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FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile likeli-
hood analysis indicates no significant excesses in the 1.3 t
fiducial mass at any WIMP mass, with a p-value for the
background-only hypothesis of 0.28, 0.41, and 0.22 at
6, 50, and 200 GeV/c2, respectively. Figure 5 shows the
resulting 90% confidence level upper limit on �SI . The
2� sensitivity band spans an order of magnitude, indi-
cating the large random variation in upper limits due to
statistical fluctuations of the background (common to all
rare-event searches). The sensitivity itself is una↵ected
by such fluctuations, and is thus the appropriate mea-
sure of the capabilities of an experiment [44]. The inset
in Fig. 5 shows that the median sensitivity of this search
is ⇠7.0 times better than previous experiments [6, 7] at
WIMP masses > 50 GeV/c2.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-

gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.
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Figure 9. Upper limits (95% confidence level) on the DM annihilation cross section derived from a combined analysis of the nominal
target sample for the bb̄ (left) and ⌧+⌧� (right) channels. Bands for the expected sensitivity are calculated by repeating the same analysis
on 300 randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected sensitivity
while the bands represent the 68% and 95% quantiles. Spectroscopically measured J-factors are used when available; otherwise, J-factors
are predicted photometrically with an uncertainty of 0.6 dex (solid red line). The solid black line shows the observed limit from the
combined analysis of 15 dSphs from Ackermann et al. (2015b). The closed contours and marker show the best-fit regions (at 2� confidence)
in cross-section and mass from several DM interpretations of the GCE: green contour (Gordon & Macias 2013), red contour (Daylan et al.
2016), orange data point (Abazajian et al. 2014), purple contour (Calore et al. 2015). The dashed gray curve corresponds to the thermal
relic cross section from Steigman et al. (2012).

sensitivity is a factor of ⇠ 1.5 for hard annihilation spec-
tra (e.g., the ⌧+⌧� channel) compared to the median
expected limits in Ackermann et al. (2015b). More pre-
cisely determined J-factors are expected to improve the
sensitivity by up to a factor of 2, motivating deeper spec-
troscopic observations both with current facilities and fu-
ture thirty-meter class telescopes (Bernstein et al. 2014;
Skidmore et al. 2015).

The limits derived from LAT data coincident with con-
firmed and candidate dSphs do not yet conclusively con-
firm or refute a DM interpretation of the GCE (Gor-
don & Macias 2013; Daylan et al. 2016; Abazajian et al.
2014; Calore et al. 2015). Relative to the combined anal-
ysis of Ackermann et al. (2015b), the limits derived here
are up to a factor of 2 more constraining at large DM
masses (m

DM,bb̄ & 1 TeV and mDM,⌧+⌧� & 70 GeV)
and a factor of ⇠ 1.5 less constraining for lower DM
masses. The weaker limits obtained at low DM mass
can be attributed to low-significance excesses coincident
with some of the nearby and recently discovered stellar
systems, i.e., Reticulum II and Tucana III. While the
excesses associated with these targets are broadly con-
sistent with the DM spectrum and cross section fit to
the GCE, we refrain from a more extensive DM interpre-
tation due to the low significance of these excesses, the
uncertainties in the J-factors of these targets, and the
lack of any significant signal in the combined analysis.

Ongoing Fermi -LAT observations, more precise
J-factor determinations with deeper spectroscopy, and
searches for new dSphs in large optical surveys will each
contribute to the future sensitivity of DM searches using
Milky Way satellites (Charles et al. 2016). In particular,
the Large Synoptic Survey Telescope (Ivezic et al. 2008)
is expected to find hundreds of new Milky Way satellite
galaxies (Tollerud et al. 2008; Hargis et al. 2014). Due to
the di�culty in acquiring spectroscopic observations and
the relative accessibility of �-ray observations, it seems
likely that �-ray analysis will precede J-factor determi-
nations in many cases. To facilitate updates to the DM

search as spectroscopic J-factors become available, the
likelihood profiles for each energy bin used to derive our
�-ray flux upper limits will be made publicly available.
We plan to augment this resource as more new systems
are discovered.

After the completion of this analysis, we became aware
of an independent study of LAT Pass 8 data coincident
with DES Y2 dSph candidates (Li et al. 2016). The �-ray
results associated with individual targets are consistent
between the two works; however, the samples selected for
combined analysis are di↵erent.
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FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile likeli-
hood analysis indicates no significant excesses in the 1.3 t
fiducial mass at any WIMP mass, with a p-value for the
background-only hypothesis of 0.28, 0.41, and 0.22 at
6, 50, and 200 GeV/c2, respectively. Figure 5 shows the
resulting 90% confidence level upper limit on �SI . The
2� sensitivity band spans an order of magnitude, indi-
cating the large random variation in upper limits due to
statistical fluctuations of the background (common to all
rare-event searches). The sensitivity itself is una↵ected
by such fluctuations, and is thus the appropriate mea-
sure of the capabilities of an experiment [44]. The inset
in Fig. 5 shows that the median sensitivity of this search
is ⇠7.0 times better than previous experiments [6, 7] at
WIMP masses > 50 GeV/c2.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-

gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.
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Figure 9. Upper limits (95% confidence level) on the DM annihilation cross section derived from a combined analysis of the nominal
target sample for the bb̄ (left) and ⌧+⌧� (right) channels. Bands for the expected sensitivity are calculated by repeating the same analysis
on 300 randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected sensitivity
while the bands represent the 68% and 95% quantiles. Spectroscopically measured J-factors are used when available; otherwise, J-factors
are predicted photometrically with an uncertainty of 0.6 dex (solid red line). The solid black line shows the observed limit from the
combined analysis of 15 dSphs from Ackermann et al. (2015b). The closed contours and marker show the best-fit regions (at 2� confidence)
in cross-section and mass from several DM interpretations of the GCE: green contour (Gordon & Macias 2013), red contour (Daylan et al.
2016), orange data point (Abazajian et al. 2014), purple contour (Calore et al. 2015). The dashed gray curve corresponds to the thermal
relic cross section from Steigman et al. (2012).

sensitivity is a factor of ⇠ 1.5 for hard annihilation spec-
tra (e.g., the ⌧+⌧� channel) compared to the median
expected limits in Ackermann et al. (2015b). More pre-
cisely determined J-factors are expected to improve the
sensitivity by up to a factor of 2, motivating deeper spec-
troscopic observations both with current facilities and fu-
ture thirty-meter class telescopes (Bernstein et al. 2014;
Skidmore et al. 2015).

The limits derived from LAT data coincident with con-
firmed and candidate dSphs do not yet conclusively con-
firm or refute a DM interpretation of the GCE (Gor-
don & Macias 2013; Daylan et al. 2016; Abazajian et al.
2014; Calore et al. 2015). Relative to the combined anal-
ysis of Ackermann et al. (2015b), the limits derived here
are up to a factor of 2 more constraining at large DM
masses (m

DM,bb̄ & 1 TeV and mDM,⌧+⌧� & 70 GeV)
and a factor of ⇠ 1.5 less constraining for lower DM
masses. The weaker limits obtained at low DM mass
can be attributed to low-significance excesses coincident
with some of the nearby and recently discovered stellar
systems, i.e., Reticulum II and Tucana III. While the
excesses associated with these targets are broadly con-
sistent with the DM spectrum and cross section fit to
the GCE, we refrain from a more extensive DM interpre-
tation due to the low significance of these excesses, the
uncertainties in the J-factors of these targets, and the
lack of any significant signal in the combined analysis.

Ongoing Fermi -LAT observations, more precise
J-factor determinations with deeper spectroscopy, and
searches for new dSphs in large optical surveys will each
contribute to the future sensitivity of DM searches using
Milky Way satellites (Charles et al. 2016). In particular,
the Large Synoptic Survey Telescope (Ivezic et al. 2008)
is expected to find hundreds of new Milky Way satellite
galaxies (Tollerud et al. 2008; Hargis et al. 2014). Due to
the di�culty in acquiring spectroscopic observations and
the relative accessibility of �-ray observations, it seems
likely that �-ray analysis will precede J-factor determi-
nations in many cases. To facilitate updates to the DM

search as spectroscopic J-factors become available, the
likelihood profiles for each energy bin used to derive our
�-ray flux upper limits will be made publicly available.
We plan to augment this resource as more new systems
are discovered.

After the completion of this analysis, we became aware
of an independent study of LAT Pass 8 data coincident
with DES Y2 dSph candidates (Li et al. 2016). The �-ray
results associated with individual targets are consistent
between the two works; however, the samples selected for
combined analysis are di↵erent.
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Figure 2. The two basic mechanisms for DM production: the freeze-out (left panel) and freeze-in
(right panel), for three di⇥erent values of the interaction rate between the visible sector and DM
particles ⇥ in each case. The arrows indicate the e⇥ect of increasing the rate � of the two processes.
In the left panel x = m⇥/T and gray dashed line shows the equilibrium density of DM particles. In
the right panel x = m�/T , where � denotes the particle decaying into DM, and the gray dashed line
shows the equilibrium density of �. In both panels Y = n⇥/s, where s is the entropy density of the
baryon-photon fluid.

n = 0 for s-wave annihilation, n = 1 for p-wave annihilation, and so on. Here we assumed
that the freeze-out occurs when DM is non-relativistic.

Eq. (3.6) has an important feature: the present abundance is inversely proportional to
the DM annihilation cross section. This can be understood by recalling that in the freeze-out
scenario DM particles are initially in thermal equilibrium with the visible sector and the
stronger the interaction between them is, the longer the DM particles remain in equilibrium
and thus the more their abundance gets diluted before the eventual freeze-out. This can also
be seen in the left panel of Fig. 2.

3.3 Freeze-in

The above discussion was based on the assumption that the DM initially reached thermal
equilibrium with the visible sector. However, if the coupling between the visible sector and
DM particles is very small, typically y ⇤ O(10�7) or less [258, 259], interactions between them
are not strong enough for DM to reach thermal equilibrium and freeze-out cannot happen.
Instead, the observed DM abundance can be produced by the freeze-in mechanism [15, 19].
In this case, the particle undergoing the freeze-in is referred to as a FIMP (Feebly Interacting
Massive Particle) [19], as opposed to the WIMP.

