
QCD at colliders I
-

Add back in two more terms From the Sm Lagrangian this week :

L 3 - I GI G
" a

t t
. ,

Er
.

Itoi; ixtg

#
Tai,

 
-mfri ; ) t !

"
- Ip ( KAT - Ju

Aantgsf

"  '

Amb Af )
"

! Ana is the stun field

The crucial difference between QED and QCD is the gluon self - interaction
-

This leads to interesting phenomena :

a Asymptotic Freedom
.

At high energies
,

the strong fo - ee coupling

gs
gets weaker

.

This means we can borrow many of our results from

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

. At lower energies
, gluons make no - e gluons ,

and the interaction strength

is large
.

To-99→# p
e- 3ms so

q → g
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Singlequark gluon splitting Jet

Instead of free quarks ,
what  we see  at colliders is a sp -

ay
of

nearly - collimated hadrons
,

called a jet . The evolution from

quark to jet is calculable as long as xss I ; we will do this next lecture
.

. At an energy of  about 200 MeV
,

4=917

,

= I
,

go perturbation
theory based on Feynman diagrams breaks down .

Two  options fo -

calculating in a non perturbative field theory :

- discrefize spacetime on a finite lattice and use a

Computer ( Lattice gauge theo -

y ) ← Prof. El - Khader does this

-

Use symmetry argument to find a change  of variables

to describe Some Subset of the particles at low energy

( chiral perturbation theory ) ← we will briefly do this next week

we will cover each step of this process in the order ( higher

energies to lover energies )



Group theory review 2L
-

First we review some group theory Facts about SUCH
.

. SUCH is 8 - dimensional
'

.

Utu -

- I enforces 9 algebraic constraints

on 9 complex ( 18 real ) numbers
,

"

requiring def U = I hfo - cos one no - e
.

- By writing U -

- Ii X
,

we find f I - i Xt ) ( I tix ) -

- I ⇒ Xt -

-
X to OCX )

.

Similarly
,

def U = I =3 THX ) ' O ( we showed this in week 3)
.

So Lie algebra sub ) is traceless Hermitian 3×3 matrices
.

Conventional to choose the generators Ta -

- Ida
,

a =L
, .

. . 8
,

where

X
-

are the bell - Mann matrices ( see Schwartz 125.17 ) ) .

. The structure Co - starts of Suh ) are defined by [ Ta
,

T I -ai Fak Tc
.

. Just like for such and 5053,11
,

there are multiple representations

of the group .
There is a very neat mathematical generalization

of the raising I lowering operator trick to Find these representations
,

but  we will focus on two : the Fundamental 3 - dimensional

representation,
and the adjoint 8 - dimensional rep .

. The Fundamental rep is straightforward ! ( Ta ) ; ;
 = I In

; ; .

The

generators are 3×3 matrices
,

and they satisfy

Tr ( Tat
.

) I Tai; Tf ;
= IT

"
.

Fo - Lie algebras
,

taking tu trace

acts Like an inner product ( For math nerds
,

this is known  as the

Killing form ) .

The coefficient  is Tf -

-
-

'

z .
We can also sun over generators ?

-

Lafata) ; ;
 

-

-
C fois ,

where Cf = Nn -

- Fg is the quadratic

Casimir in the Fundamental representation .
Exacts analogous to

j
-

= I Jiji = 5Gt DIfo - spin Suez ) .

Quarks are vectors in

the fundamental representation ,
and transform as

µ.

→ ti ti a
"

(Tae) ; ;tj . Antiquaries ( tt or F) transform  as

I ,
→ Ii - i t

" Fj ( Tap ); ;
( roti

.

Q
, ur ,

dr are all in the same representative,

Which is why we can use 4- co - point spinors which Combine UL and ur )



. The adjoint rep . is a representation of the Lie algebra ③
oniself .

( This sounds weird and mysterious the first time

you hear it
,

but  it's the simplest way of stating it
. )

What is a representation? V V
'

, meaning a recto - ✓

gets mapped to a vector V
'

under a Lie algebra e cement T
.

But this is precisely what the commutation relations do !

Ta if an
To

,
Where the map is [ Ta

,

T
'

]
.

