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Cosmic Rays TI.ITI

Antinuclei in cosmic rays

p+p—He+X Antinuclei production:
\f\ S0 > pp, p-Aand (few) A-A
/\G/ He+p=Y A reactions between primary
" cosmic rays and the
p+°He — *He +X\\g1 ‘ interstellar medium
Y4y —bb o He+X e > dark-matter annihilation
s Voyager 3He, ’Te, p processes
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Antinuclei in cosmic rays

Antinuclei production:
> pp, p-A and (few) A-A

NV
Y — AMS-02 | .
/\G/ He+p=Y A reactions between primary
" \\g-l ‘ cosmic rays and the
+ X “t{"’;

4 374 . .
p+'He — “He interstellar medium
A > dark-matter annihilation

GAPS

x+x—bb->3He+X
: Voyager 3He, ’Te, p processes
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Distance to the Galactic Centre (kpc) Distance to the Sun (AU)

antinuclei cosmic ray flux

> High Signal/Noise ratio (~10°-10) at low E,_expected by
models

> To correctly interpret any future measurement we need
precise knowledge of —— measurement
> production of antinuclei S
> annihilation

Flux (log scale)

Energy (log scale)

Wl ALICE Collab., Nature Phys. (2022)
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Modelling (anti)nuclei production TI.ITI

Overview of production models

(Anti)nuclear production described by two models:
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Modelling (anti)nuclei production TI.ITI

Overview of production models

(Anti)nuclear production described by two models:

Statistical hadronization (SHM)

> Particle yields (including nuclei) described by filling the ‘@
available phase-space after the collision

> Works very well with a common temperature of the medium
(T~155 MeV)

> No dynamical description of nuclei formation
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Modelling (anti)nuclei production TI.ITI

Overview of production models

(Anti)nuclear production described by two models:

Statistical hadronization (SHM)

> Particle yields (including nuclei) described by filling the ‘_b
available phase-space after the collision

> Works very well with a common temperature of the medium
(T~155 MeV)

> No dynamical description of nuclei formation

Coalescence model

> Nucleons bind after chemical
freeze-out if they are close
iNn phase-space

Wl Butler et al., Phys. Rev. 129 (1963) 836
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Overview of production models

(Anti)nuclear production described by two models:

Statistical hadronization (SHM)

> Particle yields (including nuclei) described by filling the ‘@
available phase-space after the collision

> Works very well with a common temperature of the medium
(T~155 MeV)

> No dynamical description of nuclei formation

Coalescence model

> Nucleons bind after chemical

freeze-out if they are close Pt

in phase-space T
>  Simplest implementation: ,A’

Spherical Approximation (Ap <p) | ! o Q

Wl Butler et al., Phys. Rev. 129 (1963) 836
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The coalescence model TI.ITI

Wigner function formalism

What do we need for coalescence?
2. 0
P |

Source ——
p,n-pair  deuteron

Wl Kachelriess et al. EPJA 57 (5) 167, 2021
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The coalescence model TI.ITI

Wigner function formalism

What do we need for coalescence?

> >
_-—-'—'
Source ——

p,n-pair  deuteron

Use event generators (PYTHIA 8.3 & EPOS 3)
Emulate experimental multiplicity trigger
Calibrate (anti)nucleon momentum distribution
Take resonance cocktail from SHM

Tune emission source

Employ realistic wavefunction

L o o

Wl Kachelriess et al. EPJA 57 (5) 167, 2021
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The coalescence model TI.ITI

Wigner function formalism

What do we need for coalescence?

> >
_-—-'—'
Source ——

p,n-pair  deuteron

Use event generators (PYTHIA 8.3 & EPOS 3)

Emulate experimental multiplicity trigger
Calibrate (anti)nucleon momentum distribution

1.
2
3.
4, Take resonance cocktail from SHM
5. Tune emission source

6. Employ realistic wavefunction

N

model predicts deuteron p. spectrum

Wl Kachelriess et al. EPJA 57 (5) 167, 2021
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The coalescence model TI.ITI

Wigner function formalism

What do we need for coalescence?
2. 0
P |

Source ——
p,n-pair  deuteron

Quantum mechanics:  d°N/dP° = Tr(E40,)

Wl Kachelriess et al. EPJA 57 (5) 167, 2021
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The coalescence model TI.ITI

Wigner function formalism

What do we need for coalescence?

