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Precision era for cosmic rays
The AMS-02 detector measures the flux of cosmic rays with rigidities from ~0.5 GV to ~500 GV with an 
unprecedented high accuracy.

Introduction

R ⌘ p

q
Rigidity: 

• Helium (2015)

• Electrons and positrons (2013, 2014)

• Protons (2015)

• Antiprotons (2016)

• Boron/Carbon (2016)

• Preliminary results for Li, Be, B, O, C, N, etc.

PRL113,121102 (2014), PRL113,121101 (2014)

PRL114,171103 (2015)

PRL115,211101 (2015)

PRL117,091103 (2016)

PRL117,231102 (2016)
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AMS-02 is reaching the accuracy to detect unexpected features in cosmic ray data.
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Same spectral index for p, He,    , and positrons

Introduction
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Cosmic ray nuclei and leptons (e- and e+) do not undergo the same propagation processes.

Electrons and positrons lose energy through:

• Synchrotron emission (Galactic magnetic field)
• IC scattering on the interstellar radiation field

Why the spectral index of positrons is so close to the proton and antiproton ones?

p̄

5



Dark Matter indirect searches
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• Is there an excess in the antiproton flux?

Winkler (2016)
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• What about the astrophysical uncertainties?

Giesen et al. (2015)
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Li-Be-B (3-5) and Sc-Ti-V-Cr-Mn (21-25) are secondary CRs. 

C (CR) + H (ISM) �! B + X
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Leaky box model

�B

�C
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mH

, � ⌘ ⇢H v ⌧esc (grammage)

Galaxy NGC-253

Synchrotron radio emission.

The galactic disc is embedded in a magnetic halo with the 
height L ~ kpc.

Cosmic ray electrons propagate in a spread out region around 
of the galactic disc.

The magnetic field explains why CRs are confined in the 
Galaxy during Myrs.
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31Mathieu Boudaud - LAPTh, Annecy TeVPa - 13-09-2016 - CERN

I - The propagation of cosmic ray in the Galaxy and the semi-analytical method

Li,Be,B, e+, p̄, ...

p,He,C,O, e�, ...



The two-zone diffusion model

The galactic disc - R ~ 20 kpc, h ~ 100 pc  
Contains the gaz, the stars and the dust of the Galaxy. Distributed in the spiral arms. 
Cosmic rays are accelerated in the galactic disc.

The magnetic halo - R ~ 20 kpc, 1 ≲ L ≲ 20 kpc 
The diffusion zone of the model. Cosmic rays that escape the magnetic halo cannot go back.

Mathieu Boudaud

Courtezy P. Mertsch

L

Cosmic ray physics

TOOLS - 13-09-201710



Interaction of cosmic rays

• Space diffusion

• Convection

• Energy losses

• Destruction

• Interaction with the interstellar medium (ISM) 
• Decay 

• Diffusive reacceleration

Galactic wind due to supernovae explosions in the galactic disc.

• Interaction with the ISM (Coulomb, ionisation, bremsstrahlung, adiabatic expansion) 
   •  Synchrotron emission, inverse Compton scattering (electrons)

Second order Fermi mechanism. Diffusion in momentum space. 
Depends on the velocity of the Alfven waves VA.

Diffusion on the turbulent component of the magnetic field. K(E, ~x)

~

VC(~x)

D(E, ~x) =
2

9
V

2
A

E

2
�

4

K(E, ~x)

Q

sink(E, ~x)

b(E, ~x)

Mathieu Boudaud

Cosmic ray physics

TOOLS - 13-09-201711



The transport equation

Q(E, t, ~x) = Q

source(E, t, ~x)�Q

sink(E, ~x)

 (E, t, ~x) =
d4N

d3x dE

Production Destruction

@t �K(E, ~x) � + ~r · [~VC(~x)  ] + @E [b(E, ~x) �D(E, ~x) @E ] = Q(E, t, ~x)

Mathieu Boudaud

• Supernova remnants 

• Spallation of primary CRs

• Decay of primary CRs

• Dark matter?

• Pulsar wind nebula

• Spallation

• Annihilation

• Decay

Cosmic ray physics

TOOLS - 13-09-201712
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+ 
dark matter

https://lpsc.in2p3.fr/cosmic-rays-db/
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0D model: Leaky box
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Structure of the code
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Message: only one ASCII file has to be handled by the user! (inputs/init.par) 

+ 
dark matter
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inputs/init.par
All input ingredients are controlled by only one ASCII parameter file.
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inputs/init.par

All input ingredients are controlled by only one ASCII parameter file.

