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MadDM v.3.0 is out!

https://arxiv.org/abs/1804.00044

• MadDM is now a MadGraph5_aMC@NLo plugin
• Beta version available at https://launchpad.net/maddm / twiki page below
• completely integrated in the MG5 framework 

—> after beta phase:   ./bin/mg5_aMC

              install madd

• Currently uses an un-released version of MG5 (no direct installation yet)

https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/MadDm

https://arxiv.org/abs/1804.00044
https://launchpad.net/maddm
https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/MadDm
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Introduction: what’s new

• MadDM v.1.0 : relic density 

• MadDM v.2.0 : direct detection 

• MadDM v.3.0 : indirect detection 

• inherits the capabilities of MG5 to automatically compute and 

generate ‘complicated’ processes (e.g. DM DM > u u~ γ )


• dedicated module for indirect detection theory predictions


• independent module for experimental constrains


• advanced functionalities for scanning from MG5 or PyMultiNest

See slide 8
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Indirect Detection Module - keywords
Main improvements for physics studies, allowing to: 

• compute DM annihilation cross section

• calculate spectra of cosmic rays (CR) and fluxes at detection 

• compare with experimental constraints 

• call the DRAGON software for galactic positrons/antiprotons propagation  

Inclusive Madevent
Reshuffling

Pythia8PPPC4DMID 

Experimental constraints module 

DRAGON
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./bin/maddm.py



Focus on the 
Indirect detection module
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1. Computation of <σv> for DM annihilation

Energy Spectra Flux at Earth

Allows only  

Numerical tables 

Allows only  

Prompt photons 
Neutrinos 

Positrons  
(fixed sets of 
propagation 
parameters) 

Full integration 
over the DM 

velocity 
distribution 

Allows for any 
DM annihilation 

process

Pythia 8 
computes on the 
fly the energy 

spectra 

Allows for any 
DM annihilation 

process 

Prompt photons 
Neutrinos 

Positrons 
Anti-protons 
(free choice of 
propagation 
parameters)

Indirect detection module
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Experimental constraints Scans

Module available:

Simplified framework 
based on the  

ExpConstraint class 

Fermi-LAT likelihood for 
dSPhs  

+  
ExpConstraint class

Module available:

Sequential grid 
scan 

PyMultiNest 

Sequential grid 
scans 

PyMultinest

Fast

Precise

(� � v)|v=vrel
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Figure 2: MadDM v.3.0: Schematic overview of the new modules with their main features and their link to the ‘fast’ and ‘precise’ running modes.

2. Indirect Detection of annihilating Dark Matter

Indirect detection looks for products of dark matter annihilation in astrophysical environment where the dark
matter is denser. For instance, typical benchmarks for gamma-ray searches are the dSphs [6] or the Galactic Cen-
ter [30, 31]. For a review on dark matter indirect detection we refer the reader to [32, 33].

There are three main ingredients necessary to compute predictions for dark matter models and to compare with
data: (i) The annihilation cross section h�vi computed for the environment where the annihilation takes place; this
element is discussed in the next section. (ii) The energy spectra dN/dE of prompt photons, positrons, anti-protons
and neutrinos generated at source by the dark matter annihilation products; this will be described in Sec. 2.2. (iii) The
J factor which depends on the dark matter distribution and is defined as the integral along the line-of-sight (los) of the
dark matter density profile squared in a specific sky direction. This quantity will be defined in general for gamma rays
and neutrinos. We will further describe how MadDM computes the flux near the Earth for each type of propagated final
state particles: prompt photons are detailed in Sec. 2.3, charged cosmic rays are discussed in Sec. 2.4 and neutrinos
are provided in Sec. 2.5. For the rest of the paper we assume a generic dark matter particle called � with mass m�,
unless stated otherwise.

2.1. Computation of h�vi in astrophysical environments
The computation of the full h�vi at present time, which might contain p-wave terms, calls for the inclusion of the

dark matter distribution. In this case h�vi results in this velocity-weighted expression:

h�vi =
Z

d3v1d3v2Pr(v1)Pr(v2)�vrel , (1)

where vi are the velocities of the two incoming dark matter particles, and Pr(vi) is the velocity distribution function of
the dark matter at a position r. This can be rearranged as [34, 35]:

h�vi =
Z

dvrel P̃r,rel(vrel)�vrel , (2)

with
P̃r,rel(vrel) ⌘ 4⇡v2

rel

Z
d3vCMPr(vCM + vrel/2)Pr(vCM � vrel/2) , (3)

4

General expression  
for <σv> 

P (v) = �D(vrel)

MadEvent 

Inclusive
• Very fast, but consider only DM DM -> 2-body (SM or BSM) at LO 
• Takes                                 , integrates over angles 
• 10-20 % agreement wrt the other two more precise methods

• Amplitudes for all relevant subprocesses + full phase space integration 
•Generic DM DM -> n-body
• Generates unweighted events to pass to Pythia8

Reshuffling
• MadEvent + events re-weighting  
with a Maxwell-Boltzmann distribution

where vCM ⌘ (v1 + v2)/2 is the velocity in the center-of-mass frame and vrel ⌘ v1 � v2 is the relative velocity. For
a Maxwell-Boltzmann distribution Pr(v) = ⇡�3/2v�3

0 exp(�v2/v2
0) with most probable velocity v0, the relative velocity

also follows a Maxwell-Boltzmann distribution with most probable velocity
p

2v0:

P̃r,rel(vrel) =

r
2
⇡

v2
rel

v3
0

exp
0
BBBB@�

v2
rel

2v2
0

1
CCCCA . (4)

For a cross section dominated by p-wave annihilation, �vrel ⇠ bv2
rel, where b is a constant, h�vi = 3bv2

0. Hence, for
cross sections that can be well approximated by the sum of their s- and p-wave contribution, the velocity averaging
is equivalent to the evaluation of �vrel at vrel =

p
3v0. In MadDM we consider only the case of Maxwell-Boltzmann

velocity distribution.
The velocity averaged annihilation cross section can be computed with two main methods in MadDM: ‘fast’ and

‘precise’, which are described in the following. Further details can be found in Appendix C.1.

‘Fast’ running mode. This method has the advantage of being very fast, with an accuracy of about (10 � 20)% with
respect to the full integral in Eq. (2) and to the ‘precise’ method. It consists of computing the leading order 2 ! 2
matrix elements for the annihilation process(es) and integrate them over the angle between the two final states. The
resulting cross section is furthermore evaluated at the required velocity, which is described by a � distribution function
centred on that specific velocity. This simple evaluation makes this mode a good default choice for extensive model
parameter sampling.

The approximated integration over the final state phase-space is allowed only for two initial dark matter particles
annihilating into two final state particles. There is an additional caveat if the user wants to compute the predicted flux
of for instance photons with this method: this option does not produce events for the annihilation process, hence the
computation of the energy spectra can proceed only via the ‘fast’ option, described in the next section, Sec. 2.2 and
in Appendix C.2, which is available only for final state particles belonging to the SM.

‘Precise’ running mode. This mode incorporates two methods taken from the MG5 aMC platform: madevent and
reshuffling. Both methods use the event generator MadEvent [36]. Given the annihilation process(es), MG5 aMC
identifies all the relevant subprocesses, generates both the amplitudes and the mappings needed for an e�cient in-
tegration over the full phase-space, and passes them to MadEvent. As a result, a process-specific, stand-alone code
is produced that allows the user to calculate h�vi and generate unweighted events in the standard output format
(LHE file). In the method madevent annihilation processes are computed at the center-of-mass energy given byp

s = 2m�
�
1 + 1/8 v2

rel
�

where vrel =
p

3v0 as discussed above.
The reshuffling option works similarly to the madevent method. Once the events have been generated fol-

lowing the � distribution for the velocity, the algorithm applies a reshu✏ing [37] of the kinematic and of the weight
of each event to map a Maxwell-Boltzmann velocity distribution centred around its average value v0. Additionally it
also applies re-weighting [38] of the matrix elements in order to check if those have still the same weight or it has
changed. For instance, due to the improved kinematics, an annihilation channel that might have been below threshold,
hence suppressed, may now be above threshold and be largely enhanced. This has the consequence of changing the
weight of each single amplitude. We have checked that this method is an accurate approximation for the integration
over the relative velocity of Eq. (2), which is numerically less stable and slower.

The madevent method gives the same result as the reshuffling option, excepts in the case of very light dark
matter particles, for which the small velocity dispersion might play a role, or in case of thresholds e↵ects. For instance,
if the dark matter mass is very close in mass to the SM final state to which it is annihilating into, high velocity particles
belonging to the maxwellian tail can enhance the cross section. In those cases the reshu✏ing method is more accurate.
Therefore the reshu✏ing method is set by default. The user can switch to madevent, which is faster, being aware of the
caveats explained before. Both methods have been tested for velocities as low as v ⇠ 10�6 and provide reliable results,
whereas we do not guarantee the code to be accurate enough for smaller velocities (i.e. at CMB epoch, v ⇠ 10�7). At
present, to the best of our knowledge, such precise computation of h�vi is a unique feature of MadDM v.3.0.

This method works to compute automatically any possible leading order (LO) final annihilation state in a given
dark matter model (ideally �� ! n particles if kinematically possible). The MG5 aMC platform is able to perform
automatic next to leading order (NLO) calculation: this feature should be inherited automatically by MadDM, however
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Example: helicity suppression lift 
Figure 11: Left: Z boson energy distribution and quark spectrum, respectively, for two di↵erent values of r = M /M�, for �r�r ! qq̄Z annihilation.
The mass of dark matter has been fixed to 10 TeV. Centre: quark distributions. Right: neutrino distribution after parton shower and hadronisation
has been performed by Pythia 8, for two di↵erent values of r. The bump in high-energy fraction region is still visible, yet not as pronounced as
in the case of photon radiation.

analogous (the results di↵er only by an overall factor due to the gauge charges) we focus on the interaction with
quarks. The Lagrangian describing the Yukawa interaction is

L � yR �r  ̄R qR + yL �r  ̄L QL + h.c. , (12)

where qR and QL are the SU(2) singlet right-handed quark and the SU(2) doublet left-handed quarks, respectively,
while yR and yL are the coupling parameters. In order to preserve SU(2) gauge symmetry,  R is a singlet, while  L is
a doublet. For our purposes, it is enough to restrict to a model involving only the interaction with right-handed quarks.

This model (and simple variations thereof) exhibits interesting features when considering dark matter annihilation
at threshold. In the case of annihilation to massless fermions �r�r ! f f̄ , the 2 ! 2 amplitude is d-wave suppressed
(�v / v4). As a result, despite formally being higher-order in ↵, the 2 ! 3 annihilation process with bremsstrahlung
of a photon gives the dominant contribution. The 3-body final state cross section is no longer suppressed at threshold
and therefore becomes insensitive to the non-relativistic relative velocity (v ⇠ 10�3 in the galactic centre for example).
In addition to that, depending on the available phase space, the internal bremsstrahlung can give a rather sharp spectral
signal resembling a monochromatic line, see Fig. 10. The results shown there for di↵erent values of the mass of the
mediator have been obtained by MadDM and found to be in perfect agreement with the analytical computation of
Ref. [94]. In fact, such behaviour is not specific to the model considered here, but it is a common feature of scenarios
in which the produced fermions are massless or very light, as the s-wave contribution in the 2 ! 2 annihilation is
proportional to the mass of the fermion. Had we considered Majorana dark matter interacting through a scalar or a
vector mediator, we would have observed the same features (see Refs. [95–98]).

