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Lecture 1

« Understanding nucleon internal structure is essential
- Concept of phase space can be generalized to QM and QFT
* Relativistic effects force us to abandon 1D in phase space
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« Introduction

Lecture 1 » Tour in phase space
» Galileo vs Lorentz

* Photon point of view

* Nucleon 1D picture

* Nucleon 2D picture

* Nucleon 2+1D picture

« Energy-momentum tensor

Lecture 2



Deep inelastic scattering 1/31
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Deep inelastic scattering
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Deep inelastic scattering
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Coherent scattering
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Incoherent scattering

Factorization

— Hard/perturbative

— Soft/non-perturbative
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Parton model b do!P71X ~ Z fi(z)
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QCD corrections
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Deep inelastic scattering 5/31
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Cross-section must not depend on 1 R
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Parton distribution functions (PDFs)

Optical theorem Fina(l:;sttate
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Parton distribution functions (PDFs)
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Elastic scattering 8/31

Diffraction pattern

Incident
plane wave

B!

2d sin@

Constructive interference
(Bragg’s law)

2d sinf = nA\

Crystal

Scattered amplitude
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Scatterer

Form factor distribution

Reconstructed charge distribution
d3q
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mmm) Let’ s replace the crystal by a nucleon !
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do _ (d—“) [F2(Q?) + rF2(Q?) + 27 G2,(Q%) tan? 4]

df2 Mott | Y J
Pointlike Spatial structure
Q2 — —A2
2
__«
4M2

FF correlator
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Parametrization (electromagnetic case)
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Sachs FFs



Form factors (FFs)

p(r) FF(A)

Electric charge

Anomalous
magnetic moment




Form factors (FFs)

Longitudinally polarized nucleon

o(bL) = / 49 & 1o(@bL) FL(QY)
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Monopole

Proton Neutron

b, [fm] by [fm]
by ' by [fm]
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Negative core does
not fit naive picture !

[Miller (2007)]
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Proton
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Form factors (FFs)

Transversely polarized nucleon
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Apparent
electric dipole !

/\ P &T violations ???
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[Carlson, Vanderhaeghen (2008)]
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Form factors (FFs)

Transversely polarized nucleon

Origin of EDM : light-front artifact
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[Burkardt (2003)]

[Lorcé (2009)]



Compton scattering

Compton’s
Experimental Data

Real Compton Scattering

AN = — (1 — cos®b)
m
Recoiling Compton
target wavelength g
£ .
b B
Angstroms
Virtual Compton scattering (VCS) Question : why are there 2 peaks?
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Generalized parton distributions (GPDs)

Deeply virtual Compton scattering (DVCS)

p_rtr K y— Compton FF
2 Pt
AT 1
A=p'—p §=—F GPD(ZB,g,t) t
t=4 Pves [/1 * .’If:l:g—le T (QQ)

va/ GPD“’ ) & inGPD(F6,6.1) + O )

Factorization [Collins, Freund (1999)]
Evolution @ NLO [Belitsky et al. (2000)]

GPD correlator
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Reviews : [Diehl (2003)]
[Belitsky, Radyushkin (2005)]
[Boffi, Pasquini (2008)]



Generalized parton distributions (GPDs)

Nucleon tomography/imaging
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Generalized parton distributions (GPDs)

singlet pion valence

quarks, gluons /Qd quarks

— xP
[ Al

[Weiss (2009)]
JLab Hall A JLab CLAS HERMES
xg=0.36 xg=0.25 xg=0.09
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[Guidal et al. (2013)]



Generalized parton distributions (GPDs)

Explicit Lorentz invariance is broken by the preferred light-front direction

Lorentz invariance

t= A2 v

Lkt
T=p7 X
AT
$=—9p7 X

mmsss) o and ¢ dependences constrained by Lorentz invariance !



