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BES-I.
e Search for the QGP turn-off signatures
e Search for the first-order phase transition
e Search for the critical point

LHC 2.76 TeV

F\_-

tHIC 200 GeV

BES-Il and fixed-target (FXT) program:

* Need higher statistics (210 times than in BES-I) for
precise measurements

* Detector upgrades (increased acceptance and PID
capabilities)
* Access to energies Vsyy<7.7 GeV via FXT
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Fixed Target
n = z=201m
EPD
Yellow beam
BBC
WEST

ETOF
BTOF

Gold target:

e 2 cm below nominal beam axis

e 2m from center of STAR
e 250 um foil
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STAR detector RES-I iipgiide

Forward upgrade:

Forward Silicon |[ Small Strip Thin 2<1n<4

TPCGTPC) | | Tracker Gap Chambers EPD

‘ ‘I,L_ql_ 1

g/ iy 1| | Forward Calorimetry
|| EMCal, HCal

Other detectors like
e BEMC
* ToF
e BBC

e 7DC




b3 Ve (GeV)
STAR *

(%e;\","}nfgf;gg} Fﬁ‘;gdgrg;t Yoenter of mass (MI:\.'} HE‘S&?S";B No. Events Collected (Request) Date Collected
200 100 C 0 25 | 2.0 138 M (140 M) Run-19
27 13.5 C 0 156 | 24 555 M (700 M) Run-18
19.6 9.8 C 0 206 | 36 582 M (400 M) Run-19
17.3 8.65 C 0 230 | 14 256 M (250 M) Run-21
14.6 7.3 C 0 262 | 60 324 M (310 M) Run-19
13.7 100 FXT 269 |276| 05 52 M (50 M) Run-21
115 5.75 C 0 316 | 54 235 M (230 M) Run-20
11.5 70 FXT 251 |316| 0.5 50 M (50 M) Run-21
9.2 459 C 0 372 | 102 162 M (160 M) Run-20+20b
9.2 44.5 FXT 228 |372| 05 50 M (50 M) Run-21
7.7 3.85 C 0 420 | 90 100 M (100 M) Run-21
7.7 31.2 FXT 210 | 420 gcf;t*t;r‘;’é 50 M+ 112 M + 100 M (100 M) | Run-19+20+21
7.2 26.5 FXT 202 | 443 |2sParasic 155 M + 317 M Run-18+20
6.2 19.5 FXT 187 | 487 | 1.4 118 M (100 M) Run-20
5.2 135 FXT 168 | 541 | 1.0 103 M (100 M) Run-20
45 9.8 FXT 152 | 589 | 0.9 108 M (100 M) Run-20
3.9 7.3 FXT 137 | 633 | 1.1 117 M (100 M) Run-20
3.5 5.75 FXT 125 | 666 | 0.9 116 M (100 M) Run-20
3.2 459 FXT 113 | 699 | 20 200 M (200 M) Run-19
3.0 3.85 FXT 105 o 72U 2@ V250 N> 2B(100M = 2B) | Run-18+21



STAR 3 GeV Au+Au Collisions

—
o
L | 1 ITI 1 I 1 l I 1 1 I I 1 1 1 1 I LI |

Good particle identification in a broad momentum range using TPC and TOF
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ISTAR + Hadron yields/spectra

ly|<0.1
Phys. Rev. C 96, 44904 (2017) 0-5% central collsions
p_ fit ranges:
{9, - T
1L Au+Au 7.7 GeV 0-5% - _ﬁEH'AU 39 C‘::U 0-5% — = 0.5-1.3 GeVlc
O= - o 5’@ K: 0.25-1.4 GeV/c
-2~ n & (P): 0.4-1.3 GeV/c
w 01 - 8 i . E pip
g Ngs T == :}\ 2_ m‘- .k ] K+ EK' ED-“‘ }E
o - © 107°F P P curves:BWfits "3
0:0015 wils ¥ :%%'_ ;:L:.“I:I:I‘.:f‘.{i‘.‘..‘fL‘f“il.‘l.‘i.“.lf‘.llf‘.l.“.i:l__..--|-.-.l-.-.|----|
C ad ¥ £ a 2: ™ Au+Au 19.6 GeV (c)f ° Au+Au 27 GeV  (d) |
1L @ Data 1 @ Data 1 g 10%
0.001F" e GCE Model & F = GCE Model L 5
- (a) ¥ (b) ] 10F ~ ;
& 2 R N g 1 1t
. O B il e iy 7 Ea:‘ E
| e S I - 10°7F -
i i i . i i I i i 1 1 L - L L 1 1 1 C ‘: \.:_i
I EE?E_E_A? I EE?E.E'&? 0% s )
?E’ph?ﬂﬂﬂ?‘r‘ ?E’pni'ﬂnn?:" o 05 1 15 20 05 1 15 2

n (GeVie)

