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Abstract 

 

Fundamental particles are the building blocks of nature. However, exotic particles are where 

the mystery lies. Do they exist or are they purely theoretical? Is there evidence for ones we 

have not yet seen? Detection of the Higgs Boson was believed to have completed the Standard 

Model. Recent proton collisions at CERN prove otherwise, alluding to an extremely rare boson 

that is not only invisible to our detectors, but exists for under a billionth of a second. Through 

this investigation I shall attempt to find this undiscovered exotic particle, the Baby Higgs. 

 
 

 
Introduction 
 

Over centuries of collaboration, physicists have gradually expanded our understanding of the 

Universe through multiple theories. Each plays a pivotal role in our breadth of knowledge; 

however, the most important underpins them all. The Standard Model is a theory about the 

fundamental particles of nature. These building blocks cannot be broken down further, some 

fundamental particles make up matter, while others determine how the matter particles interact. 

These particles are split into three families: fermions, the matter particles which consist of 

hadrons and leptons, and bosons, the exchange particles for forces between fermions (Berkeley 

Lab, 2013). 
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Hadrons are the only particles that experience the strong interaction, an attractive and repulsive 

force that acts between nucleons to maintain the nucleus. This group of particles also contains 

two subsets, Baryons and Mesons. Examples of Hadrons are protons, neutrons and pions; 

however, they are not fundamental particles because they are made up of smaller particles 

called quarks.  
 

 

 

 

There are six types of quark, each with individual properties such as charge and strangeness. 

Baryons consist of three quarks, whereas mesons consist of only a quark and antiquark. We 

know that the proton has a relative charge of +1, hence it consists of two up quarks and one 

down (2/3 + 2/3 - 1/3 = 1).  Leptons themselves are fundamental particles and can experience 

all forces except the strong interaction. Examples of leptons are electrons which orbit the 

nucleus, and muons which eventually decay to electrons. 

 

Lepton/Antilepton Symbol Relative charge Relative Mass 

Electron/Positron ⅇ− ⅇ+ -1 +1 1 

Electron neutrino/antineutrino 𝑣𝑒 𝑣𝑒̅ 0 0 ≈ 0 

Muon/Antimuon 𝜇− 𝜇+ -1 +1 207 

Muon neutrino/antineutrino 𝑣𝜇 𝑣𝜇̅̅ ̅ 0 0 ≈ 0 

Tau/Antitau 𝜏− 𝜏+ -1 +1 3500 

Tau neutrino/antineutrino 𝑣𝜏 𝑣𝜏̅ 0 0 ≈ 0 

  

Quark/Antiquark Symbol Charge /ⅇ Baryon Number Strangeness 

Up 𝑢 𝑢̅ +2/3 -2/3 1/3 -1/3 0 0 

Down 𝑑 𝑑 ̅ -1/3 +1/3 1/3 -1/3 0 0 

Charm 𝑐 𝑐 ̅ +2/3 -2/3 1/3 -1/3 0 0 

Strange 𝑠 𝑠̅  -1/3 +1/3 1/3 -1/3 -1 1 

Top 𝑡 𝑡̅  +2/3 -2/3 1/3 -1/3 0 0 

Bottom 𝑏 𝑏 ̅ -1/3 +1/3 1/3 -1/3 0 0 

Figure 1 - The Standard Model [Philosophical Explorations, 2015] 

Table 1 - Quark Properties [Author’s own, 2018] 
2018] 2006] 

Table 2 - Lepton Properties [Physbot, 2015] 



 

 

4 

 

 A Haberdashers’ Aske’s Occasional Paper.  All rights reserved. 
 

 

 

Bosons are specific exchange particles for the fundamental forces (of which there are four: 

Strong Nuclear force, Weak Nuclear force, Electromagnetic force and the Gravitational force). 

Exchange particles transfer charge, energy and momentum, amongst other quantities, during 

interactions between particles. The Standard model groups the fundamental particles of matter 

(fermions) and corresponding exchange particles for these fundamental forces (bosons), the 

diagram below outlines this:   
 

 
 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

These describe the main constituents of fundamental particles. However, there is another 

subset. Exotic matter is non – baryonic. It consists of particles that are not made of baryons 

such as protons and neutrons. An example of an exotic particle is the Higgs Boson and the 

Baby Higgs itself. 
 

