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Abstract We introduce DarkBit, an advanced software
code for computing dark matter constraints on various exten-
sions to the Standard Model of particle physics, comprising
both new native code and interfaces to external packages.
This release includes a dedicated signal yield calculator for
gamma-ray observations, which significantly extends cur-
rent tools by implementing a cascade decay Monte Carlo,
as well as a dedicated likelihood calculator for current and
future experiments (gamLike). This provides a general solu-
tion for studying complex particle physics models that pre-
dict dark matter annihilation to a multitude of final states.
We also supply a direct detection package that models a
large range of direct detection experiments (DDCalc), and
provides the corresponding likelihoods for arbitrary com-
binations of spin-independent and spin-dependent scatter-
ing processes. Finally, we provide custom relic density rou-
tines along with interfaces to DarkSUSY, micrOMEGAs,
and the neutrino telescope likelihood package nulike. Dark-
Bit is written in the framework of the Global And Modular
Beyond the Standard Model Inference Tool (GAMBIT), pro-
viding seamless integration into a comprehensive statistical
fitting framework that allows users to explore new models
with both particle and astrophysics constraints, and a con-
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sistent treatment of systematic uncertainties. In this paper
we describe its main functionality, provide a guide to getting
started quickly, and show illustrative examples for results
obtained with DarkBit (both as a standalone tool and as a
GAMBIT module). This includes a quantitative comparison
between two of the main dark matter codes (DarkSUSY
and micrOMEGASs), and application of DarkBit’s advanced
direct and indirect detection routines to a simple effective
dark matter model.
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1 Introduction

The identity of dark matter (DM) remains one of the most
vexing puzzles of fundamental physics. After decades of
intense effort, its cosmological abundance has been deter-
mined at a precision of better than one percent [1], but so
far no experiment has reported any clear evidence of its non-
gravitational interactions. Despite these null searches, the
leading hypothesis remains that DM consists of a new type
of elementary particle [2]. Out of the many possibilities [3—
5], weakly interacting massive particles (WIMPs) are often
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argued to be particularly appealing candidates, both because
they almost inevitably appear in well-motivated extensions
of the Standard Model — like supersymmetry [6] or univer-
sal extra dimensions [7] — but also because their thermal
production in the early Universe naturally results in a relic
abundance in broad agreement with the observed DM density
today.

Traditionally, the particle identity of DM has been tested
with three different strategies: (i) by trying to directly produce
it in accelerator searches, (ii) by performing direct searches
for recoiling nuclei caused by collisions with passing DM
particles in large underground detectors, or (iii) by indirect
searches for the debris from DM annihilation or decay in
the Sun or outer space. Although these approaches are par-
ticularly suitable for WIMPs, several other candidates can
be probed by some of these methods as well. More recently,
another approach has emerged that is particularly relevant
for DM scenarios beyond the standard WIMP case, e.g. for
self-interacting DM, namely to (iv) use astrophysical probes
related to the distribution of matter on galactic and cosmo-
logical scales [8,9]. For each of these methods, an immense
amount of experimental data is expected during the next
decade(s). In order to extract the maximal amount of informa-
tion and narrow down the properties of a given DM candidate,
or exclude it, it is mandatory to combine these measurements
in a statistically rigorous way.

With this article we introduce DarkBit, a new numerical
tool for tackling this task. DarkBit calculates DM observ-
ables and likelihoods in a comprehensive and flexible way,
making them available for both phenomenological DM stud-
ies and broader Beyond-the-Standard Model (BSM) global
fits. In particular, the first release of DarkBit contains up-
to-date limits and likelihoods for indirect DM searches with
gamma rays and neutrinos, for the spin-dependent and spin-
independent cross-sections relevant to direct detection, and
for the relic density. In order to increase the efficiency of
observable and likelihood calculations by reusing as much
code as possible, DarkBit relies on highly flexible data struc-
tures that can easily accommodate the specific needs of
most particle models. Examples include the Process Cata-
logue (Sect. 6.3.1), which contains all relevant particles and
interaction rates, a general halo model, and a fully model-
independent framework to calculate the relic density.

DarkBit is designed as a module within the GAMBIT
framework [10-14]. Where we introduce key terms with spe-
cific meanings in the context of GAMBIT, we highlight and
link them to the glossary of standard GAMBIT terms at the
end of this paper. GAMBIT defines a series of physics mod-
ules, each consisting of a collection of module functions.
Each module function is able to compute an observable, a
likelihood or some intermediate quantity required in the cal-
culation of other observables or likelihoods. At runtime, the
user informs GAMBIT of the observables they want to com-



Eur. Phys. J. C (2017) 77:831

Page 3 of 57 831

pute, the theoretical model and parameter ranges over which
those observables should be calculated, and how they would
like GAMBIT to sample the parameter space. GAMBIT then
identifies the module functions necessary for delivering the
requested observables and arranges them into a dependency
tree, describing which module functions must be run, and in
what order. It then chooses parameter combinations, passes
them to the module functions, and outputs the resulting sam-
ples. Module functions can call on additional functions from
external backend codes, which GAMBIT also sorts into the
dependency tree. Rules that dictate how different module
functions, models and backends may rely on each other can
be defined in either the source code or input file, allowing the
user to force the resulting dependency tree to obey arbitrarily
detailed physical conditions and relations.

One of the main design features of DarkBit, as compared
to other DM codes, is its extremely modular structure. This
allows users to interface essentially any external code in a
straightforward way, allowing them to extract any given func-
tionality for use within DarkBit. Examples of such back-
ends used in the first release include DarkSUSY [15] and
micrOMEGAS [16] (for various direct and indirect rates, as
well as Boltzmann solvers), DDCalc (introduced in Sect. 5.2;
for direct detection rates and likelihoods), gamLike (intro-
duced in Sect. 6.2; for gamma-ray likelihoods) and nulike
[17] (for neutrino likelihoods). In a situation where several
backends provide the same functionality, the user can eas-
ily switch between them — or instead use powerful DarkBit
internal routines, like an on-the-fly cascade decay spectrum
generator (which we have implemented from scratch). On the
technical side, DarkBit makes use of dynamic C++ function
objects to facilitate the manipulation and exchange of real-
valued functions between different backends and GAMBIT;
these are implemented in the daFunk library (Appendix B).

In standalone mode, DarkBit can be used for directly com-
puting observables and likelihoods, for any combination of
parameter values in some underlying particle model. When
employed as a GAMBIT module, it can be used to do this
over an entire parameter space of a chosen BSM model, pro-
viding various independent likelihoods for automatic com-
bination with those from other GAMBIT modules in a sta-
tistically consistent way. This usage mode makes it possible
to not only simultaneously include all possible constraints
from different observation channels, but also to incorporate
the full uncertainties arising from poorly-constrained astro-
physical or nuclear parameters in the scan, by treating them
as nuisance parameters. Typical examples include nuclear
form factors and halo model uncertainties.

This article is organised as follows. In Sect. 2 we give an
overview of the physics, observables and likelihoods con-
tained in DarkBit, along with the basic module structure.
Section 3 details the DM halo models that we employ in
DarkBit. In Sects. 4, 5 and 6 we go through DarkBit’s abil-

ities in relic density calculations, direct and indirect detec-
tion, respectively. In particular, Sect. 5.2 introduces the new
direct detection pheno-likelihood code DDCalc and Sect.
6.2 introduces the new gamma-ray indirect detection likeli-
hood code gamLike. We show validation tests and illustrative
examples of typical DarkBit usage in Sect. 7. We continue
with an outlook on planned code expansions in Sect. 8, and
conclude in Sect. 9. In Appendix A we provide a quick-
start guide to installing DarkBit and running a simple test
example. Appendix B introduces the new dynamic functions
library daFunk. Appendix C provides a glossary containing
the GAMBIT terms used in this paper.

The source code for DarkBit is available from gam-
bit.hepforge.org, and is released under the terms of the stan-
dard 3-clause BSD license.!

2 Module overview

GAMBIT is built around the ideas of modularity and re-
usability. All calculations required to get from experimental
data and model parameters to likelihood values and observ-
ables are performed in separate GAMBIT module functions.
Each module function is able to calculate exactly one quan-
tity, its capability. The type of this capability can be just
about anything, from a simple integer to any complex C++
structure required to carry the result of the calculation. Exam-
ples of capabilities are: model parameters, particle spectra,
experimental data, and the values of likelihood functions.
Most module functions will also have dependencies on capa-
bilities that were calculated by other module functions. These
dependencies will be automatically resolved at run time,
based on choices of the user about what particle physics
model to analyse, what observables to include etc. For details,
we refer the reader to the main GAMBIT paper [10].
DarkBit is one of the central GAMBIT modules, and
essentially a collection of module functions that compute
dark matter observables and likelihoods. Some of the basic
elements of DarkBit and their relations are sketched in Fig. 1
(the full dependency tree with all module functions is far
more complex than this sketch). Based on the model param-
eters of a particular point in the scan, DarkBit sets up several
central computational structures (like the Process Catalogue,
the effective annihilaton rate, and WIMP-nucleon couplings),
which are used for relic density calculation (see Sect. 4), the
calculation of direct detection constraints (Sect. 5), and the
calculation of gamma-ray and neutrino yields (Sect. 6).

! http://opensource.org/licenses/BSD-3-Clause. Note that ficore [18]
and some outputs of FlexibleSUSY [19] (incorporating routines from
SOFTSUSY [20]) are also shipped with GAMBIT 1.0 and 1.1. These
code snippets are distributed under the GNU General Public License
(GPL,; http://opensource.org/licenses/GPL-3.0), with the special excep-
tion, granted to GAMBIT by the authors, that they do not require the
rest of GAMBIT to inherit the GPL.
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Fig. 1 Schematic overview over different DarkBit components. Based
on the parameters of the scanned model(s), a Process Catalogue is ini-
tialised. This contains the relevant particle physics processes to infer
dark matter annihilation spectra. The effective annihilation rate rele-
vant for relic density calculations can (in simple cases) be inferred from
the process catalogue, or it can be set directly. WIMP-nucleon couplings
are also set depending on the model. All information is channelled into
various likelihood routines. The two-letter insets indicate what backend
codes can be used: DarkSUSY (DS), micrOMEGAs (MO), gamLike
(GL), nulike (NL) and DDCalc (DC). Currently the neutrino spectra
can calculated in DarkBit using only DarkSUSY, while the gamma-ray
spectra can be taken from either DarkSUSY or micrOMEGAs

Nucleon-WIMP
couplings
Boltzmann
solver DS

[ InL [ In Lop2 ] [lnEDDDC]

v NL]

In many cases, and as indicated in Fig. 1, the calcula-
tions performed by DarkBit module functions build on func-
tionality of external independent codes like DarkSUSY or
micrOMEGASs. These codes provide a lot of functionality
that can often be used beyond their original scope (examples
are Boltzmann solvers, tabulated particle yields, routines to
calculate J-values, etc). From the perspective of GAMBIT,
these codes are backends. Technically, they are coupled to
GAMBIT by compiling them as shared libraries, which are
loaded by GAMBIT at runtime. The interface to these back-
ends is provided by convenient frontends, which specify the
form and subset of functionality of the backend that is acces-
sible by GAMBIT. For details we again refer to Ref. [10].

Although the main purpose of DarkBit is to provide dark
matter-related functionality for global scans with GAMBIT,
it can also be used as a standalone code. In fact, most of the
functionality of DarkBit could also be used outside of scans,
e.g. implemented in a command line tool, if so desired. We
will show a few examples for this below in Sect. 7.2.

3 Halo modeling
3.1 Background
All of the direct and indirect detection observables that can be

calculated in DarkBit are strongly dependent on the spatial
distribution of DM particles, and often velocities as well.

@ Springer

Predicted event rates in direct detection experiments and the
rate of DM annihilation in the Sun depend on the local density
of dark matter in the Milky Way. Indirect detection signals
from annihilations to gamma rays and neutrinos (and charged
cosmic rays) depend on the spatial DM distribution in the
source being observed. In order to assure consistency in the
calculations of these observables, GAMBIT contains halo
models that describe the density and velocity of DM in the
Milky Way and other astronomical objects.

3.1.1 Density profiles

Multiple forms of halo density profiles exist in the litera-
ture. Early analytic calculations of infalling dark matter onto
collapsed density perturbations showed that the dark matter
density should approximately scale like r—2 [21], the same
behaviour that one would expect for a halo with a constant
velocity dispersion (or equivalently, constant temperature).
This led to the modelling of the dark matter distribution by
the modified isothermal profile

2p5

L+ (r/r)? M

pr) =

where r; is a scale radius, and py is the density at r = r;.

Subsequent N-body simulations of the gravitational inter-
actions of dark matter lead Navarro, Frenk, and White (NFW)
to conclude that the structure of dark matter halos could be
described by a cusped profile of the form [22]

_ 4ps
/) [+ /)P

p(r) @

They showed that the dark matter density profile appears to
be roughly universal, meaning that for halos of a range of
sizes from dwarf galaxies to galaxy clusters, the form of the
profile is the same. Other groups [23,24] found better fits to
simulation data could be obtained by slightly modifying the
NFW profile. To take these modifications into account, it is
common to write the halo profile in the following form:

208=v)/e
(r/r)? [+ (/)] Em/e

p(r) = )

Here, y describes the inner slope of the profile, B the outer
slope, and « the shape in the transition region around r ~ ry.

More recently, it has been pointed out that a better fit to
N-body simulations can be given by what is known as an
Einasto profile [25], named after Einasto’s use of the profile
to model the mass distribution of galaxies [26]. In this model
the logarithm of the slope varies continuously with radius,
leading to a density profile of the form
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3.1.2 Velocity distribution

The velocities v of dark matter particles in a halo are usually
taken to follow the Maxwell-Boltzmann distribution for an
ideal gas at constant temperature. This distribution, truncated
to reflect the fact that any particle with a speed beyond the
escape velocity vesc Will leave the halo, takes the form

1

2y=3/2 ,—v?/v3
Nesc (Tl’vo) / e /v07 )

fov) =

where vg is the most probable speed. Note that the above
formula is only valid when |v| < vegc; we assume that the
probability of a speed higher than vegc is 0. The normalisation
that corrects for the truncation, Neg, is given by

Vesc 2Vesc v2
Nege = erf — exp| ——=¢). 6
esc ( % > T P( v(z) ) (6)

Our Milky Way galaxy rotates in a dark matter halo that
is essentially stationary. The velocity of the Earth in the halo
is given by the sum

Vobs = VLSR + Vo pec + Vg (7). @)

Here visr = (0, vyot, 0) is the motion of the Local Standard
of Rest in Galactic coordinates, Vo pec = (11,12, 7) km s~!
is the well known peculiar velocity of the Sun [27], and Vg (¢)
is the velocity of the Earth relative to the Sun. The magnitude
of Vg is well measured at 29.78 km s~ ! [28], and its changing
direction is expected to give rise to an annual modulation
of scattering rates in direct detection experiments [29]. The
distribution of velocities u of dark matter particles in the
Earth’s frame is given by

F, 1) = f(Vobs(t) + ). ®)

Assuming that the density profile of the halo surrounding
the Milky Way is smooth and spherical like those discussed
above, vy is approximately the same as the rotation speed
vrot Of the galactic disk (for an isothermal density profile it is
exactly the same, whereas for the NFW profile of Eq. 2, the
two values can vary by over 10% [30]).

3.2 Halo model implementation in GAMBIT
3.2.1 Halo models and associated capabilities

In GAMBIT, the radial distribution p(r) of dark matter in
the Milky Way, the local density pg, the distance from the

Sun to the Galactic centre rgy,, as well as the local velocity
distribution f(u) are simultaneously described by a given
halo model. In the first release, we provide two main halo
models: Halo gNFw and Halo Einasto. The former corre-
sponds to the generalised NFW profile with parameters p,
rg,a, B and y as defined in Eq. 3, together with the Maxwell—-
Boltzmann velocity distribution given by Eqgs. 5-8, specified
by the model parameters vg, vyo; and Vese-2 Lastly, the model
contains rgyn and po as additional free parameters. Analo-
gously, the Halo_Einasto model describes the density pro-
file given by Eq. 4, with free parameters p;, ry and o, and
otherwise is identical to the Ha1o_oNFwmodel. Note that with
appropriate choices of «, 8, and y, the density profile in the
Halo_ gNFuW model is equivalent to the isothermal profile of
Eq. 1 (¢ =2, 8 =2,y = 0) or the NFW profile of Eq. 2
(a=1,p=3,y=1).

In these two halo models, the density profile p(r) rel-
evant for calculating the gamma-ray flux induced by dark
matter annihilations is completely decoupled from the local
properties of dark matter (in particular from the local den-
sity pp), which set the event rate in direct detection exper-
iments and neutrino telescopes. However, it is also pos-
sible to directly link the density profile to the local den-
sity by enforcing the relation p(rgy,) = po. For the case
of the generalised NFW profile, this is realised by two
child models of Halo_gNFw, denoted Halo gNFW_rho0 and
Halo_gNFW_rhos. When employing the former model, the
user need only specify the value of the local density pp,
which is then internally converted to the corresponding value
of the scale density p; using Eq. 3. Conversely, in the lat-
ter model one specifies ps, and pg is determined by GAM-
BIT. A completely analogous choice is possible for the
Einasto profile via the halomodels Halo Einasto_rho0and
Halo_Einasto_rhos.

In order to communicate the astrophysical properties of
the Galactic dark matter population to the module and back-
end functions relevant for direct and indirect searches, GAM-
BIT employs two central capabilities: (1) calacticHalo,
which is of type GalacticHaloProperties, a data struc-
ture containing (i) a daFunk: :Funk object (Appendix B),
which describes the radial density profile as a function of
the radius "r", and (ii) the distance rg,, from the Sun to
the Galactic centre. This capability is required in particular
by the gamLike backend for the computation of gamma-ray
fluxes from dark matter annihilations within the Milky Way.
The other capability describing the dark matter halo is (2)
LocalHalo, which is of type LocalMaxwellianHalo. This

2 The remaining velocity parameters ve, pec and |Vg (¢)| are much bet-
ter known. Hence, instead of being part of the halo models, ve pec
simply defaults to the value assumed by the DDCalc backend, (11, 12,
7)kms~!, and |Vg| to 29.78kms~!. The magnitude of Vg can how-
ever be overridden in module functions that use it, by setting the YAML
option v_earth.

@ Springer
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Table 1 Milky Way halo parameters used in DarkBit, the form of their
likelihood functions, their central values and 1 o uncertainties, and the
function that provides each likelihood. The capabilities associated with

each likelihood are the same as the function name without the likelihood
form, e.g. the capability for the pg likelihood is 1nI._rh0

Parameter Units Likelihood form Central value Uncertainty Function

Local dark matter density (og) GeV/em?3 Log-normal 0.4 0.15 InL_rhoO_lognormal
Maxwellian most-probable speed (vg) kms™! Gaussian 235 20 InL_v0_gaussian
Local disk rotation speed (vyot) kms™! Gauusian 235 20 InL_vrot_gaussian
Local galactic escape speed (vesc) kms™! Gaussian 550 35 1nL_vesc_gaussian

object is simply a container for the parameters relevant to
direct detection and capture in the Sun, i.e. the local density
po as well as the velocity parameters vo, Vror and Vesc.
Depending on the halo model in use, the capability
GalacticHalo can be provided by the module functions
GalacticHalo_gNFW Or GalacticHalo_Einasto; for all
halo models, the L.ocalHalo capability is obtained through
the module function ExtractLocalMaxwellianHalo (see
also Table 15). The rest of the GAMBIT code is designed
such that only the module functions providing the capabil-
ities GalacticHalo or LocalHalo explicitly depend on a
halo model, while all other module and backend functions
requiring access to the astrophysical properties of dark mat-
ter instead depend on these capabilities. This setup allows
GAMBIT to be straightforwardly extended to incorporate
new halo models, in particular to density profiles different
from the generalised NFW and Einasto parameterisations.

3.2.2 Likelihoods

GAMBIT provides several likelihood functions for the (typ-
ically quite large) uncertainties of the parameters included
in the halo models. These are summarised in Tables 1 and
15. For the local dark matter density pg, we implement the
likelihood as a log-normal function:

1 In(p0/p0)*
Lpy = —z=———0¢Xp By ©)
2o, Po %50

where 0//70 =1In(1 + 0,/ P0)-

The methods that have been used to determine pg can
be roughly categorised into two approaches (see [31] for
a review). Local measures (e.g [32]) use the kinematics of
nearby stars to find pg, whereas global measures (e.g [33—
36]) extrapolate the local density from the galactic rotation
curve. The latter method often leads to results with smaller
errors than the former, but they are very much dependent
on assumptions about the shape of the halo [37]. There
appears to be a growing consensus that py ~ 0.4 GeV/cm?,
so by default we set pp to this value. We take o,, to be
0.15 GeV/cm?, to represent the range of determinations of
the local density in the literature (see e.g. [38]).

@ Springer

We also provide likelihood functions for vy, vy, and vegc.
For these parameters, we assume that the likelihood follows
a standard Gaussian distribution

1 (x —x)?
&= G () "

For the disk rotational velocity, by default the central value
and error of the distribution are set to 235 +20kms~!, based
on measurements of galactic masers [39,40]. To take into
account the possible discrepancies between vg and vy due to
variances in the density profile away from the simple isother-
mal model, we have implemented an independent Gaussian
likelihood for vy with the same parameters as vro. Finally,
for the escape velocity we use vesc = 550 +=35km s~ ! based
on measurements of high velocity stars in the RAVE sur-
vey [41]. The likelihood functions discussed in this section
are listed in Table 1, along with their corresponding capa-
bilities. The central values and errors for these likelihoods
can be adjusted by setting the YAML options param_obs and
param_obserr respectively, where param is the name of the
parameter (e.g. to override the default likelihood for pg one
would set v+ho0 obs and rho Oiobserr).

Currently, no specific likelihoods are included to constrain
the Galactic halo profile parameters. This can, however, eas-
ily be done by specifying appropriate parameter ranges and
priors in the GAMBIT initialisation file. For typical standard
values we refer the reader to Ref. [42]; for recent kinematical
constraints we refer to Ref. [36].

4 Relic density
4.1 Background

To calculate the relic density we need to solve the Boltzmann
equation for the number density n of dark matter particles,
which in general can be written as [43]

dn

= = —3Hn — (ourv) (n2 — ngq) , (11)
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where n¢q denotes the equilibrium density, and H the Hubble
constant. Furthermore, the thermal average of the effective
annihilation cross section is defined as

o7 dpesi P2 Wei K1 (#)

m2 27
wir |3 2 ()|

iglm%

(Oetrv) = 12)

where pefr = %,/s — 4m% is the effective momentum in
the centre-of-momentum frame of the lightest DM species
(assumed to be particle 1). K1 and K, are modified Bessel
functions, g; is the number of internal degrees of freedom
of co-annihilating particle i, m; is its mass, T is the tem-
perature, and s is the centre-of-momentum energy squared.
Finally, W is the effective annihilation rate, given by

Pij 8i8j
Wer =2 = Wi
o Pnogi

[s — (mj —m;)?1[s — (m; + mj)?) gig;

> i
2 2 i
T s(s —4m7) 81
(13)
Here,
(pi - pj)* —mim?
pij = . (14)

is the effective momentum for ij annihilation, with p;; =
pett, and W;; is related to the annihilation cross section by

Wij = 4pij/soij = 4EEjoijv;j, (15)

where E; is the energy of particle i.

The main particle physics-specific quantity, to be provided
by the respective particle model, is thus the invariant rate
Wetr (petr)- While its computation can be computationally
expensive for complex models, it is independent of tempera-
ture; it is thus usually advantageous to tabulate this function
(as done in e.g. DarkSUSY).

The integration of the Boltzmann equation, Eq. 11, can
then proceed in a model-independent way and the final relic
density of the DM particle is given by

Qx = mx”O/pcrit- (16)

Here, ng is the asymptotic value of n(t — o0) as expected
today and pcit = 3H02 /8w G. Note that there are two equiva-
lent ways of dealing with a situation where there is more than
one DM particle with the same mass m, — like for example
for Dirac particles where there would be both DM particles
and antiparticles. The first option is to treat the DM particles
as separate species; the relic density given in Eq. 16 then only

refers to the density of one of the species. Alternatively, all
DM particles can be treated as a single effective species with
a correspondingly larger value of g1 in the definition of Wegr
in Eq. 15; for the case of Dirac DM, e.g., one would have to
replace g1 — 2g1. In this case, the expression in Eq. 16 will
refer to the fotal DM density.

Numerically, the integration of the Boltzmann equation is
simplified by changing variables from » and ¢ to the dimen-
sionless quantities x = m, /T and Y = n/s, where s now
denotes the entropy density of the heat bath [44]. In Dark-
SUSY, the thermal average in Eq. 12 is done by using an
adaptive Gaussian method, employing splines to interpolate
between the tabulated points of Wegr and taking special care
around the known locations of thresholds and resonances.
The actual integration of the Boltzmann equation is then per-
formed via an implicit trapezoidal method with adaptive step-
size; see [15] for further details.

4.2 Interfaces to DarkSUSY and micrOMEGAs

Here we discuss the general features of the GAMBIT inter-
face to DarkSUSY and micrOMEGAS, two of the most
important backends for DarkBit.

DarkSUSY? [45] has been fully implemented into the
modular framework of GAMBIT, with the calculation of all
observables broken down into discrete parts that can be easily
replaced with calculations from other backends. DarkSUSY
is used by GAMBIT to obtain multiple theoretical quantities,
including Wegt, the DM relic density (through a fully numer-
ical solution of the Boltzmann equation), effective couplings
between nucleons and WIMPs, the rate of dark matter cap-
ture in the Sun, and the spectra of gamma rays from DM
annihilation.

If DarkSUSY is used as a backend for DarkBit, it is
important that it be correctly initialised at each point in the
scan. The most basic model-independent initialisation hap-
pensin the DarkSUSY backend initialisation function. How-
ever, in order to ensure that MSSM observables are also cal-
culated correctly, DarkBit module functions that rely on the
model-dependent capabilities of DarkSUSY have an aux-
iliary dependency on the capability DarkSUSY_PointInit
(see Table 25). It is then the responsibility of the function that
provides this capability to initialise DarkSUSY correctly.
A separate capability DarkSUSY_PointInit LocalHalo iS
provided to initialise the DM Halo model in DarkSUSY for
those backend functions where it is necessary. The full set
of relic density capabilities, functions and dependencies in
DarkBit can be found in Tables 16 and 17.

MicrOMEGAs* [46-49] can be used by DarkBit to
obtain many of the same quantities as DarkSUSY, includ-

3 http://www.darksusy.org.
4 https://lapth.cnrs.fr/micromegas.
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ing the relic density, WIMP-nucleon effective couplings, and
gamma-ray spectra. However, the interface of micrOMEGAs
with the GAMBIT framework is currently more coarse-
grained than the one for DarkSUSY. An illustrative example
of this is the calculation of the relic density: in the case of
DarkSUSY, GAMBIT calls different DarkSUSY functions
for each part of the calculation, including the calculation of
Wetr, and the solution of the Boltzmann equation, whereas
with micrOMEGAS, the entire calculation is done by calling
one function.

As micrOMEGAS is not set up to take information from
the DarkBit Process Catalog, a dark matter model must
be implemented in MicrOMEGAs following the normal
method for the code. This consists of writing a compati-
ble set of CalcHEP [50] model files and then compiling
micrOMEGAs with these files. All of the relevant objects,
both model specific and then generic, are then combined into
a shared library that is used by the micrOMEGASs frontend.
As there are model-specific functions in the library, separate
libraries are needed for each particle physics model. GAM-
BIT comes with two micrOMEGASs frontends: one for the
MSSM [51,52] and one for the scalar singlet DM model.
The latter is not included by default with micrOMEGAS, so
we have included the CalcHEP files needed to implement it
with the GAMBIT distribution.

The intialisation functions for these frontends, Micromeg
_ 6.9 2 init, both have the YAML options vzdecay and
viidecay. These control how micrOMEGAS treats annihila-
tions to 3-body final states via virtual W and Z bosons. If
these options are set to O these processes are ignored, while
a value of 1 causes them be included in the case of DM self-
annihilations, and with a value of 2 they are taken into account
for all coannihilation processes as well. To initialise the

writes an SLHAL file to disk, which is subsequently read
by the 1esHinput function of Micromegas (this function is
not compatible with the more general SLHA?2 format). The
latter function also has the YAML option internal decays,
which when set to causes information from the GAM-
BIT decay table to be passed via the DECAY blocks of
the SLHA1 file to micrOMEGAs. By default this is set
to and decay widths are calculated internally by
micrOMEGAs. This ability to pass MSSM decay informa-
tion to micrOMEGAs was a late addition to DarkBit; future
versions will employ this option by default.

4.3 Relic density implementation in DarkBit

The general structure and main capabilities of relic den-
sity calculations in DarkBit are summarised in Fig. 2. As
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Fig. 2 Relic density overview plot. The capabilities required for relic
density calculations are the effective annihilation rate Weg and the
ordered spectrum of coannihilating particles. Currently, these quantities
can be set up either directly with DarkSUSY (DS) or in simpler cases
without coannihilation via the Process Catalogue (PC). However, each
of these functions can be easily replaced with a user-defined function

explained above, the most important particle physics input
needed to calculate the DM relic density is the effective
invariant annihilation rate Weg. In DarkBit, this is repre-
sented by the capability RD_eff annrate.

