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

Fermi, ICT, radio telescopes...

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

(l from annihil in galactic halo or center
GAPS, AMS

V, I/ from annihil in massive bodies
oK, Icecube, Antares
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Indirect Detection: basics

rand - from DM annihilations in halo
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Galactic Bulge Norma Arm -
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Indirect Detection: charged CRs

and from DM annihilations in halo

Salati, Chardonnay, Barrau,

spectrum Donato, Taillet, Fornengo, Maurin,
af/ 8 8 Brun...“90s, ‘00s

" _ K(Ehe b(E e ) = Qinj — 2hd(2)'spa

L K(B) V3 = o (ME)) + 5 (Vef) = Qung — 200(:) sy

diffusion energy loss convective wind source spallations



and - from DM annihilations in halo

Previous historical determinations:

TABLE I: Propagation parameters for the MIN, MED, and Donato et al,, 2003+
MAX benchmarks for SLIM. Delahaye et al. 0712.2312
<“F % r = < > Y YT S aSeeE Cirellietal. 1012.4515
S : 0 01 Evoli et al. 1108.0664

[kpc] [kpc® Myr—"]
MAX 8.40 -1.18 : See also:
MED 4.67 -1.44 . Génolini et al. 1904.08917

MIN  2.56 -1.71

Genolini, Cirelli et al. 2103.04108

Sizable reduction of the propagation uncertainties

This work This work
PPPC4DMID PPPC4DMID
Donato et al. 2004 Donato et al. 2004
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Recent developments

finds a possible excess

(formally ~4.50)

T | 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

finds a possible excess

. 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:

ISR AR s light mediators
POV T T ( )

(but only 1o)

criticisms:

propagation parameters
determined with

p, He data only,

— Limit 6 w/o B/C

—— Limit dSphs: Ackermann (2015)
Bl 1-3c DM detection
Systematic uncertainty E excess evaporates

including low energies

bb standard
zp=2kpc
zp=Tkpc

-+ noconv.
di Mauro et al.
bb Burkert

- 1GV

mpm [GeV]



Recent developments

finds a possible excess

N E |
mpwm = 80 GeV, bb,

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:
le— - = 4 [111]
S O I light mediators
I N Y Y A 5 S ST S - (g )
I N it i L5 O s s

. ) ) .

(but only 1o)

on the other hand:

B/C and p probably probe
_ different regions
L — Limit 6 it'’s a very tricky region,

di Mauro et al.
bb Burkert
= 1GV

—— Limit dSphs: Ackermann (2015)

B 1-30c DM detection
Systematic uncertainty

cool things can hide there

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 ,’, Parents Transport aSt rOphySICaI
I Total uncertainties } /’/ XS Total ST
| | , | | 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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30% - PAMELA 2008
PAMELA 2010
FERMI 2011

AMS-02 2014
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3 ]_eptophl]_lc DM DM - uu, NFW profile
-Mmpm ~ 1 TeV

- huge annihilation
CIross section

FERMI e
+ HESS e* 2015
+ VERITAS e= 20










However:

» increased precision brings increased tension
“The tmproved acewracy of AMS-02 [...]
now excludes channels previousLH allowed.”

» constraints: gamma rays, neutrinos, CMB...

=== Planck TT,EE,TE+lowTEB
WMAP9
- CVL
Possible interpretations for:
— AMS-02/Fermi/Pamela
Fermi GC

Thermal Relic
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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)

o
-
S
p—
|
—
wn
p—
|
n
g
ja
—
.
lm
+
+
=
KH
&
-
€

Energy E [GeV]

2012 2013 2014 2015 2016 ;

1980 1985 1990 1995 2000 2005 2010 2015
Year




Constraints on sub-GeV DM
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barely sensitive to the DM halo profile
excluded (local )
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DM could

huge range of

1015(2/1
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Constraints on Primordial Black Holes

: MACHO or PBH mass M in solar masses
DM could consist of PBHs 0 1o 1
\ |
huge range of sizes: : \EML‘
M =~ 10(/107% sec) g rolensing
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microlensing
Subaru HSC
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accretion
X & radio

PBH evaporated by now
evaporation today

_ d
accretion

spoils CMB

Voyager
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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 b
Hawking evaporation
|
= 8n GyM
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rate
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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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—-— GRB lens Barnacka+(2012)
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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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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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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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Basic picture

~ from DM annihilations in galactic center

Galactic Bulge Norma Arm -

Scutum Arm

Perseus Arm |

Sagittarius Arm ' : ' Local Arm
Sun .



