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Dark matter all around
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overwhelming evidence on all scales! 
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Dark matter
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credit: WMAP

Existence by now essentially 
impossible to challenge!
 
electrically neutral 
non-baryonic
cold ‒ dissipationless and negligible  
free-streaming effects
collisionless

�CDM = 0.233± 0.013 (WMAP)

(dark!)

(BBN)

(structure formation)

(bullet cluster)

WIMPS are particularly      
good candidates:

well-motivated from particle physics
[SUSY, EDs, little Higgs, ...]
thermal production “automatically” 
leads to the right relic abundance
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Strategies for DM searches
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at colliders

indirectlydirectly
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Strategies for DM searches
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at colliders

indirectlydirectly

need to cover all of 
these in a consistent 

manner ‒ both 
regarding particle 
and astrophysics!

disclaimer: impossible to cover everything in 40 minutes…!
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Outline
Introduction to and layout of DarkSUSY
SUSY setup
accelerator constraints
Thermal decoupling: relic density and 
the smallest protohalos
indirect detection
direct detection
Outlook: DS 6.0 
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NB:
Focus will be on 

neutralino DM, but 
most routines 

applicable to any 
WIMP!
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General philosophy
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Library of subroutines and functions
‘Standard’ Fortran 77 ‒ works on many 
platforms
Modular structure (given f77 constraints…)

Flexible
Fast & accurate
Version control (subversion) for precise 
version tagging
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Getting started
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1. http://www.darksusy.org

2. download

http://www.darksusy.org
http://www.darksusy.org
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3. Install
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To compile and install DarkSUSY, just do

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

./configure [optional arguments]
make
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Program layout
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DarkSUSY Root

src lib docstest share

ac an …

Test programs 
and template 
main program

Compiled 
DarkSUSY 
library

Documen–
tation 
(made by 
make pdf-
manual)

Shared data 
tables needed 
by DarkSUSY

contrib
Contributed 
programs used by 
DarkSUSY

Here are the main routines of 
DarkSUSY making up libdarksusy.a

include
Include files 
with all the 
DarkSUSY 
common 
blocks
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Manual
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A manual (not fully up to date yet & does not cover everything) 
is distributed with DarkSUSY. Create with 

make pdf-manual

make pdf-manual-short

(default version)

(shorter version, without 
subroutine headers)

Also see headers of various subroutines for 
instructions. 
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Happy running! :)
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Ask any of the authors if you need more help! 
(most relevant contact author given in routine headers)

Typical program layout ‒ see /test for examples:

call dsinit
[make general settings]
[determine your model parameters your way]
call dsgive_model [or equivalent]
call dssusy [or equivalent]
[calculate what you want]

‒ to set up DS for that model

Avoid by any means to modify the DS code itself ‒ make your own private versions 
of routines if possible!



SUSY setup
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Model setup
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= complex parameters= 3x3 complex matrices
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Choosing parameters
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MSSM contains 124 free parameters 
(including complex phases, i.e. 105 new compared to SM) 

In DS all input params are currently real (MSSM-63), 
but many expressions are general enough to handle 
the full case (e.g. all vertices are already complex) 

Generalization planned for future versions
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Choosing parameters

14

MSSM contains 124 free parameters 
(including complex phases, i.e. 105 new compared to SM) 

In DS all input params are currently real (MSSM-63), 
but many expressions are general enough to handle 
the full case (e.g. all vertices are already complex) 

Generalization planned for future versions

General philosophy: try to be as general as possible 
when including new physics

Most expressions and setups are more general than 
typical use would indicate!
(sometimes hard: code for rare decays e.g. relies on 3x3 sfermion 
mass matrices to be diagonal)
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SUSY models
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Typical (but not necessary) simplifying assumptions:
take all parameters to be real        effectively reduce CP violation

vanishing non-diagonal terms        avoid FCNC & other rare processes

degeneracy of certain mass parameters
GUT conditions         unification of coupling constants and scalar masses

...

