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Fermion pair production at e”e™ linear collider experiments with polarized ¢~ and e™ beams is
examined in the GUT inspired SO(5) x U(1) x SU(3) gauge-Higgs unification. There arises large parity
violation in the couplings of leptons and quarks to Kaluza-Klein (KK) excited neutral vector bosons Z's,
which leads to distinctive polarization dependence in cross sections, forward-backward asymmetries, left-
right asymmetries, and left-right forward-backward asymmetries in various processes. Those effects are
detectable even for the KK mass scale up to about 15 TeV at future e~e* linear collider experiments with

energies 250 GeV to 1 TeV.
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I. INTRODUCTION

The standard model (SM) in particle physics has been
established at low energies. However, it is not yet clear
if the observed Higgs boson has exactly the same pro-
perties as those in the SM. It is necessary to determine the
Higgs couplings to quarks, leptons, SM gauge bosons, and
the Higgs self-couplings with better accuracy in future
experiments.

There remain uneasy points in the Higgs boson sector in
the SM. While the dynamics of the SM gauge bosons, the
photon, W and Z bosons, and gluons is governed by the
gauge principle, the dynamics of the Higgs boson in the SM
is not. Higgs couplings of quarks and leptons as well as
Higgs self-couplings are not regulated by any principle. At
the quantum level, there arise huge corrections to the Higgs
boson mass, which have to be canceled and tuned by hand
to obtain the observed 125 GeV mass. One way to achieve
the stabilization of the Higgs boson mass against quantum
corrections is to identify the Higgs boson with the zero
mode of the fifth-dimensional component of the gauge
potential [1-6]. This scenario is referred to as gauge-Higgs
unification (GHU).
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In GHU, the Higgs field appears as a fluctuation mode
of the Aharonov-Bohm (AB) phase 0y in the fifth dimen-
sion. The SU(3). x SO(5) x U(1)y gauge theory in the
Randall-Sundrum (RS) warped space has been proposed in
Refs. [7-15]. It gives nearly the same phenomenology at
low energies as the SM [10-12,16]. Deviations of the gauge
couplings of quarks and leptons from the SM values are
less than 0.1% for 0y ~0.1. Higgs couplings of quarks,
leptons, and W and Z bosons are approximately the SM
values times cos 6; the deviation is about 1%. In one type
of model, the Kaluza-Klein (KK) mass scale turns out about
mgg =~ 8 TeV for 8y ~0.1. KK excited states contribute in
intermediate states of the two y decay of the Higgs boson.
Their contribution is finite and very small. The signal
strengths of various Higgs decay modes are approximately
cos? O times the SM values. The branching fractions of
those decay modes are approximately the same as in
the SM.

GHU predicts Z’ bosons, which are the KK modes of y,
Z, and Zg. They are mixed vector bosons of U(1)y,
U(1), cSU(2),, and U(1)g C SU(2)x where SU(2), %
SU(2)g € SO(5). In the model with quark-lepton multip-
lets introduced in the vector representation of SO(5), which
is referred to as the A model below, masses of Z’ bosons are
in the 6-9 TeV range for ; = 0.11-0.07. They have broad
widths and can be produced at the 14 TeV Large Hadron
Collider. The current nonobservation of Z' signals puts
the limit 6y < 0.11. Distinct signals of the gauge-Higgs
unification can be found in e~et collisions [17-21].
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Large parity violation appears in the couplings of quarks
and leptons to KK gauge bosons, particularly to the Z’
bosons. In the A model, right-handed quarks and charged
leptons have rather large couplings to Z' bosons. The
interference effects of Z’' bosons can be clearly observed
at the 250 GeV e~ e International Linear Collider (ILC)
[22-28]. In the process e~ e™ — u~u*, the deviation from
the SM amounts to —4% with the electron beam polarized
in the right-handed mode by 80% (P, =0.8) for
0y ~ 0.09, whereas there appears negligible deviation with
the electron beam polarized in the left-handed mode by
80% (P.,- = —0.8). In the forward-backward asymmetry
Apg(e~e™ — u~u"), the deviation from the SM becomes
—2% for P,- = 0.8. These deviations can be seen at the
250 GeV ILC even with 250 fb~! of data [22—28]. We note
that the ILC designs 80% polarization of the electron beam
and 30% polarization of the positron beam according to the
ILC Technical Design Report [29-33]. The significance of
polarized positrons and electrons for several new physics
searches at the ILC is summarized in Ref. [34].

Recently, an alternative gauge-Higgs unification model
with quark-lepton multiplets introduced in the spinor, vector,
and singlet representations of SO(5), which is referred to as
the B model below, has been proposed [13]. The B model can
be embedded in the SO(11) gauge-Higgs grand unification
[35-42], where the SM gauge group and quark-lepton
content are incorporated into the grand unified theory
(GUT) [43-48] in a higher-dimensional framework [49-59].

In this paper, we evaluate cross sections, forward-
backward asymmetries [60,61], left-right asymmetries
[60-63], and left-right forward-backward asymmetries
[61,64—-67] in the processes e~et — ff (ff = u~ut,cé,
bb,t7) in the GUT inspired GHU, the B model. The
quantities in the process e"e™ — 777" are almost the same
as in the process e”e™ — u~u™, as the couplings of 7+ to
Z's are nearly the same as those of u*. For the process
e~et — e~e™, there is an additional contribution from
the Bhabha scattering [23,34,68-71], the analysis of
which is given separately. We shall find a significant
difference between predictions from the SM and those
from the B model at e~e™ linear collider experiments with
polarized beams.

Z' bosons appear in many models beyond the SM and
various physical consequences have been examined
[72-74]. In most cases, couplings of Z’' bosons to quarks
and leptons are comparable to those of the Z boson. The
situation is quite different in GHU. As was shown in the A
model in Ref. [17] and as is shown below in the B model,
either left-handed or right-handed components of quarks
and leptons have rather large couplings to Z' bosons,
particularly to the first KK modes of y, Z, and Z. We
shall see that substantial deviations from the SM can be
seen in cross sections and other quantities in e"et — ff
processes at the ILC even though those Z’ bosons may be as
heavy as 10 TeV.

There are similarities between composite Higgs models
[7,75-78] and GHU models. The Higgs boson appears
as a pseudo-Nambu-Goldstone boson in composite Higgs
models, whereas it appears as an AB phase in the fifth
dimension in GHU models. The Higgs boson has a character
of a phase in both models, and the couplings of the Higgs
boson exhibit qualitatively similar behavior. Z' bosons
appear in KK modes of neutral gauge bosons in GHU
models whose couplings to quarks and leptons are unam-
biguously determined once the models are specified.
Analogs of Z' bosons in the composite Higgs model are
composite vector bosons [79]. It is interesting to explore
the implications of those composite vector bosons in e~e™
collisions.

The paper is organized as follows. In Sec. II, the model
is introduced. In Sec. III, we quickly review the definition
of observables such as cross sections, forward-backward
asymmetries, left-right asymmetries, and left-right forward-
backward asymmetries. In Sec. IV, we evaluate the cross
sections and other observables in e~et — ff with ff =
uut, cé, bb, and 7. Section V is devoted to a summary
and discussion. Useful formulas for decay widths are given
in the Appendix.

II. MODEL

The GUT inspired SU(3), x SO(5) x U(1)y GHU
model has been introduced in Ref. [13] and further
investigated in Refs. [14,15]. It is defined in the RS warped
space with the metric given by

ds? = gyndxMdxN = e720Vly dxtdx? + dy?,  (2.1)
where M,N =0, 1, 2, 3, 5, u, v=0, 1, 2, 3, y:xs,
N = diag(=1,+1,+1,+1), o(y) = o(y +2L) = o(~y),
and 6(y) = ky for 0 <y < L. In terms of the conformal
coordinate z =e® (1 <z<z, =€) in the region
0<y<L,

2
ds* = iz <nﬂydx”dx’“ + d%) (2.2)
z k
The bulk region 0 <y < L (1 < z < z;) is anti—de Sitter
(AdS) spacetime with a cosmological constant A = —6k?,
which is sandwiched by the UV brane aty = 0 (z = 1) and
the IR brane at y = L (z = z;). The KK mass scale is
myx = nk/(z; — 1) ~ gkzp! for z; > 1.
Let us denote gauge fields of SU(3), SO(5), and U(1)y
by Ai,IUG)C, Ajsuo(s)’ and A,Ltf,(l)x, respectively. The orbifold
boundary conditions (BCs) are given by

(i;l)(x’yf_”:Pf'<jy>(xvyj+y)P;l (2.3)

for each gauge field, where (yvy,y,) = (0,L). In terms of
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TABLE 1. The SU(3). x SO(5) x U(1)y content of matter
fields is shown in the GUT inspired model (B model) and the
previous model (A model). The B model is analyzed in the
present paper.

