Quarkonium: an experimental overview

lonut-Cristian Arsene
University of Oslo
2025/11/07

The 13 ALICE Expeﬂment and Heavy-lon Physics Workshop,
November 3-9, 2(}25| Fudan University, Shanghali, Chlna



Outline

* A Dbrief historical overview

* Quarkonium properties and production in vacuum
 How is quarkonium reconstructed

* Physics case

* J/Y measurements at the SPS, RHIC and LHC

* Bottomonium

* Excited charmonia

* Anisotropic flow

e Conclusions and outlook



1970s

1980s

1990s

2000s

2010s 2020s 2030s.

VoLuMmE 33, NUMBER 23

PHYSICAL REVIEW LETTERS

2DrcEMBER 1974

VoLume 33, NUMBER 23

PHYSICAL REVIEW LETTERS

2 DecemBER 1974

Experimental Observation of a Heavy Particle J+

J. J. Aubert, U. Becker, P. J. Biggs, J. Burger, M. Chen, G. Everhart, P. Goldhagen,
J. Leong, T. McCorriston, T. G. Rhoades, M Rohde Samuel C. C. Ting, and Sau Lan Wu

Laboratory for Nuclear Science and

and

Phy:
Cambridge, Massac!msell.e 02139

Iistitute of 3

. Lee

Brookhaven National lehow ovy, Upton, New York 11973
(Received 12 November 1974)

We report the observation of a heavy particle J, with mass m = 3.1 GeV and width ap-
proximately zero, The observation was made from the reaction p +Be—e*+ ™ + x by
measuring the ¢ *e™ mass spectrum with a precise pair spectrometer at the Brookhaven

National Laboratory’s 30-GeV

This experiment is part of a large program to
study the behavior of timelike photons in p+p ~e*
+e +x reactions’ and to search for new particles
which decay into e*e” and p*u” pairs.

We use a slow extracted beam from the Brook-
haven National Laboratory’s alternating-gradient
synchrotron. The beam intensity varies from
10 to 2x 10" p/pulse. The beam is guided onto
an extended target, normally nine pieces of 70-
mil Be, to enable us to reject the pair acciden-
tals by requiring the two tracks to come from the
same origin. The beam intensity is monitored
with a secondary emission counter, calibrated

daily with a thin Al foil. The beam spot size is
3x6 mm?, and is monitored with closed-circuit
television. Figure 1(a) shows the simplified side
view of one arm of the spectrometer. The two
arms are placed at 14.6° with respect to the inci-
dent beam; bending (by M1, M2) is done vertical-
1y to decouple the angle (6) and the momentum (p)
of the particle.

The Cherenkov counter C, is filled with one at-
mosphere and C, with 0.8 atmosphere of H,. The
counters C,and C, are decoupled by magnets M1
and M2. This enables us to reject knock-on elec-
trons from C,. Extensive and repeated calibra-
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FIG. 1. (a) Simplified side view of one of the spectrometer arms, (b Time-of-flight spectrum of e *e™ pairs and
of those events with 3.0<m<3.2 GeV. (c) Pulse-height spectrum of ¢ (same for ¢*) of the ¢*¢” pair.
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proximately 10°% cm?,

‘The most striking feature of  is the possibility
that it may be one of the theoretically suggested
charmed particles® or a’s® or Z,’s,* etc. In or-
der to study the real nature of J/,° measurements
are now underway on the various decay modes,
e.g., an erv mode would imply that J is weakly
interacting in nature.

1t is also important to note the absence of an
e*e” continuum, which contradicts the predic-
tions of parton models.®

We wish to thank Dr. R. R. Rau and the alternat-
ing-gradient synchrotron staff who have done an
outstanding job in setting up and maintaining this
experiment. We thank especially Dr. F. Eppling,
B. M. Bailey, and the staff of the Laboratory for
Nuclear Science for their help and encourage-
ment. We thank also Ms. I. Schulz, Ms. H. Feind,
N. Feind, D. Osborne, G. Krey, J. Donahue, and

E. D. Weiner for help and assistance. We thank
also M. Deutsch, V. F. Weisskopf, T. T. Wu,
S. Drell, and §. Glashow for many interesting
conversations.

‘tAcoepted without review under policy announced in
Editorial of 20 July 1964 [Phys, Rev. Lett. 13, 79
a964)].

