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J/ψ suppression as a QGP signature

Matsui & Satz PLB 178 (1986) 416: 
“J/ψ suppression as signature of a 

QGP formation” 

•At SPS and RHIC energies: 
– suppression in RAA clearly visible 
– increases with collision centrality 

•At LHC energies 
– less suppression is visible 
– not nearly as strong as expected from 

color screening mechanism 
– saturation instead of ongoing decrease 
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So where do the J/ψ come from?
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Quarkonium production via quark coalescence
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Figure: P. Braun-Munzinger, J. Stachel, Nature 448 (2007) 302 

events will scale as A4/3. Individual collisions between protons are thought 
to occur independently of each other, and their number can be computed 
from the distributions of the nuclear densities, the nuclear overlap for a 
given impact and the inelastic proton–proton cross-section.

Collisions of nuclei differ from collisions between protons in that the 
hard scattered partons may traverse the quark–gluon plasma before or 
during their hadronization into a jet. Jets are characteristic of collisions 
between protons in which two constituent partons scatter and recede 
from each other with a significant fraction of the initial beam momen-
tum. In the plane transverse to the beams, the momenta are large and 
opposite in direction. The two scattered partons hadronize mainly into 
mesons that are emitted in a cone — the jet — around the direction of 
parton momentum. It was realized very early31 that the quark–gluon 
plasma could modify jets resulting from collisions between nuclei. 
Calculations showed that a parton traversing a hot and dense medium 
consisting of other partons — that is, a quark–gluon plasma — should 
lose substantially more energy than one traversing cold nuclear mat-
ter32–34. This prediction appears to be borne out by data from all four 
experiments at RHIC.

A jet is much more difficult to see in a heavy-ion collision than after a 
collision between protons. The reason is the sheer number of particles 
produced: a single central (head-on) gold–gold collision generates about 
5,000 charged particles, and unless the jet has very high (transverse) 
momentum, it will not stand out in the crowd. But the presence of jets 
will affect the overall transverse momentum distribution. At low trans-
verse momenta, the spectrum in a heavy-ion collision is complex, as it is 
a superposition of hydrodynamic expansion effects and random thermal 
motion. Nevertheless, for particles of a particular species with transverse 
momenta that are significantly larger than their mass, the resulting spec-
trum is nearly exponential. The contribution of jets with high transverse 
momentum leads to a distinct power-law behaviour typically visible for 
values of transverse momentum of a few GeV or more.

To judge a possible modification of the shape of the spectrum in a 
high-energy nuclear collision, the transverse-momentum distribution 
of π mesons produced in central gold–gold collisions at RHIC can be 
compared with that measured in proton–proton collisions. To quantify 
this comparison, the ratio of the gold–gold-collision spectrum to the 
proton–proton-collision spectrum is scaled to the total number of ine-
lastic collisions in the nuclear case, providing the suppression factor RAA. 
For larger transverse momenta, this factor settles at about 0.2 (Fig. 4); 

that is, the production of high-momentum π mesons is suppressed by a 
factor of five in gold–gold collisions.

What is the origin of this suppression? The transverse-momentum 
spectrum for collisions between protons agrees well35 with theoretical 
calculations that use next-to-leading-order quantum chromodynamic 
perturbation theory. When the spectra of deuteron–gold collisions of 
varying centrality are compared with the proton–proton spectrum, RAA 
is 1 or larger (for more central collisions, values larger than 1 are even 
expected — a phenomenon known as the Cronin effect, caused by the 
scattering of partons before the hard collision). For peripheral gold–gold 
collisions, the values of RAA also correspond well to the expectation from 
collisions between protons. The clear implication is that something 
special and new happens in central gold–gold collisions: the precursor 
parton of the jet produced must lose a lot of energy, causing the trans-
verse-momentum spectrum of the mesons in the jet to fall off steeply.

