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Simple-minded unitarity constraint and an application to unparticles
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Unitarity, a powerful constraint on new physics, has not always been properly accounted for in the
context of hidden sectors. Feng, Rajaraman, and Tu have suggested that large (pb to nb) multiphoton or
multilepton signals could be generated at the LHC through the three-point functions of a conformally
invariant hidden sector (an ‘“‘unparticle sector). Because of the conformal invariance, the kinematic
distributions are calculable. However, the cross sections for many such processes grow rapidly with
energy, and at some high scale, to preserve unitarity, conformal invariance must break down. Requiring
that conformal invariance not be broken, and that no signals be already observed at the Tevatron, we
obtain a strong unitarity bound on multiphoton events at the (10 TeV) LHC. For the model of Feng et al.,
even with extremely conservative assumptions, cross sections must be below 25 fb, and for operator
dimension near 2, well below 1 fb. In more general models, four-photon signals could still reach cross
sections of a few pb, though bounds below 200 fb are more typical. Our methods apply to a wide variety of

other processes and settings.

DOI: 10.1103/PhysRevD.81.056003

L. INTRODUCTION

The current era is dominated by hadron colliders, where
small signals must be extracted from very large data sets.
In order that new physics of an unfamiliar sort not be
missed, it is important to consider a wide variety of pos-
sible signals that the experimenters might encounter. In this
spirit, there has been considerable activity aimed at think-
ing broadly about reasonable nonminimal extensions of the
standard-model (SM) Higgs sector, of minimal supersym-
metric models, and so forth. While there are strong moti-
vations for each of these classes of models, the simplicity
of their minimal versions is motivated mainly by aesthetic
considerations. Moreover, the extra particles in nonmini-
mal versions can lead to completely different phenomeno-
logical signals from those arising in the minimal versions.
Given the baroque nature of the standard model, we would
be unwise when addressing important issues in particle
physics not to consider the possibility of particles and
forces beyond the minimal set required.

Considerable attention has been paid recently to hidden
sectors that couple to the standard model at or near the TeV
scale. These include ‘“‘hidden valleys” [1-3], new sectors
with mass gaps and nontrivial dynamics, which lead to new
light neutral particles, often produced in clusters and with a
boost, and possibly with macroscopically long lifetimes.
Hidden valleys are especially natural hosts for dark matter,
and indeed a class of hidden valley models [4] is a popular
explanation for current anomalies in dark-matter
experiments.

Work on hidden sectors also includes a great deal of
research on conformally invariant hidden sectors, dubbed
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“unparticles” in [5-7] (see also [8,9]). New sectors with
conformally invariant physics (or at least scale-invariant
physics, though there are no known examples of theories in
four dimensions with scale invariance but without confor-
mal invariance) can produce large missing-tranverse-
momentum (MET) signals, and can produce smaller, but
potentially still dramatic, visible effects. However, the
literature on this subject is full of contradictions, and
many claims of interesting effects have been criticized.
This has left the experimental community without clear
guidance as to how to search for hidden sectors of this type.

Our goal in this paper is to bring some clarity, through
simple arguments, to a claim [10] that large production
rates for multiparticle final states can be generated through
the three-point function of hidden-sector operators that
couple to the standard model. (Other work emphasizing
the importance of higher-point functions, often called ““un-
particle interactions,” can be found in [11,12]. Additional
subtle issues are addressed in [6,7,13—15].) We consider
specifically the mechanism discussed by Feng, Rajaraman,
and Tu in [10], slightly generalized. In [10] it was pointed
out that (for example) if a scalar primary operator O in the
hidden sector couples to two gluons and also to two pho-
tons, and has a nontrivial three-point function (O QO O), then
the process gg — y7y7y7y can be generated. Because the
form of a three-point function (@, O, O;) of primary scalar
operators is precisely determined in conformal field theory
in terms of the dimensions A; of the three operators @;, the
kinematics of any process of this type is precisely known.
(This is also true in some cases for three-point functions
involving operators with nonzero spin.) In the case consid-
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ered by [10], all kinematic distributions can be calculated
in terms of the dimension and spin of O.

Moreover, there is only one unknown parameter, the
overall coefficient of the three-point function [equivalently
the operator-product expansion (OPE) coefficient connect-
ing OO — O]. In [10] it was pointed out that as of yet
there is no known bound in four dimensions on the size of
this coefficient, and so it was suggested it could be arbi-
trarily large. Based on the limits from Fermilab on multi-
photon events, it was claimed in [10] that LHC production
rates (at 14 TeV) were little constrained, and could range as
large as 4 pb for Ay ~ 1.1 and 8 nb (10 times larger than
the t7 cross section) for Ap ~ 1.9. Given that four-photon
backgrounds are tiny, and that the photons produced in this
process have very high pr, this would be a truly spectacu-
lar signal by any measure.

In this paper we throw some amount of cold water on
this possibility. We first observe a simple-minded (and
model-independent) unitarity constraint on any hidden
sector, conformal or not. Then we show how this specifi-
cally constrains conformally invariant sectors, where ex-
plicit computations are possible due to the conformal
invariance. After putting some experimental and theoreti-
cal limits on the size of the coupling between the two
sectors, we apply this constraint specifically to the process
pp — vvy7yy. For the specific case studied in [10], we find
the maximum cross section (for LHC at 10 TeV) is actually
of order 20 fb. When we generalize the scenario considered
in [10] by allowing the two gluons to couple to one
operator O, and the two photons to couple to a different
operator 0,, we find that the maximum cross section is
anywhere from several pb, in the region A; ~ 1.4 and
A, ~ 1.1, down to 30 fb or below for A; + 2A, > 5.

Our methods can be applied more widely to various
other processes. They will strongly constrain four-lepton
production through vector unparticles, for example, and
any other similar process.

As this paper neared completion some additional work
on this subject appeared in [16,17]. We believe that appli-
cation of our methods would affect the conclusions of these
papers. Also, in [17] production of multiple particles
through exchange of two unparticles was considered.
While we do not address this issue in our current paper,
there are additional and related unitarity bounds on this
process which were not considered in [17]. It should also
be noted that the authors of [17] assumed in their calcu-
lation that there is no important four-point function among
the hidden-sector operators, which is not universally true.

The paper is organized as follows. We will explain our
unitary bound in Sec. II. After some general comments in
Sec. III about applications to unparticle sectors, we will
show how to apply it to the specific case of gg — yyyyin
Sec. I'V. Section V will be devoted to obtaining a bound on
the scale A, characterizing the coupling between the two
gluons and the unparticle sector. In Sec. VI we will calcu-
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late the numerical bounds on pp — yyvyy. We will com-
ment on other possible processes in Sec. VII, and state
some conclusions in Sec. VIIIL.

II. A TRIVIAL UNITARITY BOUND

We begin by pointing out an essentially trivial but
rigorous unitarity bound that governs parton-parton cross
sections for hidden-sector production. The point, simply
stated, is that no one process that involves the hidden sector
can have a rate that exceeds the total rate for all such
processes.

This simple-minded and obvious point becomes useful
when the total rate can be computed. Among the situations
where this is possible is the case when the hidden sector is a
conformal field theory to which the SM couples via a local
interaction. In this case the total cross section is given by
the square of a standard-model amplitude times the imagi-
nary part of a two-point function of a local operator in the
conformal field theory (recently given the name “‘unpar-
ticle propagator” [5]). Consequently, one may calculate
the bound on the sum of all processes involving the hidden
sector.

