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Cosmic Rays
Antinuclei in cosmic rays .I.I-m
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> Antinuclei could be a probe for indirect Dark Matter searches
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Cosmic Rays
Antinuclei in cosmic rays .I.I-m
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Cosmic Rays TI.ITI

Antinuclei in cosmic rays
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> Antinuclei could be a probe for indirect Dark Matter searches
> However: Astrophysical background from cosmic rays expected
> High Signal/Noise ratio (~10°-10% at low E,__expected by many models!
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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

> 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=154 MeV)

> No microscopic 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
> 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=154 MeV)
> No microscopic description of nuclei formation
Coalescence model
> Nucleons bind after chemical
freeze-out if they are close
in phase-space

‘M
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Modelling (anti)nuclei production TI.ITI

Overview of production models

(anti)nuclear production described by two models:

Statistical hadronization
> 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=154 MeV)
> No microscopic description of nuclei formation
Coalescence model Py 4
> Nucleons bind after chemical N
freeze-out if they are close /
in phase-space @ ‘:
> Common implementation: P
Spherical Approximation ) ’

Ap<p0 .

Px
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The coalescence model TI.ITI

Wigner function formalism

What do we need for coalescence?

sowce —— (i3
ource .

p,n-pair  deuteron
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The coalescence model TI.ITI

Wigner function formalism

What do we need for coalescence?

9. —0
e

p,n-pair  deuteron

X

Quantum mechanics: d°N/dP? = (P40 ue)
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The coalescence model TI.ITI

Wigner function formalism

What do we need for coalescence?

> >
e

p,n-pair  deuteron

X

Quantum mechanics: d®N/dP8 = Tr(pdeud)

d*N/dP® = [d®q[dr [dr, Deuteron Density Nucleon Density
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The coalescence model TI.ITI

Wigner function formalism

What do we need for coalescence?

> >
e

p,n-pair  deuteron

X

= THPgPNc)
d*N/dP® = [d®q[dr [dr, Deuteron Density Nucleon Density

Quantum mechanics: PBN/dP?

d®N/dP® = S[d%qfd® [ W(G.r) W, (b,p,"

/

Spin-Isospin statistics factor
(=36 for deuterons)

r p)/(2rr)6

pr’
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The coalescence model TI.ITI

Wigner function formalism
Two-nucleon Wigner function

Wop(P/2+ G, P2 = G, Tns Tp) = Hp(Fs 7) G (P/2 + &, P/2 — §)

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

1 ﬁ+@>

H,,, (7, 1) = h(7) (7)) = exp ( —

(2mo2)3 202

> Some simple calculation later Nucleon momentum

BN 3¢ .— | phase-space
22 — L =

dP?)d: (zﬂ)ﬁ/dgqe qunp(Pd/2+Q7Pd/2_d>

d

= (mg/ Emission source size
o

[2] Kachelries, Eur.Phys.J.A 56 (2020) 1, 4

with
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The coalescence model TI.ITI

Wigner function formalism
Two-nucleon Wigner function

Wop(P/2+ G, P2 = G, Tns Tp) = Hp(Fs 7) G (P/2 + &, P/2 — §)

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

1 ﬁ+@>

H,,, (7, 1) = h(7) (7)) = exp ( —

(2mo2)3 202

> Some simple calculation later

BN, 3 ) —
7 =y | 1o R P2 D

d? 3/2 | Constrained
¢ = 22+ @ | from datal
[2] Kachelries, Eur.Phys.J.A 56 (2020) 1, 4

with
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What did ALICE do for (anti)nuclei studies?'"_m

(anti)nuclei measurements
JHEP 01 (2022) 106
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What did ALICE do for (anti)nuclei studies?'"_m

(anti)nuclei measurements

%108
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What did ALICE do for (anti)nuclei studies?
Femtosc(opy ) TI.ITI

Nature 588 (2020) 232-238

> ALICE is pioneering the study

of the strong interaction using (@ ) ﬁ raron YA _ _ )
. . 2 ’ \ Ropailsive Correlation Function
femtoscopic correlations S o s | J
> Momentum correlations can ot , || . 3 \ Attractive
‘&4:.4“‘ \ /" Attractive
be employed to explore S o 0\ e || 1 il
tWO—partiCle dynamiCS P1 Schrodinger l equation o e Repulsive
. . Two-particle wave 50 100 150 200
> The correlation function \_ I\ it e \_ gy,
depends on two ingredients: ; ‘ t
o Two-particle wave c
function (quantum Ckk”) = | @k, )% d3r* = E(k*) - &Lﬂ;))
statistics + Coulomb + mixed

strong interaction) If we measure C(k*) and use a known interaction (e.g.

nucleon-nucleon) we can study the
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What did ALICE do for (anti)nuclei studies?'"_m

Femtoscopy
PLB 811 (2020) 1358249
1 I Ll | L

> (Good description of the interaction with —~ ey
Fermi-Dirac statistics, Coulomb and = 3
strong interaction (using y )

> Only free parameter: the
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What did ALICE do for (anti)nuclei studies?'"_m

