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In the SOð5Þ × Uð1Þ gauge-Higgs unification (GHU), Kaluza-Klein (KK) excited states of charged and

neutral vector bosons, Wð1Þ, Wð1Þ
R , Zð1Þ, γð1Þ, and Zð1Þ

R , can be observed as W0 and Z0 signals in collider
experiments. In this paper we evaluate the decay rates of the W0 and Z0, and s-channel cross sections
mediated by W0 and Z0 bosons with final states involving the standard model (SM) fermion pair (lν, ll̄,
qq̄0), WH, ZH, WW, and WZ. W0 and Z0 resonances appear around 6.0 TeV (8.5 TeV) for θH ¼ 0.115
(0.0737) where θH is the Aharonov-Bohm phase in the fifth dimension in GHU. For decay rates we

find ΓðW0 → WHÞ≃ ΓðW0 → WZÞ (W0 ¼ Wð1Þ, Wð1Þ
R ), ΓðWð1Þ → WH;WZÞ ∼ ΓðWð1Þ

R → WH;WZÞ,
ΓðZð1Þ → ZHÞ≃P

Z0¼Zð1Þ;γð1ÞΓðZ0 → WWÞ, and ΓðZð1Þ
R → ZHÞ≃ ΓðZð1Þ

R → WWÞ. W0 and Z0 signals of

GHU can be best found at the LHC experiment in the processes pp → W0ðZ0Þ þ X followed byW0 → tb̄,
WH, and Z0 → eþe−, μþμ−; ZH near theW0 and Z0 resonances. For the lighter Z0 (θH ¼ 0.115) case, with
forthcoming 30 fb−1 data of the 13 TeV LHC experiment we expect about ten μþμ− events for the invariant
mass range 3000 to 7000GeV, though the number of the events becomesmuch smallerwhen θH ¼ 0.0737. In
the process withWZ in the final state, it is confirmed that the leading contributions in the amplitude from the
longitudinal polarizations ofW and Z in the s-, t-, and u-channels cancel with each other so that the unitarity
is preserved, provided that all KKexcited states in the intermediate states are taken into account. Deviation of

theWWZ coupling from the SM is very tiny. Exotic partners tð1ÞT and bð1ÞY of the top and bottom quarks with
electric chargeþ5=3 and−4=3 havemassM

tð1ÞT ;bð1ÞY
¼ 4.6 TeV (5.4 TeV) for θH ¼ 0.115 (0.0737), becoming

the lightest non-SM particles in GHU which can be singly produced in collider experiments.

DOI: 10.1103/PhysRevD.95.035032

I. INTRODUCTION

At the LHC, W0 and Z0 are searched with various decay
modes: decay to lepton pairs (ll̄, lν, νν̄) [1–6], a pair of top
and bottom [7–9], qq̄-dijet [10,11], WHð→ lνbb̄Þ and
ZHð→ ll̄bb̄Þ [12–15], and WW and WZ [16–22]. In the
models with extra dimensions, W0 and Z0 appear as Kaluza-
Klein (KK) excited states of charged and neutral vector
bosons. The couplings of W0 and Z0 to fields in the standard
model (SM) depend on the details of themodels. For example,
in theminimal universal extra dimension (mUED)model [23],
the conservation ofKKnumber forbids tree-level couplings of
KK-excited states to the SM fields so that production ofW0 or
Z0 in the collider experiment is highly suppressed.
Nonvanishing couplings of W0 and Z0 to the SM fields in

models with extra-dimensions originate from the violation of
the KK number conservation which reflects the translational
invariance in the direction of the extra dimensional space.
The KK number conservation is broken by, for instance,
domain-wall like bulk mass terms, brane localized mass
terms to the fermion, or warped extra dimensions. It is well
known that in the models in which SM fields live in
the warped bulk space, couplings among fermions and
KK-excited gauge bosons are nonvanishing and can be

large. In the minimal SUð3Þ gauge-Higgs unification (GHU)
model [24] there are noW0 or Z0 couplings to the SM fields.
In a custodially protected warped extra dimensional model
[25], WW and WH diboson signals have been studied.
The GHU provides a natural scenario for solving the

gauge hierarchy problem. Many advances have been made
in this direction recently [24,26–71]. In the present paper,we
evaluate couplings of KK excited gauge bosons to the SM
gauge boson, Higgs boson, and fermions, and study collider
signals ofW0 andZ0 in theSOð5Þ ×Uð1ÞGHUmodelwhich
naturally incorporates the Higgs boson of mass mH ¼
125 GeV and gives almost the same phenomenology as
the SM at low energies [46–49]. In the previous work [47],
we reported that in hadron collider experiments large Z0
signals are expected due to the large couplings of right-
handed fermions to the KK-excited gauge bosons [72]. In
the present paper we evaluate cross sections not only with
fermionic final states but also with bosonic WH, ZH, WW
and WZ final states.
In the warped space, in general, it is difficult to evaluate

couplings among various fields as they should be calculated
in their mass eigenstates. One remarkable feature of the
GHU is that the Higgs vacuum expectation value (VEV)
can be eliminated by a large gauge-transformation and its
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effect is transmitted to the change in the boundary con-
ditions so that one can obtain mass eigenstates easily. In the
previous work [49], it is found that KK nonconserving
couplings HWðmÞWðnÞ and ZWðmÞWðnÞ (m ≠ n), including
HWWðnÞ and ZWWðnÞ, are nonvanishing, and we used
them in the calculation of the H → Zγ decay rate.
This paper is organized as follows. In Sec. II, the model is

introduced. In Sec. III decay width and cross sections
formulas are given. In Sec. IVwe introduce effective theories
to qualitatively describe salient relations amongvarious decay
widths. InSec.V, couplings anddecaywidthsofW0 andZ0 are
evaluated in GHU. In Sec. VI cross sections are evaluated.W0
and Z0 signals in pp collision experiment at LHC are
explored.We also showhow the unitarity in the processdū →
WZ is ensured by including contributions from KK states of
vector bosons and fermions in the intermediate states.
Section VII is devoted to summary. In Appendix A SOð5Þ
generators andbasis functions in the analysis are summarized.
In Appendices B and C masses and wave functions for
bosonic and fermionic KK states are given, respectively. In
Appendix D fermion couplings to vector bosons and the
Higgs boson are summarized,whereas cubic vector couplings
and Higgs couplings are given in Appendix E. In
Appendices FandG, formulas for decaywidths and scattering
cross sections are summarized, respectively.

II. MODEL

We consider five-dimensional (5D) gauge theory in the
Randall-Sundrum space-time, whose metric is

ds2 ¼ e−2σðyÞημνdxμdxν þ dy2 ¼ GMNdxMdxN; ð2:1Þ
where ημν ¼ diagð−1; 1; 1; 1Þ. Here σðyÞ ¼ kjyj for −L ≤
y ≤ L and σðyþ 2LÞ ¼ σðyÞ is satisfied. k is the AdS5
curvature. y ¼ 0 and y ¼ L boundaries are referred to as
the UV (ultraviolet) and IR (infrared) branes, respectively.
The Kaluza-Klein (KK) mass scale is given by

mKK ≡ πk
ekL − 1

; ð2:2Þ

and when kL≳ 5, it is followed by mKK ≪ k, L−1.
This space-time has symmetric under the Z2 reflection

y → −y, and fundamental region of the extra dimension is
given by 0 ≤ y ≤ L. In this region we introduce a new
coordinate z ¼ eky, with which the metric becomes

ds2 ¼ 1

z2

�
ημνdxμdxν þ

dz2

k2

�
: ð2:3Þ

Note that ∂y ¼ kz∂z and Vy ¼ kzVz for a vector field VM.
In the 5D bulk space there are SOð5Þ and Uð1ÞX gauge

fields, four SOð5Þ-vector fermions per generation Ψg
a

(a ¼ 1, 2, 3, 4, g ¼ 1, 2, 3), and NF SOð5Þ-spinor fermions
ΨFi

(i ¼ 1;…; NF). We note that each of Ψ1 and Ψ2 is an
SUð3Þ-color triplet.

The bulk part of the action is given by

Sbulk ¼
Z

d5x
ffiffiffiffiffiffiffi
−G

p �
−
1

2
trGMRGNSFðAÞ

MNF
ðAÞ
RS

−
1

4
GMRGNSFðBÞ

MNF
ðBÞ
RS þ 1

2ξðAÞ
ðfðAÞgf Þ2

þ 1

2ξðBÞ
ðfðBÞgf Þ2 þ LðAÞ

GH þ LðBÞ
GH

þ
X3
g¼1

X4
a¼1

Ψ̄g
aDðcgaÞΨg

a þ
XNF

i¼1

Ψ̄Fi
DðcFi

ÞΨFi

�
;

ð2:4Þ

DðcaÞ≡ ΓAeAM
�
∂M þ 1

8
ΩMBC½ΓB;ΓC� − igAAM

− igBQX;a − cakϵðyÞ
�
; ð2:5Þ

where ϵðyÞ≡ σ0=k is a sign function. ΓM denotes gamma
matriceswhich is defined byfΓM;ΓNg ¼ 2ηMN (η55 ¼ þ1).
eAM is an inverse fielbein, andΩMBC is the spin connection.

FðAÞ
MN ¼ ∂MAN − ∂NAM − igA½AM; AN � andFðBÞ

MN ¼ ∂MBN−∂NBM. gA and gB are 5D gauge couplings of SOð5Þ and
Uð1ÞX, respectively. gw ≡ gA=

ffiffiffiffi
L

p
is the four-dimensional

(4D) SOð5Þ coupling. fðAÞgf and fðBÞgf are gauge-fixing
functions, and ξðAÞ and ξðBÞ are corresponding gauge

parameters. LðAÞ
GH and LðBÞ

GH denote ghost Lagrangians.
Bulk fermions are SOð5Þ-vectors. For the third gener-

ation, they are given by

Ψ1 ¼
��

T t

B b

�
; t0
�

¼ ððQ1; qÞ; t0Þ ¼ ðΨ̌q
1; t

0Þ;

Ψ2 ¼
��

U X

D Y

�
; b0

�
¼ ððQ2; Q3Þ; b0Þ ¼ ðΨ̌q

2; b
0Þ;

Ψ3 ¼
��

ντ L1X

τ L1Y

�
; τ0

�
¼ ððl; L1Þ; τ0Þ;¼ ðΨ̌l

3 ; τ0Þ;

Ψ4 ¼
��

L2X L3X

L2Y L3Y

�
; ν0τ

�
¼ ððL2; L3Þ; ν0τÞ;¼ ðΨ̌l

4 ; ν0τÞ;

ð2:6Þ
where SOð4Þ vector is embedded in ð2; 2Þ-representation of
SUð2ÞL × SUð2ÞR by�

ψ11 ψ12

ψ21 ψ22

�
¼ 1ffiffiffi

2
p ðψ4 þ i~σ · ~ψÞiσ2

¼
�−iψ1 − ψ2 iψ3 þ ψ4

iψ3 − ψ4 iψ1 − ψ2

�
: ð2:7Þ

The brane part of the action consists of scalar part SΦbrane
and brane-fermion part Sχbrane. The scalar part is given by
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SΦbrane ¼
Z

d5x
ffiffiffiffiffiffiffi
−G

p
δðyÞ½−ðDμΦÞ†ðDμΦÞ

− λΦðjΦj2 − w2Þ2�;

DμΦ ¼
�
∂μ − i

�
gA

X3
aR¼1

AaR
μ TaR þ 1

2
gBBμ

��
Φ: ð2:8Þ

The fermion part of the brane action is

Sχbrane ¼
Z

d5x
ffiffiffiffiffiffiffi
−G

p
δðyÞfLq þ Llg;

Lq ≡
X3
g¼1

X3
α¼1

ðχ̂q;g†αR iσ̄μDμχ̂
q;g
αRÞ

− i
X3
g;g0¼1

½κq;gg01 χ̂q;g†1R Ψ̌q;g0
1L

~Φþ ~κq;gg
0
χ̂q;g†2R Ψ̌q;g0

1L Φ

þ κq;gg
0

2 χ̂q;g†2R Ψ̌g0
2L

~Φþ κq;gg
0

3 χ̂q;g†3R Ψ̌g0
2LΦ − ðH:c:Þ�;

Ll ≡
X3
g¼1

X3
α¼1

ðχ̂l;g†αR iσ̄μDμχ̂
l;g
αR Þ

− i
X3
g;g0¼1

½~κl;gg0 χ̂l;g†3R Ψ̌l;g0
3L

~Φþ κl;gg
0

1 χ̂l;g†1R Ψ̌l;g0
3L Φ

þ κl;gg
0

2 χ̂l;g†2R Ψ̌l;g0
4L

~Φþ κl;gg
0

3 χ̂l;g†3R Ψ̌l;g0
4L Φ − ðH:c:Þ;

ð2:9Þ

Dμχ̂ ¼
�
∂μ − igA

X3
aL¼1

AaL
μ TaL − iQXgBBμ

�
χ̂;

~Φ≡ iσ2Φ�; ð2:10Þ

where

χ̂q1R ¼
�
T̂R

B̂R

�
7=6

; χ̂q2R ¼
�
ÛR

D̂R

�
1=6

;

χ̂q3R ¼
�
X̂R

ŶR

�
−5=6

; ð2:11Þ

χ̂l1R ¼
�
L̂1XR

L̂1YR

�
−3=2

; χ̂l2R ¼
�
L̂2XR

L̂2YR

�
1=2

;

χ̂l3R ¼
�
L̂3XR

L̂3YR

�
−1=2

; ð2:12Þ

are right-handed brane fermions. We note that each of χ̂q1R,
χ̂q2R, and χ̂q3R is an SUð3Þ-color triplet. We also have
introduced 3 × 3 Yukawa coupling matrices κq1;2;3, κ

l
1;2;3,

~κq, and ~κl.

A. Orbifold symmetry breaking

We impose Z2 boundary conditions at boundaries
y ¼ yi, y0 ≡ 0, y1 ≡ L.

�
Aμ

Ay

�
ðx; yi − yÞ ¼ Pi

�
Aμ

−Ay

�
ðx; yi þ yÞP−1

i ; ð2:13Þ

�
Bμ

By

�
ðx; yi − yÞ ¼

�
Bμ

−By

�
ðx; yi þ yÞ; ð2:14Þ

Ψaðx; yi − yÞ ¼ γ5PiΨðx; yi þ yÞa; ð2:15Þ

where

Pvec
0 ¼ Pvec

1 ¼ diagð−1;−1;−1;−1;þ1Þ;

Psp
0 ¼ Psp

1 ¼
�
1

−1

�
ð2:16Þ

in the vector and spinor representations, respectively. These
boundary conditions break SOð5Þ to SOð4Þ≃ SUð2ÞL×
SUð2ÞR. AaL;aR

μ and Aâ
y are even function against reflections

at y ¼ yi and can have their zero modes. Zero modes of
AaL;aR
μ are the gauge fields of unbroken SOð4Þ symmetry.

B. Symmetry breaking by brane scalar

Once Φ develops a VEV

hΦi ¼
�
0

w

�
; ð2:17Þ

SUð2ÞR ×Uð1ÞX symmetry is broken to Uð1ÞY . After Φ
develops a VEV, the boundary conditions in the original
gauge are given by

at z ¼ 1∶ ∂zA
aL
μ ¼

�
∂z −

κ

2k

�
A1R;2R
μ

¼
�
∂z −

κ0

2k

�
A
30R
μ ¼ ∂zBY 0

μ ¼ 0;

Aâ
μ ¼ A4̂

μ ¼ 0;

AaL
z ¼ AaR

z þ Bz ¼ 0; ∂z

�
1

z
Aâ
z

�
¼ ∂z

�
1

z
A4̂
z

�
¼ 0;

at z ¼ zL∶ ∂zA
aL
μ ¼ ∂zA

aR
μ ¼ ∂zBX

μ ¼ 0;

Aâ
μ ¼ A4̂

μ ¼ 0;

AaL
z ¼ AaR

z ¼ Bz ¼ 0; ∂z

�
1

z
Aâ
z

�
¼ ∂z

�
1

z
A4̂
z

�
¼ 0:

ð2:18Þ

Here we have defined
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κ ≡ g2Aw
2

4
¼ g2wLw2

4
; κ0 ≡ ðg2A þ g2BÞw2

4
; ð2:19Þ

and

�
A
30R
M

BY 0
M

�
≡

�
cϕ −sϕ
sϕ cϕ

��
A3R
M

BM

�
;

cϕ ≡ cosϕ ¼ gAffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2A þ g2B

p ;

sϕ ≡ sinϕ ¼ gBffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2A þ g2B

p ; ð2:20Þ

where a mixing angle ϕ is defined by tanϕ≡ gB=gA. KK
modes of A1;2R

μ and A3R
μ0 with mn ≪ w obey effectively

Dirichlet boundary conditions on the UV brane: A1R;2R
μ ¼

A
30R
μ ¼ 0 at z ¼ 1.
For fermions, nonvanishing hΦi also induces brane mass

terms given by

Smass
brane ¼

Z
d5x

ffiffiffiffiffiffiffi
−G

p
δðyÞfLmass

quark þ Lmass
leptong; ð2:21Þ

Lmass
quark ¼

X3
g;g0¼1

�
−
X3
α¼1

iμq;gg
0

α ðχ̂q;g†αR Qg0
αL −Qg0†

αL χ̂
q;g
αRÞ

− i ~μq;gg
0 ðχ̂q;g†2R qg

0
L − qg

0†
L χ̂q;g2R Þ

�
; ð2:22Þ

Lmass
lepton ¼

X3
g;g0¼1

�
−
X3
α¼1

iμl;gg
0

α ðχ̂l;g†αL Lg0
αL − Lg0†

αL χ̂
l;g
αR Þ

− i ~μl;gg
0 ðχ̂l;g†3R lg0

L − lg0†
L χ̂l;g3R Þ

�
; ð2:23Þ

where

μq;gg
0

α

κq;gg
0

α

¼ ~μq;gg
0

~κq;gg
0 ¼ μl;gg

0
α

κl;gg
0

α

¼ ~μl;gg
0

~κl;gg
0 ¼ w: ð2:24Þ

For w ≫ mKK, and μα; ~μ ≫ ffiffiffiffiffiffiffiffiffi
mKK

p
, exotic fermions couple

to brane fermions to become very heavy so that only quarks
and leptons remain at low energy.
Since the gauge field Ay plays the role of the Higgs

boson, the Yukawa couplings of quarks and leptons are
diagonal in the flavor space, and flavor mixing can be
induced by nondiagonal brane mass terms. For simplicity
we assume that all brane mass terms are flavor-diagonal:

μq;gg
0

α ¼ δgg
0
μqα; μl;gg

0
α ¼ δgg

0
μlα; α ¼ 1; 2; 3;

~μq;gg
0 ¼ δgg

0
~μq; ~μl;gg

0 ¼ δgg
0
~μl: ð2:25Þ

C. Electroweak symmetry breaking

Aâ
z (a ¼ 1, 2, 3 and 4) have their zero modes:

Aâ
z ðx; zÞ ¼ ϕaðxÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

kðz2L − 1Þ

s
· zþ…; ð2:26Þ

(where “� � �” includes higher-KK modes) and can develop a
VEV. We assume that Az develops a VEV in the direction of
T 4̂ and we parametrize it by hϕai ¼ vWδ4a. Then we define
the Wilson-line phase parameter θH by

exp

�
i
2
θHð2

ffiffiffi
2

p
T 4̂Þ

�
¼ exp

�
igA

Z
zL

0

hAzidz
�
; ð2:27Þ

so that we obtain

θH ¼ 1

2
gAvW

ffiffiffiffiffiffiffiffiffiffiffiffiffi
z2L − 1

k

r
∼
g2vW
2

π
ffiffiffiffiffiffi
kL

p

mKK
; ð2:28Þ

where gw ≡ gA=
ffiffiffiffi
L

p
is the 4D SOð4Þ≃ SUð2ÞL × SUð2ÞR

gauge coupling constant. We also have a formula of
W-boson mass.

