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Abstract. The experiments at RHIC have produced convincing evidence that strongly
interacting partonic matter is created in the collisions of heavy ions. The unique flexibil-
ity of RHIC to collide different nuclear species over a wide range of collision energies
together with STAR’s wide acceptance and particle identification are ideally suited for
systematic exploration of the properties of this QCD matter.
STAR collaboration has successfully completed the Beam Energy Scan, program focused
on searching for the onset of the QGP signatures and studying the nature of the phase
transition, indicating that the region of interests for critical point and the first-order phase
transition is within the reach of RHIC experiments. Moreover, with its two newly in-
stalled detector upgrades, STAR has launched a comprehensive heavy-flavor program
which allows high precision measurements of the properties of the partonic matter.

1 Introduction

Collisions of heavy ions at ultra-relativistic energies have been used to create a new state of matter
called the “Quark Gluon Plasma (QGP)”, in which deconfined quarks and gluons are the relevant
degrees of freedom [1, 2]. The detailed studies of this strongly interacting matter, as it is currently
performed by the STAR experiment at RHIC, provide important tests of Quantum Chromodynamics
(QCD) and its emergent properties.

The RHIC’s unique capability to collide different nuclear species over a broad range of collision
energies allows to systematically explore the QCD phase diagram. At the highest RHIC collision
energies the system at mid-rapidity attains the highest temperature and vanishingly small net baryon
density. In these collisions the high statistics data, which were collected thanks to luminosity up-
grades of RHIC, are used to study the quantitative properties of the QGP such as viscosity, transport
parameters, heavy quark diffusion coefficients, and others. At lower collision energies, where baryon
density is finite, STAR experiment seeks to answer questions about the actual phase transition from
the hadronic matter into the QGP, most importantly: where is the onset of the QGP formation? What
is the nature of the phase transition and is there a critical point in the QCD phase diagram?

In order to reach these goals STAR collaboration has successfully finished two major detector
upgrades. In 2014 the Muon Telescope Detector (MTD) [3] was fully installed in STAR. Its purpose
is detection and identification of muons with pT > 1.2 GeV/c and |y| < 0.5. In the same year was
also installed a new vertex detector called Heavy Flavor Tracker (HFT) [4]. This high-precision inner
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tracker can determine low momentum open heavy quark decay vertices in the environment of high-
multiplicity heavy-ion collisions. These upgrades have significantly enhanced STAR’s capabilities for
heavy flavor measurements including open heavy quark hadrons and quarkonia. Moreover from 2010
to 2014 RHIC has conducted a Beam Energy Scan (BES) program aimed at exploring the nuclear
matter phase diagram. In this review we highlight and discuss some of the results from the BES
program as well as results obtained using the two new STAR upgrades.

2 Results from Beam Energy Scan

The Beam Energy Scan (BES) program has been carried out at RHIC in order to study the structure
of the QCD phase diagram. The program has covered beam energies of

√
sNN=7.7, 11.5, 14.5, 19.6,

27, 39 GeV between the years 2010 to 2014, together with 62.4, 130, 200 GeV from previous years.
This collision energy range means that the STAR experiment can effectively map the QCD phase
diagram in the region of baryon chemical potential of 20 < µB < 420 MeV. This detailed exploration
is expected to reveal several key features of the QCD phase diagram[5, 6].

It is well established that at the highest collision energy the strongly coupled QGP has been created
[1, 2]. The created medium shows a strong opacity to colored probes and very small ratio of shear
viscosity over entropy density. Lowering the collision energy allows to study the emergent properties
of the partonic matter and search for the onset of its formation.

Figure 1. (Left) Charged hadron RCP in Au+Au collisions at different energies. (Right) Integrated yields (3 <
pT < 3.5 GeV) per number of binary collisions as a function of number of participants at different collision
energies. The yields are normalized so that the yield in most peripheral bin is unity.

