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Quarkonium: 𝐜𝐡𝐚𝐫𝐦𝐨𝐧𝐢𝐮𝐦 𝐜*𝒄 𝐚𝐧𝐝 𝐛𝐨𝐭𝐭𝐨𝐦𝐨𝐧𝐢𝐮𝐦 (𝒃1𝒃):
• mc = 1.2-1.4 GeV/c2, mb = 4.6-4.9 GeV/c2 > ΛQCD dominantly produced at early stage
Quarkonium suppression, was suggested as a signature of the QGP formation 
in heavy-ion collisions:
• Color screening: quark-antiquark potential is color-screened by the surrounding partons

è Suppression of quarkonium 

• “Thermometer”: different states dissociate at different temperature è Sequential melting 

Quarkonium as a Probe of QGP

Matsui, Satz; PLB 178 (1986) 416

H. Satz, Nucl. Phys. A 783 (2007)



However, various effects complicate the picture:

• Regeneration: 
• Recombination of deconfined quarks

• Cold Nuclear Matter (CNM) effects: 
• nPDF: shadowing/anti-shadowing 
• Energy loss
• Nuclear absorption
• Interaction with co-movers…

• Feed–down contributions:

Quarkonium as a Probe of QGP
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Co-Movers
Nuclear absorption

J.-P. Lansberg, arXiv:1903.09185 
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MAGNET TOFMTD  

The Solenoidal Tracker At RHIC (STAR)
BEMC TPCEEMC  VPD BBC

• TPC (Time Projection Chamber): tracking, momentum, dE/dx
• TOF (Time-Of-Flight):  measure time-of-flight
• BEMC (Barrel Electromagnetic Calorimeter): trigger on and identify electron
• MTD (Muon Telescope Detector) (|η|<0.5, φ~45%):

trigger on and identify muon
o muon suffer less Bremsstrahlung than electron
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Charmonium production at 200 GeV 
in different systems: 

1. p+p collisions 
2. p+Au collisions

3. Au+Au collisions
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J/ψ in p+p collisions

CGC+NRQCD, Ma & Venugopalan, PRL 113 (2014) 192301 
NLO+NRQCD, Shao et al., JHEP 05 (2015) 103
CEM, V. D. Barger. W. Y. Keung, and R. J. Phillips, PLB 91 (1980) 253

STAR, Phys. Lett. B 786 (2018) 87

Inclusive J/ψ cross-section measured in 
0<pT<14 GeV/c:
Ø Consistent with previous measurements but 

with a better precision

Ø CEM and NLO NRQCD calculations 
• describe the data well for the applicable pT ranges 

Ø CGC + NRQCD calculations 
• lower boundary touches data within uncertainties 
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J/ψ in p+Au collisions

The J/ψ RpAu measurement at 
RHIC:
ØJ/ψ suppressed due to the CNM effects

EPS09+NLO, Ma & Vogt, Private Comm. 
nCTEQ, EPS09+NLO, Lansberg & Shao, Eur. Phys. J. C77 (2017) 1 
Comp. Phys. Comm. 198 (2016) 238 
Comp. Phys. Comm. 184 (2013) 2562
Ferreriro et al., Few Body Syst. 53 (2012) 27 

J/ψ RpAu vs. pT
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J/ψ in p+Au collisions

The J/ψ RpAu measurement at 
RHIC:
ØJ/ψ suppressed due to the CNM effects

ØModels only considering nPDF + energy 
loss effects can not well describe data 

EPS09+NLO, Ma & Vogt, Private Comm. 
nCTEQ, EPS09+NLO, Lansberg & Shao, Eur. Phys. J. C77 (2017) 1 
Comp. Phys. Comm. 198 (2016) 238 
Comp. Phys. Comm. 184 (2013) 2562
Ferreriro et al., Few Body Syst. 53 (2012) 27 

J/ψ RpAu vs. pT
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J/ψ in p+Au collisions

The J/ψ RpAu measurement at 
RHIC:
ØJ/ψ suppressed due to the CNM effects

ØModels only considering nPDF + energy 
loss effects can not well describe data 

Ø Model with additional nuclear 
absorption is favored by data

EPS09+NLO, Ma & Vogt, Private Comm. 
nCTEQ, EPS09+NLO, Lansberg & Shao, Eur. Phys. J. C77 (2017) 1 
Comp. Phys. Comm. 198 (2016) 238 
Comp. Phys. Comm. 184 (2013) 2562
Ferreriro et al., Few Body Syst. 53 (2012) 27 

