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I. Why do you need hadrons to have 
internal structure? 

A. Quark Model
B. Feynman’s partons
C. Electron scattering cross sections

II. Longitudinal parton distributions
A. Extractions 
B. Assumptions 
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Classifications of Particles

 Chemists started classifying elements by their properties in the 19th

century
– Dmitri Mendeleev

• Realized periodic nature of elements when arranged in order of 
increasing atomic mass

• Allowed for gaps in the periodic structure
– No good explanation for why the periodic structure existed
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Classifications of Particles

 Chemists started classifying elements by their properties in the 19th

century
– Dmitri Mendeleev

• Realized periodic nature of elements when arranged in order of 
increasing atomic mass

• Allowed for gaps in the periodic structure
– No good explanation for why the periodic structure existed

Physics—beginning to discover the modern picture
 1874 George Stoney develops a theory of the electron and 

estimates its mass. 
 1895 Wilhelm Röntgen discovers x rays. 
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 1898 Marie and Pierre Curie separate radioactive elements. 
 1898 Joseph Thompson measures the electron; puts forth his "plum-pudding" atomic model
 1900 Max Planck suggests that radiation is quantized (it comes in discrete amounts.)



Classifications of Particles

Physics—beginning to discover the modern picture
 1911 Ernest Rutherford infers the nucleus as the result of the alpha-

scattering experiment performed by Hans Geiger and Ernest 
Marsden. 
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Classifications of Particles

Physics—beginning to discover the modern picture
 1911 Ernest Rutherford infers the nucleus as the result of the alpha-

scattering experiment performed by Hans Geiger and Ernest 
Marsden. 
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 1913 Niels Bohr constructs a theory of atomic 
structure based on quantum ideas

 1913 Henry Mosley analyzed x-ray K lines 
and observed a periodic pattern in frequency

ν = ν0(n-a)2

Where n took on different integral values for each element



Classifications of Particles

Physics—beginning to discover the modern picture
 1911 Ernest Rutherford infers the nucleus as the result of the alpha-

scattering experiment performed by Hans Geiger and Ernest 
Marsden. 
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 1913 Niels Bohr constructs a theory of atomic 
structure based on quantum ideas

 1913 Henry Mosley analyzed x-ray K lines 
and observed a periodic pattern in frequency

ν = ν0(n-a)2

Where n took on different integral values for each element

 1919 Ernest Rutherford finds the first evidence 
for a proton. 

14N + α -> 17O + p



Quark Model
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 1930 There are just three 
fundamental particles: 
protons, electrons, and 
photons.



Quark Model

 1930 Wolfgang Pauli suggests the neutrino to explain the continuous electron spectrum for 
beta decay. 
 1931 Paul Dirac realizes that the positively-charged particles required by his equation are new 

objects (he calls them "positrons"). 
 1931 James Chadwick discovers the neutron. The mechanisms of nuclear binding and decay 

become primary problems. 
 1937 muon discovered, although first thought to be  Yukawa’s predicted pion (takes a decade 

to realize this).
 1947 Strongly interacting pion discovered
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 1930 There are just three 
fundamental particles: 
protons, electrons, and 
photons.



Classifications of Particles

A title wave of new particles is discovered.

How to classify them—a periodic table of particles?
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At this point physicists were 
getting a bit confused by all 

the particles discovered

Need some type of 
order or symmetry



Eight-fold way

Gel-Mann
 Three new basic building blocks

the quarks (u, d, s)
 Represented by the SU(3) group

 Rotations in SU(3) space interchanged quarks.  
Rotations produced mesons and baryons with 
nearly the same mass because the strong force 
does not couple to flavor.

 Hypercharge and isospin (z projection)
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u d s

Iz 1/2 -
1/2

0

Y 1/3 1/3 -
2/3



Eight-fold way

Ω-
 Gell-Mann predicted a particle with

– Strangeness −3,  —Electric charge −1
– Mass near 1680 MeV/c2. 
– Discovered in 1964, at Brookhaven National 

laboratory
– Gell-Mann received the 1969 Nobel Prize for 

the prediction of the Ω-
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SU(3) could be extended to SU(4) with the discovery 
of the charm quark

Thanks to PDG for illustrations—see Quark Model



Becky is now Happy!
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Hadronic structure is 
understood! Or is it?



