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QUARKONIUM PRODUCTION
MEASUREMENTS WITH THE ALICE
DETECTOR AT THE LHC

In (ultra-)relativistic heavy-ion collisions, the strongly interacting matter is predicted to un-
dergo a phase transition into a plasma of deconfined quarks and gluons (QGP), and quarkonia
probe different aspects of this medium. However, the medium modification of the quarkonium
production includes also the contribution of cold nuclear matter effects (CNM), such as the
shadowing or nuclear break-up in addition to QGP effects. Proton—nucleus collisions, where no
QGP is expected, are used to measure cold nuclear matter effects on the quarkonium produc-
tion. The vacuum production of quarkonia is modeled in proton—proton (pp) collisions, which
are used as the reference for both heavy-ion and proton—nucleus collisions. Besides serving as
a reference, the results in pp collisions represent a benchmark test of QCD-based models in
both perturbative and non-perturbative regimes. The ALICE detector has unique capabilities at
the LHC' for measuring quarkonia down to the zero transverse momentum. Measurements are
carried out at both central and forward rapidities in the dielectron and dimuon decay chan-
nels, respectively. In this contribution, the latest quarkonium measurements performed by the
ALICE Collaboration during the LHC Run-2 period for various energies and colliding systems
will be discussed.
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1. Physics Motivations

Quarkonium measurements represent an important
tool for the investigation of the interaction of heavy
quarks with the hot and energy-dense medium cre-
ated in heavy-ion collisions, known as Quark—Gluon
Plasma (QGP) [1], and provide an important in-
sight about its properties. In the original prediction
by Matsui and Satz [2], it was argued that quarko-
nium states could melt in a deconfined medium,
since the binding energy between the quark and an-
tiquark is screened due to the presence of free color
charges. This implies that the quarkonium produc-
tion in heavy-ion collisions should be suppressed as
compared to binary-scaled pp collisions. However, it
is also argued that the large production cross-section
of heavy quarks in the hot thermalized medium leads
to the (re)generation of quarkonia via the statistical
recombination at the phase boundary [3] or through
the coalescence of charm quarks [4]. Models including
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(re)generation describe the majority of charmonium
measurements from LHC Run-1 (2009-2013), show-
ing already the evidence that the (re)generation is the
dominant production mechanism of J/1 in heavy-ion
collisions at LHC energies [5]. Measurements of the
bottomonium production, for which the contribution
from the (re)generation could be small due to the
much smaller beauty production cross-section, and
the comparison with the corresponding charmonium
results can further shed light on the quarkonium pro-
duction mechanisms in large systems. Furthermore, if
heavy-flavor quarks thermalize in the QGP, regener-
ated quarkonium states could inherit their flow and
then participate in the collective motion of the QGP.

The study of the quarkonium production in
proton—nucleus collisions is relevant to quantify cold
nuclear matter (CNM) effects. Mechanisms such as
a modification of the parton distribution functions
in nuclei, the presence of a Color Glass Condensate
(CGC), and coherent energy loss of the c¢ or bb pair
in the medium have been employed to describe the

ISSN 2071-0194. Ukr. J. Phys. 2019. Vol. 64, No. 7



Quarkonium Production Measurements

J/¢¥ and T production obtained in proton—nucleus
collisions from the LHC Run-1 [6-8].

In elementary pp collisions, the production of a
quarkonium state can be understood as the creation
of a heavy-quark pair (¢q) followed by its binding
into a state with given quantum numbers. The first
step is well described by perturbative quantum chro-
modynamics (QCD), while the second step is inher-
ently non-perturbative. Currently, none of the exist-
ing models is able to satisfactorily describe simul-
taneously all aspects of the quarkonium production
in pp collisions. Therefore, more differential measure-
ments represent a powerful tool for adding further
constraints to quarkonium production models, im-
proving significantly our understanding of quarko-
nium production mechanisms in elementary hadronic
collisions.

2. Quarkonium Measurements in ALICE

The ALICE detector [9] has unique capabilities to
measure the quarkonium production down to the zero
transverse momentum (pr) in two rapidity ranges ':
at mid-rapidity (Jy| < 0.9) with the central barrel
through the dielectron decay channel and at forward
rapidity (2.5 < y < 4) with the muon arm through
the dimuon decay channel.

