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Properties of the Quark Gluon Plasma, created in heavy ion collisions, can be studied by mea-
suring production of various quarkonium states. Each state has a different binding energy and is
expected to dissociate at a different temperature in the plasma. By comparing such a sequential
suppression pattern to the model calculations, thermodynamical properties of the medium can be
extracted. Cold nuclear matter effects however also play a role and can be studied in p+A or
d+A collisions. Finally, quarkonium production in p+p collisions has to be measured in order to
understand the quarkonium production mechanism.

In these proceedings, we present an overview of J/y and 1" production measured with the STAR
experiment. Results from different colliding systems (p+p, p+Au, Au+Au and U+U) are dis-
cussed.
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1. Introduction

In relativistic heavy ion collisions a state of matter containing deconfined quarks and gluons
is created. It’s properties can be studied using quarkonium states, which dissociate when a high
enough temperature is reached as a result of Debye-like screening of color charges [1]. This hap-
pens if the Debye screening length rp,py. is smaller than the radius of a particular quarkonium
state. Increasing the temperature of the plasma causes the Debye screening length to decrease as
T'Debye < T~!. Since each quarkonium state has a different binding energy and radius, it should dis-
sociate at a different temperature leading to a sequential suppression pattern for different quarko-
nium states [2]. Such a suppression is measured with respect to the yield in p+p collisions, by
calculating the nuclear modification factor:

1 dzNA+A/dedy
Neour) d*Nyp/dprdy
which is a ratio of quarkonium production yield in A+A collisions to the yield in p+p collisions
scaled by the mean number of binary collisions in A+A. A suppression of J/y production has
been observed at SPS [3], RHIC [4], and LHC [5] as well as for I at RHIC [6] and the sequential
suppression of 1" states at LHC [7].

Ran = < (1.1)

In addition to the suppression discussed above, there are other effects, which complicate the
interpretation. There might be a feed-down contribution from the radiative or hadronic decays
of excited quarkonium states to the measured yield. Furthermore, Cold nuclear matter (CNM)
effects also play a role. These include modifications (shadowing, anti-shadowing) to the parton
distributions (nPDF) in a nucleus compared to a free nucleon. Further CNM effects can come from
to interactions with comoving hadrons or nuclear absorption. Such effects can be studied in p+A
or d+A collisions and estimated with the help of theoretical calculations.

Finally, quarkonium production needs to be measured in p+p collisions, which serves as a
reference for all the above mentioned studies. This also helps to understand the quarkonium pro-
duction mechanism, which is not yet fully understood.

2. Quarkonium measurement with the STAR experiment

The STAR experiment is well suited to detecting charged particles in a wide solid angle 1| < 1
and 0 < ¢ < 2m. It consists of a number of detector subsystems. The Time Projection Chamber
(TPC) is used for particle identification based on ionization energy loss U}EE and tracking. The
Barrel Electromagnetic Calorimeter (BEMC) is used for electron identification and serves to trigger
on high-pr electrons. The Time of Flight Detector (TOF) is also used for particle identification.
The TPC, BEMC and TOF are enclosed in a solenoid magnet, producing a B = 0.5 T field. The
Muon Telescope Detector (MTD) is located just outside the magnet, which acts here as an absorber
n| < 0.5 with 45% azimuthal

for hadrons, and provides muon identification and triggering in
coverage.

Thanks to the STAR trigger system, studies of rare processes like production of J/y and I’
are possible with high precision. A BEMC-based trigger is fired when a high-pr electron hits one
of the BEMC towers (cells). On the other hand the dimuon trigger requires a coincidence of 2 hits
in the MTD to happen within a short time window after bunch crossing.
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At STAR the quarkonium candidates in the dielectron channel are reconstructed by finding
e e pair candidates and projecting their tracks to hits in BEMC. At least one is required to match
the hit, which fired the trigger. In the dimuon channel, both of the candidate tracks are required to
match MTD hits which fired the dimuon trigger.

3. Quarkonium production in p+p collisions at /s = 200,500 and 510 GeV

The inclusive J/y cross section has been measured by the STAR experiment in p+p colli-
sions at /s = 200,500 and 510 GeV [8, 9]. The measurements at /s = 500 and 510 GeV for
inclusive J/y are shown in Fig. 1 using both the dielectron and diumon decay channels. Fig-
ure 2 shows the same results divided by the result of a Levy fit to the data. These are compared
to CGC+NRQCD [10], NLO NRQCD [11] and Improved Color Evaporation Model (ICEM) [12]
calculations after adding the B — J/y feed-down contribution from a FONLL calculation [13, 14].
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Figure 2:  Ratio of the J/y cross section from

Figure 1: Cross section for inclusive J/y production
vs. pr measured in p+p collisions at /s = 500 GeV
and /s = 510GeV [9]. FONLL calculation of B —
J /v feed-down contribution is also shown (teal curve).
The data are fitted with a Levy function (dashed line).

Fig. 1 [9] to the Levy fit. The data are compared
to CGC+NRQCD [10] and NLO NRQCD [11] model
calculations and ICEM model [12] calculations. The
B — J/y feed-down contribution is included in all

model calculations.

The Y'(1S), Y'(25+ 3S) and combined Y (1S + 2S5 + 3S) cross sections have been measured in
p+p collisions at /s = 500GeV through the dielectron decay channel. They are presented in Fig. 3.
These results are compared to CGC+NRQCD [15, 10] and Color Evaporation Model [16] (CEM)
calculations.

