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ABSTRACT: It is possible that the standard model is coupled, through new massive charged
or colored particles, to a hidden sector whose low energy dynamics is controlled by a pure
Yang-Mills theory, with no light matter. Such a sector would have numerous metastable
“hidden glueballs” built from the hidden gluons. These states would decay to particles of
the standard model. We consider the phenomenology of this scenario, and find formulas
for the lifetimes and branching ratios of the most important of these states. The domi-
nant decays are to two standard model gauge bosons, or by radiative decays with photon
emission, leading to jet- and photon-rich signals.
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1 Introduction

With the Large Hadron Collider (LHC), particle physics enters a new era of potential dis-
covery, one which may provide insights into the many puzzles of the standard model (SM).
Given the immense challenges of hadron collider physics, and the degree to which the future
of particle physics rests on the LHC, it is important to ensure that the LHC community
is fully prepared for whatever might appear in the data. This requires consideration of a
wide variety of models and signatures in advance of the experimental program.

There are a number of reasonable and motivated solutions to the hierarchy problem,
the most favored being supersymmetry (SUSY), with others including the little Higgs,
warped extra dimensions and technicolor. Most experimental studies of these ideas have
focused on “minimal” models. But unlike supersymmetry or the little Higgs, minimality
does not by itself solve any particle physics problem. Instead, it is motivated by theorists’
philosophical attachment to beauty and elegance. Given our experience with the standard
model, whose third generation and neutral currents were not viewed as well-motivated
before they were discovered, it is prudent that we examine non-minimal models as well, to
ensure that their signatures would not be missed at the LHC. This is especially important
because a small addition to a theory can lead to a large change in its LHC phenomenology.



One likely possibility for new non-minimal physics involves the presence of a hidden
sector with TeV-scale couplings to the standard model. A large fraction of these models
fall within the “hidden valley scenario” [1-6]. In the hidden valley scenario, a new hidden
sector (the “hidden valley sector”, or “v-sector” for short) is coupled to the SM in some way
at or near the TeV scale, and the v-sector’s dynamics generates a mass gap. Such a mass
gap,! independent of the dynamics leading to that gap, ensures that there are particles
that are stable or metastable within the v-sector. These can only decay, if at all, via
their very weak interactions with the SM. Processes that access the hidden valley are often
quite unusual compared to those in minimal supersymmetric or other well-studied models.
Production of v-sector particles commonly leads to final states with a high multiplicity of
SM particles. Also, a hidden valley often leads to particles that decay with macroscopic
decay distances. The resulting phenomenological signatures can be difficult, or at least
subtle, for detection at the Tevatron or LHC; see for example [1, 2, 6].

Hidden valleys have arisen in bottom-up models such as the twin-Higgs and folded-
supersymmetry models [7, 8] that attempt to address the hierarchy problem, and in a
recent attempt to explain the various anomalies in dark-matter searches [9] which requires
a dark sector with a new force and a 1GeV mass scale. They are also motivated by
top-down model building: hidden sectors that are candidate hidden valleys arise in many
string theory models, see for example [10]. In recent years string theorists have found
many models that apparently have the minimal supersymmetric standard model as the
chiral matter of the theory, but which typically have extra vector-like matter and extra
gauge groups. The non-minimal particles and forces which arise in these various models
may very well be visible at the LHC [1].

In this paper we consider a hidden valley that at low energy is a pure-Yang-Mills the-
ory, a theory that has its own gluons (“v-gluons”) and their bound states (“v-glueballs”).
This scenario easily arises in models; for example, in many supersymmetric v-sectors, su-
persymmetry breaking and associated scalar expectation values may lead to large masses
for all matter fields.

The spectrum of stable bound states in a pure Yang-Mills theory is known, to a de-
gree, from lattice simulations [11]. The spectrum of such states for an SU(3) gauge group is
shown in figure 1. The spectrum includes many glueballs of mass of order the confinement
scale A, (actually somewhat larger), and various .J PC quantum numbers. All of the states
shown are stable against decay to the other states, due to kinematics and/or conserved
quantum numbers.

In this paper we will further specialize to the case where the coupling between the
SM sector and the v-sector occurs through a multiplet of massive particles (which we will
call X) charged under both SM-sector and v-sector gauge groups.? A loop of X particles

Lor more generally a mass “ledge” where one or more new particles in the hidden sector, unable to decay

within its own sector, is forced to decay via its weak coupling to the SM sector
2Recently such states, considered long ago [12, 13], have been termed “quirks”; some of their very
interesting dynamics, outside the regime we consider here, have been studied in [14].
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Figure 1. Spectrum of stable glueballs in pure glue SU(3) theory [11].

induces dimension-D operators of the form

1
MD*4

oP-Dod) (1.1)

where M is the mass of the heavy particle in the loop. Here we have split the dimension-D
operator OP) into a Standard-Model part OgD_d) of dimension D — d and a hidden-valley

part Oz(,d)

of dimension d. All v-glueball states can decay through these operators.

By simple dimensional analysis, these operators yield partial decay widths of order
A2P=T/M2P=8 We will see that the v-glueball decays are dominated by D = 8 operators,
either of the form tr F? tr F2, where F (F,) is the field-strength tensor for standard
model (valley) gauge bosons, or of the form F tr F, where in this case F is the field-
strength for U(1) hypercharge. The next operators have D = 10, and their effects are
typically suppressed by ~ (A,/M)*. The D = 8 operators induce lifetimes for the v-
glueballs of order M®/A®, which can range anywhere from 1072° seconds to much longer
than a second, depending on the parameters. Implicitly our focus is on the case where the
lifetimes are short enough that at least a few decays can be observed in an LHC detector.
This typically requires lifetimes shorter than a micro-second, if the production cross-section
is substantial.®> However, our formulas will be valid outside this regime as well.

We will need to construct the D = 8 effective action coupling the two sectors. Then
we will use it to compute formulas for the partial widths of various decay modes of the
v-glueballs, concentrating on the lighter v-glueball states, which we expect to be produced
most frequently.

Application of our formulas, particularly as relevant for the LHC, will be carried out

in a second paper [15]. To put the present paper in context, we now briefly review the

3To avoid any confusion, we emphasize again that these v-glueballs have extremely weak interactions
with the standard model, and do not interact with the detector (in contrast to R-hadrons, which are made
from QCD-colored constituents and have nuclear-strength interactions.) They can only be detected directly
through their decay to standard model particles.



results to be presented there. Although there are some irreducible uncertainties due to
unknown glueball transition matrix elements and decay constants, we find that the various
v-glueball states have lifetimes that probably span 3 or 4 orders of magnitude. We also
find that the dominant v-glueball decays are to SM gauge-boson pairs, or radiative decays
to another v-glueball and a photon (or perhaps a Z boson.) We will demonstrate that
detection should be straightforward, if the mass M of the quirk X is small enough to
give a reasonable cross-section, and A, is large enough to ensure the v-glueballs decay
promptly. Several v-glueballs form di-photon resonances, which should be easy to detect
if their decays are prompt. Unlike [5], or especially [6], it appears that traditional cut-
based analysis on ordinary events with jets and photons will be sufficient. For displaced
decays, however, special experimental techniques are always needed. There are a number
of different signatures, and the optimal search strategy is not obvious.

The present paper is organized as follows. In section 2, we introduce our model and
systematically describe the v-sector operators and the v-glueball states. In section 3,
we describe the effective action coupling the two sectors and the SM matrix elements
relevant for the decays. Our main results for the decay modes and their branching fractions
appear in section 4. We conclude in section 5 with some final comments and perspective.
Additional results appear in the appendix.

