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One Workshop, Two Themes

» Experimental approaches to the study of QCD [SERERE s S22s
matter at high temperatures and densities P——

»Exploring the QCD phase diagram at RHIC symmetry from vacuum
to QCD phase diagram
Feb. 9 - 15, 2025

* Experimental exploration of fundamental
symmetries at high temperatures and densities

» Chiral symmetry restoration

e Let me try to cover both ...
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QCD Phase Diagram

! Karsch & L , 2003
fy] Cabbibo & Parisi, PLBSS (1975) 67 v arsch & Laermann
quark-gluon
Experimentally, one can access different regions of 470, plasma
- . -OUlI= o P deconfined,
phase diagram by varying centre-of-mass energy Cafotpon = deconfined,
» experimental data over 3-4 orders of - had:gndgas
magnitude in Vsnn ot
I color

superconductor

[

LHC and RHIC provide access to low LB region > .\

T W, few times nuclear L

. matter densit
— Cross-over region Fig. 1. Schematic phase diagram of hadronic matter. pg is the 4

density of baryonic number. Quarks are confined in phase I
and unconfined in phase Il.

Several experiments/facilities give access to ps { Early Universe e e
regions that both cover cross-over, possible 1 1
order PT, and a conjectured CP

* AGS, SPS

e HADES |

e NAG61/SHINE 170 Mev—?@§§iv.ei

» RHIC beam energy scan (BES)
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¥ GSI :: SIS18
y — Vsyy=2.0—2.6 GeV
,b e HADES Z : SIS-18

2" CERN :: SPS
— Vspyn=5.1—-17.3 GeV-uz-

,;8‘ NA61/SHINE

BNL :: RHIC | Lk

— Vsyn=7.7 =200 GeV w (o]
STAR
PHENIX (-2016)

CERN:ILRHC " o %o
ST A0z — Vsyy=2.76-5.0 TeV

e ALICE

e ATLAS

e CMS

e LHCb (2015)
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Charting the QCD Phase Diagram

‘%‘ Quark-Gluon Plasma
N
78,
&

NICA-m N,
RHIC BES.j) =0 04, F,\,
RHI
: v XT\

Temperature (MeV)

Point?

» Turn-off of QGP signatures - suppression, elliptic flow " = i
; ; B‘;or;on Csr?:mlca?oF?otenl:zl)ouB(h:Iio\(l)) 1400 b

* First-order phase transition - changes in EoS due to attractive force
(softest point)

» “step” in mean transverse mass of identified particles
» non-monotonic behavior of directed flow slope at mid-rapidity (dvz/dy/[y=0)

* Critical point - divergence of the correlation length = non-monotonic
behavior of higher moments of conserved quantities

» experimentally, skewness S, and kurtosis k of event-by-event net-particle distributions

Benasque - Feb. 13, 2025 QCD Phase Diagram: An Experimental Overview 5



The Experimentalist’ Toolbox

* Wide range of collision energies
> versatile accelerators

— determine excitation functions; beam energy
scan

e Various colliding systems: A+A, p+p, p+A

— compare hot nuclear medium (in A+A) to
baseline (p+p)

— disentangle initial state effects (p+A) from final
state observations (A+A)

— system size dependence
e Collider and/or Fixed-Target modes
— fixed acceptance vs. high rates

* General vs. special purpose detectors
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RHIC Beam Energy Scan Program

r P h a S e 1 : 2 O 1 O = 2 O 1 1 ) 2 O 1 4 Table 2. Event statistisc-z'?sl ,r\lnci)ltlfo?l?)Sneeded for Beam Energy Scan Phase-II for various observables.

Collision Energy (GeV) 7.7 9.1 11.5 14.5 19.6

f STAR ba se |ine detectors: TPC and BTOF s (MeV) in 0-5% central collisions 420 370 315 260 205
— Vs = 7.7, 11.5, 14.5, 19.6, 27, 39 GeV :

Rcp up to pr =5 GeV/e — 160 125
. Elliptic Flow (¢ mesons) 100 150 200 200 400
— hints at low Vs, of QGP turn-off, ordered phase cuweic e /| RN~ 7 N S
00 o9n 0 . Directed Flow (protons) 50 75 100 100 200
t ra n S It I O n ) a n d C r I t I Ca I p O I nt Azimuthal Femtoscopy (protons) 35 40 50 65 80
Net-Proton Kurtosis 80 100 120 200 400

 Phase 2: 2019 — 2021 T T
— specific focus on lower Vsy,
* including Vsyy = 9.2 and 17.3 GeV (plus 27, 54.4GeV) &S
¢ include FXT program to reach lower energies
* Vsyny=3.0,3.2,3.9,45,5.2,6.2GeV (7.7,9.2,11.5,13.7)
— improve statistical significance
* RHIC electron cooling for low beam energies

— improve systematics 10
e STAR detector upgrades: iTPC, EPD, eTOF

® R
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Charting the QCD Phase Diagram

* From theory:

— cross-over starts at Tp= 156.5 £ 1.5 MeV

8TIND 43Y234quiai1s

— for pug < 250 MeV (and ng=0, nq/ng=0.4) 170 [ e et < —m

ol - T, [MeV] crossover line: O(up)

* cross-over along constant € and s densities 165 ‘ e %,
* no indication for CP | g

freeze-out: STAR
e RHIC BES-1 data: . f ALICE ¥ |
— (Tehem,Mg) With large systematic uncertainties 5 | L ]
» RHIC BES-2 data: 140 [ Ng=0,ng/ng=0.4 i
— reduce systematics in extrapolations P! g MeV] |

. . . . . 30 2 | | | L | | | | |

» smaller uncertainties in chemical fits I O T LT WNRET Na  L

— additional data points for pgz> 150 MeV
— update Vsy,=200 GeV (Run-19)
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Bulk Properties: Kinetic Freeze-out

