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1) RHIC BES: — search for 1st-order phase transition and QCD critical point;
2) Baryon interactions (e.g. N-N, Y-N) — inner structure of compact stars

©® Nuclear Collisions and QCD Phase Diagram .

High baryon density:
Inner structure of
compact stars

Nu Xu

“QCD Critical Point and Hydrodynamic Evolution”, June 1 — 4, 2026, YITP, Kyoto

3/50



Quark-Gluon Plasma
(QGP)

QCD Phase Diagram
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Quark-Gluon Plasma

Relativistic Heavy Ion Colllder (RHIC)

RHIC top collision energies:
> +/Syy =200 GeV U+U / Au+Au / Zr+Zr /| Ru+Ru / O+O
> /s =510 GeV p+p

RHIC Beam Energy Scan (BES):
> \/Syny =200 —7.7 GeV (collider mode)

> \Syy = 17.3 -3 GeV (fixed-target mode) Baryonic Chemical Potential ug (MeV)

Hadron Gas Gasij@‘f“‘d
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- Large acceptance
- Excellent PID & uniform efficiency
- Modest rates



Major Upgrades for BES-II

NP,
ST T
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Full EPD has been installed

EPD:
» Improves dE/dx » Forward rapidity coverage » Improves trigger
» Extends 1 coverage from 1.0 to 1.6 » PIDatn=09to 1.6 » Better centrality & event plane
» Lowers pr cut-in from 125 to 60 MeV/c » Borrowed from CBM-FAIR measurements
» Ready in 2019 » Ready in 2019 » Ready in 2018

1) Enlarge rapidity acceptance

0 3 0 0 iTPC: https://drupal.star.bnl.gov/STAR/starnotes/public/sn0619
2) Improve particle identification ¢TOF: STAR and CBM eTOF group, arXiv: 1609.05102

3) Enhance centrality/event plane resolution EPD: J. Adams, et al. NIM A968, 163970 (2020)



STAR Fixed Target Setup
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CBM participates in RHIC BES-Il in 2019 — 2021
» Complementary to CBM program: /syy =3 - 7.7 GeV (760 2 pg = 420 MeV)
» Strange-hadron, hyper-nuclei and fluctuation at the high baryon density region
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RHIC Beam Energy Scan Program oio-zo 5
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J
(1) Enlarge rapidity acceptance; (2) Improve particle identification; (3) Better centrality/event plane resolution

1) BES-I (2010 — 2014): 7.7, 11.5, 14.5, 19.6, 27, 39, 62.4, 200 GeV:
2) BES-II (2018 — 2026): Collider mode (7.7, 9.2, 11.5, 14.6, 17.3, 19.6, 27 GeV)

Improves trigge! : C o o d

Beueroentramy&év‘entuam FXT mode: (3.0, 3.2, 3.5,3.9,4.2,4.5,5.2,6.2,...,13.7 GeV)

! measurements
Ready in 2018

3) Mg coverage : 25 < g < 760 MeV

Full EPD has been installed
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STAR BES Data Sets

Au+Au Collisions at RHIC
Collider Runs Fixed-Target Runs
V( gg}‘; #Events Ug Ybeam run V( Gselg};' #Events | g Ybeam run

1 200 900 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) 50 M 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+1000 M 540 MeV -1.68 Run-20, 25
8 14.6 340 M 262 MeV Run-14, 19 8 4.5 (9.8) 110 +2000 M 590 MeV -1.52 Run-20,25
9 11.5 57TM 316 MeV Run-10, 20 9 4.2 9.12) 1000 M 610 MeV -1.41 Run-25
10 9.2 160 M 372 MeV Run-10, 20 10 3.9(7.3) 120 M 633 MeV -1.37 Run-20
11 7.7 104 M 420 MeV Run-21 11 3.5(5.75) 120 M 670 MeV -1.2 Run-20

12 3.2 (4.59) 200 M 699 MeV -1.13 Run-19

13 3.0 (3.85) 260 +2000 M 760 MeV -1.05 Run-18, 21

Most precise data to map the QCD phase diagram
3< /synv <200GeV; 760 > ug > 25 MeV
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i
Observables e

Al
> At critical point with an infinite system o =577 %Cua =MJ1=B,Q,S Ezr:\:;::e(g)crl:lzrtg 2:1;;2] fctz)B?\erS "
correlation length and susceptibilities Ju,)

Strangeness (S)
should diverge Note: Cumulants: C,, ; Factorial Cumulants: k,, (FC,,)

