
G.Odyniec, IS 2014, Napa, Dec. 3-7, 2014
1 

Quarkonium at RHIC 
Grazyna Odyniec / LBNL 

2nd International Conference on the Initial Stages in High-Energy Nuclear Collisions 
                                           Napa Valley, December 3 – 7, 2014 



Theory: Quarkonia suppression 
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Charmonia (c c): J/ψ, ψ’, χc 
Bottomonia (b b):ϒ (1S), ϒ(2S), ϒ(3S), χ 

Key idea (1986): quarkonia melt in plasma (T.Matsui, H.Satz) 
 - color screening of static potential between heavy quarks 
 - suppression of states determined by Tc and binding energy 
 - sequential melting of quarkonia: a thermometer of QGP  

T melting ? 



Melting temperature ? 
(large effort from theoretical side to calibrate thermometer) 
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Quarkonia 

→ QGP thermometer

Quarkonia production

→ Many entangled 

effects! 

Solution?
→ Isolate them in 
different scenarios.

Why are we interested in studying quarkonia?

Compilation of expectations   
 
bottom line: the most loosely bound 
states disappears first, the ground state 
last i.e. J/ψ should survive ψ‘ 

 
To do: Implant quarkonia into the QGP and observed their modification, suppression or 
enhancement, with and without plasma formation in respect to reference  



p+p, √s = 62, 200, 500 GeV, and Ψ(2S) 
d+Au, √s = 200 GeV  
Au+Au, √sNN = 200, 62.4, 39 GeV  
U+U, √sNN = 193 GeV 

J/Ψ 

Upsilon 
p+p, √s = 200 GeV 
d+Au, √sNN = 200 GeV  
Au+Au, √sNN = 200 GeV  
U+U, √sNN = 193 GeV 

at RHIC: 

U+U - higher energy density 
 - test sequential melting 
 - constrain models 

Upsilon - a cleaner probe 
 - negligible regeneration at RHIC energy 
 - less CNM effects 

 … but quarkonia production is rather complex (many entangled effects):  
Cold nuclear effects (CNM): pdf modification in nucleus (gluon saturation, Color Glass 
Condensate), initial state energy loss, nuclear absorption, Cronin effect, …. 
Hot/dense medium effects: color screening, gluon dissociation, regeneration, feed-down, … 
     requires several measurements (systems, energies, centralities) to isolate different effects       
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Legacy from CERN SPS: S+U, In+In, Pb+Pb  

 
Up to Npart ~ 200 : J/ψ (measured) is 
compatible with extrapolation from p+A  
For Npart > 200 – anomalous suppression at the 
level of 20-30 % and only in central Pb+Pb 
 
Expectations from lattice calculations,  
e.g. M.Asakawa, T.Hatsuda Phys.Rev.Lett.92 (2004) 012001. that J/
ψ suppression does not occur until T~2Tc is 
compatible with this observation  
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Figure 2: Left: anomalous J/ψ suppression in In-In (circles) and Pb-Pb collisions (triangles), as a function of Npart. The
boxes around the In-In points represent correlated systematic errors. The filled box corresponds to the uncertainty in
the absolute normalization of the In-In points. A 12% global error, due to the uncertainty on σJ/ψabs(158 GeV), is not
shown. Right: the J/ψ polarization parameters λ and ν, in the helicity reference frame, as a function of pT, for NA60
data, compared with recent results from HERA-B. The boxes represent the total errors.

results [14]. The data seem to indicate slightly negative λ values at low pT, which level around
zero at larger transverse momentum. ν values are close to zero in the pT range explored by NA60.

5. Conclusions

We have shown new results on J/ψ production in p-A collisions at 158 and 400 GeV. We see
that nuclear effects become more important when moving towards lower energy, an observation
that remains valid when extending the comparisons to other sets of results. Using the new 158
GeV results for determining the expected cold nuclear matter effects in A-A results in a smaller
anomalous suppression with respect to previous estimates. The effect is anyway still sizeable
(∼25%) for central Pb-Pb collisions.
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Anomalous J/ψ suppression in In+In (circles) and 
Pb+Pb collisions (triangles) as a function of Npart 

p+Pb data at 158 GeV was used to 
calculate the expected size of CNM 
effects on J/ψ production  
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Quarkonia at RHIC: STAR and PHENIX experiments 
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e-(+)

μ-(+)

μ-(+)

 - Central Arms measure electrons (RICH, EMCal, PC, DC, VTX) 

- Forward arms measure muons (MuID, MuTr, FVTX)

y = |0.35|

1.2 < |y| < 2.2

PHENIX

J/ψ  /  ϒ → e+ e-  (µ+ µ-)   

 

    STAR                                PHENIX 
|η| < 1,  0 < φ < 2π
 TPC  + TOF + BEMC  

TPC: dE/dx PID, large acceptance, uniform in a wide energy range 
TOF:  PID using fight time (extends PID to low momenta) 
BEMC: PID with E/p ratio, high pt trigger 

G.Odyniec, IS 2014, Napa, Dec. 3-7, 2014
6 



J/ψ
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J/y  signals 

2014/05/20 Wangmei Zha QM2014 
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J/y  signals 

2014/05/20 Wangmei Zha QM2014 6 

J/y  signals 

2014/05/20 Wangmei Zha QM2014 

p+p                                                                   Au+Au                                                                  U+U 



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

!  STAR Data: 
!  0<pT<14 GeV/c in year 2009 
!  Good agreement with PHENIX 
 

!  Models: 
!  prompt NLO CS+CO: model 

describes the data for pT  > 4 GeV/c  
!  Prompt CEM: reasonable 

description of spectra, but 
overpredicts the data at pT�3 GeV/c 

!  direct NNLO*CS model misses 
high- pT  part 

 

Inclusive J/ψ spectra:  

STAR 2009 EMC : Phys. Lett. B 722 (2013) 55 
STAR 2009 MB: Acta Phys. Polonica B Vol.5, No 2 (2012), 543 
STAR 2005 & 2006:  Phys. Rev. C80, 041902(R) (2009) 
PHENIX 2006:  Phys. Rev. D 85, 092004 (2012) 
 

direct NNLO CS: 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. D 84, 51 114001 (2011) and priv. comm. 
CEM: A.D. Frawley, T Ullrich, R. Vogt, Pys. Rept. 462 (2008) 125, and R.Vogt priv. comm.  
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J/ψ spectra, p+p at 200 GeV 
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!  0<pT<14 GeV/c in year 2009 
!  Good agreement with PHENIX 
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describes the data for pT  > 4 GeV/c  
!  Prompt CEM: reasonable 

description of spectra, but 
overpredicts the data at pT�3 GeV/c 
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Inclusive J/ψ spectra:  

STAR 2009 EMC : Phys. Lett. B 722 (2013) 55 
STAR 2009 MB: Acta Phys. Polonica B Vol.5, No 2 (2012), 543 
STAR 2005 & 2006:  Phys. Rev. C80, 041902(R) (2009) 
PHENIX 2006:  Phys. Rev. D 85, 092004 (2012) 
 

direct NNLO CS: 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. D 84, 51 114001 (2011) and priv. comm. 
CEM: A.D. Frawley, T Ullrich, R. Vogt, Pys. Rept. 462 (2008) 125, and R.Vogt priv. comm.  