Several researchers have shown that only calculations including large 
energy loss in the medium can account for these data. The clear implica-
tion is that the medium present in the collision fireball is hot and dense, 
and when partons pass through it, they lose energy. Both radiation of 
gluons and elastic scattering seem to be important here. In deuteron–
gold collisions, by contrast, the jet sees at most cold nuclear matter (or 
a vacuum), and does not seem to be perturbed.

Calculating the energy loss of a fast parton in a quantum chromody-
namic liquid, as suggested by the data discussed in the previous section, 
is beyond the current theoretical state-of-the-art. To gain insight into the 
underlying physics of energy loss, it is helpful to resort to another aspect 
of the medium: that it contains many gluons. Indeed, the RHIC data on 
parton energy loss are well explained by modelling the medium formed 
by the collision as an ultra-dense gluon gas with a density of the number 
of gluons (Ng) per rapidity interval of dNg /dy = 1,100. Here, the rapidity y 
is a logarithmic measure of the gluon’s longitudinal velocity, v. With the 
simple assumption that v = z/t (z is the longitudinal space coordinate), 
Bjorken36 showed how to map rapidity densities to spatial densities. The 
spatial gluon density in turn is linked directly to entropy density. Using 
relations from statistical mechanics for a relativistic gas of bosons (and 
fermions if quarks are included), the temperature and energy density 
can be obtained from these gluon densities. The high gluon densities 
needed to reproduce the observed gold–gold RAA correspond to an initial 
temperature of about twice the critical temperature for the formation of a 
quark–gluon plasma. The initial energy densities of 14–20 GeV fm–3 are 
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Figure 6 | Charmonium suppression. a, At low energies, the quark–gluon 
plasma screens interaction between the only pair of charm quark and 
antiquark produced (red dots) and any other two quarks (up, down, 
strange) will find themselves paired with the charm quark/antiquark in 
D mesons at hadronization (purple circles). At high energies, by contrast, 
many charm–anticharm pairs are produced in every collision and at 
hadronization, charm and anticharm quarks from different original pairs 
may combine to form a charmonium J/Ψ particle. Grey dots indicate 

light partons produced in the collision. b, Theory and experiment 
compared quantitatively. Model predictions55 for the charmonium 
suppression factor agree well with recent RHIC data from the PHENIX 
collaboration66. Owing to the increased level of statistical recombination 
expected, enhancement rather than suppression is predicted for LHC 
conditions. What the experiments deliver will be a further crucial test of 
theories of the quark–gluon plasma. Part b reproduced, with permission, 
from ref. 55.
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Some remarks: 
the measured yields are 
influenced by: 

• cold nuclear matter effects 
– see presentation by B. Paul 16 May 

2018, 16:50 (Contribution ID 143) 

• suppression and regeneration 
of quarkonia 
– strongly coupled to QGP properties 

– relative contributions should differ 
between bb and cc

— —

Matsui & Satz PLB 178 (1986) 416 
P. Braun-Muzinger,J. Stachel, PLB 490(2000)196 

 R. Thews et al,Phys.Rev.C63:054905(2001)  
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Quarkonium measurements in nucleus-nucleus collisions 

What you will see in the next ~ 10 min: 
• how ALICE measures quarkonia 

– at forward and mid-rapidity 

• J/ψ RAA versus: 
– centrality 

• in Pb‒Pb collisions at 5.02 TeV and Xe‒Xe collisions at 5.44 TeV 

• J/ψ yield versus rapidity in Pb‒Pb collisions at 5.02 TeV 
– in bins of pT and centrality in the forward rapidity range 

• J/ψ elliptic flow in Pb‒Pb collisions at 5.02 TeV 

• Υ(1S) and Υ(2S) RAA at forward rapidity in Pb‒Pb collisions at 5.02 TeV 
– Υ(1S) RAA versus pT and y

!5

New Results!