The main tracking detectors in the central barrel
are the Inner Tracking System (ITS) and the Time
Projection Chamber (TPC). The ITS provides the
primary and secondary vertex information, the latter
is useful to separate the non-prompt J/v contribution
(from beauty-hadron decays). The TPC provides the
excellent particle identification for particles with in-
termediate momenta, in particular, for electrons up to
about 10 GeV /¢, based on the measurement of their
specific energy loss.

The forward muon spectrometer includes a dipole
magnet with an integrated field of 3 T-m, five track-
ing stations comprising two planes of cathode pad
chambers each, and two trigger stations consisting of
two planes of resistive plate chambers each. The lat-
ter allows one to trigger on events with at least a pair
of opposite-sign track segments in the muon trigger

1 The rapidity ranges are quoted in the “laboratory” reference
frame (y = y1ap) which is coincident with the center-of-mass
reference frame (ycms) in pp and Pb—Pb collisions, but not in
p-Pb collisions because of the asymmetric beam conditions.
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Fig. 1. pry-differential inclusive J/1) cross-section measured
at mid-rapidity in pp collisions at /s = 5 TeV compared to
prompt J/1» NRQCD calculations added to predictions of non-
prompt J/v from FONLL (see [10] and references therein)

system, each with a pt above a specific threshold. A
system of absorbers is used for filtering out hadrons.

3. Results: Selected Highlights
3.1. pp collisions

An extensive study of quarkonium production cross-
sections in pp collisions has been performed by
the ALICE Collaboration at several center-of-mass
energies.

In Fig. 1, the inclusive J/1 cross-section mea-
sured at mid-rapidity at /s = 5 TeV (see [10] and
references therein) is compared to different sets of
Non-Relativistic QCD (NRQCD) calculations of the
prompt J/v production.

The model from Ma et al. is coupled to a CGC
description of the low-x gluons in the proton and can
predict the prompt J/1 cross-sections down to pp =
= 0. In all cases, the non-prompt J/¢ component
calculated from Fixed-Order Next-To-Leading-Loga-
rithm (FONLL) predictions is added to the prompt
J /1 contribution.

The agreement between all models and data is good
in the measured pr range. It is worth noting that
the uncertainties on the data points are significantly
smaller than the model uncertainties, especially at
low pr. The 9(2S)-to-J/1¢ cross-section ratio, mea-
sured at the forward rapidity as a function of pr in
pp collisions at /s = 13 TeV, is compared to NLO
NRQCD calculations in Fig. 2 (see [11] and references
therein). In the ratio, many of the systematic uncer-
tainties cancel for both data and model.
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Fig. 2. 1(2S)-to-J/v cross-section ratio as a function of pr
in pp collisions at /s = 13 TeV measured at the forward ra-
pidity as compared to NLO NRQCD calculations (see [11] and
references therein)
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Fig. 3. R, py as a function of ycms of the J/9 in p-Pb colli-
sions at /sy = 8.16 TeV. The results are compared to several
theoretical predictions (see [13]| and references therein; for the
model of Du et al. see [14])

From the comparison, it is clear that there are still
tensions between data and models. Similarly, discrep-
ancies are observed for polarization measurements
performed in pp collisions at /s = 8 TeV at the for-
ward rapidity [12].

