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RHIC BES program

Conjectured QCD Phase diagram
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BES Program:

Explore QCD Phase diagram by
varying beam energy, proxy for baryon
chemical potential (ug)

* Map the turn off signature of Quark Gluon Plasma

e Search for signatures of Cross-over, Critical point,
1st order Phase Transition
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RHIC Beam Energy Scan
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RHIC BES program

Conjectured QCD Phase diagram BES Program:

Early Universe
e The Phases of QCD S
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High statistics data and detector upgrade in BES-II BES-Il upgrades: iTPC, EPD, eTOF
enhances the capability of various measurements |
with excellent precision 5 Subhash Singha @ ATHIC 2023




STAR detector

Inner Time Projection Chamber

Event Plane Detector

Time of Flight //

Zero Degree
Calor"meter

Time Projection Chamber
e

 Uniform acceptance, full azimuthal coverage, excellent PID capability
e TPC (iTPC): tracking, centrality and event plane

e EPD, ZDC, BBC: event plane

e TPC+TOF: particle identification

6 Subhash Singha @ ATHIC 2023



Particle yields
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Yields and ratios at mid-rapidity

Pions Kaons Protons K/7 ratio
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e 7— linear increase with kink at ~ 19.6 GeV e Peak in K™/ ratio ~ 8 GeV
-+ . . . . . .
e K™: Interplay of associated production and pair production at predicted maximum baryon
* |ncreasing baryon stopping at low energy density region

STAR: PRC 96, 044904 (2017); PRC 101, 024905 (2020);

PRC 102, 034909 (2020);
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Mean-transverse mass

L L R R AL | LI ALY | UL LA ALl | L LI IIWI L IIIUI L | II"I L | LI :ITI] LI IITII] L IIIHI LI | o /T3 =(€ -op)/ T4
08t x T KK Ter? § |
@ O World data | @ O Worlddata | @ 0O Worlddata
cx?('; o STAR BES 1 @ STAR BES | © STAR BES
= 0.6 -+ + _
> | o] + . _
9 S + 4 $ .
_ o S 1 ;
£ 0.4 ._ o 8 ! 5146 .
0w ol @q.w A
AN . CQ-CDCI] 4 ~E-A 4 a8 .
= sy ! ; 1 &7
= 0.2 + Eﬁ 1 @ )
_ (@ ] ) | (¢) |
01 L 1 aauul r a3 gl Lo gl Ll l L llllllI Ll lllllll | — lllllll LJ l Ll lllllll Ll lllllll Ll lllllll Ll 4
1 10 100 1000 1 10 100 1000 1 10 100 1000
VSNN (GeV) <Pt>, dn /dy
° Constant (<mT> o m) around BES reglon L. Van Hove, Phys. Lett. B 118, 138 (1982)

(expected from 1st order Phase Transition) ?

Van Hobe type signature

STAR: PRC 96, 044904 (2017); PRC 101, 024905 (2020);

PRC 102, 034909 (2020);
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Freeze-out temperature
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* Freeze-out temperatures and baryon chemical potential extracted from hadron yields via THERMUS

model

THERMUS: S. Wheaton et al, CPC 180, 84 (2009).
** p are not corrected for weak-decay 10 Subhash Singha @ ATHIC 2023



Chemical and kinetic freeze-out
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Resonance to non-resonance ratios

Re-scattering and regeneration: e K*/K and ¢ /K STAR: PRC 107, 34907 (2023)
Signal gain Signal lost 0.5
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K*/K

Hadronic phase lifetime

o K*/K vs \/SNN
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STAR: PRC 107, 34907 (2023)
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Collective flow
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Collective flow

e Collective flow can be measured from the Fourier expansion

d°N 1 d°N
O — E = (1 + Z 2v_cos n(¢ — ‘PEP)>
Q— dp? 27 prdprdy
Directed F 10\\/

e v1 : Directed flow

e > : Elliptic flow

e v3 . Triangular flow

v, = {(cos n(¢p — ¥°°))/¥

Resolution

Elliptic Flow

e Flow coefficients are sensitive to the initial state and properties

of the medium; Sensitive to EoS and degrees of freedom
A. Poskanzer el. al. arXiv: 0809.2949
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Directed flow of charged hadrons

