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* Hypernuclei are unique 25—
probes to study nuclear

structure 2F
« Single A-hypernuclei o o
are major source of Za T
gxtractlpg A-N =
Interaction — —- NSC97e
F - NSC97a+NNA
 Correct A-N and A-N-N o5 ---- NSCOTesNNA,
. . i — Nucleoni
interaction needed to L —— Nscona
understand structure of =TT T s
R [km)]

neutron stars

D. Logoteta et al., Astron. Astrophys. 646 (2021) A55
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3 -
g 0.15 — Hypertriton wavefunction

&
o
Potential depth (MeV)

* Hypernuclei are decaying weakly Sren
(about free A lifetime)

* Hypertriton special case: A )= 106fm .
separation energy so low that ®
simple models expect free A / P, Braun-Munzinger. BD,

I ' - A ' Nucl. Phys. A 987 (2019) 144
lifetime: d-A SyStem p% F. Hildenbrand, H.-W. Hammer
) Phys.Rev.C 100 (2019) 3

Symbol | Long Name Decay Modes Mass (GeV/c?) | A sep. energy (MeV)

2H hypertriton SHe + 7~ + c.c. 2.991 0.130

d+p+7" + c.c.

AH hyperhydrogen-4 ‘He + 7~ + c.c. 3.9226 2.169
SH+p+ 7 + c.c.

1He hyperhelium-4 | 3He+p+ 7~ + c.c. 3.9217 2.347
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Thermal model

 For the thermal model

description of é 12
production yields, feed- &
down is an important 3 |
ingredient § 0
 All light hadron 102k
production yields are 10°
populated strongly by 107
resonances 107
« Seems to not be the 126

case for (hyper-)nuclei

F T I+I T I T T T T I T T T T I T T T T I T T T Ij
[T —
Con . Pb-Pb \/s,,=2.76 TeV :
L .}E central collisions 4
: .. PA -
E ~"~',"..' —_ =
2 . 3
E ¢ el - E
- -, Q E
- b“ .
E J/ E
F =, ey :
3 ) E
- Data (lyl<0.5), ALICE . 1
E . .3 E
F e particles 2He 3H E
E = antiparticles a!.A E
é— Statistical Hadronization (T=156.5 MeV) A —E.
- total (+decays; +initial charm) He :
E E
= e primordial (thermal) T!
1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0.5 1 1.5 2 2.5 3 3.5 4

Mass (GeV)

A. Andronic et al., Phys.Lett.B 797 (2019) 134836
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 For th.e ’Fhermal model s T ey j
deSC”pthn Of E central collisions ?
production yields, feed- & ;
down is an important § ;
iIngredient 2 y ]

 All light hadron : 1
production yields are 102 D e e 1, 1
pOpu|ated Strong|y by 10‘4? = antiparticles uA 3
resonances 10_5é— Statistical Hadronization (T=156.5 MeV) A —E.

10°® i— total (+decays; +initial charm) He;

« Seems to not be the s primordial (thermal) £ 3

. 10—7 oo by by by by by by
Mass (GeV)

A. Andronic et al., Phys.Lett.B 797 (2019) 134836
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Thermal model

* For th.e ’Fhermal model = | e e re ey ]
deSCFIptIOn Of E 102;"~~.,;§+ central collisions ?
production yields, feed- & @ _ ]
down is an important & [ - ]
: . ° : . Q :
ingredient 2 jof Y " ;

: z " - ]

* All light hadron 102E * 1
production yields are 102 D e e a, 1
pOpu|ated Strong|y by 10‘4? = antiparticles uA 3
resonances 10‘5é— Statistical Hadronization' (.7T=156.5 MeV) 4Heé

10°°E total (+decays; +initial charm) T! ]

« Seems to not be the e primordial (thermal)

10_70| 051152253354

case for (hyper-)nuclei

Mass (GeV)

A. Andronic et al., Phys.Lett.B 797 (2019) 134836
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description of s dor
production yields, feed- §35
down is an important .
ingredient )
« All light hadron N
production yields are :
populated strongly by )

resonances

« Seems to not be the

Thermal model

 For the thermal model

case for (hyper-)nuclei

A. Andronic et al., Phys.Lett.B 797 (2019) 134836;
Nature 561 (2018) 7723, 321; Phys.Lett.B 697 (2011) 203;
Phys.Lett.B 792 (2019) 304
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BD, G. Ropke, D. Blaschke, to be submitted

5¢

| ——e—— ALICE data, Pb-Pb s, = 2.76 TeV, 0-10% central
Primordial yield, according to quantum state properties
Feed-down contribution included, leading to increased yield

