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Abstract

If pairs of new colored particles are produced at the Large Hadron Collider, determining
their quantum numbers, and even discovering them, can be non-trivial. We suggest that
valuable information can be obtained by measuring the resonant signals of their near-threshold
QCD bound states. If the particles are charged, the resulting signatures include photons
and leptons and are sufficiently rich for unambiguously determining their various quantum
numbers, including the charge, color representation and spin, and obtaining a precise mass
measurement. These signals provide well-motivated benchmark models for resonance searches
in the dijet, photon+jet, diphoton and dilepton channels. While these measurements require
that the lifetime of the new particles be not too short, the resulting limits, unlike those from
direct searches for pair production above threshold, do not depend on the particles’ decay
modes. These limits may be competitive with more direct searches if the particles decay in an
obscure way.
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1 Introduction and Motivation

The high collision energy available at the Large Hadron Collider (LHC) permits the exploration of
a vast region of particle physics territory that was previous inaccessible. To assure sensitivity to
the rich array of signatures that may arise from physics beyond the Standard Model, a diverse set
of analysis techniques is needed. Already, limits on some particles have reached as high as 2 TeV
and beyond. But in some cases, the limits are much weaker. New colored particles even as light
as 200 GeV, which would have large production cross sections, are still not excluded, because of
difficult backgrounds, trigger limitations, or the need for dedicated analysis methods.

In this paper we will show that pair-produced colored particles from many Beyond-the-Standard-
Model scenarios are constrained, in a way that is largely model-independent, by the non-observation
of dijet (or other) resonances arising from their QCD bound states. In some cases the constraints
obtained by this method would be stronger than the ones from the more standard searches. Fur-
thermore, if new pair-produced colored particles are discovered, by any method, their bound state
signals can provide a uniquely powerful tool for determining their quantum numbers, including
charge, spin, color representation and multiplicity. With such quantum numbers determined, the
bound state resonances then also provide a high-precision mass measurement. This approach is
especially useful for particles in color representations higher than the triplet (so that the bound
states have a sizeable cross-section) that also carry electric charge (so that multiple resonant signals
may be observable, including γγ, γ+jet and ℓ+ℓ−).

These ideas are hardly new, of course. Bound states were crucial in understanding charm and
bottom quarks, and had the top quark been lighter than 130 GeV, measurements of toponium at
e+e− and hadron colliders (see, for example, [1–4]) could have provided very detailed information
about its properties. But it has been some time since these ideas were current, and so they need to
be dusted off and shined for use at the LHC. This has been done recently in [5] and further in [6],
where the focus was on bound states of particles that appear in theories of supersymmetry or extra
dimensions, though other cases were briefly discussed. Utilizing bound state annihilation signals at
the LHC has been considered also in [7–18]. In this work we explore these ideas in a much more
general context and confront the potential signals with data from the 7 TeV LHC.

The only essential model-dependent assumption that we make about the new particle X is
that its life is slightly prolonged, so that the XX bound state (“X-onium”) decays not by the
disintegration of the X itself (as in toponium) but by the annihilation of the X with the X (as in
charmonium). This condition is satisfied relatively easily as long as the particle does not have any
unsuppressed 2-body decays. For particles in higher representations of color this situation becomes
even more generic because, as we will see, the annihilation rates are proportional to many powers
of color factors and can be enhanced by orders of magnitude.

Particles in the triplet and octet representations of color appear in many common scenarios
and our results will be relevant to many of them. We will also consider particles in more exotic
representations, for some of which the signals we discuss can be unusually large. (Other aspects of
the phenomenology of massive vectorlike matter in exotic representations have been considered in
the past in [19–28].) Our motivations for discussing such representations are several. First, searches
for resonances will be done anyway, and can be interpreted in terms of any representations, so it
makes sense to understand their implications for all available representations without imposing
theoretical assumptions. Second, massive vector-like matter in other representations often arises
both in perturbative string theory, our only top-down model framework, and quantum field theory
models with strong dynamics (or their dual warped-extra-dimensional cousins). In fact, string
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theory typically predicts extra matter that, though chiral at high energies, becomes vector-like
after symmetry breaking which may well occur at or just above the weak scale. The types of matter
commonly predicted by string theory are biased by the fact that strings have two ends, and each end
carries an index under a gauge or flavor group. This means that matter in perturbative string theory
tends to appear in a limited set of representations with two indices, namely adjoints, symmetric
and antisymmetric tensors, bifundamentals, and fundamentals. At the least, therefore, one should
consider the possibility of massive sextet representations of color. Meanwhile, if non-perturbative
quantum field theory has a role to play near the weak scale, composite particles in more complicated
representations may arise through new confining dynamics. In QCD we encounter massive octet
and decuplet states of flavor-SU(3) (with U(1)-baryon charge) around the scale of confinement; in
a similar vein, we might easily find technibaryons or other confined states near the TeV scale in
the octet or decuplet of color, and carrying U(1) hypercharge. Furthermore, the two-index tensor
representations expected in perturbative string theory might be combined through strong dynamics
into more elaborate massive bound states. This can occur in confining supersymmetric quantum
field theories, where massless states with high representations of global symmetries (into which
SU(3)-color may be embedded) sometimes arise.

In section 2 we will set the stage for our study by discussing the various colored particles that
we will consider and the degree to which they are constrained by current data. In section 3 we
will review the basics of the bound state formalism. In section 4 we will analyze the bound state
annihilation signals in the γγ, γ+jet, dijet and ℓ+ℓ− channels. In section 5 we will comment on
the widths of the resonances. In section 6 we will present a strategy that combines the information
from the various channels for determining the properties of the new particles. We will summarize
and give final remarks in section 7.

2 New Colored Particles: Preliminary Considerations

Since the properties of the bound state signals are commonly model-independent, we will not
restrict ourselves to a particular new physics scenario. We will simply assume that nature contains
a new pair-produced particle X of spin j = 0, 1

2
or 1, electric charge Q, and color representation

R (details of various color representations are given in table 1). For simplicity and brevity, we
will assume that X is a singlet of the electroweak SU(2), though our methods apply also to other
SU(2) representations. We also assume that the only interactions that contribute to production
and annihilation of XX pairs, and the XX binding potential, are the Standard Model gauge
interactions.1 Then, at least in the case of j = 0 or 1

2
particles, everything is fixed by gauge

invariance. The j = 1 case is a bit more subtle and discussed in appendix B.

2.1 Constraints on quantum numbers

New stable colored particles would form exotic atoms that are not observed [33], so we will focus
on particles X that are able to decay down to known particles, possibly along with invisible new

1Our results can be significantly modified for particles which have large Yukawa-type interactions, such as gluinos
(when the squarks are not much heavier) [5, 6] or fourth-generation quarks [29]. Note, however, that some of the
representations that we study here cannot have any renormalizable non-gauge interactions with Standard Model
particles, simply because their quantum numbers do not allow it. Even when other renormalizable couplings are
permitted, any subsequent effects are competing against the large value of αs, and so our formulas for production
and decay rates will often be accurate even in this case.
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R DR CR TR AR tR R⊗ R

(1, 0) 3 4/3 1/2 1 1 1 (⊕8)

(1, 1) 8 3 3 0 0 1⊕ 8⊕ 8
(

⊕10⊕ 10⊕ 27
)

(2, 0) 6 10/3 5/2 7 2 1⊕ 8 (⊕27)

(2, 1) 15 16/3 10 14 1 1⊕ 8⊕ 8⊕ 10⊕ 10⊕ 27⊕ 27
(

⊕35⊕ 35⊕ 64
)

(3, 0) 10 6 15/2 27 0 1⊕ 8⊕ 27 (⊕64)

(2, 2) 27 8 27 0 0
1⊕ 2 · 8⊕ 10⊕ 10⊕ 3 · 27⊕ 2 · 35⊕ 2 · 35⊕ 2 · 64

(

⊕28⊕ 28⊕ 81⊕ 81⊕ 125
)

(3, 1) 24 25/3 25 64 2
1⊕ 2 · 8⊕ 10⊕ 10⊕ 2 · 27⊕ 35⊕ 35⊕ 2 · 64

(

⊕81⊕ 81⊕ 125
)

(4, 0) 15′ 28/3 35/2 77 1 1⊕ 8⊕ 27⊕ 64 (⊕125)

Table 1: Properties of SU(3) representations [30–32] ordered by their quadratic Casimir CR. Also
shown are the dimension DR, the index TR, the anomaly coefficient AR, and the triality tR. The
last column shows the representations obtained by combining the representation R with its complex
conjugate (where representations that give rise to non-binding potential between the particles are
enclosed in parentheses). Our conventions and useful SU(3) identities are given in appendix A.

particles. This restricts the charge Q to be an integer times 1/3 and imposes a correlation between
Q and the triality tR of R [which can be computed from (A.9)]. For any representation R in the
decomposition of R1 ⊗ R2,

tR = (tR1
+ tR2

) mod 3 (2.1)

and thus triality is conserved mod 3. Quarks (R = 3; Q = −1/3 or +2/3), antiquarks (R = 3;
Q = +1/3 or −2/3) and gluons (R = 8; Q = 0) all have charge and triality that satisfy

tR = (−3Q)mod 3 (2.2)

as do the colorless particles of the Standard Model, and any new invisible particles. Consequently,
for X to be able to decay, it must also satisfy (2.2). Particles X in representations with vanishing
triality (including 8, 10, and 27) therefore must have integral charges, while particles in other
representations (including 3, 6, 15, 24, 15′) must have fractional charges which are multiples of
1/3. Spin j is unconstrained by these considerations, since three quarks can have the quantum
numbers of a neutron (j = 1/2; R = 1; Q = 0) allowing a change of spin by a half-integer with no
change in charge or color.

One might consider constraining the list of particles by requiring that the running of the Standard
Model gauge couplings should not be too severely affected. High representations in j and R can have
a huge impact on the running of αs, and (for Q 6= 0) electroweak couplings. Requiring asymptotic
freedom in SU(3) would preclude some of the representations we consider. However, if X were
composite, then above its confinement scale the beta functions would change again, and asymptotic
freedom might be restored. Alternatively, in a sufficiently exotic scenario with a whole set of new
particles, including vectors as well as scalars or fermions, their effects on the beta function may
partially cancel. Similar remarks apply to the potential contributions of the particles to loops
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Figure 1: Tevatron pair-production cross sections for particles of mass m and spin j = 0 (solid
black), 1

2
(dashed blue) or 1 (dotted red) in color representations R indicated in the figure. The

95% CL exclusion limit on particles decaying to 3 jets is the thick blue curve (CDF [34–36], 3.2 fb−1).

affecting precision measurements. Lacking a clear-cut criterion, we leave these considerations to
the reader’s judgement, and impose no constraint of our own.

