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Relativistic Heavy lon Collider (RHIC)
e | ocated at Brookhaven National Laboratory
e STAR+sPHENIX (currently running)
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The STAR (Solenoidal Tracker At RHIC) Detector

eSolenoidal magnet with 0.5T uniform field

*Time projection chamber (TPC)  [eemc ] magnet ] mTo ] BEMC |
e Time-of-flight (TOF) detector ginmarN

e Electromagnetic calorimeters

upgrades completed & »
- All are in data-taking i : - Larger acceptance
for BES-II program [ - Excellent PID with uniform acceptance

o
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Beam Energy Scan (BES)

eBES-I (2009-2011)
* Au+Au collisions 4/sxy = 7.7-62 GeV
* Main objectives:
eSearch for onset of deconfinement

eSearch for critical end point

e BES-II (2018-2021)

eHigh statistics Au+Au collisions
SNN =3-54.4 GeV

eFixed target (FXT) collisions
extend energy reach down to

AMAﬁQN-=£3(3e\/

eSearch for possible formation
and investigate properties of
dense baryonic matter
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Probing the QCD Phase Diagram

s — — e —— ———

« QGP formation at top RHIC energies [ e ——— -
Jsnn = 200 GeV, ps = 20 MeV . e AR
= - uicR ! Quark-Gluon Plasma
e Probe characteristics with heavy =
: - /T =2
flavor, strangeness, jets etc. — o ]
- o - - T 9 - e
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STAR, PRL126,9,002301(2021)
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Probing the QCD Phase Diagram

e QGP formatlon at top RHIC energies [ e ——— . —
Jsnn = 200 GeV, ps = 20 MeV . e AR
> ‘ . NEea Quark-Gluon Plasma
e Probe characteristics with heavy =
: - ST =2
flavor, strangeness, jets etc. — = ]
- - - - - &) M f ......
— 5 =
e Intermediate pys region: STAR collider mode (G
Jsnn = 7.7-27 GeV, us = 420 - 200 MeV o 78 1
. -
# * Probe onset of deconfinement S
e Search for critical phenomena = “
T . T 0 e e e = ’m r 1

Baryonic Chemical Potential g (MeV)

STAR, PRL126,9,002301(2021)
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Probing the QCD Phase Diagram

D e a——

LHC SPS AGS SIS

e QGP formatlon at top RHIC energies e B p— . —
Jsny = 200 GeV, us =20 MeV

Quark-Gluon Plasma
e Probe characteristics with heavy

flavor, strangeness, jets etc.

Jswn = 7.7-27 GeV, us =420 - 200 MeV

H e Probe onset of deconfinement

>
=
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q) T e
o o T - — o _— S RRRRRR ; ; S enmmaESlaRee
e Intermediate pg region: STAR collider mode o~ - =
O
€))
|_

e Search for critical phenomena .0

- — 0

[ Hi gh Me region: STAR fixed-target (FXT) Baryonic Chemical Potential pu; (MeV)

| Jswn =3.0-13.7 GeV, us =750 - 280 MeV

STAR, PRL126,9,002301(2021)
| e Nature of produced medium ( hadronic vs partonic? )

\ e |nvestigate properties of dense baryonic matter

e S — "= S ——
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Probing the QCD Phase Diagram

Vorticity,
Early time B-field

dynamics

Global
polarization

Collective
flow

Particle

production

broperties < QCD Phase Diagram

Light and
strange flavor

Higher order Global spin

NN, YN interactions, cumulants
density fluctuations (?)

alignment

Number
Fluctuations

Lepton pairs

Temperature
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Fixed Target Au+Au Collisions at 3 GeV

Au+Au Collisions at RHIC
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I Fixed-target mode \s, = 3 GeV
1.5 T
1F I
- -

O
&)
LI I L |

R
— (@) | N
>

b

|

O
o

Transverse Momentum p_ (GeV/c)

o

(e) A _

(M

0.5

-1

05
Particle Rapidity y

¢260M events collected in 2018

0

! ]
0.5

—1

-05 O
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e Nuclei up to A=6, hypernuclei up to A=4

O
o

TPC dE/dx (keV/cm)

—k
6]

Counts per 1 MeV/c?
o
o

—
LI

o
I I I I

W
o

—d
o

4
2
2
p/q (GeV/c)
x10°
[ Au+Au collisions x10° L « Data—Rot. bg x10° B
Vs = 3 GeV | 14 -~ Residual by fit A e
[ 0-50% centrality g T Data o 3
1 =—Rot. bg t
T +4
B 3 1L 4
- (a)°H | T (b)"H
()A 298  3.02 ( )A t
+++ m[GeV/ic?] T t
' ¢ } + 1 0<p <4. O[GeV/c]

ht }
W et B b DL A +
RIS _ﬁﬂaw by i ++++ +£+ it ****#%*** i
2.|98 | T I3 02 3.9 3 |92I | I3 94I | 3 96
Ma,, [GeV/c?] M., [GeV/c?]

