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] The Goal:

To understand hadron structure, and strong
interaction dynamics in terms of Quantum
Chromodynamics (QCD)

] The Plan:

From the Parton Model to QCD and pQCD
One lecture

Purely infrared safe observables in pQCD
One lecture

Cross sections with identified hadrons in pQCD
Two lectures
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Outline for Lecture 1

d Nucleons to Quarks

] Deep Inelastic Scattering (DIS)

4 The Parton Model

1 Extensions of Parton Model beyond DIS

d Quantum Chromodynamics (QCD)

d Asymptotic freedom and perturbative QCD

Excellent resource — CTEQ summer school website
http://lwww.phys.psu.edu/~cteq
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Nucleons to Quarks

d Protons, Neutrons, and Pions
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d “Historic” — 7 as NN bound states

7t =(ph), 7z~ =(np), —

%(pﬁ+ nn)

2

Fermi and Yang, 1952; Nambu and Jona-Lasinio, 1960 (dynamics)
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d Nucleons not point-like spin "2 Dirac particles

Proton magnetic moment: g, #2
Neutron magnetic moment: g, #0
d “Modern” — 7,N common substructure: quarks
mes)p Quark Model - Gell Mann, Zweig, 1964
0 Quarks: [ Q=%3¢ (Q=-V3e (Q=-1/3¢
us S=12 d < S=1/2 s ¢S=172
k|3:-|-1/2 \|3:—1/2 L1, =0
7 =(ud), 7 =(da), 7° :%(uﬁ+da)

p=(uud), n=(udd), K" =(us),...,A™ =(uuu),...
Q Magnetic moment: #,/#, =9,/9, =-3/2 (good to %)

But, need a new quantum number — color Han, Nambu, 1965
and the dynamics!
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How to “see” substructure of a nucleon?

1 Rutherford experiment:

\Oa Atom
— to see the substructure of an atom

O

. N

High energy o bounce off something very hard! Nucleus
mm=) Discovery of nucleus inside an atom
1 SLAC experiment (1969): Nucleon e >
O
Lepton-nucleon deeply e ®
inelastic scattering (DIS) -
O—>'“"““"'“'"“""".‘"""""""".

Scattering information ® \

on the 0-distribution parton

—) Discovery of the point-like spin-1/2 “partons”

Callan-Gross relation
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Lepton-hadron DIS
d Process: e(k,4A)+P(p,0)—>ek, 1)+ X

Neutral current (NC) Charged current (CC)

p,o
 Kinematics: 2
% 4-momentum transfer: Q°=—q° < Bjorken variable: X; :;s_.q
. . _ 2 Q2 . P _P-q
 Squared CMS energy: S=(p+k) = vy Inelasticity: Yy "k
] .
2
< Final-state hadronic mass: W°* = ( p+q)2 zQ—(l—xs)
XB
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Lepton-hadron DIS — general analysis

 Scattering amplitude: R P
M(4,4%0.9) = T, (k') ey, |u, (k) p

| '

) [qzj( ")

v (X [e3 (0)]p.o)
1 Cross section:

< dll ] d’k’ (2;;)“54(ileli+k'—p—kj

0o - L2 £ 3 sl | [T |0

X Ao i1 (272')3 2E,

—> gl ! ( 12]2 L (k, k)W, (a, p)

k' 250
1 Leptonic tensor: o2
— known from QED L (k. k) = 27° (kﬂk Kk —kek gw>
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(] Hadronic tensor (No QCD has been used):

W, (d, p) =${§z [d'z e (p,o]3!(@)3,00) p,a>}

1 Structure functions:

< Parity invariance (EM current) — W,, =W,, sysmetric for spin avg.

 Time-reversal invariance — W, =W, real
< Current conservation - qW,=q'W, =0

q.9, 2 1 P-q P-q
O L [ (Y- e

Reduced to two dimensionless scalar structure functions
for spin-avgeraged DIS
Two more structure functions for spin-dependent DIS

Measure cross sections <~ extraction of structure functions

Note: No explicit QCD was used in above derivation!
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The Parton Model

Feynman, 1969, 1972

(] Before the collision:

in e—parton cm frame: O0<x=1
_ X. =1
e (k) 2.
o— X Lorentz contracted
1 | Time dilated
toision ~ 6 <fm~t ... Effectively frozen
1 After the collision:
2
@ X 0+ 0 (Xi + Q) ~0
—{) X ) ,
L., <K
fragments 4_. »Q [I S ‘q H
9 e (k' ; . .
0 ( ) elastic collision

“Deeply inelastic scattering”

