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We employ a minimal model with a fermionic DM candidate and a scalar 
mediator with scalar and pseudo-scalar interactions
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We employ a minimal model with a fermionic DM candidate and a scalar 
mediator with scalar and pseudo-scalar interactions

3

• The setup is not p-wave suppressed and allows for CP violation

• The free model parameters are: 

• DM will undergo a freeze-out, but annihilations can still proceed in 
overdense regions of the late Universe, allowing for indirect detection
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We consider the Sommerfeld effect and Bound state formation as non-
perturbative effects in our model 
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• Sommerfeld Enhancement (SE) and Bound State Formation (BSF)
arise from the presence of an attractive long-ranged potential acting 
on non-relativistic particles in the Schroedinger equation

• These effects alter the total DM cross section and therefore

• modify the Boltzmann equation for freeze-out at early times

potential high impact on the freeze-out abundance

• change the dynamics of DM at late times

potential high impact on indirect detection bounds 
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pair annihilation with SE

• Physical observables including non-perturbative effects have been 
calculated from potential non-relativistic effective field theory 
(pNREFT)



Non-perturbative effects significantly affect the final DM abundance 
after freeze-out and thus the viable parameter space of the model
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Different non-perturbative effects can dominate at different velocity 
scales 
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Non-perturbative effects have a huge impact on CMB anisotropies and 
the DM dynamics in dSph galaxies as well as in the galactic center

7

• Direct limit from CMB anisotropies on the        
s-wave and BSF cross section (Planck 2018):



Non-perturbative effects have a huge impact on CMB anisotropies and 
the DM dynamics in dSph galaxies as well as in the galactic center

7

• For indirect detection in dSph and the GC 
one measures the photon flux coming 
from DM annihilations

• DM dynamics are encoded in the J-factor:

• Direct limit from CMB anisotropies on the        
s-wave and BSF cross section (Planck 2018):



Non-perturbative effects have a huge impact on CMB anisotropies and 
the DM dynamics in dSph galaxies as well as in the galactic center

7

• For indirect detection in dSph and the GC 
one measures the photon flux coming 
from DM annihilations

• DM dynamics are encoded in the J-factor:

velocity 
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• Direct limit from CMB anisotropies on the        
s-wave and BSF cross section (Planck 2018):
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Indirect detection limits from Fermi as well as prospects for the CTA 
sharpen substantially with non-perturbative effects accounted for
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Large regions of the parameter space can be tested by the upcoming 
CTA experiment
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Take away:
Non-perturbative effects are very important for indirect DM searches

• Non-perturbative effects in DM annihilation have a significant impact not only on freeze-out 
dynamics but also on indirect detection limits

• Taking these effects into account can strengthen upper limits from indirect searches by several 
orders of magnitude

• The CTA  will have the sensitivity to test a broad range of DM models in the near future
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Annihilation Sommerfeld factor

s-wave p-wave



Bound state formation Sommerfeld factor
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Measurements of CMB anisotropies constrain the low mediator mass 
regime if non-perturbative effects are considered

• DM annihilation during the epoch of 
recombination  injects energy into the 
intergalactic medium (IGM)

! broadens the last scattering surface

! affects CMB anisotropies
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• For s-wave annihilation and BSF at 
low velocities:



DM mean velocities for dSph for the NFW profile

10! 5 10! 4 10! 3 0.01 0.1 1 10
r [kpc]

0

2 ! 10! 5

4 ! 10! 5

6 ! 10! 5

8 ! 10! 5

1 ! 10! 4

"v
#
Coma Berenices

Ursa Minor

Draco

Segue 1

10! 5 10! 4 10! 3 0.01 0.1 1 10
r [kpc]

0

1 ! 10! 5

2 ! 10! 5

3 ! 10! 5

4 ! 10! 5

! v

Coma Berenices

Ursa Minor

Draco

Segue 1

"v# for the normalized NFW DFPr(v) of dSph



DM mean velocities for dSph for the Einasto profile
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The photon flux for annihilating DM from galactic sources in more detail
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LO J-factors for dSph considering s-wave annihilation
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J-factors for the GC with and without considering baryonic matter 
content 
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Branching ratios of the mediator decaying into SM particles
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