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§  sQGP signatures and properties using heavy quarks (c, b) 

  

  
 p+p  200 and 500 GeV 
 d+Au  200 GeV 
 Au+Au 39, 62.4 and 200 GeV 
 U+U  193 GeV      …many more not covered 

§  Outlook: data analysis with the newly installed HFT and MTD 

Heavy flavor physics at STAR 

1.  Open Heavy Flavor 
2.  Quarkonia 
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1. Open heavy flavor 
§  Heavy quarks c, b 

§  Produced in initial hard processes 
§  Probe the strongly interacting Quark–Gluon Plasma 
§  Modified spectrum: access parton energy loss 
§  Flow: sensitive to dynamics, thermalization 

April 8, 2014 WWND

Heavy quarks

✓ c and b quarks are produced in initial hard scattering 

3

• Degree of medium thermalization – production and 
elliptic 4ow sensitive to dynamics of the medium

• Parton energy loss mechanism

• Cross-sections calculable 
within pQCD

• Unique probes of QGP 
properties 
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1. Open heavy flavor 

Open Charm Production 
– D*  Reconstruction - 
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§  Heavy quarks c, b 
§  Produced in initial hard processes 
§  Probe the strongly interacting Quark–Gluon Plasma 
§  Modified spectrum: access parton energy loss 
§  Flow: sensitive to dynamics, thermalization 

§  Semi-leptonic decays 
§  Higher branching ratio, easy to trigger on 
§  Indirect access to kinematics,  

mixture of c and b contributions 

§  Hadronic reconstruction 
§  Direct access to kinematics 
§  Large combinatorial bg., difficult to trigger 

April 8, 2014 WWND

Heavy quarks

✓ c and b quarks are produced in initial hard scattering 

3

• Degree of medium thermalization – production and 
elliptic 4ow sensitive to dynamics of the medium

• Parton energy loss mechanism

• Cross-sections calculable 
within pQCD

• Unique probes of QGP 
properties 
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RHIC/STAR 

E/p 
BEMC 

§  TPC 
§  dE/dx PID  
§  Large acceptance, 

uniform in a wide 
energy range 

§  TOF 
§  PID using flight time 

§  BEMC 
§  High-pT trigger 
§  PID using E/p  

ratio 

§  VPD 
§  Trigger minimum 

bias events 

TPC 
TOF 
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D0 and D* production in p+p 

p+p 200 GeV 
§  Essential as a baseline for A+A 
§  Consistent with FONLL upper limit 
§  New point at 0<pT<0.7 GeV/c 

à Lévy fit describes data well 
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D0 and D* production in p+p 

p+p 200 GeV 
§  Essential as a baseline for A+A 
§  Consistent with FONLL upper limit 
§  New point at 0<pT<0.7 GeV/c 

à Lévy fit describes data well 

New 500 GeV measurement 
§  Consistent with NLO calculations 
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D0 production in Au+Au 
Open Charm Production 

– Au+Au – 

12 
Total charm production scales with the number of binary collisions at RHIC 
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STAR Preliminary 

Open Charm Production 
– Au+Au – 
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Large suppression at high pT and indication of enhancement at pT~0.7-2GeV/c 
Quark Matter 2014, Zhenyu Ye 

 

Total cross section scales with the number of binary collisions 

Transverse momentum pT (GeV/c) 

arXiv:1404.6185  
submitted to PRL 
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D0 production in Au+Au 
Open Charm Production 

– Au+Au – 

12 
Total charm production scales with the number of binary collisions at RHIC 
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Open Charm Production 
– Au+Au – 
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Large suppression at high pT and indication of enhancement at pT~0.7-2GeV/c 
Quark Matter 2014, Zhenyu Ye 

Charm is mostly produced in initial hard processes 

Transverse momentum pT (GeV/c)  

Total cross section scales with the number of binary collisions 

arXiv:1404.6185  
submitted to PRL 
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D0 suppression in Au+Au 
§  Strong suppression in central 

collisions at pT>2 GeV/c 

§  Identical to that observed for pions 

§  Enhancement at 1<pT<2 GeV/c 
 

Transverse momentum 

Nuclear Modification Factor 

17 
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•  Large suppression at high pT points to 
strong charm-medium interaction; 

