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Hypernuclei

e Hypernuclei: bound states of strange
baryons (hyperons) and ordinary nuclei

>

Extend the nuclear chart to a third
dimension, the strangeness one

Poorly known bound states

Unique probes for studying
the interaction of hyperons
with the ordinary matter
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https://hypernuclei.kph.uni-mainz.de/
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Hypertriton structure: B, %

- ALICE
e /- separation energy B, = m(d) + m(A) - m(*,H)

o Reflects the exten5|on of the * H wave function @\

e Emulsion experiments': * H is a loosely bound nucleus
o B, =130+ 50keV

— - - - 777" RN
/' From the observation of 82 examples of 2 \H, the binding energy of this hypernu- \

[ cleusis found to be 0.15 £ 0.08 MeV. An accurate determination of the binding en- |
| ergy of the 3 A H hypernucleus is of great importance to estimate the strength of the | ionl Heocti
| AN mteractlon in the singlet state. Combining the result obtained in this experiment | R_ecent proniess Effective
| with the data compiled by Bohm et al. [2], reanalysed using the methods and selectlon Field Theo ry (EFT)
| crlftenaddefnl;e(z in thg f;esegto\;/c;;kvthe best estimate for the binding energy of 3 ~H : calculations 2 show | arge
t = + .
| — — . | | separation (~11 fm) between
|  Hypernucleus Decay mode No of events B,: AB. | the /\ and the “deuteron
M V 7
e B W | core for B, = 130 keV
: \H n‘+;u+2u 24 0.23:0.11 |
™+ Te 58 0.06 £ 0.11 2 :
\ o 22 0.15  0.08 l F. Hildenbrand et al., Phys. Rev. , 100 (2019)
N /

! M.Juric et al., Nucl. Phys. B, 52, 1-30, (1973) F Mazzaschi



Hypertriton structure: lifetime and B/\

ALICE
e More than 50 years after the first Theoretial preditons
measurement B was poorly knOWn ==+ NPB47 (1972) 109-137 —— PRC77 (2008) 027001
!

— arXiv:1711.07521 EPJA(2020) 56

Impllcatlons of an increased A-separation
: energy of the hypertriton

| |_._ NPB1 (1967) 105

: Hoai Le ?, Johann Haidenbauer * o =, UIf-G. Meifiner bac Andreas Nogga f |
----- L . : TL NPB4 (1968) 511
:Consequences of increased hypertriton binding for s-shell A-hypernuclear systems E |
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e Lifetime: - II .
> Alow B, should imply a lifetime close to == TR N Prsie o)
the free A hyperon one (262 ps) ~ | .
> more measurements, but all with , II
uncertainties larger than 10% 0405 0 02 04 08
Schafer et al., Phys. Rev. C 105 (2022) 015202 B, (MeV)
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(Hyper)Nucleosynthesis at collider: how? :

ALICE
B. Donigus et al.,Nucl.Phys.A 987 (2019)
Thermal MOdels (SHMS) S 2 T T T KT T T T T TrrT T T T T T |_|
§ “130 : : dALg:E data :;?:i *H

<o, e
= “He, *He

Hadrons emitted from the interaction
region in statistical equilibrium when the
system reaches a limiting temperature Teq

e Abundance of a species
o oc Exp(—m/Teq)

d

VS (GeV)

A " Coalescence

Baryons close in phase space can form a nucleus
e Interplay between the configuration of the phase space
of the nucleons and the wave function of the nucleus

J. I. Kapusta, Phys.Rev. C21, 1301 (1980)
F. Mazzaschi


https://www.sciencedirect.com/science/article/pii/S0375947419300405

3AH measurements at the LHC



The ALICE Run 2 detector 7

ALICE
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and hadrons through
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Inner Tracking System
Track reconstruction -
Reconstruction of

Time Projection Chamber S ! primary and decay
e Tracking vertices

e Identification of nuclei and identification of .
hadrons via specific low-momentum particles

energy loss E

LHC Run 3: |TS and TPC upgrades F. Mazzaschi



https://iopscience.iop.org/article/10.1088/0954-3899/41/8/087002
https://iopscience.iop.org/article/10.1088/1748-0221/16/03/P03022

