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ABsTRAcT

It is well known that the solutions of the wave-equation fear hydrogen-like atoms
may be represented graphically by interpreting ++* as a probabiLity density. The
probability density factors C,„C„"[0»,&]' [R»,~]'=@@*are represented graphically
and briefly discussed and compared with the electron orbits of four classical models.
Graphs for s, p, d, f, g, and h electrons are given. An attempt to combine the prob-
abiLity density factors and form some graphical representation of ++*has resulted in
the construction of a mechanical device or model, see Fig. 5, which when photo-
graphed, gives very closely the desired result. Photographs for the magnetic states
m =0, +1, +2, +3, ~ ~ are given for 1s, 2p, 3d, 4f, 2s, 3P, 4d, 5f, 3s, 4P, and Sd
electrons, see Fig. 6.

w ITH all of the successes of the quantum mechanics one still hears on
every hand, for want of an atomic model, the terms electron orbits,

penetrating orbits, non-penetrating orbits, etc. This is of course due to the fact
that in many cases one may think in terms of the simpler electron orbits and
be led to a result which is the same or very nearly the same as that given by
the quantum mechanics. In going over some of the correlations very often
made between the two theories several interesting graphical comparisons
have been forthcoming.
It is well known that for a non-relativistic, conservative dynamical system

of one nucleus and one electron (that is a hydrogen-like atom) Schroedinger's
wave-equation

Sm'p6'+ + (W —V)O = 0
h'

expressed in polar coordinates P, 0, and r, see Fig. 1 may be solved by replac-
ing 4 by the product of a function of P alone, another. of 0 alone, and another
of r alone,

+ = C'm Om, t'~n, i (2)

With this substitution the equation is separated into three total differen-
tial equations the well-known solutions of which are,

C(2»sr) 't'e' t m=0 +1 +2 +3 +1 (3)
(2l + 1)(l —m)! 't'0 t —— sin»8 Pt'" (cos 8), 1 = 0, 1, 2, 3, (I—1)(4)

2(l + m)!
~ 4(N —/ —1)!Z' 't' 2Zr 1 „,2Zre-zr(nel, +. [(~ +i)!j~a,. ~., "+' N. , '
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It has been exactly 100 years since Schrodinger 
taught us how to visualize atoms

At left, the first of several 
papers by Schrodinger 
establishing both his famous 
equation as well as solutions 
for hydrogen.

At right, a paper from 1931 
that used mechanical devices 
and photography to visualize 

the electron clouds for 
different states in hydrogen.



An exciting time for femtography

At left, images based on a 
nonfactorizable ansatz of 
GPDs.

At right, images based on 
data-constrained GPDs.

Quark imaging in the proton via quantum phase-space distributions
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We develop the concept of quantum phase-space !Wigner" distributions for quarks and gluons in the proton.
To appreciate their physical content, we analyze the contraints from special relativity on the interpretation of
elastic form factors, and examine the physics of the Feynman parton distributions in the proton’s rest frame.
We relate the quark Wigner functions to the transverse-momentum dependent parton distributions and gener-
alized parton distributions, emphasizing the physical role of the skewness parameter. We show that the Wigner
functions allow us to visualize quantum quarks and gluons using the language of classical phase space. We
present two examples of the quark Wigner distributions and point out some model-independent features.

DOI: 10.1103/PhysRevD.69.074014 PACS number!s": 12.38.!t, 11.15.Kc, 14.20.Dh

I. INTRODUCTION

In exploring the microscopic structure of matter, there are
two frequently used approaches. First, the spatial distribution
of matter !or charge" in a system can be probed through
elastic scattering of electrons, or photons, or neutrons, etc.
The physical quantity that one measures is the elastic form
!structure" factors which depend on three-momentum trans-
fer to the system. The Fourier transformation of the form
factors provides direct information on the spatial distribu-
tions. The well-known examples include the study of charge
distribution in an atom and the atomic structure of a crystal.
The second approach is designed to measure the population
of the constituents as a function of momentum, or the mo-
mentum distribution, through knock-out scattering. Here the
well-known examples include the nucleon distributions in
nuclei measured through quasielastic electron scattering, and
the distribution of atoms in a quantum liquid probed through
neutron scattering. The scattering cross section sometimes
depends on the reaction dynamics which must be understood
before the momentum distribution can be extracted.
Both approaches are complementary, but bear similar