"The first work onp +p —u* +p” +x was done by L. M.
Lederman et al., Phys. Rev. Lett. 25, 1523 (1970).

S, L. Glashow, private communication,

°T.D. Lee, Phys. Rev. Lett, 26, 801 (1971).

‘S, Weinberg, Phys. Rev. Lett. 19, 1264 (1967), and
21, 1688 (1971), and Phys. Rev. D 5, 1412, 1962 (1972).
“Satter completion of this  pager, e learned of a sim-
ilar result from S 'r and W. Panofsky,
patvate commanioation .L E. Augusﬂn et al., following

r [Phys. Rev. Lett. 33, 1404 (1974)].

°S. D. Drell and T. M. Yan, Phys. Rev. Lett. 25, 316
(1970). An improved version of the theory is not in con-
tradiction with the data,

Discovery of a Narrow Resonance in ¢* ¢~ Annihilation*

J.-E. Augustin,i A, M. Boyarski, M. Breidenbach, F. Bulos, J. T. Dakin, G, J. Feldman,
G. E. Fischer, D. Fryberger, G. Hanson, B, Jean-Marie,T R. R. Larsen, V. Liith,
H. L. Lynch, D. Lyon, C. C. Morehouse, J. M. Paterson, M. L. Perl,
B. Richter, P. Rapidis, R. F. Schwitters, W. M, Tanenbaum,
and F. Vannuccif
Stanford Linear Accelevator Center, Stanford Univevsity, Stanford, California 94305

and

G. S. Abrams, D. Briggs, W. Chinowsky, C. E. Friedberg, G. Goldhaber, R.J. Hollebeek,
. A Kadyk, B. Lulu, F. Pierre,§ G. H. Trilling, J. S. Whitaker,
. Wiss, and J. E. Zipse
Lawvrence Berkeley Laboratory and Dc[mnment of Physics, Umverslly of California, Berkeley, Califovnia 94720
(Received 13 November 1!

We have observed a very sharp peak in the cross section for ¢ *e” —hadrons, ¢ ", and
possibly u*4" at a center-of-mass energy of 3,1050,003 GeV. The upper Limit to the

full width at half-maximum is 1.3 MeV.

We have observed a very sharp peal in the
cross section for e*e”~ hadrons, e'e”, and pos-
sibly 1 °i” in the Stanford Linear Accelerator
Center (SLAC)-Lawrence Berkeley Laboratory
magnetic detector' at the SLAC electron-positron
storage ring SPEAR. The resonance has the
parameters

=8.105+0.003 GeV,
T<1.3 MeV
(full width at half-maximum), where the uncer-
tainty in the energy of the resonance reflects the
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uncertainty in the absolute energy calibration of
the storage ring. [We suggest naming this struc-
ture §(3105).] The cross section for hadron pro-
duction at the peak of the resonance is > 2300

nb, an enhancement of about 100 times the cross
section outside the resonance. The large mass,
large cross section, and narrow width of this
structure are entirely unexpected.

Our attention was first drawn to the possibility
of structure in the e'e”~ hadron cross section
during a scan of the cross section carried out in
200-MeV steps. A 30% (6 nb) enhancement was
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e 1964: Charm quarks predicted by
Bjorken and Glashow

 1974: The “november revolution”
J/Y discovery in p-A (BNL) and
e*e” (SLAC) collisions

Burton Richter and Samuel
Ting, 1976

e Late 1970: J/Y hadro-production
in pp collisions at CERN ISR



1970s 1980s 1990s 2000s 2010s 2020s 2030s. 1Y

* Fermilab fixed-target program
« Extensive J/Y production and nuclear suppression studies in p-A collisions

« CERN SPS
* Proton and heavy-ion fixed-target experiments (NA38, NA50, and later NA60)

« DESY PETRA
» Early e*e  collider charmonium production studies



1970s 1980s 1990s 2000s 2010s 2020s

Cornell CESR (CLEO)
* High precision e*e" spectroscopy, J/Y and Y(2S) decay branching ratios

BEPC | BES
» Dedicated J/ factory for spectroscopy and rare decay studies

DESY HERA ep collider
» J/Y photoproduction constraining gluon PDFs and diffractive mechanisms

Tevatron (CDF, DQ)
* High energy hadroproduction, first polarization and pr-differential studies

