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Abstract. RHIC experiments carry out a comprehensive physics program which studies
open heavy flavor and quarkonium production in relativistic heavy-ion collisions. The
discovery at RHIC of large high-pT suppression and flow of electrons from heavy quarks
flavors have altered our view of the hot and dense matter formed in central Au + Au col-
lisions at √sNN = 200 GeV. These results suggest a large energy loss and flow of heavy
quarks in the hot, dense matter. In recent years, the RHIC experiments upgraded the de-
tectors; (1) PHENIX Collaboration installed silicon vertex tracker (VTX) at mid-rapidity
region and forward silicon vertex tracker (FVTX) at the forward rapidity region, and (2)
STAR Collaboration installed the heavy flavor tracker (HFT) and the muon telescope
detector (MTD) both at the mid-rapidity region. With these new upgrades, both exper-
iments have collected large data samples. These new detectors enhance the capability
of heavy flavor measurements via precision tracking. The PHENIX experiments estab-
lished measurements of ψ(1S ) and ψ(2S ) production as a function of system size, p + p,
p + Al, p + Au, and 3He + Au collisions at √sNN = 200 GeV. In p/3He + A collisions at
forward rapidity, we observe no difference in the ψ(2S )/ψ(1S ) ratio relative to p + p col-
lisions. At backward rapidity, where the comoving particle density is higher, we find that
the ψ(2S ) is preferentially suppressed by a factor of two. STAR Collaboration presents
the first J/ψ and Υ measurements in the di-muon decay channel in Au + Au collisions
at √sNN = 200 GeV at mid-rapidity at RHIC. We observe clear J/ψ RAA suppression and
qualitatively well described by transport models simultaneously accounting for dissocia-
tion and regeneration processes.

1 Physics Motivation

At the heart of each atom, there is a nucleus consisting of distinct nucleons (protons and neutrons).
In turn, these nucleons consist of quarks bound together by the strong interaction, mediated by the
exchange of gluons. Quantum Chromodynamics (QCD) is considered the fundamental theory for
such strong interactions. According to QCD, at ordinary temperatures or densities this force simply
confines the quarks into composite hadrons. However, when the temperature reaches the QCD energy
scale (T of the order of 10

12
Kelvin) or its density rises to the point where the average inter-quark

separation is less than 1 fm (quark chemical potential µq around 400 MeV), hadronic matter under
extremely dense and hot conditions undergoes a phase transition to form a Quark Gluon Plasma (QGP)
in which quarks and gluons no longer are confined to the size of a hadron [1, 2]. Knowing the exact
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Figure 1. The evolution of the nuclear modification
factor with center-of-mass energy, from the SPS to
RHIC and then to the LHC. The error bars corre-
spond to the statistical errors. For clarity, the sys-
tematic errors are shown as vertical bands. For more
details see Ref. [4].
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Figure 2. The nuclear modification factor, RHF
AA, for

HF electrons compared with the RAA of π0 in central
Au+Au collisions at √sNN = 200 GeV, see panel (a).
Panel (b) considers the anisotropic flow of HF elec-
trons vHF

2 with that of v2 of π0 and π± in minimum-
bias Au+Au collisions. For more details see Ref. [4]

nature of quark confinement in hadrons is crucial, and yet this remains a poorly understood aspect of
the quark-gluon description of matter. Collision experiments of heavy nuclei at high energies provide
the unique opportunity to create and study the properties of the QGP in the laboratory.

Hadrons carrying heavy quarks, i.e. charm (c) or bottom (b), are consider important probes of the
hot and dense medium, QGP, created in relativistic heavy-ion collisions. Heavy quark-antiquark pairs
are mainly produced in initial hard scattering processes of partons. While some of the produced pairs
form bound quarkonia, the vast majority hadronize into open heavy flavor particles. They interact
through the medium and are expected to be sensitive to its energy density through the mechanism
of parton energy loss. Due to the large mass of heavy quarks the suppression of small-angle gluon
radiation should reduce their energy loss, and consequently any suppression of heavy-quark mesons
like D and B mesons at high-pT is expected to be smaller than that observed for hadrons consisting of
light quarks [3]. We quantify the medium effects on high-pT production in nucleus-nucleus collisions,
A + A, with the nuclear modification factor which is defined as following:

RAA(pT) =
1

〈Ncoll〉
× yield per A + A collision

yield per p + p collision
=

1
〈Ncoll〉

× d2N
A+A
/dydpT

d2Np+p
/dydpT

(1)

This factor reflects the deviation of measured distributions of nucleus-nucleus, A + A, transverse mo-
mentum, at given impact parameter b, from measured distributions of an incoherent superposition
of nucleon-nucleon (p + p) transverse momentum, scaled by the average number of expected binary
collisions’ 〈Ncoll 〉. This normalization often is known as “binary collisions scaling".

