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aims of the course and additional resources

This course aims to cover the basics of QCD, from the development of the Quark Parton
Model, though to the establishment of QCD as a gauge theory of the strong
interaction. It will provide a survey of experimental measurements of QCD from low to
high energies that have served to establish today’s understanding. Methods used to
extract the parton distribution functions (PDFs) of the proton will be covered, and the
implications for the LHC will be discussed. The course is NOT designed to go through
in-depth QCD calculations in detail, but will provide steps needed to derive some relevant
results.

Many good reference works available, the following in particular may be useful:
Deep Inelastic Scattering – Devenish & Cooper-Sarkar

QCD and Collider Physics – Ellis, Stirling & Weber

Quarks and Leptons – Halzen & Martin

Gauge Theories in Particle Physics – Aitchison & Hey

Handbook of Perturbative QCD – Sterman et al. (CTEQ Coll.), https://www.physics.smu.edu/scalise/cteq/

Lecture Notes and Problem Sheet: http://www-pnp.physics.ox.ac.uk/~gwenlan/teaching/qcd.html

https://www.physics.smu.edu/scalise/cteq/
http://www-pnp.physics.ox.ac.uk/~gwenlan/teaching/qcd.html
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QCD: a quick refresher

SLAC circa 1970

• 4 interactions: weak, EM, strong, gravity
• 1964: Gell-Mann and Zweig suggested that 

hadrons were composite, built from 3 basic 
blocks we now call up, down, strange quarks 

• properties: spin–1/2; baryon number–1/3, non-integral charge: 
Qu=+2/3 and Qd,s = –1/3; u and d form isospin doublet with 0 
strangeness; s an isospin singlet with unit strangeness

• Quarks carry colour, motivated by existence of 
EG.

• Must be new quantum number so Ψ antisymmetric (PAULI)

• QCD: gluons are the force carriers; 
• massless, spin-1 bosons; also carry colour; 

SU(3) symmetry gives eight gluons

QED: QCD:

like QED NEW

colour charge screening colour charge anti-screening

Running coupling (cont.)
[What is QCD]

[Running coupling]
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⇤ ' 0.2 GeV (aka ⇤QCD) is

the fundamental scale of QCD,

at which coupling blows up.

I ⇤ sets the scale for hadron

masses

(NB: ⇤ not unambiguously

defined wrt higher orders)

I Perturbative calculations valid

for scales Q � ⇤.
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Form Factors

Deviations from the Mott scattering formula describe the charge

distribution inside the proton in terms of a form factor F (q2)

dσ

dΩ
=

dσ

dΩ

∣

∣

∣

∣

point

|F (q2)|2

Low q2 probes distances larger than size of proton (r ≈ 1fm)

There is no sensitivity to charge distribution F (0) = 1

Large q2 probes inside the proton and the form factor F (q2) < 1

Form factor is Fourier transform of charge distribution:

F (q2) =

∫

ρ(x⃗)eiq⃗·x⃗d3x
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elastic ep scattering

R E. Taylor 637

scattering formula (electrons scattered from a particle with unit charge and no magnetic
moment) and with the Rosenbluth cross section for a point proton with an anomalous magnetic
moment. The data falls between the curves, showing that magnetic scattering is occurring but
also indicating that the scattering is less than would be expected from a point proton.

unity (Fig. 5) - and were decreasing with increasing momentum transfer.
They gave an estimate of (0.7  0.2) X 10 -13 cm for the size of the proton.

In 1955, new end station facilities at HEPL were commissioned, doubling
the energy available for scattering experiments. Beams from the full length
of the linac were available in the new area, reaching energies of 550 MeV
(Fig. 6). A new spectrometer facility was installed by Hofstadter’s group
with a magnet of twice the bending radius (36 inches) of the spectrometer in
use at the halfway station. A liquid hydrogen target was constructed and
installed. This equipment was a considerable improvement (Fig. 7) and a
large effort was focused on scattering from hydrogen.( 14) A graph of the
measured form factors is shown in Fig. 8, which shows data for various
values of  compared with a model proton with a “size” of 0.8 x 10 -13

cm.

R E. Taylor 657

Fig. 26. Layout of the spectrometer setup for internal target electron scattering experiments at
DESY. Later on, the same set-up was used to detect electron-proton coincidences in elastic
scattering (in order to reduce backgrounds).

