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Unparticle self-interactions and their collider implications

Jonathan L. Feng, Arvind Rajaraman, and Huitzu Tu

Department of Physics and Astronomy, University of California, Irvine, California 92697, USA
(Received 23 January 2008; published 17 April 2008)

In unparticle physics, operators of the conformal sector have self-interactions, and these are unsup-
pressed for strong coupling. The 3-point interactions are completely determined by conformal symmetry,
up to a constant. We do not know of any theoretical upper bounds on this constant. Imposing current
experimental constraints, we find that these interactions mediate spectacular collider signals, such as
pp— U— UU— yyyy, yyZZ,ZZZZ, yyl*1~, ZZI* 1™, and 41, with cross sections of picobarns or
larger at the large hadron collider. Self-interactions may therefore provide the leading discovery prospects

for unparticle physics.

DOI: 10.1103/PhysRevD.77.075007

I. INTRODUCTION

In unparticle physics, the standard model (SM) is ex-
tended by couplings to a conformal sector through inter-
actions of the form OOygy;, where O is an operator of the
conformal sector, and Ogy is a standard model operator
[1]. The conformal sector may be weakly coupled [2] or
strongly coupled [3], but in all cases, the conformality of
the new sector leads to effects that cannot be explained in
terms of standard particle states.

To date, all unparticle studies are based on two key
elements: the unparticle phase space, and the unparticle
propagator. Conformal invariance fixes unparticle phase
space [1], which enters processes with unparticles in the
final state, such as ff — fU. Similarly, conformal invari-
ance dictates the form of the unparticle propagator [4,5],
which determines virtual unparticle contributions to pro-
cesses such as ff — U — ff. The forms of the unparticle
phase space and propagator imply that unparticles do not
behave as standard particles, but are more aptly interpreted
as fractional numbers of massless particles [1] or as col-
lections of particles with a particular distribution of masses
[6]. These results are valid if the couplings of unparticles to
the standard model are all nonrenormalizable. If unparticle
couplings include the super-renormalizable operator Oh?,
where & is the standard model Higgs boson, electroweak
symmetry breaking breaks conformal invariance [7,8].
This modifies the unparticle propagator and implies that
unparticle physics may be probed only in a narrow confor-
mal window, typically at energies between 10 GeV and
1 TeV [7,9]. Such energies are best probed at high energy
colliders, and many studies have investigated the collider
implications of unparticles [1,4,5,9—-12]. Models with con-
formal breaking may also share characteristics with hidden
valley models [13,14].

Here we study a qualitatively new effect: unparticle self-
interactions. Such 3- and higher-point interactions are al-
ways present in conformal theories, and mediate processes
such as gg — U — U--- U, with two or more unpar-

PACS numbers: 12.60.—i, 11.25.Hf, 13.85.—t, 14.80.—j

tional high p; unparticles in the final state does not sup-
press the rate. Multi-U production therefore differs from
all known examples, such as gg — g — g---gand gg —
v+, where the rate is reduced with the addition of
every high pr particle.

In this paper, we focus on 3-point self-interactions.
These are the natural starting point for several reasons.
First, unlike 4- and higher-point self-interactions, 3-point
interactions are completely constrained by conformal in-
variance, up to a constant. Second, 3-point interactions are
the leading order at which induced signals may be nearly
background free. For example, although the ‘U propagator
induces signals like pp— U— yy, 3-point U
self-interactions mediate pp— U—-"UU—
YYYY, YYZZ,ZZZZ, yyl*1~, ZZI" 1", 41, and many other
spectacular signals through subprocesses such as the one
shown in Fig. 1. For this reason, the most promising signals
for unparticle discovery at colliders may in fact be those
that are induced by 3-point unparticle interactions. (Note
that, although the production of three or more unparticles
may also be unsuppressed, the requirement that they con-
vert back to standard model particles to be visible does, in
fact, imply that these are subdominant.)

