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4] Motivation.

|/ Study the nucleon structure to shed new light on non-perturbative QCD.
Introduction Reverse engineering

Motivation Reverse engineering is the process of discovering the techno-
Sty logical principles of a device, object, or system through ana-
of the nucleon . . . 5

Biemsany lysis of its structure , function, and operation.

Structure

General outline

Eilam and Chikofsky, Reversing: secrets of reverse engineering,
John Wiley & Sons, 2007.
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4] Motivation.

|/ Study the nucleon structure to shed new light on non-perturbative QCD.
Motivation Reverse engineering is the process of discovering the techno-
Sty logical principles of a device, object, or system through ana-
of the nucleon . . . .

Biemsany lysis of its structure, function, and operation.

Structure

General outline

Eilam and Chikofsky, Reversing: secrets of reverse engineering,
John Wiley & Sons, 2007.

o Interplay between perturbative and
non-perturbative QCD.

@ Interacting degrees of freedom
confined in colorless hadrons.

e Emergence of hadron characteristics
from fundamental building blocks.
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/4] Proton.
| / Identified by Rutherford in 1919.

CEA - Saclay

Introduction

Mmi““‘_’" o 'We must conclude that the m‘frogen atom
o the muckeny is z[isinfeﬂmfed under the intense forces
m tiwdoy@c[ n a close collision with a swz'ff
Gl anidfine alpha particle, and that the /Lyxlrogen atom

which is liberated forme‘i a constituent
parf of the m’frogen nuc[eus."

Rutherford, Phil.
Mag. 37, 537
(1919)

o = = =) = 9ac
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A brief history
of the nucleon

Structure

General outline

Proton.
Identified by Rutherford in 1919.

o 'We must conclude that the m‘froﬂ@n atom
is disinfeﬂmf@x[ under the intense forces
developed in a close collision with a swift
alpha particle, and that the /L}drogm atom
which is liherated formed a constituent
)v(mf of the nifrogw nucleus!

@ The nitrogen nucleus contains

hydrogen nuclei, considered by
Rutherford as elementary particles.
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Rutherford,
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Structure

General outline

Proton.
Identified by Rutherford in 1919.

o 'We must conclude that the m‘frog@n atom
is disinfeﬂmfa[ under the intense forces
developed in a close collision with a swift
alpha particle, and that the /L}/z{rogen atom
which is liherated formed a constituent
}mrf of the m‘frogen nucleus.

@ The nitrogen nucleus contains
hydrogen nuclei, considered by
Rutherford as elementary particles. Rutherford.

NP 1908

M = 938.272046 (21) MeV

Beringer et al. (Particle Data Group),

Phys. Rev. D86, 010001 (2012)

P
§ !
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Proton.

The discovery of nuclear spin.

@ Proton spin obtained from the measurement of the
specific heat of molecular hydrogen!

E = Eelec +

Evib

+

Erot + Etrans

Dennison, Proc. Roy. Soc. A115, 483 (1927)

€,/R v T: moleculor hydrogen
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@ Two varieties of molecular
hydrogen from wave function
symmetry considerations.

@ Slow transition between the
two varieties.

Fig. from Gearhart, HQ2, 2008
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N @ Proton spin obtained from the measurement of the
specific heat of molecular hydrogen!

Motivation

Afl::ef hislmry E= Esee + Evib + Eot +  Egans

oD. e nucleon N~ ~— N~~~ N——

Discovery 0(10000 K) (1000 K) O(10 K) 3R

Sereaioltine Dennison, Proc. Roy. Soc. A115, 483 (1927)

o T ey b @ Two varieties of molecular
‘ hydrogen from wave function

e symmetry considerations.
5 @ Slow transition between the
S i modern QM C s
g / theory two varieties.
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Proton.

The discovery of nuclear spin.

@ Proton spin obtained from the measurement of the
specific heat of molecular hydrogen!

E = Eot +  Eirans small T
~~ ——
£ J(J+1) 3R

Dennison, Proc. Roy. Soc. A115, 483 (1927)

€,/R v T: moleculor hydrogen

@ Two varieties of molecular

‘ hydrogen from wave function
- o & . .
e symmetry considerations.
S @ Slow transition between the
S r modern QM .
g / theory two varieties.
g P g-lg;\?)d Dennison,
) ot Fig. from Gearhart, HQ2, 2008

absolute temperature T (K)

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 4



4] Proton.
| / The discovery of nuclear spin.

Introduction

Motivation

A brief history ”Eﬁided Zune 16, 1927~ Jt may be ]Joinfai out that the ratio of 3
ogi::c,eve':;deon to 1 of the anfz‘sdummafrz‘ca[ and sdwnmefrica[ modifications of & duc[rogen/
Structure _ as rﬁg‘m{s the rotation of the molecule, is /usf what is to be e%pecfai
Genersfoutine from a consideration of the eyuz‘[ibrium at orc[z‘narﬂu temperatures if the
nuclear spin is taken @7ua[ to that of the electron, and on[} the complete
anfisymmefrical solution of the Scflrb‘dz‘nger wave eyuafion allowed!

Dennison, Proc. Roy. Soc. A115, 483 (1927)
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Introduction
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A brief history ”Eﬁided June 16, 1927~ 3 may be ]Joinfai out that the ratio of 3

O;i:::ve':;deo" to 1 of the anfz‘sﬁummefrz‘ca[ and sdummefrz‘ca[ modifications of /lducirog@n,
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4] Proton.
| / The discovery of nuclear spin.

Introduction

Motivation

A brief history ”E%ddcc[ June 16, 1927~ 3 may be ]Joinfai out that the ratio of 3
O;i:::ve':;deo" to 1 of the anfz‘sdummefrz‘ca[ and sdwnmefrica[ modifications of & dw[rogen/
Structure _ as r@émnis the rotation of the molecule, is /usf what is to be e%pecfai
Genersfoutine from a consideration of the eyuz‘[ibrium at orc[z‘narﬂu temperatures if the
nuclear spin is taken @7‘“1[ to that of the electron, and on[g the complete
anfisymmefrical solution of the Scflrb‘dz‘ngzr wave eyuafion allowed!

Dennison, Proc. Roy. Soc. A115, 483 (1927)

M = 938.272046 (21) MeV

A 1
T ER J = j
g: 4 Beringer et al. (Particle Data Group),

' Phys. Rev. D86, 010001 (2012)
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4] Neutron.

|/ Starting point of modern nuclear physics.

Introduction

Motivation @ 1932: Discovery.

A bref history Chadwick, Nature A129, 312 (1932)

Discovery
Structure

@ 1934: Mass measurement (- rays on
deuteron yielding protons and neutrons).

Chadwick and Goldhaber, Nature A134,
237 (1934)
e 1934: Spin measurement (from
deuteron spin).
Murphy and Johnston, Phys. Rev. 46, 95

(1934)  Chadwick,
NP 1935

General outline
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4] Nucleon and isospin.

|/ Starting point of modern nuclear physics.

Introduction

Motivation

A brief history

S © 1932: Nucleon and Isospin.
Structure o Nuclei are made of protons and

General outline

neutrons.
e Strong interaction = exchange force
described by isospin.

Heisenberg, Z. Phys. 77, 1 (1932),
Z. Phys. 78, 156 (1932),
Z. Phys. 80, 587 (1932) &

Heisenberg,
NP 1932
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4] Nucleon magnetic moment.

| / First evidence for a non trivial nucleon structure.

CEA - Saclay

isiadlugda @ Before 1933:

Motivation elementary proton.

A brief history . » ,

of the nucleon o Pauli : Don't you know the
Discovery . 2 . .
Structure Dirac theory ¢ It is obvious
General outline ® from Diracs @yuafz‘on that the

moment must he |e|/2M.
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/M ] Nucleon magnetic moment.

First evidence for a non trivial nucleon structure.

/

CEA - Saclay

bodeten @ Before 1933:
Motivation elementary proton.

A brief history
of the nucleon

o Pauli : "Don't you know the
Dirac ffwory It is obvious
from Diracs eyuafion that the

moment must be |e|/2M.

Discovery

General outline
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Nucleon magnetic moment.

First evidence for a non trivial nucleon structure.

Introduction

@ From ~ 1933 to ~ 1960:
Motivation composite nucleon with
A brief history unkown structure.

of the nucleon

Discovery

@ Proton mag. moment: 1933

General outline

Estermann and Stern
Z. Phys. 85, 7 (1933)
@ Neutron mag. moment: 1934

Rabi et al.
Phys. Rev. 46, 163 (1934)

Stern,
NP 1943
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General outline

Nucleon form factors and charge radius.

Elastic scattering.
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Nucleon Reverse Engineering

proton
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Nucleon form factors and charge radius.

Elastic scattering.

H. Moutarde (CEA-Saclay)

v, Q?

Nucleon Reverse Engineering

proton

wavelength ~ nucleon size
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4] Nucleon form factors and charge radius.
| / Elastic scattering.

CEA - Saclay
16 T T T
Introduction
14 J*
Motivation o 1z - ol S
~ el
P Er
A brief history U;%”' il ot =
K PO
of the nucleon s I 1 Lﬂi
Discovery l T
Structure 06 - B
General outline 04 - 8 : 0.6 b - -
o 10 10 10 10
Q° (Gev?) Q? (Gev?)
A Hané3
2 Hana & Bors B Janto @ Borts
* Lit70 O Cow68 * Sileg
@ Pri71 Andse * Lit70 o Andes
X Bertt * waioe ri71 * Walst
+ Chro4 X Ber?1 + Chr04
Han73 A Qat0s Han73 A Qat0s

Perdrisat et al. , Prog. Part. Nucl.
Phys. 59, 694 (2007)

e Elastic scattering electron / proton described by means
of form factors depending on Q2 :

o G electric charge distribution,

o Gy magnetic moment distribution.
H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 8



/4] Some properties of the nucleon.
|/ Summary.
@ proton
M, = 938.27203 (8) GeV

J=1
A brief history
of the nucleon | =

]
]
= \
Discovery o 72> 10% years )/
General outline ° = 0.875 (7) fm %\“\ }M
] |
° S

Introduction

Motivation

(L Y]

11, = 2.792847351 (28) 1y

d < 05410723 e cm = S\ TR
@ neutron %W ‘A’Wé’/"
o M, = 939.56536 (8) GeV s LR
Ty N A T Sy V2 R
o | =+
o Lifetime — 885.7 8) s Numerous indications of
o <r2>=-01161 (22) fm? a non-trivial structure.
o pp = -1.9130427 (5) un
o d<0.29.107% e cm

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 9



4] Quarks.

| / Existence in spite of unobserved free quarks.

Intreduction @ Success of the quark model with symmetry SU(3).
Motivation Gell-Mann, Ne'eman and Zweig (1964)
A brief history ~
of the nucleon
Discovery Ge||f|\/|aﬂﬂ
Structure N e ! eman !

NP 1969

General outline
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| / Existence in spite of unobserved free quarks.
introduction @ Success of the quark model with symmetry SU(3).
Motivation Gell-Mann, Ne'eman and Zweig (1964)

A brief history
of the nucleon

e |

Discovery
Structure

General outline [
o No observed free particles with fractional electric charge.
Hodges et al. , Phys. Rev. Lett. 47, 1651 (1981)
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4] Quarks.

| / Existence in spite of unobserved free quarks.

Introduction

@ Success of the quark model with symmetry SU(3).
Motivation Gell-Mann, Ne'eman and Zweig (1964)

A brief history

of the nucleon . |

Discovery
Structure

Gell-Mann,
NP 1969

@ No observed free particles with fractional electric charge.
Hodges et al. , Phys. Rev. Lett. 47, 1651 (1981)
e Experimental evidence for ponctual charged spin-1/2
particles inside the nucleon.
Friedman and Kendall, Ann. Rev. Nucl. Part. Sci. A22,

Ne'eman

General outline

203 (1972)
Friedman, 1) ') Kendall, % Taylor,
NP 1990 Wk NP 1990 NP 1990
v

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 10
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Introduction

Motivation

A brief history
of the nucleon
Discovery
Structure

General outline

Quarks.

Six quark flavors have been observed so far.

@ Quarks and their current masses:

e Light flavors:

saveur u d s
masse (MeV) [1.5,3.3] [3.5, 6] 105+35
charge (e) +2 -3 -3

e Heavy flavors:

saveur c b ¢
masse (GeV) 1.27%3;1{ 4, 20+?J o 171.3;}-_2
charge (e) +2 -1 +2

@ Masses spread out over 5 orders of magnitude.

@ In the following focus on light flavors to discuss nucleon
structure.

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 11



D
/

CEA - Saclay
Introduction
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A brief history
of the nucleon
Discovery
Structure

General outline

Gluons.

Existence in spite of unobserved free gluons.

@ Indirect observation in a

3-jet event.

Wiik, Neutrino '79, Bergen

@ Spin-1 confirmed by analysis
of 3-jet events.

Brandelik et al. , Phys. Lett.

B86, 243 (1979)

@ Gluon mass < a few MeVs.

Yndurain, Phys. Lett. B345,

H. Moutarde (CEA-Saclay)

524 (1995)

Nucleon Reverse Engineering

JETS, 3,02,

TlRlownse  JOTAS

ENERGY
JET | 4,3 GEV 7.4GEV
JET2 78 8.9

JET3 4.1 11

Ecole Joliot Curie 2013
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Introduction
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A brief history
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General outline

Reverse engineering.

The nucleon as a quantum relativistic system of confined particles.

How can we recover the well-
known characterics of the

nucleon form the properties of
its building blocks?
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Nucleon Reverse Engineering

Ecole Joliot Curie 2013

13



D

CEA - Saclay

Introduction

Motivation

A brief history
of the nucleon
Discovery

General outline

Reverse engineering.

The nucleon as a quantum relativistic system of confined particles.

How can we recover the well-
known characterics of the

nucleon form the properties of
its building blocks?

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering

Ecole Joliot Curie 2013

13



D

CEA - Saclay

Introduction

Motivation

A brief history
of the nucleon
Discovery

General outline

Reverse engineering.

The nucleon as a quantum relativistic system of confined particles.

How can we recover the well-
known characterics of the

nucleon form the properties of
its building blocks?

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering

Ecole Joliot Curie 2013

13



D

CEA - Saclay

Introduction

Motivation

A brief history
of the nucleon
Discovery

General outline

Reverse engineering.

The nucleon as a quantum relativistic system of confined particles.

How can we recover the well-
known characterics of the

nucleon form the properties of
its building blocks?

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering

Ecole Joliot Curie 2013

13



D

CEA - Saclay

Introduction

Motivation

A brief history
of the nucleon
Discovery

General outline

Reverse engineering.

The nucleon as a quantum relativistic system of confined particles.

How can we recover the well-
known characterics of the

nucleon form the properties of
its building blocks?

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering

Ecole Joliot Curie 2013

13



/4] Reverse engineering.

The nucleon as a quantum relativistic system of confined particles.

CEA - Saclay
Introduction

Motivation

How can we recover the well-
A brief history .
preeweelll known characterics of the

Discovery

nucleon form the properties of
SEAETNA its building blocks?

Mass?
Spin?
Charge?

First need to give a well defined
(quantitative) formulation of
the problem!

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 13



Introduction

Motivation

A brief history
of the nucleon
Discovery
Structure

General outline

General outline.

© Anatomy of the nucleon
General physical context. What would be desirable? What

is achievable?

© Hard probes and partonic content
Technical. All the words you have already heard but which
were maybe left undefined.

© 3D imaging and beyond
Phenomenological status of 3D imaging in the most
advanced case.

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013

14



D
/

CEA - Saclay

Anatomy of
the nucleon

Phase space Part. |
distributions
Aside on kinetic Anatomy of the nucleon
theory

Wigner
distribution

Nucleon

spatial Tuesday 1 OCt 2013

structure
Elastic scattering 8 H 30 - 1 0 H
Interpretation

Nucleon charge
radius

Quark Wigner
distributions
Relativistic

reatment General physical context. What would be desirable? What is
Light-cone .

physics achievable?

5-dimensional

Wigner

distribution

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 15



/M ] Phase space distribution function.

| / Microscopic description of an assembly of particles.

e Massive particles (mass m, particle density N).

Anatomy of

hi | .

fhe nucieon @ Orders of magnitude:
Ph . .
distributions de Broglie Average Typical length
iyt wavelength \ distance dp scales L
Wigner

distribution

e.g. hydrogen in stellar atmosphere at T ~ 10* K:

Nucleon

spatial o N~ 1016 Cm_3,
structure
Elastic scattering ° do = (47T/3N)71/3 = 3 X 1076 Cm'
Interpretation L ~ 100 km
]
Nucleon charge !
radius o A=h/\/3mkgT ~2 x 1072 cm.
Quark Wigner . . . . . .
distributions @ Approx.: continuous distribution of classical particles.
Relativistic
treatment
Do Distribution function 7 (7, v, t)
5-dimensional
dnoution f(7, v, t)d3Fd3V is the average number of particles contained,

at time t, in a volume element d37 about 7 and velocity-space
element d3v about V.

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 16



Anatomy of
the nucleon

Phase space
distributions
Aside on kinetic
theory

Wigner
distribution

Nucleon
spatial
structure
Elastic scattering
Interpretation

Nucleon charge
radius

Quark Wigner

distributions
Relativistic
treatment
Light-cone
physics
5-dimensional
Wigner
distribution

Phase space distribution function.

Macroscopic properties of an assembly of particles.

@ Macroscopic properties are computed from the
distribution function, e.g. :
e Particle density:

N(F, t) :/d3\7f(

e Mass density p (atomic weight A):
p(r,t) = AmyN(7, t)

o Average velocity (V):

(V) (7, t) = /d3\7\7f(F, v,t)

e f is a 1-particle distribution function: the probability of

—

r

)

Vv, t)

finding a particle at a given point in phase space us
independent of the coordinates of all other particles.
e By construction f(7, V, t) is positive.

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering

Ecole Joliot Curie 2013
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Anatomy of
the nucleon

Phase space
distributions
Aside on kinetic
theory

Wigner
distribution

Nucleon
spatial
structure
Elastic scattering
Interpretation

Nucleon charge
radius

Quark Wigner

distributions
Relativistic
treatment
Light-cone
physics
5-dimensional
Wigner
distribution

Wigner quasiprobability distribution.

Including quantum effects.

@ Must modify definition of phase space distribution

f(7,V,t) to satisfy Heisenberg uncertainty principle.

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering

Ecole Joliot Curie 2013
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4] \Vigner quasiprobability distribution.

| / Including quantum effects.
puEiEIY B e Must modify definition of phase space distribution
" f(7,V,t) to satisfy Heisenberg uncertainty principle.
ase space . . - — .
distributions @ Change kinetic momentum g = mv to canonical
\t/}&dry ete momentum g = 9L /0V.
igner
distribution
Nucleon Wigner distribution W (pure state)
spatial . .
structure Let 9 be the wavefunction of the considered system. The
Elastic scatterin| . . . . - =\
memeion . Wigner distribution W (7, B) is:
Nucleon charge
radius
_ 3z
Quark Wigner d S ]_ 1 b=y =
distributions W F D t) = * F— 7§ t F+ 75’ t elp'S
Relativistic ( Py ) / (271')3 ¢ ( 2 ’ ) 1/} < 2 ’
treatment
Light-cone
phy.sics . .
Wianer Wigner, Phys. Rev. 40, 749 (1932)
distribution

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 18



4] \Vigner quasiprobability distribution.

| / Including quantum effects.
puEiEIY B e Must modify definition of phase space distribution
" f(7,V,t) to satisfy Heisenberg uncertainty principle.
ase space . . - — .
distributions @ Change kinetic momentum g = mv to canonical
\t/}&dry ete momentum g = 9L /0V.
igner
distribution
Nucleon Wigner distribution W (pure state)
spatial . .
structure Let 9 be the wavefunction of the considered system. The
Elastic scatterin| . . . . - =\
memeion . Wigner distribution W (7, B) is:
Nucleon charge
radius
_ 3z
Quark Wigner d S ]_ 1 b=y =
distributions W F D t) = * F— 7§ t F+ 75’ t elp'S
Relativistic ( Py ) / (271')3 ¢ ( 2 ’ ) 1/} < 2 ’
treatment
Light-cone
phy.sics . .
Wianer Wigner, Phys. Rev. 40, 749 (1932)
distribution

@ By construction W(7, p, t) is real but not necessarily
positive.

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 18
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Anatomy of
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Phase space
distributions
Aside on kinetic
theory

Wigner
distribution

Nucleon
spatial
structure
Elastic scattering
Interpretation

Nucleon charge
radius

Quark Wigner

distributions
Relativistic
treatment
Light-cone
physics
5-dimensional
Wigner
distribution

Properties.

@ Recover ¥ and p probability densities:

B35 /.
/(2@3‘” (’_2

[ #wip)

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering

Wigner quasiprobability distribution (pure state).

r—|—§> /d3ﬁei

Ecole Joliot Curie 2013
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Properties.

Anatomy of
the nucleon
3= —
Phase space /d pW(r7 p
distributions
Aside on kinetic
theory

Wigner
distribution

Nucleon
spatial
structure
Elastic scattering
Interpretation

Nucleon charge
radius

Quark Wigner

distributions
Relativistic
treatment
Light-cone
physics
5-dimensional
Wigner
distribution

H. Moutarde (CEA-Saclay)

- Jm
- e

o (-

Nucleon Reverse Engineering

—

s
2

)o(+3) )

@ Recover F and p probablllty densities:
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Wigner quasiprobability distribution (pure state).

Properties.
@ Recover ¥ and

CEW(EP) =
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Properties.

@ Recover ¥ and j probability densities:
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Wigner quasiprobability distribution (pure state).

Properties.

@ Recover ¥ and p probability densities:
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] \Vigner quasiprobability distribution (pure state).

|/ Properties.

P @ Recover ¥ and p probability densities:

the nucleon

Phase space /d3ﬁW(F7 ﬁ) = |¢(F)|2

distributions

Aside on kinetic

= / PIWEE) = o5 sl (B)P

distribution

Nucleon
spatial

SULELLE @ For an observable A associated to a function a(7, p) of

Elastic scattering

',\"“e:Pfe‘a:"" phase-space coordinates:
ucleon charge
radius

Qe Wi A = [ B PG P)

Relativistic

treatment .

Lightcone Moyal, Proc. Cam. Phil. Soc. 45, 99 (1949)
5-dimensional

Wigner

distribution
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] \Vigner quasiprobability distribution (pure state).

|/ Properties.

P @ Recover ¥ and p probability densities:

the nucleon

Phase space /d3ﬁW(F7 ﬁ) = |w(F)|2
distributions

Aside on kinetic

[EWEs) = oslue)?

distribution

Nucleon
spatial
e @ For an observable A associated to a function a(7, p) of

Elastic scattering

"\"“e:Pfe‘a:"" phase-space coordinates:
ucleon charge
radius

Qe Wi A = [ B PG P)

Relativistic
treatment

Lightcone Moyal, Proc. Cam. Phil. Soc. 45, 99 (1949)

Siimensional @ Quantum mechanical generalization of distribution
distribution . - —
function (7, p).

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 19



] \Vigner quasiprobability distribution (pure state).

|/ Properties.

Anatomy of @ Recover ¥ and p probability densities:
the nucleon

3 RN . N2
Phase space /d pW(r7 p) - |w(r)|
distributions

Aside on kinetic

[EWEs) = oslue)?

distribution

Nucleon
spatial
e @ For an observable A associated to a function a(7, p) of

Elastic scattering

i phase-space coordinates:
radius

Qi i ) = [ ErepaE HWE.P)

distributions

Relativistic
treatment

Lightcone Moyal, Proc. Cam. Phil. Soc. 45, 99 (1949)
Siimensional @ Quantum mechanical generalization of distribution
eben function (7, p).

@ Need to consider mixed states e.g. to take spin into

account.
H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 19



/M) ] Density matrices.
| / Putting mixed states in Wigner distributions.

P o Consider a system |¢)) which is in state |k) with
the nucleon probability px (1 < k < K and S5 p, = 1).
Choose a complete set of (orthonormal) states |up):

Phase space
distributions

é\hsei!gfyon kinetic Z ch |un for 1 S k S n
Wigner
distribution

Nucleon
spatial
structure k) (k
Elasti i * .

Inrpretation (k|A k) § ch’ Cm Anm With Anpm = (un |A| um)

Nucleon charge
radius

Compute average value of observable A in state |k):

Quark Wigner
distributions

Define operator p by matrix eIement'

Relativistic

treatment (k) )
o = (un |o § j
plhgys?czone pnm U,-, p Um p

5-dimensional

Wigner
distribution

By construction:

W |A| ¢> = ZanAnm = Tl’,OA

n,m
H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 20



D
/

CEA - Saclay

Anatomy of
the nucleon

Phase space
distributions
Aside on kinetic
theory

Wigner
distribution

Nucleon
spatial
structure
Elastic scattering
Interpretation

Nucleon charge
radius

Quark Wigner

distributions
Relativistic
treatment
Light-cone
physics
5-dimensional
Wigner
distribution

Density matrices.

Formal definition.

Density operator p

Every state can be represented by an density operator p with

the following properties:

© p is hermitian.

Q@ Trp=1.

© p is positive:

@ The state is pure if and only if p? = p.

(¢ |plY) >0 for all states 1

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering
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Density matrices.

Formal definition.

Density operator p

Every state can be represented by an density operator p with

the following properties:

© p is hermitian.

The average value of an hermitian operator is real.

Q@ Trp=1.

© p is positive:

@ The state is pure if and only if p? = p.

(¢ |plY) >0 for all states 1
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Density matrices.

Formal definition.

Density operator p

Every state can be represented by an density operator p with

the following properties:

© p is hermitian.

The average value of an hermitian operator is real.

Q@ Trp=1.

© p is positive:

@ The state is pure if and only if p? = p.

The average value of the identity is 1.

(¢ |plY) >0 for all states 1
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Density matrices.

Formal definition.

Density operator p

Every state can be represented by an density operator p with

the following properties:

© p is hermitian.

The average value of an hermitian operator is real.

Q@ Trp=1.

© p is positive:

@ The state is pure if and only if p? = p.

The average value of the identity is 1.

(¢ |plY) >0 for all states 1

The average value of B = AA' is positive.

H. Moutarde (CEA-Saclay)
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Density matrices.

Formal definition.

Density operator p

Every state can be represented by an density operator p with
the following properties:

© p is hermitian.

The average value of an hermitian operator is real.

Q@ Trp=1.

© p is positive:

The average value of the identity is 1.

(¢ |plY) >0 for all states 1

The average value of B = AA' is positive.

@ The state is pure if and only if p? = p.

p s a projection operator.

v

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering

Ecole Joliot Curie 2013
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4] \Vigner quasiprobability distribution.

|/ Nonrelativistic quantum mechanical definition (mixed state).
Anatomy of . « e
the nacleon @ Reminder: definition for a pure state.

Z"has'eb space W N ¢ d3 s * - 1 — ¢ - 1 — t lﬁ -5
Istributions = —_ = -

Ahsideon kinetic pure(r7 p’ ) (27T)3 ¢ r 257 TTZ} r + 257 €

theory

Wigner
distribution

Nucleon
spatial

structure Let p be the density operator of the considered system. The

Elastic scattering

Interpretation H Q A . = =\ -
N;f,go"‘;harge Wigner distribution W(7, p) is:

Quark Wigner d3§ 1
distributions 7 Rr) — ¥y_ _2
Relativistic W(r’ P) - / (271')3 <r 2 s

p

treatment

1 -
r+ §> e'P*

Light-cone
physics

2 st @ Need extensions to describe:
distribution ° Quark f|e|dS
o Color gauge invariance.

e Lorentz invariance.

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 22



4] \Vigner quasiprobability distribution.

|/ Nonrelativistic Wigner distribution for quarks in QCD (field theory).

Al f . . . . . ~

T o (Trial) Wigner distribution operator W:

Phase space ~ 5 4 - = ]- — = 1 N ,'p ‘s

distributions Wr (t, r), p = d 5'1/} r— =S rlb r + =S ] e

Aside on kinetic 2 2

theory

dioution where I = 1, v, yu75 or 7s.

Nucleon @ Choose a constant 4-vector n* and a non-singular gauge

RELE - - . . . .

structure (gauge potentials vanish at spacetime infinity).

Elastic scattering . . . . R

Interpretation e Connect quark fields at r £+ s/2 with a Wilson line L via

Nucleon charge . . A . .

[ intermediate points at noo to ensure gauge invariance.
k Wi - - e

e et @ Sandwich between nucleon states with relativistic

et normalization:

Light-cone

g,hdyis::nsional — 1 d3Ei C_i n — Ei

L/‘i/sitg"i\g;tion Wr ((ta r)7 P) = m / (271_)3 <N7 2’ Wr ((t7 r)7 P) ’Nv _2>
Ji, Phys. Rev. Lett. 91, 062001 (2003)

Ji et al. , Phys. Rev. D69, 074014 (2004)
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4] \Vigner quasiprobability distribution.

|/ Nonrelativistic Wigner distribution for quarks in QCD (field theory).