> Experimental observables: Conserved quantity distributions :1 - Olc:f?’
= —U1 2,
1) Sensitive to correlation length (£) <(5N)3> ~ E43 <(5N)4> ~ & ,{i — 20, — 352 +Cy
2) Directly related to the susceptibility ratios ¢ ’ c ‘

kg = —6C1 + 11Cy — 6C3 + Cy,

f f N
Measured multiplicity N,  (6N) = N — (N) “ Energy Dependence
mean: M =(N) = Y,

- .2 2 _ o
variance: ¢* = ((6N)*) =C, >
3/2 -
skewness: S = ((6N)3)/ o3 = C3/C2/ S baseline
kurtosis: k = ((6N)*)/ o* —3 =C,/C3 Y
S
Moments, cumulants and susceptibilities: . A Stopanon, PRLIO? (2008) 052501 ‘
. A. Stephanov,
20d order: 62/M = C,/Cy = Xo/X1
d _ M.A.Stephanov, PRL102, 032301 (2009); 107, 052301 (2011). M.Asakawa, S.Ejiri and
3 order: So = C3/ Cz = X3 / X2 M.Kitazawa, PRL103, 262301 (2009). Cheng et al, PRD (2009) 074505. F.Karsch and
th 2 _ K.Redlich , PLB695, 136 (2011). B.Friman et al., EPJC 71 (2011) 1694. S.Gupta, et al.,
. = = Science, 332, 1525(2012). A.Bazavov et al., PRL109, 192302(12) // S.Borsanyi et al.,
4t order: ko C4/ Cy 4/X2
\ y L PRL111, 062005(13) )
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© Event-by-Event Net-Proton Distributions (raw) <

e

01 / Au+A1¢rC/oII|S|on/s

e O 5% Central

o
.\‘
~

oos— ® 115 " m4<p<2/eV/c ,lyl< 0.5
x 145

0.06 . ‘
o 27

0.04 A 39

+
(@)}
A
N

0.02

¥

(o))
N
~

III|III|III|III|III|II
—
O
(o)}

Normalized Number of Events

L

T N
m O
- B O

STAR: Phys.Rev.Lett. 126, 092301(2021) [RNCIEM(ICIEANNER\NERN)
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Energy Dependence (oiiden
Au+Au Collisions at RHIC

@ Data (0-5%) i L Au+Au Collisions at RHIC { 1.5 71 1) UrQMD: (hadronic transport
o ¢ Data (70-80%) 0.4<p <20GeVic,lyl<0.5 - 1 calculations and the results are
P L] i =7/ \NJf % - analyzed in the same way as data.) S.
*8 0 O QB0 - @ : b AR Bass et al., Prog. Part. Nucl. Phys., 41,
s W e T N S m e 05 - 255 (1998);
% 09 V% o % .- i [ _
< g @ Gz | %I (b)% 1 & (c)& 4 2) HRG CE: P.B. Munzinger et al. Nucl.
ool p+P) | C, G : Phys. A1008, 122141(2021);
Y ok, ] Kk, 05F 1 . 4 3) Hydro: HRG CE + EV, V. Vovchenko
e (d) 2 1 005 © % 1 0 = et al., Phys. Rev. C105, 014904
N el T | 1 (2022).
é I (0-5%) %: o
L o N 0 AR ?ﬁ— 1 of-- : -@\- %@- - ——%—- 4) LQCD: (done for net-baryon) A.
& I %_ - - -&@ % Bazavov et al., Phys. Rev. D101,
I 1 1 ] 074502 (2020). arXiv : 2407.09335
1-0.05( _ BESI _, BES-| % &
Ny v g g ol ; £ oty e i -05F , .., A | -
5 10 20 50 100 200 5 10 20 50 100 200 5 10 20 50 100 200

Collision Energy {s,,, (GeV)
1) The energy dependence is reproduced by most calculations at high energy;
2) Deviations appear below /syy < 35 GeV
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Significances at the 4™ Orders

0-5% Au+Au Collisions at RHIC

| " | ! ! ! |I|I'|” L T T T T 11T T T T T TITTT] T T
al Au+Au Collisions at RHIC i 265 0.4 <p. <20 Gevie | — K4 —
o Non-critical 2 UrQMD (8% coliisions) 3 - (d) prOton " .
< Pl Roforances A HRG-CE NPA1008(2021) — 1
oc II \\ o Lt Hydr?+EV PORC10_5_(2022) — @ —]
IV e L @ >
A I J ot i o
S “Nome a8 oie % O |
O - a /.I — I |
= A -l '
S -3 \ i -3r i
73 VA R Ry | BES-II BES-| .
_5 | \ﬂ_ \ total _5 | I I ]
1 i i i | L1l | 1 1 1 1 1 L1l I 1 1 1 1 1 L1l . : 1 L L1l 1 :
2 5 10 20 50 100 200 2 5 10 20 50 100 200
Collision Energy |'s,,, (GeV) Collision Energy /syy (GeV)
. . Data —Reference
Significance = !