9.0
_———'-'

Source ——

a=(p,-p,)2
r=r_-r
p n

p,n-pair  deuteron

Quantum mechanics:  d°N/dP° = Tr(E40,)

d3N/dP3 = Id?’qjd?’rpfd“%n Deuteron Density Nucleon Density

Wl Kachelriess et al. EPJA 57 (5) 167, 2021
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The coalescence model TI.ITI

Wigner function formalism

What do we need for coalescence?

> >
_———'-'

Source ——

a=(p,-p,)2
r=r_-r
p n

p,n-pair  deuteron

Quantum mechanics:  d°N/dP° = Tr(E40,)
d3N/dP3 = Id?’qjd?’rpfd“%n Deuteron Density Nucleon Density
d3N/dP® = SIdSqfd3rpfd3rnW(q,r) W (0Pl )/(en)P®

/

Spin-Isospin statistics factor vHigime fUnGlon of Cleuieon

(=% for deuterons) Wigner function of p-n state

Wl Kachelriess et al. EPJA 57 (5) 167, 2021

WPCF 23, Catania (Italy) — 10.11.2023 | chiara.pinto@cern.ch |



The coalescence model

Wigner function formalism
Two-nucleon Wigner function
Wop(P[2+ @, P[2 = @70y Tp) = Hup (i, %) Grp(P/2 + 4, P/2 — §)

> an is the momentum distribution of nucleons
> an is the spatial distribution of nucleons. Assuming a Gaussian source

1 —2 _I_ —2
Hp(7oy 73) = h(7)B(7,) = -~ ( _ I >

(2mo2)3 202

Wl Kachelriess et al. EPJA 57 (5) 167, 2021
Wl Kachelriess et al. EPJA 56 (1) 4, 2020
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The coalescence model TI.ITI

Wigner function formalism
Two-nucleon Wigner function
Wap(P[2 4§, P/2 = @,y Tp) = Hup (P, ) Grop (P/2 + G, P[2 ~ §)

> an is the momentum distribution of nucleons
> an is the spatial distribution of nucleons. Assuming a Gaussian source

1 —2 _I_ —2
Hp(7oy 73) = h(7)B(7,) = -~ ( _ I )

(2mo2)3 202

some simple calculations later: Nucleon momentum

___—"| phase-space
BN, 3¢

- 3 e TCG, (P2 + 7, P2 —
dpc? (27T)6/d qce an( d/ +Q7 d/ q_>

deuteron size (3.2 fm)

\ d2 3/2
= | == Two-particle emitting source size
Wil Kachelriess et al. EPJA 57 (5) 167, 2021 (d2 + 4o 2>/ P 0
Wl Kachelriess et al. EPJA 56 (1) 4, 2020
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The coalescence model

Wigner function formalism
Two-nucleon Wigner function
Wap(P[2 4§, P/2 = @,y Tp) = Hup (P, ) Grop (P/2 + G, P[2 ~ §)

> an is the momentum distribution of nucleons
> an is the spatial distribution of nucleons. Assuming a Gaussian source

1 —2 _I_ —2
Hp(7oy 73) = h(7)B(7,) = -~ ( _ I )

(2mo2)3 202

some simple calculations later:

d®N. 3 29 = R
dp3d: (zf)G/dgqe 7 (o Py/2+ G, Py/2 — q)
d

deuteron size (3.2 fm)

AN P2 3/2 | Constrained
(= (

from datal
d? —|—i402 }

Wl Kachelriess et al. EPJA 57 (5) 167, 2021
Wl Kachelriess et al. EPJA 56 (1) 4, 2020

TUTI
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Light (anti)nuclei measured in ALICE

Transverse momentum spectra

Eur. Phys. J. C (2022) 82:289
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Light (anti)nuclei measured in ALICE

Transverse momentum spectra

Eur. Phys. J. C (2022) 82:289
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Light (anti)nuclei measured in ALICE TI.ITI

Transverse momentum spectra
|
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Emission source size measured in ALICE TI.ITI

