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Introduction: what and why

 What are hypernuclei?

 Bound nuclear systems of non-strange and strange

baryons
4 “He
H A

Marian Danysz (right) and Jerzy Pniewski (left)
discovered hypernuclei in 1952
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Introduction: how

 Experimentally, we can make measurements related to:

1. Internal structure

* Lifetime, binding energy, branching ratios etc. )

Understanding hypernuclei structure can provide insights to the Y-N interaction
2. Production mechanism

* Spectra, collectivity etc.

The process of hypernuclei formation in violent heavy-ion collisions is not well
understood
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Introduction: RHIC BES program st

* During the BES-II program, STAR utilized the fixed-target (FXT) setup, which
extends the energy reach below 4 /syy = 7.7 GeV, down to 3.0 GeV

FXT mode setup of STAR detector :

Fixed Target
n=-2.0 z=2.1m
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Introduction: hypernuclei and STAR BES-1| s1ar
- listof BES-ll datasets: m :

* Hypernuclei measurements are scarce 555 M

iIn heavy-ion collision experiments 30 258M

7.2 155 M

At low beam energies, hypernuclei SN I

; . 14.6 324 M

> prT——r T production is expected to be SO
> 102 oALICE data STAR data _ o

S 10} +HH  edd enhanced due to high baryon S

- iAH | = °He, *He : 7.7 51 M

e e « ° He = “He, “He d@ﬂSlty 115  235M

10" | e S " e =" " 7.7 113 M
-2 - . s 2 " " . ’

RN » Datasets with large statistics taken i

10 S — . 62  118M

¥ —————g———— .

10 LN e durlng BES-I| 32 103 M

10°S - ) . e 3.9 117 M

N " - S o . 35 116 M

1078 T S — A great opportunity to study 02 162M

107F o o« e - - 7.2 317 M

el TN hypernuclei production —

10°E- ¢ & - 3.0 2103 M

10—101 'Y 1 11 1111112 1 11 1111113 ] | 9.2 54 M

8E$-||10 10 10 |'s\ (GeV) 115 52 M

B. Donigus, Eur. Phys. J. A (2020) 56:280 13.7 51 M

A. Andronic et al. PLB (2011) 697:203-207 17.3 256 M

7.2 89 M
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Particle identification and hypernuclei reconstruction

R AH=d +p+ 77 AH—"He + 77 :
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* Particle identification from energy loss measurement using TPC

 KF particle package[l] is used for signal reconstruction

* Hypernuclel reconstructed via their weak decay channels: [11Zyzak M, Kisel I, Senger P. Online selection of
short-lived particles on many-core computer
3 H 3 — 3 — 4 4 — 4 3 — architectures in the CBM experiment at FAIR[R].
— He + 7x H—d T H—-"He + n He—-"He T b
A T A T P T A T A T P T Collaboration FAIR: CBM, 2016.
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_ Hypernuclel signal reconstruction

2-body decay channels:

STAR, PRL 128, 202301(2022)

3-body decay channels:

. <10° :
: 2 Au+Au collisions 1 « Data—Rot. bg x10° 1 .
' [Vsw=3GeV  {}--Residualbgft | :
1 = 1.5 0-50% centrality S T el T Data ° :
1 O _ o) - Rot. bg 0
: > @) { 0
1 1+ 3 _ j T 4 :

- - a H + b H 1
e (@) 298 302 | ( )A :
: @ 05l +++ m[Gev/c] 1 :
S :++ L he M++ ++i + :
: Q ++ ++ .* "haud + + + +‘|*+ -=m 0
. O o0 _++*# ................ +*+H.+*ﬂ ++++++++++++++++ _____ TR U +} :
: IR R S |+$++ +++ + | . | . | v
D 2.98 3 3.02 3.9 3.92 3.94 3.96 :
: . [GeV/c?] m.,,. [GeV/c?]