Overall, the CEM [17]or ICEM [12] reasonably well describe both the J/¥ and 1" production
in data. However, the ICEM model calculation for J/psi is on the edge of the data uncertainty band
for pr < 4GeV/c. The J/y measurement for pr > 4 GeV//c is also well described by the NLO
NRQCD [11] calculation. On the other hand, the CGC+NRQCD [10] calculation is on the edge of
the data uncertainty band for J/y and significantly above the data in the low-p7 region for 1'(1S5).



Quarkonium production measured by the STAR experiment Leszek Kosarzewski

4. Quarkonium production in p+A collisions at ,/syy = 200 GeV

Both the J/y and 1" R4, have been measured at /syy = 200 GeV through the dimuon and
dielectron channels, respectively. Figure 4 shows preliminary results on I R4, which are com-
pared to previous results from d+Au collisions at /syy = 200 GeV [6] and model calculations
incorporating energy loss or nPDF [18] or both [19] effects. These new results have an improved
precision over the previous ones and suggest 1" suppression in p+Au collisions. The new STAR
data are systematically overestimated by the models, but are on the edge of the model uncertainty
band.
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Figure 3:  Inclusive Y'(1S+2S +3S), T'(1S) and Figure 4: Nuclear modification factor Rpa, (Rgau)

Y (2S5 + 3S) cross section vs. pr compared to
CGC+NRQCD [15, 10] and CEM model [16] calcu-
lations.

vs. rapidity y. STAR 1" data in p+Au and d+Au col-
lisions [6] are compared to PHENIX data [20] and
model predictions including nPDF [18] and energy

loss with nPDF [19] effects.

5. Quarkonium production in A+A collisions at ,/syy = 200 GeV

The J/y nuclear modification factor R44 has been measured in both the dielectron and dimuon
channels in Au+Au collisions at /syy = 200GeV. The R44 has also been measured in the di-
electron channel in U+U collisions at \/syy = 193 GeV. The new measurement in the dielectron
channel are presented in Fig. 5 [21] for different collision centralities. A strong increase has been
observed at very low pr < 0.1 GeV /c, which is likely caused by coherent photon-nucleus interac-
tions. On the other hand at pr ~ 1 GeV /c a suppression, due to dissociation in QGP and possible
CNM effects, is observed.

Figure 6 [22] shows J/y Ry in Au+Au collisions vs. number of participant nucleons N,
measured in the dimuon channel along with ALICE measurements. The data are compared to
Rapp’s [23] (TAMU) and Tsinghua group calculations [24, 25] which take into account both dis-
sociation and regeneration effects, and also to the Statistical Hadronization Model (SHM) [26].
Rapp’s model includes CNM effects and uses a T-matrix based approach to describe the in-medium
dynamics of the cc¢ pair. The Tsinghua model does not include the CNM effects. It describes the
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J/y behavior in the hot medium using transport equations. Finally, the SHM model assumes ther-

mal production of J/y at the time of hadronization including the regeneration effect. All models

agree with the data well, with the exception of the SHM model, which gives slightly worse descrip-

tion.
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Figure 5: Nuclear modification factor Ra4 for J/y at
very low pr < 0.2GeV /c [21]. The data are shown for
different systems Au+Au and U+U as well as different
collision centralities.
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Figure 7: Nuclear modification factor Rag vS. Ny
for Y(1S) and Y(25 + 3S) compared to Rothkopf’s
model calculation [27].
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Figure 6: Nuclear modification factor Raa vs. Npar
for J/y measured by STAR [22] compared to ALICE
results and Rapp’s model calculation (TAMU) [23].
Statistical Hadronization Model (SHM) [26] and Ts-
inghua Model [24, 25] are also shown.
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Figure 8: Nuclear modification factor Rqa vs. Npar
as in Fig. 7 compared to Rapp’s model [28].

Figure 7 and Fig. 8 show the 1'(1S) and Y'(2S + 3S) nuclear modification factor Ras vs. Npgr
resulting from combined measurements in the dielectron and dimuon channels. The STAR data are
shown along with the model calculations by Rothkopf [27] and Rapp [28]. In Rothkopf’s model
the 1" behavior in the QGP medium is described using potentials from lattice QCD calculations.

The effects of CNM or regeneration are not included in this model. The data are well described by
both models, except for Rothkopf’s model for 1'(2S + 35) in the 30 — 60% centrality interval.
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6. Summary

STAR has performed a comprehensive set of measurements of J/y and 1" production in dif-
ferent collision systems: p+p, p+Au, Au+Au, U+U. All the data have been compared to relevant
model calculations. The quarkonium production models: CEM, ICEM and NLO NRQCD describe
the p+p data reasonably well. CGC+NRQCD calculations are above the STAR results at low pr.
In p+Au collisions the data indicate a suppression of 1" and the models, while on the edge of data
uncertainty band, tend to overestimate the data. The J/y and ¥’ Ra4 vs. Nparr measured by STAR
are well described by the models compared: Rapp’s and Tsinghua models for J/y and Rapp’s for
Y. However, SHM for J/y at low N,,,; and Rothkopf’s model for Y’ (2S5 +35) in 30 — 60% central-
ity interval show deviations from the data. A strong enhancement of J/y production is observed at
low pr < 0.1GeV /c, which can be explained by coherent photonuclear production in non-central
Au+Au and U+U collisions.
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