 
 

 

Parameters usually specified at electroweak  
(‘pMSSM-X’) or GUT scale (e.g. ‘mSUGRA/cMSSM’)

Often relations between masses (e.g. between chargino and neutralino)

Phenomenology depends crucially on these parameters
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SUSY models in DS
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Higgs sector with FeynHiggs

SUSY Les Houches Accord 2 implemented 
(both read and write)

mSUGRA interfaces: ISASUGRA and e.g. 
softsusy via SLHA2

Automatized setup routines available e.g.  for 
MSSM-7: 

MSSM-25:

cMSSM:

dsgive_model

dsgive_model25

dsgive_model_isasugra



Accelerator constraints
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Constraints
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Direct accelerator searches  
Squarks
Sleptons
Neutralinos
Charginos
Higgs bosons

from PDG

from HiggsBounds

Higher order corrections
Rare decays, 
Anomalous magnetic moment of the muon
Invisible width of Z boson

b! s�, ... from literature or 
other tools (SuperIso,  
etc) via SLHA
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General checks
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Accelerator constraints 
most easily check with

call dsacbnd(excl)

From header of dsacbnd9.f:

c      bit set   dec.   oct.   reason
c      -------   ----   ----   ------
c            0      1      1   chargino mass
c            1      2      2   gluino mass
c            2      4      4   squark mass
c            3      8     10   slepton mass
c            4     16     20   invisible z width
c            5     32     40   higgs mass
c            6     64    100   neutralino mass
c            7    128    200   b -> s gamma
c            8    256    400   rho parameter
c            9    512   1000   (g-2)_mu  

This always points to the most recent version       
(though older versions of constraints are kept for backward compatibility)

 model OK

= 0 ?

yes

no

Unfortunately it takes some time for new constraints 
(or signals!) to make it into the code...       
e.g. LHC searches often presented for very concrete models    
 hard to interpret in more general setups!



Thermal decoupling
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The WIMP “miracle”
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Torsten Bringmann, Stockholm

The WIMP “miracle”

In the early universe, the WIMP
number density n is determined by
the Boltzmann equation

dn

dt
+ 3Hn = −〈σv〉

(

n2 − n2
eq

)

Once the interaction rate falls be-
hind the expansion rate of the uni-
verse, WIMPs decouple from the
thermal bath. Today, their relic
density is then given by: Jungman, Kamionkowski & Griest, PR ’96

ΩWIMPh2 ∼3·10−27cm3s−1

〈σv〉 = O(0.1) [for interaction strengths of the weak type]

New Gamma-Ray Contributions – p.9/32

The number density of Weakly Interacting Massive 
Particles in the early universe:

(thermal average)

dn�

dt
+ 3Hn� = �⇥�v⇤

�
n2

� � n2
�eq

⇥

��� SM SM

n�eq

time

increasing��v⇥

a3
n

�

Fig.: Jungman, Kamionkowski & Griest, PR’96

��v⇥ :

“Freeze-out” when annihilation 
rate falls behind expansion rate

Relic density (today):

for weak-scale 
interactions!

(⇥ a3n� � const.)

��h2 � 3 · 10�27cm3/s
⇥�v⇤ � O(0.1)
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Relic density
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An accurate approach requires to:
properly take into account thermal average <...>
include full annihilation cross section (all final states, resonances, 
thresholds) 
include co-annihilations between all neutralinos, charginos & sfermions 
...

We numerically solve the Boltzmann eqn, using in 
every step tabulated values for             :We↵(p)

h�e�vi =

R1
0 dpe�p2e�We�K1

⇣p
s

T

⌘

m4
1T

hP
i
gi
g1

m2
i

m2
1
K2

�
mi
T

�i2

We� =
X

ij

pij
p11

gigj
g21

Wij Wij = 4E1E2�ijvij;
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Neutralino relic density
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Higgsinos Gauginos
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Neutralino is cosmologically interesting for 
large range of parameters!
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RD for generic WIMPs
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Call

dsrdens(wrate,npart,mgev,dof,nrs,rm,rw,nt,tm,oh2,tf,ierr,iwar)

where you have to supply

wrate - invariant effective annihilation rate (function)

npart - number of coannihilating particles

mgev - mass of these

dof - internal degrees of freedom of these

nrs - number of resonances

rm - mass of resonances

rw - width of resonances

nt - number of thresholds

tm - equivalent mass of thresholds

The routine then returns

oh2 - omega h^2

tf - freeze-out temperature

NB: all this is taken 
care of for neutralinos 

in dsrdomega!
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Freeze-out = decoupling !

