
eitquarles L

We will now augment the QEY Lagrangian with the remaining fermions
,

[ D Qr+ untorDraft drarDud-Yi Hd; -Yi a!Fumi
F= 1

Just like in QED
,

where He (2) and leptons got mass and electric

charge
,

save thing happens For quarks :
I

Y: HdR ;
- ~dr didn

Y Fur
;

- euf Unt
*

Recall hyperchanges: Y = I For a
,

Y= = for un ,
=- forde

Electric charse is Ty +Y= I +

I
=

,
U

I - I + I = -

,
dr

0 + = me

0 + ( - i) = - I , dr

= in the Standard model
, up-type quarks are change I fermions

,

down-type quarks are charge t . We will describe experiments which
test bot spin and charge .

Note
: quarks also interact with Such), gange Field : we will add

this back in shortly .

=> <quarry = E
,

(urliD+ eAlur+drliY-eAldr-m- add

Only new Feyuman rule is factor of I or on quark-quok-photon
vertex

.

Let's use RED to test the predicted properties of quarks
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Aimpse of quarks
:

etc--> hadrons
.

L
Nomenclature -minder: "hadrons" = any strongly-interacting particles.

Pions
,

Kaons
, protons, newtons, ...

these are what are actually
-

Observed in experiments .

Free quarks are not observed !
-

more on this in PHYS 576 and next lecture)

We will compute R = aehadrons as a function of
o(et e

-

-n
+ nt)

5 = Ear
, approximating the numerator by or lete

- 99) -

Not obvious this should work
:

isn't cross section strongly affected
by strong internations among quarks

? Will justify this shortly .

-

I US
.

"T-
-

m s-
r I

I ↳
e

I

-
9

et

In limit where all particles are massless
,

these diagrams are

do
identical up to e-kie · into

Itcost
,
just like +r !

Experimental confirmation that quarks are spin-"s .

= ofete-> all quarks) =

23 + [Q = (et
-

n
+n)

↑ :<5/2

quarles are a ↑
need enough energy to make3-component rector

unde SUC) 2 quarks

M 2 MeV
, maSher, es 100mer

,
but ,

! 36eV
,

so

For ISI GeV
,

not enough every to produce (I

=> R(y = 16er) = 3((z) (-i)+ (- i)7) = 2

q =uq = d q = 5

myll-matched by experiment ! Experimental confirmation that quarte have 3

colors
, and that quarks have Fractional charges .



Aat colliders ↳

Add back in two more terms from the Sin Lagrangian

L - G Gera + E F,
Yi

,
iY +

g,A Tis~
)4,

i
,
j = 1

1
- (CA* -A* +9,

F " AmAr
:
An is the glon Field

The crucial difference between GED and QCD is the gla einteraction .

This leads to interesting phenomena :

· Asymptotic Freedom .

At high energies, the strong Force coupling is
yets weaker

.

This means we can borrow many of ou results from

-

GED and tack on some group theory factors to get the right answer
.

At lowe energies
, gluous make more gluons ,

and te interaction strength

is large
.

↑O

9
S --

I ---- Ben ->
I

II (b0
9 - I

Ese
-

- It

single quark gluon splitting jet

Instead of Free quarks, what we see at collides is a spray of

nearly-collimated hadrons
,
called a jet. The evolution from

quarte to jet is calculable as long as x
,
SI more on this in PHYS976

.

S

· At an energy of Xxp= 200meV
,

X = 1 = 1
,
so perturbation4

theory based on Feguman diagrams breales down .

Two options for

calculating in a nonperturbative field theory :

- discretize spacetime on a finite lattice and use a

computer (lattice gauge Reory) & Prof- El-Khadra does this

-

use symmetry arguments to Find a change of variables

to describe some subset of the particles at low every

Schiral perturbation theory)
& we will briefly do this next week

we will focus on the high-energy part of this sequence in this course
,

leaving the lower-energy Phenomena for PHYS 536
.



Gratoryreview &

First we review some group theory facts about SUCN) where N=3 .

· Such) is 8-dimensional
:

UTU=I enforces 9 algebraic constraints

on 9 complex (It real) numbers; requiring det U= I a forces one more .

