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Abstract. We investigate the effects of unparticles on γγ→ γγ scattering for the photon collider mode of
the future multi-TeV e+e− 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 andW± bosons to the cross section, we calculate the upper
limits on the unparticle couplings λ0 to the photons for various values of the scaling dimension d (1< d < 2)
at
√
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
a nontrivial 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 OBZ with the
SM operators OSM are expressed by the exchange of par-
ticles with the very high energy mass scale Mk

U in the
following form:

1

Mk
U

OBZOSM , (1)

where the BZ and SM operators are defined as OBZ ∈ OBZ
with mass dimension dBZ, and OSM ∈ OSM with mass di-
mension dSM. The low energy effects of the scale invariant
OBZ fields imply a dimensional transmutation. Thus, after
dimensional transmutation, (1) is given by

CUΛ
dBZ−d
U

Mk
U

OUOSM , (2)

where d is the scaling mass dimension of the unparticle
operator OU (in [1], d= dU ), and the constant CU 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 eγ and γγ 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−, eγ and γγ collider options
and the possibilities of polarized e+ and e− beams. In this
paper, we consider the γγ 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 γγ option of an e+e− collider has been
given. Since the γγ→ γγ 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 γγ scattering

The lowest order SM contributions to the γγ→ γγ 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| �M2W , 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 λ0FµνF

µνOU/Λ
d
U , where λ0 is an

effective coupling of orderO(1) and Fµν is the photon field
strength. We use the appropriate form of the scalar un-
particle propagator, ∆F (q

2) = Ad
2 sin(dπ)(−q

2)d−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 (−s2)d−2 = (s)d−2e−idπ [4,
5]. The implications of such a complex factor could be
studied only through interference terms.1 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

γ(p1)γ(p2)→ γ(p3)γ(p4) scattering amplitude from the ex-
change of the scalar unparticle US which can be expressed
with the following amplitudes:

MsUS =

[
εµ(p1)

[
4i
λ0

ΛdU
[−p1.p2gµν +p1νp2µ]

]
εν(p2)

]

×

[
ερ∗(p3)

[
4i
λ0

ΛdU
[−p3.p4gρσ+p3σp4ρ]

]
εσ∗(p4)

]

×

[
iAd
2 sindπ

[
− (p1+p2)

2
]d−2]

, (3)

M tUS =

[
ερ∗(p3)

[
4i
λ0

ΛdU
[p1.p3gµρ−p1ρp3µ]

]
εµ(p1)

]

×

[
εσ∗(p4)

[
4i
λ0

ΛdU
[p2.p4gνσ−p2σp4ν ]

]
εν(p2)

]

×

[
iAd
2 sindπ

[
− (p1−p3)

2
]d−2]

, (4)

MuUS =

[
εσ∗(p4)

[
4i
λ0

ΛdU
[p1.p4gµσ−p1σp4µ]

]
εµ(p1)

]

×

[
ερ∗(p3)

[
4i
λ0

ΛdU
[p2.p3gνρ−p2ρp3ν ]

]
εν(p2)

]

1 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.

Fig. 1. The unpolarized differential cross sections with pure
SM and with SM+U effects at

√
see = 1TeV. For the unparticle

effects, λ0/ΛU = 0.2 TeV
−1, d= 1.1, 1.3 and 1.5

×

[
iAd
2 sindπ

[−(p1−p4)
2]d−2

]
, (5)

with

Ad =
16π5/2

(2π)
2d

Γ (d+1/2)

Γ (d−1)Γ (2d)
, (6)

where ΛU is the energy scale for the scalar unparticle
operator.2 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, dσ/d cos θ with and
without unparticle effects is plotted in Fig. 1. In this figure,
we choose λ0/ΛU = 0.2 TeV

−1 and the values d = 1.1, 1.3
and 1.5 at

√
see = 1TeV. 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 λ0/ΛU = 0.1 TeV

−1, 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 Mijkl 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 q-
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 OSMOU
type interactions between unparticles and SM particles, and
we do not consider OSMOSM type contact interactions between
SM fields.
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Fig. 2. The unpolarized cross sections for SM and SM+U . For
unparticle effects, λ0/ΛU = 0.1 TeV

−1, d= 1.1 and 1.5

plitude of γγ→ γγ scattering. We use the following defini-
tions:

|M(++)|2 =
∑
i,j

|M(++ ij)|2 , (7)

|M(+−)|2 =
∑
i,j

|M(+− ij)|2 , (8)

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

dσ

d cos θ
=

1

(64π)

∫ 0.83
x1min

dx1

∫ 0.83
x2min

dx2
f(x1)f(x2)

ŝ

×

[(
1+hγ(x1)hγ(x2)

