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ABSTRACT: A pair of new colored particles produced near the threshold can form a bound
state and then annihilate into standard model particles. In this paper we show how the
bound state signals can distinguish between two scenarios that have similar particle content
and interactions but different spins, such as the minimal supersymmetric standard model
(MSSM) and universal extra dimensions (UED). We find, for example, that bound states
of KK gluons (KK gluonia) have an order of magnitude larger cross sections than gluinonia
and they may be detectable as resonances in the bb, tt or v channels if the KK gluon is very
light and sufficiently long-lived. KK gluonia can be distinguished from gluinonia by their
much larger cross sections and distinct angular distributions. Similarly, KK quarkonia can
be distinguished from squarkonia by the size of their diphoton cross section and by their
dilepton signals. Since many of our results are largely determined by gauge interactions,
they will be useful for many other new physics scenarios as well.
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1 Introduction

Studying the new particles that will be produced at the LHC will likely be a non-trivial
task. In many scenarios the particles of the new sector are charged under a new parity
that makes the lightest such particle a dark matter candidate. The new particles will
then predominantly be produced in pairs, giving multiple decay products some of which
will be undetectable (including at least two dark matter particles). The reconstruction of
such events with many objects and missing energy in the final states will be complicated
and often ambiguous. It may therefore be useful to also look at signals arising from the
near-threshold formation and annihilation of QCD bound states of the new particles. The

bound states behave as resonances which annihilate primarily into just two particles (or



jets) and no missing energy, so the analysis and the interpretation of the signal are much
more straightforward than in the more conventional channels. In particular, detecting the
peak in the invariant mass distribution of any of the possible annihilation channels provides
a direct measurement of the particle mass. The disadvantages of the bound state signals
are their relatively small cross sections and the fact that the dominant annihilation mode
is into dijets (which have large QCD background), with only small branching ratios for
annihilation into cleaner signals such as vy. However, whenever the bound state signals
are observable, they can provide an entirely independent method for characterizing or
verifying the properties of the new particles.

In this paper we study how the spins of the new particles are reflected in the properties
of their bound states and the resulting signals at the LHC. As an example, we compare
the bound states of the level-1 Kaluza-Klein (KK) modes in the universal extra dimensions
model (UED) with bound states of the superpartners in the minimal supersymmetric ex-
tension of the standard model (MSSM). In both scenarios, the new particles are charged in
the same way under the standard model gauge groups, and the masses of the particles are
to a large extent free parameters. The fundamental difference between the two scenarios is
the spin of the new particles. The KK modes in UED have the same spins as the standard
model particles (which are the zero modes), while the spins of the superpartners in MSSM
are different. However, the collider signatures of the decay products of a pair of level-1 KK
modes of UED and a pair of analogous MSSM superpartners are unfortunately very similar
and it is often challenging to determine the spin [1-13]. It is therefore interesting to study
whether and when the bound state annihilation signals can give information about the spin.

While much is known about bound states of the MSSM particles (see [14] and refer-
ences therein), the bound states in UED models have not been explored, with the exception
of bound states of KK quarks in the context of a lepton collider [15, 16]. Here we will study
the various possible bound states of colored particles of UED in the context of the LHC
and compare them to the corresponding bound states in the MSSM. We will see as we
go along that once the spin of the particle is specified many of the results are largely
model-independent since they are determined by gauge interactions. Thus our compar-
isons between particles of different spins (in the same color representation) will hold even
more generally.

We start in section 2 by discussing the UED model in the context of our study and
reviewing the general formalism for bound state computations. In sections 3-5 we present
the production cross sections, branching ratios and angular distributions for the various
bound states and compare signals obtained from UED and MSSM. In section 6 we simu-
late the bound state signals and the relevant backgrounds in the dijet, bb, tt, vy and eTe™
channels and estimate the LHC reach for the various cases. We summarize our conclusions
in section 7.

2 Setup

2.1 Particle spectrum of UED

In the simplest UED scenario [17] (for a review, see [18]), all the standard model fields are
propagating in a single extra dimension of size R ~ TeV~!. The right- and left-handed



standard model fermions are represented by separate fields in 5 dimensions, and each has
two chiralities when reduced to 4 dimensions. To restrict each fermion zero-mode to a
single chirality, the extra dimension is assumed to be an S'/Zs orbifold. The zero modes
of the unwanted chiralities of the fermions and the 5th components of the gauge fields are
then projected out by declaring them to be odd under the Zy orbifold symmetry. The KK
modes of the right- and left-handed quarks will be denoted by ¢}, and ¢j, or collectively
by ¢*. We will refer to g% and ¢} as right- and left-handed KK quarks, even though each
one of them is a full Dirac fermion. (Similarly, we will refer to the MSSM partners of the
right- and left-handed quarks, as right- and left-handed squarks.) All the standard model
interactions are contained in the bulk Lagrangian. Since in 5 dimensions the gauge, Yukawa
and quartic-Higgs couplings have negative mass dimension, this is an effective theory with
a UV cutoff A which is assumed to be above the compactification scale: A > 1/R.

In the 4-dimensional description, the theory contains towers of KK modes for each
standard model particle, with the mass of the n-th mode given (at tree level) by

o _ 1 2

mr = 2 + mg (2.1)
where my is the mass of the zero mode (that is the standard model particle itself). As a
result, all the KK modes at a particular level n are approximately degenerate, with masses
ordered like in the standard model. Loop corrections shift the masses [19, 20], and the
resulting spectrum of the first KK level has the KK gluon as the heaviest particle, followed
by the KK quarks, and then the KK excitations of the electroweak gauge bosons, the Higgs,
and the leptons. The lightest KK particle (LKP), which is typically one of the neutral KK
gauge bosons, is a dark matter candidate [21, 22]. At tree level, the LKP is stable because
of momentum conservation in the extra dimension. When loops are taken into account it
remains stable because the theory retains KK parity under which odd-n modes are charged.
The KK parity also prevents tree-level contributions to the electroweak observables, thus
allowing a compactification scale 1/R as low as a few hundred GeV. For our purposes it is
important that due to KK parity the level-1 KK particles will be produced in pairs, and

thus they can form bound states.

In general, the theory also includes boundary terms (on the orbifold fixed points) whose
coefficients are free parameters. The boundary terms can be assumed to be symmetric
under the interchange of the two orbifold fixed points, and then the theory still preserves KK
parity. However, the mass spectrum of the KK modes can be affected dramatically. Even if
boundary terms are absent at a particular scale, they are generated by the renormalization
group running [19, 20, 23], and the resulting corrections to the masses are of the order
of the loop corrections. The spectra of [19, 20] described above were obtained with the
simplifying assumption that the coefficients of the boundary terms vanish at a specific
cutoff scale. However, as has been shown in [24] for the case of the gauge kinetic term,
even when the coefficient of the boundary term is not much larger than the expectation
from naive dimensional analysis, there is a large effect on the spectrum of the KK modes.
Similarly, the effects of boundary kinetic and mass terms for a massive scalar field have



been analyzed in [25], where the results were applied to the electroweak sector and it was
found that the identity of the LKP was sensitive to the boundary terms.

In both UED and MSSM, annihilation may or may not be the dominant decay mode
of the various bound states, depending on the intrinsic decay rates of the constituent
particles, which in turn depend on the mass spectrum of the model. Since the theoretical
and experimental constraints on the possible mass spectra are a question that is decoupled
from the bound state analysis, we will leave it out of the scope of this paper. We will
assume that the bound states decay predominantly by annihilation, but the reader should
remember that if the constituent particles are not sufficiently long-lived, the cross sections
will need to be multiplied by appropriate branching ratios based on the annihilation rates
that we compute here and the model-dependent single-particle decay rates. Note, however,
that annihilation branching ratios close to 1 are not implausible. In particular, in the
MSSM there exist various motivated scenarios in which this happens to be true for the
gluinonium [14] or the stoponium [26]. Or looking at this from a different perspective,
the observation or non-observation of bound state signals can give us certain information
about the spectrum of the model.

In UED, the spectrum of the level-1 KK modes plays a crucial role in determining
which of them are sufficiently long-lived for their bound states to decay by annihilation
rather than by the decays of the constituent particles. If the assumption of [19, 20] that
the boundary terms vanish at the UV cutoff were true, the KK gluon would have strong
two-body decays into a KK quark and an antiquark, and the KK quarks could decay
electroweakly into a KK electroweak gauge boson and a quark. In this case, similarly to
what happens in much of the parameter space of the MSSM [14], the branching ratios for
annihilation will be small. However, we believe (although without constructing explicit
examples) that the presence of boundary terms can change the spectrum in ways that
would make these decays kinematically forbidden for some of the particles.