Dark Matter interpretation:

Counts in 0.1°x0.1° pixels

Without NFW: DATA-MOD E L 0.3°radius gaussian smoothing
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With NFW:

P RI | I\Il\ \R\

Pulsars, tuned-index

S. Murgia for FERMI-LAT - ICRC 2015
T. Porter for FERMI-LAT - ICRC 2015 #815
Fermi coll. 1511.02938



Dark Matter interpretation:

Counts in 0.1°x0.1° pixels

Without NFW: DATA-MODE L 0.3°radius gaussian smoothing
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With NFW:

P Rl | I\Il\ \R\

Pulsars, tuned-index

S. Murgia for FERMI-LAT - ICRC 2015
T. Porter for FERMI-LAT - ICRC 2015 #815
Fermi coll. 1511.02938



Dark Matter interpretation:

Best fit:
~35 GeV, quarks, ~thermal ov

bb
35.25 GevV
.15 X 1026 cm3/s

E2 dN/dE (GeV/em?/s/sr)

5.0

. T . . ‘ )
compelling case
for annihilating DM

...as good as it can get.



Dark Matter interpretation:

Antiproton constraints
are not conclusive

Benchmark propagation models
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Also:



Dark Matter interpretation:

Antiproton constraints

are not conclusive Gamma ray ones neither

— Pass 8 Combined dSphs
— Fermi-LAT MW Halo
MAGIC Segue 1

Benchmark propagation models

© Abazajian et al. 2014 (10)
— Daylan et al. 2014 (20)
Calore et al. 2014 (20)
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Dark Matter interpretation:

Antiproton constraints
are not conclusive Gamma ray ones neither

Pass 8 Combined dSphs
Fermi-LAT MW Halo
MAGIC Segue 1
Abazajian et al. 2014 (10)
Daylan et al. 2014 (20)
Calore et al. 2014 (20)

Benchmark propagation models
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\b/ DM Mass (GeV/c?)

' best fik
GC GeV

excess === Planck TT,EE,TE+lowTEB

WMAP9

-+ CVL
Possible interpretations for:
AMS-02/Fermi/Pamela
Fermi GC

Thermal Relic
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Test Statistic (ISRF = 1.

o = 300 pc, N = 2.2%

‘Astro’ interpretation(s):

N
(@]

ModelA ModelA+DM ModelA+spike
Counts-Model, £, =1—10 GeV Counts-Model, £y =1 — 10 GeV Counts-Model, E, =1 — 10 GeV

‘preferred’
o
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M _2|OgLModelA + 2IogLSpike
o _2|ogLSpike +om T 2|ogLSpike

‘disfavored’ S

| L N |

10° 10’

An additional steady-source spike of CRs (from SNRs?) that emit via ICS

Unresolved point sources (MSPs?) Leptonic outbursts: old + young (1 + 0.1 Myr) |

- Unclear...

Model A Daylan+ 2014
= = Model B Boyarsky+ 2010

N
i

— Mok € | % Hooper&Goodenough 2010 « Excess exists (1511.02938), adding
i

Fermi Bubbles (extrapolated Hooper&Slatyer 2013

-+ HI + H2 (at 2 < 0.2 kpc) Abazajian+ 2014 E DM improves the fit.
Fermi coll. (preliminary) Gordon+ 2013

Calore4 2014 » Excesses elsewhere in the GP, the
GC one not significant (1704.03910).

« We found point sources! DM
‘strongly disfavored’ (1705.00009v1).

