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The 7 states are a clean probe of the properties of quark-gluon plasma, which can be created in
heavy-ion collisions. Each of the 7" states dissociates at a different temperature in the plasma
due to Debye-like screening of the quark-antiquark potential by the surrounding color charges. In
order to understand the Cold Nuclear Matter effects, the 7" production has to be studied in small
collision systems such as p+Au or d+Au collisions. Measurements of 7" production cross section
in p+p collisions allow one to study the production mechanism, while its dependence on charged
particle multiplicity provides information on the interplay of hard and soft QCD processes.

In this contribution, an overview of the measurements of the production of 7 states done by
the STAR experiment is presented. This includes the rapidity spectra and transverse momentum
spectra of different states in p+p collisions at 4/s = 500 GeV. Nuclear modification factors
measured in p+Au, d+Au and Au+Au collisions at 4/syy = 200 GeV are also shown.

The T'(1S) spectra in p+p collisions are reasonably described by the Color Evaporation Model cal-
culation, while overestimated by calculations based on Non-Relativistic QCD formalism coupled
with the Color Glass Condensate effective theory. In Au+Au collisions, the 1°(1S) is similarly
suppressed to what observed at the LHC, while 7' (2S + 3S) are more suppressed than 7°(1S) in
central collisions. This is an indication of sequential suppression of 1" states at /sy v = 200 GeV.
The model calculations are consistent with the data.
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1. Introduction

Upsilon (7’) states are clean probes of the quark-gluon plasma (QGP), a state of matter that is
believed to have existed in the early Universe and can be recreated in heavy-ion collisions. Within
a static dissociation picture, their production in high energy heavy-ion collisions is expected to
be reduced with respect to p+p collisions due to a Debye-like screening of the quark-antiquark
potential by the color charges in the high temperature QGP medium [1]. Each of the T states has a
different binding energy, so dissociates at a different temperature. The yield of each state contains
a contribution from the decay of excited states, so called the feed-down contribution, for example
r(nS) » r(18)a*n~, xpy(nS) — T(15)y and similar.

The production of 7" states in vacuum is not yet fully understood. A common assumption is
that the production can be described as a two-step process in a factorized scheme, with a bb pair
produced in a hard QCD process followed by the subsequent evolution into a bound state, which is
a soft process. The latter is not yet well understood, but it takes place through intermediate color
singlet (CS) or color octet (CO) channels. Measurements of 7* production in p+p collisions allow
one to verify the production models and serve as a baseline for studies in heavy-ion collisions.

There are also various Cold Nuclear Matter (CNM) effects, which affect the observed yield
of T mesons. First of all, the bb pair production cross section depends on the gluon distribution
in a nucleon, which is modified for bound nucleons compared to free nucleons (shadowing, anti-
shadowing). Furthermore, the 7° states may be broken up during interactions with co-moving
hadrons, but this is estimated to be a small effect for 7’(1S) [2]. Breaking-up due to interactions
with nucleons in a nucleus is also possible [3]. These effects can be studied in p+A or d+A collisions.

Finally, all the above effects are present in A+A collisions with a few additions - regeneration,
medium induced energy loss and parton fragmentation [3]. Regeneration is however expected to
be negligible for 7" at RHIC energies because of the very low bb pair production cross section. In
order to fully understand the interplay between these effects, a detailed and differential study has to
be performed in different collision systems and at different collision energies.

2. Upsilon measurements with the STAR experiment

In the STAR experiment, the T’ production is studied in the dielectron (e*e™) and dimuon (u* ™)
decay channels. A signal candidate is reconstructed from a pair of tracks in the Time Projection
Chamber (TPC), which is the main tracking detector, responsible for momentum measurement
and charged particle identification. Further identification of electrons is done using the Barrel
Electromagnetic Calorimeter (BEMC). At least one track has to be matched to a high energy hit
in the BEMC, that fired a trigger. The electrons are measured within the pseudorapidity range of
|7| < 1. Muon tracks are identified using the Muon Telescope Detector (MTD), which is located
outside of the STAR magnet acting as an absorber for hadrons. A dimuon trigger was implemented
by requiring at least 2 hits in the MTD. This system has a coverage of approximately 45% acceptance
in azimuthal angle ¢ for || < 0.5.
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Figure 1: Production cross section for 1’(nS) states vs. y (left) and pr (right). Data are compared to
CEM [4] and CGC+NRQCD [5, 6] model calculations for inclusive and direct 1°(1S) respectively.

