Hidden heavy flavour production in heavy-ion collisions
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Abstract. An overview of recent experimental results on quarkonium production in
heavy-ion collisions at RHIC and LHC energies is presented. Their implications in the
theoretical understanding of the production of quarkonia is discussed.

1 Introduction

Heavy quarks, charm (c) and beauty (b), are important probes of the Quark-Gluon Plasma (QGP).
Because of their large mass, heavy-quark pairs are produced by the primary hard collisions of the in-
coming partons. A small fraction of those initial pairs will bind together to form a quarkonium. Heavy
quarks and quarkonia will interact with the QGP throughout its evolution and probe its properties.

Originally, it was proposed that the production of J/y mesons will be suppressed in the QGP by
a color-screening mechanism [[1]. Then, this was extended to all quarkonium states leading to the
sequential suppression scenario: a hierarchy of suppression depending on the binding energy of the
quarkonia [2]]. Other dynamical mechanisms such as gluon dissociation [3|] and quasi-free scatter-
ing [4} 5] were also proposed. The sequential suppression could inform about the QGP temperature.

More recently, new mechanisms of quarkonium production by the QGP have been proposed. In
the statistical hadronization model [6] all heavy quarks and antiquarks, produced in the initial hard-
scatterings, thermalize in the QGP. Then, all quarkonia are produced by statistical hadronization at
the phase boundary of the QGP. Here full suppression of the initially produced quarkonia is assumed.
In [S)] the approach is extended to consider partial charmonium suppression. Additional quarkonia
could also be regenerated throughout the QGP evolution by kinetic recombination of heavy-quarks [7]].
In this type of models, called transport models, continuous dissociation and regeneration of quarkonia
throughout the life time of the QGP is implemented by a kinetic rate equation. The QGP evolution is
described by a hydrodynamical-like expansion. For more recent implementations and calculations of
the transport model see [8H10] and [4}[11H13]]. These additional production mechanism will therefore
compete with the initial quarkonium production and their suppression by the hot medium. The higher
initial temperatures of the QGP and the larger heavy-quark production cross sections reached at LHC
energies should favor the regeneration mechanism.

Cold nuclear matter (CNM) effects also affect the production of quarkonia in heavy-ion collisions.
These can be separated into initial and final-state effects. Initial-state effects occur prior to the forma-
tion of the heavy-quark pair, including the modification of the kinematical distribution of the partons
in the nuclei (nPDF) compared to that in free nucleons [[14H16] and parton energy loss [17, [18].
Final-state effects are those that affect the heavy-quark pair during the finite time it needs to form a
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Figure 1. (Left) Raa of T(nS) versus Ny, in Pb—Pb collisions at +/syny = 5.02. (Right) Raa of T(1S) versus
Npar in Pb—Pb collisions at +/sny = 2.76 and 5.02 TeV. The measurements by CMS [22}|23]] are compared to the
calculations of a hydrodynamical model [24} 25].

quarkonium state or after the state has been formed [[19]], such as the QQ pair break up by the nuclear
matter (expected to be small at high energy) [19) 20|, and the final-state resonance interaction with
surrounding comovers [21]. Finally, parton energy loss could be coherent and thus not factorized into
initial and final state effects [[18]. Cold nuclear matter effects can be studied in proton—nucleus (p—A)
or deuteron—nucleus (d—A) collisions, where the QGP is not expected to be formed.

We will review recent measurements of quarkonium production and their implications in terms of
suppression or regeneration mechanisms in the QGP, or CNM effects.

2 Sequential suppression

In the sequential suppression scenario, the suppression of a given quarkonium state should increase
with increasing temperature or energy density of the QGP. Furthermore, the suppression should in-
crease with decreasing binding energy of the quarkonium state, e.g. the exited T'(3S) will be more
suppressed than the Y(2S) than the ground T(1S).