2.2 Restrictions from collider searches

Let us now consider the direct constraints on new colored particles from various collider measure-
ments. These may be especially stringent for particles in high representations in j and R, which
have large pair-production cross-sections,2 as shown in figures 1–2 (based on the expressions in
appendix C).3 However, existing limits depend very significantly on the particles’ decay channels,
while our aim is to remain as model-independent as possible. We will discuss several examples but
will be cautious in applying constraints except where obviously necessary.

One signature particularly relevant to particles in high representations of color is decays to
jets only. In table 2 is shown the minimal number of quarks, antiquarks and/or gluons to which a
particle X with spin j and color representation R could decay, consistent with conservation of color,
angular momentum and charge. Notice that a high-dimensional operator is sometimes required for
the corresponding decay, automatically suppressing decays with easier signatures (except possibly

2Since we assume X has a small width, resonant production of X is too rare to be important.
3We assumed the fields X to be complex. Electrically-neutral fields (of any spin) in the 8 or 27 can be real, in

which case the cross sections would be smaller by a factor of 2.
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Figure 2: 7 TeV LHC pair production cross sections for particles of mass m and spin j = 0 (solid
black), 1

2
(dashed blue) or 1 (dotted red) in color representations R indicated in the figure. The 95%

CL exclusion limits on particles decaying to 2 jets are the thick red curve (ATLAS with 4.6 fb−1 [37]
for m > 150 GeV, 34 pb−1 [38] for lower masses) and the thick pink curve (CMS with 2.2 fb−1 [39]).
The limit on particles decaying to 3 jets is the thick blue curve (CMS with 5 fb−1 [40, 41] for
m > 280 GeV, 35 pb−1 [42] for lower masses).

3 8 6 15 10 27 24 15′

j = 0 2 2 2 3 2 (3) 2 (3) 3 4

j = 1
2

2 3 2 2 3 4 3 3

j = 1 2 2 2 3 3 3 3 4

Table 2: The minimal number of jets to which a spin-j particle in a particular color representation
can decay, accounting for color, charge and angular momentum conservation. As discussed in the
text, the 8, 10 and 27 must have integer electric charges while the others’ must be fractional. For
particular values of the charge, the minimal number of jets will sometimes be higher than shown
in the table. For the 10 or 27, j = 0, any non-zero charge requires the particle to decay to at least
three jets, as indicated in parentheses.

for decays involving top quarks), and at the same time giving a sufficiently long lifetime for bound
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states to annihilate.4 Note that this is neither the best nor the worst case as far as sensitivity to the
new particles goes. For instance, if the final state contains invisible particles and consequently a
lot of missing transverse momentum, discovery would likely have occurred through searches aimed
at supersymmetry, while if the new particles decay to jets plus a new colorless particle that itself
typically decays to three jets, it is not obvious whether any searches would be sensitive other than
those seeking black holes and similar phenomena.

Signatures with jets only, and no missing energy, have been traditionally considered hard due
to the large QCD background. Nevertheless, several successful search techniques for pair-produced
hadronically decaying particles have been developed recently, starting with searches for particles de-
caying to 3 jets by CDF [34–36] (3.2 fb−1) and CMS [42] (35 pb−1, recently updated to 5 fb−1 [40]5),
and followed by searches for particles decaying to 2 jets by ATLAS [38] (34 pb−1, recently updated
to 4.6 fb−1 [37]) and CMS [39] (2.2 fb−1). Estimates of their 95% CL exclusion limits are shown6

as thick curves in figures 1–2. These limits are likely to be conservative since the cross sections
we plot do not include higher-order QCD corrections (which for many cases are not yet available
in the literature) which would typically make them bigger.7 Meanwhile, the limits on spin-1 par-
ticles are conservative also, because we did not include the contribution from the qq channel in
that case since it is necessarily model-dependent and typically subdominant, as discussed in more
detail in appendix B. We should also note that the limits inferred from figures 1–2 do not take into
account that the angular and invariant mass distributions of the pairs depend on the spin and color
representation, so the acceptance varies somewhat between the different cases.

For some of the representations the cross sections are so large that they are likely to be highly
constrained even without dedicated searches, by the absence of anomalies in high-multiplicity events.
Those have been explored recently in the CMS black holes search [48] (with 4.7 fb−1). While a careful
interpretation of the limits from this search would require a detailed analysis, an examination of the
backgrounds suggests that such an analysis would likely exclude certain regions, roughly within the
1000–1500 GeV mass range, for all the particles from table 2 decaying to 4 jets (spin-1

2
particles in

the 27, and spin-0 and 1 particles in the 15′) and for some of the particles decaying to 3 jets (spin-1
particles in the 15, 10, 27, and 24, and spin-1

2
particles in the 24 and 15′). Note from figure 2

that the resulting limits on these 3-jet cases would be complementary to those from the dedicated

4If the lifetime of X is very large, then when produced above threshold it may travel a macroscopic distance in
the detector (within an R-hadron). While our results would still apply, the direct observation of such particles would
typically make discovery and measurement of quantum numbers much easier (see, e.g., [43] and references therein)
and constraints on them are already very powerful [44, 45].

5The article [40] presents the limit curve only up to m = 1000 GeV, but a more complete curve (up to 1600 GeV)
has been presented in [41].

6For presenting the results of [39], we assumed the acceptance to be the same as for the coloron examined in [39].
We determined the acceptance by dividing the acceptance-times-cross-section curve from [39] by the cross section of
the model used in that study [46]. This is consistent with the two values quoted in [39] (3% for m = 300 GeV and
13% for m = 1000 GeV).

7One correction that will be especially important for the high color representations is the Sommerfeld enhancement
which, like the bound states, originates from the attractive QCD potential between the two particles (see, e.g., [47]).
We have estimated that typically (e.g., for 1 TeV particles at the 7 TeV LHC or 200 GeV particles at the Tevatron) the
enhancement factors relative to the leading-order cross sections would be ∼ 1-2 for X in the 6 and 8 representations,
∼ 3 for 10 and 15, and ∼ 5 for 27, 24 and 15

′. However, since the searches for hadronically decaying particles
typically require the particles to be somewhat boosted, so as to reduce QCD multijet background, they are not
sensitive to pairs produced near the threshold, where the effect of the Sommerfeld enhancement is most pronounced.
As a result, the number of events passing the cuts will be enhanced by smaller factors than those stated above.
Addressing this in more detail requires a separate study.
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search for particles that decay this way. The dedicated 3-jet search [40, 41], which is motivated by
models with low signal-to-background ratio, needs to use hard cuts for reducing the background,
resulting in signal acceptance of 2-3%. However, for signals that are larger than the background,
or at least comparable to the uncertainty on the background, such cuts are no longer needed and
limits can be set by inclusive searches like [48] even when the number of signal events is small.

Also, for sufficiently large representations, the new particles will alter the overall dijet spectrum
through large loop corrections. But the most prominent effect of these loops is likely to be below
threshold, where they are enhanced by Coulomb effects and manifest themselves through the pro-
duction and annihilation of bound states. Since the contribution from the bound states is resonant,
and benefits from higher parton luminosity, it is probably the source of the most powerful limits
arising from the dijet spectrum. Limits of this type will be discussed below.

Overall, we see that the direct limits on hadronically decaying particles are not extremely strong,
sometimes even for particles in high representations, and apply only in certain mass ranges for each
specific decay mode. We will see that bound state signals may sometimes set limits of comparable
strength which are less model-dependent. We also note that the direct searches for particles de-
caying to 3 jets suffer from uncertainties due to the very hard cuts needed for reducing the QCD
background, leading to strong sensitivity to the far tails of the kinematic distributions which are
difficult to simulate reliably.8 By contrast, the bound state signals have O(1) efficiencies.

3 Bound State Formalism

Any new colored particle will produce a rich spectrum of bound states, similarly to the charmonium
system. Often there will be even more variety, since particles in any representation other than the
triplet can form bound states in more than one representation of color, and spin-1 particles provide
additional possibilities for the spins of the bound states. However, for each of our signals, just one
or a few of the bound states will contribute significantly to observable LHC signals. In particular,
the probability to produce a bound state depends on the size of its wavefunction at the origin, ψ(0),
which is non-vanishing only for S waves. For any particular annihilation channel, the spins and
the color representations of the bound states that need to be considered are further constrained.
Luckily, as we will see, in most cases the contribution from the relevant S waves is not suppressed
in any way, so we will not need to take into account higher angular momentum states or radiative
transitions between states. Only the dilepton channel will require a more detailed analysis. For
simplicity, in the rest of this introductory section we will focus on the case of directly produced
S-wave bound states, and discuss the additional states relevant to the dilepton channel when we
come to it. We will start by describing the leading-order expressions that we will be using and then
comment on higher-order corrections, which become more and more important as we go higher in
the color representation R.

