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In the SO(5) x U(1) gauge-Higgs unification (GHU), Kaluza-Klein (KK) excited states of charged and
neutral vector bosons, W), W(RI), zM), ym, and Zgy, can be observed as W’ and Z’ signals in collider
experiments. In this paper we evaluate the decay rates of the W’ and Z’, and s-channel cross sections
mediated by W’ and Z’ bosons with final states involving the standard model (SM) fermion pair (£, £7,
qq"), WH, ZH, WW, and WZ. W’ and Z’ resonances appear around 6.0 TeV (8.5 TeV) for 85 = 0.115
(0.0737) where Oy is the Aharonov-Bohm phase in the fifth dimension in GHU. For decay rates we
find T(W — WH) =T(W - Wz) W =wh, W), T(Wl) > WH, WZ) ~T(W} > WH.WZ),
T(Z0 - ZH) =Y,y ,00(Z' - WW), and (2} — ZH) =T(Zy — WW). W' and Z' signals of
GHU can be best found at the LHC experiment in the processes pp — W'(Z') + X followed by W' — tb,
WH,and Z' — ete™, utp~, ZH near the W’ and Z' resonances. For the lighter Z' (95 = 0.115) case, with
forthcoming 30 fb~! data of the 13 TeV LHC experiment we expect about ten it u~ events for the invariant
mass range 3000 to 7000 GeV, though the number of the events becomes much smaller when 6 = 0.0737.In
the process with WZ in the final state, it is confirmed that the leading contributions in the amplitude from the
longitudinal polarizations of W and Z in the s-, #-, and u-channels cancel with each other so that the unitarity
is preserved, provided that all KK excited states in the intermediate states are taken into account. Deviation of

the WWZ coupling from the SM is very tiny. Exotic partners t(Tl ) and bg,l) of the top and bottom quarks with

electric charge +5/3 and —4/3 have mass M 1

) 0
T 'bY

=4.6 TeV (5.4TeV) fory = 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, W’ and Z’ are searched with various decay
modes: decay to lepton pairs (£7, £v, vi) [1-6], a pair of top
and bottom [7-9], gg-dijet [10,11], WH(— fubl_)) and
ZH(— ¢£bb) [12-15], and WW and WZ [16-22]. In the
models with extra dimensions, W’ and Z' appear as Kaluza-
Klein (KK) excited states of charged and neutral vector
bosons. The couplings of W’ and Z’ to fields in the standard
model (SM) depend on the details of the models. For example,
in the minimal universal extra dimension (mUED) model [23],
the conservation of KK number forbids tree-level couplings of
KK-excited states to the SM fields so that production of W’ or
7' in the collider experiment is highly suppressed.

Nonvanishing couplings of W’ and Z’ 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
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large. In the minimal SU(3) gauge-Higgs unification (GHU)
model [24] there are no W’ or Z’ 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 of W and Z' inthe SO(5) x U(1) GHU model which
naturally incorporates the Higgs boson of mass my =
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 Z’
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 HW™ W) and ZW™ W (m # n), including
HWW® and ZWW® are nonvanishing, and we used
them in the calculation of the H — Zy 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. IV we introduce effective theories
to qualitatively describe salient relations among various decay
widths. In Sec. V, couplings and decay widths of W’ and Z’ are
evaluated in GHU. In Sec. VI cross sections are evaluated. W’
and Z' signals in pp collision experiment at LHC are
explored. We also show how the unitarity in the process dit —
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 SO(5)
generators and basis 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 F and G, formulas for decay widths 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
ds®> = e

20—()’)y]ﬂydxﬂdx” —+ dy2 = GMNd_XMdXN, (21)

where 7, = diag(—1,1,1,1). Here 6(y) = k|y| for =L <
y<L and o(y+2L) =o(y) is satisfied. k is the AdSs
curvature. y = 0 and y = L boundaries are referred to as
the UV (ultraviolet) and IR (infrared) branes, respectively.
The Kaluza-Klein (KK) mass scale is given by

k
Mg = —,
KK ekL —1

and when kL = 5, it is followed by mgx < k, L™'.

This space-time has symmetric under the Z, 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 = ¢, with which the metric becomes

(2.2)

2
ds®> = lz (nwdx"dx” + d%) (2.3)
Z k

Note that 9, = kzd, and V, = kzV for a vector field V.

In the SD bulk space there are SO(5) and U(1)y gauge
fields, four SO(5)-vector fermions per generation W9
(a=1,2,3,4,9g=1,2,3),and Np SO(5)-spinor fermions
Wp (i=1,...,Np). We note that each of ¥, and ¥, is an
SU(3)-color triplet.

PHYSICAL REVIEW D 95, 035032 (2017)

The bulk part of the action is given by

N /dsxv { S GMRGNSFﬁm)vFEeAs)

1 4

(f( )? +£GH+‘CGH

N
24: D(ch)¥i + Y PpD

+ (CF,)TF,»}’
g=1 a=1 i=1
(2.4)
1 .
D(c,) =Te,M (311/1 + gQMBC[FB, I = igaAy
- igs0xa - cukels)). 25)

where €(y) = ¢’ /k is a sign function. ' denotes gamma
matrices whichis defined by {T™, TV} = 29N (i°° = +1).
e,M is an inverse fielbein, and Q5 is the spin connection.
A .

Fz(w)v = OyAn — OnAy — iga[Ay, Ay] and Fz(tfz)v = OyBy—
OnBy. g4 and gp are 5D gauge couplings of SO(5) and
U(1)y, respectively. g,, = g4/+/L is the four-dimensional
(D) SO(5) coupling. fi and fi
and &4y and &) are corresponding gauge
parameters. Eglz, and L(GB 13, denote ghost Lagrangians.

Bulk fermions are SO(5)-vectors. For the third gener-
ation, they are given by

are gauge-fixing
functions,

li)’t,> =((Q1.q). 1) = (¥{.7),

i)’b) = (0, 05). 1) = (¥4, 1),

((
9, (( ’;")) — (6.L0). ). = (.7,
((

L L .
2 )) (L. Ly) ). = (.0,

(2.6)

where SO(4) vector is embedded in (2, 2)-representation of
SU(2), x SU(2), by
Vi W]Z) 1 o o
=—=(y4 +ic-y)io,
(Wzl L) V2
—iyy — s iy
_ < . Vi—y» .ll/3 W4)‘ (2.7)
Wi —ys4 W =Y

The brane part of the action consists of scalar part S
and brane-fermion part S¢

brane

The scalar part is given by

brane*
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St = [ ¢x/=Gol) [-(D,0)' (D)

— Jo(|@* = w?)?],
3 1
D,® = (a,, - i{gA Z AGRT® + 593%})‘1)- (2.8)
ag=1
The fermion part of the brane action is
. / BxV=Go() (L, + L,}.
33 .
Ly=3 "> (i ie"D,iiR)
g=1 a=l1
3 / Lowv ~ Lowv /
— i3 R b R
9.9=1
R B P~ (),
303
N TN,
Lr=) % (uk i5"Duiek)
g=1 a=1
: £ giiyted & .99 ~E gl g
—i Z K799 Bk W @ + i W @
g.9=1
.99 s C.90409 & .99 sE- g
+ K5 gd}@é"“{’ﬁ D+ K gd)@,f ‘P4ngd> - (H.c.),
(2.9)
3
Dy = (aﬂ —igy Y AT - iQXgBBﬂ> 7.
a;=1
® = ic,d*, (2.10)
where
. Tr . Ug
() (),
Br /76 Dr /16
A Xp
2= ( . ) , (2.11)
YR/ _ss6
N Lixg . Loxk
Z{R = ( A ) )ng i ’
Liyr /) 232 Loyr /12
N Lixg
Pr = ( R ) , (2.12)
Layr / 12

are right-handed brane fermions. We note that each of 7,
Fr, and 21, is an SU(3)-color triplet. We also have
introduced 3 x 3 Yukawa coupling matrices k7, 5, k7, 3,
%4, and .
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A. Orbifold symmetry breaking

We impose Z, boundary conditions at boundaries
y=YiYo=0,y1=L.

A (x.yi=y) =P, A (x,y;i +y)P7', (2.13)
Ay ’ 1 1 —Ay b 1 l ’ *
B, B, 2.14
B, (¥ —y) = _B, (ryi+y).  (2.14)
Y, (x,y; = y) =ysP¥(x,y; +¥),, (2.15)
where
Pyec = Py = diag(—1,—1,—1,—1,+1),
1
PP — PP — < 1) (2.16)

in the vector and spinor representations, respectively. These
boundary conditions break SO(5) to SO(4) = SU(2), x
SU(2)g. Au-“* and A are even function against reflections
at y = y; and can have their zero modes. Zero modes of
Aym® are the gauge fields of unbroken SO(4) symmetry.

B. Symmetry breaking by brane scalar
Once @ develops a VEV

o)

SU(2)g x U(1)y symmetry is broken to U(1),. After ®
develops a VEV, the boundary conditions in the original
gauge are given by

(2.17)

at z=1: 8ZAZL = <az — 2—’;>A,14R'2R

K\ 43 Y
— (o Ay = 0.B! =0,

"2k
Al =AY =0,
Al =A% 4B =0, 0, (%Af) =0, GA?) =0,
atz =z,: 0,A = 0. A =0,By =0,
Al = AL =0,
Al =A% =B =0, 0, GAZ) =9, (%A‘}) =0.

Here we have defined
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K= U\ = _g%VLWZ , K= 4(9/2‘ + g5)W” ,  (2.19)
4 4 4
and
3% _ 3
Ge)=C )G
BY, Sg ¢y ) \By/
cp=Ccos¢h= %,
V' 9a + 9z
. 9B
sy =sing = , (2.20)
9a + 95

where a mixing angle ¢ is defined by tan ¢ = gz/g4. KK
modes of A1‘2R and A35 with m, < w obey effectively

Dmchlet boundary conditions on the UV brane: Al R2R —

A,,R =0atz=1.
For fermions, nonvanishing (@) also induces brane mass
terms given by

o = [ @n/=Got) (s + L), (221)
S 9 (T PN
s Z { Z i (31470, — Oy
9.9=1 a=1
il (350 g —qz“z@], (2.22)
Z, N7 N
o = 3 [ Sl L, — L9
g9.9=1 a=1
~ AL.qT T AL,
il el — o ‘mg)] , (2.23)
where
.99 ~q.99 2,99 ~7.99
,ullg,:/f g/:’u; ,:/;tf ,:W. (224)
K29 749 Kl9d Rkl

For w > mgy, and p,, ji > \/mgg, exotic fermions couple
to brane fermions to become very heavy so that only quarks
and leptons remain at low energy.

Since the gauge field A, 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:

W= 5,
at9d = 599 it

a=1,2,3,
(2.25)

pdd =gyl ol
ﬁq,gg’ — 599 i,
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C. Electroweak symmetry breaking

A? (a =1, 2, 3 and 4) have their zero modes:

= ¢*(x) #-z—i— ees

Aa2) k(zg = 1)

(2.26)

(where “- - -” includes higher-KK modes) and can develop a
VEV. We assume that A, develops a VEV in the direction of

T* and we parametrize it by (¢*) = vyy5*®. Then we define
the Wilson-line phase parameter @ by

exp BHH(%/ET‘A‘)} = exp {igA /ZL <Az>dz}, (2.27)
0
so that we obtain

1 z,%—l

EQAUW

Gy iV kL

k 2 Mgk

0y = . (2.28)

where g,, = g4/V/L is the 4D SO(4) = SU(2); x SU(2),
gauge coupling constant. We also have a formula of
W-boson mass.

(2.29)

my =

and for Oy < 1, my = %ngw is obtained. This may be
compared with the SM formula my = %ngH, vy =
246 GeV.