mW ≃ mKK

π
ffiffiffiffiffiffi
kL

p jsin θHj; ð2:29Þ

and for θH ≪ 1, mW ¼ 1
2
gwvW is obtained. This may be

compared with the SM formula mW ¼ 1
2
gwvH, vH ¼

246 GeV.
To solve the equations of motion, we move to the twisted

gauge in which h ~Azi ¼ 0. This is achieved by

~AM ¼ ΩAMΩ−1 þ i
gA

Ωð∂MΩ−1Þ; ~Ψ ¼ ΩΨ; ð2:30Þ

Ω ¼ exp ½iθðzÞ
ffiffiffi
2

p
T 4̂�; θðzÞ ¼ θH

z2L − z2

z2L − 1
: ð2:31Þ

Using Ω and making use of SOð5Þ algebra, we find gauge
transformation as

AaL
M ¼ 1ffiffiffi

2
p f ~Aaþ

M þ ~Aa−
M cos θðzÞ − ~Aâ

M sin θðzÞg;

AaR
M ¼ 1ffiffiffi

2
p f ~Aaþ

M − ~Aa−
M cos θðzÞ þ ~Aâ

M sin θðzÞg;

Aâ
M ¼ ~Aa−

M sin θðzÞ þ ~Aâ
M cos θðzÞ; a ¼ 1; 2; 3;

A4̂
μ ¼ ~A4̂

μ; A4̂
z ¼ ~A4̂

z −
ffiffiffi
2

p

gA
θ0ðzÞ; ð2:32Þ

where ~Aa�
M ≡ ð ~AaL

M � ~AaR
M Þ= ffiffiffi

2
p

.
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D. Kaluza-Klein towers

1. Gauge bosons

SOð5Þ ×Uð1ÞX gauge fields are decomposed into
Kaluza-Klein towers given by

Aμðxμ; zÞ þ Bμðxμ; zÞTB ¼ Ŵμ þ Ŵ†
μ þ ŴRμ þ Ŵ†

Rμ þ Ẑμ

þ ẐRμ þ Âγ
μ þ Â4̂

μ; ð2:33Þ

where TB is aUð1ÞX generator. Ŵ, Ẑ, and Âγ are KK towers
for W, Z bosons and photons in the SM, respectively. We
note that each of Ŵ and Ẑ towers contains two KK towers
so that there are eleven KK towers in (2.33).
Each tower has an expansion of the form

ÂC
μ ¼

X
n

AðnÞ
μ ðxμÞfhL

AðnÞ ðzÞT−L þhR
AðnÞ ðzÞT−R þ ĥAðnÞ ðzÞT−̂g;

ÂN
μ ¼

X
n

AðnÞ
μ ðxμÞfhL

AðnÞ ðzÞT3L þhR
AðnÞ ðzÞT3R

þ ĥAðnÞ ðzÞT 3̂þhB
AðnÞ ðzÞTBg;

Â4̂
μ¼

X
n

AðnÞ4̂
μ ðxÞhAðnÞ4̂ðzÞT 4̂; ð2:34Þ

for ÂC ¼ Ŵ, ŴR and ÂN ¼ Ẑ, ẐR and Âγ . T� ¼
ðT1 � iT2Þ= ffiffiffi

2
p

. Explicit forms of KK towers of gauge
fields are summarized in Appendix B and also found in [47].

2. Az and Bz

Az and Bz are expanded, in the twisted gauge, as

~Azðx; zÞ ¼
X3
a¼1

Ĝa þ
X3
a¼1

D̂a þ Ĥ;

Bzðx; zÞ ¼ B̂ ¼
X∞
n¼1

BðnÞðxÞuBðnÞ ðzÞTB: ð2:35Þ

D̂ and Ĝ towers are expanded as

Ŝ−¼
X
n

S−ðnÞðxÞfuL
SðnÞ ðzÞT−L þuR

SðnÞ ðzÞT−R þ ûSðnÞ ðzÞT−̂g;

Ŝ3¼
X
n

S3ðnÞðxÞfuL
SðnÞ ðzÞT3L þuR

SðnÞ ðzÞT3R þ ûSðnÞT
3̂g;

S¼D;G; ð2:36Þ

whereas Ĥ is expanded as

Ĥ ¼
X∞
n¼0

HðnÞðxÞuHðnÞ ðzÞT 4̂: ð2:37Þ

Hð0Þ corresponds to the SMHiggs boson. D̂ contain twoKK
towers so that ~Az contain ten KK towers. We note that KK
modes other than Hð0Þ are Nambu-Goldstone bosons and
eaten by KK excited states of corresponding vector bosons.

3. Fermions

Bulk fermions are also decomposed into KK towers as
follows. For example, quark bulk fermionsΨ1 andΨ2 in the
third generation are decomposed into

ðΨ1 þ Ψ2Þ ¼ t̂Tð5=3Þ þ t̂ð2=3Þ þ t̂Bð2=3Þ þ t̂Uð2=3Þ

þ b̂ð−1=3Þ þ b̂Dð−1=3Þ þ b̂Xð−1=3Þ þ b̂Yð−4=3Þ;

ð2:38Þ
where numbers in subscripts denote the electric charge of
fields. t̂ and b̂ are towers for top and bottom quarks,
respectively, whereas others are towers for non-SM exotic
partners of quarks.We note that each of t̂ and b̂ contains two
KK towers. In all Ψ1 and Ψ2 contain ten KK towers of
fermions. In the same way KK towers of quarks of the first
and second generations are expressed as ûT þ ûþ…,
d̂þ d̂D þ…, and so on.
Lepton bulk fermionsΨ3 andΨ4 (in the third generation)

are decomposed as

ðΨ3 þ Ψ4Þ ¼ ν̂τð0Þ þ τ̂ð−1Þ þ τ̂1Xð−1Þ þ τ̂1Yð−2Þ
þ ν̂τ2Xðþ1Þ þ ν̂τ2Yð0Þ þ ν̂τ3Xð0Þ þ τ̂3Yð−1Þ;

ð2:39Þ
where τ̂ and ν̂τ are towers for tau and tau-neutrino,
respectively, and others are towers for non-SM exotic
lepton partners.
Hereafter we work with rescaled bulk fermions

Ψ̆≡ z2Ψ. One can find mass spectra of KK towers
corresponding to t̂T , b̂Y , t̂, and b̂ in Refs. [39,42]. For
the fermions withQEM ¼ þ2=3, integrating brane fermions
and utilizing orbifold boundary conditions, boundary con-
ditions at z ¼ 1þ in the original gauge are given by

μ2
2k

½μ2ŬL þ ~μt̆L� −Dð2Þ
þ ŬL ¼ 0;

μ21
2k

B̆L −Dð1Þ
þ B̆L ¼ 0;

~μ

2k
½μ2ŬL þ ~μt̆L� −Dð1Þ

þ t̆L ¼ 0;

t̆0L ¼ 0; ð2:40Þ
where DðaÞ

� ≡�ðd=dzÞ þ ðca=zÞ. Bulk fermions in the
twisted gauge, ~U, ~t, ~B, and ~t0 are obtained by gauge
transformation� ð~t− ~BÞ= ffiffiffi

2
p

~t0

�
¼
�

cosθðzÞ sinθðzÞ
− sinθðzÞ cosθðzÞ

�� ðt−BÞ= ffiffiffi
2

p

t0

�
;

~U ¼ U;

~tþ ~B¼ tþB; ð2:41Þ
where θðzÞ ¼ θHðz2L − z2Þ=ðz2L − 1Þ. We express KK
expansion of bulk fermions in the twisted gauge as
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0
BBBBB@

~̆U

~̆t

~̆B

~̆t0

1
CCCCCA ¼

ffiffiffi
k

p X
n

ψ ðnÞ
L ðxÞ

0
BBBBB@

aUC
ð2Þ
L

atC
ð1Þ
L

aBC
ð1Þ
L

at0S
ð1Þ
L

1
CCCCCAðz; λnÞ

þ
ffiffiffi
k

p X
n

ψ ðnÞ
R ðxÞ

0
BBBBB@

aUS
ð2Þ
R

atS
ð1Þ
R

aBS
ð1Þ
R

at0C
ð1Þ
R

1
CCCCCAðz; λnÞ; ð2:42Þ

where CðaÞ
L ðz; λnÞ ¼ CLðz; λn; caÞ and so on. ψ ðnÞ

L and ψ ðnÞ
R

are 4D left- and right-handed fermions with the mass
mn ¼ kλn, respectively. When we assume that μ21; μ

2
2; ~μ

2;
~μμ2 ≫ kλn, then the boundary conditions at z ¼ 1 are
simplified as follows

B̆L ¼ 0; μ2ŬL þ ~μt̆L ¼ 0;

~μDð2Þ
þ ŬL − μ2D

ð1Þ
þ t̆L ¼ 0; t̆0L ¼ 0: ð2:43Þ

Substituting left-handed KK modes in (2.42) into the above
conditions, we can obtain KK masses and corresponding
eigenstates. KK fermions with QEM ¼ −1=3 are also
obtained in a similar way.
Masses and couplings of fermions are summarized in

Appendices C and D, respectively. It is seen in Tables XII

and XIII, that tð1ÞT and bð1ÞY , which are exotic partners of the
top and bottom quarks with electric chargeþ5=3 and−4=3,
respectively, have mass M

tð1ÞT ;bð1ÞY
¼ 4.6 TeV (5.4 TeV) for

θH ¼ 0.115 (0.0737). tð1ÞT and bð1ÞY are the lightest non-SM
states in GHUwhich can be singly produced in the colliders.

III. DECAY WIDTH AND CROSS SECTIONS

The relevant parts of the Lagrangian for the present study
consist of cubic interactions among vector andHiggs bosons

Lboson
eff ¼ LW0WZ þ LW0WH þ LZ0WW þ LZ0ZH;

LW0WZ ¼
X

W0¼Wð1Þ;Wð1Þ
R

igW0WZðηαγηβδ − ηαδηβγÞðW0−
γ Zδ∂αW

þ
β þW−

γ Zδ∂αW
0þ
β

þ ZγW
0þ
δ ∂αW−

β þ ZγW
þ
δ ∂αW0−

β þW0þ
γ W−

δ ∂αZβ þWþ
γ W0−

δ ∂αZβÞ;
LW0WH ¼ gWð1ÞWH½HWþ

μ W−ð1Þμ þHW−
μWþð1Þμ�;

LZ0WW ¼
X

Z0¼Zð1Þ;γð1Þ;Zð1Þ
R

igZ0WWðηαγηβδ − ηαδηβγÞðW−
γ Z0

δ∂αW
þ
β þW−

γ Z0
δ∂αW

þ
β

þ Z0
γW

þ
δ ∂αW−

β þ Z0
γW

þ
δ ∂αW−

β þWþ
γ W−

δ ∂αZ0
β þWþ

γ W−
δ ∂αZ0

βÞ;
LZ0ZH ¼

X
Z0¼Zð1Þ;γð1Þ;Zð1Þ

R

gZ0ZH½HZμZ0μ�; ð3:1Þ

and the W0 and Z0 couplings to fermions

Lfermion
eff ¼ LW0ff̄ þ LZ0ff̄;

LW0ff̄ ¼
X

W0¼Wð1Þ;Wð1Þ
R

�X
ðl;νlÞ

�
gLW0lνW

0−
μ l̄γμ

1 − γ5
2

νl þ ðH:c:Þ
�

þ
X
color

X
ðU;DÞ

�
gLW0UDW

0−
μ D̄γμ

1 − γ5
2

U þ ðH:c:Þ
�
þ ðL → R; γ5 → −γ5Þ

�
;

LZ0ff̄ ¼
X

Z0¼Zð1Þ;γð1Þ;Zð1Þ
R

� X
l¼l;νl

�
gLZ0lZ

0−
μ l̄γμ

1 − γ5
2

νl þ ðH:c:Þ
�

þ
X
color

X
q¼u;d;s;c;b;t

�
gLZ0qZ

0−
μ q̄γμ

1 − γ5
2

qþ ðH:c:Þ
�
;þðL → R; γ5 → −γ5Þ

�
: ð3:2Þ

FUNATSU, HATANAKA, HOSOTANI, and ORIKASA PHYSICAL REVIEW D 95, 035032 (2017)

035032-6



The couplings Lbosons
eff and Lfermions

eff are summarized in
Appendix E and Appendix D, respectively. Z0 couplings
to fermions are also given in Ref. [47].
Formulas for decay widths ofW0 and Z0 are summarized

in Appendix F. When MW0 ;MZ0 ≫ MW;MZ;MH, partial

decay widths of W0 ¼ Wð1Þ and Z0 ¼ Zð1Þ; γð1Þ; Zð1Þ
R are

approximately given by

ΓðW0 → WHÞ≃ MW0

192π

�
gHW0W

MW

�
2

;

ΓðZ0 → ZHÞ≃ MZ0

192π

�
gHZ0Z

MZ

�
2

;

ΓðW0 → WZÞ≃ MW0

192π
g2W0WZ

M4
W0

M2
WM

2
Z
;

ΓðZ0 → WþW−Þ≃ MZ0

192π
g2Z0WW

M4
Z0

M4
W
; ð3:3Þ

and

ΓðW0 → ff̄0Þ≃ Nc
MW0

24π
ðjgLW0ff0 j2 þ jgRW0ff0 j2Þ;

ΓðZ0 → ff̄Þ≃ Nc
MZ0

24π
ðjgLZ0fj2 þ jgRZ0fj2Þ; ð3:4Þ

where Nc is the number of color of fermions f, f0. For later
use, we define ratios of partial decay widths as follows.

ΓðW0 → WHÞ
ΓðW0 → WZÞ ≃

g2
HW0W
M2

W

g2W0WZ

M4

W0
M2

WM
2
Z

¼ g2HW0W

g2W0WZ

M2
Z

M4
W0

≡ ηW0 ; ð3:5Þ

ΓðZ0 → ZHÞ
ΓðZ0 → WWÞ≃

g2
HZ0Z
M2

Z

g2Z0WW

M4

Z0
M4

W

¼ g2HZ0Z

g2Z0WW

M4
W

M4
Z0M2

Z
≡ ηZ0 : ð3:6Þ

Formulas of s-channel cross sections mediated by W0 or
Z0 are summarized in Appendix G. When

ffiffiffi
s

p
≫ MW;MZ;

MH, cross sections for the processes ff̄0 → fW;Wð1Þg →

WH and ff̄ → fZ; Zð1Þ; Zð1Þ
R g → ZH are approximately

given by

σðff̄0 → fW;Wð1Þg → WHÞ

≃ 1

Ni
c

1

384π

s
M2

W

� X
V¼W;Wð1Þ

g2HVW ½jgLVff0 j2 þ jgRVff0 j2�
ðs −M2

VÞ2 þM2
VΓ2

V
þ 2Re

�gHWWgHWð1ÞW ½ðgLWff0 ÞðgLWð1Þff0 Þ� þ ðgRWff0 ÞðgRWð1Þff0 Þ��
½ðs −M2

WÞ þ iMWΓW �½ðs −M2
Wð1Þ Þ − iMWð1ÞΓWð1Þ �

��
;

ð3:7Þ

σðff̄ → fZ;Zð1Þ; Zð1Þ
R g→ ZHÞ

≃ 1

Ni
c

1

384π

s
M2

Z

� X
V¼Z;Zð1Þ;Zð1Þ

R

g2HVZ½jgLVfj2 þ jgRVfj2�
ðs−M2

VÞ2 þM2
VΓ2

V
þ

X
V1;V2¼Z;Zð1Þ;Zð1Þ

R
V1≠V2

Re

�
gHV1ZgHV2Z½ðgLV1f

ÞðgLV2f
Þ� þ ðgRV1f

ÞðgRV2f
Þ��

½ðs−M2
V1
Þ þ iMV1

ΓV1
�½ðs−M2

V2
Þ− iMV2

ΓV2
�
��

:

ð3:8Þ

For processes ff̄ → WW and ff̄0 → WZ, careful
treatments are necessary. Each amplitude contains not
only s- channel diagrams but also t- and u- channel
diagrams. Therefore the total amplitude M will be
given by

M ¼ MSM þMNP;

MSM ¼ MSM
s þMSM

t þMSM
u ;

MNP ¼ MNP
s þMNP

t þMNP
u ; ð3:9Þ

where MSM
s;t;u and MNP

s;t;u are s-, t- and u-channel ampli-
tudes for the SM fields and new physics parts, respec-
tively. The square of the total amplitude is given by

jMj2 ¼ jMSMj2 þ jMNPj2 þ ðinterferenceÞ; ð3:10Þ

where the interference terms contain products of MSMð�Þ

and MNPð�Þ. When the energy of the initial state
ffiffiffi
s

p
is

much larger than the EW scale, each of MSM
s;t;u grows due

to the longitudinal part of the vector bosons in the final
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state. In the SM it is known that the growing contributions
from longitudinal parts cancels with each other precisely,
and that the unitarity of the amplitude MSM is protected.
In our model, couplings among SM fields are very
close to those of the SMvalues, so thatMSM is well behaved.
In the vicinity of MW0 and MZ0 productions, jMNP

s j2
dominates over the interference terms. The relevant
formulas for cross sections for the SM part jMSMj2 are
found in [73,74]. For the NP part near the resonance

ffiffiffi
s

p
∼MW0 ;MZ0 ≫ MW;MZ;MH, one can neglect small

MNP
t;u . In the precesses ff̄ → WW and ff̄0 → WZ, we

approximate jMj2 by jMSMj2 þ jMNP
s j2, though the

interference term needs to be included for more rigorous
treatment. Cross sections of s-channel processes ff̄0 →

fWðnÞg → WZ and ff̄ → fγðnÞ; ZðnÞ; ZðnÞ
R g → WþW− are

given in Appendix G. Hence the NP part of the cross sections
are approximately given by

σðff̄0 → fWðnÞg → WZÞ≃ 1

Ni
c

1

384π

s3

M2
WM

2
Z

� X
V¼WðnÞ

n≥1

½jgLVff0 j2 þ jgRVff0 j2�g2VWZ

ðs −M2
VÞ2 þM2

VΓ2
V

þ
X

ðV1;V2Þ¼ðWðnÞ;WðmÞÞ
1≤n<m

2Re

�gV1WZgV2WZ½ðgLV1ff0
ÞðgLV2ff0

Þ� þ ðgRV1ff0
ÞðgRV2ff0

Þ�
½ðs −M2

V1
Þ þ iMV1

ΓV1
�½ðs −M2

V2
Þ − iMV2

ΓV2
�
��

; ð3:11Þ

σðff̄ → fγðnÞ; ZðnÞ; ZðnÞ
R g → WþW−Þ≃ 1

Ni
c

1

384π

s3

M4
W

� X
V¼ZðnÞ;γðnÞ;ZðnÞ

R
n≥1

g2VWW ½jgLVfj2 þ jgRVfj2�
ðs −M2

VÞ2 þM2
VΓ2

V

þ
X

ðV1;V2Þ¼fZðnÞ;γðnÞ;ZðnÞ
R g

n≥1
MV1

<MV2

2Re

�
gV1WWgV2WW ½ðgLV1f

ÞðgLV2f
Þ� þ ðgRV1f

ÞðgRV2f
Þ��

½ðs −M2
V1
Þ þ iMV1

ΓV1
�½ðs −M2

V2
Þ − iMV2

ΓV2
�
��

:

ð3:12Þ

We note that at around the resonance points s≃MWð1Þ ;MZð1Þ ;MZð1Þ
R
, we see that the ratios of the cross sections behave

σðff̄0 → Wð1Þ → WHÞ
σðff̄0 → Wð1Þ → WZÞ

				
s¼M

Wð1Þ

≃
M2

Wð1Þ
M2

W
g2
HWð1ÞW

M6

Wð1Þ
M2

WM
2
Z
g2
Wð1ÞWZ

¼ g2
HWð1ÞW

g2
Wð1ÞWZ

M2
Z

M4
Wð1Þ

¼ ηWð1Þ ; ð3:13Þ

and

σðff̄0 → Z0 → ZHÞ
σðff̄0 → Z0 → WWÞ

				
s¼MZ0

≃
M2

Z0
M2

Z
g2HZ0Z

M6

Z0
M4

W
g2Z0WW

¼ g2
HZð1ÞZ

g2
Zð1ÞWW

M4
W

M2
ZM

4
Z0
¼ ηZ0 ; ð3:14Þ

for Z0 ¼ Zð1Þ; Zð1Þ
R . It is observed that ratios (3.5) and (3.6) coincide with (3.13) and (3.14), respectively.

