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7Y from annihil in galactic center or halo
and from secondary emission

Fermi, ICT, radio telescopes...

from annihil in galactic halo or center
PAMELA, Fermi, HESS, AMS, Calet, Dampe, balloons...
from annihil in galactic halo or center

indirec_

( from annihil in galactic halo or center
GAPS, AMBS

1\ 1/, I/ from annihil in massive bodies
. SK, Icecube, Antares

*He from annihil in galactic halo or cexg\&esx;
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Indirect Detection: basics

rand -~ from DM annihilations in halo
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Indirect Detection: charged CRs

and from DM annihilations in halo

Salati, Chardonnay, Barrau,

spectrum Donato, Taillet, Fornengo, Maurin,
57 v p 9 Brun...‘90s,00s
— _ K(re b(E RO . — 276(2)Tspa
L K(B) V2~ o BBV ) + 5= (Vel) = Qg — 206(:) s

diffusion energy loss convective wind source spallations



and - from DM annihilations in halo

 [RRA[ KOL | CON | THK |THN | THN2 | THNS
RO g 4 | 4 | 4 | G0 |05 | 2 | 3
Dy (0% s | 261 | 46 | 097 | 475 | 031 185 | 198

AR 5 050 035 | 06 | 050|050 050 | 050
om0 1 |1 |015 02| 027 | 027

RS | (ns | Ga2 | %6 | i | 144 | 116 | 116 | 116
NN oo /e | 162205 | 25 | 235 | 235 | 235
SMMVARENN | /i (ks ke ]| 0 | 0| 50 | 0 | 0 | 0 | 0

RAMAY | ooV o0 o083 | 02 0687 0704 ] 0626 | 062
/dof (pin [55) | 0462 | 0761 | 1602 | 0,516 | 0.639 | 083 | 0359

Cirelli, Gaggero, Giesen, Taoso, Urbano 1407.2173
cfr. Evoli, Cholis, Grasso, Maccione, Ullio, | 108.0664

Electrons or positrons | Antiprotons (and antideuterons)
0 Ko [kpe?/Myr] | & Ko [kpc*/Myr]  Viony [km/s]

0.5 0.00295 0.85 0.0016
0.70 0.0112 0.70 0.0112
0.46 0.0765 0.46 0.0765

Donato et al., 2003+



and - from DM annihilations in halo

BIG SLIM QUAINT
x* /dof 61.7/61=1.01 61.8/63=0.98 62.1/62=1.00

thickness Intermediate-rigidity parameters
Ko [kpe? Myr™'] 0305067 0.28757  0.3375(3
diffusion 5089 0.4870-04 0.5170-02 0.4579:95
Low-rigidity parameters
Ve [kms™!] o+ N/A 0.07®
67 57 N/A 10171
1 (fixed) 1 (fixed) —0.097¢:2>
, —0.697055  —0.877535] N/A
solar mod. ¢ [GV] 65(] 34t L0 N/A
Xmin/dof (p in [25])

diff. reacc. va [kms™!]

b index gl
o\ aalela] | dv./dz[ kms kpc!]

High-rigidity break parameters
(nuisance parameters)
0.18 0.19

247 237

Electrons or positrons 0.04 0.04

d Ko [kpc?/Myr] ‘
0.55 0.00595 0.83 = - ’

0.70 0.0112 0.70°"  0.0112 more recent:

0.46 0.0765 0.46 0.0765 Genolini et al.

Donato et al., 2003+ 1904.08917
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Antiproton data vis-a-vis the secondaries:

PAMELA 2012

5 10 50 100
Kinetic energy T [GeV]
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¢ PAMELA 2012
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Antiproton data vis-a-vis the secondaries:

¢ PAMELA 2012
¢ AMS-02 2015

— Fiducial
Uncertainty from: Cross-sections
Propagation
B Primary slopes
Solar modulation
5 10 50 100
Kinetic energy T [GeV]




Indirect Detection

Background computations for antiprotons:

Sagittarius Arm  ° . Local Arm
n |
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Background computations for antiprotons:

Sagittarius Arm _ Local Arm
Main ingredients:
e primary p (and He)
e gpallation cross-sections [N ek N ok e A
e propagation
e gsolar modulation




Indirect Detection

Background computations for antiprotons:

1ﬁ// .

