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Syllabus \

o Dark matter paradigm and searches (Day 1)

o Indirect searches with gamma rays (Day 2)

o Data analysis: specific methodologies (Day 3)

Cred‘it: NASA; HST, Webb
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Syllabus: Day 2 G

_ T
o Indirect dark mattr searches with gamma rays
= Estimation of expected fluxes
 Astrophysical factor
« Particle Physics factor
= Targets
« Galactic Center
« Dwarf Spheroidal Galaxies
« Subhalos

« Galaxy clusters

Credlit: NASA; HST, Webb



Indirect Dark Matter Searches

Indirect detection:

* Basis: Detection of DM annihilation SRR neray photons EEIENE
or decay products (SM particles) ® i ° ¢

4 - Medium-energy Electrons
* In most cases, entangled with \ gamma roys
cosmic rays and subdominant J\/M"" Neutrinos

\ e

* Photons are privileged messengers S
- No deflection by B-fields n Iprgs

Supersymmetric f‘
i3 Trace baCk to SOU rce neutruhnos Bosons ,\/\/\/V\I\A/\/v\/\/\frotons

- Astrophysical targets

(IR e — R Decay process m——)
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Indirect Dark Matter Searches: Detectors
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Indirect Dark Matter Searches: Detectors

Y | incoming gamma ray

] S
Converter-Tracker Anti-Coincidence
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electron-positron pair
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Indirect Dark Matter Searches

: Detectors

* Two telescope array

* La Palma Island (Spain)
« 2200 m a.s.l.

* Reflectors: 2 x 17 m @

* Cameras: 3.5° FoV

* 1039 PMT
* Energy
* Threshold: 50 GeV
* Resolution: 15%
 Angular resolution ~ 0.07°
* Sensitivity ~0.8 % C.U.
* Light Carbon Fiber struc.

* Four telescope array
* Tucson (USA)
* 1268 m a.s.l.
e Reflectors: 4 x 12 m &
* Cameras: 3.5° FoV

* 499 PMT
* Energy
* Threshold: 100 GeV
* Resolution: 15%
* Angular resolution ~ 0.1°
* Sensitivity ~0.7 % C.U.

* 4+1 telescope array
* Namibia
* 1800 m a.s.l.
* Reflectors:
*4x13mJ
*1x28md
* Cameras:
* 4 x 960 PMT, 5° FoV
* 1 x 2048 PMT, 3.2° FoV
* Energy
* Threshold: 100 GeV
* Resolution: 15%
* Angular resolution ~ 0.08°
* Sensitivity ~0.7 % C.U.
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Indirect Dark Matter Searches: Detectors &

IPARCOS

Run 2118, TS 45004, Ev# 41, CXPE40= 55.7, Cmptness=10.7
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Indirect Dark Matter Searches: Detectors
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my = 5 TeV (bb, B=1e2.5)
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my =5 TeV (W*W~-, B=1e2.5)

\\ === cherenkov the observatory for
RN ' telescope ground-based
\\ Ry array gamma-ray astronomy
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Estimation of expected gamma-ray fluxes \

Annihilation (DM DM — SM SM — secondary y)

(ov) dN
8rim2,, dE

DP,inn _
dE, (Ey,AQ) =

Particle Physics factor

Decay (DM — yvy, DM — SM SM — secondary y)

cI)decay 1 dN
dEr), (E'y’ AQ) a 4T tDM MpM dE

E=(1+4z)E,

Particle Physics factor

AQ)

x e~ T@Er) % (14 2) / / 0(1,Q)2d1dO

0 lo.s.
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J
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Galaxies 2022, 10, 92
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Estimation of expected gamma-ray fluxes

Annihilation (DM DM — SM SM — secondary y)

8m mDM dE l.o.s.

(ov) dN ok 9
—am (g AQ) = o(1, Q)2 d1dQ)
: LT

Particle Physics factor Astrophysical factor

Decay (DM — yy, DM — SM SM — secondary y)

cI)decay 1
dE, (By, A0) = i o dE/ / p(L(2)dldQ2.

