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Abstract

A measurement of J/ψ and ψ(2S ) production is presented. It is based on data from lead-lead collisions at
√

sNN =

5.02 TeV and pp collisions at
√

s = 5.02 TeV recorded by the ATLAS detector at the LHC in 2015, corresponding
to integrated luminosities of 0.49 nb−1 and 25 pb−1 in Pb+Pb and pp, respectively. The measurements of differential
cross sections, nuclear modification factors, and non-prompt fractions were performed in the dimuon decay channel.
A strong suppression was found for both prompt and non-prompt J/ψ, as well as for prompt and non-prompt ψ(2S ),
becoming more pronounced with increasing event centrality. The suppression of prompt ψ(2S ) was observed to
be stronger than that of J/ψ, while the suppression of non-prompt ψ(2S ) was equal to that of the non-prompt J/ψ
within uncertainties, consistent with the expectation that both arise from b-quarks propagating through the medium.
The dependence of nuclear modification factors with centrality for prompt and non-prompt J/ψ was found to have a
similar form, despite the quite different physical origins expected to have given rise to their production: a composite
meson formed within the medium and a b-quark propagating through and out of the medium, respectively.
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1. Introduction1

Three decades ago, Matsui and Satz first suggested2

that charmonia, bound states of c and c̄ quarks, could3

be a unique probe to study the hot, dense system cre-4

ated in nucleus-nucleus (A+A) collisions [1]. In this5

work they postulated that Debye screening of the quark6

colour charge in a hot plasma would tend to prevent the7

formation of a composite bound state of quarkonia in8

that medium when the Debye radius becomes smaller9

than the quarkonia binding radius, and thus that the re-10

duction of quarkonia production in heavy ion collisions11

would provide information related to the temperature12

and degree of deconfinement of the medium.13

Since then, there have been numerous experimen-14

tal and theoretical investigations [2] that have demon-15

strated that other effects are also present in addition16

to the possibility of colour screening in a deconfined17

plasma. First, it has been shown that over a wide range18

of interaction energies there is already a modification19

in the production of J/ψ mesons in systems where a20
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Figure 1: Cross section of prompt J/ψ production as a function of pT
for three |y| slices, 1.50 < |y| < 2.0 (top), 0.75 < |y| < 1.50 (middle),
0.00 < |y| < 0.75 (bottom), [2].
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Figure 2: Plots showing the nuclear modification factor RAA. The upper two plots are for prompt J/ψ mesons while the lower two
plots are for non-prompt J/ψ mesons. The left column shows the pT dependence while the right column shows the |y| depen-
dence, [2].

large volume of quark-gluon plasma does not appear21

to form, such as in proton-nucleus collisions. Second,22

it has been shown that not only suppression of quarko-23

nia is observed in ion-ion collisions, but an enhance-24

ment is also observed at low transverse momentum pT25

relative to production in proton-proton collisions. This26

observation has led to the interpretation that recombi-27

nation of produced charm quarks and anti-quarks from28

the medium can play a role by providing an additional29

source of quarkonium formation. Finally, it is well-30

known that J/ψ production at high energies originates31

not only from the immediate formation of the composite32

cc̄ bound state (”prompt J/ψ”), but also from the decay33

of b-quark systems that result in a decay vertex sepa-34

rated from the collision vertex by macroscopic distances35

(”non-prompt J/ψ”). Suppression of the production of36

b-quark systems in the medium, in the most naive pic-37

ture, is caused by a completely different phenomenon38

from the suppression of cc̄ bound states. While cc̄39

bound state formation may be inhibited by color screen-40

ing from a hot and deconfined medium, the suppression41

of b-quark production is commonly attributed to energy42

loss of propagating b-quarks by collisional and radia-43

tive processes. Simultaneous measurements of prompt44

and non-prompt charmonia are therefore essential for45

understanding the physics mechanisms of charmonium46

suppression in heavy ion collisions.47
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Figure 3: The nuclear modification factor as a function of centrality expressed as the number of participants Npart for the prompt
J/ψ (left) and non-prompt J/ψ (right) for 9 < pT < 40 GeV and for rapidity |y| < 2, [2].