The suppression of high pT hadrons is one of the most pronounced signatures of energy loss
of partons traversing the QGP. Figure 1 shows on the left a nuclear modification factor RCP (the
binary-collision-scaled pT yields) of charged hadron at different BES energies [7]. As can be seen
the RCP transitions from a strong suppression at high energies to an enhancement at lower beam
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energies. However, the measured value of RCP is also affected by competing enhancement from
Cronin effect which gets stronger at lower collision energies. This means that QGP can be formed even
at collision energies where RCP is not below one. More differential study can help to disentangle these
contributions. In right part of Figure 1 are shown STAR preliminary results on pT integrated yields
(3<pT<3.5 GeV) per number of binary collisions [7] as a function of number of participants. For
every collision energy the yields are scaled by the corresponding most peripheral bin. As expected the
suppression effects quickly dominate at high collision energies. On the other hand at lowest energies
the enhancement is clearly present in the most central collisions. The competing effects approximately
cancel each other at the at

√
sNN=14.5 GeV.
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Figure 2. Collision energy dependence of v23{2} in
Au+Au collisions from STAR and in Pb+Pb colli-
sions from ALICE [8].
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Figure 3. Collision energy dependence of v23{2}
normalized by the multiplicity per participant pair
(nch,PP = dNch/dy/(Npart/2).

Another signature related to the existence of the QGP phase is the observation of triangular flow
v3 [9] since its non-zero value requires the presence of a low viscosity phase early in the collision.
STAR has recently published results on measurements of v23{2} from the BES [10]. In Figure 2 are
shown STAR measurements of charged hadron v23{2} in Au+Au together with ALICE measurement
in Pb+Pb collisions at

√
sNN=2.76 TeV [8]. In central and mid-central collisions we observe non-

zero v3 at collision energies which may suggest that the QGP phase exists even at the low collision
energies of the BES. On the other hand, in peripheral collisions the observed v3 is consistent with
zero for energies below 14.5 GeV. It is expected that the ability of the system to convert initial state
geometry fluctuations into the final state v3 scales with multiplicity of the produced particles. Devia-
tions from that expectation could indicate interesting physics like a softening of the equation-of-state
[11]. Figure 3 shows energy dependence of v23{2} divided by the multiplicity per participant pair
(nch,PP = dNch/dy/(Npart/2). The nch,PP is proportional to the system energy density. As can be seen
the data show a local minimum in the region of

√
sNN=15-20 GeV which could indicate an interesting

trend in the pressure developed inside the system.

One of the main motivations for the BES program at RHIC is to search for signatures of the first-
order phase transition and the possible QCD critical point. It has been argued that observation of
minimum in the slope of directed flow (dv1/dy) of protons and its double sign-change for net protons
in the STAR data [12] can be linked to the softening of the equation of state [13]. So far models had
hard time reproducing this structure in dv1/dy which is expected to result from an interplay between
hydro, baryon transport dynamics and baryon/anti-baryon annihilation. STAR has recently measured

3

EPJ Web of Conferences 164, 06001 (2017) DOI: 10.1051/epjconf/201716406001
ICNFP 2016



EPJ Web of Conferences

 (GeV)NNs
7 8 910 20 30 40 50

y=
0

/d
y 

|
1

dv

0.05−

0

0.05
10-40 %

Λ Λ
 p p

+ K - K
s
0 K φ

STAR Preliminary
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Figure 5. Beam Energy dependence of net-particle
dv1/dy in 10-40% Au+Au collisions.

directed flow of Λ, Λ̄, K±, K0
S and φ in Au+Au collisions at the BES energies [14]. Since these

particles contain different constituent quarks the measurements will help to understand the QCD phase
transition and it will allow to disentangle the role of produced and transported quarks in heavy-ion
collisions.

Figure 4 shows the dv1/dy for different particle species as measured by the STAR experiment.
As can be seen, the dv1/dy of Λ is consistent with that of the proton and similarly shows a change
in sign near

√
sNN=11.5 GeV. For the higher collision energies above 14.5 GeV, where antibaryon

production is significant, the Λ̄ and φ follow the trend of antiprotons above 14.5 GeV. However, below
14.5 GeV the dv1/dy of φ is, within large uncertainties, consistent with zero. Figure 5 shows collision
energy dependence of net-proton and net-kaon dv1/dy. Such a study is expected to be sensitive to the
difference between the contributions from produced quarks and quarks that are transported from the
initial state. As can be seen the net-p and net-K dv1/dy follow a similar trend for

√
sNN=14.5-200

GeV. At lower collision energies they start to strongly deviate from each other.

The type of the transition between the hadronic and partonic phase depends on where we are
in the QCD phase diagram with regard to the temperature and the baryonic chemical potential of
the system. While smooth cross-over is expected at the vanishing baryonic chemical potential, at
higher net-baryon region model calculations predict the existence of a first-order phase transition.
This implies that there should be a critical point between these two regions [15].

