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Summary
» M. KachelrieR, S. Ostapchenko and JT [1905.01192,

2002.10481, and work in progress|
» Recent Review: P. von Doetinchem et al. (2020) [2002.04163]
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Motivation

Image credit: NASA JPL; NASA AMS
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Motivation
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Antideuteron

) Q‘\QQ

RSN
Q,'QQ Antihelium-3

T [GeV/n]

@ NTNU | sanireimons
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Formation of antinuclei

H/;,

d3Ny4 < d3N d3N
= Ba

> £
Aars P dP3 dP3

Py=Po=Pa/A
» Nucleon capture process p +n — d*
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Formation of antinuclei

H/;,

d3N, ( d3N d3N
= Bx

> E
Aars P dP3 dP3

Ppy=P,=Ps/A
» Nucleon capture process p +n — d*

Nucleus  Constituents Mass [GeV] Binding energy [MeV]

Deuteron pn 1.876 2.22
Triton pnn 2.809 8.48
Helion ppn 2.808 8.83
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Formation of antinuclei

H/;,

d3Ny4 < d3N d3N
= Ba

> E
Aars P dP3 dP3

Py=Po=Pa/A
» Nucleon capture process p +n — d*

» The particles must be close in momentum space: 2|g| < po
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Formation of antinuclei

H/;,

3N d3N d3N
d*Na 5A< E

>
Eaaps dP3 P dP3 dP3

Ppy=P,=P/A
» Nucleon capture process p +n — d*
» The particles must be close in momentum space: 2|g| < po

> |sotropic nucleon yields = By o pg(A_l)
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The coalescence model in momentum space

Lab frame

L Event
generator
1w—w+w]
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The coalescence model in momentum space
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The coalescence model in momentum space

200 1 EIectron-$05|tron A
175 a B o o
m B
< 150 1 A Proton-proton
2 pBe
E 125 -
Al
100 - Ap
© KachelrieB et al. (Pythia 8)
757 B KachelrieR et al. (QGSJET Il)
504 A A Gomez-Coral et al. (EPOS)
10t 102 103

Vs [GeV]

We should take into account also the process dependencel
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Timescales

» Hard process: tuu, ~ 1/v/s
» Perturbative cascade:

Nyep <167 < s
» Hadronisation:

Lhaa ~ vLo, Lo~ R, ~ 1 fm
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Timescales

» Hard process: tan, ~ 1/v/s

» Perturbative cascade:
Nocp < g% < s
» Hadronisation:
Lhaa ~ vLo, Lo~ R, ~ 1 fm
» Coalescence:
merging of nucleons that
have nearly completed their
formation
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Timescales

» Hard process: tan, ~ 1/v/s

» Perturbative cascade:
Nyep <167 < s
» Hadronisation:
Lhaa ~ vLo, Lo~ R, ~ 1 fm
» Coalescence:
merging of nucleons that
have nearly completed their
formation

rd o ~2fm ~ Ly => The size of
the formation region must be

taken into account!
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The quantum mechanics of coalescence ﬂ

o— [ =—20

> T; = tr pdPnucl (Scheibl and Heinz [nucl-th/9809092])
Pd

Coalescence probability (Kachelriess et al. [1905.01192])

w = 3((0) exp{—q2d2}; d~32fm

d? d?
- d?2+457 || &2 + 407
O = O(ete) = app/\/§ ~ 1 fm

¢
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Momentum distributions in the coalescence
models
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Pythia, pp collisions at v/s = 7 TeV
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Experimental data: antideuteron spectrum

e
~<

~ ~——— New coalescence model
1073 4 === Standard coalescence model

¢ Experimental data
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Proton-proton collisions, ALICE [1709.08522] MC: Pythia 8.2
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Detection prospects for cosmic ray antinuclei

age credit: NASA JPL; NASA AMS

@ NTNU | ooy



Secondary source

Proton

Helium

10° 10! 10
TGeV/n]

dO'IIP(T ) TN)
dTg
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Secondary source

[ — pp —— HeHe —— pHe
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Antideuteron kinetic energy per nucleon, 7 [GeV/n]
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Primary source cannot exceed the antiproton

spectrum

bb-channel
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® AMS-02 antiproton data

(0V)ann = 3 x 1072 cm?3/s
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Primary source cannot exceed the antiproton
spectrum
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Detection prospects for antideuteron

1073 — . ——r

W* W~ -channel
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Detection prospects for antideuteron

bb-channel
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Detection prospects for antihelium-3
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Detection prospects for antihelium-3
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The puzzling AMS-02 antihelium events

Latest Results frtom the AMS Experiment on the Internation. .. 70/104

el Ting

Physics of AMS to 2024:
1. Study of complex anti-matter - He,

anti-Helium event

T Momentum = 33.1 & 1.6 GeV/e

Charge = -1.97 +0.05
Mass = 2.93 £ 0.36 GeV/c®
Mass (*He) = 2.83 GeV/c?