 

Higgs Field and the Higgs Boson 
 

In 1973, it was realised that the weak nuclear force and the electromagnetic interaction can 

both be described with the same theory, stating that they both stem from a single force known 

as the electroweak force (HyperPhysics, 2014). However, according to this theory, fundamental 

particles did not have mass. 

 

Heisenberg’s uncertainty principle and Einstein’s energy-mass equivalence, which I will 

explore later, tell us that a massless particle will have zero rest energy. As its energy is zero, it 

will be able to exist for an infinite amount of time and have infinite range. Figure 3 is a 

Feynman diagram of the electromagnetic interaction in which the virtual photon acts as the 

gauge boson: 

 

Figure 2 - Fundamental forces and their exchange particles [Manchester University 
Particle Physics Group, 2003] 
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On the contrary, 𝑊+ and 𝑊− bosons, the gauge bosons for the weak interaction, do have mass. 

This mass means the weak interaction is not infinite and instead acts over a very short range of 

approximately 0.001 fm. Heisenberg’s uncertainty principle can be used to show that 𝑊 bosons 

act over a short distance and so must have a relatively large mass.  

 

Heisenberg’s uncertainty principle states it is impossible to simultaneously know the exact 

position and momentum of a particle. However, there is a different version relating the lifetime 

and energy of supposed particles in a vacuum:  
 ∆𝑡∆𝐸 ≥ ℏ2 

 

Where ∆𝑡 is the lifetime of the virtual particle, ∆𝐸 is the energy required to form the virtual 

particle and ℏ is a constant h-bar (1.05 × 10−34 Js) equal to Planck’s constant ℎ divided by 2𝜋. The uncertainty principle tells us that something can come from nothing, provided that the 

something created returns to nothing within a specified time ∆𝑡, so short it is immeasurable. 

By applying this idea to a vacuum, Heisenberg’s uncertainty principle infers that empty space 
is not truly empty and instead consists of virtual particles that continuously form and annihilate 

in these immensely short time periods. As the rest energy of a 𝑊 boson is known (80 GeV), 

their maximum lifetime ∆𝑡 can be calculated: 
 ∆𝑡 = ℏ2∆𝐸 

 

The energy of 80 GeV is equal to 1.28 × 10−8 J: 
 ∆𝑡 = 1.05 × 10−342 × (1.28 × 10−8) 

 ∴ ∆𝑡 = 4.12 × 10−27 s 

 

The maximum distance the 𝑊 boson can travel is then equal to 𝑐∆𝑡: 

 

Figure 3 - Feynman Diagram of Electron-Positron Annihilation via Electromagnetic interaction [Weisstein, 1996] 
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𝑐∆𝑡 = 1.23 × 10−18 m 

 

 

 

This maximum distance is also approximately the range of the weak interaction which I stated 

earlier, 1 × 10−18 m (0.001 fm). The ranges are congruent because the W boson is the 

exchange particle for the weak interaction, hence the distance travelled by the W boson 

determines the range of the weak interaction. As the weak interaction has a range much shorter 

than the infinite range of the electromagnetic interaction, the W boson must have a mass larger 

than the zero mass of the photons. This shows that the electroweak theory was correct for 

photons, which are massless, however W and Z bosons do have mass and so the picture was 

not complete.  
 

 

 

Quantum Field Theory describes fundamental particles as quanta: waves whose amplitude and  

energy are the minimum values possible in their respective field. For example, electrons are 

quanta in the electric field. Although QFT was a strong theory, it also predicted that 

constituents of the atom, including electrons, would have no mass. If the electron had no mass, 

then it would always travel at the speed of light and consequently experience no time. However, 

electrons have an intrinsic quantum spin called chirality. This can be either left or right 

handedness, relative to the direction of motion. Seeing as the spin of an electron can change 

from left to right, it evolves and therefore must experience time. The electrons experience of 

time means it does not travel at the speed of light and hence has a mass. Photons also have spin, 

but it does not change therefore the photon does not evolve and does not experience time. If 

photons and electrons are both quanta, why does the electron have mass if the photon does not? 

 

When electrons pass through an electromagnetic field, they are accelerated and emit 

electromagnetic waves. These waves have energy, the law of conservation of energy tells us 

that this energy cannot have simply been created and so must have come from the electrons, 

hence the electrons must lose energy equal the energy of the emitted waves. Work must be 

done to the electrons to supply the energy they lose. 

 

Figure 4 - Feynman Diagram of Muon Decay via Weak Interaction [Physics Stack Exchange, 2016] 
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𝑤 = 𝐹𝑑  
 

For work to be done over a certain distance, a certain net force must act on the electron. 

