
Particle Physics
Dr Victoria Martin, Spring Semester 2013

Lecture 11: Probing the proton, or
Deep Inelastic scattering

★Hadron Colliders
★Electron-proton scattering
★Deep Inelastic scattering
★(Dolly) Partons in the proton

R =
σ(e+e− → hadrons)
σ(e+e− → µ+µ−)

= Nc
e2
q

e2
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Announcements

•I’m going to a conference next 
week.

•Steve Playfer will give lectures in 
my place.

•Topics are hadrons, hadron 
decays and the CKM matrix.

•Tutors will be at the tutorial 3-5pm 
on Monday, but no new tutorial 
sheet.
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Review from Tuesday: Rate for e+e−→hadrons

• Ignoring differences in the phase space, ratio, 
R between hadron production and muon 
production:

• Nc=3 is the number of quark colours

• eq= +⅔, −⅓ is the charge of the quark

• The number of available quark flavours 
depends on the available s=q2

• √s > 2 mq for a quark flavour q to be produced.

Gluon self-Interactions and Confinement
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! Gluon self-interactions are believed to give 
rise to colour confinement

! Qualitative picture:
•Compare QED with QCD

e+

e-

q

q
•In QCD “gluon self-interactions squeeze 

lines of force into a flux tube”

q q
! What happens when try to separate two coloured objects  e.g. qq

•Form a flux tube of interacting gluons of approximately constant
energy density 

•Require infinite energy to separate coloured objects to infinity
•Coloured quarks and gluons are always confined within colourless states
•In this way QCD provides a plausible explanation of confinement – but

not yet proven (although there has been recent progress with Lattice QCD)
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Hadronisation and Jets
!Consider a quark and anti-quark produced in electron positron annihilation

i) Initially Quarks separate at
high velocity

ii) Colour flux tube forms
between quarks

iii) Energy stored in the
flux tube sufficient to 
produce qq pairs

q q

q q

q qq q

iv) Process continues
until quarks pair
up into jets of
colourless hadrons

! This process is called hadronisation. It is not (yet) calculable.
! The main consequence is that at collider experiments quarks and gluons

observed as jets of particles

e–

e+
!

q

q
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Handout 3 : Interaction by 
Particle Exchange and QED

Recap
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e– !–

e+ !"#

! Working towards a proper calculation of decay and scattering processes
lnitially concentrate on: e– e–

qq

• e+e– ! !+!–

• e– q ! e– q

" In Handout 1 covered the relativistic calculation of particle decay rates
and cross sections 

$%%&
|M|2

flux
x (phase space)

" In Handout 2 covered relativistic treatment of spin-half particles
Dirac Equation

" This handout concentrate on the Lorentz Invariant Matrix Element
• Interaction by particle exchange
• Introduction to Feynman diagrams
• The Feynman rules for QED

M(e+e− → qq̄) =
e eq

q2
[v̄(e+)γµu(e−)][v(q̄)γµū(q)]

M(e+e− → µ+µ−) =
e2

q2
[v̄(e+)γµu(e−)][v(µ+)γµū(µ−)]

R =
σ(e+e− → hadrons)
σ(e+e− → µ+µ−)

= Nc
e2
q

e2

CM energy 
(GeV)

Available 
quark pairs

R

1 < √s < 3 u, d, s 2

4 < √s < 9 u, d, s, c 10/3

√s > 10 u, d, s, c, b 11/3
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6 41. Plots of cross sections and related quantities

σ and R in e+e− Collisions
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Figure 41.6: World data on the total cross section of e+e− → hadrons and the ratio R(s) = σ(e+e− → hadrons, s)/σ(e+e− → µ+µ−, s).
σ(e+e− → hadrons, s) is the experimental cross section corrected for initial state radiation and electron-positron vertex loops, σ(e+e− →
µ+µ−, s) = 4πα2(s)/3s. Data errors are total below 2 GeV and statistical above 2 GeV. The curves are an educative guide: the broken one
(green) is a naive quark-parton model prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section of
this Review, Eq. (9.7) or, for more details, K. G. Chetyrkin et al., Nucl. Phys. B586, 56 (2000) (Erratum ibid. B634, 413 (2002)). Breit-Wigner
parameterizations of J/ψ, ψ(2S), and Υ(nS), n = 1, 2, 3, 4 are also shown. The full list of references to the original data and the details of
the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. Corresponding computer-readable data files are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.) See full-color
version on color pages at end of book.

Measurements of R

•Consistent with NC=3, this is one of the key pieces of evidence for three 
quark colours.

•At quark thresholds, √s ~ 2mq “resonances” occur as bound states of qq ̅ 
more easily produced (see next lecture).