Combinatorial background estimated via:

* Rotating pion tracks for 2-body decay channels

* Event mixing for 3-body decay channels
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?\H branching ratio R,

B.R.(3H — °Hen")
B.R.(QH - 3Hez~)+ B.R.(GH — dpz~)

Relative branching ratio: R; =

F. Hildenbrand et al. PRC 102, 064002 (2020)

% S » Recent calculation shows that R, may be
o= 06— NC26,  NPB16, BHE: sensitive to the binding energy (B ,) of ?\H
= 840(1962) 77(1970) 064002
L. PRL 20, B, (MeV) : : : :
a19(1968) PRCS7, o » B, — provide constraints to Y-N interaction
& NPB67, STAR 2017 1595(1998) === e
04— o | ] ampel) -~ [ == - o n
A S (e [ [ A I [ 0.1 . o -
_¢’<> ____________ + ____________ 25N [ | USIﬂg SNN 3 O Gev data
. CERN Rep. * J.G.Congleton : .
64-1, 63(1964) = — 1992 {
0.2— STAR « R;=0.272 £ 0.030(stat.) £ 0.042(syst.)
R e Model comparison suggesting a '
_ reliminary f
weakly bounded state for AH )

» Improved precision on R,

Stronger constraints on absolute B.R.s and ?\H iInternal structure models
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- H, 1H and | He lifetimes

— A Dalitz et al (1966) A. Gal (2022)
3 Congleton (1992) ' 4
H - Kamada et al (1998) H
A ] - - Gal et al (2019) A
: | - --  Hildenbrand et al (2020) .
. IILQI HADES preliminary
H 1 111
:I —9—: | HADES preliminary o1 JPARC (2023)
| e ALICE (2022 ik
: :E CE (2022) (o] STAR (2022)
= STAR (2022) | it HypHI (2013)
_I.E_ ALICE (2019) —OJ:——E H. Outa et al (1995)
E E STAR (2018) : :o S. Avramenko et al (1992)
==, ALICE (2016) e—>  Phillips, Schneps (1969)
== HypHI (2013) > Y. W.Kang et al (1965)
—o— . STAR (2010) ® > Prem, Steinberg (1964)
i i. G. Keyes etal (1973) ® a0 N. Crayton et al (1962)
——e G. Keyes et al (1970) 4
—— G. Bohm et al (1970) AHe
e——> Phillips, Schneps (1969) ]ﬁl E STAR preliminary
— G. Keyes et al (1968) = W J. D. Parker (2007)
< L Prem, Steinberg (1964) —|e H. Outa et al (1995)
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IUsing Syn = 3.0 GeV and 7.2 GeV datasets:

13H: 7 = 221 + 15(stat.) = 19(syst.)[ps] |
ij‘\H: T = 218 + 6(stat.) = 13(syst.)[ps] |
&IHe: T = 229 £ 23(stat.) £ 20(syst.)[ps]

 Indication of shorter lifetimes for ?\H “H and ?\He than that of
free A (with 1.80, 3.00, 1.10 respectively)

* Consistent with former measurements and world average values

¢+ T3y consistent with calculation including pion FSI'!! and

calculation with Ad 2-body picture!”! within 16

» T4y @nd 7y, CONsistent with expectations from isospin rule

Precision ?\H and f\H measurements

provide tighter constraints on models.

[1]A. Gal and H. Garcilazo, PLB 791, 48 (2019)
[2]J.G. Congleton, J. Phys. G 18, 339 (1992)

STAR.PRL 128.202301(2022)  Lifetime [ps]
> H: ALICE(2022),arXiv:2209.07360

“H: JPARC(2023),arXiv:2302.07443
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_Hypernuclei production at 3 GeV 1

Au+Au \s,, =3 GeV

B (@) 0-10% | (b) 10-50% |
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- o (©010% .. (d) 10-50% S PR » S .
R — SO - X 20T SR ~ 110
Q 10°F e TR T ., @, - ,—/? N R |
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I: u o @ . (D\cp - “®~\®\ @ i m 1+ o T o \'\.___#2_;“__'?_ 10.5
s . (@) 0-10% | (b) 10-50% I
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ot y=(05:029x10" [ STAR W 08 -06 -04 -02 0 -08 -06 -04 -02 0O

o © %H, y=(-0.75,-0.5) x 1072 ’ AT
we—— 4~ STAR, PRL 128, 202301(2022) Rapidity y
p_[GeV/c]

« Different trends in the f\H rapidity distribution in central (0-10%) and mid-central (10-50%) collisions at 4 /syy = 3.0 GeV