For example, if the KK gluon ¢* becomes lighter than the KK quarks ¢*, its 2-body
decays will be replaced by 3-body decays into a KK electroweak gauge boson, a quark and
an antiquark through diagrams involving an off-shell KK quark, a process suppressed by the
electroweak coupling and the KK quark mass. This is analogous to the decay of the gluino
into a neutralino, quark and antiquark in MSSM scenarios with squarks heavier than the
gluino, which easily makes the gluino sufficiently stable for our purposes [14]. Similarly to
the case of the gluino, there is no need for an unnaturally large gap between the KK gluon
and KK quark masses in order for the annihilation to dominate. For example, suppose
that the dominant decay process is g* — q¢B*, where B* is the KK hypercharge gauge
boson. Then the rate is

11 (6% mpx 5 M g* 4 4 m px 5 M g* 4
| A as 1-— ) mge ~ 1074 (1 — ) mge (2.2)
457 7 cos? Oy Mg Mg Mg Mg

where for simplicity we assumed mgs > mg+ ~ mp+.! On the other hand, the bound state

!The assumption mg« >> mg« is not essential for the validity of this estimate. We have checked that for
mg» = 2mgx, for example, the exact result differs from (2.2) by less than a factor of 2.



annihilation rates are
Cannih ~ @2 mgs ~ 1075 mg« (2.3)

which can easily dominate over 2I'¢«, especially when we include the numerical prefactors
that appear in the exact expressions for I',pnin (see appendix A.1), which are as large as
O (100) for color-singlet bound states, primarily due to multiple powers of color factors.
The collider signatures of the 3-body decays of the KK gluon or gluino have been
studied in [9] in an attempt to distinguish between UED and MSSM. One of the goals of
the present paper is to find out to what extent detecting the annihilation decays of KK
gluonia (which are bound states of two KK gluons) compared to gluinonia (bound states
of two gluinos) can provide an additional method for distinguishing between UED and
MSSM and determining the properties of the underlying particles. While gluinonia have
been studied extensively in the literature, our paper is the first study of KK gluonia.
Another object of our study is KK-quarkonia, which are KK quark-KK antiquark
bound states. These have been studied in [15, 16] in the context of their production and
detection at a lepton collider. It was found that the spectrum of [19, 20] does allow the
KK quarks to be sufficiently stable for forming KK-quarkonia, but not for the annihilation

2 Including boundary terms can

decays to dominate over the single KK quark decays.
probably change these results in either direction, and we are particularly interested in the
situation in which some of the KK quarks are more long-lived so that the branching ratio
for annihilation is enhanced.

Other than that, it is useful to note that many of our results are largely determined by
gauge interactions alone and depend only on the properties of the binding particles rather
than the full spectrum of the model and are therefore valid much more generally than just
for MSSM or UED. It is therefore useful to study all the possible bound states in these
models, even if some of the binding particles are not sufficiently stable in generic MSSM
or UED scenarios. With this motivation in mind, our study covers all the possible bound

states of pair-produced colored particles in MSSM and UED.

2.2 Bound state formalism

Assuming that the masses of the pair of particles satisfy m1,ma > Aqcp, their dynamics
can be described by the single-gluon exchange potential with the Coulomb-like form

V(r)=-C (2.4)

r
where o denotes the strong coupling constant evaluated self-consistently at the scale of
the inverse Bohr radius aal = Casp, where pn = myms/(mq + mz) (while the plain oy will
be reserved for its value at the scale of m; and mg) and

1
C= 9 (01 +Cy — 0(12)) (2.5)

where C7 and C5 are the quadratic Casimirs of the color representations of the two particles
and C(19) of the bound state. For bound states considered in this paper, the values of aj

2Tt was claimed in [15] that KK top quarks can be very stable so that their annihilation decays dominate,
but this was incorrect, as explained in [27].



UED MSSM | binding | non-binding
99 — 9*9* | 99 — g9 | 1,8s,8a | 10,10,27
99— 99" | 99 — 9g | 1,8s,8a
99 — ¢*q¢* | 99 — 4q" 1 8
99 — ¢"q¢* | 99 — 4q" 1 8
99 — ¢°¢* | 994 — 494 3 6
99— q*9" | g9 —qg | 3,6 15

Table 1. Pair production processes and the color representations of the pair. Two color-octets can
form an octet with either a symmetric (o< d*¢, denoted 8g) or antisymmetric (x f3%¢, 84) wave
function. The Clebsch-Gordan coefficients for all the color decompositions can be found in [28]. We
have not explicitly listed processes obtained by replacing particles by antiparticles.

UED MSSM SU@3)| C
(979%) (99) 1 3
8 |[3/2
7" q*) (4q*) 1 ]4/3
(*q*),(¢* q*) | (49),(q"q") | 3,3 |2/3
(g*9%): (q*9”) | (49),(q"g) | 3,3 |3/2
6,6 |1/2

Table 2. Bound states in UED and MSSM, their color representations and the strength of their
potential (2.4). The possible spins of these bound states will be discussed later.

are between 0.11 and 0.15, so using (2.4) should be a good approximation, even though
subleading corrections may have sizeable effects and it would be desirable to compute
them, along with higher-order corrections to the production and annihilation processes, in
a future work. Table 1 lists all the possible pair production processes in UED and MSSM
and specifies in each case which of the color representations of the pair have an attractive
potential and which do not, based on the sign of C. The values of C for all the attractive
configurations are given in table 2. In cases where the bound states are colored, they
will further hadronize with ordinary quarks or gluons to become color-neutral (if they are
sufficiently long-lived for this to happen). However, these processes will be happening at
much larger distance scales than both the production and annihilation of the bound states
and we therefore ignore their effects.

One can get the matrix elements for bound state production and annihilation by rep-
resenting the bound state as a superposition of states of two free particles with momenta
distributed according to the bound state wavefunction (r). For an S-wave bound state,
neglecting the dependence of the short-distance process on the momenta, it can be easily
shown that the matrix element between the bound state and the particles from which the
pair is produced is given by (section 5.3 of [29]), [30]

_ ¥(0)
Mbound - \/QN MO (26)



where M is the matrix element describing the production of the free constituent particles
at threshold and p is their reduced mass. The cross section will then be proportional to

2 _ Coa3(2p)?

p(o)2 =%

(2.7)

More specifically, the bound state production cross section can be written in terms of the

near-threshold production cross section of the pair of particles G¢o(8) as®

romals) = 57 05 [V(O)[* 2785 — 11%) 28)

where M ~ mj + ms is the mass of the bound state and

. 2 .
B(8) = \/(M;LQ)Q <\/5 —my — ’I’I’Lg) (2.9)

is the factor that makes the continuum production cross section Go(§) vanish at threshold.
For my1 = mao, 3 is the velocity of each particle in the center-of-mass frame.
The annihilation rate of the bound state into two mass-mq particles is

[w(0)P g / "4 si ;
I — 1— df sin 6 0
i /2 |, sin Z|M0( )l
( 1 for identical ) ( 1 for identical ) (2.10)

X X
2 bound particles 2 final particles

where My(0) is the matrix element between the pair of particles that form the bound
state (with a particular spin and color representation) and the annihilation products, for
any polarization and color state of the bound state, and the sum is over the colors and
polarizations of the products.

3 KK gluonia vs. gluinonia

In this section we will study bound states of pairs of color octets: KK gluons g* (spin 1) in
UED and gluinos ¢ (spin 1/2) in MSSM. Later in this section we will also look at bound
states of spin 0 color octets.

It is useful to classify the various possible bound states in the model according to their
spin J, color representation, parity P, charge conjugation C', and the transformation under
the chiral U(1) symmetry of the quarks. This allows one to immediately determine the
possible production and annihilation channels and describe the corresponding processes
using effective interaction vertices involving the bound state and Standard Model fields.
These effective vertices can then be used to simulate the bound state processes in an event
generator. The coefficients of the vertices can be determined by matching to the relevant

$While (2.6)-(2.7) assume the binding particles to be distinct, the relation (2.8), with |/(0)|> given

by (2.7), is valid also if they are identical. Later, in (2.10), |/(0)|* again refers to the expression (2.7) even
in case of identical particles.



color | JPC can couple to
(g*9*)|1,8g | 0T T GP7 Gy, tt

8a |17~ MPYit [Yp, Yo t

1,8g| 2" | GGy, G D, D,G s, igy"Dyq
(G9) |1,85| 0"+ GGy, ity 1

8a | 177 av'q, it [y*, 0]t

Table 3. KK gluonia (¢*¢*) (UED) and gluinonia (gg) (MSSM) and their possible couplings to
gluons and quarks. Here G*” is the gluon field strength and GH = ée‘“’p"G 0oy q denotes any quark
flavor, while ¢ refers to the top quark whose mass we do not neglect. In part of the spin-1 cases,
the coupling is not to the bound state operator V,, but to its derivative 9, V,,.

Feynman diagrams of the free pair of particles (times the wavefunction at the origin and
the other factors).

In table 3 we list the allowed KK gluonia and gluinonia (taking the spin-statistics
theorem into account) and the effective vertices through which each of them can couple to
gluon or quark bilinears. The possible couplings to a pair of photons (for color-singlets)
are like the couplings to a pair of gluons.

