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why the Nucleon ?

It makes up 99% of visible universe..
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yet, we don’t know how its structure comes about!
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Need  IFM
If we want to extract information on the 

distribution of charge and magnetization of partons 
inside the nucleon from GE,GM (or F1,F2),  
it can be done rigorously only in the IMF

5

G.A. Miller, 
Annu. Rev. Nucl. Part. Sci. 60 (10) 1
and references therein
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e.m. form factors of N are extracted from 
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in Breit frame P’ = −P = q /2  
<N’|Jµ(0)|N> involves the Sachs form factors 

 such that, e.g., GE ∝<N’|J0(0)|N> ; then

hN(P 0, S0)|Jµ(0)|N(P, S)i = ū(P 0S0)


�µF1(Q

2) + iF2(Q
2)
�µ⌫q⌫
2M

�
u(P, S)

q = P 0 � P , Q2 = �q2 � 0

F1(0) = eN , F2(0) = N

GE(Q
2) = F1(Q

2)� Q2

4M2
F2(Q

2)

GM (Q2) = F1(Q
2) + F2(Q

2)

⇢(r) =
2

⇡

Z 1

0
dQQ2 j0(Qr)GE(Q

2)
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but ρ = |ψ|2                 Breit frame changing with Q2=q2

is a static density                     rel. w.f. |N(P)>
in rest frame                     boost → |N’(P’)> ≠ |N(P)> 
                                        density interpretation 
                                        in principle is lost

⇢(r) =
2

⇡

Z 1

0
dQQ2 j0(Qr)GE(Q

2)

The interpretation of ρ ↔  GE  works only in 

the nonrelativistic limit: ｛ x =
p0 + p3

P0 + P3
⇡ 1

3
+

p3

3m
M � 3m ⌧ 3m
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Solution   
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hN 0|J+(0)|Ni = ū
N

0�+u
N

F1(t) + ū
N

0
i�+⌫�

⌫

2M
u
N

F2(t)

= hN 0|q̄(0)�+q(0)|Ni =

Z
dx

Z
dx�

2⇡
eixP

+
x

�
hN 0|q̄(�x�

2
, 0,0) �+ q(

x�

2
, 0,0)|Ni

= ū
N

0�+u
N

Z
dxH(x, ⇠, t) + ū

N

0
i�+⌫�

⌫

2M
u
N

Z
dxE(x, ⇠, t)
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N

0�+u
N

Z
dxH(x, ⇠, t) + ū
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in  IFM ,  GPD   depend on invariants 
                                 average longitudinal parton momentum
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x =
(p+ p

0)+

(P + P

0)+

⇠ =
(P � P

0)+

(P + P

0)+

t = (P 0 � P )2 = �2

Q2≫t 

(and also on Q2, omitted for brevity)
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q(x,b) is a density in impact parameter b ↔ q=P’⊥-P⊥ 
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⊥ plane

�bT

partons

↑

b ⊥ charge density ρ0(b)

⇢0(b) =

Z
dq

(2⇡)2
eiq·b F1(Q

2 = q2)



•11

inside proton

up                down   is 30% larger

⊥ plane

�bT

partons

↑

b ⊥ charge density ρ0(b)

⇢0(b) =

Z
dq

(2⇡)2
eiq·b F1(Q

2 = q2)

Bacchetta & Contalbrigo,  The proton in 3D 
Il Nuovo Saggiatore 28 (12) n.1,2



•12

 !!b" #
Z 1

0

dQQ
2"

J0!Qb"
GE!Q2" $ #GM!Q2"

1$ # ; (11)

with # # Q2

4M2 and J0 a cylindrical Bessel function.
A straightforward application of Eq. (11) to the proton

using the parameterizations [16,17] yields the results
shown in the upper panel of Fig. 1. The curves obtained
using the two different parameterizations overlap. Further-
more, there is negligible sensitivity to form factors at very
high values of Q2 that are currently unmeasured. The
density is peaked at low values of b, but has a long positive
tail, suggestive of a long-ranged, positively charged pion
cloud.

