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Wish list for WIMP-like dark matter analyses
L = LSM + LBSM
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Model Predictions

• relic density

• direct detection rates

• indirect detection signals

• collider signatures
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Model Predictions

• relic density

• direct detection rates

• indirect detection signals

• collider signatures

How to compute those 
observables ?
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Model Predictions

• relic density

• direct detection rates

• indirect detection signals

• collider signatures

Experimental observations

[XENON1T coll.]

[FermiLAT coll.]

[CMS coll.]

Planck coll. sets 𝛀h2

How to compute those 
observables ?
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Model Predictions

• relic density

• direct detection rates

• indirect detection signals

• collider signatures

Experimental observations

[XENON1T coll.]

[FermiLAT coll.]

[CMS coll.]

Planck coll. sets 𝛀h2

How to compute those 
observables ?

How to compare with experiments?
C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019



Dark Matter Observables 

Already 
linked very

 well for 
many tools!

SusyHIT, ISAJET (for SUSY)…

FeynRules, LanHEP…
DM model

Model files

Spectrum/decay 

Process Generation 
/ Showering & 
Hadronization

Detector sim.

PGS, Delphes,  
GEANT…

Collider signatures MadAnalysis, 
Checkmate,  

ATOM, 
Fastlim 

….

Tools in the LHC era

MadGraph, Sherpa, 
CalcHEP, CompHEP,  

POWHEG…  
/ Pythia, HERWIG,  

Whizard…

3 C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019



Dark Matter Observables 

Already 
linked very

 well for 
many tools!

SusyHIT, ISAJET (for SUSY)…

FeynRules, LanHEP…
DM model

Model files

Spectrum/decay 

Process Generation 
/ Showering & 
Hadronization

Detector sim.

PGS, Delphes,  
GEANT…

Collider signatures MadAnalysis, 
Checkmate,  

ATOM, 
Fastlim 

….

Tools in the LHC era

MadGraph, Sherpa, 
CalcHEP, CompHEP,  

POWHEG…  
/ Pythia, HERWIG,  

Whizard…

What about these tools?
3 C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019



4

Dark Matter tools  
micrOMEGAs 

[Bélanger, Boudjema, Pukhov, 
Semenov 2001]

SUSY related: 
• DarkSUSY [Gondolo, Edsjo, Ullio, 

Bergstrom, Schelke, Baltz 2004] 
•  SuperBayes [Ruiz De Astrui, 

Trotta, … 2010] 
• SuperISO Relic [Arbey, Mahmoudi, 

Robbis 2009]

MadDM [2013]

Private codes [Drees, 
Roszkowski,Olive, …]

C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019

Model independent 
PPPC4DM [Cirelli et al. 2010]
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•  SuperBayes [Ruiz De Astrui, 

Trotta, … 2010] 
• SuperISO Relic [Arbey, Mahmoudi, 

Robbis 2009]

MadDM [2013]

• DM predictions with different degree 
of completeness 

• Some includes experimental 
constraints 

• Can be hacked for generic BSM 
model but not always easy

• Only software for any BSM model  
• Theory predictions for Relic Density, 

direct detection, indirect detection, 
collider pheno 

Private codes [Drees, 
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What can MadDM do

[Backovic, Kong, McKaskey 2013]

[Backovic, Kong, Martini, Mattelaer, Mohlabeng, McKaskey 2015]

This talk

C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019
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Prompt flux

DM

DM

Dark Matter annihilation in galactic halos
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Predictions for annihilation 2 —> n 

• micrOMEGAs and DarkSUSY provide tabulated spectra for dark matter annihilation into 
SM particles

• MadDM can compute the annihilation cross-section and the spectra for any tree level 
annihilation in an automatised way

C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019
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Predictions for annihilation 2 —> n 
MadDM does the following 
(precision mode):

MadEvent lhe Pythia 8 Spectra for

Fixed velocity  
or  

with Maxwell-Boltzmann distribution 
Unique to MadDM

C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019
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Particle Spectra at source for annihilation 2 —> SM SM 

MadDM does the following 
(fast mode):

Uses pre-computed spectra* for 

Very fast mode but limited to 2 body SM final states

* We thank M. Cirelli for granting us the usage of PPPC4DM tables.

