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1 Preface

This master thesis project was a great experience. The project was a combination of high performance
computing, experimental high energy physics and cosmology, which are the three things I got the most
interested in during my study. Programming has been my hobby since I was four and I wanted to
study physics and astronomy since I was eight. To combine these two passions was exactly what I was
hoping for in a big project like this.

The results were great as well. In the first few months of searching a few false positives were found,
but at the end it became more like a rollercoaster ride. For example when another group published
the results we found a few days before I wanted to present them to my supervisors. After some more
research a publication could nevertheless be written. However, first the results had to be verified. This
was a bit scary for me, as the chance of writing a bug somewhere was still there. Everything checked
out however and I am very proud of the result.

The results are now published in the Journal of Cosmology and Astroparticly Physics in the Au-
gust 2015 issue[1]. Also, the results were discussed in Nature[2].

I am really happy with the result and very grateful for the help of my supervisors Sascha Caron
and Abraham Achterberg.

2 Introduction

There have been many observations of our Galaxy, other galaxies[3, 4], clusters of galaxies and gravita-
tional lensing by clusters of galaxies[5] that indicate that the mass density in the Universe (excluding
the vacuum density) is dominated by a component that is not yet observed directly in laboratory
experiments. The properties of the Cosmic Microwave Background also supports this hypothesis [6].
There are multiple possible sources that explain this invisible mass. The three main candidates are
Weakly Interating Massive Particles (WIMPs), Massive Compact Halo Objects (MACHOs) or even
Robust Associations of Massive Baryonic Objects (RAMBOs).

MACHOs are heavy objects of baryonic matter that cannot be observed by our telescopes. These
are mainly heavy objects that do not emit light, such as black holes and brown dwarfs. RAMBOs
are clusters of these objects. Both MACHOs and RAMBOs exist, but they cannot account for the
immense mass difference between observed and dark matter. Also, if dark matter was baryonic there
would be too many baryons in the early universe such that the matter content after the big bang
nucleosynthesis would give results that are different from observations[7]. The most likely candidate
therefore is a WIMP that is not contained in the current Standard Model of particle physics.

The search for WIMPs is therefore very important for the development of new physics beyond the
Standard Model. The WIMP is a very broad category and the definition above does not define any
properties nor a theoretical framework in which the WIMPs live. On the other hand, numerous theo-
ries give rise to a massive, stable particle that could explain the excess mass in the universe[8, 9, 10, 11].

Some WIMP properties and constraints on its interactions can be determined from the structure
of our Universe. If WIMPS are a thermal relic from the early, hot Universe, with a mass on the
weak scale Ew ⇠ 100GeV, the velocity-weighted cross section should be around h�vi ' (2 � 5) ·
10�26 cm3s�1[12, 13]. This is needed in order to produce a Dark Matter density of ⌦DMh2 ' 0.12,
which is required by observations[6]1. ⌦DM is the dark matter density in units of the critical density
and h = H0

100kms�1 Mpc ' 0.68, with H0 the Hubble constant. Also, direct and indirect detection

1This is also called the WIMP miracle.
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experiments, such as the LUX detector, the IceCube detector, rule out regions of the parameter space
(mass and interaction strength) available to WIMPs. The LEP and LHC set constraints on the pa-
rameter space as well (see section 3.4).

Large-scale simulations of galaxy formation in the ⇤CDM framework2 predict that the dark matter is
distributed in haloes around the center of galaxies[14, 15]. This implies that the dark matter density
is the highest at Galactic Center (GC). Any indirect dark matter signal should thus be the strongest
from that direction, such as gamma rays originating from annihilating dark matter[16]. These gamma
rays travel around 8.5 kpc from the GC to our detectors, but it is shown that gamma rays with photon
energies below 100 GeV are not attenuated or deflected during this trip, unlike other observable decay
products[17].

There have been numerous studies of gamma rays that originate from the Galactic Center using
the Fermi-LAT satellite. The main consensus now is that there is an excess of gamma rays for photon
energies between 1 GeV and 5 GeV, found by substracting all known sources of gamma rays from that
direction[18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29]. The Galactic Center gamma ray excess extends
all the way to more than 10 degrees from the Galactic plane. Given the spatial distribution of dark
matter explained by the large-scale simulations, this is to be expected[26, 30, 31]. The dark matter
excess could be from yet to be observed conventional sources, such as millisecond pulsars or other
unresolved point sources[32, 33, 34, 35], or even burst events associated with the supermassive black
hole that is thought to be in the Galactic Center[36, 37]. However, a dark matter origin is still the
most plausible explanation[38].

