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Quarkonium at LHC
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Quarkonium at lhc

higher energies 
Æ stronger quarkonium suppression?
more charm
Æ larger (re)combination?
more bottom 
Æ b can be investigated

Decisive inputs expected from LHC results, having access to:

Where do we stand after 30 years?  
A wealth of high-quality data have been accumulated, 
at various facilities (SPS, RHIC, LHC) for various collision systems 


Decisive inputs from LHC results, having access to:  
Higher energies  
‣ stronger quarkonium suppression?  
More charm  
‣ larger (re)combination?  
More bottom  
‣ ϒ can be investigated 
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Complementary quarkonium
results from LHC experiments!
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Kinematic coverage of 
quarkonium measurements:

Quarkonium at lhc

Kinematic coverage of 
quarkonium measurements

Complementary quarkonium 
results from LHC experiments



MinJung Kweon, Inha University FCPPL Workshop, Peking University

Quarkonium
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Quarkonium is a bound state of Q and Q with mQQ<2mD(mB)  
→ Several quarkonium states exists, characterized by different quantum 
numbers

Quarkonium at T=0

66

At T=0, the binding of the 𝑄 and  𝑄 quarks can be expressed using 
the Cornell potential:
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Quarkonium at T=0
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At T=0, the binding of the Q and Q quarks can be 
expressed using the Cornell potential: 
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Quarkonium in a QGP
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What happens to a QQ pair placed in the QGP?
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Quarkonium in a QGP

• the “confinement” contribution disappears

• the coulombian term of the potential is screened by the high color density
7

The QGP consists of deconfined
colour charges

What happens to a 𝑞 𝑞 pair placed in the QGP?
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the binding of a 𝑞 𝑞 pair is subject to the effects of colour screening:

OD: screening 
radius

Q

Q
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The QGP consists of deconfined
colour charges

What happens to a 𝑞 𝑞 pair placed in the QGP?
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The QGP consists of deconfined
colour charges

What happens to a 𝑞 𝑞 pair placed in the QGP?
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the binding of a 𝑞 𝑞 pair is subject to the effects of colour screening:

OD: screening 
radius
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Q

The QGP consists of deconfined colour charges 
→ the binding of a QQ pair is subject to the 
effects of colour screening 
• The “confinement” contribution disappears 
• The high color density induces a screening of 

the coulombian term of the potential
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The screening radius λD(T) (i.e. the maximum distance which allows the 
formation of a bound QQ pair) decreases with the temperature T  

Debye Screening

8

Debye screening

8

c c

vacuum

rJ/\

J/\

c c

Temperature T<Td

c c

Temperature T>Td

J/\

OD OD

The screening radius OD(T) (i.e. the maximum distance which allows 
the formation of a bound QQ pair) decreases with the temperature T 

if resonance radius 
> OD(T)
Æ no resonance can 

be formed

At a given T:
if resonance radius 
< OD(T) 
Æ resonance can be 
formed

rJ/\rJ/\

E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017

J/\ in AA collisions

7

Color Screening

cc

Quarkonium melting 
Æ QGP thermometer

From 
color

screening

OD

Tc

to 
quark
(re)

combination

Central AA 
collisions

SPS 
20 GeV

RHIC 
200 GeV

LHC
5 TeV

Nccbar/event ~0.2 ~10 ~115

Quarkonium (re)generation
Æ Heavy quark dynamics in QGP

Quarkonium dissociation when 
           rDebye < rQuarkonium

Resonance formed No resonance formed

Differences in the binding energies of the 
quarkonium states lead to a sequential melting 
of the states with increasing temperature 

Thermometer of the initial QGP temperature
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From suppression to regeneration

9

E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017

J/\ in AA collisions

7

Color Screening

cc

Quarkonium melting 
Æ QGP thermometer

From 
color

screening

OD

Tc

to 
quark
(re)

combination

Central AA 
collisions

SPS 
20 GeV

RHIC 
200 GeV

LHC
5 TeV

Nccbar/event ~0.2 ~10 ~115

Quarkonium (re)generation
Æ Heavy quark dynamics in QGP

Central 
AA 

collisions

SPS 
20 GeV

RHIC 
200 GeV

LHC 
2.76 TeV

LHC 
5 TeV

Ncc/event ~0.2 ~10 ~75 ~115

An enhancement via (re)combination of cc pairs producing quarkonia 
can take place at hadronization or during QGP stage 

From suppression…to (re)combination
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Increasing the energy of the 
collision the cc pair multiplicity 
increases

An enhancement via (re)combination of cc pairs producing quarkonia
can take place at hadronization or during QGP stage

P. Braun-Muzinger and J. Stachel, Phys. Lett. B490(2000) 196, R. Thews et al, Phys.ReV.C63:054905(2001)

In most 
central AA 
collisions

SPS 
20 GeV

RHIC 
200GeV

LHC 
2.76TeV

Nccbar/event ~0.2 ~10 ~75

c

c

Low �s

c
c

13

Increasing the energy of the 
collision the cc pair multiplicity 
increases

An enhancement via (re)combination of cc pairs producing quarkonia
can take place at hadronization or during QGP stage

