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Introduction: what are we trying to learn?

Introduction to electron scattering

Form factors

Deep inelastic scattering

New insights about the nucleus

Exotic spectroscopy
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Quantum Chromodynamics
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gauge field theory that describes the strong interactions of colored 
quarks and gluons, is the SU(3) component of the SU(3)×SU(2)×U(1) 
Standard Model of Particle Physics. 


a gluon’s interaction with a quark rotates the quark’s color in SU(3) 
space.


The Feynman rules of QCD involve a quark-antiquark-gluon (qq ̄g) 
vertex, a 3-gluon vertex (both proportional to ), and a 4-gluon vertex 
(proportional to ).  

gs
g2

s
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αs =
g2

s

4π

∝ gs

∝ gs

∝ g2
s



Mark Dalton ASP2021Nuclear Physics 5

coupling is to 3 color charges

gluons carry color—anti-color 
charges and self interact

color charge is conserved

QCD conserves flavor

QCD conserves parity

Gluons
Gluons are massless spin-1 bosons, which carry the colour quantum number
(unlike � in QED which is charge neutral).

Consider a red quark scattering o↵ a blue quark. Colour is exchanged, but
always conserved (overall and at each vertex).

g

q

q

q

q

p
↵s

p
↵s

 

r

rb

b

b r̄↑ ↓r b̄

Expect 9 gluons (3x3): r b̄ r ḡ g r̄ g b̄ bḡ br̄ r r̄ bb̄ g ḡ

However: Real gluons are orthogonal linear combinations of the above states.
The combination 1p

3
(r r̄ + bb̄ + gḡ) is colourless and does not participate in

the strong interaction. ) 8 coloured gluons

Conventionally chosen to be (all orthogonal):

r b̄ r ḡ g r̄ g b̄ bḡ br̄
1p
2
(r r̄ � bb̄)

1p
6
(r r̄ + bb̄ � 2gḡ)

Dr. Tina Potter 7. QCD 7
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Running Coupling
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30 9. Quantum Chromodynamics

in this category, removing this pre-average would not change the final result within the quoted
uncertainty.

αs(MZ
2) = 0.1179 ± 0.0010

α s
(Q
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Figure 9.3: Summary of measurements of –s as a function of the energy scale Q. The respective
degree of QCD perturbation theory used in the extraction of –s is indicated in brackets (NLO:
next-to-leading order; NNLO: next-to-next-to-leading order; NNLO+res.: NNLO matched to a
resummed calculation; N3LO: next-to-NNLO).

9.4.3 Deep-inelastic scattering and global PDF fits:

Studies of DIS final states have led to a number of precise determinations of –s: a combination [501]
of precision measurements at HERA, based on NLO fits to inclusive jet cross sections in neutral
current DIS at high Q

2, provides combined values of –s at di�erent energy scales Q, as shown
in Fig. 9.3, and quotes a combined result of –s(M2

Z
) = 0.1198 ± 0.0032. A more recent study

of multijet production [373], based on improved reconstruction and data calibration, confirms the
general picture, albeit with a somewhat smaller value of –s(M2

Z
) = 0.1165±0.0039, still at NLO. An

1st June, 2020 8:27am
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QED: screening of charge by 
fermion pairs.

QCD: screening by quarks—
anitquark pairs


anti-screening by gluons 
(dominates)

small distancelarge distance



Mark Dalton ASP2021Nuclear Physics

q
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QCD and confinement

Large Distance
Low Energy

Small Distance
High Energy

Perturbative QCD Strong QCD
High Energy Scattering

Gluon Jets
Observed

QCD

Hadron Spectrum - no signature of gluons?
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QCD'Poten=al'

5/2/10' Par=cle'Physics''''Lecture'8'''Steve'Playfer' 14'

V'('q'q')'='�4'αs''+'k'r'
'''''''''''''''''''''3'r'

Long'distance'part''(k'r'term)''
is'modelled'on'an'elas=c'spring'

k'is'known'as'the'string'tension'

