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Introduction

Ø Lattice QCD finds a smooth crossover 
at large T and 𝜇"~0 MeV

Ø Various models find a strong 1st-order 
phase transition at large 𝜇𝐵

Ø Strong interest in the theoretical calculations 
which span a broad (𝑇, 𝜇") domain.

ü Search for QCD critical point 
ü Search for signals of the 1-st order phase transition
ü Search for turn-off of the QGP signatures
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Table 1. Proposed event statistics (in millions) in Beam Energy Scan Phase-II compared to those in BES-I. The relations between
collision energy and baryon chemical potential both in collision mode and fixed target mode are also shown in the table.

Collision Energy (GeV)
7.7 9.1 11.5 14.5 19.6

µB (MeV) in 0-5% central collisions 420 370 315 260 205
Fixed Target Energy (GeV) 3.0 3.2 3.5 3.9 4.5

Fixed Target µB (MeV) 721 699 666 633 589
Proposed Event Goals in BES-II 100 160 230 300 400

BES-I Events 4 N/A 12 20 36

2. Upgrades

To make high statistics measurements of the observables, the luminosities of RHIC at low collision
energies need to be increased. For the lowest energies, RHIC plans to have a electron cooling that can raise
the luminosity by a factor of 3 ∼ 10 in the range from

√
sNN = 5 to 11 GeV while the longer bunches will

increase luminosity by factor of 2 ∼ 5 at the slightly higher energies. To improve the acceptance and PID on
the detector side, three detector upgrades are ongoing at STAR. They are the iTPC upgrade [9], the Event
Plane Detector (EPD) upgrade [10] and the eTOF upgrade [11]. The major goals of the iTPC upgrade are as
follows: wider rapidity coverage, lower pT cutoff, better momentum resolution, and better dE/dx resolution.
We will get continuous pad coverage on η direction in inner sector by doubling the number of pads in the
pad plane, increasing the pad size, and increasing number of rows from 13 to 40. The electronics will be
upgraded to read out twice as many pads as before. This will increase the percentage of sampled track path
length from 20% to 95%, which will extend the |η| coverage from 1 to 1.5. The pT cutoff will be lowered
to 60 MeV/c from 125 MeV/c. The multi-wire proportional chambers (MWPCs) in the inner sectors will
be renewed and will also reset the time for wire aging on anode wires due to the increasing integrated and
instantaneous luminosity delivered by RHIC. The goal for the project is to replace all 24 existing inner
sectors in the STAR TPC with new, fully instrumented, sectors. The EPD is a dedicated event-plane and
centrality detector placed in the forward rapidity region 2 < |η| < 4. With 16 radial segments and 24
azimuthal segments, the detector will provide precise measurements of both the collision centrality and the
event plane. Additionally, the EPD will be a good trigger detector for collisions at lower beam energies with
good time resolution (∼ 1ns). For the eTOF upgrade, CBM and STAR will collaborate to install in STAR
10% of the full CBM TOF system as a part the FAIR Phase 0 program. The eTOF will cover the rapidity
range from -1.1 to -1.6, i.e. one side of STAR only. Combining with the iTPC upgrade, the eTOF upgrade
will provide added particle identification capability in the forward direction at STAR, which will enhance
the Fixed Target program at BES-II.

3. Physics Opportunities

With the performance improvements provided by collider and detector upgrades, there will be many
physics opportunities in BES-II. In general, the significant improved statistics will benefit all statistics hun-
gry measurements.