By employing MadAnalysis5 [99], we analyse the events at the parton as well as at the hadron level, after parton
shower and hadronisation as obtained by Pythia 8. At the parton level, we find that the peak of the spectrum moves
to lower energies for large values of r = M /m� and that the distribution is also more spread. At the hadron-level, the
distribution of gamma rays gets sizable contributions at low x from hadrons decaying to photons (such as ⇡0 ! ��),
see Fig. 10. Yet, the sharp profile given by the photons produced by internal radiation is clearly visible at high x, see
Ref. [100] for a similar plot obtained with a Majorana dark matter.

Having reproduced the photon radiation pattern, we then consider the spectrum of neutrinos coming from Z
bremsstrahlung (see Ref. [101, 102]). In this case we expect that when the dark matter particle is heavy compared to
the Z boson and the mediator mass is nearly degenerate with the dark matter mass, a similar behaviour to the photon
emission should be found. To check this explicitly, we have considered a dark matter particle with a mass of 10 TeV.
We have found that the spectrum of the radiated Z boson is identical to the photon one, see Fig. 11. Decaying the Z
into neutrinos and accounting for the corresponding branching ratio, gives a less prominent bump compared to photon
emission (see Fig. 11), as expected.
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FIG. 1: Internal Bremsstrahlung processes of (real) scalar
DM.

and p-wave are suppressed by the factor m2
f/m

2
χ, thus

the d-wave becomes the dominant contribution to the
cross section in the early universe when µ is not large
enough. Conversely, the s-wave becomes dominant to-
day even if the mass of particle f is as low as the elec-
tron mass. The non-relativistic thermally averaged cross
section ⟨! vff ⟩ is given by substituting ⟨v2⟩ → 6T/mχ

and ⟨v4⟩ → 60T 2/m2
χ where T is the temperature of the

universe. This replacement coincides with refs. [30, 31].
The thermally averaged cross section is important to es-
timate the relic density of DM. The typical value of the
temperature that sets the correct relic density is roughly
mχ/T ≈ 20-25.
Next, we consider the radiative correction for the above

2-body process, that is "" → ff# shown in Fig. 1. This
process is the IB of the real scalar DM, and the emitted
photon can be a gamma-ray signal which is comparable
with the Fermi-LAT excess. The amplitude for the total
IB is separated to two pieces of Final State Radiation
(FSR) and Virtual Internal Bremsstrahlung (VIB). One
cannot generally treat the VIB diagram separately in a
gauge invariant manner, and it is only the sum of all
three diagrams in Fig. 1 that is gauge invariant. Here
we define the FSR amplitude as the leading term of the
differential cross section in Eq. (4), and the VIB one as

the amplitude removing the chiral suppression in s-wave
to the annihilation cross section. This definition of FSR
and VIB makes the following discussion clear, however
we note that it is different definition from ref. [38]. Thus
the differential cross section is expressed as

d! vffγ
dx

=
d! vFSR

ffγ

dx
+

d! vVIB
ffγ

dx
, (3)

with x = Eγ/mχ, where the interference term between
the FSR and VIB amplitudes are neglected here.
The first term in Eq. (3) of FSR can be written in the

model-independent way:

d! vFSR
ffγ

dx
≈ ! vff

Q2$em

%
(1− x)2 + 1

x
log

(

4m2
χ (1− x)

m2
f

)

,

(4)
whereQ stands for the electromagnetic charge of & and f .
A similar result is obtained for a bosonic final state, but
the x dependence is different [33]. The FSR differential
cross section is proportional to the 2-body cross section
! vff . This implies that if mf ≪ mχ, the FSR gives a
very small contribution and it can be negligible at present
times. The energy spectrum of FSR is broad and it is not
suitable to explain the gamma-ray excess. If the FSR
contribution is not suppressed, the energy spectrum of
the first term in Eq. (3) invariably becomes greater than
the second term.
The second term in Eq. (3) represents the VIB contri-

bution [34, 35]. This process is well-known for enhancing
the s-wave component in such chirally-suppressed mod-
els. The differential cross section of the VIB process for
Majorana DM has been calculated in ref. [32, 36–38].
Similarly, it is calculated for real scalar DM by following
ref. [38] as

d! vVIB
ffγ

dx
=

Q2$emy4L
4%2m2

χ

(1− x)

[

2x

(µ+ 1) (µ+ 1− 2x)
−

x
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−

(µ+ 1) (µ+ 1− 2x)

2 (µ+ 1− x)3
log
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µ+ 1

µ+ 1− 2x

)

]

, (5)

and the total cross section is obtained by integrating Eq. (5) in the range of 0 ≤ x ! 1 as follows

! vVIB
ffγ

=
Q2$emy4L
8%2m2

χ

[

(µ+ 1)

(

%2

6
− log2

(
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2µ

)

− 2Li2

(
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))

+
4µ+ 3

µ+ 1
+

4µ2 − 3µ− 1

2µ
log

(

µ− 1

µ+ 1

)]

, (6)

where Li2(z) is the dilogarithm function defined by

Li2(z) = −
∫ 1

0
log(1 − zt)/tdt. The above VIB cross sec-

tion for real scalar DM is a factor of 8 times larger than
that for Majorana DM. Note that the continuum gamma-
ray spectrum due to hadronization should be added in
Eq. (3) when the final state particles are tauons or light

quarks.

The above discussion is valid when the other interac-
tions are sufficiently suppressed. Here we add the inter-
action with the right-handed component of the fermion f ,
and we estimate how much hierarchy is necessary among
the interactions in order for the above scheme to work.

Interesting DM model studied a few years ago to explain the (gone) gamma 
rays galactic excess ~ 130 GeV

DM DM > f f’ γ ( 2 -> 3)
internal bremsstrahlung

• χ: fermionic DM coupling to Fermions 
•Ψ: fermionic mediator, color triplet 

•  DM DM > f f’ is s-wave and p-wave suppressed 

• DM DM > f f’ γ gets enhanced (s-wave contribution) 

• can be tuned to get <σv> and gamma lines to explain the excess

Figure 11: Left: Z boson energy distribution and quark spectrum, respectively, for two di↵erent values of r = M /M�, for �r�r ! qq̄Z annihilation.
The mass of dark matter has been fixed to 10 TeV. Centre: quark distributions. Right: neutrino distribution after parton shower and hadronisation
has been performed by Pythia 8, for two di↵erent values of r. The bump in high-energy fraction region is still visible, yet not as pronounced as
in the case of photon radiation.

analogous (the results di↵er only by an overall factor due to the gauge charges) we focus on the interaction with
quarks. The Lagrangian describing the Yukawa interaction is

L � yR �r  ̄R qR + yL �r  ̄L QL + h.c. , (12)

where qR and QL are the SU(2) singlet right-handed quark and the SU(2) doublet left-handed quarks, respectively,
while yR and yL are the coupling parameters. In order to preserve SU(2) gauge symmetry,  R is a singlet, while  L is
a doublet. For our purposes, it is enough to restrict to a model involving only the interaction with right-handed quarks.

This model (and simple variations thereof) exhibits interesting features when considering dark matter annihilation
at threshold. In the case of annihilation to massless fermions �r�r ! f f̄ , the 2 ! 2 amplitude is d-wave suppressed
(�v / v4). As a result, despite formally being higher-order in ↵, the 2 ! 3 annihilation process with bremsstrahlung
of a photon gives the dominant contribution. The 3-body final state cross section is no longer suppressed at threshold
and therefore becomes insensitive to the non-relativistic relative velocity (v ⇠ 10�3 in the galactic centre for example).
In addition to that, depending on the available phase space, the internal bremsstrahlung can give a rather sharp spectral
signal resembling a monochromatic line, see Fig. 10. The results shown there for di↵erent values of the mass of the
mediator have been obtained by MadDMand found to be in perfect agreement with the analytical computation of
Ref. [94]. In fact, such behaviour is not specific to the model considered here, but it is a common feature of scenarios
in which the produced fermions are massless or very light, as the s-wave contribution in the 2 ! 2 annihilation is
proportional to the mass of the fermion. Had we considered Majorana dark matter interacting through a scalar or a
vector mediator, we would have observed the same features (see Refs. [95–98]).

By employing MadAnalysis5 [99], we analyse the events at the parton as well as at the hadron level, after parton
shower and hadronisation as obtained by Pythia 8 . At the parton level, we find that the peak of the spectrum moves
to lower energies for large values of r = M /m� and that the distribution is also more spread. At the hadron-level, the
distribution of gamma rays gets sizable contributions at low x from hadrons decaying to photons (such as ⇡0 ! ��),
see Fig. 10. Yet, the sharp profile given by the photons produced by internal radiation is clearly visible at high x, see
Ref. [100] for a similar plot obtained with a Majorana dark matter.

Having reproduced the photon radiation pattern, we then consider the spectrum of neutrinos coming from Z
bremsstrahlung (see Ref. [101, 102]). In this case we expect that when the dark matter particle is heavy compared to
the Z boson and the mediator mass is nearly degenerate with the dark matter mass, a similar behaviour to the photon
emission should be found. To check this explicitly, we have considered a dark matter particle with a mass of 10 TeV.
We have found that the spectrum of the radiated Z boson is identical to the photon one, see Fig. 11. Decaying the Z
into neutrinos and accounting for the corresponding branching ratio, gives a less prominent bump compared to photon
emission (see Fig. 11), as expected.
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Example: helicity suppression lift 
Figure 11: Left: Z boson energy distribution and quark spectrum, respectively, for two di↵erent values of r = M /M�, for �r�r ! qq̄Z annihilation.
The mass of dark matter has been fixed to 10 TeV. Centre: quark distributions. Right: neutrino distribution after parton shower and hadronisation
has been performed by Pythia 8, for two di↵erent values of r. The bump in high-energy fraction region is still visible, yet not as pronounced as
in the case of photon radiation.

analogous (the results di↵er only by an overall factor due to the gauge charges) we focus on the interaction with
quarks. The Lagrangian describing the Yukawa interaction is

L � yR �r  ̄R qR + yL �r  ̄L QL + h.c. , (12)

where qR and QL are the SU(2) singlet right-handed quark and the SU(2) doublet left-handed quarks, respectively,
while yR and yL are the coupling parameters. In order to preserve SU(2) gauge symmetry,  R is a singlet, while  L is
a doublet. For our purposes, it is enough to restrict to a model involving only the interaction with right-handed quarks.

This model (and simple variations thereof) exhibits interesting features when considering dark matter annihilation
at threshold. In the case of annihilation to massless fermions �r�r ! f f̄ , the 2 ! 2 amplitude is d-wave suppressed
(�v / v4). As a result, despite formally being higher-order in ↵, the 2 ! 3 annihilation process with bremsstrahlung
of a photon gives the dominant contribution. The 3-body final state cross section is no longer suppressed at threshold
and therefore becomes insensitive to the non-relativistic relative velocity (v ⇠ 10�3 in the galactic centre for example).
In addition to that, depending on the available phase space, the internal bremsstrahlung can give a rather sharp spectral
signal resembling a monochromatic line, see Fig. 10. The results shown there for di↵erent values of the mass of the
mediator have been obtained by MadDM and found to be in perfect agreement with the analytical computation of
Ref. [94]. In fact, such behaviour is not specific to the model considered here, but it is a common feature of scenarios
in which the produced fermions are massless or very light, as the s-wave contribution in the 2 ! 2 annihilation is
proportional to the mass of the fermion. Had we considered Majorana dark matter interacting through a scalar or a
vector mediator, we would have observed the same features (see Refs. [95–98]).

