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Se; Light (anti)nuclei at the LHC - the antinucleus factory HADRON
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The production mechanism of light
(anti)nuclei in high energy collisions is
not fully understood

Low binding energy and large mass
implies that their formation is strongly
sensitive to the chemical freeze-out
temperature

S. Acharya et al, Phys. Lett. B 800, 135043 (2020)
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Rarely produced in high-energy collisions
—> Requires large integrated luminosity

At LHC, same amount of matter and

antimatterl!]
—> Ideal conditions for studying antinuclei

Nuclei production described by models:
- Statistical hadronization (SHM)
- Coalescence

[1] Physical Review C97, 024615 (2018)

The ALICE collaboration performed
several (anti)nuclei measurements
since the beginning of operations

See Marika’s talk for an exhaustive

Astrophysics applications: -
measurements in controlled conditions overview of these (anti)nuclei
costrain searches for antimatter from measurements performed during LHC
dark matter in cosmic rays Runl and Run2!
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E@ (Anti)nuclei production in statistical hadronisation (thermal) models ;'&gR@N

* Hadrons emitted from the interaction region in thermal

equilibrium when the fireball reaches the freeze-out S FT T T T T

: 10k, Pb-Pb \ 5,,=2.76 TeV
* Abundances are fixed at chemical freeze-out (7,.,) o . K | _
=~ 102L e 0-10% centrality _E
S F . PA ]
. Q 105— ”’:.-"'." =

The abundance of nuclei strongly depends on the T¢penas 2 - Z
13 ) . =
dN/dy ~ exp(-m/T ) BE Ry ]
: 10 . d g
* Nuclei have large mass m o2k . E
 Little or no feed-down from higher mass states ok E
5 3'|;|:e 3H :
10*E e Data, ALICE o 3
Notes: - ]
’ 3 107°E Statistical Hadronization E
* SHM predict particle abundances 10-6i total (after decays) ‘t?e_
- primordial
1 1 P . i J N B B BN B R B S
. Nuclg might brea.k and re.form b.et.ween chemical and (UM - T T IR T T eSS 5o O
kinetic freeze-out in heavy-ion collisions Mass (GeV)

. J. N ¢ Andronic, A. et al., Nature 561, 321-330 (2018)
« Extension to pp collisions = canonical ensemble and

exact conservation of quantum numbers over a
correlation volume
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Oc (Anti)nuclei production in coalescence models HADRQN

L5 2023
5 . J. I. Kapusta, Phys.Rev. C21, 1301 (1980)
Nucleons close in the phase space at the freeze-out can form a nucleus via Scheibl,einz, Phys.Rev.C59:1585-1602 (1999) g
F. Bellini et al., PRC 103, 014907
coalescence
Formation probability is related to the coalescence parameter B, Ap
NUCLEUS
: Z N
d3N 4 d? Np d3 NV,
EAd:s:EPd:s Po="24 End:s 7= EA
D4 Pp DX A Dn LR %
AT
» Simple coalescence approach: | p, — p, | <p, = only nucleon momentum (and spin) matter X

* Wigner-function approach = nucleon momentum and position, nucleus wavefunction matter

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

ie., ford:r=ry—ry,q=(py—pn)? $arg, Pa) X @qePdTd
where ¢, 1s the deuteron internal wavefunction, oo 2(254+1) 3 3> 5\ 2 =
S,(1) the source of nucleons BZ (p) 5% m(2sy+1)2 (ZT[) f asr |<pd(r)| 52 (T)
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% Ii] ALICE p-Pb, 0—40%|, \[sT‘N =5.02 TeV |
d/p rises with charged 10 Eit:gi Eﬂ?’”ﬁﬁé’? vsﬂtriggiréﬁ;vmev E
particle multiplicity or P OBRS0255002 .
particle density I i
- Coalescence model .
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Theoretlcal models ALI-PREL-495342 ch |7|<0.5
provide  a  better ,3\H i1s strongly sensitive to coalescence

description of the
(wrt 3He)
production

space-constraint

Recent 3H/A measurements exclude with
high significance the canonical version of
the SHM with V., > 3 dV/dy, while support

coalescence

04 - 09 June 2023

G. Malfattore on behalf of the ALICE collaboration

4/18



g
INFN [ ] [ ] [ )
C
= Our main observable: the particle yield HADREN
@ 1 2023
= anti-deuterons, pp, s =13 TeV
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Measured in inelastic pp collisions and as a function of the multiplicity
Production spectra get harder with increasing multiplicity = Hardening also observed in proton spectra

