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Hypernuclel: Introduction ALICE
« Hypernuclei consist of s
nucleons and hyperons N
« Hyperons are baryons containing
at least one strange quark /
* A\ hyperon
. Recently measured
* Composition: uds precisely by ALICE! ]
 Mass: 1115.6 MeV/c? Phys. Rev. D 108, 032009 (2023)
« Lifetime: [261.07 + 0.37 (stat.) + 0.72 (syst.)] ps N

 Lightest known hypernucleus
(anti)hypertriton

« B,=100 keV = ryy= 10 fm

Phys. Rev. Lett. 131 (2023) 102302

F. Hildenbrand, H.-W. Hammer, Phys. Rev. C 100, 034002
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Hypernuclel: Introduction ;

- Heavier hypernuclei at the LHC g 50
4 24
R i D, e

2> By~2MeV > r=2fm 17
Phys. Rev. Lett. 115, 222501 (2015)

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

M. Schéfer, N. Barnea, A. Gal, Phys.Rev.C 106, L031001 (2022)

2V

- Hypernuclei decay weakly after a few
centimeters into two or more daughters

v S o
N. Loéher, 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 ALICE

25

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]
/\_/\ interaCtiOn D. Logoteta, |. Vidana, |. Bombaci, Eur. Phys. J. A (2019) 55: 207
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Particle production in HIC

* |In large colliding systems,
the integrated yield of several
particle species is well described
over orders of magnitude
by the Statistical Hadronization
Model (SHM)

« SHM also takes into account
the population of excited states
by their spin degeneracy

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

20.07.2024
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Hypernuclel production

» Coalescence Model:
* Nucleons that are close in phase Beam

space at the freeze-out can form
a nucleus via coalescence
« The key concept is the overlap

between the nuclear wave functions
and the phase space of the nucleons

* The closer hadrons in the phase-space
—> the higher the probability to form a nucleus
Beam \

Butler et. Al., Phys. Rev. 129 (1963) 836
K.-J. Sun, C.-M. Ko and B. Donigus, Phys. Lett. B 792 (2019)132-137, arXiv:1812.05175 [nucl-th]
20.07.2024 Hypernuclei — Janik Ditzel — ICHEP2024 7
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ALICE detector in Run 2

« Specialized in tracking and |
particle identification from low e
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

20.07.2024 Hypernuclei — Janik Ditzel — ICHEP2024 8
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ALICE upgrades for Run 3 ALICE

New Inner Tracking System New Fast Interaction Trigger (FIT)
: ’ ‘ New Muon Forward Tracker (MFT)

|\ lx

»
o h.lll” ||I'l

New GEM technology of TPC
New data processing system

20.07.2024 Hypernuclei — Janik Ditzel — ICHEP2024 9
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ALICE upgrades for Run 3 {19.07.2024, 08:48}

New Fast Interaction Trigger (FIT)
New Muon Forward Tracker (MFT)

W " |
- /) |

New Inner Tracking System

Kai Schweda
24.07.2024, 09:50

Jian Liu Wiawmaes, - .
. = HIN 3 52 Guillaume Batigne
18.07.2024, 10:45 Dl 0,07 2004 16-45 }

David Rohr
07.2024, 17:05

D

22.

Bacacacas

New GEM technology of TPC
New data processing system
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Hypernuclel reconstruction ALICE

1555 Pb-Pb, 2015 run, | s,,=5.02 TeV negative particles
- Step 1:find and identify the daughter @ |  #p  id ‘He‘He ALICE performance
. 'c 900 E 5 ‘. \ 20.04.2018 10°
particle tracks 5 F
8 800
S 10°
: : . =700
« Using TPC PID via the specific S
energy loss | | & e 10*
» Excellent separation of different © 500
. . — 103
particle species - 400F-
- 300 10
Particle Decay mode Branchlng E
Ratio 200
= 10
3.H SHe + 11+ C.C. ~25% 1()0:? =
“\H “He + 1T+ C.C. ~55% LI s}
™ E— p—" 0 2x10 1 2 3 456
/\ e e p -IT C.C. > ALI-PERF-152025 g (GeV/C)
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Hypernuclel reconstruction

« Step 1: find and identify the daughter
particle tracks

« Slep 2: reconstruct the decay vertex
of the hypernucleus

The identified daughters are assumed
to come from a common vertex

Their tracks are matched by algorithms
to find the best possible decay vertex

Problem: huge combinatorial background
Solution: topological and kinematical cuts

He

20.07.2024 Hypernuclei — Janik Ditzel — ICHEP2024 12
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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

20.07.2024 Hypernuclei — Janik Ditzel — ICHEP2024 13
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Hypertriton production in Pb-Pb collisions

(

\_

\
Do hypernuclei have similar

freeze-out parameters as
ordinary nuclei?

