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I-INTRODUCTION-(All group members contribute and collaborate-this should come last) 
 
Derived from the discoveries and research that scientists have accumulated over the span of many 
generations, the Standard Model is now universally recognized as the prominent theory in particle 
physics. The Standard Model is first and foremost a theory that describes and classifies the 
fundamental particles that make up matter as well as their purposes, interactions, and relationships 
with one another. Fueled by the discoveries made in the high-powered particle accelerators located 
around the world  that replicate the conditions of the early universe when fundamental particles were 
abundant, as well as in smaller facilities and through observations of the movement of celestial 
bodies, the Standard Model has proved its validity with the discovery of postulated particles such as 
the quarks, bosons, and most recently the Higgs boson. However, the Standard Model has just 
scratched the surface of the universe’s true physical reality.  The Standard Model is a promising 
starting point in humanity’s quest for true mastery and understanding of the universe, but many 
questions still remain unanswered outside of the bounds of the Standard Model.  
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 II-HISTORY OF THE STANDARD MODEL (2-3 pages, Matthew Fu) 
 
The standard model is the predominant theory in particle physics that classifies all subatomic building 
blocks along with their corresponding fundamental forces of the universe. In order to delve into the 
Standard Model, we must understand the events and people who led to its creation. 
 
First Theories: 
 
Enter Democritus (along with his teacher Leucippus and his student’s student Epicurus) during the 
golden age of philosophy in the mid 400 BC in ancient Greece. Using his pure reason as a form of 
experimentation, Democritus postulated that a knife would be able to cut a loaf of bread in half until 
the remaining piece was so small that not even a knife with infinite sharpness would be able to cut it. 
He named this smallest piece the atom. Democritus’ atomic hypothesis held that atoms were 
indestructible, had different sizes and masses, and their shape corresponded to the the texture of the 
material they formed. Although it wasn’t completely true, Democritus’ work on hypothesizing the atom 
was revolutionary. Unfortunately, his theories were dismissed while the world sank into the abyss of 
ignorance for roughly another 2000 years. 

 
 

Scientific Revolution and Classical Mechanics: 
 
During the late Scientific Revolution, George Stoney was the first to propose the term ‘electron’ to 
describe the fundamental unit of electric charge. In 1898, while performing experiments on cathode 
ray in the crooke’s tube, a tube where a high voltage is applied across vacuum which causes ionized 
gas particles to run from the anode and smash into the cathode releasing a stream of electrons 
(cathode ray), JJ Thomson correctly theorized that the ray was actually a new type of particle. This 
particle was dubbed the electron, and it was the first subatomic particle to be discovered in the 
standard model. The discovery of the electron led to some insight into the knowledge of the atom, but 
armed with the knowledge of the existence of the electron, Thomson inaccurately described the 
structure of the atom as plum pudding: a solid positive body with many electrons embedded in it.  
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The plum pudding model of the atom was quickly dispatched in 1911 by Ernest Rutherford’s gold foil 
experiment. Rutherford allowed alpha particles to bombard a piece of gold foil. To Rutherford’s 
surprise, while a large majority of the particles passed through, some particles deflected off the foil in 
huge angles. Based on the previously accepted plum pudding model of the atom, this anomaly was 
impossible. This experiment ultimately led to the discovery of a positively charged nucleus, which 
would eventually lead to the discovery of the proton and neutron. Although first thought of as 
subatomic particles, protons and neutrons would prove to be the gateways to discovering the modern 
subatomic particles in the Standard Model. 

 
 
Quantum Mechanics: 
 
In the early 1900’s, Einstein and Max Planck proposed that light came in waves and packages called 
photons as suggested by the photoelectric effect. Then, in the 1920’s while the particle wave duality 
of light was still being debated, Arthur Compton observed that the electromagnetic wave (x-ray) that 
hit an electron had a larger final wavelength than before the collision. Furthermore, the electron had 
recoil velocity and both the electron and the electromagnetic wave had scattering angles. Using 
conservation of energy and conservation of momentum in accordance with the particle model of light, 
Compton was able to prove the particle nature of light, thus confirming the existence of photons. 

 
 
 
 
 
Modern View: 
 

I. Intro II. History III. Particles IV. Experimental Design V. Future VI. Works Cited 



By the early twentieth century, position of protons and neutrons as fundamental particles was 
disputed due to the mass discovering of many new particles. This “zoo” of particles (largely 
composed of mesons and baryons) was organized by their charge, mass, and spin. Furthermore, the 
idea of quarks, constituents of these particles, was proposed as an ordering mechanism. 
 
