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Probing the Structure of the Proton

Probing the Structure of the Proton

*In P — ep scattering the nature of the interaction of the virtual
photon with the proton depends strongly on wavelength

+ At very low electron energies A > Tp: e
the scattering is equivalent to that from a
“point-like” spin-less object

+ At low electron energies A ~ Ip : e
the scattering is equivalent to that from a
extended charged object

+ At high electron energies A, < rp
the wavelength is sufficiently short to
resolve sub-structure. Scattering from
constituent quarks

+ At very high electron energies A< Tp i
the proton appears to be a sea of
quarks and gluons.
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Elastic Scattering from a Finite Size Proton

*In general the finite size of the proton can be accounted for by introducing
two structure functions. One related to the charge distribution in the proton, G,-;(qz)
and the other related to the distribution of the magnetic moment of the proton,

Gu(q*)
do o>  E; (Gi+1Gh 0 0
o 3( et McoserZTG%Jsinz)
dQ  4E{sin*0/2E) (1+7) 2 2
2
with the Lorentz Invariant quantity: | - — _ 4 =0
4M?
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Electromagnetic Form Factors (FFs)

Gg and Gy 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(d?) = [ ¢9p(d*F
Gu(q®) = / (R a*r

Note: t=(ps—p2)’=(ps—p1)> =¢*
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Scattering (DIS)
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Parton Distribution Functions (PDFs)

Deep Inelastic Scattering (DIS)

nucleon

Time

W2=(p+q’=M;+2p-q+¢q
w2 > /\/73 = Inelastic scattering Q? > M? = Deep
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 6 or @2

2 a2 2 2,2
dc7 :47co¢ Gy +1Gy, I—y—MZ +_ ZGZ
> 0* | (1+7) 0’

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

do 2ma? 5 5 5 5
T ? = 0t (YiFa(x, QF) + YoxF3(x, Q) — y“FL(x, Q7))
Note: The form factors have been replaced by the structure functions.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 F; can be
written as the convolution of the nonperturbative parts and the hard
coefficient functions which can be calculated in pQCD.

X Qz Z Cla a57 )®fa(X, Qz)

a=q.g

f.(x, Q%) = Parton Distribution Functions (PDFs)

Question: What about Form Factors???
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DVCS DVMP

Deeply Virtual Compton Scattering  Deeply Virtual Meson Production
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GPDs

GPDs VS FFs

Factorization Theorem

(b) Deeply virtual meson production.

& = skewness
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GPDs

GPDs VS FFs

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

GPDs depend on more variables

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

GPDs are a generalization of PDFs.

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

dGﬂ — 4”‘32 [M (] ,y,Miﬁ) 3 202}
o= @ (1+1) Q*

The Dirac and Pauli form factors, F 1’ and Fi, are related
to the Sachs form factors by

O i i ! Fi 3
u=F+F, e=h+56, 3)
where m is the nucleon mass and again i = p,n. One can
further decompose
Fip :euF,'u +€dp;d+esFisa

g @
Fl'n :euF} “l’edFiu +93Fis7
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GPDs VS FFs

The flavor form factors can be written in terms of GPDs
at zero skewness. For each quark flavor we have the sum
rules

1 1

Ff’(;):] dx HY (x,1), Ff(:):] dx Ed(x,1) (7)
0 0

with

Hyl(x,1)=H9(x,0,1)+ Hi(—x,0,1),

. ®)
E{(x,1)= E9(x,0,0) + E9(~x,0,1),

H9(x,0,0) = q(x) and HI(—x,0,0) = —g(x)
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Model for GPDs

The valence GPDs HY, for example, can be related to ordinary valence
PDFs as

HI(x, £ 1%) = qu (x, 1®) exp[tfy (x)].
The profile functions f;(x) can have the simple form

fo(x) = a'(1 — x) log %
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Model for GPDs

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

£,(x) = o/(1 = x)? Iog% + By(1 = x) + Agx(1 = X),

and

f(x) = /(1 — x)3 |og§ + By(1 — x)® 4 Agx(1 — x)*.
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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
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Nucleon axial form factor from generalized parton distributions

Hadi Hashamipour,"” Muhammad Gnhuri]:uur,z'T and Siamak S. Gousheh'*
1D(’]:rurbm:m of Physics, Shahid Beheshti University, General Campus, Evin, Tehran 19839, Iran
School of Particles and Accelerators, Institute for Research in Fundamental Sciences (IPM), PO Box
19568-36681 Tehran, Iran

M (Received 13 March 2019; revised manuscript received 1 June 2019; published 9 July 2019)

It is well established that the nucleon form factors can be related to generalized parton distributions
(GPDs) through sum rules. On the other hand, GPDs can be expressed in terms of parton distribution
functions (PDFs) according to the Diehl, Feldmann, Jakob, and Kroll (DFJK) model. In this work. we use
this model to calculate polarized GPDs for quarks (H. o) using the available polarized PDFs obtained from
the experimental data and then study the axial form factor of nucleon. We determine parameters of the
model using standard y? analysis of experimental data. It is shown that some parameters should be
readjusted, as compared to some previously reported values, to obtain better consistency between the
theoretical predictions and experimental data. Moreover, we study in detail the uncertainty of nucleon axial
form factor due to various sources.

