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✗ Quarkonia and heavy flavor 
measurements in d+Au and A+A 
collisions and different energies

✗ Prospects

Outline
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STAR EXPERIMENT
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✓ Large acceptance:

• |η| < 1, 0 < φ < 2π
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PHENIX EXPERIMENT
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✗ Still unknown production mechanism in elementary collisions - 
measure pT spectra and polarization

✗ Feed-down 
‣ prompt J/ψ production:

‣ direct J/ψ (~60%), feed down from ψ’ (~10%) and χC (~30%) decays

‣ non-prompt: B-mesons feed-down (10-25% at 4-12 GeV/c, STAR, Phys. 

Lett. B722 (2013) 55)

✗ Cold Nuclear Matter (CNM) effects - nuclear (anti-)shadowing, 
Cronin effect, nuclear absorption, initial-state parton energy loss, ...

✗ Other Hot Nuclear Matter effects – statistical coalescence, ...

Quarkonia at RHIC
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✓ Quarkonia suppression in QGP in heavy-ion collisions due to color 
screening

✓ Complications: 

✓ Suppression of different states is determinate by TC and their 
binding energy -  QGP thermometer
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How to disentangle color screening vs 
CNM effects vs recombination

‣ J/ψ production vs energy - 
varying relative contributions

‣ High-pT J/ψ - almost not 
affected by Nucl. Abs. and 
recombination

6

‣ Υ rare but clearer probe 
compare to J/ψ – negligible 
co-mover absorption and 
recombination

‣ Quarkonia in d+Au – 
investigate CNM 
effects



A+A

J/ψ
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✓ J/ψ v2 is consistent with zero at  pT > 2 GeV/c 

• disfavors the case that J/ψ with pT > 2 GeV/c are produced dominantly by 
coalescence from thermalized (anti-)charm quarks

J/ψ in Au+Au at 200 GeV at mid-rapidity

[31]  L. Yan, P. Zhuang, and N. Xu, Phys. Rev. Lett. 97 (2006) 232301
[32] V. Greco, C.M. Ko, and R. Rapp, Phys. Lett. B 595 (2004) 202
[34] X. Zhao and R. Rapp, Phys. Lett. B 655 (2007) 126
[35] Y. Liu, N. Xu, and P. Zhuang, Nucl. Phys. A 834 (2010) 317c
[36] U. W. Heinz and C. Chen, private communication (2012)
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✓ At low pT J/ψ spectra softer than the TBW prediction from light hadron

• Small radial flow

• Recombination at low pT

?
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● Both models describe the 
data at low pT

✓ High-pT RAA is systematically 
higher

✓ High-pT  J/ψ suppressed in 
central collisions

• QGP effects ?
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Y.Liu et al., Phys. Lett. B, 678 (2009) 72
Zhao, Rapp, Phys. Rev. C 82 (2010) 064905

PHENIX: Phys. Rev. Lett. 98 (2007) 232301
STAR high-pT : Phys. Lett. B 722 (2013) 55
STAR low-pT : arxiv:1310.3563 

J/ψ RAA vs Npart in Au+Au at 200 GeV at mid-rapidity

✓ Theoretical calculations

• color screening + statistical regeneration + CNM

• Zhao et. al: + formation-time effect and B-hadron feed-down

✓ Suppression increases with 
collision centrality and 
decreases with pT
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● Both models describe the 
data at low pT

● At high pT Liu et al. model 
describes the data well, while 
Zhao et. al model 
underpredicts the RAA
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Y.Liu et al., Phys. Lett. B, 678 (2009) 72
Zhao, Rapp, Phys. Rev. C 82 (2010) 064905

PHENIX: Phys. Rev. Lett. 98 (2007) 232301
STAR high-pT : Phys. Lett. B 722 (2013) 55
STAR low-pT : arxiv:1310.3563 

J/ψ RAA vs Npart in Au+Au at 200 GeV at mid-rapidity

✓ No suppression at high-pT 
Cu+Cu

✓ Suppression increases with 
collision centrality and 
decreases with pT

✓ High-pT RAA is systematically 
higher

✓ High-pT  J/ψ suppressed in 
central collisions

• QGP effects ?
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● Qualitative agreement between 
data and model trends

