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T. Niida, STAR Highlights in AUM2022

STAR experiment
• Beam Energy Scan II was successfully completed  

with desired performance of BES-II detector 
upgrade (iTPC, eTOF, EPD) 
‣ 8 energies for 7.7 - 54.4 GeV (collider mode) 
‣ 12 energies for 3.0 - 13.7 GeV (fixed-target mode) 

• Run-2022 p+p 508 GeV with STAR Forward 
Upgrade was successfully completed
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STAR overview, P. Tribedy, QM 2022, Krakow, Poland 2

Successful Operation of STAR in Years 2020-21

Run 20 and 21 completed successfully: enhanced collision rates due to Low Energy RHIC Electron 
Cooling (LEReC) system, smooth & desired performance of BES-II upgrades (iTPC, eTOF, EPD)

RHIC Beam Energy Scan II completed, p+p 510 run with fully installed forward upgrade is ongoing

https://online.star.bnl.gov/aggregator/livedisplay/
Watch Live Collisions At STAR:

7 energies between 7.7 - 27 GeV (collider mode) 
12 energies between 3.0 - 13.7 GeV (FXT mode)

EPD

eTOF
iTPC

BES-II upgrades

Early completion of BES-II data taking  
allowed O+O & d+Au runs in 2021

Year 2021
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The 1st Workshop on Physics at High Baryon Density

UCLA

The Upgrades are Important for the FXT Program

Detects Particles in the 0 < h < 2 range
p, K, p, d, t, h, a through dE/dx and TOF
K0

s, L, X, W, f, 3LH, 4LH through invariant mass

Endcap TOF
inner TPC upgrade    

Event Plane Detector
Endcap TOF

HCal
EMCalForward Silicon Tracker

Small-strip Thin Gap Chamber
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Outline

• Cold QCD/spin physics 

• Hot QCD and UPC physics 

‣ Ultra-peripheral collisions 

‣ Chirality/vorticity 

‣ Collectivity 

‣ Hypernuclei 

‣ Fluctuations 

‣ Hard probes
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ALL with inclusive jets
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Inclusive	Jets	at	STAR

6/8/2022 Jae	D.	Nam 5

• Improved	precision	by	including	the	latest	

datasets	(STAR	Run	2013/2015).

• Slight	preference	for	DSSV14.

• Concludes	the	longitudinal	spin	data-

taking	program.

PRD	105,	092011	(2022)

• 788 with	inclusive	jets	at	STAR	midrapidity.

• Features	two	different	energy	modes,	

probing	the	gluon	helicity	distribution	in	a	

wide	range	in	0.

Proton	Spin	Decomposition

6/8/2022 Jae	D.	Nam 4

• Jaffe-Manohar	Spin	Sum	Rule:	
• R.L.	Jaffe,	A.	Manohar,	
Nucl.	Phys.	B	337,	509	(1990)

# = 1
2 =

1
2ΔΣ + Δ* + +

• The	spin	contribution	from	quarks,	ΔΣ,	
only	accounts	for	less	than	half	of	
proton	spin.

• Midrapidity	jets	at	STAR	mostly	originate	
from	,- and	-- scatterings
• Probe	of	the	gluon	contribution,	
Δ* = ∫ Δ/ 0, 23 405

6 .

• Measurements	of	longitudinal	double	
spin	asymmetry	probes	the	gluon	
polarization.

788 =
9:: − 9:<
9:: + 9:<

= ΣΔ=> ⊗ Δ=@ ⊗ 9A	CA88
Σ=> ⊗ =@ ⊗ 9A

STAR,	PRD 100 (2019) 5, 052005

STAR, PRD105.092011 (2022)

• Longitudinal double spin asymmetry ALL with inclusive jets at midrapidity  
to probe gluon helicity distribution, extending to lower x by looking at higher energy (510 GeV) 

• Improved precision by using the latest datasets (2013/2015)

Proton	Spin	Decomposition

6/8/2022 Jae	D.	Nam 4
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proton	spin.
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from	,- and	-- scatterings
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STAR,	PRD 100 (2019) 5, 052005

Proton	Spin	Decomposition

6/8/2022 Jae	D.	Nam 4

• Jaffe-Manohar	Spin	Sum	Rule:	
• R.L.	Jaffe,	A.	Manohar,	
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# = 1
2 =
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• The	spin	contribution	from	quarks,	ΔΣ,	
only	accounts	for	less	than	half	of	
proton	spin.

• Midrapidity	jets	at	STAR	mostly	originate	
from	,- and	-- scatterings
• Probe	of	the	gluon	contribution,	
Δ* = ∫ Δ/ 0, 23 405

6 .

• Measurements	of	longitudinal	double	
spin	asymmetry	probes	the	gluon	
polarization.

788 =
9:: − 9:<
9:: + 9:<

= ΣΔ=> ⊗ Δ=@ ⊗ 9A	CA88
Σ=> ⊗ =@ ⊗ 9A

STAR,	PRD 100 (2019) 5, 052005
Midrapiidty jets at RHIC  
originate from qg and gg at low xT

Talk by Jae Nam (6/8)

R.L.Jaffe and A.Manohar, NPB337.509(1990)

quarks gluons orbital  
angular 

momentum
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Nonlinear gluon effects in QCD
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Talk by Jae Nam (6/8) 
Talk by Oleg Eyser (6/8)
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FIG. 3. (color online). Relative area of back-to-back di-⇡0

correlations at forward pseudorapidities (2.6 < ⌘ < 4.0) for

di↵erent event activity bins from p+Al and p+Au relative to

p+p collisions for ptrigT = 1.5�2 GeV/c and passoT = 1�1.5

GeV/c. Around each data point the vertical bars indicate

statistical uncertainties and the vertical bands indicate point-

to-point systematic uncertainties. The width of the band is

chosen for visibility and doesn’t reflect uncertainties.

E.A. compared to the lowest E.A. in p+Al and p+Au
collisions has a significance of 2.0 and 3.1, respectively.
Less suppression is found in p+Al compared to p+Au
collisions, which is consistent with the results from p+Al
and p+Au data at low pT in the upper panel of Fig. 1.

The STAR experiment performed a unique measure-
ment of the A-dependence in back-to-back di-⇡0 corre-
lations at forward pseudorapidities. The relative area in
p+Au and p+Al with respect to p+p collisions is shown
in Fig. 4 as a function of A1/3; the systematic uncertainty
is around 3% at ptrigT = 1.5�2 GeV/c and passoT = 1�1.5
GeV/c. The ratio for A = 1 has no uncertainty since the
numerator and denominator are fully correlated. A spe-
cific pT range probes the suppression in p+Au and p+Al
collisions in the same x-Q2 phase space. Therefore, the
suppression is dominantly influenced by A according to
the GBW model [26]. A linear dependence of the sup-
pression as a function of A1/3 is observed within the un-
certainties in Fig. 4, the slope (P ) is found to be �0.09
± 0.01.