For SM fermions fð0Þ, Fð0Þ, the cross section of the process ff̄0 → fW;Wð1Þg → FF̄0 is given by

σðff̄0 → fW;Wð1Þg → FF̄0Þ

≃ Nf
c

Ni
c

s
48π

� X
V¼W;Wð1Þ

½jgLVff0 j2 þ jgRVff0 j2�½jgLVFF0 j2 þ jgRVFF0 j2�
ðs −M2

VÞ2 þM2
VΓ2

V

þ 2Re

�
Kðf; f0ÞKðF;F0Þ

½ðs −M2
WÞ þ iMWΓW �½ðs −M2

Wð1Þ Þ − iMWð1ÞΓWð1Þ �
��

;

Kðf; f0Þ≡ ðgLWff0 ÞðgLWð1Þff0 Þ� þ ðgRWff0 ÞðgRWð1Þff0 Þ�; ð3:15Þ
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where Nf
c is the number of color of final-state fermions. A

similar formula for processes ff̄ → Z; Z0 → f0f̄0 is found
in [47].

IV. EFFECTIVE THEORIES

Before jumping to calculate the couplings numeri-
cally, we formulate effective theories which yield
qualitative understandings of various couplings and
decay widths.

A. 4D SOð4Þ × Uð1Þ model

Let us consider a 4D SOð4Þ ×Uð1ÞX model with two
scalars ΦR and ΦH. Gauge couplings of SOð4Þ≃
SUð2ÞL × SUð2ÞR and Uð1ÞX are denoted by gw and
gb, respectively. ΦR is ð0; 2Þ−1=2 in SUð2ÞL × SUð2ÞR ×
Uð1ÞX and ΦH is a SOð4Þ-vector ð2; 2̄Þ corresponding to
the Higgs boson. When ΦR develops a VEV hΦRi ¼
ð0; μÞ= ffiffiffi

2
p

, the SUð2ÞR ×Uð1ÞX symmetry is broken to
Uð1ÞY . We take μ ¼ OðmKKÞ. On the other hand non-
vanishing ΦH breaks SUð2ÞL × SUð2ÞR to SUð2ÞV
whose generators are ðTaL þ TaRÞ= ffiffiffi

2
p

. With both
hΦRi and hΦHi nonvanishing, SOð4Þ ×Uð1ÞX symmetry
is broken to Uð1Þem. The mass matrices of gauge
bosons in (AaL

μ , AaR
μ ) (a ¼ 1, 2) and (A3L

μ , A3R
μ , Bμ)

are given by

MC ¼
�

M2
LL −M2

LL

−M2
LL M2

LL þM2
RR

�
;

MN ¼

0
B@

M2
LL −M2

LL 0

−M2
LL M2

LL þM2
RR −M2

RB

0 −M2
RB M2

BB

1
CA;

M2
LL ¼ g2wv2

4
; M2

RR ¼ g2wμ2

4
;

M2
RB ¼ gwgbμ2

4
; M2

BB ¼ g2bμ
2

4
; ð4:1Þ

respectively. MC has two eigenvalues corresponding to
the mass-squared of W and WR bosons, respectively,
which are given by

M2
W ¼ M̄2

Wð1þOðv2=μ2ÞÞ; M̄W ≡ gwv
2

;

M2
WR

¼ g2wμ2

4
ð1þOðv2=μ2ÞÞ: ð4:2Þ

MN has three eigenvalues, which correspond to mass-
squared of the photon, Z-boson, and ZR-boson, respec-
tively. Here

Mγ ¼ 0;

M2
Z ¼ g2wv2

4
·
g2w þ 2g2b
g2w þ g2b

ð1þOðv2=μ2ÞÞ

¼ M̄2
Zð1þOðv2=μ2ÞÞ; M̄Z ≡ gwv

2 cos θW
;

M2
ZR

¼ ðg2w þ g2bÞμ2
4

ð1þOðv2=μ2ÞÞ

¼ g2wμ2

4

cos2θW
cos2θW − sin2θW

ð1þOðv2=μ2ÞÞ: ð4:3Þ

Diagonalizing these mass matrices we obtain mass
eigenstates W, W0 and Z, Z0, γ. Mixing matrices are
given by

�
AaL
μ

AaR
μ

�
¼
�

cosθC sinθC
−sinθC cosθC

��
Wa

μ

Wa
Rμ

�
; a¼1;2;

0
B@
A3L
μ

A3R
μ

Bμ

1
CA¼

�
~vγ; ~v−cosθNþ ~vþ sinθN;~vþcosθN− ~v− sinθN

�

×

0
B@

γμ

Zμ

ZRμ

1
CA;

~vγ ¼

0
B@

sinθW
sinθWffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2θW

p

1
CA; ~v−¼

0
B@

cosθW

−sin2θW
cosθW

−tanθW
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2θW

p

1
CA;

~vþ¼

0
B@

0ffiffiffiffiffiffiffiffiffiffiffi
cos2θW

p
cosθW

− tanθW

1
CA; ð4:4Þ

where mixing angles are determined so as to mixing
matrices properly diagonalize mass matrices:

tanð2θCÞ ¼
2v2

μ2
;

tanð2θNÞ ¼
2g3wv2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2w þ 2g2b

q
w2ðg2w þ g2bÞ2 − 2g2g2bv

2
: ð4:5Þ

The weak mixing angle is given by

sin θW ¼ gbffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2w þ 2g2b

q ; ð4:6Þ

so that γμ couples to W� bosons with e ¼ gw sin θW .
Now we can calculate couplings among these mass

eigenstates. For vector-boson trilinear V1V2V3 couplings
and V1V2H couplings, we obtain
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gWWγ ¼ gw sin θW ¼ e;

gWWZ ¼ gw cos θW þOðv4=μ4Þ;

gZRWW ¼ −gw
ðcos2 θW − sin2 θWÞ3=2

cos3 θW

v2

μ2
;

gZWRW ¼ −gw
1

cos θW

v2

μ2
; ð4:7Þ

and

gHWW ¼ gwM̄Wð1þOðv2=μ2ÞÞ;
gHZZ ¼ gw

cos θW
M̄Zð1þOðv2=μ2ÞÞ;

gHWRW ¼ −gwM̄Wð1þOðv2=μ2ÞÞ;

gHZRZ ¼ −gwM̄Z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2 θW − sin2 θW

p
cos θW

ð1þOðv2=μ2ÞÞ;

ð4:8Þ

where M̄W ¼ gwv=2 and M̄Z ¼ M̄W=cos θW are used.
Hence we see that (a) gZWW is very close to its SM-value

gw cos θW and the deviation from the SM-value will be
suppressed by a factor Oðv4=m4

KKÞ, (b) Deviations of gHZZ
and gHWW couplings from their SM values are both sup-
pressed by v2=m2

KK, (c) gZ0WW and gZWRW are suppressed by
a factor Oðv2=μ2Þ.

gWRWZ; gZRWW ∼ gWWZ ·
v2

μ2
; ð4:9Þ

(d) In contrast, values ofHWWR andHZZR approximately
equal to HWW and HZZ couplings in magnitudes but
opposite in signs, respectively.

gHWRW ∼ −gHWW; gHZ0Z ∼ −gHZZ: ð4:10Þ

(e) For the decay widths of WR and ZR one finds

ΓðWR → ZWÞ
ΓðWR → WHÞ≃

�
gZWRW

gHWRW

M2
WR

M̄Z

�2

¼ 1þOðv2=μ2Þ;

ð4:11Þ

ΓðZR → WWÞ
ΓðZR → ZHÞ ≃

�
gZRWW

gHZ0Z

M2
ZR
M̄Z

M̄2
W

�2

¼ 1þOðv2=μ2Þ:

ð4:12Þ

Wewill find in the following section that the relation (4.11)
will be satisfied, and that (4.12) needs to be generalized to
incorporate KK-γ and KK-Z bosons.

B. 5D SOð5Þ × Uð1ÞX GHU in the flat-space limit

We also explore the flat-space limit of the warped
SOð5Þ × Uð1ÞX GHU by taking kL → 0 limit while keep-
ing L ¼ πR finite [71]. A similar model is seen in [70]. In
this limit mKK ¼ 1=R. The W-boson mass and the AB
phase θH are related with each other by

ffiffiffi
2

p
sinðmWπRÞ ¼

sin θH. The couplings among vector bosons and Higgs are
summarized as follows. Vector boson trilinear couplings
are given by

gγð0ÞWðnÞWðmÞ ¼ δmne; gγð1ÞWðnÞWðmÞ ¼ δmn2
ffiffiffi
2

p
e;

gZð0ÞWð0ÞWð0Þ ¼ gw cos θW þOðm4
WR

4Þ;
gZð1ÞWð0ÞWð0Þ ;

gZð0ÞWð1ÞWð0Þ ¼ Oðm3
WR

3Þ;

g
Zð1Þ
R Wð0ÞWð0Þ ¼ 8

ffiffiffi
2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos 2θW

p
π cos θW

gwm2
WR

2 þOðm4
WR

4Þ;

g
Zð0ÞWð1Þ

R Wð0Þ ¼ 8
ffiffiffi
2

p

π
gwmWmZR2 þOðm4

WR
4Þ: ð4:13Þ

Higgs vector-boson couplings are given by

gHWðmÞWðnÞ ¼ δmnð−1ÞngwmWðnÞ ;

gHZðmÞZðnÞ ¼ δmnð−1Þn
gw

cos θW
mZðnÞ ;

g
HZð1Þ

R Zð0Þ ¼ −
2

ffiffiffi
2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos 2θW

p
π cos θW

gwmZ½1þOðm2
WR

2Þ�;

g
HWð1Þ

R Wð0Þ ¼ −
2

ffiffiffi
2

p
gw

π
mW ½1þOðm2

WR
2Þ�;

gHγðnÞZðmÞ ;

g
HγðnÞZðmÞ

R
¼ 0: ð4:14Þ

Here we note that m
Wð1Þ

R
¼ m

Zð1Þ
R

¼ 1=ð2RÞ.
It seems that W and WR, Z and ZR are mixed in an

ordinary manner as seen in the 4D model, whereas W and
WðnÞ, Z and ZðnÞ are very weakly mixed. This will be
understood by mass-mixings in the original gauge. Gauge

fields for charged bosons are AðnÞ�L
μ , AðmÞ�R

μ , AðmÞ�̂
μ , (a ¼ 1,

2, n ¼ 0; 1; 2; � � � and m ¼ 1; 2; � � �). For up to first KK

excited states, the mass matrix in the (Að0Þ�L
μ , Að1Þ�R

μ , Að1Þ�L
μ ,

Að1Þ�̂
μ ) basis is given by

0
BBB@

M2
v −M2

v 0 0

−M2
v M2

v þM2
R −M0

v
2 0

0 −M0
v
2 M2

v þM2
L 0

0 0 0 2M2
v þM2

X

1
CCCA; ð4:15Þ

where
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M2
v ¼

1

4
g2wv2; M2

R ¼ 1

4R2
; M2

L ¼ M2
X ¼ 1

R2
;

M0
v
2 ¼ 1

4
g2wv2

1

πR

Z
2πR

0

cos

�
πR − y
2R

�
cos

�
πR − y

R

�
dy:

ð4:16Þ

Að0Þ�L
μ and Að1Þ�R

μ have a mixing term, whereas there is no

mixing between Að0Þ�L
μ and Að1Þ�L

μ in the mass matrix due to
the KK-number conservation. Therefore mixing between

Að0Þ�L
μ and Að1Þ�L

μ is induced only through both A
ð0Þ�L
μ −

Að1Þ�R
μ and Að1Þ�L

μ − Að1Þ�R
μ mixing terms so that the mixing

angle is suppressed.

C. Comment on the warped SOð5Þ × Uð1ÞX GHU

In the flat GHU case, Að0ÞaL
μ − Að1ÞaL

μ mass terms vanish.
This is because the Higgs wave function is constant along
the extra dimension. The mass term, which is written as an

overlap integral of wave functions of Að0Þ�L
μ , Að1Þ�L

μ and the
Higgs boson, vanishes by the orthonormality conditions of
wave functions. In the warped case, the Higgs wave
function is not constant along the direction of the extra

dimension. Therefore Að0ÞaL
μ − Að1ÞaL

μ mass terms do not
vanish.

V. COUPLINGS AND DECAY WIDTHS

Input parameters used in the numerical study are
summarized in Table I. The W boson mass at the tree
level becomes Mtree

W ¼ 79.9 GeV. In the following study,
we have adopted model parameters NF ¼ 4 and zL ¼ 104,
105. With (NF, zL) given bulk mass parameter of dark
fermions, cF, is determined such that the resultant Higgs
mass becomesMH ¼ 125 GeV. This procedure determines
the value of θH and the bulk mass parameters of quarks and
leptons.(See for the details [46,47].) The resultant values of

θH and k, mKK and first-KK gauge boson masses are
tabulated in Table II. We set fermion bulk mass parameters
as cg1 ¼ cg2 ≡ fcu; cc; ctg and cg3 ¼ cg4 ≡ fce; cμ; cτg. These
parameters are tuned so that fermion masses coincide with
values in Table I. These are listed in Table III.

A. Couplings

The couplings among vector bosons V, Higgs H, and
SM fermions fSM are evaluated from overlap integrals
where functions of V,H, and fSM are inserted. The detailed
formulas are given in Appendices E and D, and
Refs. [47,49].
In Table IV, the left-handed couplings of SM fermions to

theW boson and its KK excited states are tabulated. Similar
results for θH ¼ π=2 are found in Ref. [42]. The right-hand
couplings vanish within the accuracy of numerical calcu-
lation. In this model couplings of the SM fermions to the
WR boson vanish.
It is seen that couplings to Wð0Þ (the W boson) are

slightly larger than the SM value gw=
ffiffiffi
2

p
for light quarks

and leptons, whereas those for top and bottom quarks is
slightly smaller. Further the couplings of SM fermions
except for t and b toWð1Þ are smaller than couplings toWð0Þ

and their signs are opposite. Wð1Þtb̄ coupling is larger than
the SM value.
The difference between Wð1Þud and Wð1Þtb couplings is

understood as follows. The couplings among left-handed
up- and down-sector fermions ðU;DÞ ¼ ðu; dÞ, ðt; bÞ and

TABLE I. Input parameters. Masses of Z boson, leptons, and quarks in the unit of GeV.

MZ sin2 θW meðMZÞ mμðMZÞ mτðMZÞ
91.1876 0.23126 0.487 × 10−3 0.103 1.75

muðMZÞ mdðMZÞ msðMZÞ mcðMZÞ mbðMZÞ mtðMZÞ
1.27 × 10−3 2.90 × 10−3 0.055 0.619 2.89 171

TABLE II. Aharonov-Bohm phase θH , the bulk mass parameter of dark fermions cF, AdS5 curvature k, Kaluza-
Klein scalemKK and masses of first KK gauge bosons are given in the unit of GeV with respect to zL for NF ¼ 4 are
summarized. Zð1Þ, Wð1Þ, and γð1Þ are almost degenerate. Their mass differences is 1–2 GeV.

θH k mKK mZð1Þ mWð1Þ mγð1Þ m
Zð1Þ
R

¼ m
Wð1Þ

RzL [rad.] cF [GeV] [TeV] [TeV] [TeV] [TeV] [TeV]

105 0.115 0.3321 2.36 × 108 7.41 6.00 6.00 6.01 5.67
104 0.0737 0.2561 3.29 × 107 10.3 8.52 8.52 8.52 7.92

TABLE III. Fermion bulk mass parameters for quarks and
leptons.

zL cu cc ct ce cμ cτ

105 1.55 1.05 0.227 1.72 1.22 0.950
104 1.82 1.19 0.0366 2.04 1.41 1.07
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W boson gL
Wð1ÞUD

are given by the overlapping (D4). The
integration in (D4) is dominated by the term hL

WðnÞfDbLf
U
tL

(ðU;DÞ ¼ ðuð0Þ; dð0ÞÞ; ðtð0Þ; bð0ÞÞ). In Fig. 1, the leading
part of bulk wave functions for fermions and gauge bosons
are plotted. In Fig. 1(a), we see that fu

ð0Þ
tL decreases much

faster than ft
ð0Þ
tL . In particular, near z ¼ zL, ft

ð0Þ
tL has small but

sizable value whereas the value of fu
ð0Þ

tL almost vanishes. In
Fig. 1(b), hL

Wð0Þ is almost constant, whereas hL
Wð1Þ has

negative values for small values of z and has large positive
value near z ¼ zL. In Fig. 2, we plot overlapping of wave
functions of up- and down-type fermions and Wð1Þ. In the
figure, overlapping of wave functions of light quarks and

TABLE IV. Masses and couplings of WðnÞ to left-handed SM fermions.

NF ¼ 4, zL ¼ 105 (θH ¼ 0.115)
n ¼ 0 1 2 3 4

mWðnÞ [GeV] 79.9 6004 9034 13378 16538

gL
WðnÞlν

=ðgw=
ffiffiffi
2

p Þ
ðl; νÞ ¼ ðe; νeÞ 1.00019 −0.3455 −0.02507 0.2510 0.01937

ðμ; νμÞ 1.00019 −0.3455 −0.02507 0.2510 0.01937

ðτ; ντÞ 1.00019 −0.3452 −0.02505 0.2507 0.01934

gL
WðnÞUD

=ðgw=
ffiffiffi
2

p Þ
ðU;DÞ ¼ ðu; dÞ 1.00019 −0.3455 −0.02507 0.2510 0.01937

ðc; sÞ 1.00019 −0.3454 −0.02506 0.2510 0.01936

ðt; bÞ 0.9993 1.2970 0.06527 −0.4342 −0.03110

NF ¼ 4, zL ¼ 104 (θH ¼ 0.0737)
n ¼ 0 1 2 3 4

mWðnÞ [GeV] 79.9 8520 12624 18852 23112

gL
WðnÞlν=ðgw=

ffiffiffi
2

p Þ
ðl; νÞ ¼ ðe; νeÞ 1.00009 −0.3904 −0.01861 0.2901 0.01461

ðμ; νμÞ 1.00009 −0.3904 −0.01861 0.2901 0.01461

ðτ; ντÞ 1.00009 −0.3901 −0.01858 0.2896 0.01457

gL
WðnÞUD

=ðgw=
ffiffiffi
2

p Þ
ðU;DÞ ¼ ðu; dÞ 1.00009 −0.3904 −0.01861 0.2901 0.01461

ðc; sÞ 1.00009 −0.3904 −0.01860 0.2900 0.01460

ðt; bÞ 0.9995 1.7517 0.04516 −0.2925 −0.01490

(a)

(b)

FIG. 1. Behavior of dominant component of the wave functions
for fermions andWðnÞ bosons forNF ¼ 4, zL ¼ 105 (θH ¼ 0.115).
(a) Red-solid and blue-dashed lines are ft

ð0Þ
tL for the top and fu

ð0Þ
tL for

the up quark, respectively. (b) Red-solid and blue-dashed lines are
hL
Wð0Þ for Wð0Þ and hL

Wð1Þ for Wð1Þ bosons, respectively.

