
brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 
Physics Letters B 659 (2008) 888–890

www.elsevier.com/locate/physletb

Long range forces and limits on unparticle interactions

N.G. Deshpande, Stephen D.H. Hsu ∗, Jing Jiang

Institute of Theoretical Science, University of Oregon, Eugene, OR 97403, USA

Received 24 August 2007; received in revised form 23 October 2007; accepted 12 December 2007

Available online 26 December 2007

Editor: M. Cvetič

Abstract

Couplings between standard model particles and unparticles from a nontrivial scale invariant sector can lead to long range forces. If the forces
couple to quantities such as baryon or lepton (electron) number, stringent limits result from tests of the gravitational inverse square law. These
limits are much stronger than from collider phenomenology and astrophysics.
© 2007 Published by Elsevier B.V. Open access under CC BY license.
1. Introduction

Georgi [1,2] has proposed that unparticles—a nontrivial
scale invariant sector [3]—might couple to standard model par-
ticles, leading to novel phenomenological signatures. This idea
has been further developed by a number of authors [4–48].
In this Letter, we discuss the possibility of long range forces
resulting from such interactions. We assume strict scale invari-
ance down to low energies, so that the unparticle propagator
necessarily has a zero momentum pole.

Our analysis is quite similar to that of Goldberg and Nath
[27], who considered the possibility that (exactly scale in-
variant) unparticles might couple to the ordinary energy-
momentum tensor Tμν . Here, we consider couplings between
unparticles and currents such as Jμ = ēγμe or q̄γμq . In-
terestingly, the electron number current appears in Georgi’s
e+e− → μ+μ− example in [2]. We find extremely strong lim-
its on such couplings, much stronger than can be obtained by
collider experiments and even astrophysics.

2. Long range force due to vector unparticle

We consider first the baryon current Bμ, which in terms of
quark fields is
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(1)Bμ = 1

3
(ūγμu + d̄γμd + · · ·).

We assume that at UV scales the current Bμ interacts with
operator Oμ

UV by exchange of massive particles to give an inter-

action ∼ M
1−dUV
UV BμOμ

UV. Let ΛU be the energy scale at which
scale invariance emerges from the UV sector (i.e., where the
unparticle sector couplings reach an approximate fixed point),
and let OU be the unparticle operator corresponding to OUV.
Then, we get an effective interaction

(2)L= cB

(
ΛU

MUV

)dUV−1

Λ
1−dU

U BμOμ
U .

Following Georgi [1], we define a scale invariant coupling

(3)λB = cB

(
ΛU

MUV

)dUV−1

and rewrite the interaction as

(4)L= λBΛ
1−dU

U BμOμ
U .

Note λB is a dimensionless coupling constant and is in general
very small compared to cB . We shall later take ΛU = 1 TeV
and obtain constraints on λB . These can be converted into con-
straints on cB if the scale MUV and dimension dUV are known.

In the static limit the interaction generates the potential

(5)VU = λ2
BΛ

2−2dU

U

1

4π2

1

r2dU −1
AdU

�(2dU − 2)B1B2,
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where

(6)AdU
= 16π

5
2

(2π)2dU

�(dU + 1
2 )

�(dU − 1)�(2dU )

is the coefficient associated with the transverse four-vector un-
particle propagator [2] and B1,2 are the baryon numbers of the
two interacting masses. Using a relationship involving Gamma
functions, VU can be simplified into

VU = 1

2π2dU
λ2

BΛ
2−2dU

U

�(dU + 1
2 )�(dU − 1

2 )

�(2dU )

(7)× 1

r2dU −1
B1B2.

Note that for dU = 1, this will produce a 1/r repulsive potential

(8)VU = 1

4π
λ2

B

1

r
B1B2.

Similarly, the unparticle operator can couple to lepton cur-
rents with coupling strength λL and the above can be directly
applied as well. For numerical results, we exhibit three exam-
ples: λB = λ �= 0 and λL = 0; λB = 0 and λL = λ �= 0; and
λB = −λL = λ. In these cases, the unparticle operator couples
to B , L and B–L currents, respectively.

3. Numerical results

In the limit of unbroken scale invariance, the force between
B1 and B2 is a long range force similar to gravity, but it may
have different 1/r power dependence. To obtain numerical re-
sults, we make the approximation B1,2 ≈ m1,2/u, where m1,2
are the masses of the two interacting bodies and u is the atomic
mass unit. Combined with the gravitational potential, the poten-
tial between two objects of mass m1 and m2 is

(9)V = −G
m1m2

r
+ λ2

BfdU

1

u2

m1m2

r2dU −1
,

where Newton’s constant G = 6.7 × 10−39 GeV−2 and

(10)fdU
= 1

2π2dU
Λ

2−2dU

U

�(dU + 1
2 )�(dU − 1

2 )

�(2dU )

captures the dU dependent part of the coefficient. V can then be
written as

(11)V = −G
m1m2

r
+ G

m1m2

r

1

u2

λ2
B

G
fdU

(
1

r

)2dU −2

.

