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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

( from annihil in galactic halo or center
GAPS, AMBS

I/, I/ from annihil in massive bodies
SK, Icecube, Antares
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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
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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+
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So what are the

: 1. DM abundance/profile
astrophysics

l(s) &. propagation

parameters? 3.crosssection = 3.background



So what are the
astrophysics
parameters?

1. DM abundance/profile
&. propagation
3. background
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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
¢ AMS-02 2015
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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 |



Indirect Detection

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,
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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 |
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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]

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 o region

2 o region

pbar/p AMS-02

Best Fit

Best Fit (no SM)
- Tertiary

LN ]
T Ry

— bb standard
- = zy=2kpc
zp=Tkpc
-+ noconv.
di Mauro et al.
bb Burkert
- 1GV

finds a possible excess

mpwv = 80 GeV, bb,
2 & region thermal cross-section

pbar/p AMS-02
Best Fit

similarly:

(light mediators)
ST S -

i s s
| cd o
(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

mpm [GeV]



Recent developments

finds a possible excess

N E |
mpm = 80 GeV, bb,

o region ;
pbar/p AMS-02 2 a region thermal cross-section
Best Fit pbar/p AMS-02
Best Fit (no SM) Best Fit

- Tertiary

. similarly:
1 —L b [ / [ TI1]
A N I R A I (light mediators)

I VP A 5 I TR .-
I N ot i ] ) b s s

(but only 1o)

on the other hand:

B/C and p probably probe
_ different regions
L — Limit b 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 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 2008
PAMELA 2010

FERMI 2011

AMS-02 2014

10 100
Positron Energy [GeV]

1000

E3 (e~ +e*) GeVZ/cm? sec sr

Magic 2011
ATIC 2008

HESS 2009
FERMI 2011
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57 leptophlllc DM DM — uu, NFW profile
-mpm ~ 1 TeV

- huge annihilation
Cross section

FERMI e
+ HESS e+ 2015
+ VERITAS e= 28
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However:

» increased precision brings increased tension
“The tmproved acewracy of AMS-02 [...]
now excludes channels pre\/iousl,g allowed.”

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

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

Thermal Relic
Jefr < ov >
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100 1000 A
DM mass (GeV) 1000 10000
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HAWC sees ICS TeV y-rays
from ~100 TeV ete-
from Geminga and Monogem

Geminga

e* are ‘very trapped’ around these
100 GeV e” pulsars (diffusion is very slow)
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o
>

PSR B0656+14
(a.k.a. Monogem)

-300 -250 -200 -150  -100 =30 et cannot reach Earth to explain

X offset [pc] 100 GeV excesses, must be stg else
(DM?)

Geminga and PSR B0656+14 are the oldest pulsars for which a tera-electron volt nebula
has so far been detected. Under our assumption of isotropic and homogeneous
diffusion, the dominant source of the positron flux above 10 GeV cannot be either
Geminga or PSR B0656+14. Under the unlikely situation that the field is nearly aligned
along the direction between Earth and the nearby tera-electron volt nebulae, the local
nositron flux can be increased; however, the tera-electron volt morphology of the sources

natches our isotropic diffusion model. We therefore favor the explanation that instead of
these two pulsars, the origin of the local positron flux must be explained by other
processes, such as different assumptions about secondary production [although that
has been questioned (33; 34)], other pulsars, other types of cosmic accelerators such as
micro-quasars (35) and supernova remnants (34), or the annihilation or decay of dark
matter particles (9).




HAWC sees ICS TeV y-rays
from ~100 TeV ete-
from Geminga and Monogem

Geminga s
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> 100 GeV e” pulsars (diffusion is very slow)

PSR B0656+14

(a.k.a. Monogem) ?

-300 -250  -200 y f;lStO —100 =Y e+ cannot reach Earth to explain
offset [pc] 100 GeV excesses, must be stg else
(DM?)

