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RHIC BES Program:
1.

First-order phase transition
2. QCD critical end point
3. Turn-off of QGP signatures

02/30




03/30

RHIC Beam Energy Scan Program (2)

ETOF (1.6 <n <-1.1, iTPC (-1.5<n < 1.5)

2.1<n<-1.5in FXT) FST, sTGC (2.5<n < 4.0)

FCS,ECAL (2.5 <n<4.0)

FCS, HCAL

Fixed Target
z=20m

EPD (2.1 <|n| <5.1)

STAR as fixed target

STAR as fixed collider

Target is 0.25 mm thick (1% interaction probability) and held 2 cm below center of beam axis




RHIC Beam Energy Scan Program (3)

Au+Au Collisions at RHIC
Collider Runs Fixed-Target Runs
@ #Events Up Ybeam run \(QSCNE #Events | g Ybeam run
1 200 2000 M 25 MeV 53 Run-14, 16 1 13.7 (100) 50M 280 MeV -2.69 Run-21
2 62.4 46M 5MeV /[ g Run-10 2 11.5 (70) S0M 320 MeV 951 Run-21
3 54.4 1200 M 85 MeV \ 25 ) Run-17 3 9.2 (44.5) 50 M 370 MeV 228 Run-21
4 39 86 M 12Mev e Run-10 4 7.7(31.2) 260 M 420 MeV 21 Run-18, 19, 20
5 27 585 M 156 MeV 3.36 Run-11, 18 5 7.2 (26.5) 470M 440 MeV -2.02 Run-18, 20
6 19.6 595 M 206 MeV 3.1 Run-11, 19 o 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 45(9.8) 110M 590 MeV -1.52 Run-20
9 11.5 235M 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) 120M 670 MeV 212 Run-20
11 7.7 104 M 420 MeV Run-21 1 3.2 (4.59) 200 M 699 MeV -1.13 Run-19
12 3.0 (3.85) 2000 M 760 MeV ;6?‘ Run-18, 20
\\ //

TS————

Phase-ll Vsyy=7.7,9.2, 11.5, 14.6, 19.6, 27 and 54. 4 GeV (COL);
Vs =3.0,3.2,3.5,3.9,4.5,5.2,6.2,7.7,9.1, 11.5, and 13.7 GeV
(FXT)

Phase-l: sy = 7.7, 11.5, 14.5, 19.6,
27,39, 62.4, and 200 GeV (COL)




Synergy: RHIC-BES and NICA (1)

Prog.Part.Nucl.Phys. 125 (2022) 103960 J Temperature
T Shn Mg ;
D T — Facility (GeV) (MeV) (MeV) Hadronic / | Key focus
Nsyy = 7.7 - 200 GeV Nsyy =3 - 13.7 GeV QGP
LHC EPS AGS / SIS CSR Search for QCD
| ! | | L I L | g | U
. i RHIC r»’___»R_HICF'I:I)g’ THIAF] critical point,
= T Nick Quark-Gluon Plasma | - t of
@ s RHIC BES o5 _ | 100-160 onset 0
= (Phase-II) 3-200 250 deconfinement,
— 160} H > 300 Vorticity/Polarisat
o ion/Spin
é alignment
8 80| 1 EQOS, CP, phase
qE> coexistence,
= . { |l NICA 100 - 160 dense baryonic
Hadron Gas o 300 -
. o} (MPD 4-11 200 matter,
0 [ e = —— e E— e 1 || collider) > 300 Vorticity/Polarisat
0 500 1000 1500 ion/Spin
Baryonic Chemical Potential ug (MeV) alignment

RHIC BES + NICA together form a coherent, complementary program to explore
the QCD phase diagram across a continuous range of temperature and baryon

density.
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Synergy: RHIC-BES and NICA (2)

