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Introduction
Georgi’s notion of  unparticle stuff  (PRL, 98 (2007) 221601) 
is based on 
(1) Existence of  a hidden sector (e.g. Banks-Zaks theory) at a high 
energy scale      but flows to an infrared fixed point at a low energy 
scale       through dimensional transmutation ----
                Unparticle stuff  emerges below 
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(2) Effective field theories to describe SM particles 
couplings with unparticle stuff
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Unparticle operator        emerges that scales with non-integral scaling dimension   OU
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Unparticle Phase Space (Georgi, PRL, 98 (2007) 221601)

• N massless particle phase space: (p1 + p2 + · · · + pn)2 = s2

dLIPSn = Ansn−2, An =
16π5/2

(2π)2n

Γ(n + 1
2 )

Γ(n− 1)Γ(2n)

• By scale invariance

Φ(P 2
U ) = Adθ(P 0

U )θ(P 2
U )(P 2

U )d−2

• Identifies d→ n ; Ad → An

• Unparticle resembles a collection of d (non-integral) massless particles
• Unparticle stuff has continuous mass distribution – Infraparticles in QFT
(Schroer, 1963, 2008)



Unparticle propagator
[Georgi, PLB650, 275 (2007); Cheung, Keung and TCY, PRL 99, 051803 (2007).]

• Spin 0:

∆U (P ) =
Ad

sin(dπ)
1

(−P 2 − i0+)2−d

• Spin 1:

∆µν
U (P ) = Πµν(P )∆U (P ) ; Πµν(P ) = −gµν +

PµP ν

P 2

• Spin 2:

∆µνρσ(P ) =
1
2

[
Πµρ(P )Πνσ(P ) + Πµσ(P )Πνρ(P )− 2

3
Πµν(P )Πρσ(P )

]
∆U (P )

• For non-integral d and time-like P 2, there is a CP-conserving phase exp(−idπ)
in the propagator.

(Transverse)

Fermionic unparticle propagator:
See Luo and Zhu, PLB659, 341 (2008); Liao, 0804.0752; 
Basu, Choudhury and Mani, 0803.4110]  

SU (P ) =
F (d)

2 sin(dπ)

[
(−P 2 − i0+)(d−2) − tan(dπ)(−P 2 − i0+)(d−

5
2 )/p

]
; F (d) =

16π5/2

(2π)2d−1

Γ(d)
Γ(d− 3

2 )Γ(2d− 1)



Conformal unparticle propagators
[Grinstein, Intriligator and Rothstein, PLB 662 (2008) 367]

• spin 1 :

Πµν(P ) = −gµν + 2
(

d− 2
d− 1

)
PµP ν

P 2

• spin 2 :

Πµν,ρσ(P ) =
1
2

{
gµρgνσ + gνρgµσ + c1g

µνgρσ

+c2

(
gµρ P νPσ

P 2
+ gµσ P νP ρ

P 2
+ gνρ PµPσ

P 2
+ gνσ PµP ρ

P 2

)

+ c3

(
gµν P ρPσ

P 2
+ gρσ PµP ν

P 2

)
+ c4

PµP νP ρPσ

(P 2)2

}

• Πµν ,Πµνρσ no longer transverse!
• Unitarity constraints [Nakayama, PRD 76 (2007) 105009; Mack, CMP55
(1977) 1]:

d ≥ 3 (spin 1)
d ≥ 4 (spin 2)

• However, they produce same results in γγ → γγ, gg → gg, q1q2 → q3q4.

c1 =
4− d(d + 1)
2d(d− 1)

; c2 = −2
(d− 2)

d

c3 = 4
(d− 2)
d(d− 1)

; c4 = 8
(d− 2)(d− 3)

d(d− 1)

d ≥ 2 + j1 + j2 for j1 "= 0 and j2 "= 0



Effective Field Theory according to Georgi’s scheme
• (Non-)Renormalizable operators

Spin 0 : λ0
1
Λd

GαβGαβO , λ′0
1

Λd−1
f̄fO , λ′′0

1
Λd−1

f̄ iγ5fO ,

λ′′′0
1
Λd

f̄γµf(∂µO) ,

Spin 1 : λ1
1

Λd−1
f̄γµf Oµ , λ′1

1
Λd−1

f̄γµγ5f Oµ ,

Spin 2 : λ2
1
Λd

GµαG α
ν Oµν , −1

4
λ′2

1
Λd

ψ̄ i
(
γµ

↔
Dν +γν

↔
Dµ

)
ψ Oµν ,

· · · · · ·

• Super-renormalizable operator [Fox, Rajaraman and Shirman, PRD76 (2007)
075004]

Spin 0 : λH
1

Λd−2
H†HO

breaks scale invariant when Higgs gets VEV.
• Ungravity [Goldberg and Nath, PRL 100, 031803 (2008)]

Spin 2 : κ∗
1

Λd−1
U

√
gTµνOµν

Scale invariant power law correction to Newton’s law at submillimeter - (RG/r)2d−1



Virtual Unphysics – Indirect search of unparticle

• Interference effects - SM amplitudes versus unparticle’s

SM

SM

SM

SM SM SM

SMSM

UnparticleSM +

• Hadron Colliders:

Drell-Yan process, diphoton production, tt̄ production, WW

scatterings, dijets production, etc

• Linear Colliders:

e−e+ → µ−µ+, tt̄, ...

e−e+ → γγ, γZ, W−W+, ZZ, ...