« Transport model (JAM) with coalescence approximately reproduces trends of jt\H rapidity distributions seen in data,
but fails to reproduce the trend of ?\H in 10-50%
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?\H and f\H directed flow at 3 GeV

| | | | | | | |
4 .
10F (@) A e (o) \H e | | | | arXiv:2211.16981
/// 23 ,’/,'f3 P
. L e e Au+Au Collisions at RHIC 1o accepted by PRL
O ,,;44”/’," -1 ,/’,”‘/'i/’," — 4 -’
0z b P L Energy: |syy =3 GeV & O
RO H T .
0.0 e — o= - y
——— 00 U8Y Centrality: 5-40%
o O % 09~ . . . P
\l 09 o ° 0% " ?ﬂ.w Light nuclei 1 O - . ]
> -0.5 OQOKY’XD T <><><>./l' o v 3H N ~
g 2O ﬂ O p e ()
2 880 J-% cd o %He I -
Q -1 .0_ — At N — > / / 4.H
LL + > A
B | ) | | — ' ' - O a7
4 o
8 1.0k (b) AH //,'tHe_ >1— y P
A= 2% *He O 0.5 &7 ~ N
0O u o4 s =3 GeV Au+Au Collisions P e
0.5 / ,&,’j% - b NN o e e Data Model
/?’_’g'i":’_,——"‘—. 1 s 5. ° / S
00 «;’ 2 | Centrality: 5-40% B Hyper-nuclei [ = UrQMD
o S~ AM
oo O% 4:&, * @ - A Light-nuclei O > d
T +<i | é'g : + AH—*He+nw 7|  ——w Linear term of the fit
kit 0.0
10~ @ * SH—d4p+n - | | | |
, 1 1 , 1 2 3 4
10 -05 00 05 10 -1.0 -05 00 05 1.0 ' 2
Particle Mass (GeV/c")

Particle Rapidity (y)
e First observation of ?\H and f\H directed flow (v,) in mid-central 5-40% Au+Au collisions at 3 GeV

. Mid-rapidity v, slopes of 2 H and 4 H follow baryon mass scaling.
1 A A

— Imply coalescence process to be the dominant formation mechanism for ?\H and f\H
production in the 3 GeV heavy-ion collisions
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https://arxiv.org/abs/2211.16981

Energy dependence of hypernucleil production in heavy-ion

collisions
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—

<
a1
I

,
’
’
,
/
’
’
’
’

—

<
(o2}
I

T

| STAR preliminary

B.R./2np_ d°N/dydp_[c/GeV]
o

- @ 3H, lyl<0.5, 0-10% LN
B O 3H I lo) m \\‘\
_ 0 H, lyl<0.5, 10-40% =
- mpe-exp. fit )

10_85—

T

T

B.R./2np_ d°N/dydp_[c/GeV]
S

| STAR preliminary \ \

" @ °H, lyl<0.5, 0-10%
[ O °H, lyl<0.5, 10-40% EIE
- - me-exp. fit )

10_85—

« - H mid-rapidity yields obtained

as a function of p and
centrality at 19.6 and 27 GeV
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- @ Au+Au 0-10% (STAR) 3 : ) oy
1. @ Au+Au 0-10% (STAR preliminary) - *\H yield at mid-rapidity increases from 2.76 TeV to 3
- ¢ Pb+Pb 0-10% (ALICE) GeV
107"'= : . . .
- * Driven by increase in baryon density at low
102 energies
L0 _35  Thermal(GSl), Coalescence(UrQMD), Thermal-FIST
T 10 2 76TeV and PHQMD reproduce the trend
=10k y - For Au+Au @ 3 GeV
%‘ 1 0_13_ “Central AutAu | * (Coalescence(JAM) with tuned parameters can describe data
= —— Coalesc. (JAM
% f ___ Coalesc. §UrQ|2/|D) « PHQMD describes f\H, but overestimates ?\H
107 o Coalesc. (UrQMD-hybrid)
- ,»-\-\ ----------- Thermal-FIST
0% 7 . e Thermal (GSI)
j: Ny T PHAMD Provide first constraints for
1 O_ s N”. ssgl(lz)wn ) _. . o o _ _ _
: Ny e aue hypernuclei production models in
5L N ' . .
Ay the high-baryon-density region
0% T
3 10 30 10°
VSnn [GEV] o,
STAR, PRL 128 (2022) 202301 A. Andronic et al, PLB 697 (2011) 203 (Thermal (GSI))
ALICE, PLB 754 (2016) 360 T. Reichert, J. Steinheimer et al, arXiv:2210.11876(2022) (UrQMD, Thermal-FIST)
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Hyper-to-light nuclel ratios