In the following sections, we start from the 3-point
correlation function in position space and convert it to a

u ~ Q2
// P3
- - - = - = =< q3
q1 S
Z/{ ~
Do Da

ticles in the final state. In the most interesting cases with  FIG. 1. The process gg — yyyy mediated by unparticle self-
strongly-coupled conformal sectors, the creation of addi-  interactions.
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form useful for Feynman diagram calculations. We then
calculate collider rates, taking the 47y signal as our ex-
ample. Our final result is determined up to the constant
entering the 3-point correlation function. As far as we
know, there is no theoretical upper bound on this con-
stant—it is bounded only by current experimental con-
straints. Applying these constraints, we find that the
prospects for signals at the large hadron collider (LHC)
are truly spectacular—the four-body final states given
above may have cross sections of picobarns or larger,
leading to obvious signals visible in the first year of the
LHC. We also determine the predicted kinematic distribu-
tions from unparticles, which are insensitive to overall
rates. These distributions provide testable predictions that
could be used to distinguish multiunparticle production
from other possibilities for new physics.

II. 3-POINT CORRELATION FUNCTION

We begin by assuming that the standard model is
coupled to the unparticle sector through a scalar operator
O. For a scalar, unitarity requires dimension d = 1, but
there is no upper bound [15,16]. Motivated by prominent
supersymmetric examples [3], we consider the range 1 =
d < 2. Modifications are required for vector and tensor
operators [15—17], but we expect that our primary conclu-
sions apply to these cases as well.

Conformal invariance constrains the 3-point O correla-
tion function to be

Ca

4 1
PR LT

looy)ot0)o) =

where C/, is a constant determined by the unparticle self-
coupling strength. In momentum space, it is then

(010(p1)O(p2) Ot (py + py)|0)

= C&fd“xd“y

elP1 X piD2y
lx = yl91x 1yl

= C/d /d4Xd4yd4Z64[Z - (X - y)]me

d4q eiq{z*(}f*y)]eim'Xeillz'y
—c d*xd*yd*
o [ s [ e

ip1°X pipay

|z |||yl
d'q 2 _ i d/2)-2 2 _ ed/2)-2
=Cy W[_C] —i€] [—(Pl - Q) — i€]
X [—(py + q)* — i€]@/?72, 2)

where the last equality makes use of the unparticle 2-point
correlation function [4]. C, is determined in terms of C/;;
we choose to express our results in terms of Cy.

The 3-point correlation function is the product of three
propagators from 0 to x, x to y, and y to 0. It is therefore not
surprising that, in momentum space, it takes the form of a
loop integral. We may therefore make use of the standard
techniques available for simplifying loop calculations.
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FIG. 2. Feynman parameter integral F\(p?/s, p3/s), as a func-

tion of p3/s for several p?/s values and d = 1.1 (top) and 1.9

(bottom).

Using Feynman parameters for Eq. (2), the 3-point corre-
lation function becomes

010(p)O(p,) Ot (p; + p1)I0)

1\n—2 2 52
=—i(—1)”Cd<—> F,(ﬂ,ﬂ), 3)
s s s
where
P p_% p_% _ 1 I'h —2)
Ns' s 1672 [T®F

1
x f dx1dxydx; Sy + x5 + x5 — 1)
0

1 \n—2
X(y) (x120x3) 17 (/2), “4)

n==6—3and A" = x;x,p3/s + x1x3p}/s + xx3, with
s = (p1 + p2)*. Fy(pi/s, p3/s) is plotted in Fig. 2.

ITII. BOUNDS ON UNPARTICLE INTERACTIONS

To investigate the phenomenological implications of the
3-point correlation function discussed in Sec. II, we must

075007-2



UNPARTICLE SELF-INTERACTIONS AND THEIR ...

introduce unparticle couplings to standard model particles.
Here we present the relevant couplings and determine the
existing constraints on them and the prospects for probing
them at the LHC. The results here are independent of
unparticle self-interactions, but are of interest in their
own right. In addition, in Sec. IV we will present results
for a reference value of A,, which we choose based on the
results we derive here.

