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Quark-Gluon Plasma	
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•  QCD predicts a phase transition 
from confined hadrons to Quark- 
Gluon Plasma (QGP) where partons 
are the relevant degrees of freedom  

Contemp.Phys. 42 (2001) 209, courtesy F. Karsch 

•  Form QGP with relativistic heavy ion collisions 

http://www.phy.duke.edu/ 
research/NPTheory/ 

Initial Collision QGP & 
Hydrodynamic Expansion 

Pre-Equilibrium 

Freeze-out 

Hadronization &  
Hadron Gas Phase 



Probe QGP with J/ψ	
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•  Various production mechanisms 
–  Prompt: direct production; decay of ψ(2S) and χc (40%) 
–  Non-prompt: B-meson decay (Up to 20% at high pT)  

•  Different effects in play 
–  Hot nuclear matter effects 

•  Dissociation 
•  Regeneration from uncorrelated quarks 
•  Medium-induced energy loss 

–  Cold nuclear matter effects 

HOWEVER 

Phys.	
  Rev.	
  C	
  82,	
  064905	
  

•  Color-screening: J/ψ dissociate in the medium 

T. Matsui and H. Satz PLB 178 (1986) 416 



The Solenoid Tracker At RHIC (STAR)	
  

Ø TPC: precise momentum 
and energy loss 

Ø TOF: measure time-of-flight 
Ø BEMC: trigger on and 

identify electrons 
Ø MTD: trigger on and 

identify muons 
–  Fully installed in 2014 

behind magnet  
–  Precise timing 

measurement (σ~100 ps) 
–  Relatively high efficiency 

for J/ψ at low pT à cover 
wide kinematic range  
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•  Mid-rapidity detector: |η| < 1, 0 < φ < 2π 

Muon	
  Telescope	
  Detector	
  

Barrel	
  ElectroMagne3c	
  Calorimeter	
  

Time	
  Projec3on	
  Chamber	
  

Time-­‐Of-­‐Flight	
  



Analysis details 
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•  Muon identification cuts 
–  Energy loss measurement by TPC 
–  Match TPC tracks to MTD 

•  Distance between MTD hits and projected TPC tracks along both z 
and φ directions 

•  Time difference between MTD measured time and expected travel 
time of muons 

•  Decay channel: J/ψ à µ+ + µ- 

•  Dimuon trigger: two hits in MTD 
•  Data set: Au+Au collisions at 200 GeV recorded in 2014 

–  Integrated luminosity ~ 14.2 nb-1 

–  Only 30% is used for the results presented here 
–  Equivalent amount of data have been taken in 2016 experiment!! 



Extract J/ψ yield 

Signal extraction 
•  Mixed-event à combinatorial background. 
•  Fit background-subtracted unlike-sign with 

Gaussian+pol3  
•  Signal = (counting in [2.9,3.3] GeV/c2) – 

(residual background) 
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No bremsstrahlung tail 
S/B = 1:23 
N ~ 4000 
Sig ~ 11.5σ 



J/ψ yield in pT bins 

•  Good significance in each pT bin 

•  Larger J/ψ pT à larger S/B, wider J/ψ peak and fewer signal 
counts 
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Invariant yield of J/ψ  
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•  First mid-rapidity measurement of J/ψ yield in Au+Au 
collisions via the di-muon channel for 1 < pT < 10 GeV/c 

Bll: branching ratio 
to di-lepton 

Collision Centrality 
0%: head-head collisions 
100%: peripheral collisions 



Invariant yield of J/ψ  
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•  Consistent with the published di-electron results 
using Run10 data over the entire kinematic range. 

Di-electron: 
STAR PLB 722 (2013) 55 
STAR PRC 90, 024906 (2014) 

Collision Centrality 
0%: head-head collisions 
80%: peripheral collisions 



J/ψ suppression: 
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•  Confirm the rising RAA with pT seen in the di-
electron channel 

RAA =
σ inel

Ncoll

d 2NAA / dydpT
d 2σ pp / dydpT

Scale uncertainty 
for σinel and Ncoll 

Di-electron: 
STAR PLB 722 (2013) 55 
STAR PRC 90, 024906 (2014) 



Closer look at the 0-20% central collisions 
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Strong suppression at low pT  
–  Dissociation  
–  Cold nuclear matter effect 

Less suppression at high pT  
–  Dissociation 
–  Formation time effect 
–  Feed-down from B-hadrons 

Di-electron: 
STAR PLB 722 (2013) 55 
STAR PRC 90, 024906 (2014) 



Compare with model calculations 
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Model calculation

Zhao et al.