drawbacks. The form factor measurements do not yield any
information about the underlying dynamics of the system
such as the speed of the constituents, whereas the momentum
distribution does not give any information on the spatial lo-
cation of the constituents. More complete information about
the microscopic structure lies in the correlation between the
momentum and coordinate spaces, i.e., to know where a par-
ticle is located and, at the same time, with what velocity it
travels. This information is certainly attainable for a classical
system for which one can define and study the phase-space
distribution of the constituents. For a quantum mechanical
particle, however, the notion of a phase-space distribution
seems less useful because of the uncertainty principle. None-
theless, the first phase-space distribution in quantum me-
chanics was introduced by Wigner in 1932 #1$, and many

similar distributions have been studied thereafter. These dis-
tributions have been used for various purposes in very di-
verse areas such heavy-ion collisions, quantum molecular
dynamics, signal analysis, quantum information, optics, im-
age processing, nonlinear dynamics, etc. #2$. In certain cases,
the Wigner distributions can even be measured directly in
experiments #3–5$, providing much information about the
dynamics of a system.
The main interest of this paper is about the internal struc-

ture of the proton !or neutron", for which the underlying
fundamental theory is quantum chromodynamics !QCD".
With some changes to accommodate the relativistic nature of
the problem, both experimental approaches alluded to above
have been successfully used to unravel its quark and gluon
structure: The elastic form factors of the proton have been
measured since the 1950s and, at low-momentum transfer
(% nucleon mass MN) where the nucleon recoil effects are
small, the three-dimensional !3D" Fourier transformation of
these form factors can be interpreted as spatial charge and
current distributions of quarks #6$. Feynman parton distribu-
tions, measurable in high-energy inelastic scattering such as
deep-inelastic scattering !DIS" and Drell-Yan process, have a
simple interpretation as the momentum distributions of the
quarks and gluons in the infinite momentum frame !IMF"
#7$. However, the notion of correlated position and momen-
tum distributions of quarks and gluons has not been system-
atically investigated in the field, although it is clear that the
physics of a phase-space distribution must be very rich.
In this paper, we explore to what extent one can construct

physically interesting and experimentally measurable phase-
space distributions in QCD, and what information it contains
about the QCD parton dynamics. !A brief account of some of
the results can be found in Ref. #8$, see also #9$." To facilitate
the construction, we examine the uncertainty in the tradi-
tional interpretation of electromagnetic form factors due to
relativity, and analyze the physical content of the Feynman
parton distributions in the rest frame of the proton. We then
introduce the phase-space Wigner distributions for the quarks
and gluons in the proton, which contain most general one-
body information of partons, corresponding to the full one-
body density matrix in technical terms. After integrating over
the spatial coordinates, one recovers the familiar transverse-
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behavior at moderate t with !u!!1.6 GeV2. We use in our
estimates bval!bsea!1. The D term is parametrized as

D"z ,t #!! 1"
t

mD
2 " "3

"1"z2#$d0C1
3/2"z ##•••% , "38#

with the mass scale mD
2!0.6 GeV2 and the parameter d0

computed within the &QSM $15,51% and on the lattice
$45,46% with the results

d0
&QSM!"4.0

1
Nf
, d0

latt!d0
u'd0

d'"0.5, "39#

respectively, where Nf is the number of active flavors. In the
lattice case, the effect of disconnected diagrams was not cal-
culated, however, they are known to produce a sizable nega-
tive contribution $44%. Once the latter are properly taken into
account the lattice result might approach the model calcula-
tion. For our present estimate we chose an intermediate value
d0!"1.0.