Particle Physics factor Astrophysical factor

Local volume, DM mass below few TeV: attenuation not relevant

Galaxies 2022, 10, 92

D. Nieto HEPAP-DAS - SINP - Dec 23

M



Estimation of expected gamma-ray fluxes

Particle Physics factor
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Estimation of expected gamma-ray fluxes \G
Particle Physics factor aN _ Z B. an m——
dE L. '\dE|. T
JCAP03(2011)051 ' l e
PPPC 4 DM ID: a poor particle physicist cookbook for dark matter indirect detection ~ — .
Photon yields from simulations (Pythia, Herwig) )
http://www.marcocirelli.net/PPPC4DMID.html M

rimary spectra rimary spectra rimary spectra rimary spectra
p Y sp p ry sp: p ry sp:
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Estimation of expected gamma-ray fluxes N

Particle Physics factor Z

JCAPO03(2011)051
PPPC 4 DM ID: way more than just photons! e*, p, d,fy, Ve,” at production

Including propagation in the Galaxy for charged particles

DM annihilation channel
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Estimation of expected gamma-ray fluxes

Astrophysical factor
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Estimation of expected gamma-ray fluxes \&

Astrophysical factor

AQ

omo clumpy.gitlab.io
o\w) °

(4]

o

A code for y-ray and v signals from dark matter structures

Ann. / / 0(,Q)2d1dQ .

0 lo.s.

AQ

Dec. / / o(1,Q)d1dQ .

0 Lo.s.

We hope you will enjoy using CLUMPY whether you are:

an experimental astroparticle physicist looking for J-factors or synthetic 2D “y-ray or v skymaps

from dark matter decay or annihilation, to calculate your instrumental sensitivity or to use in

model/template analyses;

« a theoretical astroparticle physicist wishing to explore the 7y-ray or v flux in the Galaxy, dSphs, or
galaxy clusters for your preferred particle physics model;

¢ an astrophysicist working on the DM content of dSphs and wishing to perform a Jeans analysis
on your kinematic data;

¢ acosmologist wishing to compute halo mass functions for any cosmology, redshift, and

overdensity definition A.

D. Nieto
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Estimation of expected gamma-ray fluxes

H:RCOS
. o . .
Astrophysical factor /7@  clumpy.gitlab.io
o@M Pp o (a) Model LOW, full sky
-0
AQ)
2
Ann. / / 0(1,Q)2d1dQ .
0 Los. 10 10%
7 dJ/dQ [GeVZem 5 srY)
(b) 15° x 15° detail (no sub-subhalos)
AQ)
Dec. / / 0(1,0)dldQ .
0 los.
(d) Sub-subhalos, partially resolved (¢) Sub-subhalos, unresolved (model VARS)
Hiitten (2017, PhD thesis)
D. Nieto HEPAP-DAS - SINP - Dec 23 17
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Estimation of expected gamma-ray fluxes <

Astrophysical factor h@
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Targets

P T A
- Galactic Center 5% ¢ Dwarf. Galaxies :
High flux ” Large M/L
Huge background No background - '
. Low flux T
= ANTILAdSph ~ " VLT
GALAXY.CENTER NRL
«  Galaxy Clusters « DM subhalos
Huge DM content * lrregular dSph
Large distance *. Spiral galaxies
High background PERSEUSGC ~ NASA o
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Targets: IACTs G

68h Ursa Minor > § s ,.M .
g Do A e

“aw 95h UrsaMajor IT, - 2FGL ]0545.6+6018 (8.5h)

o—Willman I (29h)