A slightly larger synchrotron was built in Hamburg, Germany at about the
same time. DESY came into operation in 1964 with a peak energy of 6 GeV.
An extensive series of nucleon scattering measurements, using both internal
targets (22) (Fig. 26) and external beams (23) (Fig. 27), was undertaken.

With both CEA and DESY operating, the amount of elastic scattering
data at high Q2 (which essentially measures G M) increased rapidly in both
quantity and accuracy. The data continued to follow the so-called dipole
model to a good approximation. By the Hamburg conference in 1965 there
were no dissenters from the view that

and

SLAC circa 1970

Fig. 23. Summary of results on nuclear form factors presented by the Stanford group at the
1965 “International Symposium on Electron and Photon Interactions at High Energies”. (A
momentum transfer of 1 GeV2 is equivalent to 26 Fermis-2.)

increasing data was a powerful way to check on the progress of the experi-
ments (Fig. 22).

In the summer of 1966 there was a call for proposals to use the beam at
SLAC. The accelerator was nearing completion, and some early tests of the
accelerator with beam were being done with considerable success. Although
the initial programs in End Station A were built into the design of the
facility, it was now necessary to parcel out beam time and arrange the
sequence of experiments for the first year of operation. The Cal Tech-MIT-
SLAC collaboration prepared a proposal that consisted of three parts:

a. Elastic electron-proton scattering measurements (8 GeV spectrometer)
b. Inelastic electron-protron scattering measurements (20 GeV spectrom-

eter)
c. Comparison of positron and electron scattering cross sections (8 GeV

spectrometer)
It is clear from the proposal that the elastic experiment was the focus of

interest at this juncture. “We expect that most members of the groups in
the collaboration will be involved in the e-p elastic scattering experiment,
and that the other experiments will be done by subgroups.”

During the construction of SLAC and the experimental facilities a lot of
progress had been made on the measurements of nucleon form factors at
other laboratories. The program at HEPL had continued to produce a great

SLAC, 1965

Nikolay Kivel

polarized recoiled proton). This technique allows to measure the ratio of e.m. FFs to
a very high precision and provides important additional information to the classical
unpolarized results. Such approach was used in the series experiments carried out at
the Continuous Electron Beam Accelerator Facility of Jefferson Laboratory (JLab) in
US in the last ten years. It was fond that measured ratio of electric to magnetic FFs
behaves very differently, especially at large momentum transfer, compared to the sim-
ilar results from unpolarized experiments. This discrepancy was clearly established
and became the subject for many theoretical speculations about origin of the effect
during last years. At present time, probably, the most realistic explanation is based
on the computation of the so-called two photon exchange (TPE) diagrams which
present the part of the e.m. radiative corrections. Unfortunately, this computation
can not be done without any assumptions and therefore it involves certain theoretical
models and ambiguities. On the other hand, there is a rich experimental program
dedicated to the further investigations of nucleon FFs and also possible effects from
the TPE at high momentum transfer. What is especially important, that expected
data will have quite small experimental uncertainties.

In present lecture we provide short introduction to some aspects elastic electron-
proton scattering at large momentum transfer and discuss certain theoretical de-
velopments related to the proton FFs. The main emphasis is made on the QCD
factorization approach.

Extraction of the proton FFs from unpolarized and
polarized experiments: current results
In present lecture we restrict our consideration by proton FFs. The amplitude of
elastic scattering in the one photon approximation, see Fig.1 is given by

iMγ = (−ie)ue(k
′)γµue(k)

(−i)

q2
ieJµ, (1)

where Jµ denotes the proton transition current

Jµ = N(p′)

[
γµF1(Q

2) +
iσµν∆ν

2M
F2(Q

2)

]
N(p). (2)

k k’

p p’
*

Figure 1: Elastic ep
scattering

We shall use M to denote the proton mass and Q2 = −q2 =
−(p′ − p)2 is momentum transfer. Two independent FFs, F1

and F2 are real functions of Q2 and in the static limit Q2 = 0,
F1(0) = 1, F2(0) = µp, where µp = 2.79 is the proton magnetic
moment. In order to make physical interpretation for the FFs
F1,2 it is convenient to pass to Breit frame, defined by p′ = −p.
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Fig. 4. Elastic scattering cross sections for electrons from a “point” proton and for the actual
proton. The differences are attributable to the finite sire of the proton.

Fig. 5. Feynman diagram for inelastic electron scattering.