Newton’s second law of motion says that the net force applied to a body is proportional to its 
acceleration (The Physics Classroom, 2015). 

 𝐹 = 𝑚𝑎 
 

 

Since the electrons have an acceleration and a force is applied to them, they must then have a 

mass. This explanation for mass is sufficient for charged particles which will interact with the 

electromagnetic field and be accelerated. However, uncharged particles such as 𝑍 boson also 

have mass but do not interact with the EM field, hence there must be yet another cause for the 

mass of fundamental particles.  

 

To rectify these problems, Peter Higgs, François Englert and Robert Brout proposed a 

mechanism explaining why particles have mass. Entitled the Brout-Englert-Higgs mechanism 

(Higgs mechanism theory), it implied there is an invisible three-dimensional field named the 

Higgs field that pervades all of space (CERN, 2011). The degree to which particles interact 

with this field determines their mass. Imagine moving balls through a viscous liquid, where the 

slower they fall, the greater their mass becomes. For example, the top quark is the heaviest 

fundamental particle and so it must interact the greatest with the Higgs field. However, photons, 

being massless, do not interact with the Higgs field at all. Left handed electrons have a weak 

hyper charge which allows them to feel the weak nuclear force, similarly to how normal electric 

charge allows charged particles to feel the electromagnetic force. The electrons can flip from 

left handed to right handed by losing their weak hyper charge and vice versa, which is known 

as parity violation. The Higgs field is believed to allow this gain/loss of weak hyper charge. 

 

Einstein’s equation of mass – energy equivalence tells us: 
 𝐸 = 𝑚𝑐2 ∴ 𝑚 = 𝐸𝑐2 

 

The energy 𝐸 of the quanta can also be defined as Planck’s constant ℎ (6.63 ×  10−34 Js) 

multiplied by the frequency of the wave 𝑓. Seeing as quanta are waves with the minimum 

possible frequency, this will be 𝑓min. 

 𝐸 = ℎ𝑓min 
 

Therefore, the quanta of each field have a specific mass: 

 𝑚 = ℎ𝑓min𝑐2  

 

In contrary to other fields, the equilibrium value of the Higgs field throughout the universe is 

not zero. This is shown by the “Mexican Hat Potential” which says that for the Higgs field, the 
point of equilibrium is not the origin of the energy – field strength graph. This means that for 

all points in space the value of the field will not be zero.  
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This can be thought of as a ball resting on the centre of the slope, it is in unstable equilibrium 

at the peak and so will roll into the “brim” of the hat where it will form a stable equilibrium 

away from the centre where the value of the field would have been zero. Since the value of the 

field is not zero, it will constantly act on the fundamental particles. 
 

 

 

 

 

As stated earlier, all forces that interact with particles do so through an exchange particle. The 

Higgs field must have a boson which acts as an exchange particle between fundamental 

particles and the Higgs field itself. Hence, there forms the prediction for the Higgs boson, the 

quantum of the Higgs field, an excitation in the Higgs field which acts as the exchange particle. 

 
 

Large Hadron Collider and Detection of the Higgs Boson 
 

The Large Hadron Collider (LHC) inside CERN accelerates protons to 99.999999% the speed 

of light around the circumference of a 27km long tunnel. These protons then collide with each 

other in the ATLAS detector, producing an array of fundamental particles. The muon detector 

in the coating of the ATLAS detector indicates the presence of muons and the calorimeters 

measure the energies of particles passing through them. The innermost layer consists of 

trackers which record the trajectory of the particles and pixel detectors highlight any photons 

produced. This information is collated into a computer image produced representing the 

collision, referred to as an event. 
 

Figure 5 - "Mexican Hat Potential" of The Higgs Field [Wikipedia, 2018] 
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CERN condensed thousands of events producing a variety of diphoton masses represented by 𝑚𝛾𝛾, against the number of weighted events. The data are weighted by the ratio of signal to 

signal plus background. This produced a histogram showing an exponential curve where the 

number of weighted events was inversely proportional to the diphoton mass. The bump in the 

curve at 125 GeV was the evidence for the detection of the Higgs boson.  

