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Whilst the need for dark matter was established almost a century ago, only its gravitational
interaction has been confirmed so far, allowing for plethora of models for dark matter. The
Weakly Interacting Massive Particles (WIMPs) category has received by far the biggest attention,
however despite the enormous experimental efforts, these particles remain elusive. The attention
of the community has hence moved on to investigate the dark matter landscape over a much larger
number of models with varying degrees of resemblances and differences in their predictions. This
calls for the need to organise the various facets of dark matter models and their signatures, in
order to maximise the experimental sensitivity and to select the models which are compatible with
existing data. In this paper, I provide a short review of the most widespread public codes capable
of computing dark matter observables. In particular, I discuss what is the status of each numerical
tool in terms of: (i) capturing the WIMP phenomenology and (ii) accounting for new trend dark
sector models that might be weakly coupled to ordinary matter and/or be strongly self-interacting.
This short review has the aim of guiding the user towards selecting the best suited public code to
confront his/her model with the largest variety of theoretical predictions and experimental data
in order to determine the parameter space consistent with observations for his/her favourite dark
matter model.
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1. Introduction

The quest for dark matter has started almost a century ago, however at present very little is
known about its nature. Its presence is strongly required for instance by the cosmological model
ΛCDM [1], structure formation [2–4], galaxy rotation curves, see i.e. [5, 6]. The astrophysical and
cosmological hints can however only probe the gravitational interaction of dark matter and provide
no insights in other types of interactions, in particular with the Standard Model (SM) particles.

Under the assumption that dark matter particles do interact with SM particles, the most studied
candidates so far are the so-called Weakly Interacting Massive Particles (WIMPs). These particles
feature interaction strength of the order of the weak force and consequently achieve naturally the
correct relic density in the GeV and TeVmass range. Besides the fact that they arise in many models
beyond the SM, such as supersymmetry (SUSY) or extra-dimension, see e.g. [6], they result in a
variety of signals at accessible energy scales. A multitude of experimental approaches has been
undertaken to detectWIMPs, ranging from darkmatter searches using underground detectors (direct
detection), to observations of gamma rays, cosmic rays and neutrinos in astrophysical environments
(indirect detection), and searches for missing energy signals at colliders (production). Yet, despite
the enormous experimental effort, WIMPs remain elusive. Even though they are not excluded,
see e.g. [7], new directions are explored, such as dark hidden sectors, Feebly Interacting Massive
Particles (FIMPs) [8], sub-GeV dark matter candidates [9]. For instance, these latter imply that
dark matter direct detection arises via electronic recoils (instead of the standard nuclear recoils),
while the former may imply very weakly coupled particles to the SM but strongly self-interacting
and decoupling from the thermal bath with a temperature different than to one of the SM particles.
The FIMPs encompass dark matter candidates in all the mass range between sub-GeV to TeV. These
particles are feebly coupled to the SM and for this reason not in thermal equilibrium in the early
universe, but produced by the freeze-in mechanism instead, see [10, 11] for details. These are only
few examples to make the point that these new avenues require new theoretical frameworks for the
predictions and consequently call for new numerical routines to compare those predictions with the
experimental results in the spirit of global fits.

From the software point of view, this last decade is characterised by constant efforts to im-
prove the public codes for dark matter observables along three main directions: (i) cover all WIMP
phenomenology and improve its accuracy with the inclusion of next-to-leading order (NLO) correc-
tions; (ii) include the new phenomenology arising in the new dark matter paradigm and (iii) make
the public code portable/well linked with other available software. This should help the user to
perform global predictions and sampling of the parameter space, simultaneously taking into account
constraints from collider and different dark matter probes. Even though a bit aside from the scope
of this review, point (iii) is of the uttermost importance and few comments are in order, since it is
developed in several directions. On the one hand, FeynRules [12], SARAH [13] and LanHEP [14]
allow the user to implement his/her dark matter model at the level of the Lagrangian, and produce
output files for several high energy public tools, including MicrOMEGAs and MadDM for com-
puting dark matter observables. Several dark matter models are already publicly available in the
FeynRules database1, such as the so-called s- and t-channel simplified models2 used at the LHC,