Particle ratios and p; spectra are measured at BES, from which the

freeze-out conditions can be extracted
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Chemical freeze-out Kinetic freeze-out

- Weak temperature dependence - Central collisions - lower value of T,;,and larger
collectivity <p>

- Stronger collectivity at higher energy, even for
peripheral collisions

- Centrality dependence of g

200 62.439 27 19.6 11.5 7.7 GeV
1 80 r : . : . | r | . : | | | . : | " . : . | | , : 200 -_I T T 1 | LI | LI | L | T |F;b| :jlb |2| }:SI -ll- |\'|( T |_-:
" .. i N + _ e -
- Au+Au Collisions (a) - 180E 0 Au+Au 200 GeV
170+ " 7+ Au+Au 62.4 GeV ]
160'_ peripheral © Au+Au 39 GeV _J
160 R —~ | .
< - ) > 140 ol I -
) C § o E 1
S 150 . = 120F l =
~ B N c u ' i,
- : . E L A » —
- 140F * 100 : ’[;‘—% ]
- @ 00-05% E 80F Au+Au 27 GeV B
130 = 30-40% _Jleymans &t al E 5 Au*AU 19.6 GoV central | ]
- A 60-80% - Andronicetal : 60 o Au+Au 11.5 GeV .
- _ _ ) - - " AutAu 7.7 GeV ]
120 —_ |Gra':1dl C:Iarl-‘ojrnlcajl E[njselrnltJI? (]YIlelld Il:ltl) | 1 J_— 40 -_l L1 1 I L1 11 I L1 1 1 I L1 1 1 I 1 1 1 I L1 1 1 I 1 1 1 I—-.
100 200 300 400 0 01 02 03 04 05 06 0.7

I'LB (MBV) Phys. Rev. C 96, 44904 (2017) ( B )
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Phys. Rev. C 96, 44904 (2017)

sy (GeV)

USTAR * Freeze-out conditions

V' Collectivity increases with beam energy for central
collisions

v Gap between chemical and kinetic freeze-out
temperatures increases with beam energy, which suggests
hadronic system interacts for longer duration in high
energy collisions.
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\ISTAR » Particle Production at 3 GeV

STAR, PLB831, 137152(2022)

L | 1T T 1 I T T 1 | T T 1 I 1T T 1

B T T T I T T T | I T T T | I T T T | I T T T T I T T T T I T T T ]
= o m77 GeV * 27 GeV
- STAR Preliminary A 115 GeV + 39 GeV
_ 200 STAR Au+AuCollisions ¥ 145 GeV A 62.4 GeV
> ¢ 19.6 GeV O 200 GeV
) Color: fit [n*,K*, p, P, d, 1]
é Gray: fit[n%,K", p, p ] Phys. Rev. C 96,044904; Phys. Rev. C 79,034909
[ N
=150 1 ¥ g
= L. : = =n- B
o - [Tt ﬁ
3 I R i —
] || Peripheral -
)
L 100
= - @ O Qo
Q) =
— - ® FXT 3 GeV fit [rt,K: p]
B O FEXT 3GeV fit [x*,KE,p, d, t.°He,*He] Central
50—
L Comb. Blast-Wave Fit with n=1
1 | 1 I | | | 1 I | | | 1 I | | | | I | | | | I | | | | I 1 | 1

0.1 02 03 04 05

Collective velocity ()