Let us make a technically more precise statement of this
unitarity bound. Suppose the interaction between the two
sectors is governed by a local interaction, for example, of
the form

%wwlga (1)

where i 4 5 are SM fields that create the SM partons A, B,
and O is a gauge-invariant operator in the hidden sector
that carries no SM charges. (We take O to be spinless for
the moment, but our statements generalize for any spin.)
We consider first a process AB — X where X is a state in
the hidden-sector Hilbert space. We will refer to the sum
over all such states as AB — {X}. Then the optical theorem
assures that for center-of-mass momentum g* = ¢ + g

and center-of-mass energy /3 = ¢2,

o(AB — {X};§) = Y 0(AB — X 3)
X

_ Im(AB = {X} — AB)
_ KABlY 0, l0)P
A25
y Im[i<0|(9(q)(9(—q)|0>]‘

N

2)

Corrections to this last formula are smaller than the leading
expression by a factor of order (§/A2)%. We simplify
notation by defining

fap = (AB| U ‘J’A|O>;
Golg; A) = i010(q)O(—4q)|0), 3)
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so that

o(AB —{X};3) = |fasPIm[Gol(g: M) (4)

A26 3

with § = ¢2.

We are effectively assuming that the two sectors are
weakly coupled to one another, so that the Hilbert space
factors into a SM part and a hidden-sector part. This is true
in the limit A — oo, and the corrections to this assumption
should be small as long as momenta are small compared,
naively, to 47 A. Actually, whether the condition involves
47 A or a somewhat smaller scale depends, as we will see,
on the operator and on A, B. Also we have assumed here
that any process generated by two separate couplings of the
initial state to the hidden sector, such as considered in [17],
is subleading compared to the effect of a single such
coupling. If this is not the case, self-consistency problems
arise, which we will not address here.

Importantly, as emphasized by our notation, the two-
point function of O that appears here is the complete two-
point function, which includes all effects that depend on A
from the interaction (1), along with any other interactions
between the SM and hidden sectors. Let us define the two-
point function of O in the limit A — oo to be

Gg (q) = lim Go(g: A). 5)

The difference between this function and the full two-point
function includes terms such as

Golg: A) = G(g) + G (gP d*k
o\q; q q A25 (277_)4
X A0l g(k)h 4(q — k) g(—k)h 4 (k — q)|0)
+ .. (6)

as shown in Fig. 1. This particular type of correction sums
as usual into a geometric series

FIG. 1. The full two-point function for O (filled line) differs
from the conformal two-point function (unfilled line) by loops of
standard-model particles; these can be resummed as usual into a
geometric series.
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GY(g)

GW(@)3(q) -

Golg; ) = X (7

where

i

E[(z )4< [ p(K)h4(q — k)
X p(=Rpalk = @I0) + - - 8)

as in Fig. 1. Other processes that connect the two sectors
will also contribute to the full two-point function.

Suppose we demand that the full two-point function
Golg; A) does not differ much from its A — co limit
Gg)(q)—that is, that the interaction with the SM sector
does not strongly alter the hidden sector in the energy
regime of interest. (In particular, if the hidden sector is
conformal in the A — oo limit, then we are demanding that
it remain so to a good approximation.) Then any process,
such as AB — PP, - -+ X,, where P; are SM particles
and X, is any hidden-sector state, and where P; are pro-
duced dominantly through SM-hidden sector interactions
suppressed by 1/A to some power, can be bounded. In
particular, this process will appear in the imaginary part of
the full two-point function, suppressed by powers of 1/A
to some power. The statement that the 1/A corrections to
Golg, A) are small, applied to its imaginary part, then
implies that

2(q) =

> o(AB— PP, -
{Xo}

“t Xo) < 55 1 faslPIm[Go(g; A)

A26 a
- G(O)(q)]

Aza ~|f 45" Im[Go(g; A)]

~ 5z Fas PGS )]
~ o(AB — {X}). 9)

The sum over X, is over any subset of (and including
possibly all) allowed hidden-sector states. The corrections
to the last approximate equality vanish as A — co. Note the
expressions in the first line are of higher order in 1/A than
those in the last line, since by definition Gp(q; A) — G((g)
as A — oo, Therefore this is obviously true when A > g¢.
But for LHC signals we will be interested in the conse-
quences when ¢ and A are not well separated.

The relations (9) state the following. The first inequality
says that the process in question is found in the imaginary
part of G which does not appear in G, since the latter
contains only processes involving the hidden sector alone.
The second inequality says that the difference between G
and G((g) cannot be large, if conformal symmetry is valid.

The third approximate equality restates that G and G((g)
must be similar, so we may use either one. The final
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approximate equality comes from Eq. (4). The last two
inequalities become equalities in the limit A — co.

It is crucial that the constraint (9) depends on ¢, or V3,
the partonic collision energy, not directly on the collider
energy /s. Thus, at a hadron collider, this constraint must
be applied at all relevant values of /3.

III. APPLICATION TO CONFORMAL HIDDEN
SECTORS (UNPARTICLES)

A. Conformal invariance must break down

If the hidden sector is conformal, then G((g)(q) is deter-
mined, up to a normalization constant. The canonical
normalization is taken so that in position space the time-
ordered two-point function is 1/(47%x?)* (up to contact
terms at x = 0); any other normalization factor can be
absorbed into A. The Fourier transform to momentum
space yields

1 I[2-A]

G A U4 it a0

Go(a) =

Our normalization is the same as that used in [5], simplified
by the use of Gamma-function identities.

Suppose we want to use conformal invariance to predict
something in the hidden sector. Then we must demand that
any corrections to the two-point function are small com-
pared to the two-point function itself, which then implies
the bound (9). In particular, for any particular process (such
as gg — yvyvyy, as we will consider below) in which only
SM particles P; are produced through the hidden sector,

o(AB— {X}— P,P,---P,) < c(AB—{X}). (11)

In fact the bound is much stronger than this; the sum of
cross sections for all such processes, producing any
standard-model particles and hidden-sector states, is
smaller than o(AB — {X}). If conformal invariance pre-
dicts cross sections that violate this condition, then it is
conformal invariance itself that must be violated, and thus
it cannot be used to make predictions.

To illustrate the issues, let us consider a Lagrangian with
three terms that couple the SM to the hidden sector through
couplings to scalar hidden-sector operators, of the form

5L = Oty +— Oy s + = Oy

= Vivayp T 5 Oy T —- U3y
A A AP
(12)

Here 6, = A + dim¢4 + dimyz — 4, and similarly for
85, 85. (For the moment we take all three operators ©; to
be distinct; the case where the operators are related will be
dealt with later. We also assume &§; > 0; we will discuss
this assumption later. The standard-model fields ¢ ;, which
create particles P;, may or may not be different from one
another; we make no assumptions about them as yet.)
Then, purely from dimensional analysis, we have
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No(A) (J?)z&l,

§

o(AB — {X} %) = 13)

A

where N, is a constant calculable from conformal invari-
ance alone and which depends only on A; and on |f,z|°.
Meanwhile,

[Ciasl?
§

("

Np (A, Ay, As)

Here, as emphasized by [10], Np, is a constant which is
determined by the dimensions of the operators O;. We will
see we do not need its exact form. The OPE coefficient
C\23 for ©,0, — O determines the normalization of the
(0, 0,05) three-point function. Again, its value will not be
needed for our discussion.

These expressions are valid up to the scale § where
conformal predictions break down. A sufficient condition
for such a breakdown would be that o(AB — P;;3§) ~
o(AB — {X};5). If 8, + 83 >0, as we are assuming at
the moment, then o(AB — P;; §) grows faster with energy
than o(AB — {X}; §). Thus there is always a scale §,,,, at
which the expressions in Egs. (13) and (14) become equal.
At best, conformal invariance can be used to make predic-
tions only up to this scale. At scales of order or larger than
Smax there must be large corrections to the two-point func-
tion of O,. When this happens, we can predict neither
o(AB — {X})—which requires the two-point function di-
rectly—nor o(AB — P;)—which is predicted using the
special form of the three-point function, whose derivation
requires that the two-point function of @, be its conformal
form.

B. Motivation for studying gg — vyyy

We must first decide what physical processes to study,
which requires us to address some subtle points. The reader
interested in only our results can jump to Sec. I'V.