According to the previous section, the phase-space charge
distribution (#(r! ,x) is just the Fourier transformation of the
above GPDs,

(#
q "r! ,x #!# d3q!

"2)#3
e"iq! •r!Hq"x ,* ,t #, "40#

where *!qz/2Eq , Eq!!M 2#q! 2/4, and t!q! 2. In the fol-
lowing, we consider the result of the quark densities from the
above parametrization.
In Fig. 1 we show the up-quark charge distributions cal-

culated from Hu(x ,* ,t) for various values of x
!+0.01,0.4,0.7,. While the intensity of the plots indicates
the magnitude of the positive distribution, the lighter areas
below the ground-zero contours indicate negative values.
The plots show significant change in the distribution on the
longitudinal momentum fraction x. The image is rotationally
symmetric in the r!! plane. At small x, the distribution ex-
tends far beyond the nominal nucleon size along the z direc-
tion. The physical explanation for this is that the position

FIG. 1. The u-quark phase-space charge distribution at different values of the Feynman momentum for the nonfactorizable ansatz of
generalized parton distributions "36#. The vertical and horizontal axes correspond to z and $r!!$, respectively, measured in femtometers. The
"dashed# contours separate regions of positive "darker areas# and negative "lighter areas# densities. Below each contour plot we presented the
shape of three-dimensional isodensity contours ((!const).
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in terms of the zero-skewness GPDs, such that the con-
tribution from the center-of-mass motion of the proton
to its angular momentum is removed [107,108]. Corres-
pondingly, the intrinsic contributions to the proton angular
momentum are

JXq ðx; bÞ ¼
γ
2
ðby × xPþÞρXq;Inðx; bÞ: ð8Þ

Here, γ is the boost factor of the proton, which will be
omitted hereafter to normalize the proton spin to ℏ=2.
In Fig. 5, we present the intrinsic transverse distributions

ρXq;Inðx; bÞ of up and down quarks at x ¼ 0.3, 0.01, and
0.001, respectively, at the reference scale μ ¼ 2 GeV. The
ρXq;Inðx; bÞ are calculated via a numeric Fourier transform of
the extracted zero-skewness GPDs according to Eq. (7). We
label the transverse directions as b≡ ðX; YÞ to distinguish
them from the momentum fraction x, and assume the
proton polarization along X.
From the intrinsic transverse quark distributions, it is clear

that the quark contributions to the proton angular momentum
are mainly from the up quark in the valence region. In
contrast, the down quark contribution is minor and can
potentially be negative. This picture gets rather different in
the sea region. There appears to be a cancellation of up and
down quarks’ contributions to the proton angular momen-
tum, as they are both distributed significantly off the Y axis
but on opposite sides. Nevertheless, as the angular momen-
tum contributions are suppressed by x in the sea region, as
shown in Eq. (8), the quark contributions to the proton
angular momentum are still dominated by the up quarks.
From the global extraction, we report the proton angular

momentum decomposition to be Ju ¼ 0.334ð9Þ, Jd ¼
−0.108ð12Þ, and Jg ¼ 0.258ð8Þ with Jtot ¼ 0.484ð17Þ,
where uncertainties include the Hessian errors only.

Comparing this to the lattice simulations [69], which reported
Ju ¼ 0.2213ð85Þ, Jd ¼ 0.0197ð85Þ, and Jg ¼ 0.255ð13Þ,
the difference is mainly caused by the global charge form
factors that favor a negative Fuþd

