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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). .

Additional dimension in chart of nuclides
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Hypernuclel and Hyperon-Nucleon (Y-N) Interaction |s@mzo

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

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

Hypertriton (IS;H)

* How tight they bind together
* How they decay: lifetime, branching ratio

A=3: e Production mechanism
Q * How they form in heavy ion collisions
Hyperhydrogen-4 (j‘{H) Hyperhelium-4 (f{He) O
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Y-N Interaction, EoS and Astrophysics Laura Tolés, 03/06

* Equation of State (EoS) in dense nuclear matter Compact star

ATMOSPHERE
HYDROGEN, HELIUM, CARBON

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

IONS, ELECTRONS

high baryon density region o NNER CRUST, s

OUTER CORE
SUPERCONDUCTING PROTONS

* High baryon density nuclear matter INNERCORE
* e.g. low energy HIC, neutron stars A §

“Hyperon puzzle”
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STAR Beam Energy Scan Il (BES II)
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* Mapping the QCD diagram in the region of i
200 < pg < ~750 MeV S ol

e Collisions species: Au+Au €

* Collider mode: \/Syy =7.7 - 27 GeV i

* Fixed-Target mode: \/Syy = 3.0 -7.7 GeV R 1
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Fixed-Target Setup at STAR

STAR Event Display (FXT)
Au+Au VSNN = 3 GeV

Gold foil,
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Fixed Target
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Chenlu Hu, 05/06

Hypernuclei reconstruction at RHIC  xijun i, 04106

* Signals are reconstructed by KFParticle |
package. X. Ju et al. Nucl. Sci. Tech. 34, 10, 158 (2023) .l Decay topology of
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Counts

Anti-matter Hypernucleli

» STAR observed £H in 2023.

* Benefit from high energy heavy ion collisions (ug — 0).
* The heaviest observed antimatter nuclear and hypernuclear cluster to date.
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3H > “He + nt
Science 328 (2010) 58-62

Discovery of A=4 anti-hypernuclei

Counts

| STAR Ng: 15.6:4.7
197 i Ng,: 6.4:0.3
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arXiv:2310.12674, submitted to Nature

Datasets used:

« 200 GeV collisions
* AutAu
e Zr+Zr/Ru+Ru

* 193 GeV collisions
e U+U
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AH and yHe Lifetimes Kisjun L poster
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r SHe/(r 3He'l'rpd)

~H Branching Ratio R,

be sensitive to By
* Bj: A separation energy

e 3H B, = M(d) + M(A) — M(3H)
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* STAR new R;data favors small binding energy of hypertriton.

» Calculations propose that 3H R; may

12



~H A-Separation Energy (B,) fs¢

* A separation energy (B,): AH By = M(d) + M(A) — M(3H)
* Benchmark of Y-N interaction strength

Radius (fm): 12.3 7.3 5.2 e |nvariant mass method
_ Estimated from
o—1 ;G STAR Preliminary * Femtosco PY methOd
g d-A Correlation 2
. 1 Y
I —e— | ALICE2022 . =y —= dO)/ Bp =
! } 2 —fo 2Uan
I i P { STAR2020 ) ¢
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AH By (MeV) » 2His avery loosely bound state.
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Hypernuclei Production in HIC

Models at mid-rapidity

Thermal model

* Hadron chemical freeze out T,;, and ug

™ P R
T,

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

Coalescence formation

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

a) without QGP / \ b) with QGP
®o_:-0o »*
\_} _>
®

Pre-Equilibrium
Phase (< 1)

15



Fruitful Results from STAR BES ||

e Utilizing BES Il datasets, we measure:

Chenlu Hu, 05/06
Xiujun Li, 04/06

* 3H p; spectra, dN/dy, (pr) in Au+Au collisions at 1/Syy = 3-27 GeV
 %H, *He p; spectra, dN/dy, (p7) in Au+Au collisions at /Syy =3-3.5 GeV

AHe (Au+Au \/syy =3-3.5 GeV)