We will focus on processes involving gauge bosons only.
Our reasoning is the following. The largest effects from
hidden sectors would come from low-dimension operators.
Scalar operators have the lowest possible dimensions, as is
well known from unitarity bounds [18]. (See also [19,20]
for other famous and important applications of these uni-
tarity bounds.) We will discuss operators of nonzero spin in
Sec. VII. The only standard-model scalar operators of low
dimension are of the form (1) F,,F*” or FM,,I:"‘“’ for one
of the standard-model field strengths, (2) the Higgs boson
bilinear HYH, or (3) fHf', where f is a SM fermion
doublet and f’ is a SM fermion singlet.

Large couplings of the form fH f’O break chiral flavor
symmetries and are extremely dangerous, especially for
the light quarks found in the proton. Without powerful
symmetries or fine-tuning, these interactions will generi-
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cally induce large and excluded flavor-changing neutral
currents, through processes such as ff' — f'f, f — f'v,
etc., mediated via effects of the hidden sector. Conversely,
suppressing flavor-changing neutral currents by choosing
small couplings (i.e., choosing a very large value for A),
reduces all cross sections involving the hidden sector by
factors of s/A? to a positive power. We are skeptical that
there exists an elegant model-building strategy that would
permit operators to couple to the light quarks with A of
order 1 TeV and A not far above 1 without risking large
K-K mixing. Conversely, as A approaches 2, our bounds
come into force. (Couplings of SM fermions to vector
unparticles do not break chiral symmetries and are much
more reasonable, but we are only considering scalar op-
erators at the moment.) Consequently, it is far more natural
that the initial-state coupling should be to gluons.

In the final state, fermionic couplings might have a role
to play; for example, flavor-changing constraints on cou-
plings to bottom and top quarks and to tau leptons are
somewhat weaker, and one could imagine larger couplings
of the heavier fermions to a hidden sector. We will discuss
the possibility of such final states in Sec. VII.

Couplings to Higgs bosons are very interesting but are
complicated by the relatively large mass of the Higgs and
by its expectation value. Examples of these complications
are described in [14,15]. To avoid these complications in
this paper, we assume that the couplings HTHO are not
large, which in turn implies that the rates for producing
Higgs bosons are small. In any case, Higgs bosons pro-
duced through a hidden-sector’s three-point functions will
lead mostly to multijet states, which have large
backgrounds.

For these reasons, in order to keep our presentation
simple, we will focus on the process gg — yvyvyvy. This
case is nice because it is conceptually straightforward, is a
spectacular LHC signal, and was studied in some detail in
[10]. There are nevertheless some fine-tuning issues with
the signal, which we discuss below.

C. A comment on the naturalness and fine-tuning

On general grounds, when a theory has a low-dimension
scalar operator O, fine-tuning is typically (but not auto-
matically) necessary to avoid generating the operator O
itself in the Lagrangian. This operator would then itself
serve as a relevant perturbation of the conformal field
theory and conformal invariance would be lost at very
high scales.

To avoid this, one would ask that any such operator
transform under a global symmetry, so that its appearance
in the Lagrangian is forbidden. For example, © might be a
pseudoscalar instead of a scalar, or it might transform with
a minus sign under some other Z, transformation, or be
part of a large multiplet under a continuous global sym-
metry, etc. However, these solutions are not entirely sat-
isfactory since we must in general break this very
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symmetry to allow terms of the form (12). We might
require that the standard-model operator also transform
under the global symmetry (for example if the O; are
pseudoscalars we can couple them to F M,,F #7instead of
F,,F*” as was done in [10]). But this is not entirely
satisfactory, because a three-point function among three
scalar operators transforming under a Z, symmetry must
vanish, and more complicated symmetries which allow a
three-point function cannot generally be realized among
SM operators. For example, we cannot couple two gluons
to an operator transforming under a Z; symmetry without
breaking that symmetry.

We might also appeal to supersymmetry to prevent O
from being generated with a large coefficient. In models
where supersymmetry breaking in the hidden sector occurs
at a scale which is low compared to the TeV scale, as can
occur in models of gauge mediation where the hidden
sector learns of supersymmetry breaking only through its
coupling to the SM, supersymmetry can forbid the appear-
ance of chiral operators in the superpotential, and thus
restrict the operators that appear in the Lagrangian, down
to a rather low scale. In this case conformal invariance
would still be valid in the regime of interest. But this is not
automatic and at the very least involves nontrivial model
building; see for example [21].

Even if we solve the problem of generating © in the
action, there is still the operator O ©, which is usually a
relevant operator for A significantly less than 2. (Note this
operator as written may not itself be an operator of definite
dimension, but it can be written as a linear combination of
such operators, and one of them will generally have di-
mension less than 4.) The question of whether OO is
relevant, and, if so, why it is not present with a large
coefficient, is analogous to the question of the small value
of the Higgs boson mass. In order even to have a discussion
about scalar operators with A well below 2, we must
assume either that this coefficient is somehow unnaturally
suppressed, or that it is protected by a very weakly broken
supersymmetry in the hidden sector, as in [21]. (For inter-
esting but not yet sufficiently powerful results regarding
O 0, especially where O has dimension less than 2, see
[22].)

This particular problem does not arise for A > 2, where
the square of the operator is generally irrelevant. (It has
sometimes been erroneously suggested in the literature that
scalar unparticles do not make sense for A = 2. But this is
simply a misinterpretation of standard singularities which
require standard operator renormalization. All conformal
field theories contain such operators—for example, the
square of the stress tensor.) Our results can be applied to
such operators, but as we will see, the bounds that we
obtain for such operators are on the verge of putting the
signals out of reach of the LHC.

One may also ask about the coupling H HO, where H is
the standard-model Higgs boson. When the Higgs gets an
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expectation value, this inevitably would generate a break-
ing of conformal invariance [14,15]. Again, if the confor-
mal theory has an exact or weakly broken global symmetry
that acts on @, this operator would be forbidden.
(Meanwhile the operator HT HOT O is generally irrele-
vant.) In the models we consider below, any such symme-
try is broken by the couplings to the standard model. But as
long as the high-energy physics that generates these cou-
plings does not directly couple the Higgs boson to the
hidden sector, and a symmetry forbids H' HO from arising
well above the TeV scale, then any H TH®O term will be
suppressed by an extra SM loop factor compared to the
leading couplings between the two sectors, and will be
sufficiently small not to undermine our assumptions.

Thus to obtain gg — y7y7y7y from a conformally invari-
ant sector requires quite a bit of work. But we will finesse
all these issues, without further comment, in this paper.
This is in order to address the specific phenomenological
claims of [10], which assume implicitly that all these issues
are resolved, but do not depend on the precise resolution.
Also, although they are most easily explained in the case of
scalar operators, our methods apply for any spin. At the end
of this paper will briefly discuss more realistic settings,
such as a three-point function involving a vector operator
vV . scalar operator O, and its conjugate O' . In this case
the operator O could be a pseudoscalar, for instance, or
carry some additional quantum numbers, and many of
these problems would not arise. We emphasize, therefore,
that our results are very general and would apply with
similar impact in many situations where there are no
fine-tuning issues.

D. A comment on the far infrared

In general, conformal invariance in the hidden sector
may not hold down to arbitrarily low energy. Indeed, we
have just discussed various ways in which conformal in-
variance may be violated at low scales. Moreover, with the
couplings that we consider, a truly conformal sector with
very light particles can potentially induce new processes
that have not been observed, or affect big-bang nucleosyn-
thesis or other aspects of cosmology or astrophysics. For
these reasons it may be that the hidden sector has a mass
gap at some scale w, which truncates all the branch cuts in
Green functions of hidden-sector operators. (Examples of
how this could occur appear in [12,14,15].) We will assume
that any such w is low enough that (1) it does not impact
hidden-sector Green functions above a few tens of GeV,
and (2) it does not cause any hidden valley signatures,
where production of conformal excitations at high energy
turns into hidden particles at the scale w, which in turn
decay to standard-model particles on detector time scales,
giving visible signatures [12] and completely changing the
LHC phenomenology. We assume throughout this paper
that any infrared effects do not affect the basic unparticle
paradigm: that the hidden-sector dynamics, for all observ-
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able purposes at the Tevatron and LHC, is conformally
invariant and therefore predominantly invisible.