2.1 Connecting the Galactic Center and dark matter

One of the most important implications of this Galactic Center excess is that it can be used to check dif-
ferent models that give rise to WIMPs. If a theory with annihilating WIMPs at the center of the galaxy
can explain the GC excess, it is an exceptionally good primer for finding new physics at for example the
Large Hadron Collider. All current constraints on the WIMP properties including the GC excess limit
the possible parameters space enormously3. There have already been numerous studies that try to ex-
plain the GC excess[39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61,
62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80, 81, 82, 83, 84, 85, 86], most notably
using supersymmetry (SUSY)[87, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99, 100, 101]. The minimal
supersymmetric standard model in particular has not had much attention in these studies[80, 81, 102],
mainly because the required neutralino annihilation rate to bb̄ and ⌧ ⌧̄ with neutralino masses of ⇠30
GeV and ⇠10 GeV respectively is in tension with bounds on sfermion masses set by the LEP and
LHC. The next-to-minimal supersymmetric standard model or even more general subsets of SUSY are
therefore more popular in these studies[103].

However, it has been shown that accounting for systematic uncertainties in the modeling of astrophys-
ical backgrounds[104] opens up the possibility that annihilation to other final states can also fit the
GC excess, even with neutralino masses as high as ⇠126 GeV in the case of h0h0 final states[101, 105].
This means the bounds on the bb̄ and ⌧ ⌧̄ annihilation channels set by LEP and the LHC do not apply
to these other annihilation channels. Therefore, searching for an explanation of the GC excess in the
minimal supersymmetric standard model is again an interesting topic.

2The Lambda cold dark matter model is the most widely used framework for cosmology today. A ⇤CDM model
contains dark matter as well as a cosmological constant ⇤.

3This includes for example the spin-dependent and spin-independent cross section. For the full list of constraints see
the section ’constraints’ below.
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2.2 About the project

Using multiple computational methods, during this project three regions of parameters space within
the MSSM are found that fit the GC excess and are well within all current constraints set by all relevant
experiments. First a compact theoretical background is given to the different aspects of this project.
Then, the structure of the simulations is explained. In the next section the results are presented, which
are followed by a conclusion and a discussion. The results of this project are also published in[1].

3 Theoretical background

The goal of this project is to find a model within the phenomenological minimal supersymmetric stan-
dard model (pMSSM, explained in the next section) that explains the excess gamma radiation from the
center of our galaxy found by the Fermi-LAT telescope, while meeting all current experimental con-
straints on these models. In this section the theoretical background is explained. A short introduction
to the pMSSM is given, as well as the methods to determine the GC excess and its normalization.

3.1 The theory - pMSSM

The currently best standing theoretical framework for physics on quantum scale is the Standard Model
of Elementary Particle Physics (Standard Model, SM). A graphical representation of the SM is given
in figure 1.

Figure 1: Graphical representation of the Standard Model.

The purple particles are the quarks, the green particles are leptons, the red particles are gauge bosons
and the yellow particle is the higgs boson. With these ’building blocks’ one can construct all visible
matter (called baryonic matter). However, as dark matter has no place in the Standard Model (see
section 2), the Standard Model is not the theory of everything where physicists are searching for4.

4There are more reasons why the Standard Model is not the end of the story. For example: quantum mechanics is
indeterminstic while general relativity is deterministic. Therefore, these two theories cannot both be true when applied
to the universe. A quantum version of general relavitiy (quantum gravity) is thought to be a step in the direction of
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There should be a theory that encompasses the Standard Model and also explains (at least one of) the
problems that the Standard Model has. One such theory is called Supersymmetry. Supersymmetry
imposes a symmetry between bosons and fermions[108]. The Minimal Supersymmetric Standard Model
(MSSM) is a theory that realizes supersymmetry with the least amount of new particles and interactions
compared to the Standard Model, and is the theory we will focus on in the rest of this paper. In figure
2 it is shown that each particle has a corresponding ’sparticle’: a supersymmetric partner. The
supersymmetric fermions are called sfermions (and have integer spin like bosons), the supersymmetric
bosons are called bosinos (and have half integer spin, like fermions). For example: the SUSY partner
of the up particle is the sup particle and the SUSY partner of the W particle is the wino.

Figure 2: The extension of the Standard Model to the Minimal Supersymmetric Standard Model
implies that for each particle there is a ’sparticle’, a supersymmetric partner of the particle[109].