Currently, there are two functions that provide this capa-
bility (Table 16), though further user-defined functions can
easily be added. The first function, RD_eff_ annrate SUSY,
returns Wegr for SUSY models using DarkSUSY as a back-
end. It depends on the capability RD_eff_annrate_ DSprep,
which ensures that DarkSUSY is correctly set up and con-
figured to provide Wegr for neutralino annihilation. In this
case two boolean options can be provided in the YAML
file: CcoannCharginosNeutralinos and CoannSfermions.
These specify whether chargino, neutralino or sfermion coan-
nihilations are taken into account. These options default to

, but the relevant coannihilations can be disabled to
speed up the relic density calculation (at the expense of accu-
racy).” Another important option to steer the numerical per-
formance is Coannvaxtass (default 1.6), which specifies up
to what mass, in units of the DM mass, coannihilating parti-
cles are taken into account when calculating (oefrv). The sec-
ond alternative is to determine Wegr directly from the Process
Catalogue (Sect. 6.3.1). The corresponding function obvi-
ously has TH_ProcessCatalogue as a dependency, as well
as DarkMatter_ ID,and can be used for models where coan-
nihilations are not important. Here, the identity of the dark
matter particle, as it exists in the GAMBIT particle database
(see Ref. [10]), is provided by the capability barkmMatter TID
(Table 14).

The main capability of the relic density part of Dark-
Bit is kp_oh2, which returns 2, 42 for a given model point.
If the user wishes, the result can be expressed as a frac-
tion of the total, measured DM density. This capability
is RD_fraction, and is provided by three different mod-

3> DarkSUSY does not currently include gluino coannihilations.
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ule functions: RD fract ion_one, RD_fraction_leqg one
andRD_fraction_ rescale. The choice of function dictates
whether indirect and direct detection routines should use the
observed relic density or the one calculated for the particular
parameter point. RD_fraction one simply returns 1, and
causes the observed relic density to be used in all direct and
indirect detection routines. RD_fraction_ leq one returns
the lesser of 1 and the ratio of the computed relic density to
the observed value. RD_fraction rescale always returns
the computed-to-reference ratio, regardless of whether or
not it exceeds 1. The latter two functions accept an option
"oh2_obs", which defaults to 0.1188; this is the observed
value of Qh? to use for rescaling.

DarkBit currently includes three functions that provide
RD_oh2 (Table 17). Two of those (RD_oh2_parksusy and
RD_oh2_MicrOmegas) are direct calls to the unmodified relic
density routines of DarkSUSY and micrOMEGAs, with all
particle model parameters initialised as per default in the
respective backend code. RD_oh2_ Darksusy is only compat-
ible with the MSSM, while RD_oh2_MicrOmegas canbe used
with any model implemented in micrOMEGAs. This latter
function has two options: fast, which determines the numer-
ical accuracy of the calculation (int; 0: accurate [default],
1: fast), and Beps (double; default 10_5) corresponds to a
minimum value for the parameter

l(mi+mj—2m1)> (17)

B =exp <—

mi mi
if B is less than the Beps value for a certain process,
that process will not be included in the calculation of
the effective annihilation rate (this serves the same pur-
pose as CoannMaxMass for DarkSUSY). The third func-
tion (RD_oh2_general)isageneral Boltzmann solver, which
again largely relies on various subroutines provided by the
DarkSUSY backend, but not on any DarkSUSY -specific
initialisation of particle parameters (e.g. the setting of sparti-
cle masses and couplings): the option fast (int; 0: accu-
rate, 1: fast [default]) again steers the numerical perfor-
mance of the backend code. In order to calculate (oeff),
c.f. Eq. 12, the Boltzmann solver needs not only the invari-
ant rate, but also the internal degrees of freedom and masses
of all (co)annihilating particles. For a high-precision result
of this integral, one will in general also need to know the
exact location of thresholds and resonances in Wegf. RD_oh2
therefore depends on the capability RD_spectrum ordered
which contains all this information, ordered by increasing
Peff- RD_spectrum_ordered in turn depends on the capa-
bility RD_spectrum which contains the same information,
except for coannihilation thresholds, but not necessarily in
an ordered form. Presently, RD_spectrum can be provided in
two ways, either by the Process Catalogue (if coannihilations
are not important; see Sect. 6.3.1) or by DarkSUSY.

Lastly, the capability of the likelihood function constrain-
ing the relic density is 1nL._oh2. This capability is provided
by two module functions. First, 1nL._oh2_ simple is a Gaus-
sian likelihood that implements the observational limits from
Ref. [1] (SZXh2 = 0.1188 £ 0.0010 at 1o0). In addition to
the experimental error, we also take into the account pos-
sible theoretical errors in the calculation of the relic den-
sity. We assume that the likelihood for the prediction for
Qxh2 is a Gaussian distribution centred around the calcu-
lated value with a standard deviation that is taken, by default,
to be 5% of that calculated value. This error is conserva-
tive for most parameter combinations, and underestimates
the O(50%) corrections that can occur due to loop correc-
tions in a few specific scenarios [53—57]. The choice is thus
a pragmatic compromise that represents the best that can be
done with a single uncertainty. The user is free to change
it, and we emphasise the importance of the user choosing
an error appropriate for the particular model he or she is
studying. The exact form of the Gaussian likelihood for
the model parameters is determined by the YAML option
profile systematics, which determines whether the pre-
diction for 2 Xhz is profiled or marginalised over (by default
this option is set to false, corresponding to marginalisation).
The mean value, the experimental error and the theoretical
error can be changed with the YAML file options oh2_obs,
oh2_obserr, and oh2_fractional_theory_err, respec-
tively. For the exact form of the likelihood function and the
details of its derivation, we refer the reader to sections 8.3.1
and 8.3.2 of [10].

Alternatively, 1nL._oh2_upperlimitimplements the obs-
ervational constraint as a one-sided limit, leaving open the
possibility that a certain DM candidate makes up only a frac-
tion of the total abundance. The likelihood function is roughly
a Gaussian similar to the one described in the previous para-
graph for predictions greater than the observed relic den-
sity and flat for predictions below the observed value. Here
the exact form is again dependent on the YAML parameter
profile systematics (see section 8.3.3 and 8.3.4 of [10]
for many more details). The other three YAML parameters
for this function are the same as before.

5 Direct detection
5.1 Background

Given that the solar system sits within a DM halo, DM par-
ticles are expected to pass through Earth continuously. If
DM has any ability to interact with regular matter at all, it
will occasionally scatter on terrestrial nuclei. Direct detection
experiments [58] search for these scattering events, by look-
ing for nuclear recoils in large volumes of inert target material
placed in ultra-clean environments deep underground.
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In natural units, the differential rate of recoil events in a
direct detection experiment is

—— = D= (g, v)dv, 18
5= | MO0 v (18)

where m , is the WIMP mass, po is the local DM mass den-
sity, f (v, t) is the three-dimensional, time-dependent WIMP
velocity distribution, ;%(qz, v) is the velocity-dependent

differential cross-section, and q2 = 2mp,c E is the momen-
tum exchanged in the scattering process (for a nucleon mass
mpye and recoil energy E). Numerical values of this differen-
tial rate are typically expressed in cpd (counts per day), per kg
of target material, per keV recoil energy. Most direct search
detectors contain more than one isotope, in which case the
differential rate is given by a sum over Eq. 18 for each iso-
tope, weighted according to the mass fraction of the isotope
in the detector.

The expected number of signal events in an analysis by a
direct search experiment is given by

N, —MT'/OQ E dR E)dE 19
p= A #( )d_E( , (19)

where M is the detector mass and T is the exposure time.
The detector response function ¢ (E) describes the fraction
of recoil events of energy E that will be observed within
some pre-defined analysis region. The precise definition of
such an analysis region depends on the experiment under
consideration. In the simplest case it would be given by a
lower and an upper bound on the reconstructed energy, so
that the response function ¢ (E) can be calculated in terms
of the energy resolution of the detector and the various trigger
efficiencies. The energy range over which the experiment is
sensitive is then encoded within ¢ (E), so that there is no
need to impose a finite upper or lower cutoff in the integral
in Eq. 19.

Some experiments implement more elaborate analyses,
imposing further cuts on observables that depend on the
recoil energy in a more complicated way. All of these pos-
sibilities can be captured by an appropriate function ¢ (E),
because the detector response is always independent of the
nature of the particle interaction of the WIMP with nuclei,
which is contained in the differential event rate. The detec-
tor response ¢ (E) can therefore be tabulated in advance for
different analyses and re-used for any WIMP model. Equa-
tion 19 can be generalised to experiments with more than
one analysis region (e.g. binned event rates) by defining a
separate function ¢; (E) for each analysis region.

For many WIMP candidates (which we refer to as y), the
dominant WIMP-quark interactions arise from a combination
of
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— ascalar (x xgq) or vector (X vy, xqy"q) coupling, which
give rise to a spin-independent (SI) cross-section, and

— an axial-vector coupling (X ¥, ¥5xqy" vsq), which gives
rise to a spin-dependent (SD) cross-section

(for a complete list of possible operators see Ref. [59]). In
both of these cases, the matrix element involved has no intrin-
sic dependence upon either the momentum exchanged in the
collision, nor on the relative velocity of the DM and the
nucleus. In such cases, it is convenient to write the scatter-
ing cross-section as a simple product of a cross-section o
defined at zero-momentum-transfer, and a form factor F2(g)
that accounts for the finite size of the nucleus. For such veloc-
ity and momentum-independent interactions, the differential
cross-section becomes

do

00
a2

4202

2 0) = F2(q) ©(gmax — 9), (20)

where ® is the Heaviside step function, p is the WIMP-
nucleon reduced mass, gmax = 2pv is the maximum momen-
tum transfer in a collision at a relative velocity v, and the
velocity dependence is entirely due to kinematics rather than
the interaction. The requirement that g < gmax for an interac-
tion to be kinematically possible translates into a lower limit
V > Umin = +/MuucE /212 in the integral over the WIMP
velocity distribution (Eq. 18). The total WIMP-nucleus dif-
ferential cross-section is the sum over the SI and SD contri-
butions, each with its own form factor.

The zero-momentum cross-section oy for SI WIMP-
nucleus interactions is

2

2
os1 = “? [ZG‘gI +(A- Z)G‘S‘I]
— 4M2 2
= [zh+@A-24] @

where Z is the atomic number and A is the atomic mass
number. Z and A — Z are respectively the number of protons
and neutrons in the nucleus, and f, and f, are the effec-
tive couplings to them. The latter depend on both the pre-
cise nature of the interaction between WIMPs and quarks
(and/or gluons), and on the contents of the proton and neu-
tron. We note that the alternative normalisation involving
Ggl = 2f, and Ggl = 2 f, is often found in the literature,
where GéVI with N = n, p are the G f-like effective four-
fermion coupling constants in the case of scalar interactions.
The micrOMEGAS manual, meanwhile, uses Ay = %Gg\;
The nucleon contents are described by the nuclear hadronic
matrix elements, discussed in detail in Sect. 5.3.2 below.
For most DM candidates with scalar couplings, the proton
and neutron SI cross-sections are roughly the same, so f;; ~
fp- For identical couplings (f, = fp), the SI cross-section
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reduces to
2
w
os1 = — A o51p. (22)
Hp

where up is the WIMP-proton reduced mass. Direct detection
experiments are often designed to use heavy nuclei, as the SI
cross-section grows rapidly with A.

The SI form factor is essentially a Fourier transform of the
mass distribution of the nucleus, and it is reasonably approx-
imated by the Helm form factor [60,61],

2/ sin(gra) — qra cos(qra)

_3,—4°s
Flg)=3e (qrn)?

; (23)

where s ~ 0.9 fmand 2 = ¢*> + %nzaz — 552 is an effective

nuclear radius witha 2~ 0.52 fmand ¢ >~ 1.23A'/3—0.60 fm.
Further details on SI form factors can be found in Refs. [61,
62].

SD scattering is only present for detectors that contain
isotopes with net nuclear spin. This generally requires the
nucleus to possess an unpaired proton and/or neutron in its
shell structure. The relevant WIMP-nucleon cross-section is

42 (J+1)
T J
32u2 G (J+1)

2
= =L S tasa [ es

2
osp = |GEo(Sp) + G (80)]

where G f is the Fermi constant, J is the spin of the nucleus,
(Sp) and (S,) are the average spin contributions from the
proton and neutron groups respectively, and ap and a, are
the effective couplings to the proton and the neutron in units
of 24/2G . Similarly to Jp and fp, ap and a, depend on
both the WIMP-quark interaction and on the relative con-
tributions of different quark flavours to the nucleon spin;
the latter is discussed further in Sect. 5.3.2. As in the spin-
independent case, alternative normalisations can be found in
the literature. The DarkSUSY manual, for example, refers to
GY, = 2v/2Gray, while the micrOMEGASs manual uses
En = %GéVD. In addition, whilst we here use ay and GéVD to
distinguish the two notations, ay is frequently used within
the literature for both cases.

Unlike the SI case, the two SD couplings ap and a,, differ
substantially in many theories. Individual experiments typi-
cally only strongly constrain either ay, or a,, as most detector
materials do not contain isotopes with both unpaired neutrons
and protons; experimental results on the SD cross-section are
therefore generally presented in terms of osp p, = osp(an =
0) or osp,n = osp(ap = 0).

The SD form factor is given in terms of the structure func-
tion S(g) normalised so that F 200) =1,

F2(q) = S(q)/S(0), (25)

with
S(q) = ay Spp(q) + ag Sun(q) + apan Spn(q) - (26)
In the limit ¢ — O, the functions S,,(0) and S,,(0) are

proportional to the expectation values of spins of the proton
and neutron subsystems [63,64],

J+DH2J+1)
Spp(0) = =—————(5)?,
Spn (0) = W(&)Z. (27)
J
5.2 DDCalc

The traditional presentation of results from direct searches
for dark matter is an exclusion curve for the SI or SD WIMP-
nucleon scattering cross-section, as a function of the WIMP
mass. This invariably comes with some rather specific restric-
tions:

1. the exclusion is given at only a single confidence level
(CL; traditionally 90%),

2. fp = fa (often somewhat loosely referred to as ‘isospin
conservation’) is assumed,

3. either a, = ay = 0 (pure SI coupling), or f, = fu =
(ap or ay) = 0 (pure SD, or SD,, coupling) is assumed,

4. itis assumed that the local density and velocities of DM
follow the Standard Halo Model (cf. Sect. 3),

5. a specific set of nuclear form factors F2(q) is adopted,
and

6. the nuclear parameters are fixed to assumed values when
calculating fp, fu, ap and a, for any comparison against
theory predictions.

These restrictions are all problematic when trying to recast
direct search results, as one must go from the idealised effec-
tive WIMP frameworks in which they are presented to real
constraints on actual theories. Ultimately, we are interested
in the overall degree to which a model with some arbitrary
combination of couplings fp, fu, ap and a, agrees or dis-
agrees with data, not merely which side of a 90% CL curve
it lies on under different limiting approximations about fp,
Jn, ap and ay. Ideally, this would also include the impacts
of systematic errors on that exclusion, due to uncertainties
from the halo, nuclear and form-factor models that one must
assume in order to obtain that result.

For these reasons, here we present DDCalc: a new, general
solution for recasting direct search limits. DDCalc is released
and maintained as a standalone backend code by the GAM-
BIT Dark Matter Workgroup. It can be obtained from http://
ddcalc.hepforge.org under an academic use license. A devel-
opment version of the code including only the first run of the
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LUX experiment was previously released as LUXCalc [65],
and has been used in a number of analyses (e.g. [66—68]).
Yet another issue is that the limits presented by exper-
imental collaborations almost always assume Eq. 20, i.e.
that the scattering matrix element has no explicit velocity
or momentum dependence. Many DM models involve non-
trivial momentum- or velocity-dependences in their cross-
sections. This means that extra velocity factors must be incor-
porated into the integral over the WIMP velocity distribution
(Eq. 18), and extra momenta must be included in the final
integral over the differential rate when calculating the total
event yield (Eq. 19). Furthermore, these models often probe
properties of the target nuclei not captured by the standard
SI and SD nuclear form factors. Although the first release of
DDCalc does not include such generalised couplings out of
the box, its structure is designed to easily accommodate them
(and they will be explicitly included in a future release).

5.2.1 Methods

DDCalc calculates predicted signal rates and likelihoods for
various experiments, given input WIMP and halo models.

A DDCalc WIMP model consists of the DM mass and
the four couplings fp, fn, ap and an, specifiable also directly
as SI/SD proton/neutron cross-sections. DDCalc does not
deal directly with nuclear uncertainties; users (or GAMBIT
as the case may be) are expected to vary these externally in
the calculation of the couplings. Momentum-dependent cou-
plings can be implemented by adding the requisite additional
power of ¢ to the integrand of Eq. 19, as implemented in
the source file DDRates. £90. Similarly, velocity-dependent
cross-sections can be implemented in the integrand of Eq.
18, found in DDHalo.£90. Some more explicit tips for the
brave are provided in the DDCalc reapME. SI form factors
in the first release default to Helm (Eq. 23). SD form fac-
tors are included for '°F, 22Na, 27 Al, 2Si, 3Ge, 1271, 129Xe
and '3'Xe from Ref. [69]. Alternative form factors can be
encoded in DDNuclear. £90.

The local halo model consists of a constant local density
and a truncated Maxwell-Boltzmann velocity distribution
(Eq. 5). The most-probable speed vy, truncation speed vesc,
local speed relative to the halo vops and local density p, are
all individually configurable; vops can also be constructed
automatically from the local standard of rest vigr or disk
rotation speed vjoc, along with the Sun’s peculiar velocity
Vo, pec relative to it.

A particular set of WIMP and halo model parameters will
produce a set of predicted yields in various direct search
experiments. Having calculated the expected number of sig-
nal events N ; for the ith experimental analysis region (Eq.
19), DDCalc calculates a Poisson likelihood for the model
as
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(bi + Np’l.)No.i e~ bi+Np.i)

Li(Np,i|No,i) = N1
0,i*

, (28)

where N, ; is the number of observed events in the analysis
region, and b; is the expected number of background events in
that region. Note that a single experiment may comprise more
than one analysis region (for example bins in reconstructed
energy). Unbinned analyses can in principle also be imple-
mented, provided sufficient information from the experiment
is available. The likelihoods for each experiment and analy-
sis region, {£;} can then be combined to form a composite
direct search likelihood, which can itself be used in combi-
nation with other likelihood terms from other experiments.
Some direct detection experiments do not provide explicit
background estimates or prefer not to perform a background
subtraction in order to test the WIMP hypothesis. In this case,
b; should be set to the value that maximises the likelihood:

b = :No,i - Np,i’ No,i > Np,i (29)
0, Noi < Np,i .

This leads to a one-sided likelihood, i.e. a non-zero WIMP
signal can only be disfavoured but not preferred relative to
the background-only hypothesis.

The likelihood functions can be used directly to calculate
constraints in the o—m, plane. A parameter point is consid-
ered to be excluded at 90% confidence level if

2log L(0 =0) —2log L(o, my) > 1.64, 30)

where L(o = 0) denotes the likelihood of the background-
only hypothesis. Alternatively, one can also use DDCalc to
obtain constraints in the o, m, plane using one of two p-
value methods:

Feldman—Cousins

DDCalc implements the standard Feldman—Cousins method
[70] for generation of one- or two-sided confidence intervals,
based on the Poisson likelihood in Eq. 28. Note that the like-
lihood in this case uses the total expected signal and back-
ground yields across the entire analysis region, and hence
does not incorporate spectral information that might lead to
a stronger result.

Maximum gap

Yellin’s maximum gap method [71] was proposed as a way of
handling spectral information in the case that the magnitude
and shape of the background are unknown and a background
subtraction is therefore not possible. The method assumes
that all of the observed events could in principle be signal
events, leading to a conservative exclusion limit on the WIMP
scattering cross-section. Nevertheless, exploiting the spec-
tral information of the observed events will typically yield
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Table 2 Experimental analyses included in DDCalc

Experiment Analysis
Included in DDCalc 1.0.0
XENON100 2012 [72]
SuperCDMS 2014 [73]
SIMPLE 2014 [74]
LUX (run 1) 2013 [75], 2015 [76]
LUX (run 2) 2016 [77]
PandaX 2016 [78]
PICO-60 2016 [79]
PICO-2L 2016 [80]
Added in DDCalc 1.1.0
XenonlT 2017 [81]
PICO-60 2017 [82]

stronger results than the Feldman-Cousins method; see [65]
for an example.

The idea of the maximum gap method is to break the signal
region into a number of intervals bounded by the observed
events. Given an efficiency functions ¢ (E) for each of these
intervals, one can then use Eq. 19 to calculate the expected
number of events between any two observed events. The
“maximum gap” is the interval where this number is largest.
By calculating the probability that a gap as large as the
observed one could arise from random fluctuations it is then
possible to quantify the p-value of the assumed model [71].

5.2.2 Experiments

Event rate calculations in DDCalc rely on the availability of
experimental response functions ¢ (E), the predicted num-
ber of background events in an analysis b, the total number
of observed events N,, and the experimental exposure M T .
Version 1.0.0 of DDCalc ships with this data already imple-
mented for eight experimental analyses, shown in Table 2
(see also Fig. 8 for a comparison of our analyses with the
published bounds).

The LUX [75-77], PandaX [78], XENON100 [72] and
SuperCDMS [73] analyses are most useful for constrain-
ing SI scattering and SD scattering on neutrons, whereas
the PICO-2L [80], PICO-60 [79] and SIMPLE [74] analyses
provide good sensitivity to SD scattering on protons. In the
following we provide additional details on the implementa-
tion of the experimental details.

SIMPLE. We implement the efficiency curve ¢(E)
directly as described in Ref. [74]. We do not include the con-
tribution from carbon, due to its high threshold energy for
nuclear recoils. SIMPLE expected 12.7 events and observed
8.

PICO-2L. The efficiency curve ¢ (E) for flourine is pro-
vided in Ref. [83]. Again, we do not include the contribu-

tion from carbon. The background expectation of 1.0 events
agrees well with the one event observed.

PICO-60. This experiment has a time-dependent energy
threshold, so the efficiency curve ¢ (E) is obtained by con-
volving the exposure as a function of threshold with the
(appropriately rescaled) efficiency curve for fixed threshold.
The total exposure is reduced by a trial factor of 1.8 as pro-
posed by the collaboration. Because the efficiency curves
for fluorine and iodine differ, we implement the two target
materials as independent experiments. This is possible only
because PICO-60 has observed no signal events and does not
perform a background subtraction, in which case the likeli-
hood reduces to £ = e~ M, so that the contributions for the
individual target nuclei factorise. Again, we do not include
the contribution from carbon.

SuperCDMS. We implement two different efficiency
curves including gap information, with nuclear recoil ener-
gies converted from phonon energies assuming the Lindhard
presecription [61]. The first is based directly on the published
efficiencies and event energies of all detectors included in the
experimental run [73]. During this run, the ionisation guard
of one detector (T5Z3) was inoperative, allowing additional
background events to enter the analysis region and reduce the
overall sensitivity of the experiment. We therefore implement
a second efficiency curve and corresponding set of analy-
sis parameters, where the T5Z3 detector is excluded from
the analysis.® This alternative parameterisation is the default
within DDCalc for this analysis.

PandaX. We implement the efficiency curve ¢ (E) pro-
vided by the collaboration [78], with an additional factor of
2 to account for the fact that only events below the mean of
the nuclear recoil band are considered. Three events were
observed in this search window compared to a background
expectation of 4.8.

XENON100. While XENON100 does provide efficiency
curves as a function of the nuclear recoil energy [72], this
information is insufficient to make use of the spectral infor-
mation, i.e. the energy of the observed events. This spectral
information is however very helpful, because events at high
recoil energies (E > 30 keV) as well as events close to
the threshold have a higher probability to result from back-
grounds than from WIMP scattering. To be able to use this
spectral information (for example in the context of the maxi-
mum gap method), we have simulated the detector using the
Time Projection Chamber Monte Carlo (TPCMC) code [84],
which in turn relies on NEST for modelling the physics of
recoiling heavy nuclei [85]. The TPCMC output is included
in the public release of DDCalc, and provides the full gap
information for XENON100.

6 The additional efficiency information for T5Z3 was kindly provided
by the SuperCDMS Collaboration.

@ Springer
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LUX. The TPCMC code has also been used to obtain
the efficiencies for the first run of LUX [75] and these are
included in DDCalc. For the reanalysis of the first run [76],
which improves the sensitivity to low-mass WIMPs, only
the total efficiency curve provided by the collaboration is
included (again scaled down by a factor of 2). In its second
run, LUX saw a total of six events (compared to a background
expectation of 3.5 events). This makes the use of spectral
information for both signal and background an important part
of the analysis. The maximum gap method is not suitable for
this task, as it includes only the spectral information of the
signal but treats the background as unknown. To approxi-
mately reproduce the LUX analysis, we exclude those parts
of the S1-S2 plane where events are likely to have arisen
from the background. Specifically we impose the require-
ment 3 phe < §1 < 33 phe as well as an S2 signal below the
mean of the nuclear recoil band. We calculate the efficiency
curve ¢ (E) for this search window using similar methods
as for the first LUX run. To estimate the expected back-
ground, we assume that backgrounds due to leakage from
the electron recoil band are equally distributed in S1, while
all other backgrounds have a shape that resembles neutron
recoils from calibration data. Using these assumptions we
predict 2.3 background events in the reduced search win-
dow, whereas LUX observed one event. While the definition
of this reduced search window contains some degree of arbi-
trariness and the background estimation is rather crude, this
approach enables us to reproduce the published LUX bound
to good accuracy (see Fig. 8). Once the LUX collaboration
has released more details on the analysis, the run 2 imple-
mentation can be updated accordingly.

In version 1.1.0 of DDCalc two additional experimen-
tal analyses have been implemented. The XenonlT experi-
ment [81] now gives the world-leading limit on SI scatter-
ing and SD scattering on neutrons, whereas the 2017 run of
PICO-60 [82] analysis provides the strongest constraints on
SD scattering on protons.

XenonlT. To implement the first results from XenonlIT
[81], we consider events with 3phe > S1 > 70 phe and an
S2 signal below the mean of the nuclear recoil band. We cal-
culate the corresponding acceptance function by simulating
fluctuations in the S1 and S2 signal. For this purpose we take
the scintillation and ionization yields from [76] and deter-
mine the detector response from a fit to the nuclear recoil
band in [81]. No events were observed in the signal region,
compared to an expected background of 0.36 events.

PICO-60 (2017). The most recent results from PICO-60
make use of the same target material as previously employed
in PICO-2L [80]. We therefore use the same acceptance func-
tion for scattering on fluorine as described above and again
neglect the contribution from carbon. We include an addi-
tional factor of 0.851 to account for the selection efficiency
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for single scatters. No such events have been observed and
we do not perform a background subtraction.

We emphasise that the accurate implementation of like-
lihood functions for WIMP masses below 10 GeV is very
challenging, as the experimental sensitivity results largely
from upward fluctuations and is furthermore very sensitive
to astrophysical uncertainties. A precision study of the exper-
imental constraints on low-mass WIMPs will likely require
the implementation of additional experimental information
in order to refine the likelihood functions.

5.2.3 Command-line usage

By default, compiling DDCalc produces static and shared
libraries as well as a default executable bbCalc_run. This
latter can be run via either a command-line interface, or via
an interactive mode that is entered automatically if the user
supplies no arguments to the executable.

A complete list of arguments for bbCalc_run can be
obtained with:

DDCalc_run --help

The command-line signature of the program is:

DDCalc_run [mode]
parameters]

[options] [WIMP

The mode flag switches between a variety of run modes, sum-
marised in Table 3. WIMP parameters is a list of arguments
that can take one of four forms (in units of GeV for m, and
pb for the cross-sections):

m
m sigmaSI

m sigmaSI sigmaSD

m sigmapSI sigmanSI sigmapSD sigmanSD

In the first case, all WIMP-nucleon cross-sections are set to 1
pb. In the second case, only spin-independent couplings are
turned on, and sigmaSI and sigmaSD are used as common
cross-sections for both WIMP-proton and WIMP-neutron
interactions (in the SI and SD cases, respectively). Nega-
tive cross-sections can be given in order to indicate that the
corresponding coupling should be negative (the actual cross-
section will be taken as the magnitude of the value supplied).

Various general options for DDCalc are summarised in
Table 4. In Table 5, we list the options that can be used to
change the dark matter halo distribution.