Anatomy of
the nucleon

@ Relativistic normalization of 1-particle states:

Phase space

e (N,p|N, k) = (2m)*2E36) (b — k)

Wigner

— o Use translation operator P: ¢(x + a) = e*'F"3g(x)e~F 2

Nucleon
Wi ((£.0).p) \N,—j’>

spatial

structure = 1 d3C_i —ig-r C_i
cene coves W ((8,7),p) = 502 / it r<N72

Nucleon charge
radius

Quuenis Wifiiar @ To get a non-trivial phase-space dependence on 7, take

distributions

Rlaivistc initial and final hadrons with different center-of-mass
Do momenta.
5-dimensional

Wigner
distribution

Recover the nonrelativistic quantum mechanical definition.

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 24



Anatomy of
the nucleon

Phase space
distributions
Aside on kinetic
theory

Wigner
distribution

Nucleon
spatial
structure
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Quark Wigner

distributions
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treatment
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physics
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distribution

Wigner quasiprobability distribution.

Nonrelativistic Wigner distribution for quarks in QCD (field theory).

Nonrelativistic Wigner distribution for quarks in QCD.

We((6700) = 517 | o (M. 2 (72 0) .-

Ji, Phys. Rev. Lett. 91, 062001 (2003)
Ji et al. , Phys. Rev. D69, 074014 (2004)

g

2

)

v

@ Is it measurable?

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering

Ecole Joliot Curie 2013
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4] \Vigner quasiprobability distribution.

|/ Nonrelativistic Wigner distribution for quarks in QCD (field theory).

Anatomy of Nonrelativistic Wigner distribution for quarks in QCD.

the nucleon

Gisribations ~ 1 d3g gl . . g
dAsidebonkinetic Wr ((t’ I’),p) = W / W <N7 E Wr ((t7 r)7 P) N, _E

theory

Wigner
distribution

Nuct!eclxn Jl, Phys Rev. Lett. g]., 062001 (2003)
i Ji et al. , Phys. Rev. D69, 074014 (2004)
Elastic scattering o
Interpretation

i @ Is it measurable? Not clear!

Quark Wigner
distributions

Relativistic
treatment
Light-cone
physics
5-dimensional
Wigner
distribution
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4] \Vigner quasiprobability distribution.

|/ Nonrelativistic Wigner distribution for quarks in QCD (field theory).

Anatomy of Nonrelativistic Wigner distribution for quarks in QCD.

the nucleon

Gisribations ~ 1 d3g gl . . g
dAsidebonkinetic Wr ((t’ I’),p) = W / W <N7 E Wr ((t7 r)7 P) N, _E

theory

Wigner
distribution

Nuct!eclxn Jl, Phys Rev. Lett. g]., 062001 (2003)
i Ji et al. , Phys. Rev. D69, 074014 (2004)
Elastic scattering o
Interpretation

i @ Is it measurable? Not clear!
Quark Wigner e It is familiar?

distributions

Relativistic
treatment
Light-cone
physics
5-dimensional
Wigner
distribution
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4] \Vigner quasiprobability distribution.

|/ Nonrelativistic Wigner distribution for quarks in QCD (field theory).

Anatomy of Nonrelativistic Wigner distribution for quarks in QCD.

the nucleon

P'has'e sp'ace 1 d3 C_i C_i R C_i
distributions t, = , > — N, hd ( t, — ’ ) N’ 4
e Vr((0700) = 337 / (2n)? < 2| WrlE:7).p 2

Wigner
distribution

Nucleon Jl, Phys Rev. Lett. g]., 062001 (2003)

e Ji et al. , Phys. Rev. D69, 074014 (2004)

Elastic scattering o

Interpretation
Nucleon charge

i @ Is it measurable? Not clear!
Quark Wigner o It is familiar? Try with [ = ~,,.

distributions

Relativistic 1 1

treatment ~ — 4 - - - - - , .S
LLghF»cone W’Yl" (t, I’), p — d S w r— =S 7”w r + —S e P
physics 2 2

5-dimensional

Wigner

distribution

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 25



4] \Vigner quasiprobability distribution.

|/ Nonrelativistic Wigner distribution for quarks in QCD (field theory).

Interpretation
Nucleon charge

i @ Is it measurable? Not clear!
Quark Wigner o It is familiar? Try with [ = ~,,.

N =

the nucleon
F"has'e space 1 d3 C_i C_i A C_i
dIS‘-ZrIbIJtIC.vnS. W ( t,_', > = / Nyi W ( t7_'\’ ) N’_f
ﬁ‘s;gfyonklnetlc r ( r) p 2M (27T)3 2 r ( r) p 2
distribution
Nuct!eclxn Jl, Phys Rev. Lett. 91, 062001 (2003)
spatia
Elastic scattering o
distributions

§) Yutp (?+
5-dimensional
liAi/sitgrri]lthion d4p N = - - =
/ WWW ((tv r), P) = ¢<t7 r))’yﬂb((t, r))

Anatomy of Nonrelativistic Wigner distribution for quarks in QCD.
Wigner
structure Ji et al. , Phys. Rev. D69, 074014 (2004)
Relativistic
treatment ~ — 4 - -
Dt W, ((t, r),p> = / d*sv (r—
H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 25
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4] \Vigner quasiprobability distribution.

|/ Nonrelativistic Wigner distribution for quarks in QCD (field theory).

Anatomy of Nonrelativistic Wigner distribution for quarks in QCD.

the nucleon

F"has'e sp'ace 1 d3 C_i C_i R C_i
distributions t, = , > — N, hd ( t, — ’ ) N’ 4
e Vr((0700) = 337 / (2n)? < 2| WrlE:7).p 2

Wigner
distribution

Nucleon Jl, Phys Rev. Lett. 91, 062001 (2003)

e Ji et al. , Phys. Rev. D69, 074014 (2004)

Elastic scattering o

Interpretation
Nucleon charge

i @ Is it measurable? Not clear!
Quark Wigner e It is familiar? Yes!

distributions

ot i ; agi (7o ls Filg) e
LihghF»cone WPYH (t7 r)7 p = d Sw r= 55 ’y'uw r + 55 €
physics

o /(gj:;arww ((t’ 7),p) J}(f, F))v,ﬂb((t, ?)>

@ Matrix element of the electromagnetic, current!

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 25
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Elastic scattering.

Kinematics and standard notations.

Kinematics of elastic scattering on the nucleon

qg = k—K,

Q2 — _q2
L, _ P4
= /\/]’
Q2

XB = T

. 3
1l
—~
T
+ +
X Q
~— —
NN

In the target rest frame 6 € [0, 7] and:

p=(M,0), k=(E k), kK=(EK).

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013
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/M) Clastic scattering.
| / Kinematics, standard notations, orders of magnitude, variable ranges.

CEA - Saclay

Anatomy of

the nucleon Kinematics of elastic scattering on the nucleon

Phase space

distributions /
Aside on kinetic q = k - k 3
theory

Wigner Q2 — 2
distribution == q 3
Nucleon _ p-q
spatial 1% —_—
structure M
Elastic scattering

Interpretation

Nucleon charge
radius V.

X
w
Il

Quark Wigner
distributions

Relativistic
treatment

Liht-cone Give the typical energy range to probe the nucleon structure

physics o o o o o

et with electromagnetic elastic scattering. Justify the neglect of
the electron mass and show that g> ~ —4EE’sin?6/2 and

distribution
Q? > 0. What is the value of xg?

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 27
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Elastic scattering.
Amplitude at Born order.

@ Electromagnetic current:

I = D eqd(y)wmaly)

g=u,ds,...

@ From invariance under translations, take J°™ at 0.

Kinematics of elastic scattering on the nucleon

o Amplitude M(eN — eN) at Bonén order:
- € e1mn
M(eN — eN) = a(K', X )y u(k, \)— (N, pl, i |J;2(0)| N, p, h)

H. Moutarde (CEA-Saclay)

. A
Nucleon Reverse Engineering
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/M) Unpolarized elastic scattering at Born order.

| / Parameterization of the hadronic matrix element: spin-0 case.
Anatomy of @ Most general Lorentz structure (g = p’ — p):

the nucleon

Phase space
distributions
Aside on kinetic
theory

Wigner
distribution

Nucleon
spatial
structure

Elastic scattering
Interpretation

Nucleon charge
radius

Quark Wigner

distributions
Relativistic
treatment
Light-cone
physics
5-dimensional
Wigner
distribution

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering

<7T, p/ |sz(0)‘ T, P> = aiPy + 32P:L + asqy

Ecole Joliot Curie 2013

29



B

Unpolarized elastic scattering at Born order.

| / Parameterization of the hadronic matrix element: spin-0 case.

CEA - Saclay

Anatomy of
the nucleon

Phase space
distributions
Aside on kinetic
theory

Wigner
distribution

Nucleon
spatial
structure

Elastic scattering
Interpretation

Nucleon charge
radius

Quark Wigner

distributions
Relativistic
treatment
Light-cone
physics
5-dimensional
Wigner
distribution

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering

(P + Pl)u

@ Most general Lorentz structure (g = p’ — p):
(m,p"|J™(0)| 7, p) = a1py + a2p), + a3qy

@ Use 4-momentum conservation:

(m,pf ‘JZm(O)‘ T, p) = (a1+a2)

a a
+(a3_71+72

2 2 2

Ecole Joliot Curie 2013
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Unpolarized elastic scattering at Born order.

Parameterization of the hadronic matrix element: spin-0 case.

@ Most general Lorentz structure (g = p’ — p):

<7T, Pl |JZm(O)‘ T, P> = aiPy + 32P:L + asqy

@ Use 4-momentum conservation:

(m,pf ‘JZm(O)‘ T, p) = (a1+ag)(p

+p a a
p)“+(a3—21+22

2

)a

e Enforce current conservation g*J5™ = 0 with ¢° < 0:

a a
0 (-3 +3)¢

H. Moutarde (CEA-Saclay)
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Unpolarized elastic scattering at Born order.

Parameterization of the hadronic matrix element: spin-0 case.

@ Most general Lorentz structure (g = p’ — p):

<7T, Pl |JZm(O)‘ T, P> = aiPy + 32P:L + asqy

@ Use 4-momentum conservation:

(m,pf ‘JZm(O)‘ T, p) = (a1+a2)

(p

+p a a
7P)u+(33_4+3> 0

2 2 2

e Enforce current conservation g*J5™ = 0 with ¢° < 0:

a a
0 (-3 %)

2

e Hermiticity of J;™: there exist one real coefficient F

such that:

H. Moutarde (CEA-Saclay)

(m, p' |95 (0)| 7, p) = Fp+ Py

Nucleon Reverse Engineering
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/M) Unpolarized elastic scattering at Born order.

| / Parameterization of the hadronic matrix element: spin-0 case.
Anatomy of @ Most general Lorentz structure (g = p’ — p):
the nucleon

<7T, Pl |JZm(O)‘ T, P> = aiPy + 32P:L + asqy

@ Use 4-momentum conservation:

Phase space
distributions

Aside on kinetic
theory

v‘i/siv;gv?ell;tion (p + p/) al 22
([ (0)] 7, p) = (ar+a0) PPt (13— 2+ 2 g,
spatial

structure e Enforce current conservation g"J;™ = 0 with g% < 0:

Elastic scattering

Interpretation 31 32
Nucleon charge 0= (23 _ 5 + ?> q2
Quark Wigner ..

distributions e Hermiticity of J;™: there exist one real coefficient F

Relativistic

treatment such that:

Light-cone
physics

Fimarsens (m,p' |45 (0)| 7w, p) = F(p+ p')u

distribution

e F is dimensionless (|7, p) has mass dimension -1).
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/M) Unpolarized elastic scattering at Born order.

| / Parameterization of the hadronic matrix element: spin-0 case.
Anatomy of @ Most general Lorentz structure (g = p’ — p):
the nucleon

<7T, Pl |JZm(O)‘ T, P> = aiPy + 32P:L + asqy

@ Use 4-momentum conservation:

Phase space
distributions

Aside on kinetic
theory

v‘i/siv;gv?ell;tion (p + p/) al 22
([ (0)] 7, p) = (ar+a0) PPt (13— 2+ 2 g,

spatial

structure e Enforce current conservation g"J;™ = 0 with g% < 0:

Elastic scattering

Interpretation 31 32
Nucleon charge 0= (23 _ 5 + ?> q2
Quark Wigner ..

distributions e Hermiticity of J;™: there exist one real coefficient F

Relativistic

treatment such that:

Light-cone
physics

Fimarsens (m,p' |45 (0)| 7w, p) = F(p+ p')u

distribution
e F is dimensionless (|7, p) has mass dimension -1).
e F depends on g only (elastic scattering: —q? = 2p- q).
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Unpolarized elastic scattering at Born order.

Parameterization of the hadronic matrix element: spin-1/2 case (1/2).

@ Most general Lorentz structure (g = p’ — p):

(N, p" |J5™(0)| N, p) = T(p")T (P, p)u(p)

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering
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/M) Unpolarized elastic scattering at Born order.

|/ Parameterization of the hadronic matrix element: spin-1/2 case (1/2).
PR @ Most general Lorentz structure (g = p’ — p):
the nucleon

(N, P |J57(0)| N, p) = a(p')T (P, p)u(p)
e Expand I, in 16 matrices 1, v,, [7,,V»), 757, and 7s:

Phase space
distributions

Aside on kinetic
theory

igner . /
g\i/sfvibution 1 . pu, pu
. / / -
o Voo O Puly Pups Pup’s Pup
spatia

structure [Vos ol [ P]a [Vies Pl]a [Pa P/]Puv [P’ P/]P,Z

Elastic scattering

. vo /
Interpretation Y5 ’YP . 75")/p6pu Pv pO'
Neleon eharge )
radius ")/5 @

Quark Wigner
distributions
Relativistic
treatment
Light-cone
physics
5-dimensional
Wigner
distribution
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/M) Unpolarized elastic scattering at Born order.

|/ Parameterization of the hadronic matrix element: spin-1/2 case (1/2).
PR @ Most general Lorentz structure (g = p’ — p):
the nucleon

(N, P |J57(0)| N, p) = a(p')T (P, p)u(p)
e Expand I, in 16 matrices 1, v,, [7,,V»), 757, and 7s:

Phase space
distributions

Aside on kinetic
theory

igner . /
Z\i/sfvibution ]- . pu, pu
Nucleon ’Yp : ryﬂ

spatial

structure [’}/p, ’yo-]:

Elastic scattering

Interpretation 75 'Yp

g.ﬂe:n charge ,}/5 . @

Quark Wigner . . _

distributions @ Use Dirac equations for u and u:

Relativistic

Efylimt D(p’)(p/ —m)=0and (p — mu(p) =0
5-dimensional

Wigner
distribution
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/M) Unpolarized elastic scattering at Born order.

|/ Parameterization of the hadronic matrix element: spin-1/2 case (1/2).
PR @ Most general Lorentz structure (g = p’ — p):
the nucleon

(N, P |J57(0)| N, p) = a(p')T (P, p)u(p)
e Expand I, in 16 matrices 1, v,, [7,,V»), 757, and 7s:

Phase space
distributions

Aside on kinetic

theory ’
o ion 1 L PPy
Nuc!eon ’Yp : ’YM
spatial
structure [’}/p, ’yo-]:
Elastic scattering
Interpretation 75’Yp
Nucleon charge
radius € "}/5 @
Quark Wigner . . _
distributions @ Use Dirac equations for u and u:
Relativistic
treatment — / / o o
Ligntcone u(p’)(p' —m) =0and (p — m)u(p) =0
?vdtg'"b:' @ Need at most 3 dimensionless coefficients a, b and c:
v
/ e.m. - / qu Uuuq
(W |50 W) = 006 (a2 + b+ ) (o)
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/M) Unpolarized elastic scattering at Born order.

|/ Parameterization of the hadronic matrix element: spin-1/2 case (1/2).
T —— @ Need at most 3 dimensionless coefficients a, b and c:
the nucleon

.m. — vq
Phase spsce (N.p"[J™(0)| N, p) = T(p') <3M + by +c MM > u(p)

Aside on kinetic
theory

Wigner
distribution

Nucleon
spatial
structure

Elastic scattering
Interpretation

Nucleon charge
radius

Quark Wigner

distributions
Relativistic
treatment
Light-cone
physics
5-dimensional
Wigner
distribution
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Unpolarized elastic scattering at Born order.

Parameterization of the hadronic matrix element: spin-1/2 case (1/2).

@ Need at most 3 dimensionless coefficients a, b and c:

(W 0| . p) = ) (2%

M

el
b £
TRt Ty

) uto)

e Enforce current conservation g*J;™ = 0 with g% < 0:

u

2

(v) <aq + b + cW> u(p) =0

M

M

where u(p’)(p’ — p)u(p) = 0 (Dirac equation) and
ouwq”q* = 0 (symmetry).
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Phase space
distributions
Aside on kinetic
theory

Wigner
distribution

Nucleon
spatial
structure
Elastic scattering
Interpretation

Nucleon charge
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Quark Wigner

distributions
Relativistic
treatment
Light-cone
physics
5-dimensional
Wigner
distribution

Unpolarized elastic scattering at Born order.

Parameterization of the hadronic matrix element: spin-1/2 case (1/2).

@ Need at most 3 dimensionless coefficients a, b and c:

(N O] .p) = ) (

au
M

+ by, + ca‘“’q

) uto)

e Enforce current conservation g*J;™ = 0 with g% < 0:

u

2

(v) <aq + b + CW> u(p) =0

M

M

where u(p’)(p’ — p)u(p) = 0 (Dirac equation) and
ouwq”q* = 0 (symmetry).
e Hermiticity: b is real and c is purely imaginary.
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/M) Unpolarized elastic scattering at Born order.

|/ Parameterization of the hadronic matrix element: spin-1/2 case (1/2).
Anatomy of @ Need at most 3 dimensionless coefficients a, b and c:
the nucleon qu O-lu qI/
7] je.m. —0
dP'h:s'ebstp'ace <N, p |J/j m (0)’ N’ p> == U(p ) <3M + b"}/“ + C ) U(p)

Aside on kinetic
theory

Wigner e Enforce current conservation g*J;™ = 0 with g% < 0:
Nucleon 2 vV
spatial —/ q O-Myq q
structure U(p ) <a + bg +Cc——— U(p) =0

: - M M
Elastic scattering
Interpretation
s where u(p’)(p’ — p)u(p) = 0 (Dirac equation) and
i 0urq”q" = 0 (symmetry).
Relatvstc e Hermiticity: b is real and c is purely imaginary.
pahiecone e b and c depend on g2 only (—g? = 2p- q for elastic
5-dimensional .
Wigner scattering).

(N |Je™0)| N) = a(p’ (Fl(Q2)7u+F2(Q)2,.wawq) u(p)
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4] Nucleon form factors.

| / Pauli-Dirac and Sachs parameterizations.

Anatomy of Pauli-Dirac parameterization
the nucleon

e (V] (0)| VY = B(p) ( (@) + Fal @) 520 ) u(p)
é\hsei!gfyon kinetic

o
spatial
structure

astic scattering — GE Qz — TGM Q2 P
IEnIterpretation <N ’J/,el,m(o)} N> = u(p/) < ( )1 -7 ( )M
rade "

uarl igner I
Sistri;l-J\{c\?ogns + GM(Qz) O-MVq ) (p)
Eﬁiht‘mt : 2 2
S dmensiona with 7 = Q</(4M*) and: Q2
distribution GE(QZ) _ F1(Q2) + 4M2 F2(Q2)

6m(Q%) = Fi(Q%) + F2(Q%).
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M ] Nucleon form factors and elastic scattering.

| / Expression of the cross section in terms of form factors.
CEA - Saclay
Anatomy of

the nucleon "
Mott cross section

Phase space

distributions Scattering of a relativistic electron on a point-like spinless

Aside on kinetic

e article:
ey P da> Q20?2 cos? 5 0
Mott

distribution —_—
dQ2 4E2 sin* % E

Nucleon
spatial
structure

Elastic scattering
Interpretation
Nucleon charge

| \

Rosenbluth cross section

redies Scattering of a relativistic electron on a spin-1/2 composite
Quark Wigner
distributiogns target:
Relativistic
o o _do)  (GA@)+TGHQ) ) ooy, 20
hysics -
aQ =~ dQ/,,.. 1+7 M 2
X\i/sltgrri]lf:ltion
with: T= QQ/(4M2)

\
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Nucleon form factors and elastic scattering.

Expression of the cross section in terms of form factors.

Rosenbluth cross section

Scattering of a relativistic electron on a spin-1/2 composite
target:

do _ do GE(Q%) +7G(Q?)
dQ  dQ /... 147

2
with: T= Qz/(4M2)

+ 27 G3(Q?) tan? 9)

Exercise 1.3

| A

Establish the relation between the energies E and E’ of the

incoming and outgoing electrons and the scattering angle 6.

Comment on the number of independent kinematic variables.
E

E = — —
2E - 20
1+Wsm 5

N

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013
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/\ Interpretation of form factors.

D, Nonrelativistic scattering of a scalar particle on a spherically symmetric
potential.

CEA - Saclay

Areteny of Nonrelativistic scattering

the nucleon

Phase space do.

distributions — / o\ 12

—— flV]i

Ahside on kinetic W dk/dQ/ ’ < | | > |

theory

Wigner of . L ik R-7
distribution ¢i V(r) (f ’ V| I> — d3re ik - ¥ V(r)elk I
Nucleon
spatial — N
structure (_7‘ — k _ k/

Elastic scattering

Interpretation

Nucleon charge . . . . .
radius Spherically symmetric charge distribution

Quark Wigner

distributions - =
Relativistic r—r
treatment F 2 /
Light-cone ( )
physics v - Ze d3 4 r
5-dimensional (r) = T r _"7_;
Wigner
ety - O ™ Jy ‘r —r |
/
r
i
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Interpretation of form factors.
Nonrelativistic scattering of a scalar particle on a spherically symmetric
potential.

Spherically symmetric charge distribution

P
= Ze / 350(r)
7 V(r) = Bre
() A % |F — r'|
= 0
r (FIV]i) = /d3Fe—'q'fV(r)

@ Compute in spherical coordinates:
5 35 id-r Foo singR
(fF|V]i)=Ze /d r’e’q"p(r’)/ dRR———
% 0 gR
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/\ Interpretation of form factors.
Nonrelativistic scattering of a scalar particle on a spherically symmetric
potential.

CEA - Saclay

Anatomy of Spherically symmetric charge distribution

the nucleon
V(r) = Ze? /d3 getr)

r—r|

Phase space
distributions
Ahside on kinetic 471— |
theory
S o > 0 , 3. g7

r (fF|V]i)y = d>re™"9""V(r)
Nucleon
spatial
structure

Elastic scattering @ Compute in spherical coordinates: Diverge!

Interpretation

Nucleon charge Foo R
radius V d3 / / 1R RSIn q
(F1VIi) = 2 [ @7 ne) | e

Quark Wigner
distributions

~l

Relativistic
treatment
Light-cone
physics
5-dimensional
Wigner
distribution
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/\ Interpretation of form factors.
Nonrelativistic scattering of a scalar particle on a spherically symmetric
potential.

CEA - Saclay

Anatomy of Spherically symmetric charge distribution

the nucleon

Phase space
distributions

~

v = G et

4

Aside on kinetic
theory

ngr}er. —; O P
distribution r <f‘ ‘ V| I> — d3 Feflq - r V(r)
Nucleon

spatial
structure

Elastic scattering e Compute in spherical coordinates:

Interpretation 3 = , —+o0
Myl GG (FIV]i)= /d rel rp(r)/ dRR——
1% Jo

Quark Wigner
distributions

sin gR
qgR

o Regularize: Yukawa screening (a ~ 10719 m ~ 0.5 keV 1)

Relativisic

g ze? o
e VI = ETRY) v F(@) = [ et
distribution Q-+ 5 Vv
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/\ Interpretation of form factors.
Nonrelativistic scattering of a scalar particle on a spherically symmetric
potential.

CEA - Saclay

Anatomy of Spherically symmetric charge distribution

the nucleon

Phase space
distributions

~

o = 22 [ et

4

Aside on kinetic
theory

Wigr}er. —; O P
distribution r <f‘ ‘ V’ I> — d3 Feflq - r V(r)
Nucleon

spatial
structure

Elastic scattering @ Compute in spherical coordinates:

Interpretation 2 3 — P ’ 1
Nucleon charge <f | \/| ,> = Ze d3r e'dr p(r ) dRR
Quark Wigner 1% 0
distributions

o Regularize: Yukawa screening (a ~ 10710 m ~ 0.5 keV 1)

Relativistic
treatment

Light-cone

physics Z 2 o o
\%?é.::rnsional <f | \/‘ I> S — (02) with F(Q2) = /vd?’ljp(?)elq.r

distribution q2 —|—

~ Z—ZF(Q2) for Q@ ~ 1. GeV
q
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Interpretation of form factors.
Rutherford scattering.

Rutherford cross section

I

do_ (20} _Lpepye
dQ 2E s|n29

where F is the 3D Fourier transform of the target charge
distribution.

Exercise 1.4

Compute the form factor F for the charge distributions :
@ A single structureless charge located at 7.
@ A uniform spherical distribution with a sharp cut-off a:
p(r) = po ifr<a,
p(r) = 0 ifr>a.

Comment on the zero-recoil approximation.

. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 35
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Interpretation of form factors.

Rutherford scattering.

Rutherford cross section

do

distribution.

do_(Za)* 1 0
dQ  \ 2E s.n29

where F is the 3D Fourier transform of the target charge

Q%)

Sharp cut-off distribution

1
IF(ar

CRSS-E6100 O P

€00 500
a (Mev/<)

v

Lead form factor

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering

Ecole Joliot Curie 2013



D
/

CEA - Saclay

Anatomy of
the nucleon

Phase space
distributions
Aside on kinetic
theory

Wigner
distribution

Nucleon
spatial
structure

Elastic scattering
Interpretation

Nucleon charge
radius

Quark Wigner

distributions
Relativistic
treatment
Light-cone
physics
5-dimensional
Wigner
distribution

Interpretation of form factors.

Normalization of nucleon form factors.

o Take proton state with momentum k: |p, k).
o Consider charge operator: Q|p, k) = + |p, k)

-]

H. Moutarde (CEA-Saclay)

d*7 Jg™(7)

Nucleon Reverse Engineering
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/4 ] Interpretation of form factors.

| / Normalization of nucleon form factors.
A £ .
oy o e Take proton state with momentum k: |p, k).

o o Consider charge operator: Q|p, k) = + |p, k)
ase space
distributions Q — /d3?ng(’—})

Aside on kinetic
theory

Wigner

o o Then (p, k' |Q| p, k) = (K'|k) = 2E¢(2m)*3® (W — k) and
spatial

Elastic scattering
Interpretation

Nucleon charge
radius

Quark Wigner

distributions
Relativistic
treatment
Light-cone
physics
5-dimensional
Wigner
distribution
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/4 ] Interpretation of form factors.

| / Normalization of nucleon form factors.
A f .
oy o e Take proton state with momentum k: |p, k).

" o Consider charge operator: Q |p, k) = + |p, k)
distafiiffiiﬁi Q — /d3—'Jem (—») /]P> (t,7) Je .m. (0) —iP-(t,r)

Aside on kinetic
theory

’:is'tgrl?ﬁﬂuon o Then (p, K Q| p, k) = (k’ k) = 2Eﬂ(27r)35(3)( k) and
spatial

S;:Sii‘c“:mering <P, K ‘Q‘ p, k> _ /d3Fei(/:’—E)'?ei(E;/—E;)t <,D, k' ’ng(O)’ P, k>

Interpretation

Nucleon charge
radius

Quark Wigner

distributions
Relativistic
treatment
Light-cone
physics
5-dimensional
Wigner
distribution
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/4 ] Interpretation of form factors.

| / Normalization of nucleon form factors.
puEiEIY B e Take proton state with momentum k: |p, k).

" o Consider charge operator: Q |p, k) = + |p, k)
dis:rsizjtpi:; Q — / Jem (—») /]P’ (t,7) Je .m. (0) —iP-(t,r)

Aside on kinetic
theory

Wigr.\er X

e o Then (p, k' |Q| p, k) = (K |k) = 2E(27)36®) (K" — k) and
spatial _

Slé::siltcu::atterlng <p’ k/ ‘Q‘ P, k> — /d3_‘ /(k ) r l( P Ef{)t <p’ kl |J8m(0)’ p, k>
i = (2n)*6®(K — K)a(k)yoFi(0)u(k)

Gt

Lightcone

physics

5-dimensional

Wigner
distribution
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/4 ] Interpretation of form factors.

| / Normalization of nucleon form factors.