- —— Final yield after correction from phase shift

|

Protons

Antiprotons

10
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* For the thermal model
description of
production yields, feed-
down is an important
iIngredient

 All light hadron
production yields are
populated strongly by
resonances

« Seems to not be the
case for (hyper-)nuclei

Thermal model

BD, G. Ropke, D. Blaschke, to be submitted

=, 10°
g —_—————
10 Im = o= == -—--l
©
1
10" —
1072
10°
—— ——
1074 —. . e
10° HRG fit: T, = 156.6 MeV, 1_= 0.7 MeV, V=4175 fm’® (Phys.Lett.B 792 (2019) 304)
—@— ALICE data, Pb-Pb VSNN =2.76 TeV, 0-10% central
108 =— ----- Primordial yield, according to quantum state properties ._T_. —o =
E Yield (after correction from phase shift for protons only) =
= 2B —
% 1.8 =
g 145 + =
T T T TS SIS SRS SO SO S =
T 08E $TTETTTY o -
T 0.6 —
045 3 3 3 3 —=
p p d d "He °"He (H _-H “‘He “He

A. Andronic et al., Phys.Lett.B 797 (2019) 134836;
Nature 561 (2018) 7723, 321; Phys.Lett.B 697 (2011) 203;
Phys.Lett.B 792 (2019) 304
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* For the thermal model V. Vovchenko, BD, B. Kardan, M. Lorenz,
description of H. Stoecker, Phys.Lett.B 809 (2020) 135746

production yields, feed- 1o

down is an important
ingredient

 All light hadron
production yields are
populated strongly by
resonances

Feeddown fraction (%)

N
o

« Seems to not be the 1

case for (hyper-)nuclei s [GeV]
at LHC :
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* For the thermal model bl 01BaMaV] e+
description of " AHe
production yields, feed-
down is an important 1* 0.942 50,036 _
ing redient e 1 1.:3;; f.;g?g 1.405 £ 0.003 -

 All light hadron
production yields are
populated strongly by :
resonances 0* 2.169 + 0.042

« Seems to not be the

case for (hyper-)nuclei Exited states have higher population due to
_ degeneracy 2J+1:
* Important for A=4 Sharing yield in fraction 3 : 1

hypernuclei ! (mass difference is only 1 MeV to about 4GeV/c?)

0* 2.347 + 0.036
v
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d Nuclei are formed by protons
and neutrons which are
) nearby and have similar
velocities (after kinetic freeze-
out)

A Produced nuclei
y => can break apart

J. I. Kapusta, PRC 21, 1301 (1980) —> created again by final-state
coalescence

—> Different implementations on the market
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SEREE Hypernuclei yields

_ 1: :23:?3 818:;: E§$£2)preliminary)

. Recent STAR - ¢ Pb+Pb 0-10% (ALICE)
preliminary results -
are slightly

overestimated by =

mOdeIS 51 0—1 Central AuI+IAu
=z — Hybrid URQMD
« Trend vs. energy T " Coaes. (ocw
described 107 . PHOMD
. . 1 O_4 . Assg{r:ing 15'..‘=.r.(j’\"”H° ]
qgualitatively by all ’ Py
10 s
models 7 - GH Y e
0%« T

'ITI'IT| IIIIIITI] IIIII|T|'| ||||||T|'| |||||||T| T T T TImp T TTTI T IIIIIII| T IIIIIIII T IIIII|T|

10 30
IS\ [GeV]
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DCM & Hybrid UrQMD: J. Steinheimer et al. PLB 714 (2012) 85
Thermal: A. Andronic et al. PLB 697 (2011) 203

PHQMD: Susanne Glé3el et al. PRC 105 (2022) 014908,

V. Kireyeu et al. arXiv:1911.09496

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

Pb+Pb: ALICE, PLB 754, 360 (2016)
STAR at 3 GeV: PRL 128, 202301 (2022)

-
(o)}



SHRET Hypernuclei yields

EJ Au+Au 3 GeV, lyl<0.5 Thermal model
S 10" e 0-10% == With {H* feed-down j‘{H*(]'l_ — 1) — j‘{H(]-l' = O) +Y
_E . O 10-40% ~:No iH* feed-down
—= : STAR preliminary
(@)} g
e o ‘H/'He * Thermal model calculation,
5 | E@ HH including excited H* feed
[s) I S Frs 93 H H
= SS H/ He 3 wn
= S t with 4H" down, shows a similar
? e I
g et @r | feed down trend.
= i ~‘~~....,
— %
5 -
O i
'§ " Assuming B.R.(\"H—""He+')=25%(50%)
-O 1 1 I 1 1 1 I I 1 1 I 1 I 1 I 1 1 l I |
© 1 2 3 4 A. Andronic et al, PLB 697, 203 (2011)
> Mass number A (updated, preliminary) (Thermal Model)
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* Yield ratios of new mixed data set(s) follow
expectation from thermal model

