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Why hypernuclei?

Hypernucleus: A bound system of nucleons with = 1 hyperons.
* Introduce additional degree of freedom in baryon interactions:
Hyperon-Nucleon (Y-N) interactions.
* Important ingredient for understanding the EOS of neutron stars and the

hadronic phase of heavy-ion collisions.
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STAR BES Il program

Opportunities to hypernuclei physics!

* High statistics data sets from BES II.

* Abundant light hypernuclei produced in
high baryon density region!
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Thermal model: B. Donigus, Eur. Phys. J. A 56:280 (2020)
A. Andronic et al, PLB 697, 203 (2011)
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e Collider mode:

\VSNN = 7.7 —54.4 GeV
* Fixed-Target mode:

\VSNN = 3.0-13.7 GeV
e 3GeV:260 M good events
collected in 2018.

/Outline
* |ntrinsic properties

- 3H, #H, 5He lifetime.

- 3H decay branching ratio.
* Production mechanism

- Production yields of ;H, AH

in Au+Au collisions.
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Fixed-Target Setup at STAR

Fixed Target
z=2.01 m
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~H, #H reconstruction via 2-body channel

AH - 3Hem™

* KF particle package is used for signal
reconstruction.

* Decay channel:
AH — 3He ™ ~ B.R. 15-25%,
AH - *He ™~ ~ B.R. 50%.

* Background reconstructed by rotation
of ™.

Good kinematic coverage in 3 GeV
Au+Au collisions.

KF Particle Finder: M. Zyzak, Dissertation thesis,
Goethe University of Frankfurt, 2016
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Counts per 1 MeV/c?
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~H, *He reconstruction via 3-body channel

Signal reconstruction

 Combinatorial background is estimated by
mixed-event method.

* Correlated A+d residual in 3H candidates due
to weak binding energy B, (3H)~0.2 MeV.

H - dpn, B.R. ~ 40-50%
*He —» 3Hepm™, B.R.~ 23%

x10°
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 Template fit method to estimate ,3§H purity
statistically.

2 2 .
XNDFAd,XNDFXH template estimated
from simulations.
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Measurements of hypernuclei
lifetimes and branching ratio
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Hypernuclei lifetimes

AH £H lifetime: STAR, PRL 128, 202301 (2022)

------ Dalitz et al (1966) A. Gal (2022)
3 H - Congleton (1992) 4 H
average A
A - Kamada et al (1998)
- - Gal et al (2019)
average - Hildenbrand et al (2020) i A

Y i [® STAR (2022)

| I - ] [
e A ===k HypHI (2013)
i STAR (2022) —e H. Outa et al (1995)
b || B ALICE (2019) * S. Avramenko et al (1992)
== STAR (2018) — il & 5 Phillips, Schneps (1969)
- ALICE (2016) L Y. W. Kang et al (1965)
T HypHI (2013) ° : : Prem, Steinberg (1964)
=T STARE@OI0 ), il N. Crayton et al (1962)

| [ G. Keyes et al (1973) o
| —e———  G. Keyes et al (1970) New  average 4 He

— |1 G. Bohm et al (1970) A A
K ° Phillips, Schneps (1969) % E STAR preliminary
e G. Keyes et al (1968) J. D. Parker (2007)
Prem, Steinberg (1964) — H. Outa et al (1995)
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Lifetime [ps]

AHe see poster: Xiujun Li RES-02

Shorter lifetimes of ;H, 1H than t(A)
with 1.80, 30, respectively.

/?(H A. Gal et al, PLB791, 48 (2019)
* Global avg.=(76+5)%1(A), 4.80< T(A).
* Calculations with pion FSI consistent with data.

j‘(H, j‘{He A. Gal, arXiv:2108.10179
« 1(4H)/ t(3He)=0.8540.07.

* Lifetime ratio consistent with calculation based
on isospin rule®(0.74+0.04).

* F(j‘\He — “He + %)

1
TGH - “He +77) 2
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~H branching ratio R,

* Recent calculation shows that 3H R; may be

sensitive to By.

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

* Bj ->direct constraints on Y-N interaction.
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Improved precision on R;.
e Stronger constraints on absolute B.R. and hypertriton internal structure models.

0.4

0.2

B.R.(3}H - 3Hem™)

R3

" B.R.(3H > pdm) + B.R. (3H - 3Herr")

Old world average: 0.35 + 0.04
Updated world average: 0.32 + 0.03

STAR (new!): R; = 0.272 4+ 0.030 + 0.042

[~ World Average
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PRL 20,

819(1968) $

NPB67,

| STAR Preliminary
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CERN Rep.
64-1, 63(1964)

STAR 2017
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Measurements of hypernuclei

production in Au+Au collisions



AH, AH production in Au+Au at 3 GeV
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3H — 3Hem, #H data: STAR, PRL 128, 202301 (2022)

Note: Uncertainties (19%) of ,3{H R; are not shown

in the plots.
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* First measurements on rapidity dependence of
hypernuclei yields in heavy ion collisions.
e Different tendency in 0-10% and 10-50% centralities.