This expression is the analog of the Rosenbluth cross section given above.
The structure functions W1 and W2 are similarly defined by Equation (3) for
the proton, deuteron, or neutron; they summarize all the information
about the structure of the target particles obtainable by scattering unpolar-
ized electrons from an unpolarized target.

Within the single-photon-exchange approximation, one may view inelas-

Form Factor:

• falling distribution seen in first proton 
form factor data (McAllister and Hofstader, 

1955), and for the next ten years …

quote from R.E. Taylor:

R E. Taylor 657
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DESY. Later on, the same set-up was used to detect electron-proton coincidences in elastic
scattering (in order to reduce backgrounds).

A slightly larger synchrotron was built in Hamburg, Germany at about the
same time. DESY came into operation in 1964 with a peak energy of 6 GeV.
An extensive series of nucleon scattering measurements, using both internal
targets (22) (Fig. 26) and external beams (23) (Fig. 27), was undertaken.

With both CEA and DESY operating, the amount of elastic scattering
data at high Q2 (which essentially measures G M) increased rapidly in both
quantity and accuracy. The data continued to follow the so-called dipole
model to a good approximation. By the Hamburg conference in 1965 there
were no dissenters from the view that
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Summary of Results on Elastic Electron-Proton Scattering
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From basic principles of relativistic quantum mechanics, the differential
cross section of electron-proton scattering, assuming the proton to be
an extended object, is given by the Rosenbluth formula:

The form factors

are empirical functions of the 4-momentum transfer. From experiment
one finds

22
2 2
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(dipole formula)

. |F(q)|2
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Proton is squishy!

= –q2

point-like

Friedman, Kendall and Taylor, Nobel Lectures, 8 December, 1990

…
F(q) = ∫ d3r eiq.r 𝛒(r )

Form Factor
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inelastic ep scattering

Nikolay Kivel

polarized recoiled proton). This technique allows to measure the ratio of e.m. FFs to
a very high precision and provides important additional information to the classical
unpolarized results. Such approach was used in the series experiments carried out at
the Continuous Electron Beam Accelerator Facility of Jefferson Laboratory (JLab) in
US in the last ten years. It was fond that measured ratio of electric to magnetic FFs
behaves very differently, especially at large momentum transfer, compared to the sim-
ilar results from unpolarized experiments. This discrepancy was clearly established
and became the subject for many theoretical speculations about origin of the effect
during last years. At present time, probably, the most realistic explanation is based
on the computation of the so-called two photon exchange (TPE) diagrams which
present the part of the e.m. radiative corrections. Unfortunately, this computation
can not be done without any assumptions and therefore it involves certain theoretical
models and ambiguities. On the other hand, there is a rich experimental program
dedicated to the further investigations of nucleon FFs and also possible effects from
the TPE at high momentum transfer. What is especially important, that expected
data will have quite small experimental uncertainties.

In present lecture we provide short introduction to some aspects elastic electron-
proton scattering at large momentum transfer and discuss certain theoretical de-
velopments related to the proton FFs. The main emphasis is made on the QCD
factorization approach.

Extraction of the proton FFs from unpolarized and
polarized experiments: current results
In present lecture we restrict our consideration by proton FFs. The amplitude of
elastic scattering in the one photon approximation, see Fig.1 is given by

iMγ = (−ie)ue(k
′)γµue(k)

(−i)
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ieJµ, (1)

where Jµ denotes the proton transition current

Jµ = N(p′)

[
γµF1(Q
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]
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Figure 1: Elastic ep
scattering

We shall use M to denote the proton mass and Q2 = −q2 =
−(p′ − p)2 is momentum transfer. Two independent FFs, F1

and F2 are real functions of Q2 and in the static limit Q2 = 0,
F1(0) = 1, F2(0) = µp, where µp = 2.79 is the proton magnetic
moment. In order to make physical interpretation for the FFs
F1,2 it is convenient to pass to Breit frame, defined by p′ = −p.
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Xepe +→+ −−

The same phenomena, but at higher q2  
values, can be observed in ep→eX: 
• elastic peak at x=1 (Q2=2Mν) 
• Peaks corresponding to resonances 
 (Δ,N ..) at higher q2 values. 
 
If the pointlike constituents are quarks 
we can expect m∼ M/3, hence:  

x = Q2

2Mν
=
Q2

2mν
m
M

=
1
3

The broadening of the elastic peak in this case is: 

1≈≈
mc
p

x
x FΔ

therefore we observe no sharp peak. 