The neutron results are shown in the lower panel of
Fig. 1. The curves obtained using the two different param-
eterizations seem to overlap, but see below. The surprising
result is that the central neutron charge density is negative.
If the neutron is sometimes a proton surrounded by a
negatively charged pionic cloud, one would expect to
obtain a positive central density [7]. Another mechanism
involving correlations in the nucleonic wave function in-
duced by one gluon exchange would also lead to a positive
central density because the interaction between two iden-
tical d quarks [6] is repulsive. The values of the integral of
Eq. (11) are somewhat sensitive to the regime 2< #< 4
for whichGE is as yet unmeasured. About 30% of the value
of !!0" arises from this region.

The negative central density deserves further explana-
tion. The upper panel of Fig. 2 shows F1 for the neutron
obtained using the two different parameterizations which
are observably different. However, in both cases F1 is

negative [because of the dominance of the GM term of
Eq. (11)] for all values of Q2. This, along with taking b #
0, J0!Qb" # 1 in Eq. (11), leads immediately to the central
negative result. The long range structure of the charge
density is captured by displaying the quantity b!!b" in
the lower panel of Fig. 2. At very large distances from
the center, again suggesting the existence of the long-
ranged pion cloud.

The present analysis provides detailed information
about the location of charge density within the nucleon,
and also incorporates the lore regarding mean-square-radii
(MSR). It has long been known that the MSR defined by
the form factor GE is dominated by the Foldy term
%1:91=!4M2" # %0:126 fm2 [19,20] arising from the
neutron magnetic moment F2!0". The experimental value
of the GE MSR, cited in [17], is !%0:114& 0:003" fm2, so
the MSR associated with F1 (obtained from the integralR
d2bb2!!b") is small and positive ($ 0:012 fm2). This

result is consistent with Figs. 1 and 2. However, knowing
the MRS of F1 does not, by itself, allow one to conclude
that the central neutron charge density is negative, does not
reveal the critical model-independent feature that at the
very largest distances the charge density is negative and
does not imply the oscillatory behavior displayed in Figs. 1
and 2.

One can gain information about the individual u and d
quark densities by invoking charge symmetry [invariance
under a rotation by " about the z (charge) axis in isospin
space] [21] so that the u, d densities in the proton are the
same as the d, u densities in the neutron. We also neglect
the effects of s!s [22] or heavier pairs of quarks. In this case
!u!b" # !p!b" % !n!b"=2, !d!b" # !p!b" % 2!n!b". The

0 0.5 1 1.5 2
b fm

0.4
0.3
0.2
0.1

0
0.1

b fm 2

neutron

0 0.5 1 1.5 2
b fm

0
0.5

1
1.5

b fm 2 proton

FIG. 1 (color online). Upper panel: proton charge density
!!b". Lower panel: neutron charge density. The solid curves
use the parameterization of [17], and the dashed (red) curve uses
[16].

0 0.5 1 1.5 2
b fm

0.03
0.02
0.01

0
0.01

b b fm 1

0 2 4 6 8 10
Q 2 GeV2

0.04

0.03

0.02

0.01

0

F 1

FIG. 2 (color online). Upper panel: F1. Lower panel: b!!b" in
transverse position space. The solid curves are obtained using
[17] and the dashed curves with [16].

PRL 99, 112001 (2007) P H Y S I C A L R E V I E W L E T T E R S week ending
14 SEPTEMBER 2007

112001-3

G.A. Miller, PRL99 (07) 112001

neutron core with charge <0 !
then oscillations because of π cloud

inside neutron



•13

N↑ polarized along Sx :

�µH(x, 0, t) +
i�µ⌫q

⌫

2M
E(x, 0, t) =

Z
dx�

2⇡
eixP

+
x

�
hP+,P0

?, Sx

| q̄(�x�

2
) �+ q(

x�

2
) |P+,P?, Sx

i

⇢(b) = ⇢0(b) + sin�
b

Z 1

0

d|q|
2⇡

q2

2M
J1(|q|b)F2(q

2)
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N↑ polarized along Sx :

