron
(the right- and left-handed positron) to the gauge boson V,,
respectively; gy zj, is the coupling constant of the gauge
bosons V, and Z to the Higgs boson h; my_and Ty are the
mass and the total decay width of V.

b. Kinematics of e et — Zh

We use the following four moments for the initial state of
the electron (e™) and the positron (e™), and the final state of
the Z boson (Z) and the Higgs boson (%) in the center-of-
mass system:
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pe-—\g—(l 0,0,+1), pe+—%(1 0,0,—1)
pz = (Ez, +ksin, 0, +k cos6), pn = (Ej, —ksin,0, —k cos 0),
q=(1/5,0,0,0), (AS)

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

\/[S — (mz + mh)z] [s — (mz — mh)z] /11/2(5’ m% mzzq)

K= 2\/5 = 2\/5 ,
Ma, fy) = + > + 7> =2ap = 2ay =2y = (a = —y)* — 4py. (A6)
From the above, we find
K s
(P pz) =5(Ez = peost).  (per - pz) =5 (Ez + pcos). (A7)

The Mandelstam variables are given by

s=(pe-+ 1) =pz+01)?=d*  t=(po —pz)* = (per — pp)* =my—/s(E; —kcos?),

U= (pe- = pn)* = (Per = pz)* = mz — V/s(Ez +xcos 0), S+t 4 u=mz+mj. (A8)

c. Cross section of e"e™ — Zh

For the eye; — 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

Zh Zh

1 doy do¥
(P,-, P+, cos0) —4{(1 P.-)(1 +Pe+)dcose(cos0)+(l—i—Pef)(l Pe+)dcosg(cos9)}, (A9)

dO'Zh
dcos@

where P,- and P, are the initial polarizations of the electron and the positron, and 67" and 6%" are cross sections of
erep — Zh and egef — Zh, respectively:

do%" (cos ) = do
dcosO " dcos6

(exey = Zh) = |MX|2

K
Al0
167s+\/s (A10)

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

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

2 2 2 o 29
MY = |Qyfps 22T X ST, (A1)
m

VA

where Qy_;  are defined in Eq. (A4). Therefore, we find the differential cross section of the e™(P,-)e*(P,+) — Zh
process with the initial polarizations P, as

dO.Zh

dcosd

K 2m% + k*sin?0
167\/s m’

The total cross section of the e”e™ — Zh process with the initial polarizations can be defined by integrating the
differential cross section in Eq. (A9) with the angle 6

(=P )(1+ P )|Qr + (1 4+ P )(1 = Per) | Qpl?) (A12)

ENy-

(P, P,r,cos0) =

Zh(P,- P,) = /1 do”" (P,-, P,-,cos0)dcos @ (A13)
eV | dceos < '
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where the minimum and maximal values of cos@ are
determined by each detector and we cannot use date near
cos @ ~ +1. By using Eq. (A12), the total cross section of
e~e™ — Zh is given by

1
UZh(Pe’vPe+) :Z(l _Pe’)(l +Pe+)0%h
1
+Z(1 +P,-)(1 =P, )o%",  (Al4)
where
1 dolh Kk 3m%+«?
Zh X 2 Z
= [ X (cos@)dcosd = Mz Tk
ox /_1dcos9(cos Jdeos = O o e
(A15)

where X = L, R; Qy is given in Eq. (A4).
The statistical error of the cross section 6% (P,-, P,+) is
given by

GZh(Pe‘vPﬁ)

NZh
NZh = Liy - GZh(Pe"Pe*)’

El

Ac?M(P,-,P,) =
(A16)

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

[GZh(Pe’v Pe*)]GHU _
[O-Zh<Pe’vPe+)]SM

AZN(P,-, P, = 1, (A17)

where [67"(P,-, P,+)]guy and [67"(P,-, P,+ )]sy stand for
the cross sections of the e~e™ — Zh process in the SM and
the GHU model, 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~e®™ — Zh
process as

Zh . G%h _O'%h _ |QL‘2 - |QR|2
ot + g QL) + |0k

(A18)

where U)Z(h and Oy (X = L, R) are given in Egs. (A4) and
(A15), respectively.

An observable left-right asymmetry is defined as

GZh(Pe"Pﬁ) - GZh(_Pe" _Pe+)
GZh(Pe"Pﬁ) +02h(_Pe"_Pe+)
(A19)

A%}IE(Pe"Pﬁ) =

for P,- <0 and |P,-| > |P,+|. From Eq. (A12), we find

_ Pe' _Pfr |QL|2 - |QR|2
1 _Pe'PeJr |QL|2 + |QR|2
(A20)

AZn(P,-, P+, cos0) =

The relation between the theoretically defined left-right
asymmetry A%% given in Eq. (A18) and the observable
left-right asymmetry A% (P,-, P,+) given in Eq. (A20) is
given by

P-—-P,

AZh = e
LR 1—P, P,

AZ(Py- Pyi),  Peyi= (A21)