One of the main goals of BES at the RHIC is to study the QCD phase diagram over a wide range
of chemical potential (µB) and search for the QCD critical point. The critical point is characteristic by
large correlation length of the dynamical system which manifests in large event-by-event fluctuations
of conserved quantities, such as net-baryon number (B), net-charge (Q), and net-strangeness(S) [16–
18]. The experimentally accessible order moments of these quantities, variance (σ2), skewness (S),
and kurtosis (κ), are directly connected to the theoretically calculated thermodynamic susceptibilities.
However, since it is very hard to measure the net-baryon (∆NB) and the net-strangeness (∆NS ) distri-
butions it is common to use net-proton (∆NP) and net-kaon (∆NK) as proxies. STAR has performed
analysis of cumulants and cumulant ratios of the net-proton, net-kaon and net-charge multiplicity
distributions in Au+Au collisions from BES [14]. Figure 6 shows the energy dependence of the vol-
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Figure 6. Energy dependence of cumulant ratios (σ2/M, Sσ/S kellam, κσ2 ) of net-charge, net-kaon, and net-
proton multiplicity distributions for top 0-5% central (red stars), 5-10% central (green squares), and 70-80%
peripheral (black circles) collisions. The Poisson expectations are denoted as dotted lines and UrQMD calcula-
tions are shown as blue bands.

ume independent cumulant ratios (σ2/M, Sσ/S kellam, κσ2) for net-proton, net-kaon, and net-charge
multiplicity distributions in Au+Au collisions from BES as measured by the STAR experiment. The
experimental data are compared to predictions from UrQMD calculations (blue bands) which do not
include critical physics processes. The net-charge and net-kaon cumulants are observed to be within
uncertainties consistent with Poisson expectations (dashed lines in the figure). Both the data and the
UrQMD simulations show no energy dependence for Sσ2/Skellam and κσ2 in net-charge and net-kaon
measurement. However, the values of net-proton Sσ2/Skellam and κσ2 in central collisions clearly
exhibit a deviation from the Poisson expectation of unity as well as from the UrQMD calculations.
More precise systematic studies will be possible in future with the data from the planned second phase
of the Beam Energy Scan (BES-II).

3 Measurements with Heavy Flavor Tracker

Heavy quarks which are predominantly produced in the early stages of the collision experience the full
evolution of the system while being mostly unaffected by the QCD medium due to their large masses.
Study of heavy quark propagation through the QGP gives an information about transport properties
of the medium.

Heavy Flavor Tracker (HFT) micro-vertexing detector has been built and installed into STAR
successfully before the RHIC year 2014 running. The HFT consists of four layers of silicon detectors.
While outer layers are silicon strip detectors the two innermost layers are made from state-of-the-
art ultra-thin CMOS Monolithic Active Pixel Sensors (MAPS). The HFT is a first application of
the CMOS MAPS detector in a collider experiment. The proximity to the collision location and
the low material budget allow HFT to achieve a track pointing resolution of less than 50 µm with
pT=750 MeV/c.
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Figure 7. STAR results on nuclear
modification factor RAA of D0 with and
without the HFT, compared to pions.
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STAR has reported preliminary results on open charm production in Au+Au collisions at√
sNN=200 GeV from analysis where charmed mesons were topologically reconstructed using the

HFT [19, 20] . In the Figure 7 are shown results on D0 RAA in 0-10% most central Au+Au collisions
at
√

sNN=200 GeV. Open red circles denote already published STAR results from 1.1 billion events
recorded in 2010 and 2011 without the HFT [21]. Solid black circles show the recent measurement
with the HFT from approximately 780 million minimum bias events. The use of HFT significantly
improves the precision and results clearly confirm the strong suppression of D0 production at high
pT . The enhancement in the low-pT region can be explained by coalescence of charmed quarks with
a flowing medium.

STAR has also performed first measurements of elliptic flow of open charm hadrons at RHIC [19,
20, 22]. In Figure 8 is shown D0 v2 in 0-80% Au+Au collisions extracted with the use of HFT.
Significant non-zero v2 is observed for pT>2 GeV/c. However, its magnitude is systematically lower
than v2 of lighter hadrons, as discussed in detail in [20].

These measurements of heavy-quark energy loss and elliptic flow allow to extract transport coef-
ficients as a further characterization of the medium. Both Figures 7, and 8 show comparison to model
calculations which include charm diffusion [23–25]. A detailed description of the models and com-
parison to data can be found in [20]. Figure 9 shows the comparison of extracted diffusion coefficient
from the different model calculations compared to the range of inferred values that are compatible
with the presented STAR measurements (yellow band in the figure). The compatible values of the
charm diffusion coefficient 2πT DS are between 2 and 12 which is also compatible with results from
Lattice QCD.