5
> recent inclusion of light nuclei (d, t, *He, *He) from Vs\,=3 GeV (FXT-2018)

separation between T, and T, grows with increasing energy

radial flow velocity () shows rapid increase at very low energies an

— might suggest effect of increasing hadronic interactions between chemical and

kinetic freeze-out at higher energies

slower increase at higher energies

(MeV)

kin

Temperature T

For central collisions: T,;, and (f) follow world Vs, trend

150

100

(4]
o
T T

*

T
++‘+++1L

STAR FXT Au+Au Collisions @ /s, =3 GeV |

*  fit[nt K p]
@ fit[1*K%, p, d, t°He,*He]

STAR Preliminary

4
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Lol )

STAR Preliminary

Central Collisions fit [x*, K*, p, p]
¢ NAd9
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10
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» Centrality differential shows different trend
— compared to higher Vsyy
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Collective velocity (B)
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. STAR Preliminary A 115 GeV + 39 GeV SPS: NA49
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¢ 196 GeV O 200 GeV
™ Color: fit [x£,K%, p, B, d, 1] 1 LHC: ALICE
: Gray: fit [n*,K*, p, p ] Phys. Rev. C 96,044904; Phys. Rev. C 79,034909 | '_
— — E.
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" [Perpheral 18
N
- 10
I - Q‘D Q' @ L o IB
- ® FXT 3 GeV fit [n%,K*,p] \ =
[ O FXT3GeViit [n*,KE p, d, t°He,*He] t/
= Comb. Blast-Wave Fit with n=1 d
C 1 1 1 I 11 1 1 | Ll _ L | 1 1 1 1 I 11 11 [ | 11 1 I EL_fL
0.1 0.2 0.3 0.4 0.5 0.6 10



Onset of deconfinement

NA49 [PRC 77 (2008) 024903]: onset of deconfinement at Vs, =7.7GeV

STAR BES-1: h*/- nuclear modification factor Rcp

* smooth transition from suppression (high Vsy,), to enhancement (low Vsy,) %
 below Vsy, = 39 GeV no suppression? Turn-off? g
or, competition with enhancements from Cronin effect, flow, etc. cf,
» Rcp > 1 does not mean “no QGP” y((N )) : d2N(<Npart>) gj:
Partl) ™ (Neou)  dprdn gE
STAR, PRL 121 (2018) 032301 z”

||||||||||||||||||||||||||||||||||||||||||||

- . e eev | Amore differential approach, look at N, scaling
10 + “usev 4 ° 239 GeV:monotonic decrease
§ - @Eﬁj‘ - 27Gev ] > suppression > enhancement
= el S oo |* <11.5 GeV: monotonic increase
§ L A Eﬂ”*A ________________ _ > enhancement > suppression
- - l' * 14.5-27 GeV:increase, followed by decrease
£ ;iﬁiiscaung iﬂ@ﬁﬂgﬁg i » enhancement grows fast, but

R St e i ot > suppression dominates

TP 7 e T % % P guppression observed down to Vsyy =14.5 GeV

STAR,

PRL 121 (2018) 032301

101

HIIIIIHIIIII‘IIII|IIII|IIH|IIII|III ITT

L Sk27iGey. M SN a |

%200 GeV

I|IIII|HII|IIII‘IIII’IIII[|HI|III
<4.5 GeV/c

14.5 GeV
v19.6 GeV

m39 GeV
©62.4 GOV it et J

IJII|l|\I|IIII‘IIII|IIII|IHI|IIII|III (LI

I|IIII|\III|IIII‘IIII|IIII|HI/ITIII

50 100 150 200 250 300 350

part

50 100 150 200 250 300 350

part

s BES-2: expect precision to disentangle
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Horn System size Dependence e emcssanan it

\ “\(:-l blllN[L g ; I\]I\MSHN[]
“ pip x pHp
2} r - BL‘BL Ph+Pb _{\ Bet+Be Pb+Ph
& S e
o - 3 i B P i
< 02} . 02 7 .
4 -
'v'y 1 . i v‘, 3 ™
J 3 Most central collisions
r q A 4
0.1 ““ 0.1 =Y 2 (top 10%)
AGS SPS RHIC LHC - AGS SPS RHIC LHC
O p el Lt sl ) Liiii 'R 0 ) (T ol ol L AT )
1 10° 10 1 10° 10
Vsan (GeV) S\ (GeV)

* NA61: comprehensive study
— p+p, 'Be+°Be, “PAr+%°Sc, 298pb+298ph
— Vsyy =5.12, 6.12, 7.62, 8.77, 11.9, and 16.8 GeV

* Ar+Scis clearly separated from small systems, but no horn structure

— vyields resemble Pb+Pb at high energies collision energies (Vs\,=16.8 GeV)

— vyields resemble small systems at low energies (Vsyy < 6.12 GeV)
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Probing Canonical Production

* First multi-differential ¢ and = at Vsy\= 3 GeV (FXT)

» prand y spectra

* Collision energy is close to free N-N threshold for ¢ %1

p. (GeV/c)

N AR

S B

¢

P

T

LB e S L |

Au+Au Vsan =30 GeV

(x1 ]

Particle Rapidity Y.,

(~2.89 Gev) and below threshold for = (~3.25 Gev)
» local treatment of strangeness conservation is very

important

* thermal particle phase space far from GCE limit

* Canonical Ensemble prefers small r< 4.2 fm
— cannot simultaneously describe /K (2.7) and /= (4.2)
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STAR, PLB B 831 (2022) 137152
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Expandmg Rapidity Coverage