● Similar model predictions 
(coalescence) for forward and 
mid-rapidity - disagreement with 
data

11

Y.Liu et al., Phys. Lett. B, 678 (2009) 72
Zhao, Rapp, Phys. Rev. C 82 (2010) 064905

PHENIX: Phys. Rev. Lett. 98 (2007) 232301

J/ψ RAA in Au+Au at 200 GeV, mid vs. forward y

✓ More suppression for 
forward rapidity at low pT



15 January 
2014

Energy dependence of J/ψ RAA 

✓ Suppression of J/ψ at 62.4 and 39 
GeV - no strong energy dependence 
of J/ψ RAA 

● Data agrees with the prediction of 
the theoretical calculations

theoretical calculation: 
X. Zhao, R. Rapp, Phys. 
Rev. C 82 (2010) 
064905
CEM: R. E. Nelson, R. 
Vogt and A. D. Frawley, 
Phys. Rev. C 87, 
014908 (2013).
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Forward 
rapidity

mid-rapidity

 The collision energy dependence of the various 
competing effects influencing the final J/ψ yields 
are all quite different
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J/ψ production in various systems

✓ No suppression in Cu+Cu at 
high pT

mid-rapidity

✓ Suppression at low pT
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J/ψ production in various systems

✓ No suppression in Cu+Cu at 
high pT

mid-rapidity

Forward rapidity

✓ Suppression at low pT, similar to 
Au+Au

✓ Similar suppression in Au+Au, 
Cu+Cu and U+U  at low pT
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J/ψ production in various systems

✓ No suppression in Cu+Cu at 
high pT

mid-rapidity

Forward rapidity

✓ Suppression at low pT, similar to 
Au+Au

✓ Similar suppression in Au+Au, 
Cu+Cu and U+U  at low pT

✓ Similar suppression at 
forward and 
mid-rapidity at low pT



Need to understand CNM 
effects

d+Au

• Indication of QGP effects at central Au+Au collisions for hight pT J/ψ
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J/ψ in d+Au collisions at 200 GeV

B.Jacak - 
HEP2013
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J/ψ in d+Au collisions at 200 GeV

✓ Broadening in the pT distribution – 
multiple scattering

✓ At backward rapidity suppression only 
at the lowest pT, high pT - Cronin effect

✓ More suppression at forward and mid y 
(lower x)

● Kopeliovich et al. (dipole model) - greater level 
of suppression than seen in the data

● Lansberg et al. - flat in pT

• doesn't describe the backward rapidity data
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J/ψ in d+Au collisions at 200 GeV

✓ Model: parton energy loss and pT 
broadening  

✓ Describes the data well

arXiv:1304.0901
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Ψ' in d+Au collisions at 200 GeV

✓ Stronger Ψ' than J/Ψ suppression in 
central collisions

● Ψ' suppression not due to breakup 
alone

arXiv:1305.5516

✓ Common trend in modification of 
Ψ'/J/Ψ vs Nch/dη

● Interactions with final-state hadrons 
may play a role; Ψ' easier to break up

 Very short nuclear crossing time
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J/ψ in Cu+Cu collisions at 200 GeV

✓ f – breakup cross-section – 
optimized separately for y=0 
and |y| = 1.7 in d+Au (2003)

✓ Cu+Cu suppression consistent 
with CNM effects (up to Npart ~ 
50)



Υ 
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Υ signal in p+p collisions

2323

✓ Agreement with world data 
trend
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Υ signal in p+p and d+Au collisions

2424
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Υ signal – Au+Au collisions
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Υ signal – Au+Au collisions
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Υ in p+p and d+Au collisions at 200 GeV

2727

✓ New p+p baseline

✓ Agreement with pQCD Color Evaporation Model prediction – except 
mid-rapidity d+Au

✓ Data indicates more suppression at mid-rapidity than model 
predictions for CNM effects
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Υ RAA in Au+Au collisions at 200 GeV

2828

✓ Suppression in central Au+Au collisions

✓ Comparison to dynamical model with feed-down (CNM effects only in 
Rapp et. al. Model)

