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Abstract: A measurement of the Z production cross-section in ye~ collisions at the Large Hadron-electron Col-
lider (LHeC) is presented for comparison to that at the International Linear Collider (ILC). The total cross-section

depends strongly on the polarization of the initial and final e~ beams and the electron beam energy E,; the energy of

the proton beam was set to E, =7 TeV. The results show that the total cross-section in ye™ — Ze™ — ["[*e™ at the

LHeC is much larger than that at the ILC.
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I. INTRODUCTION

Electro-weak and strong interactions have been uni-
fied in the Standard model (SM). The discovery of the
Higgs signal at the Large Hadron Collider (LHC) com-
pleted the particle spectrum of the SM. However, the ex-
istence of some theoretical drawbacks in the SM has mo-
tivated the development of extended models. One of the
most attractive extended models is the Randall-Sundrum
(RS) model, which provides a new scenario with an extra
dimension to naturally solve the gauge hierarchy [1]. Ow-
ing to the extra dimension, the additional scalar field
called radion can be mixed with the Higgs boson [2—5].
The low mass radion region, even at 10 GeV, is worth in-
vestigating [6]. Besides SM couplings, anomalous coup-
lings of the mixed radion and Higgs boson to
vy, ZZ, gg, yZ have been considered.

It is important to test the electro-weak sector of the
SM by studying Z boson production. Z production using
the Compton backscattered photon was considered at the
International Linear Collider (ILC) [7]. Recently, Z-pair
production in hadron colliders has been investigated at
the LHC [8— 14]. However, the Large Hadron-electron
Collider (LHeC), planned at the Large Hadron Collider
(LHC), is a cleaner configuration [15—19]. Moreover, the
center of mass energy at the LHeC is higher than that at
the ILC. The incoming proton beam energy at the LHeC
is set to E, =7 TeV and the center of mass energy is giv-
en by Vs =24/E,E,. The LHeC plans to collide electrons
with energy ranging from 60 GeV to 140 GeV [20].

Therefore, it can provide better conditions for research-
ing new phenomena compared to the LHC and ILC. The
LHeC may play a significant role in the pursuit of new
physics beyond the SM [21]. ye~ collisions with the
photon beam radiated from the proton provides an extra
experimental scenario to help reduce the background
[22]. In spite of a lower luminosity, the ye~ subprocess
can be studied as a complementary tool to e”p collision
at the LHeC.

In the present study, we analyzed the subprocess
ve~ — Ze~ — ["I*e”, including the vertices of Z boson
such as yZZ, yyZ, yZh, and yZ¢. With the contribution
of new interactions in the RS model, including radion and
Higgs propagators, the total cross-section was expected to
be experimentally detected. The organization of this pa-
per is as follows. In Section II, we review the Randall-
Sundrum model and the mixing of Higgs - radion. The
cross-section for ye™ — Ze~ — ["I*e” collisions at the
LHeC is presented in Section III. Finally, we summarize
our results and draw conclusions in Section IV.

II. A REVIEW OF THE RANDALL-SUNDRUM
MODEL AND MIXING OF HIGGS-RADION

The RS model consists of one extra dimension
bounded by two 3-branes. The UV-brane, whose fifth di-
mension is bounded, is located at y =0, whereas the IR-
brane is located at y = nr.. The five dimensional metric
has the following form:
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ds? = e—2kho\yl,]w,dx/‘dxv — b(z)dyz, (1)

where by is a length parameter for the fifth dimension, r.
is the compactification radius, and & is the curvature of
the five dimensional geometry. The exponential function
represents the warp factor that generates the gauge hier-
archy. The values of the bare parameters are determined
by the Planck scale and the applicable value for the size
of the extra dimension is assessed by kr. ~ 11 —-12. Thus,
the weak and gravity scales can be naturally generated.
The relation Mi, = M3 /k is derived from the 5D action.
The scale of physical phenomena on the IR-brane is giv-
en by Ag = Mpe ¥ with A4 ~ few TeV. The mass of the
n" KK graviton excitation is m¢ = xCkAy/Mp;, with x§
being the roots of the J; Bessel function [23]. The coup-
ling strength of the graviton KK states to the SM fields is
A;l . The gravity-matter interactions are expressed as [24]