The DDCalc package includes a number of advanced
detector options for defining the precise isotopic composi-
tion of a detector, and the efficiency functions. These are
listed in Table 6, but should not be necessary for the general
user, as the existing analysis flags set the defaults correctly
for the experimental analyses that are included in the release.
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Table 3 The various run modes of the DDCalc default executable DDCalc_run

Mode

Summary

DDCalc_run

DDCalc_run --log-likelihood

DDCalc_run --log-pvalue

DDCalc_run --spectrum

DDCalc_run --events-by-mass

DDCalc_run --constraints-SI

DDCalc_run --constraints-SD

DDCalc_run --limits-SI

DDCalc_run --limits-SD

Calculates the expected number of signal events in the analysis region, the likelihood of the
WIMP parameters, and the p-value. The logarithm of the latter two are given

Calculates the logarithm of the Poisson-based likelihood for the specified WIMP parameters

Calculates the logarithm of the p-value for the specified WIMP parameters. If the analysis
includes interval information, this returns the maximum gap p value. If the analysis does not
include interval information, the p-value calculated from the Poisson likelihood but without
background subtraction (i.e. setting b = 0) to give a conservative upper bound

Tabulates the raw recoil spectrum Z—g for the detector material and given WIMP parameters, by
energy. The tabulation of the energies can be modified using the --E-tabulation option

Tabulates the expected signal events for fixed WIMP-nucleon cross-sections, by WIMP mass.
The tabulation of masses can be modified using the --m-tabulation option

Tabulates the cross-section lower and upper constraints in the spin-independent case, by mass.
Constraints are 1D confidence intervals at each mass, determined using a Poisson likelihood
with signal plus background and Feldman-Cousins ordering. The confidence level is given
using the --confidence-level option, with the default set to 0.9 (90% CL). The ratio of
the WIMP-neutron and WIMP-proton couplings is held fixed, with the ratio defined by an
angle 6 such that tan® = G, /G ,. The angle can be specified via the --theta-ST option
or, more conveniently, given in units of 7 via --theta-SI-pi. The defaultis G, = G,

(60 = m/4). The tabulation of the masses can be modified using the
--m-tabulation option

As above, but for the spin-dependent case

Tabulates the cross-section upper limits in the spin-independent case, by mass. Limits are
determined using the maximum gap p-value method. Excluded p-values are given using the
--p or —--1np options, with the default being p = 0.10 (90% CL exclusion limits). The ratio
of the WIMP-neutron and WIMP—proton couplings is held fixed, with the ratio defined by an
angle 6 such that tan® = G, /G ,. The angle can be specified via the --theta-SI option
or, more conveniently, given in units of 7 via --theta-SI-pi. The defaultis G, = G,

(6 = r/4).The tabulation of the masses can be modified using the
--m-tabulation option

As above, but for the spin-dependent case

5.2.4 Library interface (API)

Detectorstruct A detector/analysis object, containing
efficiencies, the background model, energy threshold,

For reference, here we include a summary of the main exposure and observed events.
DDCalc functions. These can be accessed from a Fortran

calling program with

USE DDCalc

and from a C/C++ program with

#include "DDCalc.hpp"

WIMP model

Initialisation

TYPE (WIMPStruct) FUNCTION DDCalc InitWIMP ()
Creates a new wivpstruct and initialises it with a mass
of 100GeV and couplings of 1 pb.

Usage of these functions by GAMBIT is documented in the

following subsection.

Derived types

Parameter setting

DDCalc defines three types of object. These are the bedrock

of the code; almost every calculation must be provided with
an instance of each of these to do its job.

SUBROUTINE DDCalc_SetWIMP_mfa (WIMP,m, fp, fn,
ap,an)

SUBROUTINE DDCalc_SetWIMP_mG(WIMP,m,GpSI,

wivpstruct A WIMP model, containing values of the GnSI,GpSD,GnSD)

WIMP mass and couplings. SUBROUTINE DDCalc_SetWIMP msigma (WIMP,m,
Halostruct A halo model, containing values of the local sigmapSI, sigmanSI, sigmapSD, sigmansSD)

DM density and the parameters of the truncated Maxwell- Sets the internal parameters of the wiup object. Here m

Boltzmann velocity distribution.

is my in GeV, fp and fn are f, and f, in GeV~2, ap

@ Springer
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Table 4 Options of the DDCalc default executable DDCalc_run

General options

--help

--verbosity

Mode-specific options

--E-tabulation=<min>, <max>[, <N>]

[0.1,1000,-50]

--interactive

--m-tabulation=<min>, <max> [, <N>]

[1,1000,-20]

--theta-SD=<val> [m/4]

--theta-SI=<val> [7/4]
Statistical options

--confidence-level=<val>
[0.9]

--confidence-level-sigma=<val>

--p-value=<val> [0.1]

Experiment-specific options
--XENON100-2012
--LUX-2013
--LUX-2015

--LUX-2016

--PandaX-2016
--SuperCDMS-2014
--SIMPLE-2014
--PICO-2L
--PICO-60_F

--PICO-60_I

--XenonlT-2017 (DDCalc
1.1.0 only)

--PICO-60_2017 (DDCalc
1.1.0 only)

Displays help information

Sets the verbosity level (a higher level gives more output). The data output at different
levels is mode-specific. Selection of verbosity level 0 is also available via the flag
--quiet; --verbose gives verbosity level 2

Specifies the tabulation for the recoil energy E. Energies will be tabulated from <min>
to <max> inclusive, with N logarithmically spaced intervals between tabulation
points. A negative <N> value indicates | <N> | points per decade. The <N> argument
is optional

Turns on the interactive mode, which will prompt the user for the WIMP parameters

Specifies the tabulation for the WIMP mass m. Masses will be tabulated from <min> to
<max> inclusive, with N intervals between tabulation points. The points will be
logarithmically spaced unless the fourth comma-separated value is F or 0, in which
case the spacing will be linear. A negative <N> value indicates | <N> | points per
decade in the logarithmic case. The <N> and <log> arguments are optional

Fixes the ratio of the WIMP-nucleon couplings to tan® = G /G, in the spin-dependent
case. This option is only used in run modes where the absolute couplings cannot be
specified. The similar option --theta-SD-pi allows the ratio to be specified in
units of

As above, but for the spin-independent case

The confidence level to use in determining constraints/limits

The confidence level corresponding to the fraction of the normal distribution within the
given number of standard deviations (symmetric). That is, a value of 3 here would
result in a 30 CL constraint/limit. Equivalent to --p-value-sigma

The p-value to use in determining constraints/limits. The logarithm of the p-value can
be specified via log-p-value

Sets the detector and analysis according to the XENON100 2012 result [72]
Sets the detector and analysis according to the LUX run 1 result from 2013 [75]

Sets the detector and analysis according to the reanalysis of the LUX run 1 result from
2015 [76]

Sets the detector and analysis according to our implementation of the LUX run 2 result
from 2016 [77]

Sets the detector and analysis according to the PandaX 2016 result [78]

Sets the detector and analysis according to the SuperCDMS 2014 low-energy result [73]
Sets the detector and analysis according to the SIMPLE 2014 C,CIFs result [74]

Sets the detector and analysis according to the PICO-2L 2016 result [80]

Sets the detector and analysis according to the PICO-60 2016 result [79], using only the
contribution from fluorine

Sets the detector and analysis according to the PICO-60 2016 result [79], using only the
contribution from iodine

Sets the detector and analysis according to the XenonlT 2017 result [81]

Sets the detector and analysis according to the PICO-60 2017 result [79]

and an are (dimensionless) apand ay, the G parameters
are Ggl, G‘S‘I, GgD and GIS‘D, and the sigma parameters

sections indicate that the corresponding coupling should
be negative. In all cases, ‘p’ refers to proton and ‘n’ to

are osL,p, 0SLn, 0sD,p and osp n in pb. Negative cross- neutron.
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Table 5 Dark matter halo distribution options of the DDCalc default executable DDCalc_run

--rho=<val> [0.4] The local dark matter density (in units of GeV cm™?)

--v0=<val> [vrot] The most probable speed of the Maxwell-Boltzmann distribution (in km g1 ). Related to
the rms speed by vy,s = +/3/2v0 and the mean speed by v = /4/m vg. For the
isothermal sphere of the Standard Halo Model, this is equal to the galactic circular
velocity (disk rotation speed), so this is set equal to the value supplied with --vrot
(or its default) unless explicitly set here

--vesc=<val> [550] The local Galactic escape speed (in kms™!). This is used to truncate the
Maxwell-Boltzmann distribution as the highest speed particles should be depleted due
to escape from the Galactic potential

--vlsr=<val>,<val>,<val> [0,vrot,0] The Local Standard of Rest (in km s*l), i.e. the velocity of the Galactic disk relative to
the Galactic rest frame in Galactic coordinates UV W, where U is the anti-radial
direction (towards the Galactic centre), V is the direction of disk rotation, and W is in
the direction of the galactic pole. Set to (0,--vrot,0) unless specified here

--vobs=<val> [|vsun]|] The speed of the observer (detector) relative to the galactic rest frame (in kms™ 1, where
the galactic rest frame is the frame in which the dark matter exhibits no bulk motion.
This is set equal to the magnitude of —-vsun, unless explicitly set here

--vpec=<val>,<val>,<val> [11,12,7] The velocity of the Sun relative to the Local Standard of Rest in galactic coordinates
Uvw
--vsun=<val>, <val>,<val> [vlsr+vpec] The motion of the Sun relative the galactic rest frame (in km s*l) in galactic coordinates
UV W. Setequal to --v1sr + --vpec unless explicitly set here
--vrot=<val> [235] The local disk rotation speed (in kmsfl)
Parameter retrieval Sets the internal parameters of the Halo object. Here rho

is py in GeVem™3, vrot is vgo in kms™!, v0 is v in

kms—!, and vesc is vege in kms ™!,
SUBROUTINE DDCalc_ GetWIMP mfa (WIMP,m, fp, fn,

ap,an)
SUBROUTINE DDCalc_GetWIMP_mG (WIMP,m,GpSI, Advanced setters and getters
GnSI,GpSD, GnsSD)

, See pphCalc_SetHalo() and DDCalc_GetHalo() in
SUBROUTINE DDCalc_GetWIMP_msigma (WIMP,m,

) . ) ) DDHalo. £90.
sigmapSI, sigmanSI, sigmapSD, sigmanSD)

Asper setwivp, butretrieves the WIMP parameters from
wive. The only difference here is that returned cross-
sections are always positive, regardless of the sign of the Initialisation
corresponding coupling.

Experiments and analysis

TYPE (DetectorStruct) FUNCTION
DDCalc_TInitDetector (intervals)
analysis_name_Init (intervals)

Advanced setters and getters The first of these functions initialises an object carrying

the information about the default experimental analysis;

in DDCalc 1.0.0 this is the LUX 2013 analysis [75].

See Dpcalc_SetwIMP() and DDCalc_GetWIMP() in

DDWIMP. £90.
Here intervals is a flag indicating whether calcula-
Halo model tions should be performed for intervals between observed
Initialisation events or not. This is only necessary for maximum gap

calculations and can be set to FALSE for likelihood anal-
yses. Non-default analyses can be obtained with the spe-
cific functions listed second, where analysis_name is one of
the analyses given in Table 2, e.g. Ssupercpus_2014. See
DDExperiments.f90 and analyses/analysis_name.£90
for more details. Note that these specific analysis con-

TYPE (HaloStruct) FUNCTION DDCalc_InitHalo()
Creates a new HaloStruct and initialises it to the
Standard Halo Model (p, = 0.4GeVem™3, vy =
235kms~ !, vg = 235kms ™!, vese = 550kms™!).

Parameter setting structors are only available directly by declaring
SUBROUTINE DDCalc_SetSHM(Halo, rho,vrot, USE DDExperiments
v0,vesc)
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Table 6 Advanced detector options of the DDCalc default executable DDCalc_run

General detector options
--background=<val> [0.64]
—-—events=<N> [1]

--exposure=<val> [118x85.3]

--mass=<val> [118]
--time=<val> [85.3]
Isotopic composition options
--argon

--germanium
--sodium-iodide
--silicon

--xenon

--element-72=<21>,<7Z2>,<Z3>, ...

--stoichiometry=<N1>,<N2>,<N3>, ...

--isotope-72=<71>,<Z2>,<Z3>, ...
--isotope-A=<Al>,<A2>,<A3>, ...
--isotope-f=<fl>,<f2>,<f3>, ...
Detector efficiency options

--Emin=<val> [0]

--file=<file>

--no-intervals

The average expected number of background events in the analysis region
The number of observed events in the analysis region

The detector’s fiducial exposure (in kg day). Set equal to --mass x --time unless
explicitly set here

The detector’s fiducial mass (in kg)

The detector’s exposure time (in days)

Sets the isotopic composition to the naturally occurring isotopes of argon

(Ar), germanium (Ge), sodium iodide (Nal), silicon (Si), or xenon (Xe)

Sets the isotopic composition to the naturally occurring isotopes of the

compound with the given set of elements and stoichiometry. For example, CF;Cl
would have Z=6, 9, 17 and a stoichiometry 1, 3, 1. If the stoichiometry is not given,
it is assumed to be 1 for each element

Provide an explicit list of isotopes to use. The list of atomic numbers (Z),
mass numbers (&), and mass fractions (£) must all be provided and be of

the same length or these options will be ignored

Applies a minimum energy threshold for rate calculations (in keV). This effectively
takes: ¢ (E) — O(E — Epin)¢ (E), where ©(x) is the Heaviside step function. This
allows easy removal of low-energy scattering from the signal calculations without
having to modify efficiency input files

A file containing the efficiency ¢ (E) tabulated by energy, where ¢ (E) is defined as the
fraction of events at an energy E that will be observed in the analysis region after
factoring in trigger efficiencies, energy resolution, data cuts, etc. The first column is
taken to be the energy (in keV). The next column should contain only numbers
between 0 and 1; this is taken to be ¢ (E); note that this allows TPCMC output to be
used, as columns of <S1> and <S2> will be safely ignored. Blank lines and lines
beginning with a hash character will be ignored. If the analysis observed any events,
the file can optionally include additional columns beyond the ¢ (E) column
representing the efficiencies ¢ (E) for detecting events in the sub-intervals for use
with the maximum gap method

Disables the use of sub-interval calculations, even if efficiencies for the sub-intervals are
available. This is implied by certain program modes where the sub-intervals cannot be
used

or

include "DDExperiments.hpp"

value is 0, meaning that the detector response is deter-
mined by the pre-calculated efficiency curves, which
account for detector and analysis thresholds. Setting Emin

in the calling program, in addition to the regular USE
DDCalc/include "DDCalc.hpp".Bothversions of these
functions return a DetectorStruct containing the anal-
ysis details.

Set threshold for nuclear recoils

SUBROUTINE DDCalc_SetDetectorEmin (Detector,
Emin)

Manually sets the minimum nuclear recoil energy dis-
cernible by agiven Detector to Emin, inkeV. The default
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to a non-zero value allows to obtain more conservative
exclusion limits or to study the dependence of the exper-
imental results on the assumed low-energy cut-off.

Do rate and likelihood calculations

SUBROUTINE DDCalc_CalcRates (Detector,WIMP,

Halo) Perform the rate calculations used for likelihood
and confidence intervals, using the analysis Detector
on the specified wivp and Halo models. The results are
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saved internally in the Detector analysis object, and can
be accessed using the following routines.

Retrieve results of calculations

1. Number of observed events in the analysis:

INTEGER FUNCTION DDCalc_Events (Detector)

2. Expected number of background events:

REAL*8 FUNCTION DDCalc_Background(Detector)

3. Expected number of signal events:

REAL*8 FUNCTION DDCalc_Signal (Detector)
Alternatively, for the separate spin-independent and spin-
dependent contributions:

REAL*8 FUNCTION DDCalc_SignalSI(Detector)
REAL*8 FUNCTION DDCalc_SignalSD(Detector)

4. Log-likelihood:

REAL*8 FUNCTION DDCalc LogLikelihood
(Detector)
Uses the Poisson distribution Eq. 28.

5. Logarithm of the p-value:

REAL*8 FUNCTION DDCalc_LogPValue (Detector)
Uses the maximum gap method if Detector was ini-
tialised with intervals = TRUE and the analysis con-
tains the necessary interval information to allow such
a method; otherwise uses a Poisson distribution in the
number of observed events, assuming zero background
contribution (Eq. 28 with b = 0).

6. Factor by which the WIMP cross-sections must be mul-
tiplied to achieve a given p-value:

REAL*8 FUNCTION DDCalc_ScaleToPValue (1lnp) 8
Calculates the factor x by which the cross-sections must
be scaled (o0 — xo)to achieve the desired p-value, given
via 1np as In(p). See ppDcalc_TogPvalue above for a
description of the statistics.

C/C++ interface

For ease of use in linking to these routines from C/C++ code,
a second (wrapper) version of each of the interface routines
described above is defined within a C namespace ppcalc.
These use C-compatible types only, and access interfaces
to the main DDCalc library through explicitly-specified

symbol names, to get around name-mangling inconsisten-
cies between different compilers when dealing with For-
tran modules. These functions work just like the ones above,
but neither accept nor return wiMpstruct, HaloStruct nOr
Detectorstruct objects directly. Instead, they return and
accept integers corresponding to entries in an internal array
of Fortran objects held in trust for the C/C++ calling pro-
gram by DDCalc. The routines

void DDCalc::FreeWIMPs () ;

void DDCalc::FreeHalos();
void DDCalc: :FreeDetectors () ;
void DDCalc::FreeAll () ;

can be used to delete the objects held internally by DDCalc.

5.3 Direct detection implementation in DarkBit
5.3.1 WIMP-nucleon couplings

As shown in Table 13, GAMBIT contains three functions
capable of calculating effective WIMP-nucleon couplings:
DD_couplings_DarkSUSY,
and DD _couplings_SingletDM. Each has capability pp_
couplings and returns a DM_nucleon_couplings ObjeCt,
which contains the parameters Ggl, Gy GED and Ggp.
DD_couplings_Darksusy calculates these couplings for a
generic MSSM model using DarkSUSY, while
DD_couplings_SingletDM calculates them for the scalar
singlet model internally. DD_couplings MicrOmegas cal-
culates the couplings using micrOMEGAS for either model
— the appropriate version of the micrOMEGASs backend is
chosen by GAMBIT depending on which model is being
scanned.

For the MSSM DD couplings Darksusy and
DD_couplings_MicrOmegas compute the couplings by pass-
ing MSSM spectrum information and nuclear parameters
(described in more detail in the next section) to the external
codes. By default, DarkSUSY does not take into account
loop corrections to the DM-nucleon scattering process, aside
of course from the one-loop coupling of the Higgs to glu-
ons via the triangle diagram involving heavy quarks. On
the other hand, certain classes of one-loop corrections are
taken into account by default when using micrOMEGAs,
such as SUSY QCD corrections to the Higgs-exchange dia-
grams or box diagrams involving external gluons (for details
we refer the reader to [48]). Similar corrections have been
implemented in DarkSUSY (see [86] for details), and in
GAMBIT 1.1.0, we have added the ability to turn these
on by setting the YAML option 1oop (default: £alse) for
the function DD_couplings_DarksSUSY to true. Also added
to this function is the option pole (default: false), which
when set to false causes DarkSUSY to approximate the
squark propagators in the calculation of the SI and SD cou-

DD_couplings_MicrOmegas,

@ Springer



831 Page 20 of 57

Eur. Phys. J. C (2017) 77:831

plings as 1/ mg to avoid poles (this only applies when 1oop
is , otherwise this option is ignored). A final change in
GAMBIT 1.1.0 is addition of the box option (default: )
to DD_couplings MicrOmegas, which determines whether
the box diagrams for DM-gluon scattering are calculated for
MSSM-like models.

In the case of the scalar singlet model, Db_couplings
SingletDu calculates the effective Higgs-nucleon coupling
fn internally, using the nuclear matrix elements relevant
for SI scattering, and combines it with the scalar mass and
Higgs-portal coupling as described in Ref. [87] to determine
the effective SI couplings (there is no SD scattering in this
model). DD_couplings_MicrOmegas USes micrOMEGAs
with our CalcHEP implementation of the scalar singlet
model for a similar calculation.

5.3.2 Nuclear uncertainties

When the interaction between DM and quarks can be
described by a scalar operator, the spin independent effective
couplings GIS)I and Gg; depend heavily on both the sea and
valence quark content of the proton and neutron respectively.
These are parameterised by the 6 nuclear matrix elements

my fy,) = (NImgga|N), (31)

where N € {p,n} and q € {u,d, s}. The equivalent quan-
tities for the heavy quarks Q € {c, b, t} are related to these
parameters via the formula [87,88]

wn _ 2

(N)
fro=5 1 2 f, | (32)

q=u,d,s

The 6 lighter quark matrix elements are part of the nuclear_
params_fnq model in GAMBIT. They can be calculated
from other quantities more closely related to lattice and
experimental results. These are often the light and strange
quark contents of the nucleon, defined as

01 = my(N|iu + dd|N) (33)
o5 = mg{N|5s|N), (34)
where m; = (1/2)(m, + mg). In the nuclear_params_

sigmas_sigmal model, these 2 parameters replace the 6
fT(;V) values, with the conversion between the two parameter
sets described in Ref. [87]. An equivalent parameterisation
replaces oy with the parameter oyp:

00 = my(N|iu + dd — 25s|N). (35)

By comparing the forms of the above equations, we see that
oo and oy are related by the formula
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2my
UOZUI_US( ) (36)

s

The GAMBIT model nuclear_params_sigma0_sigmal con-
tains og and oj.
For the spin-dependent effective couplings GgD and Ggpy,

the relevant nuclear parameters are ASIN), which describe the
spin content of the nucleons, where again N € {p, n} and
q € {u,d,s}. Here there are only three parameters since
the values for the proton and neutron are directly related:
AP = AP, AP = AP, and A = AP, Al of the
nuclear_params models contain the three Agp ),

All of the nuclear parameters are set in the appro-
priate backend when calculating the WIMP-nucleon cou-
plings using the functions DD_couplings Darksusy and
DD_couplings_MicrOmegas. DD_couplings_SingletDM,
which does not make use of an external backend, also uses
the nuclear parameters in its calculation of the couplings.

A combined likelihood for o and o7 is implemented in
DarkBit as the Capability InL_SI_nuclear_parameters.
This capability is provided by the function 1nL_sigmas_
sigmal (Table 18), in which the two likelihoods take the form
of simple Gaussian distributions (Eq. 10), with the default
values o, = 43 £ 8 MeV, based on a global fit of lattice
calculations [89], and 0; = 58 £ 9 MeV. This last value
is based on the range of recent determinations of o7 in the
literature from analyses of pion-nucleon scattering data [90—
92]. oy has also been extracted from lattice QCD results [93—
96], and the more recent analyses based on this approach
point to a lower preferred value of o; ~ 40 MeV.

For the A[(,N), we provide likelihoods for the following 2
combinations of parameters:

a3 = AP — AP 37)
as = AP + AP — 24 (38)

and Aﬁp ) jtself. A combined likelihood for all of these param-
eters is given by the capability 1nl._SD nuclear_ parame
ters, which can currently only be fulfilled by the function
1nL_deltag (Table 18). The likelihoods again take the form
of Gaussian distributions, with a3 = 1.2723 +0.0023, deter-
mined via analysis of measurements of neutron § decays
[97], and ag = 0.585 £ 0.023 based on hyperon S decay
results [98]. A§P ) = —0.09 £ 0.03, based on a measurement
of the spin-dependent structure function of the deuteron from
the COMPASS fixed target experiment [99].

For both the SI and SD nuclear parameters, the central
values and widths of the Gaussians can be adjusted with the
YAML options param_obs and param_obserr respectively,
where param refers to the parameter name (see Table 18 for
the list of options).
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5.3.3 Event rates and likelihoods

GAMBIT 1.0.0 includes rate and likelihood functions for
the eight direct detection experiments supported by DDCalc
1.0.0: LUX (run 1) [75,76], LUX (run 2) [77], PandaX
[78], XENON100 [72], SuperCDMS [73], PICO-2L [80],
PICO-60[79] and SIMPLE [74]. As discussed above, the two
dominant target elements of PICO-60 (fluorine and iodine)
are implemented as independent experiments, but should
always be used together. GAMBIT 1.1.0 includes in addi-
tion rate and likelihood functions for the two new exper-
iments included in DDCalc 1.1.0: XenonlT [81] and the
2017 analysis of PICO-60 [82].

Atthe beginning of a scan, GAMBIT creates DDCalc wriip
and Halo objects, as well as a separate Detector object for
each supported experimental analysis (see Sect. 5.2.4 for
explanation of these classes). For each point in a scan, it
updates the wimp object with newly-calculated nuclear cou-
plings from DarkBit, and the Halo object with any new
halo parameters. DarkBit provides a series of ‘getter’ rou-
tines for different quantities that the user may be interested
in, for each supported analysis: the observed and predicted
number of events, the predicted number of background and
signal events (broken down into SI and SD components if
desired), and the final Poissonian log-likelihood for the given
model and experiment. These functions are detailed in Table
18. Each of them depends on a single calculation routine,
which passes the wivp, Halo and relevant Detector object
(or rather, their internal indices) to DDCalc’s own master
DDCalc_CalcRates function (cf. Sect. 5.2.4). That function
then computes the rates and likelihoods for the given analysis
and model point, and provides them to the getter functions.

6 Indirect detection

6.1 Background

Besides collider and direct searches, the third traditional way
of looking for DM is to test the particle hypothesis in situ, by
identifying the (Standard Model) products that result from
DM annihilation or decay at places with large DM densities.
Locally, the injection rate of a Standard Model particle type
f, per volume and energy, is given by

dN;
o v£> ) (39)

dQ(Ef,x)_LPf((X)Z<
dE; Ny m?

Here, o; is the annihilation cross section into final state
i, v the relative velocity of the annihilating DM particle
pairs, (...) denotes an ensemble average over the DM veloc-
ities, and dN;/dEy is the (differential) number of parti-
cles f that result per annihilation into final state i. The

dark matter mass density is given by p, and its particle
mass by m,. N, depends on the nature of the DM parti-
cle, e.g. Ny, = 2 for Majorana fermions, and N, = 4 for
Dirac fermions. For decaying DM, one simply would have
to replace (o;v) ,0)2( /Ny — m,Tp, in the above expression,
where I'; is the partial decay width.

The yields (i.e. the number and energy distribution of
final state particles) are typically not significantly affected by
the ensemble average, allowing to write (o;v dN;/dEy) =
(ojv) dN; /d E y (and correspondingly for the decaying case),
and therefore to tabulate dN; /dE f ‘v:O for a pre-defined set
of centre-of-mass energies for e.g. annihilation into quarks
(given by the DM mass for highly non-relativistic DM). Inter-
polating between these tables rather than running event gen-
erators such as Pythia [100] for every model point constitutes
a significant gain in performance.

The DM density enters quadratically into Eq. 39. This
implies that substructures in the DM distribution (usually in
form of subhalos within larger halos) in general enhance the
observable annihilation flux significantly with respect to what
one would expect in absence of substructures. In practice, one
hence often replaces the DM density squared as follows

Py (X) = [14 By ()10} nosub®) - (40)

where ,o)z( nosubX) is the DM distribution smoothed over sub-
structures (describing the general distribution of DM in the
main halo), whereas B, (x) is the boost factor that parame-
terises the enhancement due to substructure.

Once produced, those particles f then propagate through
a often significant part of the Galaxy, before they reach the
observer. The details of this process depend strongly on the
type of messenger, as well as on the type of the source.
Gamma rays (Section 6.1.1) play a pronounced role in this
context as they propagate completely unperturbed through
the Galaxy, for energies below a few TeV, thus offering dis-
tinct spatial and spectral features to look for [101]. While
much harder to detect, this property is shared by neutrinos
(Section 6.1.2); they are furthermore unique in that they can
easily leave even very dense environments and hence are the
only probes of expected high DM concentrations in celestial
bodies like the Sun and the Earth [102].

Charged cosmic ray particles, on the other hand, are
deflected by randomly distributed inhomogeneities in the
Galactic magnetic field such that (almost) all directional
information is lost. In particular, antiprotons provide a power-
ful tool to constrain DM annihilating or decaying to hadronic
channels [103-105], while cosmic-ray positron data strongly
constrain leptonic channels [106]. While charged cosmic
rays are not included in this first release of DarkBit, the
implementation of both propagation and relevant experimen-
tal likelihoods for these channels is high on the priority list
for planned extensions of the code (see Section 8).
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6.1.1 Gamma rays

Gamma-ray spectra from dark matter annihilation or decay
can be broadly separated in two components (see Ref. [107]
for a review). (1) Continuous gamma-ray spectra are gener-
ated in annihilations into quarks, massive gauge bosons and
t-leptons. The gamma-ray photons come here mostly from
the decay of neutral pions (7% — yy), which are produced
in fragmentation and hadronisation processes. Most of the
gamma-ray energy is deposited into photons with energies
about an order of magnitude below the dark matter mass.
(2) Prompt photons are directly produced in the hard part of
the annihilation process and lead to much sharper features
in the gamma-ray spectrum, typically with energies close to
the DM mass. The most extreme example is the annihilation
into photon pairs (x x — y¥), which gives rise to mono-
energetic gamma rays [108]. Virtual internal bremsstrahlung
[109] or box-like features from cascade-decays [110] can
also play a significant role. Such sharp spectral features are
usually much simpler to discern from astrophysical back-
grounds, and hence play a central role in indirect dark matter
searches.