To solve the equations of motion, we move to the twisted

gauge in which (A,) = 0. This is achieved by

Ay = 04,07 + gig(aMQ—l), ¥=Qv, (230)
A
Q =exp[i6(z)V2TY].,  6(z) = HZZL2 —Z 231
L

Using Q and making use of SO(5) algebra, we find gauge
transformation as

1 qa qa A4 o
T{AM’ + A}y cos6(z) — Ay sinf(z) },

AR = f{AM — A7 cosO(z) + Al sin0(z)},

ar __
Ay =

Al = AM‘ sin0(z) 4+ A%, cos 0(z), a=1,2,3,

L - N

Al = A w240 (2.32)
ga

where A% = (ASF + ASF)//2.
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D. Kaluza-Klein towers

1. Gauge bosons
SO(5) xU(1)y gauge fields are decomposed into

Kaluza-Klein towers given by

Aﬂ(x”az) + Bﬂ(vaZ)TB = Wﬂ + WZ + WR# + W};ﬂ +Z

+ Zg, + AL + A, (2.33)
where T8 is a U(1)y generator. W, Z, and A’ are KK towers
for W, Z bosons and photons in the SM, respectively. We
note that each of W and Z towers contains two KK towers
so that there are eleven KK towers in (2.33).

Each tower has an expansion of the form

:ZA“” W) {hE o ()T 4+ hR ()T 4l (2) T,

AN = ZA () {hE ()T +hE ()T

A(n)

Al = ZA< () By (2) T

n

A (2)T3+ 0B, ()T},
Yoh

(2.34)

for A=W, Wi and AN =2, Zp and A’. T* =
(T" +iT?)/\/2. Explicit forms of KK towers of gauge
fields are summarized in Appendix B and also found in [47].

2. A, and B,

A, and B, are expanded, in the twisted gauge, as

D and G towers are expanded as

T=2 5w
=2 50

()T +ul, ()T % + it (2)T7},

{us(n )T’sl +u (Z)T3R +us(n T },

S=D,G, (2.36)
whereas H is expanded as
H =" H" (x)upy ()T, (2.37)
n=0

H'9 corresponds to the SM Higgs boson. D contain two KK
towers so that AZ contain ten KK towers. We note that KK
modes other than H(®) are Nambu-Goldstone bosons and
eaten by KK excited states of corresponding vector bosons.

PHYSICAL REVIEW D 95, 035032 (2017)

3. Fermions

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

(W1 +W2) = Trs/3) + 12s3) T a3 + tueys)
+ l;(—1/3) + 30(-1/3) + i’x(-uz) + l;y(_4/3)7
(2.38)

where numbers in subscripts denote the electric charge of
fields. 7 and b are towers for top and bottom quarks,
respectively, whereas others are towers for non-SM exotic
partners of quarks. We note that each of 7 and b contains two
KK towers. In all ¥; and ¥, contain ten KK towers of
fermions. In the same way KK towers of quarks of the first
and second generations are expressed as iy + it + ...,
cAz'JrcAlD + ..., and so on.

Lepton bulk fermions W5 and W, (in the third generation)
are decomposed as

(W3 +Ws) = Do) + Ty + Tix(-1) + Tiv(—2)
+ Doox(+1) + Pravo) + Psxo) + Tav(-1)s
(2.39)

where 7 and r, 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
¥ =22¥. One can find mass spectra of KK towers
corresponding to 7, by, 7, and b in Refs. [39,42]. For
the fermions with Qgy; = +2/3, integrating brane fermions
and utilizing orbifold boundary conditions, boundary con-
ditions at z = 1, in the original gauge are given by

H v ~y 2) ¥
ﬁ[ﬂzUL + juty ] _DS—)UL =0,

ﬂl (1 %
B -D.'B; =0,
2k F
s, + ity = DV, = 0
27([/42 L+t =Dl =0,
# =0, (2.40)

where D(i“) = +(d/dz) + (c,/z). Bulk fermions in the
twisted gauge, 0 B

U, t, B, and 7 are obtained by gauge
transformation

() (3 ()
?+li;: UJ’r (2.41)

where 0(z) = 0y(z2 —22)/(z2 —1). We express KK
expansion of bulk fermions in the twisted gauge as
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= VY pi )

Y ~ e S

(z.4,), (2.42)

+VES i (x)

where C(La> (z,4,) = Cy(z;A,, c,) and so on. l//(Ln) and y/g')

are 4D left- and right-handed fermions with the mass
m, = kA,, respectively. When we assume that u3, u3, i%,
fipr, > kA,, then the boundary conditions at z =1 are
simplified as follows

PHYSICAL REVIEW D 95, 035032 (2017)

v

B, =0, w U, + jif, =0,

ip?U, —u,D\Vi, =0, 7 =0. (2.43)
Substituting left-handed KK modes in (2.42) into the above
conditions, we can obtain KK masses and corresponding
eigenstates. KK fermions with Qpy = —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 t(Tl ) and bg,l), which are exotic partners of the
top and bottom quarks with electric charge +5/3 and —4/3,
respectively, have mass th.bm =4.6 TeV (5.4 TeV) for

0y = 0.115 (0.0737). £\ and b!") are the lightest non-SM
states in GHU which 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 and Higgs bosons

boson __
LI = Lywz + Lwwa + Lzww + Lzza,

Lywz = Z

_ (1
w=w W

igwwz (0P = onP ) (W Zs0a W)y + Wy Zs0, W)

+ Z,W5 0, W5 + Z W0, W + W) W50,Z5+ W) Wi 0,Zp),
Lywi = gwowHW; W= + HW W+ Dk],

Lyww = Z

2=200 4 7

igzww (P = n®onr)(Wy Z50,W 5 + Wy Z50,W 5

+ ZLWEOW5 + ZyWEO Wy + Wi W50,Z) + Wi W50,Z)).

Lyzn = Z

7=70 40 7V

and the W’ and Z' couplings to fermions

LE = Lz + Lys,

top= 3 {5 [dawitr

W’zw(l),Wg) 27

color

Ly,

Z’zz(l),y(l)‘z(k” 1= vy

DD

color g=u.d,s,c,b,t

{gé/qz’; qr

97'7H [H ZMZ/” ]

+ Z Z [%V/UDW/;DW -
(vD)
= > { > [9%2’; Iy

(3.1)
! _275 vy + (H.c.)}
Ut (H.c.ﬂ (L Ruys - —m},
‘2“ v+ (H.C.):|
B+ (H-C-)] ,+H(L = R,ys — —75)}- (3.2)
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The couplings £25°" and LMo are summarized in
Appendix E and Appendix D, respectively. Z’' couplings
to fermions are also given in Ref. [47].

Formulas for decay widths of W’ and Z’ are summarized
in Appendix F. When My, M, > My, M, My, partial
decay widths of W = W) and Z' = Z(l),y(l),Zg) are
approximately given by

v — i M (s’

1927z \_ My,
, , 2
riz ~ zi) =2 (%)
FW > WZz) = % g@,wzﬁ%,
0(Z - Ww~) = fg—;;géww%, (3.3)
and
DOV = 17) = N 2 (g P+ Lo ),
D2 ~ £F) = Nod 2 165, + 195, ) (34)

o(ff = {w,wih} - WH)

11 s Jivwllgy o P+ 198 7]

PHYSICAL REVIEW D 95, 035032 (2017)

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

2

[
LW - WH)
(W = Wwz) o My
Gwwz Wz, 3
9%1 w M3
= ZW M4 E]’IW/, (35)
Jwrwz My
9
0(Z - ZH) M
[(Z - Ww) 2 M,
Izww mt,
2 4
_ Yuzz My _
— —g2 Mi“ M2 = i’]Z/. (36)
zww Mz M7z

Formulas of s-channel cross sections mediated by W’ or
7' are summarized in Appendix G. When /s > My, M,
My, cross sections for the processes ff — {W, W)} —
WH and ff — {Z, Z“),Zg)} — ZH are approximately
given by

gHWWgHW“)W[(gévff')(gevmff/)* + (gfvff/) (Q§V<|)ff/)*]

- N | >

Lo G- MRP MR

o(ff = {2,200, 2\ = zH)

I 1 s
_N—£384nM_%{ 2
v=2.70.7

Givzllgv > + g%, °]
MM

For processes ff — WW and ff' — WZ, careful
treatments are necessary. Each amplitude contains not
only s- channel diagrams but also 7 and u#- channel
diagrams. Therefore the total amplitude M will be
given by

MM = MM+ MM + MM

MNP = MNP MNP+ MNP, (3.9)

V,.Vy=2.z1 7},
V1#Vo

[(s = M§y) + iMyTy][(s — Mﬁ/m) — iMyo Ly } }
(3.7)

Re[ 9uv,29uv,z(9v, ) (9%,)" + (9% 1) (9%,7)"] } }
o Ls=M3 ) +iMy Ty ][(s = M5, ) —iMy,Ty]|

(3.8)

|
where M3, and MYP are s-, +- and u-channel ampli-
tudes for the SM fields and new physics parts, respec-
tively. The square of the total amplitude is given by
IM|? = [MSM]2 4 | MNP + (interference),  (3.10)
where the interference terms contain products of MSM(*)
and MNP(). When the energy of the initial state /s is
much larger than the EW scale, each of M3 grows due

s.tu
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 MM is protected.
In our model, couplings among SM fields are very
close to those of the SM values, so that MM is well behaved.
In the vicinity of My, and M, productions, |[MN"|?
dominates over the interference terms. The relevant
formulas for cross sections for the SM part |[M3M|? are
found in [73,74]. For the NP part near the resonance
|

1 1 53
S (WY S Wz
o(ff' = (W} > WZ) = NE 3847:M%VM2{ XW;)

n>1

LD

PHYSICAL REVIEW D 95, 035032 (2017)

s ~My My > My, Mz, My, one can neglect small
MNP In the precesses ff — WW and ff' — WZ, we
approximate |[M|> by |M3M]2 4+ |MIP|2 though the
interference term needs to be included for more rigorous
treatment. Cross sections of s-channel processes ff' —
{WnY 5 WZ and ff — {y",z" Z%”)} - WHW~ are
given in Appendix G. Hence the NP part of the cross sections
are approximately given by

HQ\L/ff’P + |g§ff”2]g%/wz

(s =) + 0T

gv, WZQVZWZ[(gvlff )(gvsz) + ( lff/)(gl\‘;sz')]

m{
(V15V2)=(W("),W(m))

I<n<m

o(fF = {y™, 20, 2} — wHw-) =

DY

(V1.Va)={z"
n>1
MV] <MV2

We note that at around the resonance points s == M

[(s = M3,) +iMy Ty ](s
1 1
N
VZZ(”)’V(")ZE:)

2Re [
},(n Z(”)}

—iMy,I'y,] ] } G0

- M)

Fowwllgv P + 1% °]
(s = M3)* + MyTY,

gVIWWgVZWW[(g(‘/If)(gl\}Zf)* + (g‘lilf)(gézf)*] ] }
(s =M3,) +iMy Ty |[(s = M3,) — iMy,T'y ]|

(3.12)

e My, M0, we see that the ratios of the cross sections behave
R

MZ
. 2
o(fF' T Iawiw Thgow M3 7 (3.13)
7 (1) B a o |
olff' = W = WZ) [y Mz—Mgg%v(UWZ Iwowz My
and
- d 2
o(ff' — Z' > ZH) _ M_Zégﬂz’z B gi,zmz My, n (3.14)
= / - -2 s .
o(ff =7 = WW)|_y, M_gv’g%,ww Izoww MzMz

for 2/ = Z(V Zg) It is observed that ratios (3.5) and (3.6) coincide with (3.13) and (3.14), respectively.