8For example, the cross section of a hadronically decaying top which can be inferred from the CDF search for
particles decaying to 3 jets [34–36] appears larger than expectation by a factor of ∼ 10. While the excess can be
accounted for by a 2σ fluctuation or indicate a new physics source of boosted top quarks, the discrepancy may also
be attributed to underestimating the systematic uncertainty on the very small signal efficiency (∼ 10−4).
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3.1 Leading order

For particles of mass m ≫ ΛQCD, and as long as the Bohr radius of the relevant bound state is
much smaller than the QCD scale and the velocity of its constituents is non-relativistic, we can
obtain reasonable estimates using a standard modified-hydrogenic approximation. For a particle X
in representation R, the potential between X and X depends on the color representation R of the
XX pair through the quadratic Casimirs of R and R as

V (r) = −Cαs

r
, C = CR − 1

2
CR (3.1)

Here
αs ≡ αs(rrms) (3.2)

is defined as the running coupling at the scale of the average distance between the two particles
in the corresponding hydrogenic state, rrms ≡

√

〈r2〉, which is of the order of the Bohr radius9

a0 = 2/(Cαsm). (The symbol αs without a bar will be reserved for its value at the scale m.) The
binding energies and the wavefunctions at the origin for the ground state (n = 1) and its radial
excitations (n = 2, 3, . . .) are given by

Eb = − 1

4n2
C2α2

sm, |ψ(0)|2 ≡ 1

4π
|R(0)|2 = C3α3

sm
3

8π n3
(3.3)

and the cross-section for the bound state B to be produced by initial-state partons a and b is

σ̂ab→B(ŝ) =
8π

m

σ̂free
ab→XX

(ŝ)

β(ŝ)
|ψ(0)|2 2π δ(ŝ−M2) (3.4)

where M = 2m+ Eb is the mass of the bound state, σ̂free
ab→XX

(ŝ) is the production cross section for

a free pair at threshold (i.e., for β(ŝ) → 0, where β(ŝ) is the velocity of X or X in their center
of mass frame). (If X is real, then X = X , and eq. (3.4) still holds with ψ(0) defined through
the expression (3.3), rather than by the appropriately symmetrized wave-function.) Meanwhile one
may show that the production cross section of any narrow resonance B of mass M and spin J from
a and b, and the decay rate back to a and b, are related by

σ̂ab→B(ŝ) =
2π (2J + 1)DB

DaDb

ΓB→ab

M
2π δ(ŝ−M2) (×2 for a = b ) (3.5)

where Dp denotes the dimension of the color representation of particle p.
From (3.3), we may see that the binding energies would typically be small relative to the bound

state mass. Even for high representations like the 15 and 10, the binding energy for a color-singlet
S-wave bound state in its ground state is only Eb ∼ −0.05M . It is even smaller for bound states
with non-zero orbital angular momentum and/or color. Therefore observing the splittings between
the various states would generally be difficult at the LHC due to resolution limitations, except in
the case of very high representations. For R = 10 and 15, observation of radially excited states
distinctly from the ground state might barely be possible in diphoton and dielectron channels,
but the rates for the excited states are very low and a very large data set would be required.

9More precisely, rrms =
√
3 a0 for the S-wave ground state and

√
30 a0 for the lowest P-wave state. Since a0 itself

depends on αs, we determine rrms numerically using a self-consistency condition.
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Furthermore, annihilation rates fall like 1/n3, making radially excited states more vulnerable to
decays of the constituent X particles themselves, which could eliminate their annihilation signals.
For these reasons, we will assume in this paper that no information can be gleaned from the presence
of several distinct states in the same channel.

When combined with detector resolution, the effect of the radially excited states, whose produc-
tion rate falls as 1/n3, will be a small distortion on the high-energy side of the observed resonance
shape, increasing the area under the observed resonance by only

ζ(3) =

∞
∑

n=1

1

n3
≈ 1.2 (3.6)

Since this effect is small and, as mentioned above, the radial excitations are more vulnerable to
constituent decays, we will take the conservative approach of not including the factor (3.6) in the
cross sections.

3.2 The importance of higher order corrections

The computations in this paper will all be at the leading order both in the short-distance pro-
duction and annihilation amplitudes and in the non-relativistic and Coulomb-like treatment of the
bound states,10 with the exception of the running of αs which we do account for to a degree, as
described above, and of our use of NLO parton distribution functions (PDFs). We must therefore
emphasize that our results will be rather imprecise. Our aim in this paper is not high precision, but
rather to show that bound state searches may serve as a useful tool at the LHC, and to motivate
future calculations of greater precision that will allow maximal information to be extracted from
those searches. We will also demonstrate, however, that high precision is often not required for
determining discrete quantum numbers.

The leading order approximation becomes less valid as we go up in the representations. In par-
ticular, the particle velocity in the ground state of a color-singlet S-wave bound state is v ≈ CRαs/2,
where CR is the second Casimir of the representation R, and thus for too high representations the
bound states cannot be treated non-relativistically. The relativistic corrections contribute at the
next-to-next-to-leading order in the αs expansion. Other corrections that depend on the combina-
tion CRαs also start appearing at that order. For more details, see [17], which studied the effect of
such corrections on a color-singlet S-wave bound state of R = 8 fermions (gluinos). In their case,
the corrections make |ψ(0)|2 larger than the leading-order expression by a factor that varies from
1.8 for m = 300 GeV to 1.5 for m = 1500 GeV. Based on the values of CR from table 1, we expect
a comparable effect for R = 6 and a larger effect for R = 15 and 10 (where CR is about twice as
large). For R = 27, 24 and 15′, CRαs ≈ 1, so we cannot obtain reliable results for these (or higher)
representations. Therefore in the following sections we will restrict our attention to R = 3, 8, 6, 15
and 10. We will briefly describe what the leading-order expressions give for higher representations
in section 6.6.

10We note that higher order results have been computed in the context of supersymmetric theories for bound states
of color-triplet scalars (squarks) [49, 50] and color-octet fermions (gluinos) [51, 17].
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4 Signals

In this section we will identify the channels in which the bound state resonances would be most
easily measurable and compute the corresponding cross sections as a function of the mass, color
representation, charge and spin of the constituent particles.

The strong and electroweak couplings of the particles allow them to annihilate to a pair of gauge
bosons, each of which can be a gluon, photon or Z. They can also annihilate to a pair of quarks
through an s-channel gluon or any pair of fermions through an s-channel γ/Z. Since for simplicity
we assumed the particles to be SU(2) singlets, there are no processes involving W bosons. The
promising final states that we will analyze are diphoton (γγ), photon+jet (γg), dijet (gg and qq),
and dilepton (ℓ+ℓ−).

Annihilation to γγ, γg or gg is possible only for bound states with total angular momentum
J = 0 or 2. Such bound states (color-singlet for γγ, color-octet for γg, and various representations
for gg) can only be produced in the gg channel.

Annihilation to qq or ℓ+ℓ− (through an s-channel gauge boson) is possible only for J = 1 bound
states. Color-octet J = 1 bound states which will annihilate to qq will be produced in the qq
channel. On the other hand, there is no leading-order strong-interaction process that can produce
the color-singlet J = 1 bound states which can annihilate to ℓ+ℓ−. Therefore, we will have to take
into account various subleading processes which will lead to a measurable ℓ+ℓ− signal.

The photon+jet, diphoton and dilepton signals will unfortunately be absent if the particles are
neutral. Note though that according to the arguments in section 2.1, for many representations (3,
6, 15, etc.) neutral particles would be exactly stable and are likely already excluded.

In this section we will also present approximate current limits based on recent LHC searches.
For simplicity, since the signal efficiencies (including acceptance) are O(1), and since the limits are
still changing rapidly as the analyses are being updated with more data, we will only display one
representative limit curve per search, without simulating the signal efficiency relevant to each of
our cases separately. We will present the cross sections as a function of half the bound state mass,
M/2, which is roughly the mass m of the constituent particle.11

4.1 γγ channel

Any particle with charge and color, no matter what its spin, can be produced in pairs (in gg
collisions) in an S-wave J = 0 color-singlet bound state that can then decay as a typically narrow
γγ resonance. For spin-1 particles, S-wave J = 2 color-singlet bound states contribute as well. Even
though the dominant decay in all cases is back to a gg pair, the γγ signal benefits from smaller
backgrounds and better resolution.

The cross section of the γγ signal due to a spin-J bound state is12

σγγ ≃ σgg→B

ΓB→γγ

ΓB→gg
=

(2J + 1)C3
R

214
α3
s

Lgg(M
2)

M2

∫ π

0

dθ sin θ
∑

ε1,ε2

∣

∣MXX↔γγ(θ)
∣

∣

2
(4.1)

11In the dijet channel where the contribution comes from several bound states with different binding energies, we
took M to correspond to the lightest one. However, all the states are included in the computation of the cross section,
each with its own mass, since they will usually contribute to the same peak within the experimental resolution.

12The γγ annihilation signal has been computed in the past for bound states of color triplets (see, e.g., [15, 49, 50, 6]
for scalars, [4, 29, 6] for fermions, and [6] for vectors) and color octets (see, e.g., [16] for scalars).
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Figure 3: γγ signal cross sections at the 7 TeV (left) and 14 TeV (right) LHC for bound states
of particles with spin j = 0 (solid black), 1

2
(dashed blue) or 1 (dotted red) and charge Q = 1.

For other values of Q they need to be multiplied by Q4. Our estimates of the current 95% CL
exclusion limits are the thick red curve (ATLAS, 4.9 fb−1 [53]), and the thick blue curve (CMS,
1.14 fb−1 [55]) which is supplemented forM/2 < 250 GeV by a limit from a lower luminosity search
(CMS, 36 pb−1 [54]).

Here MXX↔γγ is the matrix element for free X and X to convert to a pair of photons and the sum
is over the photon polarizations. Also appearing in this expression is the parton luminosity for a
pair of partons a and b, defined as

Lab(ŝ) =
ŝ

s

∫ 1

ŝ/s

dx

x
fa/p(x) fb/p

(

ŝ

xs

)

, (4.2)

where
√
s is the collider center-of-mass energy. The resulting γγ signal from the bound states is

σγγ =
Q4C3

RDR

64
π2α2α3

s

Lgg(M
2)

M2
× {1, 2, 19} for j =

{

0, 1
2
, 1
}

(4.3)

We have evaluated13 this for the LHC in figure 3, which also shows our estimate of the exclusion
limit from ATLAS [53] and CMS [54, 55].14

For j = 0 or 1
2
, the signal is coming from J = 0 bound states and is therefore isotropic. For

j = 1, both J = 0 and J = 2 bound states contribute. The signal from J = 2 bound states, which

13Here and in the following, we are using the NLO MSTW 2008 PDFs [52] evaluated at the scale m.
14Unfortunately the high-luminosity ATLAS and CMS searches [53, 55] have not presented limits forM < 450 GeV

or M < 500 GeV, respectively (even though good data seems to be available down to at least M ≈ 200 GeV in both
cases; and of course Higgs boson searches work at even lower masses). As a result, we could only present limits from
the much earlier 36 pb−1 CMS search [54] in that range of masses. We also could not make use of the CMS search
with 2 fb−1 [56] since it has not presented limits on the cross section times branching ratio.
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contributes 16/19 of the cross section, will have the angular distribution

1

ΓB→γγ

dΓB→γγ

sin θ dθ
=

5

4

(

cos8
θ

2
+ sin8 θ

2

)

(4.4)

where θ specifies the direction of motion of the photons relative to the beam axis in the center of
mass frame. This angular dependence should allow us to distinguish between bound states of spin-1
particles and those of spin-0 or spin-1/2 particles.

4.2 γ+jet channel

For particles in color representations higher than the triplet, the potential is attractive also in
the color-octet state. Color-octet bound states can decay to a photon and a gluon, producing a
photon-jet resonance. Perhaps surprisingly, we find that these states can often be observable. For
spin-0 and spin-1 constituents, these states are especially important, as di-lepton resonances are
rarely produced, as we will see. Happily, measuring the rates for the two-photon and photon-jet
resonances provides complementary information about the charge Q and the representation R.

