VNU Journal of Science: Mathematics — Physics, Vol. 39, No. 3 (2023) 97-105

VNU Journal of Science: Mathematics - Physics

Journal homepage: https:/js.vnu.edu.vn/MaP

Original Article

The Influence of the Scalar and Vector Anomalous Couplings
on the Z-production at ILC in the Randall - Sundrum Model

Bui Thi Ha Giang”
Hanoi National University of Education, 136 Xuan Thuy, Cau Giay, Hanoi, Vietnam

Received 7 April 2023
Revised 4 May 2023; Accepted 4 May 2023

Abstract: An attempt is made to present the effect of the scalar and vector anomalous couplings on

ee" scattering process with polarized initial beams in the Randall-Sundrum model. We have
studied the contribution of radion, Higgs and gauge bosons on the Z-production cross-section at
International Linear Colliders (ILC). The cross-section depends strongly on the polarization of
e, e” initial beams, the center of mass energy s and model interaction parameters. The obtained

results indicate that with the vector anomalous couplings included Z boson and photon, the cross-
sections for the Z production are much larger than that with the scalar couplings included radion and
Higgs under the same conditions.
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1. Introduction

The existence of some theoretical drawbacks motivates the new models beyond the Standard model
(SM). The Randall-Sundrum (RS) model is one of the most attractive extended SM models. The RS is
a theoretical framework to explain the hierarchy problem, which refers to the large discrepancy between
the weak scale and the Planck scale. One of the interesting consequences of the RS model is the existence
of an additional scalar called the radion (¢) [1]. Radion and Higgs boson have the same quantum
numbers. Radion can interact with matter. Its production and decay can lead to interesting experimental
signatures, such as missing energy in collider experiments. Therefore, radion is a potential candidate for
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dark matter. The radion couplings to y»,gg and Zy are dominated in the region 5[0,0.3] [2]. It is of
particular interest to analyse the radion couplings in conformal limit £=1/6.

The trilinear gauge boson couplings have been important in testing the electroweak interactions [3].
Diboson production, in particular ZZ and W*W™, are also extensively used in Higgs boson
measurements [4]. Moreover, the anomalous vertices include ZZZ, yZZ , yyZ interactions, which are
not present at tree level in SM, have been widely discussed in the different colliders: e e" collider, ye
collider, hadron collider [3, 5-11]. In experiments, the cross-section for Z production in pp collisions
has been measured by both the ATLAS and CMS collaboration [12-16]. Because of clean electron and
positron sources at ILC, Z boson produced at the high energy collisions could give the possible
measurement. Any possible new physics in the Z boson production collision is expected to change the
cross-section.

In this work, we have only considered the ee* —ZZ —1717qd, e'e” — yZ — »1"1” processes in
s-channel, included the vertices of Z boson as ZZZ, yZZ, yyZ , ¢ZZ , hzzZ, yZh, yZ¢ . The layout of

this work is as follows. In Section II, we review the scalar and vector anomalous couplings. The
influence of the scalar and vector anomalous couplings on the Z production at ILC is presented in Section
I11. Finally, we summarize our results and draw conclusions in Section IV.

2. A Review of the Scalar and Vector Anomalous Couplings

In Randall — Sundrum model, due to the same quantum numbers, radion and Higgs boson can be
mixed. The mixing parameter £ mixes the h, and ¢, fields into the mass eigenstates h and ¢ as given by

h) (1 —6&1/Z)( cos¢ sind)(h) (d c¢)(h @
(¢OJ_[0 1/2 ][—sine cosej((gﬁJ_[b a](qﬁ}

where
Y=, //1¢,,Z2 =1-6&y°(1+6&) = B—36E%)%, f=1-6E)7, 2
azﬁ,bz—ﬂ,Cﬁine—gcose,d=cose+@sin9. 3
Z VA Z Z
The mixing angle @ is defined by
tan 20 =127 mfb “
an 26 =12y :
ms (2% -36&°%y%) —m;,
The new physical fields h and ¢ are Higgs-dominated state and radion, respectively
1 (%)

my, :E[mjo + pmy i\/(mqfo +pmg ) —4Z°m; my }

When & #0, there are four independent parameters that must be specified to fix the state mixing
parameters a, b, ¢, d of Eq. (3) defining the mass eigenstates A,,m,,m,,&.
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Feynman rules for the couplings are showed as follows [2]

O =Ty =1 gn”;N (d+7b), (6)
Os = 0y =1 gme (c+ya), (7)
ol =ig, [ " =297 (I, ™ =Kk ) | ®
0%, =0, [~ 207 (ko ™" ~kik) | ©)

gl =iC, [ Kk —kiks ]

(10)
. a . b ) )
~o [29“ [tanzew ~b, tan ‘9wj— On (A + Aw)}[klkzn” —kks ],
07, =1C,q [ kikon” — KKy ] (11)

- r b2 uv Vi 4
_i % {2g¢[tan0 —bYtanHWJ—g¢(AF+AN)}[klkzn —kiks].