To determine the charge conjugation properties of the color-octet bound states, it is
useful to know that the action of charge conjugation C' on a non-abelian gauge field V,/
is [31-33]

Ve — — (1) Ve (3.1)
where T'* are the generators of gauge transformations. The minus sign here can be described
by saying that gluons have C' = —1 (this is similar to the photon which transforms as A, —
—A,, thus having C = —1 in a more straightforward sense). Analogous transformation
rules apply to KK gluons and gluinos. In the same sense, we find that C' = 41 for 8g KK
gluonia and gluinonia and C' = —1 for 84 KK gluonia and gluinonia.*

From table 3 we see that the scalar KK gluonia and pseudoscalar gluinonia can be
produced only by gluon fusion (but can annihilate also to ¢t). The spin-1 KK gluonium
cannot be produced at all from gluons or massless quarks while the vector gluinonium can
be produced from quarks. The tensor KK gluonium couples to both gluons and quarks.
We have checked that the explicit results that we will now present, based on diagrams in
figures 1 and 2, indeed match these effective vertices. The tensor KK gluonium happens
to couple to gluons only through G**G,, but not G*? D, D, G .

The parton-level bound state production cross sections can be written as
5 i(8) = Py ¢(3) m*ala? 6(3 — M? 3.2
Obound, ij (S) 1 C( )7T Qg (5 ) ( : )

where ¢(3) = Yo 1/n3 ~ 1.2 takes into account the contributions of the radial excitations
and the prefactors P;; for producing the various bound states from partons 4, j are presented

*Our result for the charge conjugation of the 84 gluinonium ((§3), 8a, J©¢ = 177), or perhaps just the
convention for defining the sign of C' that would describe (3.1), differs from that of [34-36]. Note that our
result (but not theirs) allows the coupling of this gluinonium to massless gq pairs (via the vector current
qv*q), which must be possible as we know explicitly from the diagrams.



Figure 1. Diagrams for production or annihilation of a pair of KK gluons. For bound states, the
diagrams with s channel gluon do not happen to contribute.

Figure 2. Diagrams for production or annihilation of a pair of gluinos.

in table 4 for KK gluonium and gluinonium. These results are based on the diagrams in
figures 1 and 2 and factors such as (2.7). More details are given in appendix A. After

convoluting (3.2) with the parton distribution functions as®

2.3.2 1 d 2
Obound = 3 7; st ZPU/ ! Firp(@) £ (M ) (3.3)
.

M2/s T s

and multiplying by the appropriate branching ratios, we obtain the cross sections for dijet,
bb and tt final states as shown in figure 3. We also show to what extent the results depend
on the mass ratios mg+/mg= or mg/mg by varying them between 1 and 0.5 We see that
the signals will typically be an order of magnitude larger for KK gluonia than for gluinonia
of the same mass (except if the KK quarks are very heavy, in which case the bb and ¢t

signals of KK gluonia disappear).

"We are using NLO MSTW 2008 PDFs [37] evaluated at the scale M/2, and the center-of-mass energy
Vs = 14TeV for the LHC.

SIn practice, the ratio must be somewhat larger than 1 in order for the annihilation rates to dominate,
and the extreme limit of mg+ /mg« — oo is unphysical for UED (although it may be relevant for some other
theory that does not contain KK quarks).



process J=0,J.,=0| J=1,|J,|=1|J=2,|J.|=2| J=2,|J,]=1

99 — (99" 729/128 243/8
99 — (9°9")ss | 729/512 243/32
99 — (99)1 243 /64

99 — (39)8s 243 /256
gg — (¢¢)1 243/128
99 — (90)sg 243/512

2 2
99 — (9" 91 af [
mg* +m2.
2
5 ng*
qq — (g*g*)ss 4 (’I’I’I,Q* + m2,
g q
9 mg — mg 2
-~ q g
qq — (39)8a 4 <m3 + mg)

Table 4. KK gluonium (¢*¢g*) (UED), gluinonium (gg) (MSSM), and octetonium (¢¢) production
cross section prefactors P;; of (3.2). The different columns correspond to different values of the
spin J of the bound state and its polarization (the projection J, on the beam axis).

It is interesting to ask what creates this large difference in the cross sections. Unless
the KK gluons (or gluinos) are heavier than about a TeV, production via the gg channel
dominates due to its higher luminosity, so let us discuss it first and understand the order-of-
magnitude difference seen already in the parton level expressions of table 4. The differences
should be attributed to a large extent to the more numerous spin possibilities for the KK
gluonia. According to table 4, in the gg channel (in both 1 and 8g representations), the
parton-level production cross section for J = 0 KK gluonium is only a factor of 3/2 larger
than that for J = 0 gluinonium. However, the KK gluonium can also be produced in J = 2
state, whose cross section (summed over the spin projections) is larger than that of the
(J = 0) gluinonium by a factor of 8 (or larger than that of J = 0 KK gluonium by a factor
of 16/3 ~ 5). Overall, the gg channel produces 9.5 times more KK gluonium than gluino-
nium.” Note that these results are determined by gauge interactions alone, and therefore
apply much more generally than to just UED and MSSM. In particular, the production
diagrams do not involve any other new particles besides the KK gluons or gluinos.

In the gq channel, the comparison between KK gluonia and gluinonia is sensitive to

"In this case, this happens to be exactly the ratio of the near-threshold pair production cross sections
(despite the fact that for the purposes of bound states we multiply this quantity by a different |1/)(0)|2
for each of the attractive color representations and exclude the repulsive ones). In general, this does not
need to be the case. For example, in the ggq channel the ratio between bound state and near-threshold
pair production cross section is 3 times bigger for the KK gluonia than for the gluinonia because the color
representations in which KK gluon and gluino pairs are produced at threshold are different.

,10,
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Figure 3. Dijet (top left), bb (top right) and ¢t (bottom) signals from KK gluonium annihilation
(solid lines) vs. gluinonium annihilation (dashed lines) as a function of the resonance mass (M =
2mgs or 2my) at the 14 TeV LHC. The different curves correspond to different ratios of mgs /mg«
or mg/mg that are indicated next to them. The bb signal of (§g) vanishes for mg = mg, and the bb
and tt signals of (¢g*¢*) vanish for mg« /mg — .

the masses of the KK quarks (relative to the KK gluon) or squarks (relative to the gluino).
If the KK quarks are very heavy the KK gluonium cross section goes to zero, while there
is no such effect for the gluinonium. This is because the gluinonium can be produced via
a diagram with an s channel gluon that does not involve squarks, while a similar diagram
for KK gluonium vanishes at threshold. On the other hand, the same s channel diagram of
gluinonium interferes destructively with diagrams with ¢ and uw channel squarks, and this
makes the gluinonium cross section vanish if the squarks are degenerate with the gluino,
while there is no such effect for the KK gluonium. Note however that the presence of this
effect for the gluinonium depends on the existence of squarks in MSSM, and thus will not be

— 11 —



a general feature of new physics models with color-octet spin-1/2 particles. Similarly, the
production of KK gluonia through the gq channel depends on the existence of KK quarks,
and thus may not be present in some other model with color-octet spin-1 particles. Another
difference between gluinonia and KK gluonia is that even though in both cases the bound
states are produced with spin component +1 along the beam axis, it is an 84 (J = 1) state
for gluinonium and 1 or 8 (J = 2) state for KK gluonium. The production of the 1 state
(with its large color factor (C7/Cg)? = 8) in UED makes the cross section larger.

We also see from table 4 that KK gluonia will be produced predominantly in spin-2
states. If the angular distributions of the annihilation products can be measured, they
can be used to distinguish the KK gluonium from the gluinonium (which is produced
predominantly in spin-0 states, and also in the spin-1 state which is important for some of
the annihilation channels). The angular distributions in the dijet, bb and t¢ channels are
plotted in figure 4. The curves measured in experiment will be further affected by detector
acceptances, effects of QCD radiation, mistakes in reconstruction, cuts, and uncertainties
in modeling the QCD background which needs to be subtracted from the data. However,
the remarkable differences between KK gluonium and gluinonium that we see in figure 4
will hopefully remain.

To simulate the effects of some of the experimental factors on the angular distributions,
we generated events with PYTHIA, and the result (for example, for the bb channel) is shown
in figure 5. The details of the simulation and the imposed cuts are the same as will be
described in section 6 (except that the cut on cos € is not included and the pp cut is relaxed
to pr > 0.3M).

Another channel we can look at is the annihilation of color-singlet KK gluonia or
gluinonia into a pair of photons. Even though these processes can only proceed through
loop diagrams because the KK gluons and gluinos are neutral, it is still interesting to con-
sider this signal because the background in the diphoton channel is much more favorable
than in the dijet, bb or tt channels. As long as the squarks are not much heavier than the
gluino, the annihilation rate of the color-singlet gluinonium into 47 is ~ 107> of its anni-
hilation rate into gg (the exact expression from [36] is given in (A.35)). The relevant loop
diagrams for KK gluonium have not been computed, but for our estimates we will assume
that the diphoton branching ratio for spin-0 and spin-2 color-singlet KK gluonia is the same
as for gluinonium. We expect this to be correct up to an O (1) factor since the relevant cou-
pling constants and the gauge quantum numbers of the relevant particles are the same in
both cases. The signal cross sections are shown in figure 6. The angular distributions in this
channel may also be useful for discrimination since for gluinonia only the J = 0 state con-
tributes, while for KK gluonia the contribution may be coming from both J = 0 and J = 2.