2030s...
>



1970s 1980s 1990s 2000s 2010s 2020s 2030s. 1Y

« CERN SPS (NA60)
* Refined heavy-ion suppression and cold nuclear matter studies

 BNL RHIC (PHENIX, STAR)
e Charmonium suppression and regeneration in hot QCD matter (Au+Au, Cu+Cu, pp)

- KEKB (Belle) and PEP-II (BaBar)
» B-factories: J/y production in B decays and via ISR



1970s 1980s 1990s 2000s 2010s 2020s 2030s. 1Y

« CERN LHC (ALICE, ATLAS, CMS, LHCbh)
* pp, PA, A-A collisions at TeV energies
» Detailed studies of suppression, regeneration, polarization, and photoproduction

« BEPCII /| BESIII
e Second generation J/ factory with huge datasets; precision decays and transitions

» Jefferson Lab (CLAS, GlueX)
* Near-threshold J/y photoproduction on nucleons and nuclei



1970s 1980s 1990s 2000s 2010s 2020s 20308...>

Future facilities
* FAIR | PANDA .
* Precision charmonium spectroscopy in pp annihilation

 J-PARC
» Fixed target charmonium production

* EIC
* Exclusive J/y photoproduction for nPDFs, precise nuclear medium formation effects, near-
threshold charmonium production

* ALICE3 and High-Lumi LHC (ATLAS, CMS and LHCDb)
* High precision quarkonia production in pp, pA and AA collisions



From discovery to QGP probe...
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...10 a complex tool for QCD
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and heavy-ion collisions
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and heavy-ion collisions
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and heavy-ion collisions
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and heavy-ion collisions
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and heavy-ion collisions
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What is quarkonium ?

* Flavorless meson made of a heavy quark and its
own anti-quark

- Bound states well defined in terms of a quark-
antiquark pair of a given flavour

- No light-quark quarkonia !

- No tt quarkonia !

* Typical masses
- cc:m>2.9GeV/cz (m:.~ 1.27 GeV/c?)
- bb:m>9.3 GeV/c2 (m, ~ 4.6 GeVI/c?)

* Non-relativistic quark-antiquark system

- Properties can be explored to a fairly good
precision using Schrodinger equation
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Quarkonium spectroscopy
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Thanks to data from CLEO, BELLE, BES, BABAR, CDF
* Below open heavy flavor threshold
- Very narrow widths, I' < 1 MeV for most vector states

- Large binding energy, e.g. > 1 GeV for Y(1S)
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(ub/(GeV/c))

dfo

model / 13 TeV fit

Quarkonium production in the vacuum

H1 and ZEUS HERA I+II Combined PDF Fit

e [,(g) ® Q=10 GeV? 3
ALICEpp (5=13TeV P o ! = P )
14 ¢ Inclusive J/y, |y|<0.9 3 o S —
R M _302nb"£16% ] g c_ N L — :
10 LoV =8.3pb" +20% 3 - — Y £
- " /"/--/ xg (X 0.05 \\ ’i
10_2§_ _g g | - — 04 ) L g
-3 :__ o _: | 02 E
10 % — Ngggg +CGC % p . XS (x 0.05) :;f:
-~ NRQCDGCS +CO fy(g) Z
10— NRQCD k; factorization = p R = - - 3 ;:
= (J/y from b, FONLL, added) 3 .
J\ T ¢ Quarkonia predominantly produced via hard gluon fusion
| *  Unique test for QCD
— Large momentum transfer for the QQ pair creation (pQCD)
— Small quark velocities in QQ frame (non-perturbative)

* Main theoretical model: Non-Relativistic QCD (NRQCD)
- Effective field theory
— Based on the factorization of the soft and hard scales

* Production in pp is an important reference for the nuclear medium
effects

(Differential J/{ yields)
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Quarkonium measurements in heavy-ion collisions

1m
L Trigger

* Due to large hadronic backgrounds, measurements are
mostly limited to the Y and Y families
* Decay channels exploited: e*e and p*y- a
* Experimental methods
* Dimuons: spectrometers placed behind hadron absorbers
* Dielectrons: tracking+PID, calorimeters, transition radiation ,,