In the simplest case, the initial number density of DM particles is either zero or negligibly
small, and the observed abundance is produced by bath particle decays, for instance by
� ⇥ ⇥⇥, where � is a particle in the visible sector heat bath [15, 17–19, 240, 260–265].
The freeze-in yield is active until the number density of � becomes Boltzmann-suppressed,
n� ⌅ exp(�m�/T ). The comoving number density of DM particles ⇥ then becomes a constant
and the DM abundance freezes in. This is depicted in the right panel of Fig. 2.
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Relic density computation

▪ Theoretical development:
▪ Lee, Weinberg 1977
▪ Binetruy, Girardi, Salati 1984; Bernstein, Brown, Feinberg 1985; 
   Srednicki, Watkins, Olive 1988; ...
▪ Griest, Seckel 1991; Gondolo, Gelmini 1991; Edsjo, Gondolo 1997
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Relic density computation

▪ Theoretical development:
▪ Lee, Weinberg 1977
▪ Binetruy, Girardi, Salati 1984; Bernstein, Brown, Feinberg 1985; 
   Srednicki, Watkins, Olive 1988; ...
▪ Griest, Seckel 1991; Gondolo, Gelmini 1991; Edsjo, Gondolo 1997

▪ Numerical tools:
▪ Neutdriver [Jungman, Griest, Kamionkowski 1995]
▪ micrOMEGAs [Bélanger, Boudjema, Pukhov, Semenov 2001]  
▪ IsaRed and IsaRes (in IsaTools) [Baer, Balazs, Belyaev 2002]
▪ DarkSUSY [Gondolo, Edsjo, Ullio, Bergstrom, Schelke, Baltz 2004]
▪ SuperISORelic [Arbey, Mahmoudi 2009]
▪ MadDM [Backovic, Kong, McCaskey 2013]
   (and many private codes: Olive, Drees, Roszkowski, ... )  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MadGraph5_aMC@NLO and MadDM 

Experiment

MadGraph5_aMC@NLOFeynRules

UFO

Pythia, 
Delphes, MadAnalysis, ...
Dragon, ...

  

Collider Physics using MadGraph

Lagrangian

Model files

FeynRules

  

Collider Physics using MadGraph

Lagrangian

Model files

FeynRules

Model

One Framework
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MadDM capabilities

Relic density (MadDM v.1.0) 

• Coannihilation 
• Multi-component dark matter
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Direct detection (MadDM v.2.0) 

• Theoretical elastic spin-independent and spin-dependent cross section dark 
matter off nucleons 

• Directional event rate (double differential event rate) 
• LUX likelihood

Indirect detection (MadDM v.3.0) 

• Theoretical prediction for the velocity averaged cross section at present time  
• Generation of energy spectra from dark matter annihilation 
• Computation of fluxes at source and detection 
• Fermi-LAT likelihood for dwarf spheroidal galaxies

Model parameter space sampling (MadDM v.3.0) 

• Sequential grid scan 
• PyMultiNest interface

Experimental constraints module (MadDM v.3.0)

MadDM

[Backovic, Kong, McCaskey 2013]
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Model parameter space sampling (MadDM v.3.0) 

• Sequential grid scan 
• PyMultiNest interface

Experimental constraints module (MadDM v.3.0)

MadDM

[Backovic, Kong, Martini, Mattelaer, 
McCaskey, Mohlabeng 2015]
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Model parameter space sampling (MadDM v.3.0) 

• Sequential grid scan 
• PyMultiNest interface

Experimental constraints module (MadDM v.3.0)

MadDM

[F. Ambrogi, C. Arina, M. Backovic, JH, 
F. Maltoni, L. Mantani, O. Mattelaer, 
G. Mohlabeng, arXiv:1804.00044]
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Experimental constraints module (MadDM v.3.0)

MadDM

[F. Ambrogi, C. Arina, M. Backovic, JH, 
F. Maltoni, L. Mantani, O. Mattelaer, 
G. Mohlabeng, arXiv:1804.00044]

MadDM now MG5_aMC plug-in

 ➔

<id> scan:[100,
200 ,300, 400, 500] # mx

<id> scan:[1e-5,
1e-4, 1e-3, 1e-2, 1e-1] # gx

Here <id> is the parameter id which appears in the parameter card.

The scan syntax will accept any Python command. For instance, the above scan can also be implemented as

<id> scan:[100*x
for x in range(1, 6)] # mx

<id> scan:[10**x
for x in range(-5, 0)] # gx

Sequential scans can also be performed without a grid. For instance, if the user wanted to perform the above

scan over the dark matter mass and couplings, but in a way which only uses mx = 100 GeV with gx = 10�5, mx

= 200 GeV with gx = 10�4 and so on, this can easily be done by replacing scan with scan0. We will give more

details about the output in case of sequential grid scans in Sec Appendix E.1.

4. Simple MadDM parameter card. Following the structure of MG5 aMC, the maddm_card.
dat has been refined

and by default it appears in a reduced form. It is divided into four main blocks: (i) Relic Density, (i) Direct

Detection, (iii) Indirect Detection and (iv) Global Parameters. Each block contains the most relevant switches

that can be edited by the user. If the user wants to modify more technical parameters, such as for instance the

precision of the integrator routine computing h�vi for the relic density, he/she can do so by switching to the full

maddm_card_
full.dat. This is achieved by typing in the user interface the command:

update to_full

Appendix B. Installing and Running MadDM

Appendix B.1. Installation

Installing MadDM is easy and can be done from the MG5 aMC command line, by executing9

install maddm

The command will fetch the MadDM code from the repository and create maddm.py executable in the bin folder of

MG5 aMC. MadDM will run on most Linux and Mac OS X operating systems. At the moment, Windows is not supported.

Appendix B.2. Running MadDM v.3.0

MadDM can be used by executing maddm.py from the command line in the bin folder of MG5 aMC. The code will

bring up the MadDM command line, equivalent to the command line of MG5 aMC 5. The user can compute various dark

matter observables by executing commands analogous to the standard MG5 aMC syntax. For instance, if the user has a

UFO model called MyDMmodel, with the dark matter candidate chi, the user can compute all the available observables

by typing the following commands:

import model MyDMmodel

define darkmatter
chi

generate relic_densi
ty

add direct_dete
ction

add indirect_de
tection

output MyDMproject

launch

The define command can be omitted, in favour of MadDM automatically finding the dark matter candidate.

Upon the execution of launch, the code will prompt the user to select which of the available calculations should be

executed and to change parameters of the computation if needed. The prompt takes the familiar MG5 aMC format:

9This command line will be available only with the next release of MG5 aMC. Temporarily users can download a self-contained MG5 aMC and

MadDM version here: https://cp3.
irmp.ucl.ac

.be/project
s/madgraph/

wiki/MadDm. It is not be necessary to install MadDM v.3.0 in this

case as it is already provided in the tarball file.

24
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Dark matter indirect detection

⇧2
GCE = 28.3 , �2 logLfit = 28.8

⇥ = ln(J̄/J̄nom)

W±, t, b, ...

3.3 Dark matter density profile and uncertainties

Our treatment of the J-factor. ⌅ Benedikt, Alessandro
Reference to Fig. 4.
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Figure 4: [Probably we should split it up as the right panel will only be discussed later.]

3.4 WIMP contribution to dark matter

In this study we allow for the situation that the dark sector is more complicated than containing
just one particle species. We could imagine a second non-WIMP dark matter component (such
as axions or primordial black holes) which do not annihilate today and are recognized by their
gravitational interaction only. [footnote/comment on axion searches?] Hence we consider the
case that the WIMP dark matter density is a certain fraction, R ⇥ 1, of the total (gravitationally
interacting) dark matter:

⇤WIMP = R ⇤total . (5)

The annihilation signal today thus scales as ⌅ ⇧ R2. We will consider R as a free parameter
in the fit of the GCE signal. As the fit depends on the overall flux and on the spectrum for
mS > mh where both quantities depend on �HS we obtain a non-trivial implication for R from
the fit to the GCE only. [⇤ Maybe the last sentence should go to the discussion]

[I think the original text I wrote regarding the R-factor (following text) contains some more
useful aspects but it rather touches the interplay between relic density constraints and GCE
and should therefore probably be located after we introduced the relic density constrain. Maybe
in the results and discussion section.] [The requirement that the WIMP relic density from
thermal freeze-out matches the measured DM density imposes a very strong constraints on the
model parameter only allowing for a thin hypersurface in parameter space. There are usually
two situations considered that relax this constraint. The first situation is that we have a non-
standard cosmological history containing out-of-equilibrium process like a late decay of a heavier
particle. This could lead to both an increase or a decrease of the WIMP relic density depending
on whether the heavier particle decays into the WIMP or into SM particles (producing entropy
and hence decreasing the WIMP yield). If we do not specify the physics of these processes

5

p, e+
  

Needed: Prediction for
fluxes and spectra for �, p̄, e+, ⌫
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Prediction of indirect detection 
fluxes and spectra

micrOMEGAs, DarkSUSY:
pre-computed spectra, annihilation in SM final states

MadDM: Predictions for arbitrary 2 ➔ n processes
e.g.:

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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FIG. 3. Left panel: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative
to the Hubble rate as a function of x = m�/T for m� = 500GeV, meb = 510GeV, �� ⇤ 2.6 ⇥ 10�7. Right panel: Evolution of
the resulting abundance (solid curves) of eb (blue) and ⇥ (red). The dashed curves denote the equilibrium abundances.

tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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FIG. 4. Relic density as a function of the coupling ��, for
m� = 500GeV, meb = 510GeV. The dotted blue line is the
result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq
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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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FIG. 3. Left panel: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative
to the Hubble rate as a function of x = m�/T for m� = 500GeV, meb = 510GeV, �� ⇤ 2.6 ⇥ 10�7. Right panel: Evolution of
the resulting abundance (solid curves) of eb (blue) and ⇥ (red). The dashed curves denote the equilibrium abundances.

tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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FIG. 4. Relic density as a function of the coupling ��, for
m� = 500GeV, meb = 510GeV. The dotted blue line is the
result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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FIG. 4. Relic density as a function of the coupling ��, for
m� = 500GeV, meb = 510GeV. The dotted blue line is the
result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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FIG. 3. Left panel: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative
to the Hubble rate as a function of x = m�/T for m� = 500GeV, meb = 510GeV, �� ⇤ 2.6 ⇥ 10�7. Right panel: Evolution of
the resulting abundance (solid curves) of eb (blue) and ⇥ (red). The dashed curves denote the equilibrium abundances.

tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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FIG. 4. Relic density as a function of the coupling ��, for
m� = 500GeV, meb = 510GeV. The dotted blue line is the
result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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FIG. 4. Relic density as a function of the coupling ��, for
m� = 500GeV, meb = 510GeV. The dotted blue line is the
result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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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

7

� Spectrum

m� = 1 TeV

Fe
rm

iS
en

si
tiv

ity

�� � uū
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FIG. 3. Left panel: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative
to the Hubble rate as a function of x = m�/T for m� = 500GeV, meb = 510GeV, �� ⇤ 2.6 ⇥ 10�7. Right panel: Evolution of
the resulting abundance (solid curves) of eb (blue) and ⇥ (red). The dashed curves denote the equilibrium abundances.

tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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FIG. 4. Relic density as a function of the coupling ��, for
m� = 500GeV, meb = 510GeV. The dotted blue line is the
result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.
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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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Figure 2. Binned �-ray counts maps (E > 1 GeV) for 10� ⇥ 10� ROIs centered on 15 targets that were not analyzed by Drlica-Wagner
et al. (2015a) or Ackermann et al. (2015b). The dSph candidates are indicated with white “⇥” symbols, while 3FGL sources in the ROI
are indicated with white “+” symbols. The counts maps are binned in 0.�1 ⇥ 0.�1 spatial pixels and smoothed with a 0.�25 Gaussian kernel.
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Predicted flux in each energy bin:
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(gtt̄, Wbt, Ztt̄, �tt̄) can become important in that regime
as well [35, 38, 64–67]. Since our main focus is on lower
masses we do not consider them here.

We first discuss limits from dwarf spheroidal galax-
ies. For the prediction of the continuous �-ray flux we
take into account all four channels and sum up their
contributions according to their relative weight. For
tt̄, bb̄, cc̄, ⌧ ⌧̄ and gg we use the spectrum predictions
from [68] which include electroweak corrections from soft
and collinear final state radiation. For the three-body
final state channel Wbt we calculate the spectra using
Madgraph5_aMC@NLO [54] and Pythia 8.215 [69].
The spectra for the three-body final state channel WW

⇤

and ZZ
⇤ are taken from [70]. For the individual cross

section prediction we adopt the results discussed in
Sec. III A. The predicted energy flux in an energy bin
between Emin and Emax is given by

E
2 d�

dE
=

J

4⇡

1

2m2
�

X

i

h�vii

Z Emax

Emin

dE� E�
dN

i
�

dE�
, (26)

where dN�/dE� is the differential photon spectrum per
annihilation, J is the J-factor of the considered dwarf and
the sum runs over all contributing channels i. We con-
front the predicted spectra with the Fermi-LAT data [71]
using the published likelihoods provided for the individ-
ual dwarfs as a function of the energy flux in the consid-
ered 24 energy bins. We consider the nine dwarfs with
the largest confirmed J-factors as given in [72] and ob-
tain the total likelihood by summing over the individual
log-likelihood contributions of all bins for all dwarfs while
marginalizing over the J-factor for each dwarf according
to its uncertainty provided in [72]. The resulting 95%
C.L. limits are shown in Fig. 6 (red solid lines). They
reach the thermal relic scenario (green curve with error
band) only in a very narrow region around mh/2. In
this spot the Higgs mediated annihilation cross section
becomes resonantly enhanced for the small DM veloci-
ties present today while being less enhanced in the early
Universe where the thermal velocity distribution peaks
at much larger values. As the width of the resonance is
smaller than the widths of the plotted curves in Fig. 6,
the limit reduces to a vertical line. It constrains the ther-
mal scenario at m� ' mh/2 for mass splittings above
�m ' 24GeV, as indicated by the red arrow in Fig. 8.
Below this mass efficient co-annihilation effects allow for
a reduction of �� and thereby of the indirect detection
signal while still allowing us to accommodate the mea-
sured relic density.

Next we consider constraints from the cosmic-ray an-
tiproton flux measured by AMS-02 [73] using the results
of [74] which provides 95% C.L. limits on h�vi for vari-
ous annihilation channels into SM final states. Here we
only adopt the limit on tt constraining DM masses above
200 GeV. For smaller masses the cosmic-ray limits are
considerably weaker as the analysis exhibits a preference
for a DM signal in this region [75]. The results are shown
in Fig. 6 (dark red solid lines). The limits come very

close to the thermal relic scenario for DM masses between
300 and 400 GeV for �m above 30 GeV, i.e. outside the
conversion-driven freeze-out region. However, up to rela-
tively large mass splittings this region is also excluded by
LHC stop searches. Still, for DM masses above the LHC
limit from stop searches (m� ' 400GeV for �m = mt)
the antiproton limit places the strongest constraint on
the model.

Searches for monochromatic �-lines are a complemen-
tary way to probe DM annihilation. In our model annihi-
lation into two monochromatic photons proceeds via the
same loop-diagrams as annihilation into gluons. Hence,
their cross sections are proportional to each other [76],

�v(�� ! ��)

�v(�� ! gg)
=

Q
4
t N

2
c ↵

2
em

2↵2
s

' 0.5% , (27)

where we evaluated ↵s at µ = 300GeV for the numerical
value given. As a consequence �-line searches can only
compete with searches for continuous � rays for small DM
masses for which annihilation into gg dominates. We
found that the respective 95% C.L. limits from Fermi-
LAT observations of the Galactic center [77] are compet-
itive to the limits from dwarf spheroidal galaxies only for
the most aggressive choice of the DM density profile in
our Galaxy, namely a generalized Navarro-Frenk-White
profile [78] with an inner slope of � = 1.3. The density
profile is, however, subject to large uncertainties. There-
fore, and to reduce clutter, we do not show the limit in
Fig. 6.

Finally, we comment on future prospects for CTA [79]
to probe the model. In Fig. 6 (right) we superimpose
the optimistic estimate of the projected limit from the
observation of the Galactic center presented in [80]. It
does not provide sensitivity to the considered model.

C. Stop searches at colliders

At the LHC a large number of searches for neutralino-
stop simplified models have been performed. As the stop
production channel only involves its gauge interactions
these searches do not explicitly make reference to the
strength of the neutralino-stop coupling. Hence, the re-
sults for the decay channels et ! t

(⇤)
� that do not involve

further supersymmetric particles can directly be applied
to the model under consideration.3 However, certain as-
sumptions have to be fulfilled to provide applicability.
On the one hand, the width of the (stop-like) mediator
has to be sufficiently narrow. Here we require �et  0.2met
as a benchmark value. On the other hand, the mediator
decay has to proceed sufficiently promptly in order to

3 The notation et ! t
(⇤)

� is meant to include the 3- and 4-body
decays that proceed via an off-shell t and an off-shell t and W ,
respectively.

J =

Z
d⌦

Z

l.o.s.
ds ⇢2DM

�v = a+bv2+O(v4) ) ⌦h2
'

8.8⇥ 10�11

GeV2

xf
p
ḡ(a+ 3b/xf)

J-factor:

[Fermi-LAT 2016]
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FIG. 3. Left panel: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative
to the Hubble rate as a function of x = m�/T for m� = 500GeV, meb = 510GeV, �� ⇤ 2.6 ⇥ 10�7. Right panel: Evolution of
the resulting abundance (solid curves) of eb (blue) and ⇥ (red). The dashed curves denote the equilibrium abundances.

tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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FIG. 4. Relic density as a function of the coupling ��, for
m� = 500GeV, meb = 510GeV. The dotted blue line is the
result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.
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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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Constraints: Fermi-LAT dwarfs

Figure 5: Comparison between the MadDM and publicly released Fermi-LAT exclusion bounds in the {h�vi � m�}-plane for two reference dSphs:
Ursa Major II in the left panel and Reticulum II in the right panel. The solid curves are for the MadDM limits profiling on the J factor, the dotted
lines do not include profiling, while the dashed lines stand for the Fermi-LAT limits. The light blue curve is for �� ! bb̄, while the dark blue line
is for ��! ⌧�⌧+.

constraints to investigate whether the model point is excluded or not by present observations; (ii) provide likelihood
functions of direct and indirect detection experiments. In particular in MadDM v.3.0 we have implemented the Fermi-
LAT likelihood for di↵use gamma rays from dSPhs [6, 64], whose functionalities will be presented in Sec. 3.1. We
do not consider here the LUX likelihood, which has been implemented in MadDM v.2.0 [24].

Mode (i) basically allows for a fast comparison between the theoretical predictions and the experimental exclusion
limits as a function of the dark matter mass. This is done using the ExpConstraints class, which is described in
details in Appendix D.1. For direct detection it takes the predicted spin-independent (SI) and/or spin-dependent (SD)
elastic cross section o↵ nucleon as a function of m� and compares it with the corresponding exclusion limit (i.e.
XENON1T for SI scattering [4], LUX for SD on neutron [65] and Pico60 for SD on proton [5]). Indirect detection
experimental constraints are provided for prompt photons and gamma-ray lines generated by dark matter annihilation
in dSPhs and in the Galactic center respectively. We have chosen to use gamma-ray exclusion limits because of their
constraining power and robustness, as compared to neutrino and charged cosmic ray searches, respectively. These
Fermi-LAT bounds constrain the prompt photon emission or the gamma-ray line emission originating from dark
matter annihilation in the plane h�vi and dark matter mass. Indirect detection constraints are computed assuming a
100% branching ratio into one SM annihilation channel. To be conservative we rescale the bound correspondingly
by the branching ratio of the theoretical model. With this method we test the dark matter model only against SM
annihilation channels, which are computed as described in Sec. 3.1. Of course in order for the comparison to be
meaningful the assumptions of the experimental exclusion limits should be the same as for the theoretical predictions,
such as the choice of consistent the J factors.

The ExpConstraints class is very generic and allows easily the implementation of new limits and/or measure-
ments in case of a discovery. For instance, the implementation of positron and anti-proton constraints from the
AMS-02 [7] is left for future work.