> ALICE is pioneering the study of

>

the strong interaction using
femtoscopic correlations

Momentum correlations can be
employed to explore two-particle
dynamics

The correlation function depends

on two ingredients:

o Two-particle wave function
(quantum statistics +

Femtoscopy

™

-

ﬁ Interaction

s .
/" Attractive

05 1 1.5 2
r* (fm)

Schrodinger l equation

Two-particle wave
function|¥ (k*,1")|

U

)

I

Correlation Function

~

C&™)

Attractive

50 100 150 200

k"(MeV/cy

Coulomb + strong interaction) C(k*) = f

Wl ALICE Coll., Nature 588 (2020) 232-238

(k) dPr* = (k") -

Nsame (k")
Nmixed(k*)

If we measure C(k*) and use a known interaction (e.g.
nucleon-nucleon) we can study the

WPCF 23, Catania (taly) — 10.11.2023

| chiara.pinto@cern.ch



Emission source size measured in ALICE TI.ITI

Femtoscopy

> (Good description of the interaction with _
Fermi-Dirac statistics, Coulomb and X
strong interaction (using v18)

> Only free parameter: the

1 1 1 1 I 1 1 1 1 I 1 1 1 ! l 1 1 1 1 I 1 1 1

ALICE pp Vs = 13 TeV
? High-mult. (0-0.17% INEL > 0)
m, €[1.26, 1.38) GeV/c?
Gaussian Source
W8l pp®pp
—— Coulomb + Argonne v, (fit) |

1 I ) A o | l 1

2.5

1.5

nNo
Illlllllllll

1 1 1 1 I 1 1 1 IVIV_I‘JI%VIUTJYC:AICIC?CJ:UIUI
50 100 150 200
k* (MeVi/c)

(@)

Wl ALICE Coll., PLB 811 (2020) 135849
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Emission source size measured in ALICE TI.ITI

Femtoscopy

> (Good description of the interaction with _
Fermi-Dirac statistics, Coulomb and X
strong interaction (using v18)
Only free parameter: the

When done as a function of m.

1 1 1 1 I 1 1 1 1 I 1 1 1 ! l 1 1 1 1 I 1 1 1

ALICE pp Vs = 13 TeV
? High-mult. (0-0.17% INEL > 0)
m, €[1.26, 1.38) GeV/c?
Gaussian Source
W8l pp®pp
—— Coulomb + Argonne v, (fit) |

Yv

1 I ) A o | l 1

2.5

1.5
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Illlllllllll

1 1 1 1 I 1 1 1 IVIV_I‘JI%VIUTJYC:AICIC?CJ:UIUI
50 100 150 200
k* (MeVi/c)

(@)

Wl ALICE Coll., PLB 811 (2020) 135849
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Emission source size measured in ALICE TI.ITI

Femtoscopy

> (Good description of the interaction with _ T
Fermi-Dirac statistics, Coulomb and x 3L ALICE pp Vs = 13 TeV i
strong interaction (using v18) S L . High-mult. (0-0.17% INEL>0) -
> Only free parameter: the i m, €[1.26, 1.38) GeV/c® g
> \When done as a function of m-. ol Gaussian Source &
s W8l pp®pp 1
= P T[] i —— Coulomb + Argonne v, (fit) |
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18 b E I :
- 115 -
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Wl ALICE Coll., PLB 811 (2020) 135849
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Emission source size measured in ALICE TI.ITI

Femtoscopy

> (Good description of the interaction with
Fermi-Dirac statistics, Coulomb and
strong interaction (using v18)

> Only free parameter: the Pn\
> \When done as a function of m-.
n
SN dnative x
Pr . pn .
= adL T T T 7 (S N TR BRI TR R T . 2
o E ALICE pp Vs = 13 TeV :
15 High-mult. (0-0.17% INEL>0) 3 P
14 B Gaussian Source =
13 F 3
= resonances -
1.2 =3 =
11 F -
E : ra(t) o)
0.9 :_ | | M| | | .—‘j

L L P PRI PR L PRI |

1 12 14 16 1.8 2 22 24 26
(m.) (GeV/c?)

also protons from resonance decays

are used for coalescence!

