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Major HI Accelerator Complexes

1)LHC: 2009 —
2)RHIC: 2000 — 2026
3)NICA: ?

4)HIAF: Starts in 2026
5)FAIR: Starts in 2029
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Nuclear Collisions and QCD Phase Diagram ..

LHC SPS AGS SIS CSR
[ ! | ! | !
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()]
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Hadron Gas Gas-l_iquid K few % electron Fermi ga
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I e - . |
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RHIC BES: 2008 — 2026
— search for 1st-order phase transition and QCD critical point
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© Nuclear Collisions and QCD Phase Diagram

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)
> \/Syny = 17.3 -3 GeV (fixed-target mode)

Quark-Gluon Plasma
(QGP)

QCD Phase Diagram

AGS SIS CSR

‘ : :
T RACET ! AR
FAIR

Quark-Gluon Plasma |

Hadron Gas et

Baryonic Chemical Potential ug (MeV)

£
IMP,
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STAR Fixed Target Setup
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CBM participates in RHIC BES-Il in 2019 — 2021
» Complementary to CBM program: /syy =3 - 7.2 GeV (760 2 pg = 420 MeV)
» Strange-hadron, hyper-nuclei and fluctuation at the high baryon density region

[
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STAR BES-| and -ll Data Sets

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

1 200 380 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) 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

B SRR PR X AR 22, HE R INYE K2, B, —F N RA+T - 1)\H 6/32
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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
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iIncreased to 4.5 GeV !
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At 3 GeV, NCQ scaling is absent, hadronic interactions
dominant. But the scaling is gradually restored when energy

STAR: PLB827, 137003(2022)
PRL135, 072301(2025)

£
IMP,
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® Heavy Flavor D° Collectivity at HRIC -

- . . . . N
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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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Partonic Collectivity at RHIC

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

25 [~ (a) Light quarks (b) Strange quarks v LOW pT (S 2 (.BeV/C): .
o N + hydrodynamic mass ordering
A A |l [
9 5"6""'"“"" AkA + v High pr (> 2 GeV/c): number
e 15 O? ------ OO - R YO W S R i
N 24 o 09*0 of quarks scaling (NCQ)
5 O x ?4 o ¢ u-, d-, and s-quarks flow!
A p 0 ' A Q
ol 8P 1
o 1 2 3 4 50 1 2 3 4 5 » Partonic Collectivity!
Transverse Momentum p; (GeV/c) > De-confinement Au+Au
collisions at RHIC!

STAR: PRL116, 62301(2016)

[
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© Equation of State for Strong Interaction .

7.7 GeV — 200GeV & 2.76TeV 1) Left-plot: Energy dependence of
| n/s extracted from light-flavor

— T T T T hadron v, and vs. Right-plot:
3t 1 . extracted from Bayesian fits to Rap
and v, at 200GeV collisions;
(‘D K /| N . .
= e 2) Both sides meet at the unity of the
B 2r T . | scaled temperature;
< v : :
> | 1 ’,” | 3) The values of /s increase quickly
'g i ’,’ below /syy = 39 GeV - QGP
S - Quantum limit— dominants in higher energies;
> | 1 | — Evidence of the QCD transition!
chrch T/T E 1) L.P.Csernai, I.I. Kapusta, L.D. McLerran, PRL97 (2006) 152303
O-T /Tzo0Gev) c | 2) X.Dong, Y.I. Lee & R.Rapp, ARNPS, 69 (2019) 417
S S S 3) J.E.Bernhard, J.S.Moreland & S. Bass, Nat. Phys. 15 (2015) 1113
39 GEV 0.6 0.8 11 1.2 1.4 1.6 1.8 4) 1. Karpenko, P. Huovinen, H. Petersen, and M. Bleicher,
Phys.Rev.C91, 064901 (2015).
Scaled Tempe rature 5) G.I}\/Isijs,eW.wm der Schee, U. Giirsoy and R. Snellings, PRL126,

—s N = (2021) 202301
Et?%iftﬁ%”ﬂﬁﬁ% 6) P. Braun-Munzinger, A. Rustamov, NX, arXiv: 2601.18666
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Strongly-Interacting Low-Viscosity Matter .-