Data: 
Reach: 0<pt<14 GeV 
Agreement between STAR and PHENIX 

Models: 

Prompt NLO CS+CO describes data for pt>4 GeV/c 
Prompt CEM describes data at high pt  
                                     (over-predicts data at pt ~ 3 GeV/c) 
Direct NNLO*CS under-predicts high pt part  



J/ψ in p+p 500 GeV 

High precision measurement at new beam energy, up to pT = 20 GeV/c 
Constrain model parameters  



J/ψ

ψ’ 
or ψ(2S)
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First measurement at p+p at 500 GeV  

No collision energy dependence observed 

Consistent with previous measurements from other experiments 

Constrain feed-down contribution to J/ψ production 
   Additional test for production mechanisms of charmonium 
 

ψ(2S) in p+p 500 GeV 
(ψ(2S) / J/ψ) ratio in p+p at 500 GeV  

4. Signal64

⌥ signal is calculated first by making an invariant mass histogram of e+e� pairs and a histogram65

of combinatorial background from a sum e+e+ and e�e� pairs. The e+e� histogram contains66

signal and both combinatorial and correlated background. The latter includes bb̄ and Drell-Yan67

processes. All the backgrounds are subtracted by fitting their functional representation and68

subtracting the integral. In addition the signal of each of the states is described by a Crystal69

Ball function[6], which parameters are fixed to the ones obtained from MC simulation of the70

STAR detector response. However, the scale of each Crystal Ball function describing ⌥ 1S, 2S71

and 3S signal is set free during fitting.72
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Figure 3. Invariant mass distribution of unlike-
sign pairs (red closed circles) and like-sign pairs
(blue open circles). The lines are various
components of a simultaneous fit to both his-
tograms. It includes combinatorial background
(blue line), sum of: combinatorial+bb̄+Drell-
Yan (green line) and total ⌥ signal on top of
background (red line). Also shown are the Crys-
tall Ball functions for 1S (teal), 2S (orange) and
3S (violet) states.

Figure 4. Uncorrected ⌥ pT spectrum
of combined 1S+2S+3S states (red closed
circles) and 1S state (black diamonds) only.

The fit is done simultaneously to like-sign and unlike-sign pairs using RooFit[7] and its73

result is shown in Fig.3. Finally, the ⌥ yield is calculated by integrating e+e� histogram and74

subtracting the integral of all background functions in 8.8 < mee < 11 GeV mass range. The75

data allows separation of 1S state from the 2S and 3S, so the yield is calculated in a similar way76

in the range of 8.8 < mee < 9.8 GeV.77

The data could be divided into 5 pT bins from 0 � 10 GeV, which is shown in Fig.4. No78

e�ciency corrections are included. Results are summarized in Tab.1 as well.79

5. Outlook80

STAR has undergone a few upgrades recently. The Muon Telescope Detector (MTD)[8] and81

Heavy Flavor Tracker (HFT) are the new detectors added for the 2014 run.82

The MTD will allow precise measurements of quarkonia in dimuon channel. Muons exhibit83

less bremsstrahlung than electrons and there is no background from � conversion. The MTD84

Also ϒ ! 
                 Hot Quarks 2014
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J/ψ and ψ’ suppression in d +Au 

G.Odyniec, IS 2014, Napa, Dec. 3-7, 2014
11 

 0 in d + Au collisions at mid-rapidity

|y| < 0.35
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=200 GeV d+AuNNs|y|<0.35 

R 
0

dAu = [ 0/(J/ )]dAu

[ 0/(J/ )]pp ⇥ RJ/ 
dAu

 0 binding energy is 12⇥ smaller than J/ .
Data confirms that  0 is more sensistive to
the final state effects.
Suppression increases with the increasing
Ncoll.

Excellent tool to study charmonium absorption

Deepali Sharma (Stony Brook University) RHIC Users’ Meeting 2014 20th June, 2014 13 / 28

PHENIX: PRL 111, 202301 (2013) 

Suppression increases with increasing Ncoll 
ψ’ production is heavily suppressed in central   
d+Au collisions relative to J/ψ       
ψ’ is more sensitive to the final state effects 
                 (ψ’ binding energy is 12x smaller than J/ψ) 
  

3x 

 0 in d + Au collisions at mid-rapidity

) [fm/c]τProper time in nucleus (
-110

)
ψ

' /
 J

/
ψ

R
el

at
iv

e 
M

od
ifi

ca
tio

n 
(

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

NA50
E866/NuSea
PHENIX d+Au 
F. Arleo et al.

cc̄ formation time ⇠ 0.15fm; nuclear crossing time ⇠ 0.05 fm at RHIC at mid-rapidity.
Bound cc̄ may cross the nucleus as a pre-resonant state =) J/ and  0 should have the
same suppression.
Data shows different results.

Deepali Sharma (Stony Brook University) RHIC Users’ Meeting 2014 20th June, 2014 14 / 28

relative modification of ψ’ to J/ψ as function of τ  
 

Nuclear crossing time at RHIC ~ 0.05 fm at mid-y 
while cc formation time ~ 0.15 fm  
bound cc may cross nucleus as a pre-resonant state 
         J/ψ and ψ’ should have the  same level of 
suppression             data shows something else !   
                                            (similar result seen at LHC) 
Other process occurring on the time scale of cc 
formation that differently suppresses J/ψ and ψ’ ? 
   



RdAu
J/ψ  vs pt 

12 

 
RdAu ~ 1 at high pt – CNM effects are small at high pt 
High pt J/ψ carry cleaner signal with less CNM influence 
RdAu consistent with model calculations  
shadowing from EPS09 nPDF, nuclear absorption σabs

J/ψ ~ 3mb 

PHENIX data: Phys.Rev. C 87 , 034904 (2013) 
Model: E.Eskola et al., Nucl.Phys. A830, 599 (2009) 
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High-pT  J/ψ suppression in central collision 
 
Suppression increases with collision centrality 

RAA
J/ψ for high pt is systematically higher than for 

low pt 

         may indicate color screening  
                            presence of QGP  
low pt - both models agree with data (green lines) 
high pt - good agreement with Liu et al.,  
Zhao and Rapp model underpredicts measured 
RAA (blue lines) 
 
 

RAA
J/ψ in Au+Au 200 GeV (high pt J/ψ) Zimányi 14, 12/01/2014  Heavy Flavor at STAR, R. Vértesi 19 

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) 

 - i.e. almost NOT effected by 
recombination and CNM effects 
X .Zhao, R.Rapp, Phys. Rev. C82, 064905 (2010) 
 

New Frontiers in Physics 2014

Figure 2 shows J/ measurements as a function of the number of participant nucleons (N
part

) at
various colliding energies for di↵erent colliding systems. In the left panel, results on R