Geminga and PSR B0656+14 are the oldest pulsars for which a tera-electron volt nebula

has so far been detected. Under our assumption of isotropic and homogeneous
Criticisms: diffusion, the dominant source of the positron flux above 10 GeV cannot be either
Geminga or PSR B0656+14. Under the unlikely situation that the field is nearly aligned
along the direction between Earth and the nearby tera-electron volt nebulae, the local
nositron flux can be increased; however, the tera-electron volt morphology of the sources

* space-dep diffusion: local # global

natches our isotropic diffusion model. We therefore favor the explanation that instead of
these two pulsars, the origin of the local positron flux must be explained by other
processes, such as different assumptions about secondary production [although that
has been questioned (33; 34)], other pulsars, other types of cosmic accelerators such as
micro-quasars (35) and supernova remnants (34), or the annihilation or decay of dark
matter particles (9).
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(a.k.a. Monogem)

-150 —-100

X offset [pc]

-300 -250 -200

Criticisms:

* space-dep diffusion: local # global
e E-dep diffusion: 100 TeV vs 100 GeV

usually FZ(E) =X, (E/GeV)° so E factored out,
but cannot exclude residual dependance

100 GeV e*

HAWC sees ICS TeV y-rays
from ~100 TeV e*e-
from Geminga and Monogem

e* are ‘very trapped’ around these
pulsars (diffusion is very slow)
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Geminga and PSR B0656+14 are the oldest pulsars for which a tera-electron volt nebula
has so far been detected. Under our assumption of isotropic and homogeneous
diffusion, the dominant source of the positron flux above 10 GeV cannot be either
Geminga or PSR B0656+14. Under the unlikely situation that the field is nearly aligned
along the direction between Earth and the nearby tera-electron volt nebulae, the local
nositron flux can be increased; however, the tera-electron volt morphology of the sources

natches our isotropic diffusion model. We therefore favor the explanation that instead of
these two pulsars, the origin of the local positron flux must be explained by other
processes, such as different assumptions about secondary production [although that
has been questioned (33; 34)], other pulsars, other types of cosmic accelerators such as
micro-quasars (35) and supernova remnants (34), or the annihilation or decay of dark
matter particles (9).
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(a.k.a. Monogem)
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X offset [pc]

-300 -250 -200

Criticisms:

» space-dep diffusion: local # global
e E-dep diffusion: 100 TeV vs 100 GeV
e t-dep: y-rays today, but e* 10% yrs ago

HAWC sees ICS TeV y-rays
from ~100 TeV e*e-
from Geminga and Monogem

e* are ‘very trapped’ around these
pulsars (diffusion is very slow)
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100 GeV e*

=30 e* cannot reach Earth to explain

100 GeV excesses, must be stg else
(DM?)

Geminga and PSR B0656+14 are the oldest pulsars for which a tera-electron volt nebula
has so far been detected. Under our assumption of isotropic and homogeneous
diffusion, the dominant source of the positron flux above 10 GeV cannot be either
Geminga or PSR B0656+14. Under the unlikely situation that the field is nearly aligned
along the direction between Earth and the nearby tera-electron volt nebulae, the local
nositron flux can be increased; however, the tera-electron volt morphology of the sources

natches our isotropic diffusion model. We therefore favor the explanation that instead of
these two pulsars, the origin of the local positron flux must be explained by other
processes, such as different assumptions about secondary production [although that
has been questioned (33; 34)], other pulsars, other types of cosmic accelerators such as
micro-quasars (35) and supernova remnants (34), or the annihilation or decay of dark
matter particles (9).
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. A large part of this difference below 30 GeV

is due to the lack of correction in the previous analy-
sis for the loss of CREs above the geomagnetic energy
cutoff. After applying this correction, the remaining dif-
ference is 10-15% and is due to imperfections in the sim-
ulation that was used in the previous analysis (remnants
of electronic signals from out-of-time particles were not
simulated [34]).
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frenetic activity in December 2017
(38 papers / 29 days)
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frenetic activity in December 2017
(38 papers / 29 days)

- leptonic channel (ete- or utr)

- nearby (0.2 kpc) huge (108 Msun) DM clump
- for large flux
- for peaked spectrum

DAMPE 2017
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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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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‘
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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 by
Hawking evaporation
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= 8n GyM
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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
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Constraints on Primordial Black Holes
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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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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 Gev
215 X 1026 cm3/s

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

5.0

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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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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‘Astro’ interpretation(s):

Test Statistic (ISRF = 1.36)

N
(@]

o = 300 pc, N = 2.2%

‘preferred’
o

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

1/2

T T T T T T

BATTI D
- 4 - 1
RAT *mﬁ*"‘

ER— ‘ |: P \,‘;‘,”.‘." ..... ‘.."..{.,“
. ' p .

