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Many techniques for indirect detection … and many claims!

The ‘WMAP/Planck haze’ (radio), ‘PAMELA excess’ (e+), 130 GeV line (gamma) have all 
been ascribed to dark matter annihilations … however there are many uncertainties!

Nevertheless these offer  probes of dark matter elsewhere in the Galaxy, 
so usefully complement terrestrial direct detection experiments



NB: WIMPs bound to our 
Galaxy are moving at only 

~10-3c (cf. ~0.1c at freeze-out)
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Uncertainties arise from the ill-known density profile of the dark 
matter distribution and from multiple possibilities for the 

annihilation channels, as well as astrophysical backgrounds 



Easiest to search for γ-rays from dark matter annihilation …



Fe
rm

i c
ol

la
bo

ra
tio

n,
 JC

AP
 0
4:

01
4,

20
10

The summed DM signal expected from other galaxies is 
below the diffuse γ-ray background 



Particularly stringent limits have 
been set by Fermi observations of 
dwarf spheroidal galaxies (satellites 
of the Milky Way) which are highly 
dark matter dominated … until 
2004, only 11 dSphs were known, 
however more have been identified 
in SDSS and, recently, DES data 

Fermi collab. Phys. Rev.Lett.115:231301,2015

This appears to  rule out thermal WIMPs as dark matter up to the weak scale 



Sensitivity to the annihilation signal from dSphs is however rather dependent on how 
the dark matter distribution is modelled: cored halos reduce the signal by a factor of 

~100 compared to e.g. a cuspy NFW profile (Evans et al, PRD 69:123501,2004)

Although current 
kinematic stellar data is 
generally not good 
enough to determine 
the density profile from 
the rotation curves 
(Walker et al 2009), it 
has been shown that at 
least two dSphs –
Fornax and Sculptor –
have a cored rather 
than cuspy profile
(Walker & Peñarrubia, 
ApJ 742:20,2011)
… challenge for CDM?





The Galactic Centre is a more promising site for the DM annihilation signal 
(notwithstanding the astrophysical backgrounds) … it has been claimed that 

Fermi has seen the signal of 7-10 GeV DM (Hooper & Goodenough, PLB 697:412 2011)

By fitting the observed γ-ray 
emission to a disk+bulge model 
(π0 + IC emission) they isolate a 
excess signal in the innermost 
region (~175 pc) – which has a 
hard spectrum consistent with 
dark matter annihilation

… however more likely to 
be emission by pulsars



Gamma ray map of the Milky Way galaxy, from the Fermi Space Telescope. Two independent 
statistical analyses show that the distribution of photons is clumpy rather than smooth, 

indicating that the excess gamma rays from the center of our galaxy are unlikely to be caused by 
dark matter annihilation (Bartels et al, PRL 116:051102,2016; Lee et al, PRL 116:051103,2016)

But Leanne & Slatyer, PRL 125:121105,2020 say this may be artefact of north-south asymmetry 



However it is always necessary to optimise between having a stronger 
signal but also a concomitant astrophysical background - also the 

strategy is quite different for a satellite g-ray detector having a wide FoV
and a ground-based Atmospheric Cherenkov Telescope with a small FoV

… and for searches for line emission versus continuum emission
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Adriani et al, Nature 458:607,2009

PAMELA has measured 
the positron fraction:

Anomaly      excess above 
‘astrophysicalbackground’

Source of anomaly:
• Dark matter?
• Pulsars?
• Supernova remnants?

The PAMELA ‘anomaly’

(Gast & Schael, ICRC’09)



Rate ∝n2DM

(e.g. few hundred GeV neutralino LSP 
or Kaluza-Klein state)
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DM with M ⌅ 4 TeV that decays into ⇧⇥⇧⇤

Dark matter has been invoked to explain the ‘PAMELA anomaly’.