A scalar unparticle may couple to two gauge bosons or
two fermions through the Lagrangian interaction terms

¢  inw ecf: -
.E = F OF,uVF Ky 4 F OhfoR, (5)
4 4
leading to the Feynman rules
. Ay ap B a
Oy, Oggvertices: i A (=Pa " Prg*F + papj)
] v

Of f vertex: ieFPR, (6)

4

where A, is some high scale characterizing these non-
renormalizable interactions, v is the Higgs vacuum expec-
tation value, e is the proton charge, and c,, c,, and cﬁ are
constants.

Following convention, we choose an O normalization by
specifying the unparticle propagator [4,5]

scalar unparticle propagator: iB;60(¢°)0(¢*)(g> — u*)?*2,
(7)
where
—im\d—2 1677/2T(d + 1
Bd EAd (6 : ) i Ad — 2'0717 ( 2) .
2 sindr Q2m)*I'(d — DI'(2d)

®)

Here the modified propagator suggested in Ref. [7] is used
to take into account the breaking of conformal invariance
at a scale u by unparticle couplings to the Higgs boson. A
more detailed analysis was performed in Ref. [8] by con-
sidering a deconstructed version of the unparticle-Higgs
coupling. That approach led to a propagator of the form
[(g»*> 4 = v2(r})*>"?/(¢g* — m2)]"", where v and m,, are
the Higgs vacuum expectation value and mass, respec-
tively, and wuy is a scale related to the Higgs-unparticle
coupling.

We will be most interested in unparticle couplings to two
photons. This coupling, in conjunction with unparticle
couplings to gluons and quarks, mediates processes
g8, qq — ‘U — yvy, which have been studied previously
in Ref. [11]. With our coupling conventions, these pro-
cesses have differential cross sections

CeCy

2
o | 1BAPG = pE )
4
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where we have averaged and summed over initial and final
state colors and polarizations, but have not yet included the
factor 1/2 to account for the two identical photons in the
final state.

These processes are bounded by existing data, most
stringently by the diphoton invariant mass distribution
from the CDF Collaboration at the Tevatron [18], based
on an integrated luminosity of 1.2 fb~! at \/s = 1.96 TeV.
The events in this distribution have two central photons
with || < 1.04 and transverse momenta p%z =15 GeV.
To obtain a lower bound on A4, we simulate the signal by
adopting the following procedure here and in all analyses
described below. We set ¢, = ¢, = 1 and e2(cZ:)2 = 27,
following the convention justified in Ref. [9], use the
CTEQSL parton distribution functions with a factorization
scale py = V5 [19], and evaluate the cross section with the
Monte Carlo program VEGAS [20]. We then impose the
identical 1 and p7 cuts given above, and further require
m.,,, > My,, where m.,,, is the diphoton invariant mass, and
My, is a threshold mass chosen to maximize the sensitivity
to the signal. At the Tevatron, unparticle production
through ¢g dominates over gg, and the most stringent
bounds are typically achieved for My, = 350 GeV. The
95% CL lower bound on A, is then derived following
Ref. [21]; these results are given in Fig. 3. For comparison,
in Fig. 3 we also present bounds on A4 given previously in
the literature from ete”™ — U — utu~ from LEP/SLC
[9] and the unitarity bound on WW scattering [10].

LHC yy e
°r Tevatron yy —— -
‘ LEPee->up -------
WW scattering --------
6 ! -
>
=
> AT ]

FIG. 3. Bounds on the unparticle scale A, from pp — U —
7y using existing data from the Tevatron (solid line), and the
projected 5o discovery reach at the LHC for integrated lumi-
nosity 100 fb~! (dotted line). For comparison, existing bounds
from ete” — U— utu~ [9] (long dashed line) and the
unitarity bound on WW scattering [10] (short dashed line) are
also shown. See text for details.
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We have also determined the discovery reach for pp —
U — vy at the LHC, assuming 100 fb~! of data. We
evaluate the prompt diphoton background using
PYTHIA 6.4 [22], impose kinematic cuts |n| <2.5 and
p;’z > 25 GeV, and again optimize by varying the thresh-
old energy M. We estimate a 5o discovery reach by
requiring S/+/B>5 and S > 5, where S and B are the
number of signal and background events. This discovery
reach is also presented in Fig. 3.

