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Dark matter: evidences and candidates
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Dark matter: evidences and candidates
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The WIMP paradigm (Weakly Interactive Massive Particles)

It DM particles are thermally produced in the early Universe, they should be:

v Neutral v Very long lived v Cold & massive (= KeV) v Weakly interactive

DM relic density
T'>mpm T < mpwum I'ann < I'Hubble CTm s 9 x 107 27 Cm g1
Pl ———ps * @ @
' ' L annihilating

Cross section

0.01
0.001

0.0001
10-%
10-¢
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£ 10
2 10-1 \ V
§ T T Qo b2 = 0.1198 4+ 0.0015
10 Planck(2013)
10-1 freeze-out
10-10
WIMP miracle!
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x=m/T (time -)
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Dark matter indirect detection

Measure an excess of cosmic rays with respect to the astrophysical background
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Dark matter indirect detection
Measure an excess of cosmic rays with respect to the astrophysical background
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Two-zone diffusion model

Galactic disc - h ~ 100 pc A
stars, gas and dust distributed in the arms
2L
Magnetic halo - 1 < L < 20 kpc \ 4
diffusion zone of the model
(R/1GV)°
. : : . K(E) — K i
Space diffusion on the turbulent magnetic field (E) =Ko T () RS0
e Convection (Galactic wind) from supernovae explosions in the disc Ve = Ve sign(z) €,

e Destruction
« Interaction with the interstellar medium (ISM) Q¥ (E, )

 Decay

* Energy losses

* Interaction with the ISM (Coulomb, ionisation, bremsstrahlung, adiabatic expansion) b(E, %)
e Synchrotron emission, inverse Compton scattering (electrons)

 Diffusive reacceleration from stochastic acceleration (Fermi Il) D(E) = 2 V42 E*j*
9 K(F)

Propagation parameters determined using data of secondary to primary ratios (e.g. B/C)
’ ) e.g. Y. Genolini, MB+(2019)
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d*N

Transport equation H(E, L, F) = -
d°zdFE
| _ - (= . . ~
00— K(B3)80+ 9 - [Vo(@] + 06 (8,20 - D( 28] = QB 6, 7) — QN (E, xﬂ
__ . |
Semi-analytical Numerical
A Simplify the geometry Di tise th fi
pproach G y _ 5 | and Fouri _ Iscretise the equation
reen functions, Bessel and Fourier expansion Numerical solvers
Bz
<’— Ro __:)
. i
( Ryal - 2
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 own code, cic. GALPROPR, DRAGON, PICARD, etc.
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2. The pinching method
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(Astron.Astrophys. 605 (2017) A17)
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Transport of cosmic rays e*

~ Steadly state
1

9. [Vosign(z) ] — K(E) Aty + 2h6(2) Op [baise(E) ¥ — D(E) g ¢] + 95 [bhaio (E) ] = Q(E, T)

L . // - // y

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

No analytical solution for this equation

Numerical algorithm (GALPROP, DRAGON, PICARD, etc.) = prohibitive CPU time
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Transport of cosmic rays e*

' Steady state

0. [Ve ' ) 206(:) 0 [WW_D% o
\ ~_ 4

No analytical solution for this equation

Numerical algorithm (GALPROP, DRAGON, PICARD, etc.) = prohibitive CPU time

-

- High energy approximation

| —K(F) Ay + 0g [bhao ()Y = Q(E,Z) E>10 GeV j

U
\
\
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Transport of cosmic rays e*

: /Steady state
0, [Vesign(z) Y] — K(E) Ay +2h6(2) O [bdiSC(E) Y — D(E) O ¢| + Og [bhato(E) ¢] = Q(F, T)

| : / S // )
bdisc = badia + bioni + bbrem + bcoul bhalo _— bIC + bSYIlC
- — \
I be ff

halo

Pinching method 2L
MB+(2016a)

0. [V sign(2) ¥] — K(E) A +215(2) g { [base (B) + b2 ()] & — D(E) 9p v} = Q(E,7)

Semi-analytical computation of e-and e+ fluxes, including all propagation effects

= extend the semi-analytic computation of e+ interstellar fluxes down to MeV energies!
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MeV cosmic rays?