0.6

* Light nuclei p; and rapidity distributions have been studied

. . . - 10% . ~
L iy i GeE ] N ey Au+Au Collisions @ FXT |s, =3 GeV
i AU+AU? —. uamp'  CE: e (fm) | N, e 0-10%, -0.1<y_<00
L 0% M) uramp? ;5 {1 & 1 --- Combined blast-wave fit ]
| = 5 - (&) L
x 04 j \ ...... 32 ) S T, (MeV): 90.899 +/- 0.378
> 42 8 102 . (B): 0.357 +/-0.003 i
o ' 6.2 “ P ::.*: E‘*i@ fixed n=1 )
021 ¢ Pb+Pb 0-7.2% - . N AR ]
5 el T - .'-'...--.'-.u‘.,, o Y - RN
_ R« S« 1= I = 1 S0t N "R =
i B el (@) 1 -g_'— — . | ss‘ig‘ 7
ol = — s ! e S ¥ a2 <p, <4.0GeVic " N N
; » A E:-I_, 10_5 T 4+ t18< pT<4.8 GeVic ™
2 '. ® AutAu,0-10% o = | 3 °He:18<p <48 GeVlc -
; - . e Y o) “© o | * Hei24<p <48Gevic R ]
1] - . y ! g 107 = @ inclusive p: 0.6 <p, <22GeVlc STAR Preliminary i
& - ¢ ' P o A |4 ¢ mri03<p <14(2.1)GeVic Sy, .
5 P ¥ 8 T 4 4 KTK:0.4 <p. <1.2(0.8) GeVic Ty, g
1}l - X o g = 10—10 I T L e b e s Py
» =) & 0 1 2 3 4 5
s g & | v/
% F £ | P, (GeV/c)
v 2 .
S ] Midrapidity bl fi
- M M A PR S S Y — ° _ o
TR - 0 50 idrapiaity blast-waveTits:

Collision Energy s, (GeV)
Strange particle ratiosindicatethe
thermal particle phase space at low
energies is far from the GCE limitand
the local treatment of strangeness
conservationis crucial

* Light nuclei prefer slightly higher T, lower
 Combined fit to all particles successful

Different trend as compared to higher Vs, - different EOS at 3 GeV?
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cp

e

d*Ndp,dn/<N_, > (central)

d’Ndp,dn/<N,_, > (peripheral)

h Res [(0-5%)/(60-80%)]

. 7.7GeV
- 11.5GeV
14.5GeV
+ 19.6GeV
27GeV
= 39GeV
62.4GeV

II.lJlIllllIl IlllJI.J.JIIII.J.JI. Al L i i i

4 pT(G%wc) 6

Phys. Rev. C 102 (2020) 34909
Phys. Rev. Lett. 121 (2018) 32301

10F | 5, = 7.7 GeV T | Sy = 11.5GeV

: " $ =
! Sest T 1

L L

—

4

10F | 5, = 19.6 GeV

Y DN DN [N

STAR « Nuclear Modification in the Medium

Rep has two regimes in the behavior
depending on the collision energy:

1 - decrease of particle production

with high p; in central collisions at
high energies

| - smooth growth of particle

STAR,AutAu |

10F | 5, =39 GeV
| * Kg
0-5% A K
7 | 30-60% : :: i
Al . :»_,‘. ... '. .]: = -_'.
f ww L & 010% © Q+0
40-60% (0]
0 1 2 3 475 T T S
P, (GeV/c)
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6

production in central collisions at
low collision energies.

Rcp behavior changes at Vsy,~30 GeV

High statistics of BES-II will allow to
measure R, in high p; region at low
collision energies
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ISTAR » Fluctuations of conserved quantities ... ... s o

4+ Net-baryon, net-charge and net-strangeness

“Net” : positive - negative

AN
No. of positively charged No. of negatively charged
particles in one collision particles in one collision

(1) Sensitive to correlation length

Co=<(0N)? >~ (C5=< (5N)5 > o €95
C3 =< (5N)3 g - 54'5 Ce =< ((SN)b > R 612
Cs =< (GN)* > €7

(2) Direct comparison with susceptibilities.

Cs X3 2 Cy X4 Ce X6
SJ —_ Ko —— = — —_—

Ca X2 Ca X2 Cy 2
1 O"p/T?
X%_chﬁ ;)#/” , 4=B,Q,5
q

Volume dependence can be canceled by taking the ratio.

Fill in histograms

ANG = N, — NES = B’ Q’ Ky over many collisions
—

STAR Collaboration

10° - Au+Au 200 GeV o *0-5% -
210°} 0.4<|?|:§.: (GeVic) ..:f:!.. = 30-40% -
m - . !. [ ] * - E
G 10°F A
- \ e e - *
& 1 0 : 'i. . -
8 2 o . L] .
= 10 ¢ . " . - ' ]
: -
Z 10} + e " 1
2 Iy ] t | :
1 E | | l T | ‘:I ‘III I

-20 -10 0 10 20
Net Proton (AN,)