3AH — 3He + ™ reconstruction

a7

ALICE

® Pb-Pb collisions at y/s,,, = 5.02 TeV collected by ALICE during 2018

3He and 1 identified through their
specific energy loss in the TPC
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Secondary vertex reconstruction: loose
pre-selections applied to the decay topology

3He

DCA

Secondary vertex-VO0 /', ¢

BCA e Pointing angle
to PV e
s DCA #
Primary t o PV

Vertex S

F. Mazzaschi




° H selection with machine learning

° 3/\H candidates selected with Boosted Decision Trees ALICE

e Signal extracted analysing the invariant mass spectrum

c\/]\ _I T TT T 71T TTTT | TTTT TTTT | TTTT | TTTT TTT I_

: BDT threshold § 60:— H ALICE _:

_ 107 . . O Pb-Pb 0-90%, Sy, = 5.02 TeV ]

0 . . | == Signal pdf Training Set > N il

g 10t} ALICE Simulation | - Background pdf Training Set o 50— 2<ct<4om 2<p <9GeVic

5 Pb-Pb vsyy = 5.02 TeV ¢ Signal pdf Test Set ™ + SH + °F -

5 100 ¢ Background pdf Test Set Al B R ]

L; 0 | : 40__ —— Signal + Background |

S I o ]

o 1071 @ C — — Background ]

© I = 30— -

-2 I c - _

10 L B ]

104 10F + H * -

‘T L_U | |l1 * + * * ]

107 0 0 : L | il | |—— i
_15 _10 _5 5 1 T L YT Y Y T LT A R AT [ L

296 297 298 299 3 3.01 3.02 3.03 3.04

BDT output
ALI-SIMUL-316844 M(CHe + @ and c.c.) (GeV/c?)

Phys. Rev. Lett. 131, 102302 (2023 F. Mazzaschi


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.102302

Properties of °,H uncovered

% 10

o ° H lifetime compatible within 10 with free A lifetime

e LlowB,,inagreement with early emulsion experiments
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ALICE |
Pb—Pb, 0-90%, S, = 5.02 TeV

Fit Probability: 0.68

B, =102 + 63 (stat.) £ 67 (syst.) keV
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Most precise measurements to date of T and B, of the 3 H
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.102302

11
Final results %

ALICE
e Most precise measurements to date of T and B, of the * H

> 1=253 % 11 (stat.) = 6 (syst.) ps
> B,=102 + 63 (stat.) = 67 (syst.) keV

-..Nuo. Cim. A 46 (1966) 786 <= PLB 811 (2020) 135916
--PRC 102 (2020) 064002

< 1.3:| T T | LI I T ET 1T | LI I T T 1TX | RIXKY I RIXTXF [ % e % | Do % %Y | TR I:
§E ALE _:
1.1 = 5
- 1 e Weakly-bound nature of the ° \H
185= finally confirmed
0.9F- = > 3 H could be approximated
08E s as a shallow d-A state with a
5 75_ = wide d-A radius of ~ 10 fm
0.65 /// 34 e How does this reflect on its
SR PR T P T P T ST T - ion?
055 ~6.05" 0.1 0.15 0.2 0.25 0.3 035 0.4 045 05 production’
Phys. Rev. Lett. 131, 102302 (2023) BA (MeV) F Mazzaschi



https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.102302

° H synthesis at the LHC ;

ALICE

III|| T IlII|I|| T I|II||I| T

[ + ] ALICE Pb—Pb, 0-10%, {/Sy = 2.76 TeV
10°— BR.=0.25+0.02

e Weakly bound state
> 3 H/NA— large separation between

H/A

<

3

SHM ' and coalescence 2 predictions at
pp and p-Pb collisions

low charged-particle multiplicity

T T 71

density — coalescence is sensitive to
the interplay between the size of the
collision system and the spatial
extension of the nucleus wave function - '
= 3-body coalescence
= 2-body coalescence

—SHM, Ve =dV/dy

° 3/\H production in pp and p—Pb collisons: a

key to understand the nuclear production

e T AN\ - SHM, Ve =3dV/dy |
meChanlsm at the I—HC ﬂl i | IIII | 1 1 Illll |
10 10° 10°
! Vovchenko, et al., Phys. Lett., B 785, 171-174, (2018) <dNCh/dn>|n|<0,5

