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Hypernuclel production then and now

* |In the last couple of years,
several precise results on S
the (anti)hypertriton production T
and properties were presented
by the collaborations at the LHC
and RHIC
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* |In the last couple of years,
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the (anti)hypertriton production afH Be EVEETE
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« Are we able to also study heavier 14
hypernuclei?
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« Or yet stranger hypernuclei?
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The two main players in the game

ALICE
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Predicted production yields
BES-II
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Predicted production yields
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Predicted production yields
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A =4 hypernuclel
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« Expectations for hypernuclei
from the statistical hadronization
model at T, = 156 MeV for the LHC
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A =4 hypernuclel
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A =4 hypernuclel

* A =4 hypernuclei are more
deeply bound and each has an excited state

Phys. Rev. Lett. 115, 222501 (2015)

* The yields of these hypernuclei are
enhanced with respect to the ground state
due to the feed-down

* Also the yields of the SHM scale with the
spin-degeneracy

* Resulting in a total enhancement
of a factor 4 for both hypernuclei

B. Donigus, EPJ Web Conf. 276 (2023) 04002
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Hypernuclei — Janik Ditzel - RRTF2024 11


https://inspirehep.net/literature/2032552
https://inspirehep.net/literature/1631788
https://www.epj-conferences.org/articles/epjconf/abs/2023/02/epjconf_sqm2022_04002/epjconf_sqm2022_04002.html
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.115.222501

UNIVERSITAT
FRANKFURT AM MAIN

A =4 hypernuclel at RHIC
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A =4 hypernuclel at RHIC

Abundance of A =4 hypernuclel

from RHIC at 3 GeV

Taken from SOM2022, Yuangjing Ji

09.04.2024

Hypernuclei — Janik Ditzel - RRTF2024

AH - 3Hem™ AH - ‘He ™ G 1000 — .
x10 = " E - & Mixed-Event (ME)  Au+Au ﬁ 3 GeV -
2: Au+Au collisions x10° 1 « Data-Rot. bg x10° : = . ¢ Same-Event (SE)  STAR Preliminary |
b [VEm=3Gev .__--getsidual bg fit wal 2 ] — 80 ¢ SE-ME N
> 1.5170-50% centrality e = £ n o L : i
O t 1 —Rot. bg ++ Q . " | *He—*Heprn i
= k. s . ... " “e ] £ 60 y
T~ 'r()°H e ali () H g e Al 2 | i
o A 298 302 1| I : 39 394 | O 4ol 0-80%
L Gevicq] 1 GeV/ I
@ ok +++ m[GeV/c?] 5 + m[GeV/c?] | C ey<02
= :++ i ++ ' s + 10<p <. O[GeV/c]“ ool p.>0 GeVic
® 0 T
3 o»*.f##fwgf_#ﬁ%utwgﬂ_*_ i g o g +++++ WP _
A [ t ] |+$++ $ | ! 0_
2.98 3 302 39 302 394 396 i
Mgyl ENICT] m4Hen.[GeV/C2] 3.9 3.02 394 396

Mass(*Hepn) (GeV/c?)

13


https://indico.cern.ch/event/1037821/contributions/4841824/

GOETHE %
UNIVERSITAT

.
A =4 hypernuclel at RHIC

3 ------ Dalitz et al (1966) A. Gal (2022) 4
o . -- Congleton (1992)
 Abundance of A = 4 hypernuclel AH e e AH
-- Gal et al (2019)
from RHIC at 3 Gev average - Hildenbrand et al (2020) ; Hj A
Y & STAR (2022)
| - v
il A == | HypHI (2013)
STAR (2022) —d—-. H. Outa et al (1995)
i T@_ ALICE (2019) é S. Avramenko et al (1992)
== STAR (2018) o -
. - . . v —++—=®—>  Phillips, Schneps (1969)
 Used to obtain their lifetime L e i W Ko et (165)
(STAR, PRL128, 202301 (2022)) g HypHI (2013) - Prem, Steinberg (1964)
: i L) —.— N. Crayton et al (1962)
i -!—o—— G. Keyes et al (1973) o
,—07 G. Keyes et al (1970) | INEW 4 He
—e— | G. Bohm et al (1970) A
i - Phillips, Schneps (1969) STAR preliminary
. G. Keyes et al (1968) J. D. Parker (2007)
Prem, Steinberg (1964) H. Outa et al (1995)