N’\ g g l 1 l U U I U= I Ui 71 ] Ll I T g
Wi s b Spectra AusAu | ° BES-2 plans on reporting rapidity distributions
> L ]
S Sy = 4.5 GeV — protons from Vsy,\=4.5GeV (FXT) consistent with E917
=% e x25t" 31 » baryon stopping systematics
%xg 1% ) * amount of stopping determines p;
- E‘” * |lvanov (PRC87 (2013) 064904): potentially reveal 1%
I~ . order PT, softening of EoS
{8 10 E * more precision measurements needed :: BES-2
b < | z T T TERTE TV TR e T T 3
10° P = gy R A [
o L m E895 |5, =43GeV _ 25k
e ] L o E917 {5y =4.3 GeV - i
y=-08 — 80— - F
yos, 2 [ i 2
y=-1.0 § 60_— 4 A
y=-1.1 : : : 1.5;-
E "y 3 a0l a X  FoPl
E y=-13 = L 4 1+ (@) E895
C -] - - O E917
b o . & ES02
0-5% Central STAR PRELIMINARY 20 : A Nago
K|S 5. Y S . AR e [ By e 11 A
e ] [ LT (L || T Ll I Lo B e “ 2t
OR R A0.2 = or 047 (5.0 A8 0.8 Sr i 1 i 112 0544' :RE“?)“NARZI5"f'r-r-4-‘-x -y A o o ke
—1. -1 1 Ue s 1
my-m, (GeV/c?) y-y_ 2 e aE s T 20
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Proton pirected Flow

[Akira Ohnishi, CPOD 2016]

—0.05}

v, (P,)

e

Attraction
(Softening)

v,=(p,/p)=(cos)

! oy & * “net-protons” help isolate transported baryons
' s+ JAM-1.0.PT. |
¥ protons — JAMcover |3 | Sulp _ STARPRL 1.2,0 (2018) 062301
'.w X E 0.021 -E (b) m  10-40% centrality
2 » . a o
|| o = i»' =~ 5 B = / }2 b g\ kL — %
F.i?‘i"i TE v gl § - B "i- i
LA = e Ol == e S .% —————————————————————
| :‘x's § \1_ E L
|/ ¥ STAR { > i ¥ o 4 netp
N ¥ E895/NA49 © T abrISTIA
‘ ) . ‘ ~0.02—
5 10 15 20,8 78 30 + netK
W (GSV) T )AM 1.0PT :: 1t order PT 7 10 20 30 40 100 200
JAM-X-over :: cross-over
IS\ (GeV
JAM :: no transition ! ( )

Benasque - Feb. 13, 2025

 directed flow v, describes sideward collective motion

sensitive to the EoS

[Yasushi Nara et al., PRC 94 034906 (2016)]
* non-monotonic dependence

— softening (crossover or 15t order phase transition)

— geometry (tilted ellipsoid expansion)

» relevant at Vs, = 27 GeV)
— transport

» minimum in slope dv,/dy of baryons in presence of 1%t order PT

QCD Phase Diagram: An Experimental Overview

* Double sign change around
15 GeV

» BES-2 :: more statistics
— fine centrality binning (~5%)

15



Directed Flow at high p;

VS = 3.0 GeV

at/n:0.2< P, < 1.6 GeV/c
K'/K/Kg: 0.4 <p_<1.6 GeV/c
i

[ STAR Preliminary

Directed Flow v,

- - K’ Cascade
—— K" Mean Field
— — p Cascade

—— p Mean Field

Byt -5

— — — —_— —_— —_ —_ —

——— ——— —

e BES-2 preliminary results of v, vs. rapidity for i*, K*, K, p, A
— at Vs =3.0, 3.2, 3.5, and 3.9 GeV (“fixed target” energies)

* JAM Mean Field describes baryon flow

— p-dependent Soft EOS, with nucl. compression k = 210MeV

Benasque - Feb. 13, 2025
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Testing the Coalescense Sum Rule

* |f v, develops in a pre-hadronic stage
— and hadrons are formed via coalescence

STAR, PRL 120 (2018) 062301

— and vl(l_t) = Ul(d) b vl(S) — v1(§) . | n;.:
» then expect A v, from K and p: et + A
K~ (us) + ;pCuud) 2 e 3
~ -0.02 X, .
» picture breaks down below 11.5 GeV 5§ | :
-0.03 10 - 40% Au+Au =
3 * A (uds) v
3 ¢ K (@s)+1p(uud)
7= NS S AT | K(_)I g .
C i 10 s (GeV) 10°
**BES-2 :: additional energy between 7.7 ISnn

and 11.5GeV + lower FXT energies
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STAR, PRC 88 (2013) 014902

The case for the @ meson 2 e o]

L m-sub EP A= &KJ 1

* v, shows mass ordering for p; < 2 GeV/c ------------------

...............
.....................

* baryon-meson splitting for p;> 2 GeV/c 0.2]

» indicative of partonic collectivity, NCQ-scaling

) o f7.
[ Au+Au, 0-80%
0.05(
; m.-m, (GeV/c®)
€ OI J ]
Xy - But, at low energies:
0.1
: | * ¢ meson hints at a departure
B2 1 ¢ ¢ has a small hadronic scattering cross section
0 » hadronic interactions more important for Vsy, =
1 ] 7.7 and 11.5 GeV?
0 o : 0.5 ISR ZOM 0T - % BES-2 will provide more statistics
p./n, (GeVic) - P
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The Disappearance of Partonic Collectivity