2l Sun. et al., Phys. Lett. B 792, 132-137, (2019)
3l Phys. Lett. B 754, 360-372, (2016) F. Mazzaschi



Production yields

13

e First measurement of °,H/A in pp and
p—Pb collisions
> good agreement with 2-body
coalescence
> tension with SHM at low
charged-particle multiplicity
density
m V. =3dV/dyexcluded:
deviation > 60
m First significant constraint to
SHM possible configurations

e Coalescence quantitatively describes
the 3 H suppression in small systems

> the nuclear size matters at low
charged-particle multiplicity (and
we will measure it!)

SH/A

107°

10°°

Phys.

ALICE

IIIII T T IIIIII| T T IIIIIII T
| e | ALICE p-Pb, 0-40%, |[s, = 5.02 TeV

| = | ALICE Preliminary pp, HM trigger,/s = 13 TeV

[ ¢ | ALICE Pb-Pb, 0-10%, s, = 2.76 TeV

B.R. =0.25+0.02

III[II

~— 3-body coalescence

*\-* 2-body coalescence
—S8HM, Ve =dV/dy -
-SHM, Ve = 3dV/dy

| | I | | | | | I | | |
10 10° 10°

Rev. Lett. 128, (2022) 252003
(dN_ /dn)

n|<0.5
F. Mazzaschi



First hypertritons seen by LHCb!

LHCb observed the (anti-)hypertriton on Run 2 pp data:
~ 100 anti-* H analysing 5.5 b

>
>

Innovative method for tagging *He nuclei
> Allows for complementary measurements with ALICE in the forward region
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https://cds.cern.ch/record/2868251/files/LHCb-CONF-2023-002.pdf

A=4 Hypernuclei at the LHC



*Hand * He in Pb-Pb collisions

e “ Hand* He are expected to be compact states
> SHM should give a good estimation of the yield

% 16

ALICE

e And the SHM correctly describes the yield only when including the higher spin states

‘H+ A ‘He + A
0.984:£0.05
1+ 10672008 17 % 10.083+0.094
| 1.090.02 1.406+0.003
0+ S _————
2.1570.077 0+ = 029350092
2.39:£0.05
4
AH AHe
Y
By, (MeV)

M. Schafer et al., Phys.Rev.C 106, L031001 (2022)
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*Hand * He in Pb-Pb collisions

Significant deviation from SHM with ground state only

> Nuclear properties inferred again from the production mechanism

y

dN/d

107°F
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|IIII[IIIIIIIIIIIIIII

T T T T I T T T T l T T T T

ALICE Preliminary .
Pb—Pb, |s = 5.02 TeV

SHM using T, = 156 MeV
(including excited states)

SHM using T, = 156 MeV
(ground state only)
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Hypernuclei in the Run 3 era



ALICE in Run 3: goingto A > 3 % 19

ALICE
e [HC Run 3: continuous readout + ITS and TPC upgrades

> O(10% and O(10%) larger with respect to minimum bias pp and Pb—Pb samples
> Dedicated trigger on *He and “He
> Precision measurements of ° H in small colliding systems

e Extend ALICE hypernuclear program to A > 3 hypernuclei in all collision systems

c\/‘.\ :_|_'_‘_r 0I T 1T | L | T 1T | T T T 7T | T 1T | L : c:\ [ T 1T | T 1T | L | T T T 7T ]
70 - 14— ]
§ - @ ALICE Performance 3 § C ALICE Performance ]
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E Run 3, pp Vs =13.6 TeV 3 C . ]
g 50— — 8 10— iH — *He+nt -
< E 3T, Sesrt . Q C :
© af x T Hesm - o s Local p-value: 4.6 6 -
< F . Z ]
o 30 = n o0 T
c C ] < H N
) C . 5 u N
S 20 4 + - S 4_ N
L] SR : + Iu + . + g H ] o f ] [+ y
105~ . T 2F + BRI | + i
C ] - -+ .
C | | P | L Lo v b Ly gy ] C LI BRI LA ]

996 2.97 2.98 2.99 3.00 3 01 3.02 3. 03 3.04 -’989 3.94 3.95 3. 96 3 97

(GeV/c?) (GeV/c?)