NI I STAR: PRL135, 142305(2025)

Significant deviations from non-critical references are observed!
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Search for the QCD CEP

g Vw120 A Rdata Rref erence
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3 TG 2~ HydroEV
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T / N o PR 1) Clear minimum at 19.6 GeV
Q / N is seen;

Ov \,\

I ~ .

= Ofl —\— —\ —————1 1 = 2) Experimental data between
. ” n % 7 3 — 8 GeV are crucial;

© \ &

"= { )( | ® 3) STAR FXT data and CBM at
Q\L FAIR are important for the
O -0.5 - S1S100 = o .
—_ ~ BES-Il COL BES-Il FXT search of QCD critical pOIﬂt

| | Sox
0 200 400 600 800
Baryon Chemical Potential p_ (MeV) SRS
M. Stephanov: Phys.Rev.Lett. 107, 052301 (2011) Ll —
P. Braun-Munzinger et al. Nucl.Phys. A1008, 122141 (2021) — UB
15/ 50
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Proton PID and Acceptance in FXT 32
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1) TPC, iTPC, bTOF, eTOF
are used in the FXT

N program;
L
g 2) Lossing mid-y acceptance
o [ for energy higher than 4.5
GeV!
1.5 r
3) Analysis is focused on the
1 i mid-y region (-0.5 <y 0)
0.5 :
" 3.9 GeV| . 45 GeV | et 5.5
0305 0 05 -5 -1 05 0 05-15 -1 —05 0

Proton Rapidity (y)
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(Net-) Protons from FXT Program .

o
o 3 [
c 1 Cz Collider -0.5<y<0.5 1.5~ 0-5% Au+Au Collisions at RHIC STAR
S 12fF (@ (i) @ BES- - 0.4<p_<20GeVic ) . ccici.oc N A
g_ FXT -0.5<y-y_ <0 . ) C, - g
[ [E This analysis 4 _— g o]
D Fw 5 3GeV 1____&?__________________C_1___ i §§;§.§-§Q -3
Z | . | PR APRL 126, 092301) | " @%
M pase ] c
‘O.o-oo’o' o6 o , (c) =2
= 0.5 / — B 2
08 = 1 = L 1 - =
- SO0 -@ =
d Ko = = Hydro EV O = === =i = o ebCEEE BB =@ 4
& 02 (d) = 7 /
w ! LCYEREY HRG CE 1 I w
L 4 -o02p / Kg 4
s o1 O "] uramp -0.5<y<0.5 I’ () 7
° [ UrQMD -0.5<y-y , <0 [
fE. (R SRRt S i st —04f .
01 O/O/—O/: ‘
L e ] -06F Fixqa-Target BES-I .
P SN R T i " P ; -
3 4 56 10 20 30 3 4 56 10 20 30

Z. Sweger (STAR) QM2025 Collision Energy Ysyy (GeV)

At 3.0 — 3.9 GeV central collisions (0-5%, -0.5<y<0):
1) Change of trends and increase above unity for 2"d and 3" order cumulants;
2) Deviations from UrQMD calculations is seen around 4 GeV in the FXT region
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(Net-) Protons (C,/C,) from FXT

0-5% Au+Au Collisions at RHIC

1) Collider mode: lyl <0.5 0 - . i
FXT mode: -0.5<y<0.0 C4/CZ STAR QM2025

2) 3.0,38.2,3.5and 3.9 GeV data 1[Iy
were shown at QM2025 i ‘_é//§//§‘ s @ -

3) Data and UrQMD calculations oL @% _
are consistent for the FXT g A - -~ Hydro EV
results. However, at the lowest | | il S e HRG CE -

. Yy @ BES-LII
energies, values of C,/C, B J FxT ~0.5<y-y 5, <0 .
become negative: Centrality -1 [ m s anaysi , PSS —
resolution issue | Az oozon HrahiD 0.5 You 0
3 4 5 6780910 20 30

Collision Energy Ys, (GeV)

Z. Sweger: (STAR) QM2025
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STAR 3GeV data:

Phys.Rev. C107, 024908 (2023)
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Collision Centrality Determination .