•  Indication of enhancement pT~0.7-2GeV/c, 
described by models with charm quarks 
coalescence with light quarks; 

•  CNM effects could be important 
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Open Charm Production 
– Au+Au – 
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D0 suppression and models 

Transverse momentum 

§  Strong suppression in central 
collisions at pT>2 GeV/c 

§  Identical to that observed for pions 

§  Enhancement at 1<pT<2 GeV/c 

§  Understanding from models: 
§  Characteristic low-pT “hump” is 

described by models that include 
charm–light quark coalescence 

§  High-pT suppression is consistent 
with strong charm–medium 
interaction 

§  CNM effects may be important 
 à Call for a high-statistics 
      p+A (d+A) run 

arXiv:1404.6185 (submitted to PRL) 
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D0 in U+U collisions 

§  Trend in Au+Au continued in U+U 
§  Increasing suppression with Npart 

Open Charm Production 
– U+U – 

16 

〉partN〈
0 100 200 300 400

)
AA

N
uc

le
ar

 M
od

ifi
ca

tio
n 

Fa
ct

or
 (R

0

0.5

1

1.5

2

p+p
norm.

<5 GeV/c
T

: |y|<1, 3<p0U+U 193 GeV      D

<8 GeV/c, arXiv:1404.6185 (submitted to PRL)
T

: |y|<1, 3<p0Au+Au 200 GeV D

>6 GeV/c, PLB655, 104 (2007)
T

: |y|<0.5, p±πAu+Au 200 GeV 

STAR Preliminary

0-80% 

10-40% 40-80% 0-10% 

Quark Matter 2014, Zhenyu Ye 

Suppression of open charm at high pT in U+U collisions is similar to and 
extends the trend as that of open charm and pions in Au+Au collisions.  

Number of participants 

Open Charm Production 
– U+U – 

14 
U+U collisions could have 20% higher energy density than Au+Au  
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Quark Matter 2014, Zhenyu Ye U+U collisions reach ~20% 
higher Bjorken energy 
density than Au+Au 
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Gossiaux et al.

STAR preliminary

Non-photonic electrons in 200 GeV Au+Au  
Suppression 
§  Significant suppression of NPE in 

central collisions (pT>4 GeV/c) 
§  Similar to that of D0 and light 

hadrons 
§  Radiation energy loss alone not 

enough to explain suppression  
 
Anisotropy (v2) 
§  Substantial elliptic flow of NPE is 

seen in 200 GeV Au+Au collisions 

Note: it’s challenging for models to 
describe suppression and flow at the 
same time 

arXiv:1405.6348 
(Submitted to PLB) 

STAR  
preliminary 
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Suppression 
§  No sign of suppression of NPE 

in 62.4 GeV Au+Au collisions 
 
Note: pQCD-scaled p+p reference 

 
 

Anisotropy (v2) 
§  NPE in 39 and 62.4 GeV Au+Au 

collisions consistent with no flow 
(pT<1 GeV/c) 

Non-photonic electrons: 39, 62.4 GeV 
R

A
A 

STAR preliminary 

PRD 87 (2013) 9, 094022 

arXiv:1405.6348 
(Submitted to PLB) 
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2. Quarkonia 

16

Quarkonia sequential 
melting    

→ Temperature of QGP

 

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

Quarkonia probe thermal properties of the sQGP 
§  J/ψ suppression due to color screening  
§  Sequential melting of states à sQGP thermometer 
 

However: picture is complicated by… 
§  Cold nuclear matter effects 
§  Co-mover absorption 
§  Regeneration in the sQGP… 

Mócsy, Petreczky,  
PRD 77, 014501 
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2. Quarkonia 

16

Quarkonia sequential 
melting    

→ Temperature of QGP

 

