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BES-I ! BES-II 
More Statistics 

!  BES-I exploratory scan 
was carried out to shed 
light on these questions 
!  Indications of  a CP with 

8 < √SNN < 20 GeV 
!  How can we capitalize 

on these results? 
!  More data 

!  Electron cooling 
!  RHIC Luminosity 

upgrade 
!  Needed for lower 

energies 
!  Many results statistics 

limited 

Rosi Reed - 2016 RHIC/AGS Users Meeting 15 
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BES-I → BES-II

2

BES-I: 
Hints that at low √s 

QGP turns off
   Ordered phase transition
   Critical Point

BES-II:
Focus in on regions of interest

Need higher statistics

Need to maximize fraction 
particles measured 

Need lower energies 
  - Fixed Target (FXT) program
  - electron cooling of beam

Turn trends and features into 
definitive conclusions

BES-II approved by BNL PAC to 
take place over course of two 
(then three) RHIC running 
periods
➔ Project listed as a top US NP 

priority in LRP 2015
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The BES-II Upgrades

3All 3 detectors fully installed prior to start of BES-II

Enhanced Acceptance (pT and y)
Enhanced PID mid and forward
Enhanced Event Plane Resolution
Enhanced Centrality Definition
Enhanced √s range

Low Energy Electron Cooling



Fixed Target 
z = 2.0 m

eTOF

EPD

EPD
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The fixed-target (FXT) setup

4

Gold Target:
• 250 μm foil
• 2 cm below 

nominal 
beam axis

• 2 m from  
center of 
STAR

Mid-rapidity for 3.0 GeV is y = 1.049
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Original planning for the BES-II

5

We anticipate the 2019 RHIC run to constitute the first year of a two-
year high statistics beam energy scan.  

The 2017 PAC assigned highest priority to proposed Au+Au runs at 
11.5, 14.5, and 19.6 GeV, interleaved by brief fixed target runs at the 
same beam energies, as well as dedicated fixed target runs 
corresponding to CM energies of 7.7, 6.2, and 5.2 GeV. The PAC 
tentatively recommended Au+Au runs in the collider mode at 9.1 
and 7.7 GeV during the 2020 RHIC campaign. 
  

STAR should not simply take these tentative recommendations as a 
given, but reconsider and justify the prioritized set of beam energies 
and the requested accumulated statistics at each energy, assuming 
either 24 cryo-week runs or 20 cryo-week runs in each of the years 
2019 and 2020 
  Helen Caines - Collab. meeting, LBNL Jan 2018

Berndt Mueller’s (ALD) proposed charge

2
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Then the pandemic hit

6

– lots of new safety 
protocols in place 

– shift crew reduced and 
some remote

– minimal-to-no face-to-
face interactionsZhangbu Xu (BNL) Dan Cebra (UC Davis)

Were able to restart in the 
June - all planned data 

collected

Run-21 undertaken with   
similar restrictions as 

Run-20b
Rosi Reed (Lehigh) Liz Mogavero (BNL)

Run-19 went very well

Run-20 halted in March
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√sNN  (GeV) Beam Energy 
(GeV/nucleon)

Collider or 
Fixed Target ycenter of mass

𝛍B

(MeV)
Run Time 

(days) No. Events Collected (Request) Date Collected

200 100 C 0 25 2.0 138 M (140 M) Run-19

27 13.5 C 0 156 24 555 M (700 M) Run-18

19.6 9.8 C 0 206 36 582 M (400 M) Run-19

17.3 8.65 C 0 230 14  256 M (250 M) Run-21

14.6 7.3 C 0 262 60 324 M (310 M) Run-19

13.7 100 FXT 2.69 276 0.5 52 M (50 M) Run-21

11.5 5.75 C 0 316 54 235 M (230 M) Run-20

11.5 70 FXT 2.51 316 0.5 50 M (50 M) Run-21

9.2 4.59 C 0 372 102  162 M (160 M) Run-20+20b

9.2 44.5 FXT 2.28 372 0.5  50 M (50 M) Run-21

7.7 3.85 C 0 420 90 100 M (100 M) Run-21

7.7 31.2 FXT 2.10 420 0.5+1.0+  
scattered 50 M + 112 M + 100 M (100 M) Run-19+20+21

7.2 26.5 FXT 2.02 443 2+Parasitic 
with CEC

155 M + 317 M  Run-18+20

6.2 19.5 FXT 1.87 487 1.4 118 M (100 M) Run-20

5.2 13.5 FXT 1.68 541 1.0 103 M (100 M) Run-20

4.5 9.8 FXT 1.52 589 0.9 108 M (100 M) Run-20

3.9 7.3 FXT 1.37 633 1.1 117 M (100 M) Run-20

3.5 5.75 FXT 1.25 666 0.9 116 M (100 M) Run-20

3.2 4.59 FXT 1.13 699 2.0 200 M (200 M) Run-19

3.0 3.85 FXT 1.05 721 4.6 259 M -> 2B(100 M -> 2B) Run-18+21
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iTPC: Enhanced acceptance

8

Successfully integrated into data-taking since day 1 of BES-II

Projected detector performance criteria met

Increased pseudorapidity coverage Improved dE/dx resolution

Demonstrated improvement:

6.9% 8%8%

(Plots normalized)



/ 22

Event Plane Detector (EPD)
qDesigned for event plane determination, centrality definition, and triggering 
§ Scintillator based fast detector
§ Large h coverage: 2.1 <|h| < 5.1
§ Excellent timing resolution: ~ 1 ns

q Fully operational since 2018

Yi Yang @ QM2019                   2019 November 4-9                   STAR Upgrade for BES-II and Forward Physics 9
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Au+Au √sNN = 27 GeV
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All tiles operational from Run-18 (pre-BES-II)
 2.1 < |η| < 5.1

BES-II: Main trigger detector
             Greater acceptance than VPD or ZDC
             Better timing resolution than BBC  
              (0.75 ns)

EPD: Enhanced event plane resolution

Event plane (and centrality) 
outside of iTPC acceptance

9NIMA 968 (2020) 163970
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Matching Ratio as function of track momentum on THU (Red) and USTC (Blue) counters

Figure 90: Left: Matching efficiency of MRPC hits in respect to the extrapolated TPC tracks as
function of the particle momentum. Right: 1/� as function of particle momentum. The separation
of kaons from pions up to a momenta of 2.5 GeV/c demonstrates the PID capability of eTOF.

In order to demonstrate the eTOF performance fixed target data at p
sNN = 7.7 GeV were3123

calibrated and the matching efficiency with the TPC has been deduced as function of the3124

particle momentum (see left Fig.90). At a momentum of 1 GeV/c a matching efficiency of3125

70% is obtained for both MRPC types (red and blue are different MRPC types with different3126

electrode materials). Beyond 1 GeV/c the curve levels off at 75%. The time resolution (not3127

shown here) was determined to be in the order of 80 ps. This good timing resolution is3128

reflected in the 1/� versus the particle momenta plot shown in the right Fig. 90. The narrow3129

particle bands allow for a kaon to pion separation of up to a momentum of 2.5 GeV/c which3130

demonstrates the excellent PID capability of eTOF.3131

For the upcoming period no major hardware changes for eTOF are foreseen. During Run-3132

20 one MRPC counter developed a high dark current and noise and will be replaced at the3133

next shutdown. Due to COVID-19 travel restrictions it is planed to ship a fully assembled3134

module (3 MRPC counters) to BNL as a replacement for the module housing the broken3135

counter. On a different module it is planned to replace one GBTx readout card, which is3136

currently not working. A substantial eTOF upgrade will be performed on the firmware side3137

of the readout FPGAs, which can be done remotely. This implies also small adaptations in3138

the control software. With this upgrade an improved startup reliability and a more stable3139

operation is expected.3140

4.2 Forward Upgrade3141

STAR is constructing a forward detector system, realized by combining tracking with elec-3142

tromagnetic and hadronic calorimeters for the years beyond 2021. It will have superior3143

detection capability for neutral pions, photons, electrons, jets and leading hadrons covering3144

119
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eToF - Joint STAR-CBM initiative

10

Matching efficiency >70% above 1 GeV/c
Timing ~80ps
K/𝛑 separation up to p = 2.5 GeV/c √sNN = 7.7 GeV

Critical for fixed-target 
data
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Proton acceptance comparisons
Improved acceptance from iTPC!