In summary, the measurements of azimuthal correla-
tions of di-⇡0s at forward pseudorapidities are performed
using 2015 STAR 200 GeV p+p, p+Al, and p+Au data.
Results of the back-to-back correlations are given as a
function of pT , with the trigger ⇡0 in the range of 1.5
< ptrigT < 5 GeV/c and the associated ⇡0 in the range of 1
< passoT < 2.5 GeV/c. A clear suppression of back-to-back
yields is observed in p+A compared to p+p data, for pairs
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FIG. 4. (color online). Relative area of back-to-back di-⇡0

correlations at forward pseudorapidities (2.6 < ⌘ < 4.0) in

p+Au and p+Al relative to p+p collisions for ptrigT = 1.5�2

GeV/c and passoT = 1�1.5 GeV/c. The vertical bars for the

Al and Au ratios indicate the statistical uncertainties and the

vertical bands indicate the point-to-point systematic uncer-

tainties. The horizontal width of the bands is chosen for vi-

sual clarity and does not reflect uncertainty. The data points

are fitted by a linear function, whose slope (P ) is found to be

�0.09 ± 0.01.

probing small x (and Q2) with low pT . The suppression
is analyzed for various E.A. selections and found to be
larger with higher E.A. The measured suppression in high
E.A. p+Au collisions is consistent with the predictions
calculated from the gluon saturation model. The present
results are the first measurements of the A-dependence
of this nuclear e↵ect; the suppression is enhanced with
higher A and scales with A1/3. No increase in the width
of the azimuthal angular correlation is seen within exper-
imental uncertainties. The stable pedestal in p+A and
p+p collisions provides opportunities to understand the
contributions from multiple parton scatterings in d+A
collisions.
We thank the RHIC Operations Group and RCF at

BNL, the NERSC Center at LBNL, and the Open Sci-
ence Grid consortium for providing resources and sup-
port. This work was supported in part by the O�ce
of Nuclear Physics within the U.S. DOE O�ce of Sci-
ence, the U.S. National Science Foundation, the Min-
istry of Education and Science of the Russian Federa-
tion, National Natural Science Foundation of China, Chi-
nese Academy of Science, the Ministry of Science and
Technology of China and the Chinese Ministry of Educa-
tion, the Higher Education Sprout Project by Ministry
of Education at NCKU, the National Research Founda-
tion of Korea, Czech Science Foundation and Ministry
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FIG. 1. (color online). Comparison of the correlation func-

tions (corrected for nonuniform detector e�ciency in �; not
corrected for the absolute detection e�ciency) vs. azimuthal

angle di↵erence between forward (2.6 < ⌘ < 4.0) ⇡0
s in p+p,

p+Al, and p+Au collisions at
p
sNN = 200 GeV. Upper panel:

the trigger ⇡0
’s pT (ptrigT ) = 2�2.5 GeV/c and the associ-

ated ⇡0
’s pT (passoT ) = 1�1.5 GeV/c; according to the fit de-

scribed in the text, the area⇥10
3
(width) of the correlation in

p+p, p+Al, and p+Au collisions are 5.67± 0.12 (0.68± 0.01),
4.15±0.24 (0.68±0.03), and 3.30±0.07 (0.64±0.01), respec-
tively. Bottom panel: ptrigT = 2.5�3 GeV/c and passoT = 2�2.5

GeV/c; the area⇥10
3
(width) of the correlation in p+p, p+Al,

and p+Au collisions are 0.18± 0.01 (0.47± 0.03), 0.13± 0.03
(0.51± 0.07), and 0.15± 0.01 (0.45± 0.03), respectively.

ples are separated into di↵erent event activity (E.A.)
classes based on the energy deposited (⌃EBBC) in the
backward (aluminum and gold going direction) inner sec-
tors of the beam beam counter (BBC, 3.3 < �⌘ < 5.0),
where ⌃EBBC in each event is the ADC sum from all
18 BBC tiles. The STAR BBC is a scintillator detector
which measures minimum-ionizing particles [31]. Details
on the E.A. selection can be found in the supplemental
material [32]. To remove the beam background, the mul-
tiplicity at the Time of Flight detector (|⌘| < 0.9) [33] is
required to be above 2 and the number of tiles firing at
the backward BBC is above 0. The energy and transverse
momentum, pT , of the photon candidates are required to

be above 1 GeV and 0.1 GeV/c, respectively. The en-
ergy asymmetry of ⇡0’s photon components |E1�E2

E1+E2
| is

required to be under 0.7 to reduce the combinatoric back-
ground which peaks near 1; this selection is commonly
utilized in reconstructing ⇡0s with the FMS [34, 35]. The
selected invariant mass range of the ⇡0 candidates is be-
tween 0.07 and 0.2 GeV/c2.

The correlation function, C(��), is defined as

C(��) = Npair(��)
Ntrig⇥��bin

, where Npair is the yield of the cor-

related trigger and associated ⇡0 pairs, Ntrig is the trigger
⇡0 yield,�� is the azimuthal angle di↵erence between the
trigger ⇡0 and associated ⇡0, and ��bin is the bin width
of �� distribution. In each pair, the trigger ⇡0 is the one
with the higher pT value, ptrigT , and the associated ⇡0 is
the one with the lower pT value, passoT . To remove the
correlation induced by asymmetric detector e↵ects, the
measured correlation functions shown in this Letter are
corrected through dividing them by the correlation func-
tions computed for mixed events. �� distributions of two
⇡0s produced in di↵erent events are extracted from the
� distributions of the trigger ⇡0s and the associated ⇡0s.
The correlation for mixed events is the �� distribution
normalized by Nbin/Nmix

pair , where Nbin is the number of

bins in �� and Nmix
pair is the number of ⇡0 pairs for mixed

events. The correlations are not corrected for the abso-
lute detection e�ciency. The corrected correlation func-
tion is fitted from �� = �⇡/2 to �� = 3⇡/2 with two
individual Gaussians at the near- (�� = 0) and away-
side (�� = ⇡) peak, together with a constant for the
pedestal. The area of the away-side peak is the integral
of the correlation function from �� = ⇡/2 to �� = 3⇡/2
after pedestal subtraction, describing the back-to-back
⇡0 yields per trigger particle; the corresponding width is
defined as the � of the away-side peak according to the
fit.

Figure 1 shows the comparison of C(��) for forward
back-to-back ⇡0 pairs observed in p+p, p+Al, and p+Au
collisions at

p
sNN = 200 GeV. In the upper panel, in the

low-pT regime, a clear suppression is observed in p+A
compared to the p+p data. The back-to-back ⇡0 yields
per trigger in p+Au (p+Al) are suppressed by about a
factor of 1.7 (1.4) with respect to p+p collisions. Larger
suppression in p+Au relative to p+Al at the same colli-
sion energy supports an A dependence of Q2

s as predicted
in references [23, 28]. The suppression decreases with in-
creasing pT of the ⇡0s. From the bottom panel of Fig. 1,
the suppression is found to be weaker compared to the
low-pT range in p+Au collisions. The area, width, and
pedestal in p+p, p+Al, and p+Au collisions with full di-
⇡0 pT combinations can be found in the supplemental
material [32]. The parton momentum fraction x with re-
spect to the nucleon inside the nucleus is proportional to
the pT of the two ⇡0s; Q can be approximated as the av-
erage pT of the two ⇡0s. Varying the gluon density in x
and Q2 can be achieved by changing the pT of the two ⇡0s

STAR, arXiv:2111.10396

• Di-π0 angular correlations at forward rapidity (2.6<η<4)  
probe high-density gluon field 

• Clear suppression of back-to-back pairs in pAl & pAu  
compared to pp and the relative area scales with A1/3,  
consistent with the expectation from gluon saturation  
‣ No broadening of the away-side peak

4

STAR forward detector

• Au, Al beams → A dependence
• Forward rapidity hadron production 

• can access low-x gluons with high-x 
quark probe

Xiaoxuan Chu DIS 2021

• 2015 p+p and p+A collisions at )'' = *++ GeV
• Forward Meson Spectrometer (FMS) : *. - < . < /. 0

East

1(
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• The high energy photons form showers at 
FMS à reconstruction: cluster finding, 
shower shape fitting

• π0, decaying into two photons, is 
constructed from a pair of photon 
candidates
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Tomography of nuclei with photon induced process

• Transverse linearly polarized photons 
due to Lorentz contracted EM-field 

• Photonuclear production of vector 
mesons in UPC, e.g.   

• Quantum interference with the 
polarized photons leads to cos(2φ) 
modulation of final state π+π- 

cf. double slit experiment 

• Sensitive to nuclear mass (strong-
interaction) radius

 6

  4

Photonuclear production in HIC
● Photonuclear vector mesons are produced following

– Photon from the EM field of one nucleus fluctuates to a qq̅ 
pair, interacts with pomeron or reggeon

– Photon quantum numbers are 

● ρ0 has been studied in UPCs 
– C. Adler et al. (STAR Collaboration) Phys. Rev. Lett. 89, 272302 

– L. Adamczyk et al. (STAR Collaboration) Phys. Rev. C 96, 054904

– S. Acharyai et al. (ALICE Collaboration) JHEP06 (2020) 35

– etc.

