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Abstract. We investigate the effects of unparticles on vy — 7y scattering for the photon collider mode of
the future multi-TeV eTe™ linear collider. We show the effects of unparticles on the differential, and total
scattering cross sections for different polarization configurations. Considering 1-loop standard model back-
ground contributions from the charged fermions and W= bosons to the cross section, we calculate the upper
limits on the unparticle couplings Ag to the photons for various values of the scaling dimension d (1 < d < 2)

at 1/s = 0.5-5 TeV.

1 Introduction

Recently, a mind-blowing, and very interesting, new phys-
ics proposal has been presented by Georgi [1]. According to
this proposal, there could be a scale invariant sector with
anontrivial infrared fixed point living at a very high energy
scale. Since any theory with massive fields cannot be scale
invariant, the standard model (SM) is not a scale invari-
ant theory. Therefore, such a scale invariant sector, if any,
should consist of massless fields and would interact with
the SM fields at the very high energies. One of the most
striking low energy properties of that proposal is that using
low energy effective theory considerations one can calcu-
late the possible effects of such a scale invariant sector for
TeV scale colliders.

In [1], the fields of a very high energy theory with a non-
trivial fixed point are called Banks—Zaks (BZ) fields ac-
cording to [2]. Interactions of BZ operators Opz with the
SM operators Ogp are expressed by the exchange of par-
ticles with the very high energy mass scale M’f, in the
following form:

ML,&OBZ Oswm , (1)
where the BZ and SM operators are defined as Oz € Opy
with mass dimension dgz, and Ogy € Ogy with mass di-
mension dgy. The low energy effects of the scale invariant
Ogy fields imply a dimensional transmutation. Thus, after
dimensional transmutation, (1) is given by

Cydgpe?
—4—0yOswm , 2
ME uOs (2)
where d is the scaling mass dimension of the unparticle
operator Oy (in [1], d = dy ), and the constant Cy, is a co-
efficient function.
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Using the low energy effective field theory approach,
very briefly summarized above, in [1, 3] the main properties
of the unparticle physics are presented. A list of Feynman
rules for the unparticles coupled to the SM fields [4, 5], and
several implications for collider phenomenology are given
in [6-9]. In this paper, our calculations are based on the
conventions of [4, 5].

Searching for new physics effects, the e™e™ linear collid-
ers have an exceptional advantage because of its appealing
clean background and the options of ey and vy colliders
based on it. Recently, for new physics searches, as a multi-
TeV energy electron—positron linear collider, the compact
linear collider (CLIC) proposed and developed at CERN; is
seriously taken into account. Numerous works on the CLIC
have been done so far [10-14]. As other e*e™ linear collid-
ers, the CLIC would have e~ e ™, ey and 7y collider options
and the possibilities of polarized e™ and e~ beams. In this
paper, we consider the v collider option of the CLIC to
search for unparticle physics effects. Our results can easily
be extended for other possible future multi-TeV scale lin-
ear electron—positron colliders [15]. In [16,17], a detailed
analysis of the vy option of an ete™ collider has been
given. Since the vy — v~ process can only occur at loop
level in SM, it gives a good opportunity to test for new
physics which has tree level contributions to the scattering
amplitude [18—20]. Regarding this process, as new physics
searches, for example, supersymmetry [19,20], large ex-
tra dimensions [21,22], and noncommutative space-time
effects [23] have been taken into account. Here, we study
the effects of the unparticles on this process.

2 ~~ scattering

The lowest order SM contributions to the v — v~ pro-
cess are 1-loop contributions of the charged fermions and
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W# bosons. In the limits of the Mandelstam parameters
obeying s, |t|, |u| > MZ,, and using certain symmetry ar-
guments given in [18-20], those 1-loop contributions can
be expressed briefly. We present the corresponding 1-loop
SM amplitudes in Appendix A.1. The analysis of Fox et
al. [24] highlights that the existence of the scalar unparti-
cle operator leads to conformal symmetry breaking when
the Higgs operator gets a vacuum expectation value. If this
symmetry breaking occurs at low energies, some strong
constraints are imposed on the unparticle sector. Here, we
assume that the effects of the unparticle sector at future
high energy collider energies could be measurable.