Yue Hang Leung - CERN EP Seminar



dN/dy
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STAR PRELIMINARY
0-5% Central

|
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e The stopping, Oy, is defined as the shift
of the participant proton peak from

beam rapidity

0
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Kinematic Freezeout Properties at 3 GeV
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N . ] C — ] —]
ok, pe fixed n=1 I—E 150— " R o —
RS NN N S e L] { _
l%i % B 4= . _
— AN . | ‘\\%&5:\ -'é — Peripheral " : F" n _ | B
Cl;“)- 0 C B di12< p,<4.0GeVic™, " \\‘;:: 8_ 1001— i S e .
Q\ - : RN u LN

= 4+ z 1.8<p_<4.8GeV/c . _ - - e oy ° =0
Z Q “He:1.8<p_<4.8 GeVlc \ X O - . 7
G [ ¥ ‘He2d4<p <a8Geve . . .1 B e FXT3GeViitlKp] -
10° = ¢ inclusive p: 06<p_<22Gevic ~ STAR Preliminary ™. — 50‘_ O FXT 3 GeV fit [x*,K*,p, d, t,’He,*He] Central |~
$ ¢ aw03<p, <14(21) Gevlc RN _ Comb. Blast-Wave Fit with n=1 i
- 4+ 5 KK:04< p_ <1.2(0.8) GeV/c N, N i ~

10—10 oo e by b s Py L | 'O|1' L | 'O|2' L | 'O|3' L | 'O|4' L | 'O|5' L 'O|6' L
0 1 2 3 4 ) : : : : : :
P (GeV/c) Collective velocity ()
e Extract common kinetic freeze-out temperature Tkin * At 3 GeV, Teh ~ 80MeV, similar with Tiin

, , A. Andronic et al., Phys. A 834, 237¢ (2010)
and average transverse radial flow velocity [3

through combined Blast Wave fit
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Few hadronic interactions b/w chemical and

kinetic freeze-out at 3 GeV




Strangeness Production at 3 GeV

0.6 | —
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Particle Rapidity y__ Phys. Lett. B 831 (2022) 137152

e Strange hadrons (A, Ks, ¢, &) reconstructed via hadronic
decay channels

Strong effect from canonical suppression

e CE is mandatory to describe ¢ /K-and ¢ /E-at 3 GeV
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Strangeness Production at 3 GeV  oof T 7 o -
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Wikipedia

e Strange hadrons (A, Ks, ¢, &) reconstructed via hadronic
decay channels

Strong effect from canonical suppression

e CE is mandatory to describe ¢ /K-and ¢ /E-at 3 GeV
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Directed and Elliptic Flow

® v, "directed flow” characterizes sideward flow of particles

Compression stage — +ve vi Expansion stage — -ve v

A. Ohnishi, HYP2022

Event plane angle

dN - l ® v, "elliptic flow” caused by pressure
dop ~ 1+ Z 2v,cos(n(g — ) gradients from almond shaped
n=1

interaction region

Yue Hang Leung - CERN EP Seminar
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Energy Dependence of Collective Flow -
- I | Au+Au Collisions at RHIC
® Significant +ve dvi/dy observed at 3 GeV ;>* 0.3 san P )
oo (a)
3 05 10-40% A g |
— & E

35 o :

® -ve vy observed at 3 GeV ‘ ©
0 TR ST A
® Similar to expectations from hadronic _
transport models with baryon-mean-field 0.04 | | o8 o 8-
I o) -
o % p ES77 )
Suggests that the dominant degrees of X o
freedom at 3 GeV are the interacting baryons| ™| éé@ w_vow
2 3 5 10 20 30

Collision Energy \'s,, (GeV)

Phys.Lett.B 827 (2022) 137003
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Disappearance of NCQ scaling at 3 GeV

Phys.Lett.B 827 (2022) 137003

Au+Au Collisions (10-40%)

0 02 04 06 08 0 02 04 06 08
(M. - my)/n_(GeV/c?)

