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Abstract: The process u" &~ — u" o is studied from unparticle physics perspective in Randall-
Sundrum model. We calculated and evaluated the cross sections independently for photon (y), Z
boson (Z), vector unparticle (U%), Higgs (h), radion (¢ ), scalar unparticle (U) exchange. Numerical
calculations showed that the contribution of unparticle exchange dominates in a very high energy
region. While y and Z contribute mainly in the lower region, h and ¢ contribution is negligible in

comparison with the other exchanges. The results are plotted in the energy ranges available in the
present designs of accelerators and near future high energy frontier muon colliders as shown by
International Muon Collider Collaboration articles.

Keywords: Muon production, unparticle physics, "z~ collisions, muon colliders, Randall-Sundrum
model.

1. Introduction

It is renowned that the conformal symmetry plays a pivotal role in both the field theory, theory of
superstring and the critical phenomena. In particle physics in four dimensional spacetime, however, the
symmetry is broken by the masses of particles. Furthermore, conformal symmetry exists classically and
also broken by the effect of renormalization. At the high energy scale, there might be fields with
nontrivial scale invariance, such as the Banks-Zaks field [1], which is suggested by Georgi [2] as scale
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invariant stuff or unparticles. The existence of unparticles is considered a component of the Beyond
Standard Model (BSM) physics above the TeV scale. The theories with nontrivial infrared fix point is
sophisticated, Georgi has used the method of the low effect field theory to study unparticles production
[2] and unusual virtual effects in high energy processes [3]. The very high energy theory contains the
SM field and Banks-Zaks (BZ) fields with a nontrivial infrared fixed point. The operators O,, made of
BZ fields interacting with the operators O, built out of SM fields through the exchange of particles

with a large mass M, , which has the following form:

1
Mo Og Ogz 1)

where dg, and dg, are mass dimensions of SM and BZ fields, respectively. The BZ operators match
onto the unparticle operators O, below the energy A, because of dimensional transmutation from
renormalization effects in the BZ sector [4], then (1) will have a form:

dgz —dy
AU
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where d,, is the scaling dimension of the unparticle operator O, and the constant Cq, is a coefficient

function fixed by the matching condition. In this work, we will restrict ourselves to the scalar and vector
unparticle operators as propagators in = process which transforms under the standard model gauge
group as a standard model singlet [5, 6]. From the effective interactions satisfying the gauge symmetry
for the scalar and vector unparticle operators with SM fields in [5], we will have Feynman rules as
follows:

P 20 _/’10 j0 P ﬂo v v
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where 7 are dimensionless effective couplings (C,, Al ) I M S == from the form (2) with the index

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

Aju

A 2 — _ 2\dy -2

scalar(q ) 28|n(du7l')( q )
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veetor (07) 2sin(d, 7 OIU”)( Q)" " 7,(q)
where
167°\z  T(d, +1/2) q,d

= y el id 5
Aiu (272_)2du F(du _1)F(2du) 72'/”/ (q) g,uv + qz ( )

(—q?)is defined as follows, it is positive in t- and u-channel, but negative in s-channel process



L. M. Dung, D. T. L. Thuy / VNU Journal of Science: Mathematics — Physics, Vol. 39, No. 1 (2023) 13-26 15

o q° <0
dy -2 eHr g 50 (6)

o9
(-a7)=

o

Even though the undoubted success of the SM, it still has problems in terms of theoretical aspects.
The need of new physics has become urgent as there have been several problems relating to the gauge
hierarchy between the Planck scale and the weak one. The SM evidently offers no explanation of mass
hierarchy, of dark matter, of the baryon asymmetry, etc. In due course, many attempts and theories are
proposed to solve the problems, yet the Randall-Sundrum (RS) model is one of the most prosperous
extensions to be existed. The RS model was formulated by Randall and Sundrum [7], who hypothesize
a five-dimensional universe with two four dimensional surfaces called 3-branes. All the SM particles
and forces are assumed to be confined to the IR brane, the gravity lives on the UV brane and in the bulk.
The model is defined by the five-dimensional action

— R
S= __‘-d 4Xdy\/_g (167[6 + Aj + Id 4X\/_ghid (Lhig —Viia) + Id 4X\/_gvis (Luis —Viis) )
5

where  §“°(4,v=0,1,2,3,4,where 4 refers to the coordinate y) is the bulk metric,
giy =6 (x,y=0)and g4 =§* (x,y=1/2) are the induced metrics on the branes. If the boundary

conditions are periodic and the bulk and brane cosmological constants satisfying this relation
Almy=-V,,, =V, =-12m, / £*. We will have the background metric of the RS1 model