Measurements in the dimuon channel
ALICE MUON spectrometer

\‘ ‘ ”Illl' "" - =5 ’%J N(_) F LA B B L R B N B B B B
\ ﬂ‘ 7 < | ALICE,pp1s=502TeV, L =123pb”+1.8%
T ‘beam shielding o |
t}-ac g stations < = 0<p <20GeVic
N N | 25<y<4 N, = 104293 + 479
* = ¥ o104 m,. =3095.7 + 0.4 MeV/c®
\ Q| Iy ]
,\ o f o, = 72.4 + 0.4 MeV/c®
) | % N, s = 2214 £132
B b A ®) ¥2indf = 1.72
——__front absorber # 10° 3 % ]
= = I v, ]
N = oy ) ‘ | Lj / ‘
. _\- muon ﬁlter = - Il 1 1 ‘ 1 1 1 1 ] 1 1 1 1 | il 1 k{ 1 I 1 1 1 Il ] 1 1
—~—_ dipole magnet i trigger stations | || | 2 2.5 3 3.5 4 4.5
- p i 1 I 2
= 1“7\«._ 9 —ll = . ‘ '] ’/; A \UB-535822 muy (GEV/ c )

* “Passive” muon identification: filter out hadrons using thick absorbers
e Surviving tracks are likely muons - clean and high signal S/B ratio
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Measurements in the dimuon channel
7I\7/I7UQN spectrometer ALICE MUON Forward Tracker (MFT)

ALICE

e

\ = i

tracking stations

\ 5 <

front absorber

===

muon filter
P Pl

~—- dipole magnet

« “Passive” muon identification: filter out hadrons using thick absorbers
* Surviving tracks are likely muons - clean and high signal S/B ratio
« Adding a high precision in front of the absorber provides capability for secondary vertex reconstruction

— Mmeasure non-prompt J/Y
* Pros: negligible effects from radiative decays of J/{)
* Cons: worse momentum resolution, experimentally require large detectors (absorbers + tracking

beyond absorbers)
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dE/dx (arb. units)

Measurements In the dielectron channel

3
800F JET TRV z
- : S | |CE Performance = | ALICE performance =  all tracks, all clusters
- = Run 3 pp, g? =13.6 TeV 3 L 6 October 2018
700~ 24.3 x 10° events S {5 ppVs=13TeV o all tracks, EM clusters
- = °  20<E, <25 GeV N
- u\? el ~ o e*tracks, all clusters
C - '
600 3T L ! LY = e e*tracks, EM clusters
c = L
500 o
400 -
5 -
300 B
00 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

EMCAL E/p

TPC dE/dx

Electron identification mainly using Time Projection Chambers (TPC) and electro-magnetic
calorimeters

Pros: better momentum resolution, does not require dedicated detectors (TPC and EMCAL are
multipurpose)

Cons: relatively smaller S/B (depending on PID resolution), bremsstrahlung radiation
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Measurements In the dielectron channe

T

800 ALICE
Pb—Pb, \[s = 5.02 TeV
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>

TPC dE/dx Me.s (GeV/c?)
Electron identification mainly using Time Projection Chambers (TPC) and electro-magnetic
calorimeters

Pros: better momentum resolution, does not require dedicated detectgrs (TPC and EMCAL are
multipurpose)

Cons: relatively smaller S/B (depending on PID resolution), bremsstrahlung radiation 27



The Initial argument,

. PHYS. LETT. B, in press

E

BROOKHAVEN NATIONAL LABORATORY
June 1986 BNL-38344

J/4 SUPPRESSION BY QUARK-GLUON PLASMA
FORMATION

T. Matsui

Center for Theoretical Physics
Laboratory for Nuclear Science
Massachusetts Institute of Technology
Cambridge, MA 02139, USA

and

H. Satz

Fakultat fir Physik
Universitit Bielefeld, D-48 Bielefeld, F.R. Germany
and
. Physics Department
Brookhaven National Laboratory, Upton, NY 11973, USA

ABSTRACT

If high energy heavy ion collisions lead to the formation of a hot quark-
gluon plasma, then colour screening prevents ¢z binding in the deconfined
interior of the interaction region. To study this effect, we compare the
temperature dependence of the screening radius, as obtained from lattice
QCD, with the J/ radius calculated in charmonium models. The feasibil-
ity to detect this effect clearly in the dilepton mass spectrum is examined.
We conclude that J/ suppression in nuclear collisions should provide an

unambiguous signature of quark-gluon plasma formation.