J/ψ RpAu vs. pT
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J/ψ in Au+Au collisions

Ø More suppression towards central collisions 
• Interplay of CNM effects, dissociation, 

and regeneration

RAA vs. Centrality

more central collision
peripheral central

STAR, Phys. Lett. B 797 (2019) 134917

ALICE, PLB 734 (2014) 314 

Low pT J/ψ
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J/ψ in Au+Au collisions

Ø More suppression towards central collisions 
• Interplay of CNM effects, dissociation, 

and regeneration

ØAt peripheral collisions, similar suppression 
at RHIC as at LHC

RAA vs. Centrality

more central collision
peripheral central

STAR, Phys. Lett. B 797 (2019) 134917

ALICE, PLB 734 (2014) 314 

Low pT J/ψ
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J/ψ in Au+Au collisions

Ø More suppression towards central collisions 
• Interplay of CNM effects, dissociation, 

and regeneration

ØAt peripheral collisions, similar suppression 
at RHIC as at LHC

ØAt semi-central and central collisions, more 
suppressed at RHIC than at LHC

RAA vs. Centrality

more central collision
peripheral central

STAR, Phys. Lett. B 797 (2019) 134917

ALICE, PLB 734 (2014) 314 

Low pT J/ψ
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J/ψ in Au+Au collisions
RAA vs. Centrality

more central collision
peripheral central

STAR, Phys. Lett. B 797 (2019) 134917

High pT J/ψ

CMS, Eur. Phys. J. C 77 (2017) 252

ØCNM and regeneration effects are small, 
color screening effect dominant !!!
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J/ψ in Au+Au collisions
RAA vs. Centrality

more central collision
peripheral central

STAR, Phys. Lett. B 797 (2019) 134917

High pT J/ψ

CMS, Eur. Phys. J. C 77 (2017) 252

ØResults from dimuon and dielectron 
channel are consistent
• More suppression towards central 

collisions, similar trend as at LHC
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J/ψ in Au+Au collisions
ØResults from dimuon and dielectron 

channel are consistent
• More suppression towards central 

collisions, similar trend as at LHC

ØAt most central collisions:
• A factor of 3.1 ( ~8.5 σ ) suppression à

a strong evidence of dissociation due to 
the color screening effect

RAA vs. Centrality

more central collision
peripheral central

STAR, Phys. Lett. B 797 (2019) 134917

High pT J/ψ

CMS, Eur. Phys. J. C 77 (2017) 252
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J/ψ in Au+Au collisions
ØResults from dimuon and dielectron 

channel are consistent
• More suppression towards central 

collisions, similar trend as at LHC

ØAt most central collisions:
• A factor of 3.1 ( ~8.5 σ ) suppression à

a strong evidence of dissociation due to 
the color screening effect

Ø At semi-central collisions:
• Systematically less suppressed than at 

LHC ßà lower dissociation rate due to 
lower temperature at RHIC than at 
LHC

RAA vs. Centrality

more central collision
peripheral central

STAR, Phys. Lett. B 797 (2019) 134917

High pT J/ψ

CMS, Eur. Phys. J. C 77 (2017) 252
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J/ψ in Au+Au collisions

Both Transport Models include the regeneration and feed-down contributions, 𝑇!
"#$~ 330 𝑀𝑒𝑉

Tsinghua Model: gluon-dissociate mechanism, dissociate rate = 100% when T >~Tdissociate, hydrodynamically evolving medium 
TAMU Model:    quasi-free dissociation mechanism + energy loss, T-dependent dissociate rate, fireball medium, CNM effects
SH Model:          feed-down from higher excited states is included, but from b hadron is not included, hydrodynamically evolving medium 

Low pT J/ψ :
Ø Both transport models (Tsinghua and TAMU) can 

well describe the data
Ø Statistical Hadronization Model fails to describe the 

peripheral collisions

High pT J/ψLow pT J/ψ

High pT J/ψ :
Ø Both transport models (Tsinghua and TAMU) 

show clear deviation to data
Tsinghua Model: PLB 678 (2009) 72m, Tsinghua at LHC: PRC 89 (2014) 054911 
TAMU Model:    PRC 82 (2010) 064905, TAMU at LHC: NPA 859 (2011) 114 
SHM:                   Nature 561 (7723) (2018) 321–330 
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Bottomonium production at 200 GeV 
in different systems: 