● J/Ψ coherent photoproduction has been seen in nuclear 
collisions (noted as excess yield at low pT)

– J. Adam et al. (ALICE Collaboration) Phys. Rev. Lett. 116, 222301

– J. Adam et al. (STAR Collaboration) Phys. Rev. Lett. 123, 132302
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Figure 4: (A) The � distribution for ⇡+⇡� pairs collected from Au+Au and U+U collisions
with a pair transverse momentum (PT ) less than 60 MeV and an invariant mass between 650
and 900 MeV. Statistical uncertainties are shown as vertical bars on all points, while systematic
uncertainties are shown as filled boxes only on the leftmost points to improve the clarity. The
� distributions are fit to a function of the form f(�) = 1 + A cos 2� to extract the amplitude
(A) of the cos 2� modulation. The quoted uncertainties on A are for statistical and systematic
sources of uncertainty, respectively. (B) The fully corrected 2hcos 2�i modulation vs. PT for
Au+Au and U+U collisions. The statistical uncertainty on each data point is shown in vertical
bars with the systematic uncertainty shown in the shaded bands.

The fully corrected 2hcos 2�i distributions as a function of the ⇢0 transverse momentum are

shown in Fig. 4B for Au+Au, U+U, and p+Au collisions. In both the Au+Au and U+U cases, a

prominent maximum is visible at low PT which falls rapidly towards zero with another smaller

peak visible at higher PT . In contrast, the data from p+Au collisions shows no structure, being

consistent with zero at all PT . At the highest reported PT (⇠ 240 MeV) the modulation strength

is consistent with zero in all three data sets.

To study the impact of photon momentum and interference, we perform another analysis by

dividing the |t| distribution into different � bins. In each � bin, the |t| distribution is fit with

Eq. 4. Examples of two � slices (� = 0
�, 90�) of the cross section as a function of |t| are shown

in Figs. 3C and 3D, together with the empirical fit (using Eq. 4) and predictions from Model II.

In principle, Eq. 4 should be able to describe the entire |t| spectra, except the very low-|t| region

where detector resolution, photon transverse momentum and destructive interference effects are
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C

A BA+A Collision p+A Collision

Figure 1: (A) A Feynman-like diagram for a gold-gold interaction in which there is exclusive
photo-nuclear production of a ⇢0 meson that subsequently decays to a ⇡+⇡� pair. Quantum
interference between the transverse linear polarization from the photon in each diagram results
in an observed cos 2� dependence despite the two diagrams not sharing any internal lines. (B) A
diagram for the same process in a proton on gold interaction, where essentially no interference
takes place due to the large difference in charge between the proton and the gold nucleus. (C)
An illustration of a photo-nuclear interaction occurring between two ultra-relativistic nuclei
separated by a nucleus-nucleus impact parameter (~b) of several nuclear radii. While only one
⇢0 is produced, two possible configurations contribute to the amplitude, one where a photon is
emitted by the field of nucleus 1 (A1) and a Pomeron by nucleus 2 (A2), and vice-versa. Vectors
representing the 2D momentum in the plane transverse to the beam (along the z-axis) are shown
for the photons (�), Pomerons (P), ⇢0, and ⇡±. The angle �, a proxy for the ⇢0 polarization
direction, is defined in terms of the sum and difference of the 2D momentum of the ⇡+ and ⇡�.
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STAR  pairs vs. Models−π+πSignal B
=200 GeVNNsAu +Au

Model I: R=6.38 fm, a=0.535 fm

Model II: R=6.9 fm, a=0.535 fm

=200 GeVNNsAu +Au

Model I: R=6.38 fm, a=0.535 fm

Model II: R=6.9 fm, a=0.535 fm

Figure 5: (A) Radial parameter as a function of the � angle for Au+Au and U+U with an
empirical second order modulation fit. (B) Comparison between the fully corrected Au+Au
distribution and theoretical calculations (36, 37) that include the photon’s linear polarization
and two-source interference effects.

spin alignment ([29.2±0.4(stat.)±0.4(syst.)]% in Au+Au and [23.8±0.6(stat.)±0.6(syst.)]%

in U+U) show a definite interference effect due to the non-locality of the pion wave functions.

Through this measurement, we can also set a limit on whether or not the wave functions expe-

rience decoherence due to the decay process or other activity in their vicinity. The prediction

from Model I matches well with data while the prediction from Model II is about 20% above

the data as shown in Fig. 5B. This implies the coherence is at least 80%.

Conclusion

This measurement of photo-nuclear production in Au+Au and U+U collisions constitutes the

first utilization of the interacting photon’s transverse linear polarization recently demonstrated

by STAR in measurements of the �� ! e+e� process. We observe a significant cos 2� modula-

tion through the ⇢0 ! ⇡+⇡� production channel. The observed amplitude and structure of the

cos 2� vs. PT distribution (in Au+Au and U+U collisions) is qualitatively consistent with theo-

retical calculations that include quantum interference effects due to the photon’s transverse lin-

22
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At very low &$ (< 0.15 GeV/c), %"%# pairs 
dominated by $$ → %"%#

Ratio is consistent with ''
'(

'
at very low &$

Initial EM field is different in -. + -. and 
01 + 01 (~3,) 

At &$ > 0.15 GeV/c, hadronic production 
contributions to %"%# pairs are similar in 
Ru + Ru and Zr + Zr

Poster by Kaifeng Shen (04/06/22 6:30-7:30)
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• At very low &$, ⁄7 8 dominated by $9 → ⁄7 8
• Ratio is consistent with ''

'(
!

at very low &$
• Initial EM field is different in Ru + Ru and Zr + Zr (~1.7,) 
• At &$ > 0.2 GeV/c, hadronic production contributions to ⁄7 8 are similar in Ru + Ru and Zr + Zr

Poster by Kaifeng Shen (04/06/22 6:30-7:30)
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• Dilepton (J/Ψ) production at very low pT is dominated by γγ (γA) reactions 
• The data suggest “Z” scaling due to EM-field difference in isobars as expected

STAR overview, P. Tribedy, QM 2022, Krakow, Poland
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Photon-induced processes in isobars Talk by Xiaofeng Wang (Thu T09-I)

Data suggest low pT photon induced processes follow “Ƶ” scaling of EM-fields for isobars
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STAR overview, P. Tribedy, QM 2022, Krakow, Poland
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Photon-induced processes in isobars Talk by Xiaofeng Wang (Thu T09-I)

Data suggest low pT photon induced processes follow “Ƶ” scaling of EM-fields for isobars
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Low p  di-electron (Breit-Wheeler)
Poster by Kaifeng Shen (Wed T08 / T09)
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W. Zha et al., PLB789(2019)238

Talk by Nicole Lewis (6/7)
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STAR, PRC105.014901 (2022)

STAR overview, P. Tribedy, QM 2022, Krakow, Poland 7

Chiral magnetic effect search in isobar collisions

Blind analysis performed with pre-defined criteria for primary CME sensitive observable: 

No pre-defined signature of CME is observed in isobar collisions, possible 
residual signal due to change of baseline & non-flow effects are under study

Talk by Yu Hu (Thu T02-III)
Poster by Yicheng Feng (Wed T02)
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0.1-0.15

Precision of 0.4% achieved
   M. Abdallah et al. (STAR Collaboration), 

Phys. Rev. C 105 (2022) 1, 014901

• Precision of 0.4% was achieved but no pre-dfined signature of CME was observed 
• Updated estimate of non-flow BG using HIJING, consistent with the data

Talk by Evan Finch (6/10) 
Poster by Yicheng Feng
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STAR, PRC104.L061901 (2021) 
HADES, SQM2021

STAR overview, P. Tribedy, QM 2022, Krakow, Poland
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Global lambda polarization Talk by Joey Adams (Thu T02-II)

Precision new FXT (3 GeV) and BES-II 
(19.6 GeV) results follow the global trend

No system dependence at fixed centrality or B-field driven splitting seen in 200 GeV collisions

Posters by Kosuke Okubo (Wed T02) & Xingrui Gou (Wed T02)
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• Still increasing trend down to √sNN = 3 GeV (FXT). Results from BES-II (3, 7.2, 19.6, 27, 54.4 GeV) 
follow the global trend. More results will come! 