2 The model and the hidden valley sector

2.1 Description of the model

Consider adding to the standard model (SM) a new gauge group G, with a confinement
scale A, in the 1-1000 GeV range. We will refer to this sector as the “hidden valley”, or the
“v-sector” following [1]. What makes this particular confining hidden valley special is that
it has no light charged matter; its only light fields are its gauge bosons, which we will call
“hidden gluons” or “v-gluons”. At low energy, confinement generates (meta)stable bound
states, “v-glueballs”, from the v-gluons. The SM is coupled to the hidden valley sector only
through heavy fields X, in vector-like representations of both the SM and G, with masses
of order the TeV scale. These states can be produced directly at the LHC, but because
of v-confinement they cannot escape each other; they form a bound state which relaxes
toward the ground state and eventually annihilates. The products of the annihilation are
often v-glueballs. (Other annihilations lead typically to a hard pair or trio of standard
model particles.) Thereafter, the v-glueballs decay, giving a potentially visible signal.

For definiteness, we take the gauge group G to be SU(n,), and the particles X, to
transform as a fundamental representation of SU(n,) and in complete SU(5) representations
of the Standard Model, typically 5+5 and/or 10+10. We label the fields and their masses
as shown? in table 1.

In this paper, we will calculate their effects as a function of m,.. The approximate
global SU(5) symmetry of the SM gauge couplings suggests that the masses mj and my
should be roughly of the same order of magnitude, and similarly for the masses mg, mg, me.

“In this paper, we normalize hypercharge as Y = T3 — @, where T3 is the third component of weak isospin.



Field | SU(3) | SU(2) | U(1) | SU(n,) | Mass
Xy 3 1 3 n, mg
X 1 2 -1 ny me
Xz 3 1 —% ny ma
X, 3 2 3 ny my
Xe 1 1 1 ny Me

Table 1. The new fermions X,. that couple the hidden valley sector to the SM sector.

It is often more convenient to express the answer as a function of the (partially redundant)
dimensionless parameters

pr =my /M . (2.1)

Here M is a mass scale that can be chosen arbitrarily; depending on parameters, it is
usually most natural to take it to be the mass of the lightest X, particle.

Integrating out these heavy particles generates an effective Lagrangian L.g that couples
the v-gluons and the SM gauge bosons. The terms in the effective Lagrangian are of
the form (1.1), with operators Oq()d) constructed from the gauge invariant combinations®
tr FuFap and tr F,, FopFse, contracted according to different irreducible representations
of the Lorentz group.

The interactions in the effective action then allow the v-glueballs in figure 1, which
cannot decay within the v-sector, to decay to final states containing SM particles and at
most one v-glueball. This is analogous to the way that the Fermi effective theory, which
couples the quark sector to the lepton sector, permits otherwise stable QCD hadrons to
decay weakly to the lepton sector. As is also true for leptonic and semileptonic decays of
QCD hadrons, our calculations for v-hadrons decaying into SM particles simplify because
of the factorization of the matrix elements into a purely SM part and a purely hidden-sector
part. To compute the v-glueball decays, we will only need the following factorized matrix
elements, involving terms in the effective action of dimension eight:

(SM|0E=D10)(0]0LM]©,) (2.2)
<SM’Og8id) ’0> <®H/ ‘Oz()d) ‘®H> . (2'3)

Here d is the mass dimension of the operator in the v-sector, (S M| schematically represents
a state built from Standard Model particles, and |O,) and |©,/) refer to v-glueball states
with quantum numbers x, which include spin J, parity P and charge-conjugation C'. We
will see later that we only need to consider d = 4 and 6; there are no dimension D = 8 oper-
ators in Leg for which d = 5, since there are no appropriate dimension-three SM operators
to compensate. The SM part (SM ](’)gs_d)]m can be evaluated by the usual perturbative

®Here we represent the v-gluon fields as Fp, = Fp T, where T denote the generators of the SU(n.,)
algebra with a common normalization tr T°T° = % 5eb.



Operator OS JPe

S =tr F,,Fm 0++
P =tr F, F™ 0—+
Top = tr FarFg" = 7 9apS 2T, 17+, 0t

Luuaﬁ =tr .7:“1/-7:046 - % (g,uaTuB + guﬁTua - guﬁTua - guaTuﬁ) 2++a 2_+

_% (g,uaguﬁ - guﬁgua)s + % Euuaﬁp

Table 2. The dimension d = 4 operators, and the states that can be created by these operators [16].
We denote F,,, = % e,wag]:aﬁ.

methods of quantum field theory, but a computation of the hidden-sector matrix elements
<O\(’)1(,d) |©,) and <®H/]O1(,d) |©) requires the use of non-perturbative methods.

2.2 Classification of v-glueball states

In this section we shall classify the nonvanishing v-sector matrix elements. A v-glueball
state ©, with quantum numbers JFC can be created by certain operators Oq(,d) acting on
the vacuum |0). We wish to know which matrix elements, <0|(91()d)|®,i> and <®fi|(91(,d) |Ok),
are nonvanishing. This is equivalent to finding how the operators in various Lorentz repre-
sentations are projected onto states with given quantum numbers J*C. Their classification
was carried out in [16]. At mass dimension d = 4 there are four different operators trans-
forming in irreducible representations of the Lorentz group. These are shown® in table 2.
From now on, we denote the operators (’)g, where & runs over different irreducible operators
E=S,PT,L,....

The study of irreducible representations of dimension-six operators is more involved.
A complete analysis in terms of electric and magnetic gluon fields, E, and ga, was also
presented in [16], with a detailed description of the operators and the states contained in
their spectrum. There are only two such operators of relevance for our work, which we
denote QE}V) and Q}(?,,) as shown in table 3. The other dimension-six operators simply cannot
be combined with any SM operator to make a dimension-eight interaction.

2.3 Matrix elements

As we saw, the matrix elements are factorized into a purely SM part and a purely v-sector
part. We will first consider the v-sector matrix elements relevant to v-glueball transitions,

®As explained in [16], when an operator O% is conserved and the associated symmetry is not sponta-
neously broken, some states must decouple. For example, with

(O] Ty | 17+> = (puev +pv€u)F’11‘*+ )
the conservation of T}, requires F;r,+ =0, and thus 7" does not create a 1”7 state. Similarly
<0| TW| 0++> = (GPQQW + bp,pr)F§++,

where a and b are some functions of p?, must vanish for T, conserved and traceless. Note that the trace
anomaly complicates this discussion, but its effect in this model is minimal; see section 3.1 below.



Operator OS JPC
O = tr F FapFoBf 17—, 17~
O = tr FOFRFs, 177, 1+

Table 3. The important d = 6 operators. The states that can be created by these operators are
shown [16].

(0|05]©,) and (©,/|050,), where [©,) and |©,/) refer to v-glueball states with given
quantum numbers and (95 is any of the operators in tables 2 and 3.

It is convenient to write the most general possible matrix element in terms of a few
Lorentz invariant amplitudes or form factors. For the annihilation matrix elements we
will write

K

where Fﬁ is the decay constant of the v-glueball ©,, and Hﬂ,w... is determined by the
Lorentz representations of ©, and 05. In table 4 we list Hﬁw,... for each operator.

The decay constants Fi depend on the internal structure of the v-glueball states and,
with the exception of those that vanish due to conservation laws (see footnote 6), must be
determined by non-perturbative methods, for instance, by numerical calculations in lattice
gauge theory. Only the first three non-vanishing decay constants in table 4 have been cal-
culated, for SU(3) Yang-Mills theory [17], although the reported values are not expressed in
a continuum renormalization scheme. The other decay constants have not been computed.