We can also compare the KK gluonia and gluinonia (which are bound states of spin-1
and spin-1/2 color octets) with bound states of scalar color-octets. Pairs of scalar color-
octets ¢ will be produced by gluon fusion via the same diagrams as the KK gluons in
figure 1, although in practice only the quartic vertex is relevant to bound states — “octe-
tonia” (¢¢) in 1 and 8g color representations. Their production cross sections are included
in table 4.8 They are twice as small as the gluinonium cross sections. The octetonia de-

8The color-singlet result can be found in [38], and it agrees with ours.
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Figure 4. Angular distributions in annihilation of KK gluonia and gluinonia into dijets (top left),
bb (top right) and ¢t (bottom) at the LHC for M = 800 GeV (i.e., mg« = myz = 400 GeV). Here
0 is the angle between the beam axis and the direction of motion of the annihilation products in
the center-of-mass frame. The different curves correspond to different ratios of mgs /mg« or mg/mg
that are indicated next to them (except for the bb signal of (§g) where there is no such dependence).

cay rates are given in appendix A.3. Since the octetonia are scalars they will annihilate
isotropically, and unless ¢ is charged under the electroweak group or interacts with some
other particles, the only significant annihilation signal of octetonia will be gg dijets. It
will be easy to distinguish them from bound states of spin-1 color-octets (like KK gluonia)
because of the factor of ~ 20 difference in the cross section and the very different angular
distributions. It will be more difficult to distinguish them from bound states of spin-1/2
color-octets (like gluinonia) because the angular distributions are also almost isotropic in
the spin-1/2 case and the difference in the cross section is only a factor of 2. If the dif-
ference in the cross section is to be used, potential multiplicity of degenerate color-octets
and higher order QCD corrections will be important. Part of the QCD corrections for
gluinonium have been computed in [36, 39].
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Figure 5. Simulated angular distributions in annihilation of KK gluonia and gluinonia into bb at
the LHC.
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Figure 6. Diphoton annihilation signal of gluinonium (thick dashed line), KK gluonium (estimate;
thick solid line), squarkonium (thin dashed line) and KK quarkonium (thin solid line) at the 14 TeV
LHC as a function of the resonance mass. For gluinonium we assumed mg = mg (and similarly
for KK gluonium). For squarkonium and KK quarkonium we present the contribution of a single
flavor and chirality, and we assumed the charges of the constituent particles to be |Q| = 2/3 (for
|Q| = 1/3, the cross section is 16 times smaller).

4 KK quarkonia vs. squarkonia

In this section we study bound states of fundamental-antifundamental pairs of KK quarks
(spin 1/2) in UED and squarks (spin 0) in MSSM. Later in this section we will also look
at bound states of spin 1 particles in the fundamental representation.

Table 5 classifies the KK quarkonia and squarkonia and their possible couplings to glu-
ons and quarks (via the strong interactions) and leptons (via the electroweak interactions).
The possible couplings to a pair of photons are like to a pair of gluons. The diagrams
through which the various processes can be realized are shown in figures 7 and 8.
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Table 5. KK quarkonia (¢*¢*) (UED) and squarkonia (¢¢*) (MSSM) and their possible couplings
to gluons, quarks and leptons. Pr = (1 ++°)/2. Antiparticle bound states, where relevant, are
also present even if not listed in the table. In part of the spin-1 cases, the coupling is not to the
bound state operator V,, but to its derivative 9,V .

For both KK quarkonia and squarkonia, the dominant products of the gluon fusion
channel are spin-0 bound states in which the KK quarks or squarks have same flavors and
chiralities. These are also the only bound states that can annihilate into a pair of photons,
which is the most promising detection channel as we discuss in the following. The angular
distributions in the 7y channel will be isotropic in both UED and MSSM but the size of
the cross section can still be used for discrimination.

In the ¢q fusion channel, the most interesting products are spin-1 bound states of KK
quarks with same flavors and chiralities since they can annihilate into a pair of leptons,
while there is no such process for squarkonia. A disadvantage of this production mechanism
(which goes through the diagram with a ¢ channel KK gluon from figure 7) is that it only
has access to KK quarks of the flavors that are present in the colliding protons, so it will
not be useful in the likely case that the lightest KK quark is a KK top. This leads us to
consider also subleading production mechanisms which do not suffer from this problem.
In particular, while spin-1 KK quarkonia cannot couple to a pair of gluons, they can be
produced, similarly to J/¢ and T [40], in the process

99 — 9(¢ya%)1,9=1, x=LorR (4.1)

which is flavor-universal.

The gg and vy KK quarkonium diagrams in figure 7 describe the same processes as
one would have for heavy quarkonia (see [14] and references therein for the discussion of
toponium and [41, 42] for quarkonia of new heavy quarks). The production mechanism (4.1)
is also model-independent (it is determined by interactions with gluons). On the other
hand, the gg channel is dominated by a diagram involving the KK gluon which does not
exist for quarkonia. Another important difference is that the dominant annihilation process
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Figure 7. Diagrams for production or annihilation of a KK quark-KK antiquark pair. For bound
states, the diagrams with s-channel gluon do not actually contribute.
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Figure 8. Diagrams for production or annihilation of a squark-antisquark pair. For bound states,
only the first diagram in each row actually contributes.

of spin-1 heavy quarkonia will be into pairs of longitudinal W bosons because of the quarks’
large coupling to the Higgs which is responsible for their large masses [41].

The production cross sections for KK quarkonia and squarkonia are given by the
expressions in appendices A.4 and A.5 and shown in table 6. Overall, the cross sections
are about 2 orders of magnitude below those of gluinonia of the same mass. This is
primarily due to the smaller color factors both in |1(0)|? & C3 and in the short-distance
matrix element. As a result, the dijet and ¢¢ annihilation channels, whose cross sections
are included in figures 9 and 10, are not promising.

However, the possibility of tree-level annihilation into vy (which has low standard
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process J=0,J.=0 J=1,|J.]=1 J=1,J.=0
99 — (q1.41.) 4
or (¢R4%) 81
99 — (qrq1,) 2
or (Grdy) 81
x <)
aq") — (qra1 ") 128 ( 2mi )2(2+m<21*)2
2 2 2
or (qﬁqﬁ(/)) 2187 mq*erg* mg*
x o () 2 2 2 2
00" = (@5as ) | o ( om?, )2(4+mq*)2 o ( om?, )Q(rnq*)2
or (q;%qz(/)) 2187 mq*-l—mg* My 2187 mq*-l-my* U
qq(') — (QLQ%)*) 512 2mgmyg 2
or (QRQ(L/ *) 2187 mg + m?]

Table 6. KK quarkonium (¢*¢*) (UED) and squarkonium (¢¢*) (MSSM) production cross section
prefactors P;; of (3.2). All the bound states are color-singlets. We use ¢ and ¢’ to refer to two
different flavors of quarks (and similarly for KK quarks and squarks), while the notation ¢(") means
that the flavor can be either the same or different from that of ¢. All the numbers refer to a single
choice of flavors and chiralities. For simplicity, we assumed the masses of the different flavors and
chiralities of the KK quarks or squarks to be the same.

model background) is much more attractive despite the (a?/a?)-suppressed branching ratio
of this mode. The cross section for the v+ signal is shown in figure 6 as a function of the
bound state mass. The angular distributions in this channel are isotropic for both KK
quarkonium and squarkonium but the signal will be twice larger in UED (when comparing
equal KK quark and squark masses) due to the twice larger production cross section. This
property can be used as a discriminator, although it may be important to take higher-order
QCD corrections into account. Such corrections for the squarkonium (stoponium) have
been studied in [43, 44]. Also, we have assumed the total annihilation rate of squarkonium
to be dominated by gg, while in some cases annihilation into pairs of W, Z or Higgs bosons
cannot be neglected [26, 45-47].

The cross sections for the dilepton annihilation channel of spin-1 KK quarkonia are
shown in figure 11. The right plot refers to KK quarkonia produced through the subleading
process (4.1) which has

. b3 3
Obound (S) = 243 m2 OZ‘Z’OZZ;’ I <M2> (42)
q*

where as in [40]

9 <7+1 271n’y> 2(y=1) | 4lny } (4.3)

y=1 (v=1%) Ay +1)2 T (v 1)
On the other hand, squarkonia do not give rise to a dilepton signal.