The MSSM Lagrangian has 105 free parameters, as compared to only 19 of the Standard Model.
These parameters include masses of the sparticles and complex phases. To reduce the amount of free
parameters, one can introduce assumptions. If one assumes the following three (reasonable) statements,
the amount of free parameters is reduced to only 22. The result is then called the phenomenological
MSSM, or pMSSM[106].

Assumption 1 All soft SUSY-breaking parameters are real, therefore the only source of CP-violation
is the Cabibbo-Kobayashi-Maskawa matrix.

Assumption 2 The matrices of the sfermion masses and the trilinear couplings are diagonal, in order
to avoid flavor changing neutral currents at the tree-level.

Assumption 3 First and second sfermion generation universality to avoid severe constraints, for
instance, from K0 = K̄0 mixing.

The number of free parameters can be minimized to 19 parameters and still capture all phenomenol-
ogy of the 22 parameters. If the pMSSM is mentioned in this thesis, this refers to the 19 dimensional
pMSSM.

The 19 free parameters are decomposed into 10 sfermion mass parameters (Q̃1, Q̃3, L̃1, L̃3, ũ1, d̃1, ũ3, d̃3, ẽ1

unifying these theories.
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and ẽ3), 3 gaugino mass parameters (M1,2,3), the ratio of the Higgs vacuum expectation values tan�,
the Higgsino mixing parameter µ, the mass MA of the CP-odd higgs boson A0 and three trilinear
scalar couplings Ab,t,⌧ .

There are five arbitrary phases embedded into the parameters M1,2,3, µ and the one corresponding
to the trilinear couplings provided we assume that the trilinear matrices are flavour diagonal. One can
perform a U(1)R rotation on the gaugino fields to remove one of the phases of Mi(i = 1, 2, 3). The
phase of M3 is chosen to be zero. This U(1)R transformation has no effect on either the phase of the
trilinear couplings nor the phase of µ, since the Yukawa matrices being real fixes the phases of the
same fields that couple to the trilinear couplings. In the CP-conservation case therefore M1,M2 and
µ can be both positive and negative.

The lepton number and baryon number are conserved and the potential of the MSSM contains terms
that violate this. To fix this, one can add a symmetry to the MSSM called R-parity. R-parity means
that the quantum number PR ⌘ (�1)3(B�L)+2s is conserved, where B stands for the baryon number,
L stands for the lepton number and s stands for the spin of the particle. Using this definition, all
standard model particles including the higgs boson have PR = 1 while all supersymmetric particles
have PR = �1. In the MSSM R-parity is conserved, which means there can be no mixing between
the standard model and supersymmetric particles. Adding this symmetry has three more important
consequences[132]:

• The lightest supersymmetric particle (LSP) cannot decay. It is a stable, heavy particle, also
called the neutralino (�̃0), which is a very popular dark matter candidate and also the dark
matter candidate considered in this project;

• Each supersymmetric particle that is not the LSP must decay into a state with an odd number
of LSPs;

• Supersymmetric particles can only be created in even numbers in colliders.

3.2 The Galactic Center excess - Fermi-LAT

The Fermi Large Area Telescope (Fermi-LAT) is one of the instruments on board of the Fermi Gamma
Ray Space Telescope5. The Fermi spacecraft was launched on 11 June 2008 and is expected to run for
10 years in total. The Fermi-LAT is an imaging device that records high-energy gamma radiation in
the range from about 20 MeV to over 300 GeV. One of the goals of Fermi-LAT is to find the sources
of these high energy gamma rays.

Already in 2009 Lisa Goodenough and Dan Hooper found possible evidence for dark matter annihila-
tion in the center of the Milky Way using the data from the Fermi-LAT[106]. This has been confirmed
again and again by numerous different studies by different groups using different methods[18, 19, 20,
21, 22, 23, 24, 25, 26, 27, 28, 29]. The basics of determining the Galactic Center gamma ray excess is
the same however and follows a basic procedure. The data is taken from the Fermi-LAT and all back-
ground sources are taken out. These sources are typically diffuse sources such as pion decays, inverse
Compton scattering, Bremsstrahlung and Fermi bubbles. Point sources are of course also substracted
from the data. The gamma radiation that remains is called the galactic center excess. A plot of the
excess is shown in figure 3.

There is a possibility that the excess comes from unseen (baryonic) sources like millisecond pulsars,
but there is also the possibility that the excess originates from the annihilation of dark matter and
anti-dark matter. It is already shown however that it is very hard to explain 100% of the excess with

5See also https://www-glast.stanford.edu
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Figure 3: Plot of the observed galactic center excess[28].

baryonic sources[26].