In BES-I, we observed a sign change of dv1/dy for protons and net-protons at intermediate centralities
for energies below 20 GeV. The observed minimum for protons and net-protons resembles the predicted
“softest point collapse” of flow and is a possible signature of a first-order phase transition between hadronic
matter and a deconfined phase. In BES-II, the rapidity range of this direct flow measurement will be ex-
tended beyond the current mid-rapidity. This will expand our understanding of the role of baryon transport
on the v1 measurement. For net-proton cumulants measurement in BES-I, a non-trivial energy dependence
has been revealed near 19 GeV. A wide rapidity coverage is important since the magnitude of the signal de-
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Beam-Energy Scan (BES-I) at RHIC

Step-by-step on the QCD Phase Diagram 

Beam-Energy Scan (BES-II) at RHIC

Beam Energy Scan (BES I) at RHIC: ÖsNN ~ 7.7- 50 GeV 
1. Search for QCD critical point  
2. Search for signals of the 1st order phase transition 
3. Search for turn-off of sQGP signatures 
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RHIC BES program Phase-I

10

√sNN (GeV) Events (106) Year

200 350 2010

62.4 67 2010

54.4 1300 2017

39 39 2010

27 70 2011

19.6 36 2011

14.5 20 2014

11.5 12 2010

7.7 4 2010

STAR advantage for Critical Point Search: RHIC versatility and particle 
identification over extended and uniform acceptance

Same detector: (partial) cancellation of systematic uncertainties

7.7GeV          39GeV           200GeV

Grazyna Odyniec/LBNL - CPOD 2018, September 2018, Corfu, Greece 

( + 54.4, 62.4, 130, 200 GeV)
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Anisotropic flow
Asymmetry in initial geometry → Final-state momentum anisotropy (flow)

𝜀+ 𝜀, 𝜀- 𝜀. 𝜀/

Introduction

Iu. A. Karpenko, et al.
PRC 91, 064901 (2015)

0𝑑𝑁
𝑑𝜑 = 1 + 2 8

9

:

𝑣9 cos(𝜑 − Ψ9)

Ø The flow harmonic coefficients (𝑣9) are  influenced by 
eccentricities 𝜀9 , fluctuations, speed of sound 
(𝑐𝑠(𝜇𝐵, 𝑇)), and specific shear viscosity 𝜂

𝑠
(𝜇𝐵, 𝑇)

Ø Comprehensive set of flow measurements are 
important for:
ü Differentiate between initial-state models
ü Aid the extraction of  D

E
(𝑇, 𝜇")
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Introduction The Solenoidal Tracker At RHIC

Ø Time Projection Chamber
ü Tracking and identification of charged particles
ü Full azimuthal coverage
ü |𝜂|<1 coverage 55



Flow Non-flow

Azimuthal anisotropy measurements 

Correlation 
function

6Non-flow suppression is needed 

J. Phys. G: Nucl. Part. Phys. 35 (2008) 104090 M Daugherity (for the STAR Collaboration)

-2
-1

0 1
2

0
2

4

re
f

ρ
 / ρ∆

re
f

ρ
 / ρ∆

re
f

ρ
 / ρ∆

re
f

ρ
 / ρ∆

-0.04
-0.02

0
0.02
0.04
0.06
0.08

0.1

84-93%

STAR Preliminary

∆
η∆

φ
-2

-1
0 1

2
0

2
4

0

0.1

0.2

0.3

0.4

55-65%

STAR Preliminary

∆
η∆

φ
-2

-1
0 1

2
0

2
4

-0.2
0

0.2
0.4
0.6
0.8

1

19-28%

STAR Preliminary

∆
η∆

φ
-2

-1
0 1

2
0

2
4

0

0.2
0.4
0.6

0.8
1

0-5%

STAR Preliminary

∆
η∆

φ

Figure 1. Minimum-bias correlations for several centralities from peripheral (left) to central (right)
in 200 GeV Au+Au collisions.

correlation structure rather than an a priori pt range. This requires a minimum-bias two-
particle correlation analysis where every possible pair of particles is considered instead of
selecting a few trigger/associated pairs. Minijets are distinguished from other sources by
decomposing the unique correlations. Previous analyses have used this technique to reveal
large minijet contributions in transverse [2] and axial (η,φ) [3] spaces at 130 GeV at four
centralities. Here we report the detailed energy and centrality dependence of minijet angular
correlations at RHIC.