B model A model
Quark (3.4),3.1)5,3.1), (3.5:(3.5)1
Lepton (1, 4)7% (1,5)0(1,5)_,
Dark fermion (3, 4)%( 5)5(1.5) (1,4)%
Brane fermion (1,1), (3.12, 1])%%4’_%

(L2,
Brane scalar (1,4)% (1,[1,2] !
PSU(3) -7 PSO(S) — di
3 =1, g =diag(ly, —15),

PO = diag(L,. 1), (24)
Py=P, = PiUG) forA;LU( e and Py=P; =1forA,, s,

Py=P, = P3O 3) for Ai,, ®) in the vector representation

and Pio(s) in the spinor representation, respectively.

The orbifold BCs P;°° and P’ break SO(5) to
SO(4)~SU(2);, x SU(2)z. The W and Z bosons and y
(photon) are zero modes in the SO(4) part of Aﬁ0(5>,
whereas the 4D Higgs boson is a zero mode in the

0(5)/SO(4) part of A§0<5). In the GHU model, extra
neutral gauge bosons Z' correspond to KK photons 3",
KK Z bosons Z™, and KK Zr bosons ZEQ") (n > 1), where
the y and Z, Z, bosons are the mass eigenstates of the
electromagnetic U(1)gy neutral gauge bosons of SU(2),,
SU(2)g, and U(1)y.

Matter fields are introduced both in the 5D bulk and
on the UV brane. They are listed in Table I. The SM
quark and lepton multiplets are identified with the zero
modes of the quark and lepton multiplets lI"’ (3.4) (a=1, 2,
3), ‘P , and ‘P 14) in Table II. These fields obey the

followmg BCs:

TABLE II. Parity assignment (P, P,
SU(2), x SU(2)x(cC SO(5)).

SO(5 ”
T(34 (x.y;—y) =—Py4 : )7’5‘1}(3.4)()57%' +),
‘{’(31 (x Yj— ) = q:YSLpgvl)(x’yj +)’)»
S0(5 »
lP(l 4) (X yj— Y) =-Py ( )7’5‘1’(1,4)@,}’] +)’)- (2-5)

With BCs (2.5), the parity assignment of quarks and leptons
are summarized in Table II. (See Refs. [13—15] for details.)

The brane scalar field @ ; 4)(x) in Table I is responsible
for breaking SO(4) x U(1)y to SU(2), x U(1),. A spinor
4 of SO(5) is decomposed into [2,1] & [1,2] of SO(4) ~
SU(2); x SU(2)g. The @14y develops a nonvanishing
vacuum expectation value (VEV):

v (gn)  @n=(,) e
(1.4) )y , (1.2] w) .

which reduces the symmetry SU(3). x SO(4) x U(1)y to
the SM gauge group Gy = SU(3). x SU(2), x U(1)y.
It is assumed that w > mgyg, which ensures that orbifold
BCs for the 4D components of gauge fields corresponding
to broken generators in the breaking SU(2)z x U(1)y —
U(1), obey effectively Dirichlet conditions at the UV
brane for low-lying KK modes[37]. Accordingly, the mass
of the neutral physical mode of @4 is much larger
than mgx.-

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
ASF (ag = 1g,2g,3g) and the U(1)y gauge field By, by

B}, = s4A3; + c4By. (2.7)

Here the mixing angle ¢ between U(1)g and U(1)y is
given by ¢, =cos¢ = gs/\/g; + g5 and sy =sing =
gs/\/ g4 + g% where g, and gp are gauge couplings in
SO(5) and U(1)y, respectively. The 4D SU(2), gauge
coupling is given by g,, = g4/+/L. The 5D gauge coupling
&P of U(1)y and the 4D bare Weinberg angle at the tree
level 89, are given by

) of quark and lepton multiplets in the bulk is shown. G5, stands for

Field (SUB)e x S0(5))x Gy Left-handed Right-handed Name
P4 (3.4) 2.1] (+,+) (=) uctdsh
[1,2] (-.-) (+,+) Wt ds'b
¥ (3.1 [1.1] (£.5) (+. %) D D% D}
P (1.4) 2,1] (+.+) (=, -) VeUylp €UT
1,2] (=,-) (+,+) v, IJ//, vyt
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9a9B

5D __
9y = >
Vit s

s—¢. (2.8)
2
1+,

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

AP (x,2) = %(ﬁj(x)“H(Z) o up(2) = \/Z%T—lz’

_ 1 (b tid
¢H(x)_ﬁ<¢4—i¢3)'

Without loss of generality, we assume (¢, ), (¢,), (¢p3) =0,
and (¢4) # 0, which is related to the AB phase 0y in the
fifth dimension by (¢4) = 0y fn, Where

g0 —
sinfy, =

(2.9)

2 k
fu=-"

gw \| L(zz = 1) (210

The gauge symmetry breaking pattern of SU(3). x
SO(5) x U(1)y is given as
SU(3)c xSO(5) x U(1)y
SSU3)e x SUR2), x SUR)g x ULy at y=0,L
2SUB)ex SUQR), x U(1)y  bythe VEV

(@14)) #0 at y=0

9—>S UB)ex U(l)gy by the Hosotani mechanism,
H
(2.11)

where BC stands for orbifold boundary conditions.

i
do cos @ Ps

LR (cos ) =
dcos@ 32
dof] (C ps
dcos@

32

ITII. OBSERVABLES

Here we summarize the formulas of several observables
in the s-channel scattering processes of e"et — ff medi-
ated by only neutral vector bosons V; such as y and Z where
ff # e et. For e"e™ — e~e™, there are contributions not
only from the s-channel scattering process but also from the
t-channel scattering process. The formulas given in this
section must be modified when the intermediate state of
the s-channel scattering process contains scalar fields. In

GHU Z' bosons y, Z(") and Zg') (n > 1) give additional
contributions to the e"et — ff processes, which can be
observed in future e~e™ collider experiments.

A. Cross section

The differential cross section for the e"e™ — ff process
is given by

do'T
P, P, cos0
dcosé?( ¢ cos 6)
1 dolh
=(1- PePe+)Z{(1 —Peff)TOLSRg(COSG)
dog),
+(1+Peff)m(0059)}’ (3.1)

where P,. denotes the longitudinal polarization of e*.
P,. = +1 corresponds to purely right-handed e*. P is
defined as

P, —P,

Py =——7—7—.
T —P,P,

(3.2)

doyg/dcosO and dog; /dcos@ are differential cross sec-
tions for ejejy — ff and egxe; — ff:

2
{14 020100, + 100, + 2660500100 1, = 100, P} + 8 Re(Q, 1,07, )1

2
050) = D 11400201101, + 190ss P} + 2860500100, = 100, P} + 87 Re(Q, €)1

(3.3)

where s is the square of the center-of-mass energy, m is the mass of the final state fermion, and f = /1 — (4mj% /5)- Qe for

etc., are given by

L L
,e9v,t
m%/l) + imvirv

QeLfL = Z (S _

i i
R L
- v.e9v.s
QeRfL - Z (S — m%/') + imV[FVi '

i

_ AA
QELJ‘R o Z (S — m%;[) + imv_rv. ’

i

— vie9v.s
QeRfR = z ( 2 .
1 i

(3.4)
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where g‘L/ ]15 are couplings of the left- and right-handed fermion f to the vector boson V;, and my, and I'y are the mass and

total decay width of V;. For /s > my (=~ 1), the differential cross sections in Eq. (3.3) are approximated by

I

do) s

TR (005.0) = 22— {(1+c03 0700, P + (1 =08 0)2(Q. 7, P}

del! s

o (0080) 2o {(1 4 008 0)2| Qi [* + (1= c0s 0|0, p, [} (3.5)

We define 6//(P,-, P,+,[cos0;,cos 6,]) as the differential cross section integrated over the angle 6 = [0,,6,]:

_ cos 0, dgff
o/ (P,-,P,+,[cos0,,cos6,]) = / P, P, cosf)dcos¥, (3.6)
C

056, dcosQ(

where 4 dCOb 7 (P , P,+,cos@) is given in Eq. (3.1). The observed total cross section o{ot (P,-, P,+) is given by

a{;{( JP) = aff(Pe P, [— 08Oy, + €08 O ]),s (3.7)

where the available value of 6,,,, depends on each experiment. By using the cross sections for e; e} — f. f and egel = f £,
the cross section o/ (P,-, P,+) can be written by

S (Pe Per) = (1= PePor) - { (1= Paoll + (1 4+ P, ) (3.8

a{fR and o-f{L are given by

4 c08 Opnax dg{JI;
—cosd,, dcosd

aLR (cos@)d cos @,

7 =+ €08 Oppax do‘léi
= 0)dcos. 3.9
/—cosﬁmax Toos 0 (cos@)d cos (3.9)

For cos .« = 1,

2
F_Ps 2 my \
ok = 327[{ [2 0 gﬁz} {Qe s, P+ 1Qe s} + 16TRC[QeLfLQeLfR}}’
c Bs 2 m3 .
ofL = 30, 2 +§ﬂ2 {Qerfe? +1Qers, 17} + 16TRC[QeRfL eefel (- (3.10)
Further, for /s > my,
JI{j;Q = (|Q€LfL| + |Q€Lfk| )’

ot

IZ

e
5 (1Qeur, P 4 1Qey, P (3.11)

The statistical error of the cross section Ac/7 is given by

o/T(P,-, P, [cos B, cosb,])

NT =L, fo(pe,’ P+, [cos 8}, cos0;]), (3.12)

Adff (Pe’v Pefr ’ [COS 91 » COS 02]) -

where L, is integrated luminosity. The amount of deviation from the SM in the differential cross section for e~e™ — ff is
characterized by
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d"é{w
7 P, P, cosO
AZ{;(Pe-,Pﬁ,cos 0) = "COS_H( e e )

dol?
Toode (P~ P+, cos 0)

—1. (3.13)

Similarly, for the total cross section we introduce

A (P, P,y =2CH et ey

B. Forward-backward asymmetry

The forward-backward asymmetry A{;;(Pe-,Pe+)
[60,61] is given by

o (Pe P) ol (P P
o (P Pe) + o (P P)
(P Py) = 6/T (P, Pye [0, + cOS O]
[— €08 O pax, 0]),

AL (P, P,:)

’

0§ (P Pp) = 0/ (P~ Py (3.15)

where the available value of 0,,,, depends on each experi-
ment. For \/s > m; and cos O, = 1,

L3Bi=B
4B, + B,
By = (14 Pe)| Quyy [+ (1= Pes) Qe 1, .
By = (14 Pe)| Quyy, [ + (1 = Pes)|Qe, 1, .
(3.16)

AL (P, P,)

(1 + cos 9)2(|Q€Lf1,|2 - |Q€Rfk|2) + (1 — COS 9)2(|Qe,_fk|2 - |QeRfL|2)

where P is given in Eq. (3.2).
The statistical error of the forward-backward asymmetry
AAlL is given by
7 mm(/n +ny)

AApp =2 2

(ny +ny)
_ 21 U Aff
(1 +ny)(y/r = /i) "7

(m.m) = (NE/ N,

(3.17)

where N{Jf;B:Lim-O‘;’jB(Pe-,Pﬁ) is the number of
events. The amount of the deviation from the SM is

characterized by

_ Aff
§o=—LE0 (3.18)

FB Aff

FB,SM
C. Left-right asymmetry
The left-right asymmetry [34,60,61] is given by
; ol (cos0) — ol (cos 0

AT (cos @) — PLr(CO8O) = o (cosO) g g

aéé(cos 0) + d,;’z (cos )

. . o7
where o1/, (cos 6) and o) (cos ) stand for % (cos @) and
dol)

Toals (cos @) in Eq. (3.3), respectively. For /s > my,

A’Z’;(cos 0) ~

The observable left-right asymmetry is given by

(1+c050)*(1Qc, 1, [ +[Qepre ) + (1 = cos0)2(|Qc, P + Qe I7)

6/T(P,-, P, cos0) — /T (=P, , P, cos )

(3.20)

A-I’j’;(Pe-, P,+,cos0) =

for P,- <0 and |P,-| > |P,+|, where afff(Pe-,Pe+,cos 0)

and /7 (,_ P,-,—P,+,cos0) stand for ddc‘gf ze (P,-,P,+,cos0)
dolf

and 42— (=P,-,—P,r,cosf) in Eq. (3.1), respectively.
Equation (3.21) is related to Eq. (3.19) by

- 1 -
Al (cos0) = P Al (P, P, cosO).

eff

(3.22)

The integrated left-right asymmetry A{*é [60,61] is
given by
JF _ OLR = O%L

/7 = OLR” ORL (3.23)
oLk + kL

aff(Pe-, P, cos0) + aff(—Pe—, —P,+,cos0)

(3.21)

In terms of Q,.,(X.Y =L,R) in Eq. (3.4), A} is
expressed as

: C_
A{JI;:C—’
+

1
Ci = <1 +§ﬂ2> {HQeLfL |2 + |Q6’LfR |2]

£[1Qersy P +1Qe,s, P}
2

* 8%{R6(Q6LfL ZLfR) :I:Re(QeRfR Q:Rf[)} (324)
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For /s > my,

[|QeLfL|2 + |Q6’LfR|2] B [|QeRfR|2 + ’Qeka‘z] )
HQeLfL|2 + |QeLfR|2} + “QeRfR|2 + |QeRfL|2]
(3.25)

A{],; ~

The observable left-right asymmetry is given by

A{fl; (P97 Pe+) - Ufj—((Pei’ Pe+) _ Uff_‘(_P67, _Pe+)
o/’ (P,-,P,+) + o/ (=P,-,—P,)

(3.26)

for P,- < 0and |P,-| > |P,+|. Itis related to Eq. (3.23) by

1 _
AJLCJI;(Pe"Pc)*)'

AT
LR P eff

(3.27)

The statistical error of the left-right asymmetry AA-’LC’; is
given by

A{JI;.FB(COS 0) =+—

VNN (Vv + V)
7 7\2
(Vi + VR
2 fofo _
=— v 5 —Ah. (3.28)
(wih+ i) (VW R
where N{]; = Limo{]; and N’;’Z = Limo{;{ are the numbers

of the events. The amount of the deviation from the SM in
Eqgs. (3.22) and (3.23) is characterized by

AAL, =2

AT (cos0) = A{];?,GHU(COS 0) _
Arr - f
A{]IC%,SM (cos )
ff A{JIZ GHU
Xy = T - 1. (3.29)
AR SM

D. Left-right forward-backward asymmetry

The left-right forward-backward asymmetry [61,64-67]
is given by

In terms of Q, ; (X,Y = L,R) in Eq. (3.4), AJLCJ;FB is expressed as

A{];Q,FB(COS 0) =

For /s > my,

The observable left-right forward-backward asymmetry is given by

AT

L
- : - (3.30)
[aiR(cos 0) + o) (cos 9)} + [O‘ZR(— c0s 6) + oy (— cos 9)}
2 cosOD_
(1+ p*cos’0)D., + 8(m7/s)[Re(Q., 1, 05, ;) + Re(Qepr 05, )]
Di= (1,5, P +1Qess, 1) £ (1Qe, 1, P +1Qc, s 1*)- (3.31)
7 2cos® D
Ir -
Apk pp(cos0) =~ 1 +cos20D, (3.32)
E_
LR,FB(P(,Pﬁ, cosf) = E_+’
E. = [¢/T(P, P, cosO) + ¢/ (—P, ,—P,,—cos0)|
+ [6/7 (=P, —P,+,cos0) + 6/ (P,-, P, , —cos 0)] (3.33)

for P,- < Oand |P,-| > |P,+|. The relation between A’Z;,FB (cos0) in Eq. (3.30) and A{f,;’FB (P,-, P, cos@)inEq. (3.33) is

given by

- 1 -
A{];,FB (cos ) = FA{];,FB(Pe-’ P+, cos0).

eff

(3.34)
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The statistical error of the left-right forward-backward asymmetry AA; g rp is given by

AArrrp =2 (n3 + na) (/g + /ng) + (ny + ny) (/n3 + /nz)

(ny + n3 +ny 4 ny)?

where N{{I; =Ly - Ug([cos 0, cos6,]) and N{{; = Li, -
ol (|- cos @y, —cos0,]) (X=LR,RL;0<cos8, <cosb,)
are the numbers of the events. The amount of the deviation
in Apg pp from the SM is characterized by

(cos ) = A{{?,FB,GHU<COS 0) _1

AT = ZLR.
A{{Q,FB,SM (cos @)

ALRFB

(3.36)

IV. FERMION PAIR PRODUCTION
VIA Z' MEDIATION

In this section, we calculate various observables of the
s-channel scattering process of e~e™ — ff mediated by
neutral vector bosons V in GHU, where V =y, Z, AR

ZW YW (n> 1), and ff = pu~ut, cé, bb, .