2 ∼ Buþd
10 ðtÞ. In contrast, the

lattice favors positive or almost zero Buþd
10 ðtÞ. The detailed

comparison of the extracted E form factors can be found in
SM. We leave a more careful investigation of this matter to
future work.
Conclusion—To summarize, we present the first global

analysis of GPDs using a comprehensive set of experi-
mental and lattice inputs within the GUMP framework and
its conformal moment parametrization. This work estab-
lishes a benchmark for future studies of nucleon tomog-
raphy and internal structure, while providing essential input
for GPD programs at current and upcoming facilities such
as JLab, the EIC, and the EIC in China.
To demonstrate the power of the global extraction, we

present the transverse spatial distributions of quarks in the
proton, providing a direct tomographic image of its internal
structure. This showcase highlights the unique capability of
globally constrained GPDs to reveal the spatial dynamics of
quarks with unprecedented fidelity.
The developments of this work will be released as open-

source [112], aiming to provide a long-lasting resource
designed to accelerate and support all future GPD studies.

FIG. 4. The transverse space gluon distributions ρgðx; bÞ in an
unpolarized proton with GUMP 1.0 GPDs at μ ¼ 2 GeV. Bands
correspond to 90% confidence intervals obtained via a standard
Monte Carlo propagation of Hessian errors, neglecting error
correlations and other systematic errors.

FIG. 5. The intrinsic transverse space distributions ρXq;Inðx; bÞ of
up and down quarks in a proton polarized in the X direction for
x ¼ 0.3, 0.01, and 0.001 with GUMP 1.0 GPDs at μ ¼ 2 GeV.
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First Global Extraction of Generalized Parton Distributions from Experiment and Lattice
Data with Next-to-Leading-Order Accuracy
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We report the first global extraction of generalized parton distributions, GUMP 1.0, by combining
deeply virtual Compton scattering and ρ-meson production data from Jefferson Lab and the Hadron-
Electron Ring Accelerator with global fits of parton distribution functions, charge form factors, and lattice
quantum chromodynamics simulations. Using a conformal moment space parametrization, we achieve a
unified description across low- and high-x regions at next to leading order accuracy in perturbative
corrections. The results provide state-of-the-art generalized parton distributions consistent with almost all
known facts, enabling three-dimensional nucleon imaging in impact parameter space and, at the same time,
establishing a benchmark for future theoretical and experimental studies of the nucleon structure.
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Introduction—The multidimensional structures of the
nucleon have drawn growing interest in the past decades as
the new frontier for the study of strong interactions and
quantum chromodynamics (QCD). Generalized parton
distributions (GPDs) that encode the three-dimensional
(3D) distributions of partons in the nucleon have been
one of the most sophisticated tools for such a purpose
[1–8], together with their momentum-space counterpart—
transverse momentum distributions [9]. In particular, GPDs
correspond to parton distributions localized in the impact
parameter space [10–13], and contain important infor-
mation about the nucleon, such as the spin and mecha
nical properties [1,2,14,15]. Experimentally, GPDs can be
constrained by hard exclusive scattering processes off
the nucleon, such as deeply virtual Compton scattering
(DVCS) [16] and deeply virtual meson production (DVMP)
[17,18], among other hard exclusive processes [19–31].
Experimental studies of GPDs have been one of the crucial

physics motivations for future upgrades at Jefferson Lab
(JLab) [32] and the upcoming Electron-Ion Collider (EIC)
in the United States [33,34] and in China [35].
Despite their physical significance, a complete determi-

nation of even the leading-twist GPDs has remained
challenging due to the well-known inverse problem [36].
This is because measurements of DVCS and DVMP, even
when combined with forward inputs, do not uniquely
determine the GPDs. Meanwhile, recent novel develop-
ments have made it possible to access parton distributions
directly through first-principles lattice QCD simulations
[37–40]. Especially, lattice simulations mainly constrain
GPDs in the regions that experiments cannot access easily
[41], and therefore provide crucial complementary input for
the extraction of GPDs. In this spirit, the GPD through
universal moment parametrization (GUMP) program was
put forward a few years ago [42–44], aiming to develop
advanced extractions of GPDs from global inputs.
We recognize the important and extensive efforts that

have been devoted to studying exclusive processes in the
GPD framework [45–54], and progress has been made to
extract zero-skewness GPDs from various inputs as well
[42,55,56]. Nevertheless, uncovering the 3D structure of
the nucleon with a unified description across all inputs
requires access to the full GPDs.
In this Letter, we present the first global extraction of