Liu et al.

•  Both models include dissociation of the prompt J/ψ  and 
contribution of regenerated J/ψ à qualitatively	
  
reproduce the rising trend seen in the data. 

STAR PLB 722 (2013) 55 
STAR PRC 90, 024906 (2014) 
Y.-p. Liu, et al. PLB 678 (2009) 72 
X. Zhao et al. PRC 82 (2010) 064905 



J/ψ RAA vs Npart 
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•  Significant suppression for J/ψ above 4 GeV/c in 0-20% and 
20-40% centralities à dissociation 

•  Both models qualitatively reproduce the centrality dependence 

Total uncertainty of 
pp reference 

STAR PLB 722 (2013) 55 
Y.-p. Liu, et al. PLB 678 (2009) 72 
X. Zhao et al. PRC 82 (2010) 064905 



Collective Flow 
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•  Anisotropies in momentum space originate from initial-
geometry via hydrodynamic expansion 

dN

d�
/ 1 + 2

X

n

vn cos [n(�� )]

•  Elliptic flow (v2) : 
–  Low pT : sensitive to medium viscosity 
–  High pT : sensitive to energy loss 

Voloshin and Zhang, Z.Phys.C70, 665 

[21] the sign of v1 had been determined by defining v1
for protons near beam rapidity to be positive for periph-
eral collisions. On the other hand, since the measured
correlation of Eq. (2) is positive, we can conclude that
we have measured the sign of v2 to be positive. While the
absolute values of v2 at RHIC are well determined [3–5],
this is the first direct indication that the elliptic flow at
RHIC is in-plane.

v4 results.—The results as a function of pt are shown in
Fig. 2 for minimum bias collisions (0%–80% centrality).
Shown for v4 are both the analysis relative to the second

harmonic event plane, v4fEP2g, and the three-particle
cumulant, v4f3g. Both methods determine the sign of v4
to be positive. As a function of pt, v4 rises more slowly
from the origin than v2, but does flatten out at high pt like
v2. The v6!pt" values are consistent with zero. The hydro-
dynamic calculations of Kolb [12] for pions from b #
7 fm collisions agree very well with our measured v4 for
charged particles for centrality 20% to 30%. However, he
calculates v6 to be $1:2% at 2 GeV=c, while we observe
in Fig. 2 for minimum bias data that it is essentially zero.
It also appears to be zero in our data for all the individual
centralities. Ollitrault has proposed [23] for the higher
harmonics that vn might be proportional to vn=2

2 if the !
distribution is a smooth, slowly varying function of
cos!2!". In order to test the applicability of this scaling,
we have also plotted v2

2 and v3
2 in the figure as dashed

lines. The proportionality constant has been taken to be
1:2 in order to fit the v4 data.

Kolb [12] points out that for v2 > 10%, which occurs
at high pt, and no other harmonics, the azimuthal distri-
bution is not elliptic, but becomes ‘‘peanut’’ shaped. He
calculates the amount of v4 (which looks like a four-leaf
clover) needed to eliminate this waist. Our values of v4 as
a function of pt are about a factor of 2 larger than needed
to just eliminate this waist.

The results for v4 as a function of pseudorapidity are
approximately flat in the acceptance of the main TPC
(j"j<1:2) with an average value of !0:44% 0:02"%.
However, in the FTPCs (2:7<j"j<4:0) the average value
is !0:06% 0:07"%, consistent with zero, with a two sigma
upper limit of 0.2%. Consistent with the first observation
by PHOBOS [5], at " # 3 for minimum bias collisions
we observe v2 # !3:06% 0:10"%, which is a factor of 1.8
smaller than at midrapidity. Thus, v4 seems to fall off
faster at high rapidity than v2. This faster falloff at high
pseudorapidity is also consistent with v4 scaling like v2

2.
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FIG. 1 (color online). The values of v1 (stars) for charged
particles for 10% to 70% centrality plotted as a function of
pseudorapidity. Also shown are the results from NA49 (tri-
angles) for pions from 158A GeV Pb& Pb midcentral (12.5%
to 33.5%) collisions plotted as a function of rapidity. The open
points have been reflected about midrapidity. The NA49 points
have also been shifted (circles) plus or minus by the difference
in the beam rapidities of the two accelerators. The dashed lines
indicate midrapidity and RHIC beam rapidity. Both results are
from analyses involving three-particle cumulants, v1f3g.