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

Quarkonia probe thermal properties of the sQGP 
§  J/ψ suppression due to color screening  
§  Sequential melting of states à sQGP thermometer 
 

However: picture is complicated by… 
§  Cold nuclear matter effects 
§  Co-mover absorption 
§  Regeneration in the sQGP… 

Precise measurements to disentangle various effects 
§  p+p à reference 
§  d+Au à CNM effects 
§  Vary collision energy: 39 GeV, 62.4 GeV, 200 GeV 
§  Vary colliding systems: U+U vs. Au+Au   
§  High-pT J/ψ à suppress CNM and regeneration 
§  ϒ à negligible recombination and co-mover absorption 

Mócsy, Petreczky,  
PRD 77, 014501 
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J/ψ suppression: 39, 62.4, 200 GeV 

Theory: Zhao, Rapp,  
PhysRevC.82.064905 

Suppression 
§  Similar to light hadrons 
§  Similar in central collisions from  

39 thru 62.4 up to 200 GeV 
Note: 39 and 62.4 GeV CEM references 
have large uncertainties 

§  Similar in U+U and Au+Au 
§  Model with prompt production and 

regeneration consistent with data 
J/ψ  STAR preliminary 
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J/ψ suppression and flow in Au+Au 

Suppression 
§  Similar to light hadrons 
§  Similar in central collisions from  

39 thru 62.4 up to 200 GeV 
Note: 39 and 62.4 GeV CEM references 
have large uncertainties 

§  Similar in U+U and Au+Au 
§  Model with prompt production and 

regeneration consistent with data 

Anisotropy (v2) 
§  J/ψ v2 consistent with non-flow 

(pT>2 GeV/c; unique among hadrons) 
§  Model with thermalized charm quark 

coalescence disfavored 
[29] Yan, Zhuang,Xu, PRL97 (2006) 232301 
[30] Greco, Ko, Rapp, PLB595 (2004) 202  
[32] Zhao, Rapp, PLB 655 (2007) 126 
[33] Liu,Xu,Zhuang, NPA834 (2010) 317c 
[34] Heinz, Chen (2012) 

J/ψ  

Phys. Rev. Lett. 111 (2013) 52301 

Theory: Zhao, Rapp,  
PhysRevC.82.064905 

v 2
 STAR Au+Au 

√sNN=200 GeV 

STAR preliminary J/ψ  
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High-pT J/ψ in Au+Au 

§  CNM effects are small 

§  Less regeneration 

§  Suppression of high-pT 
J/ψ in central collisions  

 
STAR low-pT : arXiv:1310.3563 
STAR high-pT : PLB722, 55 (2013) 
Liu et al., PLB 678, 72 (2009) 
Zhao and Rapp, PRC 82, 064905(2010), PLB 664, 253 (2008) 
PHENIX Phys. Rev. Lett. 98, 232301 (2007) 
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High-pT J/ψ in Au+Au 

§  CNM effects are small 

§  Less regeneration 

§  Suppression of high-pT 
J/ψ in central collisions  

 

High-pT J/ψ suppression is clearly an sQGP effect 

STAR low-pT : arXiv:1310.3563 
STAR high-pT : PLB722, 55 (2013) 
Liu et al., PLB 678, 72 (2009) 
Zhao and Rapp, PRC 82, 064905(2010), PLB 664, 253 (2008) 
PHENIX Phys. Rev. Lett. 98, 232301 (2007) 
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Upsilons in A+A 
§  Co-mover absorption and 

recombination negligible at 
RHIC  

§  Suppression in 200 GeV 
central Au+Au 

§  Trend continues in 193 GeV 
U+U (20% more energy density) 

partN
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(a)

STAR preliminary 
arXiv:1312.3675 
accepted in PLB 

Model calculations: 
•  Potential based on internal energy  

assumes 428<T<443 MeV 
Strickland-Bazov, Nucl. Phys.  A879, 25 (2012) 
 