3.1. Fermi-LAT likelihoods for dSphs
Dwarf spheroidal galaxies (dSPhs) are optimal targets to test the hypothesis of annihilating dark matter in the

galactic halo. These Milky Way satellite galaxies are known to be dark matter dominated objects, with a reduced
baryonic content in terms of recent stellar formation activity and interstellar gas medium [66–69]. In the past few
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
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Constraints: Fermi-LAT dwarfs

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 ��! ⌧�⌧+.

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, for which also other analyses [72, 73] have pointed out a possible excess over the background. As
a consequence, the combined 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 (without Reticulum II) were considered.
For instance, the exclusion limit for the channel ��! ⌧+⌧� gets weakened below m� = 100 GeV by roughly a factor
of 2, excluding h�vi ⇠ 5 ⇥ 10�27cm3/s for a dark matter mass of 10 GeV and passing the thermal freeze-out cross
section at about m� = 90 GeV.

For each of the 45 dSphs the Fermi-LAT collaboration has made available likelihood profiles for all energy bins
that allow for the derivation of 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 0.05. 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
in the h�vi and dark matter mass plane for two sample dSph galaxies: Ursa Major II (left panel) and Reticulum II
(right panel). For Ursa Major II MadDM reproduces the Fermi-LAT limits over the whole dark matter mass range
for both the bb̄ final state (dark blue) and the ⌧�⌧+ final state (light blue). The same degree of agreement is found
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Propagation of charged cosmic rays
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FIG. 3. Left panel: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative
to the Hubble rate as a function of x = m�/T for m� = 500GeV, meb = 510GeV, �� ⇤ 2.6 ⇥ 10�7. Right panel: Evolution of
the resulting abundance (solid curves) of eb (blue) and ⇥ (red). The dashed curves denote the equilibrium abundances.

tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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FIG. 4. Relic density as a function of the coupling ��, for
m� = 500GeV, meb = 510GeV. The dotted blue line is the
result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq
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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.
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We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point

⇥
h
2

��/10�7

0

1
0
0

1
0
0

CE

decay only

�h2 = 0.12

FIG. 4. Relic density as a function of the coupling ��, for
m� = 500GeV, meb = 510GeV. The dotted blue line is the
result that would be obtained when assuming CE. The red
line shows the full solution including all conversion rates, the
gray dashed line corresponds to the solution when only decays
are considered. The shaded areas highlight the dependence
on initial conditions, Y�(1) = (0�100)⇥ Y eq

� (1). The central
curves correspond to Y�(1) = Y eq

� (1).

in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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Example: Secluded dark matter

▪ Freeze-out within dark sector:

Thermal relic density
fixes this coupling

SM coupling not directly
related to relic density
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to the Hubble rate as a function of x = m�/T for m� = 500GeV, meb = 510GeV, �� ⇤ 2.6 ⇥ 10�7. Right panel: Evolution of
the resulting abundance (solid curves) of eb (blue) and ⇥ (red). The dashed curves denote the equilibrium abundances.

tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.
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with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.

4

re
la

ti
ve

ra
te

�
/H

mX1/T

X2X2 ⇥ SM

X2 ⇥ X1 SM

ab
un

da
nc

e

mX1/T

X1X2

neq

FIG. 3. Left panel: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative
to the Hubble rate as a function of x = m�/T for m� = 500GeV, meb = 510GeV, �� ⇤ 2.6 ⇥ 10�7. Right panel: Evolution of
the resulting abundance (solid curves) of eb (blue) and ⇥ (red). The dashed curves denote the equilibrium abundances.

tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.

VIABLE PARAMETER SPACE

We will now explore the parameter space consistent
with a relic density that matches the DM density mea-
sured by Planck, �h2 = 0.1198 ± 0.0015 [14]. In the
considered scenario, for small couplings, �b�b† annihilation
is the only e�cient annihilation channel. Hence the min-
imal relic density that can be obtained for a certain point
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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.

SM

SM

Small SM coupling ⇒ evade strong DD bounds

1

Y

1

Y

gqgX

[Batell, Pospelov, Ritz, Shang 0910.1567]

Jan Heisig (UCL - CP3)                                                        13                                                  Aachen, September 3, 2019



Example: Secluded dark matter

▪ Freeze-out within dark sector:
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tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.
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is the only e�cient annihilation channel. Hence the min-
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provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.

4

re
la

ti
ve

ra
te

�
/H

mX1/T

X2X2 ⇥ SM

X2 ⇥ X1 SM

ab
un

da
nc

e

mX1/T

X1X2

neq

FIG. 3. Left panel: Rates of annihilation (blue curves) and conversion (red curves) terms in the Boltzmann equation relative
to the Hubble rate as a function of x = m�/T for m� = 500GeV, meb = 510GeV, �� ⇤ 2.6 ⇥ 10�7. Right panel: Evolution of
the resulting abundance (solid curves) of eb (blue) and ⇥ (red). The dashed curves denote the equilibrium abundances.

tion at x = 1 (for a discussion of kinetic equilibration,
see [13]). The dependence of the final freeze-out den-
sity on the initial condition is also indicated in Fig. 4 by
the area shaded in red, and is remarkably small. There-
fore, conversion-driven freeze-out is largely insensitive to
details of the thermal history prior to freeze-out and in
particular to a potential production during the reheating
process. Note that this feature distinguishes conversion-
driven freeze-out from scenarios for which DM has an
even weaker coupling such that it was never in thermal
contact (e.g. freeze-in production [15]). Thus, while re-
quiring a rather weak coupling, the robustness of the con-
ventional freeze-out paradigm is preserved in the scenario
considered here.

As discussed before, conversions ⇥ � �b are driven by
two types of processes, decay and scattering. It turns
out that quantitatively both are important for determin-
ing the freeze-out density. To illustrate the importance of
scattering processes, we show the freeze-out density that
would be obtained when only taking decays into account
by the gray dashed line in Fig. 4. Furthermore, the gray
shaded area indicates the dependence on initial condi-
tions that would result neglecting scatterings. We find
that scattering processes, that are active at small x, are
responsible for wiping out the dependence on the initial
abundance in the full solution of the coupled Boltzmann
equations.
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in the m�-meb plane is the one for a coupling �� that just
provides CE (but is still small enough so that ⇥⇥- and
⇥�b-annihilation is negligible). The curve for which this
choice provides the right relic density defines the bound-
ary of the valid parameter space and is shown as a black,
solid curve in Fig. 7. Below this curve a choice of ��

su�ciently large to support CE would undershoot the
relic density. In this region a solution with small �� ex-
ists that renders the involved conversion rates just large
enough to allow for the right portion of thermal contact
between �b and ⇥ to provide the right relic density. The
value of �� ranges from 10�7 to 10�6 (from small to large
m�). These values lie far beyond the sensitivity of direct
or indirect detection experiments.
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3

A simplified model with a fermionic DM X, and a
mixed scalar-pseudoscalar mediator Y that also couples
to SM quarks represents an example of a model which
satisfies the above-mentioned requirements. The interac-
tions are described by the Lagrangian:

L = gqyq q̄ [cos↵+ i sin↵�5] q Y

+ gX X̄ [cos↵+ i sin↵�5]X Y , (2)

where yq ⌘
p
2mq/vh is the quark Yukawa coupling with

vh = 246 GeV and mq the quark mass.
In this paper we will only consider scenarios where

mY ⌧ mX , with mY ⇠ O(100) MeV, in order to nat-
urally exhibit �Y ⌧ 1 GeV. The mediator will decay
to a pair of photons with a branching ratio of 100%, as
decays into gluons and light quarks will be suppressed
by the fact that they would kinematically not be able to
hadronize into a pair of pions, as long as mY . 2m⇡.
Using Package-X [38], we have computed the decay of Y
into a pair of photons as
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where Qq are the quark charges, ↵e = 1/137 is the elec-
tromagnetic fine structure constant and
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We have verified that the above formulas are consistent
with the existing literature for pure scalar or pure pseu-
doscalar mediators [39–41] and references therein. The
prescription of replacing the u, d and s quark masses with
the pion mass m⇡ and the kaon mass mK respectively
has been shown to approximate well the calculation for
Y width from chiral perturbation theory [41, 42].

Equation (3) allows us to estimate the simplified model
parameter space which can, in principle, be probed by
solar �-ray measurements. Couplings of gq ⇠ O(10�4)
easily result in decays of the mediator outside the Sun
for mX ⇠ 1000 GeV, whereas heavier mX allow for cou-
plings of gq & 10�3 to be explored. The same parameter
region is rather insensitive to the precise value of the
mixing angle ↵. Further details on the decay width and
lifetime of the mediator necessary to produce solar �-rays
are given in Sec. IVB.

A. Dark Matter Annihilation Channels and Relic
Density Requirements

In the early Universe, the freeze-out of DM in the
mX � mY regime is typically governed by the t-channel
process XX̄ ! Y Y . For mX > mt the s-channel
XX̄ ! tt̄ can also be significant, depending on the hi-
erarchy between the couplings gX and gq (as discussed
below). For mX � mY and mX � mt, the thermal
averaged cross section, expanded to hvi

2 order in DM

velocity, is given by 2
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where we explicitly add a factor of 1/2 to account for
the fact that DM is a Dirac fermion. As indicated by
Eqs. (4), in the limit of pure scalar or pure pseudoscalar
couplings, the process XX̄ ! Y Y is p-wave suppressed,
while the mixed scalar-pseudoscalar coupling induces a
leading s-wave annihilation cross section. For cos↵ ⌧ 1,
the processXX̄ ! Y Y is mostly p-wave at the character-
istic freeze-out velocity of hvi ⇠ 0.2 , while the smaller s-
wave component will be dominant for characteristic DM
velocities in the Sun, galaxies and the CMB.

