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Ágnes Mócsy: Potential Models for Quarkonia 5

Fig. 5. The QGP thermometer.

In principle, a state is dissociated when no peak struc-
ture is seen, but the widths shown in spectral functions
from current potential model calculations are not physi-
cal. Broadening of states as the temperature increases is
not included in any of these models. At which T the peak
structure disappears then? In [27] we argue that no need
to reach Ebin = 0 to dissociate, but when Ebin < T a state
is weakly bound and thermal fluctuations can destroy it.
Let us quantify this statement.

Due to the uncertainty in the potential we cannot de-
termine the binding energy exactly, but we can never-
theless set an upper limit for it [27]: We can determine
Ebin with the most confining potential that is still within
the allowed ranges by lattice data on free energies. For
the most confining potential the distance where deviation
from T = 0 potential starts is pushed to large distances
so it coincides with the distance where screening sets in
[12]. From Ebin we can then estimate, following [28], the
quarkonium dissociation rate due to thermal activation,
obtaining this way the thermal width of a state Γ (T ).
At temperatures where the width, that is the inverse of
the decay time, is greater than the binding energy, that is
the inverse of the binding time, the state will likely to be
dissociated. In other words, a state would melt before it
binds. For example, already close to Tc the J/ψ would melt
before it would have time to bind. To quantify the dissoci-
ation condition we have set a more conservative condition
for dissociation: 2Ebin(T ) < Γ (T ). The result for differ-
ent charmonium and bottomonium states is shown in the
thermometer of figure 5. Note, that all these numbers are
to be though of as upper limits.

In summary, potential models utilizing a set of poten-
tials between the lower and upper limit constrained by
lattice free energy lattice data yield agreement with lat-
tice data on correlators in all quarkonium channels. Due
to this indistinguishability of potentials by the data the

precise quarkonium properties cannot be determined this
way, but the upper limit can be estimated. The decrease
in binding energies with increasing temperature, observed
in all the potential models on the market, can yield sig-
nificant broadening, not accounted for in the currently
shown spectral functions from these models. The upper
limit estimated using the confining potential predicts that
all bound states melt by 1.3Tc, except the Upsilon, which
survives until 2Tc. The large threshold enhancement above
free propagation seen in the spectral functions even at high
temperatures, again observed in all the potential models
on the market, compensates for melting of states (yielding
flat correlators), and indicates that correlation between
quark and antiquark persists. Lattice results are thus con-
sistent with quarkonium melting.

And What’s Next?

Implications of the QGP thermometer of figure 5 for heavy
ion collisions should be considered by phenomenological
studies. This can have consequences for the understanding
of the RAAmeasurements, since now the Jψ should melt
at SPS and RHIC energies as well. The thermometer also
suggests that the Υ will be suppressed at the LHC, and
that centrality dependence of this can reveal whether this
happens already at RHIC. So measurements of the Υ can
be an interesting probe of matter at RHIC as well as at
the LHC.

The exact determination of quarkonium properties the
future is in the effective field theories from QCD at finite
T. First works on this already appeared [14] and both real
and imaginary parts of the potential have been derived
in certain limits. In these works there is indication that
most likely charmonium states dissolve in QGP due ther-
mal effects, such as activation to octet states, screening,
Landau-damping.

The correlations of heavy-quark pairs that is embedded
in the threshold enhancement should be taken seriously
and its consequences, such as possible non-statistical re-
combination taken into account in dynamic models that
attempt the interpretation of experimental data [24].

All of the above discussion is for an isotropic medium.
Recently, the effect of anisotropic plasma has been con-
sidered [29]. Accordingly, quarkonium might be stronger
bound in an anisotropic medium, especially if it is aligned
along the anisotropy of the medium (beam direction).
Qualitative consequences of these are considered in an up-
coming publication [30]. Also, all of the above discussion
refers to quarkonium at rest. Finite momentum calcula-
tions are under investigation. It is expected that a moving
quarkonium dissociates faster.
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What is Bottomonium?
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• Bottomonium: a meson composed of a 
bottom quark and anti-bottom quark

• Three upsilon states Y(nS) have different 
binding energies

b b b b bb

Resonance Y(1S) Y(2S) Y(3S)
Mass [GeV] 9.46 10.02 10.36
ΔE [GeV] 1.10 0.54 0.20

Radius [fm] 0.14 0.28 0.39
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EPJC 61 (2009) 705