25

WIMP interactions with heat bath of SM particles:
� SM

(annihilation)
� SM chemical decoupling

Tcd � m�/25 ��

�

(scattering)

�

SMSM
Tkd � m�/(102..105)

kinetic decoupling
Mcut

(Mass of smallest 
protohalos)
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Freeze-out = decoupling !
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WIMP interactions with heat bath of SM particles:
� SM

(annihilation)
� SM chemical decoupling

Tcd � m�/25 ��

�

(scattering)

�

SMSM
Tkd � m�/(102..105)

kinetic decoupling
Mcut

(Mass of smallest 
protohalos)

no “typical”                         , but highly model-dependent                        Mcut � 10�6M⇥

another window into particle-physics nature of dark matter!?                       

(Could be as large as scale of dwarf galaxies!       see: van den Aarssen, TB & Pfrommer, PRL ’12) 
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Kinetic decoupling
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Figure 4. The kinetic decoupling temperature and the corresponding cutoff scale
for the lightest Kaluza-Klein particle in universal extra dimensions. For high Higgs
masses, mh ! 150 GeV, the grey region corresponding to the relic density constraint
given in Eq.(2) shifts upwards, allowing an LKP mass up to around 1 TeV [47].

never been in thermal equilibrium and for which the formalism presented here therefore

does not apply (though it would be very interesting to extend it such as to cover even

these cases). The maybe best studied example is the axion [48]. Initially misaligned, it
starts to oscillate coherently around T ∼ 1 GeV and from then on evolves as ρa ∝ a−3

just like ordinary CDM. Inhomogeneities on scales larger than the Hubble horizon at

the temperature of realignment later evolve into axion mini-clusters with a typical mass

around 10−12M" [49]. One should, however, keep in mind that for particles that decouple

before the QCD transition – like axions, primordial black holes with MPBH # M"

or ultra-cold WIMPs [50] – small-scale fluctuations may be strongly amplified if the
transition is first order, producing DM clumps with masses of 10−20 to 10−10M" [8].

Finally, if DM consists of superWIMPs that result from the late decay of thermally

produced WIMPs, the actual cutoff in the power-spectrum is not the one from the

WIMP decoupling but the one that is imposed from the kinematics of the decay (through

the mass difference between decaying particle and DM particle). In fact, such models

have been proposed to address a certain tension that is sometimes claimed at “small”
scales (in this case Mpc instead of the pc scales that correspond to Mcut ∼ 10−5M")

between observations and numerical N -body simulations [51]. However, this idea works

only partially [52]; what is more, the evidence for small-scale “problems” of standard

ΛCDM cosmology may soon well disappear completely, with more detailed observations

and N -body simulations starting to converge [53]. Nevertheless, late-decaying DM is

an interesting possibility that does not have to be related to this particular idea; in
contrast to the typical Mcut for WIMPs, a large cutoff in the power spectrum might

even be possible to probe by future micro-lensing missions.

…as well as for KK DM!            



Indirect detection
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Indirect DM searches
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a

i

e+

DM

DM
a

e

p
_

+

DM has to be (quasi-)stable against decay...
… but can usually pair-annihilate into SM particles
Try to spot those in cosmic rays of various kinds

i) absolute rates
       regions of high DM density

ii) discrimination against other sources 
       low background; clear signatures

The challenge:
�
�



Torsten Bringmann, University of Hamburg ‒Dark SUSY

Indirect DM searches
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a

i

e+

DM

DM
a

e

p
_

+

Gamma rays:

Rather high rates
No attenuation when propagating through halo
No assumptions about diffuse halo necessary
Point directly to the sources: clear spatial signatures
Clear spectral signatures to look for maybe most important!Clear spectral signatures
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Gamma-ray flux
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The expected gamma-ray flux [GeV-1cm-2s-1sr-1] from a 
source with DM density    is given by�

d��
dE�

(E� ,� ) =
Z

� 

d⌦
� 

Z

l.o.s
d`( )⇢2(r)

h�vi
ann

8⇡m2

�

X

f

Bf
dNf

�

dE�
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Gamma-ray flux

30

The expected gamma-ray flux [GeV-1cm-2s-1sr-1] from a 
source with DM density    is given by�

astrophysics

�� : angular res. of detector

D : distance to source

for point-like sources:
�

�
D2�⇥

⇥�1
⇤

d3r �2(r) {
angular information

+ rather uncertain normalization

d��
dE�

(E� ,� ) =
Z

� 

d⌦
� 

Z

l.o.s
d`( )⇢2(r)

h�vi
ann

8⇡m2

�

X

f

Bf
dNf

�

dE�
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Gamma-ray flux

30

The expected gamma-ray flux [GeV-1cm-2s-1sr-1] from a 
source with DM density    is given by�

astrophysics

�� : angular res. of detector

D : distance to source

for point-like sources:
�

�
D2�⇥

⇥�1
⇤

d3r �2(r)

particle physics

m�

��v⇥ann

Bf

Nf
�

: total annihilation cross section

: WIMP mass

: branching ratio into channel

: number of photons per ann.