If the observed gamma ray flux is the result of dark matter annihilation, the flux �� per unit solid
angle at a photon energy E� is given by

d�� (E�)

dE�d⌦
=

h�vi
8⇡m2

DM

dN�

dE

ˆ
l.o.s.

ds⇢2DM (r (s, ✓)) , (1)

Where the integral is taken along the line of sight at an angle ✓ towards the galactic center, h�vi is the
(relative) velocity weighted averaged annihilation cross section, mDM is the mass of the dark matter
particle and dN

dE is the photon spectrum per annihilation.

The integral over the line-of-sight is heavily dependent on ⇢DM , the dark matter density profile.
The so-called generalized Navarro, Frenk & White (NFW) profile is chosen for as density profile. This
density profile is often found in simulations of the large-scale structure of the Universe as the density
profile in large mass concentrations on the scales of galaxies. It also broadly agrees with the mass
distribution inferred from the rotation curves of spiral galaxies. Only recently it has been shown that
this profile is consistent with the rotation curve of the Galaxy (see figure 4).

The generalized NFW has the following form:

⇢DM = ⇢0
(r + rs)

��3

r�
. (2)

In the standard NFW profile, � = 1. The normalization of the profile, parameterized by ⇢0 is hard
to determine. Global and local determinations in the Solar neighbourhood yield values in the range
⇢0 ' 0.2�0.5GeV/cm3[130, 131]. In the simulations the value ⇢0 = 0.4GeV/cm3 is chosen. The value
rs is the distance from the galactic center from which dark matter dominated the dynamical estimates
for the total enclosed mass (baryonic + dark matter). This value is chosen to be 20 kpc. Finally, the
factor � is chosen to be 1.26. These values follow the common choices, also explained in[107]. There
is however a large uncertainty in all these values. Therefore a large uncertainty in the corresponding
J-value is allowed (see the section below).

3.2.1 J-factor

The factor
´
l.o.s.

ds⇢2DM (r (s, ✓)) can be parameterized by one number (if s and ✓ remain constant).
This number is defined as the J-factor. In the simulations, the s and ✓ from [28] are used. The J-factor
corresponds to an area at Galactic latitudes between 2 and 20 degrees and Galactic longitudes smaller
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Figure 4: This figure shows three plots. The first plot shows the rotation curve data without a dark
matter profile. The second plot shows the residuals with the dashed line the standard NFW profile.
The NFW profile explains the residuals well (as can be seen in the third plot). Therefore a generalized
NFW profile is a good choice for ⇢DM .
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than 20 degrees. This region avoids the inner most 2 degrees of the Galaxy, because that region is
contaminated by a lot of points sources and large uncertainties in the amount and spectrum of the
diffuse emission.[28]. Because the large uncertainties of the J-factor, all values between 0.17J 0

0 and
5.3J 0

0 are allowed, where J 0
0 is the best fit value for J in the logarithmic definition (see below). These

numbers correspond to a difference from J 0
0 of 2�. The J factor acts as a normalization factor for the

flux, so the dark matter flux can be normalized between quite a large range.

In the relevant literature three different definitions for the J-factor are commonly used. These are
(1) the DarkSusy definition[110]6, (2) the logarithmic definition[107]7 and (3) the normal definition as
defined at the beginning of this section8. These are denoted by JDS , J 0 and J respectively.

The definitions are:

J =

ˆ
l.o.s.

ds⇢2DM (r (s, ✓))

JDS =
1

8.5 kpc

✓
1

0.3GeV/cm�3

◆2 ˆ
l.o.s.

ds⇢2DM (r (s, ✓))

J 0 = log
ˆ

l.o.s.

ds⇢2DM (r (s, ✓))

�

The conversion from J 0 to J is trivial: J = 10J
0
. The conversion from J 0 to JDS is less trivial. The

factor
1

8.5kpc

✓
1

0.3GeV/cm�3

◆2

= 4.236 · 10�22GeV�2cm5 ⌘ ⌥.

This means that
J =

JDS

⌥
,

and
JDS = 10J

0
⌥.

The best fit value for J 0
0 = 23.315, taken from code by Christoph Weniger (fermi_ini.cc), one of the

co-authors of [1]. A conversion table is given in table 1 for the range of possible J values.

