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Abstract

We calculate the full one-loop SUSY-QCD corrections to stop annihilation into gluons
and light quarks including the Sommerfeld enhancement effect and discuss their impact
on the neutralino relic density in the MSSM.
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1 Introduction

Cosmological observations and simulations of structure formation provide strong evidence for
the existence of cold dark matter (CDM). The analysis of the temperature anisotropies in the
cosmic microwave background by the Planck collaboration [1] interpreted in the ΛCDM model
further allows to constrain the relic density of dark matter to the very precise range

ΩCDMh2 = 0.120± 0.001 , (1)

at 68 % confidence level, where h denotes the present value of the Hubble parameter H0 in
units of 100km s−1 Mpc−1. The assumption that dark matter consists of weakly interacting
massive particles (WIMPs) does not only lead to the observed relic abundance via the WIMP
miracle, but is also motivated by many BSM scenarios which predict the existence of new par-
ticles at the electroweak scale. One of these scenarios is given by the Minimal Supersymmetric
Standard Model (MSSM), which provides under the assumption of R-parity conservation a
stable WIMP in form of the lightest neutralino χ̃0

1 .
As supersymmetry only adds new particles, but leaves the interaction strengths unchanged

at lowest order, it is natural to assume that today’s neutralino abundance is produced thermally
via the freeze-out mechanism, which is known to occur for other particles in the Standard
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Model (SM). The fact that every sparticle must eventually decay to the neutralino allows then
to describe the evolution of the neutralino number density nχ by the single Boltzmann equation

ṅχ = −3Hnχ − 〈σeffv〉
�

n2
χ − (n

eq
χ )

2
�

, (2)

where neq
χ denotes the equilibrium density and H the Hubble rate [2]. The underlying particle

physics model enters through the thermally averaged effective cross section

〈σeffv〉=
∑

i, j

〈σi j v〉
neq

i

neq
χ

neq
j

neq
χ

, (3)

which is a sum over all possible annihilation channels of sparticles into SM final states. The
Boltzmann suppression factor

neq
i

neq
χ

∼ exp
�

−
mi −mχ

T

�

(4)

gives the insight that besides pure neutralino annihilation, other (co)-annihilation channels
can contribute significantly to the neutralino relic density if another sparticle is very close in
mass to the neutralino. A theoretically well-motivated candidate for the next-to-lightest super-
symmetric particle (NLSP) consistent with the observation of a SM-like 125GeV Higgs boson
is the lightest top squark t̃1, as the mass splitting between the two chiral supersymmetric part-
ners of a SM fermion is approximately proportional to the mass of the SM fermion, indicating
the largest splitting for the partners of the heaviest fermion in the SM, i.e. the top quark.
Another reason to consider light stops is that reconciling the increasing experimental limits on
the neutralino mass with the observed DM density requires a mechanism to bring down the
relic density which could be annihilation of the NSLP.

The integration of the Boltzmann equation in Eq. 2 and the computation of the associated
(co)-annihilation cross sections for generic models is nowadays a highly automatized process
which is performed by public tools such as MicrOMEGAs [3]. However, these tools calculate
the cross sections only at an (effective) tree level which is not a sufficient level of accuracy
as the inclusion of next-to-leading order (NLO) corrections can shift the predicted value of
the dark matter relic density beyond the experimental uncertainty of the Planck measurement.
The impact of SUSY-QCD corrections were for example examined in Ref. [4] for the case of
neutralino annihilation into heavy quarks. Thus, we extend the analysis of the impact of SUSY-
QCD corrections on the neutralino relic density to the processes t̃1 t̃∗1 −→ g g and t̃1 t̃∗1 −→ qq̄
with q denoting an effectively massless quark. These two processes have been implemented
simultaneously into the software package DM@NLO as they have to be combined at NLO in order
to obtain an infrared finite cross section.

2 Computational details of the SUSY-QCD corrections

The NLO cross section
σNLO = σTree +∆σNLO (5)

in the strong coupling αs consists of the tree-level cross section (σv)Tree and the NLO correction

∆σNLO =

∫

2

dσV +

∫

3

dσR , (6)

which is further subdivided into virtual (dσV) and real corrections (dσR). As we use the met-
ric tensor gµν for the gluon polarization sum, the unphysical longitudinal polarizations of the
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Figure 1: A few example Feynman diagrams entering the virtual corrections.