By employing MadAnalysis5 [99], we analyse the events at the parton as well as at the hadron level, after parton
shower and hadronisation as obtained by Pythia 8. At the parton level, we find that the peak of the spectrum moves
to lower energies for large values of r = M /m� and that the distribution is also more spread. At the hadron-level, the
distribution of gamma rays gets sizable contributions at low x from hadrons decaying to photons (such as ⇡0 ! ��),
see Fig. 10. Yet, the sharp profile given by the photons produced by internal radiation is clearly visible at high x, see
Ref. [100] for a similar plot obtained with a Majorana dark matter.

Having reproduced the photon radiation pattern, we then consider the spectrum of neutrinos coming from Z
bremsstrahlung (see Ref. [101, 102]). In this case we expect that when the dark matter particle is heavy compared to
the Z boson and the mediator mass is nearly degenerate with the dark matter mass, a similar behaviour to the photon
emission should be found. To check this explicitly, we have considered a dark matter particle with a mass of 10 TeV.
We have found that the spectrum of the radiated Z boson is identical to the photon one, see Fig. 11. Decaying the Z
into neutrinos and accounting for the corresponding branching ratio, gives a less prominent bump compared to photon
emission (see Fig. 11), as expected.
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FIG. 1: Internal Bremsstrahlung processes of (real) scalar
DM.

and p-wave are suppressed by the factor m2
f/m

2
χ, thus

the d-wave becomes the dominant contribution to the
cross section in the early universe when µ is not large
enough. Conversely, the s-wave becomes dominant to-
day even if the mass of particle f is as low as the elec-
tron mass. The non-relativistic thermally averaged cross
section ⟨! vff ⟩ is given by substituting ⟨v2⟩ → 6T/mχ

and ⟨v4⟩ → 60T 2/m2
χ where T is the temperature of the

universe. This replacement coincides with refs. [30, 31].
The thermally averaged cross section is important to es-
timate the relic density of DM. The typical value of the
temperature that sets the correct relic density is roughly
mχ/T ≈ 20-25.
Next, we consider the radiative correction for the above

2-body process, that is "" → ff# shown in Fig. 1. This
process is the IB of the real scalar DM, and the emitted
photon can be a gamma-ray signal which is comparable
with the Fermi-LAT excess. The amplitude for the total
IB is separated to two pieces of Final State Radiation
(FSR) and Virtual Internal Bremsstrahlung (VIB). One
cannot generally treat the VIB diagram separately in a
gauge invariant manner, and it is only the sum of all
three diagrams in Fig. 1 that is gauge invariant. Here
we define the FSR amplitude as the leading term of the
differential cross section in Eq. (4), and the VIB one as

the amplitude removing the chiral suppression in s-wave
to the annihilation cross section. This definition of FSR
and VIB makes the following discussion clear, however
we note that it is different definition from ref. [38]. Thus
the differential cross section is expressed as

d! vffγ
dx

=
d! vFSR

ffγ

dx
+

d! vVIB
ffγ

dx
, (3)

with x = Eγ/mχ, where the interference term between
the FSR and VIB amplitudes are neglected here.
The first term in Eq. (3) of FSR can be written in the

model-independent way:
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whereQ stands for the electromagnetic charge of & and f .
A similar result is obtained for a bosonic final state, but
the x dependence is different [33]. The FSR differential
cross section is proportional to the 2-body cross section
! vff . This implies that if mf ≪ mχ, the FSR gives a
very small contribution and it can be negligible at present
times. The energy spectrum of FSR is broad and it is not
suitable to explain the gamma-ray excess. If the FSR
contribution is not suppressed, the energy spectrum of
the first term in Eq. (3) invariably becomes greater than
the second term.
The second term in Eq. (3) represents the VIB contri-

bution [34, 35]. This process is well-known for enhancing
the s-wave component in such chirally-suppressed mod-
els. The differential cross section of the VIB process for
Majorana DM has been calculated in ref. [32, 36–38].
Similarly, it is calculated for real scalar DM by following
ref. [38] as
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and the total cross section is obtained by integrating Eq. (5) in the range of 0 ≤ x ! 1 as follows
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where Li2(z) is the dilogarithm function defined by

Li2(z) = −
∫ 1

0
log(1 − zt)/tdt. The above VIB cross sec-

tion for real scalar DM is a factor of 8 times larger than
that for Majorana DM. Note that the continuum gamma-
ray spectrum due to hadronization should be added in
Eq. (3) when the final state particles are tauons or light

quarks.

The above discussion is valid when the other interac-
tions are sufficiently suppressed. Here we add the inter-
action with the right-handed component of the fermion f ,
and we estimate how much hierarchy is necessary among
the interactions in order for the above scheme to work.

Interesting DM model studied a few years ago to explain the (gone) gamma 
rays galactic excess ~ 130 GeV

Figure 10: Left: energy spectrum of the photon for �r�r ! qq̄� annihilation. Di↵erent values of r = M /M� have been considered, keeping
the dark matter mass fixed at 100 GeV. Right: gamma-ray distribution produced after parton showering and hadronisation of the final state with
Pythia 8, for di↵erent values of r. The sharp increase at high x values corresponds to internal bremsstrahlung.

generate relic density
define q= u d s c b t
define qbar= u~ d~ s~ c~ b~ t~
add indirect detection y0 y0
output secluded_dm_gammarays

where the user asks only for the annihilation channel and Pythia 8 takes care of the Y0 decay subsequently. We have
checked that the two methods are strictly equivalent for on-shell mediators. After having chosen the preferred option,
upon the launch command the scan can be performed as:

launch secluded_dm_gammarays
set WY0 auto
set nevents 50000
set gq 1e-6
set theta 0.7
set MXd scan1:[10*x for x in range(1,200) for y in range(1,200) if x < y]
set MY0 scan1:[10*y for x in range(1,200) for y in range(1,200) if x < y]
set save_output all

The last set saves all the energy spectra generated by Pythia for each sampled point in the parameter space, while the
default option erases them.

5.3. Final state radiation in dark matter annihilation: the case of internal bremsstrahlung
In this section we show how MadDM can easily reproduce the internal bremsstrahlung phenomenon in 2 ! 3

annihilation processes [88–93]. Let us consider a simplified t-channel mediator model where dark matter is a real
scalar gauge singlet �r that couples to the fermions of the SM (either quarks or leptons) and a heavy fermion mediator
 . Interactions with quarks (leptons) imply the mediator  to be a colour triplet (singlet). Being the two cases

18

https://arxiv.org/abs/1307.6480

vs

MadDM v.3.0
mDM = 100 GeV

work by Fabio, Luca

r=m(Ψ)/m(χ)

https://arxiv.org/abs/1307.6480


MadDM v.3.0 - Federico Ambrogi MCnet Meeting@CERN, 11.04.201810

2. Energy spectra for Cosmic Rays (CR)

�, ⌫e, ⌫µ, ⌫⌧ , e+, p̄

PPPC4DMID Tables
• Requires the installation of the PPPC4DMID module  
• Fast but precise if annihilation is dominated by SM 

Pythia8 Spectra 
• Includes decays of BSM

its full testing is kept for a future release. The ability to automatically compute loop induced processes would be a
great addition to MadDM, as it will allow the user to easy evaluate dark matter annihilation into a pair of photons or
�Z or �h (the so-called smoking gun signatures for dark matter), for which the Fermi-LAT satellite is setting strong
exclusion bounds [30]. At the moment such loop induced processes need to be evaluated analytically within the
specific dark matter model, while there are attempts to analytically provide systematic calculations valid for the most
popular dark matter candidates [39]. A fully automatised numerical procedure for any dark matter model is yet a
missing block within the dark matter tools world.

2.2. Energy spectra from dark matter annihilation
Dark matter particles can annihilate into all possible SM final states that are kinematically open. The specific final

states of course depend on the detailed properties of the dark matter model. To introduce our implementation, we start
with illustrating the standard implementation available in several public tools [13, 40, 41], which is the annihilation
into pairs of SM particles. This is described by a 2! 2 process:

�� ! gg, qq̄, cc̄, bb̄, tt̄, e+e�, µ+µ�, ⌧+⌧�, ⌫e⌫̄e, ⌫µ⌫̄µ, ⌫⌧⌫̄⌧,ZZ,W+W�, hh , (5)

where q designs collectively the u, d and s quarks and a branching ratio of 100% into one particle species is assumed.
The standard procedure to compute the energy spectrum of stable particles i = �, e+ , p̄, ⌫e, ⌫µ, ⌫⌧ 1 (and anti-

neutrinos) at the production point, dN/d log xi (with xi ⌘ Ei/m� and Ei is the energy of species i), is obtained by
making decay, shower and hadronise the SM particles via Monte Carlo simulation tools. The annihilation process
occurs in the galactic halo or in nearby galaxies, where typically the velocity of dark matter is very small (v0 ⇠ 220
km/s or lower); hence the annihilation can be considered at rest with a center of mass energy provided by twice the
dark matter mass

p
s = 2m�. Typically the energy spectra are produced in a model independent way by defining in

the Monte Carlo simulation tool the decay of a generic resonance R ! SM SM, with mR =
p

s and by choosing a
specific SM final state among those listed in Eq. (2.2) with 100% branching ratio. For a given choice of SM final state
and a set of dark matter masses, high precision tables are produced and stored in the numerical tool.

For instance MicrOMEGAs computes the energy spectra for a specific dark matter model as follows: for the SM
final states allowed by the model, it interpolates among these model independent tables as a function of m� and then
rescales each SM final states by the appropriate branching ratio given by the model. The PPPC4DMID [41] tool on the
other hand has released publicly the model independent energy spectra for a variety of SM final states, by providing
table files [42].

MadDM has made available both the ‘fast’ and the ‘precise’ running methods (more details are given in Appendix
C.2) to obtain the energy spectra:

‘Fast’ mode. It first computes h�vi with the ‘fast’ mode and then it downloads the PPPC4DMID numerical tables with
(default) or without weak corrections, depending on the user choice. The energy spectra of the model are interpolated
using those tables. This operation mode is similar to MicrOMEGAs and it is available only if the dark matter annihilates
directly into a pair of SM final states. If you use this method please cite the PPPC4DMID reference [41].

‘Precise‘ mode. Thanks to the embedding of MadDM into the MG5 aMC platform, it is easy to generate events for the
annihilation process the user is interested in and pass it to a Monte Carlo simulation tool to get the energy spectra
desired. There are many Monte Carlo simulation tools for decaying, showering and hadronisation; for the purposes
of MadDM we have implemented an interface with Pythia 8. For a discussion on di! erences on the energy spectra
generated with di! erent Monte Carlo simulation tools we refer the reader to [41, 43]. The energy spectra for gamma
rays, positrons, anti-protons and neutrinos are computed by Pythia 8 from the event file generated by the madevent
or reshuffling methods, which make use of the exact matrix element for a given process and for the specific model
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A comparison of the spectra generated with MadDM using Pythia 8 with the ones released with the PPPC4DMID
code is provided in Fig. 3. For the purpose of comparison we assume a branching ratio of 100% into one particle
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its full testing is kept for a future release. The ability to automatically compute loop induced processes would be a
great addition to MadDM, as it will allow the user to easy evaluate dark matter annihilation into a pair of photons or
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missing block within the dark matter tools world.