— heutrons cannot be measured

100} | 148 .
60 g X

of i —
6.0 L? I

I ‘.l open: N.=4

a0l -'%1‘ full: N,=6

0 i- & .
20 L AL '
0ol—% . T [MeV] gl

150 200 250 300 350 400 450
M. Cheng et al, PRD 79, 074505 (2009)
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.\IsTAR * Hints of Critical Fluctuations kil
” C2 = 0% =< (6N)* >
Cy = 80> =< (AN)® >

Cy = ko =< (6N)* > -3 < (6N)? >2

PRL 126 (2021) 92301 v'Net-proton ko2 (C4/C2) shows a non-monotonic
STAR Collaboration, PRC 104 (2021) 24902 behaviour. The trend is consistent with the
a0F -| T T T T — expectation from theoretical calculations
(2) KG?2 having a critical point.
STAR Data ’ .
® 0-5% v"Enhancement at low beam energies cannot be
3.0 O 70-80% | explained by baryon number conservation.

- Bl Stat. uncertainty §
B Syst. uncertainty

| T, GeV | Kko?
2.0 W Projected BES-Il  — 5
Stat. uncertainty critical 4: baseline
5 UrQMD 0-5% . BN point

) -
1.0f1{3 - . Ve,
_‘:I; 0.1
- |3 i Au+Au Collisions at RHIC
d 5 Net-proton hadron gas M.A. Stephanov, PRL107,
0.0p------"~------FF*------- ly| <0.5, 0.4 <p <2.0(GeV/c) nuclear 052301 (2011)

L L gl 1 I L 0 gl L II maltter

5 10 20 50 100 200 0 E g, GeV
Collision Energy \s,, (GeV)

Grigory Nigmatkulov. INFINUM-2023. Mar. 21, 2023
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\ISTAR + Hints of Critical Fluctuations

A. Bazavov et al,
PhysRevD.95.054504 : LQCD

3| cont. est.
th:ﬁ it
T 8 m
2 f m</m=20 (open)
27 (filled) |
" HRG

.
L

Fil
¥~ negative sign

0 [ —#.@—%—eﬁ—a—%

_2 I 1 1 I I
140 160 180 200 220 240 260 280
T [MeV]
C.Schmidt,Prog.Theor.Phys.Suppl.186,563-566(2010)
Cheng et al, Phys. Rev. D 79, 074505 (2009)
Friman et al, Eur. Phys. J. C (2011) 71:1694
Freeze-out Bl x8E N xex
conditions
HRG 1 1 ~2 ~10
QCD:
Tieeze /T, <09 21 >1 ~2 ~10
QCD:
T freeze / Tpe~1 ~0.5 <0 ~1 <0

Predicted scenario for this measurement

* There isn’t yet any direct experimental evidence for the smooth cross
over at ug~0 MeV

* C./C, <0is predicted as a signature of cross over transition

* High-statistics data sets at Vsyy =27, 54.4, and 200 GeV are analyzed
to look for the experlmental 5|gnature of cross over transition

[ T T T T i ]
- 1:---‘---:1-'--- : Phys Rev Lett 127 26230 8
5 I— D_:_%...E'.... :._.: 3 ]
A o ®: ]
= 0 20 40 60 80 N

0 [Hete 4y g ¥ ";{T ‘ff

STAR Au+Au Collisions
Iyl <0.5, 04 < P, (GeVic) <2.0

Net-proton Cumulant Ratio C /C,
&

b V5. (GEV) 27 54.4 200 o 0 E
| Data = O @ ]
a Theory -

15 |- UrQMD ] N
- LQCD (net baryon) [l + B
i L L L i ] d 'l L L I. i _J. d d ] i1 u; J._|
0 100 200 300

Average Number of Participant Nucleons {Npa"}

Suggestive of smooth cross over at top RHIC energies

14
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@ﬁﬁgﬁ Mapplng QCD phase dlagram

Multiplicity dependence of fluctuations

e

o
@

— -HRG GCE p+p O Zr+Zr

Lattice VS\n = 200 GeV Net-proton
Pythia (8.2) & Au+Au * Ru+Ru NN g

o
Y

O
©
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& 0.6
S
=
=
O

O
n

* (C4/Cy, Cs/Cy, and Ces/C> decrease with increasing multiplicity
e At high-multiplicity, cumulant ratios approach toward lattice prediction
for the thermalized QCD matter and smooth crossover (ug~0)