1https://feynrules.irmp.ucl.ac.be/wiki/ModelDatabaseMainPage

2https://feynrules.irmp.ucl.ac.be/wiki/DMsimp and https://feynrules.irmp.ucl.ac.be/wiki/DMsimpt for s- and t-channel respectively.
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see [15–19]. From the same model Lagrangian, FeynRules provides output files for computing
collider predictions with MG5_aMC [20] (UFO format [21], the same used in MadDM) and to
apply collider bounds with the recasting tool MadAnalysis 5 [22]. Alternatively, from MicrOME-
GAs it is straightforward to compute collider exclusion bounds in the simplified model framework
by using the SModelS tool [23]. These chains of tools are pretty well established and have led
to numerous publications, see e.g. [24–27]. On the other hand, the GAMBIT collaboration [28]
provides various modules for dark matter observables [29], cosmology [30], sampling [31], to
perform consistently global analysis of dark matter models, see e.g. [32–35].

In this review I will focus specifically on dark matter tools and consider only the four major
public and generic codes: SuperIso Relic3 [36], DarkSUSY4 [37], MicrOMEGAs5 [38] and
MadDM6 [39, 40]. There are many more specific dark matter tools available on the market,
which I will mention whenever relevant. In section 2, I will briefly review the current status of
these numerical tools in relation with the coverage of the WIMP phenomenology. Subsequently
in section 3, I will discuss the most salient features that go beyond the WIMP scenario for each tool
separately. My concluding remarks are discussed in section 4. This short paper is not meant to
give an exhaustive description of the new avenues towards dark sectors nor an in-depth description
of the public codes, for which I refer to the documentation provided by the authors of the software.
This review is rather meant to highlight features that distinguish the different numerical tools, in
such a way to guide the user towards the most suitable code for his/her purpose.

2. WIMPs: where do the tools stand so far?

The development of public generic tools has started already at the beginning of the 21st
century: MicrOMEGAs [41] is the first code being developed, followed by DarkSUSY [42],
SuperIso Relic [43] and then subsequently by MadDM, which is by far the more recent one [44].
As all codes are on the market from a few years now, they all cover the necessary basics of the
WIMP phenomenology, to various extent.

Relic density WIMPs achieve the correct relic density via the freeze-out mechanism. The dark
matter particles have interactions of the order of the electroweak force, which keep them in chemical
(and kinetic) equilibrium in the thermal bath enough to decouple when they are non-relativistic
and at the photon temperature for which the thermally averaged cross-section 〈σv〉 is around
3 × 10−26cm3/s (for the s-wave annihilation at low relative velocity v). This ensures that the relic
abundance is close to Ωh2 = 0.12, value measured by Planck [1]. Departing from this simple case,
dark matter particles can feature a 〈σv〉 which varies rapidly with energy close to resonances or
to thresholds of new annihilation channels, or the model can have coannihilation. The latter arises
when there are new particles beyond the SM ones, which are odd under the dark group similarly
to the dark matter particle, and which are close in mass to the dark matter particles (namely 10% -
15% in mass splitting at most). These heavier particles are present in the thermal bath at the time of
dark matter freeze-out and their annihilations contribute to it. To account then for all annihilation

3http://superiso.in2p3.fr/relic/

4https://darksusy.hepforge.org/

5https://lapth.cnrs.fr/micromegas/

6https://launchpad.net/maddm
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and coannihilation processes it is customary to define an effective thermally averaged cross-section
〈σv〉eff , see i.e. [45, 46].

All public codes provide the exact relativistic single-integral formula for 〈σv〉eff and solve the
corresponding Boltzmann equation to find the dark matter yield at present time. More specifically,
SuperIso Relic has included analytically all the hundreds of diagrams relevant for neutralino an-
nihilation and coannihilation in supersymmetric scenarios such as the MSSM. This is similar to the
case of DarkSUSY which was born for supersymmetry, even though the user can directly provide
〈σv〉 for his/her model in order to compute Ωh2, which is in addition determined by using the most
precise treatment described in [47]. MicrOMEGAs and MadDM rely on the on-the-fly computa-
tion of all matrix elements by CalcHep [48] and MG5_aMC respectively, including coannihilation
processes; they additionally handle the case of multi-component dark matter. Furthermore, the user
can improve 〈σv〉, such as with NLO terms, by editing a simple predefined function within MicrO-
MEGAs. There are indeed works that have shown that NLO corrections are relevant, for instance
when the annihilation cross-section is suppressed by d-wave (v4) or in supersymmetric models, see
e.g. [49, 50]. In the case of supersymmetry, few specific packages have been developed, such as
DM@NLO [51], which are typically compatible with MicrOMEGAs. DarkSUSY allows for the
computation of the kinetic decoupling of dark matter particles, which happens much after they have
frozen-out (chemical decoupling). This is phenomenologically relevant as it firstly includes higher
moments in the Boltzmann equation, which can considerably change the relic density prediction in
some corners of the model parameter space, and secondly sets a relevant scale for the formation of
small-scale structures with observational consequences in indirect detection signals, see [52, 53].