» NCQ scaling not observed at Vsy,= 3 GeV B
c . ¢ — 03
* v, is negative for all particles (out of plane) B
— positive for Vsy\ = 4.5 GeV a2
o : >
* v, slopes are positive for all particles & ol
— negative for Vs, = 10 GeV o
* Qualitatively reproduced by transport models that
include baryonic mean-fields
. | . : . : : | ~ . | . S,TAR'. PLB|827'(202|2) 1{37003
- Au+Au Collisions (10-40%) T 3 27 54.4 (GeV) >N 0
LRl LI B
ol o o Bt {3‘)«1?5_4'}:: P x o© ’/_z"' EF??.’D_?_'__ |
S Y 7 el 0.4
Lo g i :
[E m;;lj i dk ,S*‘f . _
0.02- .ﬁ”ﬂb (a) Positive particle  + Mﬂjj (b) Negative particle
0_% ______________________ OIS s Ly T SO
Kk ox K4 * A T A4 4
-0.02|- ST AL " + 4 %& A B
0 r02 e A6 a8 SORT IR 0% ' S0El A

2
(mT - m(,)/nq (GeV/c?)
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at 3GeV

STAR, PLB 827 (2022) 137003

Au+Au Collisions at RHIC |

‘ e P
= STAR O A J
= ¢ ot (a)
10-40% A K
N ‘-i“ ¢-
‘- n
® A
LT e T s
: - i
b . o AN
; s 38 & 8
al Rt (o)
. P E877
-4 0 P E895
a l " Z=1 hadrons FOPI
1lg JAM UrQMD
=) )I - EE— —— p
B t [ R 7
Baryon-Mean-field Cascade
" L L N i .y L L
2 o 5 10 20980

Collision Energy sy, (GeV)

Baryonic interactions
dominate, not partonic

19



The Onset of Partonic Collectivity

0081~ 30GeV T 32Gev #+KAx T 35Gev T 39Gev T 45Gev
0.06 |- + vkK'op 1 + s
- . oA . . +* —
0.04 - + T+ T+ T+ A - e
s + +v + e ®¢ L 3‘ L A A A (0]
o 0.02f Ir + é ) I ‘ooc. d, o + A -3 R —
E I T [ / (0] / () 7 i A i c
N 0‘ e (et gt -hﬁ---a----_-- ------- I T e e e T e T e v —-— a
> : t AAA » » 2
o -0.02} A A A + + T L >
> : i Au+Au Collisions, Centrality: 10-40% t  STAR Preliminary =
o et f—tHH————t————t——H
D o.08f Mid-rapidity: -0.5 <y <0 2
8 L J + Kg Ax @)
o 006 + -:'- YK T T + g
O oosf s } v + v + $ 24 A 4 N
Z o02f T + T t' A T ,aAvA + }ét'& |
Y
T b S e R ol et
-0.02}f + A 1 + + + .
R I A NS el A A TR e TN R e e T R O il fRE

0 02 04 06 08 10 02 04 06 08 10 02 04 06 08 10 02 04 06 08 10 02 04 06 08 1
2
NCQ scaled E, [(mT-mo)/no(GeV/c )]

STAR FXT program preliminary results complete a picture ...

* NCQ scaling broken for Vsy, < 3.2 GeV

e Scaling gradually restores at 4.5 GeV

» Indicative of transition from hadron-dominated to parton-dominated matter
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BES_Z V2 Of mUlti—Stra nge pa rtiCleS STAR, PRC 107 (2023) 024912

.............................

015_—I(a) ";g" »

o L =T itk :'fpg 3% g

01Z_A(L)4+/gu/,\(s_NN:54.4Gev 3 1 gl 1

* azimuthal anisotropy of identified particles vs T (A s | ‘
pr and centrality cosf-  gH

— help put substantial constraints on transport and oiE-7-4,-'--v--{--;-;--,-,-I-»'--;-,--;--i- ---- -:-i e

hydro models 14k © t :

* Run-17 54 GeV data for (multi)strange hadrons = 1'?%%; ffffffffffffffffffffffffffff A e ;

published 3 el ‘%ﬂ'*{’f gjfh;ﬁfgﬁ‘lf‘f‘%;iiiﬁjhi

» n, scaling of v, holds within 10% O'ai_ | { ;

0 0.5 1 1(:] mo)/n:) (Gev/cz) 0.5 il 15

| STAR Preliminary

* Preliminary BES-2 results at 14.6 and 19.6 GeV oo Jf/szl—gaét#@#m_%-ij % &sﬁ&wep{éé_ﬁf
" indicate n, scaling for multi-strange particles is \_ :? T e F &(ﬁﬁ? e
violated g @iﬁ

ep Ax v ep AT

OA, DK 4 OA |:|K
v +K veoakg ]

0.02 y mQ  x¢ &1 -~ Fitlineof v /n, 280 g
BES-I (year 2011) AL 2 BES-l (year 2011) |
oQ 2.7 x improvement of Qv, ogo*

O

o :
oo e

Ratio (Data/Fit)
I\)

E' %atw%era a1 {%ﬁeﬁ?mﬁa+ﬂié*ﬂ¥ﬂ@-@i

(m_-mg)/n_ (GeV/cz)
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Triangular flow measurements

In Au+Au at Vs, = 3 GeV

vo{W, | for %, K%, p vs. centrality, rapidity, and p;
— v3{W,} correlated with reaction plane
Comparison with HADES Vs, = 2.4 GeV
— Considerable differences (5x) in slope

— Further studies needed to better understand physical
drivers of this discrepancy

Extensive comparison with several models

— AMPT, RQMD, SMASH, JAM

» suggests medium is not in a partonic state
Larger 3GeV data set (5x) will help improve K results
— will also include forward PID (eTOF)

Reaction Plane (x-z)