The rise of the nuclear modification factor with center-of-mass energy, from the SPS to RHIC
and then to the LHC is presented in figure 1. We observe that in the presented pT region, charged
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hot and dense medium, QGP, created in relativistic heavy-ion collisions. Heavy quark-antiquark pairs
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radiation should reduce their energy loss, and consequently any suppression of heavy-quark mesons
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This factor reflects the deviation of measured distributions of nucleus-nucleus, A + A, transverse mo-
mentum, at given impact parameter b, from measured distributions of an incoherent superposition
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hadron production at the LHC is found to be about 50% more suppressed than at RHIC, and has
a similar suppression value as for neutral pions (π0) measured by PHENIX. These measurements
of RAA(pT ) at RHIC and LHC is consistent with a large energy loss in the medium causing it to
become opaque to the propagation of high momentum partons [4, 5]. In contrast, RAA(pT ) for π0 at
SPS energy exhibit enhancement, as shown in figure 1. This effect of RAA(pT ) suppression of the
high-pT hadron spectra at the mid-rapidity region in central A + A collisions, proposed by Bjorken,
Gyulassy, and others [6, 7] rests on the expectation of a large energy loss of high momentum partons
scattered in the initial stages of collisions in a medium with a high density of free color charges.
According to the QCD theory, colored objects will lose energy via bremsstrahlung radiation of gluons.
Such a mechanism strongly would degrade the energy of leading partons, as reflected in the reduced
transverse momentum of leading particles in the jets emerging after their fragmentation into hadrons.
This energy loss is expected to depend strongly on the color charge density of the created system, and
the path length traversed by the propagating parton. It has been recognized that the elastic energy loss
is too small to engender significant attenuation of the jet in the created medium [8]. Adding to this
discovery of suppression of particles at high-pT , two very striking results were seen for open heavy
flavor from the PHENIX experiment via the measurement of electrons from the semi-leptonic decays
of hadrons carrying charm or bottom quarks. First, heavy mesons, despite their large mass, exhibit a
suppression at high transverse momentum compared to that expected from p + p collisions [4, 9–11].
This suppression is similar to that of light mesons, which implies a substantial energy loss of fast
heavy quarks while traversing the medium, see figure 2(a). Second, an elliptic flow is observed for
heavy mesons, electrons from semi-leptonic decays of hadrons carrying charm or bottom quarks, that
is similar to that of light mesons like pions, as shown in figure 2(b).

2 PHENIX Recent Heavy Flavor Results

Heavy quark production has been studied by the PHENIX experiment via measurements of single lep-
tons from semi-leptonic decays in both the electron channel at mid-rapidity and in the muon channel
at forward-rapidity. Recently, the PHENIX Collaboration has installed a silicon vertex tracker both in
central rapidity (VTX) and in forward rapidity (FVTX) regions, and has collected large data samples
[12, 13]. These two silicon trackers enhance the capability of heavy flavor measurements via precision
tracking [14].

2.1 Open Heavy Flavor - Single Electron/Muon Measurements

The PHENIX experiment quantifies open heavy flavor production through the measurement of inclu-
sive electrons or muons [15–18]. These analyses use a cocktail method to remove fake and real elec-
trons/muons from the data sample. i.e. for the electron measurement, the electrons that come from ei-
ther meson decay or photon conversions are measured and subtracted from the inclusive spectrum and
the remainder is attributed to electrons (e±HF) coming from the semi-leptonic decay of D and B mesons.
The effects of CNM are expected to be present in the initial state of A + A collisions; however, this
CNM enhancement is convolved with the suppressing effects of hot nuclear matter. Figure 3(a) shows
RdAu(pT ) and RAA(pT ) for e±HF and the neutral pion (π0), for which only small CNM effects are ob-
served between e±HF and π0 for pT < 5 GeV/c. Above pT ≈ 5 GeV/c, where the CNM effects on both
species, e±HF and π0, are small, their RAA(pT ) values are consistent within uncertainties. However, in
the range where CNM enhancement is large for e±HF and small on π0, the corresponding e±HF RAA(pT )
values are consistently above the π0 values. This could suggest that the difference in the initial state
cold nuclear matter effects due to the mass-dependent Cronin enhancement is reflected in the final