P. Braun-Muzinger and J. Stachel, Phys. Lett. B490(2000) 196, R. Thews et al, Phys.ReV.C63:054905(2001)

In most central 
AA collisions

SPS 
20 GeV

RHIC 
200GeV

LHC 
2.76TeV

Nccbar/event ~0.2 ~10 ~75

High �s

From suppression…to (re)combination

Figure by Roberta Arnaldi

Although the “screening+recombination” picture is conceptually simple and 
attractive, a realistic description implies a sophisticate treatment (ex. In-medium 
formation of quarkonium, Heavy quark diffusion, …)
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Low-pT J/ψ : ALICE
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ALICE

PHENIX

J/ψ suppression at forward rapidity in Pb–Pb collisions at √sNN = 5.02 TeV ALICE Collaboration
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Fig. 2: (colour online). The differential cross section d2σppJ/ψ/dydpT for inclusive J/ψ production in pp collisions
at

√
s = 5.02 TeV. The error bars represent the statistical uncertainties, the boxes around the points the uncor-

related systematic uncertainties. The uncertainty on the luminosity measurement represents a correlated global
uncertainty.
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Fig. 3: (colour online). The nuclear modification factor for inclusive J/ψ production, as a function of centrality,
at √sNN = 5.02 TeV, compared to published results at √sNN = 2.76 TeV [14]. The error bars represent statistical
uncertainties, the boxes around the points uncorrelated systematic uncertainties, while correlated global uncertain-
ties are shown as a filled box around RAA = 1. The widths of the centrality classes used in the J/ψ analysis at
√sNN = 5.02 TeV are 2% from 0 to 12%, then 3% up to 30% and 5% for more peripheral collisions.

8

J/ψ→μ+μ-

Pb-Pb at 5.02 TeV 
Pb-Pb at 2.76 TeV

Higher statistics wrt Run1 
allows finer bins

Hard Probes 2016 ALICE Overview X. Zhang

High-pT Charged-Particle RAA
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• Strong modification of the spectrum 
shape in most central collisions

• Minimum at pT ≈ 6-7 GeV/c

• Strong rise in 6 < pT < 50 GeV/c

• Strong centrality dependence

• RAA at 5.02 TeV similar to 2.76 TeV

• Further constraints on medium 
properties

Hard Probes 2016 ALICE Overview X. Zhang
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• Strong modification of the spectrum 
shape in most central collisions

• Minimum at pT ≈ 6-7 GeV/c

• Strong rise in 6 < pT < 50 GeV/c

• Strong centrality dependence

• RAA at 5.02 TeV similar to 2.76 TeV
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J/ψ suppression at forward rapidity in Pb–Pb collisions at √sNN = 5.02 TeV ALICE Collaboration
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Fig. 6: (colour online). The pT dependence of the inclusive J/ψ RAA at
√sNN = 5.02 TeV, compared to the

corresponding result at √sNN = 2.76 TeV [14] and to the prediction of a transport model [50, 51](TM1), in the
centrality interval 0–20%. The pT dependence of r is also shown. The error bars represent statistical uncertainties,
the boxes around the points uncorrelated systematic uncertainties, while correlated global uncertainties are shown
as a filled box around RAA = 1.

energies reached today at the LHC, data on J/ψ production support a picture where a combination of
suppression and regeneration takes place in the QGP, the two mechanisms being dominant at high and
low pT, respectively.
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‣ Clear J/ψ suppression with almost no centrality dependence above Npart ~ 100  
• Suppression insensitive to the collision centrality in semi-central and central 

collisions → indication of regeneration  
‣ Hint of an increase of RAA at 5.02 TeV wrt 2.76 TeV is observed between 2-6 GeV/c  
‣ J/ψ is less suppressed at low pT than at high pT → hint of the cc recombination?             

(as expected in regeneration models: regeneration contribution important at low pT)
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Low-pT J/ψ : ALICE vs PHENIX

11E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017

Low-pT J/\: ALICE (vs PHENIX) B. Abelev et al., ALICE
PLB 734 (2014) 314

8

forward y

� Systematically larger RAA values for central events at LHC
� RAA increases at low pT at LHC
� Precise results at �sNN=5.02 TeV, compatible with �sNN=2.76 TeV

� Results vs centrality dominated by low-pT J/\

Possible interpretation: RHIC energy Æ suppression effects dominate
LHC energy Æ suppression + regeneration 

E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017

Low-pT J/\: ALICE (vs PHENIX) B. Abelev et al., ALICE
PLB 734 (2014) 314

8

forward y

� Systematically larger RAA values for central events at LHC
� RAA increases at low pT at LHC
� Precise results at �sNN=5.02 TeV, compatible with �sNN=2.76 TeV

� Results vs centrality dominated by low-pT J/\

Possible interpretation: RHIC energy Æ suppression effects dominate
LHC energy Æ suppression + regeneration 

‣Results vs centrality dominated by low-pT  J/ψ 
•Systematically larger RAA values for central events at LHC 
•RAA increases at low-pT at LHC 