Various target objects are interesting for dark matter
searches with gamma rays. The predicted annihilation flux
is largest from the centre of the Milky Way. However, the
diffuse gamma-ray emission caused by cosmic rays along
the line-of-sight towards the Galactic bulge makes detect-
ing a signal from the Galactic centre subject to large sys-
tematic uncertainties. Simpler and basically background-free
targets are dwarf spheroidal galaxies, which are dark matter-
dominated satellite galaxies of the Milky Way. We will dis-
cuss the results from various targets and instruments that we
use in DarkBit in Sect. 6.2.2.

In all cases, the morphology and intensity of the gamma-
ray annihilation signal depends on the spatial distribution
and clumping of dark matter in the target object, according
to Eq. 40. For the various likelihoods that we discuss below,
in most cases the user can choose to either employ the spatial
distribution of dark matter in the Milky Way as defined in the
halo model used in the corresponding scan (see Sect. 3), or
to make the same assumptions on the target halos as in the
corresponding publications from which the likelihoods were
extracted. In both cases, we neglect the substructure boost,
which can be of O(1) for reasonable assumptions [111]. Itis
however straightforward to change the halo properties, if so
desired.

6.1.2 Neutrinos
Like other indirect probes, searches for high-energy astro-
physical neutrinos can be used to constrain the DM anni-

hilation cross-section, by looking in directions with high
DM densities such as the Galactic centre and dwarf galax-
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ies. Unlike other indirect searches however, neutrinos can
also probe nuclear scattering cross-sections. This is because
a cross-section with nuclei implies that DM can scatter on
nuclear matter in stars and other compact objects, losing
sufficient energy to become gravitationally bound to the
object’s potential well [112—-115]. Being on a bound orbit,
the DM then returns to scatter repeatedly, eventually settling
to an equilibrated, concentrated distribution within the stel-
lar body. If it is of a variety that is able to annihilate, DM
therefore does so in the stellar core, producing high-energy
annihilation products. Many of these products are stopped
very quickly by interactions with nuclei, forming unstable
intermediaries such as B mesons, which go on to decay to
other SM particles including high-energy neutrinos [116].

Neutrinos produced this way, and any produced directly in
the annihilation, are able to escape the stellar body because
they interact so weakly with nuclei. They can then propagate
to Earth, and be detected by neutrino telescopes. The most
promising target for this type of search by far is the Sun,
owing to its proximity and deep potential well, allowing it to
accumulate large amounts of DM.’

At present, neutrino telescope limits on the total DM anni-
hilation cross-section are weak [124,125], and cannot com-
pete with gamma rays. In DarkBit we therefore currently
focus exclusively on solar searches for high-energy neu-
trinos, and their implications for annihilating DM models
with significant nuclear scattering cross-sections. Here ‘high
energy’ means GeV-scale neutrino energies; MeV-scale neu-
trinos are more difficult to distinguish from regular solar
(fusion) neutrinos, and neutrinos with energies in the TeV
range and above suffer from significant nuclear opacities in
the Sun, making their escape difficult and substantially low-
ering their fluxes at Earth.

For scattering cross-sections that do not depend on the
relative velocity or momentum transfer in the DM-nucleus
system, the capture rate in the Sun is given by [114]

R %)
C() =4n/ Orz/ MwQ;(w)dudr, 41)
0 0 u

where r is the height from the solar centre, u is the DM
velocity before being influenced by the Sun’s gravitational
potential, and f(u) is the distribution of u in the Sun’s
rest frame. The quantity Q2 (w) is the scattering rate of
DM particles from velocity w to less than v, where v is
the local escape velocity at height r in the Sun, and w =
w(u, r,t) = /u? + v(r, t)% is the velocity an infalling DM
particle obtains by the time it collides with a nucleus at height
r. Q, (w) thus describes the local capture rate at height r in

7 We point out that such a population of DM in the Sun and other stars
can have a raft of other observable consequences beyond high-energy
neutrinos, which can be highly relevant for some models [117-123];
these are slated for inclusion in future releases of DarkBit.
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the Sun, from the part of the velocity distribution correspond-
ing to incoming velocity u. The total population N, of DM
in the Sun can then be determined at any point in its lifetime
by solving the differential equation

N0 =C() - A@) — E(), (42)
dt

where A and E are the annihilation and evaporation rates,
respectively. Except where DM is lighter than a few GeV, E is
generally negligible [126—128]. Assuming E = 0, and that C
and A are constant, the solution to Eq. 42 approaches a steady
state on characteristic timescale f,, the equilibration time
between capture and annihilation. When this steady state is
reached, the rate-limiting step in the whole process is capture
rather than annihilation. In this regime, the annihilation rate
is identical to the capture rate, and the annihilation cross-
section has no further bearing upon the number of neutrinos
coming from the Sun. Many previous analyses have assumed
that capture and annihilation are in equilibrium in the Sun,
so that the annihilation rate can be obtained directly from
the capture rate; in DarkBit we instead solve Eq. 42 and
determine N, explicitly for each each model.

Knowing the DM population (and therefore annihilation
rate) by solving Eq. 42, the annihilation branching fractions
can then be used to determine the spectra of high-energy par-
ticles injected into the Sun, on a model-by-model basis. The
stopping of these annihilation products, ensuing particle pro-
duction and decay, and subsequent propagation and oscilla-
tion of neutrinos through the Sun, space and Earth, have been
studied by extensive Monte Carlo simulations [116,129]. The
resulting neutrino yield tables at Earth are included in Dark-
SUSY [15], PPPC4DMID [42] and micrOMEGAs [16].
In DarkBit, the canonical method to obtain these fluxes is
to compute the capture and annihilation rates using Dark-
SUSY, and to then obtain neutrino yields at Earth from the
WimpSim [130] tables contained therein (although getting
the same from PPPC4DMID or micrOMEGASs would also
be straightforward).

Although SI scattering of DM by e.g. oxygen, helium and
iron can dominate the capture rate for some models, the dif-
fering strength of direct limits on SI and SD scattering cross-
sections, and the fact that hydrogen possesses nuclear spin,
mean that typically, solar neutrinos are most interesting for
SD scattering.

Neutrino telescopes are presently responsible for the
strongest limits on the SD scattering cross-section with pro-
tons, with IceCube providing the tightest limits above masses
of ~100GeV [17,131], Super Kamiokande (Super-K) dom-
inating at lower masses [132], and ANTARES and Bak-
san providing weaker constraints. We implement the Ice-
Cube search likelihood on a model-by-model basis, using
the nulike package [17,133] to compute the likelihood func-

tion for each model, given its predicted neutrino spectrum
at Earth. Nulike computes a fully unbinned likelihood based
on the event-level energy and angular information contained
in the three independent event selections of the 79-string
IceCube dataset [134]. We do not implement a Super-K like-
lihood for now, as a) unlike IceCube, Super-K have not pub-
licly released their event data, b) IceCube does have some
sensitivity at low mass, and c¢) Super-K data only become
more constraining for relatively light DM particles (at least
in the context of SUSY and scalar singlet models, given other
constraints).

6.2 gamLike
6.2.1 Overview

Constraints on dark matter annihilation come from gamma-
ray observations of various targets using various instruments.
The experimental collaborations usually present their results
as constraints on particular annihilation channels, using par-
ticular dark matter profiles. This makes the limits not only
often difficult to compare, but also makes it hard to directly
use the experimental results in scans over dark matter models
with complex final states. In order to simplify and unify the
adoption of gamma-ray indirect detection results in global
scans and beyond, we present gamLike.?

The gamLike code is released under the terms of the
MIT license’ and maintained as a standalone backend by
the GAMBIT Dark Matter Workgroup. It can be obtained
from http://gamlike.hepforge.org.

The present version of gamLike ships with the likelihood
functions discussed in Sect. 6.1.1, which are also listed in
Table 7. It is written in C++ and can be linked either as
shared library (this is how it is used in GAMBIT), or just
as a static library. All experimental likelihoods are called in
the same way: with a function that takes as its argument a
tabulated version of the quantity

dod _ov dN,
dE — Snmi dE

, (43)

which is the differential version of Eq. 45. The integration
over energy bins happens within gamLike according to the
energy bins used in the various analyses. Eq. 43 holds for self-
conjugate dark matter particles, but can be easily adapted
to e.g. Dirac fermion dark matter by using the appropriate
prefactors as discussed in Sect. 6.1.

8 We note that a tool with a similar purpose, LikeDM [141], which
deals with both gamma rays and charged cosmic rays, has recently
been released.

9 http://opensource.org/licenses/MIT.
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Table 7 Likelihoods and J-factor treatment currently implemented in
gamLike, for dwarf spheroidals, the Galactic halo, the Fermi Galactic
centre GeV excess (GCE). J-factors are either calculated for the halo
model employed in the scan (“J-factor from halo model”) or derived

based on the dark matter profiles in the respective references (usually
regular NFW profiles, and a contracted NFW in the case of the GCE).
The CTA likelihood is a future projection

Instrument Target(s) Notes Energy range [GeV] References
Fermi-LAT 15 dSphs pass7 Composite likelihood; J-factor profiling 0.5 GeV-500 GeV [135]
Fermi-LAT 15 dSphs pass8 Composite likelihood; J-factor profiling 0.5 GeV-500 GeV [136]
H.E.S.S. Galactic Halo Single E-bin; J-factor fixed; NFW 265 GeV-30 TeV [137]
H.E.S.S. Galactic Halo Single E-bin; J-factor from halo model 265 GeV-30 TeV [137]
H.E.S.S. Galactic Halo Multiple E-bins; J-factor fixed; NFW 230 GeV-30 TeV [137]
H.E.S.S. Galactic Halo Multiple E-bins; J-factor from halo model 230 GeV-30 TeV [137]
Fermi-LAT GCE J-factor fixed; contr. NFW 0.3 GeV-500 GeV [138]
Fermi-LAT GCE J -factor marginalised 0.3 GeV-500 GeV [138,139]
Fermi-LAT GCE J-factor marginalised + 10% HEP syst 0.3 GeV-500 GeV [138,139]
Fermi-LAT GCE J-factor from halo model 0.3 GeV-500 GeV [138]
CTA Galactic Halo Morphological analysis; Einasto 25 GeV-10 TeV [140]

Various options for the so-called J-factors, which describe
the effective DM content of the targets, are included in gam-
Like as well. These make it possible to a marginalise or profile
over J-factor uncertainties. The implementation of the com-
bined dwarf limits from Ref. [136], for example, performs
a profiling over the J-factors of all 15 adopted dwarfs sep-
arately for determining the combined likelihood value. The
various implemented treatments are listed in Table 7.

6.2.2 gamlLike targets

Dwarf spheroidal galaxies with Fermi-LAT
Some of the most stringent and robust limits on the dark mat-
ter annihilation cross-section come from the non-observation
of gamma-ray emission from dwarf spheroidal Galaxies
(dSphs). The most recent and stringent constraints on
gamma-ray emission from dSphs from six years of data
of the Fermi Large Area Telescope (LAT) were derived in
Ref. [136], based on the new Pass 8 event-level analysis.
They performed a search for gamma-ray emission from the
sources and presented upper limits that in general disfavour
s-wave dark matter annihilation into hadronic final states at
the thermal rate for dark matter masses below around 100
GeV.

The results from Ref. [136] are available as tabulated
binned Poisson likelihoods.'? The composite likelihood from
the dSph analysis is given by

Nasph Nepin

InLoxp= Y Y InLii(P; - Jp). (44)

k=1 i=1
10" https://www-glast.stanford.edu/pub_data/1048/.
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Here Ngspn is the number of dwarf spheroidal galaxies
included in the analysis, and Nepin is the number of energy
bins to be considered. The partial likelihoods Ly; depend on
the predicted signal flux ®; - Ji. This is a product of the
particle physics factor

dN
@ = 70 f dE S (45)
8nmx AE;

which depends only on the gamma-ray yield per annihilation
dN, /d E and the zero-velocity limit of the annihilation cross-
section ((ocv)p = ov|y—0), and the astrophysics factor

Jk=/ dQ/ ds py . (46)
AQp l.o.s.

Here, AE; and A2, denote the energy bin i and solid angle
k over which the signal is integrated, m , is the mass of dark
matter particles and p, is the dark matter mass density in the
target object.

Our knowledge of the distribution of dark matter in dSphs
relies on Jeans analyses of the kinematics of member stars.
Following Refs. [136, 142], to a good approximation the cor-
responding uncertainties for the J-factors can be modelled
by a log-normal distribution,

Nasph

InL; =Y InN(ogg Jkllogy Ji. o1 . (47)
k=1

with parameters taken from Ref. [136], and N (x|u, o) being
a normal distribution with mean u and standard deviation o.

The halo and gamma-ray likelihoods can be combined by
profiling over the nuisance parameters Ji. The corresponding
profile likelihood is given by
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In £PF (@;) = max (InLexp +InLy) . (48)
1. Jk

dwarfs

An alternative is to marginalise over the nuisance parameters,
which yields the marginalised likelihood function

dwarfs

Lo (B;) = /dh codJg Loxp - L. (49)

The main results from Ref. [136] are derived using the
composite profile likelihood for 15 dwarfs, and this is what
we implemented in gamLike. Furthermore, for comparison,
we also implemented the older results from Ref. [135], which
are based on four years of pass 7 data. In both cases, the
energy range spans from 500 MeV to 500 GeV. The imple-
mented likelihoods are listed in Table 7.

Note that the effects of energy dispersion are neglected
when evaluating the constraints. Given that current con-
straints from a dedicated line search are much more con-
straining than the line limits that one can derive from dSph
observations, this limitation is of little practical consequence.
Implementing Fermi-LAT line search results is high on the
priority list for future versions of gamLike (see Sect. 8).

The ‘Fermi Galactic centre excess’

Gamma-ray observations of the Galactic centre with the
Fermi-LAT identified an extended excess emission at GeV
energies, which can be interpreted as a dark matter annihila-
tion signal (see e.g. [138,143-148]). Although the case for
millisecond pulsars as explanation for the excess emission
was strengthened in recent analyses [149,150], it remains
interesting to consider the consequences of various DM
explanations.

Ref. [138] presented a spectral characterisation of the GeV
excess that included estimates of systematic uncertainties,
which were derived from residuals along the Galactic disk.
These uncertainties are correlated over the different energy
bins. The corresponding likelihood function was approxi-
mated to be Gaussian, and has the form

1
InLgc = ~3 Z(]ch)i - fi)E,';I(JGCCDj - fi), (50)
ij

where f; denotes the measured flux in energy bin i, X;; is
the covariance matrix, and Jgc denotes the J-factor of the
Galactic centre Region-Of-Interest (ROI). The considered
energy range spans from 300 MeV to 500 GeV, and the ROI
covers Galactic latitudes 20° > |b| > 2° and longitudes
€] < 20°.

For the J-factors, the default behaviour is to employ the
value calculated from the halo model used in the correspond-

ing scan (see Sect. 3).1 1 Alternatively, one can choose a fixed
J-factor, J = 2.07 x 10?3 GeVZecm™>, corresponding to
a contracted NFW profile with inner slope y = 1.2 (see
Ref. [138] for details), or derive a marginalised likelihood
function assuming alog-normal distribution of J-factors with
mean 1.96 x 102> GeVZcm > and standard deviation of 0.37
(as done in Ref. [139], motivated by Ref. [151]).

Finally, we also included a likelihood function that (on
top of astrophysical uncertainties) includes an estimated 10%
uncorrelated systematic accounting for possible uncertainties
in the modelling of the DM signal spectrum. (This scenario
was considered in the work of Ref. [139], and we include
it here for completeness.) All the available likelihoods are
listed in Table 7.

Galactic centre observations with H.E.S.S.
For dark matter masses above several hundred GeV, the cur-
rent best limits on dark matter annihilation come from obser-
vations of the Galactic centre with the Air Cherenkov Tele-
scope H.E.S.S. [137], based on 112 hours of data. The limits
are derived from a comparison of the measured gamma-ray
fluxes in a search region within 1° of the Galactic centre,
and a background region just outside the inner 1°. Limits are
derived from the non-observation of an excess of gamma-ray
emission in the signal region over the flux measured in the
background region.

We model the corresponding likelihood function as a
Gaussian,

In Lygss =
Nebins si b
LR (Pilsig — e R = /75 = R 1)
2 Af? ’

i=1

where Jsigbg) denotes the J-factors in the signal (back-
ground) regions, fiSlg(bg) the corresponding fluxes in energy
bin i, and R = Qsig/ Qg is a geometrical rescaling factor
that depends on the angular size Qsig(bg) Of the signal (back-
ground) region. For the dark matter profile, we assume by
default the halo model employed in the corresponding scan.
Alternatively, one can use the NFW profile used in Ref. [137]
(local dark matter density of 0.39 GeVecm™ at 8.5kpc dis-
tance from the Sun).

In Ref. [137] limits are derived from a combination of all
energy bins into one single wide energy bin from 265 GeV
to 30 TeV. Using this same energy bin, we can reproduce the
results from that work. However, Ref. [137] also provides
enough information for a spectral analysis with 35 energy
bins in the range 230 GeV to 30 TeV, which we implemented
as well (see Table 7). It provides more accurate results in

11 Note that here only the overall flux within the region |¢| < 20° and
2° < |b| < 20° is rescaled. Variations in the signal morphology are not
taken into account in the current treatment.
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cases where the DM signal has a pronounced spectral struc-
ture (like the annihilation spectrum of t-leptons). However,
because the effects of energy dispersion are not included in
the present version of the likelihood, results obtained with
this likelihood should be interpreted with care. Spectral fea-
tures like gamma-ray lines should be constrained by results
from a dedicated line search.

Projected Galactic centre searches with CTA

As discussed in Ref. [140], the sensitivity of the future
Cherenkov Telescope Array (CTA) to diffuse emission from
DM annihilation will be not limited by statistics, but mainly
by systematic uncertainties in the differential detector accep-
tance within the Field-of-View (FoV), and by the modelling
of the Galactic diffuse emission. Ref. [140] addressed these
issues and proposed a combined morphological analysis of
the fluxes measured in different segments of the FoV. To this
end, it is (optimistically) assumed that the Galactic diffuse
emission can be modelled well up to an overall unconstrained
normalisation. The results of that work can be represented as
tabulated likelihood functions [152].

The corresponding likelihood function takes essentially
the form of Eq. 44 above, and covers energies between
25GeV and 10TeV. The halo model is fixed to the Einasto
profile with local density p, = 0.4GeV cm ™3, used in the
original analysis (since this analysis was taking into account
morphological information, it is for the projected CTA limits
currently not possible to adopt the general halo model that is
used in the scan). Further details about the adopted detector
response, Galactic diffuse emission model and DM profile
can be found in [140].

6.2.3 Library interface (API)

The gamLike library interface is the same for all imple-
mented experiments. There are four relevant functions that
can currently be called:

— void set_data_path(const std::string & path)
Sets the path to the data files

— void init(experiment_tag)

Initialise the likelihood for experiment_tag

— double 1nL(experiment_tag,
const std::vector<double>& E,

const std::vector<double>& dPhidE)
Retrieve log-likelihood In £ for experiment tag, given
the tabulated d®/d E as in Eq. 43

— void set_halo_profile(int mode,
const std::vector<double>& r,
const std::vector<double>& rho, double dist)

Initialise the Galactic halo model

The experiment_tag is a C++ enum that corresponds to
one of the likelhoods listed in Table 7. The relevant func-
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tions and the enum are declared in gamLike.hpp, and a C-
compliant API for e.g. linkage with Fortran code is available
in gamLike_C.hpp.

The range over which d®/dE is tabulated should cover
the energy range of the activated experiments as shown in
Table 7. Outside of the tabulated range it is assumed to be
zero. The integration over energy bins is a simple trapezoidal
integration based on the tabulation grid. This has the advan-
tage that spectral features can be arbitrarily well resolved,
provided the user chooses a fine enough grid in the critical
energy range (but we note again that energy dispersion effects
are not currently included in gamLike).

6.3 Implementation of indirect detection in DarkBit
6.3.1 The Process Catalogue

One of the central structures in DarkBit is the ‘Process Cata-
logue’. Thisis an object of C++type DarkBit: :TH Process
Catalog. Functions able to generate the Process Cata-
log (Table 13) have capability TH ProcessCatalog. The
Process Catalogue carries all relevant information about
the decay and annihilation of particles. This information
is mainly used to calculate dark matter annihilation rates,
gamma-ray and neutrino yields for indirect searches. It can
also be used for relic density calculations, although in this
case coannihilation processes are currently not supported.
The information from the Process Catalogue is also used in
the cascade annihilation Monte Carlo, which we discuss in
Sect. 6.3.4.

The Process Catalogue is a simple C++ struct. The inter-
nal structure is most easily summarised using the following
nested list.

Process Catalogue:

e Processes

— Initial state: x x
e Channels
. 5b:genRate
. uﬂ]L_y:genRate

® genRateMisc
— Initial state: hg
o ...

e Particle properties

— X:mass, spin
0. :
— hj: mass, spin

For a detailed example of how to set up the catalogue
and access data within, we refer the reader to the source
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Table 8 Overview of the various definitions of the generalised rate
genRate, for different possible processes in the Process Catalog. Note
that genRate is a daFunk: : Funk object with the indicated param-
eters. See main text for details

genRate Units Parameters Process

r Gev~! - 2-body decay
dgfll;,‘l Gev™? "E", "ELT 3-body decay
(ov) cm?s~! B 2-body ann.
7{1‘%‘;?1 Cm3 571 GBV_2 ngEm , "Rl , nyn 3-b0dy ann.

code of the DarkBit_standalone WIMP example program
described in Sect. 7.2.

The Process Catalogue carries a list of annihilation and
decay processes. Each process has one (decays) or two (anni-
hilations) initial states, and a list of decay/annihilation chan-
nels. Each channel consists of a list of two or three final state
particles (more than three final state particles are currently not
supported), as well as the specific rate for that channel given
by genrate, which has type daFunk: : Funk (see Appendix
B for details). It provides information about the decay width
or the annihilation cross section of the described process.

In the case of two-body decay, genrate is simply a con-
stant that equals the decay width T" in GeV (cf. Table 8).
In the case of two-body annihilation, it is the annihilation
cross-section (o v), given as a function of the relative veloc-
ity "v". For three-body decays, genrate refers to the differ-
ential decay width, which is a function of the two kinematic
variables "E" and "E1", corresponding to the energy of the
first and second final state particles, respectively. In the case
of three-body annihilation final states, genrate refers to the
differential annihilation rate, and has an additional depen-
dence on the relative velocity "v" (as in the two-body case).

Lastly, each process also has a genrateMisc, which
describes additional invisible contributions to the decay
width or annihilation cross-section that are not associated
with a specific channel, but can affect relic density calcu-
lations. The different roles of genrate are summarised in
Table 8. Note that genrateMisc enters the calculation of
Wegr from the Process Catalogue (if this how the user has
chosen to obtain Wegr), but does not directly affect annihila-
tion yields.

Besides the list of processes, the catalogue also comes
with a list of particle properties relevant for its processes.
This section of the catalogue maps particle IDs onto particle
masses and spin. Masses are required for calculating decay or
annihilation kinematics. The remaining information is cur-
rently unused, but has obvious potential future applications.

We stress that channels involving three-body final states
are conceptually different from those with two-body final
states, because they cannot be implemented independently
from the two-body states, unless the contribution from any

of the associated two-body processes is absent or strongly
suppressed. (An example of the latter situation is virtual
internal bremsstrahlung from neutralinos annihilating to light
fermions [109].) In general, three-body final states provide a
correction to the tree-level result, and genrate hence returns
the difference between the full NLO spectrum and the spec-
trum at tree level. The output can therefore be positive or
negative. This implies that setting up many-body final states
in the Process Catalogue requires detailed knowledge of how
the tree-level annihilation or decay spectrum is defined.'?

While the structure of the Process Catalogue in principle
allows one to take into account all possible radiative correc-
tions (with the above caveats in mind), currently only three-
body final states involving hard photons are included explic-
itly in the Process Catalogue. Contributions from the decay
and/or fragmentation of (on-shell) final state particles can be
obtained either from tabulated yield tables (Sect. 6.3.2) or
via DarkBit’s own Fast Cascade Monte Carlo (FCMC; Sect.
6.3.4).

6.3.2 Gamma rays

As discussed above, the calculation of annihilation or decay
spectra often involves tabulated results from event generators
like Pythia [156]. In order to allow maximal flexibility with
the adopted yield tables, DarkBit provides access to tabulated
yields using a general structure called simvieldTable. Cur-
rently, this structure makes it possible to import spectra from
the DarkSUSY and micrOMEGAs backends,'? but can eas-

12° Final state radiation of photons and gluons, for example, is often
argued to contribute to the ‘model-independent part’ of the three-body
spectrum, and to therefore typically be included already in tabulated
yields from two-body final states obtained by Monte Carlo simulation.
Sometimes even electroweak final state radiation is added following a
similar philosophy [42]. In general, however, all these contributions are
highly model-dependent and can differ substantially from the ‘model-
independent’ results [153—155]. For gqg final states, for example, the
change in the normalisation of g¢ final states due to loop corrections at
the same order in oy must also be included for consistency [153]. For
three-body final states involving Higgs or electroweak gauge bosons, it
is challenging to even define the contribution from a single annihilation
or decay channel in a consistent way [154,155]. Although this can of
course always be done formally for the sake of fitting into the structure
of the Process Catalogue, no particular physical significance should be
associated with any individual channel in that case. Rather, only the sum
over all three-body channels provides a meaningful correction (to the
total tree-level yield resulting from the sum over all associated two-body
channels).

13 If the YAML option allow_yield_extrapolation is setto
true, the spectra from these backends are extrapolated to dark matter
masses that have not been covered by the corresponding Pythia runs. By
default, extrapolation is not performed, in which case the DM mass is
limited to values below 5 TeV both for DarkSUSY and micrOMEGAs,
while there is a lower limit of 10GeV for DarkSUSY and 2 GeV for

Footnote 13 continued

micrOMEGASs. Setting the flag to true allows for DM masses of
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ily be extended to other sources. The information carried by
a simvieldTable is summarised in the following.

SimYieldTable:

e Channel list

— bb: dNdE, Ecm_min, Ecm_max
- /L+/,L_: dNdE, Ecm_min, Ecm_max

Each one- or two-particle spectrum is defined by the ID(s)
of the initial particle(s), the ID of the tabulated final-state
particle (currently only gamma-rays are implemented), and
the centre-of-mass energy range for which the tabulated
spectrum is available. The spectrum itself is conveniently
wrapped into a daFunk: : Funk object (like genrate above,
see Appendix B for more details). We emphasise that this
object does not, in most cases, directly carry the tables from
DarkSUSY or micrOMEGAs, but is merely a convenient
and flexible wrapper that directly calls the corresponding
backend functions.

In extreme cases, the tabulated yields implemented in dif-
ferent dark matter codes can differ substantially — mostly
due to being based on different (versions of) event genera-
tors, but also due to different methods (or the absence of a
method) for including contributions from higher-order pro-
cesses. With the above structure, DarkBit offers a flexible
and convenient way to select the desired yields and switch
between them for detailed comparisons.

The gamma-ray yield is calculated by module functions
with the capability ca_annvield, based oninformation from
both the ProcesscCatalog and the SimvieldTable. These
are outlined in Table 19. Note that the resulting spectra are in
general only partially based on the simvieldTable, and can
also make use of analytic expressions for e.g. three body final
states, or include results from the FCMC (Sect. 6.3.4). The
result of CA_AnnvieldisadaFunk: : Funk object. It refers to
the physical expression m;z -ov-dN/dE, which is equiv-
alent to Eq. 43 up to a factor of 8z . It is a function of the
photon energy "&" and of the relative velocity "v" (currently,
only the v = 0 case is used for actual likelihood evaluations;
adding velocity-dependent effects is planned for the near
future). Note that the function object is in general a compos-
ite object that wraps various DarkSUSY and micrOMEGAs
functions providing e.g. tabulated yields or differential cross-
sections for three-body final states. Calling this generalised
function at different values of E or v calls all of these back-
end functions behind the scenes, sums up and rescales their
results, and performs phase space integrations if necessary.

up to 1PeV and down to the mass of the final state particle both for
DarkSUSY and micrOMEGAs.
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Fig. 3 Example spectra generated with DarkBit, using tabulated 2-
body final states from DarkSUSY and micrOMEGAS, line-like spec-
tra assuming an energy resolution of 3%, and a benchmark case from
MSSM neutralino annihilation in the stau-coannihilation region. The
DM mass is m, = 226 GeV (neutralino) or m, = 100GeV (all other
cases)

Note that the calculation of gamma-ray spectra often involves
internal integrations (over 3-body phase space, or for boost-
ing spectra into the lab frame). In cases where the integrations
fail, a warning is issued, and the integration returns zero (see
Appendix B). This implies that derived upper limits are in all
cases conservative.

If results from the FCMC are required, the Monte Carlo
simulation is automatically run before the cA Annvield
module function (see Sect. 6.3.4). It is the job of mod-
ule functions with capability GA missingFinalStates to
determine, by comparing Process Catalogue entries and the
SimvyieldTable, for which final states the cascade annihila-
tion Monte Carlo is necessary.