P H Y S I C A L R E V I E W L E T T E R S week ending
13 FEBRUARY 2004VOLUME 92, NUMBER 6

062301-4 062301-4

STAR, PRL.92.062301 
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Does J/ψ flow? 

06/07/2016 Takahito Todoroki, QWG 2016 15 

 (GeV/c)
T

p
0 1 2 3 4 5 6 7 8 9 10

   
   

   
   

   
2v

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

maximum non-flow

initially produced
ccoalescence from thermalized c

initial + coalescence
initial + coalescence
hydrodynamic

Au+Au 200 GeV 0-80 %  Run10+11-e+e→ψSTAR J/

STAR preliminary

•  Measure elliptic flow v2 
–  Primordial J/ψ : little or zero v2 
–  Regenerated J/ψ : inherit v2 from the constituent charm quarks 

STAR, PRL 111 (2013) 052301 
L. Yan, P. Zhuang, and N. Xu, PRL 97 (2006) 232301 
V. Greco, C.M. Ko, and R. Rapp, PLB 595 (2004) 202 
X. Zhao and R. Rapp, arXiv: 0806.1239 
Y. Liu, N. Xu and P. Zhuang, NPA 834 (2010) 317 
U.W. Heinz and C. Shen, (private communication) 

J/ψ à e+ + e- 

•  For pT above 2 GeV/c, v2 
is consistent with zero à 
contribution of 
regenerated J/ψ is small 
–  Non-flow effects 

estimated using J/ψ-h 
correlation in pp collision 
can account for possible 
deviation of v2 from zero 
at high pT 



Does J/ψ flow? 
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di-muon channel within 
large error bars 

•  7 times more statistics 
are yet to come!! 

•  Measure elliptic flow v2 
–  Primordial J/ψ : little or zero v2 
–  Regenerated J/ψ : inherit v2 from the constituent charm quarks 



Summary 
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•  First J/ψ measurements via di-muon channel at mid-rapidity 
by the STAR experiment in Au+Au collisions 

•  Invariant yield of J/ψ is obtained, and RAA rises with pT 
–  Significant suppression in central collisions above 4 GeV/c à 

dissociation 
–  Measure J/ψ in pA (Run15) to quantify CNM, especially at low 

pT 
•  Updated J/ψ v2 in di-electron channel combining Run10 and 

Run11 data à favors small contribution from regeneration 
above 2 GeV/c 
–  Results in di-muon channel with 7 times more statistics are yet to 

come and can shrink uncertainties!! 



Backup 



Compare J/ψ v2 
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•  By combining published results 
with Run11 analysis, the statistical 
error bar is reduced by a factor of 
√2.  

•  Additional systematic uncertainty is 
assigned due to J/ψ yield extraction. 
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Muon Telescope Detector (MTD) 
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•  Separate ϒ(2S+3S) from 
ϒ(1S)   

•  Potential to separate ϒ(2S) 
and ϒ(3S) states as muons 
suffer less from 
bremsstrahlung 

•  Relatively high efficiency 
for J/ψ at low pT à cover 
wide kinematic range  

Simula9on	
  



ϒ measurement 
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Nϒ ~ 50 ± 22 

•  Fit signal distribution after background subtraction: 
–  Mean of ϒ is fixed to PDG value, while width is determined from 

simulation. 
–  Ratio of ϒ(2S)/ϒ(3S) is fixed to pp value, and shape of bb and 

Drell-Yan background is estimated using PYTHIA 

Excess 



ϒ(2S+3S)/ϒ(1S) ratio 
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Collision System
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•  The statistical error can be further reduced: 

–  A factor of 7 more statistics with full Run14+16 data 
–  Usage of mix-event can reduce statistical error by √2 

•  Consistent with di-
electron channel 
within large error 
bars 
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