Event Plane Detector
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See Talk
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e With EPD, v+ is measured within ~ 10 units in n
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-0.02

Directed flow of (net) protons

10-40% Centrality ;//—6

i e = B
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\ &
i e &t 1 1
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R )
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-\ A _
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\ / @ Data
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STAR: PRL 112, 162301 (2014)
PRL 120, 062301 (2018)

0.04
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E ° { % ® o @ i
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D_o_og__ STAR preliminary {> % |
- Au+Au, \s,,=19.6 GeV (2019)
| 10-40%, 0.4 <p_<2
B D e —— l

—1 -0.5 0
Rapidity(y)

e proton and net-proton vi change sign
around 10-20 GeV

17

0.10

0.05¢

0

0.00

dv; /dyl Y

—0.05¢

JAM: Y. Nara et al, PLB769, 543 (2017)

Y protons = JAM
. —+— JAM-1.0pt
o— |AM-y-over |
& L
by
| &
IJ;
|
A ¥ STAR
Y ¥ E895/NA49
0 5 10 15 20 25 30

vV SNN (GeV)

* Model predicted sign change at
~ 5 GeV with 1st order phase
transition
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Test of quark coalescence sum rule using v+

Test the assumption that the de-confined quarks
acquired vn, then they form hadrons:

hadron _ §: constituent—quarks
Vi o Vi

=0

The origin of scaling is interpreted as an
evidence for dominance of quark degrees of
freedom

m Quark content

anti-A uds

Y

dv./dy |

anti-p uud

K- us

e Using anti-particles quark coalescence sum rule:

o Holds for 4 /sy = 11.5 GeV

18

O ||
IR A _
N 0.05 _
_0.01— | _
— 0'15-|"| C —
- 7 8 9 10 _
-0.02/+ -
\l o 10 - 40% Au+Au -
P ~——"11 _
-0.03¢ i R (uds) -
I K (Us)+%5(u_ud) _
—004_| Ll L |
10 100

\'Syy (GEV)

Indication of partonic collectivity
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Number of Constituent Quark (NCQ) scaling of v-

BES-II
| ' | | ' | ! | '
0.0s—STAR Preliminary | ] _
7| AutAu |5 = 19.6 GeV A A A

gt 2o A’I’ - AQ AT . -
" Centrality: 10-40% 2 e
0.06|— ﬁ A¥ — H g?ﬁi —
- Particles T | Anti-particles T
7 BES-Il (year 2019) | d BES-II (year 2019)

£.,0.04
>

— — q
®p An L4 ep AT (pT) —nv ( )
OA OK] 1 OA OK, -
VE K VE' & K
0.02 IR & -~ Fitlineof v /n. "< *0
BES-! (year 2011) 1 2 9 BES-I(year2011)  _
2.7 x improvement of Qv, pgt

O
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

—A

Ratio (Data/Fit)

o .
m _L N

(m -mo)/n (GeV/c?)

e NCQ scaling of v2 holds ~ 20% for particles; ~ 15% for anti-particles

 ¢) mesons follow an approximate NCQ scaling

Indication of partonic collectivity 19 Subhash Singha @ ATHIC 2023



Vv, /A

BES-II

- Au+Au, |s,, = 14.6 GeV COL (2019)
- 0-80%

i <1.0
0ol M|
p \s\y = 14.5 GeV (2014)

p /A (GeV/c)

v,/ A

0.2

0.1

Au+Au, \s,, =27 GeV COL (2018)
0-80%

Im|<1.0

P

| + d

- At
¢ °He

—— A+Bx+Cx%+Dx®

I [ [ L | |
1 1.5 2
0_/A (GeV/c)

0.0

e Light nuclei v2 obey mass number scaling at ~

30% level

e Hyper-nuclel ?\H and f\H v41 follow mass number scaling

Flow of light and hyper-nuclei

| T | I
Au+Au Collisions at RHIC

Energy: \ISNN =3 GeV
Centrality: 5-40%

3He—>8
a.-’ /E
L
| - AH |
p y ~ -
O"/ e Data Model
/‘ / R
. Hyper-nuclei = UrQMD
- A Light-nuclei O > 1AM
I I I I
1 2 3 4

Particle Mass (GeV/c?)

