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ABSTRACT OF THE DISSERTATION

Phenomenology of Pure-Gauge Hidden Valleys at Hadron
Colliders

by Jose E. Juknevich

Dissertation Director: Professor Matthew J. Strassler

Expectations for new physics at the LHC have been greatly influenced by the Hierarchy problem
of electroweak symmetry breaking. However, there are reasons to believe that the LHC may
still discover new physics, but not directly related to the resolution of the Hierarchy problem.
To ensure that such a physics does not go undiscovered requires precise understanding of how
new phenomena will reveal themselves in the current and future generation of particle-physics
experiments. Given this fact it seems sensible to explore other approaches to this problem; we
study three alternatives here.

In this thesis I argue for the plausibility that the standard model is coupled, through new
massive charged or colored particles, to a hidden sector whose low energy dynamics is con-
trolled 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 parti-
cles of the standard model. I consider the phenomenology of this scenario, and find formulas for
the lifetimes and branching ratios of the most important of these states. The dominant decays
are to two standard model gauge bosons or to fermion-antifermion pairs, or by radiative decays
with photon or Higgs emission, leading to jet- and photon-rich signals, and some occasional
leptons. The presence of effective operators of different mass dimensions, often competing with
each other, together with a great diversity of states, leads to a great variability in the lifetimes
and decay modes of the hidden glueballs. I find that most of the operators considered in this
work are not heavily constrained by precision electroweak physics, therefore leaving plenty of

room in the parameter space to be explored by the future experiments at the LHC. Finally, I

ii



discuss several issues on the phenomenology of the new massive particles as well as an outlook

for experimental searches.
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Chapter 1

Introduction and overview

The last century has seen revolutionary discoveries in particle physics, where a vast number
of ambitious experiments have been conducted in concordance with major theoretical break-
throughs. The Standard Model (SM) has emerged as the best construct for explaining the
range and behavior of particle interactions, as it has ability to explain a wide range of observed
phenomena down to distances of order of 107!¢ centimeters. Its electroweak sector has been
probed to better than 1% level by precision experiments at low energy as well as at the Z-pole
by LEP and SLC, severely constraining possible extensions of the SM at the TeV scale [1].

Yet, there are high hopes that new phenomena beyond the Standard Model are awaiting to
be discovered already at the TeV scale. The reason is founded on the principle of naturalness,
according to which the parameters of a low energy effective theory should not be much smaller
than the contributions that come from running them up to the cutoff. Applying this principle to
the Standard Model means that despite its incredible precision this theory cannot be complete
due to an instability in the Higgs sector: radiative corrections to the mass parameter in the
Higgs potential tend to scale with the largest mass scale in the theory M, with M being the
Planck scale or any other high energy scale. If M is too large, the Higgs mass must be fine-tuned
to an accuracy of order (Myy/M)? to explain the weak scale. In the absence of highly unnatural
fine-tuning of the parameters in the underlying theory, the stabilization of the electroweak scale
would then suggest the existence of new particles at the TeV scale.

Our best hope for the resolution of the hierarchy problem is now at the Large Hadron
Collider (LHC) at the CERN laboratory in Geneva. With the LHC, particle physics enters a
new era of potential discovery, one which may provide insights into the many puzzles of the 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.

Most of the effort for searches of physics beyond the Standard Model (BSM) has focused on

“minimal” models which solve the hierarchy problem. The most favored solution is presently



Supersymmetry (SUSY), with others including the little Higgs, warped extra dimensions and
technicolor. However, experience has taught us that the most striking experimental discoveries
may a priori be unrelated to the fundamental questions. We have also learned that BSM physics
may be especially difficult to discover, either because SM backgrounds are large or because
special discriminating variables are needed to extract a signal from backgrounds. Therefore,
it is prudent that we explore as many scenarios for BSM physics as possible, with particular
emphasis on models with varied experimental signatures, to ensure that their signatures would
not be missed at the LHC.

Among the extensions of the SM not directly tied to electroweak symmetry breaking, those
with an additional U(1) factor in the gauge group, associated with a heavy neutral gauge
boson Z’, have often been considered in direct and indirect searches for new physics, and in
the studies of possible early discoveries at the LHC (for recent reviews and references, see
e.g. [2-4]). While not prescribed by compelling theoretical or phenomenological arguments,
these extensions naturally arise from Grand Unified Theories (GUTs) based on groups of rank
larger than four and from higher-dimensional constructions such as string compactifications.
7' bosons also appear in little Higgs models, composite Higgs models, technicolor models and
other more or less plausible scenarios for physics at the Fermi scale.

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” [6-11]. 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, in such a way that the cross sections for SM visible particles disappearing into the
hidden sector are small enough to evade the current experimental limits, and yet large enough
to be observable at LHC. Typically, the valley particles “v-particles” are charged under a valley
group G, and neutral under the SM group Ggys , and the SM particles are neutral under G,.
The v-sector’s dynamics also 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. A common choice is to have a coupling via a Z’ or via loops of heavy particles carrying
both Ggp; and G, charges. 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,

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



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 [6,7,11].

Hidden valleys have arisen in bottom-up models such as the twin Higgs and folded supersym-
metry models [12,13] that attempt to address the hierarchy problem, and in a recent attempt
to explain the various anomalies in dark-matter searches [17] which requires a dark sector with
a new force and a 1 GeV 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 [18]. 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 [6].

Interestingly enough, the case in which the hidden sector consists of some new vectorlike
particles X and X that couple to a new confining gauge group SU(n,) leads to a surprisingly

exotic phenomenology, if the following condition is satisfied:

where Mx is the X mass and A, is the scale where the SU(n,) gauge coupling gets strong.
The reason is that, once produced, the X particles are eternally bound by an SU(n,) confining
string, leading to a quite unusual, “quirky” phenomenology. By this reason, the X particles
have been dubbed “quirks”. This model was first considered in [47,48], and more recently
in [49]. In [6], this model was also mentioned as an example of a hidden valley model.

In this dissertation we attempt to continue this effort by exploiting the ideas of hidden
valleys and quirks in order to extract concrete predictions for a variety of experiments at the
LHC. A full study of all classes of hidden valleys is not feasible, and would not be particularly
useful, given that many models are less likely to be found than others. Therefore in this thesis
we focus on a hidden valley that at low energy is a pure-Yang-Mills theory, a theory that has
its own gluons (“v-gluons”) and their bound states (“v-glueballs”) [19]. This scenario easily
arises in models; for example, in many supersymmetric v-sectors, supersymmetry breaking and
associated scalar expectation values may lead to large masses for all matter fields.

In these theories there are two interesting subjects to consider, which will comprise the bulk
of this thesis. The first subject is determining under what circumstances hidden valleys can
give signals that might result interesting and often difficult for the LHC experiments to detect,

S0 as to assure no phenomena are overlooked. The questions we will attempt to answer are of



phenomenological origin: What new physics are we looking for? What are their mass scales?
How do they couple to SM fields? and what are their signatures? To answer these questions,
we will need to construct the low-energy 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.
This is accomplished in chapters 2 and 3 in two different hidden valley models.

The “pure glue” hidden valleys are phenomenologically interesting candidates for what new
phenomena may lie at the TeV scale, which might represent our first indication of an even
richer structure at even higher energies. They have a number of attractive features from both
theoretical and experimental point of view, as well as prospects for rich LHC phenomenology.
Hidden valley confinement can indeed lead to a very rich spectrum of accessible v-glueball
physics, as we shall discuss below. But because the dominant bridge between the SM and the
new physics is provided by the very weak interactions induced by TeV scale mediator fields, the
new physics is not in conflict with existing experiments, and will be more stringently tested in the
near future. Furthermore, assuming that the mediators transform in vectorlike representation
of SM gauge group, one can naturally evade precision electroweak tests.

While pure glue hidden valleys involve very modest additions to the SM, as measured by
either the fundamental particle content or complexity of Lagrangian, it can naturally give rise
to a remarkable array of distinct experimental behaviors, including di-gauge-boson resonances,
fermion pairs, radiative decays with photon and/or Higgs emission and long-lived neutral states,
leading to jet- and photon-rich signals and perhaps displaced vertices. In this thesis we show
how such signals can arise in the hidden valley scenario which has very few parameters and
need not be tuned to avoid exclusion. Some of these signals have appeared previously in other
scenarios, but often within models which are tightly constrained already by experiments. We
will also see that there are some qualitatively distinct signals that have not been discussed
before, such as displaced vertices coexisting with prompt diphoton resonances.

The second subject is related to the question of whether the aforementioned signatures are
likely to be detectable at the LHC. To discover a promptly decaying v-glueball, the cleanest
signature would be its decay to two photons, from which a resonance can be reconstructed. Late
decaying v-glueballs are more complicated, since displaced jet pairs have no physics background
but suffer from various detector and triggering issues, and detection of displaced photon pairs
is often difficult and very dependent upon details of the detector. In either case, a full study
of signal and background is subtle because the dynamics of the production process (e.g. non-

perturbative glueball emission) are not calculable either analytically or numerically, and cannot



be compared with any known physical process. Besides, there is little that a theorist can do
to study backgrounds from displaced vertices. So in this work we will limit ourselves to some
discussion of the signal rates and of the most likely strategies for discovery.

This thesis is aimed at highlighting some of the generic features of the rich phenomenology
in the pure-gauge hidden valley scenario as well as demonstrating consistency with all present
experimental data, both in the form of exclusion from direct searches as well as the non-
observation of any virtual effect.

This thesis focuses on the papers [19,20,40] published during the course of graduate studies

and on ongoing work [60]. Their results appear as follows:
e Chapter 2 is based on [19].
e Chapter 3 and section 5.2 is based on [20,40)]
e Section 4.6 is based on [40].
e Chapters 4 and 5 are based on [60] and contain work in progress.

The rest of this chapter contain a brief introduction to the theory of hidden valleys and
quirks. In chapter 2 we will qualitatively describe the short distance physics in the hidden
valley scenario with quirks, and set up an effective Lagrangian to compute the decay rates for
some of the most important states. Next, in chapter 3 we will extend our results on pure gauge
hidden valleys to include couplings of the quirks to the SM Higgs sector. We go on to discuss
several issues on the phenomenology of bound states of quirks and their more salient features in
chapter 4. Further details of the phenomenology as well as an outlook for experimental searches

will be presented in chapter 5. Our conclusions will be summarized in chapter 6.

1.1 Hidden valleys

A hidden valley sector (“v-sector”) is defined by the following properties, depicted in figure
1.1 [6]. First, like an ordinary hidden sector, it has its own gauge symmetries and matter
particles, with the property that no light particles carry charges under both Standard Model
gauge groups and under the v-sector gauge groups. A mass gap ensures that not all the particles
in the v-sector decay to extremely-light, invisible particles. An energetic barrier resulting from
the very weak interactions between the SM sector and the v-sector has prevented v-particle
production at LEP. However, collisions of Standard Model particles at higher energy at the
LHC may be able to go over the mountain to produce v-sector particles. Finally, massive long-

lived v-sector particles can decay back to light standard model particles. These decays have



strongly suppressed rates but would be often observable at the LHC, sometimes with displaced

vertices.

TeV scale

Tevatron,
EP

SM

Figure 1.1: A despiction of a hidden valley. The mountain represents massive states which may connect
the Standard Model sector to light states in the valley sector.

Among the representative hidden valley models are those whose gauge groups are strongly-
interacting and confining, with the mass gap generated by the strong dynamics in the v-sector.
A vast array of v-models are possible, as many as the imagination allows for (see figure 1.2) [14].

Some of the many choices for the type of v-sectors include, but are not limited to,

QCD-like theory with F' flavors, N colors

QCD-like theory with only heavy fermions

Pure-Yang-Mills theory

Randall-Sundrum (RS) or Klebanov-Strassler (KS) throat

Partially Higgsed SU(N)

The strong interactions cause the v-sector particles to confine at the scale A, and form v-
hadrons. A number of long-lived resonances will result. The strong-interactions also cause v-
parton showering, following which, when the energy scale of a process is large enough compared
to Ay, large numbers of v-hadrons may be simultaneously produced.

Finally, there are also many choices for the communicator fields, including many of the new

heavy states that we have discussed in the introduction, such as
o 7

e Higgs, or multiple Higgses



e Loops of heavy particles

e Heavy sterile neutrinos

Communicator

T

Standard Model Hidden valley

Figure 1.2: The class of models we are considering for a hidden sector.

The canonical example of a confining hidden valley, proposed by the authors of [6], is that of
a QCD-like scenario, having only two light flavors with a SU(N) gauge group. The dynamics of
the model is determined by the confining scale A,, where the strong coupling constant becomes
strong. Light or heavy flavor is defined with respect to A, : light quarks have masses mg < A,
and heavy quarks have masses m, > A,. Production and decay processes of the hidden sector
quarks (“v-quarks”) can occur, for example, through a Z’, whose charges are from an extra
U(1), gauge group. As in QCD, the v-quarks undergo a v-parton shower and form v-jets of
v-hadrons. In the two light flavor model the v-hadrons are electrically neutral v-pions, 7= and
70, which are the analogue of SM 7% and 7° - the labels are simply meant to indicate the
analogy with pions, they do not denote electric charge. Some of these v-hadrons can decay back
to Standard Model particles, making a complex, high-multiplicity final state. This situation is

illustrated in figure 1.3. Depending on parameters, the decays of the v-hadrons may be prompt

or displaced.

Figure 1.3: The production and hadronization of v-quarks.

This scenario was investigated by Strassler and Zurek with tools analogous to the ones used
to simulate QCD [6]. It displays some rather startling features. For instance, a 7, could have a

displaced decay in the muon spectrometer in the ATLAS detector, resulting in a large number



of charged hadrons traversing the spectrometer, or it could decay in the hadronic calorimeter
producing a jet with no energy deposited in the electromagnetic calorimeter and no associated
tracks in the inner detector. Experimental studies for these scenarios are currently under way,
by the D0, CDF, LHCb, ATLAS and CMS collaborations.

This is just one simple model with two light flavors. However, the number of possibilities is
huge, and it is possible to think of other simple variants. For example, in the case of one light
flavor instead of two, the phenomenology is widely different. In this case, the light degrees of
freedom are the 7, (pseudoscalar) and the p, (pseudovector), with masses of order m, ~ A,. It
was shown in [6] that the p, will decay democratically to all SM flavors. As a result, it may be
possible to tag such events using multiple leptons from the decay of the vector. This aids the
task of extracting a signal from the background.

However, in the case of hidden valleys with many light flavors, detection may be especially
difficult [10]. These models predict a high multiplicity of v-hadrons, which in turn implies that
the number of jets in their decay products will be especially large. So for jets produced in
v-hadron decays, QCD backgrounds will be large and unknown, and any signal will be tough
to extract.

The limit where there are no light v-quarks, but only a hidden sector with a low confinement
scale is particularly interesting. In this case, the lightest states in the v-sector are glueballs of
SU(N) (“v-glueballs”). The v-color interactions ensure that all the heavy v-hadrons annihilate
efficiently into v-glueballs. These can then decay back into SM states via their coupling to

electroweak boson or the Higgs.

1.2  Quirks

Theories with an extra confining gauge group SU(n,) sector and some heavy matter fields
charged under both SM and SU(n,) gauge group such that there is a large hierarchy between
the masses of the matter fields, Mx, and the confining scale, A,, give rise to very unusual
dynamics [6,47-49]. For this reason the quarks (or scalar quarks) of such a sector have been
dubbed quirks [49]. To understand this, let us first recall the dynamics of normal QCD. Consider
two heavy quarks that are produced back-to-back in a hard process. As the two quarks fly away
from each other and their distance approaches Aéch, confining dynamics sets in and creates a
gluonic flux tube extending between them. When the local energy density in the flux tube is
high enough it is energetically favorable to pair create a light quark anti-quark pair, breaking

the tube. This mechanism of soft hadronization allows the two heavy quarks to hadronize



separately.

In the quirk scenario, on the other hand, such a soft hadronization mechanism is absent
because there are no quarks with mass less than or comparable to A, (see figure 4). The
energy density in the flux tube, or more simply, the tension of the SU(n,) string, cannot
exceed A2 which is far less than the Mg per Compton wavelength needed to create a heavy
quirk anti-quirk pair. The splitting of the SU(n,) string by a quirk anti-quirk pair is indeed
exponentially suppressed as exp (—M?2/A?) [16]. In fact, one may view the entire process as
single production of a highly excited bound state, quirkonium. All of the kinetic energy that
the quirks posses at production, /s — 2M¢, which is typically of order Mg, can be interpreted
as quirkonium excitation energy. This energy is radiated away into glueballs of SU(n,) and

hadrons. Eventually the two quirks annihilate into lighter states.

YYYYYYYYY

Figure 1.4: Pictorial diagram of quirk confinement. A flux tube of SU(n,) chromoelectric field forms
between quirks. Since the mass of the quirks satisfies Mx > A, flux tube in SU(n,) are stable.

Because the quirks are very heavy, Mg > A,, the light degrees of freedom in the v-sector
are glueballs of SU(n,). However, the standard model is uncharged under the new SU(n,)
gauge group, and therefore a quirk loop is required to couple the sectors at low energies. As
a result, effective couplings to the v-sector are highly suppressed at low energies. Specifically,
the leading coupling between the standard model and the hiddden valley sector at low energies
arises from a loop of virtual heavy quirks. This gives rise to dimension-8 effective operators
of the form tr F?tr G? and Ftr G3, which mediate glueball decay, for example to photons or
gluons.

The existence of additional gauge groups with matter in bifundamental representations is a
hallmark of string theory model building. A quirk sector with vectorlike quirks and an extra
gauge group SU(n,) sector can therefore arise naturally from string theory. It is also trivial
to preserve gauge coupling unification in supersymmetric theories by assuming that the quirks
come in complete GUT representations, e.g. 5@ 5 and/or 10 & 10 [15].

In fact, a quirk-like sector has already appeared in some supersymmetric extensions of the
Standard Model motivated by the hierarchy problem. Such a sector was proposed in [15] to
give additional loop contributions to the physical Higgs mass in supersymmetry. Scalar quirks

appear in models of folded supersymmetry [13].
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The collider phenomenology of quirks depends crucially on the length of the strings [49].
This is set by the scale where the kinetic energy is converted to potential energy of the string.

Since the typical quirk pair production event is not close to threshold, the maximal length is

E

L:A_%

(1.2)

where F = v/ — 2M is the kinetic energy of the quirks upon production. One can distinguish

three different regimes.

e 100eV < A, < 10keV: In this case oscillations will be macroscopic. Since it takes many
crossings before the quirks annihilate, one only observes the tracks of stable quirks in the

detector.

e 10keV < A, < 1MeV: This is the case of mesoscopic strings. In this case one cannot

resolve the oscillations, and the quirks look like a stable charged particle.

e 1MeV < Ay £100GeV: Here the strings are microscopic and the quirks get close enough
to each other that they can annihilate. For A, 2 Aqcp the annihilation is dominantly

into gluons of SU(n,) gauge group, which at long distance become glueballs.

In the following we will be mostly interested in the case of microscopic strings where the
quirks can annihilate producing visible signals.

So the overall picture in the quirk limit is that quirks are pair produced, and they fly away
from each other, sometimes macroscopic distances before the string pulls them back together.
They oscillate back and forth this way many times before the quirks can find each other and
annihilate. Whether the annihilation occurs in the detector and whether the string oscillations
are large enough to be visible will depend on the size of the confinement scale. We will see that
the collider phenomenology will be very sensitive to the confinement scale in the hidden sector,

leading to some remarkable, unstudied phenomena.
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Chapter 2

A pure-glue hidden valley

In this chapter we consider a hidden valley that at low energy is a pure-Yang-Mills theory,
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, supersymmetry
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 degree,
from lattice simulations [24]. The spectrum of such states for an SU(3) gauge group is shown
in figure 2.1. The spectrum includes many glueballs of mass of order the confinement scale A,
JPC

(actually somewhat larger), and various quantum numbers. All of the states shown are

stable against decay to the other states, due to kinematics and/or conserved quantum numbers.

0"
25 B 3——
2 —
++ —
203 3+-
+
1+~
mg 1.5 o+ 0+
mo
1.0 { o+t
0.5
0.0
¥ —F ¥- ==
PC

Figure 2.1: Spectrum of stable glueballs in pure glue SU(3) theory [24].

In this work 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? induces dimension-D

IRecently such states, considered long ago [47,48], have been termed “quirks”; some of their very interesting
dynamics, outside the regime we consider here, have been studied in [49].

2Much of the study covered in this and the next chapter was carried out before the proposal of [49] to name
the X particles as “quirks”. In most of the following discussion, the names “X particles” and “quirks” are used
indistinctly.



12

operators of the form

1
V= o= od) (2.1)

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
Oqu) 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=7 /M2P =8,
We will see that the v-glueball decays are dominated by D = 8 operators. 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 10720 sec-
onds 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
chapter 5. To put the present work in context, we now briefly review the 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 [10], or especially [11], 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.

This chapter is organized as follows. In Sec. 2, we introduce our model and systematically

describe the v-sector operators and the v-glueball states. In Sec. 3, we describe the effective

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.
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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 Sec. 4. We conclude in

Sec. 5 with some final comments and perspective. Additional results appear in the Appendix.

2.1 The model and the hidden valley sector

2.1.1 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 [6]. 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 trans-
form 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 3.1. In this work, we will calculate their effects as a function of m,. The approximate

Field | SU(3) | SU(2) | U(1) | SU(n,) | Mass
Xy 3 1 : ny mg
Xy 1 2 —% ny My
Xz 3 1 —% n, ma
X4 3 2 % n, my
Xe 1 1 1 n, Me

Table 2.1: The new fermions X, that couple the hidden valley sector to the SM sector.

global SU(5) symmetry of the SM gauge couplings suggests that the masses m; and my should

4In this work, we normalize hypercharge as Y = T3 — Q, where T3 is the third component of weak isospin.
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be roughly of the same order of magnitude, and similarly for the masses mq, mg, me. It is often
more convenient to express the answer as a function of the (partially redundant) dimensionless
parameters

pr=mg /M . (2.2)

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 (2.1), with operators O constructed from the gauge invariant combinations® tr F,, Fas
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 2.1, 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[OF~V|0)(0j0f"[O4) (2.3)

(SM|OF=D0)(0,|0f[O4) - (2.4)

Here d is the mass dimension of the operator in the v-sector, (SM| schematically represents a
state built from Standard Model particles, and |©,) 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 operators in Lqg for
which d = 5, since there are no appropriate dimension-three SM operators to compensate. The
SM part (SM |(9§8*d)|0> can be evaluated by the usual perturbative methods of quantum field
theory, but a computation of the hidden-sector matrix elements <0|(’)7Sd) |©,) and (O |(91(,d) |©,)

requires the use of non-perturbative methods.

5Here we represent the v-gluon fields as Fp, = ]-'fw T%, where T denote the generators of the SU(ny)
algebra with a common normalization tr T¢T? = % §ab,
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2.1.2 Classification of v-glueball states

In this section we shall classify the nonvanishing v-sector matrix elements. A v-glueball state O
with quantum numbers JE¢ can be created by certain operators ol acting on the vacuum | 0).
We wish to know which matrix elements, <O|(91(,d) |©,) and <®;|(91(,d) |©), are nonvanishing. This
is equivalent to finding how the operators in various Lorentz representations are projected onto
states with given quantum numbers JZC. Their classification was carried out in [46]. At mass
dimension d = 4 there are four different operators transforming in irreducible representations
of the Lorentz group. These are shown® in table 2.2. From now on, we denote the operators

08, where ¢ runs over different irreducible operators ¢ = S, P, T, L, - - -.

Operator Of Jre

S = tr F,Fr 0+

P = tr FL, F* (U
"

2-i--i-7 1—+, O++
2++, 2—+

Tap =tt FarF5" — % gapS
Lp,t/cx[-} = tr ]:/u/]:aﬁ - % (guocTuﬁ + gVBTua - g/,LBTuoc - guan,ﬁ)
71_12 (guaguﬁ - guﬁgua)s + 1_12 €MUO¢BP

Table 2.2: The dimension d = 4 operators, and the states that can be created by these operators [46].
We denote F,, = % Eﬂuag./—‘.aﬁ.

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 éa, was also presented
in [46], 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 Qg,)

as shown in table 2.3. The other dimension-six operators simply cannot be combined with any

SM operator to make a dimension-eight interaction.

2.1.3 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, (0|O5|©,)

6 As explained in [46], when an operator OS is conserved and the associated symmetry is not spontaneously
broken, some states must decouple. For example, with

(O] Ty | 17 = (Puev +pV5M)F’f—+ )
the conservation of T}, requires Frlll+ =0, and thus T does not create a 1~ T state. Similarly
(0] Tpuv | 0++> = (ang,“, + bpupu)F0T++7

where a and b are some functions of p?, must vanish for Ty conserved and traceless. Note that the trace
anomaly complicates this discussion, but its effect in this model is minimal; see Sec. 3.1 below.
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Operator O JPC
QW) = tr FFapFe? 177,177
Q@) =t FoFiF,, 177,177

Table 2.3: The important d = 6 operators. The states that can be created by these operators are
shown [46].

and (0,//05]0,), where |0,,) and |O,/) refer to v-glueball states with given quantum numbers
and O is any of the operators in tables 2.2 and 2.3.
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

<O|O§|@K> = Hi,pu---Fg ’ (25)

K

where Fﬁ is the decay constant of the v-glueball ©,, and Hiw,... is determined by the Lorentz
representations of ©, and O5. In table 2.4 we list Hi#w... for each operator.

The decay constants F¢ 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 deter-
mined by non-perturbative methods, for instance, by numerical calculations in lattice gauge
theory. Only the first three non-vanishing decay constants in table 2.4 have been calculated, for
SU(3) Yang-Mills theory [25], 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,/|05]©,) are of the form

(0/|05|0,) =11}

KK uv---

LY I (2.6)

where now M?N, is the transition matrix, which depends only on the transferred momentum. In
table 2.5 we have listed 15 _ for the simplest cases considered later in this work. In several

KK pv--

other cases more than one Lorentz structure TS _contributes to the transition element. In

KR! v
such cases, since none of these matrix elements are known from numerical simulation, we will
usually simplify the problem by using the lowest partial-wave approximation for the amplitudes.
More details will follow in Sec. 2.3.

Clearly, any numerical results arising from our formulas, as we ourselves will obtain in
our LHC study [60], 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 perturbatively,
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% (0,) TS 0. F¢
s
S (0*F) 1 Foiv
P (07" 1 Fb
PaPp
Tap (0++) 9aB — P2 0
Tap (171) Da€p + Dp€a 0
T
Tap (2++) €ap F2++
L;u/aB (2++) E‘LQPUB +€y5’Pua 76,/(17)”5 75#57)1/& Fg++
_ L
Luvagp (2 *) (equc'Edﬁpppa — €uvpo€’ P’ P F27+
+€appo€l P Pu — €appoe, P Pu)/D
_ Q)
Qm 1) my- (Puev — Puey) Fl,(,)
— Q n
Q@ (1+7) m1+ewaﬁ(po‘eﬁ —pﬁeo‘) Fi~

Table 2.4: Annihilation matrix elements. ¢, and €, are the polarization vectors of 1~ ~,17~ and

polarization tensor of 27 27" respectively. Puos = gap — 2papg/p2. m,—,m;+ are the masses of the

177,17~ states; their appearance merely reflects our normalization convention.
3 3
05 (8x Ow) I, . M,
- P
P (0—t,0tH) 1 M%O,

__ Qi

Q) 17,0t Du€y — D€y \Y L
o Q@

o at-,07h) Du€v — D€y Mi% -+
n N Q)

o a0 €pvappe’ Ml,(,)(ﬁ
n - Q=

Q) (7,0t €uvapp™e’ MY g++

P(177,1%7) €t e MY

0

LA 1%)  €upop”e  (Pa€Tp —ppeta) + v <> aff — traces My _
_ _ Q@

Q) (27F,177) Du€ra€® — Pu€uac® \Y
n - Az A Z Q(n)

Q) (1t 2t urap€ P’ €uape™ pré’ 1\

Table 2.5: 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.

since we will only consider v-glueballs with masses well above Agcp.” In all of our calculations,
the SM gauge-boson field-strength tensors, which appear in the operators, are 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 ka, e5ltr G Gapl0) = 5“1’(1@1@}, - kis}t)(kis% — ke3), (2.7)

where k12| ¢1(2) are the gauge-bosons’ momenta and polarizations respectively. Later in the

TWe 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.

8Note that one has to take into account a factor of 2 which comes from the two different ways of con-
tracting each wa operator with |k1,€; kz,sg). This factor then cancels an explicit % factor appearing in the
normalization of the trace.
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text we will sometimes use the following notation for the SM matrix elements
(SMI0210) = (28)

where hiV = hi(ky, kg, - -+ ) is a function of the momenta of the SM particles in the final

state.

2.2 Effective Lagrangian

In this section we discuss the effective action Leg 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 2.2 and 2.3.