✓ Result is consistent with complete melting of 2S and 3S states

 



Open heavy 
flavor
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Heavy flavor leptons in d+Au

30

✓ Enhancement in backward rapidity (Au-going) 
sensitive to high-x in Au and at mid-rapidity

✓ Suppression in forward rapidity (d-going) 
sensitive to low-x
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HF leptons vs J/ψ in d+Au

31

✓ Stronger J/ψ suppression at 
backward and mid-rapidity

● shorter time in nucleus, low 
co-mover density

● nuclear breakup affects J/ψ 
production

✓ Similar suppression at forward 
rapidity
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✓ Enhancement at low pT 
Cu+Cu peripheral 
collisions

● Central d+Au ≈ 
peripheral Cu+Cu

● Central Cu+Cu ≈ 
peripheral Au+Au

✓ Suppression in the 
central relative to 
peripheral Cu+Cu 
collisions

Different system sizes

✓ Different suppression 
in central collisions – 
hierarchy between 3 
systems

✓ Similar trend

HF electrons in different systems
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Open charm hadronic channel
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✓ Similar behavior in U+U collisions 
as in Au+Au collisions

✓ Low-pT enhancement described by 
models with light quark coalescence 
with charm

✓ Hight-pT suppression is similar to 
pions (also in d+Au)

✓ D0 and NPE suppressions are
similar
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Open heavy flavor flow
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✓ Gluon radiation scenario fails to  
explain large NPE suppression at 
high-pT

✓ Finite v2 – strong charm-medium 
interaction

It's challenging to describe 
the suppression
 and v2 simultaneously.
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✗ Quarkonia and Open Heavy Flavor measurements for 
different colliding systems  (Au+Au, Cu+Cu, U+U, 
d+Au, Cu+Au)

✗ And also different energies  (39, 62.4 and 200 GeV)  

Summary of what was measured so far

35

✗ Crucial to understand the CNM effects – p(d)+A 
collisions at different energies

✗  Separate charm and bottom



Prospects 



15 January 
2014

 PHENIX upgrade

Silicon detector for precision tracking at 
forward rapidity, covering PHENIX muon 
arms
 -b/c muon separation
-ψ(2s) at forward rapidity
-Drell Yan dimuon production

Installed and taking data: FVTX

M.Durham 
- HP2013

PHENIX request for 2015 RHIC beam includes p+C, p+Cu, p+Au
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K.Lee - 
WWND2013
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Row 1 Row 2 Row 3 Row 4
0

2

4

6

8

10

12

Column 1

Column 2

Column 3

Upcoming p+A with PHENIX

A.Frawley 
- HP2013
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sPHENIX Barrel upgrade

A.Frawley 
- HP2013

• additional tracking layers and EMCal 
pre-shower provide mass resolution and
pion rejection to enable quarkonia program to 
augment STAR’s and complement LHC

• The proposed large acceptance 
sPHENIX detector, which is designed as a 
jet detector, will also – with added 
tracking and electron ID, make good 
separated Upsilon measurements.
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Forward sPHENIX

J.Seele - 
QM2012
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Muon Telescope Detector (MTD)

Multi-gap Resistive Plate 
Chamber (MRPC) - gas detector

Acceptance: 45% at |η| < 0.5

Long-MRPCs

Electronics same as in STAR 
TOF

42

 Accessing muons at mid-rapidity
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Muon Telescope Detector (MTD)

Multi-gap Resistive Plate 
Chamber (MRPC) - gas detector

Acceptance: 45% at |η| < 0.5

Long-MRPCs

Electronics same as in STAR 
TOF

• No γ conversion
• Much less Dalitz decay 

contribution
• Less affected by radiative 

looses in the materials

Full system in 2014
43

 Accessing muons at mid-rapidity

• Excellent mass resolution
• Trigger capability – 

e-muon, di-muon
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Heavy Flavor Tracker (HFT)

44

2.7

 Precision vertex detector: Open heavy flavor
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MTD + HFT

45

B.Christie - 
HEP2013
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STAR projections for Run 14,15

46

B.Christie - 
HEP2013
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STAR forward upgrade
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STAR future



