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 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

O o

\

e 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 :
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WES pl

List of BES-Il datasets: m

* Hypernuclei measurements are scarce 555 M

iIn heavy-ion collision experiments 30 258M
7.2 155 M
At low beam energies, hypernuclel SER R
- - e e — _ _ 14.6 324 M
§1o2 | o ALICE data - STAR data ~ productlon IS expeoted to be 39 E3 M
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N ": . N - *Hie, *Fie enhanced due to high baryon S —
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B. Donigus, Eur. Phys. J. A (2020) 56:280 —
A. Andronic et al. PLB (2011) 697:203-207 ﬁ 25516“:"
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STAR collaboration made the discovery of

the anti-hyper triton.
Science 328, 58 (2010) (STAR)

o
o

M. Rayet, 1966
G. Bhamathi, 1969
PR180,1307(1969) B. Ram, 1971
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PRL20, 269(1973) STAR
819(1968) SCIENCE
328,58(2010)

i  Science 328, 58 (2010) (STAR)

Gsl %STAH
= 2017

i PRC 97, 054909 (2018) (STAR)

I /( B,Y) ( Cm) PR136,81803(1964) B roe A (STAR)

W
o
o

Earlier measurements

; i - Measurement of mass difference and binding

A
_ —k—3H-2H(STAR 2019 . . '
*He—"He (ALICE 2015) AR ) Gajewski,
e e .2
<H

*He-"Fla (STAR 2019) “ [ W. etal. (1967)%®

: 3 310
; T energies of \ H and KH

~e—d-d (ALICE 2015) Juric, M. et al. (1973)*

~0.001 0 Bohm, G. et al.

= Nature Phys. 16 (2020) 409 (STAR)

Keyes, G. et al. (1970)*°
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_ Hypernuclel signal reconstruction

2-body decay channels:

STAR, PRL 128, 202301(2022)

3-body decay channels:

Combinatorial background estimated via:

: x10° :
. 21" Au+Au collisions 1 « Data—Rot. bg x10° 1 .
: NQ Vs = 3 GeV ) | | ] -~ Residual by fit . > :
1 = 1.5170-50% centrality € "o, ° Dala 0 % :
1 O i o) | I —Rot. bg I
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: I . |+$++ +++ + | L | . | i
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* Rotating pion tracks for 2-body decay channels

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

Relative branching ratio: R; =

B.R.(3H — "Her")

 World Average

NC26, NPB16,

840(1962) 77(1970)
PRL 20,

819(1968)

NPB67, sTAR 2017
269(1973)  ~

0.4

PRC 102,
064002
(2020) Ba (MeV)
PRC57,
1595(1998)

0.2

A A T R R OO I et A & T, + ....................
CERN Rep. *
64-1, 63(1964) =

0.2

_ STAR Preliminary

........................................................

J.G.Congleton
1992

» Improved precision on R,

B.R.(3H — 3Hez") + B.R.(GH — dpz~)

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

» Recent calculation shows that Ry may be
sensitive to the binding energy (B ) of ?\H

« B, — provide constraints to Y-N interaction

3.0 GeV data:

USing SNN —

. Ry = 0.272 + 0.030(stat.) = 0.042(syst.)

* Model comparison suggesting a
weakly-bounded state for ?\H i‘

e Stronger constraints on absolute B.R.s and ?\H iInternal structure models
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— A o Dalitz et al (1966) A. Gal (2022)
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. IILQI HADES preliminary
H H | |
:I —9—: | HADES preliminary o1 JPARC (2023)
1 ALICE (2022 |
: :E CE (2022) (o] STAR (2022)
- STAR (2022) | g || HypHI (2013)
S ALICE (2019) — el H. Outa et al (1995)
[=e=] E E STAR (2018) : :o S. Avramenko et al (1992)
=T ALICE (2016) o>  Phillips, Schneps (1969)
== HypHil (2013) > Y. W.Kang et al (1965)
== | STAR (2010) ° > Prem, Steinberg (1964)
i i. G. Keyes etal (1973) ° N. Crayton et al (1962)
——0 G. Keyes et al (1970)
1l ‘H
—— i G. Bohm et al (1970) A e
e——> Phillips, Schneps (1969) @ 5 STAR preliminary
— G. Keyes et al (1968) o J. D. Parker (2007)
< an Prem, Steinberg (1964) | H. Outa et al (1995)
| | I A | L1 1 1 | I A | L1 1 1 | I A | | L1 1 1 | I A | L1 1 1 | I A | L1 1 1
100 200 300 400 200 100 200 300 400 200