• Bottomonia are important probes of Quark-Gluon Plasma
• Mainly produced at the early stage of the collisions 
• Negligible nonprompt fraction and less regeneration compared to charmonia
• Three Y(nS) states are characterized by similar kinematics but have different binding energies 
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Current status
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Charmonia Bottomonia
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Figure 9: Left: the di↵erential cross section times dimuon branching fraction of ⌥(nS) as a function of transverse
momentum pT in p+Pb collisions at psNN = 5.02 TeV. The horizontal position of each data point indicates the
mean of the weighted pT distribution. The horizontal bars represent the range of pT for the bin, and the vertical error
bars correspond to the combined statistical and systematic uncertainties. Right: the di↵erential cross section times
dimuon branching fraction of ⌥(nS) as a function of centre-of-mass rapidity y⇤ in p+Pb collisions. The horizontal
position of each data point indicates the mean of the weighted y⇤ distribution. The vertical error bars correspond
to statistical uncertainties. The vertical sizes of coloured boxes around the data points represent the systematic
uncertainties, and the horizontal sizes of coloured boxes represent the range of y⇤ for the bin.
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Figure 10: The nuclear modification factor, RpPb, as a function of transverse momentum pT for prompt J/ (left)
and non-prompt J/ (right). The horizontal position of each data point indicates the mean of the weighted pT
distribution. The vertical error bars correspond to the statistical uncertainties. The vertical sizes of coloured boxes
around the data points represent the uncorrelated systematic uncertainties, and the horizontal sizes of coloured boxes
represent the pT bin sizes. The vertical sizes of the leftmost grey boxes around RpPb = 1 represent the correlated
systematic uncertainty.

ground-state quarkonium states and Z bosons as seen in Figure 13, the deviation at highest event activity
may suggest that the ⌃EBackwards

T characterised event activity is not a robust scale parameter, but a more
complicated geometry model is needed for instance as discussed in Ref. [57].
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ATLAS quarkonium results
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Figure 11: The nuclear modification factor, RpPb, as a function of centre-of-mass rapidity y⇤ for prompt J/ (left)
and non-prompt J/ (right). The horizontal position of each data point indicates the mean of the weighted y⇤
distribution. The vertical error bars correspond to the statistical uncertainties. The vertical sizes of coloured boxes
around the data points represent the uncorrelated systematic uncertainties, and the horizontal sizes of coloured boxes
represent the y⇤ bin sizes. The vertical sizes of the leftmost grey boxes around RpPb = 1 represent the correlated
systematic uncertainty.
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Figure 12: The nuclear modification factor, RpPb, as a function of transverse momentum pT (left) and centre-of-mass
rapidity y⇤ (right) for ⌥(1S). The horizontal position of each data point indicates the mean of the weighted pT or y⇤
distribution. The vertical error bars correspond to the statistical uncertainties. The vertical sizes of coloured boxes
around the data points represent the uncorrelated systematic uncertainties, and the horizontal sizes of coloured boxes
represent the bin sizes. The vertical size of the rightmost (left) and leftmost (right) grey boxes around RpPb = 1
represent the correlated systematic uncertainty.

7.3 Double ratio

The prompt  (2S) to J/ production double ratio, ⇢ (2S)/J/ 
pPb , is shown in Figure 15 in intervals of y⇤. A

decreasing trend with one-standard-deviation significance of the double ratio is observed from backward
to forward centre-of-mass rapidity. The pT and y⇤ integrated bottomonium double ratios, ⇢⌥(nS)/⌥(1S)

pPb

(n = 2, 3) are shown in Figure 16. Both the integrated ⇢⌥(2S)/⌥(1S)
pPb and ⇢⌥(3S)/⌥(1S)

pPb are found to be less
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Figure 5: The nuclear modification factor as a function of pT for the prompt J/ (left) and non-prompt J/ (right) for
|y | < 2, in 0–80% centrality bin (top) and in 0–10%, 20–40%, and 40–80% centrality bins (bottom). The statistical
uncertainty of each point is indicated by a narrow error bar. The error box plotted with each point represents the
uncorrelated systematic uncertainty, while the shaded error box at RAA=1 represents correlated scale uncertainties.

