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Abstract

Bottomonium measurements provide unique insight into hot and cold nuclear matter effects present in the medium
that is formed in high-energy heavy-ion collisions. Recent STAR results show that in

√
sNN = 200 GeV central

Au+Au collisions the Υ(1S) state is suppressed more than the case that if only cold nuclear matter effects were
present, and the excited state yields are consistent with a complete suppression. In 2012, STAR also collected 263.4
µb−1 high-energy-electron triggered data in U+U collisions at

√
sNN = 193 GeV. Central U+U collisions, with an

estimated 20% higher energy density than that in central Au+Au data, extend the Υ(1S+2S+3S) and Υ(1S) nuclear
modification trends observed in Au+Au towards higher number of participant nucleons, and confirm the suppression
of the Υ(1S) state. We see a hint with 1.8σ significance that the Υ(2S+3S) excited states are not completely suppressed
in U+U collisions. These data support the sequential in-medium quarkonium dissociation picture and favor models
with a strong qq̄ binding.

Keywords: Brookhaven RHIC Coll, quarkonium: heavy, quarkonium: production, quark gluon: plasma

1. Introduction

It has long been suggested that, due to the screening
of the heavy quark potential, the yield of heavy quarko-
nia is suppressed in heavy-ion collisions compared to
expectations from p+p collisions. Charmonium sup-
pression was, in fact, anticipated as a key signature of
quark-gluon plasma (QGP) formation [1]. Moreover,
it is expected that quarkonium states follow a sequen-
tial suppression pattern, where states with lower bind-
ing energies dissociate (”melt”) at lower temperatures
than states with higher binding energies, thus quarko-
nium measurements may serve as a thermometer of the
medium [2]. Despite early expectations, it has been
found that the energy dependence of J/ψ suppression
is rather weak from SPS to top RHIC energies [3, 4].

1e-mail: vertesi.robert@wigner.mta.hu

An explanation to this is that later recombination (co-
alescence) of cc̄ pairs gives a sizeable contribution to
the J/ψ yield which compensates for melting. More-
over, d+Au measurements proved that the cold nuclear
matter (CNM) effects also play an important role [5].
Feed-down from heavier states such as χc, ψ′ and B
mesons to J/ψ also contribute to the measured yields.
Bottomonia are expected to be less affected by many
of these effects than charmonia, as co-mover absorb-
tion and recombination are predicted to be negligible
at RHIC energies [6]. Therefore it provides a cleaner
probe for QGP effects. Nevertheless, feed-down such as
χb, Υ(2S) and Υ(3S) decaying to Υ(1S) is still present
in the case of bottomonia.

2. Upsilon measurements at STAR

The STAR experiment at RHIC comprises several
subsystems that provide full azimuthal coverage at mid-
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rapidity (|η|<1). A detailed description of the STAR de-
tector can be found in Ref. [7]. The current measure-
ments reconstruct Υ states through the dielectron decay
channel.

We quantify the modification of Υ production in the
nuclear matter produced in A+A collisions with the nu-
clear modification factor,

RΥ
AA =

σinel
pp

σinel
AA

1
〈Ncoll〉

Bee × dσAA
Υ
/dy

Bee × dσpp
Υ
/dy

,

where σinel
AA(pp) is the total inelastic cross section of the

A+A (p+p) collisions, dσAA(pp)
Υ

/dy denotes the Υ pro-
duction cross section in A+A (p+p) collisions, and
Bee ≈ 2.4% is the branching ratio of the Υ→ e−e+ pro-
cesses. A similarly defined RdAu is used for describing
nuclear modification in d+Au collisions. Measurements
in p+p collisions are essential not only as a baseline
for nuclear modification, but also as a benchmark for
theoretical calculations. NLO pQCD calculations with
the color evaporation model [8] describe the Υ measure-
ments at RHIC within their uncertainties [9].

Fig. 1 shows the RdAu versus rapidity measured by
STAR and PHENIX [11]. The models shown in the fig-
ure consider different CNM effects, and they predict a
rather small nuclear modification in mid-rapidity d+Au
collisions at

√
sNN = 200 GeV [8, 10]. Interestingly,

STAR measurements show a strongly suppressed Υ pro-
duction at mid-rapidity (|y| < 0.5), although the uncer-
tainties are relatively high [9]. This is a warning that
CNM effects may also play an important role in nucleus-
nucleus collisions, or that hot nuclear matter effects may
also be present in d(p)+Au collisions. Analysis of the
high-statistics p+Au data collected in 2015 is essential
to clarify this question.

