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What are Hypernuclei?

Hypernucleus: A bound system of nucleons with = 1 hyperon.
Hyperon: A baryon with = 1 strange quark (e.g. A, £, () etc). .
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Hypernuclei and Hyperon-Nucleon (Y-N) Interaction
—

Hypernuclei -> probe to Y-N (Y-N-N) interaction

* |nner structure governed by
interactions between nucleons
(and hyperons)

Hypertriton (XH)

A=3:

Hyperhelium-4 (yHe)

Hyperhydrogen-4 (1H)

A=4:

o (o

Observables in heavy ion collisions
Intrinsic Properties

* How tight they bind together

* Internal spin structure

* How they decay: lifetime, branching ratio

Production mechanism

* How they form in heavy ion collisions
* Collectivity, productionyields
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Y-N Interaction, EoS and Astrophysics
e e

Compact star

 Equation of State (EoS) in dense nuclear matter

ATMOSPHERE
HYDROGEN, HELIUM, CARBON

* The strangeness degree of freedom in EoS at | OUTER CRUST

IONS, ELECTRONS

high baryon density region o NS

OUTER CORE
SUPERCONDUCTING PROTONS

* High baryon density nuclear matter ER CORE
* e.g. low energy HIC, neutron stars |

“Hyperon puzzle”
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RHIC and The STAR Detector

- The SolenoidalTraAcker at |

RHIC (STAR)
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Previous Hypernuclei Measurements at STAR

>
e STAR observed [—?;H in 2010

Starting of hypernuclei measurements at STAR
2024
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Today'’s talk would focus on hypernuclei production yields measurements.




STAR Beam Energy Scan Il (BES II)
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Fixed-Target Setup at STAR
e

STAR Event Display (FXT)
Au+Au VSNN = 3 GeV
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Counts (per 2.0 MeV/c?)

Hypernuclei reconstruction at STAR
.—

* Signals are reconstructed by KFParticle

package.

X.Ju et al. Nucl. Sci. Tech. 34, 10, 158 (2023)

e Combinatorial backgrounds

reconstructed by rotation of 3(4)He

tracks.
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~H reconstruction via 3-body channel

/3\H - dp‘l‘[_, B.R.~40-50% < 28 Ilffrle‘el héses 'ace déca ] g 28— :
> 7 = - ]
/3\H — 3He ™, B.R. ~15-25% 8 sesl P P y E g .5 Model calculated 3
2 1 8 /?’\H — dpn~ Dalitz plot .
3 i i = 284 7 = 284 ]
* AH: Simplest hypernuclei system : ] g PRC 57 (1998) 1595-1603 ]
e 7 2.83- -
. ,?{H decay topological distribution - ] i ]
. . 2.82__ —_ 2-82j i
very similar as A+d : ] : E :
28157 1.08 1.08 14 R TRETS 2 ¥ B N T R I R R TR KT
IB;H p M(pr) (GeV/c?) M(pr) (GeV/c?)
d
3
(p) - - Real A and (pm) from jH decay
Q n 14— T
[ = Mix-Event (ME) ]
12'_ N = 02 L ReconstguctA
- ~Same-Event (SE) ] Au+Au {S=3 GeV 5 v pr from 3H decay
3 10 ] 0-50% g
X2nr DCA between/'i“: = | ey 0.5
Daughters E::'\_" g 8 1 1<p,<8GeVic 4
Decay EE\"‘ % 6: :\ 01 |
/AL <> gt T3 £° ! {
NN () B .
2 Pointing / VA Daughters o 4: 1 0.05 - ﬁ]
. > S C
Xprim ™" Angle A DCA 2t
Primary D“"Dﬁr’ﬂl N R
Vertex P97 298 290 3 301 v - s

MaSS(pTCd) (GeV/ Cz) Mass(GeV/c?)