γγ → γγ

T.C.Yuan SUSY08, Seoul, Korea June 16 – 21 (2008)

Indirect Interference Effects

etc



• Drell-Yan at Tevatron: SM + Spin 1 Unparticle Interference
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• Fractional difference from the SM prediction of the Drell-Yan invariant

mass spectrum near the Z pole for various dU at the Tevatron in units

of λ2
1. We have chosen ΛU = 1 TeV.

• Interference between U and γ and Z progagators

T.C.Yuan Colloquium@Academia Sinica Dec. 6 (2007)
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Z∗

U

Drell-Yan at Tevatron

[Cheung et al, PRL99, 051803 (2007)]

Sensitive dependence on d via the phase factor!



Drell-Yan at LHC
[Mathews and Ravindran, PLB657, 198 (2007)]

202 P. Mathews, V. Ravindran / Physics Letters B 657 (2007) 198–206

Fig. 3. The tensor unparticles coupling to quarks and gluons in the initial state to produce a dilepton pair with invariant mass Q. The lowest set corresponds to
λT = 0.4, middle λT = 0.8 and upper λT = 0.9.

Fig. 4. The K-factor for the invariant mass distribution of dileptons at LO and NLO for the scalar unparticle from the quark–antiquark channel for λ = 0.9.

the next-to-leading order the MRST 2001 NLO (Λ = 0.2390 GeV). Recent MRST sets available in the literature are not expected
to change our findings.

The invariant mass distributions for scalar (both quark–antiquark and gluon initiated processes) and tensor interactions are
plotted in Figs. 1–3 for the range 150 GeV < Q < 1100 GeV and for the coupling parameters λk = 0.4 (lowest), 0.8 (middle), 0.9
(upper). We choose dU = 1.01 for all the plots. It is clear from Figs. 1–3, the unparticle effects will be visible only for larger values
of λk . We also find that the unparticle fields tend to increase the cross section in the large invariant mass region, due to the factor

P. Mathews, V. Ravindran / Physics Letters B 657 (2007) 198–206 201

Fig. 1. Invariant mass distribution of the dilepton which includes the scalar unparticles coupling to quark–antiquark. The lowest set corresponds to λS = 0.4, middle
λS = 0.8 and upper λS = 0.9.

Fig. 2. The scalar unparticles coupling to gluons in the initial state to produce a dilepton pair with invariant mass Q. The lowest set corresponds to λS = 0.4, middle
λS = 0.8 and upper λS = 0.9.

3. Discussions

In this section, we present the impact of unparticle fields at NLO level in QCD to the dilepton production at LHC with the center
of mass energy

√
S = 14 TeV. Similar effects can be easily studied at Tevatron using our results and we postpone the detailed

study for future publication. We have not used the existing Tevatron data to constrain the parameters of unparticle theories, instead
we have demonstrated the observable effects of this new theory using reasonable choices of parameters. Our predictions are less
sensitive to renormalisation and factorisation scale uncertainties. The SM parameters are α = 1/137.03604, MZ = 91.1876 GeV,
ΓZ = 2.4952 GeV. For the parton density sets, we have used in the leading order the MRST 2001 LO (Λ = 0.1670 GeV) and in

λS = 0.4, 0.8, 0.9 (Scalar unparticle-Glue) λT = 0.4, 0.8, 0.9 (Tensor unparticle-Quarks/Glue)



Diphoton production at LHC
[Kumar, Mathews, Ravindran and Tripathi, PRD77, 055013 (2008)]

As expected, we find that the unparticle effects show up
significantly when the value of dU decreases. When dU is
around 1.9, the unparticle effects are completely washed
away. The interference term in the spin-2 unparticle case
gives a large negative contribution only in the region where
dU is less than 1.3 (see Fig. 1).

We have also studied the effects of !t and !s variations
on the distributions. They are shown in Fig. 4 for dU !

1:01. From Figs. 3 and 4, we see that in the region where
dU is below 1.1 and !s above 0.6 the scalar unparticle
contribution is substantial even at low energies.

The invariant mass distribution for a higher value of the
scale !U ! 2 TeV is plotted in Fig. 5 for various values of
!" and dU. Because of the factor !"dU

U in Eqs. (8) and (9)
the cross sections are suppressed as we increase !U. In the
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FIG. 3 (color online). Invariant mass distribution plotted for different values of dU for spin-0 (left) and spin-2 (right) with !U !
1 TeV and !s, !t ! 0:9, with an angular cut on the photons j cos#$j< 0:8.
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FIG. 2 (color online). The contribution of the various subprocesses to the diphoton production in the invariant mass distribution via
scalar (left) and tensor (right) s-channel processes, with dU ! 1:01 and !U ! 1 TeV. The scalar and tensor couplings are taken to be
!s;t ! 0:9. We imposed an angular cut j cos#$j< 0:8 on the photons to suppress the SM background.
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1=r4 and also explored on how to discriminate extra di-
mension models and ungravity models in sub millimeter
tests of gravity. It was found in [10] that the unparticles can
modify the coupling between Higgs and a pair of gluons/
photons and its effects can be observed in diphoton pro-
ductions through Higgs decay processes at the LHC.
Unparticle contributions to monojet, and diphoton produc-
tion at e!e" colliders are now known [11].