In Fig. 3, we show a number of annihilation spectra gener-
ated with GA_Annvield, comparing the yields obtained from
various backends, including line features. The processes are
indicated in the legend of the figure. One of the spectra shown
in Fig. 3 corresponds to annihilation into Z°y final states. The
actual spectrum is calculated as combination of a monochro-
matic y and the gamma-ray yield from decay of a single Z°.
The latter is approximated by the tabulated spectrum from
threshold decay into Z°Z final states, with the photon yield
divided by two.

Gamma-ray likelihood functions in DarkBit make use of
the backend gamLike (see Sect. 6.2 and Table 7). As detailed
in Table 20, the resulting likelihoods are wrapped in vari-
ous DarkBit module functions, with one capability for each
experiment-target pair. The different options concerning J-
factors or the version of a measurement can be selected with
the run-time option version in the YAML file. The list of
available capabilities and modes is:
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— 1nL_FermiLATdwarfs (version = "pass7", "pass8"),

— 1nL_FermiGC (version = "fixedJ", "margJd",
"margd_HEP", "externalJ"),

— 1nL_HESSGC (version = "integral_ fixedJ",

"spectral_fixedd", "integral_externald",

"spectral_externald"),

— 1nL_cTacc ().

6.3.3 Neutrinos

The different neutrino indirect detection capabilities of
DarkBit are summarised in Table 21. The capabilities that
describe the relevant WIMP properties are listed in Table 14.

The neutrino routines in DarkBit use the DM mass and
nuclear scattering cross-sections to first calculate the DM
capture rate in the Sun (capability capture rate sun). The
canonical way to do this is to call the corresponding func-
tion from DarkSUSY, which (at least in v5.1) assumes the
AGSS09ph solar density profile [157,158], and does not dis-
tinguish between scattering on protons and neutrons. DarkBit
uses the ST and SD cross-sections on protons for this purpose.

The capture rate is then used together with the late-
time annihilation cross-section to solve Eq. 42 for the
equilibration time f, and annihilation rate (capabilities

equilibration_time_Sunandannihi lation_rate_Sun).

Together with the contents of the ProcessCatalog, the anni-
hilation rate is used to prime the calculation of the neutrino
spectrum at Earth (essentially by setting appropriate common
blocks in DarkSUSY with annihilation and Higgs decay
information), producing a pointer to a function in Dark-
SUSY that can return the neutrino yield at the IceCube detec-
tor (capability nuyieldfptr).m

This pointer is passed to nulike [17], which uses it to con-
volve the predicted differential neutrino flux with the var-
ious IceCube detector response functions, and evaluate the
overall neutrino telescope likelihood for the model. DarkBit
provides individual likelihoods from each of the three inde-
pendent event selections included in the original 79-string
IceCube analysis [134]: winter high-energy (WH), winter
low-energy (WL) and summer low-energy (SL). The com-
bined likelihood from all three of these searches is provided
under the capability 179 loglike; the individual likeli-
hoods correspond to TC79WH _loglike, IC79WL_loglike
and 1¢79SL_loglike. The earlier 22-string likelihood [133,
159] is also available as Tc22_1oglike, and combined with
all 79-string likelihoods as simply TceCube likelihood.
More information about these capabilities is available in
Table 22.

14 The neutrino yield can also be calculated using routines in
micrOMEGAs, but these functions are currently not backended in
GAMBIT. We plan to add the ability to use them as an alternative to the
DarkSUSY calculation in a future version of DarkBit.
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Fig. 4 Comparison of different limits obtained from 79-string IceCube
data using nulike, with different speed settings. The default is 3, but
the speed setting is configurable from the master YAML file via the
module function option nulike_ speed

When combining different search regions like this, we
work with an effective log-likelihood defined as the differ-
ence between the actual log-likelihood and the log-likelihood
of the background-only model."> We also impose a hard
upper limit of zero to this effective likelihood, to prevent
overfitting of spurious features at low energies, where the
IceCube limits degrade steeply and the instrumental response
functions (especially in energy) are least well understood.
This has the impact of preventing exclusion of the back-
ground hypothesis, in much the same way as the C Ly method
[160,161].

The nulike speed parameter can be chosen from the mas-
ter initialisation file, by setting the module function option
nulike_ speed. The default is 3. For production scans, we
run nulike with this default, as this allows OpenMP-enabled
neutrino likelihood evaluations for models with appreciable
signal fractions to be achieved in walltimes of order one sec-
ond. Parameter combinations resulting in negligible signal
fractions run much faster, so the mean runtime is well below
a second. This does come with an accuracy cost; Fig. 4 com-
pares the accuracy of some example limits obtained with the
different speed settings.

15 This is the same strategy as employed by ColliderBit in combin-
ing different LHC searches; more information on the procedure can be
found in that paper [11]. This case is somewhat simpler than the Collid-
erBit one, as we do not allow different signal region combinations for
different model parameter values, given that the IceCube event selec-
tions are statistically independent by construction. Also unlike the LHC
searches implemented in ColliderBit, here the different signal regions
do not come with different numbers of counting bins — each has exactly
one such ‘bin’, the Poisson counting term at the front of its likelihood
function — but different event selections do bring different numbers of
event terms into the unbinned part of the likelihood function [17].
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Following the original nulike paper [17], we assume a flat
theoretical error on the predicted neutrino yield of 5% for
DM masses below 100 GeV, rising logarithmically to 50% at
masses of 10TeV, and onward at even higher masses. This
form of the error term is designed to account for neglected
higher-order contributions and round off errors, present at all
masses, and the increasing error introduced by DarkSUSY’s
interpolation in its WimpSim tables with increasing mass
above ~100GeV.

As side products of the various likelihood calculations,
DarkBit also provides module function access to various
related nulike outputs for the different analyses (Table 22).
For x € {1c22, Tc79wH, 1C79wWL, T1C79sL}, these are:

X _signal The predicted number of signal events (from
DM annihilation in the Sun).

X_bg The predicted number of background events.
X_nobs The total number of observed events.

X bgloglike The likelihood for the background-only
model.

X_pvalue A simple p-value for the model, based only on
the number of events observed in the individual analysis,
i.e. discarding event-level information.

These are all extracted from nudata objects, which are
returned by functions with capabilities X_data.

6.3.4 Fast Cascade Monte Carlo (FCMC)

In DarkBit, the calculation of gamma-ray yields from cas-
cade decays is implemented as a Monte Carlo, as the kine-
matics of long decay chains are too complicated to handle
analytically. Codes like DarkSUSY, for example, take sim-
plified angular averages over decay phase spaces.

The cascade decay code has two main parts: a decay chain
Monte Carlo and an accompanying analysis framework. The
Monte Carlo code generates random decay chains based on
relative branching fractions for individual decays. Currently,
all particles in the decay chain are assumed to be on-shell,
and only two-body decays are allowed in each step of the
chain. Furthermore, spin correlations are neglected. The anal-
ysis framework interpolates the resulting histograms and cre-
ates wrapper functions for these interpolated spectra, which
can be used in e.g. GA_Annvield in order to derive the total
annihilation yield. The generation of decay chains, and the
following analysis steps are fully OpenMP-enabled. Each
available CPU core independently generates and analyses
events.

As mentioned in Sect. 6.3.2, it is the responsibility of each
module function with capability GA missingFinalStates
to deterime, by comparing Process Catalogue entries with the
SimvieldTable, for which initial state particles gamma-ray
yields are required. The FCMC then generates decay chains
for each of the identified initial states by Monte Carlo.
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The decay chains in DarkBit are implemented as a doubly-
linked tree: each particle in the decay chain is represented by
aninstance of aclass named chainpParticle, which contains
pointers to its parent particle, and any child particles (decay
products). A decay chain is generated by first creating an ini-
tial state ChainpParticle, which is initialised using a decay
table containing relevant masses and decays for all particles
that can occur in the cascade. The ChainParticle class fea-
tures a member function named generateDecayChainMc,
which recursively generates a decay chain. The function uses
the FCMC-internal decay table (see below) to select a decay
from the list of possible processes, using probabilities given
by the relative branching fractions for the allowed decays.'®

The recursive decay continues until particles that are stable
or have pre-computed decay spectra are reached, or until one
of the pre-defined cutoff conditions is reached. These cutoff
conditions are the maximum number of allowed decay steps,
as specified by the YAML option cMC_maxChainlength, and
acuton the lab frame'” energy of the decaying particle, spec-
ified by the YAML option cvc_Emin. The cutoff is triggered
by whichever of these two conditions is reached first.

Once a full decay chain has been generated, the final state
particles of the chain are collected and analysed, and final
states of interest are histogrammed. Tabulated final state
spectra are boosted to the lab frame. To this end, we sam-
ple photon energies from the tabulated spectra, boost these
to the lab frame, and add the corresponding box spectra to
the result histogram.

In the remaining part of this section, we provide infor-
mation about the implementation in DarkBit. The relevant
functions and capabilities are summarised in Tables 23 and
24. The module function cascadeMC_FinalStates pro-
vides a list of string identifiers ("gamma", "e+",
etc) that indicate which final states need to be calculated.
This list can be set in the master YAML file using the
option cMC_finalStates. The default (and currently only
supported) option is a list with the single entry "gamma".
The function cascadeMC_DecayTable generates an FCMC-
internal list of all relevant decays (based on the con-
tent of the Process Catalogue). Next, the loop manager
cascadeMC_LoopManagement runs a sequence of mod-
ule functions with capabilities cascadelC_InitialState

"pbar "

—> cascadeMC_ChainEvent — cascadeMC_Histograms
— cascadelMC_EventCount that takes care of generat-
ing the Monte Carlo samples and histograms. Finally,
cascadeMC_gammaSpectra uses the histogram results to
generate interpolating daFunk::Funk objects, which are
used in GA_Annvield.

16 Relative, as the branching ratios of the two-body decays may not
always sum up to one.

17 Lab frame’ means the rest frame of the initial state in the cascade.
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Various options are available to tune the FCMC. We list
them here, with default values in square brackets.

cascadeMC_LoopManagement:

int cMC_maxEvents[20000]: sets the maximum
number of MC runs per point.

cascadeMC_GenerateChain:

int cMC_maxChainLength[-1]: the maximum
number of decay steps to consider. A value of -1
indicates that no maximum should be applied.

double cMC_Emin[0.0]: the minimum lab-frame
energy of particles to be tracked, in GeV.

cascadeMC_Histograms:

Histogramming options:
int cMC_NhistBins[140]: number of logarith-
mic bins of the generated histogram.
double cMC binLow[0.001]:thelowestenergy
in GeV of the generated histogram.
double cMC_binHigh[10000]: the highest
energy in GeV of the generated histogram.
int cMC_numSpecSamples[25]: the number of
samples to draw from tabulated spectra.
Convergence criteria:
double cMC_gammaRelError[0.20]: the max-
imum allowed relative error in the bin with the
highest expected signal-to-background ratio.
double cMC_gammaBGPower [-2.5]: power—law
slope to assume for astrophysical background
when calculating the position of the bin with
the highest expected signal-to-background ratio.
int ¢MC_endCheckFrequency[25]: the num-
ber of events to wait between successive checks
of the convergence criteria.

Note that if cMC_maxEvents is exceeded in cascadeMC
LoopManagement before convergence is reached in
cascadelMC_Histograms, the Monte Carlo will terminate
before any convergence criteria are met.

We show example spectra generated with the FCMC in
Fig. 5. These which were set up using the DarkBit WIMP
standalone discussed in Sect. 7.2. Specifically, we set up a
pair of DM particles annihilating to two scalars, x x — ¢1¢2,
where ¢ decays to a pair of photons and ¢» to bb. In the rest
frame of ¢, the resulting photons are monochromatic; in
the galactic rest-frame of the annihilating DM particles, this
leads to a flat “box" feature with the following spectrum (see
e.g. [110]):

WNooyy _ 2 o0
- 14

dE AE — Emin)0 (Emax — Ey)~ (52)
14

10° 3
102 3
10t 3

10° 3

E2dN/dE [GeV]

10_1'5

1072 4

XX = G162 d1 — ¥Yi 2 — bb

1073

10° 10t 102
E [GeV]

Fig. 5 Gamma-ray spectra from DM cascade annihilation, generated
with the DarkBit FCMC. DM patrticles, x, annihilate into bosons ¢
and ¢, which decay, respectively, in photon pairs and bottom quark
pairs. For all lines, we assume m, = 100GeV and my, = 100 GeV.
The mass of ¢ varies between mg, = 10, 30, 50, 70, 90 GeV (with the
lowest mass corresponding to the magenta line with the pronounced
box-like feature on the right)

Here, 6 is a step function, AE = Emnax — Emin and

Emas.min = (Egy /2) (1 /1 = mi3 /E3, ) (53)
where
Ey = m, [1 +(m3, — mgz)/(4m§)] (54)

is the energy of ¢. These boxes are clearly seen in Fig. 5,
with endpoints and normalisation of the numerical results
agreeing nicely with the above analytical expression.

The decay ¢» — bb produces a continuum spectrum of
photons from the tabulated yields of bb final states. Com-
pared to the direct annihilation of DM to bb, as in XX — bb,
the form of the resulting photon spectrum is roughly retained
but the peak (in £ )%d N/dE,) is shifted down by a factor of
about 2 in energy [162] — essentially because each of the
quarks now has on average only half the kinetic energy at its
disposal. This part of the spectrum is clearly visible in Fig. 5
as the “background” of the box feature discussed above. At
high energies, this part of the FCMC-produced spectrum
is also seen to be affected by the mass of ¢ (for constant
mg, = my = 100GeV). The reason is that the largest pho-
ton energy kinematically available from ¢, — bb is given
by Emax as provided in the expression after Eq. 52, with ¢
and ¢; interchanged. Again, this is in agreement with the
location of the cutoff visible in the figure.

We finally note that the cascade code in the current form
does not handle off-shell decay, and neglects the finite widths
of particles in the kinematics.
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Table 9 Central points of spokes plotted in Fig. 6. All of the parameters
of the MSSM 7 are defined at an energy scale of 1 TeV

Model Parameter Value
Singlet DM AnS 0.03
mg [GeV] 90
CMSSM My [GeV] 3075
My [GeV] 465
tan 51
Ap [GeV] 1725
sign(u) +
MSSM 7 M, [GeV] 690
my;, [GeV?] 9.86 x 107
m3, [GeV?] 1.4 x 10*
tan 23
m% [GeV?] 3.8 x 10°
Agq [GeV] 1000
A, [GeV] 2680
sign() +

Table 10 Ranges that parameters are varied over in Fig. 6. All of the
parameters of the MSSM 7 are defined at an energy scale of 1 TeV

Model Parameter Range
Singlet DM Ans [0.01, 0.05]
ms [GeV] [70, 110]
CMSSM My [GeV] [2840, 3310]
M, [GeV] [340, 590]
MSSM 7 M> [GeV] [450, 850]
my;, [GeV?] 9.2 x 107, 1.03 x 10%]
7 Examples

In this Section we present a few selected examples that illus-
trate the scope and potential applications of DarkBit. At the
same time, these examples serve as validation tests of the
code.

7.1 CMSSM, MSSM and Singlet DM

To demonstrate the ability of DarkBit to calculate observ-
ables and likelihoods, we undertake a number of simple
grid scans using the grid scanner [14]. For these demon-
strations, we consider the parameter spaces of the CMSSM
[163], MSSM7 [164] and scalar singlet DM [165] mod-
els. For each model, we choose 2 parameters that are
particularly relevant for dark matter phenomenology. The
parameters and their ranges are shown in Table 10. We
vary only one parameter at a time, whilst keeping all oth-
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ers fixed at the values shown in Table 9, leading to a
scan over two “spokes” in parameter space for each model
(Fig. 6).

For each point in the scan, we calculate spin-independent
and spin-dependent DM-proton scattering cross sections,
velocity-averaged DM annihilation cross sections at late
times, and the DM relic density. For all of these observ-
ables, we also calculate a corresponding experimental likeli-
hood using an appropriate backend code included with Dark-
Bit: the LUX 2013 likelihood from DDCalc (Sect. 5.2),
the IceCube 79-string likelihood for WIMP annihilation in
the Sun from nulike (Sect. 6.3.3), and the stacked dwarf
spherodial likelihood based on six years of Fermi data from
gamLike (Sect. 6.2.2). For the relic density, we calculate
the simple Gaussian likelihood based on the best fit value
from the Planck analysis [1] described in Sect. 4.3. The
results of these scans are shown in Fig. 6, where the colour-
coding of the points represents the likelihood value. For
comparison, we plot the limits from corresponding anal-
yses from the LUX [75], IceCube [17], and Fermi [136]
collaborations. For the relic density, we plot the Planck
best fit value and its 20 uncertainty. In all cases, the like-
lihoods calculated by DarkBit and its associated backends
agree with the results from the experimental collabora-
tions.

7.2 Effective WIMPs

In order to further illustrate some of the functionality of
DarkBit, and to show how DarkBit can be used without a
full scan in GAMBIT, DarkBit ships with three example stan-
dalone programs. One of them, DarkBit_standalone_ WIMP,
shows how to set up and calculate various observables for
a simple WIMP model, in which the three parameters are
the WIMP mass and the cross sections for WIMP self-
annihilation and WIMP-nucleon scattering. We will discuss
this example here in some detail. Further examples specific
to singlet dark matter and the MSSM can be found as well;
the MSSM example will be discussed in the next subsection.

All of the model specifics for the standalone example are
specified in only three module functions. These are defined
as QUICK_FUNCTIONS at the beginning of the source file of
the example. One function, DarkMatter ID_wWIMP, simply
returns the string identifier for the WIMP particle. Another
function, DD_couplings WIMP, sets up the direct detection
couplings. In the present example, these are entirely deter-
mined by module function options. The most complex func-
tion is the function that sets up the Process Catalog for the
given example, TH _ProcessCatalog wivp. Besides the rel-
evant processes, the masses and spins of the participating
particles also have to be defined. Furthermore, we define a
few functions to dump gamma-ray annihilation spectra into
ASCII tables.
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Fig. 6 Tracks in observable space corresponding to spokes in model
parameter space. The arrows point in the direction of increasing param-
eter values. Clockwise from the top-left, panels show the DM relic
density, spin-independent and spin-dependent DM-proton scattering
cross sections, and the velocity-averaged DM annihilation cross sec-
tion. Points are colour-coded with a Gaussian likelihood based on the
Planck 2015 analysis, the LUX 2013 likelihood from DDCalc, the Ice-

In the main part of the code, different options are avail-
able that illustrate how to calculate annihilation yields for
various final states and DM masses. Furthermore, the stan-
dalone example has the ability to calculate tables of like-
lihoods for Fermi-LAT/HESS/CTA indirect detection and
direct detection experiments as functions of the dark mat-
ter mass and the annihilation or scattering cross section; we
show the corresponding upper limits in Figs. 7, 8 and 9.
These are 95% CL upper limits (obtained at A21n £ = 2.71)
in Fig. 7, as is customary for indirect searches, and at
90% CL in Figs. 8 and 9, as is typical in direct detection.
For the direct detection limits, we determine the 90% CL
value for A2In L from the Poisson upper limit on the
expected number of events. For low statistics this value
can be substantially larger than A2In £ = 1.64, the value
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Cube 79-string likelihood from nulike, or the Fermi dwarf spherodial
likelihood from gamLike respectively. The darkest blue points corre-
spond to likelihoods below the smallest value shown in the colour bars.
For comparison, we also plot the limit from the corresponding analyses
done by the experimental collaborations. For the relic density, we show
the Planck best-fit value for 242 and its 20" (experimental) uncertainty

obtained in the asymptotic limit. The agreement between
the official limits and those calculated with the standalone
show that known results can be easily reproduced. The
standalone example can also be used to calculate simi-
lar tables for the relic density. With this output, in Fig.
7 we indicate the cross-section for which the relic den-
sity reaches Qxhz = 0.1188, the preferred value from
Planck [1].

7.3 Comparing DarkSUSY and micrOMEGAs

DarkBit offers the unique possibility to easily compare dif-
ferent numerical codes for the computation of DM properties
in a well-defined and consistent way. For illustration, here
we focus on DarkSUSY [15] and micrOMEGAs [167]. We
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Fig. 7 Simple WIMP results obtained with DarkBit. The green and
red solid lines represent 95% CL upper limits on bb and t¥ 7z~ final
states from Fermi pass 8 observations of dwarf spheroidal galaxies
as calculated by DarkBit, while the dashed lines represent the corre-
sponding limits reported by the Fermi collaboration [136]. The magenta
and yellow solid lines show the HESS and projected CTA GC limits,
and the dashed lines the published results from Refs. [137,140] (dif-
ferences are due to differences in the adopted photon yields). The blue
solid line shows the 99.7% CL contour for our Fermi GC likelihood.
Finally, the solid black line represents the values of ov that reproduce
(for s-wave annihilation) a DM density of Q.h? =0.1188
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Fig. 8 Limits on the spin independent DM-nucleon scattering cross
section from SuperCDMS, LUX, and PandaX at 90% CL. The solid
curves are the limit determined using DarkBit and the dashed curves
are the official limits from the collaborations [73,75,76,78]

stress, however, that it is straightforward for users to perform
similar comparisons for essentially any other numerical code,
simply by adding it as a backend to GAMBIT.

The ability of DarkBit to facilitate these comparisons
for the MSSM is demonstrated in the example program
DarkBit_standalone_MSSM. This program takes an SLHA
file (including a DECAY block, if present) as input and cal-
culates the relic density and DM-nucleon scattering cross
sections using both DarkSUSY and micrOMEGAs. Anal-
ogously to DarkBit_standalone_WIMP, it also calculates
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Fig. 9 Limits on the spin dependent DM-proton scattering cross sec-
tion from PICO-2L, PICO-60L, and PandaX at 90% CL. The solid
curves are the limits determined using DarkBit and the dashed curve
are the official limits from the collaborations [79,80, 166]

likelihoods for the relic density, direct detection experiments,
and indirect searches in neutrinos and gamma rays. The stan-
dalone shows how it is possible to change the source of the
theoretical inputs for these likelihood calculations (such as
the DM-nucleon coupling in the case of direct detection) by
just changing a single line of code.

As a demonstration of the sorts of comparisons possible,
we have chosen some benchmark MSSM'® model points that
can cause difficulties in the calculation of the relic density
due to coannihilations or resonances. Details of the points are
given in Table 11. We generated SLHA files for each of these
model points (including pEcay blocks) using SpecBit and
the standalone example 3-BIT-HIT [13], which we then fed
into DarkBit_standalone_MSSM. These SLHA files can be
found in the DarkBit/data/benchmarks/ directory of the
GAMBIT distribution. In GAMBIT 1.1.0, which was used to
find the results presented here, DarkBit_standalone_MSSM
by default calculates the relic density with the YAML
option fast set to set to O (corresponding to a more
accurate calculation) in both RD_oh2 MicrOmegas and
RD_oh2_Darksusy. The options loop and box are set to
true in DD_couplings_Darksusy and DD_couplings
_MicrOmegas respectively, so that all available loop correc-
tions are used in each backend.

Results of the calculations can be seen in Table 12. While
the values of 242 from the two backends agree well for some
of the benchmarks, in others there are significant differences.
In particular for benchmarks 1-4, where there is resonant
annihilation via the A° or £, the relic density is substantially
higher when the calculation is done using DarkSUSY. This
can be traced to the fact that the micrOMEGAS (o ver) at

18 Here we use the MSSM7; see Ref. [10] for the definition of this
model, and Ref. [164] for a thorough treatment of its phenomenology
and present status.
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Table 11 MSSM7 points used as benchmarks for comparisons between
DarkSUSY and micrOMEGASs (see Ref. [10] for the definition of the
model). The sign of u is positive for all points and the parameters are

defined at an energy scale of 1 TeV. As shown in the description column,
the points were chosen to have different types of processes contribute
to the relic density calculation

Model

Description

M; (GeV)

ml;,d (10° GeV?)

m%,u (10° GeV?)

tan 8

me (10° GeV?)

Ag (GeV)

Ay (GeV)

1

Resonant annihilation
via A%, gaugino-like
neutralino

Resonant annihilation
via A%, mixed
neutralino

Resonant annihilation
via A, Higgsino-like
neutralino

Resonant annihilation
via h

T coannihilations

3442

2224

3283

—659.0

—681.8
2631

—10.86

—0.007416

6.904

27.52

94.43
4.369

10.07

—9.361

—8.602

—0.4085

—1.667
—4.448

17.25

42.63

39.22

21.68

9.798
7.760

71.45

87.23

73.11

4.309

0.4103
11.52

9588

3019

—5453

9870

69.60
9993

—5886

—3716

—2963

4565

—1471
—5103

f coannihilations,
gaugino-like
neutralino

7 f coannihilations, mixed 2323 4.169

neutralino

8 f coannihilations, 2316 4.164
Higgsino-like

neutralino

9 Chargino 1582 8.029

coannihilations

—2.222

—2.072

—2.938

9.283  8.899 9617 —4472

11.44  8.560 229.2 —3976

45.01  42.07 —1255 —768.3

Table 12 The dark matter relic density and proton-scattering cross-
sections, both spin-independent and spin-dependent, for a range of
MSSM model points. The model points are defined in Table 11.

All quantities were calculated with DarkBit_standalone_MSSM
using both the DarkSUSY and micrOMEGAS backends

Model Qh? os1,p [107%6cm?] osp,p [1073cm?]
DarkSUSY micrOMEGAs DarkSUSY micrOMEGAs DarkSUSY micrOMEGAs

1 0.1545 0.09471 9.817 10.88 1.332 1.263

2 0.01617 0.008546 166.5 186.6 61.14 58.01

3 0.05888 0.03355 189.5 211.1 32.88 31.21

4 0.002318 0.001480 25.50 26.28 5272. 5002.

5 0.1110 0.1094 10.45 7.011 0.06781 0.06170
6 0.02290 0.02410 3.367 3.745 0.7975 0.8305
7 0.004982 0.003623 198.0 218.7 41.34 39.00

8 0.006317 0.004722 250.0 273.9 55.69 52.61

9 0.003008 0.003131 8.749 8.869 192.4 182.6

temperatures around freeze-out for these points is consis-
tently larger than the DarkSUSY result. The fractional dif-
ferences are largest on the resonance; adjusting m 4, or my,
away from 2m ,, leads to much better agreement between the
two codes. The ultimate source of this discrepancy should be
tracked down, and to this end we are planning a follow-up
study using the GAMBIT framework in which we investigate
the reasons behind the differences and look into the effects of

adding loop corrections currently not included in both back-
ends.

For some of the benchmarks, there are also significant dif-
ferences between the nuclear scattering cross-sections com-
puted with DarkSUSY and micrOMEGAS, specifically in
cases where the cross-sections are small. The discrepancies
between the two codes are almost certainly linked to the fact
that at tree level, small nuclear scattering cross-sections in the
MSSM arise due to cancellations between different diagrams.
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The cancellations can easily be spoilt by small changes in the
input parameters, or equivalently, different choices of spec-
trum generator and/or treatments of running parameters in the
calculation of the matrix elements, as well as different treat-
ments of loop corrections in the calculations of scattering
amplitudes. As in the case of the relic density, we are plan-
ning a future study to more precisely understand the source
of these differences.

8 Outlook

As detailed in the preceding sections, DarkBit is equipped
with sophisticated tools for calculating observables and like-
lihoods for the DM relic density, direct detection experiments
and indirect searches with neutrinos and gammarays. Each of
these cases demonstrates the modularity of the code, and the
ease with which external codes can interfaced with DarkBit.
This modularity also implies that extensions of DarkBit in
all possible directions are straight-forward to implement, and
do not in general require the expertise of GAMBIT Collab-
oration members or highly experienced external users of the
code. The focus of future developments will thus be steered
largely by the needs (and indeed, contributions) of the com-
munity. Nevertheless, here we list a few obvious code exten-
sions that we expect to include in future releases (aside from
obvious additions of new experimental likelihoods to exist-
ing components like gamLike, DDCalc and nulike).

The combination of the process catalogue and the Dark-
SUSY Boltzmann solver currently allows us to calculate the
relic density for simple arbitrary DM models. We intend
to expand this framework so that coannihilations can be
included in the process catalogue and the relic density can be
calculated in the case of semi-annihilating [168] and asym-
metric DM [169]. This would complement the existing capa-
bilities of micrOMEGAS to handle these scenarios. We also
plan to backend MadDM [170,171] in a future version of
DarkBit, which with its interface to MadGraph [172] will be
auseful alternative to micrOMEGAS for quickly implement-
ing new DM models. To enhance the accuracy of our relic
density calculations, we also intend to add the effects of Som-
merfeld enhancement on the relevant (co)annihilation cross
sections [173,174]. Moving beyond the standard relic density
calculation, we have plans to include the ability to deal with
non-standard cosmological expansion histories. This capa-
bility is available in Superlso Relic [175], to which we will
provide a frontend. A final natural extension in this area is
to calculate kinetic freeze-out of DM from the thermal bath
rather than only chemical freeze-out as is done now. This
would lead to an additional observable: a cutoff in the power
spectrum of matter density perturbations [176,177].

For direct detection experiments, the implementation
of velocity- and momentum-dependent cross sections in
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DDCalc will be a high priority extension, allowing one to
systematically study the full set of available non-relativistic
operators [178], for example. Helio- and astroseismological
probes of DM-nucleon couplings (see e.g. [123]) are another
expected extension.