4 Quarkonia measurements with MTD

Suppression of heavy quarkonia due to Debye-like screening of the quark-antiquark potential, has
been predicted to be an indicator sensitive to the presence of the QGP [26]. The Debye screening
length depends on the temperature attained by the QGP medium. Since different quarkonium states
have different binding energies (hence sizes), they are expected to melt at different QGP temperatures.
The observed quarkonium suppression pattern can then be linked to the thermodynamical properties
of the created QGP.

However, there are other effects that can alter the quarkonium production with respect to the
baseline of p+p collisions. These effects include secondary production of quarkonia in the QGP via
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heavy quark recombination together with cold nuclear matter effects (CNM) such as shadowing/anti-
shadowing of parton distribution functions, initial-state parton energy loss and final state nuclear
absorption. Since these mechanisms have different dependencies on variables such as pT or energy
density, differential measurements of quarkonium production at different collision energies, collision
systems, and centralities can help to disentangle the interplay of these effects and to study properties
of the created medium.

It should be noted that the experimentally measured yields of J/ψ and Υ contain contributions
from feed-down. Inclusive J/ψ production is a combination of prompt and non-prompt J/ψ. The
prompt J/ψ are either direct (∼ 60%) or from feed-down from higher excites states (ψ(2S )and χC).
The non-prompt J/ψ originate from B-hadron decays. This contribution has been estimated by the
STAR experiment to be 10 ∼ 25% in the range of 4<pT<12 GeV/c [27]. It is hence important to study
the production of higher charmonium states in both p+p and nucleus-nucleus collisions.

The Muon Telescope Detector (MTD) [3] which was fully installed in 2014 is designed to identify
muons and also to provide triggering on di-muons from heavy flavor decays. This allows STAR to
perform high-precision quarkonia measurement at mid-rapidity in the di-muon channel which is of an
advantage since the di-muon decay channel is less affected by bremsstrahlung.
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Figure 10. J/ψ cross section at
√

sNN = 500 GeV
as a function of pT in the di-muon decay channel
(black circle) and in the di-electron decay channel
(red circle).
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Figure 11. The J/ψ invariant yields in Au+Au
collisions at

√
sNN=200 GeV scaled by branching

ratio Bll as a function of pT from di-muon decay
channel (solid points) and from di-electron decay
channel (open points).

Figure 10 shows the results on J/ψ production cross section in p+p collision at
√

s=500 GeV as a
function of pT up to pT=20 GeV/c. The MTD measurements from the di-muon decay channel extend
the pT reach down to 0 GeV/c. They are compatible with previous measurement from di-electron
decay channel in the overlapping pT region. The experimental data are in a good agreement with
CGC+NRQCD calculations at low pT [28] and with NLO NRQCD calculations at high pT [29].

STAR experiment has also measured J/ψ invariant yields in Au+Au collisions at
√

sNN=200 GeV
previously in di-electron and recently in di-muon channel. In Figure 11 are shown invariant yields of
J/ψ in di-muon channel as a function of pT together with results from di-electron decay channel for
different collision centralities. These new results from the di-muon decay channel are consistent with
the STAR published results from the di-electron decay channel [27, 30] within uncertainties.

7

EPJ Web of Conferences 164, 06001 (2017) DOI: 10.1051/epjconf/201716406001
ICNFP 2016



EPJ Web of Conferences

partN
0 50 100 150 200 250 300 350

A
A

 R
ψ

J
/

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

 uncertainty
coll

STAR N

STAR preliminary > 0 GeV/c
ψT,J/

p

 = 200 GeV |y| < 0.5
NN

sSTAR: Au+Au, 

 = 200 GeV |y| < 0.35
NN

sPHENIX: Au+Au, 

 = 2.76 TeV |y| < 0.8
NN

sALICE: Pb+Pb, 

Tsinghua Model

TAMU Model

RHIC

RHIC

LHC

LHC

Figure 12. J/ψ nuclear modification factor for in-
tegrated pT in

√
sNN=200 GeV Au+Au collisions

compared to LHC results as function of Npart.

partN
0 50 100 150 200 250 300 350

A
A

 R
ψ

J
/

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

 uncertainty
coll

STAR N

 > 5 GeV/c
T

 = 200 GeV, |y| < 0.5, p
NN

sSTAR: Au+Au, 

 > 6.5 GeV/c
T

 = 2.76 TeV, |y| < 2.4, p
NN

sCMS: Pb+Pb, 

STAR preliminary

Tsinghua Model

TAMU Model

RHIC

RHIC

LHC

LHC

Figure 13. The J/ψ nuclear modification fac-
tor for integrated pT>5 GeV/c in
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Au+Au collisions compared to LHC results as
function of Npart.