For SM fermions f(),

o(ff = {W. W)} — FF)

, the cross section of the process ff' — {W, w } — FF' is given by

Hgl‘}ff/lz =+ |g\1§ff’|2}[|91€/1-‘1:'|2 =+ |95FF"2]

NJ: s
N,

=w,w)

(- MR+ IS
KUK (F.F)

+ 2Re[

K(f.f) =

[(s = M3y) + iMy Dy [(s = M3,
(g%ff’)(gl‘;v(l)ff/)* + (gﬁfff’)(gﬁ/(l)ff/)*’

- iMw<1>Fw<1>]] }

(3.15)
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where N{ is the number of color of final-state fermions. A
similar formula for processes ff — Z,Z' — f'f’ 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 SO(4) x U(1) model

Let us consider a 4D SO(4) x U(1)y model with two
scalars ®p and ®y. Gauge couplings of SO(4) =
SU(2), xSU(2)g and U(1)y are denoted by g, and
gp» tespectively. @p is (0,2)_;,, in SU(2), x SU(2)g x
U(1)y and ® is a SO(4)-vector (2,2) corresponding to
the Higgs boson. When ®; develops a VEV (D) =
(0,4)/V/2, the SU(2), x U(1)y symmetry is broken to
U(1)y. We take y = O(mgg). On the other hand non-
vanishing @y breaks SU(2), x SU(2), to SU(2),
whose generators are (7% + T9)/y/2. With both
(®g) and (D) nonvanishing, SO(4) x U(1)y symmetry
is broken to U(1),,. The mass matrices of gauge
bosons in (Ay, Af*) (a=1, 2) and (A), A%, B,)
are given by

(M M,
CTN\m2, MR MR )]
LL LL RR
M, -M7, 0
My=| =M}, Mi, +Mpz —Mzp |,
0 ~Mrp My
2,2 2.2
gw? gwH
M, == Mg ==
2,2
w3k 9pH
M%B - W4 ’ M%B 4 ’ (41)

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

gw?

My =
w 27

(4.2)

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

PHYSICAL REVIEW D 95, 035032 (2017)

M, =0,
2.2 2 2
GV~ Gw T 2g,
M7 ==— 25— (1 + O(v*/u?))
4 gty
= M2(1 2/,,2 M, = 9w
z( +O(” [ )>7 z 2cos by’
2 2
gn + GH
w3, = DRI (1 o))
2.2 29
=P W (1+ 0 i2). (4.3)

4 cos’Oy — sin’fy,

Diagonalizing these mass matrices we obtain mass
eigenstates W, W' and Z, Z', y. Mixing matrices are
given by

<A,‘1L> < cosfc sin6C> < wy, ) s
- 9 a - 9 bl
AR —sinfc cosfc ) \ Wi,

Azl‘
A | =
B

Dy, D_cosOy + V., sinfy, v, cosOy —v_ sinGN)

u

cosOy

> sin*Qy
cosBy ’

—tanOy,+/cos20y,

, (4.4)

—tanOy

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

tan(20.) = 2—1}22,
U
20501/ 5 + 243
W) = g g —agge
The weak mixing angle is given by
sin Oy, = b (4.6)

N

so that y, couples to W* bosons with e = g, siny,.

Now we can calculate couplings among these mass
eigenstates. For vector-boson trilinear V{V,V5 couplings
and V,V,H couplings, we obtain
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Iwwy = 9w sinfy = e,

Gwwz = Gy €08 Oy + O(v* /),

(cos? By, — sin® By,)3/2 v?

9z,ww = —Gw cos3 O /7,
1 0?
=—¢,———, 4.7
9zww 9w cos Oy ”2 ( )

and

Iaww = GuMwy (1 + O(0?/u?)),

Ly 27,2
M, (1
e ty(1+ O ),

Irwew = —GwMy (1 + O(v?/u?)),

— uit \/cos? By, — sin2 0y,
9HZzz = —9wilz cos Oy

9H77Z =

(1+0(*/u?)),

(4.8)

where My, = g,,v/2 and M, = My, /cos 0y, are used.
Hence we see that (a) gzyw is very close to its SM-value
g,,cos Oy, and the deviation from the SM-value will be
suppressed by a factor O(v*/m% ), (b) Deviations of gy,
and ggww couplings from their SM values are both sup-
pressed by v?/m% ., (¢) gzww and gz, w are suppressed by

a factor O(v?/u?).

8]

v

Gwewz> 9zxww ~ Gwwz " 3 > (4-9)

=

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

9aWW ~ —9HWW 9uz'z ~ —Y9HZZ- (4-10)

(e) For the decay widths of Wy and Zy one finds

[(Wg — ZW) _ <gszW M%VR

2
T(Wg — WH) ) =1+00/),

(4.11)

JHW W My

F(ZR e WW) - <gZRWW M%RM

2
Z
[(Zx — ZH) > =1+0(%/).

(4.12)

)
Juzz My

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

PHYSICAL REVIEW D 95, 035032 (2017)
B. 5D SO(5) x U(1)y GHU in the flat-space limit

We also explore the flat-space limit of the warped
SO(5) x U(1)y GHU by taking kL — 0 limit while keep-
ing L = zR finite [71]. A similar model is seen in [70]. In
this limit mggx = 1/R. The W-boson mass and the AB
phase @, are related with each other by /2 sin(myzR) =
sin@y. The couplings among vector bosons and Higgs are
summarized as follows. Vector boson trilinear couplings
are given by

G, 0w yym = 5mn2\/§e,

G70wowo = gy cos by + O(my,R*),

G0 wmwm = Opne,

970 wO WO,
gzowmwo = O(myR®),
8v/2y/cos 20y,
970 wowo = Wgwm%VRz + O(myR*),
8v2
Jzowdwo = T-ngWmZRZ + O(myRY). (4.13)
Higgs vector-boson couplings are given by
Jawmwn = 5mn(_1 )ngme(”) ’
g
Grizim 700 = O (=1)" ﬁmzm,
2\/5\/cos 20w 2 o
Inzn 70 = —Wgwmz[l + O(my, R?)].,
2\/59
IuwDwor = = i = my[1 + O(miyR?)],
GHymzm 5
gz = 0. (4.14)
Here we note that m o) = m ) = 1/(2R).
R R

It seems that W and Wy, Z and Z; are mixed in an
ordinary manner as seen in the 4D model, whereas W and
W, Z and Z") are very weakly mixed. This will be
understood by mass-mixings in the original gauge. Gauge

fields for charged bosons are A,(,")iL, A£m>iR, A,ﬁm&, (a=1,

2,n=0,1,2,--- and m =1,2,---). For up to first KK

excited states, the mass matrix in the (A,(lo)iL R A,(ll)iR, A,gl)iL,
A,&l)i) basis is given by
M? -M? 0 0
-M? M2+ M:  -M)? 0
v R ! . (4.15)
0 -M'2 M+ M 0
0 0 0 2M2 + M3
where
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TABLE I. Input parameters. Masses of Z boson, leptons, and quarks in the unit of GeV.

MZ sin2 9W me(MZ) mﬂ(MZ) mT(MZ)
91.1876 0.23126 0.487 x 1073 0.103 1.75
m,(Mz) my(Mz) my(Mz) m.(Mz) m,(Mz) m,(Mz)
1.27 x 1073 2.90 x 1073 0.055 0.619 2.89 171
TABLE II.  Aharonov-Bohm phase 0, the bulk mass parameter of dark fermions ¢y, AdSs curvature k, Kaluza-

Klein scale m g and masses of first KK gauge bosons are given in the unit of GeV with respect to z; for N = 4 are
summarized. Z(), W, and y(!) are almost degenerate. Their mass differences is 1-2 GeV.

PHYSICAL REVIEW D 95, 035032 (2017)

91_1 k Mgk mZ(l) mwm my(u m._ g = mw(l)
7L [rad.] cr [GeV] [TeV] [TeV] [TeV] [TeV] ‘[TevV] "
10° 0115 03321 236 x 108 7.41 6.00 6.00 6.01 5.67
10* 0.0737 0.2561 3.29 x 107 10.3 8.52 8.52 8.52 7.92
1 20 L M2 = M2 = 1 Oy and k, mgx and first-KK gauge boson masses are
4 R ™ yR2’ L R2’ tabulated in Table II. We set fermion bulk mass parameters
L, 1 27R R —y 7R —y asc] = ¢ ={c,.c..c,yand ¢§ = ¢ = {c,,c,.c,}. These
M, ngv ) cos IR cos R dy. parameters are tuned so that fermion masses coincide with
(4.16) values in Table I. These are listed in Table III.

A,(,O)iL and A,(,l)i’* have a mixing term, whereas there is no

mixing between Aﬁ(to)iL and A,(,l)iL in the mass matrix due to
the KK-number conservation. Therefore mixing between

AY%: and ANV** is induced only through both A" —

A,(,l)i’* and A,(,l)iL - A,(,l)i" mixing terms so that the mixing
angle is suppressed.

C. Comment on the warped SO(5) x U(1)y GHU

In the flat GHU case, A\ — AV 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 A,(lo)iL, A,(})iL 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 A,(,O)GL

vanish.

— AV mass terms do not

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 M5® = 79.9 GeV. In the following study,

A. Couplings

The couplings among vector bosons V, Higgs H, and
SM fermions fgq\ are evaluated from overlap integrals
where functions of V, H, and fgy 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
the W boson and its KK excited states are tabulated. Similar
results for 6, = /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
Wx boson vanish.

It is seen that couplings to W(® (the W boson) are
slightly larger than the SM value g,,/+/2 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 to W(1) are smaller than couplings to W(©)
and their signs are opposite. W(1)zb coupling is larger than
the SM value.

The difference between W) ud and Wb couplings is
understood as follows. The couplings among left-handed
up- and down-sector fermions (U, D) = (u,d), (¢,b) and

we have adopted model parameters Ny = 4 and z; = 10%, TABLE III. Fermion bulk mass parameters for quarks and
10°. With (Np, z,) given bulk mass parameter of dark  SPlOnS.
fermions, cp, is determined such that the resultant Hi'ggs 2 ¢, c. ¢ ¢, ¢ c,
mass becomes My = 125 GeV. This procedure determines e

10 1.55 1.05 0.227 1.72 1.22 0.950

the value of 8y and the bulk mass parameters of quarks and
leptons.(See for the details [46,47].) The resultant values of

104 1.82 1.19 0.0366 2.04 1.41 1.07
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TABLE IV. Masses and couplings of W to left-handed SM fermions.

Np=4,z7, =10 (05 =0.115)
1 2

n=20 3 4
mym [GeV] 79.9 6004 9034 13378 16538
gfv(mﬁ/(gw/ﬁ)
(¢.0) = (e.v,) 1.00019 —0.3455 —0.02507 0.2510 0.01937
(u.v,) 1.00019 —0.3455 —0.02507 0.2510 0.01937
(z,v;) 1.00019 —0.3452 —0.02505 0.2507 0.01934
gév(n )UD (gw/\/_)
(U,D) = (u,d) 1.00019 —0.3455 —0.02507 0.2510 0.01937
(c,s) 1.00019 —0.3454 —0.02506 0.2510 0.01936
(1,D) 0.9993 1.2970 0.06527 —0.4342 —0.03110
Np =4, z; = 10* (0, = 0.0737)
n=0 1 2 3 4
wo [GeV] 79.9 8520 12624 18852 23112
ga/(n)fy/(gw/\/i)
(¢,v) = (e,v,) 1.00009 —0.3904 —0.01861 0.2901 0.01461
(u.v,) 1.00009 —0.3904 —0.01861 0.2901 0.01461
(7,v;) 1.00009 —0.3901 —0.01858 0.2896 0.01457
gﬁ/(u) D/(gw/\/i)
(U,D) = (u,d) 1.00009 —0.3904 —0.01861 0.2901 0.01461
(c,s) 1.00009 —0.3904 —0.01860 0.2900 0.01460
(t,b) 0.9995 1.7517 0.04516 —0.2925 —0.01490
0.05 W boson g., . are given by the overlapping (D4). The
integration in (D4) is domlnated by the term hL Wl Y
0.04¢ (U, D) = (u®,d), (0, p©)). In Fig. 1, the leading
0.03% part of bulk wave functions for fermions and gauge bosons
are plotted. In Fig. 1(a), we see that f”(m decreases much
0.02f
faster than f L In particular, near z = z;, f " has small but
0.01} sizable value whereas the value of f* LO almost vanishes. In
0.00 ‘ Fig. 1(b), hl is almost constant, whereas Al has
1 10 100 negative values for small values of z and has large positive
25000 z value near z = z;. In Fig. 2, we plot overlapping of wave
20000 ] functions of up- and down-type fermions and W), In the
i (b) 1 figure, overlapping of wave functions of light quarks and
15000 I 1L
LA 0.00004
10000f N
] =" =-==5
5000 — i) 0.00002 - 1
’ PR —
O—————-——-——-——C P—— 0.00000 — 2 gLW(I) ud
*
2000 10 100 1000  10*  10° ~0.00002} ] o
z
~ 000004926000 40000 60000 80000 100000
FIG. 1. Behavior of dominant component of the wave functions

for fermions and W bosons for Ny = 4, zL =10°@, = 0. 1 15)
(a) Red-solid and blue-dashed lines are f for the top and f Y for
the up quark, respectively. (b) Red-solid and blue-dashed lines are
ht ) for WO and hL  for W) bosons, respectively.

z

FIG. 2. Integrand of the coupling g€v<'> uD in (D4). Red-solid
and blue-dashed lines are for (U,D) = (t,b) and (u,d),
respectively.
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TABLE V. Couplings of W™, Z)_ 4 and Z%) to WH, ZH in the unit of GeV.

