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Light (anti)nuclei production in high-energy collisions
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The production mechanism of light (anti)nuclei in high energy collisions is not fully understood and is still an open

question that is being actively addressed both theoretically and experimentally

Low binding energy (B ~ 2 MeV) and large mass imply that their formation is strongly sensitive to the chemical

freeze-out temperature (~ 100 Bg)

Light (anti)nuclei can be produced at the LHC and are being studied by ALICE in pp and heavy-ion collisions
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@; ALICE: upgraded for LHC Run3 e

FISICA NUCLEARE

Inner Tracking System (ITS)

« 7 layer pixel detector

« 10 m? (12.5 GP) silicon tracker
based on MAPS

«  With respect of Run 2: Less
material budget, improved tracking
performance at low py

A Large lon Collider Experiment

Time Projection Chamber (TPC)

 GEM-based readout pads

« Operating in continous readout

» PID via energy loss (dE/dx) in the
TPC gas

b Time Of Flight detector (TOF)

* PID via time-of-flight
measurements
» Operating in continous readout

In addition, the new Integrated Online-Offline system (02) has been
developed to perform Run 3 events reconstruction and analysis.
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Light (anti)nuclei at the LHC, the antinucleus factory
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S. Acharya et al. [ALICE], Phys. Lett. B 800, 135043 (2020)
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Light (anti)nuclei at the LHC, the antinucleus factory

NENZUZ4
6° INCONTRO NAZIONALE DI
FISICA NUCLEARE

LHC provides optimal
conditions for studying the
mechanism of antinucleus
formation

e 21
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Run:282016

Timestamp:2017-11-11 21:38:31(UTC)
Colliding system:p-p

Energy: 5.02 TeV

26 - 28 February 2024

< dNg,/dn >=15.48 + 0.2

In] < 0.5

Run:297624

Timestamp:2018-12-02 15:55:16(UTC)
Colliding system:Pb-Pb

Energy:5.02 TeV

G. Malfattore on behalf of the ALICE collaboration

e Multiplicity: “small” systems vs “large” systems
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Multiplicity: “small” systems vs “large” systems

@

Pb-Pb collisions geometry strongly characterises the ' ( kl ) _ O 2.5 IGIeVI/C'
particle multiplicity - centrality - T .

i .
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STAR Au-Au \[s,, = 200 GeV
< STAR Cu-Cu |[s,, =200 GeV |
STAR Au-Au \[s, = 62 GeV
STAR Cu-Cu |s, = 62 GeV
CERES Pb-Au s, = 17.2 GeV
* ALICE Pb-Pb /s, = 2760 GeV
ALICE pp Vs = 7000 GeV
ALICE pp Vs =900 GeV
STAR pp Vs =200 GeV

Participants ALICE p-Pb \[s, = 5020 GeV ]

10

before collision after collision

(dN_/dn )"

Central collisions Peripheral collisions Comparison of 2-pions femtoscopic
-~ High number of —~>Low number of radii as a function of the measured
participants participants charged-particle density multiplicity for
~>High multiplicity ~Low multiplicity various collision systems and energies

Run:282016

Timestamp:2017-11-11 21:38

Colliding system:p-p olliding system:Pb-Pb
Energy: 5.02 TeV Energy:5.02 TeV
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(Anti)nuclei in the Statistical Hadronization Model

The hadrons are emitted from the interaction region in
thermal equilibrium and abundances are fixed at the

[1] Andronic, A. et al., Nature 561, 321-330 (2018)
[2] Vovchenko, V et al., Phys. Letters B 785, 171-174 (2018)

. > FTT UL L L L L
chemical freeze-out (Tenem)!" % 102 Pb-Pb | 5,=2.76 Te %
: K* :
QV R -10°
The abundances depend on the hadron mass m, Tehem X 10°F ™% - 0-10% centrality ;
and spin degeneracy as 123 1ok e ]
‘8. E =
dN/dy ~ (2J+1)exp(- M /Teem) 2y o8 1]
: : : 101 *.d -
Light (anti)nuclei are not strongly affected by feed- o, -
down 10%¢ E
10_3 E ,.3He 3 E
Due to their low binding energy, nuclei might break and 10*E o Data ALICE "Or.*AH _
re-form between chemical and kinetic freeze-out in sE statistioal Hadronizat ]
. e 107 F atistical fadronization 3
heavy-ion collisions . total (after decays) 41er
J— primordial E
I d e ol e e e e
The _SH_M_ can be extengled from_hlgh to Iow_ i e sl = it
multiplicity systems via canonical formulation: the
: : Mass (GeV)
barion number B, the electric charge Q and the
strangness S values are conserved exactly across the
correlation volume V2]
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(Anti)nuclei in Coalescence models