2

) ∣∣MSM+US(++)∣∣2

+

(
1−hγ(x1)hγ(x2)

2

) ∣∣MSM+US(+−)∣∣2
]
,

(9)

where f(x) is the photon number density and hγ is the
average helicity function presented in Appendix A.3, and,
as
√
see ≡

√
s is the center of mass energy of the e+e− col-

lider,
√
ŝ=
√
x1x2see is the reduced center of mass energy

of the back-scattered photon beams. Furthermore, x =
Eγ/Ee 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
|hl|= 1 and |Pe|= 0.9. Considering the kinematical region
M2W/s,

∣∣M2W/t∣∣, ∣∣M2W/u∣∣< 1 the dominant amplitudes for
the SM 1-loop contributions are given in Appendix A.1. In
our analysis, we use the cuts π/6< θ < 5π/6 and

√
0.4<

xi < xmax, which have been used in the literature, where
xmax is 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-

Fig. 3. The total polarized cross sections for SM and for
SM+U with the polarization configuration (++). Here, we as-
sume λ0/ΛU = 0.1 TeV

−1, d= 1.1 and 1.5

Fig. 4. The total polarized cross sections for SM and for
SM+U with the polarization configuration (+−). Here, we as-
sume that λ0/ΛU = 0.1 TeV

−1, d= 1.1 and 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:
(++)≡ (++++)= (Pe1 = 0.9, hl1 = 1;Pe2 = 0.9, hl2 = 1),
and (+−) ≡ (+−+−) = (Pe1 = 0.9, hl1 = −1;Pe2 = 0.9,
hl2 = −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 γγ→ γγ
scattering, we extract the upper limits on the unparticle
coupling λ0 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 λ0/ΛU = 0.3 TeV

−1, d= 1.1 and 1.3 at
√
see = 1TeV

following χ2 function:

χ2 =
∑
i

[
dσi
d cos θ (SM)−

dσi
d cos θ (SM+U)

δ dσi
d cos θ (SM)

]2
, (10)

where δ dσ
d cos θ is the error of the measurement. For a one

sided chi-square analysis, we assume χ2 ≥ 2.7, and we take
the two possible luminosity values, L = 100 fb−1 and L=
1000 fb−1 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 e+/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

Table 1. Upper limits on the λ0 for the polarization configuration (++) for L= 100(1000) fb
−1 and ΛU = 1000 GeV

√
s (GeV) d= 1.01 d= 1.1 d= 1.3 d= 1.5 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 λ0 for the polarization configuration (+−) for L= 100(1000) fb
−1 and ΛU = 1000 GeV

√
s (GeV) d= 1.01 d= 1.1 d= 1.3 d= 1.5 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)

Fig. 6. The angular distribution for SM and for SM+U cross
sections with the polarization configuration (+−). Here, we as-
sume that λ0/ΛU = 0.3 TeV

−1, d= 1.1 and 1.3 at
√
see = 1TeV

Fig. 7. Upper limits on the scalar unparticle coupling λ0 de-
pending on ΛU for (++) polarization at CLIC, with 5 TeV
energy
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Fig. 8. Upper limits on the scalar unparticle coupling λ0 de-
pending on ΛU for (+−) polarization at CLIC, with 5 TeV
energy

on λ0 are presented in Tables 1 and 2 for two polarization
configurations.
Since the cross section is proportional to λ40/Λ

4d
U , our

limits can be restated regarding the corresponding behav-
iors of λ0 and ΛU . In Figs. 7 and 8, for the polarization
configuration (++) and (+−), we plot the corresponding
behaviors of ΛU and λ0. 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 λ0 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 L = 100 fb−1 and

L = 1000 fb−1 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 λ0 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 γγ→ γγ 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, |t|, |u| �M2W , the only signifi-
cant contributions come from the (++++) polarization
configuration, and that can be expressed in the following
form [18–20]. For theW boson contribution, we have

M
(W )
++++(ŝ, t̂, û)

α2

≈ 12+12

(
û− t̂

ŝ

)[
ln

(
−û− iε

m2W

)
− ln

(
−t̂− iε

m2W

)]

+16

(
1−
3t̂û

4ŝ2

){[
ln

(
−û− iε

m2W

)
− ln

(
−t̂− iε

m2W

)]2
+π2
}

+16ŝ2
[
1

ŝt̂
ln

(
−ŝ− iε

m2W

)
ln

(
−t̂− iε

m2W

)
(A.1)

+
1

ŝû
ln

(
−ŝ− iε

m2W

)
ln

(
−û− iε

m2W

)]

+
16ŝ2

t̂û
ln

(
−t̂− iε

m2W

)
ln

(
−û− iε

m2W

)
, (A.2)

for the fermion loop,

M
(f )
++++(ŝ, t̂, û)

