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The study of the bound states of heavy quarks in a QCD medium is an important foundation
of heavy ion physics. Two major experiments at the Relativistic Heavy Ion Collider (PHENIX
and STAR) and four major experiments at the Large Hadron Collider (ALICE, ATLAS, CMS,
and LHCb) are all producing new results and refining previous observations with unprecedented
precision and kinematic reach. In addition, measurements of the interactions of exotic heavy quark
states with a QCD medium are becoming accessible for the first time. The proceedings discuss
new results and remaining puzzles in quarkonium measurements, the first experimental results on
exotic hadrons in the QCD medium, and give a brief outlook on future facilities.
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1. Introduction

Among the many successes of the quark model of hadron structure is the ability to predict the
observed spectrum of heavy quarkonia, which are bound states of 22̄ or 11̄ quarks. The allowed
bound states of two heavy quarks & and &̄ can be found by solving the Schrödinger equation with
the QCD potential

+&&̄ (A) = −
4
3
UB

A
+ 1A + 32cUB

9<&2 Xf (A)
−→
(& ·
−→
(&̄, (1)

where the first term is a color Coulomb interaction that dominates at short distances, the second term
enforces QCD confinement at large distances, and the third term describes the spin-spin hyperfine
interaction between the two quarks [1]. The predicted masses of measured quarkonia states are in
good agreement with these calculations; for example, the most recently observed quarkonium state,
the k3(13D3) found by LHCb in 2019, has a mass within 1% of the potential model calculation [2].
The rich structure of &&̄ states is accessible experimentally and well-understood theoretically.

In heavy ion collisions (and perhaps even high-multiplicity ? + ? collisions) this rich structure
is embedded inside an evolving QCD medium, where a variety of effects come into play. The
dominant effect can vary in different density and temperature regimes, see Fig. 1 for a drawing. In a
relatively diffuse medium, interactions between the &&̄ pair and other nearby particles can disrupt
formation of the state before or after hadronization. Heavy quarks can participate in hydrodynamic
flow along with the light quarks in the system, which can be measured as an azimuthal anisotropy
(attributed to initial state effects in some models). If the temperature of the medium is above the
deconfinement temperature, the presence of free color charges can inhibit &&̄ pair formation or
dissociate formed pairs. Finally, at the extremes of density achieved in central AA collisions, a
new quarkonium production mechanism becomes important, where deconfined heavy quarks can
coalesce at freezeout into quarkonia states. Experimentally, the environments where different effects
dominate can be prepared by varying collider energies, beam species, and kinematic regions where
measurements are made.

Figure 1: A range of effects come into play as the temperature and density of the QCD medium varies.
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2. Quarkonium in Medium

We begin with a discussion of recent results from the ALICE collaboration. A close look at
�/k production in ? + ? collisions at 13 TeV reveals a significant increase of the �/k yield with
charged particle multiplicity [3] as shown in Fig. 2. Various models based on, for example, coherent
particle production [4] or color-glass condensate (CGC) effects [5, 6] are able to describe the data.

It is illustrative to compare multiplicity dependent effects on �/k with the k(2() state, which
has the same 22̄ quark content but a different binding energy. As such, the initial state effects
described by the calculations which reproduce �/k multiplicity dependence should give a nearly
identical behavior for the k(2(). However, the ratio of k(2()/�/k production may show some
evidence for a decreasing trend with multiplicity, as shown in the right panel of Fig. 2. Any
decrease must be therefore be due to final state effects which occur after the 22̄ pair has formed
a color neutral hadron. A calculation based on the Comover Interaction Model [7] shows a trend
similar to the data, but may over-estimate the suppression at the highest multiplicity. Additional data
with improved uncertainties is needed to make firm statements about final state effects on k(2() in
? + ? collisions.

Figure 2: ALICE measurements of the multiplicity dependence of �/k production [3] (left) and the
k(2()/�/k ratio (right).

The PHENIX collaboration has recently completed the analysis of �/k production from the
small system scan at RHIC, which included ?+Al, ?+Au, and 3He+Au data recorded at √B## =
200 GeV [8]. The ?) -integrated �/k nuclear modification factor for each of these systems is shown
as a function of rapidity in Fig. 3. Measurements in different rapidity bins probe different Bjorken
G values in the nucleus, and different time scales: in the ?-going direction, the 22̄ pair quickly exits
the nucleus before hadronizing, however in the nucleus-going direction, the time spent inside the
nucleus is comparable to the charmonium formation time.