Coalescence models with tuned parameters qualitatively
describe the trend of j‘{H yields versus rapidity.

Coales. (JAM): L. Hui et al. PLB 805, 135452 (2020)



AH/ AH <pt> and V4N Au+Au at 3 GeV
2_ Details of hypernuclei v, see:
- Au+Au 3 GeV ‘e . Rishabh Sharma, 6.14 12:10 pm
& - 0-10% collisions 4
S L B e @l v 14 T T T p—
o 1 5__ STAR preliminary o’ . ® Au+Au Collisions at RHIC e
(2, i @ /// Pod 8_ L I — {San = 3 GeV / g/, =
/\|_ L d P # /t/ & CTJ 4l Centrality: 5-40% t | /I/ Phd + |
o B e -7 - 3He,(’)} - ‘H
~— 1_ D // 3H > 0 sz A
-Z‘ i /// A = 0.8— . & /i‘H =
:-§ I p// /// % 0.6~ - ’ ’// ]
€L r @ - ‘O o 7
© - _® % 04l B.- //// O Light nuclei ol
% 0.5_ A © Light nuclei, y:(-0,1,0) % /chy./ ] Hyper nuclei
.-9 B ® A y=(-0.10) .-9 02+ — = Linear fit for light nuclei |
> N B Hypernuclei, y=(-0.25,0) S
- = Linear fit for light nuclei e SIARRGmEGEY |
O_ [ [ [ B I # 2' :l; i
1 2 S 4 Mass (GeV/c?)
Mass [GeV/cT]
* Linear trend for light- and hyper- nuclei <p> * Similar phenomena also seen in v, slope:
reflects dominance of collective radial motion. follow mass number scaling.

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



Energy dependence of hypernuclei production
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- @ Au+Au 0-10% (STAR)
® Au+Au 0-10% (STAR preliminary)
¢ Pb+Pb 0-10% (ALICE)

Central Au+Au

— Hybrid URQMD

— Coalesc. (JAM)

--- Coalesc. (DCM)
------ Thermal
— - PHQMD

Assuming B. H.(i(“’H
—%He + 17) = 25%(50%)
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First energy dependence of hypernuclei production
yields in high ug region.

* Enhanced hypernuclei production at RHIC BES Il
w.r.t LHC due to increased baryon density at low
energies.

* Thermal model (GSI-Heidelberg) predicts the trend
while not quantitatively describe the yields.

DCM: J. Steinheimer et al.
For Au+Au @ 3 GeV PLB 714, 85-91 (2012)
. . . Thermal: A. Andronic et al.
 PHQMD describe KH ylelds while PLB 697,203-207 (2011)
. 3 . PHQMD: Susanne GlaRel et al.
overestimate AH YIE|dS. PRC 105, 014908 (2022),
. . V. Kireyeu et al.
« Hybrid URQMD overestimates by an aPXiv:1911.09496
. JAM: L. Hui et al. PLB 805, 135452 (2020)
order of magnltude. Pb+Pb: ALICE, PLB 754, 360 (2016)

STAR at 3 GeV: PRL 128, 202301 (2022)

* JAM+Coal. : tuned coalescence
parameters based on STAR measurments.
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Comparison to A and light nuclei at 3 GeV
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Yield ratio of hypernuclei to light nuclei

Data support the creation of excited A=4
hypernuclei in heavy ion collisions.

Thermal/coalescence models predict approximate
exponential dependence of yields/(2J+1) vs A.
AH lies a factor of 6 above exponential fit to (A, 3H, tH).

Au+Au 3 GeV, lyl<0.5

Thermal model

h AH*
d down

@ 0-10% --=:With {H* feed-down
L O 10-40% ~«=:No 4H* feed-down
: STAR preliminary
- 4 4
A/p sH/He
a 2
N~ afn o
I h NN AH/’He )
Ssae 4 wit
- Ssq 1
- ~ 1 fee
- ~
" Assuming B.R.(:”H—""He+r’)=25%(50%)
| | ‘ 1 | | | ‘ 1 | | | [ | | | | | | |
1 2 3 4

Mass number A

AH*(JT =1 - fHJ T =0) +y

e Thermal model calculation,
including excited fH* feed
down, shows a similar
trend.