Vi

ds® =e 7", dx"dx” —bydy? (8)

where o(y) =myb,[y(26(y) —1) —2(y —1/2)0(y —1/ 2)], bo is a constant parameter is not determined

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

My —> M, +€h,, (XY); by =D, +b(x) 9)

In the RS model, the bare parameters are valued by the Planck scale. The applicable value for size
of the extra dimension is adjusted by kr.z=35(rc is the compactification radius and k is the bulk

curvature). Therefore, the weak and gravity scales are generated in a natural way. The mixing of gravity
and scalar has the following form

S§ = _é:_[d 4X\/ gvis R(gvis)l:l Tl:' (10)
whereéis the dimensionless mixing parameter, R(gvs) iS the Ricci scalar for the metric

gL = Q2 (X)(7™ +h*)induced on the visible brane. ©, (x)=e""(L+¢, / A,)is the warp factor, ¢,

is the normalized massless radion field, H is the Higgs field in the five dimensional universe before
rescaling on the brane. The mixing term mixes the ho and ¢, into the mass eigenstates h and ¢

h) (1 —6&/Z\(cos® sing)(h) (d c\(h
¢oj_(0 1/2 j[—sine cosej@j_(b aj@] 11)

where
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y=-.2=\p-3657", p=1-657,
¢
. (12)
=COZSH, b=—5m0, c=sin6’—62ﬂcose, d =cose+62ﬁsim9

The mixing angle is given by

2

tan 20 =12y£7 (13)

hy
m; (2% —36£%y%) —m;,

Subsequently, the new physical field h and ¢ are Higgs-dominated state and radion with the mass

my, :Z—;Z[mjo + pmy i\/(mj0 + pmg )? —4Z°m; mpy } (14)

A review of muon physics and up-to-date colliders experiments — Regarding the muon process,
muons could be accelerated and interact in the collider rings without suffering from the great
synchrotron radiation losses that presently restrain the performance of electron-positron colliders. The
proposal of muon colliders has received huge interests from the particle physics community in recent
years on account of its potential of reaching very high energies in a compact tunnel at comparatively
low expense. It has also been argued that the discovery probability of certain processes or heavy particles
ata 14 TeV muon collider matches that at a 100 TeV pp (proton-proton) collider namely Future Circular
Collider (FCC-hh) [8, 9] when the available beam energy is carried by muon particles. A muon collider
is expected to be one of the most energy efficient selections for the exploration of new physics in the
energy frontier from 2 TeV to approximately 10 TeV [10]. For the first time, unstable particles have
been deployed in a collider.

In principle, the new energy frontiers colliders with more complex structures of magnets and more
advanced and longer tunnels, then the expense is also a great concern. Exploring the feasibility of
collider technology and building new accelerator not just provide better alternatives but will be
transformative in bringing the field of particle physics, high energy physics and nuclear physics closer
to the new energy regions.

2. Calculation

Applying the Feynman rules and effective interactions, one can have diagrams shown in Fig. 1.

p (p1) 't (ko) 1 (p1) p (k1)
v, Ly Ut
1t (ps) 1 (k) 1 (p2) pt(ke)

s-channel u-channel
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———————— ]l h, (/)J Z/{
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Figure 1. Feynman diagrams of the process u'u — u' .

We consider the two following processes in which the initial state of muon beams are unpolarized.
The propagating contributions arey , Z, h, ¢, scalar and vector unparticles U and U“.

©uy, LU

(15)
o hg U
The transition amplitudes are given by
via (7, Z, U*) exchange
im? _ I
M;/:?V(pZ)yyu(pl)u(kl)y v(k,) (16)
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where g = p1 + p2 = ki + k.
By using these transition amplitudes, we evaluate the differential cross section of the process by
__ Lk
dcos® 1287s|p,
¢ is the scattering angle between p and k, .

the expression |M . |2 [11], where M is the transition amplitude, s =(p, + p,)?and

3. Results and Discussion

For numerical calculations, the primary parameters are chosen as follows: the vacuum expectation
of the radion field is A, =5 TeV [12], the radion mass has been chosen m, =10 GeV [13], the Higgs

mass m, =125 GeV, the mixing parameter £=1/6. The parameters of unparticle are selected:
A, =1000 GeV, 4, =4 =1landdy=1.7.