 
 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 - A Toroidal LHC Apparatus (ATLAS) Detector [LMU, 2012] 

Figure 7 - The detection of the Higgs Boson [Physics Stack Exchange, 2012] 
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Baby Higgs 

 
The Higgs Boson must also interact with the Higgs field to gain its own mass. However, seeing 

as it is a quantum of the Higgs field, it is technically interacting with itself. This would produce 

a very strong interaction and so would cause the Higgs boson to have a large mass of 

approximately 125 GeV. This relatively large mass would cause the Higgs boson to decay after 

production in approximately 1.56 × 10−22 s, a time too short to observe the Higgs Boson 

directly in the detectors. Therefore, another approach was taken by scientists at CERN in which 

the products of the decay would be observed and collisions that produced the correct decay 

products and corresponding energy would provide sufficient evidence for the Higgs Boson 

detection. 

  

There are currently five different decay modes for the Higgs Boson 𝐻 to take, being: 

 𝐻 → 𝑏 + 𝑏̅  (bottom quark and its antiquark) 

 𝐻 → 𝜏− +  𝜏+  (tau and antitau lepton) 

 𝐻 → 𝛾 + 𝛾  (two photons) 

 𝐻 → 𝑊+ + 𝑊−  (𝑊 boson and its antiparticle) 

 𝐻 → 𝑍0 + 𝑍0  (two 𝑍 bosons) 

 

However, I will be investigating a possible unproven sixth decay mode for the Higgs Boson 

using raw data I have obtained from CERN. In this theoretical decay the Higgs Boson 𝐻 decays 

to two “Baby Higgs” Bosons represented by 𝜙: 

 𝐻 → 𝜙 + 𝜙 
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These 𝜙 particles interact with standard model particles weakly meaning they will have a 

smaller mass hence a slower decay rate and therefore a longer lifetime than the Higgs Boson. 

In theory this will cause the Baby Higgs to travel a greater distance from the collision point 

before decaying and producing visible particles. If this is the case, the visible fundamental 

particles will be produced away from the collision point of the protons. These are known as 

off-centre vertices and will referred to as OCVs. An example of this is shown in figure 9: 
  

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The decay mode of the Baby Higgs boson is dependent on its mass 𝑚𝜙. If the mass is smaller 

than double the mass of a 𝑏 quark but greater than double the mass of a tau lepton 𝑡, i.e. within 

Figure 8 - Representation of Higgs Boson decay to two 𝝓 Bosons [Higgs Hunters, 2014] 

Figure 9 - Simplified example of an event [Higgs Hunters, 2016] 
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the range 2𝑚𝑡 < 𝜙 < 2𝑚𝑏, then the baby boson is likely to decay to a tau lepton and antitau 

lepton: 

 𝜙 → 𝜏− +  𝜏+ 

 

However, if the mass of the baby boson is greater than double the mass of a 𝑏 quark, it will 

likely decay to a bottom quark and a bottom antiquark: 

 𝜙 → 𝑏 + 𝑏̅ 

 

The expected distance that the 𝜙 bosons will travel can be calculated. From the baby bosons 

reference frame, it exists (from production to decay) for a time 𝑡𝜙 . From simple mechanics the 

distance travelled by the 𝜙 boson would be expected to be equal to 𝑐𝑡𝜙. However, the bosons 

have mass and so will not be travelling at the speed of light but instead they will be travelling 

at a speed 𝑣, a value lower than 𝑐. Seeing as the speed of light must remain constant in all 

reference frames, the time 𝑡𝜙 will be time dilated by the Lorentz factor 𝛾.  
 𝛾 = 1√1 − 𝑣2𝑐2    
 

Therefore, the approximate distance travelled by the 𝜙 boson: 

 𝑐(𝛾𝑡𝜙) 

 

Under the assumption that all energy from the Higgs Boson is split evenly between the two 𝜙 

bosons, seeing as the energy of the Higgs Boson is 𝑚𝐻𝑐2, the energy of each boson 𝐸𝜙 is equal 

to: 
 𝐸𝜙 = 𝑚𝐻𝑐22 = 𝛾𝑚𝜙𝑐2  
 ∴ 𝛾 = 𝑚𝐻2𝑚𝜙 

As we know the mass of the Higgs Boson and the expected mass of the 𝜙 boson, 𝛾 can be 

calculated, which allowed CERN to calculate the distances travelled by the Baby Higgs in the 

simulated data. 
 