At forward rapidity (in the ?-going direction), in all systems, the data is consistent with
calculations based on sampling from a modified parton distribution function (PDF) in the target
nucleus. At backward rapidity, however, an additional suppression mechanism is required to match
the data taken using the Au nucleus. When an absorption cross section is included to account
for �/k breakup while crossing the nucleus, the calculated suppression matches what is observed.
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It is interesting to note that similar measurements from LHCb and ALICE of �/k production at
backwards rapidity in ?+Pb collisions are in good agreement with PDF calculations, without the
need for any additional mechanisms [9, 10]. The time the 22̄ pair spends in the nucleus at the LHC
is much smaller than at RHIC, due to the higher center-of-mass energy; therefore, absorption effects
at the LHC are expected to be greatly reduced.
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Figure 3: PHENIX measurements of the nuclear modification of �/k mesons versus rapidity in ?+Al (left),
?+Au (center), and 3He+Au (right) collisions at √B## = 200 GeV [8].

Figure 4: The measured E2 of �/k mesons in high-multiplicity ?+Pb collisions [11] (left) and Pb+Pb
collisions [12] (right) at the LHC.

Another important metric for studying quarkonia is the elliptic flow amplitude E2. Recent
observations of significant flow in small systems have called the origin of flow effects into question.
Measurements of �/k E2 in high-multiplicity ?+Pb collisions [11] have shown effects that are
comparable to the E2 observed in Pb+Pb collisions [12], see Fig. 4. Transport model calculations
that successfully describe the low ?) E2 in Pb+Pb collisions have been applied to ?+Pb collisions,
and do not give a E2 amplitude that is sufficient to match the data, implying that mechanisms beyond
final state collectivity may be at play [13]. A different calculation based on the CGC framework
gives a significant E2 due to correlations between gluons inside the target nucleus [14], although
we note that similar CGC calculations have had mixed results describing light flavor E2 in small
systems.

Recently, the first measurements on Υ(1() flow in Pb+Pb collisions at the LHC have been
performed as shown in Fig. 5 [15, 16]. While these first measurements have significant statis-
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tical uncertainties, they are consistent with zero. Transport models that successfully describe Υ
suppression also give a E2 that is near zero, due to the negligible production rate of Υ through
recombination. One way to help resolve the major open question on the origin of collective flow
is through measurements of Υ E2 in ?+Pb collisions at the LHC. The previously described CGC
calculations predict a substantial E2 for Υ that is similar to what is observed for the �/k, while
transport models are expected to give a very small E2. Future data sets and analyses can provide
decisive discrimination between these models.

Figure 5: The elliptic flow amplitude E2 of Υ(1() mesons in Pb+Pb collisions at the LHC, from ALICE
[15] (left) and CMS [16] (right)

.

3. Exotic Hadrons in Medium

The remarkable consistency between measurements of quarkonium and predictions from po-
tential models was shaken in 2003, when the Belle experiment discovered the unexpected “charmo-
niumlike" X(3872) resonance in the invariant mass spectrum of �/kc+c− originating in the decays
of � hadrons [17]. The fact that the resonance was found as an intermediate state in the products of
� decays, and that the resonance itself had a �/k in the final state, showed that it contained a 22̄ pair.
This plus the decay mode and narrow width of this resonance suggested a new charmonium state
had perhaps been discovered [18, 19]. However, the potential models which successfully predict
the &&̄ spectrum show that no charmonium states near the mass of 3872 MeV with compatible
quantum numbers �%� = 1++ are expected to exist [20]. The inability to reconcile the observed
properties of the -(3872) resonance with any expected 22̄ states led to speculation that a multiquark
state, consisting of at least two light quarks and a 22̄ pair, had been found. Such "exotic" states
were predicted by Gell-Mann and Zweig in the first papers proposing the quark model [21, 22], but
unambiguous observations had proven elusive. Despite decades of measurements and theoretical
interpretations, the exact nature of the X(3872) is not clear.