The XX̄ ! tt̄ process is s-wave in the case of a pure
pseudoscalar mediator, while it is p-wave suppressed in
the case of a pure scalar or mixed mediator such that
tan↵ < hvi/

p
4 + 4hvi2. The last condition implies that

at low DM velocities, for any configuration in which the
mediator is more pseudoscalar than scalar the s-wave
term will be dominating over the velocity suppressed
one. As the escape of the mediator from the Sun typ-
ically requires small gq, it is evident that at freeze-out
the XX̄ ! tt̄ annihilation process will be subdominant.
Following the above considerations, XX̄ ! Y Y is the

dominant annihilation channel for fixing the DM relic

2 Here we omit the annihilation channels to quarks other than
the t due to the small yt/yq ratio, as well as the fact that we
will mostly discuss the regime of mX & mt. In our numerical
computation, however, we do include in ��v⇥ the contribution of
lighter quarks and gluons for mX < mt. Furthermore, we use
the full expressions for finite mt,mY .
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A simplified model with a fermionic DM X, and a
mixed scalar-pseudoscalar mediator Y that also couples
to SM quarks represents an example of a model which
satisfies the above-mentioned requirements. The interac-
tions are described by the Lagrangian:

L = gqyq q̄ [cos↵+ i sin↵�5] q Y

+ gX X̄ [cos↵+ i sin↵�5]X Y , (2)

where yq ⌘
p
2mq/vh is the quark Yukawa coupling with

vh = 246 GeV and mq the quark mass.
In this paper we will only consider scenarios where

mY ⌧ mX , with mY ⇠ O(100) MeV, in order to nat-
urally exhibit �Y ⌧ 1 GeV. The mediator will decay
to a pair of photons with a branching ratio of 100%, as
decays into gluons and light quarks will be suppressed
by the fact that they would kinematically not be able to
hadronize into a pair of pions, as long as mY . 2m⇡.
Using Package-X [38], we have computed the decay of Y
into a pair of photons as
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where Qq are the quark charges, ↵e = 1/137 is the elec-
tromagnetic fine structure constant and
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We have verified that the above formulas are consistent
with the existing literature for pure scalar or pure pseu-
doscalar mediators [39–41] and references therein. The
prescription of replacing the u, d and s quark masses with
the pion mass m⇡ and the kaon mass mK respectively
has been shown to approximate well the calculation for
Y width from chiral perturbation theory [41, 42].

Equation (3) allows us to estimate the simplified model
parameter space which can, in principle, be probed by
solar �-ray measurements. Couplings of gq ⇠ O(10�4)
easily result in decays of the mediator outside the Sun
for mX ⇠ 1000 GeV, whereas heavier mX allow for cou-
plings of gq & 10�3 to be explored. The same parameter
region is rather insensitive to the precise value of the
mixing angle ↵. Further details on the decay width and
lifetime of the mediator necessary to produce solar �-rays
are given in Sec. IVB.

A. Dark Matter Annihilation Channels and Relic
Density Requirements

In the early Universe, the freeze-out of DM in the
mX � mY regime is typically governed by the t-channel
process XX̄ ! Y Y . For mX > mt the s-channel
XX̄ ! tt̄ can also be significant, depending on the hi-
erarchy between the couplings gX and gq (as discussed
below). For mX � mY and mX � mt, the thermal
averaged cross section, expanded to hvi
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velocity, is given by 2
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where we explicitly add a factor of 1/2 to account for
the fact that DM is a Dirac fermion. As indicated by
Eqs. (4), in the limit of pure scalar or pure pseudoscalar
couplings, the process XX̄ ! Y Y is p-wave suppressed,
while the mixed scalar-pseudoscalar coupling induces a
leading s-wave annihilation cross section. For cos↵ ⌧ 1,
the processXX̄ ! Y Y is mostly p-wave at the character-
istic freeze-out velocity of hvi ⇠ 0.2 , while the smaller s-
wave component will be dominant for characteristic DM
velocities in the Sun, galaxies and the CMB.

The XX̄ ! tt̄ process is s-wave in the case of a pure
pseudoscalar mediator, while it is p-wave suppressed in
the case of a pure scalar or mixed mediator such that
tan↵ < hvi/

p
4 + 4hvi2. The last condition implies that

at low DM velocities, for any configuration in which the
mediator is more pseudoscalar than scalar the s-wave
term will be dominating over the velocity suppressed
one. As the escape of the mediator from the Sun typ-
ically requires small gq, it is evident that at freeze-out
the XX̄ ! tt̄ annihilation process will be subdominant.
Following the above considerations, XX̄ ! Y Y is the

dominant annihilation channel for fixing the DM relic

2 Here we omit the annihilation channels to quarks other than
the t due to the small yt/yq ratio, as well as the fact that we
will mostly discuss the regime of mX & mt. In our numerical
computation, however, we do include in ��v⇥ the contribution of
lighter quarks and gluons for mX < mt. Furthermore, we use
the full expressions for finite mt,mY .

3

A simplified model with a fermionic DM X, and a
mixed scalar-pseudoscalar mediator Y that also couples
to SM quarks represents an example of a model which
satisfies the above-mentioned requirements. The interac-
tions are described by the Lagrangian:

L = gqyq q̄ [cos↵+ i sin↵�5] q Y

+ gX X̄ [cos↵+ i sin↵�5]X Y , (2)

where yq ⌘
p
2mq/vh is the quark Yukawa coupling with

vh = 246 GeV and mq the quark mass.
In this paper we will only consider scenarios where

mY ⌧ mX , with mY ⇠ O(100) MeV, in order to nat-
urally exhibit �Y ⌧ 1 GeV. The mediator will decay
to a pair of photons with a branching ratio of 100%, as
decays into gluons and light quarks will be suppressed
by the fact that they would kinematically not be able to
hadronize into a pair of pions, as long as mY . 2m⇡.
Using Package-X [38], we have computed the decay of Y
into a pair of photons as
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where Qq are the quark charges, ↵e = 1/137 is the elec-
tromagnetic fine structure constant and

FS(x) ⌘
1

x3/2


�x+ (x� 1)arctanh2

✓r
x

x� 1

◆�
,

FP (x) ⌘
1

x1/2


arctanh2

✓r
x

x� 1

◆�
.

We have verified that the above formulas are consistent
with the existing literature for pure scalar or pure pseu-
doscalar mediators [39–41] and references therein. The
prescription of replacing the u, d and s quark masses with
the pion mass m⇡ and the kaon mass mK respectively
has been shown to approximate well the calculation for
Y width from chiral perturbation theory [41, 42].

Equation (3) allows us to estimate the simplified model
parameter space which can, in principle, be probed by
solar �-ray measurements. Couplings of gq ⇠ O(10�4)
easily result in decays of the mediator outside the Sun
for mX ⇠ 1000 GeV, whereas heavier mX allow for cou-
plings of gq & 10�3 to be explored. The same parameter
region is rather insensitive to the precise value of the
mixing angle ↵. Further details on the decay width and
lifetime of the mediator necessary to produce solar �-rays
are given in Sec. IVB.

A. Dark Matter Annihilation Channels and Relic
Density Requirements

In the early Universe, the freeze-out of DM in the
mX � mY regime is typically governed by the t-channel
process XX̄ ! Y Y . For mX > mt the s-channel
XX̄ ! tt̄ can also be significant, depending on the hi-
erarchy between the couplings gX and gq (as discussed
below). For mX � mY and mX � mt, the thermal
averaged cross section, expanded to hvi

2 order in DM

velocity, is given by 2
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where we explicitly add a factor of 1/2 to account for
the fact that DM is a Dirac fermion. As indicated by
Eqs. (4), in the limit of pure scalar or pure pseudoscalar
couplings, the process XX̄ ! Y Y is p-wave suppressed,
while the mixed scalar-pseudoscalar coupling induces a
leading s-wave annihilation cross section. For cos↵ ⌧ 1,
the processXX̄ ! Y Y is mostly p-wave at the character-
istic freeze-out velocity of hvi ⇠ 0.2 , while the smaller s-
wave component will be dominant for characteristic DM
velocities in the Sun, galaxies and the CMB.

The XX̄ ! tt̄ process is s-wave in the case of a pure
pseudoscalar mediator, while it is p-wave suppressed in
the case of a pure scalar or mixed mediator such that
tan↵ < hvi/

p
4 + 4hvi2. The last condition implies that

at low DM velocities, for any configuration in which the
mediator is more pseudoscalar than scalar the s-wave
term will be dominating over the velocity suppressed
one. As the escape of the mediator from the Sun typ-
ically requires small gq, it is evident that at freeze-out
the XX̄ ! tt̄ annihilation process will be subdominant.
Following the above considerations, XX̄ ! Y Y is the

dominant annihilation channel for fixing the DM relic

2 Here we omit the annihilation channels to quarks other than
the t due to the small yt/yq ratio, as well as the fact that we
will mostly discuss the regime of mX & mt. In our numerical
computation, however, we do include in ��v⇥ the contribution of
lighter quarks and gluons for mX < mt. Furthermore, we use
the full expressions for finite mt,mY .
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A simplified model with a fermionic DM X, and a
mixed scalar-pseudoscalar mediator Y that also couples
to SM quarks represents an example of a model which
satisfies the above-mentioned requirements. The interac-
tions are described by the Lagrangian:

L = gqyq q̄ [cos↵+ i sin↵�5] q Y

+ gX X̄ [cos↵+ i sin↵�5]X Y , (2)

where yq ⌘
p
2mq/vh is the quark Yukawa coupling with

vh = 246 GeV and mq the quark mass.
In this paper we will only consider scenarios where

mY ⌧ mX , with mY ⇠ O(100) MeV, in order to nat-
urally exhibit �Y ⌧ 1 GeV. The mediator will decay
to a pair of photons with a branching ratio of 100%, as
decays into gluons and light quarks will be suppressed
by the fact that they would kinematically not be able to
hadronize into a pair of pions, as long as mY . 2m⇡.
Using Package-X [38], we have computed the decay of Y
into a pair of photons as
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where Qq are the quark charges, ↵e = 1/137 is the elec-
tromagnetic fine structure constant and
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We have verified that the above formulas are consistent
with the existing literature for pure scalar or pure pseu-
doscalar mediators [39–41] and references therein. The
prescription of replacing the u, d and s quark masses with
the pion mass m⇡ and the kaon mass mK respectively
has been shown to approximate well the calculation for
Y width from chiral perturbation theory [41, 42].