The existence of quarks was not confirmed until a series of experiments conducted by a joint venture 
of MIT and Stanford Linear Accelerator Center (SLAC) scientists in 1967. Scientists engaged in 
particle smashing experiments between electrons and protons under the conditions provided by a 20 
GeV accelerator. The inelastic collisions between the particles resulted in “deep inelastic scattering”, 
which was an almost a complete transfer of energy from the electron to proton resulting in the 
shattering of the proton. The scientists then measured the frequency of the recoil angle of the 
electrons that were greater than their target angle. To their surprise the frequency was much greater 
than expected. The scientists concluded that the electrons were hitting some kind of hard core inside 
the target protons, and as a result the the quark model was validated.  

 
 
On November 11, 1974 the J/ψ quark, otherwise known as the charmed quark, was observed 
independently by research groups at SLAC and Brookhaven National Laboratory. This discovery, 
known as the November Revolution, triggered a new understanding in the structure of matter: the 
particles in the nucleus of the atom were not subatomic particles as previously thought, instead they 
were made of quarks, an even more elementary particle. Subsequently, the Standard Model of the 
structure of matter and its forces emerged. 
 
In 1977, Leon Lederman and his collaborators at Fermilab discovered the bottom quark using the 
Main Injector Ring. Prior to the discovery, researchers at Fermilab led by Letterman postulated that if 
an electron and a positron resulted from the decay of a massive unstable particle, the mass of that 
"parent" particle could be inferred from the momenta and angles of its “children.” This understanding 
proved to be revolutionary as it led to the discovery of many more fundamental particles. 
 
Discovery of the gluon, the carrier of the strong nuclear force, was recorded in 1979 at DESY 
(Germany). The collision of electrons and positrons and the subsequent simultaneous annihilation of 
the two resulted in two particle streams. Scientists postulated that under high enough collision 
energies, the energy released in the collision would take the form of gluons that could be observed as 
a third stream on the plane. Under low energies, there were no results, but when DESY’s PETRA 
accelerator began to produce collisions at 27.4 GeV, a third stream appeared, thus proving the 
existence of gluons. 
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In 1983, the W and Z bosons were discovered at CERN (Switzerland) by the Super Proton 
Synchrotron. This was a major success for the Standard Model because the properties and behaviors 
of these bosons, which mediate the weak force, fit perfectly into the electroweak interaction theory 
predicted by the Standard Model.  
 
In 1995, after 18 years of searching, Fermilab discovered the existence of the top quark, which 
completed the quark pair along with the bottom quark in the Tevatron using the collider detector and 
the DZero detector.  
 
The Higgs boson, the particle said to create a field that permeates the entire universe and gives mass 
to all objects, was the final particle that needed to be discovered in order to verify the Standard 
Model. The Higgs boson was extremely hard to find because of its extremely short lifespan, but in 
2012 the Higgs boson was finally observed in the Large Hadron Collider at CERN. 
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 III-PARTICLE DESCRIPTIONS, CLASSIFICATIONS, AND RELATIONSHIPS (2-3 pages,Gabriella 
Han) 
 
The Standard Model states that all matter is made up of 3 classes of elementary particles: 

1. Fermions (matter particles) 
2. Gauge bosons (force carrier particles) 
3. Higgs boson 

 
Fermions - Matter Particles 

Fermions are matter particles and they occur in 2 basic types - quarks and leptons. Each 
group contains 6 different types of particles, which are related in pairs or “generations.” Particles of 
the same generation display the same physical behavior. All 12 matter particles have a spin of -½ and 
respect the Pauli exclusion principle. (Spin is an intrinsic form of angular momentum carried by all 
elementary particles. Spin quantum numbers are unitless numbers by definition.) 