Np=4,7, =10° (8 =0.115)

n=0 1 2 3 4
Gwmwn/ (g cos Ox) 80.0 255 2.57 45.4 0.220
Gy 781/ (G €OS Oy /cOs Oy 91.2 291 3.35 51.8 0.286
ngWH/gw — 266 50.5 20.6 11.1
gzz,)ZH/(gw/cos Ow) — 223 423 17.2 9.27

Np =4 z;, = 10* 0y = 0.0737)

n=0 1 2 3 4
Gwww/ (G c0s Ox) 80.0 225 1.89 39.2 0.169
Gz 711/ (G €OS Oy [cOs Oy 91.2 257 2.46 44.8 0.220
Iwwi! 9w — 238 45.1 18.4 9.89
9ozl (g,,/cos By) — 199 37.7 15.4 8.27

W) has large negative value only near the UV brane
(z = 1). On the other hand, the overlapping of heavy quarks

and W) 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 g, . gt . and gy 4

In Table V, HWW (W' =W®, W) and HZZ
Z' =2z, Z%ﬂ) couplings are tabulated. We note that
Hy"WZzm and Hy™Z{" couplings vanish. We find that
gwwr and gzzy couplings are given by the SM values
multiplied by cos 0y. gy and gy, are a few times

R

larger than gy, and similar relations hold among g,
R

9z zp> and gzzp. All gy and gz(zy couplings
become small as n becomes larger.

In Table VI, trilinear vector-boson couplings are tabulated.
The gy, coupling is very close to its SM value g,, cos Oyy.
The deviation is one part in 108. gyww 1s exactly e, which
reflects the unbroken U(1),,, gauge symmetry. Couplings
among the first KK and two SM vector bosons are suppressed
by a factor of O(10~*), 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 of W and W boson
are tabulated, respectively. Since the W(!) boson couples
equally to the light SM fermions except for b and ¢ quarks,
partial decay widths to light SM fermions are almost
identical besides the QCD color factor. The W) coupling
to ¢t and b quarks is larger than the couplings to other

TABLE VI. Trilinear vector-boson couplings of wm  zm), y(”> , and Z;") to Wrw-, WZ.
Np =4, z; =10° (0 = 0.115)
n=20 1 2 3 4
Gwinwz/ (9w cos Oy) 0.9999998 —7.35 x 107* -9.63 x 1077 —2.64 x 107 —1.60 x 1077
zmww/ (g cosOy) 0.9999998 -3.96 x 107 1.62 x 1078 -1.42 x 107 -1.17 x 1077
gy(,,>WW/e 1 —1.13 x 1073 —4.04 x 1073 —7.63 x 107°° —2.07 x 107°
gzﬁ;’)ww/gw — 5.51 x 107* 1.99 x 1073 3.28 x 10=° 9.53 x 1077
gquWZ/gw — 7.51 x 107* 2.71 x 1073 4.47 x 107° 1.30 x 107©
Np =4, 7z, = 10* (85 = 0.0737)
n=0 1 2 3 4
Jwimwz/ (9w cosOy) 0.99999995 -332x 107 —3.88 x 1077 —1.15x 107 —6.04 x 1078
Iyoww/ (G cOS Oy) 0.99999995 -1.73 x 107* —1.46 x 1078 —6.18 x 107° —4.43 x 1078
gy(mww/e 1 —4.95 x 10~ —1.76 x 107 —3.46 x 107° -9.22 x 1077
9zg’>ww/gw — 2.53 x 107* 9.10 x 1076 1.51 x 1076 437 x 1077
gwgl)wz/gw — 3.45x 1074 1.24 x 107 2.05 x 1076 5.96 x 1077
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TABLE VII. Partial and total decay width of W=() in the unit of GeV.

Np =4, 7z, =10° (0 = 0.115)
mode e, - T, du sC bt wW-Z W-H total
5.99 5.98 84.7 42.7 42.1 187

o=
=
O=
O

=]

Np =4, z; = 10* (05 = 0.0737)

mode e v, Ho, T, du sc bt w-Z W-H total
r 3.63 3.63 3.62 10.88 10.88 219 46.9 47.2 346
TABLE VIII.  Partial and total decay widths of WE(I) in the unit F(W(l) — WH) ~ F(Wg> - WH)
of GeV. '

r(Wh > Wz) ~T(WY) > WZz). (5.2)

Np =4, z; = 10° (05 = 0.115)

SM fermions W=z WoH total - gince the W" boson does not couple to SM fermions, and
0 434 434 86.8 (1)
Wy’ decay only to the SM bosons.
Np =4, z; = 10* (04 = 0.0737) In Tables IX, X, and XI, decay widths of Z(), y(1), and
SM fermions W-7 w-H total Zg) are tabulated, respectively. Compared with W) and
0 48.7 48.8 97.4 Wg), 7 and Zg) have large total widths

0.151 for Ny=4,7; =105(6;=0.115)

fermion pairs. The W) decay to b dominates over decay ~ I'jo/M,m = {0.125 for Ny =4,z;, =10*(6; =0.0737)

to other fermion pairs. Partial decay widths of W(!) to WZ

and WH are almost identical: (5.3)
r(wh - wH) =r(W) - wz), Sy =1,
_ — 105 _
rowd) = we) =t - wz), - My = 1. T /Mo = {0.129 for Np =4z, = 10°(0; =0.115)
5.1) LI 0.133 for Np=4,z;, =10*(8, =0.0737).
We also find (5.4)

TABLE IX. Partial and total decay widths of Z(!) in the unit of GeV.

Np =4, z; =10° (9 = 0.115)
etem  ptu AR V.U, v,U

WPy Vi uii ct 1t dd S5 bb Wtw-  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

Np =4, z; = 10* (4 = 0.0737)
etem utyw v v, uyp VD, uii cc 1t dd 55 bb WHw- 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 y(!) in the unit of GeV.

Np =4, z; = 10° (04 = 0.115)

ete” uhrp A v, Vb, b, uii cc 1t dd 55 bb WTW-  ZH  total

133.0 117.4 105.7 0 0 0 171.0 147.2 93.0 42.8 36.8 233 39.3 0 909
Np =4, z; = 10* (0 = 0.0737)

ete™  utu A S 7% 7SN 7 /M V8 /8 uii cc 1t dd S5 bb WtW=-  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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(1)

TABLE XI. Partial and total decay widths of Z’ in the unit of
GeV.
Np=4, 7z, =10° @, = 0.115)
ete” urpm ot v,U, v, V.U,
71.3 63.8 580 O(107'°) O(107'")  O(107)
uil cC tt dd S5 bb
92.0 80.4 146.2 23.0 20.1 111.9
WHtw- ZH total
30.5 30.7 729
Np =4,z = 10* (@, = 0.0737)

ete” wtpm o Tt VU, %7 VU,
83.9 752 681  O(107%) 01071  O(107)
uit cc tt dd s5 bb
108.5 94.6 268.4 27.1 23.7 240.3
Wtw-  ZH total
34.1 34.3 1058
From the tables, one finds that

rzW - Hz)= > TZ->WWw), (55

7'=71 ()
rz\) - HZ) =Tz > wrw-).  (5.6)

y and Z() are almost degenerate. The relation (5.5)
follows from the relation among Higgs-vector boson and
trilinear vector boson couplings
2 2
gy<'>ZH+gz<”ZH ( > + ) Vi
- =9, 90 YR
M% yOww zOww M4Z

4

(5.7)
where Mo =My =Mz and 9,0z = 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 CTEQS parton distribution functions [75].

AW >ty and Z' - €€~

In Fig. 3, the differential cross sections of processes pp —
{W=, W)=} = b7, u~0 are plotted. For light fermion dou-
blet paris £7, dut, s¢ in the final state, due to the flipped-signs
of the couplings to W(), a clear deficit of cross section just
below the resonance M, ~ My, is observed. For processes
with b7 final state, a deficit of cross section is observed above
the resonance M, > My, since the Wb coupling has
opposite sign relative to the W()zd coupling.

When the final state contains a neutrino, the transverse
momentum distribution do/dp; with respect to the trans-
verse momentum of charged lepton, pr, gives information
on the mass of W’. The transverse-momentum distribution
at parton-level is given in Appendix G. The p distribution
in pp collision is given by
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da/dMg[fb/GeV]
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10-10 . . .
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FIG. 3. pp(diu) —» {W~, W)=} - b7, u~D, differential cross
sections do/dMy at \/5,, =14 TeV for Np =4, z; = 10°
(@y = 0.115). Mg is the invariant mass of (b, 7) or (u, D).
Red-solid, black-dotted lines are for the b7 and u~0v final states
in GHU. Blue-dashed line is the cross section in the SM.
Cross sections for the processes pp — W= = ff', (f.f) =
(e7,v,), (7, v,) are almost identical with that of =0, whereas
cross section for (f, f) = (d, u), (s, ¢) final states is three times
as large as that of 4~v due to the color factor.

do(pp - e 0+ X)

dp; (PT)
e dpr(di — e7D) dLg;
- A dT{ de (sppT’ pT) dT (T) )

(6.1)

where the parton luminosity dL,;/dr is given in terms of
parton distribution functions f,(x;, Q) by

dL g
dr

(1) = Al dx /01 dx,[fa(x1, Q) fa(x2. Q)
+ fa(x2, Q) fa(x1, Q)]6(7 — x1x2),

0 =5,y (6.2)
In Fig. 4 the py-distribution do(pp — e~0)/dpy is plotted.
In the figure, Jacobian peak at py = M,,1)/2 =3 TeV is
observed.

1078
=
() -7
3 10
Q
“'T': 10—8 GHU
I O, N (e SM
S
° 10°°

10—10

2000 2500 3000 3500 4000

P-[GeV]

FIG. 4. do(pp — e0,)/dpy as a function of pr at \/5,, =
14 TeV for Ny = 4, z;, = 10° (@ = 0.115). Red-solid and blue-
dashed lines are for the GHU model and the SM, respectively.
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1073

GHU(6,=0.115)
] GHU(6,,=0.0737)

do/dM,,,[fo/GeV]

10-8 " " L
4000 5000 6000 7000 8000

M,,[GeV]
FIG. 5. Differential cross section do/dM,, of the process

pp(uin,dd) — {y. 2,20y, ZWY > ytu= at /s = 14 TeV.
M,,, is the invariant mass of wu. Solid [red], dotted [green], and
dashed [blue] lines are the Z’ resonance in the GHU for N = 4,
7. = 10° (B = 0.115), Np =4, z;, = 10* (85 = 0.0737), and
the SM, respectively. The cross section for the e*e™ final state is
identical to the u*p~ final state.