A. Parameter sets

The parameters of the model are determined in the steps
described in Refs. [13-15].
(i) We pick the values of 8y and mygyg = nk(z; — 1)1

(ii) k is determined in order for the Z boson mass my,
to be reproduced, which fixes the warp factor z;
as well.

(iii) The bare Weinberg angle 9%, in Eq. (2.8) with given
6y is not known beforehand. It is determined self-
consistently to fit the observed forward-backward
asymmetry Apg(e”e™ — u~u™)=0.0169 +0.0013
at /s =my [80,81] after evaluating the lepton
gauge couplings with the procedure described be-
low. We have checked that the self-consistent value
of 6, is found after a couple of iterations of this
process. For instance, for 8y = 0.10 and mgg =
13 TeV, siné), =0.2305 yields Apg(e et —
upt)=0.01693 at /s =my,. If one chooses
sin#y, = 0.2313(0.2298) instead, then one finds
Apglee™ = u~pt) =0.01562(0.01821). It has
been shown in [11,12] that sin (9%, = 0.2305 yields
W and Z coupling constants of quarks and leptons
which are nearly the same as those in the SM with
sin? Ow = 0.2312. In our analysis, we will use the

2(”3 +ny) (/i1 + /ng) + (ny + ng) (/15 + /113)

(ny +nyg)? = (n3 + ny)?
("17"2’”3’”4) = (N{j;F’NJI;{F’N{JI;B’NJIE{B)’

ALR,FB’

(3.35)

values of sin 9%, for each set of 8y and mgyg that
reproduce the central value of Apg(e”e™ — u~pu™).

(iv) With given sin6%, the wave functions of gauge
bosons are fixed.

(v) The bulk mass parameters of ‘I“("& 2 and W7, ,, are
fixed from the masses of up-type quarks and charged
leptons.

(vi) The bulk mass parameters of ‘Pg"l and brane
interaction coefficients in the down-quark sector
are determined so as to reproduce the masses of
down-type quarks. Similarly, the Majorana mass
terms and brane interactions in the neutrino sector
are determined so as to reproduce neutrino masses.
We use the masses of quarks and leptons given by
m, =20 MeV, m, = 619 MeV, m, = 172.9 GeV,
my =29 MeV, mg; =55MeV, m;, =2.89 GeV,
m, = 0.486 MeV, m, = 102.7 MeV, m, =
1.746 GeV, and m, =m, =m, =10""> GeV.
As discussed in Ref. [13], left-handed and right-
handed up- and down-type quarks (u,d,u’,d’),
(c,s,c,s"), (t,b,7,b") belong to the same multiplet
‘PE’M) shown in Table II in each generation so that
the up- and down-type quarks have a degenerate
mass in each generation in the absence of mixing
among (d,d'),(s,s'),(b,b'), and D}, D¥, D,
respectively. The mixing resolves the degeneracy
between up- and down-type quarks in each gener-
ation, but always makes the down-type quark lighter
than the up-type quark. For this reason, we adopt
the value m, > m, at the moment. It is left as a
future task to explain the observed m, in the GUT
inspired GHU.

With these parameters fixed, wave functions of
quarks and leptons are determined. In the present paper,
we mostly ignore the flavor mixing in the quark and lepton
gauge couplings [14,82—-88]. It has been shown that the
Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix can
be incorporated in GHU with naturally suppressed FCNCs
(flavor changing neutral currents) [14]. FCNC couplings
are suppressed by a factor of O(107°). There arise flavor
changing couplings of Z’ bosons in the down-type quark
sector. For 0 = 0.1 and mgg = 13 TeV, the Z(1) cou-
plings in the down-type quark sector, for instance, are
given by
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TABLEIIIl. Masses and widths of Z’ bosons (Z(1), y(l), and z§;>) are listed for 8, =0.10 and three myx =11, 13, 15 TeV values in the
upper table, and myyx =13 TeV and three 8, =0.11, 0.10, 0.09 values in the lower table. m, =91.1876 GeV and I'; =2.4952 GeV [81].
The column “Name” denotes each parameter set, and the column “Table” indicates the table summarizing the coupling constants in

each set.

Name 0y (rad) mgg (TeV) 49

k (GCV) m},(]) (TeV) Fym (TGV) My (TeV) FZ(I) (TeV) mz(l) (TeV) r
R

)y (TeV) Table

B- 0.10 11.00 1.980x10% 6.933x10'"  8.715 2.080 8.713 4.773 8.420 0.603 v
B 0.10 13.00  3.865x10'' 1.599x 10"  10.20 3.252 10.20 7.840 9.951 0.816 v
BH 0.10 15.00  2.667x10% 1.273x10"  11.69 4.885 11.69 11.82 11.48 1.253 VI
Name 0y (rad) mgg (TeV) zL k (GeV) 0 (Tev) I S0 (TeV) m,a (TeV) I' o) (TeV) m.,m (TeV) T (TeV) Table
BT 0.11 13.00  1.021x 10" 4.223x10'7  10.15 3.836 10.15 9.374 9.951 0.924 VII
B 0.10 13.00 3.865x 10" 1.599x 10" 10.20 3.252 10.20 7.840 9.951 0.816 v
B~ 0.09 13.00  2.470x10° 1.022x 10"  10.26 2.723 10.26 6.413 9.951 0.732 v
—2.6792 —0.0215 —0.0001 With the parameter set given, the Z’ coupling constants
g5 g = —0.0215 -2.5907 —0.0018 |[g,. to the SM .fermions, etc., are detegnined. To evaluate the
z cross section and other quantities in the processes
—0.0001 —0.0018  —2.1284 e“et — ff, we need to know the four-dimensional Z’
0.1907 —0.0420 0.0144 couplings of quarks and leptons. They are obtained from
9§<1)d = | —0.0420 0.0301 —0.0436 | g, (4.1) the ﬁVf—din.lensior;al gaugebinteractiog termi by inlset’ting
wave functions of gauge bosons and quarks or leptons
0.0144  —0.0436 02786 sae k b

with typical brane interactions yielding the CKM matrix
approximately. Flavor changing Z' couplings in the left-
handed components are very small compared to diagonal
ones. Flavor changing Z' couplings in the right-handed
components are slightly bigger, but their magnitude is
small. In the processes e"et — ff, the effect of flavor
changing Z’ couplings remains very small for /s < 3 TeV.
In the following analysis, we shall safely ignore these flavor
changing Z’ couplings in the down-type quark sector.

and integrating over the fifth-dimensional coordinate
[11,12,16]. Decay widths of Z’ bosons are calculated by
using the formulas in the Appendix with masses and
various couplings of Z’ bosons. (For the total decay widths
of Z's, we take into account the two body decays at tree-

level approximation.) The masses and widths of y, the Z
boson, and the first neutral KK vector bosons Z(1), ZE;), yM
are listed in Table III. The coupling constants of the Z
boson and the first neutral KK vector bosons Z(1), Zg),

¥ to quarks and leptons are listed in Tables TV—VIIL

TABLE IV. Coupling constants of neutral vector bosons, Z’' bosons, to fermions in units of g, = e/ sin e(v)v
are listed for @y = 0.10 and mgg = 13.00 TeV (B) in Table III, where sin? ¢, = 0.2306. Their corresponding
Z boson coupling constants in the SM are (g7 , g5 ) = (0.5703,0), (¢5 , g5 ) = (=0.3065,0.2638), (g7 . g5 ) =
(0.3944, -0.1748), (g’id, ggd) = (—0.4823,0.0879). Their corresponding y boson coupling constants are the same
as those in the SM. When the value is less than 1074, we write 0.

