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Quantum Chromodynamics

gauge field theory that describes the strong interactions of colored
quarks and gluons, is the SU(3) component of the SU(3)xSU(2)xU(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 (g g)
vertex, a 3-gluon vertex (both proportional to g.), and a 4-gluon vertex

(proportional to gsz).
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Standard Model Interactions
(Forces Mediated by Gauge Bosons)

X X
I g
X 8
| X X

X is any fermion in X is electrically charged.  Xis any quark.
the Standard Model.
w 7D w /7
NU N L
U is a up-type quark; Lis a lepton andyv is the 5
D is adown-type quark.  corresponding neutrino. 8
d, = ——
4r

W- wW-
ST
X Y
X

Xisa photonorZ-boson. XandY are any two
electroweak bosons such
that charge is conserved.
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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
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Running Coupling ¢
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QCD Potential

Short distance part (1/r term)
from quark-antiquark gluon exchange

V(gqq)-= -4 0, +kr

V, GeV —»

Long distance part (k r term)
is modelled on an elastic spring

k is known as the string tension

a, = 0.3
* k =1GeVim-'
This model provides a good description
of the bound states of heavy quarks:
% i charmonium (cc)

bottomonium (b b))
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QED

Colour Flux-tube Model

Field lines extend
out to infinity with

strength 1/r?

Electromagnetic flux
conserved to infinity

.._lefferson Lab

Mark Dalton

QCD

Field lines are compressed
into region between quark

and antiquark

Colour flux is confined within

a tube. No strong interactions
outside the flux-tube .

o®a

Particle Physics Lecture 8 Steve Playfer

Nuclear Physics

Breaking a flux tube
requires the creation

of a quark-antiquark pair

Like breaking a string!
Requires energy to
overcome string tension
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Why Electron Scattering?

Energy and momentum

calculable in SM i
Well known na QED 1 transfer independent
V. =pd+JA using 0
int high precision
scaler / \:}ctor Magnetic, electric and
potential potential charge transitions
M/I’ E/I’ CA
Charged
Difficult to access neutrons
| !
sn;zctci:gcr)]ss Beam heating of the target,
Bremsstrahlung, causes
Weak o « 1/137 radiative tails and potentially
one photon large corrections
exchange penetrating Light Mass
(simple)
Except: charge elastic “Easy” experimentally
scattering of the stable, pre-existing
Coulomb field of a high intensity, high duty cycle,
heavy-Z nucleus high energy, and high polarization
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Jefferson Lab

CEBAF Accelerator; 12 GeV electron beam
4 experimental end stations
Newport News,Virginia, USA

add new hall

S new
cryomodules
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upgrade
existing Halls

- .' 7
upgrade magnets & FS
and power supplies .
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Electron Scattering Kinematics

Scattering is a function
of 2 variables, energy
and angle

We choose to use other
variables.

0’ = EE'sin*(0/2)

Mark Dalton
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Electron Scattering

0’ = EE'sin*(0/2)

If photon carries low

Matter wave

. momentum
De Broglie wavelength 4 =—
p -> long wavelength
-> low resolution
e e
= Y
point-like target wt T
E WS
& ' % e
q © %
. _ Y
CP;;O’[OH s off mass shell Increasing momentum ;
measu_res ) , transfer
- virtuality or “mass” of the _> shorter wavelength
photon -> higher resolution to
« momentum transferred to the observe smaller
target structures
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Electron Scattering

Vary energy ) P
roto
transfer at constant d°c Elastic 4 5
momentum transfer dwnd( ﬂ A N Iff.ﬂsﬁc
l : LW
achieved by O D oMy
varying the angle <772 2m
and energy of the
scattered electron. J%c | Elastic Nucleus
Deep
dmnd2 i
€ € Quasielastic A N”* Inelastic
RR

> &

Q2
S AT =y +300MeV @

2m

Fermi motion
broadening
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Electron Scattering

Partonic
structure
1 of nucleon
126 Proton v
dondQ2

Form factors

Deep
Inelastic
— b
Nucleon charge, : ; \
magnetization O° O oMy O Baryon

distributions <772 2m spectroscopy
d’c | Elastic Nucleus
Deep
dondQ) , A Inelastic
Quasielastic
X>1 o O O ooMeyv O EMC effect

short range
correlations
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Elastic Scattering and Form Factors

The point-like scattering probability for elastic
scattering is modified to account for finite target
extent by introducing the “form factor”

Assuming spherically symmetric
(spin-0) target

do
70 ‘ F(Q)

Mott

do _
dQ

} 2

point-like target, electron spin

/ e'?" p(r)d>r

Form factor is the Fourier
transform of charge distribution

This is a non-relativistic picture

n(r) Flg*)l
pointhke constant
| axponential dipole

—

sphere

homogeneous |-

\.\ oscillating

N

—\ sphere with
\ a diffuse

surface

\,‘ oscillating

\
‘ i -
\ N

e

Iql—

Figure from Particles and Nuclei, Povh et al.
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Historical Nuclear Charge Distributions
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Nuclear Potential

1 1 L 1 1
0 0.5 1 1.5 2 2.5
Range (fm)

depends on the nucleon spins,
relative momentum of the
nucleons

has a tensor component
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Proton Form Factor

do do [ cGHO?) +1G2(0?) Kinematics make electric
<d_g> - <d_g> | o1 +T)M form factor difficult to
Mot 1 ] measure at high Q2

2 1.0
Gﬁ(Q ) ~ Gp(QZ) ~ GdlpOle(QZ) G Slope of FF at Q2=0
" E gives radius t =GP
P 0.8
i =GP /2.79
. 06| g v
Measurements using gql i
polarization can measure oal I8 t=Gy /1.9
form factor ratio directly ‘}LI-{E
?;L;P
0.2 { .
R
O ¢ s 3 ¢ ¢ ¢ }
n [ \ Gn
polarization of scattered proton _, i ‘
0 0.2 0.4 0.6 0.8 1.0 1.2
. 2 V/c)?
Many systematics cancel Phys. Rev. B130 (1965) 458 % [\ 20 V/O)]
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Proton Form Factor

PHYSICAL REVIEW C 96, 055203 (2017)

Polarization transfer

. e +p — e/_l_p 1.60 _— J I J I J I I ' ij
measurements give GP 140 - ]
different result. —f constant 120 L )
M (Dg 1.00 :—"’.’ :
™\, 0.80 | . _
UF: 0.60 |- 0§§ _
3 0.40 B Ei q i
?+p—>€’+? 020 - L ‘q -
Gg _ 0.00 f L
2-photon exchange e dropswithQ? . [ = == ——p=
i.e. failure of the Born M 00 20 40 60 |80 100
Q?® (GeV?)

approximation

charge depletion Iin
Charge & magnetization interior of proton

d|str|but|on§ in the Orbital motion of quarks play a key role
proton are different (Belitsky, Ji + Yuan PRL 91 (2003) 092003)
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Deep Inelastic Scattering

Inelastic scattering requires 2
quantities to describe the kinematics

qg=(q,v)

v
=

)
(\®)
In +

X = ) y :
2Muy e P ®

Interpreted as the ’
fraction of nucleon .
momentum of the .
parton that was struck.

https://www.ellipsix.net/
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Parton Distribution Function
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