09.04.2024

100 200 300 400 500
Lifetime [ps]

Hypernuclei — Janik Ditzel - RRTF2024

100 200 300

400 500

14




0

GOETHE @
UNIVERSITAT

S
A =4 hypernuclel at RHIC
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A =4 hypernuclel at RHIC
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A =4 hypernuclel at RHIC
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A =4 hypernuclel at RHIC
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A =4 hypernucler at RHIC
- STAR Ng;g: 15.6:4.7
151 i Ngg: 6.4:0.3
- A equiv. Gauss N : 4.7
* First observation of the 0 - ¢
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A =4 hypernuclel at the LHC
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+ Forthe firsttime, we are ableto & “F T IGE Pertormanca 3
reconstruct A = 4 (anti)hypernuclei = 2°F Pb-Pb, {Syy = 5.02 TeV 3
at the LHC and determine their O 18- AH— *He+m+cc.
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A =4 hypernuclel at the LHC
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A =4 hypernuclel at the LHC
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A =4 hypernuclel at the LHC
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A =4 hypernuclel at the LHC

Py I:”"St measurement Of the % [TT T T[T T[T rr[rrrr [ T [ T T T T [ T T T 1
' ' - i : =>10"°F + ALICE Preliminary .
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states with J=1 ' + | ;
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Perspectives for the (near) future

ALICE
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A =5 hypernuclel

Taken from the master thesis, Janik Ditzel

10"

E T \IIIIIII T ||||||:| T I\IIIIII T T T TTIT
— M=39218 Me\w'cz " — M =4839.9 MEVJFGE g 10" :;gssﬁﬂ:uon, B=05T
_?00‘ c=15MeV/ic? S=776.6 .E c=15MeV/ic? S=1745 E 10° Pb-Pb, {5y, = 5.5 TeV 5 Run3&4
- ITS2 +1TS3 '
E I S/B =2.13 S/\S+B=23.0 5 S/B=268 S/{S+B=11.3 3 10°
Ll
- [ 5 - 107 °He + 2He (He +d + :
‘He—>Hepn . >He—*Hepn P e e un
| AH+ ZH (3-body, 0+ 1)
200_ 50 10° ‘H+ ;ﬁ (2-bod; 0" +1)
I Em ress Strearm [ Express Stream 10° AH+ H(@oody)
roduction”, i N 3H+ 1H (2-bod
- STAR preliminary Productior’,
f - Mﬁ preliminary
i J‘P‘ﬁ-%m; i | -,-MJ 1 I sandoed 1 o | o 1
309 4 i1 4.9 5
m, {*Hepm'} [GeV/c’] m, {‘Hepr} [GeV/c?]
*Data from express stream (Au+Au Vsyy=3.0, 3.2, 3.5, 3.9, 4.5, 5.2, 6.2, 7.7 GeV) R ol

: i ) ] 10° 10° N 10"
are not with the final calibrations

events

Taken from QM2022, We are looking forward to
S the final results!

At the LHC, these objects
probably remain unreachable
with the statistics of Run 3 & 4
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Multi-strange A=4 hypernuclel

« What about multi-strange hypernuclei?

 More difficult to reconstruct due to 4
cascading decays

 Lightest possible double hypernucleus:

« Decay mode:
Af\H 9 /4\He + Trsec m-
2>3He+p+m \

« Mass expected to be 4.106 GeV/c?

- Existence of ,\Hbound state theoretically still
unclear and experimentally not found yet P
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Multi-strange A=4 hypernuclel

* Possibly also: .*He
* Decays in the same way as , /H AHe
=-He 2> tHe + . (= > A+ )
2> S3He+p+T
« Mass expected to be 4.126 GeV/c?

by calculations using recent information .
from the =- potential Phys.Lett.B 820 (2021) 136555 -\\\\__//.,:

« Special features: Possibility to create atomic
structures; excited states? anvzsosiz0a1

. Experimentally not found yet P o

09.04.2024 Hypernuclei — Janik Ditzel - RRTF2024 30


https://inspirehep.net/literature/1900473
https://inspirehep.net/literature/1900473
https://arxiv.org/abs/2308.12041

A

GOETHE @a
UNIVERSITAT

FRANKFURT AM MAIN

How would the spectrum look like?