The most important extension relevant for indirect DM
searches, given the high precision expected from the AMS-
02 experiment on board the international space station, is
charged cosmic rays. Indeed, positron data already put one
of the most stringent limits on leptophilic DM models [106],
and constraints from antiprotons can likely be improved con-
siderably [103,104]. Another extension that we aim for in the
near future is to fully allow for velocity-dependent annihila-
tion cross sections, such as in the case of resonances or the
Sommerfeld effect [179,180]. These can be relevant for e.g.
DM annihilation in subhalos [181], or close to the black hole
at the Galactic centre [182,183].

9 Conclusions

The particle nature of DM is one of the most perplexing puz-
zles in present-day particle physics and cosmology. Despite
decades of research, only non-gravitational signals of DM
have been identified so far. However, rapid experimental
developments in recent years have provided a wealth of new
data that can be exploited in the search for DM signals, and
used to constrain DM models. In order to facilitate a sys-
tematic study of a large number of DM scenarios, in this
paper we presented DarkBit, a new numerical tool for DM
calculations.

DarkBit is designed to allow DM observables to be
included in global scanning tools like GAMBIT. It can also
be used as standalone module. The first release of DarkBit
ships with a large number of likelihood functions for various
experiments. These are implemented more accurately than
what is usually done in the literature. The overarching design
goals are reusability, self-consistency and modularity, which
are achieved in a number of ways. First, by allowing seamless
integration of existing numerical tools like DarkSUSY and
micrOMEGASs, using the GAMBIT method of abstracting
backend function-handling for cross-language coding envi-
ronments. Second, by providing internal structures for par-
ticle and astrophysical DM properties that are consistently
used in all calculations, and passed to external codes if nec-
essary. Third, by splitting up calculations into their most ele-
mental building blocks wherever possible.

The modular implementation of the DM relic density cal-
culations in DarkBit allows it to solve the Boltzmann equa-
tion independently of the actual particle model chosen for
DM (Fig. 2). Alternatively, the user can directly call relic den-
sity routines provided by backend codes for specific models,
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allowing, for example, a systematic comparison between the
results of DarkSUSY and micrOMEGAs.

The new backend code DDCalc provides a general solu-
tion to the problem of testing DM models against direct detec-
tion data, including detailed likelihoods for many of the most
important experiments. This allows both spin-dependent and
spin-independent signals of the same model to be calculated
and combined self-consistently across the full range of rele-
vant experiments. For liquid noble gas detectors, the sensi-
tivities in DDCalc are based on the output of TPCMC [84],
a dedicated detector Monte Carlo simulation.

We have implemented likelihood functions for gamma-
ray indirect DM searches in the new backend gamLike.
We included Fermi-LAT and HESS observations of dwarf
spheroidal galaxies and the Galactic centre, as well as pro-
jections for the future with CTA. The likelihood functions
in gamLike are pre-tabulated for fast evaluation, but based
on event-level (mock) data where possible. DarkBit also
includes a new Monte Carlo code for the fast simulation of
cascade annihilation spectra, and an interface to the event-
level neutrino telescope likelihood tool nulike for calculating
neutrino indirect detection likelihoods.

The first release of DarkBit ships with the essentials
of DM indirect searches. Extensions planned for the near
future include charged cosmic rays, accurate treatment of
velocity-dependent annihilation cross-sections and Sommer-
feld enhancement, and inclusion of new experimental anal-
yses in gamLike. In direct detection, we plan to imple-
ment velocity- and momentum-dependent cross-sections in
DDCalc, as well as new experimental results as they become
available. Furthermore, new classes of likelihoods, like
helio/astroseismological probes for DM and limits from radio
and CMB observations, will be included in future releases.
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Appendix A: Getting started

As described in Sect. 2, DarkBit is a standalone and com-
plimentary module of the GAMBIT software, which can be
downloaded from the official GAMBIT website.!? In the fol-
lowing, we describe the content of the DarkBit standalone
download, the installation of the DarkBit software as stan-
dalone or GAMBIT module, and the running of the example
program.

Appendix A.1: Content of DarkBit download and
installation

Each GAMBIT module contains the

Backends (utility functions used for backend interfaces)
Models (predefined BSM models and utility functions
used for model definitions)

Logs (general GAMBIT logging system);

Utils (GAMBIT utility functions);

— Elements (general GAMBIT macro and type definitions)

folders in addition to the specific module folder (here the
DarkBit folder). A detailed description of the GAMBIT func-
tionalities can be found in the GAMBIT main paper [10].
Each standalone module requires all of these folders to work.
If the DarkBit module is used in conjunction with other
GAMBIT modules, only the DarkBit folder is needed and
should be placed into the main folder containing the other
GAMBIT modules.

GAMBIT uses the open-source cross-platform build sys-
tem CMake.? CMake supports in-source and out-of-source
builds, but we recommend the latter to keep the source direc-
tory unchanged and enable multiple builds. To do such a
build, run the following commands in the directory that con-
tains the GAMBIT module folders:

19 gambit.hepforge.org.

20 www.cmake.org.
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mkdir build
cd build
cmake

make

For further details we refer to the GAMBIT main paper [10].
The DarkBit standalones can be found in Darkbit/
examples, and can be built with

make DarkBit_standalone_X

where X can be MSSM, WIMP or SingletDM.
Appendix A.2: Running the example program

To demonstrate how DarkBit can be used in a fully-
fledged scan, we provide 2 annotated examples of a Dark-
Bit yami file: yaml_files/DarkBit_SingletDM.yaml and
yaml_files/DarkBit_MSSM7.yaml. These examples show
how to specify a model, prior ranges over which to sample its
parameters, a scanner and an output device (‘printer’), then
run the relic density, gamma-ray, neutrino and direct search
likelihoods. The user can also select the parameters of the
halo model and the nuclear parameters relevant for direct
detection. The examples require the micrOMEGAs, gam-
Like, DDCalc, DarkSUSY, nulike, FeynHiggs and SUSY-
HIT backends to be present, which can be accomplished by
running the following commands in the GAMBIT build direc-
tory

make micromegas_MSSM

make micromegas_SingletDM

make gamlike

make ddcalc

make darksusy

make nulike

make feynhiggs
make susyhit

The yaml file is complete, i.e. all options of all mod-
ule functions available in DarkBit are mentioned and docu-
mented there.

Appendix B: Handling Fortran/C/C++ functions with
daFunk

Appendix B.1: Design goals and philosophy

One of the major technical challenges when combining a
large number of different codes but trying to maintain maxi-
mum portability is wrapping and manipulating Fortran, plain
C and C++ object member functions in a systematic and
coherent way. In DarkBit, quite commonly functions of the
type R" — R (which describe e.g. annihilation yields, dark
matter profiles, velocity distributions, differential cross sec-
tions, or effective annihilation rates) need to be wrapped in

@ Springer

a generic structure so they can be shared amongst different
backends.

Typically, the results of these functions need to be manip-
ulated before they can be used, in order to comply with con-
ventions and requirements in the subsequent codes. Some-
times this means using basic arithmetic operations, some-
times passing them through complex trigonometric functions
or performing variable substitution. Further common oper-
ations are partial integrations, sometimes with non-constant
boundaries and singularity handling, or checks of parame-
ter domains. Often, these manipulated functions need to be
wrapped back into plain C functions in order to be able to pass
them back into the backend codes (like e.g. the DarkSUSY
Boltzmann solver).

In order to facilitate all these operations, we present
the new lightweight C++ header-only library daFunk
(dynamisch allokierbare Funktionen). Despite the complex
function handling that it allows, the daFunk API is relatively
simple. This is achieved with recursive variadic templates,
polymorphism and shared pointers. The most relevant fea-
tures are:

— Interpolation in linear- and log-space

— Multidimensional integration with complex boundaries

— Handling of (1-dimensional) singularities

— Parameter substitution and chaining of functions

— Wrapping of Fortran functions, plain C/C++ functions
and C++ object member functions

— Reverse wrapping of darFunk : : Funk objects into Fortran
and plain C/C++ functions

— Overloading of all basic arithmetic and trigonometric
functions for easy manipulation and combination of
daFunk: : Funk objects

— Flexible function handling based on shared pointers

— Checks of parameter domains

— Basic if...else constructions

— OpenMP-enabled calculations

Appendix B.2: Selected examples

The atomic object in daFunk is darunk: : Funk, which is
a shared pointer to an instance of the daFunk: :FunkBase
class. Importantly, the daFunk: : FunkBase classis an abstract
base class: it leaves the virtual member function responsible
for all actual calculations, virtual double value(...),
undefined. The main purpose of darunk::Funk is to pro-
vide a unified interface and a flexible C++ type, inde-
pendent of whatever calculation it actually performs. The
actual computations are implemented in classes derived from
daFunk: :FunkBase.

Each daFunk: :Funk object provides a list of names of
variables on which it depends. This list is simply a list of
std: :string tags. The specific content of this list depends



Eur. Phys. J. C (2017) 77:831

Page 39 of 57 831

on the implementation of value. The most basic implemen-
tations are variables and constants, shown in the following
simple example:

daFunk: :Funk x = daFunk::var("x"); //
variable x
daFunk::Funk y = daFunk::var("y"); //
variable y
daFunk: :Funk ¢ = daFunk::cnst(2.); //

constant 2
daFunk: :Funk f = c*x+3*cos(y);
// f(x,y) =2x+3cos(y)

The name of a variable is specified as a std::string,
and daFunk::Funk objects can be combined into new
daFunk: : Funk objects using normal arithmetic or common
(appropriately overloaded) std::math operations. In the
above example, x is a function of variable list ["x"], v is
a function of the variable list ["v "], £ is a function of the
variable list ["x", "y"1, and c is a function of the variable
list 1.

For performance reasons, the evaluation of darunk: : Funk
objects is split into two steps. First, the positions of the vari-
ables are ‘bound’, using the bind member function. This
generates an object of the type daFunk: : FunkBound, which
can then be evaluated using the eval member function. This
is shown in the following example:

// bind variable positions

daFunk: :FunkBound fb = f->bind("y",
// return f(4,3) =2 x4+ 3cos(3)
fb->eval (3., 4.);

%)

This two-step procedure separates the overhead related to
the dynamical construction of nested functions with tagged
variables (which in general includes string matching, various
consistency checks and needs to be done only once) from the
possibly large number of actual function evaluations.

A more complex situation that involves (1) the wrapping
of plain C functions into daFunk objects, (2) the wrapping
of daFunk objects in plain C functions, and (3) variable
substitution, is shown in the following example:

// Declaration of a plain C function
double dNdE (double E, double m, double v);

// Define traits class for daFunk function
pointer
DEF_FUNKTRAIT (T)

// daFunk variables
int main ()

{

daFunk: :Funk v = daFunk::var("v");
daFunk: :Funk E = daFunk::var("E");
daFunk: :Funk m = daFunk::var("m") ;
daFunk: :Funk Ecm = daFunk::var ("Ecm") ;

// Wrap plain C function
daFunk: :Funk f = daFunk::func(dNdE, E, m,
V) ;

// Variable substitution
daFunk::Funk g =

f->set("v", 0.0001)->set("m", Ecm/2);
// Wrap daFunk in plain function
double (*h) (double&, double&) =
g->plain<T> (g, "Ecm", "E");

// Returns ann. yield for E., =100 at E =10
double Ecm_d = 100;

double E_d = 10;

std::cout << (*h) (Ecm_d, E_d)
}

<< std::endl;

Here, andE is a plain C or Fortran function (e.g. the anni-
hilation yield as function of final state energy E, initial state
relative velocity v, and for dark matter mass m), which is
wrapped into a daFunk object . The function g is derived
from £ by fixing v = 1074, and substituting the dark matter
mass by the centre-of-mass frame energy m = E.p,/2. The
function g is then wrapped back into a plain C function h that
can be evaluated as usual, or passed back into some of the
backend codes (note that the bind step happens here behind
the scenes when calling p1ain<T>). Note that the pointer to
the daFunk: : Funk object that is wrapped in 4 is stored in
the traits class 7. Furthermore, the generated C function takes
arguments by reference, which is an implicit convention in
Fortran. This makes it possible to pass 4 directly back to a
Fortran backend.

Lastly, we give an example for 1-dimensional integration
with non-trivial boundaries.

daFunk::Funk x = var("x"); // variable x
daFunk::Funk a = var("a"); // variable a
daFunk: :Funk f = x*x; // f(x) =x?

/7 gla) = [ f)dx = [ x2dx

daFunk::Funk g = f->gsl_integration("x",

O., IIaII);
daFunk: : FunkBound gb = g->bind("a");
// print g(%) to stdout

std::cout << gb->eval(2.5) << std::endl;

Note that in cases where the integration fails, a warning mes-

sage is printed to stderr, and zero is returned. For more
examples we refer the reader the DarkBit code.

Appendix C: Glossary

Here we explain some terms that have specific technical def-
initions in GAMBIT.

backend An external code containing useful functions (or
variables) that one might wish to call (or read/write) from
a module function.
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backend function A function contained in a backend. It
calculates a specific quantity indicated by its capability.
Its capability and call signature are defined in the back-
end’s frontend header.

backend requirement A declaration that a given module
function needs to be able to call a backend function or
use a backend variable, identified according to its capa-
bility and type(s). Backend requirements are declared in
module functions’ entries in rollcall headers.

backend variable A global variable contained in a back-
end. It corresponds to a specific quantity indicated by
its capability. Its capability and type are defined in the
backend’s frontend header.

capability A name describing the actual quantity that is cal-
culated by a module or backend function. This is one
possible place for units to be noted; the other is in the
documented description of the capability (see Sec. 10.7
of Ref. [10]).

dependency A declaration that a given module function
needs to be able to access the result of another module
function, identified according to its capability and type.
Dependencies are declared in module functions’ entries
in rollcall headers.

dependency resolution The process by which GAMBIT
determines the module functions, backend functions
and backend variables needed and allowed for a given
scan, connects them to each others’ dependencies and
backend requirements, and determines the order in
which they must be called.

dependency tree A result of dependency resolution; a
directed acyclic graph of module functions connected
by resolved dependencies. See Fig. 5 of Ref. [10] for an
example.

frontend The interface between GAMBIT and a given back-
end, consisting of a frontend header plus optional
source files and type headers.

@ Springer

frontend header The C++ header in which the frontend to
a given backend is declared.

module A subset of GAMBIT functions following a com-
mon theme, able to be compiled into a standalone
library. Although module often gets used as shorthand
for physics module, this term technically also includes
the GAMBIT scanning module ScannerBit.

module function A function contained in a physics mod-
ule. It calculates a specific quantity indicated by its capa-
bility and type, as declared in the module’s rollcall
header. It takes only one argument, by reference (the
quantity to be calculated), and has a void return type.

physics module Any module other than ScannerBit, con-
taining a collection of module functions following a
common physics theme.

rollcall header The C++ header in which a given physics
module and its module functions are declared.

type A general fundamental or derived C++ type, often
referring to the type of the capability of a module func-
tion.

Appendix D: Capability overview

For reference, we provide a complete list of the DarkBit capa-
bilities, dependencies and options. These include the com-
plete process and coupling capabilities (Table 13), some sim-
ple informative capabilities (Table 14), capabilities related
to DM halo properties (Table 15), relic density capabilities
(Tables 16 and 17), direct detection capabilities (Table 18),
gamma-ray yield capabilities (Table 19), gamma-ray likeli-
hoods (Table 20), neutrino capabilities (Tables 21 and 22),
cascade decay capabilities (Tables 23 and 24), and various
miscellaneous capabilities (Table 25).
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Table 14 DarkBit capabilities for WIMP-nucleon couplings (N = p, n refers to the relevant nucleon), annihilation cross-section, dark matter mass

and dark matter particle ID.

Capability Function (return type): brief description Dependencies

mwimp mwimp_generic (double): TH_ProcessCatalog
Retrieve the DM mass in GeV for generic models DarkMatter_ID

sigmav sigmav_late_universe (double): TH_ProcessCatalog

sigma_SI_N

sigma_SD_N

DarkMatter_ID

Retrieve the total thermally-averaged annihilation

cross-section for indirect detection (cm3s~!), atv = 0
sigma_SI_N_simple (double):

Simple calculator of the spin-independent

WIMP-proton or WIMP-neutron cross-section
sigma_SD_N_simple (double):

Simple calculator of the spin-dependent WIMP-proton

or WIMP-neutron cross-section

DarkMatter_ID_SingletDM(std::string):
Returns string ID for dark matter particle

DarkMatter_ ID_MSSM30atQ (std::string):
Returns string ID for dark matter particle

DarkMatter_ ID

DD_couplings
mwimp

DD_couplings
mwimp

Table 15 Capabilities connected to the Milky Way halo parameters

Capability

Function (return type): brief description

Dependencies

Options (type)

GalacticHalo

LocalHalo

1nL_rhoO

1nl_vrot

1Inl_vO0

1nl_vesc

GalacticHalo_gNFW
(GalacticHaloProperties):
Provides the generalised NFW density profile
p(r) and reun

GalacticHalo_Einasto
(GalacticHaloProperties):
Provides the Einasto density profile p(r) and
Tsun

ExtractLocalMaxwellianHalo
(LocalMaxwellianHalo):
Provides the local density pp as well as the
velocity parameters v, Uror and vesc

1nL_rho0O_lognormal (double):
Log of the log-normal likelihood for the local
DM density

InL_vrot_gaussian (double):
Log of the Gaussian likelihood for the local
disk rotation speed

InL_v0_gaussian (double):
Log of the Gaussian likelihood for the
most-probable DM speed

1nL_vesc_gaussian (double):
Log of the Gaussian likelihood for the escape
velocity

LocalHalo

LocalHalo

LocalHalo

LocalHalo

rho0_obs (double)
rho0_obserr (double)

vrot_obs (double)
vrot_obserr (double)

v0_obs (double)
v0_obserr (double)

vesc_obs (double)
vesc_obserr (double)

@ Springer



Page 43 of 57 831

Eur. Phys. J. C (2017) 77:831

(3TANOp) ssexeRuuro)
(To0Q) suoTuISISUUROD
(TooQ) soutTeIlInNaN

soutbxeypuueo)

dI I933eryred
HoTezedsse00Id HIL

dexdsa
XMURSP TojevIauur JJs Yy
VSTolliels unixjyoads™

unixjyoads™

a1 xe33erIed
BoTeze)nssedoid HL

opoo oToT3xed
sopooed
Fopaut
SY3IpTM
w3odsw  3TUIIUTOd ASNSIIedq

an3orejed ssaoo1d oy ur

PAuTeIuOd UONBULIOJUT A} WOL) PIje[nd[ed
se #7244 9Jel JUBLIBAUL JATIOQJJR IY) SUINJOY
((pp a23d3) boTeaed
SS9D0Id WOIJ =3eIuue JIo dyd

ASNsieq £q papraoid

Se H44 9)el JURLIBAUL DATIDQJJD AY) SUINJY
((pp~x3d3) ASNS” @3RIUUR IS QY
HA| Q1eI JUBLIBAUT 9AT)OJJD

ap1aoid 019]qe 9q 01 ASNSHIBQ SAZI[RNIU]
:(Qut) oung dexdsd elexuue” qd
A310u9 Aq seouBUOSAI pUE SPIOYSAIY) [[&
s1op1o pue ‘wniioads ¥ woij ndino
dU) 0) SP[OYSAIY) UONE[IYIUUR-00 SPPY
(edA3 umnx3oads™ @y A Td¥IRq)
ounj paJspio wunijioads ay

angof

-BJBD $SQ001J WO PIAJLIAI UOTRULIOJU]
"SQOUBUOSAI PUE SP[OYSIY) JO uoneoor snid
‘soronred A JO ‘JOP pPuB SSBUW SUIN)OY
(edA3y wnxyoads™ @y AT IRqA)

BoTeaze)nssedoid wox wnijidads gy

ASNSHiEQ WOy pasdtnal
UOTJRULIOJU] ‘SOOUBUOSAI PUB SPIOYSAIY) JO

uoneoo] snid ‘soponted Suneqyruue(-0d)
[[e 10} °JO'P PpuUB SOSSEW  SUIN)OY
(@dA3 umnx3oads™ gy 3 Td¥IRq)
Asns wmxioads™ay

SjeJauue” Jis Yy

deadsg “e3eauue” Jjo ¥

paispio  unijoads ay

unxjloads gy

(ad£y) suondp

sjuowaanbar puayoeg sarouapuadog

uondrrosap jouq :(edA) urmar) uonoung

Ainqede)

ugyteq £q papraoid saniiqedes A)isuap orfal [eIOUSD 9T AqBL

pringer

As



Eur. Phys. J. C (2017) 77:831

831 Page 44 of 57

(eT1gnop) xxs” Ax09y]
T TeuoTioexI Zyo
(1009)
soTlewWe]lsSAs oTTFoxd
(2Tgnop) xx2sqoO~ ZYo
(®Tqnop) Teluso™ zyo
(eTqnop) xxs~ Ax09y]
T TeuoTjoeIl gyo
(Tooq)
soT3ewslsAs oTTyoad
(2Tqnop) xax2sqo - gyo
(®Tqnop) sqo™ zyo

(butaas: :p3as)spou
(®Tqnop) sqo™ zyo

(eTqnop) sdeg
(3ut) 3seg

(qut) 3seg
(qut) edA3wo

(3ut) 3seg

zuo

epawopISP

SIOII=opPI
Joppx
ppedpx
unipx

Yo TMSPI
sxedpx
yadpx
ADPUIPI
SU3lptm

Spoo  eToT3xRd
dautmpasp

ubspasp
qe3pisp

WTTYIpISP

zyo ayd

cyo ay

cyo ay

3TUIJUTOd ASNS3Ied

SjeIuur JIs Yy
paxspio” wnajioads ay

punoq 1oddn paresws e se onfea
painseauw Yy Sunean ‘AJIsudp o1jax
oy 10 ([011J0 ¥°€°8 Pue €°¢'g "S99S
995) pooyI[aYI]-50] UeISSNED-J[ey v
((dTgnop) ATwrTIsddn” gyo Ul

Kyisuap orjax ayp 1o ([01] Jo T'¢"8 pue
[°€’8 'S99 99s) pooyrayI[-S0] uerssnen)
((dTanop) e TdWTS™ gyo Ul guyo~Iut
K)ISuap [edNLID A} JO
uorjoeIy € se passardxa AJIsuap OIfa1 oy,
((3TAnop) Yo wox3y uoTidoeiy ay
SYHINOIOIW Wwoiy
sj[nsaI Surure}qo AOIIp I0J QUIINOY
(°Tgnop) sebsuQIDTW ZUo ad
ASNSHeq woiy
sj[nsaI Surure}qo AOIIp I0J QUIINOY
(3Tanop) ASNS3Ied Yo ad

uotioeiy ay

K)ISuQp O[T Jo)jeWl YIep [eIoUa3 oy,
((®Tgnop) Teasusb zyo ay zyo ad

(ad£y) suondp

sjuowaImbar
puayoeg

sorouapuadog

uondirosap jouq :(adA) urnjar) uonoung Aniqede)

N £q papraoxd sannjiqudes Aisuap orfar urew 3y, LT AqEL

pringer

Qs



Page 45 of 57 831

Eur. Phys. J. C (2017) 77:831

pringer

As

(3Tgnop) xxssqoO” se]1T=p
(2Tgnop) sqo~ sejTep
(eTgnop) xxesqo” ge
(®Tqnop) sqo™ ge
(eTgnop) xxesqo” ¢e
(®Tqnop) sqo” ¢e
(2Tgnop) xxesqo” TeubTs
9TOnop) sqo~ TewbTs
Tqnop) sqo 1 !
(2Tgnop) xx2sqo” seubTs
(2Tgnop) sqo” seubTs

Juswrtasdxd aa
pooytTTaxTIboT aa

Juswrtasdxd aa
asteubts aa

Juswrtasdxd ad
ISTeubTS aa

Juswrtaxsdxd aa
TeubTs ad

punoxbyoedg ad
Juswrtaadxd ad

Juswtaadxd ad
sjusAd dd

Juswtaadxd ad
se3eyddTed ad

2j3eIndTed X

2j3eInoTed X

23eIndTed X

23eTnoTed X

23eTnoTed X

23eTnNoTed X

Surroneos

juopuadop-urds 10J Juead[ar s1oowered

Iea[onu yY) 10§ pPOOYNI[-30[ YL,
:(e1gnop) beatep Tut

Sunepess juapuadopur-urds

10 JueAQ[aI s1oyowered

Jea[onu y) I0J pooyI[-30[ Y[,
(eTgnop) TewbTs” sewbTs™ TuT

X SIsATeue uonodjop

J011p J0J POOYI[YI[-30] 2} AJe[No[RD)

((eTanop)
5TeDAd POoOUTTaXTIHOT X

X SISA[BUE UOTI09)ap J0IIP JOJ SJUIAD

[eusts juopuadop-urds jo requinu Y],
((dTanop) oTedAd ASTRULTS X

X SISA[BUE UOTID9)ap J0IIP JOJ SJUIAD

eusts yuopuadopur-urds jo requinu Y],
((dTanop) oTedAd ISTRULTS X

X SISA[eue uono9)ap

JOQIIP I0J SJUIAQ [BUSIS JO JqUUNU oY,
(@Tgnop) oTenad TeubTsS X

X SISATeUR UoI13199)2p J02I1p

10J SJUQAQ PUNOITYOeQ JO JOqUUNU Y,
((eTgnop) oTeDad punoibyoed  x

X SISATeUe UOI1199)2p J0211p

10J SJUQAQ PIAISQO JO JQUUNU Y],
:(3uT) oTeDAA SausAd X

X SISATeue u01o9)1op

JOQIIp J0J SUOTIR[NOTED )l WLI0JIo]
(Tooq) @3eTnoTed X

saxojowexed IeaTOoNU S TUT

sxojawexed JesTonu IS TUT

pPooYTTayTI6oT X

asteubts x

ISTeUbIS X

TeubTs X

punoxbdeqg X

sjusad X

23eTnNoTed X

(ad£y) suondp sjuowarnbar puayoeyg

sarouopuado

uondrosap
Jouq :(2d£) urmar) uonounyg

Ainqede)

‘0’7’ T UOISIOA UT £, T0Z 09 ODIdPpUe LT0Z LTNONHX UONIPPe Ul pue ())()’'] UOISIOAUT T~ 09 ODId pPue 4 09 ODId “IZ 0DId ‘PT0C HTIdWIS ‘PT0Z Swadri=dng
‘9T07 ¥Xepued ‘9707 XATST0Z XAT'€T0Z XNTZT0Z 00TNONEX oIt X JOJ SIN[eA 9[qISSOd "SI[qBAISSGO PAJL[AI pue SPOOYI[YI[-S0] Uond23ap J0211p Joj senifiqedes ygyieq 8T AqeL



Eur. Phys. J. C (2017) 77:831

831 Page 46 of 57

(3TAnop) yapTM SUTT

(Tooq) Apoq e=1yl” =2I0UbT
(To0oq) Apoq oml™ =10UbT
(Tooq) TTe =2a0ubT

exjoadseuweb
TOHepEOSSeD
aIr xs33enyiedq
STARLP TS TAWTS
BborTeze)nssso0ad HL

I~ xs33eied
STHRLPTOTAWTS
pPoTejzensso00ad HIL

an3orejed
ssa001d ay) woiy sp[aIk Ael-ewrwues
Jure[nored 10J UOTIOUNJ [BIUD)
(3{ung : :3ung)
Texsusn PISTAUUY VD
enoads paje[nge) Yim o[qe[reae
JOU 9Ik IR} SAJBIS [RUY SAUIIIAIOJ
(<butxas::pis>I0]D2A: 1 PIS)
S93e3STRUTIDUTISSTW VO
SeZWQIdIA
Ul SPJAIA paje[nge) 0) SSAJ0. SOPIAOI]
(STURIPTOTAWTS ! : 3T Ted)

PISTAUUY VD

S@3e3sTeutd
purssTuw voH

(Toog) uotyeroderlxs PTSTA MOTTE TPNP SeHWOIDTH S TIRILPTOTAWTS
ASNSHea
ur SPIAIA PAje[nge) 0) SS3008 SPIAOI]
(PTURIPTRTAWTS ! : 3T IRq)
(Tooq) uoTayeTodeI]xe PTOTA MOTTE pISTARYSP ASNS3Ied @ TqRIPTSTAWTS STqRIPTOTAWTS
(ad£y) suondp sjuauwaIInbal puayoeyg sarouapuadag uondrrosap Joriq :(ad4) urnyar) uonoung Aniqede)

