
Phenoneology II-QCD

Quantum Chromodynamics (QCD) is a nar-abdia

gange themy describing the color interactions of quarks

and gluors. The Lagraga density is
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QCD, in principle, describes all
before hasranization

hadronic and nuclear phones we

observe in the universe. It depends on 6 quart masses,

and 1 coupling , J .
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The same coupling also
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Ca Show (casel GFTII)
,

that the couping go
rus with the monate truste Q2

,
and is described

by a differation equation
"beta Function"
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Notice that for Nf416 , (ys) <O

=>Is deceases as Q increases
.
This is know

as Asquitotic Freedom

Conously , asQ decreases , go increases , and contrally
perturbation they breaks down - This indicates that

Low-ergy physics must be corpted withron-pertaine

techniques. This is the confinance region . Gluors

are essential for this
,
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. QED with electros and photos
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Can write in good for &s,

dXs
dbQ2
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> 11 - 27/3

Solving the 1-100p equation , tot X = 1/6s , L= &Q2

=>a = Ends = x = A a

=> Ls(02)=
V

This is the runing coupling. integration cont

↑O is value of Q& Which 5
= 1
. Conside mussless

Q
,
with any the dimensionless coupling (1 parante.

But
,
the runing introduces a dimensionful scale. This

is know a divasional transmutation
.
In effect

, Mac

sets the scale for Stag iterations involving light quarks.
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To study low-angy Lactos
,
we need a non-potubative

technique to access obsurables. There is matter issue we

need to deal with
,

and that is we do notobserve

quarks and glas, bt observe than any as cnfred

insider Lacrans
.

Who on the allowed quart & glum combinations that

ca give a valid hadron ? We have seen from

the Quark Model

9-Mescs

999-Dogans, -Adibaryons

In QCD
,
we need color single objects made from

E, E;,
und An (Field puters)

-

color choices

For hadtes to exist
,
there must be a color sight

operatur to create it from the QCD vacuum
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· Ejue 9;En for bayors



BO
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· Gn Gunni for saler gluebell

· E
, [UV] Enu

,
indu for g hybrid

· Eine E fr Tetraque
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· Eine EnteE far partagnat
...

any many
(0) more

.

The problem is that there is no 1-tor1 correspondence

between operators and Stes in CFT
. Operators with

the same quitur numbers can create the same state

2.S,
0. = V+ u + rjd + 5 uss looks like Is

O Euro Er Gro Looks like pseudosado
glueball

Both in wate 1 &2 ,
101 0

,
214) #O

From a GFT por , asking whether - is a g Die

or a glueball is almost meaningless.



Moreove
, states created by a given operator can

casist of multiple hadrons
,
a .g.

V d Vd (0> It >

=> Exidence of anaprator Does Notidy
existence of a new badron .

How can wa access such complicatedromperturbine

objects from GCD ? Latica QCD is a numerica

technique to stockadially compute thera-portable
GCD pol ategral . Ca now calculate light hadran

messes u 1% acertainties and reaction urpitudes

involving a couple of hadrons . This is the any know

method for racking quantitative predictions from QCD

in the low-energy region .

To comple with Latia QCD
,
we raate the action Sad

to Endiden time
,
t --i Te

E C

viet
-> - ETE

and disodite spacetime (wr spacing a ) & use

a fuita size box [xT.
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The QCD path stagna is formided as

= SDEDU
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> Negide our all field "configurations"

On a lotice
,
this is millions o grads. We use

Made Carlo methods to stochastically since carrelian

functions
.
For example, to get proton mass

,
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Deep lactic Scattering

If QCD is so complicated , how did we accept the

theory as an expiration for badrows ? Consider the

high-energy limit , Q-O , the the coupling is

small
,
and QCD exhibits asguptatic freedom . To

is
,
a high-ergies quals and glons "behave" as

"Free" particles , before they hadraize.

There are many types experients that show this
,

We will focus a a particular process called

Desp IncludicScattering (DIS) .