Likewise, the transition matrix elements (0,,|0$]6,.) are of the form

(0,4]05]0,) =TI

KK pv--

3
M, s (2.5)

where now Mi . is the transition matrix, which depends only on the transferred momen-

tum. In table 5 we have listed II¢

KK, pv---

work. In several other cases more than one Lorentz structure Hiﬁ, e
b

transition element. In such cases, since none of these matrix elements are known from nu-

for the simplest cases considered later in this

contributes to the

merical simulation, we will usually simplify the problem by using the lowest partial-wave
approximation for the amplitudes. More details will follow in section 4.

Clearly, any numerical results arising from our formulas, as we ourselves will obtain
in our LHC study [15], will be subject to some large uncertainties, due to the unknown
matrix elements. Of course, with sufficient motivation, such as a hint of a discovery, many
of these could be determined through additional lattice gauge theory computations.

Now we turn to the SM part of the matrix element, which can be treated perturba-
tively, since we will only consider v-glueballs with masses well above AQCD.7 In all of our
calculations, the SM gauge-boson field-strength tensors, which appear in the operators, are

"We will do all our calculations at SM-tree level; loop corrections for v-glueball decays to ordinary gluons
should be accounted for when precision is required.



05 (0,) TS F
S (0+1) 1 FS..
P (0~) 1 Fp .

Tup (0T) o — 53° 0

Top (177) Pa€p + Dpéa 0
Top (277) €af F’2r++
Lyvap (2*) €naPup + €08Pua — €vaPup — €usPua F%H
Lyvap 277F) (€urpo€75P"Pa — €uvpo € P P F5_,

+€aBpr €D Py — €aBpo€’ D"y /D°

Q,(ZL) (1I77) my- (D€ — Pueu) F?,(n,)
Qfﬁ) (177) M1+ €pvap(pPe’ — pPe®) Fizfl)

Table 4. Annihilation matrix elements. €, and €, are the polarization vectors of 177,1%~ and
polarization tensor of 2t 27T respectively. Puog = gas — 2Paps/p?. mi-,my+ are the masses of
the 177,17~ states; their appearance merely reflects our normalization convention.

o ©. 6. . M
{9)(0*, 0t ™) 1 M;)O_

n _— n

Q;(LV) (1 5 O++) pNEV — pyeu Msl),(,)0++
n — — n

Qs (1+ ;0 +) Pu€v — D€y M¥+_0_+

QI(Z) (1777 OiJr) Euuaﬁpaeﬁ Mflljr:)07+
- (n)

Qfﬁ’) (1I77,07) €uvapp™e’ MP g

— - + .- P

P(17,1m7) €€ Mi__ -

L(177,177)  €upop’e " (pact s — ppeta) + v < aff — traces ML,

Q;(Z) (27+7 1+7) pueuaea - pue;wcea Mg—(i)l-k—
— ~ ~ (n)

Qfﬁ’) (1+ ’2++) EuuaﬁeaAE)\pﬁa Euuaﬁea)\p)\eﬁ M517+_2++

Table 5. Transition matrix elements. Momentum of the final glueball ©,: is denoted p*; ¢* and
€*? are polarization tensors of spin 1 and spin 2 states respectively. The bottom part of the table
contains matrix elements in the lowest partial wave approximation.

replaced in the matrix element by the substitution G, < k,&, — k,e,. For example, for
a transition to two gauge bosons, we write®

(k1,55 ko, €5]tr G Gapl0) = 5“*’(@4 — kye,)(k2ed — kaeh), (2.6)

where k'), 1) are the gauge-bosons’ momenta and polarizations respectively. Later in

8Note that one has to take into account a factor of 2 which comes from the two different ways of
contracting each G, operator with |k1,7; ka, sé). This factor then cancels an explicit % factor appearing
in the normalization of the trace.
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Figure 2. Diagrams contributing to the effective action

the text we will sometimes use the following notation for the SM matrix elements
(SM|OF|0) = hy", (2.7)

where hy)”"" = hi""(k1,ko,...) is a function of the momenta of the SM particles in the
final state.

3 Effective Lagrangian

In this section we discuss the effective action L linking the SM sector with the v-sector,
and discuss the general form of the amplitudes controlling v-glueball decays. We will
confirm that all the important decay modes are controlled by D = 8 operators involving
the d = 4 and 6 operators listed in tables 2 and 3.

3.1 Heavy particles and the computation of L.g

The low-energy interaction of v-gluons and v-glueballs with SM particles is induced through
a loop of heavy X-particles. In this section we present the one-loop effective Lagrangian
that describes this interaction, to leading non-vanishing order in 1/M, namely 1/M*, which
we will see is sufficient for inducing all v-glueball decays. The relevant diagrams all have
four external gauge boson lines, as depicted in figure 2. They give the amplitude for
scattering of two v-gluons to two SM gauge bosons, of either strong (gluons g), weak (W
and Z) or hypercharge (photon 7 or Z) interactions (figure 2a), as well as the conversion
of three v-gluons to a v or Z (figure 2b).

The dimension-eight operators appearing in the action can be found in studies of Euler-
Heisenberg-like Lagrangians in the literature. Within the SM, effective two gluon - two
photon, four gluon, and three gluon - photon vertices can be found in [18, 19] and [20]
respectively. These results can be adapted for our present purposes.

We introduce now some notation, defining G}W = B, wa = I}, and Gf’w = Gu,
which are the field tensors of the U(1)y, SU(2) and SU(3) SM gauge groups. We denote
their couplings g;, ¢ = 1,2, 3, while g, is the coupling of the new group SU(n,). In terms



Xy Xi
X1 ﬁ+2%+%+%3+l

o2
X2 4‘|‘
q
X3 4+ +
u
1 > 1
_____ +_+_
X Py el py Py pe

Table 6. The coefficients x arise from a sum over the SM charges of X particles running in the
loop. The x;, i = 1,2, 3, arise from the diagram in figure 2(a) with two external SM gauge bosons of
group 4, while y is determined by the diagram 2(b) with a single hypercharge-boson on an external
line. The p, are defined in (2.1).

of the operators from tables 2 and 3, the effective Lagrangian reads

2
Lat = (A [Q%MB“”B’”’ + g3 xate P FP7 + gixstr MG
1 11 1
X <@ Sgupgua + = 15 P €Euvpe T —— 15 TypGve — 30 L,uzxpo)
3
9v91 14 2
*agi (B - g pral). &y

The coefficients x; and y encode the masses of the heavy particles from table 1 and their
couplings to the SM gauge groups. They are summarized in table 6.
The effective Lagrangian (3.1) can be compactly written as
3 ng g4 dQE
_ v 9 n(&:i) .
Leg = Z (i) AT ELOTED . O, (3.2)
i=1 £

where the sum is over operators and different ways to contract Lorentz indices. The
notation 7(§,7) is to make explicit that for each £ and i there is at most one SM operator
O multiplying 0% in the effective Lagrangian (see table 7).

The mass dimension of Of is denoted d¢, and the E% are dimensionless coefficients

—_ XiC§ dg =4
Bt = 3.3
€ { XCg dg =06. ( )

The C¢ are coefficients that depend only on the v-sector operators and the SM operator

given by

with which they are contracted; they are also given in table 7.

These values for the C¢ are valid around the scale M, and they will be altered by per-
turbative renormalization between this scale and a lower scale closer to the glueball masses,
at which the nonperturbative matrix elements are evaluated.” These renormalization ef-
fects (which will impact v-glueball lifetimes but cancel out of most branching fractions)

9Decays of v-glueballs to standard model gauge bosons are affected by the trace anomaly, but minimally,
because both sectors’ trace anomalies must be non-zero, and that of the SM is small at the scale of the
v-glueball masses.