0< yc.m. <05

S I o I 1 I y I
[ AutAu |5y = 3.0 GeV FXT
STAR

i) e LM S S
h LN 1
A gl 1
0. 01_ el 3
-
[ (R
—0.02  -= 7,018 <p_<1.6GeV/c "
- ——71,0.18 < P, <1.6 GeV/c +
[ - p,04 <p_<20GeV/c o
—-0.03 L | 1 | L 1 L | 1 | L
0 10 20 30 40 50 60
Centrality (%)

STAR, PRC 109 (2024) 44914

g— 0'1: ©AutAu Vf§='3.(;GeIVF'XT' B
- 0.08:— 0<"ym.<0.5 o
0.06F 0.4<p <1.6GeVic <
0.04F P ] 2
0.025—| i i -
IR
~0.02F # :
0.04F % E
0.06F 3
~0.08F :Ef 3
009020 T30 20 50 60

Centrality (%)



Femtoscopic Probes

STAR, PRC 103 (2021) 034908

g Fixed Target el
g 8|+ E895 E 10
* Show transition from stopping (oblate) to N .8 8 e
boost-invariant (prolate source) dynamics § i o % = I -
— at Vsyy= 4.5 GeV : Rge= Rigne= 4.5 fm EgR + Al g :
* R, = transverse size + emission duration RN A 7l g ™ S v
B?t? = R2,; — R%,, (if no collective flow) 5 ° /*“*' %/ . ZW of + e WaDEs
i = AR~ e TE -4t o ST oA
e T . e FALICE S T RN
Expect increase of R, relative to R4, to reflect : longgiwdi‘fm, Siie R (1) oy
extended emission time scale = s Ry
* may occur if system evolves through 1% order v '
phase transition ' ¥ y
» combination of STAR and HADES data reveals
peak structure [
0.9
DTt A ™ s T

\o'sm (GeV)
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Critical Fluctuations T, Gev

> At low pg: smooth cross-over At e /\
— test with higher-order cumulants BRRERN
» At high ug : indications of 1%t order phase transition gl
e Critical Point in a region accessible by heavy-ion collisions? 0.1k
— can it be experimentally discovered? . T{fﬁ,ggom
5 oM. ofong 1adron gas
* Look for the divergence of susceptibilities 1
nucilear
— or divergence of correlation lengths ‘\ matter
— non-monotonic behavior of correlations/fluctuations related to conserved 0 1 e
guantities, e.g. baryon number ’
 Relate moments of experimentally measurable multiplicity distributions
to ratios of susceptibilities e s D o
= , Central Au+AuCollisions | > Hints of critical fluctuations
(n) a"(P/T™) 3¢ = STAR (0 - 5%) |
X — S 3 @ net-proton 3
B a T n ‘T ON _ég% O proton — . c
' 2(/"3 / )2 o C[Ei | e orncuae| BES-2 data sets with iTPC & EPD
2 1 Kyq Xg/Xg = (k0%)p ol T # ...... ~=y5¥ —#] < increase Ay, acceptance with iTPC
N b . . h ! A
e o gy el % 1 « improve centrality selection with EPD
[a - HRGES S ch -
EA GRS et kA baseline S b ey ™= TEE-PEOtOL « use TPC for measurements
8 L (0.4 <p (GeVic) <2.0) 3 ¢ proton ! i
2 5 s e al o] %0 STAR only to release final results
& Collision Energy |y, (GeV)
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BES Phase-2: net-proton higher moments

Collider data from 7.7 - 27 GeV
— 150 < pg < 400 MeV

Precision results on proton cumulants and
factorial cumulants

Cumulant Ratio C4/C2

— from BES-Il with greatly improved statistical and

systematic uncertainties

— Reduction factors in uncertainties on 0-5%
c,/C, (BES 1vsBES 2)

w
I

N
! I

o
FU |

T

| Au+Au Collisions at RHIC

Net-proton, lyl < 0.5
0.4 <P, <2.0GeVic

- STAR

T

|

|
-o—

<>
)—0—0—\-0%—‘—4
Moo‘
@ <
Bop
ZHHM@’
: @;‘
E O<>‘
i PQT
A
.

T
Centrality: Refmult3
O BES-I: 0-5%
O BES-I: 70-80% I
@ BES-Il: 0-5%
O BES-Il: 70-80%

3 10

30 100

Collision Energy |sy, (GeV)
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(¥2,d0dD ‘YVI1S) Aepued

7.7 GeV 19.6 GeV
stat. error | sys. error |stat. error| sys. error
e 3.2 <) &

» Very interesting trends
observed as a function

of collision energy
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Cumulant Ratios
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Net-proton cumulant ratios
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O BES- o |

eo e 0@® © ©

0-5% Au+Au Collisions -
net-proton, Iyl <0.5
04 <P, <2.0 GeVic
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S¢e)
e (8]

" @) C.L,

1IO 20 1(1)0 200
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Factorial Cumulant Ratios
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0.5

0.25F
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-0.25
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L ;' o 0 (_9
° (0]

o0 g 0®®
LY B .BES—II . BES-I |
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_— K, 0-5% Au+Au Collisions |

@z, (anti-) proton, Iyl < 0.5
=} § # 04 <P, <20 GeVic
é

o

- 3 .é

- (3) =% £

S e
Collision Energy |s,, (GeV)
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Critical Fluctuations: cross-over . ¢
Nt a1V 5
* At low pg: smooth cross-over d T mym-20 o | "::
— test with higher—order cumulants: expected Z%::‘ bbb i . | 2
to be negative Rl 1}%;3@#@ — ok
i 2
> First measurement of net-proton C6/C2 T e o w @z mo e
— statistics limited L STARPRL127(2021)262301
— consistent with O for Vsy= 27 and 54.5 GeV s
— negative in more central collisions for _ el ]
Vsyn=200 GeV | s g ﬁ n

e caveat: exp. data involves kinematic cuts that
are not incorporated in the lattice calculations