STAR: 2211.16981, Accepted in PRL

Role of coalescence mechanism in light (hyper) nuclei formation

20
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Breaking of NCQ scaling of v-

Au+Au Collisions (10-40%) STAR Preliminary

A

0 02 04 06 08 0 02 04 06 08
Scaled Transverse Kinetic Energy (m mO)/n (GeV/c?)

e NCQ scaling for vo breaks at 3 GeV

Indication of disappearance of partonic collectivity

STAR: PLB 827, 137003, (2021) 21 Subhash Singha @ ATHIC 2023



Energy dependence of vi >

|l Ll 1 1 T 1 T L] l L
O-I
- -

®
. Au+Au Collisions at RHIC
() 03F = ~ ® P _
Jl | = & STAR O A -
[] | (a) |
10-40% 4 ; | o At \/ SNN ™ 3 GeV:
A v - * V4 is positive and is v2 negative
I U
| o A % . .
= P07 SRR e Transport model including
- ‘ \ baryonic field can reproduce
Hadronic 0.041 " e &8 & 87 ™ |partonic both v1 and v»
dominant - 5 4 (b) " dominant
matter Al O; = Q ) matter . . _
2 - 3 + p E877 | S e Hadronic matter is dominant at
- - O P E895 : 3 GeV
i V Z=1 hadrons FOPI |
—-0.04 |- # UrQMD 3 GeV |
¢ ——=— Pk ]
. Mﬁd Cascade =
> 3 5 10 20 30

Collision Energy \'s,, (GeV)

STAR: PLB 827, 137003, (2021)
20 Subhash Singha @ ATHIC 2023



Longitudinal flow de-correlation

3D-Glasma |
W . N

Wounded Nucleons

From Wei Li

Voa (=1 Mref)
VnA(n: Nref )

_ (vn(_n)vn(nref) cos{n[¥p(—) — “pn(n'ref)]})

m(=nn) =

(vn(n)vn(nref) cos{n[¥,(n) — ‘Pn(nref)]})

v The r,,(—n, ) measures decorrelation between —m and n
Va(— n)V (Mref)

(Ve (0 f)

v’ The large n gap can avoid short-range correlation

’”n(—’% 77)
Measures relative fluctuation between

v,(—n) and v,(77)

BES-II
? B | | | | | | | | | | | | | | _I E I | | | | | | | | | | | | | | I
~ STAR Preliminary - — | STAR Preliminary
oy RS 0-10%_ 1 ¢ 1"*'1‘ """""" 676%™
. L
: i
N ‘ - 0.8 f -
0.951- - - ; ¢
* 0.6_— + -
0.9 Au+Au ‘ } B 0.4l AUTAU * -
- W |5, = 54.4 GeV y _ - W |5, = 54.4 GeV :
0.85_— ¢ VST\IN - 27 GeV ~ 0.2_— ¢ vSNN =27 GeV 5
[ M |s,, =19.6 GeV j - W s, =19.6 GeV :
C 1 1 1 | 1 1 1 1 | 1 1 1 1 'I 1 1 1 1 I 1 1 1 1 I 1 1 1 ' I
0 0.5 1 1.5 0 0.5 1 1.5
M N

e | arger flow de-correlation at lower beam energies

e System is not longitudinally boost invariant

See Talk:
Gaoguo Yan
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Directed flow from initial strong electromagnetic field

l l pectator
l Ec ulomb EFaraday

Ne< U

p X

E?:'asl”‘ab Total directed flow, v; < 0

4 + +
ELorentz

*

***

Total directed flow, v; > 0

l
N> 0
l l

ectator
EFaraday EC Imb: .

=

ELorentz

""‘_ \‘/

plasma
EC ulomb

—>
u

E

—
u

TTT
i

* The moving spectators can produce an enormously large B field
(eB ~1018 )
e [t can induce following competitive effects in rapidity-odd v+

* Hall effect:
Lorentz force exerts a sideways push on charged particles
In opposite directions at opposite rapidity
e Faraday effect:
Rapid decay of B field induces Faraday current to generate
large E field
Induced Faraday current will oppose the drift due to B field
e Coulomb effect:
Coulomb field of the charged spectators

U. Gursoy el. al.PRC 98, 055201 (2018); PRC 89, 054905 (2014)
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Directed flow from initial strong electromagnetic field

STAR: PRL 123, 162301 (2019)

! | ! ! !

