
QED with quarks t
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We will now augment the QED Lagrangian with the
remaining fermions

,
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⇒ in the Standard Model
, up

- type quarks are charge Zz fermions
,

down -

type quarks are charge - Iz .
We will describe

experiments which

test both spin and charge .

Note : quarks also interact  with SUCH
, gauge field

. We will ignore

this for now and pick it back
up after the break
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Only new Feynman rule is facto - of Eg or Ig on quark
- quark - photon

vertex
.

In the 1960 's
,

it was hypothesized that the proto - is a bound

State of three quarks , p
= und

. Let's see how to test this
.
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Consider the process
e

-

p → e
-

X
,

Where X is any collection  of

final - stale particles .

We want to calculate the differential cross

Section in terms of only the electron 's Kinematic Variables
,

so that

we don't even have to observe X
.
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,

this is not a Feynman

que
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lift
diagram in QED

,
which is why thereµ#×

is a blob at the proton - photon - X vertex
.

→ However
,

we can use the same tricks

p P From last week to parameterize it .
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In general, we can't compute W
,

but  it can only depend on P and
q ,

and

it must be symmetric and satisfy qnw
"
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.

There are
tho

independent Lorentz scalars
, 9

-

and P -

q ( P
'

-

-mphis a constant )
.

Conventional to take Q -

-FFand x = I
zpq

⇒ Wu -
- Wild

, xlxfynui -

Tai) twice
,

x ) x ( pin -

Ffg
-

HPV -

Paige)
with W

,
and Wy unknown functions of the two independent Variables Qaeda

.

Contract  with Lw
,

and specify to he lab Franc where P = ( mp ,

o
, go )

,

k = ( E
,

0,0
,

E )
,

k 's ( E
'

,
E' sine

,

0
,

E' cost ) :



( kink tie
"

kn - Yuk
. k 'll -

Mat 9791) -

-  -2k . k
'

-14k . k
' the I

- k.ie .
③

= 24k -

in
- he) ( Ck -

ki
- k

"
I

-

t
K - k '

( k
'

- k )
-

= -2( k
'

.let
- t k

'

- K

- 2k
' - K

= 2k
'

- K
-

- LEE
'

( I - cost ) a Sin
-

E
2

Similarly
, contracting the Wr term gives Cos

'

I .

What remains is doe ,
which is proportional to (putting in mp

for dimensions ) :
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so by measuring the number of electrons scattered

at energy E
' and angle E

,
we can read off W

,
and Wh .

However experimentallyit  is found that W
,

depends only on x
,

not a .

-

We can
understand this as a co - sequence

of the proton
"

containing 9

point
- like spin

- I particles
,

Which we identify as quarks .

First
,

let's examine the elastic cross section e- qse-
g;

whereqi has

electric charge Q
;
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in lab Frame where the quark  is initially at rest .

For elastic scattering
,
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We will now make two assumptions : t

1. o ( e
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qi ) with
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Proton  is composed of quarks qi
,

each of which has a random

fraction  of the p
- oton 's momentum 9 given by its parton distribution

-
-

functionfits )

2 .
Quarks are weakly interacting inside the proton,

at Large Q
.

This seems weird : isn't the strong fore "

strong " ? How  would

quark , bine together to make the proton  if this were true ?

More on this after the break !
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formulas
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only depends on ×
I Proton looks te sane no  matter

-
. how hard it  is hit .

This prediction is beautifully backed up by data
.

The interpretation

is that the proton has point
- like constituents .

Teatro WE
,

= t
is characteristic of spin - t Constituents

,

Which is also confirmed

by data .

Using deep inelastic scattering
,

we can measure Fund Kd
.

Momentum conservation should imply § Idf Ef
,

- Ce ) =L
.

However
,

the measured value is 0.38 ! Most of the proton 's momentum

is carried by gluons - QCD is complicated !


