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Electromagnetic Form Factors (FFs)

GE and GM are the Sachs form factors (FFs). We can interpret the FFs
in terms of the Fourier transforms of the charge and magnetic moment
distributions.

GE (q
2) =

∫
e i q⃗.⃗rρ(r⃗)d3r⃗

GM(q2) =

∫
e i q⃗.⃗rµ(r⃗)d3r⃗

Note: t = (p4 − p2)
2 = (p3 − p1)

2 = q2

Muhammad Goharipour Determination of Generalized Parton Distributions (GPDs)
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Deep Inelastic Scattering (DIS)

W 2 = (p + q)2 = M2
p + 2p · q + q2

W 2 ≫ M2
p ⇒ Inelastic scattering Q2 ≫ M2

p ⇒ Deep

Q2 = −q2 x = Q2

2p·q
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Elastic VS Inelastic

Elastic Scattering: Only one independent variable. We can express
differential cross section in terms of the electron scattering angle θ or Q2

Inelastic Scattering: We have two independent variables. Therefore
need a double differential cross section

dσ

dxdQ2
=

2πα2

xQ4
(Y+F2(x ,Q

2)± Y−xF3(x ,Q
2)− y2FL(x ,Q

2))

Note: The form factors have been replaced by the structure functions.
They can not be interpreted as the Fourier transforms of the charge and
magnetic moment distributions. They describe the momentum
distribution of the quarks within the proton.
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Parton Distribution Functions (PDFs)

The factorization theorem states that the structure functions Fi can be
written as the convolution of the nonperturbative parts and the hard
coefficient functions which can be calculated in pQCD.

Fi (x ,Q
2) =

∑
a=q,g

Ci,a(αs ,Q
2)⊗ fa(x ,Q

2)

xfa(x ,Q
2) ≡ Parton Distribution Functions (PDFs)

Question: What about Form Factors???

Muhammad Goharipour Determination of Generalized Parton Distributions (GPDs)
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Experiment

γ
∗ γ

DVCS

p p

γ
∗

M

DVMP

p p

Deeply Virtual Compton Scattering Deeply Virtual Meson Production
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Factorization Theorem

t = (p′ − p)2 ξ ≡ skewness
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GPDs

Generalized parton distributions (GPDs), are universal
non-perturbative objects entering the description of hard exclusive
electroproduction processes.

GPDs depend on more variables (x , ξ, t,Q2).

GPDs display the characteristic properties to present a
three-dimensional (3D) description of hadrons.

GPDs are a generalization of PDFs and FFs.

PDFs can be recovered from GPDs (in the so-called forward limit)
by setting to zero the extra variables in GPDs.

Muhammad Goharipour Determination of Generalized Parton Distributions (GPDs)
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Electromagnetic FFs

Hq(x , 0, 0) = q(x) and Hq(−x , 0, 0) = −q̄(x)
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Model for GPDs

The valence GPDs Hq
v , for example, can be related to ordinary valence

PDFs as
Hq

v (x , t, µ
2) = qv (x , µ

2) exp[tfq(x)].

The profile functions fq(x) can have the simple form

fq(x) = α′(1− x) log
1

x
.

Muhammad Goharipour Determination of Generalized Parton Distributions (GPDs)
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Model for GPDs

The behavior of profile function f (x) can be well characterized by the
forms

fq(x) = α′(1− x)2 log
1

x
+ Bq(1− x)2 + Aqx(1− x),

and

fq(x) = α′(1− x)3 log
1

x
+ Bq(1− x)3 + Aqx(1− x)2.

Muhammad Goharipour Determination of Generalized Parton Distributions (GPDs)
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Global Analysis?

It is well known now that several exclusive processes can provide
information on GPDs.

The elastic electron-proton scattering

Deeply virtual Compton scattering (DVCS)

Deeply virtual meson production (DVMP)

The nucleon axial form factor

Wide-angle Compton scattering (WACS)

Heavy vector meson production

Double deeply virtual Compton scattering

Exclusive pion- or photon-induced lepton pair production

Muhammad Goharipour Determination of Generalized Parton Distributions (GPDs)
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Conclusions

We performed a new determination of GPDs with their uncertainties
at zero skewness, ξ=0, through a simultaneous analysis of all
available experimental data of the nucleon electromagnetic FFs,
nucleon charge and magnetic radii, proton axial FFs, and WACS for
the first time. This can be considered as the most comprehensive
analysis of GPDs at ξ=0 performed so far.