3 o This Work

= [ 0-10% Pb-Pb v/syy = 5.02 TeV

S L LiH(?)

5 502_ 2: 2*He (?)

s L

© 40—
30—
20—
0:I|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

407 4.08 4.09 4.1 4.11 412 413 414 415

M(°He + p+ + ) + M(°He + P + n* + ©t*) (GeV/c?)
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Scanning more data

= i |
» At RHIC, data sets with different S 107F o GRQMD
energies are available O 402k -
« The analysis of those data sets may 109k ---?aﬁ?:r-ngal )
provide further statistics for B
measurements of hypernuclei 10 B o
10°°E \\“-T_‘
104E€§‘$ § S Ly Ay ey e 2 e \Sy (GeV) —6§ ...................
. B3es- WBEs-i frxr In this report: 0
> 3,27 GeV in 2018, 3 10 30 10°
Py 19.6 GeV in 2019 s,y [GeV]
QC) Future analysis:
0 ] 3-17 Gev 2019-21
S & > 2B@3GeV from 2021

Taken from SOM2022, Yuangjing Ji
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Scanning more data

I I I l I I I l I I I | I I I I I I I l I I I

275
ZECH  STAR

* Also at the LHC, more data is
avallable soon with the ongoing 270
Run 3

I_iz[lllllllllll

265

POULARD ALICE
CLAYTON

« High precision measurements for
nypernuclel will be possible as for
the A hyperon for example

260

A lifetime (ps)

255

. Current world average
R. L. Workman et al. (PDG), PTEP 083C01 (2022)

|'|IIIIIII|II:1
|IIII|IIII|II1‘£

250
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Improvements on methods

. | | | hiped4ML
« Using machine learning techniques for https://hipe4m.github.io/

the signal extraction allows to find 107
correlations among selection criteria

i Signal pdf Training Set

ALICE Simulation B Background pdf Training Set

=
o
[

- Pb-Pb Vsyy =5.02TeV ¢ signal pdf Test Set
¢ Background pdf Test Set

* This can restore a significant fraction of
the efficiency and allows to extract
more candidates of these rarely
produced objects

=
o
AR

Counts (arb. units)
[
(e ]
o

1073
« Strangeness trackers (implemented in

ALICE for Run 3) allow to also track the  10™
hypernucleus itself

-5
107215 ~10 —5 0 5 10

BDT output
ALTI-SIMUL-316844
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Detector upgrades
« ITS and TPC of the ALICE setup were

upgraded for Run 3

« ITS2 is now a fully pixel detector
- results in a higher resolution for
primary and secondary vertices

+ ITS3 (waver-like foils for the inner
barrell; to be installed in 2028) will even
Improve the resolution

g% _Outer Barrel

Cylindrical

Structural Shell

Half Barrels

ol
™~

ITS3

09.04.2024

T F T T T T T T T 7
=3 - -
= 350E ALICE Simulation =
= - -
2 F Pb—Pb, {5, =55TeV, B=05T J
300 AHe + 1He 3

E T ¢ 1TS2 3

250 4 ITS3 =

o + .

200 + —

. . ]

150 - -

- —_—— -

100f- N

= —a— -

- e .