3.2. p-Pb collisions

The nuclear effects on the quarkonium production in

p-Pb collisions are estimated via the pr and rapidity

differential nuclear modification factor defined as

R ( ) dzag_nlg%m/dycmsde
p-Pb\Yems, PT) = APb dQO_IO)Eium/dycmsdea

where the p-Pb production cross-section of a given

onium

quarkonium state, dzap_Pb /dYemsdpT, is normalized

568

to the corresponding quantity for pp collisions times
the atomic mass number of a Pb nucleus (Ap, =
= 208). The pr-integrated R, p1, of inclusive J/1,
measured in p-Pb collisions at \/syy = 8.16 TeV, is
shown in Fig. 3 as a function of the center-of-mass
rapidity, Yems.- Measurements in the dimuon channel
are performed by taking data in two configurations
of the beams with either protons or Pb ions going
toward the muon spectrometer, corresponding to for-
ward and backward rapidities, respectively. For the
mid-rapidity measurement, the data corresponding to
the two configurations can be combined due to the
symmetry of the central barrel detector. The nuclear
modification factor is compatible with unity at back-
ward and mid-rapidities. In contrast, a suppression
is visible at the forward rapidity. It is compared to
several theoretical models which attempt to describe
the prompt J/1 production (see [13] and references
therein; for the model of Du et al. see [14]). The re-
sults of calculations based on shadowing only show
a good agreement with data, when the nCTEQ15 or
EPPS16 set of nuclear parton distribution functions
(nPDF) are adopted (Lansberg et al.), while using the
EPS09 set of nPDF leads to a slightly worse agree-
ment at the forward yems (Vogt). Calculations based
on a CGC approach coupled with various quarkonium
vacuum production models are able to reproduce the
data in their domain of validity, corresponding to the
forward-yems region (Venugopalan et al.; Ducloue et
al.). The model of Arleo et al., based on the calcula-
tion of the effects of parton coherent energy loss, gives
a good description of the results for both backward-
Yems and forward-y.,s rapidities. Finally, models in-
cluding a contribution from the final state interac-
tions of the c¢¢ pair with the partonic/hadronic sys-
tem created in the collision (Zhuang et al.; Du et al.;
Ferreiro) can also reproduce the trend observed in the
data. In the latter set of models, the nuclear shadow-
ing is included, and it is the mechanism that plays a
dominant role in determining the values of the nuclear
modification factors.

The R,.p1, for ¢(2S) as a function of yems is shown
in Fig. 4, where it is compared to the corresponding
J /1 result. At the forward rapidity, J/¢ and (2S)
show a similar suppression, while, at the backward
rapidity, ¥(2S) is significantly more suppressed than
J/¢. Contrary to the J/v case, only models that in-
clude final state interactions with the surrounding
medium are able to reproduce 1(2S) results.
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The ALICE Collaboration has also measured
long-range correlations between forward-ye,s and
backward-yems inclusive J/¢¥ and mid-rapidity
charged hadrons, in p-Pb collisions at both /sy =
= 5.02 and 8.16 TeV [15]. The data indicate per-
sisting long-range correlation structures at A¢ ~ 0
and A¢ ~ 7, reminiscent of the double ridge previ-
ously found in charged-particle correlations at mid-
and forward rapidities [16]. The corresponding vJ v
obtained by combining data of the two collision ener-
gies, is shown in Fig. 5. In heavy-ion collisions, this
coeflicient is related to the azimuthal anisotropy of
the final-state particle momentum distribution and is
sensitive to the geometry and the dynamics of the
early stages of the collision. The results in p-Pb colli-
sions are compared to sz /¥ measurements performed
in Pb-Pb collisions at \/syx = 5.02 TeV [17]. The
positive vy coefficients observed in Pb—Pb collisions
for pp?/¥ below 3-4 GeV /c are believed to originate
from the recombination of charm quarks thermalized
in the medium and are described fairly well by the
transport model. In p-Pb collisions, the vg /¥ is com-
patible with zero at low pr, and this is in line with ex-
pectations, since no QGP is expected to be produced
in which charm quarks could thermalize. Even assum-
ing such scenario, the amount of produced charm
quarks is small compared to that in heavy-ion col-
lisions. Therefore, the contribution from the recom-
bination should be negligible. However, at high-pr,
J /1 vy is comparable to the magnitude of the flow ob-
served in central Pb—Pb collisions. It is worth noting
that, in Pb—PDb collisions, the measured vé] ¥ coeffi-
cients exceed substantially the theoretical predictions
for p%/ ¥
véf/w

> 4 GeV /¢, where the main contribution to

is expected to come from the path-length depen-
dent suppression inside the medium. These intriguing
results point to a common underlying mechanism, not
included in current calculations, at the origin of the
comparable magnitude of the véf /v

verse momentum in both systems.

at a high trans-

3.3. Pb—Pb collisions

The nuclear modification factor, for a quarkonium
state in a given centrality class ¢ of the Pb—Pb colli-
sion, is calculated as

d>Npps, ;/dydpr
T} ) d2ognivm /dydpy’

ngb—Pb (yv pT) = <
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Fig. 4. R, pp as a function of yems for ¥(2S) and J/+) in p-Pb
collisions at /sy = 8.16 TeV. The results are compared to
different theoretical models (see references on the plot)
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Fig. 5. Combined vé]/w coefficients in p-Pb collisions at
/5NN = 5.02 and 8.16 TeV compared to results in central and
semicentral Pb—Pb collisions at /syn = 5.02 TeV and to the
transport model calculations for semicentral Pb—Pb collisions
(see [15] and references therein).

