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Figure 6: Effect of the Sommerfeld enhancement on the relic
density for the stop co-annihilation region. For given mχ there
is a lower bound on mt̃ due to the constraint on the lightest
Higgs mass.
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Figure 7: Sommerfeld effect on the relic density for t̃ very de-
generate with χ̃0

1. As before, due to the bound on the lightest
Higgs mass the degeneracy is limited; the more the larger mχ.

seen. Firstly, the t̃t̃ threshold occurs for higher tempera-
ture, which lowers the overall impact of the co-annihilating
particle. Secondly, also the magnitude of the correction to
⟨σeffv⟩ becomes smaller, since at higher T the typical ve-
locities are higher and moreover, thermal corrections to
the gluon mass are larger.
This change in ⟨σeffv⟩ can affect considerably the relic

density of the neutralino. The results for Ωh2 with and
without the Sommerfeld effect included are presented in
Fig. 6 for five different mχ. One can see that the largest
effect is obtained for parameters giving typically too small
relic density. Nevertheless, in the region compatible with
WMAP results, the correction can still be larger than the
current observational uncertainty.
The importance of the Sommerfeld effect itself is more

clearly seen in the Fig. 7, where the ratio of relic densities
without and with SE is presented. For very degenerate
stops Ωh2 can be suppressed by a factor of few.
The results we presented in this subsection are in qual-

itative agreement with those in [9]. However, there are

slight quantitative differences, for several reasons. First
of all, in this work we were interested in the Sommerfeld
effect and we did not compute other QCD corrections. On
the other hand, our treatment of the Sommerfeld enhance-
ment is more accurate, since we include not only gluon ex-
change, but all possible interactions, and for all annihila-
tion processes, not only for t̃t̃ one. We include also thermal
corrections which modify the masses of exchanged bosons.
Finally, we would like to point out that the results in

the stop co-annihilation region are subject to sizable theo-
retical uncertainties. The reason is that since the coupling
is relatively strong, Sommerfeld enhancement factors differ
considerably from 1 even at high velocities. This cannot be
however the true result, since the full quantum field the-
ory initial state corrections in this case are not expected
to be large. This discrepancy comes from the fact that the
formalism used to compute the Sommerfeld enhancement
is not valid in this regime. In our numerical calculations
we used an approach to approximate the true corrections
by the non-relativistic ones normalized in such a way that
they vanish for v → 1 (a better approximation would be
to compute the NLO vertex correction, which is however
beyond the scope of this work).5 To obtain more reli-
able predictions for the intermediate regime of velocities
O(10−1), which are very important for precise relic density
computation, one should refine the theoretical calculations
beyond the non-relativistic techniques used to derive the
Sommerfeld enhancement.

4 Conclusions

In this Letter we studied the Sommerfeld effect for the
scalar-scalar and fermion-scalar pairs. We gave general re-
sults for the coefficients in the interaction potential used
to compute the enhancement, which to the extent of our
knowledge were not discussed in the literature before.
Those coefficients have to be used if more than one type of
particle is present in the computation of the Sommerfeld
effect for a setup with scalar particles. Although, most
applications involve only one state, there are several inter-
esting cases in which presented results may lead to mod-
ified phenomenological implications. Among these are: a
general MSSM setup with heavy neutralino, mχ ! 1 TeV,
degenerated with one (or more) sfermion, or sneutrino DM
scenarios, again if it is degenerated with on or more slep-
tons. It is also worth to note that new possibilities open
up if one goes beyond the MSSM, for instance in the next

5The normalization was done additively, i.e. the enhancement
factors were shifted by a small constant value (always less than 1).
Since for small velocities the enhancement is much larger than 1,
in the non-relativistic regime this procedure does not introduce any
significant change. This approach gives the relic density larger by
at most 10% with respect to the case with the Sommerfeld factors
simply extrapolated to the high velocities regime.

5