• No colliding system size dependence nor splitting between Λ and anti-Λ in isobar collisions

STAR overview, P. Tribedy, QM 2022, Krakow, Poland
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Global lambda polarization Talk by Joey Adams (Thu T02-II)

Precision new FXT (3 GeV) and BES-II 
(19.6 GeV) results follow the global trend

No system dependence at fixed centrality or B-field driven splitting seen in 200 GeV collisions

Posters by Kosuke Okubo (Wed T02) & Xingrui Gou (Wed T02)
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STAR Preliminary, 20-50%⇤+⇤̄
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Recent model studies
• Recent low-energy model studies 

don’t agree on the energy of 
P�� ��� or its magnitude below 

��� ≈ 10 GeV
• UrQMD: Y. Guo, et. al. Phys. Rev. C 104 4 L041902 

(2021) arXiv:2105.13481
• AMPT: X.G. Deng, et. al., Phys. Rev. C 101, 064908 

(2020), arXiv:2001.01371
• 3-Fluid: Y.B. Ivanov, Phys. Rev. C 103, L031903 (2021) 

arXiv:2012.07597

• P� measurements at low ��� 
will provide constraints on the set 
of assumptions valid at low 
collision energy

7 April 2022 5Joseph Adams ― Quark Matter 2022
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• Clear Ψ2 dependence as seen in Au+Au at 200 GeV 
• First measurement relative to the 3rd-order event plane Ψ3! 
‣ Similar pattern to the 2nd-order, indicating v3-driven polarization
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Fig. 3. (a) The pT and rapidity dependencies of v1 for p, d, t , 3He, and 4He in 10-40% mid-central Au+Au collisions at √sNN = 3 GeV. (b) The same results as (a) but both 
v1 and pT are scaled by A. For t and 4He, there are no data points at pT/A < 0.7 GeV/c in −0.1 < y < 0 due to limited acceptance. The data points in each rapidity are 
scaled for clarity. Statistical and systematic uncertainties are represented by vertical lines and open boxes, respectively. The dashed lines represent the fit to a third-order 
polynomial function of the data points to guide the eye.

the angle brackets indicate averaging over all events. Then the !1
is given by !1 = tan−1 (

Q y/Q x
)
. A shifting method [1] is utilized 

to make the distribution of the reconstructed !1 uniform.
The values v1 and v2 are computed via vn = ⟨cos[n(φ −

!1)]⟩/Rn . The pT- and y-dependent reconstruction efficiency of 
particle tracks is corrected using a Monte Carlo calculation of sim-
ulated particles embedded into real collision events. The event 
plane resolution Rn is determined via a three sub-event plane cor-
relation method [1], where the sub-event planes are reconstructed 
separately in different η ranges of the EPD and TPC. At √sNN = 3
GeV, the resolutions peak in the centrality range 30-40% with value 
of 0.75 and 0.41 for v1 and v2, respectively.

The systematic uncertainties of the measured flow harmonics 
come from the method of selecting charged tracks, from particle 
identification, and from the event plane resolution. They are es-
timated point-by-point on v1 and v2 as a function of y and pT
for each light nucleus species. The systematic uncertainties arising 
from the track selection are determined by varying the selection 
requirements. The values amount to about 2% after the statistical 
fluctuation effects are removed [26 ]. The systematic uncertainties 
related to the particle misidentification are determined by varying 
the cuts on z and m2, and are found to be 2% to 8% depending 
on the light nucleus species and their pT. A common systematic 
uncertainty arises from the event plane resolution, and is deter-
mined by using combinations of different η sub-events; it is es-
timated to be less than 2% and 3% for v1 and v2, respectively, 
within the centrality bin 10-40%. Additional systematic uncertainty 
on the dv1/dy slope parameter comes from the chosen fit range, 
and is estimated by taking the difference between the fit values 
from default range −0.5 < y < 0 and from −0.4 < y < 0. The typ-
ical magnitude of this systematic uncertainty is found to be 3% 
for all light nucleus species. In the following figures, the total sys-
tematic uncertainty of each data point is represented by the open 
boxes.

3. Results and discussions

The pT dependencies of the light nucleus v1 in different rapid-
ity intervals are shown in Fig. 3. Fig. 3b shows that the values of 
v1/A of all light nuclei, including protons, approximately follow A
scaling for −0.3 < y < 0 especially near mid-rapidity. The v1 scal-
ing behavior suggests the light nuclei are formed via nucleon coa-
lescence in Au+Au collisions at √sNN = 3 GeV. The scaling worsens 
for pT/A > 1 GeV/c in the range −0.4 < y < −0.3, where the v1

values are large and the simple coalescence of Eq. (1) may not ap-
ply. Increasing contamination of target-rapidity (y = −1.045) frag-
ments may also play a role.

The upper panels of Fig. 4 show the dependencies of v2 in 
different rapidity intervals. At mid-rapidity, −0.1 < y < 0, the v2
values are negative for all measured light nucleus species. Mov-
ing away from mid-rapidity, the v2 magnitudes decrease gradually, 
and become positive for t , 3He, and 4He at larger pT, while the 
v2 of protons and d remain negative within −0.4 < y < 0. More-
over, the proton v2 has a stronger non-monotonic pT dependence 
compared to other light nuclei. The lower panels of Fig. 4 show 
v2/A as a function of pT/A and they do not follow the same trend. 
Taking into account the effect of v1 by Eq. (2), the naive momen-
tum coalescence expectation of v2 for d is shown in the dashed 
curves. While the v1 effect may partially explain the trend with in-
creasing rapidity, the v2 data significantly deviate from the curve 
(shown only for d, but similar behavior is also found for t , 3He, 
and 4He). This indicates that no A scaling is observed in these 
data for light nucleus v2 at √sNN = 3 GeV. The A scaling has been 
observed for pT/A < 1.5 GeV/c in higher energy Au+Au collisions 
at √sNN = 7.7 −200 GeV [14]. There, as a supporting evidence for 
the formation of the QGP, the v2 of hadrons follow an approximate 
NCQ scaling [27– 29 ].

Fig. 5 shows light nucleus v1 and v2 as a function of rapidity 
integrated in the chosen pT ranges. There is a clear mass ordering 
both for v1 and for v2, namely, the heavier the mass of a nucleus, 
the stronger the rapidity dependence in v1 and v2. At mid-rapidity, 
−0.1 < y < 0, the value of v2 is negative and nearly identical for 
p, d, and 3He. The negative v2 at mid-rapidity may be caused by 
shadowing of the spectators as their passage time is comparable 
with the expansion time of the compressed system at √sNN = 3
GeV [11,12]. During the expansion of the participant zone, the par-
ticle emission directed toward the reaction plane is blocked by the 
spectators that are still passing the participant zone. Moving away 
from mid-rapidity, the proton v2 remains negative and those of 
other light nuclei gradually become positive. A similar strong ra-
pidity dependence of light nucleus v2 has also been reported by 
the HADES experiment [15]. Nuclear fragmentation may play a role 
in the production of those light nuclei, the effect of which is be-
yond the scope of the present investigation.

