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Indirect dark matter searches: A definition

After Slayter (2017), Gaskins (2016), Conrad et al. (2015), ...

At least for WIMP Dark Matter:

» Probing the same mass budgets which provide DM gravitational evidence Quite “direct” probe

» Probing the same interaction (annihilation) explaining DM thermal relic of particle DM =
abundance gravitational DM
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The DM theory jungle

» Indirect searches: not only WIMP annihilation
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Some Dark Matter Candidate Particles
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Weakly Interacting Massive Particle (WIMP) searches




Reminder: Appeal of the WIMP paradigm

» WIMP miracle:
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Non-relativistic > GeV particle with weak-scale cross section gives relic abundance well matching observed cosmic DM density and
can explain today's large scale structure
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How many relic interactions do we expect?

» Relic annihilation @ Earth:
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» Relic annihilation in space:
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Indirect detection ingredients: Spectra

NASA/G. Dind
54/G. Dinderman Low-energy photons

« . . ” Positrons
» Secondary spectra (“particle physics term”) °"°f"SN\/\/\—>
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10t = .
100;-
% 101 DM particles
"% ey — bb
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o x> W 1 Decay process )
107°F — xx— 27
- —— xx — hh E
10-4] = 0= T (VIB, Bringmannt 2012) | Role of thumb:
107 10! 10? . .
E, [GeV] TeV DM particles: most energy deposited
Once first SM product/particle fixed, final state in GeV-TeV final state particles:
particle spectra at source robustly computed High energy astronomy

(Pythia, DarkSusy, micrOMEGAs,...)

e Caveat: Interaction of final state products with astrophysical environments
(magnetic and radiation fields): Synchrotron, inverse Compton emission, ...
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Indirect detection ingredients: Densities

» J-factor (“astrophysical term”)
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» Annihilation boost: boon and bane of indirect detection:

Need...
1. Close and/or massive DM budget

2. High density (“concentrated”)

3. no astrophysical back-/foregrounds
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Where to search? Dark matter structures at all scales
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Where to search? Dark matter structures at all scales
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Ursa Major |
Sextans Dwarf Ursa Major |

a5tas Dwarf Ursa Minor Dwart
Bodtas Dwart Draco Dwarl

Springel et al. (2005), Millenium
Large Magellanic Cloud .‘ simulations

Small Magellanic Cloud
Sagittarius Dwarf S. Gottlober et. al. (2010), CLUE
simulations

Canina Dwarf -

Sculptor Dwarf
. Fornax Dwarf Diemand, Kuhlen, Madau (2006),
Via Lactea simulations

color code: brighter = denser
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Indirect detection ingredients: Densities (II)

» Annihilation boost also boosts uncertainty:

dSph annihilation profile w/ Einasto profile
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Innermost 0.1° Galactic DM halo signal NFW or Einasto vs. Burkert profile:
annihilation ( |

~#u): Factor 2000
Decay (| ra): Factor 10

J-factor main uncertainty in indirect DM searches
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DM density profiles: empirical knowledge

» Dwarf spheroidal galaxies

i 1A (vE]) | 28.a07 _ GM(r
Solve spherical Jeans equation — (1 r) 4 ZPani¥r ‘2(’)
174 ar T '

3D light profile v + spectroscopic velocity dispersion 7 to best-fit DM density profile

1707.00690 1101.1286 1601.07967

» Galaxy clusters

Strong lensing + X-ray SZ +'X-ray
» Milky Way:

] 1502.03821 ° o
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“Cusp-versus-core” problem:
N-body simulations predict cuspier
profiles than suggested by
observation (Moore '94, 1108.2404,
1703.08410)

Possible solutions: (Self-)scattering
DM (1404.7012, 1508.03339),
observation bias (1707.06303),
baryonic feedback (1404.3674,
1505.00825, 1611.09922,
2004.10817,2007.13780,...)



