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RHIC and BES-II

o I S S S O S O™
* PHENIX completed data taking in 2016 - -
: : 10°E —=
e Ongoing analysis efforts % : BES-II
S i :
10 L
e STAR BES-II (2018-2021) 2 -
- i _
: 10E =
e Collider mode: \/snn = 7.7-19.6 GeV g
U = 420 - 200 MeV 05— Y
Gev 2015LRP
e Fixed-target mode: /snn = 3.0-13.7 GeV
Us = 750 - 280 MeV
Fixed Target
N~ z=201m
EPD
BBC
Beam pipe
Au-Target =0.25mm thickness ETOF il
1% interaction probability BTOF
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Probing the QCD Phase Diagram

» QGP formation at top RHIC energies
Jsny = 200 GeV, us =20 MeV

e Probe characteristics with heavy
flavor, strangeness, jets etc.
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( e Finite ps region: Beam Energy Scan (B

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

| e Probe onset of deconfinement

e Search for critical phenomena

ES)

)
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Temperature T (MgV)

 High ps region: STAR fixed-target
| Jsww=3.0-13.7 GeV, s =750 - 280 MeV

e
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| * Hyperon contribution to EOS via hypernuclei

e —

| e Nature of produced medium ( hadronic vs partonic? )
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1. Top RHIC energies: vsnn

200 GeV
54.4, 27 GeV)
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Selected results on

MPI at LHCAE',
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® Heavy flavor

® Photons
® Strangeness
® (Global polarization

® Net-proton cumulants

Temperature T (MgV)
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Ds Production in Au+Au Collisions at 200 GeV

e D3/DOin Au+Au 200 GeV 08f

STAR Au+Au ® 0-10% " @ Au+Au, 0-10% 0-10%:
! _ (0 0.8 O Au+Au, 10-20%  ----- Tsinghua (seq. .)
. Significant D | (TwEE0CeY Ny o OEYTRHIA o ngagn!;?cgf:?) fcoa)
. - -20%  —— Catania (coal.+frag.
|gn| |ICan 05 _ PYTHIA 05 0.6 |- S-Rapp, 0-20% — - Cao,Ko ’
enhancement = 04f }Q b1 § = |
++u> i ®
compared to S| ¢ |
and : (a) - (Sw =200 GeV  (a)
PYTH IA 081 ® STAR Au+Au 200 GeV (0-10%) (b) | @ Au+Au, ---- Tsinghua (seq. coal.), 20-40%
| O ALICE Pb+Pb 5.02 TeV (0-10%) _ U810 Au+Au, — — Tsinghua (seq. coal.), 40-80%
OLQ 06 ¢ ALICE p+p 5.02 TeV Cle 06 __ PYTHIA p+p
e Comparable to S | T s | - %
~ 041 ¢ % § ;E 0’ 0.4 Eﬁ %Q“ -
Pb+Pb at 5.02 TeV o $§3 - § SR SRS ' e
Qpof TPt =4 . g
PYTHIA p+p 200 GeV —5.02 TeV i (D)
e No strong centralit S S N C T2 34 5 & 7
g y Transverse Momentum p_ (GeV/c) Transverse Momentum P (GeV/c)

d e pe n d e n Ce STAR, PRL 127, 092301 (2021)
. - I - —
| Models mcorporatlng coalescence and thermal

abundance of strange quarks qualltatlvely descrlbe data
-
12Wipi at LHCm“
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Energy Dependence of HF Electron v-

0.2

o 0.2
>c\10_15 — L; Au+Au, 0-60% STAR Preliminary LIL> Au+Au, 0-60%
: * 200 GeV Au+Au 0-60% ® ors|. o T oz ey e ® 1o ZZAPHSD @27 Gev
© ¢ 54.4GeV — . 21O 1 PHSD @54.4 GeV 04.4 GeV| 015 1 sy Ry, 27 Gev
STAR Vv,{EP}, 54.4 GeV
0.1 " 27 GeV * + o o ° nonflow, 54.4 GeV + E 0.1l
[ 4 non-flow 54.4 GeV 1 x U
= ¢ *
N L
M T | ¢ ) 0.05|- T -
’7_\ *1_\ ® = — =S + — yzzﬂ[/[/ﬂ/m
0.05+ |_’ ¢ Lﬁ f_\l_] = ; - _ox Ll B
’ L | 1 | | 1 =
T 0 0.5 1 1.5 GV 2 0 0.5 1 1.5 GeV/ 2
L] L //////// % p. [GeV/c, p, [GeV/c
O ,//////////// Z . -
STAR Preliminary M * Model calculations lower e PHSD calculation comparable
| | | than data at 54.4 GeV to data at 27 GeV
0 0.5 1 1.5 2 I o
. reetal., 1,024904 (201
AutAu 200 Gev: pT [GeV/C] T. Song et al., PR((ZB 92, (;1194;0 (20515)