® The number of constituent quark (NCQ) scaling for v> holds at high energies, consistent with partonic collectivity

® Scal; deteri ¢ d ] - -
caling deteriorates as energy decreases Suggests that hadronic matter is predominantly

® Disappearance of NCQ scaling at 3 GeV produced in 3 GeV Au+Au collisions

Yue Hang Leung - CERN EP Seminar 16
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Higher Order Cumulants DA N=N=<>

C, =< (6N)* >
C; =< (6N)’ >
® Cumulants of conserved quantities (Q, B, S) Cy=<@N)'> =3 < (@N)” >
. . Cs =< (6N)Y > —=5<(6N) > < (6N)* >
characterize event-by-event fluctuations Co= < BN > =15 < (BN)* > < (BN)? > — 10 < (5N)? >2 + 30 < (5N)? >3

® Sensitive to the correlation length,

11 C
which diverges at CP ol = —4
— th
\ c, 4" order

® Non-monotonic behavior of ko2 of net
protons proposed as signature of CP

baseline

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

http://www.msm.cam.ac.uk
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Net Proton Kurtosis from BES-I

STAR
@® 0%-5%
O 70%-80%
Bl Stat. uncertainty
Syst. uncertainty

mn Projected BES-II

Non-monotonicity observed with | stat. uncertainty
3.10 significance from BES-I data

2 5 10 20 50 100 200
Collision Energy \ s,y (GeV)

Phys.Rev.Lett. 126 (2021) 9, 092301
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Net Proton Kurtosis from BES-II

® New 3 GeV measurement
consistent with hadronic
transport model UrQMD

® Suppression of C4/C> is consistent
with fluctuations driven by
baryon number conservation

Hadronic interaction dominated
region in central Au+Au
collisions at 3 GeV

Central Au + Au Collisions

o STAR (0 - 5%) —
>

& @ net-proton

§ j O proton _

)

%F UW<OE,Q4<p46&Mﬂ<20

— — GCE
HRG = _ CE _
IZ'I:’ net-proton _
(-0.5<y<0) UrQMD
(0.4 < pT(GeV/C) <2.0) proton i
I I I L 1 I 1 | I I I L 1 I 1 |
5 10 20 50 100 200

Collision Energy \'s,, (GeV)

Phys.Rev.Lett. 128 (2022) 20, 202303
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5th and 6th Order Cumulants

6

Cumulant Ratios

Higher Order Cumulant Ratios

0 .
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: (b) C5/C1—: 100
! 5 Au+Au Collisions
N Net-proton 0
O.4<pT<2.O GeV/c ]
; | -to0f
manas ‘% Bagatlo—g
ok { -200¢

20}

10}

ol r 10l 1
2 4 10 20 40 100 200

Collision Energy s, (GeV)

0 (c) C/C, -
. ¥ '

- - -2 95e0 Dt
-&E I:IFRG.
T HRG CE

UrQMD
0-40%

1

50-60% ]
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| I § o | :
OF— _._ <> iy g N - = _-___K%_j.‘_ -
[ | — | T |
| {
-10f

Phys.Rev.Lett. 130 (2023) 8, 082301

® Cys/Crat 0-40% seems to be
increasingly -ve from 200 to 7.7 GeV

® -ve Cs/Copredicted by LQCD
which includes crossover quark-
hadron transition

® +ve C¢/Crat 50-60% 3 GeV,
similar with UrQMD

® LQCD predicts the ordering
C3/C1>Cy/Co>Cs5/C1>Co/Co

® A reverse ordering seen at 3 GeV
® Same trend from UrQMD

Suggests matter is predominantly
hadronic at 3 GeV
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Measuring the Temperature with Thermal Dileptons

Quark—gluon
plasma

g+q—>yF—>e +e”

c e g . . final detected
Relativistic H@GVY"IOV\ Collisions particle distributions

Chemical i i
made by Chun Shen Kinetic
freeze-out freeze-out

Hadronization

Initial energy
density 4 ,
. - .3\ Hadron
W as [

QGP phase e

collision
overlap zone

pre-

equilibrium _ .
namics viscous hydrodynamics

free streaming
e

collision evolution

Courtesy of Ralf Rapp
e+
e
p
Hadronic
matter

- o> p—oet+te”