New precise measurements of various observables are needed to put
more constrains on GPDs and answer to present open questions.
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Rutherford Scattering Revisited

Rutherford scattering is the low energy limit where the recoil of the
proton can be neglected and the electron is non-relativistic
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The Mott Scattering Cross Section
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Point-like Electron-Proton Elastic Scattering
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Deep Inelastic Scattering (DIS)

W 2 = (p + q)2 = M2
p + 2p · q + q2 (1)

W 2 ≫ M2
p ⇒ Inelastic scattering

Q2 ≫ M2
p ⇒ Deep

If W = Mp,Q
2 = −q2 ⇒ x = Q2

2p·q = 1 ⇒ elastic scattering
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DIS cross section

dσ

dxdy
= xs

dσ

dxdQ2
=

2πyα2

Q4

∑
j

ηjL
µν
j W j

µν (2)

y = p·q
p·k =

(
ν
E

)
lab.frame

, s = (k + p)2 ≃ Q2

xy

dσ

dxdQ2
=

2πα2

xQ4
(Y+F2(x ,Q

2)± Y−xF3(x ,Q
2)− y2FL(x ,Q

2)) (3)

Y± = 1± (1− y)2

d2σ

dxdQ2
=

2πα2

xQ4
[1 + (1− y)2]

∑
i

e2i xfi (x), (4)

xfi (x) ≡ Parton Distribution Functions (PDFs)
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DIS cross section

dσ

dxdy
= xs

dσ

dxdQ2
=

2πyα2

Q4

∑
j

ηjL
µν
j W j

µν (2)

y = p·q
p·k =

(
ν
E

)
lab.frame

, s = (k + p)2 ≃ Q2

xy

dσ

dxdQ2
=

2πα2

xQ4
(Y+F2(x ,Q

2)± Y−xF3(x ,Q
2)− y2FL(x ,Q

2)) (3)

Y± = 1± (1− y)2

d2σ

dxdQ2
=

2πα2

xQ4
[1 + (1− y)2]

∑
i

e2i xfi (x), (4)

xfi (x) ≡ Parton Distribution Functions (PDFs)
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DIS cross section

dσ

dxdy
= xs

dσ

dxdQ2
=

2πyα2

Q4

∑
j

ηjL
µν
j W j

µν (2)

y = p·q
p·k =

(
ν
E

)
lab.frame

, s = (k + p)2 ≃ Q2

xy

dσ

dxdQ2
=

2πα2

xQ4
(Y+F2(x ,Q

2)± Y−xF3(x ,Q
2)− y2FL(x ,Q

2)) (3)

Y± = 1± (1− y)2

d2σ

dxdQ2
=

2πα2

xQ4
[1 + (1− y)2]

∑
i

e2i xfi (x), (4)

xfi (x) ≡ Parton Distribution Functions (PDFs)
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Bjorken scaling vioation

F2(x) =
∑

i e
2
i xfi (x), x = Q2

2p·q Bjorken scaling
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Big Puzzle

∫ 1

0
F2(νN)dx =

∫ 1

0

∑
q,q̄ xf (x)dx ≃ 0.5

F2(x ,Q
2) ⇔ Bjorken scaling vioation ⇒ f (x ,Q2)
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Quantum chromodynamics (QCD)
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Strong coupling constant αs

For enough large Q2, αs becomes small. So, for a dimensionless QCD
observable R we can write,

R =
∑

n cnα
n
s
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High orders calculations

Calculating high orders terms of the perturbative expansion, two kinds of
divergences appear, the ultraviolet and infrared and collinear divergences:

Ultraviolet divergences (UV), come from the integration over large
values of loop momenta, but they are removed after the
renormalization of the theory.

αs ⇒ αs(µ
2
R)

Infrared and collinear divergences appear in the calculation of the
Feynman diagrams of the real and virtual corrections in the limit of
vanishing energy of an emitted parton or when two partons become
collinear. A factorization scale, µF , has to be introduced for the
removal of these divergences.

xf (x) ⇒ xf (x , µ2
F )
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QCD Factorization Theorem

When pQCD can be applied, the factorization theorem states that the
cross section of DIS process can be written as the convolution of Parton
Distribution Functions (PDFs) and the hard subprocesses.

DIS Cross Section

dσep→eX

dP
=

∑
f

∫
dx f (x , µ2

F )×
d σ̂ef→eX ′

(µ2
F , αs(µ

2
R))

dP
. (5)

Since PDFs xf (x) are nonperturbative objects, they cannot be driven
from QCD. So, in the standard approach, PDFs are extracted normally by
QCD global analyses of the experimental data.
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Running αs

αs(Q
2) =

αs(µ
2)

1 + b0 αs(µ2) log(Q2/µ2)
. (6)

b0 = − nf
6π + 33

12π
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DGLAP Evolution Equations

If we have the parton densities as functions of x at an initial scale µ2
0, we

can obtain them at any arbitrary scale Q2 by solving the DGLAP
equations.