Table 1: The range of J values in the three different definitions.
J 0 JDS J

Minimum value 22.54 14.87 3.51 · 1022
Best fit 23.315 87.49 2.06 · 1023

Maximum value 24.04 463.69 1.09 · 1024

In the simulations JDS = 463.69 is chosen, and the flux can be normalized down a factor 463.69
14.87 = 31.18.

6This definition is used in the DarkSusy code.
7The code sample (fermi_ini.cc) uses this definition.
8This is the definition used in different papers, like [24]
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3.3 Comparing model predictions to the Fermi-LAT data

As already mentioned in the previous section, uncertainties play a big factor in the galactic center
excess. In this section all uncertainties are mentioned and how they are used in the simulations. The
result will be a recipe to determine the �2 of the model compared to the Fermi-LAT data. In other
words: we want to select the models that provide the best fit (lowest �2) to the Fermi-LAT data of
the Galactic Center excess, and which do not violate constraints from other experiments or theory.

J-factor
The observed gamma ray flux given by formula 1 contains an integral over the line of sight, which is
refered to as the J-factor. This value is a model-independent constant set at the highest value allowed
with 2�: 463.69. Because the J-factor contains several values that have a relatively large error, this
value can be adjusted between 14.87 and 463.69 to minimize �2 (see also section 3.2.1).

Fermi-LAT
As the Fermi-LAT is a measurement device, there are experimental and systematic errors on all mea-
surements. The error definition of [111] is adopted, which takes into account correlated uncertainties
from the substraction of Galactic diffuse gamma ray backgrounds. This definition gives a �2 that is
used to test the model against the measured excess. The definition is

�2 =
X

i,j

(di �mi) (⌃ij)
�1 (dj �mj) , (3)

where i and j are the energy bin numbers running from 1 to 24. di and mi is the Fermi and model flux
respectively and ⌃ij is the covariance matrix that incorporates all relevant statistical and systematic
uncertainties when modeling the GeV excess flux9.

High Energy Physics
There is an additional error that stems from uncertainties in the particle physics models used[112]. An
uncorrelated error of 10% is added to the definition of �2 to account for the error on the high energy
physics side (see [1], appendix A, for in-depth explanation). The definition of �2 then becomes

�2 =
X

i,j

(di �mi)
�
⌃ij + �ijd

2
i�

2
s

��1
(dj �mj) , (4)

where �s equals 10% and di is again the Fermi flux in bin i.

Result
The full definition for determining �2 is thus a two step process:

1. Calculate �2 using the definition in formula 4

2. Determine the J-factor normalization by minimizing �2 while remaining within the J-factor
bounds10.

Two different versions of �2 are used: �2
0 corresponds to �s = 0% and �2

10 corresponds to �s = 10%.
Note that both �2 definitions are for 24 degrees of freedom (as there are 24 energy bins). This has to
be taken into account when calculating p-values.

3.4 Constraints

Apart from comparing the measured flux against the model flux by determining the �2
{0,10}, there are

also hard constraints on the pMSSM models. Different detectors have already ruled out large parts of
9The covariance matrix can be downloaded from https://staff.fnwi.uva.nl/c.weniger/pages/material/

10Note that this allows for only decreasing the flux up to a factor of 31.18�1.
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the possible pMSSM parameter space. In this section these constraints are listed.

Chargino mass limit
We impose the limit from LEP on the lightest chargino mass: 103.5 GeV[113].

Higgs mass
The mass of the higgs particle should be correct, which is not trivial in the pMSSM. The ATLAS
and CMS detectors have determined the higgs mass to be 125.4 GeV (ATLAS[114]) and 125.0 GeV
(CMS[115]) with uncertainties of about 0.3-0.4 GeV. A theoretical uncertainty of 3 GeV is added[116].
Therefore the limit on the higgs mass is

122 GeV  mh0  128 GeV.

Cross section
The LUX experiment has set an upper limit to the spin-independent cross section, �SI [117], see figure
5. The Ice Cube detector has set an upper limit on the spin-dependent cross section, �SD[118], see
figure 6. The 79 string configuration of the Ice Cube detector limits are used. It is assumed for this
limit that neutralinos annihilate exclusively to W+W� pairs. If this is not the case, the upper limit
will be less strict so this is the most conservative option and proved to be correct for the cases where
the limit is important.

Figure 5: The LUX limit on the spin-independent cross section of the dark matter candidate. For the
simulations, the upper 1� bound is chosen as hard limit.

In the calculations of the spin-independent and spin-dependent cross section, form factors enter the
expression. These form factors are chosen as follows. For the spin-independent limit the form factors
fTu , fTd and fTs are relevant. The central values from [119] are used for fTu = 0.0457 and fTd = 0.0457.
For fTs the recently determined average of various lattice QCD calculations is used: fTs = 0.043[120].

