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“Not only is the Universe stranger than we think, it is stranger than we can think.” 
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ABSTRACT 

 

It has been well established that a large percentage of the material in the universe is in an 

undiscovered form; Dark Matter. Most of this material is gravitationally condensed together as 

galaxies and clusters of galaxies. Several terrestrial detectors focus on achieving direct detection 

of dark matter but run into backgrounds from different particles showering the Earth every second. 

This thesis provides an alternate method to direct dark matter detection by designing a cube-sat 

particle detector orbiting around the Sun reaching the orbit of Jupiter. The space-based detector 

incorporates several layers of veto-layer shielding along with a Bismuth-Germanate (BGO) crystal 

in the center acting as the main detector. The veto-layer shielding made up of silicon, further 

reduces other interactions seen by the BGO crystal. At the orbit of Jupiter, the neutrino background 

decreases by several orders of magnitude giving the detector an opportunistic position to detect 

Weakly Interacting Massive Particle (WIMP) interactions. This thesis presents results from Monte 

Carlo simulations of particle events visible to the detector. Geant4 is a geometry and tracking 

platform which is used for detector construction and to conduct these simulations. The output of 

these simulations is studied and analyzed to find detector sensitivity, rejection rates, background 

signals along with a WIMP signal as the primary objective.   
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CHAPTER 1 

INTRODUCTION 

From the very early days of the twentieth century the expansion of the Universe had raised several 

questions. The uncertainty associated with the continued expansion or collapse due to energy 

density led to various theories, the only common ground being that expansion will slow down with 

time due to gravity [1]. This is contrary to what was observed, but all theoretical analyses did come 

to the same conclusion that the universe had to slow down [1]. The attractive force of gravity 

should pull all matter together slowing this expansion. 

The first observational evidence of an expanding universe was provided by Edwin Hubble in 1929 

[52]. Using a large telescope on Mount Wilson, Hubble discovered that the further the galaxies 

were from Earth, the faster they receded into space. This pointed to the fact that the universe was 

actually expanding. Hubble determined the expansion rate and called it Hubble’s constant but was 

off by a large factor [52]. Almost a century after the discovery of the expanding universe, in 1998 

the Hubble Space Telescope while making observations of distant supernovae showed that the 

expansion rate has actually accelerated over time and was not a constant [52]. No one knew how 

to explain it but something was causing it.   

Einstein’s theory of gravity was reconsidered shedding light upon the cosmological constant. This 

led to the theory of a strange dynamical fluid filing up the universe creating cosmic acceleration. 

This concept is still not understood fully and is called Dark Energy [3]. More is unknown than is 

known about this mysterious energy. Although we do know how much dark energy there is by 

observing its effects of the universe’s expansion [3].  
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We are more certain about what dark matter isn’t that what it is. Nucleosynthesis tells us that 

baryonic matter composed of protons and neutrons only makes about 5 percent of the total mass 

in the universe [2]. Several independent theories have been used for estimating the total mass in 

the universe. By fitting these theoretical models into the universe we find that about 68 percent of 

the universe is dark energy and 27 percent is dark matter [1]. The total stellar mass in the universe 

is surprisingly small accounting for less than 1 percent of the total mass in the universe [2]. From 

the theory of nucleosynthesis and stellar observations, we can estimate the total baryonic mass in 

the universe to be about 2 to 8 times of the stellar mass [2]. 

 

Figure 1. Composition of the Universe [1] 

 

Figure 2 below shows strong gravitational lensing around the bullet cluster [2], [3]. Light is being 

bent around and the blue arcs on the left signify background galaxies. Problem arises when we 

calculate the distances and masses involved. There isn’t enough matter in our observations to show 

this kind of gravitational lensing strength.  
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Figure 2. (a) Strong gravitational lensing around galaxy cluster CL0024 + 17. Reproduced from [2]. (b) Bullet 

cluster mass density contours (green) and this distribution of baryonic matter. Reproduced from [3] 

 

This problem was then followed by the discrepancy between observations and predictions of star 

rotational speeds in galaxies. We can estimate the amount of mass residing in a galaxy by 

measuring the star rotational speeds at the center of the galaxies [4]. By applying the laws of 

gravity to these measured speeds, we can estimate the total material present. The larger the speed 

of the star the more mass is with-in by the galaxy [4]. Although immense discrepancies were found 

in calculations when observations were made indicating the presence of masses much higher than 

those observed [4]. Figure 3 represents rotation velocity vs radius measurements of spiral galaxies 

curves [4]. With the amount of observed mass within the galaxies the rotation curves should drop 

off. This points to the presence of something other than visible matter which is keeping the speeds 

up. One such cluster, the Coma cluster, needed four hundred times the mass to hold itself together. 