To further understand light nucleus formation and the scaling 
behavior of v1 and v2, we employ a transport model, Jet AA Mi-
croscopic Transportation Model (JAM) [30], to simulate the proton 
and neutron production from the initial collision stage to the fi-
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Fig. 4. v2 scaled by the number of constituent quarks, v2/nq , as a function of scaled 
transverse kinetic energy ((mT − m0)/nq ) for pions, kaons and protons from Au+Au 
collisions in 10-40% centrality at √sNN = 3, 27, and 54.4 GeV for positive charged 
particles (left panel) and negative charged particles (right panel). The measurements 
are in the rapidity range |y| < 0.5 at 27 and 54.4 GeV, and in −0.5 < y < 0 at 3 
GeV. Colored dashed lines represent the scaling fit to data from Au+Au collisions 
at 7.7, 14.5, 27, 54.4, and 200 GeV from STAR experiment at RHIC [46 – 48 ]. Statistical 
and systematic uncertainties are shown as bars and gray bands, respectively. Some 
uncertainties are smaller than the data points.

cles. Although the overall quark number scaling is evident, it has 
been observed that the best scaling is reached in the RHIC top en-
ergy √sNN = 200 GeV collisions [15,50]. As the collision energy de-
creases, the scaling deteriorates. Particles and antiparticles are no 
longer consistent with the single-particle NCQ scaling [21] due to 
the mixture of the transported and produced quarks. More detailed 
discussions on the effects of transported quarks on collectivity can 
be found in Refs. [19 ,51]. As one of the important evidence for the 
QGP formation in high energy collisions at RHIC, the observed NCQ 
scaling originates from partonic collectivity [15,16 ,52].

For Au+Au collisions at 3 GeV, data points for π , K and p are 
represented by filled triangles, open triangles and filled stars, re-
spectively in Fig. 4. It is apparent that all of the values of v2/nq are 
negative. Only proton results are shown, because of the lack of an-
tiproton production at this energy. Contrary to the higher energy 
data shown, the quark scaling disappears in the observed elliptic 
flow for positively charged particles in such low energy collisions. 
The new results clearly indicate different properties for the matter 
produced. As shown in Fig. 3, the JAM and UrQMD model calcu-
lations with baryonic mean-field potential reproduce the observed 
negative values of v2 for protons as well as "s. In other words, 
in the Au+Au collisions at 3 GeV, partonic interactions no longer 
dominate and baryonic scatterings take over. This observation is 
clear evidence that predominantly hadronic matter is created in 
such collisions.

Collision energy dependence of the directed and elliptic flow is 
summarized in Fig. 5, where panel (a) shows the slope of the pT -
integrated directed flow at midrapidity, dv1/dy|y=0, for π , K , p, "
and multistrange hadrons φ and $− from Au+Au collisions for the 
10-40% centrality interval. Here K and π are the results of com-
bination of K ± plus K 0

S and π ± , respectively. The pT -integrated 
v2 at midrapidity of π , K , p and " are shown in panel (b) as 
open squares, filled triangles, filled circles and open circles, respec-
tively. The recent HADES proton v2 from 2.4 GeV Au+Au collisions 
shown by a filled square is much more negative (∼ −0.2) imply-
ing stronger shadowing effect at lower center of mass energy. An 
additional reason for the significant decrease in v2 is that the pT
region of HADES results is relatively higher than STAR results. Due 
to partonic collectivity in Au+Au collisions at high energy [53], all 
observed v1 slopes and v2 at midrapidity are found to be negative 
and positive, respectively, while the observed trend in Fig. 5 for 
Au+Au collisions at 3 GeV is exactly the opposite. The early strong 
partonic expansion leads to the positive v2 with NCQ scaling in 
high energy collisions while at 3 GeV, both weaker pressure gra-

Fig. 5. Collision energy dependence of (top panel) directed flow slope dv1/dy|y=0
for p, ", π (combined from π ± ), K (combined from K ± and K 0

S ), φ and $− , and 
(bottom panel) elliptic flow v2 for p, π (combined from π ± ) in heavy-ion colli-
sions [18 ,19 ,21,22,26 ]. Collision centrality for all data from RHIC is 10-40%, except 
for 4.5 GeV where 10-30% is for dv1/dy|y=0 and 0-30% is for v2. Note that the 
HADES [35] results of proton dv1/dy|y=0 and v2 from 20-30% scaled by a factor of 
3 are from 1 < pT < 1.5 (GeV/c), which is in a higher pT region compared to our 
data (0.4 < pT < 2.0 (GeV/c)). Statistical and systematic uncertainties are shown 
as bars and gray bands, respectively. Some uncertainties are smaller than the data 
points. The JAM and UrQMD results are shown as colored bands: golden, red and 
blue bands stand for JAM mean-field, UrQMD mean-field and UrQMD cascade mode, 
respectively. For clarity the x-axis value of the data points have been shifted.

dient and the shadowing of the spectators result in the negative 
v2 where the scaling is absent. Results from calculations using the 
hadronic transport model JAM and UrQMD, with the same cen-
trality and kinematic cuts as used in the data analysis, are also 
shown as colored bands in the figure. By including the baryonic 
mean-field, the JAM and UrQMD model reproduced the trends for 
both dv1/dy|y=0 and v2 for baryons including protons and ". The 
consistency of transport models (JAM and UrQMD) with baryonic 
mean-field for all measured baryons implies that the dominant de-
grees of freedom at collision energy of 3 GeV are the interacting 
baryons. The signatures for the transition from partonic domi-
nant to hadronic and to baryonic dominant regions have also been 
discussed in Ref. [19 ,20,54,55] for the ratios of K +/π+ and net-
particle v1 slopes, respectively. Our new data clearly reveals that 
baryonic interactions dictate the collision dynamics in Au+Au col-
lisions at 3 GeV.

4. Summary

In summary, we have reported on the pT and rapidity differ-
ential and integral measurements for directed flow v1 and ellip-
tic flow v2 of identified hadrons π ± , K ± , K 0

S , φ, p, " and $−

from the 10-40% centrality Au+Au collisions at √sNN = 3 GeV, and 
the high statistics measurements for v2 of π ± , K ± , p and p at √

sNN = 27 and 54.4 GeV. The NCQ scaling of v2 is observed for 
collision energies ≥ 7.7 GeV. Due to the formation of the QGP 
at center-of-mass collision energies larger than 10 GeV, one finds 
that each hadron’s v2 is positive while all slopes of v1 are nega-
tive. For Au+Au collisions at 3 GeV, the NCQ scaling is absent and 
the opposite collective behavior is observed: the elliptic flow of all 
hadrons at midrapidity is negative; the slope of the directed flow 
of all hadrons, except π+ , at midrapidity is positive. Furthermore, 
transport models JAM and UrQMD calculations with a baryonic 
mean-field qualitatively reproduced these results. These observa-
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• At 3 GeV, NCQ scaling is absent with negative v2 which is described by 
hadronic transport with baryonic interactions 

• Atomic mass number (A) scaling of light nuclei v1 is observed, consistent with 
nucleon coalescence picture
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In high-energy heavy-ion collisions, partonic collectivity is evidenced by the constituent quark number 
scaling of elliptic flow anisotropy for identified hadrons. A breaking of this scaling and dominance of 
baryonic interactions is found for identified hadron collective flow measurements in √sNN = 3  GeV Au+Au 
collisions. In this paper, we report measurements of the first- and second-order azimuthal anisotropic 
parameters, v1 and v2, of light nuclei (d, t, 3 He, 4He) produced in √sNN = 3  GeV Au+Au collisions 
at the STAR experiment. An atomic mass number scaling is found in the measured v1 slopes of light 
nuclei at mid-rapidity. For the measured v2 magnitude, a strong rapidity dependence is observed. Unlike 
v2 at higher collision energies, the v2 values at mid-rapidity for all light nuclei are negative and no 
scaling is observed with the atomic mass number. Calculations by the Jet AA Microscopic Transport Model 
(JAM), with baryonic mean-field plus nucleon coalescence, are in good agreement with our observations, 
implying baryonic interactions dominate the collective dynamics in 3  GeV Au+Au collisions at RHIC.