energy in the medium and hadronizing outside of the medium, then the ratio of their yields should be unity.
This statement should be true for the ratio expressed as a function of any kinematic variable. By contrast,
prompt J/ and  (2S) should traverse the hot and dense medium. Considering both mesons as composite
systems, with potentially di�erent formation mechanisms and di�erent binding energies, they may respond
di�erently to the hot dense medium. This interpretation is supported by the results of Figure 9, which
shows the ratio of  (2S) to J/ production as a function of the number of collision participants, Npart.
The ratio is consistent with unity within the experimental uncertainties for non-prompt mesons, while for
prompt J/ the ratio is di�erent from unity. These data support the enhanced suppression of prompt (2S)

14

New

• pp collisions in 2017: 0.26 fb-1

• Pb+Pb collisions in 2018: 1.38 nb-1

• 9 < pT < 40 GeV 
• RpPb ~ 1

• RpPb ~ 1  
for pT > 15 GeVPrompt J/ψ Υ(1S)

• Strong suppression
• RAA ~ 0.2 for 0-5%

EPJC 78 (2018) 762

EPJC 78 (2018) 171 EPJC 78 (2018) 171

Prompt J/ψ
ATLAS-CONF-2019-054
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ATLAS detector
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Muon η < 2.7 Inner tracker η < 2.5

FCal 3.1 < η < 4.9
(for centrality)

• Bottomonia are measured via the dimuon decay channel: Υ(nS)→μ+μ-
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• Suppression of excited states in Pb+Pb: Υ(3S) is not identified

• Signal
• Crystal ball + Gaussian

• Background
• pT < 6 GeV: Exponential x Error func.
• pT > 6 GeV: 2nd-order polynomial
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•For Pb+Pb, <TAA> = nucleon-nucleon equivalent integrated luminosity per heavy-ion collisions
•Y(3S) in Pb+Pb collisions is not shown due to strong suppression

pp Pb+Pb
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• Υ(2S+3S) is also shown to constrain Υ(3S)
• Upper limit is set for the point consistent with zero 
• Ordering in RAA: Υ(1S) > Υ(2S) > Υ(2S+3S)
• More suppression in more central collisions
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ATLAS DRAFT

qq̄ T/Tc µ(Tc)/µ(T )
J/ 1.10 0.91

�c(1P) 0.74 *
 (2S ) 0.1-0.2 *
⌥(1S) 2.31 0.43
�b(1P) 1.13 0.88
⌥(2S) 1.10 0.91
�b(2P) 0.83 *
⌥(3S) 0.75 *

Table 2: The dissociation parameters of di↵erent quarkonium states, µ(T ) denotes the e↵ective screening mass in the
deconfined medium and Tc is the deconfinement temperature as obtained by color screening for for T > Tc[6] and
through decay into open charm or bottom for T < Tc [4].

Every event is characterized by the centrality of Pb+Pb collisions, which correspond to the overlap of107

colliding nuclei. The geometrical properties of the collisions are calculated using Glauber model [7].108

The changes in productions yields in Pb+Pb collisions with respect to the pp system are quantified by a109

nuclear modification factor RAA, which can be defined for each centrality bin as:110

RAA =
NAA

hTAAi ⇥ �pp
, (1)

where NAA is a number of observed per-event yield of bottomonium states, hTAAi is a mean of nuclear111

overlap function, and �pp is a bottomonium production cross section in proton-proton (pp) collisions112

at the same energy. If the RAA is unity, the production is the same as in pp, and if RAA < 1, there is a113

suppression of production.114

2 ATLAS Detector115

The ATLAS detector [8] at the LHC covers nearly the entire solid angle1 around the collision point. It116

consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic117

and hadronic calorimeters, and a muon spectrometer incorporating three large superconducting toroidal118

magnets. The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged119

particle tracking in the range |⌘| < 2.5.120

The high-granularity silicon pixel detector covers the vertex region and typically provides three measure-121

ments per track, the first hit being normally in the innermost layer. It is followed by the silicon microstrip122

tracker which usually provides four two-dimensional measurement points per track. These silicon detectors123

are complemented by the transition radiation tracker, which enables radially extended track reconstruction124

up to |⌘| = 2.0. The transition radiation tracker also provides electron identification information based125

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of �R ⌘

p
(�⌘)2 + (��)2.