Anatomy of

o s e Take proton state with momentum k: |p, k).
. o Consider charge operator: Q |p, k) = + |p, k)
ase space

distributi _ 3= jem. I]P’ (t,7) je.m. —iP-(t,r)
e e Q= / 47 Jg™ (F)= ) Jg™ (0)e
eory

N| o Then (p, k' |Q| p, k) = (K'|k) = 2E;(2m)36®) (K" — k) and
spatial

e (K (Qpk) = [ @R TR (5|5 (0)] k)
nterpretation

Nucleon charge — _,

o = (@) 60K — K)a(k)yoF1(0)u(k)
istrbutions. — oF. 35(3)(k

dRe‘I:atilj/istic = 2F F1(0)(27T) 0 ( k)

i

physics

5-dimensional

Wigner

distribution
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/4 ] Interpretation of form factors.

| / Normalization of nucleon form factors.

puEiEIY B e Take proton state with momentum k: |p, k).

S e Consider charge operator: Q |p, k) = + |p, k)

Q= [ Ergm(R)= e D 0)e T 0
Nocteon o Then (p,k'|Q| p, k) = (K’ |k) = 2E(27)35®) (k' — k) and
spatial

structure
fcess (p, k' |Q|p k) = / 7K =R T E=EDE (p, | J51(0)] p, k)

Nucleon charge
radius

Quark Wigner = (27-‘-)35(3)(/:/ - E)B(k)fYOFl(O)u(k)
distributions - -

Rebtst = 2E.F(0)(2n)36®) (K — k)

Ehjy:sl @ The form factor F; at zero momentum transfer is the
dnoution electric charge.
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/4 ] Interpretation of form factors.

| / Normalization of nucleon form factors.

P A e Take proton state with momentum k: |p, k).

o Consider charge operator: Q|p, ) =+ |p, k)

Phase space

Q= [ Ergm(R)= e D 0)e T 0
eory

’:E:i::on o Then <p’ K |@| p, k> — <k/ |k> = 2El—<'(27r)35(3)( o E) and
spatial

Fsee (p, K'|Qlp, k) = / d3re K =R Peil By =Bt (5 k7| J™-(0)| p, k)

Nucleon charge
radius

Quark Wigner = (27-‘-)35(3)(/:/ - E)B(k)fYOFl(O)u(k)
distributions - -

Rebtst = 2E.F(0)(2n)36®) (K — k)

Ehjy:sl @ The form factor F; at zero momentum transfer is the
dnoution electric charge.

@ Similarly, the form factor F; is normalized to the
anomalous magnetic moment.
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Interpretation of form factors.

Nucleon form factors in the Breit frame.

p=-p
p

Frame in which the outgoing nucleon
has a 3-momentum opposite to that
of the incoming nucleon.

H. Moutarde (CEA-Saclay)
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Interpretation of form factors.

Nucleon form factors in the Breit frame.

Breit frame

Frame in which the outgoing nucleon

==
=P has a 3-momentum opposite to that
of the incoming nucleon.
-

" Brick wall condition”

H. Moutarde (CEA-Saclay)
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/4 ] Interpretation of form factors.

|/ Nucleon form factors in the Breit frame.
CEA - Saclay

Purteny & Breit frame

the nucleon

Phase space =/ =

B Frame in which the outgoing nucleon
tisilitor P =7P  has a 3-momentum opposite to that
of the incoming nucleon.

Aside on kinetic
theory

Wigner
distribution

Nucleon
spatial p

structure "Brick wall condition”

Elastic scattering

Interpretation v
Nucleon charge

i @ Evaluate matrix element of J*™ in the Breit frame:
Quark Wigner

distributions < ( )| Jem. | N(ﬁ)) = ( )<F170+F22M0'01/q ) (p)

Relativistic
treatment

Light-cone
physics
5-dimensional
Wigner
distribution
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/4 ] Interpretation of form factors.

|/ Nucleon form factors in the Breit frame.
CEA - Saclay

Purteny & Breit frame

the nucleon

Phase space =/

. Frame in which the outgoing nucleon
distributions P =7P  has a 3-momentum opposite to that

theol / H H
Wiener qg= of the incoming nucleon.
distribution

i)
|
i

Nucleon
spatial
structure

IE

e sttt "Brick wall condition”
astic scattering

Interpretation v

Nucleon charge

i @ Evaluate matrix element of J*™ in the Breit frame:
Quark Wigner

dFLSeT::j/I:::nS <N( ,D) | Jo | N(ﬁ)) = ( ) <F1'70 + F QMUOVq ) (P)

Light-cone
physics

. _ +7
zwdfmbjl (Gordon id.) = 1u(p’) <(F1 + F2)v — Fz(pg/\/l]))o> u(p)
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/4 ] Interpretation of form factors.
| / Nucleon form factors in the Breit frame.
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/4 ] Interpretation of form factors.

| / Nucleon form factors in the Breit frame.

Purteny & Breit frame
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Phase space =/

. Frame in which the outgoing nucleon
distributions P =7P  has a 3-momentum opposite to that

theo / A q

Wiener g=p—p of the incoming nucleon.
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Nucleon -

spatial p
structure

" Brick wall condition”

Interpretation v

Elastic scattering

Nucleon charge

i @ Evaluate matrix element of J*™ in the Breit frame:
Quark Wigner

dFLseTarlltjlule::ns < ( ) | eIn | N(ﬁ)> = ( ) <F1’70 + F22M00uq > (p)

treatment

Light-cone
physics

_ +r
g = @(p) <(F1 + F2)v — Fz(pZ,\j)o> u(p)

E2
F]_+F2 1_W
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/4 ] Interpretation of form factors.

|/ Nucleon form factors in the Breit frame.
CEA Saclay

Purteny & Breit frame

the nucleon

Phase space =/

. Frame in which the outgoing nucleon
distributions P =7P  has a 3-momentum opposite to that

theory / A A
Wiener g=p—p of the incoming nucleon.

distribution

spatial

-—
Nucleon ﬁ
structure

" Brick wall condition”

Elastic scattering

Interpretation

oo charge o Evaluate matrix element of J*™ in the Breit frame:

Quark Wigner

d;:lltj;::ns < ( ) | eIn | N(ﬁ)> = ( ) <F1’70 + F22MUqu > (p)

ight-cone p+pr)o

e = o(p) ( (F1+ F2)y — R P u(p)
distribution 2 M

= 2Mopy

E2
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Interpretation of form factors.

Nucleon form factors in the Breit frame.

Breit frame
P Frame in which the outgoing nucleon
P = 7P has a 3-momentum opposite to that
g=p—p of the incoming nucleon.
-
p

" Brick wall condition”

@ Evaluate matrix element of J*™ in the

(N(=p) | L™ N(p))

(q> = —4|

H. Moutarde (CEA-Saclay)

—

p

%)

= o(p )<F170+F22Mao,/q> u(p)

= D(pl) <(F1 + Fz)’}/o — in(p + ,D/)O

== 2M5hh’ ’VF1+F2(

Nucleon Reverse Engineering

Breit frame:

2M

- 5)

“Ecole Joliot Curie 2013

) u(p)
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/4 ] Interpretation of form factors.
| / Nucleon form factors in the Breit frame.
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distributions P =7P  has a 3-momentum opposite to that

theory /

Wiener g=p—p of the incoming nucleon.
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" Brick wall condition”

Interpretation v

Elastic scattering

Nucleon charge

i @ Evaluate matrix element of J*™ in the Breit frame:
Quark Wigner

dFLseTarlltjlule::ns < ( ) | eIn | N(ﬁ)> = ( ) <F1’70 + F22M00uq > (p)
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/4 ] Interpretation of form factors.
| / Nucleon form factors in the Breit frame.

CEA - Saclay

Anatomy of "
the nucleon Breit frame

Phase space
distributions

. Frame in which the outgoing nucleon
Aside on kinetic p = _p

fitmy 7 7 has a 3-momentum opposite to that
Wigr}er . . .
distribution g=p—p of the incoming nucleon.
Nucleon
spatial —_—
p

o]

structure

Elastic scattering

nterpreaton " Brick wall condition”

Nucleon charge
radius

Quark Wigner . "
distributions Nucleon form factors in the Breit frame

Relativistic
treatment

Light-cone
physics

ol @ Gy is the 3D Fourier transform of the magnetization
density.

@ Gg is the 3D Fourier transform of the charge density.

distribution
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Interpretation of form factors.

Quark contributions to form factors.

@ Assume isospin symmetry.

o Note G(P and G(" the Sachs form factors of the proton
and neutron.

e Define G(¥) and G(9) such that:

2 1
W) _ Z—g(d)
3G 3G

2 1
G = Zgld) _ -G
3 3

G(P)

@ Get non-trivial spatial information on the quark
structure of the nucleon!
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/4] Nucleon charge radius.

| / Evaluation from elastic scattering in the Breit frame.

A f . N .

oy o @ Form factors are 3D Fourier transforms of distributions
in the Breit frame.

Phase space

distributions @ For a spherlcally symmetric charge distribution p:

é\hsei!gfyon kinetic 5 2S|n qr

Wigner (Q ) — / dr p( )47”’

distribution 0

Nucleon

spatial +oo 1 q3 r3

structure = dr p(r)47rr* qr — —— 4.

Elastic scattering 0 q 6

Interpretation

Nucleon charge +o0 q2 “+00
radive / dr4nrp(r) — / dranr’r’p(r) + ..
0 0

Quark Wigner 6
distributions

1

o 2
Relativistic q
treatment — 2
Light-cone - ]' - K <r > + ot
physics
5-dimensional . .
Wigner i35 o Define a charge radius by:
< 2> _ dF
- 2
dq q2:O
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Nucleon charge radius.

Extraction of the charge radius from elastic scattering measurements.

Measurements
6 [ [ Forri
14
all
&
N
A 1.0
=
&
0.8
ET
08 L o
0.4 il n Lol n PR L L L
= 5 . 0.6 Lol v vl
10 2 (Gsz) 10 10—1 10n 101
Q" (Ge Q* (Gev?)
A Han63 X Bor75 A Han63
® Lit70 W Jan66 R Bor75
@ Pri71 > Andod O Cow68 * Sil93
X Ber71 * Walod 4 Lit70 o Andg94
+ Chro4 ® Pri71 * Wal94
X Ber71 + Chro4
% Han73 A Qat05 Eer] A &k
Perdrisat et al. , Prog. Part. Nucl. Phys. 59, 694 (2007)
o
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/4] Nucleon charge radius.
| / Extraction of the charge radius from elastic scattering measurements.

CEA - Saclay

A 6 Exercise 1.5

the nucleon
Considerp(r) = Ce=™ where m > 0 and C is such that the

o shace total charge is normalized to 1. Compute:

theory " T e the corresponding form factor,

Wigner

st @ the charge radius,
Nucleon
spatial
spatial o all higher moments (r") = [ drr"p(r),

astic scatterin, - n

e e o all ratios <r2”> / <r2> :

Nucleon charge . )

radius How do these ratios behave when n is large ?
Quark Wigner o
distributions

Relativistic @ Taylor expand Gg:

e TG0 =1 — Q2 (1) /64 Q° (r*) /120

physics E r r e
5-dimensional

dnoution o Higher moments are increasing with order, hence giving

a large contribution to Gg(Q?).
o No reason for the (r?) term to dominate!
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H. Moutarde (CEA-Saclay)

Nucleon charge radius.

Extraction of the charge radius from elastic scattering measurements.

Extrapolation

Fricdrict Walcher
Poly.  dipole 10 par
Poly. x dipole 9 par
Poly. x dipole 8 par
Poly. x dipole 7 par
Poly. + dipole 12 par
Poly. +dipole 11 par
Poly. + dipole 10 par
Poly. + dipole 9 par
Poly. 12 par.
Poly. 11 par.
Poly. 10 par.
Poly. 9 par
Inv. Paly. 9 par
Inv. Paly. 8 par
Inv. Paly. 7 par.
Inv. Paly. 6 par
Spiine x dipole 11 par.
Spiine  dipole 10 par
Spline x dipole O par.
Spline « dipoe & par.
Spline x dipole 7 par.
Spline 5th order 11 par.
Spline 5th order 10 par.
Spline 5t order © par
Spline 5 order & par
Spline 4th order 11 par.
Spline 4th order 10 par.
Spline 4¢h order 0 par
Spline 4th order § par
Spline rd order 1 par.
Spline rd order 10 par.
Spline d order © par.
Spline d order § par.

Bernauer et al. arXiv:13O7.62271
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Nucleon charge radius: an unexpected result.
Can the proton really be 0.00000000000003 mm smaller than expected?

@ 5.0 o discrepancy with CODATA value !

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering

Pohl et al., Nature A466, 213 (2010)

Ecole Joliot Curie 2013
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Nucleon charge radius: an unexpected result.
Can the proton really be 0.00000000000003 mm smaller than expected?

CODATA, The Committee on Data for Science and Technology
<[> | [+ @ http:/ jwww.codata.org/ ¢ | (Q codata
Webmail CEA  Internet IRFU  L'intranet du SPhN  Intranet DAPNIA  Babassev  CLAS, GPD, PDF, TMD..v JLABv Diversv Annuairesv Documentationv

for Sclence and Technology

FOREGES

<home > < newsletter > < discussion st > < data smencemuma\ > <contact > < members area >

. CODATA

el Aithe 25 CODATA Ganeral Assemblyon 26:27 Ociber i Being
he following Mission Statement was approved

Home The mission of CODATA s to strengthen international science for the benefit of society by promoting
p ientific and ical data and use.

About

CODATA Membership

NEWS AND EVENTS  tor past news and events, visit our Archives)

Resources
Task and Working 22nd CODATA International Conference, 24-27th October 2010, Cape Town - South Africa
Groups

Anhives w ‘Scientific Information for Society: Scientific Data and Sustainable Development

CoRATA22
CODATA in the Press
Paul F. Uhlir, Director of the Board on Research Data and Information, recipient of the 2010 CODATA Prize

CODATA " ’
DATA Launch of the Polar Information Commons website
SCIENCE Establishing te Framework or the Long-term Stewardship of Polar Data and Information
Jo
PIC Launch n Oslo, Tuesday 8inJune 2010 [TIT]]
CODATA
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Nucleon charge radius: an unexpected result.

Can the proton really be 0.00000000000003 mm smaller than expected?

)28v1 [physics.atom-ph] 29 Dec 2007

H. Moutarde

CODATA Recommended Values of the Fundamental Physical Constants:
2006*

Peter J. Mohr!, Barry N. Taylort, and David B. Newellf,
National Institute of Standards and Technology, Gaithersburg, Maryland 20899-8420, USA

(Dated: February 2, 2008)

This paper gives the 2006 self-consistent set of values of the basic constants and conversion factors
of physics and chemistry recommended by the Committee on Data for Science and Technology
(CODATA) for international use. Further, it describes in detail the adjustment of the values of the
constants, including the selection of the final set of input data based on the results of least-squares
analyses. The 2006 adjustment takes into account the data considered in the 2002 adjustment
as well as the data that became available between 31 December 2002, the closing date of that
adjustment, and 31 December 2006, the closing date of the new adjustment. The new data have
led to a significant reduction in the uncertaintics of many recommended values. The 2006 set
replaces the previously recommended 2002 CODATA set and may also be found on the World
Wide Web at physics.nist.gov/constants.

Contents 3. Cyclotron resonance measurement of the electron
relative atomic mass Ar (e) 8
Glossary e
jon frequencies 8
A AT AGETaR i 1. Hydrogen and deuterium transition frequencics, the
i Bl % Rydberg constant Roo, and the proton and deuteron
2. Time variation of the constants 5 charge radii Rp, Ry 8
St & 1. Theory relevant to the Rydberg constant 9
. RO 2. Experiments on hydrogen and deuterium 16
8 o i : 3. Nuclear radii 16
2. Special quantities and units 6 2. Antiprotonic helium transition frequencies and Ar(e) 17
1. Theory relevan iprotoni m 17
SR ILletve stomle als s e st el 18
1 Relative stomic masses offstams o B Vaee 4 (©) e e
2. Relative atomic masses of ions and nuclei 7 3. Hyberfing ebscturs and 85 S s
1. Hyperfine structure 20
2. Fine structure 20
*This report was prepared by the authors under the auspices of the 5. Magnetic moment anomalies and g-factors 21
CODATA Task Group on Fundamental Constants. The members 1. Electron magnetic moment anomaly ae and the -
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Nucleon charge radius: an unexpected result.
Can the proton really be 0.00000000000003 mm smaller than expected?
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/M) Nucleon charge radius: an unexpected result.
| / Can the proton really be 0.00000000000003 mm smaller than expected?

CEA - Saclay

Anatomy of
the nucleon

The resonance: discrepancy, sys., stat.

Phase space S
distributions Discrepancy:
5.00 <+ ~75CHz « év/r=15x10"2

Aside on kinetic

Quark Wigner as predicted

distributions

[}

Relativistic
treatment

theory
Wigner T E +f *our value
distribution =R pudanietsadaly i
s E——— |
Nucleon g 6 o
q o |
spatial 5 F |
structure § S Fitted position:
Elastic scattering § 4i 700 MHz unc.
Interpretation % r — rp
Nucleon charge ] 3 F
radivs E Fitted width
A

Light-cone
physics
5-dimensional

Wigner .
distribution Systematics: 300 MHz | Laser frequency known with 300 MHz uncertainty I
Statistics: 700 MHz

ETH A. Antognini, CERN  10.08.2010 — p.21
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Nucleon charge radius: an unexpected result.
Can the proton really be 0.00000000000003 mm smaller than expected?

|
Contributions to the ;p Lamb shift

# | Contribution Value Unc.

3 | Relativistic one loop VP 205.0282

4 | NR two-loop electron VP 1.5081

5 | Polarization insertion in two Coulomb lines 0.1509

6 | NR thres-loop electron VP 0.00529

7 | Polarisation insertion in two and three Coulomb lines (corrected) 0.00223

8 | Three-locp VP (total, uncorrected)

9 | Wichmann-Kroll —0.00103
10 | Light by light electron loop ((Virtual Delbriick) 0.00135 0.00135
11 | Radiative photon and electron polarization in the Coulomb line a?( Za)* —0.00500 0.0010
12 | Electron loop in the radiative photon of order a2(Za)* —0.00150
13 | Mixed electron and muon loops 0.00007
14 | Hadronic polarization a(Za)*m 0.01077 0.00038
15 | Hadronic polarization a{Za)%m.. 0.000047
16 | Hadronic polarization in the radiative photon a? (Z ) *m - —0.000015
17 | Recoil contribution
18 | Recoil finite size 0.001
19 | Recoil correction to VP
20 | Radiative corrections of order a™ (Za)*m,.
21 | Muon Lamb shift 4th order
22 | Recoil comections of order (2 o) 5 my
23 | Recoil of order a®
24 | Radiative recoil corrections of order a(Za)™ Z-m,.
25 | Nuclear structure comrection of order (Z )% (Proton polarizability) 0.015 0.004
26 | Polarization operator induced correction to nuclear polarizability c(Zex )5 my. 0.00019
27 | Radiative photon induced correction to nuclear ity cr(Zo)>my —0.00001

Sum 206.0573 0.0045

.. ETH

A. Antognini, CERN  10.08.2010 — p.25
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Nucleon charge radius: fully relativistic treatment.

Localization of a quantum relativistic system.

@ From uncertainty principle: minimal spread in
momentum / energy in a confined system.

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering
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/M) Nucleon charge radius: fully relativistic treatment.
| / Localization of a quantum relativistic system.

CEA - Saclay

Anatomy of
the nucleon

Phase space

distributions @ From uncertainty principle: minimal spread in
Aside on kinetic

= momentum / energy in a confined system.
distribution
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Nucleon charge radius: fully relativistic treatment.

Localization of a quantum relativistic system.

@ From uncertainty principle: minimal spread in
momentum / energy in a confined system.

@ If the energy levels of the confined system are high

enough, pair creation is possible.

@ Pair creation may prevent the localization of a particle

with a high resolution.

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering
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Nucleon charge radius: fully relativistic treatment.

Localization of a quantum relativistic system.

@ From uncertainty principle: minimal spread in
momentum / energy in a confined system.

@ If the energy levels of the confined system are high
enough, pair creation is possible.

@ Pair creation may prevent the localization of a particle
with a high resolution.

@ Discussions about nucleon radius refers to a specific
prescription.

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013
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/M) Nucleon charge radius: fully relativistic treatment.

|/ Quantum relativistic localization (Burkardt, Phys. Rev. D62, 071503 (2000)).
e @ Wave packet for spinless mass m particle localized at R:
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/M) Nucleon charge radius: fully relativistic treatment.
|/ Quantum relativistic localization (Burkardt, Phys. Rev. D62, 071503 (2000)).
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/M) Nucleon charge radius: fully relativistic treatment.
|/ Quantum relativistic localization (Burkardt, Phys. Rev. D62, 071503 (2000)).

Anatomy of @ Wave packet for spinless mass m particle localized at R:

the nucleon
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/M) Nucleon charge radius: fully relativistic treatment.

|/ Quantum relativistic localization (Burkardt, Phys. Rev. D62, 071503 (2000)).
Anatomy of @ Wave packet for spinless mass m particle localized at R:
the nucleon

= d35 ]. ,‘p’. R’ — — . /—.\2 2
Phase space R = 737 € zﬁ(p) ’p> Wlth EP = p + m
distributions (27T) 2Ep

Aside on kinetic

Wit e Normalized wave function :
distribution
3 —

Nucleon d p 1 ‘w([—)»)|2 _ 1

tial S — =
Siructure (2m)3 | /2E,

Elastic scattering

Interpretation . . . . =2 | =
Nucleon charge @ Covariant normalization of 1-particle states: <R R> =
Quark Wigner @ Reminder: Definition of form factor
distributions
s <p' }Jﬁ‘m | p> pﬂ + pu )F(q 2)
Light-cone

hysics .
S dmensiona e Fourier transform of charge distribution:

igner
distribution

/d3Fe"‘7'F<,‘3|p(F)| K’> _ / (d35 V" (P + ) (P) < (6)‘ 5>

213 \/EsEpiq
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Anatomy of @ Wave packet for spinless mass m particle localized at R:
the nucleon

= d35 ]. ,‘p’. R’ — — . /—.\2 2
Phase space R = 737 € zﬁ(p) ’p> Wlth EP = p + m
distributions (27T) 2Ep

Aside on kinetic

Wit e Normalized wave function :
distribution
3 —

Nucleon d p 1 ‘w([—)»)|2 _ 1

tial S — =
Siructure (2m)3 | /2E,

Elastic scattering

Interpretation . . . . =2 | =
Nucleon charge @ Covariant normalization of 1-particle states: <R R> =
Quark Wigner @ Reminder: Definition of form factor
distributions
s <p' }Jﬁ‘m | p> pﬂ + pu )F(q 2)
Light-cone

hysics .
S dmensiona e Fourier transform of charge distribution:

igner
distribution

. _ d3p E,+ E
32 iG-7 = _ + *(b+qg D 2
/d 7eld <Rp(r)R>—/(27r)32f/EpTl;+(;¢ (B+3)v(P)F(4°)
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/M) Nucleon charge radius: fully relativistic treatment.
|/ Quantum relativistic localization (Burkardt, Phys. Rev. D62, 071503 (2000)).

Anatomy of
the nucleon

@ 3D Fourier transform of charge distribution:

F"has'e space . R R d3ﬁ E + E
distributions d3—' q-r <R — R> — 1% p+q x/ = = — F 2
e [ et (Rl s e B ()

Wigner
distribution

Nucleon

spatial @ Three types of contributions
structure

Elastic scattering

Interpretation

Nucleon charge
radius

Quark Wigner

distributions
Relativistic
treatment
Light-cone
physics
5-dimensional
Wigner
distribution
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/M) Nucleon charge radius: fully relativistic treatment.

|/ Quantum relativistic localization (Burkardt, Phys. Rev. D62, 071503 (2000)).
Anatomy of @ 3D Fourier transform of charge distribution:
the nucleon
. - d3p E,+E

37.iG" 2 P p+q = g 2
s [ @7t (RIp)IR) = @2 EE., " PTAVPIF(T)
Aside on kinetic T P p+q
theory
g\i/sivégv?;:tion . .
- @ Three types of contributions
o Form factor sensitivity form factor's shape: cannot take
Elastic scattering F OUt Of the Integl’al

Interpretation

@ =/(F+d2+M — VR

Quark Wigner

distributions
Relativistic
treatment
Light-cone
physics
5-dimensional
Wigner
distribution
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/M) Nucleon charge radius: fully relativistic treatment.

|/ Quantum relativistic localization (Burkardt, Phys. Rev. D62, 071503 (2000)).
puEiEIY B @ 3D Fourier transform of charge distribution:

F"has'e space N 5 d3ﬁ E + E
distributions d3—' q-r <R = R> — / P p+q x [ = — — F 2
é\hsei!gfyon kinetic / re ‘p(r)‘ (27-[-)3 2 /EpEp+q¢ (p + q)/llz)(p) (q )

Wigner
distribution

Nucleon

spatial @ Three types of contributions

structure

Segle cemstming Form factor sensitivity form factor’'s shape: cannot take

Interpretation

i L F out of the integral.
Quark Wigner Wave packet Sensitivity to spatial distribution of the

distributions

R e wave packet.
treatment

Light-cone

physics

5-dimensional

Wigner

distribution
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/M) Nucleon charge radius: fully relativistic treatment.

|/ Quantum relativistic localization (Burkardt, Phys. Rev. D62, 071503 (2000)).
Anatomy of @ 3D Fourier transform of charge distribution:
the nucleon

it B BN [ P Eot Eora o
Phase space /d3req <R\p(r)\R> :/(27r)32p E,,Ei;:dj (B+3)v(P)F(q°)

Wigner @ Three types of contributions

distribution

Nucleon Form factor sensitivity form factor's shape: cannot take

spatial

i F out of the integral.
A EIiE Wave packet Sensitivity to spatial distribution of the

Interpretation
Nucleon charge

e wave packet.
Quark Wigner Relativistic effects Nonrelativistic limit 5% < m?:
Relativistic

distributions -2 E

+ E,

treatment Ep ~m —'— p and P ptd = 1
I,;Lgy};;one 2 m 2 Ep Ep+q
5-dimensional

Wigner
distribution
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/M) Nucleon charge radius: fully relativistic treatment.

|/ Quantum relativistic localization (Burkardt, Phys. Rev. D62, 071503 (2000)).
puEiEIY B @ 3D Fourier transform of charge distribution:

Phase space

o e d3p E,+E e
s [@rem T (R R) = [ G P (3 (B F ()
pEp+q

theory

Wigner

distribution

Nucleon A i

spatial @ Three types of contributions

structure

Flesie scatering Form factor sensitivity form factor's shape: cannot take
el e F out of the integral.

Quark Wigner Wave packet Sensitivity to spatial distribution of the
distributions

R e wave packet.

treatment .. .. e

Lightcone Relativistic effects Nonrelativistic limit p2 < m?:

Wigner 0! @ 3D Fourier transform of charge distribution is F when:

distribution

o Wave packet is very broad in momentum space.
e Nonrelativistic limit.
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/M) Nucleon charge radius: fully relativistic treatment.

|/ Quantum relativistic localization (Burkardt, Phys. Rev. D62, 071503 (2000)).
R e Expand 3D Fourier transform of charge distribution:

P'has'e space o d3 5] E + E
d/l\S:’lbutlsnSt. d3 iq- <R ‘p(—’)‘ > / P P p+q ¢*(5+6)¢(5)F(q2)
theory / (27r)3 2 Ep Ep+q

Wigner
distribution

Hacleen () o (r*) / d3p »(§-B)?
(2

~1 p
structure + 6 q 6 )3 |17Z}(p)| Eg
Interpretation

Elastic scattering
e a3p o 1 [ &35, . (G P)>?
Quark Wigner +/ (2 )3| v'(7Z}(p)| _8/( )3|¢(p)| T

distributions

Relativistic

S— o Relativistic corrections appear with terms o (- p)?/E?

Light-cone

physics =2 2
5-dimensional or q /Ep
Wigner

distribution

. ) - o
@ In a reference frame where E, is large and ¢“ and p- g are
finite, these corrections remain small.
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/M) Nucleon charge radius: fully relativistic treatment.

| / Quantum relativistic localization in an infinite momentum frame.
Anatomy of @ Reference frame with a fast moving particle along z axis:
the nucleon
m2
Phase space p[L = P + JOJ_7 P fOI‘ large P
distributions 2P
Aside on kinetic .
= @ In the Bjorken frame the 4-momentum of the exchanged
distribution phOtOﬂ |S
Nucleon 2
spatial q Q q 0
structure = \57 5791,
Elastic scattering a 2XB P
Interpretation . . . . .
Nucleon charge @ With this choice are kept finite when P — oo:
Quark Wigner 2 2 N2 2 2
distributions p q — Q + m Q and q2 — Q _ q2
FEEE 2xg  4xgP? 2xgP)
Light-cone . .
P o @ In that frame the wave packet in completely delocalized
Wigner . . . . . .
distrbution in z direction and sharply peaked in transverse directions.

o Consistent relativistic def.: form factor = 2D Fourier
transform of charge distribution in transverse plane.
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Nucleon charge radius: fully relativistic treatment.