•  Strong binding scenario, CNM effects included 
A.  Emerick, X. Zhao, R. Rapp, Eur. Phys. J A48, 72 (2012) 
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Central Au+Au: 
§  No evidence of excited 

states ϒ(2S) and ϒ(3S)  
§  ϒ(1S) suppression is 

similar to high-pT J/ψ 
Suppression of ϒ is an indication 

of color deconfinement 

Excited ϒ states in Au+Au 

Au+Au 

arXiv:1312.3675 
accepted in PLB 
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Central Au+Au: 
§  No evidence of excited 

states ϒ(2S) and ϒ(3S)  
§  ϒ(1S) suppression is 

similar to high-pT J/ψ 

Excited ϒ states in Au+Au 

However…  
§  d+Au data indicates that CNM 

effects can be important 
§  Models do not explain mid-

rapidity d+Au data 
à Better understanding requires 
     high-statistics p+A (d+A) 
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Outlook: Heavy Flavor Tracker 
§  Innermost, silicon 

detectors (3 subsystems) 
§  Resolves secondary 

vertex 
§  Physics goal: Precision 

measurement of heavy 
quark production 

Complete and taking data in Run14 7 

Intermediate Silicon Tracker: 

single-sided double-metal silicon pad  

sensors with 600 µm × 6 mm pitch 

σr-φ: 170 µm              σz: 1800 µm 

radius: 14 cm            X/X0 < 1.5 % 
See details at poster M-30 by Yaping Wang 

The task of SSD and IST is to guide the track from TPC to the innermost PXL detector with high hit density.  

Silicon Strip Detector: 

existing detector with new faster electronics 

double sided silicon strip modules with 95 µm pitch 

σr-φ: 20 µm  

σz: 740 µm 

radius: 22 cm 

X/X0: 1 % 

HFT Design�

Qiu Hao 

D0 v2 projection 

Outlook 

19 

•  Newly commissioned STAR HFT detector 
•  2 layers of thin Silicon pixel (MAPS) 
     0.4% X0/layer, 12x12µm, 360M pixels 
•  2 layers of Silicon pad/strip detectors 
     fast readout, bridging TPC and PXL 

•  Stay tuned for greatly improved RAA and 
v2 HF measurements from STAR soon ! 

Talk: Qiu-557; Posters: Lomnitz-M13 and Wang-M30 

HFT CDR STAR-sn0600 IST at 14 cm 

PXL at 2.9 
and 8.2 cm 

SSD at 22 cm 
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Outlook: Muon Telescope Detector 
§  Outermost, gas detector 
§  Physics goal: Precision 

measurement of heavy 
quarkonia through the 
muon channel 

§  Acceptance:  
45% in azimuth, |y|<0.5 

Complete and taking data in Run14 
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Open heavy flavor 
§  Total D0 x-section follows Nbin scaling à early charm production 
§  Low-pT D0 “hump” à suggests charm–light quark coalescence 
§  High-pT suppression à indicates strong charm–medium interaction 
§  No 62.4 GeV NPE suppression or flow observed, contrary to 200 GeV 

Quarkonia 
§  J/ψ suppression similar in central 39, 62.4 and 200 GeV collisions 
§  No J/ψ elliptic flow is observed à thermalized cc-coalescence unlikely 
§  Significant high-pT J/ψ and similar ϒ(1S) suppression in central A+A,  

hint for a complete ϒ(2S) and ϒ(3S) suppression  
 à clear signal of a deconfined medium 

U+U measurements show similar suppression patterns to Au+Au 
 

Summary 
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§  High-pT suppression à indicates strong charm–medium interaction 
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Quarkonia 
§  J/ψ suppression similar in central 39, 62.4 and 200 GeV collisions 
§  No J/ψ elliptic flow is observed à thermalized cc-coalescence unlikely 
§  Significant high-pT J/ψ and similar ϒ(1S) suppression in central A+A,  

hint for a complete ϒ(2S) and ϒ(3S) suppression 
 à clear signal of a deconfined medium 

U+U measurements show similar suppression patterns to Au+Au 
 

Summary 

Stay tuned for new great results with HFT and MTD 
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D0 in U+U, spectra and RAA 
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D0, model ingredients 

Nuclear Modification Factor 

17 

TAMU SUBATECH Torino Duke LANL 

HQ prod. LO FNOLL NLO LO LO 

QGP-Hydro ideal ideal viscous viscous ideal 

HQ eLoss coll. coll. 
+rad. 

coll.
+rad. 

coll.
+rad. 

diss.
+rad. 