AA

in Au+Au
collisions at

p
s

NN

= 200 GeV are presented, separately for low- (< 5 GeV/c) [12] and high-p

T

(> 5
GeV/c) [13] regions. We observe that the suppression increases with the collision centrality and that
the R

AA

at high p

T

is systematically higher than the low-p

T

one. As it is discussed in the Introduction
section, high-p

T

J/ are expected to be less a↵ected by the CNM and recombination e↵ects. The
strong suppression of high-p

T

J/ in central collisions (0-30%) is consistent with the expectation of
the color screening e↵ect, and thus suggests the formation of the QGP. The measured R

AA

is compared
with two model predictions, Zhao and Rapp [6] and Liu et al. [21]. Both take into account direct J/ 
production with the color screening e↵ect and production via recombination of c and c̄ quarks. At
low p

T

both predictions (green lines) are in agreement with the data, while the high-p

T

result is well
described by the Liu et al. model and the model of Zhao and Rapp underpredicts the measured R

AA

.
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Figure 2. Left: J/ R

AA

as a function of N

part

in Au+Au collisions at
p

s

NN

= 200 GeV at mid-rapidity ([12, 13])
with two model predictions ([6, 21]). The low-p

T

(< 5 GeV/c) result is shown as black full circles and the high-
p

T

(> 5 GeV/c) measurement as red full circles. Right: J/ R

AA

as a function of N

part

in Au+Au collisions atp
s

NN

= 200 (black), 62.4 (red) and 39 (blue) GeV at mid-rapidity with model predictions. As the green circle
the minimum bias U+U measurement at

p
s

NN

= 193 GeV is also presented.

When changing energies of colliding heavy ions one expects di↵erent interplay between direct J/ 
production (with color screening), CNM and recombination e↵ects. The right panel of Fig. 2 shows
low-p

T

J/ R

AA

in Au+Au collisions for di↵erent colliding energies,
p

s

NN

= 200 (black), 62.4 (red)
and 39 (blue) GeV. Within the uncertainties, a similar level of suppression is observed for all three
energies, which can be described by the model predictions of Zhao and Rapp [6]. However, it should
be noted that due to lack of precise p+ p measurements at 62.4 and 39 GeV Color Evaporation Model
calculations [22] are used as baselines, which introduce large uncertainties shown as boxes on the
right panel of Fig. 2. The MB R

AA

measurement in U+U collisions at
p

s

NN

= 193 GeV is shown as
a full circle. In U+U collisions one can reach up to 20% higher energy density compared to Au+Au
collisions in the same centrality bin [23]. Again, there is no di↵erence in the observed suppression
compared to other measurements presented in Fig. 2.

A significant fraction of inclusive J/ production comes from the feed-down of higher excited
states (⇠40%),  (2S ) and �

C

. STAR has performed the first  (2S ) measurement at
p

s = 500 GeV in
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J/ψ in Au+Au at 200 GeV: two surprises  
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J/ψ R
AA

 vs N
part

  

Expectation from color 
screening: 

R
AA

(mid) < R
AA

(forward).

 → Clearly not the case!

CNM effects?  

PHENIX 200 GeV Au+Au J/ψ Result

Blue = Midrapidity
Red = Forward Rapidity

Forward/Mid

PHENIX, PRC 84, 054912 (2011)

At mid-y RAA looks similar, while there are 
obvious differences: 

- at a given Npart, at RHIC much higher  
energy densities… 
- cold nuclear matter effects should be 
drastically different (xBjorken, σabs…) 
- … 

 

1: RRHIC
AuAu (mid-y) ≈ RSPS

PbPb  2: RAuAu (forward) < RAuAu (mid-y) 

Expectation from color screening:  
                   RAA(mid-y) < RAA(forward y) 
 

 clearly data shows something else ! 
            RAA(mid-y) > RAA(forward y) 
 
 
 



Possible explanations … 
•  Regeneration models 

–  give enhancement that compensate screening, initially uncorrelated c and c 
can recombine (Ncc ~ 12 in most central collisions) 

–  qualitative explanation: less suppression in y-mid because there is more c and 
c to recombine   

 

•   Cold nuclear matter effects (CNM)   
–  in any case are always present 

•  Sequential suppression 
–  QGP screening only of χc and ψ’ removing their feed-down contributions to J/ψ  

  Presently one can not exclude/favor one or other of the above scenarios !  

c c 

c 
J/ψ

D

J/ψ SUPPRESSION AT FORWARD RAPIDITY IN Au . . . PHYSICAL REVIEW C 86, 064901 (2012)

TABLE V. PHENIX 39- and 62.4-GeV J/ψ RAA vs centrality with statistical uncertainties and Type A, B, and C systematics.

√
s (GeV) Cent. (%) RAA Stat Type A Type B Type C

39 0–40 0.439 0.043 0.020 0.077 0.083
40–86 0.793 0.157 0.011 0.139 0.151

62.4 0–20 0.292 0.039 0.004 0.042 0.085
20–40 0.388 0.047 0.008 0.056 0.115
40–60 0.519 0.067 0.014 0.073 0.153
60 –86 1.100 0.150 0.010 0.155 0.323

as shown in Fig. 7 [30]. As the collision energy increases the
QGP temperature increases, and, thus, the J/ψ color screening
(labeled as direct J/ψ suppression) becomes more significant.
However, in this calculation, the regeneration contribution
increases with collision energy due to the increase in the total
number of charm pairs produced and nearly compensates. This
result is for J/ψ at midrapidity and relative to the total charm
pair production (thus removing in this ratio possible changes
in the charm pair production caused by initial state effects).

Recently, the same authors have completed new calcu-
lations, including cold nuclear matter effects, regeneration,
and QGP suppression specifically for J/ψ at forward rapidity
[31,32]. Figure 8 shows these results (in the so-called strong
binding scenario). The contributions of direct J/ψ and
regeneration are shown separately (and scaled down by ×0.5
for visual clarity). The inclusion of cold nuclear matter effects
and the forward-rapidity kinematics slightly reverse the trend
seen in Fig. 7 and now the total J/ψ RAA follows the ordering
RAA (200 GeV) <RAA (62 GeV) < RAA (39 GeV) (though by
a very modest amount). Also shown in Fig. 8 are the PHENIX
experimental measurements that, within the global systematic
uncertainties, are consistent with the theoretical calculations.

These results highlight the need for p + p reference data at
both 39 and 62.4 GeV from the same experiment. In addition,
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FIG. 6. (Color online) J/ψ RAA at
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[4]. The solid error bars are the quadrature sum of the statistical and
type A systematic uncertainties, and the boxes represent the correlated
(type B) systematic uncertainties. The global systematic uncertainties
are quoted in the legend for each energy’s results.

the cold nuclear matter effects are likely to differ at the
different energies (an important input for the calculations in
Ref. [31]). The x distribution of gluons for producing J/ψ at
1.2 < |y| < 2.2 changes as the colliding energy decreases. In a
simple PYTHIA study, one finds that the average gluon x1 and x2
for producing J/ψ between 1.2 < |y| < 2.2 is 0.14 and 0.01
for

√
s

NN
= 200 GeV, 0.32 and 0.03 for

√
s

NN
= 62.4 GeV, and

0.43 and 0.05 for
√

s
NN

= 39 GeV. The large uncertainties in
the gluon nPDF for the antishadowing and EMC regions [9]
leads to an additional ±30% uncertainty in the J/ψ initial
production for the central Au + Au case. Future measurements
in p(d) + A collisions at these energies are clearly required in
order to reduce this large uncertainty contribution.