© 2022 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3 .

1. Introduction

Collective motion of particle emission in high-energy heavy-
ion collisions, often referred to as collective flow, is a general 
phenomenon observed over a wide range of collision energies. 
The flow anisotropy parameters, vn (where n represents the n-th 
harmonic order), are used to describe the azimuthal anisotropies 
in particle momentum distributions with respect to the reaction 
plane [1]. The first- and second-order azimuthal anisotropies, v1
and v2, are important probes of nuclear matter. In high energy col-
lisions at the top RHIC and LHC energies, they provide information 
on the collective hydrodynamic expansion and transport proper-
ties of the produced Quark Gluon Plasma (QGP), while at lower 
collision energies of the order of a few GeV, they are sensitive to 
the compressibility of the nuclear matter and nuclear equation of 
state [2,3 ]. The collision-energy dependence of v1 and v2 for dif-
ferent particle species has been observed experimentally [4,5], and 
provides valuable information on the dynamical evolution of the 
strongly interacting matter.

At high LHC energies, significant v2 and v 3 values are reported 
for d [6 ,7 ]. In parallel and at lower energies, compared to protons, 
enhanced values of v1 and v2 for light nuclei (d, t , and 3 He) were 
observed in prior heavy-ion collision experiments [8 – 14]. These 
measurements suggest that the v1 of heavier nuclei have more 

pronounced energy dependences and may carry more direct in-
formation on the collective motion of nuclear matter. Recently, the 
HADES experiment reported the measurements of anisotropic flow 
of p, d and t from √sNN = 2.4 GeV Au+Au collisions [15]. The STAR 
collaboration observed the atomic mass number (A) scaling of light 
nucleus v2 for the reduced transverse momentum (pT) range of 
pT/A < 1.5 GeV/c at √sNN = 7 .7  − 200 GeV [14]. Similar to the 
number of constituent quark (NCQ) scaling of hadron collective 
flow [16 ], under the assumptions of small vn and light nucleus for-
mation by nucleon coalescence in momentum space, light nucleus 
collective flow is expected to follow an approximate A scaling

v A
n (pT, y)/A ≈ v p

n (pT/A, y). (1)

The STAR observation [14] favors nucleon coalescence, while the 
true production mechanism of light nuclei in heavy-ion collisions 
is still an open question. At lower energies, however, the v1 is not 
negligibly small as reported in this paper. Keeping up to v2

1, Eq. (1)
for n = 2 becomes

v A
2 (pT, y)/A ≈ v p

2 (pT/A, y) + A −1
2

(
v p

1 (pT/A, y)
)2

. (2)

The coalescence model assumes that light nuclei are formed 
via the combination of nucleons when these nucleons are near 

3
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• First measurement of rapidity-odd v3 with respect to 
the first-order event plane at √sNN = 3 GeV, 
indicating a correlation between v1 and v3 

• Sensitive to the 3D initial geometry and EOS
P. Hillmann et al., J.Phys.G: Nucl. Part. Phys. 45, 085101 (2018)

z

y

xReaction Plane (x-z)

picture: S. Esumi@WWND2011

Talk by Xionghong He (6/7)
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• Dihadron correlations in photon+nucleus process for √sNN = 54.4 GeV 
Au+Au collisions 

• No obvious signature of collectivity (near-side ridge) in the γ+A collisions 
• To be further explored at 200 GeV with STAR forward upgrade

STAR overview, P. Tribedy, QM 2022, Krakow, Poland 34

Forward Silicon Tracker (fall 2021)
Small Strip Thin Gap Chamber (fall 2021)

Forward Calorimetry 
(EMCal, HCal Jan 2021)

    SN0773 : The STAR BUR for 
Run-22 & data taking in 2023-25

Forward upgrade program of STAR

Focus will be on study of microstructure of QGP & RHIC measurements informative towards EIC science

Talk by Xu Sun (Wed T15-I)
Talk by Tong Liu (Wed T05-II)

No signature of collectivity (near side ridge) in 
the γ+Au, higher energy and activity events 
under exploration with STAR forward upgrades

Anticipated runs with forward upgrades: 
High statistics Au+Au in 2023 and 2025

Polarized p+p, p+Au in 2024

Di-hadron correlations studied in photonuclear 
processes using Au+Au √s   = 54.4 GeV dataNN

picture: P. Tribedy@QM2022

Talk by Nicole Lewis (6/7)

22

Candidates for BUR and CFNS workshop

Only show 54 GeV min-bias results for yield and projection for γ+A-rich events
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Figure 80: (Left) STAR preliminary data on normalized yield of long range di-hadron correlations
in �+Au-rich events with a relative pseudroapidity gap of |�⌘| > 1 between two hadrons. The events
are selected by applying asymmetric cuts on the energy deposition of neutrons in ZDCs (1nXn) and
on TPC tracks matched with TOF N

TOF�match

trk
in the window of 1 <= N

TOF�match

trk
< 8. The green

curve represents a fit to data using a function: 1 + 2
P

an cos(n��). No signatures of collectivity
associated with enhancement of correlation near relative azimuthal angle �� ⇠ 0 is observed.
(Right) The double ratio of antiprotons to protons in �+Au-rich events compared to peripheral
Au+Au events, indicating significant enhancement of protons at low pT and at mid-rapidity. The
enhancement shows a strong rapidity dependence while going from the photon to ion direction.

for two different bins of activity characterized by the number of TPC tracks matched with
the TOF 1 <= N

TOF

trk
< 8 (low activity). The distribution is fitted using a Fourier function

of the form (1+ 2
P

an cos(n��)) (green curve). No ridge-like component associated with a
significant enhancement of Y (��) near �� = 0 that is related to the signature of collectivity
is seen.

Figure 80 (right) shows the measurement of the yield of anti-protons-to-protons (p̄/p)
with pT. The quantity plotted is a double ratio of p̄/p for the measurements in �+Au-rich
events over the same in 60–80% peripheral Au+Au events. We see a suppression of the p̄/p

yield in �+Au events at low pT < 0.6 GeV/c and for the symmetric window of �0.1 < y < 0.1
around mid-rapidity. The suppression of p̄/p yield gets stronger while going from the photon
to the ion direction, with the double ratio dropping by a factor 0.75 at low pT . We have
checked that this trend is not seen for ⇡

�
/⇡

+, K�
/K

+ and not explained by PYTHIA 6
model. This important observation provides the necessary impetus for further exploration
using various available data sets. In particular, we would like to test if this strong rapidity
dependence of the p̄/p yield is consistent with the picture of baryon junction that predicts an
exponential dependence of stopping with rapidity of form exp(�↵(y � Ybeam)) with ↵ =0.5.

Our aim will be extend these measurements with high statistics �+Au-rich event samples
using Run-23 and 25 data on Au+Au collisions at p

sNN = 200 GeV. Fig. 81(left) shows
the pseudorapidity (⌘) distribution of identified particles with pT > 0.2 GeV/c in inclusive
e+Au photoproduction (�⇤+Au, where �

⇤ refers to a virtual photon) processes simulated
using the EIC Monte Carlo BeAGLE event generator [176,177] with electron and ion beam

92
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2022/6/7 Xiujun Li, AUM2022

,  and  lifetimes3
ΛH 4

ΛH 4
ΛHe

• Lifetime of light hypernuclei ,  and  are shorter than 
that of free  (with 1.8 , 3.0 , 1.1  respectively)


• Consistent with former measurements (within 2.5  for , )


•  result consistent with calculation including pion FSI (2019) 
and calculation under  2-body picture (1992) within 1

3
ΛH 4

ΛH 4
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Λ

HΛ
3 

Lifetime [ps]

: 


: 


: 

3
ΛH τ = 221 ± 15(stat.) ± 19(syst.)[ps]
4
ΛH τ = 218 ± 6(stat.) ± 13(syst.)[ps]
4
ΛHe τ = 229 ± 23(stat.) ± 20(syst.)[ps]