1p
2

⇥
|P+,P?, "i+ |P+,P?, #i

⇤

1p
2

⇥
hP+,P?, "|+ hP+,P?, #|

⇤

�µH(x, 0, t) +
i�µ⌫q

⌫

2M
E(x, 0, t) =

Z
dx�

2⇡
eixP

+
x

�
hP+,P0

?, Sx

| q̄(�x�

2
) �+ q(

x�

2
) |P+,P?, Sx

i

⇢(b) = ⇢0(b) + sin�
b

Z 1

0

d|q|
2⇡

q2

2M
J1(|q|b)F2(q

2)
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N↑ polarized along Sx :

non spin-flip spin-flip

⊥ charge density “deformed” as sinΦb
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intensity ∝F2(0)=κ
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Z
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+
x

�
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| q̄(�x�

2
) �+ q(

x�

2
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i
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Flavor separation of “deformation”
proton

Sy

polarization

↑

~ dipole deformation Ex 
Bacchetta & Contalbrigo,  The proton in 3D 
Il Nuovo Saggiatore 28 (12) n.1,2

see also
Carlson and Vanderhaeghen
P.R.L. 100 (08) 032004
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gives a twist along x

to parton distributions 
because of their 

Orbital Angular Momentum
(OAM)
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Ji’s sum rule X. Ji, PRL78 (97)

Jq(Q2) =
1

2

Z 1

0
dx x

⇣
Hq(x, 0, 0;Q2) + Eq(x, 0, 0;Q2)

⌘
parton J                           GPD
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parton momentum
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parton momentum
distribution  f1q(x) 

well known  

not directly accessible
(Eq → N spin flip)

need model 
extrapolation

Ji’s sum rule X. Ji, PRL78 (97)

Jq(Q2) =
1

2

Z 1

0
dx x

⇣
Hq(x, 0, 0;Q2) + Eq(x, 0, 0;Q2)

⌘
parton J                           GPD



results on parton J 
from (model) parametrizations of GPD

 Bacchetta, Radici, arXiv:1206.2565 [hep-ph]
“Physics Opportunities with the 12 GeV Upgrade at Jefferson Lab”, arXiv:1208.1244 [hep-ex]
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comparison with lattice QCD

18

} lattice

Bacchetta, Radici, arXiv:1206.2565 [hep-ph]
“Physics Opportunities with the 12 GeV Upgrade at Jefferson Lab”, arXiv:1208.1244 [hep-ex]



From   Form Factors         to    Generalized Form Factors
         elastic scattering                    of GPD in IMF

19

increase the number of 
investigated dimensions in 

the structure of N

First gain: 
partonic decomposition of N spin 

in terms of 
GPD in the collinear limit

ence and in nuclear science.
The scientific goals and the machine pa-

rameters of the EIC were delineated in delib-
erations at a community-wide program held
at the Institute for Nuclear Theory (INT)
[2]. The physics goals were set by identifying
critical questions in QCD that remain unan-
swered despite the significant experimental

and theoretical progress made over the past
decade. This White Paper is prepared for
the broader nuclear science community, and
presents a summary of those scientific goals
with a brief description of the golden mea-
surements and accelerator and detector tech-
nology advances required to achieve them.

1.2 Science Highlights of the Electron Ion Collider

1.2.1 Nucleon Spin and its 3D Structure and Tomography

Several decades of experiments on deep inelastic scattering (DIS) of electron or muon beams
o↵ nucleons have taught us about how quarks and gluons (collectively called partons) share
the momentum of a fast-moving nucleon. They have not, however, resolved the question of
how partons share the nucleon’s spin and build up other nucleon intrinsic properties, such
as its mass and magnetic moment. The earlier studies were limited to providing the lon-
gitudinal momentum distribution of quarks and gluons, a one-dimensional view of nucleon
structure. The EIC is designed to yield much greater insight into the nucleon structure
(Fig. 1.1, from left to right), by facilitating multi-dimensional maps of the distributions of
partons in space, momentum (including momentum components transverse to the nucleon
momentum), spin, and flavor.