N

L)
| S

Sub-GeV interstellar CRs cannot reach detectors orbiting the Earth

they are stopped by the heliopause (solar wind)

Mathieu Boudaud | 9



Voyager-1 crossed the heliopause in 2012

ISMF

Interstellar Magnetic Field Termination Shock

Heliopause

; launch: Helioshealth
T v 1977
distance now:
~140 au

direction:
Hercules (solar apex)

velocity/Sun:
~17 km/s

CRs energy:
10= Tp, = 100 MeV/n

Voyager-1 crossed the heliopause in August 2012 LA L B B LI =™ **
yagd . P 9 ’ Cummings+(2016) P
= probes now the local interstellar medium -
- First data of interstellar CRs 1 7
= independent of solar effects (modulation) B
E .
 First sub-GeV interstellar CRs - R Y:
solar modulation ¢ ,,
(SMod) © 22
2 :
2012 2013 2014 2015 2016 : :
0.1 1 1 I 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 .:l 1 l:

1980 1985 1990 1995 2000 2005 2010 2015
Year
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Voyager-1 crossed the heliopause in 2012 (S

Interstellar Magnetic Field Termination Shock

Heliopause

( launch: . >  5  \ Helioshealth
AL v 1977 ‘

distance now:
~140 au

direction:
Hercules (solar apex)

velocity/Sun:
~17 km/s

CRs energy:
10= Tp, = 100 MeV/n

T

Cummings+(2016) - VOYAGER-1
10 [ '_i_' ]
[ - _

i

Voyager-1 crossed the heliopause in August 2012
= probes now the local interstellar medium

e First data of interstellar CRs
= independant of solar effects (modulation)

* First sub-GeV interstellar CRs

+ -
* Flux of e+ + e- (N0 magnet) from ~3 to ~80 MeV er+e

—

| | 0 ool o1
Mathieu Boudaud 10 Energy E [GeV]




Voyager-1 crossed the heliopause in 2012 (S

Interstellar Magnetic Field

Termination Shock
Heliopause

. IaunCh: [ y ,: 'J‘ ‘ b Helioshealth
A v 1977 |

distance now:
~140 au

direction:
Hercules (solar apex)

velocity/Sun:
~17 km/s

CRs energy:
10= Tp, = 100 MeV/n

T

Cummings+(2016) - VOYAGER-1

Voyager-1 crossed the heliopause in August 2012
= probes now the local interstellar medium

b+ x B3

e First data of interstellar CRs
= independant of solar effects (modulation)

* First sub-GeV interstellar CRs

et+ e

* Flux of e+ + e- (N0 magnet) from ~3 to ~80 MeV

| | 0 ool o1
Mathieu Boudaud 10 Energy E [GeV]




Table of contents

3. Application 1: MeV dark matter particles

MB, J. Lavalle and P. Salati (PhysRevLett.119.021103)

and
MB, T. Lacroix, M. Stref and J. Lavalle (Phys. Rev. D 99, 061302)
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m < 3 MeV Beacom & Yuksel (2006 _ F. Ruppin, J. Billard, EFF, L. Strigari: 1408.3581 | .
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CRs e* from dark matter

( ) (—) <D>
X ‘o‘ W_7Z7b)7-_’t7h, e . p , g vee
\ .

annihilation channel decay final products

X T W+, Z,b,7",t,h,.. — @(;),(5),(1_)),7,...

particle phy@\

d.N; . e and e+ spectra
dE MicrOmegas

p(Z): dark matter density

(PYTHIA)
Dark matter distribution in the MW Rs pr tion in th lax
« NFW (spike in the GC) * Propagation A: MAX from wmaurin+(2001) (HEAOS B/C)

Consistent with AMS-02 positrons and antiprotons

* Cored (~ 8 kpc core) Va =117.6km/s (strong reacceleration)

McMillan(2016)
* Propagation B: best fit on AMS-02 B/C from Reinert & Winkler(2018)

V4 =0km/s (no reacceleration)
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Constraints on annihilation cross section

10

}

VOYAGER-1 —— Propagation A
— Propagation B

—— NFW |
.......... Cored :

001

01

I10

w0

13

e Propagation A: strong reacceleration
Va =117.6km/s maurin+(2001)

* Propagation B: no reacceleration
Va=0km/s  Reinert & Winkler(2018)

electron channel XX — ete”
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Constraints on annihilation cross section

10: ! L ! L ! L ! L
| VoOvaceEr-1 —— Propagation A
— Propagation B

— NFW

e Propagation A: strong reacceleration
.......... Cored ] Va =117.6km/s maurin+(2001)

* Propagation B: no reacceleration
Va=0km/s  Reinert & Winkler(2018)
_|_

electron channel XX — €e' e

1) upper limit for <Ov> from Voyager-1 e=:

10_3I 001 01 | 1 10 T

B

O - (By) < ©7F . (Ey) + 20

et+e
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Constraints on annihilation cross section
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' X — ete”
TT 10724 ¢ E
N
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-
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< 1n-25L i
@ 10 ]
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R e e e
S 0-2) barely sensitive to the DM halo profile
i excluded (local %)
S
—
()
+>
=
i<
= ANNFW |
10_28 = B -
< ——-—= A_cored
solar modulation B-NFW |
insensitive = === B_cored
10—29 Ll | L L L P | L
1073 0.01 0.1 1 10 100 103