Drell-Yan production at the hadron collider via unpar-
ticles has been reported in [12], where we had restricted
ourselves to scalar and tensor unparticles to find out the
plausible region of the parameter space to see their effect.
We had also incorporated next to leading order QCD
effects to stabilize our results against both higher order
corrections and scale variations. We list in [13] most of the
articles in the context of unparticle physics. In this paper,
we have studied the impact of unparticle fields on one of
the important processes, namely, diphoton production.

II. THE DIPHOTON PRODUCTION

The production of diphoton system is one of the impor-
tant processes at the hadron colliders and has been used to
do a precision study of the SM. Also it provides a labora-
tory for probing new physics. In the SM, this process has
been studied in great detail including higher order QCD
[14] effects. The soft gluon effects through threshold re-
summation have also been incorporated (see [15]). In the
context of physics beyond the SM, this process has played
an important role in constraining parameters of various
models. For example, models with large extra dimensions
can be probed using the diphoton signals [16] (see also [17]
for the bounds coming from the Tevatron). In this paper, we
study the effect of unparticles on various kinematical dis-
tributions of a diphoton system produced at hadron col-
liders. At hadron colliders, the diphoton system can be
produced through

 P1#p1$ ! P2#p2$ ! !#p3$ ! !#p4$ ! X#pX$; (6)

where Pi are the incoming hadrons with momenta pi and X
is the final inclusive hadronic state. The hadronic cross
sections can be obtained by convoluting the partonic cross
sections d"̂ab with the appropriate incoming parton distri-
bution functions fPa :
 

d"#P1P2 ! !!X$

%
X

a;b%q; !q;g

Z
fP1
a #x1$fP2

b #x2$d"̂ab#x1; x2$dx1dx2: (7)

Here, x1 and x2 are the momentum fractions of the incom-
ing partons in the hadrons P1 and P2, respectively.

The unparticle model has spin-0 and spin-2 unparticles.
Thus, diphoton can be produced through q !q annihilation as
well as the gg fusion subprocesses with scalar and tensor
unparticles appearing as propagators [see Eq. (4)]. These

partonic subprocesses occur at leading order in couplings
#s and #t. At this order spin-1 unparticle does not
contribute.

The matrix element squared of the partonic subprocess
due to scalar unparticle is found to be

 j !Mq !qj2 %
1

8Nc
#4
s$2

U

!
s

"2
U

"
2dU"1

;

j !Mggj2 %
1

8#N2
c " 1$

1

4
#4
s$2

U

!
s

"2
U

"
2dU

:
(8)

Similarly, we have for tensor unparticle exchange
 

j !Mq !qj2 %
1

8Nc

#
e4Q4

f8
!
u
t
! t

u

"
" 8e2Q2

f#
2
t$U

& cos#dU%$
!

s
"2

U

"
dU 1

s2
#u2 ! t2$

! 2#4
t$2

U

! s
"2

U

"
2dU 1

s4
tu#u2 ! t2$

$
;

j !Mggj2 %
1

8#N2
c " 1$ 2#

4
t$2

U

!
s

"2
U

"
2dU 1

s4
#u4 ! t4$; (9)

where Qf is the electric charge of the parton of flavor f,
$U % AdU=#2 sin#dU%$$ and Nc is the number of colors.
The variables s, t, and u are the standard partonic
Mandelstam invariants. Notice that only tensor unparticles
interfere with the SM subprocess amplitudes. In the above
matrix elements [Eqs. (8) and (9)], we have already done
spin and color averages and included the correct symmetry
factor coming from the identical nature of the final state
photons. It may be noted here that the spin-0 and spin-2
unparticles do not interfere.

As was pointed out in [18], the gg ! !! box contribu-
tion at order &2

s could give a sizable effect at the LHC in
comparison to other contributions to this order due to large
gluon flux. There are numerous diagrams that contribute to
order &2

s , but the authors of [18] have argued that the
dominant contribution comes from the box diagram. For
unparticle searches, it is plausible that the interference of
the gg unparticle contributions with the SM diagrams at
order &2

s could be sizable. In the context of large extra-
dimensional models, these interference contributions en-
hance the effect at small Q regions [16]. For our present
analysis we have restricted to only the LO in QCD.