Where to look? Dark matter sky at Earth

Dark clumps
(no EM counterpart)

Galaxy clusters

-’0
'f.'g. ' gus®’
--------------

Milky Way

dSph galaxies
— 8—10
(MDM = 10 MCD) log (y-ray intensity from DM annihilation), Galactic coordinates Lef
synthetic map calculated with CLUMPY (MH et al., 1806.08639) Gal. + eXtragaL diffuse
(Mpy = obs. Universe)
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Target example: Perseus cluster
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Target example: Perseus cluster
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Target example: Perseus cluster

" Annihilation,
MAGIC, E > 250 GeV . BRSNS |
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Target example: Perseus cluster

~ Decay.

Intensity / Intensity(ogs)_,"
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Indirect detection instruments

AMS-02:
Charged particles

) (rigidity ~2 GV to >TV)
\\,\

=

Voyager-I:
g Charged particles.
(~3 MeV to ~80 MeV)
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o
A

» Detect particles from space:
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Fermi-LAT: \
y-rays (~20 MeV to ~300 GeV)
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CREAM (stratosﬁ-ﬁ‘ere)
Charged particles
(TeV to PeV)

H.E.S.S. (Nami
y-rays (30 GeV to

VERITAS (USA)
y-rays (85 GeV
to ~30 TeV)

i

""" MAGIC (Spain)
A y-rays (50 GeV
to ~50 TeV) '

lceCube (South Pole)
Neutrinos (~100 GeV to >PeV)}c

autrinos (~10 GeV to PeV)

HAWC (Mexico)
y-rays (~ 3TeV
to >100 TeV)

CTA (Fu't’tjre)' TR e o
D v-rays (20 GeV t0.300 TeV
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The Fermi satellite

Designed & operated by NASA
» Launched 2008, still operational @</
* 4300 kg, 530 km a.s.l. orbit

P QR

« Carries

Large Area Telescope (LAT):
20 MeV - 300 GeV

« LAT has...

FOV: 2.4 sr
Energy resolution: 5% - 25%
Angular resolution: 0.1° - 10°

electron-positron pair
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The MAGIC telescopes

System of two Major Atmospheric Gamma-ray
La Palma & Imaging Cherenkov telescopes

(Spain) | In operation for 18 years (12 years in stereo)
2200m a.s.|. .

LST-1 (CTA)

MAGIC-2

' LIDAR-System |
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The MAGIC telescopes

very-high energy (VHE, >GeV) y-ray

La Palma

(Spain) Air shower

2200m a.s.l.

LST-1 (CTA)

MAGIC-2
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The MAGIC telescopes @

; verv-high energyv (VHE, >GeV) v-ray

* Mirror diameter: 17m
La Palma

(Spain) [ * Camera field of view: 3.5°
| 2200m a.s.l. i

*Energy range: 50GeV — 50TeV
* Energy resolution: 15% — 20%
* Angular resolution: 0.05° — 0.10°
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The Cherenkov Telescope Array

 Next generation Earth-
bound y-ray telescope

= -

» Two arrays of Cherenkov

telescopes in
Chile / La Palma
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The Cherenkov Telescope Array

) ~__* Next aeneration Earth-
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no astrophysical background: clean targets

Relatively robust J-factor constraints
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dSph Galaxies: Limits by Fermi-LAT

» No excess seen in combined analysis of y-ray data from known dSph positions | 7%

Calore et al., 1803.05508, 25 dSph, 7 years Hoof et al., 1812.06986, 27 dSph, 11 years

o orof J8‘¢B(thAis wérk)A ’ ]_()4 ET1 T LR | R T 111y
] prof. | (this work) E Profile likelihood (global fit, PAass 8 R3, 71 channel)
] Fermi-LAT, measured J-factors (2016) "l' = 90%/95%/99% CLs (conditioned on my; 1 d.o.f.)
_ ' _ ﬂm 1 03 b "~ Thermal relic cross section (Steigmans+ '12) LY
10-24 .7 Mazziotta et al. (combined) E = = Galactic Centre Excess (20/30, Calores '14) 9.)
- Calore et al. 2015 (20) _ 3] [~ Upper limits at 95% CL: %
/ g =<~ Fermi-LAT+DES "16 (6 years, 41 dSphs) ;
— " 100 [ e Fermi-LAT "15 (6 years, 15 dSphs) &
m (-] = o
n = = =
- 25 Py - S
10742 1 ~\
O : . s 10F 2
— s ~ = -
> = 5 S
b b o o gt S s S S S S S T e e O . s o, e, W S, o _=v >
______________ - L ot ‘o 1 Il
Thermal Relic cross section | Q &
10‘-26 ] Steigman et al. 2012 8 5
5 ® Y
' S 0.1 :
| S
bb |
i]01 Y Y Y Y Y T— i62 Y Y Y v Y y— i03 0‘01

