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Searches for dark matter

1922

First attempt at a theory of the arrangement and motion
of the sidereal system. APJ, 55.302
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Consequently m,+m,=1.60, which agrees with Table IV if we
suppose that the combined mass of the two components and not

that of a single component is comparable with the mass of a single

star, and especially if we further consider that there are theoretical
grounds for expecting that the average mass will decrease for
increasing distance.*

Remark. Dark matter. 1t is important to note that what
has here been determined is the total mass within a definite volume,
divided by the number of luminous stars. I will call this mass
the average effective mass of the stars. It has been possible to
include the luminous stars completely owing to the assumption that
at present we know the luminosity-curve over so large a part of
its course that further extrapolation seems allowable. .

Now suppose that in a volume of space containing / luminous
stars there be dark matter with an aggregate mass equal to K/ aver-
age luminous stars; then, evidently the effective mass equals
(I4+K) Xaverage mass of a luminous star.

We therefore have the means of estimating the mass of dark
matter in the universe. As matters stand at present it appears
at once that this mass cannot be excessive. If it were otherwise,
the average mass as derived from binary stars would have been
very much lower than what has been found for the effective
mass.

7. Angular velocities (w) in the plane of the galaxy.—Ignoring
for an instant the fact that the stars in the Milky Way cannot be
systematically at rest and treating the stars near this plane in the
same way as those near the axis, I am led by a formula analogous to
(17) to values of 7 which are not quite half those given in Table IV.
I suppose that the difference must be wholly due to the centrifugal
force induced by the rotational motions. In fact, I assume that
the average mass is the same throughout the whole system, at least
for points on the same equidensity surface.

If, therefore, p and p’ represent the distances from the center,
of two points on the same equidensity surface, the first in the direc-
tion of the Pole, the second in the Milky Way, for which points

* Jeans, Problems of Cosmogony and Stellar Dynamics (1919), p. 239.
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Searches for dark matter

Evidences for dark matter
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Searches for dark matter

Dark matter candidates

e Massive compact halo objects (MACHO): brown dwarfs, black holes...

X Strong constraints from observations (microlensing ...)
But wait and see...

e Modified newtonian gravity (MOND)
X Does not explain observations of galaxy clusters.

X Does not explain CMB power spectrum. TR T
AT
_ . M. Milgrom
e New particles beyond the Standard Model of particles

Sterile neutrinos

Axions

" I™~\¢

Supersymetric particles (SUSY)

Extra dimensions particles (UED)

Grand unified theory (GUT)
etc. ..

Little Higgs
QCD Axions

— Axion-like Particles

thermal Planck scale

Ultra—light scalars, axion v,  particles 1 1010 1020 10% 10%%kg
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Thow weak scale black hole Solar mass



Searches for dark matter

Dark matter candidates

e Massive compact halo objects (MACHO): brown dwarfs, black holes...

X Strong constraints from observations (microlensing ...)
But wait and see...

e Modified newtonian gravity (MOND)
X Does not explain observations of galaxy clusters.

X Does not explain CMB power spectrum. TR T
AT
_ . M. Milgrom
e New particles beyond the Standard Model of particles

Sterile neutrinos

Axions

" I~

Supersymetric particles (SUSY)

Extra dimensions particles (UED)

Grand unified theory (GUT)

elc. ..
QCD Axions Lietle Higes
o~ . — Axion-like Particles
, _ ‘ thcr'mal \ Planck scale
Ultra—light scalars, axion Vs | particles 10-1 { 1010 10 10% 109kg
-30 =20 -10 30
10 10 4 : 107 eV Primordial

Thow

black hole Solar mass



Searches for dark matter

The WIMP paradigm (Weakly Interactlve Massive Particles)

Assuming DM particles are thermally produced in the early Universe:

Dark matter particles should be:

v Neutral v Very long lived v Cold & massive (= keV) v Feebly interactive
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Searches for dark matter

Dark matter in the Milky Way
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Searches for dark matter

Dark matter production in colliders
Production of dark matter particles in proton-proton interactions at the large hadron collider (LHC).

indirect detection (now)
——
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Atlas exper/mem‘ at the LHC
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Searches for dark matter

Dark matter production in colliders
Production of dark matter particles in proton-proton interactions at the large hadron collider (LHC).

indirect detection (now)
——

bM

productlon at colliders

direct detection

Atlas exper/mem‘ at the LHC ) CMS x,oer/ment at the LHC

No hints for new physics so far.
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Searches for dark matter

Dark matter direct detection

Detection of interactions between dark matter particles and nuclei in a detector.

dark matter

indirect detection (now)

"
= DM SM luminous matter
2
s}
I
o)
©
s}
o
© DM SM .. Yy
—— EDELWEISS experiment
production at colliders
6 LLR - 29-01-2018

Mathieu Boudaud



Searches for dark matter

Dark matter direct detection

Detection of interactions between dark matter particles and nuclei in a detector.
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Searches for dark matter

Dark matter indirect detection
Measure an excess of cosmic rays with respect to the astrophysical background.
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Dark matter indirect detection

Searches for dark matter

Measure an excess of cosmic rays with respect to the astrophysical background.
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Searches for dark matter

Dark matter indirect detection
Measure an excess of cosmic rays with respect to the astrophysical background.
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Searches for dark matter

Dark matter indirect detection

Measure an excess of cosmic rays with respect to the astrophysical background.
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Searches for dark matter

Dark matter indirect detection
Measure an excess of cosmic rays with respect to the astrophysical background.
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Propagation of cosmic rays: the diffusion model

Energies and rates of the cosmic-ray particles
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Propagation of cosmic rays: the diffusion model
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Propagation of cosmic rays: the diffusion model

Energies and rates of the cosmic-ray particles
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Propagation of cosmic rays: the diffusion model

Energies and rates of the cosmic-ray particles
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Propagation of cosmic rays: the diffusion model
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Energies and rates of the cosmic-ray particles

. ' ' ' 'CAPRICE —o&—

Solar effect —_ AMS —e—

- protons only BESS98 —=a—i |

. N Ryan et al. —»—i
e ~200 particules m2s-1 Sl Grgo

JACEE F—¢— |

Akeno a
all-particle Tien Shan ——%—
MSU +——%—

e ~99% of nuclei
CASA-BLANCA |—:—|

HEGRA —a— 1
CasaMia —e—

X
Sifrons
sron

~89% of protons

ke X Tibet —m—
0 ' T o x Fly Eye —eo—i
"’10 /O Of he“Um §+ 5 Haverah ——=—

X
AGASA —&— |
HiRes —e—

B

~1% of other nuclei

° - antiprotons

e ~1% of electrons

~90% of electrons

~10% of positrons =
Victor Hess - 1912 10 '

104 108 108 10
Evin (GeV / particle)

Supernovae remnants (SNR) as accelerators of cosmic rays (CR)

P (I)SNR(E) X E_a, o~ 2

Diffusive Shock Acceleration

| e Po(E) o BT,y 2.0
Tycho SNR - Chandra

Mathieu Boudaud | 3 ’ LLR - 29-01-2018



Propagation of cosmic rays: the diffusion model

Energies and rates of the cosmic-ray particles
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Propagation of cosmic rays: the diffusion model
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Propagation of cosmic rays: the diffusion model
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Propagation of cosmic rays: the diffusion model
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Relative Abundances

Propagation of cosmic rays: the diffusion model
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~% Synchrotron radio emission.

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

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

The magnetic field explains why CRs are confined in the
magnetic halo during Myrs.

9 7 LLR - 29-01-2018



e o i 2 '&J,",L‘-".k’,#"_k"”f
-
P
‘o

Courtesy A. Putze



e o i 2 '&J,",L‘-".k’,#"_k"”f
-
P
‘o

Courtesy A. Putze



o R . ' , e DUIMaries

F Al

Courtesy A. Putze



e L8 ¥ N - ‘ , ':}_"f_'-'-k',!."k"’::
-
9 5
\c

Courtesy A. Putze



Background




- 2 . r‘
. A
«
ReEE & W A primaries :
. “secondaries * .. -
. s S sy
" - - y . : .
A Y
3
.
,L' o
kN

Background



Propagation of cosmic rays: the diffusion model

The two-zone diffusion model

Courtezy P. Mertsch

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.
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Propagation of cosmic rays: the diffusion model

Interaction of cosmic rays

* Space diffusion

Diffusion on the turbulent component of the magnetic field. K(FE,Z)
 Convection
Galactic wind due to supernovae explosions in the galactic disc. Vc(f)

e Destruction

* |nteraction with the interstellar medium (ISM)

o Decay

 Energy losses

» Interaction with the ISM (Coulomb, ionisation, bremsstrahlung, adiabatic expansion)  b(F,

e Synchrotron emission, inverse Compton scattering (electrons)

* Diffusive reacceleration 5
0, 8RB

Second order Fermi mechanism. Diffusion in momentum space. D(E, %)==V}
Depends on the velocity of the Alfven waves Va. 9 K

Mathieu Boudaud 11 * LLR - 29-01-2018



Propagation of cosmic rays: the diffusion model

The transport equation

d*N
d3xzdE

Y(E,t,T) =

o K(E, >A¢+v V() 0] + O (B, w D(E,2) 0] — @(E,t,ﬂ

\.

—— —

Q(E, t, f) _ Qsource(E, t, f) . Qsink (E, f)

Production 4// \\b Destruction

* Acceleration in supernova remnants (SNRs) e Spallation
e Pulsar wind nebulae (PWNe) e Decay
e Spallation of primary CRs * Annihilation

Decay of primary CRs

Dark matter?

Mathieu Boudaud | 12 * LLR - 29-01-2018



Propagation of cosmic rays: the diffusion model

Solving the transport equation

| R > [= _ . B
O~ K(EZA)+ V- |Vo(@)y] + 05 (b2, 20 - D(E, D)0sv] = Q" (B, 1,7) — Q" (F, )
_ - ]
Semi-analytical Numerical
A Simplify the geometry Di tise th fi
pproach G ot 5 | and Fouri _ Iscretise the equation
reen functions, Bessel and Fourier expansion Numerical solvers
B,
Useful to understand the physics Structure of the Galaxy
Pros Fast-running time (extensive scans) Any new input easily included
Cons Only solve approximate model Slow-running time
Codes USINE, PPPC4DMID, my code, etc. GALPROP. DRAGON, PICARD, etc.

Mathieu Boudaud 13
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Propagation of cosmic rays: the diffusion model

The propagation parameters

The diffusion model depends on 5 parameters.

1 < L <15 kpc Ve = Ve sign(z) €,
R ) 9 ) E254
K(E) K05<1c;v) (B) =g Va K(E)

These parameters can be constrained using the ratio between secondary to primaries species (B/C, etc.)

Mathieu Boudaud | 14 * LLR - 29-01-2018



Propagation of cosmic rays: the diffusion model

The propagation parameters

The diffusion model depends on 5 parameters.

1 < L <15 kpc Vo = Ve sign(z) €,
R \° 2 o E*pt

_ v D(IEY=27V
K(E) K0ﬁ<1GV> (E) g VA K(E)

These parameters can be constrained using the ratio between secondary to primaries species (B/C, etc.)