C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019
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Validation of energy spectra against tabulated PPPC4DMID spectra [M.Cirelli et al. 2010]

Energy spectra computed with Pythia 8, for any DM model 

Energy spectra for 2 —> 2 processes

C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019
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Automatized 2 —> 3 processes

C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019

Validation of energy spectra against tabulated PPPC4DMID spectra [F.Giacchino et al. 2013]
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Automatized 2 —> 3 processes
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q

q

q

q

q

q



12

• Dwarf spheroidal galaxies are among the most constraining targets for dark matter 
searches

Implementation of the Fermi-LAT likelihood 
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• Dwarf spheroidal galaxies are among the most constraining targets for dark matter 
searches

Implementation of the Fermi-LAT likelihood 

[Fermi-LAT collaboration 2016]
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• Dwarf spheroidal galaxies are among the most constraining targets for dark matter 
searches

Implementation of the Fermi-LAT likelihood 

[Fermi-LAT collaboration 2016]

Predicted flux in  
each energy bin 

C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019
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• Used Public binned Likelihood functions for 45 dwarfs  (https://www-glast.stanford.edu/
pub_data/1203/)

• Upper limit at 95% CL for the annihilation cross-section computed by profiling over J 
factors

Implementation and Validation of the Fermi-LAT likelihood 

MadDM output provides  
• likelihood 
• p-value  
• upper limit

C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019

https://www-glast.stanford.edu/pub_data/1203/
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Validation of the Fermi-LAT likelihood 

C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019
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Validation of the Fermi-LAT likelihood 

MadDM provides exclusion limits in all SM final states !
C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019
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MadDM functioning for ID

FeynRules (UFO)
DM model

Model files

Showering & 
Hadronization 

for spectra

Fermi-LAT likelihood

Gamma-ray bounds

MadEvent (Reshuffling) 
or  

quick only for 2->2 annihilations
Velocity averaged 

cross-section
Pythia (any process) 

or  
quick mode PPPC4DM 

spectra for 2-> 2

Dark matter predictions 
from annihilation

C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019
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Work in progress: loop induced processes

• MadDM can handle NLO processes (loop induced) with MadLoop (MG5_aMC@NLO)

• Loop induced processes relevant for DM phenomenology (very low background)

Different purpose than DM@NLO [Hermann et al. 2007] who deals with (SUSY)-QCD corrections for relic density

[Bringmann 2004]

[HESS collaboration 2015]

C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019



16

Work in progress: loop induced processes

• MadDM can handle NLO processes (loop induced) with MadLoop (MG5_aMC@NLO)

• Loop induced processes relevant for DM phenomenology (very low background)

Different purpose than DM@NLO [Hermann et al. 2007] who deals with (SUSY)-QCD corrections for relic density

[Bringmann 2004]

[HESS collaboration 2015]

• Validation of AUTOMATIZED loop induced processes with D. Massaro, J. Heisig and O. 
Mattelaer 

• Simple and simplified dark matter models give results for <𝜎v>𝜸𝜸 in excellent agreement 
with analytic available computations

C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019
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Plans for the (more or less distant) future

Automatised Loop induced processes

Work in progress

Improvement for relic 
density calculation 

(freeze-in, non standard 
freeze-out, Sommerfeld 

enhancement, …)

Synchrotron  radiation (SKA,…)

Full data base with 
experimental 
likelihoods

Work in progress

Many planned directions …

Inclusion of non-
relativistic 

operators for 
direct detection

Capture of DM in 
celestial bodies

C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019

Work in progress



17

Plans for the (more or less distant) future

Automatised Loop induced processes

Work in progress

Improvement for relic 
density calculation 

(freeze-in, non standard 
freeze-out, Sommerfeld 

enhancement, …)

Synchrotron  radiation (SKA,…)

Full data base with 
experimental 
likelihoods

Work in progress

Many planned directions …

Inclusion of non-
relativistic 

operators for 
direct detection

Capture of DM in 
celestial bodies

C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019

Work in progress

Ideas, suggestions, comments, collaborations are welcome! 
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Back up slides

C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019
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Automatized Indirect detection @ NLO with MadDM *

* In collaboration with D. Massaro, J. Heisig, O. Mattelaer and F. Maltoni

Singlet Scalar model 
Dark Matter = S

Write down the NLO UFO file (as for MG5_aMC@NLO) with feynrules, feynarts, NLOCT
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Automatized Indirect detection @ NLO with MadDM *

* In collaboration with D. Massaro, J. Heisig, O. Mattelaer and F. Maltoni

Singlet Scalar model 
Dark Matter = S

Test first QCD loop                              versus         Higgs Effective Field Theory

S

SS

S

S

S

Write down the NLO UFO file (as for MG5_aMC@NLO) with feynrules, feynarts, NLOCT
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Automatized Indirect detection @ NLO with MadDM 

• Singlet Scalar model very simple and loops are SM like 
• Models involving more BSM particles are being investigated (Inert Doublet Model, SUSY like, KK dark matter…) 
• Works for any BSM model with NLO UFO file 