_M32 (6.9h)  Perseus cluster

M3T(20Thy S | o 1s cluster
62 h Triangulum I . 240h
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(18.6h) /- o : o——MB 231,
o——ComaBerenices B 3FHL 2104542117 (55h) g :
J . 1FGL 10338.8+1313 (10.7h) o-Seguel o,
o Abell 2029 (6.1 h) « FGL_]2347.3+0710 (8.3 h) o iy l'
. ' 2FGL J1115.0—0701 (13.8 h)o
3FHLJ1915.2-1323 (3.0 e ; WLM (18.2h) ¢
o-Sagittarius 11991, .
' Fornax dSph 3 " o Canis Major (9.6 h)
Sculptor (125h /6.0 ofornax cluster (14.5h).
\ ’ . JFHLJ0929.2,4110 (7.8 h)
~GrusIl (11.3h ReticulumII - - 4
8h 4 o1 (18.3h) SA 2 # Carina (22.9h)
Tucana Il (16.4 h "/ TucanaiV (124h) - » .
MAGIC HEGRA & iy - o dSph (candidates)
VERITAS Total ), (until 2002) (23.6h) o Local galaxies
time  Whipple o Galaxy clusters
H.ESS. (until 2011)

o Dark subhalo searches

Galaxies 2022, 10, 92
HEPAP-DAS - SINP - Dec 23 20
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Targets: Fermi-LAT <

: . . &9
fov B9 s§e | | 1016 oftes
X o 47}.374 B
. 092 94 g 3
: A 026 b {‘ _ s e
. ;
e : , &

o1 ' ,
e e

o :
: o,
o0 . o . 6945 O36 '
A | e o °° / o0 O dSph galaxies
280 0D, Ot6 O dSph candidates
Fermi-LAT 708 b & irregular galaxies

HAWC O spiral galaxies
Also observed by IACTs <& galaxy clusters

Galaxies 2022, 10, 92
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Galactic Center G

= @ 10%
) 2014-2020 H.E.S.S. dataset € E
3 b L . 2 Qs
: - signal pu(r) =peesp |2 ((£) " -1)]
_;, g 103} region os \\Ts
g . T"\ - r r\2\
< c I PNFW(T) = ps (—(1 + —) )
O 102 3 Ts Ts
o : \
(O] Profiles  |Einasto| NFW |Einasto 2 [7]
N 1015' ps (GeVem™2)| 0.079 [0.307|  0.033
g £ 7s (kpc) 20.0 | 21.0 28.4
Q i ) o 017 | / 0.17
100F — Einasto
f —— Einasto 2
I NFW
5 4 3 2 1 0 -1 -2 -3 -4 -5 I RN e
Galactic Longitude [?] 1072 107! 10° 10!
r (kpc)

Combined likelihood from 25 ROI
Phys. Rev. Lett. 129, 111101 (2022)
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Galactic Center

H.E.S.S. Inner Galaxy Survey

mpy; (TeV)

1072 2 10~ =
E — Observed, this work é — Observed, this work
C === Expected C —=-=Expected
I m 68% Containment - B 68% Containment
102 95% Containment 10~# = 95% Containment
§ === Expected, no syst. = === Expected, no syst.
7 C N C
0 N w L
C"‘.:_‘ C"J‘_‘
S wu¥g kAR 2
= . 5 N _ P
3 L Thermal relic density \b/ L mal relic density
1072 10720 =
= 546h, 2014-2020 = 546h, 2014-2020
C DMDM — WHW~ C DNMDM — 777~
B Einasto profile r Einasto profile
10—‘27 Lo L I I | Ll 10—27 | T | | I | T
0.2 05 1 2 345 10 50 0.2 05 1 2 345 10 50

mpy (TeV)

Most constraining limits to date in the TeV range  phys. Rev. Lett. 129, 111101 (2022)
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Galactic Center \G
H.E.S.S. Inner Galaxy Survey
. —22
10 235 10 e DNy S W
c 546h, 2014-2020 E Th~——
u DMDM — WHW~ -
r 1072&
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OLW : CLf 10—2—1 E_
S 1072 = §/ E
= E _____________________________________ =105 3
\b/ L Thermal relic density \b/ E Thermal relic density
—26| L
10 E A . 10—26 -
c— E_‘n"‘sm 2 EL— HESS. this Letter Fermi-LAT dSph (2015)
~ — Einasto [ —— PLANCK (2018) —— HAWC GC (2017)
B B NFW r Fermi-LAT GC (2017), DMDM — bb H.E.S.S GC (2016)
10—21 I 1 lIlllll I I Illllll 1 1 lIll 10—27 [ NEaTl| vy Ll | I | L1l
0.2 05 1 2 345 10 50 0.01 0050102 05 1 2345 10 50
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Very sensitive to selection of density profile Phys. Rev. Lett. 129, 111101 (2022)
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Galactic Center \&