2.2.1 Heavy particles and the computation of L.z

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 2.2. 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 « or Z) interactions (figure 2.2a), as well as the conversion of three v-gluons to a v or

Z (figure 2.2b).

v%% X SM

@

Figure 2.2: Diagrams contributing to the effective action

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 [42], [43] and [44] respectively.

These results can be adapted for our present purposes.
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We introduce now some notation, defining G}w = B, wa = F,, and wa = G, which
are the field tensors of the U(1)y, SU(2) and SU(3) SM gauge groups. We denote their couplings
gi, 1 = 1,2,3, while g, is the coupling of the new group SU(n,). In terms of the operators from

tables 2.2 and 2.3, the effective Lagrangian reads

2
Lot = (s (DB B+ ghxatr FIVEY + ghxate GG
1 1 11 1
X <@ S Gup9vo + 15 Pepvpo + 15 Tupgvoe — 30 Lyvpo >

3
991 14 v 1 v
+ i (g 5o - ). eo)

The coefficients x; and x encode the masses of the heavy particles from table 3.1 and their

couplings to the SM gauge groups. They are summarized in table 2.6.

X 5 Xi
X1t | grtomtartarto
X2 é—l-p—%
X3 p—1§+é+%
I AyAeea

Table 2.6: The coefficients x arise from a sum over the SM charges of X particles running in the loop.
The xi, i = 1,2, 3, arise from the diagram in figure 2.2(a) with two external SM gauge bosons of group
i, while x is determined by the diagram 2.2(b) with a single hypercharge-boson on an external line.
The p, are defined in (2.2).

The effective Lagrangian (2.9) can be compactly written as

SN i onlea) . o
ﬁeff = Z W :502 T Ov? (210)
i=1 ¢

where the sum is over operators and different ways to contract Lorentz indices. The notation
n(&,7) is to make explicit that for each £ and 4 there is at most one SM operator O multiplying
0% in the effective Lagrangian (see table 2.7).
The mass dimension of 0% is denoted d¢, and the EZ are dimensionless coeflicients given by
X'Ce de =4

B = (2.11)
XCg df =6.

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

which they are contracted; they are also given in table 2.7.
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These values for the C¢ are valid around the scale M, and they will be altered by perturbative
renormalization between this scale and a lower scale closer to the glueball masses, at which the
nonperturbative matrix elements are evaluated.” These renormalization effects (which will
impact v-glueball lifetimes but cancel out of most branching fractions) 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.

05| C o7 05 0§ | C o7 0%

S| & (tr G}, G*") S T | 2| (tr G*G®) Ty
P| 2 (tr G}, Gy P | QO | G Q%

L | —% | (tr G"™GP) Lyyag | QF | =% G

Table 2.7: List of coefficients C¢ and contractions of the operators ©% introduced in tables 2.2 and 2.3.
G, represents the field-strength tensor of the i'" SM group.

The coefficients x and x; in table 2.6 determine the relative coupling of v-gluons to the
electroweak-sector gauge bosons Wj 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 coeflicients

. 4 4
sin” Oy x1 + cos* Oy x2/2
Xy =x1tx2/2, Xz = 5 ;

COS 9W (212)

cos? Oy x2 — 2sin? Oy x1

XwW = X2, X~vzZ = ’ Xs = X3 »

cos Oy
where 6y is the weak mixing angle. We will often use these coefficients instead of y; in the

effective Lagrangian (2.9), with a corresponding substitution of field tensors and couplings.

2.2.2 Effective Lagrangian and renormalization group

The introduction of an effective Lagrangian is very helpful in the consideration of higher order
corrections in strong interactions. These corrections lead to terms a,, In M which can be summed
up in a simple way by applying the renormalization group technique. These renormalization
effects(which will impact v-glueball lifetimes but cancel out of most branching fractions) can be

computed as follows.

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.
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Let us first write the effective Lagrangian (2.9) as

Leg =Y CeO8, (2.13)
£
where
30 24
€ _ 9v 9i =i (€) | (E
Of = Wugoy ). 08, (2.14)

i=1
with 2f = =;/C¢. Here the operators O¢ must be treated on equal footing with the original
terms in the Lagrangian, with the coefficients C¢ considered as some new charges.

To lowest order in «, the coefficients C¢ can be read off table 2.7. These values arise from
quirk loops and hence are valid at the scale M. To consider contributions of these operators to
v-glueball matrix elements, one must use the renormalization group to evolve the coefficients
down to a scale closer to the glueball masses, at which the nonperturbative matrix elements are
evaluated. To do this, the anomalous dimensions of the operators O¢ are required.

To calculate the anomalous dimension 7¢ of an operator O¢, we add the operator to the
Lagrangian with coupling Cg, shift A — A+ a, expand to O(a?), calculate the functional deter-
minant, and expand it in powers G,,, looking for the appearance of O¢ with a logarithmically

divergent coefficient. Specifically, in the path integral picture,
/’Da exp {2(5 +a)+ ng/Og(A + a)dx4] — exp iZgE}Cg /Og (Aydz* +---|, (2.15)

where, to lowest order,

2 a2
- Yeer 9 M
Zob=1+2252 In|—]|. 2.16
139 + 2 167 n |2 ] ( )
The last expression defines the matrix of reduced anomalous dimensions.
The couplings Ce¢ () are found by solving the generalized Gell-Mann-Low equations,
dOg Qyy
— = ——vee Cer 2.17
" 5 V66 Gty (2.17)
daoy, b o
=—— 2.18
/J’ dllt 27T av’ ( )

with b = (11/3)n,. The required anomalous dimensions for the operators shown in table 2.7
can be calculated using a systematic algorithm developed by Morozov [23]. The anomalous
dimension for S was also obtained in [21,22]. One finds that S, P, T, L, Q!, O? have reduced
anomalous dimensions vss = 0, ypp = 0, vrr = by = 11, v = 6, yor101 = Yazq2 = 23/2 and

Yarqz = Yazar = 1/2, with all remaining coefficients equal to zero.
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2.2.3 Decay amplitudes

Now, using (2.5), (2.8) and the couplings from (2.14), we obtain that the amplitude for a decay

of a v-glueball into SM particles is given by

alE 47'17&
9’ g;
T Zi(pg, ..., pe)(SM|O70)(0|05| ©,) =
M = ez Zeloas - p)(SMIO|0) {0105 ©,)
e, de
gv° gv 9; z =i i ¢
= (47T)2M4 (pu; 'ape)ff,n(pvqlana"')an (219)

where
fe o0k ke, ) = B (b ko, W )TIS L, ()

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. (2.11) for the definition of Z and Eq. (2.2) and table 2.6 for the definition of
p.

Similarly, using (2.6), (2.8) and (2.14), the amplitude for the decay of a v-glueball into

another v-glueball and SM particles reads

d& 4_1:17{
g'“ gz =i
(47T)2M4 ‘—‘f(pua oty p8)<SM|OZ| O><®I€'|O§| @n> =
d{ 4_d7§
g’U gz 7 / g
(47T)2M4 ‘—‘E(puv ) pe)fnn’;f,n(pvp 7k1; k27 )Mnn/(k) (220)

Here Miﬁ,(k) is the glueball-glueball transition matrix, which for given masses of ©, and ©,/

is a function of transferred momentum k = p’ — p, and

Frwriem = o (0. P)REY (ky, Ko, ..

2.3 Decay rates for lightest v-glueballs

In this section we will compute the decay rates for some of the v-glueballs in figure 2.1. Let us
make a quick summary of the results to come.

The operators shown in tables 2.2 and 2.3 induce the dominant decay modes of the v-glueball
states appearing in figure 2.1. In the PC =++ sector, the lightest 07+ and 27+ 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 2= v-glueballs. These

will also decay predominantly to SM gauge boson pairs, via P and L operators respectively.
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There are also C-changing 2=+ — 17~ + v decays, induced by the d = 6 D = 8 operators
Q. (table 2.3), but the small mass-splitting found in the lattice computations [24] 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+, 27 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 1=~ v-glueball can annihilate to a
pair of SM fermions through an off-shell photon or Z. The latter decay is also induced by 2
operators.

We shall study decays of the 07, 27T, 0=+, 2% 1t~ 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 07, 2%, 07, 27, 17 and 1~ states. At the end we shall make some brief comments
about the other states, the 3*+, 37—, 37—, 27—, 27— 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 [24], understood as dimen-
sionless 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 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 particular,
the C-odd sector may be absent or heavy. We will briefly discuss this in our concluding section.
The 0F* 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 [60], the easiest to observe.

2.3.1 Light C-even sector decays

We begin with the C-even 07, 27+, 0~F and 2~ v-glueballs, which can be created by dimen-
sion 4 operators. The first three have been studied in some detail in various contexts; see for

example [25-31] and a recent review [37]. The dominant decays of these states are annihilations
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O, — G°G?, where O,, denotes a v-glueball state and G%, G is a pair of SM gauge bosons:
99, Vv, ZZ, WYW = or vZ. We will also consider radiative decays ©, — O, + v/Z, and
three-body decays of the form 0, — G*G%@’

K?

and will see they are generally subleading for
these states.

Annihilations are mediated by the dimension d = 4 operators in Eq. (3.5). In particular, we
know from the previous discussion (see [46] and table 2.2 above) that the 0T+ v-glueball can
be annihilated (created) by the operator S. The 0~ and 2~ states are annihilated by the
operators P and L, respectively. The tensor 27+ can be destroyed by both T}, and L,,q3.

Radiative two-body decays are induced by the dimension d = 6 operators in Eq. (3.6).
However, the decays O, — O + v/Z are forbidden if ©, and O,/ are both from the C-even
subsector. For the spectrum in figure 2.1, appropriate for n,, = 3, the only kinematically allowed
radiative decay is therefore 2=+ — 17~ + ~; the 17~ + 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 07" state.

The scalar state can be created or destroyed by the operator S.
Then, according to a general discussion in Sec. 2.2, the amplitude of the decay of the scalar
to two SM gauge bosons G® and G? is given by the expression

—E X Cs (G, Gt GG 0) (0[] 0%, (2.21)

where «; and y; encode the couplings of the bosons a and b of a SM gauge group ¢ to the loop,
introduced in Sec. 2.2; see (2.14), (2.11) and table 2.6.

For the decay of the scalar to two gluons, (2.21) takes the form

QAsCy a v
X Cs(gigs|tr G, G*[0) (0] S| 0FF) =

s—v 61117 v v
= aMOi TXSCSF&J(@@}, —kyel) (K21 —k2"eM),  (2.22)

where, according to our conventions, constant Fg++ denotes the matrix element (0|S|0F1). 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

asay
Lot g9 = o375 (Ve = DXECEmG: (Fooi ). (2.23)

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

X2
FO+—>’W _ l a__7, (2.24)
FOJr—{qg 2 043 g
1/2
Lot nzz _ 1 ag X% (1 _4m22) / (1 L +6m_42) (2.25)
Totgg 2 02 X2 me. mi. - mgs
r 2 2\ 3
0+oyz _ 1 Oéa2w X'Y2Z (1 _ m2Z ) 7 (2.26)
F0*%_(]_(] 4 s Xs Mo+
T 1 a2 +2 2 1/2 2 4
ot-wrw- 1 G, Xy _4 1_4mW +6mW (2.27)
T Y ’ '
0t—gg s Xs 0+ 0+ 0+

The coefficients x used here were defined in Eq. (2.12). 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
WHW = and vZ.

Of course these are SM-tree-level results. There will be substantial order-a, 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+ to two gauge bosons proceeds in a similar fashion.

This decay is induced by the operator P:
.Cp(G®, G*|tr G,,G"|0) (0| P|0~). (2.28)

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

a?a?

Fo—_)gg 167 Mg (N2 ) CPmO (F ) ) (229)

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

2 2 2 3/2
Lo-nzz _ Labxg (1 4z ) , (2.30)
FO*Hgg 2 as Xs mO*
3/2
Fo- sw+w- _1 %& 1— 4m%/V / (2.31)
FOfﬂgg 4 04? g m%* '

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~ — 07T gg is

Qi Oy

S XiCr(GY, G |tr G, G*|0) (0T F| Pl0~TF) . (2.32)
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The matrix element MF, .= = (0t+|P|0~7) is a function of the momentum transferred. Let us

0+0-
first treat it as approximately constant. Then we obtain the decay rate

2.2
asay

Lo- Sot4gg = 2563 M® (ch - 1)X§C%m8,f(a)(M0P+o,)2, (2.33)

where f is the dimensionless function of the parameter a = m%+ / mg,,

fla) = %(1 —a®)(1+28a+ a*) + a(1 + 3a + a?)Ina, (2.34)

We plot f in figure 2.3; 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 2.1, @ = 0.44 and f ~ 10~%.
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.

f(a)
100

0.1

10—10

10—13

10—16 n L L L L L L L L L L L L L L L L L L A
0.0 0.2 0.4 0.6 0.8 10

Figure 2.3: Kinematic suppression factor f(a). Point corresponds to a value of a taken for v-glueball
masses from the Morningstar and Peardon spectrum [24].

Decays of the 21T state.

Decays of the 217 glueball to two gauge bosons are induced by more than one operator in (2.9).
In particular, the 27* decays due to the T, and L,,.p operators. This corresponds to the
amplitude

Q; Oy

S X [C7(G*, G| tr Ga G, 0) (0] T |2 F)+

+CL(G, GP| tr G Gap| 0)(0] LM P12 H)] . (2.35)
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The width of the decay to two gluons is

a?a?(N? -1
F2+—>gg = W Xim ( CT(F2++) + - OL(F2++) ) . (236)

Here we used the following expressions for the matrix elements:
0|7 |27y = FL, , e, (2.37)

(O|LM*P127%) = 51\ [Pua€us — Puséva + Puseua — Puatus) , (2.38)
where P, is defined in the caption to table 2.4.

The branching fraction for the decay to two photons is again similar to (2.24). For two Z

bosons in the final state, the width of the decay is equal to

2
wHv

0302
Tavoszz = gotrs i (1~ 46)"? (§ O () (FF.. P+

%O%fL(Cz)( 5ii)? +—CTCLfTL(C2) 2++F2++>v (2.39)

where fr, fr, fri are the following functions of the parameter (3 = m3,/m3.

fr(&) =1-36L+6G , fu(C)=1+2C+36C , fri()=C(1—C) . (2.40)

The decay to WTW ™ is obtained from Eq. (2.39) by substituting xz — xw, mz — mw

and multiplying by 1/2. For the vZ final state, the decay rate is

a0y 5 g 3 2
Pov shz = SORMS X»yzm2+(1 —(2) OTQT(@)( 2++) +

L ()R )P +—0TOL<2F2++F2++>, (2.41)
where
(@) =1+5G+5G  gnlG) =1+3G+6G (242

As in the case of the 0+, we can ignore the three-body transitions 27+ — 0%+ 4 gg, etc.

Decays of the 2~ state.

The dominant decays of the 2~ state occur due to the L,,qp operator. The amplitude for

such decays is given by

QO a vo —
S Xior{G LGP tr Gy Gap| 0)(0] LHveP| 27 ), (2.43)

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

is as follows:

<O|L“"O‘ﬁ| 27 ) = F2 n (ew,pgegﬁnpna — €upo €l nfng+

+eappo€’,n’n, — eagpgegunpnl,) , (2.44)
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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
Qs Oy

Do gg = 1207 M8 (NZ - 1)x52m370§(F§7+)2 (2.45)

and I'y- ., is provided by the same relation as (2.24). The widths of the decay to ZZ and vZ

can be found from the ratios

. 1 a2 +2 2\ 1/2 2 4
2-nzz _ 1 a_g,x_g (1 _ m2Z ) (1 n 2m_2Z _ 24m_42> 7 (2.46)
Ty gg 2 a2 x2 ms_ m5_ My
Ty 0z 1aw, Xz m% \° m% m?
2~ —gg s Xs 2- my- 2-

and the width for the decay to WTW ™ is again obtained by substituting in (2.46) xz — xw,
mz — mw 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 2.1 it is of the same order
as the 3-body decays. For the SU(3) spectrum in [24] (and possibly all pure glue SU(n), n > 3)
the 271 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=+ — 17~ + . This decay is induced
by the second type of operators (table 2.3) in the effective action (2.9). The amplitude of the

decay reads

3
&
G X01610) (Ca (17101279 + o (171 021279)) (2.48)

Unfortunately nothing quantitative is known about matrix elements like <1+’|QEZL)| 271,
In fact each contains multiple Lorentz structures, constructed out of polarization tensors €,
€3y and momenta p and ¢ of the 17~ and 27" v-glueballs, times functions of the momentum
transfer, cf. [38]. 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 (2.48):

v — n — (@) o a
(v1G"]0) <1+ |Q£w)| 2 +> = 2M¥*+1+7(k "pe Eaﬂeﬁ —p-ek Eaﬁeﬁ)'f‘

(n) e B
+2M¥,+1+,(k}~p£~e—k-€p.5)%+
5
Q@ a 8 a gy 4 €
+2My 1y (k-peeapp” —p-ekeapp”) ——, (2.49)
5

3

where n = 1,2 and k, ¢, are the momentum and polarization of the photon. All contributions

of the terms proportional to primed form-factors (which correspond to higher partial waves)
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are suppressed by powers of (mg- — mq+)/(ma- + 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

3 2 2 \3
Ty = o v (m3- —mi,)
T 9607 M8 mj_m2,

2
x (3ma- +34m3-mi, +3miy) (MZ . -) . (2.50)

Here we introduced the notation

(1) (2)
M§’7+1+7 = CQ(1>M¥—+1+— + Cae M§5+1+7- (2.51)

Since the the form-factors Mg’,(rfﬁ, are unknown, we shall not distinguish between them and
will use a collective notation, similar to (2.51), for them in the future. In the same manner we
will use the notation

Q#l/ = Ogu)QLlV) + CQ(Q) QI(JQV) (2-52)

The factor (mg, —m% )2 strongly suppresses the amplitude, given the spectrum of figure 2.1,
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 2.1, 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 2=+ 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? yy ~ 20% of the rate for decays to a photon.
There is no reason for the form factors M(k?) to be enhanced at k? ~ m?%. 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.

10Here we assume that the primed form-factors M are at most of the same order of magnitude as M¥£T1+7 .
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Again we emphasize that in obtaining the results (2.50) we made some assumptions and
approximations, including Am < msy-, and these results may require generalization in other
calculations. However, we will adhere to similar simplifying approximations in the other radia-

tive decays computed below.

2.3.2 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
,,,, operators (table 2.3). 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 1™~ 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= — 1% 4 +/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 117~ 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.

According to table 2.5, the amplitude of the decay 17~ — 07T + ~ is given by'!

cgy 7 ++ +— egux pvof Q
W X(Y[G*10) (07| Q[ 177) = W 2kueve Pa€sMii—gi+, (2.53)

where €, and €, are the polarization vectors of the photon and the pseudovector v-glueball

respectively; p,, is the 4-momentum of the 07 . The Levi-Civita tensor assures the final particles

1 Similar amplitudes are used in the studies of vector and pseudovector mesons. See for example [32], [33]
and [36].
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are in a p-wave, as required by parity conservation. The decay rate of this process is
aa 22 (m3, —mg.)°
247 M8 m3,

F1+_)0++’Y = (M?+70++)2. (254)

In the case of the decay to the pseudoscalar v-glueball 17— — 0~ + 4, the amplitude is

given by
eg> _ _
T X1 G10) (0749, 147) =
cds v Q
= W X 2k*e” (pues — pue) My o—+, (2.55)
where p,, is the 4-momentum of the 0~ . The rate of the decay to the pseudoscalar is then
2 2
L1ros0my = 253{38 ’ (mﬁn:if%)g (M, o-+)% (2.56)

The ratio of the decay rates to 0=+ and 07 is

3 2
P1+—>07+’7 - m%+ - m(2)* M?#»*O*#» (2 57)
T+ o+ - 2 M2 ' .
—0T 4+~ 1+-0++

mi, —mg.,
For the spectrum of figure 2.1, the factor involving the masses is about 0.39; the ratio of matrix
elements is unknown, but if we guess that M{’,,Oi+ ~ 1 /F(S)’ili, as would be true for pion
emission, and use the lattice results from [25], 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— — 27+ 4

~ contains two independent form factors in the lowest partial wave approximation, denoted

Q 7Y
M3 _o-+ and M'y4 -+,

3
€9y v _
e X(Y[ GP[0) (27 Q[ 177) =
(4m)2 M
cgs v o o
= (2 X 2k ¥ €pvapesr(ExpaMTi—g-+ + €aPaAM'15g-+) (2.58)

and the corresponding decay rate is

3 2 2 \3
oo (mis —msy) 4 5 o 4
| TR v 221 3moy + 34ms,ms. +3m X
=274y ™ 576m M3 X mi@m%+ ( 2t 1+t H)

2
X [(M?+2++ + M’?+72++f(m1+,m2+))

2
+ (M/?+72++) g(m1+,m2+)} , (259)

where f and g are the following functions of the v-glueball masses,

(m3, —m,) (3m2, +7m?,)
3m‘21+ + 34m%+m§+ + 3m‘11+

f(mae,mar) = : (2.60)

2
(m% - m%) m% (6m‘21+ + 8m%+m§+ + m411+) (2.61)
5 . .
m2, (3mi, + 34m?, m2, +3mi,)

g(m1+,m2+) =12
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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 177, 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~ — 07T 4+, is analogous to the decay 17~ — 07 +~;

see table 2.5 and (2.56). Thus, its rate is

aad (m2_ —m2,)3
L1 S0t 4y = 5778 ' —1 — 0 (M o4 )2 (2.62)
5

The decay to the pseudoscalar is analogous to the decay (3.17) and has the rate
aad 5 (mio—ml)?

Do = g X m3
3

(M) (2.63)

The amplitude of the decay to the 27 state is similar to the amplitude (2.49) of the decay
2=t — 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.
eggx n% ++ o Q o 5 N 8
(47T)2M4<7| GM[0) (27T Q| 177) = 2My" 511 (k- pe®eape” —p-ek%eqpe”)
A B
+oMY L (k-qe-e—k-eq-e) q 60;6(1 n

1-

+ 2M?i/,2++ (k- qao‘eagqﬁ —q-€ ko‘eagqﬁ)

i
a)

. (2.64)

1-

3

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 2~ state. This decay has an amplitude

similar to the decay 17~ — 27+ 4+, given in (2.58). One can find the decay rate

3 2 2 \3
oo o (Mmi- —mj5_) 4 2 2 4
D o-gy = 576#5\48 X m?,mg, (3m2, +34mi_m5_ + 3m1,) X

X {(M§22+ + M/?7727+f(m1* ; mzf))2
(D) gl (265)

where functions f and g are defined by (2.60) and (2.61) respectively.
Now we consider the decay of the 17~ 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
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boson. The amplitude reads

agy X
2w M*4 cos? Oy

_ _ _ 1
(f, fIYLry" v + Yrory 1br| 0) s (0[p" Q17 7). (2.66)

Here Y7, and YR are left and right hypercharges of the emitted fermions. The matrix element
of Q,,, can be read off from table 2.4. The width (ignoring the fermion masses) is given by
r o 20203 2

=87 T3ME cost Oy

Y2+ YE)mi_ (F{ )2 (2.67)

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) L (o- Q cos? Oy — Y7, me, ) 4
cost Oy cos? Oy mi_ —myg

. 2 2
sin” Oy my_
5 1 5 ) , (2.68)

2 _
cos? Oy mi_ —m3y

+Y}§<1+

which accounts for a finite mass of the Z-boson. Here @ = T3 + Y is the charge of f. A quick

check shows that this rate, whose ratio to radiative decays is (for large m-)

I‘l— A ff‘ 1671'0& m2, 3 Fn,, 2
F_iw ol 19 (Y2 +Y3) ( pR—— ) (Mﬂl > ’ (2.69)
1= =0t +v COS™ Uw my- — Mgy 1-—-0++

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.

2.3.3 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 A.1, we confirm this for decays of the 17~ state.) Meanwhile, no operator

+—

appearing in the effective action at dimension D = 8 permits the 07—, 2%, or 3¥~ states to
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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 lifetimes will be of order or slightly shorter than that of
the 17, due to enhanced phase space and additional decay channels.

The 3T 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 radiative 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 dominant. Indeed simple estimates
suggest they are of the same order, with large uncertainties. Qualitatively, if the colored X
particles are very heavy and s 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.

2.4 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%%). 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? @y 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 37 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 neutrinos.

The two-photon resonances from the annihilation decays of C-even v-glueballs are likely to
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be the discovery signatures, along with the vy7 and ygg 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.

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 uncertainties, 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 uncertainties 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 physical 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 [24]. 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 fo,, do not exist, as they are
built from the d**¢ symbol absent from such groups, and the corresponding 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 = 6 fol),
operators are present for SO(6), but for general SO(2n,) the Q,(f,z operators become Pfaffian
operators of dimension 2n,, built from a single epsilon symbol and n, field strengths. As
suggested by [46] and as verified by [24], 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
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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 2.1 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~ 4+ 07T, 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 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 correspondence [69,70] 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 dimensions. Such a theory [71-73] will have
light scalars, pseudoscalars, tensors, etc., but will not have any light 2~ 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.
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Chapter 3

Pure-glue hidden valleys through the Higgs portal

Based on [20], in this chapter we shall our extend earlier results on hidden valleys to include
couplings of the messenger fields to the standard model Higgs sector, with the aim of obtaining
an acceptable phenomenology for even lower v-glueball masses.

The v-glueballs are non-interacting with the SM particles, except for higher dimension op-
erators in the effective Lagrangian induced by the heavy mediators X,. In this work, we will
focus on the possibility of operators between the v-sector and the Higgs sector (also referred to

as the Higgs portal),
1

s OP O 1) O (31)

where H is the standard model Higgs doublet; M is a heavy mass scale, associated with the
masses of the heavy mediator fields. Here we have split the dimension-D operator into a

D=4 of dimension D — d and a hidden-valley part Of,d) of dimension d.

Standard-Model part O
The Of,d) are constructed from gauge invariant combinations of v-gluon fields such as tr F2 or
tr F2, while the OgDid) involve gauge invariant operators built out of the Higgs field, such as
H'H or H TD#H . We will see that the lowest order term is given by the dimension-six operators
of the form HTH tr F2. With some exceptions to be discussed below, most of the v-glueballs
in figure 2.1 can decay via the Higgs portal interaction (3.1), with a strong dependence of the
lifetimes on the confinement scale A, and the mass scale M.

Loops of the heavy particles also induce dimension-eight effective interactions coupling the
v-gluons to the standard model gauge bosons, either of the form tr F? tr F2 or Fj tr 3 where
F; (F) is the field strength tensor for standard model (hidden-valley) gauge bosons. The field
strength tensors are contracted according to different irreducible representations of the Lorentz
group. A detailed study of the phenomenology of these operators in the context of hidden
valleys was carried out in [19]. In this case the v-glueball widths are dominated by decays into
SM gauge-boson pairs, or radiative decays to another v-glueball and a photon (or to a lesser

extent a Z boson), leading to jet and photon rich final states.

In this chapter, we will first extend the results of [19] on v-glueball decays in pure-Yang-Mills
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theory to allow for higher dimension interactions of the form (3.1). We will need to compute
the effective Lagrangian coupling the v-gluons to the Higgs sector. Then we will use it to find
formulas for the decay widths of the states in the spectrum shown in figure 2.1. Specifically,
we will find that the 0T state can decay via the Higgs portal to standard model particles with
branching ratios which are determined by the couplings of the standard model Higgs boson.
Other states can decay to a lighter state by emission of a Higgs boson. For v-glueball states
which can decay either through dimension-eight operators or through the emission of a Higgs
boson the situation is rather involved, with the relative branching ratios depending on the
various parameters and the unknown v-glueball matrix elements.

Our primary motivation here is in the case where the lifetimes are short enough that at
least a few v-glueball decays can be observed at the LHC detectors. This typically requires the
lifetimes of the hidden particles to be shorter than a few micro-seconds, if the production cross-
section is substantial. The key point in our scenario is that with different operators describing
the decays, often competing with each other, we typically find a large spread in the lifetimes
of the v-glueballs, even after all the parameters have been fixed. Then there is no necessity to
adjust any parameter to obtain short lifetimes.

Incidentally, our results are also relevant for studies of dark matter, either in the case of
self-interacting dark matter [39], where the v-glueballs would be the dark matter candidates, or
indirectly, in a recent attempt to study scenarios of dark matter with novel signatures [40,41].

This chapter is organized as follows. In section 2, we introduce our model and describe the
effective interactions coupling the two sectors. We also classify the matrix elements. Section
3 presents our computation of the decay modes. Section 4 is devoted to a summary of the
different experimental constraints on the parameters of the model. Then in section 5 we present
our numerical estimates for the branching ratios. Possible generalizations of the model are
described in section 6. Finally, we conclude in section 7 with a brief summary of our results

and some comments. Additional computations appear in the appendix.