Figure 1.1: Evolution of our understanding of nucleon spin structure. Left: In the 1980s,
a nucleon’s spin was naively explained by the alignment of the spins of its constituent quarks.
Right: In the current picture, valence quarks, sea quarks and gluons, and their possible orbital
motion are expected to contribute to overall nucleon spin.

The 12 GeV upgrade of CEBAF at JLab will start on such studies in the kinematic
region of the valence quarks, and a similar program will be carried out by COMPASS at
CERN. However, these programs will be dramatically extended at the EIC to explore the
role of the gluons and sea quarks in determining the hadron structure and properties. This
will resolve crucial questions, such as whether a substantial “missing” portion of nucleon
spin resides in the gluons. By providing high-energy probes of partons’ transverse momenta,
the EIC should also illuminate the role of their orbital motion contributing to nucleon spin.
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Figure 7: Sivers asymmetry against x, z and ph
T for the “all” charged pions and kaons

samples from the 2003–2004 data, and “all” K0
S’s sample from the 2002–2004 data.

significance was observed.
Also, the correlation between the measured Collins and Sivers asymmetries which

originates from the non-uniform φh/φS acceptance of the spectrometer has been studied
and the corresponding systematic error has been evaluated to be negligible as compared
with the statistical error. The smallness of the asymmetries makes the systematic error
due to the uncertainties on PT and f totally negligible. These studies altogether lead to
the final conclusion that the systematic errors are considerably smaller (well below 30%)
than the statistical errors.

All the measured asymmetries are small, a trend which was already observed in the
published data of the non-identified hadrons. Small asymmetries are not a surprise, it was
expected that transverse spin effects be small in the deuteron due to the opposite sign
which was predicted for the u- and d-quark distributions, very much like in the helicity
case.

The interpretation of the results on the deuteron can be done only in conjunction
with corresponding proton data, measured by the HERMES Collaboration albeit at lower
energy. Proton target data have been collected by COMPASS in 2007, but the results are
not final at the time of writing. As shown in Refs. [8,11] a simple analysis of the HERMES
charged pion data and of the non-identified charged hadron data in COMPASS, assuming
that all the hadrons are pions, led to the following conclusions:

1. the favoured and unfavoured Collins functions have about the same size and the
COMPASS deuteron data are needed for the extraction of the d-quark transversity;

2. the null result for the Sivers asymmetry for the COMPASS data is a clear indication
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x Q2 y z Ph⊥ W W′ fπ+

pair fπ−

pair 1− fπ+

p 1− fπ−

p

GeV2 GeV GeV GeV
0.156 1.38 0.81 0.50 0.435 2.91 2.07 22.0±4.4% 24.0±4.8% 0.212 ± 0.032 (0.027) 0.348± 0.032 (0.022)
0.206 1.76 0.78 0.52 0.38 2.77 1.97 8.0±2.0% 14.0±2.0% 0.144 ± 0.031 (0.029) 0.205± 0.037 (0.027)
0.265 2.16 0.75 0.54 0.32 2.63 1.84 2.5±0.9% 5.0±1.8% 0.171 ± 0.029 (0.028) 0.287± 0.036 (0.024)
0.349 2.68 0.70 0.58 0.24 2.43 1.68 1.0±0.5% 2.0±1.0% 0.107 ± 0.026 (0.030) 0.220± 0.032 (0.026)

TABLE I. Central kinematics for the four x bins. The fractional e− energy loss y, the hadron energy fraction z with respect
of electron energy transfer and the transverse momentum Ph⊥ are all defined following the notation of Ref. [10]. The pair

production background fπ±

pair and the proton dilution 1− fπ±

p are shown with their total experimental systematic uncertainties.
The numbers in parentheses represent the model uncertainties corresponding to unpolarized FSI effects.
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FIG. 1. (Color online) The extracted Collins/Sivers moments
on 3He are shown together with uncertainty bands (see text)
for both π+ and π− electro-production.