V. SUMMARY

The PHENIX experiment has measured the invariant yield
of J/ψ at forward rapidity in Au + Au collisions at 39 and
62.4 GeV. The nuclear modification, when formulated as RCP
(the ratio between central and peripheral event classes), indi-
cates a similar suppression pattern at the two lower energies to
that previously published for Au + Au collisions at 200 GeV.
Using a p +p reference from other experiments and from a
CEM calculation, results in an RAA with slightly less suppres-
sion at these lower energies. These results are consistent with
theoretical calculations dominated by the balancing effects of
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FIG. 7. (Color online) The number of J/ψ per produced charm
pair (×10−3) in Au + Au central collisions (Npart = 360) at midra-
pidity. Shown are the direct J/ψ and regeneration contributions.
Calculation details and figure from Ref. [30].
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           p+p reference for 62.4 and 39 GeV data from Color Evaporation Model (CEM) - large theoretical uncertainties

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). 

J/ψ RAA energy dependence    

Significant suppression of J/ψ production observed for all energies (200, 62.4 and 39 GeV) in respect to 
Ncoll scalled with p+p yields. Consistent with suppression of directly produced J/ψ.  

No significant energy dependence for RAA
 

 





Two-component model (color screening, direct suppression + statistical regeneration) calculations 
consistent with data 

RAA increases from low pt to high pt, similar trend in 39, 62.4 and 200 GeV data   
G.Odyniec, IS 2014, Napa, Dec. 3-7, 2014
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RHIC BES – a unique tool to study the interplay of J/ψ direct production, recombination and CNM effects   



RCP, RAA J/ψ     µµ,   1.2<|y|<2.2 

G.Odyniec, IS 2014, Napa, Dec. 3-7, 2014
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FIG. 8. (Color online) The J/ψ nuclear modification factor RAA

as a function of the number of participating nucleons Npart for
√

s
NN

=
39, 62.4, 200 GeV [4] Au + Au collisions. Calculation results
are shown from Ref. [31] for the total J/ψ RAA and the separate
contribution of direct J/ψ suppression and regeneration (scaled
down by ×0.5 for visual clarity). The PHENIX experimental data
points are shown for comparison.

more QGP suppression as well as more J/ψ regeneration
for high-energy collisions. However, any firm conclusion
regarding the overall level of suppression from the QGP
requires additional p + p and p(d) + A data at these energies.
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APPENDIX: PROTON-PROTON REFERENCE

In order to construct the p + p references at 39 and
62.4 GeV, we utilize lower-energy data from Fermilab and
the ISR and the CEM calculations from R. Vogt [28,29].
These calculations have been extensively compared with J/ψ
cross sections as a function of center-of-mass energy. First,
shown in Fig. 9 is a comparison of the published PHENIX
measurements for the J/ψ cross section in p + p collisions
at 200 GeV [33] and the CEM calculation. For the CEM
calculation, the solid line is the central value and the gray band
represents the systematic uncertainty of the results. Using the
same CEM framework, calculation results for p + p at 39 and
62.4 GeV are shown in Figs. 10 and 11, respectively. It is
notable that the predicted cross section at midrapidity drops
by approximately a factor of 2.5 in going from 200 to 62.4 GeV
and then another factor of 1.9 in going from 62.4 to 39 GeV.
The rapidity distribution also narrows as expected.
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FIG. 10. (Color online) J/ψ cross section as a function of rapidity
in p + p collisions at 39 GeV. The CEM calculation is shown as a
black solid line with a gray band for its uncertainty. Data points and fit
function are the result of the p + A data (E789: [34,35]) extrapolation
to p + p as described in the text.
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TABLE V. PHENIX 39- and 62.4-GeV J/ψ RAA vs centrality with statistical uncertainties and Type A, B, and C systematics.

√
s (GeV) Cent. (%) RAA Stat Type A Type B Type C

39 0–40 0.439 0.043 0.020 0.077 0.083
40–86 0.793 0.157 0.011 0.139 0.151

62.4 0–20 0.292 0.039 0.004 0.042 0.085
20–40 0.388 0.047 0.008 0.056 0.115
40–60 0.519 0.067 0.014 0.073 0.153
60 –86 1.100 0.150 0.010 0.155 0.323

as shown in Fig. 7 [30]. As the collision energy increases the
QGP temperature increases, and, thus, the J/ψ color screening
(labeled as direct J/ψ suppression) becomes more significant.
However, in this calculation, the regeneration contribution
increases with collision energy due to the increase in the total
number of charm pairs produced and nearly compensates. This
result is for J/ψ at midrapidity and relative to the total charm
pair production (thus removing in this ratio possible changes
in the charm pair production caused by initial state effects).

Recently, the same authors have completed new calcu-
lations, including cold nuclear matter effects, regeneration,
and QGP suppression specifically for J/ψ at forward rapidity
[31,32]. Figure 8 shows these results (in the so-called strong
binding scenario). The contributions of direct J/ψ and
regeneration are shown separately (and scaled down by ×0.5
for visual clarity). The inclusion of cold nuclear matter effects
and the forward-rapidity kinematics slightly reverse the trend
seen in Fig. 7 and now the total J/ψ RAA follows the ordering
RAA (200 GeV) <RAA (62 GeV) < RAA (39 GeV) (though by
a very modest amount). Also shown in Fig. 8 are the PHENIX
experimental measurements that, within the global systematic
uncertainties, are consistent with the theoretical calculations.

These results highlight the need for p + p reference data at
both 39 and 62.4 GeV from the same experiment. In addition,
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FIG. 6. (Color online) J/ψ RAA at
√
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[4]. The solid error bars are the quadrature sum of the statistical and
type A systematic uncertainties, and the boxes represent the correlated
(type B) systematic uncertainties. The global systematic uncertainties
are quoted in the legend for each energy’s results.

the cold nuclear matter effects are likely to differ at the
different energies (an important input for the calculations in
Ref. [31]). The x distribution of gluons for producing J/ψ at
1.2 < |y| < 2.2 changes as the colliding energy decreases. In a
simple PYTHIA study, one finds that the average gluon x1 and x2
for producing J/ψ between 1.2 < |y| < 2.2 is 0.14 and 0.01
for

√
s

NN
= 200 GeV, 0.32 and 0.03 for

√
s

NN
= 62.4 GeV, and

0.43 and 0.05 for
√

s
NN

= 39 GeV. The large uncertainties in
the gluon nPDF for the antishadowing and EMC regions [9]
leads to an additional ±30% uncertainty in the J/ψ initial
production for the central Au + Au case. Future measurements
in p(d) + A collisions at these energies are clearly required in
order to reduce this large uncertainty contribution.