3.1 The model and the effective action

We first set up our framework and conventions. The generic scenario of hidden valleys with a

pure-gauge hidden sector can be characterized as follows [6,19],

e The SM is extended by the addition of an extra SU(n,) gauge group, with a mass scale
scale mg in the 1 — 1000 GeV range. We will refer to this sector as the hidden valley, or

briefly the v-sector. There are no light flavours in the v-sector, so after confinement the
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lightest states in the spectrum are bound states of v-gluons, or v-glueballs.

e There are heavy vector-like particles X, (“mediators”) that couple the v-sector very
weakly to the visible sector at low energies. For definiteness, we will take the X, to
transform as a fundamental representation of SU(n,) and in complete SU(5) represen-
tations of the standard model. We label the fields and their masses as shown in table
3.1. Also, for convenience, we define dimensionless parameters p, = m,./M where M is

an arbitrarily chosen mass scale, usually taken as the mass of the lightest X, particle!.

Field | SU(3) | SU(2) | U(1) | SU(n,) | Mass
X3 3 1 % n, mg
Xy 1 2 —% ny my
Xa 3 1 —% ny ma
X4 3 2 % n, Mg
X, 1 1 1 n, me

Table 3.1: The new fermions X, that couple the hidden valley sector to the SM sector.

In addition, we assume that the mediators X, can get part of their mass from electroweak
symmetry breaking through Yukawa-like interactions. For concreteness, we consider the follow-
ing Lagrangian (in four-component Dirac notation),

ﬁmass = Z mrXrXT + (lelHXé + yqugXU + deqHXd + hc) (31)

r=d,l,i,q,e

where H = ¢ - H. For the moment, we will restrict ourselves to the case in which the Yukawa
couplings conserve both C' and P independently. In general one or more of the Yukawa couplings
could be C'P-violating. This C'P violation can contribute new terms to the effective action and
can induce additional v-glueball decays, as will be discussed in section 6.

There are several constraints on the couplings y, and the mass scale M from precision
electroweak measurements. These constraints will be discussed in some detail in section 4. We
require that y. < 1 and M 2 250 GeV in order to avoid potentially dangerous corrections
to precision electroweak bounds. A high mass scale is in any case necessary to avoid current
experimental bounds from collider searches for extra particles.

We are concerned with the low-energy effective theory of the model described above. The

effective interaction that couples the v-gluons and v-glueballs to the SM particles is induced

1In this work, we normalize hypercharge as Y = Q — T3, where T3 is the third component of weak isospin.
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through a loop of X particles. The coupling between the Higgs sector and the v-sector to non-
vanishing leading order in 1/M at low energies arises from a diagram with four external lines,
as depicted in figure 3.1a. This gives rise to the dimension-six operator
2
£O = % HYH tr F,, F*v (3:2)

2

where «, is the SU(n,) coupling, F,,, is the v-gluon field strength tensor®. The coefficient y

depends on the mass ratios of the heavy particles from table 3.1 and their couplings to the

Higgs field. It is given by
2 3 2 3 2
y? = Yi 4 Ya 4 Yu .
PiPe  PqPqd  PqPu
The computation of (3.2) is presented in appendix A.2. Note that (3.2)-(3.3) are strictly valid

(3.3)

in the 8, = y2v%/2M? < 1 limit; otherwise, the corrections to these equations can be readily
obtained by the substitutions p,p.» — prp — By in (3.3). Once the Higgs gets an expectation
value, the following interaction terms are induced between the v-sector and the physical standard

model Higgs boson (h),

v 2 v 2 h2
LO = 28 g htx Fu PP 4+ 2 b B P (3.4)
s s

where vy = 246 GeV is the Higgs vacuum expectation value®.

v X H v X SM v
0000 S(0000)

v ot v SM
0000 S(0000)

(a) (b)

Figure 3.1: Diagrams contributing to the effective action

While dimension-six operators are only suppressed by two powers of the mass scale M,
further suppression can arise if the operators are suppressed by small coupling y. This requires
us to consider effective operators of dimension higher than six as well.

The next operators have D = 8, and they describe the coupling of the two v-gluons to two

SM gauge bosons (figure 3.1b), either gluons (g), weak bosons (W and Z) or photons (7y), as well

2Here we represent the v-gluon fields as Fuv = F, T, where T'® denote the generators of the SU(ny) algebra
with a common normalization tr ToT? = %6‘“’.

31In (3.4), we have not included a term which is proportional to the v-gluon kinetic term. This term can be
removed by redefining the v-gluon coupling.
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as the fusion of three v-gluons into a v or Z (figure 3.1c¢). Within the SM, effective two gluon
- two photon, four gluon, and three gluon - photon vertices can be found in [42], [43] and [44]
respectively. They were also extensively discussed in the previous chapter. The pure-gauge
effective Lagrangian linking the SM sector with the v-sector is given in (2.9).

We will not consider operators of dimension 8 containing both gauge-boson fields and the
Higgs field, as well as dimension-ten or higher operators, since their effects are suppressed by
extra powers of M and/or y.

The interactions in the effective action then allow the v-glueballs that cannot decay within
the v-sector to decay to final states with SM particles and at most one v-glueball. This is similar
to the weak decays of hadrons, such as 7+ — lv, n — pr.e™, and so forth, where the Fermi
effective interaction allows otherwise stable hadrons to decay into leptons. To compute these

decays, we will only need the following factorized matrix elements?:
(MO0} (0] Oy | (3.5)

(SM|OP=D(0)(0,,]0D|O,,). (3.6)

Here d is the mass dimension of the operator in the v-sector, (SM| schematically represents a
state built from Standard Model particles, and |©,) and |©,) refer to v-glueball states with
quantum numbers x, which include spin J, parity P and charge-conjugation C. The SM part
(SM |(9§D7d)|0> can be evaluated by the usual perturbative methods of quantum field theory,
but a computation of the hidden-sector matrix elements <0|(91(,d) |©,) and (O, |(’)1(,d) |©,) requires

the use of non-perturbative methods.

3.1.1 Matrix elements

We wish to classify the non-vanishing v-sector matrix elements of the scalar operator S =
tr F,, F* in (3.2). As we saw, the matrix elements relevant to v-glueball transitions are given
by (0|S]0) and (©,/]S|0,), where O,; and O, refer to v-glueball states with given quantum
numbers.

It is convenient to write the most general possible matrix elements in terms of a few Lorentz
invariant amplitudes or form factors. The decomposition of S into irreducible representations
of the Lorentz group contains only the 0T quantum numbers [46]. This allows the 0% state

to decay directly to standard model particles. For the annihilation matrix element of the 0++

4 As mentioned in the introduction, decays with no SM particles in the final state are forbidden because of
kinematics and/or conserved quantum numbers.
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v-glueball, we will write

(0[S|0T ) = F5, (3.7)

where F§, is the 07 decay constant.

Likewise, we can consider the transition matrix elements of the operator S between a spin
J state with momentum p and a spin J’ state with momentum ¢. For the moment we make no
assumptions about the parity or charge conjugation quantum numbers of the states. Of course,
if we impose parity some of the transitions may be forbidden. The matrix elements can be
compactly written as

7 S(i
1817y = S M, M5 (3.8)

where now M?gi,) is the transition matrix, which depends on the transferred momentum, and

M%, is determined by the Lorentz representations of |J) and |J). In Appendix C we have
listed Mf}}/ for the simplest cases considered later in this work.

The main uncertainties in the study of decays of the v-glueballs stem from the evaluation
of the transition matrix elements M?_(]i,) which at present are unknown. Many of these could be

in principle be determined by additional lattice computations. In spite of these uncertainties,

we will still be able to obtain many interesting and robust results.

3.2 Decay rates

An interesting feature of the model described above is that it has a spectrum of v-glueballs which
can interact very weakly with the particles in the standard model through effective operators of
different mass dimensions. The dimension-six operator, as we see below, permits the v-glueballs
to decay directly into standard model particles (the 07) or radiatively by emitting a Higgs
boson (the 2%+ 2=+ 3++ 3+= 2¥= (0t~ 17,277, 377). On the other hand, dimension-
eight operators contribute with additional decay modes. As shown in [19], these include direct
annihilations into SM gauge-boson pairs (the 07+, 27+ 0~ and 27T) or C-changing radiative
transitions with emission of a photon or a Z boson (all others).

In this section, we will compute the decay rates for most of the v-glueballs in figure 2.1. We
will first present our results for the v-glueball decays induced by dimension-six operators given
in (3.2). Then we will make a quick review of the results of [19] for dimension-eight operators

that are relevant for our work.
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3.2.1 V-glueball decays by dimension-six operators

We begin with the 07" v-glueball, which can be created by the operator S. The dimension-six
coupling leads to 07+ — (¢ annihilations, where ¢ denote any of the final states of the Higgs
boson. Above the threshold for Higgs boson pair production, the 07" — hh decay can also
proceed with a sizeable rate. Other decay modes induced by dimension-six couplings include
processes of the form ©, — O,/h, where O, O,/ denote two v-glueballs with given quantum
numbers. As an example of a Higgs-radiative decay, we will present the computation of the
2T+ — 07 Th decay with some detail. Then we will consider the general case O, — ©,/h for
v-glueballs with arbitrary quantum numbers. In the end, we make some comments on the 0=+
and 17~ v-glueballs, which are the only ones that are not permitted to decay via dimension-six

operators.

Annihilation of the 07 state

The scalar state can be created or destroyed by the S operator. Then, the effective interaction
(3.2) allows the decay of the 0%+ state via s-channel Higgs-boson exchange 07+ — h* — ((,
where ¢ collectively denotes a standard model particle. According to (3.2), the amplitude for

this decay reads

2
Y X 7 2 2y 1 ++
S (e S+ 2,20 4+ 2 W 0) o S07) @)

where o, = g2/(4m) and my is the Higgs mass. The width of the decay is given by

2

2 S
y g o, Fy SM 2
Fore e = (37TM2(m%( _Om%)) Fimec(mor) &

where Fg, = (0]5|07F) is the 07 decay constant. Here Ty .(mg,) is the width for the
decay h — (¢ for a standard model Higgs boson with a mass mg+. Then, formula (3.2) implies
that the branching ratios of the 0T are those of the SM Higgs boson in the range of mass of
interest. Expressions for the branching ratios and full width of the Higgs boson can be found
in the literature, for masses ranging from a few MeV up to 1 TeV (for a review, see [45]).
Although these are standard model tree-level results, we should also remark that the range
of validity of (3.2) is beyond the simple perturbative QCD domain. For masses below 2—3 GeV,
the 07+ v-glueball can decay into a pair of hadrons via its interaction with two gluons through
a top-quark loop or its interaction with quarks. The hadronization of these quarks and gluons
is a rather complex and non-perturbative process. However, the branching ratios are still given

by (3.2), with ¢ now running over the possible hadrons in the final states, such as w, K, and so

forth.
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If mg+ > 2my, the decay channel 0*+ — hh opens up and the partial width is given by

2 2
1 y? o, Fo o 3m? 1/2
r = 0 1 _ v""H 2 2.,.,.2 3.3
Ot b = B ( 57 2 + 2, —m3) [g(m3, m3;mes)] (3.3)

where g(z,y;2) = (1 — x/z — y/2)* — 4ay/z2. The off-shell decays 0t — h*h and 0T — h*h*
are also possible in the intermediate mass range. However, these channels receive an extra
suppression from the smaller available phase space, so it is reasonable to expect they will have
little effect on the full 07 width.

As mg+ becomes larger than 2m; and 2my, we have the following approximate relationship

among the dominant decay rates

IF'wiw-:Tzz :Tpp: Ty =2:1:1:32, V1 — a4 (3.4)

where z; = 4mi/mj, .

An example of Higgs-radiative decays: the 2t — 07Th case

As an illustration of the computation of the decay rates for transitions with the emission of
Higgs boson, let us first consider in some detail the decay of the 2+ v-glueball. Contrarily to
the 07T, direct annihilation of the 27 v-glueball into Higgs bosons would require an operator in
the effective action of dimension D = 8, and is hence negligible. Instead, for my+ — mg+ > my,
the S operator induces the 2t — 07 Fh decay. In a parton-model picture, one may imagine
this process as being caused by the radiative emission of a Higgs boson through g, — g, h, with
one spectator v-gluon going to the final state. The amplitude of this two-body decay is given

by

v ++{ g9+t v’ S o 3.5
37TM2 <h|h|0><0 |S|2 > = 37TM2 M0+2+ Euqu q ( . )

where ¢# is the momentum of the 0" F and €, the polarization of 2*. Here M3, ,, denotes
the transition matrix element defined by M., €,,¢"¢q” = (07F|S|27T); for simplicity we have
assumed it is independent of the transferred momentum. The corresponding width of the decay
reads
y'al 3 2 2.2 \15/2 '\ 1S 2
= mm2+ [g(mG+,m3;m3)]” " (Mgsas)* (3.6)
If the 2% is not heavy enough, mo+ —mg+ < mpg, it can decay to the 07+ and SM particles
through the emission of an off-shell Higgs. The corresponding amplitude for the three-body
decay 27T — 01 is
1
— m%{ + iff M

2
Y oy

++| glo++
o (OS]t (3.7)

(CClmy ff +m%Z, 2" + 2m, W EW | 0) =
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where k? is the transferred momentum. The width is given by

2 5/2
m§+ (M§+2+)2 (92 avUH) /dm2 [g(m(2)+,m%2; m; )} Fﬁfgg (m12)
12

F =
2o 16072 3 M2 (m3y —m3)2 + (TEM)2m3,

(3.8)

where the limits of integration are set by available phase space.

Higgs-radiative decays. General case J — J'h

We now consider the 2-body decays © ; — Oy h, in which ©;, ©; are v-glueballs with spin
J, J' respectively. For the moment, we make no reference to the parity of the v-glueballs and
proceed generally. Parity conservation will force some of the matrix elements to be zero. Making

use of the general formulas for the matrix elements (A.24)-(A.31), we arrive at the decay rate

= ytop o IMS ,|21—\(i) [g(m2,, m%;m2)]
167 (37)2 M4 my (2 + 1) 30 27 05 VR VG

1/2 (3.9)

F,(JZLJ/h(m%I)

where 7 runs over the various form factors. The coefficients F(J)J, are dimensionless functions

of the masses and depend on the angular momentum transfer associated with each transition.

They are summarized in table 3.2.

‘ 1 2 3 4 5
TS | Z(4a?+280+35) | 2 (z+2) | 42| 2022 4 7) | 4
w5 | 2@+ 2t &’ i ]
I 5 _ i : i
T | L4a? +300+45) | =@z +17) | 22| z@+5) | =
rg) £(20+5) 27 2 ] -
I5 o : i : ]
iy r+3 x2 20 ] _
I @ _ i : i

Table 3.2: The coefficients T (JZ)]/ arise from the average of the squared matrix elements. We denote
T = %g(m3,7m§{; m3%). The dashes denote those cases where form factors are absent.
J!
Below the threshold for Higgs boson production, the decay rate for the 3-body decay ©; —
O (C reads,
r = L [ am2mioT®  may)——TSM(m10) 3.10
T I = 1212ty pp M2 A(m%Q,qu) h—¢¢\'1412)- (3.10)

where A(m2y,m%) = (m3y — m%)? + m%(03™M)2. The integration automatically includes the

case where the radiated Higgs boson can be close to onshell.
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Some of the transitions may be parity-forbidden (e.g. 0~* — 17~h). However, it is a
straightforward exercise to check that for each v-glueball ©, in figure 2.1 | there exists at least
one other v-glueball O,/ such that the transition ©, — O,/ h is allowed, with a rate which is
given by (3.9)-(3.10). The only exceptions are the 07~ and 1%~ v-glueballs that we discuss

next.

Decays of the pseudoscalar and pseudovector

The only states that are not allowed to decay via dimension-six operators are the 17~ and the
0=t v-glueballs.

Since the 17~ state is the lightest state in the C-odd sector, it necessarily has to decay to a
v-glueball of opposite C. One possibility is that the 17~ decays by radiatively emitting a Higgs
boson (e.g. 17~ — 0~ Th). However, this decay mode would violate C and, hence, is forbidden.

A second way to induce decays of the 17~ v-glueball would be via its coupling to the
hypercharge current H TDMH . In this case, there are three v-sector operators that can be

contracted with HTD#H, namely,

tr FapDuFoP,  tr FPDgFou,  tr FugDaFP. (3.11)

However, one can see that these operators cannot induce C-changing transitions. First, notice
that classically tr FogD,F’ = $O,tr FopFB. As explained in [46], this implies that the
transitions induced by the first operator in (3.11) are not new. They are just the same ones
created by the operator S. Likewise, using equations of motion and conservation of the energy-
momentum tensor, the second operator in (3.11) can be related to a total derivative of the
operator S. Finally, equations of motion also imply that the last operator in (3.11) vanishes
identically. Therefore, up to operators of total mass dimension six, the 17~ state is stable. In
the next subsection, we shall see that dimension-eight operators can induce photon-radiative
decays of the 17~ v-glueball to C-even v-glueballs.

On the other hand, C-invariance by itself would allow the Higgs-radiative transition 0~ —
0T *h. However, this decay could not conserve both angular momentum and parity P: since
the initial state is 0~, angular momentum conservation requires the orbital angular momentum
of the 07 and h final state to be L = 0, which in turn requires total parity P = +1, rather
than P = —1 as demanded by parity conservation. This decay mode is thus forbidden. This is
analogous to the way that the n meson strong interaction mode  — 77 is forbidden in the SM.
A similar argument shows that the three-body decay 0~ — 0T Thh is not permitted. In this

case, the corresponding n — nwnm decay is allowed in the SM because, contrary to the 07+ and
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h, the pions have intrinsic parity —1. As we will see in section 6, this line of argument alters if

we relax our assumptions and allow for P-violating couplings.

3.2.2 V-glueball decays by dimension-eight operators

The operators in the effective action (2.9) induce decays for all of the v-glueball states in figure
2.1. The lightest states in the C-even sector (the 07, 2¥+ 0= and 27) can directly decay
to pairs of standard model gauge bosons (gg, vy, ZZ, WW or vZ) via the S, P, T and L
operators. All other states can decay by radiatively emitting a photon or, to a lesser extent, a
Z boson, via the d = 6 D = 8 operators €,,,. Here we briefly summarize our results concerning
the computation of the decay rates induced by D = 8 operators in chapter 2.

In order to retain simplicity, we will often assume, in the subsequent discussion, the X fields
form approximately degenerate multiplets of SU(5), i.e. p, = 1. When there is a large hierarchy
between the colored and the uncolored X particles, pg > p; = pe and pg = pg > pe, the decay
pattern becomes slightly more complicated because the decay channels into vy, vZ, ZZ and
WW may all play a role and even dominate in some regions of the parameter space. We will
make some comments later in this paper on some of the interesting phenomenology that arises
in this regime.

For the decay of the 0T+, 2+, 0~ and 2~ v-glueballs into gluons we have the following

rates,

a2a? 9 (1 2 S 2

I'(0" — gg) = 5175 X3 <@) ma. (Foet)?. (3.12)
+ ajal 5 5 |1 (11 ? T 2, 4 (1 ? L 2

I'(2 —>99)=207TM8 X3+ |5 | 15 (Far+) +§ 30 (Fzee)7]|, (3.13)

g o (2 ’ 3 (pP )2
P0™ = 99) =5 35 X3 (£> mi_ (FE_+) (3.14)

_ agag 1 2

F2™ = 99) = 2557 X3 mi- <%) (FL_,)? (3.15)

where oy = g3/(4m) is the QCD coupling constant and the coefficient x3 is given in table 2.6.

Of great interest is the branching fraction into two photons,

2 1,2
PO =7y 1oy, (3.16)
F©—g9) 2a2x3

for ©® = 0%+, 2% 07,27, Here « is the fine structure constant and x, = x1 + Xx2/2, where
x1 and x2 are shown in table 2.6. The expressions for the branching fractions into electroweak
bosons are omitted for the sake of brevity but can be found in [19]. Some comments on the

weak boson decay modes will be given in section 5.
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In the C-odd sector, all the v-glueballs decay radiatively with the emission of a photon to
the lightest v-glueballs in the C-even sector. Direct annihilations into three SM gauge bosons
are suppressed since they would be induced by dimension-twelve operators. One can also show
that three-body decays are suppressed due to the small phase space that is available for these
decays [19].

The lightest states in the C-odd sector are the pseudovector 17~ and the vector 17~. The

width of the decay 17~ — 0%+ + v is given by

3 2 2 3
ooy o (my —mgy) Q 2
Piv oty = 24 M8 X mi’+ (M’ —g++4)7 (3.17)
A similar expression holds for the decay 17— — 0+ 4+~
3 2 2 )3
aad 5 (mi_ —mgy) Q 5
Fi-sot 4y = 21 ME X ! 3 O (MY g )” (3.18)

For the 17~ state, annihilation to SM fermions via an off-shell v or Z is also possible, with

branching ratio

| PR 2 ’ o ?
L=y /Z = ff 164770‘ (Y2 +Y2) ( 2m1, . ) ( 1;;1” > ) (3.19)
- Sot4q cost Oy mi_ —mg, \Y CLE

Here Y7, and Yy are left and right hypercharge of the emitted fermions. Decay to electrons and
muons will be reconstructable as a resonance, so despite its uncertain branching fractions, this
decay mode is mode is worthy of careful consideration.

One can also generalize formulas (3.17) and (3.18) to include the radiative decays of the

heavier C-odd v-glueballs. Easy computations show that

aaiy® (DY (mi—mE )P e 390
Am M8 27 J (2])1 (2] + 1) m2/Tim2] 2 (Mjo++) (3:20)

myy

Lyorty =

Do 008 o (3 —mB ) 2T (e
MRSV TV mZ 32l 3T (2J)1(2 +1)

(271 + 65)m3m3. + 3(5J + 3)m% + 3(5J + 3)my,+) (M%) (3.21)

with similar expressions for the modes J — 0~ and J — 27 F.

3.2.3 Summary of decays

In table 3.3 we summarize the final states for the most important decay channels of the v-
glueballs in figure 2.1 for D = 6 and D = 8 operators. = We therefore see the presence of
operators of different mass dimensions opens a plethora of decay modes, which is particularly
interesting from the phenomenological point of view, but complex to analyze. It is the purpose
of the next two sections to disentangle the effects from D = 6 and D = 8 operators, and extract

the most frequent decay modes.
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State D = 6 operators D = 8 operators
0+t bb, WHW~—, ZZ, hh | g9, WW, ZZ, Z~, v
2+t 0t h(h*) 99, WW, ZZ, Z~y, vy
0t - 99, WW, ZZ, Z~, vy
3t 0=*h, 25+h(h*) 0~tgg 2Ttgg, 1T
1+- - 0+, 27Ty
1-- 1T~ h(h*) 0tty, 25ty ff
0t—, 2+, 3+t— JP=h(h*) 0ty 2%ty
27,37~

Table 3.3: Possible final states of the various v-glueballs in figure 2.1 generated by D = 6 and D = 8
operators. Note the absence of Higgs-mediated decay modes for the 0~ 1 and 17~ v-glueballs. Here
JP~ denotes a C-odd v-glueball state.

3.3 Constraints on new physics

In this section, we discuss direct experimental constraints on the operators used in this paper
from Tevatron searches for new physics, as well as potential limits from precision electroweak

measurements.

3.3.1 Electroweak oblique corrections

If new heavy particles exist, they can manifest in the standard model in terms of corrections to
the gauge-boson self-energies. When the new physics scale is much larger than My, this effect

can be described by just three parameters (S, T,U) at the one-loop level [58,59] °:

S = 167rd%l2 M33(¢%) — H30(4%)] |42—0, (3.1)
T = 7 [M(0) — Tigs(0)], (3.2)

w
U= 167Tdiq2 (1 (¢) — Tas(®)] 1o, (3.3)

where My, is the mass of the W, and s? = sin” fy,. The subscripts 1 and 3 refer to the weak
SU(2) currents, while ) denotes the electromagnetic current. In practise, only the S and T
parameters are relevant for our work because the U parameter is suppressed by an extra factor of
the heavy fermion masses. These parameters are a measure of the size of electroweak breaking,

which is parametrized by the breaking scale yvg. On the other hand, they must be suppressed

5The reader should not confuse these S and T which are both vacuum polarization functions with the operators
S and T in (2.9)
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by the mass scale M in the limit M — oo. Therefore even if one introduces heavy fermions
with extremely large couplings, their contributions to the S, T and U parameters can become
small at least in the limit M > yvy. This leaves ample available parameter space within which
extra vector-like fermions are in agreement with all experimental constraints.

In this section, we analyze how current limits on S and T from precision electroweak fits
can be used to obtain constraints on the mass splittings of heavy fermions. To calculate S and
T, we use exact one-loop expressions for the gauge-bosons self-energies which are valid for all
values of the new vector-like fermion masses.

Our scenario contains three vector-like fermion fields, one doublet and two singlets of
SU(2)y, transforming under the fundamental representation of SU (n,),

QU
| o | WU v (3.4)
with hypercharge Y, Y + 1/2 and Y — 1/2, respectively. We will make our computations using
the above quark-like fermions. With a simple modification, our results can be readily applied

to the case in which the fermions have lepton quantum numbers.

The full fermionic Lagrangian is given by

L= ’qu (DH/Y# + quq + "ZJU(DHV# + mu)wu + 'de(Du’Y# + md)'l/]d'i‘
+ (Yu g How + yathgHeog + hoc.)  (3.5)
where mg, m, and mq are Dirac masses. For simplicity we have assumed that the mass matrix

is symmetric and real, but complex masses may be present as well. Finally, the covariant

derivative is

Dy, =8, —igT. WS —ig'Y B,. (3.6)
When the Higgs acquires an expectation value (H) = , off-diagonal mass terms are
v
induced for vy, ¥, and ¥4
m w U m d U
M, = « Y My = ¢ Y (3.7)
Yo U My Ydv Mg

The mass matrix M is diagonalized by

Y1 C1 S1 Qu 3 C2 52 Qd
(D) —81 €1 (o Py —52 €2 pa
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where ¢ = cos @1, s1 = sin ¢1, co = €o0S @2, So = sin ¢o with

2%y, 2
tan2¢; = U tan 2¢0 = e L (3.9)
Mg — My Mg — My
The corresponding eigenvalues are given by
1
mi2 =g (mq +my + \/(mq —my)? + 4y5) (3.10)
1
M= g (mq +mg =+ \/(mq —maq)?+ 4y3) (3.11)
with the following inverse relations,
my = ¢my+sime=csms+s3my (3.12)
m, = simy+cima
mqg = s§m3 +c§m4
2y,v = (m1 —mg) sin2¢;
2yqv = (mg — my) sin2¢s.

These expressions now permit the evaluation of the S and T parameters as follows,

AT YN NN SO NU S R
S = o {_E(Y—i_ E)logml — 7(Y—i— E)IOng + E(Y - 3)10gm3+
52 c3 3c3s? 3c3s3
—i-Ez(Y - ;)logmi + 22200 (0, m0, me) + 22210 (O,mg,m4)} (3.13)
Ny Nc 2 9 2 2 2.2
= St {clcQH(O, my,m3) + c75511(0, m1, my) + s75511(0, ma, myg)+
w

+57e311(0, M2, m3) — ¢; sTIL(0, my, ma) — c35511(0,m3,ma)}  (3.14)

where the functions IT1(0, m1, ms) and II'(0, m1, ma) are given by

IT (0, my,m2) = ——— (—=mi +4mimo + 4m3(my — 2my) log my — dmymi+
1= mj

+4m3(2my — ma)logma +m3)  (3.15)

(—=12m3(m? — 3mim3 + 3m3) log my +
+12m3(3m? — 3mimg 4+ m3) logma+

+(m? —m3)(2m] + 9Imims — 16mim3 + 9mym3 +2m3)) . (3.16)

In this context, the S and T parameters are a measure of the deviation of the heavy particles

from the pure Dirac mass case. When the couplings y,- are turned off, the custodial SU(2). and



52

isospin SU(2)y, symmetries are restored, and both S and T' vanish. To see this in more detail,
we can expand the S and T parameters in powers of (my—mg)/(m1+ma), (ms—m4)/(ms+my).
If mg =my =mqg =M > y,v,yqv we obtain,

_ Nenyv? [(11420Y)y2 4 (11 — 20Y)y3]

3.17
s 30w M2 ( )
N.ny vt (42 — y2)2
7= Nemv (yu2 ydz) (3.18)
407 5%, M3, M

where sy = sinfy and My is the mass of the W boson. Then we see that S,T — 0 when
Yu,Ya — 0, i.e., mo — mq and my — m3 . The corresponding formulas for the lepton-like
fermion case can be obtained by substituting v, — 0, ya — yi, N. — 1 in equations (3.17) and

(3.18).

y
2,
1,
Ot . . . ) ) . 0.0L . . . . ) o
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
M(GeV) M(GeV)

Figure 3.2: The bounds at 95% CL on the (M, y) parameters from constraints on the oblique parameters
(S,T) for n, = 2,3,4 and two different regimes: p, ~ 1(y = v/7y;) (Left panel), and pg = pa = pg >
o1 = pe = 1(y = y1) (Right panel). The upper-left region is excluded in these plots.