2.2. Energy spectra from dark matter annihilation
Dark matter particles can annihilate into all possible SM final states that are kinematically open. The specific final

states of course depend on the detailed properties of the dark matter model. To introduce our implementation, we start
with illustrating the standard implementation available in several public tools [13, 40, 41], which is the annihilation
into pairs of SM particles. This is described by a 2! 2 process:
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where q designs collectively the u, d and s quarks and a branching ratio of 100% into one particle species is assumed.
The standard procedure to compute the energy spectrum of stable particles i = �, e+, p̄, ⌫e, ⌫µ, ⌫⌧ 1 (and anti-

neutrinos) at the production point, dN/d log xi (with xi ⌘ Ei/m� and Ei is the energy of species i), is obtained by
making decay, shower and hadronise the SM particles via Monte Carlo simulation tools. The annihilation process
occurs in the galactic halo or in nearby galaxies, where typically the velocity of dark matter is very small (v0 ⇠ 220
km/s or lower); hence the annihilation can be considered at rest with a center of mass energy provided by twice the
dark matter mass

p
s = 2m�. Typically the energy spectra are produced in a model independent way by defining in

the Monte Carlo simulation tool the decay of a generic resonance R ! SM SM, with mR =
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s and by choosing a
specific SM final state among those listed in Eq. (2.2) with 100% branching ratio. For a given choice of SM final state
and a set of dark matter masses, high precision tables are produced and stored in the numerical tool.

For instance MicrOMEGAs computes the energy spectra for a specific dark matter model as follows: for the SM
final states allowed by the model, it interpolates among these model independent tables as a function of m� and then
rescales each SM final states by the appropriate branching ratio given by the model. The PPPC4DMID [41] tool on the
other hand has released publicly the model independent energy spectra for a variety of SM final states, by providing
table files [42].

MadDM has made available both the ‘fast’ and the ‘precise’ running methods (more details are given in Appendix
C.2) to obtain the energy spectra:

‘Fast’ mode. It first computes h�vi with the ‘fast’ mode and then it downloads the PPPC4DMID numerical tables with
(default) or without weak corrections, depending on the user choice. The energy spectra of the model are interpolated
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of MadDM we have implemented an interface with Pythia 8. For a discussion on di↵erences on the energy spectra
generated with di↵erent Monte Carlo simulation tools we refer the reader to [41, 43]. The energy spectra for gamma
rays, positrons, anti-protons and neutrinos are computed by Pythia 8 from the event file generated by the madevent
or reshuffling methods, which make use of the exact matrix element for a given process and for the specific model
point in the parameter space.

A comparison of the spectra generated with MadDM using Pythia 8 with the ones released with the PPPC4DMID
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its full testing is kept for a future release. The ability to automatically compute loop induced processes would be a
great addition to MadDM, as it will allow the user to easy evaluate dark matter annihilation into a pair of photons or
�Z or �h (the so-called smoking gun signatures for dark matter), for which the Fermi-LAT satellite is setting strong
exclusion bounds [30]. At the moment such loop induced processes need to be evaluated analytically within the
specific dark matter model, while there are attempts to analytically provide systematic calculations valid for the most
popular dark matter candidates [39]. A fully automatised numerical procedure for any dark matter model is yet a
missing block within the dark matter tools world.
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Dark matter particles can annihilate into all possible SM final states that are kinematically open. The specific final

states of course depend on the detailed properties of the dark matter model. To introduce our implementation, we start
with illustrating the standard implementation available in several public tools [13, 40, 41], which is the annihilation
into pairs of SM particles. This is described by a 2! 2 process:
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final states allowed by the model, it interpolates among these model independent tables as a function of m� and then
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other hand has released publicly the model independent energy spectra for a variety of SM final states, by providing
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MadDM has made available both the ‘fast’ and the ‘precise’ running methods (more details are given in Appendix
C.2) to obtain the energy spectra:

‘Fast’ mode. It first computes h�vi with the ‘fast’ mode and then it downloads the PPPC4DMID numerical tables with
(default) or without weak corrections, depending on the user choice. The energy spectra of the model are interpolated
using those tables. This operation mode is similar to MicrOMEGAs and it is available only if the dark matter annihilates
directly into a pair of SM final states. If you use this method please cite the PPPC4DMID reference [41].

‘Precise‘ mode. Thanks to the embedding of MadDM into the MG5 aMC platform, it is easy to generate events for the
annihilation process the user is interested in and pass it to a Monte Carlo simulation tool to get the energy spectra
desired. There are many Monte Carlo simulation tools for decaying, showering and hadronisation; for the purposes
of MadDM we have implemented an interface with Pythia 8. For a discussion on di! erences on the energy spectra
generated with di! erent Monte Carlo simulation tools we refer the reader to [41, 43]. The energy spectra for gamma
rays, positrons, anti-protons and neutrinos are computed by Pythia 8 from the event file generated by the madevent
or reshuffling methods, which make use of the exact matrix element for a given process and for the specific model
point in the parameter space.

A comparison of the spectra generated with MadDM using Pythia 8 with the ones released with the PPPC4DMID
code is provided in Fig. 3. For the purpose of comparison we assume a branching ratio of 100% into one particle

1It is a common choice to give the energy spectrum of positrons and anti-protons instead of electrons or protons (even though they are equal
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Figure 4: Comparison between the energy spectra dN/d log x at production generated by MadDM and PPPC4DMID including weak corrections. The
first and second columns show fermionic and bosonic annihilation channels for a mass of the dark matter mDM = 100 GeV, while the third and
fourth columns are for a 10 TeV dark matter mass. The labelling of the plot is the same as Fig. 3.

time of writing we are not able to resolve this discrepancy by a variation of the Pythia 8 settings. Note that this
discrepancy has also been found in [44]. In the following, when referring to cc̄ and gg final states it means that we
have generated our own set of model independent energy spectra to be consistent with our ‘precise’ method. In the
photon energy spectrum the vertical dashed line indicates the sensitivity window of the Fermi-LAT telescope (500
MeV to 500 GeV energy window): for a 10 GeV dark matter only the upper part of the spectrum matters at large x;
for 1 TeV dark matter the Fermi-LAT energy window accesses all the energy spectrum, from x ⇠ 10�3 to x ⇠ 1, while
a further increase of the dark matter mass shifts the sensitivity range towards smaller x values.
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Figure 3: Comparison between the energy spectra dN/d log x at production generated by MadDM and PPPC4DMID, solid and dashed curves as
labelled (with x = K/mDM and K being the kinetic energy of the final state stable particle). The dark matter annihilation channels are labelled by
the di↵erent colours in the panels. The first and second columns show fermionic and bosonic annihilation channels for a mass of the dark matter
mDM = 10 GeV, while the third and fourth columns are for a 1 TeV dark matter mass, again fermionic and bosonic annihilation channel respectively.
Positron energy spectra are provided in the first row, while the second, third and fourth rows depict anti-protons, prompt photons and neutrinos
(only electron flavour is shown) respectively. The spectra do not include EW corrections.

species. We present the results for a dark matter mass of 10 GeV (first two columns) and 1 TeV (last two columns).
In order to guarantee su�ciently smooth spectra even in the tails we generated between 5 ⇥ 105 and 5 ⇥ 106 events.
The first row shows the energy spectrum for e+, while the second, third and fourth depict the energy spectra for p̄,
� and ⌫e, respectively. We obtain perfect agreement with the PPPC4DMID energy spectra (dashed lines) for all SM
species, except cc̄ and gg final states. These energy spectra deviates slightly for all species of stable particles. At the
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its full testing is kept for a future release. The ability to automatically compute loop induced processes would be a
great addition to MadDM, as it will allow the user to easy evaluate dark matter annihilation into a pair of photons or
�Z or �h (the so-called smoking gun signatures for dark matter), for which the Fermi-LAT satellite is setting strong
exclusion bounds [30]. At the moment such loop induced processes need to be evaluated analytically within the
specific dark matter model, while there are attempts to analytically provide systematic calculations valid for the most
popular dark matter candidates [39]. A fully automatised numerical procedure for any dark matter model is yet a
missing block within the dark matter tools world.

2.2. Energy spectra from dark matter annihilation
Dark matter particles can annihilate into all possible SM final states that are kinematically open. The specific final

states of course depend on the detailed properties of the dark matter model. To introduce our implementation, we start
with illustrating the standard implementation available in several public tools [13, 40, 41], which is the annihilation
into pairs of SM particles. This is described by a 2! 2 process:

�� ! gg, qq̄, cc̄, bb̄, tt̄, e+e�, µ+µ�, ⌧+⌧�, ⌫e⌫̄e, ⌫µ⌫̄µ, ⌫⌧⌫̄⌧,ZZ,W+W�, hh , (5)

where q designs collectively the u, d and s quarks and a branching ratio of 100% into one particle species is assumed.
The standard procedure to compute the energy spectrum of stable particles i = �, e+ , p̄, ⌫e, ⌫µ, ⌫⌧ 1 (and anti-

neutrinos) at the production point, dN/d log xi (with xi ⌘ Ei/m� and Ei is the energy of species i), is obtained by
making decay, shower and hadronise the SM particles via Monte Carlo simulation tools. The annihilation process
occurs in the galactic halo or in nearby galaxies, where typically the velocity of dark matter is very small (v0 ⇠ 220
km/s or lower); hence the annihilation can be considered at rest with a center of mass energy provided by twice the
dark matter mass

p
s = 2m�. Typically the energy spectra are produced in a model independent way by defining in

the Monte Carlo simulation tool the decay of a generic resonance R ! SM SM, with mR =
p

s and by choosing a
specific SM final state among those listed in Eq. (2.2) with 100% branching ratio. For a given choice of SM final state
and a set of dark matter masses, high precision tables are produced and stored in the numerical tool.

For instance MicrOMEGAs computes the energy spectra for a specific dark matter model as follows: for the SM
final states allowed by the model, it interpolates among these model independent tables as a function of m� and then
rescales each SM final states by the appropriate branching ratio given by the model. The PPPC4DMID [41] tool on the
other hand has released publicly the model independent energy spectra for a variety of SM final states, by providing
table files [42].

MadDM has made available both the ‘fast’ and the ‘precise’ running methods (more details are given in Appendix
C.2) to obtain the energy spectra:

‘Fast’ mode. It first computes h�vi with the ‘fast’ mode and then it downloads the PPPC4DMID numerical tables with
(default) or without weak corrections, depending on the user choice. The energy spectra of the model are interpolated
using those tables. This operation mode is similar to MicrOMEGAs and it is available only if the dark matter annihilates
directly into a pair of SM final states. If you use this method please cite the PPPC4DMID reference [41].

‘Precise‘ mode. Thanks to the embedding of MadDM into the MG5 aMC platform, it is easy to generate events for the
annihilation process the user is interested in and pass it to a Monte Carlo simulation tool to get the energy spectra
desired. There are many Monte Carlo simulation tools for decaying, showering and hadronisation; for the purposes
of MadDM we have implemented an interface with Pythia 8. For a discussion on di! erences on the energy spectra
generated with di! erent Monte Carlo simulation tools we refer the reader to [41, 43]. The energy spectra for gamma
rays, positrons, anti-protons and neutrinos are computed by Pythia 8 from the event file generated by the madevent
or reshuffling methods, which make use of the exact matrix element for a given process and for the specific model
point in the parameter space.

A comparison of the spectra generated with MadDM using Pythia 8 with the ones released with the PPPC4DMID
code is provided in Fig. 3. For the purpose of comparison we assume a branching ratio of 100% into one particle

1It is a common choice to give the energy spectrum of positrons and anti-protons instead of electrons or protons (even though they are equal
unless the dark matter model has a weird symmetry) because the former are subject to a lower background in astrophysical environments.
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2. Fermi-LAT limits

Coming to the electroweak (EW) corrected energy spectra,Pythia 8 has a partial implementation of the weak
corrections [45], namely it takes into account the radiation of weak gauge bosons from the fermionic Þnal states
only. Once we allow for weak showering inPythia 8 our energy spectra match those ofPPPC4DMIDfor the case
of fermionic Þnal states, as shown in Fig. 4 (the Þrst and last two columns correspond to a dark matter mass of 100
GeV and 10 TeV, respectively). Energy spectra originating from quarks or gluons are basically una! ected by weak
corrections. We are unable to match the energy spectra for weak corrections originating fromW+W! ,ZZ andhh
Þnal states, as those are not implemented intoPythia 8 . It is known that these corrections are large and moreover
they open new channels that would be otherwise forbidden: for instance if the annihilation process is!! " e+e! in
principle there should be no anti-protons as a Þnal results. By including the weak corrections the latter have a non
negligible energy spectra, since they arise from hadronisation of the Þnal state quarks originated by the weak bosons.