- 1

50— —
Coooo o boo o byu s o by by sy by by i 1y

0 05 1 15 2 25 3 35 4

ct (cm)

Fig. 17: Resolution on the 4 He-candidate decay length in the xy plane for ITS2 (green circles) and ITS3 (blue
squares) as a function of pr.

n
o
=i

II\I+\I$I|II\I|\III‘II\IlI

This Work
MC Simulation, B=05T
Pb-Pb, |5, = 5.5 TeV
‘He + %m (background candidates)
ITS1
] ITS2
ITS3

DCA,, Resolution ( *He) (um)
]
o
=1

=
o
=]

100

50

& »
. -

P IS TS S SN It

2 3 4 6

pT(GeWc)

iy

Fig. 16: Transverse-plane impact-parameter resolution for primary (background) He particles from j'\l-le decays
for ITS2 (green circles) and ITS3 (blue squares) as a function of py.
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Detector upgrades
ITS2 ITS3

o 300 This Work o 300 This Work
S B MC Simulation, B=0.5T IS B MC Simulation, B=05T
- B ITS2, Pb-Pb, |5, = 5.5 TeV - B ITS3, Pb—Pb, |5, = 5.5 TeV
£ — ‘e + ‘P < = ‘e + “TIs NN
o 250— “_e T e o 250— Ane T ghe
t - ————— Signal, (355 + 19) Counts b= = ——— Signal, (363 + 19) Counts
3 B o = 1.71 MeV/c? 3 B o = 1.66 MeV/c?
O - ] - Background, (118 + 11) Counts o — ] - Background, (39 + 6) Counts
200(— — Sum 200— — Sum
N S/B = 3.01 B S/B =9.33
B s/{s+B=16.3 - S/is +B=18.1
150 — 150 —
100 100~
501 W 50— ]
— : ||| ||||\—l—hl[||[||||||||||||\||||| _ll_l_-‘f_l"l1—!|_lzﬂ|:_|__|_l|\_;l_l_||||||I|||||||||||\||
30.89 39 391 392 393 394 395 39 397 3098 £89 3.9 391 392 393 394 395 396 397 398
M(*He, p, ') + M( °He, p, n*) (GeV/c?) M(*He, p, ) + M(*He, p, n*) (GeV/c?)

Taken from the master thesis, Janik Ditzel
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First results on the ongoing Run 3

— [ ] I L I 1 LI I 1 I 1 I I | L 1 | I LI | I LI I 1 I I I I LI LI — B 1 1 1 I LI 1 I I L 1 1 I I LI I LI I 1 I 1 | I | 1 1 LI | I 1 LI ]
o - ] 14— —
§ ?0: ALICE Performance ] E N ALICE Performance 7
8 60— = 8 12— Run 3, pp Vs = 13.6 TeV
<~ F Run 3, pp Vs = 13.6 TeV J B o .
o 0 4 3 10 TH - *He+n -
Q = 3T _ T et 1 © - ’
O  40F a1 = “He+n - o 8 Local p-value: 4.6 ¢ —
< F 1 I "
» 30 4 » o7 T
- — N (- N i
g 20§ _: G}J 4 B - -4
L [ + + .................. | + ;#+ . L i -4 . ‘ - |
10 | | 2
: t I : T
C 11 1 I L1 1 1 I 111 1 I L1 1 1 | [ I I | | I I | I 11 1 L1 1 1 m B L1 11 I L1 11 | | | | [ | N
996 2.97 2.98 2.99 3.00 3.01 3.02 3.03 3.04 £89 : : . i 3.94 3.95 3.96 3.97
2 2
M3F!E+ . (GeV/c9) M, = (GeV/cY)
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New player in the game: LHCDb

Nb 1 1 I 1 I 1 1 1 I 1 1 1 I 1 1 1 Nb 1 I I 1 I 1 1 I 1 1 I I 1 1
< 40 |- — L 40 -
% 3 LHCDb preliminary % 3__ LHCb preliminary
s I AH ¢ Data55fb! 7 s T AH ¢ Data55fb! 7
N - — Signal - N - — Signal -
g i —— Background | g i —— Background |
% Same-sign data 2 Same-sign data
S S
3 - ) . .S - .
= =
< <
O i * i @) i ]
. W Mu'lﬁ bbbt b ] O'.u-.--‘l;ﬁ‘ bbbty b
2960 2980 3000 3020 3040 3060 2960 2980 3000 3020 3040 3060
m(PHe ) [MeV/c?] m(3He %) [MeV/c?]
New method for the helium-3 identification allows for the (anti)hypertriton reconstruction
Taken from EPS2023, Hendrik Jage
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14_ ALICE Performance E
Su m m ary 12; Run 3, pp (5 = 13.6 TeV
10: %ﬁ—)‘%ﬂ*

Local p-value: 4.6 ¢

W

T
Wiy

e e Uty by P b e by 7
3.90 3.91 3.92 3.93 3.94 3.95 3.96 3.97

Events / ( 0.003 GeV/c?)