15

The User can customise this file to his own tastes:

• Nuclear X-sections

• CR data 

• Propagation effects to take into account

• Functional form of many functions ( K(R), VC(z), D(E), etc.)

• Propagation model (leaky box, 1D, 2D)

• Value of the propagation parameters

• …

This makes USINE very flexible and customisable!

• Description of the interstellar medium
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inputs/init.par
All input ingredients are controlled by only one ASCII parameter file.

Calculation of the flux at the Earth of all CRs from 1H to 30Si.

15
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inputs/init.par

Switch on/off propagation effects (destruction, Coulomb interaction, Bremsstrahlung, etc.)

15

All input ingredients are controlled by only one ASCII parameter file.
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inputs/init.par

Di Mauro et al. (2014) inputs/XS_ANTIdSdEpbar_He_on_HHe_MDGSF12.dat

16

All input ingredients are controlled by only one ASCII parameter file.
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inputs/init.par
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All input ingredients are controlled by only one ASCII parameter file.
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inputs/init.par

K(E) = K0 �
⌘

✓
R

1GV

◆�

e.g.: change the functional form of the diffusion coefficient:

17

power law

All input ingredients are controlled by only one ASCII parameter file.
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inputs/init.par

) K(E) = K0 �
⌘ (R/1GV)��

1 + (R/Rb)��/s
 s

17

K(E) = K0 �
⌘

✓
R

1GV

◆�

e.g.: change the functional form of the diffusion coefficient:

power law broken power law

All input ingredients are controlled by only one ASCII parameter file.
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USINE is interfaced with ROOT6

Output figures are generated with ROOT6.

Ekn [GeV/n]
3−10 2−10 1−10 1 10 210 310 410 510 610

B/
C

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35
=0.508 GV]  ACE-CRIS(1998/01-1999/01

FF
φ[

=0.555 GV]  AMS01(1998/06)
FF
φ[

=0.000 GV]  AMS02(2011/05-2016/05)
FF
φ[

=0.909 GV]  ATIC02(2003/01)
FF
φ[

=0.461 GV]  BALLOON(1972/10)
FF
φ[

=0.455 GV]  BALLOON(1973/09+1974/05+
FF
φ[

=0.551 GV]  BALLOON(1974/07+1974/08+
FF
φ[

=0.408 GV]  BALLOON(1976/10)
FF
φ[

=0.475 GV]  BALLOON(1977/09)
FF
φ[

=0.871 GV]  BALLOON(1981/09)
FF
φ[

=1.190 GV]  BALLOON(1991/09)
FF
φ[

=0.722 GV]  CREAM-I(2004/12-2005/01)
FF
φ[

=0.544 GV]  CRN-SPACELAB2(1985/07-19
FF
φ[

=0.742 GV]  HEAO3-C2(1979/10-1980/06
FF
φ[

=0.471 GV]  IMP8(1974/01-1978/10)
FF
φ[

=0.772 GV]  ISEE3-HKH(1978/08-1981/0
FF
φ[

=0.383 GV]  PAMELA(2006/07-2008/03)
FF
φ[

=0.443 GV]  TRACER06(2006/07)
FF
φ[

=0.776 GV]  ULYSSES-HET(1990/10-1995
FF
φ[

=0.789 GV]  VOYAGER1&2(1977/01-1993/
FF
φ[

=0.743 GV]  VOYAGER1&2(1977/01-1996/
FF
φ[

=0.717 GV]  VOYAGER1&2(1977/01-1998/
FF
φ[

=0.426 GV]  VOYAGER2-HET(1986/01-198
FF
φ[

=0.400 GV]  DUMMY(07/06)
FF
φ[

Local fluxes
Model1DKisoVc

= 0.730 GV
FF
φ

18
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Documentation

ROOT style (THTML) Doxygen style

A full documentation of classes and methods.