Physics topic

RHIC BES contribution

NICA complementarity

QCD Critical Point

Looking for non-monotonic
fluctuations of net-protons,
kaons, net-charge

Extend to higher pg, better
statistics at lower energies

Chiral symmetry restoration

Vector meson spectral
shapes, dileptons

Lower energies > denser baryon
environment for chiral studies

Collective flow & EOS

V4, Vo, V5, directed flow of
identified hadrons

Study of EoS at higher baryon
densities; softest-point search

Baryon stopping & transport

Net-baryon rapidity
distribution

High pg sensitivity, test transport
models

Strangeness enhancement
& hypernuclei

Light hypernuclei and anti-
hypernuclei yields

Higher baryon density regime
enhances hypermatter production

Spin polarization & vorticity

Global A polarization, axial
effects

Denser medium: test vorticity and
chiral effects under high pg
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Synergy: RHIC-BES and NICA (3)

Detector Component

STAR (RHIC-BES)

MPD (NICA-JINR)

Synergy / Common Strength

Overall Design

Solenoidal 0.5 T magnet; large
acceptance

Solenoidal magnet; large
acceptance

Similar geometry > transferable tracking & flow
methodologies

Primary Tracker

TPC +iTPC upgrade (extended
N, improved dE/dx)

TPC with modern
electronics

Almost identical central tracker » shared
algorithms for tracking, distortions, dE/dx

Tracking
Reconstruction

Kalman filtering; cluster finding;
space-charge corrections
learned from BES-II

Similar Kalman-based
tracker & distortion-
correction framework

STAR’s BES-Il calibration recipes directly
applicable to MPD

PID: Time-of-Flight

MRPC-based TOF barrel (~80 ps)

MRPC-based TOF barrel
(~70-80 ps)

Same PID technology > common calibration,
slewing/TO correction methods

PID: dE/dx

High-precision TPC dE/dx

TPC-based dE/dx

Nearly identical dE/dx PID schemes for mt/K/p/e

Centrality / Event Plane

EPD (scintillator tiles) + TPC/TOF
multiplicity

FHCal + forward
scintillators

Similar event-plane and centrality strategies
(spectator-based)

Strange-Hadron
Reconstruction

V0, cascade, and hypernuclei
via TPC+TOF

Same methods: VO finder,
cascading topologies

High transferability of reconstruction code and
topological cuts

Light Nuclei/
Hypernuclei

d, t, He-3, hypertriton via
TPC+TOF

Same approach planned

STAR templates guide MPD optimization at low v's

Resonance Reconst.

Invariant-mass with TPC+TOF

Same approach

Directly compatible analysis workflows

Flow Analyses

TPC + EPD; cumulants up to 6th
order

TPC + forward detectors

Identical detector concept enables comparable
flow/cumulant systematics

Low-Energy Challenges

Space charge, baryon stopping,
curlers

Same energy regime
challenges

STAR’s BES solutions are prototypes for
NICA operations




Critical point search

B. Mohanty, N. Xu, arXiv:2101.09210
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I

critical
- oS POINL Quark Gluon Plasma

hadron gas

UB

Stephanov. J. Physics G.: Nucl. Part. Phys. 38 (2011) 124147

1. Distribution of net-baryon number is expected to fluctuate
near a critical point, leading to a non-monotonic variation
of fourth order fluctuations with collision energy

2. Experimentally net-protons(Np-Npbar) are proxies for net-

baryon number.

baseline
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Critical point search: BES-I results

Published results , —
T Non monotonic variation of fourth order
Fit by Poly4 |
C,/C, Ref, @ Skelam  — (endi 1) ] net-proton (net-baryon number)
_ B HRGCE — (x/ndf=1.0) fluctuations near critical point
— ¢ UQMD — (3&/ndf = 1.1)
o 4 7] M. Stephanov. J. Physics G.: Nucl. Part. Phys. 38 (2011) 124147
Su— | Net-proton
=|t 0-5% - Au+Au collisions o
NO i 04 < p, < 2.0 GeVlc >
Y. 21 lyl <0.5 . &
! Z .
b o e T e o o e - v baselme__
! Z
oF -
NG
()]
=
_g 05" %;! Non-monotonic | Phase-I|
(TJ B I @310 HE33c ¢330 ] . . . .
a) | .1 |* 1018-fold increase in statistics

1020 90 40 %0 80  Two new collision energies
Collision Energy sy (GeV)  Detector upgrades in STAR: Better control on