The concept of dark matter was first proposed in 1930s by Fritz Zwicky to tackle this problem [4]. 

In 1970s, this incident again came to life when astronomer Vera Rubin observed the velocities of 

stars moving around the Andromeda galaxy [5]. Stars at the edge of the galaxy were moving at 
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velocities greater than expected [5]. This observation led her to believe the presence of an even 

larger halo of invisible matter surrounding the galaxy. 

 

Figure 3. Rotation velocity vs radius measurements of spiral galaxies [4] 

 

Astronomical observations also determine the amount of mass that is spread out over regions the 

size of galaxy clusters. The movement of these galaxies around clusters along with how light bends 

around these clusters gives us an approximation of the total mass present [3]. From observations 

the total mass is about 4 to 15 times the total baryonic matter leading us to the conjecture that a 

large portion of matter in the universe resides in non-baryonic form [2].  

There is no definitive answer on the nature of dark matter particles to date but we do have hints 

suggesting that these particles interact weakly with baryonic matter. These weak interactions are 

either gravitationally or via weak nuclear forces [24]. The masses of these particles possibly fall 

into two ranges. The first kinds of particles have mass of 10 to 100 times the mass of a proton [24]. 

These particles move relatively slower and are referred to as cold dark matter [24]. The second 

possibility of particles are approximately a billion times smaller and travel at relativistic speeds 
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[24]. These are referred to as hot dark matter. There haven’t been any measurements of dark matter 

populations and ongoing experiments hope to shed some light on the nature of dark matter.  

Dark matter is not antimatter because as we see gamma ray emissions when matter and antimatter 

collide [24]. On the other hand, we have not found any evidence of any such emissions or 

interactions of dark matter and baryonic matter. Secondly we can also rule out the possibility of 

dark matter being black holes based on number of gravitational lenses we observe [2]. When light 

passes around a large mass of baryonic matter it bends but not enough gravitational lensing is 

observed around high concentrations of dark matter ruling out the possibility of it being associated 

with black holes [2].    

 

1.1 Dark Matter Candidates 

There are several proposals for dark matter candidates. In this section we cover a few of these 

common theoretical possibilities. These candidates are either baryonic or non-baryonic or a 

mixture of both. The non-baryonic dark matter candidates are further subdivided into hot and cold 

dark matter [24]. Hot dark matter incorporates particles with masses closer to zero moving at 

speeds near the speed of light whereas cold dark matter particles are usually massive and move at 

sub-relativistic velocities [24]. Some of these particles are as follows:  

 

1.1.1 Massive Astrophysical Compact Halo Objects (MACHOs) 

There has been some experimental evidence to one kind of dark matter particles called Massive 

Astrophysical Compact Halo Objects (MaCHOs). Detections through gravitational micro-lensing 

effects proposed by Paczynski in 1986 show some evidence to their existence although there 
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haven’t been any concrete pictures till date [5]. MaCHOs are expected to be in the range of 0.15 

to 0.95 solar masses with matter tied up in dense chunks similar to brown dwarfs [5]. Some 

astrophysicists believe these to be primordial black holes of roughly one solar mass arising from 

horizon scale fluctuations precipitated due to pre-existing density variations during the cosmic 

quark-hadron transition phase. Although MaCHOs remain one of the possibilities but researchers 

are of the opinion that dark matter is not baryonic and Axions and WIMPs remain the more likely 

candidates [5].    

 

1.1.2 Axions 

This elementary particle was hypothesized to solve the strong nuclear force problem by the Peccei-

Quin theory in 1977 [49]. Behavior changes are not seen when their electric charges are switched 

or when they’re flipped upside down [49]. They have extremely low mass and could be formed in 

abundance during the Big Bang [49]. They fit the standard model and if their mass is within a 

specific range, they could be the possible answer to the cold dark matter problem. 

 

1.1.3 Neutrinos 

The existence of neutrinos was first postulated by Wolfgang Pauli in 1930 when he pointed out to 

its emission during beta-decay solving the energy and angular momentum problem at the time [6]. 

This low mass elementary particle is very similar to the electron but has no electrical charge [6]. 

Even though being one of the most abundant particles in the universe, they have very low to no 

interaction with matter making their detection highly onerous. However, if neutrinos accounted 

for all the dark matter in the world the largest celestial objects would remarkably vary from the 

one observed [6]. 
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1.1.4 Weakly Interacting Massive Particles (WIMPs) 

Physicists have placed their biggest bets on WIMPs being the leading dark matter candidates. The 

WIMP solution to the dark matter problem remains highly attractive due to a number of reasons. 