‣Possible interpretation:    RHIC energy → suppression effects dominate  
                                                   LHC energy → suppression + regeneration ⎨

ALICE

PHENIX
ALICE

PHENIX

J/ψ→μ+μ-

Hard Probes 2016 ALICE Overview X. Zhang
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• Strong modification of the spectrum 
shape in most central collisions

• Minimum at pT ≈ 6-7 GeV/c

• Strong rise in 6 < pT < 50 GeV/c

• Strong centrality dependence

• RAA at 5.02 TeV similar to 2.76 TeV

• Further constraints on medium 
properties
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• Strong modification of the spectrum 
shape in most central collisions

• Minimum at pT ≈ 6-7 GeV/c

• Strong rise in 6 < pT < 50 GeV/c

• Strong centrality dependence

• RAA at 5.02 TeV similar to 2.76 TeV

• Further constraints on medium 
properties

forward rapidity
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Low-pT J/ψ : central vs forward rapidity

12

‣No significant √sNN-dependence of RAA (5.02 vs 2.76 TeV) as the 
observations at forward-rapidity 
‣Central Pb-Pb: hints for a weaker suppression at mid-rapidity with 

respect to forward-rapidity results at √sNN=5.02 TeV→ expected in a 
(re)generation scenario (fluctuation cannot be excluded) 

‣Transport and statistical models have large uncertainties (shadowing
+open charm cross section)

E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017

Low-pT J/\: central vs forward-y

11

central y

� Central Pb-Pb: hints for a weaker suppression at y~0 with respect to 
forward-y results at �sNN=5.02 TeV
Æ expected in a (re)generation scenario (fluctuation cannot be excluded)

� No significant �sNN-dependence of RAA (5.02 vs 2.76 TeV), confirming 
forward-y observations 
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• Strong modification of the spectrum 
shape in most central collisions

• Minimum at pT ≈ 6-7 GeV/c

• Strong rise in 6 < pT < 50 GeV/c

• Strong centrality dependence

• RAA at 5.02 TeV similar to 2.76 TeV

• Further constraints on medium 
properties
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• Strong modification of the spectrum 
shape in most central collisions

• Minimum at pT ≈ 6-7 GeV/c

• Strong rise in 6 < pT < 50 GeV/c

• Strong centrality dependence

• RAA at 5.02 TeV similar to 2.76 TeV

• Further constraints on medium 
properties

mid rapidity

J/ψ→e+e-

Pb-Pb at 2.76 TeV 
Pb-Pb at 5.02 TeV

forward rapidity 
mid rapidity
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Low-pT J/ψ : central vs forward rapidity
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‣No significant √sNN-dependence of RAA (5.02 vs 2.76 TeV) as the 
observations at forward-rapidity 
‣Central Pb-Pb: hints for a weaker suppression at mid-rapidity with 

respect to forward-rapidity results at √sNN=5.02 TeV→ expected in a 
(re)generation scenario (fluctuation cannot be excluded) 

‣Transport and statistical models have large uncertainties (shadowing
+open charm cross section)

E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017
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� Central Pb-Pb: hints for a weaker suppression at y~0 with respect to 
forward-y results at �sNN=5.02 TeV
Æ expected in a (re)generation scenario (fluctuation cannot be excluded)

� No significant �sNN-dependence of RAA (5.02 vs 2.76 TeV), confirming 
forward-y observations 

Hard Probes 2016 ALICE Overview X. Zhang

High-pT Charged-Particle RAA
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• Strong modification of the spectrum 
shape in most central collisions

• Minimum at pT ≈ 6-7 GeV/c

• Strong rise in 6 < pT < 50 GeV/c

• Strong centrality dependence

• RAA at 5.02 TeV similar to 2.76 TeV

• Further constraints on medium 
properties

Hard Probes 2016 ALICE Overview X. Zhang
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• Strong modification of the spectrum 
shape in most central collisions

• Minimum at pT ≈ 6-7 GeV/c

• Strong rise in 6 < pT < 50 GeV/c

• Strong centrality dependence

• RAA at 5.02 TeV similar to 2.76 TeV

• Further constraints on medium 
properties

mid rapidity

J/ψ→e+e-

Pb-Pb at 2.76 TeV 
Pb-Pb at 5.02 TeV

forward rapidity 
mid rapidity
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Transport (TM1, Du and Rapp)
Transport (TM2, Zhou et al.)
Statistical hadronization (Andronic et al.)
Co-movers (E. Ferreiro)

ALI−PREL−118507



MinJung Kweon, Inha University FCPPL Workshop, Peking University

J/ψ v2 results

14

‣The contribution of J/ψ from (re)combination could lead to an elliptic flow 
signal at LHC → hints observed in run-1 results 

‣From hint to evidence for a non-zero v2  signal, maximum for 4<pT<6 GeV/c 
20-40% centrality 
‣A significant fraction of observed J/ψ comes from charm quarks which 

thermalized in the QGP 

ALI-PREL-118850

E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017

New J/\ v2 results

13
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� A significant fraction of observed J/\ comes from charm 
quarks which thermalized in the QGP