While squarks and KK quarks are examples of spin-0 and spin-1/2 particles in the 3
representation, it may be interesting to consider also bound states of spin-1 particles in the
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Figure 9. Dijet signal of the various bound states at the 14 TeV LHC as a function of the bound
state mass (M = 2m), where all the particles are assumed to have the same mass m. The contri-
butions of antiparticle bound states are included wherever relevant. On the left, we assume that
the signal comes from particular flavors and chiralities of KK quarks or squarks and present several
examples, while on the right we sum over all the possible combinations.
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Figure 10. tt signal of the various bound states at the 14 TeV LHC as a function of the bound
state mass (M = 2m), where all the particles are assumed to have the same mass m. For KK
quarkonia and squarkonia, on the left we present examples of the contribution from KK tops and
stops of a single chirality (the results for the other chirality are the same), while on the right we
assume that both chiralities are close in mass and contribute.

same representation. Such vector color-triplets W# couple to gluons via
1 * v . * v 2 *
L= —QWWW“ —igsW,T*W,G*"* + my, W, WH (4.4)

where W, = D, W, — D,W, with D, = 0,, — igsAZT“ and G}, is the gluon field strength.
The second term here is chosen such that tree-level unitarity in the production of vector
pairs from gg is preserved at high energies, like in the situation when W* is a gauge boson
of an extended gauge group [48]. The W* particles may also couple to photons, which
can be described by including the —ieQA, term in D, and adding an electromagnetic
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Figure 11. Dilepton annihilation signal of KK quarkonium at the 14 TeV LHC as a function of
the resonance mass. The cross sections apply for any single flavor of leptons. Left: production via
qq — ¢*q* (result independent of mg« unless mg« > mg+). Right: production via gg — ¢*¢*g for
Mg+ = 2mg« (for mg» = mg+ the branching ratios would be an order of magnitude smaller).

‘ process ‘J:O,JZ:O‘J:Q,]JZ\:ﬂ
lgg— (WW*) | 2/21 | 32/81 |

Table 7. Tripletonium production cross section prefactors P;; of (3.2).

term analogous to the second term above. The diagrams coupling these vector particles
to gluons or photons are the same as for squark-antisquark pairs, figure 8. The s-channel
diagram does not actually contribute for the bound states. We do not consider production
from gq since it would depend on the (model-dependent) couplings of the quarks to the
vector bosons. We present the cross sections for the resulting bound states, “tripletonia”, in
table 7. The production cross section from gluons is an order of magnitude bigger than that
of squarkonia and KK quarkonia. Furthermore, most of the tripletonia are produced with
J = 2 rather than J = 0, which leads to different angular distributions of the annihilation
products. More details are given in appendix A.6.

5 Di-KK quarks vs. di-squarks and KK quark-KK gluon vs. squark-
gluino bound states

The possible diagrams for the remaining bound states are shown in figures 12, 13, 14 and 15.
The resulting cross section prefactors are given in tables 8 and 9. For all of these bound
states, the annihilation will be almost entirely into dijets, without any cleaner channels
(even with a small branching ratio) to consider. Furthermore, the dijet signal (see figure 9)
is typically even smaller than that of the gluinonium (whose signal we will analyze in more
detail in the next section), and therefore cannot be seen on top of the QCD background in

,19,



Figure 12. Diagrams for production or annihilation of a pair of KK quarks. The second diagram
is relevant only if the flavors are equal.
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Figure 13. Diagrams for production or annihilation of a pair of squarks. The second diagram is
relevant only if the flavors are equal.

process J=0,J.=0 J=1|J.]=1 J=1,J.=0
g — (47,91 4 [ 2m V2 m22
or (q;a7) 729Ny A
aq' = (q1ar) | o [ 2m2. \? L e o 2m2 N2 [m2\2
or (qhaty) | (m3*+m§*) ( + mg*) 729 <m§* +m§*) (’m?*)
8 2m2* 2 mz* 2
a9 — (979%) 729 <m2*+qm *) (2 + mg*)
aq' — (a1q%) 4 ( 2mgs )2(2 + mi*)z
or (qﬁqz/) 729 mg*eri* mi*
o 2
99" — (qrdy) 16 ( 2mgmg
or (Grdy) 729 \'m2 +m

Table 8. Di-KK quark (¢*¢*) (UED) and di-squark (¢¢) (MSSM) production cross section prefac-
tors P;; of (3.2). All the bound states are in the 3 representation. All the numbers refer to a single
flavor of that mass, and a single choice of the chiralities, and our notation assumes that ¢’ # q.
There also exist similar processes in which all the particles are replaced by their antiparticles. For
simplicity, we assumed the masses of the different flavors and chiralities of the KK quarks or squarks
to be the same.

most scenarios. The only exception is if the mass spectrum of the model is very degenerate
to the extent that signals from many different bound states merge into one. This situation
is exemplified in the right plot of figure 9 which sums over the flavors and chiralities of
the KK quarks or squarks, which corresponds to the overly optimistic scenario in which all
the flavors and chiralities are sufficiently long-lived and close in mass within ~ 5% so that
the dijet signals of all their bound states merge into a single peak in the invariant mass
distribution. Similarly, we may further sum the curves corresponding to different types of
bound states. Even then, the dijet signal will be extremely challenging.
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Figure 15. Diagrams for production or annihilation of a squark-gluino pair. For bound states, the
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last diagram does not actually contribute.

process J=311|=3 J=13, 11 =3
3mq* (mg* —+ 9mq*)2 97’)’1,2* (mg* + 9mq*)2
32 (mg- + mg-)° 64 (mg- + mg-)°
mq* 3m2*

16 (mg+ + mqr) 32 (mgx + mg-)’

q9 — (¢"9%)3

q9 — ("9 )e

3 mgmg (mg + 9mg)?
32 (mg + mq)5
mgm?j

16 (mg + mq)?’

q9 — (49)3

q9 — (49)g

Table 9. KK quark-KK gluon (¢*¢*) (UED) and squark-gluino (¢gg) (MSSM) bound states pro-
duction cross section prefactors P;; of (3.2). All the numbers refer to a single flavor and chirality.
There also exist similar processes in which all the particles are replaced by their antiparticles.

6 Detection prospects

We will now analyze to what extent the bound state signals discussed in the previous
sections will be detectable at the LHC.? To that end, it is informative to consider the
existing experimental constraints on the masses of the various UED and MSSM particles.
Direct limits from the Tevatron Run I constrain the size of the extra dimension in UED
as 1/R 2 300 GeV [54, 55] (the KK modes masses are mj ~ 1/R). A much stronger limit
can probably be obtained from the analysis of data available today. The most stringent
indirect limit, 1/R 2 600 GeV, arises from the inclusive radiative B — X,v decay [56].
With the assumption that the Higgs is not much heavier than 115 GeV, the same limit is
obtained from electroweak observables based on LEP data [57]. For the MSSM, the gluino
mass is constrained by collider searches to mg 2 400 GeV, and squarks are constrained to

9LHC signals of gluinonium have been also studied in [14, 49-52] and squarkonium in [26, 44, 47, 53].
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mg 2, 600 GeV, except for the sbottom (which can be lighter than 300 GeV) and the stop
(which can even be under 200 GeV) [58-64]. It should be remembered though that MSSM
and UED have multiple free parameters (the soft SUSY-breaking parameters in MSSM
and the boundary terms in UED), and experimental bounds usually depend on certain
arbitrary assumptions about them and thus apply in only part of the parameter space (for
an example, see [65]). We therefore find it useful to consider also particles that are lighter
than the bounds quoted above. Note also that many of our results do not depend on the
full particle content of MSSM or UED and can be relevant to bound states in other models
that are less constrained.

To simulate the bound state signals and the dominant standard model backgrounds we
used PYTHIA (version 8.120) [66, 67] with NLO MSTW 2008 PDFs [37] and SISCONE jet
algorithm (version 2.0.1) [68] with cone radius R = 1 (except for the ¢t analysis where we
used R = 0.5), overlap parameter f = 0.75, no pp threshold on stable cones, and an infinite
number of passes. We selected several particles defined in PYTHIA and modified their cou-
pling constants and branching ratios such that they would behave according to the bound
state effective vertices from tables 3 and 5. For the purpose of simulation, we pretended all
the bound states to be color singlets. We used the BSM Higgs for simulating spin-0 bound
states, the Z’ for spin-1 bound states (and T for simulating (4.1)), and the KK graviton for
spin-2 bound states. We have simulated the backgrounds without any K-factors since our
signals do not include higher-order QCD corrections either. Such corrections to the pair
production processes, the bound state wavefunctions and the annihilation processes can be
large and sometimes even change the cross section by a factor of ~ 2. Part of these correc-
tions have already been computed for some of the MSSM bound states [36, 39, 43, 44| but
none for UED. Our results will need to be re-examined once these corrections are known.

In the analysis of the dijet channel, we require the two hardest jets within |n| < 2.5 to
have pr > 2M /5, the scattering angle in the partonic collision frame to satisfy |cos 6] < 0.5,
and the dijet invariant mass to be within +15% from the mass of the resonance. In the
bb channel, we require two tagged jets and assume 60% tagging efficiency for b-jets, 1%
mistag rate for gluon and light quark jets and 15% mistag rate for c-jets. Based on [69, 70],
we believe this level of b tagging performance will be realistic at least for resonances with
M < 1TeV. This leaves the standard model bb production as the dominant background.
Besides the tagging efficiency factor, we use the same cuts as in the dijet channel. In the
tt channel, we consider the standard model top production processes to be the background
and use the procedure described in appendix C of [14] to reconstruct the 4-momenta of
the two tops from their semileptonic decay products (which is the situation where one W
from ¢ — Wb decays leptonically and the other hadronically). We then count events in
which the ¢t invariant mass is within £15% from the mass of the resonance, the tops have
pr > M/3, and |cos 0] < 0.5.

