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Light (anti)nuclei as a laboratory

Bound by the nuclear interaction as a “residual” strong interaction — fundamental QCD

Properties of nuclei with hyperons (hypernuclei) give access to the strength of the Y-N
interaction = relevant for neutron stars (but not the topic of this talk)

LHC as a factory of antinuclei + favourable experimental conditions
—> unprecedentedly large data samples and precision at the TeV energy scale

Antideuteron and antihelium proposed as smoking guns for DM due to low astrophysical

background - searches for cosmic antinuclei
| Input for
astrophysics

Production J o) iz,}g

mechanisms

| Hadron-hadron
interactions

Source,
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Antinuclei from Dark Matter source

1. p,n are produced by WIMP annihilation into SM channels X
«  particle physics model p &
e.g. M. Korsmeier, et al, PRD 97 (2018) 103011: (0U)yy—bbar ~ 3 X 1026 cm?/s, 30 < mpy < 100 GeV “'
_ 4
« DM density in a given point of the Galaxy d_7~-n

M. Tanabashi et al. (PDG), PRD 98 (2018) 030001: p'°<'5\, ~ 0.4 GeV/cm?3
P. von Doentichem et al., JCAP08(2020)035

(E_ -_x,) . 1 p(}) 2<O-v> _ dNbDb "-E‘ 10_5? IBacllgrolun‘d‘ o ] .I | IDallrkI l\;lalttle‘r | | Ié
APMEED )75 \ o " dEp 8 [ s " o
G T E L Kachelrep ot et
_ - . . C\g 10—7;_ Flnan Li,eiﬁll'l'ev _;
2. dand 3He produced via coalescence of anti-nucleons 3 T W Kaehoriepetal
g 104_€ mxx_)sb=1OOGeV -
VA N = BT N 3
dN dN dN € o B - |
EAd3PA =B, Epdspp nd3pn g " - """""""
4 p nl\p,=P,=P,/4 1oL .

- antinucleon cross section 0T e~ <
« coalescence probability B, or momentum pg 102k \ g
e.g. tuned to e+e- data from ALEPH, PLB 639 (2006) 129 E vl o NN L]
« model and size of the particle-emitting source (?) Kinetic energy per nucleon E,_ [GeV/n]
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Antinuclei from Cosmic Ray source

Production by spallation reactions of primary CR with ISM

1.  p,n are produced in pp, p-He, p-A reactions A [_),\

» threshold: cm frame Vs = 6 m, — lab frame/Galaxy: E,;, = 17m, —Hﬁ:{;—}—»

2. d and 3He produced by coalescence
« same as the DM signal, but different p, n distributions
» coalescence momentum unknown typically tuned to pp data e.g. ALICE

Flux calculations sensitive to the astrophysical details
- model dependency:

* Acceleration by Super Novae remnants

 Diffusion in the galactic magnetic field (~uGauss)

« Energy loss / gain (for loosely bound nuclei, break-up dominates)

« Solar modulations (matter mostly at low E, where DM signal prominent)

Copyright: ESA/Planck Collaboration, 2016
F. Bellini - foellini@cern.ch | PAW24




Antinuclei from Cosmic Ray source

Production by spallation reactions of primary CR with ISM

1.  p,n are produced in pp, p-He, p-A reactions A p,.
» threshold: cm frame Vs = 6 m, — lab framc, —Hﬁ-}—»

2. d and 3He produced by coalescence co
« same as the DM signal, but different p,n ¢ NSTRA

IN
« coalescence momentum unknown typically tuneu .. ,HC Dag w/

T4

Flux calculations sensitive to the astrophysig
- model dependency:
* Acceleration by Super Novae remnants
 Diffusion in the galactic magnetic field (~uGauss)
« Energy loss / gain (for loosely bound nuclei, break-up dominates)
« Solar modulations (matter mostly at low E, where DM signal prominent)

Copyright: ESA/Planck Collaboration, 2016
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Setting the stage: antinuclei at LHC energies

) S ) B The production of antideuteron relative to
& E802 dp ® STARO0-10%dp 3 . ) )
O NA49dp O STARO-10%dp antiproton increases with the CoM energy,
V PHENIXdjp -~ Themaldp | while d/p decreases.
(o) v PHENIXdp -—--- Thermal d'p :
‘g A ALICE dip
X -
O [‘m . E
. — [; 1l .
2 == 3
o R e
(< S
Heavy-ion data
) Lol PR R i
100 1000
Sy (GEV)
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Setting the stage: antinuclei at LHC energies