T T T l T T T ] T T T | T T T I T T T I T T ] §_450 :
AutAuat (5, =196 GeV  wemm Refmultd BES-I) | = 3.0 GeV, ratio=0.587 200 GeV, ratio=0.807 |
-2 " _ 400 - Vs s
» 10 = = « Glauber fit = o ] T
E = 0-5% E 4
- C s Refmult3X (BES-II) S L .
w L Glauber fit |
B L 0-5%
5 107°F Refmult3 (BES-) 3 I
c C 3 |
§e] L ] T I
e L J | |
S | I
© oy RefMult3(0-2.5%)
10E ¢ | '
I f | |
L . Npart(0-2.5%)
< - 1 | |
- )| . | |
5| | | |
e, JE DA | ‘ |
200 400 600 800 1000 )
40 60 80 100 120 140 160 180 200 400 600 800 1000 1200 1400 1600 1800
Refmult3/3X Reference Multiplicity
10 N L
UrQMD Au+Au Collisions —— Total — RefMult3 cent. . .
N wct9seev N, cent. cut —— RefMultaX cent. UrQMD3.4 simulation:

-
S
]

1) The lower the collision energy, the smaller of
the measure reference multiplicity;
2) The higher the RefMult, the better the

centrality determination —
the smaller the initial volume fluctuation

-
S
(&

Normalized No. of Events
)

Number of Participating Nucleons Npart
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Initial Volume Fluctuations

—
—

rQMD Au+Au

Central Au + Au Collisions 1

1) Initial Volume Fluctuation: The

: 0.1 (0%-5%) ] collision centrality is determined by
10— ] s 0 : = charged particle multiplicities.
: S o4t E : : .
% g Cell | 2) Simulations indicate that effects of
S o8 = 02 E the initial volume fluctuations
= 1'0: S 0.0F-ssp oo x becomes stronger at lower collision
& §_05_ [ energies, which leads to the
§ ! = ] observed rapidly increase or
I ‘= -1.0F >
@) B o C ] n ;
2 00 g KK, decrease of k,/k; and k3 /kq;
IS o syt —8 pa 0 55 3) At lower energies, as the centrality
AL - E -~ = ]y . S
- 1 2 | resolution becomes poorer, initial
2 ()s<y<o> o 4 o 0p-— g volume fluctuations become more
4l N . 05 . significant
_ C,/C, ] Ky/K,
3 45 7 10 3 45 7 10
Collision Energy ‘{SNN (GeV) X. Zhang, Y. Zhang, XFL, N. Xu, Chin. Phys. C 50, 011003 (2026)
B. Friman, V. Koch, arXiv : 2511.11869
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A New Approach

...
b
5

Probability Density

o

UrQMD, Au+Au 3.5 GeV 56

35
Residual( N, > 18 ) = 9.1324e-10 30{ Cy

25

15
10

7@ McMC Optimized

> W/ CBWC(Npart)
= wio CBWC(Npart)

|- w/ CBWC(RefMuit3)
£=} wio cBwc(RemmuIt3)

35
30
25
20
15
10{

o]

1.4
1.2
1.0

0.8

Edgeworth expansion :

60 70

op(ox) = Z(x){l + Z [

s=1

where Chebyshev-Hermite polynomials H,_ is defined as:

0.6

S+2

Z Hes+2r(x) H m+ 2

{km}

—1)renp(s?/2) o

l}

p(—2°/2)

[[] Ref. Multiplicity
@ New approach

1) Using Edgeworth expansion to reconstruct the proton number distribution with cumulant as

parameters;

2) Simulations: The new approach is effective to suppress the initial volume fluctuations

Nu Xu
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More Simulations 3%

W
@:2.0'Gev ' @:3.ZIGeV ' \/m=3.5lGeV @:3.9'Gev \/KN'=4.5'GeV @:5.2'Gev
”1.5» =l = . gHE m . - H
9 ] EEE g
%) - = SREE e, W = 8§ = =
=
1.0-ﬂ!_.__-.__._____-_._’__’__’__.___._..___-ﬁﬁ-’--t__'_l__-"‘!!_!__‘_‘_: _________ ;--‘--t-:__-! ______ _.__...'.__
® ® , D . .
Ref. Multiplicity
l.. | % UrQMD, Npart Prot
3.0 . i ;’:S:D i iraHo, Conc i oo ' @ New approach
- - @ UrQMD, CIGAR 0.4 < pr<2.0 GeV/c
220 = mEE e
S 1 - EE B = = EEE m === -
| H g
(889 o 2 _|eeg o |f e g | 60 o |1 8 g " [ $88_ o
1.0 *-u ° & - 3 (Y] L 3 & (Y *F
g E
. ' Z.H.Wang, X.F.L
d . e U .H.Wang, X.F.Luo,
Ja.5) o B LR B |
o u EEE m g Emom g Phys.Lett. B871,
| 8@ g | 88.9- -~ -] (R g o - B I B g | BEH-g- -.'.----_R.t-;- —glp =]
R AU P I A P RELACTNS B A Yeea] LI 139984(2025)
|
100 200 300- 100 200 300 100 200 300 100 200 300 100 200 300 100 200 300
<Npart>