Firstly, their existence satisfies several theoretical models. Secondly, their hypothesized mass lies 

in a reasonable range [5]. Thirdly, thermal WIMPs serve as promising targets for dark matter 

experiments as they fall within the detection spectrum making them easily detectable [5]. Other 

than being electrically neutral, these particles interact either with gravity or the weak nuclear force. 

These elementary particles are theorized to be thermally produced in the early universe with mass 

ranging between 1 GeV to 1 TeV [5]. Other than the mass, their thermal production differentiates 

them from Axions which come from non-thermal processes [5]. Some theories suggest that in the 

early universe at very high temperatures, the number of photons and WIMPs was equal. With the 

universe cooling off the number density of photons and WIMPs plummeted. With the temperature 

falling below the WIMP mass, creation of WIMPs became very scarce although the annihilation 

process continued [5]. 
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1.2 Detection Techniques 

Tremendous progress in recent years have been made to detect WIMPs in order to answer the 

question of dark matter existence. Experimental setups to find WIMP annihilation products in 

nearby galaxies to terrestrial detectors measuring WIMP-nuclei collisions in laboratories have 

been instituted. Remarkable innovations in detector technologies provide new ways for baryonic 

background rejections.  

 

1.2.1 Indirect Detection 

This technique aims at detection of WIMP self-annihilation products in the universe [4]. The 

possibilities of this kind of detection are remote due to crossing symmetry for scattering amplitudes 

and also limitations presented by the nucleon-WIMP interaction cross-section [4]. Since relic 

densities are determined through these annihilation processes, these annihilations should still be 

taking place in highly dense dark matter regions. With the age of the universe, gravity wells like 

the Sun or galactic centers would allow for these annihilation processes [4].    

 

1.2.2 Direct Detection 

Direct detection refers to a technique involving elastic scattering of dark matter particles off an 

atomic nucleus [4]. The occurrence of these interactions is extremely rare dependent upon the 

velocity profile of the galactic dark matter halo, local densities, nucleus-WIMP coupling and target 

nuclei properties [4]. This experiment uses the technique of direct detection and hence will be the 

focus of the thesis. The incident particles deposit energy in the detector in the form of ionization, 

scintillation, freed nuclei and heat [4]. Some examples of dark matter direct detection experiments 

include ArDM, ANAIS, CAST, XENON, XMASS, DAMA, CDMS, CoGENT etc.   
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CHAPTER 2 

SOLAR NEUTRINO FLUX 

One of the difficulties arising when conducting dark matter experiments comes from the fact that 

WIMP interaction events are extremely rare. Also, the background energies fall in the same WIMP 

energy spectrum at a much frequent rate making it very hard to differentiate the different energies 

deposited in the detector. Thus far, all dark matter experiments have been conducted deep 

underground acting as a natural shield to ionizing cosmic rays. These experiments are conducted 

at low temperatures to keep the thermal excitations to a bare minimum [6]. 

Thermonuclear reactions are the reason for Sun’s massive amounts of energy formed by fusing 

lighter elements into heavier one’s releasing large amounts of energy. Of these expelled particles, 

only neutrino has the ability to penetrate through the solar interior and escape into space. About 

3% of this escaping energy from the Sun is in the form of neutrinos [6]. Solar neutrino flux seen 

at the Earth is about 1011 per square centimeter per second [6]. The downside of these escaping 

neutrinos from the Sun implies that they are hard to detect or capture.   

 

2.1 Solar Neutrino Floor 

A fundamental aspect in direct dark matter experiments is preventing standard matter particles 

from entering the detector. With continuous improvements of dark matter detector targets and 

techniques, the sensitivity to neutrino particles also increases dramatically. 1-100 MeV range 

neutrinos cause difficulties by inducing nuclear recoils in the keV ranges which makes them hard 

to distinguish from dark matter particles [7].  
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The full picture of the hydrogen fusion process in the solar interior is discussed in Figure 4 [7]. 

The standard solar model comprises of several nuclear reactions which can take place in the solar 

interior leading to the production of neutrinos.   

 

Figure 4: [7] Neutrino flux per energy range for pp chain and CNO processes. 

 

The 8B neutrino nuclear recoil energy spectrums are similar to a 6-GeV dark matter particle [8]. 

Similarly, atmospheric neutrinos resemble the energy spectrum of a 100 GeV dark matter particle 

and SN neutrinos resemble the energy of a 30 GeV dark matter particle [9]. This intersecting 

measurement of the dark matter nuclear recoil and the neutrino energy spectrum is referred to as a 
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neutrino floor. The abundance of neutrinos prevents identification of dark matter events with 

certainty.  