GPDs with comprehensive inputs that cover the major
experimental and lattice constraints on GPDs. Specifically,

*Contact author: yuxunguo@lbl.gov
†Contact author: fpaslan@jlab.org
‡Contact author: xji@umd.edu
§Contact author: melvin.santiago@temple.edu

Published by the American Physical Society under the terms of
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Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
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Visualizing quark orbital angular momentum

in terms of the zero-skewness GPDs, such that the con-
tribution from the center-of-mass motion of the proton
to its angular momentum is removed [107,108]. Corres-
pondingly, the intrinsic contributions to the proton angular
momentum are

JXq ðx; bÞ ¼
γ
2
ðby × xPþÞρXq;Inðx; bÞ: ð8Þ

Here, γ is the boost factor of the proton, which will be
omitted hereafter to normalize the proton spin to ℏ=2.
In Fig. 5, we present the intrinsic transverse distributions

ρXq;Inðx; bÞ of up and down quarks at x ¼ 0.3, 0.01, and
0.001, respectively, at the reference scale μ ¼ 2 GeV. The
ρXq;Inðx; bÞ are calculated via a numeric Fourier transform of
the extracted zero-skewness GPDs according to Eq. (7). We
label the transverse directions as b≡ ðX; YÞ to distinguish
them from the momentum fraction x, and assume the
proton polarization along X.
From the intrinsic transverse quark distributions, it is clear

that the quark contributions to the proton angular momentum
are mainly from the up quark in the valence region. In
contrast, the down quark contribution is minor and can
potentially be negative. This picture gets rather different in
the sea region. There appears to be a cancellation of up and
down quarks’ contributions to the proton angular momen-
tum, as they are both distributed significantly off the Y axis
but on opposite sides. Nevertheless, as the angular momen-
tum contributions are suppressed by x in the sea region, as
shown in Eq. (8), the quark contributions to the proton
angular momentum are still dominated by the up quarks.
From the global extraction, we report the proton angular

momentum decomposition to be Ju ¼ 0.334ð9Þ, Jd ¼
−0.108ð12Þ, and Jg ¼ 0.258ð8Þ with Jtot ¼ 0.484ð17Þ,
where uncertainties include the Hessian errors only.

Comparing this to the lattice simulations [69], which reported
Ju ¼ 0.2213ð85Þ, Jd ¼ 0.0197ð85Þ, and Jg ¼ 0.255ð13Þ,
the difference is mainly caused by the global charge form
factors that favor a negative Fuþd

2 ∼ Buþd
10 ðtÞ. In contrast, the

lattice favors positive or almost zero Buþd
10 ðtÞ. The detailed

comparison of the extracted E form factors can be found in
SM. We leave a more careful investigation of this matter to
future work.
Conclusion—To summarize, we present the first global

analysis of GPDs using a comprehensive set of experi-
mental and lattice inputs within the GUMP framework and
its conformal moment parametrization. This work estab-
lishes a benchmark for future studies of nucleon tomog-
raphy and internal structure, while providing essential input
for GPD programs at current and upcoming facilities such
as JLab, the EIC, and the EIC in China.
To demonstrate the power of the global extraction, we

present the transverse spatial distributions of quarks in the
proton, providing a direct tomographic image of its internal
structure. This showcase highlights the unique capability of
globally constrained GPDs to reveal the spatial dynamics of
quarks with unprecedented fidelity.
The developments of this work will be released as open-

source [112], aiming to provide a long-lasting resource
designed to accelerate and support all future GPD studies.

FIG. 4. The transverse space gluon distributions ρgðx; bÞ in an
unpolarized proton with GUMP 1.0 GPDs at μ ¼ 2 GeV. Bands
correspond to 90% confidence intervals obtained via a standard
Monte Carlo propagation of Hessian errors, neglecting error
correlations and other systematic errors.