� From hint to evidence for a 
non-zero v2 signal, maximum for 
4<pT<6 GeV/c, 20-40% centrality

� The contribution of J/\ from 
(re)combination could lead to an
elliptic flow  signal at LHC 
Æ hints observed in run-1 results

E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017

New J/\ v2 results

14

pT
(GeV/c)
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'K=5.3 1.4V 6.2V 5.0V 3.3V 1.3V

� A significant fraction of observed J/\ comes from charm 
quarks which thermalized in the QGP

� From hint to evidence for a 
non-zero v2 signal, maximum for 
4<pT<6 GeV/c, 20-40% centrality

� The contribution of J/\ from 
(re)combination could lead to an
elliptic flow  signal at LHC
Æ hints observed in run-1 results

� Agreement, within uncertainties,
with run-1 results

Pb-Pb at 5.02 TeV 
Pb-Pb at 2.76 TeV

J/ψ→μ+μ-
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J/ψ v2 results

15

ALI-PREL-119009

Comparison closed vs open charm 
→ Learn about light vs heavy 
quark flow 

‣The contribution of J/ψ from (re)combination could lead to an elliptic flow 
signal at LHC → hints observed in run-1 results 

‣From hint to evidence for a non-zero v2  signal, maximum for 4<pT<6 GeV/c 
20-40% centrality 
‣A significant fraction of observed J/ψ comes from charm quarks which 

thermalized in the QGP 
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High-pT J/ψ

16

‣Striking difference with respect to 
low-pT J/ψ 
‣Suppression increases with 

centrality at high pT, down to 
RAA~0.3 

E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017

High-pT J/\

16

� Striking difference with respect 
to low-pT J/\

� Suppression increases with 
centrality at high pT , down    
to RAA~0.3

V. Khachatryan et al. 
(CMS), arXiv:1610.00613 ATLAS-CONF-2016-109

� RAA increases for
pT > 20 GeV/c

� Related to energy loss
effects, rather than
dissociation ?

V. Khachatryan et al. (CMS), arXiv:
1610.00613 
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ALI−PREL−118519
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High-pT J/ψ

17

‣Striking difference with respect to 
low-pT J/ψ 
‣Suppression increases with 

centrality at high pT, down to 
RAA~0.3 
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High-pT J/\

16

� Striking difference with respect 
to low-pT J/\

� Suppression increases with 
centrality at high pT , down    
to RAA~0.3

V. Khachatryan et al. 
(CMS), arXiv:1610.00613 ATLAS-CONF-2016-109

� RAA increases for
pT > 20 GeV/c

� Related to energy loss
effects, rather than
dissociation ?

 ATLAS-CONF-2016-109 
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High-pT J/\

16

� Striking difference with respect 
to low-pT J/\

� Suppression increases with 
centrality at high pT , down    
to RAA~0.3

V. Khachatryan et al. 
(CMS), arXiv:1610.00613 ATLAS-CONF-2016-109

� RAA increases for
pT > 20 GeV/c

� Related to energy loss
effects, rather than
dissociation ?

V. Khachatryan et al. (CMS), arXiv:
1610.00613 

‣RAA increases for pT > 20 GeV/c 
‣Related to energy loss effects, rather 

than dissociation?   
‣? 
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High-pT J/ψ

18

‣Striking difference with respect to 
low-pT J/ψ 
‣Suppression increases with 

centrality at high pT, down to 
RAA~0.3 

‣RAA increases for pT > 20 GeV/c 
‣Related to energy loss effects, rather 

than dissociation?   
‣RAALHC < RAARHIC → weak regeneration? 

E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017

High-pT J/\

16

� Striking difference with respect 
to low-pT J/\

� Suppression increases with 
centrality at high pT , down    
to RAA~0.3

V. Khachatryan et al. 
(CMS), arXiv:1610.00613 ATLAS-CONF-2016-109

� RAA increases for
pT > 20 GeV/c

� Related to energy loss
effects, rather than
dissociation ?

V. Khachatryan et al. (CMS), arXiv:
1610.00613 

E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017

J/\ - RHIC energy

17

� Recent highlights by STAR
� Low vs high pT J/\ suppression

� Low pT J/\, RAA
LHC>RAA

RHIC   Å strong regeneration
� High pT J/\, RAA

LHC<RAA
RHIC   Å weak (or no) regeneration

CMS

STAR
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ψ(2s) in Pb-Pb

19

Binding energy ~(2mD-mψ) → ψ(2S) ~ 60 MeV, J/ψ ~ 640 MeV  

‣Expect much stronger dissociation effects for 
the weakly bound ψ(2S) state  
‣Effect of re-combination on ψ(2S) more subtle 
→ important when the system is more diluted 
⇒Important to test models!

E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017

\(2S) in Pb-Pb

18

� Binding energy ~(2mD-m\) Æ \(2S) ~ 60 MeV, J/\ ~ 640 MeV

OD

J/\

\(2S)

� Expect much stronger dissociation effects
for the weakly bound \(2S) state

� Effect of re-combination on \(2S) more subtle
Æ important when the system is more diluted

(even hadronic?)

c c
c c

t

Important test
for models!