 

 
 

Figure 10 - Example of Excel data of click coordinates and decay lengths [Author’s own, 2018] 
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Data from CERN 

As the sample size for simulated data was 800,000 events and for real data was 60,000 events, 

CERN decided to use the following requirements for an event to be analysed to reduce the 

sample size:  

• Minimum two muons detected. This is because approximately 2% of the time that a 

Higgs Boson is created, a 𝑍 boson is also created. 3.3% of the time a 𝑍 boson is 

created, the boson decays to two muons. Applying this parameter increases the 

probability of finding a Higgs decay to 150 in 5 million. 

 

• The 𝑍 boson travels away from the proton collision point. Events containing a 𝑍 

boson increase the probability of finding a Higgs event. This is since virtual 𝑍 bosons 

may emit Higgs bosons through the “Higgs–Strahlung” process. An isolated 𝑍 boson 

may decay while stationary however, when the 𝑍 boson decays with a Higgs boson 

the two particles tend to move away from each other, hence also away from the proton 

collision beam. Applying this parameter increases the probability of finding a Higgs 

event to 90 in 300,000. 

 

• There should be missing momentum present. The 𝜙 boson is foreign to the ATLAS 

detector and invisible, so it will not be picked up by the detectors. The 𝜙 boson will 

correspond to the missing momentum represented by a dashed red line on the 

projection. Applying this parameter increases the probability of finding a Higgs event 

to 1 in 1000. 

The detectors within ATLAS process their readings into tracks of charged particles. Since the 

particle accelerator contains immensely strong magnets, there will be an electromagnetic 

interaction between the magnets and the charged particles causing their tracks to curve. Neutral 

particles such as photons and neutrons therefore cannot be traced, however their energy will 

still be detected by the peripheral calorimeters. The yellow and red blocks in the calorimeters 

represent energy detections, the translucent white fields represent areas of high energies named 

“jets”. The rectangular red blocks at the end of green muon tracks represent the muon energy. 
Blue blocks may appear opposite a muon and represent the energy from the decay of a 𝑏 quark.  

 

A computer algorithm was a potential method for my analysis, however through investigation, 

CERN determined that human analysis is more reliable for this type of data. The efficiency of 

the two methods were evaluated by comparing the rate of correct classifications made and the 

rate of false classifications made. This suggested human analysis is more efficient as our natural 

ability for pattern recognition is of a higher degree. Figure 11 is an example of a simulated 

event in the XY projection: 
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Simulated Data 

 

CERN formulated simulated data for citizen scientists to analyse so that patterns in analysis 

and common mistakes can be identified. Collisions in ATLAS are recorded in three viewing 

angles (projections): XY, XY Zoom and RZ. I have used a systematic sampling technique to 

select every 8,000th simulated event from a collection of 800,000 events in each projection. 

By inserting the raw data of the users’ click coordinates in addition to the true coordinates of 
the decays for a chosen event into excel, I selected the X and Y coordinates of the clicks of all 

users for that event, inserting this data into a scatter graph with scale axis 0 - 1024 and the 

vertical y axis flipped. After underlaying the image projection as the background so that it lines 

up with the coordinates, I identified any imperfections with the chosen event, such as the 

detectors incorrectly detecting particles or glitches in the formatting of the event which may 

hinder the citizen scientist analysis. 

 

After comparing the coordinates of the public clicks to true decay coordinates for 100 events 

in each projection, totalling 300 events, I calculated the percentage error of each click and took 

an average percentage error in accuracy for each type of projection, my results are stated below: 
 

Projection Type Percentage error in analysis /% 

XY 31.9 

XY Zoom 39.4 

RZ 56.3 

 

 

 

The XY projection produced the lowest percentage error in public analysis as expected, hence 

I will investigate this projection further for evidence of the Baby Higgs.  

 

Real Data 
 

Over the course of four months I have investigated 2021 events in the XY projection. In my 

analysis, I searched for events which meet the stated parameters which will therefore show 

sufficient evidence for the Baby Higgs. The proportion of events containing a Baby Higgs is 

expected to be 2 out of 2000. The following two events have been selected as successful: 
 

 

 

 

 

 

 

 

 

 

 

 

Author’s own (2018) 
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The XY projection successfully shows off-centre vertices, highlighted by the red rings. Along 

the same path as the direction of the off-centre vertex are multiple muon detections in the muon 

detectors highlighted by the yellow rings. This shows that the particles produced at the off-

centre vertex will then decay further to muons and antimuons, as predicted as a possible decay 

mode of the Baby Higgs. The missing momentum is in a similar region to the muon detections 

and so may possibly represent the Baby Higgs which the detectors lack the capability to detect 

yet.  The RZ projection also shows an OCV which supports the findings in the XY projection. 

