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Hypernuclel

Hypernuclei are nuclei containing at least one hyperon

‘H
e Provide access to the hyperon—nucleon (Y-N) interaction A
n
n
e Strangeness in high density nuclear matter O
* EOS of neutron star 3 O
e Hadronic phase of a heavy ion collision AH

e Experimentally, we can make measurements related to: O O n )

¢ 1. Their internal structure

e Lifetime, binding energy, branching ratios etc.

Understanding hypernuclear structure may give more constraints on the Y-N interaction

e 2. Their production in heavy-ion collisions

* Spectra, collectivity etc.

The formation of loosely bound states in violent heavy-ion collisions is not well understood
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STAR and BES-II

® Hypernuclei measurements are scarce in heavy-ion experiments

® At lower beam energies, hypernuclei yields are List of BES-II datasets BES-Il
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expected to be enhanced due to high baryon density I ENCIRLIEE Sy | * ALICE data  + STAR data
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Hypernuclel reconstruction
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e Hypernuclei are reconstructed using the
following decay channels: e Good mid-rapidity coverage at 3.0 GeV (FXT)
AH — “He + 7~ AH—d+p+a” e Combinatorial background estimated via
‘H - *He + n~ ‘He — *He + p+ 7~ rotating pion tracks or event mixing
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Hypertriton R3

*Relative branching ratio: Ry =

BR.(3H — *Hen")

See poster by Yuanjing Ji (4/8 T16)
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e Improved precision on R3

BR.(AH — *Hez~) + BR.(3H — dpz~)

Rs may be sensitive to the
binding energy of 3 H [1]

STAR preliminary:
R; = 0.27 £ 0.03(stat.) = 0.04(syst.)

— Stronger constraints on hypernuclear interaction models used to describe 3 H

— Stronger constraints on absolute B.R.s
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[1] F. Hildenbrand et al, PRC 102(2020)064002
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Hypernuclel lifetimes

------ Dalitz et al (1966) A. Gal (2021) o ,
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New 3 H, 1 H results with improved precision
* T((He » “He +7") 1

compared to previous measurements T ——
AL = C+ 1

o | QUARKMATTER
*  KRAKO!

“e 2022 Yue Hang Leung - Quark Matter 2022 6



H, “H production at 3 GeV

M M \
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C 0 *H, y=(-0.5,-0.25) x 10" i h . .. ..
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® ?\H, “*H yields obtained as a

(accepted by PRL)

function of pr, rapidity and centrality
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(0-10%) and mid-central (10-50%) collisions

Transport model (JAM) with coalescence afterburner* qualitatively
reproduces trends of j‘\H rapidity distributions seen In the data

*Coalescence parameters (rc, pc) are tuned to fit the data, see backup
**Uncertainty in Rz (19%) not shown
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Comparison to A and light nuclei at 3 GeV
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. S STAR preliminary
—
+ 10= .. d
= L A t
L =
o - *He ‘He
Vv 1L s
> 107°=
= A
S 102 . A
Z = B [®]
s
1 0_3 — : 3(4)
= Assuming B.R.(, H—*Y He+n )=25%(50%)
L L | L
- g
— ]
— u
o L
+ @]
QO 1B 0 -
g C
A i
o i
| ! ! | | ! ! ! ! |

5 .

Au+Au 3 GeV, lyl<0.5
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Thermal model
-+ With *H* feed-down

No tH* feed-down

4 4
\H/"He

it

Assuming B.R.(}H—*"He+r )=25%(50%)

1 2

Yield ratio of hypernuclei to light nucle
:

e Non-monotonic behavior in light-to

Mass number A

e Thermal/ coalescence models predict approx.
exponential dependence of yields/(2]+1) vs A

e “H lies a factor of 6 above exponential fit to

(A, 3H, 2 H)

o | QUARKMATTER
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3 4

Mass number A

Level diagram of A=4 hypernuclei

‘H+ A 0 ‘He + A
STAR Preliminary
0.96 + 0.12
. 1.15%0.06 1T ~ 1-019+0.13+0.07
1.09 + 0.02 1.41 + 0.003
0° el $0.13+0.13 + 0.07
2.24 + 0.06 0+ Y o . * U. + 0.
2.37 +0.12
4 4
B, [MeV]

H*JT=1) > THJT =0) +y

hyper-nuclei ratio vs A observed
e Thermal model calculations
including excited f\H* feed-
down show a similar trend