A. Andronic et al, PLB 697, 203 (2011)
(updated, preliminary) (Thermal Model)
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L (@) 0-10% | AutAuaGev  (b) 10-40%
0.04+ i Ap 1 @Ap STAR preliminary — _
A ¢ O 3H/%He )
-f\H/4He B B O H/4He AH/ He
O
3 J h
(T 0.02- Ch -
; _
Q — @
Uncertainty in B.R. not shown T 3H / 3 He
O ! ] ! ! ! ! | ! ! ! ! ] A ] ! ! ! ]
—1 -0.5 0 -1 —0 5 0
y

e Suppression of ,3\H/3He yield ratios compared to that of A/p at both 0-10% and 10-40%

Note: H R;=27%, B.R. (}‘{H — ‘He n‘) = 50%, uncertainties from B.R. not shown.

centrality in Au+Au collisions at 3 GeV.
* Comparable tH/*He yield ratios to that of A/p.
* Feed-down from exited state enhances H production.
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S;and S, in Au+Au

Strangeness population factor:

A
5, = A
4~ A
AHex = 1 i
p < [
0))
S. Zhang et al, PLB 684, 224 (2010)
 Connection to coalescence
parameters: 10—1

AHAXpy) — ByGH)(py)
AHe(A X pr) X %(pT) BA(AHe)(pr)

at 3 GeV

" Au+Au 3 GeV
STAR preliminary

B LA N B

0-10% T S: (B-R-=50%)

| @y=(-0.25,0)
Oy=(-0.5,-0.25)
T #y=(-0.75,-0.5)

10-40% ]

s, (B.R.=25%)

] ®y=(-0.25,0)
L BR(™MH - *®He ™) = 25(50)% . Oy=(-0.5,-0.25)
1 I 1 1 | 1 1 | 1 1 1 I 1 1 1 i 1 I 1 1 1 | 1 1 1 | 1 1 1 I 1 1 1
0.4 0.6 0.8 1 0.4 0.6 0.8 1
P_/A [GeV/c]

*Dashed lines are only for guidance.

No obvious p;, rapidity and centrality dependence of S, observed at 3 GeV.
* Evidence that B, of light and hyper nuclei follow similar tendency versus p, rapidity

and centrality.



Energy dependence of Sq

1 '6_ Data Models
3 I~ @ Au+Au 0-40% (p_/A>0.4 GeV/c) -+ Coal. (Default AMPT)
H ' :
S — A 1 _4 — M E864 Au+Pt 0-10% — Coal. (String Melting
3 3 A " Y& STAR Au+Au 0-80% AMPT)
He)( — 1 2—_0 ALICE Pb+Pb 0-10% -.- Coal. (DCM)

p *“\ STAR preliminary " Thermal Model

- — Hybrid URQMD

Why S; vs energy? 1:_

*  Removes the absolute s0.8F —
difference of A/p vyields - l
versus beam energy. 0'6; ------------------------------------------------------ i

Au+Au 200GeV: STAR, Science 328, 58 (2010) O 2‘_ E [T

Pb+Pb 2.76 TeV: ALICE, PLB 754,360 (2016) T ] 5. s ) .

Au+Pt 5 GeV: E864, PRC70, 024902 (2004), N | (e By e =2

E864, J.Phys.Conf.Ser.110, 032010 (2008)

10 10? 10°
\'snn [GEV]

* Energy dependence: hint of increasing S; from /syy = 3 GeV to 2.76 TeV.
* None of the shown models describe the S; data quantitatively.

:0 Note: For 19.6 and 27 GeV, take 3He/t = 0.93+0.07
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Intrinsic properties

* Measurements on lifetimes of 3H, AH, *He, and ;H R; are reported.
-> Stronger constraints on hypernuclei internal structures.

Production mechanism

* Kinematic and centrality dependence of 3H, #H production yields, S,, and flow
behavior in Au+Au collisions at 3 GeV are presented.

* Energy dependence of iH, j‘{H yields, S, in the mid-rapdity from 3-27 GeV are
also shown.
-> Data support coalescence of hypernuclei production.

-> No obvious kinematic or centrality dependence of S; observed in 3 GeV
Au+Au collisions.

Provide deeper understanding of the
strength of Y-N interaction.