STAFI0 —
b) Au+Au 200 GeV m D -D’(Uc-uc)
0.05— A K -K (US 'US) . 0.04— -—- ;ZEE;)) :((qu)::;?
X >
N _ :;; 0.02
S 2 b
z <
< — £-002
U —> U —
— — ~0.05— Model:(D° - D°) - haall . .
asma . R R PPPPPIPE EM (Das et. al.) 2 0 2
T Eotiomo 10t d”e‘f‘;“iw’ v <0 —— Hydro+EM (Chatterjee et.al) Rapidity (y)
(I I | I I I I I
' 1+ ECouoms  EFaraday ' Elorentz Voo - -0.5 0 0.5 1 S. Das et al, PLB 768, 260 (2017)
n< o' ' ‘ LU PSS Rapidity (y) ' . ’
L1 <.> * ‘ A — S. Chatterjee et al, PLB 798, 134955 (2019)
HA : IS
L ELorentz ‘ Eraraday ECI::IJIomb: '
SPAA S R e First attempt to measure Av, using charm hadrons
Coulomb
<+ —> ° ' '
-3 < Results are inconclusive
+— —>

U. Gursoy el. al.PRC 98, 055201 (2018); PRC 89, 054905 (2014)
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Charge dependent directed flow

STAR: 2304.03430

:\? I | I I I | I I | | | I | | | I | | | I | | | I 1 I | | | I | | | I | | | I | | | I
= (a) Au+Au, 200 GeV (b) Ru+Ru and Zr+Zr, 200 Gev  { (€) Au+Au, 27 GeV, x 0.2
T
~
~05F T -
'3 - 4}{? ” I T '4:}’ N o Vg
< i o 1 ¢A i " BES-II
' 1 A A A
O A
Q#----—@@-O'-O'-(é' ol
I XT O o
% -- q} A 4
0.5 |—_ iEBE-VISHNU + EM-Field Ot %ﬁ' T STAR Preliminary v :#, -
(P, >0.4 GeV/c, p <2 GeV/c (p_ > 0.2 GeV/c, p < 1.6 GeV/c)
||||||||||||||||“||||||||||||||||||||||||||||||||||
0 20 40 60 80 O 20 40 60 80 O 20 40 60 80
Centrality (%) Centrality (%) Centrality (%)
Among p and p

* in (Mid) central collisions: positive vi-slope difference (Transported quark effect)

e in peripheral collisions: negative vi-slope difference (> 50), which increases with decrease in beam

energy (Could be due to the dominance of Faraday+Coulomb effect)

Indication of EM field driven effects in HIC

20
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dAv,/dy

-0.005

Charge dependent directed flow

STAR: 2304.02831

- STAR, Au+Au 10-40%
0.13 <py/n, (GeV/c) < 1

| lyl<0.8

—

BES-II

o | |
\ CIDW \
ﬁl})\/v
\
\ ]

+ Vsyn =27 GeV € | -
Data —©—
—— Fit: Cx Aq, Cx AS
W +10 M

\

;—_____________—

Models (27 GeV)

\ AMPT x 0.3 — —

~

snyN = 200 GeV
—B— Data

—— Fit: Cx Ag, Cx AS

- = PHSD(+EMF) :
STAR Preliminary (d)

AS

Indication of EM field driven effects in HIC

21

v1 splitting measured using combination of

transported-quark-free hadrons

e vi-slope difference observed as function of

charge difference (Ag) and strangeness

difference (AS)

e Larger vi-slope difference at 27 GeV than
200 GeV
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Higher moments
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Search for Critical point (region) . senane.

e B, Q, S are conserved quantities

* Near critical point correlation lengths diverges

e Higher moments/cumulants (M, o, S, k) :

PRL 107, 052301 (2011)

T, GeV QGP

critical
_ point

freezeout

Sensitive to correlation lengths ((), phase structure ‘ curve

e S, 0: Sensitive to non-gaussian fluctuations

mean : M = (V) = (1,
variance : 0 = ((JN)?) = (pq,
skewness : S = ((6N)?)/o° = 03/03/2,

kurtosis : k = ((IN)*)/o* -3 = C4/C3.

