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(selection of hypernuclei & correlations)
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Motivation

ALICE

Particle production mechanism
Statistical models (SHM)

* Hadrons emitted from a system in statistical and chemical

equilibrium El—[l+|llllll]|l|l]l¥l¥|lll¥IVIVIIIII|||III_
108 ;—_". Pb-Pb \syy =2.76 TeV, 0%-10% centrality 3
. K* 3
102 e =
° dN/dy X exp('m/Tchem) E T P4 E
10 ;— .'.'.' =
g & =7 3
* Tchem = 156 MeV 100 | p ]
— 2 2 3
+ 10T F 4 .
8 F ., ]
S 10tE E
g F .. 3
10°F " 3He E
E *. 3H ]
oA
10* £ @ Data from the ALICE Collaboration K 3
107 — Statistical hadronization —
a Total (after decays) " He ]
10° & -T- 3
LT Primordial E
10_7'....|.‘.‘|,..‘|‘.‘.l..‘.l.‘..l....l.‘..'
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Mass (GeV)
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Motivation

ALICE

Particle production mechanism
Statistical models (SHM) Coalescence models

* Hadrons emitted from a system in statistical and chemical * (Anti)nuclei arise from the overlap of the (anti)nucleons
equilibrium phase-space distributions with the Wigner density of
10° Eg. Pb-Pb sy =2.76 TeV, 0%-10% centrality —
ek ] the bound state
* dN/dy X EXp('m/Tchem) 1 B ) . . .
"0 Jegys E * Microscopic description
° Tchem ~ 156 MeV 100 p . 4
- E ., L
E 10 g .
o F -,
3102 F " -
= E . ]
© 408 3 ""‘.,3He 3 ﬂ Q
E *. 3H ]
1074 3 ® Data from the ALICE Collaboration *;./,‘, 3
107 _ Statistical hadronization _
. _ Total (after decays) ~"~.fHe _
10 -------- Primordial + y
10_7 e b e by b e e by by b by gy
0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0
Mass (GeV)

chiara.pinto@cern.ch EMMI workshop - Bound states and particle interactions, Trieste — 3/07/23



Motivation

ALICE

Particle interactions

* Equation of state
* Neutron stars

» Exotic states (bound states, molecular states, coupled

channels, ...)

2.8

24

M [Mo]

0.8 -

04

0.0

D. Lonardoni et al., PRL 114, 092301 (2015)

2.45(1)M
/(:\ PSR J0348+0432

Mo - Solar mass
PNM 2.09(1)Mo

AN+ANN (1) PSR J1614-2230

10

1.36(5)Mo
AN+ANN (1)
0.66(2)Mo ]
N
11 12 13 14 15 16
R [km]
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@ sHinsmall collisionsystems B

ALICE

oA

n m . m

"deuteron” core
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+H in small collision systems B

ALICE

Small collision systems (as pp) are interesting:
* size of system created in the collision is smaller or equal to that
of the nucleus under study

A oA

A~ 10 fm
O’ n”‘p
System size (pp, p—Pb): 1-1.5 fm "deuteron” core
rq: 1.96 fm
r3pe: 1.76 fm

" 3y (npn)- 4.9 fm (Bp= 2.35 MeV)
3y ()’ 10 fm (Bo~ 0.13 MeV)
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*H in small collision systems

ALICE

Small collision systems (as pp) are interesting:
* size of system created in the collision is smaller or equal to that

of the nucleus under study
* for small systems model predictions are quite different

H/A

3

A

oA

n..'p

"deuteron” core

~10fm

-+ g

System size (pp, p—Pb): 1-1.5 fm
rq:1.96 fm

3He- 1.76 fm

" 341 (npA)’ : 4.9 fm (By= 2.35 MeV)
rsH @n): 10 fm (Bo~ 0.13 MeV)

iH//\ ratio provides a powerful tool to investigate

nuclear production mechanism

PLB 754 (2016) 360-372

10°

Ll Dol

— B.R.=0.25+0.02

[ ¢ | ALICE Pb-Pb, 0~10%, {/Sy = 2.76 TeV

T IIIIIII T T IIIIIII

p-Pb and high- multlpllClty ______
| pp collisions I

~ 3-body coalescence
= 2-body coalescence

—SHM, Ve =dV/dy

SHM, Ve =3dV/dy |

IIIIIIII |

IIllIlIl |

O

10°
<chh/d 77>|n|<0.5

€ ®

102

10

-0
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*H in small collision systems

ALICE

Small collision systems (as pp) are interesting:

* size of system created in the collision is smaller or equal to that
of the nucleus under study

* for small systems model predictions are quite different

* coalescence is sensitive to the interplay between the size of the
collision system and the spatial extension of the nucleus wave
function

*H
P

n‘..p

"deuteron” core

g

System size (pp, p—Pb): 1-1.5 fm
rq:1.96 fm

3pe: 1.76 fm

" 3 (np)- :4.9 fm (Bp=2.35 MeV)
rsH @n): 10 fm (Bo~ 0.13 MeV)

oA

~10fm

powerful probe for investigating

the nucleon - A interaction

SH/A

iH//\ ratio provides a powerful tool to investigate

nuclear production mechanism

PLB 754 (2016) 360-372

[ ¢ | ALICE Pb-Pb, 0~10%, {/Sy = 2.76 TeV

T IIIIIII T T IIIIIII

10— BR.=0.25+0.02

Ll Dol

p-Pb and high- multlphClty ------
| pp collisions I

~ 3-body coalescence
= 2-body coalescence

—SHM, Ve =dV/dy

IIllIIII | IIIIIIII |

----- SHM, Ve =3dV/dy |

O

10 10 10°
<chh/d 77>|n|<0.5
—0 ¢ <o
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The ALICE detector I

ALICE |
, _ Inner Tracking System
Time O_f Flight tracking, vertex, PID at low p VO trigger, multiplicity estimators
PID via 8 (Minimum Bias: 0 — 100%, High Multiplicity: 0 — 0.1%)

T * pp, p—Pb, Pb—Pb collisions at
various centre-of-mass energies
S ESESE £ - * excellent tracking and PID capabilities
AR i over a broad momentum range
" TPC: g4g/qx ~ 5.5% for pp
T4e/dx ~ 7% for Pb—PDb
- "= TOF: opp~ 70 ps for pp
opp ~ 60 ps for Pb—Pb
low material budget

—> most suited detector at the LHC for
the study of (anti)(hyper)nuclei &

Time Projection Chamber hadron-hadron correlations

tracking, PID via dE/dx
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Hypertriton lifetime B

ALICE Theoretical predictions
- = Nuo. Cim. 46 (1966) 786  ---- Nuo. Cim. 51 (1979) 180-186
* Most precise measurement — J.Phys. G18 (1992) 339-357 -~ PRC 57 (1998) 1595
PRC 102 (2020) 064002 PLB 811 (2020) 135916
* Compatible with latest ALICE and STAR or 108 1954 1803 | e T
measurements PRL 20 (1968) 819 B ' : ?-— N
* Models predicting a lifetime close to the PR 180 (1969) 1307 | S| o 7
free A one are favoured NPB 16 (1970 46| e i
e Strong hint that hypertriton is weakly PRD 1 (1970) 66| : jlr.i |
bound, but B, is still needed to solve the NPB 67 (1973) 269 | e a
puzzle STAR, Science 328 (2010) 58 | *EE—-L—-E- ;
HypHi, NPA 913 (2013) 170 B IE:E}E E B
ALICE, PLB 754 (2016) 360 e
T= [253 :l: 1 1 (Stat‘) :I: 6 (SySt‘)] pS STAR, PRC 97 (2018) 054909 5 :_{i : ~A liletime - PDG value ™
ALICE, PLB 797 (2019) 134905 5 | —@@'in— |
STAR, PRL 128 (2021) 202301 B : EI{-ZJ E ;
ALICE, Pb-Pb 5.02 TeV B : lﬂj T

0100 200 300 400 500

> 2020 models: assuming Ba= 70 keV 3
+H lifetime (ps)

< 2020 models: assuming BA= 130 keV arXiv:2209.07360
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https://arxiv.org/abs/2303.00606
https://arxiv.org/pdf/2209.07360.pdf

Hypertriton binding energy

ALICE
 From the mass measurement to B, Ba = [72£63 (stat.) £36 (syst.)] keV.
Theoretical predictions
BA MA + Md MsAH ----NPB47 (1972) 109-137  —— PRC77 (2008) 027001
—arXiv:1711.07521 EPJA(2020) 56

Illlllllll :IIHI 1 I T T T II

* Weakly bound nature of 3,H is confirmed by |

: ‘—0— NPB1 (1967) 105

the latest ALICE measurement i - i
= B, compatible with zero . NP4 (1968) 511

" in agreement within 1o with Dalitz and B F |
xEFT-based predictions . . PRD1 (1970) 66