Using the low energy effective field theory assumptions
of [3-5], the photon—photon—scalar unparticle interaction
can be parametrized as )\OFM,,FWOM/A?J, where \g is an
effective coupling of order O(1) and F),, is the photon field
strength. We use the appropriate form of the scalar un-
particle propagator, Ar(q?) = QSiffdﬂ) (—¢*)%2. Since the
Mandelstam parameter s > 0, there is a complex phase fac-
tor due to the s channel amplitude. Thus, for an s channel
propagator one can consider (—s?)?72 = (s)?"2e~197 [4,
5]. The implications of such a complex factor could be
studied only through interference terms.! The interesting
features of this phase through s channel interference be-
tween SM and unparticle amplitudes have been discussed
by [3]. Here, we present a more detailed study of the effects
of unparticles on the differential and total cross sections for
different initial polarization configurations to cover a wide
range of the parameter space of the unparticle sector.

There are three tree level diagrams contributing to
¥(p1)v(p2) = v(p3)y(pa) scattering amplitude from the ex-
change of the scalar unparticle Ug which can be expressed
with the following amplitudes:

LA v
MLS,S = {6“(101) [41—0[—P1-P29uu+1?1up2u]}6 (p2)}

A
* : )‘ o*
X {6” (ps){41A—2[—p3-p4gpa+psap4p]}e (p4)]
U
iAd 2 d—2
X {ZSindw[_(pl +p2) ] ] ) (3)

. A
lels = {Gp (p3) [41/1—2[}?1 -P39up _plppiiu]] et (pl)}
U

A ,
X {e”*(m) {41A—g[p2.p4gug—ngp4u]]e (pa)]
U

" 1Ay
2sindmr

[~ (@ —P3)2]d2] , (4)

u O * 3 )\
My, = {e (p4) [‘hﬁ [P1-P4Gpo — P1ap4u]} et (pl)]

A ,
X |:€p* (p3) |:41A_2 [p2 -P3Gvp — p2pp3v]:| € (p2):|
U

L After we put the first version of the present paper online,
Chang et al. [8], have discussed the implications of this phase in
the same context as our paper does.
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Fig. 1. The unpolarized differential cross sections with pure
SM and with SM +U effects at \/see = 1 TeV. For the unparticle
effects, \g/Ay =0.2TeV~1 d=1.1,1.3 and 1.5

iAq

2s,ind71'[_(p1 —pa)’7? (5)

with

1672 I'(d+1/2)

Aa= (2r)2¢ T(d—1)T'(2d)’ ©)

where Ay is the energy scale for the scalar unparticle
operator.? In the calculations of the unpolarized and po-
larized cross sections, we use the expressions given in the
appendix. To give an idea of unparticle effects on the un-
polarized differential cross section, do/d cosf with and
without unparticle effects is plotted in Fig. 1. In this figure,
we choose Ao/ Ay = 0.2 TeV~! and the values d=1.1, 1.3
and 1.5 at /s, = 1 TeV. One can see from Fig. 1, that the
unparticle effect increases while the scaling dimension d
approaches to 1. The unpolarized total cross section with
respect to the center of mass energy of the mono-energetic
photon beams with and without unparticle contributions
is plotted in Fig. 2. For the unparticle effects in that plot,
we assume that \g/Ay = 0.1 TeV~!, and we compare the
shape of the distribution for d = 1.1 and 1.5.