N
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Pressure (atm) —

Criticality

QED

The ANiquid boundary Supercritical
line has a negative slope. fluid
217.7
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Normal melting
point

Solid
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|
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| |

M. A. Stephanov, PRL 107 (2011) 052301



LGT Calculation: QCD Phase Structure -

N\

Tg Tpc || THC TCEP 1) QCPrtransition femperatseg:

2) ChiraTCtossovertime™
2 4
Tpc(np) = TPC [1 K2 (uB> — Ky (MB> ]

Tpc Tp
K,= 0.012(4), k.= 0.00(4)

3) Chiral transition temperature:
Tc= 13273 MeV

4) QCD critical end point, 1f‘e7ﬂts
TCEP Tc, ( EP/TC > 3 )

LB HotQCD:  Phys.Lett.B795, 15(2019);
Phys. Rev. Lett. 123, 062002(2019)
F. Karsch et al., 2020 L )
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Expectations A

N
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SNN

X4 <0

>0 -
X3 —— ¢ contours
contours | .

Secaling » Characteristic “Oscillating pattern” is

i expected for the QCD critical point but the
exact shape depends on the location of
freeze-out with respect to the location of CP

» Critical Region (CR)

PB) - M. Stephanov, PRL107, 052301(2011) - V. Skokov, Quark Matter 2012
- J.W. Chen, J. Deng, H. Kohyyama, Phys. Rev. D93 (2016) 034037

Freeze-

out line

< 4/SNN

[
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Energy Dependence (oiiden
Au+Au Collisions at RHIC

@ Data (0-5%) l - Au+Au CollisionsatRHIC { 151 STAR 7 1) UrQMD: (hadronic transport
o ¢ Data (70-80%) 0.4<p <20GeVic,lyl<0.5 - 1 calculations and the results are
P=SN E L] ittt i L ity ulated e % - analyzed in the same way as data.) S.
8 : 9% ¢ vti % S X XY é,@\‘%——- P Bass et al., Prog. Part. Nucl. Phys., 41,
HEwe— e N
g oof AlogkE u i _ il—' ho |
g @ Gz | %I (b)% 1 ok (c)& 4 2) HRG CE: P.B. Munzinger et al. Nucl.
- (p+P) i c I e o Phys. A1008, 122141(2021);
X:] g - : . ] . .
Ky CONE T Kk o5+ T _x, 4 3) Hydro: HRG CE + EV, V. Vovchenko
,,,,, riieid ()2 1 005 @ © % ) = et al, Phys. Rev. C105, 014904
0.1F 1 % ] 2022)
S Lacp “§ ] ( -
s UrQMD (0-5%) 1 O O <’>\EEFV -
2 ettty Of--------- N - '% 1 of-- : -@\- %- ————%z-- 4) LQCD: (done for net-baryon) A.
a 066 000 @ © O - - @ | % Bazavov et al., Phys. Rev. D101,
<l ' i i ' - 074502 (2020). arXiv : 2407.09335
S gy
- -0.05F _  BES-lI BES-| &
55 ] i 6wyl ; LT ] = ] PR -
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
o “EnAE SEAE IR Y AR 2, AT, b, NERH - TJ\H 16/32




Significances at the 4™ Orders %

0-5% Au+Au Collisions at RHIC

T Reterence [T T
[ O UrQMD (0-5%) A Hydro EV 1 3} (d) proton = !
o — #=HRG CE @ Data (70-80%) — L 1 B
o L A8 - L @ |
S ()j{}——ﬁiAK"JLézg‘:::@f: OF----- Q%43_@F_E{__:E —]
= [ O =N i @ °a@ =
E B @ y @A E'.}'/ % 7 a8 . % (| -
2 O @%x ® -1 N
-3 I G =31 :
o g (@netp =— - BES-II BES-| N
= | mrwrwrYT ©. WERTT .2_._57 ATV 5 weg ) o
2 5 10 20 50 100 200 2 5 10 20 50 100 200
Collision Energy /syy (GeV) Collision Energy /syy (GeV)

Significant deviations from non-critical references are observed!
STAR: PRL135, 142305(2025)

P. Braun-Munzinger, A. Rustamoyv, NX, arXiv: 2601.18666
M 8% B SRR PR X AR 22, HE R INYE K2, B, —F N RA+T - 1)\H 17/32




! WB Transition line
‘WB finite volume transition line
Freezeout Andronic et al
Freezeout estimate Lysenko et al
STAR freezeout