As MadDMis based on theMG5aMCarchitecture it can easily handle not only the standard!! " 2 annihilation
processes but also dark matter annihilation into more than two particles in the Þnal state,i.e., !! " n processes. Note
thatPythia 8 will also automatically produce the energy spectra into"" , e+, øp,#e, #µ, #$ in this case. We will provide
two examples in Sec. 5: the Þrst is based on 2" 3 processes for indirect detection, where the third particle emitted is a
gauge boson. For instance, Majorana or scalar dark matter annihilation into light fermions isp- or d-wave suppressed,
whereas the additional emission of a" ,Z or W boson uplift the helicity suppression and lead to as-wave annihilation
cross section that can be constrained by present data. The second example is based on a 2" 4 annihilation process
inspired by models of secluded dark matter [46].

The ability to handle 2" n processes is also relevant in the context of weak showering corrections, as the user
can test the e! ect of a single weak boson emission on the standard dark matter annihilation into SM particles. For
instance he/she can study for instance the consequence of a single weak boson correction to theW+W! Þnal state by
considering the following annihilation processes!! " W+W! Z and!! " W+W! h.

Notice that some of the energy associated with charged particle Þnal states is redirected into photons, due to inverse
Compton scattering of for instance CMB photons, synchrotron emission due to propagation in the magnetic Þeld, and
interaction with the interstellar gas producing both bremsstrahlung and neutral pions that further decay into photons.
These processes modify the energy spectra of charged particles and of prompt photons (for details see [41, 47, 48]).
For this latter the energy spectrum can range from radio to gamma-ray energies.MadDMdoes not consider however the
multi-wave length spectrum originating from these processes, as those depend on the details of the environment, but
only the prompt gamma-ray energy spectrum from direct dark matter annihilation. For the former, the loss of energy
and the conversion into photons is taken into account together with the propagation in the astrophysical environment,
as will be explained in 2.4.

2.3. Gamma-ray ßux

The study of prompt gamma-ray ßux from dark matter annihilation is generically the simplest among the" , e+, øp,#i

Þnal states, as photons travel straight from the production to the detection points and typically trace the source.
Let us consider a generic dark matter model that annihilates into the SM particlei with branching ratioBi. The

expected gamma-ray ßux from dark matter annihilation from a direction%in the sky, averaged over an opening angle
" %is:
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with distinct particle and antiparticle Eq. (6) is multiplied by an additional factor of 1/2.2 MadDMprovides both the
di! erential ßux in Eq. (6) as well as the total integrated ßux, up to theJ factor, which should be provided by the user.
Details are given in Appendix C.3.

2This factor 1/ 2 for non self-conjugate dark matter is automatically computed byMadDM by inferring this information from the UFO model,
which stores the particle properties including the label self-conjugate or not.
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2. Fermi-LAT limits
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2. Fermi-LAT limits 
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2. Fermi-LAT limits 

Figure 6: Comparison between the MadDM and publicly released Fermi-LAT exclusion bounds in the {h�vi � m�}-plane for the combined set of
dSphs as labelled. The solid curves are for the MadDM limits profiling on the J factor, while the dashed lines stand for the Fermi-LAT limits. The
red curve is for ��! bb̄, while the blue line is for ��! ⌧�⌧+.

years there has been a refurbished activity in this field, with the discovery of many low brightness dSphs (also called
ultra-faint dSphs) by optical wide-field imaging surveys such as the Sloan Digital Sky Survey [70] or dark energy
surveys such as DES [71] that sum up to the 9 luminous classical dSphs known so far and largely increase the number
of confirmed dSphs. This reinvigorated activity makes these satellite galaxies attractive targets for dark matter searches
and are worth to be included with their full power as experimental constraints in the MadDM code.

The non observation of a gamma-ray emission from dSphs galaxies sets very strong constraints on the prompt
photon flux originating from a given dark matter model. The analysis implemented in MadDM is based on the public
data released by the Fermi-LAT collaboration [6, 64]. The Fermi-LAT satellite has analysed the 6 years data (Pass
8) to search for an excess in the gamma-ray emission coming from 45 confirmed and candidate dSphs, finding no
significant excess in the analysis of the combined data. Hence exclusion limits are set on the prompt photon flux
generated by dark matter annihilation and consequently on the annihilation cross section. There are four dSphs
recently discovered by DES, which, taken individually, show a slight excess over the background of the order of 2�;
this set contains the Reticulum II dSph galaxy, for which also other analyses [72, 73] have pointed out a possible
excess over the background. Despite the fact that the excess disappears once the data are combined with the other
satellite galaxies, the exclusion limits of Fermi-LAT in the h�vi and dark matter mass plane are weaker than the
exclusion limits of Fermi-LAT 2015 [74], where only 15 confirmed dSphs were used. For instance the exclusion limit
for the hard channel �� ! ⌧+⌧� gets weakened below m� = 100 GeV by roughly a factor of 2, with h�vi excluded
⇠ 5⇥ 10�27cm3/s for 10 GeV dark matter mass and hitting the thermal freeze out cross section at about m� = 90 GeV.

For each of the 45 dSphs, the Fermi-LAT collaboration has made available the likelihood profile in each energy
bin for each dSph used to derive gamma-ray flux upper limits. By using these likelihood profile functions, we perform
a likelihood analysis to constrain the model point the user is testing. To this end we bin the predicted flux accordingly
and sum up the likelihood for each bin for a given dSph. We use the J factors provided by the collaboration (adopted
from [75]) which are based on spectroscopic observations when possible and distance scaling relationships otherwise.
We take into account the uncertainties on the J factors by including them as nuisance parameters and profiling over
them, according to Ref. [76]. The total likelihoods of all dSphs included are then summed up and interpreted as a
test statistic in order to derive the p-value of the model. The default set of dSphs contains Segue I, Ursa Major II,
Coma Berenices, Reticulum II, Ursa Minor and Draco which are the dSphs with the six largest J factors. Based on
this method MadDM also finds the corresponding 95% confidence level (CL) cross-section upper limit for the model by
demanding a p-value of 0.95. The likelihood method to compare theoretical predictions with the Fermi-LAT data is
very generic and can constrain any dark matter model, no matter what are the annihilation final state. This method is
the default procedure if the user selects the ‘precise’ running mode for MadDM.

Figure 5 shows the comparison between the Fermi-LAT (dashed line) and the MadDM (solid line) exclusion limits
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2. Fermi-LAT limits 

Figure 7: Exclusion limits for the combined set of dSphs, computed with MadDM for all SM final states, as labelled. Fermions and bosons are
presented separately in the left and right panels respectively. These bounds include profiling over the J factor.

in the h! vi and dark matter mass plane for two sample dSph galaxies: Coma berenices (left panel) and Ursa Major II
(right panel). We find agreement for the whole dark matter mass range, for both the bb̄ final state (dark blue) and the
"�" + final state (light blue) even though our profiling procedure over the J factor uncertainties makes the upper bound
slightly weaker (by about ⇠ 10%�20%) with respect to the public exclusion limit. The MadDM exclusion limit without
including uncertainties in the J factor (dotted line) matches very well the Fermi-LAT limit. We however include the
profiling procedure to underly the relevance of astrophysical uncertainties. Hopefully in the future when the J factors
will be determined with more accuracy the profiling will have a very limited impact on the exclusion bound.

In Fig. 6 we present the MadDM combined limits in comparison with the Fermi-LAT bounds, which have been
released publicly only for the bb̄ and " +"� channels. In order to speed up our numerical routine we include the 6 dSphs,
as labelled in the plot, which are the ones with the largest J factors. We find that overall the MadDM bounds are in
agreement with the public exclusion limits. We have verified that stacking additional dSphs doesn’t a! ect significantly
our exclusion limits., hence we choose this set of 6 dSphs to be our reference set of satellite galaxies from which to
compute the Fermi-LAT exclusion limits. From this set we additionally compute the exclusion limits for dark matter
annihilating with a branching ratio of 100% into the following SM final states: e+e�, µ+µ�, gg, qq̄, cc̄, tt̄, hh, ZZ, W+W�
(q includes the light quarks u, d, s for which the prompt photon energy spectrum is the same). Those are presented
in Fig. 7: in the left panels we show the limits for dark matter annihilation into fermions, while on the right panel
the limits for annihilation into bosons are depicted. All the exclusion limits presented in Figs. 6 and 7 are encoded in
the ExpConstraints class. Note that these precomputed limits are only used for the fast limit settings on individual
channels. For the upper limit on the total annihilation cross section we always follow the prescription above utilizing
the public likelihood.

3.2. Rescaling of fluxes
Within MadDM we provide likelihoods and upper cross-section limits for two distinct scenarios regarding the com-

position of dark matter.

1. ‘All DM’: In this scenario we assume that the dark matter candidate under consideration makes up all gravi-
tationally interacting dark matter, (" h2)theo = (" h2)Planck regardless of the abundance that result from thermal
freeze-out, (" h2)thermal, within the model. In particular our assumption concerns the local dark matter densities
that enter the fluxes for indirect and direct detection experiments. Accordingly, no rescaling of the fluxes is
made. For (" h2)thermal < (" h2)Planck this scenario could e.g. be realised by additional non-thermal contributions
to dark matter production while (" h2)thermal > (" h2)Planck could be accommodated by a non-standard cosmo-
logical history. As an example for the former, in supersymmetric scenarios where the dark matter is higgsino,
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very generic and can constrain any dark matter model, no matter what are the annihilation final state. This method is
the default procedure if the user selects the ‘precise’ running mode for MadDM.

Figure 5 shows the comparison between the Fermi-LAT (dashed line) and the MadDM (solid line) exclusion limits
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2. Fermi-LAT limits 

Figure 7: Exclusion limits for the combined set of dSphs, computed with MadDM for all SM final states, as labelled. Fermions and bosons are
presented separately in the left and right panels respectively. These bounds include profiling over the J factor.

in the h! vi and dark matter mass plane for two sample dSph galaxies: Coma berenices (left panel) and Ursa Major II
(right panel). We find agreement for the whole dark matter mass range, for both the bb̄ final state (dark blue) and the
"�" + final state (light blue) even though our profiling procedure over the J factor uncertainties makes the upper bound
slightly weaker (by about ⇠ 10%�20%) with respect to the public exclusion limit. The MadDM exclusion limit without
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3.2. Rescaling of fluxes
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position of dark matter.
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logical history. As an example for the former, in supersymmetric scenarios where the dark matter is higgsino,
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Figure 6: Comparison between the MadDM and publicly released Fermi-LAT exclusion bounds in the {h�vi � m�}-plane for the combined set of
dSphs as labelled. The solid curves are for the MadDM limits profiling on the J factor, while the dashed lines stand for the Fermi-LAT limits. The
red curve is for ��! bb̄, while the blue line is for ��! ⌧�⌧+.

years there has been a refurbished activity in this field, with the discovery of many low brightness dSphs (also called
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of confirmed dSphs. This reinvigorated activity makes these satellite galaxies attractive targets for dark matter searches
and are worth to be included with their full power as experimental constraints in the MadDM code.

