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Lecture 1 - Dark Matter Direct Detection part 1
Direct Detection Principle

Low-background Experiments
Experimental Landscape
Lecture 2 - Dark Matter Direct Detection part 2

Case Example: XENONNT
Application to Neutrino Physics

Lecture 3 - Dark Matter Indirect Detection

Dark Matter Production



Dark Matter Production






Concept of Indirect detection -
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ObServa_tions :
from starlight

Velocity

(km s-1)
‘ : s Expected from
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But more can be done: Astrophysics can also
be used to constrain DM particle properties!




_Coricept @fﬂ[m@]ﬁ[f@@{t detection

Indirect DM Signature

® DM pair annihilation (or decay) resulting in measurable SM particles

DM annihilation/decay Primary channels Final products 2_-bod VP rima ry C hannels

SM =W-,Z,b,7,th.. ) d — — — — — —
‘ SRS T T T Ul Uy Vi

qq, ccC, bb., tt, vy, 28,
W W™, ZZ. hh

Decays and
hadronization

SM — W+, Z, b, T+, t, h... _— > e:t, p, 7, Ve,#,‘r, d

arXiv:2406.01705



_Coricept @fﬂ[m@]ﬁ[f@@{t detection

Initial constrain from WIMP Miracle

0.01
0.001

0.0001 = WIMP production | freeze-out

1e-05 4 Equilibrium curve
1e-06

L ® Observed relic DM density

{e-08 <ov>=10"" cm’/s related to the annihilation
- Cross section

Te-11 Abundance ' < ov>=102%6cm?3/s

1e-12
Qpvh?x1/<ov>
1e-13 b /

1e-14 <ov>=10%cm3/s
1e-15
1e-16
1e-17
1e-18
1e-19
1e-20

Comoving Number Density

G. Arcadi et al., Eur. Phys. J. C 78, 203 (2018)
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my /T



, E[ﬁ]@ﬁ"@y @[@@@ﬁ[ﬁ@ at production:

WIMP mass window

® Big Bang Nucleosynthesis

m, > O(1) MeV

® Constrain on WIMP mass from

Unitarity limit (s-wave)

m, < 100 TeV

= Qwive = Qpm

&
Q
RN

WIMP window

~- —-——-——-—--———-----

Overabundance

"1 10 102 10° 10°%
my [ GeV]

10°

Phys. Rev. D 98, 023016 (2018)



Indirect @M Messenger
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Multiples channel (Multi-messenger) to probe indirect
evidence of DM (signhature)

® Indirect DM with cosmic rays

® |[ndirect DM with gamma rays BRLKLEUECRIR RN o =t Rel %
sub-set of the experiment looking for DM

® |ndirect DM with neutrinos indirect detection via one of this channel.
| might miss your favourite experiment in
® DM in the stars? the process, sorry about that.

® And many more...
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; How to Iook for DM Ann. 5|gnature‘?
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| | Differential energy spectrum
Solid angle in Branching for a primary channel | DM density

the sky \ Ratio \ / j

dp(AQE) 1 AdN(E
¢( ) <6V> 2 : Bz ( ) J J' P2 Al dO
dE T 4r 2m? , dE A0 1o

S Contribution from 2-body  Account for the distribution of
primary channels DM in the region of interest

® Estimate the of DM annihilation product (y, », ...) on Earth from a
region of interest in the sky. (More detall for # product: arxiv.org:2406.01705)

® Measuring lower limit on flux — derive lower limit on annihilation cross-section
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Initial slide from R. Laha

 How to look for DM./Ann. signature?

Bringmann & Weniger (2012)
]

x=FE/m,

2.00

11

® Different type of signal:

> Continuum:
Yy — q4q, 77, WrW~
> BoxX:
XX =GP, d — vy
> Virtual internal
Bremsstrahlung:
= Ty
> Line:
XX =TV



https://www.mpi-hd.mpg.de/lin/seminar_theory/talks/Talk_Laha_190916.pdf

~ Wheére to look for DM Ann. signature? .7 . 12

dwartf
Spheroidal
galaxies

GC halo

Galactic Centre

® Regions with large density of DM

® But signal/ratio is also important!