STAR Au+Au Collisions
lyl <0.5,0.4 <p_(GeVic) <2.0

Net-proton Cumulant Ratio C /C,
|
[4)}

lllllllllllllllll

= E Vs (GeV) 27 54.4 200 % le
**Suggestive of a smooth cross-over at top F ?:ta + o0 e
. = eory
RHIC energies [ UaMD
- LacD B | +
(I) Lg% ‘1(;0. i I2(l)0 '3(1)01
Average Number of Participant Nucleons (Npa =)
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BES-1/2: Hyper-order Cumulant Ratios

Higher-order cumulants more sensitive to correlation length
Cumulant ratios cancel volume dependence
— directly related to susceptibilities
7 —200GeV: falling trend with rising order EE B
GO * = EAIES ME DN CLIE of T S a3
. BESI :
= predicted by LQCD o i — %;
[Bazavov, et al. PRD 101 (2020) 074502] 10} - Neton <05 @ T geae oo ]
S T El 04 pT<2.0GeV/c } CFRo
8 20F l/ l l I 1 1 ! |
3 GeV: E | %2 ddfdedddd ¢ gz
» rising trend with rising order § of- S STAR, PRL 130 (2023) 082301
" in agreement with UrQMD = BESII
. o -20
= suggestive of hadronic —
matter c g7

Benasque - Feb. 13, 2025 QCD Phase Diagram: An Experimental Overview

27



Beam Energy Scan: deuteron cumulants

* First measurement of cumulants, up to 4t
order

— BES Phase-1 data

» Cumulant ratios favor CE over a GCE in
thermal models

— CE explicitly conserves B number

e Anti-correlation between p and d numbers
— negative Pearson correlation coefficients

¢ BES Phase-2 data (incl. FXT) will allow for
more differential studies

Benasque - Feb. 13, 2025

1.2

0.8

0.6
1.02
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0.96 |

STAR, PLB 855 (2024) 138560

[ Au+Au Collisions (a) Kd(_yg G 1 TAR (b) Sdo'd ™
b .{1
ool g g e B
: K5 crerm—
5 9
r Deuteron (y| < 0.5) 1| *é oy \
d: 0.4 < p_/2 < 2.0 GeVicll g J
L o 70-80%
! ' T U
(c) 0_3 / M p:04 < P, < 2.0 GeVic ) C (0.d)
- LJ'] 2 388 ok
i i= i Ak gty SO e Ly
6 @ EsE -y ey
# L - ’ e/O"‘w—
i { g i .
el g ! @ - - Simple Coales. |
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Beam Energy Scan: Triton Production

* Study of ratio of triton to deuteron yields Nthp/NC%

— Coalesence Model: sensitive to fluctuations of the local neutron density

[Sun, Chen, Ko, and Xu, PLB 774 (2017) 103-107]
— non-monotonic behavior can be indicative of CP or 1st-order PT

0.6}

2

d
o
N

N xN /N
= :
T T A T T T

[ Au + Au Collisions
@ STAR, full p, range

I Common syst. err.

__________

pT/A: [0.4,1.2] (GeV/c)

o S [MEEEE ST pT/A: [0.5,1.0] (GeV/c)

(a) 0%-10%

77 AMPT+COAL.
MUSIC+COAL.
—-——————- COAL. inspired fit, full p_ range

(b) 40%-80% |

|

Collision Energy ysyy (GeV)

] \ I S R 1 Al 1 il o finn | 1
5 10 2030 50 100 200 5 10 2030 50 100 200

0.8
0.7
0.6
0.5
0.4

103

STAR, PRL 130, 202301 (2023)

> enhancements relative to the coalescence baseline

— significance 2.30 and 3.40 in 0 —10% central Au+Au collisions at 19.6 and 27 GeV
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© ParticleZoo.net

. What can dileptons do?

pre-equilibrium fireball freezeout

colorless objects . no coupling to strongly interacting matter
produced in various ways throughout the system’s evolution
long mean free paths

experimentally provide an additional “knob”: invariant mass



Dilepton invariant mass spectrum

* Primordial emissions, pre-equilibrium
— Drell-Yan, NN s eTe™ X

— heavy flavor production (c¢, bb), quarkonia & open
charm

 Thermal radiation from QGP/hadronic matter

— QGP thermal radiation qg —» e*e™

— HG thermal radiation t™n~ —» ete™
— in-medium p Vv Y

— other 4r, multi-meson interactions, incl. p — a;mixing # (p, ©, ¢...)
7T

* Long-lived hadron and resonance decays

— decays of light mesons of %, n, w, ¢ (incl. Dalitz decays)

* in-medium modification of vector mesons

e/w

et/pt

— decays of quarkonia J/W, W’ and correlated DD pairs
* nuclear modification effects

heavy quarkonia

hs

open heavy flavor
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Dilepton invariant mass spectrum

™SSR I 4 N 3

High Mass Range (HMR) x"m Dalitz-decays E
M. > 3 GeV/c? : 0,0 3

— primordial emission, Drell-Yan 3 3
— Heavy quarkonia: J/ and Y suppression j j
Intermediate Mass Range (IMR) E E
1.1 < Mg< 3 GeV/c? L .