I T ] ® Au+Au 3 GeV, lyl<0.5  Thermal model
~ UrQMD+Coal. (a) 0-10%, Au+Au3Gev (b) 10-40%. S 10" e 0-10% - With {H* feed-down
0.04- -+ Alp | eAp STAR preliminary._ E - O 10-40% ~~No *H* feed-down
- iH/SHe (I) 1 O f’\H/SHe 9) | STAR preliminary
] — "~ A/p “H/%He
| 4H*He ¢ Tilgl 1 OfH/He _ 8 - E
c_> el : : [ "
-ES- - “ CI) T 0) ® -. ® 8 “H/’He
C0.02- e I — ] o - ‘kb """" B GE) 2 A
i "‘ %3 q) 1 :.‘¢‘ u“ | Q_ 10 __ + B
L ¢ o . Z f i
@ U T o @7 O : “— i >
S TUPURSRINRPELLLES @] - o ol O I
ROPPTL Uncertainty in B.R. not shown| ISPl ] _,C—_D, —
O | ."u— TR N T AN T T T AN S S MO M W | I‘-”"‘I:'"'l-T—I— o oo by oy by E i Assuming B.R.(i(4)H%3(4)He+313_)=25%(50%)
1 -0.8-0.6-0.4-02 0-1 -0.8-0.6-0.4-0.2 0 s P A A A R
y [) 1 2 3 4
> Mass number A

« Suppression of ?\H/ ’He vyield ratios compared to that of A/ P

A. Andronic et al, PLB 697 (2011) 203 (Thermal model)

* Observed at both 0-10% and 10-40% centrality in Au+Au collisions at 3 GeV.

« The jl\H/ “He yield ratios are comparable to that of A/ p
« Thermal model calculations including excited f\H* feed-down show a similar trend

« Feed-down from excited state enhances f\H production

 Support creation of excited A=4 hypernuclei in heavy-ion collisions
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S5 4 at 3 GeV

- Strangeness population factor S ,

-~ Relative suppression of hypernuclei Au+Au 3 GeV 0-10% ] &+ 5n3"™ 10-40% °
: : : STAR preliminary Oy=(-0.5,-0.25)
production compared to light nuclei : L s + _
production ¢ \|
A A LI Wﬂ@ﬂ . T ﬂ-ﬂ it i ] E
S, — AH o BA(AH)(pT) (D< c»p 0 - |
AT — i 1 ]
AHe x & Ba(“He)(py) T L
P i P ) 0] ¢ o | b T |
[ @
S Zhang, PLB 684(2010)224 1 ! 1 3";5535?50/")
- B ,: Coalescence parameters 10 :. o _. . IOIV=<I'°-5I"°-|25>I |
S;< 1: relative suppression of ?\H/3He compared to A/p pT [GeV/c]

S,~1, 5, > Sai: j‘\H/‘LHe is comparable to A/p, possibly due to feed-down contributions from exited state that enhances f\H

No obvious kinematic and centrality dependence of S3,4 is observed at 3 GeV.

— Coalescence parameter B , of ﬁH and “He follows similar tendency versus pr, rapidity and centrality,
indicates that N-N and Y-N interactions that drive coalescence dynamics in these collisions are similar
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Energy dependence of S,
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| ‘ ALICE Pb+Pb 0_1 OO/O I: """" ThermaI'FIST w feeddOwn
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- STAR preliminary < ===-Thermal Model (GSI)

| ’/:.

e ~I.
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_ ‘/0" \
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B - e

Assuming B.R.( iHe3He + 1) =25%
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10

10° 10°

'S\ [GeV]

STAR, Science 328 (2010) 58
ALICE, PLB 754 (2016) 360
E864, PRC 70 (2004) 024902
NA49, J.Phys.Conf.Ser.110(2008)032010