Femtoscopy

. : , , PLB 811 (2020) 1358249
> (Good description of the interaction with —~ R e [ Tt e e
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What did ALICE do for (anti)nuclei studies?'"_m

Femtoscopy

C . . , PLB 811 (2020) 1358249

> (Good description of the interaction with —~ I S o I B o
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Modelling (anti)nuclei production

Wigner function formalism

‘1 ’;4.,,;(,[-"/-"'2 + (7 JL)/‘Z - (7 F'ns ]'_p) //,,‘ /H, s /7, |( .vv‘ -

Hal

(P /2
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— - B./2+ G Pij2 -
dP} (2@6/ g e Gy @2+ Faf2 — D

Constrained
| from datal

d2 3/2
- (

2]

Kachelries, Eur.Phys.J.A 56 (2020) 1, 4
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State of the art coalescence predictions TI.ITI

Wigner function formalism, tuned to ALICE measurements
> Let'sremember:  @Na _ 36

— 30 2+ q,PyJ2 —
P’ (2@6/0“1e G @af2 + 7 Paf2 — DD

¢ ( d? 3/2 | Constrained
= T from datal
O

> Theterm 3§e—(12d2 can be interpreted as a coalescence probability depending on the
relative momentum g and the source size o
> More general:

plo,q) = Pr,d>ryh(ry)h(r,)W q,r
I I

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

= Probe different hypotheses for the deuteron wave function
W) = [ ' Wi+ &2w - Cj2)e®
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State of the art coalescence predictions

Wigner function formalism, tuned to ALICE measurements

> There are multiple models for the
deuteron wave function
> Simplistic:
Single Gaussian
> From pion field theory (Yukawa-like
potential) (‘50s):
Hulthén
> Simplification of Hulthén (‘50s):
Two Gaussian
> From modern y -

®(r)

0.4

o

.3

0.2

0.1

0.0

TUTI

Deuteron Wavefunctions
- e dyER e

T T T T

— Gaussian

— Hulthén
XEFT

— Two Gaussian
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State of the art coalescence predictions TI.ITI

Wigner function formalism, tuned to ALICE measurements

Antideuterons
le-3 I

> Event-by-event coalescence T 16 % ALICE. oo e = 13 Tot
. . . T ] ¢ » PP VS = ey,
afterburner with Wigner function £t *°° = * HM0-0.01%
formalism §1af * i + EPOS (1, =49.82) Gaus
T 4 EPOS (x2p-=36.32) Hulthen
> EPOS 3 as event generator gl.o-:- AR it St i
> (Correct the event generator to S 08t e 1
measurements © 6l ot —«—e— Work in progress!
: > @ a8 ——
> source size, e i " —
> momentum clj|str|but|c')nls,l 02t e —— I
> charged particle multiplicity 1 . —
> (Compare to measurements by s C
ALICE & 201 +
> Argonne (r;) WF shows agood £t «*e#¥ 4o o o ., —4— +
compatibility with measurements — *o1—""
&5;"‘k'fk'_'_—f——0——0i—0———ah—z_ﬁ.__——ak—— a ____¢___:
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State of the art coalescence predictions TI.ITI

Wigner function formalism, tuned to ALICE measurements

> Event-by-event coalescence

afterburner with Wigner function

formalism

EPOS 3 as event generator

Correct the event generator to

measurements

> source size,

> momentum distributions,

> charged particle multiplicity

> (Compare to measurements by
ALICE

> Argonne (x) WF shows a good
compatibility with measurements

Yv

- I
N o
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Cosmic Rays TI.ITI
Production energy of antinuclei

> Antideuteron source function as a

—

function of kinetic energy of the = 108 10720 I
incoming proton and produced S m;
antideuteron ER =
> Antideuteron production predominantly £ 102t 103 8
for protons of E,,_~200-500 GeV % | S
(Js ~ 19-30 GeV for p-H) S} >
7E10 1079
g
Source Function @Y
100 T~
* e 102 103 10*
Ef (GeV/nucleon)
" - Serksnyté, et al. PHYSICAL REVIEW D 105, 083021 (2022)
Proton Energy Proton Energy

Future of antinuclei - Maximilian Horst @ NA61++/SHINE workshop 17/12/22



What do we need from NA61 TUN

> NA61 energy of \/s~20 GeV is perfect to study antideuterons for cosmic rays
> |arge acceptance for forward/backward rapidity give important insights for astrophysics
(production at forward rapidity is poorly measured)

JHEP 01 (2022) 106

o

P+P)/2 3

What we need from NA61 to study nuclei formation: 3 3:2&,«
To. 1E . ey T6 0. ALICE =
2 ‘.'od.’:._ﬂ;co: ]
> Emission source size measurements via two-particle correlation ok et
. ' . ' E o= w =) ]
> (Anti)nucleon momentum distributions ool e ey S
> (Anti)nuclei production measurements el :
EI T TR e A i SN 3 | :,“‘%.a Siade
1.4;— s #i ‘ Gaussian Source 3 “2%»1035 e W ““‘T’r‘._\lw |
o NN T g T
141 E_P*P _§_ & = 104 - -
1_ S pANO) = E pp, Is = 13 TeV
oo Hleavo R e e
1 12 14 16 1.8 2 2.2 ”miA(Ge.'\!/./(zz) 10 OL— ; 2| :; 41 (Gslw“;

