Recent Results from RHIC BES-II
and Future Prospective

Nu Xu

Central China Normal University
Institute of Modern Physics, CAS




Outline

1) Introduction

2) Results from RHIC Beam Energy Scan-ll
Collectivity, Criticality
- Polarization measurements

3) Future Prospective

- CBM at FAIR
- H-NS at HIAF

Nu Xu “The QCD Phase Diagram: From Theory to Experimental Signatures”, DUT, October 8 — 11, 2025 2/40



Early
Universe

)

& N\
/x 3 L\
( \
( \
13 E)
)
QX &
N xorst/

160

Temperature T (M

LHC

SPS

SIS CSR

Nuclear Collisions and QCD Phase Diagram

RHIC

i

0

500

1000

1500
Baryonic Chemical Potential pug (MeV)

A
<mp>
A

High baryon density:
Inner structure of
compact stars

outer core ~ 9 km
neutron-proton Fermi liquid
few % electron Fermi gas

inner core 0-3 km
quark gluon plasma?

1) RHIC BES: — search for 1st-order phase transition and QCD critical point;
2) Baryon interactions (e.g. N—N,Y—N) % EOS in compact stars
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STAR DETECTOR SYSTEM
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- Large acceptance
- Excellent PID & uniform efficiency
- Modest rates
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CBM participates in RHIC BES-Il in 2019 — 2021

» Complementary to CBM program: /syy =3 - 7.2 GeV (760 2 yg 2 420 MeV)
» Strange-hadron, hyper-nuclei and fluctuation at the high baryon density region
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STAR BES-I and -ll Data Sets

AutAu Collisions at RHIC
Collider Runs Fixed-Target Runs
V((S}g}\)‘ #Events Ug Ybeam run V( Gsel:‘};' #Events | ug Ybeam run

1 200 380 M 25 MeV 53 Run-10, 19 1 13.7 (100) 50 M 280 MeV -2.69 Run-21
2 62.4 46 M 75 MeV Run-10 2 11.5 (70) 50M 320 MeV -2.51 Run-21
3 54.4 1200 M 85 MeV Run-17 3 9.2 (44.5) 50 M 370 MeV -2.28 Run-21
4 39 86 M 112 MeV Run-10 4 7.7 (31.2) 260 M 420 MeV 2.1 Run-18, 19, 20
5 27 585M 156 MeV 3.36 Run-11, 18 5 7.2 (26.5) 470 M 440 MeV -2.02 Run-18, 20
6 19.6 595 M 206 MeV 3.1 Run-11, 19 6 6.2 (19.5) 120 M 490 MeV 1.87 Run-20
7 17.3 256 M 230 MeV Run-21 7 5.2 (13.5) 100 M 540 MeV -1.68 Run-20
8 14.6 340 M 262 MeV Run-14, 19 8 4.5 (9.8) 110 M 590 MeV -1.52 Run-20
9 11.5 57TM 316 MeV Run-10, 20 9 3.9(7.3) 120 M 633 MeV -1.37 Run-20
10 9.2 160 M 372 MeV Run-10, 20 10 3.5(5.75) 120 M 670 MeV -1.2 Run-20
11 7.7 104 M 420 MeV Run-21 11 3.2 (4.59) 200 M 699 MeV -1.13 Run-19

12 3.0 (3.85) 260 +2000 M 760 MeV -1.05 Run-18, 21

Most precise data to map the QCD phase diagram
3 < VSNN < 200 GeV, 760 > Up > 25 MeV
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The emergent properties of QCD matter

Collectivity
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— v; Directed flow;
— v, Elliptic flow; — v3 Triangle flow




Anisotropy Parameter v,

coordinate-space-anisotropy ‘= momentum-space-anisotropy

Sensitive to initial/final conditions, EoS and degrees of freedom




Disappearance of Partonic Collectivity .
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Onset of Partonlc Collectlwty
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At 3 GeV, NCQ scaling is absent, hadronic interactions
dominant. But the scaling is gradually restored when energy

iIncreased to 4.5 GeV ! STAR: PLB827, 137003(2022)
PRL135, 072301(2025)

10/40

Nu Xu “The QCD Phase Diagram: From Theory to Experimental Signatures”, DUT, October 8 — 11, 2025



7.7 GeV

200GeV & 2.76TeV

N

39 GeV

Nu Xu

Viscosity 4n n/s

-
-

Quantum limit

Scaled Temperature

Equation of State for Strong Interaction .