For the process pp(uit, dd) — Z' — ¢*¢~, we show the
plot of the differential cross section do/dM,,, in Fig. 5. In the

plot the updated decay widths of Z' (2 = y(1, Z() and Z\,)
has been used, which takes bosonic final states (W W~ and
ZH) into account, and is O(10%) bigger than that used in
the previous paper [47]. We stress that the rate of Z’
production is rather large, and it is promising to see the
7' events at the current LHC Run 2. Since in this model Z’
bosons have large widths, at the early stage of LHC
experiment, sporadic events of high-energy u'u~ final
states will be seen. For 85 = 0.115 (Mz“),y(l) ~ 6.0 TeV,

MZE;) ~5.7 TeV), with the 30 fb! and ,/5,, = 13 TeV

data, expected numbers of events in GHU Ny and SM
signal Ngy, and significance S are Ngyy/Nsm(S)=
8.4/3.6(2.2), 3.9/0.26(3.7), 2.6/0.02(44), 29/
0.004(6.0), 0.65/0.0002(3.0) and 0.01/1 x 1075(0.34)
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 (M, 2 3000 GeV)
events is expected. For smaller 8y (heavier M ), the signals
becomes smaller and more data is required for confirming/
rejecting the model. For 8y = 0.0737 (MZ“)’}/(]) ~ 8.5 TeV,
MZEJ) ~ 7.9 TeV), with the 1000 fb~! and VS = 14 TeV
data, Ngpy/Nsm(S) = 140/155(1.21),  23/12(2.7),
8.5/1.3(4.2), 3.7/0.14(4.12), 0.7/0.006(2.3), and
0.3/0.0004(1.7) for bins (GeV) [2000, 3000], [3000,
4000], [4000, 5000], [5000, 6000], [6000, 7000], and
[7000, 8000], respectively.

B.W - WH and Z' - ZH
In Figs. 6 and 7, differential cross sections of processes
pp = {W-, W=} > WH and pp — {Z, Z(l),Zg)} -
ZH are plotted, respectively. Compared with the WH
mode, cross section for ZH mode is bigger and the width

PHYSICAL REVIEW D 95, 035032 (2017)

— Wh(GHU)
f J— Wh(SM)

daidMy,[fb/GeV]

N
o
&

1079 n n
4000 5000 6000 7000 8000

Mwn[GeV]

FIG. 6. Differential cross section do/My,;, of the process
pp(di)—{W- W=} > W-H at /Spp = 14 TeV for Np =4,
7, = 10° (0 = 0.115). My, is the invariant mass of WH. Red-
solid and blue-dashed lines show cross sections in GHU and in
the SM, respectively.

is wider. It is due to the fact that Z() and ZI(RD have large
couplings to the right-handed quarks, and their widths
are large.

C.W ->WZand Z - WW

In Figs. 8 and 9, differential cross sections of the
processes pp — {7.Z, Z“),y(l),Zg)} - Wtw~  and
pp = {W=, W)=} = W~Z are plotted, respectively. For
the WZ final states, the signal of the resonance of W’
is a few times larger than that of the SM. For the WW
final states, the contribution from Z’ 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/Mp < 1, where Mp, is the Planck mass.

1075
=
8 1o
310
= Zh(GHU)
=B S N N (e Zh(SM)
S
o

107

10—9 L L ind

4000 5000 6000 7000 8000
My, [GeV]

FIG. 7. Differential cross section do/dMy, of the process

ppluit,dd) » {2,210, ZWY > ZH cross section at VSor =
14 TeV for Np =4, z; = 10° (8 = 0.115). M, is the invariant
mass of ZH. Red-solid and blue-dashed lines show cross sections
in GHU and in the SM, respectively.

035032-16



COLLIDER SIGNALS OF W AND Z' ...

< 1075
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FIG. 8. Differential cross section do/dMy,, of the process
pp(di) > {W= . W=} > W-Z at ,/5,,=14TeV for Ny = 4,
z; = 10° @y = 0.115). My, is the invariant mass of WZ.
Green-dotted line shows the s-channel W’ signals in GHU model.
Blue-dashed line shows the SM prediction including s-, -, and u-
channels [74]. Red-solid line is the sum of SM and GHU signals.
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FIG. 9. Differential cross section do/dMyy of the process
pp(uﬁ,dfl)—»{y,Z,Z(1>,y(1),Z§;>}—>W+W‘ at \/s,, =14 TeV
for Np = 4, z;, = 103 (@ = 0.115). My, is the invariant mass
of WTW~. Green-dotted line shows the s-channel W’ signals in
GHU model. Blue-dashed line shows the SM prediction includ-

ing s-, 1-, and u-channels [73]. Red-solid line is the sum of SM
and GHU signals.

D. Unitarity in ff' — WZ

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

(b)

S|

PHYSICAL REVIEW D 95, 035032 (2017)

unification has been studied in [41] by using position-space
propagators. In the present paper we are considering
ff = V' = WW, WZ. In these processes, - and u-channel
amplitudes must be included to cancel the growing part of
the s-channel amplitude at /s > my (See Fig. 10).

Let wus consider the process d(p;)a(p,) —

W~ (ky)Z(k,). When the initial states are given by dguy,
there are no s-channel contribution as W) do not couple to
the right-handed quarks. For the final state bosons with
longitudinal polarization, &*(k;) = k{/My and & (k;)=
k5/My, t- and u-channel amplitudes at very high-energy
\/5 > mgg are expressed as

1 -
M, ~ m Zgﬁwgiuv(pz)kzPR

(171 k)
<P1 —ky)?

Zglvemu 7a/0(P2)(ky — ki) Pru(py),
2MWM

k PR“(Pl)

(6.3)

1 —_
M~ m Zgngg{fVuDU(Pz)klPR

L 01— K)

( —ky)?

- Wzggwgﬁvwﬁ(l?z)(kl — k) Pru(py),
Z'D

5k Pru(p))

(6.4)

where P p = (1 Fys5)/2, and U and D denote KK-
excited states with Qpy = +2/3 and —1/3, respectively.
Here we have retained contributions only from the first KK
states of fermions, as the WuD"W, Wdld", Zuld"™, and
ZdD"™ couplings (n > 2), etc., are all neghg1bly small.

In order for the growing parts of M, and M, to cancel
with each other, the relation

FIG. 10. Diagrams of dit — WZ at a energy scale above M g. (a), (b), and (c) represent s-, -, and u-channels, respectively. W is the

nth KK state of W, whereas D™ and U™

are the nth KK states of d and u, and partners dg)x, u&',l?B, respectively.
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R R R R
ZgwudQZuu = ZgZDdiuD
u D

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

(L H S) gﬁ/du )gguu(l) + gﬁvdu?gg””g)

(6.5)

= [(=2.95) - (=0.65) + (1.29)
- (—1.48)] x 107462 /V/2, (6.6)
(RHS) =~ ng gWud<1 ggddngﬁ/ud;)
=[(1.48) - (=1.3) 4 (0.65)
- (2.95)] x 10482 /V2. (6.7)

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

.
ud ™ g§dd<'> - —g§

ngu 93/
Wdu gﬁv (6.8)

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

[Se]
L
gw(u) udgw(”) WZ
n=0

= del/du’géuu’ - Zgézm/gﬁ/w/’
o D
(6.9)

where U’ and D’ represent all SM and non-SM fermions in
the first generation with Qgy = 2/3 and —1/3, respec-
tively. From Tables XIV, XV, XVII and XVHI in
Appendix D, one finds that WuD", Wdld\"), Zuld")

and ZdD" couplings (n > 1) are all small. Hence the
right-hand side of (6.9) will be approximately given by

— 9z4a) = 0.877163 - g2/ V/2,
(6.10)

(RHS) = 9wdu (gZuu

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

4
(LHS) = gymuadwiowz = 0877162 2 /V/2.
n=0
(6.11)

It is recognized that (6.9) is also quantitatively well-
satisfied.
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In an analogous way one can confirm the unitarity of the
amplitude of ff — W*W~. In this case KK bosons of 7, Z,
and Zy are involved in the s-channel amplitudes.

VII. SUMMARY

In this paper we have studied the collider signals of W’
and Z' in the SO(5) x U(1)y gauge-Higgs unification.

First we evaluated the couplings of W' and Z’ to the SM
fields. We found that the W(!) 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 Z’ are large.
I'y/My =15%, 6.6% and 13% for Z' =y, Z() and

Zg), respectively. On the other hand, W(!) has a narrow
total width: I"y,1) /M y,0) = 3%. Several interesting relations
among decay modes (5.1), (5.2), (5.5), and (5.6) are found.
In the warped space W) and Wg) can decay to WH and
WZ. Decay width of W’ to WH and WZ are all nearly equal
with each other. For Z' it is found that T'(Z(!) — ZH) =
r(ZW - Ww) +T( " - WW) and T(Zz —» ZH)=
I'(Zr —» WW). These properties of Wy and Z are quali-
tatively understood in terms of the 4D SO(4) x U(1)
model introduced in Sec. IV.

Further we have numerically evaluated the s-channel
cross sections of W’ and Z’ in the LHC. We studied not only
processes with fermionic final states but also bosonic WH,
ZH, WW and WZ final states. W' and Z' signals of
GHU can be found at the LHC experiment in the
processes pp - W'(Z')+X, W - tb, WH, and Z' —

Te ,utu~,ZH near the W and Z' resonances. For
91.1 =0.115 (MZ(1> },(1) = 6.0 TeV and MZ;U =57 TCV),

with the data of 30 fb~!, VSpp = 13 TeV at LHC, an
excess of the events of u'u~ 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-, 7-, 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 Ist KK excited state of
fermions can be much lighter than other KK states. Especially

the 1st KK excited top and bottom partners (t%,l?Bj and bg,)X’Y)
are the lightest non-SM particles and can be singly produced

in colliders. It is seen in Tables XII and XIII that tg’)B_T and
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bg.)x, y» which are exotic partners of the top and bottom quarks
respectively, have mass M P = 4.6 TeV (5.4 TeV) for

UBT”DXY
0y = 0.115 (0.0737). £ and b\ have electric charges
+5/3 and —4/3 and can be observed in the processes
t+Wt >t >+ Whand b+ W™ > by > b+ W 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 6 is the important parameter in
GHU. Many of the physical quantities are determined by
0y. The universal relations among 6y and mgg, Higgs
cubic and quartic couplings have been found. Corrections
to the decay rates for H — yy, Zy due to infinitely many
KK states turn out finite and small. Z" and W’ are predicted
around 6-8 TeV. Discovery of Z’' and W’ is most awaited.
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APPENDIX A: BASIC FORMULAS
1. SO(5) generators

The SO(5) generators in the spinor-representation are
given by

1 /0% 0 170 0
T4 — — , TR — — ,
2 0 0 2\0 o

and tr(T°T"?) = 8 is satisfied. Here 6* (a = 1, 2, 3) are
Pauli matrices. 7 and T“¢ are generators for SU(2), and
SU(2)x subgroups, respectively.

2. Bulk wave functions
a. Gauge boson bulk functions

Bulk functions of gauge bosons C = C(z;4) and § =
S(z;A) are defined as solutions of

& 1d C
_____+_12 =Y,
() ()

with boundary conditions
C' =0,

(A2)

S=0, =1 atz=z.