IV. THE BOUND APPLIED TO FOUR-PHOTON
EVENTS

We now assume that the Lagrangian has couplings be-
tween the two sectors of the form

1 1
.E :FOIZGMVG H +F@2FMVFM , (15)
1 a 2

where G* (a=1,...,8) and F are SU(3) and
U(1)-electromagnetic field-strength tensors. For consis-
tency, since the events we will study have energies far
above the 100 GeV scale, we actually must couple the
operator O, to hypercharge bosons, with a coefficient

(AS2cos?6y) . But for brevity we will ignore the associ-
ated yZ and ZZ couplings for this paper. Although they
contribute comparable three-photon and/or large MET sig-
nals, including them would not change the bounds that we
obtain, which are in fact bounds on the sum of the cross
sections for all these processes. Thus this omission is
conservative and simplifies our presentation.

Note that we make explicit that O, and O, are distinct
operators, potentially with A; # A, and A, # A,. This
need not be the case. They might be distinct operators with
A, = A,, or with equal A;. Or we might take O, = O,, as
was assumed in [10]; in this case we could assume A; =
A5, as in [10], but we need not do so. In this sense our
analysis is more general than that of [10]. Indeed we will
see the case they considered is much more strongly con-
strained than is the general situation.

Now let us carry out our argument. Suppose, as we will
obtain in the next section, that we have a lower bound on
the scale A, for given A;. This is then an upper bound on
the cross section o(gg — {X}; §) for producing anything in
the hidden sector via the operator O;. We could obtain
from this a bound on the total hadronic cross section
o(pp — {X}) by convolving this bound with the gluon
distribution function in the proton. But this is not our goal.

Instead, we turn to any particular process such as gg —
vyvY, and require that it not be so large as to make
preservation of conformal invariance impossible. In short,
we require

(§ < §max)‘
(16)

o(gg — yyyy:$) < o(gg — {X}39),

But what /5, should we choose?

To choose +/5 .« to be the collider energy would be too
strong a condition. Most gg — y7y7y7y events at any col-
lider will occur at energies far below the total collider
energy, and SO /Sn.« need not be nearly so high. To
determine the appropriate energy, we must compute the
four-photon cross section as a function of §, under the
assumption of conformal invariance, and see where it is
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large. Then we should choose §,,,, so that the great ma-
jority of the yy7yy events will be produced at energies
below this value.

For example, we might reasonably demand that a certain
fraction ¢ of the gg — y7y7yy cross section must occur
below the scale /§,,,c. That is, we define §,,, by

Sm  do(gg — yyyy) _ , [° ,.do(gg— yyyy)
ds — = { ds = s
0 ds 0 ds
(17)

where s is the square of the collider center-of-mass energy.
To require { = 1, and therefore §,,,, = s, would be far too
strong, as noted above. If we instead took ¢ = % then we
would effectively be demanding, typically, that the peak
cross section for gg — yy7y7y occurs at §,,,, right where
conformal invariance is breaking down. In this case, none
of the predictions (cross section or kinematic distributions)
of [10] would be at all reliable. For this reason we view
{ = 5 as unreasonable. We therefore take { = % as a con-
servative choice. This should ensure that the prediction for
the rate and differential distributions for gg — yyyy are
given to a rough approximation by conformally invariant
calculations, and are not beset with model-dependent ef-
fects beyond roughly the 30%—-50% level.

Importantly, assuming only that conformal invariance
has not been violated, we can determine §,,, in a com-
pletely model-independent way that depends only on A,
and A,. From Eq. (14) (with A; = 8, and A; = A, = 6,
in the case at hand), we know the precise § dependence of
the cross section, up to constants that factor out of the
condition in Eq. (17). Defining the gg luminosity function
as usual by

Led®) = [ays (Fensre™  as
dr

(where 7 = §/s) and substituting from Eq. (14), we have,
for { =3,
fﬁmx/x dr dL (1) FA28,-1

0 dr

2 1 dL
:§ OdT%(T)TAIJrzAZI. (19)

Notice that all dependence on Cyp, N, (A, A;) and A;
factors out of this expression. Thus our choice of §,,,,, once
we have chosen a fixed £, depends only on A; + 2A,, and
largely scales with s (up to the slow variation of L,,
through the evolution of the gluon distribution function).
Table I shows /§,.x for a 10 TeV LHC and various choices
of A, + 2A,.

At this point we should mention that throughout this
paper our numbers are produced using the (outdated)
CTEQ5M parton distribution functions (pdfs) [23]. This
is purely for technical reasons of calculational speed.
Results obtained from more modern pdfs differ by signifi-
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TABLE I. Values of /§,. at a 10 TeV LHC, for various
choices of A + 2A,.

A, + 24, 30 35 40 45 50 55 60
S (inTeV) 12 17 22 27 31 34 37

cantly less than other systematic errors in our calculations.
We have explicitly checked in several cases that our num-
bers do not change significantly with the MSTWO0S8 pdf set
[24]. The errors on §,,, from uncertainties in the gluon
pdfs and the appropriate choice of factorization scale are
estimated at approximately 5%. This is smaller than the
dominant source of uncertainty, which arises from the
choice of { that defines s.,,,. We will have more to say
about this uncertainty after we present our results.

Now let us return to the process of obtaining a bound.
The bound arises from the fact that o(gg — {X};3) is
precisely known, except for an overall constant normaliza-
tion, which depends only on A; and is proportional to
1/AT*" If A, is bounded from below, A; > A", then
o(gg — {X}; ) is likewise bounded from above, at all §, by
o(gg — {X}: §; AP).

To understand what this means intuitively, we have
plotted o(gg — yyyy:§ A[™) and o(gg — {X};§) in
Figs. 2-5, for several different choices of A; and A,. The
total hidden-sector cross section o(gg — yyyy;$; AMn)
is normalized to saturate the bound on A; that we will
obtain later; however for the moment the shape matters
more than the normalization. The normalization of the
vyyy cross section o(gg — {X};§) is chosen so that it
does not exceed the total hidden-sector cross section at any
V3 below v/Smax» Whose value is indicated by a vertical line.
Because of the rate with which the gg luminosity de-
creases, o(gg — yvy7yy;?$) initially increases with energy,
until the rapid decrease of the gg luminosity at high §
overwhelms the rising partonic cross section. Meanwhile,
o(gg — {X}; 3) decreases rapidly everywhere. Because of
this, we can see by eye that §,,,, must be taken quite large,
typically of order 1-4 TeV. (This confirms that for gg —
vy7y7y we can neglect any effects from an infrared scale u
of the sort discussed in Sec. III D.) Also, we can see by eye
that o(gg — yyvyy;$) is always vastly less than o(gg —
{X}; 3), because of the shapes of the two curves, until § is
very close to §,.x-

As we noted earlier in our more general discussion,
dimensional analysis always assures that the ratio o(gg —
vyvy; )/ o(gg — {X};5) grows with energy, as long as
conformal invariance is applicable. Therefore

(g8 = YYYY: Smax)
o(gg = {X}; Smax)
(88 = YYVY: Smax)

o(gg = {X}: S AT™)”

o(gg — yyyy:$)
o(gg — {X}9)

(20)
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A;=1.05, Ay=1.05 dor | dE
do | dE
[ 0.1¢
0.0015¢
0.01¢
r 0.001
0.0010+
107%F
0.0005 - 107
L . 10—6 L
0'00000 I 2 3 4 5 E 0 I 2 3 4 5 E

FIG. 2 (color online). For A; = 1.05, A, = 1.05, the differential cross sections (in pb/GeV) versus energy E = V3 (in TeV) for all
production processes involving the hidden sector (thick curve) and for four-photon production (thin curve). The right-hand plot is the
same as the left-hand plot, but on a log scale. The total hidden-sector cross section is normalized by our bound on A, and the four-
photon cross section is normalized so that it satisfies unitarity, by not exceeding the total for any § < §,,,,. Our estimate of /8.,
determined as explained in the text, is indicated by the vertical line.