Direct detection Standard dark matter direct searches measure the recoil energy of nuclei hit
by dark matter particles crossing (large) detectors deep underground. The typical recoil energy
is at the keV energy scale, as the dark matter particles are non-relativistic, have a velocity of
about 220 km/s which lead to a momentum transfer in the scattering of the order of MeV, see
e.g. [54–57] for the generalities. Because of this small velocity, typically all terms proportional to
the momentum transfer and to the velocity, are neglected and only the leading spin-independent
and spin-dependent interaction terms are kept. This is the approach followed by MicrOMEGAs
and MadDM to compute the elastic cross-section for WIMP-nuclei scattering at both leading order
and NLO in the case of the former code. The NLO corrections in general take into account the
contribution of gluon operators (called twist-2 operators), see for details [58].

As shown by an effective non-relativistic field theory approach, the actual basis of operators that
describe dark matter particles interacting with nuclei contains around 15 terms, and most of them
do depend on the velocity or the momentum transfer [59–61]. When the dominant spin-independent
and/or spin-dependent operators are zero, subdominant terms become relevant and might be in the
sensitivity range of current experiments, see e.g. [62, 63]. DarkSUSY has recently implemented
the velocity dependence for the elastic scattering of dark matter.

SuperIso Relic,MicrOMEGAs [64] andMadDM have recasted few experimental likelihoods
or upper bounds to allow the user to directly compare the theoretical predictions with the most
stringent experimental limits, such as XENON1T [65] for spin-independent and PICO-60 [66] for
spin-dependent scattering. SuperIso Relic, MicrOMEGAs and DarkSUSY allow as well for
modifications of the dark matter velocity distribution, to account for astrophysical uncertainties.

4
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Nuclear uncertainties are taken into account in all the tools by allowing the user to easily change
the value of the nuclear form factors by hand.

There are also public codes devoted only to direct detection searches, such as DDCalc,
included in DarkBit [29], RAPIDD [67], which is based on the non-relativistic effective field
theory description of dark matter interactions with nuclei, and RunDM [68]. The latter takes into
account the running of the couplings from the UV scale of the model down to the keV-MeV scale
of direct detection experiments.

Indirect detection Dark matter indirect searches look for WIMP annihilation (or decay) products
in dense astrophysical environments, see e.g. [69, 70] for general reviews on the matter. In
particularly, they look for an excess (with respect to the astrophysical background) in the flux of
gamma rays, cosmic rays (positrons and anti-deuterium mainly) and neutrinos from the galactic
centre, from dwarf spheroidal galaxies, from the Sun, namely everywhere the dark matter density
is large and/or dominates over the baryonic component.

From the particle physics point of view, there are two key quantities relevant to obtain predic-
tions for the expected flux: the velocity averaged annihilation cross-section 〈σv〉ann and the energy
spectrum dN/dE of the final products listed above. The computation of the matrix element leading
to 〈σv〉ann proceeds in the same way as for the relic density in each tool, while the energy spectra
are tabulated in all codes for two body final states. MadDMprovides the tabulated energy spectra,
imported from PPPC4DMID [71], which effectively speeds up the computation of the expected
flux, when the dark matter annihilates into the usual SM final states. Additionally MadDM allows
the user to compute the energy spectra for any final state with n particles, independently of their
nature (SM or beyond), by automatically running Pythia 8 [72]. The energy spectra can change
significantly if electroweak corrections are included, for which two treatments at the time of writing
are available: PPPC4DMID, that is based on [73], and ref. [74]. Additionally, the shape of the
energy spectrum can acquire spectral features if internal [75] or electroweak [76] Bremsstrahlung
is considered (2→ 3 processes). The first is automatically included in MicrOMEGAs while both
are encoded in DarkSUSY for specific models. MadDM can compute any of those corrections
for a generic model if this is explicitly required by the user.