103

DM mass [GeV] WIMP mass my/GeV

» Similar results in 1611.03184, 1704.03910, 2101.11027, ...
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dSph Galaxies: Limits by MAGIC

» MAGIC does pointed observations: Choose the best target(s)

M. Vazquez-Acosta Bonnivard et al., 1504.02048

I‘r‘ 10m — 1 | | | | I | | I | I | I | =
5 - J_Arén;:i'l:tion: Geringer-Sameth et al (2015) - Charbonnler et al. (291 1)
= - Draco - - : Ackermann et al (2013)
O, | — Segue h : S Gerlnger*Sameth etal. (201 5)
™ 10" — Ursa Major I —— 3\ -’ This work :
i _ s
10" |- l +”n *"“

Ll llllllI

%[!]%

: 3 m l&ssicaj
. J-factor : : :
: : 8 Ulfrafaint

1017

| - Illllll

J Annihilation:Sanchez-Conde et al (2011)
Perseus

\ Lol | ol I

2 1
10 10 1 T a5 Leot Segl Cvni1 LeoT Sext For Leol Car Leo2 Her Cwvn2 Bool Scl UMal Seg2 UMi Dra Wil Coma UMa2
0 [deq]

Due to J-factor uncertainties, diversify targets to increase chance of discovery
and to obtain more robust limits
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dSph Galaxies: MAGIC single results & combined with Fermi-LAT

» No signal seen in Segue | or Ursa Major II:

N 1601.06590 20 17/12.03095
w10 ; ; ; @ 107 E
o \‘E : : o = —
E bb . All dSphs E F bb
T2k AR  eemessanansannesns e neasans v = E
= % s z 7 N 10*
é : : : )
7 | | | ' o
\, %
2 < 107
w0 X 10 E ‘
o o) SN
3 SR W
102
SERTEEEE H, median w— MAGIC Ursa Major ||
: Fermi-LAT+MAGIC Segue 1 —
-~ H, median - === MAGIC Segue 1 s — I H, 68% caontainment no J uncertainty
H, 6B% containment == = £ - E L,
o ) LAY - HC 95% containment = .=.=: Thermal relic cross section
H, 95% containment — . —. Thermal relic cross section Lo m e e e e S
10-26 | | lllllll | ] lllllll | L 1 1 1111
102 10° 104 10° 102 103 10* 10°
\
Moy [GeV]) m,,, [GeV]

Segue |, 158h MAGIC +

Fermi 6 years 15 dwarfs combined Ursa Major lI, 35h MAGIC



dSph Galaxies: Combined limits by MAGIC

» No signal neither in Draco, Coma, Tri Il, nor after combination:

=102

e E Preliminary Target Obs. time J-factor

5,102 k- log|GeV2em-9]

T

& ozl el e Segue 1 158h 19.36+0.35

8 E\'\:. \ R T BT AT - ‘_I, ........ .

A . T e ,

D100k ST Ursa Major I 95h 19.42-+0.42
102 Draco 52h 19.0540.21
10 bb - Coma 50h 19.0240.41

e e erenices
10-26 = Coma Berenices . .
= . +ure Draco Total observation time: 355h
- | esssss Seque1
1027 - - = = - Ursa Major II
- - iﬁ:ﬁﬁfﬁ?xs e Trill 62h 19.35+0.37
- Jll l 1 L1 11 lLl 1 I | —— — - - I PO — o .
1055 10° 1o 0P Separately: Acciari et. al., 2020.100529

m, [GeV]

» Combination with Fermi-LAT multi-dwarfs + other Cherenkov telescopes + HAWC also ongoing
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dSph Galaxies: What to reach with CTA