The non observation of a gamma-ray emission from dSphs galaxies sets very strong constraints on the prompt
photon flux originating from a given dark matter model. The analysis implemented in MadDM is based on the public
data released by the Fermi-LAT collaboration [6, 64]. The Fermi-LAT satellite has analysed the 6 years data (Pass
8) to search for an excess in the gamma-ray emission coming from 45 confirmed and candidate dSphs, finding no
significant excess in the analysis of the combined data. Hence exclusion limits are set on the prompt photon flux
generated by dark matter annihilation and consequently on the annihilation cross section. There are four dSphs
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and sum up the likelihood for each bin for a given dSph. We use the J factors provided by the collaboration (adopted
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We take into account the uncertainties on the J factors by including them as nuisance parameters and profiling over
them, according to Ref. [76]. The total likelihoods of all dSphs included are then summed up and interpreted as a
test statistic in order to derive the p-value of the model. The default set of dSphs contains Segue I, Ursa Major II,
Coma Berenices, Reticulum II, Ursa Minor and Draco which are the dSphs with the six largest J factors. Based on
this method MadDM also finds the corresponding 95% confidence level (CL) cross-section upper limit for the model by
demanding a p-value of 0.95. The likelihood method to compare theoretical predictions with the Fermi-LAT data is
very generic and can constrain any dark matter model, no matter what are the annihilation final state. This method is
the default procedure if the user selects the ‘precise’ running mode for MadDM.

Figure 5 shows the comparison between the Fermi-LAT (dashed line) and the MadDM (solid line) exclusion limits
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3. Experimental Constraints class

Relic Density :   Ω Planck 

Direct detection:
   Spin independent  
   Spin dependent - nuetrons 
   Spin dependent - protons    

Indirect detection:

Xenon 1 ton
LUX
Pico 60

• Precomputed limits for DM DM > SM SM 
• On the fly computation with the global gamma spectra 

Fermi-LAT likelihood 

• Competely ‘externalisable’ module that can be loaded independently of 
MadDM 

• The users can easily update/ add limits
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Example: results

MadDM screen output

[ Run using Madevent + Pythia8 ]
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Example: results

MadDM screen output Exp. ULTheory Predictions

[ Run using Madevent + Pythia8 ]
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Example: results

Exp. ULTheory Predictions

Limits stored in the 
Exp. class module

[ Run using Madevent + Pythia8 ]
Calculated ‘on the fly’

with Pyhtia8/PPPC4DMID spectrum

MadDM screen output
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4. Cosmic Rays Propagation - fluxes at detection

• PPPC4DMID Tables for e+

• DRAGON

Halo profile: NFW, Moore, Einasto, Isothermal
Galactic magnetic filed model: MF1, MF2, MF3 
Propagation model: MIN, MED, MAX

Coming to the electroweak (EW) corrected energy spectra,Pythia 8 has a partial implementation of the weak
corrections [45], namely it takes into account the radiation of weak gauge bosons from the fermionic Þnal states
only. Once we allow for weak showering inPythia 8 our energy spectra match those ofPPPC4DMIDfor the case
of fermionic Þnal states, as shown in Fig. 4 (the Þrst and last two columns correspond to a dark matter mass of 100
GeV and 10 TeV, respectively). Energy spectra originating from quarks or gluons are basically una! ected by weak
corrections. We are unable to match the energy spectra for weak corrections originating fromW+W! ,ZZ andhh
Þnal states, as those are not implemented intoPythia 8 . It is known that these corrections are large and moreover
they open new channels that would be otherwise forbidden: for instance if the annihilation process is!! " e+e! in
principle there should be no anti-protons as a Þnal results. By including the weak corrections the latter have a non
negligible energy spectra, since they arise from hadronisation of the Þnal state quarks originated by the weak bosons.

As MadDMis based on theMG5aMCarchitecture it can easily handle not only the standard!! " 2 annihilation
processes but also dark matter annihilation into more than two particles in the Þnal state,i.e., !! " n processes. Note
thatPythia 8 will also automatically produce the energy spectra into"" , e+, øp,#e, #µ, #$ in this case. We will provide
two examples in Sec. 5: the Þrst is based on 2" 3 processes for indirect detection, where the third particle emitted is a
gauge boson. For instance, Majorana or scalar dark matter annihilation into light fermions isp- or d-wave suppressed,
whereas the additional emission of a" ,Z or W boson uplift the helicity suppression and lead to as-wave annihilation
cross section that can be constrained by present data. The second example is based on a 2" 4 annihilation process
inspired by models of secluded dark matter [46].

The ability to handle 2" n processes is also relevant in the context of weak showering corrections, as the user
can test the e! ect of a single weak boson emission on the standard dark matter annihilation into SM particles. For
instance he/she can study for instance the consequence of a single weak boson correction to theW+W! Þnal state by
considering the following annihilation processes!! " W+W! Z and!! " W+W! h.

Notice that some of the energy associated with charged particle Þnal states is redirected into photons, due to inverse
Compton scattering of for instance CMB photons, synchrotron emission due to propagation in the magnetic Þeld, and
interaction with the interstellar gas producing both bremsstrahlung and neutral pions that further decay into photons.
These processes modify the energy spectra of charged particles and of prompt photons (for details see [41, 47, 48]).
For this latter the energy spectrum can range from radio to gamma-ray energies.MadDMdoes not consider however the
multi-wave length spectrum originating from these processes, as those depend on the details of the environment, but
only the prompt gamma-ray energy spectrum from direct dark matter annihilation. For the former, the loss of energy
and the conversion into photons is taken into account together with the propagation in the astrophysical environment,
as will be explained in 2.4.

2.3. Gamma-ray ßux

The study of prompt gamma-ray ßux from dark matter annihilation is generically the simplest among the" , e+, øp,#i

Þnal states, as photons travel straight from the production to the detection points and typically trace the source.
Let us consider a generic dark matter model that annihilates into the SM particlei with branching ratioBi. The

expected gamma-ray ßux from dark matter annihilation from a direction%in the sky, averaged over an opening angle
" %is:

d#
dE"

(E" ,%) =
#&v$
2m2

!

X

i

Bi
dNi

"

dE"

1
4'

Z

%

d$
" %

Z

los
( 2(%, l) dl . (6)

The second row of the equation deÞnes theJ factor
⇣
J %

R
%

d$ / " %
R

los
( 2(%, l) dl

⌘
. For dark matter candidates

with distinct particle and antiparticle Eq. (6) is multiplied by an additional factor of 1/2.2 MadDMprovides both the
di! erential ßux in Eq. (6) as well as the total integrated ßux, up to theJ factor, which should be provided by the user.
Details are given in Appendix C.3.

2This factor 1/ 2 for non self-conjugate dark matter is automatically computed byMadDM by inferring this information from the UFO model,
which stores the particle properties including the label self-conjugate or not.
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[particles/(GeV str cm^2 s]

• Neutrinos oscillations (from far galaxies to Earth)

Interface with the fully numerical code DRAGON for propagation of  
positrons/antiprotons within the galaxy
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Conclusions and Outlook

• MadDM v.3.0 is out (beta version) 

• Waiting for feedbacks from the users for bug fixing 

• Currently in a  stand-alone package, requires MG5 new release 

• Brand new functionalities for DM indirect detection 

• Experimental limits class than can be loaded outside MadDM 

• New dedicated module for parameter space scanning 
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Conclusions and Outlook

Thank you!

• MadDM v.3.0 is out (beta version) 

• Waiting for feedbacks from the users for bug fixing 

• Currently in a  stand-alone package, requires MG5 new release 

• Brand new functionalities for DM indirect detection 

• Experimental limits class than can be loaded outside MadDM 

• New dedicated module for parameter space scanning 



Backup
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DM Annihilation and Fermi Bounds 

MadDM v.3.0: 

1. calculates the thermally averaged annihilation cross section <σv> 

2. generate/reads energy spectra for 

3. calculates experimental UL using Fermi-LAT likelihood 

4. propagates/reads CR fluxes at Earth

�, ⌫e, ⌫µ, ⌫⌧ , e+, p̄

Two different  
approaches 

‘Fast’ Method

‘Precision’ Method

Each step is performed in a different way according to the user’s need (speed, 
high precision, or a balance of the two?)
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IPPP/13/54
DCPT/13/108

Internal Bremsstrahlung Signature of Real Scalar Dark Matt er
and Consistency with Thermal Relic Density

Takashi Toma!

Institute for Particle Physics Phenomenology, University of Durham, Durham, DH1 3LE, United Kingdom
(Dated: August 29, 2013)

A gamma-ray excess from the galactic center consistent with line emission around 130 GeV was
recently found in the Fermi-LAT data. Although the Fermi-LA T Collaboration has not conÞrmed
its signiÞcance, such a signal would be a clear signature of Dark Matter annihilation. Until now,
there have been many attempts to explain the excess by Dark Matter. However these e! orts tend
to give too-small cross sections into photons if consistency with the correct thermal relic density
of Dark Matter is required. In this letter, we consider a simp le Yukawa interaction that can be
compatible with both aspects and show which parameters are favored.

PACS numbers: 13.40.Ks, 95.35.+d, 98.70.Rz

Observations of gamma-rays, cosmic ray positrons,
anti-protons and neutrinos are performing to look for
Dark Matter (DM) signatures. In particular, Fermi-LAT
public data has recently been examined in detail, and a
gamma-ray excess around 130 GeV from the region of
the galactic center has been claimed [1, 2]. The Fermi-
LAT Collaboration also found the excess at 135 GeV in-
dependently [3], however they found a much lower sig-
niÞcance in the re-processed data-set [4]. Many authors
have provided models of this excess by monochromatic
gamma-rays from DM annihilation or decay, see for ex-
ample [5Ð23]. If the source of the gamma-ray excess is
DM annihilation, the required cross section into two pho-
ton is σvγγ = 1 .27! 10" 27 cm3/s for an Einasto DM den-
sity distribution; this value can change for a di! erent DM
proÞle [2]. The process of DM annihilation into two pho-
ton is loop-suppressed because DM does not have electric
charge. The loop-suppression factor is naively expected
to be α2

em/ (4π)2 " 10" 7 compared with the annihilation
cross sectionσvth " 10" 26 cm3/s whereαem is the elec-
tromagnetic Þne structure constant. This value ofσvth is
needed to achieve the correct relic density of DM. Thus,
it seems di" cult to be consistent with the thermal relic
density of DM unless some enhancement of the cross sec-
tion is introduced [24]. In other words, if we assume DM
is thermally produced, the gamma-ray production cross
section is Þxed to a value that is too small to explain the
excess around 130 GeV.

Another possibility is the explanation via Internal
Bremsstrahlung (IB) of Majorana DM [ 1]. The possi-
bility of explaining the 130 GeV excess with IB has been
explored in refs. [1, 25Ð28]. This process is the radiative
correction for the Þnal state charged particles and the
intermediate particle. The IB process generates a line-
like energy spectrum. The suppression factor compared
with σvth is roughly αem/π " 10" 3 which is larger than
the monochromatic photon case. Thus the IB process
has better prospects than the monochromaticγγ pro-
cess from this point of view. However, even with the
IB process, it seems di" cult to be compatible with the

thermal relic density of DM. For standard p-wave anni-
hilating neutralino DM, the IB signal is still a factor of
a few below the nominally required rate for the observed
density.

In this letter, we consider IB for real scalar DM in-
teracting with a fermionic mediator and a light fermion.
As we discuss below, the annihilation cross section into a
light fermion-anti-fermion pair is expanded with the rel-
ative velocity of DM, with a suppressed constant term.
As a result, a higher order term of the cross section can
be dominant in the early universe, and the cross sec-
tion into gamma-rays becomes relatively large at present
times, thus reconciling the relic density value and the
interpretation of the gamma-ray excess by DM annihila-
tion.