In Fig. [T] (left), the recent measurement by the CMS Collaboration of the nuclear modification
factor Rya of T(nS) in Pb—Pb at +/sxy = 5.02 TeV is shown versus the collisions centrality, quantified
by the number of participating nucleons Ny, First, one clearly observes that the Raa of Y(1S) and
T(2S) decrease from peripheral to central collisions, showing that the suppression of Y is larger in
central collisions where the QGP energy density is maximum. Second, for the most central collisions,
the Y(3S) appears to be more suppressed (or fully suppressed) than the Y(2S), which in turn is more
suppressed than the T(1S), confirming the expectations. The comparison of the T(1S) Raa in Pb—Pb
collisions at /sy = 2.76 TeV [22] and 5.02 TeV [23] is shown in Fig. [1|(right). A hint of a stronger
T(1S) suppression at the highest energy can be seen. The behaviors of the Y(nS) versus the T state,
the collision centrality and energy are naively expected by the scenarios in which the suppression
is solely driven by the QGP energy density. These T(nS) measurements are well reproduced by a
hydrodynamical model [24} [25]]. In this model, the suppression of the bottomonium states by the
QGP, described by a 3+1d hydrodynamical model, is based on a complex potential.

Figure [2] (right) shows the STAR measurement of the ratio of the yields of T(2S+3S) divided by
those of Y(1S) versus Npar in Au—Au collisions at +/syy = 0.2 TeV [26]. The horizontal band shows
the average of the same ratio for pp collisions. As it was the case at LHC energies, at RHIC energies
the excited states of the " appear to be more suppressed than ground Y (1S) state.



The T(1S) Raa measured by ALICE at forward rapidity in Pb—Pb collisions at +/syny = 5.02
TeV [27] is shown in Fig.[2]as a function of rapidity together with the measurement by CMS. The two
experiments complement each other and cover a wide rapidity range (0 < y < 4). The experimental
measurements are compared to the calculations of the hydrodynamical model [25]]. The model is able
to reproduce the T(1S) Raa over the full rapidity range, although at forward y the trends of the model
and the ALICE Rpa seem opposite. Such different trend was more evident at the lower LHC energy
(see e.g. [28]). In this context, a more precise measurement at forward y will be important. Indeed, in
the hydrodynamical model [25]] only suppression of bottomonia by the QGP is considered, neglecting
CNM effects and any possible regeneration component. Transport models [12} 29], which include,
in addition to a suppression by the QGP, CNM effects and a small regeneration component obtain an
inverted rapidity dependence for the Y'(1S) Raa. Finally, to answer the question if direct T'(1S) are
suppressed, a precise understanding of the CNM effects is needed.

3 Regeneration

Due to the large initial charm-quark density, the charmonium family is best suited to investigate any
possible quarkonium regeneration mechanism. Figure [3| shows the recent J/iy Raa at forward (left)
and mid- (right) y versus N, measured by ALICE in Pb—Pb collisions at +/syy = 5.02 TeV [311,132]],
compared to the earlier measurements at +/syy = 2.76 TeV [30] [33 [34] and in Au—Au collisions at
y/sny = 0.2 TeV by PHENIX [35] [36]. At RHIC energies, the J/iy Ras exhibits a decreasing trend
from peripheral to central collisions, whereas at LHC energies a saturation of the Raa is seen for
Npare 2 100. At mid-y even a hint of an increased Raa for the most central collisions is seen. For the
most central collisions, the J/iy Ra is larger at LHC than at RHIC energies, i.e. the J/ suppression
is smaller where the QGP energy density is higher. Such observations clearly establish the case for an
important contribution of the regeneration mechanism at the LHC. Models implementing full [37]] or
partial [10} 114 [13L 21,138 [39] J/ regeneration are able to reproduce these results.

The regeneration of J/i is expected to contribute mostly at low pr. Figure [ (left) shows the J/y/
Rana at forward y versus pr in Pb—Pb collisions at +/sxw = 5.02 TeV for three centrality classes [40].
The bottom panel shows the ratio of the Raa at +/syn = 5.02 and 2.76 TeV. For most central colli-
sions, the Raa increases with decreasing pr confirming the contribution of J/i regeneration at low
pr. The calculations of a transport model [[11} [13} [38] including J/ regeneration can reproduce the
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Figure 2. (Left) Raa of T(1S) versus rapidity in Pb—Pb collisions at +/syny = 5.02 TeV [23] 27] compared to
the calculations of a hydrodynamical model [25]. (Right) Ratio of yields of Y(2S+3S) over T(1S) in Au-Au
collisions at /sy = 0.2 TeV [26] compared to the same ratio in pp collisions shown as a band.
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Figure 3. J/iy Rxa at forward (left) and mid- (right) y versus Ny, in Pb—Pb collisions at +/syy = 5.02 TeV and
Asan = 2.76 TeV [30434]] and in Au—Au collisions at +/syy = 0.2 TeV [35] 36].