· By Writing U= AtiX
,

we Find (1-ix+)(1+ix) = 1 = x
+

=
x + 0(x-)

Similarly
,

def U = 1 = C Tr(X) = 0 (we showed this in week 3)
.

So hie algebra en13) is traceless Hermitian 3x3 matrices
.

Conventional to Choose the generators Ta = IX, a
= 1

, . . . 8
,

where

Nare the Gell-Man matrices /see Schwartz (25
. K)) .

the structure Constants of eU13) are defined by [Th, T'7=i FabT?

· Just like For Such and S013
, 1)

,
there are multiple representations

-

of the group .
There is a very neat mathematical generalization

of the raising/lowering operator trick to find these representations
,

but we will focus on the two that exist for any SUCM :

Fundamental (dim .
N = 3) and adjoint (dim .

N2-1 = 8)
-

-

· The Fundamental rep is straightforward : (Thi= I s .

The
E

generators are 3x3 matrices
,
and they satisfy

Tr(TT? ) = TY,
T, , = Idab .

For Lie algebras, taking the trace

acts like an inner product (For math merds, this is known as the

KinForm) .

The coefficient is TF =I. We can also sum over generators ?

[ITETY) : =
= <

=
dis

,

where CF = E- I is the quadraticF zw

a

Casimir in the Fundamental representation .
Exactly analogous to

j= [)isi = s(s+DI for Spin SUS2) .

Quarles are vectors in

the Fundamental representation ,
and transform as

4- 4i + i < "(TE)ij4; . Antiquarks (4 or 4) transform as

F
:

-F ;
- i x F; (TE);; (Note

:

Q
, Un ,

de are all in the same representation

which is why we can use 4-component spirors which combine , andup



The adjoint rep. is a representation of the Lie algebra I
on itself

.
(This sounds weird and mysterious the first time

-

you hear it, but
it's the simplest way or stating it. )

What is a representation? WFV
, meaning a recto v

gett mapped to a vector Winder a Lie algebra element T .

But this is precisely what the commutation relations do !

Tb
Th -> ifabtc

,
where the map is [T2

,

T
%

]
.

Because TP is a linear combination of the other generators
,

we

must be able to write this map as an 8x8 matrix (Tani)
on

whose entries are (T)= i Fac

The inner product For the adjoint is Tr(TEi
.
Tadj .
= [fach foodNao

The quadratic Casimir is ECT?=- Gfbadfdas = findfa = No,ad;a
so TA = <

A

= 3
.

Gluons are vectors in the adjoint representation :

b

Am - An is(Tadi A mat

E An -> A? - Fa "

An,
Und

With this group theory technology ,
we can now write down the

Feynman rules for QCD :

ev

vibesses i, n =

- iy
P in adjoint rep.)

:+i = in enter
it

now
P

in Fundamental rep.)

=↳
,

exig,T
,

Lorder matters because T is a matrix ! )

So Far
,

so good ... now comes the mess.
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Even computing gy -99 requires 1000 terms ! We will not do this

in this class
,

but there is a beautiful mathematical formalism

which simplifies things enormously (sea Schwartz Ch .
27 if you're carious) .

As Freedom
2

v T

In QED
, I loop diagrams like m

O lead to

screas electric charge
vacuum polarization .

Just like a
dielectric

-

at long distances
,

virtual etce-pairs screen the coupling e
, such

that MAue= E , where his an energy scale
. The RAS is

known as the beta Function of GED,
and because it is positive,

-

e increases with increasing m. e(al is not a constant but runs with energy .

-

In QCD
,
the opposite happens . Diagrams like we

see

lead to anti-screening , such that

Mn9s= -

(CA-EurT=7 .

(Notl prize 2004! )

For SUC3) with Six quark Flavors, 1
= 6

, <A
= 3

,
T

=
= I , so RHS is

- Is
12) (3) - z(5)(6)) =

- -40 ,
so 9, deceases as

Mincreases .

This is known as asymptokreedom ,
and is why

we can approximate quarles as weakly-interacting and use

perturbative GFT at high energies, where , 0. 1 . (This is

why our R-ratio approximation worked)