DSE-crossover

2002.02821
241006216
1710.09425
2408.06473
1701.07065
2106.08356

26 exclusion range [This work

Estimations on QCD Critical Point &~

Prior

Posterior 95% CL
Posgterior §8% CL

EMD, Bayes MAP

EMD. Maching Learming
HOCD, Zna0, et o

HOCD, Grota. ot

HQCD, Hppert, ot 3
DSE-FRG, Gao, et al
FAG., Fu, ot o
PNL U et &

L2 2 DL |

4 fRG: inhom

§ = 3 300 400
ﬁ*ﬁ\ YUE ”’B [MeV]

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

Lattice: WB

Lattice: HotQCD
freezeout: STAR

freezeout: Alba et al.
freezeout: Andronic et al.
freezeout: Becattini et al.
freezeout: Vovchenko et al.

Predictions: T, = 155 MeV and k~0.016
T € (100,120) MeV, puz€ (600,700) MeV
e, QCD CP /syy € (5,3.5) GeV

mfEEhRS



Search for the QCD CEP

g Vw96 e =4 1) Experimental data
s or ~~_ BIec between 3.5 — 8 GeV
i / N are crucial;
(\) / \\
X L _\__ /1 ____@_M_[:'::: 2) CBM@FAIR,
© N % % H-NS@HIAF will play
g | \M' | % I important role for the
S } "W | | search of QCD critical
705 g 4 Point
0 300 400 600 800 e
Baryon Chemical Potential u_ (MeV) 3% !
M. Stephanov: Phys.Rev.Lett. 107, 052301 (2011) mne B
P. Braun-Munzinger et al. Nucl.Phys. A1008, 122141 (2021) — Ug

i 8%
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Polarization
Measurements
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STAR Nature,
548, 62(2017)

- AMPT,

1l 1 11

primary
- UrQMD+vHLLE,
| — prinl'nary

T lllllll

STAR: Au+Au collisions
20-50% Centrality
Nature548.62(2017)
PRC108.014910(2023) + A

BES-II STAR Preliminary
" A oA

primary+feed-down

-- pnmary+feed -down

10

|\

20 100 200

J/5a (GeV)

2.4~2.55 GeV

Phys. Lett. B 835 (2022) 137506

¥

¢

g
-

PRC103 (2021) 3, L031903,

HADES p €/0.2,1.5] GeV/c y&-0.5,0.3]
Au+Au, b=6fm, lyl<0.5

Au+Au: Ag+Ag:
m  10-40% ® 10-40%
0 20-40% O 20-40%

STAR 20-50% p, €{0.5,6.0] GeV/c nl<1
A PRC76 024915 (2007)
¥ 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)

wes hadronic EoS
e Crossover E0S
ws 1PT EOS
PRC104 L041902 (2021),
Au+Au, b=5fm, lyl<1, qu0.4,2.0]
wess AMPT model

|I|I|III|III|III|II

g g 3
10 100

VSNN — ZmN (GeV)

1) Observed A-global polarization: along the direction of the total angular momentum and
increased as collision energy decreases!

2)No theory explain these data, especially at low energies!

(W)= (9+1)-10%1/sec
“The most vortical fluid”

i 8%

“EBE SREAZY AT X AR 2

» AERITYE R, i,
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Lambda baryon

Spin and Strong Interactions

(uZd "Chirality is the basic building block in
e strong interaction theory QCD. Experimental
observables with spin, an intrinsic quantum
A — number of any elementary particle, offer an
compositon 1 uds important manifestation of chirality.”

A& udc
A%: udb — H-NS whitepaper

Statistics Fermionic

Family  earyons » N\ polarization and its spin structure?

Interactions Strong, weak,

electromagnetic, and gravity > POIarization Of Other had rons, p?

Types 3

el > The relation between A-local, global

N¢:2286.46 +0.14 MeV/c?

1 561550 2017 Moy polarizations and its spin?