,10,



o5 Ce or. 05 05 Ce or. 05
S &% (tr G, G") S T 3 (tr G"GX) Ty
Pz  (wG,Gmp o0 1 G Q)
L —& (tr G™GoP) Ly | Q@ -8 aw )

Table 7. List of coefficients C¢ and contractions of the operators 0% introduced in tables 2 and 3.

wa represents the field-strength tensor of the i*® SM group.

can be computed, but are only useful to discuss once one has concrete values for the decay
constants and matrix elements in a definite renormalization scheme, which at present is
not available. We will not discuss them further here.

The coefficients x and y; in table 6 determine the relative coupling of v-gluons to the
electroweak-sector gauge bosons W; and B, for the SU(2) and U(1)y factors respectively.
For applications it is convenient to convert these to the couplings to the photons v, W and
Z bosons. We introduce the following coefficients

sin® Oy x1 + cos? Oy xa/2
cos? Oy

Xy = X1+ X2/2, Xz

)

, - (3.4)

- _cos” Oyxa — 2sin” Oy 1 _

Xw = X2, XyzZ = o Xs = X35
cos Oy

where Oy is the weak mixing angle. We will often use these coefficients instead of y; in the
effective Lagrangian (3.1), with a corresponding substitution of field tensors and couplings.

3.2 Decay amplitudes

Now, using (2.4), (2.7) and the couplings from (3.2), we obtain that the amplitude for a
decay of a v-glueball into SM particles is given by

d d
¢ ¢
2 A2

95" 9; —i
M = Wig(/)ﬂa---,pe)(5M|OZ|0><O|OS|@H> _

gv” 9;

2

— r:\‘ _ 7 5
= W\—%([)u7-.-7pe)fg,n(p7q1,q2,...)FK, (35)

where

fén(p? kl, k:2a e ) = hé]“/m(kjla k?, . )Hi,,u,l/(p)

encodes all the information about the matrix element that can be determined from purely
perturbative computations and Lorentz or gauge invariance, and F$ is the v-glueball decay
constant. See eq. (3.3) for the definition of Z and eq. (2.1) and table 6 for the definition of p.
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Similarly, using (2.5), (2.7) and (3.2), the amplitude for the decay of a v-glueball into
another v-glueball and SM particles reads

gv~ g;

2

M = WEé(ﬂa,---7Pe)<5M\O?’0><9n/\O§\9m> =

de 4 de
9’ 9 * i i / €
= (@n)2Mt Ee(pay- - pe) finrie (PP Frs ks )M L (F). (3.6)
Here Miﬁ,(k) is the glueball-glueball transition matrix, which for given masses of O, and

O, is a function of transferred momentum k = p’ — p, and
ffif@/;ﬁ,n = Hiﬁ,7uy___(p,pl)h‘gym(k‘l, k?z, .. )

4 Decay rates for lightest v-glueballs

In this section we will compute the decay rates for some of the v-glueballs in figure 1. Let
us make a quick summary of the results to come.

The operators shown in tables 2 and 3 induce the dominant decay modes of the v-
glueball states appearing in figure 1. In the PC =++ sector, the lightest 0™+ and 2+
v-glueballs will mostly decay directly to pairs of SM gauge bosons via .S, T and L operators.
Three-body decays 27 — 07 plus two SM gauge bosons are also possible, but are strongly
suppressed by phase space. In the PC = —+ sector the lightest states are the 0~ and
27" v-glueballs. These will also decay predominantly to SM gauge boson pairs, via P and
L operators respectively. There are also C-changing 2= — 17~ + ~ decays, induced by
the d = 6 D = 8 operators 2, (table 3), but the small mass-splitting found in the lattice
computations [11] suggests these decays are probably very rare or absent. In the PC =+—
sector, the leading decays are two-body C-changing processes, because C-conservation
forbids annihilation to pairs of gauge bosons, and because three-body decays are phase-
space suppressed. In particular, the 17—, the lightest v-glueball in that sector, will decay
to the lighter C-even states 07, 2t+ and 0+ by radiating a photon (or Z when it is
possible kinematically). The same is true for the states in the PC' = —— sector, with an
exception that the lightest 17~ v-glueball can annihilate to a pair of SM fermions through
an off-shell photon or Z. The latter decay is also induced by Q*” operators.

We shall study decays of the 07", 27, 0=, 2= 17~ and 17~ v-glueballs in some
detail. Since for this set of v-glueballs the combination of J and P quantum numbers is
unique, we shall often omit the C' quantum number from our formulas to keep them a bit
shorter, referring simply to the 0%, 27,07, 27, 17 and 1~ states. At the end we shall make
some brief comments about the other states, the 37+, 3¥— 37—, 27—, 2= and 07

Of course the allowed decays and the corresponding lifetimes are dependent upon the
masses of the v-glueballs. While the results of Morningstar and Peardon [11], understood as
dimensionless in units of the confinement scale A, can be applied to any pure SU(3) gauge
sector, the glueball spectrum for SU(4) or SU(7) are not known. Fortunately, at least for
SU(n,), the spectrum is expected to be largely independent of n,,. Still, the precise masses
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will certainly be different for n,, > 3, and for some v-glueballs this could have a substantive
effect on their lifetimes and branching fractions.

For other gauge groups, however, the spectrum may be qualitatively different; in par-
ticular, the C-odd sector may be absent or heavy. We will briefly discuss this in our
concluding section. The 01 and 2++ states are expected to be present in any pure-gauge
theory, with similar production and decay channels, and as such are the most model-
independent. Fortunately, it turns out they are also the easiest to study theoretically, and,
as we will see below and in our LHC study [15], the easiest to observe.

4.1 Light C-even sector decays

We begin with the C-even 07, 2++ 0~ and 2~ v-glueballs, which can be created by
dimension 4 operators. The first three have been studied in some detail in various contexts;
see for example [17, 21-26] and a recent review [27]. The dominant decays of these states
are annihilations ©, — G®G?, where ©,, denotes a v-glueball state and G, G? is a pair
of SM gauge bosons: gg, vy, ZZ, WYW ™ or vZ. We will also consider radiative decays
O, — O, +v/Z, and three-body decays of the form ©, — G“Gb@;, and will see they are
generally subleading for these states.

Annihilations are mediated by the dimension d = 4 operators in eq. (2.2). In par-
ticular, we know from the previous discussion (see [16] and table 2 above) that the 0*+
v-glueball can be annihilated (created) by the operator S. The 0=+ and 2~ states are
annihilated by the operators P and L,,ap respectively. The tensor 27 can be destroyed
by both T}, and L,,ag-

Radiative two-body decays are induced by the dimension d = 6 operators in eq. (2.3).
However, the decays O, — O,s+~/Z are forbidden if ©, and O, are both from the C-even
subsector. For the spectrum in figure 1, appropriate for n, = 3, the only kinematically
allowed radiative decay is therefore 2=+ — 17~ 4~; the 17~ 4 Z final state is kinematically
allowed only for very large A,. For n, > 3, the glueball spectrum is believed to be quite
similar to n, = 3, but the close spacing between these two states implies that the ordering
of masses might be altered, so that even this decay might be absent for larger n,.

Decays of the 0T+ state. The scalar state can be created or destroyed by the opera-
tor S.