Short'distance'part''(1/r'term)''
from'quarkCan=quark'gluon'exchange'

This'model'provides'a'good'descrip=on''
of'the'bound'states'of'heavy'quarks:'
charmonium'('c'c')''
bohomonium'('b'b')'
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Colour'FluxCtube'Model'

5/2/10' Par=cle'Physics''''Lecture'8'''Steve'Playfer' 15'

Field'lines'extend''
out'to'infinity'with''
strength'1/r2'

Electromagne=c'flux'
conserved'to'infinity''

Field'lines'are'compressed'''
into'region'between'quark'
and'an=quark''

Colour'flux'is'confined'within''
a'tube.'No'strong'interac=ons''
outside'the'fluxCtube'.'

Breaking'a'flux'tube'
requires'the'crea=on''
of'a'quarkCan=quark'pair''

Like'breaking'a'string!'
Requires'energy'to''
overcome'string'tension''

QED' QCD'
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Why Electron Scattering?
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Well known
Vint = ρϕ + JA

scaler 
potential

vector 
potential

Weak
one photon 
exchange 
(simple)

Energy and momentum 
transfer independent

Magnetic, electric and 
charge transitions

Mλ, Eλ, Cλ

Except: charge elastic 
scattering of the 

Coulomb field of a 
heavy-Z nucleus

small cross 
section

Charged

Light Mass

Difficult to access neutrons,

Beam heating of the target,

Bremsstrahlung, causes 
radiative tails and potentially 
large corrections

α ∝ 1/137

e e

p pp p

penetrating

stable, pre-existing

 high intensity, high duty cycle, 

high energy, and high polarization 

“Easy” experimentally

calculable in SM 
using QED to 
high precision
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Jefferson Lab
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CEBAF Accelerator, 12 GeV electron beam

4 experimental end stations

Newport News, Virginia, USA
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Electron Scattering Kinematics

12

Scattering is a function 
of 2 variables, energy 
and angle

Q2 = EE′￼sin2(θ/2)

x =
Q2

2Mν

Early experiments at JLab

We choose to use other 
variables.
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Electron Scattering
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If photon carries low 
momentum 

-> long wavelength

-> low resolution

Q2: 4-momentum of the virtual 
photon

Increasing momentum 
transfer 

-> shorter wavelength

-> higher resolution to 
observe smaller 
structures

e e

p p
e e

p p

e e

p pp p

λ =
h
pDe Broglie wavelength

Photon is off mass shell

Q2 measures 

• virtuality or “mass” of the 

photon

• momentum transferred to the 

target

•

Matter wave Q2 = EE′￼sin2(θ/2)
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Electron Scattering
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Vary energy 
transfer at constant 
momentum transfer

Fermi motion 
broadening

achieved by 
varying the angle 
and energy of the 
scattered electron. 

e e
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Electron Scattering
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w

Elastic
D

N*

Deep 
Inelastic

m
Q
2

2

MeV300
2

2

+
m
Q

Proton
Wωd
σ2

d
d

Wωd
σ2

d
d

w

Elastic

Quasielastic D
N*

Deep 
Inelastic

M
Q
2

2

m
Q
2

2

MeV300
2

2

+
m
Q

Nucleus

EMC effectx>1

short range 
correlations

Baryon 
spectroscopy

Form factors 

Nucleon charge, 
magnetization 
distributions

Partonic 
structure 

of nucleon
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Elastic Scattering and Form Factors
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The point-like scattering probability for elastic 
scattering is modified to account for finite target 

extent by introducing the “form factor”

Figure from Particles and Nuclei, Povh et al.