1. p+p collisions 
2. p+Au collisions

3. Au+Au collisions



𝛶 in p+p collisions at 200 GeV
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• Follows the trend predicted by NLO pQCD + CEM calculations
• Provide a precise base line for 𝛶 study in p+Au and Au+Au collisions
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𝛶 in p+p collisions at 200 GeV
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• Follows the trend predicted by NLO pQCD + CEM calculations
• Provide a precise base line for 𝛶 study in p+Au and Au+Au collisions
• Narrower rapidity distribution than NLO CEM calculation
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𝛶 RpA from RHIC 

The first measurement of 𝛶 RpAu at RHIC:
• Better precision compared to published data
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𝛶 RpA from RHIC 

The first measurement of 𝛶 RpAu at RHIC:
• Better precision compared to published data

• Indication of 𝛶 suppression due to CNM 

• No clear rapidity dependence
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𝛶 RpA from RHIC 

The first measurement of 𝛶 RpAu at RHIC:
• Better precision compared to published data

• Indication of 𝛶 suppression due to CNM 

• No clear rapidity dependence

• Model calculations only considering nPDF and 
energy loss effects can not well describe data
• Other effects are needed
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𝛶 results in Au+Au collisions from: dielectron vs. dimuon
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ØResults from di-muon and di-electron channels are consistent within uncertainty 
è Combine results from two decay channels

World-wide measured:
𝛶(2S+3S)/𝛶(1S) = 0.423 ± 0.009
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RAA: 𝛶(1S) 

𝛶(1S): 
• Stronger suppression in semi-

central and central collisions 
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RAA: 𝛶(1S) vs. 𝛶(2S+3S) 
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𝛶(1S): 
• Stronger suppression in semi-

central and central collisions 

𝛶(2S+3S):
• Similar suppression as 𝛶(1S) in 

peripheral collisions 
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RAA: 𝛶(1S) vs. 𝛶(2S+3S) 
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𝛶(1S): 
• Stronger suppression in semi-

central and central collisions 

𝛶(2S+3S):
• Similar suppression as 𝛶(1S) in 

peripheral collisions 

• More suppression than 𝛶(1S) in 
most central collisions 
çè “sequential melting”
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CMS, PLB 770 (2017) 357 

𝛶(1S) suppression is similar at RHIC 
and LHC energy !
• TRHIC < TLHC, 𝑹𝒂𝒕𝒆𝒅𝒊𝒔𝒐.𝑹𝑯𝑰𝑪 < 𝑹𝒂𝒕𝒆𝒅𝒊𝒔𝒐.𝑳𝑯𝑪

• 𝑹𝒂𝒕𝒆𝒓𝒆𝒄𝒐𝒎𝒃.
𝑹𝑯𝑰𝑪 < 𝑹𝒂𝒕𝒆𝒓𝒆𝒄𝒐𝒎𝒃.

𝑳𝑯𝑪

• Feed-down?

• CNM effects?
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𝛶(1S) RAA: RHIC vs. LHC

CDF, PRL 84 (2000) 2094
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Excited 𝛶 states RAA: RHIC vs. LHC

partN
0 100 200 300 400

A
A

R

0

0.2

0.4

0.6

0.8

1

1.2

1.4 30-60% 10-30% 0-10%

(2S+3S): STAR Au+Au@200 GeV, |y|<0.5¡
(2S): CMS Pb+Pb@2.76 TeV, |y|<2.4¡
(3S): CMS Pb+Pb@2.76 TeV, |y|<2.4¡

 uncertaintycollN

STAR Preliminary

 uncertaintycollN

95% C. L.

