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l Lecture I:
Structure of the nucleon

l Lecture II
Transverse Momentum Dependent distributions (TMDs)
Semi Inclusive Deep Inelastic Scattering (SIDIS)

l Tutorial
Calculations of SIDIS structure functions using Mathematica

• Lecture III
Advanced topics. Evolution of TMDs

The plan:
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DOE funded Topical Collaboration for theory

5 years of funding of $2,160,000
18 institutions
Theory, phenomenology, lattice QCD
Several postdoc positions.
2 tenure track positions: Temple, NMSU
Support of undergraduates.

◇ 5 years of funding
◇ 18 institutions
◇ Theory, phenomenology, lattice 

QCD
◇ Several postdoc and tenure track 

positions to be created
◇ “To address the challenges of 

extracting novel quantitative 
information about the nucleon’s 
internal landscape”

◇ “To provide compelling research, 
training, and career opportunities 
for young nuclear theorists”
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Why is it so important for theory? We are a data-driven science!



Standard model



Interactions

Electromagnetism (photon)

Gravitation (graviton)

Weak Nuclear Interaction (W,Z bosons)

Strong Nuclear Interaction (gluon)

Atomic and Molecular Binding

Stars and Galaxies

Nuclear Beta Decay

Nuclear Binding



This talk

Standard model
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Two “down”
one “up”

Quark model
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Quarks are
bound (confined)
by strong interaction
(gluons)
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are fractional
of positron’s charge

Quark model
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Proton
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Neutron
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u

Charge

2/3 + 2/3 -1/3 = +1

2/3 - 1/3 -1/3 = 0

Quarks are
bound (confined)
by strong interaction
(gluons)

Quark charges
are fractional
of positron’s charge

No evidence of free quarks
observed directly in experiment

Long distance - quarks
are confined in hadrons

Short distance - quarks
behave as if they were free

Asymptotic freedom -
later in this talk!

Quark model
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Quantum Electro Dynamics and Quantum Chromo Dynamics

QED
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Gauge theory U(1)
Force carrier:

photon (electrically neutral)

positron
Interaction

electron
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Quantum Electro Dynamics and Quantum Chromo Dynamics

QED
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Richard Feynman, Nobel Prize 1965
“for ... fundamental work in

quantum electrodynamics"

electron
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Quantum Electro Dynamics and Quantum Chromo Dynamics

QED

u u

d

d d

u

QCD
Gauge theory U(1) Gauge theory SU(3)

Force carrier:
photon (electrically neutral)

Force carriers:
gluons (carry color)

quark
positron

Interaction

Richard Feynman, Nobel Prize 1965
“for ... fundamental work in

quantum electrodynamics"

anti-quark
Interaction

Gluons interact with each other
- non abelian theory

electron

strong



Asymptotic freedom

Gross, Politzer, Wilczek, Nobel Prize 2004
“for the discovery of asymptotic freedom

in the theory of the strong interaction"

At short distances
quarks behave as if they were
almost free particles!

The coupling depends
on the scale – consequence of
renormalizability of the theory

“long” DISTANCE “short”



Scattering as the method of study

Ernest Rutherthord, Nobel Prize 1908

“for his investigations into the disintegration of

the elements, and the chemistry of radioactive
substances"

1911



Electron Scattering

sca
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Virtuality of the photon



Electron Scattering

sca
tte
red
ele
ctr
on

electron

Detector of electrons

Detector of
hadrons

photonThe photon probes
distance of ~1/Q
inside of the proton.

Asymptotic freedom -
photon scatters off a quark

Virtuality of the photon



Electron Scattering: interpretation

Electromagnetic probe resolves a quark
or anti-quark with momentum p=xP
inside of the proton of momentum P.

Bjorken variable

Gives the fraction of longitudinal
momentum of the proton carried
by the parton



Experimental data

Behavior is almost flat
– quarks are pointlike

Electron Scattering: interpretation



Unlike the proton itself:
Proton size ~ 1 fm

Electron Scattering: interpretation
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Know what we
are made of !

Understand the
strong force:
“QCD”

Use protons as tool
for discovery
(e.g. LHC )

Exploring the nucleon: a fundamental quest
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Spin is a fundamental quantum degree of freedom

Test of a theory is not complete
without a full test of spin-dependent
decays and scattering

Spin provides a unique opportunity to probe
the inner structure of a composite system
(such as the proton)

Why Spin?

Spin plays a critical role in
determining the basic structure
of fundamental interactions

Xiangdong Ji at DIS08



Spin and QCD 

“Experiments with spin have killed more theories than any other single
physical parameter”

Elliot Leader, Spin in Particle Physics, Cambridge U. Press (2001)

“Polarization data has often been the graveyard of fashionable theories.
If theorists had their way they might well ban such measurements
altogether out of self-protection.”

J. D. Bjorken, Proc. Adv. Research Workshop on QCD Hadronic
Processes, St. Croix, Virgin Islands (1987).

See lectures by Thomas Ullrich and Anselm Vossen
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Nucleon landscape 

Nucleon is a many body dynamical system of 
quarks and gluons  

Changing x we probe different aspects of nucleon 
wave function  

How partons move and how they are
distributed in space is one of the directions of 
development of nuclear physics

Technically such information is encoded into 
Generalised Parton Distributions (GPDs) and 
Transverse Momentum Dependent distributions 
(TMDs)

These distributions are also referred to as 3D 
(three-dimensional) distributions  



Alexei Prokudin

5D

1D

Unified View of Nucleon Structure

3D

Transverse
Momentum
Dependent
distributions

Generalized
Parton
Distributions

Parton
Distribution
Functions Form

Factors

Wigner function