where dle‘SrQiEglb,i /dydpr is the corrected yield of the
studied quarkonium state in Pb-Pb collisions, (T »)
is the nuclear overlap function, and dQUSgium /dydpr
is the corresponding cross-section in pp collisions
at the same center-of-mass energy. Figure 6 shows
Raa as a function of the centrality, for J/¢ mea-
sured at the forward rapidity in Pb—Pb collisions at
/NN = 5.02 TeV, in the transverse momentum range
0.3 < pr < < 8 GeV/c [18]. The pr region below
0.3 GeV/c was excluded in order to reduce signif-
icantly the contribution from the photo-production
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Fig. 6. Centrality dependence of inclusive J /¢ Raa for 0.3 <
< pr < 8 GeV/c measured in Pb-Pb collisions at /sNn =
= 5.02 TeV and comparison with theoretical models (see [18|
and references therein)
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ity measured at the forward rapidity in Pb—Pb collisions at
V/SNN = 5.02 TeV, compared to theoretical model calculations
(see [20] and references therein)

of J/v, which could influence the Raa in periph-
eral collisions [19]. The results are compared to sev-
eral theoretical models. The statistical hadronization
model assumes that J/¢ are created, like all other
hadrons, only at the chemical freeze-out according to
their statistical weights. Transport models are based
on a thermal rate equation, which includes the con-
tinuous dissociation and regeneration of J/, both in
the QGP and in the hadronic phase. Finally, in the
“co-mover” model, J/¢ are dissociated via interac-
tions with the partons/hadrons produced in the same
rapidity range, and the regeneration term is included
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Fig. 8. The Y(1S) v coefficient as a function of pp mea-
SNN = 5.02 TeV in the 5-60%
centrality interval compared to that of inclusive J/1¢ and to
theoretical calculations (see [21] and references therein)

sured in Pb—Pb collisions at

as well. The data are described by the various calcu-
lations, the latter having rather large uncertainties.
These are related to the choice of the correspond-
ing input parameters, and in particular, the nucleon-
nucleon ¢€ production cross-section (do.z/dy), as well
as the set of nPDF.

The centrality dependence of the nuclear modifica-
tion factor for Y (1S) measured in Pb—Pb collisions at
/SN = 5.02 TeV is shown in Fig. 7 along with sev-
eral theoretical model calculations [20]. Both trans-
port and dynamical model calculations reproduce
qualitatively the observed centrality dependence. Ho-
wever, current uncertainties on both model and data
prevent a firm conclusion regarding the contribu-
tion from the regeneration in the bottomonium sec-
tor. Furthermore, more precise measurements of the
feed-down contribution from higher-mass bottomo-
nia to the T(1S) are needed for a correct interpreta-
tion of results. Further information about the inter-
play between the regeneration and suppression in the
bottomonium sector can be provided by elliptic flow
measurements. The vy of T(1S), obtained by combin-
ing data samples recorded by ALICE during the 2015
and 2018 LHC Pb-Pb runs at /sy = 5.02 TeV,
is shown in Fig. 8 in three pr intervals [21| and is
compared to the inclusive J/¢ vy, measured in the
same centrality and rapidity ranges. The Y(1S) re-
sults are compatible with zero and with the small
positive values predicted by the available theoretical
models within uncertainties. Furthermore, the T(1S)
v9 is found to be lower by about 2.60 compared to the
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one of the inclusive J/1 in the centrality 5-60% and
for 2 < pr < 15 GeV/c. This observation, coupled to
the different measured centrality and pr dependences
of the T(1S) and J/v suppression, provides a further
evidence that, unlike Y(1S), the .J/¢ production has
a significant regeneration component.

4. Conclusions and Future Perspectives

Selected quarkonium measurements in pp, p-Pb, and
Pb-PDb collisions performed by the ALICE Collabo-
ration are presented. In pp collisions, NRQCD pre-
dictions coupled with CGC fairly describe the data
in a wide range of momentum and rapidity. Howe-
ver, some tensions between data and models are still
present. In p-Pb collisions, theoretical models are in
fair agreement with quarkonium results, in particular,
for ¢(2S), models that include final state effects are
able to describe the data. The positive v, measured
for J/1 is comparable with a similar measurement
in Pb—Pb collisions for pr > 44 GeV/c. The latter
exceeds theoretical predictions in Pb—Pb collisions at
high pr, where the vy originates from the path-length
suppression inside the medium. This intriguing obser-
vation points to a common mechanism at the origin
of vy in both systems at high transverse momentum,
besides what is currently included in the models. An
extensive y and pr-differential studies of the J/ sup-
pression in Pb-Pb collisions indicate that, at LHC
energies, a significant contribution to the J/v yields
originates from the regeneration mechanism. Howe-
ver, for a better discrimination among the models,
an improved precision is needed for both data and
theoretical predictions. Y(15) is found to be more
suppressed than J/v. Currently, the comparison with
models does not allow us to quantify the contribution
from the regeneration. A large elliptic flow for J/v,
measured at low pr, suggests the thermalization of
charm quarks within the medium. On the contrary,
the YT(1S) vq is found to be compatible with zero and
with values predicted by models, suggesting a negli-
gible contribution from the regeneration mechanism
in the bottonomium sector.