Then, according to a general discussion in section 3, the amplitude of the decay of the
scalar to two SM gauge bosons G* and G? is given by the expression

L% \i Cs(G*, GPltr G, G| 0) (0[S]0TT), (4.1)

where «; and y; encode the couplings of the bosons a and b of a SM gauge group ¢ to the
loop, introduced in section 3; see (3.2), (3.3) and table 6.
For the decay of the scalar to two gluons, (4.1) takes the form

Qg
— 1 Xs Csgiga] tr GG |0) (0] S]07F) =
5ab
- O‘A“;f 5 XsCsF5r2(kle), — klel) (e — k'), (4.2)

,13,



where, according to our conventions, constant F3. , denotes the matrix element (0|S|07).
We are using the notation as = a3, xs = x3. The rate of the decay (accounting for a 1/2
from Bose statistics) is then given by

2 2
PO*HQQ = 1275%(13\{58 (Nc2 - 1)X§C§m3+(F§++)2- (4.3)

Here and below we make explicit the SU(3)-color origin of a factor of 8 = N2 — 1.
The branching ratios for the decays to the photons, Z and W are

Loty _ 1 O‘_QX_% (4.4)
F0+~>gg 2 Oég ng
1/2
Lo+ zz 1 a%u XQZ 14 mQZ / 14 mQZ mﬂé 4
T =522 (1743 s i Un ol B (4.5)
0t —gg s X my+ Mo+ Mg+
2 3
FO‘FHgg 4 ag Xg m%+ ,
1/2
Cor—ww- _ 1o Xiy (1—4m%V> : (1—4mW +6m%"> (4.7)
2,2 2 ) :
PO*—»gg 4 s X my+ m0+ Mo+

The coefficients x used here were defined in eq. (3.4). Factors of 1/2 in the above ratios
come from the color factor N2 —1 = 8 and a difference in the normalization of abelian and
non-abelian generators. An extra 1/2 is required if the particles in the final state are not
identical, such as WTW ™ and vZ.

Of course these are SM-tree-level results. There will be substantial order-a;s corrections
to the gg final state, so the actual lifetimes will be slightly shorter and the branching
fractions to other final states slightly smaller than given in these formulas.

Decays of the 0~ state. The decay of the pseudoscalar state 0~F to two gauge bosons
proceeds in a similar fashion. This decay is induced by the operator P:

20 3, Cp(G®, G*| tr G, GH| 0) (0] P|0~T). (4.8)

The amplitude leads to the following two-gluon decay rate:

2

2
Lo-gg = 12‘?%8 (Nf - 1)X§CJ23m8— (F§—+)27 (4.9)

and the same branching fractions as for 07", except for the decays to ZZ and WTW ~,

3/2
Lo-—zz _ 1o X3 <1 _47”_22) ! (4.10)
I\O—Hgg 2 ch Xg m%—
3/2
Do _wew- _ 1 agxiy (1_4m_%v> " (4.11)
FO*—>gg 4 g % mgf

The 0~ state can also decay to lower lying states by emitting a pair of gauge
bosons, but these decays are suppressed. For instance, the amplitude for the decay of
0~+t —07tgg is

%% v, Cp(Ge, GY | tr G GH10) (0TF| Pl0~) . (4.12)
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Figure 3. Kinematic suppression factor f(a). Point corresponds to a value of a taken for v-glueball
masses from the Morningstar and Peardon spectrum [11].

The matrix element Mg, - = (077|P|0~") is a function of the momentum transferred.
Let us first treat it as approximately constant. Then we obtain the decay rate

Lo- 0t 4gg = 252”7‘;‘]\48 (N2 = 1)x2C3m5_ f(a)(Mgyo-)?, (4.13)
where f is the dimensionless function of the parameter a = m%+ / mo,,
fla) =51 —a?)(1+28a+a?) +a(l +3a+da®) Ina, (4.14)

We plot f in figure 3; it falls rapidly from 1/12 to 0, because of the rapid fall of phase space
as the two masses approach each other. For the masses in figure 1, a = 0.44 and f ~ 107
This is in addition to the usual 1/1672 suppression of three-body decays compared to two-
body decays. Thus the branching fraction for this decay is too small to be experimentally
relevant, and our approximation that the matrix element is constant is inconsequential.
This will be our general conclusion for three-body decays of the light v-glueball states, and
in most cases we will not bother to present results for such channels.

Decays of the 277 state. Decays of the 2+ glueball to two gauge bosons are induced
by more than one operator in (3.1). In particular, the 2t decays due to the 7}, and
L,vap operators. This corresponds to the amplitude

G OGPt GuaG10) (O] T2 )+
LG, GOt Gy Gag) 0)(0] Lwaﬁ\2++>} . (4.15)
The width of the decay to two gluons is
202(N2_
Ty gy = e0lNe D) (2,8 (LC2(FT, )2 + 4 C2(FL.,)?). (4.16)
Here we used the following expressions for the matrix elements:

O|TH 2%y = Foop e, (4.17)
(O|LFoB|2t Y = FL. | [Puaus — Pugeva + Pugeua — Puatus) (4.18)
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where P,z is defined in the caption to table 4.
The branching fraction for the decay to two photons is again similar to (4.4). For two
7 bosons in the final state, the width of the decay is equal to
2

a?a? 1
o Xamas (1= 4¢) 2 (5 Chfr(G)(Fyis)®

Dor 7z =
4 40
3 CLIn(G)(Fg )+ - cTchTL<<2)F2T++F§++> ,(4.19)

where fr, fr, fr1, are the following functions of the parameter (o, = mQZ/m§+.

Jr(62) =1 =30 +6¢5, fr(C) =1+20+36¢, fru(t) = (1 —() . (4.20)

The decay to WTW ™ is obtained from eq. (4.19) by substituting xz — xw, mz — mw
and multiplying by 1/2. For the vZ final state, the decay rate is

Ty nz = 220%8 2 0t (1 - )? (£ Chor()(FR. )2
21 =vZ T Qo MB XryzMo+ 2 B 79T (G2)\ Y 9++

4 20
+§ C%QL(C2)(F§‘++)2 + 3 CTCLC2FE++F%++> ,(4.21)

where
gr(G) =1+ 5 G+ § (3, 9r(C2) = 14 3¢ +6¢3. (4.22)

As in the case of the 07", we can ignore the three-body transitions 27+ — 07 + gg,
etc.

Decays of the 2~F state. The dominant decays of the 2~ state occur due to the
L,vap operator. The amplitude for such decays is given by
O Oy,
i

The correct Lorentz structure that singles out the negative parity part of the operator

CL(G*, G| tr G,Gap| 0)(0| LFF | 27T, (4.23)

L,ap is as follows:

<0’Luuaﬁ’ 2_+> - F%—-F (euupaeagnpna - EMVPUEOCY?”Lpnﬁ—i—
+60¢5/7060unpnﬂ - Eaﬁpaeaunpny) s (4.24)

where n, = p#/mo- is a unit vector in the direction of the 4-momentum of the v-glueball.
The decay rate to two gluons is then given by
2

2
Lo gy = Tiits (N2 = 1)xs*m3_C3(FL_,)? (4.25)

and I'y-_,., is provided by the same relation as (4.4). The widths of the decay to ZZ and
~vZ can be found from the ratios

T 1 a2 +2 2\ 1/2 2 4
Dyozz _ 1 ouwXz <1_4m_2z> <1+2ﬂ_g4ﬂ>’ (4.26)

Ty gy 2022 ms_ m3_ my_
Loz 1 aay, X%,Z mQZ 3 mQZ m‘é
2-—gg s Xs Mo Mo— My
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and the width for the decay to W W ~ is again obtained by substituting in (4.26) xz — xw,
my — myy and dividing the result by 2.