The production of antideuteron relative to

Y | | I l [ [ [
1F _______ g TG antiproton increases with the CoM energy,
[ ey Y - S .
- P / p.,.,-” i while d/p decreases.
9O 10t o -
= T ] .y .
L & i At the LHC, at central rapidity nuclei
% I o STARP/p0-5% and antinuclei are produced with same
S0 Fo 0 immeanei | abundances
= ; A - 00 . _ L
a I d/d v ALICEd/d 0-10% | d/d~plp ~ 1
10 E - Thermal p/p ]
e Thermal d/d :
110 — IHI1\(|)O — IH1J(I)|OO
\'Snn (GeV)

In thermal models, (anti)nuclei are originating from a thermal
source, the antimatter/matter ratio depends on ygand T
Ny
P

L =—exp(—2up/T) "4 — exp(—4uup/T)
8 ng
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Setting the stage: antinuclei at LHC energies

The production of antideuteron relative to

_— I
¥ 10 \ ALICE i . .
5 10 =P antiproton increases with the CoM energy,
=1 while d/p decreases.
N . - d
T 107 & \".
S 102 3 At the LHC, at central rapidity nuclei and
107 e Ee antinuclei are produced with same
10_5 RN R 4 abundances
0 wn,  woHe d/d ~ plp ~ 1
107 m|0-10% Pb-Pb, |5, = 2.76 Te{/"x:!i‘x\ @\
1078 - [#]NSD p-Pb, |5, = 5.02 TeV ;
10° E [5]INEL pp, {5 = 7 TeV The penalty factor for increasing the mass
100 | | | | number by one unit at the LHC is
1 2 ° S ~ 1/350 in central Pb-Pb collisions

~ 1/600 in p-Pb collisions

LHC is an antinucleus factory. 1110° i llisi
~ in pp collisions

Production is still rare but large integrated
luminosities allow for precision
measurements (Run 2 + ongoing Run 3!)

F. Bellini - foellini@cern.ch | PAW24 8



High-energy proton-proton collisions
Complex final-state involving multi-parton
interactions, color reconnection...

Small source (R ~ 1 fm)

Up to (dN_,/dn) ~ 40 at the top LHC energy

“eagg 3 Lﬂﬂfﬁﬂ-ﬂ

SO0 e .
rgeb® 2295, ”.
MPI ) 'uv‘/l ;1\./

© Heavy Flavour

Figure from C. Bielrich et al, arXiv:2203.11601

(O Hard Interaction

® Resonance Decays

B MECs, Matching & Merging

M FSR

M ISR*
QED

B Weak Showers

M Hard Onium

() Multiparton Interactions

[0 Beam Remnants*

Strings

B Ministrings / Clusters
Colour Reconnections
String Interactions
Bose-Einstein & Fermi-Dirac

M Primary Hadrons

M Secondary Hadrons

M Hadronic Reinteractions

(*:incoming lines are crossed)

F. Bellini - foellini@cern.ch | PAW24 9



Setting the stage: final state of high-energy collisions

High-energy proton-proton collisions

« Complex final-state involving multi-parton
interactions, color reconnection...

« Small source (R~ 1 fm)

« Upto(dN_/dn) ~ 40 at the top LHC energy

Participant
nucleons 2 QGP

Spectator
nucleons

High-energy heavy-ion collisions
« production of a quark-gluon plasma (QGP)
+ fast, collective expansion and cooling

-> hadronisation
« Spatially extended system (R ~ few fm)
« Upto(dN_/dn)~ 2000 at the LHC
- (anti)nuclei are produced after hadronisation o
in a hot (T ~100-155 MeV) and crowded
environnment

beam

F. Bellini - foellini@cern.ch | PAW24



Production of light (anti)nuclei at the LHC depends on final-state multiplicity < system size (R ~ (dN/dn)'/3)