Most of the heavy-ion collisions recorded at STAR
are Au+Au data taken at

√
sNN = 200 GeV. Besides

that, collisions of non-spherical Uranium nuclei are
of particular interest; Central U+U data at

√
sNN=193

GeV are estimated to have a 20% higher average energy
density than that of central Au+Au data at

√
sNN=200

GeV [12], thus allowing for further tests of the sequen-
tial suppression hypothesis. In the followings we sum-
marize STAR bottomonium measurements in Au+Au
collisions at

√
sNN = 200 GeV [9] as well as prelim-

inary results in U+U collisions at
√

sNN = 193 GeV.

3. Reconstruction and analysis of the A+A data

Events of heavy-ion collisions were selected based on
a “high tower” trigger that fired in each event where an
energetic hit (approximately 4.2 GeV depending on the
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Figure 1: RdAu versus y of Υ mesons [9] compared to theoretical cal-
culations [8, 10].

particular tower) was present in the Barrel Electromag-
netic Calorimeter (BEMC). A total of 1.08 nb−1 inte-
grated luminosity was used in the case of Au+Au col-
lisons, and 263.4 µb −1 in the U+U measurement. Mo-
mentum measurement and electron identification based
on the specific energy loss dE/dx were done in the
Time Projection Chamber (TPC). Further electron iden-
tification was applied using the BEMC. The position
of the reconstructed tracks were extrapolated towards
the BEMC surface and matched to hits in BEMC tow-
ers. Three adjacent towers around a BEMC hit that
contained the highest energy deposits were combined
into clusters in order to get a better estimate of the to-
tal energy deposit. Electron candidates were then re-
quired to have a cluster energy close to its momentum.
Since electromagnetic showers are generally compact,
most of the cluster energy was required to be in a single
tower. The particular cut values differ in the two anal-
yses; because of the scarcity of statistics in the U+U
case, tighter cuts had to be applied in order to reduce
the background.

The Υ(1S+2S+3S) candidates were reconstructed as
unlike-sign pairs of an electron that fired the trigger with
another electron in the same event. Like-sign pairs were
used to reconstruct the combinatorial background. In
the peak region there is also a significant contribution
from Drell-Yan and open bb̄ processes. Templates of the
Υ(nS ) peaks and the Drell-Yan contributions obtained
from simulations, and the bb̄ contribution from pQCD
model calculations were fitted simultaneously to deter-
mine their relative contributions.

Fig. 2 shows the reconstructed invariant mass distri-
butions of unlike- and like-sign pairs in heavy-ion col-
lisions, together with the peak and the combinatorial
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Figure 2: Invariant mass distributions of the Υ(1S+2S+3S) candidates
after selection cuts in 0-60% centrality Au+Au data at

√
sNN=200

GeV [9] (left), as well as U+U data at 193 GeV (right).

and correlated background fits. The Υ yield was de-
termined using bin-counting after the subtraction of the
fitted backgrounds.

4. Results

The corrected pT-spectrum of Υ mesons produced in
0-60% centrality U+U collisions at

√
sNN = 193 GeV

is shown in Fig. 3. Bin-shift correction was done using
a Boltzmann function with a slope T = 1.16 GeV, ex-
tracted from a parametrized interpolation over p+p(p̄)
data from ISR, CDF and CMS. A fit to the spectrum
yields a slope T = 1.32 ± 0.21 GeV. This is consistent
with the interpolated p+p shape, in accordance with the
flat RAA (pT) that was observed by CMS at LHC ener-
gies [13].
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Figure 3: The Υ(1S+2S+3S) pT-spectrum in
√

sNN=193 GeV U+U
collisions.