CRDB (http://lpsc.in2p3.fr/crdb)

' Illl_i%:l_%ﬁl RN LR torr
A

0.35 +  ACE-CRIS(1997/08-1998/04) Se m i-a na Iyﬁca I

0.3

x  ACE-CRIS(1998/01-1999/01) Maur/n el— a/ (2007)
&

0.25

RERARRNRARRNRARRN RS AR RRRRRE
.
b
|

0.2 + + Donato et al. (2003)
AMSO01(1998/06)
0.15 +
0.1 (1 . | Case | 6 [ K, kpe*/Myr] | L [kpe] | V- [knv/s] | V, [km/s]
% MIN || 0.85 0.0016 1 13.5 224
0.05 E MED || 0.70 0.0112 4 12 52.9
-L||| | 1 1 |||||| | | ||||||| | 1 1 |||||| | I T MAX 0046 0.0765 15 5 1176
107! 1 10 10?

Ekn [GeV/n]
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Propagation of cosmic rays: the diffusion model

The propagation parameters

The diffusion model depends on 5 parameters.

1 < L <15 kpc Vo = Ve sign(z) €,
R \° 2 o E*pt

_ v D(IEY=27V
K(E) K0ﬁ<1GV> (E) g VA K(E)

These parameters can be constrained using the ratio between secondary to primaries species (B/C, etc.)

CRDB (http://lpsc.in2p3.fr/crdb)

' Illl_i%:l_%ﬁl RN LR torr
A

0.35 +  ACE-CRIS(1997/08-1998/04) Se m i-a na Iyﬁca I

0.3

x  ACE-CRIS(1998/01-1999/01) Maur/n el— a/ (2007)
&

0.25

RERARRNRARRNRARRN RS AR RRRRRE
.
b
|

0.2 + + Donato et al. (2003)
AMSO01(1998/06)
0.15 +
0.1 [l . o] Case [ 6 [ K, [kpe2/Myr] | Lkpel | V- km/s] | V, [km/s]
% MIN || 0.85 0.0016 1 135 224
0.05 - MED || 0.70 0.0112 4 12 52.9
.LII| ] ] ||||||| ] ] ||||||| ] ] ||||||| ] L1111y MAX 046 007()5 15 5 1176
107! 1 10 10?

Ekn [GeV/n] Bringmann+(2012), Ackerman+(2012), Lavalle+(2014)
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Propagation of cosmic rays: the diffusion model

Solar modulation

Heliopause

Cosmic rays lose energy when they interact with the solar Galctc_°

Cosmic Rays

wind.

—

The intensity of the solar effect on cosmic rays is correlated
with the sun activity (22 years periodic). Solar modulation.

Termination
Shock

(D) 5 . Bow Shock
— .
2 0
S,
= 5
< -10
§ -15 2sD A>0 A<O A>0 A<O
290 L
i Oulu Neutron monitor AN\ 4
= s -
250 : ;
2 500 Sunspot number o e
&
= 150
2 100
S
2 50
1970 1980 1990 2000 2010
Year
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Propagation of cosmic rays: the diffusion mode

Solar modulation |
Cosmic rays lose energy when they interact with the solar Gt
wind. |

Solar Wind

with the sun activity (22 years periodic). Solar modulation.

This effect can be described using the force-field approximation |
that depends only on one parameter: the Fisk potential ¢ . ok ton

Bow Shock

W . N A\
The intensity of the solar effect on cosmic rays is correlated | : SN oo |

].015 ! L ! L ! L ! L

The forced-field approximation

OTONT) = &S (T + Ze b /A) L+ 2m)

(T+m+Zepp/A)? —m?

[stem2sr 1 GeV!T]

bp = T24 MV

{ AMS-2015

10'5 ] . N P | ] .
0.1 1 10 100 1000

Mathieu Boudaud 15 Proton Energy T [GeV]
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The positrons story

3. The positrons story

The positrons story
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The positrons story

Positrons flux and positron fraction

AMS-02 collaboration published the fluxes of electrons, positrons and the positron fraction pp _— P+
from ~ 0.5 GeV up to ~ 500 GeV with an unprecedented high accuracy. Do ot
PRL113,121102 (2014), PRL113,121101 (2014)
300_""] ! L ! L _
C (a) Electrons - ] { * Posit
— 2501~ — -2.5J *1 \ m Electrons £~ 100 GeV
® N ] i
] — 1 % n
5 200 4 3 | * d{*ﬂﬂ{HHHH{#HI
A EE 1t ™
"> 150 74 § 3 : !
& I T N ‘
e‘:’ 100_— n : ‘
W f E 3.5
50—_ = i | |
: o . 10 10°
ope—— - - Energy [GeV]
C (b) Positrons ] - -
30— g= -
[ e AMs-02 M E 0.07 _ﬁ + + +
", 25F © PAMELA s O +
- C . Fermi-LAT L c +
7 203_ MASS +_ = I ﬁj I ++
e - < CAPRICE + { z I + | ; +
o - AMS-01 +++++ i Liter
2 15 o HEAT c 0.06 ¢ H
S F : : S [ ¢ !
% 10 f? .,li‘ — D - 442 S PAMELA
iC) - ] [o i y ? AMS-01
w [ | ] o i ;&’L il HEAT
] — (1 éﬁé s TS93
- P_._,.- . - 0.05 - | LFT I [, ICAPIIRICE;EM
0C‘>1_||C 1 A 1 y 10l .
1 10 102 0 10 20 30
Energy [GeV] Energy [GeV]
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The positrons story

Electrons and positrons: the high-energy approximation

“ ~ Cosmic rays transport equation (steady state) A
! 82’ [VC SigIl(Z) ¢] o ( A ¢ + 2h 5 aE bdlSC D(E) aE ¢] + aE [bhalo(E) w] — Q(Ev f)
bdisc — badia + bionl + bbrem + bcoul bhalo — bIC + bsync

We cannot solve analytically the transport equation when energy losses processes take place in
different places in the Galaxy.

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

Mathieu Boudaud | | 16 o LUPM - 14-10-2017




The positrons story

Electrons and positrons: the high-energy approximation

** 7 )
Cosmlc rays transport equation steady state)

0. 1egel(s t@2h5 )95 1

g Y — %E V] KOk [bhalo J = Q(F J

bdisc — badia + bioni + bbrem + bcoul bhalo — bIC + bsync

\

E>10 GeV

f/HE;h ehergy approximation 7 -

| —K(E) + 05 [bhato(E)Y] = Q(E, T)

ga//tzh& Eds(/50(0189)98) Is E =10 GeV a correct threshold to get rid of low enerqy effects?
elahaye+ . . . ] ~

MB+(2014) (Especially with the high accuracy of the AMS-02 data at E ~ 10 GeV)

etc.
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The positrons story

Astrophysical background of secondary positrons

1 = projectile

QH(E _47TZ Z nJ/dE oi (Ey, )dE (E; — E)

= tarqget
1=p,ax j=H,He J g
10°
Kamae
— SM + BGS
100 SM+TG 1
( R o
p+A T
At —n+nt §
nt— v, +u” A 1} E, = 100GeV
' — v, +v,+e" =
/I\
- 0.1}
=
mﬂ)
+ % 0.01
X+ =
+ +
no— v, U 1031 E,=10GeV
#+ _’ ‘-’”+V¢.+e+ 103:
_ Kamae
10 4 I I I I I
p+p—q 0.01 0.1 1 10 100 103 104 SM + BGS
Positron Energy E, [GeV] 100 SM+TG 7
X+ K" L 10;
6] r
(v, +ut z |
H _ N g 1l E,=10TeV
U — v, +v,+e =
;; 0.1;7
K+ _’ < ”0 + 7T+ \LT—j; b
nt— v, +u’ %0.01:
put— v, + v, +e’ 7
\ L 0
747 L ol L sl L sl L ol L P il L A
0.01 0.1 1 10 100 10° 10*

Positron Energy E, [GeV]
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The positrons story

Astrophysical background of secondary positrons

1 = projectile

QE,Z)=4r Y > nJ/dE i (B, )dE (E; — F) i~ target

1=p,ax j=H,He
MB+(2014)
]-0-2_ ' ' L ' ' L U ' ' cor T
(p+A* {  AMS-02
A" — n+n"
nt— v, +u”
pt— v, +v, +e' - IIIH]
P
& 107 :
X+n* 1
nt— vy, +u’ 2
pur— v, +v, +e’ 'g
p+p—1 TU) ,
== 104 dp=T24MV |
(v, +u* =
7
Ut — v, +v, +e’
" . . — MED
K'—{n'+n Y : :
N N B Propagation uncertainty
n _’Vﬂ+# 10-5 ,"‘, ,"’,,,,,| L L i
put— v, + v, +e’ 0.1 1 10 100 1000
\ \ Positron Energy E [GeV]

Positron excess above ~ 10 GeV!
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The positrons story

Astrophysical background of secondary positrons

1 = projectile

QE,Z)=4r Y > nJ/dE i (B, )dE (E; — F) i~ target

1=p,ax j=H,He
MB+(2014)
10-2_ ' ' orE T ' ' orrTE U ' ' cor T
(p+A*
A" — n+n"
nt— v, +u”
pt— v, +v, +e' - IIIH]
P
& 107 :
X+n* 1
nt— vy, +u’ 2
pur— v, +v, +e’ 'g
p+p— 4 Ty i
== 104 $p="T24MV !
X+K' - : A _
(v, +ut =
Ut — v, +v, +e’
Kt —{n+n ' — MED . .
N N B Propagation uncertainty
n _’Vﬂ+# 10-5 ,"‘, ,"’,,,,,| L L i
put— v, + v, +e’ 0.1 1 10 100 1000
\ \ Positron Energy E [GeV]

Positron excess above ~ 10 GeV!
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The positrons story

The positron excess

Numerical
Semi-analytical (GALPROP) (DRAGON)
107 ‘ : ‘
:[ AMS_OZ T II T T T LI ]] T T T T T 17T ‘I /-\ _v T ' T ' ' ' "l pAYME':L:A'Vz'()"lll [e"]' o 'v'_
© Pamela T 3 e PAMELA 2013 [e'] |
. Femi = 10°r Gaggero+(2013) é
— i ITiII] | — Monogem - - ’
> i - 2 I
3§ 1073 -{ Background (Galprop o i -
‘I:Vj § 0.1 - NE 10° 2 /
|§ E L 7 % -
L £ S
B 04| op="T24MV é . v I
: o o 10
MB+(2014) _ i =
| " Propagation uncertainty | Linden & Profumo (2013) S 10 )
L 10 100 1000 ' 10 Ener;;/o[GeV] 1000 10° 10! 102 10° 10*

Positron Energy E [GeV]
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The positron excess

Semi-analytical

1072

I AMS-02

_ a1 |

% 103} i

T$—<

)

g

o

TV)
ue} 104 bp=T24MV

=

MB+(2014)
— MED
Propagation uncertainty
-5 . 4 ! ! !
1001 1 10 100 1000

Positron Energy E [GeV]

e Primary e+ from dark matter

The positrons story

©.9" Silk and Srednicki (1984), Baltz & Edsjé (1998),
Cirelli & Strumia (2008), MB+(2014)

Mathieu Boudaud

Numerical
DRAGON
(GALPROP) ( )
- ——r—r—r—rrrr] e —— - [T T T T T T T U PAMELA 2011 [e]
| pamela T s | e PAMELA 2013 [e'] |
|- = 10°F Gaggero+(2013) -
—— Monogem n -
|- - Background (Gal;n;p <\|'m : -
g & 2| -7
§ 0.1 c\:)> ].O %/
- ) i
B o [
= 10°F
Linden & Profumo (2013) B T
00[ ‘1111 ) ) . . 11111 . ) , L 111 | saal ' el o P | A
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The positrons story

The DM scenario confronts AMS-02 data

e = (22

o

astrophysié

p(Z) : DM density profile
(NFW, Einasto, Burkert, etc.)

particle ph@
dN, ‘\ﬁ

et spectrum at source
dE (MicrOMEGAs, PPPC4DMID, etc.)