Unitarity imposes constraint [19] on the conformal di-
mension1 of these operators, which for scalar unparticle is
dU > 1. Though this constraint restricts the scalar unpar-
ticle sector, for our numerical analysis we have considered
dU > 1 as the general constraint for other unparticle op-
erators (say tensor unparticle) as well. Before, we present
the effects of unparticles on various distributions of dipho-
ton system at the LHC, we discuss the coefficients

1There exist no known examples of scale invariant local field
theories that are not conformally invariant (Nakayama in [4]).
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!U cos!dU"" and !2
U that enter the interference and direct

unparticle contributions, respectively. In Fig. 1, we have
plotted them against the scaling dimension dU of the
unparticle operator. !U is negative when 1< dU < 2
and singular as dU ! 2. As dU ! 1, !U approaches a
limiting value, here both !2

U and !U cos!dU"" are posi-
tive and large and as we go below dU # 1:01, the variation
is found to be mild. In the plateau region, where 1:3<
dU < 1:9, these functions are almost constant and rela-
tively small. We avoid the region 1:9 $ dU $ 2:0 where
!U is very rapidly increasing. Hence, in this region, the
unparticle effects cannot be probed. With this information,
the value of dU is chosen in such a way that the unparticle
effects can be seen at the LHC energy.

The couplings of the unparticle operators to the SM
fields are given by

 #$ # C$
U

!
!U

MU

"
dBZ 1

MdSM%4
U

: (10)

A priori we have no information on any of the parameters
in the above equation. For our numerical analysis we have
taken #$ in the range 0:4 $ #$ < 1, so that the unparticle
effects are treated as perturbation. The other parameter that
appears in this model is !U which we choose to be 1 TeV.

In the following, we will study the effects of scalar and
tensor unparticles separately. We will analyze these effects
only for the LHC with

###
S

p
# 14 TeV. A similar analysis

for the Tevatron can be done with our numerical code that
incorporates all the analytical results presented in this
paper. We have considered four different distributions of
the photons in the final state to unravel the effects coming
from the unparticles. They are (a) invariant mass distribu-
tion d%=dQ, where Q is the invariant mass of the diphoton
system, (b) angular distribution d%=d cos&&, (c) the rapid-
ity (Y) distributions of the diphoton system, and
(d) rapidity (y') distributions of the individual photons.
We have imposed the cuts: rapidity jy'j< 2:5, and trans-
verse momentum of the photons p'

T > 40 GeV [20] for all
the distributions that we have reported here in order to

make our predictions for an environment which is as close
as possible to that of the experiment. Moreover, for the
invariant mass distribution, in order to suppress the SM
background and also to enhance the signal we have im-
posed an angular cut on the photons j cos&'j< 0:8, where
&' is the angle of the photons in the lab frame. Similarly,
for the angular and rapidity distributions, to suppress the
background, we have considered only those events that
satisfy the constraint Q> 600 GeV. For all our plots, we
have used MRST 2001 leading order (LO) parton density
sets [21].

A. Invariant mass distribution

In this section, the invariant mass distribution d%=dQ is
studied, where Q2 # !p3 ' p4"2. In Fig. 2 we have plotted
this distribution including the effects of scalar (left panel)
and tensor (right panel) unparticles for Q between 100<
Q< 900 GeV. Here we have chosen dU # 1:01 and
!U # 1 TeV. With this choice of parameters, we find
that the unparticle effects can be seen only in the large Q
region. In addition, we have presented different contribu-
tions coming from various subprocesses to the cross sec-
tion for both spin-0 and spin-2 unparticles to see their
effects separately. In the spin-0 case, the quark antiquark
initiated process dominates over the gluon initiated process
due to higher power of scale in the later case. On the other
hand, we see the opposite behavior for the spin-2 case. In
the spin-2 case, this behavior can be understood by notic-
ing that the gluon fluxes are much larger compared to quark
antiquark fluxes at the LHC energies even though the
couplings (#$) for both quark antiquark (pure unparticle
contribution) and gluon initiated processes are same. In
addition, the interference term, being negative reduces the
contribution coming from quark antiquark channel. Notice
that there is no such contribution from the spin-0
unparticle.

In Fig. 3, we show the variation of the invariant mass
distribution with respect to the scaling dimension dU of the
scalar and tensor unparticle operators, for !U # 1 TeV.
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FIG. 1. The function !U cos!"dU" (left) and !2
U (right) showing its variation with the scaling dimension dU of the unparticle

operator.
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Diphoton production at ILC  [Cheung et al, (2007)]

• e−e+ → γγ: SM + Spin 2 Unparticle Interference
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• Angular distribution of e−e+ → µ−µ+ at LEP2 (Spin 1)
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Dilepton production at LEP2  [Cheung et al, (2007)]



• e−e+ → µ−µ+ at ILC: SM + Spin 2 Unparticle Interference
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Dilepton production at ILC  [Cheung et al, (2007)]



Unparticle physics at photon collider
[Cakir and Ozansoy, 0712.3812;  
Kikuchi, Okada and Takeuchi, PRD77, 094012 (2008); 
Chang, Cheung, and TCY, 0801.2843, to appear PLB]

• γγ → γγ using laser back-scattering or bremsstrahlung at ILC

• SM (box) versus tree level spin 0 or 2 unparticle exchange
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Direct production of  unparticle stuff
Phenomenology -- Real emission of  unparticle in SM processes.
Signature            -- Missing energy/momentum carried away by unparticle. Search 
strategies is therefore very much like KK modes in LED. No fixed mass, no rest frame, 
just a funny phase space associated with continuous mass distribution.