FIG. 2. Integrand of the coupling gL
Wð1ÞUD

in (D4). Red-solid
and blue-dashed lines are for ðU;DÞ ¼ ðt; bÞ and ðu; dÞ,
respectively.
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Wð1Þ has large negative value only near the UV brane
(z ¼ 1). On the other hand, the overlapping of heavy quarks
and Wð1Þ takes negative value for small values of z but
becomes positive for larger z. This difference in the
integrand results in the differences in the signs and
magnitudes of gL

Wð1Þtb, g
L
Wð1Þud, and gWð0Þud.

In Table V, HWW0 (W0 ¼ WðnÞ, WðnÞ
R ) and HZZ0

(Z0 ¼ ZðnÞ, ZðnÞ
R ) couplings are tabulated. We note that

HγðnÞZðmÞ and HγðnÞZðmÞ
R couplings vanish. We find that

gWWH and gZZH couplings are given by the SM values
multiplied by cos θH. gWð1ÞWH and g

Wð1Þ
R WH

are a few times

larger than gWWH, and similar relations hold among g
Zð1Þ
R ZH

,

gZð1ÞZH, and gZZH. All gW0ðnÞWH and gZ0ðnÞZH couplings
become small as n becomes larger.

In TableVI, trilinear vector-boson couplings are tabulated.
The gWWZ coupling is very close to its SM value gw cos θW .
The deviation is one part in 108. gγWW is exactly e, which
reflects the unbroken Uð1Þem gauge symmetry. Couplings
among the firstKKand twoSMvector bosons are suppressed
by a factor of Oð10−4Þ, which is close to the square of the
ratio of the weak boson mass to the 1st KK boson mass.

B. Decay width

In Tables VII and VIII, decay widths ofW andWR boson
are tabulated, respectively. Since the Wð1Þ boson couples
equally to the light SM fermions except for b and t quarks,
partial decay widths to light SM fermions are almost
identical besides the QCD color factor. The Wð1Þ coupling
to t and b quarks is larger than the couplings to other

TABLE V. Couplings of WðnÞ, ZðnÞ, γðnÞ, and ZðnÞ
R to WH, ZH in the unit of GeV.

NF ¼ 4, zL ¼ 105 (θH ¼ 0.115)
n ¼ 0 1 2 3 4

gWðnÞWH=ðgw cos θHÞ 80.0 255 2.57 45.4 0.220

gZðnÞZH=ðgw cos θH=cos θWÞ 91.2 291 3.35 51.8 0.286

g
WðnÞ

R WH
=gw — 266 50.5 20.6 11.1

g
ZðnÞ
R ZH

=ðgw=cos θWÞ — 223 42.3 17.2 9.27

NF ¼ 4 zL ¼ 104 (θH ¼ 0.0737)
n ¼ 0 1 2 3 4

gWðnÞWH=ðgw cos θHÞ 80.0 225 1.89 39.2 0.169

gZðnÞZH=ðgw cos θH=cos θWÞ 91.2 257 2.46 44.8 0.220

g
WðnÞ

R WH
=gw — 238 45.1 18.4 9.89

g
ZðnÞ
R ZH

=ðgw=cos θWÞ — 199 37.7 15.4 8.27

TABLE VI. Trilinear vector-boson couplings of WðnÞ, ZðnÞ, γðnÞ, and ZðnÞ
R to WþW−, WZ.

NF ¼ 4, zL ¼ 105 (θH ¼ 0.115)
n ¼ 0 1 2 3 4

gWðnÞWZ=ðgw cos θWÞ 0.9999998 −7.35 × 10−4 −9.63 × 10−7 −2.64 × 10−5 −1.60 × 10−7

gZðnÞWW=ðgw cos θWÞ 0.9999998 −3.96 × 10−4 1.62 × 10−8 −1.42 × 10−5 −1.17 × 10−7

gγðnÞWW=e 1 −1.13 × 10−3 −4.04 × 10−5 −7.63 × 10−6 −2.07 × 10−6

g
ZðnÞ
R WW

=gw — 5.51 × 10−4 1.99 × 10−5 3.28 × 10−6 9.53 × 10−7

g
WðnÞ

R WZ
=gw — 7.51 × 10−4 2.71 × 10−5 4.47 × 10−6 1.30 × 10−6

NF ¼ 4, zL ¼ 104 (θH ¼ 0.0737)
n ¼ 0 1 2 3 4

gWðnÞWZ=ðgw cos θWÞ 0.99999995 −3.32 × 10−4 −3.88 × 10−7 −1.15 × 10−5 −6.04 × 10−8

gZðnÞWW=ðgw cos θWÞ 0.99999995 −1.73 × 10−4 −1.46 × 10−8 −6.18 × 10−6 −4.43 × 10−8

gγðnÞWW=e 1 −4.95 × 10−4 −1.76 × 10−5 −3.46 × 10−6 −9.22 × 10−7

g
ZðnÞ
R WW

=gw — 2.53 × 10−4 9.10 × 10−6 1.51 × 10−6 4.37 × 10−7

g
WðnÞ

R WZ
=gw — 3.45 × 10−4 1.24 × 10−5 2.05 × 10−6 5.96 × 10−7

COLLIDER SIGNALS OF W0 AND Z0 … PHYSICAL REVIEW D 95, 035032 (2017)

035032-13



fermion pairs. The Wð1Þ decay to tb dominates over decay
to other fermion pairs. Partial decay widths of Wð1Þ to WZ
and WH are almost identical:

ΓðWð1Þ → WHÞ≃ ΓðWð1Þ → WZÞ; ∴ ηWð1Þ ≃ 1;

ΓðWð1Þ
R → WHÞ≃ ΓðWð1Þ

R → WZÞ; ∴ η
Wð1Þ

R
≃ 1:

ð5:1Þ
We also find

ΓðWð1Þ → WHÞ ∼ ΓðWð1Þ
R → WHÞ;

ΓðWð1Þ → WZÞ ∼ ΓðWð1Þ
R → WZÞ: ð5:2Þ

Since the WðnÞ
R boson does not couple to SM fermions, and

Wð1Þ
R decay only to the SM bosons.
In Tables IX, X, and XI, decay widths of Zð1Þ, γð1Þ, and

Zð1Þ
R are tabulated, respectively. Compared with Wð1Þ and

Wð1Þ
R , γð1Þ and Zð1Þ

R have large total widths

Γγð1Þ=Mγð1Þ ¼
�
0.151 forNF¼4;zL¼105ðθH¼0.115Þ
0.125 forNF¼4;zL¼104ðθH¼0.0737Þ

ð5:3Þ

Γ
Zð1Þ
R
=M

Zð1Þ
R
¼
�
0.129 forNF¼4;zL¼105ðθH¼0.115Þ
0.133 forNF¼4;zL¼104ðθH¼0.0737Þ:

ð5:4Þ

TABLE VII. Partial and total decay width of W−ð1Þ in the unit of GeV.

NF ¼ 4, zL ¼ 105 (θH ¼ 0.115)

mode e−ν̄e μ−ν̄μ τ−ν̄τ dū sc̄ bt̄ W−Z W−H total
Γ 2.00 2.00 1.99 5.99 5.98 84.7 42.7 42.1 187

NF ¼ 4, zL ¼ 104 (θH ¼ 0.0737)

mode e−ν̄e μ−ν̄μ τ−ν̄τ dū sc̄ bt̄ W−Z W−H total
Γ 3.63 3.63 3.62 10.88 10.88 219 46.9 47.2 346

TABLE VIII. Partial and total decay widths ofW−ð1Þ
R in the unit

of GeV.

NF ¼ 4, zL ¼ 105 (θH ¼ 0.115)

SM fermions W−Z W−H total
0 43.4 43.4 86.8

NF ¼ 4, zL ¼ 104 (θH ¼ 0.0737)

SM fermions W−Z W−H total
0 48.7 48.8 97.4

TABLE IX. Partial and total decay widths of Zð1Þ in the unit of GeV.

NF ¼ 4, zL ¼ 105 (θH ¼ 0.115)

eþe− μþμ− τþτ− νeν̄e νμν̄μ ντν̄τ uū cc̄ tt̄ dd̄ ss̄ bb̄ WþW− ZH total
40.4 35.7 32.1 1.30 1.30 1.30 53.3 46.1 48.5 15.7 13.8 45.7 16.1 54.8 406

NF ¼ 4, zL ¼ 104 (θH ¼ 0.0737)

eþe− μþμ− τþτ− νeν̄e νμν̄μ ντν̄τ uū cc̄ tt̄ dd̄ ss̄ bb̄ WþW− ZH total
48.1 42.5 38.0 2.36 2.36 2.36 64.4 55.5 84.4 20.3 18.1 106.8 17.8 61.1 564

TABLE X. Partial and total decay width of γð1Þ in the unit of GeV.

NF ¼ 4, zL ¼ 105 (θH ¼ 0.115)

eþe− μþμ− τþτ− νeν̄e νμν̄μ ντν̄τ uū cc̄ tt̄ dd̄ ss̄ bb̄ WþW− ZH total
133.0 117.4 105.7 0 0 0 171.0 147.2 93.0 42.8 36.8 23.3 39.3 0 909

NF ¼ 4, zL ¼ 104 (θH ¼ 0.0737)

eþe− μþμ− τþτ− νeν̄e νμν̄μ ντν̄τ uū cc̄ tt̄ dd̄ ss̄ bb̄ WþW− ZH total
158.9 140.2 125.2 0 0 0 204.6 175.0 101.0 51.1 43.8 25.3 43.6 0 1068
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From the tables, one finds that

ΓðZð1Þ → HZÞ≃ X
Z0¼Zð1Þ;γð1Þ

ΓðZ0 → WþW−Þ; ð5:5Þ

ΓðZð1Þ
R → HZÞ≃ ΓðZð1Þ

R → WþW−Þ: ð5:6Þ
γð1Þ and Zð1Þ are almost degenerate. The relation (5.5)
follows from the relation among Higgs-vector boson and
trilinear vector boson couplings

g2
γð1ÞZH þ g2

Zð1ÞZH

M2
Z

≃ ðg2
γð1ÞWW

þ g2
Zð1ÞWW

ÞM
4
Z0

M4
Z
; ð5:7Þ

where Mγð1Þ ≃MZð1Þ ≡MZ0 and gγð1ÞZH ¼ 0.

VI. CROSS SECTION

In this section we evaluate cross sections in pp-
collisions for various final states. In the numerical evalu-
ation we use CTEQ5 parton distribution functions [75].

A. W 0 → tb, μν and Z0 → lþl−

In Fig. 3, the differential cross sections of processespp →
fW−;Wð1Þ−g → bt̄; μ−ν̄ are plotted. For light fermion dou-
blet parislν̄; dū; sc̄ in the final state, due to the flipped-signs
of the couplings toWð1Þ, a clear deficit of cross section just
below the resonanceMμν ∼MWð1Þ is observed. For processes
withbt̄ final state, a deficit of cross section is observed above
the resonance Mtb > MWð1Þ , since the Wð1Þt̄b coupling has
opposite sign relative to the Wð1Þūd coupling.
When the final state contains a neutrino, the transverse

momentum distribution dσ=dpT with respect to the trans-
verse momentum of charged lepton, pT , gives information
on the mass of W0. The transverse-momentum distribution
at parton-level is given in Appendix G. The pT distribution
in pp collision is given by

dσðpp → e−ν̄þ XÞ
dpT

ðpTÞ

¼
Z

1

0

dτ

�
dpTðdū → e−ν̄Þ

dpT
ðsppτ; pTÞ ·

dLdū

dτ
ðτÞ

�
;

ð6:1Þ

where the parton luminosity dLdū=dτ is given in terms of
parton distribution functions fqðx1; QÞ by

dLdū

dτ
ðτÞ ¼

Z
1

0

dx1

Z
1

0

dx2½fdðx1; QÞfūðx2; QÞ

þ fdðx2; QÞfūðx1; QÞ�δðτ − x1x2Þ;
Q ¼ sppτ: ð6:2Þ

In Fig. 4 the pT-distribution dσðpp → e−ν̄Þ=dpT is plotted.
In the figure, Jacobian peak at pT ¼ MMð1Þ=2≃ 3 TeV is
observed.

TABLE XI. Partial and total decay widths of Zð1Þ
R in the unit of

GeV.

NF ¼ 4, zL ¼ 105 (θH ¼ 0.115)

eþe− μþμ− τþτ− νeν̄e νμν̄μ ντν̄τ
71.3 63.8 58.0 Oð10−16Þ Oð10−11Þ Oð10−7Þ
uū cc̄ tt̄ dd̄ ss̄ bb̄
92.0 80.4 146.2 23.0 20.1 111.9
WþW− ZH total
30.5 30.7 729

NF ¼ 4, zL ¼ 104 (θH ¼ 0.0737)

eþe− μþμ− τþτ− νeν̄e νμν̄μ ντν̄τ
83.9 75.2 68.1 Oð10−13Þ Oð10−10Þ Oð10−6Þ
uū cc̄ tt̄ dd̄ ss̄ bb̄
108.5 94.6 268.4 27.1 23.7 240.3
WþW− ZH total
34.1 34.3 1058

FIG. 3. ppðdūÞ → fW−; Wð1Þ−g → bt̄; μ−ν̄μ differential cross
sections dσ=dMff at ffiffiffiffiffiffiffispp

p ¼ 14 TeV for NF ¼ 4, zL ¼ 105

(θH ¼ 0.115). Mff is the invariant mass of (b, t̄) or (μ, ν̄).
Red-solid, black-dotted lines are for the bt̄ and μ−ν̄ final states
in GHU. Blue-dashed line is the cross section in the SM.
Cross sections for the processes pp → Wð1Þ− → ff̄0, ðf; f0Þ ¼
ðe−; νeÞ; ðτ−; ντÞ are almost identical with that of μ−ν̄, whereas
cross section for ðf; f0Þ ¼ ðd; uÞ; ðs; cÞ final states is three times
as large as that of μ−ν̄ due to the color factor.

FIG. 4. dσðpp → e−ν̄eÞ=dpT as a function of pT at ffiffiffiffiffiffiffispp
p ¼

14 TeV for NF ¼ 4, zL ¼ 105 (θH ¼ 0.115). Red-solid and blue-
dashed lines are for the GHU model and the SM, respectively.
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For the process ppðuū; dd̄Þ → Z0 → lþl−, we show the
plot of the differential cross sectiondσ=dMμμ in Fig. 5. In the

plot the updated decaywidths ofZ0 (Z0 ¼ γð1Þ,Zð1Þ andZð1Þ
R )

has been used, which takes bosonic final states (WþW− and
ZH) into account, and is Oð10%Þ bigger than that used in
the previous paper [47]. We stress that the rate of Z0
production is rather large, and it is promising to see the
Z0 events at the current LHC Run 2. Since in this model Z0
bosons have large widths, at the early stage of LHC
experiment, sporadic events of high-energy μþμ− final
states will be seen. For θH ¼ 0.115 (MZð1Þ;γð1Þ ∼ 6.0 TeV,
M

Zð1Þ
R
∼ 5.7 TeV), with the 30 fb−1 and ffiffiffiffiffiffiffispp

p ¼ 13 TeV

data, expected numbers of events in GHU NGHU and SM
signal NSM, and significance S are NGHU=NSMðSÞ¼
8.4=3.6ð2.2Þ, 3.9=0.26ð3.7Þ, 2.6=0.02ð4.4Þ, 2.9=
0.004ð6.0Þ, 0.65=0.0002ð3.0Þ and 0.01=1 × 10−5ð0.34Þ
for bins (GeV) [2000, 3000], [3000, 4000], [4000, 5000],
[5000, 6000], [6000, 7000] and [7000, 8000], respectively.
In this case, an excess of high-energy (Mμμ ≳ 3000 GeV)
events is expected. For smaller θH (heavierMZ0), the signals
becomes smaller and more data is required for confirming/
rejecting the model. For θH ¼ 0.0737 (MZð1Þ;γð1Þ ∼ 8.5 TeV,
M

Zð1Þ
R
∼ 7.9 TeV), with the 1000 fb−1 and ffiffiffiffiffiffiffispp

p ¼ 14 TeV

data, NGHU=NSMðSÞ ¼ 140=155ð1.21Þ, 23=12ð2.7Þ,
8.5=1.3ð4.2Þ, 3.7=0.14ð4.12Þ, 0.7=0.006ð2.3Þ, and
0.3=0.0004ð1.7Þ for bins (GeV) [2000, 3000], [3000,
4000], [4000, 5000], [5000, 6000], [6000, 7000], and
[7000, 8000], respectively.

B. W 0 → WH and Z0 → ZH

In Figs. 6 and 7, differential cross sections of processes

pp → fW−;Wð1Þ−g → W−H and pp → fZ; Zð1Þ; Zð1Þ
R g →

ZH are plotted, respectively. Compared with the WH
mode, cross section for ZH mode is bigger and the width

is wider. It is due to the fact that Zð1Þ and Zð1Þ
R have large

couplings to the right-handed quarks, and their widths
are large.

C. W 0 → WZ and Z0 → WW

In Figs. 8 and 9, differential cross sections of the

processes pp → fγ; Z; Zð1Þ; γð1Þ; Zð1Þ
R g → WþW− and

pp → fW−;Wð1Þ−g → W−Z are plotted, respectively. For
the WZ final states, the signal of the resonance of W0
is a few times larger than that of the SM. For the WW
final states, the contribution from Z0 resonances is much
smaller than the SM cross section so that the signal is hard
to see.
We comment that there are no s-channel processes with

ZZ final states mediated by vector bosons. The process
mediated by KK gravitons [76,77] can be ignored, as the
couplings of KK gravitons to the SM fields are suppressed
by k=MPl ≪ 1, where MPl is the Planck mass.

FIG. 5. Differential cross section dσ=dMμμ of the process

ppðuū; dd̄Þ → fγ; Z; Zð1Þ; γð1Þ; Zð1Þ
R g → μþμ− at

ffiffiffi
s

p ¼ 14 TeV.
Mμμ is the invariant mass of μþμ−. Solid [red], dotted [green], and
dashed [blue] lines are the Z0 resonance in the GHU for NF ¼ 4,
zL ¼ 105 (θH ¼ 0.115), NF ¼ 4, zL ¼ 104 (θH ¼ 0.0737), and
the SM, respectively. The cross section for the eþe− final state is
identical to the μþμ− final state.

FIG. 6. Differential cross section dσ=MWh of the process
ppðdūÞ→fW−;Wð1Þ−g→W−H at ffiffiffiffiffiffiffispp

p ¼ 14 TeV for NF ¼ 4,
zL ¼ 105 (θH ¼ 0.115). MWh is the invariant mass of WH. Red-
solid and blue-dashed lines show cross sections in GHU and in
the SM, respectively.