The results for the dijet, bb and tt channels, respectively, are presented figures 16, 17
and 18. The dijet channel is unlikely to be realistic because of the very small signal-to-
background ratio S/B (which implies high sensitivity to systematic errors in modeling the
background). In the bb and tt channels the situation regarding S/B is more promising,
especially for KK gluonium. As for the fluctuations in the background, the luminosity
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Figure 16. Dijet channel: signal-to-background ratio (left) and the luminosity required for 3o
significance (right) for gluinonium (dashed lines) and KK gluonium (solid line) at the 14 TeV LHC
as a function of the resonance mass. For KK gluonium we assume mg» = mg+« while for gluinonium
we present two cases.
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Figure 17. bb channel: signal-to-background ratio (left) and the luminosity required for 3¢ signif-
icance (right) for gluinonium (dashed lines) and KK gluonium (solid line) at the 14 TeV LHC as a
function of the resonance mass. For KK gluonium we assume mg+ = mg+« while for gluinonium we
present two cases.

required for the statistical significance of the signal'® is achievable for mg < 450 GeV (if
mg > mg) or mg= < 800GeV in the bb channel, and for mgz < 300 GeV (if mg ~ mg) or
mg+ < 500 GeV in the ¢ channel.

In the diphoton channel we consider q¢ — ~v and gg — 7y to be the dominant
backgrounds.!! We select events in which the two hardest photons within || < 1.5 have
pr > 50GeV and look in the invariant mass window of +2% around the mass of the
resonance. The results are presented in figure 19. Since gluinonium is unlikely to be lighter

than 600 GeV (corresponding to a 300 GeV gluino), the luminosity required to see its 77y

We compute the significance as S/v/ B, and present the value of integrated luminosity for which
S/\/B=3.

HThere will also be a contribution from y+jet and dijet events in which jets are misidentified as photons.
However, for the heavy resonances considered here, this background can be made subdominant by the tight
photon identification criteria with only a mild reduction of the signal (see [71] for a recent study by CMS).
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Figure 18. Semileptonic ¢t channel: signal-to-background ratio (left) and the luminosity required
for 3o significance (right) for gluinonium (dashed lines) and KK gluonium (solid line) at the 14 TeV
LHC as a function of the resonance mass. For KK gluonium we assume mg« = mg+ while for
gluinonium we present two cases.
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Figure 19. Diphoton channel: signal-to-background ratio (left) and the luminosity required for
3o significance (right) for gluinonium (thick dashed line), KK gluonium (estimate; thick solid line),
squarkonium (thin dashed line) and KK quarkonium (thin solid line) at the 14 TeV LHC as a
function of the resonance mass. For gluinonium we assumed mg = my (and similarly for KK
gluonium).

signal is too high. On the other hand, for KK gluonium the signal is promising up to
KK gluon masses of ~ 500 GeV. For squarkonium, the signal is viable for squark masses
< 350 GeV. While typical squarks are expected to be at least as heavy as ~ 600 GeV, a
stop can be much lighter. Luckily, the stop is also the squark that has the largest chance
for being sufficiently long-lived so that stoponium will decay primarily by annihilation.
Several models in which this happens were discussed in [26]. The stoponium 77y signal can
thus be within the reach of the LHC. Similarly, a KK quark with mass < 400 GeV can
have a viable v signal from KK quarkonium. Here we assumed that the KK quarks or
squarks that form the bound state have charge @ = 2/3. For KK quarks or squarks with
charge ) = —1/3 the cross sections will be 16 times smaller.

In the dilepton channel, we focus on eTe™ processes since they will have the best
mass resolution. We include Drell-Yan processes as the background. We select events
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Figure 20. Dielectron channel: signal-to-background ratio (left) and the luminosity required for
3o significance (right) for several examples of spin-1 KK quarkonia at the 14 TeV LHC as a function
of the resonance mass. The solid curves correspond to the left plot of figure 11 and the dashed
curves to the right plot.

which include two electrons with |7| < 2.5 and pr > 60 GeV and look in the invariant mass
window of £2% around the mass of the resonance. The resulting reach is shown in figure 20
for several cases of KK quarkonium. The signal is detectable for some KK quarkonia with
KK quarks corresponding to the light quark flavors if mg < 500 GeV. On the other hand,
for a perhaps more likely case that t}, is light, the eTe™ + jet signal of (t},t},) is much less
promising, especially since for this case, as in the right plot of figure 11, we are already
considering the more favorable situation of mg« = 2mg« (rather than mg ~ mg+).

7 Conclusions

In this paper we have addressed all the possible S-wave QCD bound states of pairs of par-
ticles from the UED scenario and compared them with analogous bound states of MSSM
particles. KK gluonium and gluinonium were also compared with bound states of ad-
joint scalars, and KK quarkonium and squarkonium with bound states of color-triplet
spin-1 particles.

We have found that if the KK gluon is sufficiently stable (which is likely to be the case
if it is lighter than the KK quarks), its bound states signals at the LHC will have cross
sections that are significantly larger than those of the gluinonium of the MSSM, mostly
due to the larger number of spin states for KK gluonia. Besides the order-of-magnitude
difference in the size of the cross sections, the angular distributions of the annihilation
products can be used as a discriminator since KK gluonia will predominantly form with
spin 2 (and some spin 0), while gluinonia will be mostly spin 0 (and some spin 1).

The diphoton signal of spin-0 KK quarkonium is twice as large as that of the squarko-
nium, and is potentially detectable if the constituent KK quarks are sufficiently stable and
light. This difference in the cross section can help distinguish between KK quarks and
squarks. Another potential discriminator is the dilepton annihilation signal of the vector

KK quarkonium which might be measurable.
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Despite the fact that bound state cross sections are very small, we found that in some
cases the detection of the signal is realistic. For example, a 600 GeV KK gluon can give rise
to a 1.2 TeV resonance in the bb channel, with S/B ~ 3% and 30 significance reached at
~ 30 fb~!. With even more luminosity, the angular distribution can hopefully be extracted
and indicate the spin-2 nature of the bound state, confirming that the KK gluon has spin 1.
Another example is a 400 GeV KK top whose bound state will appear as an 800 GeV reso-
nance in the 4y channel with S/B ~ 10% and 30 significance at ~ 600 fb~!. Furthermore,
many of our results remain valid for other models that contain pair-produced particles
with color representations and spins that our study has covered, but which can otherwise
be slightly or completely different from the standard MSSM and UED scenarios and have
weaker experimental bounds on the masses, which opens up additional possibilities.

Overall, our study has demonstrated how processes of bound state formation and
annihilation, which are easy to compute for a given model and easy to reconstruct at the
collider, provide additional channels for studying new particles at the LHC.
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A Cross sections, annihilation rates, angular distributions

In this appendix we give the expressions for the parton-level near-threshold pair-production
cross section do(8) which enters the calculation of the bound state production cross sec-
tion (2.8). For UED processes, we used Feynman rules from [54, 72]. We separate the
results by the color representation of the pair, its spin J, and the spin component J, along
the direction of motion of the first parton (where by, e.g., |J.| = 1, we will refer to the
sum of the contributions with J, = 1 and J, = —1 in cases when the two contributions are
equal). We consider all the attractive color states and all the possible spins that can be
produced from incoming quarks and/or gluons. We use ¢ and ¢’ to refer to two different
flavors of quarks (and similarly for KK quarks and squarks), while the notation ¢") means
that the flavor can be either the same or different from g. We use the subscript x (as in
gy ) to denote the chirality of the particle (x = L or R) while ¥ refers to the other chirality.
Our expressions for the cross sections refer to a single flavor and chirality choice for each
of the two produced particles (for squarks and KK quarks). Processes that are not listed
have vanishing cross sections at threshold.

We also list the annihilation rates of the bound states into various final states and
the corresponding angular distributions (where 6 is the angle between the momenta of the
annihilation products and the spin quantization axis, in the center-of-mass frame).
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When a t quark appears as an annihilation product we take its mass m; into account,

but otherwise the masses of the quarks are set to zero. For simplicity, we assume that all

the KK quarks have a common mass mg+ and all the squarks have mass mg.