0.25

astrophysical background (MED) { AMS-02 data, published errors
exotic contribution |  AMS-02 data, corrected errors
total

X

~—

AR -
. WO Zbrth,.. — |

annihilation channel decay flnal products

X N Wt Zb 1t Lh,.. @‘) (

e

- (=)
p, D,y

Mathieu Boudaud

“ (ov) =1-10"* em®s™?
m, = 27TeV

19

LLR - 29-01-2018

Channel m, [TeV] (ov) [cm? s7!] X X aof p

e 0.350 = 0.004 | (2.31+0.02)- 102 | 1489 | 37.2 0
U 0.350 + 0.003 | (3.40 + 0.03)- 10°2* | 346 | 8.44 0 005~
- 0.894 +0.040 | (2.25+0.15)-10°23 | 93.0 | 2.27 | 4.2-10° el
u 31.5+29 | (1.43+0.20)-107%! | 25.2 | 0.61 0.97 e T - -
b 27.0£22 | (1.00£0.12)- 102" | 26.5 | 0.65 | 095 S o B
t 425+33 | (1.81+021)-102' | 294 | 072 | 0.89 |
Z 142+09 | (6.02+0.58)-1072 | 438 | 1.07 | 031 |
7% 122 +0.08 | (5.10+0.48)-1072 | 41.1 | 1.00 0.42 V' quarks, gauge bosons, Higgs
H 232+15 | (8.17+077)-10°2 | 39.1 | 095 | 0.51 . .

6 —e |0350+0.0008 | (1.56+0.01)-102 | 534 | 13.0 0 X leptons, light scalar mediator

é—pu | 0590 +0.022 | (5.87+036)-102% | 175 | 4.27 0

67 | 176+008 | (451+032)-1023 | 835 | 204 | 7.7-10°° MB+(2014)




The positrons story

The DM scenario confronts AMS-02 data

e = (22

o

&~ astrophysié

particle ph@ Nz ‘\ﬁ
p(Z) : DM density profile

et spectrum at source

(NFW. Einasto, Burkert, etc.) ad (MicrOMEGAs, PPPC4DMID, etc.)
0.25 T -
) ( ) ( ) - - = - astrophysical background (MED) { AMS-02 data, published errors
X \ L. W Z b T o t h _— Y ::t:llc contribution |  AMS-02 data, corrected errors
] annihilation channel  decay final products " (ov) =4.51-107%¢ |

X W, 2,b,rt 5 h, ... —> @_) & D, | M =176 TeV ’
||

Channel m, [TeV] (ov) [cm? s7!] X | X p s

e 0.350 £ 0.004 | (2.31+0.02)- 102* | 1489 | 372 0
U 0.350 + 0.003 | (3.40+0.03)-1072* | 346 | 8.44 0 005~
T 0.894 +0.040 | (2.25+0.15)-10°23 | 93.0 | 2.27 | 4.2-10°
u 31.5£29 | (1.43+£020)-1072' | 252 | 0.61 | 097 |
b 27022 | (1.00£0.12)-102" | 265 [ 0.65 | 095 R . v
t 425+33 | (1.81+021)-1072 | 294 | 0.72 | 0.89
Z 142+09 | (6.02+058)-1022 | 438 | 1.07 | 031 |
7% 122 +0.08 | (5.10 +0.48) - 10-22 41.1 | 1.00 0.42 V' quarks, gauge bosons, Higgs
H 232+15 | (8.17+077)-1072 | 39.1 | 095 | 0.51 . .

6 —e |0350+0.0008 | (1.56+0.01)-102 | 534 | 13.0 0 X leptons, light scalar mediator

é—pu | 0590 +0.022 | (5.87+036)-102% | 175 | 4.27 0

67 | 176+008 | (451+032)-1023 | 835 | 204 | 7.7-10°° MB+(2014)
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The positrons story

The DM scenario confronts AMS-02 data

DM - p(T) ’
o (E,T) = m—x
e astrophyéié

p(Z) : DM density profile
(NFW, Einasto, Burkert, etc.)

X
\ annihilation channel

X/\/ ~~~~~ Wt Z b1t Eh..

decay

6

In tension with antiprotons data...

particle ph@
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(=) \
. W, Zb,7 by —»OOD

final products
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MB+(2014)
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The positrons story

The DM scenario confronts AMS-02 data

DM - P(f) .
et (va) — -
Ty

&~ astrophy;i;:
p(Z) : DM density profile

particle phys@
,, AN; . < ®»

- e spectrum at source

(NFW, Einasto, Burkert, etc.) (MicrOMEGAs, PPPC4DMID, etc.)
‘ 0.25 : ;
+ _) (_) (— - - = - astrophysical background (MED) { AMS-02 data, published errors
— Y - | A o R § | R VAR T - tic contribution |  AMS-02 data, corrected errors
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The positron excess

1072

Semi-analytical

103 |

E? 0% [s'em2sr ! GeV?)
[
o
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10°

I AMS-02

i IﬂH]

bp="T24MV

MB+(2014)

— MED
Propagation uncertainty

0.1

e Primary e+ from dark matter

1 10 100 1000
Positron Energy E [GeV]

The positrons story

Positron Fraction

e

0.01

(GALPROP)

T r T I
* Pamela
Fermi

= AMS
|| — Monogem

|- - Background (Galprop

Numerical
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= [T T RMELA BT (6]
n 5 e PAMELA 2013 [e']
& 10°F Gaggero+(2013) 3
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E 100,
L :
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o i
@ 107
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=100l . |

10 100
Energy [GeV]

©.9" Silk and Srednicki (1984), Baltz & Edsjé (1998),
Cirelli & Strumia (2008), MB+(2014)

Serious tensions with antiprotons and gamma rays

Mathieu Boudaud
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The positrons story

The positron excess

Numerical
Semi-analytical (GALPROP) (DRAGON)
T sz | T TS uts ey
1 7 3 e PAMELA 2013 [e’]
il & 10°F Gaggero+(2013) :
% 103 b - l! al:m -
£ E 1007,
i g ol = g
:f il $p=T24MV S ~ 1 0’ x;_:.‘
i MB+(2014) _ =S
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e Primary e+ from dark matter e Nearby and young PWNe
©.9: Silk and Srednicki (1984), Baltz & Edsj6 (1998), ©.9.  Hooper, Blasi & Serpico (2009),
Cirelli & Strumia (2008), MB+(2014) Linden & Profumo (2013),

Delahaye+(2010), Gaggero+(2013),

Serious tensions with antiprotons and gamma rays ,
Di Mauro+(2014), MB+(2014)
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The positrons story

PWNe confront AMS-02 data
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PWNe are modelled by a point source in time and space.
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The positrons story

PWNe confront AMS-02 data
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Only few young and nearby PSRs contribute to the positron flux for £z 10 GeV. LLR - 99-01-2018



The positrons story

The single pulsar scenario
e There is only an upper limit on the energy released by the PWN energy through e+ (depends on P(1y)).

* P(ty)is expected to be different for each PSR |

= if one single pulsar can explain the AMS-02 data, a collection of pulsars can do the job even better.

Is it possible to explain the AMS-02 e+ data with only one single pulsar?

10
- | AMS-02

dp=T24 MV

— MED
Propagation uncertainty
0.1 1 10 100 1000

Positron Energy E [GeV]
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The positrons story

The single pulsar scenario

e There is only an upper limit on the energy released by the PWN energy through e+ (depends on P(1y)).

* P(ty)is expected to be different for each PSR |

= if one single pulsar can explain the AMS-02 data, a collection of pulsars can do the job even better.

Is it possible to explain the AMS-02 e+ data with only one single pulsar?

YES!

0.25

0.20

015

/et + e

L 0.10}

0.05F

0.00

Mathieu Boudaud

- — — — astrophysical background (MED)
exotic contribution
total

ATNF minimal distance

fWopest = 1.48-10°F GeV
Ybest — 156
Xior = 0.65

R

e -

{  AMS-02 data, published errors
| AMS-02 data, corrected errors

Geminga

10! 102

103

MB+(2014)
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The positrons story

The single pulsar scenario

distance [kpc]

Is it possible to explain the AMS-02 e+ data with only one single pulsar?

YES !
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o
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1.0}

08}
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0.2
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- - . 2.0e-05
6 0.8 1.0
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0.0 0.2

MB+(2014)

region of good fit to the AMS-02 data (p > ‘30%)
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The positrons story

= u u 0.25 T T T
The SI ng Ie p u Isar sce narl o (Gem I nqa) - - — — astrophysical background (MED) 1 AMS-02 data, published errors
- 7 exotic contribution 1  AMS-02 data, corrected errors
Name Age [kyr] | Distance [kpc] | fWo [10°*GeV] % X | x| P total
0 (2.95+0.07)-103 | 1.45+0.02 | 234 | 0.57 | 0.9 0201
J1745-3040 546 0.20 (3.03+£0.06)-103 | 1.54 +0.02 | 33.6 | 0.82 | 0.79 ATNF minimal distance
| 1.3 1 2.54 9902 | 241 | O FWopey = 1.48-10°" GeV
r ™~ 0.17 (1.48£0.03)-107 | 1.56+0.02 | 26.8 | 0.65 | 0.96 ~ o015} e
< J0633+1746 42 0.25 (1.63+0.02)-1073 | 1.68 +0.02 | 49.6 | 1.21 | 0.17 i op = 0.65
Geminga , 0.48 (1.01 £0.06) - 1072 | 2.29+0.02 | 332 | 8.10 0 o
0.10 (228+0.05)- 1073 | 1.48£0.02 | 21.7 | 053 | 0.99 o
J0942-5552 461 0.30 (2.61+0.04)-1073 | 1.69+0.02 | 61.0 | 1.49 | 0.02 ,
1.1 1 2.65 7747 | 189 | © Geminga
0 (2.13+0.05)-103 | 1.46 £0.02 | 19.8 | 0.48 | 0.99
J1001-5507 443 0.30 (249+0.03)-1073 | 1.70 £0.02 | 62.4 | 1.52 | 0.02 0.05¢
1.4 1 2.46 13202 | 322 o | TT0--=
0.1 (0.80+0.02)-10 | 1.52+0.02 | 21.0 {051 /099 | | _— 7T cee-—__ 0\
J1825-0935 232 0.30 (1.45+£0.03)-103 | 1.94+0.02 | 126 | 3.07 0 0.00 - - -
1.0 1 264 | 12776 | 312 | 0 . EGeV] .