V. SUMMARY

The PHENIX experiment has measured the invariant yield
of J/ψ at forward rapidity in Au + Au collisions at 39 and
62.4 GeV. The nuclear modification, when formulated as RCP
(the ratio between central and peripheral event classes), indi-
cates a similar suppression pattern at the two lower energies to
that previously published for Au + Au collisions at 200 GeV.
Using a p +p reference from other experiments and from a
CEM calculation, results in an RAA with slightly less suppres-
sion at these lower energies. These results are consistent with
theoretical calculations dominated by the balancing effects of
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FIG. 7. (Color online) The number of J/ψ per produced charm
pair (×10−3) in Au + Au central collisions (Npart = 360) at midra-
pidity. Shown are the direct J/ψ and regeneration contributions.
Calculation details and figure from Ref. [30].
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TABLE III. PHENIX 39- and 62.4-GeV J/ψ RCP vs centrality with statistical uncertainties and Type A, B, and C systematics.

√
s (GeV) Cent. (%) RCP Stat Type A Type B Type C

39 0–40 0.554 0.112 0.028 0.138 0.047
62.4 0–20 0.266 0.050 0.005 0.036 0.031

20–40 0.353 0.064 0.008 0.045 0.041
40–60 0.471 0.089 0.013 0.060 0.055

uncertainties are included in the boxes on each data point.
For comparison, we show the published Au + Au results at
200 GeV [4], where the peripheral selection is 60–93%, with a
quite comparable ⟨Ncoll⟩ = 14.5 ± 2.7. Within uncertainties,
the centrality-dependent nuclear modification from peripheral
to central collisions at the two energies are the same.

For the Au + Au results at 39 GeV, the statistics do not allow
any centrality dependence of RCP and only a single value is
calculated for the ratio between 0–40% to 40–86% centralities,
as shown in Fig. 5 and in Table III. The published Au + Au
results at 200 GeV are rebinned to have a peripheral centrality
selection of 40–93% to approximately match the number
of binary collisions for the peripheral denominator. Within
uncertainties the results agree; however, the limited statistics
in the Au + Au at 39 GeV preclude any strong conclusions.

The centrality dependence as quantified via RCP is not a
replacement for the nuclear modification factor RAA (relative
to the p +p baseline) since J/ψ yields may change already in
peripheral Au + Au collisions, in particular from cold nuclear
matter effects. In addition, RCP has significant uncertainties
from the more limited statistics and the larger systematic
uncertainty on ⟨Ncoll⟩ for the peripheral bin. The PHENIX
experiment has no data for p + p collisions at 39 GeV, and
only a limited data set was recorded during 2006 for p + p
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FIG. 5. (Color online) J/ψ RCP for 0–40% (central) relative to
40–87% (peripheral) Au + Au collisions at 39 GeV. For comparison,
RCP results from Au + Au collisions at 200 GeV [4] are shown with
a peripheral bin of 40–93%, where the ⟨Ncoll⟩ value is a close match.
The solid error bars are the quadrature sum of the statistical and type
A systematic uncertainties, and the boxes represent the correlated
(type B) systematic uncertainties.

collisions at 62.4 GeV. However, p + p measurements do
exist from fixed target p + A experiments near 39 GeV and
from Intersecting Storage Ring (ISR) collider experiments at
62 GeV. In the Appendix, we discuss in detail these results and
compare them with theoretical calculations within the CEM
from R. Vogt [28,29] to determine a p + p reference.

We quantify the nuclear modification factor RAA with
respect to the p + p reference as follows:

RAA = 1
⟨TAA⟩

dNAA/dy

dσ pp/dy
, (3)

where dNAA/dy is the invariant yield in Au + Au collisions,
dσ pp/dy is the p + p cross section, and ⟨TAA⟩ is the nuclear
overlap function (where ⟨TAA⟩ = ⟨Ncoll⟩/σ inelastic

NN ). Unlike
200 GeV, the 39- and 62-GeV p + p references are determined
from other measurements rather than being from our own,
and systematic uncertainties will not cancel in the ratio. Our
estimates for the J/ψ p +p cross sections in the range
1.2 < |y| < 2.2 for 39 and 62.4 GeV are shown in Table IV
and are detailed in the Appendix. The J/ψ RAA for Au +
Au collisions at 39 and 62.4 GeV is tabulated in Table V and
shown in Fig. 6 as a function of the number of participating
nucleons ⟨Npart⟩, along with the previously published 200-GeV
results [4]. The type C global scale uncertainties, from the
p + p references, are listed separately in the legend. At both
39 and 62.4 GeV, there is slightly less J/ψ suppression than
observed in Au + Au at 200 GeV. However, particularly for
62.4 GeV, since we have no reliable p + p reference from
our own measurements, the RAA result could shift down by
the quoted 29% systematic uncertainty, bringing the data into
agreement with the 200-GeV result.

IV. DISCUSSION

The collision energy dependence of the various competing
effects influencing the final J/ψ yields all differ substantially.
Thus, the similarity of the J/ψ nuclear modifications RCP
and RAA from 39 to 200 GeV is a challenge for models
incorporating the many effects. There was a prediction that the
maximum J/ψ suppression would occur near

√
s

NN
= 50 GeV,

TABLE IV. Estimates used for the 39- and 62.4-GeV
J/ψ p + p cross sections along with their uncertainties.
See the Appendix for details.

√
s (GeV) dσ pp/dy (nb)

39 2.91 ± 19%
62.4 7.66 ± 29.4%
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FIG. 2. (Color online) J/ψ invariant yields (scaled by 1/⟨Ncoll⟩)
are shown for Au + Au collisions at 39, 62.4, and 200 GeV as a
function of the number of participating nucleons. The solid error bars
represent the uncorrelated point-to-point uncertainties (quadrature
sum of statistical and type A); the boxes represent the correlated
(type B) systematic uncertainties.

anticorrelated). The uncertainties listed in order are from
uncertainties on the J/ψ extracted yield as described above,
the detector acceptance, the acceptance and efficiency over
the rapidity range 1.2 < |y| < 2.2 from the assumed PYTHIA
input distribution, the absolute check on the MuTr and MuID
hit efficiencies, and the matching of dead areas in the real data
and GEANT Monte Carlo (MC) simulation.

III. RESULTS

Figure 2 shows the final calculated J/ψ invariant yield
integrated over all pT in

√
s

NN
= 39 and 62.4 GeV Au + Au

collisions as a function of centrality, categorized by the average
number of participants ⟨Npart⟩. The yields have been rescaled
by 1/⟨Ncoll⟩. For comparison, the previously published J/ψ
invariant yields in the same rapidity range 1.2 < |y| < 2.2
from

√
s

NN
= 200 GeV Au + Au collisions are also shown [4].