Fits of the combined electroweak data provide constraints on the S and T parameters and
have been obtained in many places. Here we use the results from the PDG fits. The standard
model is defined by (S,T) = (0,0) with m; = 170.9 GeV and mpy = 115 GeV. The best fit to
data is (without fixing U = 0)

S =—-0.10 +0.10 (3.19)
T =-0.08£0.11. (3.20)

These equations then imply the bounds S < 0.10 and 7" < 0.13 at 95% CL. From the ex-
perimental data, we can readily find the constraints on the parameters of the model. For
example, for lepton-like fermions, if we take Y = —1/2 and my = 1 TeV, then S ~ 0.01y?n,
and T ~ 0.08yl4nv. Notice that the small value of S leads to only mild constraints on g; and

n,. By constrast, the parameter T provides the most stringent bounds.
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There is, however, one important effect that can mitigate the contribution to 7. From
(3.18), we see that electroweak corrections to the T' parameter are insensitive along the y,, = yq
direction in the parameter space, where the isospin symmetry is restored. In this case, the only
constraints on the y, and y, contributions to y are given by the S parameter, which, as we have
just seen, are less stringent.

In figure 3.2 we show the bounds on y at the 95% C.L. from the X particles in table 3.1
as a function of the mass scale M and for n, = 2,3,4. For illustration, we have considered
yu = ya = Y and two different regimes: the degenerate case, p, = 1, (Left panel) and the non-
degenerate case, pg = pa = pq > pi = pe ~ 1, (Right panel). In this case, one has y = Vg
and y = y; for the degenerate and non-degenerate cases, respectively, (cf. (3.3)). Since y, and
yq are unconstrained by T along the y,, = y4 line, and the limits from S are less severe, the only
bound we can obtain on y comes from the most stringent bound on y; due to the T parameter.
We then see that typical values M ~ 1,1.5 TeV and y ~ 1 are permitted for n,, = 2. For larger
values of n,, the allowed split between the mass eigenstates is smaller, but still large enough
that a coupling y ~ 0.5 is not unreasonable.

To summarize, we conclude that for a sufficiently large range of the parameters the fit to
electroweak observables is in agreement with the existence of extra vector-like fermions. This

parameter space is characterized by
pr=l: y<S1.2—-1.6

pa=pa=pg>p=pc: yS06—12 (3.21)

together with the current direct search limits
My, Mz 2, 200 GeV

My, My, My > 250 GeV. (3.22)

3.4 Numerical analysis

An interesting feature of the pure-glue hidden valley is that the v-glueballs can have many decay
modes, depending on their quantum numbers and on the values of the various parameters. To
give a general survey of decays is beyond the scope of this work, since a more detailed treatment
would have to incorporate precise values of the matrix elements which at present are unknown.
However, a few examples are useful to illustrate the main qualitative features of v-glueball

decays.
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3.4.1 Decay patterns of v-glueballs

The relevant parameter space consists of the mass scale M, the 07+ mass mg, the coupling y
and the Higgs mass my. Here we present our results in terms of mg which is more transparent
than the confining scale A,, since myg is the relevant parameter for LHC studies. To simplify
the discussion in the SM, it is convenient to assume that the Higgs boson is SM-like and fix its
mass to be my = 120 (“low mass” range) or myg = 200 GeV (“high mass” range). Moreover,
since the branching ratios depend on M and y only through the combination yM, our problem
is reduced to a two-dimensional parameter space described by yM and my.

For our estimates below, we will use the lattice results [25] ©
dma, Fory = 3.06m3,  Fa.. =0.03m (n,/3), 4na,Fg-, = 0.83mj. (3.1)

We also need estimates of the other v-glueball decay constants and transition matrix elements,
which at this point are unknown. A reasonable educated guess is that they are of order F;FH,
which is the only known decay constant that is largely independent of the size of the v-glueballs.
We can also guess M{’,,0++ ~1/ F§++, as it would be true for pion emission. In the following,

we will therefore assume

n i i n n
L _ MwyrS() ~ T S(i) _ VA2 o M 6/18
Foor = — M, geamo =~ Faiy, Mitl i omys- = 3 Mi~ et 3 mg/Fo+s.

3
(3.2)
Later in this section, we will comment on how large deviations from this guess might affect our
estimates.

Using the decay rates expressed in section 3, we identify I'®) and T'® as the summed
contributions to the decay rates from dimension-six and dimension-eight operators, respectively.
The corresponding branching ratios are denoted by BR®) and BR(®), satisfying BR(®) + BR(®) =
1. To illustrate the dependence of the branching fractions on yM and mg, we present in figures
3.3 and 3.4 contours of constant BR®) in the mq vs yM plane for various choices of v-glueball
states and mg = 120 GeV, 200 GeV. In figure 3.3, we see that the values of BR((J?+ are large
over most of the parameter space plane, except at very low yM. By contrast, the values of
BR((?+ are small, except for a small region at large y M. The most interesting decay pattern is

2

found in the 17~ v-glueball. We see that BRgs,), typically dominates when my-- —mq+- < mg

6Here the coupling constant 4may, is included alongside F(S) ., and FOFL . to make them renormalization

invariant so that there is no question at which point 47w, is normalized. On the contrary, F';r ., is renormal-
ization invariant as is, since it is the matrix element of the energy-momentum tensor which is known to be scale
invariant. Also, since the values reported in [25] are not expressed in a continuum renormalization scheme, we

have converted g?FX, | to FY, _ using the value of the lattice parameter 5 = 6/g2 = 3.2 as an approximation
2++ 2++

to the continuum limit.
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(6)

and the emitted Higgs boson is off-shell, whereas BR;”_

dominates when m;-- —mq+- > mpg
and the emitted Higgs boson is on-shell. An analogous behaviour is found for mg = 200 GeV,

as demonstrated in figure 3.4.

(6)
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Figure 3.3: Curves of constant branching ratio BR® in the parameter space (mo,yM) for various
representative states and my = 120 GeV. Left: 07", Center: 271, Right: 17~.
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Figure 3.4: Same as figure 3.3 for my = 200 GeV.

The values of yM determine to a large extent the decay pattern of v-glueballs with three
distinctive energy regions: (i) yM < 1 TeV, (i7) yM > 1 TeV and (iii) yM ~ 1 TeV. Recall
that these ranges of parameters are further constrained by existing experimental limits, as
described in section 4. As will be discussed below, the common feature of all these different

regimes is the great diversity of decay modes and lifetimes, even for a given choice of parameters.

(i) yM < 1 TeV. For sufficiently small y M, the contribution of the dimension-six operators
can be effectively disregarded and, hence, the dimension-eight operators have the largest effects
on v-glueball decays. As shown in [19], annihilation decays dominate the 07+, 2%+ 0~* and
271 v-glueballs. Their branching ratios 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
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mass. If the colored particles are much heavier than the uncolored particles, then decays to
electroweak bosons and photons can dominate. Most other states decay by radiatively emitting
a photon, or a Z boson. In addition, the 1™~ state can also decay to standard model fermions via
an off-shell v or Z. The 3™ state is special in that its three-body decay mode 3t — 07T gg
could be of the same rate as the radiative 3™ — 177+ decay. The clearest signatures for
this regime are likely to be the two-photon resonances from the prompt annihilation decays
of C-even v-glueballs. In addition, for part of the parameter space, the v-glueballs are rather
long-lived particles, so that they produced displaced vertices in the detectors, which can be an

experimentally challenging, but certainly important signature.

(i) yM > 1 TeV. In this case, the Higgs couplings to v-glueballs dominate over all other
couplings. As a result, the decay pattern is relatively simple. In the PC' = ++ sector, we
find that the 0T v-glueball annihilates directly into pairs of standard model particles via
0T+ — h* | with the same final states and branching fractions of a Higgs boson with mass
mg. For mg > 2my, the mode 0™+ — hh opens up, in addition to 07T — h*, contributing
20 — 25% to the total width with the decays into weak boson and top quark pairs accounting
for the remaining 75 — 80%. The 27 v-glueball decays predominantly to the lighter 0+
by radiatively emitting a Higgs boson. In the PC' = —+ sector the lightest states are the
0~F and 27 v-glueballs. The 27" v-glueball decays in a similar way to the 27F with the
rate dominated by 2= — 0~ Th. Although the 2= v-glueball is heavier than the 0%, the
2=+t — 07 Th decay is not allowed, due to parity and conserved angular momentum. The 0~
v-glueball is a special case. Without explicit breaking of parity, the 0~ v-glueball decays slowly
into gg via dimension-eight operators.

Turning to the PC = +— sector, we find that most of the states can decay by emission of a
Higgs boson, through processes of the form ©, — ©,/h, where O, O,/ denote two v-glueballs
with given quantum numbers. Since C-changing transitions are not allowed by the S operator,
the v-glueballs in that sector typically undergo a cascade decay, radiating a Higgs boson at
each step, which ends at the lightest 17~ state. The v-glueballs in the PC = —— sector decay
in a similar manner, with the lightest 17~ v-glueball decaying to the 17~ v-glueball with the
emission of a Higgs boson. Since the 17~ v-glueball is not permitted to decay via dimension-six
operators, its dominant decay modes are photon-radiative transitions to C-even v-glueballs, as
in (2).

We should note that this theoretical regime may be difficult to access in practice. For the

27+ v-glueball (and hence the 27F), this requires yM > 10 TeV (see figures 3.3 and 3.4). As
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Figure 3.5: The branching ratios of the 07 v-glueball as a function of mg for yM ~ 1 TeV. Left Panel:
mp = 120 GeV. Right Panel: my = 200 GeV. For clarity, only the main decay modes are shown.

shown in (3.21), the heavy mediators can at most have Yukawa couplings y ~ 1 in order to avoid
potentially dangerous electroweak corrections. With M ~ O(10 TeV), the rate for production
of v-glueballs (x 049 xx < 1fb) is rather small, rendering this region of parameter space

experimentally inaccessible to the future experiments at the LHC.

(7i1) yM =~ 1 TeV. For Higgs couplings with intermediate strength, the v-glueball decay
pattern is more complicated because the couplings to the gauge bosons become important,
leading to a interesting interplay between dimension-six and dimension-eight operators. From
the point of view of prospective experiments at the LHC, this is also the most interesting regime,
due to the diversity of v-glueball decay channels and variability of lifetimes as well.

The 0T v-glueball still decays predominantly to pairs of standard model particles via 0T+ —
h* or, if kinematically allowed, 0™+ — hh. The branching ratios for the main decay channels
of the 07" v-glueball are shown in figure 3.5 for yM = 1 TeV in the cases of my = 120 GeV
and my = 200 GeV.

For the 27+ and 2= v-glueballs, the dominant decay mode is gg. This is because the 2++ —
0% h(h*) decay is phase-space suppressed by a 1078 — 1072 factor. For mo++ — mo++ > mg,
the phase space suppression is smaller ~ 0.01, but in this regime the (mq++ /M)?* suppression
of D = 8 operators is inefficient, rendering the D = 6 operators subdominant.

The dominant decay modes of the 1™~ v-glueball are transitions with a Higgs boson in the
final state, 1=~ — 17=h, for my—- — my+- > myg or, photon-radiative decays to the lighter
v-glueballs in the C-odd sector for m;-- —mq+- < myg. The decays of the other v-glueballs in
the C-odd sector proceed in a similar fashion. In addition, the decay of the 1=~ v-glueball into
fermion pairs can play a significant role for mi-- — m+- < mpg.

Since the 17~ and 0~ v-glueballs cannot decay via their couplings to the Higgs boson, their
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dominant decay modes are gg for the 0~ + v-glueball and radiative transitions to the C-even
states with emission of a photon for the 17~ v-glueball.

The 37T state is more complicated. With many contributing decay channels and unknown
form factors, it seems impossible to estimate which decay mode is dominant. Indeed, a simple
estimate suggests that the 3t — 07 1gg, 37" — 177+ and 37+ — 0~ "h decays are all of the

same order.

Summarizing all three cases, we expect the v-glueball decays to produce any of the kinemat-
ically allowed final states of the Higgs boson, such as bb, 777~, WHW | etc, as well as possible
photons, both singly and in pairs, and gluon pairs. If kinematically allowed, multiple production
of standard model Higgs bosons from cascade decays can also proceeds with a sizable rate. A
typical final visible state would then be of the form bbbb, WW WWbb, bbr* 7=, bbgg, bbyy, and

SO O1m.

3.4.2 Lifetimes

Meanwhile, with so many v-glueball states and decay channels, the lifetimes of the v-glueballs
can vary over many orders of magnitude. This is already clear from the fact that the lifetimes are
very sensitive to both M and myg. In our approach, the large contributions of the dimension-six
operators also suggest a wider spread of the lifetimes than that found when the Higgs couplings
are absent, as in [19]. In figure 3.6, we plot the lifetimes of some of the v-glueballs as a function
of mg for the three representative regimes studied in the last subsection. We see that for
yM =~ 1 — 10 TeV the various v-glueball states have lifetimes that typically span 5-6 orders of
magnitude, for any given choice of the parameters.

An important consequence of the large spread in the lifetimes is that there is a significant
probability that one or more of the v-glueballs will often decay a macroscopic distance away
from the primary interaction vertex. Only one of these states needs to be both long-lived and
frequently produced to provide a strong signature of new physics.

If production rates are substantial, displaced vertices are expected for average decay lengths”
cr of the order 107* — 100 m, resulting in lifetimes of 10712 — 10~ %sec. Outside this range, the
displaced-vertex signature is no longer present, either because the lifetime is much longer than

1075 sec, so that a typical v-glueball produced at the LHC will escape the detectors, or because

"Note that the actual v-glueball decay length I in the laboratory frame, distributed according to P(l) o
e~!/7¢T with the Lorentz boost factor v = 1/4/1 — B2 , may be actually much smaller than the average decay
length c¢7. So even if cr far exceeds the dimensions of the detector, there is still a significant chance that these
v-glueballs will be observable, providing the rates are substantial.
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the decays are prompt and the v-glueball decay lengths cannot be resolved.

As shown in figure 3.6, displaced vertices could be observed for 10 GeV < mg < 200 GeV
and 0 < yM < 1 TeV or for 10 GeV < mp < 400 GeV and yM > 1 TeV. As long as mg
becomes greater than about 400 GeV, all v-glueball decays will be prompt and the displaced-
vertex signature will be absent. In the case yM ~ 0 the 17~ and 1™~ v-glueball lifetimes reach
values high enough for displaced vertices for mg between 50 GeV and 150 GeV. The 07+, 0=,
27+ and 27 v-glueballs may also decay with displaced vertices in the very low mass range
mo < 70 GeV. On the other hand, in the case yM = 10 TeV the spread in the lifetimes is two
or three orders of magnitude larger, so even larger v-glueball masses 150 GeV < mg < 400 GeV
may allow for displaced vertices. This is the case of the 27 and 2~ v-glueballs, as shown in
the middle panel of figure 3.6. Their lifetimes are so long that these v-glueballs may escape the
detectors for mg < 100 GeV. In the low mass range 50 GeV < mg < 200 GeV other v-glueballs
such as the 17~ and 17~ also have a significant chance to decay with displaces vertices. In
this case, the 07" and 27 v-glueballs will remain short-lived over most of the parameter space
down to masses of order 50 GeV where displaced vertices may start to occur for these states as
well. Finally, the case yM ~ 1 TeV shown in the right panel of figure 3.6 is an example of an
intermediate situation, with the 07+ v-glueball being short-lived, except for very-low masses
mo < 50 GeV, and at least five states having a chance to decay with displaced vertices in some
part of the parameter space: the 17~ and 17~ v-glueballs for mg < 200 GeV, and the 277,
2=F and 0~ v-glueballs for 20 GeV < mg < 100 GeV.

From the analysis above it is quite evident that long-lived resonances are a common feature
of pure-glue hidden valleys for an ample range of parameters. Nonetheless, detecting long-lived
particles presents several experimental challenges. Displaced jets, though they have no stan-
dard model background, suffer from substantial detector backgrounds from secondary vertices
inside the detector material. On the other hand, displaced leptons are technically easier, and
have much less background, but branching ratios to leptons are usually quite small. Displaced
photons also present several experimental challenges, since one has to detect not only the posi-
tion where the photons enter the electromagnetic calorimeter but also their angle of incidence.
Thus the issue of detecting displaced vertices is not straightforward, and requires novel analysis
strategies.

Interestingly enough, the v-glueball masses can be as low as a few GeV’s and at the same
time the lifetimes could be short enough that a few v-glueball events could be observed at the

LHC. Specifically, let us examine closely the case of the scalar 07+ v-glueball. From (3.2) we



60

.
) e 1-- I -
L 1;: o sk 1t 107 © e’\ ------ }Jr—
,,,,, _ 1—+ 92—+ i 9+
! §++ - \ N 2t - 10 “‘\“ 2t
b i ST U TN - =0 107 s - —0+
3 . o+t g ‘\\ L ott 9 ‘\\ ot++
Sio g N T M =1TeV 107 4}| \\ M~ 10TeV S04 ;\ ' N M = 1TeV
£ N e y~0 £ \ L ko £ \ v=
§10 18] N B Tl glo 18]\ ~ RRRER R . ?‘EIO' R \\ NS T I
N e 3 ~  Trhmemz SN
SN . R
1072} T - 10- 2 - T~ 1072 (\\\ T-
_— \\\ - - — T~ - -
1o- 26 . , . . . . . 10- 26 e - 26 . - - - e y
200 400 600 800 1000 1200 1400 200 400 600((‘8%0) 1000 1200 1400 200 400 600 800 1000 1200 1400

mo(GeV) mo(Ge mo(GeV)

Figure 3.6: Lifetimes of the v-glueballs as a function of the v-glueball mass scale mg for three rep-
resentative regimes: yM = 0 (Left panel), yM =~ 10 TeV (Middle panel), and yM =~ 1 TeV (Right
panel).

see that for X particles of order 1 TeV the lifetime of the 07 v-glueball is of order

—1.5
M \* (20 GeV\" (5 GeV? 4m$
~ s , 3.3
“r 1cm<1TeV) ( mg ) ( mpy ) (1 mg (8:3)

We see that for mg > 10 GeV the 07T state can decay inside the detector. It is important to

remark that even for cr well above 10 meters, a significant fraction of the v-glueballs will still
decay inside the detector. If detector backgrounds are sufficiently low, and production cross-

section is substantial, discovery would also be possible, in principle, for states in the low-mass

range 1 GeV < mg < 10 GeV.

3.4.3 Uncolored X particles

If there is a substantial hierarchy between the colored X particles and the uncolored X particles,
the latter may dominate v-glueball decays. Decay rates to a pair of SM gluons in the C-even
sector are proportional to the coefficients x3 (3.12), which would be suppressed. If the particles
carrying QCD color are heavier by factors of 2 or more, the hierarchy of decay rates changes,
as X%/X?y ~ 1072 — 107, In this case, decays to gluons no longer dominate the partial widths
I'® for the C-even states. Also, the regime for mg and yM in which T'®) dominates over I'(¢)
is somewhat reduced. Without any detailed computation, we may infer from figures 3.3 and 3.4
that the decays of the 0+ v-glueball, with its large branching fraction to off-shell Higgs boson,
will not be much affected. For mg- < 2myy, the dominant decay mode of the 0~ v-glueball
is now vy with a branching ratio of 90% with the decays into gg and Zv accounting for the
remaining 10%. In the high mass range mg- > 2my, the 0% v-glueball decays dominantly
into WW with a branching ratio of ~ 70% followed by the decays into ZZ, vy and Z~ with
branching ratios of 20%, 5% and 5%, respectively. Also, the lifetime of the 0=F v-glueball

is longer. For the 27+ and 2=1 v-glueballs, the decays into photon pairs typically dominate
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for mo++ — my++ < my, while the Higgs-radiative transitions 2+ — 0**+h can dominate for
Mo++ — Mox+ > mpy. The decays of the v-glueballs in the C-odd sector are largely unaffected.
We will comment further in the conclusions and in our LHC study [60], but suffice it to say that
the fact that the annihilation into photon pairs may dominate the lifetimes of some v-glueballs

(the 0=F, 2% 277%) has important consequences for experimental searches.

3.4.4 Uncertainties in the v-glueball matrix elements

In another respect, we should emphasize that even though our estimates are in general robust,
they are subject to significant uncertainties, due especially to the many unknown v-glueball
matrix elements. Although lattice computations are at present not available, it is of interest to
see what one might expect once lattice computations are incorporated. Of course, the decays
of the 07 v-glueball will remain unchanged, since its branching ratios are independent of the
decay constant Fy,. The same is true for the 1T~ and 0~ " v-glueballs. On the contrary,
the decays of the 27+ and 17~ v-glueballs depend on ratios of the unknown non-perturbative

matrix elements,

S S
M2, g+M0 M7 __ i _mye-
Tor = —* 2 —— - =———a (3.4)
FT M
2++ 1-—o0++

Since there is no reason for the form factors 1\/I§++0++ and M?,,ﬁ, to be significantly sup-
pressed or enhanced at k% = m%, the ratios ro+ and r;- are probably of order O(1) (actually
somewhat smaller®, especially at large n,,). To illustrate the possible range of impact lattice com-
putations may lead to, we can simply make the rescaling yM — yM,/ror and yM — yM /i~
in figure 3.3. One can see that when 75+ is varied by a factor of 10 in both directions around

6)

ro+ ~ 1 for yM ~ 1 TeV, the ratio BR(+ changes by around 10 — 20%, and the dominant

2
mode of the 27+ v-glueball is still gg. A similar conclusion is obtained for the 2= 1 v-glueball.
For the 17~ v-glueball, in contrast to the 2+ and 2T, the branching ratios are more uncer-
tain. The reason is that the contributions from D = 6 and D = 8 operators are comparable
in strength, so a small enhancement in one of the matrix elements can lead to a large effect
on the branching ratios. For ;- ~ 0.1, the photon-radiative decay gets enhanced very greatly
and could dominate the branching ratio in most of the mass range, while - ~ 10 tends to
enhance the Higgs-radiative decay. Therefore, additional lattice computations would be needed

to distinguish between these two modes. Fortunately, it turns out that the impact of precise

lattice computations on the phenomenology of the lightest v-glueballs 07+, 27+, 0=F and 277,

8Using standard large-n, counting rules and taking into account explicit factors of 1/y/my in the coupling
constant, one obtains ro+ ~ O(1/ny) and r{— ~ O(1/y/nv); see (3.2).
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which, as will be argued in our LHC study, are probably the most copiously produced, is in

general very mild.

3.5 Other extensions

In this section, we consider two simple extensions that may alter the phenomenology of v-
glueballs in a number of ways, with a special emphasis on the 0~ + and 17~ v-glueballs. Firstly,
we analyze the two Higgs doublet model (2HDM), which is the simplest extension of the standard
model Higgs sector, and secondly, we study the possibility of C'P violation in the theory and
its implications for v-glueball decays. We will not attempt to systematically compute all the

decay rates, but simply point out a few salient features of these extensions.

3.5.1 2HDM

As in the MSSM, we consider the SM with two Higgs doublets H, and H,, where H, only
couples to up-type quarks and neutrinos and Hy only couples to down-type quarks and leptons.
In this model, there are five physical Higgs bosons: two charged scalars (HT); two neutral
scalars (H and h); and a neutral C'P-odd scalar (A). The presence of the C'P-odd scalar A is
of particular interest. Since the A is C'P-odd, a gauge invariant C'P-conserving coupling to the
v-gluons must be of the form e***Str FuvFapA®, with ® =1, H, h. Because of this coupling,

new possible decays of the pseudoscalar 0~ state emerge in the 2HDM. These are

0t — A" — ff, (3.1)
0t = HA, (3.2)
0t — kA (3.3)
0t = ottAl (3.4)

For all other v-glueballs, there are new contributions to their decays in the 2HDM, but the decay
pattern as described in sections 3 and 5 remains basically unchanged. For the 07" v-glueball,
the new channels include 07+ — hh, Hh, AA as well as the off-shell Higgs decay 07+ — h*. For
all other states, new decay modes arise from the processes O, — O,/¢, where now ¢ = H, h, A.
Recall that in the single-Higgs model, the lowest-dimension operators that can induce decays
of the 17~ v-glueball arise at mass dimension eight. A similar conclusion applies to the 1+~
v-glueball in the context of the 2HDM. Therefore, while the C'P-odd scalar A makes a drastic

change on the 0~ 1, it does not affect the 17~ v-glueball.
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To estimate the effect of the C'P-odd scalar A on the branching ratios, we will need to find
the effective Lagrangian. Using the basic results of section 2, the effective Higgs couplings to

v-gluons, induced at one-loop by the X particles, is given by

Ay

3m M2
oo | o (Hi—HN\' (Ho+ HI\  , (Hy—H:\' (H, + H: -
+ o lyd ( o ) ( . +v2 (=5 . tr Fo, B, (3.5)

Here y, and y4 represent the couplings of the X particles to the Higgs doublets H, and Hy,

£ = [yg HiH, +y2 H;Hd} b1 JF F1 4

respectively. The couplings of the physical Higgs bosons to v-gluon pairs are readily obtained

by including the appropriate mixing angle factors

o v Qy U Y14
£ = 6 M2 (EnaH? + &nh® + EunHh + Eaa A?) tr Fu F*™ + 27T]\;2 §a Atr Fpup F*
Oy U v Qy Fhv
grare S H HGh) i Pt o (CanAH + CanAh) tr P P (36)

where the coeffients &;; and &; are given by
EHH = Yusa +YaCa  Enh = YuCa +Yasa  Emn = 25aca(yy — Ya)
EAH = YaSaCh — YaCaSp  EAn = YnCaCp +Yasass EAA = YnCh — Yash
€1 = YuSasp +YaCaCs  §n = YnCass — Yasacs 4 = s5¢s(Yu — Ya) (3.7)
where « the mixing angle and the ratio of the vacuum expectation values tan 8 = v, /v4. The
combination v3 + v2 is fixed by the electroweak scale vy = \/v2 + v2 = 246 GeV.
The decay rates can be readily extracted from our general results in section 3 by replacing

y? with the appropriate couplings in (3.7). For the scalar 07T state, the decay rates for the
off-shell Higgs decay 07+ — H*/h* — (¢ can be read from (3.2) through the substitution

2
Yy &l h
m2—m2 _>m2—m2 +m2—m2,
0 H 0 H 0 h

(3.8)

while the rate for the two-body decays 07+ — HH, hh, Hh, AA is obtained from (3.3) by

replacing

3m3 SHgHij Engnij
2 Z 17 i
1+—2"2 ) g , 3.9
4 ( +2(m%—m%{)> §]+m%—m%{+mg—mi (3.9)

where 4,7 = HH,Hh,hh,AA and g;;. are the cubic self-couplings in the 2HDM. Likewise,
the width of the decays ©, — ©/.®;, &, = H, h, A, can be obtained from (3.9) and (3.10) by

substituting y? — &;. Finally, we summarize the rates for the new decay modes of the 0~F

v-glueball (3.1-3.4),

2

&4 tan B vy FP+ SM 9
F0*+~>ff' = (27TM2(m124 — TrOL%) Fh%j’f(mO*) (310)
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2

1 MP_ &4 1/2
Lo—+0++a = 167mg- ( 207r][\)/;2 ) [g(mff,mi;mg,)} / (3.11)
1 FFP ? 34 2 1/2
Lo—+am = 167mg- (2W(])\42> (fAH + m) [Q(mffamil;mg* )} (3.12)
1 EP N2 3mZéa 2 1/2
Po—+an = 167mg_ (271_3\42) (fAh + m) [Q(m}%a m%; mg* )} : (3.13)

The expressions above are clearly very model dependent. First, notice that for y, ~ yq4, £a
is very small, and the decay rate of the 0~ v-glueball is suppressed. On the other hand, for
ya =~ 0, a quick check shows that this rate, whose ratio to the 07 width is (for small masses

mo < mp)

o 2 2\ 2
0 0.5 (sam—;‘ +cam—g‘> , (3.14)

To++ my my
is not negligible. This ratio may be anywhere from ~ 0.1 up to about 4 depending on the
mixing angle and the masses of the scalars. Unless the 0~ decay rate is unduly suppressed,
the lifetimes of the 07 and 0~ v-glueballs are in general within one order of magnitude from

each other.

3.5.2 Models of explicit C'P violation

It is of interest to see what one might expect once C P-violation effects are incorporated in the
theory, in the context of a single-Higgs model. For example, parity-violating interaction terms
can be induced in the effective Lagrangian if we assume that the couplings of the heavy particles
X, to the Higgs boson are complex. In this case, a P-odd C-even interaction is generated of
the form HTH tr ]-"W]:'””. As in the 2HDM, this interaction drastically changes 0~ decays,
since without it, the 0~ v-glueball would decay via dimension-eight operators, suffering an
extra suppression. The 0~ v-glueball can then decay via 0T — h*, producing any of the
kinematically-allowed final states of the Higgs boson.