‘HAWC Observations Strongly Favor Pulsar
Interpretations of the Cosmic-Ray Positron Excess’

D. Hooper, I. Cholis, T. Linden and K. Fang (2017)

e use HAWC gamma data to constraint
Geminga e+ spectrum (spectral index)

e continuous injection of et (dynamical model)

v~15—-1.9

f~7.2-29%

(fraction of the total
energy released through e+)

-156 158 -160 -162 -164 -166 -168

e 23 LUPM - 14-10-2017



The positrons story

The single pulsar scenario (Geminga)

C

e use HAWC gamma data to constraint

e continuous injection of et (dynamical model)

2 T T T
h - - — — astrophysical background (MED) 1 AMS-02 data, published errors
exotic contribution 1  AMS-02 data, corrected errors
Name Age [kyr] | Distance [kpc] | fWo [10°*GeV] % X | x| P total
0 (295+0.07)-1073 [ 1.45+0.02 | 23.4 | 0.57 | 0.99 0201
J1745-3040 546 0.20 (3.03+0.06)-103 | 1.54+0.02 | 33.6 | 0.82 | 0.79 ATNF minimal distance
p— 1.3 1 2.54 9902 | 241 | O FWopey = 1.48-10°" GeV
i s 0.17 (1.48 £0.03)-10° | 1.56 +0.02 | 26.8 | 0.65 | 0.96 015 et = 156
J0633+1746 42 0.25 (1.63+0.02)-103 | 1.68+0.02 | 49.6 | 1.21 | 0.17 i X2t = 0.65
Geminga 0.48 (1.01 £0.06) - 1072 | 2.29 +0.02 332 8.10 0 *
0.10 (228 £0.05)-107° | 1.48 +0.02 | 21.7 | 0.53 | 0.99 % 0.10
J0942-5552 461 0.30 (2.61+0.04)-1073 | 1.69 +0.02 | 61.0 | 1.49 | 0.02 .
1.1 1 2.65 7747 | 189 | 0 Geminga
0 (2.13+0.05)-107% | 1.46 +0.02 | 19.8 | 0.48 | 0.99
J1001-5507 443 0.30 2.49+0.03)-103 | 1.70 £0.02 | 62.4 | 1.52 | 0.02 0-05¢
1.4 1 2.46 13202 | 322 o | | TTm---
0.1 (0.80+0.02)-10° | 1.52+0.02 | 21.0 |[051 (099 | __— T Tcmee———o 0\
J1825-0935 232 0.30 (1.45+0.03)- 1073 | 1.94 +0.02 126 | 3.07 0 0.00 - - -
1.0 1 2.64 12776 | 312 | 0 1 g[GeV] 1

‘HAWC Observations Strongly Favor Pulsar
Interpretations of the Cosmic-Ray Positron Excess’

D. Hooper, I. Cholis, T. Linden and K. Fang (2017)

Geminga e+ spectrum (spectral index)
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v~15—-1.9

f~7.2-29%

(fraction of the total

O(20) TeV  O(100) TeV

energy released through e+)

‘Extended gamma-ray sources around pulsars
constrain the origin of the positron flux at Earth’

HAWC collaboration (2017)

propagation
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Y — e Je- —> K(E)——> €' /e

O(100) TeV  O(100) GeV
Earth

extrapolation

Geminga Geminga Geminga

= K (F)too small to allow e+ to reach the Earth

23

of € )
Earth
g -50f
)
[}
wn
S
> —100} e 100 GeV e*
PSR B ! | )
e L " 100 TeV e
=150+
-300 -250 -200 -150 -100 -50 0

X offset [pc]



The positrons story

The single pulsar scenario (Geminga)

0.25

C

Name Age [kyr] | Distance [kpc] | fWo [10°*GeV] % X Xog | P
0 (295+0.07)-1073 [ 1.45+0.02 | 23.4 | 0.57 | 0.99 0201
J1745-3040 546 0.20 (3.03+0.06)-1073 | 1.54 +0.02 | 33.6 | 0.82 | 0.79
P 1.3 1 2.54 9902 | 241 | 0
d N 0.17 (1.48 £0.03)-1072 | 1.56 +0.02 | 26.8 | 0.65 | 0.96 — 015
J0633+1746 42 0.25 (1.63+0.02)-1073 | 1.68 +0.02 | 49.6 | 1.21 | 0.17 T
Geminga 0.48 (1.01 £0.06)-1072 | 229+0.02 | 332 [810| O 4
' 0.10 (2.28+0.05)-1073 | 1.48+0.02 | 21.7 | 0.53 | 0.99 § 010
J0942-5552 461 0.30 (2.61+0.04)-1073 | 1.69 £0.02 | 61.0 | 1.49 | 0.02
1.1 1 2.65 7747 | 189 | 0
0 (2.13+£0.05)-1073 | 1.46 £0.02 | 19.8 | 0.48 | 0.99
J1001-5507 443 0.30 (249+0.03)-1073 | 1.70 £ 0.02 | 62.4 | 1.52 | 0.02 0.05 F
1.4 1 2.46 13202 | 322 | 0
0.1 (0.80£0.02)-107 | 1.52+0.02 | 21.0 | 0.51 | 0.99
J1825-0935 232 0.30 (1.45+0.03)-1073 | 1.94+002 | 126 |3.07| 0 0.00
1.0 1 2.64 12776 | 312 | 0

e use HAWC gamma data to constraint

e continuous injection of et (dynamical model)

‘HAWC Observations Strongly Favor Pulsar
Interpretations of the Cosmic-Ray Positron Excess’

D. Hooper, I. Cholis, T. Linden and K. Fang (2017)

Geminga e+ spectrum (spectral index)
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1 AMS-02 data, published errors
1  AMS-02 data, corrected errors
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10!

108

‘Extended gamma-ray sources around pulsars
constrain the origin of the positron flux at Earth’

HAWC collaboration (2017)
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The positrons story

The positron excess

Numerical
Poamso2 | e T T T BAMELA BT (6]
T TS.. 103 i G 2013 e PAMELA 2013 [e'] _
) il 5 10° Gaggero+(2013
= A ‘0 I
$ 1071 ¥ - .
E £ E 100k
‘?g E 0.1 % ;
= 10| dp="T24MV é g N ~ \-:.\
‘Z F i = 10 P
. MB+(2014) _ >
. T Linden & Profumo (2013) Bl _h
107 2 w \ 0.01 Lol el ol e T
0.1 1 10 100 1000 10 1000 1 Oo 1 01 1 02 1 Oa

Positron Energy E [GeV]

e Primary e+ from dark matter

©.9" Silk and Srednicki (1984), Baltz & Edsjé (1998),
Cirelli & Strumia (2008), MB+(2014)

Serious tensions with antiprotons and gamma rays

e Primary e+ produced inside SNRs

Blasi & Serpico (2009)
Mertsch & Sarkar (2014)

Serious tension with CR nuclei

100
Energy [GeV]

e Nearby and young PWNe

e.g:

Hooper, Blasi & Serpico (2009),
Linden & Profumo (2013),

Delahaye+(2010), Gaggero+(2013),
Di Mauro+(2014), MB+(2014)

Mathieu Boudaud | 18
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The positrons story

The positron excess

Numerical
Semi-analytical (GALPROP) (DRAGON)
T s | e T T T T T B 20T (&)
1 7 3 e PAMELA 2013 [e’]
wil| & 10°F Gaggero+(2013) E
% 103 b * i ol:m -
£ E 100b7
|8 £ 0.1 :> r
:f 1041 dp=TAMV S ~ 10" ‘:__:.‘
i MB+(2014) _ =
. I | - gi"](E)pDagationuncertainty ool ‘L“/{?der? &. 'D.rlO.f.L.l.i O ('12017{3)] L) ) = 100 A e | el N
T ey S Enerty (GeV o 10° 100 10°  10°  10*
e Primary e+ from dark matter e Nearby and young PWNe
©.9" Silk and Srednicki (1984), Baltz & Edsjé (1998), €.9: /—lpoper, Blasi & Serpico (2009),
Cirelli & Strumia (2008), MB+(2014) Linden & Profumo (2013),

Delahaye+(2010), Gaggero+(2013),

Serious tensions with antiprotons and gamma rays ,
Di Mauro+(2014), MB+(2014)

e Primary e+ produced inside SNRs e Nearby and ~2-3 Myr old SNR
Blasi & Serpico (2009)
Mertsch & Sarkar (2014)

Serious tension with CR nuclei

e.g. Kachelriess, Neronov & Semikoz (2017)

Unlikely scenario (p < 0.1%) for isotropic diffusion
Genolini, Salati, Serpico & Taillet (2016)
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The positrons story

The positron excess

Numerical
Semi-analytical (GALPROP) (DRAGON)
T s | e T T T T T B 20T (&)
1 7 3 e PAMELA 2013 [e’]
wil| & 10°F Gaggero+(2013) E
% 103 b * i ol:m -
£ E 100b7
|8 £ 0.1 :> r
:f 1041 dp=TAMV S ~ 10" ‘:__:.‘
i MB+(2014) _ =
. I | - gi"](E)pDagationuncertainty ool ‘L“/{?der? &. 'D.rlO.f.L.l.i O ('12017{3)] L) ) = 100 A e | el N
T ey S Enerty (GeV o 10° 100 10°  10°  10*
e Primary e+ from dark matter e Nearby and young PWNe
©.9" Silk and Srednicki (1984), Baltz & Edsjé (1998), €.9: /—lpoper, Blasi & Serpico (2009),
Cirelli & Strumia (2008), MB+(2014) Linden & Profumo (2013),

Delahaye+(2010), Gaggero+(2013),

Serious tensions with antiprotons and gamma rays ,
Di Mauro+(2014), MB+(2014)

e Primary e+ produced inside SNRs e Nearby and ~2-3 Myr old SNR
Blasi & Serpico (2009)
Mertsch & Sarkar (2014)

Serious tension with CR nuclei

e.g. Kachelriess, Neronov & Semikoz (2017)

Unlikely scenario (p < 0.1%) for isotropic diffusion
Genolini, Salati, Serpico & Taillet (2016)

e Different propagation model
e.Q: Lipari (2017), Blum, Sato & Waxman (2017)

Inconsistent with energy losses, CR nuclei

Mathieu Boudaud | 18 LLR - 29-01-2018
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4. Pinching method

Pinching method
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The positrons story

Interpretation of AMS-02 et/e- data

~ = 400
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Semi-analytic method analysis e.g.:

10" L T T S 095 | | |
C TOTe' +e s 20 band &+ AMS-02 ] - - - - astrophysical background (MED) 1 AMS-02 data, published errors
r — - - Secondary —-—:- PWNe = -------- SNR G15 1 e exotic contribution [ AMS-02 data, corrected errors
I ~= - Unknow SNR ] total
0.20 |
— (00)pest = 1-1072 cm® 571
E My, = 27 TeV
2
o —~o15}
S :
> o
() <
A T 0100
1
T
1 0.05 g N
E [GeV] K/
Di Mauro+(2016) 10 GeV MB+(2014)
10 GeV Why the low energy data points (< 10 GeV) are not used?
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Pinching method

The pinching method

Cosmic rays transport equation (steady state)
|
“

0, [Vesign(z) ¢] — K(E) Ay + 2h6(2) O |baisc(E) ¥ — D(E) O ¢] + O |bnao () ¥] = Q(F, T)

bdisc — badia + bioni + bbrem + bcoul bhalo — bIC + bsync

T i

! < Rgal

We cannot solve analytically the transport equation when cosmic rays lose energy in the hole
magnetic halo!