 
Quarks 
Generations of quarks include: the “up” and “down” quarks, “charm” and “strange” quarks, and “top” 
and “bottom” quarks. The defining property of quarks is that they carry color charges, which are 
responsible for the strong nuclear force between the particles. These charges are analogized to 
colors, so quarks come in 3 different “colors” - red, green, and blue. Color confinement is the 
phenomenon that quarks cannot be isolated singularly and are by default, bonded very strongly 
together to form “colorless” composite particles called hadrons. Hadrons are either made up of a 
quark and antiquark (mesons) or three quarks (baryons). 
Color of light analogies: 

Mesons: “red” quark + “anti-red” antiquark = “white/ colorless” hadron. 
Baryons: “red” quark + “blue” quark” + “green” quark = “white/colorless” hadron 

Protons (2 up quarks, 1 down quark) and neutrons (2 down, 1 up) are baryons. Thus all matter is 
made of fermions from the first generation, because protons, neutrons, and electrons are all from the 
first generation of matter particles. Quarks also carry an electric charge and weak isospin (quantum 
number relating to weak nuclear force) so they also experience electromagnetic and weak nuclear 
forces with other fermions. 
 
Leptons 
Generations of leptons include: the “electron” and 
“electron neutrino”,“muon” and “muon neutrino”, and the 
“tau” and“tau neutrino.” Leptons do not carry color 
charge. The neutrinos carry no electric charge and thus 
only experience a weak nuclear force. However, the 
electron, muon, and tau all carry electric charges and all 
interact electromagnetically. Charged leptons can 
combine with other particles to form composite particles 
such as atoms and positronium, while neutrinos rarely 
interact with anything. 
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Gauge Bosons - Force Carrier Particles 
Gauge bosons mediate the strong, weak, and electromagnetic fundamental forces between 

fermions (matter particles). The Standard Model explains these forces as matter particles exchanging 
other particles, called force mediating particles, with one another. Gauge Bosons are these 
force-mediating, or force carrier, particles. When a force-mediating particle is exchanged, the effect is 
equivalent to a force influencing both matter particles. Like matter particles (fermions), all gauge 
bosons have spin. However, unlike fermions, their spin value is 1, so gauge bosons do not respect 
the Pauli Exclusion principle, and as a result they do not have a limit on their spatial density (number 
per volume). There are 4 kinds of Gauge Bosons: photons, W and Z bosons, and gluons.  

 
Photons 
Photons mediate the electromagnetic force 
between electrically charged particles. A photon is 
a quantum of light and all other forms of 
electromagnetic radiation. It is massless, has no 
electric charge, and is stable. 
 
W and Z Bosons 
Together, W and Z bosons are known as the weak 
bosons, as they mediate the weak nuclear forces 
between all matter particles. They are massive, 
and their symbols are W+, W−, and Z. 
 
Gluons 
Gluons mediate the strong nuclear forces 
between quarks specifically. There are 8 gluons. 
They themselves carry the color charge of the 
strong interaction, and thus participate in the 
strong interaction as well as mediating it. 
 

 
Higgs Boson 

In 1964, physicist Peter Higgs (and five other scientists) proposed that there was an energy 
field that permeated the entire universe. This energy field is now known as the Higgs field. This 
proposal stemmed from scientists’ failure to understand why some subatomic particles had a great 
deal of mass (i.e. top quark, W and Z bosons) while others had little and some had none at all (i.e. 
electron, photon). The energy field that Higgs proposed would interact with the sub-atomic particles 
and give them their mass. Very massive particles would interact a lot with the field while massless 
particles wouldn’t interact at all. 

This idea can be better understood through the analogy of water and swimmers. The water 
serves the role as the Higgs field. Fish which are extremely streamlined, interact only slightly with the 
field and can move through it very easily. This type of fish would then be similar to a low-mass 
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particle. In contrast, a large human, can only move very slowly through the water, and so the human 
is a massive particle made massive by interacting a lot with the water. 

The lightest of the fermions is the electron, while the most massive is the top quark (about the 
size of a gold atom). The top quark is not more massive because it is bigger than the electron. In fact, 
both particles are the same size - they have zero size. The top quark is more massive than the 
electron simply because it interacts more with the Higgs field. If the Higgs field did not exist, neither 
particle would have mass. 