2. Analysis

Charged particle tracks detected in the STAR TPC with pt > 0.15 GeV/c, |η| < 1 and
full 2π azimuth were analyzed from 1.2M minbias triggered 200 GeV Au+Au and 6.7M
62 GeV Au+Au events. Pair densities ρ(p⃗1, p⃗2) were measured as number of pairs per unit
area on relative angles (η% ≡ η1 − η2,φ% ≡ φ1 − φ2) for all possible unique particle pairs.
Particles within the same event form sibling pair densities ρsib, while mixing particles from
different events measures the uncorrelated reference ρref . These are formed into a normalized
covariance to produce a correlation measure. The difference %ρ ≡ ρsib − ρref measures the
covariance in number of pairs between histogram bins, and the normalization is provided
by bin-wise division of

√
ρref . Thus we use the notation %ρ√

ρref
for a per-particle correlation

measure, shown in figure 1 for selected centralities.

3. Fit results

Proton–proton collisions provide a reference for measuring the contributions to these
structures. Analysis of minimum-bias correlations [4] and single-particle pt spectra [5]
show that p+p collisions are well described by a two-component soft and semi-hard scattering
model, as commonly used in event generators such as PYTHIA. The soft component represents
longitudinal fragmentation in unlike-sign pairs and produces a 1D Gaussian correlation
centered along η% = 0. The semi-hard component contains a same-side peak, modeled
as a 2D Gaussian at the η% = φ% = 0 origin, and an away-side ridge centered at φ% = π .
For an inclusive pt range the away-side is completely represented by function − cos(φ%) that
approximates a wide Gaussian which narrows with increasing pt [4]. The final component
necessary to describe p+p data is a 2D exponential at the origin containing contributions from
HBT in like-sign pairs and conversion e± in unlike-sign pairs. To ensure the simplest possible
fit function for Au+Au collisions, we use these components from p+p collisions with only one
additional cos(2φ%) quadrupole term to account for correlations conventionally attributed to
elliptic flow [6]. The 11-parameter fit function used for the correlation structures in figure 1

2

Phys. G: Nucl. Part. Phys.
35(2008) 104090
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Short-range non-flow suppression
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ü Short-range non-flow effect reduced using Δη > 0.7 cut
7

The v2 vs. centrality at 𝑠𝑁𝑁 = 200 GeV different using Δη cuts
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Long-range non-flow suppression

𝑣++LM = 𝑣+NON9 𝑝QL 𝑣+NON9 𝑝QM + 𝛿ST9U

Ø v++characteristic behavior gives a good constraint for 𝒗𝟏𝒆𝒗𝒆𝒏 𝐩𝐓 extraction

𝑣++ in Eq(1) represents NxM matrix which we fit with N+1 parameters

𝑣++ 𝑝QL, 𝑝QM = 𝑣+
NON9 𝑝Q

L 𝑣+
NON9 𝑝Q

M − 𝐾 𝑝Q
L 𝑝Q

M

STAR Collaboration
Phys.Lett.B 784 2632 (2018)
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Long-range non-flow suppression

𝑣++ 𝑝QL, 𝑝QM = 𝑣+
NON9 𝑝Q

L 𝑣+
NON9 𝑝Q

M − 𝐾 𝑝Q
L 𝑝Q

M

ØThe characteristic behavior of 𝑣+NON9 𝑝Q
shows a weak centrality dependence 

The extracted 𝒗𝟏𝒆𝒗𝒆𝒏 𝒑𝑻 and the momentum conservation 
parameter, K, at 𝑠__ = 200

Ø The momentum conservation 
parameter, K, scales as 𝑵𝒄𝒉 c+

PoS(CPOD2017)005

Beam energy dependence of the anisotropic flow coefficients vn Niseem Magdy

and then used to extract veven
1 via a simultaneous fit of v1,1 as a function of pb