- Only 1.8

XX This Analysis Au+Au, U+U, Zr+Zr, Ru+Ru
t. 1.6} 224 This Analysis Au+Au, U+U X
"1 <> This Analysis Zr+Zr, Ru+Ru
exce p IO n 14 r ® STAR Science 2010 Au+Au
4, 4. "*I m ALICEPLB 2016 Pb+Pb
H H 1.9f A STAR PRL 2012 & PRC 2009 Au+Au
A e <L = Thermal Model PLB 2011
2 1E- STAR Preliminary
‘(-U' : X 6]
xc 0.8 —
0.6/ + I
I b
0.4 :_{EV‘ K ¥ dtil . gﬁg .
= 1
0.2 = <>
0 I | |

| | | | |
: - 3 a0 3 4
He e 1 H 3H H H ZH
*He *He 3H ‘H °He “‘He °He “He
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cweent Hypertriton in pp & p-Pb

« Hypertriton signal recently also extracted in pp and ALICE
p-Pb collisions

« Stronger separation between models as for other particle

~
N
ratios, mainly due to the S|ze of the hypertrlton -
(\J ||1||||||||1||||||||||||||||||||‘||||] T TTTT] f T TTTI ‘\(\I
L — \ S
8 18: ALICE Performance 1T E ALICE p-Pb, 0- 40/ Sy = 5.02 Tev QLQ
> B S 13 TeV 1 o<, .5| = |ALICE Preliminary pp, HM trigger.is = 13 TeV 1 e =
o 161 , PP S_‘. . e. = 10 - [[¢ ] ALICE Pb-Pb, 0-10%, {s,, = 2.76 TeV 1 09D
= B High multiplicity trigger ] L ~N S
— — . L B.R.=0.25+0.02 ..
o 14 b 3HSH ] [ PR s 9
QL F , . Qa
:12:— —— Signal + Background — N
I I —— X
8 106 Background = S EJI
=2 r Q.
= or 2
c 8p ] , % GQJ
L B J .
61 + = 10° 1 LT
- . B ~— 3-body coalescence | QO X
4 ] 1 A«
B N = 2-body coalescence | S §I
oll } : HEEERE. ( —SHM, Ve=dVidy 4 = O
e |01 | o cdo-ee *| | o | »TJ - A ﬁ O -
il |I!||||||||||| \||||’TM|‘| AEEE NI H L ‘lll\l Lt b {55 == SHM, Ve = 3dV/dy % S
297298299 3 30130230330430530 L Wl Ll i §C/J
10 10 10° i
M(*He + 1) (GeV/c?) N
Parallel by C. Pinto, Tue - AN jdy S
ch |n|<0.5

ALICE Collaboration, arXiv:2107.10627
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cweent Hypertriton in pp & p-Pb

« Hypertriton signal recently also extracted in pp and ALICE
p-Pb collisions

« Stronger separation between models as for other particle

~
N
ratios, mainly due to the size of the hypertrlton -
N IIIIIIIIIIIIIIIIIIIIIIIIIII|IIII‘IIII] IIIIII U) T T T ||| T B ‘\N
— — - ALICE p-Pb, 0~ .02 TeV 1
8 18: ALICE Performance N 0.9 F \Z' CE p- F) 9 40/ sy = ?02 © = \C\LSQ
> L /s - 13 TeV ] . = | ALICE Preliminary pp, HM trigger,/s = 13 TeV 1 © =
Q 16 PP 1S = e 08k [ ¢ JALICE Pb-Pb, 0-10%, |, = 2.76 TeV / o D
= High multiplicity trigger . CF o NS
141 ~ ] u B.R. = 0.25+ 0.02 1 N
w0 E 0 t  H+3H - 0.7 . 1 Fa
B i N =(3H/%H 7
o 12— 1 ——— Signal + Background — C e o= (\H/He)(Alp) i S Q
~— B | 0.6 — T T —] O
8 T | I Background = - . § EJI
o 0.5 3 o
c 8 - - 1 ©HAQ
LLJ - 04— . - .
6 . - : 1 T
E . 03 - 3-body coalescence | & <
4 ] - 71 @ §
O i 0.2 = 2-body coalescence_: oS
2t 1 T - —SHM, Ve=dvidy ] < O
I SRR Sy SRR *| | o yT-{y 0.1 - — g :-\
il ||||||||||||| |||||’TM|‘| AEEE NI H L ‘lll\l L - ""SHM,VC=3dV/dy ] QO S
297298299 3 301302303304305306 [ L 11111112 L 11111113 R— §C/)
10 10 10 ?
M(*He + ) (GeV/c? N
Parallel by C. Pinto, Tue Mo 1 10 (G AN, Ay, .
; ; ch [n7]<0.5