27v, W

Here, §.,,0,,,0,, can be found in Ref. [2, 17-18], the triangle loop functions A., A, are given in
Ref. [19].
The triple gauge boson couplings are given by [10]
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3. The Influence of the New Anomalous Couplings on the Z Production at ILC

Vector boson pair production is interesting in itself as a test of the electroweak force and the presence
of new physics [20]. In this work, we will evaluate the significance of the new couplings on the
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Z-production, including the e'e* —ZZ —1"1"qg and e'e” — yZ — y1*1~ processes only in s-channel

with the polarized initial beams at ILC. An e e" collider is uniquely capable of operation at series of
energies near the threshold of a new physics process. This is an extremely powerful tool for precision
measurements of particle masses and unambiguous particle spin determinations [21].

3.1. The e'e" — ZZ — 1"l qq Collision

We consider the collision process in which the initial state contains electron and positron.
e (p)+e'(p,)—>Zk)+2Z(k,). (15)

Here, p,,k; (i =1, 2) stand for the momentums. There is Feynman diagram contributing to reaction
(15), representing the s-channel exchange depicted in Fig. 1.

Zik) j-
2.y g (g ~ I
~
- l_I_L q
._‘1
20k =

]
Figure 1. Feynman diagrams for e'e" — ZZ — I"1 qq collision, representing the s-channel.

The transition amplitude representing the s-channel is given by

M,=M, +M_+M, +M,, (16)
here
__e * ouv * qSo'qS — (17)
M, Z%%(kﬂrz?z (95, k;, kZ)gv(kZ)(ndﬂ T £ jv(pz)Vﬁ (Ve _ae75)u(p1),
gs —m; m;
€ ouv * — (18)
gy (kl)ryélz (qs ' kl’ k2)gv (k2)770'ﬂv(p2)}/ﬁu(p1)l
eel v v vy, U1 * o (19)
M, = 3 “ghé £, (k) 7" ~207 (kk, " —k'kt') |2 (k)0 (P )u(py)
ee v v Vi, U * T (20)
M, = 3 D [ 207 (k" ke ) e 0D (p,Ju(py).
The cross-section for the whole process can be calculated as follow [10]
oc=oc(ee —ZZ)x2Br(Z — 1 1")Br(Z — qq), (21)

where
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dofee’ »22) _ 1 ||'<1||M_|2 (22)
d(cosy) 2zs|p| "

r
is the expression of the differential cross-section [22]. v =( 51, k,) is the scattering angle.

For numerical evaluation, we choose ILC running at a center-of-mass energy of 500 GeV. The
vacuum expectation value (VEV) of the radion field was set as A, =5TeV. The radion mass was set as

m, =10 GeV. The Higgs mass was setas m, =125 GeV. The maximum value of anomalous couplings
in the tightest limits with the corresponding observable were set as f/ =2.4x107°, f/ =4.2x107,
f/ =27x10°, f/ =8.8x10°, i/ =3.6x10°, h/ =1.3x107°, h? =2.9x107°, h? =2.8x10°[10].

We give estimates for the cross-sections as follows:

i) In Fig. 2, the cross-sections are plotted as the function of PEPe which are the polarization
coefficients of e”,e" beams, respectively. The figure indicates that the cross-section in case of vector
propagators (Z boson and photon) achieves the maximum value when P_ =P, =+1 and the minimum
value when Pe =1, Pe =-1 or Pe =-1, Pe =1. This result reverses the consequence in case of scalar
propagators (radion and Higgs);

ii) In the case of Pe =0.8, Pe =-0.3[23, 24], the f’“chosen as Fig. 2, the cross-sections are

measured in the case of the different collision energy +/s in Fig. 3. The cross-sections increase when the

collision energy increases. The cross-section increases fast in case of vector anomalous couplings while
the cross-section increases gradually in case of scalar anomalous couplings;

iii) Some numerical values for cross-section in e'e” — ZZ — 1"l qg are shown in Table 1. With the
gauge boson contribution, the cross-section is much larger than that with radion, Higgs contribution.