3H we 4He 108
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The upgraded Inner Tracking System % N

ALICE
e [TS2:7 layers based on Monolithic Active Pixel Sensors (MAPS)

24120 chips, 12.5 Gpixel
o Largest MAPS-based detector
in High-Energy Physics

e 3 Inner Barrel layers (IB)

o radii from 2.2 to 3.8 cm
4 Outer Barrel layers (OB)

o radii from 19 to 39 cm

Beam pipe

Reduced material budget and higher spatial resolution: (rg, z) = 5x5 pm?

F. Mazzaschi



Back to the origin

e Hypernuclei are directly tracked with the ITS2 !

21

ALICE

o Possibility to reconstruct the full decay chain — silicon MHz bubble chamber
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The strangeness tracking algorithm % :

| ALICE
1. Matches the * H ITS track with the decay daughter tracks
2. Final kinematic fit of the decay topology (WIP)
Before strangeness tracking
£ NOS.O_—]O'S"l""""|""|""|""|""|"‘J—_
= s F ALICE Simulation -
S 251 pp, Vs = 13.6 TeV -
g f SB(B8c)=12+0.1 1
S 20 -
a i AlSH+H .
S 15F —— Signal + Background —
S 4 e Background ]
1.0 s atenntte® =
0'5:_....|....|....|....|....|.....|..°.....__
296 297 298 299 3.00 3.01 3.02 3.03 3.04

M(He + 7 and c.c.) (GeV/c?)
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The strangeness tracking algorithm

% 23
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ALICE

3 HITS track with the decay daughter tracks
Final kinematic fit of the decay topology (WIP)

After strangeness tracking
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o Y/ ]
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- S " ¥ S/B(306)=559+06 1
=i 2 o5k E
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3 3He S £ — Signal + Background -
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. ]
; | | | . . | .l 296 2.97 2.98 299 3.00 3. 01 3.02 3.08 3.04
0 5 10 15 20 25 30 35 40 M(SHe + 'J'E and CC) (GeV/C )

x (cm)

Outstanding background suppression! F. Mazzaschi



Conclusions



25
Conclusions

e ° Hin large systems:
> Precise measurements of lifetime and B, in Pb—Pb collisions
m  Weakly bound nature of ° H confirmed

e First measurement of the * H production in p—Pb collisions:
> 3 H/Afavours coalescence expectation
> Nuclear size matters at low-charged particle multiplicity

e Run3:
> Large sample + strangeness tracking — new era for light-hypernuclei with A < 5

F. Mazzaschi
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: 27
Probing the core of the neutron stars %

e Neutron stars (NSs) equation of state (EoS)

o Production of hyperons favourable
inside the innermost core of the NS
o Softening of the EoS, incompatible with
measured heavy NS
m  "Hyperon puzzle”

Inner core

Inner crust

"W D. Logoteta et al., Eur.Phys.J.A55 (2019) 2l D. Lonardoni et al., Phys. Rev. Lett. 114 (2019) F. Mazzaschi



Probing the core of the neutron stars

ALICE
e Neutron stars (NSs) equation of state (EoS)
28
o Introduction of A-N-N repulsion might : SRR —
solve the hyperon puzzle 24 § e / ’
. 45(1)M
o Models need additional ’o . PSR J0348+0432
experimental constraints! ~ anemngn | PSRUI6142230
S 16| 1
o BAH : most direct probe on earth to study = 4 13605)M,
the A-N and A-N-N forces 121 AN + ANN (1)
o Binding energy of the >,H employed to 08 \ oesm,
model the AN interaction potential oal
0.0

"W D. Logoteta et al., Eur.Phys.J.A 55 (2019)

10 1

2 D. Lonardoni et al., Phys. Rev. Lett. 114 (2019)

13
R [km]

14 15 16
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The R3 dependency 29