Equation (3) allows us to estimate the simplified model
parameter space which can, in principle, be probed by
solar �-ray measurements. Couplings of gq ⇠ O(10�4)
easily result in decays of the mediator outside the Sun
for mX ⇠ 1000 GeV, whereas heavier mX allow for cou-
plings of gq & 10�3 to be explored. The same parameter
region is rather insensitive to the precise value of the
mixing angle ↵. Further details on the decay width and
lifetime of the mediator necessary to produce solar �-rays
are given in Sec. IVB.

A. Dark Matter Annihilation Channels and Relic
Density Requirements

In the early Universe, the freeze-out of DM in the
mX � mY regime is typically governed by the t-channel
process XX̄ ! Y Y . For mX > mt the s-channel
XX̄ ! tt̄ can also be significant, depending on the hi-
erarchy between the couplings gX and gq (as discussed
below). For mX � mY and mX � mt, the thermal
averaged cross section, expanded to hvi

2 order in DM

velocity, is given by 2
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where we explicitly add a factor of 1/2 to account for
the fact that DM is a Dirac fermion. As indicated by
Eqs. (4), in the limit of pure scalar or pure pseudoscalar
couplings, the process XX̄ ! Y Y is p-wave suppressed,
while the mixed scalar-pseudoscalar coupling induces a
leading s-wave annihilation cross section. For cos↵ ⌧ 1,
the processXX̄ ! Y Y is mostly p-wave at the character-
istic freeze-out velocity of hvi ⇠ 0.2 , while the smaller s-
wave component will be dominant for characteristic DM
velocities in the Sun, galaxies and the CMB.

The XX̄ ! tt̄ process is s-wave in the case of a pure
pseudoscalar mediator, while it is p-wave suppressed in
the case of a pure scalar or mixed mediator such that
tan↵ < hvi/

p
4 + 4hvi2. The last condition implies that

at low DM velocities, for any configuration in which the
mediator is more pseudoscalar than scalar the s-wave
term will be dominating over the velocity suppressed
one. As the escape of the mediator from the Sun typ-
ically requires small gq, it is evident that at freeze-out
the XX̄ ! tt̄ annihilation process will be subdominant.
Following the above considerations, XX̄ ! Y Y is the

dominant annihilation channel for fixing the DM relic

2 Here we omit the annihilation channels to quarks other than
the t due to the small yt/yq ratio, as well as the fact that we
will mostly discuss the regime of mX & mt. In our numerical
computation, however, we do include in ��v⇥ the contribution of
lighter quarks and gluons for mX < mt. Furthermore, we use
the full expressions for finite mt,mY .
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Figure 9: Results for sequential grid scan for a mixed scalar pseudoscalar mediator model with Dirac dark matter. We study the XdXd ! Y0Y0 ! 4t
process. In the left panel we show the behaviour of the relic density: the grey region denotes over-abundant dark matter, while the blue region is for
under-abundant dark matter. The black solid line denotes the correct relic density value. In the right panel we show the exclusion by the Fermi-LAT
dSph likelihood: this is signaled by the region with signal strength µ ⌘ h�vipred/h�viul � 1. In both panels, the lower triangle designated by
mDM < mY0 has not been considered in the sequential scans as it leads to over-abundant dark matter. The model benchmark is as labelled in the
plot.

process that sets the relic density: t-channel annihilation into a pair of mediators. For a Dirac dark matter candidate,
if the mediator is a pure scalar or a pure pseudoscalar mediator, this process is p-wave suppressed, hence it is useful
to set the relic density but cannot be detected in gamma rays at present time. In the case of a mixed scalar and pseu-
doscalar mediator the p-wave suppression is lifted and becomes an s-wave (see Ref. [63] for the analytic behaviour of
the t-channel process, for which we have checked that MadDM v.3.0 reproduces the analytic computation). Hence dark
matter annihilation do provide observable gamma-ray signals and are already challenged by the Fermi-LAT exclusion
limits from dSphs. This is clearly illustrated in the right panel of Fig. 9: the Fermi-LAT exclusion limits already
constraints this model for dark matter and mediator masses up to around 600 GeV. The excluded region is denoted by
the line with signal strength µ = 1, where we have defined as usual the signal strength as µ ⌘ h�vipred/h�viul with
h�vipred being the theoretical annihilation cross-section and h�viul being the experimental excluded cross-section at
95% CL. Here we assume that Xd constitutes 100% of the cold dark matter content of the universe, regardless of the
thermal abundance (‘all DM’ scenario). Note that in this scenario µ / g4

X , so that the constraints for other choices of
the coupling can easily be inferred. On the contrary, for the ‘thermal’ scenario (see Sec. 3.2) h�vi has to be rescaling
by ⇠2 and the slice in the parameter space shown in the right panel of Fig. 9 is entirely unconstraint. In this scenario,
Fermi-LAT only provides sensitivity to smaller couplings, gX . 1/4, and masses, mDM . 100 GeV.
This study is easily reproducible with MadDM v.3.0 by typing the following commands:6

import model DMsimp_s_spin0_mixed_MD
generate relic density
define q= u d s c b t
define qbar= u~ d~ s~ c~ b~ t~
add indirect detection y0 y0, y0 > q qbar
output secluded_dm_gammarays

This first option asks the decay of on-shell mediators directly within MG5 aMC. A second option is:

import model DMsimp_s_spin0_mixed_MD

6The UFO files for this model can be found in [88].
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Figure 9: Results for sequential grid scan for a mixed scalar pseudoscalar mediator model with Dirac dark matter. We study the XdXd ! Y0Y0 ! 4t
process. In the left panel we show the behaviour of the relic density: the grey region denotes over-abundant dark matter, while the blue region is for
under-abundant dark matter. The black solid line denotes the correct relic density value. In the right panel we show the exclusion by the Fermi-LAT
dSph likelihood: this is signaled by the region with signal strength µ ⌘ h�vipred/h�viul � 1. In both panels, the lower triangle designated by
mDM < mY0 has not been considered in the sequential scans as it leads to over-abundant dark matter. The model benchmark is as labelled in the
plot.

if the mediator is a pure scalar or a pure pseudoscalar mediator, this process is p-wave suppressed, hence it is useful
to set the relic density but cannot be detected in gamma rays at present time. In the case of a mixed scalar and pseu-
doscalar mediator the p-wave suppression is lifted and becomes an s-wave (see Ref. [63] for the analytic behaviour of
the t-channel process, for which we have checked that MadDM v.3.0 reproduces the analytic computation). Hence dark
matter annihilation do provide observable gamma-ray signals and are already challenged by the Fermi-LAT exclusion
limits from dSphs. This is clearly illustrated in the right panel of Fig. 9: the Fermi-LAT exclusion limits already
constraints this model for dark matter and mediator masses up to around 600 GeV. The excluded region is denoted by
the line with signal strength µ = 1, where we have defined as usual the signal strength as µ ⌘ h�vipred/h�viul with
h�vipred being the theoretical annihilation cross-section and h�viul being the experimental excluded cross-section at
95% CL. Here we assume that Xd constitutes 100% of the cold dark matter content of the universe, regardless of the
thermal abundance (‘all DM’ scenario). Note that in this scenario µ / g4

q, so that the constraints for other choices of
the coupling can easily be inferred. On the contrary, for the ‘thermal’ scenario (see Sec. 3.2) h�vi has to be rescaling
by ⇠2 and the slice in the parameter space shown in the right panel of Fig. 9 is entirely unconstraint. In this scenario,
Fermi-LAT only provides sensitivity to smaller couplings, gq . 1/4, and masses, mDM . 100 GeV.
This study is easily reproducible with MadDM v.3.0 by typing the following commands:6

import model DMsimp_s_spin0_mixed_MD
generate relic density
define q= u d s c b t
define qbar= u~ d~ s~ c~ b~ t~
add indirect detection y0 y0, y0 > q qbar
output secluded_dm_gammarays

This first option asks the decay of on-shell mediators directly within MG5 aMC. A second option is:

import model DMsimp_s_spin0_mixed_MD

6The UFO files for this model can be found in [87].
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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
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Example: Secluded dark matter
[Batell, Pospelov, Ritz, Shang 0910.1567]

Figure 9: Results for sequential grid scan for a mixed scalar pseudoscalar mediator model with Dirac dark matter. We study the XdXd ! Y0Y0 ! 4t
process. In the left panel we show the behaviour of the relic density: the grey region denotes over-abundant dark matter, while the blue region is for
under-abundant dark matter. The black solid line denotes the correct relic density value. In the right panel we show the exclusion by the Fermi-LAT
dSph likelihood: this is signaled by the region with signal strength µ ⌘ h�vipred/h�viul � 1. In both panels, the lower triangle designated by
mDM < mY0 has not been considered in the sequential scans as it leads to over-abundant dark matter. The model benchmark is as labelled in the
plot.

process that sets the relic density: t-channel annihilation into a pair of mediators. For a Dirac dark matter candidate,
if the mediator is a pure scalar or a pure pseudoscalar mediator, this process is p-wave suppressed, hence it is useful
to set the relic density but cannot be detected in gamma rays at present time. In the case of a mixed scalar and pseu-
doscalar mediator the p-wave suppression is lifted and becomes an s-wave (see Ref. [63] for the analytic behaviour of
the t-channel process, for which we have checked that MadDM v.3.0 reproduces the analytic computation). Hence dark
matter annihilation do provide observable gamma-ray signals and are already challenged by the Fermi-LAT exclusion
limits from dSphs. This is clearly illustrated in the right panel of Fig. 9: the Fermi-LAT exclusion limits already
constraints this model for dark matter and mediator masses up to around 600 GeV. The excluded region is denoted by
the line with signal strength µ = 1, where we have defined as usual the signal strength as µ ⌘ h�vipred/h�viul with
h�vipred being the theoretical annihilation cross-section and h�viul being the experimental excluded cross-section at
95% CL. Here we assume that Xd constitutes 100% of the cold dark matter content of the universe, regardless of the
thermal abundance (‘all DM’ scenario). Note that in this scenario µ / g4

X , so that the constraints for other choices of
the coupling can easily be inferred. On the contrary, for the ‘thermal’ scenario (see Sec. 3.2) h�vi has to be rescaling
by ⇠2 and the slice in the parameter space shown in the right panel of Fig. 9 is entirely unconstraint. In this scenario,
Fermi-LAT only provides sensitivity to smaller couplings, gX . 1/4, and masses, mDM . 100 GeV.
This study is easily reproducible with MadDM v.3.0 by typing the following commands:6

import model DMsimp_s_spin0_mixed_MD
generate relic density
define q= u d s c b t
define qbar= u~ d~ s~ c~ b~ t~
add indirect detection y0 y0, y0 > q qbar
output secluded_dm_gammarays

This first option asks the decay of on-shell mediators directly within MG5 aMC. A second option is:

import model DMsimp_s_spin0_mixed_MD

6The UFO files for this model can be found in [88].
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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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the late gravitino decay is a popular mechanism to augment its relic density and bring it to the Planck measured
value [77].