L

f géf g§f gé(l)f ggmf QZ;I)f ggg)f gyme gymf
U, 0.5687 0 3.2774 0 —1.0322 0 0 0

vy, 0.5687 0 3.1207 0 —0.9852 0 0 0

v, 0.5687 0 3.0165 0 —-0.9539 0 0 0

e —0.3058 0.2629 -1.7621 —-0.0584 —1.0444 0 —2.7587 0.1071
U —0.3058 0.2629 —1.6778 —-0.0584 —0.9969 0 —2.6268 0.1071
T —0.3058 0.2629 —1.6218 —0.0584 —0.9652 0.0001 —2.5391 0.1070
u 0.3934 —-0.1753 2.1951 0.0390 0.3415 0 1.7807 -0.0714
c 0.3934 —0.1753 2.1147 0.0389 0.3296 0 1.7154 -0.0714
t 0.3938 —0.1749 1.7406 -0.3269 0.2740 —0.7395 1.4121 0.6017
d —-0.4811 0.0876 —2.6842 0.1162 0.3297 —0.1801 —0.8904 —-0.2113
s —-0.4811 0.0876 —2.5858 0.1460 0.3182 -0.2197 —0.8577 —0.2657
b —-0.4811 0.0876 —2.1284 0.2900 0.2646 —0.4096 —0.7059 -0.5279
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TABLE V. Coupling constants of neutral vector bosons, Z' bosons, to fermions in units of g,, = e/ sin 69, are
listed for 8 = 0.10 and mgx = 11.00 TeV (BL) in Table 111, where sin? 69, = 0.2306. Other information is the

same as in Table IV.

f géf ggf gé(l)f g§<1>f g%gl)f ggg)f gf(l)f gf(l)f
v, 0.5688 0 2.8639 0 —0.9037 0 0 0

vy 0.5687 0 2.7053 0 —0.8569 0 0 0

v, 0.5687 0 2.5929 0 —0.8237 0 0 0

e —0.3058 0.2629 —1.5398 —0.0695 —0.9143 0 -2.4107 0.1274
u —0.3058 0.2629 —1.4545 —0.0695 —0.8670 0 —2.2772 0.1274
T —0.3058 0.2629 —1.3940 —0.0694 —0.8334 0 —2.1824 0.1272
u 0.3934 —0.1753 1.9092 0.0463 0.2979 0 1.5487 —0.0849
c 0.3934 —0.1753 1.8243 0.0463 0.2855 0 1.4799 —0.0849
t 0.3940 —0.1747 1.2374 —0.4429 0.1993 —-0.9777 1.0041 0.8145
d —0.4811 0.0876 —2.3345 0.1280 0.2876 —0.1989 —0.7744 —0.2328
s —0.4811 0.0876 —2.2308 0.1280 0.2756 —0.2394 —0.7399 —0.2892
b -0.4811 0.0877 —1.5138 0.3256 0.1927 —0.4562 —0.5020 —0.5928

In Table IX, masses of neutral higher KK vector bosons
Z(2k=1) 7(2k) ch)’ y® (k= 1,2, ..., 10) and their coupling
constants to left- and right-handed electrons are summa-
rized. We note that possible values of z; are restricted with
given Oy. It has been shown in Ref. [15] that for 85 = 0.10
the top quark mass can be reproduced only if z; > 108!
and dynamical electroweak symmetry breaking is achieved
only if z; <103, the values of which correspond
to mgg =~ [11, 15] TeV.

It is seen from Table III that for the same KK mass scale
mgg and different @y, the masses of the first neutral KK

vector bosons Z(1), Zg), yD are almost the same, while the

decay widths of Z(, z}“, and y(!) become smaller for
smaller 0. For the same 0y, the masses and decay widths

of the first neutral KK vector bosons Z(1, Z\!), and y(!)
become larger for larger mgyg. The total decay widths
satisfy the relation I' o) > Fym > Fzm-

R

From Tables IV-VIII, we find that the coupling con-
stants of the first neutral KK vector bosons Z(1), Zg), W to
quarks and leptons are larger than those of the right-handed
fermions except for the Zg) couplings to the top and bottom
quarks.

In Table IX, the masses of neutral higher KK vector
bosons Z(k=1  7(2k) Z%k), and y® (k=1,2,...,10)
almost linearly increase as k. For instance, m,u /mgg =
0.784, 1.220, 1.777, 2.233 2775, 3.238, --- for
n=1,2,3,.... Their coupling constants to left- and
right-handed electrons are decreasing when k is increasing.

TABLE VI. Coupling constants of neutral vector bosons, Z’ bosons, to fermions in units of g,, = ¢/ sinH%, are
listed for @y = 0.10 and mgk = 15.00 TeV (BH) in Table III, where sin? 9%, = 0.2306. Other information is the

same as in Table IV.

f géf g§f glz‘(u)f ggmf 92;)/. gg;;)f gfmf gfmf
v, 0.5687 0 3.6903 0 —1.1603 0 0 0

v, 0.5687 0 3.5400 0 —1.1147 0 0 0

v, 0.5687 0 3.4442 0 —1.0857 0 0 0

e —0.3057 0.2629 —1.9841 —0.0504 —1.1740 0 —3.1063 0.0924
u —0.3057 0.2629 —1.9033 —0.0504 —1.1279 0 —2.9780 0.0924
T —0.3057 0.2629 —1.8518 —0.0504 —1.0985 0 —2.8991 0.0923
u 0.3934 —0.1753 2.4831 0.0336 0.3855 0 2.0143 -0.0616
c 0.3934 —0.1753 2.4080 0.0336 0.3742 0 1.9534 —0.0616
t 0.3937 —0.1750 2.1069 —0.2768 0.3291 —0.6311 1.7092 0.5096
d —0.4810 0.0876 -3.0363 0.1055 0.3721 —0.1632 —1.0072 —-0.1919
s —-0.4810 0.0876 —2.9446 0.1337 0.3613 —-0.2009 -0.9767 —-0.2433
b —0.4810 0.0876 -2.5762 0.1887 0.3178 —0.1691 —0.8545 —0.3440

015029-10



FERMION PAIR PRODUCTION AT E-E* LINEAR ...

PHYS. REV. D 102, 015029 (2020)

TABLE VII. Coupling constants of neutral vector bosons, Z' bosons, to fermions in units of g,, = ¢/ sin 6'%, are listed for 8 = 0.11
and mgg = 13.00 TeV (B*) in Table 111, where sin? 6, = 0.2305. Other information is the same as in Table IV.

f 7y Ty Gy, Ty o, Ty b, At
Ve 0.5684 0 3.5449 0 ~1.1125 0 0 0

v 0.5684 0 3.3920 0 ~1.0664 0 0 0

Ve 0.5684 0 3.2933 0 ~1.0367 0 0 0

e ~0.3056 0.2628 ~1.9057 ~0.0529 ~1.1284 0 ~2.9829 0.0971
u ~0.3056 0.2628 ~1.8235 ~0.0529 ~1.0817 0 ~2.8543 0.0971
T ~0.3056 0.2628 ~1.7705 ~0.0529 ~1.0515 0 ~2.7712 0.0970
u 0.3932 ~0.1752 23814 0.0353 0.3709 0 1.9313 ~0.0647
c 0.3932 ~0.1752 2.3044 0.0353 0.3594 0 1.8688 —0.0647
t 0.3935 ~0.1748 1.9823 ~0.2910 0.3111 ~0.6640 1.6078 0.5369
d ~0.4808 0.0876 ~2.9120 0.1091 0.3554 ~0.1688 ~0.9656 ~0.1984
s —~0.4808 0.0876 -2.8179 0.1380 0.3444 ~0.2071 ~0.9344 ~0.2509
b ~0.4807 0.0876 ~2.4235 0.2760 0.2981 ~0.3898 ~0.8036 ~0.5021

In Fig. 1, the total cross section o(e”e®™ — u~pu™) with
and without the contribution from the second KK modes
for 8y =0.10 and mgg = 13 TeV (B) is shown. The
coupling constants of the first KK bosons to the SM
fermions are listed in Table IV. The masses and widths
of the second KK bosons are given by (m,e),I',0) =
(15.86,0.876),  (mym),Ize) = (23.10,1.498),  (m o),

[,0)=(22.84,0.160), (m,o,T,0)=(23.10,0.645) in
units of TeV, where the decay widths include only the
final states of the SM fermions and bosons. The coupling
constants of the second KK bosons to e are found in
Table IX. The coupling constants of the second KK bosons
to p are (92%,992)/,) = (-0.0057, —0.0040), (95(3),,’
ggmﬂ):(—0.5301,+0.0403), (g;(2 ,g;z) )=(-0.3198,0),
RH LRH
(gfm”,gf(z)ﬂ) = (—0.8299, -0.0739). The contribution for

the low-energy observables from each higher KK vector
boson Z®), Z%{), y® (k>2) is subdominant. In the
following, we consider contributions for the low-energy
observables only from the first KK bosons AN Zg),

and (.

