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Accelerator searches Direct searches

Indirect searches
• Gamma rays from the galaxy

• Neutrinos from the Earth/Sun

• Antiprotons from the galactic halo

• Antideuterons from the galactic halo

• Positrons from the galactic halo

• Dark Stars

• ...

• LHC

• Rare decays

• ...

• Spin-independent 
scattering

• Spin-dependent 
scattering

Will not cover all of these...

Need to treat all of these in 
a consistent manner, both 
regarding particle physics 
and astrophysics

Ways to search for dark matter 

Current version: 6.1.0, darksusy.org

http://darksusy.org


Outline

• Introduction to DarkSUSY

• Relic density

• Direct detection

• Indirect detection:

- gamma rays

- charged cosmic rays

- neutrinos (from the Sun/Earth)

• Layout and general principles

Focus will be on the new 
DarkSUSY 6, differences with 
DarkSUSY 5 will be highlighted



What is DarkSUSY?

• A Fortran code for Dark Matter 
calculations

• Originally developed for supersymmetric 
(SUSY) dark matter



SUSY

Something 
completely different?

?UED?

Scalar singlet?

Axions?
Other WIMPs?

Decaying DM?



What is DarkSUSY?

• A Fortran code for Dark Matter calculations

• Originally developed for supersymmetric 
(SUSY) dark matter

• Includes code for both relic density, direct and 
indirect detection rates as well as kinetic 
decoupling

• Much of this does NOT depend on SUSY 
though, hence we have unsusyfied 
DarkSUSY…



Particle physics models included

• DarkSUSY is modular and can work with many 
particle physics models, included ones are

- MSSM (SUSY)

- Scalar Singlet (Silveira-Zee model)

- generic WIMP

- generic decaying dark matter

- velocity dependent self-interacting dark 
matter (vdSIDM)

+ whatever you add!
as of ver. 6.1 released yesterday!



New things in DarkSUSY 6 (I)

• Relic density routines have become more general. 
Parallellization using OpenMP. New degrees of freedom 
calculation included (Drees 2015)

• Kinetic decoupling added

• Direct detection more general, set up for using effective 
operators

• Using new Pythia runs including anti-deuterons

• New routines for charged cosmic ray diffusion

• New capture rate calculation in the Sun, more flexible 
and accurate. Tabulation to speed it up. New WimpSim 
results added



New things in DarkSUSY 6 (II)

• A completely new structure that separates the 
model-independent parts and the particle physics 
dependent part. Makes it much easier to use 
DarkSUSY for other particle physics models. 
Included in release: mssm, silveira_zee (scalar 
singlet), generic_wimp, generic_decayingDM

• For mssm: the internal bremsstrahlung of both 
U(1), SU(2) and SU(3) gauge bosons has been fully 
implemented, 

• Ultra-compact minihalos added (code by Pat Scott)



Decoupling occurs when

We have that
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Relic density – DarkSUSY implementation
• We solve the Boltzmann equation,  
 
 
 
numerically, calculating the thermally averaged annihilation 
cross section,  
 
 
 
 
 
in every step using tabulated Weff(p).
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DarkSUSY can calculate Weff for SUSY or you can supply your 
own and use DarkSUSY as a Boltzmann equation solver. 
Interface to DM@NLO for SUSY coming.



Example, generic WIMP

⌦h2 = 0.1165 – 0.1221 (Planck ±2σ)



Direct detection 
general principles

• WIMP + nucleus → WIMP + 
nucleus

• Measure recoil energy

• Suppress background enough to 
be sensitive to a signal, or...

χ χ

Nucleus

Detector

χ χ χ

JuneDecember

• Search for an annual modulation due 
to the Earth’s motion in the halo

• Differential rates on different targets
• Annual modulation
• Different halos and velocity distributions
• Different form factors



Indirect rates – Annihilation channels
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• Yields for different channels

• Simulated with Pythia for 3 GeV 
– 20 TeV

• Tables and interpolation routines 
in DarkSUSY



Gamma rays
• DarkSUSY includes generic WIMP routines to 

calculate gamma yields from WIMP 
annihilations

- Based on Pythia simulations for WIMP 
masses between 3 GeV and 20 TeV

- Line signals

- Internal Bremsstrahlung added separately

Works for
any WIMP

Virtual internal bremsstrahlung 
is model dependent! 
SUSY calculation included.



Halo profiles

• Any spherically symmetric profile can be 
entered into DarkSUSY. Presets are 
available for

- NFW

- Burkert

- Einasto

• In principle, a corresponding velocity 
distribution should be set simultaneously.



