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Overview

Antinuclei as a signature for dark matter
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Antideuteron formation

The coalescence model in momentum space
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Antideuteron formation

The new coalescence model
(M. Kachelriess, S. Ostapchenko & J. Tjemsland (2019) [arXiv:1905.01192])

Deuteron formation model

d3Nd

dP3
d

=
1
γ

3ζ
(2π)3

∫
d3q

(2π)3
Gnp(~q,−~q) e−q

2d2

ζ ≡ d2

d2 + 4σ2⊥

√
d2

d2 + 4σ2‖
≤ 1

Two-nucleon momentum distribution

Size of the deuteron
d = 3.2 fm
Spatial distribution factor
σ ∼ 1 fm free parameter
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Antideuteron formation

Standard coalescence model

w = Θ(p0 − 2q)

Phenomenological with
constraints in momentum space
Free parameter p0

New model

w = 3ζ(σ) exp
{
−q2d2}

Semi-classical
Free parameter σ
Physical interpretation: Size of
the formation region

Example

Electron-positron and DM: σe± ∼ 1 fm
Proton-proton: σpp =

√
2σe±

Proton-nucleus: Utilise RA = a0A
1/3, a0 ≈ 1 fm
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Antideuteron formation

Comparison to experimental data (Pythia 8)
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s = 2.76 TeV (×4)

s = 0.9 TeV (×1)

New coalescence model
Standard coalescence model
Experimental data

Experiment a0 [fm] χ2/(N − 1) Ref.

pp 7 TeV 1.07 34/19 Acharya 2018

pp 2.76 TeV 1.05 5.6/6 Acharya 2018

pp 900 GeV 0.97 0.3/2 Acharya 2018

pp 53 GeV 1.22 0.3/2 Henning 1978; Alper 1973

e+e− 91 GeV 1.0+0.2
−0.1 - Schael 2006

pBe Eprim = 200 GeV (A = 9)∗ 1.00 2.2/4 Bozzoli:1978ud

pAl Eprim = 200 GeV (A = 27)∗ 0.88 2.3/2 Bozzoli:1978ud

Event generators:
Pythia 8.230 (Sjöstrand et al. 2015; Sjostrand et al. 2006)
∗QGSJET II-04m (Ostapchenko 2011; Kachelriess et al. 2015)
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Antideuteron formation

Determining the coalescence parameter a0

The value of a0 varies quite a bit for different experiments and event
generators

Uncertainties in the coalescence model
Experimental uncertainties
Current event generators are not tuned to two-particle correlations
One cannot expect the model to represent the antideuteron data
better than the corresponding antiproton data

Conclusion

a0 = (1.0± 0.1) fm

Should hold for all interactions in which coalescence is the dominant
production mechanism for antinuclei
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Antideuteron formation

Determining the coalescence parameter a0
Example: antiproton+proton data masured by ALICE (Aguilar 2016)
compared to QGSJET II-04m
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Detection prospects

Secondary source
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Detection prospects

Secondary source: results (QGSJET II-04m)
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Detection prospects

Primary source: dark matter annihilations

Q(~r ,T ) =
1
2
ρ2(~r)

m2
χ

〈σv〉 dNN̄

dTN̄

Generic annihilating dark matter into b̄b and W+W−

Fermionic WIMP, modelled as non-radiating e+e− annihilation using
Pythia 8.230
Particle physics parameters: (mχ, 〈σv〉ann)

Dark matter distribution ρ(~r�) ≈ 0.3 GeV/cm3

Large uncertainties related to propagation
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Detection prospects

Primary source: upper limit on annihilation cross section
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Detection prospects

Detection prospects for antideuterons
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Detection prospects

Detection prospects for antihelium
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Experimental status

Experimental status of antinucleus

The AMS-02 (The Alpha Magnetic Spectrometer) Experiment
(Battiston 2008)

Current hints for exotic physics
I Antiproton: Small exess at rigidities 10–20 GV
⇒ 〈σannv〉 ∼ 3× 10−26 cm3/s;mχ ∼ 80 GeV (Cuoco et al. 2017)

I Antideuteron: No detection

I Antihelium: 8 possible antihelium events, 2 of which are possible 4He events
(Ting 2018)

GAPS (General AntiParticle Spectrometer) is being launched during
the next Solar minimum in 2021(Aramaki et al. 2016a)
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Summary