A=4: 3H,

_n. 3 _ x10° x10° 10°
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- (a) 0-10% 1 (b) 10-40% e 1A e e .
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2 EI ‘Hos4He+T 9 AN, Ja
pT (GeVlc) p_ (GeV/c) [ el [ BR(‘HoHesr) = 50%
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b5 05 0 -1 05 0 -1 05 0

Particle Rapidity
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Energy Dependence of sH Production Xiujun Li, 04/06

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%

I |||||||
> W
L

Pb+Pb
= 2.76TeV

¢

IIII| //

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)

/3\H 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

* \/Syn ¥, strangeness canonical
suppressionT, yields |
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Energy Dependence of sH Production Xiujun Li, 04/06

- O-10°/c.>. collisions ¢ Au+Au (2022)
] AN B Au+Au (STAR prelim.)
‘ ¢ Pb+Pb (ALICE)

1 0—2 - ] . imi

=/ . STAR Preliminary

B :' Assuming B.R.(iH

o ; —3He + ) = 25%
10 ! SH

- A _ TN

— . ~~~

i < Pb+Pb

- --Thermal-FIST . 2'7(3;6\/
{04 —UrQMD+Coal. ‘

— Lo / /

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)

UrQMD + Instant coal.
* Describe data from 3-10 GeV
* |[nstant coalescence after hadron
kinetic freeze-out

e Coalescence condition:
* |p1 —p2| <AP,|r{ — 73] <AR

Thermal-FIST model
* Hadron chemical freeze-out T and ug
* Strangeness canonical ensemble in

low energies
 ~2times larger than the data

19



~H/A Compared to Thermal Model

Particle ratio

%% Central Collisions
Sgg Q
*®

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

d/p

2
o

¢ &<

O ALICE Pb+Pb

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

s
/ a
8% O

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

N
N
N
<
@

SHAxBR. @ ®©

@ STAR preliminary Au+Au

Q Q Q Thermal-FIST, w/ unst. N

ALICE Pb+Pb
---- Thermal-FIST, w/ unst. N Assuming B.Ff.(iH —3He + ') = 25%
| | | 1111 || | | | 111 || | | | I 111 || | | | I 11
10 10° 10°

Collision Energy |'s,,, (GeV)

Xiujun Li, 04/06
Yixuan Jin, 05/06

Thermal-FIST:
- Hadron chemical freeze-out T and up.

T. Reichert et al, PRC 107, 014912 (2023)

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

. ,?{H (and t) are not in equilibrium
at hadron chemical freeze out.
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Production of fH and yHe

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

T T TT

Particle Ratio
S

1l =

0-40% Au+Au collisions, |y|<0.5

4
CIG
\\
e 4
.~ O ~
Ny %% o e
b S T -
~~‘~~~'~ i \\
e L ‘~~. \\
*\\\ L — oy
\\\,‘ .
STAR Preliminary

| — - Thermal-Fist (0-10%)

----- JAM + Coalescence

Assuming
B.R.({H- ‘He + 1) = 50%

B.R.(‘He—He + p + ) = 23%

 Thermal model also over-predict tH and ;He yields while JAM+coal. describes

-
3.5 4

I'sny (GeV)

the data.

* Evidence of the formation of H and yHe excited states in 3-4 GeV collisions.

10°

10°

Chenlu Hu, 05/06
Xiujun Li, 04/06

. dN
Thermal expectation: oy ~ exp(— ?)

T ] T

I B B

U

i

H T T T

0-40% Au+Au collisions

STAR Preliminary

— ¢ 35GeV x10*
——¢ 3.2GeV x 10?

~_ & 3.0GeV
°H
A 4., 4
. A &8
—— p, xe Fit

— — JAM + Coalescence

Assuming
B.R.(3H- *He + 1) = 25%

[ ] PHQMD soft EoS
[ ] PHQMD hard EoS

1 1 I 1

B.R.( j‘\H_> *He + ) = 50%
B.R.({He— *He +p +7) = 23%

1 1 l 1 1 1

2

4

Mass (GeV/c?)