For the spin-dependent cross section the results from a lattice QCD computation are used[121].
The relevant contribution of the light quarks to the total proton spin �u, �d and �s are set at

12



Figure 6: The Ice Cube 79 string limit on the spin-dependent cross section of the dark matter candidate.
In the simulations, it is assumed that 100% of the dark matter particles annihilate into pairs of W
bosons.

�u = 0.787 ± 0.158, �d = �0.319 ± 0.066 and �s = �0.02 ± 0.011[121]. These variables are allowed
to vary freely within the 1� range, as this proves to be important for the results of one of the regions.

MA versus tan�
It has been shown that there is a limit in the MA�tan� space[122]. The limit is plotted in figure 7. This
limit is parameterized by the following constraint: MA > 800 GeV or 5 < tan� < 0.075 ·MA � 16.17
or tan� < 5.

The cosmological Dark Matter density
An important parameter in determining the validity of a model is the dark matter density ⌦DM . The
current central value determined by the Planck satellite is ⌦DM = 0.1186[124], and the lower limit is
0.0938 if a 2� uncertainty is allowed. If the calculated value of ⌦DM is higher than the Planck value,
the model is ruled out as the dark matter density would be too high. If the calculated value of ⌦DM is
too low however, this could mean that the model only explains a part of the total dark matter in the
universe. Then that model would be only one of possibly many theories needed to explain the dark
matter11. If this is the case, scaling is necessary for the dark matter flux as only a part of the flux can
be explained with the model. This scaling is as follows: let ⌦� be the calculated dark matter density.

If ⌦� < 0.0938, rescale the flux with a factor of ⇠2 =
⇣

⌦�

0.0938

⌘2
[123]. In the pMSSM the value of ⌦�

can vary wildly between 10�7 and 103 (see figure 8).

Note that the value of ⌦� obtained in the models is not used to constrain the models. It simply
provides a scaling factor when ⌦� < 0.0938. However, points that deviate relatively much from this
value cannot get a good �2 because of the rescaling.

11This is called multi-spectral dark matter.
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Figure 7: Limit between MA and tan�[122].

Figure 8: Histogram of models within the MSSM that shows the large range of ⌦�[125]. The yellow
band is the accepted region.
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4 Simulations

This chapter describes the setup of the simulations. There were multiple simulation runs, each con-
sisting of around 100.000 simulations. The flow of one of those simulations is as follows:

• Generate pMSSM model parameters

• Run the parameters through SusyHIT[126] to get a pMSSM model

• Run the model through DarkSusy[110] and MicrOmegas[133]

• Combine the data from SusyHIT, DarkSusy and MicrOmegas to calculate a �2 and save the data
into a unique folder for this simulation

The flow is shown in figure 9 below.

Figure 9: Flowchart of the different programs used for every simulation

Since the parameter space of the pMSSM is very large, a stochastic optimization algorithm was used
to quickly converge to models with low �2. This algorithm, an iterative Gaussian particle filter, works
as follows.

Every simulation run consists of around 100.000 simulations. In the first run the pMSSM model
parameters are chosen randomly in an 8-dimensional box, where 8 refers to the number of free param-
eters in the pMSSM subspace. After the run is completed, the 10 - 100 models with the lowest �2 are
chosen. These models are chosen as seeds for the next run. Each subsequent run takes models from
the parameter space spanned by the following algorithm:

• Take the 10 - 100 lowest �2 models of the previous run as seeds

• For every model, draw an 8-dimensional Gaussian around the model. The width of these Gaus-
sians is taken such that in the first few runs the sum of the volume of each Gaussian span the
whole parameter space of the first run12. After �2 is low enough and �2 is converging to a (local)
minimum, the width of the Gaussians is decreased sharply with each run.

• The sum of these Gaussians is the possible parameter space of the next run.
12But the chance of finding models near the best ones of the previous run is higher than just taking random models.
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To accomodate the needed resources to compute all these simulations, which easily runs into the mil-
lions, the Coma cluster was used. Initially I employed around 100 cores and used up to 700 cores in
later runs.

The algorithm converges relatively quickly to minima in the parameter space. In the following sections
each block of the flow chart is explained.

4.1 pMSSM model generation

The first step in a simulation is to generate model parameters for the pMSSM model. The parameters
are chosen from the possible parameter space given by either an 8-dimensional box (first run) or by
the algorithm described above (subsequent runs). The model parameters are saved in a format so that
SusyHIT can read it in correctly. After the model parameters are set, SusyHIT is called to generate a
pMSSM model from the parameters.