FIG. 5. The intrinsic transverse space distributions ρXq;Inðx; bÞ of
up and down quarks in a proton polarized in the X direction for
x ¼ 0.3, 0.01, and 0.001 with GUMP 1.0 GPDs at μ ¼ 2 GeV.
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in terms of the zero-skewness GPDs, such that the con-
tribution from the center-of-mass motion of the proton
to its angular momentum is removed [107,108]. Corres-
pondingly, the intrinsic contributions to the proton angular
momentum are

JXq ðx; bÞ ¼
γ
2
ðby × xPþÞρXq;Inðx; bÞ: ð8Þ

Here, γ is the boost factor of the proton, which will be
omitted hereafter to normalize the proton spin to ℏ=2.
In Fig. 5, we present the intrinsic transverse distributions

ρXq;Inðx; bÞ of up and down quarks at x ¼ 0.3, 0.01, and
0.001, respectively, at the reference scale μ ¼ 2 GeV. The
ρXq;Inðx; bÞ are calculated via a numeric Fourier transform of
the extracted zero-skewness GPDs according to Eq. (7). We
label the transverse directions as b≡ ðX; YÞ to distinguish
them from the momentum fraction x, and assume the
proton polarization along X.
From the intrinsic transverse quark distributions, it is clear

that the quark contributions to the proton angular momentum
are mainly from the up quark in the valence region. In
contrast, the down quark contribution is minor and can
potentially be negative. This picture gets rather different in
the sea region. There appears to be a cancellation of up and
down quarks’ contributions to the proton angular momen-
tum, as they are both distributed significantly off the Y axis
but on opposite sides. Nevertheless, as the angular momen-
tum contributions are suppressed by x in the sea region, as
shown in Eq. (8), the quark contributions to the proton
angular momentum are still dominated by the up quarks.
From the global extraction, we report the proton angular

momentum decomposition to be Ju ¼ 0.334ð9Þ, Jd ¼
−0.108ð12Þ, and Jg ¼ 0.258ð8Þ with Jtot ¼ 0.484ð17Þ,
where uncertainties include the Hessian errors only.

Comparing this to the lattice simulations [69], which reported
Ju ¼ 0.2213ð85Þ, Jd ¼ 0.0197ð85Þ, and Jg ¼ 0.255ð13Þ,
the difference is mainly caused by the global charge form
factors that favor a negative Fuþd

2 ∼ Buþd
10 ðtÞ. In contrast, the

lattice favors positive or almost zero Buþd
10 ðtÞ. The detailed

comparison of the extracted E form factors can be found in
SM. We leave a more careful investigation of this matter to
future work.
Conclusion—To summarize, we present the first global

analysis of GPDs using a comprehensive set of experi-
mental and lattice inputs within the GUMP framework and
its conformal moment parametrization. This work estab-
lishes a benchmark for future studies of nucleon tomog-
raphy and internal structure, while providing essential input
for GPD programs at current and upcoming facilities such
as JLab, the EIC, and the EIC in China.
To demonstrate the power of the global extraction, we

present the transverse spatial distributions of quarks in the
proton, providing a direct tomographic image of its internal
structure. This showcase highlights the unique capability of
globally constrained GPDs to reveal the spatial dynamics of
quarks with unprecedented fidelity.
The developments of this work will be released as open-

source [112], aiming to provide a long-lasting resource
designed to accelerate and support all future GPD studies.

FIG. 4. The transverse space gluon distributions ρgðx; bÞ in an
unpolarized proton with GUMP 1.0 GPDs at μ ¼ 2 GeV. Bands
correspond to 90% confidence intervals obtained via a standard
Monte Carlo propagation of Hessian errors, neglecting error
correlations and other systematic errors.
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•Proton is polarized along the x-direction 
(horizontally). 

•In the valence region, the up quark is above y=0, 
indicating motion about the x-axis and orbital 
angular momentum (OAM). 

