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Classical vector solutions ✓

-

Gauge - fixed Maxwell equations
! D Am = O

,

2- An
-

- O

Again
,

look for Solutions An = Edp ) e

- im

.

We did this in week t !

in a frame where pm
-

- C E
, 0,0 ,

E )
,

we have

Elm
"

= 10,110,0 )
,

En
' "

= ( 0,0 , 1,07
,

Eof = ( I
,

0,0
,

1)

Recall Erf is rn physical because it has zero norm .
However ,

we need

to include it because En
' "

"

mix with it under a Lorentz

transformation

.

Ep licitly
,

let AT =
% I o

-  "
a

( ÷!!
-

÷ )
.

cache " 3579--1 ,
arson :p :p ;

So A preserves pm.

However
, AT E

"

'm = C 1,1
,

o
,

1) = E'
'

I - ET
,

so Lorentz

transformations can generate he in physical polarization .

But  it turns out that in QED
,

all amplitudes Mrcp ) involving an

external photon
with momentum p

"

satisfy 1pnMn=I .

This is tr

Word identity
,

and because EF a pm
,

this an physical polarization

doesn't
tribute to

my observable quantity . ( more on this later ! )

Analogous to spinors,

we can compute inner and out products :

Egil
.

Em =  
- J

"

,
i

 
= 1,2

E.
E

" "
" "

-

-

fi oof
.

fo ,o)=
-

g
'

+

food
pnpirtp

'

p-n=
-

g
"

t

where f
-

- ( E
,

o
,

o

,

- E )
.

But by he arguments above
,

the pm
will

always contract to zero
,

So we can
say

"

§ ,

Encino Evil → -

gin ( again
,

sun over spins gives a matrix )



Feynman rules SL
-

.

I

harm -

- In
,

itIXt
.

-

mirth
.

- LEF
"

-

eithertf-
-

Quadratic terms :
interaction tens

'

.

external lines
Vertices

Recipe for constructing amplitudes in QFT using a perturbative
expansion  in e ( full justification for this in QFT class ; fo - QED

,

et o . 3 so we expect this to  work )

vertex : i x coefficient  
=  

-

ier
"

Im
External vectors

'

. Encp ) for ingoing
mm

E In Cpl for outgoing

External fermions
'

.

Us Cp) for

incoming
e- g-

Is Cpl for outgoing e

-

←Jcp
) for  incoming

et

✓ ( p ) for outgoing et

Internal lines
'

.

"

reciprocal of quadratic
term

"

plus sure facto -

SofiFor fermions
,

Dirac equation  is Cpl- m ) 4=0
,

so fermion propagator
-

-

"

is i
"

.

This strictly speaking
doesn't make sense because we are

pl
-

m

dividing by a matrix
,

but we can manipulate  it  a bit
using the

defining relationship of the V matrices
,

Hm
,

V ) IVY tyuyn  

= zgnu

Note ( pit - Xp - n ) -

- ppl
- ni =

'

zlpnpvrmrvtpupnrvr
-

) -

n

-

=p
'

-

mi
=

i ( frm )

⇒ - - ( 4x4 matrix  in Spino - space
pl - m

p
-

- ri

Similarly fo - rectus D An
-

- o = > propagator is

" "

=

-

II
-

. p
-



Let 's construct The Feynman diagram fo - the lowest -

o - de
⑥

Contribution to et e

-

→ mtn
-

e- Cp
,

)
u

-

Cps ) Terminology :

→
. ::t::::7:"~← § "

virtual particles
"

n'
 -

( pg )
et Cput !

(

EIFERT
us

.cat/-i9I)Cusimtiemvs.cr.D( p,
+ put

Several things to note ;

• terms in brackets are Lorentz 4- vectors but all Spino - indices hare been

Contracted
.

Mnemonic : work backwards along fermion  arrows
.

• Momentum conservation enforced at each vertex :
p,

+ p , flows

into photon propagator ,

and this is equal to
p ,

+ pp

. The final answer is a number which me call IN ( i is conventional )
.-

I

Before we calculate M
,

let's relate it to physical observables .

-
-

-  -
-

Cross-sections

parameterize  interaction strength using something with units of area

-
.

→ number of scattered particles
→

→

↳
→

proportional to area of

Scattering target
-

If we have two colliding beans with cross - sectional area A  and length l
,

Scattering rate  = ef.IN#--nAnBAllvn.
 

- rolo =L on



L is the luminosity
and parametrizes the Flux  of  incoming particles.

I

on is the Scattering Cross section Which parametrizes
the interaction strength

.

Fermi 's Golden Rule relates o to M !