SusyHIT is a SUSPECT package, “a program package for the calculation of the particle spectrum
and the decay widths and branching ratios of the Higgs bosons and supersymmetric particles in the
framework of the MSSM, including higher order corrections”[126]. The output of SusyHIT is an SLHA
file. This is a standardized format for supersymmetric models that is used as input and output for
many software packages. The definition of the SLHA file format can be found in[127].

A few constraints are already checked during this step:

• Is the model valid? SusyHIT crashes if a model could not be generated from the parameters.

• Is the Higgs mass within the prescribed limits

• Does the chargino mass satisfy the LEP constraint

If one of these constraints is not met, the simulation is terminated and the next one starts.

4.2 Galactic Excess from the model

At this point in the simulation there is a pMSSM model with a valid chargino and higgs mass. The
SLHA file that SusyHIT produces is fed into DarkSusy and MicrOmegas to get more parameters. After
these two programs are done, the following checks are done:

• Is the ’acceptable’ parameter from DarkSusy set to 113?

• Retrieve all constrained parameters from DarkSusy and MicrOmegas, as well as ⌦h2

• Is the LUX limit on the spin-independent cross section satisfied?

• Is the IceCube limit on the spin-dependent cross section satisfied?

• Retrieve the flux received on Earth from dark matter annihilation that would be measured by
the Fermi satellite from DarkSusy as a function of the gamma ray energy and decay channel14.

• Build a data set for plotting and analysis
13When running an SLHA file through DarkSusy, a parameter called ’acceptable’ is returned which is either zero or

one. If it is zero, the model is excluded and DarkSusy stops processing the model.
14This data is given by DarkSusy
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The complete data set consists of the input file for SusyHIT, the output file from SusyHIT, the output
file from DarkSusy and MicrOmegas and for each decay channel one file with the gamma ray energy
and corresponding simulated measured flux for all available energies as given by DarkSusy.

After all necessary data is retrieved, a �2 can be calculated by comparing the fluxes received from
DarkSusy and those measured by the Fermi satellite using formula 4.
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5 Results

Each simulation consisted of 10.000 - 100.000 iterations and in total there were 20 runs. There were
three statistically significant regions found that can explain the galactic center excess very well.

The results are plotted in the figures below. Note that every point represents a model that is not
excluded by any existing constraint.

Figure 10: Neutralino mass against M1 Figure 11: Neutralino mass against M2

Figure 12: Neutralino mass against µ Figure 13: Neutralino mass against tan�

Figure 14: Neutralino mass against M1, M2, µ and tan�
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Figure 15: Neutralino mass against ⌦h2 Figure 16: Neutralino mass against h�vi

Figure 17: Neutralino mass against �SI Figure 18: Neutralino mass against �SD

Figure 19: MA against tan� Figure 20: Neutralino mass against �SD

Figure 21: Plots of constrained parameters
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Figure 22: Q̃3 against At Figure 23: At against d̃3

Figure 24: Q̃3 against d̃3

Figure 25: Plots of the stop mass parameters of the result models

From the plot in figure 10 it is clearly visible that there are three main regions, if only absolute
values are considered. The regions are called W+W� (1), W+W� (2) and tt̄. Each region corresponds
to a different neutralino composition. They are explained in the following subsections. Every point
corresponds to a pMSSM model that is not excluded by any of the constraints defined in section 3.4.
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5.1 W+W�
(1)

Parameter Minimum value Maximum value
Neutralino mass 86 GeV 97 GeV

M1 91 GeV 101 GeV
M2 102 GeV 127 GeV
tan� 5 11.7
µ 156 GeV 507 GeV

MA 988 GeV 3843 GeV
tR 630 GeV 2806 GeV
Q̃3 1270 GeV 3318 GeV
At 3085 GeV 3928 GeV

Table 2: Table of the neutralino mass and pMSSM input parameters that define the W+W� (1) region.

The first region, W+W� (1) describes a region in pMSSM space where the neutralinos annihilate
primarily into pairs of W bosons. A few models also annihihilate in addition also into bb̄, but this
represents only a few models. This region provides the best fit values compared to the galactic center
excess, with the lowest �2

10 value being about 27. This corresponds to a p-value of about 0.3. The
neutralino is mainly a bino-higgsino mixture. Figure 19 shows that MA > 350 GeV. This means the
lightest higgs particle should have a standard model-like behaviour, which is consistent with recent
LHC results[2].