1) The new approach seems converging to the N, +-based centrality results, indicating the
method can effectively suppress volume fluctuations. At higher energy, the effect is less;

2) We are working on the associate systematic uncertainties
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Summary

0-5% Au+Au Collisions at RHIC

» Precision measurement of (net-)proton fluctuations in
Au+Au collisions from RHIC BES-II:

—_

Collider energies: for net-proton C,/C, in central collisions, deviations of o s 4 R
2-5¢ are observed w.r.t non-CP references at 19.6 GeV! - et HRG CE .
e B PXT059y,,<0 I UroMD -05<y<05 _|
FXT energies: proton C,/C, in central collisions are consistent with UrQMD - | @2%31"::2;30” UrQMD 0547, <0
calculations at 3.0 — 3.9 GeV while low orders changing trends and deviate 3 4 5 678910 S
from the transport model calculations Collision Energy Ysyy (GeV)
) ] i o Vsww 200 19.6 7.7 4.5 3.0 Ge
> STAR is working on a new analysis framework to S s o~ imoce
determine the collision centrality, in order to suppress 2 /N e
the initial volume fluctuation. Reanalyzing all data sets Q. |” / NS
. . . . . &) ~
including 4.2, 4.5 and 5.2 GeV Au+Au collisions is T off-H { —} - —— —---%—:=
under way; . w M’I %
= |\’,« :
» Modeling with dynamical effects including critical %_0_57 oo |
fluctuations and non-equilibrium effects are crucial to - <—725 —
. 0 400 600 800
understand the experimental data Baryon Chemical Potential u_(MeV)
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The emergent properties of QCD matter

Collectivity

oul(e tpu# u” - pg]=0
ouls u’]=0

d’N 1 dN
prdprde 2w prdpr

{1 + ) 2w (pr)cosln(y - wR)]}
n=1

— 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



Partonic Collectivity at RHIC

Vs = 200 GeV "¥"Au+"?Au Collisions at RHIC

v Low pt (< 2 GeV/c):

25 [~ (a) Light quarks (b) Strange quarks | . .
o + * hydrodynamic mass ordering
A A, &l |
9 5"6""""‘*"" ALK + v' High pr (> 2 GeV/c): number
e 15 O? ------ OO - e NN YL N i
N o o Q* of quarks scaling (NCQ)
o o
5 0 ?4 o ¢ u-, d-, and s-quarks flow!
Ap oX A Q
o | L ! [ ] - [ ]
o 1 2 3 4 50 1 2 3 4 5 » Partonic CO"GCtIVIty!
Transverse Momentum p; (GeV/c) > De-confinement Au+Au
STAR: PRL116, 62301(2016 collisions at RHIC!

STAR: PRL116, 62301(2016)
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® Heavy Flavor D° Collectivity at HRIC

- . . . . N
|- 0 —_
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1) First application of MAPS technology in high energy collisions, excellent position resolution;
» “These results suggest that charm quarks have achieved local thermal equilibrium with the medium created
in such (200GeV Au+Au) collisions”

» Hadronization via quark coalescence process
STAR: PRL113, 142301(14); PRC99, 034908(19); PRL118, 212301(17); PRL123, 162301(19); PRL124, 172301(20)
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Onset of Partomc Collect|V|ty

Hadronic 0%} 3.0 GeV T 32Gev T 85Gev T 89Gev T 45GeV %
0.06 - —+ + + +

Matter 0.04:— -:_ 6 1 1 v 1 Q+¢A L]

0.02f } —+ g év o® T O&O(AJP T A }b A T MA 1

I YN . I 1 ﬁ%@oﬂ?_ .1 Aot ] . &S 1@ ]

«:'% ] aan? I A - oKS VK" Axt
N\ a & T T~ Au+Au Collisions | T op ea

lZ. -
2 P Centrality: 10-40%
- ' 05<y<0 i
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D T T e Lt
mﬁﬁi """ P LI L

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Scaled Transverse Kinetic Energy [(mT-mo)/nq] (GeV/c?)