The vertical error bars are the quadrature sum of the statistical
and type A systematic uncertainties, and the boxes represent
the type B uncertainties. As expected, the J/ψ yield is larger
in Au + Au collisions at larger center-of-mass energy. In
addition, the yield per binary collision decreases with ⟨Npart⟩
at all three energies, indicating increasing nuclear suppression
for more central collisions. Figure 3 shows the invariant yield
as a function of pT , plotted at the center of each pT bin, for√

s
NN

= 39 and 62.4 GeV Au + Au collisions.
The nuclear modification of J/ψ yields can be categorized

in different ways. Because the PHENIX experiment has not
yet measured the p + p reference baselines at

√
s

NN
= 39

or 62.4 GeV, we first discuss the J/ψ RCP, the nuclear
modification of central relative to peripheral classes of events
as defined below:

RCP =
dNAuAu/dy

⟨Ncoll⟩
(central)

dNAuAu/dy

⟨Ncoll⟩
(peripheral)

. (2)
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FIG. 3. (Color online) J/ψ invariant yields in minimum bias
Au + Au collisions at 39 and 62.4 GeV as a function of transverse
momentum. The solid error bars are the quadrature sum of the
statistical and type A systematic uncertainties, and the boxes represent
the correlated (type B) systematic uncertainties.

The RCP values are shown in Fig. 4 and in Table III
for Au + Au at 62.4 GeV. Note that the peripheral bin
selection for Au + Au at 62.4 GeV is 60–86% centrality
with a corresponding ⟨Ncoll⟩ = 14.3 ± 1.7. Many uncertainties
in the invariant yields cancel for RCP and the dominant
uncertainties are from the normalization with respect to the
peripheral bin including the uncertainties in the ⟨Ncoll⟩ values
for each bin. There is an additional type C global systematic
from the uncertainty in the peripheral ⟨Ncoll⟩ value listed
in the figure legend and in Table III; the other systematic
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FIG. 4. (Color online) J/ψ RCP for 0–20%, 20–40%, and
40–60% (central) relative to 60–86% (peripheral) Au + Au collisions
at 62.4 GeV. For comparison, RCP results from Au + Au collisions at
200 GeV [4] are shown with a peripheral bin of 60–93%, where the
⟨Ncoll⟩ value is a close match. The solid error bars are the quadrature
sum of the statistical and type A systematic uncertainties, and the
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39 GeV 
62.4 GeV 

Similarity of J/ψ 
nuclear  modifications 
RCP and RAA from 39 
to 200 GeV is a 
challenge for models 

the “same” in the forward direction: 

p+p reference data determine taken from ISR, Fermilab and CEM 

Model includes CNM effects, 
regeneration and QGP suppression 
for J/ψ forward rapidity is consistent 
with data 
 
 
Does coalescence compensate for 
melting ? 
 
Needs reference p+p data ! 

 X.Zhao and R.Rapp, Phys.ReV. C82, 064905 (2010) 



J/ψ does not flow 

18 

J/ψ v2 consistent with 0 in pt range of 2 to 8 GeV/c for all centralities 
Disfavors J/ψ coalescence from thermalized charm quarks at RHIC  
J/ψ is the ONLY hadron so far that does not flow ! 
 
 

Zimányi 14, 12/01/2014  Heavy Flavor at STAR, R. Vértesi 11 

Phys. Rev. Lett. 111 (2013) 52301 

Azimuthal anisotropy (v2) 

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

STAR Au+Au 
√sNN=200 GeV 

!  J/ψ v2 consistent with non-flow (pT>2 GeV/c) 
!  Unique among hadrons! 
!  Regardless of centrality 
!  Model with coalescence from thermalized quarks disfavored 

J/ψ does not flow 

Zimányi 14, 12/01/2014  Heavy Flavor at STAR, R. Vértesi 11 

Phys. Rev. Lett. 111 (2013) 52301 

Azimuthal anisotropy (v2) 

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

STAR Au+Au 
√sNN=200 GeV 

!  J/ψ v2 consistent with non-flow (pT>2 GeV/c) 
!  Unique among hadrons! 
!  Regardless of centrality 
!  Model with coalescence from thermalized quarks disfavored 

J/ψ does not flow 
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1. Higher energy density in U+U collisions (~ 20 %) 

Why J/ψ in U+U 193 GeV so interesting ? 

 2. Higher Npart 

It should be a good test for sequential suppression model … 
-  greater suppression due to color screening 
-  Ncoll increases           Ncharm increases         greater probability for regeneration 

Motivation for U+U collisions 

� U+U collisions at 193 GeV per nucleon  
pair (2012) 

� Uranium nucleus is larger than Au and 
non-spherical 
� U+U collisions (orientation averaged) 

provide higher energy density 
� Tip-to-tip collisions provide the highest 

energy density 

 

Ota Kukral                                   RHIC AGS Annual Users' Meeting 2014 /24 19 

Tip-to-tip collision 

STAR Collaboration: arXiv 1310.3563 (2013) 

tip-to-tip collision 

G.Odyniec, IS 2014, Napa, Dec. 3-7, 2014
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J/ψ  in U+U 193 GeV 

Similar suppression pattern in U+U  

as that in Au+Au 200 GeV  
 

STAR Preliminary 

Baseline: J/ψ measurements in p+p 200 GeV G.Odyniec, IS 2014, Napa, Dec. 3-7, 2014



System size ? 

G.Odyniec, IS 2014, Napa, Dec. 3-7, 2014
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A System Size Study at PHENIX

=> Not much net effect from system size 
increase.Not much net effect from system size increase 



Upsilon 
a cleaner (compare to J/ψ) probe: 
 - co-mover absorption negligible 
 - recombination negligible  
             ~ 12 cc and ~ 0.07 bb pairs per central Au+Au collision at 200 GeV 
 

but, rare probe, low rate … 



Upsilon in p+p and d+Au 200 GeV 

Upsilon suppression in d+Au ! 

8
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FIG. 6: (Color online) Fitted components to the correlated
dielectron mass spectrum in the p+p sample. The bands cor-
respond to the uncertainties obtained from the fit, changes
in the heavy flavor generator and theoretical uncertainties in
the Drell-Yan contribution.

a fit to the dielectron spectrum starting at an invariant
mass at 1.7 GeV/c2, thus including the J/ψ and the ψ′

peaks. Figure 6 shows the overall dielectron fit extended
to the Υ region. The uncertainty bands represent the
quadratic sum of the fit uncertainties and the differences
between the approaches (1) and (2). The Drell-Yan band
represents the quadratic sum of theoretical uncertainties
and detector response uncertainties. The extrapolation
of the heavy flavor contribution to the Υ mass range
8.5 < Mee[GeV/c2]< 11.5 in p+p data yields 0.29 ± 0.12
counts, which corresponds to 3.9 ± 1.7 pb. The pythia

simulation, including parton shower terms, yields an es-
timate that the correlated bottom contribution in this
mass range is 3.2 pb, in agreement with the fit extrapo-
lated result.