Phys. Rev. C 95, 034907 (2017), STAR Collaboration T. Song et al., PRC 96, 014905 (2017)

e HF e v2 at 54.4 GeV comparable to that at 200 GeV
e Hint of lower HF e vo at 27 GeV

Charm quark interacts strongly
with the medium at 54.4 GeV

e e e e e e E—

MPI at LHC::; Yue Hang Leung - Lawrence Berkeley National Laboratory §)



Energy Dependence of J/P Suppression

R.Rapp et al PRC 82,064905 (2010) (private comm.)

g 1.8 DL e B L L _‘ < 1.2 | | 1 1 ] LI I | 1 1 1 | LI I
a2 : AutAu |y[<l STAR Preliminary : < STAR Preliminary
5 1.6 : 200 GeV, p_>0.15 GeVe, |y |<0.5 : m . .
=< 4f ® 544 GeV,p_>0.2GeVic E 1 o This analysis: P~ 0.2 GeV/c Pb+Pb 0-5% _
BEA | 62.4 GeV,p_>0 GeVle 1 \3 : I
o f 0 CeV o 0 Cev) ] - Theoretical curve
2 eV, p eV/e — )
L[] ! p+p uncertainty i 0.8 — Total CHER 0% + -
1 . ‘ - Primordial |

------- Regeneration

0.8 =
0.6; HHH H — 0.6

III]IIIIIIIITIIIIIIIIIT

- a B . N Pb+Pb 0-20% H Au+Au 0-10%
0.4E % S @ § 0.4 H F _
0.2 7 il
“"6‘“‘5'0‘“iéo“iéo“iéo”z‘éo"366”3‘56”483”450 0.2 ARG T :
part
e Suppression of J/P in Au + Au collisions L
at 54.4 GeV observed with high precision sxn (GeV)

r_‘-j — E— — — e e E— — — e ‘w

' e No significant energy dependence of J/{ Raa in central collisions from 17.2 to 200 GeV
. At LHC energies, J/P Raa increases due to regeneration |
|

e [nterplay among dissociation, regeneration

L —— S—— —— —— ——— ——— — —— —— —— ——— S ——— S—— —— :j
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Energy Dependence of J/P Suppression

" 1.6 : ' l ' : ' ' ' l ' : ' : 1 2 R.Rapp et al PRC 82,064905 (2010) (private comm.)
. [ * 0%100%p+Au Inclusive Jiy  (b) st C GTAR Preliminare
1.4:' vSNN=200 GeV o . : reliminary

192 - PHENIX 5 1 L o This analysis: pT > 0.2 GeV/c Pb+Pb 0-5%
3 SN/ /)y //////// /. = i Theoretical curve
- . — Total Pb+Pb 0-10% +
0.8: £ 0.8 B - Primordial I
0.6 e 1 - Regeneration
3 0.6 |- -
F EPPS16 LO (Vogt) EPPS16 (Vogt) + Abs :
0.2F EPPS16 (Shao) EPPS16 (Shao) + Ab - SRS EaSc H Antin (0.70%
- s nCTEQ15 (Shao) = nCTEQ15+Abs 041~ F -
O = =1 o 1 2 3 = vl _
Y 0.2 - Au+Au 0-20‘}[ __________________________ —
e Effects beyond nPDF modification alone -
are required to describe quarkonia S ———— T
production in p+Au at backward rapidity San (GeV)

r_-j — E— — E— e e E— — E— e ‘w

' e No significant energy dependence of J/{ Raa in central collisions from 17.2 to 200 GeV
. At LHC energies, J/P Raa increases due to regeneration |
|

e [Interplay among dissociation, regeneration, cold nuclear matter effects

MPIl at LHC3. ¢ Yue Hang Leung - Lawrence Berkeley National Laboratory
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Direct Photons in 200 GeV Au+Au Collisions

PRL 123, 022301 (2019)

p(d,A)+p(A) = v +X a=1.25

# Pb+Pb, \s,, = 2760 GeV (ALICE)
¥ Pb+Pb, s, = 17.3 GeV (WA98) —~—
B Au+Au, \s,, = 200 GeV PH: ENIX
® Au+Au, \S, = 62.4 GeV preliminary
| Au+Au, \s,, =39 GeV 4
7 Cu+Cu, |5, = 200 GeV A
A d+Au, /s, = 200 GeV | ’ﬁ
O p+p, Vs = 200 GeV g 'E
® |Au+Au, \s,, = 200 GeV 'BI T
(2014 conversion method)’,.-""
1Y