In Figure 12 is shown centrality dependence of J/ψ RAA =
σinel d2NAA/dydpT
〈Ncoll〉 d2σpp/dydpT

from the MTD data
(red stars) for pT>0 GeV/c and in Figure 13 for pT>5 GeV/c. The STAR results are compared to
PHENIX results at the same collision energy (black open circles) [31], as well as results from ALICE
[32] and CMS [33] in Pb+Pb collisions at

√
sNN=2.76 TeV (blue solid circles). For the integrated pT

the STAR results are consistent with the PHENIX results (black open circles) showing a decrease with
increasing centrality. This differs from ALICE results which are almost centrality independent and
less suppressed. Such difference can be possibly explained by larger regeneration contributions at low
pT due to higher cc̄ yields at LHC collision energies. On the other hand, for pT>5 GeV/c in Figure 13
RHIC data show less suppression compared to LHC for all centralities. This can be an effect of higher
energy density and temperature of the system created at the LHC which in turn leads to stronger J/ψ
suppression.

Figure 14. Υ signal from di-muon decay channel.
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Figure 15. Comparison of Υ(2S+3S)/Υ(1S) in
p+p and heavy-ion collisions at RHIC and LHC.

Compared to J/ψ, measurements with Υ states have the advantage that they do not suffer from
the regeneration contribution since bb̄ pairs have much smaller cross section at RHIC energies when
compared to cc̄ pairs. In Figure 14 is shown reconstructed Υ signal from di-muon decay channel
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the regeneration contribution since bb̄ pairs have much smaller cross section at RHIC energies when
compared to cc̄ pairs. In Figure 14 is shown reconstructed Υ signal from di-muon decay channel
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in Au+Au collisions at
√

sNN=200 GeV. A signal of Υ(2S+3S) in the di-muon decay channel can
be observed. Figure 15 shows the Υ(2S + 3S)/Υ(1S) ratio which is obtained by simultaneous fit to
the like-sign and unlike-sign distributions. The obtained ratio is compared with the world-wide p+p
data [34] and results from CMS [35, 36]. The preliminary results indicate that a there less melting of
Υ(2S + 3S) relative to Υ(1S) at RHIC.

5 Summary and outlook

STAR experiment at RHIC has carried out the Beam Energy Scan program during which data were
collected at seven different collision energies in order to systematically study the phase diagram by
changing baryon chemical potential (µB) and temperature of the created matter. This extremely suc-
cessful period has brought new insights and understanding of the QCD phase diagram. The BES
provided first indications that the transition from hadronic to quark-gluon degrees of freedom occurs
within the collision energy range of 10 ≤ √sNN ≤ 20 GeV which is well within a reach of the RHIC
collider. This offers a unique opportunity to probe QCD matter properties from below to above the
transition.

Moreover, STAR has successfully completed two major detector upgrades which greatly boosted
its heavy flavor program. High resolution Heavy Flavor Tracker allowed to perform first analyses with
topologically reconstructed open-charm mesons showing that there is a significant flow of charmed
quarks in the medium. The presented results of quarkonium suppression from Muon Telescope De-
tector in di-muon decay channel indicate melting of J/ψ and Υ states at RHIC top energy.

It is clear that more systematic studies are needed in the region of collision energies of interest
where the current results indicate the onset of the phase transition and possibly location of the critical
point. With this motivation RHIC will be in 2019-2020 conducting a second phase of the Beam
Energy Scan (BES-II). This program will take advantage of RHIC’s increased luminosity thanks to
electron cooling and STAR is hence expected to collect high statistics data for 5-20 GeV Au+Au
collisions. Meanwhile, STAR will also carry out an inner-TPC (iTPC) upgrade, which will extend
the pseudo-rapidity coverage, increase low-pT reach in tracking of particles for QGP bulk property
study, and improve the dE/dx resolution of proton/kaon separations at high pT for jet fragmentation
measurements. The refined high-precision measurements will enable BES-II to further improve our
understanding of the nuclear matter phase diagram.
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