3

EPJ Web of Conferences 164, 06003 (2017) DOI: 10.1051/epjconf/201716406003
ICNFP 2016



EPJ Web of Conferences

(a) e±HF and π0: Au + Au vs. d + Au at √sNN = 200 GeV

T
p [GeV/c]

R
A

A

(b) e±HF and π0: Cu + Cu at √sNN = 62.4 GeV

(c) e±HF and µ−HF : Cu + Cu at √sNN = 62.4 GeV

Figure 3. The nuclear modification factors RdAu(pT ) and RAA(pT ) for the π0, e±HF and µ−HF : panels (a) and (b) for
minimum-bias d + Au, Au + Au and panel (c) for central collisions Cu + Cu [15, 16].

state spectra of these particles in Au + Au collisions, although alternate explanations involving mass-
dependent partonic energy loss in the hot medium are not ruled out. To study the interplay between
initial-state effects and final-states effects for heavy flavor (e±HF) productions, PHENIX measured the
RAA(pT ) in Au + Au collisions at low beam energy, √sNN = 62.4 GeV. These RAA(pT ) values for e±HF
in Au + Au collisions at 62.4 GeV are compared to π0 RAA(pT ) at the same energy as shown in fig-
ure 3(b). At 62.4 GeV, the competition, if present, favors heavy flavor enhancement over suppression.
This is consistent with previous results with hadrons where the Cronin enhancement increases as the
collision energy decreases [19]. PHENIX measurements of heavy flavor muons (µ−HF) at forward
rapidity (1.4 < y < 1.9) in central Cu+Cu collisions at √sNN = 62.4 GeV show a significant suppres-
sion [19]. The magnitude of this suppression at forward-rapidity in Cu + Cu (shown in figure 3(c))
is compared to the suppression of e±HF in central Au+Au collisions at mid-rapidity at the same en-
ergy. As open heavy flavor is significantly more suppressed at forward-rapidity than at mid-rapidity
in Cu + Cu, additional nuclear effects, such as gluon shadowing at low-Björken-x or partonic energy
loss in the nucleus, may be significant. The heavy flavor e±HF and µ−HF are compared in figure 3(c) to
a theoretical prediction that combines the effects of partonic energy loss, energy loss from fragmenta-
tion and dissociation, and includes nuclear matter effects such as shadowing and Cronin enhancement
due to parton scattering in the nucleus [20]. While consistent within uncertainties, the model predicts
more suppression for heavy flavor electrons than seen in the data.
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more suppression for heavy flavor electrons than seen in the data.
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Figure 4. The DCAT distribution for elec-
trons with 1.5 < pe

T
< 2.0 GeV/c in Au + Au

minimum-bias collisions at √sNN = 200 GeV.
Also shown are the normalized contributions
for the various background components de-
tailed in Ref. [22].

Figure 5. The nuclear modification factors
RAA of electrons from charm (c→e), bottom
(b→e) decays and combined heavy flavor as
a function of pe

T
in Au + Au minimum-bias

collisions at √sNN = 200 GeV. For more de-
tails see Ref. [22].

The large suppression RAA of e±HF at high-pT in Au + Au collisions at √sNN = 200 GeV, shown in
figures 2 and 3, and similar to that of light mesons π0, is the more striking results because perturbative
QCD calculations indicate a substantial contribution from bottom quark decays for pT > 5 GeV/c [21].
For the specific purpose of separating the contributions of charm and bottom quarks at mid-rapidity,
the PHENIX collaboration has added micro-vertexing capabilities in the form of a silicon vertex
tracker (VTX) [12, 13]. The different lifetimes and kinematics for charm and bottom hadrons decaying
to electrons enable separation of their contributions with measurements of displaced tracks [14, 22].
Figure 4 shows the DCAT distribution (in transverse plane) for electrons (e±) in 1.5 < pe

T
< 2.0 GeV/c

range obtained in Au + Au minimum-bias collisions at √sNN = 200 GeV using data set of RHIC
Run 2011. In order to extract the heavy flavor contributions, all background components, as shown
in figure 4, were fully accounted for and their DCAT shapes as a function of pT incorporated. The
nuclear modifications, Rc→e

AA , and Rb→e
AA , for charm and bottom hadron decays respectively are presented

in figure 5 and detailed in Ref [22].