2. Experimental Methods48

This analysis uses data from Pb+Pb collisions at49

a nucleon-nucleon centre-of-mass energy of
√

sNN =50

5.02 TeV and pp collisions at centre-of-mass of
√

s =51

5.02 TeV recorded by ATLAS in 2015 [3]. Pb+Pb and52

pp events were collected using a trigger requiring at53

least two muons. In the pp sample both muons must54

be confirmed by the hardware-based first level trigger55

(L1) and High Level Trigger (HLT) while in the Pb+Pb56

sample only one muon is required to be confirmed by57

L1 and HLT; the second muon is required to pass the58

HLT only. At both levels the muon must satisfy the59

threshold of pT > 4 GeV. The selected muon pairs from60

both pp and Pb+Pb must be consistent with being orig-61

inated from a common vertex, have opposite charges,62

and an invariant mass in the range 2.6 < mµµ < 4.2 GeV.63

The charmonium candidate is further required to satisfy64

pT > 8 GeV in pp and pT > 9 GeV in Pb+Pb to ensure65

that the pair candidates are reconstructed in a fiducial66

region where acceptance and efficiency corrections do67

not vary significantly relative to the magnitude of the68

systematic uncertainties quoted on the final results. The69

number of minimum bias events is used to normalize70

observables between different centrality classes. These71

events are selected by requiring at least one minimum72

bias trigger passed and corrected with the corresponding73

pre-scale factor to account for the total number of col-74

lisions. To distinguish prompt and non-prompt charmo-75

nium production, the pseudo-proper decay time is used,76

measured between the position of the reconstructed sec-77

ondary vertex and the primary vertex in the event on the78

transverse plane. After the efficiency corrections are ap-79

plied, simultaneous fits are performed to the invariant80

mass and pseudo-proper time distributions of weighted81

events to eliminate the background in order to deter-82

mine the yields of the prompt and non-prompt charmo-83

nium components. The fit model consisted of four sig-84

nal terms and three background terms. Each signal term85

consisted of the weighted sum of a crystal ball func-86

tion and a Gaussian function in mass multiplied by a87

term depending on pseudo-proper time. For the latter88

term, the prompt quarkonium production was modeled89

by a delta function while the non-prompt quarkonium90

production was modeled by an exponential decay. This91

model was convolved with a double Gaussian function92

in pseudo-proper time to take into account the experi-93

mental detached vertex resolution. The prompt back-94

ground in invariant mass was adequately represented95

as a constant and as a delta function in pseudo-proper96

time, while the non-prompt backgrounds were modeled97

by two exponential functions in both mass and pseudo-98

proper time. Variations on this model were used to esti-99

mate the systematic uncertainties, averaging 2% for J/ψ100

and 10% for ψ(2S ).101

3. Results102

The results for the measurement of the cross section103

of prompt charmonium states in pp collisions are shown104

in Figure 1. The cross section as a function of pT for105

production of prompt J/ψ mesons is shown for central,106

mid and forward rapidities out to 40 GeV. The data are107

shown in the solid and open circles while the shaded108
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band indicates the centroids and uncertainties from the109

non-relativistic QCD model. As can be seen, the data110

are in very good agreement with the calculations of this111

model within the uncertainties. The influence of the hot112

dense medium on the production of the J/ψ and ψ(2S )113

mesons is quantified by the nuclear modification fac-114

tor, which compares these processes in the ion-ion col-115

lisions to the same processes in proton-proton scatter-116

ing, taking geometric factors into account. The results117

from the ATLAS measurement of this observable are118

presented in Figures 2 and 3, as a function of pT , ra-119

pidity y, and centrality quantified using the mean num-120

ber of participants in each interval, Npart. The final ob-121

servable discussed in this note is the ratio of ψ(2S ) to122

J/ψ production which is shown in Figure 4. This ra-123

tio, which compares the production of the two mesons,124

can in principle be interpreted, for example, in models125

in which the binding energy of the two mesons is es-126

timated, or in which the formation mechanisms differ.127

These data support the suppression of prompt ψ(2S ) rel-128

ative to J/ψ. This observation is consistent with the sim-129

ple interpretation that the more tightly bound quarko-130

nium system survives the temperature of the hot dense131

medium with a higher probability than the more loosely132

bound quarkonium. Because the kinematic region of133

our measurement is for pψT > 9 GeV, we expect to have134

less ambiguity in this interpretation due to the effect of135

quark recombination processes. These are expected to136

be quite important for pψ(nS )
T ≈ 0, an expectation that137

is supported by measurements in that kinematic domain138

[4].139

4. Conclusions140

ATLAS measurements of prompt and non-prompt141

differential production cross sections and nuclear mod-142

ification factors, RAA, of the J/ψ and ψ(2S ) mesons are143

presented. A strong suppression of both prompt and144

non-prompt J/ψ and ψ(2S ) mesons is observed. The145

maximal suppression of both prompt and non-prompt146

J/ψ is observed for the most central events. The dis-147

tribution of the dependence of the nuclear modification148

factor RAA on centrality is approximately the same for149

both prompt and non-prompt J/ψ. The similarity of150

this shape for both prompt and non-prompt J/ψ is strik-151

ing, since in the simplest interpretation the observed152

prompt mesons come predominantly from potentially153

fragile composite systems exposed to the hot dense154

medium, while the non-prompt mesons come predom-155

inantly from b-quarks traversing through the medium;156

thus, one might expect different trends as a function of157

centrality. The ratio of ψ(2S ) to J/ψ meson production158

PartN

0 50 100 150 200 250 300 350 400

ψ
J/ A

A
/R

(2
S

)
ψ A

A
R

0

0.5

1

1.5

2

2.5

-1 = 5.02 TeV, 0.49 nbNNsPbPb, 
-1 = 5.02 TeV, 25 pbspp, 

 < 40 GeV
T

Prompt, |y| < 2.0, 9 < p

ATLAS Preliminary

Figure 4: RAA ratio for ψ(2S ) to J/ψ, as a function of centrality ex-
pressed as NPart , for prompt meson production. This ratio has the
advantage that corrections are similar for the numerator and denomi-
nator, and thus systematic uncertainties are reduced, [2].

is measured for both prompt and non-prompt mesons,159

and shown as a function of centrality. Values consistent160

with unity are measured for the non-prompt mesons,161

while the values observed for the prompt mesons are162

below unity. This result is consistent with what would163

be expected for b-quarks in the dense medium with164

the same behaviour for both mesons, while composite165

mesons formed in the medium are affected differently.166

In particular, the ψ(2S ) meson is suppressed more than167

the J/ψ meson, a pattern consistent with the lower bind-168

ing energy of the ψ(2S ) meson causing it to have a169

lower formation and survival probability for the values170

of pψ(nS )
T sampled in this measurement.171
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