The Higgs Boson is the smallest portion of the Higgs field. Just as water is made of countless 
water molecules, the Higgs Field that gives subatomic particles their mass is made up of countless 
individual Higgs Bosons. 
It plays a key role in the Standard model because it explains why the other elementary particles 
(except the photon and gluon) have mass. 
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 IV-MODERN EXPERIMENTAL DESIGN AND FACILITIES (2-3 pages, Benjamin Ruben) 
 
A basic particle physics experiment consists of creating an interaction between particles and 
observing what happens.There are three types of experiments currently used to test the standard 
model: 
 

1. Particle Accelerators/Colliders 
2. Smaller-Scale “desk-top” experiments 
3. Cosmological experiments 

 
Particle Accelerators/Colliders: 

Colliders make possible Experiments that are both high precision, and either high or low 
energy.  Colliders are also known as particle accelerators because they accelerate charged particles 
to nearly the speed of light.  Some accelerators are linear, others cyclic.  The cathode ray tube was 
the first particle accelerator, but those currently used for research are far larger and more complex. 
Different particle accelerators smash different things together.  Some smash together two particles 
(proton + proton, electron + proton, electron + positron, etc).  Some smash particles into solid 
materials (eg. proton+nickel) to create other particles.  Physicists have used particle accelerators to 
discover new particles, to probe the nature of space and time, and to re-create the conditions of the 
big bang. 
 
Basic components of a particle accelerator: 
 
Particle source- provides particles to be accelerated.  Usually begins with 
protons or electrons. 
 
Beam Pipe - This is a metal pipe in which streams of particles (beams) 
travel.  The inside of the pipe is a vacuum so that particles can travel 
undisturbed. 
 
Electromagnets - Quadrupole magnets focus the particles into a thin beam 
at the center of the pipe and steer the particles along the proper path.  
 
Electric Fields/RF Cavities:  These field-generating cavities are placed around the accelerator.  They 
use changing electric fields to give particles a boost.  To understand RF cavities, consider a chamber 
whose sides are made of electrically charged plates with a small hole in the center for particles to 
pass through. In the example below, a positively charged particle will accelerate to the right toward 
the negative plate and away from the positive plate.  In order for the particle to continue accelerating 
after passing into the next cavity, the charges of the plates are reversed at the moment the particle 
passes from one cavity to the other.  Modern RF cavities actually use an electromagnetic wave that 
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resonates at the frequency that the charges on the plates would be switched.  Fermilab currently uses 
superconducting Radiofrequency cavities to accelerate particles. 

 
 
Targets: Particles are directed at fixed targets like a thin piece of metal (think rutherford scattering) or 
at another beam of particles (particle-particle collisions). 
 
Detectors: Detectors encompass the cavities in which collision occur.  They record the momentum 
and pathways of particles and the radiation that are produced in collisions using a variety of 
techniques.  Data is processed by huge computers. 
 
The Accelerator at Fermilab: 
 
Step 1: Radio-frequency quadrupole: Ion source for chain of accelerators.  Accelerates beam from 35 
keV to 750 keV.  Bunches particles into packets and injects into linac. 
 
Step 2: Linear Accelerator (Linac): This 500 foot long tube accelerates negatively charged hydrogen 
ions (a proton with 2 orbiting electrons).  It accelerates them to 400 MeV, or 70% the speed of light. 
Just after leaving this tube the ions pass through a carbon foil which strips away the electrons leaving 
exposed protons. 
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Step 3: Booster: The Booster is a circular accelerator that uses magnets to bend beams of protons in 
a circular path. This booster’s RF cavities boost the protons’ energy up to 8 billion electron volts 
(GeV) by the end of the acceleration cycle.  The booster also provides low-energy neutrinos for 
certain experiments. 
 
Step 4: Recycler: 2 mile loop that combines protons into batches to intensify beam and feeds into 
main injector. 
 
Step 5: Main Injector: The Booster sends 
protons to the Main Injector. The Main 
Injector, completed in 1999, has become the 
center ring of Fermilab’s accelerator complex. 
It ramps proton beams from 8 GeV up to 120 
GeV.  It generates the world’s highest 
intensity neutrino beams, and delivers beams 
for fixed-target experiments. Before the 
Tevatron shutdown, the main injector had 
three primary functions that supported the 
Collider: It accelerated protons and 
antiprotons for injection into the Tevatron; it 
delivered protons for antiproton production; 
and it transferred antiprotons between 
antiproton storage rings and from the 
antiproton storage rings to the Tevatron. 
 

The accelerator at CERN works similarly, it uses both linear accelerators and circular 
accelerators.  It’s main facility, the Large hadron Collider deals only with protons.  Using a multistage 
process it accelerates packets of protons to an energy of  7 TeV.  The protons have so much energy 
that their accelerated masses are 7000 times their rest masses.  They circulate the LHC in opposite 
directions and are set on a collision course.  The 14 TeV collisions occur in detector cavities where 
detectors track the trajectories of the particles that are created in the collision. 