Galactic Bulge Norma Ara y,
\ V4

Sagittarius Arm _ Local Arm
Main ingredients: .
e primary p (and He) €%
o gpallation cross-sections [N ek N R O i o AN ge"“
e propagation
e solar modulation




Antiproton data vis-a-vis the secondaries:

¢ PAMELA 2012 E NO
¢ AMS-02 2015

evident
excess

— Fiducial
Uncertainty from: Cross-sections
Propagation
B Primary slopes

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




Antiproton data vis-a-vis the secondaries:

¢ PAMELA 2012
¢ AMS-02 2015

— Fiducial
Uncertainty from: Cross-sections
Propagation
B Primary slopes

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

A\ [o
evident
excess

some
preference
for flatness




Antiproton data vis-a-vis the secondaries:

¢ PAMELA 2012
¢ AMS-02 2015

— Fiducial
Uncertainty from: Cross-sections
Propagation
B Primary slopes

Solar modulation :
using

5 10 50 100 p, He by AMS-02,
Kinetic energy T [GeV] B/C by PAMELA

C. Evoli, D. Gaggero and D. Grasso, arXiv:1504.05175 R Kappl,A. Reinert and M.W. Winkler, arXiv:1506.04145

x10™ ; - .
:,Sng, B/C with AMS-02 preliminaz B/C data

by AMS-02 3.1

AMS-02 bip data

B/C best fit in sample
—— - D0 Dest I in sample

propagaton uncertantes

using nuclear uncertainties
p, He by AMS-02 and CREAM,
10 102 B/C by AMS-02,
Kinetic Energy [GeV] heavier nuclei by compilation




Based on AMS-02 p/p data (april 015)

Astrophysical uncertainties on the constraints

= Einasto MED
— Varying halo profiles

— — Varying propagation parameters
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Recent developments

finds a possible excess

(formally ~4.50)

Y o | mom = 80 GeV, bb,

2 o region

pbar/p AMS-02 2 & region thermal cross-section

Best Fit pbar/p AMS-02
Best Fit (no SM) Best Fit
- Tertiary

similarly:

(light mediators)

(but only 1o)

reiterated:

— bb standard
- = zy=2kpc
— zy=Tkpc

==* noconv.

— Limit bb
—— Limit dSphs: Ackermann (2015)

B 1-30c DM detection
Systematic uncertainty

di Mauro et al.
bb Burkert
1GV

mpm [GeV]



Recent developments

1 0—25

— Observed 95% CL excess exists

10726 /i / . Expected + 10

Expected * 20 but Significance ~10,

1077 , o Thermal Relic given all uncertainties

10—28
50 100 500 1000

mpm [GeV]




Recent developments

“antiprotons
are consistent
with a secondary

4 AMS-02 (0¢0r) / :
—— Baseline prediction V/ Parents Transport aStrOphySICal
I Total uncertainties } /’/ XS Total gy
| | , | | origin
— Observed 95% CL excess exists
. Expected + 10
Expected = 20 but Significance ~10,

given all uncertainties

=== Thermal Relic

100 500 1000
mpm [GeV]
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PAMELA 2010
FERMI 2011

AMS-02 2014

=
]
=
Q
s
g
=
]
=]
o=
7]
]
(o}

DAMPE 2017
CALET 2017
HESS 2017 prelim
FERMI 2017
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AMS 2014
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H+  VOYAGER-1

Voyager-1 left the heliosphere in 08.2012

First ever measurement of sub-GeV et+e"

V1 HET 2 PENH (daily average rate)
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Constraints on sub-GeV DM

'
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thermal (o)

barely sensitive to the DM halo profile
excluded (local )
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Constraints on Primordial Black Holes

