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Indirect Searches
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Indirect Searches

Slatyer,  TASI 2016 arXiv:1710.05137 [hep-ph]

In this lecture we 
discuss one example: 

photons



Why Cosmic Photons?
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<latexit sha1_base64="qIhcVnkkcBSZZ78oOGcXJ2CFQCc=">AAACFHicbZDLSgMxFIYz9VbrbdSlm2ARBKXMiKDgpujGjVDRXqAzlEyaaUOTyZBklDL0Idz4Km5cKOLWhTvfxkw7iLb+EPjyn3NIzh/EjCrtOF9WYW5+YXGpuFxaWV1b37A3txpKJBKTOhZMyFaAFGE0InVNNSOtWBLEA0aaweAiqzfviFRURLd6GBOfo15EQ4qRNlbHPvBwn0LvDHqS9voaSSnus2vqSQ5vrkbQO/zhjl12Ks5YcBbcHMogV61jf3pdgRNOIo0ZUqrtOrH2UyQ1xYyMSl6iSIzwAPVI22CEOFF+Ol5qBPeM04WhkOZEGo7d3xMp4koNeWA6OdJ9NV3LzP9q7USHp35KozjRJMKTh8KEQS1glhDsUkmwZkMDCEtq/gpxH0mEtcmxZEJwp1eehcZRxXUq7vVxuXqex1EEO2AX7AMXnIAquAQ1UAcYPIAn8AJerUfr2Xqz3ietBSuf2QZ/ZH18AwujnOo=</latexit><latexit sha1_base64="qIhcVnkkcBSZZ78oOGcXJ2CFQCc=">AAACFHicbZDLSgMxFIYz9VbrbdSlm2ARBKXMiKDgpujGjVDRXqAzlEyaaUOTyZBklDL0Idz4Km5cKOLWhTvfxkw7iLb+EPjyn3NIzh/EjCrtOF9WYW5+YXGpuFxaWV1b37A3txpKJBKTOhZMyFaAFGE0InVNNSOtWBLEA0aaweAiqzfviFRURLd6GBOfo15EQ4qRNlbHPvBwn0LvDHqS9voaSSnus2vqSQ5vrkbQO/zhjl12Ks5YcBbcHMogV61jf3pdgRNOIo0ZUqrtOrH2UyQ1xYyMSl6iSIzwAPVI22CEOFF+Ol5qBPeM04WhkOZEGo7d3xMp4koNeWA6OdJ9NV3LzP9q7USHp35KozjRJMKTh8KEQS1glhDsUkmwZkMDCEtq/gpxH0mEtcmxZEJwp1eehcZRxXUq7vVxuXqex1EEO2AX7AMXnIAquAQ1UAcYPIAn8AJerUfr2Xqz3ietBSuf2QZ/ZH18AwujnOo=</latexit><latexit sha1_base64="qIhcVnkkcBSZZ78oOGcXJ2CFQCc=">AAACFHicbZDLSgMxFIYz9VbrbdSlm2ARBKXMiKDgpujGjVDRXqAzlEyaaUOTyZBklDL0Idz4Km5cKOLWhTvfxkw7iLb+EPjyn3NIzh/EjCrtOF9WYW5+YXGpuFxaWV1b37A3txpKJBKTOhZMyFaAFGE0InVNNSOtWBLEA0aaweAiqzfviFRURLd6GBOfo15EQ4qRNlbHPvBwn0LvDHqS9voaSSnus2vqSQ5vrkbQO/zhjl12Ks5YcBbcHMogV61jf3pdgRNOIo0ZUqrtOrH2UyQ1xYyMSl6iSIzwAPVI22CEOFF+Ol5qBPeM04WhkOZEGo7d3xMp4koNeWA6OdJ9NV3LzP9q7USHp35KozjRJMKTh8KEQS1glhDsUkmwZkMDCEtq/gpxH0mEtcmxZEJwp1eehcZRxXUq7vVxuXqex1EEO2AX7AMXnIAquAQ1UAcYPIAn8AJerUfr2Xqz3ietBSuf2QZ/ZH18AwujnOo=</latexit><latexit sha1_base64="qIhcVnkkcBSZZ78oOGcXJ2CFQCc=">AAACFHicbZDLSgMxFIYz9VbrbdSlm2ARBKXMiKDgpujGjVDRXqAzlEyaaUOTyZBklDL0Idz4Km5cKOLWhTvfxkw7iLb+EPjyn3NIzh/EjCrtOF9WYW5+YXGpuFxaWV1b37A3txpKJBKTOhZMyFaAFGE0InVNNSOtWBLEA0aaweAiqzfviFRURLd6GBOfo15EQ4qRNlbHPvBwn0LvDHqS9voaSSnus2vqSQ5vrkbQO/zhjl12Ks5YcBbcHMogV61jf3pdgRNOIo0ZUqrtOrH2UyQ1xYyMSl6iSIzwAPVI22CEOFF+Ol5qBPeM04WhkOZEGo7d3xMp4koNeWA6OdJ9NV3LzP9q7USHp35KozjRJMKTh8KEQS1glhDsUkmwZkMDCEtq/gpxH0mEtcmxZEJwp1eehcZRxXUq7vVxuXqex1EEO2AX7AMXnIAquAQ1UAcYPIAn8AJerUfr2Xqz3ietBSuf2QZ/ZH18AwujnOo=</latexit>
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Featureless for 
SM = W, Z, quarks..