In the next part of this section, the differential cross sections (DCS) versus the cosine function of
scattering are plotted. In Fig. 2a and 2b, the DCS of the final state in s-channel reaches a maximum of
7.24 fb as cosO equals to =1, even so the final state in t-channel is observed with higher values as cos0

rises above 0.5. More noticeably, Z exchange of the process in s-channel is small in comparison with
the two exchanges ¥ and U* in s-channel and the DCS for Z exchange in t-channel has a large value of

0.27 x10°fb when cos0 is nearly 0.855. The value of DCS for vector unparticle has a considerable rise
as cos6 ranges around 0.5-1, significantly larger than the contribution of y exchange in t-channel.

There are the same patterns of (h, ¢ ) exchange or Higgs-radion propagator when it comes to the
scattering angle and the DCS values, thus far the contribution from ¢ exchange in both channels is
evidently negligible. Regarding (h, ¢ ) exchange, the DCSs decline from the maxima as cos0 runs from
-1 to 1 (in Fig. 3a and 3b). The effect of scalar unparticle propagator has greater impact on the
observation of the final state rather than the Higgs-radion effect. In Fig. 3c, the DCS decreases
significantly from the largest value of 5.82x10°fb in the whole process when compared to the other
exchanges. The figure decreases to 0 when cos6 ranges from —1 to 1. The DCS figures for (h,¢, U)
exchange in s-channel are not dependent on the scattering angle, the DCS figures are 4x107 fb,
4x107*° fb, 0.6x10°fb respectively. In t-channel, when cos0 is —1, we have three largest figures,
3.65x10 7 fh, 3.69497 x10 > fb, 5.8x10° fb for each exchange (h, ¢ , U).

To put in a nutshell, the DCS in the two mentioned processes via (7 , Z, U*) and (h, ¢, U) exchange

varies greatly in two channels, especially in terms of the range of value. Figure 1 shows that the
contribution from (7 , Z, U*) exchange is distributed rather consistently, which is different from the three

exchanges (h, ¢ , U) when the major contribution coming from scalar unparticles.

In the rest of this section, we plot the total cross sections (TCS) as functions of the collision energy
Jsvia (7, Z, U and (h, 4, U) exchange in s-channel and t-channel. The collision energy ranges from

100 GeV to 3 TeV, which seems applicable and probable for the present colliders namely CLIC, and
near future muon colliders [14-16].
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Figure 2. Differential cross sections as functions of C0S& through s-, t- channel with  , Z, U* exchange.

(f) U# exchange in t-channel



20 L. M. Dung, D. T. L. Thuy / VNU Journal of Science: Mathematics — Physics, Vol. 39, No. 1 (2023) 13-26

3.6950 '

3.64—\ 1 \
E s £ asoss)
2 £
“_c‘:; 3801 f“ 3.6946 -
; 358) ;;
! 'a 3.6944
; 356 ;
s c"Z:s.s.‘t— -y ?é
°l 3 Bl 8 36042
3.62
3.6940 1, . e
3 50-1‘.0 05 0.0 05 10 -1.0 -0.5 0.0 0.5 1.0
cosé cos@
(a) h exchange in t-channel (b) ¢ exchange t-channel

(W4 Sp* ") (10°toarn)
~

do;
dcos®

L . . L
=-1.0 =05 0.0 0.5 1.0
cos@

(f) U exchange in t-channel

Figure 3. Differential cross sections as functions of C0S& through s-, t- channel with h, ¢ , U exchange.

The TCS via y exchange decreases rapidly as the energy reaches 3 TeV, especially TCS in
s-channel, only around 0.4-1 TeV (Fig. 4a). Overall, the cross sections achieve the maxima region when
the collision energy is below 1.5-2 TeV, for the rest of the higher energy region above 2 TeV, it stays
flat (Fig. 6a).

In Fig. 4b, the different patterns in t-channel can be seen when the TCS via Z exchange rises
considerably following the increase of the collision energy. Meanwhile, the TCS in s-channel appears
to reach the bottom steeply and marginally increases as over 2 TeV threshold (Fig. 6c).