11

2018

2021

√sNN = 3 GeV FXT√sNN = 7.7 GeV

Extended and 
similar acceptance 

for collider and 
FXT running in 

BES-II 

Essential for proton 
fluctuations analyses 

Real data!
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Analysis Detail: Pileup Correction
Toshihiro Nonaka, Masakiyo Kitazawa, ShinIchi Esumi, arXiv:2006.15809

• Introduce pileup term in probability distribution
• With estimated pileup probability and single collision distribution, obtain pileup 

corrected cumulants analytically

Unfolded single collision distribution
at 3 GeV data

0-
5%

5-
10
%

10
-2
0%

STAR

Preliminary
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Data quality appears excellent

12

Run-18 FXT √sNN =3 GeV

Heavy fragments up to 7BeSTAR Preliminary

Tracks, on average, longer in FXT 
mode
→ enhanced dE/dx and 1/β 
resolutions 

Techniques implemented to identify and 
reject “pile up” (present in FXT data 
mostly):

Enables accurate centrality definitions
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FIG. 1. Charged hadron RCP for RHIC BES energies. The
uncertainty bands at unity on the right side of the plot corre-
spond to the pT independent uncertainty in Ncoll scaling with
the color in the band corresponding to the color of the data
points for that energy. The vertical uncertainty bars corre-
spond to statistical uncertainties and the boxes to systematic
uncertainties.

fect these measurements would require reference data for
the BES, p+p and p(d)+Au.

Several physical e↵ects could enhance hadron produc-
tion in specific kinematic ranges, concealing the turn-o↵
of the suppression due to jet-quenching. One such e↵ect
is the Cronin e↵ect; a CNM e↵ect first observed in asym-
metric collisions between heavy and light nuclei, where
an enhancement of high-pT particles was measured rather
than suppression [31–33]. It has been demonstrated that
the enhancement from the Cronin e↵ect grows larger as
the impact parameter is reduced [34, 35]. Other pro-
cesses in heavy-ion collisions such as radial flow and par-
ticle coalescence may also cause enhancement [36]. This
is due to the e↵ect of increasing particle momenta in
a steeply falling spectra. A larger shift of more abun-
dant low-pT particles to higher momenta in more central
events — such as from radial flow, pt-broadening, or co-
alescence — would lead to an enhancement of the RCP.
These enhancement e↵ects would be expected to com-
pete with jet-quenching, which shifts high-pT particles
toward lower momenta. This means that measuring a
nuclear modification factor to be greater than unity does
not automatically lead us to conclude that a QGP is not
formed. Disentangling these competing e↵ects may be
accomplished with complementary measurements, such
as event plane dependent nuclear modification factors
[37], or through other methods like the one developed
in this letter.

In this letter we report measurements sensitive to par-
tonic energy-loss, performed by the STAR experiment at
several energies below

p
sNN = 200GeV. The data for this

analysis were collected in the 2010, 2011, and 2014 RHIC

runs by the STAR detector [38]. STAR is a large accep-
tance detector whose tracking and particle identification
for this analysis were provided by its Time Projection
Chamber (TPC) [39] and Time-of-Flight (TOF) [40] de-
tectors. These detectors lie within a 0.5T magnetic field
that is used to bend the paths of the charged particles
traversing it for momentum determination. Minimum
bias triggered events were selected by requiring coinci-
dent signals at forward and backward rapidities in the
Vertex Position Detectors (VPD) [41] with a signal at
mid-rapidity in the TOF. The VPDs also provide the
start time for the TOF system, with the TOF’s total
timing resolution below 100 ps [40]. Centrality was de-
termined by the charged multiplicity at mid-rapidity in
the TPC. The only correction to the charged multiplicity
comes from the dependence of the tracking e�ciency on
the collision’s vertex position in the TPC. Events were
selected if their position in the beam direction was within
30 cm of the TPC’s center and if their transverse vertex
position was within 1 cm of the mean transverse posi-
tion for all events. Tracks were accepted if their distance
of closest approach to the reconstructed vertex position
was less than 1 cm, they had greater than 15 points mea-
sured in the TPC out of a maximum of 45, and the num-
ber of points used in track reconstruction divided by the
number of possible points was greater than 0.52 in or-
der to prevent split tracks. The pT and species depen-
dent tracking e�ciencies in the TPC were determined
by propagating Monte Carlo tracks through a simulation
of STAR and embedding them into real events for each
energy and centrality [39]. The charged hadron track-
ing e�ciency was then taken as the weighted average of
the fits to the single species e�ciencies with the weights
provided by fits to the corrected spectra of each species.
This method allowed for extrapolation of charged hadron
e�ciencies to higher pT than the single species spectra
could be identified. The e�ciencies were constant as a
function of pT in the extrapolated region, which limited
the impact from the extrapolation on the systematic un-
certainties. Daughters from weak decay feed-down were
removed from all spectra. The corrections for absorption
and feed-down were determined by passing events gen-
erated in UrQMD [42] through a STAR detector simula-
tion. Charged tracks in |⌘| < 0.5 and identified particles
with |y| < 0.25 were accepted for this analysis. Particle
identification was performed using both energy loss in
the TPC (dE/dx) and time-of-flight information (1/�).

The overall scaling systematic uncertainty for the RCP

measurements is dominated by the determination of Ncoll

and the total cross section, which is driven by trigger in-
e�ciency and vertex reconstruction e�ciency in periph-
eral events. Point-to-point systematic uncertainties arise
from the determination of the single particle e�ciency
(5% for the pT range studied here), momentum resolu-
tion (2%), and feed-down (pT and centrality dependent
with a range of 4-7%). These systematic uncertainties

Dominance of QGP signal

13PRL 121 (2018) 32301

Nuclear 
Modification  
Factor:

Average number 
of p-p collisions
in A-A collision 

At higher beam energies
 - clear signs of “jet 
quenching” in the medium

Compare to scaled p-p at same collision energy
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Several physical e↵ects could enhance hadron produc-
tion in specific kinematic ranges, concealing the turn-o↵
of the suppression due to jet-quenching. One such e↵ect
is the Cronin e↵ect; a CNM e↵ect first observed in asym-
metric collisions between heavy and light nuclei, where
an enhancement of high-pT particles was measured rather
than suppression [31–33]. It has been demonstrated that
the enhancement from the Cronin e↵ect grows larger as
the impact parameter is reduced [34, 35]. Other pro-
cesses in heavy-ion collisions such as radial flow and par-
ticle coalescence may also cause enhancement [36]. This
is due to the e↵ect of increasing particle momenta in
a steeply falling spectra. A larger shift of more abun-
dant low-pT particles to higher momenta in more central
events — such as from radial flow, pt-broadening, or co-
alescence — would lead to an enhancement of the RCP.
These enhancement e↵ects would be expected to com-
pete with jet-quenching, which shifts high-pT particles
toward lower momenta. This means that measuring a
nuclear modification factor to be greater than unity does
not automatically lead us to conclude that a QGP is not
formed. Disentangling these competing e↵ects may be
accomplished with complementary measurements, such
as event plane dependent nuclear modification factors
[37], or through other methods like the one developed
in this letter.

In this letter we report measurements sensitive to par-
tonic energy-loss, performed by the STAR experiment at
several energies below

p
sNN = 200GeV. The data for this

analysis were collected in the 2010, 2011, and 2014 RHIC

runs by the STAR detector [38]. STAR is a large accep-
tance detector whose tracking and particle identification
for this analysis were provided by its Time Projection
Chamber (TPC) [39] and Time-of-Flight (TOF) [40] de-
tectors. These detectors lie within a 0.5T magnetic field
that is used to bend the paths of the charged particles
traversing it for momentum determination. Minimum
bias triggered events were selected by requiring coinci-
dent signals at forward and backward rapidities in the
Vertex Position Detectors (VPD) [41] with a signal at
mid-rapidity in the TOF. The VPDs also provide the
start time for the TOF system, with the TOF’s total
timing resolution below 100 ps [40]. Centrality was de-
termined by the charged multiplicity at mid-rapidity in
the TPC. The only correction to the charged multiplicity
comes from the dependence of the tracking e�ciency on
the collision’s vertex position in the TPC. Events were
selected if their position in the beam direction was within
30 cm of the TPC’s center and if their transverse vertex
position was within 1 cm of the mean transverse posi-
tion for all events. Tracks were accepted if their distance
of closest approach to the reconstructed vertex position
was less than 1 cm, they had greater than 15 points mea-
sured in the TPC out of a maximum of 45, and the num-
ber of points used in track reconstruction divided by the
number of possible points was greater than 0.52 in or-
der to prevent split tracks. The pT and species depen-
dent tracking e�ciencies in the TPC were determined
by propagating Monte Carlo tracks through a simulation
of STAR and embedding them into real events for each
energy and centrality [39]. The charged hadron track-
ing e�ciency was then taken as the weighted average of
the fits to the single species e�ciencies with the weights
provided by fits to the corrected spectra of each species.
This method allowed for extrapolation of charged hadron
e�ciencies to higher pT than the single species spectra
could be identified. The e�ciencies were constant as a
function of pT in the extrapolated region, which limited
the impact from the extrapolation on the systematic un-
certainties. Daughters from weak decay feed-down were
removed from all spectra. The corrections for absorption
and feed-down were determined by passing events gen-
erated in UrQMD [42] through a STAR detector simula-
tion. Charged tracks in |⌘| < 0.5 and identified particles
with |y| < 0.25 were accepted for this analysis. Particle
identification was performed using both energy loss in
the TPC (dE/dx) and time-of-flight information (1/�).