STAR. PRI 128.202301(2022)  Lifetime [ps]

> H: ALICE(2022),arXiv:2209.07360
“H: JPARC(2023),arXiv:2302.07443
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Using , /syy = 3.0 GeV and 7.2 GeV datasets: H
I

I3H: £ = 221 # 15(stat.) + 19(syst.)[ps] |
I

“H:7 =218 + 6(stat.) + 13(syst.)[ps] |
|4 He: 7 = 229 + 23(stat.) % 20(syst.)[ps]

LT:-_ — — e —— A — — e — — ———— e —

 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 tight constraints on models.

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

STAR, PLB 834, 137449 ( 2022)

"H+A 0 *He + A SN N DLELELALE BLALELELE DAL LA BRI B B NN BLELELELE B BRI | T |
: STAR (2022) STAR (2022) :
: ¥ a) ¥ : b)
: NPé954(2016) NPA954(20£6) :
: NPB52(1973) . PRL115(2015)
113£0.06¢0.14 | o/ *013*042 : : B erimentsn 16705
4 I I S I - 1-0.16 £0.14 £ 0.10 : ® PRL116(2016) : N
! ® PLB744(2015) o= PRL116(2016) '
1.09 + 0.02 1.41 + 0.003 : ® PLB744(2015) : ® PLB744(2015)
: ® NPA914(2013) [ Theoretical calculations : ® PLB744(2015)
\ 4 :LNP724(2007) ® | Previous experimental results LNP724(2007) .:
0+2_22 + 0.06 + 0_12 ______ o+ ________ y 10.16+0.14+0.10 E ® PRL88(2002) | —f— Thif1 w?rk_ PRL88(2002) .E - - AB4(1H =0
238+0.13+0.12 . ® MLN98(1999) ---- AB,(0)=0 MLN98(1999) @ .
4H 4He : sl v v by v v bvv s s by v v by v v v bvv v s by gy 1 ||||||||||||I||||= P T T TN T AN TR T T T N R AN
A ' A 0 50 100 150 200 250 300 350 400 -300 —-200 -100 0 100 200 300 400
Ba (MeV) A B(0") (keV) ABY(T) (keV)
. _ 2 4
- A binding energy By = (M + M. = Myypernucieus)C  Mirror hypernuclei AH and ; He: opportunity to
» The ground state B, are directly measured: study charge symmetry breaklng (CSB) effect
4 0+ 4 + 4 + ' — '
B%(0%) = B,(4He,0") — B, (*H,0%) IN A = 4 hypernuclel
° . . . . . + _I_
For excited states, the results are obtained by combining e CSBin (0" and 1™ states are Comparable

- 3 T i J-PARC E13, PRL 115, 222501(2015) . .
with the y-ray transition energies EV CERN-Lyon-Warsaw, PLB. 62, 467 (1976) and have opposite signs

4 4 +\ _ 4 +\ 4 _ _ _ _
B,(He/H,17) = B,({He/H,0™) — E, ((He/H) Consistent with theoretical calculations
B3 (1%) = B,(3He,17) — B, (3H,17) within large uncertainties
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__Hypernuclei production at 3 Ge

Au+Au \s,, =3 GeV

B (@) 0-10% [ (b) 10-50%
O ”*m,* s ’ STAR preliminary |
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(\'|_l i . . C*T\ A 1'R3 ,/‘ \~\ * -
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C\(l\D i N ¥ 4 | @ iH%SHe+ﬂj_ | ‘\‘ ‘ R iH - iH | 2 O
R - X 7| ottt ¢ X,

® 2H, y=(-0.5,-0.25) x 10 my-exp. fit > : .
©O -9 \ \
S 10° . - . S 3t _ + \ \ 11.5
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2 I o (©010% ... (d) 10-50% Z .+/-—-~-\ L A \‘\'
O IRRRREE . © 2L~ ] iR i S | ’\,\ N 1 O
— ~.. 1 1 X ~._.17_- . _ .- . \ .