= fully consistent with the lifetime i |\ _
measurement according to recent . NPB52 (1973) 1

theoretical calculations [1, 2] B |! -
: | - e - STAR, Nat. Phys 16 (2020)
r/iH (npn): 4.9 fm (B,=2.35 MeV) — 5
"3y any: ~10 fm (B, ~ 0.13 MeV) | H |

L .
-0.4 —0 2 0 0.2 0 4 0 6
[1] Hildenbrand et al., PRC 102 (2020) 6
[2] Pérez-Obiol et al., PLB (2020) 811 B, (MeV) arXiv:2209.07360
-
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ALICE, Pb-Pb 5.02 TeV



https://pdg.lbl.gov/2018/listings/rpp2018-list-lambda.pdf
https://physics.nist.gov/cgi-bin/cuu/Value?md
https://doi.org/10.1103/PhysRevC.102.064002
https://doi.org/10.1016/j.physletb.2020.135916
https://arxiv.org/pdf/2209.07360.pdf

Hypertriton production

ALICE
< TTTT | I I | I L | | | T TTT II T . .
- [« ] ALICE p-Pb, 0-40%, {5y, = 5.02 TeV * Pb—Pb collisions:
<, 5| [=]ALICE Preliminary pp, HM tigger.f5 = 13TV _ = small difference between the predictions from SHM
- [ # ] ALICE Pb-Pb, 0-10%, |[s,, = 2.76 TeV 3 and coalescence
[ RS s * pp and p—Pb collisions:
- = |arge separation between production models
I " measurements are in good agreement with 2-body
- coalescence
= tension with SHM at low charged-particle multiplicity
10° N ] density
N —— 3-body coalescence - . . . .
- . » configuration with V. =3dV/dy is excluded by more
i ~ 2-body coalescence
- . than 60
B —SHM, Ve =dV/idy
‘ == SHM, Ve = 3dV/dy
| i e ] I lI | | N T T | I 1

7 pe Py Coalescence quantitatively describes the ,3\H suppression in

small systems
(dN_ /ol

In|<0.5 > the nuclear size matters at low charged-particle multiplicity

p—Pb: PRL 128 (2022) 25, 252003
Pb—Pb: PLB 754 (2016) 360-372
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Nuclear interactions O

ALICE
* Femtoscopic measurement of the hadron - hadron interaction in pp collisions D. Mihaylov’s talk
o Access to the strong interaction and short-range dynamics between hadrons (~ 1-2 fm) Mon. 14.30

b Interaction

L T Repulsive | | | \ Repulsive
\ —— Attractive —— Attractive

i .

————
-
——
-
-
-
.

—

Emission source

P
sr) e ﬁb\,

C(k™)

V(r*) (MeV)
(=)

0 05 10 15 20 50 100 150 200

- r* (fm)
D o | k* (MeV/c)
Schrodinger equation Correlation function
r - 2 N k*
* Two particle correlation function: (' (k*) = 5(77*) 1/)(](*’77*) d37* = N (k™) same( )
k
J Nmixed(k )
o particle-emitting source .
. theoretical measurement
(anchored to p-p correlation in ALICE data) . L
, , definition definition
o two-particle wave function
[M. Korwieser’s tﬂ B B (2020) 135819
ature -
Mon. 15.00 Koonin, Physics Letters B 70 (1977) 43-47
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p-A correlations in pp collisions B

ALICE
X 2-2! a) ALICE pp Vs = 13 TeV = » Test chiral effective field theories
O of high-mult. (0-0.17% INEL>0) — * Small deviation k* < 110 MeV of 3.2 sigmas = 2-body
18 E_: I pA @ PA pairs _f interactions are too attractive
=\ Fit NLO19 (600) .
1.6 \ —— Residual pz% yEFT =
14 o Residual p=~ @ p=° -
12 . =
1:% T 1 l ) .
¥ 1.06— ' ' —
% 1.04 :_ — Cubic baseline _:
1.02 - =
o —— e ——
— O=O=0 OO OO~ -
0.98 —
Qb 5 E_ + + + =
OF : )
5;_ E D. Mihaylov’s talk
0 100 200 300 400 Mon. 14.30

PLB 833 (2022) 137272
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p-A correlations in pp collisions B

ALICE
;‘E, 2-2! a) ALICE pp Vs = 13 TeV = * Test chiral effective field theories
O of high-mult. (0-0.17% INEL>0) — « Small deviation k* < 110 MeV of 3.2 sigmas = 2-body
18 f_l pA @ PA pairs _f interactions are too attractive | o
- Fit NLO19 (600) - * Based on our knowledge of hypertriton binding energy
1.6 —— Residual p=% yEFT E the 3-body interaction could be less repulsive than
1.4 . Residual p=~ @ p=° - expected
12 . - 3
1: ‘e AH
106 : ’ s
= 104 —— Cubic baseline ] 9 A
G : -
1.02 E / R A
1_}Ev___—wﬂ... _ %
0.98 - ) ) ) ~ "deuteron” core
© 5F ' ' ' =
< C
of : ,
5 3 3 D. Mihaylov’s talk
0 100 200 300 400 Mon. 14.30

PLB 833 (2022) 137272
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ALICE
;\_cl 2'2! a) ALICE pp Vs =13 TeV B * Test chiral effective field theories
O of high-mult. (0-0.17% INEL>0) — « Small deviation k* < 110 MeV of 3.2 sigmas = 2-body
18 :_l pA @ PA pairs = interactions are too attractive | o
- Fit NLO19 (600) - * Based on our knowledge of hypertriton binding energy
1.6 —— Residual p=° yEFT B the 3-body interaction could be less repulsive than
AN px™: X -
14 o Residual p=~ @ p=° - expected
12 X = o Sop TTTTTITTTTTTOIITEIITEIIIITT I
1:2_ %o . S : arXiv:2206.03344 L. Serksnyte’s talk
T 1.06 & e =y Wed. 15.00
= o —— Cubic baseline ] . .
© 1 8; K " ] 201 %] p-p-A®p-p-A Data =
' 133‘.” . % : = p-p-A Two-particle correlations, -
0.98 :_ 200 onmoro-0 O _: 2 E_ projector method —E
Qb 5 E_ + + + _: 10;_' _;
°F z st o i
-5k ~ - - —— s s
0 100 200 300 400 N o v
k* (MeV/c) 01 02 03 04 05 06 07 08

Q, (GeV/c)
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https://arxiv.org/abs/2206.03344

ALICE
s (@) .!. - A ' .’Q 'Q.\ ' 0’0”0.0
Genuint < " o "

three-body

correlations

c3 (Q3) allows to isolate effects associated with the genuine three-body interaction

6;, O B B BRI LN LI B B
. . . & C g p-p-A cumulant -
* p-p-A cumulants : consistent with null-hypothesis S asb PP E
* No sign of a repulsion! - -
20 |- ~
* Conclusions - ol ALICE -
* Poses interesting questions for the equation of state 15 | pp Vs =13 TeV -
« Need of more statistics = ALICE Run3 dedicated - High Mult. (0-0.17% INEL) :
trigger! oF ng=0.8 Q;<0.4 E
L. Serksnyte’s talk °F + E
Wed. 1>.00 0 ——11';';'1";;';'#'1*" .

Kubo, J. Phys. Soc. Jpn. 177 (1962) 0o 01 02 03 04 05 06 07 08
arXiv:2206.03344 Q, (GeV/c)
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https://arxiv.org/abs/2206.03344

ALICE
;\10lII]TIIIIITIIIIIIII[III]III . . . .
3 o * Data compared with models that describe strong-interaction
©9 AL EiFrelin nagy treating d as a point-like particle
pp Vs =13 TeV
8 High-mult. (0- 0.17% INEL > 0) * Models very different from the measurement at low k*
* the composite nature of d cannot be neglected
7 ;ﬁ,;‘:,fﬁ,}fenaimy“_so,o) * Short-range interaction must be treated properly
Models with 7. 4 reso. = 1.059 + 0.04 fm
6 ~— Van Oers et al (1967) == Arvieux (1973)
Huttel et al. (1983) -~ Kievsky et al. (1997)

—— Black et al. (1999)

Sensitivity to the dynamics of the three-body
p-(p-n) system

Black(1999): y?/ndf = 734/3 = 244.7 (0-120 MeV/c)

W

R RN EE ] IITTlIIIT]ITIIITIIIIIIITIIITI
ll1lllllllllllllllllllllllllllllllllllll

111 1.11111

1 (—O—f "" e © e S © o SlEIEEE © S it 0 i W @
=1
O C | I — I | I | I | P - l ) I — I | I | l | - - | l | I
0 40 80 120 160 200 240 280
k*(MeV/c)
pd _ +0.06
et = 1'08—0.06 fm Lednicky et al., Phys. Part. Nuclei 40, 307-352 (2009)
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p-d correlations in pp collisions