19



Several ways to run USINE: examples

Positron excess… with respect to what?
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> ./bin/usine_run  -t  inputs/init.par  1  0

1- Text-user interface, e.g.: relative contributions

20
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• primaries (SNRs)
• 1-step (fragmentation of primaries)
• 2-steps
• > 2-steps
• decay-fed

1, 10, 100 GV

[%
]

[%
]

1- Text-user interface, e.g.: relative contributions

22



2- Command line, e.g.: antiprotons flux

Mathieu Boudaud

USINE: introduction and examples

TOOLS - 13-09-2017

p (CR) + H (ISM) �! p̄ + X (' 70%)

↵ (CR) + H (ISM) �! p̄ + X (' 25%)

p (CR) + He (ISM) �! p̄ + X (' 4%)

↵ (CR) + He (ISM) �! p̄ + X (' 1%)

> ./bin/usine_run -l  inputs/init.par $USINE/output   1    1   1   H,He,H-BAR      0.564    3.0     R
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USINE: introduction and examples

TOOLS - 13-09-2017

p (CR) + H (ISM) �! p̄ + X (' 70%)

↵ (CR) + H (ISM) �! p̄ + X (' 25%)

p (CR) + He (ISM) �! p̄ + X (' 4%)

↵ (CR) + He (ISM) �! p̄ + X (' 1%)
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Local fluxes
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2- Command line, e.g.: antiprotons flux
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USINE: introduction and examples

TOOLS - 13-09-2017

p (CR) + H (ISM) �! p̄ + X (' 70%)

↵ (CR) + H (ISM) �! p̄ + X (' 25%)

p (CR) + He (ISM) �! p̄ + X (' 4%)

↵ (CR) + He (ISM) �! p̄ + X (' 1%)

> ./bin/usine_run -l  inputs/init.par $USINE/output   1    1   1   H,He,H-BAR      0.564    3.0     EkN
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2- Command line, e.g.: antiprotons flux
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USINE: introduction and examples

TOOLS - 13-09-2017
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2- Command line, e.g.: antiprotons flux
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USINE: introduction and examples

TOOLS - 13-09-2017

> ./bin/usine_run -m2 inputs/init.fit_bc.par $USINE/output 1 1 1

3- Minimisation, e.g.: determination of the propagation parameters using B/C

USINE is interfaced with ROOT6 and takes avantage of the MINUIT package for minimisation.
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USINE: introduction and examples

TOOLS - 13-09-2017

> ./bin/usine_run -m2 inputs/init.fit_bc.par $USINE/output 1 1 1

3- Minimisation, e.g.: determination of the propagation parameters using B/C

USINE is interfaced with ROOT6 and takes avantage of the MINUIT package for minimisation.
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USINE: introduction and examples

TOOLS - 13-09-2017

> ./bin/usine_run -m2 inputs/init.fit_bc.par $USINE/output 1 1 1

USINE is interfaced with ROOT6 and takes avantage of the MINUIT package for minimisation.
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Y. Genolini, P. Serpico, MB, S. Caroff, V. Poulin, 
L. Derome, J. Lavalle, D. Maurin, V. Poireau, S. 
Rosier-Lee, P. Salati, and M. Vecchi (2017)

K(E) = K0 �
⌘ (R/1GV)��

1 + (R/Rb)��/s
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K(E) = K0 �
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✓
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1GV

◆�

Decisive evidence! (Bayesian terms)

��2 = 11

3- Minimisation, e.g.: determination of the propagation parameters using B/C
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The break at ~200 GV is most likely due to 
propagation effects!



A universal break in the spectra of cosmic ray nuclei?

Introduction

Mathieu Boudaud TOOLS - 13-09-2017

Δkinck ~ 0.12 - 0.13

Pointed by PAMELA and confirmed by AMS-02: an universal kink at R~200 GV? 

4

This feature is not predicted by the conventional propagation models! 



A universal break in the spectra of cosmic ray nuclei?

Introduction

Mathieu Boudaud TOOLS - 13-09-2017

Pointed by PAMELA and confirmed by AMS-02: an universal kink at R~200 GV? 

Δkinck ~ 0.12 - 0.13

4

This feature is not predicted by the conventional propagation models! 
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USINE: introduction and examples

TOOLS - 13-09-2017

> ./bin/usine_run -m2 inputs/init.fit_bc.par $USINE/output 1 1 1

USINE is interfaced with ROOT6 and takes avantage of the MINUIT package for minimisation.
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3- Minimisation, e.g.: determination of the propagation parameters using B/C
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The break at ~200 GV is most likely due to 
propagation effects!