 



 

 

18 

 

 A Haberdashers’ Aske’s Occasional Paper.  All rights reserved. 
 

 

 
 



 

 

19 

 

 A Haberdashers’ Aske’s Occasional Paper.  All rights reserved. 
 

 

 
 

The XY projection shows an OCV which decays to five particles. In the direction of the OCV 

are two muon detections which may represent the muon-antimuon production from decay of 

the Baby Higgs. The OCV is noticeably further in this projection which shows the exotic 

particle may interact with the Higgs field to a weaker degree, and so has less mass causing it 

to be more stable allowing it to travel further before decaying. The OCV is reinforced in the 

RZ projection. Although the direction of missing momentum does not agree with the OCV, an 

exotic particle may still have been produced which was neutrally charged. This means it would 

be still be accounted for in the missing momentum calculation however direction cannot be 

detected because it does not interact with the magnetic fields. The presence of a possible 

neutrally charged particle is also shown by energy detection in the same direction of the missing 

momentum and the opposite direction where no particles are seen to be travelling through.  
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Conclusion 

 

Through my analysis of 2021 events from data at CERN, I have selected two events which 

show strong evidence for the presence of Baby Higgs particles. By proportion, using the 

parameters set by ATLAS, I predicted to find only two events containing OCVs out of my 

sample of 2021 events. The two successful events consist of a range of two – five muons. 

 

From my findings I conclude that there is insufficient evidence to reject the existence of a Baby 

Higgs particle. Although the sample size is small and systematic sampling introduces bias if 

there is a repeated trend in the results, the number of events containing OCVs is equal to the 

predicted number and each clearly shows decay to muons. All successful events with OCVs 

contained missing momentum, showing an undetected high energy exotic particle has been 

produced. This could either be the Higgs Boson or the Baby Higgs Bosons; however, in one 

event, the particle has approximately the energy of the rest mass of two muons (211 MeV) 

because it produces two muons. The mass of the Higgs Boson is 125 GeV, which is 

approximately 600 times larger than the mass of this exotic particle. If an exotic particle such 

as the Higgs Boson, of mass 125 GeV, decayed straight to detectable fundamental particles, 

much heavier particles such as tau leptons would be produced. As this is not the case, this 

suggests the Higgs Bosons do first decay to Baby Higgs bosons of smaller mass which then 

themselves decay to muons, leptons of smaller mass than tau. This supports my proposal that 

this evidence is sufficient for the existence of Baby Higgs Bosons. 

 

On the contrary, my successful events have a range of muon numbers produced, totalling an 

energy range of 211-538 MeV. The Higgs Bosons decay is insufficient to explain this as it 

would produce heavier particles; however, if the Baby Higgs exists and is only of one form, 

why would there be a range of energies that can be produced? This conundrum leads me to 

believe that there may be multiple versions of the Baby Higgs, identical in properties such as 
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spin and charge, yet consist of different masses and so can decay to a range of number of 

muons.  

 

There are many implications from my findings, with the most important being evidence that 

the standard model is not complete and must be investigated further. Along with phenomena 

such as dark energy and dark matter, the search for more fundamental particles will provide a 

broader picture of the universe.  

 

To improve my methodology, I would increase my sample size and also analyse events in the 

RZ projection. Completing this investigation as an independent scientist enforced limitations 

for my sample size. A larger sample size would provide a lower uncertainty in my findings, by 

increasing reliability and reducing the implications of anomalous results. The use of a computer 

algorithm may have allowed for a greater sample size; although, there may be many 

imperfections which I identified in my analysis which the algorithm may have missed. My 

investigation into the most reliable projection was sound and increased efficiency in collection 

of results. However, this may mean I missed interesting events only visible from the RZ 

projection.  

  



 

 

22 

 

 A Haberdashers’ Aske’s Occasional Paper.  All rights reserved. 
 

 

 



 

 

23 

 

 A Haberdashers’ Aske’s Occasional Paper.  All rights reserved. 
 

 

Bibliography 
 

Anthony, K. (2016) Become a Higgs Hunter. [Online] Available from: 

https://atlas.cern/updates/atlas-news/become-higgs-hunter [Accessed: 21st January 2018] 

 

Baggott, J. (2013). Higgs: The Invention and Discovery of the ‘God Particle’. Oxford: OUP.  