ALICE
arXiv:2306.02478
N T T | T T T T ] o~ I LN LA L LA N AL R N R LR
1.4 — S« 14 ALICE Preliminary .
- . - pp Vs =13 TeV .
1.2 — 1.2 High-mult. (0-0.17% INEL>0)  —
) 1:_ B 1 E i g S
= 0.8f . 08 F —4 .
O ¥o Pisa Model (r"N ,; = 1.43%)s fm) : _ 5
0.6 I Coulomb+Antisym. 7 0.6 - * pdepd 7
x Bl AV18+UIX ] _—+ I Norm. uncertainty (1.3%) -
0.4F I AV18+UIX (s-wave) - 0.4 [ 3
020 | | | | | | | i 0_2'....l....l....|....|....|....|....|....'
' 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

k* (MeV/c) k* (MeV/c)

3-body calculations done by PISA theory group: M. Viviani, A. Kievsky and L. Marcucci
- Model calculation qualitatively reproduces the data L. Serksnyte’s talk
— The p-d correlation is affected by two + three-body p-p-n interactions! f Wed. 15.00

— Data sensitive to the higher order partial waves
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https://arxiv.org/abs/2306.02478

p-d correlations in pp collisions

[EEY
H

ALICE
arXiv:2306.02478
B I T | I T T | . o~ RERGE Ay LB L L L O L L
1.4 — % 14 ALICE Preliminary .
- . - pp Vs =13 TeV 4
1.2 — 1.2 High-mult. (0-0.17% INEL>0)  —
% 1: — : 1 :_ + + +++ + - - ;
S 0.8f - 08 F —4 .
O ¥o Pisa Model (r"N ,; = 1.43%)s fm) : _ 5
0.6 I Coulomb-+Antisym. Z 0.6 * pdepd 3
N Bl AV18+UIX i _—<+» I Norm. uncertainty (1.3%) -
0.4F I AV18+UIX (s-wave) - 0.4 [ 3
020 | | | | | | | i 0.2-----I...-I....I....I....I....|....|....-
' 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

k* (MeV/c)

3-body calculations done by PISA theory group: M. Viviani, A. Kievsky and L. Marcucci
— Model calculation qualitatively reproduces the data

— The p-d correlation is affected by two + three-body p-p-n interactions!

— Data sensitive to the higher order partial waves

k* (MeVi/c)

This paves the way to 3-body
systems interactions measurements
(hadron-deuteron systems)

- Ainstead of p (3H)

—> ALICE Run3
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https://arxiv.org/abs/2306.02478

Instead of an outlook...

ALICE

A\(1405)

* K" p correlations measured by ALICE in different colliding
systems [1]

— Improve understanding on A(1405) molecular state [2]

[1] PRL 124 (2020) 9, 092301, PLB 822 (2021), 136708, EPIC 83 (2023), 4, 340 O. Vazquez Doce’s talk
[2] M. Mai EPJ.ST 230 (2021), 6, 1593-1607 Mon. 16.30

I —
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Instead of an outlook...

ALICE

* K" p correlations measured by ALICE in different colliding
systems [1]
— Improve understanding on A(1405) molecular state [2]

* Cusp structure at k* ~ 59 MeV/c is observed = due to
opening of K°n channel

e Studied also as a function of source sizes (in all
available collision systems)

[1] PRL 124 (2020) 9, 092301, PLB 822 (2021), 136708, EPIC 83 (2023), 4, 340
[2] M. Mai EPJ.ST 230 (2021), 6, 1593-1607
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ALICE
pp /s =13 TeV
Feore = (0.82 = 0.03 = 0.18) fm

K" =(1.08 + 0.04 = 0.18) fm

;llllllllllll

r’7 =(1.23+ 0.05+ 0.21) fm

¢ Kp ®K'p
[ |Coulomb+Strong, ;”°" pxod s prod:fixed

J
| |Coulomb+Strong, m°’°d fixed a;_)rod, free

07<S <1

bl b

}@?

l

@] i :
_' ..... .......'. ......... i —

prod fixed prod, fixed _|
, O

J
rod,fixed rod, free
® o o

'.o lleNDF—H 74
......................................................................... HEgm .X2/NDF_116 -

1 1 L1 1 l 1 1 1 1 1 l lllll

50 100 150 200 250
k* (MeV/c)

O. Vazquez Doce’s talk
Mon. 16.30




Instead of an outlook...

ALICE

N\(1405)
* K" p correlations measured by ALICE in different colliding
systems [1]

— Improve understanding on A(1405) molecular state [2] e

 Similar scenario in AK™ interaction with =(1620) state? =(1620)
— Shed light on the nature of =(1620), observed by Belle in
= it decay [3]

?
[1] PRL 124 (2020) 9, 092301, PLB 822 (2021), 136708, EPJC 83 (2023), 4, 340 D. Mihaylov’s talk
[2] M. Mai EPJ.ST 230 (2021), 6, 1593-1607 Mon. 14.30

[3] Belle coll. PRL 122 (2019), 7, 07250
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Instead of an outlook...

ALICE

* K" p correlations measured by ALICE in different colliding

systems [1]

— Improve understanding on A(1405) molecular state [2]

e Similar scenario in AK™ interaction with =(1620) state?
— Shed light on the nature of =(1620), observed by Belle in

= it decay [3]

* |nvariant mass from same and mixed event distributions used

to build the correlation

* Z(1620) just above the threshold
-> First experimental evidence of decay into AK™
* Mass in agreement with Belle

Mz (1620) = 1618.497

[1] PRL 124 (2020) 9, 092301, PLB 822 (2021), 136708, EPIC 83 (2023), 4, 340
[2] M. Mai EPJ.ST 230 (2021), 6, 1593-1607

[3] Belle coll. PRL 122 (2019), 7, 07250
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+0.28(stat)

+0.21(syst) MeV/c?

ALICE Prellmlnary pp {s=13TeV

1.6 —
High Mult. (0-0.17% INEL > 0) ]
dA-K @ A-K* .
1.5 — i fi . —]
Femtoscopic it 5/x;y:2305.19093
Background Z
1.4 — Non resonant —
— Resonant ]
s iN Meiiszo = 1618.49 = 0.28(stat) = 0.21(syst) MeVic? 3
O P, T = 1.01=0.14(stat) = 0.39(syst) MeV Z
“ﬁ‘ T, =115.99 = 8.56(stat) + 4.08(syst) MeV .
1.2 * % —
X ]
1.1f ™ —
1 -
6 -_ 1
4b
2 | —
0
ok '
_4 P B A B N P R R P R P
0 50 100 150 200 250 300 350 400

D. Mihaylov’s talk
Mon. 14.30
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https://arxiv.org/abs/2305.19093

Instead of an outlook...

ALICE

e First measurement of the genuine correlation between protons PRD 106 (2022), 5, 052010
and D mesons ;\ Ll 1 1 L] [ Ll 1 L L ] L] L L 1 ] L] T 1 Ll _
— Important input in studies and searches for charm nuclear 55 ] ALICE pp s =13 TeV R
states [1] o2 4rr High-mult. (0-0.17% INEL >0)

* Comparison with available models i * pb ®pD’ ]
- Indication of an attractive interaction | —— Coulomb i
—> Compatible also with the formation of bound state 3 —— C. Fontoura et al. -

B} Fl e - s Y. Yamaguchi et al. .

TABLE I.  Scattering parameters of the different theoretical models for the ND interaction [22-25] and degree of i |
consistency with the experimental data computed in the range k* < 200 MeV/c. i J. Hofmann and M. Lutz |
Model fo(I=0) foI=1) n, 2 J. Haidenbauer et al. (g§/4n =2.25) —
Coulomb (1.1-1.5) i )
Haidenbauer et al. [22] (¢2/4n = 2.25) 0.67 0.04 (0.8-1.3) - }

Hofmann and Lutz [23] -0.16 -0.26 (1.3-1.6) B

Yamaguchi et al. [25] -4.38 -0.07 (0.6-1.1) L\ t + 3 - , i
Fontoura et al. [24] 0.16 -0.25 (1.1-1.5) 1+ I - _+_ —+—_ - + .
£ )
. + , +

* New results on Dt and DK correlations

1 1 1 1 I 1 I 1 1 I 1 L 1 1
measured by ALICE 0 100 200 300 400
(= future will open way for T.. measurements) E. Chizzali’s talk k* (MeV/c)
Mon. 16.00

1 1 | 1 1

[1] A. Hosaka et al. Prog. Part. Nucl. Phys. 96 (2017), 6, 062C01

chiara.pinto@cern.ch EMMI workshop - Bound states and particle interactions, Trieste — 3/07/23



@) Summary

ALICE
* 3H measurements in small collision systems
= powerful tool to investigate nuclear production mechanism
= powerful probe for investigating the nucleon - A interaction

¢ ,?{H lifetime and B, measurements
= weakly bound state, compatible with calculations that assume a radius R~10 fm

= from ,?{H/A concrete possibility to distinguish with high significance between the two nucleosynthesis
mechanisms: hint for coalescence

® N-A correlations
" p-A, p-p-A =2 interplay between 2-body and 3-body interactions is crucial

® p-dcorrelations
= 2-body interactions insufficient to describe C (k*)
= 3-body calculations from Pisa group qualitatively describe the data
= paves the way for measurements of correlations among hypertriton constituents (dA)

® Many more opportunities to be explored with femtoscopy in Run3!