‘disfavored’ S
|
)

—2l0glyoger o + 210GLyoger A + oM
M _2|OgLModelA + 2IogLSpike
o _2|ogLSpike +om T 2|ogLSpike

| L N |

10° 10’

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

What does the FERMI coll. say?

- Unclear...

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

—~
1

— Model C | % Hooperk:Goodenongh 2010 « Excess exists (1511.02938), adding
i

Unresolved point sources (MSPs?) Leptonic outbursts: old + young (1 + 0.1 Myr)
(but even this is not ideal)

=~ 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)
. -_—  Ah, no, sorry, we had a mistake
¢, Gal. longitude [deg] (1 70500009V2)

Galactic latitude |b| [deg], at £=10°

b, Gal. latitude [deg]

dN/dFE [1/cm? srs GeV]




Test Statistic (ISRF = 1.36)

‘Astro’ interpretation(s):

N
(@]

o = 300 pc, N = 2.2%

‘preferred’
o

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

T T T T T T T

1/2
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‘disfavored’ S
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—2l0gLyeger o + 210GLyoger a +
© _2|OgLModelA + 2IogLSpike
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| L MR R AT ar e |
10° 10
E, [GeV]

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

i

Unresolved point sources (MSPs?) Leptonic outbursts: old + young (1 + 0.1 Myr)
: . (but even this is not ideal)

What does the FERMI coll. say?

—_— Unclear...
Daylan+ 2014
Boyarsky+ 2010

—~
uestioned in ;

q — Model 0 | % HooperiGoodenough 2010 « Excess exists (1511.02938), adding
i

ModdA
= = Model B
L ean e, Sl atye T 1 9 O 4 . O 8 4: 5 . — i Fermi Bubbles (extrapolated Hooper&Slatyer 2013 - .
_ ] ) . HI + H2 (at 2 < 0.2 kpc) Abazajian+ 2014 E DM Improves the fit.
a‘na‘]-y S1S 1S mlsa'ttrlbutlng Fermi coll. (preliminary) Gordon+ 2013
DM to point source?

Calore4 2014 » Excesses elsewhere in the GP, the
Dark Matter strikes back GC one not significant (1704.03910).
at the GC

N S - We found point sources! DM
iR ‘strongly disfavored’ (1705.00009v1).
: - Sure? (Bartels et al., 1710.10266)

550,11 O.td [;5] B . R S e « Ah, no, sorry, we had a mistake
e Galactic latitude [b| [deg], at £=10° (170500009\/2)
BaJPte].S...VVU.L.L.LbU.L .LU\JUU5104
Lee, Lisanti...Slatyer 1506.05124 F. Calore 1506.05119

dN/dE [1/cm?srs GeV
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Ackermann et al,




Fermi has also observed M3&1 (and M33):
any signal consistent with the GC GeV excess?

an excess from the center of M31 but: intensity = 5 x GC GeV excess

excess from the outer halo Nno excess
spectrum agrees w GC GeV excess upper limits only

FM31 Observed y-ray Intensity

Tangent Radius [kpc] —— MED

—— MIN
— MAX
4 Fermi-LAT

asured Intensity (full templates) <x> M31, NFW + Substructure (Low) ]
asured Intensity (north and south) M31, NFW + Substructure (High)
W MW, NFW + Substructure (Low)
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but: fitting with DM requires huge subhalo
boost, and in any case MW DM emission a.l.o.s.
contributes at least as much, or more
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Indirect Detection

d from DM annihilations in halo




Indirect Detection

d from DM annihilations in halo

Galactic Bulge j‘-v;{,,i‘~~,_ .