STAR, Phys. Rev. Lett. 128, 202303 (2022); Phys.Rev.C 107.024908 (2023). . . .
Phys. Rev. Lett. 126, 092301 (2021); Phys. Rev. C 104, 024902 (2021) centra llty resolution and volume fluctuations
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QCD critical point search
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—(a) Au+Au CoII|S|ons at RHIC 3 __ (b} 0-5% Au+Au Collisions __
, Net-proton, 0.4 <p, <2.0 GeVie, lyl < [%"5 —  Deviations: (data - Reference)/o, .., —
), N N ] L A dl
QS A o
B - — i g
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STAR: PRL 135, 142301 (2025)



Establishing the QCD critical pomt

ar (1\/ > nucl-th > arXiv:2410.02861

Nuclear Theory

VSNN

wsritical 4 (baseline)

SNN

[Submitted on 3 Oct 2024]
QCD crltlcal point: recent developments
Mikhail Stephan

Recent developments aimed at mapping QCD phase diagram and the search for the QCD critical point |
Comments: ges, 3 figures; contribution to 11th International Workshop on QCD - Theory and Experiment (QCD@Worl
Subjects: N cleal Th ry( icl-th); High Energy Physics - Phenomenolog (h -ph); Nuclear Experiment (nucl-ex)

ite arXiv:2410. [ cl-th]

(or arXiv:2410.02861v1 [nucl-th] for this version) Vo= 132,001 o b0 nergy S
s://doi.org/10.48550/arXiv.2410.02861 @
Submission history deviation at ~ 2-50. A minimum in C,/C; with respect to a noncrtcal baseline is
expectedto

From: Misha Stephanov [view email]
[v1] Thu, 3 Oct 2024 18:00:06 UTC (1,179 KB)

CP based modelin

qualitative agreement with
measurements

critical

SNN

-

Caveats

(1) Choice of the baseline

(2) Based on Ising model (singular & regular)
(3) Does not tell the location of CP
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Critical point search: BES-| + |l results + Fixed target
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Critical point search: need continued 15730
program at hrgh ba ryon density . ..0m000meon
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Summary on critical point search

. Interesting trends in STAR BES

d ata Prog.Part.Nucl.Phys. 125 (2022) 103960

. Trends consistent with a model .
with critical point. Could be due
to system passing through critical
region.

. Real critical point location now
theory expects to be around g | medwenic matter _—
400 - 700 MeV : Baryonicsgcf)]emical Potentia m (Me\/1)500

. RHIC closes down in March 2026.

Need to continue this program at

CBM-FAIR and MPD-NICA-JINR.

Quark—-Gluon Plasma

MeV)

= 150f

100}

Temperature T




Au Au, V sy = 200 GeV 17/30
Large angular —, 90000 B a—— f
momentum (1) TN e

“Te 10 runyedd ‘4

906120 (8002) L. O A3 sAud

Vorticity generation Angular momentum conserved quantity
L=rxp~bd,/[snw ~ 10%h Spin-orbital angular momentum
interactions — Polarization of hyperons
W = lv XV = %(V X V), ¥ and spin alignment of vector mesons
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Large angular
momentum (2) %‘ﬁ
Vector meson

» Nuclear
Q Fragments

spin alignment

e N 6" o/ &
: Zeoad — No [1 — po,o + cos6 (3po,0 — 1)] -y, - v
- s K" meson t p— ea
2F -
:\ p iFragments A X(b)
| - - D
1_ ) .
: How does on experimentally access spin
— Py =01 : alignment or polarization?
L oo =053 (10 s alionment Study angular distribution of decay products
: : of a hyperon or a vector meson.
ol e e

0 0.2 0.4 0.6 0.8 1
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00

Large angular 2 | KO Porb (s -276Tov (10-50%)
eEvent Plane

mOmentum (3) 0.5/~ uProduction Plane ALICE  —

oK® pp Vs =13 TeV

lyl < 0.5

ALICE: K* meson spin

alignment — 3o effect

";%\" Angular momentum EDITORS' SUGGESTION
Evidence of Spin-Orbital Angular Momentum