-
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ALICE
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Correlations for a charming future

ALICE
LHCb, Nature Physics 18 (2022)
. CMS, PRL 128 (2022) 032001
* Exotic charm states as TC'I(': or X.1(3872) ( )() LHCb, Nature Comm. 13 (2022)

. . F E o 70_
investigated at LHCb and CMS G 200f CMS incusie N e S
s 2 60— 3 X
. . . . = = F 9fb 825 !
* Investigate its nature with ALICE 3 in Run 5 e B sof ' 3 ﬁ
. k Mk . 3 f E = F 10 | ]
and Run 6 via DD™ and DD™ correlations £ sof sop oo SemTME 42 2 40 T 4 hj—;ﬁ;;
. w F |yl<16 Cent. 0-90% =3 E data ””‘1274 T ]
—> Complementarity between spectroscopy e : a e U RE
N 225 b-enriched (Ixy > 0.1 mm) B 1;1;:m e o -—- ?tklsr und ]
and femtoscopy 3 20 H Do +
© 20 M .
N LN I Y L L B B T 1 1 ; 15E _??1= 10:— m + ﬂiﬁ} h’**%{}iﬂ,}—
(;o ALICE 3 upgrade projection %’ 10 cP C f:-f H’ t FT
101~ lyl<4 - a8 E . S .
MOdels N 0 365 37 375 38 38 39 395 4 3.87 388 389 3.9
o ; ]]:m (PP) - Maryer (G MpOp0+ [GeV/c?]
o - 31m | . _
sl —— 5fm (Pb-Pb) | * Interplay between source size and scattering length
Simulated data — Size-dependent modification on the C (k*) and insights
2f, pp, L., =18 fb™ i}
| Pb-Pb, L= 35 nb" into the nature of T
15“'\,‘,_—___ ----- "
/ E D*+ Molecular Tt Tetraquark Tt
7* ] AV
4><1O_1jl ALICE 3 LO), 1 © s 00
3x10~" CERN-LHCC-2022-009 O o0
—1 | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | 0
2107 01 02 03 04 05 0
k* (GeV/c)
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p-d calculations

ALICE
1.25 L ' ' ' | ' ' ' ' I | ' ' ' I I l T ]
I AV18—|—UIX, RM — 1.5 fm arXiv:2306.02478 : Role of partial waves to the final C (k*)
T .
i Xx—X
0751 1/2° —e— 1/2- —%— Rest & -
o 3/2" —e— 3/2- —— Total —=X—
= | 5/2° —e—  5/2- —— N
O 0.5_— ) A _
0.25F |
N
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p-d calculations

ALICE
1.257 ' 1
I arXivi2306.02478
1y
__0.75
—
=
© 0.5 AV18+UIX —=-
_ 0.95F AV18 —o—
! : NVIa/3N —&—
0.251 0.9 Coulomb only —e—
K 1A optimized Born —4&—
i 80 100 120 140
O | | | L L A | | A | A !
0 100 200 300 400
k (MeV)
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Role of different potentials to the
final C (k™)

: 2-body + 3-body
1 2-body
| 2-body + 3-body

1 asympthotic interaction + antisymm.

2-body interactions in a 3-body system!
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p-d calculations

ALICE

CAV1 8+UIX(k*)/CAV1 8(k*)

1.06

o
©
0

o
©
o)

O
(o)
=

—
|

L |

1

o NN =1.41 fm
o rMN=1.3fm
« i =1.2 fm

N =1.1 fm
o MN=1.0 fm

l 1 l 1

0.92
0

100

200 300
k* (MeVi/c)

400

Contribution of the 3-body interactions over
the 2-body ones, in a 3-body system

2-body interactions in a 3-body system!

arXiv:2306.02478
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A-K- = access Z(1620)

ALICE

* Several peak structures in the measured correlation

Arbitrary Units

Invariant mass from same and mixed event distributions

used to build the correlation
* Z(1620) just above the threshold

-> First experimental evidence of decay into AK™

M, cor. (MeV/c?)

1650 1700 1750 1800 1850 1900

X

—_

o
w

[
ALICE Preliminary pp (s =13 TeV
High Mult. (0-0.17% INEL > 0)

*0o A-K @ A-K'

Q:
1672.2 MeV/c?,

2(1620): 2(1690): &,

1618.5 MeV/c? 1692.4 MeV/c?
&%
oooooooooo [} ] %
o™ °°° G—l ¢° ¢ Roud ¢¢¢¢ ¢¢¢
"""""" 9505'""'"""o'"05°"'°°¢°5¢3¢'¢¢'°9'¢5¢Q'%Q¢Q¢¢"'"""{"%ﬁﬁ%
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X 16 ALICE Preliminary pp Vs = 13 TeV ]
o u High Mult. (0-0.17% INEL > 0) _
_ MA-K ®@A-K' ]
1.5 —
B | | | -
B 1 1 I ]
| | | _
14 I 1 I —]
I I 1 _
ﬂé I 1 1 —
. | | n
130 bay | =(1620) L =
B =] | 1 -
B ®o : | 1 _
1.2f— °°°c} 4 I ]
" | I — 1
i oo () e 1 =(1690) .
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@) A-K™ correlation in pp collisions

ALICE

e Data modeled with the Lednicky-Lyuboshits formula[1] £ 15 ALICE Praliminary pp 1 = 13 TeV =
Non resonant Resonant © H'gr;\Mtlj(IE' Q(aO%OJKZ/ 6 INEL > 0) .
+ ~1620 15 — Femtoscopic fit D. Mihaylov’s talk
\% =( ) Background
Mon. 14.30
. . , o 1.4 Non resonant
Assuming the effective- Assuming a Flatte-like Resonant =
- itude® for = — .
range expansion amplitude? for =(1620) s ﬂ.* Msz0 = 1618.49 = 0.28(stat) = 0.21(syst) MeV/c? _:
* =(1620) properties and scattering parameters ' Wﬁ T'., = 1.01= 0.14(stat) = 0.39(syst) MeV .
. . ® I, =115.99 = 8.56(stat) + 4.08(syst) MeV —
—> Mass in agreement with Belle[3] s . 3
d) —
. +0.28(stat) o ° -]
Mz(1620) = 1618'49i0.21(syst) 1.1 % 7 =
— Indication of a large coupling of =Z(1620) to AK™ 1= ]
—> Non-resonant scattering parameters in agreement with ALICE 6 e
Pb-Pb results[4] 4 ]
* High-precision data to constrain effective chiral theories and to S 20 |
understand the =(1620) nature[5,6] Z ; \
_4 -—- PRI NSNS N T NS T SRS NN SN SN S NS TN N N TN T RSN N ST NS A R -:
| | 0 50 100 150 200 250 300 350 400

[1] R. Lednicky, V. Lyuboshits SUINP 35 (1982) [4]ALICE coll. PRC 103 (2021) ), 5, 055201 * (MeV/

[2] F. Giacosa et al. EPJA 57 (2021), 12, 336 (5] A. Ramos et al. PRL 89 (2002), 252001 (MeVic)
[3] Belle coll. PRL 122 (2019), 7, 07250 [6] A. Feijoo et al. PLB 841 (2023), 137927
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Three-body femtoscopy

ALICE

Extending femtoscopy to three-particle correlations: p-p-p and p-p-A
New way to study interaction in hadron-triplets

P(p1, P2, P3) N (Qs3)
C(p1,P2,P3) = — =N—— Q3 = \/—q-z- — @ — G
’ P(p1)P(p2)P(p3) Nizea(@3) & Ik b
2 T 1 B LA B R RN R B > T | l T 1 T l
S 45 ALICE o 30F :
@) ' @] - .
4 pPp E =13 TeV o5 - .
High Mult. (0-0.17% INEL) n .
35F 4 Fl :
3 =] p-p-p®p-p-p Data 20 =] p-p-A®p-p-A Data E
25 = p-p-p Two-particle correlations, = p-p-A Two-particle correlations, ]
' 15 projector method

’ + _{ projector method
1.5 &K(« ®
-

'+ I EEPEPEE EEPEPET AR PP B 0
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

“,Illlllllllllllll

llllllllllllll

0.6 0.7 0.8

OTTTT
=

o

\V}

of
WL

o

H

o

(&)

Q, (GeV/c) Q, (GeV/c)
How to interpret the results? Interplay between 2-body and 3-body forces arXiv:2206.03344
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() _Accessing genuine 3-body interaction B

ALICE
c3(Qs) '!‘ - A ) :‘ - ‘& - .—.‘ T ..‘
Genuine < . £ a "

three-body

correlatio

c3 (Q3) allows to isolate effects associated with the genuine three-body interaction

)

_ o o 9;) 4 — [ p-p-p genuine cumulant, flat feed-down —

* p-p-p and p-p-p cumulants : significant deviation from zero o [ [ 5 ] p-p-p genuine cumulant, flat feed-down
* Hint of a genuine three-body effect - .