 Experimental signature:

e Non-monotonic pattern in net-proton Ko

2

hadron gas

nuclear
matter

baseline

~0.4

-04 -02 00 02 04
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Normalized Number of Events

o
—4

0.08

0.06

0.04

0.02

Net-proton distribution

STAR: PRL 127, 262301 (2021)

III‘III|I|I|III‘II
X -
.
N
)

L
'
‘.
AL )
7) -.‘
Xi
(7 < \
l 'A °
—_ r ’-':ﬁ:t:'. - . D
? .

(\)

T ]
Au+Au Collisions
0%-5% Central
(GeV/c), ly| < 0.5

-10 0 10 20

Net-proton (AN, = N, - N5)

* Event by event raw net-proton distribution
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Net-proton higher moments

—
o

(2) KO? STAR
@® 0%-5%
O 70%-80%
Bl Stat. uncertainty
mn Syst. uncertainty

Projected BES-II

O
o

O
o

B HRG GCE ' | stat. uncertainty

O
1N

RG CE
»1 s HRG EV (r=0.5fm)

O
N

Au+Au Collisions
Net-proton
lyl<0.5, 04 < P, < 2.0 (GeV/c)

Net-proton High Moments
o
o

5 10 20 50 100 200 2 5 10 20 50 100 200

Collision Energy \|'s,, (GeV)

e Net-proton So monotonic
2

e Net-proton k6~ non-monotonic pattern

31

Wy

STAR: PRL 127, 262301 (2021)
STAR: PRL 126, 092301 (2021)
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Net-proton higher moments

| ' | ' | ' |

' ' ' — 1 r T 1 — 1 T '
1.0 1 3.0F -
U) \‘ ( 1 ) SO (2) KGZ O'data = Vogtatmgyst
Pl . . -
- T I |
O 0.8l — poly5 (x?/ndf =0.72) _ - =+ Poisson baseline
- 2.0 \ — — poly4 (x¥ndf = 1.3)
O
= 0.6
r- S 1.0F
L
— 0.4} Net-proton N e, -
) 0%-5% - Au+Au collisions 0.0
-15 - lyl<0.5,04 < p_< 2.0 GeV/c s
S —tt 4 - S B S S T H. S E— T TS ——
Q. 0.05f o 1 o.5F T .
o . E Derivative : : Derivative -
R -0 I @@= @=-=9_
- 0.00 - Se o © ® v - 0.0- ® o -9 @ o -
_0.05F . ll\lonlmolnotlonu.:: 1I.O c.r - d o5k i. . I.\lonlmo.notlom.c: 3.'1 (.j o
10 20 30 40 50 60 10 20 30 40 50 60

STAR: PRL 127, 262301 (2021)
STAR: PRL 126, 092301 (2021)

Collision Energy s, (GeV)

e Statistical test performed on deviation from Poisson (monotonic or non-monotonic)

e S ~ 1.00 & ko> ~ 3.16 deviation == Could be an indication of critical region

32 Subhash Singha @ ATHIC 2023



Net-proton higher moments

4 _l | | | 7 1 | | | T | | l_
Central Au + Au Collisions

STAR (0 - 5%) —
@ het-proton —

w
|

I

N
HADES (0 - 10%)
T

O proton _
(lyl <05, 0.4<p (GeV/c)<2.0)

(0.4 < p_(GeV/c) < 1.6)

Ratio C,/C,
- -
§ (vl <0.4)
i,_‘— |~y
gl

s

0.

-

-y

— — GCE
— HRG CE _
1— g net-proton _
] (05<y<0) UrQMD
- (0.4 < p (GeVlc) < 2.0) <x» proton ~
| | | | L 1 1 1 I | | | | L 1 1 1 | |
2 S 10 20 50 100 200

Collision Energy \s,, (GeV)

STAR: PRL128, 202303 (2022)

o At | /Snn < 3 GeV below: Net-proton ko> negative

e Consistent with UrQMD =g Medium dominated by hadronic interactions
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Cumulant Ratios