FIG. 7. Differential cross section dσ=dMZh of the process

ppðuū; dd̄Þ → fZ; Zð1Þ; Zð1Þ
R g → ZH cross section at ffiffiffiffiffiffiffispp

p ¼
14 TeV for NF ¼ 4, zL ¼ 105 (θH ¼ 0.115).MZh is the invariant
mass of ZH. Red-solid and blue-dashed lines show cross sections
in GHU and in the SM, respectively.
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D. Unitarity in f f̄ 0 → WZ

It is important to see how the unitarity is ensured when
vector bosons are involved in the final states. The unitarity
in theW boson scattering,WW → WW in the gauge-Higgs

unification has been studied in [41] by using position-space
propagators. In the present paper we are considering
ff̄ → V 0 → WW,WZ. In these processes, t- and u-channel
amplitudes must be included to cancel the growing part of
the s-channel amplitude at

ffiffiffi
s

p
≫ mV 0 (See Fig. 10).

Let us consider the process dðp1Þūðp2Þ →
W−ðk1ÞZðk2Þ. When the initial states are given by dRūL,
there are no s-channel contribution asWðnÞ do not couple to
the right-handed quarks. For the final state bosons with
longitudinal polarization, εμðk1Þ≃ kμ1=MW and ενðk2Þ≃
kν2=MZ, t- and u-channel amplitudes at very high-energyffiffiffi
s

p
≫ mKK are expressed as

Mt ∼
1

MWMZ

X
U

gRWdUg
R
ZuU v̄ðp2Þk2PR

×
ðp1 − k1Þ
ðp1 − k1Þ2

k1PRuðp1Þ

¼ 1

2MWMZ

X
U

gRWdUg
R
ZuU v̄ðp2Þðk2 − k1ÞPRuðp1Þ;

ð6:3Þ

Mu ∼
1

MWMZ

X
D

gRZdDg
R
WuDv̄ðp2Þk1PR

×
ðp1 − k2Þ
ðp1 − k2Þ2

k2PRuðp1Þ

¼ 1

2MWMZ

X
D

gRZdDg
R
WuDv̄ðp2Þðk1 − k2ÞPRuðp1Þ;

ð6:4Þ

where PL=R ≡ ð1 ∓ γ5Þ=2, and U and D denote KK-
excited states with QEM ¼ þ2=3 and −1=3, respectively.
Here we have retained contributions only from the first KK
states of fermions, as the WuDðnÞ, WdUðnÞ, ZuUðnÞ, and
ZdDðnÞ couplings (n ≥ 2), etc., are all negligibly small.
In order for the growing parts of Mt and Mu to cancel

with each other, the relation

FIG. 8. Differential cross section dσ=dMWZ of the process
ppðdūÞ → fW−;Wð1Þ−g → W−Z at ffiffiffiffiffiffiffispp

p ¼14TeV for NF ¼ 4,
zL ¼ 105 (θH ¼ 0.115). MWZ is the invariant mass of WZ.
Green-dotted line shows the s-channelW0 signals in GHU model.
Blue-dashed line shows the SM prediction including s-, t-, and u-
channels [74]. Red-solid line is the sum of SM and GHU signals.

FIG. 9. Differential cross section dσ=dMWW of the process

ppðuū;dd̄Þ→fγ;Z;Zð1Þ;γð1Þ;Zð1Þ
R g→WþW− at ffiffiffiffiffiffiffispp

p ¼ 14 TeV
for NF ¼ 4, zL ¼ 105 (θH ¼ 0.115). MWW is the invariant mass
of WþW−. Green-dotted line shows the s-channel W0 signals in
GHU model. Blue-dashed line shows the SM prediction includ-
ing s-, t-, and u-channels [73]. Red-solid line is the sum of SM
and GHU signals.

(a)
(b) (c)

FIG. 10. Diagrams of dū → WZ at a energy scale aboveMKK . (a), (b), and (c) represent s-, t-, and u-channels, respectively.WðnÞ is the
nth KK state of W, whereas DðnÞ and UðnÞ are the nth KK states of d and u, and partners dðnÞD;X, u

ðnÞ
U;B, respectively.
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X
U

gRWUdg
R
ZuU ≃X

D

gRZDdg
R
WuD ð6:5Þ

should be satisfied. With the values in Tables XIV–XVIII,
one finds that in (6.5)

ðL:H:SÞ≃ gR
Wduð1Þg

R
Zuuð1Þ þ gR

Wduð1ÞB

gR
Zuuð1ÞB

¼ ½ð−2.95Þ · ð−0.65Þ þ ð1.29Þ
· ð−1.48Þ� × 10−4g2w=

ffiffiffi
2

p
; ð6:6Þ

ðR:H:SÞ≃ gR
ddð1Þg

R
Wudð1Þ þ gR

Zddð1ÞX

gR
Wudð1ÞX

¼ ½ð1.48Þ · ð−1.3Þ þ ð0.65Þ
· ð2.95Þ� × 10−4g2w=

ffiffiffi
2

p
: ð6:7Þ

We observe that the relation (6.5) is well satisfied. We note
that

gR
Wduð1Þ ¼ −gR

Wudð1ÞX

; gR
Zuuð1Þ ¼ −gR

ZddX ð1Þ ;

gR
Wduð1ÞB

¼ −gR
Wudð1Þ ; gR

Zddð1Þ ¼ −gR
ZuuBð1Þ : ð6:8Þ

When the initial states are given by dLūR, there are
contributions from s-channel amplitudes. The condition for
the cancellations is given by (cf. Chapter 21 of [78])

X∞
n¼0

gL
WðnÞudgWðnÞWZ ≃X

U 0
gLWdU 0gLZuU 0 −

X
D0

gLZdD0gLWuD0 ;

ð6:9Þ

where U 0 and D0 represent all SM and non-SM fermions in
the first generation with QEM ¼ 2=3 and −1=3, respec-
tively. From Tables XIV, XV, XVII, and XVIII in
Appendix D, one finds that WuDðnÞ, WdUðnÞ, ZuUðnÞ,
and ZdDðnÞ couplings (n ≥ 1) are all small. Hence the
right-hand side of (6.9) will be approximately given by

ðR:H:SÞ≃ gWduðgZuu − gZddÞ ¼ 0.877163 · g2w=
ffiffiffi
2

p
;

ð6:10Þ

The left-hand side is approximately given, with use of
Tables. IV and VI, by

ðL:H:SÞ≃X4
n¼0

gWðnÞudgWðnÞWZ ¼ 0.877162 · g2w=
ffiffiffi
2

p
:

ð6:11Þ

It is recognized that (6.9) is also quantitatively well-
satisfied.

In an analogous way one can confirm the unitarity of the
amplitude of ff̄ → WþW−. In this case KK bosons of γ, Z,
and ZR are involved in the s-channel amplitudes.

VII. SUMMARY

In this paper we have studied the collider signals of W0
and Z0 in the SOð5Þ ×Uð1ÞX gauge-Higgs unification.
First we evaluated the couplings of W0 and Z0 to the SM

fields. We found that the Wð1Þ couplings to light fermions
and to top-bottom are different in signs, which is explained
from the different behavior of wave functions of fields
along the extra dimension.
Next we evaluated the decay rates of neutral and charged

KK vector bosons. The total decay widths of Z0 are large.
ΓZ0=MZ0 ¼ 15%, 6.6% and 13% for Z0 ¼ γð1Þ, Zð1Þ and

Zð1Þ
R , respectively. On the other hand, Wð1Þ has a narrow

total width: ΓWð1Þ=MWð1Þ ≃ 3%. Several interesting relations
among decay modes (5.1), (5.2), (5.5), and (5.6) are found.

In the warped space Wð1Þ and Wð1Þ
R can decay to WH and

WZ. Decay width ofW0 toWH andWZ are all nearly equal
with each other. For Z0 it is found that ΓðZð1Þ → ZHÞ≃
ΓðZð1Þ → WWÞ þ Γðγð1Þ → WWÞ and ΓðZR → ZHÞ≃
ΓðZR → WWÞ. These properties of WR and ZR are quali-
tatively understood in terms of the 4D SOð4Þ ×Uð1Þ
model introduced in Sec. IV.
Further we have numerically evaluated the s-channel

cross sections ofW0 and Z0 in the LHC.We studied not only
processes with fermionic final states but also bosonic WH,
ZH, WW and WZ final states. W0 and Z0 signals of
GHU can be found at the LHC experiment in the
processes pp → W0ðZ0Þ þ X, W0 → tb;WH, and Z0 →
eþe−; μþμ−; ZH near the W0 and Z0 resonances. For
θH ¼ 0.115 (MZð1Þ;γð1Þ ≃ 6.0 TeV and M

Zð1Þ
R
≃ 5.7 TeV),

with the data of 30 fb−1, ffiffiffiffiffiffiffispp
p ¼ 13 TeV at LHC, an

excess of the events of μþμ− with invariant mass is
expected. (e.g. expected signal[background] is 3.9 [0.29]
events for the bin (GeV) [3000, 4000]).
In the process with WZ in the final state, it is found

that in the amplitude the leading contributions from the
longitudinal polarizations of W and Z in the s-, t-, and u-
channels cancel with each other so that the unitarity is
preserved, provided that both KK vector bosons and KK
fermions in the intermediate states are taken into account.
We have confirmed numerically that this cancellation of the
leading terms in the amplitude with 6 digits of precision by
taking into account contributions of up to the 4th level of
KK excited states.
We also found that the non-SM 1st KK excited state of

fermions can bemuch lighter than otherKK states. Especially

the 1stKKexcited top and bottompartners (tð1ÞU;B;T and b
ð1Þ
D;X;Y)

are the lightest non-SM particles and can be singly produced

in colliders. It is seen in Tables XII and XIII that tð1ÞU;B;T and
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bð1ÞD;X;Y , which are exotic partners of the top and bottomquarks
respectively, havemassM

tð1ÞU;B;T ;b
ð1Þ
D;X;Y

¼ 4.6 TeV (5.4 TeV) for

θH ¼ 0.115 (0.0737). tð1ÞT and bð1ÞY have electric charges
þ5=3 and −4=3 and can be observed in the processes
tþWþ → tT → tþWþ and bþW− → bY → bþW− in
colliders [79–81].
The gauge-Higgs unification scenario is promising. It

gives many predictions to be tested at LHC and future
colliders. The 4D Higgs boson appears as the gauge boson
in the extra dimension. The gauge hierarchy problem is
solved. The AB phase θH is the important parameter in
GHU. Many of the physical quantities are determined by
θH. The universal relations among θH and mKK , Higgs
cubic and quartic couplings have been found. Corrections
to the decay rates for H → γγ, Zγ due to infinitely many
KK states turn out finite and small. Z0 andW0 are predicted
around 6–8 TeV. Discovery of Z0 and W0 is most awaited.
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APPENDIX A: BASIC FORMULAS

1. SOð5Þ generators
The SOð5Þ generators in the spinor-representation are

given by

TaL ¼ 1

2

�
σa 0

0 0

�
; TaR ¼ 1

2

�
0 0

0 σa

�
;

Tâ ¼ 1

2
ffiffiffi
2

p
�

iσa

−iσa

�
; T 4̂ ¼

�
1

1

�
; ðA1Þ

and trðTaTbÞ ¼ 1
2
δab is satisfied. Here σa (a ¼ 1, 2, 3) are

Pauli matrices. TaL and TaR are generators for SUð2ÞL and
SUð2ÞR subgroups, respectively.

2. Bulk wave functions

a. Gauge boson bulk functions

Bulk functions of gauge bosons C ¼ Cðz; λÞ and S ¼
Sðz; λÞ are defined as solutions of

�
d2

dz2
−
1

z
d
dz

þ λ2
��

C

S

�
¼ 0; ðA2Þ

with boundary conditions

C ¼ zL; S ¼ 0; C0 ¼ 0; S0 ¼ λ at z ¼ zL:

ðA3Þ

Here C0 ≡ ðd=dzÞC etc. The solutions are given by

Cðz; λÞ ¼ þ π

2
λzzLF1;0ðλz; λzLÞ;

C0ðz; λÞ ¼ þ π

2
λ2zzLF0;0ðλz; λzLÞ;

Sðz; λÞ ¼ −
π

2
λzF1;1ðλz; λzLÞ;

S0ðz; λÞ ¼ −
π

2
λ2zF0;1ðλz; λzLÞ; ðA4Þ

where Fα;βðu; vÞ≡ JαðuÞYβðvÞ − YαðuÞJβðvÞ and JαðxÞ
and YαðxÞ are Bessel functions of the 1st and 2nd kind,
respectively. C, S and C0, S0 satisfy

CS0 − SC0 ¼ λ: ðA5Þ
b. Fermion bulk functions

Fermion bulk functions CL=Rðz; λ; cÞ, SL=Rðz; λ; cÞ are
defined by

CLðz; λ; cÞ ¼ þ π

2
λ

ffiffiffiffiffiffiffi
zzL

p
Fcþ1

2
;c−1

2
ðλz; λzLÞ;

SLðz; λ; cÞ ¼ −
π

2
λ

ffiffiffiffiffiffiffi
zzL

p
Fcþ1

2
;cþ1

2
ðλz; λzLÞ;

CRðz; λ; cÞ ¼ þ π

2
λ

ffiffiffiffiffiffiffi
zzL

p
Fc−1

2
;cþ1

2
ðλz; λzLÞ;

SRðz; λ; cÞ ¼ þ π

2
λ

ffiffiffiffiffiffiffi
zzL

p
Fc−1

2
;c−1

2
ðλz; λzLÞ: ðA6Þ

These satisfy

Dþ

�
CL

SL

�
¼ λ

�
SR
CR

�
; D−

�
CR

SR

�
¼ λ

�
SL
CL

�
;

D�ðcÞ≡� d
dz

þ c
z
;

CLCR − SLSR ¼ 1; ðA7Þ
and

CR ¼ CL ¼ 1; SR ¼ SL ¼ 0; at z ¼ zL: ðA8Þ
In particular, for c ¼ 0 we have

CLðz; λ; 0Þ ¼ CRðz; λ; 0Þ ¼ cosðλðz − zLÞÞ;
SLðz; λ; 0Þ ¼ −SRðz; λ; 0Þ ¼ sinðλðz − zLÞÞ: ðA9Þ

APPENDIX B: GAUGE BOSON WAVE
FUNCTIONS

Wave functions for a charged vector boson VC ¼
WðnÞ;WðmÞ

R (n ¼ 0; 1; 2; � � �, m ¼ 1; 2; � � �) are given by

0
B@

hLVC

hRVC

ĥVC

1
CA ¼

0
B@

vLVC
Cðz; λVC

Þ
vRVC

Cðz; λVC
Þ

v̂VC
Ŝðz; λVC

Þ

1
CA; ðB1Þ

where
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0
B@

vLVC

vRVC

v̂VC

1
CA ¼ 1ffiffiffiffiffiffiffirVC

p

8>>>>>>>>>>><
>>>>>>>>>>>:

0
B@

1þcHffiffi
2

p

1−cHffiffi
2

p

−sH

1
CA VC ¼ WðnÞ

1ffiffiffiffiffiffiffiffiffi
1þc2H

p

0
B@

þ1−cHffiffi
2

p

−1−cHffiffi
2

p

0

1
CA VC ¼ WðmÞ

R

ðB2Þ

with C ¼ Cðz; λVC
Þ etc. cH; sH ≡ cos θH; sin θH. We have

defined

Ŝðz; λÞ≡ Cð1; λÞ
Sð1; λÞ Sðz; λÞ: ðB3Þ

The mass spectrum fmVC
¼ kλVC

g is determined by

2SC0ð1; λWðnÞ Þ þ λWðnÞs2H ¼ 0;

Cð1; λ
WðnÞ

R
Þ ¼ 0; ðB4Þ

and normalization factors are given by

r
WðnÞ

R
¼

Z
zL

1

dz
kz

Cðz; λ
WðnÞ

R
Þ2;

rWðnÞ ¼
Z

zL

1

dz
kz

fð1þ c2HÞCðz; λWðnÞ Þ2 þ s2HŜðz; λWðnÞ Þ2g:

ðB5Þ
Wave functions for the photon γ ¼ γð0Þ is given by0
BBB@

hL
γð0Þ

hR
γð0Þ

hB
γð0Þ

1
CCCA ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ s2ϕÞL
q

0
B@

sϕ
sϕ
cϕ

1
CA; ĥγð0Þ ¼ 0; ðB6Þ

where sϕ ≡ sinϕ and cϕ ≡ cosϕ. Wave functions for a

massive neutral vector boson V ¼ ZðnÞ, γðmÞ, and ZðmÞ
R

(n ¼ 0; 1; 2; � � �, m ¼ 1; 2; � � �) are given by

0
BBBBB@

hLV
hRV

ĥV
hBV

1
CCCCCA ¼

0
BBBBB@

vLVCðz; λVÞ
vRVCðz; λVÞ
v̂VŜðz; λVÞ
vBVCðz; λVÞ

1
CCCCCA; ðB7Þ

where

0
BBB@

vLV
vRV
v̂V
vBV

1
CCCA ¼ 1ffiffiffiffiffi

rV
p

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

1ffiffiffiffiffiffiffiffi
1þs2ϕ

p

0
BBBBBBBB@

ð1þs2ϕÞð1þcHÞ−2s2ϕffiffi
2

p

ð1þs2ϕÞð1−cHÞ−2s2ϕffiffi
2

p

−ð1þ s2ϕÞsH
−

ffiffiffi
2

p
sϕcϕ

1
CCCCCCCCA

V ¼ ZðnÞ

1ffiffiffiffiffiffiffiffi
1þs2ϕ

p
0
BBB@

sϕ
sϕ
0

cϕ

1
CCCA V ¼ γðmÞ;

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þð1þ2t2ϕÞc2H

p
0
BBBBB@

þ1−cHffiffi
2

p

−1−cHffiffi
2

p

0ffiffiffi
2

p
tϕcH

1
CCCCCA V ¼ ZðmÞ

R ;

ðB8Þ
where tϕ ¼ tanϕ. The mass spectrum fmV ¼ kλVg is
determined by

C0ð1; λγðmÞ Þ ¼ 0;

2SC0ð1; λZðnÞ Þ þ ð1þ s2ϕÞλZðnÞsin2θH ¼ 0;

Cð1; λ
ZðmÞ
R
Þ ¼ 0; ðB9Þ

and normalization factors are given by rV ¼R zL
1

dz
kzFV where

FV ¼
�
Cðz; λVÞ2 V ¼ ZðmÞ

R ; γðmÞ;

c2ϕCðz; λVÞ2 þ ð1þ s2ϕÞ½c2HCðz; λVÞ2 þ s2HŜðz; λVÞ2� V ¼ ZðnÞ:
ðB10Þ

APPENDIX C: MASSES AND WAVE FUNCTIONS OF SOð5Þ-VECTOR FERMIONS

1. Quark sector

a. Qem = þ5=3 quark partners ðtTÞ
ðT3L ; T3RÞ ¼ ðþ 1

2
;þ 1

2
Þ of Ψq;g¼3

1 state has an expansion

Tðx; zÞ ¼
ffiffiffi
k

p
z2
X∞
n¼1

8<
:tðnÞT;LðxÞ

1ffiffiffiffiffiffiffiffi
r
tðnÞT;L

q CLðz; λtðnÞT
; c1Þ þ tðnÞT;RðxÞ

1ffiffiffiffiffiffiffiffi
r
tðnÞT;R

q SRðz; λtðnÞT
; c1Þ

9=
;; ðC1Þ
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where λ
tðnÞT

¼ m
tðnÞT
=k. The KK mass m

tðnÞT
is determined by

CLð1; λtðnÞT
; c1Þ ¼ 0: ðC2Þ

Normalization factors r
tðnÞT;L=R

are determined so that they

satisfy

1

r
tðnÞT;L

Z
zL

1

CLðz; λðnÞT ; c1Þ2dz

¼ 1

r
tðnÞT;R

Z
zL

1

SRðz; λðnÞT ; c1Þ2dz ¼ 1; ðC3Þ

and one finds r
tðnÞT;L

¼ r
tðnÞT;R

.

b. Qem = −4=3 quark partners ðbYÞ
ðT3L ; T3RÞ ¼ ð− 1

2
;− 1

2
Þ of Ψq;g¼3

2 state has an expansion

Yðx; zÞ ¼
ffiffiffi
k

p
z2
X∞
n¼1

8<
:bðnÞY;LðxÞ

1ffiffiffiffiffiffiffiffiffi
r
bðnÞY;L

q CLðz; λbðnÞY
; c2Þ

þ bðnÞY;RðxÞ
1ffiffiffiffiffiffiffiffiffi
r
bðnÞY;R

q SRðz; λbðnÞY
; c2Þ

9=
;; ðC4Þ

where λ
bðnÞY

¼ m
bðnÞY

=k and m
bðnÞY

is the KK mass, which is

determined by

CLð1; λbðnÞY
; c2Þ ¼ 0: ðC5Þ

Factors r
bðnÞY;L=R

are normalized so that they satisfy

1

r
bðnÞY;L

Z
zL

1

CLðz; λbðnÞY
; c2Þ2dz

¼ 1

r
bðnÞY;R

Z
zL

1

SRðz; λbðnÞY
; c2Þ2dz ¼ 1; ðC6Þ

and one finds that r
bðnÞY;L

¼ r
bðnÞY;R

.

c. Qem = þ2=3 quark and its partners ðt, tB, tUÞ
ðT3L ; T3RÞ ¼ ðþ 1

2
;− 1

2
Þ, ð− 1

2
;þ 1

2
Þ and (0,0) of Ψ1 states

B; t; t0 together with ðþ 1
2
;þ 1

2
Þ of Ψ2 state U have Qem ¼

þ2=3 states. For the third generation Ψq;g¼3
a¼1;2 contain t̂, t̂B,

and t̂U. We have an expansion as follows.