J/\
\(2S)

λD

Sequential suppression

10

Strongly bound states 
have smaller sizes 

Debye screening condition  
r0 > OD will occur at 
different T

state J/\ Fc \(2S)
Mass(GeV) 3.10 3.51 3.69

'E (GeV) 0.64 0.22 0.05

ro(fm) 0.50 0.72 0.90

state 8(1S) 8(2S) 8(3S)

Mass(GeV) 9.46 10.0 10.36

'E (GeV) 1.10 0.54 0.20

ro(fm) 0.28 0.56 0.78

\(2S) J/\Fc

T<Tc

Tc
\(2S) J/\Fc

T~Tc

Tc
\(2S) J/\Fc

T~1.1Tc

Tc
\(2S) J/\Fc

T>>Tc

Tc

Differences in the binding energies 
of the quarkonium states lead to a 
sequential melting of the states with 
increasing temperature 

(Digal,Petrecki,Satz PRD 64(2001) 0940150)

thermometer of the initial 
QGP temperature
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Double ratios ψ(2s)/J/ψ

20
E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017

Double ratios \(2S)/J/\

19

� (\(2S)/J/\)PbPb/ (\(2S)/J/\)pp Æ << 1 in a dissociation scenario 
� CMS (intermediate pT ), enhancement to suppression for increasing �sNN

� ALICE extends down to pT=0, suppression is seen

� Proposed mechanism (Rapp) for enhancement: \(2S) regeneration 
mainly occurring later, when radial flow is already built-up

Intermediate pT

5.02TeV
2.76TeV

V. Khachatryan et al. (CMS),
arXiv:1611.01438
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ALI−PREL−120705

V. Khachatryan et al. (CMS), arXiv:
1611.01438 

‣ (ψ(2S)/J/ψ)PbPb/ (ψ(2S)/J/ψ)pp → ≪ 1 in a dissociation scenario 
‣CMS (intermediate pT ), enhancement to suppression for increasing √sNN  

‣ALICE extends down to pT=0, suppression is seen 
‣Good compatibility at √sNN =5.02 TeV in the common pT range  

‣Proposed mechanism (Rapp arXiv:1609.04868) for enhancement: ψ(2S) regeneration 
mainly occurring later, when radial flow is already built-up 

Pb-Pb at 5.02 TeV 
Pb-Pb at 2.76 TeV
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Double ratios ψ(2s)/J/ψ
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Double ratios \(2S)/J/\

19

� (\(2S)/J/\)PbPb/ (\(2S)/J/\)pp Æ << 1 in a dissociation scenario 
� CMS (intermediate pT ), enhancement to suppression for increasing �sNN

� ALICE extends down to pT=0, suppression is seen

� Proposed mechanism (Rapp) for enhancement: \(2S) regeneration 
mainly occurring later, when radial flow is already built-up

Intermediate pT

5.02TeV
2.76TeV

V. Khachatryan et al. (CMS),
arXiv:1611.01438

‣ (ψ(2S)/J/ψ)PbPb/ (ψ(2S)/J/ψ)pp → ≪ 1 in a dissociation scenario 
‣CMS (intermediate pT ), enhancement to suppression for increasing √sNN  

‣ALICE extends down to pT=0, suppression is seen 
‣Good compatibility at √sNN =5.02 TeV in the common pT range  

‣Proposed mechanism (Rapp arXiv:1609.04868) for enhancement: ψ(2S) regeneration 
mainly occurring later, when radial flow is already built-up 

V. Khachatryan et al. (CMS), arXiv:
1611.01438 
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•Re-combination effects not strong → simpler interpretation?  

•Υ(1S) very strongly bound, Eb=(2mB-mΥ(1S)) ~ 1100 MeV → probe of hot QGP 

•Together with Υ(2S) (Eb~500 MeV) and Υ(3S) (Eb~200 MeV)  → provide (very) 
different sensitivity to the medium  

• Caveats 
1) Realistic theory description anyway not straightforward  
2) The feed-down structure of the bottomonium sector is not trivial → has an 
impact on the interpretation of the result 

Bottomonium in A-A

A. Andronic et al., Eur. Phys. J. C 76 (2016) 107

E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017

Bottomonium in A-A

32

A. Andronic et al.,
EPJC 76 (2016) 107

� For high-energy collisions, several appealing features
� Re-combination effects not strong Æ simpler interpretation?
� b(1S) very strongly bound, Eb=(2mB-mb(1S)) ~ 1100 MeV 

Æ probe of hot QGP 
� Together with b(2S) (Eb~500 MeV) and b(3S) (Eb~200 MeV)

Æ provide (very) different sensitivity to the medium

� Caveats
1) Realistic theory description anyway not straightforward
2) The feed-down structure of the bottomonium sector

is not trivial Æ has an impact on the interpretation of the results

Recent improvements thanks in particular to LHCb data!
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E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017

Bottomonium (sequential) suppression

33

� Probably the most spectacular result from quarkonia in HI at the LHC

� Recent CMS results at �s=5.02 TeV confirm the b(2S,3S) suppression
relative to the strongly bound b(1S)!