 

Carroll, S. (2013). The Particle at The End of The Universe. London: Oneworld Publications. 

  

CERN (2017) Higgs Hunters: Classify [Online] Available from: 

https://www.higgshunters.org/#/classify [Accessed: 29th March 2018] 

 

CERN. (2018) The Higgs Boson [Online] Available from: https://home.cern/topics/higgs-

boson [Accessed: 24th April 2018] 

 

Close, F. (2004). Particle Physics: A Very Short Introduction. Oxford: OUP  

 

Lewis, T (2014) Top Quark: Mass of World’s Heaviest Elementary Particle Found. [Online] 

Available from: https://www.livescience.com/44230-mass-of-top-quark-found-joint-

effort.html [Accessed: 21st April 2018] 

 

Mee, N. (2012). Higgs Force: Cosmic symmetry shattered. 2nd Edition. Stockport: Quantum 

Wave Publishing.  

 

Schirber, M (2013) Focus: Nobel Prize-Why Particles Have Mass. [Online] Available from: 

https://physics.aps.org/articles/v6/111 [Accessed: 6th March 2018] 

 

Strassler, M. (2011) Decays of the Standard Model Higgs. [Online] Available from: 

https://profmattstrassler.com/articles-and-posts/the-higgs-particle/the-standard-model-

higgs/decays-of-the-standard-model-higgs/  [Accessed: 1st June 2018] 

 

Strassler, M (2012) How the Higgs Field Works: with Math. [Online] Available from: 

https://profmattstrassler.com/articles-and-posts/particle-physics-basics/how-the-higgs-field-

works-with-math/ [Accessed: 17th April 2018] 

 

Strassler, M (2012) The Basic Idea of the Higgs Field. [Online] Available from: 

https://profmattstrassler.com/articles-and-posts/particle-physics-basics/how-the-higgs-field-

works-with-math/1-the-basic-idea/  [Accessed: 19th April 2018] 

 

Templeton, G. (2015) What is the Higgs Boson, and why is it so important? [Online] 

Available from: https://www.extremetech.com/extreme/208652-what-is-the-higgs-boson  

[Accessed: 3rd February 2018] 

 

Van, N. (2016) The ATLAS Detector layout. [Online] Available from: 

https://www.researchgate.net/figure/289254690_Fig-3-The-ATLAS-detector-layout-40  

[Accessed: 2nd January 2018] 

 

https://atlas.cern/updates/atlas-news/become-higgs-hunter
https://www.higgshunters.org/#/classify
https://home.cern/topics/higgs-boson
https://home.cern/topics/higgs-boson
https://www.livescience.com/44230-mass-of-top-quark-found-joint-effort.html
https://www.livescience.com/44230-mass-of-top-quark-found-joint-effort.html
https://physics.aps.org/articles/v6/111
https://profmattstrassler.com/articles-and-posts/the-higgs-particle/the-standard-model-higgs/decays-of-the-standard-model-higgs/
https://profmattstrassler.com/articles-and-posts/the-higgs-particle/the-standard-model-higgs/decays-of-the-standard-model-higgs/
https://profmattstrassler.com/articles-and-posts/particle-physics-basics/how-the-higgs-field-works-with-math/
https://profmattstrassler.com/articles-and-posts/particle-physics-basics/how-the-higgs-field-works-with-math/
https://profmattstrassler.com/articles-and-posts/particle-physics-basics/how-the-higgs-field-works-with-math/1-the-basic-idea/
https://profmattstrassler.com/articles-and-posts/particle-physics-basics/how-the-higgs-field-works-with-math/1-the-basic-idea/
https://www.extremetech.com/extreme/208652-what-is-the-higgs-boson
https://www.researchgate.net/figure/289254690_Fig-3-The-ATLAS-detector-layout-40


 

 

24 

 

 A Haberdashers’ Aske’s Occasional Paper.  All rights reserved. 
 

 

Woolcher, N. (2012). How the Higgs boson gives things mass. [Online] Available from: 

https://www.livescience.com/34045-higgs-particle-mass.html [Accessed: 11th April 2018] 

 

  

https://www.livescience.com/34045-higgs-particle-mass.html


 

 

25 

 

 A Haberdashers’ Aske’s Occasional Paper.  All rights reserved. 
 

 

References: 
 

Berkeley Lab (2013) The Particle Adventure. [Online] Available from: 

http://www.particleadventure.org/fermibos.html [Accessed: 21st February 2018]. 