We consider a real scalar DM particleχ which has
the following Yukawa interaction with the electromag-
netically charged fermion f and the fermionic mediator
ψ

L = yLχψPLf + h .c., (1)

where the fermionf is typically a light lepton or a quark.
The annihilation cross section into ff is expanded as
σvff = a + bv2 + cv4 + O

!
v6

"
with the DM relative

velocity v, and it is calculated under the approximation
of mf # mχ as

σvff =
y4L

4πm2
χ

m2
f

m2
χ

1

(1 + µ)2
$

y4L
6πm2

χ

m2
f

m2
χ

1 + 2µ

(1 + µ)4
v2

+
y4L

60πm2
χ

1

(1 + µ)4
v4 + O

!
v6

"
, (2)

where the Yukawa coupling yL is assumed to be real,
and the parameter µ is the ratio of masses deÞned as
µ %m2

ψ/m
2
χ > 1. The Þrst and second terms of Eq. (2),

which are called the s-wave and p-wave respectively, agree
with the appendix of ref. [29]. In addition, the d-wave
term which is proportional to v4 is easily found to be
the leading term in the limit of mf & 0. The s-wave
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A gamma-ray excess from the galactic center consistent with line emission around 130 GeV was
recently found in the Fermi-LAT data. Although the Fermi-LA T Collaboration has not conÞrmed
its signiÞcance, such a signal would be a clear signature of Dark Matter annihilation. Until now,
there have been many attempts to explain the excess by Dark Matter. However these e! orts tend
to give too-small cross sections into photons if consistency with the correct thermal relic density
of Dark Matter is required. In this letter, we consider a simp le Yukawa interaction that can be
compatible with both aspects and show which parameters are favored.

PACS numbers: 13.40.Ks, 95.35.+d, 98.70.Rz

Observations of gamma-rays, cosmic ray positrons,
anti-protons and neutrinos are performing to look for
Dark Matter (DM) signatures. In particular, Fermi-LAT
public data has recently been examined in detail, and a
gamma-ray excess around 130 GeV from the region of
the galactic center has been claimed [1, 2]. The Fermi-
LAT Collaboration also found the excess at 135 GeV in-
dependently [3], however they found a much lower sig-
niÞcance in the re-processed data-set [4]. Many authors
have provided models of this excess by monochromatic
gamma-rays from DM annihilation or decay, see for ex-
ample [5Ð23]. If the source of the gamma-ray excess is
DM annihilation, the required cross section into two pho-
ton is ! vγγ = 1 .27! 10" 27 cm3/ s for an Einasto DM den-
sity distribution; this value can change for a different DM
proÞle [2]. The process of DM annihilation into two pho-
ton is loop-suppressed because DM does not have electric
charge. The loop-suppression factor is naively expected
to be " 2

em/ (4#)2 " 10" 7 compared with the annihilation
cross section! vth " 10" 26 cm3/ s where" em is the elec-
tromagnetic Þne structure constant. This value of! vth is
needed to achieve the correct relic density of DM. Thus,
it seems difficult to be consistent with the thermal relic
density of DM unless some enhancement of the cross sec-
tion is introduced [24]. In other words, if we assume DM
is thermally produced, the gamma-ray production cross
section is Þxed to a value that is too small to explain the
excess around 130 GeV.

Another possibility is the explanation via Internal
Bremsstrahlung (IB) of Majorana DM [ 1]. The possi-
bility of explaining the 130 GeV excess with IB has been
explored in refs. [1, 25Ð28]. This process is the radiative
correction for the Þnal state charged particles and the
intermediate particle. The IB process generates a line-
like energy spectrum. The suppression factor compared
with ! vth is roughly " em/ # " 10" 3 which is larger than
the monochromatic photon case. Thus the IB process
has better prospects than the monochromatic$$ pro-
cess from this point of view. However, even with the
IB process, it seems difficult to be compatible with the

thermal relic density of DM. For standard p-wave anni-
hilating neutralino DM, the IB signal is still a factor of
a few below the nominally required rate for the observed
density.

In this letter, we consider IB for real scalar DM in-
teracting with a fermionic mediator and a light fermion.
As we discuss below, the annihilation cross section into a
light fermion-anti-fermion pair is expanded with the rel-
ative velocity of DM, with a suppressed constant term.
As a result, a higher order term of the cross section can
be dominant in the early universe, and the cross sec-
tion into gamma-rays becomes relatively large at present
times, thus reconciling the relic density value and the
interpretation of the gamma-ray excess by DM annihila-
tion.

We consider a real scalar DM particle % which has
the following Yukawa interaction with the electromag-
netically charged fermion f and the fermionic mediator
&

L = yL %&PL f + h .c., (1)

where the fermionf is typically a light lepton or a quark.
The annihilation cross section into f f is expanded as
! vf f = a + bv2 + cv4 + O

!
v6

"
with the DM relative

velocity v, and it is calculated under the approximation
of mf # mχ as

! vf f =
y4

L
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where the Yukawa coupling yL is assumed to be real,
and the parameter µ is the ratio of masses deÞned as
µ % m2

ψ/m 2
χ > 1. The Þrst and second terms of Eq. (2),

which are called the s-wave and p-wave respectively, agree
with the appendix of ref. [29]. In addition, the d-wave
term which is proportional to v4 is easily found to be
the leading term in the limit of mf & 0. The s-wave

2

FIG. 1: Internal Bremsstrahlung processes of (real) scalar
DM.

and p-wave are suppressed by the factorm2
f/m

2
χ, thus

the d-wave becomes the dominant contribution to the
cross section in the early universe whenµ is not large
enough. Conversely, the s-wave becomes dominant to-
day even if the mass of particlef is as low as the elec-
tron mass. The non-relativistic thermally averaged cross
section ⟨! vff ⟩ is given by substituting ⟨v2⟩ → 6T/mχ

and ⟨v4⟩ → 60T 2/m2
χ whereT is the temperature of the

universe. This replacement coincides with refs. [30, 31].
The thermally averaged cross section is important to es-
timate the relic density of DM. The typical value of the
temperature that sets the correct relic density is roughly
mχ/T ≈ 20-25.

Next, we consider the radiative correction for the above
2-body process, that is"" → ff# shown in Fig. 1. This
process is the IB of the real scalar DM, and the emitted
photon can be a gamma-ray signal which is comparable
with the Fermi-LAT excess. The amplitude for the total
IB is separated to two pieces of Final State Radiation
(FSR) and Virtual Internal Bremsstrahlung (VIB). One
cannot generally treat the VIB diagram separately in a
gauge invariant manner, and it is only the sum of all
three diagrams in Fig. 1 that is gauge invariant. Here
we deÞne the FSR amplitude as the leading term of the
di! erential cross section in Eq. (4), and the VIB one as

the amplitude removing the chiral suppression in s-wave
to the annihilation cross section. This deÞnition of FSR
and VIB makes the following discussion clear, however
we note that it is di ! erent deÞnition from ref. [38]. Thus
the di! erential cross section is expressed as

d! vffγ
dx

=
d! vFSR

ffγ

dx
+

d! vVIB
ffγ

dx
, (3)

with x = Eγ/mχ, where the interference term between
the FSR and VIB amplitudes are neglected here.

The Þrst term in Eq. (3) of FSR can be written in the
model-independent way:

d! vFSR
ffγ

dx
≈ ! vff

Q2$em

%
(1 − x)2 + 1

x
log

!
4m2

χ (1 − x)

m2
f

"
,

(4)
whereQ stands for the electromagnetic charge of& and f .
A similar result is obtained for a bosonic Þnal state, but
the x dependence is di! erent [33]. The FSR di! erential
cross section is proportional to the 2-body cross section
! vff . This implies that if mf ≪ mχ, the FSR gives a
very small contribution and it can be negligible at present
times. The energy spectrum of FSR is broad and it is not
suitable to explain the gamma-ray excess. If the FSR
contribution is not suppressed, the energy spectrum of
the Þrst term in Eq. (3) invariably becomes greater than
the second term.

The second term in Eq. (3) represents the VIB contri-
bution [34, 35]. This process is well-known for enhancing
the s-wave component in such chirally-suppressed mod-
els. The di! erential cross section of the VIB process for
Majorana DM has been calculated in ref. [32, 36Ð38].
Similarly, it is calculated for real scalar DM by following
ref. [38] as

d! vVIB
ffγ

dx
=

Q2$emy4L
4%2m2

χ

(1 − x)

#
2x

(µ + 1) ( µ + 1 − 2x)
−

x

(µ + 1 − x)2
−

(µ + 1) ( µ + 1 − 2x)

2 (µ + 1 − x)3
log

!
µ + 1

µ + 1 − 2x

" $

, (5)

and the total cross section is obtained by integrating Eq. (5) in the range of 0≤ x ! 1 as follows

! vVIB
ffγ

=
Q2$emy4L
8%2m2

χ

%
(µ + 1)

!
%2

6
− log2

!
µ + 1

2µ

"
− 2Li2

!
µ + 1

2µ

""
+

4µ + 3
µ + 1

+
4µ2 − 3µ− 1

2µ
log

!
µ− 1
µ + 1

"&
, (6)

where Li2(z) is the dilogarithm function deÞned by
Li 2(z) = −

' 1

0
log(1− zt)/tdt. The above VIB cross sec-

tion for real scalar DM is a factor of 8 times larger than
that for Majorana DM. Note that the continuum gamma-
ray spectrum due to hadronization should be added in
Eq. (3) when the Þnal state particles are tauons or light

quarks.

The above discussion is valid when the other interac-
tions are su" ciently suppressed. Here we add the inter-
action with the right-handed component of the fermionf ,
and we estimate how much hierarchy is necessary among
the interactions in order for the above scheme to work.

Example: helicity suppression lift 

s-wave , p-wave suppression
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Internal Bremsstrahlung Signature of Real Scalar Dark Matt er
and Consistency with Thermal Relic Density
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A gamma-ray excess from the galactic center consistent with line emission around 130 GeV was
recently found in the Fermi-LAT data. Although the Fermi-LA T Collaboration has not conÞrmed
its signiÞcance, such a signal would be a clear signature of Dark Matter annihilation. Until now,
there have been many attempts to explain the excess by Dark Matter. However these e! orts tend
to give too-small cross sections into photons if consistency with the correct thermal relic density
of Dark Matter is required. In this letter, we consider a simp le Yukawa interaction that can be
compatible with both aspects and show which parameters are favored.

PACS numbers: 13.40.Ks, 95.35.+d, 98.70.Rz

Observations of gamma-rays, cosmic ray positrons,
anti-protons and neutrinos are performing to look for
Dark Matter (DM) signatures. In particular, Fermi-LAT
public data has recently been examined in detail, and a
gamma-ray excess around 130 GeV from the region of
the galactic center has been claimed [1, 2]. The Fermi-
LAT Collaboration also found the excess at 135 GeV in-
dependently [3], however they found a much lower sig-
niÞcance in the re-processed data-set [4]. Many authors
have provided models of this excess by monochromatic
gamma-rays from DM annihilation or decay, see for ex-
ample [5Ð23]. If the source of the gamma-ray excess is
DM annihilation, the required cross section into two pho-
ton is ! vγγ = 1 .27! 10" 27 cm3/ s for an Einasto DM den-
sity distribution; this value can change for a different DM
proÞle [2]. The process of DM annihilation into two pho-
ton is loop-suppressed because DM does not have electric
charge. The loop-suppression factor is naively expected
to be " 2

em/ (4#)2 " 10" 7 compared with the annihilation
cross section! vth " 10" 26 cm3/ s where" em is the elec-
tromagnetic Þne structure constant. This value of! vth is
needed to achieve the correct relic density of DM. Thus,
it seems difficult to be consistent with the thermal relic
density of DM unless some enhancement of the cross sec-
tion is introduced [24]. In other words, if we assume DM
is thermally produced, the gamma-ray production cross
section is Þxed to a value that is too small to explain the
excess around 130 GeV.