Electrons and positrons soon in USINE

Positron excess… with respect to what?

Mathieu Boudaud TOOLS - 13-09-2017

1- Introduction

2- Cosmic ray physics

3- USINE: introduction

4- Several ways to run USINE: examples

5- Electrons and positrons soon in USINE

6- Conclusions and prospects
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We cannot solve analytically the transport equation when energy losses processes take place in 
different places in the Galaxy.

Cosmic rays transport equation (steady state)

@z[VC sign(z) ]�K(E) � + 2h �(z) @E [b
disc

(E) ]�D(E) @E  ] + @E [bhalo(E) ] = Q(E, ~x)

b
halo

= b
IC

+ b
sync

b
disc

= b
adia

+ b
ioni

+ b
brem

+ b
coul

Electrons and positrons: the high-energy approximation

We need a numerical algorithm to solve the transport equation (GALPROP, DRAGON, PICARD, etc.)

Positron excess… with respect to what?

EDU - 24-07-201725
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Cosmic rays transport equation (steady state)

@z[VC sign(z) ]�K(E) � + 2h �(z) @E [b
disc

(E) ]�D(E) @E  ] + @E [bhalo(E) ] = Q(E, ~x)

b
halo

= b
IC

+ b
sync

b
disc

= b
adia

+ b
ioni

+ b
brem

+ b
coul

High energy approximation 
�K(E) + @E [b

halo

(E) ] = Q(E, ~x)

Is E = 10 GeV a correct threshold to get rid of low energy effects?
(Especially with the high accuracy of the AMS-02 data at E ~ 10 GeV)

Baltz & Edsjö (1998) 
Delahaye+(2008) 
MB+(2014) 
etc.

E > 10 GeV

Electrons and positrons: the high-energy approximation

Positron excess… with respect to what?

EDU - 24-07-201725
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Cosmic rays transport equation (steady state)

b
halo

= b
IC

+ b
sync

b
disc

= b
adia

+ b
ioni

+ b
brem

+ b
coul

The pinching method

@z[VC sign(z) ]�K(E) � + 2h �(z) @E [b
disc

(E) ]�D(E) @E  ] + @E [bhalo(E) ] = Q(E, ~x)

beff
halo

The dark matter scenario

MB+(2016a)

EDU - 24-07-2017

The pinching method

@z[VC sign(z) ]�K(E) � + 2h �(z) @E
nh

b

disc

(E) + b

eff
halo

(E)
i

 �D(E) @E  
o

= Q(E, ~x)
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@z[VC sign(z) ]�K(E) � + 2h �(z) @E
nh

b

disc

(E) + b

eff
halo

(E)
i

 �D(E) @E  
o

= Q(E, ~x)

b
halo

= b
IC

+ b
sync

beff
halo

(E, r) = ⇠̄(E, r) b
halo

(E)

⇠̄(E, r) =
1

 (E, r, 0)

+1X

i=1

J0(↵i
r

R
) ⇠̄i(E)Pi(E, 0)

⇠̄i(E) =

+1R

E

dES

"
Ji(ES) + 4k2i

ESR

E

dE0 K(E0)

b(E0)
Bi(E0, ES)

#

+1R
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dES Bi(E,ES)

pinching factor
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R
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R
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The dark matter scenario

MB+(2016a)The pinching method
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Cosmic rays transport equation (steady state)

b
halo

= b
IC

+ b
sync

b
disc

= b
adia

+ b
ioni

+ b
brem

+ b
coul

The pinching method

@z[VC sign(z) ]�K(E) � + 2h �(z) @E [b
disc

(E) ]�D(E) @E  ] + @E [bhalo(E) ] = Q(E, ~x)

beff
halo

@z[VC sign(z) ]�K(E) � + 2h �(z) @E
nh

b

disc

(E) + b

eff
halo

(E)
i

 �D(E) @E  
o

= Q(E, ~x)

From now we are able to compute the positron flux analytically, including all propagation effects!

The dark matter scenario

MB+(2016a)

EDU - 24-07-201725
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Q

II(E, ~x) = 4⇡
X

i=p,↵

X

j=H,He

nj

+1Z

E0

dEi �i(Ei, ~x)
d�

dEi
(Ej ! E)

(
i = projectile

j = target

High energy approximation

Astrophysical secondary positrons

27

The dark matter scenario
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Q

II(E, ~x) = 4⇡
X

i=p,↵

X

j=H,He

nj

+1Z

E0

dEi �i(Ei, ~x)
d�

dEi
(Ej ! E)

(
i = projectile

j = target

Full calculation MB+(2016a)

The HE approximation ⇒ error up to 50% at 10 GeV!

