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Abstract: The fundamentally well-known process of Bhabha e'e” —e'e” is studied from the
theoretical view of unparticle physics in the prominent Randall-Sundrum model. The cross-sections
independently for photon (y), Z boson (Z), vector unparticle (U¥), Higgs (h), radion (¢ ), and scalar
unparticle (U) exchange are calculated and evaluated. Numerical calculations showed that the
contribution of unparticle exchange dominates in very high energy regions. While the standard
model exchanges as y and Z are predominant in the lower energy region, h and ¢ contribution is
very small in comparison with the other exchanges. The results are plotted in the energy ranges
available in the present designs of accelerators and near future energy upgrades of the International
Linear Collider (ILC) and The Compact Linear Collider (CLIC).
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1. Introduction

It is notable that one of the flaws in the most triumphant physical theory ever built - the Standard
Model (SM) is a large hierarchy between the Planck scale and the weak scale. Afterward, a considerable
number of theories were proposed with a view to solving this hierarchy problem. All the models with
extra dimensions assume the world is (4+n)+1-dimensional, where the extra n space-like dimensions are
compactified with a smaller radius than the present experimental probe. In the following parts, this
article will concentrate on the model suggested by Randall and Sundrum (RS model) [1]. RS model
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assumes the universe is five-dimensional. RS model is not similar to ADD model [2] since a large
compactification radius for an extra compactified space-like dimension is unnecessary. The radius of
compactification is of the order of Planck length and is also a dynamical observable. This radius relates
to the vacuum expectation value of the dilaton field appearing as a result of the compactification of 5-
dimensional theory to 4 dimensions. Radion field is generated as a quantum fluctuation of the modulus
of the fifth dimension. Goldberger and Wise [3, 4] proved that a scalar field propagating in the
background geometry — the five-dimensional anti-de Sitter spacetime as seen in Eqg. (1), can give rise to
a potential that stabilizes the modulus L. The background metric of the RS1 model is as follows

ds* =e "V, dx“dx” —bidy’ (1)

where o(y) =m,b,[y(20(y) —-1) —2(y -1/ 2)6(y —1/ 2)], bo is a constant not determined by the five-

dimensional action. Gravitational fluctuations around the metric will be defined through the following
replacements

77,(/\/ - 77,uv + ghyv (X1 y)’ bO d bO + b(x) (2)

Radion mass in the stabilized RS model is lighter than that of the Kaluza-Klein modes of all fields
as graviton [3-5]. Hence, radion might be considered the first state, which is specific to the model. In
the origin of the RS model, the bare parameters are defined for values by the Planck scale. The applicable
value for the size of the extra dimension is adjusted by kr.zz [ 35(rc is the compactification radius and k

is the bulk curvature). Subsequently, the weak and gravity scales are generated naturally. The mixing of
gravity and scalar has the following form

S, =—¢£[d*xJg,,R(g,,)H'H (3)

Where & is the mixing parameter, R(guis) is the Ricci scalar corresponding to the induced metric on

the visible brane. H is the electroweak Higgs boson in the five dimensional universe before rescaling.
The term in Eq. (3) will present the Higgs-radion mixing in the model. The mixing of Higgs with another
particle is very imperative in future collider experiments. Phenomenologically, the mixing will modify
the Higgs and radion remarkably.

Particles, hardly observed in the Large Hadron Collider (LHC) experiments, are produced by weak
and electromagnetic rather than strong interactions, mainly decay to t leptons or to lighter quarks and
gluons, or decay with diminutive energy release [6]. Regarding other colliders like the International
Linear Collider (ILC), its strength is noticeable in that the experiments are sensitive to new particles
with low probability or hard-to-detect decay schemes. Experimentally, the reaction cross sections in
linear acceleration, namely ILC or e*e™ collider, have a direct and huge dependence on the beam

polarizations, physics cases of the ILC/e"e studies are emphasized in [6-9]. In the SM, relativistic left-
handed and right-handed polarized electrons are totally different particles, with different electroweak
guantum numbers. Hence, measurements with different beam polarization can measure distinctive
reactions, which leads to direct insight into the new physics. Longitudinal polarization is maintained at
linear colliders, and a polarized source of electrons or positrons can produce a comparable effect of
polarization in collisions.