0
BBB@

U

t

B

t0

1
CCCAðx; zÞ ¼

ffiffiffi
k

p
z2
X∞
n¼0

8>>>>>><
>>>>>>:
tðnÞL ðxÞ 1ffiffiffiffiffiffiffir

tðnÞL

p

0
BBBBBB@

aðtÞU CðtðnÞÞ
L ðzÞ

aðtÞt CðtðnÞÞ
L ðzÞ

aðtÞB CðtðnÞÞ
L ðzÞ

aðtÞt0 Ŝ
ðtðnÞÞ
L ðzÞ

1
CCCCCCA

þ tðnÞR ðxÞ 1ffiffiffiffiffiffiffir
tðnÞR

p

0
BBBBBB@

aðtÞU Sðt
ðnÞÞ

R ðzÞ
aðtÞt Sðt

ðnÞÞ
R ðzÞ

aðtÞB Sðt
ðnÞÞ

R ðzÞ
aðtÞt0 Ĉ

ðtÞ
R ðzÞ

1
CCCCCCA

9>>>>>>=
>>>>>>;

þ
ffiffiffi
k

p
z2
X∞
n¼1

8>>>>>><
>>>>>>:
tðnÞB;LðxÞ

1ffiffiffiffiffiffiffiffi
r
tðnÞB;L

q
0
BBBBBB@

aðtBÞU C
ðtðnÞB Þ
L ðzÞ

aðtBÞt C
ðtðnÞB Þ
L ðzÞ

aðtBÞB C
ðtðnÞB Þ
L ðzÞ

aðtBÞt0 Ŝ
ðtðnÞB Þ
L ðzÞ

1
CCCCCCA

þ tðnÞB;RðxÞ
1ffiffiffiffiffiffiffiffi
r
tðnÞB;R

q
0
BBBBBB@

aðtBÞU S
ðtðnÞB Þ
R ðzÞ

aðtBÞt S
ðtðnÞB Þ
R ðzÞ

aðtBÞB S
ðtðnÞB Þ
R ðzÞ

aðtBÞt0 Ĉ
ðtðnÞB Þ
R ðzÞ

1
CCCCCCA

9>>>>>>=
>>>>>>;

þ
ffiffiffi
k

p
z2
X∞
n¼1

8>>>>>><
>>>>>>:
tðnÞU;LðxÞ

1ffiffiffiffiffiffiffiffi
r
tðnÞU;L

q
0
BBBBBB@

aðtUÞU C
ðtðnÞU Þ
L ðzÞ

aðtUÞt C
ðtðnÞU Þ
L ðzÞ

aðtUÞB C
ðtðnÞU Þ
L ðzÞ

aðtUÞt0 Ŝ
ðtðnÞU Þ
L ðzÞ

1
CCCCCCA

þ tðnÞU;RðxÞ
1ffiffiffiffiffiffiffiffi
r
tðnÞU;R

q
0
BBBBBB@

aðtUÞU S
ðtðnÞU Þ
R ðzÞ

aðtUÞt S
ðtðnÞU Þ
R ðzÞ

aðtUÞB S
ðtðnÞU Þ
R ðzÞ

aðtUÞt0 Ĉ
ðtðnÞU Þ
R ðzÞ

1
CCCCCCA

9>>>>>>=
>>>>>>;
; ðC7Þ

where C
ðtðnÞB Þ
L ðzÞ≡ CLðz; λtðnÞB

; cÞ, λ
tðnÞB

¼ m
tðnÞB
=k etc. We have defined

fŜLðz; λ; cÞ; ĈRðz; λ; cÞg≡ CLð1; λ; cÞ
SLð1; λ; cÞ

fSLðz; λ; cÞ; CRðz; λ; cÞg: ðC8Þ
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KK masses mtðnÞ , mtðnÞB
, and m

tðnÞU
are determined by

s2H
ðμq2Þ2

ðμq2Þ2 þ ð~μqÞ2 þ 2SRSLðz ¼ 1; λtðnÞ ; cÞ ¼ 0; c1 ¼ c2 ≡ c; ðC9Þ

and

CLð1; λtðnÞB
; c1Þ ¼ 0; CLð1; λtðnÞU

; cÞ ¼ 0; ðC10Þ

respectively. Common coefficients are given by0
BBBBB@

aðtÞU

aðtÞt

aðtÞB

aðtÞt0

1
CCCCCA ¼

0
BBBBB@

−
ffiffiffi
2

p
~μ=μ2

ð1þ cHÞ=
ffiffiffi
2

p

ð1 − cHÞ=
ffiffiffi
2

p

−sH

1
CCCCCA;

0
BBBBB@

aðtBÞU

aðtBÞt

aðtBÞB

aðtBÞt0

1
CCCCCA ¼

0
BBBBB@

0

ðcH − 1Þ= ffiffiffi
2

p

ðcH þ 1Þ= ffiffiffi
2

p

0

1
CCCCCA;

0
BBBBB@

aðtUÞU

aðtUÞt

aðtUÞB

aðtUÞt0

1
CCCCCA ¼

0
BBBBB@

1þ c2H
ð ~μ=μ2Þð1þ cHÞ
ð~μ=μ2Þð1 − cHÞ

0

1
CCCCCA: ðC11Þ

Normalization factors r
fðnÞL

, r
fðnÞR

(f ¼ t; tB; tU) are determined by

1

r
fðnÞL

Z
zL

1

f½ðaðfÞU Þ2 þ ðaðfÞt Þ2 þ ðaðfÞB Þ2�ðCðfðnÞÞ
L Þ2 þ ðaðfÞt0 Þ2ðŜðfðnÞÞL Þ2�gdz

¼ 1

r
fðnÞR

Z
zL

1

f½ðaðfÞU Þ2 þ ðaðfÞt Þ2 þ ðaðfÞB Þ2�ðSðfðnÞÞR Þ2 þ ðaðfÞt0 Þ2ðĈðfðnÞÞ
R Þ2�gdz ¼ 1; ðC12Þ

and one finds that r
fðnÞL

¼ r
fðnÞR

are satisfied.

d. Qem = −1=3 quark and its partners ðb, bD, bXÞ
ðT3L ; T3RÞ ¼ ð− 1

2
;− 1

2
Þ of Ψ1 states b together with ðþ 1

2
;− 1

2
Þ, ð− 1

2
;þ 1

2
Þ, and (0,0) of Ψ2 states X;D; b0 have Qem ¼

−1=3 states. For the third generation the corresponding towers are b̂, b̂D, and b̂X. Hence we have an expansion

0
BBB@

b

X

D

b0

1
CCCAðx; zÞ ¼

ffiffiffi
k

p
z2

X∞
n¼0

8>>>>>>>><
>>>>>>>>:
bðnÞL ðxÞ 1ffiffiffiffiffiffiffiffiffi

r
bðnÞX;L

q

0
BBBBBBBB@

aðbÞb CðbðnÞÞ
L ðzÞ

aðbÞX CðbðnÞÞ
L ðzÞ

aðbÞD CðbðnÞÞ
L ðzÞ

aðbÞb0 Ŝ
ðbðnÞÞ
L ðzÞ

1
CCCCCCCCA

þ bðnÞR ðxÞ 1ffiffiffiffiffiffiffiffiffi
r
bðnÞX;R

q

0
BBBBBBBB@

aðbÞb Sðb
ðnÞÞ

R ðzÞ
aðbÞX Sðb

ðnÞÞ
R ðzÞ

aðbÞD Sðb
ðnÞÞ

R ðzÞ
aðbÞb0 Ĉ

ðbðnÞÞ
R ðzÞ

1
CCCCCCCCA

9>>>>>>>>=
>>>>>>>>;

þ
ffiffiffi
k

p
z2
X∞
n¼1

8>>>>>>>><
>>>>>>>>:
bðnÞX;LðxÞ

1ffiffiffiffiffiffiffiffiffi
r
bðnÞX;L

q

0
BBBBBBBB@

aðbXÞb C
ðbðnÞX Þ
L ðzÞ

aðbXÞX C
ðbðnÞX Þ
L ðzÞ

aðbXÞD C
ðbðnÞX Þ
L ðzÞ

aðbXÞb0 Ŝ
ðbðnÞX Þ
L ðzÞ

1
CCCCCCCCA

þ bðnÞX;RðxÞ
1ffiffiffiffiffiffiffiffiffi
r
bðnÞX;R

q

0
BBBBBBBB@

aðbXÞb S
ðbðnÞX Þ
R ðzÞ

aðbXÞX S
ðbðnÞX Þ
R ðzÞ

aðbXÞD S
ðbðnÞX Þ
R ðzÞ

aðbXÞb0 Ĉ
ðbðnÞX Þ
R ðzÞ

1
CCCCCCCCA

9>>>>>>>>=
>>>>>>>>;

þ
ffiffiffi
k

p
z2
X∞
n¼1

8>>>>>>>><
>>>>>>>>:
bðnÞD;LðxÞ

1ffiffiffiffiffiffiffiffiffi
r
bðnÞD;L

q

0
BBBBBBBB@

aðbDÞb C
ðbðnÞD Þ
L ðzÞ

aðbDÞX C
ðbðnÞD Þ
L ðzÞ

aðbDÞD C
ðbðnÞD Þ
L ðzÞ

aðbDÞb0 Ŝ
ðbðnÞD Þ
L ðzÞ

1
CCCCCCCCA

þ bðnÞD;RðxÞ
1ffiffiffiffiffiffiffiffiffi
r
bðnÞD;R

q

0
BBBBBBBB@

aðbDÞb S
ðbðnÞD Þ
R ðzÞ

aðbDÞX S
ðbðnÞD Þ
R ðzÞ

aðbDÞD S
ðbðnÞD Þ
R ðzÞ

aðbDÞb0 Ĉ
ðbðnÞD Þ
R ðzÞ

1
CCCCCCCCA

9>>>>>>>>=
>>>>>>>>;
; ðC13Þ
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where λ
bðnÞX

≡m
bðnÞX

=k etc. Mass spectra mbðnÞ , mbðnÞX
, m

bðnÞD

are determined by

s2H
ð~μqÞ2

ðμq2Þ2 þ ð~μqÞ2 þ 2SRSLð1; λbðnÞ ; cÞ ¼ 0; c1 ¼ c2 ≡ c

ðC14Þ
and

CLð1; λbðnÞX
; c1Þ ¼ 0;

CLð1; λbðnÞD
; cÞ ¼ 0: ðC15Þ

Combining (C9) and (C14), one finds�
~μq

μq2

�
2

¼ −
�
1þ s2H

2SLSRð1; λtðnÞ ; cÞ
�

¼ −
�
1þ s2H

2SLSRð1; λbðnÞ ; cÞ
�−1

; ðC16Þ

and c and ~μq=μq2 are determined from the masses of top and
bottom quarks. Common coefficients are given by0

BBBBB@

aðbÞb

aðbÞX

aðbÞD

aðbÞb0

1
CCCCCA ¼ −

0
BBBBB@

−
ffiffiffi
2

p
μ2=~μ

ð1 − cHÞ=
ffiffiffi
2

p

ð1þ cHÞ=
ffiffiffi
2

p

sH

1
CCCCCA;

0
BBBBB@

aðbDÞb

aðbDÞX

aðbDÞD

aðbDÞb0

1
CCCCCA ¼

0
BBBBB@

ð ~μ=μ2Þð1þ c2HÞ
1 − cH
1þ cH

0

1
CCCCCA;

0
BBBBB@

aðbXÞb

aðbXÞX

aðbXÞD

aðbXÞb0

1
CCCCCA ¼

0
BBBBB@

0

ð1þ cHÞ=
ffiffiffi
2

p

ð1 − cHÞ=
ffiffiffi
2

p

0

1
CCCCCA; ðC17Þ

Factors r
fðnÞL=R

(f ¼ b; bX; bD) are normalized so that

1

r
fðnÞL

Z
zL

1

f½ðaðfÞb Þ2 þ ðaðfÞX Þ2 þ ðaðfÞD Þ2�ðCðfÞ
L Þ2

þ ðaðfÞb0 Þ2ðŜðfÞL Þ2�gdz

¼ 1

r
fðnÞR

Z
zL

1

f½ðaðfÞb Þ2 þ ðaðfÞX Þ2 þ ðaðfÞD Þ2�ðSðfÞR Þ2

þ ðaðfÞb0 Þ2ðĈðfÞ
R Þ2�gdz ¼ 1; ðC18Þ

and one finds r
fðnÞL

¼ r
fðnÞR

are satisfied.

In Table XII and XIII, masses of KK fermions are
tabulated. In tables masses of exotic partners of up- and
down-type quarks are

M
uðnÞU

¼ M
uðnÞB

¼ M
uðnÞT

≡M
uðnÞx

;

M
dðnÞD

¼ M
dðnÞX

¼ M
dðnÞY

≡M
dðnÞx

; ðC19Þ

and M
uðnÞx

¼ M
dðnÞx

are satisfied.

Here we note that KK masses of exotics largely depend
on their bulk mass parameters. In particular, since the bulk
mass parameter of top and bottom quarks approaching to
zero for smaller zL (θH), the mass spectrum for exotic
partners of top and bottom quarks are approximately given
by CLð1; λfð1Þ ; ct ¼ 0Þ ¼ cosððzL − 1Þmfð1Þ=kÞ ¼ 0 so that

mfð1Þ ≃mKK

2
; f ¼ tT;U;B; bY;X;D: ðC20Þ

2. Lepton sector

For charged lepton, neutrino, and their exotic partners,
KK states are given as follows.

a. Qem = þ1 and −2 lepton partners

ðT3L ; T3RÞ ¼ ð− 1
2
;− 1

2
Þ of Ψ3, L1Y , and ð12 ; 12Þ of Ψ4, L2X,

have Qem ¼ −2 and þ1, respectively. For the third
generation, they are expanded as

TABLE XII. Masses of KK fermions for NF ¼ 4, zL ¼ 105

(θH ¼ 0.115) in the unit of TeV. M
qðnÞx

is the mass of the nth KK

excited state of exotic partners of q-quark (see text).

n 1 2 3 4

MuðnÞ 9.19 12.23 16.71 20.00

MdðnÞ 9.19 12.23 16.71 20.00

MtðnÞ 6.62 8.17 13.99 15.62

MbðnÞ 6.64 8.15 14.01 15.60

M
uðnÞx

¼ M
dðnÞx

9.19 16.71 24.15 31.58

M
tðnÞx

¼ M
bðnÞx

4.64 11.99 19.38 26.78

TABLE XIII. Same as Table XII but for NF ¼ 4, zL ¼ 104

(θH ¼ 0.0737).

n 1 2 3 4

MuðnÞ 14.02 18.24 24.61 29.16

MdðnÞ 14.02 18.24 24.61 29.16

MtðnÞ 10.11 10.59 20.45 20.95

MbðnÞ 10.18 10.52 20.52 20.88

M
uðnÞx

¼ M
dðnÞx

14.02 24.61 35.06 45.46

M
tðnÞx

¼ M
bðnÞx

5.40 15.73 26.07 36.42
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L2Xðx; zÞ ¼
ffiffiffi
k

p
z2
X∞
n¼1

8<
:νðnÞτ2X;LðxÞ

1ffiffiffiffiffiffiffiffiffiffiffi
r
νðnÞτ2X;L

q CLðz; λνðnÞτ2X
; c4Þ

þ νðnÞτ2X;RðxÞ
1ffiffiffiffiffiffiffiffiffiffiffi
r
νðnÞτ2X;R

q SRðz; λνðnÞτ2X
; c4Þ

9=
;; ðC21Þ

L1Yðx; zÞ ¼
ffiffiffi
k

p
z2

X∞
n¼1

8<
:τðnÞ1Y;LðxÞ

1ffiffiffiffiffiffiffiffiffi
r
τðnÞ
1Y;L

q CLðz; λτðnÞ
1Y
; c3Þ

þ τðnÞ1Y;RðxÞ
1ffiffiffiffiffiffiffiffiffi
r
τðnÞ
1Y;R

q SRðz; λτðnÞ
1Y
; c3Þ

9=
;; ðC22Þ

where the KK masses are given by ðm
νðnÞτ2X

; m
τðnÞ
1Y
Þ ¼

kðλðnÞντ2X ; λτðnÞ
1Y
Þ and determined by

CLð1; λνðnÞτ2X
; c4Þ ¼ CLð1; λτðnÞ

1Y
; c3Þ ¼ 0: ðC23Þ

Normalization factors are determined by

1

r
fðnÞL

Z
zL

1

CLðz; λfðnÞ ; cÞ2dz

¼ 1

r
fðnÞR

Z
zL

1

SRðz; λfðnÞ ; cÞ2dz ¼ 1; ðC24Þ

for ðf; cÞ ¼ ðτ1Y; c3Þ, ðντ2X; c4Þ.

b. Qem = −1 charged lepton and its partners

ðT3L ; T3RÞ ¼ ð− 1
2
; 1
2
Þ, ð1

2
;− 1

2
Þ, and (0,0) of Ψ3 together

with ð− 1
2
;− 1

2
Þ of Ψ4 are Qem ¼ −1 states. They are

expanded as

0
BBB@
L3Y

L1X

τ

τ0

1
CCCAðx;zÞ¼

ffiffiffi
k

p
z2
X
f

X
n

8>>>>><
>>>>>:
fðnÞL

1ffiffiffiffiffiffiffiffir
fðnÞL

p
0
BBBBB@

aðfÞ3Y C
fðnÞ
L ðzÞ

aðfÞ1XC
fðnÞ
L ðzÞ

aðfÞτ CfðnÞ
L ðzÞ

aðfÞτ0 Ŝ
fðnÞ
L ðzÞ

1
CCCCCA

þfðnÞR
1ffiffiffiffiffiffiffiffir
fðnÞR

p
0
BBBBB@

aðfÞ3Y S
fðnÞ
R ðzÞ

aðfÞ1X S
fðnÞ
R ðzÞ

aðfÞτ Sf
ðnÞ

R ðzÞ
aðfÞτ0 Ĉ

fðnÞ
R ðzÞ

1
CCCCCA

9>>>>>=
>>>>>;
; ðC25Þ

where f ¼ τ, τ1X, and τ3Y and CfðnÞ
L ðzÞ≡ CLðz; λfðnÞ ; cÞ etc.