Thermal dileptons can access the hot QCD medium at both QGP phase and hadronic phase

Yue Hang Leung - CERN EP Seminar
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Cocktail Method
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e QGP radiation

Yue Hang Leung - CERN EP Seminar

Physical backgrounds

(“Cocktail”)

Low mass mesons

(M, n, N, w, )
P excluded
Open heavy flavor

Quarkonia
Drell-Yan
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The Low Mass Region

~ STAR Au+Au \'s = 54.4 GeV (0-80%)
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® In-medium p dominated

In-medium p dominated produced from a
“similar hot bath” in 27/54.4 GeV Au+Au

and 17.3 GeV In+In
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The Intermediate Mass Region
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® Tivr from STAR data: ~320 MeV

Timr > Tec (156 MeV): consistent with the

emission source dominantly from QGP

Yue Hang Leung - CERN EP Seminar
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Centrality Dependence of Thermal Dielectrons

" STAR Au+Au |s,, =|54.4 GeV | - " STAR Au+Au s, =(27 GeV |
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part part

No clear centrality dependence of the

temperatures at IMR and LMR
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Temperature Measurement of the QGP

<400
ésso
= 300
250
200
150
100

50

STAR Preliminary

s’ IMR % LMR STAR
O IMR ¢ LMR  NAG0 (In+In)

¥ LMR HADES
LMR STAR BES-I

)

To. LQCD

oT,,SH o T, GCE

e T, SCE
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LMR dileptons emitted
from hadronic phase
around phase transition

Timr > Trc
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from QGP phase
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Nuclel and Hypernuclel

e Nuclei and hypernuclei yields have been suggested to be sensitive
to critical fluctuations and the onset of deconfinement

» Assume coalescence formation of nuclei

tXp “H n

P

Sensitive to Sensitive to
neutron density baryon-strangeness

fluctuations correlations

Need to first understand light nuclel

production mechanisms

Phys. Lett. B 684 (2010) 224

Phys. Lett. B 781 (2018) 499 Yue Hang Leung - CERN EP Seminar
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Light Nuclel Production Models

Thermal models Coalescence models

® Nuclei are formed earlier ® Nuclei are formed at late
at the hadronic chemical stages of collision

freeze-out
® Nucleons bind into

® Thermal and chemical nuclei if they are close in
equilibrium (T, up) phase space

Dynamical models

d < nnp
Kt < Innp

m°He < anpp

® Disintegration cross-
sections are large

Nucl. Phys. A 1005 (2021) 121754

Yue Hang Leung - CERN EP Seminar
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https://en.wiktionary.org/wiki/%CE%BC

Light Nuclel Production Models

Thermal models

freeze-out

® Thermal and chemicdl

equilibrium (T, ps)

Nuclei are formed FIRST

then resonances decay into nucleons

\4

———

® Nuclei are fornied earlier |

Coalescence models

® Nuclei are form¢
stages of collision ™

® Nucleons bind into

nuclei if they are close in

phase space

Dynamical models

\4

d < nnp
Kt < Innp

m°He < anpp

® Disintegration cross-
sections are large

Nucl. Phys. A 1005 (2021) 121754

Resonances decay into nucleons FIRST

then nucleons coalescence into nuclei

Yue Hang Leung - CERN EP Seminar
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Light Nuclei Ratios in Central Collisions

1 | | Illllll | | IIIIIII | | Illllll | |

- % Central Collisions m STAR0%-10% Au+Au - . :
— 9 _
. R + FOPI Au+Au 4 d/p fairly well described by thermal
O 10 o e d/p <« EB864Au+Pb | model, but t/p is overestimated
ghas - o0 PHENIX Au+Au -
> - ALICE Pb+Pb -
-2 —— Thermal Model d/p — : :
i 107 . 5 eEffects from hadronic re-scattering?
P - _
iy — - X1v: :
> oL e STAR0%-10% Au+Au EIEERTE052
L - g 0 FOPI Au+Au =
Q N t/p = E864Au+P :
g 107 & ALICE(t -> °He) Pb+Pb  —=
al - —— Thermal Model t/p -
107 & 8 * =
i | | | I A | l| | | | I I | l| | | | I A | l| | | i