Coalescence Yes Yes No Yes No 

Cronin effect Yes Yes No No Yes 

Shadowing No No Yes Yes/No Yes 

•  Large suppression at high pT points to 
strong charm-medium interaction; 

•  Indication of enhancement pT~0.7-2GeV/c, 
described by models with charm quarks 
coalescence with light quarks; 

•  CNM effects could be important 
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Quark Matter 2014, Zhenyu Ye 
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D0 RAA 

Open Charm Production 
– U+U – 

16 
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<8 GeV/c, arXiv:1404.6185 (submitted to PRL)
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>6 GeV/c, PLB655, 104 (2007)
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STAR Preliminary

0-80% 
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Quark Matter 2014, Zhenyu Ye 

Suppression of open charm at high pT in U+U collisions is similar to and 
extends the trend as that of open charm and pions in Au+Au collisions.  
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NPE Au+Au 200 GeV 

Au+Au 200 GeV 
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NPE 62.6 GeV FONLL vs. pQCD 
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High-pT J/ψ – motivation J/ψ cold nuclear matter effects 

 Nuclear modification factor 
 
 
 

 RdAu ≈  1  for high pT 

 Cold nuclear effects are small at 
high pT 

 High pT results in A+A collisions 
provide a cleaner probe of the 
J/ψ interaction with the hot 
nuclear matter 

Ota Kukral                   RHIC AGS Annual Users' Meeting 17. 6. 2014             /24 9 

PHENIX data: Phys. Rev. C 87, 034904 (2013) 
Model: E.Eskola, H.Paukkunenea and C.Salgo, Nucl. Phys. A 830, 
599 (2009) 
 

PHENIX dy/dPdNN
dy/dPdNR
T

2
ppcoll

T
2
dAu

dAu 
STAR Preliminary 

RdAu ~ 1 at high PT 
à CNM effects do not play a strong role Less regeneration at high PT 

PHENIX data: Phys. Rev. C 87, 034904 (2013) 
Model: E.Eskola, H.Paukkunenea and C.Salgo, Nucl. Phys. A 
830, 599 (2009) 
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J/ψ vs pT, energy / system  

STAR preliminary STAR preliminary 

U+U vs. Au+Au 39, 62, 200 GeV Au+Au 
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J/ψ in p+p 200 GeV 

§  STAR coverage 
out to 14 GeV/c 

§  Prompt NLO CS
+CO describes 
the data 

§  Prompt CEM 
better at high-pT 

J/ in p+p 200 GeV  

jaroslav.bielcik@fjfi.cvut.cz 
7 

direct NNLO: P.Artoisenet et al., Phys. Rev. Lett. 101, 152001 (2008) and J.P.Lansberg private communication 
NLO CS+CO: Y.-Q.Ma, K.Wang, and K.T.Chao, Phys. Rev. D84, 51 114001 (2011) 
CEM:M. Bedjidian et al., hep-ph/0311048, and R.Vogt private communication 

PHENIX:  Phys. Rev. D82, 012001 (2010) 
STAR 2005&2006: Phys. Rev. C80, 041902(R) (2009) 
STAR 2009 EMC : Phys.Lett. B722 (2013)   

• J/ψ  pT extended to 0-14 GeV/c. 
 

• Prompt NLO CS+CO model 
     describes the data. 
 
• Prompt CEM model  
    describes the high-pT data. 
 