F (q) =
�

eiqr�(r)d3r

Form factor is the Fourier 
transform of charge distribution

d�

d�
=

⇥
d�

d�

⇤

Mott

�� F (q)
��2

point-like target, electron spin

Assuming spherically symmetric 
(spin-0) target

This is a non-relativistic picture
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Historical Nuclear Charge Distributions
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Nuclear Potential
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Acta Phys.Polon.B 40 (2009) 2389-2404

depends on the nucleon spins, 

relative momentum of the 
nucleons

has a tensor component
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Proton Form Factor
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Gp
M(Q2)
μp

≈ Gp
E(Q2) ≈ Gdipole(Q2)

Phys. Rev. B139 (1965) 458

Kinematics make electric 
form factor difficult to 
measure at high Q2

( dσ
dΩ ) = ( dσ

dΩ )Mott
⋅ [ ϵG2

E(Q2) + τG2
M(Q2)

ϵ(1 + τ) ]

Measurements using 
polarization can measure 
form factor ratio directly  

polarization of scattered proton

GE

GM
= −

Pt

Pl

τ(1 + ϵ
2ϵ

Many systematics cancel

Slope of FF at Q2=0 
gives radius
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Proton Form Factor
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Charge & magnetization 
distributions in the 
proton are different

charge depletion in 
interior of proton

Orbital motion of quarks play a key role 

(Belitsky, Ji + Yuan PRL 91 (2003) 092003)   

PHYSICAL REVIEW C 96, 055203 (2017)

e + p → e′￼+ p

drops with Q2
Gp

E

Gp
M

e + p → e′￼+ p
Gp

E

Gp
M

constant

2-photon exchange

i.e. failure of the Born 

approximation 

Polarization transfer 
measurements give 

different result. 

POLARIZATION TRANSFER OBSERVABLES IN ELASTIC . . . PHYSICAL REVIEW C 96, 055203 (2017)

TABLE IX. Estimated model-independent relative radiative cor-
rections to R = µpG

p
E/G

p
M and the longitudinal transferred polar-

ization component P!, calculated using the approach described in
Ref. [65]. Note that a negative (positive) value for the radiative
correction as presented below implies a positive (negative) correction
to obtain the Born value from the measured value for the observable in
question. These corrections have not been applied to the final results
shown in Tables X and XI. See text for details.

Q2 (GeV2) Ee (GeV) umax (GeV2) Robs

RBorn
− 1 Pobs

!

P Born
!

− 1

2.5 1.87 0.03 −1.4 × 10−3 1.2 × 10−4

2.5 2.848 0.08 −2.8 × 10−4 6.2 × 10−4

2.5 3.548 0.1 −1.6 × 10−4 8.3 × 10−4

2.5 3.680 0.1 −1.5 × 10−4 8.4 × 10−4

5.2 4.052 0.08 −5.0 × 10−4 2.2 × 10−4

6.8 5.710 0.12 −3.3 × 10−4 3.2 × 10−4

8.5 5.712 0.1 −8.0 × 10−4 1.3 × 10−4

discussed extensively in Refs. [64–67] and include standard
virtual RC such as the vacuum polarization and vertex
corrections, and emission of real photons (bremsstrahlung).
Radiative corrections to double-polarization observables, such
as the beam-target double-spin asymmetry in scattering on a
polarized target, or polarization transfer as in this experiment,
tend to be smaller than the RC to the unpolarized cross sections,
because polarization asymmetries are ratios of polarized and
unpolarized cross sections, for which the factorized, virtual
parts of the RC tend to partially or wholly cancel in the
expression for the relative RC to the asymmetry. Moreover,
the effect of bremsstrahlung corrections can be suppressed by
the exclusivity cuts used to select elastic events. The ratio of
transferred polarization components Pt/P!, which is directly
proportional to G

p
E/G

p
M in the Born approximation, is a ratio of

ratios of cross sections, and is subject to RC that are typically as
small as or smaller than the RC to the individual asymmetries,
depending on the kinematics and cuts involved.