CMS-HIN-16-008

pp PbPb

E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017

Bottomonium (sequential) suppression

33

� Probably the most spectacular result from quarkonia in HI at the LHC

� Recent CMS results at �s=5.02 TeV confirm the b(2S,3S) suppression
relative to the strongly bound b(1S)!

CMS-HIN-16-008

pp PbPb

• Quarkonia in HI at the LHC - Sequential suppression?

•Recent CMS results at √s=5.02 TeV confirm the Υ(2S,3S) suppression 
relative to the strongly bound Υ(1S)! 

Bottomonium (sequential) suppression
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RAA of Υ(1S) and Υ(2S)

24

•√sNN =2.76 TeV, strong centrality dependence, up to factor ~2 and ~8 
suppression for Υ(1S) and Υ(2S), respectively 

E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017

New RAA results

34

� �sNN=2.76 TeV,  strong centrality dependence, up to factor ~2 and ~8 
suppression for b(1S) and b(2S), respectively

V. Khachatryan et al.,CMS
arXiv:1611.01510

� New CMS results at �sNN=5.02 TeV
Æ Indications for slightly stronger suppression 

CMS-PAS-HIN16-023

8 6 Summary
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Figure 5: Nuclear modification factors of U(1S), U(2S) and U(3S) mesons as a function of Npart.
The error bars represent the statistical and the boxes the systematic uncertainties. The black box
near the dashed line at unity represents the global uncertainty in pp luminosity and PbPb NMB
which applies to both U(1S) and U(2S) states. The red and blue boxes show the uncertainties of
pp yields for U(1S) and U(2S) states, respectively. The global uncertainties for the U(3S) results
are embedded in the upper limit computation. For the centrality-integrated results in the right
sub-panel, the systematic uncertainty values include the global uncertainties.

• New CMS results at √sNN =5.02 TeV  
→ Indications for slightly stronger suppression 

CMS-PAS-HIN16-023 

Pb-Pb at 2.76 TeV 
Pb-Pb at 5.02 TeV

V. Khachatryan et al. (CMS), arXiv:
1611.01510 
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RAA vs y of Υ(1S)

25

•CMS → hints for more suppression at √sNN =5.02 TeV  
•ALICE → hints for less suppression at √sNN =5.02 TeV  
•Compare RAA vs y for the two experiments in a single plot

E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017

RAA vs y: ALICE and CMS b(1S)

35

V. Khachatryan et al.,
CMS arXiv:1611.01510

� ALICE Æ hints for less suppression at �sNN= 5.02 TeV
� CMS Æ hints for more suppression at �sNN= 5.02 TeV

� Compare RAA vs y for the two experiments in a single plot

CMS-PAS-HIN16-023 B. Abelev et al., (ALICE)
PLB738 (2014) 361

CMS-PAS-HIN16-023 

E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017

RAA vs y: ALICE and CMS b(1S)

35

V. Khachatryan et al.,
CMS arXiv:1611.01510

� ALICE Æ hints for less suppression at �sNN= 5.02 TeV
� CMS Æ hints for more suppression at �sNN= 5.02 TeV

� Compare RAA vs y for the two experiments in a single plot

CMS-PAS-HIN16-023 B. Abelev et al., (ALICE)
PLB738 (2014) 361
B. Abelev et al., (ALICE) PLB738 
(2014) 361

Pb-Pb at 2.76 TeV 
Pb-Pb at 5.02 TeV

Pb-Pb at 5.02 TeV 
Pb-Pb at 2.76 TeV
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RAA vs y of Υ(1S)
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•Suppression increases with rapidity at √sNN=2.76 TeV 
•Suppression constant vs rapidity at √sNN=5.02 TeV 
•√sNN=2.76 TeV: typical features of a (re)generation pattern, which seems to 

vanish at √sNN=5.02 TeV 
•Systematic uncertainties not negligible 

E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017
36

� Suppression increases with y at �sNN=2.76 TeV
� Suppression constant vs y at �sNN=5.02 TeV

� �sNN=2.76 TeV: typical features of a (re)generation pattern,
which seems to vanish at �sNN=5.02 TeV

� Systematic uncertainties not negligible
� Can the y-dependence of CNM effects play a role? Not likely

RAA vs y: ALICE and CMS b(1S)

E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017
36

� Suppression increases with y at �sNN=2.76 TeV
� Suppression constant vs y at �sNN=5.02 TeV

� �sNN=2.76 TeV: typical features of a (re)generation pattern,
which seems to vanish at �sNN=5.02 TeV

� Systematic uncertainties not negligible
� Can the y-dependence of CNM effects play a role? Not likely

RAA vs y: ALICE and CMS b(1S)

CMS

ALICE
CMS ALICE

2.76 TeV 5.02 TeV
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RAA vs y of Υ(1S)
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•Suppression increases with rapidity at √sNN=2.76 TeV 
•Suppression constant vs rapidity at √sNN=5.02 TeV 
•√sNN=2.76 TeV: typical features of a (re)generation pattern, which seems to 

vanish at √sNN=5.02 TeV 
•Systematic uncertainties not negligible 
•Can the rapidity-dependence of CNM effects play a role? Not likely