• Direct NNLO* CS model 
     underpredicts  high-pT part.  
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J/ψ in p+p – polarization 

§  2<pT<6 GeV/c 
§  STAR+PHENIX 

consistent with NLO
+CSM 
§  Higher statistics 

needed to discriminate 

§  p+p 500 GeV results 
will improve precision 
for future CNM 
calculations 

8
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FIG. 4: (Color online.) Polarization parameter λθ as a function of J/ψ pT (red stars) for |y| < 1. The data is compared with
the PHENIX result (black solid circles) [10] and two model predictions: NLO+ Color Singlet Model (CSM) (green dashed lines
represent a range of λθ for the direct J/ψ , and the hatched blue band is an extrapolation of λθ for the prompt J/ψ) [9] and
NRQCD calculations with color-octet contributions (COM) [8] (gray shaded area). The blue line is a linear fit (Ax + B) to
RHIC points.

polarization of the correlated background using our data.
Instead, we use the value obtained by the PHENIX exper-
iment [10]. They found that the continuum polarization
is between −0.3 and 0.3. We estimate a systematic un-
certainty by simulating cos θ distributions for the residual
background taking two extreme values of λθ: −0.3 and
0.3. Then those cos θ distributions are subtracted from
the corrected cos θ distributions from the data, assuming
that the residual background is 5% of the J/ψ yield, in
order to estimate the influence of the continuum back-
ground polarization on the measured λθ.

J/ψ signal extraction

The systematic uncertainty associated with the J/ψ
signal extraction is estimated by counting the number of
J/ψ particles using the simulated J/ψ signal shape. The
J/ψ signal from the simulation is extracted in each pT
and cos θ bin and fitted to the data.

C. Polarization parameter λθ

Figure 4 shows the polarization parameter λθ as a func-
tion of J/ψ pT for inclusive J/ψ production. The result
includes direct J/ψ production, as well as J/ψ from feed-
down from heavier charmonium states, ψ

′

and χC (about
40% of the prompt J/ψ yield [20]), as well as from B
meson decays (non-prompt J/ψ) [2]. The non-direct J/ψ
production may influence the observed polarization. The
STAR result (red stars) is compared with the PHENIX
mid-rapidity (|y| < 0.35) J/ψ polarization result for in-
clusive J/ψ [10] (black solid circles). The blue line is a

linear fit, which takes into account both statistical and
systematic uncertainties, to all RHIC points. A trend to-
wards longitudinal J/ψ polarization is seen in the RHIC
data. The fit of a straight line gives a negative slope
parameter −0.16± 0.07 with χ2/ndf = 1.5/4.

STAR observes longitudinal J/ψ polarization in the
helicity frame at pT > 3 GeV/c. The STAR and PHENIX
measurements are consistent with each other in the over-
lapping pT region. Our result can be compared to the
polarization measurements from CDF [5] and CMS [6] at
mid-rapidity for prompt J/ψ. At pT ∼ 5 GeV/c, CDF
observes almost no polarization, λθ ∼ 0 (the polariza-
tion becomes slightly longitudinal as pT increases) while
STAR observes a strong longitudinal polarization in that
pT region. At LHC

√
s = 7 TeV, CMS reports zero polar-

ization at mid-rapidity up to pT 70 GeV/c [6]. However,
if the J/ψ production is xT dependent, the RHIC result
at pT ∼ 2 GeV/c is comparable with the CDF result at
pT ∼ 20 GeV/c and with the CMS result at pT ∼ 70
GeV/c (xT ∼ 0.02, xT = 2pT /

√
s). In addition, ALICE

experiment also reports very small polarization within
2< pT < 8 GeV/c at forward rapidity [7].

The data are compared with two model predictions
for λθ at mid-rapidity: NLO+ CSM [9] and COM [8].
The prediction of the COM [8] for direct J/ψ production,
the gray shaded area, moves towards the transverse J/ψ
polarization as pT increases [5]. The trend seen in the
STAR and PHENIX results is towards the longitudinal
J/ψ polarization with increasing pT , a linear fit to the
RHIC data has a negative slope parameter. Difference
between the COMmodel calculations and the STAR data
in terms of χ2/ndf (P value) is 4.6/3 (2.0 × 10−1) and

arXiv:1131.1621 
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ϒ in p+p 200 GeV 
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