An octet state can be constructed from a pair of particles in any representation R by using the
color wavefunction

1√
TR

(T a
R)

j
i (4.5)

where (T a
R)

j
i are the generators and TR in the prefactor is the index of the representation. For some

representations there is more than one way to form an octet (e.g., for R = 8, one can use dabc as
well as fabc ∝ (T a

R)
bc). However, the γg matrix element turns out to be proportional to (T a

R)
j
i , so

color octets formed with wavefunctions other than (4.5) do not contribute to the γ+jet signal.
The matrix elements for production from gg (for particles of any spin j) are proportional to

{

T b
R, T

c
R

}i

j
which will be combined in a color trace with (4.5), so such color-octet states will be

produced with a rate proportional (at leading order) to the square of the anomaly coefficient AR.
Unless AR vanishes (as happens for R = 8), the results from the previous section, for singlet states
annihilating to two photons, carry over directly to this section, with very small adjustments. Our
result (4.3) is simply modified by the replacements

C3
R → 8

(

CR − 3

2

)3

, Q4DR α
2 → Q2 TR ααs , (4.6)

The first step in the replacement stems from the change in the potential, which in the singlet state
is proportional to CR and in the octet state to CR − 3

2
; see eq. (3.1). This propagates, cubed,

into the squared wave function at the origin, |ψ(0)|2. Finally there is a factor of 8 due to the
octet multiplicity. The second part of the replacement rule arises from the differences in the matrix
elements (contracted with the color wavefunctions), which for γγ are proportional to

e2Q2 δij ·
δji√
DR

= e2Q2
√

DR (4.7)

and for γg to

eQ gs
(

T b
R

)i

j
· 1√

TR
(T a

R)
j
i = eQ gs

√

TR δ
ab (4.8)
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Figure 4: γ+jet signal cross sections at the 7 TeV (left) and 14 TeV (right) LHC for bound states
of particles with spin j = 0 (solid black), 1

2
(dashed blue) or 1 (dotted red) and charge Q = 1. For

other values of Q they need to be multiplied by Q2. The thick red curve is our estimate of the 95%
CL exclusion limit from ATLAS [57] (with 2.11 fb−1).

We thus get

σγg =
Q2
(

CR − 3
2

)3
TR

8
π2ααs α

3
s

Lgg(M
2)

M2
× {1, 2, 19} for j =

{

0, 1
2
, 1
}

(4.9)

As before, the factor of 19 involves 3 from the J = 0 state and 16 from the J = 2 state. The
resulting LHC cross sections are shown in figure 4, which also shows our estimate of the exclusion
limit from ATLAS [57].15 The angular distributions of the annihilation products are the same as in
the γγ channel.

4.3 Dijet channel

For particles with any spin and in any color representation, there are S-wave bound states (with
J = 0 and, for j = 1, also J = 2) produced via gg → B and annihilating mostly back to gg. These

15No limits on narrow γg resonances have been presented as yet. Such resonances can be simulated by using
FeynRules [58] to create a UFO model [59] which can be provided as an input to MadGraph 5 [60]. To simulate
the search [57], we showered the events in Pythia 8 [61], applied the photon isolation criterion, jet algorithm, photon
reconstruction efficiency of 85%, and all the cuts. To obtain the exclusion curve, we used the limit of [57] on generic
Gaussian-shape peaks following the procedure explained in the appendix of the analogous dijet search [62], including
cutting the non-Gaussian tail, adjusting the mass, and determining the width of the effective Gaussian. We found the
acceptance (times efficiency) to be ≈ 33% and the width (dominated by showering, but including also the detector
resolution from [57]) to vary between 8% at low masses and 7% at high masses. We used the limit from [57] which
assumes 7% width.
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include the color-singlet and color-octet bound states discussed in the previous two subsections, as
well as bound states in the 27. The result is a resonant dijet signal. For j = 1

2
there is also a

comparable contribution from S-wave J = 1 color-octet bound states produced via qq → B and
annihilating to qq. The annihilation produces all quark flavors equally (unless limited by phase
space), so 1/6 of the cases are actually tt rather than ordinary jets.

The squared matrix element for pair production of XX from gg at the threshold is proportional
to

|M|2 ∝ Tr
({

T a
R, T

b
R

}{

T c
R, T

d
R

})

(4.10)

where a, b and c, d are the color indices of the gluons from M and M∗, respectively, and as usual
R is the representation of X . The XX bound state in a representation R can only be produced
when the gluon pairs are each in that representation. We may project the gluon pairs onto the
representation R using projection operators given in eq. (B.15) of [63]. Direct calculation yields

P abcd
1

Tr
({

T a
R, T

b
R

}{

T c
R, T

d
R

})

=
1

2
C2

RDR (4.11)

P abcd
8S

Tr
({

T a
R, T

b
R

}{

T c
R, T

d
R

})

=
4

5

(

CR +
3

4

)

CRDR (4.12)

P abcd
27

Tr
({

T a
R, T

b
R

}{

T c
R, T

d
R

})

=
27

10

(

CR − 4

3

)

CRDR (4.13)

with projection onto 8A, 10, 10 giving zero.
From this and table 1 we see that there will be color-singlet bound states for particles in any

representation R, color-octet bound states for all representations except for 3, and color-27 bound
states for all R except for 3, 8 and 6. Their production cross sections are all proportional to the
easily-obtained production rate for the color singlet, and thus we have16

σgg
jj,1 =

DRC
5
R

512
π2α2

sα
3
s

Lgg(M
2)

M2
× {1, 2, 19} for j =

{

0, 1
2
, 1
}

(4.14)

σgg
jj,8 =

DRCR

(

CR + 3
4

) (

CR − 3
2

)3

320
π2α2

sα
3
s

Lgg(M
2)

M2
× {1, 2, 19} for j =

{

0, 1
2
, 1
}

(4.15)

σgg
jj,27 =

27DRCR

(

CR − 4
3

)

(CR − 4)3

2560
π2α2

sα
3
s

Lgg(M
2)

M2
× {1, 2, 19} for j =

{

0, 1
2
, 1
}

(4.16)

For j = 1
2
and any R except for 3, there is an additional contribution to the cross section from the

qq channel:

σqq
jj,8 =

DRCR

(

CR − 3
2

)3

9
π2α2

sα
3
s

∑

q Lqq(M
2)

M2
(4.17)

The total dijet cross sections (excluding the tt contribution) for the 7 and 14 TeV LHC (as well
as Tevatron) are shown in figure 5, which also shows our estimates of the exclusion limits from

16Previous results for the gg channel covered bound states of color triplets (see, e.g., [15, 49, 50, 6] for j = 0
and [4, 29, 6] for j = 1

2
) and color octets (see, e.g., [16] for j = 0).
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Figure 5: Dijet signal cross section at the Tevatron (top), 7 TeV LHC (bottom left) and 14 TeV
LHC (bottom right) for bound states of particles with spin j = 0 (solid black), 1

2
(dashed blue) or

1 (dotted red). For the Tevatron, the thick blue curve is the limit from CDF [64] (with 1.13 fb−1).
For the 7 TeV LHC, the thick red curve is the limit from ATLAS [65] (with 4.8 fb−1), supplemented
for M/2 < 650 GeV by limits from earlier ATLAS searches with lower luminosity [62, 66] (with
1 fb−1 and 36 pb−1, respectively), and the thick blue curve is the limit from CMS [67] (with 5 fb−1

for M/2 > 500 GeV, and 0.13 fb−1 analyzed with a special technique for lower masses).

CDF [64], ATLAS [65, 62, 66] and CMS [67].17 It would be beneficial to keep improving the LHC

17For the Tevatron, we used the RS graviton limit of [64]. For the 7 TeV ATLAS data we used the limit of [65]
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reach in the low-mass region (which is constrained very weakly by the Tevatron), which would
involve working in a regime where the trigger is not fully efficient, using a prescaled trigger and/or
storing reduced event content as has been done by CMS in [67].

Note that unlike all the other signals studied in this paper, the dijet signal is present even if
the particles are not charged. While we were assuming the fields X to be complex, if Q = 0 and
the color representation is real (such as 8), the field X may be real. In such case the cross sections
(4.14)–(4.17) would be half as big.18

The angular distributions of the annihilation products are the same as in the γγ channel, except
for j = 1

2
particles where there is an additional contribution from the spin-1 bound states of the qq

channel with the angular distribution

1

ΓB→qq

dΓB→qq

sin θ dθ
=

3

8

(

1 + cos2 θ
)

(4.18)

4.4 ℓ+ℓ− channel

Spin-1
2
particles in any color representation can form color-singlet J = 1 S-wave bound states

analogous to the J/ψ and Υ. The interesting signal of these bound states is their annihilation
into a pair of leptons (via an s-channel photon or Z). They cannot be produced directly from a
pair of gluons or quarks (except by electroweak interactions), so we need to consider the various
subdominant production processes. Besides the electroweak production from qq, these include
production from gg in association with a gluon (or a photon or Z) and production via a radiative
transition of a color-singlet or color-octet P-wave bound state (along with a soft photon or gluon).
The P-wave bound states themselves are produced directly, although with a suppressed rate, from
a pair of gluons.

It turns out that any of these processes can be important, depending on the representation,
charge and collider energy. This is illustrated in table 3 for the case of m = 1 TeV. The ratios
between the processes also vary strongly as a function m, primarily because the different processes
depend on different PDFs. And of course one must keep in mind that, like everything in this paper,
the ratios are calculated at leading order and may change significantly upon including higher order
corrections.

The pT distribution of the bound state is an interesting observable, and it is sensitive to the
relative contributions of the different production modes, which will have different pT spectra. In
particular, the gg → Bg process provides a hard gluon against which the bound state can recoil,
unlike the electroweak production or the radiative processes where a hard recoiling gluon can come

on a color-octet scalar resonance decaying to gluons. Since the mass range of this 4.8 fb−1 search is limited from
below by the triggers, we used the analogous limit from the earlier 1 fb−1 search [62] for M/2 < 650 GeV, and the
yet earlier 36 pb−1 search [66] for M/2 < 500 GeV. In [66], a limit on a color-octet scalar was not available and
we used the limit on signals which appear as Gaussians, following the instructions from the appendix of [62]. For
CMS [67], we used the limit on a resonance decaying to gg (for M/2 < 500 GeV, the data were analyzed with a
special approach adapted to the high event rate at low masses, using however only the last 0.13 fb−1). For this CMS
search, we used their quoted acceptance of A ≈ 60% (for isotropic decays), while for the other searches we simulated
a scalar gg resonance in Pythia. For [65] and [62] we get A ≈ 60%. For [66], A ≈ 30%, the mean mass of the
effective Gaussian is shifted down by ≈ 8.5% relative to the real mass (in our figure, M is the real mass), and its
width (dominated by showering, but including detector resolution as well) is ≈ 9% (so we used the limit of [66] on
10%-width resonances). For [64], A varies between 50% at low masses and 75% at high masses.