1 $o
Ling = ——Zpzoh’, TH — —T1, ()
A T Ap ¥

where 7, (x) denotes the Kaluza-Klein (KK) modes of
the graviton field 7, (x,y), ¢o(x) is the radion field,
Ay = V6MpQy is the VEV of the radion field, and
Aw = V2Mp Q. T is the energy-momentum tensor,
which is given at the tree level [25, 26] as follows:

T! =Spmyf f = 2my, Wi WH —m3 2, 7"
+(2m, 1§ — B,hod ho) + .. 3)

The gravity-scalar mixing is described by the following
action [27]:

S{? :ffd4x ngisR(gvis)I:I+I:I, (4)

where ¢ is the mixing parameter, R(gyis) is the Ricci scal-
ar for the metric g = Q) +&h*) induced on the
visible brane, Q,(x) = e *7(1 + Xi;) is the warp factor, and
H is the Higgs field in the 5D context before rescaling to
canonical normalization on the brane. With & # 0, there is
neither a pure Higgs boson nor a pure radion mass eigen-
state. This & term mixes &y and ¢y into the mass eigen-
states 4 and ¢ as follows:

ho \ (1 6&/Z cosf sinf h
¢ ) \0O -=1/z —sinf cosf |\ ¢
d c h
(5 a)(0) ©

where 7% =1+6y%¢(1— 6&) =B-36£2y> isthe coeffi-

cient of the radion kinetic term after undoing the kinetic

.. 6 ind
mixing, y = v/Ay, v =246 GeV, a= _g, b= ﬂ’ c=

o¢ 6¢ z V4
sinf + 77 cosf, d =cosf— 7}/ sind. The mixing angle 6

is expressed as

2

mhu (6)
mén - mio (22 -36£2y2)’

tan(20) = 12y¢éZ

where my,, and myg, are the Higgs and radion masses be-
fore mixing, respectively.

The new physical fields /4 and ¢ in (5) are the Higgs-
dominated state and radion, respectively:

1
Mo = g | B o o 272 |
(7)

There are four independent parameters, namely
Ag, my, mg, &, that must be specified to fix the state mix-

ing parameters. We consider the case of Ay =5 TeV and
o =0.1, which makes the radion stabilization model

most natural [26].

III. CROSS-SECTION FOR ye™ — Ze™ — I "I*e”
COLLISIONS
Feynman rules for couplings in the RS model are ex-

pressed as follows [6]:

Soeh = —1B,0 = —i 2
eeh 8eeh 2

e (d+yb), )
my

.= . 8§m
g€€¢ = _lgee¢ = _lzm;/ (C+ya)7 (9)

Cyzn = —bytanew)—gh (A +Aw)],

(10)

a r 2
21y &n tan Oy

a b2
Cyzp = — |2g) —bytanOy | — g4 (Ar +Aw)|,
vZ¢ 27rv0[ g¢(tan0W y tan W) 8y (Ar W)}
an

where a, b, ¢, d are the state mixing parameters in the RS
model; g, =d+yb, g4 =c+vya, g, =yb, 8y =4a; the tri-
angle loop functions Ap,Ay are given in Ref. [28]

We consider a collision process in which the initial
state contains an electron and a photon emitted from pro-
ton beams, and the final state contains a Z boson and an
electron:
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] (kZ)Fﬂzz(pZ%kZ)gu(pZ)

(17)