SMSM

SM Unparticle
(Missing energy/momentum)

Like KK modes in LED

• Z → ff̄U
• Single photon: Quarkonia → γU ; H → γU ; Z → γU ; e−e+ → γU,ZU ; etc
• Monojet: qq̄ → gU , gg → gU , qg → qU , q̄g → q̄U
• etc
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• e−e+ → γU
• M2

recoil = s− 2Eγ
√

s
• SM background: e−e+ → γZ∗ → γνν̄ (Red)
• Sensitive dependence on dU is easily discerned!

Cheung, Keung and TCY, PRD76 (2007) 055003;
Chen and He, PRD76 (2007) 091702(R).

Similar effects found for spin 2 unparticle and in Z+U!



Monojet + (Scalar/Vector) Unparticle Production at LHC
(Cheung, Keung and TCY, PRL 99 (2007) 051803)
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gg → gU, qg → qU, q̄g → q̄U, qq̄ → gU



Identification of  origin of  monojet at LHC
Using the shape and Et distribution
(Rizzo, 0805.0281 [hep-ph])

Figure 6: Sample comparison of the predictions for the monojet ET and Ecut
T distributions in

the ADD model with MD = 4 TeV and δ = 2 (upper red histogram) with the case of vector
Blue histogram) and scalar unparticles (with either r = 0, 1 in the green and magenta histograms,
respectively) assuming d = 1.8, corresponding to the. Also shown is the SM background (black
histogram).
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ADD with δ = 2 and MD = 4 TeV

SM



Existing Constraints

LEP2 constraints on ΛU from single photon production:

dU ΛU (TeV)

2.0 1.35

1.8 4

1.6 23

1.4 660

T.C.Yuan Colloquium@Academia Sinica Dec. 6 (2007)
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Strongest limit from L3 at
√

s = 207 GeV

σ95 ≈ 0.2 pb with Eγ > 5 GeV and | cos θγ | < 0.97
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• New 4-fermion contact interaction with spin 1 and 2 unparticle

exchange

M4f
1 = λ2

1
AdU

2 sin(dUπ)
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Λ2
U

„

−P 2
U

Λ2
U

«dU−2

(f̄2γµf1) (f̄4γ
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2 = λ′2
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2 sin(dUπ)
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Λ4
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− (p1 − p2)
2

Λ2
U
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`

f̄2γ
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´ `

f̄4γ
νf3

´

× 1
4

[(p1 + p2) · (p3 + p4)gµν + (p1 + p2)ν(p3 + p4)µ]
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(II)

• Conformal propagators gives the same results! [Chang, Cheung, TCY (un-
published)

Oµ Oµν

From global fits of eeqq contact interactions at LEP2



LEP2 constraint on unparticle scale ΛU (contact interaction)
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More stringent!

LEP2 data:
Λ95

LL(eeuu) ≈ 23 TeV
Λ95

LL(eedd) ≈ 26 TeV
Λ95

V V (eeuu) ≈ 20 TeV
Λ95

V V (eedd) ≈ 12 TeV
Λ95

AA(eeuu) ≈ 15 TeV
Λ95

AA(eedd) ≈ 15 TeV

(95% C.L.)



∆aµ ≡
(

g − 2
2

)

µ

=
α

π
(QED)

= − λ2
1

8π2

Ad

sin(dπ)

(
m2

µ

Λ2
U

)d−1

B(3− d, 2d− 1) (unparticle)

(III) Muon Anomalous Magnetic Moment (g-2)

γ, OU
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For anti-symmetric rank 2 tensor unparticle operator 
contribution to (g-2), see Hur, Ko and Wu, PRD76, 
096008 (2007)

ΛU = 1 TeV



(IV) Astrophysical and cosmology constraints 
(5th force, Stellar Cooling, SN1877A, BBN, relic density, ...)
[Davoudiasl, PRL 99 (2007), 141301; Freitas and Wyler,  JHEP 12 (2007) 033; 
Hannestad, Raffelt and Wong, PRD76, 121701 (2007); 
Goldberg and Nath, PRL 100, 031803 (2008); 
Deshpande, Hsu and Jiang, PLB659 (2008) 888;
McDonald, 0709.2350, 0805.1888;  Lewis, 0710.4147; Das, PRD76, 123012 (2007); 
Hur and Ko, unpublished; Cheung et al, unpublished.]

J
H
E
P
1
2
(
2
0
0
7
)
0
3
3

(a) (b) (c)

!

e

U

e
 

e,N

e e

e,N

U

!

!

e

U

e

!

!

e

U

e
 

e,N

e e

e,N

U

!

!

!

U

!

e

U

e
 

e,N

e e

e,N

U

!