October 13, 2019 – 11:58 5

Nuclear modification factor
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• No strong pT or |y| dependence for all Υ(nS) states

vs. pT vs. |y|
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Double ratios ρAA
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• Slight centrality dependence 
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• No strong pT or |y| dependence
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Comparison to CMS: RAA
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• For Υ(1S), CMS results are slightly higher but compatible within uncertainties
• N.B. CMS: |y|<2.4, centrality = 0-100 %  

        ATLAS: |y|<1.5, centrality = 0-80 % CMS: PLB 790 (2019) 270

Υ(1S) Υ(2S)
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Comparison to CMS: RAA
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CMS: PLB 790 (2019) 270
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• Υ(1S) RAA from CMS is slightly higher 
as observed in centrality-dependent 
results

• Both experiments show similar trend 
vs. pT and |y|

vs. pT vs. |y|
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Comparison to CMS: double ratios
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CMS: PRL 120 (2018) 142301

• Two experiments are in good agreement
• N.B. CMS: |y|<2.4, centrality = 0-100 %  

        ATLAS: |y|<1.5, centrality = 0-80 %

0 50 100 150 200 250 300 350 400
〉partN〈

0

0.2

0.4

0.6

0.8

1

1.2

(1
S)

ϒ
(n

S)
/

ϒ AAρ

 PreliminaryATLAS
-1 = 5.02 TeV, L = 0.26 fbs, pp

-1 = 5.02 TeV, L = 1.38 nbNNsPb+Pb, 

 < 30 GeV, |y|<2.4
T

(2S) CMS, pϒ

 < 30 GeV, |y|<1.5
T

(2S) ATLAS, pϒ
(2S) ATLAS, 95% CLϒ 

 CMS correlated uncer.

0

0.2

0.4

0.6

0.8

1

1.2

0-80 %

0 5 10 15 20 25 30
 [GeV]

T
p

0

0.2

0.4

0.6

0.8

1

1.2

(1
S)

ϒ
(n

S)
/

ϒ AAρ

 PreliminaryATLAS
-1 = 5.02 TeV, L = 0.26 fbs, pp

-1 = 5.02 TeV, L = 1.38 nbNNsPb+Pb, 

(2S) CMS, |y|<2.4, 0-100 %ϒ

(2S) ATLAS, |y|<1.5, 0-80 %ϒ

0 0.20.40.60.8 1 1.21.41.61.8 2 2.22.4
|y|

0

0.2

0.4

0.6

0.8

1

1.2

(1
S)

ϒ
(n

S)
/

ϒ AAρ

 PreliminaryATLAS
-1 = 5.02 TeV, L = 0.26 fbs, pp

-1 = 5.02 TeV, L = 1.38 nbNNsPb+Pb, 

 < 30 GeV, 0-100 %
T

(2S) CMS, pϒ

 < 30 GeV, 0-80 %
T

(2S) ATLAS, pϒ
(2S) ATLAS, 95% CLϒ 

vs. centrality vs. pT vs. |y|



Songkyo LeeQuark Matter 2019

Comparison to theoretical predictions
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• The model includes the effect of in-medium 
dissociation, feed-down effects (30-40%), and uses 
anisotropic viscous hydrodynamic background

• No regeneration or cold nuclear matter effects
• N.B. calculation with pT < 40 GeV, |y| < 2.4, 0-100%

Model: Universe 2 (2016) 16
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Comparison to theoretical predictions
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• The model predicts slightly increasing RAA with pT and no clear |y| dependence
• N.B. Left: calculation up to 20 GeV in |y| <2.4, Right: calculation in pT < 40 GeV 
• Need the same centrality and kinematic requirements for an apple-to-apple comparison

vs. pT vs. |y| Model: Universe 2 (2016) 16
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Charmonia vs. Bottomonia
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• J/ψ RAA: 9 < pT < 40 GeV, |y| < 2
• Similar amount of suppression for Y(1S) and 

prompt J/ψ although Y(1S) is more tightly bound 
• Hard to draw a firm conclusion due to different 

regenerations, feed-down effects, etc. 
• Nonprompt J/ψ RAA reflects b-quark energy loss

J/ψ :EPJC 78 (2018) 762
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Double ratios: charmonia
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p+Pb: EPJC 78 (2018) 171