Two fundamental processes in modern particle physics are studied with the contribution from the
standard model exchanges and unparticle exchange including both vector and scalar components.
Physics of e"e” collisions has two prominent aspects to be mentioned in [10]. The first one, as
previously mentioned, the linear collider provides longitudinally polarized electron and positron beams.

The control of the beam polarization can be a powerful tool for e“e” physics. The ILC is expected to
provide highly polarized beams with the possibility of switching the polarization orientation, which
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effectively affects the number of observables [11, 12]. Another important aspect is that the center of
mass energy of collisions is affected by both the initial state radiation and the beamstrahlung radiation.
Both these radiations broaden the e*e” center of mass energy distribution and produce photons that are
induced in yy and ey reactions. Their contribution to the additional backgrounds on account of
independent low-+/s ep and pp reactions is significant since the rate of events is energy dependent. In
the rest of the work, two Bhabha and Mgller scatterings, under the effect of unparticles in the RS model,
are concentrated.

Based on the effective field theory of low energies [13] and unusual virtual effects in high energy
processes [14], H. Georgi has proposed the new physics containing a coupling between the new scale
invariant sector operator (Osz) — described by Banks-Zaks (BZ) fields with the dimension dsz and the
standard model one Osw with dimension n at the scale of ultraviolet as follows

1
Mo e % Os1 O, @

where dg,, and dg, are dimensions of mass of SM and BZ fields, respectively. The two sectors SM and
BZ interact via the particle exchange and its mass scale is Mu. The BZ operators become the unparticle
operators O, below the energy A, owing to dimensional transmutation from the effects of
renormalization in the BZ sector [15], expression (4) will have the form

dgz —dy
AU

Qy MSSM +dgz —4 SM

c o, (5)

where d,, is the scaling dimension of the unparticle operator O, and the constant C,, Isa coefficient

function. The scalar and vector unparticle operators as propagators are focused on for the process we
studied, they transform under the standard model gauge group as a standard model singlet [16, 17]. The
following Feynman rules are presented in [16], which are from the effective interactions satisfying the
gauge symmetry with SM fields. These Feynman rules are having the form

1 ){0 _//10 ){0 H ){0 v v
IASU‘l’ ASU‘l ’ Aﬂu p. 4i Aﬂu (_pl'ng” th p;)
(6)
A A
A e

where 4, are effective couplings (Cq; A=)/ MSSM +4z~4 and dimensionless from expression (5) with the

index i =0, 1 or 2 corresponding to the scalar, vector and tensor unparticle operators, respectively.
The scalar and vector unparticle propagators have the following form

A

A 2 — U _2)\dy -2
scalar (q ) ZSin(dU 72') ( q )
A, (7
A 2 — U A2 dy -2
wector (") =557 — n( OIU7[)( qQ)" "z, (q)

where
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1622z T(d, +1/2)
~ (27)* T(d, -Drd,)’

a,9,
7, (@)=-9,, + az (8)

A:iu

(—q?) is positive in the t- and u-channel, but negative in the s-channel process
dy -2 q2 <0
9)
dy - —idy 7
feh 250

.o
(-9°)=

o

2. The process e'e” —>e'e”

Feynman diagrams of the process e*e” —e*e™ is schematically described in Figure 1.
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Figure 1. Feynman diagrams of the process e'e” —>e'e".