T , for several selections

of pa
T with Eq. 1.2:

v1,1(pa
T, pb

T) = veven
1 (pa

T)v
even
1 (pb

T)−Cpa
T pb

T. (2.3)

Here, C ∝ 1/(⟨Mult⟩⟨p2
T ⟩) takes into account the non-flow correlations induced by a global

momentum conservation [15, 16] and ⟨Mult⟩ is the corrected mean multiplicity. For a given cen-

trality selection, the left hand side of Eq. 2.3 represents the N ×N matrix which we fit with the

right hand side using N + 1 parameters; N values of veven
1 (pT) and one additional parameter C,

accounting for the momentum conservation [17].
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Figure 1: (a) The extracted values of veven
1 vs. pT for Au+Au collisions at

√
sNN = 200 GeV. (b) A

representative set of the associated values of C vs. ⟨Mult⟩−1 from the same fits. The shaded bands represent

the systematic uncertainty.

3. Results

Representative results for veven
1 and vn≥2 for Au+Au collisions at several different collision

energies are summarized in Figs. 1, 2, 3, 4 and 5.

The values of veven
1 (pT) extracted for different centrality selections (0-10%, 20-30% and 40-

50%) are shown in Fig. 1(a). They indicate the characteristic pattern of a change from negative

veven
1 (pT) at low pT to positive veven

1 (pT) for pT > 1 GeV/c. They also show the expected increase

of veven
1 as collisions become more peripheral, in line with the expected centrality dependence of

the dipole asymmetry ε1, where ε1 ≡ |(r3eiφ )|/r3 [18, 19]. Fig. 1(b) shows the results for the

associated momentum conservation coefficients, C; they indicate the expected linear dependence

on ⟨Mult⟩−1.

Figure 2 and 3 show pT and η differential vn≥2 measurements for the centrality selection

0-40%, for a representative set of beam energies. Fig. 2 indicates a sizable dependence of the

magnitude of vn on pT and the harmonic number, n, with similar trends for each beam energy.

Figure 3 shows a similarly strong n dependence for vn≥2 but with a much weaker η dependence.

The centrality dependence of vn≥2 is shown in Fig. 4 for the same representative set of beam

energies. They indicate a weak centrality dependence for the higher harmonics, which all decrease

3

Nef c+

Niseem Magdy
PoS CPOD2017 (2018) 005

Niseem Magdy
PoS CPOD2017 (2018) 005
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Flow harmonics
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The extracted 𝑣+NON9 𝑝Q at all BES energies 
𝑣++ 𝑝QL, 𝑝Qg = 𝑣+

NON9 𝑝Q
L 𝑣+

NON9 𝑝Q
g − 𝐾 𝑝Q

L 𝑝Q
g

ØSimilar characteristic behavior of 𝑣+NON9 𝑝Q at all energies

Ø𝑣+NON9 𝑝Q agrees with hydrodynamic calculations at 200 GeV

Beam-Energy Dependence of 𝑣+NON9

STAR Collaboration
PLB 784 2632 (2018)

Hydro
E. Retinskaya, at el.

PRL,108, 252302 (2012)
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Ø𝑣+NON9 increases weakly as collisions 
become more peripheral

The extracted 𝒗𝟏𝒆𝒗𝒆𝒏 Centrality and the momentum conservation 
parameter at different beam energies 

𝑣++ 𝑝QL, 𝑝Qg = 𝑣+
NON9 𝑝Q

L 𝑣+
NON9 𝑝Q

g − 𝐾 𝑝Q
L 𝑝Q

g

Ø Momentum conservation parameter, 
K, scales as 𝑵𝒄𝒉 c+

For different beam energies;
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Beam-Energy Dependence of 𝑣+NON9
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STAR Collaboration
PLB 784 2632 (2018)

Beam-Energy Dependence of 𝑣+NON9

Ø|𝑣+NON9| shows similar values to 𝑣- at 0.4 < 𝑝Q < 0.7(𝐺𝑒𝑉/𝑐)

The extracted 𝑣+NON9 vs. 𝑠__ at 0%-10% centrality
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ü 𝑣- has larger viscous damping effect than 𝑣+NON9
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The extracted 𝑣9t+ Centrality at all BES energies

Ø 𝑣9 Centrality has similar trends for different beam energies.
Ø 𝑣9 Centrality decreases with harmonic order, n.

