Some Basics for Particle
Physics

Ahmad Moursy
Center For Fundamental Physics
Institute of Basic Sciences
Zewail City of Science and Technology



Outline

 Fundamental Constituents of matter
e Basic forces of the nature

* Theoretical Description

e [nteractions and Feynman diagrames
e Range of forces



Elementary Par|tic|es in Nature
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Theoretical Description

In particle physics, we deal with high energies to create new
particles and to explore the structure of composite particles like
the hadrons.

The latter requires projectiles whose wavelengths A are at least as
small as hadron radii, which are of order 101> m.

Their momenta, p = h/A, and hence their energies, must be
several hundred MeV/c.

Therefor, we need a quantum theory (describe microscopic
systems), which is consistent with special theory of relativity.



Relativistic Quantum Theory

In quantum mechanics the free particle is described by a plane

wave
W (r, 1) =N e'®Pr—En/h

Which is a solution for the (non-relativistic) Schrodinger equation

oW (r,r1) h VU ()
R r,
dt 2m

This is corresponding to the non-relativistic energy momentum
relation

ih

E=p*/2m

Schrodinger equation in not consistent with special relativity,
since it is first order time and second order in space derivatives.



Klein — Gordon Equation

o Relativistic energy-momentum relation
E2 =p2(?2 + m2ct

 The corresponding relativistic (Klein—Gordon) wave equation

*W(r, 1
—h’ 83(; ) — —R*c*VAU(r, 1) + m*c* W (r, 1)

with plane wave solution
W(r.r)=Nexp|i(p-r—E,1)/h|
positive and negative energy solutions

E=E,=+p°c+m’c)"?>mc’

E=—E,=—@p’c+m’cH)"? < —mc’



Klein — Gordon Equation

e What is the interpretation of negative energy solution?

Ve
e Positive-definite probability density for position tmoc”
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Dirac Equation

e Relativistic Theory of electron

fhaqja(:’” —Hr.pW(r,) - p=—ihV
I ; ) ,
H=—zhc§afaxi—l—ﬁmc =ca-p+ pmc
Such that E*=p’c +m'c’
e Therefor we have
o> =1, BP=1
o+ Pa; =0



Dirac Equation

e Therefor a; and B are hermitian 4 X 4 matrices and form Dirac
matrices.

: . JWw oW
* Dirac equation .rﬁ—:HlIJ '
ll}](rar)
. ll}?(rar)
VD=
lljél(rar)

e Plane wave solution
W(r,7)=u(p)expli(p-r—EI)/h]

E=E,=+((p’c+m’c)"* >mc’

E=—E,=—(@p’c+m’c")"? < —mc?



Dirac Equation

e u(p) is four component spinor satisfying

Hyu(p) = (cae-p+ Bmc*)u(p) = Eu(p)

Which have four solutions describing:

1- Two with positive energy corresponding to the two possible spin
states of a spin- %2 particle.

2- The other two with negative energy corresponding to the two
possible spin states of a spin- 72 particle.



Dirac Equation and Hole Theory

e |f states with negative energy are unoccupied, transitions from positive
to negative energy states

could occur. A
* Leading to the prediction that
atoms such as hydrogen would be
unstable.

e Dirac postulated that the
negative energy states are almost
always filled (Dirac Sea of negative
energy states).

e Positive energy states are all .
Unoccupied.
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Dirac Equation and Hole Theory

e This state is indistinguishable from the usual vacuum with
E, =0, Since py = ), p = 0; Qy = 0 and the same
argument apply for the spins.

e Dirac predicted the existence of a spin- %2 particle e* with
the same mass as the electron, but opposite charge, the
antiparticle of the electron.



Interactions and Feynman Diagrams

* |n hole theory, we can understand electromagnetic interactions of
electrons and positrons by considering the emission or absorption
of a single photon if transition occurs from state to another.
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Interactions and Feynman Diagrams

 We use pictorial representation called Feynman diagrams

A /

Particle

'}/ < Photon
Vertex /

» Conservation of charge,

energy, momentum, —

angular momentum Anti-particle

€+

» Time Flow

» Each vertex represents a basic process whose probability is of order a = % K1



Interactions and Feynman Diagrams-Real Processes
e-—e+y )4

{?_(EUEO) — E_(Ek! _k) _|_ }/(Ekak)

e~ P

E, =mc?, E;L — (k*c?* +m*cHV? and AE=E, + kc — E,

kc < AE < 2kc Energy is not conserved

» These basic processes are called virtual processes

» Real processes are built by combining two or more virtual processes such
that energy conservation is only violated for a short period of time
compatible with the energy—time uncertainty principle 7 AE~h



Interactions and Feynman Diagrams-Real Processes

» Physical elastic scattering process like e +e  — e +e”

_ e-
e- e e-
Order o?
_ €- €
€ Time Flow €

» The number of vertices in each diagram is called its order.
» Any diagram of order n gives a contribution of order a” .



Interactions and Feynman Diagrams-Real Processes

» Higher order contribution to the process ¢~ +e¢  — ¢ +e~
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Interactions and Feynman Diagrams-Real Processes

» Electron—positron pair production and annihilation

e +e —>y+y

i
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> In general the process e 4+ e~ — py is of order p, probability P~ af



Interactions and Feynman Diagrams-Real Processes

> Define P Rate (ete™ — 3y)
Rate (ete— — 2y)

= 0(x)

» For the other interactions (weak and strong), we can have similar diagrams

e +v, - e + v, q+qg—qg—+q

V., Voo g 1



Interactions and Feynman Diagrams-Real Processes

» Beta- decay n—p+e +7,

udd



Range of forces

AE:EX—FEA—MAICE%ZP{‘, p—)-oo A"—B%A—f—B
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Maximum distance for propagation of X (Mac™,0) = AL, p) + X (Ex, —P)

before being absorbed by particle B. E, = (p2€2 _|_Mj€4)lf2

R is called the range of the interaction. Ex= (P’ + M2cH'?




Range of forces

» Electromagnetic interactions: My = 0 — R is infinity (Long range).
» Weak interactions: My # 0 — R is finite (short range).

My =804GeV/c* and M;=912GeV/c* (1GeV=10"eV)

h

wC

~2x 107 fm (1fm=10""m)

Rwqu

» The weak interaction can be approximated by a zero-range or point
interaction in the limit My — o



Zero-range approximation

» The probability amplitude for a particle with initial momentum q; to be
scattered to a final state with momentum g; by potential is given by

B B
3252
M) =
(") q? — M3 c? \g/
/
qz = (Ef — E)’ — (q; — ‘flf)zf»’2 !I X
» In the zero-range approximation, the range g
R=h/Mxc
is very small compared with the de Broglie wavelengths A A
of all the particles, equivalent to
¢ K< Mgc> my  M(¢*)=—-G
5 Inverse energy sequared
Dimensionful coupling ~ (G | g 4}1(1;,( /
(A3~ he \Myc? ) — (Myc?)? iy | 2 — 8w _I7ow
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