2 5 10 20 50 100 20 1000
Collision Energy s\ (GeV)

arXiv:2209.08058 (accepted by PRL)

Yue Hang Leung - CERN EP Seminar 31
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Nuclear Compound Yield Ratio

STAR (GeV) 77 m115 V145 +196 x27 OLight nuclei yield ratio deviates

A 39 ¢ 544 %624 + 200 ¢ 54.4 (0-20%)

B ALICE (TeV) 0O p+p7 A p+Pb 5.02 O Pb+Pb 2.76 StI'OIlgly fr()m thermal mOdel

1 B Thermal-FIST, T =170 MeV =0 MeV from \/—SNN - 7.7_200 Gev
T e Q...
o o :
Z os-+v e i T Yield ratio exhibits approx.
ZQ C hh e scaling behavior with dNcn/dn;
- Described by coalescence
24—» 06 [
0.4 - e /TN
: ————— COAL. Inspired Fit
i AMPT+COAL. 7] MUSIC+COAL.
O 2 | ! ! ! | ! ! ! | ! ! ! | ! [ | |
<0 200 400 600 11100 1200

Charged-particle multiplicity dl\{:h/dn

arXiv:2209.08058 (accepted by PRL)
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Energy Dependence of Nuclear Compound Yield Ratio

2
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Nthp/N
S
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*In a coalescence picture, compound yield ratio is sensitive to baryon density fluctuations

e In the vicinity of the critical point, density fluctuations become larger

e n central collisions, non-monotonic behavior around 19.6 and 27 GeV observed with a combined

significance of 4.10

e Enhancements decreases with decreasing pr acceptance

Yue Hang Leung - CERN EP Seminar
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Hypernuclel

e Strangeness carrying nuclei which decays weakly

e Production yields/flow:

Provides another deg. of freedom to study production mechanisms

e Intrinsic properties (e.g.: T, Ba)

Constrain the AN interaction - EoS neutron stars O

e Search for exotic states

Phys. Rev. Lett. 87, 212502 (2001)
Phys. Rev. C 88, 014003 (2013)

Yue Hang Leung - CERN EP Seminar
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Hypernuclei Lifetime, Branching Ratio and Binding Energy

: II|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
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Thermal model comparisons

107!
1072
1072

1074

Particle ratio

107>

107°

eSimilar to tritons, hypertritons are

overestimated by the thermal model

e Effects from hadronic re-scattering?

arXiv:2207.12532

e Suppression due to large size?
Phys.Rev.C 107 (2023)

= o B STAR(d/p) Au+Au =
S Central Collisions 4 FOPI(d/p) Au+Au =
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= Com T . + =
- i\\\\ \\\ —_
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. i\‘\ . ———————————————————————————— —
= B e =
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= ALICE(B.R.x " H/A) Pb+Pb N o =
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Strangeness population factor Sz as a Probe for Medium Properties?

1.6
1.4

® Increasing trend of S; originally proposed
as a signature ot onset of deconfinement

® Model is not quantitatively “H 12
: : Sy =

compatible with data e x A 1

P
® Thermal-FIST also suggest increasing trend ~ ¢7° 0.8
® Unstable nuclei breakup enhance 0.6
3He yields? 04
® Coalescence+transport also suggest 0.2
increasing trend 0

® Suppression of ?\H due to large size

. Data

~ @ Au+Au 0-40% (p_/A>0.4 GeV/c)
Il EB864 Au+Pt 0-10%

~ Yk STAR Au+Au 0-80%

- € ALICE Pb+Pb 0-10%

Models
-+ Coal. (Default AMPT)
-+ Coal. (String Melting
AMPT)
/7  —— Coal. (UrQMD, Ar=9.5fm)

/

. — Coal. (UrQMD, Ar=4.3fm)
- STAR preliminary I;' ------- Thermal-FIST
B — -==- Thermal Model (GSI)
— /
— !:
i 3 *
— ‘,." \
1@

- Assuming B.R.( iHe"’He + 1) =25%
_I IIIIIII| IIIIIII| I IIIIIII| I | 1 1 |
10 107 10°
'Sy [GeV]
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Nucleil and Hypernuclei Directed Flow

| | |
Au+Au Collisions at RHIC He .-
Energy: |sy=3GeV ’/‘/O
Centrality: 5-40% . -
L t e - —
1.0 . /*
o He—
> e e
> V4 -
O 7
— e
> 0.5 A -
O
Data Model
Hyper-nuclei [ = — UrQMD
> JAM
Light-nuclei O
0.0
| | | |
1 2 3 4