5.2 W+W�
(2)

Parameter Minimum value Maximum value
Neutralino mass 84 GeV 100GeV

M1 103 GeV 119 GeV
M2 240 GeV 666 GeV
tan� 8.3 50
µ 108 GeV 142 GeV

MA 399 GeV 1461 GeV
tR 1468 GeV 3922 GeV
Q̃3 825 GeV 3640 GeV
At 1300 GeV 4142 GeV

Table 3: Table of the neutralino mass and pMSSM input parameters that define the W+W� (2) region.

The W+W� (2) region describes a neutralino which is most dominantly bino (90%) and about 4%
higgsino and about 6% bino-like. Here MA is higher than in the W+W� (1) region, which also implies
that the lightest higgs particle is standard model-like. The best model in this region has a p-value of
0.15.
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5.3 tt̄

Parameter Minimum value Maximum value
Neutralino mass 174 GeV 187 GeV

M1 171 GeV 189 GeV
M2 190 GeV 1551 GeV
tan� 5.4 77.8
µ 256 GeV 4814 GeV

MA 472 GeV 4033 GeV
tR 531 GeV 2806 GeV
Q̃3 1505 GeV 3744 GeV
At 1987 GeV 4117 GeV

Table 4: Table of the neutralino mass and pMSSM input parameters that define the tt̄ region.

The models in the tt̄ region annihilate mainly in to pairs of top quarks. These models have heavier
�̃0 than the W+W� regions (between 174 and 187 GeV) and the p-value is also slightly higher than
the other regions, although still significant. The best models in this regions have a p-value of 0.1.
The lightest neutralino in this region is almost exclusively bino (about 99%), which means the spin-
dependent and spin-independent cross sections can be a lot lower than the other two regions (they
have a significant higgsino part).

6 Conclusions

• Three regions were found that can explain the galactic center excess as measured by the Fermi
satellite with reasonable probability:

– The W+W� (1) region comprises of neutralinos annihilating to pairs of W bosons. The
best p-value of this region is 0.3 and the lightest neutralino mass is between 86 and 97 GeV.

– The W+W� (2) region comprises of neutralinos annihilating to pairs of W bosons. The
best p-value of this region is 0.15 and the lightest neutralino mass is between 84 and 100
GeV.

– The tt̄ region comprises of neutralinos annihilating to pairs of t quarks. The best p-value
of this is region is 0.1 and the lightest neutralino mass is between 174 and 189 GeV.

• These regions are not excluded by all current limits set by all direct and indirect detection
experiments regarding dark matter.

• For the models that provide a good fit to the galactic center excess, ⌦h2 is consistent with the
value measured by the Planck satellite (see figure 15). Possible values of ⌦h2 in the pMSSM
span around 10 order of magnitudes (as shown in figure 8), so this is quite remarkable.

• All models are well within the limits on h�vi and �SI . The W+W� (1) region is just below the
limit for �SD. The form factors had to be changed in the MicrOmegas software package in order
to be below the limit. The tuned form factor values are still within 2� of the determined value.

• The regions in the figures are about 10�20 of the total parameter space, this is a very constrained
part of the parameter space. Note that a random sampling of a billion models only has a 10�11

chance of finding these models.
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7 Discussion

These results were not found before in previous pMSSM scans. There are two components that may
explain this:

• The searching algorithm used is very efficient in searching for minima in high dimensional spaces.
The volume of the correct regions span about 10�20 of the possible parameter space of the first
run.

• There is an additional 10% uncorrelated error added to the model which lowers �2 quite a bit.

Without this extra uncorrelated errors the results are really different. The best p-value are 0.02, 0.01
and 0.007 for regions W+W� (1), W+W� (2) and tt̄ respectively. The 10% uncorrelated error is thus
necessary for significant results. The validity of adding this extra error is thoroughly explained in [1].

At the time of writing this thesis, a full statistical run was done (including the errors of all con-
straints) and verified the results of this project[128]. Also, an excess of the same sort was found in the
Reticulum II dwarf system. The same three regions found that explain the galactic center excess can
also explain the excess in the Reticulum II data[129].

The regions that were found can be probed using the Xenon-1T experiment, as this lowers the con-
straint of �SI in the interested region. Also, a more efficient IceCube detector could rule out the whole
W+W� (1) region as the �SD of that region is near the current constraint. Furthermore, the LHC can
probe the interested regions in the second run. A discussion on how these regions might be probed is
given in[1].
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