For the polarized cross section calculations of the back-
scattered photons, we define M;;1; to be the helicity am-

2 Very recently, after the first version of this paper appeared
online, Grinstein et al. [25] have commented on several issues
related to the unparticle literature. Besides the comments on
the scaling dimensions and the corrections in the form of the
propagator for vector and tensor unparticles, they have pointed
out that a generic unparticle scenario generates contact inter-
actions between particles. Therefore, there could be generically
a contribution like, for example, our (5), but without a g¢-
dependent propagator. In our analysis we have not considered
such contributions, in other words, for very high energy physics
effects due to the unparticle sector, we consider only Og\ Oy
type interactions between unparticles and SM particles, and
we do not consider Og)1Osnm type contact interactions between
SM fields.
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Fig. 2. The unpolarized cross sections for SM and SM +U. For
unparticle effects, Ag/Ay =0.1 TeV ™!, d=1.1 and 1.5

plitude of yy — ~~y scattering. We use the following defini-
tions:

| M (++)]? :ZIM(++ij)|2, (7)
IM(+—)I2=Z|M(+—U)I2, (8)

where the summations are over the helicities of the outgo-
ing photons. Therefore, depending on the initial fermion
polarization P,, and the laser beam polarization hj, the dif-
ferential scattering cross section in terms of the average
helicity h. can be written as

do 1 OO ) f(a)
% d dapo, L30T L2)
dcosf  (64m) /a:1min xl/l, 2 $

g [<1+h7(x§ )h”(ngﬂ;!MSM*”wH)IQ
+ <1_h’7(x21)h7($2)> |MSM+L{S(+_)|2 7

9)

where f(z) is the photon number density and h. is the
average helicity function presented in Appendix A.3, and,
as y/See = /s is the center of mass energy of the ete™ col-
lider, Vi= \/T1T25c, is the reduced center of mass energy
of the back-scattered photon beams. Furthermore, x =
E,/E, is the energy fraction taken by the back-scattered
photon beam. In our analysis, we follow the usual col-
lider assumptions (see, for example, [22,23]) and we take
|| =1 and | P.| = 0.9. Considering the kinematical region
M3, /s, | M, /t|, | M, /u| <1 the dominant amplitudes for
the SM 1-loop contributions are given in Appendix A.1l. In
our analysis, we use the cuts 7/6 < § < 57/6 and /0.4 <
T; < Tmax, Wwhich have been used in the literature, where
Tmax 1S the maximum energy fraction of the back-scattered
photon, and its optimum value is 0.83.

In Figs. 3 and 4, to present a schematic behavior of the
polarized cross section with or without unparticle contri-
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Fig. 3. The total polarized cross sections for SM and for
SM + U with the polarization configuration (++). Here, we as-
sume A\g/Ay =0.1 TV, d=1.1and 15

1005 | — SM .
F - U(L.D) ]
[ |- SM+U(1.1) 1
10F |- U5 SR
; SM+U(1.5) PP
@ e —————— " P - - 4
v I
0.1f 3
E ./’ E
0.01 Ll

N ‘
4000 5000

L | L
3000
12
(s,r) (GeV)

1000 2000

Fig. 4. The total polarized cross sections for SM and for
SM + U with the polarization configuration (+—). Here, we as-
sume that A\g/Ay =0.1 TV~ d=1.1and 1.5

butions; we plot the total cross section for two different
polarization configurations of the initial beams. We use the
following definitions for the polarization configurations:
++H)=(H+++)=(P1=0.9,hn =1; P2 =0.9, hi2 = 1),
and (+—) = (+ - +—) = (Pel = 0.9,h11 = —1;Pe2 = 09,
hiz = —1). Those figures could give an idea of the de-
pendence on the scaling dimension d of the unparticle
contribution.

3 Limits

Searching for unparticle effects in high energy vy — v
scattering, we extract the upper limits on the unparticle
coupling Ay regarding the 95% C.L. analysis. In the cal-
culations, we use the standard chi-square analysis for the
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Fig. 5. The angular distribution for SM and for SM + U cross
sections with the polarization configuration (++). Here, we as-
sume that \g/Ay =0.3 TeV~!, d=1.1and 1.3 at /see = 1 TeV

following x? function:

2

do; do;
X2 _ Z dcose(SM)_ dcosG(SM+u) (10)
- do; ’
% 0 dcos@ (SM)
where § df(‘)’s 7 is the error of the measurement. For a one

sided chi-square analysis, we assume x? > 2.7, and we take
the two possible luminosity values, £ =100fb~! and £ =
1000 fb~! per year. We calculate the upper limits on the
coupling of the scalar unparticles by performing a fit to
a binned photon angular distribution as shown in Figs. 5
and 6. For the signal and background calculation, we take
into account only the statistical error on the SM distribu-
tion. However, systematic errors should be considered in-
cluding et /e~ beam conversion, photon—photon collisions

and detector effects for the detection of photons, and if

they are controlled well, the limits can be improved and
benefit from the advantage of high luminosity. Our limits
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Fig. 6. The angular distribution for SM and for SM +U cross

sections with the polarization configuration (4+—). Here, we as-
sume that A\g/Ay =0.3 TV~ 1, d=1.1and 1.3 at /5ec = 1 TeV
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Fig. 7. Upper limits on the scalar unparticle coupling A\g de-
pending on Ay for (++) polarization at CLIC, with 5 TeV
energy

Table 1. Upper limits on the A\ for the polarization configuration (++) for £ = 100(1000) fb~! and Ay = 1000 GeV

V3 (GeV) d=1.01 d=1.1 d=1.3 d=15 d=1.7 d=1.9
500 0.0865(0.065) 0.113(0.085) 0.194(0.1455) 0.316(0.237) 0.479(0.359) 0.551(0.413)
1000 0.0605(0.0455)  0.0745(0.056) 0.1115(0.0835)  0.1585(0.1185) 0.2095(0.157) 0.2105(0.1575)
3000 0.0300(0.0225)  0.0335(0.0250)  0.0403(0.030) 0.0458(0.0345) 0.0485(0.0365)  0.0393(0.0295)
5000 0.0213(0.016) 0.0225(0.017) 0.0245(0.0185)  0.0253(0.019) 0.0243(0.0183)  0.0178(0.0133)

Table 2. Upper limits on the g for the polarization configuration (+—) for £ = 100(1000) fb~! and Ay = 1000 GeV

V5 (GeV) d=1.01 d=1.1 d=13 d=15 d=1.7 d=1.9
500 0.069(0.052) 0.091(0.0685) 0.1625(0.122) 0.2765(0.2075) 0.432(0.324) 0.504(0.378)
1000 0.0478(0.0358)  0.0593(0.0443)  0.0925(0.0695)  0.1375(0.1033) 0.1875(0.1408)  0.1915(0.1435)
3000 0.0235(0.0178)  0.0265(0.0198)  0.0333(0.0250)  0.0398(0.0298) 0.0435(0.0328)  0.0358(0.0268)
5000 0.0165(0.0125)  0.018(0.0135) 0.0205(0.0153)  0.022(0.0165) 0.0218(0.0163)  0.0165(0.0123)
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Fig. 8. Upper limits on the scalar unparticle coupling Ay de-
pending on Ay for (+—) polarization at CLIC, with 5TeV
energy

on )\ are presented in Tables 1 and 2 for two polarization
configurations.

Since the cross section is proportional to A§/A%, our
limits can be restated regarding the corresponding behav-
iors of Ag and Ay. In Figs. 7 and 8, for the polarization
configuration (++) and (+—), we plot the corresponding
behaviors of Ay and Ag. The right hand side of each curve
is ruled out according to the 95% C.L. analysis. For the
analysis schemes discussed above similar results can eas-
ily be obtained for the other center of mass energies with
low/high luminosities.

4 Conclusion

For different values of the scaling dimension d, we put up-
per limits on Ag assuming that scalar unparticle effects
on the polarized cross section can be distinguished from
the SM contribution at 95% C.L. In our analysis, we con-
sider the multi-TeV CLIC electron—positron collider, which
will be launched at the CERN, for center of mass ener-
gies /s = 0.5-5.0 TeV and luminosities £ = 100fb~! and
L = 1000 fb~! per year. Our limits are consistent with the
limits calculated from other low and high energy physics
implications [6, 7]. Our calculations show that the limits
on Ao get more stringent as one increases the luminosity
and the center of mass energy of the collider.
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A Appendix