Particle Mass (GeV/c)

arXiv:2211.16981 (accepted by PRL)

® v slope of light nuclei follow mass
number scaling at 3 GeV

® First observation of hypernuclei
collectivity vi in HI collisions

® Hypernuclei v; slope also follows
mass number scaling, consistent
with coalescence models

Results qualitatively consistent with
(hyper)nuclei production from coalescence

Yue Hang Leung - CERN EP Seminar 338



G IO bal H ad rO n PO I arizatiO n Phys. Rev. C 104 (2021) 61901

§ R oo DR oo R oo
® A global polarization: evidence for the et N [scaled using @,=0732 |
most vortical fluid a 8 STAR, 20-50%, AutAu ,0.5<y<2
BBC STAR, Nature 548, 62 (2017) ﬁ 31?31?58201304%%A::ﬁ11yl<015 <y<0.3
/ 3 6 HADES, 10-40%. Ag

STAR, 20-50%, Au+Au, [y|<1, 2021
STAR, 20-50%, Au+Au, |y|<1, '17-'18
ALICE, 15-50%, Pb+Pb, [y|<0.5

‘/j \A __ . p p 0 T A
DS BBC
o & / 4

lllllllllllllllllllll

-qjlllllllllllllllllllll

quark-gluon /’ :
plasma
A f d/ i S F1
orwar oln e e PR . e [0 1 | = PR
beamfra-gmer?t 0 1 L v 1l 1 L v 1l 1 L vl 1 q 1
10 10? 10’
® Global polarization is the alignment between: VSan (GEV)
spin of emitted  Orbital angular Decay proton tends to be emitted along ® Incre asing trend of FH
particles momentum (OAM) of a the spin direction of the parent /

\ non-central collision / peI‘SiStS at 3 GeV

_ S . / 8 <COS ((1)}", —07 ) > May imply that hadronic system
— Sys :
H= (TH 'szs) — — (1) evolves hydrodynamically
H
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Global Spin Alignment

Nature 614 (2023) 7947, 244-248

§ / :‘.313 / / / / | Z(pbeam)
\ Nuclear "X(l;)
_ Fragments

i

® OAM also influences production of vector
mesons such as $(1020) and K*0 (892)

Nuclear
Fragments

dN

o L 2 N*
1(c0s0") x (1 — poo) + (3poo — 1)cos“0

® po = 1/3 -> 3 spin states have equal

probability to be occupied
® poo # 1/3 -> spin alignment

Yue Hang Leung - CERN EP Seminar
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Energy Dependence of Global Spin Alignment

0.4

0.35

pOO

0.3

0.25

- X% ¢ (IyI<1.O&1.2<pT<5.4 GeV/c)
o K% (lyl<1.0& 1.0 < p_ < 5.0 GeV/c)
- — G =464 +073m

P
v

~ filled: STAR (Au+Au & 20% - 60% Centrality)
 open: ALICE (Pb+Pb & 10% - 50% Centrality)

O

10 10° 10°

Sy (GeV)

Nature 614 (2023) 7947, 244-248

Observed spin-alignment for ¢ cannot be
explained by conventional mechanisms

® Model with a connection to strong force

fields accommodates the data
Phys. Rev. D, 101(9):096005, 2020

® (O-meson fields «— ¢p-meson
analogous to EM fields «<— photon

® Decreasing trend is explained by 1/T2
dependence originating from the
polarization of quarks in the ¢d-meson field

® Absence of spin-alignment for K*0 could be
due to in-medium effects/different quark
content

Yue Hang Leung - CERN EP Seminar 41



Summary

I S — S — i E—

(@ Results on strangeness production,
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| collective tlow, global polarization, net- | < . AR v ann
. . s oMiGR uark-Gaiuon riasma
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Summary

{ ® Results on strangeness production,

. collective tlow, global polarization, net-
proton cumulants are compatible with a
predominantly hadronic medium formed
in m =3 GeV Au+Au collisions ,J

e

SE— ———— —————

® No concrete conclusions on search for w
critical point |
® [f exist, it should lie b/w 3 and 27 GeV

FXT (3-7.7 GeV) and high statistics COL(7.7-27
GeV) data are crucial for further investigations

———————

Temperature T (MeV)
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~
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SIS