-ray Sk
(Low astrophysical background) Y-ray Sky

Extragalactic
diffuse

Galaxy clusters

Galactic diffuse

l J. Conrad, O. Reimer, Nature Phys 13, 224-231 (2017)




- DM annihilation with gamma rays

Different types of detectors for gamma rays:

® Spatial experiments (like FERMI, AMS-02)

® Imaging atmospheric Cerenkov telescopes (H.E.S.S., MAGIC,
VERITAS, CTA....)

® Air Cerenkov telescopes (HAWC, MILAGO,...)



 High Energy Stereoscopic System (HESIS)' 14

® Ground based IACT:

Imaging Atmospheric Cerenkov Telescope > Energy range: 30 GeV - 100 TeV

> Location: Namibia

» Operating since 2003
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Cerbricov TeloscopsAmay [CT) )

® Ground based IACT:
» Energy range*: 50 GeV - 50 TeV

*» Location: Paranal (Chile), La Palma (Spain)

> Future Telescope - Improved E-resol

»
ir

Gabriel Pérez Dia‘z'"(‘IAC)/Méfb-Aﬁa'fé'Be.';’é:I (€ TAé)’/ESQ/*NZ‘ Risinger(skysurvey.org)


http://skysurvey.org/

DM ‘annihilation with Neutrinos

Types of detectors for neutrinos:

® | arge Underground/Under-lce/Under-Sea Cerenkov detectors
(lceCube, BAIKAL, ANTARES, Super Kamiokande, KM3NET?)

® Detect Shower of secondary particles (e.g. muons)

arXiv:2406.01705



Multi-messengerEra - . LS 17
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https://www.science.org/doi/10.1126/science.adc9818
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® Under-Sea Large Cerenkov Telescope:

> Energy range: > 1 TeV
Location: ORCA (France) ARCA (ltaly)

> Under deployment

19

=

= ——— e —




DM ‘annihilation with Charged Cosmic Rdys' 20

=

Types of detectors for Charged Cosmic Rays:

® Satellite (or spatial station) detectors, use magnetic field to
distinguish between particles/anti-particles.

® Constrain from limited size



AMS-02 7 i W e R MRS o

® Alpha Magnetic Spectrometer:

Multi-layer for Tracking & Calorimeter

TRD
Identify e+, e- Particles and nuclei are defined by their

charge (£) and energy (E ~ P)

> Energy range: 50 MeV - 2 TeV
TOF
Z E

» Location: ISS (Space)

- - - .f. ' 4

gt » Operating since 2011

Maagnet

Z, P are measured independently from
Tracker, RICH, TOF and ECAL

arXiv:2406.01705

arXiv:1009.5349



~ Fermi - Large Area Telescope (Fermi-LAT) .

{1 incoming gamma ra)

® Gamma Ray Telescope

arXiv:0902.1089

> Energy range: 20 MeV - 500 GeV
» Location: Space - Satellite

» Operating since 2008

» Can also detect charged cosmic
rays using Earth magnetic field
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All Indirect Detection constraints

10-19
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DM '@@[@{tw@ﬁmj Stars:

® Sun | Neutron stars | White Dwarfs

> DM loses energy by scattering In
the star and get gravitationally
bound to the star

> Accumulation of DM — Annihilation

> At equilibrium, relation between
annihilation and capture rate

» Can probe same quantity as DM
direct detection experiment

SI scattering cross section og in cm?

10-28

1030 -

10-32
10-34
10-36
10~
104
10-42
104
10746
1048
10->°

SM,SM

10N

Direct Detection constraints on SI scattering
arXiv:2406.01705
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Probing the Dark Sector

D. Pinna, TAUP 2023

MeV Gev Tev M e
scale
G dark sector 7 ¥
light DM WIMPs
*thermal production
. - D. Pinna, TAUP 2023
B Accelerators experiments (Energy Frontier) ? 4 =
\-2— w?\‘\\b&\, eneroy frontier
> Missing transverse momentum (MET) 3 e .
;) - LHC
Q
> Signature of Mediator (Resonance) 2| - g
§ LWCEWSL Y
t rontier
® Colliders experiments (Intensity Frontier) B ’_C_ ﬁx: . Ativg:;:z:o;e:s
\_g_\ — beam dump addvress many open
» Missing energy, momentum, or mass IS physies problenmes
3 -