J.|. Kapusta, Phys.Rev. C21, 1301 (1980)

@

Nucleons form a nucleus via coalescence if they are close in the phase

space and match the right spin-isospin configuration
The formation probability is related to the coalescence parameter B,

BN NN
EoapA dpn

NUCLEUS

d3N 4 BNNZ
E : i, A0

A dp, ( g >

» Simple coalescence approach

| po—pPnl <po Only nucleon momentum (and spin) matter

G. Malfattore on behalf of the ALICE collaboration

Scheibl,Heinz, Phys.Rev.C59:1585-1602 (1999)
F. Bellini et al., PRC 103, 014907
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O (Anti)nuclei in Coalescence models 20z

A\ 1 4 S| \
0 - c . |. Kapusta, Phys.Rev. "
Nucleons form a nucleus via coalescence if they are close in the phase i
space and match the right spin-isospin configuration W S et

The formation probability is related to the coalescence parameter B,

NUCLEUS

BN B3N, \“ BN\
Ba—=(B))( B,—E

dp?, dp;,

p
¢ E \
Po="4" < Y dp? D S > .'l &%
. . P
- Wigner-function approach (state-of-the-art model) © >

Nucleon momentum and position, nucleus wavefunction matter

S(r) X

The expansion of highly-excited state (after collisions) leads to kinetic freeze-out with nucleons
- Described by a QM density matrix = Projection onto particle states at the detector gives particle spectra
- Final state interaction admits bound-state solutions (nuclei)

e, ford:r= r—r,q=(Pp=Pn)? $a(ra,Pa) x ge'Pi’e
where ¢, is the deuteron internal wavefunction, B,(p) ~ 2(25q+1)
S,(r) the source of nucleons 2\P m(2sy+1)?

2n)? [ d°F lpa(P)|*S2(7)
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The Particle yield:

our main observable
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The yield is measured in inelastic pp
collisions and as a function of the particle
multiplicity

An hardening of the production specitra is
observed with increasing multiplicity (also
observed in proton spectra)

Comprehensive set of data for deuteron,
measured in all collision systems as a
function of multiplicity.

Less data for helium and triton = Run 3

The integrated yield is estimated
summing the measured yield to the yield
extrapolated in the unmeasured pr region
with a Levy-Tsallis function
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~ SHM or Coalescence? Nuclei over p ratio CRE
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The coalescence parameter B,
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Dependence of coalescence probability on the charged particle multiplicity (= dependence on the particle-emitting source size)
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Dependence of coalescence probability on the charged particle multiplicity (= dependence on the particle-emitting source size)

In high multiplicity (Pb-Pb), significant drop observed, effect of space separation in a large source (~2-5 fm radius)
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Dependence of coalescence probability on the charged particle multiplicity (= dependence on the particle-emitting source size)
In high multiplicity (Pb-Pb), significant drop observed, effect of space separation in a large source (~2-5 fm radius)
In low multiplicity (pp, p-Pb) a weak dependence on multiplicity in small sources (~ 1 fm radius) is observed
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Light antinuclel as smoking guns for Dark Matter

[M. Korsmeier, F. Donato, N. Fornengo, Phys. Rev. D 97, 103011 (2018)]

Cosmic ray antideuteron and antihelium nuclei have been suggested as
possible smoking guns for dark matter WIMPs, y (m, ~ few GeV —
few TeV)p-p

* Produced by yx pair annihilation or y decay in the galactic halo

 Low or no background from interactions of cosmic rays (CR) with
interstellar matter (ISM) - to be estimated carefully!

» Subject for indirect DM searches with space-based experiments as
AMS-02 (ongoing) or GAPS (planned end of 2023)

y / Gamma-rays

!
4} /
X W~/Z/q
WIMP Dark / Vu
Matter Particles S
Ecm~100GeV LA Ty S
% WHZ/g et
\T Vi
e

Neutrinos

Vglve
e
+afew p/p, d/d
Anti-matter

- Observable: cosmic antinuclei flux

—| AMS-02

The Alpha Magnetic Spectrometer (AMS) detector allows for multiple and
independent measurement of CR charge (with sign) and energy
- Separate CR chemical and isotopic composition in GeV to TeV range

It collected > 220 billions CRs up to now, but any antinucleus signal?

- 6 3He + 2 *He candidates reported
(As of today, still not confirmed)

Important Observation of anti-*He

__anti-*He track in Y-Z bending plane

i _- ;7&; = i
= =

\ Charge
Mass

Momentum = 32.6+2.5 GeV/c

A\
TITTTITT

= -2.05 £ 0.05
= 3.81=% 0.29 GeV/c?

