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I. Experimental measurements and Open questions



LIJUAN RUAN
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LIJUAN RUAN Fixed Target: Transition regions and/or signals of critical behaviour?
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Bonus: hypernuclei production 0 a

N \\_/

Radius(fm) 118 83 68 59 53
- STAR

= ;G o Estimated from
. 5 ' d-A Correlation
£ ' Run 21

< : STAR Preliminary

' .
! | lose | ®%ecess Joseseosssse lssesessses jJesssescosel lesssscoss

! I
This study§ H@—— World average

ALICE 2023
N —  STAR2020
: NPB52 1973
_, PRD1 1970 —8—
NPB4:1968
e —. NPB1 1967
J

LIJUAN RUAN
" Au+Au 0-40% collisions  s7AR Preliminary
10 R - — o0 A
= &
-.
—~ 15_ ’,’..,:
C\/J i CL g
-1 L0 @ g
= 107¢ "9 oy,
Q>‘ 10—2;F h!f\H (X4) ® _ i,
= g, . .
© ool /R e B aHE)
E . - Thermal-FIST (CE)
P ™ O Published
10 E d : ® STAR preliminary
1 1 1 1 1 1 1 ] 1 1 1 1
3 4 5678910 20 30 4050

Collision Energy |sy, (GeV)

e Constrain hyperon— nucleon and
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e Most precise hypertriton lifetime measurement
via d-Lambda correlations

hyperon-hyperon interaction Connection to neutron stars




ZACHARY SWEGER

Analysis: Cumulant Results

e (5/Cy and ko /K1 monotonically decrease as predicted by UrQMD

e (3/Cy shows no strong energy dependence, similar to UrQMD, r3/k;
monotonically increases as predicted

e Central Cy/Cy is consistent with UrQMD —0.5 < y — you < 0,K4/kK1
shows no strong energy dependence within uncertainties
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constraints on theoretical models related to nuclear geometry
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In UPC, vector mesons are

photo-produced

=> Coh/Incoh x-sec measurements sensitive to nuclear

Vector meson production in UPCs

STAR, Phys Rev Lett 133 (2024) 5, 052301

length scale

structure and deformation

=> Coh and Incoh x-sec suppressed by ~30% and ~65% (at
W .y = 25 GeV), respectively — does not directly support

4

the CGC with subnucleonic fluctuations
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ASHIK IKBAL SHEIKH

UPC photons are linearly polarized

Vector meson spin interference in UPCs

constraints to the parton density and baseline for EIC
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eTOF Calibration 1w

Calibration efforts have yielded results!

Allows us to constrain proton yield near mid rapidity

Rapidity coverage is critical (PID at n =1 — 1.5)

No double-sided hit

With double-sided hit

S/B = 89.72

Projection (p = 1 GeV)
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e Significant directed flow of (hyper-)nuclei is observed

e Hyper nuclei flow indicates coalescence behavior
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The v, of s and s-bar quarks is obtained using STAR BES-II (Preliminary) and BES-I (Published) data
under the framework of coalescence sum rule.
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II. Theoretical developments, phenomenology, and challenges
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DIPEI DU

universal scaling properties

Theoretical constraints on IS and dynamics of BES

Fit two regions separately:
e forward-rapidity: limiting fragmentation
e mid-rapidity: central plateau

e The fitted curves can be used to reconstruct dN,p/dn,
even at energies that were not directly measured.
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DIPEI DU

Predictions on the thermodynamics and dynamical evolution?

Longitudinal property variation at freezeout

r(fm)
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L.Du, PRC110(2024) 1, 014904

e The variation in thermodynamic properties across
spacetime rapidity is strong for collisions 10 GeV.

e Due to thermal smearing, thermal models extract
(T, pp) averaged over a broader window

0-10% BES
Au—Au @ 19.6 GeV
0.28¢ --- ideal — diffusive
s=2
0254 L =0 075 =151
= 0.22}
<
~ 019}
oa6f i\ L\
Crossover
0.13}
0. 0.1 02 03 04 05
u[GeV]

LD, X. An and U. Heinz, PRC 104, 064904 (2021); CPOD21, 2109.06918

Variation of dynamical expansion
trajectories for different rapidities
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LIPEI DU Constraints on the QCD EoS at finite densities

NEOS: Monnai et al, PRC 100, 024907 (2019) Data: STAR, PRL 112, 162301 (2014); PRL 120, 062301 (2018)