(=1 -

AHJT =0)+y
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2.5

:_ Au+Au 0-10% collisions
- Mid-rapidity
— STAR preliminary oo
I gjjjjjjjjjjjjjjjjjjﬂ“iiﬁ'.ﬁﬁéﬁf.ﬁfjf'_ﬁﬂiﬂiffiﬁﬁﬁﬂ
:— Data Blast-wave fit to (xr,K,p) data
[ ot Op -t -p
_ ! | L ! 0o | A
3 4567 10 20 30

\'syn (GeV)

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

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

AHandt (pr) <(pr)?" at 3 GeV

Hint of H and t {(p7) < (p7)BW > 7.7 GeV

* (pr)B": Blast-wave (BW) expectation
calculated using kinetic freeze-out
parameters from measured light hadron
(1r, K, p) spectra.

Blastwave function:

|
|
|
R .
1 d2N oc/ rdrmpl, (stmhp(r)) « K, (mTcoshp(r)) :
2mpr dprdy 0 Thin :

~H and t might do not follow the same
collective expansion as light hadrons.
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Hypernuclei Collectivity versus Mass

(pr) -> Radial flow contributions

Chenlu Hu, 05/06
Junyi Han, 04/06

v, -> Directed flow

Ed3N_1 d’N <1+i2vncos[n(¢—y/Rp)]>
1

- dp® 2z prdpdy
- Au+Au collisions lyl<0.5 : | | |
- 0-40% Au+Au Collisions at RHIC e
 STAR Preliminary Energy: |syy=3GeV /.-/"/O ”
Py i 3.5 GeV(+3.0) 10 Centrality: 5-40% . ' ) ;%'
(&) (0.331+ 0.031 = 0.024) 10 ] i 7 - -
S 4L o Directed flow  *He~8 //* 3
v => 0 7 m 4H -
- Y A
S | 3.2 GeV(+1.5) T 5-40% , .. _ S
= (0.325 + 0.016 = 0.025) =~ R 3 ~
-l - 0 7 3g S
o > 0.5~ V A -1 @
~ 2r © -~ /"/.'/ s - Data Model A
L 3.0 GeV o . == UrQMD )
i (0.300 = 0.010 = 0.028) fm} Hypernuclei Wl o o
- A Light nuclei O >JAM -
B 3 4y 4
o A AH AH JHe oob—————— —
1 1 | 1 1 1 | 1 1 1 I l l l
1 2 3 4

2Mass (GeV/?:Z) 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.
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3H/ *He Production in Zr+Zr/Ru+Ru 200 GeV

Zr+Zr/Ru+Ru @ sy = 200 GeV Dongsheng Li, 05/06

:I""l.""l.""l.""l‘mI|lllIlllllllllllllllmlllllllllllllllllllllmllllllllllll'llllllll
I pT-leferentlaI Ratio I 1 1 STAR Preliminary
D 0.3F (a)0-10% 1 (b)10-20% (c) 20-40% - (d) 40-80%
E | g + |
™ 02. + + +
~ V.41 -
T | ; St L0 dar
OO< i \ 1 e o Tl $ 4 g
0.1 : NG o e ] IEETICREE NN Wl
O:l.1..1....11..11...11-- RN EEEEE RN EEE NN 1 llllllllllllllllllll;lllllllllllllllllllllf

il L il
o 1.2 3 40 1 2 3 40 1 2 3 40 1 2 3 4
Transverse Momentum P, (GeV/c)
* No significant p; or centrality dependence of MUSIC + UrQMD + Coal. (Zr+Zr 200 GeV)

2H/ *He in 200 GeV isobar collisions B, (MeV)

o o ——— 0.42 (STAR 2020)
* Within uncertainties, coalescence 0.164 + 0.043 (Global average)

calculation describes the data —— 0.102 (ALICE 2023)
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Strangeness Population Factor