The RAA of Υ(1S) in central events, as well as the ex-
cited states Υ(2S+3S) at 0-60% centrality are compared
to high-pT J/ψ mesons in

√
sNN = 200 GeV central

Au+Au collisions [17] in Fig. 4. The nuclear modifi-
cation factors of Υ(1S+2S+3S), Υ(1S) and Υ(2S+3S)

Binding Energy (GeV)
0 0.2 0.4 0.6 0.8 1 1.2 1.4

A
A

R

0

0.2

0.4

0.6

0.8

1

1.2

(1S)ϒ
0-10%
Centrality

(2S+3S), 95% limitϒ
0-60% Centrality

>5 GeV/c
T

, pψJ/
0-10% Centrality

STAR Inclusive Quarkonium Measurements
 = 200 GeV, |y|<1NNsAu+Au, 

Figure 4: The RAA of different quarkonium states versus binding en-
ergy in Au+Au collisions at

√
sNN=200 GeV. The Υ(1S) (star) and

the high-pT J/ψ (diamond) points represent data of 0-10% centrality,
while the Υ(2S+3S) 95% upper limit (arrow) is of 0-60% centrality.

from Au+Au collisons at
√

sNN = 200 GeV as well as
from U+U collisions at

√
sNN=193 GeV are shown in

Fig. 5 with respect to Npart, in comparison to theoretical
calculations [14, 15, 16].

The trends observed in U+U data generally follow
those in Au+Au and extends them towards higher Npart
values. The emerging pattern of increasing suppression
with higher Npart and lower binding energy is consistent
with the sequential melting hypothesis. The Au+Au
Υ(1S) shows a suppression similar to that of high-pT
J/ψ mesons, more than if only cold nuclear matter ef-
fects were present [9]. Suppression of Υ(1S) is sig-
nificant, considering Au+Au and U+U results together.
In 0-60% centrality Au+Au collisions the excited state
yields are consistent with a complete suppression within
the precision of the measurement. Albeit the U+U re-
sults are consistent with Au+Au, there is a hint with a
significance of 1.8 σ that RAA > 0 for the Υ(2S+3S)
states in U+U collisions of 0-60% centrality. While
the suppression of the Υ states in central heavy-ion
collisions at RHIC and in LHC [18] Pb+Pb collisions
at
√

sNN =2.76 TeV are comparable, RHIC data show
a somewhat steeper Npart dependence than their LHC
counterparts. This may suggest that suppression is pri-
marily driven by the energy density and not solely by
the number of participant nucleons.

The model of Strickland and Bazow [15] incorporates
lattice QCD results on bottomonium screening and ther-
mal broadening, as well as the dynamical propagation of
the Υ meson in the colored medium. Assuming an ini-
tial central temperature 428<T<444 MeV, the scenario
with a potential based on heavy quark internal energy
is consistent with the observations, while the free en-
ergy based scenario is disfavoured. The model of Liu
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Figure 5: From left to right, RAA of the Υ(1S+2S+3S), Υ(1S) and the Υ(2S+3S) states plotted against Npart, in
√

sNN=200 GeV Au+Au (squares)
and
√

sNN=193 GeV U+U collisions (circles), compared to different models. Open symbols represent the 0-60% centrality measurements. The
models on the rightmost figure are Υ(2S) only.

et al. [16] uses an internal-energy-based potential and
an input temperature T=340 MeV. The strong binding
scenario in a model proposed by Emerick, Zhao, and
Rapp [14], which includes possible CNM effects in ad-
dition, is also consistent with STAR results.

5. Summary and outlook

We observe a significant suppression of bottomonium
states in central heavy-ion collisions. While the Υ(1S)
is similarly suppressed in

√
sNN=200 GeV Au+Au col-

lisions to the high-pT J/ψ mesons, there is a stronger
suppression in the case of the excited states Υ(2S+3S).
This attests to the sequential melting picture in the pres-
ence of a deconfined medium. The suppression pattern
seen in the case of the U+U collisions is consistent with
the trend marked in Au+Au collisons and extends it to-
wards higher Npart values. The indication of Υ(1S) sup-
pression in central Au+Au collisions is confirmed by
the new measurements in U+U. There is a hint with an
1.8 σ significance that Υ(2S+3S) is not completely sup-
pressed in 0-60% U+U collisions at

√
sNN=193 GeV.

The precision of current measurements in the dielec-
tron channel are limited by the low statistics of the
heavy-ion and the reference samples. Ongoing analysis
of the high-statistics

√
sNN=200 GeV Au+Au dataset,

taken in 2014 with the recently inaugurated MTD de-
tector, will strongly reduce both the statistical and sys-
tematic uncertainties. We expect separate RAA mea-
surements of all three Υ(1S), Υ(2S) and Υ(3S) states
with strongly reduced uncertainties [19]. High statistics
p+Au collisions taken in 2015 will help us gain a deeper
insight to the CNM effects.
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