2.2 ψ(1S ) and ψ(2S ) Mesons Production Versus System Size

Figure 6 presents the measured di-muon mass spectra from p + p, p + Al, p + Au, and 3He + Au col-
lisions at √sNN = 200 GeV. These distributions comprise peaks at the ψ(1S ) and ψ(2S ) masses on top
of correlated background from charm and bottom hadron decays and Drell-Yan pairs, plus combina-
torial background from light meson decays and hadrons, which are not stopped in the absorbers [24].
From figure 6 it is apparent that the ψ(2S ) peaks are suppressed relative to the ψ(1S ) peak in the
columns on the left (in the A-going direction). Quantitative comparisons are accomplished by cal-
culating the double ratio of ψ(2S )/ψ(1S ) production in p/He+A collisions to the ratio found in p + p
collisions, as shown in figure 7. At forward rapidity, the double ratio is consistent with unity in all
three collision systems, indicating that any possible nuclear effects on the two charmonium states are
comparable. Because these states are not fully formed until after they exit the nucleus, the fact that
any nuclear effects have an equal magnitude on both states suggests that there are no significant final

5

EPJ Web of Conferences 164, 06003 (2017) DOI: 10.1051/epjconf/201716406003
ICNFP 2016



EPJ Web of Conferences

)2 mass (GeV/c-µ+µ
2 3 4 5

)2 c
co

un
ts

/(5
0 

M
eV

/

1

10

210

310
(a) p+p200 GeV 

    -2.2<y<-1.2

      PHENIX

)2 mass (GeV/c-µ+µ
2 3 4 5

)2 c
co

un
ts

/(5
0 

M
eV

/

1

10

210

310 (e) p+p200 GeV 
    1.2<y<2.2

)2 mass (GeV/c-µ+µ
2 3 4 5

)2 c
co

un
ts

/(5
0 

M
eV

/

1

10

210

(b) +Alp200 GeV 
-2.2<y<-1.2 (Al-going)

)2 mass (GeV/c-µ+µ
2 3 4 5

)2 c
co

un
ts

/(5
0 

M
eV

/

1

10

210

(f) +Alp200 GeV 
-going)p   1.2<y<2.2 (

)2 mass (GeV/c-µ+µ
2 3 4 5

)2 c
co

un
ts

/(5
0 

M
eV

/

1

10

210

310 (c) +Aup200 GeV 
-2.2<y<1.2 (Au-going)

)2 mass (GeV/c-µ+µ
2 3 4 5

)2 c
co

un
ts

/(5
0 

M
eV

/

1

10

210

310 (g) +Aup200 GeV 
-going)p    1.2<y<2.2 (

)2 mass (GeV/c-µ+µ
2 3 4 5

)2 c
co

un
ts

/(5
0 

M
eV

/

1

10

210

(d) He+Au3200 GeV
-2.2<y<1.2 (Au-going)

)2 mass (GeV/c-µ+µ
2 3 4 5

)2 c
co

un
ts

/(5
0 

M
eV

/

1

10

210
(h) He+Au3200 GeV

He-going)31.2<y<2.2 ( 

Figure 6. The measured di-muon mass spectra with fits
from the (a−d) South and (e−h) North PHENIX muon
arms, for p + p, p + Al, p + Au, and 3He + Au collisions
at √sNN = 200 GeV. The total fit is the solid [black] line
with a shaded [gray] band representing the 90% confi-
dence level. The dashed [blue] and dotted [red] lines rep-
resent the contributions from the resonances and back-
ground, respectively. For more details see Ref. [24].