18The resulting expressions would apply, for example, to bound states of gluinos, see e.g. [11, 6], or KK gluons [6],
in the limit that the squarks or the KK quarks are heavy.

17



7 TeV LHC Q = 2
3

Q = 2

m = 1 TeV 3 8 6 15 10 3 8 6 15 10

qq → B 97 92 71 68 22 99 96 92 88 66

gg → Bg 2 − 14 9 24 0 − 2 1 8

gg → B(γ/Z) 0 1 1 2 1 0 1 1 3 3

gg → 3P
(1)
J → Bγ 2 7 8 5 3 0 3 4 5 6

gg → 3P
(8)
J → Bg − − 6 16 50 − − 1 2 16

14 TeV LHC Q = 2
3

Q = 2

m = 1 TeV 3 8 6 15 10 3 8 6 15 10

qq → B 87 77 36 35 7 97 87 73 65 33

gg → Bg 8 − 40 24 40 1 − 9 5 22

gg → B(γ/Z) 1 5 3 7 2 1 5 6 13 8

gg → 3P
(1)
J → Bγ 5 18 12 8 2 1 8 10 12 10

gg → 3P
(8)
J → Bg − − 10 26 49 − − 2 6 27

Table 3: The fraction (in %) contributed by each of the production mechanisms for color-singlet
J = 1 S-wave bound states (B) of spin-1

2
particles at the 7 TeV LHC (top table) and 14 TeV LHC

(bottom table). The numbers are presented for bound states of SU(2) singlets with Q = 2
3
(left) or

2 (right) and m = 1 TeV. Note these numbers change significantly as a function of m as well as R
and Q.

only from initial state radiation. Consequently, a measurement of the pT distribution is sensitive
to the quantum numbers of the state. But methods much more sophisticated than ours would be
needed to predict this observable.

We will now analyze the production mechanisms one by one, then compute the dilepton branch-
ing ratio of the bound state and plot the resulting signal, and at the end comment on the much
smaller signals expected from bound states of spin-0 or spin-1 particles.

4.4.1 Electroweak production from qq

Given that we mostly consider XX states with mass far above the Z, we can largely ignore the
Z mass to our level of approximation, and write the electroweak production cross section via an
s-channel photon or Z as

σ =
π2

108
DRC

3
RQ

2 α2α3
s

cos4 θW

(

17
∑

q=u,c

+5
∑

q=d,s,b

)

Lqq(M
2)

M2
(4.19)

18



4.4.2 Production in association with a gauge boson

Generalizing the results for J/ψ and Υ (see, e.g., [68, 69]), the cross section for production in
association with a gluon, gg → B g, is

σ =
5π

192m2

A2
RC

3
R

DR

α3
sα

3
s

∫ 1

0

dx1

∫ 1

0

dx2 fg/p(x1) fg/p(x2) I
(x1x2s

M2

)

(4.20)

where

I(x) = θ(x− 1)

[

2

x2

(

x+ 1

x− 1
− 2x lnx

(x− 1)2

)

+
2(x− 1)

x(x+ 1)2
+

4 ln x

(x+ 1)3

]

(4.21)

Production in association with a photon, gg → B γ, is described by the same expression with the
replacement

A2
R

DR
αs →

3

20
DRC

2
RQ

2α (4.22)

Production in association with a Z is given by the expression for the photon times tan2 θW .

4.4.3 Production via color-singlet P-wave states

Here we consider the possibility of production through the radiative decays of the lowest color-singlet
P states, 3P

(1)
J (a.k.a. χJ) with J = 0, 2:

gg → 3P
(1)
J → B γ (4.23)

The binding energy of these P waves is Eb = −C2
R α

2
sm/16, which is about 4 times smaller than of

the S wave of interest. The rate of the radiative transitions from a P wave to an S wave is (see,
e.g., [70])

Γ( 3P
(1)
J → Bγ) = 4

9
Q2αE3

γ |〈RS|r|RP 〉|2 ∼
128

6561
Q2C4

R αα
4
sm (4.24)

where the last expression is very approximate, and presented only to illustrate parametric depen-
dence. The reason is that different values of αs arise. In our plots below we evaluate the photon
energy Eγ = Eb,P − Eb,S using αs defined self-consistently at the average radii of the P-wave and
S-wave states, respectively (see footnote 9). Meanwhile, we estimate the transition amplitude

|〈RS|r|RP 〉|2 =
217

39C2
R α

2
sm

2
(4.25)

using the average αs of the two states.
The radiative transitions must compete with annihilation of the P-wave states to gg, which have

the rates

Γ( 3P
(1)
0 → gg) =

9

8
DRC

2
R α

2
s

|R′
P (0)|2
m4

=
3

2048
DRC

7
R α

2
sα

5
sm (4.26)

Γ( 3P
(1)
2 → gg) =

3
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DRC

2
R α

2
s

|R′
P (0)|2
m4

=
1

2560
DRC

7
R α

2
sα

5
sm (4.27)

We obtained these expressions from those of quarkonia (see, e.g., [70]) with appropriately generalized
color factors. Since the P wavefunction vanishes at the origin, the matrix elements are proportional
to its derivative, so the rates are suppressed by two additional powers of αs compared with the
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S-wave processes. For Q ≈ 1, the branching ratios for the radiative transitions of the color-singlet
P waves are O(1) for R = 3, 6, and 8, but become much smaller for higher representations because
the annihilation rates are proportional to more powers of the color factors.

Similarly, the production cross sections of 3P
(1)
J are

σ =
DRC

7
R

213
π2α2

sα
5
s

Lgg(M
2)

M2
×
{

3

4
, 1

}

for J = {0, 2} (4.28)

4.4.4 Production via color-octet P-wave states

Finally we would like to consider the process

gg → 3P
(8)
J → B g (4.29)

The binding energy of these color-octet P waves is Eb = −(CR − 3
2
)2 α2

sm/16, which is more than 4
times smaller than for the color-singlet S wave. We need to derive the rate for the chromoelectric
dipole transition of an octet to a singlet with the emission of a soft gluon. We can start with the
rate of electric dipole transitions with the emission of a photon (see, e.g., [70])

Γ(i→ fγ) =
4

3
Q2 αE3

γ |〈F |r|I〉|2 (4.30)

where |I〉 and |F 〉 are the spatial wavefunctions of the initial state i and the final state f . We then
make the replacement

eQ〈F |r|I〉 → gsTr (χF T
a
R χ

a
I) 〈F |r|I〉 (4.31)

where χa
I and χF are the color wavefunctions of the initial and final state and there is no summation

over the color index of the initial state, a. Substituting χF = δjk/
√
DR (where j, k are indices in

the representation R) we have

Γ(i→ fg) =
4

3
αsE

3
g

|Tr (χa
I T

a
R)|2

DR
|〈F |r|I〉|2 (4.32)

For the case of χa
I ∝ T a

R as in (4.5), we have

Γ(i→ fg) =
1

6
CR αsE

3
g |〈F |r|I〉|2 (4.33)

while for any other possible color-octet wavefunction the result vanishes when χa
I is contracted with

T a
R. Specializing to 3P

(8)
J (with J = 0 or 2) we get

Γ( 3P
(8)
J → Bg) = 1
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3
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where again, as in (4.24), the last expression is very approximate. As in the discussion following
(4.24), we evaluate the gluon energy Eg using the values of αs self-consistently determined at the
radii of the P-wave and S-wave states (see footnote 9). For the explicit power of αs in the middle
expression in (4.34) and for the transition amplitude involving RP and RS (the P and S radial
wavefunctions)

∣

∣

∣
〈R(1)

S |r|R(8)
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∣
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2

=
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2

)10
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2
(4.35)
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Figure 6: ℓ+ℓ− signal cross section (for any single flavor of leptons) at the 7 TeV (left) and 14 TeV
(right) LHC for bound states of spin-1/2 particles which are SU(2)-singlets with Q = 2

3
(solid

brown) or Q = 2 (dashed green). Estimates of the 5 fb−1, 7 TeV LHC 95% CL exclusion limits are
shown in thick red (ATLAS [71]) and thick blue (CMS [72]).

we use the average αs of the two states.
The annihilation rates of the P waves to gg, which compete with their radiative transitions, can

be obtained by appropriately modifying the various color factors in (4.26)–(4.27):

Γ( 3P
(8)
0 → gg) =

5
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A2
R

(

CR − 3
2

)5

DRCR

α2
sα

5
sm (4.36)

Γ( 3P
(8)
2 → gg) =

1

384

A2
R

(

CR − 3
2

)5

DRCR
α2
sα

5
sm (4.37)

The branching ratios for the radiative transitions of the P waves are typically very close to 1 for
R = 8, 6 and 15, and somewhat smaller for R = 10, where the annihilation rates are comparable
to the transition rate.

The production cross sections of 3P
(8)
J , based on (4.36)–(4.37), are

σ =
5

768

A2
R

(

CR − 3
2

)5

DRCR
π2α2

sα
5
s

Lgg(M
2)

M2
×
{

3

4
, 1

}

for J = {0, 2} (4.38)

4.4.5 Dilepton branching ratio

To determine the observable rate for the dilepton resonance, we need to know the branching fraction
of the S-wave J = 1 bound state into Standard Model fermions. For a J = 1 bound state of fermions
X with charge Q and hypercharge Y , annihilation can proceed through a photon or Z. Neglecting
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the mass of the Z relative to the bound state mass, we can write the annihilation rate using
SU(2)× U(1) states, giving for any flavor of fermions fL, fR

ΓB→ff =
nc

12
DRC

3
R

∑

σ=R,L

(

YfσY

cos2 θW
+

(Qfσ − Yfσ) (Q− Y )

sin2 θW

)2

α2α3
sm (4.39)

where nc = 1 for leptons and 3 for quarks. In this paper we restrict ourselves to SU(2) singlets, so
Y = Q and only the first term appears.