B. Cross section

Total cross sections o// for e“e* — ff (ff = u~u", cé,
bb, t7) are plotted with various polarization (P,-,P,+) =
(0,0), (—0.8,+0.3), (+0.8,—-0.3) in Figs. 2 and 3. On the
left side of Fig. 2, the /s dependence is shown. On the
right side, the amount of the deviation from the SM Aﬁf
defined in Eq. (3.14) is shown. One can see a large
deviation for (P,-, P,+) = (—0.8,+0.3) in the B model.
It is due to the fact that the coupling constants of the

TABLE VIII.  Coupling constants of neutral vector bosons, Z' bosons, to fermions in units of g,, = e/ sin @), are listed for 8;; = 0.09
and mgg = 13.00 TeV (B~) in Table III, where sin’ §), = 0.2307. Other information is the same as in Table IV.

f géf géf géu)/ g§<1>f gZE;)f g%;)f gym/- gy(l)/-
v, 0.5690 0 3.0096 0 —-0.9511 0 0 0

vy 0.5690 0 2.8509 0 —0.9039 0 0 0

v, 0.5690 0 2.7412 0 -0.8712 0 0 0

e —0.3059 0.2630 -1.6181 —0.0652 —-0.9602 0 —2.5341 0.1194
U —0.3059 0.2630 —1.5328 —0.0652 —-0.9125 0 —2.4004 0.1194
T —0.3059 0.2630 —1.4739 —0.0652 —0.8795 0.0001 —2.3080 0.1193
u 0.3936 -0.1754 2.0096 0.0435 0.3125 0 1.6306 —-0.0796
c 0.3936 —0.1754 1.9260 0.0435 0.3003 0 1.5628 —-0.0796
t 0.3940 -0.1750 1.4605 —-0.3819 0.2318 —0.8528 1.1853 0.7016
d —0.4813 0.0877 —2.4572 0.1237 0.3037 —-0.1923 —-0.8153 -0.2252
s —0.4813 0.0877 —-2.3551 0.1544 0.2919 -0.2327 -0.7814 —-0.2810
b —0.4813 0.0877 —1.7861 0.3075 0.2254 —0.4333 —-0.5926 —0.5600
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TABLE IX. Masses of neutral KK vector bosons Z(2=1  7z(2k) Z%C), y® (k=1,2,...,10) and their couplings
constants to left- and right-handed electrons in units of g,, = e/sin@), are listed for 5 = 0.10 and mgg =
13.00 TeV (B) in Table III, where sin? g(v)v = 0.2306. Other information is the same as in Table IV.

k myei-n (TeV) gé(lkfl)e gg(z,\q)e myen (TeV) gé(z,()g g;z,()g
1 10.20 —1.7621 —0.0584 15.86 —0.0064 —0.0040
2 23.09 —0.6931 0.0403 29.03 —0.0021 0.0030
3 36.07 —-0.2514 —0.0329 42.10 —0.0010 —0.0025
4 49.06 —0.1480 0.0286 55.14 —0.0006 0.0022
5 62.05 —0.0882 —0.0257 68.16 —0.0004 —0.0020
6 75.05 —0.0626 0.0235 81.17 —0.0003 0.0018
7 88.05 —0.0443 —0.0219 94.18 —0.0002 —0.0017
8 101.0 —0.0344 0.0205 107.2 —0.0002 0.0016
9 114.0 —0.0265 —-0.0194 120.2 —0.0001 —0.0015
10 127.0 —-0.0217 0.0185 133.2 —0.0001 0.0015
k m (TeV) Tm, 9w, m (Tev) T, T,
1 9.951 —1.0444 0 10.20 —2.7587 0.1071
2 22.84 —0.4158 0 23.10 —1.0851 —-0.0739
3 35.81 —0.1494 0 36.07 —0.3936 0.0603
4 48.79 —0.0877 0 49.06 —0.2318 —0.0524
5 61.78 —0.0521 0 62.05 —0.1380 0.0470
6 74.78 —0.0370 0 75.05 —0.0981 —0.0431
7 87.77 —0.0261 0 88.05 —0.0693 0.0401
8 100.8 —0.0203 0 101.0 —0.0539 —0.0376
9 113.8 —0.0156 0 114.0 —0.0415 0.0356
10 126.8 —0.0128 0 127.0 —0.0340 —0.0339
2 y 2

left-handed electron and y to Z' bosons are much larger sMm ¢ Qéegz,lgw

than those of the right-handed ones as seen in Table IV. exty T ¢ (s — m%) +im,I,’

Distinct signals of GHU can be clearly observed in the (6. g% )25

e"e™ collision experiments at /s = 250 GeV even with |s §${y|2 — et 4 zegz,égw —

250 fb~! of data by examining the polarization depend- (s —m3z)* + mzI7

ence. 6//(s) in a wider range of /s is displayed in Fig. 3. 2e° g%, 9%, 9ws (s — m3)

C . . . + (4.2)
ross sections are determined in terms of Q, r (s — m%)Z + m%F%

(X,Y =L, R) in Eq. (3.4). In Fig. 4, the /s dependence
of 5|Q,, s, | is displayed. In the SM, for e~et — py~u*, for  s|Q,,,, | haspeak at /s = mz and Q,, . = Qepu, - Qe =

instance, Q¢ becomes smaller below \/s = my, and Q.,u, and
eeto uut e et uut
10%g T T
104} 0.04f
1000} 0.03
% 100k 4 0.02f
10y GHU (up to 1st KK) 0.01¢
1t ==== GHU (up to 2nd KK) 0.00 \/
0.1E, . . . ) 4 -0.01¢ ) ) - ) ) 3
100 500 1000 5000 10* 500 1000 1500 2000 2500 3000
Vs [GeV] Vs [GeV]

FIG. 1. Total cross section o(e~ e — ") with and without the contribution from the “second KK modes” (72, 2, z®), z)) is
shown. The left figure shows the total cross section 6(e~e™ — u~pu™) with unpolarized electron and positron beams in the SM and the
GHU (B) model in Table IIT up to /s = 30 TeV. The right figure shows the proportion of the contribution from the second KK modes,
A = o(up to second KK) /o (up to first KK) — 1. The contribution from the second KK modes remains small for /s < 3 TeV.
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FIG. 2. Total cross sections o// (ff = u~u*, ¢, bb, 1f) are shown. On the left side, the /5 dependence of ¢// in the SM and the
GHU (B) in Table Il with (P,-, P,+) = (0,0), (0.8, +0.3), (+0.8, —0.3), which are referred to as (U), (L), (R_), respectively, is shown.
On the right side, the electron polarization P,- dependence of the amount of the deviation from the SM A} in Eq. (3.14) is shown
for both the GUT inspired GHU (B model) (BY), (B), (BY) and the previous GHU (A model) (0 = 0.10, mgx = 8.1 TeV),

0y = 0.09, mgx = 8.7 TeV), (0y = 0.08, mxx = 9.5 TeV), which are referred to as A — 1, A — 2, and A — 3, respectively. The gray

band represents the statistical error in the SM at /s = 250 GeV with 250 fb~! of data for P,- = P,+ = 0. For the A model, the masses
and decay widths of the KK bosons and the coupling constants are listed in Ref. [17].
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FIG. 3. Total cross sections ¢// (ff =uu", ce, bb, t7) are displayed in a wider range of /s. In the left column, o/T in GHU (B) is
shown with polarized and unpolarized e¥ beams with (Pe-, P,) =(0,0),(-0.8,40.3), (+0.8, —0.3), which are referred to as (U), (L),
(R), respectively. In the middle and right columns, ¢// with (P,-, P,+) = (0,0) is shown in the GHU (B"), (B), (B") and in the GHU

(BY), (B), (B™) in Table IIL

Q.,u, become smaller above \/s = my as a result of the
interference of the y and Z amplitudes. We also note that

$Qeyry = €+ 93,9y, G for /s> my.