__ AHAXpp)  B,GH)X(pp) 5 &N
He(A X pp) X 2(pp)  BaCHe)(pr) A7 dp3,

S.Zhanget al, PLB 684, 224 (2010)

S4

* Direct connection to coalescence parameters B,
S;vs. dN,/dn: Possible insights to nuclei radius and coalescence mechanism

K. Jia. PLB 792 (2019) 132-137
Vs, = 3.0 GeV, Au-Au

1.0 T T T o 1 TU= Lo | + ity t -ttt}
83 UrQMD-hybrid coalescence "
! —=— S, (Ar=9.5 fm) 1 10°F .
0.8 F —0— S, (Ar=4.3 fm) b
' 3y radius ' '
06} gmall aHra 1 i)
i ] - = = Two-body COAL.
04l | 0’ g —— Three-body COAL.
I 3H rad\us 1 10 -
arge A F ]
02f L 1 : (;,Lf - 0 1
(b)
0.0 S —
10° 10’ 102 10° e ' = : g
dN_/dn (In|<0.5) 10 10 10

dN_/dn o6



S; and S, in Au+Au 3 GeV

" Au+Au 3 GeV 0-10% T & B:7-=50%) 10-40%
[ STLj\-II?- Prl:/iminary °1 8522825(;))25) °- Sy = %H (AXpr)
- T #y=(-0.75,-0.5) 1 A A
84 AHe(AXpT)X E
1 ———Eﬁw E ——————————— -t cil 1@ —————————— 1 _ BaGHeD
< i I T @] [ﬂ ; Ba(“He)(pr)
n S 1 -
. T _
. Eﬁﬂﬁ{ﬂ‘"ﬂ ““““““ [ﬂ"ﬁ‘"@";;;;;;;/;“
107F T sy
Y SR TR A TR T WA NN TR (N TR N M AN TR UL N NN NN T SR RN NN SN T T
0.4 0.6 0.8 1 0.4 0.6 0.8 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 pq, rapidity and centrality
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0.6

0.4

0.2

Multiplicity Dependence of S at g — 0 | pongshengLi, 05/06 |

[
©)

STAR (200 GeV)

Zr+Zr /| Ru+Ru (Prelim.)

Au+Au / U+U

Music+UrQMD+Coal. |

— B,=0.41 MeV
— B,=0.164 MeV
B,=0.102 MeV

Assuming

B.R.( iH—>3He+J‘E_)=2512°/o N

30

100

300

Charged-particle Multiplicity dN_/dn

* No obvious multiplicity
dependence within uncertainties

 Within uncertainties,
coalescence calculations are
consistent with the measured
data

* More precise data needed

STAR: arXiv:2310.12674; Science 328, 58-62 (2010)
MUSIC + UrQMD + Coal.: arXiv:2404.02701
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- * 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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System Size Dependence of S,

Xiujun Li, 04/06
Dongsheng Li, 05/06

- STAR preliminary Models C .
1.6 @ AutAu 0-40% (p_/A>0.4 GeV/c, lyl<0.5) — Coal. (UrQMD, Ar=0.5fm) - STAR preliminary
- Published data F=vCodL,(IraND. A=) 0.9F | |AutAu (f5,,=3GeV, p /A>0.4GeVc)
1.4 O esesauspto0% e Jhe® 93, wio tndt. I - | AutAu ({Sy=7.7-27GeV, p_/A>0.4GeV/c)
T Thermal-FIST, w/o unst. N _ T
- <> ALICE Pb+Pb 0-10% = Thermal-FIST, w/ unst. N 0.8~ O Au+Au/U+U (\/S_NNzZOOGeV) o
1. oF O STARAusAu - @ Pb+Pb (|5y=2.76TeV)
»£&~| @ STARAu+Au, U+U 0.7
B = ' O p+Pb (Js,=5.02TeV)
e O) Q@ AN
1 N % 0.6 v AL L, S
B A al o osf T y
- £ m D 0.5 - A
0 . 8 .« _Q C o — i
" © - W,
0 6__ | w0 0.4 L
- : < ™ E (NN} - %) u
E O 0.3 - g
0.4F i . B T
0 2 5 E}/ 0.2 :_ Z o - --- Thermal model
Y4 - , Coal. (2-bod
B Assuming B.R.( °H—He + ) = 25% 0.1 Assuming B.R. ( d
B A - (°H—3He+ ) = 25% Coal. (3-body)
O | L1 1 1111 I 1 | I ] I | L1 11111 I l L1 1 11 : A | |
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* Increasing trend observed in S; vs collisions energy.
* 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