Wl ALICE Coll., PLB 811 (2020) 135849
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The coalescence model TI.ITI

Wigner function formalism, tuned to ALICE measurements

) . d3N 3 — - D
Let’s remember: dP?’d = (275)6 /d3q e qzdenp@ q, Pa/2 = q)
d

¢ ( d? )3/2 Constrained

from datal

d? +\do?
> Theterm B¢e €& can be interpreted as a Coa;escence probability depending on the
relative momentum g and the source size o

> More in general:

plo,q) = | dr,d®r,h(r,)h(r,)W(q,r
! I

> This allows us to calculate the coalescence probability for arbitrary Wigner functions

|:> Test different hypotheses for the deuteron wave function

W) = [ ¢ uE+ - Een
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State of the art coalescence predictions TI.ITI

Wigner function formalism — wave functions

There are multiple models for the
deuteron wave function

> Single Gaussian
> From pion field theory
(Yukawa-like potential) (‘50s)*:
Hulthén
> From pn scattering
measurements™:

Argonne v,

*Wll Scheibl et al., PRC 59 (1999) 1585-1602
Wl Wiringa et al., PRC 51 (1995) 38-51

— Gaussian (d = 3.2 fm)

~— Hulthen (= 0.5 fm™, p = 1.56 fm™)
%EFT N°LO (S-wave)
¥EFT N°LO (D-wave)

— Argonne v, (S-wave)

- - Argonne v,; (D-wave)

-
-
T S e -

r (fm)

Wl M. Mahlein et al., Eur.Phys.J.C 83 (2023) 9, 804
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https://link.springer.com/article/10.1140/epjc/s10052-023-11972-3

State of the art coalescence predictions TI.ITI

Wigner function formalism — wave functions

There are multiple models for the
deuteron wave function

> Single Gaussian
> From pion field theory
(Yukawa-like potential) (‘50s)*:
Hulthén First time!
> From pn scattering
measurements™:

irst time!
Argonne v, First time!

*Wll Scheibl et al., PRC 59 (1999) 1585-1602
Wl Wiringa et al., PRC 51 (1995) 38-51

0.14
0.12
01
£ 0.08
£
<°0.06
0.04

0.02

— Gaussian (d = 3.2 fm)

~— Hulthen (= 0.5 fm™, p = 1.56 fm™)
%EFT N°LO (S-wave)
¥EFT N°LO (D-wave)

— Argonne v, (S-wave)

- - Argonne v,; (D-wave)

-
-
i TP

r (fm)

Wl M. Mahlein et al., Eur.Phys.J.C 83 (2023) 9, 804
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Parameter-free predictions TI.ITI

Wigner function formalism tuned to ALICE measurements

> Event-by-event coalescence afterburner with Wigner
function formalism
> EPOS 3/Pythia 8.3 as event generator
e
=
Source

Wil M. Mahlein et al., Eur.Phys.J.C 83 (2023) 9, 804
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Parameter-free predictions TI.ITI

Wigner function formalism tuned to ALICE measurements

> Event-by-event coalescence afterburner with Wigner
function formalism
> EPOS 3/Pythia 8.3 as event generator

e W
—
Source

Ingredients
> Charged-particle multiplicity (35.810.5)

EPOS Multiplicity Distribution with NY®™ > 127

0.057 ; ALICE HM | Mean=35.8
| T7" (JHEP 01 (2022) 106)
] + EPOS
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Parameter-free predictions TI.ITI

Wigner function formalism tuned to ALICE measurements

> Event-by-event coalescence afterburner with Wigner
function formalism
> EPOS 3/Pythia 8.3 as event generator

9.0
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Source
Ingredients
> Charged-particle multiplicity (35.810.5) P T
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0.05+ , = H: : ‘ |
measurements from ALICE B S E
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Parameter-free predictions TI.ITI

Wigner function formalism tuned to ALICE measurements

> Event-by-event coalescence afterburner with Wigner
function formalism
> EPOS 3/Pythia 8.3 as event generator

9. —0
S |

Source
Ingredients
> Charged-particle multiplicity (35.810.5)
> Protons (and neutrons) are tuned to p

measurements from ALICE
> |mproved source model
> resonance abundancies tuned to SHM
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Parameter-free predictions TI.ITI