Quark-Gluon Plasma
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i
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Summary

1 '6— Data Models
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® New probes to diagnose the QCD medium: I s Ié éL o : -
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OUtIOOk | nner upgrade

® iTPC and eTOF upgrades in 2019

Crucial to maintain mid-rapidity coverage b/w 3.2-4.5 GeV

vent “lane etector

/ |
/]
’
/]
’

:

’

:

:

:
:

® High statistics data from 3-27 GeV
Including 2B events at 3 GeV taken in 2021

[ | 11 | | [ [ [ | [
Central Au + Au Collisions

STAR (0 - 5%)
@ het-proton

O proton
(lyl<0.5,04 < pT (GeV/c) < 2.0) —

Projected BES-II
Stat. uncertainty

scaled using «,=0.732
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>

Preliminary
STAR, 20-50%, Au+Au ,0.5<y<2
STAR, 20-50%, Au+Au, |y|<1
HADES, 10-40%, Au+Au, -0.5<y<0.3
HADES, 10-40%, Ag+Ag, -0.5<y<0.3
STAR, 20-50%, Au+Au, |y|<1, 2021
STAR, 20-50%, Au+Au, |y|<1, '17-'18
ALICE, 15-50%, Pb+Pb, |y|<0.5

T

(0.4 <p_ (GeVic) <1.6)

L

Ratio C,/C,

. STAR FXT N

Cfg)() %

B & 9K|e 0KK|>
K

O X

UrQMD
net-proton

b
T os<y<o) & proton _
(04 < P, (GeV/c) < 2.0)

Lo . Lo L l
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Collision Energy | Sy, (GeV)
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Double-A hypernuclei: 3 \H

Neutron-rich hypernuclei: $H 10

BES-II FXT data: fill the gap b/w 3-7.7 GeV

BES-II COL data: with 10-20X statistics
to confirm the non-monotonicity

Unstable nuclei: “Li — He + p

Measure the magnetic field from Pa- Pa
splitting?
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Many more BES results to come!
Stay tuned, and

Thank you for listening!
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Backup slides follow
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Szand S at 3 GeV

® Strangeness population factor:

A
A H
S A — A
AHe X —
p 1
® Differential analogue = ratio ”

of coalescence parameters for
hypernuclei and nuclei

AHAXpr)
AHe(A X pr) X %(pT) B A(“He)(pr)

® B, of light nuclei follows similar trends in pr, rapidity, centrality

S. Zhang et al, PLB 684(2010)224

_ BGH)pp 107

" Au+Au 3 GeV
STAR preliminary
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Net Proton Kurtosis from BES-II

® New 3 GeV measurement

4 _I | | | | [ | I | | | I.I .I | | | I_
consistent with hadronic ..  Central Au+ Au Collisions _
S - _ EO
transport model UrQMD 3 =3 STAR (0 - 5%) _
S @ het-proton
- 7 O ]
o o proton
® Suppression of C4/C; is consistent Q o8¢ (Y1 <05,0.4 <p_(GeV/c) <2.0) —
. ; ; NJ TS rojecte -

with fluctuations driven by O - St rertainty .

baryon number conservation -(% 1
o i STAR FXT
T ) ) I [ UrQMD
Hadronic interaction dominated - net-proton -
. >
region in the top 5% central -1 - tos<y<a &  proton —
o 4 <p_(GeVic)<2.
Au+Au collisions at 3 GeV - -
| | | | | L1 1 | | | | | | L1 1 | | |
2 5 10 20 50 100 20
BES-Il COL data: with 10-20X statistics to confirm NN

the non-monotonicity

Phys.Rev.Lett. 128 (2022) 20, 202303
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Light Nuclei Ratios in Central Collisions

| | | | | | | | | | | | | | I | | |

102 - —  eLight nuclei yields, when
- \ P Au+Au Collisions, 0%-10% 1  scaled by spin degeneracy,
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Energy Dependence of Kinetic and Chemical Freeze-out

—
3
q))

Mid Rapidity

Hadron

(ty< 1 fm/c)

a) without QGP

beam

b) with QGP

beam

N
-
o
py
Q
g

!