_6
%10 x10 x10°°

—— LI IIIIHI T III]"I T IIII"I T TrrrT 616_ d 816_ T IIIIIII LI ) IIIIIII T 1 IIIIIII
E‘ - ALICE - + . F (¥ ]p-Pbysy=502Tev ; '+ L Thermal-FIST CSM, T, = 155 MeV ]
Q [ pp, Pb-Pb:lyl<05 y o 14F 5] pp. 5= 13 Tev, HM 1 a4 o= 1.6 dlidy E
~— :’ C II' {5-13TeV ] = [ UrQMD Hybrid Coalescence ]
° | o 12F Epp,;_7T3 1 =12F Pb-Pb 5.02 TeV =
Y 4r g o.:)l: 10F PP, ;_ © E o 10E Coalescence E
i . =5TeV ] [ ]
A i [ lpe. i © Two-body ]
8_ 8_‘ —— Three-body o

o . . o 3
I [O]PoPb, {5 =276Tev ] 4 4' '
[m]Pb-Pb, {5 =502TeV | 2 2F .

1 10 102 10° 1 10 10~ 10° 1 10 10 10°
(dN d1/dnld>>h’|ul 05 <dNch/Ch’]|ab>|nlab|<o.5 AN,/ dn|ab>m[ab|<o.5

» d reproduced by models of coalescence (analytical, UrQMD hybrid)
and statistical hadronisation (but no momentum distribution)

Tensions for A=3 nuclei, where more data and higher precision are advocated
- LHC Run3 ongoing!

F. Bellini - foellini@cern.ch | PAW24
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Enhanced deuteron production in jets

Enhanced d coalescence probability in jets wrt UE
observed in pp collisions,

— due to reduced distance in phase space of
nucleons within jets

Larger enhancement in p-Pb wrt pp
— particle composition in jets and broader source
in UE?

Wishlist:
« Higher precision with run3 data
« Measurements with full jet reconstruction

F. Bellini - foellini@cern.ch | PAW24

g Lz

TRANSVERSE

N\ 4

In-jet vs UE classification ) .~
based on Ag S —_— -
c:)(-)\ 102 E | I I I I I I I I | I I I I | I I I I I I I I I I E
% _ALICE Preliminary P—Fb VS =5.02TeV pp, Is=13TeV
S - [e]in-jet [m]in-jet |
Q 10 = P, >5GeVie [o]underlying event  [2]underlying event =
1 - 1p- PL x25 in-JET |
: zﬂjf:: + é
- —a— u ]
-1 —
10 S pp, x15 UE E
: = |_u_v—‘—‘—' = =~ = ’
10_2 | 1 l 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 l 1 1 _—t
0.4 0.6 0.8 1.0 1.2 1.4

pT/A (GeV/e)

pp: ALICE, PRL 131 (2023) 4, 042301, p-Pb: ALICE@Quark Matter 2024
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Rapidity dependence of d production

ALICE measurements used as input to extract expected flux of cosmic antideuterons
— Most of the flux is for |y| < 2
At ALICE, rapidity reach is limited by current detector acceptance — ALICE 3 after Run 4

d
. ET T T T ] L 106 — :
o~ - % |g|1< 0|-1| (><022)( ) ALICE Preliminary 7 z o ¥ o |
S - 1<yl <0.2 (x a ] - < 0.5/
o 1025 02-jy<03(x24 PPVs=13Tev — %P
) - 0.3<|y| <04 (x2% 1 _ Yi<2 ||
o - 0.4 <|y| < 0.5 (x 29 - = 1081 B Y| < 15]]
q 10——TE_Q,5S|¥ <06 (x2) 4 3 - / :
(@] 0.6 <|y| <0.7 (x 1) I . =
L —e& 7] Nm
3 M . ’ = £
= M 3 ~
- 1 =10
- 1 10
10_1? C—e—— _§
n rg e —o— —e—— I
B g e & —F &— 7] i
2Ll v b b b b b 4o | : RN
10°52 06 08 1 12 14 16 18 107 e e
C. Pinto (ALICE), Quark Matter 2023 P1/#A (GeV/c) rigidity [GV]

K. Blum, arxiv:2306.13165
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Coalescence momentum

Production depends on the coalescence probability Ba,

Nucleus distributions Nucleon distributions

For nuclei that are large w.r.t. the source, the phase space is reduced
to the momentum space - coalescence momentum pg

pPo @ priori unknown
« “spherical” approach: |p, — p,| < po

(A-1)
Bi= (4_7rp(3)) 1' M “—— Nucleus mass
3/' AlmA +—— Nucleon mass

Coalescence momentum

In most astrophysical and CR applications, pgis tuned on data,
assumed to be momentum-independent but process-dependent.