Charged cosmic rays – diffusion model

• Cylindrical diffusion model with free escape at the boundaries

• Energy losses on the interstellar medium (for antiprotons and antideuterons) 
or starlight and CMB (for positrons)

• Semi-analytic expressions in DarkSUSY (new improved ones in DS 6)
• New in DS6: new Pythia runs and new anti-deuteron calculations (MC 

based coalescence)

χχ → p̄, D̄, e+



χ

Sun

µ
Detector

Earth

νµ

Silk, Olive and Srednicki ‘85
Gaisser, Steigman & Tilav ‘86

Freese ‘86
Krauss, Srednicki & Wilczek ‘86

Gaisser, Steigman & Tilav ‘86

ρχ

σscatt

Γann

Γcapture

ν interactions

velocity distribution

σann

ν oscillations

χ

Neutrinos from the Earth/Sun



Capture rate calculation

2

II. WIMP CAPTURE AND NEUTRINOS

As there are many assumptions needed to calculate the neutrino flux from the scattering cross-section, we will
do this in two ways. First, we will focus on a ‘standard’ calculation, with reasonable assumptions usually made in
the literature. We will then go through some of these assumptions and perform a conservative calculation where we
instead change our assumptions to see how low fluxes we can reasonably get for given scattering cross-sections.

A. Standard calculation

The number of neutralinos in the Sun, N , is described by the differential equation

dN

dt
= CC − CAN2 − CEN, (1)

where the three constants describe capture (CC), annihilation (CA), and evaporation (CE). For the masses of interest
here, the evaporation is small and can be neglected [18]. Note that CC depends on the scattering cross-sections on
the elements in the Sun, whereas CA depends on the annihilation cross-section. The neutralino annihilation rate ΓA

is then

ΓA ≡
1

2
CAN2 =

1

2
CCtanh2(t/τ) (2)

τ ≡ 1/
√

CCCA, (3)

where the present rate is found for t = t⊙ ≃ 4.5 · 109 years. When t⊙/τ ≫ 1 annihilation and capture are in
equilibrium, dN

dt = 0, and

ΓA =
1

2
CC . (4)

Thus, in equilibrium, ΓA only depends on the capture rate CC , i.e. ΓA only depends on the scattering cross-sections,
and not on the annihilation cross-section. From ΓA it is then straightforward (but tedious) to calculate the resulting
muon flux at a neutrino telescope for a given WIMP annihilation channel.

For the capture (CC) and annihilation (CA) we follow the treatment in Ref. [19] as implemented in DarkSUSY [14].
In short, we have to integrate the WIMP scatterings over the volume of the Sun and the velocity of the WIMPs in
the galactic halo and will here review the most essential steps in this calculation.

For the velocity of the WIMPs, we will here assume that it follows a Maxwellian distribution,
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where u is the velocity of the WIMP (outside the potential well of the Sun), v⊙ = 220 km/s is the velocity of the
Sun relative to the halo, vd = 270 km/s is the WIMP velocity dispersion, and nχ is the WIMP number density. We
assume that the local WIMP density is 0.3 GeV/cm3. At a given interaction point in the Sun, the WIMP velocity is
given by w =

√
u2 + v2, where v is the escape velocity at that point.

The WIMP capture rate per unit shell volume from element i in the Sun is [19]

dCi

dV
=

∫ umax

0

du
f(u)

u
wΩv,i(w), (6)

where Ωv,i(w) is the capture probability per unit time for element i. In Eq. (6) we integrate up to the velocity
umax = 2v

√
µ/(µ − 1) at which the WIMPs scatter to the escape velocity v. Here µ ≡ mχ/mi, for the WIMP mass

mχ and the mass mi of element i.
For scattering on heavier elements than Hydrogen, we also need to take decoherence into account by introducing a

form factor suppression. Following standard lore, we assume a Helm-Gould exponential nuclear form factor [19] for
the momentum transfer q on element i

|Fi(q
2)|2 = exp(−∆E/E0

i ) ; ∆E =
q2

2mχ
(7)

Capture on element i in volume element

w�v,i / ��ini(r)P (w0 < vesc)[FF suppr.]
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• Tremendous enhancements for heavy 
elements in the Sun. The form factor 
diminishes it somewhat though by reducing 
the first A2.

• Low velocity WIMPs are easier to capture.