Outer Arm SR, e - : ) Carina Arm

v Local Arm
Sun .



Indirect Detection

d from DM annihilations in halo

) ‘ Norma Ara

Galactic Bulge ‘
*K
® ()

Scutum Arm
Crux Arm

Carina Arm

4

Quter Arm

\

Perseus Arm

Sagittari _ '
y d3N - A7 d3Nﬁ d3 N
Vit = =D - Y
dk? 370 di dk?
| y b b'l'?:r to fi Jd
, [ # d-density in e 0 n p-density in
N Jrn e e i e
’ ’ \ j of radius around k;
Br&auninger, Cirelli 2009 N\ ‘ y 4§ . i g
N Coalescence / In momentum Space

Kadastik, Raidal, Strumia, 2009

/ coalescence momentum

Vittino, Fornengo, Maccione 2013 ~

Aramaki et al., 2015 i S Do = |k’1§ S kﬁ| ~ 80 — 200 MGV



Indirect Detection

d from DM annihilations in halo

Galactic Bulge Norma Arm

Scutum Arm
Crux Arm

Outer Arm Carina Arm

& ’
i

Perseus Arm

- Sagittari &
& .
y 7_d3NJ 3 47rpgv TN
d = e o MO InT 5
33 :
dk? 3 ‘event-by-event
| i B ' ‘
Donato, Fornengo, Salati 1999 “‘. d d-density in pro ,-aﬂl- m v Wlth PYth|a.
Donato, Fornengo, Maurin 2008 \\ p I sDce of ;?:N\;ill{gn;l g
. . g g \ ‘/, : ad | ’»7 (
Bréuninger, Cirelli 2009 ‘Coalescence’ sy

Kadastik, Raidal, Strumia, 2009

S ./ coalescence momentum
Vittino, F go, Macci 2013 ) 7~ — =
Aramakiotal, 2015 N— po = ks — kn| ~ 80 — 200 MeV



d from DM annihilations in halo

Scutum Arm

Quter Arm

Perseus Arm

Sagittariygl

/
A

|
Donato, Fornengo, Salati 1999 l
Donato, Fornengo, Maurin 2008%
Brauninger, Cirelli 2009 \
Kadastik, Raidal, Strumia, 2009

Vittino, Fornengo, Maccione 2013 )

Aramaki et al., 2015 ——

‘coalescence’/

po = 195 4+ 22 MeV

012 0.14 0.16 0.18 0.2 0.22

Po [GeV]

Vittino, Fornengo, Maccione 2013

NB naive guess would be po= VEr mp =47 MeV
(with Ep the d binding energy): not too far...

) coalescence momentum



d from DM annihilations in halo
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heavy DM

—
Q
w

BESS limit
Wino DM

m = 500GeV
Secondary

; 30keV 67keV

d is slowed down,
captured (exotic atom),
annihilates w distinctive emissions

100

: 1 10
Kinetic Energy per Nucleon [GeV/n]

DM signal in the reach
of GAPS and AMS-02



 halo

"<'.ICT, rad

@
—

1€S

sive bod




ID with neutrinos

 from DM annihilations in galactic center

Galactic Bulge Norma Arm
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ID with neutrinos

v from DM annihilations in galactic halo

-
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"Cl
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from DM annihilations in galactic center/halo
ICECUBE & Antares

- [C79 Halo, Multipole =— 1C59 Dwarfs

- JC86 Halo, Cascades ANTARES (2007-15)

= IC79 GC —  Fermi+MAGIC Segl 95%
mmm [C86 GC (2012-14) - - H.E.S.S. GC 95% (Ein.)