Quantum relativistic localization in an infinite momentum frame.

Proton and neutron transverse charge densities

pb) [
2.0

15
1.0
0.5

fm~2]

pb) [

fm~2]

0.5

0 b [fm]

-0.1
-02
-03
-04
-0.5

0.5

b [fm]

Miller, Ann. Rev. Nucl. Part. Sci. A60, 1 (2010)

@ proton

@ neutron

4
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/4] Light-cone coordinates.
| / Choice of a privileged axis along which particles have a large momentum.

CEA - Saclay

@ z axis defined by propagation of fast
moving particles.

Anatomy of
the nucleon

Phase space
distributions

e Write v/ = (v, v, v™) for a 4-vector
vH with:

Aside on kinetic
theory

Wigner
distribution

v0 + v3 dv- v0 — Vv
=———andv = ———
V2 V2
@ Product of two 4-vectors v and w:
+

v
Nucleon
spatial
structure

Elastic scattering
Interpretation

Nlécleon charge V-w = V+ wo A vTw

radius

— VoW

Quark Wigner

distributions e Take two light-like 4-vectors ny = (1,0,0,1) and
ey n_ =(1,0,0,—1) sucht that:

Light-cone

i

5 dimensiona ny-n_=1and vt = v.ng for any 4-vector v/
X\i/sltgrri]lf:ltion

@ For a particle moving at the speed of light in the +2z
direction (x3 ~ x%): z7 ~ 0 and z*+ ~ v/2x°.
@ Interpret x* as light-cone time.
H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013



/4] Light-cone Poincaré algebra.

| / Nonrelativistic properties of Quantum Field Theories on the light-cone.
Anat f H A H H .

o @ The Poincaré group is defined by:

e 4 translation generators P*

Ph : : i
s space o 3 spatial rotation generators J
é\hside on kinetic ] 3 bOOSt generators K’

eory
Wigner @ The 6 light-cone generators J3, P, P2, PT,
Nucleon (K + J?)/v/2, and (K? — J%)/+/2 leave invariant the
spatial
structure surfaces of constant x™.

Elastic scatterin| _ . . . . . .
T — @ P~ generates translations in x* directions: Hamiltonian.
Nucleon charge H

radius @ The sub-algebra generated by these 7 generators is
e isomorphic to the algebra of Galilean transformations
Rkl of 2D quantum mechanics:

Light-cone

s Pt < Mass

disgibution P~ <« Hamiltonian

J32 & Rotations in transverse plane
PL <« Translations in transverse plane
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Quark Wigner distribution.

Full relativistic treatment.

Wigner operator for quarks at fixed light-cone time y™ = 0
WF’(BJ_, EJ_, X)

dZ_dzzj_
(2m)3

2/

where:

zt=0

Lorcé and Pasquini, Phys. Rev. D84, 014015 (2011)

o
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Quark Wigner distribution.

Full relativistic treatment.

Wigner operator for quarks at fixed light-cone time y™ = 0

WF’(BJ_, /_(‘J_,X)

1/d2_d22J_ .
2 (2m)3

where:

I'(XP+Z_—I—()¢ EJ‘)C_I (

e y* =(0,0, BL),

Lorcé and Pasquini, Phys. Rev. D84, 014015 (2011)

z

2

Jrea(y+3)

zt=0

o
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Quark Wigner distribution.

Full relativistic treatment.

Wigner operator for quarks at fixed light-cone time y™ = 0
WE(by,kyi,x) =
1 [dz=d?z,
2 (2m)3 y

where:

e y* =(0,0, BL),
@ p, p' incoming and outgoing hadron momenta,
P=(p+p)/2

Lorcé and Pasquini, Phys. Rev. D84, 014015 (2011)

o
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Quark Wigner distribution.

Full relativistic treatment.

Wigner operator for quarks at fixed light-cone time y™ = 0
WF’(BJ_, EJ_, X)
1 / dz=d%z; ol (<Pt 2 —RL21)

2 (2m)3

where:

Ne]
N
<

e y* =(0,0, BL),
@ p, p' incoming and outgoing hadron momenta,

P=(p+p)/2
e x = kT /P longitudinal momentum fraction,

Lorcé and Pasquini, Phys. Rev. D84, 014015 (2011)

o

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering

Ecole Joliot Curie 2013

50



B

CEA - Saclay

Anatomy of
the nucleon

Phase space
distributions
Aside on kinetic
theory

Wigner
distribution

Nucleon
spatial
structure
Elastic scattering
Interpretation

Nucleon charge
radius

Quark Wigner

distributions
Relativistic
treatment
Light-cone
physics
5-dimensional
Wigner
distribution

Quark Wigner distribution.

Full relativistic treatment.

Wigner operator for quarks at fixed light-cone time y™ = 0
WF’(BJ_, EJ_, X)
l/dz_d2zj_ ei(XP+z__ELIEL)E] (

2 (2m)3

where:

e y* =(0,0, BL),
@ p, p' incoming and outgoing hadron momenta,

P=(p+p)/2
@ x = k™ /P longitudinal momentum fraction,
o L=L(y—3,y+ %’ n) Wilson line,

Lorcé and Pasquini, Phys. Rev. D84, 014015 (2011)

z

2

)rea(y+2)

o
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A ] Quark Wigner distribution.

| / Full relativistic treatment.

Anatomy of
the nucleon

Wigner operator for quarks at fixed light-cone time y™ = 0
Phase space Wﬁ(BJ_7 EJ.7 X) —

distributions

Aside on kinetic = 2 ) _ N .
T l/dz e RN (2 5)rLa(y+3)

distribution 2

(2r)

Nucleon

spatial

structure Where: .
Elastic scattering o H— (0 0 b )
Interpretation y g 1)
Nucleon charge

e @ p, p/ incoming and outgoing hadron momenta,
Quark Wigner P = (p + pl)/2,

distributions

Relativistic

el e x = kT /P longitudinal momentum fraction,

Light-cone
hysi — z z . .
g-é/isnfnsional ° E = E (_y - j,y + f’ n) VVI|Son I|ne,
X\ilsltgrri‘;l:tion

o = FY+7’7+’757 iO-L+’75-
Lorcé and Pasquini, Phys. Rev. D84, 014015 (2011)

o
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Anatomy of
the nucleon
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el e x = kT /P longitudinal momentum fraction,
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hysi — z z . .
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Quark Wigner distribution.

Transverse plane imaging.

Wigner operator for quarks at fixed light-cone time y™ = 0

l/dzdzzl ,
2] T@np ¢
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Quark Wigner distribution.

Transverse plane imaging.

Wigner operator for quarks at fixed light-cone time y™ = 0
Wﬁ(BJ_, EJ_, X)

1 / dz-d2z,
2 (2m)3

eilPTz =KL 21) g (y _ g) rCq (y + f)

2

zt=0

@ Transverse center of
momentum R| =) . xiri;,
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Quark Wigner distribution.

Transverse plane imaging.

Wigner operator for quarks at fixed light-cone time y™ = 0
Wﬁ(gj_, EJ_, X)

1 / dz-d2z,
2 (2m)3

oy
=

eilPTz =KL 21) g (y _ g) rCq (y + f)

2

zt=0

@ Transverse center of
momentum R| =) . xiri;,

@ Impact parameter b,
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Quark Wigner distribution.

Transverse plane imaging.

Wigner operator for quarks at fixed light-cone time y™ = 0
Wﬁ(BJ_, EJ_, X)

1 / dz-d2z,
2 (2m)3

ki

br

eilPTz =KL 21) g (y _ g) rCq (y + f)

2

zt=0

@ Transverse center of
momentum R| =) . xiri;,

@ Impact parameter b,

R
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Quark Wigner distribution.

Transverse plane imaging.

Wigner operator for quarks at fixed light-cone time y™ = 0
Wﬁ(BJ_7 EJ_, X)

1 / dz-d2z,
2 (2m)3

zt=0
ki @ Transverse center of
xP+ momentum R| = >, xiri;,
br
@ |Impact parameter b,
R, @ Transverse momentum k|,
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Quark Wigner distribution.

Transverse plane imaging.

Wigner operator for quarks at fixed light-cone time y™ = 0
Wﬁ(BJ_, EJ_, X)

1 / dz-d2z,
2 (2m)3

ki

bT

zt=0

@ Transverse center of
xPt momentum R = Y. xiryj,

@ Impact parameter b,

R

@ Transverse momentum k|,

@ Longitudinal momentum
xP.
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A ] Quark Wigner distribution.

| / Wigner distributions as matrix elements of localized nucleon states.

@ Take a nucleon state ’p*,ﬁL,§> where S is the

Anatomy of
the nucleon

polarization of the nucleon.

Phase space
distributions

Aside on kinetic

theory — — —
rem W{(by, ki, x,5) =
Nucleon dZAJ_ AJ_ - AL —
spatial + _
sgll':c.ture ‘ / (271')2 P ) 2 S Wr(bLa kLa ) 2’
astic scatterlng
Interpretation
i G @ Wigner distributions are 2D Fourier transforms of more
e general objects: Generalized Transverse Momentum
Rltivisic Dependent parton distributions (GTMD).
Ui o Leading twist: 16 GTMDs (complex-valued functions).
i Meissner et al. , JHEP 0908, 056 (2009),

distribution

JHEP 0808, 038 (2008)
@ Thus there are 16 Wigner distributions which are

real-valued functions (leading twist).
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The whole family of quark distributions.

An experimental channel allowing Wigner distribution measurements has not

been identified yet.

Relations between quark distributions

f_W

TMD

GTMD

—

X?&-’ kL’ ‘

Lorcé et al.
JHEP 1105, 041 (2011)
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The whole family of quark distributions.

An experimental channel allowing Wigner distribution measurements has not

been identified yet.

Relations between quark distributions

g_ﬁ

TMD

GTMD

Charge

Lorcé et al.
JHEP 1105, 041 (2011)
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The whole family of quark distributions.

An experimental channel allowing Wigner distribution measurements has not

been identified yet.

Relations between quark distributions

f_W

GTMD
x, €, ky,

Chargex

Lorcé et al.
JHEP 1105, 041 (2011)
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physics
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The whole family of quark distributions.
An experimental channel allowing Wigner distribution measurements has not
been identified yet.

Relations between quark distributions

GTMD

—

f_ W i
X?&-’kL’ ‘

TMD TMFF GPD
= )
X, kJ_ kJ_LA_E s‘{afa
TMSD
ky

Lorcé et al.
Chargew JHEP 1105, 041 (2011)
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The whole family of quark distributions.

An experimental channel allowing Wigner distribution measurements has not

been identified yet.

Relations between quark distributions

g_ﬁ

TMD

GTMD

Lorcé et al.
JHEP 1105, 041 (2011)
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spatial
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Interpretation

Nucleon charge
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Quark Wigner

distributions
Relativistic
treatment
Light-cone
physics
5-dimensional
Wigner
distribution

The whole family of quark distributions.

An experimental channel allowing Wigner distribution measurements has not

been identified yet.

Relations between quark distributions

Wigner
distribution
) EJ.v EJ_

£= AL GTMD

Fourier transform 550 L’

ALHbL

TMD S22
> density
X, kJ_ i
x,b|
Transverse
TMSD charge
la density
by
Lorcé et al.
Charge JHEP 1105, 041 (2011)
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The whole family of quark distributions.

An experimental channel allowing Wigner distribution measurements has not

been identified yet.

Relations between quark distributions

f_W

TMD
X, EJ_

Charge
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distributions
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treatment
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physics
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The whole family of quark distributions.

An experimental channel allowing Wigner distribution measurements has not

been identified yet.

Relations between quark distributions

f_ﬁ

Covered in lecture

Charge

Lorcé et al.
JHEP 1105, 041 (2011)
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Hard probes

Reminder Part ”
E o

i oy Hard probes and partonic content
tensor

Belinfante tensor
Form factors
Momentum sum

rule Wednesday 2 Oct. 2013

Angular

e 10H30 - 11H30

Deep Inelastic
Scattering
Kinematics

Structure
functions

Compton tensor

Operator Technical. All the words you have already heard but which
Product were maybe left undefined.

Expansion
Principle
Scaling
Definition of
PDFs
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':‘! What have we learned so far?

CEA - Saclay

Hard probes

Reminder

Energy

momentum

tensor
Belinfante tensor
Form factors

Momentum sum
rule

Angular
momentum sum
rule

Deep Inelastic
Scattering
Kinematics

Structure
functions

Compton tensor

Operator
Product
Expansion
Principle
Scaling

Definition of
DFs

The properties (spin, charge, mass, ...) of the nucleon
have been known for more than 80 years.

There is no doubt today about the number of quarks and
gluons, their charges and spins. Masses are getting known
with an increasing accuracy.

How can we explain the characteristics of the observed
states in terms of those of QCD fundamental degrees of
freedom?

Heisenberg uncertainty principle and pair creation require
well-defined prescriptions to localize quarks and gluons
inside the nucleon.

Wigner distributions are the suitable relativistic quantum
mechanical generalizations of the 1-particle phase
distribution of kinetic gaz theory.
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':‘! What have we learned so far?
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Definition of
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@ Integrated Wigner distributions can be interpreted as

quark space density in the transverse plane in an infinite

momentum frame.

@ No process has been identified so far to measure Wigner
distributions, but some functions derived from Wigner

distributions are accessed experimentally, e.g. :

Form Factors (FF),
Parton Distribution Functions (PDF),

o
o Generalized Parton Distributions (GPD),
o

Transverse Momentum Dependent parton distributions

(TMD).

@ Wigner distributions provide information about quark
localization and charge distribution (through form
factors). Can we get more?
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4] Spin and angular momentum densities.

|/ Lorentz invariance in field theory (following Leader and Lorcé, arXiv:1309.4235)
Hard probes o Consider an infinitesimal Lorentz transformation:

Remind .

. Xt o M = N = (3w, )X with W =~

nergy

momentum

e o A family of fiel X ransforms as:

Belinfante tensor a y ° € ds (¢n( ))n t ansto Sas

Form factors

Momentum sum N

gr;m";;umsum On(x) = ¢h(x) = dn(x) — EWW(Z“V) "dm(x)
rule

D Inelasti . .
S where (X#¥),™ depends on the spin of the considered
s particle:

functions

Compton tensor Scalar (ZIJ«V)nm — O

(0] t . vy m __ v\ m

Product. Dirac (X#)," = (01),"/2

e Vector (XH¥),™ = i(8hn’™ — 64 nH")

Principle

EL where o, = i/2[7,,7,] and 7, is the metric tensor.
PDFs

e (X)), is antisymmetric w.r.t. p <> v.
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4] Spin and angular momentum densities.
|/ Lorentz invariance in field theory (following Leader and Lorcé, arXiv:1309.4235)

CEA - Saclay

AR et e Consider 6 antisymmetric generators M* of Lorentz

Remfiter transformations:

Energy . .

momentum I[M;U'V’ ¢n] — (XH(SV - X”éﬂ)¢n - I(Z'L“j)nmgém
tensor

Belfante i @ The operators associated to the spatial components of
MomertimbElim MH" generate rotations about x, y and z axis:

Angular

pnentum sum 1 \ wor  Wo2  Wo3

Deep Inelastic — W, 1 —Ww MyZ
Scattering /\'U'V = 01 12 —
Ps(inematics —wWo2 w21 1 —W23

tructure

functions —w03 w23 1 MXy
Compton tensor
St @ Three conserved angular momentum operators
roduct . .
Expansion JI7(I = 1,2,3):

Principle ) 1 ”

Scaling JI .. M_]

efinition o - €

pofen ! 2

@ Operators MY generate boosts along x, y and z axis.
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Spin and angular momentum densities.
Lorentz invariance in field theory (following Leader and Lorcé, arXiv:1309.4235)

@ In case of a Dirac particle:
5 .V g 0

@ From Noether's theorem, existence of a conserved
canonical angular momentum density:

M0 = X TP () 0T (x) ~ Frses (£9), ()

~
Spin

Orbital Angular
Momentum (OAM)

o Fields with spin X#": T#” not symmetric w.r.t. u < v.

Show that the energy-momentum tensor of a scalar field theory
is symmetric.
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Energy
momentum
tensor
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rule
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momentum sum
rule
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Structure
functions

Compton tensor

Operator

Product

Expansion
Principle
Scaling

Definition of
PDFs

Spin and angular momentum densities.
Canonical vs Belinfante tensors (following Leader and Lorcé, arXiv:1309.4235).

@ Einstein field equations of General relativity:

1
R/“/ — ERg’LLV = 87Tg T‘uy
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4] Spin and angular momentum densities.

|/ Canonical vs Belinfante tensors (following Leader and Lorcé, arXiv:1309.4235).
Hard probes @ Einstein field equations of General relativity:

Reminder 1

Energy Rp,l/ - ERg’LLI/ = 87Tg T/J,l/

momentum

tensor —

Belinfante tensor 1

Form factors Sym m etrl c

popmentum sum by assumption

Angular

momentum sum
rule

B @ The metric is supposed symmetric w.r.t. p <> v and
Kinematics 1 f—

ot covariantly constant Vg, = 0.

unctions

Compton tensor

Operator

Product

Expansion
Principle
Scaling

Definition of
PDFs
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4] Spin and angular momentum densities.

|/ Canonical vs Belinfante tensors (following Leader and Lorcé, arXiv:1309.4235).
Hard probes @ Einstein field equations of General relativity:

Reminder 1

Energy R/LI/ - ERg’L“j = 87Tg T/.ll/

momentum H/—/

tensor S— .

Belinfante tensor Sym m etrlc N ecessari |y

Form factors .

'I\illﬁementum sum by aSSumptiOn SymmetrIC

Angular

momentum sum

rule

B @ The metric is supposed symmetric w.r.t. © <> v and
Kinematics 1 —

ot covariantly constant Vg, = 0.

unctions

Compton tensor

Operator

Product

Expansion
Principle
Scaling

Definition of
PDFs
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4] Spin and angular momentum densities.
|/ Canonical vs Belinfante tensors (following Leader and Lorcé, arXiv:1309.4235).

Hard probes o Einstein field equations of General relativity:

Reminder 1

Energy R,uu - ERg/u/ = Sﬂ-g TMV

momentum

tensor . . .

S @ The metric is supposed symmetric w.r.t. p <+ v and

Momentum sum covariantly constant Vg, = 0.

rule
Angular

momentum sum @ Define the Belinfante energy-momentum density:

rule

Deep Inelastic
Scattering o Ny v /Ll/)\ I/}LA
Kinematics TBel = (T +T ) + a (Mspln + MSpll’l)

Structure
functions

Compton tensor

gpe(;atc:r Belinfante, Physica 6, 887 (1939)
Expansion Rosenfeld, Mem. Acad. Roy. Belg. 18, 6 (1940)
Principle
Scaling

Definition of
PDFs
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rule
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Expansion
Principle
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Definition of
PDFs

Spin and angular momentum densities.

Canonical vs Belinfante tensors (following Leader and Lorcé, arXiv:1309.4235).

@ Einstein field equations of General relativity:

1
Ry — ERgW =8rG T,

@ The metric is supposed symmetric w.r.t. u <> v and
covariantly constant Vg, = 0.

@ Define the Belinfante energy-momentum density:

uv
TBel

= (TW+ T 4+ a(

Belinfante, Physica 6, 887 (193
Rosenfeld, Mem. Acad. Roy. Belg. 18, 6 (194

o T symmetric w.rt. <> v
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Hard probes

Reminder

Energy
momentum
tensor
Belinfante tensor
Form factors

Momentum sum
rule

Angular
momentum sum
rule

Deep Inelastic
Scattering
Kinematics

Structure
functions

Compton tensor

Operator
Product
Expansion
Principle
Scaling
Definition of
PDFs

Spin and angular momentum densities.
Canonical vs Belinfante tensors (following Leader and Lorcé, arXiv:1309.4235).

@ Einstein field equations of General relativity:

1
Ruw — zRguw =81G T,

2

@ The metric is supposed symmetric w.r.t. u <> v and

covariantly

constant Vg, = 0.

@ Define the Belinfante energy-momentum density:

i
TBel.

TP _ Tvp

H. Moutarde (CEA-Saclay)

1 1
= ST+ T + S0

Belinfante, Physica 6, 887 (1939)
Rosenfeld, Mem. Acad. Roy. Belg. 18, 6 (1940)
o TEY symmetric w.r.t. <> v, conserved 9, Th) =0
(From the conservation of total angular momentum, get

= 9, M").

spin
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Hard probes

Reminder

Energy
momentum
tensor
Belinfante tensor
Form factors
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rule

Angular
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rule
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Operator

Product

Expansion
Principle
Scaling

Definition of
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Spin and angular momentum densities.

Canonical vs Belinfante tensors (following Leader and Lorcé, arXiv:1309.4235).

@ Einstein field equations of General relativity:

1
Ruw — zRguw =81G T,

2

@ The metric is supposed symmetric w.r.t. p <> v and

covariantly

constant Vg, = 0.

@ Define the Belinfante energy-momentum density:

i
TBel.

1
2

1
(T + T) 4 50

Belinfante, Physica 6, 887 (1939)
Rosenfeld, Mem. Acad. Roy. Belg. 18, 6 (1940)

M/,Ll/)\ + MZ/;LA)

spin spin

pv ; P
e T, symmetric w.rt. <> v , conserved 9, T, =0

(From the conservation of total angular momentum, get

TPV _ Tvp

= 0,M"™P).

spin

V37 . .
e T, is also gauge invariant.
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Principle
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Energy momentum form factors.

Form factor decomposition from symmetry considerations.

@ In all the following, use the Belinfante expression of the
QCD energy momentum tensor:

Axd
T =Y "gyiDYg — FIAFY, — 0" Locp
q
where altp¥) = (ab” 4 a”b*) /2.
e Consider two nucleon states |N, p) and |N, p’). Define:

p+p
2

@ Write the most general structure for the nucleon matrix
element (N, P+ A/2|TH| N, P — A/2) fulfilling:

Lorentz transformation as a second rank tensor,

Invariance under time reversal,

Invariance under parity transformation,

Hermiticity.

P = and A=p —p
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Energy

momentum

tensor
Belinfante tensor
Form factors

Momentum sum
rule

Angular
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rule

Deep Inelastic
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Structure
functions

Compton tensor

Operator

Product

Expansion
Principle
Scaling

Definition of
PDFs

Energy momentum form factors.

The energy momentum tensor is parameterized in terms of 3 form factors.

@ Introduce three energy momentum form factors:

A
<N,P+2’T“”

with t = A2

H. Moutarde (CEA-Saclay)

A
N,P—> =

2

2M M

0 (P + 2) [A(t)fy(“P”)

O O 1y A%W)] u (

A

p_=

2

Ji, Phys. Rev. Lett. 78, 610 (1997)
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/4] Energy momentum form factors.

| / The energy momentum tensor is parameterized in terms of 3 form factors.

Hard probes @ Introduce three energy momentum form factors:
Energy

N,P — §> = 0 <P+ 2) [A(t)ﬂ,/(“P”)

tensor . A C(t) A
Belinfante tensor (M V)>\ A LAV 2, uv _
+B(t)PVio TRy (A*AY — A%p )] u <P 2>

Form factors

eminder A
e <N,P+2’ T

Momentum sum
rule

Angular

with t = A2, _
Ji, Phys. Rev. Lett. 78, 610 (1997)

Deep Inelastic
Scattering

St e Apply Gordon identity 2M~* = <2P“ + ia’“’A,,)

functions

Compton tensor

Operator A A A P'u PV

roduc N P - TMV N P - < = u P ~ A

Eopor <,+2’ ’ 2> u<+2>|:(t)M
Principle

caling A C t A
Sggfl::r;itionof +(A(t) + B(t)) P(N,'O-V)A A + Q(A”AV - A277MV):| u <P — >

Expansion
2M " M 2
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/4] Energy momentum form factors.
|/ Momentum sum rule (1/2).

CEA - Saclay

Hard probes
@ Compute average of 4-momentum operator between

Reminder nucleon states of momentum P:
Energy

B PIINLP) = (P [T IP)

Form factors

Momentum sum
rule

Angular
momentum sum
rule

Deep Inelastic
Scattering
Kinematics

Structure
functions

Compton tensor

Operator

Product

Expansion
Principle
Scaling

Definition of
PDFs
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/4] Energy momentum form factors.
|/ Momentum sum rule (1/2).

CEA - Saclay

Hard probes
@ Compute average of 4-momentum operator between

Reminder nucleon states of momentum P:
Energy

B PN = (P [T P)

Belinfante tensor

Form factors

Momentum sum . A — —» A
rule : = ||m P+i d3r TOV(I’) P_i
Angular A_)O 2 2

momentum sum
rule

Deep Inelastic
Scattering
Kinematics

Structure
functions

Compton tensor

Operator

Product

Expansion
Principle
Scaling

Definition of
PDFs
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Energy momentum form factors.

Momentum sum rule (1/2).

@ Compute average of 4-momentum operator between
nucleon states of momentum P:

(N, P |P"| N, P)

H. Moutarde (CEA-Saclay)

(P [ @ T(7)|P)

. a 35 0u /=
AI|L>n0<P—|—2'/drT (7)
. A 32 —if A 0u(7

lim P+§ d’re T°7(0) |P —

A—0

Nucleon Reverse Engineering

P-3)
2

Ecole Joliot Curie 2013

A

2

)

63



/4] Energy momentum form factors.
|/ Momentum sum rule (1/2).

Hard probes
@ Compute average of 4-momentum operator between

Reminder nucleon states of momentum P:
Energy

xw“<MHWWf>=<H/&ﬂ“®w>
Belinfante tensor

T A

e = lim <P+ 2' /d3F T%(7)

Angular A—0

momentum sum

P-3)
2

| A R - A
Deep Inelastic — lim <P—|- 2’ /d3?e_/r-AT0u(0) ‘P— >

Scattering A—0 2

A
p_=
2>

Kinematics

Structure
functions

- A -
Compton tensor = i 3 (3) J— OV
Ahiqo (2m)26%(A) <P+ > ' T°7(0)

Operator

Product

Expansion
Principle
Scaling

Definition of
PDFs
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/4] Energy momentum form factors.
|/ Momentum sum rule (1/2).

Hard probes
@ Compute average of 4-momentum operator between

Reminder nucleon states of momentum P:
Energy

momentum 14 3> Ol/

i~ (N,P|P"|N,P) = P\/d TV (7) |P)
Belinfante tensor

Form factors
rMulc;mentumsum — ||m <P+ 2'/(13?7_0”(?)

Angular A—0

momentum sum
rule

P-3)
2
A

eep Inelastic . A 3o _H_E Ov (R
R = £%<P+2’/dre” T mﬂp—2>
A
p_=
2 >

Structure
functions

A ~
Compton tensor = ||m (27’[‘)36(3) (A) <P_|_ ‘ TOI/(O)
Operator A—0
El?i;ifon = (2m)2A(0)P*(2P%)53)(0)

Definition of
PDFs
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/4] Energy momentum form factors.
|/ Momentum sum rule (1/2).

Hard probes
@ Compute average of 4-momentum operator between

:emi"de' nucleon states of momentum P:

nergy

momentum

t::l?:frante tensor <N7 P |PV| N? P> = P‘ /d3 TOV >

Form factors

rMulc;mentum sum A

Angular — | P — d3_) TOV 7 P EE—

im (P 5 / SEGIEEY

Deepln'elastic A = 5 A

Scattering — I P - d3—‘ —ir-A TOV O P _ =

(s A'fo< T2 ' / ' O3

functions

Compton tensor — A -, A
= lim (27)3%®A) (P + | T¥(0) |P - =

gz)edrjzc:r AIL)nO( 7T) ( ) + 2 ( ) 2

e = A(0)P(2P%)(2r)35()(0)

Scaling

ngli:r;ition of — A(O)PV<P ’P)
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Energy momentum form factors.

Momentum sum rule (2/2).

@ Average of 4-momentum operator between nucleon states
of momentum P:

(N, P|P"|N,P)

(PIP)

— A(0)P”

e Energy momentum conservation: A(0) = 1.

@ Sum rule for quark and gluon contributions A, and Ag:

H. Moutarde (CEA-Saclay)

Ag(0) + Ag(0) =1
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Definition of
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Energy momentum form factors.

Angular momentum sum rule (1/4).

o Average of J3 between nucleon states in rest frame:

<P\J3\P>:<P

H. Moutarde (CEA-Saclay)
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Expansion
Principle
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Definition of
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Energy momentum form factors.

Angular momentum sum rule (1/4).

o Average of J3 between nucleon states in rest frame:
(P|2|P)= <P‘/d3F[r1T°2(F) — 2T 7)] ’ P>

P-3)
2

A L
— 6U3A|iiqo<P+2‘ /d3Fr’ TY(7)
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Energy momentum form factors.

