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& Evidences and generalities

@) Nown-gravitational searches



Disclaimer:
Not all experimental techniques will be discussed

AXxion searches
Sterile neutrino signals
Primordial Black Holes
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thermal freeze-out (early Universe)

Lndirect detection (now) °
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ASTRO/COSMO PROBES

Effects on BBN
Changes in the ionization history (CMB)

2| cm signal

Modification of structure formation
Modification of stars dynamics
Planet warming
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Fraction of neutral H

spin temperature: occupation of the two states

Astroph gsicaLprooesses decouple TS from TCMB

park matter annthilation:
injects energy into the IgM

Chen’03, Hansen’03, Pierpaoli’03, Padmanabhan’05,
Shchenikov’06, Furlanetto’06, Valdes’07, Chuzhoy’07,
Cumberbatch’08, Natarajan’09, Yuan’09, Valdes’12, Evoli’14
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EFFECTS ON THE CMB

Padmanabhan & Finkbeiner'05, Zhang et al.’06,

S Finkbeiner et al. *08, Galli et al. ?09, Slatyer et al. ’0
park matter annthilation: rebenereral, 8, aall et a % e et a ,9’
Kanzaki et al. 09, Galli et al. M, Hutsr et al. M, Evoli

Lnjects energy L the IGM , ,
J 95 < et al. 12, Glesen et al. 12, Evoli et al. 12, Slatger 12
- N Fry & Reid ’13, Cline & Scott 13, Weniger et al. 13,

oM ¥ heating LoPez~Honorez et al. 15, Galli et al. 15, Diamants et
O\%\, /\/ \ al. 14, Madhavacheril et al. 14, Slatger 16, Poulin et
DM L% al. 15, Kawasaki et al, "16, Slatger & Wu ‘17
ionization inverse-Compton
time
>

it modifies the propagation of photons

From A. C. Vinoent from the LSS (relonization history)

and affects CMB temperature anol
polarization anisotropies
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Advantage over other DM annihilation probes:

do not suffer from astrophysics uncertainties
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PM-RARIATION INTERACTIONS

Collisional damping
C. Boehm, P Fayet and R. Sc]’waeger, Phgs. Lett. B518:8, 2001

[t suppresses structure
formation at small scales
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Mon. Mot. Roy. Astron. Soc. 449:5587, 2015

See also: A. Moliné et al., JCAP 1608:069, 2016

This can be used to set constraints
ow the largest allowed cross section
from CM®B and galaxy counts
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M. Escudero et al., arXiv:180%.08427 (acceptecl in JCAP)



INDIRECT PETECTION

Y-ra Ys

Ferml-LAT, MAGIC, o e T
VERITAS, HESS, @ e v ,
radio telescopes... ‘\ / e eV Neutrinos

«r g "Q :

&\" lceCube,
. Superka mLokawnde...
Jﬂ-‘ ek
. neutralinos

‘ :"F}% Decay process m—)p
Expected stgnal:

annthilation (deca Yy) products

Antimatter
PAMELA, AMS...

Challenges:
absolute rates
discrimination against other sources

Need to know:
Local dewsitg, halo profile, amount of substructure...




Signal

(antimatter)

Flux x Propagation effects x
Effective area x Time

Effective area
Cross sectiom x Detector’s size x Effietency
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mintmunme halo mass

distribution tn different systems
dependence with redshift
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H. Yuksel, 5. Horiuchi, J. E Beacom and S. Ando,
Phys. Rev. D76:123506, 2007



NUMERICAL SIMULATIONS

10N

’,

lat

Aquarius simu

-
-

Credit



NUMERICAL SIMULATIONS
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ANTIMATTER

we can only see the local netghborhood (few kpe):
diffusion, convection, energy losses, spallations...

Galactic' Bulge . Circinus X-1

Cygnus X-3 NGC 3t03

SS433 Cassiopeia A Crab Sun
Nebula

propagation affects positrons mainly at low energies
the spectral shape for antiprotons does not change much
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Positron Fraction

Positron fraction Antiprotons
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M. Aguilaret al. [AMS Collaboration],
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positron excess can be interpreted as a DM signal...