observed trends. However, given the much improved uncertainties of the experimental measurements,
quantitative tensions are observed. The new J/iy Raa vs. pr at mid-y [32] is compared with the one at
forward y [31] in Fig. @] (right). Although the uncertainties of the mid-y Raa are still large, one can
appreciate at low pr a larger Ry at mid- than at forward y, which would indicate a larger contribution
of J/iy regeneration where the QGP energy density and the charm-quark density are larger.
Thermalized charm quarks will be part of the collective motion of the QGP and acquire flow, in
particular elliptic flow. Regenerated J/i produced by the recombination of thermalized charm quarks
will therefore inherit their elliptic flow, resulting in a large v, . The new measurements by the ALICE
Collaboration of the J/i v, at forward y in Pb—Pb collisions at y/sxy = 5.02 TeV [44] establish, for
the first time, an unambiguous non-zero v, for J/i. FigureE] shows the J/i vy versus pr in three classes
of centrality, 5-20%, 20-40%, and 40-60%. The J/i v, increases with pt up to pr ~ 6 GeV/c and
decreases or saturates thereafter. The v, also appears to be (marginally) maximum in the 20-40%
centrality class, in contrast to light hadrons [45]. The v, of D-mesons at mid-y and in a somewhat
different centrality class (30-50%) [41] is also shown. Clearly, both D and J/y» mesons show a positive
vy in the explored pr region, with the J/i v, being lower than the D-meson at low and intermediate
pr. Such observation strongly supports the scenario in which both D and J/iy mesons inherit the v,
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Figure 4. Rxa of J/i versus pr in Pb—Pb collisions at /syy = 5.02 TeV: (left) at forward y in three centrality
classes [40] and (right) at forward and mid-y in central collisions [311[32].
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Figure 5. (Left) Inclusive J/y v,(pr) at forward y in Pb—Pb collisions at +/sxy = 5.02 TeV for three centrality
classes. The D-meson v,(pr) at mid-y in the centrality class 30-50% is shown for comparison [41]. (Right)
Inclusive J/ v,(pr) in Au—Au and U-U collisions at /sy = 0.2 and 0.193 TeV, respectively [42] 143].
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Figure 6. (Left) Inclusive J/i v2(pr) in semi-central (20-40%) Pb—Pb collisions at /sxy = 5.02 TeV [44]] com-
pared to transport model calculations by [38]] and [10]. (Right) Prompt J/i v(pr) in 10-60% non-central Pb—Pb
collisions at /sy = 2.76 TeV [46]] compared to transport model calculations [10l 47].

from thermalized charm quarks. We note that at RHIC energies, where the regeneration contribution
was found to be small, the measured J/i/ v, is compatible with zero in Au—Au and U-U collisions at
/snn = 0.2 and 0.193 TeV, respectively, as measured by STAR [42} [43]] (see Fig. [5|(right)).

Figure |§| (left) shows the J/ v2(pr) at forward and mid-y in semi-central Pb—Pb collisions at
/snn = 5.02 TeV compared to the calculations of two transport models. The model by Du et al. [38]
reproduces the magnitude of the J/ v, at forward y and low pr by a dominant contribution of J/i
elliptic flow inherited from thermalized charm quarks. However, the overall shape of the v,(pr) is
missed and the v, at high pr is underestimated. This disagreement suggests a missing mechanism in
the model. Similar conclusions can be drawn from the comparison to the model by Zhou et al. [10].
The authors add a v, arising from a possible strong magnetic field in the early stage of heavy-ion
collisions [47], which improves the comparison with the measurement, especially at high py. Such
non-collective component [47] was able to reproduce the prompt J/i v, at high pr measured by CMS
in Pb—Pb collisions at /sy = 2.76 TeV [46] (see Fig. |§|(right)).