I

o
-

-

z±⇒-
S IN 'd IT CHIT

'

I p
, the

-

Esp;)
wird

f f I
✓

probabilities Lorentz - invariant
momentum

from relativistic
are squares Conservation

normalization OF of  amplitude ,
phase space

initial and final

States : Lorentz -

invariant

her
.

t . boosts along bean

In more detail
'

.

do po

integral d
'

pi I

da -

- Itd:÷mrnrcri - ni ) =

,

- -

( 2h13 2E
i

⇒ integrate over all moneta of final - state particles ,

weighted by momentum -

conserving delta function

Recipe for computing cross sections ?

. Write down Feynman diagram

. choose spins
for external States

,

evaluate IMF

"

Integrate over phase space
to get o

,
or integrate ore -

part of phase space
to get a differential cross section ÷

,

,

Which gives a distribution  in the variable Cs ) x
.

Cloete -

→  mtn
-

In particular,
we want to understand

-

,
wwe een

doom
is free angle between the

outgoing n

-

and the
incoming e- in the

center of momentum Frane where f. tpa
-

- O
.
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Back to evacuating matrix element ? ↳

in
-

- ( Elmtiemusir.DK?..qp)CusimtieMvs.cr.D
First

,
need to specify spins. We will assume the initial e

-

and et

beans are in polarized so  we will average over  
initial spins .

- -

Also  assume detectors are
blind to particle spins

,
so gun  over

final

spina ,

Later  we
will see

what happens with polarized cross

Teat

,

-

as .

Summing o - e - spins actually simplifies the computation . Square first :

Imf -

- ae÷µ ( Kinta
,
!nDlisirdVuHmDt9nv9eo his ,lpir%cp .

Dhisipivovsecp .
Dt

-

Focus on this ten first

⇐rift -

- utlv Htv
.

Recall ro -

-

( I
,

I

o ) ,
so ro

-

- HY
.

So for p
-

- o

,

f-you )t - out yo yo v
-

-
TV v

.

For p
-

- 1,43
, ( Ve)

t
-

-
- VP

,
and

- VPyo -

- t Vo VP t 2g
"

-

- t Vote
,

so

[ typist = utter
'

v
-

.
Trev

.

brackets are Irestoring spin .  - indices )
.

So the first two terms in
.

Ilmari
,

mainTsim rrirvsdr.hr

Now average over s
,

and Sz . Once we write the indices explicitly
,

we can rearrange

terms at  will :

{
,

heinous ,
Ip !

r

= ( A
,

the )ar

{ Valido Kinda -

- I ph
- melon

⇒ HE Tilman
,

us
,
helpTsim rrfrvs.hr -

- talk - neloarmhxtnehsrr.ro
4in

=
'

air
- new t  new )



This might not look like much of an improvement ,

but there are 9L

a number of very useful identities involving traces of V matrices ?

Tr ( odd
# of Vs ) = O

Tr ( r
-

ru )
-

.

tynv
T r Cr

- rvrrro I -

-

Hyung "
- ynryrrtynoy

"

)

Using te first  identity
,

only two tens survive :

Trl - nerve ) -

-

- trig
"

Tr ( ftp./re)--4(pipf-Lpipdymtpfpi )

Notice that all the V matches have disappeared ! Analogous manipulators on

te p , ,pr t - n then give

( IMD
'

= H&m
,
!MT

-

-

http://pipftpfpi-lpirr-nil/7lp,nP.etp,ppq-lp,.p

.

-

Ilya )

=

ftp.T/lriPiVpipdtCPiPaKpiB)-lpirdlpipa-mn

)

t Lpjpalcpipgltlppslcp
,

-

pg) -

( pips ) Ip ,
.

pro
-

mi )

-21ps
-patch -

ra
- mi ) t Mp

,

.

pie
- men) I pipa

- mi ) )

The experiment we are interested in  operates at energies Es > me
,

mm .

We assure

all the dot products are OCEZ ) and drop he mass terms
.

.

( IMI )
'

= 8( ( pips ) C pipe ) tlpiprkpi.ph )
(pitpzjt

This is a Lorentz - invariant number .

Now
, specify a reference frame :

my
PF

'

( 1,991 )
) Cp,

' - pie -

-ETJE Pr
-

- Ezell
, go ,

- I) so E is center - of -

mass
- E-

e- ElyF- 12
e

"

p ,

-

- Ell
,

since
,

o
,

cos o )

-

r -

pg
-

- Ez ( I
,

-

sine
,

o
,

-

cost )
m

"

So Pip ,
= EI ( I - cost )

,
pipa

-

- EI( ltcoso )
,

Pip ,
-

- EI ( those )
,

pipa
-

-

I

( I - cost )

( Imp ) = EI ( ( I too soft ( I - coset ) =/e&(ltco5
Wh

> so simple  after  a " that  work ?

Angular  momentum  Conservation