* The future is bright for the study
of the production and properties of

P s s IV R Y

light (anti)(hyper)nuclei | .. (G
* The latest results show small |

uncertainties and a good agreement Erotp qaes,,  Cmmmn

with the theoretical predictions S0 g\ 7 Gomtese. o) _

) } . i 10°F 7% T e | STAR Ngg: 15.6:4.7

 Using machine learning technigues allows .« ¢ | TR 6403

for the study of rarely produced objects 10 N 2 of ’ T
- Studies on different energies at RHIC T 8

will provide more differential measurements Sy [GeV] 5

I 1R ]

» The ongoing Run 3 and upcoming Run 4 at the olt TR L T 3 A Y

LHC will add large statistics for the measurement *Hle + x* invariant mass (GeV/c?)

of those particles and provide high precision data

09.04.2024 Hypernuclei — Janik Ditzel - RRTF2024 39



UNIVERSITAT

FRANKFURT AM MAIN

Backup
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Hypernuclel: Introduction

* Hypernuclei consist of
nucleons and hyperons <1

m
I

12~ 13— 14
A A '~ C

;
Be sBe E’Be 1,€Be
“ly Li o 8Li - SLi 10Lj

He *He SHe [He 2He

’.II.‘I" y ...r

Hyperons are baryons containing
at least one strange quark

N\ hyperon
« Composition: uds
« Mass: 1115.6 MeV/c?

 Lifetime:
[261.07 £ 0.37 (stat.) £ 0.72 (syst.)] ps

Phys. Rev. D 108, 032009 (2023)

Decay weakly after a few cm

v

Only the (anti)hypertriton has S
been measured by ALICE so far N. Loher, 2014
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Hypernuclel: Motivation

But why hypernuclel?
What are they good for?

1) A hyperons in a system of nucleons
allow for the formation of interesting
bound states, e.g. the hyperhelium-5
or the hypertriton

A. Gal, E.V. Hungerford, D.J. Millener, Rev.Mod.Phys. 88 (2016) 3, 035004

v
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Hypernuclel: Motivation

2.5

But why hypernuclel?
What are they good for? 5

1) A hyperons in a system of nucleons -
allow for the formation of interesting 15— TTTTS !
bound states, e.g. the hyperhelium-5 s @ T
or the hypertriton S

— —- NSC97¢e

2) Hyperons in neutron stars? Very dense EERE NSC97a+NNA,
objects (mass > 2 solar masses while 05 r=re NSCHTe+NNA,
having a radius of a few km) T NS
0 1|0 IIIII 1‘1 1|2 | 1‘3I 1|4 IIIII 15
- understanding of the A-N and R [km]
/\_/\ |nteract|0n D. Logoteta, |. Vidana, |. Bombaci, Eur. Phys. J. A (2019) 55: 207
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Hypernuclel: Motivation

But why hypernuclel? T
What are they gOOd for? 30k 208 A Single Particle States . Eepi::i}g) |
- \ 139 A Er;nulsion
1) A hyperons in a system of nucleons E X ¢ o
allow for the formation of interesting = 5ok O30 _
bound states, e.g. the hyperhelium-5 5 2 )
or the hypertriton E . . 13,
_ AR il
2) Hyperons in neutron stars? Very dense & 0F d 38 -
objects (mass > 2 solar masses while g AR S &
having a radius of a few km) = 0 > __
e N
3) Testing the nuclear shell model with the . N
N\ hyperon 0 0.05 0.1 A_OQ./ISS 0.2 0.25

A. Gal, E.V. Hungerford, D.J. Millener, Rev.Mod.Phys. 88 (2016) 3, 035004
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* |In large hadronizing systems,
the integrated yield of several
particle species is well described
over orders of magnitude
by the Statistical Hadronization
Model (SHM)

SHM assumes hadron
abundances from statistical
equilibrium at the common
chemical freeze-out
temperature T, = 156 MeV

(med -data)/c,. (mod.-data)/mod.