(S. Ting: CERN Colloquium 24 May 2018)
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The puzzling AMS-02 antihelium events

y Latest Results from the AMS Experiment on the Internation... n 74/104 aE =

Samuel Ting

Important Observation of anti-*He

anti-*He track in V-Z bending plane

4 Momentum = 32.6+2.5 GeV/c
) Charge = -2.05=0.05
P Mass = 3.81% 0.29 GeV/c
Mass (*He) = 3.73 GeV/c?

(S. Ting: CERN Colloquium 24 May 2018)
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The puzzling AMS-02 antihelium events

Latest Results from the AMS Experiment on the Internation... n 75/ 104 aE =

Samuel Ting

Observations on “He
1. We have two *He events with a

background probability of 3x1073.

2. Continuing to take data through 2024
the background probability
for *He would be 2x107,
i.e., greater than 5-sigma significance.
3. The *He/*He ratio is 10-20%
vet 3He/*He ratio is 300%.
More data will resolve this mystery.

(S. Ting: CERN Colloquium 24 May 2018)
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Summary

» Cosmic ray antinuclei offer a promising probe for identifying
the nature of exotic physics

» Theoretical estimations has large uncertainties induced mainly
by propagation and productino models

» One should include both momentum correlations and the size
of the formation region when estimating the production in
astrophysical processes

» The detection of cosmic ray antinuclei may be just around the
corner!
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The new coalescence model

Deuteron formation model

BNy 1 3¢ d3q
dPg ~ oy (2m)3 (2m)

d2
¢ (d2+402> -

1. Two-nucleon momentum distribution

3 an(C_f, -

2. Size of the deuteron
d=32fm

3. Spatial distribution factor

o ~ 1 fm free parameter
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Coalescence of helium-3 and tritium

Helium-3 and tritium formation model

d3NH 64SC d3p1 d3p2 o o o\ —p2p2
= = /(27r) 3 2y 3 GnyNaNs (— P2 — P3, P2, P3)e P

dP3. — ~(27)3
262 \°
CZ:(2b2+4a2> ’

P =2 [(B1 — B2 + (P2 — P3)* + (P2 — 757

—

(95 + P53 + P+ P2 -

w\r\)

bsfge = 1.96 fm; by = 1.76 fm; s = 1/12
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Femtoscopy experiments

» Measurable quantity:

o(d) = / B S(A)|V (7, )2

s

» A Gaussian source if often
assumed in experiments

2
S(r) exp{—4r2}
0
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Femtoscopy experiments

» Measurable quantity:
e@ = [ Ers@Nal \ ﬁ f
> A Gaussian source if often
assumed in experiments /afs
2

r

SO xewl i)

» The nucleon Wigner functions predict the baryon source

2 .
i ricos29+72qsm20}

Whp o exp{uaz B 407
I L1
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Experimental data: baryon

emission source
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Coalescence parameter, B;(p,)
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Coalescence parameter, B;(p,)
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Coalescence parameter, B;(pr)
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Improving the deuteron wave function

The ground state of the deuteron is well described by the Hulthen

wave function,
_ [aBlatp) e — e
#alr) = 27(a — B)? r ’

with @ = 0.23fm™! and 8 = 1.61fm ™ (Zhaba 2017).

Two-Gaussian wave function:
A 2 2 1 - A 2 2
3/ . —r2/2d —r2/2d
oq(P) = /(1 /?%er/1+ /Tger/ 2>.
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Space-time structure in Pythia 8.2
Pythia 8.2 includes now a description of the spacetime structure of
a cascade (Ferreres-Solé and Sjéstrand 2018)
Pythia, pp 13 TeV
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2
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_ A 3
w = 3exp{ 72 d }
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Thermal model for nucleus production

mTyo2, 2mT 202

d2 3/2 1 3/2
Ny ~ NN [ ———— —
¢ ”<d2+4at2h) (mde2+1>

3 P ra
h = = ) )
ng,n(Pp,na To.n) = 4( 2 )3/2 exp{ - ok
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