 

Figure 5: [6] Exclusion limits on the dark matter–nucleon spin-independent scattering cross section from 
various direct dark matter detection experiments [10, 11]. The shaded region shows the neutrino floor as 
defined in Reference [9]. Abbreviation: DSNB, diffuse supernova neutrino background. 

 

The mission of this experiment aims to take the space-based dark matter detector out to the orbit 

of Jupiter where the neutrino background falls by approximately two orders of magnitude. Solar 

neutrinos obey the inverse square law of intensity where intensity I is proportional to the square 

of the distance.  

I ∝ 1/r2 

Table 1 below represents the intensity of solar neutrino flux at various distances from the Sun [12]. 

As we move from the orbit of Venus to the orbit of Jupiter, the solar neutrino flux drops by two 

orders of magnitude.   
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Table 1: Intensity of solar neutrino flux at various distances from the Sun [12] 

Distance from Sun  Solar Neutrino Intensity relative to Earth 

696342 km 46400 
1500000 km (3 Sun R) 10000 
4700000 km (7 Sun R) 1000 
15000000 km 100 
474340000 km 10 
Mercury 6.7 
Venus 1.9 
Earth 1 
Mars 0.4 
Asteroid belt 0.1 
Jupiter 0.037 
Saturn 0.011 
Uranus 0.0027 
Neptune 0.00111 
Pluto 0.00064 
KBP 0.0002 
Voyager 1 probe 2015 0.00006 

  

Several theoretical models predict the density of dark matter particles around the Sun to be similar 

to the curve as depicted in Figure 6 [56]. Sun being a gravitational well has high concentrations of 

these dark matter particles around it, with the density slowly dropping and finally plateauing as we 

move further away.  

 

 

 

 

 

Figure 6: Dark matter particle density vs distance from Sun curve 
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Figure 7 depicts the expected solar neutrino flux with respect to distance from the Sun. As we 

move from the orbit of Venus to the orbit of Jupiter, this flux falls by two orders of magnitude. 

   

 

 

 

 

Figure 7: Neutrino flux solar emission vs distance from Sun curve 

 

Figure 8, green data points as pluses, represents the possible detected events, both neutrino and 

dark matter, as a function of distance from the Sun. When we subtract the expected neutrino flux 

from these measurements, the remaining events are dark matter and galactic neutrinos.  

 

Figure 8: Curve representing measured neutrino interactions and expected neutrino interactions along with 

the shaded portion showing galactic neutrinos and dark matter 
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The curve representing galactic neutrinos is relatively flat as the nearest star from Earth is roughly 

4.24 light years away [57]. Hence, the dark matter curve modeled from figure 6 and the galactic 

neutrino curve would fall within the expected shaded region as shown in figure 8.    
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CHAPTER 3 

PROPOSED SPACE-BASED DETECTOR DESIGN 

For decades’ cube-sats have been used for lower Earth orbits and are now being used for 

inter-planetary missions. Their applications have been growing drastically from just being used 

for communications and remote sensing. The proposed spacecraft design is that of a cube-sat 

encompassing a particle detector. The detector contains several essential parts each carrying out a 

critical function with the goal of improving dark matter detection and reducing background noise. 

The proposed detector design offers the key advantage of decreased neutrino background over the 

terrestrial dark matter detectors.     

 

3.1 Bismuth Germanate (BGO) Crystal 

Bismuth germinate (Bi4Ge3O12) is a high density and high atomic number scintillation material 

[48]. Due to this high atomic number it makes a very efficient gamma-ray absorber and hence is 

chosen as the central piece to the detector [48]. This also leads to high photopeak to Compton ratio 

making it great for detection applications. BGO does not cleave and can be machined easily into 

various shapes. These reasons make BGO an excellent selection for the particle detector. The BGO 

crystal for this detector is designed to a 14 cm x 14 cm x 14 cm cube. The Dark Matter Particle 

Explorer (DAMPE) is an experiment focusing on the detection of gamma rays and high energetic 

electrons produced from dark matter annihilation products which uses the BGO crystal as the main 

detection scintillation material [53]. 
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3.2 Outer Veto Layer 

The outermost layer of the detector is 0.30 cm thick and 18 cm wide cubical layer of polystyrene 

(C8H8) n. This hydrocarbon polymer acts as veto layer providing electromagnetic interference 

shielding against some high energy particles [54]. Due to its lightweight and excellent insulation 

properties, it makes a great protective layer to the central detector [54].  