We note that some tension is also seen between the transport model calculations and the J/iy Raa
measurements in the intermediate region 4 < pp < 8 GeV/c. Clearly, the improved precision of both
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Figure 7. (Left) Rypy of prompt J/iy versus rapidity in p—Pb collisions at +/syy = 8.16 TeV [52]]. (Right) J/ Ryau
at y/sny = 0.2 TeV [43] compared to various model calculations [48} 150, 51]].

Raa and v, measurements put strong constraints in the production models and will help to further
improve our understanding of the J/i production mechanism in heavy-ion collisions.

4 Cold Nuclear Matter effects

In addition to the suppression and regeneration in the QGP, CNM effects also affect the production of
quarkonia in heavy-ion collisions. Also here the recent improvement of the measurement uncertainties
are seriously challenging the theoretical calculations.

The prompt J/y Rypp, measured by LHCb in p—Pb collisions at +/syn = 8.16 TeV is shown in
Fig. [7| (left) versus rapidity. The results in the p-going (y > 0) and Pb-going (y < 0) directions are
compared to model calculations including shadowing [48]], parton energy loss [18]], or CGC [49].
While the models are able to qualitatively describe the measured Rypy, the quantitative agreement is
not satisfactory. Figure [7| (right) shows the new J/i/ Rya, measured by STAR at 4/syy = 0.2 TeV
compared to model calculations [48| 50, 51]]. At RHIC energies, the inclusion of a nuclear absorption
cross section oyps = 4.2 mb~! [51]] is necessary to describe the Rpau.

In the bottomonium sector, we highlight the new measurement by ATLAS of the T(1S) Rypy, at
mid-y in p—Pb collisions at +/syn = 5.02 TeV, which nicely complement the earlier measurements by
ALICE [53]] and LHCb [54], shown in Fig. (left). A small suppression of the T(1S) is seen at mid-y,
which could be explained by shadowing (plus comover interactions, as shown in the figure) or parton
energy loss (see e.g. [53]]). The improvement of the measurements in the backward region will be
important to distinguish between nPDF parameterizations with large or small gluon anti-shadowing.

Finally, among the striking results from the p—A programs at RHIC and LHC, we mention the ob-
servation of a stronger suppression of the excited states compared to the ground state. Measurements
of the production of J/y and y(2S) at forward and backward y in p—Pb collisions at /sy = 5.02
TeV have shown that the ¢(2S) is more suppressed than the J/i, that this difference is stronger in the
Pb-going than in the p-going direction, and that this difference increases with the centrality of the col-
lision [55]]. The new measurement by CMS at mid-y shown in Fig. [§] (right) confirms such behavior.
The Rypy, of the ¥/(2S) is smaller than that of the J/i, and the difference increases from positive to neg-
ative rapidity. The CMS and ATLAS collaborations have also observed a stronger suppression of the
r(2S) compared to the Y(1S) at mid-y in p—Pb collisions at /sy = 5.02 TeV [56)[57]. The observed
difference is currently reproduced only by theoretical models including, in addition to initial-state
effects, some final-state interaction with the comoving hadronic medium [21}38].
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Figure 8. (Left) Ryp, of T(1S) versus rapidity in p—Pb collisions at +/sxy = 5.02 TeV measured by ALICE [53],
ATLAS [57] and LHCD [54]. (Right) Ryp, of J/i and (2S) at mid-y measured by CMS [58,159].

5 Summary

In summary, the field of quarkonium production in heavy-ion collisions is a very dynamic and prolific
one. In the last years the following picture has emerged. The production of quarkonia is suppressed
in the QGP, with the loosely bound states being more suppressed than the tightly bound ones. The
sequential suppression is evident in the bottomonium sector at both RHIC and LHC energies and for
high pr J/. Athigh energies, new quarkonia are produced by statistical hadronization or regeneration
from thermalized charm quarks in the QGP. Such regeneration mechanism is mostly seen for low pr
J/y at the LHC. While this picture is supported by numerous measurements, the high quality of the
new results are challenging the available models and calling for a coherent description of all of them.
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