Angular momentum sum rule (1/4).

o Average of J3 between nucleon states in rest frame:
&Br [ TR - TP ’ P>

<P\J3\P>:<P‘/
—6U3A|i110</3+§‘/d3?r"r°f(?)

_ . A 32 i —ir-AT0j(R
_eU3A||TO<P—|—2‘/drre T(0)
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Hard probes

Reminder

Energy
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rule

Angular
momentum sum
rule

Deep Inelastic
Scattering
Kinematics

Structure
functions

Compton tensor

Operator
Product
Expansion
Principle
Scaling

Definition of
PDFs

Energy momentum form factors.

Angular momentum sum rule (1/4).

o Average of J3 between nucleon states in rest frame:

<P\J3\P>:<P‘/

. A
o fimy (P 5

. A
:EU3A|ITO<P+ 2
. A
:(5"]3A|IL>no<PJr 2

H. Moutarde (CEA-Saclay)

/d3FriT°f(F)

/d3?r"

Nucleon Reverse Engineering

—i?-ETOj(()‘)

PP AT - AT | P)

P —

. A

“TLATY(0) (P -
2,
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/4] Energy momentum form factors.

|/ Angular momentum sum rule (1/4).

Hard probes o Average of J3 between nucleon states in rest frame:
(P|2|P)= <P‘/d3F[r1TO2(F) — 2T 7)] ’ P>

/d3?r"T°f(?) P - §>

Reminder

Energy
momentum .
tensor = 6,’j3 lim P +

Belinfante tensor A—0

Form factors
Momentum sum |
rule — H
= €j3 lim
Angular y
e —

mlomentum sum A—0 <

rule

Deep Inelastic

Scattering = 6I_[?) ||m
%

Kinematics
Structure
functions

Compton tensor — 6/_]3 | m ]
Operator A—0
Product

Expansion

Principle

Scaling

Definition of
PDFs
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/4] Energy momentum form factors.
|/ Angular momentum sum rule (1/4).

Hard probes o Average of J3 between nucleon states in rest frame:
Reminder <P ‘J3‘ P> = <P ‘/d3? [rl T02(F) - r2 TOl(F)] ’ P>
Energy
momentum . A 3= i40j/= A
“ Py [orirmle-
Form factors
'I\ill(;mentum sum . A 3 _ A 0j /R A
- EU3A|ImO<P+ 2 /d rFrie T ETH0) P
rule
; A 1 9 - A
Deep Inelastic . 3= —ir-A 70
catterin = €jj | P - d - - T ) P -
sKinematicf €U3 AILnO < + 2 / —I aA’ (0) 2 >
Pincsione o . Al .. o A\
Compton tensor — € |' .7_ 2 35(3) A P J— TOJ O P [ —
Opersor i3 My | T5ar (2O (A) | (P + 5 TR0 P= 5
Eroduc.t a
xpansion . . 3:3)/~ 3
:::::rlzle — eu3 Allmo (27T) 5( )(A) <_I8Al> |:(A(t) + B(t))
Definition of
PDFs A A A
X1 (P +5 ) P(Olof)’\zA; (P - 2) +O(A%) + O(Aﬂ
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/4] Energy momentum form factors.

|/ Angular momentum sum rule (1/4).
Hard probes @ Average of J3 between nucleon states in rest frame:
Reminder <P ’J3’ P> = <P ‘/d3? [rl T02(F) - r2 TOI(F)] ‘ P>
Energy
momentum _ . A I Oj A
= A"L“o<’° 1 Rl
Form factors
'I\ill(;mentum sum . A 3o _ ﬁ_& 0j -, A
:€U3A|ITO<P+2 /d rrie TETHO) P -5
rule

. A 1 90 R i = A
Deep Inelastic . 3 _,r A 10
catterin = €jj | P - T A A T J P -
sKinematicf €U3 AIEQO < + 2 /d _I aAI (0) 2 >
i o A . A\
Compton tensor — € |' [ - 2 36(3) A P TOJ P R —
Operator €U3 AITO |:I 8AI ( 7T) ( ) + (0) 2 /
Erc;duc.t 8
xpansion _ . 3¢(3)/ N .
Ficie = €3 Jim (2) sG(A) <—,M) [(A(t)+ B(t))
Definition of
PDFs A A A

X I (P+ 2) p© ,o—my\j’ (P— 2) +0(AY) +0(A2)}
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/4] Energy momentum form factors.

|/ Angular momentum sum rule (2/4).

o Average of J3 between nucleon states in rest frame:

(1P| P) = ey fim (2n5B) (i) [ (40 + B(0)

A A A
tn;:z:;ntum ol pP= P(O H J))‘i)\ P—— AO Az
><u< +2> io?” Sy > +0(A%) +0(A7)

Belinfante tensor

) o0 4 pigt
N :€U3(2W)35(3)(0)[A(0)+5(0)]U(P)[ oM }U(P)

Hard probes

Reminder

Deep Inelastic
Scattering
Kinematics

Structure
functions

Compton tensor

Operator

Product

Expansion
Principle
Scaling

Definition of
PDFs
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Hard probes

Reminder

Energy
momentum
tensor
Belinfante tensor
Form factors

Momentum sum
rule

Angular
momentum sum
rule

Deep Inelastic
Scattering
Kinematics

Structure
functions

Compton tensor

Operator
Product
Expansion
Principle
Scaling

Definition of
PDFs

Energy momentum form factors.

Angular momentum sum rule (2/4).

o Average of J3 between nucleon states in rest frame:

(P1F] P) = 55 Jim (20 (&)

X (P + ?) PN AN, (

:emefM”@ﬂAm)+BWHMPﬂ

= (2m)33®)(0) [A(0) + B(0)]a(P)

H. Moutarde (CEA-Saclay)

2M

Nucleon Reverse Engineering

(_,-ai,) [(A(t) L B(t)

A

P— ) +O(A% +0(A?)

2
POo + PigO]

2M
—2Mo12

oy uP)
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/4] Energy momentum form factors.
|/ Angular momentum sum rule (2/4).
o Average of J3 between nucleon stéates in rest frame:
3 : 353) (A -
(1P| P) = ey Jim(2x598) (~i7: ) [ (40 + B0)
Energy

tn;:z:jntum Xl._] <P + ?) P(OIO'J)A&U (P — A) + O(AO) + O(A2)

Hard probes

Reminder

2M 2

Belinfante tensor
Form factors
Momentum sum

rule -, _ POO-JI + PJO—OI
T = ¢;3(27)*5®)(0)[A(0) + B(0)] a(P) [ 2M |

[;ueI:plnelaStic 3 (3) = _2M012
Scattering == (277) 6 (0) [A(O) + B(O)] (P)WU(P)

a(P)u(P)

u(P)

Struc;ure —.
fnctons = (2m)35®)(0)[A(0) + B(0)]

Operator

Product

Expansion
Principle
Scaling

Definition of
PDFs

N|— I
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Hard probes

Reminder

Energy
momentum
tensor
Belinfante tensor
Form factors

Momentum sum
rule

Angular
momentum sum
rule

Deep Inelastic
Scattering
Kinematics

Structure
functions

Compton tensor

Operator

Product

Expansion
Principle
Scaling

Definition of
PDFs

Energy momentum form factors.

Angular momentum sum rule (2/4).

o Average of J3 between nucleon states in rest frame:

(PI2 P) =52 Jim (2?5 E) (

A A
X0 (P + 2) P(Oiaf)’\ﬁu (

= ¢j3(2m)%0®)
= (2m)33®)(0) [A(0) + B(0)]

= (2m)*6)(0)[A(0) + B(0)]

= [A(0) + B(0)](2r)a0

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering

Ol

N|— I

_17

OA!

p_~
2

(P)

)2M

(A) + B(0)

POo + PigO]

. ool
(©)[A0) + BO)]a(P) "
—2Mo1?

o u(P)

a(P)u(P)
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/4] Energy momentum form factors.
|/ Angular momentum sum rule (2/4).
Hard probes @ Average of J3 between nucleon states in rest frame:

reminder (P |S}| P) = €3 AIiEO(ZW)35(3)(5) <—ia‘zi> [(A(t)—i— B(t))

Energy

xi <P + ?) PO T2 (P - ?) +O(A%) + O(A2)
e — a2 @) [A©) + BO]a(P) 7P ey
EE o000 B0)He) T ue)

O = (2n)*5(0)[A(0) + B0)] S 5(P)u(P)

~ 1140 + B©)) 276 G2m

= ;[A(O) + B(0)|(P|P)
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/4] Energy momentum form factors.

|/ Angular momentum sum rule (3/4).

Hard probes o Average of J3 between nucleon states in rest frame:

(P2P) 1

. — = —1A(0)+ B(0
Reminder <P‘P> 2[ ( )+ ( )]
Energy
momentum e Angular momentum conservation: A(0) + B(0) = 1.
Belnfan tersr e From energy conservation get B(0) = 0.
Momentum sum @ Sum rules for quarks and gluons:
Rl —— 1 . 1
rule Jg = 3 [Aq(0) + Bg(0)] (idem Jg) and 5= Jg+ Jg
Deep Inelastic
Scatterin .. . o . i
e lo Decomposition Tto spin and orbital parts:
Structure
e 5 =3 |z0q  + Lq + Jg

2 2 —

gféiifr I v ' Gluon
Expansion nucleon Quark spin Quark OAM 0
Principle : . . . . Contrlbutlon
Scaling Spin contribution contribution

Definition of
PDFs

1 [Aq(0)+B4(0)]
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Hard probes

Reminder

Energy
momentum
tensor
Belinfante tensor
Form factors

Momentum sum
rule

Angular
momentum sum
rule

Deep Inelastic
Scattering
Kinematics

Structure
functions

Compton tensor

Operator

Product

Expansion
Principle
Scaling

Definition of
PDFs

Energy momentum form factors.

Angular momentum sum rule (4/4).

@ Question: How to access experimentally the energy
momentum form factors?

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering
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D
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Hard probes

Reminder

Energy
momentum
tensor
Belinfante tensor
Form factors

Momentum sum
rule

Angular
momentum sum
rule

Deep Inelastic
Scattering
Kinematics

Structure
functions

Compton tensor

Operator

Product

Expansion
Principle
Scaling

Definition of
PDFs

Energy momentum form factors.

Angular momentum sum rule (4/4).

@ Question: How to access experimentally the energy
momentum form factors?

@ Spin 2 probe: graviton?! Hopeless!

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering
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D
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Hard probes

Reminder

Energy
momentum
tensor
Belinfante tensor
Form factors

Momentum sum
rule

Angular
momentum sum
rule

Deep Inelastic
Scattering
Kinematics

Structure
functions

Compton tensor

Operator

Product

Expansion
Principle
Scaling

Definition of
PDFs

Energy momentum form factors.

Angular momentum sum rule (4/4).

@ Question: How to access experimentally the energy
momentum form factors?

@ Spin 2 probe: graviton?! Hopeless!

@ Consider a light-like vector n:

A A
<P+2’Tff (0)’P—2>nun,, =

Al =gy v
<P+2'q'y(“lD Vg — 1" Locp

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering

A
P— 2> n,n,
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/4] Energy momentum form factors.

/ Angular momentum sum rule (4/4).

@ Question: How to access experimentally the energy
momentum form factors?

sy @ Spin 2 probe: graviton?! Hopeless!

momentum @ Consider a light-like vector n:

tenéor A A
e <P +5 |15 P - 2> muny =

Hard probes

Reminder

Momentum sum
rule

Angular A i <> A

::Ioementum sum P _|_ - (_]’Y(“I D l/)q _ nMVACQCD P _ nuny
D : 2 2

eep In_elastlc

Sonerne e Terms symmetric w.r.t. 1 > v vanish after contraction
Rt with n,n, (notation A™ = —2¢PT):

gy A _ A
o P 900 "iD )q(o)'P ‘2>fw"v = “(P *2)
Expansion

g Aq(t) + 452 Cy(t) NARYASY A
Definition of X |: M + (Aq(t) + Bq(t))lm u P — E

PDFs

Compton tensor
1 A
Operator P +
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/4] Energy momentum form factors.

|/ Angular momentum sum rule (4/4).

@ Question: How to access experimentally the energy
momentum form factors?

sy @ Spin 2 probe: graviton?! Hopeless!

momentum @ Consider a light-like vector n:

ten%or A A
e <P +5 |15 P - 2> muny =

Hard probes

Reminder

Momentum sum
rule

- Al iR A

et <P + 2' gy#iD" g — " Lqocp |P — 2> nuny,
Deep In'elastic

Sonerne e Terms symmetric w.r.t. 1 > v vanish after contraction

Rt with n,n, (notation A™ = —2¢PT):

Compton tensor

1 A o A _ A
e o <P + 213(0)1#i D q(0) ’P - 2> T <P ; 2)
Expansion
Aqlt) + 452c (t) A A
Scalin, q q . A
ngli:r;ifionof X |: M + (Aq(t) + Bq(t))IW ul P— >

@ Experimental access to this matrix-element?

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 68
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Expansion
Principle
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Definition of
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Inelastic scattering.

Kinematics and standard notations.

Kinematics of inelastic scattering on the nucleon

In the target rest frame 6 € [0, 7]

and:
p=(M,0), k

= (E, k), K =(E K.

q = k_kla
QR = ¢
, = P4
=
y = p-q
= o
Q2
XB = T
2p-q
1
W = =
XB
W? = (p+q),
= (p+kK)*

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering
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Expansion
Principle
Scaling

Definition of
PDFs

Inelastic scattering.

Kinematics, standard notations, orders of magnitude, variable ranges.

Kinematics of inelastic scattering on the nucleon

g = k—K, = Q72
Q@ = —¢ - 2p-q’
v = 22 = iy
M’ XB
y = &, = (p+q)2’
P = (p+k)>

Exercise 1.2

Show that 0 < xg < 1 and that xg = 1 corresponds to the case
of elastic scattering. Explain why v and y are respectively
called energy loss and fractional energy loss. Prove that v > 0
and 0 <y <1.
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/M) Deep Inelastic scattering.
| / Amplitude at Born order.

P Deep Inelastic Scattering in the Bjorken limit

o Deep inelastic scattering is the scattering process with the
eminder . ] K L2
Energy following kinematic restrictions:
ti

tonsor o Q2> M? (Deep),

Belinfante tensor 2 2 .

Form fctrs o W= > M= (Inelastic).

lomentum sum

rule o . . . - - .

At Consider DIS in the Bjorken limit: finite xg and Q% — oo.
momentum sum

A

rule

Deep [nelastic Amplitude M(eN — eX) at Born order

Scattering

Kinematics

Structure
functions

Compton tensor

M(eN — eX) = D(k’)fy“u(k)%

X (X[ ()| N, p)

Operator
Product
Expansion
Principle
Scaling

Definition of
PDFs
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/\ Deep Inelastic scattering.
D, The amplitude at Born order depends on the Fourier transform of a
commutator of electromagnetic currents between nucleon states.

Hard probes @ Unpolarized deep inelastic scattering cross section:

2
Reminder /dUeN — 1 i4ﬂLMVW

3pr 3273 M2) o4 Hy

Energy d k ﬂ. (S - ) q
momentum ’ / n - .
tensor where [H*Y = 2(k“k v —+ kY k't — ’I’]'ul/k -k ) is the |ept0nlc
Belinfante tensor . .
Form factors tensor and W,,,, is the hadronic tensor:

Momentum sum
rule

1
R = / dX(2m)*s™(p+q - px) (p [4:™(0)| px) (px |45™™(0)| p)

rule

Deep Inelastic
Scattering
Kinematics

Structure
functions

Compton tensor

Operator
Product
Expansion
Principle
Scaling

Definition of
DFs
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/\ Deep Inelastic scattering.
D, The amplitude at Born order depends on the Fourier transform of a
commutator of electromagnetic currents between nucleon states.

Hard probes @ Unpolarized deep inelastic scattering cross section:
Reminder E/ dUeN — 1 47TI_ W

pury — 14
Energy d3k/ 327T3( M2) q a
momentum v ULl v n - .
tensor where [*Y = 2(k“k —+ kY k'H — ’I’]'u k-k ) is the |ept0nlc
Belinfante tensor . .
Form factors tensor and W,,,, is the hadronic tensor:

Momentum sum
rule

1
gl = / dX(2m)*6@(p + q — px) {p 5™ (0)| px) (px |J™(0)] p)

rule

Deep Inelastic

S;atter:ng 47r dX/ d4y el(P""q PX < ‘Je . )‘ px> <pX |Jsm(0)| p)

Structure
functions

Compton tensor

Operator

Product

Expansion
Principle
Scaling

Definition of
PDFs
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/\ Deep Inelastic scattering.
D, The amplitude at Born order depends on the Fourier transform of a
commutator of electromagnetic currents between nucleon states.

Hard probes @ Unpolarized deep inelastic scattering cross section:
Reminder /dUeN — 1 47TI_ W

pury — 14
Energy d3k/ 327T3( M2) q a
momentum v ULl v n - .
tensor where [*Y = 2(k“k —+ kY k'H — ’I’]'u k-k ) is the |ept0nlc
Belinfante tensor . .
Form factors tensor and W,,,, is the hadronic tensor:

Momentum sum
rule

1
gl = / dX(2m)*6@(p + q — px) {p 5™ (0)| px) (px |J™(0)] p)

rule

Deep Inelastic ]_

S;atter:ng 47r dX/d4ye p+q— PX 'y <P ’Je .m. ‘PX> Px |Je .m. (0)| P>

Structure
functions 1

Compton tensor  __ dx d4 elq y Jem Je .m.
e — L [ax [ty (o |5 0)] ) (x| O] )
Product
Expansion
Principle
Scaling

Definition of
PDFs
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/\ Deep Inelastic scattering.
D, The amplitude at Born order depends on the Fourier transform of a
commutator of electromagnetic currents between nucleon states.

Hard probes @ Unpolarized deep inelastic scattering cross section:
Reminder /dUeN — 1 47TI_ W

pury — 14
Energy d3k/ 327T3( M2) q a
momentum v ULl v n - .
tensor where [*Y = 2(k“k —+ kY k'H — ’I’]'u k-k ) is the |ept0nlc
Belinfante tensor . .
Form factors tensor and W,,,, is the hadronic tensor:

Momentum sum
rule

1
gl = / dX(2m)*6@(p + q — px) {p 5™ (0)| px) (px |J™(0)] p)

rule

Deep Inelastic ]_

S;atter:ng 47r dX/d4ye p+q— PX 'y <P ’Je .m. ‘PX> Px |Je .m. (0)| P>

Structure
functions

e L ax [ty ey (ol 5)px) (x5 0) )

Operator

Product

Expansion

Principle

Scaling 47’['

Definition of
PDFs

d*y Y (N, p[J5™ (y) 5™ (0)| N, p)
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momentum
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Form factors

Momentum sum
rule
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rule
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Scattering
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Structure
functions

Compton tensor

Operator

Product

Expansion
Principle
Scaling

Definition of
PDFs

Deep Inelastic scattering.
The amplitude at Born order depends on the Fourier transform of a
commutator of electromagnetic currents between nucleon states.

@ Unpolarized deep inelastic scattering cross section:

doen 1
' = 4 LMW,
Bl 32m3(s— M2y gt o T
where LH = 2(kFk™ + kVk'M — n'"k - k") is the leptonic
tensor and W,,,, is the hadronic tensor:
1 1 .11
= o [ aX@n8p + g px) (p S 0)] ) (ox 1™ (0) )

1

dX/d4ye pra=px) 'y (p|Jo™™(0)] px) (px | J5™ (0)] p)

47r
1
=0 dX/d4ye’q Y {p |4 ()| px) (px 195 (0)] p)
=4 | Ay TN p S () S (0)[ N, p)
1

/d4y eV (N, p |l (y), 5™ (0)]| N, p) since Mz > M.

72

47T
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Reminder

Energy
momentum
tensor
Belinfante tensor
Form factors

Momentum sum
rule

Angular
momentum sum
rule

Deep Inelastic
Scattering
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Structure
functions

Compton tensor

Operator

Product

Expansion
Principle
Scaling

Definition of
PDFs

Deep Inelastic scattering.
Aside: the Bjorken limit is the light-cone limit.

@ Spacetime region probed by the Bjorken limit?

1 -
Wiw = / dty €Y (N, p [[J5™(v), L™ (O] N, p)

o From causality, y? > 0.
o In the lab. frame v = q° and |G| = v\/1 — ¢%/12
o At fixed xg = —¢?/(2Mv) and large ¢°, v:
q-yzl/[yo—q;y—MxB — —|—(9< )}
4] 4] v
@ q-y is kept finite with:
G-y 1 G-y 1
-4 :(9() andq_,y:(9<>
I v I Xg
e From (G-¥/|q|)? < y?, obtain:
Const.
0<y?< ons2 = Light cone physics!
—q
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Deep Inelastic scattering.
The information about hadron structure accessible through DIS is contained
in 2 structure functions.

@ In DIS all the information about the hadron structure is
contained in the hadronic tensor W, :

1 i
W = o [ dty €97 (W.p L™ (7). ™ O] . p)

@ Parameterize the hadronic tensor taking into account:
e Parity invariance,
e Time reversal invariance,
e Hermiticity,
o Current conservation.

Wuy — _Fl (X37 Q2) <T]MV - q/;gl’>

Fa(xg, Q%) p-q p-q
+T Py — qu? Py — CIV?

o Experimentally F; and F, have a weak dependence on
Q? in the valence region: Bjorken scaling.
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Deep Inelastic scattering.

Measurements of F, and scaling violations.

World measurements of F»

Proton

E o mizEus
4 BCDMS
O Nmc
E A SLAC
w0013
0020
E %=0.032
w005
L w008
013
c e
E o, x025
‘
R
[ o
L 1y wos
w015
085 (1=1)
L L L L L L
T 7 g 7 g
10 1 10 10 10 10 10

Beringer et al. (QPzgcericIe Data Group),
Phys. Rev. D86, 010001 (2012)

10°

v
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/M) Deep Inelastic scattering.

| / Compton tensor.

@ In DIS all the information about the hadron structure is

Hard probes
contained in the hadronic tensor W, :

Reminder
L Wi = o / dty €9V (N, p |[J™(y), 5™ ()| V. p)
tEnls:frfttt @ Define the Compton tensor 7, by:
S i [l nen o))
Decp Inelastic o Unitarity of S-matrix (STS =1) with S=1+iT:
Kiarsis —(T—-TH=TT (Optical theorem)
oot i @ Sandwich between 2-particle states |p1, p2):
Eppdtt <p1,pz ‘—i(T - TT)‘ pl,pz> => <p1,pz ‘TT‘ X> <X ‘T ‘pl,pz>
B X
SnglFff @ Hadronic and Compton tensors are related:
Wy = 23T,
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/M) Deep Inelastic scattering.

| / Analytic properties of the Compton tensor and its structure functions.

e Same symmetry properties for 7, and W,,.
e Parameterize 7, as:

Hard probes

Reminder

o T = ~Tilco, @) (1~ %)

tensor

et e L Ta(xs. Q%) < .- P-q> < N P-q>
Homentum sum My w— u e Py — Qv e
:Eni’:"ﬂa"r‘“m sum ® 7., enjoys analytic properties: The scattering amplitudes
Decp Inelastic are the real boundary values of analytic functions of the
Kt Mandelstam variables s, t, u regarded as complex
itmr:ttso variables, with only such singularities as are demanded
Operator by the unitarity equations.

e Collins, An Introduction to Regge Theory and
ol High-Energy Physics, CUP 1977
Deyniion of e Discontinuity for 1/xg(= w) > 1:

Fi(w) =23 Ti(w +i0T) forj = 1,2
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Definition of
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Operator Product Expansion (OPE).

Principle.

@ Products of fields at same position are generally singular.

@ The product of two local fields A(y) and B(0) may be
expressed in terms of local operators O; such that:

Jino Aly)B(0) = ZI: ci(y)0i(0)
Wilson, Phys. Rev. 179, 1499 (1969)

@ The OPE has the following properties:
e It is an equality between operators: for all |o) and |5)

lim (@ |A(y)B(0)| B) = D _ ci(y) (@ |0,(0)| )
y—0 -
e Each operator O; has the quantum numbers of AB.
o The singular behavior is contained in the Wilson
coefficients ¢; (dim = mass dimension):
c,(y) o |y‘d1m ;) —dim(A)—dim(B) (up to logs)
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/M) Operator Product Expansion.
| / Momentum representation and light-cone expansion.

CEA - Saclay

Hard probes

Reminder
Energy @ Switch to momentum representation:
momentum

tensor

st s / dty e Y A(y)B0) = 3 / d'y €Y ¢y i(?) Oni(0) when g — o
Momentum sum .
nn

rule

Angular
momentum sum
rule

Deep Inelastic

Scattering o The Bjorken regime corresponds to small y? (and not
Kinematics small yO, yl, y2 and y3).

Structure
functions

Compton tensor

Operatr A(y)B(0) = E ni(Y* )i -+ - Yun O, 7""(0) when y2 =0
r

Exc::aﬁzion i

Principle

Scaling

Definition of
DFs
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Operator Product Expansion on the light-cone.

Fourier transforming light-cone OPE is expanding in powers of 1/xg.

@ Sandwich light-cone OPE between nucleon states |p):
ol [ aty &7 A()B(0) )

= Z<P‘Oﬁﬁ”'“”(0)‘l@> / dty €9y Yy Cni(y?)

in
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Operator Product Expansion on the light-cone.

Fourier transforming light-cone OPE is expanding in powers of 1/xg.

@ Sandwich light-cone OPE between nucleon states |p):
ol [ aty &7 A()B(0) )

= Z<P‘Oﬁﬁ“'“”(0)‘l?> / dty €9y Yy Cni(y?)

in

= Z<P|On,i(0)p>/d4y €YYy Y P Cni(v?)

in
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/M) Operator Product Expansion on the light-cone.

|/ Fourier transforming light-cone OPE is expanding in powers of 1/xg.

Hard probes

(Pl

Reminder

Energy
momentum
tensor
Belinfante tensor
Form factors

Momentum sum
rule

Angular
momentum sum
rule

Deep Inelastic
Scattering
Kinematics

Structure
functions

Compton tensor

Operator

Product

Expansion
Principle
Scaling

Definition of
PDFs

@ Sandwich light-cone OPE between nucleon states |p):
[ty e an)E@) )

= Z<P‘Oﬁﬁ”'“”(0)‘l@> / dty €9y Yy Cni(y?)

in

- Z (P|0n,i(0)] p) /d4y eiq.yYM Y P Puncn,i(yz)

in

= (p|0ni(0) p) <_1/Puai> /d4y el cni(y?)

in
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/M) Operator Product Expansion on the light-cone.

|/ Fourier transforming light-cone OPE is expanding in powers of 1/xg.

@ Sandwich light-cone OPE between nucleon states |p):
ol [ aty &7 A()B(0) )

Hard probes

Reminder

Energy )
me = 3 (plog )] p) [ dty et nils?)

Belinfante tensor in
)
Form factors

Momentum sum .
= > (p10ni(0)lp) / Aty €9y oy P Cni(v?)
rule i,n

Deep Inelastic

Scatterin ]_ 6 n .
et = > (P10ni(0)lp) (-Pua> / dy e ¢ i(y?)
Structure —1 q,LL

functions nn
Compton tensor

Operator — Z<p|on7i(0)‘p> (2ip-q)" (02) Cn:(Q2)

Product

Expansion .
e in
Principle

Scaling

Definition of
PDFs
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/M) Operator Product Expansion on the light-cone.

|/ Fourier transforming light-cone OPE is expanding in powers of 1/xg.

@ Sandwich light-cone OPE between nucleon states |p):
ol [ aty €7 ()B(0) )

Hard probes

Reminder

Energy )
s = 3 (plog )] p) [ty et nils?)

Belinfante tensor in
)
Form factors

Momentum sum .
= > (p10ni(0)lp) / Aty €9y oy P Cni(v?)
rule i,n

Deep Inelastic

Scatterin ]_ 8 n .
et = > (P10ni(0)lp) (wa) / dy e ¢y i(y?)
Structure —1 q‘u

functions nn
Compton tensor

Operator — Z<p|on7i(0)‘p> (2ip-q)" (02) Cn:(Q2)

Product

Expansion .
e in
Principle

Scaling

Definition of
PDFs
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Operator Product Expansion on the light-cone.

Fourier transforming light-cone OPE is expanding in powers of 1/xg.

@ Sandwich light-cone OPE between nucleon states |p):

@y/dﬂeMvAooem)m>

Z <p ‘O’lfvl"mun(o)’ p> /d4y eiq-yym .- ‘YMnCn,i(y2)

in

= Z<p10n,i(0)p>/d4y €Yy Y P P i(y)

i,n

> (P[00 p) (EiPuaz) /d4y el cni(y?)

in

ch,i(QZ)
1 n2n_ 4"
= 25 2 (P10 01P) "0 grmyzcni( Q)
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Operator Product Expansion on the light-cone.