As before, we can neglect 3-body decays. However, there is a 2-body radiative decay
that we should consider, although, as we will see, for the masses in figure 1 it is of the same
order as the 3-body decays. For the SU(3) spectrum in [11] (and possibly all pure glue
SU(n), n > 3) the 2~ state is slightly heavier than the lightest state in the C-odd sector,
the pseudovector 17—, Thus, we need at least to consider the decay 2=+ — 1t~ + . This
decay is induced by the second type of operators (table 3) in the effective action (3.1). The
amplitude of the decay reads

egs v — — — —
T X1 610) (Coo 17 1Q0127%) + Co (17101 274)) . (428)

Unfortunately nothing quantitative is known about matrix elements like
(1t- ]Q,(Z,L,)\ 271). In fact each contains multiple Lorentz structures, constructed out
of polarization tensors €, €3, and momenta p and g of the 17~ and 27 v-glueballs, times
functions of the momentum transfer, cf. [28]. Some simplification can be made if one takes
into account the fact that masses of the v-glueballs are close, which we will assume below.

We start by writing the general expression for the amplitude (4.28):

y _ _ (n)
(4G 10) (177 27+) = aMET, (k- peease’ —p- e heape”) +

(e
(n) “e
+2M¥_+1+_(kj -pe - € — k . ep. 8) % +
5
») q-
+oMSE +i/+ (k-pe®easp”® — p-ekenpp )m , (4.29)
o

where n = 1,2 and k, g, are the momentum and polarization of the photon. All contribu-
tions of the terms proportional to primed form-factors (which correspond to higher partial
waves) are suppressed by powers of (mo— —my+)/(mo- +my+) =~ 0.017, so we may neglect
them.'® Note, however, that if the mass splitting is much larger for n, > 3, then there will
be additional unknown quantities that will modify our result below.

We now find
oty = 9637(:?\48 ¥ (ménf]—;;%)f*
2= "1+
X (3mA_ + 34m2 m2, +3mi) (M, )2 (4.30)
Here we introduced the notation
M, =CooMPY, .+ CooMP (4.31)

Since the the form-factors MQ +1+- are unknown, we shall not distinguish between them
and will use a collective notation, similar to (4.31), for them in the future. In the same
manner we will use the notation

Q= 09(1)9,8”) + CQ(Q)Q( ) (4.32)

UHere we assume that the primed form-factors M are at most of the same order of magnitude as
o)
M, -
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The factor (mg_ — m%+)3 strongly suppresses the amplitude, given the spectrum of
figure 1, and a rough estimate suggests it is of the same size as the three-body decays
of the 27 state, and consequently negligible. However this splitting is so small that it is
sensitive to numerical uncertainties in the lattice calculation, and might well be different
for other gauge groups. In particular, this decay channel might be closed, or might be more
widely open than suggested by figure 1, depending on the mass spectrum.

Given the uncertainty on the spectrum and the unknown v-glueball mass scale, it is
worth noting that the radiative decay of 27" to 17~ can in principle occur through an
emission of the Z boson. This decay is slightly more involved than the decay with photon
emission considered above. Additional unknown form factors related to the finiteness of the
Z mass further reduce the predictive power of any computation. But such a decay may be
forbidden by kinematics, and if allowed it is probably of little importance for the discovery
of v-glueballs. Its rate will almost certainly lie somewhere between 0 and tan? 6y ~ 20%
of the rate for decays to a photon. There is no reason for the form factors M(k?) to be
enhanced at k? ~ m2Z Since the Z boson has only a few percent branching fraction to
electrons and muons, the ratio of identifiable Z decays to photon decays is less than 2%.
We therefore will not present formulas for this decay mode.

Again we emphasize that in obtaining the results (4.30) we made some assumptions
and approximations, including Am < my-, and these results may require generalization
in other calculations. However, we will adhere to similar simplifying approximations in the

other radiative decays computed below.

4.2 Decays of the vector and pseudovector

In the C-odd sector, the lightest v-glueballs are the pseudovector 17~ and vector 1~ ~. The
lowest-dimension operators that can create or destroy 1~ and 17~ v-glueballs are the d = 6
€2,,, operators (table 3). Direct annihilation to non-abelian SM gauge bosons would require
an operator in the effective action of dimension D = 12, and is hence negligible. Instead
these operators, combined with a hypercharge field strength tensor to form an operator of
dimension 8, induce radiative decays to C-even v-glueballs, and potentially, for the 17~
state, annihilation to SM fermions via an off-shell v or Z. Three-body decays induced by
the dimension 4 operators S, P,T, L, although quite uncertain because of the presence of
many decay channels with many form factors, appear to be sufficiently suppressed by phase
space that they can be disregarded.

Below, we will generally not write formulas for radiative decays by Z emission. As
we discussed for the 2= — 17 + ~/Z decay, the ratio of leptonic Z bosons to photons is
unlikely to reach 2%, even if there is no phase space suppression (which there typically is.)
Moreover, decays to Z are described by a larger number of unknown form factors, making
any attempt to predict the corresponding decay widths and branching ratios even more
uncertain than for photon emission.

Decays of the 1T~ state. Since the 17~ is the lightest v-glueball in the C-odd sector,
it can only decay, radiatively, to the lighter v-glueballs in the C-even sector.
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According to table 5, the amplitude of the decay 17~ — 07+ 4 v is given by11
3 3
e X G 0) (07| Q| 1) = B b, @MY, g, (433)
where ¢, and ¢, are the polarization vectors of the photon and the pseudovector v-glueball
respectively; p, is the 4-momentum of the 0T*. The Levi-Civita tensor assures the final par-
ticles are in a p-wave, as required by parity conservation. The decay rate of this process is
3 (m2 _m2 )3
Doty = s X (M¥+—0++)2- (4.34)

8
247 M ms

In the case of the decay to the pseudoscalar v-glueball 17~ — 0=+ + v, the amplitude

is given by
gy % —+ -
egg w_v Q
— 7(477)2]\/[4 X 2k'e” (pue, —pren) M3y -+, (4.35)

where p,, is the 4-momentum of the 0~ F. The rate of the decay to the pseudoscalar is then

2 2 )3
3 (m7y mo_)

v Q
Pl*—»O*—‘,—'y - QzTaMS X2 mi:+ (M1+—0—+)2' (436)
The ratio of the decay rates to 0~ and 0% is
3 2
Dot o-gy _ mey Mo M2 -t (4.37)
Tit oty MYy~ MYt )
For the spectrum of figure 1, the factor involving the masses is about 0.39; the ratio of

matrix elements is unknown, but if we guess that M?ﬁoi+ ~1/ Fgﬁ, as would be true

for pion emission, and use the lattice results from [17], we would find this ratio to be
slightly larger than 1. In any case, there is no sign of a significant suppression of one rate
relative to the other.

Finally, in the case of the decay to the tensor v-glueball, the amplitude 17~ — 2+ 4~
contains two independent form factors in the lowest partial wave approximation, denoted
M?+707+ and M,¥+*0*+,

cgy pv ++ Y
WXWK; 10) (277 [ Q| 177) =

3
eg 0
N (47T)72U]\/f4 X 2k'e” €papepr(ExpaMTs—g-+ + €apxM'1+—g-+)  (4.38)

and the corresponding decay rate is

ol (m2+ - m2+)3 2 9 4
F1+—>2++,y = 576W})\48 X2 71,”L§)+m§i (3m§+ + 34m1+m2+ + 3m1+) X
2
X [(M‘17+2++ + M’?+,2++f(m1+,m2+)) (4.39)
/82 2
+ <M 1+*2++) g(my+,ma+ )|, (4.40)

HSimilar amplitudes are used in the studies of vector and pseudovector mesons. See for example [29, 30]
and [31].
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where f and g are the following functions of the v-glueball masses,

2 2 2 2
ms. —m dms. +Tm
flmys,mgr) = (3 2 T*)§ s i*), (4.41)
moy + 34m7,ms, + 3mi,

2
(m§+ - m%) m%+ (6m§+ + 8m%+ m%+ + mil+)

2
m§+ (3m‘21+ —i—34m%+m§+ +3m‘11+)

g(my+,mo+) = 12 (4.42)

Decays of the 17— state. The decays of the vector v-glueball are similar to the decays
of the pseudovector, with a few additions. In contrast to the case of the 17—, the 17~ can
annihilate through an off-shell vector boson to a SM fermion-antifermion pair. But the
radiative decays to light v-glueballs in the C-even sector still typically dominate.
The radiative decay to the scalar, 17~ — 0T + v, is analogous to the decay 17~ —
0+ + 4; see table 5 and (4.36). Thus, its rate is
wol g (M —m2,)?