 

3.3 Inner Veto Layers 

Between the central BGO crystal and the outermost polystyrene layer, there are three silicon sheet 

layers. These provide extra shielding and reduce the background noise. They are 0.01 cm thick 

and placed at 7.5 cm, 8.0 cm and 8.5 cm away from the center of the detector.  

 

3.4 Photomultiplier Tubes (PMTs) 

These vacuum phototubes are extremely sensitive to the electromagnetic spectrum especially the 

visible, ultraviolet and infrared ranges [55]. Incident light can be magnified by as much as 108 

times by accelerating the released electron into the di-node [55]. They are well suited to 

monochromators due to their large detection areas.  For this detector, the PMTs are 0.10 cm thick 

and located 7.35 cm from the center of the detector. 
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Figure 9 below illustrates the different layers of the constructed detector. The detector is 

represented in a skeletal polyline structure.  

  

 

Figure 9. Different layers of the particle detector designed in Geant4 
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CHAPTER 4 

SIMULATION METHODS 

One of the major challenges faced by detectors is their size and sensitivity to low energy 

depositions. Geant4 is the tracking and geometry platform which uses Monte Carlo simulations to 

get information about detector responses used for this study. These simulations aim to identify 

nuclear recoils produced by collisions between incident particles and detector nuclei. Elastic 

scattering due to WIMP particles with masses (10-1000 GeV/c2) are expected to produce recoils 

in the (1-100) keV range [13].  

 

4.1 Program Code Structure 

The code structure has been written in two distinct parts interlinked together using inheritance 

files. The first part of the code describes the world volume and the structure of the detector. 

Different code functions have been used to generate the subtraction solid profile to have different 

material layers as cubes inside one another. Subtraction solid is an advanced geometric function 

that allows us to build layers of similar geometric shape. The gaps between these layers are filled 

with vacuum. The code builds the detector from outside inwards to reduce coding complexities.  

The second part of the code details the incident particles of interest, energy of the particles, incident 

angles and total number of events. The total number of events is kept constant at 100,000 for the 

background particles as well as dark matter events. The world volume is compressed very close to 

the detector edges to capture as many interactions as possible.  
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4.2 Geant4 Simulations & Visualizations 

Simulation data from Geant4 can be visualized using OpenGL. Visualizations are performed by 

either writing C++ source codes or direct commands provided within the software. These 

visualizations help us understand particle trajectories, track steps and specific hits of particles in 

detector components. Detector parts can be seen either as solids or skeletal polylines. This detector 

has been designed to simulate interaction events and rejection efficiencies of the veto layers which 

can also be visualized as shown in Figure 10, Figure 11 and Figure 12.    

             

Figure 10. OpenGL visualizations representing particle events completely missing the detector 

 

            

Figure 11. OpenGL visualizations representing vetoed events (particles not reaching the central detector) 
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Figure 12. OpenGL visualizations representing particle interactions with the BGO detector leaving behind 

ionizations and trail of other scattered particles 

 

4.3 Data Analysis 

ROOT is a C++ framework by CERN which has been used for data analysis for these simulations 

[51]. It allows users to generate macros to extract specific information of detector responses. 

Histograms and plots are generated to analyze the data more precisely. These plots give us possible 

event rates and energy values for background particles as well as any possibility of a WIMP signal. 

Simulations are run for background particles first to understand sensitivity and rejection rates 

which provides us with a window to detect any WIMP particle interactions. Number of events are 

kept constant at 100,000 and basic statistical analysis gives us details of total number of events 

that hit the detector versus the total number of events that are seen by the BGO crystal alone.   
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CHAPTER 5 

BACKGROUNDS AND REJECTION RATES 

Nuclear recoils caused in the detector by dark matter particles result in very low energy deposits. 

These interactions are also extremely rare and occur at a very low rate. To isolate these events 

from other energy depositions requires shielding and careful data analysis. Majority of these events 

are seen from galactic gamma rays, cosmic ray neutrons and protons, neutrinos and sometimes 

radioactive decay of the detector core itself. This chapter discusses the background events and 

rejection rates seen by the detector. We further quantify whether a detection window free from 

background events can be obtained to see any WIMP interaction events. 

 

5.1 Galactic Gamma Ray Background 

One of the most elementary observables in the gamma-ray band are the cosmic gamma ray 

radiations. Gamma radiations dominantly originate from alpha and beta decays. Although alpha 

and beta radiations have a short range and are mostly absorbed by the shielding before reaching 

the detector, gamma rays emitted by them can penetrate much deeper causing significant 

background. Since the detector is outside the protection of Earth’s magnetic field, we need to 

observe these background signals. Studies by the Fermi Gamma-Ray Telescope and the Large 

Area Telescope quantify these background signals to be in the range of 100 MeV to 300 GeV [14]. 