A RESULTS

o o

Electrons+positrons

E? x Flux [m2s~'sr'GeV?]

-

8

g2 8

o

g -

Ty,

) —+— DAMPE

10

.l:.‘j’ﬁ}
..... m&t’*?;

Jlu'::.]
o

i 1
~— HES.S. (2008) b
H.E.S.S. (2009) ¥

 Famiia o *Hi |I ‘

1.(.)0 : ‘000 A ;o,boo
Energy [GeV]

G. Ambrosiet al. [DAMPE Collaboration],

Nature 552:6%, 2017

but Lt needs a very large annthilation cross section (or astrophgsicm

(ov) =10%cm”/s

boost factor) and suppressed hadronie channels
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. and there are also astroph 5sicaL expLa nWatLons: puLsars



Signal

(gamma-rays and neutrinos)

Flux x Effective area x Time

Effective area
Cross section x Detector’s size x Effieiency



GALACTIC CENTER

Galactic Bulge

', Circinus X-1

Cygnus X-3 NGC 3t03

SS433 Cassiopeia A Crab Sun
Nebula

brightest DM source
large backgrounds and uncertainties



S DM dominated
large S/N

T 4

Galactic 9U19? Circinus X-1

R R

NGC 3603

Cygnus X-3

SS433 Cassiopeia A Crab Sun
Nebula

SATELLITE GALLAXIES
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GALAXY CLUSTERS



GALACTIC HALO
Lo

'_ Circinus X-1

a‘ Galactic Bulge

Cygnué X-3 NGC 3603

~ SSy33 Cassiopeia A  Crab Sun
Nebula

angular tnformation
Lower galactic backgrounds



GALACTIC SUBSTRUCTURE

Galactic Bulge

', Circinus X-1

Cygnus X-3 NGC 60

SS433 Cassiopeia A Crab Sun
Nebula

relatively easy discrimination (Lf found)
bright enough?



contribution from all z
Largé uncertatnties Ln the sigwal,

Cyanus X-1
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contribution from all z
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COSMOLOGICAL SOURCES



GENERAL COMMENTS
EXAMPLE: GALACTIC SIGNALS

ANNIMILATION JE— P ——————
do, ((0v) ¢ dN. | |
az, ANz, xsz oy nmws

DECAY Particle Physics Astrophysics

- annihilation cross section AQ:  field of view
DM lifetime

DM mass

DM density profile

branching ratio into channel i , ,
& VLt To stay as moch-Lwdepewdewt as posswLe,

explore all possLbLe annthilation/deca Y

neutrino spectrum for channel i J ]
channels tnto SM partieles



GAMMA-RAY SIGNAL

PROMPT EMISSION
Continuum Lines Sharp features

From the hadronization, e Internal bremsstrahlung
, DM anwnthilations tnto e ,
fragwmentation and decay of noton (<) DM annihilations tnto a
products of DM annihilations P wmetastable state

SECONRDARY EMISSION
1ICS Bremsstrahlung Synchrotron  Pion decays

Uupscattering of soft gammas from radio-waves from  soft y-rays from CrR
ambient photons bremsstrahlung synchrotron emission Lnteractions



GAMMA-RAY SIGNAL

pna"p'r E"ISSIQN not affected 139 the ISM
Continuum Lines Sharp features

From the hadronization, e Internal bremsstrahlung
, DM anwnthilations tnto e ,
fragwmentation and decay of noton (<) DM annihilations tnto a
products of DM annihilations P wmetastable state

SECONRDARY EMISSION
1ICS Bremsstrahlung Synchrotron  Pion decays

Uupscattering of soft gammas from radio-waves from  soft y-rays from CrR
ambient photons bremsstrahlung synchrotron emission Lnteractions



GAMMA-RAY SIGNAL

pna"p'r E"ISSIQN not affected 139 the ISM
Continuum Lines Sharp features

From the hadronization, e Internal bremsstrahlung
, DM anwnthilations tnto e ,
fragwmentation and decay of noton (<) DM annihilations tnto a
products of DM annihilations P wmetastable state