(@) (b)

Figure 2. The cross-section as a function of the polarization coefficients (F’e , Pe) inee" >ZZ ->I1"1"qq

collision in case of (a) scalar anomalous couplings, (b) vector anomalous couplings.
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Figure 3. The cross-section as a function of the collision energy in e'e” — ZZ — I"17qq collision in case of
(a) scalar anomalous couplings, (b) vector anomalous couplings.

Table 1. Typical values for the cross-section in the e"e™ — ZZ — 1"17qQ collision at the ILC in the case
of Pe =0.8, Pe =-0.3

Js (Gev) 500 600 700 800 900 1000
o, (ee" —>ZZ —>1"1"qq) (fb) 1.665 3.719 7.196 12.620 20.596 31.809
o,.(ee">ZZ —>1"1"qqQ)

- 1578 | 1610 | 1630 | 1644 | 1653 | 1660
(107 fb)

3.2. The e'e” — yZ — yI"1" Collision
We consider the collision process in which the initial state contains electron and positron.
(23)

e (p)+e"(p,) > k) +Z(k,).

. 7(k)
e(p)

Z.y.ho (q. ,)er

- r

e (p.)

Figure 4. Feynman diagrams for e'e” — yZ — yI”1" collision in s-channel.

There is Feynman diagram contributing to reaction (23), representing the s-channel exchange
depicted in Fig. 4. The transition amplitude representing the s-channel is given by

M, =M, +M +M, +M,, (24)

here
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The cross-section for the whole process e'e” — yZ — yI*1~ can be calculated as follows
o=o(e'e” > yZ)xBr(Z > I'1"). (29)

We estimate the total cross-section for »1*1~ production as follows:

i) The parameters f,, f.’,h/ ,hy (V =y,Z) are taken as Fig. 2. The Fig. 5 indicates that the cross-
section in case of vector propagators (Z boson and photon) achieves the maximum value when
P_ =P, =41 and the minimum value when P_=1,P =-1or P.=-1P =1. Thisresult reverses the
consequence in case of scalar propagators (radion and Higgs);

ii) With the parameters f,’, f;",h/,hj’ (V =»,Z) as Fig. 2, P. =0.8,P, =-0.3, the total cross-
sections are measured in the case of the different collision energy /s in Fig. 6. The cross-sections in

case of scalar propagators decrease gradually when the collision energy increases while the cross-section
increases fast in case of vector anomalous couplings;

iii) Some numerical values for cross-section in e‘e” — yZ — yI*1~ are shown in Table 2. With the
gauge boson contribution, the cross-section is much larger than that with radion, Higgs contribution;

(@) (b)

Figure 5. The cross-section as a function of the polarization coefficients (Pe , Pe) ine‘e >yZ >yl

collision in case of (a) scalar anomalous couplings, (b) vector anomalous couplings.
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Figure 6. The cross-section for the whole process e'e” — yZ — yI"1™ collision as a function

of the collision energy \/E in case of (a) scalar anomalous couplings, (b) vector anomalous couplings.

Table 2. Typical values for the cross-section in the e*e” — yZ — »1*1~ collision at the ILC in the case of
Pe, =0.8, Fl =-0.3.

J5 (GeV) 500 600 700 800 900 1000
o, (e€ >yZ > A1) () | 2800 | 5937 | 11145 | 19176 | 30.894 | 47.282

Oyn (e*e’ —>yZ —> yl*l’)
(107" fb)

7.763 7.696 7.658 7.634 7.618 7.606

4. Conclusion

In this work, we have studied the contribution of the new anomalous couplings on the ZZ, yZ

production at ILC in the RS model. With the available value of parameters f,’, f.’ (V =y,Z), the results
indicate that with the vector anomalous couplings, the cross-sections for the Z production are enhanced
and much larger than that in the scalar anomalous couplings under the same conditions. Although the
influence is quite small, the scalar anomalous couplings which appear in high energy collisions are a
key tool in the search for physics beyond the SM. In our future works, we are studying the scalar
anomalous couplings in pp collisions at the Large Hadron Collider (LHC) to search the signal of new
particles and interactions.
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