June 25, 2007 10 Jianwei Qiu, ISU/ANL



Basic Parton Model Relation

1

on’(pa)= 2 [dx&s (xp.a) 4 (x)

where partons—f g
o ( P, Ol) DIS cross section for hadron: h( p)
oA'eef' (Xp, q) Elastic cross section for parton: f (xp)

P (X) Probability for f to have Xp - PDF

Inelastic hadronic | —

Partonic elastic ® Probability for
cross section cross section

P =XP

Nontrivial assumption:

Quantum mechanical incoherence between
the large q scattering and the partonic distribution
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Structure Functions in Parton Model

Recall: de 1 1Y .
0 &) v eom, (@)

PM formula: W, (q,p)= > jdx EV\A/;?'V(Q’XP)} & (X)

partons—f g

(9, xp) Zef ——Tr[n (xp+a)y,7-(xp) |(27) 5 ((xp+a)?)
i Z (oSt 3o-2)]
e O3 LR )]

—) FZ(XB’QZ):Zef Xg @ (XB):ZXBFl(XB’QZ)

d Callan-Gross Relation —» spin 2 parton
O Bjorken scaling — Q~ independent universal PDFs
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Fragmentation Functions in PM
4 Crossqfrom DIS:

N q
AARA gx
X e
P P

\, “crossing” Single particle inclusive (1PlI)

1 Cross from Parton Model:

»
p’ 4,
L e
¢ (X) D, (z) p

Parton distribution Fragmentation function

J PM formula for 1PI: .
o' (pa)= . [dz&{"(p/z,0) D, (2)

partons—f
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Drell-Yan Dilepton Production in PM

3 Drell-Yan Process: S.D. Drell and T.-M.Yan, PRL 25, 316 (1970)

h(p)+h'(p)— 0 (q)+X  with ¢*=Q°
d PM picture:

P’ p
X'p' P
Ceoision ~ = < fm ~t
3 PM formula: collision <M~ Tragron
dow (P PY9) S [y d&e' Xp, X' p',q
hh( jdXIdX ¢f ff( )¢f( )
dQ’ fo 0 dQ°’
Xp do-?fl'(Xp X p’q)2625 14770(;“ 1 s[4 Q?
—q—> dQZ f ff'3 3Q2 XX'S XX'S
7
X P ColorFactor = ( j 25”5“__
=1
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Need to Improve the PM

 Total momentum carried by the partons:

F, szf:jdx X ¢;(x) ~ 0.5

missing momentum
—==p particles not directly interact
with photon (or EM charge) ===» the gluon

1 Scaling violation
===p  Q-dependence of structure functions?

1 Drell-Yan cross section:

DY
P Thy

Need a better dynamical theory!

DY
‘Exp/Thy = O

d ...
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Quantum Chromodynamics (QCD)

J Known Fundamental Interactions:

~“Strong” — QCD ~
Weak } Standard

Electro — Model
Weak

Electromagnetic - QED

AdS/CFT
correspondence
A

. Gravity

1 QCD - stands as a very solid building block of the SM:

Unbroken SU(3) color gauge symmetry

Asymptotic freedom at high energy

Success of QCD perturbation theory

Nonperturbative results from Lattice calculations
Not many surprises so far
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QCD as a field theory

4 Fields: f Quark fields, Dirac fermions (like electron)
V. (X) Color triplet: i = 1,2,3=N,
Flavor: f=u,d,s,c,b,t

A (X) Gluon fields, spin-1 vector field (like photon)
#a Color octet: a=1,2,...,8 =N:2-1

U Lagrangian density:
I‘QCD l)”’ ZW| |:(Iay _ gAy,a (ta)ij )7/,U o mf :|l//i]c

_%[ay A\/,a _avAu,a B gCabCAﬂ,bA”CT

+ gauge fixing + ghost terms

Colormatrix: [t ,t ]=1C_ t.
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d Gauge invariance:
vi >y =U (X)),
A, —A,'=UMXAU(x)+ g[@ U(x) Ju(x)
where A, =A, .t , U;(x) unitary[det=1, SU(3)]
1 Gauge fixing:
Lomge = — 5 (,AL) (2, A7)

Allow us to define a propagator:

_ Oab ku k. 1
R )
with A\ = 1 Feynman gauge
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J Ghost:

ghost fields

-

f’ﬂ'hﬂﬂt — (&Mﬁu) (3#1;7?& - Q'Cuhcﬂgﬂc)

so that optical theorem (and hence unitarity) may be respected:

B

——

e —

2ol

—_— NN ———

+

W e N

-

=z|:

S NV

——

—_—

+

—_—

ot e

2
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E— —

Sum over all physical polarizations

Fail without the ghost loop
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Feynman rules

 Propagators:

W
o
Sy
e,
:-dl

Quark: J

Gluon: v, b VU U

ifjab k. v 1
et [t (1)

for covariant gauge

Ghost: V.0 _ ______wa 10gb
>k 2
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 Interactions:

—QTJ_J’T“A;L,JM!J

1
Egcab::: (3”, Av.a.
— 0y Ay a) AL AL

2
g
- Z Oabcca.b’c’

% Aﬁﬂg;‘i;hyﬂy‘cr

apn Na (9Cabc Ag ) Tlc
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1, d
Hpdy Wy oy

1
Mzayg Hya,

21

_ig(ta- )ij Tu

_gca.bc [g;w (pl - pﬂ)"r

+ gy’y(pﬁ _ pS)ﬁL
+ Q"W(PB - pl)v]

G
—1g [Cﬂﬂlﬂzc‘ﬂﬂ:iﬂ-cl
* (g.ul,u:jgﬂzﬁ4

— Guypa gﬁzna)
+ ...]

Q'Cabckn
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Renormalization in QCD

1 Scattering amplitude:

UV divergence == “Sum” over states of “high mass”

Uncertainty principle: high mass states = “Local” interaction

No experiment has an infinite resolution!

June 25, 2007 22 Jianwei Qiu, ISU/ANL



J Renormalization:

“* UV divergence due to “high mass” states
“* Experiments cannot resolve the details of these states

— 0

“Low mass” state “High mass” states

% combine the “high mass” states with LO

iy .| Renomalized
LO: >:?QA2/ —+ = g { _,L.-:) coupling

+ ... No UV divergence!

NLO: y —

Renormalization = re-parameterization of the expansion
parameter in perturbation theory
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Renormalization Group

U Physical quantities can’t depend on the
renormalization scale - u:

d 2
1= Oy (% g(ﬂ),uj =0

” “ 9° (1)
—> Gphy(Qz):;G(n)(QZ,uZ)(a;(zﬁl)j )=
d The B-function:
0 11 4n
p(9)=n %(5)=+931£1T2 +0(9°) ,31=—§NC+§7f<O forn, <6

d QCD running coupling constant:

% (14) = 0 asu, >0 forp <0

b /U22
1--— s (,U )fn T
A ' 7 \ Asymptotic freedom

1

s (,uz) —
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QCD running coupling constant

o, (4,) 4r
Q Agep: %:(#2) = 3 — A :
1—4_1053(/11)€n£—22j — B.0n :L2‘2
T 1 A QCD
0.5 —
1 - e .
Theor CRE and p, not independent
%.(0) — dER R 2%) Hy p
8 Deep Imelistic Hn:,';_',lluriu_u A &
0.4 ete Annihilation o N
4.H Humm. f..utm._m @ T Asymptotic Freedom < antiscreening
vy harkonia | m
L% : . aat 2
i ASL (M) QCD al (Qj) = /3(0:3) <0
o [ 273 MeV ——- 0.123 HQ
03| oo { 20 Mev— 0,119 | - - -
W] 175 Mev —- 01158 ~ompare
b, r
I st (Q})
ED: ———=—"=p(0m) >0
0.2] Q dIlnQ’ p(aa)
D.Gross, F.Willczek, Phys.Rev.Lett 30, (1973)
H.Politzer, Phys.Rev.Lett. 30, (1973)
0.1+
2004 Nobel Prize in Physics
1 10 100
Q [GeV]
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Effective quark mass

 Running quark mass:

Hy

M(u,) = m(4) eXp{-Id%[lwm(g(/%))]} = 0 asu, > o

H

Perturbation theory becomes a massless theory when p — «

< for light quarks, uand d, even's, M, 244 (1) < Agep

+» Choice of renormalization scale: o~ Q

QCD perturbation theory (Q>>Aqcp)
is effectively a massless theory
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Infrared Safety

4 Infrared safety:
O-th(Q_Zias(luz)1m (él )j — (’)\-(Q—Z,as(ﬂz)]_FO [m (él )]

Infrared safe = x>0

Asymptotic freedom is useful
only for
quantities that are infrared safe

Asymptotic freedom + Infrared safety = perturbative QCD

June 25, 2007 27 Jianwei Qiu, ISU/ANL



Foundation of perturbative QCD

J Renormalization
— QCD is renormalizable

1 Asymptotic freedom
— weaker interaction at a shorter distance

4 Infrared safety
— pQCD factorization and
calculable short distance dynamics
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Summary

1 QCD is a SU(3) color non-Abelian gauge theory
of quark and gluon fields

 QCD perturbation theory works at high energy
because of the asymptotic freedom

O QCD perturbation theory is effectively a massless
theory — renormalization group equation for the
parton mass

 Perturbative QCD calculations make sense only
for infrared safe (IRS) quantities

Look for IR safe quantities
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