In the presence of Feynman rules (6) and effective interactions, Bhabha scattering e'e™ —e*e™ is
shown in Figure 1,where the propagating contributions are 7, Z, h, ¢, scalar and vector unparticles U
and U~

e+ —22Y setig” e +e LY se 4y (10)
e-+e —MtY sotie” e+ —2tY s te

The transition amplitudes in the s-channel and t-channel are given via (y, Z, U*) exchange:
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where gs =p1+p2=ki + ko, t = ko —p2=p1—ks

The differential cross section of the process as the expression _do _

- |M | [18] is
dcosé 1287zs

evaluated, where Mg is the amplitude of transition, s =(p, + p,)*and 0 is the scattering angle between
p, and k, .

3. Results and Discussion

The main parameters selected are as follows: the vacuum expectation of the radion field is
A, =5TeV[19], the radion mass m, =10 GeV [20], the mass of Higgs bosonm, =125 GeV, the

mixing parameter £=1/6. The following parameters of unparticle are: A, =1000 GeV, 4, =4 =1
and dy = 1.7 which is also chosen in the range of [1.1, 1.9] for further evaluations.

In Figure 2, the plots are the correlation between the possible and frontier energy reach of the total
cross-section (TCS) concerning the unparticle scaling dimension. Regarding the process, in the center-
of-mass energy region from 250 GeV to 1 TeV, the TCS diminishes as dy is up from 1.1 to 1.9, with the
sharper decrease in the interval of [1.1, 1.4]. In contrast, the TCS changed to a limited extent throughout
du’s values 1.4 to 1.9. The scenario 3 TeV energy upgrade of CLIC colliders gives us that the TCS
shrinks more steadily than itself in the lower energies below 3 TeV; however, the figure increase when
dy is around from 1.6 to 1.9. The dependence of TCS on the scaling dimension dy and the center-of-
mass energy is strong, feasibly leading to new physics effects in the high energy reach.
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Figure 2. The total cross-sections at key level of energy versus the scaling dimension.

We investigate the cross-section versus various center-of-mass energies with three values of scaling
dimension (Figure 3). In both processes, the contribution of unparticles in RS(U) is rather large.
However, Higgs-radion contribution is negligible that resulting in the TCSs in SM and RS being similar
in values.

In Figure 3, the TCSs of two models SM, RS become less significant in the high energies from 1.5
to 3 TeV, which might result in separate signals from different models. Considering RS(U) model in
this process, the TCS increases rapidly in the high energies above 1.5 TeV as dy equals 1.7, especially
1.9. Further, the TCS in RS(U) approximately SM, RS model that can be implied that the unparticles
contribution is inconsiderable in a region of low energies below 500 GeV. We have the largest values
of TCS when the scale dimension is 1.9, belonging to the high energy 2.5 — 3 TeV.
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We plot the TCS in all three models when the particles are in polarized conditions: e_” (left-handed
electron), er” (right-handed electron), e.* (left-handed positron), and er" (right-handed positron). The
incoming and outgoing beams investigated and plotted are e_'e.’, erer, e.7er , €r'eL, eL'el, er'eR’;
besides, the other polarized cases with their contribution are very small and hence not included in our
final numerical results. For two models SM and RS without unparticles (Figure 4), the TCSs of e_"e.,
er'er” beams in both processes have the equal value region because that Higgs-radion contributes
insignificantly at 102* ub. As opposed to the pure left- or right-handed particle beams, the mixed
conditions of polarization only have a small contribution to the TCS in the RS model.
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Figure 3. The total cross-sections of e'e” —e*e” in SM, RS, and RS(U) models
with the chosen scaling dimension 1.7.

— 15 SM.RS N
- 0(e; 26, x —> € py R N107ub)
<
i,
2 1.0/
i RS N
.: o(eje; —e;e; X107 ub)
T
'v 0.5
*
L
5
0.0

500 1000 1500 2000 2500 3000

Vs (GeV)

Figure 4. The polarized total cross sections versus the center-of-mass energy in SM and RS models.
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In the next part, we plot the TCS in RS(U) model versus the center-of-mass energies including the
multi-TeV region. The scale dimensions are chosen as 1.1, 1.7, and 1.9, which shows us a more direct
comparison of unparticle effects. When the scaling dimension 1.1, in the low energies around 0 and 1
TeV for both processes, the TCSs of every polarized beam all go down promptly and become flat in the

high energy region (Figure 5a).