1) Left-plot: Energy dependence of

2)

3)

n/s extracted from light-flavor
hadron v, and vs. Right-plot:
extracted from Bayesian fits to Raa
and v, at 200GeV collisions;

Both sides meet at the unity of the
scaled temperature;

The values of n/s increase quickly
below /syy = 39 GeV - QGP
dominants in higher energies;

4) Evidence of the QCD transition!

1)
2)
3)
4)

5)
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Strongly-Interacting Low-Viscosity Matter ..
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Collectivity: Summary

1) While at 3 GeV, hadronic interactions is dominant,
partonic collectivity, a necessary condition for QGP

formation in high-energy nuclear collisions, have been
observed for collisions at \/syy = 30 GeV;

2) Clear transition, or, onset of partonic collectivity
observed in Au+Au collisions within 3 ~ 4.5 GeV;

3) Unique and universal phase transition, from hadronic to
partonic medium, is seen in the Au+Au collisions at
RHIC
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The emergent properties of QCD matter

Criticality
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Conserved Quantities (B, Q, S)

IMP,

1) In strong interactions, baryons (B), charges (Q) and strangeness (S) are conserved;
2) Higher order moments/cumulants describe the shape of distributions and quantify

fluctuations. They are sensitive to the correlation length ¢ as well as phase structure;
3) Cumulant ratios are direct connection to theoretical calculations of susceptibilities.

Measured multiplicity N,  (6N) = N — (N) T
mean: M = (N) = C4
variance: o% = ((8N)?) =C, LT BT g g
skewness: S = ((6N)?)/ o> = C,/C2/? TR T T ° o M
kurtosis: k= ((8N)*)/ 63 —3 = C,/C3 CEEL BT M
Moments, cumulants and susceptibilities: ..':‘; :' - 3 , i ‘++H f

2 order: 0*/M = Cy/ Cy = X2/X1 I R B S

3d order: So = C3/C, = x3/X2 ot

th : 2 = _
4% order: ko® = CWfCp = Xa/Xo INT 2008-2b : The QCD Critical Point

Nu Xu
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©® Event-by-Event Net-Proton Distributions (aw) <
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Energy Dependence Pl

A

Au+Au Collisions at RHIC

B Data (0-5% | Au+Au Collisions at RHIC |  1.5F 4 1) UrQMD_: (hadronic transport
& 6 D:t: :70_80)%) 0.4<p_<2.0 GeVic, lyl <0.5 : STAR - calculations and the results are
g | ML e S, S —— ] T analyzed in the same way as data.) S.
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1) Results of LQCD and thermal model are consistent with data at high energy;
2) Deviations appear below /syy < 35 GeV
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Search for the QCD CEP Y