Cosmic Photon Spectra
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Distinct spectral 
feature for SM = γ
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Photon morphology can distinguish between the two cases



Gamma Ray Bounds

Benchmark (Thermal) Annihilation Cross Section:

Fermi-LAT Collaboration, PRL115 (2015)
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Thermal relic lighter than 
100 GeV excluded by Fermi

The Cherenkov Telescope 
Array (CTA) will probe 

higher masses



X-rays

STERILE NEUTRINOS

Produced through oscillations

Production can be enhanced by 
lepton asymmetry
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X-rays

STERILE NEUTRINOS

Pal, Wolfenstein, PRD25 (1982)
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X-ray lines source
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Other dark matter candidates produce X-ray lines
via annihilations, decays and other mechanisms



An X-ray Line at 3.5 keV

Stacked clusters and Perseus

Jeltema and Profumo,  MNRAS450 (2015)
Discovered 

in 2014

Bulbul et al.,  Astrophys.J.789 (2014)

Boyarsky et al., PRL113 (2014)

M31 (Andromeda)

Center of the Milky Way

Jeltema and Profumo



An X-ray Line at 3.5 keV

Stacked clusters and Perseus

Jeltema and Profumo,  MNRAS450 (2015)
Discovered 

in 2014

Bulbul et al.,  Astrophys.J.789 (2014)

Boyarsky et al., PRL113 (2014)

M31 (Andromeda)

Center of the Milky Way

Jeltema and Profumo

A sterile neutrino can account for the line!
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Early time annihilations

Out-of-equilibrium dark matter 
annihilations may deposit energy into 
the plasma and alter CMB formation

Same for dark matter decays

Severe bounds!



Early time annihilations
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Chen,Kamionkowski, Phys. Rev. D70 
Galli, Iocco, Bertone, Melchiorri, Phys. Rev. D80 
Slatyer, Padmanabhan, Finkbeiner, Phys. Rev. D80

Ade et al.
 (Planck), A

stro
n. Astro

phys
. 594, A13 (2016)

Relic density: at freeze-out

CMB: severe bounds on 
σv at recombination
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Relic density: at freeze-out

CMB: severe bounds on 
σv at recombination
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Thermal relics lighter than 10 GeV annihilating 
to visible final states via s-wave processes 

excluded by CMB bounds!



Direct Searches

Schnee, TASI 2009, arXiv:1101.5205
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Dark matter particle 
(invisible) reaching 

the Earth

Target Nucleus

Underground Lab

Useful Analogy
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Target Nucleus

Underground Lab



Recoil Energy



Recoil Energy

Interesting results also 
with electron recoil… 

(more tomorrow)



Kinematics of Elastic Scattering
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Initial state nucleus: at rest

Momentum transferred 
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Kinematics of Elastic Scattering
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Initial state nucleus: at rest

Momentum transferred 
in the collision: q

ER =
q2

2mN
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KINEMATICAL THRESHOLD
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Tiny Recoils
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Tiny Recoils

Emax
R =

2µ2
�N v2
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RECOIL ENERGY FOR A WIMP



Tiny Recoils

Emax
R =

2µ2
�N v2

mN
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RECOIL ENERGY FOR A WIMP

We need detectors with a 
very low threshold energy



Dark Matter Scattering Rate

General equation for the differential rate
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dER
= 2⇡

NT ⇢�mN
µ2
�Nm�vrel

d�

d⌦⇤
f�(vrel)dvrel
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Number of target nuclei

Dark matter mass density

Dark matter velocity distribution



Dark Matter Scattering Rate

General equation for the differential rate
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PROBLEM 2

SPIN-INDEPENDENT SCATTERING
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Spin-Independent Scattering
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Spin-Independent Scattering
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Target



Spin-Independent Scattering
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Particle Physics



Spin-Independent Scattering
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Nuclear Physics



Spin-Independent Scattering

d�

dER
= (NT mN ) ⇥

0

B@
�(SI)
�N

���
ER=0

µ2
�Nm�

1

CA ⇥ F (ER)
2 ⇥

 
⇢�

Z vesc

vmin(ER)

f�(vrel)

2vrel
dvrel

!

<latexit sha1_base64="SwH17+GbTK1RDYmBLCx4U4Fbhfc="></latexit>

Astrophysics



Spin-Independent Scattering
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XENON, Phys.Rev.Lett. 119 (2017) 



Spin-Independent Scattering
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Collider Searches

Boveia, Doglioni, Ann.Rev.Nucl.Part.Sci. 68 (2018)



Transverse Plane



Missing Energy/Momentum



Missing Energy/Momentum



Mono-X Searches

Final state: X (photons, jet, etc.) + missing energy



A Mono-Jet Search
LAxial�Vector = g� Aµ ��

µ�5�+ gq Aµ q�
µ�5q

q

q

�

�

A



Other Collider Searches

CASCADE DECAYS



Other Collider Searches

CASCADE DECAYS

INVISIBLE DECAY WIDTHS

BR( SM ! ��) ⌘ �( SM ! ��)

� SM
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We will learn much more soon (next 5-10 years)

LHC Upgrade
G-2 Direct 
Detection

Impressive Results by Current Experiments

LHC

G-1 Direct 
Detection

Fermi-LAT

CTA

Lots to Look Forward to!