Summary

Antinuclei offers a potential method of identifying the nature of dark
matter
New coalecence model:

d3Nd

dP3
d

=
1
γ

3ζ
(2π)3

∫
d3q

(2π)3
e−q

2d2
Gnp(−~q, ~q)

It includes constraints on both momentum and space variables, has a
semi-classical treatment and a microphysical picture
Can now describe all prosesses relevant for secondary production and
DM annihilation with a single free parameter
The new model does not change current detection prospects
significantly
The AMS-02 collaboration have detected 8 possible antihelium events,
of which 2 are possible antihelium-4 events
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Extra: Process dependence
e+e− and dark matter annihilations:

σ⊥(e±) ∼ ΛQCD ∼ 1 fm σ‖(e±) ∼ Lhad ∼ 1 fm

Hadron-hadron and hadron-nucleus collisions will obtain an additional
contribution from multiparton interactions:

σ2⊥(geom) ∼
2R2
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Example (proton-proton collisions, R1 = R2 = 1 fm)

σ2⊥(pp) ∼ σ
2
⊥(e±) + σ2⊥(geom) ∼ 2σ2⊥(e±) ∼ (

√
2 fm)2

σ2‖(pp) ∼ σ
2
⊥(e±) + σ2⊥(geom) ∼ 2σ2⊥(e±) ∼ (

√
2 fm)2

Nuclear radius: RA = a0A
1/3, a0 ≈ 1 fm (A . 10)

⇒ Set a0 ∼ 1 fm as a free parameter
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Extra: The two-zone propagation model
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Semi-analytical solution (Maurin et al. 2001)

Parameters are constrained using e.g. a B/C study (Aramaki 2016b);
MED–MAX parameters
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Extra: Helium-3 and tritium

Helium-3 and tritium formation model (yield in lab frame)

d3NHe

dP3
He

=
64sζ
γ(2π)3

∫
d3p1
(2π)3

d3p2
(2π)3

GN1N2N3(−~p2 − ~p3, ~p2, ~p3)e−b
2P2

,

ζ =

(
2b2

2b2 + 4σ2

)3

,

P2 =
1
3
[
(~p1 − ~p2)2 + (~p2 − ~p3)2 + (~p2 − ~p3)2

]
=

2
3
[
~p22 + ~p23 + ~p1 · ~p2

]
.

b3He = 1.96 fm; bt = 1.76 fm; s = 1/12
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Extra: Best fit to the ALICE helium-3 data

0 1 2 3 4 5
pT [GeV]

10 12

10 11

10 10

10 9

10 8

10 7

1/
(N

IN
EL

2
p T

)d
2 N

/(d
p T

dy
), 

[G
eV

2 ]

Best fit helium, const.
Best fit helium, beam dep.
Best fit antideuteron, const.
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Old model
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Extra: The coalescence model

The formation of a nucleon A
ZN can be described by the coalescence model

(Schwarzschild and Zupančič 1963)

EA
d3NA

dP3
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= BA
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Ep
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)Z (
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Pp=Pn=PA/A

,

where BA is the coalescence parameter.

BA = A

(
4π
3

p30
mN

)A−1

BA ∝ V A−1
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Improving the deuteron wave function
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Extra: Improving the deuteron wave function II

The ground state of the deuteron is well described by the Hulthen wave
function,

ϕd(~r) =

√
αβ(α + β)

2π(α− β)2
e−αr − e−βr

r
,

with α = 0.23fm−1 and β = 1.61fm−1 (Zhaba 2017).

Two-Gaussian wave function:

ϕd(~r) = π−3/4
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.
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Extra: Improving the deuteron wave function III
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pp collisions at
√
s = 0.9 TeV with σ = 7 GeV−1 and p0 = 0.2 GeV.
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Extra: Wigner Functions

1 f W(p, x) =

∫
ρ(x + y/2, x − y/2)e−ipy dy

2

∫
f W(p, x)

dp
2π

= ρ(x , x) = P(x)

3

∫
f W(p, x) dx = ρ(p, p) = P(p)

Deuteron Wigner function:

D(~r , ~q) =

∫
d3ξ exp

{
−i~q · ~ξ

}
ϕd(~r + ~ξ/2)ϕ∗d(~r − ~ξ/2)
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