From the astrophysical point of view, indirect detection requires a lot of inputs and development.
First, the energy spectrum is produced at the source; in case of charged particles, which diffuse in
the galaxy, a propagation code is needed to obtain the correct spectrum at detection. Cosmic-ray
propagation is available in all codes but MadDM, where instead an interface to the numerical code
DRAGON [77] is provided. Gamma rays and neutrinos do not suffer propagation effects and point
straight to the source where they were produced, hence their energy spectra is the same at source and
detection point (modulo neutrino oscillations). Concerning the latter, one of the most promising
searches is to look for neutrinos from the Sun and/or from the Earth [78] with IceCube [79]: these
predictions are fully available in MicrOMEGAs and DarkSUSY with a high level of precision.
These predictions are rather involved as their require a modelling of the Sun and Earth together
with the computation of neutrino oscillations in matter. Concerning gamma rays, one of the most
sensitive search is the Fermi-LAT search from dwarf spheroidal galaxies [80]. For this search,
MadDM and SuperIso Relic not only compute the expected flux but provide as well a recasted
Fermi-LAT likelihood analysis to compare directly the model parameter point with the experimental

5
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data. SuperIso Relic in this respect is the public code that has the most advanced experimental
module, as it provides as well a recasting of the AMS-02 antiproton analysis [81].

There are many public codes devoted to the study of astrophysical signals from dark matter,
which are typically model-independent. Namely, they focus on the precise description of the
astrophysical flux produced by dark matter and by the astrophysical background and they require
the user input concerning the particle physics model. A non-exhaustive list is given by: gamLike
included in DarkBit, GALPROP [82], DRAGON, PPPC4DMID, MADHAT [83], CLUMPY [84],
χaroν [85] and USINE [86].

The output for relic density, direct detection and indirect detection of the different public
codes has been compared in various configurations and with very different dark matter models.
Overall, the results for the theoretical predictions generally agree very well, the discrepancies being
never more than 10%, which turns out to be of the order of the theoretical error. Sometimes,
larger discrepancies are found, but usually, when this happens, the causes are well understood and
trackable. For instance, in refs. [19, 39] the discrepancies in the relic density calculation arise in the
different treatment of the QCD sector in MG5_aMC and CalcHep. In summary, in the standard
WIMP freeze-out scenario, all public codes have been deeply tested and compared, process that has
allowed to solve numerous bugs.

3. Tell me your model, I will tell you the tool

The widening of the dark matter landscape has broaden the spectrum of theoretical predictions
for relic density, direct and indirect detection and to a minor extent of LHC dark matter searches. In
order to efficiently describe the phenomenology of the new avenues, the public tools are constantly
evolving to encompass as much as possible the new predictions. I list below the remarkable features
of each of the four numerical tools described in this review. While for WIMPs the various codes
are more or less equivalent, it appears clear in the following that for the new avenues each one of
them has definite characteristics that render it unique to the user.

3.1 SuperIso Relic: So far it’s all about supersymmetry

The current SuperIso Relic version v4 is a mixed Fortran/C code which allows to compute
comprehensively observables in supersymmetry, together with an experimental module that enables
the user to automatically confront his/her model with experimental data for direct and indirect
detection, as already described above. It is actually one of the reference codes to perform statistical
comparisons between the SM and supersymmetricmodels in the light of recent collider, high energy,
flavour physics and dark matter data, see e.g. [87].

Besides dealing with the supersymmetric WIMP phenomenology, SuperIso Relic can be
easily interfaced with AlterBBN [88], a stand-alone public tool which allows to compute Big Bang
Nucleosynthesis observables in standard and modified cosmologies. The combination of these two
tools permits to test the supersymmetric dark matter hypothesis in alternative cosmologies, where
for instance the presence of quintessence or scalar fields modifies the expansion rate of the universe
and consequently the relic abundance of the neutralino, see [89].

6
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Lastly, SuperIso Relic is foreseen to be able to compute dark matter observable for generic
dark matter models in a near future. This augmented capacity is based on the public tool
MARTY [90], a C++ framework that automates calculations from the Lagrangian to physical
quantities such as matrix elements or cross-sections. This framework can fully simplify physical
quantities in a large variety of models, making possible to quickly compare a dark matter model
with all accessible experimental data.