Net-proton higher moments

B (a)C/C, -

Data (0-40%)

p— —

{ Data (50-60%)
STAR

2 4 10 20 40 100 200

30

~10F

20

10}

- i (b) C_/C; -

Au+Au Collisions
Net-proton

04 < p_ < 2.0 GeV/c

I

___% o
L == .

T
1]

paal b gl I
2 4 10 20 40 100 200

100

1 -100

1 —200

Collision Energy | s\, (GeV)

! (C) CG/C2 :
- - - -0 0200 AE—-
L T'L-L J
- LQCD -
B L | FRG N
1] HRG CE
UrQMD

N 0-40% 50-60% _

g aaaal ] gl P
2 4 10 20 40 100200

STAR: PRL 130, 82301 (2023)

e Ce/Co . Positive at

o Co/C2: Negative for , /syn ~ 7.7 - 200 GeV

SNN = 3 GeV
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Higher Order Cumulant Ratios

|
N
o

o)

Net-proton higher moments

N
o

o

| |

| I

| | | I

1 I T T

Au+Au Collisions at RHIC

I
()] o

o
o

i ¢ ] STAR 0-40% Centrality, Net-proton
0.4 < p. < 2.0 GeV/c

I{,‘J + + !
oo _____] - | BB T | Bl | ]
3.0 GeV 7.7GeV  115GeV @ 1| 145GeV | | 19.6GeV -
L x 10 } UL A l -

| | | ] | | | | | | | | | | | | I | | | |
_ | | ! ! i | | | | 1 | | | | 1 | | | | 1 | | | | _
- 27 GeV [ 39 GeV [ 54.4 GeV } [ 62.4 GeV [ 200 GeV :
L e | | m== ____!_—_4%___'_—_4'\{_0_!_—_%%5_
| 0 ol :: :: —]| I .
| :: m C.,/C, urQMD :' |
[ 1 _ (0-40%) i
" B & GG, LQCD |
C: C4 Cz cd | | '

_ 3 Y4 b5 Y4 | __ ¢ C./C, e ¢, ¢, Cs cd

R & ® | * C/C Ci G ¢ &

| | | ] T ] | | ]

STAR: PRL 130, 82301 (2023)

e Ordering in cumulant ratios: C3/C1 > C4/C2 > Cs/C1 > Ce/Co>
* Opposite ordering at 3 GeV
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Spin dynamics

36 Subhash Singha @ ATHIC 2023



H

&)
|

Hyperon polarization P (%)

STAR Prellmlnary

IIIIIII| [ T 1T 111
HADES, 20-40%
vA
STAR, 20-50%
o A oA
STAR prel, 20-50%
Y\ * A
B A+A BES-II
ALICE, 15-50%
m A oA
- - - UrQMD+VvHLLE
AMPT
- 3FD Cross-Over
—-3FD 1-PT
___'_f_‘__‘_t-f _____________________ i____E_;:I__
IIIIIII| | IIIIIII| | |

1 10

Expected Par~ 0O at

\/SNN ~ 2my

10° 10°

Collision energy |'s,, (GeV)
Hadronic Partonic
dominant dominant

Global spin polarization of A

8 (sin(Y,

M.L W

quark- gluon
plasma

s

forward-going
beam fragment

— ¢F))

P. =
A Res(W,)

ﬂaA

e Global A polarization increases monotonically

with decreasing beam energy

STAR: PRC 76, 024915 (2007); Nature 548, 62 (2017); PRC 101, 044611 (2020); PRC 104, 061901 (2021)
ALICE: PRC 101, 044611 (2020); HADES: PLB 137506 (2022)
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,a B [ 1T 1T 11711 [ IIIIIII| [ IIIIIII| [ 1 1T 111
& HADES, 20-40%
I
al — 1 vA
S STAR, 20-50%
E‘; B o A oA
8 | STAR prel, 20-50%
8_ * A * A
s . m A+A BES-II
= ALICE, 15-50%
I& i m A oA
---- UrQMD+vHLLE
= AMPT
- 3FD Cross-Over
- — -3FD 1-PT
i §
0 _____________________________________._?_.__—_f ? _____________________ i""[';:l"
STAR Prellmlnary
| IIIIIII| IIIIIII| | IIIIIII| | | I I I I
1 10 10° 10°
Collision energy \/SNN (GeV)
Hadronic Partonic
dominant dominant

Expected Par~ 0O at

\/SNN ~ 2miy

Global spin polarization of A

M.L Vo

quark- gluon
plasma

8 (sin(¥, — @¥))
Res(W,)

i

forward-going
beam fragment

PA=
TT A

e Global A polarization increases monotonically

with decreasing beam energy

Does the hadronic dominant matter retain
more vorticity (?)