HEP Lecture 8 31

up to about  W = 1.8 GeV there is structure corresponding to
the production of resonances (excited nucleon states);
there is no structure above 1.8 GeV: this is the region of DIS.

elastic peak
nucleon resonances

W (GeV/c2) ≡ invariant mass of final state hadronic system

Friedman, Kendall and Taylor, Nobel Lectures, 8 December, 1990

(q)

W=MX
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STRUCTURE FUNCTIONS 

F. Eisele 

Institut fta> Physik der Universitat Dortmund, Dortmund, F.R.G. 

Résumé.- Cet exposé est consacré à la diffusion profondément inélastique du muon et 
du neutrino, à la fonction de structure du photon, à la production hadronique des 
paires de muons et à l'analyse des réactions hadron-hadron à grand p^. Pour la diffu-
sion inélastique des leptons, on met l'accent sur une comparaison critique des diffé-
rentes expériences, sur la décomposition des fonctions de structure du nucléon dans 
les diverses saveurs et sur la confrontation des mesures avec QCD. On consacre un 
chapitre spécial à la détermination de la distribution des gluons. 

Abstract.- The talk covers the topics of deep inelastic muon and neutrino scattering, 
the photon structure function, hadronic muon pair production, and aspects of hight 
p^ hadron-hadron reactions. For deep inelastic lepton scattering, the emphasis is 
put on a critical comparison of different experiments, the flavour decomposition of 
the nucleon structure functions and the confrontation of the measurements with QCD. 
A special chapter is devoted to the determination of the gluon distribution. 

I. Introduction 
In 1969, at the electron-photon symposium,R.E.Taylor presented the result which 

is shown in fig.l: It shows the ratio of the measured differential cross-section 
da/dQ2 to the Mott cross-section for point like scattering for the inelastic scatte-
ring of electrons from nucleons. This ratio was found to be approximately constant 
in striking contrast to the same quantity for elastic scattering which shows a strong 
decrease with Q2 as described by the "dipole" formfactor. This result is the basis 
of the parton picture which turned out to be so successful and is the beginning of 
structure function measurements in the sense we use it today: structure functions 
are the momentum distributions of the partons. I have shown this result also because 

Fig.1: 
The differential cross-section 
da/dQ2 for the inclusive inelastic 
scattering of electrons from 
nucleons divided by the Mott cross-
section as measured at SLAC in 
1968/69. Also shown is the 
corresponding distribution for 
elastic scattering.1' 

Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1982368

• peaks are from proton (elastic) and baryonic resonances
• no structure above about W = 1.8 GeV, but there remains a large 

measured cross section – this is the region of DIS

• early example of approximate scaling in inelastic ep scattering

• inelastic ep scattering cross section was behaving as though 
proton contained hard, point-like scattering centres

SLAC, 1969

–q2 =
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DIS

• proton structure first investigated in 
Deep Inelastic Scattering (DIS)

l(k)
l(k’)

V*(q)

SSI 2006 10

deep inelastic scattering and the 
parton model

qμ

pμ
X

electron

proton

• variables
Q2 = –q2 (resolution)

x = Q2 /2p·q (inelasticity)

• structure functions
dσ/dxdQ2 ∝ α2 Q-4  F2(x,Q2)
• (Bjorken) scaling
F2(x,Q2) → F2(x)   (SLAC, ~1970)
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0.0

0.2

0.4

0.6

0.8

1.0

1.2
 

Q2  (GeV2)
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 80
 800
 8000

F 2
(x
,Q

2 )

Bjorken 1968

SLAC circa 1970

X

Gluon from the scaling violations: DGLAP 
equations tell us how the partons evolve

LO expressions

The HERAPDF2.0 is the PDF which comes from QCD fits of the combined HERA
e±p scattering data Phys Rev D93(2016)092002

• DEEP ≡ high resolving power (high Q2)
• INELASTIC ≡ proton breaks up (high W ≡ Mx)

X

• these are all 4-vector invariants AND are 
experimentally measurable

Neutral Current (NC): exchange of γ, Z
Charged Current (CC): exchange of W±



NC DIS event at HERA

8
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Recoil Hadrons 
(Mass W)



Lorentz Invariant form of the cross section
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L