3.2 DarkSUSY: Towards dark sectors and new interactions

The current DarkSUSY version (v6) is a Fortran code with a clear modular structure; in each
module, such as the MSSM module, or the generic WIMP module, the user can select and extract
the functions he/she needs and link them to his/her model by providing few inputs, such as the
dark matter mass, 〈σv〉, etc. DarkSUSY has implemented several features that allow the user to
describe the phenomenology of generic dark sectors.

Concerning the relic density, besides the precision routines described above for the standard
freeze-out case, it computes the freeze-out and the corresponding thermal 〈σv〉 for dark matter
particles in hidden sectors, which can have a temperature different than the photon temperature,
see [91].

Dark matter in dark sectors can have large self-interactions, which can be obtained in two
ways: (i) from strongly coupled dark sectors, similarly to QCD, or (ii) from weakly coupled
theories featuring a very light mediating particle. The former case, where the large self-interactions
do not depend on the dark matter velocity, is severely bounded from galaxy cluster observations,
see e.g. the well-known constraints from the Bullet cluster [92]. In the latter case, self-interactions
do depend on velocity and become stronger at smaller dark matter velocities. Phenomenologically,
it is possible to have large effects on small scales consistent with the astrophysical constraints on
larger scales. This is the case implemented in DarkSUSY [93], which includes the computation
of the Sommerfeld enhancement (see e.g. [94–96] for its numerical solution), cutoff at small scales
due to kinetic decoupling and the momentum transfer cross-section σT not only in the Born limit
but accounting for non-perturbative effects.

Concerning direct detection, DarkSUSY has started to cover the phenomenology of light dark
matter, the so-called sub-GeV dark matter. It includes ‘reverse’ direct detection [97], where the
dark matter is now the target and ordinary matter is the beam. More specifically, the number density
of sub-GeV dark matter is very high, as its mass is small, hence the cosmic-ray propagation can
be affected when these charged particles scatter elastically off dark matter particles in the galaxy.
Building on top of this, one of the DarkSUSY authors has shown that current large volume direct
detection and neutrino experiments are sensitive to a new population of dark matter particles, which
is boosted at high velocity by up scattering off cosmic-rays close to the Sun position [98, 99].
The related theoretical predictions are available within the code. Lastly, notice that the interest in
sub-GeV dark matter is spreading in the scientific community and other efforts are ongoing. For
instance, a specific tool, Damascus [100], that simulates their scattering in underground detectors
and the Earth overburden, is publicly available on the market.

7
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3.3 MicrOMEGAs: The FIMP regime

The current MicrOMEGAs version v5.2 is a Fortran/C/C++ code which is fairly user-friendly:
relic-density computations, direct detection and indirect detection predictions can all be switched
on or off with simple flags in the main program. It is by far the most used tool in the dark matter
community to study the phenomenology of WIMP generic models.

Besides the traditional Z2 parity that is usually associated to dark matter particles (or R-parity
in supersymmetry), the relic density computation has been extended to cover the case of a dark
group with a Zn symmetry; this implies to add into the Boltzmann equation terms accounting for
semi-annihilation processes [101], as well as the case of two DM candidates.

The most relevant novelty in MicrOMEGAs is the capability of computing the relic density
of FIMPs via freeze-in. In short, the dark matter particles are too feebly interacting with SM
particles in the early universe to be in chemical and kinetic equilibrium with the thermal bath. Dark
matter is produced then either by the decay of an heavier (new) particles, either by the scattering
of SM particles. Typically the initial dark matter number density is negligible, and it has been
checked that the final value of the relic density is not very sensitive to this initial condition. The
approach followed by MicrOMEGAs tends to be as general as possible, namely based on only
few assumptions, which should however be checked to be sure that they apply to the user model.
MicrOMEGAs considers three regimes for freeze-in: (i) dark matter production via the decay of
a heavy mediator which is in thermal equilibrium, (ii) decay of a heavy mediator which is not in
thermal equilibrium and (iii) 2→ 2 processes where SMparticles produce two darkmatter particles.
It has been shown that the appropriate use of statistical distributions and thermal masses can lead
to differences up to factors of two, hence those have been properly included in MicrOMEGAs. In
addition, the FIMP phenomenology is relevant for LHC searches, as it can give rise to long lived
particles [102], which can be considered using SModels [103].