STAR: arXiv: 2207.09837 :
Grigory Nigmatkulov. INFINUM-2023. Mar. 21, 2023 Lattice: PRD 101 (2020) 7, 0?&5(}2




s Search for QCD critical point

T

Net-proton fluctuations STAR: PRL 128, 202303 (2022)

Central Au + Au Collisions

STAR (0 - 5%)
@ net-proton Susceptibility Cumulants

O proton

(lyl <0.5, 0.4 <p_(GeVic)<2.0) /Yél- /’ ){2 _— C 4 / C )

-

0.4)
(0.4 < p_{GeV/ic) < 1.6)

[
=
W
L
]
<L
I

Iyl <

e Non-monotonic behavior as a function

net-proton
(-0.5<y<0) ~QN Of\/g
UrQMD oy proton NN
Significance of 3.1c relative to Skellam

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

(0.4 = p_(GeVic) < 2.0)

o At \/ENN = 3 GeV, fluctuations driven by baryon number conservation
16
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Hadronic interaction dominates



STAR * Net-proton Cumulant Ratios (theoretical calculations)

IC3/IC1 K4/K2 KG/KZ
From Volodymyr Vovchenko (RBRC-2022)
1-2 LI | T T T T L B L | T T T LA B | T T T T LI | T T 2 r rroryg T T T T LA L | T T
¥l <0.5,0.4 <p, < 2.0 GeVic | K= s Daryon CGnSGWaliﬁn + excluded volume_ — haryon mnsemagign + excluded volume
== = baryon conservation only — = baryon conservation only
e e N LT excluded volume only ] - excluded volume only
— = Skellam = — Skellam
__% Nb ® ideal HRG from NPA 1008 (2021) 122141 !‘-‘" ® ideal HRG from NPA 1008 (2021) 122141
o . o 2+ @ STAR Au-Au 0-5%, PRL 126 (2021) 092301 ‘;@ 1
w c ¢ -
c o o
2 I S
_ ) CIL 1k = = o
o baryon conservation + excluded volume — L
L 04 - . B @ o 0
5 — = baryon conservation only c - Q
c ==+ gxcluded volume only
o2k —~ Skellam B
® ideal HRG from NPA 1008 (2021) 122141 0 .
® STAR Au-Au 0-5%, PAL 126 (2021) 092301 b Iyl <0.5, 04 <p, <2.0GeVic b |yl <0.5,04 <p, <2.0GeVic
0.0 bl N . MR | L L MR | " 1 "R | . L -1 1o aal L | 1
5 10 20 50 100 200 5 10 20 50 100 200 5 10 100 200

210 l 5‘0 —
JSw [GeV] Sy [GeV] VS [GeV]

* Both the baryon conservation and repulsion needed to describe data at /syy = 20 GeV
quantitatively

« Effect from baryon conservation is larger than from repulsion
* Canonical ideal HRG limit is consistent with the data-driven study of [Braun-Munzinger et al., NPA 1008 (2021) 122141]
* Kg/K, turns negative at \/Syn~50 GeV

17
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P. Klob, U. W. Heinz, Nucl. Phys. A715, (2003) 653c A
A.M. Poskanzer & S.A. Voloshin, Phys.Rev. C58 (1998)

Interactions :
l <<

Pressure(P) ) A"'
y>x_)ap>ap .‘.

Y SLLF A

P,
Z_’; - % [1 LS Zl 2v,, COS (n(¢ = t/’rp))]

v, = (cos (Tl((]b - lprp)))

v Sensitive to early times in the evolution of the system

v Sensitive to the equation of state
Probe of the early (partonic) stage of the collision