STAR: PRL135, 142305(2025) 0-5% Au+Au Collisions at RHIC STAR: QM2025

|
CJC, STAR
L R e I s
. - s B e
. BN g _
Highlights Recent Accepted Collections Authors Referees Press About Editorial Team RSS3\ @ =
O - —
. [ y - == Hydro EV
FEATURED ll:l PH.VSICS EDITORS' SUGGESTION B / ¥ C( “lder _0-5<y<05 |
Precision Measurement of Net-Proton-Number /// @BESLNI e HRG CE
i i isi Wl / FXT -0.5<y-y <0
Fluctuations in Au + Au Collisions at RHIC B ® |/ 0.5<y,,< D UrQMD ~0.5<y<05 _|
B.E. Aboona®’, J. Adam'7, L. Adamczyk3, . Aggarwal®, M. M. Aggarwal®4, Z. Ahammed®5, A. K. Alshammri33, E. C. Aschenauer?, S. '1 /// [ This analysis
Aslam?2 et al. (STAR Collaboration) = 3 GeV
Show _ | /// | " (PRL 126, 092301) UrQMD —IO.5<y-yCM<IO
Phys. Rev. Lett. 135, 142301 - Published 29 September, 2025 [ 3 4 5 6 7 8 91 O 20 30
ys. Rev. Lett. 135, - Publishe eptember, ..
DOIL: https://doi.org/10.1103/9169-2d7p COlIISIOn Energy vSNN (GeV)

1) Experimental data between 3.5 — 8 GeV are crucial;
2) CBM at FAIR will play important role for the search of QCD critical point
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Estimations on QCD Ciritical Point &

WB Transition line [2002.02821
‘WB finite volume transition line [2410.06216
Freezeout Andronic et al [1710.09425
Freezeout estimate Lysenko et al [2408.06473
STAR freezeout [1701.07065
DSE-crossover [2106.08356
26 exclusion range [This work

L 2 2 RNE |

fRG: Fu et al. 2019
DSE:Gao et al. 2020
DSE: Gunkel et al.2021

2 fRG: inhom
Lattice: WB
Lattice: HotQCD
freezeout: STAR
freezeout: Alba et al.
freezeout: Andronic et al.
freezeout: Becattini et al.
freezeout: Vovchenko et al.
freezeout: Sagun et al.

200 400 600

pip [MeV]

Predictions: T, = 155 MeV and k~0.016
T € (100,120) MeV, puge (600,700) MeV

|F tHERMALIZED, /SNy € (5,3.5) GeV




Criticality: Summary

1) A 5o deviation from dynamic references
observed at \/syy~ 20 GeV;

2) At 3GeV, system seems back to hadronic
Interaction;

3) Energy region 4 <./syy< 8 GeV is important for
the QCD critical point search - CBM at FAIR
and STAR is working on the FXT data of 3.0 —
4.5 GeV Au + Au collisions
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Polarizations
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T T IIIIIII \

STAR: Nature, 2.4~2.55 GeV Phys. Lett. B 835 (2022) 137506

548, 62 (20 1 7) STAR: Au+Au collisions ! PRC103 (2021) 3, L031903, HADES p, €[0.2,1.5] GeV/c y€[-0.5,0.3]
® 20-50% Centrality Aut+Au, b=6fm, lyl<0.5 Au+Au: Ag+Ag:

Nature548.62(2017) e A e s
PRC108.014910(2023) + A

e 1PT E0S R
PRC104 L041902 (2021), ST:H :::3 6/ °0p2§1)'55;:27(;’ew clf<l
BES-II STAR Preliminary
oA

Au+Au, b=5fm, lyl<1, pTE[0.4,2.0]

wesss AMPT model ¥ Nature548 62 (2017)

¥ PRC98 014910 (2018)

ALICE 15-50% p, €[0.5,5.0] GeV/c lyl<0.5
¢ PRC101 044611 (2020)

STAR 20-50% p, €0.7,2.0] GeV/c ye[-0.2,1]
+ PRC104 6, L061901 (2021)

primary primary+feed-down

- UrQMD+VvHLLE,
| — primary --- primary+feed-down

11 11 1 11 1 1 1.1

10 20 100 200 10 100 1000
\ vVSNN (GeV) \SNN — 2my (GeV) /

1) Observed A-global polarization: along the direction of the total angular momentum and
increased as collision energy decreases! < ug ?!
2)No theory explain these data! (W)=~ (9+1)-10%'/sec “The most vortical fluid"
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Spin and Strong Interactions

“Polarization data has often been
the graveyard of fashionable
theories. If theorists had their way,
they would ban all experiments
involving spin.”

