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Heavy-Ion Collisions and QCD Phase Diagram

LHC RHIC BES FAIR, NICA, ...

LHC SPS AGS SIS CSR
I

HISTORY OF THE LINIVE l ‘I—I_I-— —I— - —L —-l_| ! ! ! !
Particle era < - e -%IAF Ref N XU @SQM2022

) Quark-Gluon Plasma
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Early Universe evolution —
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quark gluon plasma?

» Hyperon Puzzle: difficult to reconcile the measured masses of neutron stars
» At ug = 0, smooth crossover (LGT + data)

with the presence of hyperons in their interiors

» Atlarge ug, may have 1%t order phase

» Understanding hyperon-nucleon(Y-N) interaction in high density region is
transition — QCD critical point

essential for solving the hyperon puzzle
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Production of Light- and Hyper-Nucle1

Thermal model calculation results

I l I I 1 I | | I I

__ 10| A = 1) Light- and Hyper-Nuclei production are enhanced at high

(7)) small: J. Steinheimer et al., PLB714, 85(12)

S TSl Syg | ARGE:A Androni.e al, PLBE97, 203(11) | . .

2 107 — baryon density region

S F IA/AA—A‘A\A Ea —

= 10°}= rd 4H, 1Hea “ T~ j\“HA\ —a 4 2) Light-Nuclei carry information about local baryon density

= — et Tt g 1€ —z

= 10-5 - o . = ] g . _ . . . .

é o AA‘;@____@\. . o 1 fluctuations at freeze-out; offers insights on the Final State

107} @‘*\ ~ = Interaction(FSI): N-N interation
5 - ,@ @@©© N . -m
_cZ3 10° o @ AAHe ‘@‘\\@\ —  3) Study Hyper-Nuclei properties provide important

10" ©" AAE:'% DL g S ©—: information about Y-N interation
| i \‘At“\ N —]
10 = iE g TERe | o~ = 4) Collective flow is sensitive to the equation of state of
2 3 5 0 30
Collision Energy \/SNN (GeV) nuclear matter -> help explore Hyper-Nuclei production
mechanism and hyperon interactions in the medium
[1] A. Andronic et al, Phys. Lett. B697, 203(2011)
[2] ]. Steinheimer et al. Phys. Lett. B714, 85(2012)
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Collective Flow

Heavy ion collisions: Initial spatial anisotropy
==) Pressure gradient == Anisotropic flow

v, = (px/Pr) vy = ((pZ — p2)/p%)

A. M. Poskanzer and S. A. Voloshin, Phys. Rev. C 58, 1671 (1998)

» The particle azimuthal distribution measured with respect

to the reaction plane can be expanded in Fourier series:
co

ESN = LN 1S 2vpcos(al@ - )
&p ~ 2mprdprdy © L TN b7 ke

Directed flow: v; = < cos(dp — ) >
Elliptic flow: v, = < cos(2(¢p — P)) >

» In heavy ion collisions, particles show collective motion
due to pressure gradients within the dense nuclear matter

» Directed flow considered as a sensitive probe of the
equation of state of the dense matter
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STAR Detector

| EPD Time Projection Chamber (TPC)

L Momentum reconstruction

O Particle tracking and Identification

L Pseudorapidity coverage -2.0 <n <0
(for fixed target)

barrel Time-of-Flight (bTOF)

L Particle Identification

L Pseudorapidity coverage -1.5<n <0
(for fixed target)

end-cap Time-of-Flight (¢TOF)
O Particle Identification
U Pseudorapidity coverage -2.2 <n <-1.5

. (0 B [ =33 (for fixed target)
- Larger acceptance » iTPC, EPD & eTOF upgrades
- Excellent PID with uniform completed Event Plane Detector (EPD)
efficiency All are in data-taking for BES-II | [N IS SN LB q L raiteste
- Modest rates program U Pseudorapidity coverage -5.3 <n <-2.6
o ' o * (for fixed target)
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STAR BES-II

Fixed target mode (\/Syy =

437M AvAu HLT triggered events at 3 GeV

X (cm)