10

Grigory Nigmatkulov. INFINUM-2023. Mar. 21, 2023



STAR ¥ Directed flow from BES-I

e

Phys. Rev. Lett. 120 (2018) 062301

\ H. Stoecker, * v, proposed as good probe to search for the 1st-order 0.02} :** (a) 10 - 40% Au+Au _
* Nucl. Phys. A 750, 121 (2005). o ] L
\ phase transition (strong softening)
30-1— ‘ 1 ¢ dv,/dy for A and p agree within uncertainties Of %" §+;-g{+" ----------- »
2 / * dv,/dy slope for baryons changes sign in the region [ e aﬂ+ 3 '
BLbE N | Vsu<l14.5 Gev s T T A
= ]'1 i netbaryon * Particles (anti-A, anti-p, and ¢) with produced quarks oosl i 3 ﬁ* # . - o
L:’ x  Hydro show similar behaviorat Vsy>14.5 GeV i 2 - =\ |
* Mesons show negative dv,/dy - I ettt ) - .
10 10° - - o
Vs (GeV) > | P -
Minimumin dv,/dy slope at Vsy~ 15 GeV ~ © -001F 3 .8 } » ]
Phys. Rev. Lett. 120 (2018) 062301 I & % K AK VK
Op ‘ T T T T ookt & oK o x4
T o & o
0.05| B . L o B
C odl © _ Assumption for the coalescence sum rule: —— — -
-0.01— . * | — . . .02 - 'E (C) A .
o VT 20 w .~ » v, isdevelopedat the prehadronicstage ; %
I A _ . . ]
~" ) " - » Specific type of quarks have the same v, ol- Lo -a® |
© 002 | o + - . i ey = net p
~ R Lo - * Hadronsare formed via coalescence - + y u net A 1
3 S I e _¥ _ 002kt L d etk
-0.03 o ,+ e 10 - 40% Au+Au (vﬂ)hadron - ('Un)constltuent quarks 10 ey 100
. “ « A (uds) § {5, (GeV)
- - sy + 1 o wud)] : - :
0,04 | — K Wrgp D Foranti-Lambda, prediction using coalescence sum rule
6789 20 30 4050 100 200 agrees with measured v, above Vsy=11.5 GeV
| Sy (GeV)

Grigory Nigmatkulov. INFINUM-2023. Mar. 21, 2023
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USTAR » Directed and Elliptic Flow

Phys. Lett. B 827 (2022) 136941

0_. B g (a.) .....
Bo- O PE e,
[ E:!‘lﬁ' by 0.1 <y<0
5 ¥ e ﬁ
e R R
[ =g s "
0.5+ w i -0.2 <y<-0.1
R ] ; (x1.5)
e, j !
- ';fg = 1 03<y<-02
L h i * - (x2.0)
: "8
- 3 GeV Au+Au - -0.4 <y<-0.3
C 10-40% ~ (x2.5)
_1'5T....|....|....|....|....|....|

0 i 2 3 4 5
P, (GeV/e)

6

-~ -0.3<y<-0.2
(x2.0)

8\

-0.4 <y< -0.3
g (x2.5)

P, /A (GeV/c)

-0.04

-0.08

Light nucleus v,(p;) follows atomic-mass-number (A) scaling at

different rapidity bins

At 3 GeV, the NCQ scaling is absent and the opposite collective
behavior is observed: the elliptic flow of all hadrons at

midrapidity is negative; the slope of the directed flow of all

hadrons, except nt*, at midrapidity is positive.

=
Ty
=

Observations imply the vanishing of partonic collectivity and a
new EQOS, likely dominated by baryonic interactions in the high

baryon density region

Phys. Lett. B827(2022) 137003
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Au+Au Collisions
VS = 3 GeV 10-40%

ATTY VT

0.2<p <1.6GeVic
L b

0.4 <p, <1.6GeVic

|
|
|
|
|
|
:
OK" #K VK | |
|
!
1
|
|
|
|

) \#_ (@ ] (e) ("
| —e— 1 n /-
[ _‘~l'€wﬁﬂwz¢_: _____ — - ____.]. A
o ’&.t. I | |
AN ‘\-_[5443,' VyVVYVVVVVY o &Y @o
% I AAAAAALLLLAL O WO %, I
B A [ — I I
"‘:W.m@& o 1 1 |
i — —— p = : ] JAM AQMD_ Tt : — o K" :
| s s\ [ Baryor-Mear+-field Cascade 4 |
1 L 1 1 | | | |
—1 -0.5 0o - —0 5 0 - -0.5 0
Particle Rapldlty y
| N | ' I ' | | I | |
[ Au+Au Collisions (10-40%) 3 2? 54 4 {GE"u",'I
0.08fF ----. 200 T K A g P
E SRR L hes
0.06f £r ;M] e e L =
I -----145 U'ﬁﬂ 1 .'-"J’_ﬁﬁ:;:.*
[ o7 g R 1 o |
ﬂ.ﬂq' Of!;. . . m-_\’-u.-"
I ,5__’}? 1+ w%-&"
o2t § I # |
e (a) Positive particle ¢ :ﬁu (b) Negative particle
e ]
I 'ﬁ*ﬁ* é‘* * A A ‘i &
-0.02} Aoa N + A % A -
T L [ I | [ |
0 02 0.4 0.6 08 0O 0.2 0.4 0.6 0.8
2