Figure 2: Feynman diagrams for unparticle emission in (a) Compton-like processes, (b)
bremsstrahlung-like processes and (c) processes with unparticle-photon couplings.

care. The important integrals are collected in the appendix. In the limit ω ! me one finds

for the Compton process production of unparticles

σc
U ,V =

αc2
V

m2
e

2dU
(1 + 2dU )Γ(2dU )

[

ω

2πMZ

]2dU−2

, (3.2)

σc
U ,A =

αc2
A

m2
e

2(2 + dU )

(1 + 2dU )Γ(2dU )

[

ω

2πMZ

]2dU−2

, (3.3)

σc
U ,S1 =

αc2
S1

M2
Z

1

(1 + 2dU )Γ(2dU )

[

ω

2πMZ

]2dU−2

, (3.4)

σc
U ,P1 =

4π2αc2
P1

m2
e

(2 + 2dU + dU
2)

(1 + 2dU )(3 + 2dU )Γ(2dU )

[

ω

2πMZ

]2dU

, (3.5)

σc
U ,P2 =

16π2αc2
P2

m2
e

(2 + 2dU + dU
2)

(1 + 2dU )(3 + 2dU )Γ(2dU )

[

ω

2πMZ

]2dU

, (3.6)

In the hot environment of a star photons are generated thermically, with a distribution

nγ(T,ω) =
π−2 ω2

eω/T − 1
. (3.7)

The thermally averaged unparticle energy emission rate is then

Q(T )c,U =

∫ ∞

0
dω ω nenγ σc

U (ω), (3.8)

with the electron density

ne ≈
1 + XH

2

ρ

m(H)
, (3.9)

– 5 –

Star Cooling Mechanism

ε̇! ! 1 erg · g−1 · s−1

ε̇Red Giant ! 100 erg · g−1 · s−1

ε̇SN1987A ! 1019 erg · g−1 · s−1

Energy loss rate



Constraints from energy loss rate from the Sun and Red Giant
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• Constraints from Red Giant are stronger than the Sun
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[Cheung et al, unpublished]



[Freitas and Wyler, 
 JHEP 12 (2007) 033]

J
H
E
P
1
2
(
2
0
0
7
)
0
3
3

Coupling cV cA

dU 1 4/3 5/3 2 1 4/3 5/3 2

5th force (”Eötvös”) 7·10−24 1.4·10−15 1.8·10−10 2·10−5 4·10−24 8·10−16 1·10−10 1.1·10−5

Energy loss from stars 5·10−15 2.5·10−12 1·10−9 3.5·10−7 6.3·10−15 2·10−12 7.3·10−10 3·10−7

SN 1987A 1·10−9 3.5·10−8 1·10−6 3·10−5 2·10−11 5.5·10−10 1.5·10−8 4.1·10−7

LEP 0.005 0.045 0.04 0.01 0.1 0.045 0.04 0.008 [33, 34]

Tevatron 0.4 0.05 [35]

ILC 1.6·10−4 1.4·10−3 1.3·10−3 3.2·10−4 3.2·10−3 1.4·10−3 1.3·10−3 2.5·10−4

LHC 0.25 0.02 [35]

Electroweak precision 1 0.2 0.025 1 0.15 0.01 [36]

Quarkonia 0.01 0.1 0.45 [37]

Positronium 0.25 2·10−13 2·10−8 0.03 [38]

Coupling cS1 cP1, 2cP2

dU 1 4/3 5/3 2 1 4/3 5/3 2

5th force (”Eötvös”) 6.5·10−22 1.2·10−13 1.6·10−8 1.7·10−3 — — — —

Energy loss from stars 1.3·10−9 7·10−7 3·10−4 0.13 4·10−8 1.1·10−5 3.3·10−3 1

SN 1987A 8·10−8 2.4·10−6 6.6·10−5 2·10−3 5.5·10−8 1.3·10−6 3.5·10−5 9·10−4

LEP > 1 > 1 > 1 > 1 > 1 > 1 > 1 > 1 [34]

ILC > 1 > 1 > 1 > 1 > 1 > 1 > 1 > 1

Table 2: Comparison of limits for unparticle-fermion couplings from astrophysical constraints and
from present and future collider experiments. The astrophysical bounds have been derived in this
work, while the collider bounds have been taken from the literature, as indicated by the references
in the right column. Blank spaces are left where no results are available from the literature, while
the bars denote that no bound on the coupling can be determined.

constrained by the process e+e− → γ +U at LEP and ILC, but this has not been analyzed

so far.

This analysis is restricted to the leading CP-conserving and flavor-diagonal unparticle

interactions. The astrophysical constraints are not sensitive to operators that involve flavor

changing neutral currents, which can be tested in precision experiments at low energies,

such as heavy-flavor mixing and decays [39 – 45], as well as to operators that only couple to

third-generation fermions [46, 47], heavy gauge bosons [48] or the Higgs boson [49, 37, 50].

Furthermore, direct CP-violation in the unparticle operators [51] can lead to new effects,

which cannot be tested in astrophysics.