A.1 KK gluonia

The cross sections for KK gluon pair production processes in the near-threshold limit, for

the attractive color representations, are
60(99 — g%9";1,J=0) =
60(99 — 979"; 8s, J =0) =
60(99 — 99" 1, J=2,|].|=2) =
60(99 — 99" 8s, J =2,|J:[=2) =

60(qq — g9 51, J =2,[0.| =1) =

60(99 — "9 ; 8s, J =2,|1.| =1) =

The annihilation rates of the KK gluonia into the various final states are

729
F((g*g*)l,J:O — g9) = 3 ai’agmg*
729
(979" )8s,0=0 = 99) =, AS0iMg:

3/2 2
3 m? m? 2m2,
T ((9"9")1,0=0 — tt) = N <1 - ) <m2 ; , | adaimg

27ma2 3
256m2.
277023
128m2.
9ra’s
16m§*
9ra’3
2

8m 7

2
< 2m§* ) 2710436
2 2 2
M. + Mg 27mg*

9 2
< 2my. ) 5ra’
2 2 2
Mg + mi. 27mg*

(A1)

(A.2)

(A.3)

(A.4)

3/2 2
. * 15 m? m? / 2m§* 3 9
T ((9"9")8g.1=0 — tt) = 1- 9 2 o] asagmge (A.10)

486
L((g°9 =2 = 99) = . afaimy:
243
I'((9°9")sg.7=2 — 99) = ai’agmg*

2
18 2m?2.
I'((g°9")1,=2 — qq) = <m2 g ) adamgs
g *

2

L ((a*a* B 9 2mg*
((9"9%)8g,7=2 — qq) = ) 5
M + Mg
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g* g*
(A.15)
3/2 2
9 m2 2m2 2m2*
T ((g*g* o > tt) = 1— ! 1 ¢ 9 302m g«
((9"9")85,7=2 — 11) 64 ( m}) ( * 3m?. mZ. +mi. —mj A sl
(A.16)

The annihilation rates into gq should be further summed over the different quark flavors.

The angular distributions in annihilation of KK gluonia (in both 1 and 8g represen-

tations) into gg are given by

1 dI’ )

J=2,J, Csinddd = 256 (35 + 28 cos 26 + cos 40) (A.17)
1 dr 5
—92.J, =+1 = 20) sin® Al
J=2J, Csingdd = 16 (3 + cos 20) sin” (A.18)
1 dr 15
—92.J, = = int Al
J=2J:=0 Psingdg ~ 165" 0 (A.19)
In annihilation into gq, for massless quarks we have
1 dr 5
=2,J, = +2: = 20) sin” ¢ A2
J=2,J, Fsinddd — 16 (3 + cos 20) sin (A.20)
1 dr 5
=2 =+1: = 2 20 546 A2l
J=2J Tsingdg 16 2 T 0820 +cosdd) (A.21)
1 dr 15
J=2,J,=0: = " sin”20 A.22
e Tsin0dd 16" (A.22)
and for ¢t
1 dr ) 1
o I'sinfdf 16 1+ 2m?/3m§*
2 2
X (3 + m2t + <1 - m; ) cos 26’) sin? 6 (A.23)
mg* mg*
1 dr ) 1
s I'sinfdf 16 1+ 2m?/3m§*
2 2
X <2+ " 4 cos 20 + (1 S ) cos40> (A.24)
mg* mg*
1 dr 15 1
J=2] = = A.25
s I'sinfdf 16 1+ 2m?/3m§* ( )
11 2 9 2 2
x | sin? 260 + m2t + mzt cos 20 + ; cos 46
18mg* 3 g* g*
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A.2 Gluinonia

The near-threshold production cross sections of attractive gluino pairs are

Ira’ 3

60(99 —g9;1,J=0)=___"*°,

128m§

. . 97?0[26

60(99 — 935 8s, J =0) = 64 %

mg

2 2\ 2 o
. s mz—mz\ wail
60(qq — G3; 8a, J =1, =1) = ( §+ 5) a2
mg = Mg mg
The annihilation rates of the gluinonia are
o 243
T ((9)1.0=0 = 99) =~ alalmg
o 243
I'((99)8s,7=0 — 99) = 12804§a§mg
2
2 2 27m2
m m

T ((gg — t) =9 't J1- "1 g aSa’ms
((99)1.5=0 — 1) mg\/ m2 \m24mz—mz) %O

2
. 27 mg — mg
I'((99)8,0=1 — qq) = ( 5 5) alazmg

q g
2
27 m? m2 [ m?—mZ—m;
I' ((gg - tt) = 1 t 1— ¢ t g 3,2,
((QQ)SA,J_l - ) 64 ( + 2m§> \/ mg <mtg n m?, —m? agogmg
The branching ratio into vy via loop diagrams is [36]
2
L ((§9)1.0-0 = 77) _ 50 | AN Ly mi\| _ 2572
I'((99)1,7=0 — gg9)  8lx? m? m? 648

where in the last expression we substituted mg = my.

(A.26)

(A.27)

(A.28)

(A.29)

(A.30)

(A.31)

(A.35)

The J = 1 8 gluinonium has the following angular distributions in the annihilation

into gq for massless quarks:

1 dr 3
—1.J, =+1: =" 2
J=1J singds — g (LT ?)
1 dr 3.,
J=1,J,=0: Fsin9d9_481n 0

while for tt:

J=1,J, = +1 Lodr 3 Lmp/mg (L= mi/mg

TR Usinfdf — 8 1+m?/2m? L+ mg/m?
1 dr 3 1 mi

e Dsin0dd 4 1+mg/2m? (sm - m? cos
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A.3 Octetonia

The near-threshold production cross sections of attractive pairs of scalar color-octets are

60 (99 — ¢9; 1) = zggfg (A.40)
60 (99 — ¢9; 8s) = f;; 25 (A.41)
The annihilation rates of the octetonia are
D (o)1 — g9) = . olo?m, (A2
I (60)ss — 99) = Spo0talmy (443

A.4 KK quarkonia

The near-threshold production cross sections of attractive KK quark-KK antiquark pairs

are
60 (gg —qiq: 1, J = O) = maif (A.44)
e 962, '
2 2
2m?2 m2 2
() * *() _ > _ q* q* T
70 (qq Iy L J=0)= mg* + mg* 4+m§* 162m?1* (A.45)
2
2m?2 m2 2
70 (40" = gy 1, T = 1,0, = 0) = - A A.46
g0 <qq - qqu s L yJz mg* + mg* mg* 162m2* ( )
00 <qq(/) — q’iqz(l) 01, J=1, JZ:—l) =0y <qq(/) — q}}q}}(/) 1, J=1,J, = 1)
2 2
2m2* m2* 2
- ‘ o4 4T) T (A.47)
2 + 2 2 81 2
Mgx + Mg M Migs
The annihilation rates of the KK quarkonia are
* % 64 3.2
r ((quX)l,JZO - gg) = ]1 QMg (A48)
16 m?2 m?2
L ((t5t5)1 g0 — tt) = N
(( X X)LJ—O - ) 243 mg*\/ mg*
2 2
2m2, m2. m2
><< 2 4 5 > (2—|— T=y ) adalmge (A.49)
ot Mg — m2 Mge Mgy
2
64 2, m2.
:[1< * *(/) _ (I)) 2 q 3 2 N A 50
(quX )l,J 1 —4qq 799 m L+ m + mg* QMg ( )
2
32 mQ*
:[1< * *(I) _ (/)) . 4 q 3 2 N A51
(xay " )1,0=0 = qq 243 | m2 +m + m2, | 505 (A.51)
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2 2
/ 32 2m2. m2.
r <(q;q;())1,J=1 —>qq(’)) = -0 <m2 . ) < ") adaimy (A.52)
g* q* g

32
T ((g5a})1, =0 = 77) = 9 ag Q*aPmy (A.53)

The electroweak rates into fermions f (leptons or quarks) are

-3 _73 7373
U ((Gat)1,0=1 = fofy) = 16 cad <(Q" ) (Qx = T7) L Ity

2
2
07" ) a‘mg (A.54)

cos? Oy sin? Oy
where y and 7 describe the chirality of the KK quark and the fermion, respectively, n. = 1
for leptons and 3 for quarks, @ is the electric charge and T is the weak isospin, and we
assumed m% < (2mg+)%. More specifically, for annihilation into charged leptons

U ((ha)1,0=1 = 40,) = . aieyy (A.55)
with

2
2 1 2
crr=Q%, crp = Ci . car=(Q-T%", crp= A (Q—T°+T°cot® Ow)” (A.56)

where one should substitute Q = 2/3, T3 = 1/2 for up-type KK quarks and Q = —1/3,
T3 = —1/2 for down-type KK quarks.