Grigory Nigmatkulov. INFINUM-2023. Mar. 21, 2023




e Y 5

AR ¥ Femtoscopic correlations

» Time delays of the particle emission could be observed using femtoscopy technique (via R,./Rqige OF Ryui2-Rsige?)
and used to search for the 1st-order phase transition

D.H. Rischke, M. Gyulassy. NPA 608 (1996) 479

dgfd, = 3713 ]
' i

— T=00T, T
——- T=T,

[ AT=0

e, | )

10
@ t R4 —geOMEtrical size . / 2 LN

— o, 1 Rgu — sensitive to geometrical size and particle E
emission duration
Riong — S€Nsitive to the time of maximum emission

R. Lacey. PRL 114 142301(2015)
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. WSTAR % Charged Pion Femtoscopy in HIC
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Precise measurements in a broad energy range
(from 2.41 GeV to 2.76 TeV)
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Many interestingresults from low-energy nuclear
collisions: nm, pp, pd, dd, and others
Provide information about particle interactions

The source shape evolves from oblate to prolate, as
energy increases

Pair Rest Frame

k* = |p1| = |p2|
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~\USTAR * Global hyperon polarization

* The Quark-Gluon Plasma (QGP) formed in non-central
nucleus-nucleus collisions is associated with large
angular momentum, that leads to vorticity in the medium

* Spin-orbit coupling aligns spin directions of produced
particles with the direction of vorticity

»[-1. Liang and X.-N. Wang, PRLY4, 102301 (2005)
> 3. A. Voloshin, arXiv:nucl-th/0410089

i
* Another possible source of particle polarization is O '
magnetic field, created in non-central collisions in XA -
the initial stage ‘\’feaction prane Participants

> D. Kharzeev, L. McLerran, and H. Warringa, Nucl.Phys.ABO3, 227 (2008)
» Mclerran and Skokov, Nucl. Phys. A328, 184 (2014)

spectators
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'.H:_L‘AR e GIObGI POIClr'iZClTion N BES and FXTIQ. Phys. Rev. C 104(2021) 061901

[ STAR Au+Au, {/sxy =3 GeV

arXiv:2204.02302
F. Becattini et al.. PRC95. 054902(2017)
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Opens up new directions in the study of the hottest, least viscous and most vortical fluid matter. i
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STAR: Nature
https://www.nature.com/articles/s41586-022-05557-5

¢ 0(y]<1.0and 1.2 <p;<5.4GeVc™)
© Kyl <1.0and 1.0 <p; < 5.0 GeV ¢
Vector meson ' — GY=464+073m?

dN
d(cos8™)

<(1-p,,) +(3p,, —1)cos’6"

© % STAR (Au+Au and 20-60% centrality)
O % ALICE (Pb+Pb and 10-50% centrality)

Possible explanation of this deviation for ¢-spin
alignment from 1/3 — vector meson field
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Masses and the A binding energies

of the mirror hypernuclei,*\H and 4,He,
are measured in Au+Au collisions

at vVsyy = 3 GeV.

By using the y-ray transition energies of
the excited states from previous
measurements

Phys. Lett. B 834 (2022) 137449

AR + “AH and *\He binding energy in Au+Au collisions at /sy = 3 GeV
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e 1(3,H) = 221 £ 15(stat.) £ 19(syst.) ps
7(*\H) = 218 £ 6(stat.) £ 13(syst.) ps

e Calculationsfrom the thermal model, which adopts the canonical
ensemble for strangeness that is mandatory at low beam energies are

compared to data

* Thermal model predictions are consistentwith the 3,H yield, but

underestimates the 4,H yield

 Hadronictransport models JAM and PHQMD calculationsreproduce

the measured midrapidity reasonably well
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AR ¥ 3,H and #\H lifetimes and yields in Au+Au collisions at /sy = 3 GeV

Phys. Rev. Lett. 128 (2022) 202301
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Utilizing 2- and 3-body decay channels
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About 280M events were analyzed. Almost 1.7B events will be produced soon.
JAM and UrQMD plus coalescence afterburner calculations for hypernuclei are
in agreement with data within uncertainties

Data suggest that coalescence of nucleons and hyperon A could be the
dominant mechanism for the hypernuclei 3,H and #,\H production in such
collisions
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USTAR + STAR 2023-2025 Run Plan and Physics Program