Data support creation of excited A=4
hypernuclei from heavy-ion collisions

A. Andronic et al, PLB 697 (2011)203
(updated, preliminary) (Thermal Model)
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Energy dependence of hypernuclei production in heavy-ion collisions

< [ ‘ [
D sl - @ Au+Au 0-10% (STAR) . . o
S 107 Au+Au 19.6 GeV 1 @ Au+Au 0-10% (STAR preliminary) ® - H yield at mid-rapidity increases from 2.76 TeV to
o e PR = 4 Pb+Pb 0-10% (ALICE) 3 GeV
> B
> 10°F Y 107" . : : : .
& o - ¢ Driven by increase in baryon density at low energies
o L -
51 1 0_2 s
£ 7L STARpreimiay R —~ ® Thermal model (GSI-Heidelberg) reproduces the trend,
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~ 0 3H, lyl<0.5, 10-40% RN O 107 ¢ 1 y y
Al , . — . Pb+Pb
- - my-exp. fit l/ — ® - 2.76TeV
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SRR FEEE N R IR SRR N N ~ = S
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o - RS T A P Thermal
- 3L . . -
g . 1078 /0 N, o PHQMD . with Vo = 2/3Vyy describes 4H yield,
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© @ H, lyl<0.5,0-10% N - 9 He + ) = 25%(50%)
. O 3H, lyl<0.5, 10-40% EE - : : :
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ol l\\ - JH e by an order of magnitude
0 05 1 15 2 25 3 35 4 10°°% | o
pT[GeV/C] — — ' S—
3 10 30 10°
e 3H mid-rapidity yields obtained ‘/SNN [GeV] New data provide first constraints for

as a function of | %) and Centrality at A. Andronic et al, PLB 697 (2011)203  J. Steinheimer et al, PLB 714(2012),85 hypernUCIel prOdUCtlon mOdeIS In the

19.6 and 27 GeV (updated, preliminary) (Thermal Model) (H. URQMD, Coales.(DCM)) high'baryon'denSity region

ALICE, PLB 754 (2016)360 Y. Nara et al, PRC 61(1999)024901 (JAM)
S. GlaBel et al, arXiv:2106.14839 (PHQMD)

STAR, arXiv:2110.09513
o | QUARKMATTER
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Szand S at 3 GeV

® Strangeness population factor:

A S. Zhang et al, PLB 684(2010)224 : AU+AU 3 Gev 0-1 OO/O :: QS;=((-BO-E5.;)500/O) 1 0-400/0 :
AH STAR preliminary Oy=(-0.5.-0.25)
S N = A - T +y=(-0.75,-0.5) +
AHe X — ¢ r
p 1 [§] |9l T c[? ) .
< - FFH ¢5+ c>+ +o 4:ﬂ i C}
® The differential analogue is 7p : | T * -
equal to the ratio of { i t
coalescence parameters for nh 9 T o I3 d
hypernuclei and light nuclei o1k ® s; (B.R.=25% )
A AH)( ) | | | | | | | C)y=(-0-5I,-0-25) :
H(A X p) B A(
A AN 04 06 08 1 04 06 08 1
AHe(A X pr) X —(pr) B A(“He)(pr) p_/A [GeV/c]

® 53<1 — relative suppression of

hypertriton to 3He production ® Although the Ba of light nuclei varies with pr/rapidity and centrality,

A ratio b/ w Ba of hypernuclei and light nuclei remains roughly constant
®S5,>S; — enhanced | H

production due to feed-down
from exited state

Ba of light nuclei and hypernuclei follow similar trends in pr/rapidity/centrality

@:‘QUAQKMAWER
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Energy dependence of Ss

1
~ Au+Au collisions 0-10% | ®27GeV 10-40%
STAR preliminary ©19.6 GeV
0.8 T 3.0 GeV s
= i
o 0.6 - _
l/ . I s ¢ O s
>
::)0.4— - (] + ' L -
w - ® He ! | * I
0.2 % 1 + ¢ % : | .
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B.R.(°H—He + ) = 25%
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*S; ratio” obtained for pr/ A>0.4 GeV for 3.0, 19.6, 27 GeV,
0-10% and 10-40% centrality

*For 19.6 and 27 GeV, take 3He/t = 0.93+0.07

STAR, Science 328(2010)58

E864, PRC70(2004)024902
ALICE, PLB 754 (2016)360

NA49, J.Phys.Conf.Ser.110(2008)032010
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1.6
1.4