— QGP thermal radiation L 4
— Semi-leptonic decay of correlated charm E N a
heavy-flavor modification E— Drell-Yan _E.
Low Mass Range (LMR) E a
M..< 1.1 GeV/c? E_ I;?:\f/m Intermediat>e1-fm High-ManO?f?ngion E

— in-medium modification of vector mesons OE' L & 1' ' é ' é ' th e E:

— fireball lifetime measurement

— transport coefficients (electrical conductivity)
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EM production rates

From thermal field theoryt, using EM current-current correlation function:

:
1) e et j d* e %@ (x) ([ (), )2 O)]) gy =

Tt — Z eqqy*q = Suy*u —sdy*d —3syks
q

with the thermal emission rates

e photons:
dN, 1 u
PO o (Po; T) > 9uv Imllg SO = 0¥D5 D)
* dileptons: : :
dNy az . 1 o ’
m_ 3M2L(M)f (p();T) g,uv Imn (M b, ,UB,T)

L(M) is lepton space factor and fZ(p; T) is the thermal Bose distribution
* both governed by same underlying spectral functions
— but different kinematic regimes (light-like and time-like)

t see e.g. Friman, et al., Lecture Notes in Phys. 814 (2011) 1
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Connection with vector mesons

For lightest quarks

Im Il,,, is well understand in vacuum:

j“=zeqﬁy“q=§ﬂy“u—%&y“d—%§y“s
q -

[0
T E 3 loop pQCD .
TOE SR R i F I Y I - Naive quark model =
or grouping into isospin states I = 1(p), 0 (w, ¢): > f / \, ot RE e Sl e TR e Bl
(a4
1 ¥
g Inclusive: 3
Pl wl L ] 15 — ] L= A ¢ KEDE 3
]M -4 E(uyﬂu = dyud) + Edylid(uyuu + dyud) T §SV“SO.1§—:" . Sum of exclusive * DES { —§
= i .M L ,M l ,M EI: | | I Illl(,;i*l-\‘11|1'(,‘ll‘l(,‘lltlu\ I | | | | | ‘ | | | I‘r | I I I | I E
& \/EJ,D 1 3\/§]w T 3]gb 0.5 1.0 1.5 2.0 25 3.0

which leads at low M :

20 1tk o gt o, W &
m I —— L
em P 9 0) 9 [0)
vector meson dominance
e carry same quantum numbers as photons o

* can directly decay into dileptons
* p(770) dominant source
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In-medium vector mesons (1)

p meson will interact with hadrons in the medium

propagator will have various contributions to the self-energy

ann

me4=

1
Dp(M,q;T, ug) =
p yY, 1, 1B 2 2
(M2 — mp — Zpnm — 2pM — ZpB)
/"‘\
= Q04 _ QQU
f ] P
in-medium pion cloud
N*(1520). .. a, (1260)
Q04 KQQQ
1% f p o 4 f

direct p-hadron scattering

strong broadening of p spectral function

— baryons are important

Benasque - Feb. 13, 2025
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ImD._ [GeV 7]

-10

vacuum

g - T=120 MeV.
------- T=150 MeV
————— T=180 MeV

p

ImD_ [GeV ]

-10

vacuum

P R T=120 MeV
------- T=150 MeV
————— T=180 MeV

=330 MeV

pe=0.1po
pe= 0.7 po
Pe= 2.6 Po

Rapp, Acta Phys. Polon. B42 (2011) 2823
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continuum W ]
Ngl6, o
Ni=12

In-medium vector mesons (2) T 1 T BN .

0.8
[ ¢
QCD langrangian contains subgroup SU, (n¢)xSUq(n¢) 06} 5
e chiral symmetric in limit of vanishing quark masses = ,.!
— lattice QCD: dynamical formation of (qq)~ A |
breaks chiral symmetry e
— profound effect on chiral partners ORI AT T R0
(q9) = (qLqr *+ qrq.) e 74

A/, s

02

uollesoqe||0d 1sadepng-jeladdnpp

DN I | N S N e
=

008 ————— T
significant mass splitting between chiral partners i R g’
p(770) - a,(1260), nucleon(940) - N(1535), o — 1t 0.06]- o T ]z
g [ a1(1260)+cont §
* Weinberg (chiral) sum rules connect SFs to = O% 18
condensates: | Mg
® Jg¢ 0.02- ‘“"“%a«#M‘m =
= AR WA = s I G
| W) = A = mEf? = ~2mq(qn Lo
0 0.0 1.0 2.0 3.0



Chiral symmetry restoration

* restoration of chiral symmetry manifests itself in mixing of V and A correlators

* p mesons melts in hot matter while a, decreases and degenerates

» chiral mass splitting ”"burns off”

u=0MeV
c
M, @ =
1500 o 3
;_; &
(W)
(o]
< 1000 ‘al -
(] N 2
S o s (GeV?)
- S
My S Hohler, Rapp
500" 1 8 Annals Phys 368 (2016) 70
my ouls
My \
O | | | | I
0 50 100 150 200 250 300
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Three Decades of p melting AL
p STAR, PRC 107 (2023) L061901 é’ ! o N’t\elo — Rapp/Mambach
E » P ? :— semicentra i :— B;%vszﬁho
At SPS from CERES to NA60 A ISTARE g s ) Mo
A > = p:>0.2 GeV/g [MMo-ee & osrPee — n-syee % - allp 'E - ®
» Excessin LMR p'p — EPJC61(2009) 711 § [N Wbt  [uimieme Mine 2 mof P
* rules out: dropping-mass scenario 5 Rkl o\ 7 an o
. %’1 - 200 GeV 1500~
e very good agreement with Resonance S| ;
A " 1000{—
Width Broadening for M < 0.9 GeV/c? g z
500
At RHIC from STAR and PHENIX M 1,
0
e systematic beam energy scan e e B
— Vsyy = 7.7 - 200 GeV Rog e L T e
o o o o C h N Q — Rapp: broadened p +QGP-{
e within uncertainties agreement between ok iH““ ] % E’r"":”Zpo;bbm:den:dpf;
. i o :
experiment and theory ;' ------------- s
Hh e
3
I ©
_ 2
Phenomenological Approach: W ROl R f
M, (GeV/c?)