 

Braungardt, J (2015) Philosophical Explorations. [Online] Available from: 

http://braungardt.trialectics.com/sciences/physics/particle-physics/ [Accessed: 21st April 

2018]. 

 

CERN (2011) The origins of the Brout-Englert-Higgs mechanism [Online] Available from: 

https://home.cern/topics/higgs-boson/origins-brout-englert-higgs-mechanism [Accessed: 3rd 

May 2018]. 

 

CERN (2011) The Origins of the Brout-Englert-Higgs Mechanism. [Online] Available from: 

https://home.cern/science/physics/origins-brout-englert-higgs-mechanism [Accessed: 12th 

April 2018]. 

 

Higgs Hunters (2016) Higgs Hunters Blog. [Online] Available from: 

https://blog.higgshunters.org/ [Accessed: 4th May 2018]  

 

Higgs Hunters (2014) The Higgs Boson part 3: Exotic Higgs Decays. [Online] Available 

from: https://blog.higgshunters.org/2014/12/02/the-higgs-boson-part-3-exotic-higgs-decays/ 

[Accessed: 4th May 2018] 

 

HyperPhysics (2014) Electroweak Unification. [Online] Available from: 

http://hyperphysics.phy-astr.gsu.edu/hbase/Forces/unify.html [Accessed: 21st April 2018]. 

 

LMU (2012) ATLAS experiment. [Online] Available from: https://www.etp.physik.uni-

muenchen.de/research/atlas/ [Accessed: 4th June 2018] 

 

Manchester University High Energy Particle Physics Group (2003) DØ teaching pages 
Fundamental Forces of Nature. [Online] Available from: 

http://www.hep.man.ac.uk/dzero/teaching/intro2.html [Accessed: 3rd June 2018]. 

 

Physics Stack Exchange (2012) Basic Question on Experimental Plot. [Online] Available 

from: https://physics.stackexchange.com/questions/41990/basic-question-on-experimental-

plots [Accessed: 5th May 2018] 

 

Physics Stack Exchange (2016) Muon Decay Lagrangian. [Online] Available from: 

https://physics.stackexchange.com/questions/284207/muon-decay-lagrangian/284243 

[Accessed: 10th May 2018]. 

 

The Physics Classroom (2015) Newton’s Second Law. [Online] Available from: 

https://www.physicsclassroom.com/class/newtlaws/Lesson-3/Newton-s-Second-Law 

[Accessed: 16th May 2018]. 

 

http://www.particleadventure.org/fermibos.html
http://braungardt.trialectics.com/sciences/physics/particle-physics/
https://home.cern/topics/higgs-boson/origins-brout-englert-higgs-mechanism
https://home.cern/science/physics/origins-brout-englert-higgs-mechanism
https://blog.higgshunters.org/
https://blog.higgshunters.org/2014/12/02/the-higgs-boson-part-3-exotic-higgs-decays/
http://hyperphysics.phy-astr.gsu.edu/hbase/Forces/unify.html
https://www.etp.physik.uni-muenchen.de/research/atlas/
https://www.etp.physik.uni-muenchen.de/research/atlas/
http://www.hep.man.ac.uk/dzero/teaching/intro2.html
https://physics.stackexchange.com/questions/41990/basic-question-on-experimental-plots
https://physics.stackexchange.com/questions/41990/basic-question-on-experimental-plots
https://physics.stackexchange.com/questions/284207/muon-decay-lagrangian/284243
https://www.physicsclassroom.com/class/newtlaws/Lesson-3/Newton-s-Second-Law


 

 

26 

 

 A Haberdashers’ Aske’s Occasional Paper.  All rights reserved. 
 

 

Weisstein, E (1996) Feynman Diagram. [Online] Available from: 

http://scienceworld.wolfram.com/physics/FeynmanDiagram.html [Accessed: 21st April 

2018]. 

 

Wikipedia (2018) Higgs Mechanism. [Online] Available from: 

https://en.wikipedia.org/wiki/Higgs_mechanism [Accessed: 20th February 2018] 

 

Zooniverse (2016) Zooniverse Database. [Online] Available from: 

https://www.zooniverse.org/ [Accessed: 2nd March 2018 – 26th June 2018]. 

 

 

 

 

http://scienceworld.wolfram.com/physics/FeynmanDiagram.html
https://en.wikipedia.org/wiki/Higgs_mechanism
https://www.zooniverse.org/