Dark matter mass m, [GeV]
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Constraints on annihilation cross section

10_23 E_'_'T"I T UL LR T T T
: X — ete
T 10724 -
0]
™
=
O
= 1n-25L 4
g 10 ]
— thermal (ov)
= A et
§ 10-26 L barely sensitive to the DM halo profile
o excluded (local e+)
S
S
o0 | oo Propagation B: 4 < |
-E 107 F Reinert & Winkler(2018) ]
S
é,g A-NFW
= 028 = === A-cored
1 3 .
< 10 B-NFW '
solar modulation = === B-cored j
insensitive BN 4 <L <15kpc
—29 L R | Ll Lol Lol Lol Lo
10 1073 0.01 0.1 1 10 100 103

Dark matter mass m, [GeV]
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Constraints on annihilation cross section

10

}

VOYAGER-1 —— Propagation A
— Propagation B

—— NFW |
.......... Cored :

e Propagation A: strong reacceleration
Va =117.6km/s maurin+(2001)

* Propagation B: no reacceleration
Va=0km/s  Reinert & Winkler(2018)
_|_

electron channel XX — €e' e

— Model A with strong diffusive reacceleration
] = detection of positrons above the DM mass!

001

01

T10

13

1) upper limit for (ov) from Voyager-1 e=:  ®°M __(E;) < ®%P  (E;) + 20;

et+e—

et+e
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Constraints on annihilation cross section

wer—-—————"—"—"—"""—"—"—""———""—73 o Propagation A: strong reacceleration
1 VOYAGER-1 —— Propagation A —— NFW ;

P AMS-02 — Propagation B~ - Cored Va = 1176km/s Maurin+(2001)

- ——
- ~
-
\\-_——"

* Propagation B: no reacceleration
Va=0km/s  Reinert & Winkler(2018)
_|_

electron channel XX — €e' e

.

Model A with strong diffusive reacceleration
| = detection of positrons above the DM mass!

103 00l 01 1
Energy E [GeV]

1) upper limit for (ov) from Voyager-1 e=:  ®°M __(E;) < ®%P  (E;) + 20;

et+e~ etde—

2) combined limit from Voyager1 exand AMS-02 e+: 1) + ®°M(E;) < O (E;) + 205
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Constraints on annihilation cross section

10_23:---| —TgTTTT T — T T T T T T T
i Xx —ete”
b — 830 MV

—_

=
\]
ot
I

excluded

—_

=
[\)
=)
I

excluded

Annihilating cross section (ov) |

10—27 " ;
A-NFW

10-28L A-cored ]
B-NFW ]

= === B-cored ]
BN 4 < L <15kpc -

10—29 Ll | MR | | | R | L L
1073 0.01 0.1 1 10 100 103

Dark matter mass m, [GeV]
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Constraints on annihilation cross section

wer—-—————"—"—"—"""—"—"—""———""—73 o Propagation A: strong reacceleration
1 VOYAGER-1 —— Propagation A —— NFW ;

P AMS-02 — Propagation B~ - Cored Va = 1176km/s Maurin+(2001)

- ——
- ~
-
\\-_——"

* Propagation B: no reacceleration
Va=0km/s  Reinert & Winkler(2018)
_|_

electron channel XX — €e' e

.

Model A with strong diffusive reacceleration
| = detection of positrons above the DM mass!

103 00l 01 1
Energy E [GeV]

1) upper limit for (ov) from Voyager-1 e=:  ®°M __(E;) < ®%P  (E;) + 20;

et+e~ etde—

2) combined limit from Voyager1 exand AMS-02 e+: 1) + ®°M(E;) < O (E;) + 205
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Constraints on annihilation cross section

ey, Propagation A: strong reacceleration
. | VOYAGER-1 —— Propagation A ——- Background Vi = 117.6 k |
I AMS-02  —— Propagation B —— NFW ; A= 6km/s  maurin+(2001)

* Propagation B: no reacceleration
Va=0km/s  Reinert & Winkler(2018)
_|_

electron channel XX — €e' e

I

Model A with strong diffusive reacceleration
— detection of positrons above the DM mass!

| 0.1 1 13

Energy E [GeV]

1) upper limit for (ov) from Voyager-1 e=: ®PM _(E;) < 70 () + 20

2) combined limit from Voyager1 exand AMS-02 e+: 1) + ®°M(E;) < O (E;) + 205

3) with background of secondary e+: 1) + ®°M(E) 4+ ¢! (E;) < O (E;) + 205
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Constraints on annihilation cross section

10_23:..-| T ——rr — E—— e _
i XX — ete” MB, J. Lavalle, P. Salati (2017)
or = 830 MV
‘—lr(_' 10—24_
0
(ap]
=
.
=" 10—25_
excluded
10—26_ ;

excluded

—

=
\)
-J
T

— A-NFW
= === A_cored
— B_NFW
= === B-cored ]
B 4 < L <15kpc

Annihilating cross section (ov

—_

=
[\]
0¢)
I

103 00l ol 1 10 100  10°

10—29 Ll

Dark matter mass m, [GeV]
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Constraints on DM annihilating cross section

10—23 -

—

=
]
=~

—_

3
\v}
ot

10—26

Annihilating cross section (ov) [cm?s™!]