3.4 MadDM: Automatised annihilations for generic models

The current MadDM version v3.1 is a mixed Python/Fortran code, which is based on the
MG5_aMC platform and of which it inherits most features, such as the ability to compute any
process automatically using the event generator MadEvent [104]. This software has the capability
to compute any annihilation cross-section into n final state particles at tree level order. Additionally,
MadDM is capable to compute loop-induced processes, by definition leading order hence finite
loop processes, for the dark matter. This ability is based on MadLoop [105]. A first attempt in the
automatisation of loop-induced processes is presented in [19], however the code is currently being
tested before its public release, which is foreseen for early 2021. The relevance of loop-induced
processes is striking for dark matter observables: since the dark matter is neutral it can not couple
directly to photons, hence the annihilation into di-photon can proceed only via loop (or effective
vertex). Being a two body final state, each photon is monochromatic with an energy equal to the
dark matter mass, since the annihilation occurs basically at rest. Such monochromatic lines, and in
general sharp spectral features and edges in the gamma-ray energy spectra, are smoking gun for dark
matter, as they can be hardly mimicked by astrophysical sources [106–108]. The other public codes
can compute gamma-line predictions only for definite specificmodels, such as supersymmetry [107]

8
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or the inert doublet model [109], as all diagrams contributing to the cross-section are hard-coded.
MadDM will be able to compute on the fly such predictions for a generic dark matter model.

Still concerning the gamma-ray phenomenology, an interesting possibility to test models of
dark sector featuring long-lived mediator particles is to observe the gamma-ray emission from the
Sun due to dark matter annihilation, which has been proposed by several authors [110–112] and
has already evoked a search by the Fermi-LAT collaboration [113]. This module is not yet publicly
available in MadDM but can be obtained by contacting the authors.

4. Discussion and conclusions

This review provides an (hopefully) unbiased overview of the status of the four major public
tools for dark matter observables: SuperIso Relic, DarkSUSY, MicrOMEGAs and MadDM.
Concerning WIMPs, their phenomenology is very well covered in all of its necessary aspects; the
user in this respect can simply choose the tool that better suits his/her needs and his/her model
(files), knowing that the numerical discrepancies among tools are generically not larger than the
percentage level. Concerning the new dark matter avenues, the dark sector phenomenology and
sub-GeV dark matter particles begin to be pretty well described by DarkSUSY, while MicrOME-
GAs encompasses a fairly generic description of FIMPs. MadDM and SuperIso Relic will soon
give the possibility to compute loop (induced) processes automatically within generic dark matter
extensions of the SM. Last but not least, numerical tools are nowadays user friendly in both their
usage and in their portability towards other tools for high energy physics. The use of FeynRules,
MadDM, MicrOMEGAs, MG5_aMC, MadAnalysis 5, linked one after the other, has become a
common practice in phenomenological papers, as well as the accomplishment of global fits is taking
more and more momentum thanks to the modular tools developed by the GAMBIT collaboration.
Typically, the confrontation of theoretical predictions with experimental data stands at the end of the
chain for global analyses. A correct and sophisticated way of performing this comparison entails a
likelihood analysis, as this confronts directly the model with the data. The exclusion bounds hence
do not rely on approximations and assumptions that might not be verified for that particular model.
The key ingredient is the experimental likelihood function: many efforts from the theoretical side
is concentrated to reconstruct experimental likelihoods in order to recast properly limits from the
collaborations. Usually, this is not a straightforward procedure when the data and the experimental
details are not public. In this respect, in the past few years there has been a real improvement in the
interactions between the experimental and theoretical communities and many data and likelihood
functions have become public, such as for the Fermi-LAT dwarf spheroidal one. There are sectors
where this is not yet common practice, but the efforts and synergies are moving to the good direction
for data reinterpretation, see e.g. [114].

Overall, this review has an optimistic view of the dark matter tool landscape. Nevertheless,
this is not the end of the story and the public codes are continuously debugged, ameliorated and
improved with new physics, as the quest for dark matter is not yet over. This calls for the continuous
development of a platform for comprehensive studies and for the identification of new directions
for the experimental searches to look for dark matter signatures.
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