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Collisions of relativistic heavy ions

Charmonia (bound states of a charm-anticharm quark pair) are an excellent tool to study the evolution of a nuclear
collision:

• The charm quark-antiquark pair produced in the initial hard scattering before formation of the medium.

• The subsequent non-perturbative hadronization takes place on larger timescales.
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Charmonia in AA collisions

The presence of a nuclear medium is expected to cause a modification of quarkonium production compared to pp.

Bound states are dissociated in the medium.

Debye screening (Matsui and Satz, PLB 178 (1986)
416-422)→ color charges in medium screen the pair

Lattice QCD calculations describe modification of spectral
properties of charmonia in a deconfined medium.

In a medium with a large abundance of charm quark
pairs (LHC energies) - recombination of charmonia in the
QGP and/or at phase boundary.

(Braun-Munzinger and Stachel, PLB 490 (2000) 196, Thews
et al., PRC 63 (2001) 054905).
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Charmonia in AA collisions (cont’d)
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Excited charmonium states such as ψ(2S) are weakly bound compared
to ground state J/ψ.

Binding energy of a charmonium state ψ

Eb ∼ 2MD−Mψ

J/ψ ∼ 600 MeV ψ(2S)∼ 60 MeV

.

Expect a stronger dissociation of excited states in the medium.

ψ(2S) has larger radius - possible recombination in more diluted
medium?

Simultaneous measurements of multiple states put stronger constraints on theoretical models.

The ψ(2S)-over-J/ψ ratio allow for cancellation of some of the experimental and theoretical uncertainties.

by E. Scomparin



Couple of useful concepts to discuss measurements of charmonia

nuclear modification factor RAA =
NAA

〈TAA〉×σpp

double ratio ρ
ψ(2S)/Jpsi
PbPb =

(
Nψ(2S)/NJ/ψ

)
PbPb(

Nψ(2S)/NJ/ψ

)
pp

centrality

Centrality quantifies the degree of overlap between the two colliding
nuclei.
In this talk centrality is expressed in terms of a mean number of
participating nucleons,

〈
Npart

〉
.
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Charmonium suppression and recombination in theoretical models

Comovers model

I J/ψ dissociated by comoving partons/particles.

I Underestimates data in central collisions.

Transport model (TAMU)

I Charmonium spectral function from lattice QCD.

I Charmonium production described by a macroscopic Boltzmann equation
with a loss (suppression) and gain (recombination) terms.

Statistical hadronization model (SHM)

I Charmonia are produced at freeze-out according to their respective
thermal weights.

Experimental data well reproduced by SHM and TAMU within
uncertainties.
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ψ(2S) at the SPS
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NA50 measured the first result on ψ(2S) suppression in nuclear collisions.

• ψ(2S) displays stronger relative dissociation w. r. t. J/ψ, the effect increases with centrality.

• Data are reproduced by both SHM and TAMU within uncertainties.

NA50, NPA 638 (1998) 261
Braun-Munzinger and Stachel, PLB 490 (2000) 196

NA50, EPJC 49 (2007) 559

SHMc:
Andronic et al., NPA 789 (2007) 334

Transport curves:
Grandchamp et al., PRL 92 (2004) 212301
Grandchamp et al., JPG 30 (2004) 212301



Measurements of charmonia at the LHC
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(blue)

High pT:
RJ/ψ

AA > Rψ(2S)
AA .

Sequential suppression of charmonia?

The low-pT ALICE results from Run 1 at a lower energy of
√

sNN = 2.76 TeV
are consistent with model calculations where the ψ(2S) is more suppressed.

Measurement at
√

sNN = 5.02 TeV with an increased precision thanks
to a much larger datasample (∼ 11× more events) taken in Run 2!

ALICE, JHEP 05 (2016) 179

ATLAS, EPJC 78 (2018) 762CMS, EPJC 78 (2018) 509
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ALICE detector
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ALICE is a dedicated heavy-ion experiment at the LHC, which can reconstruct charmonia down to pT = 0.

The VZERO at 2.8 < η < 5.1 and −3.7 < η <−1.7 .
They provide centrality measurement, triggering, and
background rejection.