A significant improvement regarding the quarko-
nium measurements is expected for Run-3 (start-
ing in 2021) and Run-4, when a major upgrade of
the ALICE detector is foreseen [22]. A high-statistics
minimum bias sample (Liy = 10 nb™!) will im-
prove significantly mid-rapidity quarkonium measure-
ments at low transverse momenta. Furthermore, a

ISSN 2071-0194. Ukr. J. Phys. 2019. Vol. 64, No. 7

new Muon Forward Tracker (MFT) will be installed
at the forward rapidity enabling the reconstruction of
secondary vertices in this rapidity range, needed to
measure the contribution of charmonia coming from
beauty-hadron decays.
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BHIMIPIOBAHH{ ITPOAYKYBAHHA
KBAPKOHIA 3A JOIIOMOI'OXO JETEKTOPA
ALICE HA LHC

Peszowme

Tlepenbadaernes, mo B (yIbTPa)pPENATUBICTCHKUX 3ITKHEHHAX
BaKKUX 10HIB CHJIBHO B3aEMOJIiI0Ya PEYOBUHA IIPOXOJAUTH (ha-

572

30BHUil nepexif 70 wiazmu kBapkis Ta rimoonis (KI'II), a ksap-
KOHIll MoxKe 6yTH jpKepesioM iHdOopMaliil 1010 BJIACTUBOCTEH
niel marepil. I[Ipore monudikarnis cepenosuina, e IPOLYKye-
ThCsI KBAPKOHIM, BKJIIOYA€ TaKOXK BILJIUB XOJIOJIHOI SJIEPHOI pe-
gosnHn (CNM) siK expaHyBaHHS siepHOro (Gpeiikar) po3Ba-
iy Ha nopaTtok 5o edekriB KI'TI. IIporon-siiepHi 3iTKHEHHS, B
sakuxX He odikyrorbcs yrBopeHHsi KI'TI) ciyxkatep njist Bu3Ha-
YeHHs BIIMBY XOJIOJIHOI SIIEPHOI PEYOBUHU Ha IIPOJIYKYBaH-
HsI KBapKOHis. BakyyMHe IPOIyKyBaHHS KBapKOHIisI MOJIEJIIOE-
ThCSI B IPOTOH-IIPOTOHHUX 3ITKHEHHSIX, SIKi CJIy?KATh €TaJIOHOM
SK NI 3ITKHEHb Ba)XKWX 1OHIB, Tak 1 JUI IIPOTOH-sJIEPHUX
3iTkHeHb. OKpiM KayliOpOBKH, pe3yJbTaTH 3iTKHEHb IIPOTOHIB
CJIy2KaTh TAKOXK OPIEHTUPOM 111 Mozesiei, ocHoBanux Ha KX /I
K B IepTypbaTUBHIli, Tak i B HenepTypbaTuBHiil obnactax. [le-
Tektop ALICE mae yuikaapni aua LHC moxkiuBocTi fyis BuMi-
PIOBaHHsI KBapKOHIIB aXK J10 HYJIbOBOT'O 3HAYEHHSI IIOIIEPEYHOIO
iMmysscy. BumipioBanus 6ysi0 BUKOHAHO SIK JISI [IEHTPAJILHUX,
TaK 1 /I repegHix OGHCTPOT B KaHaJax pO3Iay, BiIIIOBigHO,
JiesIeKTpOHA Ta JAiMIOOHa. B paniit pobori mpejicraBieHO HO-
BiTHi BuMiploBanHS mpomyKyBaHHsI KBapkoniz Kosmabopariero
ALICE na LHC miz yac CeaHcy-2 npu pi3HUX €Heprifx Ta JJis
Pi3HUX cHCTeM.
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