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useful references

• The CTEQ Pedagogical Page

http://www.physics.smu.edu/~olness/cteqpp/

• CTEQ Summer School• CTEQ Summer School

http://www.phys.psu.edu/~cteq/



Perturbative QCD:

from basic principles to current applications

I : Basic Ideas – Qualitative Descriptions

• What is Quantum Chromodynamics (QCD)?

• Why do we believe in Quarks and Gluons?

Long-distance phys. – the Quark Model

Short-distance phys. – the Parton Picture

• How can a Strong-interaction theory, QCD,
give rise to the simple Parton Picture?

The importance of scaling and factorization:

Renormalization and Assymptotic Freedom;

Infra-red Safety and Factorization Thms.

• Precision Tests of PQCD in e+e−
Interactions

II : Quantitative case study –
Deep Inelastic Scattering at NLO

• LO and NLO calculations

• The origin of collinear singularities

• The separation of long- and short- distances

• How does Factorization form the foundation
of the QCD-Parton-Model?



III : General Formalism of PQCD

• From NLO to Higher Orders

• Universal Parton Dist. & QCD evolution

• How are Hard X-sect’s actually calculated?

• Scale- & Scheme-dependencies

• Renormalization vs. Factorization – a head-
to-head comparison and correspondence

IV : Survey of Hard Scattering Processes

• Q-Qbar annihilation and Drell-Yan processes:
lepton-pair, W- and Z- production

• g-Q scattering and Dir. Photon Prod.

• g-g scattering and Jet Production

• Two-scale hard-scattering processes

• A 2-scale process: Heavy Quark Production

V : Global QCD Analysis

• Overview of Physical Processes and Expts.

• Overview of NLO QCD Theory Input

• Global QCD Analysis

• Parton Distribution Functions

Open Questions and Challenges



Basic Elements of Quantum Chromodynamics

–Non-abelian Gauge Field Theory with
SU(3) color Gauge Symmetry

—————–

Fields: Quarks ψcolor
flavor and Gluon Gcolor(A·T, g).

Basic Lagrangian:

L = ψ̄(i � ∂ − g � A · t − m)ψ − 1

4
G(A · T, g) · G(A · T, g)

• g: gauge Coupling Strength

• mi: quark masses

• t & T : color SU(3) matrices in the funda-
mental and adjoint representations.

Group factors: CF =
4

3
; TF =

1

2
; CA = 3

Interaction Vertices:

—————–



Why do we believe Hadrons
are made of Quarks?

– Strong Interaction at long-distance scale –
Hadron Spectroscope     ⇒   the Quark Model

Quantum #’s of Mesons given by:   L=0,1,2
SU(3)flv Octets (nonets) of q-qbar bound states.

Addition of Charm Q.N.   ⇒    SU(4)
– see plots (PDG)

Combining of SU(3)flavor & SU(2)spin   ⇒ SU(6)
Quantum #’s of Baryons given by:   L=0,1,2

SU(3)flv Octets & decuplets of q-q-q bound
states. 

– see plots (PDG)
These are the Constituent Quarks

However:

Quarks have not been found in nature.
Interaction is very (infinitely?) strong at long-

distances.
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QCD at Low Energy (long-distance) Scales
-- Confinement, Bound-states

=> the Quark Model
Mesons Baryons



Why is Hadron Interactions at High Energies
described by the QCD Parton Picture?

– Strong Interaction at short -distance scale –
Hard Scattering Probes   ⇒  the Parton Model

Evidences for the existence of Partons:

“direct”: Most Hard Sc. events contain visible
“jets” ⇒ fragments of underlying partons?

Are they point-like? “Rutherford expts”

∗ (Bjorken) Scaling in DIS;

∗ annihilation into hadrons;

∗ Hadron-hadron scattering, ….

Properties of Partons:

2-Jet angular distributions in e+e- , DIS, DY proc.
are the same as for scattering into leptons ⇒
underlying partons are fermionic

Expts. : EM & Weak Isospin couplings of partons
= those of leptons ⇒ “Current Quarks”

3-jet events and their detailed properties prove
the existence, and spin of gluons

⇒ QCD-parton Model complete.

Big Question …..



An elementary particle event
– e+ e− −→ μ+ μ−

 DELPHI Interactive Analysis
Run: 26154
Evt: 305

Beam: 45.6 GeV

Proc: 30-Sep-1991

DAS : 25-Aug-1991
21:29:14

Scan: 9-May-1994 

 TD  TE  TS  TK  TV  ST  PA

Act

Deact

  0

(  0)

  0

(  0)

 21

( 29)

  0

(  7)

  0

(  0)

  0

(  0)

  2

(  3)

  0

(  2)

  0

(  3)

  0

(  0)

  0

(  0)

  0

(  0)

  0

(  0)

  0

(  0)

X

Y

Z



Two-jet Events:
Quark – anti-quark Pair Production

Typical e+ e− event with hadron final states:

Y

X
Z

   200 .  cm.   

 Cen t r e  o f  s c r een  i s  (    0 . 0000 ,    0 . 0000 ,    0 . 0000 )         

50  GeV2010 5

 Run : even t  4093 :   1000   Da t e  930527  T i me   20716                                  

 Ebeam 45 . 658  Ev i s   99 . 9  Em i s s   - 8 . 6  V t x  (   - 0 . 07 ,    0 . 06 ,   - 0 . 80 )               

 Bz=4 . 350   Th r us t =0 . 9873  Ap l an=0 . 0017  Ob l a t =0 . 0248  Sphe r =0 . 0073                  

C t r k ( N=  39  Sump=  73 . 3 )  Eca l ( N=  25  SumE=  32 . 6 )  Hca l ( N=22  SumE=  22 . 6 )  

Muon ( N=   0 )  Se c  V t x ( N=  3 )  Fde t ( N=  0  SumE=   0 . 0 )  

Parton process underlying 2-jet events

θ



Measuring the Spin of the Quark Parton

Use the angular distribution of 2-jet events

θ

Experimental result (ALEPH):



3 Jet Events and the Gluon Parton

A typical 3-jet event (∼ 10% prob.):

 DELPHI Interactive Analysis
Run: 26154
Evt: 567

Beam: 45.6 GeV

Proc: 30-Sep-1991

DAS : 25-Aug-1991
21:30:55

Scan: 17-Feb-1992

 TD  TE  TS  TK  TV  ST  PA

Act

Deact

 25

(168)

  0

(  0)

 48

(248)

  7

( 24)

  0

(  0)

  0

(  0)

 37

( 51)

  0

( 48)

  0

( 38)

  0

( 24)

  0

(  0)

  0

(  0)

  0

(  0)

  0

(  0)

X

Y Z

Parton process underlying 3-jet events

x3

x2

x1

θ



Measuring the Spin of the Gluon

Use the angular distributions of 3-jet events

x3

x2

x1

θ

Experimental result from SLD:
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Question:

How could the simple parton picture possibly
hold in a strongly interacting gauge field theory

such as Quantum Chromodynamics?

Answers:

1.  Asymptotic Freedom:
A strongly interacting theory at long-distance
can become weakly interacting at short-
distance.

2.  Infra-red Safety:
There are classes of “infra-red safe” quantities
which are independent of long-distance
physics, hence are calculable in PQCD.

3.  Factorization:
There are an even wider class of physical
quantities which can be factorized into long-
distance pieces (not calculable, but universal)
and short-distance pieces (process-dependent,
but infra-red safe, hence calculable).

“Bottom Line”

PQCD does not give all the answers; but it does
cover quite a lot of ground!
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