Note added. Shortly before finishing this manuscript, we became aware of related work

on 5th force experiments [52] where similar, though weaker limits were obtained, since

these authors included only results from Newtonian-law experiments at short but not at

astronomical distances.
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LUff =
cV

MdU−1
Z

f̄γµfOµ +
cA

MdU−1
Z

f̄γµγ5fOµ +
cS1

MdU
Z

f̄/DfO +
cP1

MdU
Z

f̄/Dγ5fO

+
cS2

MdU
Z

f̄γµf∂µO +
cP2

MdU
Z

f̄γµγ5f∂µO



[Freitas and Wyler, JHEP 12 (2007) 033]

LUγγ = − cγγ

4Md
Z

FµνFµνO − cγ̃γ̃

4Md
Z

εµνρσFµνFρσO

J
H
E
P
1
2
(
2
0
0
7
)
0
3
3

Coupling cγγ , cγ̃γ̃

dU 1 4/3 5/3 2

Energy loss from stars 5.5·10−14 1.7·10−11 5.3·10−9 1.7·10−6

SN 1987A 9·10−7 4·10−6 4·10−5 8·10−4 [32]

Table 3: Comparison of limits for unparticle-photon couplings from astrophysical constraints. The
bounds from star cooling have been derived in this work, while the supernova bounds have been
taken from the literature, as indicated by the reference in the right column.
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A. Phase-space integrals

In the following the relevant phase-space integrals for the unparticle emission processes in

this article are summarized.

For the Compton process e(p)+γ(k) → e(p′)+U(k′) in the non-relativistic limit, with

the initial photon energy k0 = ω " me it is useful to choose a reference frame where the

electron in the initial state is at rest. The phase space integration then yields

σc
U =

AdU

4meω

∫

d3p′

(2π)3
1

2me

∫

d4k′

(2π)4
θ(k′

0)θ(k′2) (k′2)dU−2 (2π)4δ(4)(k′ + p′ − k − p) |M|2

=
AdU

32π2m2
eω

∫ 1

0
d cos θp′

∫ 2ω cos θp′

0
dp′ p′2 (2ωp′ cos θp′ − p′2)dU−2 |M|2, (A.1)

where |M|2 is the squared and spin-averaged matrix element, and θp′ is the angle between

the incident photon and the outgoing electron. The following integrals appear:

∫ 2ω cos θp′

0
dp′ p′dU+n (2ω cos θp′ − p′)dU−2 =

Γ(dU + 1)Γ(dU + n + 1)

Γ(2dU + n)
(2ω cos θp′)

2dU+n−1,

(A.2)
∫ 1

0
d cos θp′ (cos θp′)

2dU+n =
1

2dU + n + 1
(A.3)

with n = 1, 2, 3, . . .

For bremsstrahlung e(p)+Z(q) → e(p′)+Z(q′)+U(k′) one finds in the non-relativistic

– 12 –

Constraints from energy loss rate from SN1987A (ΛU = 1 TeV)
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• Constraints on e+e− → U are more severe than γγ → U .
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[Cheung et al, unpublished]



(V) Effects of  broken scale invariance
[Fox, Rajaraman, Shirman, PRD76 (2007) 075004;
Bander, Feng, Rajaraman, Shirman, PRD76 (2007) 115002]

Model broken scale invariance -- put in by hand a mass gap in the unparticle spectral density

ρ(M2) = Adθ(M2 − µ2)(M2 − µ2)d−2

∆F (P 2) =
Ad

2 sin(dπ)
[
−

(
P 2 − µ2

)]d−2

Unparticle propagator is modified as

This leads to µ-like resonance phenomena (un-resonance)!
[Rizzo, JHEP 0710 (2007) 044]

Moreover, many stringent constraints on the unparticle sector can be relaxed.



[Barger, Gao, Keung, Marfatia, Senoguz, PLB661 (2008) 276]

V. Barger et al. / Physics Letters B 661 (2008) 276–286 281

Fig. 4. FBA and RU for e+e− → µ+µ− with d = 1.1. Solid green curves: SM; dashed blue curves: unparticles with µ = 0, dotted red curves: unparticles with
µ = 30 GeV. (cV,A = 0.026 correspond to the mono-photon bound of Section 2.) (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this Letter.)

Eq. (3.2) as follows:

(4.1)
1

(q2 − µ2)2−d
→ 1

(q2 − µ2)2−d − Π(q2)
.

It can therefore be expected that the unparticle will become un-
stable, and the area under the un-resonance will depend on the
decay width.

We have performed a χ2 analysis of LEP1–Aleph, KEK–
Venus and PETRA–MarkJ e+e− → µ+µ− cross-section and
FBA data [31,34]. The simulation includes the vacuum polar-
ization correction from fermion loops to the unparticle propa-
gator (see Appendix C) and uses a fixed Z decay width ΓZ =
2.41 GeV which is the SM best-fit value for the data. Initial-
state QED corrections are also included (see Appendix D).