Vacuum potential (Cornell): V.u=(—q) %

In-medium potential (Yukawa-like): V. (r)

+ kr
mr
—r/Ap
q
4 7t r

Debye screening length: A p== 1

Quarkonium states are melted if r> Ap
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The Initial argument,

. PHYS. LETT. B, in press

state J/YP| xe )’ a e Xb X’ X x

BROOKHAVEN NATIONAL LABORATORY

mass [GeV]|3.10|3.53|3.68(9.46|9.99/10.02|10.26 |10.36

June 1986 BNL-38344
J/% SUPPRESSION BY QUARK-GLUON PLASMA AFE [GeV] |0.640.20(0.05[1.10]0.67| 0.54 | 0.31 | 0.20
' FORMATION )
radius [fim] [0.25 0.36(0.45|0.14|0.22| 0.28 | 0.34 | 0.39
T. Matsui
Center for Theoretical Physics (m,. = 1.25 GeV, myp = 4.65 GeV, /o = 0.445 GeV, o« = 7w /12)

Laboratory for Nuclear Science
Massachusetts Institute of Technology
Cambridge, MA 02139, USA

¥ 1 rifm)

and -
o
H. Satz i e — 1° & rfz’s) 4(2P)
= — S
Fakultit fir Physik S o8} 1 o8} )
Universitit Bielefeld, D-48 Bielefeld, F.R. Germany b
and — 06} {1 o8t {
(= -~ Iy Y(is)
. Physics Department o - ]
Brookhaven National Laboratory, Upton, NY 11973, USA :_: | 1
02 - 02 Y
0 o
ABSTRACT 0 05 1 15 2 25 3 0 0% 1 15 2 2s 3
T,
If high energy heavy ion collisions lead to the formation of a hot quark- LLF
gluon plasma, then colour screening prevents ¢ binding in the deconfined

interior of the interaction region. To study this effect, we compare the
temperature dependence of the screening radius, as obtained from lattice

QCD, with the J/ radius calculated in charmonium models. The feasibil-

ity to detect this effect clearly in the dilepton mass spectrum is examined.
We conclude that J/4 suppression in nuclear collisions should provide an

unambiguous signature of quark-gluon plasma formation.
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dN/dM (events / 0.1 GeV/c?)

the Initial observation

THE PRODUCTION OF J/¥
IN 200 GeV/NUCLEON OXYGEN-URANIUM INTERACTIONS

NA38 Collaboration
M RACTINT A RITQQTIRRE TR MATIMMTATIN H NCRPEN ! B QTATEV
il : ¢ * O-U collisions at Vsnn ~ 20 GeV
. * Ny / Nc decreases by a factor 2
~ peripheral | central w1 H ____— from peripheral to central
) | I “ collisions
_+_

_— « Hint of Y(2S) suppression

—

20 40 60 80 100 120
Er(GeV)

5
M (Gev/c?)

Fig. 5. Mass spectrum and fit of the signal muon pairs in two different E; bins: E;r <34 GeV (a) and E;> 85 GeV (b). Fig. 6. The evolution of S=Ny/N_ as a function of Er.

PLB220 (1989) 471
Z.Phys. 38 (1988) 117
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...and the first debates

4
~ b oin,=6.94+~1.0 mb
z |

L 4

® e » O O

O‘L‘4L..é---12--
L (fm)

Fig.3 : Er-dependence of J/y-suppression
in NA38 data plotted as a function of L.

Gershel et al., PLB207 (1988) 253

IPNO-DRE 92-01

Comparison of J/y-Suppression in
Photon, Hadron and Nucleus-Nucleus
Collisions :Where is the Quark-Gluon Plasma?