L

(NB, cross sections sometimes written instead 
in terms of F1, F2, xF3 where:                           )
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Quark Parton Model (QPM)

11

At large Q2 ignore terms of order M2 and put 
quarks on mass shell

FRACTIONAL momentum of the incoming 
nucleon taken by the struck quark is the 
MEASUREABLE quantity x

Quark Parton Model (QPM) 
proposed to explain scaling (Feynman, 1969)

interprets the structure functions as related 
to the momentum distributions of point-like 
quarks, or partons, within the nucleon

the measurable kinematic variable x = 
Q2/(2p.q) is interpreted as the 
FRACTIONAL momentum of the incoming 
nucleon taken by struck quark

we can extract all 3 structure functions 
experimentally by looking at the x, y, Q2

dependence of the double differential cross 
section – thus, we can check out the parton
model predictions

F2, FL and xF3 are structure functions, which express the 

dependence of the cross section on the structure of the nucleon (hadron)

in proton infinite momentum frame:



outline of cross section calculation

12

Devenish & Cooper-Sarkar, p17

(θ = angle in electron – muon ZMF)
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why antiquarks? 
see later!

σDIS and Parton Distribution Functions (PDFs)

of the



Bjorken scaling and the Callan-Gross relation

14

Rewrite the double differential cross section for the QPM using Q2=s.x.y

the QPM predicts both 
BJORKEN SCALING and the 

CALLAN-GROSS relation
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Scaling of νW2	at	ω	=	4	
Using inelastic e	–	p scattering cross sections at  

6°,	10°,	18°,	26°	
W2 again extracted from d2σ/dΩdν  assuming R = 0.18	

1/x =
= F2

ep

≡ 0 for spin ½ 

Callan-Gross relation:

… early DIS measurements supported the QPM

SLAC
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neutrino-quark scattering

FIRST evidence came from neutrino-induced DIS

 Prof. M.A. Thomson Michaelmas 2011 330 

and 

becomes 

from 

and hence 

!!For comparison, the electro-magnetic                          cross section is:  

DIFFERENCES: Helicity  
Structure 

Interaction  
+propagator 

QED 

WEAK 

 Prof. M.A. Thomson Michaelmas 2011 331 

Parton Model For Neutrino Deep Inelastic Scattering 

Scattering from a proton 
with structure functions  

Scattering from a point-like 
quark within the proton 

p X 

!!""

q!
p 

X 

!!""

q!

!!Neutrino-proton scattering can occur via scattering from a down-quark or 
    from an anti-up quark 

•!In the parton model, number of down quarks within the proton in the  
    momentum fraction range                        is                . Their contribution to 
    the neutrino scattering cross-section is obtained by multiplying by the 
                              cross-section derived previously 

where       is the centre-of-mass energy of the  

, and
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Neutrino-induced DIS 25 

(2.24) 

The simple forms of these cross-sections can be readily understood by 
returning to the heuristic arguments based on handedness. Because of the 
V - A form of the weak charged current, there are not many possibilities in 
spin averaging. The neutrino and electron are necessarily both left-handed 
and thus for ve scattering the isotropic distribution appropriate for LL -> 

LL is obtained. The antineutrino is right-handed and thus for De scattering 
the (1 - y)2 distribution appropriate for RL -> RL is obtained. 

2.3.2 Elastic neutrino-quark scattering 
These results may now be applied to neutrino- quark scattering by defining 
quark and antiquark charged weak currents of the same V - A form as 
the leptonic charged weak current, with exactly the same weak charge gw. 
Hence, since this current projects out left-handed quarks and right-handed 
antiquarks, the scattering cross-sections at a specific value of x are given 
by 

da(vq) G} --- = -xs 
dy 7r' 

da(Dij) G} 
---= - xs . 

dy 7r 

Thus, the parton model predictions for neutrino and anti neutrino hadron 
scattering are, 

d2 a(vh) G}s 2 
d d = [Xqi(X) + (1 - y) xiji(X)] x y 7r 

(2.25 ) 

and 

d2 a(Dh) G}s [2 ] d d = (1 - y) xqi(X) + Xiji(X) 
x Y 7r 

(2.26) 

respectively, where the same parton distribution functions, introduced in 
Eqs (2 .10) and (2.11) , have been used. These cross-sections for neutrino 
and antineutrino DIS include antiquarks as well as quarks in the target 
nucleon as this is required to explain the experimental data. The reconcil-
iation of the parton model for inelastic lepton- hadron scattering with the 
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neutrino DIS structure functions

20

neutrino DIS structure functions

20

neutrino DIS structure functions

26 The quark-parton model 

sta tic quark model, which pictures nucleons as made of three constituent 
quarks which give them their flavour properties, is made by identifying 
the constituent quarks as 'valence' quarks , and considering the nucleon to 
be made of three such quarks and a 'sea' of quark- anti quark pairs which 
have no overall flavour. Both the valence quarks and the sea quarks and 
antiquarks are identified as partons. 