Jets can contribute to the correlated background in
two ways: Dalitz decays from π0 pairs within the jet
and correlated hadron pair contamination. For a π0 pair
to produce a correlated electron pair in the Υ mass re-
gion, each of the π0s should have a transverse momen-
tum larger than the mass of the Υ, which is a possibility
ruled out by the current statistics. Figure 3 shows the
purity of the electron sample from high mass dielectrons
in p+p data after combinatorial background subtraction.
Hadron contamination was found negligible within uncer-
tainties. Contributions from electron-hadron correlations
are also assumed to be negligible.

The resulting continuum fraction in the selected mass
range is fpp

cont = 13 ± 4% in the p+p sample. The con-
tinuum fraction was also determined with a fit using the
Drell-Yan, B meson and Υ line shapes with free param-
eters for their scales. The total continuum found in this
manner was consistent with that estimated with a fixed
Drell-Yan scale. The fit (without any hadron contribu-

tion) provides a good description of the mass distribu-
tion.
We cannot calculate the continuum contributions

in Au+Au collisions in the same way as we do for
p+p collisions given the unknown nuclear modification of
bottom quarks. Contributions from correlated hadrons
may also start to be significant in a high occupancy en-
vironment. We thus perform a fit to separate the con-
tinuum background from the Υ signal. The dielectron
spectrum is described by the following function:

f (m) = NlikeYlike (m) + YDY(m) (3)

+ Nbb̄,jetYbb̄,jet(m) + YΥ(m)

Nlike =
2
√
Ne+e+Ne−e−

!

Ylike (m) dm

Nbb̄,jet =

"

Ncont −
# mhigh

mlow

YDY(m)dm

$

YΥ(m) =
Ng√
2πσg

exp

%

−
1

2

&

m− 9.5

σg

'2
(

where Nlike ∼1 is the normalization of the like-sign dis-
tribution [36], Ne+e+ , Ne−e− are the number of like-sign
dielectron pairs over the mass range 5 < Mee[GeV/c2] <
15, Ylike(m) is the like-sign dielectron mass distribu-
tion from real data which account for the combinatorial
background and a fraction of the correlated background,
YDY(m) is the Drell-Yan contribution as calculated in
Eq. (2), mlow = 8.5 GeV/c2 and mhigh = 11.5 GeV/c2

define the mass range used in the continuum normaliza-
tion, Ncont is the continuum contribution in the Υ mass
region, YΥ(m) is a Gaussian function accounting for the
Υ peak where σg is the effective peak width of all three Υ
states combined, and Ybb̄,jet(m) is a function normalized
in the Υ mass range which accounts for the correlated
open bottom and hadrons from jets. We assumed both a
power law and an exponential function for the correlated
bottom and jet contributions:

Ybb̄,jet(m) =

)

(α+ 1)mα/
*

mα−1
high −mα−1

low

+

αeαm/ (eα·mhigh − eα·mlow)

The parameters Ncont, α, Ng and σg were fit to
the unlike-sign dielectron spectrum between 5 and 16
GeV/c2 using a maximum likelihood method. Figure 7
shows the f(m)−NlikeYlike(m) fitting result assuming a
power law function for the bottom-jet contribution. The
bands represent the fit and theoretical uncertainties. The
continuum estimate changes by up to 0.9% depending
on the choice of the bottom+jet contribution function
,

Ybb̄,jet(m)
-

. Table III lists the number of net counts
and the continuum fraction for p+p and three centrality
ranges in the Au+Au data. The fraction of continuum
in Au+Au data obtained from these fits was found to be
larger than in p+p data. This may reflect that the nu-
clear modification of Drell-Yan in Au+Au is small com-
pared to the Υ yield modification.

STAR 

PHENI
X 

arXiV:1404.2246 
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Upsilon rapidity dependence in p+p and d+Au 200 GeV 

ü  ϒ cross section in  p+p vs rapidity consistent 
with NLO pQCD CEM predictions across all y,   
in d+Au also, except y~0  

R. Vogt, Phys. Rep. 462125, 2008 

RdAu consistent with predictions except mid-rapidity -
> indication of additional suppression at y ~ 0 
beyond that of current models (i.e. in addition to 
shadowing and initial state parton energy loss)   
                    - requires further studies         p+A run 

Phys.Lett. B 735 (2014) 127 

G.Odyniec, IS 2014, Napa, Dec. 3-7, 2014
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Upsilon in U+U 193 GeV 


Consistent increase of suppression with centrality in both Au+Au and U+U 

Strong suppression in central collisions. Trend in U+U follows and extends trend in Au+Au 

Agreement with models that include presence of QGP. Strickland model predicts temperature range : 

                                                                                                                428 MeV < T < 442 MeV 
G.Odyniec, IS 2014, Napa, Dec. 3-7, 2014
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ϒ(1S) state suppression in Au+Au 

Suppression of ϒ(1S) in central collisions   
consistent with model calculations  
 -  Liu et al. Model – suppression mostly due to dissociation of  
the excited states (CNM effects not included) 

 - Strickland-Bazow Model – hot and cold nuclear effects 

No suppression: RAA 
ϒ(1S) ~ 1 in dAu, in peripheral 

and mid-central AuAu collisions 
 

 
Indication of complete melting of ϒ(2S) and 
ϒ(3S) suppression in central collisions, 
consistent with predictions for central Au+Au  
Suppression of ϒ(1S) similar to high-pT J/ψ

ϒ suppression pattern supports sequential 
melting 

Stricland-Bazov Model: Nucl. Phys. A879, 25 (2012) 
Liu-Chen Model: Phys. Lett. B697 (2011) 32 

G.Odyniec, IS 2014, Napa, Dec. 3-7, 2014
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ϒ RAA at RHIC and LHC 

G.Odyniec, IS 2014, Napa, Dec. 3-7, 2014
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Quarkonium 2014
Barbara Trzeciak, STAR

Upsilon R
AA 

 RHIC vs LHC

26

Phys. Lett. B735 (2014) 127, arXiv: 1404.2246, PRL 109 (2012) 222301 
 

Agreement between RHIC experiments 
Larger suppression at CERN LHC energies, however at most central collisions comparable 
ϒ suppression indicates color deconfonement  
however, uncertainties are substantial 

STAR vs PHENIX 
RHIC vs LHC 



Where we are : 

G.Odyniec, IS 2014, Napa, Dec. 3-7, 2014
28 

-  Significant suppression of J/ψ production in central Au+Au from 39 to 200 GeV with respect to 
Ncoll scalled p+p yields 

-  This J/ψ suppression similar in Au+Au at 200, 62.4 and 39 GeV 
                          
                                 Does recombination compensate fully for melting ? 

-  Indications of no system size dependence of J/ψ suppression (similar in Au+Au and U+U) 

-  No collective behavior of J/ψ observed – thermalizes cc coalescence unlikely  

-  d+Au – hint of “additional” suppression (beyond model calculations)  

                                Some final state effects (even in such a small system) ? 

-  ϒ(2S) and ϒ(3S) suppression stronger then ϒ(1S) in central collisions  

                                Signal of deconfined medium ? 