Wigner function formalism tuned to ALICE measurements

> Event-by-event coalescence afterburner with Wigner
function formalism
> EPOS 3/Pythia 8.3 as event generator

Source
Ingredients
> Charged-particle multiplicity (35.810.5)
> Protons (and neutrons) are tuned to p ) ﬁn\
Pp
measurements from ALICE . B
7 dgﬁtlve éo 22 ~+ ALICE,pp vt§=13 TeV HM PLB 811(2020)
> Improved source model L VSRR < ] 4.} 185649
. : 5 —_— .9, hative ]
> resonance abundancies tuned to SHM { ° ﬁn\ 1.8 —PYTHIA83, scaled 5
. Pa 3 E
> source size n e ]
’ 1.4 P -
- evt-by-evt propagation to obtain o/pn”e‘“Ve 1_2; & E
- m--dependent scaling tuned to data 1.0 — . =
T p g rA(tl) rn(tl) 0.8:— _:
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Parameter-free predictions TI.ITI

Wigner function formalism tuned to ALICE measurements

> Event-by-event coalescence afterburner with Wigner
function formalism

LIFLINC T B LA 57 LN BN 5% 2 5 o [N L L L 0 O PL AL LN

> EPOS 3/Pythia 8.3 as event generator S 00020~ deuterons, pp 5 = 13 TeV HV|

% i [e]ALICE JHEP 01, 106 (2022)

O] - I Gaussian WF - EPOS3 |

— - B Hulthén WF & Pythia 8. 3 1

] F0.0015— I Argonne v18 WF

Ingredients £l - -

> Charged-particle multiplicity (35.810.5) 32-" - 1

> Protons (and neutrons) are tuned to p %6 0.0010- -

i F 1

measurements from ALICE > - -

> |mproved source model - -~ -

> resonance abundancies tuned to SHM F -

> source size - s~ —

—evt—by-evt|Oropagationtoobtainolpnnative 3 e

- m_-dependent scaling tuned to data g : /"\‘—""\_J ]

= :

> Realistic wavefunction: Argonne v, best © e ——————————" |
S 05 1.0 1.5 20 25 3.0 35 40 45

agreement S

P, (GeV/ce)
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Parameter-free predictions TI.ITI

Wigner function formalism tuned to ALICE measurements

> Event-by-event coalescence afterburner with Wigner
function formalism

LIFLINC T B LA 57 LN BN 5% 2 5 o [N L L L 0 O PL AL LN

> EPOS 3/Pythia 8.3 as event generator S 00020~ deuterons, pp 5 = 13 TeV HV|

% i [e]ALICE JHEP 01, 106 (2022)

(O] - I Gaussian WF - EPOS3 |

— - B Hulthén WF & Pythia 8. 3 1

] F0.0015— I Argonne v18 WF

Ingredients £l - -

> Charged-particle multiplicity (35.810.5) 32-" : 1

> Protons (and neutrons) are tuned to p %6 0.0010- -

G F 1

measurements from ALICE > - 7

> |mproved source model - -~ -

> resonance abundancies tuned to SHM F -

> source size - e :

—evt—by-evt|Oropagationtoobtainolpnnative 3 e

- m_-dependent scaling tuned to data g - /"\""‘\_/ ]

= :

> Realistic wavefunction: Argonne v, best © e ——————————" |
S 05 1.0 15 20 25 3.0 35 4.0 45

agreement s

P, (GeV/ce)

Model successtully reproduces data with no free-parameters!
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Extending the model to different energies TI.ITI

> The model is validated in HM pp /s = 13 TeV, it can be extended to MB pp /s = 13.6

TeV using LHC Run 3 statistics
> m.-dependent r, have been measured by ALICE with Run 3 data as a function of

multiplicity (primary charged tracks used as a proxy)

T l4f g ' T
= _ ALICE Preliminary
=13} 28, pp VS =13.6 TeVMB |
i . Gaussian source
12 /% . p-p@P-p
7 % + Nprima"Y(lnl <0.8)
- % - tr.
TR B ¢ 17,11)
1or &2 =4 : Y & t [11,15)
Vi % % y 4 [15,20)
0.9+ 7 't % % v Z + [20,27)
sl S @ & % + 127,200
' 4+ T - syst.
7. < P72 \ncertainties
0.7 + ALICE pp V5 =13 TeV
. HM (0-0.17% INEL>0)

1.0 12 14 1.6 18 2.0 22 24 26 28
(mt) (GeV/c?)

