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QCD in 1973

§ Asymptotic freedom: papers (Gross-Wilczek, Politzer) published in 
PRL side by side on June 25, 1973
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50 Years of QCD

§ A dedicated conference will be held at UCLA during Sept. 11 – 15, 
2023
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Outline

§ Lecture 1: QCD factorization
§ Collinear factorization and collinear PDFs/FFs

§ Lecture 2: TMD theory in standard processes
§ TMD parton model, operator analysis

§ Lecture 3: TMD factorization and evolution
§ TMD evolution and global fitting

§ Lecture 4: TMDs via jets and jet substructure
§ Jet TMD and jet fragmentation functions
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Selected references on QCD

§ Textbooks on QCD
§ QCD and Collider Physics – Ellis, Stirling, 

Webber

§ Foundations of Perturbative QCD: J. Collins

§ Applications of Perturbative QCD: R. Field

§ Textbooks on Quantum Field Theory 
§ An Introduction to Quantum Field Theory: 

Peksin & Schroeder, Sterman

§ Quantum Field Theory and the Standard 
Model: M. Schwartz

§ CTEQ collaboration 
http://cteq.gitlab.io/

§ TMD Handbook: 2304.03302
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http://cteq.gitlab.io/
https://arxiv.org/pdf/2304.03302.pdf


The structure of matter

§ The exploration on the structure of matter has a really long history
§ Dalton 1803 (atom)

§ Rutherford 1911 (nucleus)

§ Chadwick 1932 (neutron)

§ Gell-Mann and Zweig 1964 (quark model)

§ Feynman 1969 (parton model), …

§ Central goal of nuclear science
§ To discover, explore, and understand all forms of nuclear matter and the 

associated dynamics
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Exploring the nucleon: fundamental importance in science
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Know what we are made of:
Most abundant particles 

around us
Building blocks of all 

elements

Fundamental properties:
Proton mass, spin, 
magnetic moment,

understand them in terms 
of the internal degrees of 

freedom

Exploring QCD and 
strong interaction:

Confinement, 
Lattice QCD,

Asymptotic freedom, 
perturbative QCD, ...

Tool for discovery:
Colliding high energy nucleons

New Physics beyond SM
LHC, Tevatron, 
RHIC, HERA, ...



Hadron structure

§ Nucleon: quantum many-body system of quarks and gluons

§ High energy scattering: to extract information on the nucleon structure, 
we send in a probe and measure the outcome of the collisions
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Rutherfold’s experiment

electron
p

Deep Inelastic Scattering (DIS) Proton-Proton collisions



QCD: Two faces

9

Asymptotic freedom Confinement

Low energy scale: at the size of the proton Millennium Prize Problem 

Low energy scale, strong coupling

No one has ever seen a free quark

High energy scale

Weak coupling

2004



Lecture 1: QCD factorization

§ Collinear factorization, DGLAP, PDFs, FFs  
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QCD factorization

§ Take deep inelastic scattering as an example

§ Proton structure: encoded in PDFs

§ QCD dynamics at high-energy scale Q
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xP
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X

q
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�̂q,g(Q)

fq,g/proton(x)

�proton(Q) = fq,g/proton(x)⌦ �̂q,g(Q)
calculablemeasured extracted

quark

Parton Distribution Functions (PDFs):
Probability for finding a parton in a 
proton with momentum fraction x

Q =
p
|q2|



Understanding QCD: running coupling (asymptotic freedom)

§ Gluon carries color charges
§ Strong coupling αs depends on the distance (i.e., energy)
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Screening: Anti-screening:↵em(r) " as r # ↵s(r) # as r #



Why does the coupling constant run?

§ Leading order calculation is simple: tree diagrams – always finite

§ Study a higher order Feynman diagram: one-loop, the diagram is 
divergent as q → ∞

§ Make sense of the result: redefine the coupling constant to be 
physical
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Renormalization (Redefine the coupling constant)

§ Renormalization
§ UV divergence due to “high momentum” states

§ Experiments cannot resolve the details of these states 

§ Combine the “high momentum” states with leading order
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Low momentum state High momentum state

LO:

NLO:

Renormalized coupling

No UV divergence!



Simple study of Deep Inelastic Scattering (DIS): parton model

§ DIS has been used a lot in extracting hadron structure

§ Leptonic and hadronic tensor
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Structure functions

§ Hadronic tensor: Lorentz decomposition + parity invariance (for 
photon case) + time-reversal invariance + gauge invariance

§ All the information about hadron structure is contained in the 
structure functions
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DIS at leading order: parton model

§ Hadronic tensor at leading order
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What about higher order?

§ Going beyond the leading order of the DIS, we face another 
divergence

§ pQCD calculations: understand and make sense of all kinds of 
divergences
§ Ultraviolet (UV) divergence                 : renormalization (redefine coupling 

constant)

§ Collinear divergence             : redefine the PDFs and FFs 

§ Soft divergence                : usually cancel between real and virtual diagrams for 
collinear PDFs/FFs; do not cancel for TMDs, leads to new evolution equations
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QCD dynamics beyond tree level

§ Going beyond leading order calculation
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QCD factorization: beyond parton model

§ Systematic remove all the long-distance physics into PDFs
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Scale-dependence of PDFs

§ Logarithmic contributions into parton distributions

 

§ Going to even higher orders: QCD resummation of single logs
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DGLAP evolution = resummation of single logs

§ Evolution = Resum all the gluon radiation

§ By solving the evolution equation, one resums all the single 
logarithms of type
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Q2
0 Q2 > Q2

0

Evolutions of PDFs

§ Perturbative change:

§ Feynman diagrams for unpolarized PDFs 
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PDFs also depends on the scale of the probe

§ Increase the energy scale, one sees parton picture differently
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Q2
0 Q2 > Q2
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Success of QCD collinear factorization

§ PDFs are universal and evolve via DGLAP equations
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What Do We Know About Glue in Matter?

• Scaling violation: dF2/dlnQ2 and 

linear DGLAP Evolution ! 
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Success of QCD collinear factorization

§ PDFs are universal and evolve via DGLAP equations
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Success of QCD collinear factorization

§ PDFs are universal and evolve via DGLAP equations
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Success of QCD collinear factorization

§ PDFs are universal and evolve via DGLAP equations
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Same idea for hadron production

§ Fragmentation function: another probability
§ Going to NLO, needs also to absorb the collinear divergence, and thus the scale 

dependence of the fragmentation function
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It also works well

§ DSS parameterizations for the fragmentation function
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Single hadron production in p+p

§ Single hadron production 
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Google Colab: collinear factorization example

§ Please check this link to view, copy the code to your Google Drive 
to start playing with it
§ If possible, please create a google account before the lecture

§ Please download this experimental data file and upload to your own google 
drive
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Summary

§ Asymptotic freedom: allow one to calculate partonic cross sections

§ Parton distribution functions and fragmentation functions

§ DGLAP evolution
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