» Decay of Mediator or unstable DM particles

energy scale or mass
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Silicon Tracker
Si strips
(replace all)

ISR

HPDs

(replace

HPD & R/O)

vx"'f’”mmﬂ'r‘ —

Tracking
stations
(replace all)

_Experiments at LHG

ey

Detector characteristics

Width: 44m
Diameter: 22m
Weight: 7000t

CERN AC - ATLAS V1997

Muon Detectors Electromagnetic Calorimeters

ATLAS

Solenoid )
Forward Calorimeters

Muon MWPC
(almost
compatible)

End Cap Toroid
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ForwArd Search Expeleent (FASER) 5

Scintillator ‘.""J? W\
® Running at LHC, close to ATLAS o e
Interaction point Calorimeter

Tracking spectrometer stations

\

FASERvV emulsion
detector

® | ook for light DM, like Axion-Like
Particle (ALPs), Dark Photons.

Interface
Tracker (IFT)

Trigger / timing l y

o - \; lr -’ f -.| . ~K.
: | 4 -
\ =g scintillator station
. : Magnets / \
Trigger / pre-shower
. N e Ut rl n O aS Wel I scintillator system

KL and muon detector
Resistive Plate Counter (barrel outer layers)

- Scintillator + WLSF + MPPC
. = y (end-caps , inner 2 barrel layers)
o >

EM Calorimeter
Csl(Tl), waveform sampling electronics

® Running at SuperKEKB, Japan

R
.
~<
-~

Particle Identification
Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)

‘ ' { positrons (4 GeV)
<

electrons (7 GeV) 3

® Focus on flavour physics (B/D mesons, e—

2 layers Si Pixels (DEPFET) +

41 Si double sided strip DSSD &
Tau lepton decays) T ey S

Central Drift Chamber

® Explore light DM (dark sector particles) S o e Y

https://doi.org/10.1051/epjconf/201819102010
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Example :

monojet with
P_ missing
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nteipretation of results = -
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N
. 9om
Mediator¥, pm
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— =

Morso-;)e‘l‘

> — —

Credit Slide: Luca Scotto Lavina

Model-Dependent Results:

bb+DM

t/t+DM tt+DM

9 g DM

ZH
(mono-7)

* gom-sm
Mediator :

q

heavy
resonances

Heavy Flavor
plus DM

VBF

semi-

visible jets Higgs

Invisible

Decay
ggH
(mono-jet)

]
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Limits at 95% CL
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"] —ET™**+2(qq), 36.1 fb’!

1  JHEP 10 (2018) 180
2HDM-+a, Dirac DM ]
m, = 10 GeV, g = 1_:
sind = 0.35, tanf} = 1
My =My =My,

Dark Matter
Searches at CMS

—E™*+h(bb), 139 fb" and ATLAS

JHEP 11 (2021) 209

—ET*4+2(Il), 139 fb™!
arXiv: 2111.08372

VV — 4q

Dark Higgs

ET'**+Wt, 139 fb™

EPJC 81 (2021) 860 mono-7

H'tb, 139 b’

JHEP 06 (2021) 145 WW —

202y

—h(inv), 139 fb"
ATLAS-CONF-2020-052

Dark Photon

EM*+h(yy), 139 fb’*
JHEP 10 (2021) 13

PR T R O T B A

— Combination
Er  +h(bb), ET +Z(ll)

100

200 300 400

500 600 700 800

H — vpv
(VBF)

H — vpv
(ZH)

m, [GeV]
arXiv:2301.10141



- Comparison with Direct Detection Results. ' 30

Credit Slide: Luca Scotto Lavina

Based on coupling assumptions:

Mediqtor mass

>k Fix couplings
%k Fix DM mass

%k #% C.L. on production cross section ratio
of mediators

& ¢ross section,

Mediqtor mass

2 DM mass
*; s Fix couplings

o sk Limits on spin x-nucleon cross sections at
‘ #% C.L.

><

S %k Allow to compare collider searches with
o)

other experiments

DM mass
A Discovery potential depends on assumed interaction and couplings

Credit: F. Cirotto, Dark matter searches with the ATLAS detector