Correlated Ad contaminationin A H — dpm™ signal
- A s 5

* Ad may have kinematic correlations according to theory calculation.
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| _ P(Ad) _ oo o , , When k*=0, in A and d pair CMS framework:
| C(k*) PP’ p is the possibility of finding particle | pA = —pyg =0

: No correlation -> C(k*)=1. : P(A) : (pp, Eq) = (0, mp)

, k* ->relative momentum between 4 and d. , P(d): (pa, Eq ) = (0, mg)

__________________ ->P(Ad) : (pa + Pa, Ex + Eg) = (0, mp+ my)
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 Correlated Ad could form a peak near M(,S;H) even after
Model predicts peak subtracting combinatorial background.
structure in C(k*) at k*->0. e M(A)+ M(d)~2.9913 GeV/c?, M(,S;H)~2.991 GeV/c2.
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~H reconstruction via 3-body channel
~4A - - s S

* Template fit method to estimate iH purity
statistically.
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Measurements on Hypernuclei
Branching ratio
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~H Branching Ratio R,
e ee————————
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~H Branching Ratio R
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 STAR new R;data favors small binding energy of hypertriton.
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Measurements on Hypernuclei
Production at STAR
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Hypernuclei Production in HIC

Models at mid-rapidity

Thermal model

* Hadron chemical freeze out T,;, and ug

dN . E—[J,B

* Assuming the conserved baryon entropy
after hadron chemical freeze-out

Coalescence formation

« Baryons/ nucleivery close in phase space (p, 7).
* Any experimental evidence?
* Therole of Y-N interaction?

O
TEL

Hydrodynamic
Evolution

Pre-Equilibrium
Phase (< 1g)

s

z
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Fruitful Results from STAR BES Ii
D e ——— e

e Utilizing BES Il datasets, we measure:

* 3H p; spectra, dN/dy, (pr) in Au+Au collisions at 1/Syy = 3-27 GeV

 %H, AHe p; spectra, dN/dy, (p7) in Au+Au collisions at /Syy
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~H and tH dN/dy in Au+Au collisions at 3 GeV
@ 0-10%

@ 10-50%

STAR preliminary "\_
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* Coalescence models with tuned parameters:
* Qualitatively describe the trend of f{H yields versus rapidity.
* Fail to describe the ;H tendency in 10-50% centralities.

12.5

2.0

11.5

-11.0

10.5

JAM+Coal.

* Tuned to match proton
and A spectra from
data;

* Instant coalescence
after kinetic freeze-out

* Two body coalescence:
d/t+A

3 GeV 3(4XH S 3WYe 4o
PRL 128, 202301 (2022)
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Energy Dependence of
Hypernuclel Production

d9

A

He
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Energy Dependence of zH Production
-—_— A S

1073

107

0-10% collisions ¢ Ay+Au (2022)

m Au+Au (STAR prelim.)
Nt ¢ Pb+Pb (ALICE)
* STAR Preliminary

o

Assuming B.R.CH
—>%He + ) = 25%

= 3
- AH 0
- 0
- Pb+Pb
i B 2.76Tev
o

E_ | | | | | | | | | | I/I/

3 4567810 20 30 40

V'Sny (GEV)

Thermal-FIST, Coal.+UrQMD: T. Reichert et al, PRC 107, 014912 (2023)
Pb+Pb: ALICE, PLB 754, 360 (2016)
Au+Au: STAR, PRL 128, 202301 (2022)

iH production yields reaches peak at
around 3-4 GeV.

* Increase steeply from 27 to 3 GeV as

\/Syn goes lower
* Interplay between:

* \/Syn |, baryon density T, yields T
* Hyperon production
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Energy Dependence of zH Production
-—_— A S

1074

0-10% collisions ¢ Au+Au (2022)

\ ® Au+Au (STAR prelim.)
¢ Pb+Pb (ALICE)
STAR Preliminary

Assuming B.R.(iH
—%He + 1) = 25%

= 3
- AH SR
» |
= Pb+Pb
- — PHQMD * 2'76;‘*"
| — UrQMD+Coal. '
: 1 1 1 1 1 1 1 | 1 1 //
3 4567810 20 30 40
\'syn (GeV)

Coal. (UrQMD): T. Reichert et al. PRC 107 (2023) 1, 014912
PHQMD: S. GlaBel et al. PRC 105, 014908 (2022),
V. Kireyeu etal. arXiv:1911.09496
Pb+Pb: ALICE, PLB 754, 360 (2016)
STAR at 3 GeV: PRL 128, 202301 (2022)

UrQMD + Instant coal.
 Describe data from 3-10 GeV
* [nstant coalescence after hadron
kinetic freeze-out
 Coalescence condition:
* |p{ — 2| <AP,|r{ —T;| <AR