To compute the branching fractions, we must also compute the partial widths for annihilation to
ggg, γgg, and Zgg; we believe there are no other decays with considerable rates.19 By generalizing
the quarkonium result (see, e.g., [73]), we obtain

ΓB→ggg =
5 (π2 − 9)

27π

A2
RC

3
R

DR
α3
sα

3
sm (4.40)

The rate for B → γgg is described by the same expression with the replacement

A2
R

DR

αs →
9

20
DRC

2
RQ

2α (4.41)

The rate for B → Zgg is given by the expression for γgg times tan2 θW .
The branching ratio to any single flavor of leptons, which with just (4.39) would always be 12.5%,

remains ∼ 10% for R = 3 and 8 but becomes smaller for the other representations, sometimes even
below 1%, depending on the charge, representation and mass. The resulting ℓ+ℓ− signal (for any
single flavor of leptons) is shown in figure 6, which also shows our estimates of the exclusion limits
from ATLAS [71] and CMS [72].20

4.4.6 The cases of spin-0 and spin-1 particles

Bound states of spin-0 or spin-1 particles are very unlikely to have a dilepton signal comparable to
that of spin-1

2
particles.

Spin-0 particles cannot form S-wave spin-1 bound states, while the color-singlet S-wave spin-1
bound state of spin-1 particles has the quantum numbers JPC = 1+− so it cannot decay to ℓ+ℓ−

(nor can it be easily produced). As a result, the ℓ+ℓ− signal, primarily from spin-1 P waves, is
likely to be several orders of magnitude smaller than for spin-1

2
particles. First, the P-wave states

will preferentially transition into S waves rather than annihilate to leptons (or anything else), in
part because their annihilation rates are suppressed by the vanishing wavefunction at the origin.
Second, the P waves have no large production modes. Their direct production cross section will
be suppressed (relative to the S waves of the j = 1

2
case) because of their vanishing wavefunction

at the origin. Meanwhile, production of P-wave states via a radiative transition is also suppressed.
Radiation from a D wave is suppressed because the direct production of D waves is very rare, as the
derivative of their wavefunction also vanishes at the origin. Meanwhile, although excited S waves
are easier to produce and may also transition to the P waves, their annihilation rates are large,
making radiative transitions rare. In summary, we do not expect to be able to see ℓ+ℓ− resonances
if j = 0 or 1.

19The bound state can annihilate to Z+Higgs via a diagram with an s-channel Z. However, the rate is small. For
example, for the Standard Model Higgs, in the limit M ≫ mH ,mZ , the rate to ZH is equal to the total rate to
fermion pairs times 3/80.

20We plot the ATLAS limit on a narrow-width RS graviton (k/MPl = 0.1) and the CMS limit on a Z ′
SSM (whose

width is ∼ 3%). In both cases we use the combined limit from e+e− and µ+µ− channels.
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5 Widths

Earlier, in section 3, we considered the splittings between the various states relative to the detector
resolution. Here we will briefly consider the effects of the states’ intrinsic widths. It is important to
check that the widths Γ of the bound states are smaller than the binding energies Eb, since otherwise
the bound state’s lifetime would be short compared to its orbital time, and rather than appearing
as a distinct resonance in, for example, the γγ spectrum, it would merely distort the continuum
enhancement of γγ production by XX loops. It is also important experimentally to know whether
the states are narrower or wider than the intrinsic resolution of the detectors. Besides the possibility
that the constituents are short-lived (which we will not discuss here since the lifetime is very model-
dependent), there is an irreducible contribution to the bound state width from the annihilation
processes, which can be significant for bound states of particles in high color representations.

The expressions for the widths of all the relevant bound states are derived in appendix D. We
find that Γ/|Eb| ≪ 1 in all cases that we considered in the previous section, so we indeed have
well-defined bound states below threshold.

Now let’s turn to the experimental resolutions. In the γγ channel, where the signal is coming
from R = 1, J = 0, 2 bound states and the resolution in invariant mass is ∼ 1%, the widths are
negligible for the low representations, but become comparable to the resolution for R = 10 and
15. In the γ+jet channel, where the signal is coming from R = 8, J = 0, 2 bound states and the
experimental resolution is ∼ 3%, the widths are negligible. In the dijet channel, where the signal
is coming from all the possible representations R and the resolution is ∼ 5%, the widths are again
negligible. In the ℓ+ℓ− channel, where the signal is coming from R = 1, J = 1 bound states (a
fraction of which are produced from P waves), the widths are negligible relative to the resolution,
which is ∼ 1% for e+e− and larger for µ+µ−.

In many cases the bound state is long-lived on the QCD scale, Γ . ΛQCD. If this happens to
colored bound states, they will hadronize with light quarks and gluons before annihilating. However,
the XX core of the state, which is generally much smaller than the QCD length scale, will not be
much affected by this “brown muck”, whose size is of order 1/ΛQCD, and in particular our wave-
function and annihilation calculations will be largely unaffected. There is one exception to this
statement. For exceptionally long bound-state lifetimes, namely when Γ . Λ2

QCD/m, and if the
bound state has spin, its polarization may start oscillating if the resulting hadron is not in its total
spin eigenstate, as has been discussed recently in more detail in [74]. This effect would change the
angular distribution of the annihilation products. However, since this can only happen to colored
bound states, the angular distribution (4.4) in the γγ channel is always unaffected. Moreover, a
simple comparison of the annihilation rates to Λ2

QCD/m indicates that the dijet and γ+jet channels
are unlikely to be affected even for the lowest masses that we considered in this paper.

6 Strategy

In this section we will show how the bound state signals can be used for determining the various
quantum numbers of the new particles. As discussed in section 2.1, unstable particles X must have
integral charges for R = 8 and 10 and fractional charges which are multiples of 1

3
for R = 3, 6 and

15. We will appeal to this fact when needed. In our general discussion we will assume the particle
to be charged and will dedicate a separate subsection to neutral particles, for which only the dijet
signal is present. We will also devote a subsection to representations higher than the 10 and 15,
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for which some qualitative and semi-quantitative statements are merited despite the lack of any
trustworthy quantitative technique.

6.1 Determining spin

One can identify spin-1 particles based on the angular distribution in the diphoton (or photon+jet)
channel. For bound states of spin-0 or spin-1

2
particles it will be isotropic, while for spin-1 particles

the dominant contribution will be coming from J = 2 bound states with the angular distribution
(4.4).

For distinguishing between spin-0 and spin-1
2
particles, three methods are available. One striking

indication that the constituent particles have spin 1
2
would be the presence of an ℓ+ℓ− signal. This

is a good method as long as the charge and the color representation are not too small for the
observation of this signal within a reasonable amount of time.

Another method is to use the angular distribution in the dijet channel. For spin-0 particles,
the distribution would be isotropic, while for spin-1

2
particles the contribution of the J = 1 bound

states produced in the qq channel (which exists for R 6= 3) would follow (4.18). This method is
useful as long as the qq channel contribution to the cross section is comparable to or larger than
the gg contribution. This condition is satisfied for m & 500 GeV in the case of the 7 TeV LHC and
m & 1000 GeV in the case of the 14 TeV LHC.

The third method is to use a precise measurement of the cross section of one of the signals.
In the dijet channel, the cross sections for bound states of spin-1

2
particles are more than twice as

large as those of spin-0 particles in the same representation R. In the photon+jet and diphoton
channels, they are exactly twice as large, for equal R and Q. (Since there is only a discrete number
of possibilities for R and Q, the fact that the signal depends on these variables as well, to be
explored in more detail in the next subsection, will not generically prevent us from determining the
spin.) However, these differences are not large compared with the uncertainty of our results, so this
method will only become viable once a sufficiently precise higher-order calculation is available.

6.2 Determining charge and color representation

The cross sections in the dijet and γ+jet channels are likely to be measured first and they alone
will be sufficient for determining the representation and the charge in many cases, as demonstrated
in figure 7 (left) for bound states of spin-0 or spin-1 particles and in figure 8 (left) for bound
states of spin-1

2
particles. It will still be impossible to know the charge of particles in the 3 and 8

representations, which do not have a γ+jet signal, and some ambiguity may exist in some of the
other cases due to the unknown K-factors. Most of these issues will be resolved once the cross
section in the diphoton channel is measured too, as demonstrated in figure 7 (right). In the case of
spin-1

2
particles, the dilepton channel can be used as well, as shown in figure 8 (right).

6.3 Determining mass

The mass m of the constituent particles is immediately known to within a few percent from the
location of the resonance peak (since M ≈ 2m). An even more accurate measurement of the mass
is possible by using M = 2m + Eb since the binding energy Eb is calculable once j, R and Q are
all known (although the uncertainty in leading-order expressions such as (3.3) is large and a higher
order calculation is essential).
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Figure 7: Cross sections for bound states of spin-0 particles in the dijet versus γj channel (left),
and in the γj versus diphoton channel (right). The right plot can be used also for spin-1

2
particles

after multiplying all the signals by 2; either plot can be used for spin-1 particles after multiplying
by 19. For 3, 6 and 15 each line contains four full circles corresponding to Q = 1

3
, 2
3
, 4
3
, 5
3
(from

left to right) and for 8 and 10 two empty circles corresponding to Q = 1, 2 (from left to right).
Representations 3 and 8 do not have a γj signal. The plots refer to the 14 TeV LHC and assume
m = 1 TeV.

6.4 More general scenarios

Note that if all signals are present, the problem we have posed is over-determined. The full set of
quantum numbers can be extracted from the cross sections in the γ+jet and diphoton channels (see
figure 7, right), the angular distribution in one of those channels which is anisotropic for j = 1, and
the observation of a dilepton signal which may be needed to break a degeneracy between j = 0 and
j = 1

2
. This leaves several other observables, including the cross section in the dijet channel, certain

angular distributions of the annihilation products, and (for spin-1
2
particles) the cross section and

pT distribution of the dilepton resonance. One may also try to measure the tt signal, which is
available via (4.17) for spin-1

2
particles (we have not discussed this channel in detail because we

found that with currently available searches it is inferior to the dijet channel). Besides that, we
have not utilized the signal shape, i.e., the resonance widths and the mass differences between the
various resonances contributing to a given scenario, which for a few cases (see sections 3 and 5)
may be larger than the experimental resolution in the diphoton and dielectron channels.