PRL 128, 202301(2022) 
QM2022 poster, Xiujun

STAR, PRL128.202301 (2022)

• First measurement of          lifetime in heavy-ion collisions as well as precise  
measurements of        and       lifetimes; important inputs for understanding YN interaction 

• New results at 3 GeV provide constraints on production mechanism of hypernuclei  
in baryon-rich system

4
⇤He
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Energy dependence of hypernuclei production in heavy-ion collisions

!9

3
ΛH

•         yield at mid-rapidity increases from 2.76 TeV to    
3 GeV

•Driven by increase in baryon density at low energies

•Thermal model (GSI-Heidelberg)  reproduces the trend, 
but does not quantitatively describe the yields

ALICE, PLB 754 (2016)360  

J. Steinheimer et al, PLB 714(2012),85                 
(H. URQMD, Coales.(DCM))

A. Andronic et al, PLB 697 (2011)203 
(updated, preliminary) (Thermal Model)

S. Gläßel et al, arXiv:2106.14839 (PHQMD)
Y. Nara et al, PRC 61(1999)024901 (JAM)

•Coalescence model (DCM) cannot simultaneously 
describe               yields using same coalescence 
parameters; coalescence model (JAM) using 
different parameters approximately can

•PHQMD with                         describes        yield, 
slightly overestimates    

VΛN = 2/3VNN
4
ΛH

3
ΛH

•Hybrid URQMD overestimates yields at 3 GeV 
by an order of magnitude

3
ΛH, 4

ΛH

New data provide first constraints for 
hypernuclei production models in the 
high-baryon-density region

3
ΛH

•        mid-rapidity yields obtained 
as a function of pT and centrality at 
19.6 and 27 GeV
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•At 3 GeV,

STAR, arXiv:2110.09513 
(accepted by PRL)

Thermal model/transport models  
based on coalescence of nucleons  
capture the trend but not quantitatively

Talk by Xiujun Li (6/7)

2022/6/7 Xiujun Li, AUM2022

Introduction - Hypernuclei
Hypernuclei: bound nuclear systems of non-strange and strange baryons 

• Probe hyperon-nucleon(Y-N) interaction


• Strangeness in high density nuclear matter


• EoS of neutron star


• Experimentally, we can make measurements related to:


1. Internal structure


• Lifetime, binding energy, branching ratios etc.


Understanding hypernuclei structure may give more constraints on the Y-N interaction 

2. Production in heavy-ion collisions


• Spectra, collectivity etc.


The formation of loosely bound states in violent heavy-ion collisions is not well understood

3

3
ΛH

4
ΛH

4
ΛHe
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QCD CP search by net-proton fluctuations

• Non-monotonic energy dependence observed 
(~3σ) 

• New result at 3 GeV, consistent with baryon 
number conservation (UrQMD), implies that CP 
could exist only at √sNN > 3 GeV, if any 

• More precise results from BES-II will come!
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STAR, PRL126.092301 (2021) 
STAR, PRL128.202303 (2022)

collisions, the finite lifetime and size of the system [59],
and dynamical effects such as the critical slowing
will smear the “critical point” to a region in collision
energy [60,61].
Poisson statistics and the grand canonical ensemble

(GCE) model predict that C4=C2 is 1. Because of baryon
number conservation, calculations from models without
critical dynamics such as the canonical ensemble (CE) [16]
and UrQMD [17,19] show a characteristic suppression with
respect to the Poisson baseline in the net-proton C4=C2

when the collision energy is decreased, as seen in Fig. 5.
The same experimental cuts on event centrality, rapidity,
and transverse momentum have been applied to these
calculations. It is worth noting that if the rapidity window
is extended to jyj < 0.5, the UrQMDmodel predicts a value
of C4=C2 ≈ −4 for proton in central Auþ Au collisions atffiffiffiffiffiffiffiffi
sNN

p ¼ 3.0 GeV. Compared to results from higher energy
collisions, the suppression of the C4=C2 ratio in central
Auþ Au collisions at 3.0 GeV is stronger due to baryon
stopping and conservation. Recently, a hadronic equation
of state for 3.0 GeV Auþ Au collisions was shown to be
applicable, using the measurement of collective flow
parameters [62]. While the low C4=C2 value observed at
the energy can be explained by fluctuations driven by
baryon number conservation in a region of high baryon
density where hadronic interactions are dominant, the
nonmonotonic variation [14,15,63] observed at higher
collision energies is not demonstrated by the dynamics

in noncritical models such as UrQMD. Precision data from
the energy window of 3 <

ffiffiffiffiffiffiffiffi
sNN

p
< 20 GeV are needed in

order to explore the possibility of critical phenomena.
In summary, cumulant ratios of proton multiplicity

distribution from
ffiffiffiffiffiffiffiffi
sNN

p ¼ 3.0 GeV Auþ Au collisions
are reported. The new data are measured by the STAR
experiment configured in fixed-target mode. At this colli-
sion energy, large effects due to the initial volume fluc-
tuation are observed in the cumulant ratios except in the
most central 0%–5% bin. The protons are measured with
the acceptance −0.5 < y < 0 and 0.4 < pT < 2.0 GeV=c.
The rapidity and transverse momentum dependencies of the
cumulant ratios C2=C1, C3=C2, and C4=C2 are presented.
A suppressionwith respect to thePoisson baseline is observed
in proton C4=C2¼−0.85#0.09ðstatÞ#0.82ðsystÞ in
the most central 0%–5% collisions at 3 GeV and the
UrQMD model reproduces the observed trend in the central-
ity dependence of the cumulant ratios including
C2=C1; C3=C2, and C4=C2. This new result is consistent
with fluctuationsdrivenbybaryonnumber conservation at the
high baryon density region.

We thank Dr. V. Koch, Dr. A. Sorensen, and
Dr. V. Vovchenko for interesting discussions. We thank
the RHIC Operations Group and RCF at BNL, the NERSC
Center at LBNL, and the Open Science Grid consortium for
providing resources and support. This work was supported
in part by the Office of Nuclear Physics within the U.S.
DOE Office of Science, the U.S. National Science
Foundation, National Natural Science Foundation of
China, Chinese Academy of Science, the Ministry of
Science and Technology of China and the Chinese
Ministry of Education, the Higher Education Sprout
Project by Ministry of Education at NCKU, the National
Research Foundation of Korea, Czech Science Foundation
and Ministry of Education, Youth and Sports of the Czech
Republic, Hungarian National Research, Development and
Innovation Office, New National Excellency Programme of
the Hungarian Ministry of Human Capacities, Department
of Atomic Energy and Department of Science and
Technology of the Government of India, the National
Science Centre of Poland, the Ministry of Science,
Education and Sports of the Republic of Croatia and
German Bundesministerium für Bildung, Wissenschaft,
Forschung and Technologie (BMBF), Helmholtz
Association, Ministry of Education, Culture, Sports,
Science, and Technology (MEXT), and Japan Society
for the Promotion of Science (JSPS).

*Deceased.
[1] I. Arsene et al. (BRAHMS Collaboration), Nucl. Phys.
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[2] B. B. Back et al. (PHOBOS Collaboration), Nucl. Phys.

A757, 28 (2005).
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FIG. 5. Collision energy dependence of the ratios of cumulants
C4=C2, for proton (squares) and net proton (red circles) from the
top 0%–5% Auþ Au collisions at RHIC [14,15]. The points for
protons are shifted horizontally for clarity. The new result for
proton from

ffiffiffiffiffiffiffiffi
sNN

p ¼ 3.0 GeV collisions is shown as a filled
square. HADES data of

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.4 GeV 0%–10% collisions
[52] is also shown. The vertical black and gray bars are the
statistical and systematic uncertainties, respectively. In addition,
results from the HRG model, based on both canonical ensemble
and grand-canonical ensemble, and transport model UrQMD are
presented.