» CTA Key Science Project: 300h reserved for best dSph target at that time

1709.07997/
S _,,""‘ : L —— MAGIC 2018, UMa Il (95h)
) - ze e MAGIC 2014, Segue | (158h)
Fermi-LAT, stacked dSph (6 years)
1 0_23 [ —— VERITAS 2017, combined dSph (230h)
= 107F —— HES.S. 2014, combined dSph (NFW, 140h)
e f —— CTA Segue | (500h)
B 10721} s thermal relic cross section
- 10—22:-
=24 | . SN T e 3
1074 - - \\_/
= - 1072 -
" - T _
™ I
g [~ 10724 3
; E 1072° 3
- N
Dark Matter particle mass m, [GeV]
0B Sculptor
- — Draco CTA dSphs
- —— Coma Berenices 500 h, bb
. ~——— Segue 1 Statistical errors only
10"
:] L1l ll 1 1 | I . I 1 1 L1 11l ll | | | .
0.05 0.1 0.2 1 2 345 10 20 30

DM mass (TeV)

» Dedicated & updated study in preparation
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dSph Galaxies: What to reach with CTA

» CTA Key Science Project: 300h reserved for best dSph target at that time

1709.07/997 -
o "',."' : o MAGIC 2018, UMa I (95h)l
- - e MAGIC 2014, Segue | (158h)
Fermi-LAT, stacked dSph (6 years)
1 0_23 [ —— VERITAS 2017, combined dSph (230h)
= 107F —— HES.S. 2014, combined dSph (NFW, 140h)
= [ —— CTA Segue | (500h)
B 107215_ thermal relic cross section
102 10-”%— K\ | -
— = 102 | . o
‘o e | | Use dSph observations to confirm DM origin of
S U / a signal detected at Galactic Center:
> E— 10—25;_ 1
© : - . Year 1 > 3 4 5 6 7 8 9 10
i A T Galactichalo 175h 175h 175h
| = Sculptor Dark Matter particle - "BestdSph~ 100h 100h 100 h
10 — -
= in case of detection at GC. large ov
E — CTA dSph |
- TP Phs Best dSph 150h 150h 150h 150h 150h 150h 150h
- — Coma Berenices 500 h, bb Galactic halo 100h 100h 100h 100h 100h 100h 100h
~—— Segue 1 Statistical errors only in case of detection at GC, small o
1077 = | i | 1 Galactic halo 100h 100h 100h 100h 100h 100h 100h
T 1111 | | | I | | | 1 1 11l | | | 1 111 r} 0
005 041 02 1 2 345 10 2030 in case of no detection at GC
Best Target 100h 100h 100h 100h 100h 100h 100h

DM mass (TeV)

CTA observation strategy (1709.07997)

» Dedicated & updated study in preparation
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WIMP searches at the Galactic center &

- silk and Bloemen (1987), Horns (2004), dstro-ph/0408192,". "~ =~ . s

. . . W™, - . .-+  Galactic Center rising only
By far strongest signal for all Limits: Uncertainty on cusp/ s TR T ', 32° above horizon.for MAGIC

DM models core

Astrophysical y-ray
backgrounds

Large solid angle with high Cosmic-ray background for
intensity Earth-bound instruments
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Fermi-LAT Galactic Center excess

All y-ray emission Interstellar emission Point sources Diffuse Fermi bubbles

+ X (Dark Matter, MSPs,...

(lllustration from M. Di Mauro)
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» Milli-second pulsar population in Galactic bulge?
(1506.05104, 1711.04778, 1901.03822, 2003.10416,...)

» Recent doubts on pulsar origin: 1904.08430, 1908.10874
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Fermi-LAT Galactic Center excess

All y-ray emission Interstellar emission Point sources Diffuse Fermi bubbles

+ X (Dark Matter, MSPs,...

(lllustration from M. Di Mauro)

ol Spectrum of GC excess
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T, eV
‘- (1506.05104, 1711.04778, 1901.03822, 2003.10416,...)
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Lower expectations for the ultra-faint dSphs?