2. ‘Thermal’ scenario: In the thermal scenario we assume that the dark matter candidate under consideration is
produced solely via the freeze-out mechanism within a standard cosmological history. Hence we assume that
its relic density is set by the thermal value (⌦h2)theo = (⌦h2)thermal. We consider (⌦h2)theo  (⌦h2)Planck while
the missing fraction of gravitationally interacting dark matter is assumed to originate from other species. We
define the fraction of dark matter originating from the candidate under consideration:

⇠ ⌘ (⌦h2)theo/(⌦h2)Planck  1 . (10)

Assuming that there is no di↵erence in the clustering properties of the di↵erent dark matter species, ⇠ also
denotes the corresponding fraction of the local dark matter density. Accordingly we rescale the fluxes for
indirect and direct detection with ⇠2 and ⇠, respectively, with respect to the ‘all DM’ scenario.

Note that the two scenarios coincide for (⌦h2)thermal = (⌦h2)Planck. For (⌦h2)thermal > (⌦h2)Planck only the former
scenario is allowed and numbers for the thermal scenario are not provided.

4. Sampling the Model Parameter Space

Another valuable new feature of MadDM v.3.0 is the capability to perform sampling of the dark matter model
parameter space. MadDM puts forward two di↵erent sampling procedure: (i) a sequential grid scan, whose details are
provided in Appendix E.1; (ii) a nested sampling method, which is described in Appendix E.2.

The sequential sampling method belongs to the inherited features from the MG5 aMC platform. It scans the model
parameter space on a grid, once the range and the amount of variation in the parameter value is specified. This method
provides an e�cient way to explore low dimensional parameter spaces, e.g. 2-dimensional projections as considered
in Sec. 5.4.

MadDM now supports model parameter sampling with PyMultiNest [29], a Python implementation of the
MultiNest algorithm [27, 28, 78]. MultiNest is a Bayesian inference program based on the nested sampling
algorithm. It allows for parameter estimation and model comparison. We are not going to discuss here the model
comparison part, and refer the interested reader to this review [79]. What makes PyMultiNest particularly interest-
ing for MadDM is its capability of model parameter inference. The algorithm is faster and samples more e�ciently an
high dimensionality model parameter space with respect to a Markov Chain Monte Carlo algorithm, and is particularly
suited for multi-modal likelihood functions. For more details on the MultiNest and on the PyMultiNest algorithms
we refer the interested reader to Refs. [27–29, 78]. If you use PyMultiNest in the context of MadDM please cite the
previous references.

5. Applications

In this section we provide applications to physically motivated dark matter theories. In Sec. 5.1 we first compare
the cross-section predictions of MadDM v.3.0 and MicrOMEGAs v.5.0 for benchmarks of the Minimal Supersymmetric
Standard Model (MSSM), Minimal Universal Extra Dimensions (MUED) and Higgs portal models, similarly to pre-
vious MadDM v.1.0 and MadDM v.2.0 releases. In subsequent sections we utilize the new capabilities of MadDM studying
various aspects of dark matter simplified models. In particular, in Sec. 5.2 we derive constraints on secluded dark
matter [46] where dark matter annihilates into metastable mediators that subsequently decay into the standard model
demonstrating the automatic computation of annihilation into n final state particles. In Sec. 5.3 we study the case of
helicity suppression lifting through internal bremsstrahlung. Finally, we demonstrate the model parameter sampling
capabilities comparing sequential grid and PyMultiNest scanning in Sec. 5.4.

5.1. Comparison with MicrOMEGAs for some benchmark scenarios
In this section we compare the results of MadDM v.3.0 and MicrOMEGAs v.5.0 [16] for the velocity averaged anni-

hilation cross sections, which is used in the indirect detection modules of each simulation package. For illustration,
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➔ additional production 

➔ additional DM component 

Figure 9: Results for sequential grid scan for a mixed scalar pseudoscalar mediator model with Dirac dark matter. We study the XdXd ! Y0Y0 ! 4t
process. In the left panel we show the behaviour of the relic density: the grey region denotes over-abundant dark matter, while the blue region is for
under-abundant dark matter. The black solid line denotes the correct relic density value. In the right panel we show the exclusion by the Fermi-LAT
dSph likelihood: this is signaled by the region with signal strength µ ⌘ h�vipred/h�viul � 1. In both panels, the lower triangle designated by
mDM < mY0 has not been considered in the sequential scans as it leads to over-abundant dark matter. The model benchmark is as labelled in the
plot.

process that sets the relic density: t-channel annihilation into a pair of mediators. For a Dirac dark matter candidate,
if the mediator is a pure scalar or a pure pseudoscalar mediator, this process is p-wave suppressed, hence it is useful
to set the relic density but cannot be detected in gamma rays at present time. In the case of a mixed scalar and pseu-
doscalar mediator the p-wave suppression is lifted and becomes an s-wave (see Ref. [63] for the analytic behaviour of
the t-channel process, for which we have checked that MadDM v.3.0 reproduces the analytic computation). Hence dark
matter annihilation do provide observable gamma-ray signals and are already challenged by the Fermi-LAT exclusion
limits from dSphs. This is clearly illustrated in the right panel of Fig. 9: the Fermi-LAT exclusion limits already
constraints this model for dark matter and mediator masses up to around 600 GeV. The excluded region is denoted by
the line with signal strength µ = 1, where we have defined as usual the signal strength as µ ⌘ h�vipred/h�viul with
h�vipred being the theoretical annihilation cross-section and h�viul being the experimental excluded cross-section at
95% CL. Here we assume that Xd constitutes 100% of the cold dark matter content of the universe, regardless of the
thermal abundance (‘all DM’ scenario). Note that in this scenario µ / g4

X , so that the constraints for other choices of
the coupling can easily be inferred. On the contrary, for the ‘thermal’ scenario (see Sec. 3.2) h�vi has to be rescaling
by ⇠2 and the slice in the parameter space shown in the right panel of Fig. 9 is entirely unconstraint. In this scenario,
Fermi-LAT only provides sensitivity to smaller couplings, gX . 1/4, and masses, mDM . 100 GeV.
This study is easily reproducible with MadDM v.3.0 by typing the following commands:6

import model DMsimp_s_spin0_mixed_MD
generate relic density
define q= u d s c b t
define qbar= u~ d~ s~ c~ b~ t~
add indirect detection y0 y0, y0 > q qbar
output secluded_dm_gammarays

This first option asks the decay of on-shell mediators directly within MG5 aMC. A second option is:

import model DMsimp_s_spin0_mixed_MD

6The UFO files for this model can be found in [88].
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▪ MadDM now MG5_aMC plug-in: inherits functionality
▪ Efficient model testing:

One framework from Lagrangian to experimental tests
▪ MadDM v3: prediction for spectra and fluxes for 
   arbitrary models
▪ Fast mode for scans

▪ Implementation of Fermi-LAT likelihoods
▪ Interface to Dragon

▪ Efficient scanning using interface to PyMultiNest

  https://launchpad.net/maddm

Summary
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<latexit sha1_base64="dRxLTttakr0CJCQ+aKRqEQojr4E=">AAACB3icbVBNS8MwGE7n15xfVY8eDA7Bg4x2COptqAcvwgTrBmsZaZZtYUlaklQYZUcv/hUvHlS8+he8+W9Mux5084WEh+d53zd5njBmVGnH+bZKC4tLyyvl1cra+sbmlr29c6+iRGLi4YhFsh0iRRgVxNNUM9KOJUE8ZKQVji4zvfVApKKRuNPjmAQcDQTtU4y0obr2vi85vLqB/nF+6wjWMxwjqSlmRHXtqlNz8oLzwC1AFRTV7Npffi/CCSdCY4aU6rhOrIO02Dep+IkiMcIjNCAdAwXiRAVpbmQCDw3Tg/1ImiM0zNnfEyniSo15aDo50kM1q2Xkf1on0f2zIKUiTjQRePpQP2HQ+M1SgT0qCdZsbADCkpq/QjxEEmFtsquYENxZy/PAq9fOa+7tSbVxUaRRBnvgABwBF5yCBrgGTeABDB7BM3gFb9aT9WK9Wx/T1pJVzOyCP2V9/gBX25c6</latexit><latexit sha1_base64="dRxLTttakr0CJCQ+aKRqEQojr4E=">AAACB3icbVBNS8MwGE7n15xfVY8eDA7Bg4x2COptqAcvwgTrBmsZaZZtYUlaklQYZUcv/hUvHlS8+he8+W9Mux5084WEh+d53zd5njBmVGnH+bZKC4tLyyvl1cra+sbmlr29c6+iRGLi4YhFsh0iRRgVxNNUM9KOJUE8ZKQVji4zvfVApKKRuNPjmAQcDQTtU4y0obr2vi85vLqB/nF+6wjWMxwjqSlmRHXtqlNz8oLzwC1AFRTV7Npffi/CCSdCY4aU6rhOrIO02Dep+IkiMcIjNCAdAwXiRAVpbmQCDw3Tg/1ImiM0zNnfEyniSo15aDo50kM1q2Xkf1on0f2zIKUiTjQRePpQP2HQ+M1SgT0qCdZsbADCkpq/QjxEEmFtsquYENxZy/PAq9fOa+7tSbVxUaRRBnvgABwBF5yCBrgGTeABDB7BM3gFb9aT9WK9Wx/T1pJVzOyCP2V9/gBX25c6</latexit><latexit sha1_base64="dRxLTttakr0CJCQ+aKRqEQojr4E=">AAACB3icbVBNS8MwGE7n15xfVY8eDA7Bg4x2COptqAcvwgTrBmsZaZZtYUlaklQYZUcv/hUvHlS8+he8+W9Mux5084WEh+d53zd5njBmVGnH+bZKC4tLyyvl1cra+sbmlr29c6+iRGLi4YhFsh0iRRgVxNNUM9KOJUE8ZKQVji4zvfVApKKRuNPjmAQcDQTtU4y0obr2vi85vLqB/nF+6wjWMxwjqSlmRHXtqlNz8oLzwC1AFRTV7Npffi/CCSdCY4aU6rhOrIO02Dep+IkiMcIjNCAdAwXiRAVpbmQCDw3Tg/1ImiM0zNnfEyniSo15aDo50kM1q2Xkf1on0f2zIKUiTjQRePpQP2HQ+M1SgT0qCdZsbADCkpq/QjxEEmFtsquYENxZy/PAq9fOa+7tSbVxUaRRBnvgABwBF5yCBrgGTeABDB7BM3gFb9aT9WK9Wx/T1pJVzOyCP2V9/gBX25c6</latexit>