A=atomic number



Neutrinos from the Earth/Sun 
• Full numerical integration over solar radius, summing 

most relevant elements (up to 289 for SI and 112 for SD 
in DS 6)

• Full numerical integration over velocity distribution, no 
need to assume Maxwell-Boltzmann distribution

• In DS 6: full numerical integration over momentum 
transfer: arbitrary form factors can be used (do not need 
to be exponential). Database of form factors included.

• Interactions and oscillations in the Sun and to the 
detector simulated with WimpSim, results available as 
data tables in DarkSUSY.

See talk by Carl Niblaeus yesterday about solar atmospheric neutrinos, will 
eventually be included in DarkSUSY as well



Example: SI capture rate in Sun

For standard halo



Philosophy

• Modular structure (given the Fortran 
constraints...)

• Library of subroutines and functions

• Fast and accurate

• “Standard” Fortran - works on many platforms

• Flexible

• Version control (subversion) for precise 
version tagging



DarkSUSY 5 layout

DarkSUSY Root

src

ac an …
Test 

programs 
and 

template 
main 

program

Compiled 
DarkSUSY 

library

Documen–
tation 

(made by 
make pdf-
manual)

Shared data 
tables needed 
by DarkSUSY

Contributed 
programs used by 

DarkSUSY

Here are the main routines 
of DarkSUSY making up 

libdarksusy.a

Include files 
with all the 
DarkSUSY 
common 
blocks

More test 
programs 

and 
templates

lib docstest sharecontrib include misc

Old



DarkSUSY 6 layout

…
Test programs 
and template 
main program

Compiled 
DarkSUSY 

library

Shared 
data tables 
needed by 
DarkSUSY

Here are the main routines 
of DarkSUSY making up 

libds_core.a

…

• In DarkSUSY 6 you link to the particle physics model you want to use
• More clear division between particle physics model and general routines

• General DS routines in src/
• Particle physics model dependent routines in src_models/

Here are the particle 
physics models, each one 
creates its own library. 

Link to the one you want.

DarkSUSY Root

src

dd rd

lib examplesdatasrc_models

mssm silveira_zee
generic 
wimp

New



DarkSUSY 6 concepts
• Interface functions. Functions/routines that the particle 

physics module should provide if you want to calculate a 
given observable, e.g.

- Weff is an interface function and is needed by ds_core to 
calculate the relic density

- The CR source function is 
an interface function:  

• Replaceable functions. Any function/routine in 
DarkSUSY can be replaced by a user-supplied version.

- e.g. you might want to have your own velocity distribution 
then you can just replace the standard routine



DarkSUSY 6 structure

Module ...

..

.

Module silveira_zee
libds_silveira_zee.a

Interface functions
Internal routines

Particle physics modules
src_models/

Module mssm
libds_mssm.a

Interface functions
Internal routines

Linking to main library/user 
replaceable
Linking to chosen module

Alternative calling sequence
(if linked)

Calling sequence

Main program
User-supplied, e.g. 

examples/dsmain_wimp.F

User
replaceables

User
replaceables
Functions 
replaced
and modified
by user

User
replaceables
Functions 
replaced
and modified
by user

User
replaceables
Functions 
replaced
and modified
by user

DarkSUSY core library
src/
libds_core.a

Observables (rates, relic 
density etc)

User
replaceables
Functions 
replaced
and modified
by user

Halo profiles
dsdmsdriver with 
different halo 
profiles.



Compile and install

• To compile and install DarkSUSY, do 
 
./configure [optional arguments]  
make

• Works on most platforms and with most 
compilers (gfortran, ifort, …)

• When you link, you link to ds_core and to the 
particle physics module of your choice, e.g. 
ds_mssm, ds_generic_wimp, etc

gfortran -o dsmain dsmain.f -lds_core -lds_mssm - for MSSM

gfortran -o dsmain dsmain.f -lds_core -lds_generic_wimp - for generic Wimp



And then we have the name…

• DarkSUSY does now mean… 
Dark SUsy Samt Ytterligare 
Modeller



Reference / download
• DarkSUSY 6.1.0 is available at

www.darksusy.org

• Long paper, describing DarkSUSY 5 available as JCAP 06 
(2004) 004 [astro-ph/0406204]

• Long paper, describing DarkSUSY 6 available as 
arXiv:1802.03399

• Manual (pdf) available Prepared for submission to JCAP

DarkSUSY 6: An Advanced Tool to
Compute Dark Matter Properties
Numerically

T. Bringmann,a J. Edsjö,b P. Gondolo, c P. Ulliod and L.
Bergströmb

aDepartment of Physics, University of Oslo, Box 1048, NO-0371 Oslo, Norway.
bThe Oskar Klein Centre for Cosmoparticle Physics, Department of Physics, Stockholm
University, AlbaNova, SE-106 91 Stockholm, Sweden.