Because Tc is a linear Combination of the other generators
,

we

must be able to write this map as an 8×8 matrix (Tau;)
,be

whose entries are (Tha;) ,
i Fb "

.

( you  will do Such for Hw
. )

The inner product fo - the adjoint  is Tr ( Taa
; .

Toad
; .

) -

- { Fa 'd fkd= No
"

The quadratic Casimir is {HTT be
= - Ef

bad fda '

= Efbadfcad = No !

so TA = Ca =3
.

Gluons are vectors in the adjoint representation :

A !
→

Atn
t  

ixaftad;)
, ,

Acn t Iskra

L ⇒ Aan → Aan - Fa
"

a
"

A : t Isha
"

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

Feynman rules for QCD
'

.

v ; 6

Mpm mi
,

a  
= -i9p gab ( gluon  is just like photon with a of "

fo - color

in adjoint rep . )

J -9 i =
i Cpl t  n )

p ⇒
of

" ( quarks just like electrons with di '
for color

in Fundamental rep . )

"

m= iggy
"

Tai; L order matters because Tai; is a matrix ! )

So Far
,

so good .
.

.  now comes the mess .



y n ; a 4L
vilemmorpgzyqa = g ,
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"
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"
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Even computing gg → 99 requires 1000 terms ! We will not do this

in this class
,

but there is a beautiful mathematical formalism

which simplifies things enormously ( see Schwartz Ch
.

27 if you
're curious )

.

Asymptotic Freedom
-

In QED
,

I - loop diagrams like InI lead to

traction
.

Just like a dielectric screens electric charge

at long distances
,

Virtual et le
-

pairs screen coupling e such

that M dare = ELE , where n is an energy scale
. The RHS is

known as the beta function of QED
,

and because it  is positive,

-

e increases with increasing M -

In QCD
,

the opposite happens . Diagram , like
mofBEm

lead to anti -

screening , such that

M dangs = - f÷,
[ Iz Ca - Eznfte )

.

( Nobel prize Loot ! )

Fo - SU (3) with six quark flavors
, nf= 6

, CA =3
,

TF -

- I , so RHS is

- 95
Ight - Egl 's )l6 ) ) =

- % a

Lo
,

so g ,
decreases asTal -

µ increases .

This is known as asymptotic Freedom and ,

-
i

'

s why
all our approximations in The past several weeks about

non - interacting quarks are valid
.



For a Full justification of

allthe properties of non - Abelian gauge 5L
theories , plus Lots of Subtleties I've skipped,

take advanced aft !

Here we will just investigate a few  of the Consequences .

Corrections to et e
-

→ hadrons
-

9 ;
et

Jun £z
is the same  as GED but  with a

g
a facto - of g ,

Ia ) i ;  at the gluon vertex
.

r

Ti [ clarify Oo is the size - fermion cross section ,
facto - of

e-
} From Sun  our colors is sane for GED ad QCD )

Tete
-

→ hadrons
= To ( I t IT t 3£

,

t Oki ) t OCT )) ( inclusive cross section )

This gives us a way to

Tease
as ( E ) as a Function  of Q

-

= Eci
.

Numerically
, kg ( Q -

- 100 Cev ) I O . I
,

while Na -

- too Cev ) TO - 0077
,

so

the strong force is still strong ( atleast , stronger than QED) ever at these energies .

Note that this measurement  is an example of an

inF-ar@llineasafeobserra6le.Weare not requiring that there be exactly 2,3
,

- . .

hadrons in the Final state ; since we can Change this number by emitting
an arbitrary number of low -

energy and small - angle gluons ,
the exclusive

Cross section for a fixed number of hadrons is an ill - defined observable .

F-  rat shapes fo - et e

-

→ qqg
-

In a defector
,

a gunk jet and a gluon jet are ( to a first approximation )
indistinguishable . So instead of considering the

energy spectrum  of the gluon
,

we will define an observable which is insensitive to quarks vs . gluons :

Pi
thrust I I Max { x ; ) where Xi  = Wiz are he energy Fractions of

the three jets ( i  =L
,

2,3 )
.

We son thee variables for ete
-

→ ntr
-

r :

they are identical here
,

with Xittrtxz =L .