3.0- 13.7 GeV)
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STAR BES-II
L 10X statistics compared to BES-I

U FXT energy extends down to 3 GeV
U This analysis: \/syy = 3.2 = 4.5 GeV (eTOF is not

used in this analysis)
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Dataset and Event Plane Reconstruction

VSan =3.2 GeV (2019) 3.5 GeV (2020) 3.9 GeV (2020) 4.5 GeV (2020)
DataSet
(Ytarget -1. 14) (ytarget -1. 25) (ytarget -1 37) (Ytarget -1. 52)
Anal
nalyzed ~200M ~110M ~120M ~120M
Events

. c 1.0r

“* Event Plane reconstruction O : \/% 3.2 GeV Au+Au Collisions o [Sxn =32 GeV Au+Au Collisions
. 5 0.8 - STARPrehmmar 7 -% 4000 i % * 3H — 3He +x
* Reconstruction method: Q-vector method S F g & X | | ’ 2 i % Y3 sdapaw
o | | oo * x| B L1 b i o 4
* Calibration: recentering and shift o [ iy | S BRER:
Ll;l 0.4 i . i Y e 8 T STAR Preliminary

* EP resolution: three sub-events method g [x A g 20007 EEE i

P A~ S 0.2 i , e = )

cos(ut — gy = [1CoSW ZUDNeos(WE - WD) g L4 s s 2g e S g B o
(COS(\|1113 - lljg)) iz 0.0 SVANE [-5.3,-3.3], [-2.9, -2.6], [-1.0, 0] ) | i .
S IV R S B O v v y® ¥ m
) 0 20 40 60 80 0 20 40 60 80
- EPD , TPC Centrality (%) Collision Centrality (%)
er outer 1 gap
Hi » 5-40% centrality bin used in this analysis
=3 405 33 29 26 20 Ao o A. M. Poskanzer and S. A. Voloshin, Phys. Rev. C 58, 1671 (1998)

Junyi Han 215t Strangeness in Quark Matter, Strasbourg, France 8



Particle Identification

35: Au+Au Collisions at RHIC S =21 Au+Au Collisions at RHIC

300 VBw=32 Ge 10° VSan = 3.2 GeV
~_~ - § % 5 4 o ;
> N L 3
g 20— X
_% 15 o
S~ = 2 [g\]
% - 10 g
vV 10:—

5 10

R—— e 1 NENERENN  [———
-1 -05 0 0.5 1 15 2 2.5 -3 -2 -1 0 1 2 3
p/q (GeV/c) p/q (GeV/c)

» Good particle identification capability based on TPC and TOF
1) m~,3He and “He PID: only TPC
2) proton and deuteron PID: TPC (+bTOF for high momentum daughter track of ;H when /Syy = 3.9 GeV and above)



Hyper-Nucle1 Reconstruction

P1

Decay length <— I/Al

/4
XZ topo ”

. [2A T ) Xz prim
Primary Vertex .

[1] Gorbunov and I. Kisel, Reconstruction of decayed particles based on the Kalman filter.
CBM-SOFT-note-2007-003, 7 May 2007

[2] KF Particle Finder: M. Zyzak, Dissertation thesis, Goethe University of Frankfurt, 2016.

Counts (x10°%)

Au+Au Collsions at RHIC
(a) . ® Data 301 (b) G
L . [JRot b VSNN =3.2 GeV
.:: * Data - Rot. bg
2000~ ot = = Fit(Data - Rot. bg) 20
i .
T S -
i g =281
3
- .
1000 oot Aop+n 10 “H > *He+
e 2 T
or 1% "3
aet® 5 ees o3
[ 4 O‘ .£ 5 x3
0 A . ) PR A . .
N 1 N 1 N 1 N 1 N 1 N " | I | I | I I | "
1.1 111 112 113 1.14 3.9 3.91 3.92 3.93 3.94 3.95 3.96
30 ()  STARPreliminary
L .
20+
S__
(ol
10 s
H— °He+
~
-\
: " x3
[V s L e S e

PR R TP TN NN N R T
2.97 2.98 299 3 3.01 3.02 3.03

I I h 1 n I M i | i il e | n
2.97 298 299 3 3.01 3.02 3.03

Invariant Mass (GeV/c?)