New Run 3 ALICE measurements will allow the extension of the pr coverage in pp collision at Vs = 900 GeV (lowest
LHC energy) and new measurements at the highest energy so far, Vs = 13.6 TeV
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Derived observable: coalescence Probability

B, (GeV?/c®)
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High precision of ALICE data = also multidifferential (pr & multiplicity)

HADRQ)N
2023 @
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Derived observable: coalescence Probability

B, (GeV?/c®)
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High precision of ALICE data = also multidifferential (pr & multiplicity)

Low energy = No significant energy dependence
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Derived observable: coalescence Probability
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High precision of ALICE data = also multidifferential (pr & multiplicity)

Low energy = No significant energy dependence

Trend with py = effect of pr shape of proton
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Dependence of coalescence probability on the charged particle multiplicity (= source size):
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Dependence of coalescence probability on the charged particle multiplicity (= source size):

High multiplicity (Pb-Pb) = significant drop = effect of space separation in a large source (~2-5 fm radius)

04 - 09 June 2023 G. Malfattore on behalf of the ALICE collaboration 7/18



©L The coalescence parameter B. [ v, . /. ¢\t HADRGDN

w
-3 -3

6(:25)_('1'()"]""I""I""I""I """" freerprerT [t %‘0_35x'1'0"l'"'I""I""I""I""I""I""I""I""—_
= C [e]p —Pb, S, =5 TeV pp, \s=7 TeV - < 5 ALICE -
(?.5 20 [a]pp, Vs =13 TeV [e]pp, Vs = 13 TeV, HM 3 030K B,coalesc. r(“He) = 1.76 fm =
= [ [elpp, Vs=5TeV ] = 0.95 £\ - - Param. A (fit to system radii) E
o @ 15 pT/A =0.75 GeV/e — ~ E\. —Param. B (constrained to ALICE Pb —Pb B,) 1
S L K 1 020F\\ =
NN~ - E E O\, /A =0.78 GeV/c .
% 10 2 3 - . 0.15 - N pT 3
9J i C =7 - -
~ a ~ B, coalesc. r(d) = 1.96 fm . 010 E
o - . .. . C -]
- @ 0 - - - Param. A (fit to system radii) 3 0.05F =
s L@ Param B (constralned to ALICE Pb Pb B ? . - 3
10 ?- 1111111111111111111111111111111111111111 n ()00'1 [N IR AN BRI AN AN BN AN AN AN B | | | PSRN A B ]

E o 5 10 15 20 25 30 (dN 4/% L;,S 50 5 10 15 20 25 30 S?d N 4/% L;S 50
[ g Eur.Phys.).C 82 (2022) 4, 289 "o I, 1<0.5 ch ha I, <05
[ Param. A (fit to source radii) 10° hdl o - ) =
107 - — Param. B (constrain’Fd to ALICE Pb-Pb B,) \ = @Pb Pb, \’ =2.76 TeV RTINS
B | | IIIIII| | | | IIII| | 1 IIIIII| 1 1 [ | —8_ | ||||| 1 1 IlIlIIl 1 lIl\l\P_

3 e 0°
1 10 10° dNo/ 1 10 10° dN /

< ch nlab>|n <05 < ch T]Iab>ln ,1<0-5

ALI-PUB-522373 ALI-PUB-522378

Dependence of coalescence probability on the charged particle multiplicity (= source size):
High multiplicity (Pb-Pb) = significant drop = effect of space separation in a large source (~2-5 fm radius)

Low multiplicity (pp, p-Pb) = weak dependence on multiplicity in small sources (~ 1fm radius)
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% Particle yleld and nucleon source measurement
L% 2023
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% Particle yield and nucleon source measurement HADREON
i+ 2023

Measurement of production yield in
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~
S@ ALICE experimental input to coalescence modelling %\Z%R@N
= 0.0020_—" " deuterons, pp V5 = 13 TeV HM—_ Recent study shows that the ALICE measurements of
[e]ALICE JHEP 01,106 (2022) | production yield and the proton source radius in the same
i W Gaussian W MIEPOS3 - ayant class, with the choice of a suitable wavefunction,

B Hulthén WF % Pythia 8.3 - A ; :
— allow for prediction of deuteron spectrum via coalescence with

no free parameters.