T Leff

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

Zh __
AALR =2 (N%h + N%h)2

. (A22)

where N?' = L, 6*"(P,-,P,-) and N%"= L %"
—P,-,—P,:) are the numbers of the events for P,- <0
and |P,-| > |P,+|. The amount of the deviation from the
SM in Eq. (A18) is characterized by

—~

Zh . [A%??]GHU _

= (A23)
A (A7 s

2. Cross section of e~ e* — ffh

The cross sections of the e“e’ — vih process via the
W* bosons and of the e"e™ — e~eth process via the Z
bosons are estimated in Refs. [112—114]. When we con-
sider the cross section of the e~e™ — ffh processes (ff =
vp, e”e™) in the SM, we need to take into account not only
the vector boson fusion process e~e* — ffVV — ffhbut
also the Zh process e~e* — Z — Zh — ffh. In the GHU
model, additional contributions come from the W’ and Z’
bosons.

a. Amplitude of e~e* — ffVV — ffh

The Higgs boson production processes via vector gauge
bosons V,, = W* or ZU) are given by

075030-19



FUNATSU, HATANAKA, ORIKASA, and YAMATSU PHYS. REV. D 107, 075030 (2023)

ex(p)ed (p2) = ve(p3)0.(pa) W (g, = p1 = p3 )W (g2 = P2 — pa) = ve(P3)0(Pa)h(P1)
ex(pr)es (p2) = e (p3)e (p)ZV(qy = p1 — p3)Z" (g2 = P2 — pa) = €= (p3)e" (pa)h(py). (A24)

where X,Y = L, R; L = R, R = L; p, and p, are the momenta of the initial states of electron and positron; p; and p, are
the momenta of the final states of fermions; and p,, is the momenta of the Higgs boson. The amplitude is given by

1 1
My W Vh Gy, e 90, 8T (A25)
e VH,V;;{WZ”} or {Z"} e (q% ) + va FV ( - mV ) + lthFVh

where we defined

Iy = u(p3)y, Pxu(pr)v(p2)y,Pyv(pa). (A26)

and Pg/; = (1 £ys5)/2. We neglected electron and neutrino masses.
After some tedious calculations, we obtain

g{(/ eg)‘5 eg{(/*eg{(/*e< ' 2)(173 : p4) for X =Y
S OIMEP = > 9y, vuh 9y, v X { ) ‘ }

spin VoV Ve Vy={W"}or {Z"} 9{/ engeg)\g enge(p : p4)(p2 ' p3) for X #Y
1 1 1 1

X - - - . (A27)
(g3 - mV )+ imy Ty (g3 m%,b) +imy, Ty, (g3 - m%,c) —imy Ty (g3 - m%,d) —imy Iy,

b. Amplitude of e"e* — ZV) - ZVh — ffh

The Higgs boson production processes via neutral gauge bosons V, = Z,Z’ are given by

ex(pi)el (pa) = ZV(q) = pi + p2) = ZV(dh = p3 + pa)h(pn) = v(p3)o(pa)h(py).
ex(p1)es (pa) = 2V, = p1+ p2) = ZV(dh = p3 + pa)h(ps) = e (p3)e™ (pa)h(py). (A28)
The amplitude is given by

1 1

My = G v1 9y, 9,9 T . . ) (A29)
“ v, vbz;z o) VTV T (g — my) + imy, Ty, (qF = m3,) + imy, Ty,
where we define J;;;" (X.Y = L,R) as
Tt = 0(p2)y,Pxu(pr)i(p3)y, Pyv(pa). (A30)
By the same calculation as for the square of the amplitude given in Eq. (A27), we find
XY 12 " g}\g eg{(/begé* g}\g[ie( p3)( p4) for X =Y
Z‘Mzﬂ =16 Z v, v,h 9y v ,n X
spin ViV Ve V,={Z"} gV engeg)‘S enge( p4)( p?) for X #Y
1 1 1 1
% (A31)

(4 - m%,) +imy I'y, (45 - m%/,,) +imy, 'y, (47 - m%,) —imy T'y, (45 — m%,d) —imy 'y,

where when the fermion pair in the final state is e~e™, g‘L/ f, and g‘L,ﬁ 1: are gauge coupling constants of the left- or

right-handed electron, while when the fermion pair in the final state is v,7,, g‘% f and g% f are gauge coupling constants of

the left-handed or right-handed neutrinos The g‘% f and g‘L,{ f are always the gauge coupling constants of the left-handed or

right-handed electron.
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c. Interference of e"e* — ffVV — ffh and e"e* — Z") = ZUh — ffh

The square of the amplitude of the ej;ey; — ffh process is given by
MY = MY, + MEP = MY, + IMEFT? + 2Re(Mi, MZ™). (A32)
The last term stands for the interference term between e~ et — ffVV — ffhand e et — Z") - ZU)h — ffh. This term

also need to be calculated.
As the same as Egs. (A25) and (A29), after some tedious calculations, we find