Future of antinuclei - Maximilian Horst @ NA61++/SHINE workshop 17/12/22



What do we need from NA61 TUN

> NA61 energy of \/s~20 GeV is perfect to study antideuterons for cosmic rays
> |arge acceptance for forward/backward rapidity give important insights for astrophysics
(production at forward rapidity is poorly measured)

JHEP 01 (2022) 106

o

P+P)/2 3

What we need from NA61 to study nuclei formation: 3 ?;%,
To. 1E . ey T6 0. ALICE =
2> E “o.ﬂ”:’;* 3
> Emission source size measurements via two-particle correlation ok et
. 0 . . E o= w - ]
> (Anti)nucleon momentum distributions ool e ey S
> (Anti)nuclei production measurements el :
b ) oy 3 [ :,“‘%.a e
1.4;— s #i ‘ Gaussian Source 3 2%’;103; e W “"‘T’r‘._]c‘) |
Thanks for the amazing N . ¥y 3 42 f = e
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Backup slides
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New Wiger functions/Probabilities

HulthenWignerFunction WignerArgonne
HulthenWignerFunction WignerArgonne
% . Entries 15000 % Entries 12000
0] Mean x 1722 (9 Mean x 1.874
T Meany 005112 T Meany 0.04125
Std Dev x 1.728 0.25 Std Devx 1.719 7
Std Devy 0.04999 Std Dev y 0.03492

0 2 4 6 8 10

o 2 4 6 8 10 122 1. 16 18 20 HEm/A1]
HulthenProbabilityHistogram ArgonneProbabilityHistogram

HulthenProbabilityHis...

ArgonneProbabilityHis...
S Entries 15000 Entries 6400
8 Mean x 1384 Mean x 1558
T Meany 0.05121 Meany 0.04122
Std Dev x 1.961 - Std Devx 2172

Std Devy 0.05004 Std Devy 0.03489

Integral becomes
numerically unstable
for finer binning

20
s[fm]
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Argonne D-State probability

ArgonneProbabilityHistogramDWave

= 0.3
o, 0.25
o
0.25
0.2
0.2
0.15
0.15
0.1
0.1
0.05
0.05

D-State probability is 6% — Maximum ~11% effect

q[GeV]

0.3

0.25

0.2
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0.1

0.05

WignerArgonne_D_Wave

Future of antinuclei - Maximilian Horst @ NA61++/SHINE workshop 17/12/22

0.4

0.35

0.3

—10.25




Overview of (anti)nuclei data TI.ITI

(anti)nuclei measurements

> No measurement of antideuterons in the energy region  gxperiment or

(~19-30 GeV) relevant for astrophysics Laboratory __ Collision _py, (GeV/c) /5 (GeV)
> Most measurements are very old (~60s and 70s) CERN L 2 %5
> NA61’s energy (17.3 GeV) would be a perfect S 4 70 H
candidate to study antinuclei for astrophysics CERN-SPS Siff 200 19.4
Fermilab p+ Be 300 23.8
We need precise measurements at the energies CERNALICE bip  43x10° 500

CERN-ALICE p+p 2.6 x 107 7000

of interest to constrain (anti)nuclei production!
No antideuteron data!
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Modelling (anti)nuclei production TI.ITI

B, predictions

> Important observable in accelerator measurements: B,

A X10_3 ALICE Collaboration, JHEP 01 (2022) 106
d3NA d>N B L L m
Ba(ph) = E,——F & onl
P, 25_ _
dpd B dp? Nf | ALICE :
. . : 20 7
> Theoretical prediction [1] /EmISSIon source size] &
2 R 2*keep it in mind for & 151 ol .
B- (Zj’) ~ —/d‘qu(cT)e_ pT) 4" later! 10k g i = ¢+ | 4
_~|Deuteron wave function = 3 gdjﬂj E
3 2 —iq-T - _ ]
D(q) = /dr|gb (7)|“e O}EPD,E.BTeV,HMI :
. Gaussian | | Hulthen ]
: -5 EFT Two Gaussians -
Testing different wave functions: - BDERD | BTy Caussa!

> Hulthén: Favoured by low energy scattering experiments R
> Gaussian: Best description of currently available ALICE data p,/A (Gevic)
> Two Gaussians: Approximates Hulthén, easy to use in calculations
> yEFT: Favoured by modern nuclear interaction experiments (e.g. Femtoscopy)
[1] Blum, Takimoto, PRC 99 (2019) 044913
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Correlations comparison TI.ITI

An-Ag Correlation function

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

e (c) P + PP

Future of antinuclei - Maximilian Horst @ NA61++/SHINE workshop 17/12/22



The advanced source model in EPOS TI.ITI

Scheme

Propagation scheme:

e \We obtain a scaling factor as a X
function of m_. from the source size ‘*’9‘* P
measurement B

e \We move the primordials out radially
until we reach the scaled distance

e This distance ( X ) is the same for both
primordials of the pair
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