In the Central Barrel, charmonia
are reconstructed in |y |< 0.9

J/ψ → e+e−.

Prompt/non-prompt separation
possible.

In the Muon Arm, inclusive charmonia are
reconstructed in 2.5 < y < 4.0

J/ψ,ψ(2S)→ µ
+

µ
−.

ALICE measured ψ(2S) over the full Run 2 Pb–Pb
dataset (2015+2018) corresponding to

Lint ∼ 750 µb−1.

The signal was measured at forward rapidity 2.5 < y < 4.0, up to pT < 12 GeV/c.

Published in arXiv:2210.08893 as of last week!
You may also read about the paper in CERN news:

https://home.cern/news/news/physics/alice-explores-hidden-charm-quark-gluon-
plasma
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Inclusive ψ(2S)-over-J/ψ cross-section ratio

Stronger suppression of ψ(2S) than J/ψ in all centrality
classes.

The ψ(2S)-over-J/ψ cross-section ratio at the LHC shows
a constant trend with centrality.

Measurement at SPS energy displays an increase of ψ(2S)
suppression compared to J/ψ with increasing centrality.

The behavior is reproduced in a calculation with a
transport model (TAMU), while the statistical hadronization
model (SHMc) underestimates the ratio in central events.
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ALICE, arXiv:2210.08893

TAMU:
Du and Rapp, NPA 943 (2016) 147

SHMc:
Andronic et al., Nature 561 (2018) 321
Andronic et al., PLB 797 (2019) 134836



Nuclear modification of charmonia versus centrality

Stronger suppression of ψ(2S) than J/ψ in all centrality
classes.

Suppression of J/ψ with centrality is well reproduced in
both TAMU and SHMc.

The nuclear modification of ψ(2S) shows no clear trend
with

〈
Npart

〉
. The behavior is reproduced in TAMU, SHMc

underpredicts the data in most central collisions.
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pT-dependent nuclear modification of charmonia

ALICE measurement of forward ψ(2S) compared with CMS
midrapidity ψ(2S) at higher pT - consistent suppression in
region of overlap. At low-pT, the suppression in medium is
weaker.

Same statement applies also regarding forward J/ψ and
midrapidity J/ψ.

Suppression patterns are reproduced in TAMU, which
suggest recombination of cc̄ pairs from medium at low pT.

Stronger suppression of ψ(2S) than J/ψ in all measured
centrality, pT, and rapidity intervals⇒ hierarchy of
charmonium suppression.
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Summary

ALICE measured the first significant nuclear modification of ψ(2S) at forward rapidity in Pb–Pb data.

The results complement previous measurement by CMS and ATLAS at high pT and midrapidity.

The nuclear modification and relative suppression of ψ(2S) to J/ψ is consistent with the trend described by transport and
statistical hadronization model. Both TAMU and SHMc account for dissociation and recombination of charmonia in the
medium.

Outlook on Run 3&4 data taking

Future data taking foreseen with increased integrated luminosity Lint ∼ 10 nb−1.

Newly installed Inner Tracker promises an improved tracking precision at midrapidity.

Addition of Muon Forward Tracker will allow for separation of prompt and non-prompt charmonia at forward rapidity.
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Back up
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Forward charmonia in pp collisions measured in ALICE
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ψ → µ+µ− at
√

s = 5 TeV

• 2.5 < y < 4.0

• Down to pT < 0 GeV/c.

2017 pp dataset offers ∼ 10× more data than 2015, making ψ(2S) extraction possible.

Forward ψ(2S) production described in models (NRQCD+CGC/ICEM for prompt & FONLL for non-prompt).

ALICE, arXiv:2109.15240



Inclusive ψ(2S)-over-J/ψ ratio versus pT

Significant suppression of ψ(2S) with respect to J/ψ in all pT
intervals.

The ratio increasing with pT, the slope being steeper in pp
measurement.

Double ratio shows hints of decrease with pT, the trend is
consistent with flat behavior. At high pT, the double ratio
amounts to ∼ 0.5.
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