The need for partons—Elastic Scattering Cross Sections

 Rutherford cross section—scattering of a spinless point particle from a Coulomb field

 Mott cross section—add the electron’s spin

 Include target mass and Dirac spin (½)
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The need for partons—Elastic Scattering Cross Sections

Now, what if the target is not a point charge, but has a distribution of charge?
 Modify cross section by introduction of a “form factor”

Measurement of this form factor at q2 -> 0 will give you the charge radius of the particle
 There are two distributions of charge to consider

– Electric F1(q2) Dirac form factor
– Magnetic F2(q2) Pauli form factor

– Also know as the Rosenbluth cross section.
– If the proton were a point-like Dirac particle then
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A. Mott curve for spinless point proton
B. Mott for point proton w/µp= 2
C. Mott for point proton w/anomalous µp

The data agree with none of these, 
forcing a conclusion that the proton has a 
finite size to its charge distribution
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Aside:  Rosenbluth Formula

The Rosenbluth cross section for Elastic Scattering

Is more frequently written as 

Defining the Sachs electric and magnetic form factors:
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Aside:  The size of the proton

Now, what if the target is not a point charge, but has a distribution of charge?
 Modify cross section by introduction of a “form factor”
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The charge radius of the proton is apparently yet well 
known as determinations using electron elastic scattering 
and muonic hydrogen spectroscopy currently disagree!



Where are we?

 The hadron spectra can be explained 
nicely by the quark model
 The proton has a finite charge 

distribution, and therefore is not a 
point particle

 But, we still don’t have partons as we 
know them today
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Origins of the Parton Model—Richard Feynman
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In the introduction Feynman writes:
“. . . I have difficulty in writing this note because it is not in the nature of a 
deductive paper, but is the result of an induction. I am more sure of the 
conclusions than of any single argument which suggested them to me for 
they have an internal consistency which surprises me and exceeds the 
consistency of my deductive arguments which hinted at their existence.

“Only the barest indications of the logical bases of these suggestions will 
be indicated here. Perhaps in a future publication I can be more detailed.”
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In the conclusion he says:
“Finally, for those special reactions which are partially exclusive. . . The cross section should vary as 1/s.  
Of this last conclusion I am less sure than of the others.”

Only a very few people could publish in Phys. Rev. Lett. with such a disclaimer. Richard Feynman 
is one of them. 

http://www.nobelprize.org/nobel_prizes/physics/laureates/1965/feynman-bio.html


Origins of the Parton Model—Richard Feynman

Paul E Reimer Partonic Hadron Structure I

July 2017

Feynman bases his argument on very general considerations
 Pondering about Hadronic collisions
 How the cross sections of inclusive and exclusive reactions scale 

with W2=s/2.
 Considered multiplicities in terms of mom. and quantum numbers
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http://www.nobelprize.org/nobel_prizes/physics/laureates/1965/feynman-bio.html


Origins of the Parton Model—Richard Feynman
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Feynman bases his argument on very general considerations
 Pondering about Hadronic collisions
 How the cross sections of inclusive and exclusive reactions scale 

with W2=s/2.
 Considered multiplicities in terms of mom. and quantum numbers
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 Concludes that 
– There are collisions of a vast number of point-like particles
– The point-like particles (partons) each have some fraction, x, of the protons total momentum
– Probability of finding a parton with momentum between x and x+dx as f(x)dx
– f(x)dx is process independent 

http://www.nobelprize.org/nobel_prizes/physics/laureates/1965/feynman-bio.html


Deep Inelastic scattering
 Consider the situation in which not everything is 

detected—e.g. only the scattered electron
 Can still write a general cross section formula based 

on the form factor arguments of elastic scattering
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 Since ν and Q2 are no longer independent, the 
structure functions are now a function of both

 Observation of scaling behavior:
– The cross section did not fall with Q2, but tended to 

depend on a single variable 

proton

X

l-
γ*

l-



Deep Inelastic == Elastic scattering from points?
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Bjorken
 What if deep inelastic scattering is just scattering off of point particles within the nucleus?
 Consider the Dirac point scattering formula, writing it in a Lorentz invariant form (following 

Perkins) Lorentz invariants

 Now sum over the distributions of the partons:



Deep Inelastic == Elastic scattering from points?
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 Now identify form factors in terms of partons!

 Note that F1(x,Q2) = 2xF2(x,Q2) in this identification.  
Often called the  Callan-Gross relation



Becky is now Happy!
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Hadronic structure is 
understood!
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Now that we have partons, how are they 
distributed in the Proton



How do the parton distributions evolve?

 Constituent Quark/Bag Model motivated 
valence approach
– Use valence-like (primordial) quark 

distributions at some very low scale, Q2, 
perhaps a few hundred MeV
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How do the parton distributions evolve?