30



Summary

New experimental data on:
« 3Hin3.0-27 GeV Au+Au collisions

« #H, tHein 3.0-3.5 GeV Au+Au collisions
 3Hin 200 GeV Zr+Zr/Ru+Ru collisions

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

* Hypernuclei are notin equilibrium at hadron
chemical freeze-out at RHIC energies.

Coalescence

Hadron Hypernuclei
chemical formation
..... freeze-out t
[ e |
| I
D@ @® @D o)
®@@® ey &)
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What’s Next at RHIC?

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

3 GeV 2B . .
BES Il datasets . cnts! High energy runs in 2023-2025
104Ea¥$ § S8 & 2 g Ry & e 2 cf}’«;y«?/EVs_w(GeV)
: ’IBES-I Bses-i Bext =

g System Run year No.
Tn/ events/Luminosity
= p+p 200 GeV 2024 235 pb-’
>
L Au+Au 200 GeV  2023+2025 20B / 40 nb"’

| Expected total significance from BES-II:
|

| A : 600; yHe: 400; gHe: 100; ARH : 272

SPHENIX 32



The 21 International Conference on Strangeness in Quark Matter
3-7 June 2024, Strashourg, France

Thank you!

P
f}‘ﬂ

BERKELEY LAB
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The 21 International Conference on Strangeness in Quark Matter
3-7 June 2024, Strashourg, France
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Back ups
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SHe/p and d/p from BES I

—
<

—
<
N

Particle yield ratios

10°°

Yixuan Jin, 05/06
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STAR Preliminary
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STAR, Phys. Rev. Lett. 130, 202301 (2023)
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Strangeness Population Factor

P +P)

(He + *He) / (

A~ AHe(A X pr) X %(pT)  BA(“He)(py)

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

AHAXxpp)  B,iH)(pp) g, N4 _p (5 dNo 4
o7 dpd

=
dpA
F. Bellini, PRC 99, 054905 (2019)
Under some coalescence scenarios:

* S,: Direct connection to coalescence 20J4+1 1 1 o 3(A-1)
parameters. Ba= 24 JAmA (Rz n (%Agz)
* Possible insights to nuclei radius and Source size Radius
microscope picture of coalescence. Emitting source: Small Large
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Feeddown fraction (%)

Shadow box:
T, Feed down from excited

g nuclei.

8

10’ 10° 10°

s, [GeV]

V. Vovchenko, PLB (2020) 135746

S; (stable nuclei)
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Questions and Perspectives

Near term question:

- Will we observe the unique behavior
from hypernuclei that differ from light
nuclei with more data?

\4

Long term goals:

- Understanding the Y-N and three
body interaction e.g. Y-N-N;

- Constrain on strangeness degree of
freedom in EoS.

——————————————————————————————————————————————

Experimental venue
* Further investigation on light hypernucleli
* Production, e.g. kinetic freeze-out
* Collectivity, e.g. v,
* Intrinsic properties
* e.g. By, spin, B.R., lifetime etc.

* Search of double A hypernuclei and
exotic hyperon states.

e Y — Y interaction

* Precise measurements on particle
correlations.

*p—Ad—AA— Acorrelations, etc.
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Future Perspective

Great potential for discovering unobserved * A>=5and E hypernuclei

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

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

T. Galatyuk, NPA 982 (2019) A. Andronic et al, PLB 697, 203 (2011) 29