(PZkZUﬂV )‘9;4(172)
(18)

e"(p1) +y(kr) — e (ki) + Z(ky). (12) 8ez -
Mz =- zgeZ S1i(kp)y” (ve - aeys)
q; —mz
Here, p;i,k; (i = 1, 2) represent the momentums. Three Gio qtﬁ
Feynman diagrams contribute to the reaction expressed in X M(Pl)(naﬁ -
(12), representing the s, u, t-channel exchange, as depic- 7
ted in Fig. 1.
The transition amplitude representing the s-channel is
given by BeepCrzo _
My == yu(p1)e) (ko)
q[ m¢
M, =i 2&2 &5(k2)y” (ve—aoy’ Jiatk) (4, +m.)
S e
X gu(p2)y"u(py). (13)

M, = .geehCYZh—
m
The transition amplitude representing the u-channel A=

can be written as

My =125k e, (p2) (¢, + me)
C] m

u

k(e (ka) (pokan = P5RE) 84(pa).

(19)

The triple gauge boson couplings are given by [14]

XSv(k2)7 (Ve —dey )M(Pl)- (14) WZ(PZC]th) =3 pzpz[hy(q‘”n(” @ - /’lysy"mqm},
mz
The transition amplitude representing the z-channel is (20)
given by
M, =Mz+M,+Ms+M,, 15 oy 8e
1 o (15) Fygz(qutkz) === pp2 [fZ(PETf“r +pa )
mz
where Y pova
_fsgﬂ (an_klar) > (21)
e - *
My = == uk)Y u(pinege, k)T, (p2qik2)eu(p2), _
q; The total cross-section for the whole process can be

(16) calculated as follows:

£-
£+
e [F'l_); , - e (ki) e (p) 2 e (ki)
; »
1
| &/h(@)
1

Y (p2)
{_

s

Fig. 1. Feynman diagrams for ye~ — Ze™ — [I"I*e” collisions, representing the s, u, t-channels, respectively.
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o=0(ye” - Ze )XBr(Z — I"I"). (22)

The effective production cross-section for the subpro-
cess at the LHeC can be described as follows [22]:

o(ye” = Ze™) =f( (me +mz)?
Max(————— &
s

(COS Y1) mx dB:@

XE,f(EE,) dcosy,
Pfg P d‘§ (COSLp)mm dCOSlﬂ W
(23)
where
ﬁ
do(s) 1 k4]
—— M (24)

d(cosy) ~ 3275 3|

is the expressions of the differential cross-section [29],
s=4E.E, =¢s is center of mass energy of the sub-pro-
cess ye~ — Ze~, and ¢ = (P 1,—k)2) is the scattering angle.
The photon flux can be written as

s = [ SN (25)
o O dEde2 ’
where
2
dny _ e | 1_& 1_%}7 +3F
dE.dO? ~ 2 E 2 |TE 2 MY
E\dQ n E,Q p 0 2E;
(26)
with
M2E?
Q= —. 27)
EP(EP - EV)
. 4M3G + Q°G3, %)
AME+Q2
G2 2\
G%:-’{’:(H%) , (29)
Hp 9
Fy =G, (30)

Mp is the mass of the proton; E,, is the energy of the in-
coming proton beam; E,=¢E, is the photon energy,
which is related to the loss energy of the emitted proton

beam; Fg, Fy; are functions of the electric and magnetic
form factors given in the dipole approximation; and
u% =17.78 is the magnetic moment of the proton.

For numerical evaluation, we set the energy of the in-
coming proton beam at the LHeC, that is, E, =7 TeV,
and an electron beam energy E, in the range of 60 GeV
<E,<140 GeV [20]. The vacuum expectation value
(VEV) of the radion field was set as Ay =5 (TeV) [27].
The radion mass was set as my = 10 GeV [30]. The Higgs
mass was set as my =125 GeV (CMS). The maximum
value of anomalous couplings in the tightest limits with
the corresponding observable were set as f; =2.4x1072,
f7=27%1073, K =3.6x107, k] =13x107> [14]. The
polarization coefficients of the initial and final e~ beams
were set as P; = P, =0.8, respectively [17]. Given that
the contribution to the above integral formula is very
small for Q2 >2GeV?, Q2 . was set as 2 GeV? [22].
We next provide estimates for the cross-sections:

1) The electron beam energy was set as E, = 60 GeV.
In Fig. 2, we plot the differential cross-section as a func-
tion ofcosy. This figure shows that do/dcosy peaks in
the forward direction and becomes flat in the backward
direction.

i) In Fig. 3, the forward-backward asymmetry is plot-
ted as a function of E,. This figure indicates that the for-
ward-backward asymmetry decreases when the electron
beam energy increases.

iii) In Fig. 4, we evaluate the dependence of the total
cross-section on the initial and final electron beam in the
case of E, = 60 GeV. The cross-section achieves its max-
imum value when both the initial and final electron
beams are left or right polarized (P;=P,==1). The
cross-section reaches its minimum value when Py =1,
P, = -1 and vice versa. It is worth noting that the cross-
section in the case of both left and right polarized initial
and final electron beams is twice as much as the unpolar-

— 0.015¢
2
o
L]
=
— 0.010¢
=
(7]
Q
8 0.005}
]
=]
___________-_-—-'—
0.000 ) ) ]
-10 -05 0.0 0.5 1.0
CosW
Fig. 2. Differential cross-section as a function ofcosy. The

parameters were set as P, = P, =0.8, E, = 60 GeV.
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Fig. 4.
polarization coefficients of the initial and final electron beam.

(color online) Total cross-section as a function of the

The electron beam energy was set as E, = 60 GeV.

ized electron beams.

iv) In Fig. 5, we evaluate the dependence of the total
cross-section on the electron beam energy E,. The elec-
tron beam energy was set in the range of 60 GeV< E, <
140 GeV. Here, the polarization coefficients of the initial
and final electron beams were set as P = P, = 0.8, 0.6, 0.
The figure shows that the total cross-sections increase
when the electron beam energy E, increases. In Table 1,

04
=
203
2
S 02
01
60 80 100 120 140
Ee(GeV)
Fig. 5. Total cross-sections as a function of the electron

beam energy E, for polarization coefficients P, =P, = 0.8,
0.6, 0.

some typical values for the total cross-section are listed.
We emphasize that the main contribution to the descrip-
tion process is from the s, u-channels, while the anomal-
ous couplings for the contribution are very small.
However, the anomalous couplings concerning mixing of
Higgs-radion need to be further studied.

IV. CONCLUSIONS

In this study, we evaluated the total cross-section in
ve~ — Ze~ — I"I"e~ production at the LHeC using the RS
model. The results show that the main contribution to the
description process is from the s, u-channels, while the
anomalous couplings for the contribution are very small.
Note that the Z boson with such a short lifetime is never
seen directly in the experiments. Although the branching
ratio of Z — [7[* is fairly small, the /I* channel leaves a
relatively clean signature in the detector, which allows
the process to be measured with higher accuracy [31]. In
this study, our focus was on the comparison between the
cross-sections at the ILC and LHeC. The value at the ILC
was described in detail in Ref. [7]. It is concluded that the
total cross-section in ye~ — Ze~ — ["[*e¢~ at the LHeC is
much larger than that at the ILC.

Finally, we emphasize that the scalar anomalous
couplings concerning mixing of Higgs- radion in the RS
model need to be further investigated.

Table 1. Typical values for the total cross-section in ye™ — Ze~ — ["I*e™ collisions at the LHeC.
E./GeV 60 70 80 90 100 110 120 130 140
o(P1 = P =0.8) (10°pb) 0.069 0.098 0.133 0.174 0.221 0.274 0.333 0.399 0.471
(P = P> = 0.6) (10°pb) 0.057 0.081 0.110 0.144 0.183 0.227 0.276 0.331 0.390
0.042 0.059 0.081 0.106 0.135 0.167 0.203 0.243 0.287

o(Py = P, =0) (10°pb)
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