& Y 2 nc=67 Q;<0.4 .

* Possible interpretations I
* Pauli blocking at three-particle level #&—4—
* Three-body strong interaction

ALICE

, 4 + pp Vs =13 TeV
- S\?\;:Zm{tl;egotalk High Mult. (0-0.17% INEL)
PSP EPETETErSN EPETET T STET AT BT R |

Kubo' J- Phys. SOC. Jpn- 177 (1962) 0-1 0-2 0-3 0-4 0-5 0-6 0-7 0-8

arXiv:2206.03344 Q, (GeV/c)
e |
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Statistical models

ALICE
 Hadrons emitted from a system in statistical e e e e
. e 10° kg, Pb-Pb \s,,\ =2.76 TeV, 0%-10% centrality
and chemical equilibrium ke
il T4 Tehem = 156 MeV
. P chem ~ e
« dN/dy < exp(-m/Tem) o .l _
8 = =
= Nuclei (large m): large sensitivity to T .., 100 p T N
— e, 7
* Light nuclei are produced during phase * 107 "*!._,2‘ E
3 : 7
transition (as other hadrons) S 102 . N
3 . :
. . . . i) .. ]
* Typical binding energy of nuclei ~ few MeV 1078 .. 3He E
. 3H 3
(Eg ~2 MeV for d) 104 £ @ Datafrom the ALICE Collaboration . E
= how can they survive the hadronic 10 F Statistical hadronization )
phase environment? 1076 fotal (after decays) Vg
-------- Primordial

10_7 L1 1 1 I 1 1 L L l L1 1 1 l 1 1 L L l 1 1 1 1 l 1 1 1 L l 1 1 1 1 l 1 1 1

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Mass (GeV)

Andronic et al., Nature 561, 321-330 (2018)
| |
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Coalescence models sutier et ol phys. Rev. 120 1963336 )

ALICE

If (anti)nucleons are close in phase space (Ap < py) and match the spin
state, they can form a (anti)nucleus

»
—

B
14
—

Coalescence parameter B, is the key observable

dBNA dSNp A
BAwD) =B, o /(Ep 532)

P A
pr=DT/A

Experimental observable tightly connected to the coalescence probability
Larger B, <= Larger coalescence probability

- |
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Coalescence models sutier et ol phys.Rev. 129 1963336 B

ALICE
* If (anti)nucleons are close in phase space (Ap < p,) and match the spin
X state, they can form a (anti)nucleus
° . 3 * Coalescence parameter B, is the key observable
A
dBNA d3n
st =5,/ (552)
A(pT 4 p P dpg p¥=p$/A

IPRC 99 (2019) 024001
2PRL 123 (2019) 112002

Experimental observable tightly connected to the coalescence probability
Larger B, <= Larger coalescence probability

Coalescence probability depends on the system size

ﬂ Small distance in space
(Only momentum
correlations matter)

g

pp?, p—Pb%: re=1-1.5 fm

< large B
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Coalescence models sutio etal, phys.fev 129 1963836 |

ALICE
* If (anti)nucleons are close in phase space (Ap < p,) and match the spin
X state, they can form a (anti)nucleus
° . 3 * Coalescence parameter B, is the key observable
A
d>Ng d3N
Bao}) =Ea S (B, T2 )
(pT p P dpf; pr=pf/a
;PRC 99 (2019) 024001 * Experimental observable tightly connected to the coalescence probability
3PpiLclgzs (‘jg’ff)’(};j;’fj Larger B, <= Larger coalescence probability

* Coalescence probability depends on the system size

/O Small distance in space @ Large distance in space
(Only momentum _ - (Both momentum and
correlations matter) @ space correlations matter)

< large Ba < small Bi
ppl, p—PbZ: ro= 1-1.5 fm Pb—Pb3: ro= 3-6 fm
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@) Light (anti)nuclei in small systems

ALICE JHEP 01 (2022) 106
- W77 rrrr 19 F° LI UL LA B B
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HM pp @ 13 TeV

Focus on the HM data sample 2
narrow multiplicity interval covered
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Light (anti)nuclei in small systems

ALICE JHEP 01 (2022) 106
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HM pp @ 13 TeV

Focus on the HM data sample 2
narrow multiplicity interval covered
Precise measurement of the emission
source size r.,, using femtoscopy is
available*

- crucial to test the coalescence model

1.3
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1.1
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74

e

V.

S

7
Vi

55T
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ALICE pp Vs =13 TeV
High-mult. (0—0.17% INEL > 0)
Gaussian + Resonance Source
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Testing coalescence model

ALICE

B, measurements sensitive to the nuclear wave function HM pp @ 13 TeV

 HM data sample also used for the precise measurement of the source radii

emission
%1073 EPJC (2022) 82:289 sour Cf size
B T | T | T ‘ T | T T | T T I
% 250 ALICE . 3 ~R(p)
> L
[4)) 20 L i 2m
g - ’
~ 151 . — 3 2. —1q°T
5 10 Lt D@= [ drsanle
10 ° .
- BOUSL : T
gL e Byoc 4 deuteron wave function (size d = 3.2 fm)
- , ,
- [e =13 TeV, HM | P
= pp, Is . 3 Tev, - Different wave functions are tested:
- Gaussian Hulthen | 1« Hulthen: favoured by low-energy scattering experiments
o | XEFT | T|W0 Gaus|8|ans B * Gaussian: best description of currently available ALICE
0.5 1.0 1.5 2.0 data Blum, Takimoto, PRC 99 (2019) 044913
p /A (GeV/c) Scheibl, Heinz, PRC 59 (1999) 1585-1602
T KachelrieR et al., EPJA 1 (2020) 4

]
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ALICE

* Production in small collision systems can also be explored using the O O

underlying event (UE) activity | leading track

$=0
* Coalescence mechanism can be tested comparing the deuteron
production in jets, where nucleons are already closer, with that in the

underlying event

JET

» Highest p; particle (p;'2@ > 5 GeV/c) used as jet proxy

[\

* 3regions in the transverse plane wrt leading track:
= Toward: |Ad| < 60°
= Transverse: 60° < |Ad| <120°
= Away: |Ad| > 120°

UNDERLYING
EVENT

/2

Martin et al., EPJC (2016) 76: 299
|
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Deuteron spectra vs azimuthal regions

ALICE

| Toward region (Jet + UE)

| T T T T | T T T T | T T T T | T T T T | T T T T | T
(d + d)/2
- NEW! [e | Transverse —
- [o)Toward x2 -
= [a]Away x 4 ]
- S ---- Lévy-Tsallis fit |
d +:§q ~x -
_,—‘ “E =— m ~“~, ~~~~ ~ .
= [ — O -
- ALICE Preliminary ) .
- pp, Vs =13 TeV N
i plead > 5 GeV/e L
| 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 I~~~f | 1
0.5 1.0 1.5 2.0 2.5 3.0
P, (GeV/c)

pp @ 13 TeV N
leading track % 10—4
A g

107°

Transverse region (UE)

Deuteron production from events with a jet:

p;'€2d > 5 GeV/c

Jet: ~10% of total production
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T IIIII‘ll

'u | Jet-like (d+d)/2

New! _
---- Lévy-Tsallis fit 2

e T < ]

e I By pseees ...