ALICE

1.6 ‘ ‘ ‘ —

World average in B |7
—_ |

].4 ———- PRC 102
‘ PRC 102 |R3 = 0.35
—.=.- PRC 102 |Rg = 0.35 + =FSI
12 : " . PRC 102 |R3 = 0.27 + nFSI
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arXiv:2309.12822
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Figure 3. Lifetime of the hypertriton 7 relative to the free A lifetime 75. The grey band represents
the result obtained in Ref. [16]. In addition, we show the results using a fixed branching ratio R3 to
calculate the total width with and without pionic final state interactions, similar to the approach
in Ref. [15], which is given in yellow for reference. The green areas give the world average for the
hypertriton lifetime as well as the A separation energy according to Ref. [10]. In order to keep the
plot readable we show EFT uncertainty bands only for the results of Ref. [16].
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https://arxiv.org/abs/2309.12822

(Hyper)nuclei at the LHC

e (Hyper)nuclei at the LHC observed in all
the collision systems
o  pp, p-Pb, Pb-Pb
o Pb-Pb: complex dynamics and
Quark Gluon Plasma (QGP)
formation

e Nuclei and hypernuclei produced in the
latest stages of the collision evolution
o Chemical and kinetic freeze outs

e B, =100 keV T, =100 MeV
o which is the formation mechanism of
these objects at the LHC energies ?

F. Mazzaschi



The Statistical Hadronisation Model (SHM)

e Hadrons emitted from the interaction
region in statistical equilibrium when
the system reaches the chemical
freeze-out temperature

e Abundance of a species

o oc Exp(—m/TChem )/

e Mainly used for Pb—Pb, it can be used
in smaller systems (pp and p-Pb) by
using the canonical ensemble

! A. Andronic et al., Nature 561, (2018) 3210
2 @ Vovchenko et al., Phys. Lett. B 785, (2018) 171
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Coalescence Models

e Original idea:
o Nucleons close in phase space at
the freeze-out can form a nucleus
via coalescence

e Today: Wigner function formalism' 2

o Overlap between nucleus
wave-function and nucleon
phase-space distribution

o Dynamic description, but yield
predictions only relative to the
nucleon ones

"l Sun et al., Phys. Lett. B 792, (2019) 132
2 Horst et al. , arXiv:2302.12696
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https://arxiv.org/abs/2302.12696

Coalescence vs SHM

e Production vs charged particle
multiplicity

o  Dependence on the system size

e d/p ratio successfully described by
both SHM and Coalescence from pp
to Pb—Pb collisions

How can we improve our understanding?

ALICE
x107°
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Significance % >

ALICE
Phys. Rev. Lett. 128, (2022) 252003
g EI T | T TT | T TTT | T T ‘ T TT | T 1T | T T [T IE
e Significance estimated with local © a S
p-value gl o 3
o Probability for a S 107 E
background fluctuation to S f 36
be at least as large as the 10=E
observed maximum excess 1043 -
o Asymptotic formulae for SEMMU 1 SO . B
likelihood-based tests ' 10°E E
Signifi fa4 - This thesis ]
o Ignitficance ot 4.40 10‘6§— p—Pb 0-40%, ‘,SN —5.02 TeV 5o _§
10_7;_|| 1 1 | 1 111 | 1111 | I | ‘ 1 111 | 1111 | L 111 | 1 1 II—;
296 297 298 299 3 3.01 3.02 3.03 3.04
3 - SHa + 2
! Cowan et al. Eur. Phys. J. C 71 (2011) M(He + m) + M("He + =) (GeV/c") F Mazzaschi



NA60+

e Performance study for the NA60+ experiment: 5AHe

1 3
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[]
141 { =
1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 ] 1 | 1 1 1 1 I 1 1 1 1 -
4.8 481 4.82 483 4.84 4.85 4.86 4.87 4.88

Mig,p.r (GEV/C?)

ALICE
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EFTs
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e Chiral EFT

Auv (MeV)  Bp (keV) Ty sye - (GHZ)  7(RH) (ps)

800
900
1000

69 0.975
135 1,197
159 1.265
410 1.403

234+ 27
190 + 22
180 £ 21
163 +18

e Pionless EFT

161

1.2F

I;/Ta

0.6

14}

0.8\,

ol

1=

0.4} g

02l j.'"‘-/ =
:I -

Ba [I'VIeV]

ALICE

Strong B, dependence

B Pérez-Obiol A., Physics Letters B,

vol. 811 (2020)

Cupe + Dag |

2m |
= Dipie) (Dot + Tpa) | ]

0.7

‘0,8 .