The allowed regions in the cV –cA plane for different values
of d and µ are shown in Fig. 5. The best-fit parameters and χ2

values are listed in Table 2, and fits to FBA data with and with-
out unparticles are displayed in Fig. 6. For values of d close
to 1 where fermion-unparticle couplings are less suppressed by
M1−d

Z , constraints on cV and cA are more stringent and the de-
pendence on µ is more significant. The mono-photon bound
discussed in Section 2 is stronger than the muon pair produc-
tion bound for d ! 1.3.6

6 Recently, it was noted that processes mediated by unparticle self-
interactions lead to multi-body final states which could be the most promising
modes for unparticle discovery at colliders [33,35]. However, details of the hid-
den sector are required to make predictions.

Finally, it is worth emphasizing that the spin and scale di-
mension of the exchanged unparticle can be probed by analyz-
ing the scattering angle and energy distributions of differential
cross-sections in a linear collider, for both real emission and
virtual exchange processes [2,4,15]. Furthermore, for polarized
beams the azimuthal dependence of the final state fermion can
provide an independent measure of the scaling dimension for
spin-1 unparticle exchange [36].

5. Summary

For exact scale invariance, astrophysical and cosmological
constraints are in gross conflict with the possibility of prob-
ing unparticles in colliders. We showed that for vector unpar-
ticles collider constraints become relevant only if scale invari-
ance is broken at a scale µ ! 1 GeV. Breaking the scale in-
variance also affects collider expectations by giving rise to a
resonance-like behavior. On the other hand, unparticle effects
cannot be observed at energies below the scale µ. We focused
on the case 1 GeV " µ < MZ which allows unparticle effects
to show up in Z exchange observables, and gave demonstra-
tions of how this can be realized through unparticle–Higgs cou-
plings.

Simple bounds on vector unparticles have been obtained
using effective contact interactions in Refs. [4,9]. Here we
have made a more detailed analysis using e+e− → µ+µ−

cross-section and forward–backward asymmetry data both at
the Z pole and away from it, also taking into account the
resonance-like behavior associated with broken scale invari-

e+e− → µ+µ−: AFB(s;µ) and RU (s;µ)

SM (—–)
µ = 0 GeV (- - - - -)
µ = 30 GeV (.........)



Summary
(1) Unparticle phenomenology at colliders are quite 
peculiar and rich due to the non-integral scaling 
dimensions of  the scalar, vector, tensor (symmetric and 
antisymmetric), spinor unparticle operators.
(2) Due to parton smearing, these peculiar effects are 
more challenging to detect at hadron colliders.
(3) Assuming exact scale invariance at very low energy, 
constraints for the effective couplings of  the unparticle 
sector are more stringent from astrophysics than from 
colliders, especially for small scaling dimension close to 
unity.
(4) However, if  scale invariance is broken at a lower scale, 
say below Z mass, many existing constraints can be 
evaded or relaxed, and un-resonance might occurs.
(5) Many theoretical questions regarding the hidden 
unparticle sector remain open.
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Unparticles with SM quantum numbers?
[Cacciapaglia, Marandella and Terning, JHEP 0801:070,2008;
Litch, 0801.0892, 0801.1148,0802.4310,0805.3849; 
Galloway, Martin and Stancato, 0802.0313; Liao, 0804.4033.]

S =
∫

d4xd4yO†(x)∆O(x− y)W (x, y)

W (x, y) = P exp
[
−igT a

∫ y

x
Aa

µ(z)dzµ

]
O(y)

O(x): A multiplet of scalar unparticles

• Non-local action
• Infinite numbers of vertices and complicated Feynman rules
• Path-dependence!



Rare decay mode of intermediate mass Higgs:

H → γ + spin 1 U [K. Cheung, C.S. Li and TCY, PRD 77, 097701 (2008)]
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• Emitted photon has continuous energy spectrum!

Unlike in the discovery mode H → γγ, Eγ = mH/2.
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Volume emissivity Q [Energy loss per unit volume]

Q =
N∏

j=1

∫
d3pj

2Ej(2π)3
fj(Ej)

N ′∏

i=1

∫
d3p′i

2E′
i(2π)3

[1± f ′i(E
′
i)]

×
∫

dΦGeorgi
U (P 2

U ) EU [1± fU (EU )]

× 1
Nid!

1
N ′

id!

∑

spins

|M|2(2π)4δ4




N∑

j=1

pj −
N ′∑

i=1

pi − PU





Energy Loss Rate ε̇ =
Volume emissivity

Mass density

• un-Compton

Qspin−1
γe−→Ue− ≈ ne

αλ2
1

3π3
AdU

(
T

me

)2(dU+1) (
m2

e

Λ2
U

)dU−1

m2
e

× Γ (2dU + 2) ζ (2dU + 2)
[
B

(
3
2
, dU − 1

)
+

1
2
B

(
3
2
, dU

)]

• un-bremsstrahlung

〈Qspin−1
e(Ze)→e(Ze)U 〉 ≈ 22(2−dU )dU

(1− 2dU )2(1 + 2dU )

(
me

πΛdU

)2(dU−1) (
T

me

)2(dU−1)

×
∑

j

Z2
j α2λ2

1nenZj

πme