f

(50 GeV � m� � 5 TeV){
high accuracy 

spectral information

{
angular information

+ rather uncertain normalization

d��
dE�

(E� ,� ) =
Z

� 

d⌦
� 

Z

l.o.s
d`( )⇢2(r)

h�vi
ann

8⇡m2

�

X

f

Bf
dNf

�

dE�



Torsten Bringmann, University of Hamburg ‒Dark SUSY

Halo profiles
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Any spherically symmetric profile possible. Presets:
      [call with dsmhset(‘name’)]

NFW, Einasto
Burkert, isothermal sphere  
Moore, adiabatically contracted profiles 
...

Consistent velocity distribution is set up automatically
      [important for direct detection + neutrino rates!]

‘Boost factor’ of annihilation rate due to substructures 
      [In principle ~log(Mcut), not yet implemented]
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Annihilation spectra
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Annihilation spectra

32

VI
B

box

ΓΓ

q q , Z Z , W W
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x2
dN
!dx

Bringmann &Weniger !2012"

good constraining potential

Secondary photons
many photons but 
featureless & model-independent
difficult to distinguish from astro BG

� �
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Annihilation spectra
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VI
B
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Secondary photons
many photons but 
featureless & model-independent
difficult to distinguish from astro BG

� �

?
W�/Z/q W+/Z/̄q

⇡0⇡0

� � � �

discovery potential
E� = m�

Primary photons
direct annihilation to photons 
model-dependent ‘smoking gun’ 
spectral features near 

Monochromatic lines

��! ��, �Z, �H

(Virtual) Internal 
Bremsstrahlung

��! f̄f�, W+W��
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IB and SUSY
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Neutralino annihilation helicity suppressed: ⇥�v⇤ � m2
⇥

m2
�
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IB and SUSY

33

Neutralino annihilation helicity suppressed: ⇥�v⇤ � m2
⇥

m2
�

�em

⇥
possible!⇥�v⇤3�body � ⇥�v⇤2�body
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IB and SUSY
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Neutralino annihilation helicity suppressed: ⇥�v⇤ � m2
⇥

m2
�

�em

⇥
possible!⇥�v⇤3�body � ⇥�v⇤2�body

Full implementation in DarkSUSY, 
scan cMSSM and MSSM-7: TB, Edsjö & Bergström, JHEP ’08
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FIG. 3: Integrated internal bremsstrahlung flux from supersymmetric dark matter, above 0.6 mχ, as compared to the “standard”
continuum flux produced by secondary photons (left) and the flux from both line signals (right). As for the following figures (4
and 5), two symbols at the same location always indicate the whole interval between the values corresponding to these symbols.
Every model considered here features a relic density as determined by WMAP and satisfies all current experimental bounds.
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FIG. 4: The observationally relevant quantity S ≡ Nγ
〈σv〉

10−29cm3s−1
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´−2
for IB (left panel) and the line signals (middle

and right panel). See text for more details.

In Fig. 4 we show the quantity S, which is dS/dE inte-
grated above 0.6 mχ. In the left panel, we show the yields
S for the IB contribution, in the middle for monochro-
matic γγ and on the right for Zγ. In the regions where
the IB contribution was the largest in Fig. 3, we typi-
cally have lower absolute yields. However, there are very
pronounced regions, especially at small and intermediate
masses, where the IB yields are very high even in ab-
solute terms. We also note that, for neutralino masses
in the TeV range, we expect a sizeable increase of the
annihilation rate due to non-perturbative effects related
to long-distance forces between the annihilating particles
[31]. These effects have not been taken into account here
and would result in a considerable enhancement (by a

similar factor) of the quantity S for both line signals and
IB.