Prominently, U* exchange contribution in the process is tremendous especially in the 1.5-3 TeV,
t-channel becomes more effective to observe the final state 4"z~ via vector unparticles. As the results
of the DCS in the previous part of the section, in general, the effect of unparticle propagator is clearly
substantial in two channels, with an emphatic in t-channel figure (in Figs. 6e and 6f).

To sum up, via (7, Z, U*) exchange, the TCS in t-channel will give the most evident observation
due to the rapid change over a wide range of higher collision energies. More importantly, the
contributions of Z boson and vector unparticles are great and easily recognizable, especially for the
observation at very high energy, contrasting with the high value of TCS as for y exchange in lower

energy region.
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Figure 4. Total cross sections as functions of the center-of-mass energy via (7 , Z, U#) exchange.

Concerning the three exchanges (h,¢, U), in Fig. 5a the TCS via Higgs exchange is infinitesimal
(around 10 fb). The figure declines significantly when the energy reaches higher region above 1.5-2
TeV, but in the lower energy range below 1 TeV, the figure in t-channel has a larger drop.

Interestingly, the TCSs via ¢ exchange in channel s and t are extremely small and different in values
leading to the closeness of both TCSs (Fig. 5b). Yet we might recognize very small changes in both TCS

values if it is displayed in a higher quality figure (Fig. 7c and 7d). The TCS all decrease rapidly around
the 0.5-1 TeV region.

The TCSs via U exchange increase rapidly in the high energy range (Fig. 5¢); therein, the figure in
t-channel rises more exponentially than in s-channel (Fig. 7e and 7f), and even reach larger value of
more than 6x10°fb, the largest value for the TCS through both channels via every exchange.

Two important points to be mentioned here are the strong unparticle effect on the final state
observation via three exchanges (h, ¢ , U). The other point is that the energy regions chosen to make an
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observing scheme, for Higgs-radion, it should be lower in the colliders, the high end should be for the
scalar unparticles.

4
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(c) Total cross sections as functions of the center-of-mass energy via U exchange in s- and t- channel.

Figure 5. Total cross sections as functions of the center-of-mass energy via (h, ¢ , U) exchange.

In this part, we concentrated on total cross sections versus +/s in the appropriate energy range. The
energy reach we put a limit in the article is possible at the present and near future energy frontiers muon
colliders, namely 4 TeV muon collider FNAL Fermilab, a pulsed 14 TeV '~ collider in the LHC
tunnel at CERN [17, 18]. Apart from standard model particles contribution, the outstanding contribution
of unparticles and Z boson in high energy region adds up the figure of DCS and TCS, leading to the
more accurate measurements. Taking unparticle physics into account, its effect will be more of physical
significance. New physics, however, experimentally, will not be effortless to be observed separately in
high energy experiments as the concurrence of many models therein a huge amount of hidden and
secondary processes emerge. In the matter of the process u'u~ — u* o, through the exchanges of
photon, Higgs-radion, vector unparticles and scalar unparticles, we provide the calculation of these
particles exchange for the experimental cross-section. Under the case of this model with new particles
participation, those possibly contribute to some extent to the cross-sections results. That contribution
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consequently increases the cross-section which, no doubt, is not able to be separated with respect to each
of new particle exchanges.
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4. Conclusion

We have done numerical calculations and plotted the cross sections as functions of the scattering
angle and the collision energy. As for the scattering angle, the final state should be detected the most
via Z, U*, U exchange. The process via (7, Z, U*) exchange, the contribution of Z boson and unparticles

are the greatest in t-channel, when cos0 is close to 0.9-1 domain, especially in a very high energy region.
In the meantime, the y and part of Z exchange dominate the lower energy region as cosd = — 1. The
contribution of scalar unparticle in t-channel is more substantial than the other two exchanges (h,¢)

which only contribute to a slight extent. The results for total cross sections show that the contribution of
both scalar and vector unparticle exchange dominates in the very high energy region, while y has made
the major contribution in the lower energy, below 1 TeV. Z boson also contributes greatly to the final
state observation in the region of 1,5 - 3 TeV, however less significant than the unparticle. Higgs-radion
mixing only makes the extremely small contribution in the whole process, specifically in the whole
range of high energy. More importantly, unparticle physics matters in new energy frontiers and high
energy reach of colliders generally. The measurements and observation for new physics and other
important processes therefore become more physically recognizable in the upcoming valid experiments.
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