The overall scaling systematic uncertainty for the RCP

measurements is dominated by the determination of Ncoll

and the total cross section, which is driven by trigger in-
e�ciency and vertex reconstruction e�ciency in periph-
eral events. Point-to-point systematic uncertainties arise
from the determination of the single particle e�ciency
(5% for the pT range studied here), momentum resolu-
tion (2%), and feed-down (pT and centrality dependent
with a range of 4-7%). These systematic uncertainties

Dominance of QGP signal

13PRL 121 (2018) 32301

Nuclear 
Modification  
Factor:

Average number 
of p-p collisions
in A-A collision 

At higher beam energies
 - clear signs of “jet 
quenching” in the medium

Compare to scaled p-p at same collision energy

“Standard” QGP signal 
only dominates above 

√sNN ~ 20 GeV

Less jets, radial flow and 
other effects dominant at 
lower beam energies

BES-II: Precision to disentangle? 
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Precision mapping of phase diagram

14

 
Reduce chemical fit uncertainty
    - smaller extrapolation, higher efficiency
Test Flow models at low pT (<0.5 GeV/c) with heavy particles 

Significant systematic 
errors from BES-I data

Now have BES-II 
and ~140 M top 
energy data with 

iTPC from Run-19

Precision in mapping the phase diagram
ZB Tang, PRC (2009)P. Steinbrecher, QM2018

BES-II and top energy data: 
Reduce chemical fit uncertainty due to spectra extrapolation and efficiency
Test Flow models at low pt (<0.5GeV/c) with heavy particles (p, Xi, Omega) 
All the datasets available, but needs analysis techniques to beat down the syst. uncertainties

Patrick Steinbrecher QM18
PRC 102 (2020) 34909
PRC 101 (2020) 24905

Theory: Cross-over 
starts at 
T0 = 156.5 (1.5) MeV
ε0 ~ 1 GeV/fm3 
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Comb. Blast-Wave Fit with n=1
 Central

 Peripheral

Light nuclei and blast-wave fitting

15

At 3 GeV:
  Light nuclei pT and rapidity distributions have been extracted
  Mid-rapidity blast-wave fits:
       Light nuclei prefer slightly higher Tkin, lower β
      Combined fit to all particles successful 

Different trend compared to higher √sNN  - different EoS at 3 GeV?
BES-II : Is transition smooth?
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Beyond mid-rapidity pT spectra

16

 STAR PRELIMINARY 

 STAR 
PRELIMINARY 

δy

Better consistency with AGS E917 
measurements Plan to report rapidity 

distributions from BES-II data
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Baryon stopping systematics

17

Amount of stopping 
determines chemical potential 

 May also reveal 
first order phase 

transition and 
softening of the 

EoS

Precision measurements 
possible with BES-II data 

Signal is a “wiggle” in 
the amount of stopping
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Change in total baryon number

ρ-meson broadening:
different predictions for di-electron continuum (Rapp vs PHSD)
iTPC: Significant reduction in sys. and stat. uncertainties 

Enables to distinguish between models for √sNN =7.7-19.6 GeV

Low Mass Region:
iTPC: Significant reduction in sys. and stat. uncertainties 

Disentangle total baryon density effects

18
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10-40%

STAR

Au-Au

Softest point in equation of state?

19

Directed flow, v1 - attributed to collective 
sidewards deflection of particles
                             v1  = 〈cos(φ−Ψ)〉
Symmetry of collision requires 
                   v1(η) = -v1(-η)

ALICE: PRL 111 (2013) 232302 
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10-40%

STAR

Au-Au

Softest point in equation of state?

19Y.Nara et al. PLB 769 (2017) 543

Directed flow, v1 - attributed to collective 
sidewards deflection of particles
                             v1  = 〈cos(φ−Ψ)〉
Symmetry of collision requires 
                   v1(η) = -v1(-η)

JAM 1.Opt: First order phase transition
                         strong “wiggle” 
JAM X-over - Cross over

                      weaker “wiggle”
JAM             - No transition
                            no “wiggle”
Calculations predict minimum in slope of 
directed flow of baryons in presence of 

1st order phase transition

ALICE: PRL 111 (2013) 232302 
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10-40%

STAR

Au-Au

Softest point in equation of state?

19Y.Nara et al. PLB 769 (2017) 543

Directed flow, v1 - attributed to collective 
sidewards deflection of particles
                             v1  = 〈cos(φ−Ψ)〉
Symmetry of collision requires 
                   v1(η) = -v1(-η)

Net-proton isolates transported 
baryons : Double sign change in dv1/dy 
around √s ~15 GeVPRL 112 (2014) 162301 

JAM 1.Opt: First order phase transition
                         strong “wiggle” 
JAM X-over - Cross over

                      weaker “wiggle”
JAM             - No transition
                            no “wiggle”
Calculations predict minimum in slope of 
directed flow of baryons in presence of 

1st order phase transition

ALICE: PRL 111 (2013) 232302 
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Evolution through phase transition?

20PRC 103 34908 (2021) 

Interferometry:
Rlong   - Longitudinal size
Rside   - Transverse size
Rout     - Transverse size + 
                            emission duration

PRC 92 014904 (2015) 

STAR data in combination with HADES 
results  reveal long-sought peak in R2out/
R2side beam energy dependence 

  - Such a peak may occur if system 
evolves through 1st order phase 
transition 

  - more theory input needed

The magnitude and width of structure 
may allow an estimate of latent heat 

of QCD deconfinement transition

Publication of first FXT data - 4.5 GeV
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Hints of critical fluctuations 

21

PRL 126 (2021) 92301
PRC 104 (2021) 24902
arXiv:2105.14698

κ/σ2

BES-I:  results published in PRL with    
            details in PRC

Au-Au



Helen Caines - BES and Beyond - LBNL (remote) - August 2021 

Hints of critical fluctuations 

21

PRL 126 (2021) 92301
PRC 104 (2021) 24902
arXiv:2105.14698

κ/σ2

BES-I:  results published in PRL with    
            details in PRC

First measurement of net-proton 
C6/C2 at RHIC 

27 & 54.5: Consistent with zero
         200: Negative in more 
                    central collisions Suggestive of smooth cross-over at 

top RHIC energies
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iTPC
iTPC

BES-II: Critical fluctuations

22

iTPC: 
Increase Δyp acceptance
Δyp > Δy correlation 

Current data:  Suggestive of non-trivial √s dependence of net-proton 
cumulant ratios. Limited rapidity width range

Establish true nature 
of correlation

EPD:
Improved centrality selection

Use all TPC for measurement

BES-II: Plan to only 
release final results

Access to net-kaon 
also possible
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BES-II: Quark coalescence via flow

23

Figure 39: Scaled v2 of the � meson showing the projected error bars for BES-II with the current
STAR TPC (blue band) and with the iTPC (red band).

2.5.2 Nuclear Modification Factor RCP

Another broadly discussed result from BES-I related to the onset of deconfinement is the
RCP measurement shown in Fig. 40 (for all BES-I energies) and Fig. 42 (for 7.7, 11.5 and
19.6 GeV). The high-pT suppression observed at the top RHIC energies is seen as an indi-
cation of the energy loss of partons in a colored medium, and the RAA measurements are
one of the clearest signatures for the formation of the quark-gluon plasma. This suppression
is expected to vanish at low collision energies, where the energy density becomes too low
to produce a significantly large and long-lived QGP. Because there was not a comparable
pp energy scan, the BES analysis has had to resort to RCP measurements as a proxy. Still
the study of the shape of RCP (pT ) will allow us to quantitatively address the evolution of
jet-quenching to lower beam energies.