• Steps at ~4 and ~10 GeV due to charm and bottom quark threshold

•At √s ~ 100 GeV, Z-boson exchange takes over. 

•Compendium of measurements from many lepton colliders.
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Electron Proton Scattering Experiments

• HERA was the world’s only electron - proton collider, 
ran 1992 - 2007

• E(e−) = 30 GeV, E(p) = 820 GeV
• 6.3 km in circumference
• Three experiments: 
– Two general purpose experiments: ZEUS, H1 

➡Probe proton at very high Q2 and very low x

• DESY (Deutsches Elektronen-Synchroton) Laboratory, Hamburg, Germany

• SLAC-MIT experiment (’67)
• Electron beam on liquid hydrogen target

Won the 1990 Noble prize for: Jerome I. 
Friedman, Henry Kendall, Richard E. Taylor
"for their pioneering investigations concerning 
deep inelastic scattering of electrons on 
protons and bound neutrons, which have been 
of essential importance for the development 
of the quark model in particle physics"

The investigations gave the surprising result that the electrical charge within the 
proton is concentrated to smaller components of negligible size.
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Probing the Structure of the Proton

•At very low electron energies λ>> rp: the 
scattering is equivalent to that from a “point-
like” spin-less object

•At low electron energies λ ~ rp the scattering is 
equivalent to that from a extended charged 
object 

•At high electron energies λ < rp: the wavelength 
is sufficiently short to resolve sub-structure. 
Scattering from constituent quarks 

• At very high electron energies λ << rp: the 
proton appears to be a sea of quarks and 
gluons.

•In e−p → e−p scattering the nature of the interaction of the virtual 
photon with the proton depends strongly on wavelength, λ = ch/E
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•The cross section calculated above is appropriate for the scattering of two
spin half Dirac (i.e. point-like) particles in the ultra-relativistic limit
(where both electron and muon masses can be neglected). In this case 

•We will use this again in the discussion of “Deep Inelastic Scattering” of
electrons from the quarks within a proton (handout 6).

• Before doing so we will consider the scattering of electrons from the composite 
proton  - i.e. how do we know the proton isn’t  fundamental “point-like” particle ?

e–e–

p p

•In this discussion we will not be able to use the
relativistic limit and require the general expression 
for the matrix element (derived in the optional part of 
Q10 in the examples sheet): 

(3)
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Probing the Structure of the Proton
!In e-p ! e-p scattering the nature of the interaction of the virtual 

photon with the proton depends strongly on wavelength
" At very low electron energies                  :

the scattering is equivalent to that from a 
“point-like” spin-less object

e–

e–
" At low electron energies                  :

the scattering is equivalent to that from a 
extended charged object 

e–" At high electron energies                  :
the wavelength is sufficiently short to
resolve sub-structure. Scattering from
constituent quarks 

e–
" At very high electron energies             :

the proton appears to be a sea of
quarks and gluons.
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Form Factors
•Extended object - like the proton - have a matter density ρ(r), 

normalised to unit volume:

•Fourier Transform of ρ(r) is the form factor, F(q):

•Cross section are modified by the form factor:

�
d3�r ρ(�r) = 1

F (�q) =
�

d3�r exp{i�q · �r} ρ(�r)⇒ F (0) = 1

•For ep→ep scattering we need two form factors:

•F1 to describe the distribution of the electric charge

•F2 to describing the recoil of the proton

dσ

dΩ

���
extended

≈ dσ

dΩ

���
point−like

|F (�q)|2
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Elastic Electron Proton Scattering 

M
-

In elastic scattering the proton remains a proton, but the proton
current is modified by Kµ because the proton is not a pointlike particle

Scattering of high energy electrons by electromagnetic interactions 
probes the charge distribution of the proton

M(e−p→ e−p) =
e2

(p1 − p3)2
(ū3γ

µu1) (ū4Kµu2)

Kµ = γµF1(q2) +
iκp

2mp
F2(q2)σµνqν
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Low-Energy Scattering *

• At very low energies we have Rutherford scattering: Coulomb scattering on 
the electric charge of proton (EK=p2/2me)

p1
p3

e−

e−

θ

dσ

dΩ
=

α2

4|�p ∗|2β2 sin4 θ/2
(1− β2 sin2 θ/2)

|�p ∗| = |�p1| = |�p2|

dσ

dΩ
=

α2

16E2
K sin4 θ/2

• Elastic scattering of electron on stationary proton

• Described by Mott Scattering:

• sin4(θ/2) term due to photon propagator, 1/q2

• At relativistic energies, β→1, influence of spin-½ nature of proton, need to also 
account for finite size of proton charge distribution through form factor F(q2): 

dσ

dΩ
=

α2

4E2 sin4 θ/2
cos2

θ

2
|F (�q 2)|2

* for reference only
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Higher Energy Elastic Scattering* 