» Sure? (Bartels et al., 1710.10266)

. ' ' L « Ah, no, sorry, we had a mistake
SRR Galactic latitude |b| [deg], at £ =0° (1 70500009V2)

b, Gal. latitude [deg]

dN/dFE [1/cm? srs GeV]




‘Astro’ interpretation(s):

Test Statistic (ISRF = 1.

o = 300 pc, N = 2.2%
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ModelA ModelA+DM ModelA+spike
Counts-Model, £, =1—10 GeV Counts-Model, £y =1 — 10 GeV Counts-Model, E, =1 — 10 GeV

‘preferred’
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An additional steady-source spike of CRs (from SNRs?) that emit via ICS

Unresolved point sources (MSPs?) Leptonic outbursts: old + young (1 + 0.1 Myr)

- Unclear...

Daylan+ 2014
Boyarsky+ 2010

" Model A | I‘
; : — - Model B [}
queStloned m —— Model C §  Hooper&Goodenough 2010 2 i

. Fermi Bubbles (extrapolated) ¢ Hooper&Slatyer 2013 * EXCGSS eXIStS (1 511 02938)7 addlng
HI+ H2 (at2<02kpe) ~ § Abasajiant 2014 ; DM improves the fit.

Fermi coll. (preliminary) Gordon+ 2013

Calore4 2014 » Excesses elsewhere in the GP, the
GC one not significant (1704.03910).

. S « We found point sources! DM
iyt 0 ‘strongly disfavored’ (1705.00009v1).

» Sure? (Bartels et al., 1710.10266)

S — —  Ah, no, sorry, we had a mistake
Galactic latitude |b| [deg], at £=10° (1 70500009V2) .

analysis is misattributing
DM to point source?
Dark Matter strikes back
at the GC

dN/dE [1/cm?srs GeV

) 0 -5 —10
¢, Gal. longitude [deg]

Lee, Lisanti...Slatyer 1506.05124
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' Past/current experiments:

Integral, Comptel, Fermi

IBIS/ISGRI ‘ (2002—) (1991-2000) (2009—>)

,CTA North

JEM-X L/ HiSCORE

Planned/proposed experiments:

N e-Astrogam?, Compair?, Amego!
Energy (MeV)

ok A Lo LNV
AMEGO satellite 2020s? HEP detectors y-rays 0.2 — 10 GeV
COMPAIR satellite 2020s? HEP detectors ~y-rays 0.2 — 500 MeV

SKA S.Africa+Australia 2020s? radio telescope radio 50 MHz 30 GHz
INO-ICAL India 2020s? calorimeter neutrinos 1 100 GeV

E-ASTROGAM satellite ____2030s? HEP detectors Y-rays 0.3 MeV — 3 GeV




/ SPI-INTEGRAL
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COMPTEL
Y% |
' EGRET Past/current experiments:
TS TR Integral, Comptel, Fermi
- (2002—)  (1991-2000) (2009—)

JEM-X L/ HiSCORE

Planned/proposed experiments:
e-Astrogam!?, Compair?, Amego!

Energy (MeV)

AMEGO satellite 20205? HEP detectors | | 0.2 — 10 GeV
COMPAIR satellite 2020s? HEP detectors 0.2 — 500 MeV

SKA . Africa+Australia 2020s radio telescops radio 50 MHz — 30 GHz

INO-ICAL Indi Jorimeter r'1nos ) Ge\

E-ASTROGAM satellite 7 0:3057 HEP dtctors 0.3‘ MCV — 3 GeV
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How to do better?
ICS & X-rays!






Annihilation channels
DM DM — efe™
DM DM — utu~
DM DM — 'tz

DM DM —> 1* 1™, mpy = 150 MeV Ib|<15°, |/|<30°
ov =3 1072 cm3/s, NFW
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Annihilation channels
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Annihilation channels
DM DM — e'e”
DM DM — utu~
DM DM — 'tz

‘Prompt’ emission: DM DM —> p* ™, mpw = 150 MeV IbI<15°, ]<30° -

=3107% cm?/ NFW
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Annihilation channels
DM DM — e'e”
DM DM — utu~
DM DM — 'tz

‘Prompt’ emission: DM DM —> p* ™, mpw = 150 MeV IbI<15°, ]<30° -
=3107%° cm°ss, NFW
Final State Radiation (FSR) "
Radiative y decay

/NTEGRAL I 1||
" ||l| Ill

Usually irrelevant,
but not for u
decaying ‘at rest’!

o
~~
N
&
O
=
>
)
=3
x
=)
LL
N
LL

Photon Energy E [MeV]