Jet = Toward — Transverse J

ALICE Preliminary

= pT'eadl >5 GeV/c =

I I RS S S ST S U T S SR SRS SRR BT

0.5 1.0 1.5 2.0 2.5 3.0
P, (GeV/c)

- The majority of deuterons is produced in the

underlying event

]
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@) Deuteron coalescence in and out of jets

ALICE
— SN N B B B New_! * B, parameter flat vs p;/A > in
O - ALICE Preliminary underlying event | agreement with simple
= 10 PpVs=13TeV in-jet _ coalescence
8 - p9>5GeV/c -
e i B,x %2 4+ B,in-jet ~ 15 times larger than B,
QQ 1L _ in UE
E i — e ® E
. B | = Enhanced deuteron coalescence
- 5 probability in jets is observed for the
- = 1 first time!
| 4 | T TS N U N N A S T
04 06 08 10 12 14 1.6
p./A (GeV/c)
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@) Comparison with PYTHIA simulations

ALICE _ . S -
cvé - ALICE Prellmlnary 1% - ALICE Prellmlnary ]
o - lead - o~ L eal - .
% B pp Vs =13 TeV, p; >5 GeV/c _ S B pp Vs =13 TeV, p' d55GeV/c i B2 UE PYTH|A descnbes the
0] ~ [Olunderlying event ] 8 - [O]underlying event 5
S 10 [e]injet 4 2 oL injat | trend of data
@ F [{Pythia (tuned p) + simple coal. 1 @ [ [ Pythia8.3 :d produced via .
- Ap < 0.285 GeV, - B i i - .
i ? Ve ! ordinary reactions 1 B,in-jet PYTHIA reproduces
e E 1E = difference between UE and jet
¥ . o - - e o 1 but shows a decreasing trend
. ] | not observed in data
107 E 107" E
E ) [) ) ] E E : ‘q) ] E
- S ] e 1 -2 Further developments of
. ' . et b models are needed
B 15F ° 1 B85t :
© 1.0p oo —g— © i 9 10F FE - E ® 3
=050 () 1 24:E —e | E
~ Vi e . . . . ] = 0%F g7e . . . - : New!
£ 04 06 08 10 12 14 16 g 04 06 08 10 12 14 16 ew:
[
p/A(GeVic) © p /A (GeVi/c)

PYTHIA 8: Skands et al., EPJC 74 (2014) 8, 3024
PYTHIA 8 + coalescence PYTHIA 8.3 PYTHIA 8.3: Bierlich et al., arXiv:2203.11601
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Anti)(hyper)nuclei production B

ALICE

* At LHC energies same amount of matter and antimatter is
expected (pg ~ 0)*

* (Anti)(hyper)nuclei measurement studies are crucial
" microscopic production mechanism
* input for indirect dark matter searches**

* Production mechanism usually described with two classes of
phenomenological models:

= statistical hadronization

= coalescence

* Focus on production in small collision systems:

*See talk by M. Ciacco
on Tue. 14/06 = deuteron (minimum bias, jets & underlying event)
**See talk by P. Larionov )
on Wed. 15/06 = hypertriton (3,H)
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@ Nuclei identification

ALICE
Low p region (below 1 GeV/c) = PID via dE/dx measurements in TPC

—r
OOO

SO S I EEE N M B

pp
Vs=7TeV

=
©

o
N

* ALICE performance

o
o

=
o2}

dE/dx in TPC (arb. units)

- ppis=13TeV

o
[$)

IIIIIIIIIIIlllllll-llll‘l,

5 R I 1.3.:'1 f -...'1:',: I 1 S J Ll -‘1‘ 'I |
0.5 . 2 2.5 3 3.5 4
' p (GeV/c)

lllllllllllllllllllllllllllll

-2 -1 0 1 2
Phys.Rev.C 93 (2016) 2, 024917 p/z (GeV/c) Higher p region (above 1 GEV/C) — PID via

velocity B measurements in TOF

©
~
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() _SHM predictions for particle yields &

ALICE

1.2§- p/m

(] —
0.8}
0.6}
04l ./

Ratio to the GCE limit
N

0.2}

PRC 100 (2019) 054906

ALICE
* p-p,7 TeV
= p-Pb, 5.02 TeV

+ Pb-Pb,2.76 TeV |

0.6}

Ratio to the GCE limit

Vanilla CSM

T =155 MeV
L/ - = V,=3dV/dy
0-2¢ —-—V_ =6 dV/dy
0.0'...‘| e i Py el P 5 o syl i
10° 10’ 10? 10°
dN /dy

Vanilla SHM predicts the yield of hypertriton but
underestimates the yield of Lambdas

Q - T T LI N B B O | I I T LI B | I T T T TTrTT I T —
~ a CSM (Thermal-FIST) (c) -
- —T=155MeV, V_=dV/dy i
™ < oS LT =155 MeV, V, =3 dVidy B
0 F —-T=170MeV,V_=dV/dy _.—-— — "~ ~ 7 T 7 7 7°7 E
- . W L
- ‘ /: --------------------- 1 —
i P i
107 4 E
= o 3
B y :
u e i
107 E; “ =
¢ E
C [¥]ALICE, BR = 25 %, Pb-Pb |5, =2.76 TeV ]|

1 0—8 | | | | | | 1 1 1 | I 1 | | | I 1

1 10 107 10°

dN._/dy
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() _SHM predictions for particle yields __ &

ALICE PRC 100 (2019) 054906
0.06 e et

gammaS*-implementation of SHM predicts _
also the yield of Lambdas, for all systems | Al

This implementation of SHM: 0.04 L | ./:‘:\ i
' ' o
“ _

* incorporates the incomplete equilibration of _ ’//_—\\f\.
strangeness by introducing the strangeness _ f

saturation factor gammas |
e accounts for the multiplicity-dependent 002 L |
chemical freezeout temperature _ ——1v,CSM, V_ = 3 dV/dy
® p-p,7TeV
= p-Pb, 5.02 TeV
¢ Pb-Pb, 2.76 TeV
000 L1 s el el s el L
10° 10’ 10¢ 10°
(dN_ /dn)

e
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Light (anti)nuclei in small systems (I)

ALICE

Eur. Phys. J. C (2022) 82:289

s g - T \—'h.-—\
-\- i :~ 2, ~ e
,I.u..::.,*_‘\ 0= g 0=
’x N * \”.'V oo
B = i —
%‘ *.—‘Q—\ ot
'.* =G o
- =

—-—
——

/

(o]l (x2% [e]l(x27)

o (x 2°) IV -V (x 2°)
VI(x 2% o]Vl (x 2%
o v (x 22) [e]IX (x 27
[e]X (x2% [e]INEL>0 (x2'°)
- - Levy-Tsallis
g0 brn b b b b b by

00 05 10 15 20 25 3.0 35

pp @ 5.02 TeV

pr spectra fitted with Lévy-Tsallis / m-exponential function = extrapolation to unmeasured regions

[ (GeV/c)

1074
107°
107°
107 F
1072 b .
/
107° |

10
1072
10—4 P B
10105
107 10"E
% N N
llllIlllllllllllIllIllllIl\l\Jllllll\l 10—13-

00 05 10 15 20 25 3.0 35

P (GeV/c)

e (He + *He) /2
- -

=‘=t=9=
. & iy
E:!E:.’::’? 3 .
S = = M N
EI:I\ 8 a
:.Eb\‘:, .~
ALICE
pp,s=5TeV,|y|<05 .
ol (x 2
o ]IV-X(x29

[®]INEL >0 (x 2°)

- * my-exponential

3He

0.0 05 1.0 1.5 20 2.5 3.0 3.5 4.0

[ (GeV/c)
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Comparison with Pythia simulations 25

ALICE

1. Pythia 8.3 (including d production via ordinary reactions, with energy-
dependent cross sections parametrized based on data)
* d production in Pythia:

Bierlich et al., arXiv:2203.11601 p+n=>y +d p+tp—>m+d
p+n—> n®+d p+p>m+m0+d
p+tn—>m+m0+d n+n->m+d
ptn>nt+m+d ntn>m+n’+d

2. Pythia 8 + simple coalescence
* Ap<p

Skands et al., EPJC 74 (2014) 8, 3024 ° >
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Model comparisons in small systems 25

ALICE %107 %107 Eur. Phys. J. C (2022) 82:289
35-0 L ILRLRLLE ILALRLLE I I B B I IR IR Y o RESES LA LRSS SRR A R RS SR RS AR T
o 45F [@Jp-Pb,\s, =5TeV [slpp, Vs=7 TeV = % 14E  Thermal-FIST CSM g

35 E]pp’ E =5TeV -____§ - F _Tch =155 MeV, VC =1 dV/dy .
0B 0 e 3 - Coalescence, r( °He) = 1.76 fm E
2.5 - 8fF —Two-body __----m77 =
' = - —Three-body ot z
2.0 = 6 =
15 = - =
1.0 — Coalescence, r(d) = 1.96 fm 3 - -
05 1 °F F
00||||||: oL 7
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50

WN /dn ) @dN /dn )
ch = Jab'n_ [<0.5 ch lab"n_,[<0.5
o — @ . — @

* Light nuclei production seems to depend only on multiplicity 2 smooth transition across different
collision systems and energies

* Coalescence favored in d/p integrated yield ratios

* Results challenge the models for A=3 nuclei
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H
~N

@) Characterization of emission source
ALICE

* If the interaction is well known, hadron-hadron

correlation can be used to test the emission :_% 1.4 =
source g E «i S ALICE PP E =13 TeV E
S R High-mult. (0-0.17% INEL > 0) 3
e Assumption: particle emission from a gaussian 10 E_ 1 i S - Q al I‘_§§i§n_ 3. ,Fjg sonance §9!!ng _E
core source - i = 1 ]
11 F "l 3
e Short-lived strongly decaying resonances - S-—X = ]
(ct < 10 fm) also taken into account: mainly A 1 E = = =
(2*) resonances for protons (A) C \\ S =
09 F B=PP = ~ =
 Same m; scaling obtained from both p-p and p- - % p—A (NLO) *\ ]
A correlations 0.8 | =
= [= 1 pALO) %\\ -
I/:”’\rCC:fé\ b \\\ 0.7 : | N T TN T YT TN WO NN TN WY W NN TN SN TN AN U NN M NN 1& T | 1_I

ey g— 00— 1 12 14 16 18 2 22 24 26

X I (m_) (GeV/c?
\’\:\ , ,// // T> ( )

PLB 811 (2020) 135849
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d production in jets 2

ALICE

x107° ALICE pp Vs=13 TeV

;\ _I I I I I I I | I I I I I I I I I | I I—

e Deuteron production from hard 3 0.08 P> 5.0 GeV/e ¢ Stat.unc. _

processes: p;'®9 > 5 GeV/c = - An|<1.8 Sys.unc. ]

- ZYAMunc.