» More informative priors from N-body simulations weaken ultrafaint dSphs’ J-factors by factor ~5

Ando et al, 2002.11956
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Galactic center: Sensitivity with CTA

» Galactic Center survey: Key Science project with CTA: 525h + 300h in 1st decade
) Prime Dark Matter target With CTA . ) Source masks (b) Cosmic rays () (Sub-)zhreshold sources
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Galactic center: Sensitivity with CTA

» Galactic Center survey: Key Science project with CTA: 525h + 300h in 1st decade

) Prime Dark Matter target With CTA s (a) Source masks (b) Cosmic rays () (Sub-)zhreshold sources
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CTA sensitivity to DM signal from Galactic Center

» Galactic center observations with CTA can probe the thermal relic cross section of 500 GeV - 10 TeV WIMPs

Uncertainties on limits: Background modelling

CTA,2007.16129 10723
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CTA sensitivity to DM signal from Galactic Center

» Galactic center observations with CTA can probe the thermal relic cross section of 500 GeV - 10 TeV WIMPs
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Search for line-like signals at the Galactic Center

» Sign for new physics, less susceptible to spectrally smooth backgrounds

Annihilation into two y’s loop suppressed:

X YR ¢t ¥ ) 7
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hep-ph/9706232 1203.1312
» MAGIC result to be %1065_ P T. Inada
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Dark Matter decay searches in Galaxy clusters

D Y cocd orconsteining DM pari

Most massive DM targets Dim because far away lifetime, ALP conversion in magnetic

Robust mass estimation . fields
(but less certain density boost) Astrophysical backgrounds

M. Vazquez-Acosta
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MAGIC Dark Matter decay search in the Perseus cluster

NGC1265

W0.40+157 (4)
® wo.26+108 (B)

7

W0.40+238 (A)
W0.26+288 (‘B)

» Optimal ON-region to set DM decay limits —
yet only ~8% of the total J-factor

» J-factor largest uncertainty - proportional to
cluster mass uncertainty
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WIMP annihilation in Dark Galactic Subhalos

I

No astrophysical background by definition Unknown position

Only theoretical evidence for existence

Possibly brighter J-factors than satellites | arge modelling uncertainties

Good for serendipitous discovery
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Dark Galactic Subhalos

» Limits from unidentified objects in Fermi-

» Chance detection sensitivity for CTA:
LAT catalogs:

Coronado-Blazquez et al., 2101.10003
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WIMP annihilation in diffuse y-ray background

Diffuse = » Detection of Cross-Correlation between (weak)

Gravitational Lensing and Fermi-LAT y-rays

MH et al. 1711.08323

Ammazzalorso et al, 1907.13484
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Axion-like Dark Matter

@ Picture credit: SLAC/Chris Smith 37
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Astrophysical signatures from Axion-like particles (ALPS)

» Conversion/oscillation in the presence of magnetic fields V\/éB %BW
Y a a Y

M. Sanchez-Conde, D. Paneque et al., 0905.3270
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ALP searches towards NGC 1275 with Fermi-LAT

» NGC 1275: An excellent y-ray beam for ALP searches
» Seen both by Fermi-LAT and MAGIC

» Fermi-LAT, 1603.0697/8:
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ALP searches towards NGC 1275 with CTA

» Assume 300h observations, among them 10h in flaring state CTA, 2010.01349

» Sensitivity driven by flaring state
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ALP searches towards NGC 1275 with CTA

» Assume 300h observations, among them 10h in flaring state CTA, 2010.01349

» Sensitivity driven by flaring state
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Conclusions

» No unambiguous indirect DM detection so far. “tu

» Already tight limits for WIMP DM, but \

= Large J-factor uncertainties
= Limits only valid for s-wave annihilation. For p-wave, virtually no relic annihilation = no limits

=DM could have been produced differently in early Universe: No need for WIMP miracle

» Seek for detection:
= Just starting to probe thermal relic cross sections for TeV DM with CTA

= Exotic spectral features able to boost signal (resonances, enhanced lines,...)

» Astrophysical gamma-ray observations can also probe ALP DM
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