Mid-rapidity: 

•QQ → e+e-  

•|yLab| < 0.9 
•tracking + PID 

•ITS, TPC, TOF, TRD 

Forward rapidity: 
•QQ → µ+µ- 

•2.5 < yLab < 4 
•tracking + trigger 

•muon spectrometer
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Quarkonium measurements with ALICE
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All models describe the data — but the uncertainties of the models do not allow any 
discrimination between them 

➔ Precise charm cross section measurement and more differential analyses needed
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J/ψ RAA versus centrality in Xe‒Xe collisions at 5.44 TeV

At forward rapidity: 

• AXe = 129, 𝓛int ≈ 0.34 µb-1 

• APb = 208 , 𝓛int ≈ 225 µb-1 

• NJ/ψ = 241 ± 47(stat.) ± 26(syst.) 

• RAA results of Xe‒Xe and Pb‒Pb 
agree within uncertainties 

➔ Similar √sNN and⟨Npart⟩lead to 
similar relative contributions of 
suppression/regeneration
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To be exchanged with final paper 
plot

New publication!

ALI-DER-157319

https://arxiv.org/abs/1805.04383


At mid-rapidity: 

• AXe = 129 , 𝓛int ≈ 0.25 µb-1 

• APb = 208 , 𝓛int ≈ 13 µb-1 

• NJ/ψ = 340 ± 89(stat.) ± 14(syst.) 
• RAA consistent with unity within 

large stat. and syst. uncertainties 
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J/ψ RAA versus centrality in Xe‒Xe collisions at 5.44 TeV
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New preliminary results!



J/ψ RAA versus rapidity in bins of centrality and momentum
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Multi-differential J/ψ measurement in Pb‒Pb collisions at 5.02 
TeV collisions
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New preliminary results!
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The idea: 
•J/ψ from (re)combined cc quarks 
should inherit the charm flow 

➔ positive v2 signal 
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J/ψ elliptic flow in Pb‒Pb collisions at 5.02 TeV
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Figure: Raimond Snellings New J. Phys. 13 (2011) 055008
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The idea: 
•J/ψ from (re)combined cc quarks 
should inherit the charm flow 

➔ positive v2 signal 
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J/ψ elliptic flow in Pb‒Pb collisions at 5.02 TeV
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ALICE Collaboration PRL 120 (2018) 102301
Figure: Raimond Snellings New J. Phys. 13 (2011) 055008

ALICE Collaboration PRL 119 (2017) 242301
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•forward and mid-rapidity results 
agree within uncertainties 

•at low pT models including 
regeneration agree with the data 

•at high pT the elliptic flow is 
underestimated by the models 
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J/ψ elliptic flow in Pb‒Pb collisions at 5.02 TeV
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• stronger Υ(1S) suppression with 
increasing ⟨Npart⟩ 
– feed-down fraction to Υ(1S) not precisely 

known 

➔amount of direct Υ(1S) suppression is an open 
question 

• models agree with the data within 
uncertainties 
– with and without a regeneration component 
– data on upper edge of hydro-dynamical model 

for ⟨Npart⟩>70 

•
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Υ(1S) and Υ(2S) RAA in Pb‒Pb collisions at 5.02 TeV
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ALICE Collaboration arXiv:1805.04387

New publication!

R⌥(2S)
AA /R⌥(1S)

AA = 0.28± 0.12(stat.)± 0.06(syst.)
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Υ(1S) RAA does not show a significant dependence on pT or y
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Υ(1S) RAA versus pT and y in Pb‒Pb collisions at 5.02 TeV
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New publication!
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Summary

• Charmonium measurements indicate a competition between suppression and 
regeneration at LHC energies 
– J/ψ RAA in Xe‒Xe and Pb‒Pb collisions compatible  

– differential RAA analyses should be able to put stronger constraints on the models 

– J/𝜓 elliptic flow agrees with regeneration picture, for pT > 5 GeV/c models significantly undershoot 
the data at forward rapidity 

• Bottomonium production is clearly suppressed in Pb‒Pb collisions at LHC 
energies 
– no indication for a significant regeneration component 
– Υ(1S) RAA in the forward rapidity range does not show a significant dependence on pT or y 
– amount of direct Υ(1S) suppression not known, more precise CNM measurements can help
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