In Fig. 5 we focus on the mSUGRA case and show the
contribution relative to the secondary yield of gamma
rays for various final states separately. In the left panel,
we show the IB yield from the W+W− channel, in the
middle from the τ+τ− channel and in the right from the
tt̄ channel. Large IB contributions for the W+W− chan-
nel occur when a chargino is almost degenerate with the
neutralino, as is the case for the focus point region. Note
that due to the grand unification condition, M1 ≈ 1

2
M2,

a large gaugino fraction Zg always means that the neu-
tralino is a Bino, with vanishing annihilation rates to
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FIG. 3: Integrated internal bremsstrahlung flux from supersymmetric dark matter, above 0.6 mχ, as compared to the “standard”
continuum flux produced by secondary photons (left) and the flux from both line signals (right). As for the following figures (4
and 5), two symbols at the same location always indicate the whole interval between the values corresponding to these symbols.
Every model considered here features a relic density as determined by WMAP and satisfies all current experimental bounds.
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FIG. 4: The observationally relevant quantity S ≡ Nγ
〈σv〉
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for IB (left panel) and the line signals (middle

and right panel). See text for more details.

In Fig. 4 we show the quantity S, which is dS/dE inte-
grated above 0.6 mχ. In the left panel, we show the yields
S for the IB contribution, in the middle for monochro-
matic γγ and on the right for Zγ. In the regions where
the IB contribution was the largest in Fig. 3, we typi-
cally have lower absolute yields. However, there are very
pronounced regions, especially at small and intermediate
masses, where the IB yields are very high even in ab-
solute terms. We also note that, for neutralino masses
in the TeV range, we expect a sizeable increase of the
annihilation rate due to non-perturbative effects related
to long-distance forces between the annihilating particles
[31]. These effects have not been taken into account here
and would result in a considerable enhancement (by a

similar factor) of the quantity S for both line signals and
IB.

In Fig. 5 we focus on the mSUGRA case and show the
contribution relative to the secondary yield of gamma
rays for various final states separately. In the left panel,
we show the IB yield from the W+W− channel, in the
middle from the τ+τ− channel and in the right from the
tt̄ channel. Large IB contributions for the W+W− chan-
nel occur when a chargino is almost degenerate with the
neutralino, as is the case for the focus point region. Note
that due to the grand unification condition, M1 ≈ 1

2
M2,

a large gaugino fraction Zg always means that the neu-
tralino is a Bino, with vanishing annihilation rates to
W+W− or W+W−γ final states. The large yields from
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Figure 3: Comparison of different flux profiles as function of the opening angle θ of an hourglass-shaped
ROI that is centered on the GC (see text for detailed definition). In green we show the ±1σ uncertainty
band of the line flux measured inside this region by Fermi LAT after 3.6 years: while compatible with a
standard Einasto profile at θ ! 1◦ (as well as an NFW profile; see text), it is incompatible with both a cored
and a sufficiently contracted profile, as well as with a signal from DM decay. The green bars indicate which
values of θ we actually use in the fits; the profiles are arbitrarily normalized such that they reproduce the
correct flux for θ = 20◦. Note that we do not make any assumption about a possible displacement of the
signal and that the ROI is centered on the GC.

of Pass 7 events is reliable at energies above 100 GeV in light of the recent findings.4
Eventually, such an independent confirmation of the 130 GeV excess will of course be
indispensable.

5. What could we learn from a signal?

Gamma rays may carry important and nontrivial information about the nature of the
DM particles. Let us now demonstrate in more detail what kind of information could
actually be extracted in case of a signal identification, in particular in case of a sharp
spectral signature. For definiteness, we will take the tentative line signal as an example
and assume in this Section that it can indeed be explained by DM.

5.1. Dark Matter distribution
A gamma-ray line would allow to study the distribution of DM in the GC with un-

precedented accuracy, which could serve as important feedback for state-of-the-art nu-
merical simulations of gravitational clustering. To illustrate this, we show in Fig. 3 the

4 Note that the latest official compilation of Fermi line limits [199] was finalized before the first [13]
indication for the line signal was announced; it relies on 24 rather than 43 months of data and takes a
significantly larger ROI. The tentative signal claim is thus not in tension with those limits [14].
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Ī



Torsten Bringmann, University of Hamburg ‒Dark SUSY

DM model implications

36

(see e.g. Buckley & Hooper, PRD ’12)

Need rather large annihilation rate
implies resonances and/or large couplings
difficult to achieve for thermally produced DM!
expect large  secondary rates (optical theorem!)