Astrophysical secondary positrons

The dark matter scenario

EDU - 24-07-201727
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Q

II(E, ~x) = 4⇡
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nj
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dEi �i(Ei, ~x)
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dEi
(Ej ! E)

(
i = projectile

j = target

Full calculation MB+(2016a)

Astrophysical secondary positrons

The dark matter scenario
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Q

II(E, ~x) = 4⇡
X

i=p,↵

X

j=H,He

nj

+1Z

E0

dEi �i(Ei, ~x)
d�

dEi
(Ej ! E)

(
i = projectile

j = target

Full calculation MB+(2016a)Positrons can be used as an independent probe for 
the propagation parameters. 

The degeneracy between K0 and L can be lifted! 
Lavalle+(2014)

Astrophysical secondary positrons

The dark matter scenario

EDU - 24-07-201727



Mathieu Boudaud

Q

II(E, ~x) = 4⇡
X

i=p,↵

X

j=H,He

nj

+1Z

E0

dEi �i(Ei, ~x)
d�

dEi
(Ej ! E)

(
i = projectile

j = target

Full calculation MB+(2016a)Positrons can be used as an independent probe for 
the propagation parameters. 

The degeneracy between K0 and L can be lifted! 
Lavalle+(2014)

The AMS-02 positrons data favour the MAX-type sets of 
propagation parameters.

Ruled out!

(result confirmed by AMS-02 antiprotons and recent B/C)

Astrophysical secondary positrons

The dark matter scenario

EDU - 24-07-201727
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Q

II(E, ~x) = 4⇡
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(Ej ! E)

(
i = projectile

j = target

Full calculation MB+(2016a)Positrons can be used as an independent probe for 
the propagation parameters. 

The degeneracy between K0 and L can be lifted! 
Lavalle+(2014)

Ruled out!
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• The uncertainty band for the e+ is now very narrow.

• The positron excess appears now from ~1 GeV.

• Where do come from the remained positrons?

28

MB+(2016a)

• We need another component(s) to explain the positron data from ~1 GeV to ~500 GeV.

Astrophysical secondary positrons

The dark matter scenario

EDU - 24-07-2017
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excluded

excluded

excluded excluded

29

Constraints on MeV DM with Voyager I
Novel constraints on MeV dark matter

EDU - 24-07-2017

Annihilating Dark Matter Decaying Dark Matter

MB, J. Lavalle, P. Salati
(2016)

• Launched in 1977

• Outside the heliosphere since august 2012

• Measures the flux of electrons + positrons

independent of solar effects

Stone et al. (2013)



Conclusions and prospects

Positron excess… with respect to what?
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5- Electrons and positrons soon in USINE
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Conclusions and prospects

• Computes the flux of Galactic nuclei and anti-nuclei

30

What does USINE do?

Why/when should you use USINE?

• Training in GCRs physics

• To test/study propagation models

• To test/study impact of nuclear X-sections

• When speed matters! (e.g. for MCMC analysis)

• To test/study CR acceleration models

TOOLS - 13-09-2017

• …



Mathieu Boudaud

Conclusions and prospects

• CR nuclei and antinuclei for Z<30

31

Available now (beta version)

• Leaky box, 1D model, 2D model

By the end of 2017 (if possible)

• CRs from Dark Matter

• Solar modulation: 1D spherical symmetry

• Interface with MCMC engine

git clone https://gitlab.in2p3.fr/david-maurin/USINE.git

2018 (if possible)

• Electrons and positrons

• Z>30

• …

TOOLS - 13-09-2017
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Thank you for your attention!
Questions?

Conclusions and prospects

TOOLS - 13-09-2017



Back up

Mathieu Boudaud



Astrophysical background of secondary antiprotons

Antiprotons

qII(E, r) = 4⇡
X

i=p,↵

X

j=H,He

+1Z

E0

dEi
d�ij!p̄X

dE
(Ei ! E) �i(Ei, r) nj

Mathieu Boudaud LMPT - 09-02-2017

Giesen et al. (2015)