α2Q4f

≈−8−8

(
û− t̂

ŝ

)[
ln

(
−û− iε

m2f

)
− ln

(
−t̂− iε

m2f

)]

−4

(
t̂2+u2

s2

){[
ln

(
−û− iε

m2f

)
− ln

(
−t̂− iε

m2f

)]2
+π2
}
,

(A.3)

where Qf is the fermion charge, mf is the mass of the
fermion, and for the helicity amplitudes we useMh1h2h3h4
with the photon helicities hi =±. Using the assumptions
given in [19, 20], the other significant helicity amplitudes
can be generated by using the relations M+−+−(ŝ, t̂, û) =
M++++(û, t̂, ŝ) andM+−−+(ŝ, t̂, û) =M+−+−(ŝ, û, t̂).

A.2 Expressions for unparticle contributions

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

pµ1 =E(1, 0, 0, 1) , p
µ
2 =E(1, 0, 0,−1) ,

pµ3 =E(1, sin θ, 0, cos θ) ,

pµ4 =E(1,− sin θ, 0,− cos θ) ,

εµ1 =−
1
√
2
(0, h1, i, 0) , ε

µ
2 =

1
√
2
(0,−h2, i, 0) ,

(A.4)
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where ε1 ≡ ε1(h1), ε2 ≡ ε1(h2), etc., h1, h2 = {+,−} stand
for the polarizations, and we assume that the summation is
over the final state polarizations.
Therefore, one may find the following terms:

∣∣MsUS(++)
∣∣2 = ∣∣MsUS(−−)

∣∣2 = 1
8
[f(d)]2[s]2d∣∣MsUS(+−)

∣∣2 = ∣∣MsUS(−+)
∣∣2 = 0∣∣M tUS(++)

∣∣2 = ∣∣M tUS(+−)
∣∣2 = ∣∣M tUS(−+)

∣∣2
=
∣∣M tUS(−−)

∣∣2 = 1
16
[f(d)]2[−t]2d∣∣MuUS(++)

∣∣2 = ∣∣MuUS(+−)
∣∣2 = ∣∣MuUS(−+)

∣∣2
=
∣∣MuUS(−−)

∣∣2 = 1
16
[f(d)]2[−u]2d .

(A.5)

The phase exp(−idπ) is associated with the s− t and s−u
channel interference:

2Re
(
Ms∗USM

t
US

)
(++) = 2Re

(
Ms∗USM

t
US

)
(−−)

=
1

8
[f(d)]2[s]d[−t]d cos(dπ) ,

2Re
(
Ms∗USM

t
US

)
(+−) = 2Re

(
Ms∗USM

t
US

)
(−+) = 0 ,

2Re
(
Ms∗USM

u
US

)
(++) = 2Re

(
Ms∗USM

u
US

)
(−−)

=
1

8
[f(d)]2[s]d[−u]d cos(dπ) ,

2Re
(
Ms∗USM

u
US

)
(+−) = 2Re

(
Ms∗USM

u
US

)
(−+) = 0 ,

2Re
(
M t

∗
US
MuUS

)
(+−) = 2Re

(
M t

∗
US
MuUS

)
(−+) = 0 ,

2Re
(
M t

∗
US
MuUS

)
(++) = 2Re

(
M t

∗
US
MuUS

)
(−−)

=
1

8
[f(d)]2[tu]d , (A.6)

where

f(d) =
8λ20Ad

Λ2d sin(dπ)
. (A.7)

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

|M̄ |2 =
1

4
[f(d)]2

{
[s]2d+[−t]2d+[−u]2d+[tu]d

+
(
[s]d[−t]d+[s]d[−u]d

)
cos(dπ)

}
. (A.8)

A.3 Polarization functions

Let he and hl 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) =
1

1−x
+1−x−4r(1− r)

−hehlrz(2r−1)(2−x) , (A.9)

where r = x
z(1−x) , and z = 4EeEl/m

2
e describes the laser

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

f(x, he, hl, z) =

(
2πα2

m2ezσc

)
C(x) , (A.10)

where

σc =

(
2πα2

m2ez

)[(
1−
4

z
−
8

z2

)
ln(z+1)+

1

2
+
8

z
+

1

2(z+1)2

]

+hehl

(
2πα2

m2ez

)[(
1+
2

z

)
ln(z+1)

−
5

2
+
1

z+1
−

1

2(z+1)2

]
. (A.11)

The average helicity is given by

hγ(x, he, hl, z) =
1

C(x)

{
he

[
x

1−x
+x(2r−1)2

]

−hl(2r−1)

(
1−x+

1

1−x

)}
.

(A.12)
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