N.,, scaled prompt photons
p+p fit, Vs = 200 GeV
—_pQCD, Vs = 2760 GeV
— pQCD, Vs =200 GeV
_pQCD, Vs =62.4 GeV

| IIIIIll | | lIllIll

| | lllllll |

i & 10°[
* Photons do not experience 5 AU+ AU — 1 +X, |8, = 200GeV, 0-20%
n n >
Strong |nteraCt|0n 8 I , ¢ 2014 conversion method 102;_
- prObeS Space-time ':'; 10 \ ¢  PRC 91, 064904 (conversion) ’c\? E
| &l o ’ +  PRL 104, 132301 (virtual y) > 0=
evolution of matter produced S [ % o PRL109, 152302 calorimetey O
~ 21071 " p2\n =, B
& I hp Nqoi Scaled pp fit: A 145" L{/’ 1?
. 0 —
Direct photons = Inclusive photons : $ oF 101
- decay photons 10} L v o F
' 0 2l
- — 107
- QE s ~ -
107° 7 ", T 10°L
n * ~ S
* New PHENIX measurement i Y z |
- ¢ -4|
from 2014 Au+Au 200 GeV o AR
R
. - - ' PH ENIX ‘
* high statistical precision  preliminary
. . . 10—9 Lo co by N
e consistent with published 0 2 4 6 8 1C
results p_[GeVic]

102 10°
dN,,/dn In‘_‘0

I e — e — - e S e — ‘1

Observed scaling behavior in
A+A collisions suggests that

|
H

e At low pr, Au+Au data show
an enhancement compared to
prompt contribution

MPIl at LHC3. ¢ Yue Hang Leung - Lawrence Berkeley National Laboratory

emission source of low pr

direct photons are similar from

Jsnn =39 - 2760 GeV

1

e —




¢ Production in Cu+Au and U+U Collisions at 200 GeV

m B 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1
o 2%f  Cu+Au, |y|<0.35, \'s,, = 200 GeV ;
2F v 7% 0-20% 4 m,0-20% ¢ 9,020% - e
18 + K. 020% 4 o, 0-20% A T, 0-20% S | o ENIX CutAuj £ | Sovenn U+U
-Of I 6.000 5 20% = K0-20% : > 41 e T >4 N -
1 6:- A K70-20% w (p+p)i2, 0-20% * K0-20% g 0'1: preliminary : 0'1: preliminary ¢ ; il |
= 7%, n published in PRC98, 054903 -  |<0.35 | - m|<0.35 T
1.4 z 0.08F {q i & $| + + | - 0.081 ']' = *
1.2} PHENIX .. # il S L
"I preliminary: e “ 3 : Hj _
TR W B - 0.04:- : Cu+Au, s\ =200 GeV 0-04:— +i U+U, m=192 GeV -
0.8 - . ¢ ¢—K'K, 20-60% j e ¢  ¢—-K'K, 0-50%
| M . O 0.02" = s 7, PRC94,054910 | 002 =» « 75, 10-40% -_
0.6 YT . !ﬂg éH il - = (p+p)/2, PRCY4, 054910 " = (p+p)/2, 10-40% -
LR A A R w R & 0504 08 08 1 Tz Tz 98" 0 02 04 06 08 1 12 14 16
0.4t ® T T S J[H -- @ 0 02 040608 1 1'2KE1T'?nq (1(§eV) KE,/n, (GeV)
0.2 Scaling uncertainty from p+p - 9.7% E
'R T R TN TN SRR NN WNNN TR TR NN TUNN SUNN SN NN SN TN T N TR S T N T -
2 4 6 8 10 12
GeV/c L
Py ) e ¢ follows NCQ scaling in Cu+Au, U+U

e At high pr, similar suppression for all 200 GeV

species: parton energy loss | | |
e Consistent with ¢ production

e At intermediate PT, RAB(p) > RaB (Cb, K*) > RaB (T[O, r]) via COa|eSC9nce, similar to HF
* |[nterplay of radial flow, strangeness
enhancement, coalescence hadronization

MPIl at LHC3. ¢ Yue Hang Leung - Lawrence Berkeley National Laboratory



Strangeness Production at 27 and 54.4 GeV

1 I I 1 I I I I 1 I I | I 1 I 1 | | I I I I I I I

S | e 115GeV L oM _ -
= Ge STAR Preliminary - @P X AusAu, 27 GeV, 0-80% @P X7 AusAu, 54.4 GeV, 0-80%
N 03| ® 196GeV 0-10% Au+Au, 54.4 GeV AKX OK AKX OK
¥ - —+
i 27 GeV | Vo &K AT HKS x *x
+ X . * %O
c ® 39 GeV N *O*O*Q* *"1(: QVo N *@.*04. o
A, o = C fe %
Z ® 54.4 GeV | L & osl "f! / G#Q@%ﬁ )
02/ . 200 Gev ; A = I &? ﬁ“ﬁ _
u s o
_ | wm : - f 27 GeV 54.4 GeV| -
0.1 B % % . o F{; STAR Preliminary STAR Preliminary.
B 1] 2 R T T R T —_
B E;E H SR R S S S K S S N | E T SR SR S S S S S S S S S S T
— ;, 0 0.5 1 150 0.5 1 1.5
- .T | | | | (m-mg)/n_ (GeV/c?) (m-mg)/n_ (GeV/c?)
00 1 2 3 4 5 6
P, (GeV/c)

e NCAQ scaling holds for multi-strange

e /¢ ratio enhanced at intermediate pr baryons at 54.4 GeV

for (Jsnn= 19.6 - 200 GeV

e e — e — S e e e e — —— e S s e e E—— e - e e — s e e — s s e e

[ @, =, Q coalescence hadronization as dominant production mechanism at 54.4 GeVJ