09

1

Mild B, dependence

B Hildenbrand F. et al., Physical Review C,
vol. 102, no. 6 (2020)
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Final results
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e Most precise measurements to date of T and B, of the * H

> T =

253 +

Theoretical predictions

- - Nuo. Cim. 46 (1966) 786

--- PRC 57 (1998) 1595
PLB 811 (2020) 135916 - A -

PR 136 (1964) B1803 @

PRL 20 (1968) 819
PR 180 (1969) 1307

NPB 16 (1970) 46

PRD 1 (1970) 66

NPB 67 (1973) 269

STAR, Science 328 (2010) 58
HypHI, NPA 913 (2013) 170
ALICE, PLB 754 (2016) 360
STAR, PRC 97 (2018) 054909
ALICE, PLB 797 (2019) 134905
STAR, PRL 128 (2021) 202301

ALICE, Pb—Pb 5.02 TeV

1 (stat.) =
> B,=102 + 63 (stat.) =

—— J.Phys. G18 (1992) 339-357

PRC 102 (2020) 064002
PLB 811 (2020) 135916 - B

?

—A lifetime - PDG value —|

6 (syst.) ps
67 (syst.) keV

Theoretical predictions
--*NPB 47 (1972) 109-137
EPJA 56 (2020) 91

—— PRC 77 (2008) 027001

IR B | |||ﬂx||||n||||\|

0

100 200 300 400 500

3H lifetime (ps)

Nuo. Cim. 21 (1961) 235

Nuo. Cim. 26 (1962) 840

Nuo. Cim. A 43 (1966) 180

NPB1 (1967) 105

NPB4 (1968) 511

PRD1 (1970) 66

NPB52 (1973) 1

STAR, Nat. Phys 16 (2020)

ALICE, Pb-Pb 5.02 TeV

ALICE

Compatible with
all the theoretical
predictions
assuming ° H as
weakly bound
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Boosted Decision Trees

ALICE
e Simple (apparently) supervised learning model well
suited for classification and regression problems "Woman |

Yes No

e Building block — Decision Tree (DT) S -,
Age Class

o A sequence of simple tests on the variables of the :
hypertriton candidate <30 >30  1%tclass other

o Combining all the tests one gets an output as a
function of the variables of the single candidate

e TrainingaDT:

o each test is built to maximise the separation
between the signal and the background classes

Probably | | Probably | Probably | | Probably

going to dead going to dead
survive survive

DT applied to the Titanic dataset:

was the passenger survived?

F. Mazzaschi
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Boosted Decision Trees

e DT: poor performances on independent samples — overfitting

/ Boosting \

o Many simple (shallow) trees built
sequentially

o Each tree is built to compensate
the errors of the previous one

Ensemble model

o predictions are made combining

the output of all the trees
Do they like computer games?

\ o Very resilient to overfitting / Score based approach to evaluate it

F. Mazzaschi



° H signal in pp and p-Pb collisions % N

ALICE
Phys. Rev. Lett. 128, (2022) 252003

e Data samples: §14_II|IIII_
> pp collisions aty/s = 13 TeV and 2 of ALICE E
p—Pb collisions at /s, = 5.02TeV 5 T p-Pb, 0-40%, 5y = 5.02 TeV -
collected during Run 2 €3 ol R DA
AL t 3H+ 3H i
e ° Hselection in pp: trigger on high 7 8:_ —— Signal + Background -
multiplicity events using VO detectors .2 | — — Background -
+ topological selections on triggered UEJ' 6 -
events i ] ]
e ° Hselection in p-Pb: 40% most central 4-_%» 1TIL ] \ LU 1
collisions + BDT Classifier % T T ] J 1 1 i
e Significance > 40 both in pp and p-Pb Lo |||+‘|MT

2|.98 299 3 3.01 3.02 3.083 3.04
M(CHe + ) + M(*He + *) (GeV/c?)

n

(SN
o —
ac
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