Asano, TB, Sigl & Vollmann, 
1211.6739

!
I

γ

γ, Z, h

p1p1

p2

= 1
2
∑

χ

χ

×
I

γ

γ, Z, h

I

Ī
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Figure 2: Left: For a large scan over MSSM and cMSSMmodels with mχ ∼ 145GeV, this figure shows the loop-level annihilation
rate (σv)γZ vs. the relative contribution r of the imaginary part of the amplitude to this cross section. Models where the
neutralino is dominantly a Higgsino (Bino) are indicated by blue (red) symbols; green symbols refer to mixed neutralino DM.
Filled circles correspond to models where thermal production leads to the correct DM density today, while upper (lower)
triangles indicate a too large (small) relic density. The shaded area contains only cMSSM models in the co-annihilation region
(see text for further details). Also shown for comparison are the most relevant limits from Tab. IV. Right: Same, for neutralino
annihilation into γγ and mχ ∼ 130GeV.

For this purpose, we plot in Fig. 2 the ratio r as a func-
tion of the loop annihilation rate σv for a large num-
ber of supersymmetric models that resulted from a scan
(for details, see Ref. [3]) over the parameter space of
the cMSSM and a phenomenological MSSM-7. Here,
we keep of course only models with the correct neu-
tralino masses to account for the observed 130GeV fea-
ture. In the figure, we also indicate whether the neu-
tralino is mostly Bino (ZB̃ ≡ |N11|2 > 0.9), Higgsino

(ZH̃ ≡ |N13|2 + |N14|2 > 0.9) or mixed, and whether
thermal production leads to the correct relic density.
As a first remark, one can clearly see that it is es-

sentially impossible to explain the required large anni-
hilation rate with thermally produced neutralinos. For
the case of annihilation into γZ [59], furthermore, we es-
sentially recover our general expectation outlined in the
preceding paragraphs: in order for the loop-signal to be
large, there must be a sizable contribution r from the
imaginary part of the amplitude. This confirms that our
limits are as stringent as advertised before. The largest
rates, in particular, are obtained if the neutralino has a
considerable Higgsino fraction; in this case the annihila-
tion rate into γZ is dominated by W -boson loops and
we include, for comparison, the corresponding limit from
Tab. IV in Fig. 2
For the γγ amplitudes [60], however, there is a large

number of models with 〈σv〉γγ ∼ 10−29cm3s−1 that do
not follow this general expectation and instead show an

χ

χ

ff̃

f
γ

γ

a) b)

χ

ff̃

γ

χ

f

γ

f

Figure 3: For small mass differences between sfermions f̃ and
Bino-like neutralinos χ, diagram b) completely dominates the
process χχ → γγ. This diagram, however, only has a real
part and the largest contribution to the imaginary part of the
amplitude derives from diagram a) – though W boson loops
start to contribute with about the same size already for a
relatively small Higgsino fraction of the neutralino.

unexpectedly small value of r. While such small anni-
hilation rates are maybe not too relevant in terms of a
possible explanation of the Fermi observation, it is nev-
ertheless quite instructive to discuss the origin of this
feature in some more detail. The models in question lie
exclusively in or near the so-called coannihilation region
of the cMSSM, where the lightest neutralino is an essen-
tially pure Bino that is almost degenerate in mass with
light sleptons (in particular the τ̃). For these models,
slepton box diagrams (shown in Fig. 3) dominate the am-
plitude, with the by far larger contribution coming from

SM particles in loop essentially 
excluded as viable explanation!
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[cMSSM + MSSM-7; keep only models with correct mass and line-like spectra]

VIB more likely explanation than lines?
(see also Bergström, PRD ’12, Shakya 1209.2427, ...)

TB & Weniger, 
PDU ’12
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Neutrinos:
Unperturbed propagation like for photons
But signal significance (for the same target)        
usually considerably worse
New feature: signals from the center of sun or earth!

Fig. from J.Edsjö
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�A =
1
2
C tanh2 t�

CAC

Ṅ = C � CAN2

⇤ ⇥� ⌅
2�A

�CEN
capture rate evaporation rate

Annihilation rate:
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• Direct detection 
and the neutrino 
signal from the 
Earth are both 
sensitive to the 
spin-independent 
scattering cross 
section 

• Large correlation

Neutrino-induced muon fluxes from the Earth
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Neutrino-induced muon fluxes from the Sun

• Compared to the 
Earth, much 
better 
complementarity 
due to spin-
dependent 
capture in the 
Sun.