(A3)

C:ZL,

Here C' = (d/dz)C etc. The solutions are given by
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C(Z;/l) = +g/1ZZLF1,()(lZy /1ZL),

C/(Z;/l) = +gizZZLFO.O(in/IZL)’
S(z:4) = =3 42F) (42,221,
n

§'(z:4) = =5 2F0.1 (42, 42, (Ad)
where F, 5(u,v) = J,(u)Y5(v) = Y, (u)Jp(v) and J,(x)
and Y,(x) are Bessel functions of the Ist and 2nd kind,
respectively. C, S and C', §' satisfy

CS' = 5C' = (AS)

b. Fermion bulk functions

Fermion bulk functions Cy g(z;4.¢), Sy r(z:4.c) are
defined by

Cr(zdc) = +g/1\/zzLFc+%,c_%(lz,/1ZL),

Si(z;4,¢) = —g/l,/zzLFH%qc%(/lz,lzL),
T

Cr(zi4,¢) = +§l\/ZZLFC_%‘C+%(ﬂZ,lZL),

z
Sr(z3d,¢) = +§/1~/ZZLFC_%,C_%(/12, Azr).

These satisfy

p()=a) (o) =e)

(A6)

d ¢
D.(c)= :l:d—Z + 2z

C.Cr—S.Sg = 1, (A7)
and

Cr=C, =1, Sg=8,=0, atz=1z;,. (AS8)
In particular, for ¢ = 0 we have

Cr(z;4,0) = Cg(z;4,0) = cos(A(z — z1)),

8§1(2:4.0) = =Sg(2:4.0) = sin(A(z = z)).  (A9)

APPENDIX B: GAUGE BOSON WAVE
FUNCTIONS

Wave functions for a charged vector boson V. =
W, ngm) n=0,1,2,---,m=1,2,---) are given by
h\L/C U%/C C(z AVC)

h{‘;c = U\SCC(Z;AVC) )

i’v @vcg(z;lvc)

(B1)

where
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l+cy
V2
l—cy Ve = w
vk V2
C 1 _SH
”5C = +1—cy (B2)
5 Ve BV
Ve 1 _1- _ ywim)
Vi | Tt Ve W
0

with C = C(z;4y,.) etc. ¢y, sy = cos Oy, sinfy. We have
defined

S(z;4) = g((ll j)) S(z;A). (B3)
The mass spectrum {my_ = kiy_} is determined by
25C (1, Ayin) + Ay sy = 0,
C13dyn) =0, (B4)

and normalization factors are given by
_ [ndz . 2
I”W;n) —[ k—ZC(Z,ﬂwg,)) s
2L dZ A
Ty = [ k_Z {(1 + C%I)C(Z;/lw(n))z + S%{S(Z;ﬂw(n))z}.

(BS)

Wave functions for the photon y = 7 is given by

L, y
1 A

ol v ) SR
A

hf(()) ¢ C(p

where s, =sin¢ and cy = cos¢. Wave functions for a

massive neutral vector boson V = Z"), y(’”), and dem>

n=0,1,2,---,m=1,2,---) are given by
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h‘L, U‘L,C(Z'iv)
hR vRC(z; 4
Av _ vC(z:dy) 7 (B7)
hy vy (Z Av)
h‘é vléC(z Av)
where
(14s3)(1+cy)=2s,
V2
(H—sé)(l—cH)—Zsi
—L |7 Vv =2z®
A /1+s$ )
—-(1+ S¢>SH
—V2s4¢,
L
vy S
1)‘13 B 1 s(/)
A - ¢
v Ty 1 V = (m)’
; \ /1+S§> 0 4
Vy
Cp
+1l-cy
V2
—l—cy
1| = V=2,
1+(14213 )¢, 0
\/§t¢CH
(B8)

where 7, = tan¢. The mass spectrum {my = kly} is
determined by

C'(152,m) = 0,
28C (13 470) + (1 + 83)Azmsin’0 = 0,
C(1;4,m) =0,  (BY)
R

and normalization factors are

ZL dz
Jit &£ Fy where

given by ry =

C(z;2 2 V= Z(m), (m)’
;fv—{ 2( & . e ko7 (B10)
c3C(zav)* + (1 + 53)[c3;,Clz5 Ay )* + s3,8(z: Ay )?] V=2zn
APPENDIX C: MASSES AND WAVE FUNCTIONS OF SO(5)-VECTOR FERMIONS
1. Quark sector
a. Qem = +5/3 quark partners (f7)
(T%,7%) = (+1,+1) of W79 state has an expansion
I 1 n 1
T(x,2) = V22> {4 (x) ——Ci(e. A1) + £ (%) ——Sk(e. 4. c1) ¢ (C1)
n=1 ;) i !
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where /1[< = mm /k. The KK mass mg is determined by

CL(l 2. c1) = 0. (C2)

PHYSICAL REVIEW D 95, 035032 (2017)
where ’117(") =, /k and m,m is the KK mass, which is
Y Y Y

determined by

Normalization factors o . are determined so that they C,(1, ’11;;" 1. ¢5) = 0. (C5)
satisfy
1 /ZL C,(z /#z)’ ¢1)2dz Factors rym are normalized so that they satisfy
1 L (n)
= Sp(z AW )2z =1,  (C3 L [z
r % R(Z T Cl) Z ( ) - / CL(Z,/lb(n),Cz)de
T.R b;")L 1 Y
and one finds r[(n) = }"’(n) . 1 L
T.L T.R = . / SR(Z,ﬂb(n), Cz)zdz =1, (C6)
o J1
b. Qe = —4/3 quark partners (by) .
=3 -
(7%, T7%) = (=3, —3) of W77 state has an expansion 4 (oo e g0 o Py =
2N !
Y(x.2) = Vkz Zl by1(¥) WC Lz, /lb“’ c) ¢. Qem = +2/3 quark and its partners (t, tg, ty)
o T3, 730) = (4, -1y, .+3) and (0,0) of ¥, states
( 3-=3) (=3 0,0 1
. 1 B. 1,1 together with (43, +1) of ‘1’2 state U have Q. =
+ by g(x) rym SR(Z’Ahﬁ,")’ c2) (- (C4) +2/3 states. For the third generation ¥%-/}"} contain 7, 75,
P and 7;;. We have an expansion as follows.
|
(n) (n)
U gl ) JSi (@)
D) (1) (1) (1) (™)
t 0 1 ¢y (z n Sk (z
(X,Z):\/%ZZZ t<L>(x) t L()() “V‘tgq)(x) t PR ()
B — ) (1) o™ )(Z) ) a(’)S(I("))( )
i L B L R PR \Z
t N A
aV80"(2) DeR ()
) )
a(’B)CgB >(Z) agB)SgB )(Z)
o (1) (15) (1a) (15)
0 1 a;”’Cr”(z " 1 a; 'S’ (z
+ ﬁzzz 1 (x) : ' (L,<~>)( ) + tg;,;e(X) : t i(”))( :
i | a5 Cl" (@) W | a'set (@)
(/) ()
aifB)Sgs )(Z) ag/tlf)c(RfB )(Z)
) o)
a'ci ) (2) a'sz" ) (2)
o (10) 1) (10) (1)
n 1 a; "’ C z " 1 a;”’'S Z
+VES? Y Qi) — ( ) (Ltw)( am 15 () . iw)( S
Vi | el () O | aise" (@)
N A (f
E/IU)SYU )(Z) E,’U)Cgl/ )(Z)
where C ( )=C; (Z’/lzf;)’ c), /1t£;> = mtg@/k etc. We have defined
A A C. (1,4,
{Sp(z,4,¢), Cr(z, 4, ¢)} EM{SL(Z,/L c),Cr(z,4,¢)}. (C8)

S.(1,2,¢)
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KK masses m, ), m o, and m ) are determined by
B U

q\2

p

%Fq; er)([ﬂ)Z $288S (2= 1i4m.c) =0, ¢, =c=c, (C9)
2

and
CL(L/ItE;)’Cl):Ov CL(I,ﬂ(m,C):O, (CIO)

respectively. Common coefficients are given by

(1)

ay —V2ji/ s ay 0 ay 1+c%

a’ | _| (ten)v2 a” || (en-1/v2 o || e |
“g) (1—cy)/V2 ’ aﬁ,f“) (cu+1/V2 | ag”) (/) (1 =) |

ol sy e 0 ) 0

Normalization factors r r.m (f =t tg, ty) are determined by

AN

1 2L (n) A (f(n)
— [T+ @ A + @ Pz

T
fL
1 95 (n) ~ (F(n)
= [ + @ A+ @ Pz = 1 (c12)
Ir
and one finds that » .., = r ) are satisfied.
fr fr

d. Qe = —1/3 quark and its partners (b, by, by)

(T3, T3) = (=%, 1) of ¥, states b together with (+3,—1), (—=3.-+%), and (0,0) of ¥, states X, D, b’ have Qp, =
—1/3 states. For the third generation the corresponding towers are b, b, and by. Hence we have an expansion

b) (b b) (b
b ay'c" () ay’sy"(2)
N (b) (™) (b) (b™)
X . 1 ay’' C Z n 1 ay’S
(x.2) = V&2 4 b (x) . SO AT . )
/ = "y, | ap'c " (2) " | sk ()
b b) 2 (b b) ~(b")
V8 (2) ay) ¢ (2)
by) ~(0Y) by) (0%)
ey (2) a5 (2)
o (bx) A(bY) (bx) ()
. 1 ay*'C z . 1 ax ' Sp*
V2 S B () X wa (2) b (3) X Rb(”) (2)
n=1 ") ag’)‘)C(L X )(z) "o (Lf")S;X )(Z)
() )
Cl;?/X)SibX )(Z) a§71’1X>C5qbX )(Z)
(n) (n)
aébn>cibu >(Z) a(bbD)SEQbD )(Z)
o (bp) B (b) o(5))
. 1 axy”' C z " 1 ax”’ Sg”®
+ V2 LB (x) X L(")() + b () oo @1 e
n=l ") ag’D>C(LbD >(z) "h ag’D)S;bD )(Z)
D A(bg)) bp A(b;))
aé, 15707 (2) a;,/ 1€ (2)
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where /1b<n =m,m /k etc. Mass spectra m,, My, Mo
X X

D
are determined by

(%)

2 08,8, (15 Ay ) = O,
By 4 oy T 2SSl A <)

Cl = Cz =C
(C14)
and

Co(Lidyn.c1) =0,

CL(I'/I (n),C) =0.

Ay (c15)

Combining (C9) and (C14), one finds

9\ 2 2
)~
My 2SLSR(1;/11‘(”>7 C)

s2 -1
—<1 —l——H} , (Cl16
{ 2SLSR(1;Ab(”)7C) ( )

and ¢ and ji7/uj are determined from the masses of top and
bottom quarks. Common coefficients are given by

(b)

a4 —V2u,/ji
af) | _ | G=ew)/V2
agj) (14 cy)/V2
aglf) S
(bp) 5

@ (i/p2) (1 + cF)

agf") B 1—cpy
(Dbn) 1 + Cy '
a'tr) 0
b/
by
a,”) 0
ayy (1+cu)/V2
b | = , (C17)
E:,X (1—cy)/V2

a(bl,7X) 0

Factors r .y (f = b, by, bp) are normalized so that

fl/R

= [ @y + @7+ @y
rem J1

Ii
+ <ab,’> (8% > J}dz
ai' Y+ (ag))2)(SH)?
+ (ab,>)2( N dz =1, (C18)
and one finds r ) =T ) are satisfied.