 Constituent Quark/Bag Model motivated 
valence approach
– Use valence-like (primordial) quark 

distributions at some very low scale, Q2, 
perhaps a few hundred MeV

– Add the binding strong force—glue
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How do the parton distributions evolve?

 Constituent Quark/Bag Model motivated 
valence approach
– Use valence-like (primordial) quark 

distributions at some very low scale, Q2, 
perhaps a few hundred MeV

– Add the binding strong force—glue
– Radiatively generate sea and glue

 Process known as QCD evolution
– Solved and understood via DGLAP equations
I’m not going in to these here.  They are a black 
box computer package for solving 
differential/integral a very specific integral 
equation
– Important:  We can use parton distributions 

calculated at one energy for another energy.Paul E Reimer Partonic Hadron Structure I

g q

q

u
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What’s in the proton?

 Just three valence 
quarks?

Paul E Reimer Partonic Hadron Structure I

http://www.sciencecartoonsplus.com/index.htm
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What’s in the proton?
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http://www.sciencecartoonsplus.com/index.htm
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Are parton distributions process independent?

 Can we measure parton distributions in one interaction and expect them to be correct for 
another interaction?
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proton

X

l-
γ*

l-

proton

l+

γ* l-

proton

 In particular, can one calculate a Drell-
Yan cross section using DIS parton 
distributions?

 No!  Well maybe Yes!



Early Muon Pair Data

Paul E Reimer Partonic Hadron Structure I

Muon Pairs in the mass range 1 < mμμ < 6.7 GeV/c2

have been observed in collisions of high-energy 
protons with uranium nuclei.  At an incident energy 
of 29 GeV, the cross section varies smoothly as 
dσ/dmμμ ≈ 10-32 / mμμ

5 cm2 (GeV/c)-2 and exhibits 
no resonant structure. The total cross section 
increases by a factor of 5 as the proton energy rises 
from 22 to 29.5 GeV.
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Drell-Yan Mass Spectra

 What they could have seen if 
they had sufficient resolution
 Could have been a Nobel Prize!

Paul E Reimer Partonic Hadron Structure I

Data from
 Ferm

ilab E-866/N
uSea
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Drell and Yan’s explanation

 Also predicted λ(1+cos2θ) angular 
distributions

Paul E Reimer Partonic Hadron Structure I
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The Drell-Yan reaction in leading order  

Paul E Reimer Partonic Hadron Structure I

Start with point cross section for 
two annihilating Fermions (See 
Halzen and Martin or Perkins)

Calculate the probability of finding 
two quarks with momentum in the 
range [xt, xt+dxt] and [xb, xb+dxb]

July 2017



Drell-Yan partons

 Calculating the cross section with

– Predicts the correct mass and x 
dependence, but

– Yields only half the measured 
cross section.

 First solution:  Introduce a 
“fudge factor” called the K 
factor  K = 2 and we are done 
but not satisfied.
 Real solution:  Look at other 

contributions
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Drell-Yan Cross Section—Next-to-leading order αs

 These diagrams are responsible for approximately 50% of the measured cross section
 No artificial K-factor is needed in Next-to-leading order calculations (within expt. 

uncertainties).



Becky is now Happy!
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Hadronic structure is understood! And 
parton distributions are universal—but how 

do we know what the are?



How can we measure the parton distributions?

Paul E Reimer Partonic Hadron Structure I
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 Measure hard scattering processes for which cross section calculations can be easily made.

 Deep Inelastic Scattering is the work horse here

 Compile data from many experiments with different sensitivities and produce a global fit



How can we measure the parton distributions?
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 Measure hard scattering processes for which cross section calculations can be easily made.

 Other processes

 Compile data from many experiments with different sensitivities and produce a global fit

Semi-Inclusive 
deep inealstic
scattering

W asymmetry

Drell-Yan



Global fit constraints
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 Adopt a convenient fitting form:

 Make other assumptions

2 up valence quarks

1 down valence quarks

0 strange valence quarks

Momentum conservation



Common initial assumption

Neutrons and protons are charge symmetric
 In most processes on the proton, there is a e2

term giving u quarks twice the weight as d 
quarks
 Considering only protons, you initially have 2x 

more u quarks than d quarks
 This assumption

– Allows the use of data with neutrons
– gives us better access to the d quark distributions

 Some fits have dropped this assumption and 
found some room for charge symmetry 
violation, but not much and the χ2 distributions 
were basically flat

Paul E Reimer Partonic Hadron Structure I
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Common initial assumption