FI—HO‘Hrﬂ/ = oms X o (M?770++)2' (4'43)

1—

The decay to the pseudoscalar is analogous to the decay (4.34) and has the rate

3 (m2_ 7m2_ )3
im0y = 255]\3[8 X = mi’,o (Msll**07+)2- (4.44)

The amplitude of the decay to the 277 state is similar to the amplitude (4.29) of the
decay 2=+ — 17~ + ~. However, in this case the masses of the two states are not close,
and our approximation which allowed us to ignore the contribution of three additional
form factors is not valid. We therefore restrict ourselves to just demonstrating the general
expression for the amplitude.

egax

(47-‘-)2M4<7‘ GIU‘V‘ 0> <2++‘ QMV‘ 177> = 2M51172++ (l{? . pz’:‘aeaﬁeﬁ —p- 5ka6aﬁ€ﬁ)

Qe 5]
+2M?l,2++(k cqe-e—k-€q-¢) % +
mi_
p-e
MY, (k-qe®enpd’ —q-e k%upq”) o (4.45)
-
A complete formula for the decay rate is not very useful, given the large number of unknown
form factors that enter.
The 1~ state is also massive enough to decay to the 27" state. This decay has an

amplitude similar to the decay 17~ — 27T 4+, given in (4.38). One can find the decay rate

3 2 2 \3
_ oo o (Mi- —mjy) 4 2 9 4
Pl*—>2*+v = 57677]1)\/18 X m?,mg, (3m2, + 34mi_ms_ + 3m1,) X

. [(M¥——2—+ + M’?,,2,+f(m1_,m2_)>2
+ <M/?——2—+)29(m1,m2)] ) (4.46)

where functions f and g are defined by (4.41) and (4.42) respectively.
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Now we consider the decay of the 177 to SM fermion pairs through an off-shell v or
Z. For large m;- we can neglect the Z mass and treat the radiated particle as an off-shell
hypercharge boson. The amplitude reads

2?%}4 s F YLy e + Yriry*yr| 0) % Olp" 2, 177). (4.47)

Here Y; and Yy are left and right hypercharges of the emitted fermions. The matrix
element of €2, can be read off from table 4. The width (ignoring the fermion masses) is
given by

Iy = 2020, (Y2 +Y2)md (F )2 (4.48)

S sty 0w
For quarks a factor of 3 must be included to account for color.
The above result is valid for m;- > myz. For smaller m;- one must account for the
non-zero Z mass through the substitution

2
(Y2+Y3) (o- Qcos® Oy — Yy,  mi N
cost Oy cos? Oy m3_ —m?,
.. 9 2 2
sin” Oy m7_
Y (1 L 4.4
+ R( +COSQQW m%—m%) ) ( 9)

which accounts for a finite mass of the Z-boson. Here Q = T35 + Y is the charge of f. A
quick check shows that this rate, whose ratio to radiative decays is (for large m;-)

T

N F m? 3 F$ 2
1F;1éi+:ff — C;SQIW;W (Y2+Y3E) <mf i;12+> (MQI__ ) 7 (4.50)
is not negligible. The first factor in curved brackets is a factor of a few, while the second
factor in curved brackets may be large, especially at large n,. Decays to electrons and
muons will be reconstructable as a resonance, so despite the uncertain branching fractions
this decay mode is worthy of careful consideration.

Decay of the 17~ state to the 17~ v-glueball can only proceed with the emission of
at least two SM gauge bosons. Although such decays are suppressed, the details of the
calculation for 17~ — 17~ + gg are presented in the appendix.

4.3 Decays of the remaining states

We may infer without detailed calculation that the likely decays of the other v-glueballs
in the C-odd sector are radiative. Three-body decays to two gauge bosons plus another
C-odd v-glueball are quite suppressed by phase space, because the mass splittings in the
C-odd sector are never large. Even the splitting of the 07~ state from the 17~ state
is only 1.1 mg++. By contrast, two-body radiative decays into the C-even sector have
significantly larger phase space. (In the appendix, we confirm this for decays of the 17~
state.) Meanwhile, no operator appearing in the effective action at dimension D = 8
permits the 07—, 257, or 3+~ states to annihilate directly to standard model particles.
Therefore, we should expect that all of these states decay radiatively, emitting typically a
photon or more rarely (if kinematically allowed) a Z, to a v-glueball of opposite C'. Their
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lifetimes will be of order or slightly shorter than that of the 17", due to enhanced phase
space and additional decay channels.

The 37T state is more complicated. No operator allows it to annihilate directly to
standard model gauge bosons, so it will decay either by a two-body radiative transition to
the C-odd sector or by a three-body decay to two gauge bosons plus a C-even v-glueball.
For this state, in contrast to the C-odd states, the mass splittings tend to suppress the ra-
diative decay and enhance the three-body decays. With many contributing decay channels
and unknown form factors, it seems impossible to estimate which type of decay is domi-
nant. Indeed simple estimates suggest they are of the same order, with large uncertainties.
Qualitatively, if the colored X particles are very heavy and y, is very small, radiative
decays will probably dominate, while tight degeneracies within the X multiplet(s) could

suppress x and reverse the situation. But quantitative prediction seems impossible.

5 Conclusions
Let us first summarize our results and their immediate implications.

e We have seen that annihilation decays dominate those states that can be created
by dimension d = 4 operators (the 0¥ and 2*T). Their branching fractions are
dominated by decays to gg, with decays to vy having a branching fraction of ~ 0.4%,
assuming the X fields form complete SU(5) multiplets of equal mass. If the colored
X particles are much heavier than the uncolored ones, then decays to electroweak
bosons can dominate.

e Most other states decay by radiatively emitting a photon, or (at a rate that is at

most tan? Ay, compared to photon emission) a Z boson.

e The 17~ is a special case; it typically prefers to decay radiatively but has a non-
negligible annihilation decay to an off-shell v or Z.

e The 377 is also special; three-body decays to gluons plus a C-even v-glueball could
be of the same order or even dominate over radiative decays to the C-odd sector.

e In all, we expect the final states from v-glueball production to be rich in jets and stray
photons, with occasional photon pairs, leptons and some missing energy from neutri-
nos. The two-photon resonances from the annihilation decays of C-even v-glueballs
are likely to be the discovery signatures, along with the vy~ and ~gg resonances from
cascade decays of C-odd v-glueballs.

e Depending on the parameters, the lifetime of any given state can vary over many
orders of magnitude. But for any fixed choice of parameters, lifetimes of the v-
glueballs vary over at least three or four orders of magnitude, the details depending
on unknown v-glueball matrix elements and mass ratios, as well as the X mass
spectrum. Displaced vertices can potentially serve as a discovery channel.
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e There are several opportunities for discovery of this signal in displaced vertices. One
option arises from gg decays in events triggered by photons, another from W*+W~
decays triggered by the muon or electron in a leptonic W decay, and a third from
photons that arrive late or (if converted) point away from the primary vertex.

