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(1) Introduction

(2) Selected Results from RHIC BES-I

- Recent progresses
- Baryon number conservations, reference for high moments data

(3) RHIC BES-II and Beyond
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Smooth crossover at vanishing
baryon chemical potential, i.e. at high
collision energy;

RHIC BES+FXT program; NICA
MPD, FAIR CBM/HADES, and HIAF
CEE focus the finite/high baryon
density region

1st order phase transition and QCD
critical point at finite baryon chemical
potential. Lattice results suggest the
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STAR
Detector

System

- Large acceptance
- Excellent PID with uniform efficiency
- Modest rates




200
62.40
54.4
39

27
19.6
14.5
11.5

Data-sets for the BES-1 Program

Vsyw(Gev) Events(os)  Year 7.7 GeV 39 GeV 200 GeV.
N we  pemrron x| memeey| L ™ low
350 2010 | ..
>| 3
q_) an.
67 2010 3 =10
1200 2017 E| % ] el
]
39 2010 2l
E :"1
70 2011 o)
=> , L. A
36 2011 © P Ry I ey
|-
ol g
20 2014 >l -
S| P
12 2010 e I
oe Flalo)idily oe s Raoidity 0"5 rrrrrrr Rgldlty VVVVVVVV
4 2010 =

1.7

Particle Rapidity

1) Largest data sets versus collision energy
2) STAR: Large and homogeneous acceptance, excellent particle identification.
Especially important for fluctuation analysis
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Criticality
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High Moments

1) High moments of conserved quantum numbers: Q, S, B, in high-energy
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Collision Energy Dependence of net-protons
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Net-Proton (AN, = N, - N5)

1) Net-proton distributions, top 5% central collisions, efficiency uncorrected
2) Value of mean and the width increase as energy decreases, effect of baryon stopping
STAR short paper: arXiv: 2001.02852
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Net-proton Cumulants vs. Energy and Centrality

40r200 GeV  1624GeV  [544GeV  T39GeV 127 GeV T196GeV  T145GeV T[115GeV  [7.7GeV _"@
30} + + + + + + + I S {19
e u 5] ] %
O 2o a®] IS B L I B
1ok EEA__ nngX" D;XZ" EE.." DE | ) 1 &° 1 -l ] = {2
| 2 A A =] ] a >
NELLCER PO TR P TR PR ST ST W . U SO
40} + + + + - + + + 12
L ] a g
30f ot 1 1 1 1 1 1 ot LI ot
(q\] | e ) 3
O 201 ° ot ° °l ) ;-- ° ,;" L a al e 1 2 1 " 18
o e e o e O o A a a I,
L ° A A_. o 1 a] J o i a8 1 1 2 i a 1 Je
o R 1 QEAAA EE'AAA gl AA a® e® a® 2" a® 5
opgfls o lea®il . lead: . leefis D leifass Shlafea poatlales aandeles aonadefensagad
a0 1 T T - T T N
[ ] Au+Au Collisions at RHIC' :
sor 1 T 1 Iy1<05, 0.4 <p <20 (GeVLe) T 1 T #9912
20f + 1 1 F 1 1 1 L 1
[ o) o g e o
QA o® oQ oo oo v ) ] ]
LIRS SENPE-BS S Y SENPE- RS ST L% SUNUIL AN (UL IS UL g
0':‘E:‘!:""i:’"li'iﬂ:ﬂ'!:"':"'.‘“':E'.':"':'".‘i"g""ls"" E'ZA"A"?f"‘x'P'A"A'é'é".‘z."":'A'A:A'HdA'."":'A'A:A'ﬁ“’f"":’"""
ig: 1 { oProton A Anti-proton @ Net-proton | data*0.5
< 30} 4 +-. 1 1 me= Stat. error Syst. error |1 1
Sk s ISR, O v BT BN SO LY AL
[ 1 1 1 o 1 - 1 [
OE_‘lﬁ;E_n___.n__lﬂg,.g_ﬁf-!l.ﬂ.g_,.“_ﬁf- l.ﬂ.g,.A_é,f !.!.A A.Ai g8 2 A A-!g.z.mi_ A.&z.‘,g_g

0 100 200 300 O 100 200 300 O 100 200 300 O 100 200 300 O 100 200 300 O 100 200 300 O 100 200 300 O 100 200 300 O 100 200 300

Averaged Number of Participant Nucleons <Npart>

Nu Xu “Criticality in QCD and the Hadron Resonance Gas”, July 29 — 31, Wroclaw, Poland 9/24



Energy Dependence of the Net-proton Cumulants
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lision Energy Dependence: so and ko*

Poisson
limit

1) HRG and transport model predicted monotonical energy dependence: AMPT, JAM, UrQMD.
Suppression at low energy due to conservation.
2) Net-proton 3rd and 4™ orders: deviate from the Poisson limit in the most central collisions!

3)

‘Attractive’

of protons at the 7.7 GeV collisions?