150} A-
> 5
s 100 *—
— i 2 L Wodd dat 5

or dala
50 @® B STARBES _
i --- T, Andronic et al. -
0 - - -T,, Cleymans et al. _
— iiiiiiii ; iiiiiiii i iiiiiiii -
_(b) -
0.6/ *,}( -
i +* _
/\04"_ ++# )
I
~~ :
0.2 % World data -
I B STARBES -
0_ | llllllll | llllllll | Illlllll | |
1 10 100 1000

Yue Hang Leung - CERN EP Seminar

Sy (GeV)

51



Probing the Magnetic-Field

® Vorticity gives +ve contribution to Py and P3

Quarks and anti-quarks’ spins are aligned with the angular momentum.

— 3
. _ 3 | STAR Au+Au \s,, = 54.4GeV
® Magnetic field enhances Pz but suppresses Pa 2T2.5[ 054 <5.0 GeVle, i<
Quarks and anti-quarks get aligned in the opposite direction due to o *A sy 5 000G
opposite signs of their magnetic moments A g (DC) K
1 '5;_ STAR preliminary ||| ( |
® Magnetic field in QGP can be probed by Pz -Pa L 3/ { (I
0.5 4 O
i i .}& ‘& | * &
No splitting observed at 54.5 GeV 0.5/ ‘ __
Await results from high statistics data at 19.6 and —15\ O Iy
27 GeV from BES-II _15C =& w
T BBC ZDC

B b | | | | | 1 | |l lirf 'llll'llJJl R
-2 10 20 30 40 50 60 70 80
centrality[ %]
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Hypernuclei and light nuclei ratio at 3 GeV

dN/dy(lyl<0.5)/(2J+1)

Ratio to fit
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Mass number A

e Thermal / coalescence models predict approx. exponential
dependence of yields/(2]+1) vs A

o ‘H lies a factor of 6 above exponential fit to (A, \H, \H)
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Excited Hypernuclei States? Hea o Heea

Au+Au 3 GeV, lyl<0.5 Thermal model
- + +
10 1__ ® 0-10% ----With f'\H* feed-down 1.13+£0.06 £ 0.14 1+O'97_O'13_O'121 016 014 + 0.10
. O 10-40% -~ No tH* feed-down 1T 1 1 R
 STAR preliminary L 141 +0.003
- A/p
o 0* U — | 71016 £0.14 £0.10
i @ 2.22 +0.06 +0.14 02 38 4 013+ 0 12
Ao 38+0.13 0.
AH J =1 2H V 4He
AT+ —
- \HJT"=0)+y BA (MeV)

STAR, Phys. Lett. B 834 (2022) 137449

T R B R M , e Thermal model calculations including excited ?\H*

1 2 3 4 feed-down show a similar trend
Mass number A

Yield ratio of hypernuclei to light nuclei

Data support creation of excited hypernuclei
from heavy-ion collisions

e Non-monotonic behavior in light-to
hyper-nuclei ratio vs A observed

A. Andronic et al, PLB 697 (2011)203
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Energy Dependence of Hypernuclel Yields

- @ Au+Au 0-10% (STAR) 3 . . o
1=~ ® Au+Au 0-10% (STAR preliminary) ® ' H yield at mid-rapidity increases from 2.76 TeV to 3 GeV
- 4 Pb+Pb 0-10% (ALICE)
107 ® Driven by increase in baryon stopping at low energies
1072 ¢
U |
A BT W
ENSI S
; : N S—
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2 —— Coalesc. (JAM)
D anol — Coalesc. (UrQMD)
107°F @ Coalesc. (UrQMD-hybrid)
- ',A\ ----------- Thermal-FIST
103/ \ ------ Thermal (GSI)
5 NS — - PHQMD
—4 :_ \‘\} Assuming B.R.( i(4) H
10 ? \\ L He 4 ) = 25%(50%)
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Light Nuclel Production Models

Nucl. Phys. A 1005 (2021) 121754

Thermal models Coalescence models Dynamical models
| ] ] wd < mnp
® Nuclei are formed earlier ® Nuclei are formed at late
at the hadronic chemical stages of collision Tl <> mnnp
freeze-out T JU 3H€ < INnpp
1~ ®Nucleons bind into AN

nuclei if they are close in

® Thermal and chemical
equilibrium (T, ps)

® Disintegration cross-
sections are large

N phase space

Prob. of formation may

Anti-nuclei yield
depend on wave-function y

detected in space

Probe structure of (hyper)nuclei

Implications for dark matter
with production yields?

searches?
Phys. Rev. D 99, 023016
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