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« Results of direct detection experiments

« Hints of non-zero results?
« Survey of indirect detection
« Uncharged, Charged messengers
« General theory, what we probe
o Some experiments, results

o« If time: Where do collidersfitin?
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Part 1: Direct Detection Results
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Hints of positive detections?
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Observation of Excess Electronic Recoil

Events in XENON1T
XENON1T, Phys. Rev. D 102, 072004 (2020). o 0.65 “tonne-years”
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DAMA-LIBRA

o Nal detector
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DAMA-LIBRA

ANAIS-112 and. COSINE—1 00 have been built to test DAMA | yiery hard to reconcile
annual mOdUIanon dlreCtly. .. but need more eXposure with other experiments
(XENON, COSINE, ANAIS)
%;?Z L « COSINE total rate
= u TR 7 , excludes DAMA for most
3 e . s models
< 0.04f ™ S \ / 1o
% —e— this result B S~ e .
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hemisphere (Stawell)

« BUT unlikely to help
(COSINE already
excludes, and has head
start)
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. Still: not explained
ANAIS, Phys. Rev. Lett. 2019

COSINE, Phys. Rev. Lett. 2019
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Bonus: Axions
(reminder)

=-
Low-mass (<< eV), high number:
Axion condensate (classical axion field)

May be cold dark matter

Nice candidate: solve two problems
(strong CP + dark matter)

Axion-photon conversion:
detection channel

. Signal
Resonant § |—~“'—b Detector
cavity y Photon frequency |
Magnetic - ; (= axion mass)

field ;E. Photon

G'\ — ::'u
Axion ~—F8

Virtual




Bonus: Axions

Constraints

Axion Mass (peV)

26 27 28 29 30 31 32 33 34 e Very narrow mass

1 range

o Other experiments
less sensitive, but

X cover wider range
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ADMX, Phys. Rev. Lett. 124, 101303 (2020).
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Bonus: Axions

Constraints

~° o Very narrow mass
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Review: A. Ringwald, Dark Universe 1, 116 (2012)



Part 2: Indirect Detection

Supersymmetry SM particle physics astrophysics
(or other model)

Low-energy photons Positrons

o e [+

o »
/ s

Quarks

Medium-energy ElECtrnns
gamma rays :

ﬁf?’ Neutrinos

- — @ R s

Leptons 1S e
? Antiprotons
M
Supersymmetric . ~ * o
neutralinos Bosons r\f\/\/‘\/mmw/kfrutons
(or other WIMP)

Decay process i)

img: Carlos de los Heros, ISAPP Summer School “The Dark Side of the Universe” (2011)



What is indirect detection?

Looking for Standard Model particles produced by dark matter
annihilation or decay.

neutrinos — lceCube, Super-K, KM3NET

gamma-rays — Fermi-LAT, HESS, CTA

X-rays — XMM-NEWTON, Chandra, NuStar

anti-protons — PAMELA, AMS-02, CALET

anti-deuterons — AMS-02, GAPS

e e —PAMELA, Fermi, AMS-02, CALET

— secondary radiation: inverse Compton, synchrotron, bremsstrahlung
secondary impacts on the CMB, reionisation

‘indirect direct detection” — impacts on solar and stellar structure

Neutral messengers
2"‘ Charged messengers
/ \.} Other messengers




What we can probe

o Direct detection
« Probes DM-SM scattering cross section
o (Typically DM-nucleus)
 Indirect detection
« Typically directly probes annihilation cross-section

« cfthermal production (project 3)

Dl\\/SM Dl\\ / SM
DM> <
DM/\SM Dl\// wl\l =



What we can probe

Indirect detection probes:
@ DM mass m,

@ annihilation cross-section (ocv) + branching fractions to different SM
final states
— mediator mass + mediator couplings to DM and SM

@ decay width I, + branching fractions to different SM final states
— DM couplings to SM

@ scattering cross-section with nuclei
(neutrinos + stellar ‘indirect direct detection’ only)
— mediator mass + mediator couplings to DM and SM

DM™>_—"SM DM\ - AM
DM SM | _ '
2 ? 7
DM SM
DM/\S M Dl\// &M I



Neutral fluxes and propagation

Gamma rays, X rays and neutrinos are nice because they travel
straight

— they point straight back to their sources

dd 14 BF dN] ,
— = E:—a v [ p2(N)dl. (1)
dEAQ  8mm2 X
l.o.s.
d =, v flux dN7 /dE = annihilation spectrum
4P _ _ differential flux per ofv = annihlation cross-section
dEdS) P f ; .
= unit energy and solid angle l.o.s.  =line of sight
BF =boost factor (substructure) P = DM density
f =final state / = line parameter along l.o.s.

J factor is the ‘astrophysical bit’ integrated over some solid

angle AQ
J= / f o2 (1)dl
ASQ Jl.o.s.