F. Bellini - foellini@cern.ch | PAW24

p_(GeV/c)

Butler and Pearson, PR 129, 836 (1963);
Kapusta, PRC 21, 1301 (1980);

Sato and Yazaki, PLB 98, 153 (1981);
Nagle et al., PRC 53, 367 (1996);
Scheibl and Heinz, PRC 59, 1585 (1999);
Blum et al., PRD 96,103021 (2017) + ...

0.4

0.3

0.25

0.2

IIIIIIIIIIIIIIIIIIIIIIII

0.155++

rrprrr|rrryrrr[rrryrrrrrrrrr Tt

d: p, from ALICE B,, pp (INEL)
Vs=900GeV [+ | {s=276TeV
[(m]Vs=7Tev .

ALICE (d+d)/2, pp Vs = 13 TeV
[4]INEL>O [e]HMI
HM I HM Il

o]

|IIII|[III|IIII|IIII

Loow o by b o by v by by g o |l i

o

02 04 06 08 1 12 14 16 18 2
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Coalescence probability in state-of-the art models

Coalescence is a quantum-mechanical multi-body problem: "R. Scheibl, U. Heinz, PRC 59. 1585-1602 (1999)
. . *F.Bellini and A. Kalweit, PRC 99, 054905 (2019)
state-of-the-art models based on the Wigner formalism.

Analytical* calculations show that probability depends on
the (transverse) momentum
the nucleus size and wavefunction (*gaussian)
the size of the nucleon source

B 2J4+1 1 1 2T 3/2(A-1)
A pr—
i i (s )
\/Z/mT ‘\ + ( 5 ,k
Nucleon transverse mass \

Source radius  Nucleus

(including momentum)

radius y |
- e e o T T ey e I O S O S Y O T 1 1 (SO (O DO L |
10 1 4 6 7
R (fm) Source
radius
1
—d,r=3.2fm — *He, r =1.9 fm
—°H, r =2.15fm eee® H,r=241m
*He, r = 2.48 fm ==% H,r=55fm
Sourct, Source -===% He,r=6.8fm * \He,r =2.4fm
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Coalescence probability in state-of-the art models

Coalescence is a quantum-mechanical multi-body problem: Fa §
state-of-the-art models based on the Wigner formalism. /_S_@\ S
Pk, 1) 5 5 S RI \ g
Analytical* calculations show that probability depends on [E:
the (transverse) momentum .\ /
the nucleus size and wavefunction (*gaussian) ; Py Mao i

the size of the nucleon source

ALICE Phys. Lett. B 811 (2020) 135849

BQ(]?) ~ 2(25(1 4+ 1)2 (27_‘_)3/({31. |<bd ) g 3'_I I¢I | IALICEpp\/_ 13TeV o _:

TTZ(QSN —+ 1) i High-mult. (0-0.17% INEL > 0)
Coalescence / / i
ili 25+

m, €[1.26, 1.38) GeV/c?
Gaussian Source

probability

(d case) Nucleus wave function  Source function -

< Form factor < Momentum correlation function %

opP@®pPP 1
— Coulomb + Argonne v, (fit) ]

The size of the source can be extracted with femtoscopy
i.e. measure the two-particle momentum correlation function and

fitting it with a known interaction potential

L. Fabbietti, et al., Ann.Rev.Nucl.Part.Sci. 71 (2021) 377-402 °, 1, SSrooesepeecssqsos:
0 50 100 150 200

k* (MeV/c)

1.5 —
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Motivation for a coalescence afterburner

Recap:

v Multi-differential and high-precision data from ALICE at the LHC available

v" Recent developments in coalescence modelling in relation to the source

v Possibility to gain new insights into formation mechanisms for light (anti)nuclei
v Possible applications to CR physics

add the fact that the production of light nuclear bound states is not modelled in Monte Carlo event
generators commonly-used in HEP, like PYTHIA 8.3** or EPOS.