First p-differential
measurement in Run 2
Pb-Pb collisions at 5.02 TeV

Performing a combined
Blast-Wave fit to deuterons,

tritons, helium-3 and 3H

Parameters are compatible

with the ones obtained from

ordinary nuclel!

ALICE Collaboration, arXiv:2311.11758

20.07.2024

107° E

1077

ALICE Collaboration, arXiv:2405.19839

ALICE
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Hypertriton production in Pb-Pb collisions

(

\_

Multiplicity dependence of
the 3\H / 3He ratio

\

J

e Consistent with Run 1 results within

a 20 confidence interval

« SHM prediction stays constant at large
multiplicities, while coalescence prediction 93
IS more sensitive to multiplicities

* Well-described by the coalescence model,
and compatible with the B, value
measured by ALICE

« Shows a suppression for the 3,H / SHe
ratio vs. the multiplicity as suggested by

the STAR results

20.07.2024

ALICE

ALICE Collaboration, arXiv:2405.19839
.= Coal. B, =420 keV (STAR) &= Coal. B, = 164 + 43 keV (Ave.)

-« Coal. B, =102 keV (ALICE) —— SHM
0.6 L I I B N B B ' |
o T ALICE Pb-Pb T -
a F T  STAR
2. 05— ®\s\ = 5.02 TeV I ]
I - T VS = 200 Ge
M < B ‘\(SN =2.76 TeV T 7
04— I ]
: - I
0.2 H ..... T =
T T @ .
01 T ]
- *‘H—°%He+n B.R.=0.25 N
I R N N T NN R A N T N B N b ! i

500 1000 1500 Zr-27r U-U
N Ru-Ru Au-Au
(d ch/ d77>|n|<0.5
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Hypertriton in small systems ALICE

< T 1T | I I T T T I| I I T T TTT |
4 A T | ¢ | ALICE Pb-Pb, 0-10%, s, = 2.76 TeV
: e ™ <, _
3,H / A ratio vs. multiplicity 107~ BR=025:002 E
\- ) I e
« Extremely sensitive to the nuclel i
production mechanism: I
 For statistical hadronization models
(SHM) the object size is not relevant 10 B
—> suppression due to canonical - it 3-body coalescence
conservation of quantum numbers - — 2-body coalescence |
. B [1] 7
* In a coalescence picture large —SHM. Ve =dvidy
suppression of the production in - SHM. Ve = 3dV/dy
small systems expected due to the (1 T B . S
large object size 10 10° 10°
IV Vovenania, . Do i Shosekr Py, Lon 5 708 A0 174. ko 50705545 hep-o rsheeen 2a iz zs ziz0e (AN /dip)

[17/<0.5
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S\H/Aratio ALICE

< IIII| T T [IIIII[ T ITIIIITl T
« Two new measurements pp and p-Pb T * | ALIGE p-PD, 0-40%, s, = 5.02 TeV
. T ™ <, 5| j ALICE Preliminary pp, HM trigger,{s = 13 TeV N
at dlﬁerent mUItIpIICItIeS 10 N E ALICE Pb-Pb, 0_100/°’VS_NN= 276 TeV .
« Measurements slightly favour the - BRSO0ESE002 s -
two-body coalescence .
- But do not exclude y
three-body coalescence [
10°° -
—aibody coalescence .
—[21ibody coalescence
—SHM. Vo =dvidy 1
==SHM, Ve = 3dV/dy |
IIIII | tlllll[ 1 lJIIIIll |
10 10° 10°
I Voo, o i o . Snemee. Py Lo 5 708 GO A 76 e SEORORoA o Phus Reven 1260221 25.252003. (N /d7p)

I7]1<0.5
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Hypertriton in small systems

-

\_

First ever p-differential
measurement of 3,H production in
small collision systems using high

statistics in Run 3 pp collisions
at 13.6 TeV

~

J

 Results obtained from antimatter

 Total yield estimated by extrapolating

the p; spectrum
 pr— differential 3\H / 3He ratio is

sensitive to probe different production

mechanisms

20.07.