Figure 7. The double ratio of ψ(2S )/ψ(1S ) mesons mea-
sured in in p + Al, p + Au, and 3He + Au collisions to
that same ratio in p + p collisions at √sNN = 200 GeV,
with a calculation based on breakup by comoving par-
ticles. The bars (boxes) on the data points represent
the statistical (systematic) uncertainties, and the shaded
(open) box around unity represents the global uncer-
tainty on the forward/backward (mid) rapidity data. For
more details see Ref. [24].

state effects on the pair which occur in this rapidity region. At backward rapidity, the ratios in all
collision systems are suppressed by a factor of two. The mechanism for this preferential suppression
of the ψ(2S ) relative to the ψ(1S ) is expected to occur after the ψ(1S ) formation time. A significant
difference in the late stages of the collision between this region and forward rapidity suggests the
presence of a larger number of comoving hadrons [24].

3 STAR Recent Heavy Flavor Results

The study of heavy flavor in relativistic nuclear collisions follows two different approaches: (1) The
direct reconstruction of the heavy flavor meson, and (2) the identification of electrons and muons
from semi-leptonic decays of such mesons. However, the rare production of heavy quarks and large
combinatorial background in heavy-ion collisions makes the measurements of heavy flavor particles

6

EPJ Web of Conferences 164, 06003 (2017) DOI: 10.1051/epjconf/201716406003
ICNFP 2016



EPJ Web of Conferences

)2 mass (GeV/c-µ+µ
2 3 4 5

)2 c
co

un
ts

/(5
0 

M
eV

/

1

10

210

310
(a) p+p200 GeV 

    -2.2<y<-1.2

      PHENIX

)2 mass (GeV/c-µ+µ
2 3 4 5

)2 c
co

un
ts

/(5
0 

M
eV

/

1

10

210

310 (e) p+p200 GeV 
    1.2<y<2.2

)2 mass (GeV/c-µ+µ
2 3 4 5

)2 c
co

un
ts

/(5
0 

M
eV

/

1

10

210

(b) +Alp200 GeV 
-2.2<y<-1.2 (Al-going)

)2 mass (GeV/c-µ+µ
2 3 4 5

)2 c
co

un
ts

/(5
0 

M
eV

/

1

10

210

(f) +Alp200 GeV 
-going)p   1.2<y<2.2 (

)2 mass (GeV/c-µ+µ
2 3 4 5

)2 c
co

un
ts

/(5
0 

M
eV

/

1

10

210

310 (c) +Aup200 GeV 
-2.2<y<1.2 (Au-going)

)2 mass (GeV/c-µ+µ
2 3 4 5

)2 c
co

un
ts

/(5
0 

M
eV

/

1

10

210

310 (g) +Aup200 GeV 
-going)p    1.2<y<2.2 (

)2 mass (GeV/c-µ+µ
2 3 4 5

)2 c
co

un
ts

/(5
0 

M
eV

/

1

10

210

(d) He+Au3200 GeV
-2.2<y<1.2 (Au-going)

)2 mass (GeV/c-µ+µ
2 3 4 5

)2 c
co

un
ts

/(5
0 

M
eV

/

1

10

210
(h) He+Au3200 GeV

He-going)31.2<y<2.2 ( 

Figure 6. The measured di-muon mass spectra with fits
from the (a−d) South and (e−h) North PHENIX muon
arms, for p + p, p + Al, p + Au, and 3He + Au collisions
at √sNN = 200 GeV. The total fit is the solid [black] line
with a shaded [gray] band representing the 90% confi-
dence level. The dashed [blue] and dotted [red] lines rep-
resent the contributions from the resonances and back-
ground, respectively. For more details see Ref. [24].

Figure 7. The double ratio of ψ(2S )/ψ(1S ) mesons mea-
sured in in p + Al, p + Au, and 3He + Au collisions to
that same ratio in p + p collisions at √sNN = 200 GeV,
with a calculation based on breakup by comoving par-
ticles. The bars (boxes) on the data points represent
the statistical (systematic) uncertainties, and the shaded
(open) box around unity represents the global uncer-
tainty on the forward/backward (mid) rapidity data. For
more details see Ref. [24].

state effects on the pair which occur in this rapidity region. At backward rapidity, the ratios in all
collision systems are suppressed by a factor of two. The mechanism for this preferential suppression
of the ψ(2S ) relative to the ψ(1S ) is expected to occur after the ψ(1S ) formation time. A significant
difference in the late stages of the collision between this region and forward rapidity suggests the
presence of a larger number of comoving hadrons [24].