C. Gerschel® and J. Hiifner®

a Institut de Physique Nucléaire, 91406 Orsay Cedex, France
b Institut fiir Theoretical Physik, Universitit Heidelberg, Germany

e J/Y “suppression” in A-A and p-A depend on the
average path length in cold nuclear matter
* Dissociation in “cold” nuclear matter
* Nuclear absorption: Gass ~ 7mb

* Nuclear absorption is a crucial ingredient in
interpreting the data

* O — U system not hot/large enough for QGP
formation?
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Lattice calculations

G.S.Bali, Phys.Rep.343 (2001) 1-136 Lafferty and Rothkopf, PRD101 (2020) 056010
N T T T T T ] ReV [GGV]
3 =60 = = 1= T =148 MeV)
6.2 —e— ; A —
2+ 6.4 —a— 1 L™
_ 1k . 6
To 0f 7
3 ‘
= 1t _ 4
£ x
2 L |
3 2 (T =286 MeV)
-4 ‘ﬂ;i/ | | r [fm]
0 0.5 1 1.5

* Potential models provide a very good description of available lattice data
* Gradual transition from a Cornell potential to a Debye-screened behaviour

* Additional imaginary part of the potential features decaying of the QQ correlation due to gluonic
damping in the plasma 32



Non-QGP effects (cold-nuclear matter): initial state

LHC SPS

C\]/-\ 1,6 i T T IIIIIII T T IIIIIII I lllllll I T TTTTEl

% 14 - gluons _— 1 Charmonium production rate affected by
QOD LR i~ .4 the modification of parton PDFs in the
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N A

3 06§ EPPS6YIT

Ll —1- EPsog Yl SPS:
o 02 [ m— SSZ |l moderate anti-shadowing, x ~ 10 (y=0)
m O'O Ll Pt e | il T ENEE

0™ 10° 10 10" I LHC:
&

shadowing, x < 102 (ly| < 3)
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Non-QGP effects (cold-nuclear matter): final state

SPS LHC

Crossing time: t = L/(B.y)

After being produced, charmonia can be broken-up
in the interaction with the nuclear remnants

SPS:

Break-up in nuclear matter, T~ 0.5 fm/c

LHC

Very short crossing time, negligible break-up, T <~ 10?
fm/c
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The “anomalous” J/J suppression

: Pb-Pb at the SPS

NA50, PLB410 (1997) 337

2.9-4.5)

5
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A NAS50 p-A 450 GeV HI

2 NASD p-A, 400 GeV HI
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Central Pb-Pb collisions indicate
suppression beyond the expectations

from nuclear break-up
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The “anomalous” J/y suppression: Pb-Pb at the SPS

NA50, PLB410 (1997) 337
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Central Pb-Pb collisions indicate
suppression beyond the expectations
from nuclear break-up 36



The “anomalous” J/y suppression: Pb-Pb at the SPS

NA50, EPJC 39 (2005) 335 J.P.Lansberg, Phys.Rept. 889 (2020) 1

Low transverse momentum  m From chi(c1)

45 | T T T I T T T I T T T I T i.l - From ch[(cz)
L 1 F m From Psi(2S)
40 = m Direct
s 0 oy

0.7 e

. ¥ Pb-Pb 2000 and 1998 0

B““O'(J/\;!)/O'(DY)L(,_ 5

30F 6
:. £ High transverse momentum m From chi(c1)
2‘ - From chi(c2)
| B From Psi(2S)
M Direct

20

15

10 :
i : * The amplitude of the anomalous

55‘ — O(abs) = 4.18 mb (GRV 94 LO) E suppression compatible with the

0 b b L L L Lo contribution of decays from (2S) and x.
A IOOETI(Z&G"I)40  Sequential suppression of weaker bound

charmonia ?
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RHIC: J/Y enhancement

PHYSICAL REVIEW C, VOLUME 63, 054905

Enhanced J/ ¢ production in deconfined quark matter

Robert L. Thews, Martin Schroedter, and Johann Rafelski
Department of Physics, University of Arizona, Tucson, Arizona 85721
(Received 29 August 2000; published 23 April 2001)

In high energy heavy ion collisions at the Relativistic Heavy Ion Collider (RHIC) at Brookhaven and the
Large Hadron Collider at CERN, each central event will contain multiple pairs of heavy quarks. If a region of
deconfined quarks and gluons is formed, a mechanism for additional formation of heavy quarkonium bound
states will be activated. This is a result of the mobility of heavy quarks in the deconfined region, such that
bound states can be formed from a quark and an antiquark that were originally produced in separate incoherent
interactions. Model estimates of this effect for J/ production at RHIC indicate that significant enhancements
are to be expected. Experimental observation of such enhanced production would provide evidence for decon-
finement unlikely to be compatible with competing scenarios.