Where do we observe highest polarization?

STAR: PRC 76, 024915 (2007); Nature 548, 62 (2017); PRC 101, 044611 (2020); PRC 104, 061901 (2021)

ALICE: PRC 101, 044611 (2020); HADES: PLB 137506 (2022)
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Baryonic Spin Hall effect (SHE)

Condensed matter Heavy lon Collisions 1.5
T Model predictions
sxtpXE SxX Ep X Vyup ha P P PP
Sredicted Spin Hall + ont drs . I — with SHE with SHE
redicle IN Ra e elfecCt ariven i
| P | yP _ y ~ 0.5 -~ wlo SHE -~~~ wio SHE
gradient of baryonic density (V up) NS i
gn O e
‘:Q.N i - Baochi Fu et al., arXiv:2201.12970
Can be accessed by splitting in local _050
polarization of A and A : P} — P2 1
1
Fu et., al., arXiv: 2201.12970 I
_1 5— A 1 ! 1 P T T T !
' 2
Polarization ~ vorticity @ V1 € Shear @ V 5 10 10

\'Syy (GeV)
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Baryonic Spin Hall effect (SHE)

Condensed matter Heavy lon Collisions 1.5
" [ STAR preliminary Model predictions
Sx*tpXE S p X Vyg £ # AutAuBESI) P p_ P,-P,
Sredicted Soin Hall 1 ot dr . i — with SHE - with SHE
re .IC ed Spin a. ype e. ect driven by 050 o SHE o wio SHE
gradient of baryonic density (V up) NS -
gn O
=Q.N - g + i Baochi Fu et al., arXiv:2201.12970
Can be accessed by splitting in local _05C "
polarization of A and A : P — P2 :
|- Centrality:20~50%
. - y|<1.5 @ 19.6 GeV
Fu et., al., arXiv: 2201.12970 1 5 - | yI<1.0 @ 27 GeV |
1 .
Polarization ~ vorticity @ V1 € Shear @ V 5 10 10
\'Syy (GeV)
A = See Talk:
P, — P, ~< 0 : No indication of baryonic SHE yet Qiang Hu
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Global spin alignment (poo) of @ and K*0

STAR Prellmlnary

- X¢ (lyl<1.0&1.2<p_<5.4GeV/c) - dN 9
0.4 . T = No((l — Poo) + (3P0 — 1) cos 6’*)
I o K’ (lyl<1.0&1.0<p_<5.0 GeV/c) i dcos@*
- X — . = 1109 + 143 fm® (Fit to BES-l only) - —
i 1 |e Surprisingly, ¢ poo >> 1/3 but K*0 pgo ~ 1/3
035 | e Can not be explained by conventional polarization
o [Lfl.gh..g P T  SRTLITIII SR mechanisms
N 7 " Poo = 3
B ¥o BES-I(yl <10 Run-2019) 1| |° ¢» meson results can be accommodated by a model
0-3__ T % K" BES-Il Stat. Error Projection iInvoking a strong force field of vector meson
i BES-II _
—4 -5
- Au+Au (20% - 60% Centrality) ) ~ 107 =10
025~ | | 1
L] L0l L0l S C C C C
0 e e Poo(@P) & ‘|‘ AT Ce T CETCy
Syy (GeV
\/ NN ( ) Sheng el. al., PRD 101, 096005 (2020)
Sheng el. al., PRD 102, 056013 (2020)
STAR: Nature, 614, 244-248, (2023)
https://www.nature.com/articles/s41586-022-05557-5 Subhash Singha @ ATHIC 2023
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Summary

T Contral Aut Au

T
Collisions

38 z STAR (0 - 5%) —
' it | pobn
At RHIC BES energies: o L oo e
g
L L. # . — S B
 Non-monotonic pattern in observables e s —
2| . 5 | 110 Zb | 50 | I1I(|)0 2(|)O |
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e (net) proton directed flow v+ | |
) " ¢) net proton-
: 001 "\ P
e K/7r ratio - A
/
U \//{ """""" o Bata |
&__ ¥  |= uramp
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Indication of critical behavior
and turn off of QGP signatures