Pb+Pb: EPJC 78 (2018) 762
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Figure 17: The prompt charmonium double ratio, ⇢ (2S)/J/ 
pPb , (left) and the bottomonium double ratio, ⇢⌥(nS)/⌥(1S)

pPb ,
(right) as a function of event centrality in p+Pb collisions . The vertical error bars correspond to the statistical
uncertainties, and the vertical sizes of coloured boxes around the data points represent the uncorrelated systematic
uncertainties in p+Pb collisions. The vertical size of the leftmost yellow box around ⇢O(nS)/O(1S)

pPb = 1 represents the
total uncertainty of the pp reference which is the same for all centralities.
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Figure 8: The nuclear modification factor as a function of the number of participants, Npart, for the prompt J/ (left)
and non-prompt J/ (right) for 9 < pT < 40 GeV and for rapidity |y | < 2. The statistical uncertainty of each point
is indicated by a narrow error bar. The error box plotted with each point represents the uncorrelated systematic
uncertainty, while the shaded error box at RAA=1 represents correlated scale uncertainties.
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Figure 9:  (2S) to J/ double ratio, as a function of the number of participants, Npart, for prompt meson production
(left) and non-prompt meson production (right). The narrow error bar represents the statistical uncertainties while
the error box represents the total systematic uncertainty.

17

p+Pb

• Excited state is more suppressed than the ground state even in p+Pb collisions
• Relative suppression of excited state w.r.t. ground state is more prominent in Pb+Pb collisions
• Possible enhancement of ψ(2S) in central PbPb → a sequential regeneration?

Pb+Pb
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Double ratios: bottomonia
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• ρ(nS)/(1S)pPb > ρ(nS)/(1S)pPbPb for bottomonia as well as charmonia
• Medium effects in Pb+Pb are more sensitive to binding energies than those in p+Pb
• No increasing trend with centrality unlike charmonia results

*y
2− 1− 0 1 2

Pbp
ψ

(2
S)

 / 
J/

ψ
ρ

0

0.5

1

1.5

2
-1 = 5.02 TeV, L = 28 nbNNs+Pb, p

-1 = 5.02 TeV, L = 25 pbs, pp

ATLAS
 < 40 GeV

T
p8 < 

 Double Ratioψ(2S) to J/ψPrompt 

Figure 15: The prompt charmonium production double ratio, ⇢ (2S)/J/ 
pPb , as a function of the centre-of-mass rapidity,

y⇤. The vertical error bars correspond to the statistical uncertainties. The horizontal position of each data point
indicates the mean of the weighted y⇤ distribution. The vertical sizes of coloured boxes around the data points
represent the uncorrelated systematic uncertainties, and horizontal sizes of the coloured boxes represent the bin
sizes.
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Figure 16: The bottomonium double ratio, ⇢⌥(nS)/⌥(1S)
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Summary

�18

• Production cross-sections, RAA, and ρAA 
of Y(nS) mesons are measured in pp and 
Pb+Pb collisions at 5.02 TeV 

• RAA and ρAA decrease with increasing 
centrality, and show no clear dependence 
on pT or |y|

• More suppression for more excited states 
are observed which supports a sequential 
melting scenario

• Results agree with previous CMS results 
and theoretical model predictions

Songkyo LeeSeptember 19th 2019

What is Bottomonium?

�1

• Bottomonium: a meson composed of a 
bottom quark and anti-bottom quark

• Three upsilon states Y(nS) have different 
binding energies

b b b b bb

Resonance Y(1S) Y(2S) Y(3S)
Mass [GeV] 9.46 10.02 10.36
ΔE [GeV] 1.10 0.54 0.20

Radius [fm] 0.14 0.28 0.39
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What is Bottomonium?

�1

• Bottomonium: a meson composed of a 
bottom quark and anti-bottom quark

• Three upsilon states Y(nS) have different 
binding energies

b b b b bb

Resonance Y(1S) Y(2S) Y(3S)
Mass [GeV] 9.46 10.02 10.36
ΔE [GeV] 1.10 0.54 0.20

Radius [fm] 0.14 0.28 0.39

ATLAS-CONF-2019-054



Songkyo LeeQuark Matter 2019

Backups
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RpPb comparison to ALICE
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QUARKONIA PRODUCTION IN P+PB
➤ Final measurement of quarkonia in p+Pb/pp collisions at 5.02 TeV 

➤ Prompt and non-prompt cross sections of J/ψ, ψ(2S) 
➤ Inclusive yields of Υ(nS) (n = 1, 2, 3)