ALICE Collaboration, arXiv:2107.10627
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« Same trend also in ,box" coalescence model, restricting
candidates in momentum and spatial phase space
« Playing with the size parameter gives different
multiplicity dependence _
Vs, = 5.02 TeV, Pb+Pb 14 8w =802TeV,Pb+Pb
- UrQMD-hybrid coalescence T "] i Er.o_Ma-%Erid coalescence |
10° E_—_:_—j:‘/a(/i+z°) re.5 ) ® . 12| —-— sps (Ar=9.5 fm)
F—0— HI(A+E") (Ar=4.3 fm) T S (ar=a.3fm)
L 1.0 |
10_65- 08|
0.6-—
107 04}
Dita:ALICE, *Help 0.2}
8 B ALICE :H/(A+Z°)
107 Ll e L v N 0.0 L e e e
10° 10' 10° 10° 10° 10’ 102 10°
dN,,/dn (In|<0.5) dN_/dn ([n[<0.5)
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« Trend of the data reproduced by

UrQMD/UrQMD-hybrid model using a large
space parameter for the hypertriton

» Thermal model '*[ o —

UrQMD coalescence

3143 * 1
S,= H/"He™ p/A |

can only catch ™[ —pemzsr 0
top RHIC energy 1.2-— @ Data [E864,STAR,ALICE] l
data point by il
taking weak P08
decays into el
0.4}
account [ 4
0.2 }
2x10° 10 10? 10° 10*
Vs, [GeV]
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et Hypertriton Pb-Pb ALICE

« Hypertriton antiparticle-to-particle ratio part of data used
to constrain pug at LHC heavy-ion collisions

11 0-5% <+ 510% + 30-50% -
1.0:——0— o —_:——o— —— T s -
| |
o ? ! !
g 09 ) —+ I ° ]
- ALICE Preliminary .
0.8 Pb-Pb VSNN=5.02 TeV T ® T ]
[ — fit ]
07:_ ¥?/NDF = 1.7/2 T v?/NDF = 3.7/2 T v?/NDF = 2.6/2 h
- 2_ ................................................... L e L [ —
"'I— o | . ................................ S . ................................ A . ................................ —
Ebg 0_.................................. .................. e bl R __.................................. .................. -
Bl L s e T
w/n B/p 3A/%H *Ae/°He T/ B/p  2A/3H *Ae/*He " /7™ B/p  2A/°H *He/°He

_ S
PEEEBTGERE T,/h, o oxp | 2 <B+§> BB _ o5 M
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et Hypertriton Pb-Pb ALICE

« Hypertriton antiparticle-to-particle ratio part of data used
to constrain pug at LHC heavy-ion collisions

S I N A
é 4 ALICE Preliminary &
=®  4F PbPb sy =502TeV \

E Uncorr. uncert. Corr. uncert.
& SHM fit, Nature 561, 321-330 (2018)

0 50 100 150 200 250 300 350 400 450
)
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Hypertriton ,Puzzie”

« Recently measured lifetimes are significantly below the
lifetime of the free A = new results agree with the world

average of

all known
measurements
and with the free
A lifetime

Most recent
calculations
include ,final-state”
Interaction and
agree well with

the data

SQM2022 - Hypernuclei at relativistic energies - Benjamin Ddnigus

N
(é)]
o

Lifetime (ps)

300

250

200

—

50

100

50

IIII|IIII|IIII|IlII1;HII|IIIl|lIII|IIII|IIII

PR 136 (1964) B1803

PRD 1

PRL 20 (1968) 819

PR 180 (1969) 1307 +

NPB 16 (1970) 46

Statistical uncertainties

Systematical uncertainties

Average hypertriton lifetime

= === H. Kamada et al., Phys. Rev. C 57 (1998) 1595

<=« J.G. Congleton, J. Phys. G 18 (1992) 339

-« M. Rayet, R.H. Dalitz, Nuo. Cim. 46 (1966) 786
== A. Gal, H. Garcilazo, Phys. Lett. B 791 (2019) 48

A. Pérez-Obiol et al., arXiv:2006.16718

F. Hildenbrand, H.-W. Hammer, arXiv:2007.10122

PLB 797 (2019) 134905

1 PDG value - free A lifetime

11%1?
!