{

dσ

dΩ
=

α2

4E2
1 sin4 θ/2

E3

E1

�
cos2 θ/2− q2

2M2
sin2 θ/2

�
•At higher energies need to account for the recoil of the proton … 

Magnetic interaction due 
to spin-spin interaction

from 
proton 
recoil

{
•… and finite size effects:

dσ

dΩ
=

α2

4E2
1 sin4 θ

2

E3

E1

��
F 2

1 −
κ2q2

4m2
p

F 2
2

�
cos2

θ

2
− q2

2m2
p

(F1 + κF2)
2 sin2 θ

2

�

•F1(q2) and F2(q2) are the form factors, which need to be measured.

•Measurement of elastic scattering demonstrate the proton is extended 
object with rms radius of ~0.8 fm

* for reference only
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Deep Inelastic Scattering (DIS)
• In deep inelastic scattering the proton disintegrates

• The final state hadronic system contains at least one baryon, implying invariant 
mass of the final state system, MX>Mp 

	
  	
  e−	
  beam,	
  p1

	
  	
  proton	
  target,	
  p2

sca/ered	
  e−, p3

virtual
γ	
  (or	
  W)

	
  	
  	
  parton	
  
	
  	
  sca/ering

	
  	
  hadronic	
  jet,	
  p4

• For deep inelastic scattering introduce new kinematic variables: x, Q2, ν

M2
X = p2

4 = (q + p2)2 = −Q2 + 2p2 · q + M2
p

x ≡ Q2

2p2 · q
Q2 = −q2 = (p1 − p3)2 > 0

⇒ Q2 = 2p2 · q + M2
p −M2

X ⇒ Q2 < 2p2 · q

0 < x < 1• inelastic: • elastic: x = 1

ν ≡ p2 · q

Mp
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DIS: Cross Section
• Assume that the photon is elastically scattering off the individual constituents of 

the proton. 

• Proton constituents are called partons.

• x is the fraction of the proton’s energy carried by the individual partons

• Cross section for DIS is:

• The structure functions are sums over the charged partons in the proton:

d2σ

dE3dΩ
=

α2

4E2
1 sin4 θ

2

�
1
ν

F2(x,Q2) cos2
θ

2
+

2
M

F1(x,Q2) sin2 θ

2

�

{
Magnetic structure 

function

{

EM structure 
function

•Partons the proton are: 
➡valance quarks = uud
➡sea quarks in quark anti-quark pairs, e.g. ūu, d ̅d, s ̅s, c̅c, ...
➡gluons, g

2xF1(x) = F2(x) =
�

q

x e2
qq(x)
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Experimental Measurements of F1 and F2

A. 2xF1 = F2 is predicted if the constituents are spin-½ particles

B. At low Q2, F2 is predicted to be independent of Q2

C. At very low x, F2 is not independent of Q2, as gluons start to 
take a larger share of the proton momentum.

Measuring the Structure Functions
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!To determine     and    for a given and       need 
measurements of the differential cross section at several different
scattering angles and incoming electron beam energies (see Q13
on examples sheet)
Example: electron-proton scattering F2 vs. Q2 at fixed x

J.T.Friedm
an + H

.W
.K

endall,
A

nn. R
ev. N

ucl. S
ci. 22 (1972) 203

" Experimentally it is observed that both      and        are (almost) 
independent of

Bjorken Scaling and the Callan-Gross Relation
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!The near (see later) independence of the structure functions on Q2 is
known as Bjorken Scaling, i.e.

•It is strongly suggestive of scattering from point-like constituents
within the proton

!It is also observed that        and
are not independent but satisfy the 
Callan-Gross relation

•As we shall soon see this is exactly what is
expected for scattering from spin-half quarks.

•Note if quarks were spin zero particles we would 
expect the purely magnetic structure function to 
be zero, i.e.

spin ½

spin 0

A

B

C
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Summary
• The measurement of 

is experimental proof of Nc=3, three colours of quarks. 

Electron-proton scattering investigates proton substructure

• At lower energies: elastic scattering e−p → e−p
➡proton remains intact, scattering can be described by proton form factor.  

• At higher energies: Deep inelastic scattering e−p → e−X
➡Scattering from individual quarks within the proton.
➡Each parton carries the momentum fraction x, described by proton 

structure functions, q(x)
➡Only ~50% proton momentum carried by up and down quarks, remainder 

carried by gluons, sea quarks.

R =
σ(e+e− → hadrons)
σ(e+e− → µ+µ−)

= Nc
e2
q

e2
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