STAR Preliminary

Beam-Energy Dependence of vu
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The extracted 𝑣9t+vs. 𝑠__ at 0-40% centrality

Ø 𝑣9 𝑠__ shows a monotonic increase with beam energy. 
Ø 𝑣9 𝑠__ decreases with harmonic order, n, (viscous effects).
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Niseem Magdy
JPCS 779 (2017) no.1, 012060
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Viscous Attenuation
Ø Acoustic ansatz 

ü Sound attenuation in the viscous matter reduces the magnitude of 𝑣9v,,-.

Ø From macroscopic entropy considerations:

Ø Anisotropic flow attenuation:

𝑆 ~ 𝑅𝑇 - ~ 𝑁yz then 𝑅𝑇~ 𝑁yz +/-

ln
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∝ −
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s N}f c+/-
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Viscous coefficient

ØThe viscous coefficient shows a non-monotonic behavior 
with beam energy
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Figure 3.
√
sNN dependence of the pT -integrated vn (left panel) and the viscous coefficient

β′′ ∝ η/s (right panel). Results are shown for 0-40% central Au+Au collisions; the shaded
lines are the systematic uncertainty.

Figures 1 and 2 show representative examples of the pT (0-40% central) and centrality
dependence of vn for

√
sNN = 200 and 14.5 GeV. These figures indicate a sizable dependence of

the magnitude of vn on pT and the harmonic number n, with similar trends for the two beam
energies shown. Similar patterns, albeit with different magnitudes, were observed for the other
beam energies. Fig. 2 further suggests a weak centrality dependence for the higher harmonics,
which all decrease with decreasing values of

√
sNN. These patterns may be related to the detailed

dependence of the viscous effects in the created medium, which serve to attenuate the magnitude
of vn.

3. Extraction of the viscous coefficient
For a given beam energy, the viscous coefficient β′′ which is related to η/s, can be estimated via
the acoustic ansatz for anisotropic flow [19, 20, 21]. That is,

vn(pT , cent)

ϵn(cent)
∝ exp(−n2β′), β′ ∝

(η/s)

RT
, (4)

where RT and ϵn are the dimensionless size and the eccentricities of the collision zone
respectively. For a given centrality, ϵn changes very slowly, if at all, with beam energy. Therefore,
Eq. 4 can be further simplified as;

v1/nn

v1/n
′

n′

∝ exp(−(n− n′)β′). (5)

or

ln(v1/nn /v1/n
′

n′ ) = − (n− n′)β′ + ln(c), (6)

where c is a constant and n ≠ n′. Since the dimensionless size RT ∝ (dN/dη)1/3 [22], Eq. 6
reduces to;

β′′ = (dN/dη)1/3 ln(v1/nn /v1/n
′

n′ ) = − a (n− n′) η/s + (dN/dη)1/3 ln(c). (7)

3

Niseem Magdy
JPCS 779 (2017) no.1, 012060

β�� = ln
vu
+/9

𝑣,
+/, N}f +/- ∝ −A

η
s

A: is constant 
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Summary 

Comprehensive set of flow measurements were presented for 
Au+Au collision system at all BES energies with one set of cuts.

Ø For 𝑣9:
ü 𝑣9 vs centrality indicates a similar trend for different beam energies.
ü Momentum conservation parameter, K, scales as Nef c+

ü 𝑣9 𝑠__ shows a monotonic increase with beam energy.

For different beam energies, these comprehensive 
measurements provide additional constraints for 

theoretical models, as well as �
E

extraction.

Ø The viscous coefficient shows a non-monotonic behavior with 
beam energy
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