Deep
Core

from the sun

�A =
1
2
C tanh2 t�

CAC

Ṅ = C � CAN2

⇤ ⇥� ⌅
2�A

�CEN
capture rate evaporation rate

Annihilation rate:
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Rate of neutrino-induced muons in neutrino telescopes

Neutrino scattering and absorption in Sun included

Full numerical capture calculation with any velocity 
distribution
Neutrino oscillations, all flavors and hadronic showers

In the pipeline: fully implement 
solar system diffusion         
(though free-space approximation works quite well)
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Simple dark disk models, effects 
of Jupiter included
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Charged cosmic rays:

GCRs are confined by galactic magnetic fields
After propagation, no directional information is left
Also the spectral information tends to get washed out
Equal amounts of matter and antimatter
     focus on antimatter (low backgrounds!)

+d̄
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Little known about Galactic magnetic field distribution
Random distribution of field inhomogeneities

        propagation well described by diffusion equation�
⇥�

⇥t
�⇥ · (D⇥� vc)� +

⇥

⇥p
bloss� �
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⇥p
K
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� = qsource
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Little known about Galactic magnetic field distribution
Random distribution of field inhomogeneities

        propagation well described by diffusion equation�
⇥�

⇥t
�⇥ · (D⇥� vc)� +

⇥

⇥p
bloss� �

⇥

⇥p
K

⇥

⇥p
� = qsource

often set to 0 
(stationary config.)

Diffusion coefficient, 

usually D � �(E/q)�

convection 

energy 
losses

diffusive 
reacceleration
K � v2

ap2/D

Sources
(primary & 
secondary)
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How to solve the diffusion equation?
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How to solve the diffusion equation?
Numerically

3D possible
any magnetic field model
realistic gas distribution, full energy losses
computations time-consuming
(“black box”) 

+
+
+
‒
‒

Strong, Moskalenko, … 

DRAGON
Evoli, Gaggero, Grasso & Maccione

e.g.
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How to solve the diffusion equation?
Numerically

3D possible
any magnetic field model
realistic gas distribution, full energy losses
computations time-consuming
(“black box”) 

+
+
+
‒
‒

Strong, Moskalenko, … 

DRAGON
Evoli, Gaggero, Grasso & Maccione

e.g.

(Semi-)analytically
Physical insight from analytic solutions
fast computations allow to sample
full parameter space
only 2D possible (axial symmetry)
simplified gas distribution, energy losses,
re-acceleration

+
+

‒
‒

e.g.  Donato, Maurin, Salati, Taillet, ...

2h

R = 20kpc

ISM

L � 1kpc

vc



Torsten Bringmann, University of Hamburg ‒Dark SUSY

DS Routines

44

Analytical expressions to calculate fluxes of
antiprotons 
antideuterons
positrons

Interfaces to
Galprop [for experts only] 
USINE [available once USINE is public]

DRAGON [in preparation]

relatively abundant with 
respect to background, very 
efficient in constraining 
low-mass WIMPs 

less abundant, clearer signal 
at low energies 

usually much smaller than 
background, but potentially 
nice spectral features
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Neutralino annihilation 
helicity suppressed:

⇥�v⇤ � m2
⇥

m2
�
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Neutralino annihilation 
helicity suppressed:

⇥�v⇤ � m2
⇥

m2
�

but: enormous boost 
factors needed w.r.t. 
thermal cross section... Bergström, TB & Edsjö, PRD ’08

Surprisingly hard 
spectra possible  
if                dominates!                   
     first attempt to connect 
PAMELA excess to DM

HEAT

PAMELA

Ee+ [GeV]

e+
/(

e+
+

e−
)

Bergström, Bringmann & Edsjö (2008)

background

BM3 (mχ=233 GeV)

BM5’ (mχ=132 GeV)

5 10 20 50 100 200
0.01

0.02

0.05

0.1

0.2

⇥⇥� e+e��

�em

⇥



Direct detection
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χ χ

Nucleus

Detector

Goal: 
measure 
recoil energy 
of nucleus

A) try to identify single events in ‘background-free’ 
environment 

or

B) search for annual modulation 
of the signal 

χ χ χ

JuneDecember
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dR

dQ
=

�0⇢0

2m�m2
r

F 2
(Q)

Z 1

vmin

f(v)

v
dv

with

Q =

|q|2

2mN
=

m2
rv

2

mN
(1� cos ✓CM )

vmin =

s
QmN

2m2
r

mr =

m�mN

m� + mN

F (Q) � form factor

�0 � elastic scattering cross section

⇢0 � local dark matter density (⇠ 0.3 GeV/cm

3
)

f(v) � velocity distributionmain astrophysical 
uncertainty

main particle 
physics uncertainty
(+quark content of nucleon!)