 
To learn more about the history and theory of particle accelerators and detectors, and about 

the Tevatron accelerator at Fermilab, see the research paper titled “Particle Detectors and 
Accelerators” completed by students from Montgomery Blair High School at 
“http://tass.mbhs.edu/papers/16/pdaa.pdf” 
 
Fermilab’s Neutrino Experiments: 
 

Neutrinos are the most elusive particles in the standard model.  They are nearly massless and 
hardly ever interact with matter.  They come from the sun, supernovae, and other celestial bodies but 
they can be, and are, also made in accelerators by smashing protons into graphite then filtering out 
other particles.  Neutrinos are theorized to be able to oscillate between flavors (types: tau neutrino, 
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electron neutrino, muon neutrino).  Studying neutrinos is important because they may hold answers to 
two key questions in standard model physics.  1.  Why are particles organized into 3 generations?  2. 
Why is there more matter than antimatter in the universe?  For a more complete understanding of 
Neutrinos, see the research paper completed by students at Montgomery Blair High School titled 
“Neutrinos” at “http://tass.mbhs.edu/papers/16/neutrinos.pdf” 

The NOvA experiment is Fermilab’s current flagship neutrino experiment.  After years of 
construction they just recently got their first results back so we’ll probably hear all about it!  In this 
experiment, The neutrino beam generated at Fermilab (almost all muon neutrinos) passes through an 
underground near detector, which measures the beam’s neutrino composition before it leaves the 
Fermilab site. The particles then travel more than 500 miles straight through the Earth, no tunnel 
required, oscillating (or changing types) along the way. About once per second, Fermilab’s 
accelerator sends trillions of neutrinos to a massive far detector in  Minnesota, but the elusive 
neutrinos interact so rarely that only a few will register at the far detector.  The detector in minnesota 
records the number and type of neutrinos detected.  This detector is comprised of a gigantic tank of 
liquid scintillator contained in 385,000 cells of extruded PVC plastic, which lights up when it catches a 
particle, 50 feet tall, 50 feet wide, and 200 feet long.  Although both neutrinos and cosmic rays make 
it into the detector, using information such as the direction the neutrinos are coming from, the exact 
time they should arrive, and the energies of the neutrinos, the scientists in Minnesota are able to sift 
through all the detected collisions and identify only the neutrino collisions coming from the Fermilab. 
So far they have found that by the time they get to the detector, most of the muon neutrinos have 
disappeared, and more electron neutrinos have appeared.  This supports the theory that neutrinos 
can oscillate between flavors.  Other experiments in Japan and Fermilab’s MINOS experiment, a 
similar experiment which used the same beam as the NOvA experiment but a different far detector, 
have seen similar results but none in as short a time frame. 

The MicroBooNE Experiment shoots low-energy neutrinos from the booster accelerator into a 
detector filled with liquid Argon to investigate how neutrinos behave at lower energies.  

To learn about Fermilab’s planned “Deep Undeground Neutrino Experiment”, see the research 
paper completed by students at Montgomery Balir High School titled “Deep Underground Neutrino 
Experiment” at “http://tass.mbhs.edu/papers/16/dune.pdf” 
 
Smaller Scale “Desk Top” Experiments: 
 

These experiments use smaller devices 
to measure things like the mass and dipole 
moment of a particle.  For example, a mass 
spectrometer can measure the mass of a 
particle using electric and magnetic fields and a 
simple sensor. 
 
Various types of geiger counters are also used 
to detect particles. 
 

The first particle physics experiments ever 
conducted were desktop experiments.  In 1896 Henri 
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Becquerel discovered radioactivity in a desktop 
experiment.  He used uranium as a particle source 
and observed particles indirectly using a 
photographic plate. He proved that particles of 
different charge were emitted from uranium using a 
magnetic field.  Later, in 1897 English Physicist J.J. 
Thompson discovered the electron and calculated 
its charge to mass ratio in his famous cathode ray 
tube experiment. 
 