! MACHO or PBH mass M in solar masses
DM could consist of PBHSs 00 oS |
‘ |
huge range of sizes: : \EML‘
M =~ 10(/107% sec) g rolensing

e n
m®

constraints

microlensing
Subaru HSC

-
G
@)
S~
<
@)
=
Q
o~}
e

accretion
X & radio

PBH evaporated by now
evaporation today

_ d
accretion

spoils CMB

Voyager

1020 1025 1030 1035 1040 1045 1050
MACHO or PBH mass M in grams




Constraints on Primordial Black Holes

DM could consist of PBHSs

huge range of sizes:
M ~ 10°(t/107% sec) g

constraints

‘'small’ PBHs emit today by
Hawking evaporation
|
= 8n GyM

rate

dM g :
— ~—5x10® M) [ =) eofs
7 fM) <M> g

spectrum
dN 27 G*M’E?
dtdE 2 €T + 1

=
-
G
S
:10
g
9
s
=

[E—
)
ds

PBH >vaporated by now
©Vay Jration today

Voyager

[

-
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|9

MACHO or PBH mass M in solar masses

o,

]
]
| |
[ | .
: rolensing
|
| |
q

10—10 10—5 5
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m®

microlensing
Subaru HSC

accretion
X & radio
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accretion

spoils CMB

1025 1030 1035 1040

MACHO or PBH mass M in grams
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Constraints on Primordial Black Holes

DM could consist of PBHSs

Propagation A VOYAGER-1
Propagation B AMS-02

huge range of sizes:
M ~ 10°(t/107% sec) g

constraints

‘'small’ PBHs emit today by
Hawking evaporation
|
= 8n GyM

rate

dM g :
— ~—5x10® M) [ =) eofs
7 fM) <M> g

spectrum
dN 27 G*M’E?
dtdE 2 €T + 1

Energy E [GeV]




Constraints on Primordial Black Holes

DM could consist of PBHSs

huge range of sizes:
M ~ 10°(t/107% sec) g

constraints

‘'small’ PBHs emit today by
Hawking evaporation
|
= 8n GyM

rate

dM g :
— ~—5x10® M) [ =) eofs
7 fM) <M> g

spectrum
dN 27 G*M’E?
dtdE 2 €T + 1
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—— Prop A w/o background
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=== Prop A w/ background
=== Prop B w/ background

—— EGB + GBB Carr+(2016)
—-— GRB lens Barnacka+(2012)

Mass M [g]




Constraints on Primordial Black Holes

Science

Mass M [Mg)]
10~ 17

—— Prop A w/o background
—— Prop B w/o background

—
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=== Prop A w/ background
=== Prop B w/ background
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An illustration of Voyager 1, now 21.7 billion kilometers away JPL CALTECH/NASA
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Aging Voyager 1 spacecraft undermines idea that dark
matter is tiny black holes

By Adrian Cho | Jan. 9,2019, 2:25 PM
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25,121 views | Jul 10, 2018, 05:59pm

NASA's Voyager-1 Spacecraft
Opens Door On New Way To

—— EGB + GBB Carr+(2016)
—-— GRB lens Barnacka+(2012)

Look For Dark Matter

Bruce Dorminey Contributor ® l\Iﬂbb I\[ [g]
Science
f I cover over-the-horizon technology, aerospace and astronomy.
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Indirect Detection

He from DM annihilations in halo

\

f * 3
‘ ]
.

Galactic Bulge Norma Arm

Scutum Arm
Crux Arm

Outer Arm Carina Arm

4

Perseus Arm

- Sagittari

:

3 event-by-event

| n
O . _& k1 — k2| < po with P)'thla
\\  p y

k1 — k3| < po
N\ ‘coalescence’ -~

4

k2 2 k3 < Po a bit arbitrary:
Cirelli, Fornengo, Vittino, Taoso 2014 - i :hd
Carlson, Linden, Ibarra, Profumo, Wild 2014  esee e Coalescence momentum po = 195 eV



Indirect Detection

He from DM annihilations in halo

4

Galactic Bulge Norma Arm

Scutum Arm
Crux Arm

Quter Arm

\.
-
ii

Carina Arm

=

Perseus Arm .

e =

~ 4

- Sagittari

w n
f o
Q>§Q

.