These results have omitted important effects. Notably, in
determining the LHC reach, we have omitted the back-
ground from misidentification of jets and electrons.
Nevertheless, we may conclude that present limits from
the Tevatron and LEP/SLC are comparable, and imply
lower bounds on A4 of ~2 TeV for d = 1.1, dropping to
below a TeV for d = 1.9. We will adopt the reference value
A4 =1 TeV below. At the LHC, the sensitivity is much
higher, with the vy signal probing A4 in the multi-TeV
range. Note that here, and in the rest of this work, we have
taken the conformal breaking scale to be = 0 in deriving
our results. However, we have found that our results are
insensitive to this choice, provided u < My,. In general,
the modifications have the property that they are small for
large ¢>. For example, for ¢> > u?, the propagator we
used [Eq. (7)] is of the form (¢?)¢~? with corrections of
order u?/g*. In this limit the propagator obtained from
Ref. [8] has corrections of order (1?/q%)* 9v?/(q* — m3).
We will assume henceforth that the breaking of conformal
symmetry is small in the kinematic region we work in so
that the correction terms can be ignored.

IV. FOUR PHOTON EVENTS

We now turn to new processes mediated by unparticle
self-interactions. As noted in Sec. I, the 3-point function is
particularly interesting, and, depending on the unparticle
interactions with the standard model, may mediate a vari-
ety of processes leading to spectacular 4-body final states.

PHYSICAL REVIEW D 77, 075007 (2008)

As an example, in this section we consider the four photon
signal shown in Fig. 1.

The cross sections for gg,qqg — U — UU— yyyy
are completely specified, given the Feynman rules of
Egs. (3) and (6). With momenta as labeled in Fig. 1, we find

2

- c,ct |2
| Mgy |2 =21 KTJ (Pa - Pp)*(P1 - P2
X (p3 * pa)*010(92)0(q3) 0T (g)|0)?
(11)
B N
|qu—'4'y|2 = 3 A43dy v2(pg - pu)(p1 - p2)?
4
X (p3 * p4)*010(g2)O0(g3) 0T (g )0},
(12)

where we have averaged and summed over initial and final
state colors and polarizations, but have not yet included the
factor 1/4! to account for the four identical photons in the
final state. To evaluate the parton-level cross sections, we
use the results of Sec. II for the 3-point correlation func-
tion. Setting ¢, = ¢, = 1 and ¢2(c])? = 2 as above, and
integrating over 4-body phase space with the Monte Carlo
program VEGAS [20], we find that the parton-level cross
sections may be written as

§ \3d 1
G ggay(8) = fﬁ%(iz‘) G/[GeV?]) [fb]  (13)
A A § \3d/v? 1
7ao® = 1x) () roevp ™ 0

where the dimensionless proportionality factors f% and fJ
are given in Table L.

TABLE 1. Dimensionless parton-level proportionality factors f49, and unparticle 4y reference cross sections at the Tevatron (y/s =
1.96 TeV), LHC (/s = 14 TeV) and ILC (/s = 1 TeV). These reference cross sections assume A, = 1 TeV and C,; = 1; the actual
cross sections scale with C3/A%’. Upper bounds on this combination of parameters from existing data at the Tevatron are also listed, as
are the resulting maximum cross sections possible at the LHC and ILC.