Embedding the X(3872) in the QCD medium provides new methods for probing its structure,
as well as a new probe of the medium itself. Similar to conventional quarkonia states, the X(3872)
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can be disrupted via interactions with other produced particles, with a probability that is related
to its binding energy. LHCb has studied the production of X(3872) relative to the well-known
conventional charmonium state k(2() as a function of multiplicity in ? + ? collisions at 8 TeV [23],
as shown in the left panel of Fig. 6. A decrease of promptly produced X(3872) is observed relative
to prompt k(2(), which may indicate that the X(3872) has a significantly weaker binding energy
than the k(2(). Comparisons of this data with calculations from the Comover Interaction Model
favor the compact tetraquark interpretation [24].

The CMS collaboration has measured the same ratio of X(3872)/k(2() cross sections Pb+Pb
collisions [25], which shows an increase relative to ?+? collisions, althoughwith large uncertainties,
in the right panel of Fig. 6. In this dense collision system, formation of tetraquarks via quark
coalescence at chemical freezeout, or coalescence of �0�̄0∗ into a molecular state at kinetic
freezeout, may become an important production mechanism for the X(3872). Calculations based
on coalescence [26] and AMPT transport [27] predict that a molecular X(3872) will be enhanced
more than a compact tetraquark, while a different transport calculation comes to the opposite
conclusion [28]. While current data does not give a clear discrimination between models, it is clear
that this exotic state with an unprecedented number of constituent quarks poses a challenge to well-
established theoretical models of heavy ion collisions. Additional data with reduced uncertainties
across the full range of measureable multiplicities is required to definitively constrain models and
draw firm conclusions.

Figure 6: Preliminary results on modification of X(3872) production relative to k(2() in ? + ? collisions at
LHCb (left) [23] and in Pb+Pb collisions at CMS (right) [25].

4. Future Facilities

The LHCb collaboration is in the midst of upgrading their gaseous fixed-target System for the
Measurement of Overlap with Gas (SMOG). A gas storage cell is being inserted in front of the
LHCb VELO detector, which allows a greatly increased areal density of gas to be sampled by the
beam. [29]. Rates of heavy quark production with the upgraded SMOG II system are significant,
and measurements of exotic states such as X(3872) will also be pursued once the LHC resumes
operations.
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Construction of the sPHENIX experiment is currently underway at Brookhaven. Amajor focus
of the sPHENIX physics program is the measurement of the nuclear modification of the Υ(1(),
2(, and 3( states. Since the plasma temperatures achieved at RHIC is likely different from the
temperatures at the LHC, this data will provide new constraints on models of bottomonia screening
and transport in the QGP [30].

In the further future, the Electron Ion Collider (EIC) will allow the partonic structure of
nuclei to be probed with unprecedented precision [31]. In the center-of-mass energy range where
the EIC will operate, hadronization inside the nucleus is expected to become an important effect
on observed particles [32]. Quarkonia produced at the EIC will therefore propagate through the
medium of the cold nucleus as a fully formed state, in contrast to their production at RHIC and the
LHC, where hadronization mostly takes place outside the nucleus. The low backgrounds produced
in 4+A collisions will also allow measurements of states that are difficult to access in heavy ion
collisions to be made at the EIC. Exposure to the nuclear environment offers new ways to probe
exotic heavy quark states: for example, large, weakly bound molecular states should be disrupted
more than tightly bound tetra- or pentaquark states as they cross the nucleus (see Fig. 7). Therefore,
measurements of the nuclear modification of these states can discriminate between hadron structure
models.

Figure 7: Measurements of exotic hadrons produced inside the nucleus at the EIC can discriminate between
models of weakly bound states, such as hadronic molecules (left) and more tightly bound states, such as
compact tetraquarks (right).

5. Summary

More than three decades after the seminal work of Matsui and Satz, quarkonia remains a
central focus of heavy ion physics. Measurements of heavy quark states provide information on
the initial state of the beam projectiles, interactions within and outside the nucleus, the dynamics
of the plasma, and the allowed configurations of quarks bound inside hadrons. With improved data
sets, upgrades, and future facilities, we expect greatly improved experimental constraints on many
important questions in the near future.
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