10—27 -
: . — eTe
.| solar modulation e

0™ insensitive o
Voyagerl — bb
AMS-02 — WTW~

10—29 | | AR | AR | | L

1073 0.01 0.1 1 10 100 103

Annihilating Dark Matter

Propagation B excluded
NFW

bp = 830 MV

thermal (ov)

excluded

N

Dark matter mass m, [GeV]

X-rays and y-rays Essig+(2013)

* More stringent (~1 order of magnitude)

* Less sensitive to the DM halo shape

DM particle lifetime 7 [s]

MB, J. Lavalle, P. Salati (2017)

Decaying Dark Matter
f ———— etem Voyagerl Propagation B
— it AMS-02 NFW

L — e ¢ = 830 MV
07— pp
— WHW- ]
10 solar modulation //\
insensitive E

\

1026 -

excluded

[

S
¢
&3
T

excluded

10 ¢

1023

0% o0o0L o1 1 10

Dark matter mass m, [GeV]

0

o

Cosmic Microwave Background Liu+(2016)

e Less stringent

only for s-wave annihilation

L
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Velocity average annihilation cross-section

(ov) = 0gc+ 01 c 3 —I—O(ﬁ ) 0o, 01, ... rely on the DM model
Srednicki+(1998) j K
s-wave p-wave
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Velocity average annihilation cross-section

(ov) = ogc+ o1 ¢+ O(BY) 0o, 01, ... rely on the DM model
Srednicki+(1998) } K
/ s-wave p-wave Y f Y f
scalar |
S BN NG
pseudo-scalar _ _

mediator

Assuming (owv) constant (velocity independent) is a strong assumption for the DM model
= better to constrain the g, coefficients, directly linked to the DM models
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Velocity average annihilation cross-section

(ov) = ogc+ o1 ¢+ O(BY) 0o, 01, ... rely on the DM model
Srednicki+(1998) j K
/ s-wave p-wave Y f Y f
scalar |
= 0 el e
pseudo-scalar _ _

mediator

Assuming (owv) constant (velocity independent) is a strong assumption for the DM model
= better to constrain the g, coefficients, directly linked to the DM models

Now in the Milky Way

Recombination (CMB)
T2 (Zrec - ST 2 __ /.2
Ton (Zree) = '7; ) Maxwellian distribution o = (v°)
kd
le Ve = V20 Ve ~ 240 kms ™1
My
2 —9 { Tkd my 2 ~ 10—6
- () () o = 10
B (zrec) 1000/ \1MeV MW

Contraints on p-wave annihilations (01) should be more stringent for local CRs observations than for CMB
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Beyond the Maxwell-Boltzmann distribution

(00)(r) = Ko(r) / 5, / AR AR

f(vU,2) = iy f(|¥], r): phase space distribution function of DM particles
KQ(T) = /d3?71 /d3272 f(‘?71|,7“)f(|272|,7°) V19 = ’172 — ?72‘ . relative velocity
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Beyond the Maxwell-Boltzmann distribution

(00)(r) = Ko(r) / 5, / AR AR

f(U,7) = pEp = f(|¥|, r): phase space distribution function of DM particles
K()(T) = /d3?71 /dg”(_fz f(’171|,7“)f(|?72|,7") V19 = "172 — ?72| . relative velocity
1 7\’
Maxwell-Botzmann distribution (Standard Halo Model): f(v) = exp |— | —
v373/2 Ve
.h Oversimplification
* |sothermal sphere * Infinite system (no bound) * Ad hoc truncation at Vesc

Not a self-consistent model to describe the Galaxy

Need to go beyond the Standard Halo Model

— Eddington inversion method (1916)

Mathieu Boudaud | 16



Eddington inversion method

Observationally constrained Galactic mass model: Prot (L) = poar(X) + poMm (Z)  Memilian (2016)

Jeans’ theorem + Poisson equation A(I)(T) = 4m Gptot(r)

(spherically symmetric systems)
l Eddington (1916), Binney and Tremaine (1987)

dN
d3x d3v

f(v,7)

= f(|¥|, r): phase space distribution function of DM particles
Lacroix, Stref & Lavalle(2018)
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Eddington inversion method

Observationally constrained Galactic mass model:

Jeans’ theorem + Poisson equation

(spherically symmetric systems)
l Eddington (1916), Binney and Tremaine (1987)

dN
d3x d3v

f(v,7)

Lacroix, Stref & Lavalle(2018)
(o0)(r) = Ko(r) / 47, / ARSI AR TT

Ko(’l“) = /d3’171 /d3’172 f(‘??ﬂ,?“)f("l?g’,?”): normalisation

V19 = |Uy — Us| : relative velocity

= ppu(r){ov)(r)

ngf(r)

Mathieu Boudaud 17

ptot<f) — pbar(f) + IODM(f)

AD(r) = 41 G piot (1)

= f(|¥|, r): phase space distribution function of DM particles

McMillan (2016)

1014
1013,,
1012,

Boudaud et al. (2018)

— Isotropic

Osipkov-Merritt
Banis = —0.3

Standard halo model 4




Velocity dependent annihilation (p-wave)

(ov)(r) from Eddington inversion method

Boudaud, Lacroix, Stref and Lavalle (2018)

MB, Lacroix, Stref & Lavalle (2018)

Boudaud, Lacroix, Stref and Lavalle (2018)

10_14: ™ LU | LI | i LA | b= 10_145 H | UL | i L L | i LA | b=
1015 excluded 10-15L excluded
10—16 10—16
1017 10-17
10181 b 10-18 ]
O, - O [
o 1071 : o 1071 3
6‘ - b‘_‘ -
10720 10720
SMod insensitive SMod insensitive
10721} 10721 :
| NFW : cored
—22 | J —22 | J
10 —— Propagation A ] 10 —— Propagation A
[ —— Propagation B ] [ —— Propagation B ]
—23 R | R | R | R | N | L 1 —23 R | R | R | R | N | T
10 1073 0.01 0.1 1 10 100 103 0 1073 0.01 0.1 1 10 100 103

Dark matter mass m, [GeV] Dark matter mass m, [GeV]

* more stringent (orders of magnitude) than other constraints Liu+(2016), Zhao+(2016)

- barely sensitive to the DM halo profile to the velocity anisotropy of the DM particles

* insensitive to the solar modulation below ~1 GeV and above ~20 GeV

Mathieu Boudaud | 18



Table of contents
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Primordial black holes as dark matter

Produced from quantum fluctuations before inflation

t
15
M ~ 10 (10_238> g

Lensing, dynamical,

Fraction

1 0-20

fraction of DM in PBHs: f =

PPBH

PDM

, cosmological and Hawking radiation limits

1015

EGRB

10 GGRB

el P

HSC-M31

1010

Carr+(to appear)

| l 1 | L 1 l ' ' ' ' l

10‘10 |

1010 1015 1020
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Primordial black holes as dark matter

Produced from quantum fluctuations before inflation

!
M ~ 10" ( 5 ) g fraction of DM in PBHs: f = £XBH
> PDM

Lensing, dynamical, , cosmological and Hawking radiation limits

Fraction

MIM,,
107

1015

1010

HSC-M31

10 GGRB Carr+(to appear)

el

' l | L | l L 1 ' ' l ' ' 1 | l 1 | L 1 l ' ' ' ' l

10° 102 10 10¥ 100  10* 10°
M [g]
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Primordial black holes as dark matter

Produced from quantum fluctuations before inflation

t
M ~ 10" (10_23 )g fraction of DM in PBHs: f = PPEf
> JE——— )
Lensing, dynamical, , cosmological and awking rad‘iati@imits
1013 | , .
10 —— . Microscopic BHs
1
01 M € [10*°,10'7] g
0.01 ¢
10 HSC-M31 M =10%g=10GT
g 104 DE (asteroid / small mountain)
: 107 |
&2
10° | R="7—~15x10""m
107 Carr+(to appear) (nucleus size)
o oM =0.4GeVem ™
107 Po — VY
10-10 L1 R P IR PO | | leau

0%  10°  10® 10 10 10¥ 100 10 10"
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Hawking radiation of electrons and positrons

BH temperature from classical thermodynamics

S x A= 4rR?

Hawking temperature from QFT in curved spacetime
hc
aU =TdS = T x

- hc’
G kg M

~ 8nGhp M

dM
BHSs lose mass radiating particles with the rate:

g —1
T~ 525 x 108 f(M ( ) s
dt JM) (37 ) 8
PBHs with a mass M < ~101% g have been evaporated today

quasi-black body (grey) emission of e+

dN 27 h?c® 2 E
_ == T — —
0 -1 ) dt dE 128 7T3 e’ + 1 T
10° 10 10 N
10 F T T LI | T T L LI | T T LI | T T """_
! ! q L MPBH S 1014 g (TPBH ~ 100 MCV)
_____ MPBH = 1015 g (TPBH ~ 10 MGV)
] —_— MPBH = 1016 g (TPBH ~1 MGV)
1022
| 7
> \\:'
CQD) 102t "‘\\
0
A, '
+ \
;| = \
2 o \
~— \‘
- Z \
™ \
"‘j |
................ ele’ A |
s 1019 L ||‘
N N N i ‘\l
10 10" 10" ".
1018 |'
Mathieu Boudaud