Common coefficients are given by

0
BBBBB@

aðfÞ3Y

aðfÞ1X

aðfÞτ

aðfÞτ0

1
CCCCCA¼

0
BBBBB@

ffiffi
2

p
~μ

μ3

1−cHffiffi
2

p

1þcHffiffi
2

p

sH

1
CCCCCA;

0
BBBBB@

0
cHþ1ffiffi

2
p

cH−1ffiffi
2

p

0

1
CCCCCA and

0
BBBBB@

1þc2H

ð1−cHÞ ~μ
l

μl
3

ð1þcHÞ ~μ
l

μl
3

0

1
CCCCCA;

ðC26Þ

for f ¼ τ, τ1X, and τ3Y , respectively. The mass of τðnÞ is
given by mτðnÞ ¼ kλτðnÞ where λτðnÞ are determined by

s2H
ðμl3Þ2

ðμl3Þ2 þ ð~μlÞ2 þ 2SLSRðz ¼ 1; λτðnÞ ; clÞ ¼ 0; ðC27Þ

and τð0Þ corresponds to the tau lepton. For τðnÞE (E ¼ 3Y and
1X, n ¼ 1; 2; � � �), the KK masses are determined by

CLð1; λτðnÞE
; clÞ ¼ 0; m

τðnÞE
≡ kλ

τðnÞE
: ðC28Þ

Normalization factors are determined by

1

r
fðnÞL

Z
zL

1

f½ðaðfÞ3Y Þ2 þ ðaðfÞ1X Þ2 þ ðaðfÞτ Þ2�ðCðfÞ
L Þ2

þ ðaðfÞτ0 Þ2ðŜðfÞL Þ2�gdz

¼ 1

r
fðnÞR

Z
zL

1

f½ðaðfÞ3Y Þ2 þ ðaðfÞ1X Þ2 þ ðaðfÞτ Þ2�ðSðfÞR Þ2

þ ðaðfÞτ0 Þ2ðĈðfÞ
R Þ2�gdz ¼ 1; ðC29Þ

where f ¼ τ,τ3Y and ττ1X . One finds r
fðnÞL

¼ r
fðnÞR

are

satisfied.

c. Qem = 0 neutrino and its partners

ðT3L ; T3RÞ ¼ ð1
2
; 1
2
Þ of Ψ3, and ð1

2
;− 1

2
Þ and ð− 1

2
; 1
2
Þ and

(0,0) of Ψ4 are Qem ¼ 0 states. They are expanded as

0
BBB@

ν

L3X

L2Y

ν0

1
CCCAðx;zÞ¼

ffiffiffi
k

p
z2
X
f

X
n

8>>>>>><
>>>>>>:
fðnÞL

1ffiffiffiffiffiffiffiffir
fðnÞL

p

0
BBBBBB@

aðfÞν CfðnÞ
L ðzÞ

aðfÞ3XC
fðnÞ
L ðzÞ

aðfÞ2Y C
fðnÞ
L ðzÞ

aðfÞν0 Ŝ
fðnÞ
L ðzÞ

1
CCCCCCA

þfðnÞR
1ffiffiffiffiffiffiffiffir
fðnÞR

p

0
BBBBBB@

aðfÞν Sf
ðnÞ

R ðzÞ
aðfÞ3X S

fðnÞ
R ðzÞ

aðfÞ2Y S
fðnÞ
R ðzÞ

aðfÞν0 Ĉ
fðnÞ
R ðzÞ

1
CCCCCCA

9>>>>>>=
>>>>>>;
; ðC30Þ
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where f ¼ ν, ντ3X, and ντ2Y . C
fðnÞ
L ¼ CLðz; λfðnÞ ; cÞ, c3 ¼

c4 ≡ cl etc. Common coefficients are given by

0
BBBBB@

aðfÞν

aðfÞ3X

aðfÞ2Y

aðfÞν0

1
CCCCCA¼

0
BBBBB@

ffiffi
2

p
μl
3

~μl

−1þcHffiffi
2

p

−1−cHffiffi
2

p

sH

1
CCCCCA;

0
BBBBB@

0
1−cHffiffi

2
p

1þcHffiffi
2

p

0

1
CCCCCA; and

0
BBBBB@
ð1þc2HÞ ~μ

l

μl
3

1þcH
1−cH
0

1
CCCCCA

ðC31Þ

for f ¼ τ, ντ2Y , and ντ3X, respectively. KK masses of νðnÞτ ,
m

νðnÞτ
≡ kλ

νðnÞτ
, (n ¼ 0; 1; 2; � � �) are determined by

s2H
ð~μlÞ2

ðμl3Þ2 þ ð~μlÞ2 þ 2SLSRðz ¼ 1; λνðnÞ ; clÞ ¼ 0; ðC32Þ

and νð0Þτ corresponds to the tau neutrino. From (C27) and
(C32), one finds

�
μl3
~μl

�
2

¼ −
�
1þ s2H

2SLSRð1; λνðnÞτ
; cÞ

�

¼ −
�

s2H
2SLSRð1; λτðnÞ ; cÞ

�−1
; ðC33Þ

and c and ~μl=μl3 are determined from the masses of τ and

ντ. For ν
ðnÞ
τN (N ¼ 3X and 1Y, n ¼ 1; 2; � � �), the KKmasses

are determined by

CLð1; λðnÞντN ; clÞ ¼ 0; m
νðnÞ
τN

≡ kλ
νðnÞ
τN
: ðC34Þ

Normalization factors are determined by

1

r
fðnÞL

Z
zL

1

f½ðaðfÞν Þ2 þ ðaðfÞ3X Þ2 þ ðaðfÞ2Y Þ2�ðCðfÞ
L Þ2

þ ðaðfÞν0 Þ2ðŜðfÞL Þ2�gdz

¼ 1

r
fðnÞR

Z
zL

1

f½ðaðfÞν Þ2 þ ðaðfÞ3X Þ2 þ ðaðfÞ2Y Þ2�ðSðfÞR Þ2

þ ðaðfÞν0 Þ2ðĈðfÞ
R Þ2�gdz ¼ 1; ðC35Þ

for f ¼ ν, ν3X, and ν2Y . One finds r
fðnÞL

¼ r
fðnÞR

are

satisfied.

APPENDIX D: FERMION COUPLINGS

The KK expansions (C1), (C4), (C7) (C13), (C21),
(C22), (C25), and (C30) are written in the form of

Tðx; zÞ ¼
ffiffiffi
k

p
z2
X∞
n¼1

½tðnÞT;LðxÞft
ðnÞ
T
TLðzÞ þ tðnÞT;RðxÞfðt

ðnÞ
T Þ

TR ðzÞ�;

Yðx; zÞ ¼
ffiffiffi
k

p
z2
X∞
n¼1

½bðnÞY;LðxÞfb
ðnÞ
Y

YL ðzÞ þ bðnÞY;RðxÞfðb
ðnÞ
Y Þ

YR ðzÞ�;

ðD1Þ

0
BBB@

U

t

B

t0

1
CCCAðx; zÞ ¼

ffiffiffi
k

p
z2

X
tu¼t;tB;tU

X
n

8>>>>>>>><
>>>>>>>>:
tu;LðxÞ

0
BBBBBBBB@

ft
ðnÞ
u
ULðzÞ

ft
ðnÞ
u
tL ðzÞ

ft
ðnÞ
u
BLðzÞ

ft
ðnÞ
u
t0LðzÞ

1
CCCCCCCCA

þ tu;RðxÞ

0
BBBBBBBB@

ft
ðnÞ
u
URðzÞ

ft
ðnÞ
u
tR ðzÞ

ft
ðnÞ
u
BRðzÞ

ft
ðnÞ
u
t0RðzÞ

1
CCCCCCCCA

9>>>>>>>>=
>>>>>>>>;
; ðD2Þ

0
BBB@

b

X

D

b0

1
CCCAðx; zÞ ¼

ffiffiffi
k

p
z2

X
bd¼b;bX;bD

X
n

8>>>>>>>><
>>>>>>>>:
bd;LðxÞ

0
BBBBBBBB@

f
bðnÞd
bL ðzÞ

f
bðnÞd
XL ðzÞ

f
bðnÞd
DL ðzÞ

ft
ðnÞ
u
b0LðzÞ

1
CCCCCCCCA

þ bd;RðxÞ

0
BBBBBBBB@

f
bðnÞd
bR ðzÞ

f
bðnÞd
XR ðzÞ

f
bðnÞd
DR ðzÞ

f
bðnÞd
b0RðzÞ

1
CCCCCCCCA

9>>>>>>>>=
>>>>>>>>;
: ðD3Þ

In terms of these wave functions we write gauge-boson couplings and Yukawa couplings as follows.
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1. Vector boson couplings

a. ψ̄ð−1=3Þ
n V−ψð2=3Þ

m and ψ̄ð−1Þ
n V−ψð0Þ

m couplings

For bd ¼ b; bD; bX, tu ¼ t; tU; tB, and V− ¼ W−;W−
R we have

Z
dz
kz4

Ψ̄1½γμgAAμ þ Ψ̄2γ
μgAAμΨ2�

⊃ b̄ðnÞdLV
−
μ t

ðmÞ
uL · gw

ffiffiffiffi
L

p Z
zL

1

dz
1ffiffiffi
2

p fhLV ½f
bðnÞb
bL ft

ðmÞ
u
tL þ f

bðnÞd
DLf

tðmÞ
u
UL � þ hRV ½f

bðnÞd
bL ft

ðmÞ
u
BL þ f

bðnÞd
XL f

tðmÞ
u
UL � þ ĥV ½fb

ðnÞ
d

bL ft
ðmÞ
u
t0L − f

bðnÞd
b0Lf

tðmÞ
u
UL �g þH:c:

≡ b̄ðnÞdLV
−
μ t

ðmÞ
uL · gL

VdðnÞd tðmÞ
u

þH:c: ðD4Þ

and right-handed couplings with replacements L → R in spinors and their wave functions.

For leptons couplings we obtain l̄V−ν couplings from the above formula with replacements

bd → τE ; tu → ντN ; ðb; bD; bX; b0Þ → ðτ; τ3Y; τ1X; τ0Þ; ðt; tU; tB; t0Þ → ðντ; ντ2Y; ντ3X; ν0τÞ: ðD5Þ

b. ψ̄ð2=3Þ
n Vμψ

ð2=3Þ
m and ψ̄ð−1=3Þ

n Vμψ
ð−1=3Þ
m

For up-type quarks and their exotic partners tu; tu0 ¼ t; tB; tU, down-type quarks and their exotic partners

bd; bd0 ¼ b; bD; bX, and neutral vector boson V ¼ γðlÞ, ZðlÞ, ZðlÞ
R , we have t̄uVtu0 and b̄dVbd0 couplings as

gAΨ̄1γ
μ

�
Aμ þ

�
2

3

�
gB
gA

Bμ

�
Ψ1 þ gAΨ̄2γ

μ

�
Aμ þ

�
−
1

3

�
gB
gA

Bμ

�
Ψ2

⊃ t̄ðnÞu0Lγ
μVμt

ðmÞ
uL · gw

ffiffiffiffi
L

p Z
zL

1

dz

�
1

2
ðhLV − hRVÞ½−f

tðnÞ
u0
BLf

tðmÞ
u
BL þ f

tðnÞ
u0
tL ft

ðmÞ
u
tL � þ 1

2
ðhLV þ hRVÞf

tðnÞ
u0
ULf

tðmÞ
u
UL

þ 1

2
ĥV ½f

tðnÞ
u0
t0Lðft

ðmÞ
u
BL þ ft

ðmÞ
u
tL Þ þ ðft

ðnÞ
u0
BL þ f

tðnÞ
u0
tL ÞftðmÞ

u
t0L �

þ gB
gA

hBV

�
2

3
ðft

ðnÞ
u0
tL ft

ðmÞ
u
tL þ f

tðnÞ
u0
BLf

tðmÞ
u
BL þ f

tðnÞ
u0
t0Lf

tðmÞ
u
t0L Þ −

1

3
ðft

ðnÞ
u0
ULf

tðmÞ
u
ULÞ

��
þ H:c:

þ b̄ðnÞd0Lγ
μVμb

ðmÞ
dL · gw

ffiffiffiffi
L

p Z
zL

1

dz

�
1

2
ðhLV − hRVÞ½−f

bðnÞ
d0

DLf
bðmÞ
d

DL þ f
dðnÞ
b0

XL f
dðmÞ
b

XL � − 1

2
ðhLV þ hRVÞf

bðnÞ
d0

bL f
bðmÞ
d

bL

þ 1

2
ĥV ½f

bðnÞ
d0

b0Lðf
bðmÞ
d

XL þ f
bðmÞ
d

DL Þ þ ðfb
ðnÞ
d0

XL þ f
bðnÞ
d0

DL Þf
bðmÞ
d

b0L �

þ gB
gA

hBV

�
−
1

3
ðfb

ðnÞ
d0

XL f
bðmÞ
d

XL þ f
bðnÞ
d0

DLf
bðmÞ
d

DL þ f
bðnÞ
d0

b0Lf
bðmÞ
d

b0L Þ þ
2

3
ðfb

ðnÞ
d0

bL f
bðmÞ
d

bL Þ
��

þ H:c:

≡ t̄ðnÞu0Lγ
μVμt

ðmÞ
uL · gL

VtðnÞ
u0 t

ðmÞ
u

þ H:c:þ b̄ðnÞd0Lγ
μVμb

ðmÞ
dL · gL

VbðnÞ
d0 b

ðmÞ
d

þ H:c: ðD6Þ

and right-handed couplings. Lepton couplings ψ̄ ð−1ÞVμψ
ð−1Þ and ψ̄ ð0ÞVμψ

ð0Þ are obtained from the above formula with
replacements (D5).
We note that photon wave functions (B6) which can be rewritten as

hL
γð0Þ ¼ hR

γð0Þ ¼
gB
gA

hB
γð0Þ ¼

sin θWffiffiffiffi
L

p ; ĥγð0Þ ¼ 0 ðD7Þ

yield proper electromagnetic couplings Qemeψ̄γμA
γ
μψ .
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c. ψ̄ð2=3Þ
n V−

μ ψ
ð5=3Þ
m and ψ̄ð0Þ

n V−
μ ψ

ðþ1Þ
m

For tT, tu ¼ t; tU; tB and V− ¼ W−;W−
R we haveZ

dz
kz4

Ψ̄1γ
μgAAμΨ1 ⊃ t̄ðnÞuL γ

μV−
μ t

ðmÞ
TL · gw

ffiffiffiffi
L

p Z
zL

1

dz
1ffiffiffi
2

p
�
hLV ½ft

ðnÞ
u
BLf

tðmÞ
T
TL � þ hRV ½ft

ðnÞ
u
tL f

tðmÞ
T
TL � − ĥV ½ft

ðnÞ
u
t0Lf

tðmÞ
T
TL �

�
þ H:c:

≡ t̄ðnÞuL γ
μV−

μ t
ðmÞ
TL · gL

VtðnÞu tðmÞ
T

þ H:c: ðD8Þ

and corresponding right-handed couplings.
Lepton couplings are obtained from the above formula with replacements (D5) and

tT → ντ2X; fT → fντ2X : ðD9Þ

d. ψ̄ð−1=3Þ
n Vþ

μ ψ
ð−4=3Þ
m and ψ̄ð−1Þ

n Vþ
μ ψ

ð−2Þ
m couplings

For bY, bd ¼ b; bX; bD and Vþ ¼ Wþ;Wþ
R , we haveZ

dz
kz4

Ψ̄2γ
μgAAμΨ2 ⊃ b̄ðnÞdLV

þ
μ b

ðmÞ
YL · gw

ffiffiffiffi
L

p Z
zL

1

dz
1ffiffiffi
2

p fhLV ½f
bðnÞd
XL f

bðmÞ
Y

YL � þ hRV ½f
bðnÞd
DLf

bðmÞ
Y

YL � þ ĥV ½fb
ðnÞ
d

b0Lf
bðmÞ
Y

YL �g þ H:c:

≡ b̄ðnÞdLV
þ
μ b

ðmÞ
YL · gL

VbðnÞd bðmÞ
Y

þ H:c: ðD10Þ

and corresponding right-handed couplings.
Lepton couplings are obtained from the above formula with replacements (D5) and

bY → τ1Y; fY → f1Y: ðD11Þ

e. Numerical values

In Tables XIV–XVIII, KK fermions’ couplings to W and Z bosons for NF ¼ 4, zL ¼ 105 (θH ¼ 0.115) are tabulated.