Spin 1
Isospin 0 > e




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
238>+ 2.0x10™ 0.84 (GeV/u)
23876+ 5.0x10'"0 2.5 (GeV/u)
129X 27+ 3.6x10™ 1.4 (GeV/u)
78K 19+ 5.0x10™ 1.7 (GeV/u)
4O0pr12 7.0x10™ 2.3 (GeV/u)
1806+ 8.0x10" 2.6 (GeV/u)
6.0x10" 9.3 (GeV/u)
protons 4.0x10™ ( HIAF-U, EicC) 32 (GeV/u)
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New Physics Opportunities

H-NS@HIAF

(1% iEN )

Calorimeter

o

-

Silicon tracker

Baryon polarimeter ‘

v

=7 50
g =7




/A Production and Polarization

‘\%l .})
O~

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 - 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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BF-ZFEN H-NS) BERT  «

Silicon tracker Calorimeter
|

. 1) photons; «
_.-» 2) neutrons

P

. 0.
Baryon polarimeter ;

Target

Participating Institutes: > 20 (China),

more are welcome! § ‘\_(\[; ;"’ea‘“
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 r - . 3

structure design

¥ 8% B SRR PR X AR 22, HE R INYE K2, B, —F N RA+T - 1)\H 27/32

AC-LGAD TOF




LGAD TOF

H-NS
Reaction: p+p
Event rate:1MHz
Time: 3 months
« pp>A+tX N~10"
* pp>ptX N~10™
* pp 2> pKA N~ 1010

H-NS: #RClE ¥

7

Ogtat. < 0.01 20400 ins

Inclusive A signal @ 9.3 GeV Uncertainty of A polarization
ptBe T 2 T 2
S o e e e L s P
- +o.2f () 4 3 8
= 15 -
: F 1 S 108
: voul P - 2 2
; . 3 o 100 2
s ¢ P, 1
o olm.®, o o o ot E 102
0 0 04 08 1.2 1.66eV/c 050
G.Bunce, et al.: Phys.Rev.Lett. 36, 1113-1116 (1976 T 10
o & »
ol . . . 1
1 1 0 02 04 06 08 1 02 04 06 08 1
N\ polarization X008 1008

Projection @ H-NS

pC Scatte rl ng ~ 1 01 3."4-* 1 0_4 = 4* 1 09 inclusive proton signal @ 9.3 GeV | [ Uncertainty of profon pofarization

2 2

T T
> >
] ]
= 15 10° = 15
= =3
"y J <
E 222 / e 0 %
4 ? 0.5 10°
0 1 0
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71 T35 (H-NS)
l. Physics:

’ » A production and polarization ( p+p )
& Medium effect ( p+A )

€ Global polarization of A (A+A)
» Hadron physics via p+p
» QCD Phase Structure at High Baryon Density
Il. Community:

AC-LGAD TOF

. . b f o .
?y%%?f‘t‘;ggggg (Z%ﬁggﬁzggﬂlﬁfgﬁ%§+£t » Supports both communities of hadron structure
TR YR WIMNIIE B . SR IIa R AE, 4 and heavy-ion physics

FATYE R e iy K AR BER 7T . B > Int onal icinat | '
Y. B, B R R kR, nternational participations are welcome!

R SORT (RN SR FREFFARE . M K2, Ill. Detector R&D

RRER. Hil R
- » Many parts are similar for CEPC, H-NS, EicC,
Subsystems: Silicon tracker, AC-LGAD, Target,

Baryon polarimeter, Calorimeter, Electronics, DAQ, and STCF: Save resources!
Magnet, Beamline, Mechanics + Engineering > H-NS: a detector R&D platform for EicC(%z EicC)




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, ...
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Future High Rates Experiments &

Up (MeV) 800 200

J BRI RN ! L A !

—~ 10" |

Heavy lon Collisions

NA60@SPS i
A; At---AL b ALICE3

Heavy ion accelerator fires up

A elerator that will produce the world’s most i t pulsc hc ion:
tdtflb'imo280(b r. When fully l ICh H‘h

OQQ 4 Ot R A o A T SO » https://www.science.org/dm/e
STAR FXT E'j NA61@SPS «’© TR R 1 pdf/10.1126/science.aed6538
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Temperature T (MeV)
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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) Spin structure of p & A;

3) EOS with spin degree of freedom;

4) The fate of the liquid-gas
transition;

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

6) Nuclear structure studies at high
baryon density!
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