(2S+3S): STAR Au+Au@200 GeV, |y|<0.5¡
(2S): CMS Pb+Pb@2.76 TeV, |y|<2.4¡
(3S): CMS Pb+Pb@2.76 TeV, |y|<2.4¡

CMS, PLB 770 (2017) 357 

𝛶(2S+3S) RAA at RHIC compared to 
𝛶(2S), 𝛶(3S) RAA at LHC:
• Similar suppression at semi-central and 

central collisions 

• Indication of less suppression at RHIC 
than at LHC for the most peripheral 
collisions

STAR: 𝛶(2S+3S) RAA: 0.35 ± 0.08 (stat.) ± 0.10 (sys.) ( 0 < pT < 10 GeV/c, 0-60%.  )               
CMS:  𝛶(2S) RAA:        0.08 ± 0.05 (stat.) ± 0.03 (sys.) ( 0 < pT < 5 GeV/c,   0-100% )
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Compared to models

• Both models show good 
agreement with 𝛶(1S) RAA  

• Rothkopf model seems to 
underestimate the 𝛶(2S+3S) 
RAA in 30-60% centrality 

Rothkopf Model: Krouppa, Rothkopf, Strickland, PRD 97, 016017 (2018) 

• lattice QCD vetted potential embedded in hydrodynamically evolving medium
• no CNM or regeneration effects 
• 𝛶(1S), 𝛶(2S), 𝛶(3S) melt at T = 600, 230, 170 MeV 

Rapp Model: X. Du, M. He, and R. Rapp, PRC 96, 054901 (2017)

• both quasi-free and gluo-dissociate mechanism  
• binding energies predicted by thermodynamic T-matrix calculations with internal energy potentials 
• include CNM and regeneration effects 
• 𝛶(1S), 𝛶(2S), 𝛶(3S) melt at T = 500, 240, 190 MeV 

RHIC (0.2 TeV) LHC (2.76 TeV)

𝑻𝟎
𝑸𝑮𝑷 (Rothkopf) 439-442 544-552 MeV

𝑻𝟎
𝑸𝑮𝑷 (Rapp) 313 520-750 MeV
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Can models consistently describe 𝛶(1S) RAA at RHIC and LHC?
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CMS: PLB 770, 357 (2017)
X. Du, M. He, and R. Rapp: PRC 96, 054901 (2017)
B. Krouppa, A. Rothkopf, M. Strickland: PRD 97, 016017 (2018) 

• Both Rapp and Rothkopf models can consistently describe the suppression of 
𝛶(1S) from RHIC to LHC energies    
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(2S): CMS Pb+Pb@2.76 TeV, |y|<2.4¡

• Both Rapp and Rothkopf models can consistently describe the suppression of 
excited 𝛶 states in semi-central and central collisions from RHIC to LHC energies 

• Rothkopf model underestimates 𝛶(2S+3S) RAA in 30-60% centrality at RHIC
• Rapp model overestimate 𝛶(2S) RAA at most peripheral collisions at LHC

Can models consistently describe excited 𝛶 states RAA at RHIC and LHC?

CMS: PLB 770, 357 (2017)
X. Du, M. He, and R. Rapp: PRC 96, 054901 (2017)
B. Krouppa, A. Rothkopf, M. Strickland: PRD 97, 016017 (2018) 
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Ø p+p collisions at 𝒔 = 𝟐𝟎𝟎 GeV:
• Cross section can be described by CEM and NLO NRQCD
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Ø p+p collisions at 𝒔 = 𝟐𝟎𝟎 GeV:
• Cross section can be described by CEM and NLO NRQCD

Ø p+Au collisions at 𝒔𝑵𝑵 = 𝟐𝟎𝟎 GeV:
• J/ψ, ϒ suppressed due to CNM effects, nPDF + energy loss + additional effects
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Ø p+p collisions at 𝒔 = 𝟐𝟎𝟎 GeV:
• Cross section can be described by CEM and NLO NRQCD

Ø p+Au collisions at 𝒔𝑵𝑵 = 𝟐𝟎𝟎 GeV:
• J/ψ, ϒ suppressed due to CNM effects, nPDF + energy loss + additional effects

Ø Au+Au collisions at 𝒔𝑵𝑵 = 𝟐𝟎𝟎 GeV:
• low pT J/ψ more suppressed at RHIC than at LHC çè Less regeneration at RHIC
• high pT J/ψ less suppressed at RHIC than at LHC çè Lower temperature at RHIC
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Ø p+p collisions at 𝒔 = 𝟐𝟎𝟎 GeV:
• Cross section can be described by CEM and NLO NRQCD

Ø p+Au collisions at 𝒔𝑵𝑵 = 𝟐𝟎𝟎 GeV:
• J/ψ, ϒ suppressed due to CNM effects, nPDF + energy loss + additional effects