Thews et al.
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Initial number of unbound charm quark pairs

 Strong prediction of J/Y enhancement due to
 Many charm quark pairs per event produced at RHIC
* Recombination of the initial unbound charm quarks into charmonium
» Quadratic dependence on initial charm quark number

@—@®N\ew Formation, T, = 300 MeV, 1< Ay <4
| I==llINew Formation, T, = 400 MeV, 1< Ay <4
@==@ New Formation, T, = 500 MeV, 1< Ay <4
¥ —¥ Initial Formation Only with Dissociation

Y ———————
100 150

50 200

s" (GeV)
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RHIC: J/Y enhancement
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(Non)thermal aspects of charmonium
production and a new look at J/y 0.01
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Abstract — 1 - ; - y
NGt = SgeV (Y npe™ +nfl™) + g2V (Q_nfi™) + ..

To investigate a recent proposal that J/w production in ultra-relativistic nuclear
collisions is of thermal origin we have reanalyzed the data from the NA38/50
Collaboration within a thermal model including charm. Comparison of the calculated

with measured yields demonstrates the non-thermal origin of hidden charm P. Bra un_Munzinger and J. Stachel

production at SPS energy. However, the ratio y'/(J/w) exhibits, in central nucleus-

G e S il W « Jy _y|9|d5 are not thermal !

energy measurements will be discussed. [} Ratlo Of LIJ(ZS) / J/LIJ Converges to the expected
thermal ratio

 Direct production of charm quarks followed by

statistical hadronization at freeze-out

i i
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RHIC: the J/Y suppression measurement
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Nuclear suppression measurements at RHIC

done using the nuclear modification factor Raa

* Drell-Yan reference not easily accesible in high
energy experiments

Measurement done both at mid- and forward
rapidity

Counter-intuitive results

* Expectation: higher energy density at mid-y
leads to stronger suppression

« Can regeneration explain the observations?
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RHIC: the J/Y suppression measurement
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Comover interaction model Gluon saturation model QGP/Hadron gas model

* Explaining the data requires a combination of cold and hot matter effects
Difficult task for phenomenology !
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Moving to the LHC: charmonium

a Development of > [
Start of collision quark-gluon plasma Hadronization 72‘ |
c 12| ® RHIC data
Low =
(RHIC) o - = — OF
energy P cog ®D

$ oG \ o - I +
High b ‘{ SRR S D o"es ¥ | - #
< —_— N e g 0\ — . [©)] o Y . .

(LHO) S A oo d @b:gp: @D 0.4 | i j ______ H

energy » 58 - o ® - e T e
v L o Model -

02 —— LHC
A.Andronic et al., NPA789 (2007) 334 Lo RHIC
P.Braun-Munzinger, J.Stachel, PLB490 (2000) 196 % 50 100 150 200 250 300 350
N

* Predictions based on the Statistical Hadronization Model (SHM)
* Charm produced in primary hard collisions
 Total number of charm is conserved
* Main assumption: Charm becomes thermally equilibrated in the QGP
e Quarkonia (and other charm hadrons) are generated with thermal weights at freeze-out 42



J/Y suppression at the LHC

RAA

ALICE, PRL 109 (2012) 072301

1.4

1.2

0.8
0.6
0.4

0.2

| | 11 1 1 | 111 1 | 111 1 I 11 1 | 11 1 1 | | I - I I 11 1

B ALICE (Pb-Pb ys,, =2.76 TeV), 2.5<y<4 global sys.=+ 12%
@ PHENIX (Au-Au \sy, = 200 GeV), 1.2<|y|<2.2  global sys.=+ 9.2%
O PHENIX (Au-Au \'sy, = 200 GeV), |y|<0.35 global sys.=+ 12%

@% i i i

i
i
KR

OO

50 100 150 200 250 300 %5/8/ 4>OO

part

* RHIC to LHC: factor > 10 in energy increase
* Raa larger by factor 2 at LHC in central Pb-Pb

* Regeneration effects at play ?
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J/Y suppression at the LHC at mid-rapidity

ALICE, PLB 849 (2024) 138451

< ' - - T - - - I < — T T
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oL ALICE i e 2k _
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* Raa larger at mid-y
* Integrated Raa Seems to become larger towards central collisions
* pr-differential Raa is larger at low-pr
» Expected if regeneration plays a dominant role due to higher charm density
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What about bottomonium ?

