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The coalescence model in momentum space

The coalescence model in momentum space

1 From event generator:

2 In center of mass frame:

3 Any nucleons with 2|~q| < p0 merge to form a nucleon:

4 In lab frame:
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A Wigner function based coalescence model

A Wigner function based coalescence model

Goals
Include constraints on both momentum and space variables
Include a quantum mechanical treatment
Microphysical picture
Evaluated per-event within the Monte Carlo

Starting points
Nucleon capture process: p + n→ d

Wigner function representation of the deuteron and nucleons
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A Wigner function based coalescence model

Wigner function properties

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

{
−~q · ~ξ

}
ϕd(~r + ~ξ/2)ϕ∗d(~r − ~ξ/2)
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A Wigner function based coalescence model

An expression for the deuteron yield

Antideuteron spectrum in the d frame (Scheibl and Heinz 1999)

d3Nd

dP3
d

=
s

(2π)3

∫
d3rd

∫
d3q d3r

(2π)3 D(~r , ~q)f W
p (~q, ~r+)f W

n (−~q, ~r−),

All combinations that are allowed from the Pauli exclusion principle are
given equal weights, (Mattiello et al. 1997).

sd =
3
8

; s3He = st =
1
12
.

f W
p (~q, ~r+): Proton Wigner function
f W
n (−~q, ~r−): Neutron Wigner function
D(~r , ~q): Deuteron Wigner function
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A Wigner function based coalescence model

A new coalescence model I

Ansatz for nuleon Wigner functions:

f W
p (~q, ~r) = f W

n (~q, ~r) =
(
2πσ2)−3/2

g(~q)exp
{
− r2

2σ2

}
g(~q): taken from the event generator
σ: free parameter

Ansatz for deuteron wave function:

ϕd(~r) =
(
πd2)−3/4 exp

{
− r2

2d2

}
rrms,d = 1.96 fm (Zhaba 2017) ⇒ d = 3.2 fm = 16 GeV−1
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A Wigner function based coalescence model

A new coalescence model II

Antideuteron formation model (yield in lab frame)

d3Nd

dP3
d

=
1
γ

3ζ
(2π)3

∫
d3q

(2π)3 e−q
2d2

g(~q)g(−~q),

ζ ≡
(

d2

d2 + 4σ2

)3/2

≤ 1.
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A Wigner function based coalescence model

A new coalescence model III

1 From event generator:

2 In center of mass frame:

3 The two nucleons merges with a probability

w = 3ζe−q
2d2
,

where

ζ ≡
(

d2

d2 + 4σ2

)3/2

.
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A Wigner function based coalescence model

A new coalescence model IV

Antihelium-3 and antitritium formation model (yield in lab frame)

d3NHe

dP3
He

=
64sζ
γ(2π)3

∫
d3p1

(2π)3
d3p2

(2π)3 g(−~p2 − ~p3)g(~p2)g(~p3)e−b
2P2

,

ζ =

(
2b2

2b2 + 4σ2

)3

,

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

2
3
[
~p2
2 + ~p2

3 + ~p1 · ~p2
]
.

b3He = 1.96 fm; bt = 1.76 fm; s = 1/12
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A Wigner function based coalescence model

Improving the deuteron wave function
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A Wigner function based coalescence model

Improving the deuteron wave function
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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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A Wigner function based coalescence model

Parameter estimation
One can try to capture the hadronisation length LN by defining the
nucleon Wigner functions in the lab frame.
LN ∼ γL0

σ‖(e±) ∼ L0 ∼ Rp ∼ 5 GeV−1

σ⊥(e±) ∼ ΛQCD ∼ σ‖(e±)

σ2
(pp) = σ2

(e±) + σ2
(geom)

⇒ σpp ∼
√
2σe± ∼ 7 GeV−1

~Pd

θ ẑ~r±‖, σ‖

~r±⊥, σ⊥
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A Wigner function based coalescence model

Parameter estimation

One can try to capture the hadronisation length LN by defining the
nucleon Wigner functions in the lab frame.
LN ∼ γL0

σ‖(e±) ∼ L0 ∼ Rp ∼ 5 GeV−1

σ⊥(e±) ∼ ΛQCD ∼ σ‖(e±)

σ2
(pp) = σ2

(e±) + σ2
(geom)

⇒ σpp ∼
√
2σe± ∼ 7 GeV−1

⇒ ζ =
d2

d2 + 4σ̃2
⊥

√
d2

d2 + 4σ2
‖

where σ̃⊥ =
σ⊥√

cos2 θ + γ2 sin2 θ
.
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A Wigner function based coalescence model

Comparison with experimental data

We have considered mainly two experiments:
pp collisions at

√
s = 0.9, 2.76 and 7 TeV (ALICE Collaboration 2018).

e+e− annihilations at the Z resonance (ALEPH Collaboration 2006).

Results
Two-Gaussian wave function, constant ζ

I σpp = (6.4± 0.2) GeV−1 =
√
2(4.5± 0.2) GeV−1

I σe± = 5.0+1.2
−0.9 GeV−1

Two-Gaussian wave function, beam dependent ζ
I σpp = (7.0± 0.1) GeV−1 =

√
2(4.9± 0.1) GeV−1

I σe± = 5.2+0.9
−0.6 GeV−1
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A Wigner function based coalescence model

Best combined fit to the ALICE antideuteron data
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A Wigner function based coalescence model

Best fit to the ALICE helium-3 data
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Detection prospects

Detection prospects for antideuterons from DM annihilations
Two-zone propagation model with MED parameters, Einasto profile and
〈σv〉 = 3× 10−26 cm3/s neglecting energy loss (Fornengo et al. 2013)
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Summary

Summary

The existing state of the art coalescence model is purely
phenomenological
Wigner function based coalecence model:

d3Nd

dP3
d

=
1
γ

3ζ
(2π)3

∫
d3q

(2π)3 e−q
2d2

g(~q)g(−~q)

It includes constraints on both momentum and space variables, has a
semi-classical treatment and a microphysical picture
The new model does not change current detection prospects
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Summary
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