A very clear change in behavior as a function of beam energy is seen in these data (see
Fig. 40); at the lowest energies (7.7 and 11.5 GeV) there is no evidence of suppression for the
highest pT values that are reached. This plot demonstrates the turn-off of net suppression
for high-pT hadrons produced in central collisions (0-5 %), relative to those produced in
peripheral collisions, (60-80 %), as expected for this signature of QGP formation. Fig. 40
clearly demonstrates that enhancement effects become very large at lower energies. This
does not exclude the possibility of QGP formation in the 7.7 and 11.5 GeV datasets, but
simply demonstrates that enhancement effects (Cronin type interactions, radial flow, and
the relative dominance of coalescence versus fragmentation for hadronization) might increase
faster than quenching effects at these energies. In order to identify at what collision energy

36

BES-II: Precision measurement of the φ (and other) flow

How much collective motion from quark phase vs hadronic phase?
    Use φ as probe - very small hadronic scattering cross-section 
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Disappearance of partonic collectivity 

24arXiv:2108.00908

NCQ scaling not observed at √sNN  = 3 GeV  

3 GeV 2018 
data - First 
order EP from 
EPD

Particles and antiparticles no longer consistent with single-particle NCQ 
scaling as collision energy decreases 
      mixing of transported and produced quarks changing
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Collectivity (slope of directed flow vs. rapidity)
STAR: Phys.Rev.Lett. 120 (2018) 6, 062301STAR: Phys.Rev.Lett. 112 (2014) 16, 162301

1) Non-monotonic variation of directed flow slope with collision energy for net-baryons.
2) Net-kaons show monotonic variations of directed flow slope with collision energy.
3) Coalescence sum rules are tested.

Bedanga Mohanty, RHIC BES Physics – theory and experiment  workshop (4th August, 2020) 25/55

Collectivity (slope of directed flow vs. rapidity)
STAR: Phys.Rev.Lett. 120 (2018) 6, 062301STAR: Phys.Rev.Lett. 112 (2014) 16, 162301

1) Non-monotonic variation of directed flow slope with collision energy for net-baryons.
2) Net-kaons show monotonic variations of directed flow slope with collision energy.
3) Coalescence sum rules are tested.

Bedanga Mohanty, RHIC BES Physics – theory and experiment  workshop (4th August, 2020) 25/55

Collectivity (slope of directed flow vs. rapidity)
STAR: Phys.Rev.Lett. 120 (2018) 6, 062301STAR: Phys.Rev.Lett. 112 (2014) 16, 162301

1) Non-monotonic variation of directed flow slope with collision energy for net-baryons.
2) Net-kaons show monotonic variations of directed flow slope with collision energy.
3) Coalescence sum rules are tested.

Bedanga Mohanty, RHIC BES Physics – theory and experiment  workshop (4th August, 2020) 25/55

Particle production via coalescence
Assumptions: 

25

anti-Λ measured and
predicted from quark 
values deduced from K 
and p

Quark coalescence sum 
run fails for 7.7 GeV -

At least one assumption 
incorrect

CoaleVcence VXm rXle: ³prodXced´ parWicleV

9

AVVXPSWLRQV:
y Y1 LV GHYHORSHG LQ SUHKaGURQLc VWaJH
y HaGURQV aUH IRUPHG YLa cRaOHVcHQcH: (YQ)KaGURQ = Ȉ(YQ)cRQVWLWXHQW TXaUNV
y (Y1)ū = (Y1)đ aQG (Y1)V = (Y1)
. y CRQVWLWXHQW TXaUNV RI aQWL-S,

aQWL-ȁ aQG K- aUH aOO
SURGXcHG LQ WKH cROOLVLRQ.
y FRU aQWL-ȁV, SUHGLcWLRQ XVLQJ
cRaOHVcHQcH VXP UXOH
aJUHHV ZLWK PHaVXUHG Y1
abRYH ¥VNN = 11.5 GHV.
y DLVaJUHHPHQW aW 7.7 GHV
LPSOLHV WKH IaLOXUH RI RQH RU
PRUH RI WKH aVVXPSWLRQV
bHORZ 11.5 GHV.

9STAR, PK\V. RHY. LHWW. 120 (2018) 62301Ga¤g Wa¤g
PRL 120 (2018) 62301
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in ⇡+⇡� pairs if only TPC dE/dx was to used for pion343

identification. Hence, the TOF 1/� identification is also344

used to suppress such contamination.345

Figure 5 shows the directed flow of ⇤ hyperons. The346

positions of the data points are corrected for the width347

of the bin. Six di↵erent sets of topological cuts are em-348

ployed, varying the the total number of p⇡� pairs from349

⇠540K to ⇠160K, to observe how sensitive the directed350

flow of ⇤ is to the size of the statistical sample. Two351

invariant mass windows ±2�M and ±0.5�M are studied352

separately to vary the signal-to-background ratio, as well353

as the choice of either TPC or BBC event plane, to check354

if the event planes are consistent with each other. This355

gives a total of 24 results for slope parameters, F , repre-356

senting the directed flow at midrapidity. Note that the357

error bars displayed in all the v1 and vS
1
plots are statisti-358

cal errors on parameters which are correlated. Statistical359

errors on v1 and vS
1
come from the upper and lower limit360

of slopes calculated using the covariance matrices of the361

cubic fits to the v1 and vS
1
data. The weighted average362

from these 20 fits is (7.9 ± 1.1) ⇥ 10�2 for ⇤ hyperons.363

The systematic uncertainty, calculated as the average of364

the di↵erences between the mean value of 7.9⇥10�2 and365

the nominal values from the fits, is 1.4⇥ 10�2.366

The directed flow of K0

S
mesons was treated simi-367

larly, except wider binning was used and three invari-368

ant mass windows ±2�M ,±1�M , and ±0.5�M . In to-369

tal, ⇠110K ⇡+⇡� pairs pass the tightest topological cuts,370

while ⇠370K pairs pass the loosest topological cuts. The371

weighed average of the total of 36 slope parameters F372

is (�2.9± 1.2)⇥ 10�2 for K0

S
and the systematic uncer-373

tainty is 2.1 ⇥ 10�2. The data points corrected for the374

bin widths are shown in Fig. 6.375

C. Beam Energy Dependence376

Figure 7 presents slopes dv1/dy |y=0, based on the377

above-described cubic fits, for five species (p, ⇤, K0

S
, ⇡+

378

and ⇡�) measured in Au+Au collisions in FXT mode379

at
p
sNN = 4.5 GeV. Note that the new proton v1(y)380

slope measurement at
p
sNN = 4.5 GeV lies within er-381

rors on a smooth interpolation between the same observ-382

able from STAR’s beam energy scan in collider mode383

[21, 24] and E895 [22]. The highest E895 energy point at384 p
sNN = 4.3 GeV agrees with the current FXT measure-385

ment within the uncertainties. Proton and ⇤ directed386

flow agree within errors at
p
sNN = 4.5 GeV. They fit387

into a pattern that was observed by STAR at
p
sNN =388

7.7 GeV and above [24], but not at E895 energy points389

for
p
sNN = 3.8, 3.3 and 2.7 GeV [29].390

IV. ELLIPTIC FLOW OF PIONS AND391

PROTONS392

The second term in the Fourier decomposition of any393

azimuthal distribution, elliptic flow, of identified parti-394
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FIG. 7: (Color online) Beam energy dependence of the di-
rected flow slope dv1/dy at midrapidity for baryons (upper
plot) and mesons (lower plot) measured by several experi-
ments [21, 22, 24, 29]. The FXT points are slightly o↵set
horizontally.

cles (protons and pions) in Au+Au
p
sNN = 4.5 GeV, is395

now discussed. Elliptic flow of protons is compared with396

the earlier AGS data, while elliptic flow of pions had not397

been measured at the present beam energies before. The398

appearance of number of constituent quark (NCQ) scal-399

ing, the collapse of quark-number-scaled flow strengths400

for mesons and baryons onto a single curve, is considered401

to be a signature of QGP formation [30]. Further explo-402

ration of the region in beam energy where NCQ-scaling403

fails is important to measure observables at lower energy404

where QGP is not expected to be created. Protons, which405

have been analyzed both for higher energies [31, 32], and406

(pre)BES-II: Flow

26

Difference in v1 slope for 𝛑+ and 𝛑-      
   Isospin and/or Coloumb dynamics 
becoming prominent
    Similar observation reported by FOPI at 
lower energies (arXiv:nucl-ex/0610025)

~1.3M 0-30% - x10 more from BES-II

PRC 103 34908 (2021) 