-  first ψ’ measurements  

 



Near future 

G.Odyniec, IS 2014, Napa, Dec. 3-7, 2014
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Very soon – detailed quarkonium measurements  
        In STAR (fully installed and taking data in 2014):  
                     HFT – separation of prompt and non-prompt J/ψ
                       MTD - J/ψ, ϒ       µ+µ- (compliment to e+e-)
        
        
 
 
 
      In PHENIX:   
                  VTX, FVTX – 
nuclear modification and collective flow  
of charm and bottom separately using DCA  

EPJ Web of Conferences

consistent with a dissociation of the higher excited states, ⌥(2S ) and ⌥(3S ). Also, the point at the
central collisions is in good agreement with the Liu et al. model prediction [29] for inclusive ⌥(1S )
R

AA

in which suppression is mostly due to the dissociation of the excited states. For the⌥(2S +3S ) the
95%-confidence upper limit for R

AA

in the centrality range of 0-60% was obtained, R

AA

(2S + 3S ) <
0.32. Left panel of Fig. 6 shows the ⌥(2S + 3S ) result on R

AA

together with ⌥(1S ) and high-p

T

J/ 
nuclear modification factors as a function of the binding energy.
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STAR Inclusive Quarkonium Measurements

 = 200 GeV, |y|<1NNsAu+Au, 

Figure 6. Left: STAR measurements of nuclear modification factors for di↵erent quarkonium states as a function
of the binding energy ([5]). Right: Statistical projection of ⌥ R

AA

measurement for di↵erent ⌥ states with the
MTD detector. The figure also shows in black measured STAR ⌥ R

AA

[5].

3 Outlook

STAR has two new detectors fully installed and taking data in 2014: Heavy Flavor Tracker (HFT)
and Muon Telescope Detector (MTD). The HFT is a silicon vertex detector that will allow to study
the non-prompt J/ production from B-meson decay, which can be identified using the displaced
vertex technique. The MTD is situated outside the STAR magnet. It enables muon identification in
STAR and thus quarkonium measurements in the di-muon decay channel which is cleaner than the
di-electron decay channel. Compared to electrons, muons do not originate from � conversion in the
detector material and contribution from Dalitz decays is much smaller, and they are also less a↵ected
by radiative loses in the detector material. The di-muon channel has better mass resolution that is
particularly important for separation of di↵erent ⌥ states. Right panel of Fig. 6 shows a projection for
R

AA

of di↵erent ⌥ states measured with the MTD.

4 Summary

In summary, we present recent STAR measurements on J/ and ⌥ production, as well as J/ v2 in
Au+Au collisions at

p
s

NN

= 200 GeV. We have observed significant J/ production suppression
in Au+Au collisions at di↵erent colliding energies,

p
s

NN

= 200, 62.4 and 39 GeV, and in U+U
collisions at

p
s

NN

= 193 GeV. No strong energy dependence of the J/ suppression in Au+Au is
seen. Results on ⌥ production are also shown in d + Au and Au+Au collisions at

p
s

NN

= 200 GeV
and in U+U collisions at

p
s

NN

= 193 GeV. In both J/ and ⌥ case we see similar R

AA

between
Au+Au and U+U collisions. We observed that ⌥ and high-p

T

J/ are strongly suppressed in the most

Statistical projection of ϒ RAA for 
different ϒ states with MTD 
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B. Müller, Nucl. Phys. A750, 84 (2005)

VTX in Run 2012: p+p at 200 GeV STAR indirect measurement consistent with our results

FVTXVTX

• Alignment of VTX for Run-14 is 
ongoing and almost done

70 mm

Run-14: AuAu 200 GeV
golden dataset for VTX

Charm/Bottom Separation with VTX/FVTX: Coming Soon

PHENIX: Nucl. Phys. A 904-905C (2013) 647   

Muon Telescope Detector (MTD) 

� J/ψ → μ+μ- (B.R. 5.9%) 
� No γ conversion, less contribution from Dalitz decays 
� Trigger capability for J/ψ in central A+A collisions 

� Full MTD installed for year 2014 

Ota Kukral                                   RHIC AGS Annual Users' Meeting 2014 /24 22 

J/y 

MTD 
(MRPC) 

Heavy Flavor Tracker (HFT) 

� Inner tracking system - precise pointing resolution 
� Study of non-prompt J/ψ (B → J/ψ + X;   cτ ≈ 500 μm) 
� Installed for year 2014 

Ota Kukral                                   RHIC AGS Annual Users' Meeting 2014 /24 23 

Detector Radius 
(cm) 

Hit Resolution  
R/M - Z (Pm - Pm) 

Radiation 
length 

SSD 22 20  / 740 1% X0 

IST 14 170 / 1800 <1.5% X0 

PIXEL 
8 12 / 12 ~0.4% X0 

2.5 12 / 12 ~0.4% X0 

Simulation of separation of prompt and 
non-prompt J/ψ using HFT 



Thank you ! 
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ψ’ in d +Au 
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 0 in d + Au collisions at mid-rapidity

|y| < 0.35
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 Phys.Rev.Lett. 107, 142301 (2011)ψJ/
 14.6%±Global Sys 

=200 GeV d+AuNNs|y|<0.35 

R 
0

dAu = [ 0/(J/ )]dAu

[ 0/(J/ )]pp ⇥ RJ/ 
dAu

 0 binding energy is 12⇥ smaller than J/ .
Data confirms that  0 is more sensistive to
the final state effects.
Suppression increases with the increasing
Ncoll.

Excellent tool to study charmonium absorption

Deepali Sharma (Stony Brook University) RHIC Users’ Meeting 2014 20th June, 2014 13 / 28
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Excellent tool to study charmonium absorption

Deepali Sharma (Stony Brook University) RHIC Users’ Meeting 2014 20th June, 2014 13 / 28

PHENIX: PRL 111, 202301 (2013) 

Suppression increases with increasing Ncoll 
ψ’ production is heavily suppressed in central   
d+Au collisions relative to J/ψ       
ψ’ is more sensitive to the final state effects 
(ψ’ binding energy is 12x smaller than J/ψ) 
  

3x 



CNM effects, ϒ in d+Au 200 GeV,  

Similar suppression seen at E772 
Suppression increases with the size of the system 

Υ(1S) 

G.Odyniec, IS 2014, Napa, Dec. 3-7, 2014
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Energy dependence of J/ψ Rcp  
 

Nuclear modification factor RCP shows significant suppression in central Au + Au collisions 
at 62.4 GeV, similar as at 200 GeV         
Note, at 39 GeV large error bars 

STAR Preliminary 

l)(periphera
N

dN/dy

(central)
N

dN/dy

  R

coll

coll
CP

><

><=

No p+p reference data at 62.4 and 39 GeV 
– using RCP ratio of centrals to peripherals 

  RHIC BES program – a unique tool to study the interplay of J/ψ direct production  (with color screening), 

                                     CNM effects and recombination with changing energy 
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