\ ‘ p , l//
Cirelli, Fornengo, Vittino, Taoso 2014 = COoa I e€scenc )

Carlson, Linden, Ibarra, Profumo, Wild 2014 T~

SHe

@ Coulomb suppressed
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Indirect Detection

He from DM annihilations in halo

4

Galactic Bulge Norma Arm

Scutum Arm
Crux Arm

Quter Arm

\.
-
ii

Carina Arm

=

Perseus Arm

- Sagittari

n
O

| ')§8 ‘He
0
\ O

®— ] statistically suppressed

p

N\ ‘coalescence’ -~

//:

Cirelli, Fornengo, Vittino, Taoso 2014 -
Carlson, Linden, Ibarra, Profumo, Wild 8014 e



He from DM annihilations in halo

DMDM — uli mpy=20GeV Peoa = 195 MeV

consistent with

10 :
antiproton bounds
T [GeV/n] P




He from DM annihilations in halo

DMDM — uli mpy=20GeV Peoa = 195 MeV

10
T [GeV/n]




He from DM annihilations in halo

DMDM — uu mpy=20GeV peoa = 195 MeV DMDM — bb  mpy=40GeV  peoa = 195 MeV DM DM — W'W~ mpy = 1000 GeV Pcoal = 195 MeV

10

T [GeV/n] T [GeV/n] T [GeV/n]




He from DM annihilations in halo

DMDM — ut  mpy=20GeV pcoa =195 MeV DMDM — bb  mpy=40GeV  peoa = 195 MeV DMDM — W'W~ mpy= 1000 GeV Pcoal = 195 MeV

T [GeV/n] T [GeV/n] T [GeV/n]

DM DM — uu mpym = 20 GeV DMDM — bb  mpy =40 GeV DMDM — W'W~ mpy= 1000 GeV

10~
— 1078
1078

R
10710 %///,,%%/,4}/

10712 \ ] "\\'\\» / //////#//:'f/’;

T [GeV/n] T [GeV/n] T [GeV/n]




DM annihilations in halo

DMDM — ut  mpy=20GeV pcoa =195 MeV DMDM — bb  mpy=40GeV  peoa = 195 MeV DMDM — W'W~ mpy= 1000 GeV Pcoal = 195 MeV

T [GeV/n] T [GeV/n] T [GeV/n]

DMDM — uu  mpy =20 GeV DMDM — bb  mpy =40 GeV DMDM — W'W~ mpy = 1000 GeV

-4
10
BEsg eXCludgy

107°
AMS-02 reach

1078

1071 \\\\\\\“\\\\h\\\

2 ~=12 a L.aA-12

In five years, AMS has collected 3.7 b11110n helium events (charge Z = +2). To date

we have observed a few Z = -2 events with mass around He. An event is displayed in
Figure 14 S.Ting - AMS-02 press release - December 2016

—e— 10—12 Pco: a\=195 MeV




DM annihilations in halo

DMDM — ut  mpy=20GeV pcoa =195 MeV DMDM — bb  mpy=40GeV  peoa = 195 MeV DMDM — W'W~ mpy= 1000 GeV Pcoal = 195 MeV

T [GeV/n] T [GeV/n] T [GeV/n]

DMDM — uu  mpy =20 GeV DMDM — bb  mpy =40 GeV DMDM — W'W~ mpy = 1000 GeV

-4
10
BEsg eXCludgy

107°
AMS-02 reach

1078

1071 \\\\\\\“\\\\h\\\

Y]
=195 Me PP

-e- 10—12 Pcoal =

7 /years AMS has collected 3.7 b11110n helium events (charge Z = +2). To date
we have observed a ¥w Z = -2 events with mass around He. An event is displayed in
Flgure 14. e, T /72‘ (Zeoo of which e S.Ting - AMS-02 colloquium @ CERN - May 2018




He from DM annihilations in halo

update: Blum, Ng et al (1704.05431)
find very high bkg calibrating on ALICE data

He3bar I this work
—Herms et al (2016)

——Herms et al (2016)

- Duperray et al (2005)
—Cirelli et al (2014)

-~ Chardonnet et al (1997)
- =95%CL 5-yr

DMDM — W'W~ mpy = 1000 GeV

10’
kinetic energy [GeV/nuc] ' T [GeV/n]




He from DM annihilations in halo

update:

Coogan, Profumo (1705.09664)
update: Blum, Ng et al (1704.05431) find 5 He from DM in 5yrs possible
find very high bkg calibrating on ALICE data fin AMS, barely compatible with p, D

He3bar I this work
—Herms et al (2016)
——Herms et al (2016) D e my, = 100GeV i
- Duperray et al (2005) B, = 1000GeV
—Cirelli et al (2014)

-~ Chardonnet et al (1997)
- =95%CL 5-yr

T
=
N
>
5
)
&
0
[a]
g
KA

10’

kinetic energy [GeV/nuc] 10t 102

Kinetic energy per nucleon, T (GeV/n)