* Fraction of deuterons produced in “c;_% 0.06[— ! i PYTHIA+AB

the jetis ~ 8-15%, increasing with i i H o= 110MeVic ]

increasing p; - | TJ. .

0.04— ! _

* The majority of the deuterons are - Ean n -

produced in the underlying event 0 02__ |

. I | _

— Towards region contains a large i |

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

contribution from UE 0 1 5 3 4

pieH (GeVic)

pp @ 13 TeV
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Jet-like deuteron spectrum

Jet-like spectrum can be easily obtained
by subtracting the UE from the Toward
region (Jet + UE)

Results consistent with the the two-

particle correlation method
[Phys.Lett.B 819 (2021) 136440]

leading track

Jet: ~10% of total production %

Jet = Toward — Transverse

ALICE
- B L L
o : pu
N = | Jet-like (d+d)/2
o 107" . S
S - ---- Lévy-Tsallis fit 3
— - -
o i |
<) I |
) B EF """"" | Moo )
< 10° A= = —
© — .
5 F -
2 | :
v ALICE Preliminary i
. pp, Vs = 13 TeV
10 2 pT’ oad > 5 GeV/c E
[ T T T M ST [N S S AN SO S ST N MY SR B i
0.5 1 1.5 2 2.5 3
P, (GeV/c)

JRONERY
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Light (anti)nuclei in small systems

ALICE
1'I__' [T I I I | I I I I | I I I I | I I I I | I ]
§ ALICE Preliminar (0] 0-100 % - 2 |
2 107" Y e010%-2 (@
0, ; p—Pb, \ Sy = 8.16 TeV 10-20 % o 2 ; :
= I ®20-40% 1 v
o | et e 40-100% @D
2 g 8= - Lévy-Tsallis
5 1072E e =
= - o L S - -
S [ oeetTe, o
o ~ o
© H . &S
% 4 . N
<1073 e S
= . S SN
H %E.QE.: = S e
i 9, = = i
_:: A:~..;’I~ \\\ -
107 . E
- — e ) ]
s (d+d)/2 ]
- i’: ~_
i | | | | | | | | | | | | | | | ‘I‘\ | | | | | I\-
0 1 2 3 4
P, (GeV/c)

p—Pb @ 8.16 TeV

* p;spectra fitted with Lévy-Tsallis function

= Extrapolation to unmeasured regions

.a.rx.iv:.21|09.'1.3(.)2.6v|1. e pp @ 13 TeV

S (*He+°He)/2 1
asaden = = =10
8 " =@ =
= ‘ oo .
> [ 8= _
- - T8 =
%U»— ===} = @
-] 3 S T .
< \.ﬁQ\:\ = 10
pp, s =13 TeV S G -
[®]|HM o]VB A 100
MB | ®|MB I E
- - Lévy-Tsallis _: 101
llllllllllllllIllIlIllllIllllIllE
P (GeV/c)
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Ratio to protons — models comparison

N T T IIIIIII T T IIIIII| T T IIIIII|

Q- - Thermal-FIST CSM (PLB 785 (2018) 171-174), T_ =155MeV = c
+ 0.005[ _ V.=3dV/dy — V.=dV/dy - = 105 =
Qo ~ —Coalescence (PLB 792 (2019) 132-137) ] g_ - ]
~~ — ] - _
© 0.004 | Multiplicity Classes: ) Por—— --9 B :
—  VOA (Pb-side) for p-Pb H I = O = |
[ VOMforppand Po-Pb .- * i © N
0.003— 0 L - oC CSM (Thermal-FIST), T = 155 MeV
N : i B VY — Vo=dV/dy ---- V,=3dV/dy
B ol L@ ALICE i 1075 5 Coalescence =
0.002 [ Ld ‘. (=] PP, 7 TeV _] - - - Three-body -~ Two-body :
T pp, 13 TeV i - 3He + *He, p-Pb, 5.02 TeV :
n #] Pb-Pb, 2.76 TeV N - % 3He:3He, p-Pb, 8.16 TeV (Prel.) -
0.001+ (0] Pb-Pb, 5.02 TeV (Prel.) |/ [®] 2 + ®He, Pb-Pb, 2.76 TeV [*] 2 « *He, Pb-Pb, 5.02 TeV (Prel.) -
B B (=]
) ] p-Pb, 5.02 TeV i [#] 2 « He, pp, 7 TeV [®] 2 « °H, Pb-Pb, 5.02 TeV (Prel.)
i (] p-Pb, 8.16 TeV (Prel.) - -7 [0]°H + °H, p-Pb, 5.02 TeV  [0] °He + °He, pp, 13 TeV (Prel) |
0 1 1 ||||||| 1 1 ||||||| 1 1 ||||||| 1 1 10 — | | | —
1 10 10° 10° 10 10° 10°
dN /d
<chh / dn'ab>|’7lab|<0'5 { ch nlab> n. <05

* Smooth transition across different collision systems and energies
* Light nuclei production seems to depend only on multiplicity

* Results challenge the models for A=3 nuclei
.
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@ Coalescence parameters VS p,/A

ALICE

* B, is rather flat in multiplicity classes, but increases at high p/A in the MB class

10

B, (GeV?/c?)

107"

1072

1073

anti-deuterons, pp, Vs = 13 TeV

T TTTIT

I IIIIIIII [ IIIIIIII [ Illlllll

I I I 1 T I
(N / dr) = 2.55

VOM Multiplicity Classes

.
W]
w ]
(m]1(x1)

m | "
Elsaear s o T
DOOOUL R LNy

]

o O

MEEEE | w ]
(]

in| =

(dN_ / dn) = 26.02

I I I T 1 I T I 1 I

w1l (x2)
a1 (x 4)
IV +V (x 8)
VI (x 16)
= VI (x 32)
"= | VIl (x 64)
(m ] IX (x 128)
[®] X (x 256)

[m]INEL >0 (x 512)

1

-

|

(. Illlll|

Qllll | llllllll | llllllll

0.5 1

Eur. Phys. J. C (2020) 80:889

25

p.JA (GeVic)

JRONERY

D

= ALICE VOA Multiplicity Classes s
- p-Pb \s\=5.02 TeV =0-10% ¢+ 10-20% (x2) 1
- 1<y <0 +20-40% (x4) +40-100% (x8)
= He + “Ho)/2 +INEL>0 (x16) =
- —— i
i ¥ — & |

— — T B
e Sy S—— =
SR — — + | -
- — " _
S I S N . " .
I e T e H—— ’

| | | | | | | | | | | | |
0.5 1 1.5

Phys. Rev. C 101, 044906 (2020) P / A (GeV/c)

p—Pb @ 5.02 TeV
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@) Coalescence parameter B, B

ALICE
CG\ I I I T TTT T I T L I T I T lII| 0
NE ] Continuous evolution of B, with multiplicity
> Dy — p./A=0.75 GeV/c "
o 10°F el .-.ﬁ.;j Bisre T ' = * Smooth transition from small to large
S . W - system size
Ql . NG YO N . . . .
Ay - ALCE Nl 1+ Single underlying production mechanism?
~ dpp,\s=13TeV N\ .. - . .
| e pp 15 -7Tev | Similar conclusions apply also for B,
10 — [#] d+d, p-Pb, | sy = 5.02 TeV .
- [#] d, Pb-Pb, | sy =2.76 TeV 4 Advanced coalescence models taking into
- (0] dvd, p-Pb, | sy = 8.16 TeV (Preliminary) 4 account the size of the nucleus and of the
- B, coalesc. r(d) = 3.2 fm (PRC 99 (2019) 054905) emitting source predict similar trend
1074 -- Param. A (fit to HBT radii) N
~ —Param. B (constrained to ALICE Pb-Pb B,) = _ _ o
B | 1 | 11 IIII 1 | 1 L1 IIII | 1 | 1 1 III| 1 N The evolutlon Wlth multlpllclty IS

2 3 . . ;
1 10 10 10 explained as an increase in the source
AN 7dn D os size R in coalescence models
lab

o . (e.g. Scheibl, Heinz PRC 59 (1999) 1585)
Strong dependence of B, on collision system size

-
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d production in jets (ll) 30

