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Neutron Structure Studies
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Questions we can study via elastic and DIS e - n scattering

GOAL:  Understanding the structure of the neutron in terms of its constituents

Ø The players: 
Ø valence quarks, 𝑞"𝑞 pairs, gluons

Ø The measurements:
Ø Form Factors and Structure Functions

Ø Large Q2  - scaling, pQCD
Ø Large xBj – valence quark regime

Ø Where do quarks physically reside? 

Ø What are the charge and magnetization distributions? 

Ø What contributes to spin = ½ ; quark spin distribution?

Ø What are the roles of 𝑞"𝑞 pairs and strange quarks? 

Ø Appearance of QCD as Q2 decreases – higher twist effects
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Thomas Jefferson National Accelerator Facility

Ø Electron beam à EM scalpel, no strong interaction
Ø Current up to 100 μA CW 
Ø Polarization ~ 85%
Ø Energy 1-12 GeV
Ø Beam diameter ~ 200 μm

Ø 4 experimental halls
Ø Hall A – high resolution spectrometers

Ø custom large acceptance detectors
Ø Hall B – ϕ=2π spectrometer à multi-particle
Ø Hall C – High momentum spectrometers
Ø Hall D (not shown) – e- à γ: meson spectroscopy

Newport News, VA
20 mi from William & Mary
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Elastic e– - n Scattering
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Unpolarized Elastic e– - N Scattering

Measure in the lab frame:	𝐸, 𝐸!, 𝜃e	, 𝜃"

Ø 𝑄# ≡ −𝑞# = 2𝐸𝐸!(1 − cos 𝜃)

Ø 𝜈 = 𝐸 − 𝐸!

Ø 𝑊# = 𝑀# + 2𝑀𝜈 − 𝑄#

Ø 𝑥 = $!

#%&

Kinematic variables

Ø (-) four-momentum transfer2

Ø virtual photon energy

Ø invariant mass of 𝛾∗-N system

Ø fraction of nucleon momentum of struck quark

𝑘 = (𝐸, 𝑘) 𝑘! = (𝐸!, 𝑘!)

𝛾∗ 𝑞 = (𝜈, 𝑞⃑)

𝑃 = (𝐸" , 𝑝⃑") 

e- e-

N

Physics happens here

𝑃! = (𝐸"! , 𝑝⃑"! ) N
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Unpolarized e- - N Elastic Scattering Cross Section

Rosenbluth formula

Ø Depend only on Q2

Ø ``Parameterize our ignorance of the 
        structure of the nucleon” – H & M

Electric form factor

Magnetic form factor

Ø Charges Ø Magnetic moments
Ø At Q2 = 0 require

Ø Dominated by GM for the neutron, enhanced by 𝜏 
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Ø Sachs form factors ~ not too different from dipole FF at lower Q2 (except GE
n)

Ø Lots of nucleon dynamics entering at large Q2 

World Form Factor Data versus Dipole FF

proton GM
p/GD

Neutron GE
n/GD

neutron GM
n/GD

proton GE
p/GD

Plots from “50 years of QCD”, 729 pages! hep-ph>arXiv:2212.11107

Note

https://arxiv.org/list/hep-ph/recent
https://arxiv.org/list/hep-ph/recent
https://arxiv.org/list/hep-ph/recent
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Charge radius

Ø What do these form factors tell us?

Form Factor Physics

Nature Commun. 12, 1759 (2021)

Charge and Magnetization distributions obtained by Fourier transform

Ø Treating recoil relativistically makes these frame-dependent

Ø In the neutron case, it is the highly complicated dynamics of the strong force between quarks and 
gluons, the fermionic nature of quarks and spin-orbit correlations that leads to an asymmetric 
distribution of u- and d-quarks in it, thus resulting in a negative value.

<latexit sha1_base64="XCJ+E62BhJ2ob3Tmbk/RbL8A4DA=">AAACFHicbVDLSgMxFM3UV62vqks3wSIIQpkpxRZEKLhxWcE+oDMdMmmmDU0yQ5IRytCPcOOvuHGhiFsX7vwbM20X2nogcHLOvdx7TxAzqrRtf1u5tfWNza38dmFnd2//oHh41FZRIjFp4YhFshsgRRgVpKWpZqQbS4J4wEgnGN9kfueBSEUjca8nMfE4GgoaUoy0kfzihcuQGDICpR/3K66cf66hXa7ZNffK5UiPJE9DPu1X/GLJLtszwFXiLEgJLND0i1/uIMIJJ0JjhpTqOXasvRRJTTEj04KbKBIjPEZD0jNUIE6Ul86OmsIzowxgGEnzhIYz9XdHirhSEx6YymxJtexl4n9eL9Fh3UupiBNNBJ4PChMGdQSzhOCASoI1mxiCsKRmV4hHSCKsTY4FE4KzfPIqaVfKzmW5elctNeqLOPLgBJyCc+CAGmiAW9AELYDBI3gGr+DNerJerHfrY16asxY9x+APrM8fjaedPQ==</latexit>