——— — — E———— — ——— — ——— ——— E—— ——— ——— ——— R ——— — E———— — E———— — —— R ———— —
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First Measurement of = and Q2 Global Polarization

e A global polarization: evidence for the
most vortical fluid

BBC

/
st ¥ P

A
forward-going

beam fragment
STAR, Nature 548, 62 (2017)

e Global polarization is the alignment between:

spin of emitted  angular momentum of a
particles non-central collision

s (e )

— pou- f _ SyS
H <1)H S}’S) TC(X,H R](Elg

2Pl at LHC 3

STAR Au+Au 20%-50%
Nature548.62 (2017)
eA OA
PRC76.024915 (2007)
AA AA
PRC98.014910 (2018)

H aA DA

|:| ALICE Pb+Pb 15-50%
PRC101.044611 (2020)
/\ + A o A

o

>

(7.7)=7.34+3.02 [%)]

P, [%]

STAR Au+Au 20%-80%
= + E (via daughter A P,)

+
R

*x E
| ¢ =+ E_+
o + Q +Q (viadaughter A P)

N
IIII|IIII|IIII|II

732 + 0.014 *
.758 £ 0.012

-0+ =-0.401+ 0.010

1

—
=
—

- AMPT PRC99, 014905 (2019)
- [CJA+A Oz )
- DOe

_1IIII| I I IIIIII| I I 1

10 10°

o o

10°
\/ Syn [GeV]

STAR, PRL126, 162301 (2021)

Decay proton tends to be emitted along
the spin direction of the parent /\

* positive = global polarization observed

e e e - e S e — - e e e ;1

Results confirm the global polarization
picture based on the system fluid vorticity |

e

Yue Hang Leung - Lawrence Berkeley National Laboratory 12



6th-Order Cumulant of Net-Proton Multiplicity in 27-200 GeV Au+Au Collisions

e Cumulants characterize event-by-event fluctuations - ST

_ [] -

C,=<N> SN=N-<N > N —

C, =< (6N)* > - .

C, = < (6N)> > W E_ XN _‘.,53‘_ R IR, L | Aty |
C,=< (ON)* > =3 < (6N)* >* -

T 11
=@

Cs=<(0N) >—-5<(6N) > < (6N)* >

STAR Au+Au Collisions
lyl <0.5,0.4 < P, (GeV/c) < 2.0

Co=<(ON)°>—-15<(N)*> < (6N)* > — 10 < (6N)’ >> + 30 < (6N)* >°

Net-proton Cumulant Ratio C /C,
I
Ol

e Higher order cumulants of net-proton of @@ew f:_ o 2:0 S 19 _
multiplicity probe the nature of phase transition © Theory :
Ratios of cumulants cancel system size to first order 15 | Eé%l\éD B . -

B . B T B :

e Co/C2< 0 predicted as a signature of cross-over
transition (Lattice QCD)

e Ce/C2> 0 from UrQMD (no QCD transition)

r e — E— E— e — e e e e e e — ‘w

Average Number of Participant Nucleons (Npart>

STAR, arxiv:2105.14698

e Data, albeit with large uncertainties, favor smooth cross-over at Au+Au 200 GeV |

e If confirmed with higher statistics, this will be the first direct comparison between data |

and LQCD calculations |
L______ _ — -~ -~

12th
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2. Finite ug region: vsnn = 7.7 - 27 GeV

Temperature T (MeV)

Selected results on ~ ® Net proton cumulants |
0 e
0 500 1000 1500
Baryonic Chemical Potential pu; (MeV
th ﬁ%@ L
12Wp1 at LHCE; Yue Hang Leung - Lawrence Berkeley National Laboratory 14



Search for Critical Fluctuations

| ] | ] ] | ] ] | ]
. =~ F FAIR
of the main goals of the BES program = TONICA Quark-Gluon Plasma
.
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S e ] L L L S L ey et e
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| | [ | r | |

signature of CP , y 0 500 1000 1500

KO~ = —— Baryonic Chemical Potential u; (MeV

STAR, PRL126,9,092301(2021)

| Ko 4th order

baseline

e — — - - — —

O | > M. A. Stephanov, PRL 102,032301(2009)
M. A. Stephanov, PRL 107,052301(2011)

7
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Search for Critical Fluctuations

(2) K02

STAR Data
@ 0-5%
O 70 -80%

Bl Stat. uncertainty
0 Syst. uncertainty

Projected BES-II
Stat. uncertainty

5 10 20 50 100 200

Collision Energy /sy, (GeV)

STAR, PRL 126 (2021) 092301

e Non-monotonic behavior of Ko2 vs.