The angular distributions for (q’iqz(/))

1,J=1— qq(') are

1 dr 3 . 0

J=1,J,=1: Csngdd — 250 o (A.57)
1 dr 3 .6

J=1J,=-1: Csingdd — 2% o (A.58)
1 dr 3,

J=1,J,=0: Csingdo — 4 5P 0 (A.59)

while for (q}}q%(/))l, J=1 — qq"") the same expressions hold for opposite signs of .J.. For

both (¢5q5 )1, 21 — q¢® and (g5t )1, =1 — aq,

J=1,J, =4+1: ll“sindgdﬁ = isinQH (A.60)
J=1,J,=0: ll“sindgdﬁ = ;) cos® 6 (A.61)
For (gyqy)1,7=1 — Chp:
J=1,J,=1 Il‘sindgde = Z)cos4 Z (A.62)
J=1,J,=-1 Il‘sindgdH = gsin4 Z (A.63)
J=1,J,=0: Il‘sindgdH = isin29 (A.64)

while for (q;q;)l,le — EJLFEE the same expressions hold for opposite signs of J,.
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A.5 Squarkonia

The near-threshold production cross sections of attractive squark-antisquark pairs are

. . T2
60 (99 — GG 1, J=0) = 192;% (A.65)
2
. . 2mgmg 4o
&0 <qq(’) — gy 1, = 0) = ( 2 q2> 12 (A.66)
mg +ms mg
The squarkonium annihilation rates are
U 32
T (GG, =0 = 99) = o, @aimg (A.67)

2
- 128 m? m? m? 2m2
T ((£E5)1,5=0 — tt) = 013 m; ( — g>\/1— ¢ < ] alaimg (A.68)
q

mg mg- mg + m?j —my
2
" 256 2mesmeg
F((éx(f(/) )1,0=0 — qq(')> = ( 5’ q2> ala’mg (A.69)
X 243 mg +mg
- 16
T (@)1, 0=0 = 77) = ¢ 05 Q'a’mg (A.70)

where @ is the electric charge of the squark.

A.6 Tripletonia

The near-threshold production cross sections of attractive pairs of vector color-triplets are

2

Go(gg — WW*i1,J =2, || =2) = P (A.71)

12my;,

R . a2
G0(g9g = WW*; 1, J=0) = 9 (A.72)

64myy,

The annihilation rates of the tripletonia into gg are
12
r«mnvwhkgﬁgmzziwaﬁﬁmwr (A.73)
* 32 3.2

L'(WW?*)1,5=0 — g9) = o7 s ST (A.74)

If the vector bosons have electric charge @ they can annihilate into vy with rates which
can be obtained by the replacement

ﬁﬁgwﬁ (A.75)

The angular distributions of the annihilation products (both gg and ~7v) are
1 dI 5

J=2J,=%2: Fsinddo — 256 (35 + 28 cos 26 + cos 40) (A.76)
1 dr 5 )
J=2J,==%1: Fsinddd — 16 (3 + cos 20) sin” (A.77)
1 dar 15,
J=2,J,=0: Csinddo — 16 °™ 0 (A.78)

,32,



A.7 Di-KK quarks

The near-threshold production cross sections of attractive KK quark pairs are

2m2, ? m2. ? a2
ot aiaisa =100 = (25 ) (7Y et
saad 5,9 =na =0 = (2 Y (Y et
60 (q¢' — a§ay’ s 3, J =0) = (m;Tngg*)Q (4 * Z? ) 2 271Tg§rz§*
60 (aq — q1ar: 3, J =1,|0.| =1) = (m;ﬁg;@f (2 + E)Q 572353*

60(qd — qtag 3, J=1,J.=-1) =60 (q¢ — apar’; 3, J=1,J. =1)

2 2
Zm?]* mg* Wagﬂ
- m2, +m?2, 2+ m2, 108m2,
q g g q

(A.79)

(A.80)

(A.81)

(A.82)

(A.83)

There are also processes in which the quarks and KK quarks are replaced by their antipar-

ticles, which have the same cross sections for opposite signs of J,.

The bound states annihilate into the same quark flavors from which they were pro-

duced. The rates are
r <(Q;Q;(/))3,J:1 - qq(l)> = 7;9 <m227?|—21*712 )2 (Zg* ) 2 agagmq*
q* g* g*
r ((q;q;/)&J:O - qq'> = 213 <m;ir?;n§* ) 2 (4 + :Zgi) adalmy
T (@ ")s, o1 — 2d”) = 739 <m2?7—r?;n2 )2 (2 + T:E >
q g* g

The angular distributions for (q;q;(’ ))3’ Jo1 — qq") are

1 dr 3.,
J=1,J,==41: Fsin9d9_4sm 0
1 dr 3,
J=1,J,=0: Fsin9d9_2cos 0
For (qyay)s, j—1 — 44,
1 dr 3 )
J=1,J, ==+l Fsin9d9_8(1+cos 9)
1 dr 3.,
J=1J:=0 Psingdg ~ 450
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For (qu}}')&J:l — q¢' (and for (q*qul)g’J:1 — qq¢’ for opposite signs of J,)

I dr 3 . 40
J=1J,=1 Csinddd — 2 sin 5 (A.91)
1 dr 3,0
J=1,J,=-1 [sinddo — 2 cos 9 (A.92)
1 dI’ 3
J=1,J,=0: [ sin 6 do 4sm 20 (A.93)

For the corresponding anti di-KK quarks, the angular distributions are the same for oppo-
site signs of J,.

A.8 Di-squarks

The near-threshold production cross section for attractive squark pairs is

2
2mgmg o
/ ~ ~ _ _ g'thq
60 (¢ — 4y 3, J =0) = (m'% +m2> 72 (A.94)
g q q

There are also processes in which the quarks and squarks are replaced by their antiparticles,
which have the same cross section.

The annihilation rate of di-squarks is

2
o 8 2mzmg
C(@8)s,50 = ) = gy <m2j—7§2> e e
g q

A.9 KK quark-KK gluon bound states

The near-threshold production cross sections for attractive KK quark-KK gluon pairs are

3 (mge + 9mgs)?

(qg—>ng 3, J=_,J. B (A.96)

288 m? 2 Mg (Mgs + mg+)

2)

1 (mgs + 9mge)?

— 03, J = 9 v ma? A97
(qg Iry" 2) 192m (e + 1100 )? & (A.97)

3 (mg+ +mq) 2

(qg — qRg*; 6, J = Toi B (A.98)

16 m?2 9+ Mg+
3 Mg

Ta2f (A.99)
32m2. (mge + my»)

1
6 = = —
(ngng 6, J = 9’ . 2)

Processes with ¢} instead of ¢}; have the same cross sections for opposite signs of J,. There
are also processes in which the quark and KK quark are replaced by their antiparticles,
which have the same cross sections for opposite signs of J,.
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The annihilation rates are

2
3 3 9 mgr (mge + 9myr)

I ((¢*9")3. j=3/2 — = ala A.100
("9 )8.5=3/2 = a9) =, ooy (s + 1100)? (A.100)
9 mg* (m*—{—9m *)2
L ((¢*g")3 je10 — qg) = . ada? T 7 I A.101
((¢°9)s.0=1/2 = a9) = ¢, (e + m00)? ( )
1
r ((q*g*)ﬁ.”]:g/2 — qg) = 4 a3l mg (A.102)
3 mg*
L ((¢*g%)g j—i/0 — = " ala? 7 A.103
((q 9 )6, =12 qg) 64 (mge + 1ge)’ ( )
The angular distributions for (¢5,9*) — ¢g (in both 3 and 6 representations) are
3 3 1 dr 0
977 T Ty Tsinfdd O 2 (4.104)
3 1 1 dr 0 0
J=",J,=+_: = 6cos? | sin? A.105
9' 7 T Ty Tsingdo 0 27" 9 (4.105)
3 1 1 dr 00 . 40
= ., = — . = S Al
J o J 5 T sin 6 do 6 cos o S (A.106)
3 3 1 dr 0
— = — = 2 51 6 Al
T=gle=my Tsinfdd 2 (4.107)
1 1 1 dr 50
— o — — S Al
T=g =ty Tsin0do 2 (4.108)
1 1 1 dr , 0
= = — N = A.1
T=g =y Tsin0do O 2 (4.109)

Processes with ¢7 instead of g% have the same angular distributions for opposite signs of
J.. For the corresponding anti KK quark-KK gluon bound states, the angular distributions
are again the same for opposite signs of J,.

A.10 Squark-gluino bound states

The near-threshold production cross sections for attractive squark-gluino pairs are

2

o <qg —qrg; 3, J = ;,Jz = —é) _ (mg+O9mg) , T3 (A.110)
288 mg (mg + mq)

. L 1 1 1 9

00 <qg — (rg; 6, J = X J, = —2> = 16mg (mg + me) Tag 3 (A.111)

Processes with ¢y, instead of ¢r have the same cross sections for opposite signs of J,. There

are also processes in which the quark and squark are replaced by their antiparticles, which

have the same cross sections for opposite signs of J,.

The annihilation rates are

) 2
B 3 mgmz (mg + 9myg)
F (@0)ererrs — qg) = 2 ada? q (A.112)
((49)3, =172 ) 32 ¢ (mg +mg)*
2
1 mgm~
P( o ) 1 7 A.113
(@9)6, 1=1/2 = 49) = 45 5% (mg +mg)? ( |
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The angular distributions for (§rg) — ¢g (in both 3 and 6 representations) are

1 1 dr 0

J, = 5 Csinddo — % (A.114)
1 1 dr L0

J, = " Csingdo — % o (A.115)

The angular distributions for (¢r.g) — ¢g are the same for opposite signs of J,. For the
corresponding anti squark-gluino bound states, the angular distributions are the same,
again for opposite signs of J,.
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