Figure 2: A few example diagrams entering the real corrections.

external gluons are subtracted by including Faddeev-Popov ghosts as asymptotic states. In
Figs. 1 and 2 a few example Feynman diagrams for both kinds of corrections are showcased
where ghosts are represented as dotted lines and the arrows represent the ghost flow. The
arising divergences occurring in the loops and within the three-particle phase space integra-
tion are regularized via the SUSY-preserving four-dimensional helicity scheme in D = 4− 2ϵ
dimensions [5]. The ultraviolet divergences are then removed through a proper renormaliza-
tion of fields, masses and couplings. In order to make the phase space integration of the real
emission matrix element numerically accessible, the dipole subtraction method à la Catani-
Seymour [6] is used, which has recently been extended to massive initial states in Ref. [7],
so that it also applies to dark matter calculations. The central idea behind this subtraction
method is to construct from the known singular behavior of (SUSY)-QCD amplitudes in the
soft and collinear limit an auxiliary cross section dσA that cancels the infrared divergences in
the real-emission matrix element pointwise and is at the same time simple enough so that it
can be integrated analytically over the singular region allowing the cancellation of the infrared
poles in the virtual part. The subtraction procedure can be summarized symbolically as

∆σNLO =

∫

3

�

dσR
ϵ=0 − dσA

ϵ=0

�

+

∫

2

�

dσV +

∫

1

dσA

�

ϵ=0

, (7)

where the subscripts on the integrals refer to the dimensionality of the the phase space inte-
grals. An exchange of n gluons between the incoming stop-antistop pair leads to a correction
factor proportional to (αs/v)n for small relative velocities v which means that these contribu-
tions become non-perturbative in the typical freeze-out regime and have to be resummed up
to all orders. This is the well-known Sommerfeld enhancement effect [8] and an analytical
treatment is achieved via the framework of non-relativistic QCD, resulting in the cross section
σSom. The full cross section σFull is obtained by matching the fixed-order calculation to the
resummed cross section. It is also possible to subtract the velocity enhanced part from virtual
corrections giving the “pure” NLO correction σN LO

v . For more computational details the reader
is referred to our paper [9].

3 Impact on the annihilation cross section and the relic density

In Fig. 3 the impact of the radiative corrections on the annihilation cross section as well on the
cosmologically preferred parameter region in the physical neutralino and stop mass plane is
shown for a currently viable pMSSM-19 scenario with a mass difference m t̃1

−mχ̃0
1
= 10.6GeV

between the bino-like neutralino and the stop. Consequently, stop annihilation into gluons
is with 47% the largest contribution to the relic density for this scenario followed by stop
pair-annihilation into top quarks with 23%. The pure NLO corrections without the velocity
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Figure 3: Left: Annihilation cross section times velocity σv for stop-antistop anni-
hilation into gluons and light quarks. The cross section obtained with CalcHEP is
denoted as σMO. The gray region corresponds to the Boltzmann velocity distribution
at the freeze-out temperature in arbitrary units. Right: Parameter region in the phys-
ical neutralino and stop mass plane that is consistent with the observed relic density
at the 2σ confidence level. The orange band corresponds to the MicrOMEGAs 2.4.1

calculation, the blue one to the DM@NLO tree-level cross section and the gray band
to the full corrected cross section. The red dot represents the chosen scenario. The
different shades of green indicate the contribution of NSLP annihilation into gluons
to the relic density.

enhanced part are below±3 % so that the full cross section is in very good approximation given
by the Sommerfeld enhancement alone. However, the full corrections are still large enough
to shift the relic density beyond the uncertainty of Planck data, resulting in an increased stop
mass of 6.1GeV compared to the MicrOMEGAs result to compensate the increased effective
annihilation cross section. A more detailed discussion of the chosen scenario and the numer-
ical results also for the additional inclusion of NLO corrections to stop-pair annihilation and
neutralino-stop co-annihilation is available in [9].

4 Conclusion

We examined the impact of NLO SUSY-QCD corrections including the Sommerfeld enhance-
ment effect on the neutralino relic density focusing on contributions from stop annihilation
into gluons and light quarks. We find that these corrections are important as they can shift the
value of the relic density beyond the current experimental uncertainty. However, the overall
NLO corrections are small so that the full cross section can be approximated by the Sommer-
feld enhancement alone. We are also confident that this approximation extends to general
dark matter models containing colored scalars.
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