For the dy = 1.7 (Figure 5b), the TCSs of the polarized e *er’, beams in RS(U) gradually go up
throughout the energy region from 0 to 3 TeV. The TCS of the polarized e_*e.", er"er’, beams make up
for the contribution in the low energies below 1 TeV, much larger than the TCS of the e, "er” beams.
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Figure 5. The total cross-sections of e'e” —>e"e™ in RS(U) model with the chosen scaling dimension are 1.7.

This time we plot the TCS for the polarization cases of the particle beams concerning the scaling
dimension 1.9 (Figure 6). In the low energy region below 500 GeV, the TCS of the polarized e e,
er er’beams contribute largely to both processes. While the mixed conditions e "er’, we see the rise of

the TCS when the energies rise.
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Figure 6. The polarized total cross sections versus the center-of-mass energy in RS(U) model.

To sum up the process, the calculated number of events in one year for the process is shown in Table
1 in the following models: SM, RS, and RS(U). The energy reaches selected for the processes are based
on the current development and the proposed luminosity and energy upgrade scenarios including ILC
(International Linear Collider), and Compact Linear Collider (CLIC) [9, 21-24].
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Table 1 shows that the number of events for two models SM and RS is equivalent, meanwhile the
figure for RS(U) with the contribution of unparticles is more considerable than the other models.
Additionally, the rise of scaling dimension duy that leads to a notable increase in the ratio of event
numbers between models, especially in the higher energy 1 TeV ILC and 3 TeV CLIC. The ratio of
event numbers between RS(U) and SM and RS will escalate as the scaling dimension reaches 1.9 in the
region of frontier energy 3 TeV which becomes more physically important in exploring the realms of
new physics.

Table 1. The events number for the e*e” — e*e” in SM, RS model, and RS(U) model.

Colliders International Linear Collider (ILC) The Compact Linear Collider (CLIC)
ECM (GeV) 250 500 600 380 3000
Luminosity (1034 1.35 1.8 4.9 15 6
Nsm 1.12 x 10° 3.74 x 108 2.68 x 108 5.38 x 108 2.44 x 108
Nrs 1.12 x 10° 3.74 x 108 2.68 x 108 5.38 x 108 2.44 x 108
du=11
NRrs(u) 3.48 x 10° 1.41 x 10° 3.85 x 10° 1.88 x 10° 456 x 10°
Nrs(uy/Nsm 3.108 3.782 4.505 3.493 1.873
dv=17
NRrs(u) 1.15x 10° | 451x108 | 6.46 x 108 5.9 x 108 1.68 x 10°
Nrsuy/Nsm 1.029 1.207 2.409 1.096 6.903
du=1.9
Nrs() 1.15x 10° | 4.92 x 108 1.3 x 10° 6.01 x 108 3.74 x 108
Nrs(uy/Nsm 1.026 1.316 4.831 1.117 47.58

4. Conclusion

In summary, the total cross-sections versus the scaling dimension dy and the center-of-mass energy

x/g is evaluated with the appropriate parameters and energy reaches that have been concerned recently.
The numerical results and the plots show that the total cross-sections of the process in RS(U) have more
considerable increases when compared to the two models SM and RS, without unparticles. The
contribution of Higgs and Radion to the processes is minimal, which induces the figure equivalence of
the cross-sections of SM and RS. When we have the polarized cases of the incoming and outgoing beams
of particles, the TCSs of the polarized left-handed conditions or right-handed conditions of particle
beams are larger than mixed conditions between left- and right-handed and any other polarized. With
the emergence of unparticles, the total cross-section of the process ee” —e*e™ at near and multi-TeV
energies is much greater than itself at lower energy reach below roughly 3 TeV when the unparticle
dimension of scale dy is 1.7 and 1.9.
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