‘ngyieq Aq papraoad sanifiqedes Aei-ewwes [e10UdD) G dqEL

pringer

Qs



Page 47 of 57 831

Eur. Phys. J. C (2017) 77:831

(138) uUOTsSI=aA

(13S) uUOTsSI=aA

(I3S) uUOTSI=aA

(138) uoTsSIDA

aIqweb

aIqweb

aIqweb

aIqweb

ayIqweb

OTeHDTIDeTeDH
oTey DO oyTITweb 39S
uoTldoeIl Y
PISTAUUY ¥D
oTey DO oyTITuweb 39S
uoTldoeIl ay
PISTAUUY ¥D
oTey DO oyTITuweb 39S
uoTldoeIl ay
PISTAUUY ¥D

uoTideIy Q¥
PTISTAUUY VD

uns 4 UCN

(4)d aqgoid Aysuap ojseury oY) SOpIAOIJ

((seT3ax9doxdgoTeHOTIDRTRD)
o3seutd OTeHOTI}ORTEDH

uns; pue (4)0 9qyoid

K)1suap AN PosT[eIouas oy} Sopraoig

((seT3ax9doadoTeHOTIDRTRD)
MANS OTeHOTADeTeD

ueos

Surpuodsar1od ay) ur pasn [opout ofey

a3 uo peseq ‘eyweb ut uonnqrusip

Joyew YIep J1oe[eD) dY) SISIeNIU]
(Tooq)oTey DO oyITwedb 3ss

ayIwieb Suisn ‘Y1) yIm sayoreas

J9pew yrep pajosfoid 10y pooyrayI-30
(eTgnop) sy tIwelb DOHVID Ul

ayIweb Suisn ‘sayoreas ofey

onoe[eD SSHH Ay} 10§ POOYI[aYI[-50]
A@HQSOUVwxﬂQEmm\memmm\qEH

ayIweb Suisn ‘ssaoxo

APD IV T-11443,{ Y} 10§ POOYI[ANI[-50]
(eTgnop) ey tIwed DoHTwISd TUT

ayIweb Suisn ‘yoreas Axe[ed

JIemp LV T-1uti2,] dY) 10§ PoOyI[ayI[-307]

((®1anop)
o) TrIwelb sSJIIeMpLVYITWIS Ul

oTeHOTI}ORTED

oTey D9 oTTwebH 39S

DOVLD Tufl

DOSSHH Tutl

DOHTWIS Ul

SIIempLyITWIS Ul

(ad£y) suondp

syuowaImnbar puayoeg

sarouapuadag

uondrrosap Jouq :(2dA) winjar) uonounyg

Aipiqede)y

SPOOYI[YI] UOTOAIP J0a11pul Aei-ewwed 10J sanijiqeded ygyieq (¢ qeL

pringer

As



Eur. Phys. J. C (2017) 77:831

831 Page 48 of 57

sTauuRyD ABDSP

al I933eR¥Ied
Uy pebaeyo  sa 319b d gs ewbTs
sSTauueyd Aedap d 15 ewbTs
Ty Texanau s 3ob AewbTS
pTsTAnu durtmur

dnjss  pTeaTAnu poTe3zensso00ad HIL

ung” o3ex a2anideo
ung” swTl UOTJeIqITInbs

uns” o3ex oanadeod
AewbTS
durtmur

d gs ewbTs
d 15 ewbTs

dmes pue
19jutod uonjouny proIA OULNNAN
(®TAnop) sq” woa3 pTaTANU
({—5) ung oy ur
J19)jew YIep JO dJel Uone[IyIuuy
:(>Tamop)
uns” o@31ex uoTleTIYTuUUR
(s) ung 9y
Ul J9)jeW YIep JO UONR[IYIuue pue
armdes 103 owmy uoneIqIIMbyg
:(>Tqnop)
ung”TswTl uoTieIqTTINbS
() (suonoas-ssord
juopuadop-b 10 juopuadop-a
ou) ung dY) Ul I3)jew
JTep re[n3ai jo el armde)
((eTqnop)

a3d p1eTAnu

uns~ @3eI uoTleTIYyTuuR

ung” swTl uoTieIqITInbs

TeTeososT obpoa ung deo durTmur D9SX 3SUO0D uns =23ex o2anided ung o3ex =2anjded
uondrosap
sjuawraInbar puayoeyg sarouopuadoq Jouq :(ad£) urmar) uoroung Aniqede)

$0550001d UOT)910p JOIIPUT OULIINAU J0oF saNIIqeded igyieq [eIoUsD 7 dqBL

pringer

Qs



Page 49 of 57 831

Eur. Phys. J. C (2017) 77:831

{1S6LDIIM6LDT
HM6 LDIZZOT} 24 1[0 o)
S TThOThY 4
SYTTHOT 4
{1S6.LDIIM6LDOT
‘HM6 LDI} D £ [[e 0}
S TTHOTHY (L

pooyrayI-301 9qn)JT 93dwod Ay,

((dTanop) ey TTHoT DI

pooyI[aI[-50]
aqn)IJ] SULS-6 [0 AYL

POOYUTTSTT odndadIl

YTTHOT 4 ((dTAnop) e} TTBOT 6LDI S TTOOT 6,01
X SISATeue UONO9)ap J0IIpUT
OULIINAU JOJ SJUAAD PAAIISQO JO JAqUINN
ejep x ((Qut) sqou x sqou x
X SIsATeue
UO0I}0319P JOIIPUT OULINAU J0J dn[eA-d
ejep  x ((eTgnop) entead x sntead x
X SISATeUE UOTIO)aP 102IIPUT OULNNAU
10} pooyI[ayI[-30] A[uo-punoisyoeg
eiep x ((dTanop) eqTTBOTHY X TTLOTOT X
X SISATeue uonojop
JO2IIpUT OULINAU JOJ POOYT[ANI[-30]
eiep x ((dTgnop) e} TTBOT X SYTTLOT X
X SISATeUE UOTO)aP J02IIPUT OULNNAU
JOJ SJUIAQ PuUNoI3oeq Jo JoquInN
eiep x ((eTanop) bax Bax
X SISA[eue Uond)ap J02IIpuUl
OULNNAU JOJ SJUIAR [BUSIS JO JqUUNN
ejep x ((eTgnop) TeubTs™ x Teubts™ x
X SISATeue uono)op
I3d pTatAnu JO2IIPUT OULINAU JOJ SUOTIB[NOTED
unsg °@3eJx uoTieTTYTUUR Ppaje[aI pue pooyIayI] ‘Teusis oq
(qut) pesds oyITNU spunogqnu durTmur (e3epnu) TINI X elep x
(ad£y) suondo syuowaInbar puayoeg sarouapuadoq uonduosap Jouq :(2dA) uinyar) uonoung Aqede)

TS6.0T PUB “IMG /DT ‘HM6LDT ‘ZZDT 2Ie Y JoJ sanfea 9[qIssoq "SPOOYI[aYI] UONIIop J0IIPUT oulnnau Joj sanifiqedes jigyleq e 21qeL

pringer

As



Eur. Phys. J. C (2017) 77:831

831 Page 50 of 57

JUNODIUSAH DWOPeDSeD sAeoop opeosed woij enoads Aer ewrued
sSweIbolsTH DWepPeosed Suruanjar pue unsanbar uonounyg
S93e]lSTeUTd DWePeOSed ((depungbutals: 3 TgyIeq)
S93e3STRUTIDUTISSTW VO eI1jloadseumed DNeIpeOsed eJjoadseuwed DRHepeosedD

sureyo Aeoop ur
pasn 9[qe) Aeoap oy dn Jumes uonoun,g
STRILPTRTAWTIS :(eTgqerdedsq: :uteydledsq: :3Td¥Ieq)
HoTeze)nssenoid HIL STgeLAeOSd DWLPEOSED STgeLAesad JWOPeOSEed
sAeOop 9peosed 10§
S9JB)S [eUY JO ISI[ SUIAQLIAI JOJ UOTIOUN
(<buTtxas::pis>10109A: 1 PIS)
(<BUTI3S: :P3S>I03D0A: :PIS) SO3RISTRUTI JHDO S93e3STReUTd DJWoPeISeD S93e3STReUTd DJWSPrOSed

(2d£y) suondp satouapuada(g uondrrosap Jorq :(adA) urmyar) uonoung Aniqede)

dooj opre) AuojAr Kedap apeoses ay) apisur uni jou op jey) Jgyieq £q pepiaoxd sanijiqedes Keoop opeose) €7 AqBL

pringer

Qs



Page 51 of 57 831

Eur. Phys. J. C (2017) 77:831

(3uT)
AousnbaIg3yoayppus DO
(®1anop)
JoaaxF Togeuwed DO
(3Tqnop) xemodgogeunred DO
(3Tanop) ySTHUTY DHO
(®Tqnop) MOTUT DHO
(3UT) SUTEISTYN OWO
(qut) seTduresoadsumu. DO

(3Tgnop) uTwd OO
(QuT) yabusureypxew DJHO

(3UT) syusAEXeU DO

S93e3STRUTd DWePeDseD
STIBLP TS TAWTS
BoTerenssedoid HL
JUSAUTRYD OWNPPeOSed
93e3STRIITUI DHePeDSseD

aTqelAeDad DHepeOSsed

23©3STRIITUI DWOPROSED

23©3STRTITUI DWepeDsed

s@3elsSTeuUTAbUTSS TW VO

s93elsSTeuTJbuUTSS TW VO

uone[nNUIS o[Ie)) AUOIA

Keoop apeoses oy ut dooj

JUQAQ J} JOJ SUONIPUOD

Ppus oy} Sunen[ead

pue SurureI3oisty

10 9[qIsuodsal uorounj

(x23uTe]quUODISTHSTAWTS : 1 3T IReq)
sureIbo03STH DWOpELIseD

sureyo Aeoap
SuneIouas 10J uonOUN

(TsutejuopuUTRYD: tuTeYDARDS(: 3T IRd)

UTeYDD3eIdUDD DHOPLOSeD

sKeoop apeosed

JOJ J9JUNOD JUIAD Y],

(deaurbutads: :aTgyIeq)
JUNODIUSAH DWOPEROSED

ureyd Aeoop 9peosed
Q) I0J 9Je)s [enIUT
9y 3unoares uonoun,j
(Butxas: :p3s)
93©e3STRTIITUI DWOpeDsed
uone[nwiIs ofre)
SUOJA] ABOIp 9prISLD
9y 103 dooy oy sjonuo)
((pTon)
TopbeuedooT DWePEISED

sure1603STH OWepeOseD

JUSAHUTRYD DHepeosed

JUNoDIUSAY DHOPLOSEeD

93©3STRTITUI DWepeDsed

IobeuedooT DWOPEOSED

(ad£y) suondp

sarouopuada(g

uondrosap
Jouq :(2d£) urmyar) uonoung

Ainqede)

Anpiqedes

JuswebeuedooT DHEPEISsED Y uo spuadap 959y Jo yoey ‘doo] oy uryim pa[[y 21e1ey) sanijiqeded oy pue ‘0[1e)) AJUOIA] AP apedsed ugyie oyl Joj Ajiqedes roSeuew doo[ Y], 7 IqBL

pringer

As



Eur. Phys. J. C (2017) 77:831

831 Page 52 of 57

(21qnop)
SUTqU:PTSTAUUY VO
(®T9nop)
XewH : PTSTAUUY VD
(®T9nop)
UTWH : PTOTAUUY VD
(Bbutajs: :p31s)100I2TTT

PUTI]S: :PIAS) SWRUSTT
! P T3

sSnTOoUWYSP
UIOD ToASURIJWYSP

FposTuysp

(3Tqnop) yaxes A woOWYSsp

STgerLAed9OpPUyY
BOVHTSWOIAFTUT
exbnsest
T Topow SATDBSP
eibnsest Asnssp

a1~ x933eraed
PoTe3enss=00axd HIL
PISTAUUY VD

Zuo ad
sbutTdnoo™aa

PISTAUUY ¥D

OTeHTED0T
uoTldoeII Oy

(Toog)oungy OTeHTRO0T

S[Y JNVA 0T S)[Nsar
ngyJeq snoLea sjurg
(3
1TdydIeq 3sar13Tun
31qe) [IDSV ot
proik Aer-ewrwed sdwn(g
(e19nop)
umIjloadgeuuwes dunp

3Td¥Ied 3s9L3Tun

unxjosdgeuues dunp
Kouapuadap € se
SIY) 9ABY PINOYS O[eY ABA\
AN 24} JO 21monIjs ay)
uo spuadap jey) uonouny
ASNSXIeq e sosn
jeyy uonouny | I9NVO
Auy *ASNSHeq
ur s1ojowrered
[opowr ofey Kepy AT
QSI[ENIUT 0] UOTOUN]

OTeHTEDOT

T3TUIlUTOd  ASNS3Ied T3TUIlUTOd ASNS3Ied

saunnol ASNS}ed
oyroads-fopowr Jo

asn ayeur Jey senifiqedes
I9YJ0 10J ATessa0au A[uo
ST 1Y SIY} ‘UOTIBSITeIIIUL
puAYORq AU} UI UOP ST
uonesifeniul ASNSHed

PEeSIVHTISSP ououes ayJ, Jutod [opow
(<x121s>7109D00A1 1 PIS) Asnssp oc_oo%mou ASNSYied
Sssweus T3 VHIS bngsp Tedussu 3sITenNIUT 0) UONdUNJ
(TOOQ) peaIVHISSP osn dexdsp sej3ex Aedsp ((To0Qq)
(Tooq) eabnSeST Sq oSN YIpTMMSP umx309ds  HSSH WSSIW 3TUIJUTOd ASNSMIed JTUIluUIOd ASNSMIed
sjuauwraInbar uondirosap
(2d£y) suondp puayoeg sarouapuadoq Jouq :(2dA) urmyar) uonounyg Aniqede)

Sui38nqgap pue uonesieniul ASNSHIEQ 10J saniiqeded SNOSUR[AISIA ST I[BL

pringer

Qs



Eur. Phys. J. C (2017) 77:831

Page 53 of 57 831

References

10.

11.

12.

13.

14.

15.

16.

17.

20.

21.

22.

. Planck Collaboration, P.A.R. Ade, et. al., Planck 2015 results.

XII. Cosmological parameters. A&A 594, Al13 (2016).
arXiv:1502.01589

J. Silk et. al., Particle Dark Matter: Observations, Models and
Searches (2010)

ED. Steffen, Dark matter candidates—axions, neutralinos, grav-
itinos, and axinos. Eur. Phys. J. C 59, 557-588 (2009).
arXiv:0811.3347

J.L. Feng, Dark matter candidates from particle physics and meth-
ods of detection. ARA&A 48, 495-545 (2010). arXiv:1003.0904
H. Baer, K.-Y. Choi, J.E. Kim, L. Roszkowski, Dark matter
production in the early Universe: beyond the thermal WIMP
paradigm. Phys. Rep. 555, 1-60 (2015). arXiv:1407.0017

G. Jungman, M. Kamionkowski, K. Griest, Supersymmetric dark
matter. Phys. Rep. 267, 195-373 (1996). arXiv:hep-ph/9506380

. D. Hooper, S. Profumo, Dark matter and collider phenomenology

of universal extra dimensions. Phys. Rep. 453, 29-115 (2007).
arXiv:hep-ph/0701197

S. Tulin, H.-B. Yu, K.M. Zurek, Beyond collisionless dark matter:
particle physics dynamics for dark matter Halo structure. Phys.
Rev. D 87, 115007 (2013). arXiv:1302.3898

FE.-Y. Cyr-Racine, K. Sigurdson, et. al., ETHOS—an effective the-
ory of structure formation: from dark particle physics to the matter
distribution of the Universe. arXiv:1512.05344

GAMBIT Collaboration, P. Athron, C. Balazs, et. al., GAM-
BIT: the global and modular beyond-the-standard-model infer-
ence tool. arXiv:arXiv:1705.07908

GAMBIT Collider Workgroup, C. Balazs, A. Buckley, et. al., Col-
liderBit: a GAMBIT module for the calculation of high-energy
collider observables and likelihoods. arXiv:1705.07919
GAMBIT Flavour Workgroup, F.U. Bernlochner, M. Chrzaszcz,
et. al., FlavBit: a GAMBIT module for computing flavour observ-
ables and likelihoods. arXiv:1705.07933

GAMBIT Models Workgroup, P. Athron, C. Baldzs, et. al.,
SpecBit, DecayBit and PrecisionBit: GAMBIT modules for com-
puting mass spectra, particle decay rates and precision observ-
ables. arXiv:1705.07936

GAMBIT Scanner Workgroup, G.D. Martinez, J. McKay, et. al.,
Comparison of statistical sampling methods with ScannerBit, the
GAMBIT scanning module. arXiv:1705.07959

P. Gondolo, J. Edsjo et al., DarkSUSY: computing supersym-
metric dark matter properties numerically. JCAP 7, 8 (2004).
arXiv:astro-ph/0406204

G. Bélanger, J. Da Silva, T. Perrillat-Bottonet, A. Pukhov, Limits
on dark matter proton scattering from neutrino telescopes using
mictOMEGAs. JCAP 12, 036 (2015). arXiv:1507.07987
IceCube Collaboration, M.G. Aartsen et. al., Improved limits
on dark matter annihilation in the Sun with the 79-string Ice-
Cube detector and implications for supersymmetry. JCAP 04, 022
(2016). arXiv:1601.00653

. M. Cacciari, G.P. Salam, G. Soyez, FastJet user manual. Eur. Phys.

J. C 72,1896 (2012). arXiv:1111.6097

. P. Athron, J.-H. Park, D. Stockinger, A. Voigt, FlexibleSUSY—a

spectrum generator generator for supersymmetric models. Com-
put. Phys. Commun. 190, 139-172 (2015). arXiv:1406.2319
B.C. Allanach, SOFTSUSY: a program for calculating supersym-
metric spectra. Comput. Phys. Commun. 143, 305-331 (2002).
arXiv:hep-ph/0104145

E. Bertschinger, Self-similar secondary infall and accretion in an
Einstein-de Sitter universe. ApJ Suppl. 58, 39 (1985)
J.F.Navarro, C.S. Frenk, S.D.M. White, The Structure of cold dark
matter halos. ApJ 462, 563-575 (1996). arXiv:astro-ph/9508025

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

A.V. Kravtsov, A.A. Klypin, J.S. Bullock, J.R. Primack, The cores
of dark matter dominated galaxies: theory versus observations.
ApJ 502, 48 (1998). arXiv:astro-ph/9708176

B. Moore, T.R. Quinn, F. Governato, J. Stadel, G. Lake, Cold col-
lapse and the core catastrophe. MNRAS 310, 1147-1152 (1999).
arXiv:astro-ph/9903164

A.W. Graham, D. Merritt, B. Moore, J. Diemand, B. Terzic,
Empirical models for dark matter Halos. I. Nonparametric con-
struction of density profiles and comparison with parametric mod-
els. Astron. J. 132, 2685-2700 (2006). arXiv:astro-ph/0509417
U. Haud, J. Einasto, Galactic models with massive corona I.
Method. A&A 223, 89-94 (1989)

R. Schoenrich, J. Binney, W. Dehnen, Local kinematics
and the local standard of rest. MNRAS 403, 1829 (2010).
arXiv:0912.3693

K. Freese, M. Lisanti, C. Savage, Annual modulation of dark
matter: a review. Rev. Mod. Phys. 85, 1561-1581 (2013).
arXiv:1209.3339

A.K. Drukier, K. Freese, D.N. Spergel, Detecting cold dark matter
candidates. Phys. Rev. D 33, 3495-3508 (1986)

P.D. Serpico, G. Bertone, Astrophysical limitations to the iden-
tification of dark matter: indirect neutrino signals vis-a-vis
direct detection recoil rates. Phys. Rev. D 82, 063505 (2010).
arXiv:1006.3268

J.I. Read, The local dark matter density. J. Phys. G 41, 063101
(2014). arXiv:1404.1938

J. Bovy, S. Tremaine, On the local dark matter density. ApJ 756,
89 (2012). arXiv:1205.4033

J.AR. Caldwell, J.P. Ostriker, The mass distribution within our
galaxy: a three component model. ApJ 251, 61-87 (1981)

R. Catena, P. Ullio, A novel determination of the local dark matter
density. JCAP 1008, 004 (2010). arXiv:0907.0018

P. Salucci, F. Nesti, G. Gentile, C.F. Martins, The dark matter den-
sity at the Sun’s location. A&A 523, A83 (2010). arXiv:1003.3101
M. Pato, F. Iocco, G. Bertone, Dynamical constraints on the dark
matter distribution in the Milky Way. JCAP 1512, 001 (2015).
arXiv:1504.06324

M. Pato, O. Agertz, G. Bertone, B. Moore, R. Teyssier, Systematic
uncertainties in the determination of the local dark matter density.
Phys. Rev. D 82, 023531 (2010). arXiv:1006.1322

Y. Akrami, C. Savage, P. Scott, J. Conrad, J. Edsjo, How well will
ton-scale dark matter direct detection experiments constrain min-
imal supersymmetry? JCAP 1104, 012 (2011). arXiv:1011.4318
M.J. Reid et al., Trigonometric parallaxes of massive star forming
regions: VI. Galactic structure, fundamental parameters and non-
circular motions. ApJ 700, 137-148 (2009). arXiv:0902.3913

J. Bovy, D.W. Hogg, H.-W. Rix, Galactic masers and the
Milky Way circular velocity. ApJ 704, 1704-1709 (2009).
arXiv:0907.5423

M.C. Smith et al, The RAVE survey: constraining the
local galactic escape speed. MNRAS 379, 755-772 (2007).
arXiv:astro-ph/0611671

M. Cirelli, G. Corcella et al., PPPC 4 DM ID: a poor particle
physicist cookbook for dark matter indirect detection. JCAP 3,
051 (2011). arXiv:1012.4515

J. Edsjo, P. Gondolo, Neutralino relic density includ-
ing coannihilations. Phys. Rev. D 56, 1879-1894 (1997).
arXiv:hep-ph/9704361

P. Gondolo, G. Gelmini, Cosmic abundances of stable particles:
improved analysis. Nucl. Phys. A 360, 145-179 (1991)

P. Gondolo, J. Edsjo et al., DarkSUSY: computing supersymmet-
ric dark matter properties numerically. JCAP 0407, 008 (2004).
arXiv:astro-ph/0406204

G. Bélanger, F. Boudjema, A. Pukhov, A. Semenov,
mictOMEGAs 3: a program for calculating dark matter

@ Springer


http://arxiv.org/abs/1502.01589
http://arxiv.org/abs/0811.3347
http://arxiv.org/abs/1003.0904
http://arxiv.org/abs/1407.0017
http://arxiv.org/abs/hep-ph/9506380
http://arxiv.org/abs/hep-ph/0701197
http://arxiv.org/abs/1302.3898
http://arxiv.org/abs/1512.05344
http://arxiv.org/abs/arXiv:1705.07908
http://arxiv.org/abs/1705.07919
http://arxiv.org/abs/1705.07933
http://arxiv.org/abs/1705.07936
http://arxiv.org/abs/1705.07959
http://arxiv.org/abs/astro-ph/0406204
http://arxiv.org/abs/1507.07987
http://arxiv.org/abs/1601.00653
http://arxiv.org/abs/1111.6097
http://arxiv.org/abs/1406.2319
http://arxiv.org/abs/hep-ph/0104145
http://arxiv.org/abs/astro-ph/9508025
http://arxiv.org/abs/astro-ph/9708176
http://arxiv.org/abs/astro-ph/9903164
http://arxiv.org/abs/astro-ph/0509417
http://arxiv.org/abs/0912.3693
http://arxiv.org/abs/1209.3339
http://arxiv.org/abs/1006.3268
http://arxiv.org/abs/1404.1938
http://arxiv.org/abs/1205.4033
http://arxiv.org/abs/0907.0018
http://arxiv.org/abs/1003.3101
http://arxiv.org/abs/1504.06324
http://arxiv.org/abs/1006.1322
http://arxiv.org/abs/1011.4318
http://arxiv.org/abs/0902.3913
http://arxiv.org/abs/0907.5423
http://arxiv.org/abs/astro-ph/0611671
http://arxiv.org/abs/1012.4515
http://arxiv.org/abs/hep-ph/9704361
http://arxiv.org/abs/astro-ph/0406204

831

Page 54 of 57

Eur. Phys. J. C (2017) 77:831

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

observables. Comput. Phys. Commun. 185, 960-985 (2014).
arXiv:1305.0237

G. Bélanger, F. Boudjema, et. al., Indirect search for dark matter
with micrOMEGAs2.4. Comput. Phys. Commun. 182, 842-856
(2011). arXiv:1004.1092

G. Bélanger, F. Boudjema, A. Pukhov, and A. Semenov, Dark mat-
ter direct detection rate in a generic model with micrOMEGAs 2.2.
Comput. Phys. Commun. 180, 747-767 (2009). arXiv:0803.2360
G. Bélanger, F. Boudjema, A. Pukhov, and A. Semenov,
MicrOMEGAs 2.0: a program to calculate the relic density of
dark matter in a generic model. Comput. Phys. Commun. 176,
367-382 (2007). arXiv:hep-ph/0607059

A. Belyaev, N.D. Christensen, A. Pukhov, CalcHEP 3.4 for col-
lider physics within and beyond the standard model. Comput.
Phys. Commun. 184, 1729-1769 (2013). arXiv:1207.6082

G. Bélanger, F. Boudjema, A. Pukhov, A. Semenov,
mictOMEGAs: version 1.3. Comput. Phys. Commun. 174,
577-604 (2006). arXiv:hep-ph/0405253

G. Bélanger, F. Boudjema, A. Pukhov, A. Semenov,
MicrOMEGAs: a program for calculating the relic density
in the MSSM. Comput. Phys. Commun. 149, 103-120 (2002).
arXiv:hep-ph/0112278

N. Baro, F. Boudjema, A. Semenov, Full one-loop corrections to
the relic density in the MSSM: a few examples. Phys. Lett. B 660,
550-560 (2008). arXiv:0710.1821

N. Baro, F. Boudjema, G. Chalons, S. Hao, Relic density at one-
loop with gauge boson pair production. Phys. Rev. D 81, 015005
(2010). arXiv:0910.3293

B. Herrmann, M. Klasen, K. Kovarik, M. Meinecke, P. Steppeler,
One-loop corrections to gaugino (co)annihilation into quarks in
the MSSM. Phys. Rev. D 89, 114012 (2014). arXiv:1404.2931

J. Harz, B. Herrmann, M. Klasen, K. Kovarik, P. Steppeler, Precise
prediction of the dark matter relic density within the MSSM. PoS
EPS-HEP2015, 410 (2015). arXiv:1510.06295

J. Harz, B. Herrmann, M. Klasen, K. Kovarik, P. Steppeler, The-
oretical uncertainty of the supersymmetric dark matter relic den-
sity from scheme and scale variations. Phys. Rev. D 93, 114023
(2016). arXiv:1602.08103

M.W. Goodman, E. Witten, Detectability of certain dark matter
candidates. Phys. Rev. D 31, 3059 (1985)

J. Kumar, D. Marfatia, Matrix element analyses of dark mat-
ter scattering and annihilation. Phys. Rev. D 88, 014035 (2013).
arXiv:1305.1611

R.H. Helm, Inelastic and elastic scattering of 187-Mev elec-
trons from selected even-even nuclei. Phys. Rev. 104, 1466-1475
(1956)

J. Lewin, P. Smith, Review of mathematics, numerical factors, and
corrections for dark matter experiments based on elastic nuclear
recoil. Astropart. Phys. 6, 87-112 (1996)

G. Duda, A. Kemper, P. Gondolo, Model independent form
factors for spin independent neutralino-nucleon scattering from
elastic electron scattering data. JCAP 0704, 012 (2007).
arXiv:hep-ph/0608035

V. Bednyakov, F. Simkovic, Nuclear spin structure in dark matter
search: the zero momentum transfer limit. Phys. Part. Nucl. 36,
131-152 (2005). arXiv:hep-ph/0406218

V. Bednyakov, F. Simkovic, Nuclear spin structure in dark matter
search: the finite momentum transfer limit. Phys. Part. Nucl. 37,
S106-S128 (2006). arXiv:hep-ph/0608097

C. Savage, A. Scaffidi, M. White, A.G. Williams, LUX likeli-
hood and limits on spin-independent and spin-dependent WIMP
couplings with LUXCalc. Phys. Rev. D 92, 103519 (2015).
arXiv:1502.02667

A. Berlin, S. Gori, T. Lin, L.-T. Wang, Pseudoscalar portal dark
matter. Phys. Rev. D 92, 015005 (2015). arXiv:1502.06000

@ Springer

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

A. Beniwal, F. Rajec et al., Combined analysis of effective Higgs
portal dark matter models. Phys. Rev. D 93, 115016 (2016).
arXiv:1512.06458

S. Liem, G. Bertone et al., Effective field theory of dark matter: a
global analysis. JHEP 09, 077 (2016). arXiv:1603.05994

P. Klos, J. Menéndez, D. Gazit, A. Schwenk, Large-scale nuclear
structure calculations for spin-dependent WIMP scattering with
chiral effective field theory currents. Phys. Rev. D 88, 083516
(2013). arXiv:1304.7684

G.J. Feldman, R.D. Cousins, A unified approach to the classical
statistical analysis of small signals. Phys. Rev. D 57, 3873-3889
(1998). arXiv:physics/9711021

S. Yellin, Finding an upper limit in the presence of unknown back-
ground. Phys. Rev. D 66, 032005 (2002). arXiv:physics/0203002
XENONI100 Collaboration, E. Aprile, M. Alfonsi, et al., Dark
matter results from 225 Live Days of XENON100 Data. Phys.
Rev. Lett. 109, 181301 (2012). arXiv:1207.5988