3 STAR Recent Heavy Flavor Results

The study of heavy flavor in relativistic nuclear collisions follows two different approaches: (1) The
direct reconstruction of the heavy flavor meson, and (2) the identification of electrons and muons
from semi-leptonic decays of such mesons. However, the rare production of heavy quarks and large
combinatorial background in heavy-ion collisions makes the measurements of heavy flavor particles

ICNFP 2016

Figure 8. The nuclear modification factors RAA as a
function of pT at RHIC (red star) and at LHC (blue
square, black circle). The lines and bands indicate
transport model calculations for RHIC and LHC en-
ergies [25].

Figure 9. The nuclear modification factors RAA for
integrated pT as a function of Npart in Au + Au and
Pb + Pb collisions at RHIC and LHC energies re-
spectively [25].

very difficult with the STAR detectors. To overcome the challenge of the combinatorial background,
the STAR Collaboration upgraded the detector by adding the heavy flavor tracker (HFT) and the muon
telescope detector (MTD) in 2014.

3.1 J/ψ and Υ Measurements in Au + Au collisions at Mid-rapidity

Figure 8 presents the nuclear modification factor of J/ψ RAA measurements in the di-muon decay
channel in 0-40% central Au + Au collisions at √sNN = 200 GeV at mid-rapidity region, compared
with LHC results [25–27]. We observe a strong suppression at RHIC at low pT indicating that dissoci-
ation plays a significant role in this pT range. The increasing trend of RAA at RHIC at high-pT region
could be interpreted by formation-time effects and feed-down of B hadrons. The least suppression of
J/ψ at LHC at low-pT indicates larger regeneration contribution due to higher charm cross section,
while more suppression of J/ψ at LHC at high-pT indicates larger dissociation rate due to higher tem-
perature of the medium. Transport Models [28–31], including dissociation and regeneration effects,
describe qualitatively the RAA of J/ψ as a function of pT at RHIC and LHC given energies [25]. Fig-
ure 9 presents the J/ψ RAA centrality dependence for integrated pT . We observe that both models
reproduce centrality dependence at RHIC, but aim to overestimate suppression (or underestimate RAA
of J/ψ) at LHC. The di-muon mass spectrum in Υ state mass range in Au + Au collisions at √sNN =

200 GeV is shown in figure 10. We notice signs of an indication of Υ (2S + 3S ) signals in the di-muon
decay channel at mid-rapidity region. Using simultaneous fit to the like-sign and unlike-sign distribu-
tions, the raw yields of Υ states are obtained [25]. The comparison of the fitted Υ (2S + 3S )/Υ (1S )
ratio with the world-wide p + p data [32] and CMS data [33, 34] is shown in figure 11.

4 Conclusions

Understanding the properties of strongly interacting matter at high temperatures has been a central
goal of the STAR and PHENIX experiments at RHIC. The large suppression RAA of electrons from

7

EPJ Web of Conferences 164, 06003 (2017) DOI: 10.1051/epjconf/201716406003
ICNFP 2016



EPJ Web of Conferences

Figure 10. The di-muon mass spectrum in
the Υ state mass range from Au + Au colli-
sions at √sNN = 200 GeV in mid-rapidity re-
gion [25].

Figure 11. Υ (2S + 3S )/Υ (1S ) ratio for
world-wide p + p data, and for heavy-ion
collisions at RHIC, and LHC energies [25].

the semi-leptonic decays of hadrons carrying charm or bottom quarks at high-pT in Au + Au col-
lisions at √sNN = 200 GeV, and similar to that of light mesons π0, is the more striking results be-
cause perturbative QCD calculations indicate a substantial contribution from bottom quark decays for
pT > 5 GeV/c. The PHENIX experiments established measurements of ψ(1S ) and ψ(2S ) production
as a function of system size, p + p, p + Al, p + Au, and 3He + Au collisions at √sNN = 200 GeV. In
p/3He + A collisions at forward rapidity, we observe no difference in the ψ(2S )/ψ(1S ) ratio relative
to p + p collisions. At backward rapidity, where the comoving particle density is higher, we find that
the ψ(2S ) is preferentially suppressed by a factor of two. STAR Collaboration presents the first J/ψ
and Υ measurements in Au + Au collisions at √sNN = 200 GeV in the di-muon decay channel at mid-
rapidity region. We observe a clear J/ψ RAA suppression and qualitatively well described by transport
models, including dissociation and regeneration simultaneously.
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