Similarly, one can contemplate interactions that explicitly break C-invariance. Interestingly
enough, the lowest-dimension operators of this kind (e.g. HTHdabefcdefﬁVfﬁVfgﬁfgﬁ) arise
at dimension ten and, therefore, their effects are extremely suppressed by extra powers of 1/M.
The dominant decay modes of the 17~ v-glueball are then induced by dimension-eight operators,
even if we allow for C'P-violation.

In the rest of this section, then, we will focus on P-violating but C-conserving interactions.
To estimate the decay widths, let us consider the following Lagrangian, in two-component
notation,

Lmass = deqHTX§ + de;HXd + h.c. (315)
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where yq is a complex Yukawa coupling. By integrating out the X, and X, particles, we obtain

the following dimension-six operators®:

6 _ v’ - 9%
3 M?2

where y = Reyg and § = Imyg. Here ]:'W = (1/2)euuro F* denotes the dual of the field

v (2yy >
HUH tr Fp, F* + LMy?y) HUH tr Fp, F. (3.16)
™

strength tensor. The first term on the right-hand side of (3.16) is the same operator that we
had already found in (3.2). The second term of (3.16) is new and violates P. As mentioned
above, the P-odd interaction allows the pseudoscalar 0~ state to decay into SM particles via
s-channel Higgs-boson exchange 0~ — h* — (¢, where ¢ denotes a standard model particle.

The width of the decay is given by

2

20y vH oy Fr SM
o= (g, o) T 10

where F' = o, (0ftr JF,,, F*/|0++) is the 0~ + decay constant. The same operator also induces

the decay 0~ — 0T +h, with partial width

2

1 2yg vy a, Mg - 1/2
Lomtooren = g - ( — ) lo(mimiesmg )] (3.18)

where now 1\/1013,0+ is the transition matrix. This decay is phase-space suppressed for mg-+ —
mo++ < mp, but may be quite significant for mg-+ — mg++ > mj when the radiated Higgs
boson is onshell. For example, for mj, ~ 100 GeV we obtain BR(0™T — 071h) ~ 0.3.

In the SM, the most stringent limits on the size of the C'P violation effects come from
experimental limits on the electric dipole moment of the neutron. The same experimental
constraints also allow us to place limits on the C'P-violating operator in (3.16). To see this,
let us recall that the X particles can also carry QCD color. Then, the following dimension-six
operators are induced:

£® =\ —Y) 5())12]\;2@2) H'H tr G, G* + 70[;(?;2@) H'Htr G, G*™. (3.19)
where now G, denotes the SM gluon field strength tensor and G wv its dual. The C'P violating

term in (3.19) with the Higgs field replaced by its vacuum expectation value contributes to the

9The effective Lagrangian (3.16) can be evaluated either by following the procedure displayed in appendix A
or, equivalently, in the limit of vanishing Higgs momentum by taking derivatives of the v-gluon self-energy and
the axial anomaly:

£ = HUH /vl (y30° [0y3 + v3”0% /0y;*) L,
where
L = (ay/6m) In(AZy, /det MT M) tr Fuw F* + (ap /27) In(det M /det M) tr Fu,, FHY

. M YdVH
th M = .
W ( yove M )
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0 angle. We assume that this contribution to the 6 angle is removed by whatever mechanism
that solves the strong C'P problem in QCD. The next operators in the expansion around the
Higgs VeV contain one or two powers of the Higgs field. Their contribution to the electric dipole
moment of the neutron can be estimated using Naive Dimensional Analysis [61,62]. Following

the analysis of [63,64], we estimate the neutron electric dipole moment as

e as(2yy) @nfr)® 10~ — o x VB s (1 TeV/M?). (3.20)

dy =
2nfr Am M?  (4m)? 82

where 27 fr ~ 1190 MeV is the chiral-symmetry-breaking scale. Combining this result with the

current experimental bound on d,,, we derive a limit on 2yy
12y3] < 10 x (M/1 TeV)?. (3.21)

Consequently, values for |y|, || in the range 0.01—1 are consistent with the existing experimental

limits.

3.6 Conclusions

In this work, we have investigated a particularly challenging hidden valley scenario with a
broader class of couplings to SM particles than those considered in [19]. In particular, we have
focused on the effect of dimension-six operators by which the hidden sector interacts with the
standard model through the Higgs sector.

The resulting v-glueball phenomenology is fairly complex in this scenario, but there are some

simple features. In particular, we find the following interesting signatures:

e Decays of the 07 v-glueball through h*, producing any of the kinematically-allowed Higgs

final states such as bb, 777, WW, etc.

e Multiple Higgs boson emission, from cascade decays ©,, — ©,h, or annihilations 07T —

hh.

e Due to the diversity of v-glueball states, and the presence of operators of different mass
dimension, the lifetimes can vary at least over 5 or 6 orders of magnitude, for any given
choice of parameters (see figure 3.6). This has two immediate consequences: (i) Displaced
vertices are quite common, which could potentially serve as a discovery channel, and (ii)

v-glueballs can be as light as a few GeV’s and still be visible.

e For sufficiently small v-glueball masses, a different opportunity arises in the form of non-
standard Higgs decays such as h — 0,0/, with branching ratio to v-glueballs of order

1073 - 1072,
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In addition, other possible final states include gg, 77, and radiative transitions with emission
of a photon, all of which are induced by dimension-eight operators [19]. The rare diphoton
channel is particularly interesting because, thanks to its moderate QCD background, it may
serve as the discovery channel for the v-glueballs at the LHC.

We should nevertheless emphasize that some of our results are subject to significant theoret-
ical and numerical uncertainties. In this respect, it would be interesting to know the spectrum
of pure-Yang-Mills theory for gauge groups other than SU(3), as well as the various v-glueball
matrix elements that arise. With enough motivation, such as a hint for discovery, these could
in principle be determined by additional lattice computations. If the v-sector gauge group is
not SU(n,), some of the v-glueballs may not be present; for instance, for SO(n,) or Sp(n,)
gauge groups the C-odd sector is absent or heavy. However, as explained in [19], the lightest
C-even v-glueballs are expected to be present in any pure-gauge theory, with similar production
and decay channels, so at least for them, the basic features of a pure-gauge hidden valley are
expected to be retained. We also have not considered higher-order corrections to the decay
rates, and they should be taken into account when precise predictions are required.

We have seen that the operators considered in this paper are not heavily constrained by
current experimental searches or precision electroweak data, thus leaving ample parameter space
to be explored by the next generation of hadron collider experiments. Application of our results
for phenomenological studies, particularly as relevant for the LHC, will be carried out in a
companion paper [60]. We expect that detection should be feasible, if the mass M of the X
particles is small enough to give a reasonable large cross-section, and A, is large enough to
ensure the v-glueballs decay inside the detectors. Decays to bottom quarks and gluons often
dominate, but they suffer from a huge multijet background. At the Tevatron and at the LHC,
the v-glueballs are most likely to be found in searches for diphoton resonances in events with
2 photons plus jets or with 3 or more photons and possibly additional jets, or in searches for
displaced decays to jet pairs, W/Z pairs, or photon pairs. A potentially novel signature, which
could be currently searched for at the Tevatron, arises in the form of two b-tagged jets plus
diphoton events. Contrary to the models of [65-67], the branching ratio to bbyy in our model
can be O(1), since the bb and v final states originate in different resonances, leading to a
potentially discoverable signal despite the background of 25 4+ 2. Altogether, these signatures
provide an interesting opportunity to search for new physics at the Tevatron and at the LHC,

which motivates further theoretical and experimental study.
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Chapter 4

Phenomenology of quirkonia

The quirk limit has a splendid simplicity, largely devoid of all the complications of relativistic
quantum fields, in particular multiparticle production and pair creation. Recall that this theory
can be regarded as a certain limit of SU(n,) gauge theory with heavy quarks such that their
masses are much larger than the scale A, where the gauge group SU(n,) becomes strong. One
of the reasons for its simplicity is absence of string breaking. Heavy quirks are confined by a
flux tube with energy per length unit of order A%2. Hence the v-color field contained in the flux
tube is too feeble to create a quirk-antiquirk pair: that would require an energy of order ~ 2M
localized in a small region of radius ~ M i.e. an energy density ~ M? > A2. This mechanism
is indeed exponentially suppressed.

Furthermore, for sufficiently heavy quirks, one might hope that the characteristic time scale
associated with the motion of the constituents quirks inside the quirk mesons is much larger
than the time scale associated with the motion of the fast surrounding v-gluons [51]. In this
case the adiabatic approximation applies and the effect of the v-gluons can be represented by an
average instantaneous interaction potential V' (r) between the heavy quirk sources. Moreover,
the bound state problem will become non-relativistic, and in the leading order in 8 the dynamics
will be controlled by the Schodinger equation,

72
—ZVQ\I!(r) +[V(r) - E]¥(r) =0, (4.1)
where p = mimso/(my + mg) is the reduced mass of the system formed by the quirks with
masses my and ma, r is the distance between the quirks, V(r) is the interaction potential, E is
the energy eigenvalue, and ¥(r) is the wave function.

In this work, we assume the quirk mass is in the phenomenologically interesting range
200 GeV < Mx <1 TeV that is not excluded by existing experiments but may be probed at
the LHC. The emphasis is on models in which the confining scale in the hidden valley sector,
Ay, is higher than about 5 GeV, where the v-glueballs produced in quirk annihilation and/or
relaxation may decay inside the detectors. Also, for simplicity, we will first consider the case of

colored quirks, which are expected to have a larger production cross section than the uncolored
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ones unless the mass of the colored quirks is of order 3 times larger than that of the uncolored
ones. Then we will comment on the uncolored quirk case.

In this model, quirks can be copiously produced at the LHC via normal QCD interactions.
The subsequent evolution of the quirk-antiquirk pair is not familiar so we review it here [47-49].
It is easiest to first view the evolution in the center of mass frame. In that frame the quirks
simply oscillate back and forth between their classical turning points. The amplitude of the
oscillation can be approximately estimated as F /o, where F is the energy given to the quirk
pair by the collision and o is the string tension, or energy per unit length of the string, and
is about ~ A2. Eventually the oscillations will be damped. In the case of a high confinement
scale, two mechanisms are in principle responsible for energy lost. The first is emission of v-
glueballs. These can be modeled as bits of closed flux tube, with mass of order a few A, and
size ~ A;!. Because v-glueballs have a non-perturbative, extended structure their coupling
constant to quirks is uncertain. But there is not much reason to expect it to be extremely
small, except perhaps the poor overlap between the wave functions of the initial and final quirk
states and the fact that v-glueball emission is suppressed by powers of 1/n,.

A second mechanism is emission of perturbative gluons. This mechanism appears to be
highly important, as it can effectively work to suppress quirk annihilation at high orbital angular
momentum waves. Other damping mechanisms may also be present, e.g. non-perturbative
hadron emission or radiative transitions with emission of a photon. But it is almost sure that
the oscillations will be highly underdamped.

When the quirk and antiquirk come near to rest they will annihilate. The annihilation can
be into SM gauge bosons and/or fermion pairs, but also into v-gluons, which at long distance
become two or more v-glueballs. The annihilation rate can be estimated using factorization,
as in the quarkonium system, where the decay rate is factored into a short-distance part that
is related to the annihilation rate of the heavy quirk and antiquirk, and a long-distance factor
containing all the nonperturbative effects of SU(n,) gauge theory. The short-distance factor
is calculated in terms of the running coupling constant o, (M) of SU(n,), evaluated at the
scale of the heavy quirk mass M, while the long-distance factor is expressed in terms of the
nonrelativistic quirk meson wavefunction, or its derivatives, evaluated at the origin.

In this work, we focus on some of the key issues outlined above. Our results extend a
previous study on quirk phenomenology [49] to our current interest in high confinement scale
quirks, A, > 1 GeV. We will consider only one generation of vector-like quirks. Extension to
multiple quirk generations is straightforward. First, we need to find formulas for production

of colored quirks. We also show that the majority of quirks are produced with kinetic energy



70

of order M or less. In this regime, the typical separation of the quirk and antiquirk is shorter
than Aélc p and therefore nonperturbative QCD effects will in general be unimportant.

Second, we want to solve for the spectrum of quirkonium bound states, particularly to exam-
ine mass splittings in different regimes. We will proceed by numerically solving the Schrodinger
equation in a appropriately chosen nonrelativistic potential. As part of this process we prove
that in general the mass splittings between color octet and color singlet states can be signifi-
cantly large so that one needs to keep track of quirk color states in detail. !

In addition to the production and spectrum calculations, we set up detailed formulas for
decay properties of the color-singlet and color-octet quirkonium states. The computation of the
rates for gluon radiation and quirk annihilation is relatively simple and can be carried out by
following closely the corresponding results for charmonium/bottomium systems. However, the
energy loss due to v-glueball emissions is harder to estimate and we will content ourselves by
giving some general qualitative arguments.

The organization of the present work is as follows. In the next section, we present the
cross-sections for open production of quirks and use them to find the corresponding formulas
for production of quirkonium bound states. In section 3, we review the nonrelativistic potential
model and its application to the quirkonia spectrum. In section 4, we present the results
on the radiative transitions and annihilations of quirkonium and discuss the decay patterns.

Conclusions are made in section 5.

4.1 The problem of quirkonium production

The total cross-section oy 5 for production of quirkonium states can be estimated using the
operator product expansion, as in the QCD rate for eTe™ — hadrons, where the rate is well-
estimated by treating the quarks as free, plus a small «as correction, where «ay is evaluated
at the center-of-mass energy +/s [76]. We can thus consider the production of quirkonium as
proceeding in two steps. The first step is the production of a X X pair, and the second step is
the binding of the X X pair into a quirkonium state. Any Feynman diagram for the production
of a quirk pair must involve virtual particles that are off their mass shells by amounts on the
order of M or larger. The part of the amplitude in which all internal lines are off-shell by such
amounts is called the short-distance part, and it is calculable by using perturbation theory in

., (M) . The parts of the amplitude in which the X and X lines are off-shell by amounts much

IThis is in contrast to the case of very small A, studied in [49] where the bound states are very closely spaced
in the spectrum and the QCD color of colored quirks is uncorrelated, so averaging over quirk colors is a good
approximation.



71

less than M can be considered part of the amplitude for the formation of the bound state.

The short-distance part of the amplitude describes the production of a XX pair with a
spatial separation that is of the order of 1/M or smaller. This follows from the fact that the
short-distance part is insensitive to changes in the relative 3-momentum of the X and X that
are much less than M. Since 1/M is much smaller than the time scale associated with the
quirkonium wavefunction, M /A%, the XX pair is essentially pointlike on that scale. By that
time, the original quirks are far away from each other so that a residual interaction cannot
significantly alter the transition cross section which was decided at the first quirk stage. Thus,
we need only consider the amplitude for a pointlike XX pair to bind to form a quirkonium
state. This amplitude will necessarily depend on the quirkonium state and on the quantum
numbers of the quirk pair.

In the local duality approach [76-79], the cross section for producing any quirkonium bound
state is equal to the cross section for producing a free quirk-antiquirk pair in an appropriately
chosen energy interval. The physical picture is that the quirkonium resonances introduce large
fluctuations of the cross-section as a function of v/3, and these ought to be convolved with the
parton distribution functions. But the resonances are closely spaced well above threshold, so
averaging over them is a reasonable approximation for an estimate of an overall rate.

The production of X X bound states in hadroproduction can then be estimated by the free

X X cross section integrated from the kinematical lower limit up to proton energy /s,

Vs

do _ .
Zv(pp—>®xx+?f)2/ 75 (P = X X5 838), (4.2)
oM @S

Oxx
where the sum on the LHS of (4.2) is over all possible quirkonium resonances in the energy
interval 2M ---4/s. Here s denotes the squared beam energy. The differential cross section
for heavy quirk pair production can be read off the corresponding differential cross section for
heavy quark production.

Hadroproduction of open colored quirks in leading perturbative QCD proceeds via quark-
antiquark annihilation and gluon-gluon fusion in lowest order [78]. In the former case, a highly
virtual gluon is produced, which materializes into a X X pair. The X X state is thus produced
exclusively in the color-octet state. The cross section is given by:

241 ny, ozf
2

1+ lz) 8. (4.3)

Here we have defined z = 4M?/3, B3 = /T — 2. The subprocess g + g — X + X is similar

to vy — ete™ but contains in addition the fusion of two incident gluons into a virtual gluon,
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which then decays into a X X state

1 1+8 7 31

N N T Ny Oé?
Ugg—>XX (S) = 335 |:(

Hence, gg gives a mixture of color-singlets and color octets.

The cross section for free X X production is

d _ 1 [td
d‘;(AB — XX;s:8) = 5/ ?IHAB(I, %;g), (4.5)

where 7 = §/s. We have introduced the function

HAB(z4,25;8) = g*(za, 1) 9" (x5, 1*)6 (99 — X X;8)+

> Aa*@a, 1)d% (@, p?) + ¢* (w4, 1°)q" (w5, 1%) } 6(gq — X X;8)  (4.6)

where the sum is over light quark flavors relevant to X X production. The mass scale yu is of
the order of the heavy quirk mass.

In figures 4.1-4.3 we present the LO X X differential cross sections at /s = 14 TeV as a
function of /3 for different quirk masses M = 250,500, 1000 GeV and p2 = M2. Notice that

the cross sections are proportional to n,,.

77\

M = 250 GeV

do /dv/5 (pb/TeV)

0.5 1.0 1.5 2.0 2.5

V5 (TeV)

Figure 4.1: The differential cross-section for colored quirk pair production at the LHC (/s = 14 TeV)
for M = 250 GeV.

With the above formulas (4.2) and (4.5) we present in figure 4.4 the total cross section for
colored quirk production at the LHC at leading order in perturbation theory. The production

rates are significant at to several TeV even though the quirks are heavy.
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Figure 4.2: The differential cross-section for colored quirk pair production at the LHC (y/s = 14 TeV)
for M = 500 GeV.
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Figure 4.3: The differential cross-section for colored quirk pair production at the LHC (y/s = 14 TeV)
for 1000 GeV.
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4.2 Non-relativistic potential model

It is an experimental and theoretical fact that for heavy-quark bound states (“quarkonia”) the
orbital splittings are smaller than the quark mass M [51,80,81]. This suggests that all the other
dynamical scales of these systems are smaller than M. Consistently with this fact, the quark
velocity v in these systems is believed to be a small quantity, v < 1. Therefore, a non-relativistic
(NR) picture holds. The nonrelativistic approach has been successfully used for describing the
physics of heavy quarkonia since the discovery of the J/¢¥ meson and we expect it to provide
reasonable guidance to the dynamics of heavy quirk-antiquirk systems as well.

There are many possible states of a heavy quirk-antiquirk system. For any given quirkonium

state, the Fock state consists of a v-color-singlet quirk pair in a definite angular-momentum
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Figure 4.4: Quirk production cross section at the LHC (y/s = 14 TeV) as a function of the quirk mass.

state. We denote the two possible QCD color states of a quirk pair by 1 for color-singlet
and 8 for color-octet. In the nonrelativistic approximation, the states of quirkonium can be
cataloged according to the standard spectroscopic notation n2*T1L; , where n denotes the
radial excitations and L denotes the orbital angular momenta S, P, D, --- for L =0,1,2,---
respectively. Each constituent quirk has spin %, and so the total spin quantum number can be
either S = 0 or 1. J is the quantum number of the total momentum, a vector sum of the spin
and orbital momenta. An alternative notation used to denote the quirkonium states is JZ¢
, where P is the space parity and C' is the charge conjugation parity. For a quirk-antiquirk

system these can be expressed as P = (—1)%*! and C = (—1)%+5 respectively. In table 4.1 we

have collected the quantum numbers of the lightest quirkonium states in the spectrum.

State JFPC  25+1p,

N1, 78 0-t 1Sy
1, Ps 1=~ 35;
hl, hs 1+~ 1P1

X1, Xgs | JTT 5Py

Table 4.1: The quantum numbers of the low lying states in the spectrum.

A complete treatment of the spectrum of quirkonium in non-relativistic effective field theory
(NREFT) is beyond the scope of this work. We will discuss briefly when the nonrelativistic
potential model is expected to work. The validity of the potential model rests upon the existence
of a hierarchy of energy scales, M > Mv > Muv? in nonrelativistic systems with mass M
and velocity v [81]. This hierarchy allows for the construction of a sequence of effective field

theories: nonrelativistic (NREFT) and potential NREFT (pNREFT). First, the transition is
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from the effective field theory with relativistic quirks to NRQCD with the quirks (and larger
momenta ~ M) integrated out. The theory describes dynamics of heavy quirk-antiquirk pairs
at energy scales in the center-of-mass frame much smaller than their masses. A higher degree
of simplification can be achieved by exploiting Mv > Mwv? and building the so-called potential-
NREFT (or pNREFT), where degrees of freedom of ~ Mv are integrated out. In this way, an
analytical calculation of the spectrum becomes possible.

As in QCD, the choice of the potential is not unique, in view of the absence of a consis-
tent theory at all distances. However, it is restricted by theoretical arguments concerning the
properties of the interaction between quirks at different distances. The shape of the potential is
determined by asymptotic freedom at very short distances and by quirk confinement at very long
quirk separations. In the first case, the potential can be computed accurately in SU (n,) pertur-
bation theory, and in the lowest order it is dominated by single v-gluon exchange between the
static quirks. At distances of roughly 1/A,, «, increases significantly and one-gluon-exchange is
no longer a good approximation. In long distances one calculates the potential in a model which
is assumed to be a good approximation to pure-Yang-Mills theory, usually in quenched lattice
QCD but also in string or flux tube models. A popular suggestion is that at long distances the
potential should behave as a linearly growing function of the quirk separation. Qualitatively
this linear behavior can be seen as arising from the chromoelectric lines of force that bunch
together into a flux tube which leads to a distance independent force or the potential. Thus, in

the case of interest the v-color potential has the following asymptotic limits:

r>> Aiv : Vo(r)=or (4.7)
r< Ai : Vy(r) = —C O‘UT(T) (4.8)

where o is the string tension, a,(r) is the SU(n,) running coupling constant. The color factor
C' is obtained by evaluating the product of SU(n,) generators. Labeling the particles 1 and 2,
this product is —T¢T§ = 2((T1)?) + (T$)?) — (T + T§)?), which leads to

C= (Ol + Cy — 0(12)) , (4.9)

N~

where C7 and C3 are the quadratic Casimirs for the two particles and C(1) that for the bound

state. For the case of a quirk-antiquirk pair, the v-color decomposition
n,n, =16 (1’1‘2, — ]_) (410)

shows that quirkonium can be a v-color singlet or a v-color adjoint. Then

n?—1 Ca 1
_ _ - _ =L — . 4.11
C1=Cp = o, Cra; =CF 5 o, ( )
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Thus the v-color Coulomb force is always attractive in the v-color singlet channel.

One can then use a smooth interpolating function for the transition region, smoothly join

the non-perturbative potential to the perturbative one or simply add the perturbative and

nonperturbative contributions.

In our numerical study, we have considered the following potential-model choices.

(1)

Cornell potential [84]. This is the simplest possibility of a quirk potential satisfying the
asymptotic limits above. The potential is simply given by the sum of (4.7) and (4.8) with
ay (1) = a, = const,

4 o,

V(T):—§T+UT. (412)

Richardson potential [85]. A different possibility which incorporates the two concepts
of asymptotic freedom and linear confinement in a unified manner is the Richardson
potential. In this case the potential is constructed by Fourier transforming a smartly

chosen, ad-hoc expression for the potential in momentum space

4 /11

1
@ i+ /AT (4.13)

V(g?) = —%

The potential grows linearly at long distances and has the short-range behavior to one-loop

order in perturbation theory,

4 1672, (9?)

2 = _ 4.14
Viat) = -5, (114)
where
4 /11
v N — L 2 . 4.1
a(q”) miq/an 47 (4.15)

Upon performing the Fourier transform of (4.13) Richardson showed that the potential

V(r) can be written in the form

Vir)= i—gAv (Avr - %ﬂf)) , (4.16)

where

f(t) = é/Ooo dg2 o) [m( L iz] : (4.17)

™ q 1+¢%) 4q
The potential (4.16) has the nice feature that its behavior is determined by a single
parameter, the scale A,. The value of A, is conveniently chosen to reproduce the large-

distance string tension, i.e. o = 87A2/33.

Wisconsin potential [86]. In order to be able to relate the short-distance behavior of the

potential to the parameter Aﬂ/fs , perturbative corrections up to two loops have to be
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included [82]. As an alternative we have adopted the potential proposed in [86] which
incorporates the asymptotic behavior predicted by the two-loop calculation, with A,zg

not directly tied to the string tension,

Vy(r) = or 41 4w {1+fc _bllnf(r)} (4.18)

37 bof(r) (r)  BEf(r)
where
f(r) zln{(rAv)_2+b} by =11 — gnf (4.19)
38 1 10
b =102 - oy o=z (31 -5+ 2~yE) . (4.20)

Here ny denotes the number of effective flavors; ny = 0 in the hidden sector, and ny =
3,4,51in QCD. The parameter b is introduced to regularize the potential at large distances
r. The potential (4.18) grows linearly at long distances and has a short-range asymptotic

behavior to two-loop in perturbation theory.

One should be aware of what is being neglected in calculations within the naive potential
model. Relativistic and quantum effects such as spin dependence and pair creation, as well as
mixing between among states induced by coupling to decay channels, are ignored in the present
discussion. Also, as is, the potential model has little to say on the important question of how
v-gluonic degrees of freedom may affect the computation of the spectrum.

The size of the relativistic corrections can be estimated by computing the average relative
velocity v of quirks in a specific state [87]. At long distances, the potential behaves approx-
imately linearly, V(r) ~ or. In such a potential the expectation value of the kinetic energy
(T) = (59¥) is just (T) = (V/2) = E/3 with 0 = m3/3.7%. Since (T) = 2(1/2)Mv?, one has
v? =~ 1/3 for quirk pairs with kinetic energy E ~ M /4, where the majority of the states are
produced. Thus a nonrelativistic description for highly excited quirkonium states is quite crude,
whereas it is substantially better for the states produced near threshold.

In writing the X X interaction for colored quirks we must also keep track of the color state
¢ of the quirk pair. The SU(3)¢ color potentials in momentum space take the form,

4 51
Vs(‘J):—g 2q_2’ Vo(‘])—

2
g1 1
— = ——Vi(q), 4.21
6 q2 8 S(q) ( )
governing interactions between colored quirks in color-singlet and color-octet states, respectively.
The force in the singlet channel is attractive while that in the octet channel is repulsive and

smaller in size.

We shall use the two-loop expression for ag,

0:(Q?) = Am _ 2y log [log [Q*/AF;]]
(@9= Bolog [Q?/A ] {1 B3 log [Q2/A?\?[s] ) (4.22)
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with Bo = 11— 2ny, 1 =51 — 2ny and Ay ~ 250 GeV

We distinguish a priori three regimes in 7:

1. For large r the interaction is negligible and the QCD color of colored quirks (which is
irrelevant to their motion) is uncorrelated so, to a good approximation, we can average

over quirk colors.

2. For intermediate r one must keep track of the color state in detail, and propagate the
quirks according to the potential appropriate to their color state. This the regime of

non-perturbative QCD transitions, such as pion emission.

3. For small r the large gap between color singlet and octet might induce a large transition

rate due to gluon radiation, which changes the color state of the quirks.

The boundaries of these regions must be determined by explicit computation.

E(GeV)

00+ Vi) + V(1)

Linear potential

AFE < A, 50 L

r(GeV 1)
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Coulombic potential - 50
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Figure 4.5: Spectrum of the system consisting of two heavy quirks. In the case shown, horizontal lines
correspond to the binding energies of a color-singlet bound state of quirkonium.

The energy spectrum of the system of two heavy quirks therefore looks as shown schemati-
cally in figure 4.5. The low-lying states are Coulombic, with energy splittings of order a2 M >
A, ~ mg/7, while the states near the continuum threshold are dominated by the linear term.
Spin-dependent interactions are suppressed by 1/M, so spin excitations are small and we do not
expect them to play an important role in the process we are considering. The energy splitting
between highly-excited states scale as ~ n~1/3, where n denotes the radial quantum excitation

number. Hence, as n goes to infinity, the highly excited states become closely spaced.

4.3 Decay modes of heavy quirkonia

In this section, we present formulas for the decay widths of color-singlet and color-octet states

of heavy quirkonia.
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If the quirks are colored, the quirkonium states have many possible ways to decay. To a great

extent, the decays of quirkonium fall naturally into three main classes: hard annihilations, SM

radiative decays and radiative decays by the v-color strong interaction (“v-glueball radiative

decays”).

(a)

Hard annihilations: The quirk and antiquirk pair annihilates into v-gluons, which at long
distance become two or more v-glueballs, or into SM gluons and quarks, which fragment
into two or more jets. Note that color-octet quirkonium states cannot annihilate into

v-glueballs alone.