Consider electron scattering of aPatie classica

chuge distribution ,
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Formin transform
, Egy

=(g) = 2+Sige(axe
:E
p()

= 2+s(((,GaeiEx()
= 2 S(j)[

= F(q) "Farn-face"
Q = - qu

Scattering amplitude is
↳

iM = - L
La

= :encliguch Er
e

T- L S C= zie S(e-E)
So
,

cross-section is

do= f(s : 15= Zell-O
di

= 4EsiO
E

C

-

= zIFj)
> can learn about chage distribution

experimentally
measure



It's Taylor expand the forn-factor,

F() = jax (1 - 15. -( +0(2)]p(
> assume spherically spartic

= 1 -1 A() + Ocgy

= 1 - (1 (11) + O(gY)

> mean squred charge radius

=> <L = <(1) = 6 I q2 - 11
& q q = 0

For example, the proton is observed to have(to lowes

approximation I - 1(x)

F(1
= 2 x

When 1 = 1 fr = 1 Get
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F
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s
=

> X > 92



In a realitie experiment, the praten recoils
.

Consider electra ep-2p scattering , where the

preten is a point particle .
To leadingander in C,

We have
2 2 - <

C &
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= + O(c)~
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Cross-section is lexercise

does (20+Q sizei
recoil
factor

Kinematics : k = (E
,
0
,
0
,
E) Where Ex he

= (E, Eso, o, E 8) Eme

P = (mp, 0, 0, 0)

and q= (h -4 = - 2EE(1- cos0l = -Q2



For a realistic proton , we need to account for

it being a composite particl . As in QED
,
an

parantane in terns of four-factors,

=P = n = F(0yv + :oEEC
P

In - scattering o GED, F, (Q, -F, (02)

For up scattering, it is
= - (

observed that a relatively wil change

F
,
(2) =, with 1= 0. 71 GeV

This includesrm-petubative

QCD effects.
Can show

,
in proton most frame

-

2do= a41
+ (f+Es



Carmient to define electric and magnetic form-factors

2

Gf = F - 5 F
,
T = qto

Gr = F
,
+ Fu

So,
Rosenblick formula

do
ors G p + 25 G seei

Expainitally , for proton GEC01 = 1
,
Gm(o) = 2 .79

neutra GE(0 = 0
,
Gr(0) = -1

.9/

Recall for pointparticle, Dirac showed

g
= zGm(0) = 2(1 + Fz(0) = 2(1 + 0(c))

For the protin Fy 10s = Gr(07-1 = 1 .79 + 024)

neutron F
,
(01 = G

,
(0) - 7 = -2 .91 + C(X)

I I

↓

prote & neutron an not

elemetary fermions !



At higher Virtualities Q: mp", the we

can blow the prae apart in an inelastic collision

p -> - X
> A bund of hadrons

↳
J e-

La

>
e
-

P

>

Lm . 3 X (PC)

C Anmbe of Lacran,
, , +, k, ...

In As process , we
doIn measure X Conducive process).

Can think of this as a high-energy photon probing the

structure of the proton .

Let's define a few more useful linematic variables,

u = E-E= P energy loss

For DIS
, Q mp =U mp

=

+11 a
·

plate probes intend structure"



x"
·

Bjahn

x= =
Since D=Mik my = fu este stun

= ( + p)
>

=
-02 + 20 . q + mp

So, x =

m
=> 01 x 1 1

X=0 if Q=0
x = 1 if My

3
=mp

It is conint to paraneute DIS by x & Q2.

Another useful variable
,

y = E relative augy loss

= =

Bak



Can show this the cross-section forDIS 5 of the for

do
didE

= EW
↳ Mar drof

. since Myt mp

where ( = trStegg) Leten tasa

&

wo = F gr +e) + E (0-ps(p-e
I ward identity enforced Hadraia tusc

Sparanterize
& Fie Fizly,Q have ben measured

.

> structure Fundias (No fun-factors)
We find,

=q com
T

F+ z
, (02)s28]mp

It has been experientally observed tha

do
(cha)) Result looks approx.- -

deder Mx= 3 Get
-

do
(2 Catal =
-

di looks like scattery
of point-like conditants .

&



useful to reformulate cross-section as

= - + F(x,Q)
X

↑ ↑

can measure separately due to
y-dependence

From yadepudence , 01, find
7

Cs y no => do Fax,Q-

dx0Q2 X

as y - 1 => drdo F, C

Some features of F's
,

· For sufficialty large Ch I deep probal
F
,
(x,c2) = F, cx) a independence !

F2(x2) = Fz(x) Bjorken Scaling

· For sufficiently large Q2

This is the Callan-Gross elation
2F

,
(x) =

E2(x



TheParti Model

From the data
,
do/dxdQ" looks like a

Cross-section for a point particle for large Q2 .