Jsnn in 0-5% central collisions
observed at 3.10

MPI at LHC2.¢

e

LJ e — ——— e

e —

—

Yue Hang Leung - Lawrence Berkeley National Laboratory
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Hint of critical fluctuations, look forward to BES

-ll data l
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| RHIC . BHICFEXT !
< . FAIR
o N ~ % : . tea Quark-Gluon Plasma |
3. High ug region: vsnn = 3 GeV S -
— e — — — 156 - - -
P |
Selected results on @ Light flavor s = f

O /8 . 1

S| - o R

® Strangeness - . ___ =@ __ @
O  Hadron Gas

0 500 1000 1500

® Global polarization |
P Baryonic Chemical Potential pu; (MeV)

® Hypernuclei

42th @%??
MPIl at LHC3. Yue Hang Leung - Lawrence Berkeley National Laboratory




Collectivity at 3 GeV

e vs values are negative and NCQ scaling violated

at

e Disappearance of partonic collectivity at 3 GeV

1 2th

I | I
27 54.4 (GeV)

MPI at LHC.

" Au+Au Collisions (10-40%) 3
BEEEEE 200 =1 T A [ -
54 .4 g By K a @ & =
' U‘.t"g #E%}’__ P % O x"@ _’13—-'__
Y A Y s TS + e ] = A —
- 145  _ OpB Tt o RePCEE
----- 77 o T o i
N B AT 1 o (Ot~ _
m’;’g/ /49‘.‘?7 _
— 5;/} -1 Ii'r;j//
- r,r-(f (a) Positive particle 1+ & (b) Negative particle
‘%k _____________________ & ___
Kr kx££ x X A Ad A
o A , 1 A A _
A A %&
| L | . | I |
0 0.2 0.4 0.6 08 O 0.2 0.4 0.6 0.8

2
(mT - mo)/ncI (GeV/c?)

3 GeV

STAR, arXiv:2108.00908

~0.08}

Au+Au Collisions
Vs = 3 GeV 10-40%

0.2<p <16 GeV/c
f ] f

JAM  UrQMD +
I TC

[
[
|
|
I
I
|
[ 4
AT VT :
|
I
:
|
[
|
|

_L  Baryon-Mean-field Cascade

. 05 0
Particle Rapidity y

e UrQMD cascade model fails to describe data

* Including baryonic mean field generates
trends seen in data

e e e - e — e — e — —— e e e ——— I e e ——— e e — S e e —

[ Medium created in 3 GeV Au+Au collisions dominated by baryonic interactions ]

E— E— E—

E— E—

E— ———

Yue Hang Leung - Lawrence Berkeley National Laboratory
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Particle Yields at 3 GeV

1 1 I I ] 1 1 1 1 ] I 1 1 1 ] I I 1 1 l

Au+Au Collisions @ FXT ys,,, =3 GeV
0-10%, -0.1<y_ <0.0

--- Combined blast-wave fit —_

a

T,..(MeV): 90.899 +/- 0.378 —
- % (B 0.357+/-0.003
»a -~-\\ "r%!: | ——

‘-Kii:*\iti@\ fixed n=1 -
SRR, .

- 3
%, —_—
ht
x§ -

>
a2
BN
¥ o
: ~
-

§ -~
:

0 d:1.2<pT<4.OGeV/6\‘\_\ .
} t18<p <48GeVe . N s
| O °He:1.8< p, <4.8 GeVic \ ” \
* ‘He:2.4< p, <4.8 GeVic

® inclusive p: 0.6 < p <2.2GeVic
$ n*tn:03< p, < 1.4(2.1) GeV/c
)]

*
2 .
®

I

|
|

Hl

|

STAR Preliminary ™., —

| 1

@
+ K. K:04< p, <1.2(0.8) GeV/c

| | | 1 | | | | 1 | | |
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o Color: fit [x%,K*, p, P, d, ]

\E_/ [~ Gray: fit[z%,K", p, p ] Phys. Rev. C 96,044904; Phys. Rev. C 79,034909 |
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* 150} | 4

= - bW 11l ] 7.7-200 GeV
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— - ® FXT 3 GeV fit [r*,K",p] -

50“ O FXT 3 GeV fit [r*,K*,p, d, t,°He,*He] Central B

. Comb. Blast-Wave Fit with n=1 i
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Collective velocity (3)

e 11, K, p, light nuclei mid-rapidity pT spectra fitted with blast-wave function

Simultaneous fit gives good description to all particles considered

e Different trend in in kinetic freeze-out temperature compared to Jsnn > 7.7 GeV