4 BRAHMS 0-10% 1+ (x1.2) $ STARO0-10% n*(x1.2) 0-40% 7.7 GeV
4 BRAHMS 0-10% K * (x3) ¥ STAR0-10% K*(x3) : : — Ly
Dashed: NEOQOS-BQS +
0-10% Au+Au 62.4 GeV kaon lambda
[ Solid: NEOS-B A
; > \v*\ 27 == X
] :
N
—-0.02¢ + . T + 1
-1 0 1 -1 0 1
y y
L. Du, PRC 110 (2024) 1, 014904 LD, C. Shen, S. Jeon & C. Gale, PRC 108 (2023) L041901

e Rapidity-dependent measurements of identified particles provide valuable
insights into the EoS at finite chemical potentials.

e The directed flow of identified particles offers significant constraining power

on the properties of the EoS.
16



JOHANNAS JAHAN | New regimes u; can be reached with LQCD + critical region!

[ ] [ ] [ ] [ ]
Finite (T, uB) Finite (T + g, o, Ys [ Y, [ eB)
* New lattice T-Expansion Scheme (TExS) * Generalization of the TExS in 4D (T, Us, Mg, Ms)
L funable CEP from 3D ISIng model based on new sef of continuum-estimated lattice Xo/4
Kahangirwe et 09 (2024) 92, 094046 budli et ol., arXiv:2504.0188 ]
—— EoS w/ Critical poin uplT=3.5 T T T
1.0 i t:-_aftic{aC' pent 61 ,LLB/\/_-[IQ h
, —# .
. ~ = ~qunuit | For this case:
: 4 xx,x: L35 I;}:;;;;;;;;;iii} pB < 670 MeV
L Sar ) o S 475 Mev
; S hi3sT— 1 Mg < 475 MeV
1 | e xII";: tll:}g¥ =t
o - fou
0 : : : :
120 140 160 180 200 220 240 50 100 150 200 250 300 350 400 450 500
T [MeV] T [MeV]
* First finite U results from: * Lattice fermion sign problem circumvented for:
& EMD Holographic approach Me& < 1100 MeV o finite eB thermodynomlcs + observe CP at eB=4-9 GeV?
Grefa et al., PRD 104 (2021) 3, 034002 (sQGP onl)’) D'Elia et al,, 105 (2022) 3, 03451
o functional Renormalization Group o T< 4 o finite [,I, thermodynqmlcs + pion condens® at u,> m_/2
Lu et al., arXiv:2504,.05099 B Brandt et al., JHEP 07 (2023) 055
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JOHANNAS JAHAN

Borsdnyi et al., arXiv:2502.10267

L ! 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| H——#—
DSE-crossover [2106.08356| =

160 20 exclusion range [This work| ——
=
= 150 .
) :
140 =
A
30 . =
1 .
\ \ l\ a |
0 100 200 300 400 500 600
up [MeV]

= Existence of a critical point excluded at 2c for
Mg < 450 MeV by new lattice QCD analysis

Significant theory developments in prediction of the CP

Figure adapted from H. Shah, QM 2025
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= 120}
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. QCD Critical Point
*._"Shah et al, 2410.16206

.

Chemical freeze-out

0 200

YLE-2: G. Basar, PRC 110, 015203 (2024)

BHE: M. Hippert et al., PRD 110, 094006 (2024)
FRG: W-J. Fu et al., PRD 101, 054032 (2020)
DSE: P.J. Gunkel et al., PRD 104, 052202 (2021)

DSE/fRG: Gao, Pawlowski., PLB 820, 136584 (2021)

400 600
Mg [MeV]

Compared with new HRG
chemical freeze-out line
calculated at g, = s = 0

= Lower bound for CEP
existence

1 1rXiv:24 47
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muses

JOHANNAS JAHAN

Click here for more

|
| MODULAR UNIFIED SOLVER OF THE EQUATION OF STATE

Public release of the calculation engine early 2025!