∂fi (x , µ
2
F )

∂ lnµ2
F

=
∑

j∈{q,g}

∫ 1

x

dz

z
Pij(z , αs(µ

2
F ))fj(x/z , µ

2
F ), (7)

Pij(z , αs(µ
2
F )) = P

(0)
ij (z) +

αs(µ
2
F )

2π
P

(1)
ij (z) + . . . (8)

P
(0)
qq (x) =

4
3

[
1+x2

(1−x)+
+ 3

2 δ(1− x)
]

P
(0)
gg (x) = 6

[
x

(1−x)+
+ 1−x

x + x(1− x) +
(
11
12 − nf

18

)
δ(1− x)

]
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DGLAP Evolution Equations

Singlet: qs =

nf∑
i=1

(qi + q̄i ) ⇒
∂

∂ lnµ2

(
qs
g

)
=

(
Pqq Pqg

Pgq Pgg

)
⊗
(
qs
g

)

non-singlet: q±ij = (qi ± q̄i )− (qj ± q̄j) and qv =

nf∑
i=1

(qi − q̄i )

⇒
∂ q±ij
∂ lnµ2

= P± ⊗ q±ij and
∂ qv
∂ lnµ2

= Pv ⊗ qv,
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Motivations

One of the significant aspects of the nucleon structure is the
distribution of strange and antistrange sea quarks and their possible
asymmetry.

More precise knowledge in this field is very important for better
understanding of the nucleon structure and properties of the sea
quarks and also for describing processes such as W boson
production in association with charm jets or neutrino interactions.

It is proven that the perturbative regime of QCD cannot describe
the present experimental evidences for the s − s̄ asymmetry.

In this way, the nature and dynamical origins of s − s̄ asymmetry
have always been an interesting subject to research both
experimentally and theoretically.
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BHPS Model

In 1980, Brodsky, Hoyer, Peterson, Sakai (BHPS) suggested the existence
of “intrinsic” charm1 to explain unexpected experimental results:

|p⟩ = P3q|uud⟩+ Pcc̄
5︸︷︷︸

0.01

|uudcc̄⟩+ ... .

1S.J. Brodsky, P. Hoyer, C. Peterson, and N. Sakai, Phys. Lett. B 93, 451 (1980).
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Extrinsic VS Intrinsic

Charm pair comes from the QCD

DGLAP evolution.

Perturbative QCD OK !

The extrinsic charm has a sea-like

characteristics with large magnitude

only a the small x region.

Charm pair was there before evolution.

Strong non-perturbative effects.

The intrinsic charm is valencelike with

a distribution peaking at larger x.
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Meson-Baryon Model (MBM)

|N⟩physical =
√
Z |N⟩bare +

∑
MB

∑
λλ′

∫
dy d2k⊥ϕ

λλ′

MB (y , k
2
⊥)

× |Mλ(y , k⊥);B
λ′
(1− y ,−k⊥)⟩. (9)

The main virtue of the meson-baryon model compared with the BHPS
model is that it can lead to the q − q̄ asymmetry in the nucleon sea.
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s − s̄ asymmetry

sN(x) =
∑
BM

∫ 1

x

dȳ

ȳ
fBM(ȳ) sB

(x
ȳ

)
s̄N(x) =

∑
MB

∫ 1

x

dy

y
fMB(y) s̄M

(x
y

)
There are two origins cause this asymmetry:

First is the difference between the probability distributions of the
meson and baryon in the proton

Second is the difference between the strange and antistrange
distributions in the baryon and meson, respectively
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s − s̄ asymmetry

For the case of intrinsic strange, we can consider six fluctuations as
follows:

p −→ K+(us̄)Λ0(uds),

p −→ K 0(ds̄)Σ+(uus),

p −→ K+(us̄)Σ0(uds),

p −→ K∗+(us̄)Λ0(uds),

p −→ K∗0(ds̄)Σ+(uus),

p −→ K∗+(us̄)Σ0(uds).

Due to high equality of the K 0 and K+, K∗0 and K∗+, and also Λ and Σ
physical masses, only two states K+Λ0 and K∗+Λ0 lead to the different
shapes for s and s̄ distributions in the nucleon and thus the s − s̄
asymmetry.
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