SECONRARY EMISSION cdontheisu
1ICS Bremsstrahlung Synchrotron  Pion decays

Uupscattering of soft gammas from radio-waves from  soft y-rays from CR
ambient photons bremsstrahlung synchrotron emission Lnteractions



TELESCOPES

Grounod-based

large effective area

Space-borne
small effective area

large field of view
upper threshold <300 Gev

FERMI LAT

small field of view
Lower thresold >40 qev

H.E.5.5 VERITAS




Milky Way halo
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NEUTRINO RPETECTION
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NEUTRINO RPETECTION
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Galactic Center &
Milky Way halo
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Galaxy clusters

- - WW
”';10- r ----- Coma Cluster (NFW) —— Coma Cluster (sub)
"E 1077 r Virgo Cluster (NFW) Virgo Cluster (sub)
L - Andromeda (NFW) ~ —— Andromeda (sub)......-
9 10_1° F PR
-

9 10019 5
W%
§02 e
1022
10-”1 Ty ) 2 2 2130 1 22

10° 10* 10°
WIMP mass (GeV)

M. G. Aartsen et al. [lceCube Collaboration],
Phys. Rev. D88:122001, 2013

Pwarf galaxles

%) = TT
N 10-21
3
8<1 0°22 r
.23 .
- HESS -~
10'2‘ [ Fbrr'\ai: Cluster (sub) IC 59 dwart stacking
----- VERITAS Seguel —= |C 59 Virgo cluster (sub)
10'25 g Fermi dwarfs ~e |C 22 Galactic Halo
i ) Natural scale
10-20 A AT T T 2 aaasil saaal e
10 10° 10° 10* 10°

WIMP mass (GeV)
M. G. Aartsen et al. [lceCube Collaboration],

Phys. Rev. D88:122001, 2013



NEUTRINOS FROM THE SUN

e, X velocity
distmbubon

Sun . .
v IMLeraeheTs

capture

aronahilation

Dt:tt:;:mr o

J. 5ilk, K. A Olive and M. Srednicki, Phgs. Rev. Lett. 55:257, 1985
T. K. Gaisser, G. Steigman and S. Tilav, Phgs. Rev. D34:2206, 1986
M. Srednicki, K. A. Olive and J. silk, Phgs. B279:804,1987

K. Griest and D. Seckel, Nucl. Phgs. B28%:681,1987



NEUTRINOS FROM THE SUN

@ WIM®Ps elastically scatter with the nuclel of the Suwn to a veloetty
smaller thaw the escape velocity, so they remain trapped tnside

Additional scattering give rise to an isothermal distribution

3 2
c - atdi 0238_1( Po j( 270 km/s) o 50 GeV
0 0.3 GeV/cm’ Viocal 10~ pb )

4

o Trapped WIMPs can annthilate tnto SM particles

o After some time, annihilation and capture rates equilibrate

| t |
[(t,)==Cytanh®| == |=—C,
2 T ) 2
, J. Silk, K. A. Olive and M. Srednicki, Phys. Rev. Lett. 55:257, 1985
o OWLH neutrinos can escape o . ) TR RS s

T. K. Gaisser, G. Steigman and S. Tilav, Phgs. Rev. D34:2206, 1986
M. Srednicki, K. A. Olive and J. silk, Phgs. B279:804,1987
K. Griest and D. Seckel, Nucl. Phgs. B28%:681,1987



STEPS IN THE CALCULATION

Use Local DM dcwsitg andl \/cLocL‘cg distribution
Compute capture anol annihilation rates

Determine neutrino fluxes at produotiow
for different annthilation channels

Oscillate neutrinos from the Sun to the Earth
Compute the event spectra at neutrino detectors

Compare with data



SENSITIVE TO SCATTERING CROSS SECTIONS

Spin-independent cross section (coherent tnteraction)

Scattering ampli‘cucles (same 1Cor neutrons ancl Protons) aclcl coherentlg

Oy o s (2, +(A=2)f,) o A’