Competitive

constraints
WIMP Mass [GeV] (especially for large mpun)




1 from DM annihilations in the Sun

Earth

RO

Include oscillations + interactions:

- reshuffling of the 3 flavors
- distortions the spectra
- attenuations of the fluxes



W_DZ7 b77-_7t7

primary
channels

S W 208 e




Effects of the medium:

1) light hadrons (r, K...) and leptons (u) are stopped and decay at rest
&) heavy hadrons/leptons lose some energy before decaying



v, from DM DM->W*W~, Mpym = 100 GeV

ve from DM DM-tt, mpy = 1000 GeV

ve from DM DM-bb, mpy = 100 GeV
103 g

[e—

dN,/d log x
dN,/d log x
dN,/d log x

-

”~
DMy (2005)
”

Lffects of the medium:
1) light hadrons (7, K...) and leptons (u) are stopped and decay at rest

&) heavy hadrons/leptons lose some energy before decaying




ICECUBE, Antares & SuperKamiokande

== Antares (2007-2012)

Preliminary T Superk (1996 2012) Subdominant

constraints

TESTERES  Preliminary Competitive
B constraints







Who% ANtarctic Impulsive Transient Antenna
balloon-borne radio antenna, 4 1mo flights >2006

ANITA

!‘. .............. 3) CR shower

Antarctic ice sheet

> Askaryan effect

J. Nam ICRC 2017

NB Askaryan is Cherenkov for uncharged patrticles;
(radio) emission is from a shower of charged particles



Who% ANtarctic Impulsive Transient Antenna
balloon-borne radio antenna, 4 1mo flishts >2006

What? 2 very energetic upgoing air showers
consistent with © decay cype 4 above)

] NB f 1 L b
from a CC of a T neutrino oo s n s ecaus
do not even manage
3985267, ANITA-I 15717147, ANITA-TII D omae o ios

date, time | 2006-12-28,00:33:20UTC [2014-12-20,08:33:22.5UTC
Lat., Lon.(!) -82.6559, 17.2842 -81.39856, 129.01626
Altitude 2.56 km 2.75 km
Ice depth 3.53 km 3.22 km
El, Az. (—27.440.3°J159.62+0.7° | —35.0+0.3°,51.41 +0.7°

RA, Dec? 282_14()64 +2o, 33043 50.78203, +38.65498

1 Latltude Longltude of the estimated ground posmon of the event
2 Sky coordinates projected from event arrival angles at ANITA.
3 For upward shower initiation at or near ice surface.




Who? ANtarctic Impulsive Transient Antenna
balloon-borne radio antenna, 4 1mo flishts >2006

What? & very energetic upgoing air showers
consistent with © decay cype 4 above)
from a CC of a T neutrino

How* EeV t-neutrinos cannot cross the Earth

transmission probability ~ 1079 even including t-regeneration



Who? ANtarctic Impulsive Transient Antenna
balloon-borne radio antenna, 4 1mo flishts >2006

What? & very energetic upgoing air showers
consistent with Tt decay

How* EeV T neutrinos cannot cross the Barth

S0% Dark Matter




Who? ANtarctic ImpU.181
S ,sg,..q

balloon-borne ra,du?”"',,f 7?"?"f"-‘_.na, 4 1mo flights >2006

What? & very energetlc upgomga,lr showers
consistent with T deca,y |

How? EeV Tt neutrinos oannot cross the Earth

S0% Dark Matter




Who% ANtarctic Impulsli'?f.‘:_;ev ,____;;;;.a,n51ent Antenna,
balloon-borne ra,dlo a,_:ffj;;tenna 4 1mo flights >2006

What? & very energetic upgomg air showers
consistent with t decay

How? EeV t neutrinos cannot cross the Earth

S0% Dark Matter

Or? some other BSM exp misunderstanding

(long-lived particles, staus, could they be type & events after all?

Sh ker+ 1905.02846
leptoquarks, sphalerons, oemaker+ 1905
sterile nus...) several 2018+
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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
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\ ‘ p , l//
Cirelli, Fornengo, Vittino, Taoso 2014 = COoa I e€scenc )

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

SHe

@ Coulomb suppressed

//:



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 cosmic rays is in principle
a very powerful tool, but:

in e*: long standing ‘excesses’
in 0: still large uncertainties

in d: challenging flux

in He: hopeless? who knows

in v: challenging detection

in y: astrophysical background

Solution:



V\,‘...-)
DM not seen yet P

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