She F
,Fy ar Q2 independent for DIS,

It suggests that the proton is made up of

point-like constituents
· Feyrum called these Patis .

We now know that these are constituent quark & glums

in QCD
.
The idea f DIS is illustrated as

T

>

& low G2 = fiel "point like" prote
~

X
Y P

P

7

2

~

high
2 = find substructure of prote

- T
X in fars of point like objects

X

-
:

T M

P Constituents



DIS consists of elastic scattering of individual

"pats" -
followed by "Indization" .

Each partan carries a fraction is of the protes
monatur

,

Pa = pr
> pratan monatur

e-

T
e-

2

E -E
mus

>

P
/, ↳

↑
Scattwec portan

pattos-
recombine to X

Recall that x = 00 , x ↳ 1

for clastic Scattering, My = Mp = X = 1 =Eus
For a portan, Pr

= 39
So
, Xy (Fractin for prota) is

x
+=



But
, pattus scatter clastically , x = 1

=> x
+
= 1x = = = x =0

So
,
in the parton model , Bjakus x I the

partans norate Fractica .

Can show that ↓ G fra Qfe Chuge

(= (+
For a single parti .
therefore

, gating our all pata distributions,

Ed2 = (+ ) EFQ

Fexs is called a parton distribution function (PDF)

F(x) dx = 1 - E-type guards in proton

with monature fractions

between x and x +dx

f(x) = 3u(x)
,
d(x)
,
s(x)
, ...,

[Cx
,
Acx)
, 52x), ... 3

can also have glum distribution g(x) .



Corpora Patan model with experimental obsurable,

d
did (- + F(x,Q)

= ((-y)+] IF, excu
> assumes Calle-Gross

parta model
,

IF
,
= Fa
-

X

de =4 (4- ] ExG

Find that the Pate model predicts

2F(x,c) = Fax02 = EQf(x)
X

↑

Callan-Gross independent ofG2 !

For prote ,

E = (U(x- [x] + (d + x + S(x) + 5(x)



So, can measure cross-section for ep-> eX ,

Ca measure than F
,
(x84 & F(x,Q).

Similarly, can measure &D scafring , to
info neutra stande functions

,

T
eD
=↑-

12 ↑, 2
-

2

For neutron
, using isosph symetry, find

Ed + ) + SU + ( + S(x) =J(x)]

isospie : 4 d
,
T+, Sexs

,
>5

If we ignores S +5
,
ca use Fa and E

together to determine +us & dix + cixs
.

To obtain further PDFs
,

are uses (abil-neutrino DIS
,

results from pil scafering leg, Dell-Yn pip - eti + x )



Find croughty) the following distributions,

1- xg(x)

For X30 .5,

Xf(x) -

.
Q= 10 Get

0 -5 - x Uy(x) Uv(x) = 2dv(x)

-

X-drx---
0.5 1

-

d
I I >

X

XS

them , "Valuce" PDF are un(x) = U(x) -T(x)

du(x) = dix -Jax

Crudely, proton is made up
of un

,
unde "Valence"

quachs, with sea quarks & glucs

Nat the sum rules (for protal

Jax = 2
, jax du = 1

, jaxs
& mometer sun rule

Eraxxfj= h
over pates



Find that

('dx (un + du)xdx = 0 .38

↓

Jaxxx = 0.5

m in sea quarts

=> most montun in glass !



Chiral Symmetry Breaking in QCD

I the Patan model
,
we find that glas

contribute a significant fraction to the monitor

distribution of the proton .

In gound , we have

"observed that the light quark mess is very small,

Mut 2 .2, 4 M, 95 MeV

Compare this to Mp = 940 MeV Zmu + ma .

One

can show with Lati QCD that the Nudea mass

goes like

mu = m! + C, ma
M > depends on mes

,
d

Zero quart muss

= 800 ev

The sim mass is known to behave like

m+2 me

> So
, as my

=>0
, my

+0

Why is the T Special ?

The pion , is well as the lao & Ja
, play a special

role in QCD dynanics .



Consider QCD of any light & range guchs, Ne = 3.

there
,
Mu

,
ma
, ms1QD .

So
, puhups we

treat the qual wass as a patulative correction
.