Our results are robust, but some cautionary and clarifying remarks are in order.
Clearly, numerical application of our formulas is currently subject to considerable un-
certainties, due especially to the many unknown matrix elements that arise, and due also
to the unknown spectrum for gauge groups other than SU(3). Of course these uncertain-
ties are largely reducible through additional lattice gauge theory computations, should a
discovery of a sector of this type be made. However, there are other potential subtleties
to keep in mind. If the X fields and the v-glueball states have comparable masses, then
mixing between these states cannot be neglected. This could lead to additional physi-
cal effects that we have not considered. We also remind the reader that we have worked
at leading non-vanishing order and that higher-order corrections are not negligible when
precise predictions are required.

A more qualitative uncertainty, and an interesting opportunity, arises from the gauge
group. For SU(n), n > 2, it is anticipated that the glueball spectrum is similar to that of
SU(3), as calculated by [11]. However the SU(2) spectrum, and more generally that of any

Sp(2n,) or SO(2n, + 1) gauge group, has no C-odd sector. The operators Q,(fl), do not exist,

d® symbol absent from such groups, and the corresponding

as they are built from the
C-odd states are also absent.

For SO(2n,) the situation is more subtle. The first cases are SO(4), which is not
simple and has two sets of SU(2) v-glueballs, and SO(6), which is the same as SU(4). The
d=26 fo,), operators are present for SO(6), but for general SO(2n,) the QE},} operators
become Pfaffian operators of dimension 2n,,, built from a single epsilon symbol and n,, field
strengths. As suggested by [16] and as verified by [11], there is a correlation in the QCD
spectrum and in the glueball spectrum between the dimension of an operator and the mass
of the lightest corresponding state. For this reason we expect that for a pure SO(2n,)
gauge theory with n, > 3, the C-odd states are heavier than in figure 1 relative to the
C-even states. Their production rate is likely to be quite suppressed as a result, but are
still interesting, since several are likely to be unable to decay to other v-glueballs alone,
and will be metastable. Certainly the lightest C-odd state (probably still the 177) cannot
decay to two or more C-even v-glueballs, so it will likely decay by radiating a photon or Z.
Moreover, the degeneracy of the light C-odd states seen in SU(3) may well persist more
generally, making these states potentially unable to decay to two v-glueballs in a C-odd
final state, such as 17~ +07". All of these states will decay therefore to the C-even sector
by radiating a photon (or Z), except the 17~ that may again decay to standard model
fermions. The larger phase space for n, > 3 means the lifetimes may be much shorter than
those of the C-even states, a fact which could be phenomenologically important if A, and
A, /M are so small that the C-even states are unobservably long-lived.

Thus study of the spectrum of the v-glueballs may provide some information on the
gauge group. Combined with some partial information about the X production rate and
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the branching fractions of X X annihilations, it may well be possible to identify the gauge
group precisely.

Finally, we have assumed here that the v-glueballs are the low-energy degrees of
freedom of an asymptotically weakly-coupled gauge theory. The AdS/CFT correspon-
dence [32, 33| allows us to learn what one might observe if the theory has a large 't Hooft
coupling in the ultraviolet. In particular, the low-lying glueballs of such a theory can be
described as modes of a string theory on a 10-dimensional space compactified to 5 dimen-
sions. Such a theory [34-36] will have light scalars, pseudoscalars, tensors, etc., but will
not have any light 27" state. Apparently the mass of this state may serve as a crude probe
of the size of the ultraviolet 't Hooft coupling, as long as its mass is not so high as to render
the state unstable to decay to lighter glueballs.

Our formulas now permit a variety of phenomenological studies. The issue of hadron-
collider searches will be considered in [15]. The dominant production mode is through
qq, 99 — X X; the XX are bound to form X-onium, which then may decay to a low-lying
X-onium state and annihilate, producing v-glueballs at either or both stages. At CDF,
D0, ATLAS and CMS, the v-glueballs are most likely to be found in searches for di-photon
resonances in events with 2 photons plus jets or with 3 or more photons (possibly plus jets),
or in searches for displaced decays to jet pairs, W/Z pairs, or photon pairs. In the latter
case, the LHCb experiment, with its excellent vertexing capability, may also have some
sensitivity to v-glueballs. (If the Higgs boson couples strongly enough to the X, X fields, it
introduces new operators with dimensions as low as 6, but possibly with small couplings.
This alters the phenomenology in a few important ways and will be considered elsewhere.)
The v-glueball production rate is limited by the X X production rate, which (as an inclusive
process) is perturbatively calculable. A conservative rough estimate puts Tevatron limits
on the X mass (even assuming 100% efficiency to detect v-glueballs) below 300 GeV for
color-singlet X particles and 550 GeV for colored X particles. However the efficiency for
detecting v-glueballs is likely to be low, and backgrounds substantial, unless the v-glueball
branching fractions to photons are very high; this is true whether they decay promptly or
late. Therefore, for most choices of parameters, the Tevatron limits are generally much
weaker than suggested above. There is thus ample available parameter space within which
these phenomena might have eluded the Tevatron experiments so far but would be found
at the LHC within the first few years of data.
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A Formulae for three-body decays of v-glueballs in the C-odd sector

In the main body of the text we have argued that three-body decays of states in the C-odd
sector are largely suppressed as compared to their radiative decays to light C-even states.
As an example, here we consider a three-body decay 17~ — 17~ gg and demonstrate that
there is a substantial suppression of its rate. We will restrict ourselves to consider the case
of the s-wave decay mode since this is expected to give the highest contribution to the
decay rate in a partial wave expansion. In this approximation only P and L3 operators
contribute (table 2). This corresponds to the amplitude

Q sy

i Xs |Crlgs gt GG 10) (17| P +

+Cr{g" ¢’ tr G Gag| /(17| LI 177) |
where the s-wave approximation implies the following form of the matrix elements;

APy = S P
T S
L
1+~ ol L == o) — e P~ A+
< ,Q| ;woz/3| ap> = m3 (E,ul/pop € (pae B — Pp€ a)+
1-

+€aﬁpoppfia(]9u€+u — py€+u) — traces) 4 - - -,

The above amplitude gives a decay rate

2,2
azon 1

Dy ivgg = Wg(Ng — 1)ximj- (40%(M1f——1+—)2 fr(a)+

+CR(MY-— - )? fp(a)) +--- (A1)

where we define the dimensionless functions f1,(a) and fp(a) of a = m?, /m?_ as

1

fr(a) = — 5190 (171a” — 129505 + 4410a° — 9450a* + 11025a> —
a
1
—4221a* — 630a — 10) — % a(5a — 9)log(a),
1

fp(a) = — 50 (a® + 36a” + 1305a* — 1305a* — 36a — 1) +

a

1
t5a (9a* + 28a + 9) log(a).

For the values of v-glueball masses from the spectrum in figure 1, a ~ 0.6, f,(0.6) ~ 3x107°
and fp(0.6) ~ 7 x 107°.
The ratio of the decay rate (A.1) to the radiative two-body decay (4.43) is

2 L 2., fp 2 L 2

T aa, X2 (M<?

2
1= —0t~y 1——0++)

Unless there is an extreme degeneracy in the SU(5) multiplet of X particles, which
is unnatural due to SU(5)-asymmetric renormalization of the masses, we expect y is
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at least of order 0.1, so the coefficient in front of the ratio of the form-factors will be

around 102 or smaller.

For other states in the C-odd sector, a rough estimate confirms that the ratio of the

three-body decays to the radiative decays is never greater than 1/10 and is typically much

smaller. Thus, we conclude that the three-body decays in this sector are never dominant.

Since most such decays are to gluons, and are therefore very difficult to observe, the three-

body processes can for current purposes be ignored.
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