He from DM annihilations in halo

alternative: Poulin, Salati, Cholis, Kamionkowski, Silk (1808.08961)

anti-He from anti-clouds or anti-stars!
however: strong constraints from gamma-rays, CMB etc
need exotic (anti-)BBN to have right isotopic ratios...

also: Heck, Rajaraman (1906.01667):
He from decay of exotic ® carrying negative baryon number (but very fine tuned or killed by antiprotons

update:

Coogan, Profumo (1705.09664)
update: Blum, Ng et al (1704.05431) find 5 He from DM in 5yrs possible
find very high bkg calibrating on ALICE data flin AMS, barely compatible with p, D

He3bar I this work
FrpE —|=——=Herms et al (2016) ™ ; ] ——
——Herms et al (2016) [ my = 100GeV |7
- Duperray et al (2005) 3 B m, = 1000GeV [
—Cirelli et al (2014) [ ]
~Chardonnet et al (1997)
= =95%CL 5-yr

D (AMS-02)

L D (GAPS)

| L MR | L |
10° 101 102
Kinetic energy per nucleon, T (GeV/n)

kinetic energy [GeV/nuc]




Strumia, J. Zupan to appear
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V\,‘...-)
DM not seen yet P

ID with (charged) cosmic rays is in principle
a very powerful tool, but:

in e*: long standing ‘excesses’ at high-energies
new constraints at low-energies
in p: still large uncertainties
reports of excesses are greatly exaggerated
in d: challenging flux
in He: hopeless? who knows...



Back up slides









20 e ;

Radius (kpc) We&k 1en81ng (e.g. lIl ClUSteI’S) ol ) Wavenumber k in & /Mpc
galactic rotation curves ‘precision cosmology’ (CMB, LLSS)




DM exists

NGC 6503

20 e ;

Radius (kpc) We&k 1en81ng (e.g. lIl ClUSteI’S) ol ) Wavenumber k in & /Mpc
galactic rotation curves ‘precision cosmology’ (CMB, LLSS)

DM is a, neutral, very long lived,
eebly interacting particle.



DM exists

20
Radius (kpc)

galactic rotation curves ‘precision cosmology’ (CMB, LLSS)

DM is a, neutral, very long lived,
feebly interacting particle.

Some of us believe in
the WIMP miracle.

- weak-scale mass (10 GeV - 1 TeV)
- weak interactions ocv = 3 - 10~ *®cm? /sec
- give automatically correct abundance

Comoving Number Density




DM exists

NGC 6503

20

Radius (kpc)

galactic rotation curves ‘precision cosmology’ (CMB, LLSS)

DM is a, neutral, very long lived,
feebly interacting particle.

DM need not be absolutely stable,
.jU-St DM Z Tuniverse == 4.3 101736(3 :



Indirect Detection: charged CRs

and from DM annihilations in halo

What sets the overall expected flux?

2
flux o« n O annihilation



Indirect Detection: charged CRs

and from DM annihilations in halo

What sets the overall expected flux?
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Indirect Detection: charged CRs

and from DM annihilations in halo

What sets the overall expected flux?

fa AT
. NS 7,." 5 -'k‘-,- S
s X 5
s il

B = |

flux oc
Astro reference cross section:

cosmo ov = 3 -10"*°cm? /sec



From N-body numerical simulations:

NFW :

Einasto :
Isothermal :

Burkert :

Moore :

At small r: p(r) oc 1/r7

6 profiles:

Cuspy:
mild:

smooth;

L+ (r/ry)”
pS

(L +r/ro)(1+(r/r)%)

)

EinastoB = steepened Einasto
(effect of baryons?)

DM halo

ppm [GeV/em®]

NFW
Einasto
EinastoB
Isothermal
Burkert
Moore

10// 30// 1/
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Propagation for antiprotons:
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diffusion convective wind spallations
K(T) = Kof3 (p/GeV)°
' kinetic energy

Model ) Ko in kpc?/Myr L in kpc  Viony in km/s

min 0.85 0.0016 1 13.5
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Propagation for antiprotons:
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d from DM annihilations in halo
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NB naive guess would be po= VEr mp =47 MeV
(with Ep the d binding energy): not too far...
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