2.3.3 Inelastic neutrino- hadron scattering 
To fully interpret the parton model predictions of Eqs (2.25) and (2.26) 
for neutrino and ant ineutrino hadron scattering they should be compared 
with the general formulae which may be derived from the hadronic tensor 
already given in Eq. (2 .13). In t he present case W6 contributes in principle, 
and current conserva tion is not exact for the axial vector current such that 
there are residual terms from W4 and W5 . However these contributions 
are all small t erms of the order of the lepton mass. The only significant 
difference is that the parity violating contribution of W3 cannot be omitted . 
The differential cross-sections which result are 

d2a(lIh ) G2 s [ y] dx dy = 2: xy2 Ffh(x, Y)+(1 - y)F{h (x, Y) + Y(1-2) x F3h(X, y) , 
(2.27) 

and 

d2a (Dh) G2
F S [ 2 -h -h Y -h ] dx dy = xy Ff (x , y) + (1 - y)F{ (x, y) - y(l - 2)x F3 (x, y) , 

(2.28) 
where lIWJ/m2 = F3 . In terms of the longitudinal structure function FL 
these become 

d
2
a(1I, D) G}s [ VV( ) 2 VV() VV() ] ( ) - .,.-'--,--- = - - Y+F2' X, Y - Y FL ' X, Y ± Y_xF3 ' X, Y , 2.29 
dx dy 471" 

where the plus sign applies for neut rino and t he minus sign for antineut rino 
scattering, and Y_ = 1 - (1 - y )2 . Comparing these with the quark- parton 
model formulae Eqs (2.25) , (2.26) gives 

Fr'V(x , y) = 0 

appropriate for scattering from only spin- partons, and 

so that Bjorken scaling is obtained . The parity violating structure function 
XF3 is non-zero because t he couplings of q and if are different due to their 
different handedness. The neutrino and antineutrino structure functions 
are distinguished from each other by the flavour of quarks and antiquarks 
which may enter the sums, as detailed in Section 2.4. 

L

L

There is clearly a need for the qbar 
term

This leads to the idea of 3-valence 
quarks PLUS a q-qbar Sea

Where does the Sea come from?

q→q g           g→q-qbar

There is clearly a need for the qbar 
term

This leads to the idea of 3-valence 
quarks PLUS a q-qbar Sea

Where does the Sea come from?

q→q g           g→q-qbar

(using also  Q2=s.x.y) 
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NB, FLAVOUR separation can also come from charged-lepton CC DIS (HERA; see later)

neutrino DIS and flavour
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←  since neutrino cross 
sections are so small, 

need massive detectors, 
usually made of IRON; 

so experimentally, 
measure combination 

of proton/neutron 
scattering cross 

sections

21

neutrino DIS structure functions
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QPM tests

There is clearly a need for the qbar 
term

This leads to the idea of 3-valence 
quarks PLUS a q-qbar Sea

Where does the Sea come from?

q→q g           g→q-qbar

There is clearly a need for the qbar 
term

This leads to the idea of 3-valence 
quarks PLUS a q-qbar Sea

Where does the Sea come from?

q→q g           g→q-qbar
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F2(x) and xF3(x) measurements
F .  Eisele  C3-341 

Measurements of  t h e  t h r e e  s t r u c t u r e  funct ions f o r  f ixed  Q2 a r e  shown i n  f i g u r e  2. The 
muon and neutr ino s t r u c t u r e  funct ions F2 a r e  reasonably well r e l a t e d  by t h e  QPM 
f a c t o r  18/5. 

Fig.2: - 
F2, xF3 and qv f o r  f ixed value 

of Q2. The measurements of ~ 2 ' ~  

and ~2~~ a r e  mul t ip l ied  by t h e  

QPM fac tors .  