We compare the second term on the right-hand side to the
power-law potential in Ref. [49],

(12)V k
12(r) = −G

m1m2

r
βk

(
1 mm

r

)k−1

,

and derive limits on the coupling λ, for k = 2 and k = 3.
Ref. [49] also discussed constraints on Yukawa potentials gen-
erated by exchange a scalar or a vector boson. For small enough
boson masses m, the experimental distance r is much less than
the Compton wavelength h̄/mc. In this limit, the Yukawa po-
tential is approximately 1/r , and we obtain a limit on the case
k ≈ 1. For non-integer value of k, we simply interpolate the
Table 1
The 68% CL constraints on the coupling λ for the B current. SN refers to
supernova constraint on B current coupling

dU |βk | |λ| SN

1 1.8 × 10−2 3.9 × 10−20 3.0 × 10−11

1.25 9.1 × 10−3 7.5 × 10−17 4.1 × 10−10

1.5 4.5 × 10−4 4.3 × 10−14 5.5 × 10−9

1.75 2.9 × 10−4 8.8 × 10−11 7.4 × 10−8

2.0 1.3 × 10−4 1.5 × 10−7 1.0 × 10−6

limit linearly (the precise bound will be of the same order of
magnitude). The range of dU we are interested in is 1 � dU � 2
and it is related to k through equation 2dU − 2 = k − 1. Unitar-
ity imposes constraints on dimensions of conformal fields, for
example requiring dU � 2 for vector fields [38]. For scale in-
variant (but not conformal) theories this bound need not apply,
and after dimensional transmutation there is no simple relation-
ship between IR and UV dimensionalities.

The limits on the scalar or vector coupling can be con-
verted into limits on an effective coefficient β1 for the case of
a 1/r potential. Note that when we consider the B , L and B–L

cases, the effective couplings will be multiplied by factors of
(Z + N)/A ≈ 1, Z/A and N/A respectively, where Z is the
number of protons, A the atomic number, and N is the num-
ber of neutrons. For the molybdenum pendulum considered in
Ref. [49], Z/A = 0.438 and N/A = 0.563. If λB and λL hap-
pen to satisfy

(13)
λB

λB + λL

= − Z

N
,

the effective charge becomes zero and the torsion-balance ex-
periment becomes insensitive to λ, so no limit is obtained.
However, the experiment [50] was performed with an aluminum
pendulum and copper attractor and arrived at similar bounds,
covering as well the exceptional parameter space (13).

We should also note that forces coupling to almost any lin-
ear combination of B and L which extend over truly macro-
scopic (e.g., solar system scale) distances are even more tightly
constrained if they deviate from 1/r , since they would affect
Newtonian orbits.

Table 1 shows the 68% confidence level (CL) constraints on
|βk| (first column) and the derived constraints on λ for the case
of B current (second column). The results for L currents are
only different for dU = 1, |λ| < 2.5 × 10−20 and for dU = 1.25,
|λ| < 5.0 × 10−17. The results for the B–L current are almost
identical to that for the L current by accident. These limits
are proportional to Λ

2−2dU

U . The values in the table are for
ΛU = 1 TeV and limits for other values of ΛU can be easily
calculated by simple scaling.

For comparison purposes, Table 1 also displays results from
supernova constraints (last column, taking ΛU = 1 TeV). Un-
particles can induce too-rapid cooling of supernovae [15,47].
A constraint on λ can be deduced, yielding

(14)λ

(
ΛU

30 MeV

)1−dU

< 3 × 10−11.
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Note that for our limits to apply scale invariance must hold to
length scales as long as a fraction of a millimeter. If scale invari-
ance is broken at a scale intermediate between a millimeter and
the thermal wavelength of a supernova (roughly, inverse MeV),
the supernova constraints will still apply, while ours will not.

4. Conclusions

A sector of particle physics which exhibits nontrivial scale
invariance would be an exciting discovery. If, however, the scale
invariance is exact, long range forces may result which are
already strongly constrained by measurements of the gravita-
tional inverse square law. Given the limits derived here, perhaps
the most likely unparticle scenario is one in which the scale
invariance is only approximate—i.e., it is broken below some
energy scale,1 thereby screening the long range forces. How-
ever, in this case the new particle sector, while exhibiting novel
dynamics, is not really an unparticle sector!
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