> A, 3H and {H are reconstructed with KFParticle package based on Kalman filter method to improve signal significance

» Obvious hyper-nuclei signals can be observed with the reconstructed invariant mass distributions
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Hyper-Nucle1 Acceptance

[A—>p+n‘] [)‘{H—>4He+n_] [f{H—>3He+n‘] [f{H—>p+d+n‘]

" 132 GeV Au+Au Collisions at RHIC
1+ Centrality: 5-40%

0.4 s p;/A<0.8GeV/c

A

0.5

U Bin counting method used to extract
signal counts

'l
o

U Collective flow of hyper-nuclei are
calculated within the selected p1/A range
as indicated by the boxes

-

pT/A (GeV/c)

e
o

-1.5

Rapidity (yC.M.)




Directed Flow v, Extraction

. 10° 10° x10° 10°
Extract v; with Event Plane Method: B R i}
- :dc_), 1300 . 1700 02<y<0.0 —
5 < 1 T—, = 1200} 1
» Extract signal N®(weighted by the inverse of EP <>-§’ oo i
resolution of each centrality bin) ina given (¢ — ;) & | ol ot
bin 1000- 10<y<-08 08<y<06 | | 1140k
1 dN 0 05 1 15 2 25 3 0 05 1 15 2 25 3 0 05 1 15 2 25 3 0 05 1 15 2 25 ,‘:c(m 0 05 1 15 2 25 3
NR(p — ) = J dM ————— o~ T = ol
Ry d(p — 1) gg 10<y<-05 _ | | s gg 10<y<-07 I ol 07 <y <04
. £ < 25000
> Fit the NR in different rapidity to extract< v{PS >, Zg i 33
1 o= 6000 o = 20000 10000
then < v; > is corrected by the average EP f%’,f ‘ ;g’.f
. ~ So00¢ 4000+ 05< y< 0.0 ~
resolution. °- e AT e -l
1 0 05 1 15 2 25 3 0 05 1 15 2 25 3 0 05 1 15 2 25 3 0 05 1 15 2 25 3
<v, >= <v§’bSR><R—> o
1
* The average of resolution in wide centrality bin is T ol -
. . . . . T i
determined from equation below, it is weighted by 35 M
. o ge . )
particle multiplicity. Iz sy 05<y<00
1 2000+
1 Zl R () XNO(I) 0 05 1 15 2 25 3 0 05 1 15 2 25 3
< —>= . o- v
R, YR No() L
H. Masui et al., Nucl. Instrum. Methods Phys. Res. A 833, 181 (2016) Fitting function: Y = Po (1 + 2p1COS((|) o Ll"l) + ZpZCOS(Z((I) o L|11)))
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Directed Flow v,

. =

1T<'itting range:: ,gtH ©

-1.0<y<0 | +""He
0.5 . .d

Au+Au Callisions .*He |
Centrality: 5-40% .
y: 5-40% . “o'atHe

1 RETAES
X S d

l "',": ..P
el : Light-Nuclei
- | Op Vv 3He -
I od O “He
1

-i *4 E* iH»SHe+n"

:* iH»p+d+n_
1 1

1 1 1 1 1
-1-05 0 05 1

1 1 1
-1 05 0 05 1

Rapidity (yc.M.)

ke L The v, slope is obtained by fitting the v;(y) distribution
G with a polynomial function, where p, 1s the mid-rapidity
STAR Preliminary VI Slope (dVl/dY|y=0)
Hyper- o .
e Nuclei Fitting Function pr/A
L A vi(y)=po'y tp1y’ (0.4,0.8)
AH vi(y) = Po'y (0.33,0.83)
e AH vi(y) =po'y (0.30,0.75)
e Light- . .
STAR Preminer Nuclei Fitting Function pr/A
p vi(y) =poy +piy’ (0.4, 0.8)
d vi(y) =poy +piy’ (0.4, 0.8)
““““ t vi(y) =poy +piy’ (0.4,0.8)
|+ “Hos *He 4+ x 3He Vl(Y) :po.y+pl.y3 (0'49 0'8)
S SO *He vi(y) =Po'y + Y (0.4,0.8)
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Particle Mass Dependence