Structure of QCD matter starkly different at 3 GeV than at 200 GeV
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Ao I 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 I
g o IHAlDES’ 20_4_00/0I | O\E : (C) AU+AU, 27 GeV, X 0.2 |
o” vA T +
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STAR Preliminary
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* Vector meson spin alignment IS P
0.4 oK*O(Iyl<1.0&1.O<pTT<5.OGeV/c) |
L X — Y = 1109 = 143 fm® (Fit to BES-l only) -
e Precision charge splitting in v1 (Av1) sl
Qg -
- 3 ¢ BES-I (lyl < 1.0, Run-2019)
0'3__ i K° BES-Il Stat. Error Projection |
Intense initial StrOng fieldS at Work: : Au+Au (20% - 60% Centrality)
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Vector meson strong force-field
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- Stay tuned for exciting
from RHIC

Ve D
A Y
a T : /e
% >,/ /f
L) ’ ‘ */8 _3y
i k. . S - : » g
i 1 -
'\~ p é

717 GeV

Thank you fo your attention

anks to STAR colleagues for discussions
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Quark coalescence sum rule using vi,2

0 | AN
R _ >
I — l_%.ﬁ ] - 01 AU +AU: 10'40%
0 -04F - 7 $
-0.01—: —
— 0.15F | {r o — %
= 7 8 9 10 ] s
- i : x %
%f‘ -0.02} - .
> A ) 0.05 x
N : \ | 10 - 40% Au+Au -
APV S N/ - ;
L b * A (uds) : * A (uds)
: —— K (0s) + 1 p @A) - 1 1
0045 — + K (Ts) + 3 P (uud)
10 100 3
Syn (GeV) 0 (@)
. 10 102
mii A. Goudarzi, et al,PLB 811, 135974 (2020)
anti- uds
a”;'p Hu Testing quark coalescence hypothesis
= us
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Elliptic flow (v2) of identified particles

* At low pr1: mass ordering in vz

* At intermediate pr: v2 shows baryons vs. mesons ordering

46
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NCQ scaling of vs

BES-II

Au+Au, \|s,, = 19.6 GeV
lyl<1.0 10-40%

STAR Preliminary

P, = 1.153 = 0.032

1

A - oKX +E
on u+Au, |s,, =19.6 GeV 0044 o
' lyl <1.0 10-40% - 1L .- FittoK}
- = A
& ¢ e 0.02
M T .
%) 0.02 AN ,+¢ ------------------- ;co
> | .
?
Of
O
STAR Preliminary
w 2 25
2 =1.278 = 0.013 X sk
s o F
= O0.5E + -oc-uo 0_5;_
g O: . . . . . . . . . oC 0:._ . X X X
0 0.2 0.4 0.6 0.8 1 12.2 14 1.6 1.8 0 0.2 0.4 0.6 0.8
(mT-mo)/nq (GeV/c?) (mT'mo)

1 1.2
In, (GeV/c?)

e NCQ scaling for vz holds ~ 30% for particles; ~ 15% for anti-particles

Indication of partonic collectivity
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Global spin alignment (poo) of @ and K*0

liminary

0.4

0.35

pOO

0.3

0.25 |

STAR Pre
|

Au+Au (20% -

¥*¢ (yl<1.0&1.2<p_<5.4 GeV/c)

© K (lyl<1.08&1.0<p_<5.0 GeV/c)

—CY = 1109 = 143 fm® (Fit to BES-I only)

60% Centrality)

dN
dcosf*

— NO((I — Poo) + 3pgo— 1) 0082«9*)

e Surprisingly, @ poo >> 1/3 but K*0 pgg ~ 1/3
* Can not be explained by conventional polarization

mechanisms

1

0

10° 10°

Sy (GeV)

STAR: Nature, 614, 244-248, (2023)
https://www.nature.com/articles/s41586-022-05557-5

~ 1074 =107

1
poo(gb)z§+cA+c€+cE+...

Sheng el. al., Phys Rev D 101, 096005 (2020)
Sheng el. al., Phys Rev D 102, 056013 (2020)
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Baryon stopping and transport
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