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

Mathieu Boudaud | | 05 * LLR - 29-01-2018




Pinching method

The pinching method

- Cosmic rays transport equation (steady state)
\
|

0 [Vesign(z) Y] — K(E) Ay + 2h6(2) O [baisc(E) ¥ — D(E) O ¢

|
\

~

Q(E, T)

91 Bhato (E) 0

bdisc — badia + bioni + bbrem + bcoul

— ~

bhalo — bIC + bsync

R

Ir
behalo

MB+(2016)

The pinching method

Mathieu Boudaud
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Pinching method

The pinching method

- Cosmic rays transport equation (steady state)
\

9., [Vosign(2) ¢] — K(E) A + 2h8(2) 0 [baise(E) ¥ — D(E) 9p 1] #0g [bhalo(b;W = Q(E,T)

VA

L ) / / y

bdisc — badia + bioni + bbrem + bcoul bhalo — bIC + bsync
‘ < Re ) \
. peff
- b halo
MB+(2016)

The pinching method

9, [Ve sign(z) ] — K(E) At + 20 8(2) 05 { [bdiSC(E) + bfl{;{o(E)} b — D(E) 85 w} — Q(E, 7)

Mathieu Boudaud | | 05 * LLR - 29-01-2018




Pinching method

The pinching method MB+(2016)

0. Ve sign(z) ] — K(E) A + 2h6(2) O { [bdisc(E) + bﬁ{;{;(E)} o — D(E) 05 w} _ Q(B, 7)

Dhalo = b1c + bsync — bil];]lco(Ev T) — E(Ea T) bhalO(E)

E(E,r) = Er() ZJO az E) P,(E,0)
+00 Es /
[ dEs | Ji(Es)+4k? [ dF’ [[)(((EE’)) B;(E', Eg)
_ E E
&i(E) = i
| dEs B;(E, Es)
E
1 i 2 /
Ji(Es) = 7 /dZS Fi(zs) Qi(Es, zs) Qi(E,z) = R27% (o) /dT‘TJO(fz') Q(E,r,z2)
0 0
Bi(E, Eg) = Z Qin(Es)exp [-CinA3)] i = i [(%)2 n (nko)2]
n=2m+1
) L R
Qin(E) = 7 /dz On (2 R2J2 (o) /drrJo Q(E,r, 2)
“L 0
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Pinching method

The pinching method

- Cosmic rays transport equation (steady state)
\

0, [Vosign(2) ¥] — K(E) A + 2k 5(2) O [baise(E) ¥ — D(E) 0 1] 0F [bhalo(b;)w = Q(F,7)

VA

L ) / / — y

bdisc — badia + bioni + bbrem + bcoul bhalo — bIC + bsync
_ 7o > \\
. peff
~ bhalo
MB+(2016)

The pinching method

9, [Ve sign(z) ] — K(E) At + 20 8(2) 05 { [bdiSC(E) + bfl{;{;(E)} b — D(E) 85 w} — Q(E, 7)

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

Mathieu Boudaud | | o5 o LLR - 29-01-2018




Pinching method

4. Pinching method

Pinching method

. The positron excess revisited

Mathieu Boudaud LLR - 29-01-2018
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Pinching method

Astrophysical secondary positrons

QY(E,

1=p,ax j=H,He

(p+A*
A" — n+n*
nt— vy, +u’
Ut — v, + v, +e"

X+n*
+
nt— v, +u
pur— v, +v, +e’

p+p—
X+K"
(v, +ut
Ut — v, +v, +e’
K* — { ﬂ()+7f+

- -
= v, +u

put— v, + v, +e’

HEF' DYDY nj/qusz ;s )dE(E — E)

1072

1 = projectile

] = target

H|gh energy approxmaﬂon

I AMS 02

bp=T24MV

MED _
Propagation uncertainty

10°
0.1

1

10 100 1000

Positron Energy E [GeV]

Mathieu Boudaud

26
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Pinching method

Astrophysical secondary positrons

1 = projectile

QME, D) =47 > Y nj/dE i (B, )dE (E; — F) i~ target

1=p,ax j=H,He

FuII Calculat|on MB+(2016)

1072 ¢ -
(p+A* I AMS 02
A" — n+n"
nt— vy, +u’
Ut — v, + v, +e" .
% 10-3 B i
O
X+nt i
nt— vy, +u’ Rz
|
pur— v, +v, +e’ z
p+p— L ]
_— 5104} 11 dp=T24MV :
(v, +u* =
7
Ut — v, +v, +e’ |
+ 0, o+ - I — MED
K'"—{n'+n Iy : :
N N I Propagation uncertainty
put— v, +v,+e" 0.1 1 10 100 1000
k k Positron Energy E [GeV]

The HE approximation = error up to 50% at 10 GeV!
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Pinching method

Astrophysical secondary positrons

1 = projectile

Q! ( _47TZ Z nJ/dE ¢i (L, )dE (Ej — E) J = target

1=p,ax j=H,He

FuII calculaﬂon MB+(2016)

1072 ¢ -
( p+A* ' I AMS 02
A" — n+n"
nt— v, +u”
Ut — v, + v, +e" .
g 107 |
X+n* 1
nt— vy, +u’ CT'w
pur— v, +v, +e’ z
p+p— L *
E}e-‘:d) 10-4 ¢F:724MV S
X+ K" - _
(v, +u* =
M
Ut — v, +v, +e’ ’,
K*—<{ o’ +nt 7/ MED : :
N N Propagation uncertainty
put— v, +v,+e" 0.1 1 10 100 1000
\ k Positron Energy E [GeV]
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Pinching method

Astrophysical secondary positrons

1 = projectile

QB =1 Y Y nJ/qubz D BB {

1=p,ax j=H,He
. : FII lcul In MB+2016
Positrons can be used as an independent probe for 102 Jhca C,U at on_ — (. . )
the propagation parameters. } I AMS 02
The degeneracy between Ko and L can be lifted!
Lavalle+(2014) -
@) 107 |
i
q
=
()
TCD
%@ 10-4 ¢F:724MV _
&2
/ MED
Propagation uncertainty
10 0.1 1 10 100 1000

Positron Energy E [GeV]
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Pinching method

Astrophysical secondary positrons

1 = projectile

Q! ( _47TZ Z nJ/dE ¢i (L, )dE (Ej — E) J = target

1=p,ax j=H,He
. : MB+(201
Positrons can be used as an independent probe for 102 FU” calclulanon - f(. O 6)
the propagation parameters. } I AMS 02
The degeneracy between Ko and L can be lifted!
Lavalle+(2014) -
>
Case || 0 | K,[kpc*/Myr] | L [kpe] | V. [km/s] | V, [km/s] | & 107}
'MIN | 0.85 0.0016 1 13.5 22.4 g
" MED || 0.70 0.0112 4 12 52.9 ‘TE
MAX | 0.46 0.0765 15 5 1176 | °©
|
Ruled out! =e 107 | ¢r=T24MV :
The AMS-02 positrons data favour the MAX-type sets of
propagation parameters.
/ MED
(result confirmed by AMS-02 antiprotons and recent B/C) Propagation uncertainty
10 0.1 1 10 100 1000

Positron Energy E [GeV]
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Pinching method

Astrophysical secondary positrons

37 A
| ; é Models Z, <3
Drisk = 830 MV |

¢ ¢ ;AMSO2 data

1 10 100
Positron Energy E [GeV]

e The uncertainty band for the e*is now very narrow.

e The positron excess appears now from ~1 GeV.

e Where do come from the remaining positrons?

MB+(2016a)

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

Mathieu Boudaud
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. e ..
o ™ L primaries .

p . .,". .‘:g": ’N."" . °

‘#‘ o oL ® o '.

Models Z, < 3
j‘I’,/‘/,q/,r =830 MV
‘ ¢ ¢ AMSO02 data
10 100
Positron Energy E [GeV]



Pinching method

The dark matter scenario

X . W_,Z,b,T_,t,h,,... — \ &)V D SR
™ i annihilation channel  decay final products
X = = W+, z,b,7 6k, .. — (555D .

A very generic class of models

XX—>Bbgb—|—wa+W_—|—BTT+T_—|—BILL,LL+ILL_—|—B€6 e

Free parameters

* Propagation parameters e Dark matter parameters
(consistent with secondaries)
Ky,0,L, Vo,V The mass 17y

The annihilating cross section (ov)
e Solar modulation (Phisk potential)

b € [647,830]MV (30 CL) Ghelfi+(2015) The branching ratios 5y, By, Br, B, Be
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Pinching method

The Dark Matter scenario

Is it possible to obtain a satisfactory fit to the AMS-02 data”?

"
Wy

éModels s <3
. 5 5 Disk = 830 MV |
I $ ¢ AMSO2 data

1 10 100
Positron Energy E [GeV]
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Pinching method

The Dark Matter scenario

|s it possible to obtain a satisfactory fit to the AMS-02 data?

NO ! MB+(2016)

m, = 262 GeV'

— Secc;ndary component
- - Whboson
- | e 1
ol e ————— |
— Primary component T
10 § N }—} ITX(I)\";IE;OZ data
S
S 5 i
NS o
107 - DT \ o ]
§ S \
: my = 262 GeV
1 52 tfrereeriiiiiiiiiiiiii L ST O TR 830.MN.. p = 0.4%
: w724 MV
1t : mam 647 MV | 3 : :
100 200 500 1000 ] B 10 00

Positron Energy E [GeV]

Ty
The spectrum of e+ from DM annihilations cannot account for the shape of the spectrum measured by AMS-02.
The positron flux produced by DM is restricted « around » the DM mass.

The poor quality of the fit disfavours a pure DM explanation for the positron excess!
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Pinching method

The Dark Matter scenario

|s it possible to obtain a satisfactory fit to the AMS-02 data?

NO ' MB+(2016)

m, = 262 GeV
I . ' ' e Sec;ndary component
" - - Whboson
i | s 1
tau | : i
10_3 r : : 'g;iﬁ@'y' component 8% _——— oo [
10 § N }—} ITX(;Z;;IOZ data
o
S 5 s
NS o
107 ,,,,,,,,,,,,,, \ o ]
§D R \
: my = 262 GeV
1 52 tfrereeriiiiiiiiiiiiii L ST O TR 830.MN.. p = 0.4%
: e 724 MV
1t : mam 647 MV | 3 : :
100 200 500 1000 ] B 10 00

Positron Energy E [GeV]

Ty
The spectrum of e+ from DM annihilations cannot account for the shape of the spectrum measured by AMS-02.
The positron flux produced by DM is restricted « around » the DM mass.