compare experimental data against vector SF (p meson) from phenomenological model

”Is p-meson melting compatible with chiral restoration?” [Hohler, Rapp PLB 731 (2014) 103]

“This establishes a direct connection between dileptons and chiral restoration, and thus the answer to the originally raised
question is positive.” QCD Phase Diagram: An Experimental Overview 38



Chiral symmetry restoration: p-a; mixing

pvia(s)/s

mrrn

(7]
T =y
008 | T=160 MeV S =
| 2 106 & 74 m
i - A g=1/2 9
0 | e Vector T ~ o NG § g
i . > Q107 fr ‘\4 full chiral mixing o
=~ Axial-vector > = E “ L S
0.04 % o - » L §
o H a) i -8 ~
=4 g 107 - .
w : = ‘ C"‘
I & = in medium e -«
am s 5 ) 10-9 L .
4 o E -
o = vacuum :
~ ] & (-
0.00 e 10 I —
0.40 05 1.0 1.5 20 25 - pQCD
I [
S (GCV-) 10'1' { l | | 1 l
0.0 500.0 1000.0 1500.0 2000.0 2500.0

L M
na, - p' - It Ll

mixing “moves strength from the axialvector to the vector channel”
Rapp, Wambach, Adv. Nucl.Phys. 25 (2000) 1
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Critical Point: Lifetime Increase

* p peak as a clock for fireball lifetimes
— see e.g., U.Heinz, KS.Lee, PLB 259 (1991) 162

e Dilepton yields sensitive to lifetime of the system

— close to Critical Point expect increase in correlation lengths

— critical slowing down? anomalous increase in the lifetime of

the fireball?

* Normalized yields in LMR track medium lifetime
— Rapp & Van Hees, PLB 753 (2016) 586

> Can we observe this in an increase of e*e” rates?

* Integrated excess radiation

* measured below free p/w mass
* results from HADES, NA60O, STAR look promising

 Experimental uncertainties are large
* high statistics measurements needed

Benasque - Feb. 13, 2025
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Rapp, van Hees, PLB 753 (2016) 586
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~ 18F
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Dileptons as thermometer
350} 5
Recall thermal dilepton radiation: 300 s
 LMR - dilepton spectra saturated by light vector mesons %250; =
* IMR - quark-antiquark continuum & 200f i : g
= 150F % 38
IMR dilepton rate 100f ooT (M=1525GeV) 7 8&
3 S0f- T, 3
dR” M\2 M b RS 7
amM (7) XS ) 0z e
* M by construction Lorentz-invariant ’ pli.
* independent of flow & no blue-shift effects o . .
* average over the system evolution 150 S PR i
> [ Fadg 5
* Other bulk temperature measurements rely on hadron = 100f T: Th* Tk SN A e
yields and spectra ek ?T ® o HADESPrelmnary | AGS: E802,E866,
A Sk World data E877,E895, E917

— chemical and kinetic freezout

— separation between T, ., and T, grows with Vs,
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® ®m STARBES

--- T, Andronic et al.
-- Tch Cleymans et aI

—L

100

\/_ (GeV)

1000

SPS: NA49
RHIC: STAR
LHC: ALICE
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LMR/IMR temperature measurements

At SPS/RHIC energies

T (MeV)

predominantly thermal dileptons from in-medium p
include Breit-Wigner in T, fit

recent STAR results at Vs, = 27 and 54 GeV show
similar mass spectra and extracted T g

» compared with NA60 at 17.3GeV

350

300

250

200

150

100

50

arXiv:2402.01998

—=— STAR Au+Au 54.4 GeV (0-80%)
—e— STAR Au+Au 27 GeV (0-80%)
—»— NAG60 In+In 17.3 GeV (chh/dn > 30)

— Ty yr fit (54.4 GeV)
— T_r fit (27 GeV)
<= Ty it (54.4 GeV)
<= Tya fit (27 GeV)

ch

—
e
(o]

T Scaled from p+p (p — nt*x)

- X IMR % LMR STAR
O IMR O LMR NA60 (In+In)
vV LMR HADES

B LMR STAR BES-I

} *

l arXiv:2402.019987

‘

+ A phbe,,

,.

(BN, /dM/dy)/(dN /dy) (20 MeV/c?)

—_
o
)
||IIIHT| IIIIII|'|" IIII'
=~ e

Scaled from e*+e” (p — m*m)
1 | I 1 L L | I I L ] L I L L 1 L I ] I L 1 1

05 1 5 2 25
M, (GeV/c?)

» LMR temperatures close to T, and T,
 emitted from hadronic phase
« predominantly around phase transition

lllllllllllllllllllllIlllllllllll
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T, LQCD
T.SH eT,GCE T, SCE v » |IMR temperatures well above Tpc
o ol e * access to gq radiation
10 10° 10°
u_ (MeV)
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) . an experimentalist’s S U m m a ry
Cornucopia of Experimental Data

A wealth of experimental data has been collected in two dedicated Beam Energy Scan campaigns at
RHIC

— most BES 1 results have been published
*  RHIC program spans a wide | range : Beam Energy Scan Phase 1, 2, and FXT
— large coverage of the QCD phase diagram
— bridging LHC to FAIR/NICA/JPARC-HI
* Many STAR BES-2 papers have already been published
— so far more than 25, and much more to come
— expect a lot of new results at the upcoming QuarkMatter conference
* Precision, precision, precision: large statistics data sets are coming online
Connecting Theory & Experiment
*  “multi-messenger”- the whole is more than the sum ...
— different observables, more differentials
e theory guidance is paramount
— critical point
— chiral symmetry restoration
— etc.
* and experimental guidance, too
— feasibility, cuts, and acceptances
— accessing to QCD medium
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Future Prospects - another “phase diagram”
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