- . . an o
Un.lt'arlty requires 'the 'last expression be less than 1,. and 1C0s]? Ny (Ar, Ay) A24 > & (Sw) 22 NG(A). 21)
writing this condition in terms of the constant coefficients

appearing in the formulas (13) and (14) for the cross  Notice all A; dependence factors out of this bound.
sections, we obtain Finally we may obtain a bound on the total cross section

for gg — yvyvy7y, namely,

Aj=1.35, Ay=1.05

do | dE do | dE
0.020'-
] L
0.015} 0.17
0.01}
0.010}
0.001}
0.005} 107
\ 107
0.0005 1 2 3 4 5E 0 1 2 3 4 5E

FIG. 3 (color online). Same as Fig. 2, but with A; = 1.35, A, = 1.05.
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Aj=145, A=1.45 do | dE
do | dE

0.0006}F
0.01

0.0005}
0.001

0.0004}
107

0.0003-
107

0.0002}
—6

0.0001 - 10
0.0000 : : : E 107
0 1 2 3 4 5

FIG. 4 (color online). Same as Fig. 2, but with A; = 1.45, A, = 1.45.

—2A, 4 —4A 11, dLgg(7) -
a(pp = vyyy) = [C1231* Ny (A1, Ag) AT A, P P2sB 20 lfo dr— i

_ 1 dL,, (7
< No(A1)A1ZAl(fmax)szzsA‘”Aflfo dTij‘i_( )TAIHAZ’I

NO(A1)< s >A1< s >2A2 [' ALgg(7) 5 v2n,-1
< - = - - . 1 2 .
S TG — . dr Ir T (22)

Smax

This is the formal expression of our main result.
Notice that our bound only depends on the collider energy s, on the dimensions A; and A,, on 8§, /s [determined using
Eq. (19) by A, and A,], on N,y (which is

do | dE
A;=1.85, A,=1.85
do | dE 0.001 +
0.000014 104t
0.000012
]0—5.
0.00001
8.x107° 107}
6.x107°
10—7_
4.%x1070
2.x107°° \ 1078+
0 1 1 h E 1 1 1 1 ‘E
0 1 2 3 4 5 0 1 2 3 4 5

FIG. 5 (color online). Same as Fig. 2, but with A; = 1.85, A, = 1.85.
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- Sin(WAl) F[2 - A]]
(442 TTA]

No(Ay) = (23)

for a gg initial state), on the known gg luminosity, and
finally on A" (which we must separately determine using
theoretical and experimental constraints). All dependence
on Ay, N, and Cjy, has vanished. If we know AN a5 a
function of A, and perhaps A,, we can obtain a bound that
is model independent and depends only on A; and A,.

V. OBTAINING BOUNDS ON A,

Our only remaining task is to determine A™". Once we
have it, we can compute the bound on the gg — yyyy
cross section.

We apply two main considerations for constraining A ;.
The first is that if A is too low, then not only is the rate for
the invisible process o(pp — {X}) very large, the observ-
able process o(pp — j + {X}), where j is an initial-state
jet, becomes comparable to the standard-model rate for jet
plus MET. Contraints from Tevatron, mainly from the CDF
study [25], put strong contraints on A for low A;.

A second constraint on A; comes from the fact that the
coupling of O to gluons itself induces corrections to G((g).
We must assume these are small if we are to use conformal
invariance to make predictions regarding gg — yyvyvy.
Either such predictions are impossible, invalidating the
approach of [10], or A; must be larger than some mini-
mum. This puts moderate constraints, of order 1.5 TeV or
larger, which are relevant for larger A, where the experi-
mental constraints are weakest.

A. Bounds from Tevatron measurements of monojet
events

Given a known partonic cross section for a hidden-sector
process, it is straightforward to compute the rate for jets
plus MET where the jet(s) only arise from the initial state.
One might ask whether emission from the final state could
possibly compete with, and perhaps interfere with, this
process. The answer regarding interference is “‘no’’; once
the hidden state has been produced, it is color neutral, and
any final-state radiation must be color singlet, requiring at
least two jets to be emitted. Similarly, in the model we are
considering, the largest interactions between the two sec-
tors involve irrelevant couplings, so any final-state radia-
tion process is small at low energy, and is either too small
to observe or would show up as a large tail at high energy.
Since no such tail is observed at Fermilab, we assume any
final-state radiation of jets cannot affect the limits which
we will now obtain.

For a conformal hidden sector produced through gg, the
rate is entirely fixed by A, and A;. For gg — ¢{X}, we
find, at leading order,

PHYSICAL REVIEW D 81, 056003 (2010)

do S 1
Trlag—a+{x) = CY BiFi|5 —1+ A +n
pT n=0

1 § — 245
— S A 4 SVEPT */EPT], (24)
2 §+2/8py

where pr is the transverse momentum of the jet,

_ 4772as Al
(2mA)?21 33 + 24T 2 +2A,]

v (8 - 2PT\/§)7HA‘

P%\/(l — 4p7/3)
and

By = (=3 —2A, + 12A2 + 8A3)(2 — 3p2/5),  (26)

(25)

X (4 = 3p2/3)(1 — 4/4p2/3), (27)
B, = 12(A, — DA,(3 +2A)(1 — ,/4p2}/§ 2, (29)

By = —8(A; — DA(A; + I)(1 — ‘/4p%/§ (29

(The reader may compare our result with the literature; see,
for example, [26], in the A; — 1 limit.) This is the domi-
nant process at high energy at the Tevatron. There is also
the process gg — g{X}, but this is smaller in the energy
range of interest at the Tevatron and we neglect it. If we
included it, our lower bounds on A; would be stronger.

The CDF experiment [25] has published results on
monojet events, in the context of a search for extra dimen-
sions, and a public Web page with additional information
and plots is available [27]. Early results from DO [28], with
much lower statistics, have not been updated; we will not
use them in our analysis. The CDF study uses two sets of
cuts, a loose set for a model-independent search, and a
tighter set optimized for an extra-dimensions search; we
use the former. The data are available in plot form, though
not in table form; we have extracted the data directly from
the plots, introducing a moderate amount of systematic
error in the process. Demanding that the process gg —
g{X} not be easily visible above the error bars of the plots
in [25] puts a limit on A; for any given A;.

Through this requirement we find limits on A; shown in
boldface in Table II. There are substantial systematic error
bars on our results. First, we have not included the K factor
from loop corrections, or the process gg — g{X}; doing so
would give a slightly stronger bound. Second, we are not
able to include experimental efficiencies and effects of jet
energy scale uncertainties; doing so would give a slightly
weaker bound. Furthermore, our computation is done at

leading order, for which the jet transverse momentum pjtel
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TABLE II. The minimum values of A; (in TeV), as a function
of A and A,, allowed by the experimental constraints from
monojets and by the theoretical constraint that conformal invari-
ance be preserved below §,,,, for the corresponding A, A,; see
Table 1. Values constrained by monojet data are shown in bold-
face.