Generalized parton distributions (GPDs)

Lowest moment

= 1(0) I'(0)




Generalized parton distributions (GPDs)

Generic moment in LF gauge AT =0 o) W =1
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Generalized parton distributions (GPDs)

Generic moment

4 n _
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Derivative of Wilson line Covariant derivatives



Generalized parton distributions (GPDs)

Generic local operator

O =[G T 3Dm - 1Dy 0)]

f

Symmetrization
+ trace removal

Generic FFs Constrained by Lorentz and
discrete space-time symmetries
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Polynomiality of GPDs
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Generalized parton distributions (GPDs)

How to ensure polynomiality property?

) ([0 2) W O(E)D)] .,

« Covariantization »

P'1o(=2) v W (3)|p)]
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Lorentz-invariant variables
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Generalized parton distributions (GPDs)

GPD parametrization

E(x, &, 1)

¥
0= WG oy = T0) Fup) [ doem=P (o€
+ ﬂ(p') ’io'“;j«\;Ay u(p) /dxe_mp.z
Constraint: & = _2%_'2

Double distribution (DD) parametrization
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[Miiller et al. (1994)]
[Radyushkin (1999)]
[Polyakov, Weiss (1999)]



Generalized parton distributions (GPDs)

Relation between GPDs and DDs

H(w.6,6) = [ d3dad(a— 5 - €a) f1(5,.) + sn(€) D(2.0
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Polynomiality property
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mmss) o and [ dependences not constrained by Lorentz invariance !

[Miiller et al. (1994)]
[Radyushkin (1999)]
[Polyakov, Weiss (1999)]



Energy-momentum tensor

A lot of interesting physics is contained in the EM tensor

[Polyakov, Shuvaev (2002)]

[Polyakov (2003)]
Energy Momentum [Goeke et al. (2007)]

density density [Cebulla et al. (2007)]

TH

— Shear stress

-~ Normal stress (pressure)

033
Energy Momentum

flux flux

In rest frame M = / d3r TOO(F)

L' = /d3r R I 7Ok ()
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In presence of spin density 7'V £ T

Belinfante Tg” = TH | %@\ [SMW 4+ GHA S”P‘)‘]
« improvement »

eXe,
C
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Spin density gradient Four-momentum circulation

In rest frame M = /dgr TY(7)

J i — / d3fr eij krj Tgk (f) No « spin » contribution !



Energy-momentum tensor

QCD Energy-momentum operator
TE = 1pytiD" ey — 2Te[FHFY ] + 1 g Tr[F*PF, 4]
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Matrix elements Normalization
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Energy-momentum FFs

(W |T5 (O0)lp) = (o) | E25 A1) + P50 B(r) + SPAA% 0(1) | (p)

Momentum sum rule

(] 4 T (7)) = A(0) P —_— A0 =1

Angular momentum sum rule

(1 &7 Tp(7) = § [A0) + 57 B(0)] - sxffiiry B(0)

oo W arIp) = 1A©) + B(O) — [AQ+B0) =1

§=1(0,0,1)

) B (O) =0 Vanishing gravitomagnetic moment !
[Ji (1997)]




Energy-momentum tensor

Energy-momentum FFs Zaq,a 1) = O‘
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Non-conserved current

Momentum sum rule
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) Z By (0) =0 Vanishing gravitomagnetic moment !
[Ji (1997)]




Energy-momentum tensor

Leading-twist component of T} = 1 yy{#iD"}y) a" = J5(a’ +a%)

VT4 (0)|p) = (0 )P ulp) [Ag () + 462 Cyl(1)]
T () PHZSBe u(p) [By (1) — 4E7 Cy 1)

Link with GPDs
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Accessible e.g. in DVCS !
[31 (1997)]



Lecture 2

* PDFs provide 1D pictures of the nucleon
* FFs provide 2D pictures of the nucleon
» GPDs generalize both PDFs and FFs and give access to the EMT

~ o Energy Momentum
F[GPD|(x,b,) = /koL ow (@, k1,by) density density
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Backup slides



Nuclear charge densities and FFs
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Nucleon FFs
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[Perdrisat et al. (2006)]



Nucleon FFs
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