Ø Au+Au collisions at 𝒔𝑵𝑵 = 𝟐𝟎𝟎 GeV:
• low pT J/ψ more suppressed at RHIC than at LHC çè Less regeneration at RHIC
• high pT J/ψ less suppressed at RHIC than at LHC çè Lower temperature at RHIC
• ϒ(2S+3S) more suppressed than ϒ(1S) in central collisions çè Sequential melting
• ϒ(1S) similar suppression at RHIC and LHC, ϒ(2S+3S) less suppressed at RHIC

than at LHC çè interplay of cold/hot nuclear matter effects on direct + feed-down
contributions



THANK YOU !!
Be Safe !!!
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Backup
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1. Event
Trigger 2.

Reconstruct
tracks

4. eID with
EMC: p/E, Position
TPC: dE/dx

5. Make pairs

3. Match
tracks with

EMC clusters

Upsilon reconstruction via 𝚼 → 𝐞!𝐞"

The high tower trigger is to trigger on those events with high
energy particles hitting on BEMC



Advantage and Challenge of 𝛶 Measurements at RHIC
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ØAdvantages:
q Less recombination contributions

q Pre-𝛶 (𝒃#𝒃) has higher chance to survive than pre-J/ψ (𝐜%𝒄) when passing through 
the nuclear remnant:

q 𝛶(1S) is less affected by co-mover absorption than J/ψ

At central AA 
collisions

RHIC 
(200 GeV)

LHC 
(2.76 GeV)

#c ̅𝑐/𝑒𝑣𝑒𝑛𝑡 ~13 ~115

#b+𝑏/𝑒𝑣𝑒𝑛𝑡 ~0.1 3
https://indico.cern.ch/event/355454/contributions/838966/

ØChallenge:        small production cross section 

[A. Emerick, X. Zhao and R. Rapp: EPJ A48, 72 (2012)] 
[X. Du, M. He, and R. Rapp: PRC 96, 054901 (2017)]

E. Ferreiro, et al., PoS 157 (2012) 159

Z. Lin, C. Ko, PLB 503 (2001) 104

à A cleaner probe at RHIC
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The Barrel Electromagnetic Calorimeter (BEMC)

A BEMC Module

Beam Beam Counter(BBC):
• high-Eta particles 
• MB trigger, coincidence between BBC-East and BBC-West
Vertex Position Detector (VPD):
• Pb+scintillator+photo-multiplier tubes
• Resolution: 4cm(120ps) in pp, 1.6cm(54ps) in dAu, 7mm(23ps) in 

AuAu
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Upsilon RAA vs. pT

𝛶(1S) 𝛶(2S+3S)
𝛶(1S), 𝛶(2S+3S) RAA:  
• No significant pT dependence
• 1S consistent with LHC 

results 
• 2S+3S less suppressed than 

LHC
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At central AA 
collisions

RHIC 
(200 GeV)

LHC 
(2.76 GeV)

#c ̅𝑐/𝑒𝑣𝑒𝑛𝑡 ~13 ~115

#b1𝑏/𝑒𝑣𝑒𝑛𝑡 ~0.1 3

https://indico.cern.ch/event/355454/contributions/838966/ PhysRevLett.99.211602

Upsilon(1S) feed down fractions measured at 
High pT (pT>8 GeV/c) CDF, PRL 84 (2000) 2094

https://arxiv.org/ct%3Furl=http%253A%252F%252Fdx.doi.org%252F10%25252E1103%252FPhysRevLett%25252E99%25252E211602&v=cea8d616
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CMS, EPJC:10.1140
(PLB 766 (2017), 212

Jpsi measurements at LHC
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At LHC:
• Signs of significant kinetic equilibration of charm 

with the medium: a finite elliptic J/psi flow

At RHIC:
• No significant sign of equilibration 

observed: Elliptic flow consistent with zero

Elliptic flow: 
J/ψ from recombination should inherit the charm flow è positive v2
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JHEP 04, 103 (2014), CMS-HIN-13-003

ATLAS: Eur. Phys. J. C 78 (2018) 171
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More suppression with higher collision energy • Stronger suppression towards mores central collisions
• Excited states suppressed more than ground state, 

consist with sequential suppression picture
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