PREL-556487

> On reverse mode, it can be used to predict the m.-dependence of the emitting source
size when deuteron spectra are available

WPCF 23, Catania (Italy) — 10.11.2023 | chiara.pinto@cern.ch |



What’s next? TI_ITI

> Modelling antinuclei production is an essential
backbone to interpret any future measurement of
cosmic ray antinuclear fluxes

antinuclei cosmic ray flux

Flux (log scale)

= measurement
== background
= Signal

Energy (log scale)
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What’s next? TI_ITI

> Modelling antinuclei production is an essential

T

X+x = WW- 5d+X

10-2f T
. DM .
T backbone to interpret any future measurement of
BESS97-00 Oinel Bck . .
104k —T | . cosmic ray antinuclear fluxes
10-6 | m, =94 GeV Shuklaet al . i

1078_

Flux (m~2sr~'s~"(GeV/nucleon)~")

PO “m, =1000GeV T\
101 100 10! 102
Eyin (GeV/nucleon)

Wl Serksnyte et al., PRD 105 (2022) 083021
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What’s next? TI_ITI

PR o il s Ui | > Modelling antinuclei production is an essential
. DM .
iy o backbone to interpret any future measurement of
BESS97-00 Tinel . .
104} | ‘ cosmic ray antinuclear fluxes
1g-6Lm =94 GeV Shudaetal > Antideuteron production predominantly from collisions

of protons of E, . ~200-500 GeV
(/s ~ 19-30 GeV for p-H)

1078_

Flux (m~2sr~'s~"(GeV/nucleon)~")

PO “m, =1000GeV T\
101 100 10! 102
Eyin (GeV/nucleon)

Wl Serksnyte et al., PRD 105 (2022) 083021
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What’s next? TI_ITI

ygrz], REEFIWWCSEEX | > Modelling antinuclei production is an essential
— DM :
T backbone to interpret any future measurement of
BESS97-00 Oine Bck : .
104k —T | . cosmic ray antinuclear fluxes

o m, =94 Gev Shukia et o1 > Antideuteron production predominantly from collisions
ol Kachefiess etal. | of protons of E,, ~200-500 GeV
| (Js ~ 19-30 GeV for p-H)

10-8}

Flux (m—2sr~'s~'(GeV/nucleon)~)

—m, =1000 GeV

10-10 Lo N
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10 10? -
f T T —— -29

'g 10° 10 :?
<@ £
Q ‘c
g 102 103" 8
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5 £
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&7

100 10_35
Antideuteron source function as a function of kinetic energy of the
102 108 104 incoming proton and produced antideuteron
EF (GeV/nucleon
in ( ) Wl Serksnyte et al., PRD 105 (2022) 083021
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What’s next? TI_ITI

ygrz], REEFIWWCSEEX | > Modelling antinuclei production is an essential
— DM :
T backbone to interpret any future measurement of
BESS97-00 Oine Bck : .
104k —T | . cosmic ray antinuclear fluxes

| m, =94 Gev Shukla of o > Antideuteron production predominantly from collisions
T Kacheliessotal | of protons of E,, ~200-500 GeV
' ' (ys ~ 19-30 GeV for p-H)

> Modelling production of antideuterons for HM pp

10-8}

Flux (m—2sr~'s~'(GeV/nucleon)~)

—m, =1000 GeV

10 0L - _ ol collisions at 13 TeV is only the first piece of a much
Eiin (GeV/nucleon) more complicated puzzle
(s (GeV)
10 ' - ,102
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Antideuteron source function as a function of kinetic energy of the

102 108 104 incoming proton and produced antideuteron
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WPCF 23, Catania (Italy) — 10.11.2023 | chiara.pinto@cern.ch |



)
—
.

102

ES (GeV/nucleon
=

Flux (m—2sr~'s~'(GeV/nucleon)~)

10—10 1

What’s next?