James D. Bjorken
Proc. Adv. Res. Workshop on QCD Hadronic Processes, St. Croix, Virgin Islands (1987)
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Lambda baryon

(usd
&

Quark structure of the lambda baryon.
Composition 7% yds
A udc
Ap: udb
Statistics Fermionic
Family Baryons

Interactions Strong, weak,
electromagnetic, and gravity

Types 3

Mass A% 1115.683 + 0.006 MeV/ 1]

N:2286.46 +0.14 MeV/c
Ap: 5 619.60 £ 0.17 MeV/ 2
Spin %

Isospin 0

Spin and Strong Interactions

Chirality is the basic building block in strong
Interaction theory QCD. Experimental
observables with spin, an intrinsic quantum
number of any elementary particle, offer an
important manifestation of chirality.

» N\ polarization and its spin structure?

» Polarization of other hadrons, p?

» The relation between A-local, global
polarizations and its spin?

> ...




/A Production and Polarization

I 'p-l:Be‘ S pp — A + X: comparison to world data
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A —Polarization: x¢- anf pr-scaling (?)

R608: 10.1016/0370-2693(87)91556-5

L L T

Vs = 62

(%)

X
® 0.25
o 0.38
A 0.58
& 0.77 @ This experiment XF Pt

o Calibration (V& = 62) I # 039 056
¢ 058 081

11 -

Polarization [%]

Polarization (%)
Polarization

. 1 ORef. 12 (V5 = 27) 4 077 092

0.6 . . . . \ . , L 40 45 50 55 60 65 70
. . 4 . .8 1.
0. 02 0 « 06 O Vs [GeV]

Xf scaling

Questions:

1) Origin of the A polarization: Collision dynamics? Intrinsic spin structure?

2) In p+A and A+A collisions, A —global polarization, A —local polarization have
been observed. What is the relation between those and A polarization?
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Future Experimental Opportunities

H-NS@HIAF

Silicon tracker

Baryon polarimeter |
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High Intensity heavy-ion Accelerator Facility

(HIAF, Huizhou, China)

@ E T. Termlnal

=== (©® Mass Terminal HIAF PhySiCS’
—dreay. | [ () Atomic physics;
(i) Nuclear physics;
(iii) Applied research in biology and
material science etc.

Qcb

HIAF Commission will
start in December of 2025
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HIAF Beam Parameters

lon Intensity (ppp) Kinetic Energy
238>+ 2.0x10™ 0.84 (GeV/u)
238y 76+ 5.0x10"° 2.5 (GeV/u)
129% @27+ 3.6x10" 1.4 (GeV/u)
78K 19+ 5.0x10™ 1.7 (GeV/u)
AOpp12 7.0x10™ 2.3 (GeV/u)
1800+ 8.0x10™ 2.6 (GeV/u)
5.0x10" 9.3 (GeV/u)
protons 4.0x10" ( HIAF-U, EicC) 32 (GeV/u)
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Hyperon-Nucleon Spectrometer Concept .

Silicon tracker Calorimeter
|

1) photons; @
_» 2) neutrons

0.
’

Baryon polarimeter

Target
l

Participating Institutes: > 10 (China),

more are welcome!

R&D Efforts: (1) Pixel tracker; (2) AC-
LGAD; (3) Baryon Polarimeter; (4) Target
systems; (5) Calorimeter; (6) FEE; (7) DAQ; (8)

AC-LGAD TOF

/"‘a:“
‘/'?be
e

Magnet; (9) Beam line; (10) Mechanical

structure design
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Proton Polarimeter &

Spin-dependent cross-section of p + p/C scattering:

do 1 dog
dodcosd  2mdcosb

11+ P,AN(0) cos ¢]

Ay = i Ay'pol = 0.252 + 0.004
Carbon foil
! X H J“ﬂﬂ o e
,” D 1000—‘&“» M,r‘“ L\“"m .
Polarized - _ '
More protons to the left:
protons Left-right asymmetry
Detector
Widely used to measure polarized proton beam (PSI, TRIUMF, LAMPF, COSY, SATURNE, ZGS, KEK-
PS, AGS, RHIC ...) Proton Polarimeter:

Yutie Liang: PRD112, L031502(2025)
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Hyperon-Nucleon Spectrometer (H-NS)

‘ Silicon tracker l | Calorimeter 1

l Baryon polarimeter l

AC-LGAD TOF |

Participating Institute: iT{CYIERRF LR, EHEKE.
WZR RS ARSI R EERS BERER,
3 SN TN N NIE ST ) [T (A N N | 5 [ e N N
FocRS GRID  FRER PEJE TR b, Wl
i, ..

Subsystems: Silicon tracker, AC-LGAD, Target,
Baryon polarimeter, Calorimeter, Electronics, DAQ,
Magnet, Beamline, Mechanics + Engineering

l. Physics:
» A production and polarization ( p+p )

€ Medium effect ( p+A)

€ Global polarization of A hyperon ( A+A)
» Hadron physics via p+p

Il. Community:

» Supports both communities of hadron structure
and heavy-ion physics

» International participations are welcome!

lll. Detector R&D

» Many parts are similar for CEPC, H-NS, EicC,
and STCF. Save resources!

» H-NS: a detector R&D platform for EicC(’2 EicC)




H-NS@HIAF:

1) H-NS: Large acceptance with full azimuthal coverage, High
efficiency, Fast DAQ (~1M Hz). Energy scan within 3 — 9.3
GeVlu is planned ...
2) In p+p and p+A collisions: A (p) polarization, Hadron spectra,
Spin structure, Spin-spin correlations, Hyper-nuclei, .
3) In A+A collisions: High ug properties, QCD crltlcal pomt




The emergent properties of QCD matter

Future Experimental Opportunities

CBM@FAIR
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Compressed Baryonic Matter Experiment at FAIR i

e K DN\
3
5

Unilac -

SIS100

CBM: fixed-target experiment
> 2.4 < \[syy <4.9 GeV

» High intensity & collision
rates up to 10MHz

» Operation starts in 2028
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CBM Experiment at FAIR L

Target | [ MvD/sTs || RicH TRD | TOF | ECal |{ PsD

- FAIR: One of the brightest
accelerator complexes

Transition

Radliation . .
Ring Imaging Detectors TS riI:gfn;tlc - Precision measurements at
eV ™ e SR o ormete high baryon density region:

_Sriliccla(r_I \* (i) Dileptons (e, y);
racking
Stations” i3 (ii) High order correlations;

Vertex ‘Fi‘ i Ar nrod Ta¥a
Petecter ¢ 3 : State-of-the-art detector!

Great discovery potentials at
Dipol 3 \ . c c
1) “The CBM Physics Book”, B. Friman et al., LectNotes Phys. 814, 1 hlgh baryOn denS|ty reglon!

,“\("l; :

(2011)
2) “Challenges in QCD Matter Physics — The Scientific Program of the

Compressed Baryonic Matter Experiment at FAIR”, T. Ablyazimov et A d re a m ex p e ri m e nt !

al. Eur.Phys. J. A53, 3 (2017).
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Future Physics Programs gerzm

LHC SPS AGS SIS CSR
\ \ \ ‘
T RAIC T RAIGEXT ! THIAR CBM

— . B
% , NICA Quark-Gluon Plasma |
= Cp? » Critical point and phase
N—" i o
— 160 boundary;
O sa e N iy » Nuclear matter EOS at
_?U D —i:* ~ 7 hl gh baryon den Sity;
| -
8_ | » Y-N interactions, inner
- structure of compact

Key Physics in CBM: e T
» QCD critical point, EOS at high ug
. . : S
» Heavy-lon Collisions< Astro-Nuclear Physics

con
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Summary

1) High-energy nuclear collisions:

- Thermalization and smooth crossover transition
- At 3 GeV, hadronic interaction dominant

2) Outlook: polarization

- CBM at FAIR
- H-NS at HIAF
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