A, 1.05 1.15 1.25 1.35 1.45 1.55 1.65 1.75 1.85 1.95
A,

1.05 9.19 9.19 9.19 9.19 9.19 9.19 9.19 9.19 9.19 9.19
1.15 5.18 5.18 518 518 518 5.18 5.18 5.18 5.18 5.18
1.25 3.19 3.19 319 319 319 3.19 3.19 326 343 3.60
1.35 211 2.11 224 243 262 2.80 298 3.15 331 347
145 1.76 195 2.13 231 248 2.65 281 296 3.10 3.24
1.55 1.68 1.85 2.01 2.17 232 247 261 274 2.87 3.00
1.65 1.59 1.74 1.89 203 216 229 241 253 265 276
1.75 1.50 1.64 1.77 1.89 201 2.12 223 234 244 254
1.85 1.42 1.54 1.65 1.76 1.87 1.97 2.07 216 225 234
195 134 145 1.55 1.65 1.74 1.83 1.92 2.00 2.08 2.16

and the MET are equal. However, both additional jet
radiation and jet mismeasurements contribute in the data,
so these are not in fact equal, and thus when we extract a
limit on A, it is inherently ambiguous whether we should
use the experimental distributions of do/d(MET) or

do/d( pj,et) (and neither is accurate beyond leading order).
Crudely, we estimate that the errors on our determination
of A, are of order 10%, which turns out to be a subleading
uncertainty compared to that stemming from the ambiguity
in choosing § .-

As final comments, we note that for pI** of this size, the
cross section for do/d pj,et involves an integral over ¢ that
is insensitive to low ¢2. In other words, our limits on A, are
insensitive to any low-energy cutoff w. Also, the reader
may observe that our calculations do not suffer from the
well-known singularity at A — 2 which indicates the need
for renormalization. This is because our results depend
only on the imaginary part of Gg. All of our results are
smooth as A passes through 2.

B. Bounds from preserving conformal invariance

We noted earlier that in a conformal theory perturbed by
an interaction of the form Eq. (1), there is an irreducible
effect that causes Gp(g; A) to differ from its conformal
form G(@O)(q), given by Eq. (7) and shown in Fig. 1.

At leading order, the QCD interactions of gluons play no
role, and so we may treat them as a system of free massless
particles—a conformal field theory. Thus our calculation is
a specific example of a more general issue: if we have two
conformal field theories / and J, and we couple them
through an irrelevant operator O;0; with coupling
1/A*2~% where O, (©,) is a scalar operator in confor-
mal sector / (J), then this coupling leads formally to a bad
breaking of conformal invariance at some high scale M.

PHYSICAL REVIEW D 81, 056003 (2010)

More precisely, either conformal invariance is badly bro-
ken, or the pointlike coupling @;0; develops a nonpoint-
like structure due to new physics at some scale at or below
M,.x. Either way, the approximation that one has two
conformal field theories coupled by a pointlike operator
must break down.

What is an estimate for M,,? With conventionally
normalized operators O; and O, one might naively guess
through naive dimensional analysis that M, ~ 47A.
With the normalization used in the unparticle literature
(which sets the conventions for our definition of A; in
this paper), this is essentially correct.

However, the standard-model operator Y ,G¢,,G**" is
not a conventionally normalized operator of dimension 4,
because it contains derivatives. One may easily check that
these produce additional factors of 277 (just as is expected
in naive dimensional analysis) leading to a (277)* enhance-
ment relative to the two-point function of a conventionally
normalized operator of dimension 4. In addition, there is a
factor of 8 = 32 — 1 from the sum over colors. Altogether
this means that, for the normalization of A; given through
the use of the action Eq. (15), which is the same as used by
Feng et al. in [10], the breakdown of conformal invariance
occurs well below 47rA ;. This is significant because in the
literature one often sees discussion of taking A; ~ 1 TeV,
which may cause conformal invariance to break down
within the range of energies accessible at LHC. For our
current problem, since the peak of the gg — yyyy cross
section occurs at energies typically greater than 1 TeV (see
Table I and Figs. 2-5), this problem is severe.

More precisely, the momentum-space two-point func-
tion of G,,G*” is quartically divergent, and there are
underlying quadratic and logarithmic terms; renormaliza-
tion removes these divergences but leaves their finite con-
tribution ambiguous. However the imaginary part of the
two-point function is unambiguous, arising from a finite
g*Ing term. When this imaginary part makes an order-1
correction to G(g)(q), conformal invariance is unambigu-
ously breaking down.

Even more precisely, we can see from Eq. (7) that we
can no longer trust conformal invariance once

IG((S)(q)E(q)I is of order 1. As we have just noted X(g) is
subject to renormalization ambiguities, and for the same
reason, SO is G(g)(q) if Ap = 2. But the imaginary parts of
3 and G((g) are not subject to such ambiguities. Noting

IGD(@)3(q)l > IIm[GP(@Im[S(@)]l,  (30)

we choose to apply an extremely conservative consistency
condition, namely,

IIm[GY(¢)Im[3(g)]l < 1, 31)

for any § <§,.. This then gives a conservative lower
bound on A;.
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Explicitly, we find, in the notation of Eq. (8),

1
AZA]

X (ZG%GW(@%G%GW—q)>.
(32)

GY(@2(9) = 55-(01(9)O1(—q)

Keeping only the finite imaginary parts, our consistency
condition becomes

Sln(—WAl)F[Z - Al] g<q_2)A1
Am>22T[A ] m\A7
(33)

IIm[G (¢)]Im[3.(g)]l = 8
<1

for g> = §,,.x. Here the important prefactor of 8 counts the
number of gluon states. This condition in turn implies a
lower bound on A;.

The uncertainties that arise here stem mainly from the
ambiguity in the criterion chosen. For example, suppose
we replaced 1 on the right-hand side of Eq. (33) with %?
This would only change A, by (2)'/221, and strengthen our
final bound by exactly a factor of % . This is, again, smaller
than the uncertainty in our bound that arises from the
ambiguity in defining §,,,.

As a final comment, we note that an analogous argument
applies for many other standard-model operators, includ-
ing those with higher spin, putting similar lower bounds on
the scale A. We are not aware of this constraint being
accounted for elsewhere in the literature.

C. Summary of the bounds on A,

The bound we obtain from the more powerful of these
two constraints, as a function of A; and A,, is shown in
Table II. The constraint from jet-plus-MET measurements
at the Tevatron is most powerful at small A;, while the
constraint of conformal invariance is the dominant effect at
larger A ;. Notice that the conformal invariance constraints
give a bound that becomes stronger as A, increases, for
fixed A|. Note also that the bound never dips below 1 TeV.
One should also keep in mind that bounds on monojets at
Fermilab are probably stronger now than those which are
currently published. The published CDF study [25] relies
only on 1.1 pb~!. Though it is systematics limited, it
appears that some of these systematic uncertainties are
data driven and will have decreased with higher statistics.

VI. BOUNDS ON pp — yyyy AT THE LHC

With the bounds on A; from Table II, we may now
obtain bounds on o(pp — yyy7y) using the condition
from earlier sections. First we obtain bounds based on
our central values and naive tree-level results; then we
discuss their uncertainties.

PHYSICAL REVIEW D 81, 056003 (2010)

A. Bounds in the model of Feng, Rajaraman, and Tu

Let us consider first the particular case studied in [10],
where O, = 0,, A, = A,, and A| = A,. Because of the

equal A;, the processes gg — gggg, gg¢ — ggvyy, and
gg — yyvyy all have the same energy dependence, so
unitarity constrains their sum, generalizing Eq. (22):

o(pp—gggg:s) + o(pp—ggyy:s) + o(pp—yyyy:$)

No(A])( N )Al N )ZAZ fl dng(T)
< - -1 A
s \[APn]? (fmax 0 dr dr

X TA] +2A,—1

(34)

All processes listed here proceed through the hidden sec-
tor; QCD contributions to gg — gggg are of course not to
be included.

To go further, we use the fact that the amplitudes for
these processes are identical (since neither electromagnetic
nor strong interactions enter the calculation at leading
order); one may view the calculation as taking place in
U(3) instead of SU(3) color, with the photon being the
ninth gluon. The only nontrivial aspect is interference,
which could be precisely computed, but we will only
estimate.