Definition of twist. Scaling and leading twist.

@ Scaling behavior of Wilson coefficients:

6+n7dim(0n’i)

because dim(J;™ S5 ™) = 6.
@ Fourier transform:

6+n—dim(0n’i)—4
2
Cn,i(Qz) X <Q2)
@ Relevant variable: twist 7 = dim(O,;) — n

Gross and Treiman, Phys. Rev. D4, 1059 (1971)

@ At leading twist 7 = 2 light-cone expansion of Compton
tensor does not depend on @2 any more (up to logs).
@ Recover Bjorken scaling from field theory!
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Operator Product Expansion and scaling violations.

Logarithmic corrections to Bjorken scaling can be computed with the OPE.

Factorization between short distance, process
dependent properties in Wilson coefficients and large
distance, universal properties in operators.

This result can be obtained by carefully controlling the
mass singularities in Green functions.

The limits of vanishing masses and large momentum
transfer Q give rise to the same effects.

The Operators O; should be renormalized as products of
local fields, and depends on a renormalization scale .
Since structure functions are observable, the Wilson
coefficients ¢; also depend on this scale i so as to
compensate the p-dependence of the operators O;.
These corrections can be computed in perturbative
QCD, contribute with log QZ/,u2 terms, and are described
by DGLAP equations.
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Operator Product Expansion and scaling violations.

Extractions of PDFs from experimental data.

@ Choose a functional form for
PDFs at a low scale o with
MRST2006 (NNLO) free parameters.

v @ Use DGLAP equation to evolve
the PDFs from the low scale g
to a scale p ~ @ where data are
available.

© At this scale Q compute
structure functions and compare
to the data.

@ Repeat for all data sets.

© Adjust free parameters,
x typically by x?-fitting.
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Operator Product Expansion on the light-cone.
What are the leading twi

ist operators?

@ Reminder: In OPE take all operators with the same

gquantum numbers as original fields.
@ In QCD: six towers of twist-2 operators forming totally

symmetric representations of the Lorentz group:

opps — i
5)5‘““'“" = gylagiD .
OWM = aau(yiB’“...
Og“l'““"l’ —  Flu; BIJI o

éf;”l“'“"” = —iF(’”\iB“l.
s _ ;o

@ Compton tensor also describe two-photon processes =

R4
iD“")q
<>
iD“”)q
<>
iD“")q
o
iDMF"),
i D“" V)

<~
.iD“"F”)”.

same operators appear in the description of DVCS.
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Operator Product Expansion on the light-cone.

Interpretation of twist = mass dimension - spin.

@ Reminder: the OPE involve matrix elements such as
<p ‘OZ?,-"'“"(O)’ p>-

@ The operator O, ;(0) can be assumed to be completely
symmetric since its matrix element between nucleon
states with same momentum p is proportional to
pHt ... ptn,

@ The operator O, ;(0) can be assumed to be traceless: the
trace term will come with a n*i* factor, which contributes
to the matrix element as p,, p"’ = M? and gives rise to
power-suppressed terms in the OPE (target mass
corrections).

o Completely symmetric traceless operators with n
indices corresponds to spin-n fields.

@ Hence twist is mass dimension minus spin.
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The relevance of leading twist operators.
The matrix elements of twist-2 operators are related to the Mellin moments
of DIS structure functions F; and F;.

@ Light-cone OPE of tensor Compton schematically yields:

T(Je.m.Je.m.) _ Z Xlg Z <P|On,i(0)’ p) i"Q2n (((1?2) cn,(Q2)
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The relevance of leading twist operators.
The matrix elements of twist-2 operators are related to the Mellin moments
of DIS structure functions F; and F.

@ Light-cone OPE of tensor Compton schematically yields:

d”
T(Je.m.Je.m Z Z p|O,,, ’p) "an (Q2) Cnl(Qz)

@ Symmetry under w > —w

LUJ
(photon crossing).
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The relevance of leading twist operators.
The matrix elements of twist-2 operators are related to the Mellin moments
of DIS structure functions F; and F.

@ Light-cone OPE of tensor Compton schematically yields:

d”
T(Je.m.Je.m Z Z P|Onl ’P) nQ2n (QZ) CnI(Q2)

W @ Symmetry under w > —w
(photon crossing).

@ Analytic over
C (]—o00, =1]N[+1, +00[).
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The relevance of leading twist operators.
The matrix elements of twist-2 operators are related to the Mellin moments
of DIS structure functions F; and F.

@ Light-cone OPE of tensor Compton schematically yields:

T(Je.m.Je.m Z Z P |Onl

AR

LUJ

1\ 1

n 2n d” 2
) p)i"Q (Qg) - n,i(Q)
@ Symmetry under w > —w
(photon crossing).
@ Analytic over
C (]—o0, =1]N[+1, 400]).
o Get coefficient of 1/x5:

1 dw

2im c W+l (Jem Jem)
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The relevance of leading twist operators.
The matrix elements of twist-2 operators are related to the Mellin moments
of DIS structure functions F; and F.

@ Light-cone OPE of tensor Compton schematically yields:

T(Je.m.Je.m

Z Z (P10n,i(0

v
B

H. Moutarde (CEA-Saclay)
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/
/

d”
nQ2n Cni Q2
) p) " Q" o @)
@ Symmetry under w > —w
(photon crossing).

@ Analytic over
C (]—o00, =1]N[+1, +00[).
o Get coefficient of 1/x5:

1 dw e.m. je.m.
'/wn-i-l (J J )

2iT

@ Deform contour.
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The relevance of leading twist operators.
The matrix elements of twist-2 operators are related to the Mellin moments
of DIS structure functions F; and F.

@ Light-cone OPE of tensor Compton schematically yields:

T (Je.m. Je.m

Z Z (P10n,i(0

v
B

/
/

d”
nQ2n Cni Q2
) p) " Q" o @)
@ Symmetry under w > —w
(photon crossing).

@ Analytic over
C (]—o00, =1]N[+1, +00[).
o Get coefficient of 1/x5:

1 dw e.1m. je.m.
2/7T/C wn-i—l (J J )

@ Deform contour.

o Use Fi(w) =23 Tj(w +i0") for i = 1,2:
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The relevance of leading twist operators.

Parton Distribution Functions defined as matrix operators.

Exercise 1.3

Assume f(x) is known from its Mellin moments
M, = [ dxx"f(x). Use [T dxx"et¥* = 21(—i)"6("(v) to
show that:

) = Y- M@0
n=0 ’

@ Definition of PDF g(x) as a bilocal matrix element:
_ dz— . - _ z z
a)a(pn up) = p" [ e (Nopla (<) pa (+3) IN.p)
47 2 2
e Matrix element definition: can be used for models or
first principles evaluations.

@ Mellin moments of PDFs are matrix elements of local
fields and can be computed on the lattice.
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3D imaging

Reminder

Part. Il

Theoretical o -
framework 3D imaging and beyond
How are GPDs
defined ?

How are GPDs
measured ?

From theory Thursday 3 Oct. 2013

to measure

Models 8H30 - 10H

Universality tests

Probing models
on DV

Going further

From measure

to theory . . . .

B Phenomenological status of 3D imaging in the most advanced
freedom

Kinematic case.

restrictions

Fitting strategies
Model-dependence
Vs accuracy

Near future

Experimental
developments
GPD toolkit
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Deep Inelastic Scattering (DIS) can be described in
terms of two structure functions Fi(xg, Q%) and
Fa(xg, @?).

In the Bjorken regime (large Q? and fixed xg) these
functions show a logarithmic dependence on Q2 controlled
by DGLAP evolution equations.

The Bjorken limit corresponds to the limit of points
arbitrarily close to the light-cone.

The Operator Product Expansion (OPE) on the
light-cone organize nonperturbative contributions in terms
of a twist expansion where the twist is the mass
dimension of a field minus its spin.

Parton Distribution Functions are defined by their Mellin
moments, which are related to leading twist operators.
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The Belinfante energy momentum tensor TH¥ is
symmetric, conserved and gauge-invariant.

The matrix element of the Belinfante operator sandwiched
between nucleon states involve three energy momentum
form factors A(t), B(t) and C(t) for quarks and gluons.

The form factors Aq(0) and A,(0) describe the sharing of
longitudinal momentum between quarks and gluons
inside the nucleon.

The factors Bq(0) and Bg(0) describe the sharing of
angular momentum between quarks and gluons inside
the nucleon.

The energy momentum form factors A(t), B(t) and C(t)
can be accessed through the matrix element of a quark
twist-2 operator sandwiched between nucleon states.

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 90



3D imaging

Reminder

Theoretical
framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies

Model-dependence

Vs accuracy

Near future

Experimental
developments

GPD toolkit

Definition of GPDs.

Matrix elements of twist-2 bilocal operators.

J=t

1 dz~ ixPTz— = Z Z
2/27r e’ (r Q<—§) ’Y+q (§>‘P>z+:o,zL:0
1 icteA
YA q=( A/ o
pe | HOU ) ule) + ET) T )

1 dz= . p+,—- _ z z
3] e @[ (-5) 7m0 (5) [pherconio
1 . . ,)/5A+
H9G(o\~+ E9%%(p
SpT [ u(p )y sulp) + E7G(p') = s U(p)]

References
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/4] Decfinition of GPDs.

| / Matrix elements of twist-2 bilocal operators.

imagin 1 dzi ixPTz— - z + z

Pimesns - F9 = 2/27r e (p q(—§)7 q(g)‘P>z+:0,zL:0
Reminder

1 icT*A

eoretica — - qT / + q- / %
— gpe [ u(e) + B T ()
How are GPDs
defined 7G . 1 dZ_ iXP+ . , Z N P
HowweSos Fq - [ 22 G (_,) (7>’ o
—— 2/ o © Palmg) 7sa(3) | Plaroaio
to measure 1 . . ")/5A+
Models _ q- / —+ q- /
st = 2pr [” 6P )y ysulp) + ET(p )53 u(p)

Going further

From measure

‘o theory 12 GPDs at twist 2
e
(i @ Partons with a light-like separation.

restrictions
Fitting strategies

Model-dependence
Vs accuracy

@ Quarks, gluon and transversity GPDs.
o GPD%& = GPD%#(x,¢&,t).

Near future

Experimental
developments

GPD toolkit
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/4] Decfinition of GPDs.
| / Matrix elements of twist-2 bilocal operators.
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@ x € [&,1] : g emitted + g absorbed.
® x € [-§,+£] : g emitted + g absorbed.
@ x € [-1,—¢&] : g emitted + g absorbed.

Fitting strategies
Model-dependence
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Near future

Experimental
developments
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GPDs and Orbital Angular Momentum (1/2).

Towards a measurement of the quark OAM contribution to the nucleon spin.
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] GPDs and Orbital Angular Momentum (2/2).
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How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence
Vs accuracy

Near future

Experimental
devel

Properties (1/2).

Generalization of nucleon Form Factors and Parton Distribution Functions.

@ Form factor sum Hlle Follows from Lorentz invariance!

dx HI(xE, t) = F{(2)

-1

@ Forward limit E decouples from the forward limit!

H9(x,0,0) = q(x)

Exercise 1.1

Prove the polynomiality property of GPDs:
+1
[,

As in the case of nucleon form factors, this properties is tied to

dx x"H9(x, &, t) = polynomial in &

Lorentz invariance.

GPD toolkit
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3D imaging
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Theoretical
framework
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From theory
to measure
Models
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Probing models
on DV

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence
Vs accuracy

Near future

Experimental
developments

GPD toolkit

Properties (2/2).

3d imaging of nucleon’s partonic content.

o Probabilistic interpretation of Fourier transform of
GPD(x,& = 0, t) in transverse plane.

1 5 v 61,5’ OE
p(X7 bl))‘a)‘N) = 5 H(X’ bL) M ab2 (X bl)
+MnH(x, b?)

@ Notations : quark helicity A, nucleon longitudinal
polarization Ay and nucleon transverse spin S .
Burkardt, Phys. Rev. D62, 071503 (2000)

Obtain this 3d picture from exclusive measurements ?

singlet
quarks, gluons

longitud.

(@) ® x<001

pion valence Transverse
cloud quarks spin

slower

guarks move
aster

x~0.1 x~03 (©)

Weiss, AIP Conf,
Proc. 1149,

150 (2009

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering

Ecole Joliot Curie 2013

95



] A partonic picture of hadronic processes (1/2).
|/ Exclusive processes, factorization and universality.
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3D imaging

Reminder Q2
Theoretical Y proton
framework
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|/ Exclusive processes, factorization and universality.
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framework
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X a Ionn%ltudmal

From theory entum
to measure fraction x

Models
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GPD toolkit

A partonic picture of hadronic processes (1/2).

Exclusive processes, factorization and universality.
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MRST2006 (NNLO)
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] A partonic picture of hadronic processes (1/2).
Exclusive processes, factorization and universality.
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] A partonic picture of hadronic processes (1/2).
|/ Exclusive processes, factorization and universality.

CEA - Saclay

3D imaging DVCS Generalized

Parton Distributions

Reminder

2
Theoretical ’Y, Q
framework
How are GPDs
defined ?

How are GPDs
measured ?

v, Q7

factorization

X =&

From theory
to measure
Models = - - === === === - t
Universality tests

Probing models
on DV

Going further

From measure

to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence
Vs accuracy

Near future

Experimental
developments

GPD toolkit

T
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] A partonic picture of hadronic processes (2/2).

|/ Exclusive processes, factorization and universality.

30 imesine Bjorken regime : large Q2 and fixed xB ~ 2¢/(1 + £)

Re’"i"df" @ Partonic interpretation relies on factorization theorems.
::‘::SOJ::;ZEID @ All-order proofs for DVCS, TCS and some DVMP.
Eéﬁi}f"s o GPDs depend on a (arbitrary) factorization scale pF.

From thet‘)ry e Consistency requires the study of different channels.

to measure
Models
Universality tests

Probing models
on DV

GPDs enter DVCS through Compton Form Factors :

Going further 1

rom measure 2 Q

tFotheory ]:(6> t>Q ):/ dXC<X7§>O[5(MF)7> F(X7£7 tvMF)
Degrees of -1 HF

freedom

Kinematic for a given GPD F.

B @ Integration kernels C have been worked out at NLO.
Nearftie Belitsky and Miiller, Phys. Lett. B417, 129 (1998)
Experimental o CFF F is a complex function.

GPD t':)olkit
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M) Measurement principle is intrinsically quantum.
| / Quantum interference and amplification.

CEA - Saclay

3D imaging @ The DVCS and Bethe-Heitler (BH) processes have the
same incoming and outgoing states :
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framework
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measured ?
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Vs accuracy
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M) Measurement principle is intrinsically quantum.
| / Quantum interference and amplification.

CEA - Saclay

e @ The DVCS and Bethe-Heitler (BH) processes have the
same incoming and outgoing states :

Reminder

Theoretical

framework

How are GPDs

dgine) 7 (ep — eP’Y
How are GPDs

measured ?

From theory R .

to measure DVCS Bethe— Heitler

Models

Universality tests

Probing models s=5.5GeV’, Q*=2.5GeV’, x,=0.35, E....=6 GeV

on DVCS @ Measurement of the

Going further
From measure lnterference.

to theory

Degrees of @ Control of BH thanks to

freedom

Kinematic form factors.

restrictions

db/ d./ dp,/ 402,

Fitting strategies

Model-dependence
Vs accuracy

Near future

ciectron atuse

Experimental
developments o7 (deal
GPD toolkit — - .
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M) Measurement principle is intrinsically quantum.

| / Quantum interference and amplification.
3D imaging @ The DVCS and Bethe-Heitler (BH) processes have the

same incoming and outgoing states :

Reminder

Theoretical

2
framework
;lc;\_lv at;e7GPDs
efined ? e
How are GPDs U( ep - epy) + +
measured ?

From theory ~~
to measure DVCS Bethe— Heitler
Models

Universality tests

Probing models

g frther @ Measurement of the
f()"ﬁg;““’e interference.

fekiom @ Control of BH thanks to
remicnons form factors.

Fitting strategies

Model-d d .

vty ] o Polarized beam or target.
Near future

Experimental
developments

GPD toolkit
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3D imaging
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Theoretical

framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies

Model-dependence
Vs accuracy

Near future

Experimental
developments

GPD toolkit

Definition of observables (1/4).

Harmonic structure of ep — epy amplitude.

Deeply Virtual Compton Scattering

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering

Ecole Joliot Curie 2013
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/M ] Definition of observables (2/4).

|/ Harmonic structure of ep — epy amplitude.

SOIEEED e Study the harmonic structure of ep — epy amplitude.

Reminder Diehl et al., Phys. Lett. B411, 193 (1997)
Theoretical @ Angle ¢ between leptonic and hadronic planes

framework

How are GPs 11 3
o e 550 |Mgm|? =
From theory ’ t| P(COS (ZS)
to measure

Models 3

gy [Mpves? o Y [V cos(ng) + 5,V sin(ng)]

Going further n=0

[yt cos(ng) + sy sin(ng)]
n=0

From measure 3
1 1

o theor: .
tgszgézemszf My 2] P(cos @) nZ::O [c cos(ng) + spsin(ng)]

Kinematic
restrictions

BN @ Use expressions for s, for ¢, with exact treatment of all
ny contributions apart from OPE in the hadronic tensor.

ear future .

Exprimenta Guichon and Vanderhaeghen (2008)
levelopments

GPD toolkit
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framework
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measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies

Model-dependence
Vs accuracy

Near future

Experimental
developments

GPD toolkit

Definition of observables (3/4).

Single and double asymmetries.

@ Combined beam-spin and charge asymmetries :

doheQ(¢) = doyu(é)[1 + heArupves(9)
+QeheALu,1(9) + QeAc(9)]

@ Single beam-spin asymmetry :

T

2Q (6) = dUgg —do
LU -
dU% + do

>

@ Relation between observables :

Qv QeArLu1(9) + ALupves(9)
Arg(o) = 1+ QeAc(®)

@ Compute Fourier coefficients of asymmetries.

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013
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framework
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Models
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Probing models
on DV

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence

Vs accuracy
Near future

Experimental
developments

GPD toolkit

Definition of observables (4/4).

What are the probed combinations of CFFs ?

Typical kinematics

Experiment

Kinematics

XB

Q? [GeV?]

t [GeV?]

HERA

0.001

8.00

-0.30

COMPASS

0.05

2.00

-0.20

HERMES

0.09

2.50

-0.12

CLAS

0.19

1.25

-0.19

HALL A

0.36

2.30

-0.23

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering
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Going further
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Near future

Experimental
developments

GPD toolkit

Definition of observables (4/4).

What are the probed combinations of CFFs ?

Typical kinematics

Experiment

Kinematics

XB

Q? [GeV?] | t [GeV?]

_t/QZ

HERA

0.001

8.00 -0.30

0.04

COMPASS

0.05

2.00 -0.20

0.10

HERMES

0.09

2.50 -0.12

0.05

CLAS

0.19

1.25 -0.19

0.15

HALL A

0.36

2.30 -0.23

0.10
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3D imaging

Reminder

Theoretical
framework
How are GPDs
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How are GPDs
measured ?
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to measure
Models
Universality tests

Probing models
on DV

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence

Vs accuracy
Near future
Experimental
development:

Definition of observables (4/4).

What are the probed combinations of CFFs ?

Selection of observables

Experiment | Observable | Normalized CFF dependence
ALS00 ReH + 0.06Re€ + 0.24ReH
HERMES ALY ReH + 0.05Re€ + 0.15ReH
AT ImH + 0.05Im& + 0.12ImH
A =in® ImH + 0.10lm# + 0.01Im&
CLAS AETY ImH + 0.06Im& + 0.21TmH
Agn® ImH + 0.12Im# + 0.04Im&
HALL A g<0s0? 1+ 0.05ReH + 0.007HH*
geos® 1+ 0.12ReH + 0.05ReH

GPD toolkit
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M ] Kinematic region of existing DVCS measurements.
| / Looking for the Bjorken regime.

CEA - Saclay

3D imaging What is |arge Q2 ?

Reminder 4.0t Q2 (Gev2)

Theoretical
framework
How are GPDs .

defined ? 3 . O 1 :. .
-

How are GPDs
measured ?

From theory o -

.
to measure 2 O«» s .e
Models . =

Universality tests .

Ei??\;%smodeh 1.04 . - JLab Hall B
B - HERMES

From measure

to theory ° H ERA

o 0.1 0.2 0.3 0.4 0.5 xs

Kinematic

restrictions

L3

Fitting strategies

Model-dependence @ World data cover complementary kinematic regions.

Near future
Experimental
developments

GPD toolkit
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M ] Kinematic region of existing DVCS measurements.
| / Looking for the Bjorken regime.

CEA - Saclay

3D imaging What is |arge Q2 ?

Reminder 10! ’t‘/Q2

Theoretical
framework

How are GPDs 0.8t O 5 - JLab Hall B

defined ?

messored? > T . . . - HERMES
From theory 0'60 ° . ° * H ERA

to measure T . .

Models . °

Universality tests 0 . 4 T ° ° *
Probing models 1 .
on DV

Going further 0 2 4 . . .

From measure kS v s o )

to theory s
o oo °

pege=ct 0.1 0.2 0.3 0.4 05 xg
Kinematic
restrictions

Fitting strategies

Mo fdpamitare @ World data cover complementary kinematic regions.

Vs accuracy

Near future e Q7 is not so large for most of the data.

Experimental
developments
GPD toolkit " N N .
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Theoretical
framework
How are GPDs
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How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence

Vs accuracy
Near future

Experimental
developments

GPD toolkit

1.0 |t/ @2

0.8 : +JLab Hall B
: : . *HERMES
o : ' * -HERA

0.4 - N -
0.2 "o Do e
r:':'.. * "--- 1] = K

\ 0.1 0.2 0.3 0.4 05 xg

Kinematic region of existing DVCS measurements.
Looking for the Bjorken regime.

What is large Q2 ?

o World data cover complementary kinematic regions.
e Q7 is not so large for most of the data.
o Higher twists, finite-t and target mass corrections ?

. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013
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M ] Kinematic region of existing DVCS measurements.
| / Looking for the Bjorken regime.

CEA - Saclay

3D imaging What is |arge Q2 ?

Reminder 10! ’t‘/Q2

Theoretical
framework

How are GPDs 0.8t O 5 - JLab Hall B

defined ?

messored? > T . . . - HERMES
From theory 0'60 ° . ° * H ERA

to measure T . .

Models . °

Universality tests 0 . 4 T ° ° *
Probing models 1 .
on DV

Going further 0 2 ] . . .

From measure 4 v s .~ '}
to theory »s

= 0.1 0.2 0.3 0.4 05 xB

Kinematic
restrictions

Fitting strategies

Mo fdpamitare @ World data cover complementary kinematic regions.

Vs accuracy

Near future e Q7 is not so large for most of the data.
Experimental . . . . .
deveiopments o Higher twists, finite-t and target mass corrections ?

GPD toolkit
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3D imaging

Reminder

Theoretical
framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence
Vs accuracy

Near future

Experimental
developments

GPD toolkit

Approximations.

First systematic study of DVCS polarized and unpolarized observables.

Unless explicitly stated

@ Work at twist 2 accuracy.

@ Use LO expression of kernel C(x,¢).

o No finite—t or target mass corrections (higher twist).

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering
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4] Double Distribution models.

| / Enforcing the polynomiality condition.

3D imaging e Simplify by considering spinless hadron.

Ry A NE O

Theoretical
framework
How are GPDs

defined ? where g = —A+/(2P+) is the skewness.

et o Define Double Distributions (DDs) F9 and GY:

From theory

to measure A Z Z A
Models P —| g <—7> (7) P - A5
Universality tests < + 2 ‘ q 2 ’YM q 2 2 22 :0

Probing models
on DV

oing further —7 [ @
:'omgr;::sure _2P'U“/ dﬁdae IB(PZ)+Ia 2 Fq(57a7 t)
to theory Q

Degrees of o . (Az) A )

e Ay / dBdare™ P57 GI(B, 1) + higher twist terms
restrictions Q

Fitting strategies

Modeldependence where Q is the rhombus defined by |a| + |3] < 1.

Vs accuracy

Near future
Experimental
developments

GPD toolkit
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4] Double Distribution models.

| / Enforcing the polynomiality condition.

@ Simplify by considering spinless hadron.

3D imaging

. 1 [dz= . p+,- A z z A
Reminder Hq t) = = ixPTz P — A (_7) + <7) P— —
Theoretical (X7£7 ) 2/ 27T © < + 2 ‘ q 2 ’Y q 2 2
framework
d:;iwn:r?z:zs where ¢ = —AT /(2P*) is the skewness.
measured 7 o Define Double Distributions (DDs) F9 and G9:
e @ Relation between GPDs and DDs:
Models
g?lﬁ?ﬁ?;ﬁii“ H(x, &, t) = / dBda §(x—B—a) (FI(B, ) +£GI(B, i t))
Z’(‘)ilr?;/fuvther Q
e o @ Polynomiality is automatically fulfilled.
‘;‘:e"'ﬂ @ DDs look like PDFs for the variable 3, and Distribution
Kot Amplitudes (DAs) for the variable «.

restrictions
Fitting strategies

Model-dependence
Vs accuracy

N Derive the relation between GPDs and DDs. Apply the
Fegi factorized Ansatz (see next slide). What happens for n — oo?

GPD toolkit
H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 105



4] Double Distribution models.

|/ GK model (Goloskokov and Kroll).

3D imaging o Factorized Ansatz. For i = g, sea or val :

Reminder Hi(x, &, t) = / dpdad(B + Ea — x)fi(B, a, t)
Theoretical |O“+|5|<1
framework

Ho\_N are7GPDs ) — b t

H(3h06) = & (O

From theory - (6 a) r(2n,- + 2) (]_ — |6’)2 _ (X2]ni
to measure . =

Models ni ’ 22ni+1r2(ni + ]-) (1 - ‘5‘)2n,+1
Universality tests

Pl ok @ Expressions for h; and n; :

Going further

Fror: measure hg(ﬂ) = ‘/8|g(|5’) ng - 2
t;etgreee(:rzf hSqea(/B) = qsea(|ﬁ‘)81gn(ﬂ) Ngea = 2
freedom

e h\i’al(ﬁ) = qval(B)9(B) Nap = 1
ST @ Designed to study DVMP. Expect better comparison to
Nearmuie data at small xz.

Bxperimenta Goloskokov and Kroll, Eur. Phys. J. C42, 281 (2005)
eveopments

GPD toolkit
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Models
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Going further

From measure
to theory
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Fitting strategies
Model-dependence
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Near future

Experimental
developments

GPD toolkit

Mellin-Barnes representation.
KM model (Kumericki and Miiller) (1/2).

@ Start again from t-channel partial-wave expansion:

1 (x.8) —2258"’9( ) (-2 ()~ ()

odd even

@ From C,?/z define rescaled polynomials c,(x, &) to recover
Mellin moments when £ — 0.

@ From orthogonality relation on C,?/z define orthogonal
polynomials p,(x, ) such that:

+1
/ e Golx, (. €) = (<10

@ Write partial-wave expansion:

o)

Hi(x,€) = (=1)"pa(x, ) Hn(€)

n=0
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/4] Mellin-Barnes representation.
|/ KM model (Kumericki and Miiller) (2/2).

@ Start from partial-wave expansion:

3D imaging
o
H(x,6) = 3~ (=1)"Pulx, ) Ha(E)
Frameork =0

How are GPDs

defined 7 @ Resum by means of Sommerfeld - Watson transform:

How are GPDs

Fmeasure: ? 1 CJrIOO . 1
rom theory (X f) 2, d_/ p_[(X 5) (6)

t;;:ee:sure oo S|n 7T_/
Promng oo Miiller and Schifer, Nucl. Phys. B379, 1 (2006)
Going further o Express CFF H in terms of moments H;:

From measure

to theory 1 c+ico . 1 0
B H(E) = 2//c dj gt [/ + tan ( )} [G+ .. ]H;(€)

e
Mode aependence o Regge modeling of H;(§) moments.
v aceuraey Kumericki and Miiller, Nucl. Phys. B841, 1 (2009)

Near future
Experimental
developments

GPD toolkit
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Goloskokov-Kroll (GK) model on DVMP.

The GK model was tuned to analyse DVMP.

or/or for p° at W = 90 GeV

12
10

R(p)

o N b~ O

8 10

N
m -

QGeV’|

Goloskokov and Kroll, Eur. Phys. J. C53, 281 (2005)

20

40
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Theoretical
framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence

Vs accuracy
Near future

Experimental
developments

GPD toolkit

Goloskokov-Kroll (GK) model on DVCS.

No parameter of the GK model was tuned to analyse DVCS.

Beam Charge Asymmetry, HERMES

cos 0¢
02— AC

0.1 0.2 0.3

Kroll et al. , Eur. Phys. J. C73, 2278 (2013)
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3D imaging

Reminder

Theoretical
framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence

Vs accuracy
Near future

Experimental
developments

GPD toolkit

0.1

-0.1

-0.2
-0.3
-0.4

-0.5
0

Goloskokov-Kroll (GK) model on DVCS.