The poor quality of the fit disfavours a pure DM explanation for the positron excess!

This conclusion is based only on the positron data and does not require constraints from other channels
(gamma rays, antiprotons, CMB, etc.)
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Pinching method

4. Pinching method

Pinching method

Il. Novel constraints on MeV dark matter
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Pinching method

Why Mev dal‘k matter? All ID constraints

10-19

T T T TTTTT T 4 1 T TTTTT T T TTTTTTT T T TTTTTT T T TTTT
.

y-rays p CMB v

10—20 PU—— —— —— e---

bb—— —— —- -ee- sl e

1021

GeV-TeV dark matter
Motivated by SUSY theories.

status circa 34" ICRC \ -

10722 £ (summer 2015) 4/\/f'45;?~<._,-'\..-~‘~,__/__..

e Gamma rays: No (clear) signal in the Galactic center.
No signal in dSphs galaxies.

e Antiprotons: No (clear) signal.

1072

Annihilation cross section (ov) [cm®/s]

10725

T T T T T T T
—

N T T 0 W W N

thermal cross section

10_26§ g
. DireCt deteCtion: NO (Clear) Signall -27E 1 IA\ISBI | llll’//lp\\\j\sR L1l 1 | I T 1 L1l 1 1 - IIILE
10 10 10? 10° 10 105
DM mass [GeV]
10737 g : : 107
O \
MeV dark matter 10-38] 2AN l10-2
) O\
10_39 r \\,0 k (CoGeNT i ]0_3
. . . . e f 2 _ 2012) —
e Not many channels kinematically available: = oo, Q 5\\\\ < couss lio+ &
-~ ! ‘\% “,\‘\“:‘ (2013) o 2 —_—
S 10411 'S N / pLE 201 5 5
_ 10-41]4 Q ‘,\\\ i __sM e —1075 .S
e Pions (> 140 MeV 2 SRR AN\ N coupp 202 3
( ) § 10-42} -\%) \\\ i ) \\ ZEPL\N_“;%(;OO% 110-6 §
: \ Vo O\ A 175]
e Muons (> 105 MeV) 2 10-0] o N NN s @27 2
° Electrons g | GOy, SSNoLag N\ Y N DE _—— enf\ QQ\@""'W 3]
_44— . W me=d Y . ...\\ \"{‘ o 1 U,‘ \ '.;\l—"’_ —8
. g lO NBeit:kN'\/ Q \\ “‘. \‘ “‘¥ e e — . 8{69'56"_,\:87’0("3\‘%?’%&9%2 ]O §
® NeUtI’IﬂOS % 10745} B \‘ “-.\"—“v ........ S ’/\)’?{Y‘f,::@;}gﬁ%‘;,;;\; 1109 T‘:)
S Neutrinos "> \DEAP%E) p\CO'Z—E?Q A CAC 2
=) —46 RN S P —= T PPt ST _
* Photons 4 107 ‘:\n...."~=:-7:_;:Tj?.77rt ....... e 02 g0 T
E 10747} Ny e /107! §
ey : - - - ~48 T - AN0 ¢ l10-12
e Difficult to detect in direct detection experiments. 107 ‘ e I8 o 10-!
10749} Py e s 11071
-50 i > . R -14
10 I 10 100 1000 ot

WIMP Mass [GeV/c?]
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Pinching method

Why there is no constraints on MeV dark matter from CR e- and e+?

e S0 far, we needed numerical codes to solve the transport equation in the sub-GeV energy range to
predict the interstellar (I1S) flux of e- and e+*. Important CPU time to derive bounds on the DM particle
annihilation cross-section.
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Pinching method

Why there is no constraints on MeV dark matter from CR e- and e+?

e S0 far, we needed numerical codes to solve the transport equation in the sub-GeV energy range to
predict the interstellar (I1S) flux of e- and e+*. Important CPU time to derive bounds on the DM particle
annihilation cross-section.

v" The pinching method enables us to compute the e- and e+ fluxes in the sub-GeV energy range.
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Pinching method

Why there is no constraints on MeV dark matter from CR e- and e+?

e S0 far, we needed numerical codes to solve the transport equation in the sub-GeV energy range to
predict the interstellar (I1S) flux of e- and e+*. Important CPU time to derive bounds on the DM particle
annihilation cross-section.

v" The pinching method enables us to compute the e- and e+ fluxes in the sub-GeV energy range.

e |nterstellar sub-GeV e- and e+ are shielded by the solar magnetic field, they cannot reach detectors
orbiting the Earth.
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Pinching method

Why there is no constraints on MeV dark matter from CR e- and e+?

e S0 far, we needed numerical codes to solve the transport equation in the sub-GeV energy range to
predict the interstellar (I1S) flux of e- and e+*. Important CPU time to derive bounds on the DM particle

annihilation cross-section.

v" The pinching method enables us to compute the e- and e+ fluxes in the sub-GeV energy range.

e |nterstellar sub-GeV e- and e+ are shielded by the solar magnetic field, they cannot reach detectors

orbiting the Earth.

v Voyager-1 spacecraft has crossed the heliopause during summer 2012.

e
—

Flux E2® [s 'cm ?sr ! GeV]
=

10 ¢

0.01 b

1074

¥ Voyagerl
e [ aunched in 1977
e Measures the flux of electrons + positrons
Stone et al. (2013)
e Outside the heliosphere since august 2012
et +e ¥t

independent of solar effects

1073 0.01 0.1 1 10 100 10°

Energy E [GeV] LLR - 29-01-2018



Pinching method

Constraints on DM annihilating cross section

10

f Voyagerl —— Propagation A
—— Propagation B

Cored 1

Energy E [GeV]

[ P T L gl L R P T T
1073 0.01 0.1 1 10

| TR
100

103

* Model A:

e Model B:

/ Va=117.6km/s

\ V4 =319 km /s

_|_

XX — e'e

Conservative constraints (without background):

o

DM
et +e—

Mathieu Boudaud

34

(E:) < @7 . (B;) + 20

LLR - 29-01-2018



Pinching method

Constraints on DM annihilating cross section

]-0-23 ! ! "T"| ! L | ! L | ! L | ! L |
XX —et e

—

)
N
N

f—
-
1

N

o1

thermal <av>

---------------------------------------------

f—
-
1

N

(@)}

f—
-
1

N

~

—— A-NFW |
- == A-Cored ]
—— B - NFW
= == B-Cored -

f—
-
1

N

oo

Annihilating cross section {ov) [cm®s™!]

10-29 L L] L] L] L] L
1073 1072 101 10° 101 102 103

Dark matter mass m, [GeV]
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Pinching method

Constraints on DM annihilating cross section

10

f Voyagerl —— Propagation A
—— Propagation B

Cored 1

Energy E [GeV]

[ P T L gl L R P T T
1073 0.01 0.1 1 10

| TR
100

103

* Model A:

e Model B:

/ Va=117.6km/s

\ V4 =319 km /s

_|_

XX — e'e

Conservative constraints (without background):

o

DM
et +e—

Mathieu Boudaud
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Pinching method

Constraints on DM annihilating cross section

10: R L L L L

f Voyagerl —— PropagationA  —— NFW e Model A:
—— PropagationB -+ Cored |

/ Va=117.6km/s \

------- (ov) =3 x 107 cm? S_l_é * Model B.

Va=31.9km/s

_|_

XX — e'e

Conservative constraints (without background):

OPM _(E;) < %P (E;) + 20;

et+e~ et +e

Flux E? ® [s ' ecm 2sr ! GeV]

107/" B I
Energy E [GeV]

Models with strong diffusive reacceleration enable to detect positrons above the DM mass!
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Pinching method

Constraints on DM annihilating cross section

10

f Voyagerl —— PropagationA  —— NFW e Model A:

] / Vi=117.6km/s
¥ AMS-02 —— Propagation B~ - Cored | ( |

------- (ov) =3 x 10 cm?s ™ * Model B.
| dr=2830 MV

Va=31.9km/s

_|_

XX — e'e

Conservative constraints (without background):

O e (Bp) < @0 (Ey) + 20,

107’ ool o1 1 T T T
Energy E [GeV]

Models with strong diffusive reacceleration enable to detect positrons above the DM mass!
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Pinching method

Constraints on DM annihilating cross section

10

f Voyagerl —— Propagation A —— NFW e Model A:
¥  AMS-02 —— Propagation B - Cored |

------- (ov) =3 x 10 cm?s ™ * Model B.
| dr=2830 MV

_|_

XX — e'e

Conservative constraints (without background):

OPM _(E;) < %P (E;) + 20;

et+e~ et +e

Flux E? ® [s ' ecm 2sr ! GeV]

and

O M (E;) < TP (E;) + 20

107’ ool o1 1 T T T
Energy E [GeV]

Models with strong diffusive reacceleration enable to detect positrons above the DM mass!

We can combine the Voyager1 and AMS-02 data to improve the constraints.
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Pinching method

Constraints on DM annihilating cross section

10

t Voyagerl
¥ AMS-02

—— Propagation A

—— Propagation B

disregarded

<0'v> =3x10 % cm?3s!

dr =830 MV

FW |

Cored

0.01

] M
0.1

1

10

Energy E [GeV]
Models with strong diffusive reacceleration enable to detect positrons above the DM mass!

_|_

XX — e'e

Conservative constraints (without background):

OPM _(E;) < %P (E;) + 20;

et+e~ et +e

and

O M (E;) < TP (E;) + 20

We can combine the Voyager1 and AMS-02 data to improve the constraints.

Mathieu Boudaud
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Pinching method

Constraints on DM annihilating cross section

]-0-23 oon T L L L L
| .
XX —€ e
— =830 MV
w1024

excluded

f—
-
1

N

o1

-----------------------------------------------------------------------

f—
-
1

N

(@)}

f—
-
1
N
~
|
]

A -NFW -
- == A-Cored ]
—— B - NFW
= == B-Cored -

Annihilating cross section {ov) [cm
S

10-29 L L] L] L] L] L
1073 1072 101 10° 101 102 103

Dark matter mass m, [GeV]
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Pinching method

Constraints on DM annihilating cross section

10

f Voyagerl —— Propagation A —— NFW e Model A:
¥  AMS-02 —— Propagation B - Cored |

------- (ov) =3 x 10 cm?s ™ * Model B.
| dr=2830 MV

_|_

XX — e'e

Conservative constraints (without background):

OPM _(E;) < %P (E;) + 20;

et+e~ et +e

Flux E? ® [s ' ecm 2sr ! GeV]

and

O M (E;) < TP (E;) + 20

0° ool o1 1 T o T
Energy E [GeV]

Models with strong diffusive reacceleration enable to detect positrons above the DM mass!