Search for spectral lines with MAGIC
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PRL 130, 061002 (2023)
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Galactic Center

Galactic center excess

Fermi-LAT, NASA
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Galactic Center

Galactic center excess

100 3
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5 rings for bremsstrahlung (Brem.) and z° emission, 3 for inverse Compton (CMB, SL. IR),

2 for low latitude bubbles, isotropic (ISO), 1 template for Loop I, the Sun, and the Moon (LoopMoonSun).

1 Brem., 1 z°, 3 for inverse Compton (IC), 2 for low latitude bubbles, 1 ISO, 1 LoopMoonSun.
1 Brem. and 7°, 3 IC, 2 for low latitude bubbles, 1 ISO, 1 LoopMoonSun.

1 Brem., 1 for z° 3 IC, 1 bubbles, 1 ISO, 1 LoopMoonSun.

2 for Brem. and #° divided into H1 and H2, 3 IC, 1 bubbles, 1 ISO, 1 LoopMoonSun.

1 Brem., 1 for % 1 for IC, 2 for bubbles, 1 ISO, 1 LoopMoonSun.

1 Brem. and 7°, 3 IC, 1 bubbles, 1 ISO, 1 LoopMoonSun.

1 Brem. and #°, 1 IC, 1 bubbles, 1 ISO, 1 LoopMoonSun.

1 Brem. and #°, 1 IC, 1 bubbles, 1 ISO and LoopMoonSun.

1 Brem. and #° and IC, 1 bubbles, 1 ISO, 1 LoopMoonSun.

1 unique template for all components.
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Very detailed modeling of the region
Weighted likelihood analysis
Excess presence is robust

PRD 103, 063029 (2021)
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Galactic Center N

o GCis a very complex region of complex modeling: unresolved
sources, distribution of CR density, etc.

o Dark matter annihilation? Unresolved population of MSPs?

o Origin of excess still under debate

Galactic center excess
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Compatible with spherical symmetry

SED well fitted by ~50 GeV DM (bb ial hology: NFW ibl
et Y (bb) Spatial morphology compatible Positionally compatible with Sgr A*

PRD 103, 063029 (2021)
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Dwarf Spheroidal Galaxies
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Dwarf Spheroidal Galaxies g
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Dwarf Spheroidal Galaxies

Glory Duck
 AllIACTs + Fermi-LAT + HAWC

Source name Experiments Distance log;oJ
(kpc) log; (GeVZem™sr)
Bootes I Fermi-LAT, HAWC, VERITAS 66 18.24*040 ° 2 O d S p h
Canes Venatici I Fermi-LAT 218 17.444037 . . .
Canes Venatici I Fermi-LAT, HAWC 160 17.65‘:?(:'32‘5: ¢ J oin t | I ke | I h 00 d a p p roac h
Carina Fermi-LAT, HE.S.S. 105 17.924919
Coma Berenices Fermi-LAT, HAWC, H.E.S.S., MAGIC 44 19.02’:%:23
Draco Fermi-LAT, HAWC, MAGIC, VERITAS 76 19.05*922
Fornax Fermi-LAT, HE.S.S. 147 17.84*0-10
Hercules Fermi-LAT, HAWC 132 16.861074 n @/ \
Leol Fermi-LAT, HAWC 254 17.84+0.20 ‘ \_/
LeoII Fermi-LAT, HAWC 233 17.97+920
Leo IV Fermi-LAT, HAWC 154 16.32+1:96
Leo T Fermi-LAT 417 17.11404
Leo V Fermi-LAT 178 16.37+05% } PR
Sculptor Fermi-LAT, HE.S.S. 86 18.57+0-07 T i C
Segue I Fermi-LAT, HAWC, MAGIC, VERITAS 23 19.361932
Segue Il Fermi-LAT 35 16.2175:%
Sextans Fermi-LAT, HAWC 86 17.92+0:35 GLOHY D“c
Ursa Major I Fermi-LAT, HAWC 97 17.87’:%1532
Ursa Major IT Fermi-LAT, HAWC, MAGIC 32 19.424044
Ursa Minor Fermi-LAT, VERITAS 76 18.9502¢