0.4
0.2

® Au+Au 0-10% (pT/A>O.4 GeV/c)
® Au+Au 10-40% (pT/A>O.4 GeV/c)
B E864 Au+Pt 0-10%

Y STAR Au+Au 0-80%
¢ ALICE Pb+Pb 0-10%

*

STAR preliminary

x

Assuming B.R.( ? H—°He + ') = 25%

10

107 10°
'Sy [GeV]

* No clear centrality dependence

e Hint of an increasing trend from

Vsnn =3 GeV to 2.76 TeV

Yue Hang Leung - Quark Matter 2022




Energy dependence of Ss

S53: eDoes not depend on strangeness canonical volume
e Influenced by feed-down from excited baryonic states

Thermal models

* Weak energy dependence,
deviates from data at 3 GeV

eocal correlations b/w
baryon number and
strangeness is lost in the
thermal calculation?

Coalescence models

e Different models predict
different trends

*5Sensitive to microscopic
features:

e Correlations in the
dynamical stage

*5Size of emitting
source, etc.

None of the models shown describe the Ss; data quantitatively

e Future measurements:

e Comprehensive measurements of Sz, Ss at low (STAR
BES-II) and high (RHIC top energy+LHC) energies

o | QUARKMATTER
* KRAKOW
"0 207272

)

1.6
1.4
1.2

0.8
0.6
0.4
0.2

STAR, Science 328(2010)58
E864, PRC70(2004)024902

| Data Models
i ® Au+Au 0-40% (pT/A>O.4 GeV/c) -+ Coal. (Default AMPT)
— M EB864 Au+Pt 0-10% — Coal. (String Melting
~ Yk STAR Au+Au 0-80% AMPT)
- € ALICE Pb+Pb 0-10% -- Coal. (DCM)
- STAR preliminary "=~ Thermal Model
B . — Hybrid URQMD
o .
I ".-'
: '\'\
\
| -
- - s
| @
- Assuming B.R.( ? H—°He + ') = 25%
ol NIRRT NIRRT L 111

107 10°

'Sy [GeV]

10

(Thermal Model)

J. Steinheimer et al, PLB 714(2012),85

ALICE, PLB 754 (2016)360

NA49, J.Phys.Conf.Ser.110(2008)032010

*For 19.6 and 27 GeV, take 3He/t = 0.93+0.07

(H. URQMD, Coales.(DCM))
PLB 684(2010)224 (AMPT+coal.)

Yue Hang Leung - Quark Matter 2022
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Hypernuclei collectivity at 3 GeV

1 a2 | | | | ] 2 I
- . Au+Au 3 GeV
0 Au+Au Collisions at RHIC — ‘He
o 12 (=3 GeY "He. — O - 0-10% collisions @
nergy: |Syy =3 Ge 0 i 3 B
O e = B o He -
(7) 11— Centrality: 5-40% e |l | (D) 1 . 5 STAR preliminary P
1.0 N 4 @) - @ 4
— 1eg AH — i + AH
> 08_ ;’_x"!‘ 3H — /Q\I_ — d F t
= A - i
= Cda"; ~ = o 3g
-O 0.6 " b i 4 A
o) 5 . p
E 04— J_g.-"'- Q Light nuclei | 5_ _ //@'/'
| A. B Hyper nuclei E - o
-9 021 — = Linear fit for light nuclei -CIJ O 5 B A (.) [L\'ght F;C:e(;,)y=('o-1 ,0)
e - , y=(-0.1,
E STAR Prelimininary 2 - B Hypernuclei, y=(-0.25,0)
0 - e Linear fit for light nuclei
| | | | B
1 2 3 4 O | N N I
2
Mass (GeV/c?) 1 2 3 4

Mass [GeV/c?]