Interactions in Relativistic Heavy-lon
Collisions

The measured spin alignment of vector mesons in heavy-ion collisions E
is consistent with that expected from the spin-orbit coupling of quarks

with the large angular momentum of the collision. A Kg1 Pb_Pb V SNN = 276 TeV (20_400/0)

’
Beam direction S. Acharya et al. (The ALICE Collaboration) O 1 = Event Plane
Phys. Rev. Lett. 125, 012301 (2020)

o Production Plane

Impact parameter direction

| | | |
5

|
dN 1 2 3 4
Tcosd = Ny [1 — po,0 + cos>0 (3po,0 — 1)] ' . (GeV/c)
T 24/35
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Large angular -

: — GV =464+073m

STAR: ¢ meson spin

0.35

- ¢ (yl<1.0&1.2<p_<5.4GeV/c) -

momentum (4) 0.4/~ 0 K°(lyl <1.0&1.0<p_<50 GeVic)

%

alignment — 8c effect

nature

Explore content v  About the journal v  Publish with us v

pOO

0.3

nature > articles > article —

Article | Published: 18 January 2023

Pattern of global spin alignment of ¢ and K'° mesonsin B
heavy-ion collisions - filled: STAR (Au+Au & 20% - 60% Centrality)

STAR Collaboration 0.25 __ open: ALICE (Pb+Pb & 10% - 50% Centrality)

Nature 614, 244-248 (2023) \ Cite this article
II| IIIIIII| IIIIIII| |

dN 10 10° 10°

dcosd = Ny [1 — 0,0 -+ 60820 (3p0,0 —_ 1)] ' \/% (GeV)
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Large angular ALICE: J/y meson spin alignment
momentum (S) [ s it el ety

fan) 0-5 L | L | L | L | L | L | L | T 17T | L | L
10° < N -
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008060402 0 02 04 06 08 1 04 [ ¢ Stat.uncert. 7
-PREL-511534 cosé E I:ISySt. uncert. Event plane E
-0.2, L i
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A —_ 1 _ 3:000 AQ > 0 - pOO < 1/3 e Measgrementofth(_e_J/zﬁ Polarization with Respect to the Event
0 1+ poo Ao <0 - poo>1/3 ey At e L

Phys. Rev. Lett. 131, 042303 - Published 25 July 2023



ALICE: open charm
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ALICE: JHEP 10 (2025) 094
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Large angular

23/30

Interesting experimental program

on spin alignment unfolding in

momentum (7) pp and AA collisions

K* ¢ D* J/P P(29) Xc Y (nS)
Pp poo~1/3 poo~1/3 poo~1/3 poo~1/3 poo~1/3
pOO > 1/3 N _po:oso
Pb-Pb poo < 1/3 poo < 1/3 high pr poo < 1/3 05 .:(UCE(»'
low pr low pr low pr -
poo > 1/3 -
At RHIC £oa B =

Theoretical efforts to understand the
measurements ongoing. Need for a Spin
hydrodynamics development which is happening.

o
N
ts (fm)
- N w

5 10 15 30

pr (GeV)

arXiv:2502.20352
Sourav Dey and Amaresh Jaiswal
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I al ge an g U lar L T ] o STAR Au+Au 20%-50%
= = Pz(7.7)=7.34+3.02[%] i Nature548.62 (2017)
D_I 33— eA OA
l l lOl l lel lt' I l l l 8 B PRC76.024915 (2007)
B AA AA
i PRC98.014910 (2018)
mA OA
B m ALICE Pb+Pb 15-50%
B PRC101.044611 (2020)
L \ + A oA
B A +
1— STAR Au+Au 20%-80%
- A *x Z + E (via daughter A P)
_ B * ¢ =+ =,
For an ensemble of As with polarization P : B I:FJ' + Q + Q (via daughter A P)
_ i 9
WLl op y)e L frrapeso’) Of -
" " i AMPT PRC99, 014905 (2019) a, = 0.732+0.014
a =0.642 [measured] B [CJA+A O =0 o =-0.758 391811 2 0.010
- - = a_- = 'O(?+ = -VU. + U.
f); is the daughter proton momentum direction in the A frame - e o ) ; =1"
_1 L 111 | | | L1 111 | | | | -I L 111 | | | | L |
0<IPIK1: P’=3,§; 10 102 10°
. \'sy [GeV]