Another possibility is the explanation via Internal
Bremsstrahlung (IB) of Majorana DM [ 1]. The possi-
bility of explaining the 130 GeV excess with IB has been
explored in refs. [1, 25Ð28]. This process is the radiative
correction for the Þnal state charged particles and the
intermediate particle. The IB process generates a line-
like energy spectrum. The suppression factor compared
with ! vth is roughly " em/ # " 10" 3 which is larger than
the monochromatic photon case. Thus the IB process
has better prospects than the monochromatic$$ pro-
cess from this point of view. However, even with the
IB process, it seems difficult to be compatible with the

thermal relic density of DM. For standard p-wave anni-
hilating neutralino DM, the IB signal is still a factor of
a few below the nominally required rate for the observed
density.

In this letter, we consider IB for real scalar DM in-
teracting with a fermionic mediator and a light fermion.
As we discuss below, the annihilation cross section into a
light fermion-anti-fermion pair is expanded with the rel-
ative velocity of DM, with a suppressed constant term.
As a result, a higher order term of the cross section can
be dominant in the early universe, and the cross sec-
tion into gamma-rays becomes relatively large at present
times, thus reconciling the relic density value and the
interpretation of the gamma-ray excess by DM annihila-
tion.

We consider a real scalar DM particle % which has
the following Yukawa interaction with the electromag-
netically charged fermion f and the fermionic mediator
&

L = yL %&PL f + h .c., (1)

where the fermionf is typically a light lepton or a quark.
The annihilation cross section into f f is expanded as
! vf f = a + bv2 + cv4 + O

!
v6

"
with the DM relative

velocity v, and it is calculated under the approximation
of mf # mχ as

! vf f =
y4

L

4#m2
χ

m2
f

m2
χ

1

(1 + µ)2
$

y4
L

6#m2
χ

m2
f

m2
χ

1 + 2µ

(1 + µ)4
v2

+
y4

L

60#m2
χ

1

(1 + µ)4
v4 + O

!
v6

"
, (2)

where the Yukawa coupling yL is assumed to be real,
and the parameter µ is the ratio of masses deÞned as
µ % m2

ψ/m 2
χ > 1. The Þrst and second terms of Eq. (2),

which are called the s-wave and p-wave respectively, agree
with the appendix of ref. [29]. In addition, the d-wave
term which is proportional to v4 is easily found to be
the leading term in the limit of mf & 0. The s-wave

…

cross section enhancement
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where vCM ! (v1 + v2)/ 2 is the velocity in the center-of-mass frame and vrel ! v1 " v2 is the relative velocity. For
a Maxwell-Boltzmann distribution Pr(v) = ⇡" 3/ 2v" 3

0 exp(" v2/ v2
0) with most probable velocity v0, the relative velocity

also follows a Maxwell-Boltzmann distribution with most probable velocity
#

2v0:

P̃r,rel(vrel) =

!
2
⇡

v2
rel

v3
0

exp
"
####$"

v2
rel

2v2
0

%
&&&&' . (4)

For a cross section dominated by p-wave annihilation, �vrel $ bv2
rel, where b is a constant, %�v&= 3bv2

0. Hence, for
cross sections that can be well approximated by the sum of their s- and p-wave contribution, the velocity averaging
is equivalent to the evaluation of �vrel at vrel =

#
3v0. In MadDM we consider only the case of Maxwell-Boltzmann

velocity distribution.
The velocity averaged annihilation cross section can be computed with two main methods in MadDM: ‘fast’ and

‘precise’, which are described in the following. Further details can be found in Appendix C.1.

ÔFastÕ running mode.This method has the advantage of being very fast, with an accuracy of about (10 " 20)% with
respect to the full integral in Eq. (2) and to the ‘precise’ method. It consists of computing the leading order 2 ' 2
matrix elements for the annihilation process(es) and integrate them over the angle between the two final states. The
resulting cross section is furthermore evaluated at the required velocity, which is described by a � distribution function
centred on that specific velocity. This simple evaluation makes this mode a good default choice for extensive model
parameter sampling.

The approximated integration over the final state phase-space is allowed only for two initial dark matter particles
annihilating into two final state particles. There is an additional caveat if the user wants to compute the predicted flux
of for instance photons with this method: this option does not produce events for the annihilation process, hence the
computation of the energy spectra can proceed only via the ‘fast’ option, described in the next section, Sec. 2.2 and
in Appendix C.2, which is available only for final state particles belonging to the SM.

ÔPreciseÕ running mode.This mode incorporates two methods taken from the MG5 aMC platform: madevent and
reshuffling. Both methods use the event generator MadEvent [36]. Given the annihilation process(es), MG5 aMC
identifies all the relevant subprocesses, generates both the amplitudes and the mappings needed for an e�cient in-
tegration over the full phase-space, and passes them to MadEvent. As a result, a process-specific, stand-alone code
is produced that allows the user to calculate %�v&and generate unweighted events in the standard output format
(LHE file). In the method madevent annihilation processes are computed at the center-of-mass energy given by#

s = 2m�
(
1 + 1/ 8 v2

rel
)

where vrel =
#

3v0 as discussed above.
The reshuffling option works similarly to the madevent method. Once the events have been generated fol-

lowing the � distribution for the velocity, the algorithm applies a reshu✏ing [37] of the kinematic and of the weight
of each event to map a Maxwell-Boltzmann velocity distribution centred around its average value v0. Additionally it
also applies re-weighting [38] of the matrix elements in order to check if those have still the same weight or it has
changed. For instance, due to the improved kinematics, an annihilation channel that might have been below threshold,
hence suppressed, may now be above threshold and be largely enhanced. This has the consequence of changing the
weight of each single amplitude. We have checked that this method is an accurate approximation for the integration
over the relative velocity of Eq. (2), which is numerically less stable and slower.

The madevent method gives the same result as the reshuffling option, excepts in the case of very light dark
matter particles, for which the small velocity dispersion might play a role, or in case of thresholds e↵ects. For instance,
if the dark matter mass is very close in mass to the SM final state to which it is annihilating into, high velocity particles
belonging to the maxwellian tail can enhance the cross section. In those cases the reshu✏ing method is more accurate.
Therefore the reshu✏ing method is set by default. The user can switch to madevent, which is faster, being aware of the
caveats explained before. Both methods have been tested for velocities as low as v $ 10" 6 and provide reliable results,
whereas we do not guarantee the code to be accurate enough for smaller velocities (i.e. at CMB epoch, v $ 10" 7). At
present, to the best of our knowledge, such precise computation of %�v&is a unique feature of MadDM v.3.0.

This method works to compute automatically any possible leading order (LO) final annihilation state in a given
dark matter model (ideally �� ' n particles if kinematically possible). The MG5 aMC platform is able to perform
automatic next to leading order (NLO) calculation: this feature should be inherited automatically by MadDM, however
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Figure 2: MadDM v.3.0: Schematic overview of the new modules with their main features and their link to the ‘fast’ and ‘precise’ running modes.

2. Indirect Detection of annihilating Dark Matter

Indirect detection looks for products of dark matter annihilation in astrophysical environment where the dark
matter is denser. For instance, typical benchmarks for gamma-ray searches are the dSphs [6] or the Galactic Cen-
ter [30, 31]. For a review on dark matter indirect detection we refer the reader to [32, 33].

There are three main ingredients necessary to compute predictions for dark matter models and to compare with
data: (i) The annihilation cross section h�vi computed for the environment where the annihilation takes place; this
element is discussed in the next section. (ii) The energy spectra dN/dE of prompt photons, positrons, anti-protons
and neutrinos generated at source by the dark matter annihilation products; this will be described in Sec. 2.2. (iii) The
J factor which depends on the dark matter distribution and is defined as the integral along the line-of-sight (los) of the
dark matter density profile squared in a specific sky direction. This quantity will be defined in general for gamma rays
and neutrinos. We will further describe how MadDM computes the flux near the Earth for each type of propagated final
state particles: prompt photons are detailed in Sec. 2.3, charged cosmic rays are discussed in Sec. 2.4 and neutrinos
are provided in Sec. 2.5. For the rest of the paper we assume a generic dark matter particle called � with mass m�,
unless stated otherwise.

2.1. Computation of h�vi in astrophysical environments
The computation of the full h�vi at present time, which might contain p-wave terms, calls for the inclusion of the

dark matter distribution. In this case h�vi results in this velocity-weighted expression:

h�vi =
Z

d3v1d3v2Pr(v1)Pr(v2)�vrel , (1)

where vi are the velocities of the two incoming dark matter particles, and Pr(vi) is the velocity distribution function of
the dark matter at a position r. This can be rearranged as [34, 35]:

h�vi =
Z

dvrel P̃r,rel(vrel)�vrel , (2)

with
P̃r,rel(vrel) ⌘ 4⇡v2

rel

Z
d3vCMPr(vCM + vrel/2)Pr(vCM � vrel/2) , (3)
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Figure 2:MadDMv.3.0: Schematic overview of the new modules with their main features and their link to the ÔfastÕ and ÔpreciseÕ running modes.

2. Indirect Detection of annihilating Dark Matter

Indirect detection looks for products of dark matter annihilation in astrophysical environment where the dark
matter is denser. For instance, typical benchmarks for gamma-ray searches are the dSphs [6] or the Galactic Cen-
ter [30, 31]. For a review on dark matter indirect detection we refer the reader to [32, 33].

There are three main ingredients necessary to compute predictions for dark matter models and to compare with
data: (i) The annihilation cross section!! v" computed for the environment where the annihilation takes place; this
element is discussed in the next section. (ii) The energy spectra dN/ dE of prompt photons, positrons, anti-protons
and neutrinos generated at source by the dark matter annihilation products; this will be described in Sec. 2.2. (iii) The
J factor which depends on the dark matter distribution and is deÞned as the integral along the line-of-sight (los) of the
dark matter density proÞle squared in a speciÞc sky direction. This quantity will be deÞned in general for gamma rays
and neutrinos. We will further describe howMadDMcomputes the ßux near the Earth for each type of propagated Þnal
state particles: prompt photons are detailed in Sec. 2.3, charged cosmic rays are discussed in Sec. 2.4 and neutrinos
are provided in Sec. 2.5. For the rest of the paper we assume a generic dark matter particle called" with massm" ,
unless stated otherwise.

2.1. Computation of!! v" in astrophysical environments

The computation of the full! ! v" at present time, which might containp-wave terms, calls for the inclusion of the
dark matter distribution. In this case!! v" results in this velocity-weighted expression:

!! v" =
!

d3v1d3v2Pr(v1)Pr(v2) ! vrel , (1)

wherevi are the velocities of the two incoming dark matter particles, andPr(vi) is the velocity distribution function of
the dark matter at a positionr. This can be rearranged as [34, 35]:

!! v" =
!

dvrel ÷Pr,rel(vrel) ! vrel , (2)

with
÷Pr,rel(vrel) # 4#v2

rel

!
d3vCMPr(vCM + vrel/ 2)Pr(vCM $ vrel/ 2) , (3)

4

rewrite

Maxwell-Boltzmann 
distribution

If σ is dominated by s-wave + p-wave terms: vrel =
!
3v0