PHYSICAL REVIEW D 95, 035032 (2017)

TABLE XII. Masses of KK fermions for N, =4, z; = 10°
(g = 0.115) in the unit of TeV. Mq<,,> is the mass of the nth KK

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

n 1 2 3 4
M0 9.19 12.23 16.71 20.00
M g 9.19 12.23 16.71 20.00
My 6.62 8.17 13.99 15.62
My 6.64 8.15 14.01 15.60
M =M 9.19 16.71 24.15 31.58
Mo =My 4.64 11.99 19.38 26.78

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

My =M uw=M @« EMMEH),

MU MB MT
Mdg) = Mdﬂ’) = Mdg,") = Mdﬁn), (C19)
and M =M A 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 z; (0y), the mass spectrum for exotic
partners of top and bottom quarks are approximately given

by Cr(154pm, ¢, =0) = cos((z, — 1)m;0) /k) = 0 so that
m
m ) = % f=trug byxp- (C20)

2. Lepton sector

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

a. Q.m = +1 and -2 lepton partners

(T3, 73%) = (=1, —1) of W3, Ly, and (1) of Wy, Lyx,
have Q., = -2 and +1, respectively. For the third
generation, they are expanded as

TABLE XIII. Same as Table XII but for N =4, z; = 10*
@y = 0.0737).

n 1 2 3 4
M 0 14.02 18.24 24.61 29.16
M 14.02 18.24 24.61 29.16
M,w 10.11 10.59 20.45 20.95
M 10.18 10.52 20.52 20.88
Mu(rn) = Mdi’” 14.02 24.61 35.06 45.46
MI@ = Mhi”) 5.40 15.73 26.07 36.42
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Lyx(x,2) = Vi Z VTQXL(X)icL(Z;ﬂm%Cél)
n=1 Y -
v () == Sr(@ A ca) o (C2D)
Ui;;(.R
n 1
Lyy(x,z) \/&22 Tgy),L(x) CL(ZJT(I'Q’%)

+ TYQ.R(X)

Se(zdm.c3) oo (C22)

T (n)
TIv.R

where the KK masses are given by (m o ,m )=
2X Y

Vox o

k(A 4 ) and determined by
1Y

Cr(L;4 L) ,C4) =

Vox

Cr(lidg.c3) = 0. (C23)

Normalization factors are determined by

1 <L
— Cr(z3Asm),
rf(n) 1 .

L

1 L
= / SR(Z;/lf(n),C)de =1,
1

 ,n
s

c)*dz

(C24)

for (f,c)

= (TIY’ 63)’ (UTZX’ C4)'

b. Q.m = —1 charged lepton and its partners

(T3, 7%) = (=1.1), (§.—13), and (0,0) of W5 together
with (—1,-1) of ¥, are Qg =
expanded as

—1 states. They are

L3Y a3Y Cf (Z

)
AR
Lx :\/zzzzz f(Ln) alXC EZ;
f n
)

1

Z

(z

(
(n)
ay)sy” (z)
()
aisk (2) 25
) )

(n)
fx,> a‘rf SJI; (Z

(f)C{e(")@)

()
where f = 7, 7;y, and 73y and C} " (z) =
Common coefficients are given by

CL(Z; /lf(m s C) etc.
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f ~ 2
agy) % 0 1+ CH%)

f —ey cy+1 _ W
a(u) — 1x/§ , .\/51 and . CH) 5 ,
al’ || b g (1+ cH>”7

) V2 Hy
a; Sy 0 0

(C26)

for f =7, 7y, and 73y, respectively. The mass of 7(") is
given by m_w = kA, where A, are determined by

£\2
2 (/‘3)

s+ 28, Sr(z = 15 A, cr) =0,
T (u5)* + (1°)?

(C27)

and 7(¥) corresponds to the tau lepton. For 1(5") (€ =3Y and
1X,n=1,2,.--), the KK masses are determined by

CL(I;A.T(;), Cf) = 0, nm i = k/lr(gn). (CZS)

Normalization factors are determined by

1 L .
[T + @R+ @y
"

+ <a<f)> (372)}dz

/{fy

+<a£f)> (CY)ydz = 1.

alj;))z +
(C29)

where f =r1,73y and ¢ One finds 7w =r are

=
satisfied.

¢. Q.m =0 neutrino and its partners

(T3, 73) = (£.1) of W3, and (§.—1) and (—1.1) and

(0,0) of ¥, are Q,,, = O states. They are expanded as

y Cf(")(z)
Lsx Vi m 1 a3xcf (2)
LD N i
2y fon \/TL" a2YC (z)
/!
’ RANC)
al'st" (2)
AR
e 1 sy’ (z) (©30)
Tr azySf (z)
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" _ . _
where f =, vy, and vy, € = Cp(zi 44w, ¢), 3=
¢4 = ¢’ etc. Common coefficients are given by

N »
a . 0 (1+c3)E
asy Licy 7 Itep
S S R O O B e
ayy - '\‘/%H % I=cu
Cll(f) Sy 0 0
(C31)

for f = 7, 1,5y, and vy, respectively. KK masses of v§">,

mm = kﬂygw, (n=20,1,2,---) are determined by
~\2
) ,
— s+ 28, Sr(z = 1; A m.c,) =0,
s>+ @) ‘

and US’) corresponds to the tau neutrino. From (C27) and

(C32), one finds

R
M 2SLSR(1;AUE”)’C)

(C32)

N
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C (14" c;) =0, myw = ki (C34)
Normalization factors are determined by
) R CRRCUR E A T,
+ (a3} dz
AR S
+ @2 ydz = 1, (C35)

for f=v, 13y, and vpy. One finds P =) are
L JR

satisfied.

APPENDIX D: FERMION COUPLINGS

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

= e n i)
T(x2) = VA2 S I (07 (2) + k() 15 ()],

§2 -1
=< H 1 (C33) n=1
ZSLSR(I;AT(VI),C) "
oo n (n)
Y(x,z) = Vk 2 b(") by b(”) (by") ,
and ¢ and ji* /p§ are determined from the masses of = and (v.2) = Vs ;[ ra(X)fyp (2) + byr(¥)fvi " ()]
v,. For vgl\)/ (N =3Xand1Y,n =1,2,---), the KK masses (D1)
are determined by
(n) (n)
. Fin(2) e(2)
(n) (n)
t fii (2) & (2)
NCOEZED DD IR ENIC] R R FIC) R 2 (D2)
, Wi f(2) £54()
t (n) (n)
i @) ix (2)
) )
b It (2) Tz (2)
x e 4@
b4 b4
(r2) =vk2 Y Y dbaulx)| T + byp(x)| T (D3)
D b(") b(”)
. b=t 5. (2 15 (2)
(n) )
y(2) Frr(@)

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. 7YV and yVV-y? couplings

For b, = b,bp, by, t, =t,ty,tg, and V- = W~, Wy we have

/k W[ gaA, + Yo' gaA, W)

b(n) (m) b(") (m) N b(”) (m p™ - (m)
o uL : \/_/ dzf{hL[besz +fDL UL]+hR[ oi Fo T IX0 o)+ hylfol i = i Fou]} +He.

>b, 'V
Z By g D4
— YdL /l uL Vd n) n + C. ( )
and right-handed couplings with replacements L — R in spinors and their wave functions.
For leptons couplings we obtain Vv couplings from the above formula with replacements
by — ¢, ty = Uns (b,bp, by, V') = (1,737, 71%,7), (t,ty, 15, 1) = (Vs Upays Visxs Vs )- (D5)

b. 52V, and gV

For up-type quarks and their exotic partners t?,,t, =t,1g,ty, down-type quarks and their exotic partners
by.by = b,bp. by, and neutral vector boson V =y, (), Zg), we have 7,Vt, and b,Vb, couplings as

< 2\ g 1\ g
ga¥ir* [Aﬂ + <—) Lp }‘Iﬂ + ga ¥y { ot (‘ —> Ep ]‘Pz
3) ga 3) 9a

(m)

) ) 1
(’27’ uL gw\/_/ dZ{ (hf; — %) |- fBL BL ‘|‘sz P+ 2(hL+hR)fUL UL

(”) (m) (m)
+2hv[f (iéz+f§z>+< AN
L9, o Lot o
g { (ftL /L +fBL BL "‘ft/Lft/ ) _(fULftUL) + H.c.
(”1 d(’”) (”) h("‘)

+bfi’z7’Vde' \/_/ dz{ hL hR){ fDL DL fXL XL = 2(hL+hR) bL

o P pm
+ hv[f,;” o+ ) + (P + 1o
p ) p ) pm 2 B
ng { *(fXL ;L JrfDL Ib)L +fZ fb’ ) + (h be )]}JFH-C-
(D6)

= (/23/#‘/ tl<,4L) g n m) + H'C' + l_)Eir/’l)‘yﬂVMbEIrz) : ge (n) 5.(m) + H C.

and right-handed couplings. Lepton couplings =YV =) and #OV y© are obtained from the above formula with

replacements (D5).
We note that photon wave functions (B6) which can be rewritten as

yield proper electromagnetic couplings Q. epy* ALy
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e V> and gVl
For t7, t, =t ty,tp and V- = W=, Wy we have
a2 & 1 uy=im o S [ g L Ll o e e
k—Z4‘P17 9aANY L D 1 YVt - gV L : dZ7§ holfgfr) +holfi fi] - [ft'LfTL] +H.c.
=1 Valy - gt o +He. (D8)

Iy

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

It = Vpx, fr = fooy (DY)

d. v, -1/ 3>V+ (-4/3) andy/ VJr - >c0uplings
For by, by = b, by, by and VT = W, W}, we have

dz pm o)
/k ‘sz”gAA ¥, D deV,TbYL gw\/—% dz\/—{hL[fXLfYL ] +hR[fDLfYL ] +hV[fb’LfYL ”"‘HC
=pviby . Gy + H (D10)

(m)

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

by — 11y, Sy = fir (D“)

e. Numerical values
In Tables XIV-XVIII, KK fermions’ couplings to W and Z bosons for Ny = 4, z; = 10° (8, = 0.115) are tabulated.

2. Higgs Yukawa couplings

Yukawa couplings among Higgs H®) and quark-sector fermions are read from

/ V—geiiW I (—igaA,)Y;
i=12

> HO 1 + 1) 5,’2>)(x)

! ity Zm) () ~(n) (m)
Zgw\/_/ i Bk —fik) = (fBL ftL )f ]dz = HW @ 1 + 17t ) (x)
1 (,n> o
<y [ QU 75~ £1) = (i = 1577 (D12)
and when ") = ti’,’>, one obtains
(m) (m) (m) (m)
HO @ + 3R 50uVE [ w0y P = 78 = (= £ (D13)

For the Higgs boson H = H'%), the wave function is given by

uy(z) = Ug0) (Z) = mz- (D14)
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TABLE XIV. Couplings of the W boson to the down-quark and KK excited up-type states in unit of g,,/+/2 for
Np =4, 7, =10° (0 = 0.115).

n=1 2 3 4
Thyiorgn ! 9w/ V2) —4.28 x 107 ~2.98 x 1077 ~5.77 x 1078 9.24 x 10
9 00! (9w/V2) ~1.30 x 1072 -3.67 x 10713 -2.16 x 1073 —1.87 x 10713
Thviod! (9/v2) 1.59 x 1078 —3.54 % 107° 2.52 %107 ~1.58 x 10~
gR /(9w/V2) 2.95 x 10~ 491 x 1073 1.62 x 1073 7.27 x 10~
gtv (gw/f) 8.90 x 1078 ~1.22 x 1077 1.50 x 1077 ~1.73 x 107
95 o, (gw/\/_) 1.23 x 10714 —9.31x 1071 7.87 x 10715 —6.97 x 1071

TABLE XV. Couplings of the W boson to the up-quark and KK excited down-type states in unit of g,,/+/2 for
Np=4, 7z, =10 (8 = 0.115).