10-2 ~0.01
20

. T o
Energy E [GeV]



CRs e* from PBHs radiation

MB & Cirelli (2018)

Propagation A NFW I Vovacer-1 ] ,
Propagation B e Cored I AMS-02 Propagation A: strong reacceleration

107

Va=117.6km/s paurin+(2001)

Propagation B: no reacceleration
Va=0km/s  Reinert & Winkler(2018)

DM distribution from mMemillan(2016) (NFW/cored)

ng = 0.4GeVem ™

| Voyager-1 probes PBHs with mass’up to ~1017 g

-9 . T | . i P | . N T I P
1010_3 0.01 0.1 1 10

Energy E [GeV]

e Voyager-1 is sensitive local PBHs (~1kpc) because of e+ energy losses (ISM ionisation)
= signal not sensitive to the DM halo profile

e strong reacceleration (A) enables to detect a signal above 1 GV
= AMS-02 probes PBHs with M < 1016 g

Voyager-1 data = upper limit for f = ppex/pom
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Constraints on the fraction of DM in PBHs

Mass M M . .
1018 10[_17®] 1016 - * EGB limits (Fermi-LAT) Carr+(2012)
lF————— —————— ———— |
. —— Prop A w/o background ] /
10-1 _ —— Prop B w/o background .
10—2 5
n
- , ;
—3 i
a, 10 excluded :
- : —
= 107* -
A
o
o
S— 10_5 -E
-
= .
© 1076 MB & Cirelli (2018) |
&
1078
—— EGB + GBB Carr+(2016)
—-— GRB lens Barnacka+(2012) ]
1077 B ;35 I, -
10 10 10
Mass M [g]
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Constraints on the fraction of DM in PBHs

Mass M (M o ,
10-18 10[_17®] 1016 ~ * EGB limits (Fermi-LAT) Carr+(2012)
: Prop A w/o background /
10-1 _ —— Prop B w/o background
* red band: propagation uncertainty
102} (magnetic halo size)
E 4 < | <20 kpc Reinert & Winkler(2018)
M -3l | ]
~ 7F | excluded =
- : , _
= 107" :
A
(-
o
Lo\ 10_5 -E
S
2
© 1076 MB & Cirelli (2018) |
£
107 —— EGB
+ GBB Carr+(2016)
—-— GRB lens Barnacka+(2012) ]
1077 ETSE I T T -
10 10 10
Mass M [g]
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Constraints on the fraction of DM in PBHs

Mass M (M L .
10-18 10[_176] 1016 ~* EGB limits (Fermi-LAT) = Carr+(2012)
1 3 ! LA | ! ! ! ! L | y ! ! ! LA | ! E
: Prop A w/o background /
1| = Prop B w/o background
LU Prop A w/ background : :
o~ Prop B w/ background * red banq. propagatlon uncertainty
10-21 (magnetic halo size)
E 4 < | <20 kpc Reinert & Winkler(2018)
M -3l |
1077 | excluded
= [ , —
= 1074 e even better assuming a background for
- Voyager-1 data (SNRs e-)
o
S 107° .
= ®,-(F) x B~
£ 10 '/ MB & Cirelli (2018) -
L;S H+  VOYAGER-1
1078 O
—— EGB + GBB Carr+(2016) - e+ + e-
—:— GRB lens Barnacka+(2012) ] TE’S
-9 2 . . N | . . P | . . . n
10 1015 1016 1017 |E
Mass M [g] I
5 101
K
E
o o - 3
‘local constraints (1~kpc ), no cosmological assumptions
— complementary to cosmological constraints (EGB, CMB, EDGES) v S S s

Energy E [GeV]
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Constraints for a lognormal mass function

PBHs production models most of the time similar to a lognormal distribution

e.g. Carr+(2017), Kanike+(2018), Calcino+(2018)

f(M)

Mass MPBH [M@]

\V2To

1071 101 1017 1016
10 — o0=0.01
- oc=20.1
— o0=0.,5
—_— o=
100 — o=
1071
=
x 1072
103 3
104 3
10_15014 - '1615 - ”1'()'16 - '1'()'17
Mass MPBH [g]