Cosmological Experiments: 
 

Cosmology is the scientific study of the large scale properties of the universe as a whole. It 
endeavors to use the scientific method to understand the origin, evolution and ultimate fate of the 
entire Universe. Cosmology is the science most closely tied to the “big-bang” theory.  Cosmologists 
study things like the cosmic background radiation, and the expansion of the universe --  a 
phenomenon attributed to dark energy.  Cosmological experiments are conducted mainly through 
observation from telescopes.  Because many particle physics experiments are related to the 
conditions of the big bang, discoveries in cosmology can affect field of particle physics and vice 
versa.  For example, dark matter was discovered in the field of cosmology, but particle physicists are 
currently searching for and debating what type of particles dark matter is made of.  No dark matter 
has ever been detected directly.  Fermilab scientists are currently studying dark matter using 
telescope cameras mounted in Chile (Dark Matter Survey) and New Mexico (Sloan Digital Sky 
Survey).  They are also working to detect dark matter directly in the following experiments: 
 
Cryogenic Dark Matter Search:  Located about a half-mile underground in the Soudan Mine in 
Minnesota, where rock can shield it from cosmic rays from space, this detector uses supercooled 
germanium crystals to detect interactions.  In theory, when a dark matter particle hits a germanium 
nucleus, it creates a detectable vibration that is different than the vibrations caused by other colliding 
particles. 
 
The Chicagoland Observatory for Underground Particle Physics:  This experiment uses a bubble 
chamber to detect dark matter.  The liquid in the chamber is kept under conditions where common 
particle interactions will not create a bubble, but dark matter would because it’s interaction occurs 
over a smaller distance than other particles, just a few tenths of a nanometer. 
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 V. THE FUTURE OF THE STANDARD MODEL AND COMPETING/ECLIPSING THEORIES (2-3 
Pages, Eileen Stauffer) 
 
As the Standard Model serves to encompass our understanding of particle physics, the future of 
Standard Model lies in developing a more complete theoretical framework of particle physics and the 
workings of the universe as a whole. In order to accomplish this task, the Standard Model must unify 
with other well-founded theories as well as resolve current open-ended questions in physics. This 
section will address the current shortcomings of the Standard Model as well as discuss competing or 
eclipsing theories of the Standard Model which also attempt to create theoretical frameworks 
involving particle physics. 
 
Current Limitations in the Standard Model 
 
Gravity 
As one of the four fundamental forces, gravity is an essential component of understanding how 
particles interact. The most well-founded model in modern physics for predicting the behavior of 
gravity is Einstein’s theory of general relativity. However, a large problem arises when general 
relativity is applied on the quantum levels of the Standard Model, as calculations predicted by general 
relativity result in infinite values.  
 
The search for quantum gravity-- a way to describe effects of gravity with the scope of quantum 
systems-- has been one of modern physics’ greatest challenges to overcome before reaching a true 
understanding of how the universe functions. The discovery of the theoretical graviton, a possible 
force-carrying particle for gravity which is predicted to be massless, neutrally charged, and to have 
spin of two, could help unify gravity with the standard model. The discovery of gravitons, however, 
appears to be a highly unlikely event in the near future as gravitons would be exceedingly difficult to 
detect. 
 
Neutrinos 
Shortly following the discovery of neutrinos, an experiment was conducted to determine the 
“handedness” of neutrinos, or the direction of a particle’s spin with respect to its momentum. It was 
concluded that neutrinos are always left-handed (the direction of their spin is opposite the direction of 
their momentum) and therefore (according to special relativity), it was concluded that neutrinos must 
move at the speed of light. Neutrinos were then concluded to be massless.  
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Findings from the Super-Kamiokande collaboration that led to the discovery of atmospheric neutrino oscillation 
 
 
 
 
 
 
 
 
These findings were contradicted in 1998 when the Super-Kamiokande collaboration experimentally 
proved that muon neutrinos in the atmosphere oscillated between other flavors on own accord (which 
would be impossible if they travel at the speed of light) and thus have mass. Two questions have 
arised from the results of the Super-Kamiokande collaboration. One is the apparent contradiction 
between permanent left-handedness and the presence of mass, which would suggest the possible 
existence of right-handed neutrinos. The other is the question of why neutrino mass is so small 
compared to that of other elementary particles (with an upper limit of around 0.3 eV compared to the 
electron’s mass of 0.511 MeV.) 

 
Dark Matter 
There is not yet a fundamental particle that is a solid candidate for a “dark matter particle.” Dark 
matter, matter that is different from normal, visible matter and whose existence is inferred by its 
gravitational effects, is a fundamental part of the standard model of cosmology. Reconciling the 
standard models of particle physics and cosmology would be a constructive step in developing a 
more comprehensive Standard Model. 
 