PHQMD
* Transport model + dynamical
cluster formation.
 Cluster can be formed before
hadron kinetic freeze out.
* Future developments
 Momentum dependent EoS
* Y-N potential
Details see: Elena Bratkovskaya SQM2024
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https://indico.in2p3.fr/event/29792/contributions/137137/author/147836
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Thermal-FIST: T. Reichert et al, PRC 107, 014912 (2023)
Pb+Pb: ALICE, PLB 754, 360 (2016)
Au+Au: STAR, PRL 128, 202301 (2022)

gy Dependence of ;H Production

Thermal-FIST model
* Hadron chemical freeze-out T and ug

dN
d3p

~exp(—

E-up
T

)

* Strangeness canonical ensemble in

low energies

 ~2times larger than the data
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Phys. Rev. C 93, 064906 (2016)
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~H/A Compared to Thermal Model

Particle ratio
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@ STAR preliminary Au+Au
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Central Collisions

By
QQQ%

~

d/p

STAR Au+Au
FOPI Au+Au
E864 Au+Pb
PHENIX Au+Au
ALICE Pb+Pb

N ALEIE SR

Thermal-FIST, w/ unst. N

STAR Au+Au
FOPI Au+Au
E864 Au+Pb
ALICE Pb+Pb

8 % O

ALICE(*He/p) Pb+Pb
Thermal-FIST, w/ unst. N

Assuming B.R. (iH —3He + ') = 25%

10

10°

10°

Collision Energy /s, (GeV)

Thermal-FIST:

- Hadron chemical freeze-out T and up.
T. Reichert et al, PRC 107, 014912 (2023)

AH/A: Cancel strangeness canonical
suppression and volume size

Thermal model at RHIC energies:
A=2 (d): Overall consistent
A=3 (t and ,3\H): ~2x higher than data

. /3\H (and t) maybe not in equilibrium
at hadron chemical freeze out.
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What happened if we decrease the temperature
-

3 ~  STAR Preliminary 3 n
+ tand 3H -> default uz and 0.96*T e AH
* Protonand A ->default T and ug 210-25_ (a) -
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o
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Other possible model: kinetic approch
e —————————————————————

* Relativistic kinetic equation (RKE) to include hadronic re-scattering
processes.
* Close connection to Coal. via final state interaction close to kinetic

freeze-out. o
P. Danielewicz et al. NPA 533 (1991) 712-748

Kaijia Sun et al, Nature Commun. 15 (2024) 1, 1074

T T T T -1 —TTTTTT T — T T
Au+Au (0-10%) @200 GeV [y|<0.5 107 FCentral Au+Au and Pb+Pb collisions (0-10%)
8.0x102| 4 STAR d ] [ © d/p (ALICE) MUSIC+RKE
- - . . ® d/p (STAR) SHM .
10 B Mid-rapidity (Jy|<0.5) 3
nid NN g e . ]
__4.0x10%} < o — e e ]
<) / Shaded bands: MUSIC+RKE T 105 L Rate Equation (T, =100 MeV) ]
b 2~ Dashed lines: SHM (without hadronic effects) w F Py o o oo W & 4w PR
o 0.0 = : : : } : D 107 phet— e =ttt ;
T 3.0x104} K STAR Preliminary 3 S 3 = °Help + °H/P (ALICE (Preliminary)) ]
f—f -— e - — = S5 ® H/p (STAR Preliminary) ]
2.0x10%} / TNNN « 7 3H | L A
/ mNd < 7 3H [ f - 1
1.0x104} * 105 | Sy —
/ E - e M i.‘ = — Rragy IR - ?E
0.0 - L s , 1 [ .1.'8.....| E s v ewssul - i

10 15 20 25 30 35
Time [fm/c] VSNN [GeV]



Production of #H and ;He AHe: Chenlu Hu, SQM2024
e

g 102k 0-10% collisions --Thermal-FIST - 0-40% Au+Au collisions, |y|<0.5
V - RN ® Au+Au (2022) i
= . ,:'*+ N, m Au+Au (new) i - EI AH/A
- [] “ .. B ~
_5 L ' STAR Preliminary o I .\ e E| ;1\ el
Z : ‘\ B \\\. \\\\
o . (] SR \\\
2 \ U e MR
‘ -3 | T B
109k " 210°} fon g TRy
- , — i
B ' Assuming B.R.(‘H E i
- % —“He + 1) = 50% Q. i
- % ~ STAR Preliminary
% Assuming
B “‘ I~ — - Thermal-Fist (0-10%) B.R.(‘H- *He + 1) = 50%
4 S JAM + Coalescence B.R.({He— He + p+ ) = 23%
107 E S
- 107" ¢ | | |
C 1 1 1 1 T a 1 1 // : : : : : : : : : : I
[N
3 4567810 20 30 3 3.5 4
VS (GeV) \'syn (GEV)

» Thermal model also over-predict AH and ;He yields while JAM+coal. describes
the data.