09.04.2024

Particle production in HIC

3 3

AH+ ,\ﬁ 3
2

e

He
o

‘He
0

He
o

ALICE, 0-10% Pb-Pb, |5, =i2.76 TeV

i e | . : . .
— i : : : : : : : —
i ’ Dol | 5 i i : i 1
n e W 5 5 a 5 E
- : : ’ | i i : =
| o= Not in fit |
B ¢ Extrapolated ! ! . . ! 7
C Model T(MeV)  V (fm) +2INDF |: PR B h
[ |—THERMUS 23 155+2 5924 +543  24.8/11 |i BR = 25% : : N
[ |- GSl-Heidelberg 156 +2  5330+£505  19.6/11 | § § § 1
- |=+'SHARE3 156 +3 4476 +696  15.1/11 |} : : Tl Rt
:_. : : ......E.....ﬁ.ﬁ...g.........-..'.......... . '...-........;............E............E... e -..é.-...... —
E o ...i..mam..i.mc;m..’..l:] TR 'Hl:] L
Sl : 5 e HI{ 5 5 H

= - —- e e d e
d i d

Nucl. Phys. A 971 (2018) 1-20, arXiv:1710.07531 [nucl-ex]

Hypernuclei — Janik Ditzel - RRTF2024

45


https://inspirehep.net/literature/1631788
https://inspirehep.net/literature/1631788

GOETHE @
UNIVERSITAT

FRANKFURT AM MAIN

ALICE detector

* One of the four major LHC experiments

« Specialized in tracking and
particle identification from low T
to high momenta using - T T
different detector technologies

« Main features for this purpose:

« |TS for primary and decay vertex
reconstruction, tracking

« TPC for charged particle identification
via specific energy-loss measurement,
tracking

« TOF for time-of-flight measurement, tracking
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Hypernuclel reconstruction

| Syn=9-02 TeV negative particles

. i . Pb-Pb, 2015 run,
« Step 1: find and identify the daughter 1000 — .
. [ - YHe “‘He ALICE performance
particle tracks E 900 51 20.04.2018 -
S 800
: : - L 10°
» Using TPC PID via the specific E 700E"
energy loss 2600 -
« Excellent separation of different O 500F-
. . : .
particle species F 400E 10
3001 ) 10?
200 il
- .| 10
100 -
R~ T T >3 456
ALI-PERF-152025 g (GGV/C)
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Hypernuclel reconstruction

« Step 1: find and identify the daughter
particle tracks

« Step 2: reconstruct the decay vertex
of the hypernucleus

* The identified daughters are assumed
to come from a common vertex

* Their tracks are matched by a Kalman Filter
approach to find the best possible decay vertex

* Problem: huge combinatorial background
 Solution: topological and kinematical cuts

He
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Hypernuclel reconstruction

« Step 1: find and identify the daughter
particle tracks

« Step 2: reconstruct the decay vertex
of the hypernucleus

« Step 3: apply corrections

« Tracking efficiency and detector acceptance

« Branching ratio and absorption

He
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Signal extraction

09.04.2024

hiped4ML
. . . https://hipe4ml.qgithub.io/

Using a machine learning approach 102,

el : ) 5 . . mmm Signal pdf Training Set
(Boosted Decision Tree) for the signal £ il ALICE Simulation 3 B S S et
extraction : Pb-Pb vsyy = 5.02TeV 4 signal pdf Test Set

. i : © [ ¢ Background pdf Test Set

A machine is trained and tested o 0%
using a dedicated MC sample 3 10-1
with injected hypernuclei and °
a background sample 1072
In this case we use like-sign 1073
candidates for the background sample
The result is a model that is applied on .
the data and allows a selection viathe  *°-15 -10 -5 0 5 10
BDT OUtpUt Value ALTI-SIMUL-316844 BDT OUtpUt
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