1 2th

MPI at LHC 33§

| higher collision energies

—_—m
| Different EOS at 3 GeV compared to that at

- ]

R

Yue Hang Leung - Lawrence Berkeley National Laboratory

| | | | | | | | | |
0.6 —
i smasH —GCE |
| Au+Au C) —- UrQMD' CE, rs (fm) |
0-40% .
- y ! UrQMD? 22
0.4 |—Ar+KCl | s 3.2 |
| 0-35% \‘ -= 42 |
| AI+Al " -- 6.2 _
| 0-9% . |
0.2 o : Pb+Pb 0-7.2%
O — : l: | | | | : | I I_
2 |- Lo “
" Ar+KCl -<>
1 | 0-35% .
i — (b)
0 | —

> 3 5 10 20
Collision Energy \/s,, (GeV)

STAR, arXiv:2108.00924

|
L

I E— _ E— _ — E— - E— - — _

Canonical ensemble (CE)
statistics is mandatory to describe
strange particle yields at 3 GeV

S ——— — ———— e — = e ————— e ————— _J:J
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/\ Global Polarization at 3 GeV

e 3 GeV: Largest A global polarization yet observed
P, =491 % 0.81(star) = 0.15(syst) %

L2 ARSI S A S — _ .
S = 3D | o Paat 3 GeV consistent with:
as 10__ — UrQMD, ’(I)’th’/Q ]
S e _ e 3FD (hydro-model)
ST — - UrQMD+vHLLE ] e URQMD (hadronic transport)

scaled using aop = 0.732

STAR 20-50% Au+Au, '07-'18
ALICE 15-50% Pb+Pb

A A i
t* STAR 20-50% Aut+Au, 2021 |1 o |nconsistent with:
m O i

e AMPT (partonic transport)

of 1 ......................................... 2 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 3!_'_ 8 « URQMD overestimates FT/\ it
J/onn (GeV) JSnn>7.7GeV

STAR. arXiv: 2108.00044 (submitted)

r e e — S — - e S e — e — S e s I I e e — e S

Comparisons to URQMD and AMPT seem to suggest that

L_tvorticity Is affected strongly by the state of the system

MPIl at LHC3. ¢ Yue Hang Leung - Lawrence Berkeley National Laboratory

= L S
I - STAR Au+Au, /snn = 3 GeV
et L pr > 0.7GeV/e, -02<y<1
|Qj 10 i apy = 0.732
[ | mmm 3FD i
8 |— UrQMD, |Gy |/2
| |zZz3 AMPT
i v
6 L
4L
9L
0L

Centrality (%)
ST_AR. arXiv: 2108.00044 (submitted)

 |arger Pa for more
peripheral collisions,

e consistent with the
increased Initial global
angular momentum in
the system
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Hypernuclei Lifetime and Binding energy

Hypernucleil are nuclei containing at least one hyperon

* STAR measured hypernuclei lifetime and binding energy

using 3 GeV data

Provide information on the Y-N interaction
and hypernuclear structure

400
~ @ Theoretical calculations
350 ~ =& Experiment results ®
- =% This work NPA954(2016) ]
—~ N ---ABf‘\(O*)=O N
% 300 - Projected Run21
- N stat. uncertainty °
S
—~ 250 [ PLB744(2015) |
(@) [ STAR Preliminary ®
- PLB744(2015)
<= 200 [ ‘
< 150 |- .
- LNP724(2007) ~ PRL116(2016)
100 — o
N PRL.88(2002)
50 — @ ®
[ MLN98(1999) NPA914(2013)
0 [reseeeeeres e

3
H

G

NPA754(2005)

STAR 20217

Hypertriton lifetime puzzle:

?\H lifetime observed to be smaller than A\,

with tension between different experiments

MPI at LHC3: ¢

------ Dalitz et al (1966)
(a) 3 H Congleton (1992) (b) 4 H A. Gal (2021)
A - Kamada et al (1998) A
- - Gal et al (2019)
average -- Hildenbrand et al (2020) average
! |
1 |
= STAR Preliminary |
a8 ' [@] STAR preliminary
| ALICE (2019) [
e STAR (2018) | B=o——1|| HypHI (2013)
IE. EI. ALICE (2016) —q—' —E H. Outa et al (1995)
[——+ HypHI (2013) i
ol —® S. Avramenko et al (1992)
STAR (2010) 2l
G. Keyes et al (1970) . Y. W. Kang et al (1965)
G. Bohm et al (1970) |
o> Prem, Steinberg (1964)
Phillips, Schneps (1969)
G. Keyes etal (1968) | — ¢ | N. Crayton et al (1962)
Prem, Steinberg (1964)
IIII::IIIIIIII|IIII|IIIII|IIII:|;II II|IIII|IIII
100 200 300 400 500 100 200 400 500

Lifetime [ps]