Label the gluons with anindex a = 1, ..., 8, witha =9
for the photon. Label the matrix element for gg —
89g°g"g" as M (ky, ka, ks, ky). Only the sums k;; = k; +
k; enter the amplitude. Then M,, = F(ki, k3,) +
F(k33, k3,)8 4 + F(K3,, k33)8 4. Also for a = b there is a
reduction in phase space by 3, due to Bose statistics. The
effect is that if the three terms in M, interfered maxi-
mally throughout phase space (which they do not), we
would have

o(gg — 8888:8):0(gg — ggyy:s):

a(gg — yyyy;$) = 80:16:3,  (35)

while with no interference the numbers above would be
64:16:1. Thus the ratio of o(gg — yyyvy) to the total in
Eq. (34) is 1/81 without interference, while if interference
is maximal everywhere in phase space, the ratio is 1/33. In
most regions of phase space, one of the three terms in M,
will dominate, so interference effects will be small. But to
be maximally conservative, since we have not performed
the computation, we take the ratio 1/33 for our upper
bound. A full computation (or even a more detailed argu-
ment using the power-law dependence of F') would proba-
bly lead to a bound a factor of 1.5 to 2 stronger.

This gives bounds on pp — yyyy which are at least
33 times stronger than obtained just from Eq. (22), reduc-
ing the allowable 4-photon cross sections to less than 25 fb,
as shown in Table III. In particular, the case of A near 2,
where the bound in [10] was weakest, is where the unitarity
bound is the strongest, below 0.15 fb.

As we noted, this is obtained through a very conservative
method, assuming (contrary to fact) that interference is
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maximal everywhere. Moreover, the reduction factor of 33
is increased to something closer to 40 by QCD corrections
and by including processes involving Z bosons, such as
88727, ggyZ, etc., in the final states. It would grow further
if O also couples to SU(2) gauge bosons. For these reasons
we view 10 fb as a more likely bound. It is also worth
noting that, were the bound saturated, requiring A ~ 1.2
and A; = AM" as given in Table II, then jet-plus-MET
signals would significantly exceed standard-model back-
grounds at the LHC, giving a possible alternative discovery
channel.

B. General bounds

The above situation is fairly generic. There is no reason
to expect that any one process, especially one as experi-
mentally attractive as gg — yyvyvy, dominates over all
others. However, different processes cannot generically
be combined together without additional calculation. For
example, if O; # O, and A| # A,, as we considered in
most of this paper, then the choice of s, for gg — gggg
is not the same as for gg — 7y, and so their bounds are
not simply related. Furthermore, although the four-gluon
process is enhanced by color factors, it is proportional to a
different three-point coefficient; C,, might be larger than
C11, and indeed the latter could even be zero. In fact, we
have implicitly assumed C;;; = 0 in our main discussion,
because a nonzero value would give a stronger bound.

The strongest model-independent bound we can ob-
tain—using the unitarity constraints we have discussed
above—is one given by assuming that the only large pro-
cess at the scale §,,, is gg¢ — y7y7y7y. This is in principle
possible when O # O,, so that A, # A and A; # A, in
general.

Our bounds in this more general setting, for various
choices of A, and A,, are shown in Table IV.
Interestingly, because our bounds on A are strong at low
A, but §,,, is largest at higher A; + 2A,, the bounds do
not vary as widely as a function of A; as one might have
imagined. Note that for those values of A;, A, where the
conformality constraint is more important than the experi-
mental bound from jet plus MET, our bound depends only
on A; + 2A,. Although A, depends on A; and A, sepa-
rately, the conformality constraint and the total cross sec-
tion o(gg — {X}) both depend on A%A‘ , so that this
dependence cancels out of our limit.

Our bounds are smooth as the A; pass through 2. This is
because only the imaginary part of the unparticle two-point
functions arises in our calculations. As a result, none of our

TABLE III.
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TABLE IV. The maximum allowed values, in fb, of the cross
section for pp — yvy7yy, as a function of A; and A,, assuming
O, and O, are different operators. (See Table III for the stronger
bounds that apply if O; = 0,.) Note that when the condition on
Ay comes from the constraint of conformality, the bound de-
pends only A, + 2A,.

A, 1.05 115 1.25
A

1.05 360 170 86 45 24 13 8 5 3
1.15 1270 640 330 180 100 58 34 21 13
1.25 2530 1320 720 400 230 138 83 49 27
1.35 4270 2330 1120 520 250 130 66 36 20
1.45 4020 1690 760 360 180 91 49 27 15
1.55 2580 1120 520 250 126 66 36 20 12
1.65 1690 760 360 180 91 49 27 15 9
1.75 1120 520 250 126 66 36 20 12
1.85 760 360 180 91 49 27 15 9
195 520 250 126 66 36 20 12 7

1.35 145 155 1.65 1.75 1.85 1.95

—_ =
W WA L 3O W0 N

B

intermediate steps require renormalization at A; = 2.
Conversely, note that we have cut off our table at A, =
1.05. Although our bound would formally become still
weaker as A, — 1, there is a separate constraint in this
region. For A, = 1, O, is a free field [18], satisfying the
Klein-Gordon equation, and therefore the OPE coefficient
Ciy — 0as A, — 1 [with the unique exception of the case
where O, = (0,)?, but then C;5, — 1 and A; — 2 so the
rate cannot be large]. Consequently the four-photon pro-
duction cross section generated through the three-point
function (O, 0,0,) must be small as A, — 1.

Even though we are considering a much larger class of
models, the limits we obtain are much stronger than those
quoted in [10], especially at high A, A,. (For O, = 0,, as
in [10], but generalizing by allowing A; # A,, the con-
straints are given along the diagonal, and are always below
1 pb.) However, we note that our bounds for A; ~ 1.5,
A, ~ 1—were they saturated—would still represent cross
sections of considerable phenomenological interest. One
might have up to a few hundred events in the first year of
running at the LHC.

It is worth noting that where the bounds for pp —
vyvyy lie well below 100 fb or so, this channel might not
be the discovery channel. For the values of A; shown in
Table I, and for A| < 1.4, the rate for jet plus MET at the
LHC (for jet pr cuts of 250 GeV) is generally in the few pb
range. This is somewhat larger than the standard-model
rate. Even though this measurement will be challenging in
the early days of a new hadron collider, with substantial

The maximum allowed values, in fb, of the cross section for pp — yy7yy, as a function of A; = A,, assuming O, =

0, and A| = A,, as in [10]. In this case—see Eq. (34)—both pp — gggg and pp — ggy7y contribute to the unitarity bound. Since
we have not performed the calculation directly we simply assume maximal interference among diagrams; the true bound obtained from
such a calculation would be stronger, probably by a factor of 1.5-2.

A=A, 1.05 1.15 1.25 1.35 1.45 1.55 1.65 1.75 1.85 1.95
Max o (maximal interference) (in fb)  10.92 1926  21.79 15.63 5.35 1.98 0.81 0.34 0.14 0.07
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systematic errors, such a large excess in this channel might
be convincing. This means that discovery of the new sector
may well occur through the jet-plus-MET channel. In
particular, this would almost certainly be the case in the
model of [10], given the tight (yet conservative) bounds in
Table III. For larger A; or larger A; the excess in jet plus
MET may not be measurable, but also the four-photon rate
would be even further reduced.

Before concluding, we should reemphasize the logic of
our argument. Our claim is that if the cross section for this
process exceeds our bound, then conformal invariance
must be strongly violated, which means that the universal-
ity of the unparticle dynamics is lost, and the calculations
of [10], which assumed conformal invariance, are not
valid. Instead, the production rate, and the kinematic dis-
tribution, would become highly model dependent.

But we should hasten to add that large four-photon rates
from a more general hidden sector are still possible. The
bounds in Table IV only constrain a conformally invariant
hidden sector. A large four-photon signal could come from
other, non-unparticle hidden sectors—in particular from
hidden valleys, which might or might not be conformal at
high energy, but at low energy have strongly broken con-
formal invariance and a mass gap. Examples of such
theories are given in [12,29]. Consequently, the four-
photon experimental search channel, along with other
multiparticle search channels, is of considerable interest
in any case, and should be pursued model independently.
However, kinematic distributions will be very different
from those in [10,16,17], and are highly model dependent.