n=1 2 3 4
V2 -3.36x 1078 —1.21 x 1077 6.54 x 10~ 3.46 x 1078
Wd gw
V2 —2.95 x 1072 -3.68 x 10713 —4.92 x 1073 —1.87 x 10713
Wd gw
T/ (9.V2) 1.44 x 10724 —2.48 x 1072 —1.99 x 10~ 423 % 1072
/(g/V2 5.21 x 103! —4.15 x 10731 —4.21 x 10732 —2.99 x 10731
wd©)
) (Gw/ V2 1.59 x 1078 -3.54 x107° 2.52 x 107 -1.58 x 107°
wd© (n)
LlU
ngd(o) w/(94/V2) 1.29 x 1072 2.15%x 1073 7.12 x 107 3.19 x 10~*
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 G,/ V2 for Np =4, z; = 10° (0, = 0.115).
n=1 2 3 4
gk o, (gw/f) —1.74 x 1077 3.86 x 107° -2.75 x 107° 1.72 x 107°
M
95 0,0/ (9] V2) —3.22x 102 ~5.37 x 1073 ~1.78 x 1073 ~7.94 x 10~
gsv 04 /(gw/\/i) —3.96 x 1078 8.82 x 1070 -6.29 x 107 3.93 x 107
a y'
G/ V2 -3.22x 1072 -5.37 x 1073 -1.78 x 1073 -7.94 x 107*
Wd(O)d( )
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TABLE XVII. Couplings of the Z boson to the up quark and KK excited states in unit of g,,/cos 8y, for Ny = 4,
7, = 10° (0 = 0.115).

n=0 1 2 3 4
95 0/ (9/c08 Oy) 0345912 —226x10°  —5.04 x 1078 5.61 x 107! 1.82 x 1078
B 0w/ (gu/cosOy) 0154263 —647x 107 —8.43x 1070 ~1.08x 103 —1.20 x 1077
7 o/ (90/2050w) - ~8.65 x 107 1.93 x 107 ~1.37x 107 8.59 x 1071
o ! (003 6y) - 161 x 102 —2.68 x 1073 —8.85x 10  —3.96x 107
J o/ (9u/c0s0y) - ~7.98 x 10~ 1.78 x 10~ ~1.27 x 10~ 7.92 x 10710
7~ o/ (9] €05 Oy) - —148x 102 —2.47 x 1073 —8.17x 10  —3.65x 107

TABLE XVIII. Couplings of the Z boson to the down quark and KK excited states in unit of g,,/cos 8y, for
Np=4, 7z, =10 (8 = 0.115).

n=0 1 2 3 4
9 0o/ (Gu/cosBy)  —0.423018 446 x108  —332x1077  —4.12x 1078 5.27 x 1077
9 10/ (G /08 Oyy) 0.0771316 1.48 x 1072 422 %1076 2.47 x 1073 6.00 x 1078
- e /(g,/c0s Oy) - —1.77 x 1078 474x 108  —6.02x 1078 7.13 x 1078
g;;o i 1/ (g,,/cos Oy) - 1.62 x 1072 2.69 x 1073 8.91 x 1074 3.99 x 1074
gédwg) /(g,s/cos By) - 8.00 x 10~ —1.78 x 107° 1.27 x 107° —7.94 x 10710
ggd@dg) /(g,/cos Oy) - 6.51 x 1073 1.08 x 1073 3.58 x 107 1.60 x 10~

APPENDIX E: BOSON COUPLINGS
1. Vector boson trilinear couplings

The VO wm wn) couplings for V =y, Z, Zy are contained in

[ (-t
. kz 4 ut pe TN

. adz - W - 5 W ANt e
>igy [ ETO,0, = 0,0, W5 W)+ (0,5 = W) (7, W+ (0,7 = 0,0 (1, W

> izgwnwomwwm"p 17””{(3,421(/” - 8,,Z,<41))Wp+(m) w, "

m,n

—@w. " —a,wi "z w1 @0,wr " - a,w ")z wi )y (E1)

so that one finds that
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S

2 dz A il o) Py )
JyOwmwmn = gw\/Z / T {h(‘/(z) <hﬁ/<m>hLW<ﬂ> > < hﬁ,m %

A S

(R by R By £ Ry RE )+ Ry BE,
+ hyo) < e > } (E2)

2

Here Cym = C(z; Aym) etc.
(n)

vy m WEQ") and V() W%m) WEQ") couplings are obtained from above expression with replacements W) — W".

2. HZZ and HZZy couplings
The Higgs coupling HZ(™ Z(" is contained in the TrF u P term

. dz rr A v 1 v (m) 7(n) 4w
~igik® / 1 TUOZE 20 > =53 gm0 HEN 20 =3 gy HESZM— (E3)
so that
— g [ =0 ) (L, — HR,) + O.(AE, — RV E4
IHzmzn = —Ya | kz 2”H( 2)[=(9:hzm)( Z Z(n)) + 0. ( 7 ZW) 2o+ (m < n)], (E4)

where the uy(z) is given in (D14).

(n)

Similarly, the Higgs coupling HZ"™)Z" is contained in the TrF u P term

. LdZ 2 i, 5 iy 4 (m
—iga k2 / o (THl(O.2,)[H, 2y + T((0:Zg,) [, Z, ]} > =Y gm0 HZ Zg) (ES)

m,n

so that

wdz 1 ~ A
9H2<m)25;1 = —gAk2[ k_ZEMH(Z)[_(azth)(h;g) - hgwm) - hz<m> 8z(h§(kn> - hlze(nm)}- (E6)

HWW and HWWp couplings are seen in [49].

APPENDIX F: DECAY WIDTH
For a heavy charged vector boson W', the W — WH decay width is given by

(W — WH) =

My (gW,WH)Z <1 N 10M%, —2M?%, M3, + M, — 2M%VM§,> (F1)

and I'(Z' — ZH) is obtained from the above expression by replacements of W with Z. The decay width for W' — WZ is
given by

(W —ZW) =

My, 7 My, 1_(Mz+MW)2 1_(MZ—MW)2
192272 M3, M2 M2, M3,
« (14 10(M% + M3,) M5+ M3, + 10M3M3,
MZ/ M4/ ’
w w

(F2)

and I'(Z’ - WTW~) is obtained by replacements W' — Z’ and Z — W.
For the decay of a heavy fermion F (mass m) to a light fermion f (mass m) and a vector boson V (mass my), the decay
rate is given by
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m (9vrs)* + (9Vrs)? m
[(F — fV) = ﬁ \//1(17 mg/mp, mV/mF){ fm%/m% ! [(m — m%)z + my (mp + m%) = 2my) — 129L9Rm—ﬁ )
(F3)
where
AMA,B,C) = A* + B* + C* = 2(A?B? + B>C? + C?A?), (F4)

where g‘%[; are the left- and right- handed coupling of fFV.

For decay widths of exotic fermions t(T" ) and b(y"), we have

1
T = w+) = oM \/1(1, M,/M o, My /M)

(6")* + (%) M
X { M2 M2 [(Mtz(n) _M%)Z +M%V(Mt2(n) +M12) - 2M%V] - IZQLQR ! P (FS)
Wi T T )

where

LR _ LR
g = th(Tn)t’ (F6)

are left- and right-hand couplings of t(T” ) to tW. Decay width for bg,") to bW~ are obtained by replacements

A W) = (6, W, b). (F7)

APPENDIX G: CROSS SECTION

Cross sections of processes ff' — W' — WH and ff — Z' — ZH in the center-of-mass frame are given as follows. For
the process f(p1)f(p2) = V' = V(k,)H(k,), the differential cross section is given by

do 1|k, 2M% — |k|?*(cos? 0 — 1) s

—_ = / /4 2 R/ . 2 5 Gl
dcos @ 647rs\/§gHVV(|gl‘7f| v ) M3, (s — My2)* + M7, T3, (6D
where 6 is the angle between p; and k.
AMy, My, My)
k| = k| = |k = , G2
K= k| = ko e (@)

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

1 1 |k|3M3 + |k|?

AT = W Wi = WM LS
Nid8z+\/s M3, V:WZW“)

g%—lkugf/ff’lz =+ |g€ff’|2]
(s = My)* + MyTY,

4 2Re [QHWWQHWU)W[(g%fo/)(gﬁ/(l)ff/)* + (gl];/ff’) (gsvmff/)*q }

[(s = M3y) + iMyTy|[(s = M) = iMyo Ty
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11 |k|3M§+|k|2{ 3 Iivzll9v P + lag ]

o(ff>v.2,2 - ZH) = ————
Uf =7 ) N.48z\/s M3 (s = M3)* + M,

V:Z,Z(l),yU),Zg)

f ] ey RS,
Vi V=220 0z [(s = M%/]> +iMy Iy J[(s — M%/z) —iMy, Ty, )
1,V2=24, VAR
Vi#Vy

where N is the number of colors of initial-state fermions.

For the process f(p,)f'(p,) = W(k,)Z(k,), 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 W’ in the center-of-mass frame is given by

B ?)?

2 L R

f ! 1 £ F! + iy
@(ff >W->WZ)= ! E -452A(1, u){ Z 9w WZ(|gW2ff2 |92wa
dt 64ﬂ:s W’E{W(”)} (S _MW’) +MW’F "

+ Z 2Re |:gW1WZngWZ[(g€V1ff’)(glviisz/)* + (gﬁvlff,)(g{fvsz/)*q }

[(s = M%vl) + iMy, Ty |[(s = My,) — iMy,Ty,]

(G5)

Wy Woe{Wm}
MW<<MW] <MW2

where s, 7, and u are Mandelstam variables and A(z, u) is given in [74] by

a 1 M%Z+M3, (M}, + M%)+ 8M3, M’
A=z, ~ ') 4™ !
z"mw

4 2s 45%
(s

(M5, — M7)?
MM ) |2 W= M7+ . (G6)

2s

Here Imin 1< Taxs Tinin, max :%(M%V +M% - S) i%sﬂv ﬁ = |k|/(\/E/2) with |k| = ‘k1,2| - \/A(MW’7MWvMZ)/2MW"

Integrating do/dt with respect to ¢ and using

T 333 10(M3, + M%)  M%, + M5 + 10M3, M2
/ Altuydi =P 1 (Miy + M7) | Mw+ 2+ MWz (G7)
foin 24My, M35, s s
we obtain
1 $p 10(M3, + M%) M3, + M3 + 10M3,M>
/ W/ WZ) = 1 w V4 w V4 w7z
oS =W = W2) = i [ i s * 52

2 2 2\2

o { gW’WZ(|g€V’ff’| + |g§fof’| )
2 \2 2 2
W) (S - MW’) + MW,F )

W, Woe{w}
MW’>>MW MW<<MW] <MW2
+9Re |:gW1WZgW2WZ[(gﬁ/|ff’)(gévsz/)* + (ggllff’)(gﬁlsz’)*q } (G8)
[(s = M%vl) + iMy, Ty, |[(s = My,) — iMy, Ty,]

Formulas for the processes ff — Z' - W W~ (Z' = Z("),y<">,Z§e"), n=1,2,---) can be obtained from the above
formulas by replacements W' — Z' and Z — W.

For the process ff' — {V;} = FF where f (), F) are massless fermions and V; are vector bosons, differential cross
section is given by

035032-32



COLLIDER SIGNALS OF W AND Z' ...

do N{: K
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; i I
V) > FF')=-¢
deosg T = Vi = FF) =3 1287r{zi:(s—M%,i)2+M%,iF%,i

X [('g\L/iff'P + |9§iﬁ~/|2)(|g‘L/iFF/|2 + |g§iFF'|2)(1 + cos’6) + 2(|9\L/iff'|2

= 9v,17 )95 pp I

|95 pp[*) cOS O]
1

+ 2Re
) VR VI S P T VR

i>j

* * * * 2
x Kg\L/iff’g\L/,-ff' + gﬁiff’gs,ff’)(g\L/,-FF’ng/jFF’ + gf;iFF’g\IijFF’)<l + cos70)

L L R R L L R
+ 2090, 9V 55 = Ty 917G IV = 9, 9 ) €08 6] }

(G9)

where 6 is the scattering angle. The corresponding distribution in the transverse momentum py = (1/s/2)sin@ is

obtained by

do do

E(p]"vs)

~ dcosf coso=\/1=4p27s $3/1 —4pt/s

4pr (G10)
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