A.1 1-loop SM amplitudes

The lowest order SM contributions to the vy — v process
are 1-loop contributions of the charged fermions and W+
bosons. There are 16 helicity amplitudes contributing at
the 1-loop level, and only three of them can be stated inde-
pendently. We can choose them (++ ++), (+++—), and
(++——). In the limits s, |¢],|u| > M3, the only signifi-
cant contributions come from the (+ + ++) polarization
configuration, and that can be expressed in the following
form [18—20]. For the W boson contribution, we have

1. [ —§—i i
+1682 | =In [ —5— ) In [ —5— (A1)
5t My My
1 5—ie —i— ie
+—1In 5 In 5
SU my, my,
1 A9 _E_ . s
10 ln< 216)1n< - 16), (A.2)
tu Miy miy

for the fermion loop,

M), (54,9)

24
an

<55 [ (555%) = (5]
(B[ () ()] +)

where @y is the fermion charge, m; is the mass of the
fermion, and for the helicity amplitudes we use Mp, hyhshy
with the photon helicities h; = &. Using the assumptions
given in [19,20], the other significant helicity amplitudes
can be generated by using the relations M, (3, Lf, ) =
Myi14(0,¢,8) and My (8,1, 0) = My 1 (8,14,1).

A.2 Expressions for unparticle contributions

In the calculations, we assume the following center of mass
reference frame kinematical relations:

If pg:E(170707_1)7
ph = E(1,sin6,0,cosb),

i =FE(1,—sin6,0,— cosf),

po 1

1

. 1 .
\/5(07]117170)7 65:_2(07_h23130)7

(A.4)
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where €1 = €1(h1), €2 = €1(h2), etc., hy, he = {+, —} stand
for the polarizations, and we assume that the summation is
over the final state polarizations.

Therefore, one may find the following terms:

| Mg (+0)” = [ Mg ()" = S [F@P (5]
M (4 = (Mg (—+)[ =0
[ Ml () = | My (+) [ = [ M (=)

— M () = Sglr@P-o
Mg+ = (Mg () = [ Mg ()

= Mg () = Gl @R

.(A.5)

The phase exp(—idn) is associated with the s — ¢ and s — u
channel interference:

2Re (M*; M'ug) (++) = 2Re (M3 M'yg) (——)
= @[5~ cos(ar)

2Re (M M'yg) (+-) = 2Re (M} M'us) (—+) =0,
2Re (M*[g M"u5)(++4) = 2Re (M3 My ) (— =)
= SF@P[s] ) cos(an)
2Re (M°}, M"yg) (+—) = 2Re (M°[, M*"ys) (—+) =0,
2Re (M'[ M"yg)(+—) = 2Re (M}, M*y5) (—+) =0,
2Re (M} M"yg) (++) = 2Re (M* [ M y5) (——)

1

= @[, (4.6)
where
F(d) = % . (A7)

After the first version of this paper appeared online,
similar work has been appeared [8,9]. Our revised equa-
tions including the unparticle phase are in agreement with
those papers. If one takes the average over the squared he-
licity amplitudes, then one gets

|MJ? = i[f(d)]2 {817+ [+ [~ ]+ [tu)?

+([s]d[—t]d+ [s]d[—u]d) cos(dw)} ) (A.8)

A.3 Polarization functions

Let he and hj be the polarizations of the electron beam and
the laser photon beam, respectively. According to [16,17],
the following function can be defined:

C’(x):li—x+1—x—4r(1—r)

—helirz(2r—1)(2—z), (A.9)
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where r = ﬁ, and z = 4E.Ey/m? describes the laser

photon energy. Therefore, the photon number density is
given by

2o

f(x, he, i, 2) = < >C(gc), (A.10)

m2zo.
where

zuuh | CUNEL PSS L S
o= ———= -+t ——
m2z z 22 2z 2(z+1)?

€

2
+ hely (2”20‘ ) [(1 + g)ln(z +1)
miz z

5 1 1 ]

2+z—|—1_2(z—|—1)2

The average helicity is given by

iy (@, e, In, 2) = ﬁ){h [lf—x +a(2r— 1)2]

—h1(2r—1)(1—x+ﬁ>}.

(A.12)
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