Test full NLO model including EW loops for annihilation into 𝜸 𝜸

S

S
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v.3
[F.Ambrogi, CA, M. Backovic, J.Heisig, F.Maltoni, O.Mattelaer 
& G. Mohlabeng, Phys.Dark Universe 2019]

https://launchpad.net/maddm

• Now a plugin of Madgraph (and also of MG5_aMC@NLO)
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1. Inherit features of Madgraph (MadEvent, scan command, 
automatic width computation, …)  

2. Permit to fully exploit complementarity of searches to corner 
the parameter space of dark matter models

3. Used by experimental collaborations (ex. ATLAS)

• What is the advantage of being embedded in Madgraph?
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Resume of Indirect detection capabilities

C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019
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Towards a tool for comprehensive dark matter studies*

Dark Matter  
Indirect Detection: 

• Compute 
annihilation cross 
section in halos at 
present time 

• Compute the energy 
spectrum of dark 
matter products for 
ANY process 

• Compute the flux at 
the Earth position

v.3
[F.Ambrogi, CA, M. Backovic, J.Heisig, F.Maltoni, O.Mattelaer 
& G. Mohlabeng, Phys.Dark Universe 2019]

https://launchpad.net/maddm

* GAMBIT collaboration has the same spirit [2017]
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Dark Matter  
Indirect Detection: 

• Compute 
annihilation cross 
section in halos at 
present time 

• Compute the energy 
spectrum of dark 
matter products for 
ANY process 

• Compute the flux at 
the Earth position

Automatic  
Multi-dimensional 

Parameter Sampling: 
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method (good for 
2D scans) 

• Interface with 
PyMultiNest (similar 
to Markov Chain 
Monte Carlo); good 
and stable for a  
large number of 
parameters

Confrontation with 
Experimental Data: 

• Comparison with 
current exclusion 
bounds released by 
direct and indirect 
detection 
experiments 

• Fermi-LAT likelihood 
for setting limits with 
dwarf spheroidal 
galaxies (dSphs) 

v.3
[F.Ambrogi, CA, M. Backovic, J.Heisig, F.Maltoni, O.Mattelaer 
& G. Mohlabeng, Phys.Dark Universe 2019]

https://launchpad.net/maddm

* GAMBIT collaboration has the same spirit [2017]
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Example of differential energy spectrum
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Depends on the DM density 
distribution and experiments: 

USER INPUT 

Example of differential energy spectrum
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• Typically P(vrel) is neglected 

• Integral computed with the reshuffling technique 
of MadGraph  

• Unique to MadDM

Example of differential energy spectrum
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annihilation into particles i
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Particle propagation from the source to Earth
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Positrons, anti-protons and anti-deuterons: 
A. Loose information on the direction due to 

propagation in the magnetic galactic field 
B. Spectral information 
MadDM provides a user friendly interface to 
DRAGON [Evoli et al 2008]

Particle propagation from the source to Earth
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Positrons, anti-protons and anti-deuterons: 
A. Loose information on the direction due to 

propagation in the magnetic galactic field 
B. Spectral information 
MadDM provides a user friendly interface to 
DRAGON [Evoli et al 2008]

Photons and neutrinos: 
A. Spatial information 
B. Spectral information 
MadDM v.3.0 provides the flux at Earth

Particle propagation from the source to Earth
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Automatized 2 —> 3 processes

• Final state radiation out of the box +     …

• Dark matter annihilation into light fermions is d-wave suppressed

• Emission of a photon from final state uplift the suppression and the cross-section 
becomes s-wave
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Secluded dark matter

• Simplified model: 

• Avoids direct detection and collider bounds

• Mixed pseudo-scalar mediator annihilates s-wave —> only probe*

[Batell,Pospelov, Ritz, Shang 2009]

* [CA, M.Baskovic, J.Heisig and M.Lucente arXiv:1703.08087, Phys.Rev.D 2017]
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Annihilation into 
mediator fixes 
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Secluded dark matter

• Simplified model: 

• Avoids direct detection and collider bounds

• Mixed pseudo-scalar mediator annihilates s-wave —> only probe*

[Batell,Pospelov, Ritz, Shang 2009]

Annihilation into 
mediator fixes 
relic density

Connection with the SM 
independent of the relic 
density, can be very small

* [CA, M.Baskovic, J.Heisig and M.Lucente arXiv:1703.08087, Phys.Rev.D 2017]
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Secluded dark matter

DM over-abundant

DM under-abundant
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Secluded dark matter

DM over-abundant

DM under-abundant

C. Arina (CP3 - Louvain U.) - Bruxelles, October 18th 2019



29

Example of sampling procedure

• Grid scan (as in Madgraph)
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Example of sampling procedure

• Grid scan (as in Madgraph)

• Nested sampling PyMultinest
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DM over-abundant

DM under-abundant
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Example of sampling procedure
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