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)
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© Disappearance of Partonic Collectivity .

=1 .r I . 1 1 —
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0.04:— 4 o8 o 8-
> At 3 GeV, NCQ scaling is absent; - - <><>$<‘> .
» Transport model calculations, with >0 -¢-ZfEE§ZZ

V' Z=1 hadrons FOPI

baryonic mean field, reproduce both 0.0
v, and v, results;

e 0
S — s A
Mean-field Cascade

§<> UrQMD 3 GeV

> hadronic interactions dominant! 2 3 5 10 20 30

SN RE IR REINEENPAN  Collision Energy |, (GeV)
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7.7 GeV

200GeV & 2.76TeV

"
=

N

P S

39 GeV

Quantum limit

Viscosity 4n n/s

ch~4ch
T (200GeV)

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 Rap
and v, at 200GeV collisions;

Both sides meet at the unity of the
scaled temperature;

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

— Evidence of the QCD transition!

1))
2)
3)
4)

5)

6)

L.P. Csernai, J.I. Kapusta, L.D. McLerran, PRL97 (2006) 152303
X.Dong, Y.J. Lee & R.Rapp, ARNPS, 69 (2019) 417
J.E.Bernhard, J.S.Moreland & S. Bass, Nat. Phys. 15 (2015) 1113
I. Karpenko, P. Huovinen, H. Petersen, and M. Bleicher,
Phys.Rev.C91, 064901 (2015).

G.Nijs, W.van der Schee, U. Giirsoy and R. Snellings, PRL126,
(2021) 202301

P. Braun-Munzinger, A. Rustamov, NX, arXiv: 2601.18666
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Strongly-Interacting, Low-Viscosity Matter ..

PN

| —P=0.1 MPa EM - I;ic:nysl o
.- P=0.227455 MPa . . pions + kaons
I --P=1 MPa 1 interaction — QGP N;=3
~ -~
. n/s~1

=~ Helium

9 or E L.P. Csernai, J.I. Kapusta, L.D.

=~ McLerran, PRL97 (2006)

o s [ 152303

>

8. ________

5 o Strong

S ¥ Interaction

o .1 P=22.06 MPa ~

o *®F ---P=100 MPa n/s~0.1

>

(@) 20 [

> IS

T 7 ~ e

§ o b » QGP matter in \/syy z

k% > 39 GeV collisions! 9

> st ] . . =

> Universal behavior — |
800 1000 1200 for phase transition! Y I R Sy e a—r— 1

\ / Scaled Temperature
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ug (MeV) 800

Future Experiments

Interaction Rates (Hz
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2 [ 5 :
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HIAF: 2025
FAIR: 2028

ALICE3: 2034
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The emergent properties of QCD matter

Future Experimental Opportunities

Properties of QGP
and Search for CGC!

ALICE FoCAL x~107°




The emergent properties of QCD matter

Future Experimental Opportunities

CBM@FAIR

Transi ition
Radlatlon ) Iy R
, Ring Imaging Detector: e | T i8N Electro-

1) QCD critical pOInt /// gztectoi: | ;1, |:’.’;; m:%:ietizer
2) High pp properties | R il




Future Experimental Opportunities

H-NS@HIAF

(BB 1Y)

1) Polarizations of proton and A;




Outline

1) Introduction
2) Results from RHIC BES

- (Net-) Proton Distributions
- Initial Volume Fluctuation at Low Energy Collisions
- Collectivity

3) Polarization Measurements (?)
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Polarization
Measurements

Beam-beam
counter i) . [ 4 P,

4 sys 4P
L84 Py o 0
? b 13 Beam-beam Q

b A counter

Quark-gluon
plasma

Forward-going

1
1
1
:
ks 1
t Arest frame
beam fragment :
v




Results on A Global Polarizations

J

T lllllll

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

548, 62(20 | 7) STAR: Au+Au C9||ISIOnS s PRC103 (2021) 3, L031903, HADES p, €{0.2,1.5] GeV/c y€[-0.5,0.3]
® 20-50% Centrality l AutAu, b=6fm, lyl<0.5 Au+Au: Ag+Ag:

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

w— 1PT EOS
BES-II STAR Preliminary

PRC104 L041902 (2021),
" A oA

&, STAR 20-50% p, €[0.5,6.0] GeV/c ni<1

f Au+Au, b=5fm, lyl<1, p.€{0.4,2.0] A PRC76 024915 (2007)
«l’ s AMPT model ¥ Nature548 62 (2017)