(1970) 66 '

NPB 67 (1973) 269 1‘ ‘ H

Science 328 (2010) 58
NPA 913 (2013) 170
PLB 754 (2016) 360
PRC 97 (2018) 054909

BD, Eur. Phys. J 56 (2020) 258
25
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awisnt Hypertriton ,Puzzle
« Recently measured lifetimes are significantly below the

lifetime of the free A = new results agree with the world
average Of ,(;)\450 Statistical uncertainties

o E % g [ systematical uncertainties
SN—" — - 5 000 memee- Average hypertriton lifetime
a” kn own O 400 — 2 2 e H. Kamada et al., Phys. Rev. C 57 (1998) 1595
c - 8 2 é === J.G. Congleton, J. Phys. G 18 (1992) 339
‘t e - = = | & aiaa- M. Rayet, R.H. Dalitz, Nuo. Cim. 46 (1966) 786
measuremen S -'G—J' 350 — é g > DL A. Gal, H. Garcilazo, Phys. Lett. B 791 (2019) 48
. — o A. Pérez-Obiol et al., Phys. Lett. B 811 (2020) 135916
and Wlth the free H_I: = - § === F.Hildenbrand et al., Phys. Rev. C 102 (2020) 064002
— [an
. . 300 — a
A Ilfetlme : ¢ ® PDG value - free A lifetime I M m
250__ | ® ISISIDISISIRIRIRISIGRSITIZIRIS EEEEZE.E
i M t t oL e siststaisifiaisintsiglles e fliog o ooy sy =
ostrecen oY 4%%%; S T A R e . R R
CaICulationS 200 ;/// SN S S S SAS S S S S S S S S S S S S PROD DO VIODD () VOO OO D
— )
. . 11 : N~ % a
include ,final-state” 1so- =] H s 5 o5 f
[o) o) < [aY] = IS
u L — § z o 3 E & S S
interaction and b = ! sz 8 80 5 5 ¢ ¢
: - ® e ¥ 5 8§ 3 &8 § T 2 y &
agree well with = - s - 3 5 B & 3 %2
the d 3 : R
t n @ 2 5
e data : Pt
O o
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« HADES has first lifetime results for

hypernuclei from Ag+Ag Plenary by L. Chlad, Mon

) -
= S
= S
o - & N
= — > N & S DN 2) D o 2
= TR O . Q > o o ~ v
© L o & @ S S > 5 S v
S0 I8 &8 &S & & & & & ¢
FT @2 $S S . Z- S S
I NS P S § 9 & & <
A © <} 2 S ¥ L I &
300— e
_ : —9— '
_ + -9 4]
200— !
- - _T_ .
_— (2] (F‘ (E.
. e g3 g8
B S IS 0 Q.§
100 - B — RS
N &L & o HADIES Preliminary &
T Q
ol | | | | | | | | | | | | |
1 2 o 4 5 6 Fg 8 9 10 11 12 13 #
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« HADES has first lifetime results for
hypernuclei from Ag+Ag Plenary by L. Chiad, Mon

7 F
— —_— \.
o) - e >
= R 5 - - R
S 400 : 7 - 2 & Q
2 — $ N Ly S S 9 g
L [ &% == s of 3 & S
. B oS 3 Nl L A ¢
. w o;z- 2 S d
300—
= —— |
: —
200— ! }
B e » . +
@
N o~ - —
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N oL A gL HADES Preliminary
= §< &
T ' l ! | | 1 !
0
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 Latest lifetime

results from
STAR
Collaboration

nicely agree
with the world

averages for
the different
hypernuclei

Lifetime

*H

average
-

==

Dalitz et al (1966)
Congleton (1992)
il Kamada et al (1998)
Gal et al (2019)
- Hildenbrand et al (2020)

A
STAR (2022)

- ALICE (2019)

STAR (2018)
ALICE (2016)
HypHI (2013)
STAR (2010)
G. Keyes et al (1973)
G. Keyes et al (1970)
G. Bohm et al (1970)

. Phillips, Schneps (1969)

G. Keyes et al (1968)

1 | L1 1 1 | 11 1

Prem, Steinberg (1964)

100 200

300 400 500

A. Gal (2022)

average

—d

b

--9-- e

— T

[
—— 1 | !
[

New

L |
100

Lifetime [ps]

200

average

1
—
|
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300

STAR (2022)

HypHI (2013)

H. Outa et al (1995)
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« Strong correlation between R; ratio and binding energy
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« Many new interesting results on (anti-)(hyper)nuclei
— First observation of anti-hyperhydrogen-4 by STAR

* Production models (thermal & coalescence) are giving
differently good description at different energies
— Results at small systems seem to slightly prefer coalescence
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