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Intfroduction

Elementary Particle- something with no known substructure

Types: Leptons, Quarks, and Bosons
Leptons:

* Fermions (spin 2)

« 3 different families (e, u, t) each containing a particle and neutrino pair (e.g.: e and v,)
The base parficles of each family have charge —e while the neutrinos have zero charge
All six p@rficles also have an associated anti-particle with identical mass and opposite charge
Cayinot interact via the strong force because they do not carry color (more on this later)
uantum number L

- Three types, L, L, and L,; one for each family. Particles in a particular family carry o
respective L-value of 1, with their anti-particles carrying a value of -1. All other particles have L
values of 0.

» Family specific L values are generally conserved, however this conservation may be violated
by neutrino oscillation

« OverallL-value (L =L, + L, + L)) is always conserved, except perhaps at the conception of the
universe.



Intfroduction

Quarks:

» Fractionally charged particles which can’t exist independently

+ Also fermions, with six different types (flavors), each with an associated antiparticle

« Several different quantum numbers— Baryon Number, S, C, B, T, L, and Color

Type of Quark Symbol Charge

Up u 2e/3
Down -e/3
Charmed 2e/3
Strange -e/3
Top 2e/3
Bottom -e/3

Quantum Numbers

Baryon Number Charm (C) Strangeness (S)

1/3
1/3
1/3
1/3
1/3
1/3

Topness (T)

Bottomness (B)

« Coloris variable and changes with strong interaction between “charges” of Red (r), Green (g), and Blue (b)

« Anfiparticles have identical mass, but negative values for charge, Baryon Number, S, C, B, and T

* These six quarks and their anti-particles constitute all of the Hadrons.




Intfroduction

Hadrons:

» Particles that interact via the strong force

All have integral charge and Baryon Number

2 sub-classes: Mesons and Baryons

Baryons: Comprised of 3 quarks with a Baryon Number of 1
+ Baryon Number is always conserved, except again at the beginning of the universe
tains the nucleons

ave half-integral spins (fermions)

esons: Comprised of a quark - anti-quark pair, providing a Baryon Number of 0 and spin 0
« Because they have integral spin, they are also bosons

Note: Strangeness and charm are conserved in strong and electromagnetic interactions, but not
weak interactions

Charge, linear momentum, and angular momentum are always conserved



Intfroduction

Bosons:
Carriers/mediators of force with integer spin

* 6 elementary types, with 4 Gauge Bosons

Boson Mass Spin

Photon (y)

wt, W™ 80.40 GeV/cA2

91.19 GeV/cA2

Higgs (H?) >114GeV/cA2

Graviton

Note:

1 of 8 color — anti-color combinations

* W carries a charge, and gluons carry a color — anti-color pair (1 of 8)

Force Carried/Mediated

Carrier of electromagnetism

Mediators of some weak interactions

Mediator of some weak interactions

Carrier of the strong force

Gives mass to W and Z bosons, quarks and
massive leptons

Mediator of the gravitational force

« Higgs proposed as a possible explanation of why the W+ and the Z have masses while the photon has no mass.

+ Higgs field: permeates space and gives mass to particles based on level of interaction
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Combinatorial evaluation of Quantum Electrodynamics and Weak Interaction (Electroweak
interaction) and Quantum Chromodynamics, but not of gravity

* Interactions are most easily represented with Feynman Diagrams, which have the following general
structure: :

Each diggram stands for a number which corresponds to the amplitude of a particular interaction. The
sum tofal of all diagrams represents the actual process.

Diagrams consist of both “intfernal” lines (representing virtual particles), “external” lines (real/observable
pdfticles), and vertices

lagram contributes less and less with an increased count of vertices
iagrams do not represent particle trajectories.

Conservation laws must be enforced within the diagram, otherwise it is not valid.
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QED:

*  May involve any charged particle (no neutrinos) and a photon

*  Primitive Vertex:

Maller Scattering Bhabha Scattering

« Charge’is conserved in the process of the interaction

*  Notdble Diagrams:

PoirAnihilo’ridh' | Pofr P.r‘éducﬁo Compton Scattering

* Note: Diagrams are allowed to be “twisted” (laid on their sides)
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QCD:

e Fundamenftal Process:

» Because glyons carry a color charge they are capable of interacting with one another, leading to 2 more
primitive ¥ertices

Coloyis conserved, just as charge is for QED

Cglor changes between quarks during strong interaction, but flavor does not

he coupling of gluons with other gluons makes things like loops possible in Feynman diagrams for strong
interaction

.
i

O
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Weak Interaction:

2 Kinds: Charged - mediated by W +, and neutral interactions by the Z

« Fundamental vertex for neutral interaction (the Z):

Most commonly associated with neutrino scattering

So far, all primitive vertices have had the same particles leaving as having entered, except for color having
changed in strong interaction, though flavor was still preserved. This is not the case with the W +



The Standard Model and Feynman Diagrams

Weak Interaction (cont.):

» For Leptons: A lepton converts to its corresponding neutrino with emission (W~) and vice versa with absorption
(W)

« For quarks: Color is preserved while flavor changes, with g, and g, generally being in the same generation.

Fundamental vertex (for leptons then quarks respectively):

One would assume that there would be no cross generational transitions, as was the case for leptons, conserving
upness — plus — downness, however the reaction is not this simple. In reality, a u, ¢, or t quark is coupled to d’, s’
and b’ respectively, where the latter are derived according to the following matrix operation

d’ Via Vs V| 14 974 227 .004
s'l=1Vea Vs Vep|*|s| where the second matrix has experimental values of 227 973 .042
b’ Via Vis V| Lb 008 .042 .999

This allows for an enormous variety of processes



The Standard Model and Feynman Diagrams

Weak Interaction (cont.):

Examples of W~ interaction:




Feynman Diagrams — Process of Calculation

by either

ge = Vina, G = =%
1.214

2

28.75°and a = &
hc

where 6,,

internal line, write another factor:

impc

spin Ya:

2 2
qn—mpc?

hese factors are called propagators.

sin 6,

Label 4 momenta for all incoming and outgoing lines py, p,, ... p, Where p; is forward with time.
Also label 4-momenta for all internal lines as q4, g, ... g, Where the direction of g; may be chosen.

2) Write for each vertex a factor of —ig, where g is the coupling constant representing the strength of
interaction between lines involved with the vertex for the particular type of force f and is represented

Je

9z = sin 0,, cos 0, Or gs = y4mas =
. 9192
: i - l[gf‘ 2]
spin 1: (massless) —izf or (massive) — —5——2=
qn An—mncC



Feynman Diagrams — Process of Calculation

4) Also write for each vertex a delta function
(271')454(7711 —+ m, ol mg)

where m; is the momenta of 1 of 3 respective lines connected to the vertex. If m; enters the
vertex it is positive. If it exits the vertex it is negative. This function ensures that if momentum
Is not conserved, the whole function goes to 0.

1
(2m)4

Now, for each internal line write a final factor of d*q, and integrate over all internal

acpieve a final function, this factor may be erased and the resulting function multiplied by
. fhis resultant function is M, amplitude.
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