Thermal-FIST: T. Reichert et al, PRC 107, 014912 (2023)



Production of

AH and jHe

10°

10°

(ly[<0.5)

o=

dN/dy
2J+1

10°°

: dN
Thermal expectation: oy ~ exp(— %)

AT T T T T T Tttt Tttt T

0-40% Au+Au collisions

STAR Preliminary

— ¢ 35GeV x10*
——¢ 3.2 GeV x 102

~_$3.0GeV

4,4 4
AH 4Hie
Assuming

B.R.(2H- He + 1) = 25%
B.R.(4H- *He + 1) = 50%

3
Mla
—— p, xe""Fit

— — JAM + Coalescence

[ ] PHQMD soft EoS
7] PHQMD hard EoS

| I 1 1 1 | 1 |

B.R.(“He— He +p + 1) = 23%

2 4
Mass (GeV/c?)

PHQMD: S. GlaBel et al. PRC 105, 014908 (2022)

—
<

1072

Yield ratio of hypernuclei to nuclei

Au+Au 3 GeV, lyl<0.5
T ® 0-10%

L O 10-40%

: STAR preliminary
T A/p

. g

T T 1T T 17T

1 | 1 1 1 1 | Il

Thermal-FIST
---With {H* feed-down
~-~No 4H* feed-down

4 4
A\H/'He

i
1

3 3
AH/'He

HH

Assuming B.R.(*“H—"¥He+x)=25%(50%)
1 | 1 1 1 1 | 1 1

1 2

3 4

Mass number A

H+ A ‘He + A
0.984+0.05
yh SOTE000. el A e = * -0.083:0.094
\ 1.09£0.02 1.406+0.003
0+ S S —
2.157+0.077 0+ _t 0.233+0.092
2.39+0.05
1
1\H ;{He
\J
BA (MeV)

AH'Jt =1 > AHJ*=0)+vy

» Evidence of the formation of H and yHe excited states in 3-4 GeV collisions.
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Energy Dependence of xH (pr)
o —NTeY HEPENACNEC N A \Or?

» *Hand t {py) <(pr)B" at 3 GeV

2.5+
- Au+Au 0-10% collisions . 3
- Mid-rapidity * Hintof sH and t (pr) < (pr)®W > 7.7 GeV
Nl i e A * (p7)PW: Blast-wave (BW) expectation
I T ﬁ ﬁ g % calculated using kinetic freeze-out
§ 1.5:— é parameters from measured light hadron
S I %H + (r, K, p) spectra.
~— T
AR P — S B .
~ 0 5Z ‘Ggu® ® i Blastwave function: i
" r  Data Blast-wave fit to (w,K,p) data 1 d&°N R pr sinh p(r) myp cosh p(r) |
E . 13\H . i} iH A : >mpr dprdy oc/o rdrmy 1y ( T, ) x K ( Ter ) |
O Ot Op -t -p T |
i | | | | 1 1 1 l | |
3 4567 10 20 30 AH and t might do not follow the same
S (GeV) collective expansion as light hadrons.

STAR, Phys. Rev. C 102 (2020) 34909; Phys. Rev. C 96 (2017) 44904



Hypernuclei Collectivity versus Mass

(pr) -> Radial flow contributions

v, -> Directed flow

d°N 1 d°N =
E——7r=— 1+ ) 2v, [ = ]
dp3 2 prdprdy< z]" ncos |1 (¢ = ) )

~ Au+Au collisions lyl<0.5 | | | |

6 0-40% AutAu Collisions at RHIC
. STAR Preliminary Energy: |syy=3GeV © ”
- 3.5 GeV(+3.0) 10 Centrality: 5-40% ;—J;'

O (0.331 0.031 = 0.024) O . 2
S @ Directed flow 3He—>8 - * 3
ad
o e /" =
_40 0
S 3.2 GeV(+1.5) T 5-40% . /E S
o (0.325 + 0.016 + 0.025) =~ el R )
— . - H N
o > 0.5 ' ~ A N
~ © . - N
ans” P - Data Model A
3.0 GeV o N
(0.300 = 0.010 + 0.028) 0 Hypernuclei B 2 S
- A Light nuclei O >JAM .
3 4 4
o A AH AH AHe oob——————— ]
| | | | | | | | | | I l l l
5 4 1 2 3 4

Mass (GeV/cd Particle Mass (GeV/c?)