Mathieu Boudaud

23

2
log“(M/M.)
exp | — 5
M 20
Mass MPBH [M@]
10718 10717 10-19
10° — ——
/ /
/, /l
/ ,/
/ ’
/ ’
10-2} // 7
2 excluded / s
o * / ///
3 S
or— ) //
1074 f , 1
2 »
Yo // ’/”
o e ”/
s -~
M -
RSB ot S 4 . S
g "
.2 e -
+~
Q
<
= — o=
10—8 o === 0=0.01 _
c=20.1
=== =05
_—— o=
S o=
e it o
Mass MPBH [g]



5. Summary
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Summary

e The pinching method allows to compute semi-analytically the flux of ex below 10 GeV taking into
account all propagation effects

* Voyager-1 and AMS-02 e+ data are used to derive limits on MeV DM particles

* s-wave annihilation (velocity independent)

More stringent (and less uncertainties) than X-rays and y-rays, less stringent than CMB,

e p-wave annihilation (velocity dependent)
Eddington inversion to compute properly the velocity average annihilation cross section

Much more stringent than all existing constraints

e Voyager-l (AMS-02) e+ data are used to derive local limits on the fraction of DM in PBHs

« Competitive with EGB for M < 1016 Mg

* Local constraints, no cosmological assumptions

Mathieu Boudaud 24



Thank you for your attention!

Questions?

Voyager Golden Record: the Sounds of Earth
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Back up
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The pinching method
0. (Vo sign(2) v] — K(E) At +26(2) Op { [basse (B) + b1, (B)| ¢ = D(B) 0p v} = Q(B, )

Mathieu Boudaud



The pinching method
~ K(E) Ay +2h8(2) 0p { | + b (B)| ¢ b= Qe

—K(E)A¢ + 0 [bhao(E) Y] = Q(E, T)

—K(E)A¢ +2h6(2) 0 [biho(E,r) ¢] = Q(E, 7) b (B, ) = £(E,7) bhawo(E)

inching factor

Mathieu Boudaud



The pinching method
~ K(E) Ay +2h8(2) 0p { | + b () | v b= Qe

—K(E)A¢ + 0 [bhao(E) Y] = Q(E, T)

~K(E)AY + 2h8(2) 0 [bi, (E.7) ¥] = Q(E,T) b5l (Bo) = E(E.7) bhato(E)

a factor

E(E,r) = Er() ZJO az E) P,(E,0)
+o0 Es K(E'
f dES Jz(ES)—I_4k12 f dr’ b((Ew/)) Bi(E/7ES) B<E ES Z an ES’)eXp[ Cz,n)‘%}
— E FE n=2m-+1
gZ(E) — —+ 00
[ dEs B;(E, Eg)
E 1 .
i Ji(Es) = — | dzs Fi(25) Qi(Es, 2s)
Qi(E R2J2 o) /drrJO &) Q(E, T, 2) hO/
0
Q ()1/Ldz (2) 2 idrrJ(ar)Q(Erz) L raiy? 2
—L 0
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The pinching method
— K(B) At +2h3(2) 0 { | + oL (B)] v b =B,

—K(E)AvY 4 0 [bhaio(E) ¥] = Q(E, %)
—K(E)Ay +2h6(2) O [bhalo(EaT) v| = Q(E, 7)

0.10 e
—— MIN
—— MED
—— MAX
0.08 | .
0.06 |

The error we commit « pinching » the halo energy
losses is smaller than 0.1%

|
0.04 + ‘

l

Relative Error [%]

0.02 | ‘ !
Il
‘ | l
“ ‘} HH‘[ i ﬂum “lll\!hlﬂ"'ulu fiill "‘ W MWW‘WM”WW”'
oot ol ..., l e L
0.1 1 10 100 71000

Positron Energy E [GeV]
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The pinching method
0. (Vo sign(z) ] — K (B) A+ 2h0(2) 9 { [base( B) + B (B)| ¢ = D(E) 0p v} = Q(E, 7)

| Including all propagation effects
| e.qg: electrons:

Full calculation (pinching)

o Low energy limit
----- High energy limit

0% 00l 01 1 0 100 10°
Energy E [GeV]
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The pinching method
0. (Vo sign(z) ] — K (B) A+ 2h0(2) 9 { [base( B) + B (B)| ¢ = D(E) 0p v} = Q(E, 7)

Corrections on befhao below a few GeV are needed

Below a few GeV béhhao is subdominant compared to the other processes

We are safe! &/

| | | | 0.1
10°F ——  Tdiff MED |
TTG(IC
- Teonv
A
~
X
E % 0.01¢
= O
— i)
5 7
I T
&) op)
0 0
£ 2
— S 10—3
o
=
o Tladza o lerem -
103 F _ _ _ _ le'om' o TZIC - Full calculation (pinching)
o Feoul sync . Low energy limit
l L I High energy limit
10-5 . ] . ] . ] . ] . el 10—4 L L aaaal L Ll L ol L Ll L Ll L L
0.1 1 10 100 1000 10000 103 0.01 0.1 1 10 100 103
Positron Energy E [GeV] Energy E [GeV]
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Propagation of cosmic rays: the diffusion model