Recoil rate:
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Routines to calculate
spin-dependent scattering rates 

      (couples to total spin of nucleus)  
spin-independent scattering rates 

      (coherent      signal enhancement roughly         )
differential as function of time 

             can be used to calculate e.g. modulation signal 

/ A2 

Routines for different targets (nucleons/nuclei/compunds)

Halo model and velocity profile can be chosen 
arbitrarily

Various choices of form factors implemented

dsddneunuc

dsdddrde
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Figure 1: Illustration of the reach of direct and indirect dark matter detection experiments. Here
γ-ray detection towards the galactic center with the NFW profile is considered. Shown is the area
encompassing the approximate range of WMAP-compatible phenomenological MSSM model space,
and the reach of the upcoming Xenon 1t direct detection experiment, and the Fermi-LAT, CTA
and DMA indirect detection experiments. For details, see [63].

at the South Pole. On the other hand, the same pattern as that seen by DAM/LIBRA should
reveal itself if this is a genuine dark matter scattering effect.

The recent improvement of the upper limits on the WIMP-nucleon scattering cross section
reported by CDMS II [68] and, in particular, XENON100 [69] are truly impressive. Not only does
it cast some doubt on other reported experimental results, the sensitivity is also good enough to
start probing the parameter space of realistic supersymmetric models [8]. The new calibration of
the sensitivity to low-energy recoils of liquid Xenon, although not undisputed [95], would seem to
add to the credibility of the new upper limits [69] for the WIMP-nucleon scattering cross section.
The very good news is also that the installation of the next stage, a 1 ton liquid Xenon detector,
has already started in the Gran Sasso experimental halls in Italy [96].

An early possible indication of a dark matter signal in indirect detection was the EGRET excess
of GeV photons [76, 77]. However, this was not confirmed by the recent much superior data from
Fermi, more exactly the large area γ-ray telescope part of Fermi, Fermi-LAT, and was probably
due to instrument error [78].

Another possible indication of a dark matter signal was the discovery of by INTEGRAL of a
511 keV γ-line from the galactic centre region [79]. However, in this energy range positron emission
from other sources is possible, and the excess does not seem to have the spherical symmetry around

13

Bergström, 1205.4882

The “Dark 
Matter Array”: 

10 x Aeff(CTA)
E > 10 GeV
dedicated: tobs ~5000h

MSSM scan 
relic density, (pre-LHC) 
collider bounds OK
Galactic center   
(NFW, no boost)

Direct and indirect searches probe SUSY parameter 
space from an ‘orthogonal’ direction 
remains true after most recent LHC bounds

Bergström, TB & Edsjö, PRD ’11

Bechtle et al., JHEP ’12



Reference + outlook



Torsten Bringmann, University of Hamburg ‒Dark SUSY

References

52

Long paper (describing DS 4.1 )
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DarkSUSY: computing supersymmetric
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Current version (DS 5.1), cite as
P. Gondolo, J. Edsjö, P. Ullio, L. Bergström, M. Schelke, E.A. Baltz, T. Bringmann and G. Duda, 
http://www.darksusy.org

...but please remember to also cite relevant 
contributed code and implemented results from the 
literature when you use DarkSUSY!

NEW
!

http://www.darksusy.org
http://www.darksusy.org
http://www.darksusy.org
http://www.darksusy.org
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restructuring of code (even more modular!)

Major update by the end of this year:

New refined halo annihilation and neutrino routines

Better solar models
Interface to USINE, DRAGON; 

   improved CR propagation

DLHA=Dark matter Les Houches Accord ? 

Going away from hard cuts to likelihoods when 
possible (already implemented for IceCube!)

...
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Download DS @

http://www.darksusy.org

and get started…!

Thanks for your attention!

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