Other studies have shown these signals to drop lower with particle energies in the range of 20 MeV 

to 100 MeV [15]. The following plots show Geant4 simulation results for galactic gamma ray 

interactions with the detector.  
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25 MeV Background 

 

Figure 13: 25 MeV Gamma Ray background signal seen by the entire detector 

 

 

Figure 14: 25 MeV Gamma Ray background signal seen by BGO crystal 
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50 MeV Background 

 

Figure 15: 50 MeV Gamma Ray background signal seen by the entire detector 

 

 

Figure 16: 50 MeV Gamma Ray background signal seen by BGO crystal 
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100 MeV Background 

 

Figure 17: 100 MeV Gamma Ray background signal seen by the entire detector 

 

 

Figure 18: 100 MeV Gamma Ray background signal seen by BGO crystal 
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500 MeV Background 

 

Figure 19: 500 MeV Gamma Ray background signal seen by the entire detector 

 

 

Figure 20: 500 MeV Gamma Ray background signal seen by BGO crystal 
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1 GeV Background 

 

Figure 21: 1 GeV Gamma Ray background signal seen by the entire detector 

 

 

Figure 22: 1 GeV Gamma Ray background signal seen by BGO crystal 
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5 GeV Background 

 

Figure 23: 5 GeV Gamma Ray background signal seen by the entire detector 

 

 

Figure 24: 5 GeV Gamma Ray background signal seen by BGO crystal 
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10 GeV Background 

 

Figure 25: 10 GeV Gamma Ray background signal seen by the entire detector 

 

 

Figure 26: 10 GeV Gamma Ray background signal seen by BGO crystal 
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Gamma ray energies are showered on to the detector from 25 MeV to 10 GeV range to see any 

concerning background signals and also to learn more about the performance of the detector in 

analyzing these conditions. The above plots are simulation results of 100,000 events at each energy 

level to get a good idea of the detector behavior. No gamma ray interactions were seen under the 

900 keV level which clears the detector for any dark matter interaction. As expected, the event 

interaction rate increased with increasing energy levels but no alarming observations were made 

that could inhibit a dark matter interaction.     

 

5.2 Gamma Ray Rejection Rate 

As Plot 17 shows, the overall detector rejection rate is observed to be well above 80%. For lower 

energies up to the 500 MeV mark, the rejection rate is well above 95% with slowly plummeting 

with increasing energy level.   

 

Figure 27: Performance of the veto layers against galactic gamma ray background as simulated in Geant4  
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5.3 Cosmic Ray Background 

Cosmic rays were first discovered by Victor Hess in 1912 during his observation of a rapidly 

discharging electroscope as he gained altitude [16]. Cosmic rays comprise of high energy protons 

and nuclei moving through space at the speed of light. These high energetic protons originate both 

from the Sun and outside the solar system. Some believe the source of these particles to be 

remnants of explosive stars. Due the charged nature of these rays, their paths get deflected by 

magnetic fields. Bulk of cosmic rays comprise of nuclei of the lightest to the heaviest elements. 

Data from the Compton Gamma Ray Observatory shows this energy spectrum to be in the 100 

MeV to 108 GeV range [16]. Galactic cosmic ray background could be as large as five orders of 

magnitude greater in flux than the gamma-ray background [16]. Collisions of these particles with 

the detector would produces cascades of other particles and could hence cause some significant 

background. The following plots show Geant4 simulation results of cosmic ray interactions with 

the detector. 
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25 MeV Background 

 

Figure 28: 25 MeV Cosmic Ray background signal seen by the entire detector 

 

Figure 29: 25 MeV Cosmic Ray background signal seen by BGO crystal 
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50 MeV Background 

 

Figure 30: 50 MeV Cosmic Ray background signal seen by the entire detector 

 

Figure 31: 50 MeV Cosmic Ray background signal seen by BGO crystal 
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100 MeV Background 

 

Figure 32: 100 MeV Cosmic Ray background signal seen by the entire detector 

 

Figure 33: 100 MeV Cosmic Ray background signal seen by BGO crystal 
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500 MeV Background 

 

Figure 34: 500 MeV Cosmic Ray background signal seen by the entire detector 

 

Figure 35: 500 MeV Cosmic Ray background signal seen by BGO crystal 
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1 GeV Background 

 

Figure 36: 1 GeV Cosmic Ray background signal seen by the entire detector 

 

Figure 37: 1 GeV Cosmic Ray background signal seen by BGO crystal 
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5 GeV Background 

 

Figure 38: 5 GeV Cosmic Ray background signal seen by the entire detector 

 

Figure 39: 5 GeV Cosmic Ray background signal seen by BGO crystal 
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10 GeV Background 

 

Figure 40: 10 GeV Cosmic Ray background signal seen by the entire detector 

 

Figure 41: 10 GeV Cosmic Ray background signal seen by BGO crystal 
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Similar to gamma rays, cosmic ray energies are also showered on to the detector from the 25 MeV 

to 10 GeV range. The simulation runs are kept constant at 100,000 events at each energy level. 