® First observation of hyvpernuclei collectivit in HI collisions
' P s eLinear trend for light and hypernuclei

® v slope follows mass number scaling in 5-40% 3 GeV Au+Au <pr> reflects dominance of collective
collisions, similar to light nuclei radial motion

Results qualitatively consistent with hypernuclei
production from coalescence of hyperons and nucleons

QO{IQUAQKMATTEQ
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Outlook: BES-Il and beyond

. .o — M = 3921.8 MeV/c? . — M = 4839.9 MeV/c? o i 7 T oT ‘e
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—_ enable detalled Studles é S/B=2.13 S/¥S+B=23.0 [5 S/ 68 S/VS+ 3 = 3:— ST/f\F?pll’ellmllnaryl -----------------------------------
: 4 3 - 5 1 A S
on hypernuclel structure rHe—"Hepm ‘ rHe—"Hepr it 0 S A S R T A R
200 S0 g i AH jHe:
up to A=5, e.g.: Express Stream | Express Stream ST A B R Y R
Production’, Production* C
4 5 . . . STAR preliminary - STAR preliminary 2; 3H '
o \He,1He yields/lifetime A W w L'MWWWMM 13755 S S N N S W -
T A 1 | | | I 1 S TE T G R ! ! ! | pointond 1 m | 4 - -
2er 4 5 o 03 4 4.1 0 4.9 5 N T OV TS PR TR O POV PO PR
e “H, " H(e),He bmdmg m.{*Hepr'} [GeV/c?] m. {‘Hepr’} [GeV/c?] 332 34 36 38 4 42 44 46 48
A m [GeV/c]
ener = 4 — i)
&Y 161 %H STAR preliminary > 1.12 Express Stream 14
. . - _ _ é Productiog * |
eDalitz plot analysis of 145 Ausau 200 Gev S: 17.0:4.7 B:5.0:03 = [ STRprelminary 12
12 ll-':+UR ;gg g:¥ s/\S+B: 3.6 = .
-~ Ru+Ru -
3-body decays B oF Z#Zr  200Gev equiv. Gauss N :5.5 : 10
S - 11— g
o 8 | i
.. O 6F | ”I ||""|I | i -6
¢200 GeV HI collisions ab l ’I ]
. . . .. - i 4
(including isobar collisions) 25 i | . 2 il | 108
< n 1" 11 A n . ,_I . I I: I. I|| :I I" I|I :I I [ In . — 2
— opportunity to study 986 3.88 3.9 3.92 3.94 3.96 3.98 4 R |
2.94 2.96 2.98 3

anti—hypemuclei ‘He + =* invariant mass (GeV/c? ms,, [GeV/d]

e First observation Of anti-iH *Data from express stream (Au+Au Vsxn=3.0, 3.2, 3.5, 3.9, 4.5, 5.2, 6.2, 7.7 GeV)

are not with the final calibrations

See poster by Tan Lu (4/8 T16)
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Summary

e Presented first set of hypernuclei measurements in the
high-baryon-density region with high statistical precision

Hypernuclear structure

. ?\H, 4H lifetimes measured with
improved precision

- H: consistent with calculations
incorporating pion FSI

e A=4 hypernuclei: consistent with
expectations from isospin rule

e New R3 measurement

e Improved precision gives stronger
constraints on hypernuclear
interaction models

* KRAKOW
"0 207272

Production of hypernuclei in heavy-ion collisions

*First observation of hypernuclei collectivity v,

e Qualitatively consistent with coalescence

* New measurements of ?\H, jl\H differential
yields at 3.0, 19.6 and 27 GeV

e Provide first constraints to hypernuclei
production models @ high ug

eS3 shows weak centrality / kinematic dependence
at fixed vsnn; hint of increasing trend vs vsnn,
in tension with model calculations

Yue Hang Leung - Quark Matter 2022
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Analysis details: measuring lifetimes of hypernuclel

107 o * A, \syy=3.0GeV,Data —
107 ® |s,,=3.0GeV, STAR (2021) O - Q Ysyn = 3.0 GeV, STAR Preliminary S - Exp. fit -
i CP\? O ys=7-2GeV, STAR (2021) | ‘o SRR — L Tu i
= I v T S L% e | STAR
E \+\ I L} i AN E B .’\‘ _
= 1072k % i Pa i ® =} .,
£ E CP\ ¢ : (b\ : i . g 1072 — . —
3 N * b\ 'OH E *. E
O \ z | }
2 \ﬂz \P R — ) A (Y 1
© 107F '\ 3 N 3 .
:é R N ; I ; i ? _ e |
S [ %H N | H | THe
. A LA .
1 0_4 = RN N TN T T N N MR TN N M NN NN N AN A ST S BN AN AN B BN AN N A B AN AR A AN B AN AR AR A A IS A A I A B AT :
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 50
L/By[cm]
L 3yy 4y 4 . . dN o
eLifetime of T H,  H, THe extracted via exponential fit to distributions |
A d( L / ﬁ}/) STAR, arXiv:2110.09513