10-2f

104+

10—6_

10-8}

102

104

10
EF (GeV/nucleon)

X+x = WW- 5d+X >
T OGeant4 DM
BESS97-00 o QE:CE Bck
>
m, = 94 GeV Shukla et al.
Kachelriess et al
: - >
" m, =1000 GeV
101 10° 10! 102
Eyin (GeV/nucleon)
(s (GeV) >

10-=

1o

10733

Qwt [(GeV/nucleon)m?3s]™!

10

Modelling antinuclei production is an essential

backbone to interpret any future measurement of
cosmic ray antinuclear fluxes

Antideuteron production predominantly from collisions
of protons of E,._~200-500 GeV
(/s ~ 19-30 GeV for p-H)

Modelling production of antideuterons for HM pp
collisions at 13 TeV is only the first piece of a much
more complicated puzzle

Experimental measurements of production spectra &
emitting source size at different energies needed — to
extrapolate in the energy range of interest (ongoing
efforts in NAG1)

Antideuteron source function as a function of kinetic energy of the
incoming proton and produced antideuteron

Wl Serksnyte et al., PRD 105 (2022) 083021
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Applications in ALICE TI_ITI

> Once it is validated in HM pp /s = 13 TeV, it can be used to predict the
m.-dependence of the emitting source size when deuteron spectra are available
> MBpp.s=13TeV & s = 900 GeV, m_-integrated value measured (ongoing)

> in-jetand UE pp /s = 13 TeV

[
ALICE _
pp Vs =13 TeV, pT'ead>5 GeV/c 3

E @ underlying event

1 0; @in-]et ;
E PYTHIA 8 Monash 13 (tuned p) 3
+ Coal. (Ap <0.285 GeV/c)

10°E

> B, in jets will be measured with anti-k_. jet finder
algorithm using ALICE Run3 data (x10* increased
statistics wrt Run2) as a function of

> transverse momentum of the leading particle s E
C EQTIW ]

B, (GeV?/c®)

> jet multiplicity

> et resolution parameter =

)

- [ojoe=S

> (Coalescence model calculations will need source size 04 06 08 1 12 14 16
measurement — experimentally challenging i
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Summary of the model TI.ITI

> Novel approach for coalescence based on Wigner function formalism is developed
> Deuteron production in high multiplicity pp collisions /s = 13 TeV
> |f we have control of the underlying physics

|||||||| L LA LA LN INL NNLONLO NL BL A

0.0005
no free-parameters! |

> charged-particle multiplicity '§ 00020/ deuterons, pp 15 = 13 TeV HM ]
- S : >

> (antinucleon momentum distributions & I %é:ﬁi.iﬁi?lfﬁfi’ 1
. g - I Hulthén WF 5 Pythia 8.3 -
> resonance COthall %I—O 0015__ .Argonne vi8 WF __
> emission source size > - :
> realistic nucleus wavefunction 2 i
© 0.0010 —
3 ' i
. < ]
> Model successfully reproduces data with = ]

N
T
|

1

05 1.0 1.5 2.0 2.5 3.0 35 40 45
p_(GeVic)

Model / Data

Wl arXiv:2302.12696
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Applications TI.ITI

> Experimental measurements of production spectra & emitting source size at lower

energies needed — to extrapolate the antinuclear production in the energy range of
interest for astrophysics (/s ~ 19-30 GeV)

> Once it is validated in HM pp /s = 13 TeV, it can be used to predict the mo
dependence of the emitting source size when production spectra are available

> MB pp s = 13 TeV, m_-integrated value measured (ongoing)
> in-jetand UE pp /s = 13 TeV
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Source modelling TI.ITI

Event-by-Event propagation to calculate native distance
between nucleons
m;. - dependent scaling evt-by-evt

/é\ : | L | T T T | L I LI I LI I LI | T T
£ 55 - ALICE, pp Vs =13 TeV HM
= 225 " EPOS3, native natlve ( \/— / 4) native
oo — EPOS 3, scaled
- — PYTHIA 8.3, native N
18 —PYTHIA 8.3, scaled —
1.6 = mean' value
L ] native
1.2 -
100 — ¥ =
) N .
- scaled _ ( ) native
0.8~ o d SmT dpn
ra(fy) r\(f) T0 12 14 16 18 20 22 24 2.6
(m_) (GeV/c?)