T . = \
& e N o, : e ‘<] \
d i _ . I . . 7o ﬂ: i I ® ¢ . los
0 b 0, ¢ . m 1 o o/ T MH-._ . '
o ol i | . “a. (a) 0-10% (b) 10-50%

I O;I-\H, y=(_0.25,0) ~¢~‘,~~ ~~\m 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 | 1 1 1 | 1 1 | 1 1 1 | 1 1 1 | 1

[ 0 %H, y=(-0.5,-0.25) x 10" X i STAR ) —08 —06 —04 —02 O — 8 —06 —04 —02 O

o © %H, y=(-0.75,-0.5) x 1072 ) . . 1
e = STAR, PRL 128, 202301(2022) Rapidity y
pT[GeV/c]

* First measurement of dN/dy vs y for hypernuclei in heavy-ion collisions

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

e Transport model (JAM) with coalescence approximately reproduces trends of f\H rapidity distributions seen in data, but fails to

reproduce the trend of f\H in 10-50%

2022/4/30
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?\H and f\H directed flow at 3 GeV

| | | | | | | |
1o @ A e (c) RH - 4He_ | | | |
,// 23 ,’/,-f3 P
L e e Au+Au Collisions at RHIC tHe
05(- e s e ? .
i S Energy: |y, =3 GeV 1 arxiv.iz211.16981
0.0 e — — . , accepted by PRL
L 500 %ﬁff Centrality: 5-40% &
O X ) O R . . . -
~ 00 ol 0 4 ‘et Light nuclei 1.0 . _
> —0.5—002\2%5 "o%&ﬁj op v 3He 7 o e
3 380 - 4 [ -~
o 10 y o d o “He S, e 4
i $ . =, - AH
O | | % —— ' ' —H O Y 4
() S~ o
et 3 4y — L
5 1ol () H . >~ 05l s -
= 52 He O - - -
o + zm-4 1 \syy =3 GeV Au+Au Collisions P - P -~ Data Model
PCCE , 3
00 e Centrality: 5-40% O Hypernucer [ ™= UrQMD
210 ;’A . A Light-nuclei O
-0.51 Alo oF%[C ® (H—>He+w | e Lj f the fit
m_/ﬁé O A Inear term of the fi 0.0
afl=
-10- ¢ * SH—d4p+n - . | I I |
| 1 1 1 1 2 3 4
10 05 00 05 10 -10 -05 00 05 1.0 ' 2
Particle Mass (GeV/c")

Particle Rapidity (y)
o 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 j‘\H
production in 3 GeV Au+Au collisions
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https://arxiv.org/abs/2211.16981

Energy dependence of hypernuclel production in heavy-ion
collisions

S’ =
5 10 Au+Au 19.6 GeV - ® Au+Au 0-10% (STAR) -
2 S 15 @ AusAu 0-10% (STAR preliminary) First energy dependence of
€ = 4 Pb+Pb 0-10% (ALICE - . - -
2 e ¢ PorrR 010 (ALIEE hypernuclei production yields in
NE 10—6_ 10— §_ : : :
5 o = the high-baryon-density region
c\n 2
e - N =
?é 1 0_7:_ ST/;F{ preliminary -]$ A-I O E 3
o b s, 10 . g 0oL L e +H yield at mid-rapidity increases from 2.76 TeV to 3
_— . = \"7'7,7,,.. +
o my-exp. fit l/ - 2 H ‘—m}&{% 2.76TeV G eV
o b b b b b L | > B ~"aa., oo
O 05 1 15 2 25 3 35 4 — -4 L . . ' .
P [GeVic ;1 = O  Driven by increase in baryon density at low
> i Central Au+A i
g S g2 — goaese ggggmg)hybri ol Thermal(GSl), Coalescence(UrQMD), Thermal-FIST
> 0 [ = . -
3 10°F T : "i\ ........... Thermal-FIST and PHQMD reproduce the trend
5 I = = 108 N Thermal (GSI)
g TR - e, — - PHQMD For Au+Au @ 3 GeV
T _7|_ STAR preliminary d -4 :_ \\'*} Assuming B.R. (i(4)H . .
z 10 e M Iy1<05, 0-10% 10 N i 1) 255050% * (Coalescence(JAM) with tuned parameters can describe data
- O 3H, lyl<0.5, 10-40% EIE 5 \‘\ _ 4 _ 3
- mpop. i 107 4y .. « PHQMD describes { H, but overestimates 1 H
10°8E - AV T
005 115 2 25 3 35 4 10°°F | o
e 3 10 30  A10?
« - H mid-rapidity yields obtained \/S— [GeV]
. NN Y. Nara et al, PRC 61 (1999) 024901 (JAM)
as a function of p+ and 3Bl of ul. arXiv:
| & STAR, PRL 128 (2022) 202301 A Andronc t sl PLB 697 (2011) 20 (Thermal (GS1)
Centra“ty at 19.6 and 27 Gev 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 nuclei comparison at 3 Ge