Spin-dependent cross section
Scattering ampli‘cucﬂe changes sign with spin direction, so Pairec‘

nucleons do not contribute: onlg the residual unPairecl nucleons

O, o< U J(J+1)ec A



lceCube analysis: 317 days
M. G. Aartsen et al. [lceCube Collaboration],

JCAP 1604:022, 2016

ANTARES analysis: 9 years

S. Adrian-Martinez et al. [ANTARES Collaboration],
Phys. Lett. B759:69, 2016

CONSTRAINTS

SK analysis: 2903 days
K. Choi et al. [Super~l<amio|<ancle Collaboration],
Phys. Rev. Lett. 1142141301, 2015
Baksan analysis: 24.1 2 years

M. M. Boliev, S. V. Demidov, S. P, Mikhegev and
O. V. Suvorova, JCAF 1509:019, 2013
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M. G. Aartsen et al. [lceCube Collaboration],
JCAP 1604:022, 2016

ANTARES analysis: 9 years

CONSTRAINTS

lceCube analysis: 317 days

SK analysis: 2903 days

K. Choi et al. [Super~l<amio|<ancle Collaboration],
Phys. Rev. Lett. 1142141301, 2015

Baksan analysis: 24.1 2 years

S. Adrian-Martinez et al. [ANTARES Collaboration], M. M. Boliev, S. V. Demidov, S. P, Mikhegev and
Phys. Lett. B759:69, 2016

O. V. Suvorova, JCAF 1509:019, 2013
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CONSTRAINTS

lceCube analysis: 317 days SK analysis: 2903 days
M. G. Aartsen et al. [lceCube Collaborationl, K. Choietal. [Super~l<amio|<ancle Collaboration],
JCAP1604:022, 2016 Phys. Rev. Lett. 14141301, 2015
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RIRECT PETECTION

Galactic' Bulge . Circinus X-1

Cygnus X-3 NGC 3t03

.SSHBB Cassiopeia A Crab Sﬁn
" | Nebula
Expected signal: |
nuelear recotl: 10's kev Challenges: Need t’o Rnow: ’
featureless exponential Low energy threshola Local density, veloctty
large radioactive backgrounds distribution...

Low rates < 0.1/Rg/day



RDIRECT DETEQT ION
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EXCLUSION PLOT
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RESULTS

positive signals
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" Ver modet/opemtor olepeywlewt

droduets

MLSSLNG ENergy) mownolets or monoboson events

but also tnvistble deca Ys, dileptons...



Very wodel/operator depenodent
decays subproducts + missing energy mownolets or monoboson events

but also tnvistble deca Ys, dileptons...

BUT ALSO FIXED TARGET BEAMS




EXAMPLE: SCALAR MERIATOR

2 A
SCALAR PM mrccs meprator) L= %(Em) —%quﬁz - OHH

A diserete Z,, symmetry under which H is even and ¢ is odd would prevent ¢ — H wmixing and make ¢ stable

Limits from invisible Higgs decays, if wm,, >2m,
direct detection experiments (spin-tndependent), if m, <2m y
s-wave annihilations

FERMION PM - (a o) ——m¢¢ + 7(i-m )x_g;{@—(x_wsz
f

g ML g " spin-inoependent interactions
d e Y T T, \ p-wave annihilations
5 ? 9 [ » by l » | Ao
g  gauum W
gy — £ the Higos Ls the mediator,
<, ) ~ARARRRR & | /.- ; ET + bb f e ".—" '99 e 6 ,
%t | , ool i LUX Limatts rule out this case
\»‘0‘ ’ - v 4 Y
Loi< P ﬁT 11 -for masses < 1 Tev

A. De Simone and T. Jacques, Eur. Phgs. J. CJ76:367, 2016



OPERATOR-DEPENRENT LIMITS

within BFT: jet+wmissing transverse momentum

Dirac:
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CONCLUSIONS

Dark matter exists
we kwnow how mueh there Ls

WwWe kwnow Lt Ls not loargowia anod not within the SM

we Live in the golden eva of dark wmatter: a Lot of
theoretical developments and data, some hints. ..
and hopefuLLH SOOWN A oowviwoiwg dlsaoverg