PHYSICAL REVIEW LETTERS 128, 202303 (2022)

202303-7

STAR, PRL126.092301(2021)

T. Nonaka  "Fluctuations of Conserved Charges"2022/4/9, QM2022@Krakow 41

• Non-monotonic beam energy dependence (3.1σ)
of net-p C4/C2 in Au+Au central collisions.

• Enhancement at ~7.7 GeV is not reproduced by 
non-critical baselines.

• Qualitatively consistent with the model 
prediction incorporating a critical point.

Net-proton C4/C2 : critical point search 
in BES-I

Talk by Ashish Pandav (6/7)
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Search for the chiral crossover
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STAR, PRL127.262301 (2021)

• New results of net-proton fluctuations in isobar collisions 

• Higher order cumulant ratios decrease with multiplicity from p+p to Ru+Ru&Zr+Zr 
and then to Au+Au collisions at √sNN = 200 GeV, approaching LQCD calculations 
that predict crossover of thermalized medium near μB = 0

Talk by Ashish Pandav (6/7)
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HG-PYTHIA ØRAA in 0-60% central events        
( !"#$% >20) decrease with !"#$%

ØSame RAA at same &'()*
regardless of system

ØDeviation from trend starting at 
!"#$% ≲20
§ Event selection bias in peripheral events 

causes artificial suppression?
§ HG-PYTHIA[1] qualitatively gets trend 

but predicts steeper drop
§ Detailed studies ongoing

11
Tong Liu

STAR Phys. Rev. Lett. 91, 172302 (2003)
STAR Phys. Rev. Lett. 91, 072304 (2003)

STAR Phys. Rev. C 81, 054907 (2010)

[1] Loizides & Morsch, Phys.Lett. B773 (2017) 408-411

Hadron suppression in isobar collisions
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Talk by Sooraj Radhakrishnan (6/8)

• Same RAA of charged hadrons for a given Npart regardless of collision system; 
possible centrality bias in peripheral events 

• Similarly, J/Ψ RAA vs. Npart in isobars is comparable to that in Au+Au

HG-PYTHIA: C. Loizides and A. Morsch, PLB773(2017)408

Charged hadron RAA J/Ψ RAA
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Semi-inclusive π0/γ+jets

• Ratio of recoil jet yields for R = 0.2 vs. 0.5 in Au+Au is suppressed relative to that in p+p 
• Excess at large angle in angular correlation of π0/γ and jets in Au+Au relative to p+p 

→ Medium-induced broadenings of intra-jet distribution and acoplanarity
 18

o 𝔑0.2/0.5 < 1 in 𝑝+𝑝 due to jet shape in 
vacuum

‒ PYTHIA−8 agrees with 𝑝+𝑝 data

o Au+Au suppressed relative to 𝑝+𝑝
⇒Observation of medium-induced 

intra-jet broadening

o Note: 𝐸T
trig and trigger type differ 

between panels
‒ Upper: 11 – 15 GeV 𝜋0

‒ Lower: 15 – 20 GeV 𝛾dir
o 𝑝+𝑝 style different

‒ Hatched band: systematic 
uncertainty

April 5th, 2022 Derek Anderson, QM 2022 17/21

𝑅 dependence of recoil yields

𝝅𝟎

𝜸𝐝𝐢𝐫
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𝑅 dependence of recoil yields

𝝅𝟎

𝜸𝐝𝐢𝐫

𝔑0.2/0.5 ≡ Τ𝑌0.2 𝑌0.5

o Corrected Δ𝜙 spectra in Au+Au compared against 

smeared PYTHIA-8

⇒PYTHIA-8 validated against 𝜋0+jet 𝑝+𝑝 data

o Note: Δ𝜙 integrated yield is 𝐼AA

April 5th, 2022 Derek Anderson, QM 2022 19/21

Corrected Δ𝜙 distributions in Au+Au collisions

o Highly significant medium-induced broadening of 

acoplanarity for 𝑹 = 0.5

⇒Medium effects include
a) Scattering off QGP quasi-particles
b) Multiple soft scatters

𝑹 = 𝟎. 𝟐 𝑹 = 𝟎. 𝟓

𝝅𝟎 𝝅𝟎

𝜸𝐝𝐢𝐫 𝜸𝐝𝐢𝐫

𝑬𝐓
𝐭𝐫𝐢𝐠 = [𝟏𝟏, 𝟏𝟓] GeV

Nihar Sahoo poster

[Wed T04_1]

STAR overview, P. Tribedy, QM 2022, Krakow, Poland
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Medium-induced broadening of jets Talk by Derek Anderson (Tue T04-I)

Fig: Mehtar-Tani 

Medium induced gluon 
radiation (Au+Au)

Vacuum shower (p+p)

R=0.2 / R=0.5

Poster by Nihar Sahoo (Wed T04_1)

Q ≡ θjetE
Q0 ∼ ΛQCD
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Excess yield at large angle for       
π  /γ+jet in Au+Au observed 
compared to p+p PYTHIA baseline

0

First observation of medium-
induced broadening of acoplanarity

R=0.5

vs. A clear observation of medium-induced 
broadening of jet-shower at RHIC
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Talk by Sooraj Radhakrishnan (6/8) 
Poster by Derek Anderson
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Heavy flavor tagged jets

 19
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from PYTHIA 8
*Fragmentation

CCNU, Eur. Phys. J. C79 (2019) 789

New For QM22

April 7th, 2022

Radial Profile: Data vs Model

20

D0

K- π+
R

Jet

r

Note: calculation uses p+p as reference

Diptanil Roy, Quark Matter 2022
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Jet Spectra
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New For QM22

• Most central spectrum is more suppressed than mid-central

• R&'∗ shows strong suppression at low pT,jet, hint of an increasing trend with pT,jet
• Peripheral events have limited statistics with the D0 pT selections

• D0-tagged jet measurement using high-statistics p+p data in 2024 for RAA measurement will be explored
Diptanil Roy, Quark Matter 2022

CMS, Phys. Rev. Lett. 125 (2020) 102001

April 7th, 2022 10

• Lower pT D0 mesons can be reconstructed at RHIC energies
• Contribution from the underlying background is smaller at RHIC 

D0

K- π+
R

JetJet

r

Low pT D0 mesons appear to be 
diffused in the presence of QGP at LHC

Heavy Flavor Tagged Jets

Diptanil Roy, Quark Matter 2022• First measurement of D0-tagged jets at RHIC 
‣ Rcp shows suppression at low pT 
‣ Radial profile of D0 (pT>5 GeV/c) in jets is consistent with unity. To be explored with 

low pT D0 to study the effect of HF diffusion.

Talk by Sooraj Radhakrishnan (6/8)
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Summary

• STAR Forward upgrade subsystems were 
installed, commissioned, and successfully 
operated during Run-22 

• Many interesting physics with the Forward 
upgrade in 2023+ 

 20

STAR overview, P. Tribedy, QM 2022, Krakow, Poland 2

Successful Operation of STAR in Years 2020-21

Run 20 and 21 completed successfully: enhanced collision rates due to Low Energy RHIC Electron 
Cooling (LEReC) system, smooth & desired performance of BES-II upgrades (iTPC, eTOF, EPD)

RHIC Beam Energy Scan II completed, p+p 510 run with fully installed forward upgrade is ongoing

https://online.star.bnl.gov/aggregator/livedisplay/
Watch Live Collisions At STAR:

7 energies between 7.7 - 27 GeV (collider mode) 
12 energies between 3.0 - 13.7 GeV (FXT mode)

EPD

eTOF
iTPC

BES-II upgrades

Early completion of BES-II data taking  
allowed O+O & d+Au runs in 2021

Year 2021
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The STAR Beam Use Request for Run-23-25

The STAR Collaboration

• Many interesting results from Cold QCD and  
Hot QCD physics programs at STAR 
‣ New results from high statistics isobar and BES-II data  

‣ More results from full BES-II data will come soon
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Back up
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