Outlook

High statistical data in STAR BES Il \/syy = 3.0 —54.4 GeV!

o o o I— . - @ Au+Au 0-10% (STAR)
1045&?‘ § & o8 W xr F RN d & P33 A s, (GeY) 1?.AU+AU 0-10% (STAR preliminary)
N E3ES-| BsEs-il [FxT In this report: - ¢ Pb+Pb 0-10% (ALICE)
= 10°F 3,27 GeV in 2018, 107
o % 19.6 GeV in 2019 :
e 2 w& w4 ) 102
GCJ 10°F, , g S g % Future analysis: = =
= | : .. g 45 3-17 GeV 2019-21 S 10k
10 : 2 EEREL vV = & ™ Pb4Pb
; ;% XA ZB@3GeV from 2021 — - oM T g 2.76TeV
: SRR TR >, 4l ¢ e e
01 0.2 05 06 0.7 =107t )
> - I
M GeV) O 0L Central Au+Au
. S — Hybrid URQMD
* Energy dependence of hypernuclei yields (S,) and flow. % 02  ooalese, (JAM)
--- Coalesc. (DCM)
° e.g. IB;H, XH, XHG, ,S\He. 3 TS e Thermal
107 —_PHQMD
* Precise measurements on hypernuclei intrinsic properties. 104L Assuming BR.(*“H
g \ —%He + ") = 25%(50%)
* Branching ratio, lifetime, binding energy, etc . 1050 N
* Search of double A hypernuclei. 10°5F T -
e.g. arHe-> tHem, sxHe -> RHerm 3 10 30  10?
-> Understanding Y — Y interaction. |y [GEV]

0



*Back up



Hyper nuclei lifetime

_ A o Dalitz et al (1966) A. Gal (2022)
. Congleton (1992) .

- Kamada et al (1998) f\H

A H - Gal et al (2019)
- - Hildenbrand et al (2020)

. I . : f HADES preliminary
i HADES preliminary : .: STAR (2022)
i E—e— ALICE preliminary —— ; ; HypHI (2013)
EE' STAR (2022) + H. Outa et al (1995)
i_—i:_z}_ ALICE (2019) E #I S. Avramenko et al (1992)
STAR (2018) o Phillips, Schneps (1969)
E_L ALICE (2016) L Y. W. Kang et al (1965)
== HypHI (2013) . Prem, Steinberg (1964)
E: ; STAR (2010) ————— i i N. Crayton et al (1962)
T G. Keyes et al (1973) o

i —é—a— G. Keyes et al (1970) 4 H
—— G. Bohm et al (1970) A e
e Phillips, Schneps (1969) . STAR preliminary
—+—— G. Keyes et al (1968) J. D. Parker (2007)
Prem, Steinberg (1964) H. Outa et al (1995)
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Directed flow vs rapidity

Details of hypernuclei v, see:
Rishabh Sharma, 6.14 12:10 pm
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w/ =13 GeV Au+Au Collisions at RHIC
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1.0F I o 4He__. . ‘He T ‘He
A ST sH T
. /2% He 7 3He - ‘He
> 2 % .’ 7 Y
¢ 57 ~d 7 . d Yy G ,d
0'5_ /,;/ // 1 ’,./// i T /’.f”
3 /,4 i p ‘,/'/ - ’,//z"//
o RS STAR preliminary Al 3 .- P
= 4. L™ o - g -
K< 00 = _A | |-
Fc - ...' I d //
. ‘ ' /
8 e . L4 ) Centrality: 5-40% P 4 Centrality:5-40% : 7 Light nuclei
. - S . ./
8 —-0.5 -+ W | ® 2-body decay |- ¢ 6 P
= Ve .
= ? A 3-body decay 4 e d
o p{ /_.” * 7 ! v 3I-Ie
Q & BlE fit result ; o ‘He
—-1.0F -+ —1
1 | | l | | | | I I I I
<0 05 00 05 10 41 05 00 05 1 -1 -05 00 05 1

Partlcle Rapidity y




.\l’

-O

g
llh

Calculate yH B.R. from R,

* B.R.(3H — 3Hemn™) = 0.178+0.034
* B.R.(;H — pdn~) = 0.475+0.090

Assumption:

* lIsospin rule:
[(3H - 3Hen™) T(3H - pdn™)

'(GH - 3Hn®)  T(3H - ndn®)

PRC 57, 1595-1603 (1998)

* 2% contribution from non-pion decay channels and other pion decay channel.

> B.R.(3H - 3Hemn ") = R;x0.98X %




Correlated Ad contamination in 7H signal

* Ad may have kinematic correlations according to theory calculation.
«_ P(A)
Clk )_P(A)P(d)
No correlation -> C(k*)=1

k* -> relative momentum between A and d

, p is the possibility of finding particle

PRC 102, 034001 (2020)
5 NE LA BRI BT LI
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Correlated Ad contamination in 7H signal

* Ad may have kinematic correlations according to theory calculation.

* When Ad C(k")>1 at k™-> 0, peak structure is formed near M(A) + M(d) threshold.
« M(A) + M(d)~2.9913 GeV/c2, M(3H)~2.991 GeV/c2.

-> Correlated Ad could result in real signal even after subtracting combinatorial background.
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