Yue Hang Leung - Lawrence Berkeley National Laboratory

L e °H: ~0.2 MeV
OO e ‘H: ~2.2 MeV
L oosely bound objects

t(AH) = 232 £ 29(stat) + 37(syst)[ps]
t(3H) = 217 =+ 8(stat) £ 12(syst)[ps]

B,(AH) = 2.24 £+ 0.06(stat) = 0.18(syst)[MeV]
B,(AHe) = 2.37 + 0.12(stat) + 0.14(syst)[MeV]

Combine with other
BES-II data to improve
statistical precision

-> Help resolve the - H
lifetime puzzle
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First Measurement of Hypernuclei vi and dN/dy at 3 GeV

1.4

Mid-rapidity V. Slope

o

e Light nuclei v1 slopes follow baryon number
scaling in 5-40% 3 GeV Au+Au collisions

* First observation of hypernuclei collectivity In
HI collisions

e Hypernuclei v4 similar to light nuclel with
similar mass

e —

L

I

> Qo

l I

Au+Au Collisions at RHIC

Energy: \]SNN =3 GeV
Centrality: 5-40%

I

. /.'/,
3, O 4 +
H/eo+ AH
‘/'./ 3
// AH
d'/
/'O.
@ Light nuclei

0 Hyper nuclei

— -~ Linear fit for light nuclei

STAR Prelimininary

| l

Mass (GeV/c?)

e —

4

Consistent with hypernuclei production from
| coalescence of hyperons and nucleons

MPI at LHC 2. 2

-3 -3
<10 Au+Au 3GeV 10
15 0-10% 4 10-50% -1 6
3 ® 1 SH( iH) — 3He(*He) + nt |
% ° AH assuming B.R.=25%(50%)
=2 10 o4y -+ 4
© ‘+ ®é +
®
S é T . +¢ -2
STAR PRELIMINARY
RN T N AN T SN TR NN TR WO SN N SO TR WO AN S S RN TN NN TN NN TR N SO TN SO AN TN SO TN N N
—1 -08 -06 -04 -02 -08 -06 -04 -02 0
y
e Different trends in rapidity distribution in
central (0-10%) and mid-central (10-50%)
collisions for 1H
e | ikely driven by collision geometry, e.qg.
spectators in non-central collisions
Yue Hang Leung - Lawrence Berkeley National Laboratory
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Summary

* Variety of probes employed at different collision energies at RHIC

to map the QCD phase diagram

 Partonic interactions dominant at top RHIC energies, open heavy flavor and strange hadron

formation via quark coalescence

* |nterplay of dissociation, recombination and cold nuclear matter effects for

J/Y production in QGP

* Main sources contributing to low pr direct photons in large systems are similar

from 39 GeV 10 2.76 TeV

e Hints of smooth cross-over at \/snn = 200 GeV and critical fluctuations /snn ~ 20 GeV

e Hadronic interactions dominant at \/snn = 3 GeV, light and hyper-nuclei formation via

coalescence of baryons

s

e

| STAR Au+Au ® 0-10%
\'S\y = 200 GeV O 10-40%
6 A 40-80%
. é PYTHIA
i ; .
- (a)
O ] | ] | ] i ] i ] |
2 4 6 8 10

Transverse Momentum P (GeV/c)

* Data suggests coalescence of
charm quarks with strange quarks
in QGP dominate Ds production

LHC SPS AGS SIS

| RHIC | RHICFXT !

QuarK-Gluon Plasma

Baryonic Chemical Potential u; (MeV)

e

_I I 1 LI I LI I
(2) xo?
i STAR Data
@ 0-5%
3.0 O 70-80%
B Stat. uncertainty -
Syst. uncertainty I
20 Projected BES-Il  —
Stat. uncertainty H
1014 % ' |
o413 --4--4- R EEEEEE SRRy i
AL SCETT
L (X 1 4 _ I
0.0 -~ éé ————————————————— 4 |
! I I

5 10 20 50 100 200 |
Collision Energy \'s\ (GeV)

e Hint of critical fluctuations

—————— EE——

I ' I ' I ' I ' I
" Au+Au Collisions (10-40%)
0.08F ----. 200 -
- 54.4 0, e E
{ G -
0.06f ~ - & e AR
145 o Slan -
o | -=--- 7.7 v’,"f*t,-t/""
£ 0.04_— o 1 |
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0.02[ 59 —
- o (a) Positive particle
Oy~~~ ~ 7~~~ -
TR R Rk K A
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* Disappearance of partonic
\ collectivity at \/snn=3 GeV J
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Thank you for listening! L ook forward to BES-II data and high
statistics Au+Au 200 GeV data from
SPHENIX and STAR!