— Motivation to apply coalescence as an afterburner to particle production from MC generators
Focus on (anti)deuteron: simplest system, high-precision multi-differential data
Focus on pp collisions: relevance for cosmic ray antinuclei
Validation with precise ALICE high-energy pp data

Inspired by Kachelriess et al., EPJA 57, 167 (2021)

F. Bellini - foellini@cern.ch | PAW24
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5
P; (GeV/c)

ONLY event class in which measurement of
p, d production AND baryon source radius
are available simultaneously

—> investigate the d wave function
—> validate the coalescence afterburner with
an improved source model.

1.1%—"_p *
= [Bllo-2 no) -
& o- 1000

0-9 ?Illl 1
PV PR TR

’é\ 1 6 : I I T I L) I L] I LELEL l LELEL I L I LI I l:
= E i ALICE pp Vs = 13 TeV ]
15 & High-mult. (0-0.17% INEL>0) =
14 E # # s Gaussian Source 3
13 F # E
12 3

lllllllllllllllllllllll
22 24 26

) Vic?
ALICE Coll,, PLB 811 (2020) 135849 ' (GeVIe)




Forming deuteron

The momentum-dependent production (or spectrum) of a d can be obtained by projecting the final-state
density matrix of the nucleus onto the initial-state density matrix for a proton-neutron pair.

M. Mahlein, FB, L. Fabbietti et al, EPJC 83 (2023) 804, K.Blum et al., PRC 103, 014907 (2021)
I' — rp - rn

1Pd-Td
. . rg. X Qg € — —
The nucleus wavefunction is 24 (Fd: Pd) & ¢d q = (Pp — Pn)/2
I‘d f— l‘p + lsn
d3Ny4 (pa) 3| [ d3ryd3rdiq D( V. (pa/2 /9 ) ro = Size parameter
d) 135 r ( d + —q,Ip,T
dp3 p 8| (276 » ANV pu(P 4, Pd q,Trp,I'n of the source
Spin and isospin Deuteron Wigner Proton—neutron
factor function Wigner function
assuming that I
. ] . Hpn(rp: l‘n*;pn(pd/Q +q, pd/2 - q)
1. th_e nucleon momenta are independent fr_om their positions =
within the particle emitting source, factorize space and momentum term I Includes single-particle
2. The spatial distributions of protons and neutrons are not correlated momentum distributions
5 o and their correlation
1 T —7T
Hopn(r, ra;70) = - exp (_ 5 d) - from MC generator
(27 o) 4rp
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Forming deuteron: nucleon source

1 2 — 2
Hpn(r,ra;70) = (%—7_0)3 €Xp (‘ 2 d)

Contributions to the source term:

« prompt nucleon emission

« delayed nucleons from strong resonance decay
(e.g. A, N7, ..., lifetimes ~ 10-23s ~ fm/c)

To obtain a realistic modelling of the source

[IIlIllIIllIIIIIIIIIIIIIIIIIIIIIII

€ ,aF - ALICE, pp {5 = 13 TeV HM E

« resonance cocktail, hence prompt/feeddown fractions tuned ~ Lof —EPOS3. 22;’,‘;3,_ E
based on statistical —hadronisation model L ob. PYTHIA 83 scaled 3

. . . o 165 -

* myscaling of the p-n distance after time equalization, based on aE E
the available ALICE data (o E
1.05— ‘ . —f

0.8 3

Co 1 | | | | | | 1.7

1 - l - - i - - - - - 1
10 12 14 16 18 20 22 24 286
(m.) (GeVIc?)
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Forming deuteron: nucleon spectrum

Hyn(r, 1 ) L ( - 7“21)
,Id;70) = exp | — - e L R LS I L L e
P (27 7'0)3 P 47‘8 ) - | | protons pp J_ 13 TeV HM-
% 050 [#]ALICE JHEP 01, 106 (2022)_—
. : O F B EPOS 3 ]
Contributions to the source term: ::'_ E PYTHIA 8.3 E
« prompt nucleon emission ;: 0.4 -
« delayed nucleons from strong resonance decay ) N ]
(e.g. A, N*, ..., lifetimes ~ 10-23s ~ fm/c) % 0.3 = —
i OF ™ :
To obtain a realistic modelling of the source < o2 = -
i : - = ]
« resonance cocktail, hence prompt/feeddown fractions tuned 01 -
based on statistical —hadronisation model - e ]
_‘e.!..,.!...,!....!....!.,.1!”:1mf
© - .
« my scaling of the p-n distance after time equalization, based on g ‘-";;' 7 / E
the available ALICE data S ost B S '
e et
Nucleon spectra are scaled to reproduce ALICE data. =