Liin ({ov); J, p | D) = Liin({(o0); {bi}iz1,... Nujer &> T | {NON,i, NOFF i Fi=1,..., Npjns)
Nbins

=TI [P(si((ov),J) +bi | Nox,) - P(rb | Nowr,)| x T (v | 70,07)
=1

Armand et al. PoS(ICRC21)
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Dwarf Spheroidal Galaxies

Glory Duck

(ov) [cm?/s]

10-20
10—22 i}
Q)
El m
o+ Prelim
Y
L)
10-26 1 = Combination ——  Fermi-LAT = Combination
Ho median — HAWC || Ll Hy median - HAWC
_ jmmm Ho68% containment — HESS. mmm H;68% containment — NESS
XX—’bb Ho 95% containment : szr'ris XX—’T+ T H; 95% containment : VN:!GI‘:;S
28 ==+ Thermal relic (ov} ==+ Thermal relic (ov)
10~ T . r - T T r T
10! 102 10° 104 10° 10! 102 10° 104 10°
m, [GeV] my [GeV]
[}

Widest range ever 5 GeV - 100 TeV

Arguably most robust results up to date

Armand et al. PoS(ICRC21)
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Dwarf Spheroidal Galaxies

Fermi-LAT legacy analysis
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14 years of data

McDaniel et al. 2023
arXiv:2311.04982

Updated census of dSph (50)
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Dwarf Spheroidal Galaxies

Fermi-LAT legacy analysis

Individual dSph with > 2.0

My Plocal Pglobal Psample
[GeV] ~ - e . . o e
% 14+ bb ~ Coma T — Horatogium 11 4 rr Bootes LIl — Ures Minor
Bootes I1 2285 1.3x1072 (2.20) 81x1072 (1.40) 0.97 (-1.90) — Hydrus I 97.5% Contain. Carina Il  — Willman 1
Carina Il 3665 2.1x 1072 (2.00) 11x 107! (1.20) 099 (—2.50) 121 s Lo R 4 Contatn 12 e = ool |
Horologium IT 8.4 5.0x 1072 (2.60) 1.3x 1072 (2.20) 0.50 (—0.00) 10 Reticulum II Ml 84% Contain.
Hydrus I 84 4.0x1073 (2.70) 1.2x1072 (2205) 050 (-0.00) = =
Reticulum II  289.4 <1073 (>30) 1.6x1072(2.10) 0.57 (-0.20) E; %;
Tucana 1T 134 9.9x107% (2.30) 2.8x 1072 (1.90) 0.73 (—0.60) g g
Willman 1 2285 20x 107° (2.90) 33x 1072 (1.80) 076 (—0.70) {3 za
Tt
Bootes IT 134 1.6x107%2 (2.10) 59x1072 (1.60) 0.97 (—1.90)
Carina I1I 438 1.2x1072 (2.30) 83x1072(1.40) 0.99 (-2.50)
Horologium II 2.6  <107® (>30) 7.9x107%(2.40) 0.36 (0.40)
Hydrus I 26 40x107% (2.70) 1.7x1072 (2.10) 0.57 (—0.20)
Reticulum II 273 <1073 (>30) 22x1072(2.00) 0.68 (—0.50)
Tucana IT 52 6.9x107% (2.50) 1.4x1072 (2.20) 0.50 (—0.00)
Willman 1 438 <1073 (>30) 3.6x107%(1.80) 0.88 (-1.20) McDaniel et al. 2023
arXiv:2311.04982
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Dwarf Spheroidal Galaxies

Fermi-LAT legacy analysis

T TTTTT]