•In the valence region, the up quark dominates 
OAM. 

•As xBj moves into the sea region, the OAM of the 
up and down quarks to some degree cancel one 
another.



Inputs to femtography
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comparison of the extracted E form factors can be found in
SM. We leave a more careful investigation of this matter to
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Conclusion—To summarize, we present the first global

analysis of GPDs using a comprehensive set of experi-
mental and lattice inputs within the GUMP framework and
its conformal moment parametrization. This work estab-
lishes a benchmark for future studies of nucleon tomog-
raphy and internal structure, while providing essential input
for GPD programs at current and upcoming facilities such
as JLab, the EIC, and the EIC in China.
To demonstrate the power of the global extraction, we

present the transverse spatial distributions of quarks in the
proton, providing a direct tomographic image of its internal
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Take as generic example 
of femtography

Elastic form 
factors

Generalized 
form factors 

from the lattice.

DVCS
DVMP

PDFs from DIS

TMDs

Threshold J/ψ 
production



Elastic nucleon form factors



Among other things, FFs thus play a role in determining the angular momentum 
of the quarks using Ji’s Sum Rule:

The  form factors still provide one of the most 
important constraints for GPDs

∫ +1

−1
dxHq(x, ξ, Q2) = F q

1 (Q2)
∫ +1

−1
dxEq(x, ξ, Q2) = F q

2 (Q2)and

Jq =
1
2

∫ 1

−1
x dx [Hq(x, ξ, 0) + Eq(x, ξ, 0)]

FFs thus play a an important role in the entire GPD program, one of the signature goals 
of the 12 GeV upgrade
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The proton’s magnetic form factor GMp is known quite 
accurately - including from recent data from JLab

Shown at left is the extraction of GMp resulting from JLab E12-07-108 (PRL v128, 102002 (2022)) 
providing new accurate data up to 15.75 GeV2.   At right is a blown up version of the of the figure 

at left to  better visualize the  new points. 

Highest recent 
point at 15.75 GeV2



Resulted in the 2017 
Bonner Prize in Nuclear 

Physics being awarded to 
to Charles Perdrisat of 

William and Mary

Measurements of µp GEp/GMp using the recoil 
polarization technique at JLab
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Data from both Rosenbluth separations and the 
double-polarization technique. 

Indeed, that seems to be emerging from 
the analysis of GPDs such as they are 

known at present.

Explanations of the Q2 behavior of GEp/GMp  

emphasized the role of  
quark orbital angular momentum. 



BigBite  
(e- arm)

Polarized 3He 
target

neutron 
detector

Beam

“GEn-I” - the first JLab experiment to measure GEn/GMn using 
polarized electrons and a polarized 3He target

• The experiment measured double-polarization 
asymmetries in 3He(e,e’n)pp 

• The electron arm used Big Bite, an open geometry 
spectrometer using a single dipole, with a detector 
package that looked directly at the target. 

• It also used a high luminosity polarized 3He target, 
with a figure of merit more than 10x higher than 
E142 that measured the neutron spin structure. 

• The neutron detector was, I believe the world’s 
largest at that time.



Data from the  Hall A polarized 3He experiment 
(E02-013) extended knowledge of GEn to high Q2

The BigBite GEn experiment provided the first test of 
theories developed to explain the surprising proton results, 

although clearly, higher Q2 would be desirable
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Flavor-separated form factors

u

u

d u

d

u

dd

d

Proton Neutron

up quark:  F1u = 2F1p + F1n down quark:  F1d = 2F1n + F1p 

For the Dirac form factors (and similarly for the Pauli form factors):

By assuming charge symmetry and combining data from both proton and the neutron, 
the individual contributions from the up- and down-quarks can be extracted. 



The behavior of the u- and d-quark form 
factors are quite distinct from on another

Many of the theoretical models that reproduce the above trends indicate the importance 
of diquark correlations.

