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 Zeldovich-Lee-Weinberg bound

Two possibilities for
obtaining the “right” 

value of             : 
decoupling as 

relativistic species or
as non-relativistic !

In-between the 
density is too large !

Relat. Non-Relat.

⌦⌫h
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for Dirac (Majorana)

m⌫ > 4(12)GeV



 THE WIMP MECHANISM 



Boltzmann equation
[Gondolo & Gelmini 91]

where Y = n/s, x = m/T,  g_rho  denote the number of degrees  
of freedom for entropy and energy density and  

where  we defined

and    K_i (x) are modified Bessel functions coming  
from Maxwell-Boltzmann statistics 



 THE WIMP MECHANISM II



Well-tempered neutralino                                              

[Arkani-Hamed, Delgado & Giudice 0601041]

Relic density strongly dependent on neutralino nature !!!

Bino

Higgsino

Wino



SUSY models still alive
[Barr & Liu 2016]

Wino DM challenged by Indirect Detection, but  Higgsino
parameter space still viable (and also some Bino-like...)

Higgsino band Wino band

pMSSM points surviving after LHC-13 data



How to detect  
a WIMP
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Elastic scattering of a WIMP on nuclei. 
The recoil energy is in the keV range: 
 
with 
 

The rate is 
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Halo physics  Particle Physics

Direct WIMP detection

Need very low 
threshold !

Rate depends on v in lab frame  
           annual modulation !



Thermal relic cross-section to give  
 

Exchange of Z boson:  
 
 

Exchange of Higgs boson:

Direct WIMP detection
How large are the cross-sections that we expect from thermal 

consideration or the exchange of (known) EW particles ?
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 Direct detection of DM 
A large part of parameter space already excluded by searches:
Z-type cross-section is out, now we are exploring Higgs-type 

[ 1207.5988[astro-ph.CO]] 

Higgs

Z
Phys.Rev.Lett. 109 (2012) 181301



now stronger bounds
The XENON1T experiment results, new XENONnT 

appeared this year, with small improvement:
[Phys.Rev.Lett. 121 (2018) 11, 111302, arXiv: 1805.12562]



Future of DM DD
Neutrino background limits how far one can go. But there are 

already ideas on ways to suppress this background...
[Billard et al.  2104.07634]Rept.Prog.Phys. 85 (2022) 5, 056201



Low mass WIMPs                                              
The DD searches are being extended to low masses via
new technologies and sensitivity to electron scatterings:

[R. Essig  2104.07634]

[Essig, Mardon & Volansky  1108.5383]

Warm 
DM

Cold Dark Matter
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THE HOPE: DETECT DM !
The flux in a species i is given by  
 
 

Strongly dependent on the halo model/density via J 
and the DM clumping:  BOOST factor !
Spectrum in gamma-rays  
determined by particle physics ! 
Smoking gun: gamma line...
For other species also the  
propagation plays a role.
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DECAYING DM 
The flux from DM decay in a species i is given by  
 
 

Very weak dependence on the Halo profile; what 
matters is the DM lifetime...
Galactic & extragalactic  
signals are comparable...
Spectrum in gamma-rays  
given by the decay channel! 
Smoking gun: gamma line...
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Depending on the model, different features could appear and
stick out from the continuum spectrum, helping to see the

signal and disentangle the model ! Smoking guns !

DM Spectral features 

Phys.Dark Univ. 1 (2012) 194-217



New limits on the possible observation of a photon line from 
the FERMI data, reaching down to 3 orders of

magnitude below the thermal cross-section:

 Bounds on line from DM 

[ Joshua W. Foster et al,  arXiv:2212.07435 [hep-ph]]

Note lifetime much longer than the age of the Universe !!!

https://arxiv.org/abs/2212.07435


Strong limits are obtained from dwarf satellite galaxies, 
considering measured J-factors:

 Bounds on WIMP DM 

[Fermi-LAT & DES 1611.03184]

b b̄
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[Di Mauro & Winkler 2101.11027]

https://arxiv.org/abs/1611.03184


For a cuspy profile the centre of the galaxy can constrain 
also p-wave annihilation:

 WIMP DM ID: p-wave

[FERMI-lat arXive:1904.06261]



 galactic particle’s ranges 

S. Murgia TASI Lectures 2011
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Missing energy signature
The direct production of two DM particles in a 
collider gives unfortunately no signal !   
The energy just disappears...
How is it possible to tag such events:  
Thanks to Initial State Radiation ! 
 i.e. either a single photon or gluon emitted by the 
initial parton, recoiling against the DM particle(s)

e+ e� Dark Matter: 
Missing energy 

signature

�

Trouble: need sufficient rate of DM production...



EFT for Dark Matter
Consider the production of a pair of DM particles together 
with ISR of a SM particle: gluon, photon, W/Z, top, etc...

EFT: Many different effective operators are possible !

[ Beltram et al 2000, Goodman et al 2000 & 2001, Bai et al 2001,....] 



[CMS, EXO-16-039-pas] 

LHC: simplified models I

Very strong bounds for the axial vector case,
which gives spin dependent scattering !



[ATLAS 2102.10874 hep-ex] 

LHC: simplified models II

Very strong bounds for the axial vector case !