ﬁ



Gamma-ray spectra

Less suppressed = higher rates ’
‘ Harder spectrum = better signal discrimination

2 photons ¢or Z+photon): Internal bremsstrahlung: Secondary decay:
monochromatic lines hard gamma-ray spectrum soficer) continuum spectrum

DT Wy
/%yfz Q/ \

@ 3 main gamma-ray channels:

@ monochromatic lines
@ internal bremsstrahlung (FSR + V|B) (Final-state brem.; Virtual Internal brem.)
e continuum from secondary decay

Monochromatic (100% ‘hard’) ~ GeV ; Hard (peaked high energy) ; soft ﬁ




Gamma-ray spectra:

Observation Targets

Look for targets with:
o Lotsof DM

« Few other astrophysical processes that produce gamma rays

@ & oc annihilation rate o p2,,
Likely targets:
@ dwarf galaxies - low statistics, low BG
@ Galactic centre - large signal, large BG
@ Galactic halo - moderate signal, moderate BG

Outside { @ clusters/extragalactic diffuse - large modelling

Galaxy uncertainties, low signal, low BG
(harder)

@ dark clumps - low statistics, low BG

ﬁ



Gamma Rays:

Dwarf Galaxies

- F = fG-year Pass 8 Limit 3
10 F — Median Expected -, E
p— E ot ) 3
4 _aa 68% Containme nt
10
w ]

Fermi-LAT arXiv:1503.02641
Phys. Rev. Lett. 115, 231301 (2015)

) (em?®

— = _————— =

= ;
= 1072}

@ Pass 8 event
reconstruction

@ 6 years of data

10777 f

o @ 15 dwarfs

1072 . .
T, 107 Gold standard for indirect
£ o detection.

10! 10? 10° 10! 10? 10?
DM Mass (GeV/c?) DM Mass (GeV/c?)

Excludes canonical thermal cross-section up to m,~100 GeV.

Note model dependence though! ﬂ



Galactic Centre Excess

2010 e o EXCESS of GeV
| noceze amma rays
3.0 x 106 B { —— 47 Tuc b g y
- —r=s | observed from GC

Dark matter

3 o (Excess=>expected)
;% } } } « May be DM signal..
of =1+ o Likely actually from
| | pulsars

05 10 20 50 100 w0 50 ¢ DM BGIOW 10 GeV
E},{GEU}
excluded

img: Annual Review of Nuclear and Particle Science 70, 455 (2020)



Galactic Centre Excess

102 ¢ :

—— Pass 8 Combined dSphs .

| —— Fermi-LAT MW Halo \
- -—- H.E.S.S. GC Halo ‘.
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[ @ Abazajian et al. 2014 (10)
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FIG. 2. Comparison of constraints on the DM annihilation cross section for the bb (left) and 777~ (right) channels from this
work with previously published constraints from LAT analysis of the Milky Way halo (3¢ limit) [34], 112 hours of observations
of the Galactic Center with H.E.S.S. [35], and 157.9 hours of observations of Segue 1 with MAGIC [36]. Pure annihilation
channel limits for the Galactic Center H.E.S.S. observations are taken from Abazajian and Harding [37] and assume an Einasto
Milky Way density profile with ps = 0.389 GeV cm™?. Closed contours and the marker with error bars show the best-fit cross
section and mass from several interpretations of the Galactic center excess [16-19].

Fermi LAT: Phys. Rev. Lett. 115, 231301 (2015)



X-rays:

Sterile Neutrinos

A 3.5keV line from sterile » decay?

@ Blip seen in XMM-Newton

‘._; *_H.u*i":'“"“. ] '
Lo ™ as7.00200 XMM-MOS - observations of clusters
".‘m D?-_ ‘hh‘t.ﬂ l FUIIES;FQPIE __ )
2 S _ @ Inclusion of all nuclear
% Bty lines in background
L : | : ' : | ' } : .y .

s { y radiative transfer modelling
gz H w * MMH H | i very important (and
& HHW WHH 1 { i *' T generally not done

“ﬁ\ \ | } } o T correctly)

Energy (keV) @ Not replicated in dwarf

Bulbul et al ApJ 2014 galaxy observations

ﬁ



The cartoon version:
@ Halo WIMPs crash into the Sun

©@ Some lose enough energy in the scatter to
be gravitationally bound

© Scatter some more, sink to the core

© Annihilate with each other, producing
neutrinos

© Propagate+oscillate their way to the Earth,
convert into muons in ice/water

© Look for Cerenkov radiation from the
muons in lceCube, ANTARES, etc



IceCube Neutrino Observatory

@ 86 strings

@ 1.5-2.5km deep Iin
Antarctic ice sheet

@ ~125m spacing
between strings

@ ~70m in DeepCore
(10x higher optical Lt

detector density) o
; D C
@ 1km? instrumented / A 8 add. densely
] instrumented
VO|Ume (1 Gton) strings

« Directional: Path of propagating Cherenkov sites (from single ) a



Neutrinos - IceCube, Super-K et al

10—33 —

10735 _
10—36 ;
10—37 k

10—38

10734 _ E

10—39 __' W

IceCube Collaboration 2015
— LUX (2013) e Super-K bb
SIMPLE (2014) — e Super-K WTW~— ]
— PICASSO (2012) =—e Super-K Tt
= PICO (2015) vir IceCube bb

o ¢ Baksan bb =
o o Baksan WTW ™ ==
o o Baksan 7771~

10—40

Dark matter-proton cross-section osp, (cm?)