Tt~

bb T
Whole sample
Mx Plocal Dglobal Mx Plocal Dglobal
[GeV] [GeV]
Measured 84 9.6x1072(1.30) 2.0x107' (0.90)| 106 9.6x 1072 (1.30) 3.2x 107! (0.50)
Benchmark 180.5 2.1x 1072 (2.00) 3.1x 107! (0.50) | 43.8 2.3x 1072 (2.00) 4.2x 107! (0.20)
Inclusive 3665 9.0x107* (3.10) 1.1x 107! (1.20) | 43.8 1.1x107% (3.10) 1.3x 107! (1.10)
10~2 rr———rrrr————rr————rr 10~ ——r———————m
dSph Constraints GCE Contours dSph Constraints
== Measured — Gordon et al. (2013) = Measured
_ = Ackermann et al. — Calore et al. (2015) _ = Ackermann et al.
10 2 95% Containf (2019 — Daylan et al. (2016) ].O 2 95% Contain.t (2019
I 68% Contain. — Abazajian et al. (2016) I 68% Contain.
== Median Hi Di Mauro et al. (2021) * = Median
10—23 L Karwin et al. (2017) i 10—23 L
‘._I‘—.
« —24
w 10
g
(]
~.107%
>
C3
10—26
10-%7
10—28 N MR | MR | L 10—28 Pl PR | Lol
10! 102 103 104 10! 102 102
M, [GeV] M, [GeV]

10%

McDaniel et al. 2023
arXiv:2311.04982
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Dwarf Spheroidal Galaxies

Branon DM constraints with MAGIC

UED theory
SM: brane embedded in D = 4 +N spacetime
Branons: massive brane fluctuations

Br;
E2dN/dE[TeV]

2,2 2

Fermions m2m m
_ X 2 2 -
<0’¢’U> - 167'l'2f8 (mX - m¢) 1- mi’
Massive
gauge fields 2

X

(ow zv) = 6am2 8 (4m;1< - 4mim12,V,Z + 37"%[/,2) 1-—==

Scalar fields m2 ) 9
_ X ( 2 2 mg

opU) = 2m:, +m ) - —.
(72v) 3272 f8 X ® m2

. %J

/

1072 1071 100 10!
E[TeV]

T. Miener et al JCAP05(2022)005
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Dwarf Spheroidal Galaxies N

Branon DM constraints with MAGIC

MAGIC observations of Segue 1 (160 h)
Likelihood analysis

102
1021 I This work '
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3 my/avm /,-
10-22 Excluded by AMS-02 P
Bl Excluded by CMS P
—— CTA sensitivity (300 h) et
= 10-23 1014 SKA1-MID sensitivity (1000 h) ,/» e
™ —
€ 107 >
= =
> Yo
) 10—25
-~ 100 4
10—26
'/ — This work Excluded by AMS-02
10_27 === Hy median BN Excluded by CMS
Bl H,68% containment —-= CTA sensitivity (300 h)
Ho95% containment o SKA1-MID sensitivity (1000 h)
/....-==- Thermal relic cross section 1
10_28 T T T - B T |
1071 100 10! 102 1071 100 10! 102
my [TeV] my[TeV]

T. Miener et al JCAP05(2022)005
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Dark Matter Subhalos

Main Halo + Diffuse SubH + Resolved SubH Resolved Subhalos

Estimates on the number of detectable subhalos:

|ACT band i D Spectra from Cembranos et al. (PRD 83:083507)
Fermi-LAT i ] y F
flux > 100 GeV in Crab units for y — bb, (ov) = 3-10"P cm’s ™!, m, = 500 CeV = C — -t
- x Z 9
10° v — 10 08 \10" 10 O’I5 0t 0—* - © E — o H
I Pointlike | xx—bb i — 5 — - WW
310~ em3s~! | (25%of the sky) 1| — e — -~ b
o — Extended| <ov>=3-10"*cm’s ] o i % _ — 2500 GaV
2
Fitres =Foons i — 10 \
i . E
i £
10! 102 § . 10° 3
% = N - E
z 4w i — e
10° = i — sf
i ¥ .
» ; _ e Fermi-LAT | IACTs
g K oF
10? @ %‘s‘{\\ - 10° EE
10! 5 e -- E
k| O -- 107 = Generated by DAMASCO (c) UCM-GAEJ2011
10750 10° 10° g: 5 L E T
1072 : = 8 f L ——. A L L L
m [GeV] 15 16 17 18 19 20 21 10 1
X Astrophysical J-factor in logo(J/GeV? cm™) 10% E [GeV]
e . . e
Schoonenberg et al. arXiv:1601.06781 Hiitten et al. arXiv:1508.03464
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Dark Matter Subhalos