2. Higgs Yukawa couplings

Yukawa couplings among Higgs HðkÞ and quark-sector fermions are read from

X
i¼1;2

Z
zL

1

ffiffiffiffiffiffi
−g

p
ez5iΨiΓmð−igAAzÞΨi

⊃ HðkÞðt̄ðmÞ
uL tðnÞu0R þ t̄ðnÞu0Rt

ðmÞ
uL ÞðxÞ

×
1

2
gw

ffiffiffiffi
L

p Z
zL

1

uHðkÞ ðzÞ½ft
ðmÞ
u
t0L ðf

tðnÞ
u0
BR − f

tðnÞ
u0
tR Þ − ðftðmÞ

u
BL − ft

ðmÞ
u
tL Þft

ðnÞ
u0
t0R �dz −HðkÞðt̄ðmÞ

uR tðnÞu0L þ t̄ðnÞu0Lt
ðmÞ
uR ÞðxÞ

×
1

2
gw

ffiffiffiffi
L

p Z
zL

1

uHðkÞ ðzÞ½ft
ðmÞ
u
t0R ðf

tðnÞ
u0
BL − f

tðnÞ
u0
tL Þ − ðftðmÞ

u
BR − ft

ðmÞ
u
tR Þft

ðnÞ
u0
t0L �dz; ðD12Þ

and when tðmÞ
u ¼ tðnÞu0 , one obtains

HðnÞðxÞðt̄ðmÞ
uL tðmÞ

uR þ t̄ðmÞ
uR tðmÞ

uL Þ 1
2
gw

ffiffiffiffi
L

p Z
zL

1

uHðnÞ ½ft
ðmÞ
u
t0L ðft

ðmÞ
u
BR − ft

ðmÞ
u
tR Þ − ðftðmÞ

u
BL − ft

ðmÞ
u
tL ÞftðmÞ

u
t0R �dz: ðD13Þ

For the Higgs boson H ¼ Hð0Þ, the wave function is given by

uHðzÞ ¼ uHð0Þ ðzÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2

kðz2L − 1Þ

s
z: ðD14Þ
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TABLE XV. Couplings of the W boson to the up-quark and KK excited down-type states in unit of gw=
ffiffiffi
2

p
for

NF ¼ 4, zL ¼ 105 (θH ¼ 0.115).

n ¼ 1 2 3 4

gL
Wdð0ÞuðnÞ=ðgw=

ffiffiffi
2

p Þ −3.36 × 10−8 −1.21 × 10−7 6.54 × 10−9 3.46 × 10−8

gR
Wdð0ÞuðnÞ=ðgw=

ffiffiffi
2

p Þ −2.95 × 10−2 −3.68 × 10−13 −4.92 × 10−3 −1.87 × 10−13

gL
Wdð0Þu

BðnÞ
=ðgw

ffiffiffi
2

p Þ 1.44 × 10−24 −2.48 × 10−24 −1.99 × 10−24 −4.23 × 10−24

gR
Wdð0ÞuðnÞB

=ðgw=
ffiffiffi
2

p Þ 5.21 × 10−31 −4.15 × 10−31 −4.21 × 10−32 −2.99 × 10−31

gL
Wdð0ÞuðnÞU

=ðgw=
ffiffiffi
2

p Þ 1.59 × 10−8 −3.54 × 10−9 2.52 × 10−9 −1.58 × 10−9

gR
Wdð0ÞuðnÞU

=ðgw=
ffiffiffi
2

p Þ 1.29 × 10−2 2.15 × 10−3 7.12 × 10−4 3.19 × 10−4

TABLE XVI. Couplings of the W boson to the up- or down-quark and KK excite states with non-SM electric
charges in unit of gw=

ffiffiffi
2

p
for NF ¼ 4, zL ¼ 105 (θH ¼ 0.115).

n ¼ 1 2 3 4

gL
Wuð0ÞuðnÞT

=ðgw=
ffiffiffi
2

p Þ −1.74 × 10−7 3.86 × 10−9 −2.75 × 10−9 1.72 × 10−9

gR
Wuð0ÞuðnÞT

=ðgw=
ffiffiffi
2

p Þ −3.22 × 10−2 −5.37 × 10−3 −1.78 × 10−3 −7.94 × 10−4

gL
Wdð0ÞdðnÞY

=ðgw=
ffiffiffi
2

p Þ −3.96 × 10−8 8.82 × 10−9 −6.29 × 10−9 3.93 × 10−9

gR
Wdð0ÞdðnÞY

=ðgw=
ffiffiffi
2

p Þ −3.22 × 10−2 −5.37 × 10−3 −1.78 × 10−3 −7.94 × 10−4

TABLE XIV. Couplings of the W boson to the down-quark and KK excited up-type states in unit of gw=
ffiffiffi
2

p
for

NF ¼ 4, zL ¼ 105 (θH ¼ 0.115).

n ¼ 1 2 3 4

gL
Wuð0ÞdðnÞ=ðgw=

ffiffiffi
2

p Þ −4.28 × 10−9 −2.98 × 10−7 −5.77 × 10−8 9.24 × 10−6

gR
Wuð0ÞdðnÞ=ðgw=

ffiffiffi
2

p Þ −1.30 × 10−2 −3.67 × 10−13 −2.16 × 10−3 −1.87 × 10−13

gL
Wuð0ÞdðnÞD

=ðgw=
ffiffiffi
2

p Þ 1.59 × 10−8 −3.54 × 10−9 2.52 × 10−9 −1.58 × 10−9

gR
Wuð0ÞdðnÞD

=ðgw=
ffiffiffi
2

p Þ 2.95 × 10−2 4.91 × 10−3 1.62 × 10−3 7.27 × 10−4

gL
Wuð0ÞdðnÞX

=ðgw=
ffiffiffi
2

p Þ 8.90 × 10−8 −1.22 × 10−7 1.50 × 10−7 −1.73 × 10−7

gR
Wuð0ÞdðnÞX

=ðgw=
ffiffiffi
2

p Þ 1.23 × 10−14 −9.31 × 10−15 7.87 × 10−15 −6.97 × 10−15
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APPENDIX E: BOSON COUPLINGS

1. Vector boson trilinear couplings

The VðlÞWðmÞWðnÞ couplings for V ¼ γ; Z; ZR are contained in

Z
zL

1

dz
kz

�
−
1

4

�
Tr½FμνFρσ�ημρηνσ

⊃ igA

Z
zL

1

dz
kz

Tr½ð∂μV̂ν − ∂νV̂μÞ½Ŵþ
ρ ; Ŵ

−
σ � þ ð∂μŴ

−
ν − ∂νŴ

−
μ Þ½V̂ρ; Ŵ

þ
σ � þ ð∂μŴ

þ
ν − ∂νŴ

þ
μ Þ½V̂ρ; Ŵ

−
σ ��ημρηνσ

⊃ i
X
m;n

gVðlÞWðmÞWðnÞημρηνσfð∂μZ
ðlÞ
ν − ∂νZ

ðlÞ
μ ÞWþðmÞ

ρ W−ðnÞ
σ

− ð∂μW
þðmÞ
ν − ∂νW

þðmÞ
μ ÞZðlÞ

ρ W−ðnÞ
σ þ ð∂μW

−ðnÞ
ν − ∂νW

−ðnÞ
μ ÞZðlÞ

ρ WþðmÞ
σ g ðE1Þ

so that one finds that

TABLE XVII. Couplings of the Z boson to the up quark and KK excited states in unit of gw=cos θW for NF ¼ 4,
zL ¼ 105 (θH ¼ 0.115).

n ¼ 0 1 2 3 4

gL
Zuð0ÞuðnÞ=ðgw=cos θWÞ 0.345912 −2.26 × 10−9 −5.04 × 10−8 5.61 × 10−11 1.82 × 10−8

gR
Zuð0ÞuðnÞ=ðgw=cos θWÞ −0.154263 −6.47 × 10−3 −8.43 × 10−6 −1.08 × 10−3 −1.20 × 10−7

gL
Zuð0ÞuðnÞB

=ðgw=cos θWÞ – −8.65 × 10−9 1.93 × 10−9 −1.37 × 10−9 8.59 × 10−10

gR
Zuð0ÞuðnÞB

=ðgw=cos θWÞ – −1.61 × 10−2 −2.68 × 10−3 −8.85 × 10−4 −3.96 × 10−4

gL
Zuð0ÞuðnÞU

=ðgw=cos θWÞ – −7.98 × 10−9 1.78 × 10−9 −1.27 × 10−9 7.92 × 10−10

gR
Zuð0ÞuðnÞU

=ðgw= cos θWÞ – −1.48 × 10−2 −2.47 × 10−3 −8.17 × 10−4 −3.65 × 10−4

TABLE XVIII. Couplings of the Z boson to the down quark and KK excited states in unit of gw=cos θW for
NF ¼ 4, zL ¼ 105 (θH ¼ 0.115).

n ¼ 0 1 2 3 4

gL
Zdð0ÞdðnÞ=ðgw=cos θWÞ −0.423018 4.46 × 10−8 −3.32 × 10−7 −4.12 × 10−8 5.27 × 10−7

gR
Zdð0ÞdðnÞ=ðgw=cos θWÞ 0.0771316 1.48 × 10−2 4.22 × 10−6 2.47 × 10−3 6.00 × 10−8

gL
Zdð0ÞdðnÞX

=ðgw=cos θWÞ – −1.77 × 10−8 4.74 × 10−8 −6.02 × 10−8 7.13 × 10−8

gR
Zdð0ÞdðnÞX

=ðgw=cos θWÞ – 1.62 × 10−2 2.69 × 10−3 8.91 × 10−4 3.99 × 10−4

gL
Zdð0ÞdðnÞD

=ðgw=cos θWÞ – 8.00 × 10−9 −1.78 × 10−9 1.27 × 10−9 −7.94 × 10−10

gR
Zdð0ÞdðnÞD

=ðgw=cos θWÞ – 6.51 × 10−3 1.08 × 10−3 3.58 × 10−4 1.60 × 10−4
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gVðlÞWðmÞWðnÞ ¼ gw
ffiffiffiffi
L

p Z
zL

1

dz
kz

�
hL
VðlÞ

�
hL
WðmÞhLWðnÞ þ ĥWðmÞ ĥWðnÞ

2

�
þ hR

VðlÞ

�
hR
WðmÞhRWðnÞ þ ĥWðmÞ ĥWðnÞ

2

�

þ ĥVðlÞ

�
hL
WðmÞ ĥWðnÞ þ hR

WðmÞ ĥWðnÞ þ ĥWðmÞhL
WðnÞ þ ĥWðmÞhR

WðnÞ

2

��
: ðE2Þ

Here CWðmÞ ¼ Cðz; λWðmÞ Þ etc.
VðlÞWðmÞWðnÞ

R and VðlÞWðmÞ
R WðnÞ

R couplings are obtained from above expression with replacements WðnÞ → WðnÞ
R .

2. HZZ and HZZR couplings

The Higgs coupling HZðmÞZðnÞ is contained in the TrFμzFμz term

−igAk2
Z

zL

1

dz
kz

Tr½ð∂zẐμÞ½Ĥ; Ẑν��ημν ⊃ −
1

2

X
n

gHZðmÞZðnÞHZðmÞ
μ ZðnÞ

ν ημν −
X
m<n

gHZðmÞZðnÞHZðmÞ
μ ZðnÞ

ν ημν ðE3Þ

so that

gHZðmÞZðnÞ ¼ −gAk2
Z

zL

1

dz
kz

1

2
uHðzÞ½−ð∂zĥZðmÞ ÞðhL

ZðnÞ − hR
ZðnÞ Þ þ ∂zðhLZðnÞ − hR

ZðnÞ ÞĥZðmÞ þ ðm ↔ nÞ�; ðE4Þ

where the uHðzÞ is given in (D14).

Similarly, the Higgs coupling HZðmÞZðnÞ
R is contained in the TrFμzFμz term

−igAk2
Z

zL

1

dz
kz

fTr½ð∂zẐμÞ½Ĥ; ẐRν�� þ Tr½ð∂zẐRμÞ½Ĥ; Ẑν��gημν ⊃ −
X
m;n

g
HZðmÞZðnÞ

R
HZðmÞ

μ ZðnÞ
Rν η

μν ðE5Þ

so that

g
HZðmÞZðnÞ

R
¼ −gAk2

Z
zL

1

dz
kz

1

2
uHðzÞ½−ð∂zĥZðmÞ ÞðhL

ZðnÞ
R

− hR
ZðnÞR Þ − ĥZðmÞ∂zðhLZðnÞ

R

− hR
ZðnÞR Þ�: ðE6Þ

HWW and HWWR couplings are seen in [49].

APPENDIX F: DECAY WIDTH

For a heavy charged vector boson W0, the W0 → WH decay width is given by

ΓðW0 → WHÞ ¼ MW0

192π

�
gW0WH

MW

�
2
�
1þ 10M2

W − 2M2
H

M2
W0

þM4
W þM4

H − 2M2
WM

2
H

M4
W0

�
; ðF1Þ

and ΓðZ0 → ZHÞ is obtained from the above expression by replacements of W with Z. The decay width for W0 → WZ is
given by

ΓðW0 → ZWÞ ¼ MW0

192π
g2W0WZ

M4
W0

M2
WM

2
Z

�
1 −

ðMZ þMWÞ2
M2

W0

��
1 −

ðMZ −MWÞ2
M2

W0

�

×

�
1þ 10ðM2

Z þM2
WÞ

M2
W0

þM4
Z þM4

W þ 10M2
ZM

2
W

M4
W0

�
; ðF2Þ

and ΓðZ0 → WþW−Þ is obtained by replacements W0 → Z0 and Z → W.
For the decay of a heavy fermion F (massmF) to a light fermion f (massmf) and a vector boson V (massmV), the decay

rate is given by
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ΓðF → fVÞ ¼ mF

32π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λð1; mf=mF;mV=mFÞ

q �ðgLVFfÞ2 þ ðgLVFfÞ2
m2

Vm
2
F

½ðm2
F −m2

fÞ2 þm2
Vðm2

F þm2
fÞ − 2m2

V � − 12gLgR
mf

mF

�
;

ðF3Þ
where

λðA;B;CÞ≡ A4 þ B4 þ C4 − 2ðA2B2 þ B2C2 þ C2A2Þ; ðF4Þ

where gL=RVFf are the left- and right- handed coupling of f̄FV.

For decay widths of exotic fermions tðnÞT and bðnÞY , we have

ΓðtðnÞT → tWþÞ ¼ 1

32π
M

tðnÞT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λð1;Mt=MtðnÞT

;MW=MTðnÞ Þ
q

×

�ðgLÞ2 þ ðgRÞ2
M2

WM
2

tðnÞT

½ðM2

tðnÞT

−M2
t Þ2 þM2

WðM2

tðnÞT

þM2
t Þ − 2M4

W � − 12gLgR
Mt

M
tðnÞT

�
; ðF5Þ

where
gL;R ¼ gL;R

WtðnÞT t
; ðF6Þ

are left- and right-hand couplings of tðnÞT to tWþ. Decay width for bðnÞY to bW− are obtained by replacements

ðtðnÞT ; t;WþÞ → ðbðnÞY ;W−; bÞ: ðF7Þ

APPENDIX G: CROSS SECTION

Cross sections of processes ff̄0 → W0 → WH and ff̄ → Z0 → ZH in the center-of-mass frame are given as follows. For
the process fðp1Þf̄ðp2Þ → V 0 → Vðk1ÞHðk2Þ, the differential cross section is given by

dσ
d cos θ

¼ 1

64π

jkj
s

ffiffiffi
s

p g2HV 0VðjgLV 0fj2 þ jgRV 0fj2Þ
2M2

V − jkj2ðcos2 θ − 1Þ
M2

V

s
ðs −MV 02Þ2 þM2

V 0Γ2
V 0
; ðG1Þ

where θ is the angle between p1 and k1.

jkj≡ jk1j ¼ jk2j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðMV 0 ;MV;MHÞ

p
2MV 0

; ðG2Þ

is the momentum of a final state particle. Integrating with respect to θ, and taking interferences among intermediate bosons
into account we obtain

σðff̄0 → W;W0 → WHÞ ¼ 1

Ni
c

1

48π

jkjffiffiffi
s

p 3M2
W þ jkj2
M2

W

� X
V¼W;Wð1Þ

g2HVW ½jgLVff0 j2 þ jgRVff0 j2�
ðs −M2

VÞ2 þM2
VΓ2

V

þ 2Re

�gHWWgHWð1ÞW ½ðgLWff0 ÞðgLWð1Þff0 Þ� þ ðgRWff0 ÞðgRWð1Þff0 Þ��
½ðs −M2

WÞ þ iMWΓW �½ðs −M2
Wð1Þ Þ − iMWð1ÞΓWð1Þ �

��
; ðG3Þ
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σðff̄ → γ; Z; Z0 → ZHÞ ¼ 1

Ni
c

1

48π

jkjffiffiffi
s

p 3M2
Z þ jkj2
M2

Z

� X
V¼Z;Zð1Þ;γð1Þ;Zð1Þ

R

g2HVZ½jgLVfj2 þ jgRVfj2�
ðs −M2

VÞ2 þM2
VΓ2

V

þ
X

V1;V2¼Z;Zð1Þ;γð1Þ;Zð1Þ
R

V1≠V2

Re

�
gHV1ZgHV2Z½ðgLV1f

ÞðgLV2f
Þ� þ ðgRV1f

ÞðgRV2f
Þ��

½ðs −M2
V1
Þ þ iMV1

ΓV1
�½ðs −M2

V2
Þ − iMV2

ΓV2
�
��

; ðG4Þ

where Ni
c is the number of colors of initial-state fermions.

For the process fðp1Þf̄0ðp2Þ → Wðk1ÞZðk2Þ, we adopt the approximation in which the interference term between the SM
part and NP part is dropped. The cross section formulas in the SM are found in [74]. The differential cross section mediated
by heavy charged vector bosons W0 in the center-of-mass frame is given by

dσ
dt

ðff̄ → W0 → WZÞ ¼ 1

64πs2
· 4s2Aðt; uÞ

� X
W0∈fWðnÞg

W0≠W

g2W0WZðjgLW0ff0 j2 þ jgRW0ff0 j2Þ2
ðs −M2

W0 Þ2 þM2
W0Γ2

W0

þ
X

W1;W2∈fWðnÞg
MW≪MW1

<MW2

2Re

�gW1WZgW2WZ½ðgLW1ff0
ÞðgLW2ff0

Þ� þ ðgRW1ff0
ÞðgRW2ff0

Þ��
½ðs −M2

W1
Þ þ iMW1

ΓW1
�½ðs −MW2

Þ − iMW2
ΓW2

�
��

; ðG5Þ

where s, t, and u are Mandelstam variables and Aðt; uÞ is given in [74] by

Aðt; uÞ ¼
�

ut
M2

ZM
2
W
− 1

��
1

4
−
M2

Z þM2
W

2s
þ ðM2

W þM2
ZÞ2 þ 8M2

WM
2
Z

4s2

�

þ
�
M2

W þM2
Z

M2
WM

2
Z

��
s
2
−M2

W −M2
Z þ ðM2

W −M2
ZÞ2

2s

�
: ðG6Þ

Here tmin ≤ t ≤ tmax, tmin;max ¼ 1
2
ðM2

W þM2
Z − sÞ � 1

2
sβ, β ¼ jkj=ð ffiffiffi

s
p

=2Þ with jkj ¼ jk1;2j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðMW0 ;MW;MZÞ

p
=2MW0 .

Integrating dσ=dt with respect to t and using

Z
tmax

tmin

Aðt; uÞdt ¼ s3β3

24M2
WM

2
Z

�
1þ 10ðM2

W þM2
ZÞ

s
þM4

W þM4
Z þ 10M2

WM
2
Z

s2

�
; ðG7Þ

we obtain

σðff0 → W0 → WZÞ ¼ 1

384π

s3β3

M2
WM

2
Z

�
1þ 10ðM2

W þM2
ZÞ

s
þM4

W þM4
Z þ 10M2

WM
2
Z

s2

�

×

� X
W0∈fWðnÞg
MW0≫MW

g2W0WZðjgLW0ff0 j2 þ jgRW0ff0 j2Þ2
ðs −M2

W0 Þ2 þM2
W0Γ2

W0

X
W1;W2∈fWðnÞg
MW≪MW1

<MW2

þ 2Re
�gW1WZgW2WZ½ðgLW1ff0

ÞðgLW2ff0
Þ� þ ðgRW1ff0

ÞðgRW2ff0
Þ��

½ðs −M2
W1
Þ þ iMW1

ΓW1
�½ðs −MW2

Þ − iMW2
ΓW2

�
��

: ðG8Þ

Formulas for the processes ff̄ → Z0 → WþW− (Z0 ¼ ZðnÞ; γðnÞ; ZðnÞ
R , n ¼ 1; 2; � � �) can be obtained from the above

formulas by replacements W0 → Z0 and Z → W.

For the process ff̄0 → fVig → FF̄ where fð0Þ, Fð0Þ are massless fermions and Vi are vector bosons, differential cross
section is given by
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dσ
d cos θ

ðff̄ → fVig → FF̄0Þ ¼ Nf
c

Ni
c

s
128π

�X
i

1

ðs −M2
Vi
Þ2 þM2

Vi
Γ2
Vi

× ½ðjgLViff0
j2 þ jgRViff0

j2ÞðjgLViFF0 j2 þ jgRViFF0 j2Þð1þ cos2θÞ þ 2ðjgLViff0
j2

− jgRViff0
j2ÞðjgLViFF0 j2 − jgRViFF0 j2Þ cos θ�

þ 2Re
X
i>j

1

ðs −M2
Vi
Þ2 þM2

Vi
Γ2
Vi

1

ðs −M2
Vi
Þ2 þM2

Vi
Γ2
Vi

× ½ðgLViff0
gL�Vjff0

þ gRViff0
gR�Vjff0

ÞðgLViFF0gL�VjFF0 þ gRViFF0gR�VjFF0 Þð1þ cos2θÞ

þ 2ðgLViff0
gL�Vjff0

− gRViff0
gR�Vjff0

ÞðgLViFF0gL�Vjff0
− gRViFF0gR�VjFF0 Þ cos θ�

�
; ðG9Þ

where θ is the scattering angle. The corresponding distribution in the transverse momentum pT ≡ ð ffiffiffi
s

p
=2Þ sin θ is

obtained by

dσ
dpT

ðpT; sÞ ¼
dσ

d cos θ

				
cos θ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1−4p2

T=s
p ·

4pT

s
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4p2

T=s
p : ðG10Þ
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