S(mT> _= TéAxLICE /,,,(r)lative

ronative:( \/-l—[ /4) <dpnnative>

Wl ALICE Coll., PLB 811(2020) 135849
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Cosmic Rays TI.ITI

Production energy of antinuclei

> Antideuteron source function as a
function of kinetic energy of the -

. ' —~ 108 10~ ,'_,
incoming proton and produced S 7
antideuteron % E

> Antideuteron production predominantly 2 Ll 1031 §
for protons of E,._~200-500 GeV = 10°¢ E

(s ~ 19-30 GeV for p-H) S S

I'Eu-_g 10! 10793 é

S

100 10735

Source Function 10° 103 104
EF (GeV/nucleon)

A A

CR Flux

. [
>

Proton Energy Proton Energy

Serksnyté, et al. PHYSICAL REVIEW D 105, 083021 (2022)
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New Wiger functions/Probabilities

HulthenWignerFunction WignerArgonne

HulthenWignerFunction

0.30 WignerArgonne

Entries 12000
Mean x 1.874
Meany 004125 — 7
StdDevx 1.719
Std Dev y 0.03492

Entries 15000
Mean x 1722
Meany 0.05112
Std Dev x 1.728
Std Dev y 0.04999

alGeV]

0 2 4 6 8 10 12
rGevr-1]

HulthenProbabilityHistogram Argonneprobab”ityH is’[ogram

HulthenProbabilityHis...
Entries 15000
Mean x 1384
Meany 0.05121
Std Dev x 1.961
Std Dev y 0.05004

ArgonneProbabilityHis...

Entries 6400
Mean x 1.558
Meany 0.04122
Std Dev x 2172
Std Devy 0.03489

q[GeV]

alGeV]

Integral becomes
numerically unstable

for finer binning

0 2 4 6 8 10 12 14 16 18 20
s[fm]

WPCF 23, Catania (taly) — 10.11.2023 | chiara.pinto@cern.ch



q[GeV]

Argonne D-State probability

ArgonneProbabilityHistogramDWave
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Overview of (anti)nuclei data TI.ITI

(anti)nuclei measurements

> No measurement of antideuterons in the energy region _
Experiment or

(~19-30 GeV) relevant for astrophysics Laboratory  Collision pyy (GeV/c) 5 (GeV)
> Most measurements are very old (~60s and 70s)
, CERN p+p 19 6.15
> NA61’s energy (17.3 GeV) would be a perfect CERN p+p 2% 68
candidate to study antinuclei for astrophysics Serpukhov p+p 70 115
p+Be
CERN-SPS  p+Be 200 19.4
p+Al
Fermilab p+Be 300 238
We need precise measurements at the energies CERNIR — prp 14978 >3
: . ) : o CERN-ALICE p+p  43x10° 900
of interest to constrain (anti)nuclei production! CERN-ALICE p+p  26x107 7000

No antideuteron datal
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Modelling (anti)nuclei production TI.ITI

B, predictions

> Important observable in accelerator measurements: B,

_3 ALICE Collaboration, JHEP 01 (2022) 106

BNy BN\ AR e~
Ba(pr) :EAE / (E 3p) 25 ALICE E

Y dp? :
> Theoretical prediction [1] 20F -

Emission source size E - ]
- ) , N
C d ]
: MOORE :
C we®® ]
[ e

/ S Keep It N mina 1
2 /
BZ /d3QD q—je PT) q/ater. :
2m - [e]pp, (s =13 TeV,HM |

Deuteron wave function O I Gaussian [ Hulthen E

Testing dllﬁ(‘q nt w k& - 5+ [l xEFT | Two Gaussians
> Hult Favdu 15’3" éhergy scattering experiments o5 1o 15 20

> Gaussian: Best description of currently available ALICE data p_IA (GeVic)
> Two Gaussians: Approximates Hulthén, easy to use in calculations
> yEFT: Favoured by modern nuclear interaction experiments (e.g. Femtoscopy)

B, (GeV?/c®)

<
=
o

I

("B

[1] Blum, Takimoto, PRC 99 (2019) 044913
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Correlations comparison TI.ITI

An-Ag Correlation function

ALICE (Eur.Phys.d.C 77 (2017) 8, 569)

(C) pp + Pp
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