Matter-Antimatter Asymmetry 
Also known as baryon asymmetry, this dilemma refers to the unequal amounts of matter and 
antimatter in our observable universe. The Big Bang is predicted to have created equal amounts of 
matter and antimatter, yet more matter exists now than antimatter (if matter and antimatter existed in 
equal amounts, they would have mutually annihilated and there would be no leftover matter.) One 
explanation for this discrepancy is the violation of CP symmetry, which suggests that the laws of 
physics differ in some fundamental way for matter and antimatter even after taking into account their 
opposite charges (charge-conjugation) and inverted space coordinates (parity.) 
 
 
 
 
 
 
Hierarchy problem 
The hierarchy problem is the fact that gravity is much weaker than the other three fundamental 
interactions, with weak nuclear force being 1032 (ten quadrillion) stronger than gravitational force. This 
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discrepancy may stem from the size of the Higgs field, as the Higgs field interacts with the W and Z 
bosons, which mediate the weak force. Uncertainties surrounding the size of the Higgs field may have 
resulted in the discrepancy. A possible solution for the hierarchy problem may lie in supersymmetry, a 
theory which serves to resolve some questions surrounding the Higgs boson. 
 
Competing and Eclipsing Theories 
 
String Theory 
String theory attempts to unify all of our current understandings of particle physics with a theoretical 
model of the universe. String theory is based off of the idea that elementary particles are 
manifestations of the excitation modes of 1D strings that permeate the universe. These strings are 
theorized to be on the scale of a planck length long (around 10-35 meters, or  10-20  the size of a 
proton), which is at the point where general relativity breaks down. String theory is a theory of 
quantum gravity as one of its projected excitation modes manifests as a particle with zero mass and 
two units of spin, or a potential graviton. Another advantage that string theory offers over the 
Standard Model is the elimination of infinite values when attempting to apply general relativity on a 
quantum scale due to the fact that interactions take place at non-zero distances.  
 
A mathematical assumption in string theory leads to the interesting presence of extra dimensions of 
spacetime beyond our perceived four. The number of extra dimensions differs on the specific string 
theory version, which in turn differ depending on factors such as whether the 1D strings are predicted 
to be closed loops or open loops. In superstring theory, which incorporates the existence of 
supersymmetry to allow for the existence of fermions in the model, spacetime has 10 dimensions. A 
major flaw in string theory is that though it is theoretically elegant, it is incredibly difficult to prove on a 
experimental level. 
 
Loop quantum gravity 
As another theory of quantum gravity, loop quantum takes a different approach towards general 
relativity than string theory. String theory modifies the theory of general relativity by separating gravity 
into two components-- a force and a fixed spacetime which is modified by the effects of this force-- 
where loop quantum gravity attempts to keep these components together by instead quantizing 
spacetime itself. In loop quantum gravity, spacetime can be broken apart into small, discrete regions 
with quantum behavior. The fabric of spacetime can then be represented as a collections of nodes 
(discrete regions) joined by lines, or a spin network. Gravitational force can then be represented as a 
geometric property of spacetime, as stated by general relativity. Unlike string theory, loop quantum 
gravity does not include extra dimensions or incorporate supersymmetry. However, like string theory, 
loop quantum gravity is very difficult to prove on an experimental level.   

 
 

 
Supersymmetry  
Supersymmetry, which is less of a novel theory of everything and more so an extension of Standard 
Model, was developed as an answer to a problem concerning the Higgs boson. The Higgs boson was 
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predicted to have extra mass contributed to it  from its interactions with other particles, but 
experimental data of the Higgs boson’s mass proved otherwise. Supersymmetry uses the idea that 
each elementary particle in the Standard Model has a particle partner, or a superpartner, whose spin 
differs by ½. This would pair bosons with fermion partners and fermions with boson partners.  

The presence of superpartners would cancel the mass contribution from their respective partners, 
allowing for a lighter Higgs boson. Supersymmetry also supports the theory of unification between the 
strong, weak, and electromagnetic forces in the early days of the universe. This is because the 
presence of supersymmetry results in the a convergence in the strength of these forces at a given 
energy level.  

 
 
 
 
Strong, weak, and electromagnetic 
convergence 

 
 
 

 
 

Supersymmetry has yet to be proved experimentally and still contains unanswered questions. Among 
these questions include why superpartners have been theorized to be heavier than their respective 
partners (supersymmetry breaking) and, if supersymmetry proves to be valid, why superpartners are 
so elusive. 
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