cDepartment of Physics, University of Utah,115 South 1400 East, Suite 201, Salt Lake City,
UT 84112-0830, USA.

dSISSA and INFN, Sezione di Trieste, via Bonomea 265, 34136 Trieste, Italy.
E-mail: torsten.bringmann@fys.uio.no, edsjo@fysik.su.se, paolo@physics.utah.edu,
ullio@sissa.it, lbe@fysik.su.se

Abstract. The nature of dark matter remains one of the key science questions. Weakly
Interacting Massive Particles (WIMPs) are among the best motivated particle physics candi-
dates, allowing to explain the measured dark matter density by employing standard big-bang
thermodynamics. Examples include the lightest supersymmetric particle, though many alter-
native particles have been suggested as a solution to the dark matter puzzle. We introduce
here a radically new version of the widely used DarkSUSY package, which allows to com-
pute the properties of such dark matter particles numerically. With DarkSUSY 6 one can
accurately predict a large variety of astrophysical signals from dark matter, such as direct de-
tection in low-background counting experiments and indirect detection through antiprotons,
antideuterons, gamma-rays and positrons from the Galactic halo, or high-energy neutrinos
from the center of the Earth or of the Sun. For WIMPs, high-precision tools are provided
for the computation of the relic density in the Universe today, as well as for the size of the
smallest dark matter protohalos. Compared to earlier versions, DarkSUSY 6 introduces many
significant physics improvements and extensions. The most fundamental new feature of this
release, however, is that the code has been completely re-organized and brought into a highly
modular and flexible shape. Switching between different pre-implemented dark matter candi-
dates has thus become straight-forward, just as adding new – WIMP or non-WIMP – particle
models or replacing any given functionality in a fully user-specified way. In this article, we
describe the physics behind the computer package, along with the main structure and phi-
losophy of this major revision of DarkSUSY. A detailed manual is provided together with the
public release at www.darksusy.org.

http://www.darksusy.org
http://www.darksusy.org/


Joakim Edsjö
edsjo@fysik.su.se

• DarkSUSY 6 publically available

• DarkSUSY 6 is much more 
modular and include other 
improvements.

• When comparing different signals, 
it is crucial to perform these 
calculations in a consistent 
framework, with e.g. a tool like 
DarkSUSY

Conclusions

mailto:edsjo@fysik.su.se


BACKUP



= complex parameters= 3x3 complex matrices

SUSY model setup



SUSY setup
• The full MSSM-124 has 124 free parameters (including 

complex phases)

• The goal is to be able to choose all of these arbitrarily

• We are not fully there yet, even if most things can be 
chosen quite arbitrarily in DarkSUSY (i.e. fully general 
3x3 matrices, i.e. MSSM-63)

• Two typical approaches

- pMSSM-x or MSSM-x: specify all parameters at the EW 
or SUSY scale

- cMSSM or mSUGRA: specify parameters at the GUT 
scale running the RGE equations down to the EW or 
SUSY scale
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As the source term depends on the DM density squared, we 
are very sensitive to the halo profile and substructure.
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Diffusion parameters

• The most important diffusion parameters 
are

 K0 (D0) – diffusion coefficient

 δ – exponent for energy dependence of 
diffusion coefficient

 L – diffusion zone half height

• In addition, more parameters are needed 
for energy losses, galaxy radial extent, etc



Example: SD capture rate in Sun

For standard halo



Neutrino
oscillations

• Numerical calculation of interactions and oscillations in a fully three-flavour 
scenario. Regeneration from tau leptons also included.

• Publicly available code: WimpSim: WimpAnn + WimpEvent suitable for 
event Monte Carlo codes: wimpsim.astroparticle.se

• Main results are included in DarkSUSY.

• New calculation of solar atmospheric background (from CR) to be included in 
DarkSUSY later [arXiv:1704.02892]

Neutrino interactions

Similar to analysis of 
Cirelli et al, but 
event-based.

M. Blennow, J. Edsjö and T. Ohlsson, JCAP01 (2008) 021

Neutrino interactions and oscillations

See talk by Carl Niblaeus yesterday

http://wimpsim.astroparticle.se


Typical program

• call dsinit

• [make general settings]

• [determine your model parameters your way]

• call dsgive_model [or equivalent]

• call dsmodelsetup [or equivalent]- to set 
up DarkSUSY for that model

• [then calculate what you want]

See example programs in examples/