Thank you !
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Backup
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J/ψ-hadron correlations in p+p 
collisions at 200 GeV

B → J/ψ feed-down
Model based extraction 
using PYTHIA

✓ Extracted from near side J/ψ-h correlation

✓ B-hadron feed-down contribution of 10-25% 
at 4-12 GeV/c

✓ Result consistent with FONLL+CEM 
calculation

Phys. Lett. B 722 (2013) 55

51
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Charm and bottom decomposition
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J/ψ RAA in d+Au collisions 
at 200 GeV

53
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J/ψ RAA vs pT in Au+Au at 200 GeV at mid-rapidity

✓ J/ψ  suppression decreases with 
increasing pT across the 
centrality range

✓ Strong suppression at low pT 

( < 3 GeV/c) for all centralities

✓ At high-pT:

• suppression for central collisions 

• RAA consistent with unity  in 
(semi-)peripheral collisions

Y.Liu et al., Phys. Lett. B, 678 (2009) 72
Zhao, Rapp, Phys. Rev. C 82 (2010) 064905

✓ Data agrees with theoretical 
calculations

• color screening + statistical 
regeneration

• Zhao et. al: + 
formation-time effect and 
B-hadron feed-down

PHENIX: Phys. Rev. Lett. 98 (2007) 232301
STAR high-pT : Phys. Lett. B 722 (2013) 55
STAR low-pT : arxiv:1310.3563 
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J/ψ RAA vs Npart in Au+Au collisions 
at 200 GeV

✓ Higher RAA for STAR than CMS for all 
centralities

55
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Energy dependence of J/ψ RCP, Au+Au

✓ Similar suppression for all 
energies

56

Forward 
rapidity

mid-rapidity
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Flavor similarity

57
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✓ Enhancement at low pT 
Cu+Cu peripheral 
collisions

● Central d+Au ≈ 
peripheral Cu+Cu

● Central Cu+Cu ≈ 
peripheral Au+Au

✓ Suppression in the 
central relative to 
peripheral Cu+Cu 
collisions

Different system sizes

✓ Different suppression 
in central collisions – 
hierarchy between 3 
systems

HF electrons in different systems
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 PHENIX upgrade

M.Durham 
- HP2013

Preshower for enhanced capability 
of forward calorimeter

Far forward direct photon 
measurement to constrain low-x 
PDFs

Soon to come: MPC-EX
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Quarkonia at RHIC - Motivation

The QGP 
Thermometer

A .Mocsy, Eur. Phys. J. C61, 705-710 (2009)

Quarkonia spectral lines as thermometer

H.Satz, Nucll. Phys. A 783, 249 (2007)

Screening radius:
rD(T) ∝ 1/T

✓ Quarkonia suppression in QGP in heavy-ion collisions 
due to color screening

✓ Suppression of different states is determinate by TC 
and their binding energy -  QGP thermometer

60
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STAR EXPERIMENT, PID
J/ψ → e

+
e

-  
(BR 5.9%)

61

✓ Large acceptance:

• |η| < 1, 0 < φ < 2π
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STAR EXPERIMENT, PID
J/ψ → e

+
e

-  
(BR 5.9%)

62

✓ Large acceptance:
• |η| < 1, 0 < φ < 2π

✓ TPC
• Tracking: pT, η, φ

• dE/dx: PID
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STAR EXPERIMENT, PID
J/ψ → e

+
e

-  
(BR 5.9%)

63

✓ Large acceptance:
• |η| < 1, 0 < φ < 2π

✓ TPC
• Tracking: pT, η, φ
• dE/dx: PID

✓ TOF
• Timing resolution < 100 ps

• 1/β: PID



15 January 
2014

STAR EXPERIMENT, PID
J/ψ → e

+
e

-  
(BR 5.9%)

64

✓ Large acceptance:
• |η| < 1, 0 < φ < 2π

✓ TPC
• Tracking: pT, η, φ
• dE/dx: PID

✓ TOF
• Timing resolution < 100 ps

• 1/β: PID
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STAR EXPERIMENT, PID