In GHU,
_ SM 7
Qexsy = exfy T Qexf}"
g}\geg\y/ '92'
I fIw
o fr= Z N . (4.3)
o V:Z(l)!y(l),zg) (S - mv) + imy Ly

where we have retained contributions from the first KK
modes .in Q?X s, For \/E $200GeV, Q. 7, ~ Q3 to good
approximation. In Fig. 4, the /s dependence of 81Qey 1,
is plotted. |Q,, | has a peak around /s ~m ~ 10 TeV.

The dominant component is Q,, r,, which develops sig-
nificant deviation from the SM. |Q, ;| has a dip around
/s ~ 1.7 TeV. For f = b, t, an additional dip is seen in the
2-5 TeV region for |Q,, f,|-

We stress that due to the interference effects among y
and the Z and Z’ bosons, the GHU prediction for the total
cross section shown in Figs. 2 and 3 deviates from that in
the SM even well below the masses of the Z’ bosons. Also,
from Fig. 4, the behavior of the various components of the
scattering amplitudes Q. ;, is different, so that by using the
polarized electron-positron beams, one can investigate
physics at the 10 TeV region in more detail than with
unpolarized beams.
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uut, e, bb, 17) vs /s(GeV) for the SM (left side figures) and the

GHU (B) (right side figures) in Table III are shown. In each figure, O, ;, is denoted as Qy. The energy ranges /s in the left and right
side figures are /s = [50, 1000] GeV and [50,2 x 10*] GeV, respectively.
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FIG. 5. Differential cross sections do// /dcosO(ff = u~u*, cc, bb, tf) are shown. The left side figures show the 8 dependence of
do'f /dcos6 in the SM and the GHU (B) in Table IIl with three sets (P, P,:) = (0,0)(U), (—0.8,+0.3)(L). (+0.8, -0.3)(R).
/s =250 GeV for ff =u u*, c¢, bb, and \/s =500 GeV for ff = t7. The right side figures show the 6 dependence of
A{;ﬁ(Pe-,Pe- ,cos0) in Eq. (3.13). The error bars represent statistical errors in the SM at /s = 250 GeV with 250 fb~! of data
for ff = uu", c¢, bb and at \/s = 500 GeV with 500 fb~! of data for ff = ¢7. Each bin is given by cos@ = [k — 0.05, k + 0.05]
(k=-0.95,-0.85, ...,0.95).
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FIG. 6. Forward-backward asymmetries A';fB (ff = u~u*, c¢, bb, t) are shown. The left side figures show the /s dependence of A%
in the SM and the GHU (B) in Table III. Three cases of polarization of electron and positron beams (P,-,P,+) =
(0,0)(U), (=0.8,+0.3)(L), (+0.8,—-0.3)(R) are depicted for the GHU. The energy range /s is [80, 3000] GeV for ff =
u-ut, ¢, bb and [350, 3000] GeV for ff = t. The central figures show the electron polarization P,- dependence of the deviation
from the SM A‘Z‘Z , (P,-, P, =0) in Eq. (3.18) for the GHU (BY), (B), (B) in Table III. The right side figures show the electron
polarization P,- dependence of the deviation for the GHU (B™), (B), (B7) in Table III. The gray bands in the central and right side
figures represent the statistical error in the SM at /s = 250 GeV with 250 fb~! of data for ff = u~u*, c¢, bb and at \/s = 500 GeV

with 500 fb~! of data for ff = t7.

Let us look at differential cross sections. In Fig. 5,
do’! /d cos @ are shown for ff = u~u*, cé, bb at \/s =
250 GeV and for ff = tf at /s = 500 GeV. Differential
cross sections in the forward region (cos@ = [0, 1]) are
larger than those of the backward region regardless of the
polarization. The deviation from the SM is seen in the
forward region with less statistical error. The differential
cross sections of the 100% left- and right-handed polarized
initial electron are given by the formulas in Eq. (3.5). In
the SM, the Z couplings are different for left-handed and
right-handed fermions, which leads to Q,, ;, # O,, s, and
Qerfr F Qo s, and therefore forward-backward asymmetry.

In GHU, the coupling constants of the left-handed
fermions to Z' bosons are, in most cases, much larger than
those of the right-handed ones. The magnitude of the left-
handed fermion couplings is rather large so that the amount
of the deviation in do// /d cos 0 from the SM becomes large
for either left-handed polarized or unpolarized electron
beams, whereas the deviation becomes small for right-

handed electron beams. Ag (P, P,r,cos0) in Eq. (3.13)
is plotted in the right column of Fig. 5. The deviation can be
clearly seen in e"e*t collisions at /s = 250 GeV with
250 fb~! of data for ff = u~u™, cé, and at \/s = 500 GeV
with 500 fb~! of data for ff = t7.
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FIG. 7. Leftright asymmetries A-’Lr-fe (ff = uu",cc bb,tf) are shown. The left and right side figures show the /s dependence

of the left-right asymmetry A{’; for the SM and the GHU (BY), (B), (BH) and for the SM and the GHU (B"), (B), (B™) in Table III.
The energy ranges /s in the above figures are [80, 3000] GeV and [350, 3000] GeV for ff = u~u*,cé, bb and for ff = tf,
respectively.
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FIG. 8. Differential left-right asymmetries A{J;;(cos 0) (ff = uu",cé, bb, tf) are shown. The left side figures show the 8 dependence
of A{]I;(cos ) for the SM and the GHU (BY), (B), (BM) in Table III. The right side figures show the & dependence of the deviation of the
differential left-right asymmetry from the SM, AZ R(cos 0) in Eq. (3.29) for the GHU (BY), (B), (BM). The error bars in the right side

figures represent the statistical error in Eq. (3.28) at /s = 250 GeV with 250 fb~! of data and (P,-, P,+) = (—0.8, +0.3), (+0.8,—-0.3)
for ff =y~ u*,cé bb and at \/s = 500 GeV with 500 fb~! of data for ff = 7.
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FIG. 9. Left-right forward-backward asymmetries A{’,; rp(cos0) (ff = u~u*, cé, bb, 1) are shown. The left side figures show the @
dependence of AJLC‘Z_ pp(cos @) for the SM and the GHU (BY), (B), (B) in Table III. The right figure shows the # dependence of the
deviation of the left-right forward-backward asymmetry from the SM, Ay, (cos ) in Eq. (3.36) for the GHU (BY), (B), (BY) in
Table III. The error bars in the right side figures stand for the statistical error in Eq. (3.28) at v/s = 250 GeV with 250 fb~! of data and
(P,-,P,) = (=0.8,+0.3), (+0.8,—0.3) for ff = u~u*,cc, bb and at /s = 500 GeV with 500 fb~! of data for ff = t7.
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C. Forward-backward asymmetry
The forward-backward asymmetry A];]; is shown in Fig. 6. From Eq. (3.15), A%(Pef,Pﬁ) with (P,-,P,+) =

(0,0), (=1,0), (+1,0) are given by

3 {|QeRfR‘2 + |QeLfL|2} - {|Q9RfL|2 + |Q€LfR|2}

Afy(0.0) =

4 {|QeRfR|2 + |QeLfL‘2} + {|Q€RfL|2 + |QeLfR’2} ’
3 ‘Qe,_f,‘|2 - |Qe[_fR|2

AP(=1,0) =

Ay(1.0)

- 4 |Q€LfL|2 + |Q€LfR|2 ’
N§ ‘QeRfR|2 - |Q£’RfL|2

fori\/E > my. In the SM, the forward-backward asymmetry
A% becomes constant for /s > m. For ff = y~u*, for
-t
instance, A4 (P.-, P.+) ~3/4 at Z pole /s = m; since
—,+

|Q3LﬂL | > |QeR/4L |’ |QeL/4R |’ |QeRl'4L |’ and AI;‘Y;‘ (Pei’ P€+)
approaches constant for \/s > m.

In the GHU (B) in Table III, due to the interference
effects between the Z and Z' bosons, |Q,,, | can be smaller
than |Q,, . | in some energy region (around /s ~ 1.7 TeV).

Consequently, A{;’; can become negative even for /s >
my as shown in Fig. 6. Deviation from the SM starts to
show up around /s = 250 GeV. As shown in the middle
and right columns in Fig. 6, the amount of the deviation

A{VJ;(PK,Pﬁ =0) in Eq. (3.18) becomes significant for
P,- ~—1 even at /s = 250 GeV.