 QCD Evolution is the only process responsible 
for the generation of sea quarks

Paul E Reimer Partonic Hadron Structure I

g q

q

u
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Abstract. Recent data from deep inelastic 
scattering experiments at x > 10-2 are used to fix 
the parton distributions down to x = 10-4 and Q2

= 0.3 GeV2.  The predicted extrapolations are 
uniquely determined by the requirement 
of a valence-like structure of all
parton distributions at some low 
resolution scale . . . .
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Sea is a fundamental part of the proton
Gluck, Reya, Vogt, 
ZPC 53, 127 (1992)



Next common initial assumption

 The Sea is flavor symmetric
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Gottfried sum rule

 Must assume charge symmetry
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 Finally measured by the EMC at CERN



Light Antiquark Flavor Asymmetry:  Brief History

 Naïve Assumption:
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 NMC (Gottfried Sum Rule)



Light Antiquark Flavor Asymmetry:  Brief History
 Naïve Assumption:
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 NMC (Gottfried Sum Rule)

NA 51 Drell-Yan 
confirms 

d-bar(x) > u-bar(x)

 NA51 (Drell-Yan)
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 Cross section is a convolution of beam and 
target parton distributions

Drell-Yan Cross Section

q+

q- l+

γ* l-
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 Cross section is a convolution of beam and 
target parton distributions

 u-quark dominance
(2/3)2 vs. (1/3)2

Drell-Yan Cross Section

q+

q- l+

γ* l-

Acceptance limited 
(Fixed Target, Hadron Beam)

Beam Sensitivity Experiment

Hadron Beam quarks
target antiquarks

Fermilab, J-PARC
RHIC (forward acpt.)

Anti-Hadron Beam antiquarks
Target quarks

J-PARC, GSI-FAIR
Fermilab Collider

Meson Beam antiquarks
Target quarks

COMPASS, J-PARC

xtarget xbeam
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 Cross section is a convolution of beam and 
target parton distributions

 u-quark dominance
(2/3)2 vs. (1/3)2

Drell-Yan Cross Section

q+

q- l+

γ* l-

Acceptance limited 
(Fixed Target, Hadron Beam)

xtarget xbeam
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Light Antiquark Flavor Asymmetry:  Brief History
 Naïve Assumption:

 NA51 (Drell-Yan)

 E866/NuSea (Drell-Yan)

 NMC (Gottfried Sum Rule)

 Knowledge of sea dist. are data driven
– Sea quark distributions are difficult for Lattice QCD

 Non perturbative QCD models can explain 
excess d-bar quarks, but not return to 
symmetry or deficit of d-bar quarks



Proton Structure:  By What Process Is the Sea Created?
 There is a gluon splitting component 

which is symmetric  



– Symmetric sea via pair production from 
gluons subtracts away

– No Gluon contribution at 1st order in αs

– Nonperturbative models are motivated 
by the observed difference
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 Meson Cloud in the nucleon Sullivan process in DIS

 In its simplest form, Clebsch-Gordon Coefficients and πN, πΛ
couplings

Non-perturbative Models:  Pion Cloud

 Predicts

 Cannot have

July 2017



Models Relate Antiquark Flavor Asymmetry and Spin

Paul E Reimer Partonic Hadron Structure I

 Chiral Quark models—effective Lagrangians

 Meson Cloud in the nucleon—Sullivan process in DIS

 Instantons

 Statistical Parton Distributions

Antiquarks in spin 0 object → No net spin

July 2017



Proton Structure:  By What Process Is the Sea Created?

Paul E Reimer Partonic Hadron Structure I

Perturbative sea 
apparently 

dilutes meson 
cloud effects at 

large-x
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Proton Structure:  By What Process Is the Sea Created?
 Lattice weighs in!!

 Only non perturbative parts
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Conclusions

1. Physicists seek organization and order
2. The quark model can explain many of the properties of the 

observed hadronic spectra.
3. Elastic scattering shows that the proton is not a point particle
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4. Richard Feynman was a genius.
– Hadron-hadron scattering is a collision of many point-like particles 

(partons)
– Each parton carries a fraction of the hadron’s momentum
– Parton distributions can be described in terms of a probability 

distribution of a parton existing with momentum fraction in [x, x+dx]
5. Deep Inelastic Scattering cam be described in terms of a 

summation over point-like scattering from partons.
6. Parton distributions may be extracted from hard 

scattering data.
– Generally requires data from multiple measurements
– Care must be taken to avoid false assumptions



Becky is now Happy!
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