
Figure 12: Left plot : the total cross-section for the annihilation of χ0χ0 to W+W− (including
the three body production). Our final results including both the one-loop corrections and the
Sommerfeld effect (SE) are given by the solid black line. For comparison we plot the tree result
(solid blue), tree level with the full SE (chain red), full one-loop level results but without non-
perturbative SE (twin green) and the tree level with (dotted brown) and without SE (sparse blue)
but with runned couplings at the scale m. Right plot : the cross section for the annihilation to
ZZ,Zγ, γγ. The full one-loop results with the SE included are given and for comparison the
leading order (LO) ones.

ing s0 and s± are not perturbatively small, rather, in the TeV range, they are of order 1

or much larger.

Our computation keeps in the cross-section all the terms up to O(g6) included, besides

the non-perturbative Sommerfeld factors s0 and s±. Therefore, we include terms like

ReA∗
2A4 representing the interference of the diagrams O(g4), which are not part of the

Sommerfeld enhanced terms, with diagrams O(g2), but we do not include in σ2v any terms

of the order O(g8), say |A0
4|2, or higher. They may play a role in the low mass region,

especially for the annihilation to ZZ, γγ and Zγ, where the tree level is not present, if, in

this mass region, the Sommerfeld factor gives a result near to its perturbative expansion. In

our case at the TeV scale, they are subdominant. In order to incorporate them consistently

with the Sommerfeld effect one would need to include also additional corrections, e.g. two-

loop contribution to the χ+χ− annihilation, which is beyond the scope of our paper.

The results are presented on figure 12. Let us first concentrate on the left plot showing

the χ0χ0 → W+W− annihilation process (including the full Sommerfeld enhanced three

body production cross-section, that is χ0χ0 → W+W−γ, χ0χ0 → W+W−Z and χ0χ0 →
W+W−tb, see section 2.2.4, which are O(g6) and are added to σ2v). Here we can extend

our results below 1 TeV because the process χ0χ0 → W+W− exists at tree level and thus

neglecting terms of order O(g8) does not introduce significant change. Our full results

including the one-loop corrections and the Sommerfeld effect are given by the solid black

line. There is a clear resonance visible, which is due to the creation of a loosely bound
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