IceCube WHW—
[ceCube 717+~

10—41 i
10*

102 10°

Dark matter mass m, (GeV)

Sun: mostly H
= spin-dependent dominates
— Competitive w/ direct det.

nulike: model-independent unbinned limit calculator for generic BSM models
https://nulike.hepforge.org




Charged Messengers

« More complex: do not follow straight path
o Probe finite volume around detector
o Get deflected




Charged Messengers

—

\q/ i y.(K$$VN—%Nl + Kppapp N

sources  spatial diffusion & convection

~
momentum diffusion

—a—p [apN——(VV)N]— L Ly
& T N

energy losses spallation  radioactive decay

img: Carlos de los Heros, ISAPP Summer School “The Dark Side of the Universe” (2011)



Anti-protons - AMS-02

Alpha Magnetic Spectrometer (e, p)

On the ISS

AMS-02 claims to have seen something
DM-like inp...

AMS-02, AMS Days 2015

rrrryrrrr|yyrrryrrrrrrrrYprTYT[rTYTYTIYTTT I TTTTI LTy
e AMS-02

Secondary production

105 e S
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Improved fit of cosmic ray diffusion using AMS
boron to carbon ratio (B/C) suggests otherwise.
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Positrons - PAMELA, AMS-02

@ Excess over expected background (secondary) positron
ratio observed

@ First seen by PAMELA, confirmed by Fermi then AMS-02.
Still unexplained.

@ Could be evidence of dark matter, could be caused by

pU|SarS Boudaud et al A&A 2015

Bergstrom, Edsjo & Zaharijas 2009

T T
0.25 T T T
Moy = 3.65 TeV, Model N3, E=2500 1 — —— - astrophysical background (MED) ¥ AMS-02 data, published errors

exotic contribution ] AMS-02 data, corrected errors
_____ - e total
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Other probes

« CMB: Impact of DM-SM energy injection
o Distort CMB power spectra

« Stellar evolution: depends on models
« DM Collides with stars
« DM gravitationally bound inside stars

» Cooling, energy exchange

ﬁ



Bonus: What about colliders?

indirect detection (now)
——
DMXSM
DM SM
A ———
production at colliders

direct detection

o Discussed direct + indirect detection

o« Where do colliders come in?

img: [https://www.mpi-hd.mpg.de]



Bonus: Production in Colliders

DM . .;M SM SM SM DM  sM™m SM
Mediator oM
@ @ Colliders
SM
DM SM DN DM SM DM SM DM
(a) (b) (c) (d)
o Existence of “dark interactions”

« Dark particles produced in high-energy collisions

o Final states, or intermediate

img: ATLAS/CERN: https://atlas.cern/updates/feature/dark-matter



Bonus: Production in Colliders

Production:

« Dark particles produced in high-
energy collisions (final states)

o Can’tbe directly detected:
look for “missing” energy/
momentum

img: ATLAS/CERN: https://atlas.cern/updates/feature/dark-matter



Bonus: Virtual Dark-Sector Particles

SM
Mediator
Colliders
SM

« Existence of “dark sector” - modify Feynman diagrams
(even if not present in final state)

« Leads to deviation from Standard Model prediction
« (Notjust colliders: any high-precision measurements)

o Look for resonances (mediator mass)

img: ATLAS/CERN: https://atlas.cern/updates/feature/dark-matter



Bonus: Collider/Precision Constraints

« Unlike other methods, do not depend at all on galactic
DM density

« Not searching for galactic DM
« Positive detection: new particles, not necessarily DM

« But: can constrain properties of candidate models

If your DM model assumes:
Coupling to SM, new force carriers, etc
Subject to LHC (+other) constraints
Very model-dependent

. weak couplings: only sometimes significant H



Bonus: Collider/Precision Constraints
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LLIX

Phys. Hiew, Lell. §18, 021303 (2017)
Prys. Hew, Lell. 116, 1E1302 (2016]

ATLAS: JHEP 05, 142 (2019) [arXiv:1903.01400]


https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP05%25282019%2529142&v=abccd875
https://arxiv.org/ct?url=https%3A%2F%2Fdx.doi.org%2F10.1007%2FJHEP05%25282019%2529142&v=abccd875
https://arxiv.org/abs/1903.01400

Summary

Indirect detection is now a mature field: v, ~, charged cosmic
rays, CMB + stars

There are anomalies:
@ Positron excess persists
@ Claimed anti-proton excess seems a bit of a beat up
@ Galactic Centre gamma-ray excess probably exists

@ Dark matter explanations looking increasingly unlikely vs
pulsars

Looking Forward:

Need to combine direct, indirect results

ﬁ
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