B Argonne v18 WF

= Experimental input crucial for coalescence modelling
—> Application to the study of cosmic ray fluxes

: . spectra
Wigner-formalism based coalescence afterburner Pr 5P
g 1 -\, T ez
Tx Flemltle  ALICE S
_ Wavefunction for d Nucleon source size o "“"*r
S T A A E o f5=13Tev - ‘i::,
§ of E e I Tl &
"(_ﬁ' 2 - 014 — aussin @=321m) % 1'6§_ ALICE pp 15 = 13 TeV i --Lévy-'l('salils
s N _ 0.12F  aienta 05t pe - 15F High-mutt. (0-0.17% INEL> 0) 10 : : =
= o e it# g o T
oS % 0.08F — Argonne v, (S-wave) 13 j#: ™ “-“"o.,:‘j\ ,
6 C ] E\_’o o E -~ Argonne v, (D-wave) 12 E_ , 10 = . :’—“3'_.:‘
-O 1 1 ! ! 1 ! 1 P : ] -pp * - .,:‘:
S 05 1.0 15 2.0 25 3.0 35 40 45 | i ‘1 gty
2 0.02:”‘ ~ 0o b p A(LO) [O]HM 1 (x4) _t.HQAI{(xZ)
M. Horst et al,, arXiv:2302.12696 P (GeV/c) R I e o e et wh T
r (fm) (m_) ( 4 C) N p, (GeVic)
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https://arxiv.org/abs/2302.12696

;; Light antinuclei as smoking guns for Dark Matter HADRON
D% 2023

y / Gamma-rays

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

Cosmic ray antideuteron and antihelium nuclei have been suggested as A 4o !

possible smoking guns for dark matter WIMPs, y (m, ~ few GeV — T N

few TeV)p-p s

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

 Low or no background from interactions of cosmic rays (CR) with }C\
interstellar matter (ISM) = to be estimated carefully! NG

* Subject for indirect DM searches with space-based experiments as AMS-02 (. afiﬁtﬁ’_’ia‘i:‘zr )
(ongoing) or GAPS (planned end of 2023)
—> Observable: cosmic antinuclei flux Important Observation of anti-*He

__anti-*He track in Y-Z bending plane

e g )
T e J /

\ Momentum = 32.6+2.5 GeV/c

\ Charge = -2.05 %= 0.05
Mass = 3.81% 0.29 GeV/c?
Mass (*“He) = 3.73 GeV/c?

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
(to be confirmed) X

-

Cherenkov coné in RICH (X-Y plane)

Date: June 22, 2017 06:11:40

04 - 09 June 2023 G. Malfattore on behalf of the ALICE collaboration 10/18



é’; Towards Prediction of cosmic antinucleil flux HADRON

— Tg 10° E IBacl‘(grolunld ! - IDz-Ilrk‘ I\;Ialtt‘elr | I_g
Foovnnen Blum et al. (Upper limit) 3
p + p — He + X 8 - [ Poulin et al. i googan ?t_a:'oo Gev |
= 10° A. Shukla et al. K;";;:;’:ar_et ul ER)
. 4 AMS"'02 Nw E — M. Kachelriep et al. m =71 GeV ; S
%: | 3He + p 5 Y ’A ,§, 10_7? -manLi_ei?I.Tev = 1
P E o and ] — =
? > = . Kachelriep et al. N )
- Z — e | 8
p+*He - He + X A = S
[ F 1 =
- 3T ; A £ 10° 5 S
¥x+xy—=> W'W - °He+X GAPS < g 3
, | Voyager 1 — 107 4
o A *He, p g = &
' —0.100 T\ AR [ 1 107 e U E
Distance to the Galactic Centre (kpc) Distance to the Sun (AU) — N B
10‘122— '\_g
u | I I | | | 1 1 11 | | | | 7