We can combine the Voyager1 and AMS-02 data to improve the constraints.
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Pinching method

Constraints on DM annihilating cross section

10- ' R ' R ' AR ' L ' R ' LS / \k \
1 Voyagerl —— Propagation A — — Background PY MOdel A / / VA p— 1]_76 km/s
- ¥ AMS-02 —— Propagation B —— NFW ] ' ’
...... Cored |
------- o\ lov) =3x10"%em?s ], Model B: \ Va = 31.9km/s
| dp=2830 MV |
_|_ -
XX — € €

With astrophysical background of secondary e+:

OPM _(E;) < %P (E;) + 20;

et+e~ et +e

Flux E? ® [s ' ecm 2sr ! GeV]

£ and

OO (E) + O (By) < @7 (E;) + 20

o I B T R T RN,
Energy E [GeV]

Models with strong diffusive reacceleration enable to detect positrons above the DM mass!

We can combine the Voyager1 and AMS-02 data to improve the constraints.
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Constraints on DM annihilating cross section

10-23 ! o T ! o ! o ! o ! o
| L
XX%G e
— o =830 MV
w1024
1025 excluded ]

thermal <0v>

-------------------------------------------------------------------------------

excluded

f—
-
1

N

(@)}

f—
-
1
N
~
|
]

—— A-NFW |
- == A-Cored ]
—— B - NFW
= == B-Cored -

Annihilating cross section {ov) [cm
S

10-29 L L] L] L] L] L
1073 1072 101 10° 101 102 103

Dark matter mass m, [GeV]
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Pinching method

Annihilating Dark Matter MB+(2016) Decaying Dark Matter
10_235 ! R R ! LA | ! L | ! L | ! L | ! ! ' E 10295 | ! T | LR ! L | ! L | " ! "””E
' Propagation B excluded 1  —— e'e” Voyagerl  Propagation B |
. [ NEW 1 [ —— ptpo — AMS-02 NFW 1
2 1072 ¢or=2830 MV 1028 L ;’;7'_ ¢p=830 MV .
R — WrW-
S
S 10 21077 L
o - '
o thermal <av> O
.45 ......................................... .g
% 10-26 eXCIUded -;; 1026 |
A =
wn |
: Z
O excluded
—27 b 25
& 1077k {1 Q0T
.%. : ] excluded
E — ete”
.E 10—28 - M+M_ - 1024 o E
é — Tt ]
= Voyagerl —— bb
— AMS-0 — WTW-
1029 ] ] el el el i 1023 el el el N el i
1073 0.01 0.1 1 10 100 103 1073 0.01 0.1 1 10 100 103
Dark matter mass m, [GeV] Dark matter mass m, [GeV]
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Comparison with other constraints

10723: N N L N L N L N AL N L
: Propagation B excluded X'rays and Y-rays
o - NFW
w 1072 dp =830 MV

e More stringent by more than 1 order of magnitude.

—_
e}
|

[\

()

thermal (o) e Less sensitive to the DM halo shape.

—
S
|

[\

(=]

excluded

—_
(en]
|

[\V]

BN|

Essig+(2013)

Annihilating cross section {ov) [cm?

1078 | ) R
: Voyagerl —— bb 10—225
—— AMS-02 @ —— WtW- | =
P T e T e g 1077
Dark matter mass m, [GeV] ma 10_24; i
9, 55t .
o 1075
S -
= 10—26§ /
> ; ]
£1077- =HEAO-1 1
L 1 n-28" == [NTEGRAL -
g 1077 = COMPTEL :
~ 10-%9. == EGRET J
2 == FERMI ]

10 102 103 10*
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Pinching method

Comparison with other constraints

10723 i ——

CMB

i Propagation B excluded
— ! NFW

w 1072 dp =830 MV
: e Less stringent by 1 order of magnitude for s-wave <ov>.

—_
e}
|

[\

()

thermal <0'1)>

Annihilating cross section {ov) [cm?

1o oreluded Liu+(2016)
10-23
107
10—24_
107 3 10—25_
Voyagerl —— bb ]
— AMS-02 — WTW~ —
10*29 N | | ] | i ‘I_ 10_26
103 0.01 0.1 1 10 100 10° m"’
Dark matter mass m, [GeV] E, 10-27L
g
-28|
O 10
10—29_
: XX = e'e” s-wave Annihilation
10730 o Planck Excluded Cross-Sections
10—31_ T T R AREETYY BRI R R
106 10" 10% 10° 10" 10" 1072
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Pinching method

p-wave annihilation MB, J. Lavalle, T. Lacroix, P. Salati and M. Stref (in process)
In the low velocity limit: (ov) = 50 + 518 + O(B)
s-wave contribution j L p-wave contribution
CMB epoch Now in the Milky Way
TovB Assuming a Maxwellian distribution with
B(Tovs) = B(Tro) X T
FO 2 2
o = (v°)
TCMB ~ (0.1 eV
— 20 Ve =~ 240 kms™
1GeV
T MB) &= 10_6 —
B(Toms) (mDM> Buw ~ 1072

Contraints on p-wave annihilations could be more stringent for local observations than CMB.
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Pinching method

p-wave annihilation MB, J. Lavalle, T. Lacroix, P. Salati and M. Stref (in process)

In the low velocity limit: Jv = So + 3152 + O 54)

s-wave contribution j L p-wave contribution

Spherical symmetric distribution of DM particles in the Galaxy:

d° N
F(#,8) = o = f(|5,1)

(00)(r) = Ko(r) / 7, / 35, F(131),7)f([5al, ) 0 01

/d3 /d vy f(|1],7)f(|U2],7): normalization factor

V12 = |Uy — Us| : relative velocity

The Eddington formalism:
A method to derive the DM phase space distribution density starting from a Galactic mass model.
Eddington (1916), Binney and Tremaine (1987)

Constraints DM mass models ppas(7) _
e.g: McMillan (2016), Catena & Ullio (2010) == f(d,r) = (ov)(r)

Mathieu Boudaud 40 LLR - 29-01-2018



Pinching method

p-wave annihilation MB, J. Lavalle, T. Lacroix, P. Salati and M. Stref (in process)

—_—

-
\

Preliminary
10—14 | -
L10-16L e More stringent by 3 to 8 orders of
/ magnitude than CMB constraints.
1—|('_| 10—18 n
e excluded | |
= e More stringent by 4 orders of magnitude
) .
— 10-20L than dSph constraints.
Va)
10—22 | -
: Eddington
10-24| Propagation B ______ Maxwellian _
NFW ~———— CMB Liu+(2016)
¢F = 830 MV dSphs Zhao+(2016)
—26 Ll Ll Ll Ll Ll L
10 1073 0.01 0.1 1 10 100 103

Dark matter mass m, [GeV]
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The antiprotons story

5. Antiprotons story

The antiprotons story
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The antiprotons story

Dark matter searches with PAMELA antiprotons

¢ [m2 s7! sr-! GeV?]

T3
Ip

Launched in 2006

Adriani et al., PRL 105, 121101 (2010)

Adriani et al., JETPL 96, 621 (2013)

The antiprotons background (secondary component) is consistent with PAMELA data (no excess).

P. Salati for the CRICATPP conference (2010)
—TTT —TTTTTTT

R | ! ! L
102 Eo. BESS 1998 E
. 1 i)
} Q
No DM signal E
" @ PAMELA 2010 = O Signa 5
\ ~
100 & . >
2 ; S
p =
: S
107! & - =
E Q
O
w
. w2
1o | 1 Constraints on the DM 2
:  SHEONDARY BTBCTRUM I annihilation cross section o
PROPAGATION UNCERTAINTY BAND 8
10-% & - =
3 3 <
e.g: G. Giesen & M. Cirelli (2013) Z .t |
1074 Modulation with ¢, = 500 MV - g 10 5 Einasto MED
= : <
Scan with B/C compatible data - PAM_ELA
- — Fermi y—ray bounds
10—5 1 1 1 1 IIllI 1 1 11 lllll 1 1 1 1 lllll 1 1 1 L1111 —27 1
0.1 ! 10 100 1000 T 50 100 500 1000

TIA [GeV]
DM mass mpm [GeV]
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The antiprotons story

Dark matter searches with AMS-02 antlprotons

Launched in 2011

Aguilar et al., PRL 117, 091103 (2016)

* AMSO01(1998/06)

[
-
[\

Il |||||||

% AMSO02(2011/05-2015/05)

©  BESS-Polarl(2004/12)

[
-
Il |||||||

B BESS-Polarll(2007/12-2008/01)

[
Il IIIIII|

p [GV m? s sr|! x R*9%
S
| IIIIIII|
%':k i
| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| L 111

CAPRICE94(1994/08)
107 é&
107 a_fi What'’s new with AMS-027?
10_4 §_I | | 1 1 1 1 1 11 | 1 1 1 L1 1 11 | 1 1 I§ ’ MA8891(1991/09)
1 }1{0[GV] 102 ° PAMELA(2006/07-2009/12)
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The antiprotons story

AMS-02 antiproton to proton ratio

p/p=

15-04-2015 AMS days at CERN

AMS-02 collaboration presented preliminary results of the p/p ratio from ~ 1 GeV up to ~ 500 GeV
with an unprecedented high accuracy.

p/p ratio

104

AMS p/p results and modeling

5

e,

L]

T T

Dark Matter

Secondary production

Donato et al., PRL 102, 071301 (2009); my = 1 TeV

llll

100

500

Kinetic Energy [GeV]

AMS-02 suggested an antiprotons excess with
respect to the astrophysical background.

Is it the discovery of a dark matter signal?

Let’s compute the astrophysical background and
its theoretical uncertainties with

* new data for the primary CRs fluxes

* new data for the production X-sections

Mathieu Boudaud
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Secondary antiprotons

Mathieu Boudaud

The antiprotons story

p(CR) +H(ISM) — p + X (= 70%)

a(CR) +H(ISM) — p + X (=~ 25%)

p(CR) + He(ISM) — p + X (=~ 4%)

a(CR) +He(ISM) — p + X (= 1%)
45
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The antiprotons story

Secondary antiprotons

p(CR) +H(ISM) — p + X (~70%)
a(CR) + H(ISM) — p + X (~25%)
p(CR) + He(ISM) — p + X (=~ 4%)
a(CR) +He(ISM) — p + X (~1%)

Gf;ross sections for the production of antiprotons.

@Energy and space distribution of primary CRs everywhere in the Galaxy.
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The antiprotons story

Theoretical uncertainties on the astrophysical antiprotons background

103
10—
@.

KA

2

S $ =0.62 GV
10-5 MED

— Fiducial
Uncertainty on Ay p.(20)
_6 | | | ) .

10 1 5 10 50 100

Kinetic energy T [GeV]

Mathieu Boudaud | 46 LLR - 29-01-2018



Theoretical uncertainties on the astrophysical antiprotons background
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The antiprotons story
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The antiprotons story

Theoretical uncertainties on the astrophysical antiprotons background
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The antiprotons story

Theoretical uncertainties on the astrophysical antiprotons background
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The antiprotons story

Theoretical uncertainties on the astrophysical antiprotons background

b;/P,

10~3

10-¢

¢ PAMELA 2012
¢ AMS-02 2015

— Fiducial
° Uncertainty from: Cross-sections

Propagation
B Primary slopes
Solar modulation

1 5 10 50 100
Kinetic energy T [GeV]

G. Giesen, MB+(2015)

Mathieu Boudaud
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The antiprotons story

Theoretical uncertainties on the astrophysical antiprotons background

10~3

; PAMELA 2012 G. Giesen, MB+(2015)

¢ AMS-02 2015

 AMS-02 data are consistent with the antiproton
astrophysical background.