Backup slides follow

12t .
MPIl at LHC3. Yue Hang Leung - Lawrence Berkeley National Laboratory



Quarkonia production in small systems

m1.6 VORI O sy S T T T T o o TFr T T, T T T T 1
o e 0%-100% p+Al Inclusive J/y () e 0%-100% p+Au Inclusive J/y  (b) e 0%-100% “He+Au Inclusive J/y  (¢)
1.4 5, =200 GeV {s,=200 GeV S, =200 GeV
12 PHENIX PHENIX PHENIX
1 SRR s E e - el o o G oam m sh e e W R R W R W RN R R R R W W W W W oW oW W
o. 8 ) ettt
:
0.4
EPPS16 LO (Vogt) EPPS16 (Vogt) + Abs EPPS16 LO (Vogt) EPPS16 (Vogt) + Abs EPPS16 LO (Vogt) EPPS16 (Vogt) + Abs
0.2 EPPS16 (Shao) EPPS16 (Shao) + Abs EPPS16 (Shao) EPPS16 (Shao) + Ab EPPS16 (Shao) EPPS16 (Shao) + Ab
SR nCTlEQ15 (Spao) 1 nCTElQ15 + Atl>s | nCIZTEQ15 (IShao) | nClTEQ15 + Abs F, = n(}TEQ15 (lShao) , nClTEQ15 + Abs
0—3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
y o y y PHENIX, PRC102,014902(2020)
. . ey ° - or SHe-goINnq: ' '
e p+Al: consistent with no modification -« * p-or°He-going: consistent with nPDF
: * Au-going: consistent with nPDF + nuclear absorption
o * nuclear crossing time comparable formation time at backward rapidity

r: e — ——— I — —— T e I —— I —

Effects beyond nPDF modification alone are required to describe quarkonia production in p(3He)+Au

LJIJIJ e e — e —— e e — —————— e — S —— ——————

MPI at LHC::; Yue Hang Leung - Lawrence Berkeley National Laboratory 25




Quarkonia production in small systems

2.5

< Inclusive J/vy -2.2<y<-1.2 Inclusive J/y -2.2<y<-1.2 Inclusive J/y -2.2<y<-1.2 :
oc (a) (b) A (c)
syn=200 GeV e 0%-100%, p+Al 1SNN=200 GeV e 0%-100%, p+Au s =200 GeV e 0%-100%, "He+Au -
2 -
PHENIX PHENIX PHENIX :
15 p+Al ! p+Au -3He+Au :
* o s i :
Fii {31 , i ' - ---- i 4 3 {3 RIS RGN B RS o .~.'.~.-.~.'.°<.'.*..'..'..';',;.;f.;.:.;.:a;.::;:::::;::::.3:: ; '} -.:':3 \ 3 ‘::b: "5:'?2:'-'::533: % .
1 dlhiins R K- - 1
EPPS16, Shao et al. : I :
0.5 EPPS16, Shao et al. + =z nCTEQ15, Shao et al. -
2> NCTEQ15, Shao et al. EPPS16 NLO, Vogt .
EPPS16 NLO, Vogt «== EPS09+Transport, Du & Rapp EPPS16 NLO, Vogt -

Y~ =2 3 4 5 6 7 0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
P, (GeV/c)y P, (GeV/c) P, (GeV/c)

PHENIX, PRC102,014902(2020)

e p+Al: consistent with no modification » Discrepancy between nPDF calculation and data is at low pr

* Transport calculation with nPDF + prt broadening + nuclear absorption
describes p+Au data

r: e — ——— I — —— T e I —— I —

Effects beyond nPDF modification alone are required to describe quarkonia production in p(3He)+Au

LJIJIJ e e — e —— e e — —————— e — S —— ——————

MPI at LHC::; Yue Hang Leung - Lawrence Berkeley National Laboratory 20




Energy dependence of Hypernuclel Mid-Rapidity Yield

dN/dy (lyl<0.5)
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|

(a) H
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>
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e
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 wa !

B.R. x dN/d

103, . 1
015 02 025 03 035

(b) *H

B.R. x dN/dy(lyl<0.5)
o o
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°|

04 045 05 055 0.6 |

10—25_ E] N\ B.R. (® H—>3He+n)_E B.R. (‘H—*He+r') — =
. Central Au+Au 5
- ! — Hybrid URQMD ® Au+Au 0-10% (STAR prelim.) A
1073 - = Coalescence (DCM) —- - O Pb+Pb 0-10% (ALICE) -
= - « Thermal Model ¥ ‘s ¢ Pb+Pb 0-10% (ALICE prelim.) 3
. m_ 1 " .
10 =a | | ‘ E
IIII IIIII | | IIIIIII | | IIIIIII 1T [ | | " ||
10 10° 10° 10* 10 10°
'Sy [GeV]
12[5p) at LHCm“

e Thermal model which adopts
the canonical ensemble and
coalescence (DCM) model
describes 1 H yield at 3 GeV

* Yield of 1H not described by
models

Yue Hang Leung - Lawrence Berkeley National Laboratory 27