Nature 548, 62 (2017)
Collaboration)

Phys Rev C 98, 14910 (2018) (STAR
Collaboration)

(STAR

(for small polarizations)

Global Polarization of 2 and Q Hyperons in Au + Au Collisions at
A/ SNN = 200 GeV

J. Adam et al. (STAR Collaboration)
Phys. Rev. Lett. 126, 162301 — Published 22 April 2021; Erratum Phys. Rev. Lett. 131, 089901 (2023)
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A, Q, Z polarization: BES-I + II

Global polarization of = and Q follows the same trend which
was previously established for A
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Large angular

momentum (10)
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Possible A, Z, Q global
polarization difference from
different s quark polarization?

STAR Preliminary
11 I 1 1 1 1 1 1 L1 I

10 — 107
\'Syn [GEV]

o |

P, [%]

T |
STAR Preliminary

Au+Au collisions at BES-II
20-50% Centrality

i

e Q=A+Q —A

¥ @ —=A+CQ —A PRL126, 162301(2021)
o A+A
AMPT: -Q -A

2

\'Syn [GeV]

P, ~ P-= P,
assuming that
Pu d~ PS

5
PQN_ A

3

Z.-T. Liang and X.-N. Wang, PRL 94,
102301 (2005) Hui Li et al., PLB 827,
136971(2022); H. Li, X. Xia et al Phys.
Lett. B 827, 136971 (2022)



Large angular

momentum
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Thermal vorticity @ = KgT(Py + Pp)/h
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EM fields
and spin-
orbital
angular
interactions

Experimental program
moving fast with new
measurements, more
differential in nature and
better precision.

Theoretical developments
need to continue for a
relativistic spin-magneto-
viscous hydrodynamics to
get the complete picture.
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Quest to establish the phase diagrams of
cold and hot-dense QCD continues.
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Test of QCD Thermodynamics:

Ordering of net-baryon ratios:
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8> 24 5 25 5 6
¢, ¢, ¢

Theory: HotQCD: PRD101,074502 (2020)
-

T T T

T
(2) 200 GeV

Phase structure of QCD

Search for critical point (CP):
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Search for 15¢ order:
Bimodal proton distribution:
Large proton factorial
cumulants (k; and kg) with
alternating sign.

0 500

7000 1500
Baryonic Chemical Potential M (MeV)

100 Au+Au collisions at RHIC -
+ Net-proton 4
501 0.4< P < 2.0 GeV/c, lyl <0.5
|l STAR Preliminary
S o %
=2 Y e = hd
S $F
5 -50F { R
[ r -
S 100 52
k) | 7o
=z
-150 - - Poisson baseline N
L @ 0-40% ]
& 70-80%
-2001 [ LQCD, PRD.101.074502(2020) —
L [ FRG, arXiv:2101.06035 |
UrQMD (b < 3 fm)
-2501 — HRG CE, NPAv1008.122‘141(2021) —
56 10 20 30 50 100 200

Experimental hint
of crossover.

Experimental progress

Collision Energy Ysy, (GeV)

BES-II high statistics data could change the conclusions

Theory: A. Bzdak and V. Koch, PRC100, 051902(R) (2019)

3

T x10 T T

%)
2L o0f 1
< (1) ks @) xq
=l 1T Au+Au Collisions at RHIC 7]
IS Proton, Iyl <05
S oo /ﬁ@ﬂﬂ)—ﬁ 0.4<p, <20GeVic
3
© 100k O Data (0-40%) 1
5 - ¢ Data (70-80%) UrQMD (0-40%)
S 1k [ Two-Component
©
[T L ! ! !

5 10 2030 100 200 5 10 20 40 100 200

Collision Energy |s, (GeV)

Weak signs of first order at very low Vsyy