C. Uncertainties on the bounds

Our bounds, as they are upper bounds, do not need to
account for any experimental considerations, such as trig-
gering rates, acceptance or efficiency, event selection cuts
and the like, which can only reduce the number of events.
Indeed such considerations enter only in our determination
of ATM from existing experimental data. Because the
gg — yyyy cross section is largest at large §, giving
four photons which typically have momenta in the few
hundred GeV range, neither triggering, efficiency, or
even geometric acceptance are likely to reduce signifi-
cantly the number of observed events at the LHC. This is
especially true if a loose criterion (such as demanding only
three of the four photons be observed) is applied in the
analysis.

Still, our results have multiple sources of uncertainties.
For example, we ignored K factors which would have
given us a stronger bound on Aj, but which also would
have given us a larger cross section for gg — {X} and
therefore a weaker bound on pp — yyyy; these effects
most likely cancel to a good approximation. We also did
not use the most updated parton distribution functions, and
in any case applied them only in a leading order approxi-
mation. We neglected some experimental efficiencies in
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our extraction of A, but were conservative in our use of
the CDF data from [25]. We included only the largest jet-
plus-MET process at the Tevatron, worked only at leading
order, and treated errors in the CDF data using crude
estimates of systematic and statistical errors. Also we
have used results from only 1.1 inverse fb; unpublished
limits have probably improved somewhat.

But the dominant source of uncertainty in our bound
comes from our choice of the parameter  defining §,,
and for this reason it does not make sense for us to reduce
the uncertainties mentioned in the previous paragraph. We
chose to use { = % in Eq. (17). Using ¢ = % could loosen
our bounds by a factor of order 3-5. On the other hand,
such a choice puts the peak cross section right at the value
of § where the unitarity bound is kicking in, which means
that conformal invariance is breaking down precisely
where a prediction is most needed. One could also argue
that ¢ =% is a better choice, which would tighten the
bounds by a factor of order 2. In any case, one must view
this choice as one of taste. But in addition we think it
highly unlikely that a strict unitarity bound would be fully
saturated in any physical model. It is much more probable
that either conformal invariance will break down below
Smax> OF that the pointlike interaction between the two
sectors will develop a form factor below §,,,,. Thus we
expect that typically a breakdown of the methods of [10]
occurs well below the energy where the gg — yyyy cross
section formally would exceed the gg — {X} cross section.
In this sense, we expect that our bounds, though imprecise,
are actually quite conservative.

VII. COMMENTS ON OTHER MULTIPARTICLE
PROCESSES

There are many other processes to which this type of
unitarity bound should be applied, each with its own fea-
tures which we did not fully explore here. In particular, this
type of bound is powerful whenever the couplings between
the two sectors are nonrenormalizable, a condition which
ensures that a process such as gg — yyyy grows with
energy relative to gg — {X}. (Actually it is enough that the
couplings involving the final-state particles, in our case
O,F ;wF ¥ be nonrenormalizable.)

An example where our bound would not be strong is in
the process gg — €€~ €€~ through three scalar opera-
tors of A ~ 1, as considered in [16]. Here the operator
coupling the two sectors (after the Higgs gets an expecta-
tion value) has dimension near 4 if the A; are not far above
1. But conversely, as was demonstrated in [16], the lack of
rapid growth at high energy also means there is no sup-
pression at low energy, and therefore Tevatron limits are
very strong. Meanwhile, our arguments do apply if the A;
are significantly larger than 1.

We argued in Sec. III B, however, that this case is not
physically reasonable anyway. Large flavor-changing neu-
tral currents are essentially impossible to avoid if one
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couples a new sector through chirality-flipping operators
(as would be the case for scalars) to light quarks and
leptons.

The problem of flavor-changing currents would be alle-
viated in models where the couplings to the quarks and
leptons are weighted by mass, so that no additional flavor
dynamics is introduced. In this case one might consider
gg — bbbb or gg — 7777177 . Here the bounds from
our methods would be weak. Fermilab production of this
process would not be strongly constrained in the case of
bbbb. However the trilepton searches at Fermilab would
significantly constrain the four-tau final state. Another
possibility would involve gg — yybb or gg— yyti.
Our bound for the sum of these processes is roughly
30 times weaker than for gg — y7y7y7y. Backgrounds of
course are larger too, but limits from Fermilab on yybb
may be rather weak, and on +y+ytf will be very limited
because of kinematic constraints and low statistics. This
case might merit additional exploration.

Another possibility involves couplings of standard-
model particles to nonscalar operators in the conformal
field theory. In some cases the couplings to light quarks and
leptons would be chirality preserving and need not intro-
duce any new flavor dependence. Because unitarity re-
quires vector operators have dimension 3 or greater, and
tensor operators to have dimension 4 or greater, their
couplings to the standard model are always nonrenorma-
lizable. Four-particle final states generated through vector
operators have growing cross sections. This means
Tevatron bounds on processes such as gg — €€ €€~
via vectors operators are weak, but conversely our unitarity
constraints are very strong.

For example, one option with no fine-tuning might in-
volve the possibility of a three-point function involving
two pseudoscalar operators and a vector operator. Consider
the process gg — yy€¢* €~ which would arise in a theory
which has, in addition to the two couplings in Eq. (15), a
third coupling

1
A

V.Y EiotE, (36)
1

where E; is a left-handed charged antilepton e®, u*, and

77. Because the vector operator V# must have dimension

A~, = 3, the constraints obtained via our methods are 10—

30 times stronger than those for gg — yvyyy, with the

maximum allowed cross section being of order 100 fb.

VIII. CONCLUSIONS AND OUTLOOK

We considered an example of a multiparticle process
mediated by a hidden sector that is conformally invariant,
along the lines of [10]. Conformal invariance makes the
process predictable, in a way that depends only on the
dimensions of the operators, up to an overall normaliza-
tion. We have shown that the total cross sections for such
processes are strongly constrained by requiring both con-
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formal invariance and unitarity. The constraint is generally
stronger when the products of standard-model and hidden-
sector operators that appear in the action have dimensions
significantly larger than 4. This is because such nonrenor-
malizable interactions generate cross sections that grow
rapidly with energy, and will become larger than the total
hidden-sector production cross section at an energy that is
of order A, the scale of the coupling of the two sectors.

In particular, we saw that, in the model suggested by
[10], the process gg — y7y7yy is constrained to lie below
25 fb. Moreover, for operators with dimension A < 1.5,
saturating this bound would require a scale A so low that
the rate for jet plus MET would be larger, even at moderate
pr, than the standard-model rate. For operators with A =
1.5, the bound on gg — yyyvy is below 3 fb.

However, relaxing the restrictive conditions in [10] al-
lowed us to raise the limits on the four-photon cross
section, giving substantial LHC signals potentially as large
as a few pb. But we emphasize that we believe that this is
only the beginning of the story. More sophisticated con-
straints from unitarity appear possible. If so, the quantita-
tive results obtained here will be tightened further. We
hope to report on this and clarify the phenomenological
situation, in a subsequent publication.

As we noted, our methods apply more widely. Processes
such as gg — yybb with scalar operators coupling to
heavy flavor fermion bilinears, which grow more slowly
with energy than gg — yvyvy7y, may be less constrained by
unitarity, while processes involving vector operators, such
as gg — yy{T€~, which grow more rapidly, are more
constrained. However, experimental constraints from
Fermilab are stronger in the former case than the latter,
precisely because of this difference in energy dependence.

Our quantitative results do suffer from some ambigu-
ities. On the one hand, we have been very conservative in
our numbers. We believe that realistic limits are at least a
factor of 2 or 3 stronger than we have claimed. Also, in real
models the bounds that we obtained will rarely be satu-
rated, and even when they are, it is unlikely that the process
which saturates the bound will be the easiest to observe, as
gg — vy would be. On the other hand, one could take
an even more conservative view regarding our definition of
Smax» and get bounds weaker by a factor of 3 or so.
However there is no way to weaken our bounds by much
more than this, except by giving up conformal invariance,
and with it the model-independent predictions of the un-
particle scenario.
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