Pelicer et al., PRD 111 (2025) 10, 103037 Manning et al., DOI:10.5281 /zenodo.14721211
o EoS Package Observables Package
&l / \
g 4 \\
9 ) Next to come (v1.x.x):
/ old Nuclear & GW )
\/ Nu Astrophysics * HRG vdW EoS * Partial pressures
\ atter Heavy , * 4D TExS EoS * Thermal fits
5 ot Calcu{ahon y
S \ Engine Heavy/lons & *
% \_Hydrodynamics
= Effective i
3 Moadels \ i\
' A Stay tuned & feel free to join the MUSES workshop
3 v1.0.0 ' ' next week! (Tuesday, May 27)
* 4D Taylor expansion *  (Pseudo) universal QLIMR relations
* Ising — 2D TExS *  Beta equilibrium MUSES Collaboration Meeting
c ¢ Chiral EFT * 1D EoS merger : : o
ﬂ\/ e Crust DFT May 27, 2025, 9:00 AM - May 30, 2025, 400 PM us/Central
\JML, ¢  CMF++ Q Loomis Physics Building, University of lllinois Urbana-Champaign
y If‘pﬂl 1,.};" *  Holographic
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VOLODY#A VOVCHENKO

Scaled factorial cumulants and the antiproton puzzle

Bzdak et al. introduced reduced correlation functions — “couplings” [Bzdak, Koch, Strodthoff, PRC 95, 054906 (2017)]

_ S o1 - o1 ek (31, -+ - ¥y - - dyi
[ o171) - - ;1)1 - - - dyi

integrated correlation function in rapidity

Ck

Long-range correlations lead to acceptance-independent ¢y, including any combination of global
baryon conservation and volume fluctuations (no need for CBWC)!

0.005 ————F————+——+—1——+—
STAR, PRC (2021)
. i ; Au-Au 27 GeV, 0-5%
Standard hydro predicts: i 0.4 < p,< 2.0 GeVIo, |y <y...
B 15 §40-000 o .
AP AP . (&4
¢, = €, = const. atagiven./s o3 hydro | =2
2 2 g NN o _—-—-—-—-—-—-—'-r G = (N )2
& ~0-005 & i L L . i
i 2
Experiment: = + ; 3 : . O
B 8-0010- i 62=(N>2
|c“§| < |c“§| the antiproton puzzle ©
two-source
-0.015 | U -
" " L 1 " " 1 1
0.0 0.2 o 0.4
Possible explanation: stopped and produced matter do not Rapidity cuty.,

thermalize (no single fluid)

A. Bzdak, V. Koch, V. Vovchenko, arXiv:2503.16405 20



VOLODY#A VOVCHENKO

Net-proton cumulant ratios

©“rmew,  STAR ]
» @ BES-II 4
O BES-I o
50 Hydro (cons) —
—— Hydro (cons+EV)
o ]
0.8 0-5% Au+Au Collisions _|
] Tl ee ® net-proton, lyl <0.5 i
= © 0.4<p_<2.0GeV/c
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8 04 —
= - -
3
(8) CC,
1 N R i EEE—————
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05 H;/? + o
o _
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Factorial Cumulant Ratios

Understanding proton cumulants from RHIC-BES-II data

Proton/antiproton
factorial cumulant ratios

o

®ges-i Oges _Hydro  Hydro EV

02~ p o>y

B Ky 0-5% Au+Au Collisions
@ K, (anti-) proton, lyl < 0.5
0.05 — 04 <pT<2.0 GeV/c
0 ——
t
K
5 (3 -
05~ (3 %
0.25¢

e

Collision Energy ys,,, (GeV)

10 20 100 200

Factorial cumulants may be more
instructive than ordinary cumulants

Deviations from available non-critical

\baseline at /Syy <10 GeV
- C, —baseline > 0 & €3 —baseline <0

He

Need precise handle on non-critical
contributions
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VOLODY#A VOVCHENKO

Mean p; fluctuations:

(ApriApr ;) ~(A{pr)?)

Mean p; probes the temperature

Gardim et al, Nature Phys. (2020)
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T2

In equilibrium: (AT?) = i
Cy

At the critical point ¢, — o

=

Mean pr fluctuations

10 ———— r ———T -
B Au-Au Collisions at RHIC
Charged hadrons ﬁln PRELIMINARY

02< P, < 2.0GeVlc,-0.5<n <0.5

L1 1111

R
R &\ Statistical Error | ]
7o 44— — Systematic Error
Q_’_ \”' o » I 1
N
>~ Y
~ P
-~ 1F S o *® -~ =
o) C » ]
< / J
Q:; + BES-Il 0-5 % |:| UrQMD 0-5 % (ver 3.3) i
<
+ BES-II 30-40 % 4
~ / UrQMD 0-5 % (ver 3.6, Tom Reichert)
+ BES-| 0-5 % (Published) o
—§— BES-130-40 % (Published) AMPT0-5 % (Default)

Fixed-Target Collider

o~
= —

sl

S
Collision Energy s, (GeV)