2Re ZMVVhMEh] = —16Re{ Z Z gvavbhgt/;v,,h
spin Vi Vp={WO}or {z0} v, v,={z")}
T e 9V, IV GV T 19V, 90, eI oGy B for X =Y =L
x g)‘gaegi(/beg{(/jeg)\gjeA - ig{gaeg{(/beg)\gfeg{(/:eB forX=Y =R
0 for X #Y
o 1 1 1 1
(g3 - m%,a) +imy Ty (43 - m%,b) + imy,Ty, (47 — m%,‘) —imy Ty (q% — m%,d) —imy Iy |’
(A33)
where
A= (p1-pa)(pa-p3) + (Pr-p3)(p2-pa) = (1 P2)(P3-pa). B = PiPaD,Pi€spas: (A34)
|
d. Kinematics of e"e* — ffh (Pn)? = (p3 +ps)? = E2 —m3. (A37)
In the center-of-mass system of the initial electron and
positron, the initial energies are E; = E, = v/§/2, where § ~ We define the angle of 6 by
is the center-of-mass energy for the initial electron and
positron. When we take the same convention in Ref. [113], o — ”j
we define  and ¢ as cosf =—p3-py=1-2—"7T—-"——. (A38)
! T (1= 1)
Ey=(1-p) 1 NG E,=(1-¢) 1 V3, (A35) The kinematic boundaries occur for cos @ = +1, and the
2 2 allowed region must be satisfied as
so that the energy of the Higgs boson is m2 m2
rz=t CEn<l4+=t (A39)
1
E,=(n+0)5Vs A36 . . ,
n=(1+¢) 2 y ( ) To specify the final state in the center-of-mass system of
the initial electron and positron, we take the following
The final state momenta lie in a plane and basis:
|
p =X, p. = —X, P; = Xcosacosf + ysina — Zsin ff cos a,
ps = —Xcos(a — ) cos f — ysin(a — 0) + Zsin fcos(a — 6). (A40)
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The Lorentz scalars are given as

(pi-p2) =55 (prpy) = (1= n)(1 ~cosasinp)s
(pr-ps) =3 (1 =m(1 +eosasing)s. (ps-pa) =4 (1 =51 =n)(1 + cosO)s,
(p1-pa) =3 (1 =01 —cos(a=)sinp)s, (p- py) = (1= )1 +cos(a— ) sinp)s.

(%)2:—%(1—77)(1+cosasinﬁ)§, (q2)* = —

(@) =3 (¢h)*=

(I =¢)(1 + cos(a— @) sinp)s,

(1=¢)(1=n)(1 + cos 0)$. (A41)

| =

e. Cross section of e"e* — ffh

The differential cross section of the e"et — ffh process is given by

1 1
dO'ffh = m |M |2dE3dE4dad COSﬂ = W |M |2dndCdad COSﬂ, (A42)

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

Uffh(Pe”Pe+) = %{(1 _Pe_)(l +Pe+)0‘££h + (1 +Pe')(1 _Pe+)0-£j;€h
+(1=Pr)(1=Pp)op + (14 P )(1+ Pe)ogy' ), (A43)

where

2, (A44)

”lz
1 1 14+—L—p 27 1
gffh::i/zd /2 S d / d / d MXY
XY 642yt Jri n - ¢ L da ] cos /3|

where [MXY|2(X, Y = L, R) are given by substituting Egs. (A27), (A31), and (A33) into Eq. (A32). and we omitted ;.
to simplify our notation. B
The amount of the deviation of the cross section of the e~e™ — ffh process from the SM in the GHU model is given by

_ [O-ffh(Pe’vPN)}GHU _

A" (P, P, ) = 1, (A45)
[foh(Pe’7Pe+)]SM

where [6//"(P,-, Py+)]|guy and [6/7"(P,-, P, )|y stand for the cross sections of the e~e™ — ffh process in the SM and
the GHU model, respectively.

f. Left-right asymmetry of e"e* — ffh

Unlike the left-right asymmetry of the e"e™ — Zh process, we cannot define a left-right asymmetry of the e~e™ — ffh
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

AL P,y e O (P Per) ~ 0N (=P =Py

= - A46
o/""(P,-,P,) + /" (=P, ,—P,+) (Ad6)

for P,- <0 and |P,-| > |P,+|. By using Eq. (A43), we find
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h
AP, P,) = —

(P = Per) (o]} = o) = (Per + Per) ot = 03))

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

. (A47)
(1=PP) (o) + o) + (1 + PP )(o)h + o))
AR (P, P
AP Py = e P Pe oy (A4)

“fh
[AJR (P -, Pot)sm

where [AJR (P, P, )|guy and [AJRY(P -, Po+ gy are ALK (P, P,+) in Eq. (A47) calculated with the parameter sets of

the SM and the GHU model.
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