3. Upsilon production in p+p collisions

The production of the 7" states was measured by STAR in the dielectron channel at both
Vs = 200 GeV and +/s = 500 GeV. Figure 1 (left) shows the rapidity (y) dependence of the
production cross section for the 7°(nS) states compared to the Color Evaporation Model (CEM) [4]
calculations for inclusive 1°(1S5) as well as Non-Relativistic QCD formalism coupled to Color Glass
Condensate effective theory (CGC+NRQCD) [5, 6] for direct 7’(1S). Similarly, the right panel of
Fig. 1 shows the transverse momentum (pt) dependence of the 7°(nS) production cross section,
which is also compared to the models. The data are reasonably well described by the CEM model,
while overestimated by CGC+NRQCD, especially for pt < 2 GeV/c.
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Figure 2: Self-normalized yield T'(18)/{T'(1S)) vs. self-normalized multiplicity Nc,/{Ncn). The results
are compared to other measurements [7-9] (left) and model calculations (right) [10, 11].

Measurements of charged particle multiplicity (N.,) dependence of 7" production allow one
to study the interplay between hard and soft processes in p+p collisions. A self-normalized T°
yield T'(1S5) /(T (1S)) vs. self-normalized multiplicity Ncn/{(Ncn) (both measured in || < 1) was
measured by STAR at v/s = 500 GeV. The results are shown in Fig. 2 and compared to a similar
measurement by CMS [7] and J/y measured by STAR [8] and ALICE [9]. In Fig. 2, the same
data are compared to a String Percolation model [10], a CGC/Saturation-based approach [11] and
PYTHIAS calculations. All models qualitatively reproduce the trend observed both in J/y and 7’
data at RHIC and LHC.
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4. Upsilon production in p+Au and d+Au collisions

In order to quantify the CNM effects, the nuclear mod-
ification factor (Rpa) is used.
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data show a suppression in p+Au collisions indicating that the CNM effects are not negligible.
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5. Upsilon production in Au+Au collisions

The yields of 7" in Au+Au collisions at 4/syn = 200 GeV were measured in both dielectron
and dimuon channels and combined for better precision. The collected data sample was sufficient
to calculate Raa vs. number of participating nucleons Ny, separately for '(1S) and 7'(2S + 35),
which are shown in Fig. 4 (left) and Fig. 4 (right) respectively. The results are compared to
measurements by CMS [16]. At RHIC, the Raa of T'(1S) is similar to the one measured at the LHC
and the 7' (2S5 + 3S5) states are more suppressed than 7T'(1S) in central collisions.

The STAR data are also compared to the model calculations, which are shown in Fig. 5. The
calculation by Rothkopf [17] does not include regeneration and CNM effects, while both effects are
included in Rapp’s calculation [18]. All these models include the effect of Debye-like screening.
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Figure 4: Nuclear modification factor Raa for T'(15) (left) and ¥'(2S + 3S) (right) vs. Npa compared to
the CMS results [16].
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Figure 5: Nuclear modification factor Ras for T'(1S) and T'(2S + 3S) vs. Npa compared to model
calculations [17, 18].

Data can be qualitatively described by model calculations, except for a hint of discrepancy with
Rothkopf’s model for 7'(2S + 35) in 30 — 60% centrality class.

6. Conclusions

A comprehensive study of the 1" production was performed in STAR in p+p, p+Au, d+Au, and
Au+Au collisions. The measurements of 7’ cross section in p+p are reasonably well described by the
CEM model calculation, while overestimated by CGC+NRQCD mostly for pr < 2GeV/c. A strong
increase is observed for '(1S5) /(T (1S5)) vs. Nen/{(Nch), which follows the trend observed at the
LHC and is similar to that of J /. The R, of 1" shows an indication of suppression, which suggests
that the CNM effects could play a role in the suppression observed in Au+Au collisions. The Raa
of T(1S) in Au+Au collisions at 4/syny = 200 GeV is similar to the one measured by CMS. This
similarity suggests that the observed suppression at both energies is mainly due to the suppression
of feed-down contribution to T’'(15) and CNM effects. On the other hand, the Raa of T'(2S +3S5) is
smaller than 7°(1S) in central Au+Au collisions, an indication of sequential suppression of 1” states
at RHIC energy. The STAR Raa data can be qualitatively described by the theoretical models.
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