SM radiative decays: The quirk and antiquirk pair undergo a cascade decay with emission
of a perturbative gluon or two soft gluons which materialize into hadrons (mostly pions
and kaons). In the transitions with single-gluon emission a color singlet state is promoted
to a color octet state. Electromagnetic cascade transitions with emission of a photon are
possible for electrically-charged quirks, but these will be typically suppressed with respect

to the hadronic decays.

v-glueball radiative decays: Non-perturbative v-color transitions ¥; — ¥y 4 ©, are an
example of this kind. Here, ¥y, ¥y and O, stand for the initial state quirkonium, final

state quirkonium and emitted v-glueball, respectively.

Some comments are in order. First, we should note that the decays are constrained by

conserved quantum numbers. For instance, it is impossible for a color-singlet quirkonium state

with JP¢ =17~ to decay through a single gluon as the particle is colorless but a gluon carries

color. Decays to two SM gluons are also forbidden by C conservation.

Also, as explained in the introduction to this chapter, the coupling of quirkonium to v-

glueballs is due to non-perturbative v-color effects and is subject to significant uncertainties.

Therefore, in this work we will consider two extreme scenarios: one where there is no suppression

of v-glueball production, and one where nonperturbative v-color interactions are effectively

absent. In the first case, the quirkonium states can decay quickly down to the ground state

by emitting a few v-glueballs if A is sufficiently high, or lot of v-glueballs for low A. In the

second case, the main mechanisms of energy loss are soft-gluon emission or perturbative-gluon

emission, depending on the spacing of the excited quirkonium states.
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4.3.1 Annihilation decays

In this section we present the decay widths of all color-singlet and color-octet quirkonium states
to two-body final states within the hidden valley or the standard model.

The fact that the decay rate factors into a short-distance and a long-distance part was
already explained in the introduction. The first is related to the probability that quirk and
antiquirk pair annihilate when they are near each other. Since the mass M of the quirks is
large the annihilation takes place in a small region of size ~ 1/M and is described by the small
coupling constant of strong or v-color interactions. Therefore, one can use perturbation theory
to compute the corresponding matrix elements. This is analogous to the way annihilation decays
of charmonium are calculated in QCD. In fact, the calculations of the short-distance part in
QCD, QED or Pure-Yang-Mills theory are very similar. The reason is that we are considering
decays with the minimum number of particles in the final states. Besides, the details of strong
or v-strong interactions take place at a much longer time scale, so they should not affect the
total annihilation rates. The only difference between photonic, gluonic or v-gluonic annihilation
amplitudes reduces to a simple multiplicative color or v-color factor and to the difference of the
coupling constants. We will elaborate these factors in detail below.

The evaluation of the long-distance part of the annihilation rate is slightly more subtle. It
was shown in [49] that one needs to distinguish between two different cases: A > M~! and

A < M~' where ) is the de Broglie wavelength of the quirks

2mh
A= Nomoh (4.23)

where K = E — 2u is the kinetic energy, p = M/2 is the invariant mass of the reduced

system. For A < M ™!, one obtains that in a highly excited state the probability to find the
quirks near each other is proportional to the fraction of time that the quirks spends in a small
region of radius M~!. In the opposite limit A > M ~! one obtains the familiar result from
positronium and quarkonium physics that the S-wave annihilation probability is proportional
to the wavefunction at the origin.

It turns out that in the cases considered the majority of the events that produce quirks are

such that A > M ~!. Hence inclusive decay widths of quirkonia take the factorized form

F(ow), (4.24)

1

(XX — v-glueballs) = ‘W
r

R, (0)

and a similar expression for I'(X X — hadrons). In (4.24) F(a,) comes from the short-distance

matrix element.
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One cannot expect to compute R,;(0) from perturbative theory in an expansion in a,. The
reason is that the majority of quirkonium states have a mean radius ry ¢ > 1/A,, a distance
at which nonperturbative effects are important. Thus R,,;(0) will be determined in part by the
long range part of the potential (4.7), as in the determination of the spectrum. Perturbation
theory will only be applicable to quirkonium states whose average radius is smaller than 1/A,,
which is predicted for the ground state of X X for large quirk masses.

The rate also depends crucially on the angular momentum and spin of the quirk-antiquirk
pair. Using the semiclassical formulas for the wave function at the origin (A.46) and (A.47),

one can show that

+1
Ligo [ 1(P (4.25)
o 1\1) -

This suppression implies that annihilation is dominated by small [.

We now present our results for the annihilation rates of S-wave quirkonia. As explained
above most of the results can be obtained from previous similar calculations for quarkonium
decays with appropiate modifications to include color or v-color factors (see for example [42,49,

88]). Let us start with the case of color-singlet annihilations.

A. Color-singlet quirkonium

1. 11.(S) = guvgu, g9, 7y For the color-singlet 11 (S) quirkonium the leading decay mode is

Jvgo With rate:

n?—1__ 4na?

Y Ne ——2[1(0)]? 4.26
LN (o) (4.26)

L(n1(S) = gugu) =

where the gauge coupling is to be evaluated at the renormalization scale M. For the

v-color coupling, we use
6m

M) = S Ay

(4.27)

These v-gluon fields are converted into v-glueballs at long distance, which in turn can

decay back to standard model fields as discussed in the previous chapters.
For quirks carrying QCD color, we also have

N2 -1 4na3

=< 2 4.28
L(m(S) — g9) N [ (0)[%, (4.28)
The QED annihilation processes are
4’
T(1(S) = vy) = nyNeey WW)(O)R (4.29)

where ey is the electric charge of the quirk and N, = 3 is the number of QCD colors .
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We have neglected the contribution from Z boson exchange, which gives a small correction.
There are similar expressions for annihilation through a W in the case where the electric

charge of the quirks differs by one unit.

2. 1(S) = Z* /7", Gugvgvs YGuGv

_ 4nvNchfe§(e?» A o?

L(1(S) =" = ff) = 3 O, (4.30)

For the color-singlet 14 (S) quirkonium the leading decay mode is g,gyg,. The width of

this decay is

a3 (n2 — n2 _ Ar 2
L(¥1(S) = gugugo) = 9—;( . 1)4(71;’ AN 4 %S” (72 —9). (4.31)

v

2 2 2 2
L(¢1(S) = Y9ug0) = 40‘”0:;? Ne (n”n D 4”';@(20 ) (% - 9). (4.32)

B. Color-octet quirkonium

We now present the results for S-wave annihilation decays of color-octet quirkonium. In this
case, annihilations to v-gluons are forbidden in decays with less than four gauge bosons in the

final state.

L. ng(S) = gg.
For the 7g(S) quirkonium, the dominant decay mode is gg with width

N2 —4  4ndd
Ny ——
N M?

L(ns(5) — g99) = (0, (4.33)

2. s(S) — g%, 999, 997, 977

Since the 1g(S) quirkonium has the same quantum numbers of a gluon, it can decay to

SM quarks of either flavor through an off-shell gluon. The width of the decay is given by

- oy 47ra§

D(s(S) > ) = 2 T

W (0. (4.34)

It is important to observe that the decay involving two on-shell SM gluons, 11 (S) — gg,
vanishes as a consequences of Yang’s theorem which forbids a massive J = 1 vector boson
from decaying to two massless J = 1 bosons [92]. The leading decay modes involving SM

gauge bosons are ggg, ggy and gy, and their respective rates read

3 (N2 — AN2 +12)n, 4x[p(0)]?
r(ws(S)aggg):g‘—;( - 64jvj n W';@g)' (7% —9) (4.35)
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20 (N2 — 4)n, 4 0)[2
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asa? ny, 47T|¢(0)|2(7T2
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(72 = 9), (4.36)

T(¥s(S) = gv7) = -9). (4.37)

4.4 Radiative transitions in quirkonium

Another class of transition rates that can be calculated in the nonrelativistic potential model
are the radiative ones. We have seen in the last section that annihilation is dominated at small {.
This means that annihilations can be effectively suppressed if there are other interactions that
can change the orbital angular momentum of the quirks. Therefore the radiative transitions be-
tween quirkonium states which have this property certainly deserve consideration. Interestingly
enough, the soft particles emitted during quirk radiation could, in some regimes, potentially
serve as the discovery channel for hidden valleys [50].

The multipole expansion in electrodynamics has been widely used for studying radiation
processes in which the electromagnetic field is radiated from local sources [42]. If the radius a
of a local source is smaller than the wave length A of the radiated electromagnetic field such
that a/A ~ ak < 1 (k stands for the momentum of the photon), ak can be a good expansion
parameter, i.e., we can expand the electromagnetic field in powers of ak. This is the well-known
multipole expansion in QED. The multipole expansion in QED has also been generalized by
many authors to describe hadronic transitions in quarkonium systems (See for example [89,90]
for a review).

We now discuss gluon radiative decays in quirkonium systems. We begin with the case
r <L Aéé p- For sufficiently excited quirks to use the WKB approximation, the typical radius

a = (r) obtained by using the virial theorem is of order

2K
“ 30’

(4.38)

a

where K is the kinetic energy of the quirk pair and o is the string tension. A similar estimation
for the typical energy splitting at binding energies of order K ~ 0.5M gives AE ~ .25m%/M.
For a gluon emission with gluon energy £ = AFE, ka ~ 1. Therefore, this suggests that one
can apply the idea of multipole expansion in QCD to calculation of the transitions between

quirkonium levels with emission of a gluon?. Aside from color factors, the radiative transitions

2In classical electrodynamics, the coefficient of the (ak)! term in the multipole expansion contains an extra

factor m Hence the multipole expansion actually works better than what is expected by simply estimating

the size of (ak)!.
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in quirkonium are similar to those in quarkonium, so many of the formulas presented below will
look familiar to the readers with an expertise in quarkonium physics.

The leading terms in the interaction of a nonrelativistic quirkonium with the gluon field that
will be important in our further discussion of the realistic processes are the chromoelectric and
the chromomagnetic dipoles, F1 and M1 [90]. The corresponding terms in the Hamiltonian can
be written as

1 1
Lea. pa _ an . B 4.39
Hg = 2§ r-E Han Wi A - B¢, ( )

where £* = t{ — t§ is the difference of the color generators acting on the quirk and antiquirk
(e.g. t9 = A\*/2 with A\® being the Gell-Mann matrices), and r is the vector for relative position
of the quirk and the antiquirk. Finally E and B are the chromoelectric and chromomagnetic
components of the gluon field strength tensor.

From the Hamiltonian (4.39), one can extract selection rules for the radiative transitions.
These rules are completely equivalent to the ones found in electric dipole transitions in electro-
dynamics. The chromoelectric dipole term is odd under space reflection and hence links states
with opposite parities. Moreover, it is independent of spin and that means AS = 0. On the
other hand, the chromomagnetic dipole term is parity even. Therefore, it generates transitions
only between spin-singlet (S = 0) and spin-triplet (S = 1) states of the same parity. Also, unlike
electromagnetic transitions, a single Hg1 or Hysq dipole interaction changes a color singlet X X
state into some color octet X X state.

The general formula for the matrix element between an initial state i and a final state f in

this approximation reads,
M = —i2n§(Ey — E; — w){f|H1l3) (4.40)

where w is the energy of the emitted gluon and I = E,, M;.

It is easy to also write the total rate. The annihilation decays discussed in the last section
depend on the quirkonium wave function at very short X X separations. In contrast, the E; and
M radiative widths involve overlaps of radial wave functions. We consider first electric dipole
transitions. One sums over gluon polarizations, integrates over phase space and finds [91]

dog

T2 f+g) = 2 (2" + 1)Ciy S/’ Rif|?, (4.41)

where the gluon energy is w = (M? — Mf)/(QMl), M; and My are the masses of the initial and

final states. Here the spin factor S;¢ is

J 1.J
87 = max(L,1') (4.42)
' U/ s 1
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and the color factor C;s is shown in table 4.2. The overlap integral R;s is given by

Rig =2 [arr)rs 0 [0 (5) =3 (5)] (1.43

w

where R;(r) (Rs(r)) is the initial (final) state wave function and j,(z), n = 0,1 are spherical
Bessel functions of the first kind. This expression is valid for quirkonium states of any size. A
widely used approximation is the long wave length approximation which consists in taking the

limit w — 0 in (4.43). In this case the overlap integral simplifies as
Rif = / drr® Ri(r) Ry (r)r (4.44)

For the typical E; transitions one expects R;¢ very nearly to the average radius of the initial
state, because wr < 1 and the initial and final states are sufficiently close to produce a good
overlap. On the other hand, E; transitions between S and P states with changes in the number
of nodes by greater than one are suppressed due to poor overlap between initial and final wave

functions. The larger the difference in number of nodes, the greater the suppression.

Transition Ciy
singlet-singlet 0
singlet-octet (N2 —1)/2N,
octet-singlet 1/2N,

octet-octet  2(N2 —1)/N.

Table 4.2: List of coefficients C;; introduced in (4.41).

Magnetic transitions flip the quirk spin. These transitions have Al = 0, As = +1. The
spin-flip radiative transition between an initial state n2T1i;, i, and a final state n'% +1l’/J, 7,

is:

Ao
D(i =5 f +9) = 517520 + DCy S Rig . (4.45)
where the overlap integral is given by
Ri = / drr? R;(r) Ry (r)o (%) . (4.46)
Here the spin factor SZ—I‘J{[ is
2 2
J 1 J I
SN =6(2s+1)(2¢ +1) 22 (4.47)
s 1 s % s s

and the color factor C;¢ is shown in table 4.2. The M; transitions are suppressed by a factor

w/M. Thus, unless forbidden, the E; transitions are expected to dominate.
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For r > AééD, quirks undergo QCD hadronization and therefore we need to consider non-
perturbative QCD interactions between the quirks and the QCD brown muck. The brown muck
will interact only when the quirks come within a distance of order Aéch. It was argued in [49]
that these interactions will transfer an energy of order Aqcp and an angular momuntum of order
Al ~ 1 from the bound state roughly once every crossing time. As a consequence, one light
QCD hadron, typically a neutral pion, will be emitted in a single brown muck interaction. If the
quirks do not annihilate for a number of crossings, a large number of hadrons ~ 102 — 102 will be
emitted with energy ~ GeV each. These new hadrons have been dubbed “hadronic fireballs”,
and may be the source of a promising discovery signal in the case of very low hidden confining
scale [50]. However, in the regime we are considering in this work, these hadronic fireballs are
not expected to contribute a significant fraction of the energy loss, as long as mg = 50 GeV.

Before moving on to the discussion of non-perturbative v-color interactions we should con-
sider some concerns. For example, in order for a large amount of energy to be emitted in
radiation of perturbative gluons we must ensure that the quirks do not annihilate in a highly
excited state. We argue now that this is unlikely.

The probability for annihilation in a single crossing depends strongly on the angular mo-
mentum of the bound system and is dominated by low [. From our partial wave analysis in
section 4.3.1, we know that the annihilation probability scales like ognn o< (3/1)+2. Given that
the angular momentum will grow on average as radiation is emitted, the likelihood of early
annihilation is determined by a competition between the annihilation cross section and the ra-
diation rate. Very naively one can expect that radiation would win since the radiation rate is
proportional to a and the annihilation cross section scales like 2. However to make a clear
determination a more careful estimate is required.

Since annihilation rates are dominated by low [ we only need to consider S-wave states. The
S states n1(nS), ¥1(nS) can make F1 transitions to the P states: n1(nS) — hs((n — 1)P)g,
P1(nS) — xys((n — 1)P)g (the M1 transitions are negligible). Using (4.41) with J =1 =
0,J" =1' =1, we can write the width for 91 (nS) — hs(P)g

16
I= gasuﬁmspﬁ, (4.48)

where Rgp is the overlap integral between S- and P-wave states. For those states produced
near the point where the cross section for quirk pair production peaks, E ~ M/4, one has
w = AFE ~ o /M. The overlap integral is given by (4.43) and is of the order of the quirkonium

radius, Rgp ~ 2FE/30. The probability for emitting a gluon per period is therefore estimated
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as
4 3
Prad =TT ~ 2_7;(156 ~ 2045. (449)

This can be compared with the probability of annihilating at low I’s. For example, in the case of
the 11 (nS) quirkonium annihilation goes dominantly to v-gluons i.e. v-glueballs, with a width

given by (4.26). Using (A.33) the width can be rewritten as

L(n1(9)) = gvge) = 23‘30 (4.50)

where we have set n, = 3. Following [49], the probability for S-wave annihilation per crossing
at high velocities is

Popn = 2TT ~ 4602 ~ 2072 (4.51)
where f is typically of order 1/2.

We see that perturbative gluon emissions will typically dominate over hard annihilations
for highly excited states. As the states approach the Coulombic regime, annihilation rates are
expected to increase. However, the change in angular momentum due to the emission of these
gluons (by Al ~ 10 on average) will significantly reduce the probability to annihilate. Therefore,
we expect that the quirkonium states to radiate most of their kinetic energy before they can

pair annihilate into v-gluons or SM particles.

Calculation of color factors

The summation over colors must be done carefully because of the condition that the initial and
final states can be in either color singlet or color octet states. We define a basis of color states
lij), where i, = 1,2,3 denote the color indices of quirk and antiquirk, respectively. Then the
singlet state is given by

= S (152
while the octet can be written as

8;0) = V2D T lid). (4.53)

where the color matrices are normalized in the usual way tr TT = §op /2. When the initial

state is a singlet, and the final state and octet, the matrix element contains a color factor

5ab
2N,

(8;a|T"|1) = (4.54)

3

where the color operator 7% acts on either the quirk or the antiquirk state only. Squaring the

matrix element, summing over the final color of the emitted gluon and final octet gives

N2 -1
. b 2 c
Zb|<87a’|T |1>| - 2NC .

(4.55)
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The transitions in which the initial state is an octet can be computed analogously, with the
addition that one also needs to average over initial color. This way we obtain the color factors

in table 4.2.

4.5 Non-perturbative v-color interactions

Although the spectrum of heavy quirkonium systems can be adequately explained by nonrela-
tivistic potential models, some of their decays concerning nonperturbative v-color interactions

are difficult to deal with. Non-perturbative v-color transitions

Uy — U5+ O, (4.56)

are an example of this kind. In (4.56), ¥y, Uy and © stand for the initial state quirkonium, final
state quirkonium and emitted v-glueball, respectively. These v-glueball radiative transitions are
important decay modes of heavy quirkonia. For instance, if the v-glueball decays into photons,
one could use the photon signature to search for these states.

In the absence of light fundamentals, the v-color tube connecting heavy quirks cannot break.
Instead, v-glueball formation in a pure Yang-Mills theory occurs heuristically through the cross-
ing of the tube onto itself, a process qualitatively different from fragmentation in QCD (see figure
4.6). In order to make crisp predictions about detection signals coming from quirkonium decay,
we therefore need to understand the process of glueball emission in pure Yang-Mills theory. In

general this is a subtle problem whose solution is unknown, so for this case we limit ourselves

O
N — .

(a) (b) (c)

to some qualitative discussion of the dynamics.

Figure 4.6: A depiction of a v-glueball emission process.

In the semiclassical limit, the momentum which the heavy quirk can exchange with the v-
color flux tube is of the order A, and the corresponding uncertainty in the energy of the heavy
quirk is of the order A2/My. No particle in the v-sector spectrum is light enough to be radiated
in this energy. When the quirks are close to one another the semiclassical limit breaks down
and v-glueball emission is possible.

Non-perturbative interactions of the quirks can convert some of the their kinetic energy into

vibrational energy of the flux tube. If enough energy is pumped into the flux tube so as to
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excite it to a high vibrational mode, self interactions of the flux tube may result in v-glueball
emission (see figure 4.6). It follows that the rate for conversion of quirk kinetic energy into
the v-glueball radiation should be proportional to the rate of energy delivered into flux tube
vibrations.

We may thus consider the emission of v-glueballs as proceeding in two stages. The first
stage is the excitation of vibrational modes of the flux tube by the non-perturbative v-color
interactions, and the second stage is the actual radiation of a v-glueball by a vibrational excited
flux tube. The rates of these processes are determined by the population of high vibrational
levels of quirkonium. The non-perturbative v-color will only take place when the quirks come
within a distance of order A, 1. Following [49], the typical energy transfer from the bound state
can be estimated from

AE ~ FAr ~ A2A;Y ~ A, (4.57)
The probability that the quirks are within a distance A, ' from each other is given by the
fraction of time that the quirks are within a distance A!,

-1
Prob(ry g S A ~ AT/ﬁ (4.58)

where [ is the classical quirk velocity at the origin and we have used the fact that the Compton
wavelength of the heavy quirk is much smaller than A;'. If we assume as in [49] that the
nonperturbative v-color interactions have a geometrical cross section, we can estimate its rate
as

1 o

where T is the classical crossing time. Thus, we expect these interactions occur roughly once
per classical crossing.

One may naively argue that in the case A, > Agcp v-glueball emission is likely to dominate
over radiation of perturbative gluons because of the strong coupling in the v-sector. However,
emission of a v-glueball may be suppressed. First, we know from figure 2.1 that the mass of the
lightest v-glueball is about 3.6 times heavier than the square root of the string tension. Therefore
we can expect that there is some suppression for v-glueball emission, depending on how many
transitions are needed to transfer an energy of order mg to the flux tube. Furthermore, in the
large n,, limit, the v-glueball emission should be suppressed by a factor O(1/n2), giving an order
of magnitude suppression for n, = 3. Combining this with (4.59) and including a phase space

factor, we may obtain an upper bound for the rate for v-glueball emission as

1
< 3 Miﬁ x Phase space (4.60)

v
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Nonetheless, one should keep in mind the possibility that the actual rates for radiation of

v-glueballs may differ substantially from the estimate (4.60).

4.6 Fragmentation Probabilities

While it is possible to work out quirkonium and v-glueball branching fractions for a given medi-
ation model with the help of lattice data for N = 3, it is considerably more difficult to arrive at
the full spectrum of visible standard model particles produced in a single quirkonium annihila-
tion. The final state of visible standard model particles depends on the number and spectra of
glueballs initially produced in the quirkonium decay. In order to make crisp predictions about
indirect detection signals coming from quirkonium decay, we therefore need to understand the
process of fragmentation in pure Yang-Mills theory. Unfortunately, this is a situation where
neither phenomenological examples from QCD nor data from the lattice can be of help. In the
absence of light fundamentals, the color tube connecting hard partons cannot break. Glueball
formation in a pure Yang-Mills theory occurs heuristically through the crossing of the tube onto
itself, a process qualitatively different from fragmentation in QCD.

One simple approach to estimating the relative abundances of different glueball species is a
thermal model. In such a model, the ratio and yield of the multiplicity of glueballs is given by
the partition function Z. In a grand-canonical ensemble of glueballs of species ¢ the partition

function with chemical potential y is given by
Z x Z H(2Ji +1) m?/2 e~ (mimi—pni) /T (4.61)
N i

where m;, J; and n; are the mass, spin and multiplicity of a glueball of species i, respectively.
The temperature T' of the spectrum would be taken to be A,. Unlike QCD, where this temper-
ature is comparable to the masses of the pions, the corresponding temperature is much lower
than the masses of the glueballs in pure Yang-Mills theories, so that if this is true, the excited
v-glueballs are rarely produced. We may guess that, as in QCD, the effective temperature in
hadronization models is comparable to the deconfinement phase transition, which is of order
180 MeV in QCD, about 1/10 the QCD glueball mass, but which is significantly higher, about
1/5 - 1/6 mg [], for a pure Yang-Mills theory. In particular, accounting for the fact that the
spin-two states have a spin-multiplicity of 5, we would have production of the 0TF state at
50-60%, and of the 27 state at around 30%, with 2-4% each for the 0=, 27 and 17~ states.
All other states would be produced at lower rates.

Nevertheless, we should keep in mind that the statistical quasi-thermal model is unlikely to

be accurate. Formation of hadrons in QCD occurs through the local snapping of a flux tube
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by light-quark pair production, a local effect on its world sheet. Formation of v-glueballs in
a Yang-Mills theory occurs through the crossing of a flux tube onto itself, a non-local effect
on the worldsheet that involves color rearrangement. The excitation of the flux tube created
in the X-onium annihilation may therefore influence the production of v-glueballs, and greatly
enhance the rate for the production of heavier v-glueball states, including ones which are un-
stable and decay immediately to multiple stable v-glueballs. In this scenario, the probability
of producing the heavier stable v-glueballs, and perhaps the total number of v-glueballs per
X-onium annihilation, could be much larger than estimated in the quasi-thermal model.
Strictly speaking, these estimates should be thought as a priori estimates for the relative
abundances of v-glueballs in a given quirkonium annihilation. In general, the actual fragmen-
tation probabilities will be further constrained by conservation of quantum numbers and/or
kinematics and may be significantly different from the predictions obtained by naive appli-
cation of the fragmentation thermal model. For example, because of conservation of charge
conjugation the vector ¥; can only annihilate to final states containing an odd number of C-
odd v-glueballs. Also, the pseudoscalar 7; cannot annihilate to final states containing only two

0TF v-glueballs, because of parity and angular momentum conservation.

4.7 Numerical analysis

From the above discussion it is clear that the characteristic collider signatures of quirkonium
are determined both by the final states that the quirks can annihilate into and by the nature
of the energy loss during quirk de-excitation to the ground state. In what follows we calculate
numerically the quirkonium spectrum, and evaluate the branching ratios for radiative transitions
of quirkonium and for pair annihilation into various final states. To give a general survey
of decays is beyond the scope of this work, since a more detailed treatment would have to
incorporate precise values of the non-perturbative matrix elements for v-glueball emission which
at present are unknown. However, a few examples are useful to illustrate the main qualitative

features of quirkonium decay pattern.

4.7.1 Quirkonium spectrum

This section is concerned with the energy of a single quirk-antiquirk pair moving in a central
potential and obeying nonrelativistic quantum mechanics. The main result is the evaluation of
the energy eigenvalues. The Schrodinger equation is numerically integrated using the generalized

Runge-Kutta algorithm described in [75].
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In order to conduct an analysis of the phenomenology, we first need to have some information
about the various scales in the model. The scale, Aqcp, where SU(3)¢ gauge coupling blows
up is around 250 MeV. The remaining parameter space consists of the mass scale M and the
0™+ mass mg. Here we present our results in terms of mg which is more transparent than the
confining scale A,,, since mg is the relevant parameter for LHC studies. To simplify the discussion
in the v-sector, it is convenient to assume that the 07 mass is in the phenomenologically
interesting range 25 GeV < mg < 500 GeV where v-glueballs may decay visibly. Moreover,
since the branching ratios depend on M and mg only through the combination M /myg, our
problem is reduced to a two-dimensional parameter space described by M and & = M /my.

The mass scale M sets the value of the total production rate and defines the energy region
where the majority of the quirks are produced. On the other hand, our focus here is on the main
qualitative features of the quirkonium spectrum and decay pattern, which to a great extent are
controlled by the single parameter . Therefore it is convenient in this first attempt to fix the
quirk mass and choose three representative values of M, 250 GeV, 500 GeV and 1000 GeV.

This scenario implies that three different regimes need to be distinguished: (7): Coulombic
regime, 7y ¢ < A, 1; (i) intermediate linear regime, 7y ¢ > A, ! and 7y g < AC_gé)D ; and (i)
and nonperturbative QCD linear regime, 7y ¢ > A ! and 7y ¢ > AééD (We will not consider
the regime for which 7y ¢ < A;! and ryg > Aéch, because our focus here is on the case
Ay, > Agep where the v-glueballs can decay visibly). As explained above, there is a qualitative
difference between (i) and (4i): for 7y ¢ < Ac_géDv emitted SU(3)¢ gluons will be perturbative
and will change the spin of the state by one unit. In this case, the width of the decay is
proportional to ag, and the transition can occur at any moment during the quirk oscillation.
This implies that the quirkonium states can make a transition down to a lower excited state
with AE > Aqcp. In contrast, for 7y ¢ < Aéch, non-perturbative QCD interactions are only
efficient in damping the quirk oscillation only when the quirk separation is of the order or less
than Aélc p- This results in an energy of order Agcp emitted in the form of light QCD hadrons
about once during every crossing time.

The spectrum of quirkonium binding energies is amenable to an analytical description for
both Coulombic and linear regimes, 7y ¢ < A, and 7y g > A,. Results for these regimes give
good qualitative insight also for the crossover region of intermediate coupling constants a, ~ 1,
where an analytical description becomes more cumbersome.

Now we want to argue that in the case of interest the Coulombic regime is in general
unimportant. We plot numerical results for the quirkonium binding energies F,; as a function

of mg for three different values of the quirk mass, M = 250,500,1000 GeV. For simplicity,
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only the S-wave [ = 0 energies are shown. As shown in the figure 4.7 for very low mg many
excited states tend to gather around the crossover region where Coulombic and linear potential
are approximately of the same strength (F ~ 0). However, in the energy interval of interest
50 GeV < mp < 500 GeV there are only O(1) states in the Coulombic region.
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Figure 4.7: The binding energies of low-lying, S-wave color-singlet states in a quirkonium system as
a function of the v-glueball mass mo for different values of M. For very small mg, the levels gather
around the crossover region between the linear and Coulombic parts of the nonrelativistic potential.
However, as long as mo becomes larger than about 100 GeV only a few states remain in the Coulombic
regime.