R. Manikandhan (STAR), QM2025

Minimum in /sy dependence?
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NISSEM Mﬁ@DY Systematic control over the effects of the IS and medium response

Symmetric Correlations STAR Collaboration PRL 129 (2022)

L S L R
AutAu (@) |
0.08- k=2

Vo ik}

(© |

Centrality (%)

| @ 200 GeV & 196Gev w | &
I 544 GeV © 115GeV @ | MG
39.0 GeV 4
i 27.0 GeV <
0, £ £ |
oo by [ ST NS N N SN S S N NI L b by
0 200 40 60 0 20 40 60 0 20 40 60

e Symmetric correlations vo{k} show characteristic energy dependence.

Sensitive to the interplay between initial- and final-state effects.

e Normalized symmetric correlations,

va{4}/v2{2} show weak dependence on beam energy.
Sensitive to the initial state effects.

Normalized Symmetric

Correlations

Centrality (%)

V43V {2}

V216}/vy14}



NISSEM MAGDY

LS O (JELIUIN STAR Collaboration PLB 839 Normalized Symmetric Correlations
(2023)
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1oL n=2andm=2 1 n=2andm=3
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Sensitive to the interplay between initial- and final- < E I 0# *
state effects. 04¢ ? 1 6D
: 1
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dependence on beam energy.
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Sensitive to the initial state effects. v Y
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IV. Connections to NS and constraints on the HIC EoS

26



VERONIC A DEXHEIMER

Current input from
different (first-principle
and effective) theories
and experiments

Living Rev.Rel. 27 (2024) 1, 3
e-Print: 2303.17021

Astrophysics input only
at T~0 for now ...

but finite T input is
coming soon

Temperature (MeV)

Fd muses
300|
200]
quark
o matter
100 | _
hadronic
matter
CEFT
T : NS
2 .nuclel.m N RATEI
I | N O 3 | | E0F O O ERLE 1 T rrrri
107 100 100 102
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Structure associated with different particles, interactions, phase transitions, ...

PRD 105 (2022) 2, 023018 e-Print: 2106.03890

[ == SLy{npachly), —=CMFg (pekigue<0 | * Structure needed to
gof———— o) 77 P ("pqu’+i=(’;T reproduce nuclear +
CMF (npeH) - 7 ‘ s
OMF (hpeHemixsq) N astrophysics data
08  CMFuc(npeHy) : 7 ,/' ] 10°
—aMc-A = 7 £
89 0.6 -~ Triplets 7 —
I

Pressure (MeV/fm?)
-
o
~N

0_4: W 4 ,..;'-*'

f 10! ;,"
0'2: » 10° : A&.“.l sl

' | . 10 10° 104

; \ \l Energy density (MeV/fm?)
005 4 6 8

Nature Phys. 16 (2020) 9,907-910
Np/Nsat e-Print: 1903.09121
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NANXI YAO

v T2E PRC 109, 065803
1? ...... \ ............
Converted EOS Band oob- —nseos
0.6 EOS 2
* Converted at Y§%¢5 = 0.5 0.4
. . . 0.2—
* Same location of the peak, shifted magnitude E
0? —____ | ___ . . — .
» Constraints on the converted EOS: S S TR T N BN N
0% 1 2 3 4 5 6
 Stability and causality (c2 > 0 for ng > 0.9n4,, and Ng/Ngyy
C.S; < 1) Qe 1.2:

* Saturation properties
e 0.14 fm3 <ng <018 fm=3 o
* —18MeV <B<-14 MeV 0.4

0.2

== NS EOS

0.8

EOS 2
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NANXI YAO Connfaclzting 1.\TS Wii,:h, I,{IC experimental data
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Experimental overview of the BES Il

Physics Large Seminar Room (LSR), 510

Analysis of BES Fluctuations and cumulants (experimental)

Physics Large Seminar Room (LSR), 510

UPC

Physics Large Seminar Room (LSR), 510

Flow Overview (experimental)

Physics Large Seminar Room (LSR), 510

eToF calibration

Physics Large Seminar Room (LSR), 510

Theoretical overview of the BES

Physics Large Seminar Room (LSR), 510

QCD equation of state at finite density and the critical point

Physics Large Seminar Room (LSR), 510

Cumulants and fluctuations measurement at the BES Il

Physics Large Seminar Room (LSR), 510

Flow and Isobars Overview (theory)

Physics Large Seminar Room (LSR), 510

The role of Neutron Stars in constraining the QCD Equation of State

Physics Large Seminar Room (LSR), 510

Probing Dense Nuclear Matter: Connecting Neutron Stars and Heavy-lon Collisions

Physics Large Seminar Room (LSR), 510

Lijuan Ruan

09:00 - 09:30
Zachary Sweger
09:30 - 10:00
Ashik Ikbal

10:00 - 10:30

MD Nassim @

13:50 - 14:20

Mathias Labonte

14:50 - 15:20

Thank you for an amazing workshop!