P, (GeV/e)
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Forming deuteron: wavefunction

43N, 3| [ a3y d3rd3q
= — D(r,q )W, 2 : 2—q,rp,T
a3 (Pa) 8/ (@m0 (r, @ Wpn(Pd/2 +4q,Pd/2 — q,Tp, In)
Spin and isospin Deuteron Wigner Proton—neutron
factor function Wigner function

Deuteron Wigner function: N S AL AL AL AL A
. . . . _ — Gaussian (d = 3.2 fm) 3
 Analytical solution only for gaussian wavefunction 0.12f — Hulthen (a=0.5 ", B=1.56 fi") -
, _ o —3/4 _,2/942 . - - YEFT N*LO (S-wave) =
pa(r) = (nd?) " e/ D(r,q) = 8e € - 0.1 : ~ XEFT N*LO (D-wave) -
: : , K/ - —A S- -
« Numerical solutions for other wavefunctions £ 0.08[ _ AZZ::E:BEDYV?\/JZ -
* obtained for the first time in EPJC 83 (2023) 804 :U 0.06 - ° ]
* Hulthen DA .
Heinz and Jacak, Ann. Rev. Nucl. Part. Sci. 49, 529 (1999) 0.04F —]
« Argonne v18 * .
Wiringa et al., Phys. Rev. C 51, 38 (1995) 0.02F, ]
0 -Illl L1 I L 11 I L1111 I‘l‘l‘l‘l‘l‘l-l'l'l{’ffl- o -

Entem et al, Phys. Rev. C 96, 024004 (2017) o 1 2 3 4 5 6 7 8 9 10

r (fm)
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Forming deuteron: results

Input #1: (anti)proton and (anti)neutron pr distributions )
P (anti)p (anti) P © 0.00201~ | | detljteronls, pp ﬁz 13 TeV HM—
Input #2: baryon source size and its m; dependence > i [S]ALICE JHEP 01, 106 (2022) |
. , . : O] - B Gaussian WF  JEPOS3
Input #3: hypothesis for deuteron internal wavefunction = i B Huthen WF B Pythia 8.3 -
_8_"0.001 ST Argonne v18 WF 7
Mechanism: coalescence E>‘ I i
. i : : > i
for each p-n pair, the source is remodelled % 00010} N
» the coalescence weight is computed 2% ]
» coalescence is implemented as a statistical rejection method = il
0.0005 —
Output: (anti)deuteron p+ distribution compared to ALICE data -
Good agreement with data: g 2 :
given the correct source size, nucleon spectra, and a Q 4t R — R
realistic wavefunction, it is possible to predict g ]
deuteron yields using no free parameters. g 05 10 15 20 25 3.0 35 40 45
P; (GeV/e)
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Summary and outlook

Precision measurements of light (anti)nuclei at the LHC by ALICE
« Vs=0.91t013.6 TeV

« Midrapidity (|y|<0.5)

*  pp, p-Pb, Xe-Xe, Pb-Pb

* Analysis of A=3 and A=4 in pp ongoing at the LHC Run 3

Progress in modelling - one example today

- realistic model for (anti)deuteron production event-by-event

« Ongoing developments for astrophysical applications
* tune PYTHIA generator to reproduce p as a function of energy
* Improve coalescence modelling for both DM and CR production
« Extend to A=3 (non trivial!)

CRUCIAL EXPERIMENTAL INPUT: p yields and spectra, d at low energy
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LFB with M.Di Mauro, e

» state-of-the-art coalescence model combined to measurements of the p, =~

" Work in progress
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Coalescence parameter B,
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Simple coalescence: from B, to p,
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Afterburner - Comparison to data for different w.f.

1/N o $N/(dydp.) (GeVic)'
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Simple coalescence: from B; to pg 5
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B. — Mye (7T 3 We observe that p, and po 3 are rather similar:
T ) 6 Pc in this picture, the penalty factor of the A=3 is

dominantly due to the numerosity of final-state nucleons
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