ALICE

—— m; - exponential LA —+¢

+

>] @
Tl

I
ALICE Preliminary
Run 3, pp Vs = 13.6 TeV

b |
\IYI<1

g

10—10 [
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S\H/Aratio

« Twice better precision w.r.t. Run 2

« Compatible with the Run 2
preliminary results

 New measurement at higher
multiplicity also favours the
two-body coalescence

20.07.2024

S
5

ALICE

0.4

0.3

o
&)}
llllllllllll[llll)(

0.2

0.1

IIIIIIIIII

1%k

ALICE Preliminary
¢ Run 3, pp Vs =13.6 TeV
*Run 2, pp Vs =13 TeV

_
|||||||||||||||[I

—— SHM, Ve = 1.6 dV/dy
|| Coalescence, 2-body
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Hypernucleil flow

ALICE

ALICE Preliminary
Pb—Pb, {s, = 5.36 TeV
0-20% FTOC centrality

| 1 1 | I | 1 ] | I | 1 | 1 I | | | | | | 1 | 1 I 1 1 | |

i)

f

*He, m| < 0.8

IP Glasma + MUSIC +
+ UrQMD + Coalescence

Blast-wave

I
2 3 4

: . — 0.35
* Precise measurement of helium-3 0.
elliptic flow in Run 3 Pb-Pb T 0.30
collisions at 5.36 TeV 0.95
Can we measure the flow of 0.20
s hypernuclei?
T;f 04§_ ALICE Performance 0.15
(4] e
= F Run 3, Pb—Pb, |s,, = 5.36 TeV
§0.355_ iH N 3He+ﬂ3- 0.1 O
= 03[ 2.0<p.<6.0GeV/
oasf SPrenaEee 0.05
§ 625_ — signal + background
- “°F ----background 0.00
30.15:
@© C
E oib i -0.05
(o] - T e
= G P
“"0.05:— )
ol v v L e e L
2.97 2.98 2.99 3 3.01 3.02
M s, (GeV/c?)
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Hypernucleil flow

-

First measurement of 3,H
elliptic flow in Run 3 Pb-Pb
collisions at 5.36 TeV

\

* v, of the 3,H compared to helium-3
* Follows the same increasing trend

with p; (and centrality)

20.07.2024

1.2

v, {EP}

0.8

Hypernuclei — Janik Ditzel —

0.6}
0.4

0.2}

ALICE

- ALICE Preliminary, Po—Pb, |/s., = 5.36 TeV ;
5 0-20% FTOC centrality R
- [+ iH -
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L Pb-Pb, \s,,, = 5.02 TeV |
_ - 2 - %H—>’4H_9N+n* ] HLICE
A =4 hypernuclei in ALICE |5« e 50 -
. . S s -
o [orthe first time, we are able to 5 :
reconstruct A = 4 (anti)hypernuclei 3 E
at the LHC and determine their : -
production yield in Run 2 2 | ‘ L j
Pb-Pb collisions at 5.02 TeV NOANSSTARS I RA NI U na
£89 3.9 3.91 3.92 3.93 3.94 3.95 3.96 3.97
M., . (GeV/c?)
4 4 — e T " ALIGE Performance 1
/\H — He+1m +c.cC. > Pb-Pb, (S = 5.02 TeV -
4 _ ((-I\)I 5:_ iHe » *He+p+n"
AHe N 3He + p -+ T + C.C. g E local p-value: 3.1¢
S 4 =
4 R € o g £
First observation of S 25_ L e
*He ever! k
\ j 1; —— —— -Z --------- i—: —— —— 1
598_ I '3? — 3.|91I = é|9é - 53 3I I |39ti - é&l'-JS I é‘.IBG - J._97
Msye, . (GeVIC?)
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=4 hypernuclel in ALICE

First measurement of the .

—

o
&)
|

(anti)hyperhelium-4 production yield st

Testing the dependence of the yields
of the SHM with the spin-degeneracy

Our yields confirm the SHM as a well
working model for the prediction of
hypernuclei yields

Shedding light on the

Charge-Symmetry-Breaking:

—> currently dominated by statistical
uncertainties

—> with more data, a high precision
measurement will be feasible
(llke for the A hyperon) Phys. Rev. D 108, 032009 (2023)

ALICE

L B
ALICE Preliminary -
Pb—Pb, |s,, = 5.02 TeV
SHM using T, = 156 MeV
(including excited states)
SHM using T, = 156 MeV
(ground state only)

| 1
1 I -
4 4
207c ,He AH 2700
| | | I | | | 11 1 1 | | I I | | 11 | | | | I | | | | I | | | |
3.9215 3.922 3.9225 3.923 3.9235 3.922 3.9225
M (GeV/c?)

Hypernuclei — Janik Ditzel — ICHEP2024

23


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.032009

GOETHE
UNIVERSITAT

FRANKFURT AM MAIN

A =4 hypernuclel in small systems ALICE

« First ever invariant-mass spectrum

— L ERLEL L IR
Of the ant_ihyperhydrogen—él T‘i " ALICE Performance E
in pp collisions at 13.6 TeV E 12 Run 3, pp 1= 136 TeV =
_ @10 “H - “He+n* -
* Reaching a local p-value of 4.60 2 Loval pvalue: 46
« We will be able to determine 2 ° [:
the production yield of the |j>j 4 + | ot
(anti)hyperhydrogen-4 at low oH | | 5
multiplicities and compare to Tl } + % .
production models fg9 394 395 396 397