— Fiducial
° Uncertainty from: Cross-sections

Propagation
B Primary slopes

Solar modulation
1 5 10 50 100
Kinetic energy T [GeV]

10-¢
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The antiprotons story

Theoretical uncertainties on the astrophysical antiprotons background

b;/P,

10~3

10-¢

¢ PAMELA 2012
¢ AMS-02 2015

o Uncertainty from:

— Fiducial

1 5 10

Kinetic energy T [GeV]

Mathieu Boudaud

G. Giesen, MB+(2015)

 AMS-02 data are consistent with the antiproton
astrophysical background.

* The data prefer a MAX-type set of propagation

parameters.
Cross-sections - 5
Propagation Case 0 K, [kpc“/Myr] | L [kpe] | Ve [km/s] | V, [km/s]
mm= Primary slopes MIN | 0.85 0.0016 1 13.5 22.4
Solarmodulation | | MED | 030 6012 —4 22— 529 |
50 100 [ MAX | 0.46 0.0765 15 5 117.6
_— —
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The antiprotons story

Theoretical uncertainties on the astrophysical antiprotons background

10~3

G. Giesen, MB+(2015)

¢ PAMELA 2012
¢ AMS-02 2015

 AMS-02 data are consistent with the antiproton
astrophysical background.

9
&
E * The data prefer a MAX-type set of propagation
parameters.
— Fiducial
° Uncertainty from: Cross-sections - 3
Propagation Case 0 K, [kpc“/Myr] | L [kpe] | Ve [km/s] | V, [km/s]
W Primary slopes MIN | 0.85 0.0016 1 13.5 22.4
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Similar conclusions from independent analysis
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2.7

The antiprotons story

AMS-02 has published the flux of p, He and antiprotons
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The antiprotons story

Antiprotons excess at R~10 GV?

Cuoco, Krédmer & Korsmeier (2016)
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The antiprotons story

Antiprotons excess at R~10 GV?

Cuoco, Krédmer & Korsmeier (2016)
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Antiprotons excess at R~10 GV?

Cuoco, Krédmer & Korsmeier (2016)

The antiprotons story
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° Dark matter signal at 4.5 o

m, =~ 80 GeV

(ov) ~ 3 x 10720 cm?s™  (Thermal relic!)

« Same DM mass that explains the « Galactic center excess »

Calore+(2014)

Mathieu Boudaud
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The antiprotons story

Antiprotons excess at R~10 GV?

Cuoco, Krdmer & Korsmeier (2016)
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A critical look:
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* Propagation parameters are derived from p, He and p data.
Background + DM = & = 0.24 Does not match preliminary B/C measured by AMS-02 with § = 0.5.

R[GV]

« While preliminary B/C data from AMS-02 are available, there is, however, evidence that the propagation
of heavy nuclei like B and C is different from the propagation of light nuclei like protons and antiprotons
[14]. Thus, using B/C data to constrain CR propagation is likely to introduce a bias when analysing

antiprotons. »

e The excess disappears if low energy data (R < 5GV) are taken into account in the analysis.

Mathieu Boudaud
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The antiprotons story

Antiprotons excess at R~10 GV?

Cuoco, Krdmer & Korsmeier (2016)
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° Dark matter signal at 4.5 o
m, =~ 80 GeV
(ov) ~ 3 x 107%° cm?s™*
(Thermal relic DM density!)

¢ Same DM mass that explains the
« (Galactic center excess »

Calore+(2014)

Mathieu Boudaud
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The antiprotons story
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The antiprotons story

Antiprotons excess at R~10 GV?

A 10 GV excess is found by several independent analysis.

Cuoco, Krédmer & Korsmeier (2016)
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The antiprotons story

AMS-02 has published the flux of p, He, antiprotons and B/C
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The antiprotons story

Antiprotons excess at ~10 GeV?

Cuoco, Krdmer & Korsmeier (2016)
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Same feature in B/C and antiprotons data!
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Does this feature come from the propagation model?
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The antiprotons story

Antiprotons excess at ~10 GeV?
Reinert & Winkler (2017)
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Does this feature come from the propagation model?
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The antiprotons story

A universal break in the spectra of cosmic ray nuclei?
Pointed by PAMELA and confirmed by AMS-02: an universal kink at R = 200 GV?
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This feature is not predicted by the conventional propagation models!
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The antiprotons story

A universal break in the spectra of cosmic ray nuclei?
Pointed by PAMELA and confirmed by AMS-02: an universal kink at R = 200 GV?

Akink ~ (.13

—h
o
o

o0

Flux x R>" [ m?s'sr'' GV'’]

Carbon
>0 rebore Nitrogen 25
Rigidity [GV]
0 0
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This feature is not predicted by the conventional propagation models!
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The antiprotons story

A universal break in the spectra of cosmic ray nuclei?

In the high energy regime R Z 100 GV

Primary cosmic rays Where do come from the hardening?
Acceleration or propagation in the Galaxy?

Acceleration in SNRs Propagation in the Galaxy

Secondary cosmic rays Secondary to primary ratios
1 q(R)
(I)H(R) X X {QII(R) X } dyp R 1

* |f the hardening comes from propagation, we should observe it in the secondary to primary ratios.

 In addition, the hardening of secondaries should be two times the one of primaries.

n I
Alink = 2 X Ak
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The antiprotons story

A universal break in the spectra of cosmic ray nuclei?

Residual [%)]
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L. Derome, J. Lavalle, D. Maurin, V. Poireau, S.
Rosier-Lee, P. Salati, and M. Vecchi (2017)
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The antiprotons story

A universal break in the spectra of cosmic ray nuclei?
The propagation origin of the hardening is confirmed by the recent AMS-02 release FPRL, 12, 011102, (2017)
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The antiprotons story

A universal break in the spectra of cosmic ray nuclei?
The propagation origin of the hardening is confirmed by the recent AMS-02 release FPRL, 12, 011102, (2017)

PHYSICAL REVIEW LETTERS 120, 021101 (2018)

Observation of New Properties of Secondary Cosmic Rays Lithium, Beryllium,
and Boron by the Alpha Magnetic Spectrometer on the International Space Station

M Agu11ar o L Ali (]I:wasonza G. Ambr031 32 1L7, Arruda ZSNN Attlg ®S. Aupeut P Azzarello, - T A. Bachlechgezr“
systematic errors. The Li and B fluxes have identical
rigidity dependence above 7 GV and all three fluxes have
identical rigidity dependence above 30 GV with the Li/Be
flux ratio of 2.0 &= 0.1. The three fluxes deviate from a
single power law above 200 GV in an identical way. As
seen 1n Fig. 4, this behavior of secondary cosmic rays has
also been observed in primary cosmic rays He, C, and O
[14] but the rigidity dependences of primary cosmic rays
and of secondary cosmic rays are distinctly different. i
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The antiprotons story

A universal break in the spectra of cosmic ray nuclei?
The propagation origin of the hardening is confirmed by the recent AMS-02 release FPRL, 12, 011102, (2017)
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The antiprotons story

Primary antiprotons?

Primary antiprotons = production in the shocks of supernova remnants (SNRs)

1- Antiprotons are produced close to the shock p+ H — p 4+ X

2- Antiprotons are accelerated in the shock by diffusive stochastic acceleration (DSA)

Blasi & Serpico (2009), Mertsch & Sarkar (2014)

Common belief: secondaries from propagation are much more abundant since the grammage in the
ISM is much larger than in the source.

Secondaries R~ 100 GV Primaries
Tesc ™ 107 yr TSNR "~ 104 yT
nisp = 1 cm S NSNR — (7“ < 4) X NISM
(Phato) ~ 107*°gcm™ (psnr) ~ 107" gem ™
At~ 1 gem™? Ar ~ 0.01 gem™?

We expect ~1% of primary B and antiprotons
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The antiprotons story

Antiprotons excess at ~10 GeV?

e Break in the diffusion coefficient K(E) from B/C ratio

0.2
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e standard (w/o break) y24qor = 62/41

e w/ break y2qof = 50/41
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The antiprotons story

Antiprotons excess at ~10 GeV?

e Break in the diffusion coefficient K(E) from B/C ratio

* Primary B and antiprotons produced in SNRs: Qg/Qc = 2% (in a simplified model)

{  AMS-02 (2016)
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e standard (w/o break) y24qor = 62/41

e w/ break y2qof = 50/41

e W/ break + Qs/Qc = 2%: y2dot = 37/41
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The antiprotons story

Antiprotons excess at ~10 GeV?

e Break in the diffusion coefficient K(E) from B/C ratio

* Primary B and antiprotons produced in SNRs: Qg/Qc = 2% (in a simplified model)

{  AMS-02 (2016)
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e standard (w/o break) y24qor = 62/41

e w/ break y2qof = 50/41

e W/ break + Qs/Qc = 2%: y2dot = 37/41

If B nuclei are produced in SNRs,
all secondary species too!

Including antiprotons!
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The antiprotons story

Antiprotons excess at ~10 GeV?

e Break in the diffusion coefficient K(E) from B/C ratio

* Primary B and antiprotons produced in SNRs: Qg/Qc = 2% (in a simplified model)
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Are AMS-02 data sensitive to the production of antiprotons in SNRs?
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The antiprotons story

Dark matter constraints

Still, antiprotons provide strong constraints on the DM annihilating cross-section, excluding thermal WIMPs
with m,, < 500 GeV
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Conclusion and outlook

5. Antiprotons story

Conclusion and outlook
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Conclusion and outlook

Positrons and electrons

e The pinching method enables to compute analytically the electrons and positrons flux below 10 GeV
taking into account all propagation effects.

e Low energy positrons enables to shrink the space of propagation parameters. The data prefer a MAX-
type set of propagation parameters with large values of L and small values of 0.

e The positron excess appears from 1 GeV.

e The pure DM scenario is disfavoured by the data.

The spectrum of e+ from DM annihilations cannot account for the shape of the data.
This conclusion does not require other constraints (gamma rays, antiprotons or CMB).

e The single pulsar scenario provides a valid alternative to the DM scenario.

e \We derive constraints on MeV Dark Matter using Voyager-l and AMS-02 data. Our constraints are
competitive with X-rays and y-rays ones as well as CMB ones.

The constraints are more stringent than the one obtained from X-rays and y-rays.
Less (more stringent) compared to CMB constraints for s-wave (p-wave) <ov>.
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Conclusion and outlook

Antiprotons

e Cosmic rays antiprotons are interesting for DM searches since not many processes are able to
produce them

e Theoretical uncertainties (cross section, propagation) are still larger than AMS-02 errors

e Excess at ~10 GeV with respect to the recent AMS-02 data. (With the standard propagation model)

e Anomalies for all cosmic ray nuclei with respect to the standard model of propagation

Necessity to better understand the physics of Galactic cosmic rays (production and propagation)
Break in the diffusion coefficient? Production of secondary CRs in SNRs?

e Antiprotons provides strong constraints on the DM annihilating cross-section in the GeV-TeV range.

Thank you for your attention!

Questions?
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