i T - 10°
 UrQMD+Coal. (@) 0-10%)] Au+AusGev (b) 10-40%, < ...
- -
0.04- "~ AP 1 @Ap STAR preliminary_ % :
| --r AH/PHe ® | O3H/*He | ¢
| aH/*He ¢ gl L O/ He | 2"
®) -9 ® d) S 102
— i o ® = 2
-CI_G' B . "““ <l> T CD ‘ “ ‘ _‘/l.“- -. - © P C
r0.02- g l® et ReURC {7

EH OB B e | .

- @ CID T @ ' ® | :C:)
i ‘ S emmmmmmmmmTIIRET 1 il - C) ------- g)_ - ] [e) 1

o et Uncertainty in B.R. not shown UL =

O I I—’I— | | | | | | | | | | | | | | | | | I I I"l:"lll-‘ﬂ-T—l— | | | | | | | | | | | | | I I

-1 -0.8-0.6 -04-02 0-1 -08-06-04-02 O
y

« Suppression of f\H/ SHe yield ratios compared to that of A/ p

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

« The f\H/ “He yield ratios are comparable to that of A/ D

1

= p Au+Au 3 GeV, 0-10%
- STAR preliminary
= .d
=N
A N
= m g
S~ El:l‘\
3He ‘He
-
3
H
A 4
L . AH
] .. ®
= Assuming B.R.(\VH—"" He+')=25%(50%)
| | | | | | | | |
0
I I S G
] | ! ! ! | ! ]

Mass number A

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

% Au+Au 3 GeV, lyl<0.5 Thermal model

S 10'F @ 0-10% -~ With 4H* feed-down
< L O 10-40% ~~No %H* feed-down
# —

-CCD | STAR preliminary

—_— L 4H/4He
e | g/p AB
5 | "o 8y
S “H/’He

C

D 12

o 10— H

> N Ll

£ -

e

S B

O I

© " Assuming B.R.(° H—*®He+n")=25%(50%

L g B. .(A — e+n')=25%(50%)

E | | | | | | | | | | | | | | | | | | |
[@ 1 2 3 4
> Mass number A

* Non-monotonic behavior in light-to-hyper-nuclei ratio vs A

« Thermal model calculations including excited f\H* feed-down
show a similar trend

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

* UrQMD model with coalescence describes the tendency of the Suggest coalescence mechanism and

distributions reasonably well, suggesting coalescence
mechanism for hypernuclei formation.