Lowest particle energy interactions are observed to be 750 keV level which concludes a positive 

result to obtain a dark matter signal. The event interaction rates are observed to be roughly the 

same throughout the energy levels.  

 

5.4 Cosmic Ray Rejection Rate 

As Figure 40 shows, the cosmic ray rejection rate is observed to be roughly 70% for the 

simulated spectrum for the detector.    

 

Figure 42: Performance of the veto layers against cosmic ray background as simulated in Geant4  
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5.5 Solar Neutrino Background 

Neutrino background originates from two main sources, the nuclear processes in the Sun and 

supernovae. A large enough target detector will be sensitive to this neutrino background. These 

neutrino interactions occur in two ways. The first is an electronic recoil caused due to weak 

interactions with atomic electrons. If there are enough of these electronic recoils, they might leak 

in the nuclear recoil region. The second signal is detected by coherent scattering to the atomic 

nucleus although no such detection has been made in any experiment till date. Neutrino 

background causes a major problem for dark matter detectors as the recoil energies fall in the low 

energy spectrum giving similar signals to a WIMP interaction.  

Since Geant4 does not have its own neutrino library, for this design study, the neutrino’s 

interaction with the main detector’s element is used as a source of a conversion electron signal. 

Since we know the appropriate energy associated with the solar neutrino’s interaction with the 

detector’s element, the conversion electron from this interaction should also be in a similar defined 

energy range.  

The equation and the Feynman diagram below represent a neutrino interacting with element X 

resulting in element Y along with the conversion electron via the weak boson W¯. The energy 

spectrum of this interaction ranges from 0.4 MeV to 8 MeV [12]. Electrons with the solar neutrinos 

energies are interacted with the central detector forming the solar neutrino background for this 

study. The following plots show Geant4 simulation results for neutrino interaction events with the 

detector. 
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Figure 43. Feynman diagram representing solar neutrino interaction with element X resulting in the conversion 

electron and element Y via weak boson W¯. 

 

Since the simulated spectrum for neutrino interactions are generated from within the BGO crystal, 

the electrons that do not interact with the central detector and hit the veto layers are considered to 

be rejected and form the rejection background for this study.  
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1 MeV Background 

 

Figure 44: 1 MeV Neutrino background signal seen by the entire detector 

 

Figure 45: 1 MeV Neutrino background signal seen by BGO crystal 
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5 MeV Background 

 

Figure 46: 5 MeV Neutrino background signal seen by the entire detector 

 

Figure 47: 5 MeV Neutrino background signal seen by BGO crystal 
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10 MeV Background 

 

Figure 48: 10 MeV Neutrino background signal seen by the entire detector 

 

Figure 49: 10 MeV Neutrino background signal seen by BGO crystal 
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15 MeV Background 

 

Figure 50: 15 MeV Neutrino background signal seen by the entire detector 

 

Figure 51: 15 MeV Neutrino background signal seen by BGO crystal 
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20 MeV Background 

 

Figure 52: 20 MeV Neutrino background signal seen by the entire detector 

 

Figure 53: 20 MeV Neutrino background signal seen by BGO crystal 
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Based on the solar neutrino flux measurements, neutrino energies are showered on to the detector 

from 1 MeV to 20 MeV range. The above plots are simulation runs for 100,000 events at each 

energy level to get an understanding of the detector behavior. Neutrino interactions are observed 

to be as low as 350 keV level but the measurements still satisfy and clear the dark matter 

observation energy spectrum of 1-100 keV. As expected, the event interaction rate increased with 

increasing energy levels but no alarming observations were made that could inhibit s dark matter 

interaction event. 

 

5.6 Solar Neutrino Rejection Rate 

As Figure 52 shows, the overall detector rejection rate is observed to be above 68%. The rejection 

rate is observed to be slowly plummeting with increasing energy levels.   