* Hypernuclei (p7) (and v;) show linear mass scaling from 3 to 3.5 GeV in mid-rapidity.
* Consistent with coalescence formation picture.



Multiplicity Dependence of
Hypernuclel Production
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Strangeness Population Factor (S,)

S4

?‘\H(A X Ppr)

_ BAGH)(pyp)

AHe(A X py) X %(pT) ~ Ba(AHe)(py)

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

A
d*Ny d3Np n
Ea—5~ =Bal Bon=33 | |5=
dpA pp,n Pp
08 Au+Au Collisions

2
d

N,xN/N

(Data-Fit/o,,_

o
o

o
~

N O A

Collision energy (GeV)
e77 mll5 V145 4196 x27
A39 €544 %624 #200 O 54.4(0%-20%)

STAR

b 00K

S RARIRRRRRHIIHHK

R ERRRRRE

OO e o te oz oatatetototetetetetetet
SO aS e oo te st esetetototetetetstetotot
SRR
RRRLIIERRLLS
Sotoresetototes

E— COAL. Inspired Fit ] AMPT+COAL.  [Z3%] MUSIC+COAL.
T RS N

I S _
r . L4 Yo+ m x "
8 % + +- A” + 4:" x ’n F
F A n E
0 200 400 600

Charged-particle Multiplicity chh/dn

Phys. Rev. Lett. 130, 202301 (2023)

o _ P
Po="4"

B, (GeV?/cd)

1072

1078

* S,: Direct connection to coalescence

parameters B,

F. Bellini, PRC 99, 054905 (2019)

Under some coalescence scenarios:

ALICE

2J4+1 1 1 2 3(A-1)
Ba = A A—1 ( 2, (T4 2)
Emit source size Radius
:_—-..q)ﬂm& _ p/A=075GeVic |
e ALICE -

.
‘e
D
.

[@] d+d, p-Pb, s, =8.16 TeV
~ [#] d+d, p-Pb, |s, =5.02 TeV
[®] d, Pb-Pb, |5, =2.76 TeV
[O] d+d, pp, Vs =5 TeV
(0] d+d, pp, Vs =7 TeV

d,pp, (s=13TeV
[O] d, pp, Vs =13 TeV, HM

T TTT III

-- Param. A (fit to HBT radii)

I~ B, coalesc. r(d) = 3.2 fm (PRC 99 (2019) 054905)

B
B
Lol

= —Param. B (constrained to ALICE Pb-Pb B,) E

C 1 1 1 11 111 l 1 1 1 L1 111 I 1 L 1 L1111 I L ] .

) 10 102 10° Emit source
<chh / dnlab>lnlabl <05
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Strangeness Population Factor (S,)
— -

S4

AH(A X py) _ B,GH)(pp)

AHe(A X pr) X 2(pr) ~ BA(“He)(py)

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

10 LA | T T T LA B B B |
UrQMD-hybrid coalescence
—=&— S, (Ar=9.5 fm)

0.8 —0— S, (Ar=4.3 fm) i

' 311 radius '
06+ small 1\H ra il
04+ .
3y radius
02 Large Al '
0.0 S - )
10° 10' 10

T. Reichert et al, PRC 107, 014912 (2023)
Vs, = 3.0 GeV, Au-Au

dN_/dn ([n|<0.5)

S,: Direct connection to coalescence
parameters B,

S, vs. dN_,/dn: Possible insights to ;H
radius and coalescence mechanism

K. Jia. PLB 792 (2019) 132-137

TUE L B | + =ttt t =ttt}

10° ]
. 4
" :

10"

- = Two-body COAL.
—— Three-body COAL.