Annihilation channels

DM DM — e"e™

DM DM — u*tu-

DM DM — nt7 ICS y
‘Prompt’ emission: DM DM —> p* 1™, mpy = 150 MeV IbI<15°, |<30° -

ov =310 cm3/s, NFW

Final State Radiation (FSR)
Radiative y decay

INTEGRAL I 1||
I ! I I I I |

Secondary emission:

|CS: inevitably associated R
to annihil to charged states T ': -

E? Flux [MeV/cm?/s]

Photon Energy E [MeV]



Annihilation channels
DM DM — e'e”
DM DM — utu~
DM DM — 'tz

DM DM —s u* ™, mpy = 150 MeV b|<15°, |/|<30°

ov =3 107%° cm?s, NFWI
|
@ INTEGRAL 1 |
Ng " III II|1I|
> I
z
Key message: z |
w Wl
|CS allows to probe PR

SU b_G ev D M Wlth 07 - hgrd X-rays — —— soft y-rays

10-3 102 107" 1

X' I"a)’ data Photon Energy E [MeV]




Bounds on annihilating Dark Matter
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Bounds on annihilating Dark Matter

DM DM —
DM DM — u* -
DM DM — e*e”
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Bounds on all 3 channels
ICS allows to improve Essigt+ 2013 at large mipy,



Bounds on annihilating Dark Matter

DM DM —
DM DM — u* -
DM DM — e*e”

%)
S~
™
=
L,
C
5
-+—
(@)
()
w
(7))
(70}
©)
—
(@)
c
0
-
AW
=
C
C
<

DM mass [MeV]

Bounds on all 3 channels
ICS allows to improve Essigt+ 2013 at large mipy,
Voyager | bounds stronger/weaker dep. on data



Bounds on annihilating Dark Matter

DM DM — u* -
DM DM — e'e” |

%)
S~
™
=
L,
C
5
-+—
(@)
()
w
(7))
(70}
©)
—
(@)
c
0
-
AW
=
C
C
<

DM mass [MeV]

Bounds on all 3 channels

ICS allows to improve Essigt+ 2013 at large mipy,
Voyager | bounds stronger/weaker dep. on data
CMB bounds depend on s-/p-wave annihilation



- :
. s .
) S i
= 2
s, o
- D << K, oy oe
| L oy T 2 S=
& 846 o = O
ey L P me L2 = O
L m T e i e o 0
w S O H’C O .ml_u K @)
L 80 o E

'? é»_Cth

t2




- Indirect Detection

He from DM annihilations in halo
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Carlson, Linden, Ibarra, Profumo, Wild 2014  esee e Coalescence momentum po = 195 eV
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He from DM annihilations in halo

DMDM — uli mpy=20GeV Peoa = 195 MeV
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He from DM annihilations in halo
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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]

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




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
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DMDM — uu  mpy =20 GeV DMDM — bb  mpy =40 GeV DMDM — W'W~ mpy = 1000 GeV
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-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
Figure 14. e/ /7{ (Zeoo of cohich 4¥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
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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 jjin AMS, barely compatible with p, D
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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 jjin AMS, barely compatible with p, D

He3bar I this work
TR ORI —|=——=Herms et al (2016) ™ ; ——— —
——Herms et al (2016) [ my = 100GeV |7
—Duperray et al (2005) 3 Bl o, = 1000GeV [3
—Cirelli et al (2014) [ ]
~Chardonnet et al (1997)
= =95%CL 5-yr
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100 10! 102

Kinetic energy per nucleon, T (GeV/n)
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ID with cosmic rays is in principle
a very powerful tool, but:

in e*: long standing HE ‘excesses’, new LE chances
in o: still large uncertainties, but improving

in d: challenging flux

in He: hopeless? who knows!...

in v: challenging detection

in y: astrophysical background
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ID with cosmic rays is in principle
a very powerful tool, but:

in e*: long standing HE ‘excesses’, new LE chances
in o: still large uncertainties, but improving

in d: challenging flux

in He: hopeless? who knows!...

in v: challenging detection

in y: astrophysical background

oolution:
- multimessenger - switch-off astrophysics
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