2022/4/30
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S5 4 at 3 GeV

- Strangeness population factor S ,

- Relative suppression of
hypernuclei production compared
to light nuclei production

1
§ — AH _ B,(AH)(pp) S
N —
AHe x% B ,(AHe)(pr)
S Zhang, PLB 684(2010)224
107 "¢

- B ,: Coalescence parameters

-~ Expect ~1 if no suppression
S;< 1: relative suppression of ?\H/3He compared to A/p

S,~1, 5, > Sai: f\H/‘LHe is comparable to A/p

" Au+Au 3 GeV 0-10% -

' STAR preliminary

e B

s, (B.R.=50%)
®y=(-0.25,0)
QOy=(-0.5,-0.25)
+y=(-0.75,-0.5)

@(ﬁg

10-40% -

S, (B.R.=25%)

| | ®y=(-0.25,0) i
Qy=(-0.5,-0.25) a
| I | | | I | | | I | | | I | | | | I | | | I | | | I | | | I | | |
0.4 0.6 0.8 1 0.4 0.6 0.8 1
p_/A [GeV/c]

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

— Coalescence parameters B , of /‘A\‘H and “He follow similar tendency versus pr, rapidity and centrality,
indicating that N-N and Y-N interactions that drive coalescence dynamics in these collisions are similar

2022/4/30 Xiujun Li, WHBM 2023
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Energy dependence of S,

STAR, Science 328 (2010) 58

ALICE, PLB 754 (2016) 360
1 .6_ Data MooICeIsI A y— E864, PRC 70 (2004) 024902
© @ STAR AuvAu0-40% (p /A>0.4 GeVi) _ (o0 SRAT B NA49, J Phys.Conf.Ser.110(2008)032010
1.4 W E864Au+Pt0-10% —— Coal. (UrQMD, Ar=9.5fm) A.. Andronic et al, PLB 697 (2011) 203 (Thermal (GSI))
" YK STAR Au+Au 0-80% _%?:rlnf;rgg?w A]f:;‘azfgnvzn S. Zhang, PLB 684(2010)224 (Coal +AMPT)
1 2 ‘_‘ ALICE Pb+Pb 0-10% KA Thermal-FIST wio feaddwon T. Reichert, J. Steinheimer et al, arXiv:2210.11876(2022) (UrQMD, Thermal-FIST)
" STAR preliminary g ThematHodel (55D « Data show a hint of an increasing trend from
1™ ot syy = 3.0 GeV to 2.76 TeV
™ - NN
0.8 / ' E— * For coalescence models, the energy dependence
0.6 . ol is sensitive to the source radius (Ar)
0.4- | e Thermal-FIST, which includes feed-down to p
: | and “He from unstable nuclei, describes the S,
0-2:_ resumine B H o s ) - 5% data reasonably well
O_I I IIIIII| I I IIIIII| I I IIAIIII| I [ 1 11
10 10? 103 Provide constraints for hypernuclei production
\'Syn [GEV] models in the high-baryon-density region
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Summary

 STAR BES-II provides a unique opportunity to study hypernuclei at high-baryon-density region

~Brecision SH, 4 ifetimes measured

- Relative branching ratio R of ?\H with improved precision
» Strong constraints on hypernuclei internal structures

- A\ binding-energy difference between f\H and f\He
* Hint of CSB effect for A=4 hypernuclei

« First measurement of ?\H and \H v, at 3 GeV
* Vv, slopes follow baryon mass scaling— Support coalescence picture
- First measurement of ?\H and f\H dN/dy vs y in heavy-ion collisions.

 Provide constraints to hypernuclei production models @ high up

- Relative suppression of ?\H/3He compared to A/p and f\H/ “He: weak centrality/kinematic
~ dependence for S; and S,; hint of increasing trend of S, vs
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Outlook

1. iTPC and eToF fully installed in 2019 — extend 7 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)
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Model parameters

Coalescence takes place if the spatial coordinates and relative momenta
of constituents are within a sphere of radius (Ar, Ap)

JAM + coalescence: e UrQMD+ coalescence in slide 16:

0.3

Ar [fm] Ap [GeV/c]

4 0.3 3.575 0.285
4 0.12 9.5 0.135
) 03 4.3 0.25
* UFQMD cascade + coalescence « Assuming two parameter sets (a) and (b) for f\H
In slide 14: ¢ (a) Ar = 9.5 fm, similar to ?\H size.

_ e (b) Ar = 4.3 fm, similar to triton size.

0.3 . Synv < 20 GeV, UrQMD cascade + coalescence,

0.3
3 4 0.3 \/Syny = 20 GeV, UrQMD hybrid + coalescence;
. IL1S Ap djusted to match each other at 20 GeV.
4 0.25
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