E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017
37

RAA vs y: ALICE and CMS b(1S)

� Suppression increases with y at �sNN=2.76 TeV
� Suppression constant vs y at �sNN=5.02 TeV

� �sNN=2.76 TeV: typical features of a (re)generation pattern,
which seems to vanish at �sNN=5.02 TeV

� Systematic uncertainties not negligible
� Can the y-dependence of CNM effects play a role? Not likely

E. Scomparin, Quarkonium production in AA collisions, QM2017, Chicago, February 2017
37

RAA vs y: ALICE and CMS b(1S)

� Suppression increases with y at �sNN=2.76 TeV
� Suppression constant vs y at �sNN=5.02 TeV

� �sNN=2.76 TeV: typical features of a (re)generation pattern,
which seems to vanish at �sNN=5.02 TeV

� Systematic uncertainties not negligible
� Can the y-dependence of CNM effects play a role? Not likely

2.76 TeV 5.02 TeV
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RAA vs pT of Υ(1S)
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•Both CMS and ALICE measure weak or no dependence of RAA vs pT  

•Fair agreement with theoretical model (Strickland) 

)c (GeV/
T
p

0 2 4 6 8 10 12 14

AA
R

0

0.2

0.4

0.6

0.8

1

1.2

 5% ±, 2.5 < y < 4, centrality:0-90%           global sys.= -µ+µ →(1S) ϒInclusive 

Strickland et al., arXiv:1605.03561
/s = 1ηπ4
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/s = 3ηπ4

 = 5.02 TeVNNsALICE Preliminary, Pb-Pb 

ALI-PREL-117949
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RAA vs pT: ALICE and CMS b(1S)
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� Both CMS and ALICE measure weak or no dependence of RAA vs pT
� Fair agreement with theoretical model (Strickland)

V. Khachatryan et al.,
CMS arXiv:1611.01510

CMS-PAS-HIN16-023

CMS-PAS-HIN16-023 
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•Charmonia (J/ψ, ψ(2S)) 
Firm evidence for J/ψ elliptic flow and strong re-generation effects 
→ Charm quarks thermalization in the deconfined medium 

•Bottomonia (Υ(1S), Υ(2S), Υ(3S))  
Suppression effects strongly correlated with binding energy 
→ Evidence for resonance melting in a hot QGP

ATLAS-CONF-2015-050 



Thank you for your attention!
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Experimental evidence for direct Υ(1S) suppression?
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•Direct Υ(1S) suppression implies QGP temperatures at least ~2 TC 
•Experimental evidence for direct Υ(1S) suppression needs control over 

- Feed-down from S and P bottomonium states  
Recent LHCb results imply a ~ 30% effect at (fairly) low pT in pp 

- Size of CNM effects → weak but not precisely known 

ATLAS-CONF-2015-050 

•Starting from CMS results and assuming 
all the remaining Pb-Pb Υ(1S) are direct  

RAAincl Υ(1S) ~ 0.36 
RAAdirect Υ(1S) ~ 0.36/0.7 = 0.51  
CNM effects (-1σ level) 
→ (RpA -1σ)2 ~ 0.82=0.64  

•Experimental indication for direct Υ(1S) 
suppression!
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Experimental evidence for 

direct b(1S) suppression ?
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� Direct b(1S) suppression implies QGP temperatures at least ~2 Tc, 

� Experimental evidence for direct b(1S) suppression needs control over

� Feed-down from S and P bottomonium states

Recent LHCb results imply a ~ 30% effect at (fairly) low pT in pp
� Size of CNM effects Æ weak but not precisely known

� Starting from CMS results and assuming 

all the remaining Pb-Pb b(1S) are direct

RAA
incl b(1S) ~ 0.36

RAA
direct b(1S) ~ 0.36/0.7 = 0.51

CNM effects (-1V level)

Æ (RpA -1V)2 ~ 0.82=0.64

ATLAS-CONF-2015-050

� Experimental indication for direct b(1S) suppression!
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Figure 1. Charmonium production in Pb-Pb collisions at
√
sNN=2.76 TeV within the

kinetic rate equation approach. Left panel: centrality dependence of the double ratio
RAA(ψ(2S))/RAA(J/ψ) for pT>6.5GeV and |y|<1.6 (blue band) as well as pT>3GeV and
1.6<|y|<2.4 (red band), compared to CMS data [7]. Right panel: pT dependence of the
individual J/ψ and ψ(2S) RAA’s for central collisions. A 10% shadowing is assumed in the
pT -spectra according to EPS09 NLO [12].

not fully reproduced. Nevertheless, the marked increase of the double ratio beyond one remains
a key signature of the sequential regeneration mechanism, whereby most of the ψ(2S) are formed
later in the evolution, thus being blue-shifted to pT above 3GeV (red band). The regenerated
J/ψ are mostly concentrated at momenta pT ≤3GeV, consistent with ALICE data [13]. On
the other hand, for pT >6.5GeV (blue band), the regeneration component has essentially faded
away (being exponentially suppressed relative to the primordial power-law spectra), and the
stronger suppression of the primordial ψ(2S) relative to the J/ψ leads to a double ratio below
one. The explicit pT dependence of the ψ(2S) and J/ψ RAAs for central Pb-Pb is depicted in
the right panel of Fig. 1.