First 𝛑  v1 and v2 results 



Publication of first FXT data - 4.5 GeV
𝛑 and p in-plane elliptic flow
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cles (protons and pions) in Au+Au
p
sNN = 4.5 GeV, is395

now discussed. Elliptic flow of protons is compared with396

the earlier AGS data, while elliptic flow of pions had not397

been measured at the present beam energies before. The398

appearance of number of constituent quark (NCQ) scal-399

ing, the collapse of quark-number-scaled flow strengths400

for mesons and baryons onto a single curve, is considered401

to be a signature of QGP formation [30]. Further explo-402

ration of the region in beam energy where NCQ-scaling403

fails is important to measure observables at lower energy404

where QGP is not expected to be created. Protons, which405

have been analyzed both for higher energies [31, 32], and406

(pre)BES-II: Flow

26

Difference in v1 slope for 𝛑+ and 𝛑-      
   Isospin and/or Coloumb dynamics 
becoming prominent
    Similar observation reported by FOPI at 
lower energies (arXiv:nucl-ex/0610025)

~1.3M 0-30% - x10 more from BES-II

PRC 103 34908 (2021) 

First 𝛑  v1 and v2 results 



Publication of first FXT data - 4.5 GeV
𝛑 and p in-plane elliptic flow

8

also in a similar energy region, allow us to compare to407

previously published results from Ref. [33]. The elliptic408

flow of pions is also published for the first time and com-409

pared with results at higher energies. Both positively410

and negatively charged pions are analyzed together.411

Two methods are used: (1) two-particle cumulants [11]412

and (2) the event plane method [8–10]. Resonance de-413

cays generate correlated particles. Such correlations are414

a non-flow contribution and they bias the elliptic flow415

measurement. Due to the low multiplicities at Au+Au416 p
sNN = 4.5 GeV, this bias is not negligible and addi-417

tional corrections were required. Since particles from418

resonance decays are correlated both in ⌘ and �, we can419

reduce the non-flow contribution by measuring elliptic420

flow using particles which are not correlated in ⌘. The421

implementation of this idea is di↵erent in each method.422

For the event plane method, we divide each event into423

two sub-events. For the cummulant method, we require424

a 0.1 gap in ⌘ between all considered pairs. Both methods425

give results which are consistent within their uncertain-426

ties. Di↵erences between the cumulant and event plane427

methods are due to the increased sensitivity of the cum-428

mulant method to the non-flow contribution.429

Fig. 8 shows results from the event plane method430

compared to E895 results [33] obtained using the same431

method. We analyzed the 0-30% most central events. For432

pions and protons, we require |y � yCM| < 0.5. In this433

analysis we use tracks with 0.2 < pT < 2.0 GeV/c, but434

due to the STAR FXT geometry for Au+Au at
p
sNN435

= 4.5 GeV, we can not measure any protons with pT <436

0.4 GeV/c for |y � yCM| < 0.5 (see Fig. 2). The proton437

results are consistent with E895 results [33].438

We have found that the pion v2(pT) is larger than the439

proton v2(pT) in the low pT region, while for transverse440

momentum at about 1 GeV/c the proton and pion trend-441

lines cross. Fig. 9 presents v2 as a function of mT �m,442

both scaled by the number of constituent quarks. Similar443

behavior is observed for Au+Au at higher collision ener-444

gies [31, 32]. This shows that at
p
sNN = 4.5 GeV flow445

values scale with particle mass, as they do at higher en-446

ergies [31, 32]. The system created for Au+Au at
p
sNN447

= 4.5 GeV has, perhaps surprisingly, larger collectivity448

than we expected, and there is no significant di↵erence in449

identified particle elliptic flow behavior when compared450

to higher energies.451

Figure 10 shows the beam energy dependence of the v2452

values. The current results are consistent with the trends453

established by the previously published data.454

V. FEMTOSCOPY OF PIONS455

A. Methodology456

Femtoscopic correlation functions are formed by mak-457

ing distributions of the relative momenta
!
q ⌘ !

p1 � !
p2458

of pairs of particles. A numerator distribution N(
!
q ) is459

formed using pairs where both tracks are from the same460

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
 (GeV/c)

T
p

0.01−

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

2v p 0-30%
 = 4.5 GeV NNs0-30% STAR FXT 

 = 4.3 GeV NN s12-25% E895 

FIG. 8: Measured v2 of protons. Blue stars are STAR FXT
data (0-30% centrality) and green crosses are E895 data (12-
25% centrality) [33].

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
 [GeV]

q
)/n0 m− 

T
(m

0.02−

0

0.02

0.04

0.06

0.08

q
/n 2v

FXT p 0-30%
 0-30%πFXT 

E895 p 

FIG. 9: v2 scaled by the number of constituent quarks (nq) for
charged pions (red stars) and protons (blue stars) for 0-30%
central collisions. The pions are consistent with the protons
given nq scaling.

event, while a denominator distribution, D(
!
q ), is formed461

by constructing pairs where the two tracks are from dif-462

ferent but similar events [44, 45]. The shape of both dis-463

tributions will be dominated by the two-particle phase464

space distribution, but N(
!
q ) will also contain contribu-465

tions from Coulomb interactions and Bose-Einstein ef-466

fects. The correlation function is the ratio467

C(
!
q ) =

N(
!
q )

D(
!
q )

(3)

This distribution is sensitive to the space-time structure468

of the pion emitting source [46, 47].469

Care must be taken to account for the e↵ects of track470

reconstruction ine�ciencies on the correlation function.471

Single-track e↵ects are common to both N(
!
q ) and D(

!
q )472

Hint of NCQ scaling: large errors
Helen Caines - BES and Beyond - LBNL (remote) - August 2021 
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in ⇡+⇡� pairs if only TPC dE/dx was to used for pion343

identification. Hence, the TOF 1/� identification is also344

used to suppress such contamination.345

Figure 5 shows the directed flow of ⇤ hyperons. The346

positions of the data points are corrected for the width347

of the bin. Six di↵erent sets of topological cuts are em-348

ployed, varying the the total number of p⇡� pairs from349

⇠540K to ⇠160K, to observe how sensitive the directed350

flow of ⇤ is to the size of the statistical sample. Two351

invariant mass windows ±2�M and ±0.5�M are studied352

separately to vary the signal-to-background ratio, as well353

as the choice of either TPC or BBC event plane, to check354

if the event planes are consistent with each other. This355

gives a total of 24 results for slope parameters, F , repre-356

senting the directed flow at midrapidity. Note that the357

error bars displayed in all the v1 and vS
1
plots are statisti-358

cal errors on parameters which are correlated. Statistical359

errors on v1 and vS
1
come from the upper and lower limit360

of slopes calculated using the covariance matrices of the361

cubic fits to the v1 and vS
1
data. The weighted average362

from these 20 fits is (7.9 ± 1.1) ⇥ 10�2 for ⇤ hyperons.363

The systematic uncertainty, calculated as the average of364

the di↵erences between the mean value of 7.9⇥10�2 and365

the nominal values from the fits, is 1.4⇥ 10�2.366

The directed flow of K0

S
mesons was treated simi-367

larly, except wider binning was used and three invari-368

ant mass windows ±2�M ,±1�M , and ±0.5�M . In to-369

tal, ⇠110K ⇡+⇡� pairs pass the tightest topological cuts,370

while ⇠370K pairs pass the loosest topological cuts. The371

weighed average of the total of 36 slope parameters F372

is (�2.9± 1.2)⇥ 10�2 for K0

S
and the systematic uncer-373

tainty is 2.1 ⇥ 10�2. The data points corrected for the374

bin widths are shown in Fig. 6.375

C. Beam Energy Dependence376

Figure 7 presents slopes dv1/dy |y=0, based on the377

above-described cubic fits, for five species (p, ⇤, K0

S
, ⇡+

378

and ⇡�) measured in Au+Au collisions in FXT mode379

at
p
sNN = 4.5 GeV. Note that the new proton v1(y)380

slope measurement at
p
sNN = 4.5 GeV lies within er-381

rors on a smooth interpolation between the same observ-382

able from STAR’s beam energy scan in collider mode383

[21, 24] and E895 [22]. The highest E895 energy point at384 p
sNN = 4.3 GeV agrees with the current FXT measure-385

ment within the uncertainties. Proton and ⇤ directed386

flow agree within errors at
p
sNN = 4.5 GeV. They fit387

into a pattern that was observed by STAR at
p
sNN =388

7.7 GeV and above [24], but not at E895 energy points389

for
p
sNN = 3.8, 3.3 and 2.7 GeV [29].390

IV. ELLIPTIC FLOW OF PIONS AND391

PROTONS392

The second term in the Fourier decomposition of any393

azimuthal distribution, elliptic flow, of identified parti-394

4 5 6 7 10 20 30 40
 (GeV)NNs

0
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0.15

y=
0

/d
y 

|
1
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 (FXT)Λ 

p (FXT)

p (E895)
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p (STAR BES)
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0
3−10×

y=
0
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|
1

dv  (STAR BES)+π

 (STAR BES)−π

 (STAR FXT)+π

 (STAR FXT)−π

 (STAR BES)+K

 (STAR BES)−K

 (STAR BES)s
0K

 (STAR FXT)s
0K

FIG. 7: (Color online) Beam energy dependence of the di-
rected flow slope dv1/dy at midrapidity for baryons (upper
plot) and mesons (lower plot) measured by several experi-
ments [21, 22, 24, 29]. The FXT points are slightly o↵set
horizontally.