Massless QCD is

= -Guy

there is now a local SOCB)2 gange symntry , and
a global chival symmetry ,

U(B)
R, 2-

2=
- [tr[Gruy

Massless furious consume holicity , and internation

with glues consume hidicity .

↑ - R fr , Lu

with L
,
REU (3) L

, R



Ca rewrite this global symmetry as

U(3)( + U(3(r = SU(3) x SU(b)p x U(1)y x U(1)AL

Which has 18 generators

Va = R +↳ = #
+ k=

A = B-li =FU e

V
.

:

= Ri + ↳ = U > Bryan number

Ai = Ri-Li = Use I broke by Anony

Consumed changes Q =JaJ'c counte with H

[H
,
Q] = 0

> e.g, prote

So
,

a D Mp>, /p = Eleph

-> He 140 = e
↑

H(o)

= Ep(e
= a (403)

I I

Another stat of same mass

-> degunde multiplets



However
,
there is a problem with axiao guarta

CQ14o7 is a side F opposite parity writ 140

but
,
observe %= 1

+

mp = 938 Rel

ac j = E mus
1535 Mar

i. e
,
there is no parity doubting observed in the hadren spectrum

To resolve this issue , we nate that we have indiciting
assumed that the ground ste/vacuum is numat

under the symmetry > This need not be time

his shall soon learn details about symetry breaking
mechanisms

.
For QCD

,
we will find that it has

dynamically broken china symntry breaking .

This news that the quark condense , 20159107 +0

under SU(3) < x 50(3)R .
So
,
a mass term is

induced by interactions
,
and

SU(3)
<
x SU(3) SU(3)

Broken sum,



Some consequences for QCD

- The
remaining SULBIV is the Flavor Synch

- we will see that there are 8 massless

particles associated with this breaking (Goldstone rods)

However
,
Chiad spentry at exact since quarts

have muss > c still identify the listed
pseudo scalars as those in the spotrum due to

the broken axia gavators
=,T ,
K,

, M

China Effective Theory
Child dynics is interesting, and we would like to

learn more
.

To do so
, we construct an effective themy

for QCD where the symmetries are those of QCD
,
bt

the digres I freedom are thelight pseudoscales . the

resulting effective theory is valid for low energies, and

can be systematically expanded in a prusation they
a O(p



Las go through an overview for SU(2) Flavor Lisospil).

1 . construct a common field for the
,
o

u =

exp(if) , y = 4; 0;
M

Witwy - =E(
Diversion ful constant

2 . Specify transternation under china group

u -> LURT

3. Contact gara Linvaint under UE LURT

4 . Organize according to number of drivations (2pr)

I = 2 +
(2)

+ 2
'

+ ..

· For 1
,
And E(00+] -> toout]

- LURT

bi
,
UUt = 1 = 1 is irhunt concret

· For 2)
,
find

2 = (U



if U = exp(ix) = 1 + i = 1 ...

tar
,

z( = 124, 04j + .. Nunctions
↑

V

= &2 + Gπ
+
2+ + ...

What is F ? Cersicher Veter und Axia wester canct

vi = -i +(; (2 ,ut

Atj = = + (0, 500,ut

=> Aj = - F 2 l; + O(y))

Take (01A; 194(p) = up Sin F

So, F is pion decay consent , measured in- Ve

= F 92. 2 Mav



Can also include explicit mass breaking ten

(2)

2 = Et (UDUT) + EBtr (mutt

whne M = (Mn d Bis new condit
=> related to C0152107

Chiral Effective throg is limited
,
but an produce

some useful insight, e.g, mess ratios of pseudosadors,

NT-scattering , ....

Conside - T scaluing ,

Munit" (h) = Aus, , us SinSen + Altu
, s Sie un

+ A(u
, s, t) SjcSwe

Find from 11
,
Als

,
t
,
u) = En paramete free !

In ters of definite isospin amplitudes ,

==0 = 3Als
, , ul +Act, u,s) + A(u,s, +)

MF=1 = Alt
, u, 5)

- A (u, S,t)

MF
= 2

= Act
,
u
, s) + Access,+



The S-lae Scattering lengths are

a
.

T
-

= 1 M
=
(5 = 4m 3

,
t=0)

32π

ext.

=> aj = 0. 16 + a = 0 .26 (5) n

G. = -0. 045m= a? = -0.028(12) +