X 
11.1 Comparison of  s t r u c t u r e  funct ion measurements . . . . . . . . . . . . . . . . . . . . . . . . .  

Let me s t a r t  with t h e  good news. Figure 3 shows a comparison of t h e  measurements 
on i s o s c a l a r  t a r g e t s  a t  l a r g e  x f o r  t h e  t h r e e  high s t a t i s t i c s  experiments with f i n a l  
r e s u l t s .  The measurements of EMC and CDHS agree well  with t h e  QPM f a c t o r  
5/18. The measurements of t h e  BCDMS muon experiment show some dev ia t ions  a t  l a r g e  x 
a t  t h e  5 - 10 % l e v e l  which however a r e  p a r t l y  explained by t h e  d i f fe rence  of  Fermi 
motion e f f e c t s  i n  i r o n  (EMC, CDHS) compared t o  carbon (BCDMS). 

t CDHS * 5/18 s t a t i s t i c s  experiments. 

I F ' l l - ' l  I " 
0 EMC 
o BCDMS (prelim.) 

Fig.3: 

F2 ( x , ~ ~ )  f o r  t h e  t h r e e  high 

sea dominates so expect xF3 to 
go to zero as q(x) =qbar(x)

sea contribution goes to zero

νN
charged 

lepton DIS

×18/5

 Prof. M.A. Thomson Michaelmas 2011 346 

!!Neutrino experiments require large detectors (often iron) i.e. isoscalar target 

!!For electron – nucleon scattering: 

•!For an isoscalar target 

•!Note that the factor                                   and by comparing neutrino to  

   electron scattering structure functions measure the sum of quark charges   

Experiment:    0.29 ±± 0.02 

 Prof. M.A. Thomson Michaelmas 2011 347 

Measurements of F2(x) and F3(x) 

H
. A

b
ra

m
o

w
ic

z
 e

t a
l., Z

.P
h

y
s
. C

1
7
 (1

9
8
3
) 2

8
3 

!!N 

•!CDHS Experiment  

!! Difference in neutrino structure  

     functions measures anti-quark 

     (sea) parton distribution functions 

Sea contribution goes to zero 
Sea dominates so expect xF3  

to go to zero as q(x) = q(x) 

QED DIS 
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QPM tests

There is clearly a need for the qbar 
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This leads to the idea of 3-valence 
quarks PLUS a q-qbar Sea
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There is clearly a need for the qbar 
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QPM tests: valence contribution
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Valence Contribution 

!!Separate parton density functions into sea and valence components  

!! Area under measured function                   gives a measurement of the total 

     number of valence quarks in a nucleon ! 

expect “Gross – Llewellyn-Smith sum rule” 

Experiment: 3.0±0.2 

•!Note:                                                                                          and anti-neutrino  

  structure functions contain same pdf information 

C3-352 JOURNAL DE PHYSIQUE 

The evolut ion of t h i s  i n t e g r a l  f o r  f ixed Q2 is  very problematic however, s ince a l a r g e  
f r a c t i o n  of t h e  i n t e g r a l  comes from the  low x region. We expect about 18 % of t h e  in-  
t e g r a l  from t h e  range 0 < x < .O1 and addi t iona l  29 % from t h e  range .O1 < x < .06. 
To measure i n  t h i s  small x-range f o r  f ixed Q2 we need high energy s ince  t h e  minimal 
access ib le  value of x is  %in = ~ ~ / 2 r n ~ , .  We need a l s o  very good muon angular resolu-  
t i o n  t o  measure x p rec i se ly .  The b e s t  experiment t o  do such a job is  t h e  CCFRR counter 
experiment s ince  it combines high statistics, high energy and exce l len t  muon angular 
resolut ion.  Preliminary evaluat ions of I F3dx from t h i s  experiment a r e  shown i n  
f igure  18 together  with r e s u l t s  from thg A B ~ ~ ~ ~ ~ - c o l l a b o r a t i o n ~ ~ )  versus Q2. 

order QCD ( A = .32 GeV ) 

.o 1 0 .I 1 .o 10 100 
Fig.18: Evaluations of t h e  Gross-Llewellyn-Smith sum r u l e  versus Q~ f o r  t h e  CCFRR 

and t h e  ABCDLOS experiments. Also indicated a r e  t h e  2.order Q€D expectation 
f o r  AK=.32  GeV and t h e  contr ibut ion of e l a s t i c  sca t te r ing .  