DM annihilation DM decay

Rate ∝ nDM/τDM
(lifetime ~109 x age of universe e.g. 
dim-6 operator suppressed by MGUT for 
a TeV mass techni-baryon)
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an ‘excess’ of e+ in cosmic rays over the expected production of secondaries during propagation  



But DM annihilation requires huge ‘boost factor’ to match flux

è Such a large annihilation #-section would imply negligible relic abundance unless an 
inverse velocity dependence is invoked e.g. ‘Somerfeld enhancement’

(this requires hypothetical light gauge bosons to provide new long range force)  

Cirelli, Kadastik, Raidal & Strumia, Nucl.Phys.B813:1,2009

Arkani-Hamed et al, PR D79:015014,2009



The ‘boost factor’ required to match the PAMELA/FERMI data is much 
higher than the factor of ~few enhancement expected due to clumping 

of dark matter in the Galaxy (Lavalle et al, A&A 479:427,2008 )



Numerical simulations of structure formation through gravitational instability in cold 
dark matter show that the Milky Way formed from the merger of smaller structures 

(+ tidal stripping, baryonic infall, disk formation  etc) over several billion years …  

So the distribution of dark matter is clumpy, however the ‘boost factor’ due to this is 
estimated to be no more than a factor of ~2-10 (Lavalle et al, A&A 479:427,2008)
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DM with M ⌅ 150 GeV that annihilates into W⇥W⇤

But the observed antiproton flux is ~consistent with the background 
expectation (from standard cosmic ray propagation in the Galaxy)
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DM with M ⌅ 150 GeV that annihilates into W⇥W⇤
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DM with M ⌅ 1 TeV that annihilates into ⇧⇥⇧⇤
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DM with M ⌅ 1 TeV that annihilates into ⇧⇥⇧⇤

Can fit with DM decay 
or annihilation only if 
DM particles are 
‘leptophilic’
- very contrived … 
nevertheless many 
models proposed

This is a serious 
constraint on all dark 
matter models of the 
PAMELA anomaly



DM annihilation/decay energy release would increase the ionisation fraction of 
the intergalactic medium and broaden the ‘last scattering surface’ of the CMB

This would result in damping of the ‘acoustic’ peaks in the power spectrum of 
CMB fluctuations – as was noted originally for a model of decaying dark matter

The results are easily generalised to any source of ionising photons (E >13.6 eV) e.g. generated 
in the annihilation of dark matter particles (and resulting radiation cascade) … the constraint is 
tightened further by including polarisation data (Padmanabhan, Finkbeiner, astro-ph/0503486) 
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Now that the CMB power spectrum is known to O(%) accuracy, Planck sets a strong 
limit on this, disfavouring DM interpretations of the PAMELA/AMS-02 anomaly

However this does not rule out a DM 
interpretation of the Fermi Galactic Centre 
‘excess’ … which may be compatible with 
the upper limits from dSphs, taking due 
account of systematic uncertainties 
(Ando et al, arXiv:2002.11956)

Ade	et	al,	A&A 594:A13,2016
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Search for high energy neutrinos from WIMP annihilations in the Sun

•More sensitive to spin-dependent interactions (Sun mainly hydrogen)
•More sensitive to low WIMP velocities (easier to capture) 

•May sample regions with higher DM density (as Sun orbits the Galaxy)

μ’s from atmospheric 
cosmic ray interactions

(Silk, Olive & Srednicki, PRL 55:257,1985)





IceCube/DeepCore is especially sensitive to the spin-dependent cross-section 
(Aartsen et al, EPJ C 77:146,2017)

No excess events are seen towards the Sun, thus placing a restrictive limit



‘Monojet’ events at colliders directly measure the 
dark matter couplings that enter in direct detection
(Goodman et al 2010, Bai et al 2011, Fox et al 2011)

So parametrise all possible dark matter interactions as 
effective operators, then calculate the expected signal 
(typically ~10 times smaller than the SM background) 
and use existing data to set bounds 



However these bounds require the scale 
Λ of the effective operator to exceed 
~0.7  TeV, while perturbative unitarity
requires gq, gχ < √4π i.e. mR < 2 TeV … so 
for higher energy collisions cannot rely 
on effective operator description 

(Fox et al, PRD86:015010,2012 )
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‘Monojet’ events at colliders directly measure 
the coupling of dark matter to SM, e.g. 

→

→

The current strategy is to test ‘simplified 
models’ defined by an effective Lagrangian
describing the interactions of a small number 
of new particles [Phys.Dark Univ. 9-10:8,2015]



We have barely begun to scratch at the many possibilities for 
the nature of the (particle) Dark matter
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However significant advances have been made in searches for WIMPs and QCD axions 
… and now the race is on to probe other candidates as well (ALPs, ‘dark photons’, etc)