Astrophysical background of secondary positrons

1 = projectile

QME, D) =4r Y Y n]/dE o:(E;, )dE (E; — E) i~ target

1=p,ax j=H,He

MB+(2014)
10 ——m————— —————————]
A" —n+nt
nt— v, +u” '
put— v, +v, +e - - i Iﬂﬂ]
0 107 -
3 i |
X+nt T
nt— v, +u’ =
Ut v, +v, +e’ 'g
p+p— T
uez ol bp="T24 MV |
X+ K" ) ]
(v, +put =
put— v, +v, +e’
Kt —<{ n+nt ' — MED .
N | Propagation uncertainty
ﬂ _)vﬂ-*-u 10-5 ,"‘, ,"’,,,,,| i | i i
Ut — v, +v, +e’ 0.1 1 10 100 1000
\ \ Positron Energy E [GeV]

Positron excess above ~ 10 GeV!
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The pinching method for low energy e - and e+

Astrophysical secondary positrons

p+p—1

QU(E,

1=p,ax j=H,He

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

X+nt
K
nt — v, +u’
ur— v, +v, +e"

X+K"
(v, +put
Ut — v, +v, +e’

K+—)< 71'0+7l'+
nt— v, +ut

Ut — v, +v, +e’

F)=4r Y Y n]/dEgbz N )dE(E — E)

1 = projectile

7 = target

H|gh energy approxmaﬂon

1072 ¢

I AMS 02

bp=T24MV

D
Propagation uncertainty

Al i e e e e e

10°
0.1

1 10 100 1000

Positron Energy E [GeV]
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The pinching method for low energy e - and e+

Astrophysical secondary positrons

1 = projectile

QME, D) =4r Y Y n]/dE i (B, )dE (E; — E) i~ target

1=p,ax j=H,He

) FuII Calculatlon MB+(20163)
1072 ¢ - ——r

A [ AMS-02

A" — n+n*
nt— v, +u’
Ut — v, + v, +e"

X+nt
K
nt — v, +u’
ur— v, +v, +e"

p+p—

X+K" CETJ [ " ]
(v, +put
Ut — v, +v, +e’

{ — MED

-+ 0 + ”+ . .
K'— 7 . in Propagation uncertainty

Ut — v, +v, +e 0.1 1 10 100 1000
Positron Energy E [GeV]

The HE approximation = error up to 50% at 10 GeV!
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The pinching method for low energy e - and e+

Astrophysical secondary positrons

Q ( 7 = 4n Z Z n]/dE o )dE (E; - B) z::p'rojectile

i g J—H He 7 = target

. : MB+(2016
Positrons can be used as an independent probe for 102 FU” calclulanon - f(. . )
the propagation parameters. } I AMS 02
The degeneracy between Ko and L can be lifted!

Lavalle+(2014) -
>
Case O | K, [kpc*/Myr] | L [kpe] | V- [km/s] | V, [km/s] | & 107}
'MIN | 0.85 0.0016 1 13.5 22.4 s
" MED || 0.70 0.0112 4 12 52.9 ‘TE
MAX | 0.46 0.0765 15 5 1176 | ©
|

Ruled out! :& 104 | bp=T24 MV ]
The AMS-02 positrons data favour the MAX-type sets of
propagation parameters.

/ MED
(result confirmed by AMS-02 antiprotons and recent B/C) | u Propagation uncertainty
10_50.1 T 10 100 1000

Positron Energy E [GeV]
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Implications for dark matter searches

The Dark Matter scenario

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

L
! 5 5 ;Models Z,<3 |
Do, = 830 MV |
¢ ¢ ;AMSO2 data

1 10 100
Positron Energy E [GeV]
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Implications for dark matter searches

The Dark Matter scenario

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

N O ' MB+(2016a)

—_— Secdndary component

-- WbQSon
< electron 1 1 { * l

- muon

m, = 262 'GeV'

E30e[s7! em 2 sr! GeV2?)

AL 830.MV.. D =0.4%

: w724 MV
1t B 647 MV |
100 200 500 1000 N S——

My
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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Implications for dark matter searches

The Dark Matter scenario

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

N O ' MB+(2016a)

A1

m, = 262 'GeV'

— Total
¢ ¢ AMSO02 data

B -
R -
- - \
—4 R . \
10 ,,,,,,,,,,,,,,,,,,,,,,,, N
\
\

E30e[s7! em 2 sr! GeV2?)

AL 830.MV.. D =0.4%

: 724 MV
1t : s 647 MV | | 3
100 200 500 1000 I - 10 100
Positron Energy E [GeV]
ey

The spectrum of et 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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