1/β cut

J/ψ → e
+

e
-  

(BR 5.9%)

65

✓ Large acceptance:
• |η| < 1, 0 < φ < 2π

✓ TPC
• Tracking: pT, η, φ
• dE/dx: PID

✓ TOF
• Timing resolution < 100 ps
• 1/β: PID

✓ BEMC
• Tower Δη x Δφ = 0.05 x 0.05
• Energy: E/p ~ 1 (for electrons)  

PID
• Trigger
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STAR EXPERIMENT, PID

✓ Large acceptance:
• |η| < 1, 0 < φ < 2π

✓ TPC
• Tracking: pT, η, φ
• dE/dx: PID

✓ TOF
• Timing resolution < 100 ps
• 1/β: PID

✓ BEMC
• Tower Δη x Δφ = 0.05 x 0.05
• Energy: E/p ~ 1 (for electrons)  

PID
• Trigger

J/ψ → e
+

e
-  

(BR 5.9%)

1/β cut

Excellent eID

66
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✓ prompt NLO CS+CO 
model describes the data 
for pT > 4 GeV/c 

✓ prompt CEM model can 
reasonably well describe 
the pT spectra 
(overpredicts the data at 
pT ∼ 3 GeV/c)

✓ direct NNLO* CS model 
misses high-pT part

J/ψ spectra in p+p collisions 
at 200 GeV

inclusive J/ψ 
production

• J/ψ pT range extended to 
0-14 GeV/c 

• STAR results consistent 
with the PHENIX result
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STAR EMC : Phys. Lett. B 722 (2013) 55
STAR MB: Acta Phys. Polonica B Vol.5, No 2 (2012), 543
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J/ψ spectra in p+p collisions at 200 GeV

inclusive J/ψ 
production

STAR EMC : Phys. Lett. B 722 (2013) 55
STAR MB: Acta Phys. Polonica B Vol.5, No 2 (2012), 543
PHENIX:  Phys. Rev. D 85, 092004 (2012)

6868

PHENIX
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STAR: arxiv: 1311.1621
PHENIX: Phys. Rev. D 82, 012001 (2010)
COM: Phys. Rev. D 81, 014020 (2010)
CSM NLO+: Phys. Lett. B, 695, 149 (2011) and 
private communication

J/ψ polarization in p+p collisions at 200 GeV

Discrimination power between different 
J/ψ production models at high-pT

Polarization parameter λθ is measured in helicity frame at |y| < 1 up to  
pT = 6 GeV/c

✓ RHIC data indicate trend towards longitudinal polarization with 
increasing pT

✓ Different trend seen in the COM prediction

2011 500 GeV data can 
help improve precision of  
polarization measurement 
and permit analysis of the 
full angular distribution

~1.8 pb-1 vs ~22 pb-1 
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J/ψ yield in Au+Au collisions at 200 GeV - 
comparison to models

Hydro: U. W. Heinz and C. Shen (2011), private 
communication
Liu et. all: Y. Liu,Z. Qu, N. Xu, and P. Zhuang, 
Phys. Lett. B 678 (2009) 72

STAR high-pT : Phys. Lett. B 722 (2013) 55
STAR low-pT : arxiv:1310.3563 

✓ Viscous hydrodynamics 
• prediction for two J/ψ decoupling 

temperatures: T = 120 MeV and 
T = 165 MeV

Fails to describe the low-pT J/ψ 
yield (< 2 GeV/c) and J/ψ 
elliptic flow at pT > 2 GeV/c

✓ Liu et. al.
• J/ψ suppression due to color 

screening + statistical 
regeneration + B-meson 
feed-down  + formation-time 
effects

Describes the pT spectrum 

70
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Energy dependence of J/ψ RCP 

✓ Significant suppression at 
200 and 62.4 GeV in central 
collisions

62.4 GeV

71

New measurements at 62.4 and 39 GeV
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J/ψ RAA vs Npart in Au+Au collisions at 200 GeV

✓ Higher RAA for STAR than CMS for all 
centralities at high pT

72
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J/ψ in U+U collisions at 193 GeV

✓ Non- spherical nucleus - higher initial energy density 

significance ~ 13

73