2
M4H_e+ﬂ+ (GeV/cY)
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Summary

* ALICE is the perfect apparatus to study
the production and properties of
light (anti)(hyper)nuclei

* The latest results show small
uncertainties and a good agreement
with the theoretical predictions

« The ongoing Run 3 and upcoming Run 4 will add
large statistics for the measurement of those
particles and provide high precision data

* This may also give the possibility of a
more conclusive answer to the question
of the most accurate production model

20.07.2024 Hypernuclei — Janik Ditzel — ICHEP2024



A

GOETHE @a
UNIVERSITAT

FRANKFURT AM MAIN

ALICE

Backup
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Hypertriton

* A\, p, h bound state

Lightest known hypernucleus ‘
and very loosely bound

Mass = 2.991 GeV/c?
N\-separation energy = 100 keV

. . 3|_|e
Recent calculations predict a )

large radius for the hypertriton

wave function r, 4= 10.79 302 fm /ﬂ\,

F. Hildenbrand, H.-W. Hammer, Phys. Rev. C 100, 034002

ALICE

Decay modes:
S\H — 3He + 1 S\ H—od+p+1r
3\ H—3He + 10 S\ H>d+p+T

20.07.2024 Hypernuclei — Janik Ditzel — ICHEP2024 27
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A = 4 hypernuclei in ALICE ALICE
2E E|
| | 3 VE Pb-Pb |5, =2.76 TeV N__ =350 -
« Expectations for hypernuclei Z 10E A Thermal model P =
from the statistical hadronization = Ik — T=164 MeV 4
model at T, = 156 MeV Q. F ---T=156 MeV -
S 10 3 — E
« Penalty factor by adding one nucleon 102 il — E
to a particle = 300 in Pb-Pb collisions 10°F Ak, =
. 104 E —— EE .
 Further suppression due to o H -
strangeness content OE O
o Compal‘ing '[O Only a feW antialpha 167 ;_ .,_;f_l-.'.... i .:. He Ei
candidates in available Pb-Pb dataset 10°E 2 axH 3
- Improbable to measure oF -
A = 4 hypernuclei 10°F 5 E
10" A€ —=

A. Andronic, private communication
model from A. Andronic et al., Phys. Lett. B 697, 203 (2011)
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A = 4 hypernuclei in ALICE ALICE
* A =4 hypernuclei are more
0117.and gach has an exciled siaie H+ A | CHe A
* The yields of these hypernuclel are
enhanced with respect to the ground state L+ L067:008 | 1+ 09872005 % 10.083+0.094
due to the feed-down from higher mass
states 1.09+0.02 1.406+0.003
0* e EE ---- .
» Also the yields of the SHM scale with the 2.157x0.077 0 == oor i 0-233£0.092
spin-degeneracy e He

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

B. Donigus, EPJ Web Conf. 276 (2023) 04002

Y
BA (MeV)

M. Schéafer, N. Barnea, A. Gal, Phys.Rev.C 106, L031001 (2022)
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Signal extraction
« Using a machine learning approach 102
ol ; ) 5 ) . mmw - Signal pdf Training Set
(Boosted Decision Tree) for the signal £ il ALICE Simulation o o g set
extraction : Pb-Pb vsyy = 5.02TeV 4 signal pdf Test Set
. i i © ¢ Background pdf Test Set
« A machine is trained and tested 5 0
using a dedicated MC sample 5 101
with injected hypernuclei and ©
a background sample 1077

 Theresultis a model that is applied on 103
the data and allows a selection via the
BDT output value

-15 -10 -5 0 5 10

h 1 D e4 L BDT output

https://hiped4ml.github.io/
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e L ALICE
Free A | Ifetl m e Phys. Rev. D 108, 032009 (2023)
B | | I ‘ I I I | I ‘ I | | ]
« Recent measurement in Run 2 275~ Jeon SR =
Pb-Pb collisions at 5.02 TeV : |
* New, exiremely precise 270__ B
measurement of the free @ - * :
N\ lifetime as reference for o 265
the hypertriton lifetime %
» This measurement is factor > 260 L LLARD ALCE 1
~3 more precise than the PDG value - CLAYTON :
255 ]
R Current world average i
250; R. L. Workman et al. (PDG), PTEP 083C01 (2022) 7
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Hypertriton Flow
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« Elliptic flow follows an increasing
trend with centrality and p-
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Hypertriton measurement in p-Pb

« First measurement of the hypertriton
In Run 2 p-Pb collisions at 5.02 TeV

 Signal extraction by using a
machine learning approach

« Using a boosted decision tree
(BDT) and hyper parameter
optimisation
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Hypertriton measurement in pp

« First measurement of the hypertriton ST 'A'LICEPf"'_
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