For t h e  CCFRR points ,  t h e  i n t e g r a l  is  mostly measured. They suf fe r  however from un- 
c e r t a i n t i e s  i n  t h e  energy dependence of (av - oV)/E a t  present .  The ABCDLOS p o i n t s  
a t  l a r g e  Q2 include s u b s t a n t i a l  model dependent cor rec t ions  a t  small x .  An in te re -  
s t i n g  f e a t u r e  of t h i s  d a t a  is, t h a t  t h e  sum r u l e  seems t o  be v a l i d  down t o  
very low values of Q2. This i s  an important experimental f a c t  which is  not  e a s i l y  
explained i n  per tu rba t ive  QCD unless  A is very small. 

The rat io  of dom and up quark distributions d V f x ) / u y ( x )  

The separa te  measurement of up and down quark d i s t r i b u t i o n s  requ i res  add i t iona l  d a t a  
on hydrogen. It is  known s ince  a long time from t h e  SLAC experiments on H2 and D2, 
t h a t  t h e  x-dependence of t h e  cross-section on neutrons d i f f e r s  from t h a t  on protons. 
The SLAC r e s u l t s  a r e  shown i n  f i g u r e  19. In  t h e  framework of t h e  quark parton model 
on/op = [1+4d/ulsea(n) ]/[4+d/u+sea(p) 1 and t h e  SLAC r e s u l t  has  t o  be i n t e r p r e t e d , t h a t  
the  down quark d i s t r i b u t i o n  i n  t h e  roton is  s o f t e r  than t h e  up quark d ~ s t r i b u t i o n .  
Al te rna t ive ly  it has been proposed3q) t h a t  the  naive QPM expectat ion d /u -0.5 is va l id  
and t h a t  t h e  observed cross-sect ion d i f fe rence  is  due t o  s u b s t a n t i a l  dyquxrk contribu- 
t ions .  I n  t h i s  case t h e  dv/uv = 0.5 would be res to red  a t  l a r g e  Q2. The EMC collabo- 
r a t i o n  has presented preliminary r e s u l t s  from t h e i r  H2 and D2 experiments a t  much 
higher values of e2 than SLAC. They a r e  a l s o  given i n  f i g u r e  19 and a r e  i n  f a i r  
agreement with t h e  low energy da ta .  This observation does no t  favour diquark models. 

Charged lepton s c a t t e r i n g  experiments cannot separate  t h e  e f f e c t  of t h e  sea 
quarks. I n  add i t ion  they suf fe r  from s u b s t a h t i a l  F e m i m o t i o n  cor rec t ions  a t  l a r g e  x 
s ince  they have t o  separate  neutron and proton cont r ibu t ions  i n  deuterium. Neutrino 
experiments can y e t  r i d  of  these  problems i f  both neutr ino and an t ineu t r ino  cross-  
sec t ions  on hydrogen a r e  measured. 

Figure 20 shows t h e  preliminary r e s u l t s  f o r  t h e  CDHS H2 counter experiment 
which f o r  t h e  f i r s t  time measures %/uV i n  t h e  whole x-range, compared t o  new r e s u l t s  
of t h e  ABCMO col labora t ion  i n  t h e  valence region. These d a t a  a r e  i n  good agreement 

Gross-Llewellyn-Smith Sum Rule

So, hopefully you are now 
convinced that the 

Quark Parton Model 
has some basis in fact!
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elastic scattering
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F2(x) measurements

So hopefully you now believe that 
the Quark Parton Model has some 
basis in fact

End lecture-1
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early evidence for FL=0
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!! For an isoscalar target (i.e. equal numbers of protons and neutrons), the mean 
    cross section per nucleon: 

•!Integrate over momentum fraction x!

where       and       are the total momentum fractions carried by the quarks and 
by the anti-quarks within a nucleon 

•!Similarly!

(6) 

(7) 
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e.g. CDHS Experiment (CERN 1976-1984) 

•!1250 tons  
•!Magnetized iron modules 
•!Separated by drift chambers  

N X 

Experimental Signature: 

Study Neutrino Deep  
Inelastic Scattering 

• 1250 tonnes
• Magnetised iron modules
• Separated by drift chambers

study Neutrino DIS

• 1250 tonnes
• magnetised iron modules
• separated by drift chambers
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Calculating σDIS I – Further Details

32

taken from
J Ferrando, SUPA lectures