The model-independent RC to the ratio R were estimated
using the formulas described in Ref. [65]. The results for the
relative RC to R and P!/P

Born
! are shown in Table IX. The

corrections are very small in all cases. For the ratio R, the
correction is negative for every kinematic. The corrections
to P! are also negligible in magnitude and do not exceed
10−3 for any kinematic. The upper limit on the Lorentz-
invariant “inelasticity” u ≡ (k1 + p1 − p2)2, with k1, p1, and
p2 denoting the four-momenta of incident electron, target
proton, and recoil proton, respectively, was chosen according
to the effective experimental resolution of u by plotting the
distribution of u for events selected by the exclusivity cuts
described in Sec. III A. It is assumed in the calculations that
only the outgoing proton is observed, and the kinematics of
the unobserved scattered electron and/or the radiated hard
bremsstrahlung photon are integrated over. In reality, the tight
exclusivity cuts applied to the kinematics of both the electron
and proton angles and the proton momentum are such that
bremsstrahlung corrections are even more strongly suppressed
than in the case of a simple cut on u reconstructed from the
measured proton kinematics. The “true” model-independent

FIG. 18. Final results of GEp-III (black filled triangles) for
µpG

p
E/G

p
M , with selected existing data from cross section and

polarization measurements. The error bars shown are statistical.
The band below the data shows the final, one-sided systematic
uncertainties for GEp-III. The originally published results [31] (black
empty triangles) are shown for comparison, offset slightly in Q2

for clarity. The final weighted-average result of GEp-2γ for R at
Q2 = 2.5 GeV2 is shown as the pink empty star. Existing polarization
transfer data are from Refs. [29] (blue filled circles) and [30,42] (red
filled squares). Rosenbluth separation data are from Refs. [17] (green
empty circles), [16] (green empty diamonds), and [18] (green filled
diamonds).

RC to the ratio could be expected to be even smaller than those
reported in Table IX, which can be regarded as conservative
upper limits. No radiative corrections have been applied to the
final results for R and P!/P

Born
! reported in Sec. IV below,

as the estimated values of the RC are essentially negligible
compared to the statistical and systematic uncertainties of the
data. Note also that no hard TPEX corrections are applied to the
results, as there is presently no model-independent theoretical
prescription for these corrections. Existing calculations give a
wide variety of results, varying both in sign and magnitude,
but are in general agreement that these corrections are small.

IV. RESULTS

A. Summary of the data

The final results of the GEp-III and GEp-2γ experiments
are shown in Fig. 18 and reported in Tables X and XI. The
acceptance-averaged values of the relevant observables can
be considered valid at the acceptance-averaged kinematics
(Q2 and ε). The final results of the GEp-III experiment
for R = µpG

p
E/G

p
M are essentially unchanged relative to

the original publication [31], showing small, statistically and
systematically insignificant increases for all three Q2 points,
despite nontrivial modifications to event reconstruction and
elastic event selection in the final analysis. The statistical
uncertainties of the GEp-III data are also slightly modified,
as it was discovered during the reanalysis of the data that
the effect of the covariance term expressing the correlation

055203-25
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Deep Inelastic Scattering
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https://www.ellipsix.net/

Inelastic scattering requires 2 
quantities to describe the kinematics

x =
Q2

2Mν

Interpreted as the 
fraction of nucleon 
momentum of the 

parton that was struck. 

q = ( q , ν)
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Structure Functions
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Independent of Q2 ⇒ 
quarks pointlike



Mark Dalton ASP2021Nuclear Physics

Parton Distribution Function
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12 18. Structure Functions
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Figure 18.4: The bands are x times the unpolarized (a,b) parton distributions f(x) (where f =
uv, dv, u, d, s ƒ s̄, c = c̄, b = b̄, g) obtained in NNLO NNPDF3.0 global analysis [76] at scales
µ2 = 10 GeV2 (left) and µ2 = 104 GeV2 (right), with –s(M2

Z) = 0.118. The analogous results
obtained in the NNLO MMHT analysis can be found in Fig. 1 of Ref [55].The corresponding
polarized parton distributions are shown (c,d), obtained in NLO with NNPDFpol1.1 [78].
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