107

(b)

10-3 e o sl X e aaaal X g aaal
10?

chh/dn a2




S; and S, in Au+Au 3 GeV
>

1 o—1

[ Au+Au 3 GeV
STAR preliminary

,EEL£T E

iﬂﬂ@ﬁ‘ﬂ?ﬂ

0-10% J &1 &5 ™ 10-40%_ AH(AXpr)
Oy=(-0.5,-0.25) S A= A bT A
T +y=(-0.75,-0.5) i
s, y . AHe(Axpr)x 3
___________ = :—____@Uﬁ_ - tH-——————————3 _ Ba(AH)(PT)
I @] : Ba(“He)(pr)
83 ’

®y=(-0.25,0)
Oy=(-0.5,-0.25)

0.4 0.6

04 06 08 1
p./A [GeV/c]

* No obvious py, rapidity and centrality dependence of S, observed at 3 GeV
Evidence that B, of light and hyper nuclei follow similar tendency
Versus py, rapidity and centrality
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System Size Dependence of S,

STAR COL data: Yue Hang Leung, CPOD2024

e

1.6
1.4
1.2
3
%08
0.6
0.4
0.2
0

— STAR preliminary Models

— @® Au+Au 0-40% (pT/A>O.4 GeVlc, lyl<0.5) =+ Coal. (Default AMPT)
O Zr+Zr/Ru+Ru 0-10% =:11s Coal. (S. Melting AMPT)
Published data Coal. (UrQMD, Ar=9.5fm)
[] E864 Au+Pt0-10% Coal. (UrQMD, Ar=4.3fm)
<> ALICE Pb+Pb 0-10% ;=== Thermal GSI, w/o unst. N
(O STAR Au+Au !“ —— Thermal-FIST, w/o unst. N
@® STAR Au+Au, U+U :f = Thermal-FIST, w/ unst. N

3 H 5 ‘! C)
33 = - A = :‘.
He X 'ﬁ -

III|I|I|III||1I||II|II|]III|II

Assuming B.R.( i H—3He + ') = 25%

| Ill[lll[ 1 Illlllll | llllllll | | G ) L B

10 10° 108
(s [GeV]

AH(A X pr)
AHe(A X pp) X %(PT)

SA=

100

(o]
o

60 [

Feeddown fraction (%)

N
o
T

V. Vovchenko, PLB (2020) 135746

* Increasing trend observed in S; vs collisions energy.
* Possibly due to stronger feed down contribution in lower energies.
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System Size Dependence of S,
 —

1.6¢

— @ Au+Au 0-40% (pT/A>O.4 GeV/c, lyl<0.5) =+ Coal. (Default AMPT)

1.4
1.2
1
%08
0.6
0.4
0.2

* Increasing trend observed in S; vs collisions energy.
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STAR preliminary
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STAR COL data: Yue Hang Leung, CPOD2024

- STAR preliminary

- ‘o] Au+Au (s =3GeV, p,/A>0.4GeV/c)

- o Au+Au (s =7.7-27GeV, p,/A>0.4GeVic)

— O Au+Au/U+U (/s,,~200GeV) -

~ 4 Pb+PDb (s =2.76TeV)

— O p+Pb ({s=5.02TeV)

~.. @ Zr+Zr, Ru+Ru

= e A L S
: m =

— m - m

- ] T

— % ,% -

- il %

- —

- . + + L

:_ i L --- Thermal model
:_ Assuming B.R. D Coal. (2-body)
- ({H—°He+w)=25% | Coal. (3-body)
L1 | | | | I I | | | | | I I | | | |
10 10° 10°

dN,,/dn

* Possibly due to stronger feed down contribution in lower energies.
* S;vs.dN.,/dn: coalescence model describes the data within uncertainties.

V. Vovchenko, PLB (2020) 135746
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Summary

New experimental data on:
« 2Hin 3.0-27 GeV Au+Au collisions
« #H, tHein 3.0-3.5 GeV Au+Au collisions
 2Hin 200 GeV Zr+Zr/Ru+Ru collisions

Coalescence

* Experimental data support coalescence is a
dominate mechanism of hypernuclei
formation at mid-rapidity in heavy-ion collisions

Hadron Hypernuclei
at RHIC. chemical formation
0 freeze-out

* Hypernuclei are not in equilibrium at hadron | | |

: : @ S /Gn
chemical freeze-out at RHIC energies. h @@ Ee) (8e)




What’s Next at RHIC?

Huge datasets from BES-Il and 200 GeV Au+Au collisions at RHIC.
- Enable measurements on both high up and ug — 0 region.