DOI: 10.1103/PhysRevD.100.016001
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Axial Form Factor

1 - -
Galt) = [ anl(x.r) - id(.)

| _
X Hax — ~dx. .
+2‘A dx[H"(x,1) — H(x, 1)]

Hi(x,1,14%) = Ag,(x. 1) exp[tf,(x)],
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Determination of generalized parton distributions through a simultaneous
analysis of axial form factor and wide-angle Compton scattering data
Hadi Hzlshumip\)ur,l’! Muhammad Goharipour ,Z'T and Siamak S. Gousheh®'*
'Department of Physics, Shahid Beheshti University, G.C., Evin, Tehran 19839, Iran
2School of Particles and Accelerators, Institute for Research in Fundamental Sciences (IPM),
PO Box 19568-36681, Tehran, Iran

® (Received 17 June 2020; accepted 20 October 2020; published 12 November 2020)

In this work, we present a new set of unpolarized (H) and polarized (F) generalized parton distributions
(GPDs) that have been determined using a simullanenus;(z analysis of the nucleon axial form factor (AFF)
and wide-angle Compton scattering (WACS) experimental data at the next-to-leading order (NLO)
accuracy in QCD. We explore various Ansatzes presented in the literature for GPDs, which use forward
parton distributions as input, and choose the ones most suited to our analysis. The experimental data
included in our analysis cover a wide range of the squared transverse momentum, which is
0.025 < =t < 6.46 GeV2. We show that the WACS data affect significantly the large —r behavior of
H. The polarized GPDs obtained from the simultaneous analysis of AFF and WACS data differ
consi from the corresponding ones obtained by analyzing AFF and WACS separately, and have
less uncertainties. We show that the theoretical predictions obtained using our GPDs are in good agreement
with the analyzed AFF and WACS data for the entire range of —7 studied. Finally, we obtain the impact
parameter dependent parton distributions, both in an unpolarized and in a transversely polarized proton,
and present them as tomography plots.

DOL: 10.1103/PhysRevD.102.096014
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Wide-angle Compton scattering (WACS)

do Jragm (s — u)?

T [ (r)——R (1)

2
+7 )zRA(”]
1dx _
RV=Z.9§[0 T[H;f(x,r)+2H‘f(x,z)],
q
2 ldx q
RT=Zeq[0 T[Eff(x,:)Jr21'5‘?(x,:)],
q

1d.x - —_
RAzzegfo —[H] (.0 +2H(x, 1)].
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Project 3

Determination of the generalized parton distributions through the
analysis of the world electron scattering data considering two-photon
exchange corrections

Hadi l-lushumipour,l‘7 Muhammad Goharipour ,2’1" K. AZiLi,ZJ'L; and S. V. Goloskokov®**
'School of Particles and Accelerators, Institute for Research in Fundamental Sciences (IPM),
) P.O. Box 19395-5746, Tehran, Iran
2Department of Physics, University of Tehran, North Karegar Avenue, 14395-547, Tehran, Iran
*Deparmment of Physics, Dogug University, Actbadem-Kadikayy, 34722 Istanbul, Turkey
*Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research,
Dubna 141980, Moscow region, Russia

® (Received 3 November 2021; accepted 18 February 2022; published 4 March 2022)

We determine the valence generalized parton distributions (GPDs) ‘H? and E? with their uncertainties at
zero skewness by performing a y* analysis of the world electron scattering data considering two-photon
exchange corrections. The data include a wide and updated range of the electric and magnetic form factors
(EFs) of the proton and neutron. As a result, we find that there are not enough constraints on GPDs E{ from
FFs data solely though H? are well constrained. By including the new data of the charge and magnetic
radius of the nucleon in the analysis, we show that they put new constraints on the final GPDs, especially on
E{. Moreover, we calculate the gravitational FF M and the total angular momentum J¢ using the extracted
GPDs and compare them with the FFs obtained from the light-cone QCD sum rules (LCSR) and lattice
QCD. We show that our results are interestingly in a good consistency with the pure theoretical predictions.