D. Left-right asymmetry

The integrated left-right asymmetry in e"et — ff

(ff = wu*.cc.bb.1f), Afy is shown in Fig. 7. The

integrated left-right asymmetry A{j,; in Eq. (3.25) is
given by

P Qe P19, 1 1= 1Qegse* + Qe ]

B Qe s P +1Qe, 1 P11 +1Qe, ]

for m; < V/s. In the center-of-mass energy region of

interest, |QeLfL| > |QeLfR| and |QeRfR| > |QeRfL| are
satisfied so that

4

(4.5)

|QeLfL|2 B |QeRfR‘2
|Qe[4f1‘|2 + |QeRfR|2
In the GHU (B) in Table III, due to the interference

effects between Z and Z' bosons, |Q,, . | becomes smaller
than |Q, .| in the region around /s = 1-2 TeV as shown

A~ (4.6)

in Fig. 4. Consequently, A{’; can be negative even for

VS>> my. )
The differential left-right asymmetry of e~et — ff

(ff =u~pt.ce.bb.17), AL (coso) is given by Eq. (3.20),

_4 |Q€Rle2 + |QeRfL|2

(4.4)

|

and is displayed in Fig. 8. In most of the center-of-mass
energy region of interest, relations |Q, | > |Q,, r,| and
|Qcrrel > 1Q,,r,| are satisfied so that in the forward
region cos@ > 0, the differential left-right asymmetry is
approximately

~ |Q€LfL|2 B |QeRfR|2
|Q6LfL|2 + ‘QeRfR‘z

ALl (cos0) (4.7)

E. Left-right forward-backward asymmetry
The left-right forward-backward asymmetry A{f{ rp(cosd)
is given by in Eq. (3.32). It is shown in Fig. 9. For

10,1, 1 100, s 1Qerrel > 10,1, 1, and my < /s, the
left-right forward-backward asymmetry can be written in

b

terms of the integrated left-right asymmetry A{; by

200860 Q1 [F = 1Qeprel?
14c080(Q,, 1, > + Qe fe*
_ 2cos0 7
H  F o2 0 Lk

A’;QFB (cos @) ~

V. SUMMARY AND DISCUSSION

In the present paper, we evaluated total and differential
cross sections, forward-backward asymmetries, differential
and integrated left-right asymmetries, and left-right for-
ward-backward asymmetries in the process e"et — ff
(ff = pu~ut,cé, bb,1tf) in the GUT inspired GHU model.
We showed that significant deviations in total cross sections
from those in the SM can be detected even in the early stage
of the ILC experiment at 250 GeV with Lj,, = 250 fb~! of
data. By examining the dependence on the polarization of
electrons and positrons, the two GHU models, the A and B
models, can be distinguished up to mgg ~ 15 TeV. In
differential cross sections and forward-backward asymme-
try for ff = u~u™*, deviations from the SM can be observed
with the polarization (P,-,P,)= (-0.8,+0.3) and
mgx ~ 13 TeV. Deviations from the SM in the differential
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left-right asymmetry and the left-right forward-backward
asymmetry for ff =u~u* can be also observed with
mgg ~ 13 TeV. In these analyses, we checked that con-
tributions from the second KK modes are negligible
compared to those from the first KK modes in the energy
region /s < 1 TeV.

The main reason for having these large effects lies in the
fact that couplings of leptons and quarks to Z’ bosons
exhibit large parity violation. In the GUT inspired GHU
(the B model) left-handed leptons and light quarks have
much larger couplings than the right-handed ones as shown
in Tables IV-VIIL. The magnitudes of those left-handed
couplings are much larger than those of the Z couplings.
This is a special feature in GHU models formulated in the
RS warped space. KK gauge bosons in the RS space,
including Z’ bosons in our case, are localized near the IR
brane at z = z;. In the GHU, both left- and right-handed
components of each lepton or quark are in one gauge
multiplet, and each lepton or quark acquires a mass mainly
through the Hosotani mechanism. It implies in the RS space
that if the left-handed component is localized near the IR
brane as in the B model, then the right-handed component
is localized near the UV brane, and the left-handed
component has a large coupling to Z’ bosons as the overlap
of wave functions becomes large.

There have been many GHU models formulated in flat
space, particularly on M* x (§'/Z,) [86,89-92]. In flat
space, Z' bosons are symmetrically distributed around the
midpoint in the fifth dimension. In most cases, leptons and
quarks have uniform wave functions in the fifth dimension
so that there arises no large parity violation in the Z’
couplings. In some models on M* x (S'/Z,), additional
kink-mass terms are introduced to make left-handed and
right-handed components localized near one brane or the
other brane. Even in this case, no large parity violation
emerges in the Z’ couplings as Z’ bosons are symmetrically
distributed in the fifth dimension.

In the composite Higgs model, composite vector bosons
play the role of Z’' bosons[79]. It has been argued that the
composite Higgs model is AdS dual of five-dimensional
gauge theory[7]. In this picture, Z’ bosons correspond to
KK gauge bosons as in the GHU. In most of the composite
Higgs models, leptons and quarks except for the top quark
are supposed to be localized near the UV brane so that they
do not couple to Z' bosons very much. Except for the
e~et — tf process, one does not expect significant devia-
tions from the SM due to Z’ bosons.

In the present paper, we focused on the analysis of the
s-channel scattering processes e"et — ff (ff # e e™)
mediated by neutral vector bosons Z’ in the GHU B model.
For e"et — e~ e™, there is a contribution not only from the
s-channel scattering process but also from the #-channel
scattering process. The formulas for several observables in
the scattering process e"e™ — ff in Sec. III need to be
modified for e“e™ — e~e™. It has been pointed out in

Ref. [23] that for the scattering process e”e™ — e~e™,
deviations from the SM in the GHU A model can be
detected even in the early stage of the ILC experiment at
250 GeV, and therefore, we expect similar deviations from
the SM in the GHU B model as well. We plan to give a
detailed analysis of the e~et — e~e™ scattering process in
GHU in the near future.

The scenario of GHU leads to distinct signals in electron-
positron collision experiments. Clear deviations from the
SM should be observed in the early stage of ILC 250 GeV
experiments. In particular, GHU predicts strong depend-
ence on the polarization of electron and positron beams,
with which one can explore physics at the KK mass scale
of 15 TeV.
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APPENDIX: FORMULAS OF TOTAL AND
PARTIAL DECAY WIDTHS

We summarize formulas of the total and partial decay
widths of a vector boson in a tree-level approximation. The
total decay width of a vector boson I'y is the sum of partial
decay widths for all possible final states:

Z F(V’ — HZ“>’
Z'”za<mv’ a

a

ry - (A1)

where I'(V' — [, x.) represents the partial decay width of
V' to the final state [ [, x,. my» and m, are masses of V'
and y,, respectively.

In general, the partial decay width of V' to two particles

X1x2 1s given by

My "

1
F(V, _)}(1)(2) = ﬂ’<1’l X) |M}(|){2|2’

167TmV/ myy ’mvl

MA,B,C) = A* + B* + C* — 2(A’B? + B2C* + C?A?),
(A2)

where m, (i =1, 2) is the mass of the particle y;, and
M, ,, stands for the amplitude for V' — y,y,. For fermion

final states y x> = f1/f2>
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2 mi +m:  (m%: —m?)? me m
M 2:_Nc 2 2 1— f1 fo N /2 6 1" . A3
Mg, | 3 Velly {(QL + gz) om?, o, + 69.9r 7 (A3)

where g; /g is the left- (right-) handed coupling constant of V' to f; and f,, and N, is a color factor in the SU(N,)

gauge group.
For yy, = V,V, where V,, V, are gauge bosons,

1 mb m’

2 _ v’ 2 14
Myl = 12 m2 m? gV’Vle{ (1 " m4i *

17 1%

% (1 _ (mvl —|-2mv2)2> <1 _
my,

(mV1 - mv2)

4 2 .2 2 2 2 2

ny, my, my, + my_ my, +my, my,
i +10 3

mV, mV,

(A4)

i

Here, my. (i = 1, 2) is the mass of the gauge boson V;, and gyy,y, is the coupling constant of V' to V; and V,. For
x1x>» = VH where V and H are a gauge boson and scalar boson,

2

2 (m2, + m% — m2,)?
|MVH|2:_9%/’VH{ . - 2 Ty,

3

A5
8mi,m3, (A3)

where my and my are the mass of the gauge boson V and the scalar H, respectively, and gy is the coupling constant of V’
to V and H. Normalization of gyy,y, and gy is given in Ref. [12].
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