3 GeV 2B
events!

BES Il datasets High energy runs in 2023-2025

) ©m LA &
3 . RG 3 4 v A oy v v ) S & 4O
& g & 2N X o NN 6 ¥ ey o oy oy / VSNN (GeV)

eest Ees-i frxt

3 No. events/Luminosity
..‘é) p+p 200 GeV 2024 235 pb-

o SR

LI>J Au+Au 200 GeV 2023+2025 20B / 40 nb”

4 o o
4 RIS RIS
d ST o) fofe o0&

03 04] 05 __ 06 :

WGeV) /

Current measured

0.2

SPHENIX
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What’s Next at RHIC?

e

Huge datasets from BES-Il and 200 GeV Au+Au collisions at RHIC.
- Enable measurements on both high up and ug — 0 region.

3 GeV 2B

BES |l datasets

events!

o © ®» LN o
5 > DN v Ao« v b 9 b O
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[ STAR Preliminary
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=
b
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|
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Future Perspective
—>
Great potential for discovering unobserved * A>=5and & hypernuclei

hypernucleiin heavy ion collisions. ‘ A”t'jhypemUClel
* Exotic strangeness states and

—10° = o - - double A hypernuclei
N = - | i 3 ° etC
L E B Heavy ion collisions -
Y S AR - - —
Q 10 = § J-PAZC-HI*-‘ i = o
© F£3 = Thermal prediction
6 o
c10°Es CEE+@HIAF = > I - | .
O = % Qpaseieaniie ¢ o Nasorasps = § 10 +3H ©3H
= e 000 Beepran =}
Q 105 =" BM@N ALICE3@LHC =assmssss = © 10724 - o5 =6
E = LAMPS ¢ O——-0 ALICE@LHC = = = = 3 e AA anF1€
_&) [ BRRON SPHENIX@RHIC ] 10 e
41 HADES@GSI == S - B P
E 10 ; D/T:T.B(E)%ICA ; 10 e T t}% ....................
- - R — o
3 Weledeedezle—X _NA61/SHINE St % 10 .o o
10 = STAR FXT ):( STAR@RHIC = 10-6 j_. -o.,.‘.’
~ g SF e
102 _ a § | 107 .. B o
= d § = 10°E ";s:f: ...
— F oF: w0 ...
] 10 g @ @ s @ i
= & = ¢ 1
105 ! ! Lol | | Lo ! E 10710 L C ."‘.u. | C
1 2 3 4567 10 20 30 100 20 10 10° 10°
Collision energy \'s\, [GeV] VS (GEV)

Thermal model: B. Dénigus, Eur. Phys. J. A 56:280 (2020)

T. Galatyuk, NPA 982 (2019) A. Andronic et al, PLB 697, 203 (2011)
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~H reconstruction

3
N X19 T T T T I o, }103‘ ‘ ‘ —_—
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. i e o C ; 7
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Hypernuclei reconstruction at STAR
.—

* Signals are reconstructed by
KFPa rticle package. X. Ju et al. Nucl. Sci. Tech. 34, 10, 158 (2023)
e Based on Kalman Filter method. |

| Charged particles: e2, ¢, mt, K=, pt. &, e, 4Het I

L] L] L
* All particles are described by , { etz 5. #2255
Dileptons Open-charm Strange particles Hypermatter
e State vectors E— - —
. . ﬁ :f:: Do K- gjﬁ;’ T —Aw S
v - 0 - 3 3 — =kl A=
 Covariance matrix. i > JEres ooes || 2535 || Goin
0 K- - S = Am At —pad p—
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e S d t T ti ool B -t o —aw . - e > Hiepr
econdary vertex reconstruction i DI~EEx me il - e Dy
D+ — K0,Ke,xt z —ar SFE dpw
M M Gamena D,* — ELE* = —n
* Reconstructing multiple || T e i 1
Gamma-decays [ A+ —p K, Strange resonances
. . T'::: At —p Kot D"""I’&A_
particles at the same time. o e - e |
\;—u\x"x"r i T LT wH — 3 Hpe
Light mesons + antiparticles K~ Rox o LEEr ||| EMoKmw SaaH — SpHem
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Encode tracking and detector performance Y ; -:- e mode ||| Eeoms || =02 —
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... Momentum dependent potential > EoS in PHQMD

— PHQMD

2) Momentum dependent potential :

V(r1.T2, Po1. Po2) = (aAp + bAp?) exp[—c\/Ap] §(r; — ra)

Ap = /(Po1 — Po2)?

