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Lecture 1

> Introduction to scattering experiments
> Elastic scattering and form factors of the nucleon

> Deep Inelastic Scattering and parton distribution functions (PDFs)
» Factorization at high Q?

» Off-forward Compton Scattering
> Generalized Parton Distributions (GPDs)
> Deeply Virtual Compton Scattering (DVCS)
» Interference with Bethe-Heitler (BH) process
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Introduction

The first exploration of subatomic structure was undertaken by Rutherford in
Manchester using gold atoms as target and o particles as probes

The “mother” of all scattering experiments

gold foil

scintillating screen
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Rutherford experiment: expectation
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Rutherford experiment: result
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Rutherford experiment: result

Elastic scattering of charged
particles in Coulomb field
(point-like source):

do (ZZ’)2 1
QO \ E sin*(16)

.
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HUGS 2021 DVCS & Spatial Imaging



Probing the structure of the proton: elastic scattering

do do 0
ep — ep 10~ \an
J ’ point Form factor

(K., )

For a spinless target with charge distribution p(x)

F(q) = / o(x) % 0%

(v.q)

Probing internal structure
through electron scattering
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Elastic scattering: spin 3 particle

Rosenbluth (1950):
do E' G5 Nq%) +
5y~ e)(5) (BN
o F) JMI( )(E)@ 1+T 4 ¢") tan’ )
Point-like T = [’Ef.z

Mott cross section
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Electron Target Electron
g Beam E /('

P P Proton
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Charge density inside protons and neutrons

F
—
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Elastic electron-proton scattering:
photon sees less charge as Q? increases

ran
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Experimental data as a function of the momentum transfer Q?=-q°:

107" 10° 10

Q® (GeV?)

Punjabi et al. (2015)
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Charge density inside protons and neutrons
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Deep inelastic scattering

Invariant mass of the hadronic state:

W? = (2Mv + M?* — Q%) v=FE—F'
to (E,E',0) = Wo(v, g7) + 2Wi (v, ¢°) t 2
AQdE" y y —OM 2\V, 4 1\V,q ) tal 9
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Unexpected results from SLAC e-P scattering
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do do Fq) vWo(v,q®) = Fs(w)
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Parton model

Feynman (1969)

» Proton composed of point-like partons, from which the electrons scattered incoherently
» Inan infinite momentum frame of reference: time dilation slowed down the motion of constituents

> Partons are assumed not to interact with one another while the virtual photon is exchanged
(impulse approximation)

In this theory, electrons scatter from constituents that are "free” and the scattering reflects
the properties and motion of the constituents

The assumption of near-vanishing parton-parton interaction during electron scattering
(at high Q?) was later shown to be a consequence of QCD known as asymptotic freedom
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Factorization

ﬁ]_]l‘?: £ CJ Z F(j—ﬁ*?(j A& C\))

Parton Distribution Function (PDF)

Optical theorem
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Off-forward Compton scattering

ep—e p

P AHE? ExEDm P
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Deeply Virtual Compton Scattering (DVCS)
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Generalized Parton Distribution (GPDs)

HUGS 2021 DVCS & Spatial Imaging 17



Properties of GPDs

Forward limit: 1s* moments:
1
~ —1
H'(2.0,0) = Ags(x) |
[ drBl@gn -
—1
1
Polynomiality: f dr f{f(’E £, t) _
—1

1
/ dva™ H(x, &) = ag + a&” + ay&* 4 - + a,&"
1

1
/ dv B (2, €,1) =

1
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Ji's sum rule

X. Ji (1996)
Second moment of GPDs H+E:

1/1 f f f

1

Spin of all Spin of Angular Momentum Angular Momentum
Quarks Gluons of all Quarks of Gluons

o =

HUGS 2021 DVCS & Spatial Imaging 19



Physical interpretation of GPDs

Burkardt (2000), Diehl (2002)

Average momentum of the parton
Impact parameter:

Fourier-conjugate of GPD variable t Determines the transverse shift of the
proton between initial and final state

Transverse position of partons and longitudinal momentum
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3D imaging of the proton with DVCS
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DVCS and Bethe-Heitler
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DVCS and BH interference

]T(:I:ep N :|:€p’)/)]2 _ |7-BH’2 n ’TDVC’S 2 :FI

When only 1 quark of the proton is involved in the reaction:

Po—d o = Sm (TBH . PVes)
d® o +d> 0 = |[BHP+Re(TPH . TPVCS) 4+ |DVCSP

\ )
|

Using a polarized electron beam

2

olep = epy) = |BH|* 4+ ZI(BH-DVCS) + DV CS
N’ N ~ J/ N P

Known to ~ 1%  Linear combination of GPDs Bilinear combination of GPDs
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Azimuthal dependence of the DVCS cross section
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GPDs and Compton Form Factors (CFFs)

+1 ,
TDVCS:/ dxH(l%fst) N

1 xr— & +e
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Accessing GDPs from DVCS

Polarized beam, unpolarized target (BSA)
dopy =sing - Im{FiH + xp(Fi| + F5)H — kF>E}do

Unpolarized beam, longitudinal target (ITSA)
doy, = sin ¢ - Im{Fﬂjﬂ + xp(F1 + Fg)(’}fﬂ +ap/2E) — ﬂ;‘B/{Fgg. Y10

Polarized beam, longitudinal target (BITSA)
dorr = (A+ Bcoso) - Re{FVH + xp(Fy + F»)(H + 2p/2E) ... }do

Unpolarized beam, transverse target (tTSA)
doyr = cos ¢ - Im{k(FoyH — F1E) + ... }do
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Summary

> Elastic form factors provide a spatial imaging of charge and magnetization inside
proton and neutrons in the transverse plane

» DIS and parton distribution functions provide a 1D imaging of the longitudinal
momentum of partons inside nucleons

» GPDs provide a combination of both, and allow a 2+1D imaging of quarks (and gluons) in
the transverse plane as a function of their longitudinal momentum.

» GPDs can be accessed experimentally through DVCS (lecture 2), but also through
electroproduction of mesons at high momentum transfer Q2 (lecture 3).
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