d=1.1 d=12 d=15 d=19

1 2.7 1.2 0.16 0.02

1 5.5 2.5 0.35 0.04

Tevatron a'f;qfﬂzw [fb] 2 X 1078 6 X107 2.5% 10710 1.5 x 1071
Tevatron a';e;_,M [fb] 3%x107° 7 X 10710 2% 1071 6% 10713
Tevatron upper bounds on C,;/(A,[TeV])*? 1.3 X 10* 2.3 X 10* 1.2 X 10° 4.8 X 10°
LHC o, [fb] 2.6 X 1073 1.7X 1073 1.3 X 1073 3.5X 1073
LHC o7s1_,,, [fb] 1.0 X 1076 6 X 1077 3.6 X 1077 1.0 X 107
LHC maximum cross section [fb] 4300 9600 1.8 X 10° 8.4 X 10°
ILC O-Ze*fe’—ﬂty [fb] 1.0 X 1076 47 x 1077 6.0 X 1078 8.0 X 107°
ILC maximum cross section [fb] 160 250 810 1900
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A. Bounds from Tevatron

The 4y unparticle signal is bounded by searches at the
Tevatron. The DO collaboration has searched for the in-
clusive production of multiphoton final states [23]. Events
are selected with three or more photons in the central
calorimeter (|| < 1.1) and Ep-ordered cuts on their trans-
verse energies: Ex>3Y > 30,20, 15(, 15) GeV. The domi-
nant backgrounds are diphoton production with additional
initial state radiation photons and events in which jets or
electrons are misidentified as photons. No excess of events
above the standard model prediction was found in the
Tevatron data with integrated Iluminosity 0.83 =
0.05 fb~! collected during 2002—2005.

This search result thus sets upper bounds on combina-
tions of the unparticle self-interaction strength C,; and the
energy scale Ay4. To derive these bounds, we again set ¢, =

¢, = land €2(c})? = 2. As with the yy signal discussed
in Sec. III, at the Tevatron, the gg contribution dominates
over that from gg, since pp collisions provide a large
density of antiquarks, and at /s = 1.96 TeV, large
Bjorken x is required.

We impose the kinematic cuts on rapidities and trans-
verse energy as given above. Estimating the background
event rate to be Loy, ~ L(3,0)(a/m) o, ~
0.83 fb~! X (0.002)? X 0.66 pb ~ O(1073), we find that
it is negligible. The 95% CL upper limit of 3.04 events
for zero background and zero events observed therefore
becomes the 95% CL bound

1 6d 3.04
C? = ) 15
d<A4[TeV]> 0.83 fb~ Lot (15)
where o5l = ol + o5y, is the total reference cross

section, determined by setting A, = 1 TeV and C; = 1.
The resulting upper bounds on C;/A3? are given in Table 1.

B. Prospects for LHC and international linear collider

We now determine the LHC cross sections for 47y pro-
duction mediated by unparticle self-interactions. Using
VEGAS [20], we Monte Carlo simulate 4 to 10 X 10° events
for several values of d. We require the photons to have
rapidity |9 <2.5 and transverse energies Ey>**>
30, 20, 15, 15 GeV. The resulting reference cross sections
for Ay, = 1 TeV and C; = 1 from gg and ¢q initial states
are given in Table 1.

Of course, the actual cross sections scale with Cfl. We do
not know of any way to bound C,; theoretically, or, indeed,
to specify a ‘““typical” value for C,. Lacking theoretical
guidance, we simply impose existing experimental bounds.
Although bounds on unparticles have been discussed at
length in the literature, these constraints, including those
derived and presented in Sec. III, do not bound C,. For a
direct bound, we must therefore turn to the Tevatron results
derived above, which, of course, constrain C; and A, in the

PHYSICAL REVIEW D 77, 075007 (2008)

combination identical to that which enters the LHC cross
section. Assuming these parameters saturate the bound of
Eq. (15), we find the maximal cross sections presented in
Table I and plotted in Fig. 4. These cross sections are
extraordinarily large, ranging from picobarns for d = 1.1
to nanobarns for d = 1.9. If the unparticle self-interaction
is anywhere near the largest values allowed by current
experimental constraints, this spectacular signal will be
discovered very early at the LHC.

