
Constraining dark matter annihilation with  
cosmic-ray antiprotons using neural networks

Felix Kahlhoefer, Michael Korsmeier, Michael Krämer,  
Silvia Manconi and Kathrin Nippel  

[arXiv: 2107.12395]

Partikeldagarna 2021  
Chalmers Conference Centre

2021/11/23



Michael KorsmeierStockholm University and OKC /152

Outline

• Motivation and introduction


• Traditional approach


• New methods: RNNs and  
importance sampling 


• Application: scalar singlet DM


• Conclusions
100 101 102 103

R [GV]

10°2

10°1

100

101

102

103

104

R
2
©

[m
°
2
sr
°
1
s°

1
G
V
1
]

  















p

He

O

C

B
Be

p̄



Michael KorsmeierStockholm University and OKC /153

Motivation

[Planck coll.; Astron.Astrophys. 594; 2016]

[Freese; EAS Publ.Ser. 36; 2009]

http://www.illustris-project.org/media/ 

Gravitational evidence at various 
scales is overwhelming.

http://www.illustris-project.org/media/
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Motivation
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• Various search strategies

• We focus on indirect detection 

with cosmic rays and -raysγ
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Antiprotons in cosmic rays 
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Antiprotons in cosmic rays 
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Traditional method
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Traditional method
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1. Parameter scan with  likelihood evaluations 
using GALPROP

𝓞(106)
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Traditional method
1. Parameter scan with  likelihood evaluations 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2. Marginalization over CR parameters 



Michael KorsmeierStockholm University and OKC /155

Traditional method

103 104

mDM [GeV]

10°27

10°26

10°25

10°24

10°23

hs
vi

[c
m

3 /
s]

W+W°/ZZ
systematic uncertainty
local DM uncertainty

gg/cc̄
qq̄
bb̄

hh
tt̄

[C
uo

co
, H

ei
si

g,
 M

K,
 K

rä
m

er
; 2

01
8]

1. Parameter scan with  likelihood evaluations 
using GALPROP

𝓞(106)

2. Marginalization over CR parameters 

3. Derivation of the DM limit



Michael KorsmeierStockholm University and OKC /155

Traditional method
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1. Parameter scan with  likelihood evaluations 
using GALPROP

𝓞(106)

2. Marginalization over CR parameters 

3. Derivation of the DM limit

Deriving the limit for one standard model final state 
takes ~50 000 cpu-hours.
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New methods to derive DM limits

Importance Sampling to marginalize  
over CR propagation parameters 

RNNs to replace GALPROP  
for an arbitrary DM model

Ex[p(x)] =
1
N

N

∑
i=1

xiq(xi)
p(xi)

{xi} ∼ q(x)
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Importance sampling

Assume we have a sample


 with 





 
 Likelihood without DM signal 

 Likelihood with DM signal 
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ℒ1(θ)
ℒ2(θ, x)

θ = {γ1,p, γ1,He, γ2,p, γ2,He, R0, s D0, δ vA v0,c zh φ, φp̄}
x = {mDM, ⟨σv⟩gg, ⟨σv⟩qq̄, ⟨σv⟩cc̄, ⟨σv⟩bb̄, ⟨σv⟩tt̄, ⟨σv⟩hh, ⟨σv⟩WW, ⟨σv⟩ZZ}

{θi} ∼ ℒ1(θ)

ℒ2(x) = ∫ dθ ℒ1(θ) ≈
1
Ñ

N

∑
i=1

ℒ1(θ)
ℒ2(θ, x)

ℒ1(θi)
ℒ2(θi, x)

ℒ2(x) = ∫ dθ ℒ2(θ, x)
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New methods to derive DM limits

Importance Sampling to marginalize  
over CR propagation parameters 

RNNs to replace GALPROP  
for an arbitrary DM model

Ex[p(x)] =
1
N
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∑
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Training Data:  
Chain of a  
MultiNest fit  

RNNs efficiently learn 
smooth spectra 

9

Architecture and training

               ϕ̃s(E) = log10(E2.7ϕ(E)) ϕ̃DM(x) = log10(m3
DMxϕ(E))
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Validation

Uncertainties from the NN prediction are almost negligible 
compared to AMS-02 measurement uncertainties. 
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Validation

Comparison of the  
evaluation between the  

RNN and GALPROP for a  
large validation set shows  

very good agreement!

Δχ2
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DM limits (example )bb̄
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Scalar singlet dark matter 

• D

After EW symmetry breaking:  

 ℒ ⊃ −
1
2

m2
S S2 −

1
4

λS S4 −
1
4

λHS h2S2 −
1
2

λHS vhS2
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Scalar singlet dark matter 
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Scalar singlet dark matter 

Deriving the limit takes ~ 60 cpu-hours. 

Speed-up of !𝓞(100)
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Conclusions

We have developed tools to quickly derive 
DM limits for a large number of DM models 

RNNs are particularly well suited to predict 
CR spectra both for DM and the 

astrophysical background 

The networks are published. 
Try it yourself on                 ! 
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