° . . . . _I_
Extracted A lifetime 267 = 4[ps] consistent with PDG 263 £ 2[ps] 7(3H) = 221 % 15(stat) + 19(syst)[ps]

o °H, 2 H lifetimes from 3.0 GeV consistent with 7.2 GeV analysis t(4H) = 218 * 6(stat) £ 13(syst)[ps]
t(He) = 229 + 23(stat) £ 20(syst)[ps]
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Analysis details: (H reconstruction via 3-body decay = aminaiaame

o To obtain corrected yields from hypertriton 3-body decay ;H - d+p+7~ :

O<pT<3 GeV/c 50 —e— Same-Event (SE)
0-50% o —e— SE-ME

0.004

0.002

*1. Subtract uncorrelated 2. Excess around hypertriton peak contains R
. . . . (1 A+d MC =
background, estimated via contamination correlated backgrounds ¢ Data :
it =
event-mixin : : : : Purity = 0.62+ 0.04 "

5 * Purity estimated via template fit to 1<p. <3 e
5 — X2 of secondary vertex fit TE = 050<y<-0.25 =
500120 Au+Au s =3 GeV  STARPreliminary n | d
© 4ot . * I 0-50% == i
' . . ] T~ STAR preliminary |

© 10 = —
0008__ . - E | | | | | | IE

| O _ E —————————1———————— —— ——
0.006— - o " . 5 14 ~
: 1<y<0 ©  —e- Mixed-Event (ME) : \/\p 5 r | 5

°H—pnd
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R e =T I
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.
; 0.8 —
- -
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L
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297 298 299 3 3801 302 Realsignal: lower x2 Backgrounds: higher x2
Mass(pnd) (GeV/c?)

*3. Correct for etficiency of real signal
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JAM + coalescence afterburner

® Coalescence afterburner applier to all produced hadrons

® Deuterons and tritons formed through coalescence of nucleons
® Hypernuclei formed subsequently through coalescence of lambdas with

deuterons and tritons
® Coalescence takes place if the spacial coordinates and relative momenta of

constituents are within a spere of radius (rc, pc)
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Light nuclei collectivity at 3 GeV

STAR, Phys.Lett.B 827(2022)136941
ol (@) 3GeV Au+Au Collisions. |

0.4~ W -t ---+ JAM cascade (p)

A ——JAM mean-field (p)

" | JAM mean-field |

-0.6 | | | + Coa|esqence i

- (b) 0 p:04<p <10 GeV/c;

0.15- e d:08«< p_< 2.0 GeV/cé

" t12<p <3.0GeV/c

o1t + °He: 1.2<p_<3.0GeV/c

- T s ‘He:1.6< p_<4.0 GeV/c

*]AM model with baryonic mean-
field and coalescence afterburner
qualitatively reproduce vi and v»

@{I QUARKMATTER
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"0 207272

0.4

(4] [@I]

Au+Au Collisions at RHIC
10-40%

JAM mean-field Data
+ Coalescence

o
----- m
+ °He
& - - s “He
10-25%
ng
R M- . M AUl
3 5 7 10 20 30 40

ISy (GeV)

e Different scaling
behavior of light
nuclei dvi/dy at low
(\/SNN <7.7 GeV) and
high (Vsxn > 11.5
GeV) energies
—> partonic vs
hadronic medium?

Data implies that at 3 GeV, light nuclei
are likely formed via coalescence;
baryonic interactions dictate their
dynamics
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Light nuclei coalescence parameters and S4

d3N

)Z(E

d°N

dp; .

6/~ (a) 0-10%

Au+Au Collisions @ |s,, = 3 GeV
4 -01<y <0 — H
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L () 20-40%
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(d) 40-80%
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3 STAR Prellmmary
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Scaled Transverse Momentum pT/A (GeV/c)

e B, x (1/V)-!

?.??

12 1416 18 2

-
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---------------------------------------------
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-
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-
-
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® Au+Au 0-10% (pT/A>O.4 GeV/c)
® Au+Au 10-40% (pT/A>O.4 GeV/c)
— E864 Au+Pt 0-10%
------- Thermal model

STAR preliminary

Assuming B.R.( 1He4He +7) =50%

10 10° 10°

'S\ [GeV]

eSimilar to S3, thermal model

overestimates 54 at low energies

Yue Hang Leung - Quark Matter 2022

22