Mass (*“He) = 3.73 GeV/c?

-

Cherenkov cone in RICH (X-Y plane)

X Date: June 22, 2017 06:11:40
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Towards prediction of cosmic antinuclei flux

3ITe+p‘—> Y
p+*He » 3He + X JE
x+x—-> WW~ > He +X

Voyager 1
A

AMS-02

GAPS

‘He, p

0.100
Distance to the Galactic Centre (kpc)

Ingredients:

DM signal: dark matter source and processes

100

_ 10 1
Distance to the Sun (AU)

Antihelium flux [m® s sr GeV/n]"
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E Background Dark Matter 3
SEERLLLLE Blum et al. (Upper limit) o tal =
oogan et al.
[ Poulin et al. o 100Gev |
- My —ww = eV _|
E A. Shukla et al. K ior et al E
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C e ]
- Nan Li et al. _
E m, _=1TeV 3
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" m___ =100 GeV

E e =

B

P. von Doetinchem et al., JCAP 08, 035 (2020)

\
- \.
-/
¥/
IIllﬁ |

1 10
Kinetic energy per nucleon Ekin [GeV/n]

Background: secondary CR from pp, p-A collisions in space (e.g. tuned Monte Carlo generators)
Antiproton production cross section constrained with measurements (e.g. LHCb, AMBER, ...)
Formation mechanism of antinuclei - typically via coalescence - constrain with data!
Propagation in the Galaxy and the heliosphere - parameters constrained from CR measurements

Antinucleus inelastic cross section to account for absorption by ISM

26 - 28 February 2024
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Measurement of the inelastic 3He cross section

Acharya, S. etal.
Nature Physics 19, 61-71(2023)

Oinel (SH_e o8 A)

LLI_III il

ALICE pp Vs =13 TeV

section in matter

Il <0.8 3

(=174 [o]pata —-GEANT4 3

(A)=3818 [ |Data —— GEANT4 _§

o  (A=174 ¥ 95% confidence upper limit 3

= Antimatter-to-matter ratio—
= 3He / SHe-
3 ———
E ||||||||||| |||||||||||||||||||||||||E
0 3 2 3 4 5 6 7 8
p (GeV/c)

1st measurement of 3He absorption cross

Experimental data and GEANT4

parametrization show a 20 agreement

space

Significant impact on 3He propagation in

oal"
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x+x—=WW —3He + X
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NI?) 107 [~

. __ GAPS

) -

35 107 =

I“q‘, | m, =100 GeV/c?
COI i

—_I Range of ALICE measlurement

3He flux near Earth

T L |

ALICE
DM: Phys. Rev. D 89 (2014) 076005

Bkg: Phys. Rev. D 102 (2020) 063004 ~_]
GALPROP propagation

AMS-02

1 | T LI |
0.8

Flux(cjpel) 0.6

IIIII T T IIIIIII T

/—E

0.4

Flux(o'ine1=0) 02

Transparency

o

107

3He transparency at low E,,:

102
E../A (GeV/A)

1 10

25% from CR interactions = The Galaxy is highly

50% from DM candidates

transparent to 3He nuclei
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" What's on its way in Run3: more (anti)helium
s 3 Earm.
:3 700 :_ j:-:?; 524.3 x 10° events
e = ‘

(qv) -
- 600
9 =
o 500F-
400}
3005
200
100

O SRR CNZEOONE . D 3

p/ Z (GeV/c)

ALI-PERF-542847

LHC Run 3 target integrated luminosity: In the LHC Run 3, the highest energy ever
13 nb-1 (Pb-Pb) with interaction rates ~ 50 kHz was reached in pp collisions with the record of
200 nb™! (pp)  with interaction rates ~ 1 MHz Vs =13.6 TeV.
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ALI-PERF-542847

LHC Run 3 target integrated luminosity:
13 nb-1 (Pb-Pb) with interaction rates ~ 50 kHz
200 nb!' (pp) with interaction rates ~ 1 MHz

This record energy allows to study the
production of A = 3 light anti-nuclei, like anti-
helium:

o More differential and precise data on Bs

o Input to model cosmic 3He formation
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LHC Run 3 target integrated luminosity:
13 nb-1 (Pb-Pb) with interaction rates ~ 50 kHz
200 nb!' (pp) with interaction rates ~ 1 MHz

The integrated luminosity foreseen for both
Run 3 and Run 4 will allow to study (anti)helium
with a similar statistical precision as reached
for (anti)deuteron in Run 1 and Run 2
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