Parameters a, b, c are fitted to the ”optical” potential
(Schrodinger equivalent potential Uggp)
extracted from elastic scattering data in pA: Uszo(p) =

77 V(p — py)dp}

3TPE

+ In infinite matter a potential corresponds to the EoS:

3 z "
E/A(p) = ?)EF o "Sk‘yrme stat(P) T Vinom(p)
i ok
%

: p P
Vskyrme = a— + 3—
P0 Po

compression modulus K of nuclear matter:

1'__"£_ ZOJ(E/‘-l(/)))
TNy T T (app

D e

[E.o.S. a[MeV]  B[MeV] v /K [MeV]]
S -383.5 329.5 1.15 200

H -125.3 71.0 2.0 380
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Other possible model: kinetic approch
e ————————————————————

* Relativistic kinetic equation (RKE) toinclude ~ * Evolution of QGP: MUSIC

hadronic re-scattering processes. * Hadron and light nuclei yields at QGP
Close connection to Coal. via final state hadronization: SHM
interaction close to kinetic freeze-out. * The evolution of the hadronic matter

P Danielewicz et al. NPA 533 (1991) 712-748 (besides the nonlocal many-body scatterings

Kaijia Sun et al, Nature Commun. 15 (2024) 1, 1074 for d / t): AMPT
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Triton yields with tuned T
O .
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% B @-\'\_ + data 7
%y - . :
102 - \Q\\'@ Thermal-Fist ~
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— \ '\Q _
10° 8 o, — * Tritonyields are closer to the
: 56 S e o= data compared with default
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Hypernuclei Production in HIC

Other proposed mechanism

Nuclear fragmentation of hypercluster
- Dominates at beam rapidity.
Dominate for heavy hypernuclei formation.

— hyperon

— — Hypernuclei
Decay

M. Wakai et al. PRC 38, 748 (1988)
A.S. Botvina et al. PLB 742, 7-14 (2015)

Hydrodynamic
Evolution

a) without QGF/

A

Pre-Equilibrium
Phase (< 1p)

-

\ b) with QGP z
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SHe/p and d/p from BES II

- —
Q o
) N

Particle yield ratios
=

—
<
H

10°°

SQM 2024, Yixuan Jin, 05/06
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STAR, Phys. Rev. Lett. 130, 202301 (2023)
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S —————————=——

1
E STAR preliminary
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FIG. 2. Collision energy dependence of (anti-)hypertriton polarization predicted from the decay channel f\H — 1~ +3 He (upper panels) and
%ﬁ —~nt+3He (lower panels) based on the A polarization data from the STAR [51], ALICE [52], and HADES [53] Collaborations. Panels

(a) and (b) depict results for /3\H (%Jr) and %ﬁ (%_), respectively, assuming the two nucleons inside the (anti-)hypertriton are in a spin-triplet
state, while results shown in panels (¢) and (d) are for the case that the two nucleons are in a spin-singlet state. Panels (e) and () depict results

for the combined spin density matrix element p1 1 +p_ — % for /3\H (%+) and %ﬁ (%_), respectively.
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Multiplicity Dependence of S;at up — 0

0.4

0.2

Dongsheng Li, SQM 2024
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STAR (200 GeV)

Zr+Zr [ Ru+Ru (Prelim.)

Au+Au / U+U

Music+LlJrQMDl|-Coa|I.
—— B,=0.164 MeV

Assummg

B.R.( 2H—He+m)=25+2%

+

* No obvious multiplicity
y dependence within uncertainties

 Within uncertainties,
coalescence calculations are
consistent with the measured
data

- * More precise data needed

Charged particle Multiplicity dN /dn

100

300

STAR: arXiv:2310.12674; Science 328, 58-62 (2010)
MUSIC + UrQMD + Coal.: arXiv:2404.02701
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Multiplicity Dependence of S;at up — 0

Dongsheng Li, SQM 2024
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. ensemble fails to describe the
] data trend
=25+2% ]

- * Ratios have already

B canceled volume size and
strangeness suppression
B factor

100 300
Charged particle Multiplicity dN_ /dn

STAR: arXiv:2310.12674; Science 328, 58-62 (2010)
Thermal-FIST: Com. Phys. Comm. 244, 295 (2019)
PLB 785,171 (2018)

T and ug from m/K/p spectra
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