�7
EPJC 78 (2018) 171

➤ Significant reduction of systematic uncertainties wrt the 
preliminary result [ATLAS-CONF-2015-023] 

➤ J/ψ cross sections are in agreement with NRQCD (prompt) and 
FONLL (non-prompt) predictions 

➤ J/ψ RpPb is consistent with unity for pT between 8-40 GeV 
➤ Υ(1S) RpPb  is found to be suppressed for pT<15 GeV

Talk by J.Lopez on Mon 16:50

EPJC 78 (2018) 171
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J/ψ RAA in Pb+Pb

�21

partN
0 50 100 150 200 250 300 350 400

AAR

0.2

0.4

0.6

0.8

1

1.2

1.4 ATLAS
-1 = 5.02 TeV, 0.42 nbNNsPb+Pb, 

-1 = 5.02 TeV, 25 pbs, pp
, |y| < 2ψPrompt J/

 < 40 GeV
T

9 < p
Correlated systematic uncer.

partN
0 50 100 150 200 250 300 350 400

AAR

0.2

0.4

0.6

0.8

1

1.2

1.4 ATLAS
-1 = 5.02 TeV, 0.42 nbNNsPb+Pb, 

-1 = 5.02 TeV, 25 pbs, pp
, |y| < 2ψNon-Prompt J/

 < 40 GeV
T

9 < p
Correlated systematic uncer.

Figure 8: The nuclear modification factor as a function of the number of participants, Npart, for the prompt J/ (left)
and non-prompt J/ (right) for 9 < pT < 40 GeV and for rapidity |y | < 2. The statistical uncertainty of each point
is indicated by a narrow error bar. The error box plotted with each point represents the uncorrelated systematic
uncertainty, while the shaded error box at RAA=1 represents correlated scale uncertainties.
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Figure 9:  (2S) to J/ double ratio, as a function of the number of participants, Npart, for prompt meson production
(left) and non-prompt meson production (right). The narrow error bar represents the statistical uncertainties while
the error box represents the total systematic uncertainty.
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J/ψ RAA in Pb+Pb
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J/! RAA in Pb+Pb

�10
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Prompt J/! Non-Prompt J/!

• J/! RAA measured in 3 centrality slices covers 0-80%
• Prompt and non-prompt J/! show similar suppression (by accident?)
• Non-prompt J/! RAA is flat in pT, similar to HF muon

J/! RAA in Pb+Pb
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J/ψ RAA in Pb+Pb
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Figure 7: The nuclear modification factor as a function of rapidity for the prompt J/ (left) and non-prompt J/ 
(right) for 9 < pT < 40 GeV, in 0–80% centrality bin (top) and in 0–10%, 20–40%, and 40–80% centrality bins
(bottom). The statistical uncertainty of each point is indicated by a narrow error bar. The error box plotted with each
point represents the uncorrelated systematic uncertainty, while the shaded error box at RAA=1 represents correlated
scale uncertainties.
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Figure 8: The nuclear modification factor as a function of the number of participants, Npart, for the prompt J/ (left)
and non-prompt J/ (right) for 9 < pT < 40 GeV and for rapidity |y | < 2. The statistical uncertainty of each point
is indicated by a narrow error bar. The error box plotted with each point represents the uncorrelated systematic
uncertainty, while the shaded error box at RAA=1 represents correlated scale uncertainties.
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Figure 9:  (2S) to J/ double ratio, as a function of the number of participants, Npart, for prompt meson production
(left) and non-prompt meson production (right). The narrow error bar represents the statistical uncertainties while
the error box represents the total systematic uncertainty.

17



Songkyo LeeQuark Matter 2019

J/ψ v2 in Pb+Pb

�25

EPJC 78 (2018) 784

10 15 20 25 30
 [GeV]

T
p

0

0.05

0.1

0.15

0.2

2v ATLAS
-1 = 5.02 TeV, 0.42 nbNNsPb+Pb, 

 < 2, 0 - 60%y, ψPrompt J/

10 15 20 25 30
 [GeV]

T
p

0

0.05

0.1

0.15

0.2

2v ATLAS
-1 = 5.02 TeV, 0.42 nbNNsPb+Pb, 

 < 2, 0 - 60%y, ψNon-prompt J/

Figure 4: Prompt (left) and non-prompt (right) J/ v2 as a function of transverse momentum for the rapidity interval
|y| < 2 and centrality 0–60%. The statistical and systematic uncertainties are shown using vertical error bars and
boxes respectively. The horizontal error bars represent the kinematic range of the measurement for each bin.

close to 0.09 that decreases by nearly a factor of two over the whole studied kinematic range. The results
for non-prompt J/ indicate a non-zero value with limited statistical significance. These v2 values are
consistent with being independent of pT and compatible within uncertainties with the v2 values of prompt
J/ , particularly at the highest pT.