DOL: 10.1103/PhysRevD.105.054002
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TABLE V. The results of two analyses of the experimental data
introduced in Sec. III that have been performed following

Scenarios 1 and 2 described in Sec. IV B.

Iz/Np(s

Observable —t (GeV?) Set 4 Set 5
Ry 7#PG§/GPM 0.162-8.49 118.7/69 117.1/69
G% 0.00973-3.41 26.9/38 27.6/38
Gl inGp 0.071-10.0 469/33  44.8/33

) 0 0/1 0/1

=) 0 0.6/1 0.6/1

P

) 0 1.9/1 L.0/1

) 0 40/1 6.9/1
Total 42/d.o.f. 199/132  198/132
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Comparison with other quantities

4
/_i dxx;Hq(x,f, 1) = M,(1) + gfzdl(f)‘

/l dxx[H(x,t) + E4(x,1)] = %J‘T(t).
-1
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We are going to perform a new determination of GPDs with their
uncertainties at zero skewness, £=0, through a simultaneous analysis of
all available experimental data of the nucleon electromagnetic form
factors (FFs), nucleon charge and magnetic radius, proton axial FFs, and
wide angle Compton scattering (WACS) for the first time. This can be
considered as the most comprehensive analysis of GPDs at £=0
performed so far.
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Rutherford Scattering Revisited

(neglect proton recaoil)

Rutherford scattering is the low energy limit where the recoil of the
proton can be neglected and the electron is non-relativistic

do B o
dQ Rutherford a 16E}%‘ Sil’l4 9/ 2
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The Mott Scattering Cross Section

« For Rutherford scattering we are in the limit where the target recoil is
neglected and the scattered particle is non-relativistic Fx < m,

* The limit where the target recoil is neglected and the scattered particle is
relativistic (i.e. just neglect the electron mass) is called Mott Scattering

« It is then straightforward to obtain the resulit:

do o? , 0
— = ————COS§

dQ ) yoe  4EZsin*0/2 2
-

Rutherford formula Overlap between initial/final
with Ex = E (E > m,) state electron wave-functions.
Just QM of spin %%

—)
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Point-like Electron-Proton Elastic Scattering

+So far have only considered the case we the proton does not recoil...
For FE| >> m, the general case is

y4 D3 e P1 - (E[,0,0,El)
e” P /0/', z P2 = (M,0,0,0)
’ :\ | p3 = (F3,0,E3sinB,E;cos6) |
ps P ps = (Es,ps)
term Eg/E{ is due to the proton recoil.
do a’ T E; @ .
E:mﬂ, (COS 9/272M251n 9/2)
(S —

“the new term: o szg - Ma.gneti.c i.nteracti.on : due to the
spin-spin interaction
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Deep Inelastic Scattering (DIS)
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Deep Inelastic Scattering (DIS)

nucleon

Time

2 _ 2 _ g2 2
We=(p+q)"=M,+2p-q+q (1)

w2 > /\/73 = Inelastic scattering

Q% > /\/lg = Deep

fW=M,Q@=-¢= x= % =1=- elastic scattering
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Point-like Electron-Proton Elastic Scattering
Deep Inelastic Scattering (DIS)

Quantum chromodynamics (QCD)

Running os

DGLAP Evolution Equat

Stran; y r

Intrinsic Quarks

Meson-Baryon Model (MBM)

DIS cross section

dxdy  Cdxd@ T Q*

do do 2y
>

S
Q

y = kT (%)lab.frame’ s = (k+p)2 = Xy

i)
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Point-like Electron-Proton Elastic Scattering
Deep Inelastic Scattering (DIS)
Quantum chromodynamics (QCD)
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Strange asymmetry
Intrinsic Quarks
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DIS cross section

do do 2y v inyi
dxdy - Xsdde2 B Q* ZUJLJH Wi )

J
g _ 2 o @
y = ZZ - (%)lab.frame’ s = (k+p) - E
do 2

ad@ = xar (Yehalo @) £ YoxFs(x, Q%) =y A, @%)  (3)

Ye = 1£(1—y)?
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DIS cross section

do do 27 ya
dxdy  CdxdQ? Z K v

S [3
Q

_ ~ @
(%)lab.frame’ s = (k+p)2 - E

<

I
3
=

d 2ra?
WO@ = % (Y+F2(X7 Q2) + \/7XF3(X7 Q2) — y2FL(X, Q2))

Ye = 1£(1—y)?

d’c 21
W: [1+ 17 Zexf

xf;(x) = Parton Distribution Functions.(PDFs)

(3)
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The Mott Scattering Cross Section
Point-like Electron-Proton Elastic Scattering
Deep Inelastic Scattering (DIS)

Quantum chromodynamics (QCD)
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DGLAP Evolution Equations

Strange asymmetry

Intrinsic Quarks

Meson-Baryon Model (MBM)

Bjorken scaling vioation

Replay : e-proton scattering

F, (x) elastic e-(valence)

N l quark

scattering

elastic

Fa(x) =", e xfi(x), x = 2 Bjorken scaling
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The Mott Scat

Point-like Electron-Proton Elastic Scattering
Deep Inelastic Scattering (DIS)
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Big Puzzle

1.5¢ 10 <Q°< 20 GeV?