cles (protons and pions) in Au+Au
p
sNN = 4.5 GeV, is395

now discussed. Elliptic flow of protons is compared with396

the earlier AGS data, while elliptic flow of pions had not397

been measured at the present beam energies before. The398

appearance of number of constituent quark (NCQ) scal-399

ing, the collapse of quark-number-scaled flow strengths400

for mesons and baryons onto a single curve, is considered401

to be a signature of QGP formation [30]. Further explo-402

ration of the region in beam energy where NCQ-scaling403

fails is important to measure observables at lower energy404

where QGP is not expected to be created. Protons, which405

have been analyzed both for higher energies [31, 32], and406

(pre)BES-II: Flow
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Difference in v1 slope for 𝛑+ and 𝛑-      
   Isospin and/or Coloumb dynamics 
becoming prominent
    Similar observation reported by FOPI at 
lower energies (arXiv:nucl-ex/0610025)

~1.3M 0-30% - x10 more from BES-II

PRC 103 34908 (2021) 

First 𝛑  v1 and v2 results 
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Dominance of baryonic scatterings

27arXiv:2108.00908

FXT 3 GeV:
v2 out-of-plane for   
 

Baryonic not partonic interactions dominate

Models including baryon mean-fields needed to describe data
       Kaons not well described
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Probing (grand)canonical production

28STAR: arXiv:2108.00924

Small strangeness correlation radius 
preferred, rc ≤ 4.2 fm

First multi-dimensional φ and 𝝣 
measurements at √sNN  = 3 GeV
 pT and rapidity spectra reported
Collision energy:
     below threshold for 𝝣 
     very close to threshold for φ

Local treatment of strangeness 
conservation crucial at lower √sNN 

CE cannot simultaneously 
describe φ/K− and φ/Ξ− ratios 
(also noted by HADES)
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Polarization seen even at 3 GeV

29arXiv:2108.00044

scaled using ↵⇤ = 0.732
⇤ ⇤̄

STAR 20-50% Au+Au, 2021

STAR 20-50% Au+Au, 2007-2018

ALICE 15-50% Pb+Pb

10
1

10
2

10
3
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p
sNN (GeV)

P
H
(%

)

3FD

UrQMD, |~!th|/2
AMPT

Chiral Kinetic

UrQMD+vHLLE

3FD: 
 Approximate agreement
UrQMD:
 Approximate agreement at low √sNN 
 Over-estimates higher √sNN
AMPT:
  Dramatic underprediction at low √sNN

Formation of vortical flow not 
dependent on presence of QGP?

STAR Au+Au,
p
sNN = 3 GeV

0-50% centrality, pT > 0.7 GeV/c
↵⇤ = 0.732

�0.2 0 0.2 0.4 0.6 0.8 1

0
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2

3

4
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y

P
⇤
(%

)

AMPT

No statistically significant dependence 
observed
  - Measurements out to beam rapidity
Forward upgrade should yield interesting 
results
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Access to initial B-field 

30

Unique measurement of B field

10-40%

EPD:
 Improved EP resolution

BES-II: >3σ effect

Vortical + Magnetic Contributions:
Current data barely stat. significant 

BES-II
BES-II + EPD

10-40%
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Hypernuclei lifetime

31

Hypernuclei - probe hyperon-nuclei interaction
    Lifetimes, Binding energies, branching ratios

Yue Hang Leung - STAR collaboration
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PRL(1968)

PR(1964)

Dalitz et al
Congleton
Kamada et al
Gal et al

Λ

H averageΛ
3 

HΛ
3 

Lifetime [ps]

New results on H3 and 4L lifetime

!6

3
ΛH : τ = 232.1 ± 29.2(stat) ± 36.7(syst)[ps]
4
ΛH : τ = 218.3 ± 7.5(stat) ± 11.8(syst)[ps]

•     :  
• Most precise 

measurement to date. 
• Consistent with previous 

measurements.

•     :  
• Consistent with 

theoretical calculations 
including pion FSI.

3
ΛH

4
ΛH

3
ΛH 4

ΛH

STAR PRELIMINARY

NC46(1966)786 (Dalitz et al)

JPG NPP 18(1992)339 (Congleton)

PRC57(1998)1595 (Kamada et al)

PLB791(2019)48 (Gal et al)

Lifetimes from 3 GeV data
𝚲: 
     265.0 ± 2.2 ps
    (PDG 263.1± 2.0 ps)

3𝚲H: 
  Consistency with 
previous results

4𝚲H: 
  Most precise 
measurement to date
  Consistency with 
previous results
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Hypernuclei yields

32

Coalescence describes 3𝚲H but not 4𝚲H 

Yue Hang Leung - STAR collaboration
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!9

• Thermal model (GSI-Heidelberg) which adopts the 
canonical ensemble, describes        yield at 3 GeV

• Yield of H3L described by coalescence (DCM) model, 
but not 4

ΛH

3
ΛH

3
ΛH 4

ΛH

PLB 697 (2011)203 (Thermal Model) 

PLB 754 (2016)360 (ALICE) 

PLB714(2012),85 (Hybrid URQMD, 
Coalescence(DCM))

3
ΛH : dN/dy = 1.1 ± 0.1(stat) ± 0.3(syst) × 10−2

4
ΛH : dN/dy = 7.3 ± 0.3(stat) ± 1.1(syst) × 10−3
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  Significant increase in production of hypernuclei expected

Canonical ensemble thermal model (GSI-Heidelberg) describes 3𝚲H 

BES-II: more energies, heavier hypernuclei, S=2 hypernuclei, and differential 
results to come
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Charged particle intermittency

33

Intermittency analysis in pT space  - measure scaled factorial moments
Probes local density fluctuations and long range correlations near CP

Fq(M) - scaled factorial moment
ni - particle multiplicity in ith cell
MD - number of equal-size cells in which D-
dimensional space is partitioned 
q - order of moment

ν specifies scaling behavior

Energy dependence of ν 
could be used to search for 

signature of CP
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Charged particle intermittency

34

Scaling exponent exhibits a 
non-monotonic energy 

dependence in central Au+Au 
collisions minimum around   = 

20-30 GeV.
More theory input needed

BES-II: higher statistics
 enable centrality study
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Summary

35

All requested BES-II data collected and more - 17 unique 
energies from 3-200 GeV with some overlapping Collider and 

FXT energies           

    Last chance to answer these critical HI questions at RHIC 

Excellent performance from RHIC and STAR 

Next steps 
Run-22-25 - pp at 500 GeV, Au-Au, pp and p+Au at 200 GeV

   Exciting physics program enabled by BES-II and Forward Upgrades
                         collection of RHIC legacy data prior to EIC

Precision analyses ongoing with very well understood detector
                 - first results submitted
New ideas developed since original proposal: vorticity, hypernuclei..

BES-II upgrades performing at or above expectations
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BACK UP

36
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First Beam Energy Scan (BES-I)

3713The 10th RHIC BES theory and experiment online seminar, Oct. 6th, 2020Xiaofeng Luo

RHIC Beam Energy Scan - I (2010-2017)

*(μB, TCH) : J. Cleymans et al., PRC73, 034905 (2006)
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Uniform acceptance at Mid-rapidityAu+Au Collisions

Ø Access the QCD phase diagram: vary collision energies and/or system size.
RHIC BES-I : 25 < μB < 420 MeV

STAR, arXiv:1007.2613
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0493
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0598

√sNN
(GeV)

Events 
(X106)

Year *μB 
(MeV)

*TCH
(MeV)

200 238 2010 25 166

62.4 46 2010 73 165

54.4 1200 2017 83 165

39 86 2010 112 164

27 30 2011 156 162

19.6 15 2011 206 160

14.5 13 2014 264 156

11.5 7 2010 315 152

7.7 3 2010 420 140

Collider mode of operation + STAR detector design 
        - uniform acceptance around mid-rapidity

13The 10th RHIC BES theory and experiment online seminar, Oct. 6th, 2020Xiaofeng Luo

RHIC Beam Energy Scan - I (2010-2017)

*(μB, TCH) : J. Cleymans et al., PRC73, 034905 (2006)
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Ø Access the QCD phase diagram: vary collision energies and/or system size.
RHIC BES-I : 25 < μB < 420 MeV
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39 86 2010 112 164
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Designed to have roughly equal μB step sizes from √sNN = 200 - 7 GeV 
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Projecting 7.7 GeV run time 

7.7 GeV projections 11-20 (~28-CAD) weeks optimistic/pessimistic assumptions

Below injection energy luminosity scales well with 𝜸3 

Rescaled running times in agreement with lower-middle end of projections  
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Table 6: Achieved and projected experiment performance criteria for the BES-II collider program.