SuperCDMS Collaboration, R. Agnese et. al., Search for low-
mass weakly interacting massive particles with SuperCDMS.
Phys. Rev. Lett. 112, 241302 (2014). arXiv:1402.7137

SIMPLE Collaboration, M. Felizardo et. al., The SIMPLE
phase II dark matter search. Phys. Rev. D 89, 072013 (2014).
arXiv:1404.4309

LUX Collaboration, D.S. Akerib, et al., First results from the LUX
dark matter experiment at the Sanford Underground Research
Facility. Phys. Rev. Lett. 112, 091303 (2014). arXiv:1310.8214
D.S. Akerib, H.M. Aratjo et al., Improved limits on scattering of
weakly interacting massive particles from reanalysis of 2013 LUX
data. Phys. Rev. Lett. 116, 161301 (2016). arXiv:1512.03506
D.S. Akerib, S. Alsum et al., Results from a search for dark matter
in the complete LUX exposure. Phys. Rev. Lett. 118, 021303
(2017). arXiv:1608.07648

PandaX-II Collaboration, A. Tan et. al., Dark matter results from
first 98.7 days of data from the PandaX-II experiment. Phys. Rev.
Lett. 117, 121303 (2016). arXiv:1607.07400

C. Amole, M. Ardid et al., Dark matter search results from the
PICO-60 CF5 I bubble chamber. Phys. Rev. D 93, 052014 (2016).
arXiv:1510.07754

PICO Collaboration, C. Amole, et al., Improved dark matter
search results from PICO-2L Run 2. Phys. Rev. D 93, 061101
(2016). arXiv:1601.03729

XENON, E. Aprile et. al., First dark matter search results from
the XENONIT experiment. arXiv:1705.06655

PICO, C. Amole et. al., Dark matter search results from the PICO-
60 C3 F3 bubble chamber. Phys. Rev. Lett. 118, 251301 (2017).
arXiv:1702.07666

PICO Collaboration, C. Amole, et al., Dark matter search results
from the PICO-2L C3Fg bubble chamber. Phys. Rev. Lett. 114,
231302 (2015). arXiv:1503.00008

C. Savage, TPCMC: a time projection chamber Monte Carlo for
dark matter searches. Private code
http://nest.physics.ucdavis.edu/site/

M. Drees, M. Nojiri, Neutralino—nucleon scattering revisited.
Phys. Rev. D 48, 3483-3501 (1993). arXiv:hep-ph/9307208
J.M. Cline, K. Kainulainen, P. Scott, C. Weniger, Update on
scalar singlet dark matter. Phys. Rev. D 88, 055025 (2013).
arXiv:1306.4710

J.R. Ellis, K.A. Olive, C. Savage, Hadronic uncertainties in the
elastic scattering of supersymmetric dark matter. Phys. Rev. D 77,
065026 (2008). arXiv:0801.3656

H.-W. Lin, Lattice QCD for precision nucleon matrix elements.
arXiv:1112.2435

M.M. Pavan, L. Strakovsky, R.L. Workman, R.A. Arndt, The Pion
nucleon Sigma term is definitely large: Results from a G.W.U.
analysis of pi nucleon scattering data. PIN Newslett. 16, 110-115
(2002). arXiv:hep-ph/0111066


http://arxiv.org/abs/1305.0237
http://arxiv.org/abs/1004.1092
http://arxiv.org/abs/0803.2360
http://arxiv.org/abs/hep-ph/0607059
http://arxiv.org/abs/1207.6082
http://arxiv.org/abs/hep-ph/0405253
http://arxiv.org/abs/hep-ph/0112278
http://arxiv.org/abs/0710.1821
http://arxiv.org/abs/0910.3293
http://arxiv.org/abs/1404.2931
http://arxiv.org/abs/1510.06295
http://arxiv.org/abs/1602.08103
http://arxiv.org/abs/1305.1611
http://arxiv.org/abs/hep-ph/0608035
http://arxiv.org/abs/hep-ph/0406218
http://arxiv.org/abs/hep-ph/0608097
http://arxiv.org/abs/1502.02667
http://arxiv.org/abs/1502.06000
http://arxiv.org/abs/1512.06458
http://arxiv.org/abs/1603.05994
http://arxiv.org/abs/1304.7684
http://arxiv.org/abs/physics/9711021
http://arxiv.org/abs/physics/0203002
http://arxiv.org/abs/1207.5988
http://arxiv.org/abs/1402.7137
http://arxiv.org/abs/1404.4309
http://arxiv.org/abs/1310.8214
http://arxiv.org/abs/1512.03506
http://arxiv.org/abs/1608.07648
http://arxiv.org/abs/1607.07400
http://arxiv.org/abs/1510.07754
http://arxiv.org/abs/1601.03729
http://arxiv.org/abs/1705.06655
http://arxiv.org/abs/1702.07666
http://arxiv.org/abs/1503.00008
http://nest.physics.ucdavis.edu/site/
http://arxiv.org/abs/hep-ph/9307208
http://arxiv.org/abs/1306.4710
http://arxiv.org/abs/0801.3656
http://arxiv.org/abs/1112.2435
http://arxiv.org/abs/hep-ph/0111066

Eur. Phys. J. C (2017) 77:831

Page 55 of 57 831

91

92

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

. J.M. Alarcon, J. Martin Camalich, J.A. Oller, The chiral represen-
tation of the w N scattering amplitude and the pion-nucleon sigma
term. Phys. Rev. D 85, 051503 (2012). arXiv:1110.3797

. J. Ruiz de Elvira, M. Hoferichter, B. Kubis, U.-G. MeiSSner,

Extracting the sigma-term from low-energy pion-nucleon scatter-

ing. arXiv:1706.01465

L. Alvarez-Ruso, T. Ledwig, J. Martin Camalich, M.J. Vicente-

Vacas, Nucleon mass and pion-nucleon sigma term from a chiral

analysis of lattice QCD data. Phys. Rev. D 88, 054507 (2013).

arXiv:1304.0483

RQCD, G.S. Bali, S. Collins, et. al., Direct determinations of the

nucleon and pion o terms at nearly physical quark masses. Phys.

Rev. D 93, 094504 (2016). arXiv:1603.00827

ETM, A. Abdel-Rehim, C. Alexandrou, et. al., Direct evaluation

of the quark content of nucleons from lattice QCD at the physical

point. Phys. Rev. Lett. 116, 252001 (2016). arXiv:1601.01624

P.E. Shanahan, Chiral Effective theory methods and their applica-

tion to the structure of hadrons from lattice QCD. J. Phys. G 43,

124001 (2016). arXiv:1606.08812

Particle Data Group, K. A. Oliveet. al., Review of Particle Physics.

Chin. Phys. C 38, 090001 (2014)

Y. Goto et al., Polarized parton distribution functions in the

nucleon. Phys. Rev. D 62, 034017 (2000). arXiv:hep-ph/0001046

COMPASS Collaboration, V.Yu. Alexakhin et. al., The deuteron

spin-dependent structure function gl(d) and its first moment.

Phys. Rev. B 647, 8—17 (2007). arXiv:hep-ex/0609038

T. Sjostrand, S. Mrenna, P.Z. Skands, PYTHIA 6.4 physics and

manual. JHEP 05, 026 (2006). arXiv:hep-ph/0603175

T. Bringmann, C. Weniger, Gamma ray signals from dark mat-

ter: concepts, status and prospects. Phys. Dark Univ. 1, 194-217

(2012). arXiv:1208.5481

L. Bergstrom, J. Edsjo, P. Gondolo, Indirect detection of dark

matter in km size neutrino telescopes. Phys. Rev. D 58, 103519

(1998). arXiv:hep-ph/9806293

M. Cirelli, G. Giesen, Antiprotons from dark matter: current

constraints and future sensitivities. JCAP 1304, 015 (2013).

arXiv:1301.7079

T. Bringmann, M. Vollmann, C. Weniger, Updated cosmic-ray and

radio constraints on light dark matter: implications for the GeV

gamma-ray excess at the Galactic center. Phys. Rev. D 90, 123001

(2014). arXiv:1406.6027

M. Cirelli, D. Gaggero, G. Giesen, M. Taoso, A. Urbano, Antipro-

ton constraints on the GeV gamma-ray excess: a comprehensive

analysis. JCAP 1412, 045 (2014). arXiv:1407.2173

L. Bergstrom, T. Bringmann, I. Cholis, D. Hooper, C. Weniger,

New limits on dark matter annihilation from AMS cos-

mic ray positron data. Phys. Rev. Lett. 111, 171101 (2013).

arXiv:1306.3983

T. Bringmann, C. Weniger, Gamma ray signals from dark mat-

ter: concepts, status and prospects. Phys. Dark Univ. 1, 194-217

(2012). arXiv:1208.5481

L. Bergstrom, P. Ullio, J.H. Buckley, Observability of gamma-rays

from dark matter neutralino annihilations in the Milky Way halo.

Astropart. Phys. 9, 137-162 (1998). arXiv: astro-ph/9712318

T. Bringmann, L. Bergstrom, J. Edsjo, New gamma-ray contribu-

tions to supersymmetric dark matter annihilation. JHEP 01, 049

(2008). arXiv:0710.3169

A. Ibarra, S. Lopez Gehler, M. Pato, Dark matter constraints

from box-shaped gamma-ray features. JCAP 1207, 043 (2012).

arXiv:1205.0007

M.A. Sanchez-Conde, F. Prada, The flattening of the concentra-

tion mass relation towards low halo masses and its implications for

the annihilation signal boost. MNRAS 442, 2271-2277 (2014).

arXiv:1312.1729

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.
131.

132.

133.

134.

135.

G. Steigman, H. Quintana, C.L. Sarazin, J. Faulkner, Dynamical
interactions and astrophysical effects of stable heavy neutrinos.
AJ 83, 1050-1061 (1978)

T.K. Gaisser, G. Steigman, S. Tilav, Limits on cold-dark-matter
candidates from deep underground detectors. Phys. Rev. D 34,
2206-2222 (1986)

A. Gould, Resonant enhancements in weakly interacting massive
particle capture by the earth. ApJ 321, 571-585 (1987)

M. Danninger, C. Rott, Solar WIMPs unravelled: Experiments,
astrophysical uncertainties, and interactive tools. Phys. Dark Univ.
5, 35-44 (2014). arXiv:1509.08230

M. Blennow, J. Eds;jo, T. Ohlsson, Neutrinos from WIMP annihi-
lations obtained using a full three-flavor Monte Carlo approach.
JCAP 1, 21 (2008). arXiv:0709.3898

P. Scott, M. Fairbairn, J. Edsjo, Dark stars at the Galac-
tic Centre—the main sequence. MNRAS 394, 82-104 (2009).
arXiv:0809.1871

M. T. Frandsen, S. Sarkar, Asymmetric dark matter and the Sun,
Phys. Rev. Lett. 105, 011301 (2010). arxiv:1003.4505

M. Taoso, F. Iocco, G. Meynet, G. Bertone, P. Eggenberger, Effect
of low mass dark matter particles on the Sun. Phys. Rev. D 82,
083509 (2010). arXiv:1005.5711

F. Iocco, M. Taoso, F. Leclercq, G. Meynet, Main sequence stars
with asymmetric dark matter. Phys. Rev. Lett. 108,061301 (2012).
arXiv:1201.5387

A.C. Vincent, P. Scott, A. Serenelli, Possible indication of
momentum-dependent asymmetric dark matter in the Sun. Phys.
Rev. Lett. 114, 081302 (2015). arXiv:1411.6626

A.C. Vincent, A. Serenelli, P. Scott, Generalised form factor dark
matter in the Sun. JCAP 8, 40 (2015). arXiv:1504.04378

A.C. Vincent, P. Scott, A. Serenelli, Updated constraints on veloc-
ity and momentum-dependent asymmetric dark matter. JCAP 11,
007 (2016). arXiv:1605.06502

IceCube Collaboration, M.G. Aartsen, K. Abraham, et. al., Search
for dark matter annihilation in the Galactic Center with IceCube-
79. Eur. Phys. J. C 75, 492 (2015). arXiv:1505.07259
ANTARES Collaboration, S. Adrian-Martinez et. al., Search
of dark matter annihilation in the galactic centre using
the ANTARES neutrino telescope. JCAP 10, 068 (2015).
arXiv:1505.04866

A. Gould, Weakly interacting massive particle distribution in and
evaporation from the sun. ApJ 321, 560-570 (1987)

G. Busoni, A. De Simone, W.-C. Huang, On the minimum dark
matter mass testable by neutrinos from the Sun. JCAP 7, 010
(2013). arXiv:1305.1817

G. Busoni, A. De Simone, P. Scott, A.C. Vincent, Evaporation and
scattering of momentum- and velocity-dependent dark matter in
the Sun. arXiv:1703.07784

P. Baratella, M. Cirelli et al., PPPC 4 DMv: a poor particle physi-
cist cookbook for neutrinos from dark matter annihilations in the
Sun. JCAP 3, 053 (2014). arXiv:1312.6408

WimpSim. http://www.fysik.su.se/~edsjo/wimpsim/

IceCube Collaboration, M.G. Aartsen et. al., Search for annihi-
lating dark matter in the Sun with 3 years of IceCube data. Eur.
Phys. J. C 77, 146 (2017). arXiv:1612.05949

K. Choi, K. Abe et al., Search for neutrinos from annihilation
of captured low-mass dark matter particles in the sun by super-
kamiokande. Phys. Rev. Lett. 114, 141301 (2015)

P. Scott, C. Savage, J. Edsjo, the IceCube Collaboration, R. Abbasi
et al., Use of event-level neutrino telescope data in global fits for
theories of new physics. JCAP 11, 57 (2012). arXiv:1207.0810
IceCube Collaboration, M.G. Aartsen, R. Abbasi, et. al., Search
for dark matter annihilations in the Sun with the 79-string icecube
detector. Phys. Rev. Lett. 110, 131302 (2013). arXiv:1212.4097
Fermi-LAT Collaboration, M. Ackermann et. al., Dark matter con-
straints from observations of 25 Milky Way satellite galaxies with

@ Springer


http://arxiv.org/abs/1110.3797
http://arxiv.org/abs/1706.01465
http://arxiv.org/abs/1304.0483
http://arxiv.org/abs/1603.00827
http://arxiv.org/abs/1601.01624
http://arxiv.org/abs/1606.08812
http://arxiv.org/abs/hep-ph/0001046
http://arxiv.org/abs/hep-ex/0609038
http://arxiv.org/abs/hep-ph/0603175
http://arxiv.org/abs/1208.5481
http://arxiv.org/abs/hep-ph/9806293
http://arxiv.org/abs/1301.7079
http://arxiv.org/abs/1406.6027
http://arxiv.org/abs/1407.2173
http://arxiv.org/abs/1306.3983
http://arxiv.org/abs/1208.5481
http://arxiv.org/abs/astro-ph/9712318
http://arxiv.org/abs/0710.3169
http://arxiv.org/abs/1205.0007
http://arxiv.org/abs/1312.1729
http://arxiv.org/abs/1509.08230
http://arxiv.org/abs/0709.3898
http://arxiv.org/abs/0809.1871
http://arxiv.org/abs/1003.4505
http://arxiv.org/abs/1005.5711
http://arxiv.org/abs/1201.5387
http://arxiv.org/abs/1411.6626
http://arxiv.org/abs/1504.04378
http://arxiv.org/abs/1605.06502
http://arxiv.org/abs/1505.07259
http://arxiv.org/abs/1505.04866
http://arxiv.org/abs/1305.1817
http://arxiv.org/abs/1703.07784
http://arxiv.org/abs/1312.6408
http://arxiv.org/abs/1612.05949
http://arxiv.org/abs/1207.0810
http://arxiv.org/abs/1212.4097

831

Page 56 of 57

Eur. Phys. J. C (2017) 77:831

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

the Fermi large area telescope. Phys. Rev. D 89, 042001 (2014).
arXiv:1310.0828

Fermi-LAT Collaboration, M. Ackermann, A. Albert, et. al.,
Searching for dark matter annihilation from milky way dwarf
spheroidal galaxies with six years of fermi large area telescope
data. Phys. Rev. Lett. 115, 231301 (2015). arXiv:1503.02641
HESS Collaboration, A. Abramowski, et al., Search for a Dark
Matter annihilation signal from the Galactic Center halo with
H.E.S.S. Phys. Rev. Lett. 106, 161301 (2011). arXiv:1103.3266
F. Calore, I. Cholis, C. Weniger, Background model system-
atics for the Fermi GeV excess. JCAP 1503, 038 (2015).
arXiv:1409.0042

A. Achterberg, S. Amoroso et al., A description of the Galactic
Center excess in the minimal supersymmetric standard model.
JCAP 1508, 006 (2015). arXiv:1502.05703

H. Silverwood, C. Weniger, P. Scott, G. Bertone, A realistic assess-
ment of the CTA sensitivity to dark matter annihilation. JCAP
1503, 055 (2015). arXiv:1408.4131

X. Huang, Y.-L.S. Tsai, Q. Yuan, LikeDM: likelihood calculator
of dark matter detection. Comput. Phys. Commun. 213, 252-263
(2017). arXiv:1603.07119

A. Chiappo, J. Cohen-Tanugi, et. al., Dwarf spheroidal J-factors
without priors: a likelihood-based analysis for indirect dark matter
searches. arXiv:1608.07111

D. Hooper, L. Goodenough, Dark matter annihilation in the galac-
tic center as seen by the Fermi gamma ray space telescope. Phys.
Lett. B 697, 412-428 (2011). arXiv:1010.2752

0. Macias, C. Gordon, Contribution of cosmic rays interacting
with molecular clouds to the Galactic Center gamma-ray excess.
Phys. Rev. D 89, 063515 (2014). arXiv:1312.6671

K.N. Abazajian, N. Canac, S. Horiuchi, M. Kaplinghat, Astro-
physical and dark matter interpretations of extended gamma-ray
emission from the galactic center. Phys. Rev. D 90, 023526 (2014).
arXiv:1402.4090

T. Daylan, D.P. Finkbeiner et al., The characterization of the
gamma-ray signal from the central Milky Way: a case for
annihilating dark matter. Phys. Dark Univ. 12, 1-23 (2016).
arXiv:1402.6703

B.Zhou, Y.-F. Liang et al., GeV excess in the Milky Way: the role
of diffuse galactic gamma-ray emission templates. Phys. Rev. D
91, 123010 (2015). arXiv:1406.6948

Fermi-LAT Collaboration, M. Ajello et. al., Fermi-LAT observa-
tions of high-energy y-ray emission toward the galactic center.
ApJ 819, 44 (2016). arXiv:1511.02938

R. Bartels, S. Krishnamurthy, C. Weniger, Strong support for the
millisecond pulsar origin of the Galactic center GeV excess. Phys.
Rev. Lett. 116, 051102 (2016). arXiv:1506.05104

S.K. Lee, M. Lisanti, B.R. Safdi, T.R. Slatyer, W. Xue, Evidence
for unresolved y -ray point sources in the inner galaxy. Phys. Rev.
Lett. 116, 051103 (2016). arXiv:1506.05124

F. Calore, 1. Cholis, C. McCabe, C. Weniger, A tale of tails:
dark matter interpretations of the Fermi GeV excess in light of
background model systematics. Phys. Rev. D 91, 063003 (2015).
arXiv:1411.4647

H. Silverwood, CTA morphological likelihood analysis. Private
code

T. Bringmann, A.J. Galea, P. Walia, Leading QCd corrections
for indirect dark matter searches: a fresh look. Phys. Rev. D 93,
043529 (2016). arXiv:1510.02473

T. Bringmann, F. Calore, Significant enhancement of neutralino
dark matter annihilation from electroweak Bremsstrahlung. Phys.
Rev. Lett. 112, 071301 (2014). arXiv:1308.1089

T. Bringmann, F. Calore, A. Galea, M. Garny, Electroweak and
Higgs Boson Internal Bremsstrahlung: General considerations for
Majorana dark matter annihilation and application to MSSM neu-
tralinos. arXiv:1705.03466

@ Springer

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

T. Sjostrand, S. Ask, et. al., An introduction to PYTHIA 8.2.
Comput. Phys. Commun. 191, 159-177 (2016). arXiv:1410.3012
M. Asplund, N. Grevesse, A.J. Sauval, P. Scott, The chem-
ical composition of the Sun. ARA&A 47, 481-522 (2009).
arXiv:0909.0948

AM. Serenelli, S. Basu, J.W. Ferguson, M. Asplund, New solar
composition: the problem with solar models revisited. ApJ 705,
L123-L127 (2009). arXiv:0909.2668

IceCube Collaboration, R. Abbasi, Y. Abdou, et. al., Limits on
a Muon flux from neutralino annihilations in the sun with the
IceCube 22-string detector. Phys. Rev. Lett. 102, 201302 (2009).
arXiv:0902.2460

A.L. Read, Modified frequentist analysis of search results (the
CLg method). In 1st Workshop on Confidence limits (CERN,
Geneva, 2000), pp. 81-101. CERN-2000-005

A.L. Read, DURHAM IPPP workshop paper: presentation of
search results: the CL; technique. J. Phys. G 28, 2693-2704
(2002)

G. Elor, N.L. Rodd, T.R. Slatyer, W. Xue, Model-independent
indirect detection constraints on hidden sector dark matter.
arXiv:1511.08787

GAMBIT Collaboration, P. Athron, C. Baldzs, et. al., Global fits
of GUT-scale SUSY models with GAMBIT. arXiv:1705.07935
GAMBIT Collaboration, P. Athron, C. Baldazs, et. al., A global fit
of the MSSM with GAMBIT. arXiv:1705.07917

GAMBIT Collaboration, P. Athron, C. Balazs, et. al., Status of the
scalar singlet dark matter model. arXiv:1705.07931

PandaX-II Collaboration, C. Fu et. al., Spin-dependent weakly-
interacting-massive-particle-Nucleon cross section limits from
first data of PandaX-II experiment. Phys. Rev. Lett. 118, 071301
(2017). arXiv:1611.06553

G. Bélanger, F. Boudjema, A. Pukhov, A. Semenov,
micrOMEGAs4.1: two dark matter candidates. Comput.
Phys. Commun. 192, 322-329 (2015). arXiv:1407.6129

F. D’Eramo, J. Thaler, Semi-annihilation of Dark Matter. JHEP
06, 109 (2010). arXiv:1003.5912

K. Petraki, R.R. Volkas, Review of asymmetric dark matter. Int.
J. Mod. Phys. A 28, 1330028 (2013). arXiv:1305.4939

M. Backovic, K. Kong, M. McCaskey, MadDM v.1.0: computa-
tion of dark matter relic abundance using MadGraph5. Phys. Dark
Univ. 5-6, 18-28 (2014). arXiv:1308.4955

M. Backovié, A. Martini, O. Mattelaer, K. Kong, G. Mohlabeng,
Direct detection of dark matter with MadDM v.2.0. Phys. Dark
Univ. 9-10, 37-50 (2015). arXiv:1505.04190

J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, T. Stelzer, Mad-
Graph 5: going beyond. JHEP 06, 128 (2011). arXiv:1106.0522
A. Hryczuk, R. Iengo, P. Ullio, Relic densities including Som-
merfeld enhancements in the MSSM. JHEP 03, 069 (2011).
arXiv:1010.2172

J.L. Feng, M. Kaplinghat, H.-B. Yu, Sommerfeld enhancements
for thermal relic dark matter. Phys. Rev. D 82, 083525 (2010).
arXiv:1005.4678

A. Arbey, F. Mahmoudi, Superlso relic: a program for cal-
culating relic density and flavor physics observables in super-
symmetry. Comput. Phys. Commun. 181, 1277-1292 (2010).
arXiv:0906.0369

T. Bringmann, Particle models and the small-scale structure of
dark matter. New J. Phys. 11, 105027 (2009). arXiv:0903.0189
J.M. Cornell, S. Profumo, W. Shepherd, Kinetic decoupling and
small-scale structure in effective theories of dark matter. Phys.
Rev. D 88, 015027 (2013). arXiv:1305.4676

A.L. Fitzpatrick, W. Haxton, E. Katz, N. Lubbers, Y. Xu, The
effective field theory of dark matter direct detection. JCAP 1302,
004 (2013). arXiv:1203.3542

J. Hisano, S. Matsumoto, M.M. Nojiri, O. Saito, Non-perturbative
effect on dark matter annihilation and gamma ray signa-


http://arxiv.org/abs/1310.0828
http://arxiv.org/abs/1503.02641
http://arxiv.org/abs/1103.3266
http://arxiv.org/abs/1409.0042
http://arxiv.org/abs/1502.05703
http://arxiv.org/abs/1408.4131
http://arxiv.org/abs/1603.07119
http://arxiv.org/abs/1608.07111
http://arxiv.org/abs/1010.2752
http://arxiv.org/abs/1312.6671
http://arxiv.org/abs/1402.4090
http://arxiv.org/abs/1402.6703
http://arxiv.org/abs/1406.6948
http://arxiv.org/abs/1511.02938
http://arxiv.org/abs/1506.05104
http://arxiv.org/abs/1506.05124
http://arxiv.org/abs/1411.4647
http://arxiv.org/abs/1510.02473
http://arxiv.org/abs/1308.1089
http://arxiv.org/abs/1705.03466
http://arxiv.org/abs/1410.3012
http://arxiv.org/abs/0909.0948
http://arxiv.org/abs/0909.2668
http://arxiv.org/abs/0902.2460
http://arxiv.org/abs/1511.08787
http://arxiv.org/abs/1705.07935
http://arxiv.org/abs/1705.07917
http://arxiv.org/abs/1705.07931
http://arxiv.org/abs/1611.06553
http://arxiv.org/abs/1407.6129
http://arxiv.org/abs/1003.5912
http://arxiv.org/abs/1305.4939
http://arxiv.org/abs/1308.4955
http://arxiv.org/abs/1505.04190
http://arxiv.org/abs/1106.0522
http://arxiv.org/abs/1010.2172
http://arxiv.org/abs/1005.4678
http://arxiv.org/abs/0906.0369
http://arxiv.org/abs/0903.0189
http://arxiv.org/abs/1305.4676
http://arxiv.org/abs/1203.3542

Eur. Phys. J. C (2017) 77:831

Page 57 of 57 831

180.

181.

ture from galactic center. Phys. Rev. D 71, 063528 (2005).
arXiv:hep-ph/0412403

R. Iengo, Sommerfeld enhancement: general results from field
theory diagrams. JHEP 05, 024 (2009). arXiv:0902.0688

J. Bovy, Substructure boosts to dark matter annihilation from
Sommerfeld enhancement. Phys. Rev. D 79, 083539 (2009).
arXiv:0903.0413

182.

183.

C. Arina, T. Bringmann, J. Silk, M. Vollmann, Enhanced line
signals from annihilating Kaluza-Klein dark matter. Phys. Rev. D
90, 083506 (2014). arXiv:1409.0007

J. Choquette, J.M. Cline, J.M. Cornell, p-wave annihilating dark
matter from a decaying predecessor and the galactic center excess.
Phys. Rev. D 94, 015018 (2016). arXiv:1604.01039

@ Springer


http://arxiv.org/abs/hep-ph/0412403
http://arxiv.org/abs/0902.0688
http://arxiv.org/abs/0903.0413
http://arxiv.org/abs/1409.0007
http://arxiv.org/abs/1604.01039

	DarkBit: a GAMBIT module for computing dark matter observables and likelihoods
	Abstract 
	1 Introduction
	2 Module overview
	3 Halo modeling
	3.1 Background
	3.1.1 Density profiles
	3.1.2 Velocity distribution

	3.2 Halo model implementation in GAMBIT
	3.2.1 Halo models and associated capabilities
	3.2.2 Likelihoods


	4 Relic density
	4.1 Background
	4.2 Interfaces to DarkSUSY and micrOMEGAs
	4.3 Relic density implementation in DarkBit

	5 Direct detection
	5.1 Background
	5.2 DDCalc
	5.2.1 Methods
	5.2.2 Experiments
	5.2.3 Command-line usage
	5.2.4 Library interface (API)

	5.3 Direct detection implementation in DarkBit
	5.3.1 WIMP-nucleon couplings
	5.3.2 Nuclear uncertainties
	5.3.3 Event rates and likelihoods


	6 Indirect detection
	6.1 Background
	6.1.1 Gamma rays
	6.1.2 Neutrinos

	6.2 gamLike
	6.2.1 Overview
	6.2.2 gamLike targets
	6.2.3 Library interface (API)

	6.3 Implementation of indirect detection in DarkBit
	6.3.1 The Process Catalogue
	6.3.2 Gamma rays
	6.3.3 Neutrinos
	6.3.4 Fast Cascade Monte Carlo (FCMC)


	7 Examples
	7.1 CMSSM, MSSM and Singlet DM
	7.2 Effective WIMPs
	7.3 Comparing DarkSUSY and micrOMEGAs

	8 Outlook
	9 Conclusions
	Acknowledgements
	Appendix A: Getting started
	Appendix A.1: Content of DarkBit download and installation
	Appendix A.2: Running the example program

	Appendix B: Handling Fortran/C/C++ functions with daFunk
	Appendix B.1: Design goals and philosophy
	Appendix B.2: Selected examples

	Appendix C: Glossary
	Appendix D: Capability overview
	References