No parameter of the GK model was tuned to analyse DVCS.

0.1
sin ¢ +,sin ¢
Ay Alg
0
L -0.1—
+ -0.2

-0.3

-0.4

0.3
=i

04
[GeV?

0.5

-0.5
0

0.3 0.5

0.4 .
—t [GeV?

Kroll et al. , Eur. Phys. J. C73, 2278 (2013)

Beam Spin Asymmetry, HERMES
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] Goloskokov-Kroll (GK) model on DVCS.

|/ No parameter of the GK model was tuned to analyse DVCS.
CEA - Saclay
3D imaging
Reminder
Theoretical .
framework Beam Spln Asymmetry, CLAS
H, GPD. =
defined 7 Ary ()
How are GPDs 0.5
measured ?
From theory 025

to measure
Models 0| Iocecasacssd Aosnpesssasas H bccsosscasdiacacosacons] Boccssscssadt leoocacacsnd bocsaad b bodkd bocoocasass
Universality tests

Probing models
on DVCS -0.25

. (zp) =0.13 (zp) =0.18
(ol i (Q%) =117 Gev? (Q2) =137 Gev? Q%) =1.69 Gev? (%) =199 Gev? \_
From measure 08¢ % 180 270 E R 070270 %6780 20 3o
to theory ¢ [deg]  [deg] & [deg] ¢ [deg]
Degrees of
Kroll et al. , Eur. Phys. J. C73, 2278 (2013)
Kinematic

v

restrictions

Fitting strategies
Model-dependence
Vs accuracy

Near future

Experimental
developments
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3D imaging

Reminder

Theoretical
framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence

Vs accuracy
Near future

Experimental
developments

GPD toolkit

Goloskokov-Kroll (GK) model on DVCS.

No parameter of the GK model was tuned to analyse DVCS.

Helicity-dependent and independent cross sections, JLab Hall A

Ag [nb/GeVY]

0.03

(~t) =0.17 GeV?

(~t) =0.23 GeV?

(—t) = 0.28 GeV?

(~t) = 0.33 GeV?

L
! bas s 1! M} Ir . E: H w
, I N , A N
90 180 270 90 180 270 90 180 270 90 180 270 3
o [deg) @ [deg] o [deg] o [deg)

(—t) =0.17 GeV?

(—t) =0.23 GeV?

(—t) =0.33 GeV?

P
90 180 270
6 [deg]

o N
90 180 270
6 [deg]

Kroll et al. , Eur. Phys. J. C73, 2278 (2013)
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] Goloskokov-Kroll (GK) model on DVCS.

|/ No parameter of the GK model was tuned to analyse DVCS.
3D imaging

Reminder Spin structure with GK model (quoted at 4 GeV?)

Theoretical

framework o J!U~ 0250, Jd >~ 0020, S5~ 0015, J& ~ 0.214

ined ?
defined ? Y E Jq,g ~ 1/2
How are GPDs q,8

measured ?

From theory
to measure
Models
Universality tests

il siedss 3D nucleon structure with GK model

Going further

From measure
to theory
Degrees of
freedom
Kinematic
restrictions
Fitting strategies
Model-d. -

Vs accuracy 0.03 0.05 0.1 0.3 x

Near future
Experimental
developments

GPD toolkit
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/M ] Constraining models from DVCS data.

|/ Double Distribution model (Goloskokov and Kroll (GK)).
CEA - Saclay
el GK model compared to HERMES data
0.4
Reminder e . ot >
k= B 1
Theoretical < 14 e ®
framework
-0.4
demea 0 . e Only H
How aredG_:)Ds £3
e e All GPDs
From theory
to measure >
Models "4
Universality tests
Prolgivngsmodels
Going further O 2 Goloskokov and Kroll,

From measure 570.14 ' + Eur. PhyS J C42, 281

to theory
—0.4.
Degrees of % (2005)
freedom =~ 014 + =5
=% O 2

Kinematic =S W+ e ——— <

restrictions < _p1ap t t 4 +

Fitting strategies

Model-dependence =0:425 0.1 02 03 0.4 0.1 0.2 0.3

vs accuracy =it (Ge\/z>

Near future Guidal et al. , Rept. Prog. Phys. 76,
fEe e 066202 (2013)

GPD toolkit
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iyl \/GG model compared to HERMES data

0.4

Reminder

Theoretical
framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DVCS

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence

Vs accuracy
Near future

Experimental
developments

GPD toolkit

Constraining models from DVCS data.
Double Distribution model (Vanderhaeghen, Guichon and Guidal (VGG)).

4

—0.14 +

70'41‘0 0.1 0.2 0.3

Guidal et al.

0.4

, Rept. Prog. Phys. 76,
066202 (2013)

0.3
—t (Ge\/z)

Ly

n,
oure

-,
¢s05V

irnhy

~

n
zu

HTMattarde ™ (CEATSacIaY)

Nicleon Reverse Engineering

e Only H

e H+ E
(-/uaJd) =

e H+ E
(Ju, Ja) =

(0.3,0.)

(0.,0.3)

Guidal et al. , Phys.
Rev. D72, 054013
(2005)
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Pyl Dual model compared to HERMES data

0.4

Reminder

Theoretical
framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DVCS

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence

Vs accuracy
Near future

Experimental
developments

GPD toolkit

Constraining models from DVCS data.
Dual model (Polyakov and Vanderhaeghen).

—0.14 +

70'41‘0 0.1 0.2 0.3

Guidal et al.

0.4

, Rept. Prog. Phys. 76,
066202 (2013)

0.1 0.2 0.3
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e Only H

o H+ E (with a given
model of E(x,0,t))

e H+ E (with

another model of
E(x,0,t))

Polyakov and Shuvaev,
hep-ph/0207153
Polyakov, Phys. Lett.
B659, 542 (2008)
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/M ] Constraining models from DVCS data.

|/ Mellin - Barnes representation (Kumericki and Miiller).

Iy |<\] model compared to HERMES data e Without JLab Hall

0.4
Reminder 4 .
Theoretical g
framework
How are GPDs 0
defined ? =
S 0,14 T
How are GPDs 52 ] F2
measured ? < + 4 +
From theory .
to measure b eeeemeese T
. 014 §+' * >
o =
Models 27 { * §
Universality tests —0.14 + T + _____
Probing models ¢+ L e
on DVCS =aa
Going further S U S ) &
From measure & a4t ++ ,,,,,,,,,,,,,,,,,,,,,, -
to theory t +
—0.4.
Degrees of >
freedom =~ 0.14] + ,,,,,,,,,,,,,, =}
o % 014f .- 2
Kinematic £ - * + i S e
restrictions < _p.14 + t + +
Fitting strategies
Model-dependence =0:425 0.1 02 03 0.4 0.1 0.2 0.3 0.4
vs accuracy —t (GeV?)

Near future Guidal et al. , Rept. Prog. Phys. 76,
fEe e 066202 (2013)

GPD toolkit

HTMattarde ™ (CEATSacIaY) Nicleon Reverse Engineering

A data

e With JLab Hall A
data

e With HERMES

polarized target
data

Miiller and Schafer,
Nucl. Phys. B739, 1
(2006)

Kumericki and Miiller,
Nucl. Phys. B841, 1
(2009)
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4] From QCD first principles to experimental data.

| / Very good theoretical control, but not easy to implement!
3D imaging @ All-order proof of factorization of DVCS amplitude.

_ Collins and Freund, Phys. Rev. D59, 074009 (1999)
:::L @ Hard scattering kernel computed at next-to-leading
framenork order at leading twist.

i Belistky and Miiller, Phys. Lett. B417, 129 (1998)

measured ¥ e Evolution equations computed at next-to-leading order.

From theory

to measure Belitsky et al. , Nucl. Phys. B574, 347 (2000)
Univeralty et and ref. therein
z'g;’?:hdl o Finite-t and target mass corrections computed at leading
From measure order: kinematic power corrections to twist 4 accuracy.

P Braun et al. , Phys. Rev. Lett. 109, 242001 (2012)
freedom

Kinematic

restrictions
Fitting strategies

Model-dependence
Vs accuracy

Near future

Experimental
developments
GPD toolkit " " N .
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4] From QCD first principles to experimental data.

| / Very good theoretical control, but not easy to implement!

3D imaging @ All-order proof of factorization of DVCS amplitude.
— Collins and Freund, Phys. Rev. D59, 074009 (1999)
Theoretioal o Hard scattering kernel computed at next-to-leading
framewerk order at leading twist.

e oDe Belistky and Miiller, Phys. Lett. B417, 129 (1998)
F"::uzde;y e Evolution equations computed at next-to-leading order.
o measure Belitsky et al. , Nucl. Phys. B574, 347 (2000)
bt e and ref. therein
S o Finite-t and target mass corrections computed at leading
From measure order: kinematic power corrections to twist 4 accuracy.
Degres of Braun et al. , Phys. Rev. Lett. 109, 242001 (2012)
:;mg‘t”g GPD "measurements” 7

] e Already achieved: experimentally constrained models.
N:f,rf:m[e. @ Next step: Measured transverse plane images.

developments

GPD toolkit )
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3D imaging
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framework
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defined ?
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From theory
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Models
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Probing models
on DV

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence
Vs accuracy

Near future

Experimental
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GPD toolkit

@ Implementation of GPD evolution.

H. Moutarde (CEA-Saclay)

Ways to improve comparison.

Satisfactory agreement but needs improvement in the valence region...
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4] \Vays to improve comparison.
|/ Satisfactory agreement but needs improvement in the valence region...

CEA - Saclay

3D imaging @ Implementation of GPD evolution.

Reminder @ NLO computations and the role of gluons.
Theoretical Moutarde et al. , Phys. Rev. D87, 054029 (2013)

framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further
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to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence
Vs accuracy

Near future
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4] \Vays to improve comparison.
|/ Satisfactory agreement but needs improvement in the valence region...

CEA - Saclay

3D imaging @ Implementation of GPD evolution.

Reminder @ NLO computations and the role of gluons.
Theoretical Moutarde et al. , Phys. Rev. D87, 054029 (2013)

framework

How are GPDs

defined ?

How are GPDs .
measured 7 @ Resummation.

o Altinoluk et al., arXiv:1309.2508 [hep-ph]

Models
Universality tests

Probing models
on DV

Going further

From measure
to theory
Degrees of
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restrictions
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Model-dependence
Vs accuracy

Near future
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3D imaging

Reminder

Theoretical
framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence

Vs accuracy
Near future

Experimental
developments

GPD toolkit

Ways to improve comparison.

Satisfactory agreement but needs improvement in the valence region...

Implementation of GPD evolution.
NLO computations and the role of gluons.

Moutarde et al. , Phys. Rev. D87, 054029 (2013)

@ Modification of the profile function.

H. Moutarde (CEA-Saclay)

Resummation.

Altinoluk et al., arXiv:1309.2508 [hep-ph]

Mezrag et al. , Phys. Rev. D88, 014001 (2013)
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4] \Vays to improve comparison.
|/ Satisfactory agreement but needs improvement in the valence region...

CEA - Saclay

3D imaging @ Implementation of GPD evolution.

Reminder @ NLO computations and the role of gluons.
Theoretical Moutarde et al. , Phys. Rev. D87, 054029 (2013)

framework
How are GPDs
defined ?

How are GPDs
measured ?

Resummation.
From theory Altinoluk et al., arXiv:1309.2508 [hep-ph]

to measure
Models
Universality tests
Probing models

on DVCS @ Modification of the profile function.

Going further

From measure Mezrag et al ' PhyS ReV. D88, 014001 (2013)

to theory

Degrees of
freedom

Kinematic

s e Finite—t and target mass corrections. Problem recently

Fitting strategies

\I:Qoadcilﬁzg;ndence SO|Ved fOF DVCS
Braun et al. , Phys. Rev. Lett. 109, 242001 (2012)

Near future
Experimental
developments

GPD toolkit
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4] How many parameters to parameterize GPDs?

|/ Naive counting from a Double Distribution model (1/3).
3D imaging @ Radyushkin's Factorized Ansatz + t-dependence from
nucleon form factor Fi:
Reminder
ne Hix g o) = [ dpdad(s+ o x)f(s,a.)
;‘E;\_N at;e7GPDs |a‘+|6| S]-
e FI(B,a,t) = F(t)h(B)mn(B, )
from theory (B ) r(2n + 2) (1 — |/8|)2 _ a2]n
0 measure T [0 _=
bty = 22"+1r2(n + ]_) (]_ _ |B|)2n+1
niversa I[y tests
on Dues"%e" @ Expressions for h and n :
Going further
Fror: measure hgea(/B) — qsea( ’/B‘)Slgn(/ﬁ) nsea = 1
to theor
Reeegdrz?: Zf hgal(/B) = anl(B)e(B) nval - 1
e e Add D-term at z = x/¢ :

Fitting strategies

o D(z) ~ (1 - 2?) ( —4.CY%(2) - 1.2¢Y%(2) - 0.4CY 2(2);
o e Vanderhaeghen et al., Phys. Rev. D60, 094017 (1999)

developments

GPD toolkit
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4] How many parameters to parameterize GPDs?
|/ Naive counting from a Double Distribution model (2/3).

@ Parton Distribution Function:

3D imaging
_ — A(1 — x )R

Reminder q(X) = AX (1 X) (1 + 6\/)? + ’}/X)
frameork. Martin et al., Eur. Phys. J. C63, 189 (2009)
How are GPDs 5 parameters per quark flavor

meseired 7 > o Kelly parameterization of form factor (7 = t/(4M?)) :
from theory 1 + ar

Mo Fi(t) =

Univfrsality tests 1 + bT + CT2 + d7—3

on Dues"%e" Kelly et al., Phys. Rev. C70, 068202 (2004)
(ol i 4 parameters per quark flavor
From measure
o theo @ Profile function parameter n :

egrees of

freedom

Kinematic r 2” + 2 1 - B 2 - a2 n

restrictions Wn(ﬁ, a) ( ) ( | ’) ]

Fitting strategies
Model-dependence
Vs accuracy

T 2WHI2(p+ 1) (1-— |B))2H

e Mezrag et al., Phys. Rev. D88, 014001 (2013)
I — 1 parameters per quark flavor

developments

GPD toolkit
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4] How many parameters to parameterize GPDs?

|/ Naive counting from a Double Distribution model (3/3).
3D imaging e Naive counting leads to 9 parameters per quark flavor!
P o Not fully realistic:
Theoretical e No correlations between x and ¢t...
framewerk o ...But generalized form factors computed on the lattice
defined ? hi H
Fo e G5 exhibit different t-dependence.

' Hagler, Phys. Rept. 490, 49 (2010)
From theory
to measure
Models .
e @ Expect ~ 30 - 40 parameters for u, d, s and g from naive
e her counting, not considering higher-twist GPDs.
F .
o mesure ° Strategy. o
Degres of o Find educated parameterization (few free parameters)
Kinematic to proceed with usual y?-minimization.
Fiting sraegies o Use uneducated parameterization (lot of free
Vs accuracy parameters) but proceed with alternative fitting
Mg e procedures (neural networks? etc.)

Experimental
developments

GPD toolkit
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framework
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defined ?
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From theory
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Models
Universality tests

Probing models
on DV

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence
Vs accuracy

Near future

Experimental
devel

From principles to actual data.

Direct experimental access to a restricted domain.

GPD H at t = —0.23 GeV? and Q? = 2.3 GeV?2,

GPD model: see Kroll et al. , Eur. Phys. J. C73, 2278 (2013)

0.8 06

v

GPD toolkit

H. Moutarde (CEA-Saclay)

Nucleon Reverse Engineering

Ecole Joliot Curie 2013

121



4] From principles to actual data.
| / Direct experimental access to a restricted domain.

CEA - Saclay

3D imaging Need to know H(x,& = 0, t) to do transverse plane imaging

Reminder

Theoretical
framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure
to theory

Degrees of
freedom

Kinematic
restrictions

Fitting strategies

Model-dependence
Vs accuracy

Near future GPD model: see Kroll et al. , Eur. Phys. J. C73, 2278 (2013)
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4] From principles to actual data.
| / Direct experimental access to a restricted domain.

CEA - Saclay

D fimeEing What is the physical region?

Reminder

Theoretical
framework
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defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure
to theory

Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence
Vs accuracy

Near future GPD model: see Kroll et al. , Eur. Phys. J. C73, 2278 (2013)
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4] From principles to actual data.
| / Direct experimental access to a restricted domain.

CEA - Saclay

W fiveding Emin from finite beam ene

Reminder

Theoretical
framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure
to theory

Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence
Vs accuracy

Near future GPD model: see Kroll et al. , Eur. Phys. J. C73, 2278 (2013)
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CEA - Saclay
3D imaging

Reminder

Theoretical
framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure

to theory
Degrees of
freedom
Kinematic
restrictions
Fitting strategies
Model-dependence
Vs accuracy

Near future

Experimental

From principles to actual data.

Direct experimental access to a restricted domain.

¢
Smax

GPD model: see Kroll et al. , Eur. Phys. J. C73, 2278 (2013)

’

GPD toolkit
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4] From principles to actual data.

| / Direct experimental access to a restricted domain.
3D imaging The cross-over line x = &

Reminder

Theoretical
framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure
to theory

Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence
Vs accuracy

Near future GPD model: see Kroll et al. , Eur. Phys. J. C73, 2278 (2013)
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CEA - Saclay

3D imaging

Reminder

Theoretical
framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence
Vs accuracy

Near future

Experimental

From principles to actual data.

Direct experimental access to a restricted domain.

The black curve is what is needed for transverse plane imaging!

GPD model: see Kroll et al. , Eur. Phys. J. C73, 2278 (2013)
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3D imaging

Reminder

Theoretical
framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure

to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence
Vs accuracy

Near future

Experimental
developments

GPD toolkit

From principles to actual data.

Direct experimental access to a restricted domain.

Density plot of H at

3 GeV? and Q2

2.3 GeV?

0.9
0.8
0.7
0.6
0.5
0.4

0.3 - 5 max

0.2

0.1
— ¢ .

— Smin

-0.8 -0.6 -0.4

= ‘j‘\‘r\‘l \H‘H U'\"\‘r"""“HH‘HH‘HH‘HHIH

X

GPD model: see Kroll et al. , Eur. Phys. J. C73, 2278 (2013)
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4] Overview of current extraction methods.

| / Problems: Model dependence ? Degrees of freedom ? Extrapolations ?
3Di i .
meeine Local fits
Reminder Take each kinematic bin independently of the others.
heoretical Extraction of ReH, ImH, ...as independent parameters.
ramework )
How are GPDs
defined ? "
How are GPDs Global fit
From theory Take all kinematic bins at the same time. Use a
to measure . .
Models parametrization of GPDs or CFFs.

Universality tests

Probing models
on DV

Golng further Hybrid : Local / global fit

A\

From measure

to theory Start from local fits and add smoothness assumption.
Degrees of

freedom

resvicions Neural networks

Fitting strategies

Modeldependence  A|ready used for PDF fits. Exploratory stage for GPDs.

Vs accuracy

Near future
Experimental
developments
GPD toolkit " N N .
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/] Summary of first extractions.
| / Feasibility of twist-2 analysis of existing data.

CEA - Saclay
3D imaging

Reminder

Thearetica @ Dominance of twist 2 and validity of a GPD analysis of
o GPO= DVCS data.

How are GPDs
measured ?

o Im?H best determined. Large uncertainties on ReH.

From theory
to measure

e iy tests @ However sizable higher twist contamination for DVCS
on DVES" " measurements.

Going further

ST @ Already some indications about the invalidity of the
fogees of H-dominance hypothesis with unpolarized data.

resvicions

R @ Clear signs that one or several things are missing !

Vs accuracy

Near future
Experimental
developments
GPD toolkit " " N .
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3D imaging

Reminder

Theoretical
framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence

Vs accuracy
Near future

Experimental
developments

GPD toolkit

JLab's 12 GeV upgrade.

Dealing with O(1 %) statistical accuracy.

I

S 12 pseudo-data (M. Guidal and H. Avakian)

~
2 Hp it of A Au Au Au Ay Au A, @/,«
sF FEEE E E E E E E c i

) [ 3 e e = e

s E E B B E EE E B £ @ Z
BaE b L I D .

B \\1\_ et S e el = //

o o s
0 SE B E E E E E E E E A 7/
“las BB AL B EE E E E 14 ’

) K)\\\\ o L S 'E’

Z:, ka\\\\:\i\i w.: 3

Z:, \3\\\\\7\7 EE F
ENNNNYEEEEE Model

e \\\“ Co oS dependence)

o1 045 021 027 032 038 044 05 056 062 x
Guidal et al. , Rept. Prog. Phys. 76, 066202 (2013)
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3D imaging

Reminder

Theoretical
framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies

Model-dependence
Vs accuracy

Near future

Experimental
developments

GPD toolkit

JLab's 12 GeV upgrade.

Dealing with O(1 %) statistical accuracy.

Model-estimate of H(¢,

aeskewing ractor

095

09

08

)/H(E, ¢, t)

p
=
.0
+—
P T
. 42
L g
o
o
(O]
-
=

Model
L dependence)

04 05 06 07 08 09
-t (GeV?)

Guidal et al. , Rept. Prog. Phys. 76, 066202 (2013)
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3D imaging

Reminder

Theoretical

framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence

Vs accuracy
Near future

Experimental
developments

GPD toolkit

JLab's 12 GeV upgrade.

Dealing with O(1 %) statistical accuracy.

Extracted ImH as function of t and AeBt fit

e
c
.2
g8 +
=0 i 3
o 3]
6 3 .
. o
5 F 3 f-
. Q
P 3 +
3. — =
b 8 1
i [
1 . b
.
) ‘ [ ‘
0 05 0 05 0 05
-t (GeV?)
.

Guidal et al. , Rept. Prog. Phys. 76, 066202 (2013)

Model
dependence)

.
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3D imaging

Reminder

Theoretical
framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence

Vs accuracy
Near future

Experimental
developments

GPD toolkit

JLab's 12 GeV upgrade.

Dealing with O(1 %) statistical accuracy.

2D Fourier transform of fit function (error propagation)

0 0.1 0 002

Guidal et al. , Rept. Prog. Phys. 76, 066202 (2013)

004

7
=
.9
+—
(41}
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(]
pel
o
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(O]
=
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-

Model
dependence)
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/)] JLab's 12 GeV upgrade.
|/ Dealing with O(1 %) statistical accuracy.

CEA - Saclay

3D imaging

-dependence of spatial density

7

Reminder

Theoretical
framework
How are GPDs

defined ? . . "
5 - m  vith skewing correction
How are GPDs +

B no skewing correction

measured ?

From theory 4

to measure +
Models +
Universality tests 2
Probing models +
on

Interpretation

Going further 2 +

From measure
to theory " +

Degrees of
freedom

Kinematic o - = L M o eI
restrictions : ! L y y 1 ! v i depen EHEE
Fitting strategies B b (‘f:n) S .

Guidal et al. , Rept. Prog. Phys. 76, 066202 (2013)

Vs accuracy

Near future
v

Experimental
developments

GPD toolkit
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/)] JLab's 12 GeV upgrade.
|/ Dealing with O(1 %) statistical accuracy.

CEA - Saclay

3D imaging

Cerinder Spatial density as function of xg

( M)

Theoretical
framework

How are GPDs

defined ?

How are GPDs

measured ? s A
O’

y S

2 eBt?

deskewing?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

Interpretation

From measure
to theory

Degrees of
freedom

Model
dependence)

Kinematic
restrictions

Fitting strategies b (fm)
Model-dependence

sy Guidal et al. , Rept. Prog. Phys. 76, 066202 (2013)

Near future

&

Experimental
developments

GPD toolkit
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/)] JLab's 12 GeV upgrade.

Dealing with O(1 %) statistical accuracy.

/

CEA - Saclay

3D imaging

Contour plot of spatial charge density

7

Reminder

Theoretical
framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

b, [fm]
Interpretation

From measure
to theory

Degrees of
freedom

Model
dependence)

Kinematic
restrictions

T by [fm]
Guidal et al. , Rept. Prog. Phys. 76, 066202 (2013)

Vs accuracy

Near future

Experimental
developments
GPD toolkit —_— - -
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3D imaging

Reminder

Theoretical

framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence
Vs accuracy

Near future

Experimental
developments

GPD toolkit

COMPASS-II.

Kinematic domain in between collider and fixed-target experiments.

@ Observables with beam spin and beam charge
differences.

GK model prediction for COMPASS-II

~<4CS,U(¢)

(3] S

— Tl

his work

0.
Des,u(¢) [nb/GeV?] Scs,u(¢) [nb/GeV?]
o (®5) = 0.05
(@*) = 20 GeV?
e S (—t) = 0.2 GeV?
) s %% e % T i
¢ [deg] ¢ [deg]

H. Moutarde (CEA-Saclay)
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] JlLab's 12 GeV upgrade.
| / Dealing with 1 % statistical accuracy.

CEA - Saclay

3D imaging
K model prediction JLab 12 GeV

Reminder
04 0.4

sin ¢ sin ¢
Theoretical ALU AUL
framework 03 03|

How are GPDs ~
defined ? == ey

How are GPDs o2~ 021~
measured ?

—— Standard

01

From theory
to measure

Models \ ) ) ) )
Universality tests 0 0.2 04 06 08

Probing models
on DV o N

Going further ‘Ao [pb.GeV—1] "[So [pb.GeV 7|

From measure
to theory 01 i =

O (Q?) = 33GeV2

Degrees of
freedom o

Kinematic .
restrictions o1l (@s) = 05 oglb
Fitting strategies (@*) = 6.3GeV?

Model-dependence 02T (L) = 0.735 GeV?
Vs accuracy

03 I I I I I
o 60 120 180 240 300 360 0 60 120 180 240 300 360

Near future ¢ [deg] ¢ [deg]
Experimental
developments
GPD toolkit
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3D imaging

Reminder

Theoretical
framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure
to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence

Vs accuracy
Near future

Experimental
developments

GPD toolkit

GPD phenomenology toolkit.

The path between models and data.

Comprehensive database of experimental results.
Comprehensive database of theoretical predictions.
Fitting engine.

Propagation of statistic and systematic uncertainties.

© 06 606 0 ¢o

Visualizing software to compare experimental results and
model expectations.

©

Connection to experimental set-up descriptions to
design new experiments.

@ Interactive website providing free access to model and
experimental values.
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3D imaging

Reminder

Theoretical
framework
How are GPDs
defined ?

How are GPDs
measured ?

From theory
to measure
Models
Universality tests

Probing models
on DV

Going further

From measure

to theory
Degrees of
freedom

Kinematic
restrictions

Fitting strategies
Model-dependence
Vs accuracy

Near future

Experimental
developments

GPD phenomenology toolkit.

Platform structure, existing pieces and planned development.

(Task 8)

Theoretical Support

b, | Web site deSiEn | g
(Task 7)

01

g
A

H. Moutarde (CEA-Saclay) Reverse Engineering

o dee]

Ecole Joliot Curie 2013



/\ Conclusions.
D, Investigation of the nucleon structure has dramatically changed our
understanding of the strong interaction.

CEA - Saclay

Conclusion

@ Today our picture of the nucleon as a system built up
from quarks and gluons is vastly different from the naive
quark model image.

@ Numerous progress have been made in recent years in
clarifying concepts and obtaining quantitative information
on nucleon structure.

@ The next generation of experimental facilities will provide
a great wealth of information with unprecedented
accuracy.

@ 3D nucleon structure is one of the science highlights of a
possible future Electron lon Collider.

@ Nucleon structure is a very lively field where theoretical
progress goes along with experimental advances.
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Conclusion

Prospect: Electron lon Collider.

Motivation.

@ A collider is needed to provide kinematic reach well into

the gluon-dominated regime.

Electron beams are needed to bring to bear the
unmatched precision of the electromagnetic interaction
as a probe.

Polarized nucleon beams are needed to determine the
correlations of sea quark and gluon distributions with
the nucleon spin.

Heavy ion beams are needed to provide precocious access
to the regime of saturated gluon densities and offer a
precise dial in the study of propagation-length for color
charges in nuclear matter.

Accardi et al. , EIC White Paper, arXiv:1212.1701
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/M) Prospect: Electron lon Collider.
| / Technical goals.

Conclusion

The EIC machine designs are aimed at achieving:
e Highly polarized (~ 70%) electron and nucleon beams.

@ lon beams from deuteron to the heaviest nuclei (uranium
or lead).

@ Variable center of mass energies from ~ 20 — ~100 GeV,
upgradable to ~150 GeV.

e High collision luminosity ~103373* cm—2s~ 1.
o Possibilities of having more than one interaction region.

Accardi et al. , EIC White Paper, arXiv:1212.1701
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Conclusion

Prospect: Electron lon Collider.