Collision Energy (GeV) 7.7 9.2 11.5 14.6 17.1 19.6 27
Performance in BES-I 2010 NA 2010 2014 NA 2011 2011
Good Events (M) 4.3 NA 11.7 12.6 NA 36 70
Days running 19 NA 10 21 NA 9 8
Data Hours per day 11 NA 12 10 NA 9 10
Fill Length (min) 10 NA 20 60 NA 30 60
Good Event Rate (Hz) 7 NA 30 23 NA 100 190
Max DAQ Rate (Hz) 80 NA 140 1000 NA 500 1200
Performance in BES-II
(achieved) 2021 2020 2020 2019 2021 2019 2018
Required Number of Events 100 160 230 300 250 400 NA
Achieved Number of Events 2.9 162 235 324 TBD 582 560
fill length (min) 20-45 45 25 45 50 60 120
Good Event Rate (Hz) 16-24 33 80 170 265 400 620
Max DAQ rate (Hz) 400 700 550 800 1300 1800 2200
Data Hours per day 12-15 13 13 9 15 10 9
Projected number of weeks 11-20 8.5-14 7.6-10 5.5 2.5 4.5 NA
weeks to reach goals TBD 14.6 8.9 8.6 TBD 5.1 4.0

system; first developing the conduct of operation and then recording a robust data sample.1071

The lowest energy beam was selected for this first run in 2018 because at that time the1072

iTPC and eTOF upgrades were not yet available; the lowest beam energy means the lowest1073

center-of-mass boost, which meant that we could still complete the physics program even1074

without the detector upgrades. Additionally in 2018, fixed-target data were recorded with1075

a single beam energy of 26.5 GeV. Obviously, at such a high energy the detector upgrades1076

would be essential for the mid-rapidity physics program. However, the 26.5 GeV beam1077

was not requested by STAR; this beam was being using by the Coherent Electron Cooling1078

program, and STAR was simply taking these data parasitically. This parasitic data taking1079

gave us further opportunities to refine the fixed-target conduct of operations, which gave us1080

confidence going forward that we could average 100 M good events per day in fixed-target1081

mode. This is limited by the STAR data acquisition system and not by RHIC.1082

In 2019, eTOF detector upgrade system suffered damage at the start of the 14.6 GeV1083

collider system. This meant that it would be unavailable for any fixed-target energies taken1084

that year. It was felt that the physics program could still be achieved using the 4.59 GeV1085

beam, but that for all higher energies the loss of the eTOF system would compromise the1086

physics, so only modest samples at 5.75 and 31.2 GeV were taken.1087

The eTOF detector was repaired for 2020, and relatively early in the run it was decided1088

to spend one week cycling through the seven remaining fixed-target energies. Roughly one1089

day was spent at each energy. The conclusion from this series of fixed target energies is1090

40

*

*Running with significant LEReC
**Run-20b running 

***
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system; first developing the conduct of operation and then recording a robust data sample.1071

The lowest energy beam was selected for this first run in 2018 because at that time the1072

iTPC and eTOF upgrades were not yet available; the lowest beam energy means the lowest1073

center-of-mass boost, which meant that we could still complete the physics program even1074

without the detector upgrades. Additionally in 2018, fixed-target data were recorded with1075

a single beam energy of 26.5 GeV. Obviously, at such a high energy the detector upgrades1076

would be essential for the mid-rapidity physics program. However, the 26.5 GeV beam1077

was not requested by STAR; this beam was being using by the Coherent Electron Cooling1078

program, and STAR was simply taking these data parasitically. This parasitic data taking1079

gave us further opportunities to refine the fixed-target conduct of operations, which gave us1080

confidence going forward that we could average 100 M good events per day in fixed-target1081

mode. This is limited by the STAR data acquisition system and not by RHIC.1082

In 2019, eTOF detector upgrade system suffered damage at the start of the 14.6 GeV1083

collider system. This meant that it would be unavailable for any fixed-target energies taken1084

that year. It was felt that the physics program could still be achieved using the 4.59 GeV1085

beam, but that for all higher energies the loss of the eTOF system would compromise the1086

physics, so only modest samples at 5.75 and 31.2 GeV were taken.1087

The eTOF detector was repaired for 2020, and relatively early in the run it was decided1088

to spend one week cycling through the seven remaining fixed-target energies. Roughly one1089

day was spent at each energy. The conclusion from this series of fixed target energies is1090

40

*

*Running with significant LEReC
**Run-20b running 

***

Run-20b 7.7 GeV running over 
holiday weekend reached a 

good event rate average of 16 
Hz and up to 16 hours/day of 

data taking!!
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Event statistics requirements: Collider
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Typically factor 20 more than for BES-I

2 Proposed Program

2.1 Continuation of Beam Energy Scan Phase 2
RHIC has already begun the BES-II physics program. Specific details of the physics goals
and required statistics for each goal at each collider energy are given below in Table 7.
Because in the RHIC collider mode, the lowest collision energy available is psNN = 7.7 GeV,
the BES-II collider program has been expanded to include a fixed target program. The
beam energies used in the fixed-target part of the program have already been developed for
BES-I or will be used in the BES-II collider program. Details of the fixed-target physics
statistics requirements for each physics goal at each energy are shown in Table 8, which
also includes the single-beam total energy, the center-of-mass rapidity, as this gives insight
into the acceptance of STAR for a given energy, and the expected chemical potential, which
indicates the region of the QCD phase diagram to be studied.

Table 7: Event statistics (in millions) needed in the collider part of the BES-II program for various
observables. This table updates estimates originally documented in STAR Note 598.

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
Observables
RCP up to pT = 5 GeV/c - - 160 125 92
Elliptic Flow (� mesons) 80 120 160 160 320
Chiral Magnetic Effect 50 50 50 50 50
Directed Flow (protons) 20 30 35 45 50
Azimuthal Femtoscopy (protons) 35 40 50 65 80
Net-Proton Kurtosis 70 85 100 170 340
Dileptons 100 160 230 300 400
>5� Magnetic Field Significance 50 80 110 150 200
Required Number of Events 100 160 230 300 400

As noted, the BES-II program has already started and the achieved performance in the
energies completed or in progress can be used to refine the estimates of performance in the
upcoming two years. For the collider program, we review the performance for the 27 GeV
run from 2018, the 19.6 GeV run completed in 2019, and the data currently being taken at
14.6 GeV1. For the fixed-target part of the program we will review the performance for the
3.0 GeV run and the 7.2 GeV test run, both of which occurred in 2018, and a brief test at
3.9 GeV which took place this year.

For the collider system at 27 GeV, we expected a luminosity increase of a factor of 3.3.
Based on the good event rate of 190 Hz achieved in the 2014 run we hence inferred a data

1In 2014, collisions were run at a collider energy of 14.546 GeV, which was rounded to 14.5 GeV. This
year, we are running at a slightly different energy, 14.618 GeV, which is rounded to 14.6 GeV.

29
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Event statistics requirements: FXT

Table 8: Event statistics (in millions) needed in the fixed-target part of the BES-II program for
various observables.

p
sNN (GeV) 3.0 3.2 3.5 3.9 4.5 5.2 6.2 7.7

Single Beam Energy (GeV) 3.85 4.55 5.75 7.3 9.8 13.5 19.5 31.2
µB (MeV) 721 699 666 633 589 541 487 420
Rapidity yCM 1.06 1.13 1.25 1.37 1.52 1.68 1.87 2.10
Observables
Elliptic Flow (kaons) 300 150 80 40 20 40 60 80
Chiral Magnetic Effect 70 60 50 50 50 70 80 100
Directed Flow (protons) 20 30 35 45 50 60 70 90
Femtoscopy (tilt angle) 60 50 40 50 65 70 80 100
Net-Proton Kurtosis 36 50 75 125 200 400 950 NA
Multi-strange baryons 300 100 60 40 25 30 50 100
Hypertritons 200 100 80 50 50 60 70 100
Requested Number of Events 300 100 100 100 100 100 100 100

taking rate of 627 Hz. The rate of good events achieved for the 2018 run was 620 Hz,
consistent with these expectations. Although in the 2018 isobars run STAR achieved an
average of 15 hours per day of data taking, the average for the 27 GeV run was only 9 hours
because beam time was shared with Coherent electron Cooling (CeC) development.