ALICE g
. . . . . > L L I L L B R L B
Insight on (antl)q prod_uc.tlon in smaller 3 E ALCE R (5=13 TeV 2.4 < plet <30 GeVic 3
phase spacg available in jet 5L P05 50Gevic  [An[<18 -
Héghmentatlcz: V ) il d : 0'1;_ ¢ Stat. unc. 0Sys. unc. EE1ZYAM _;
Ig_ ;’DT (> > Ge /C) trigger particle use 008— +PYTHIA+AB  C=(221+0.73) x 10° ]
as jet proxy - .
* Measurement of (anti)d yields within 0.06/— —
|Ad| <0.7 r?d ] i i | 004F m WH] rh_—
* Uncorrelated contribution subtracte = = E— e Lk kil el
with ZYAM (zero yield at minimum) 0028 (L — i %Ltf[ﬁhaﬁji-' = S %Pjrr%

* (Anti)d yields is found to be 2.4-4.8 e B L
standard deviations above uncorrelated A (rad)

background (p% > 1.35 GeV/c)
* Good agreement with PYTHIA calculation
+ coalescence afterburner

pp @ 13 TeV
arXiv:2011.05898 [nucl-ex]
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Characterize the UE 35

ALICE
e Plateau region (jet pedestal): e Several intervals of R; are selected in order to

5 < p;'eading < 40 GeV/c distinguish between low and high UE activity
'(C) [T Y Yl YrrrJ Yy yYyryrrrryrrrrrr Y T - m}_. "ALI'C:IE'I"I l"l""l""l_-
2 ,[ALICE Preliminary 1 = 5L | I I » ]
o L . \> < p'eading _ =
<9]' -Uncertainties: stat.(vertical), syst.(box) o [ ,*M‘l-«.‘ T e :
g [ S —  S10E | %”L. pin > 0.15 GeVic, | < 0.8
e i a.- .
= L charged particle density 107 pp. Is = 1pTev E
T - — pp@13TeV 8 - & [#Data s

1 : - = L2 pyvTH|A 8 Monash 2013 >

B Transverse region  —*- published pp@7TeV - 10 = onash 2 -

F — Pythia8(Monash2013)] o — EPOSLHC G)

: p, > 0.15 GeV/cand n| < 0.8 EPOS-LHC - S -..-NBD dt (k = 3.969, ,-I, = 5.247) N
O ...!....! !....!....!....!........1—:: . lllll 11'11 11[1111..111 E
*c__U‘ _13TeV/7Te ........... _ Pyth|aB/Data ........ 7EPOS-LHC/Data ...... g llllllll E
_________________________________________________________________________________________________________________________________________________________ b Q) imiimiimmm = -~
g & _—
l el i : : 0.5 =
510 15 20 25 30 ~35 40 | | | | :
p:a "9 (GeV/c) 1 2 3 4 5
10.1007/JHEP04(2020)192 R+
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Hypertriton in small systems

ALICE

e Data samples:
= ppatVvs=13TeV and p-Pb at 5.02
TeV collisions collected by ALICE
during Run 2

 3,H selection in pp: trigger on high
multiplicity events using VO detectors +
topological cuts on triggered events

 3,H selection in p-Pb: 40% most central
collisions + BDT Classifier

* Significance > 40 both in pp and p-Pb

arXiv:2107.10627

@ _I [ | L L | L I L | L | | I_
14— —
~ R -
> [ i
§ 1ol ALICE B
u p-Pb, 0-40%, \/S_NN =5.02 TeV A
o) B i
o L 0<pT<QGeV/c i
O T4 HecH B
~ i — Signal + Background |
N g - 9 g |
QD - — — Background 7
= [ i
TGs 7
4|t f
2 - - | - —_— - - |
111 | | | | | I | | | [ J I 1 111 ‘ I‘ I’ L | L1 | I—

296 297 298 299 3 3.01 3.02 3.03 3.04

M(He + ) + M(*He + =*) (GeV/c?)
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https://arxiv.org/abs/2107.10627

Hypertriton selection: ML approach 36

ALICE
. . 2
* Boosted Decision Tree (BDT) classifier = = ws Signal pdf Training Set
trained on a dedicated sample to T ,a| ALICE Simulation . oo\ 0 0ind pdf Training Set
P 5 10%F pp-ph ysyy = 5.02 TeV :
discriminate between signal and g ' : :lgnkal pdf:es;fsﬁt -
] G ackground pdf Test Se
background candidates =~ 10°
=
3 1071
@)

* BDT output (independent trainings for
each bin):
= Score related to the probability of the 103
candidate to be signal or background
» Selection based on BDT score:
= maximisation of the expected 10-5

o -15 -10 -5 0 5 10
significance BDT output

ALI-SIMUL-316844

chiara.pinto@cern.ch EMMI workshop - Bound states and particle interactions, Trieste — 3/07/23



@) S, in small systems

ALICE
* S;:strangeness population factor oF F —
3 H/3He)/(A | » | ALICE p-Pb, 0-40%, |'s, = 5.02 TeV
(A / )/( /p) e = | ALICE Preliminary pp, HM trigger,/s = 13 TeV
0.8 [ ¢ | ALICE Pb-Pb, 0-10%, |[s,, = 2.76 TeV

B.R. =0.25%0.02

* S;in small systems:

= same conclusions as for 3\H/A i

but with a lower sensitivity 0.6

= LHC Run 3 will be crucial to finally 05

distinguish between SHM and o4

coalescence and explore the

multiplicity dependence of S;! - - 3-body coalescence
0.2 = 2-body coalescence

— SHM, Ve = dV/dy

III|IIII|IIII|IIII[IIIIlIIII|I!I,'I|IIII III||III
IIII|IlllIlIlIIIIIIIIIII|IIIIlllllllllllllllll
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Hypertriton lifetime 38

ALICE
Theoretical predictions
H === Nuo. Cim. 46 (1966) 786 == Nuo. Cim. 51 (1979) 180-186
¢ MOSt preCISe measurement — - J.Phys. G18 (1992) 339-357 -'-- PRC 57 (1998) 1595
 Compatible with latest ALICE and STAR S s i el P it i
PR 136 (1964) B1803 —e § —
measurements u 7 e
. e i PRL 20 (1968) 819 el
 Models predicting a lifetime close to the — L -
PR 180 (1969) 1307 e
free A\ one are favoured = L A =
_ _ _ NPB 16 (1970) 46 —o— i
* Strong hint that hypertriton is weakly P— i il o
‘e b - 7 -
bound, but B, is still needed to solve the NPB 67 (1973) 269 _L.I; | -
puzzle Science 328 (2010) 58 | =i i
NPA 913 (2013) 170 | IE:'E—’
PLB 754 (2016) 360 | i o
— : I ] A lfetime - PDG value —
PRC 97 (2018) 054909 =S { :
PLB 797 (2019) 134905 —m—
arXiv:2110.09513 (2021) E.%g ol
T R - A

> 2020 models: assuming Ba= 70 keV 100 200 ; 30(.) .400 500
< 2020 models: assuming Ba= 130 keV AH lifetime (ps)
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Hypertriton binding energy

ALICE
* From the mass measurement to B, > 120 Theoretical calculations -
By= My + My — Mz é - ..NPB47(1972)  — PRC77(2008) 1
< 1 — arXiv:1711.07521 Wl EPJ56(2020) .
* Weakly bound nature of 3,H is o 08 ol =
confirmed by the latest ALICE - .
measurement 0.6 - NPB1(1967) STAR(2019) E
= B, compatible with zero 0.4 + NPB52(1973) I -
" inagreement within 1o with Dalitz ::,___,___,:.______fg L. .
and yEFT based predictions Ges -
= fully consistent with the lifetime O_—NPIW%&_—_
measurement according to recent ook P}!—'CE b
theoretical calculations* - ’ ARy -
—0.4 - PRD1(1970) B

ALI-PREL-486370

* Hildenbrand et al., PRC 102 (2020) 6; Pérez-Obiol et al., PLB (2020) 811
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Hypertriton mass 0

ALICE
R R ER SRS EEES LR R R R R
hn - ALICE Preliminary -
Same signal extraction technique and ct % ~ Pb-Pb |5, =5.02 TeV stat. ]
bins used for the lifetime: precise mass = 29925 0-90% syst.  —
measurement needed to obtain B, I L &g =] ]
* Extremely precise measurement S i i
0.0016% stat. 2992 -
e Systematic uncertainty of ~100 keV i ]
(0.003%) i ’ ]
2991.5/- + + ’ ’
— ‘ + |
il L] :
Covo o v b v b v by v v v v v by 7]
0 5 10 15 20 25 30 35
ct (cm)

ALI-PREL-486366
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Motivation

ALICE

Particle production mechanism

Hypertriton
P-d
3 body (Ppp pplambda)

Bound states/resonance
Lambda-K- -> Xi 1620 [ppk 3 body - oton]
Charm-light hadrons -> p D- -> DPION DK
ALICE 3 -> Tcc
—— |
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