STAR: arXiv: 2001.02852
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Removing the Spoiled Events
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All within statistical uncertainties, the largest changes are seen in central Au+Au collisions:

Collision Energy |s,, (GeV)

= 7.7 GeV C3/C, and Cy/C,

" 62.4 GeV C,/C,
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Collision Energy Dependence: so and ko*
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1) HRG and transport model predicted monotonical energy dependence: AMPT, JAM, UrQMD.
Suppression at low energy due to conservation.
2) Net-proton 39 and 4™ orders: deviate from the Poisson limit in the most central collisions!
3) ‘Attractive’ of protons at the 7.7 GeV collisions? HADES: 2002.08701
STAR: arXiv: 2001.02852 (resubmitted)
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Reference for the Data

1) Frithjof, at finite baryon density, LGT calculations
suggested:

ae (@ =@ 2@ -G
Cl Cz 0'2 CZ Cz 0'2

Toe = 156.5£1.5 MeV at pg = 0;

-2

2) PBM et al. argued baryon number nonservation, i.e.
the Canonical Ensemble (CE) for describing the system;

3) All transport model results [3] are all consistent with
the CE [2] calculations (at least for C4/Cy);

4) Excluded volume approach [4] also leads to suppression
at high baryon region, argued the density effect

Proper reference for the data?

- STAR Data: arXiv: 2001.02852 (re-submitted)

[1] F. Karsch, Talk at INT Workshop, May 2020

[2] P. Braun-Munzinger et al., arXiv: 2007.02463

[3] For example, S. He et al.,, Phys. Lett. B762, 296(2016)
[4] For example, J.H. Fu, Phys. Lett. B722, 144(2013)

—_

Nu Xu “Criticality in QCD and the Hadron Resonance Gas”, July 29 — 31, Wroclaw, Poland 15/24



Compare to Predictions: x* fitting

Top 0 - 5% Au + Au Collisions at RHIC

igirgg C‘;{:tti’cl)as”t HRG GCE  HRG CE [2] F('ffoi\/m[f)] UrQMD [3]
C,/Cy < 0.001 < 0.001 < 0.001 < 0.001
7'2;\/27 C4/C, < 0.001 7.54e-3 < 0.001 < 0.001
C4/C, 5.53e-3 4.50e3 1.45e-2 2.21e3
C,/Cy < 0.001 < 0.001 < 0.001 < 0.001
7'76'632'4 C4/C, < 0.001 < 0.001 < 0.001 < 0.001
C,/C, < 0.001 1.28e-1 1.07e-2 577e3

» Models predicted monotonical energy dependence. Statistically do not agree with data,
especially at finite baryon density region
» Statistical analysis = non-monotonical energy dependence, see B. Mohanty talk

[2] P. Braun-Munzinger et al., arXiv: 2007.02463; [3] S. He et al,, Phys. Lett. B762, 296(2016)
[4] J.H. Fu, Phys. Lett. B722, 144(2013); A. Bhattacharyya et al., Phys. Rev. €90, 034909(2014) and private communications
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Emergent properties of the QCD matter

BES-Il & Beyond
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Detector

System

B - Excellent PID with uniform efficiency
/ | - Modest rates
PROGRESS ™=

/ REPORT | ITPC, EPD & eTOF upgrades completed
. | All are in data-taking mode for BES-II

20 \ program




BES—II at RHIC: 2019 - 2021

V sy (Gev) | Events (109) / BES |
200 350 2010
62.4 67 2010
544 1200 2017
39 39 2010

400 / 36 2019 / 2011
300/ 20 2019/ 2014
230/ 12 2020 / 2010
160/ 0.3 2020 / 2008

100/ 4 2021 / 2010

150
2016 - 2019
250

BES-Il Program:

» Precisely map the QCD

phase diagram
200 < pg < 420MeV

» The FXT program extends
the baryon density to
Mg < 750MeV (3GeV)

» |Important energy range
for hyper-nuclel studies,
connecting to the inner
dynamics of compact stars
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CBM Phase-0 Exp eTOF at STAR

Au Target

Compressed
Baryonic
Matter
experiment

T d Dy = ‘; 5 'l \\N\o~ /
at FAIR " - g . \ X —t
Al A A = . fixed target pos.
‘ % ) i ollider vertex (~500 cm)
“ 4 ! I:
4 A R\

_ eTOF

(~250 cm)

~ MRPC active area — rellifec

—

PRééRIEDSS 1 %— Read=ont electronlcs
{ REPORT

Install, commission and use 10% of the CBM TOF modules
including the read-out chains at STAR, started to work in 2019

CBM participating in RHIC Beam Energy BES-Il in 2019-2021.

- Complementary to part of CBM physics program: Phase-0 CBM
Vsyy =3 - 7.2GeV (750 = pg = 420 MeV)
especially for the study of strangeness-hadrons, hyper-nuclei production
and baryon-correlations



Future Facilities for Heavy lon Collisions
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At High Baryon Density
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Collision Energy \/SNN ( Hyper-Nuclei factory: 3-7 GeV region.
At high baryon density region, canonical effect Interactions of N-A, A—A and inner dynamics
becomes important. ¢/K™ ratio is a sensitive of dense stars could be studied.
observable. [2] A. Andronic et al., Phys. Lett. B697, 203(2011)
[1] K. Redlich, private communication, 2004 \
\ _J
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Summary & Remarks

1) STAR BES-1 has completed successfully. BES-1I is well underway. The
focus iIs In the region of 7.7 — 19.6 GeV in collider mode and the FXT
mode will extend the energy down to 3 GeV (ug = 700MeV ):

2)High order cumulant is a powerful tool: require clean and efficient
detecting system, thin targets* (FXT), and high event statistics. It
should be applied to collisions at both high and low collision energy
regions:

3) At high baryon density, canonical effect becomes important.
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