Cates, de Jager, Riordan and 
Wojtsekhowski, PRL vol. 106, 

pg 252003 (2011)
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Nucleon form factors in  
the JLab 12 GeV era



The Super Bigbite Spectrometer (SBS) program 
(apparatus shown in roughly the configuration used for GMn and GEn measurements)

BigBite

SBS magnet
HCal - hadron calorimeter



HCal

SBS Magnet

GRINCH

BigBite Magnet

Target

BBCal

GEMs

Beamline magnetic 
shielding

SBS for GMn , basically the same for GEn

•Electrons detected by the BigBite spectrometer 

•Gas Electron Multiplier (GEM) detectors allowed 
very high singles rates and ~70µ resolution. 

•SBS magnet can operate at small angles and 
deflects protons but not neutrons enabling 
particle ID. 

•Hadron Calorimeter (HCal) could operate at a 
relatively high threshold for detecting both 
protons and neutrons. 

•Liquid deuterium target used for GMn 

•Polarized 3He target used for GEn
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SBS for GMn , basically the same for GEn



Preliminary results from SBS for GMn

Slide at left from Andrew 
Puckett, analysis guru of the 
SBS program.

It really is a pretty stunning improvement of our knowledge of the magnetic form factor of the neutron.

Used the “ratio method” based on 
directly comparing scattering cross 
sections for n  and p using the same 
apparatus to measure GMn/GMp



The polarized 3He target for GEn-II

• Designed to handle luminosity more than two times higher 
than the polarized 3He target used for the Hall C A1n exp. 

• Target cells contain twice the volume of 3He of previous 
target cells & target chamber is 60cm in length rather than 
40cm previously. 

• Cells are illuminated from two directions. 

• Magnetic shielding protects the target from the fringe 
fields of the large SBS magnet.

GEn-I and 
Transversity

Hall C  A1n

GEn-II

Comparison of cell geometries  with previous JLab experiments



Current (2nd/3rd pass) errors for SBS for GEn

Current status of !!& measurements from the SBS program
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• Projected uncertainties (statistical 
only) are shown arbitrarily at zero 
for GEn-II/GEN-RP

• GEn-II (polarized Helium-3) 
uncertainties are “worst-case” 
based on actually reconstructed 
statistics in 2nd analysis pass (V. 
Gamage thesis, UVA) 

• GEN-RP uncertainty is taken from 
proposal estimate (first full cooking 
pass recently completed)

• nTPE preliminary result is based 
on Zeke Wertz Ph.D. thesis (W&M)

• Uncertainties statistics-limited for 
GEn-II/GEN-RP and systematics-
limited for ”nTPE”

PRELIMINARY

• Errors shown are based on a 
analyzing a combination of the 2nd 
and 3rd replay of the data. 

• Errors shown are those in Vimukthi 
Gamage’s thesis, the 3rd thesis to 
give results. 

• We have had significant 
improvement in our errors with 
each successive analysis. 

• Our final errors could be up to a 
factor of ~21/2 smaller than the 
errors shown.  🤞



 The SBS GEp experiment

The hadron  arm for the SBS GEp experiment The electron arm of the SBS GEp 
experiment:  ECal - electron calorimeter



 Early error projections for the 
SBS GEp experiment



SBS SIDIS Experiment 
with a transversely  

polarized 3He target



 The SBS SIDIS experiment
• Will measure single-spin asymmetries 

with a transversely polarized target 

• Similar setup to the SBS GEn and 
GMn experiments. 

• Will use the HERMES RICH for 
particle ID. 

• Will acquire 10-100 times greater 
statistics than HERMES or 
COMPASS 

• Kinematics focussed on high-x range. 

• Scientific rating just upgraded to A

Detail of hadron arm
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Example of projected results: 
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Coverage for pT2/(z2Q2)



Other hadrons
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Summary

• Big improvements coming on elastic nucleon form factors 

• Significant increase planned in Sivers, Collins, etc. on neutron 

• It’s an exciting time for femtography !