Kinematic coverage

Run plan
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WSTAR % Summary

* BES-Il upgrades performing at or above expectation

Excellent performance from RHIC and STAR

All requested BES-II data collected, providing 17 unique energies from 3-200 GeV with
some overlapping collider and FXT energies

* Precision analyses are ongoing with very well understood detector

Most exciting features:

Rcp: change of the behavior at Vsy,~30 GeV

Net-proton fluctuations: hints for criticality at Vsy\~17 GeV
Correlation femtoscopy: peak structure at VsNN~30 GeV

Hypernuclei: many new measurements
Voritcity: from discovery to the precise measurements

Many results exist and a lot more will come soon

From Sergei A. Voloshin

PAY ATTENTION TO DETALS: references, definitions and terminology,
clearly define physical goals and corresponding measurements/observables

Grigory Nigmatkulov. INFINUM-2023. Mar. 21, 2023

31



Backup

Grigory Nigmatkulov. AANL Seminar. Feb. 21, 2023

32



USTAR + Search for the Chiral Magnetic Effect (CME)

* The chiral magnetic effect (CME) is predicted to occur as a consequence of a local
violation of P and CP symmetries of the strong interaction amidst a strong electro-
magnetic field generated in relativistic heavy-ion collisions.

* Experimental manifestation of the CME involves a separation of positively and
negatively charged hadrons along the direction of the magnetic field.

* Previous measurements of the CME-sensitive charge-separation observables remain
inconclusive because of large background contributions.

* In order to better control the influence of signal and backgrounds, the STAR
Collaboration performed a blind analysis of a large data sample of approximately 3.8
billion isobar collisions of **Ru+°°Ru and °Zr+°Zr at Vsy,= 200 GeV.

arXiv:2109.00131

Grigory Nigmatkulov. Nucleus-2021.


https://arxiv.org/abs/2109.00131
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Previous measurements of the CME-sensitive charge-separation observables remain inconclusive because of large background contributions.
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ISTAR + Search for the CME (Precision)

Large data set needed to hit small statistical uncertainty target
Systematic uncertainties between species need to be controlled below that level

SpeCial RHIC conditions see . Marr et al., in 10th International Particle Accelerator Conference (2019) pp. 28-32
1. Alternate the isobar species between each store of beam in RHIC
Keep long stores with constant beam luminosity

2.
3. Match luminosities between the species
4. Adjust the luminosity in such a way that the hadronic interaction rate at STAR is close to 10 kHz.

Precision target achieved:

A precision down to 0.4% is achieved, as anticipated, in the relative magnitudes of the
pertinent observables between the two isobar systems

Grigory Nigmatkulov. Nucleus-2021. ”



USTAR » Search for the CME (Centrality)

arXiv:2109.00131

STAR Isobar blind analysis 1.1 | STAR Isobar blind analysis ' STAR Isobar blind analysis, Vsyy = 200 GeV
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* The 3 sets of Woods-Saxon parameters from the literature have been studied
* Fit to the multiplicity distributions using the two-component nucleon-based Monte Carlo Glauber

* Best fit from Case-3: different neutron skin without quadrupole moments

Case-1 [83] Case-2 [83] Case-3 [113]
Nucleus|R (fm) a (fm) B2 |R (fm) a (fm) B2 |R (fm) a (fm) B2
4Ru | 5.085 0.46 0.158] 5.085 0.46 0.053| 5.067 0.500 0
20Zr | 5.02 0.46 0.08 ‘ 502  0.46 0.217| 4.965 0.556 0

e Result: difference in multiplicity at matching centrality
Grigory Nigmatkulov. Nucleus-2021.
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. STAR + Search for the CME (Crosschecks)
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Observed differences in the multiplicity and flow harmonics at the matching centrality
suggest that the magnitude of the CME background is different between the two species

Grigory Nigmatkulov. Nucleus-2021. .
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WSTAR # Search for the CME (Results)

Predefined CME signatures: ratios involving W, > those involving W5 , and > 1

I 1 1 1 I I I I I I I I

1.02 + STAR Isobar blind analysis, Vsyn =200 GeV, Ru+Ru/Zr+Zr, 20-50% -

1 Not Seen

Ratio
(-
o
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No CME signature that satisfies the predefined criteria observed

Note: other measurements in paper that | don’t have time to show in this talk
(spectator-participant analysis for CME signal fraction, An dependence of correlations, ...):
All come to this conclusion

Grigory Nigmatkulov. Nucleus-2021. *
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