The rapidity dependence of v2 is shown in Figure 5 and the centrality dependence in Figure 6 for both
prompt and non-prompt J/ . Neither shows significant rapidity or centrality dependence. The prompt
J/ v2 is larger than the non-prompt, in agreement with the larger values observed in the pT dependence
integrated over rapidity and centrality. The measured value of v2 for prompt J/ stays approximately
the same in central collisions as in non-central collisions within uncertainties, in agreement with the
observation of Ref. [5]. This is similar to the case of non-prompt J/ where no evident centrality
dependence is observed within the uncertainties. This feature is in disagreement with the expected
hydrodynamic behaviour for charm quarks and may manifest a transition at medium pT regime where
there are thought to be di�erent e�ects influencing J/ production [6, 7, 9–11].

In Figure 7 the available results for inclusive J/ (pT < 12 GeV) from the ALICE experiment [4] and
prompt J/ (4 < pT < 30 GeV) from the CMS experiment [5] are compared with the results obtained
in this analysis for prompt J/ (9 < pT < 30 GeV) as a function of the J/ transverse momentum.
Despite di�erent rapidity selections, the magnitudes of the elliptic flow coe�cients are compatible with
each other. Two features can be observed: first, the hydrodynamic peak is around 7 GeV, a value that
is significantly higher than what is observed for charged particles [14–18] where the peak is around 3 to
4 GeV. This e�ect can be described qualitatively by thermalisation of charm quarks in the quark–gluon
plasma medium with J/ regeneration playing a dominant role in the flow formation [6, 7]. The second
feature is that v2 has a substantial magnitude at high pT. This can be connected with the suppression
of J/ production due to mechanisms involving interactions with the medium such as absorption and
melting [11] or energy loss [42, 43].
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Figure 7: Results for v2 as a function of the transverse momentum of prompt J/ as measured by ATLAS in this
analysis compared with inclusive J/ with pT < 12 GeV as measured by ALICE at 5.02 TeV [4], and prompt J/ 
with pT in the range 4 < pT < 30 GeV by CMS at 2.76 TeV [5]. The statistical and systematic uncertainties are
shown using vertical error bars and boxes respectively.

5 Summary

This paper presents measurements of the elliptic flow harmonic coe�cients for J/ particles in the dimuon
decay channel in 0.42 nb�1 of Pb+Pb collisions recorded at psNN = 5.02 TeV with the ATLAS detector
at the LHC. Results are presented for prompt and non-prompt J/ as a function of transverse momentum,
rapidity and centrality. The measurement is performed in the J/ kinematic range 9 < pT < 30 GeV,
|y| < 2, and 0–60% centrality. The pseudo-proper decay time of the secondary vertex is used to separate
the prompt and non-prompt components of J/ production and both yields are analysed simultaneously
to properly assess the correlation between the two contributions.

A significant flow signal is found for prompt J/ , which decreases with increasing pT. With limited
statistical significance, it is found that non-prompt J/ v2 is consistent with a flat behaviour over the
studied pT range. At high pT, the prompt and non-prompt J/ v2 values are compatible within the
uncertainties. There is no evidence for a rapidity or centrality dependence for the prompt or non-prompt
case. This suggests a similar underlying process describing the propagation of su�ciently high pT charm
and bottom quarks through the medium. The idea is supported by the recent observation of J/ yield
suppression in Pb+Pb collisions by ATLAS, where a similar suppression pattern for prompt and non-
prompt J/ is observed at high pT. Additionally, this measurement covers the high pT range of J/ and
is found to be in a good agreement with previous reports, despite the di�erent beam energy and rapidity
selections.
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Excited quarkonia production
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• Stronger suppression of excited quarkonia states in p+Pb wrt. 
ground states

• Slight centrality dependence
• Can be described by final state interactions
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