The pr distributions of the leading, next-to-leading,
next-next-to-leading, and fourth photons in unparticle 4y
events are given in Fig. 5. We find that the py spectra, even
for the third and fourth photon, are remarkably hard. Given
this, the standard model background of diphoton produc-
tion with two initial state radiation photons can be elimi-
nated with pr cuts with little effect on the signal. The
dominant backgrounds will be from events with misidenti-
fied jets or electrons, but even these may be reduced
significantly with hard p; cuts without large reduction in
the signal. It would be very interesting to determine the
extent to which this is validated by a realistic detector
study. Last, we note that the shapes of the p; distributions,
along with other kinematic information, are, of course,
independent of C; and A,. They may therefore be used
to identify unparticles as the source of these signals, and to
distinguish them from anomalies predicted by other frame-
works for new physics.

If the coupling of scalar unparticles to electrons is of the
same size as to quarks, 4y event rates at the international
linear collider (ILC) can be calculated with Eq. (14) multi-
plied by 3. ILC reference cross sections and maximal
possible cross sections are presented in Table I and
Fig. 4. Interestingly, the 4+ cross section at a 1 TeV ILC
is about 2 orders of magnitude larger than at the Tevatron.
This is because the parton densities become less than one

10° p———T————
10° |
107 §
10° §
10° |
10* |
10° }
0 |
10' b 1

100..|....|....|....|

LHC ——
ILC ------- 5
Tevatron -------- ]

max. o , [fb]

FIG. 4. Maximum possible cross sections for 4y production
through unparticle self-interactions, given existing bounds on 4y
events from the DO Collaboration at the Tevatron [23].
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FIG. 5. The py distributions for py-ordered photons in unpar-
ticle 4y events (from the dominant gg initial state only) at the
LHC for d = 1.1 (top) and 1.9 (bottom).

for x = 0.3, so the Tevatron pp — 4+ cross section is
dominated by the contribution from \/§ ~ 300 GeV.

V. DISCUSSION

In this work, we have investigated a new feature of
unparticle physics, namely, the self-interactions of unpar-
ticles. Such interactions are necessarily present in confor-
mal theories, are unsuppressed for strongly-coupled
conformal sectors, and introduce a large range of new
phenomena not studied previously.

As an example, we have investigated the 3-point corre-
lation function in detail. This is completely specified by

PHYSICAL REVIEW D 77, 075007 (2008)

conformal invariance,' up to a constant C,;, and mediates a
host of processes, such as pp—U—UU—
YYYY, YYZZ, ZZZZ, yylT1~,ZZIT1",4]l at the LHC.
We know of no upper bound on C,. We have therefore
imposed only the existing Tevatron bounds, and have found
that, for the example 4y signal discussed here, the allowed
cross sections at the LHC are enormous, ranging from
picobarns for unparticle dimension d = 1.1 to nanobarns
for d = 1.9. Such signals could emerge very early after the
LHC turns on, and imply that the 4-body final states could
be by far the most promising modes for unparticle discov-
ery at colliders. Given these observations, it would be very
interesting to perform similar analyses for the other final
states, as well as to carry out realistic detector simulations
to determine the extent to which jet and lepton misidenti-
fication masks these a priori spectacular signals.

On the theoretical side, the most pressing issue is to
determine what values of C, are possible or natural.
Conformal invariance by itself does not determine the
constant, and we are unaware of any other consistency
conditions that could bound C,. It would be very interest-
ing to see if the AdS/CFT correspondence can shed light on
this issue. In the absence of theoretical bounds, C, can be
large, and pp — UU — 4y and related 4-body final
states may have cross sections larger than pp — U —
v and related 2-body states. Such a conclusion is highly
counter intuitive, but perhaps possible, given the other
surprising properties of unparticles discovered so far.
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'The importance of self-interactions in the case of broken
conformal symmetry has also been recently emphasized in
Ref. [14].
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