F, (x) /nucleon
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Big Puzzle

1.5¢ 10 <Q°< 20 GeV?

F, (x) /nucleon

Sy Fa(vN)dx = f3 5, xF(x)dx ~ 05

Fa(x, Q%) < Bjorken scaling vioation = f(x, Q?)
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Ols
i \
like QED large \
(O SN
q coupling) \ high energy
N small coupling
a quarks q acts as if
C C i C isci i confined free
colour screening colour antiscreening

in hadron

bp= -ng/6m  + 33/121 S

energy of gluon

For enough large Q?, as becomes small. So, for a dimensionless QCD
observable R we can write,
J— n
R=7>, chl
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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:

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

as = as(p%)
@ 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, ur , has to be introduced for the
removal of these divergences.

xf(x) = xf(x, %)
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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

do.ep—>eX daef—>eX’ MQ’aS /1'2
=3 [ e s Lol

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 a

Sept. 2013
o, v Tdecays (NYLO)
;(Q) 8 Lattice QCD (NNLO)
4 DIS jets (NLO)
03 0 Heavy Quarkonia (NLO)
o ¢%¢ jets & shapes (res. NNLO)
® Z pole fit NLO)
v pp—> jets (NLO)
0.2
0.1
= QCD o0g(M;) =0.1185 = 0.0006
1 100 1000

" QGev]

o as(p?)
s(Q%) = 1+ by as(12) log(Q2/42) (6)
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DGLAP Evolution Equations

If we have the parton densities as functions of x at an initial scale u(z,, we
can obtain them at any arbitrary scale Q? by solving the DGLAP

equations.
ofi(x u
am: > / % a2z i) (7)
Pi(zon(i2)) = PO(z) 1+ SWE p ) 4 -

27 y

0 2
PR = 4[5 + 361 —x)]

PR (x) =6 [(1 X+ B x(1—x) + (B -5 01— X)}
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DGLAP Evolution Equations

- - _ ) Py, P
i oS~ 5 (3)= (3 ) (5

i=1
nf
non-singlet: q?j[ =(gi£q)—(q£7) and qy = Z(q; —qi)
i=1
+

0q: dq
= —1 =P, ®qF d —5=P.®gq
02 + ® q; an OIn 2 ® qy,
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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 — § asymmetry.
@ In this way, the nature and dynamical origins of s — 5 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” charm?! to explain unexpected experimental results:

|p) = Paq|uud) + Ps® |uudct) +
~—

0.01

qq Sea
c.@ &gluon @b,

c.® 6 ®5.

1S.J. Brodsky, P. Hoyer, C. Peterson, and N. Sakai, Phys.-Lett. ‘B 93,2451 (1980).
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c

“extrinsic”

“intrinsic”

[21]
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Extrinsic VS Intrinsic

c

Charm pair comes from the QCD
DGLAP evolution.

“extrinsic”

Z Charm pair was there before evolution.

“intrinsic”

[21]
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Extrinsic VS Intrinsic

¢
B Charm pair comes from the QCD
¢ DGLAP evolution.
“extrinsic”
> Perturbative QCD OK !
—_—

Z Charm pair was there before evolution.

Strong non-perturbative effects.
“intrinsic”

[21]
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Meson-Baryon Model (MBM)

‘N>physical - \/2|N>bare+22/dy dsz(bI)\\/l)é(yvki)

MB A\
X |M)\(y7 kl);BX(l_yv_kl»' (9)
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Meson-Baryon Model (MBM)

‘N>physical - \/2|N>bare+22/dy dsz¢/>\‘4)}5’>(y,ki)

MB A\
X |M)\(y7 kl);BX(l_yv_kl»' (9)

The main virtue of the meson-baryon model compared with the BHPS
model is that it can lead to the g — g asymmetry in-the nucleon sea.
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S — § asymmetry

BM VX
! X
=3 [ uetr)su()

There are two origins cause this asymmetry:
o 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 — § asymmetry

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

T T T T T
| A

x

iy

5

=

<

&

p

Due to high equality of the K® and K+, K*® and K**, and also A and ¥
physical masses, only two states KTA® and K*+A? lead to the different
shapes for s and 5 distributions in the nucleon and thus the s — 5
asymmetry.
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