This result agrees to a very good approximation with a quasi-analytical result for the number

of bound states in the Coulomb region. To see this, let us recall that the average radius of the

bound states in a Coulomb potential is given by
7o =n2rp (4.62)

where g = (ua) ™! is the Bohr radius,n is principal quantum number; 4 = M/2 is the reduced
mass of the quirk-antiquirk and « is the gauge coupling constant. From the Cornell potential
(4.12) we can estimate the cross-over point as r? ~ «/o. It follows that the number of states
in the Coulombic region is approximately given by

sp M M

4.63
o~ (4.63)

2
NCoulomb ~ 1.85
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where we have used mo = 3.7/0 and o ~ (4/3)(as + @) = 0.8. Therefore, we arrive at the
same conclusion as above that about one or two color-singlet states are in the Coulomb region
in the range of parameter of interest.

Next, we show that regime (i) only accounts for a relatively small fraction of the total cross
section. In order to demonstrate this, we integrate (4.5) over the mass range corresponding to
Txx > A(SED, namely v —2M > 1.5 UAEzéD, where in the last inequality we have used (A.37)
with E = v/5§ — 2M. The numerical results are shown in figure 4.8 as a function of mq for
M = 250,500,1000 GeV. We see that for very low v-glueball masses the majority of the states
will be produced in the non-perturbative QCD regime. This is indeed the regime considered by
the authors of [49]. However, for the interval 100 GeV < mg < 500 GeV, the states produced

in regime (i) only contribute less than about 20% to the total cross section.
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Figure 4.8: The fraction of bound states produced in the non-perturbative QCD regime as a function
of mg for M = 250, 500, 100 GeV.

The results above allow us to restrict attention to regime (éi). In this case, crucial simpli-
fications occur due to the fact that QCD interactions of the quirks are perturbative. This is
because ryyx < AééD and the energy transfer AE associated with QCD processes involving
quirks and SU(3)¢ gluons is greater than Aqep. Indeed, the mass splitting between quirkonium
states for transitions with single gluon emission are such that AE > Aqcp in the parameter
range of interest. This is illustrated in figure 4.9 which shows contour lines of constant AFE in
the M-mg plane. In figure 4.9, AFE is evaluated at the boundary between regime (7) and (i),
i.e. for highly excited states such that 7y = A(i(ljD. We see that for very small mg, AE may
be smaller than Aqcp. However, as long as mg 2 50 GeV the energy splitting between two

consecutive states becomes larger than Aqcp, and QCD interactions, i.e. gluon emission are

perturbative.
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Figure 4.9: The energy splitting for highly excited states such that 7y 5z = A(ié:]:) as a function of M
and mo. The contour lines correspond to AE =1,2,3,4,5 and 6 GeV.

We are interested in the majority of the events, which produce quirks that are not close

to threshold. The maximum of dg\’g‘ occurs when the center-of-mass energy is approximately
15 — 25% greater than the threshold value. At this energy, quirks will be produced with semi-
relativistic energies § &~ 0.3 — 0.5 and maximal separation L;,q; ~ Emax/0, where Epax =
Vs —2M = MpB? is the initial kinetic energy in the quirk system upon production. The
subsequent quirk evolution depends on the number of resonances that lie in the linear regime
up to energies of order Fy .. A simple estimate shows that
N ar ™ (3)2 M ps (4.64)
linear 37 ) o2 “max
In table 4.3, we have collected estimates of Emayx , Lmax, 82 and AE for different values of M
are listed. For comparison, we include estimates for the number of radial excitations of the
quirk string for the states in the Coulomb and linear part of the X X potential.

As we discussed in the last section, this creates an excited quirkonium that decays radiatively
to the ground state and finally annihilates to hard decay products. Whether a significant
fraction of Ey,q; is lost to perturbative gluons, soft QCD hadrons or v-glueballs will depend on
the distribution of quirkonium binding energies, in particular on how many of these levels are
in the confining linear region, how many are in the Coulombic region and how closely spaced

they are.
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M( GeV) | Emax/Mo | "2momn | Mincar | 82 | AE/VG | <7 >max V0
250 0.5¢ 8¢ 1.03¢2 | 5 | 1.20¢°1 1.23¢
500 0.4¢ 8¢ 0.73¢2 | 4 | 1.34¢7! 0.99¢
1000 0.3¢ 8¢ 0.48¢2 | .3 | 1.55¢7! 0.74¢

Table 4.3: Some quantities of interest evaluated around the point where the majority of the quirk pairs
are produced at the LHC as a function of the parameter £ = M/mo and for different quirk masses.

4.7.2 Decay patterns

Quirkonium phenomenology depends sensitively on the parameter £ = M/mg. Notice that

radiative emission of v-glueballs may only be present providing Ep,.x > mp. Also as long as

Li,ax becomes of the order of or greater than 1 GeV, non-perturbative QCD interactions need

to be taken into account. Therefore we can distinguish several very different cases.

1)

0.5 < ¢ < 2.5: In this case, v-glueballs are too heavy to be produced during quirk
relaxation. Instead, the quirk-antiquirk pair will lose energy by emitting a few pertur-
bative gluons, eventually (unless kinematically forbidden) annihilating into at most two
v-glueballs. Besides, only a few quirkonium resonances will be produced so the decay
pattern turns out to be very simple. The simplicity of the spectrum is likely to be spoiled

by mixing effects between the heavy v-glueballs and the quirkonia.

\/WAQCD < ¢ <£40: Here the states are very closely spaced in the spectrum. Upon
production, the size of the highly excited quirkonium states will be larger than ~ Aélc D
so non-perturbative QCD effects will be important. The relaxation process was already
described in [49]. A significant fraction of colored quirk pairs will lose most of their kinetic
energy because of interactions of the nonperturbative QCD and/or v-color interactions,
until the typical radius of the states becomes smaller than about AééD. Meanwhile,
if QCD interactions dominate, an energy of order .5M will be radiated as light QCD
hadrons each with energy of order GeV (a hadronic fireball). If, on the contrary, v-color
interactions dominate around O(10) v-glueballs will be radiated. The hard annihilation

final states will contain several v-glueballs, but also some occasional SM quarks and gluons.

25 < ¢ S M/3.TAqep: In this range, quirk kinetic energy is converted to several
perturbative gluons and possibly a few v-glueballs. The quirk-antiquirk pair annihilates

into v-glueballs, but also into two SM quarks and gluons.

The boundary of these regions is shown in figure 4.10. The shaded region is excluded by

current experimental bounds on the mass of heavy colored particles.
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Figure 4.10: The different regimes described in section 4.7.2: 1) Most states will decay via emission of

a hard perturbative gluon. Typical energies are insufficient to radiate a glueball. 2) Some moderately

hard gluons and a few v-glueballs. 3) Non-perturbative QCD regime. Large number of soft hadrons

and possibly many v-glueballs. The shaded region represents the exclusion region.
We present the decay branching ratios of the S-wave quirkonium in figure 4.11 as a function

of the S-wave quirkonium binding energy for M = 500 GeV and my = 100 GeV. For the gluon-

radiative decay, we show the summed branching fraction over all the radiative decay modes. We
then see that gluon-radiative decays are the dominant decay modes of highly-excited quirkonium

states for M = 500 GeV and mg = 100 GeV.
We expect other regions in parameter space to have a similar behavior. This fact may be
understood from the following argument. For a linear potential V(r) = or, the gluon-radiative
8/3
~ Mo (4.65)
M5/3’

width scales as
L(n1(S) — hs(P)g)
when the quirk and v-glueball masses are changed. The annihilation decay width scales as
L
1—‘(771(‘9) - gvgv) ~ W (466)
(4.67)

M

2/3
m0>

We then see that the ratio
T'(m(S) = ha(P)g) <
L(n1(S) = gvgv)
does not decrease as M increases. This is a direct verification of our expectations that anni-

hilation decays are not significantly important until the quirkonium state has lost most of its
kinetic energy to radiation of gluons. This argument implies the quirkonium states will likely
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Figure 4.11: Simulated gluon-radiative decays vs. hard annihilations for the S-wave state of quirkonium
as a function of the binding energy for M = 500 GeV and mo = 100 GeV. The curves show that gluon-
radiative transitions are the dominant modes of highly-excited quirkonium, except for states produced
sufficiently close to threshold. Small fluctuations are due to inherent uncertainties in the evaluation of
the wave functions for highly excited states with large radial quantum numbers.

decay radiatively to a low lying state before annihilating (see figure 4.12). This is fortunate not
only because the soft radiation may provide an interesting signal, but also because the hard
annihilation will often occur near the invariant mass of the ground state, easing its identification

independently.

3 L

0 1 2 e Lmax
Figure 4.12: A typical cascade of decays in a quirkonium system. Full lines show a particular transition
with multiple gluon emission when non-perturbative color interactions are not efficient. Dashed arrows
are an example of a cascade decay with v-glueball emission, in which the initial quirkonium state relaxes
quickly down to the ground state in a few steps.

Finally, we should discuss the possibility of losing energy by the emission of v-glueballs. In
the case we are considering hidden glueballs may decay inside the detectors and therefore lead
to an observable signal. In fact, one may naively argue that v-glueball emission is likely to
dominate over radiation of perturbative gluons because of the strong coupling in the v-sector.
However, as we pointed out in the last section, the probability for such an emission may be

suppressed, because of a small hierarchy between the glueball mass and A,. Using (4.59), we
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can naively estimate that the rate of energy loss due to v-glueball emission per period as
P =2TT ~ (2/n?). (4.68)

Given the theoretical uncertainties, and the absence of experimental evidence, the latter quantity
is rather rough, but it may well be the only semi-quantitative estimates available for some time.

If the rate of v-glueball emission dominates over the radiation of gluons, the decay pattern
is simple. This situation is illustrated in figure 4.12 by dashed arrows. The quirk and antiquirk
quickly lose their kinetic energy by radiating one or a few v-glueballs, and the orbitals of the
bound state shrink to a point where annihilation is very likely. During the last stages in the
cascade decay, a few hard gluon jets can be emitted, before the hard annihilation takes place.

The lightest states in the spectrum require a special consideration. As an example, the
low-lying spectrum of quirkonia with their transitions for M = 500 GeV and mg = 100 GeV
is shown in figure 4.13. The pseudoscalar and vector states, ng(1S) and g(15), have the
lowest mass within the color octet sector and are stable against decay by FE1 transition. The
only possible decays of these states are the hard annihilations and the M1 transitions to the

lighter 11 (15) and 1 (15) color singlet states. We present the decay branching ratios of the
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Figure 4.13: The low-lying quirkonium states, with selected transitions, for M = 500 GeV and mo =
100 GeV.

S-wave color-singlet 11 (1S) and 1 (1S) quirkonium, and the color-octet ng(15) and g (1S)

in figure 4.14. In these plots we have set n, = 3 and a v-glueball mass mo = 100 GeV. The
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pseudoscalar state, 71(15), only decays into a pair of gauge bosons, as shown in the top left
panel of figure 4.14. The dominant mode for 71 (1S) is g,g,, which is expected to be valid
for mp 2 100 GeV. In this range it gives a visible decay, from v-glueballs decaying inside the
detectors. The second largest mode is gg, followed by 77y. On the other hand, g,9,g, modes is
dominant in the decay of 11 (15), up to quirk masses of order M ~ 500 GeV, followed by the
decay into fermion-antifermion pairs. The branching fraction into ¢, ¢, is small.

We also show the branching fractions of the color-octet states, n1(1S) and t1(1S5), in the
bottom panels of figure 4.14. The dominant mode for ng(15) is gg, followed by the M1 gyg(1S)
decay mode, which accounts for less than 10% of the total width. The color-octet vector state,
¥g(15), decays dominantly into SM quark pairs, via an off-shell gluon. The branching fraction
for the M1 mode 71 (1S5)g is about 15%, and the remaining modes (ggg, ggy and gvyy) are
suppressed by more than 1073,

71(1S) quirkonium
11(15) quirkonium
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Figure 4.14: The branching fractions of the low lying states in the quikonium spectrum as a function
of M for mo = 100 GeV and n, = 3.
4.8 The case of uncolored quirks

In the class of theories we have studied in this thesis the collider phenomenology crucially

depends on whether or not the quirks carry SM color. While up to this point in this chapter we
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have focused on hidden valley models where the quirks are indeed charged under SM color, in
general this need not be the case. One possibility is that the quirks are only charged under SM
SU(2) x U(1)y gauge group, but neutral under SU(3)¢c gauge group. The spectrum of states
in this theory is similar to that of the colored quirks, but with the crucial difference that the
color-octet bound states are absent, and the non-relativistic potential is simply given by the
v-color potential e.g. the Richardson potential, without the SM color term.

In addition to the modifications of the spectrum, the uncolored quirks will be produced at
the LHC via weak interactions by either a Drell-Yan process or gauge boson fusion. As in the
colored quirk case, they will be typically be semi relativistic upon production, with a velocity
B2 of order .5 or so. The radiation emitted during the decay from the highly excited to the
ground state is, however, different from that of the colored quirk case. In the case of uncolored
quirks the signal will consist of many unclustered soft to hard photons. The hard annihilation
products depend on whether the quirkonium bound state are electrically charged. A neutral
quirkonium state will typically decay to two hard v-glueballs, which depending on parameters
may be long-lived. However, the dominant production of uncolored quirks will be an s-channel
W# and thus the produced quirkonium is charged under SM electric charge. Its decay products
will then always contain a charged particle and leave a visible signal in detectors. An interesting
decay channel is W*~. Because the annihilation is expected to be at or near the ground state,
a resonance peak is expected at the invariant mass of W+~. The details of the search for the
hard annihilation of uncolored quirks were discussed in [13] for the case in which A, is close to

AQCD-

4.9 Collider searches

When the quirks finally annihilate, they are essentially at rest in their center of mass frame,
so the annihilation products appear as a narrow resonance with mass ~ 2M. The dominant
decay modes of the 77 are into v-glueballs, which in turn decay to SM gauge boson pairs. The
dominant decay modes of the v-glueballs will be to two jets, which may be a difficult signal
due to large backgrounds. The v-glueball decay to photons has a suppressed branching ratio,
but offers a cleaner signal that may be easier to look for. The hard annihilation products from
v-glueballs will provide the hard primary signal.

In the last section we argued that a significant fraction of the quirks kinetic energy may be
lost by radiating soft QCD jets, v-glueballs or a combination thereof. if nonperturbative v-color

interactions are inefficient, in most events much of it will appear as low-pr hadrons or soft jets.
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This energy could, in principle, significantly alter the appearance of the events and, importantly
for our study, impact the photon isolation cut. If too much of this energy enters the isolation
cone around the photon, then it either will reduce the signal substantially or will force the use
of a looser isolation criterion. The latter will allow in more fake photons, potentially increasing
the backgrounds significantly. The question is then, how serious a problem is this likely to be?
Keeping the issue of photon isolation in mind we leave this question for future work.
Conversely, if nonperturbative v-color interactions are efficient, additional v-glueballs might
be created either at the production stage (through radiation of hard v-gluons), or in radiation off
of quirkonium states (which may be suppressed, since it requires the quirkonium states to make
a large jump from a highly-excited state to a much less highly-excited state), Generally, if there
are more than three v-glueballs, the rare decays to photons will be more common and easier
to observe. However, the events may be more cluttered and the energy of the photons lower,
leading potentially to lower detection efficiencies and larger backgrounds from fake photons.
While high v-glueball multiplicity is unlikely here, simply due to the kinematics, events with

several v-glueballs might be common which may aid to extract a signal from the background.

4.10 Summary

In this chapter, we have discussed various aspects of quirkonium physics. We have shown
that the non-relativistic potential model inspired by heavy quarkonium physics allows one to
obtain an overall picture of the distribution of binding energies in the quirkonium system. This
potential may include both a Coulombic and a linear part for the v-color interactions and also
both a Coulombic and a linear part for the QCD color interactions. We dedicated much effort
to the regime where the majority of quirkonium states are produced, namely the linear regime
of the v-color potential up to energies somewhat below the point where non-perturbative QCD
effects set in.

The basic processes which allow excited quirks to deexcite through the bound state are
gluon emission in which an SU(3)¢ gluon is radiated off between the states with AE > Aqcp
and v-glueball radiative emission with AF > A,,. Gluon-radiative emissions necessarily change

—1
v

the color state of the quirkonium. Assuming 7y > A", v-glueballs may only be radiated
once AE, 1 > mg. Because v-glueballs are non-perturbative, extended objects, their coupling
to quirks is uncertain. Therefore we consider two different scenarios, one in which v-glueball

emissions dominate, and another where v-glueball emissions are effectively absent. In the first

case, excited quirkonium decays quickly by big transitions with AE > A,. Once the remaining
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splittings are too small for v-glueball emission, then the states usually radiate SM-gluons and
relax down to the ground state, where they annihilate. In the second case, ~ 10 — 100 gluons
are expected to be radiated off the quirkonium states, before the quirk can annihilate, giving a
high multiplicity of soft jets.

In both cases, the sensitivity depends strongly on the background and on the theoreti-
cal assumptions of the model. It would be interesting to combine all these efforts to invent
intelligent strategies for determining the nature of hidden valley sector. The drawback of a
model-independent framework is largely compensated by an extremely rich and exotic collider

phenomenology.
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Chapter 5

Hadron collider searches

In this chapter we will address the question of whether the signatures discussed in the previous
chapters are likely to be detectable at the LHC. These questions are subtle because, as discussed
in chapter 4, the dynamics of the production process are not calculable either analytically or
numerically, and cannot be compared with any known physical process. A full analysis of the
signal to background ratios is beyond the scope of the present study and will be considered in
a future work. Our aim here is to point out generic signals which may not yet have been fully
explored at the Tevatron or in studies for the LHC.

To discover a promptly decaying v-glueball, given the branching fractions computed in
chapters 2 and 3, one should clearly make use of its decay to two photons, from which a
resonance can be reconstructed. This motivates us to consider signals and backgrounds with 2
photons plus jets.

Late decaying v-glueballs are more complicated, since displaced jet pairs have no physics
background but suffer from various detector and triggering issues, and detection of displaced
photon pairs are subtle and very dependent upon details of the detector. There is little that a
theorist can do to study these backgrounds, so for this case we limit ourselves to some discussion

of the signal rates and of the most likely strategies for discovery.

5.1 V-glueball Production

Let us summarize the phenomenological possibilities and reemphasize the main points. Direct
resonant production of a single v-glueball, for example through gg — ©, is extremely small,
suffering an (mgo/M)® suppression. Instead, production of v-glueballs occurs as a byproduct of

the production of quirks, X and X, as follows (see figure 5.1).

e An X X pair is produced in a gg or ¢g collision, possibly along with a hard v-gluon or SM

gauge boson.

e The X X pair is bound by v-color interactions into a bound state of quirkonium.
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e The quirkonium state decays gradually down toward its ground state, eventually annihi-

lating.

e The annihilation is into SM gauge bosons, fermion pairs, or into v-gluons; at long-distance

the latter become two or more v-glueballs.

Much of this process is difficult to model. An attempt to address the dynamics of the quirkonium

state was made in chapter 4.

X X production

N

X X relaxation

V-glueballs //

SM gluons g OCD pions D annihilation\ggfy

N =
o TN S
99 V-glueballs

Figure 5.1: Depiction of quirkonium production and decay.

An estimate of the total rate can be obtained, conservatively, by treating the quirks as unaf-
fected by the dynamics of the v-sector. The quirkonium resonances introduce large fluctuations
of the cross-section as a function of v/3, and these ought to be convolved with the parton distri-
bution functions. However, as long as the resonances are closely spaced well above threshold,
averaging over them is a reasonable approximation for an estimate of an overall rate.

Given the high level of uncertainty in the fraction of excitation energy that is lost to v-
glueballs, a full computation of the relaxation process is subtle and beyond the scope of the
present work. A more sensible approach would be to consider two phenomenologically different
cases: case (1) in which v-glueball emission is highly suppressed and all of the energy is emitted
in SM gluons (AE, ,—1 > 1 GeV), or pions (AE, ,—1 < 1 GeV), and case (ii) in which most
of the energy is lost to v-glueballs until AE,, ; < mg and the rest is lost to relatively hard SM

gluons.

5.2 Tevatron results and existing experimental bounds

At the Tevatron, color-singlet quirks could be pair produced through an off-shell photon, Z, or

W. If the quirks are colored, their pair production through an off-shell gluon is also possible.
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To a great extent, the production rate is only dependent on the gauge couplings of the quirks
and so is fixed by their standard model quantum numbers. In the case of colored quirks, the
annihilation of neutral quirkonium is most often into v-gluons, which at long-distance become
two or more v-glueballs. As explained in section 3, the v-glueballs can then decay via a loop of
quirks, producing photons, gluons, bottom quarks, and so forth. As will be seen in section 5, v-
glueball decays typically result in an observable signal, providing A, 2 1 GeV. For color-singlet
quirks that are produced via an off-shell photon or Z, the primary annihilation channel is also
to v-glueballs, which can decay back to SM particles. However, the dominant cross-section for
production of color-singlet quirks is through an off-shell W boson [13]. The resulting X +X°
bound state is electrically charged and cannot annihilate into v-glueballs alone!. Instead, it
may annihilate to leptons or quarks via an off-shell W, to W~ or WZ, or to Wg,g,, that is W
plus some v-glueballs. Other contributions to the final states arise from the v-glueballs radiated
during the quirkonium relaxation [6,13,49]. These might help increase the discovery reach and
deserve further investigation which we leave for future work.

The W~ process might allow quirkonium to be discovered directly. Events with a photon,
lepton and missing energy ( [ + v+ Fr) would reveal a quirkonium resonance in the transverse
mass distribution above the W~ background. On the other hand, when the v-glueballs decay,
they may produce spectacular collider signals, such as pp — XX — yyyy,yy7t7~. The 4y
channel, in particular, is very clean, since it is essentially background free, and would reveal the
v-glueballs, if the rate is large enough to be detected.

There have not been specific searches for quirks as yet. Present limits are in general very
mild because the cross-section for production of quirks at the Tevatron becomes very small once
the quirk masses are larger than ~ 250 GeV and because not all the collected data has been
analyzed yet. Below we present bounds on the masses of the quirks from CDF searches for new
physics in [ 4+ v 4+ Ep events and in searches for anomalous production of two photons and at
least one more energetic, isolated and well-identified object (7 lepton or «y). This analysis by no
means is exhaustive, but is meant to illustrate potential discovery signals and the bounds that
can arise.

Our estimates below are based on the following assumptions. First, we determine the rate for
production of quirks through perturbative computations; the cross-section oy g is estimated as
a function of the mass Mx and for n, = 2, both for the cases of colored and uncolored particles.

Second, motivated by a thermal model of fragmentation [40], we have estimated the relative

LOne can show that the splitting between Xt and X© is so small that X7 is stable against decay to X° on
the time scales of interest; for example, see [13].
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probability of producing any v-glueball in quirkonium annihilations assuming production of
the 07+ at 50 — 60%, and that of the 2+, 0+ and 2~ totaling 40 — 50% in all. Finally,
for the purpose of obtaining an approximate bound we assume a 100% efficiency for detecting
v-glueballs. The last two assumptions are unlikely to be accurate, as we will discuss more

thoroughly in our LHC study, but they are intended to give a rough estimate for the bounds.

(i) I+~ + E7: The CDF collaboration has searched for the anomalous production of events
containing a high-transverse momentum charged lepton and photon, accompanied by missing
transverse energy [52]. Using 929pb~! of CDF Run II data, these searches exclude X masses
below 200 GeV for color-singlet X particles and 250 GeV for colored quirks, under the assump-
tion that the quirkonium has lost most of its energy by radiation of photons and/or v-glueballs

and the annihilation takes place at or near the ground state.

(i) 2y++v and 2y+7: The CDF collaboration has also searched for the inclusive production of
diphoton events [53]. Using 1155 pb~! of integrated luminosity, the diphoton plus third photon
search places lower limits on the X mass below 200 GeV for color-singlet quirks and y ~ 0.
The corresponding limit on the X mass for colored quirks turns out to be less severe, roughly
below 150 GeV, because, in this case, the branching fraction to photons is < 0.35%. If quirks
couple to the SM Higgs boson additional constraints arise because of the 0T branching ratio
to tau leptons ~ 10%. Using 2014 pb~!, the diphoton plus tau search places lower limits on the

X mass for y ~ 1 below 250 GeV for color-singlet quirks and 175 GeV for colored particles.

Some comments are in order. The mass bounds from potential v-glueball signals are neces-
sarily model dependent. Unfortunately, unlike our computations of the branching ratios, there
is no way to make a reliable estimate of the probability for producing any given v-glueball
state in quirkonium annihilation, since phenomenological input from QCD is not relevant to the
pure-glue case. V-glueballs could be created during the relaxation of quirkonia, and during their
annihilation, so events with more than two v-glueballs might be common. Generally, with more
than two v-glueballs produced in each quirkonium annihilation, events with multiple photons
would be common and easier to observe. However, the events may be more cluttered and the
energy of the photons lower, leading potentially to lower detection efficiencies. Since we cannot
model this reliably, in the simple analysis of this paper, we will rely on the model independent
bounds from the production of quirkonium through s-channel W outlined above.

Moreover, the bounds from the W+ photon final state assume that the quirkonium state
decays to its ground state before annihilating. However, it has been argued in [49] that the

annihilation may often occur at higher energy, before the ground state is reached. With many
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quirkonium states annihilating at different energies, the signal in the transverse mass distri-
bution will be diluted. Besides, annihilation to two fermions via an off-shell W or to W+
v-glueballs becomes increasingly significant at higher energies. While the branching ratios to
W~/Z, ff and W+v-glueballs can be estimated, the wide range of quirkonium states and
the uncertain annihilation probability as a function of the energy make any precise evaluation
almost impossible. Therefore, the Tevatron limits are in fact weaker than suggested above.

In passing, we note that the bounds on a fourth generation of particles from Higgs searches
at the Tevatron do not apply to heavy fermions that get only part of their mass from elec-
troweak symmetry breaking, such as the quirks in our work. For an additional pair of fermions
that get most of their mass from electroweak symmetry breaking, the Higgs production cross-
section 044 is known to increase by a factor of roughly 9, making a dramatic effect on Higgs
physics [55]. This allowed CDF and DO to rule out fourth generation quarks for a Higgs mass
in the window 145 GeV < mpy < 185 GeV. However, for heavy particles that get only part
of their mass by electroweak symmetry breaking, their contribution to the cross-section o4¢—fr
decreases and the bounds are generally much weaker or absent.

Before moving on to the discussion of electroweak precision constraints we should briefly com-
ment on the possibility of producing v-glueballs in Higgs decays. Up to now we have considered
the production of v-glueballs as a by-product of quirkonium annihilation and relaxation. How-
ever, there is another possibility for this production to occur. For sufficiently small v-glueball
masses, the interaction (3.2) can also mediate processes such as h — 0,0, and h — 0,0,0,.
Assuming only minor phase space suppression, the branching ratio to v-glueballs for a SM Higgs
below 140 GeV and n, = 2—4 is of order (a,y?vimy, /3mM?*m;)? ~ 1073 —1072. This implies a
cross-section for producing v-glueballs at the Tevatron of order a few fb. Even though the cross-
section is small, when combined with quirkonium annihilations, the production of v-glueballs in
Higgs decays may be useful in the low mass range mg ~ 1 — 70 GeV. The produced v-glueballs
can then decay to a wide variety of final states, including b quarks, 7 leptons, and multiple
photons, among others; for small v-glueball masses, a significant fraction of these decays may
occur with displaced vertices. At the Tevatron, there may be potential to observe a few events in
the bbrt 7~ or bbbb channels, although with limited statistics. In the case of displaced vertices,
the DO collaboration has searched for pair production of neutral long-lived particles decaying
to a bb pair, and found no significant excess above the background [56]. This search could only
exclude branching fractions of order 1, so that in our case it does not imply any bounds. At
the LHC, the background problem is more severe, but with a larger cross-section and a larger

integrated luminosity than at the Tevatron, the observation of a few v-glueball events may
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also be possible. Depending on kinematics, the case of photons that originate away from the
primary interaction point may also play an interesting role. A search for displaced photons has
been done at DO [57], and may be possible at ATLAS, due to the longitudinal structure of the
electromagnetic calorimeter (ECAL). Besides, CDF and CMS allow the identification of delayed
photons from long-lived particles using ECAL timing information (see [54] for results obtained
using the CDF detector). The question then is whether at a branching ratio ~ 1073 — 102 the
LHC will have some sensitivity. Keeping these non-standard Higgs decays in mind we leave the

analysis of the discovery reach for future work.

5.3 LHC searches for prompt v-glueballs

5.3.1 Colored quirks

A priori, the most spectacular signal is from high pp photons from the v-glueball decays, which
typically have pr of order 100 GeV or more. The search strategy would be to detect at least
two photons and reconstruct their invariant mass.