These extra observables may be used to relax some of our assumptions. For example, if the
decay rate of the constituent particles is non-negligible relative to the annihilation rate, all the
signals will be scaled down by a fixed branching ratio, and the dijet signal provides the additional
measurement that can be used for determining it. The additional observables may be helpful in
resolving ambiguities introduced by the possibility of large K-factors, or in testing whether the
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Figure 9: Dijet signal cross sections for particles that may be neutral (i.e., R = 8 or 10) with spin
j = 0, 1

2
, 1 for m = 1 TeV at the 14 TeV LHC.

particles have other large couplings besides Standard Model gauge interactions (such as discussed
for spin-1 particles in appendix B). And they allow us to generalize our strategy to include cases
where X is part of a roughly degenerate multiplet, either of electroweak SU(2) or of some as yet
unknown approximate global symmetry. For SU(2) multiplets, our results for the γγ, γ+jet and
dijet signals would still apply for each member of the multiplet separately, while determining the
dilepton signal would require small modifications to our analysis.

6.5 The case of neutral particles

For R = 8 and 10, the particles may be neutral, and then only the dijet signal will be present. In
principle, as demonstrated in figure 9, the size of the signal allows one to determine the representa-
tion and the spin. In cases where the cross sections differ by not much more than a factor of 2 some
ambiguity may remain due to unknown K-factors before a higher order calculation is available. In
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such situations one can use the angular distribution to obtain further information. We have already
discussed this in section 6.1 for j = 0 vs. j = 1

2
. These cases can also be distinguished from j = 1

which will be dominated by the angular distribution for the J = 2 state [which will be the same as
in (4.4)], with only a small isotropic component.

6.6 Even higher color representations

Following the discussion in section 3.2, we have been restricting our attention to the first five color
representations from table 1 since for the 27, 24, 15′ (and higher representations) our leading-order
methods for computing the bound states are inadequate. Still, such particles may in principle exist
in nature and give rise to bound state annihilation signals despite the fact that we cannot compute
them precisely. Let us therefore describe the leading-order predictions for such signals anyway, at
least to get an idea about some of their qualitative features.

The signals for the 27, 24 and 15′ are typically significantly larger than those of the 15 and
10 (for same spin and charge) due to their larger color factors. The 27 has vanishing anomaly
coefficient and therefore, like the 8, does not have a γ+jet signal at the leading order.

One qualitatively new feature of these high representations is that the annihilation rates for the
color-singlet J = 0 and J = 2 bound states (which would contribute to the diphoton and dijet
resonances) are so large that the bound state widths are comparable to or even somewhat larger
than the binding energy, especially for j = 1

2
or 1. As a result, the signatures of these states will be

much less pronounced. However, their radial excitations (see eq. (3.6)) would still appear as narrow
peaks since their annihilation rates are suppressed by 1/n3. In the dijet channel, all the colored
bound states are still sufficiently narrow so their contributions remain intact. As a result, even
without the overly broad states, the diphoton and dijet signals for R = 27, 24, and 15′ are still
somewhat larger than those of the 15 and 10. We also find for these representations that in some
cases the bound state widths become comparable to (but not much larger than) the experimental
resolution in various channels (for details, see appendix D).

The determination of quantum numbers proceeds along the same general lines as we have dis-
cussed for the lower representations. A difficulty arises though in distinguishing between the 24 and
15′ because their color factors are similar and the allowed charges are fractional in both cases. For
j = 0 or 1, information from pair production above the threshold can help. According to table 2,
the 15′ would decay to at least 4 jets, while for the 24, decays to 3 jets are possible.

Finally, it is interesting to note that the binding energies for the 27, 24, and 15′ become large
compared to the bound state mass, as large as ∼ 0.1M for S-wave color-singlet bound states. As a
result, the splittings between some of the states may exceed the detector resolution so that several
distinct peaks will be observable. The dielectron channel (available in the j = 1

2
case) seems to be

especially promising, while the diphoton channel (available for any j) is somewhat less so because
the ground states of the bound states contributing to that channel are very broad, as we have just
discussed. Unfortunately, it will not be straightforward to extract much quantitative information
from the observed splittings, since it will be difficult to compute properties of bound states of the
27, 24, and 15′ reliably.
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7 Summary and Discussion

Bound state annihilation signals provide a uniquely powerful and largely model-independent probe
that may be utilized at the LHC to study new colored pair-produced particles. One may use them
to investigate hadronically-decaying particles using photons and leptons, measure precisely and
unambiguously the masses of particles with partly-invisible decays, and in especially difficult cases
even exclude or discover particles more effectively than is possible with more direct methods.

Specifically, we have argued that if new colored and charged pair-produced particles are present,
then as long as their decays are not too rapid, their bound states will generically give rise to
dijet, γ+jet, γγ, and sometimes ℓ+ℓ− resonances. We have computed the signals in the various
channels and demonstrated that they typically allow unambiguous determination of the constituent
particles’ spin, color representation, and electric charge. In fact, only a subset of the signals is
needed. There are more observables than unknowns, so many of our assumptions can be relaxed,
extending the framework to multiplets of electroweak-SU(2) or other as-yet unknown symmetries,
and to situations in which the constituent decays compete with the bound state annihilation rates.

The non-observation of new resonances due to bound state annihilation imposes constraints on
models containing new pair-produced colored particles. For large representations, the bound state
cross sections (dominated by the dijet channel, figure 5) are very large, sometimes of the order of
the pair production cross sections (figure 2). This is perhaps surprising, but easy to understand.
First, the usual suppression of bound state formation by |ψ(0)|2 ∝ C3α3

s is much reduced for higher
representations. Second, the parton luminosities fall quickly with energy, and the bound states,
which are slightly below the threshold, benefit from much higher luminosities than the free pairs
produced well above the threshold. Happily, the model dependence of the bound state signals is
usually orthogonal to that of the pair production and decay signatures. The limits from bound
states depend only on a relatively mild condition — that the particle’s decay rate is not too fast
— and not at all on its decay modes. As a result, in cases with obscure decays the bound state
searches can be competitive with, and thereby complementary to, direct searches.

For example, with the full 7 TeV LHC dataset, the mass limit on pair-produced fermions in
the 10 representation (which would decay to 3 quarks) is only 610 GeV from the direct search (see
figure 2), but 780 GeV from the dijet resonance search (figure 5). If these particles are charged with
Q = 2, all the resonances that we studied set better limits, with the strongest limit of 860 GeV
coming from the diphoton channel (figure 3). Color-octet fermions with Q = 2 (which would also
decay to 3 quarks) are excluded up to 650 GeV by the diphoton search, while the limit from the
direct search is only 500 GeV. For color-sextet fermions with Q = 4/3 or 5/3, the diphoton channel
sets a better limit as well (550 or 590 GeV, respectively, vs. 500 GeV).

We have been describing the bound states, as well as the short-distance parts of their production
and annihilation processes, at the leading order in αs (although we did distinguish between αs at
the scale of the hard process and αs at the scale of the Bohr radius). This is approximately valid
in the limit that Cαs is small. For the range of masses we considered, higher-order corrections
can be large (K-factors of ∼ 2 or even larger for production, large corrections to annihilation
rates, and substantial corrections to the bound states themselves) and will need to be computed,
especially if such signals are observed. Note however that since the possible values for the spin,
color representation and charge are discrete, our methods for determining the quantum numbers
will still be useful even in the presence of large theoretical uncertainties. Also, since in most of
the known cases the corrections are positive, the reach of the bound state signals will probably be
greater than what we have presented.
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Since the existence of new colored and charged particles is a very generic possibility, and bound
state signals are substantially model-independent and appear even for particles that decay in obscure
ways, we suggest including the bound state signals as benchmark models for resonance searches. In
particular, regardless of the original motivation for a particular resonance search, there is clearly
value in presenting model-independent limits on the cross sections of narrow resonances. Some
of our examples emphasize the need to keep improving the exclusion limits even at relatively low
masses. In some cases this will require analyzing data in regimes where the triggers are not fully
efficient or collecting data with prescaled triggers. We hope this work will help motivate such efforts.
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A Group theory identities for SU(N)

In the following summary of our conventions and useful identities, T a
R denote the generators in

representation R of SU(N), DR is the dimension of the representation, CR is the quadratic Casimir,
TR is the index, and AR is the anomaly coefficient (which are listed for various representations of
SU(3) in table 1):

[T a
R, T

b
R] = ifabc T c

R , (T a
R)ij (T

a
R)jl = CR δil (A.1)

Tr T a
R = 0 , Tr

(

T a
RT

b
R

)

= TR δ
ab , TR =

DR

DA
CR (A.2)

Tr
(

T a
R

[

T b
R, T

c
R

])

= ifabc TR , Tr
(

T a
R

{

T b
R, T

c
R

})

=
1

2
dabcAR (A.3)

fabcfabd = Nδcd , dabcdabd =
N2 − 4

N
δcd , daac = 0 (A.4)

fabef ecd + f cbefaed + f dbeface = 0 , decdfabe + daedf cbe + dacef dbe = 0 (A.5)

dabcfadgf beg =
N

2
dcde , fabcfadgf beg =

N

2
f cde (A.6)

dabedcde =
1

3

(

δacδbd + δadδbc − δabδcd + facef bde + fadef bce
)

(A.7)

For any representation R = (a, b) of SU(3),

DR =
1

2
(a + 1) (b+ 1) (a+ b+ 2) , CR =

1

3

(

a2 + 3a + ab+ 3b+ b2
)

(A.8)

and the triality is
tR = (a+ 2b)mod 3 (A.9)
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B Interactions of spin-1 particles

For spin-1 particles Xµ, gauge invariance alone does not fix the interactions with the gauge bosons
completely, and we must specify the effective Lagrangian:

L = −1

2
X∗

µνX
µν − igsX

∗
µT

a
RXνG

µνa − ieQX∗
µXνF

µν +m2X∗
µX

µ (B.1)

where T a
R is the SU(3) generator in the representation R, Xµν = DµXν − DνXµ with Dµ = ∂µ −

igsT
a
RA

a
µ − ieQAµ, G

a
µν is the gluon field strength, and F µν is the photon field strength. The

coefficients of the second and third terms in (B.1) were chosen such that the theory preserves
tree-level unitarity at high energy (a special case being when Xµ is a gauge boson of an extended
gauge group) [22]. The Feynman rules are similar to those of vector leptoquarks (with vanishing
anomalous couplings) [75, 76].

Another subtlety is in the interaction with quarks. Pairs of particles of any spin can be produced
from qq through a diagram with an s-channel gluon. However, as mentioned in appendix C, for spin-
1 particles this diagram violates unitarity at high energies, so any consistent theory must contain
additional qq diagrams involving some new interactions. For instance there may be diagrams with
the exchange of some new particles in the t channel.