Key measurements for transverse plane parton imaging at stages | and Il

[ Deliverables |

Observables

[ What we learn [ Requirements
GPDs of DVCS and J/v, p°, ¢ transverse spatial distrib. [ dtL ~ 10 to 100fb~1;
sea quarks production cross-section of sea quarks and gluons; leading proton detection;
and gluons and polarization total angular momentum polarized e~ and p beams;
asymmetries and spin-orbit correlations wide range of x and Q%
GPDs of electro-production of dependence on range of beam energies;
valence and 7+, K and p+, K* quark flavor and et beam
sea quarks polarization valuable for DVCS

Accardi et al.

, EIC White Paper, arXiv:1212.1701
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/M) Prospect: Electron lon Collider.
| / Existing and planned measurements of DVCS in the x, Q2 plane.

CEA - Saclay

Conclusion T T T T

Current DVCS data at colllders

10° 0O ZEUS- total xsec O H1- total xsec
® ZEUS- do/dt W H1-do/dt
B Hi-Acy

Current DVCS data at fixed targets:
4 HERMES-A; A HERMES-ACU
| 4 HERMES-ALy, AuL, A

4 HERMES-Ayr * HallA-CFFs
¥ CLAS-Ay % CLAS-Au

Planned DVCS at fixed targ.:
] COMPASS- do/dt, Acsu, Acst
JLAB12- do/dt, Apy, Auc, AL

1% 10° 102 10" 1

X
Accardi et al. , EIC White-Paper, arXiv:1212.1701
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Thank you for your attention!

Questions? Comments? etc. = herve.moutarde@cea.fr

29™ SEPTEMBER TO 4™ OCTOBER 2013

A CYLYURFUL JYURNETY:

rsom IIAUKUN) 1V UUVUARR-ULUUN FLAJMA

Joliot-Curie

LA VII.LA CLYTHIA FREJUS (CGTE D’AZUR), FRANCE
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to measure
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On the discovery of the nucleon spin.
Experiment may be conducted without establishing thermal equilibrium
between molecules with even J and those with odd J: separate gases which
do not interconvert.
MODERN QUANTUM MECHANICAL SOLUTION
(DAVID DENNISON, 1927)

Consider a hydrogen molecule (rigid rotator —two degrees of freedom)

.
E, = 1)—— =0,1,2...
L=+ iz,

The requirements of wave function symmetries and nuclear spin = two varieties of
molecular hydrogen:

parahydrogen orthohydrogen

o8 e
o6 -
o4 -

T B 3 7

specific heats of para- and orthohydrogen are quite different at
low temperatures

ORTHOHYEL < PARAHY TRANSITION IS SLOW

Gearhart, APS, Saint Louis, Apr. 2008
See also Tomonaga, The story of spin, Chicago, 1997.
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On the discovery of the nucleon spin.
Experiment may be conducted without establishing thermal equilibrium
between molecules with even J and those with odd J: separate gases which
do not interconvert.

THEORY AND EXPERIMENT BY THE LATE 1920s

To calculate the specific heat of molecular hydrogen:

Treat hydrogen as a mixture of para- and orthohydrogen, in the
ratio 1:3 (room temperature ratio for spin 1/2 fermions).

i [ modern QM theory

(David Dennison, 1927)i

Dennison’s theory predicts a value for the moment of inertia of molecular
hydrogen much larger than the accepted value in 1925.

Gearhart, APS, Saint Louis, Apr. 2008
See also Tomonaga, The story of spin, Chicago, 1997.
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/4] Muonic hydrogen: "Lamb shift” measurement.

| / Experimental principle and design.

Appendix
g @ New beam line to produce p~ with a low kinetic energy:
o =5 heV,
spatial
S;«:T:urehg @ Muons are stopped in gazeous H; at low density (1 hPa).
Operator Formation of highly excited muonic hydrogen (n = 14).
Expansion
:""“”"e @ Desexcitation of up in state 1S (99 %). The population of
el the 2S state (1 %) is long-lived.
Ging futhr
ngtregnr;asu'e @ Transitions 25 — 2P induced by laser. Fast desexcitation
Fitting strategies 2P — 1S by emission of a X photon (1.9 keV).
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/M) Muonic hydrogen: "Lamb shift” measurement.

| / Experimental principle and design.
CEA - Saclay
Appendix

Principle of the experiment

A brief history
of the nucleon

Laser. .

Discovery 28

Nucleon
spatial
structure

Operator
Product
Expansion

2keV y

il

Principle Cartoon of the resonance

events in 25 ns

From theory
to measure 10°
Models

Going further 10%

From measure
to theory 10
Fitting strategies

Delayed K,/ Prompt K,
.
——
e

ot
i

Laser frequency

35 4
time [us]

J" A. Antognini, CERN  10.08.2010 — p.9
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4] \Why muonic hydrogen?

| / Reminders : Bohr radius, Rydberg constant, etc.
CEA - Saclay
Ay @ Classical mechanics :

A brief hi . .
ke o Compensation of coulombic and central forces:

Discovery V2 Zahc

Nucleon >
spatial r r
structure

Nucleon charge
radius

Operstor o Mechanical energy = (r):
Product Zahc
Expansion E = - or

Principle

From theory o Quantization of L = mvr:

to measure h 7o 2mc2
Models Bohr radius ag = —— and E = —L
Going further mco 2n2

From measure

to theory @ Rydberg constant:
Fitting strategies me C
Rw = o

2h
13.605 691 93 (34)

hcRy
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Models
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Why muonic hydrogen?
Lamb shift (following Welton, Phys. Rev. 74, 1157 (1948)).

o Field fluctuations = spread of the charge of the orbiting
particle:

1 2«
2 -2
<rt>~——log(Z
r 3 log(Za)
o Charge radius < r? ># 0 = perturbation of coulombic

potential V = —Za/r :

2
5V = %Za < 2> §(7)

e Consequence: correction of energy level S :

2n(Z
’2 7T( a)<r2

AE = (nS|6V|nS) ~ |V,(0) 3

>

o Remark: non-relativistic wavefunction 15(0) = 1/,/8ma3
o Stronger effect for muonic hydrogen..
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to measure
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Operator Product Expansion (OPE).

lll-defined field products (following Lehman, Riv. Nuovo Cim. 11, 342 (1954)).

e Consider a scalar field ¢(x) (mass m) and a complete set
of states |p, &) (momentum p, quantum number «).
o Use ¢(x) = P *p(0)e™"" % to write:

3=
0166710) = [ 35 58, 2 016(lp.) tp.a 610

- [ S 1016(0) pra)

o Take a 1-particle state |p, ). Then | (0]¢(0)|p, ) |?
depends on p? = m? and:

3—;
O L

e ¢(x)? is not mathematically well-defined.
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/4] Nonperturbative proof of the OPE (1/2).

|/ (Following Weinberg, The quantum theory of fields, CUP, 1996).

Appendss & B o Ai(z1), Ax(22),
of the nucleon X — x| < R<|z—y| ¥ijk e E T
Discovery .)/2 4 Bl(}/l), B2(y2)l
socl : fixed y;.
S;rufturehg @ Operators built
radius .

Operator from fields ¢n.
Product .}/4 V3

Expansion . ® . .

T @ Surround point z with ball B(R) and decompose action:
thor:e;:L?ery <0 ‘ T(Al(Zl)Az(Zz) e Bl(yl)Bz(yg) e )‘ 0>

Models
Going further

From measure = / H d¢n B]_ (yl ) B2 (y2) . exp (I / d4 u E)
to theory u(;éB( R)

Fitting strategies U¢B

/ H don(u)Ai(z1)A2(22) - - exp(/LIEB(R)d“uE)

ueB(R).n
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/4] Nonperturbative proof of the OPE (2/2).

|/ (Following Weinberg, The quantum theory of fields, CUP, 1996).
Appendix

@ Fields inside the ball merge smoothly with fields outside
A brief history the ball at the surface of the ball.

of the nucleon

Discovery

Nucleon @ Path integrals over fields inside and outside the ball do not
spatial

i affect each other.

Nucleon charge
radius

Operator @ Path integral over fields inside the ball can be expressed in
S terms of values and derivatives of fields on the surface of

Principle the ball.

From theory
to measure

Models @ For a small ball, express these values and derivatives in
Going further . .

h s terms of Taylor expansion of fields located at the ball
rom measure .. .

to theory center z with coefficients depending on z; — z.

Fitting strategies

@ Take the limit R — 0.
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to measure
Models
Going further

From measure
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Double Distribution models.

VGG model (Vanderhaeghen, Guichon and Guidal).

o Factorized Ansatz.

— / dBdad(B + Ea — x)f (B, o, t)
laf+]8|<1

H(x, &, t)
f(8,a,t)

ﬂ—n(ﬂ7a)

hg(8)

1

= Wh(ﬁ)ﬂn(ﬁ, )
r2n+2) (1-18)°-a?"

22n+1|‘2(n + 1) (1 _ |B’)2n+1

@ Expressions for h and n :

161g(151)

hgea(/B) = qsea(|/6‘)Sign(B)
hia(8) = aw(8)0(8)

o Add D-term
D(z) ~(1—

H. Moutarde (CEA-Saclay)

at z = x /¢ :

Gui

Nucleon Reverse Engineering

ng =1
Nsea, = 1
Nyal = 1

22)3 —4.CY%(2) - 1.2C¥%(2) - 0.4C (2
al et al., Phys. Rev. D72, 054013 (200

Ecole Joliot Curie 2013
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Dual model.
PV model (Polyakov and Vanderhaeghen) (1/2).

@ t-channel partial-wave expansion:

wina-2E S el )-8 ()

odd even

o Introduce forward-like functions Qx(x, t) defined by:

1
Bo mi1_ilt) = /0 e x"Qu (x, 1)

@ Resum series by means of Shuvaev transform:
(x,£1) Z/ dy KU (x, €, y)Quly, 1)

with known kernels K().
Polyakov and Shuvaev, hep-ph/0207153
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to measure
Models
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From measure
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Dual model.
PV model (Polyakov and Vanderhaeghen) (2/2).

@ Define quintessence from forward-like functions:

N(x, ) =) x*"Qan(x, 1)
n=0

e ReH and ImH depend on N(x,t) only:
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4] Dual model.

|/ PV model (Polyakov and Vanderhaeghen) (2/2).

Appendix @ Define quintessence from forward-like functions:

o)
S N(x, ) =) x*"Qan(x, 1)
Discovery

Nucleon

e e ReH and ImH depend on N(x,t) only:

Nucleon charge

radius 1_\/7 d 1
e ReH = 2 / L0, 1
Expansion 0 A/ 1 - 2X/§ + X2

From theory ]_ 2
to measure

+ —
Misdel \/1+2x/§+x2 V14 x2

Going further

to theory / =
Fitting strategies mH / A /1 5 X ( ’ ) 2X/€ _ X2 1

Polyakov and Shuvaev, hep-ph/0207153
Polyakov, Phys. Lett..B659, 542 (2008)
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Dual model.

PV model (Polyakov and Vanderhaeghen) (2/2).

@ Define quintessence from forward-like functions:

N(x, t) = x*"Qon(x, t)
n=0

e ReH and ImH depend on N(x,t) only:
Polyakov and Shuvaev, hep-ph/0207153

Polyakov, Phys. Lett. B659, 542 (2008)

@ The relation between ImH and N(x, t) can be inverted:

1x(1—x%) (1 d¢ 1 <1 d)l
=2 Sz - & ) ImH(E,
T (1+x)2 /ZX €2 Je— 2 \2 gﬁ mH(E )

N(x,t) =

H. Moutarde (CEA-Saclay)
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4] Dual model.

|/ PV model (Polyakov and Vanderhaeghen) (2/2).
Appendix @ Define quintessence from forward-like functions:
A brief history 00
of the nucleon
Discovery N(X7 t) — Z X2nQ2n(X, t)
Nucleon n=0
spatial
structure
Nucleon charge
radius e ReH and ImH depend on N(x,t) only:
Operator
E;C;::Ziton Polyakov and Shuvaev, hep-ph/0207153
Principle

Polyakov, Phys. Lett. B659, 542 (2008)

From theory
to measure

Models @ The relation between ImH and N(x, t) can be inverted:
Going further

PN @ The quintessence function contains all the information
to theory

that can be extracted from DVCS at leading order.

Fitting strategies
@ Here model forward-like function Qg from PDFs with
Regge-type Ansatz: q(x,t) = g(x)e™'t.

H. Moutarde (CEA-Saclay) Nucleon Reverse Engineering Ecole Joliot Curie 2013 145



D
/

CEA - Saclay

Appendix

A brief history
of the nucleon

Discovery

Nucleon
spatial
structure
Nucleon charge
radius
Operator
Product
Expansion

Principle

From theory
to measure
Models
Going further

From measure
to theory
Fitting strategies

Timelike and spacelike Compton Scattering.

Scattering amplitudes and their partonic interpretation.

DVCS
o

H. Moutarde (CEA-Saclay)

Compton Form Factors (CFF)

@ Parametrize amplitudes.
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/M ] Timelike and spacelike Compton Scattering.

| / Scattering amplitudes and their partonic interpretation.
Appendix

Compton Form Factors (CFF)

A brief history
of the nucleon

@ Parametrize amplitudes.
e Evaluation at LO.
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/M ] Timelike and spacelike Compton Scattering.
| / Scattering amplitudes and their partonic interpretation.
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Appendix Compton Form Factors (CFF)

A brief history @ Parametrize amplitudes.

of the nucleon

@ Evaluation at LO.
@ Evaluation at NLO.

Discovery
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Timelike and spacelike Compton Scattering.

Scattering amplitudes and their partonic interpretation.

Compton Form Factors (CFF)

@ Parametrize amplitudes.

Evaluation at LO.
Evaluation at NLO.

@ Other diagrams at NLO,

including gluon GPDs.
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/M) Explicit expressions of Compton Form Factors.

|/ Quark and gluon contributions to the CFF A at LO and NLO (at fixed t).
Pa— o Convolution of singlet GPD HJ (x) = Hq(x) — Hg(—x) :
+1
A brief histor 2 Q
ofthenucleo)n, %q(g,Q ) = dXH;_(X,f,[LF) Tq (X,g,o&s(/,&F),MF>
Discovery -1

Nucleon

spatial 1 Q
sfructure +/ dX Hg(X7 €7 /-‘LF) Tg <X7§7 @S(MF)a /,LF)
-1

Nucleon charge
radius

Producs Belistky and Miiller, Phys. Lett. B417, 129 (1998)
P Pire et al. , Phys. Rev. D83, 034009 (2011)

Principle

From theory
to measure
Models
Going further

From measure
to theory
Fitting strategies
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/M) Explicit expressions of Compton Form Factors.

|/ Quark and gluon contributions to the CFF A at LO and NLO (at fixed t).
P— o Convolution of singlet GPD HJ (x) = Hq(x) — Hg(—x) :

A brief hist 2 LO +1

of-the nucleo)n, Hq(g, Q ) = /1 dx H;(X, g, ,LLF) Cg(X, 5)

Nuc[eon +1

sl + [ axHyx o) 0

Nucleon charge -1

radius

S Belistky and Miiller, Phys. Lett. B417, 129 (1998)

E;iac'i:':n Pire et al. , Phys. Rev. D83, 034009 (2011)

From theor;

e @ Integration yields imaginary parts to H :

Models

Going further LO

From measure /qu(é'? Q2) = TrH;_ (é” E’ /’LF)

to theory
Fitting strategies
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/M) Explicit expressions of Compton Form Factors.

|/ Quark and gluon contributions to the CFF A at LO and NLO (at fixed t).
Pa— o Convolution of singlet GPD H,(x) = Hg(x) — Hg(—x) :
o ; 2
o e meon Hq(€, Q%) TE / dx Hf (x, €, jiF) [cq+ co+ 7| Q |C80u]
e " 1 \02\
:\lalé?lljeson charge — 1 M F
8:’:532;” Belistky and Miiller, Phys. Lett. B417, 129 (1998)
e Pire et al. , Phys. Rev. D83, 034009 (2011)

From theory

to measure @ Integration yields imaginary parts to H :
Models

Going further 2 NLO

From measure Im/Hq(€7 Q ) = I(&)H; (€7 67 /"LF)

to theory +1

Fiing setesies + /1 dx Tq(X)<H;7L(X7 €7MF) - H;]L(f*f/ MF))

+ gluon contributions.
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Explicit expressions of Compton Form Factors.
Compton Scattering: LO vs NLO.

Imaginary part of Compton Form Factor H, at NLO:

Iqu(év Q2)

NLO

= Z()Hg (&€& 1r)

-1
+ gluon contributions.

N / o T (Mg (x. & p) — H (6..05)

N\

Due to O(as(pr)) corrections:
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Explicit expressions of Compton Form Factors.
Compton Scattering: LO vs NLO.

Imaginary part of Compton Form Factor H, at NLO:

Iqu(év Q2)

NLO

= Z()Hg (&€& 1r)

-1
+ gluon contributions.

N / o T (Mg (x. & p) — H (6..05)

N\

Due to O(as(pr)) corrections:

o ImH4 is no more equal to TH, (x = &, &) (LO):
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Explicit expressions of Compton Form Factors.
Compton Scattering: LO vs NLO.

Imaginary part of Compton Form Factor H, at NLO:

Iqu(év Q2)

NLO

= Z(Hg (& & 1r)

-1
+ gluon contributions.

N / o T (Mg (x. & p) — H (6..05)

N\

Due to O(as(pr)) corrections:

o ImH4 is no more equal to TH, (x = &, &) (LO):

o Multiplicative factor Z depends on &.
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Explicit expressions of Compton Form Factors.
Compton Scattering: LO vs NLO.

Imaginary part of Compton Form Factor H, at NLO:

Iqu(év Q2)

NLO

= Z()Hg (&€& 1r)

J—il
+ gluon contributions.

+/+1 dx ’Tq(x)<Hj(x7§,,uF) - H:(f:f:l‘F))

N\

Due to O(as(pr)) corrections:

o ImH4 is no more equal to TH, (x = &, &) (LO):

o Multiplicative factor Z depends on &.
o Integral with off-diagonal terms.
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Explicit expressions of Compton Form Factors.
Compton Scattering: LO vs NLO.

Imaginary part of Compton Form Factor H, at NLO:

Iqu(év Q2)

NLO

= Z()Hg (&€& 1r)

-1
+ gluon contributions.

N / o T (Mg (x. & p) — H (6..05)

N\

Due to O(as(pr)) corrections:

o ImH, is no more equal to TH (x = £,£) (LO):

o Multiplicative factor Z depends on &.
o Integral with off-diagonal terms.
o ImH, contains gluon contributions.
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Explicit expressions of Compton Form Factors.
Compton Scattering: LO vs NLO.

Imaginary part of Compton Form Factor H, at NLO:

Iqu(év Q2)

NLO

= Z()Hg (&€& 1r)

-1
+ gluon contributions.

N / o T (Mg (x. & p) — H (6..05)

N\

Due to O(as(pr)) corrections:

o ImH, is no more equal to TH (x = £,£) (LO):

o Multiplicative factor Z depends on &.
o Integral with off-diagonal terms.
o ImH, contains gluon contributions.

@ No more direct link to Hg even in valence region where

Hq(=¢,¢)

is expected to be small.
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Explicit expressions of Compton Form Factors.
Compton Scattering: LO vs NLO.

Imaginary part of Compton Form Factor H, at NLO:

/qu(év Q2)

NLO

= Z()Hg (&€& 1r)

-1
+ gluon contributions.

N / o T (Mg (x. & p) — H (6..05)

Due to O(as(pr)) corrections:

o ImH, is no more equal to TH (x = £,£) (LO):

o Multiplicative factor Z depends on &.
o Integral with off-diagonal terms.
o ImH, contains gluon contributions.

@ No more direct link to Hg even in valence region where

Hq(=¢,¢)

Question: What is the size of these O(as(uF)) corrections?

is expected to be small.
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Next-to-Leading Order computations.
Large gluon contributions, maximum in the HERMES / COMPASS region.

£ ReHl

—08
1

02 10-2 01 0% 102 0

! 3
Moutarde et al. , Phys. Rev. D87, 054029 (2013)
dotted: LO  dashed: NLO quark corrections  solid: full NLO
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Resummation of DVCS.

Resum the leading logarithmic singularity at all orders around x = €.

=&+ Pt B,
Q’l ki+-+kin fvr;
P1—2p2 a2

T E+ Bt et B A r—§+ P+t
ARSI [STESREY
ISR .
L%»,\(fﬂ*,..}:i»‘f,, . : 1? 7 l,ﬁ(,;#,,ﬁ‘f“ . Altinoluk et al. )
T T =T s kin y R e AT Xiv:1309.2508
ERERER] arAlv: . ,
! -~
L JHEP 1210, 049 (2012)
: .
|
‘ Notation: D = /%<
pHEEAL kL v~ €+, ki otation: - o
lazsass
@+ Om | B, \‘/ @-Op
2
e — X .
(Co+ G)*=—2 ¢ cosh|Dlog E=x_ €
x—&+ie 2&
D? — X — )
—— 94—3f log ¢ — i€ —(x = —x).
2 x+¢& 2
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Profile funct

ion modification.

Different ways of applying Radyushkin’s Double Distribution Ansatz (RDDA).

@ Ambiguity in the definition of DD: The following
transformation

Fi(B,a) — FIB,a)+

GI(B,a) = GI(B,a)—

gives rise to the same GPD models.

0o9
aia(ﬂ7 Oé),
dod
%(ﬁ? Oé),

@ This equivalence is broken when applying the RDDA,
which can be done in infinitely many ways.

@ Comparison to data to make the best Ansatz.
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Yo [nb.GeV ™Y

From measure
to theory

- . , , . , 0 . , | . N
Fitting strategies (] 60 120 180 240 300 360 0 60 120 180 240 300 360

6 [deg] ¢ [deg]

Mezrag et al. , Phys. Rev. D88, 014001 (2013)
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Finite-t and target mass corrections.

Recently derived. Preliminary phenomenological estimates.

where H, F and X = H + E are generalized parton distributions

F®C E/d.zF(z,f, t) C(z,€).

and the coefficient functions (‘[_" (z,€) are given by the following expressions:

Co' (=, €)

O (2,8) =

1

1
z—¢

1

:{'+I—i(i£—z—i(A

ln(£;;_Ific):l:(1<—>71),

3 (2, ) ={£+%[Liz (E_ Ty ic) - Lig(l)} t(zo 71)} + %c‘i(z,().

26

V. M. Braun_(Regensburg)

H. Moutarde (CEA-Saclay)

o Complete results available for all helicity amplitudes
e Factorization checked to 1/Q? accuracy
e Gauge and translation invariance checked to 1/ Q? accuracy

Kinematic power comections t DVCS
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4 ) Finite-t and target mass corrections.
| / Recently derived. Preliminary phenomenological estimates.

CEA - Saclay

A brief history
of the nucleon

Discovery
Nucleon
spatial
structure e General remarks
Nlédeor' charge @ The singularities at z = +£ in l/Q2 corrections are weaker (logarithmic) as compared to
radius the leading term. Thus factorization is not endangered.
Operator " . : o
Prpoduct @ For scalar targets, target mass corrections only enter via [P 2~ |t— tmin|; naive
E . Nachtmann-type corrections are always overcompensated by finite-t effects.
Xpansion
Principle @ For the nucleon, the main new effect is that Compton form factor H receives a sizable mass

From theory correction proportional to E-distribution, and vice versa.

to measure
Models
Going further

From measure
to theory
Fitting strategies

V. M. Braun_(Regensburg) Kinematic power corrections to DVCS Glasgow. 21.06.2013 13/ 20
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Finite-t and target mass corrections.

Recently derived. Preliminary phenomenological estimates.

Numerical analysis: Cross sections and asymmetries

Braun, Manashov, Miller, Pimay: preliminary

0.10|
0.08|
.
/§0.06
0.04
—— twis-4GED7.
---- 10 GEOJ 0.02)
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350

¢

¢

—— w4 GED7
---- 10

GE07

* HALL A (x=036)

o

50

100 150 200 250 300 350

¢

GPD model: Goloskokov, Kroll Eur.Phys.J. C53 (2008) 367
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4] Overview of current extraction methods.

| / Problems: Model dependence ? Degrees of freedom ? Extrapolations ?
Appendix

A brief history . 5 o 5
ofthenucleon  |ake each kinematic bin independantly of the others.
Discovel . .
- " Extraction of ReH, ImH, ...as independent parameters.
uclieon V.
spatial
structure Gl b | f'
Nucleon charge oba |t
radius
opeater Take all kinematic bins at the same time. Use a
Product g a
Expmisien parametrization of GPDs or CFFs.
Principle o

From theory

to measure Hybrid : Local / global fit

Models
Going further

Start from local fits and add smoothness assumption.
From measure
to theory

Fitting strategies

Neural networks

Already used for PDF fits. Exploratory stage for GPDs.
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4] Overview of current extraction methods.

| / Problems: Model dependence ? Degrees of freedom ? Extrapolations ?
CEA - Saclay
Appendix

Abiefhistory Take each kinematic bin independantly of the others.

Discovery Extraction of Re?, ImH, ...as independent parameters.
Nucleon
spatial " noc

structure Him (JLab) Hpe (ULab) e O : "7-CFF” fit results.
Nucleon charge
radius . @ o : VGG model.
Operator )
Product

Expansion Q\T_‘%_?J; )/l,ﬁ—/— e —: KM flt

Principle 0 i

From theory

to measure Him (HERMES)

Hee (HERMES) Guidal and Moutarde, Eur.

R Phys. J. A42, 7 (2009)
fgotregiasure 4

Fitting strategies

0.1 02 03 04 0.1 0z 03 04
—t(GeV?) —t (1
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Overview of current extraction methods.

Problems: Model dependence ? Degrees of freedom ? Extrapolations ?

Local fits: What can be achieved in principle?

@ Structure of BSA at twist 2 :

BSA(¢)

where a = 0(Q71),

asin ¢ + bsin2¢

- 1+ ccos¢p+ dcos2¢ + ecos3¢p

b=0(Q™"), c=0(Q@™),
d=0(Q2), e=0(Q®).
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Overview of current extraction methods.

Problems: Model dependence ? Degrees of freedom ? Extrapolations ?

Local fits: What can be achieved in principle?

@ Structure of BSA at twist 2 :

BSA(¢)

e Underconstrained problem (8 fit parameters : real and

asin ¢ + bsin2¢

- 1+ ccos¢ + dcos2¢ + ecos3¢p

imaginary parts of 4 CFFs #, &, H and 5~)
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Overview of current extraction methods.

Problems: Model dependence ? Degrees of freedom ? Extrapolations ?

Local fits: What can be achieved in principle?

@ Structure of BSA at twist 2 :

BSA(¢)

asin ¢ + bsin2¢

@ Underconstrained problem.

@ Need other asymmetries on same kinematic bin to allow
extraction of all CFFs (or add ~ 5-10 % systematic

uncertainty).

- 1+ ccos¢ + dcos2¢ + ecos3¢p
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Overview of current extraction methods.

Problems: Model dependence ? Degrees of freedom ? Extrapolations ?

Local fits: What can be achieved in principle?

@ Structure of BSA at twist 2 :

BSA(¢) =

asin¢ + bsin2¢

@ Underconstrained problem.

@ Need other asymmetries on same kinematic bin to allow

extraction of all CFFs.

" 14 ccos¢ + dcos2¢ + ecos3¢p

@ Add physical input? dispersion relations, etc.

Kumericki et al. , arXiv:1301.1230
Guidal et al. , Rept. Prog. Phys. 76, 066202 (2013)
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/4] Overview of current extraction methods.
| / Problems: Model dependence ? Degrees of freedom ? Extrapolations ?
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Appendix

A brief history Take all kinematic bins at the same time. Use a

of the nucleon

Discovery parametrization of GPDs or CFFs.

Nucleon
spatial
structure o

Nucleon charge
radius

1=-0.28 GeV?
Q> ~ 2GeV?

With Hall A data.
A : neural network.
e O: "7-CFF" fit
_____ results.

o "H—H".

o : hybrid fits.

Operator
Product
Expansion

IS
(]

Principle

[}
< HALL A

From theory
to measure
Models
Going further

N
o [SHNITH =
< CLAS

o

Im H(xp 1,07

From measure
to theory
Fitting strategies

0.15 0.20 0.25 0.30 0.35
XB

Kumericki and Muller, Exclusive 2010
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Appendix Hybrid : Local / global fit

Abrief history  Start from local fits and add smoothness assumption.
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@ Comparison to VGG model on JLab Hall B kinematics.
@ Loss of information during the extraction.

Moutarde, Phys. Rev. D79, 094021 (2009)
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Overview of current extraction methods.

Problems: Model dependence ? Degrees of freedom ? Extrapolations ?

Neural networks

Already used for PDF fits. Exploratory stage for GPDs.
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Kumericki et al. , JHEP 1107, 073 (2011)
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