Ingredients:

* DM signal: dark matter source and processes
* 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

1 10
Kinetic energy per nucleon Ekin [GeV/n]
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&) —_—
s Measurement of the inelastic 3He cross section ';(';\Z%RN
Oinel (3 He — A) — how to estimate it with ALICE?
Antimatter-to-matter ratio method: TOF-to-TPC ratio method: o
Measurement of reconstructed 3He / 3He ratio Measurement of reconstructed 3Hetqp / SHerpc ratio
and comparison with MC simulation and comparison with MC simulation
Pros: access to lower momentum Pros: Higher stats, larger momentum range available
Cons: higher background from secondaries, relies on ojye) Cons: No access to low momenta

a0
4 ‘:
. \
/ \Y
A T %
A
7 Ta s ,«’
N o ’
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/ sy .
v .
. / s
- .
o 4 .
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\ Wy vl /
L2 - %
R " .o' \ /
\ .. \‘ /
o \ Y
WA A N
A A S, Y
AN ’ < 4
- N —— - .‘; / e
y _— o\
/4 it ‘r. :\\\
I
J \/‘
- \I 1 D
v i -
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L@ Measurement of the inelastic 2He cross section ;'(t;-\zgRﬁN
Oinel (SH_e — A) — the results Significant impact on 3He propagation in space

* 15t measurement of 3He absorption cross section in matter
* Compatible results (higher precision in Pb-Pb)
* Experimental data show 20 agreement wrt GEANT4

) Sgr LI I L I I I = Silllllllll
@ *° ALICE pp Vs =13 TeV ER O ALICE Pb-Pb |5, = 5.02 TeV
=4 Inl <0.8 g e T 0-10% centrality
b.E a5 (Ay=17.4 [o|pata — - GEANT4 = ;g’ 35k Inl <0.8
B _ _ E CE
af (Ay=31.8 [o]Data GEANT4 3 N (A) =347 . Data — — GEANT4
2 5 El (Ay=17.4 ¥ 95% confidence upper limit 3 o =
O E = . :—\
2 f_\ — Antimatter-to-matter ratio 7 SE\ TOF-to-TPC matching
Z E_ . 3He / 3He _E g \\ BH_eTOF /smTPC
TE S~ [T/ — . S 3
i3 s ama= -
0.5F : E =
okt |..\a/|.. T T P 1 = -
0 1 2 3 4 5 6 7 8
p (GeV/c)
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IN

@ oo . .
o Transparency of the Galaxy to (anti)helium fluxes %\ZgRﬁN

3He flux near Earth

 3He fluxes depend on the effect of different 4 = e T a
inelastic cross sections T DM: Phys. Rev. D 89 (2014) 076005
& 107 Bkg: Phys. Rev. D 102 (2020) 063004
‘\.‘E | GAPS GALPROP propagation
* Small uncertainties on cosmic ray fluxes from e 2| AMS-02 |
oine] CHe) compared to other uncertainties in the S =
L m, =100 GeV/c?
field |2 — AR 1
== x+x—= WW —3He+ X
NEFE
0”2k Background
- _ —
—
0,¢ = O Dark matter Cinel " Dark matter
B — — 0,,, =0 Background ope™ Background B
14 |—
10 - Range of ALICE measlurement : -
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iR
= Transparency of the Galaxy to (anti)helium fluxes HADRN
D% — 2023
SHe flux near Earth
 3He fluxes depend on the effect of different fO: aa ST i
inelastic cross sections L DM: Phys. Rev. D 89 (2014) 076005
i 105w Bkg: Phys. Rev. D 102 (2020) 063004
C\IIE | GAPS GALPROP propagation
* Small uncertainties on cosmic ray fluxes from ed I8 AMS-02 |
oine] CHe) compared to other uncertainties in the =) i [
| m, =100 GeV/c?
field |CD — x o _ -
L x+x = WW — He + X
T
Flux(ojpe1) n N
 Transparency =
p y FluX(O'inel=O) 10-12 ;/ _ Background .
0, = O Dark matter ope™ Dark matter
D B — — 0,,, = 0 Background ope™ Background B
3 . ]
He transparency 2 lOW Ekiﬁ. 107" -_I Range of ALICE measlurement | -
e 25% from CR interactions : ~ - s : :
> 1 Ll A.L|CE v L L 1 T mrrrri | 1 I rmrrrri
* 50% from DM candidates S gpl- N T Do -
9 0.6 _E’ one( Background _
= _—
o 04 ]
e ST . %) . —
The Galaxy is highly transparent to *He nuclei S 02r | | .
e 107 1 10