11:00 - 11:30

Johannes Jahan

11:30 - 12:00

volodymer vovchenko @

12:00 - 12:30

Niseem Magdy

14:20 - 14:50

Veronica Dexheimer

15:50 - 16:20

Nanxi Yao [

16:20 - 16:50
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Phys. Rev. C 109, 065803
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CONSTRUCT RAPIDITY-DISTRIBUTION: dN?~"/dy 7

[ T ! ’ ; : .
0.6 fitted curve STAR 130 GeV ‘ reconstructed STAR 130 GeV
¢ NA49 17.3 Gev BRAHMS 130 GeV 50 ¢ NA4917.3Gev BRAHMS 130 GeV
% 0.5 4 BRAHMS 62.4 GeV % BRAHMS 200 GeV 4 BRAHMS 62.4 GeV # BRAHMS 200 GeV
@ 40}
r::].go.4- 4.%_* ¢L 1 3 M N
= 0.3} BRAHMS 130 GeV ¢ > ] ™ 30! \ o \ ‘ , “5 :
B ¢ =
£ 0.2 e *q | © 5ol \
= 0. |, _+_ ¢ 20 , l \
N
0.1 T + o, +
i!* [ = £ T- 10' + *smm*--—* + \
0.0t 1\ . ‘ . . ] . . .
-5 -4 -3 -2 -1 -4 —2 0 2 4
Y=Yb y

L. Du, PRC 110 (2024) 1, 014904
STAR 130 GeV

» Fit the net baryon rapidity density attributed to the projectile after subtraction of the target contribution.

» The reconstructed distributions can help constrain models at BES.

BRAHMS, PLB 677, 267-271(2009); Braun-Munzinger, Friman, Redlich, Rustamov, and Stachel, NPA 1008 (2021) 122141; Hoelck, Hiyama, and Wolschin, PLB 840, 137866 (2023)



LONGITUDINAL FLOW AT FREEZE-OUT

' ' T , - 15.0 ‘ ' ; ‘
(b) &2 C-F yields at hadronization
0.4 ] 12.5!
Au-Au 0-5%
0.2 >‘10.0-
S
S ArAabeceeeeenn LA - o o 75l
E 0.0 Iy
* 3 5.0
S 5.0t
-0.2 o 19.6 GeV |
e 62.4 GeV 2.5;
—0.4 e 200 GeV |
‘ ‘ ‘ ‘ ‘ 0.0r
-4 -2 0 2 4 0 1 2 3 4
Ns y

LD, H. Gao, S. Jeon & C. Gale, PRC 109, 014907 (2024)
» Boost invariance is strongly broken, especially at forward-/backward- rapidities;

» Starting from the same profiles, the rapidity distributions are stretched with increased longitudinal flow, with
heavier particles experiencing greater stretching;

» Rapidity distributions of various species can be used to constrain the longitudinal flow.



BEAM ENERGY SCAN VS. RAPIDITY SCAN

00_10% Au-Au

— 7.7 GeV 62.4 GeV

0.95 —— 19.6 GeV —— 130 GeV
’ — 27 GeV 200 GeV
39 GeV ---- Cleymans et al

54.4 GeV

0.10¢

0.0 0.1 0.2 0.3 0.4 0.5
(1) (GeV)

properties averaged over a rapidity window

11

Au—-Au @ 19.6 GeV

0.28; —- ideal — diffusive
3':2
0.25L7 1.75 m/:() 0.75 =15 1
=z 022}
< ;
= 0.19]
0.16 : N
"""""""""" Ry ---!\...__3\ Critical point
Crossover *\
0.13|
0. 0.1 02 03 04 05
H[GeV]

LD, X. An and U. Heinz, PRC 104, 064904 (2021); CPOD21, 2109.06918

» Left: expansion trajectories at midrapidity in heavy-ion collisions with different beam energies;

» Right: expansion trajectories for different rapidities of the fireball in a collision at a fixed beam

energy
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