A. Andronic et al, PLB 697 (2011) 203 (Thermal (GSI))
S. Zhang, PLB 684(2010)224 (Coal. +AMPT)
T. Reichert, J. Steinheimer et al, arXiv:2210.11876(2022) (UrQMD, Thermal-FIST)

 Data show a hint of an increasing trend from

* For coalescence models, the energy dependence
is sensitive to the source radius (Ar)

o Thermal-FIST, which includes feed-down to p

and “He from unstable nuclei, describes the S,
data reasonably well
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Summary

Presented measurements on hypernuclei production in the high-baryon-density region W|th
hlgh statistical precision using STAR data

 Hypernuclei structure

: ?\H, *H lifetimes and R; of ?\H measured with improved precision

e Strong constraints on hyperon-nucleon interaction models

 Hypernuclei production in heavy-ion collisions
. +H, 2H production yields at 3.0, 19.6 and 27 GeV

« Coalescence models approximately describe the trends of f\H rapidity distribution

S; and S, show weak centrality/kinematic dependence

« Energy dependence of ?\H “H vyields and S, compared with models
* Provide constraints to hypernucleil production models

o ?\H and f\H collectivity v,

Vv, slopes follow baryon mass scaling -> Support coalescence picture
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Outlook

1. iTPC and eToF fully installed in 2019 — extend n acceptance and improve PID at large 7 " @ Au+Au 0-10% (STAR)
| - | | ‘ = @ Au+Au 0-10% (STAR prelimi
2. High statistics data in STAR BES-II 4 /syn = 3.0 - 54.4 GeV, especially the E : PEIPE 0.10% EALICE;WG iminary)
collected at 3 GeV in 2021 — larger statistics, higher precision = T
F s S8R L & e & 8 1022
10%F N
R OBEs-I lBES-I FFxT S 105k -
\2/ 103 = L/ - 2.76TeV
W 2104
S 02k > ]|
O i O 401k Central Au+Au
Lﬁ - 2 = 3.2 —— Coalesc. (JAM)
10 D 1ol ‘ 4.5 —— Coalesc. (UrQMD)
107°F _ﬁ\ Coalesc. (UrQMD-hybrid)
R - N Thermal-FIST
01 0.2 0.6 10°L 4% 146 Thermal (GSI)
!J“ Gev _4E 3.9 \\"\‘ _A_ PHQBI\QID3(4)H
10 2 f \ ssuming (
. . . s =% He + n") = 25%(50%)
* Precision measurements on hypernuclei properties 105k " 7.7 \.T,
« Energy dependence study of hypernuclei yields T
SR ]
Search for double A hypernuclei 3 10 30 102
. e.q. AAHe_) 4H67Z ?\ AH6—> ?\ Her STAR, PRL 128, 202301(2022) SNN [GeV]
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Outlook

1. iTPC and eToF fully installed in 2019 — extend n acceptance and improve PID at large 7 " @ Au+Au 0-10% (STAR)

® Au+Au 0-10% (STAR preliminary)

¢ Pb+Pb 0-10% (ALICE)
3.2 4.5

2. High statistics data in STAR BES-II 4 /syn = 3.0 - 54.4 GeV, especially the

collected at 3 GeV in 2021 — larger statistics, higher precision
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Pb+Pb

3.
3 “" AN 2.76TeV
A H o l\z'("""f s

L . T
Central Au+Au |

Events (M)

3.2 —— Coalesc. (JAM)
‘ 4.5 — Coalesc. (UrQMD)
_ﬁ Coalesc. (UrQMD-hybrid)
\ ----------- Thermal-FIST
’\ 14.6----- Thermal (GSI)

‘ — - PHQMD
~
\

0.1 0.2

3(4) H

Assuming B.R. (
- He + 1) = 25%(50%)

_~1—>/
/

* Precision measurements on hypernuclei properties

1075 4H 7 \~
» Energy dependence study of hypernuclei yields oel N T
Search for double A hypernuclei 3 10 30 10
. e.q. AAHe_) 4H67Z ?\ AH6—> ?\ Her STAR, PRL 128, 202301(2022) SNN [GeV]
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