The largest contribution to the uncertainty bands in Fig. 1 is due to the choice of the average
temperature, T̄reg, at which the blast-wave expression is evaluated, representing the window
where most of the regeneration occurs. From the time dependence of the regeneration yields
we estimate T̄reg≃160-165MeV for the ψ(2S) and T̄reg≃180-200MeV for the J/ψ [8] which can

describe the ALICE data for RJ/ψ
AA (pT ) at 2.76TeV [14]. We also varied the initial spectra by

inclusion of a moderate Cronin effect with a broadening parameter of up to agN=0.2GeV2/fm.

4. Predictions for 5.02TeV
For our predictions at

√
sNN=5.02 TeV, we implement the following changes. The charged

particle multiplicity, i.e., Stot, is increased by 22.5% [15], yielding an increase of ∼7% for the
initial temperature. Using experimental [16] and theoretical [17] results as guidance, the charm
cross section in pp, dσcc̄

dy , is increased by ∼40%, from 0.65(0.59) mb to 0.92(0.84) mb at mid-

(forward) rapidity, and likewise for charmonia. Their initial pT spectra in pp are updated
(somewhat harder than at 2.76 TeV), and a 10% additional shadowing is assumed. Finally, for
the J/ψ blast-wave spectra, we found that a somewhat lower temperature range of T=179-
181MeV (representing a time window around the mixed phase) better describes the preliminary
ALICE dimuon data for the J/ψ RAA(pT ) at 5.02 TeV as presented at this meeting [18].

The resulting RAA double ratios for the different pT cuts show a trend of moving closer
together (see left panel of Fig. 2). Due to the increase in transverse flow, more regenerated J/ψ
are pushed beyond the pT>3GeV thus suppressing the red band, while more ψ(2S) are pushed
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Figure 2. Same as Fig. 1 but for Pb-Pb collisions at
√
sNN=5.02TeV.

beyond pT>6.5GeV thus enhancing the blue band, cf. also the individual RAA(pT )’s in the right
panel of Fig. 2.

5. Conclusions
In summary, the application of a kinetic rate equation approach to charmonium production in
HICs suggests a scenario where ψ(2S) states are regenerated significantly later in the fireball
evolution than J/ψ mesons. This emerges from inelastic reaction rates which are significantly
larger for the ψ(2S) than the J/ψ in the later (hadronic) stages of the fireball. This “sequential
regeneration” is a direct consequence of sequential suppression plus detailed balance. We have
found that the phenomenological implications of this scenario can help to explain the puzzling
observation of the CMS ψ(2S)-to-J/ψ RAA double ratio.
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increase in suppression for forward rapidities, which is due to the increased plateau halfwidth used in
the initial conditions.

Figure 3. (Color online) Inclusive U(1S) state calculated with feed down contributions from
excited states. Here we show a comparison between

p
sNN = 2.76 TeV and

p
sNN = 5.023 TeV

collision energies.
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Figure 4. (Color online) Inclusive U(1S) state calculated with feed down contributions from
excited states. Here we show a comparison between

p
sNN = 2.76 TeV and

p
sNN = 5.023 TeV

collision energies.

In Figures 5–7, we collect our predictions for the U(1S) and U(2S) inclusive RAA forp
sNN = 5.023 TeV collision energy. The line styles are the same as in the previous figures. As can

be seen from these figures, we also predict further suppression of the U(2S) at
p

sNN = 5.023 TeV
as a function of Npart, pT , and y. Finally, in Figure 8, we plot the inclusive U(1S) suppression as a
function of Npart for the case 4ph/s = 1, but now varying the initial momentum-space anisotropy x0
of the QGP. The solid (black) line shows the case x0 = 0, which corresponds to a QGP that is perfectly
isotropic at t0. The short-dashed (red) line and long-dashed (blue) lines correspond to x0 = 10 and
x0 = 50, respectively. The finite values of x0 map to initial pressure anisotropies in the local rest frame
of PL/PT = 0.13 and 0.03, respectively. The presence of an initial momentum-space anisotropy is
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sNN = 5.023 TeV collision energy. The line styles are the same as in the previous figures. As can

be seen from these figures, we also predict further suppression of the U(2S) at
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as a function of Npart, pT , and y. Finally, in Figure 8, we plot the inclusive U(1S) suppression as a
function of Npart for the case 4ph/s = 1, but now varying the initial momentum-space anisotropy x0
of the QGP. The solid (black) line shows the case x0 = 0, which corresponds to a QGP that is perfectly
isotropic at t0. The short-dashed (red) line and long-dashed (blue) lines correspond to x0 = 10 and
x0 = 50, respectively. The finite values of x0 map to initial pressure anisotropies in the local rest frame
of PL/PT = 0.13 and 0.03, respectively. The presence of an initial momentum-space anisotropy is