For the 19.6 GeV collider system, we had two ways to project the expected performance.
First, we could extrapolate the performance from the 19.6 GeV run in 2011. In that run,
STAR achieved a good event rate of 100 Hz; the expected increase in luminosity was a factor
of 3.3, which suggested we should expect a good event rate of 330 Hz. Second, we could scale
the performance of the 27 GeV run from 2018; the performance of RHIC typically scales as
�
2 for accelerated beams; scaling the 620 Hz achieved for 27 GeV by (9.8/13.5)2 predicted

a good event rate of 335. The actual achieved rate in 2019 was 400 Hz as seen in Fig. 31a,
which exceeded expectations. The average data taking time per day for the 19.6 GeV run was
11 hours; this time this was below 15 hours per day due to time share with the development
of Low Energy RHIC electron Cooling (LEReC).

For the 14.6 GeV collider run, we could not really scale from the 2014 performance
because the achieved event rate of 17 Hz had been unusually low due to the challenge of
separating the good events from the background off of the small beam used while the Heavy
Flavor Tracker was installed in STAR. RHIC performance typically scales as �

3 for beams
below the nominal injection energy. Scaling the expected performance at 19.6 GeV of 335 Hz
by (7.3/9.8)3, we expected a good event rate of 138 HZ. Scaling the achieved performance at
19.6 GeV of 400 Hz, we expected a rate of 160 Hz. The achieved rate has now approached
160 Hz as seen in Fig. 31b. Thus the performance for 14.6 GeV is as expected.

For the projections for the newly proposed 16.7 GeV run, we have scaled the achieved
19.6 GeV performance of 400 Hz by (8.35/9.8)3 to project a good event rate of 245 Hz.

30
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Beam ET 
(GeV)

Beam Ek 
(AGeV)

Beam pZ 
(GeV/c)

Rapidity 
yBeam

√sNN 
(GeV)

Rapidity 
yCM

Ch. Pot. 
µB (GeV)

3.85 2.92 3.73 2.10 3.0 1.05 721
4.59 3.66 4.50 2.28 3.2 1.13 699
5.75 4.82 5.67 2.51 3.5 1.25 666
7.3 6.4 7.25 2.75 3.9 1.37 633
9.8 8.9 9.44 3.04 4.5 1.52 589
13.5 12.6 13.5 3.37 5.2 1.68 541
19.5 18.6 19.5 3.73 6.2 1.87 487
26.5 25.6 26.5 4.04 7.2 2.02 443
31.2 30.3 31.2 4.20 7.7 2.10 420
44.5 43.6 44.5 4.56 9.2 2.28 372
70 69.1 70 5.01 11.5 2.51 316
100 99.1 100 5.37 13.7 2.69 276
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LEReC inside RHIC tunnel at  
Interaction Region @ 2 o’clock (IR2)Cooling sections

Injection Section 
(DC photocathode Gun,  
SRF Booster cavity)
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Transport beamline
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BES-II: Directed Flow Improvements
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iTPC+ eTOF: 
Enhanced coverage at forward y 

Signal larger - role of baryon stopping 

Precision measurement of dv1/dy as function of centrality
Current data: Double sign change of v1

EPD: 
Enhanced 1st order EP resolution 

Reduced systematics

Figure 27: Left: Comparison of the published BES-I 10-40% centrality net-proton directed flow
slope [52] with the BES-I error bar size for a much less populated centrality bin (10-15%), and
with the expected BES-II error bar size in the same narrow centrality bin. Right: Directed flow
slope from the JAM transport model [53]. The “JAM-1.0pt" in the legend denotes a first-order
phase transition, and “JAM-�-over" denotes a crossover, and the remaining option (green squares)
involves a purely hadronic equation of state. Note the ⇠5-fold difference between the vertical scales
of the two plots, and also note that below p

sNN ⇠ 15 GeV, there is negligible difference between
the definition of net-proton v1 (plotted on the left) and proton v1 (plotted on the right).

STAR’s 2014 BES v1 paper [52] prompted a series of comparisons with state-of-the-art
models, based on hydrodynamics or Boltzmann-type transport or a hybrid of the two, all
with realistic treatments of the QCD phases and the possible types of boundary between
those phases [53, 54, 55, 56, 57, 58, 59]. Overall, these recent model calculations all confirm
that directed flow at BES energies is quite sensitive to the assumed QCD equation of state
and to the assumed type of phase transition between hadronic and QGP phases, and they
all disfavor scenarios where only hadronic phases exist. On the other hand, agreement with
data is quite poor for all assumed QCD equations of state in all models; no model scenario
reproduces STAR’s observed minimum in proton directed flow in the relevant energy region
and there is disagreement among different theory authors on whether a crossover or first-
order phase transition is favored [60].

In particular, the authors of papers based on the JAM transport model [53, 58, 59]
conclude that v1 comparisons tend to favor the EOS with a first-order phase transition.
The authors of the Frankfurt hybrid model (which features Boltzmann transport for the
early and late stages of the collision, and hydrodynamics for the intermediate hot and dense
stage) conclude that overall agreement with proton v1 measurements is still too poor to
draw conclusions about the preferred EOS [54]. Meanwhile, the authors of comparisons
with the Parton-Hadron String Dynamics (PHSD) model [55] (a microscopic approach with
equations of state constrained by lattice QCD) and with a relativistic 3-fluid hydrodynamic
model (3FD) [57] report that the crossover EOS option is favored.

There is a close connection between the search for a first-order phase transition and

24
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[Simulation: UrQMD at 19.6 GeV]
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Enhanced 1st order EP resolution 

Reduced systematics
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phase transition, and “JAM-�-over" denotes a crossover, and the remaining option (green squares)
involves a purely hadronic equation of state. Note the ⇠5-fold difference between the vertical scales
of the two plots, and also note that below p

sNN ⇠ 15 GeV, there is negligible difference between
the definition of net-proton v1 (plotted on the left) and proton v1 (plotted on the right).

STAR’s 2014 BES v1 paper [52] prompted a series of comparisons with state-of-the-art
models, based on hydrodynamics or Boltzmann-type transport or a hybrid of the two, all
with realistic treatments of the QCD phases and the possible types of boundary between
those phases [53, 54, 55, 56, 57, 58, 59]. Overall, these recent model calculations all confirm
that directed flow at BES energies is quite sensitive to the assumed QCD equation of state
and to the assumed type of phase transition between hadronic and QGP phases, and they
all disfavor scenarios where only hadronic phases exist. On the other hand, agreement with
data is quite poor for all assumed QCD equations of state in all models; no model scenario
reproduces STAR’s observed minimum in proton directed flow in the relevant energy region
and there is disagreement among different theory authors on whether a crossover or first-
order phase transition is favored [60].

In particular, the authors of papers based on the JAM transport model [53, 58, 59]
conclude that v1 comparisons tend to favor the EOS with a first-order phase transition.
The authors of the Frankfurt hybrid model (which features Boltzmann transport for the
early and late stages of the collision, and hydrodynamics for the intermediate hot and dense
stage) conclude that overall agreement with proton v1 measurements is still too poor to
draw conclusions about the preferred EOS [54]. Meanwhile, the authors of comparisons
with the Parton-Hadron String Dynamics (PHSD) model [55] (a microscopic approach with
equations of state constrained by lattice QCD) and with a relativistic 3-fluid hydrodynamic
model (3FD) [57] report that the crossover EOS option is favored.

There is a close connection between the search for a first-order phase transition and
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The spinning QGP
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√sNN-averaged ω≈(9±1)×1021s-1

Sheer forces in fluid lead to vorticity 

Spin-orbit coupling: polarization along 
direction of vorticity & J

PEM =
1

2
(P⇤ � P⇤̄)

Expected strong B-field coupled to 
magnetic moment of particles
Affects particle and anti-particle differently

Isaac Upsal – June 2016 3

• |L| ~ 105 ħ in non-central collisions

• Does angular momentum get distributed 
thermally?

• Does it generate a “spinning QGP?”
• consequences?

• How does that a?ect @uid/transport?
•  

• How would it manifest itself in data?

|J| ~ 1000       in peripheral collisions

PRC 98 (2018) 14910
Nature 548 (2018) 62