cluding 2〈sinφS〉 and 2〈sin (2φh − φS)〉, azimuthal mod-
ulations of the unpolarized cross section including the
Cahn (2〈cosφh〉) and Boer-Mulders (2〈cos(2φh)〉) ef-
fects [10], and leakage from the longitudinal SSA (AUL)
due to the small longitudinal component of the target po-
larization. The effects of these terms were estimated by
varying each term within an allowed range derived from
the HERMES data [34, 35], assuming the magnitude of
each term for the neutron is similar to that of the pro-
ton. The 2〈sinφS〉 term gives the largest effect, followed
by the 2〈sin(3φh − φS)〉 and 2〈sin (2φh − φS)〉 terms.
A Monte Carlo simulation of the experiment was

adapted from the package SIMC used in the analysis of
SIDIS cross section measurements on 1H and 2H from
JLab Hall C [12] to include models of our target and
spectrometers. SIMC was used to estimate the combined
effects of acceptance, resolution and radiative corrections
on the extraction of the Collins and Sivers moments, and
these effects were included in the experimental systematic
uncertainties. Additionally, the contamination in identi-
fied SIDIS events from decays of diffractively produced
ρ mesons was estimated to range from 3-5% (5-10%) for

π+ (π−) by PYTHIA6.4 [36]. Consistent with the HER-
MES analysis, no corrections for this background have
been applied to our results. The contamination from ra-
diative tails of exclusive electroproduction, estimated by
normalizing the MC spectrum to the data in the low-W
region, was found to be less than 3%.
The extracted 3He Collins AC ≡ 2〈sin(φh + φS)〉 and

Sivers AS ≡ 2〈sin(φh−φS)〉 moments are shown in Fig. 1
and tabulated in Table. II. The error bars represent sta-
tistical uncertainties only. The experimental systematic
uncertainties combined in quadrature are shown as the
band labeled “Exp.”. The combined extraction model
uncertainties due to neglecting other allowed terms are
shown as the band labeled “Fit”. The extracted 3He
Collins and Sivers moments are all below 5%. The
Collins moments are mostly consistent with zero, except
the π+ Collins moment at x=0.35, which deviates from
zero by 2.3σ after combining the statistical and system-
atic uncertainties in quadrature. The π+ Sivers moments
favor negative values, and the π− Sivers moments are
consistent with zero.
To extract the neutron Collins/Sivers SSAs (AC/S

n )

from the measured 3He moments (AC/S
3He

), we used,

AC/S
3He

= Pn · (1− fp) ·A
C/S
n + Ppfp ·A

C/S
p , (2)

which was shown to be valid in a calculation by Scopetta
[37] including initial-state nuclear effects. Here, Pn =
0.86+0.036

−0.02 (Pp = −0.028+0.009
−0.004) is the neutron (proton)

effective polarization [38]. The proton dilution fp = 2σp

σ3He

of 3He was measured by comparing the yields of unpolar-
ized hydrogen and 3He targets in the SIDIS kinematics.
An additional model uncertainty from spin-independent
FSI was estimated using pion multiplicity data [39] and a
Lund string model-based calculation of the pion absorp-
tion probability [40]. An upper limit of 3.5% on the size of
the FSI effect was used to estimate the uncertainty in fp,
shown in Table I, and included in the “Fit” systematic
uncertainty. The neutron SSAs due to spin-dependent
FSI were estimated to be well below 1% across the entire
x range with a simple Glauber rescattering model.
The resulting neutron Collins/Sivers moments calcu-

lated using Eq. (2), with fp from our data and proton
Collins/Sivers moments from Refs. [41–43], are shown in
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”

With 3D projections, we will be entering a new age. 
Something which was never technically possible before: a 
stunning visual experience which ‘turbocharges’ the viewing.

              James Cameron
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