Selection criteria:

* Fermi-LAT catalogs

» Unassociated

» Galactic latitude > 5°

» No variability

* Observable by IACTs

» Affordable detectability

* >30in LAT >3 GeV

* No counterparts in catalogs
* No counterparts in Swift-XRT
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' e l
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Dark Matter Subhalos

2FGL J0545.6+6018 Observations — VERITAS

— 11 T T T TTTT T T T TTTTT T TTTTT T T T TTTTT
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https://doi.org/10.22323/1.236.1216

Galaxy Clusters
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Physics of the Dark Universe 22 (2018) 38-47
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Galaxy Clusters

Fornax Cluster — H.E.S.S.
Constraining annihilating dark matter

Including substructure

~10"g ; ~10"g
] E [ E
- E 3 - E
E Exposure 15h [ A\ oo
A ggi9 ‘. ot A o9 l— — =10
107 E . 107 E
% = \N\\"-. L > Efls\ 0 e 0= o.%, MED boost
VNN .. e voOE N\ e 0=0.1; HIGH boost
N NN e e Eos —— 6=1.0, MED boost
T N N 1020 — ke —— 0 =1.0, HIGH boost
107 102
102 = —— NFW, Burkert SR10 3, 107 =
= ——— NFW SR10 a, E
c B Burkert SR10 a4 -
- ——— NFW RB02 -
23| Pt ~——— NFW RS08 23|
107 Lo —— NFW DWO1 107E
F . mmess Fermi limits for NFW E
10-24-1 1 1 lIIIII| 1 1 lllIIII 1 1 | I T | 10.24 1 1 |||||I| 1 1 IIII|I| 1 1 11 1 111
10 1 10 10" 1 10

10?
m,,(TeV)

The Astrophysical Journal, 750, 123 (2012)
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Dark Matter Subhalos

Galaxy clusters — Fermi-LAT 000 002 004 006 008
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Dark Matter Subhalos

Galaxy clusters — Fermi-LAT
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Dark Matter: indirect detection

Data analysis: specific methodologies

Tomorrow

(n.) The best time to do
everything you had planned for
today.

D. Nieto HEPAP-DAS - SINP - Dec 23



IIIIIII

Further readings \

TASI Lectures on the Particle Physics and Astrophysics of Dark Matter
https://arxiv.org/abs/2303.02169

TeV Dark Matter Searches in the Extragalactic Gamma-ray Sky
https://doi.org/10.3390/galaxies10050092

Les Houches Lectures on Indirect Detection of Dark Matter
https://arxiv.org/abs/2109.02696

TASI Lectures on Indirect Searches For Dark Matter
https://arxiv.org/abs/1812.02029

Particle Dark Matter: Observations, Models, and Searches
Bertone et al., Cambridge University Press (2010)

The Review of Particle Physics (2023)
https://pdg.lbl.gov

Credlit: NASA; HST, Webb


https://arxiv.org/abs/2303.02169
https://doi.org/10.3390/galaxies10050092
https://arxiv.org/abs/2109.02696
https://arxiv.org/abs/1812.02029
https://pdg.lbl.gov/

Useful tools \

xxxxxxx

Clumpy (Astrophysical factor)
https://clumpy.gitlab.io/CLUMPY

PPPC 4 DM (Particle Physics factor)
http://www.marcocirelli.net/PPPCADMID.html

glike (combined likelihood analysis)
https://github.com/javierrico/gLike

LIkCom (combined likelihood analysis)
https://qithub.com/TjarkMiener/likelihood combiner

Crecjit: NASA; HST, Webb
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