Therefore, for spin-1 particles, we have neglected the qq channel contribution to the pair produc-
tion cross sections in figures 1–2 because it is model-dependent. We have checked that even if we
used the diverging diagram (whose eventual contribution is finite because of the falling PDFs), the
cross sections for vectors in the range of masses presented in figures 1–2 would still be dominated
by the gg channel, except in the case of particles in the 3 representation, where the contributions
of the gg and qq channels may be comparable.

Now let’s discuss the possible effects on bound states. The unitarity-violating qq diagram would
not produce S-wave bound states by itself because it vanishes at the threshold. However, the
additional interactions that must be present in the theory may affect bound state processes. As
an example, bound states of KK gluons in a theory of universal extra dimensions, studied in [6],
are affected by qq diagrams with KK quarks, which contribute to the production and annihilation
of J = 2 bound states. By examining that example (and generalizing it to particles in other
color representations) we notice that the effects of the qq channel will typically be small (although
sometimes not completely negligible) relative to the gg channel as long as the KK quarks are at
least twice as heavy as the KK gluons. This suggests that in typical models there are regimes
of parameter space where the bound state processes are dominated by the gg channel, and this
motivates us to assume, for simplicity and model-independence, that the contributions to bound
states of spin-1 particles from the qq channel are small.

C Pair production cross sections

This appendix contains the expressions for the XX pair production cross sections, relevant to
figures 1–2 (where αs and the NLO PDFs [52] were evaluated at the scale m).

For scalars [22, 24, 77, 25]:

σ̂(gg → XX) =
TR
16

πα2
s

ŝ

[

4CR

(

2− β2
)

β +
(

3− 5β2
)

β
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−
(

2CR(1− β4) + 3
(

1− β2
)2
)

ln
1 + β

1− β

]

(C.1)

σ̂(qq → XX) =
4

27
TR
πα2

s

ŝ
β3 (C.2)

where β =
√

1− 4m2/ŝ. These expressions agree with those for squarks [78] for R = 3.21

For fermions [22, 23, 25]:

σ̂(gg → XX) =
TR
8

πα2
s

ŝ

[

−4CR

(

2− β2
)

β −
(

9− 5β2
)

β

+
(

2CR

(

3− β4
)

+ 3
(

1− β2
)2
)

ln
1 + β

1− β

]

(C.3)

σ̂(qq → XX) =
8

27
TR
πα2

s

ŝ
β
(

3− β2
)

(C.4)

These results agree with those for heavy quarks [79] for R = 3.
For vectors [22]:

σ̂(gg → XX) =
TR
64

πα2
s

m2

[

4CR

(

22− 9β2 + 3β4
)

β + 3
(

19− 24β2 + 5β4
)

β

−12m2

ŝ

(

2CR

(

1− β4
)

+ 19− 6β2 + 3β4
)

ln
1 + β

1− β

]

(C.5)

σ̂(qq → XX) =
TR
108

πα2
s

ŝ

m4

(

27− 26β2 + 3β4
)

β3 (C.6)

Note that in the gg channel in the limit ŝ→ ∞

σ̂(gg → XX) → TRCR
πα2

s

m2
(C.7)

which is consistent with unitarity. For R = 3, eq. (C.5) reduces to the result obtained for vector
leptoquarks (with no anomalous couplings) in [75] and for R = 8 to twice that of the coloron
of [80, 81] (because the coloron field is real). On the other hand, the expression for the qq channel,
eq. (C.6), where only the s-channel gluon diagram has been included, diverges with ŝ and thus
violates unitarity, as has been already noted in [22]. A UV completion is needed in this case,
and the resulting contribution from the qq channel will be model-dependent. We discuss this issue
further in appendix B.

D Widths

In this appendix we provide details about the bound state widths (due to the annihilation processes
alone), as discussed in section 5 (and for the very high representations in section 6.6).

21The result for scalars in the gg channel in [22] is incorrect. It does not reduce to the expression for squarks.
Ref. [75] has also found that they disagree with the result of [22] for scalars.
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R ↓ R → 3 8 6 15 10 27 24 15
′

1 0.0008 0.02 0.02 0.2 0.2 1.3 1.3 1.1

8 − 0.003 0.006 0.04 0.09 0.2

8̃ − 0.003 − 0.03 − 0.2 0.1 −
27 − − − 0.006 0.008 0.09 0.09 0.09

Table 4: Annihilation widths compared with the binding energies, Γ/|Eb|, for j = 0, J = 0. The
numbers for j = 1

2
, J = 0 are larger by a factor of 2, and for j = 1 by a factor of 3 for J = 0

and 16/5 for J = 2. We assumed m = 1 TeV (although the dependence on m is only through the
running of αs). We have not specified the widths for R = 8 bound states of R = 8 and 27 since
they do not couple to gg. The numbers shown for R = 27 are based on the sum (D.4), so for
R = 15, 27, 24, where there is more than one way to get R = 27, these are upper bounds.

R ↓ R → 8 6 15 10 27 24 15
′

8 0.008 0.008 0.06 0.05 0.3 0.3 0.2

Table 5: Γ/|Eb| for color-octet J = 1 bound states, relevant for j = 1
2
.

For J = 0 and J = 2 bound states contributing in the γγ, γ+jet and dijet channels, the
dominant annihilation process is to gg. For constituents of a given spin j and color representation
R, the annihilation rates depend on the spin J and color representation R of the bound state. We
are interested in bound states with R = 1, 8 and 27. For constituent particles in representations
R = 8, 15, 27, 24 there are two ways to form a bound state with R = 8, as indicated in table 1,
one of which is universal and described by the wavefunction (4.5). In the following, we will denote
it by 8 and the second possibility by 8̃. Similarly, for R = 15, 27, 24 there are two or three kinds
of R = 27 bound states. For bound states of spin-0 particles we find

Γj=0

(

BR=1

J=0 → gg
)

=
DRC

5
R

32
α2
s α

3
s m (D.1)

Γj=0

(

BR=8

J=0 → gg
)

=
5A2

R

(

CR − 3
2

)3

192 TR
α2
s α

3
sm (D.2)

Γj=0

(

BR=8̃

J=0 → gg
)

=
1

32

(

DRCR

(

CR + 3
4

)

5
− 5A2

R

6 TR

)

(

CR − 3

2

)3

α2
s α

3
sm (D.3)

∑

27

Γj=0

(

BR=27

J=0 → gg
)

=
DRCR

(

CR − 4
3

)

(CR − 4)3

160
α2
s α

3
sm (D.4)

where the sum in (D.4) is over all the possible ways to form an R = 27 bound state (which is easier
to obtain than computing the separate rates). For bound states of spin-1

2
particles, the widths are

given by the same expressions multiplied by a factor of 2:

Γj=1/2

(

BR
J=0 → gg

)

= 2Γj=0

(

BR
J=0 → gg

)

(D.5)
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j = 0, J = 0

R ↓ R → 3 8 6 15 10 27 24 15
′

1 3 · 10−6 3 · 10−4 4 · 10−4 9 · 10−3 1.1 · 10−2 (2.2 · 10−2) (2.4 · 10−2) (2.5 · 10−2)

8 − − 2 · 10−5 1 · 10−4 1 · 10−3 − 6 · 10−3 1.8 · 10−2

8̃ − 1 · 10−5 − 7 · 10−4 − 1.4 · 10−2 1.0 · 10−2 −
27 − − − 2 · 10−5 6 · 10−5 2 · 10−3 3 · 10−3 4 · 10−3

j = 1
2 , J = 1

R ↓ R → 3 8 6 15 10 27 24 15
′

8 − 4 · 10−5 5 · 10−5 1 · 10−3 2 · 10−3 1.6 · 10−2 1.7 · 10−2 1.8 · 10−2

R = 1 j = 1
2 , J = 1

Q ↓ R → 3 8 6 15 10 27 24 15
′

2/3 3 · 10−7 8 · 10−6 2 · 10−5 1 · 10−4 4 · 10−4 7 · 10−4 3 · 10−3 6 · 10−3

2 3 · 10−6 7 · 10−5 8 · 10−5 9 · 10−4 1 · 10−3 7 · 10−3 9 · 10−3 1.3 · 10−2

Table 6: Annihilation widths as a fraction of the bound state mass, Γ/M . Top table: j = 0, J = 0.
Same comments as in table 4 apply. For R = 27, 24, 15′ with R = 1 we give the width for the first
radial excitation (since the ground state is too broad). Middle table: j = 1

2
, J = 1,R = 8. Bottom

table: j = 1
2
, J = 1,R = 1 for two values of the charge Q.

and for bound states of spin-1 particles

Γj=1

(

BR
J=0 → gg

)

= 3Γj=0

(

BR
J=0 → gg

)

(D.6)

Γj=1

(

BR
J=2 → gg

)

=
16

5
Γj=0

(

BR
J=0 → gg

)

(D.7)

Table 4 compares these rates with the binding energies (3.3), and table 6 (top) presents the same
widths as a fraction of the bound state massM , which is useful for the discussion of the experimental
resolution.

For the dijet channel in the case of j = 1
2
we also need the annihilation rate of J = 1 color-octet

bound states:

Γj=1/2

(

BR=8

J=1 → qq
)

=
DRCR

(

CR − 3
2

)3

16
α2
s α

3
sm (D.8)

This rate is compared with the binding energy in table 5 and with the mass in table 6 (middle).
For the ℓ+ℓ− channel, we are interested in color-singlet spin-1 bound states of spin-1

2
particles.

They cannot annihilate to gg or qq via the strong interaction, so the width is determined by
subleading processes, which are the annihilation to fermion pairs via a photon or Z, and the
annihilation to three gauge bosons. Based on the expressions in section 4.4.5, the total rate is

Γj=1/2

(

BR=1

J=1 → ff, ggg, γgg, Zgg
)

=

5

3

[

1

2
DRQ

2 α2

cos4 θW
+
π2 − 9

9π

(

A2
R

DR

αs +
9

20
DRC

2
RQ

2 α

cos2 θW

)

α2
s

]

C3
R α

3
sm (D.9)
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These bound states are very narrow: Γ/|Eb| ≪ 1 for any R. In the context of experimental
resolution, the widths are presented as a fraction of M in table 6 (bottom).

References

[1] V. S. Fadin and V. A. Khoze, “Threshold behavior of the cross-section for the production of t
quarks in e+e− annihilation,” Pis’ma Zh. Eksp. Teor. Fiz. 46 (1987) 417.
JETP Lett. 46 (1987) 525.
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