¥ PRC98 014910 (2018)
ALICE 15-50% p,€(0.5,5.0] GeV/c lyl<0.5
4 PRC101 044611 (2020)

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

" AMPT,
i primary primary+feed-down
- UrQMD+VHLLE,
| — prinl'nary -- pnmary+feed -down

1l 1 11 1 l 1 1 1 1.1

R Ll Ll 1
10 20 100 200 10 100
\ vV SNN (GeV) VSNN — 2my (GeV) J

1) Observed A-global polarization: along the direction of the total angular momentum and
increased as collision energy decreases! (W) ~ (9 + 1) - 1021 /sec
2)No theory fully explain these data, especially at low energies! “The most vortical fluid”
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Polarization (%)

o Calibration

(%)

Polarization

@ This experiment
(Vs = 62)

ORef. 12 (v5 = 27)

0.6

Questions:

-

0. 0.2 04 06 038
X

Xf

1.

Polarization [%]

e A —Polarization: x¢- & pr-scaling (?)

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

Xr Pt
0.39 0.56
0.58 0.81
0.77 0.92

L L L L L L
40 45 50 55 60 65 70

. Vs [GeV]
scaling

1) Origin of the A polarization: Collision dynamics? Intrinsic spin structure?
2) In p+A and A+A collisions, both global and local A polarization have been
observed. What is the relation between those and A polarization?
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Spin and Strong Interactions ve

“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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High Intensity heavy-ion Accelerator Facility
(HIAF, Huizhou, China)

==== (& Mass Terminal

HIAF Physics:

(i) Atomic physics;

(i) Nuclear physics;

(iif) Applied research in biology and
material science etc.

RAEZR S T 25T

HIAF Commission started
in 2025

Science
Volume 390, Issue 6773

Nov 2025




HIAF Beam Parameters

lon Intensity (ppp) Kinetic Energy
2381 )35+ 20101 0.84(GeV/u)
23876+ 5.0x10"0 2.5 (GeV/u) ]
129X e 3.6x10" 1.4 (GeV/u)
78K 19+ 5.0x10™ 1.7 (GeV/u)
4012+ 7.0x10™ 2.3 (GeV/u)

1806+ 8.0x10"" 2.6 (GeV/u)

5.0x10'2 9.3 (GeV/u)

protons 4.0x10™ (HIAF-U, EicC) 32 (GeV/u)
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O~

/A Production and Polarization

E - 4 ppoA+Xselectec worlddata @1 COSY pp—pKA
E.- T B HADES pp—A+X Y LBppopKA o= ¥ (1) P + P (A) A+ X
c 1 O3 = ¢ peoAdXmosel | - Polarization puzzle:
__8 - HADES pp—spKA o= pp — AX $ ZT Liang, and C. Boros, PRL79, 3608 (1997);
(&) - et o PRD61, 117503 (2000). H Dong and ZT Liang,
Q i g PRD70, 014019 (2004); PRD72, 033006 (2005).
D 412
w10/ _
O S -Dpp —>pKA$ (2)p+tp—-A+K+p

| ,/fl o 57
© -& % T Exclusive Process:

i %Sj R Machleidt, K Holinde and C Elster, Phys.

Loty v b b v b P e by n Rept149, 1 (1987) BC Liu, BS ZOU, PRL96,

3 4 5 6 042002 (20086).
Collision Energy /syy (GeV)
HIAF HIAF-U (3)A+A-> A+ X

t Vorticity created in Global Polarizations:
non-central heavy-ion ZT Liang, XN Wang, PRL94,102301 (2005);
*O i coliSions , PLB629, 20 (2005). JH Gao, et al., PRCT7, 044902
(2008).
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Concept: Hyperon-Nucleon Spectrometer

Silicon tracker Calorimeter

Baryon polarimeter

Target

Participating Institutes: > 20 (China), ®
more are welcome! § -\;\j& ;":"a
R&D Efforts: (1) Pixel tracker; (2) AC-

LGAD; (3) Baryon Polarimeter; (4) Target

systems; (5) Calorimeter; (6) FEE; (7) DAQ; (8)

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

structure design

. 1) photons; «
_.-» 2) neutrons

AC-LGAD TOF

rl-MS

PN

0.
,
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Proton Polarimeter i

Spin-dependent cross-section of p + p/C scattering:
do 1 doy

dodcos@ 2w dcosf L+ Py An(6) cos o
Ay = Aypol = 0.252 + 0.004
Carbon foil o
N - /
Polarized - ST
protons stk
Detector
Widely used to measure polarized proton beam (PSI, TRIMUF, LAMPF, COSY, SATURNE, ZGS, KEK-
PS, AGS, RHIC ...) Proton Polarimeter:

Yutie Liang: PRD112, L031502(2025)
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Polarization Observable at H-NS &

4 )
Ogtat. < 0.01 20400 ins

Inclusive A signal @ 9.3 GeV Uncertainty of A polarization
2 2
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+
o
o
& 4
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= 4
—.—t b
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I
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&
3
p,/[0.1GeV/c]

: 10°
L s # 5, i
ol®. ®, o o 7 102
LGAD TOF 0 0 0 04 08 1.2 1.6 GeV/c
e G.Bunce, et al.: Phys.Rev.Lett. 36, 1113-1116 (1976 [ 10
R @ E
Pixel Tracker ol . | . 1
1 1 0 02 04 06 08 1 0 02 04 06 08 1
N\ polarization o0 008

Projection @ H-NS

H-NS

Reaction: p+p

Event rate : 1 M HZ pC Scatte ri ng ~ 1 0 1 3.k4* 1 0-4 =~ 4* 1 0g Inclusive proton signal @ 9.3 GeV | [ Uncertainty of proton polarization

2

Time: 3 months g g
* pp >A+X N~10M 27? /? 1 1o 1
« pp>ptX N~1013 00 | T
o proton po'arization 0 0.2 0.4 0.6 x‘:‘?o_o; 0 0.2 04 0.6 xl:.7o.051
* pp > pKA N~10" Projection @ H-NS

A
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Hyperon-Nucleon Spectrometer (H-NS)

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

€ Medium effect ( p+A)

€ Gilobal polarization of A hyperon ( A+A)
» Hadron physics via p+p
Il. Community:

AC-LGAD TOF

» Supports both communities of hadron structure
Participating Institute (21): Jbt i E iR A db : :
SN RS, HE K. SAERI I . ER K and heavy-ion physics
gjﬁﬁﬁiﬁ?%ﬁ%%ﬁiﬁ%ﬁi%%ﬁz; 4 > International participations are welcome!
ST K2 e R, i BT, H
T SN SN T SO N |- Detector R&D
AT SO (RIS R RERTTTRBE . R » Many parts are similar for CEPC, H-NS, EicC,
R, Ak

Subsystems: Silicon tracker, AC-LGAD, Target, P
Baryon polarimeter, Calorimeter, Electronics, DAQ, > H-NS: a detector R&D platform for EicC(%2 EicC)

Magnet, Beamline, Mechanics + Engineering

and STCF: Save resources!




RREEF SZAIE@HIAF:

1) H-NS: Large acceptance with full azimuthal coverage, High
efficiency, Fast DAQ (~1M Hz). Energy scan within 3 — 9.3 GeV/u ...

2) p*p and p+A collisions: A and p polarization, Hadron spectra, Spin
structure, Spin-spin correlations, Hyper-nuclei production, BS, ...;

3) A+A collisions: High ug properties: QCD critical point, Global
polarizations, ...

N M _Blosslia o : Y
i 7 A " T T T T T T T~ Tsilicomtracker - —— ————- Calorimeter EFl . EE,?—%? j’?ﬁjﬂ,
( W T nasng AN\ X L
§ - o X AN
ag A\ il )
= el @ D 2\ e\ < 4
3 - e\ -
(( )) L y 4 \ v T L
N\ J ) / -7 28
N, . Q 2~ 50 ~
o/ - om

| Pixel + MPGD | | Coil | |RICH |

N\ | Baryon polarimeter |
\ \
RN

-) |[ECal| [DIRC| |[ToF]




Nuclear Collisions and QCD Phase Diagram

Temperature T (MeV)

160}~

LHC SPS AGS SIS CSR
| | | ! |
T RHIC RHIGEXT | THIAF
- mE
| NocA | Quark-Gluon Plasma

IJ'B/T >5

|

At Up = 0
(ALICE,ATLAS,CMS,LHCD):

1) Property of QGP, smooth crossover
transition;
2) Small-x physics: —» search for CGC

At large up (CBM,H-NS, CEE)
precision measurements:

1) Search for 1st-order phase
transition and QCD critical point;

2) Polarizations of p & A;

3) EOS with spin degree of freedom;

+— 4) The fate of the liquid-gas

I." '," . 7 oo \
- Hadron Gas (Gas-Liquid |<—'
0/
et it e ettt o T
0 500 1000 1500

Baryonic Chemical Potential ug (MeV)

transition;
5) Baryon interactions —» NN, NY, ...
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