DM DM � n particles
<latexit sha1_base64="aOs1EOS8mG/yXIp8UpQ5ox2uur0=">AAACBnicbVDLSgMxFL3js9bXqEtBgkVwIWVGBHVX1IUboYJjC52hZNK0Dc1khiQjlKE7N/6KGxcqbv0Gd/6N6XQW2noh4XDOvTc5J0w4U9pxvq25+YXFpeXSSnl1bX1j097avldxKgn1SMxj2QyxopwJ6mmmOW0mkuIo5LQRDi7HeuOBSsVicaeHCQ0i3BOsywjWhmrbe76M0NUN8o/yW8dIGJhgqRnhVLXtilN18kKzwC1ABYqqt+0vvxOTNKJCE46VarlOooOs2Dcq+6miCSYD3KMtAwWOqAqy3McIHRimg7qxNEdolLO/JzIcKTWMQtMZYd1X09qY/E9rpbp7FmRMJKmmgkwe6qYcGbvjUFCHSUo0HxqAiWTmr4j0scREm+jKJgR32vIs8I6r51X39qRSuyjSKMEu7MMhuHAKNbiGOnhA4BGe4RXerCfrxXq3Piatc1YxswN/yvr8AVlNl0w=</latexit><latexit sha1_base64="aOs1EOS8mG/yXIp8UpQ5ox2uur0=">AAACBnicbVDLSgMxFL3js9bXqEtBgkVwIWVGBHVX1IUboYJjC52hZNK0Dc1khiQjlKE7N/6KGxcqbv0Gd/6N6XQW2noh4XDOvTc5J0w4U9pxvq25+YXFpeXSSnl1bX1j097avldxKgn1SMxj2QyxopwJ6mmmOW0mkuIo5LQRDi7HeuOBSsVicaeHCQ0i3BOsywjWhmrbe76M0NUN8o/yW8dIGJhgqRnhVLXtilN18kKzwC1ABYqqt+0vvxOTNKJCE46VarlOooOs2Dcq+6miCSYD3KMtAwWOqAqy3McIHRimg7qxNEdolLO/JzIcKTWMQtMZYd1X09qY/E9rpbp7FmRMJKmmgkwe6qYcGbvjUFCHSUo0HxqAiWTmr4j0scREm+jKJgR32vIs8I6r51X39qRSuyjSKMEu7MMhuHAKNbiGOnhA4BGe4RXerCfrxXq3Piatc1YxswN/yvr8AVlNl0w=</latexit><latexit sha1_base64="aOs1EOS8mG/yXIp8UpQ5ox2uur0=">AAACBnicbVDLSgMxFL3js9bXqEtBgkVwIWVGBHVX1IUboYJjC52hZNK0Dc1khiQjlKE7N/6KGxcqbv0Gd/6N6XQW2noh4XDOvTc5J0w4U9pxvq25+YXFpeXSSnl1bX1j097avldxKgn1SMxj2QyxopwJ6mmmOW0mkuIo5LQRDi7HeuOBSsVicaeHCQ0i3BOsywjWhmrbe76M0NUN8o/yW8dIGJhgqRnhVLXtilN18kKzwC1ABYqqt+0vvxOTNKJCE46VarlOooOs2Dcq+6miCSYD3KMtAwWOqAqy3McIHRimg7qxNEdolLO/JzIcKTWMQtMZYd1X09qY/E9rpbp7FmRMJKmmgkwe6qYcGbvjUFCHSUo0HxqAiWTmr4j0scREm+jKJgR32vIs8I6r51X39qRSuyjSKMEu7MMhuHAKNbiGOnhA4BGe4RXerCfrxXq3Piatc1YxswN/yvr8AVlNl0w=</latexit>

DM DM � SM SM
<latexit sha1_base64="NmUI9YBR8qOebYUTwbTrFqVpU/o=">AAACAXicbVDLSgMxFM3UV62vUVfiJlgEF1JmRFB3RV24KVTq2EJnKJk0bUOTzJBkhDIUN/6KGxcqbv0Ld/6N6XQW2noh4eSce7k5J4wZVdpxvq3CwuLS8kpxtbS2vrG5ZW/v3KsokZh4OGKRbIVIEUYF8TTVjLRiSRAPGWmGw6uJ3nwgUtFI3OlRTAKO+oL2KEbaUB17z5ccXtf8Y2hu6OsINrJHo9axy07FyQrOAzcHZZBXvWN/+d0IJ5wIjRlSqu06sQ5SJDXFjIxLfqJIjPAQ9UnbQIE4UUGaWRjDQ8N0YS+S5ggNM/b3RIq4UiMemk6O9EDNahPyP62d6N55kFIRJ5oIPF3USxg0Tid5wC6VBGs2MgBhSc1fIR4gibA2qZVMCO6s5XngnVQuKu7tabl6madRBPvgABwBF5yBKrgBdeABDB7BM3gFb9aT9WK9Wx/T1oKVz+yCP2V9/gAr1pRF</latexit><latexit sha1_base64="NmUI9YBR8qOebYUTwbTrFqVpU/o=">AAACAXicbVDLSgMxFM3UV62vUVfiJlgEF1JmRFB3RV24KVTq2EJnKJk0bUOTzJBkhDIUN/6KGxcqbv0Ld/6N6XQW2noh4eSce7k5J4wZVdpxvq3CwuLS8kpxtbS2vrG5ZW/v3KsokZh4OGKRbIVIEUYF8TTVjLRiSRAPGWmGw6uJ3nwgUtFI3OlRTAKO+oL2KEbaUB17z5ccXtf8Y2hu6OsINrJHo9axy07FyQrOAzcHZZBXvWN/+d0IJ5wIjRlSqu06sQ5SJDXFjIxLfqJIjPAQ9UnbQIE4UUGaWRjDQ8N0YS+S5ggNM/b3RIq4UiMemk6O9EDNahPyP62d6N55kFIRJ5oIPF3USxg0Tid5wC6VBGs2MgBhSc1fIR4gibA2qZVMCO6s5XngnVQuKu7tabl6madRBPvgABwBF5yBKrgBdeABDB7BM3gFb9aT9WK9Wx/T1oKVz+yCP2V9/gAr1pRF</latexit><latexit sha1_base64="NmUI9YBR8qOebYUTwbTrFqVpU/o=">AAACAXicbVDLSgMxFM3UV62vUVfiJlgEF1JmRFB3RV24KVTq2EJnKJk0bUOTzJBkhDIUN/6KGxcqbv0Ld/6N6XQW2noh4eSce7k5J4wZVdpxvq3CwuLS8kpxtbS2vrG5ZW/v3KsokZh4OGKRbIVIEUYF8TTVjLRiSRAPGWmGw6uJ3nwgUtFI3OlRTAKO+oL2KEbaUB17z5ccXtf8Y2hu6OsINrJHo9axy07FyQrOAzcHZZBXvWN/+d0IJ5wIjRlSqu06sQ5SJDXFjIxLfqJIjPAQ9UnbQIE4UUGaWRjDQ8N0YS+S5ggNM/b3RIq4UiMemk6O9EDNahPyP62d6N55kFIRJ5oIPF3USxg0Tid5wC6VBGs2MgBhSc1fIR4gibA2qZVMCO6s5XngnVQuKu7tabl6madRBPvgABwBF5yBKrgBdeABDB7BM3gFb9aT9WK9Wx/T1oKVz+yCP2V9/gAr1pRF</latexit>

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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Table C.2: Summary of the MadDM indirect detection functionalities upon the execution of the launch command and description of the default
settings of the two shortcuts set fast and set precise.

‘fast’ mode ‘precise’ mode
set fast set precise
ONLY for SM final states (2! 2) ALL possible final states (2! n)

sigmav_method = reshuffling (default)
sigmav_method = inclusive or can be changed to

h�vi sigmav_method = madevent
Indirect = sigmav

NO EVENTS generated EVENTS generated (LHE file)

output: h�vi for each 2! 2 h�vi for ANY
annihilation process (SM and BSM) annihilation process
indirect_flux_source_
method = PPPC4DMID_ew (default)

Spectra at source or can be changed into indirect_flux_source_
Indirect = flux_source indirect_flux_source_ method = pythia8 (default)

method = PPPC4DMID

computes h�vi with inclusive computes h�vi with reshuffling

output: energy spectra output: energy spectra
coming ONLY from SM final states coming from ANY final state
indirect_flux_earth_ indirect_flux_earth_
method = PPPC4DMID_ep (default) method = dragon (default)

Flux at Earth
Indirect = flux_earth computes h�vi with inclusive computes h�vi with reshuffling

output: � and ⌫i using output: � and ⌫i using
PPPC4DMID tables at production (ew case) Pythia 8 for the prompt energy spectra

e+ flux at Earth e+ and p̄ fluxes at Earth
using PPPC4DMID tables using DRAGON
or can be changed into
e+ and p̄ fluxes at Earth
using DRAGON

Experimental constraints ExpConstraints class ExpConstraints class
+ full Fermi-LAT likelihood for dSphs + full Fermi-LAT likelihood for dSphs
ONLY for SM final states

import model MyDMmodel
define darkmatter chi
generate indirect_detection
output MyDMproject
launch

The prompt already selects the correct switch:

| 3. Compute indirect detection/flux | indirect = sigmav | flux_source|flux_earth|OFF |
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