Given the high pr of the photons and the simplicity of the measurement, detection could
be possible, but challenging. The effects of parton showering, hadronization, initial and final
state radiation, and the underlying event impact this measurement in reducing the efficiency
for photon detection through the failure of a photon isolation criterion. We should impose a
rather simple photon isolation cut, demanding any photon be isolated from any gluon from the
second v-glueball decay, to account for the largest effect. Some small efficiency loss should be
expected mainly due to ISR and FSR jets, to the underlying event, and to particles emitted in
quirkonium relaxation, such as discussed in [13,49,50].

To study the signal, we have to choose a fragmentation model; in the last chapter we
described a simple way to compute the fragmentation probabilities in the case they are described
by a thermal model. Then we allow the v-glueballs to decay according to the branching fractions
given in chapters 2 and 3. An important point to note is that only the color singlet states, 11
and 11, are expected to annihilate significantly into v-glueballs, and only a fraction of the decays
will produce the 0¥1 and 2% states. The color octet states, ng and g, will decay mostly to
gg or g*, but the backgrounds will be larger in this case. Therefore, even if a small fraction of
events leads to final states with the 0¥+ and 2% states, the diphoton decay mode might still
be the cleanest signature.

Since the signal photons are very high-pr, we believe (based on conversations with LHC

experimental experts, and on the fact that fake and real photons play a comparable role in the
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lower-prp light-Higgs search) that the contribution to the background from fake photons is prob-
ably comparable to or smaller than the real-photon background. The real-photon background
arise from production of two photons plus two quarks or gluons. In the case that M/myg is very
large, the two gluons from a v-glueball decay will merge into a single very-high-pr jet, so we
also should consider backgrounds from two photons plus one higher-pr quark or gluon.

Since we will be relying on very crude estimates, in a first attempt signal and background
can be both computed at leading order. Next-to-leading-order corrections are likely to increase
both signal and background by a comparable amount. Since we do not count the number of
jets or impose a jet veto, initial and final state radiation should not significantly change the
acceptance or efficiency. The extra radiation and the underlying event will slightly reduce our
photon isolation efficiency.

The abundance of radiative decays also leads to new signatures, which might not not be the
discovery modes, but which will nevertheless be of great interest, and should be studied further
if any excess of multi-photon events or two photon plus Z events are observed at the LHC.
First, there is the possibility of three-photon resonances in the decays such as 1t~ — 0T+
followed by 07T — ~vv. Of course the branching fraction of this process may be low, but the
signal has very low background, so a few events may suffice. Other +— and —— states may
also have radiative decays, giving three-photon resonances. These states may also decay to vgg,
which may provide a third photon in events where some other v-glueball decays to vv; again
this may help separate the signal from backgrounds. Second, there is the possibility of double-
radiative decays such as 37+ — 17"+ followed by 1=+ — ~0TT. Even if the 0% state decays
to jets, one expects an edge in the two photon invariant mass, and rare three- and four-photon
events will show additional kinematic structure. Radiative decays of v-glueballs to Z bosons
may not always be kinematically allowed, and even when present, the small branching fraction
to dileptons makes leptonic Z’s relatively rare compared to photons. Nevertheless, they should
clearly be included in this search, since £T¢~ v events with jets are rare, and since kinematic
features in this channel would not only help identify the signal but would constrain the effective

action generating the radiative decay.

5.3.2 Uncolored quirks

Uncolored quirks are produced with much lower rates, and colored quirks will dominate over
uncolored ones unless the mass of the colored quirks is of order 3 times larger than that of

the uncolored ones. In this case, decays to gluons are no longer dominant, as we showed in
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the section 3.4.3. The lower rates for quirkonium production are somewhat compensated by
the higher rate for two and even four photons. Also, the v-glueball lifetimes are longer. Since
mo < M, the regime for mg in which all v-glueballs decay promptly is much reduced.

Annihilation to W plus one or more v-glueballs will consume a substantial fraction of the
quirkonium states. This in turn can lead to final states with two photons plus jets, or to events
with two photons, a lepton, missing transverse momentum, and possibly jets. Although it is
plausible that this channel will be sufficient for a discovery, the probability of four-photon events
is not negligible. For heavier v-glueballs (mo > 160 GeV) these make up of order 4 percent
or more of v-glueball-pair final states, while for light v-glueballs (mo < 160 GeV) they will
make up as many as 60 percent, enough that a simple counting of 3- and 4-photon events may
reveal a signal without kinematic constraints. (However in this case the photons may also be
highly displaced, undermining kinematic reconstruction; we will comment on this in more detail
below.) If the decays are prompt, a four-photon signal from a two-glueball final state would be
fully reconstructable with high resolution, and the spectrum of quirkonium would be identified
much more clearly and precisely than in the W+ final states from charged quirkonium.

More precisely, the ratio of charged quirkonium prodution to neutral quirkonium production
is about 4. Even if the branching fraction of charged quirkonium annihilation to W+ is 1/3 (the
other 2/3 going to WZ), the branching fraction of the W to an electron or muon is 2/9, and
measurement of a structure in transverse mass requires more than a few events. Meanwhile, the
probability of neutral pseudoscalar quirkonium production to produce v-glueballs is about 70%.
Thus the four-photon signal, with a tiny background and a spectacular signature, is likely to be
at least 15 percent as large as the W+ signal, and possibly larger. Geometrical acceptance will
reduce the four photon signal, but its special nature still probably makes it the best target for
a search — assuming the v-glueballs are long-lived enough to decay within the detector. If the
v-glueballs decay invisibly, the W+ signal reemerges as the ideal approach. And if the decays

are displaced, other issues arise, to which we now turn.

5.4 Signal and Background for Displaced Decays

Despite a long history of theoreticians predicting the possibility of new long-lived particles at
the Tevatron or LHC, displaced vertices from new particles are often treated as unlikely exotica
to be searched for when all else has failed. Few Tevatron studies of displaced particle decays
have been performed until very recently, and few LHC studies were performed until this past

year. No Tevatron triggers are optimized for signatures of displaced vertices, and until recently
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there was no discussion of adding trigger pathways at the LHC. Specialized tracking algorithms
could only be applied at the Tevatron through full reconstruction of very large event samples.
Recently this has changed [94-96].

Of course if mg is small, there are a variety of states to consider, with a wide variety of
lifetimes. Only one of these need be both long-lived and regularly produced to provide a strong
signature for new physics.

New long-lived particles, though they have no standard model backgrounds, pose special
challenges at the Tevatron and the LHC. The ATLAS and CMS detectors were not designed to
detect displaced vertices beyond the beampipe; indeed, they are designed with so much material
that they create displaced vertices from secondary pion-detector interactions at a distressingly
large rate. Even CDF and DO, with less material, have very substantial detector backgrounds
from secondary vertices.

The LHCb detector may have an interesting role to play if there are new particles with
displaced vertices in the 1 to 100 cm range [7]. It has a material-free region extending out
to tens of centimeters, somewhat compensating for the small angular acceptance of the de-
tector. However, it can only handle an instantaneous luminosity of 3 x 1032cm~2s!, a tenth
of the moderate-luminosity running expected in the early years of the LHC. Even the colored
quirkonium production process is typically too small, unless M < 1 TeV, to contribute many
v-glueballs into the LHCDb detector.

In models with a single new metastable resonance (such as the next-to-lightest supersym-
metric particle in gauge-mediated models) it is somewhat fine-tuned for this single long-lived
state to have a lifetime between picoseconds and microseconds, so that it has a reasonable
chance of decaying with a displaced vertex inside the detector. However, in many hidden valley
models, there are multiple metastable states, making this possibility much less fine-tuned. In
our current case, there are numerous v-glueball states with quite different lifetimes, and at least
one is long-lived in a wide range of the parameter space. The v-glueballs decay to a wide variety

of final states, all of which might appear at displaced vertices. These include
e jet pairs (from gg, or from ZZ with one Z decaying to neutrinos)
e jet quartets (from WW or Z7),
e photon pairs,

e lepton pairs (utp~,ete™, ue®) (from ZZ with one Z decaying to neutrinos, or from

WW leptonic decays),
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e jets and photons (from radiative decays such as ygg or Zvy7)
e leptons and photons (from YWW, vZZ, Z~v)

e jets and leptons (from Zgg, WW, ZZ)

Here we view taus as either jets or leptons, since their displacement is far more striking than
their identity.

All of these signatures are easy in principle — there are no standard model backgrounds —
but all are challenging in practise, with the possible exception of displaced muon pairs. For this
reason, along with the various possible arrangements of branching fractions, it is by no means
obvious which of the various final states is best for an analysis. Moreover the optimal choices
are likely to vary from detector to detector. We limit ourselves, therefore, to comments that
may be useful to an experimentalist considering this type of signature.

If only colorless quirks are light and mg < 2myy, then, as we saw in chapter 2 and chapter
3, decays to vy will dominate. Four-photon events are sufficiently striking that discovery with
few events may not require observation of displacement; whether and how to measure the long
lifetime is a subtle issue we will discuss further below. For mg > 2myw,2mz the WW and ZZ
signals come into play. There are several possible strategies. The first would be to select events
with two photons and look for displaced jets from WW or ZZ; nearly half of the quirkonium
annihilations would be of this type. But displaced jet pairs have large backgrounds, depending
on the precise kinematics, from secondary interactions (hard hadrons striking the beampipe,
detector material, or even air molecules), which will be all too common at the LHC detectors.
A second approach would be to select events with two hard (possibly non-isolated) leptons and
see if they reconstruct a displaced Z boson, possibly with additional tracks (from the second Z
emerging from the same vertex.) The rate for this process could be of order 2.5% per glueball,
or 5% per quirkonium annihilation. This signal is technically easier, much cleaner, and has
much lower background, so it might be an earlier priority and perhaps is better overall than the
displaced-jet signature. One could also drop the mass constraint and look merely for two leptons
from WW , with a large opening angle and invariant mass larger than the Z, that reconstruct
a vertex.

If the colored quirks are sufficiently light compared to their colorless partners, jet pairs
will dominate. The first non-pure-jet signals by branching fraction are di-photon and lepton-
plus-jets (from WW). For di-photon signals, the displacement hurts twice; it is hard to detect
the displacement, unless it is quite substantial, and it will also degrade the di-photon mass

resolution since the reconstructed photon three-momenta will be incorrect. Meanwhile it is far



114

from obvious that a vertex with two jets and a lepton is much easier to reconstruct than a vertex
with two jets alone. The first ultra-clean signature is again eTe™ or pTu~ (plus two neutrinos)
from WW or ZZ. Unfortunately the branching fraction is now quite small, approximately 0.06
percent of all v-glueball decays, and thus perhaps 0.12 percent of all quirkonium annihilations.
Moreover, this signal is only present for those v-glueballs with mass well above 2m . Thus one
may try to find displaced Z bosons, but one must also be prepared to observe displaced jets or
photons.

An event with two pairs of displaced jets may not even pass jet triggers in some cases.
New trigger strategies for events in which one of the v-glueballs decays in the calorimeters or
muon system are under development [94,95] but their effectiveness and practicality are not yet
demonstrated. Moreover, this strategy is only useful if one of the v-glueballs serves as a trigger,
in which case it is unlikely to be reconstructable, and at least one other v-glueball has decayed
sufficiently early in the tracker that its tracks can be reconstructed convincingly. Even then,
there will be backgrounds from secondary interactions.

Fortunately, the reasonable rate for photon pairs will ensure some fraction of quirkonium
events are captured. An interesting strategy, therefore, will be to take two-photon-plus-jets
events and search for a displaced vertex involving pairs of jets. (One should also remember
that the jets might merge, if M/myg is large enough, so vertices involving single high-pr jets
must also be considered.) An intermediate step would be to detect the presence of a high-pr jet
with no normal tracks, for which outside-in tracking and calorimetry information might detect
charged tracks entering at unusual angles.

Eventually, one would hope to maximize the ability to detect displaced jets, especially
ones with high pr. For instance, if m ~ 1.5 TeV and mg ~ 300 GeV, then the number of
quirkonium events may be quite small. In this case the diphoton events will be very few.
The jets, meanwhile, will have py above 500 GeV. Thus one might also consider looking at
the tracking in events with three or four jets at high pr. Such high-pr jets in QCD events
will unfortunately have a high hadron multiplicity and a corresponding high probability of
high-energy secondary interactions [96]. However, the signal will have special characteristics
unlike most QCD events: no hard primary tracks near the secondary vertex; two or more such
secondary vertices; a possible large opening angle at the vertex. One would hope that such a
signal could be extracted from the background of secondary interactions, but this requires a

detailed study, and probably some actual LHC data, as opposed to mere simulation.
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Chapter 6

Conclusion and open problems

We discussed the importance and relevance of hidden valley models in the realm of Beyond
the Standard Model physics. To ensure that such physics does not go undiscovered requires
precise understanding of how new physics will reveal itself in the current and future generation
of particle-physics experiments. This thesis discussed various aspects of collider phenomenology
in the quirk and hidden valley scenario, and its implications for undergoing experiments at the
LHC.

We considered a hidden valley that at low energy is a pure-Yang-Mills theory, a theory that
has numerous metastable v-glueballs built from the hidden valley gluons. A v-glueball can decay
into a set of SM particles through a loop of heavy charged or colored particles. We constructed
the D = 8 effective action coupling the two sectors. We considered the phenomenology of this
scenario, and found formulas for the lifetimes and branching ratios of the most important of
these states. The dominant decays are to two standard model gauge bosons, or by radiative
decays with photon emission, leading to jet- and photon-rich signals.

With the similar objective of studying phenomenologically rich models, we considered models
in which glueballs may be able to decay inside inside the detectors even for low confinement
scale. Our scenario is motivated by Higgs portal hidden valleys models , in which the hidden
glueballs interact with the SM sector through Higgs interactions. One of the most remarkable
features of this scenario is the large spread in v-glueball lifetimes, even for a fixed choice of
the parameters. The formalism of Peskin and Takeuchi was employed to show that operators
considered in this work are not heavily constrained by precision electroweak physics, therefore
leaving plenty of room in the parameter space to be explored by the future experiments at the
LHC. We further investigated its phenomenology and possible discovery signatures.

In order to determine whether the aforementioned signatures are likely to be detectable
at the LHC, it remains to investigate the dynamics of the production process. We studied
several aspects of v-glueball production and discussed in some detail the dynamics of colored
quirkonia. It would be interesting to extend these results by determining whether the energy

lost during quirk relaxation may contribute with another discovery channel for glueballs and
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quirks in other regions of parameter space. It remains an open problem to determine the non-
perturbative couplings of glueballs to quirks and whether the amplitudes for glueball emission
are further suppressed.

We also commented on the issue of hadron collider searches and discussed briefly the most
likely strategies for discovery. For promptly decaying v-glueballs, the di-photon resonance from
C-even glueball decays is likely to be the discovery channel for these glueballs at the LHC. The
case of late decaying v-glueballs deserves further investigation.

Our models predict that a significant amount of energy is lost during quirkonium decay
to v-glueballs and/or perturbative gluons. The latter will affect photon isolation, potentially
increasing the backgrounds and lowering the sensitivity. It would be interesting to determine
the effect on photon isolation of the quirkonium relaxation in order to get concrete predictions
for the background. To accomplish this task, it is near certainty that new MonteCarlo tools
will have to be designed or modified from existing ones to deal with backgrounds from multijets
signal events.

We have seen that the pure-glue hidden valley scenario gives rise to spectacular phenomeno-
logy at hadron colliders. These phenomena are sufficiently exotic that they could be missed
unless a reasonable strategy is designed to search for them. Given the simple nature of these
models, it is worthwhile to put some effort in this direction. We plan to continue our investi-
gations by doing an analysis of signal to background ratios. The next step will be to produce
event generators for this exotic physics that can be used to develop concrete search strategies.
It is important in this data driven era, however, to continue to take a pragmatic and impartial
approach and investigate both minimal and non-minimal theories. It remains for the LHC to
confirm whether there is a role for any of these particular theories in what physics lies beyond

the SM.
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Appendix A

A.1 Three-body decays

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 L,,qg operators contribute (table 2.2). This

corresponds to the amplitude

Cp{g®, ¢’ tr GG 0) (1* | P|177) +

+CL{g" 9" tr GGl 01| L #177)]

where the s-wave approximation implies the following form of the matrix elements;

e pey €€
QPR = My M-y

_ o ML _
<1+ =Q| Luvaﬁll ,p> = %73:& (Euupoppe U(paEJFB _p66+a)+
-

+ €appop’€ " (P — pue’,) — traces) + ...,

The above amplitude gives a decay rate

2.2 1

asav
T Sitgg = Wg(Nc? - 1)X§m§f (40%(M1f——1+—)2 fr(a)+

FORME ) fr(@) .o (A)

where we define the dimensionless functions f1(a) and fp(a) of a =m?, /m3_ as

1
fr(a) = — F190 (171a™ — 1295a° + 4410a° — 9450a™* + 11025a°—
a

1
—4221a* — 630a — 10) — % a(5a — 9)log(a),
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fr(a) = (a® + 36a° 4 1305a* — 1305a* — 36a — 1) +

~ 120a
1
+ 50 (9a” + 28a + 9) log(a).

For the values of v-glueball masses from the spectrum in figure 2.1, a ~ 0.6, f,(0.6) ~ 3 x 1075
and fp(0.6) ~ 7 x 1075,

The ratio of the decay rate (A.1) to the radiative two-body decay (3.18) is

al X <4O%(M%1+)2+ %O%(M%ﬁV)

l—‘1*—>1+<7<7 -6
— == =6x107"—— ==
- o+y oy X? (M?——o++)2

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 at least of

order 0.1, so the coefficient in front of the ratio of the form-factors will be around 10~2 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.

A.2 Computation of Egc)f

Definitions

In the following the momenta of the initial gluons (p1,p2) and final Higgs bosons (k1, k2) are

all chosen to be incoming. We make use of the following invariants

s=(p1+p2)? t=(p1+k)?® u=(p1+ks)? (A.2)

obeying the condition
s+tdu=Fk:4+k2 (A.3)

where we have assumed that the gluons are massless, p? = p3 = 0.

Pasarino-Veltman functions Cy and D,

The computation of the Feynman graphs is performed using the Passarino-Veltman decompo-
sition of the one-loop tensor integrals [68]. For our results below we will make use of the 3 and

4 point scalar functions Cy and Dy. The explicit expressions are rather lengthy and have to be
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handled numerically. However, one can derive an integral representation

1 T
Co(Tl,Tg,S,Ml,Mg,M3):/ / [—T2$2—T1y2+(—8+7°1 +r2):vy+
0 Jo

+(Ms — My +19)x + (My — My + 5 —19)y — Ms] " dydz  (A.4)

1 x Yy
DO(TlaT2;T37T4757t5M1;M27M3;M4) = / / / [_T3I2 - 7"2242 - T122+
o Jo Jo

+(—t+rm+ryey+(s+t—ro—ry)xz+ (—s+r1 +ro)yz + (Mg — M3 + r3)z+

+ (M3 — My 4+t —r3)y + (My — My + 14 —t)z — My] % dzdydz  (A.5)

Fermion loop

/// / ///
_ , _
7/
\>/
/\
\
- \
S~ \ W\\\\
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_ ) _
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\/
>
/\
\
~ N\
T v ponoo0ER

Figure A.1: Graphs contributing to gg - HH

The amplitude for the fusion of two massless v-gluons into a pair of Higgs boson fields arises
at lowest order in perturbation theory from a loop of heavy particles. The relevant graphs are
depicted in figure A.1. We assume that there is a pair of vector-like fermion fields, a doublet and
a singlet of SU(2), transforming under the fundamental representation of SU (n,). The doublet

and singlet have masses M and m, respectively. Gauge invariance constrains the amplitude to

be
vgs 1.2
Mo = 5 (pipy = pr-p2g™) o €€p0a0 + - (A.6)
where G}U ei are the polarization vectors of the incoming v-gluons. The form factor F is given
by:

FD = f(s,t,u,k%,ki,m,]\/[)—|—f($,t,u,k§,k§,m,]\/[)—|— (MHm) (A7)
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where

f(s)t7u) k§7k27m7M> =
1
- 5—2(k§+k2—2(M+m)2) (k7 — w)Co(0, k3, u, M* M m?) + (ki — t)Co(0, k3, t,m> m?, M?)

m2
+8—0C0(0,0,5,m? m? m?)
s

2 M
_o (=2(m + M)? + kg + k2 + —5) [DO(O, 0, kg, k2 s, t,m?, m? m?, M?)
s m

+Dy(0,0, ki,k%,s,u,mQ,m2,m2,M2)] +
1
— (2m*s + 4m® Ms + m?(s(AM? — k) + 2k3k3 — k3(2kF + 5)) + 2mM (2M?s — 2k3 (k3 — t)
S

+2k3t — 52 — 25t — 24%) + (2M? — k3 — k3)(sM? + k3k? — k3kZ)

+s(2m? 4+ 2M? — k3 — k3)p}) Do(0, k3,0, k3, t,u,m? m®, M? M?)+4 (A.8)

with p; = 2(p1ks)(p2ks)/(p1p2) — k3.

Large fermion mass limit and effective Lagrangian

The form factor can be evaluated by taking the limit M, m > s,t,u, k3, k3. At leading order in

the mass splitting of the heavy fermions M ~ m, the form factor reads

8 2
= ) A9
Foy = 37—+ O(s/M?) (A.9)
The matrix element for g,g, — HH can be obtained in perturbation theory from the following

non-renormalizable interaction

2O _ Y0 e s (A.10)
eff 3nMm S ' '

A.3 The form factors M%,

In addition to the momenta p and g, we introduce a pair of tensors €,, ... ,.,(p) and €., ... ., (q)
to represent the polarizations of the spin-J and spin-J’ states respectively. It will be convenient
to define ”"reduced” polarization tensors by contracting some of the indices with the vectors p

and ¢,

€pr, ik (p) = €, g (p)qM‘FKJrl gt gﬂlv”' Mgl K (q) = gﬂlv”' Ny, (‘])pu'ﬂﬂkurl ettt

(A.11)
The invariant form factors are constructed from the reduced polarization tensors and the vectors

p and ¢. For the simplest J — 0 case, the only form factor is obtained when all the indices of



125

the polarization tensor are fully contracted with g,

elp) = €uy oy (0) g - - g7 (A.12)
This gives the matrix element
(0,q|S|J,p) = M(S)J Cpayee g (p) g ---q"’ (A.l?))

where now MgJ is the transition matrix which depends on the transferred momentum. For the

more complex J — J' =1 case, there are two form factors parametrizing the matrix element,

€z oy (P) @2 - q" E(Q)s  €pypn s (P) @ " E(q) P (A.14)

In the reduced notation, these are simply ¢, €é* = and eé. In addition, we can contract the

polarization tensors with a Levi-Civita tensor as follows,

P e (p) Pp 4o €u(a) = €77 € s () 4 -+ 4" Pp 45€0(q) (A-15)

Collecting all terms, we obtain the following matrix element

(1,q|S|J,p) = MEs€upgee iy (D) €% -+ a"7 &(q) + M3 g€ 0 s (D) " -+ "7 E(q) PV +

M7 € sy (D) @2 - 4" Dpauén(q)  (A.16)

We next turn to the more complicated matrix element for the J — .J’ = 2 transition. Firstly,

we define the auxiliary tensors

€ (P) = €pwps s (0) @%@, €u(p) = €upn s (P) @ -+ "7 (A.17)
and
€u(q) = €uwla)p”. (A.18)
From €, (p), €.(p), €. (¢) and €,(g) we can form the following three invariants

€ (P) € (@), €u(P) €u(a),  (en(p) ") (€2(q)P") (A.19)

In addition, contracting with the Levi-Civita tensor gives two more invariants,

"7 €,(D) Pp 4o (q), €77 €un(P) Pp 406, (q).- (A.20)

Therefore, there are five form factors in the J — J’ = 2 case. The general rule to find all the
form factors in the case J — J' case is now clear. Without loss of generality we can assume

J > J'. First we construct the reduced spin-J tensor with J’ indices,

TP TS (p) = €ua,ee g (p)qu‘]i‘ﬂ o 'qHJ (A21)
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so that we have two tensors with J’ indices. Then we form the invariants

€,y (P)ETTTHI (), - €u(p) €(q), €(p) €(q), (A.22)

for a total of J’'+1 invariant form factors. Secondly, there are contractions with the Levi-Civita

tensor as follows

€uvpoD’Q €ppun, iy (PYEHZ (), ooy €uupop”q €u(p) € (q) (A.23)

giving J' additional invariants. Hence, the total number of Lorentz invariant form factors is
2J’ + 1 for the transitions J — J', J’ < J. To see that this contemplate all the possibilities, we
can apply angular momentum counting rules. By composing the spin J and spin J’ states we
obtain total spin |J — J'|,---,J 4+ J'. For a scalar operator, these have to be combined with
total angular momentum L = |J — J'|,--- ,J + J in order to give total spin 0. So for J' < J

we get 2.J' + 1 form factors associated with the different values of L.

) 1 2 3 4 )
2. . PP U PR .
fo,ﬁzp)a Gap 9Bc Yap 48 Po daPp 48 Po 9Bp €Caozw pz qw 4B Pp €aczw pz qw
1,2 ~ Ay A
M((ypZ) Gap da Pp €apzw P Zq v - -

Table A.1: The auxiliary tensors M9 Here §o = da/\/q? and Pa = pa/+\/D?.

To summarize, we show the matrix elements up to spin 3 that are needed to compute the
decays of the v-glueballs in figure 2.1. In terms of the auxiliary tensors shown in table A.1, the

matrix elements read,

M) = Gy e (p)ere () MT), (A.24)
M) = Gy G €7 (p) € (q) MCLD (A.25)
M3zo = Gads Gy P (p) (A.26)
M) = P (pyere (g MG, (A.27)
M) = G5B (p)er(g) MY (A.28)
Moo = Ga ds P (p) (A.29)

M) = e (p)er(q) ML) (A.30)

Mio = Go €*(p) (A.31)
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where we denote G, = go/+/q?. For the sake of brevity, we have not shown the seven matrix
elements that correspond to the 3 — 3 transition. These can be obtained along the same line

that led to (A.24)-(A.31).

A.4 The virial theorem and related theorems

Two results of considerable general utility for the study of bound states in a central potential

are the virial theorem,
rdV

(1) =E= (V)= () (A.32)

and the connection between the s-wave wave function at the origin and the gradient of the

potential,
av

=, (A.33)

[W(0)]* = n
where p1 = M/2 is the reduced mass, T, V and E are the kinetic, potential and total energy,

respectively. An important case occurs for power law potential of the form

V(r)=Ar", (A.34)

v v
=Y — A35
(1) = 2V) = —F, (A.35)
or equivalently,

V>= E. A.36
Ve v+ 2 ( )

Thus for the linear potential (v = 1) we find

2FE

== A.37
) == (A.57)

The mass and coupling strength dependences of the level spacings are prescribed by the
Schrodinger equation as

AFE oc (2p0) 7Y/ G N2/ 240, (A.38)

Thus for the Coulomb potential (v = —1), AE o p|A|?, while for the linear potential (v =
1),AB o (A2/p)1/*.
According to the scaling rules of the Schrodinger equation, quantities with the dimensions

of length scale as

Lo (u/|A)Y/ G, (A.39)
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An important quantity is the probability density at the origin, |¢(0)|?, which has dimensions

of inverse volume and so scales as

[ (O)] oc (AN ). (A-40)
For a Coulomb potential, therefore, [1/(0)|? o< (u|A])?, while for a linear potential [1/(0)]? o< pA.
Transition matrix elements of electric and magnetic multipole operators and sizes of bound
states with given quantum numbers are other examples of quantities to which the scaling rule
(A.39) may be applied. Electric dipole matrix elements scale as

(n"|€|n) x L (A.41)

while the magnetic dipole matrix element behaves as

(n"|M|n) o 1. (A.42)
Since radiative widths are given by
(€ or M) ox w*(n/ | € or M |n) (A.43)
with w ~ AE, we find
1'\(5) o M—(2+3V)/(2+IJ) )\4/(2-1—1/) (A44)
and
T(M) oy~ (4H50)/(240) \6/(24) (A.45)

The WKB approximation is a very useful and powerful method to solve bound state problems

for highly excited states. An useful result is

(2p)3/ EL/2 dE,

A.46
T dn ( )

R0 (0)* =

where R, o = V4m(0) is the S-wave radial wavefunction. This expression has been generalized

to include higher angular momentum waves,

d' ! ! ? 14172 0Q2pEn )
—R, =—|——| (2uE, el LY A 47
‘drlR () T {(214—1)!!] (21En.1) on ( )
For a potential (A.34) the energy eigenvalues in the WKB approximation are given by
I 1 2v/(2+v)
B = \¥/@H0) (94)=v/(24v) |:A(V) (n + 3 Z)] ) (A.48)
2uy/ml(3 + 1
A(v) = % v > 0. (A.49)

Plugging (A.48) into (A.50) one can show that the squares of S-wave radial wavefunctions at

the origin are given by

2(v—1)/(24+v)
v 1) (A.50)

v [A(I/)]3U/(2+V) (n -

2
2_~2 3/(2+v)

with A(v) given by (A.49).
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