Lafferty and Rothkopf, PRD 101 (2020) 056010

155 MeV —
200 MeV

300 MeV
4
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‘ Fomxup)

(a) Low Pr T(1S) (b) Low Pr T(2S) (c) Low Py T(3S)

wFrom Y (35)
From y;(3P)

mFrom y, (2P) ®From y,(3P)
mDirect mDirect

(d) High Py T(1S5) (e) High Py T(25) (f) High P; 1(3S)

J.P.Lansberg, Phys.Rep. 889 (2020) 1

wFrom T (35)
From 7,(3P)

wFro m (2p)
#Dir,

Bottomonium expected to be much
less sensitive to recombination
effects

In-medium resonance peaks
become washed-out at very
different temperatures

Complicated feed-down structure,
needs to be taken into account
when interpreting data
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Bottomonium sequential suppression

CMS, J.Phys.G38(2011) 124071, PRL107 (2011) 052302
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* First evidence for sequential suppression in the
bottomonium sector
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Bottomonium sequential suppression
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Is Y(1S) really suppressed ?

> 1.8
\q CY(1S) s u'w

160
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X 14~ e ATLAS,p-Pb Vs, =5.02TeV
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Y(1S) suppression in p-Pb

* Non-negligible CNM effects on Y(1S): gluon shadowing
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Is Y(1S) really suppressed ?
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* Feed-down contribution of 30-55% from higher mass,
less bound bottomonia
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Back to charmonia: microscopic transport pheno models

* Main implementations:
- Texas model: X.Zhao, R.Rapp NPA859 (2011) 114
— Tsingua model: P.Zhuang et al. PLB678 (2009) 72

* Boltzmann equation accounting for both suppression and regeneration reactions
« Spectral properties of charmonia from lattice QCD
* Modeling of the medium evolution

* See slides by Pengfei!
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Data / model comparisons

<
<C

c
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* Both transport and SHM approaches describe data well

* Main source of model uncertainty is the total open-charm cross-section and its shadowing
in Pb-Pb collisions

* There are also other approaches, e.g. comovers, energy loss
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* Much lower binding energy: ~60 MeV
» Stronger dissociation effects (already seen at SPS)
* Recombination effects could be important also for
P(2S), especially when the system is more diluted,
at later times -



Production of excited charmonia at the LHC: ((2S)

ALICE, PRL 132 (2024) 042301
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* Much lower binding energy: ~60 MeV
» Stronger dissociation effects (already seen at SPS) Indication of an increase of the
* Recombination effects could be important also for Raa towards low pr

P(2S), especially when the system is more diluted,
at later times -



Production of excited charmonia at the LHC: ((2S)

ALICE, PRL 132 (2024) 042301
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« Much lower binding energy: ~60 MeV
 Stronger dissociation effects (already seen at SPS) S _
- Recombination effects could be important also for First indication of Y(2S) / J/y ratio
W(2S), especially when the system is more diluted, deviating from thermal
at later times expectation
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Anisotropic flow
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Initial spatial anisotropy of energy density is
transformed in final state momentum
anisotropy

* Very good measure for collision dynamics
« Sensitive to the bulk properties of the
(de)confined nuclear medium
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Anisotropic flow
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Initial spatial anisotropy of energy density is D-mesons flow - charm quarks
transformed in final state momentum kinetically equilibrate in the QGP and
anisotropy participate in the collective flow

What about J/ ?
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Anisotropic flow of light and charm hadrons
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« J/Y flows as well !

e Very good v. measurement with the ALICE
MUON arm

o Vo(TT) > Va(D) > va(JI/P) > va(b - €) > va(Y)
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Anisotropic flow of light and charm hadrons
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Many of the questions still to be answered...

e Quarkonium production mechanism

— statistical hadronization vs transport models vs open quantum systems
* Degree of charm thermalization in the QGP

 What is the impact of cold nuclear matter effects

- Are measurements in p-Pb a good handle to constrain CNMs ?

* ... but Run-3&4 is coming with a huge increase in statistics for all collision systems
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Future: 2030+
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 NAG60+ : explore the SPS energy range
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 ALICES3 : precision measurements at LHC energies

 ePIC : precision mapping of nuclear PDFs
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