 

Figure 54: Performance of the veto layers against neutrino background as simulated in Geant4  
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CHAPTER 6 

SIGNAL IN THE DETECTOR 

In direct detection experiments event rates can be approximated from thermal equilibrium 

arguments for WIMP interactions. WIMP weak interaction can take place both with electrons or 

with the quarks in the nucleus [18]. This interaction exchanges a Z-boson or Higgs boson between 

the WIMP and the nucleus [18]. The energy transfers and the interaction rate due to this weak 

force are very low.  

 

Figure 55. Elastic scattering of a WIMP to a nucleus [9] 

The magnitude of cross section in the scattering process should be similar to the one predicted. 

The predicted cross section area is estimated to be 10-36 cm2. Local WIMP density has a standard 

value 0.3 GeV/c2/cm3 and WIMP velocity is approximated at 10-3c [4]. Using the formulae, 
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where; 

RN = interaction rate per nucleus 

Φ = WIMP flux 

σN = interaction cross section 

NA = Avagadro’s number 

A = atomic mass 

ρx = standard WIMP density 

mx = mass 

υ = WIMP velocity 

R = total number of interactions 

 

we approximate the interaction events [18]. 

Table 2: Event interaction rates (σN = 10-36 cm2, ρx = 0.3 GeV/c2/cm3, υ = 10-3c) 

Mass (GeV/c2) R(interactions/kg/year)
10 17.19 
20 8.60 
30 5.73 
40 4.30 
50 3.44 
60 2.87 
70 2.46 
80 2.15 
90 1.91 
100 1.72 

 

This experiment aims to identify these nuclear recoil energies produced by scattering the 

Germanium nucleus. We expect that the elastic scattering of WIMP particles with masses 10-100 

GeV/c should create nuclear recoils in the range of 1-100 keV [10]. Geant4 does not have a library 

with a particle replicating a dark matter particle structure. To visualize interactions events at such 
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low energy levels, anti-protons are selected and bombarded on to the detector from the 1 GeV 

range to the 12 GeV range. The following plots are Geant4 simulations of anti-proton interaction 

events with the detector.  
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1 GeV Interactions 

 

Figure 56: 1 GeV anti-proton interaction events 

2 GeV Interactions 

 

Figure 57: 2 GeV anti-proton interaction events 
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4 GeV Interactions 

 

Figure 58: 4 GeV anti-proton interaction events 

6 GeV Interactions 

 

Figure 59: 6 GeV anti-proton interaction events 
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8 GeV Interactions 

 

Figure 60: 8 GeV anti-proton interaction events 

10 GeV Interactions 

 

Figure 61: 10 GeV anti-proton interaction events 
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12 GeV Interactions 

 

Figure 62: 12 GeV anti-proton interaction events 

 

The above plots are event interactions as seen by the central detector simulated for 100,000 events. 

The above plots quantify two very critical aspects of the detector that were only assumptions until 

now. The first conclusion from the above results is that the detector is sensitive to very low energy 

levels. The second conclusion that can be drawn from the above plots is that our assumption of 

anti-protons depositing energies in the 1-100 keV range similar to dark matter events also checks 

out. Hence the detector is sensitive and very much capable of picking up interactions at these 

energy levels.   
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The following plot represents one million cycle of anti-proton interaction events as seen by the 

central detector and the energy deposited by these interactions in the 1-100 keV range. The number 

of counts of interactions is observed to slowly fall with increasing deposited energy.     

 

 

Figure 63: 6 GeV anti-proton interaction events over 1,000,000 cycle 
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CHAPTER 7 

CONCLUSION 

This study sheds light upon a new technique of dark matter detection using Monte Carlo 

simulations. Following the mission parameters of a near-Jupiter orbit, where the neutrino 

background falls two-folds, it is theoretically possible for the spacecraft based detector to interact 

and identify dark matter events. Based on the size and material of the detector and the rarity of 

dark matter interaction events, it is possible for the designed detector to have a detection rate of 

12-17 interactions/kg/year. The Geant4 background energy simulations conclude the success of 

the veto layer assembly significantly reducing the background noise. The designed detector 

structure shields these background energies effectively under the 350 keV mark leaving a great 

window for dark matter event detection. Geant4 anti-proton simulations discussed in Chapter 6 

focus on two goals; the first aims to confirm the detector sensitivity under the 100 keV level and 

the second aims at confirming that high energy anti-protons would generate nuclear recoils in the 

1-100 keV range similar to dark matter particles. These simulations theoretically prove that the 

proposed space based detector design could confirm the existence of a dark matter particle near 

the orbit of Jupiter. Further studies could indulge in to examination of the backgrounds at a much 

deeper and advanced level which could give us a better understanding of these simulations and 

detections.  
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