10?
E../A (GeV/A)
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The ALICE apparatus: upgraded for LHC Run3 g&gRBN

The unique tracking and particle identification (PID) capabilities of ALICE, allow the detection
of light (anti)nuclei produced during LHC collisions

For antinuclei measurement we use:

* The Inner Tracking System (ITS2)

* The Time Projection Chamber (TPC)
 The Time-Of-Flight detector (TOF) S R

Central barrel:
n<09,B=05T
Full azimuthal coverage

To measure (anti)nuclei we need:

* Excellent tracking down to low pt -]
(~100 MeV/c) =2 ITS2 + TPC

* Discrimination between primary and
secondary (from material) nuclei = ITS2

* Low material budget = ITS2

* Excellent PID performance = TPC
+TOF

Run 3 ALICE performance allow for
antinuclel measurements!

04 - 09 June 2023 G. Malfattore on behalf of the ALICE collaboration 15/18



Z
z)

®.

L+

The ALICE apparatus: upgraded for LHC Run3 HADREN

2023

Time Projection Chamber (TPC)

- New GEM-based readout pads @
- Rate restriction removal and 1ion ‘:E;
backflow reduced to under 1% .

. 0

- Allows for continuous readout S
X

o

Ly

O

PID via dE/dx in the TPC gas

Excellent separation of different particle
species at low pr

800

E==" ALICE Performance
E-== Run 3 pp, Vs = 13.6 TeV
EL> 524.3 < 10° events

700
600
500

400

3005

200

p/ Z (GeV/c)
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L+

The ALICE apparatus: upgraded for LHC Run3

2023

Time Of Flight detector (TOF)

- Upgrade of the readout system to allow for
continuous readout

- Excellent separation of different particle
species at intermediate py

PID via time-of-flight measurements

HADRON

0.9

0.8

0.7

0.6

0.5

0.4

T i A I o A0 O
PRSI i + | helh

,,,ALI.CE Performance
 'bp, Vs = 900 GeV
ilot beam Oct2021

IllllllI|IIllllllllllllllll'l-|l-l-

03 I B R AN L Kl AL AR I IR S A I
=5 -4 -3 -2 -1 0 1 2 3 4 5
Signed p (GeV/c)
\\l_
Cust t v
- es-<’. ALI-PERF-526968
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® HADRGY)N
o Outlook Arara W)

arXiv:1812.06772

] B, pp Vs Lint Stat. unc. Sys. Unc.
 LHC can be used as antimatter factory to
study the production of light (anti)nucle1 A E & e ¢ 0(10%)
14 200 /pb <0.1%

e The increased 1ntegrated luminosity foreseen e 1 200 /pb 805 To be
for Runs 3 and 4 will allow us to study A=3 estimated
and A=4 (anti)nuclei with a similar statistical '_8_ 20— ALICE Performance, pp 2022, (s = 13.6 TeV
precision as reached for A=2 in Runs 1 and 2 = 18- 1

% | BARREL:17.6 pb
2 16 MUON: 16.9 pb
 Data taking with pp collisions at /s = 13.6 E 14 TRD:21pb"
TeV and Pb-Pb at /syny = 5.36 TeV is ongoing B 12- PHOS: 1.3 pb"
o] C
> 10

 First performance of the detector are promising =M
for antinuclei identification in a broad 6
momentum range 4

ok
- Stay tuned for new results! N I e S

27 Jun 27 Jul 26 Aug 25 Sep 25 Oct 24 Nov

ALI-PERF-542867
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