Au+Au Collisions at RHIC
Centrality: 5-40%
1= Hyper-Nuclei | Light-Nuclei
3.0 GeV * @3.0GeV
@®3.2GeV ®3.2GeV
&3.5GeV @3.5GeV
¥3.9 GeV ®39GeV @ $ °
05 4.5 GeV g i . t
. 4 H 4He
3 A ® ® 3.
' +H 4 o He
) & STAR Preliminary 4 d
T o ¥ . ®
_>> IA 1 L 1 L | FI) 1 1
Q_ Model (JAM2) Calculation ; o
> x =380 MeV ©)
1 L
© & S O
5] S
# o P
0.5 A ~ O 4H
o e
v I 0 O o
O e
l O
& .. g
3 4H
o A AH A |
L | L 1 L 1 L | R | |
1 2 3 4 1 2 3 4

Mass (GeV/c?)

[1] M.S. Abdallah et al., (STAR Collaboration), Phys. Lett. B 827, 136941 (2022)
[2] B. E. Aboona et al., (STAR Collaboration), Phys. Rev. Lett. 130, 212301(2023)
[3] Y. Nara et al., Phys. Rev. C 106, 044902 (2022)

[ Systematic uncertainties for v, slope:

Major source | 3H AH  |light-nuclei
EP resolution 4% 4% 4 %
Efficiency 2% 2% 2%
Topological o o o
cuts / PID cuts 12% H % >
Total 13 % 12 % 6 %

L At given energy, for both light- and hyper-nuclei, it
seems that the slopes of mid-rapidity v, are scaled
with atomic mass number A or/and particle mass

1 Hadronic transport model (JAM?2 mean field k =
380 MeV, potential with momentum dependence)
plus coalescence calculations show similar mass

dependence
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Collision Energy Dependence

Au+Au Collisions at STAR BESII, 5-40% \y STAR Preliminary

0.3\ . - R . .
% Hyper-Nuclei \ Light-Nuclei

0

_I MRANG
> N = -
—_ ‘L l—
< . ° A
S~ '_'4 myY
> — «=380MeV :
g o 0.1+ — JAM2  Data
x©=380MeV ) [Jp @p:04< p,/A<0.8 GeVic o
JAM2 Data
" []r @A:040<p /A<0.80GeVic - U d: 0.4 <p,/A<0.8 Gevic
¢ Ot  Vto4<p/A<08GeVic

3 ®H:0.33 <p_/A <0.83 GeV/c
o O m3 <p/A< —  [J°He M “He:0.4<p /A<0.8GeVic

| | [],'He A “He:0.4< p,/A< 0.8 GeV/o |

3 3.5 4 4.5 3 3.5 4
Collision Energy |s,, (GeV)

|:| ‘H o A AH: 0'3|0 <p/A<0.75GeVic

1) As the collision energy increases, the v, slope of light- and hyper-nuclei decreases, but trend of hyper-nuclei is rather

independent from 3.5 to 4.5 GeV

2) Hadronic transport model (JAM?2 mean field + Coalescence) calculations are consistent with observed energy dependence
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Summary

1) Hyper-nuclei directed flow v, are compared to light-nuclei for /syy = 3.2 - 4.5 GeV in STAR (at
high baryon density)

2) Hadronic transport model (JAM2 mean field + Coalescence) calculations for v, are consistent
with observed mass and energy dependence

3) Particle mass and collision energy dependence of v, slope for light- and hyper-nuclei indicates
coalescence mechanism dominates the production

Outlook:

1) STAR has collected 2 billion events for 3 GeV Au+Au collisions which will help us to
constrain coalescence parameters for both light- and hyper-nuclei

2) eTOF data will help us to extend the acceptance for v, analysis
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Thank you for your attention!

] =S = =
S/ = w

Mwwﬁ%ﬂWﬂzlﬁ

| SRy
m-ﬂmmo N