hr2pi = 0.707 fm2 <latexit sha1_base64="21zNb+NPy1TP/ocfGzYwHfTQnag=">AAACF3icbVDLSgMxFM3UV62vUZdugkVw4zBTihbcFNy4rGAf0GlLJs20oUlmSDJCGfoXbvwVNy4Ucas7/8ZMOwttPRA4Oede7r0niBlV2nW/rcLa+sbmVnG7tLO7t39gHx61VJRITJo4YpHsBEgRRgVpaqoZ6cSSIB4w0g4mN5nffiBS0Ujc62lMehyNBA0pRtpIA9vxGRIjRqAciH7Fl4uPryiHF67jef61z5EeS56GfNavDOyy67hzwFXi5aQMcjQG9pc/jHDCidCYIaW6nhvrXoqkppiRWclPFIkRnqAR6RoqECeql87vmsEzowxhGEnzhIZz9XdHirhSUx6YymxJtexl4n9eN9FhrZdSESeaCLwYFCYM6ghmIcEhlQRrNjUEYUnNrhCPkURYmyhLJgRv+eRV0qo43qVTvauW67U8jiI4AafgHHjgCtTBLWiAJsDgETyDV/BmPVkv1rv1sSgtWHnPMfgD6/MHO4eesg==</latexit>

hr2ni ⇠ �0.11 fm2

Ø This occurs because its internal quark structure features positively charged up quarks 
concentrated near the center and negatively charged down quarks residing more toward the outer 
region.  Google AI Overview
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Charge distribution

NSAC, 2007

neutron                                            proton

u

d

C. Lorcé, arXiv:2402.00429

Breit Frame
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What does GE
n tell us?
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Ø Measured to Q2 ~ 3.5 GeV2

Ø Data at higher Q2 needed to 
constrain theory

Red triangles: First JLab 
measurement using polarized 3He

World data for neutron GE/GM prior to this experiment

If charge and magnetization 
densities have the same spatial 
distribution:

Ø Except GE
n, all form factors behave like 

the dipole form factor GD for Q2 < 1 GeV2

Riordan et al., Phys.Rev.Lett. 105 262302 (2010) 
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Flavor Decomposition

Re-write Sachs FFs in terms of Dirac and Pauli FFs, F1 and F2

Ø Using both proton and neutron Sachs EM  FFs, and assuming charge 
symmetry, we can do a flavor decomposition to extract the u and d 
contributions

Ø Simple expectation

Note: maximum Q2 limited by GE
n

G.D. Cates et al., Phys.Rev.Lett. 106 (2011) 252003
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Neutron Magnetic Form Factor Measurement at Large Q2

Ø GM
n using LD2
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JLab SBS Program for High Q2 Sachs FF Measurements

Ø Small cross sections require spectrometers with large angular and momentum acceptance & 
high huminosity

Ø SBS = Super Big Bite Spectrometer system

Ø Neutron from LD2 and polarized 3He targets

HCAL-
Hadron 
calorimeter 
for (p/n) 
detection

e-

p/n

Electron arm

Hadron arm
recoil p/n
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Hadron Calorimeter

SBS magnet 
for p/n 
separation

Hadron 
Calorimeter



SBS BigBite Electron Spectrometer
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BigBite
Magnet

GEM
Detectors

Cherenkov
Detector
Vessel

Hodoscope

Cherenkov
PMT Array

Preshower
Calorimeter

Shower
Calorimeter
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New Results for GM
n

Ø With the SBS spectrometer and a 15cm LD2 target we measured GM
n(Q2) to Q2 = 13.5 GeV2

Ø Draft publication complete

Ø We also measured Rosenbluth Separation – not shown, to search for two-photon exchange 
in e-n scattering

Ø Improved statistics; larger Q2

Ø Needed for nucleon flavor decompositions
Ø This will move global fit above theory predictions

Plot courtesy of Eric Fuchey
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Ø GE
n using polarized 3He

Neutron Electric Form Factor Measurement at Large Q2
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Measuring GE
n(Q2) using a Polarized 3He Target

<latexit sha1_base64="JgOPsq2sZrhjPykwWtJQn+0eACg=">AAACG3icbZDLSsNAFIYnXmu8RV26GSwFobQkpagboeLGZQV7gSaWyXTSDp1JwsxEKKHP4cpHcSUoiDtx4ds4bQPV1h8Gfr5zDmfO78eMSmXb38bK6tr6xmZuy9ze2d3btw4OmzJKBCYNHLFItH0kCaMhaSiqGGnHgiDuM9Lyh9eTeuuBCEmj8E6NYuJx1A9pQDFSGnUt5+rSDQTCqStpn6P7IizBzJbGc1icw66Vt8v2VHDZOJnJg0z1rvXp9iKccBIqzJCUHceOlZcioShmZGwW3ESSGOEh6pOOtiHiRHrp9LYxLGjSg0Ek9AsVnFLz10SKuJQj7utOjtRALtYm8L9aJ1HBhZfSME4UCfFsUZAwqCI4CQr2qCBYsZE2CAuqPwvxAOmolI7T1Ck4izcvm2al7JyVq7fVfK2S5ZEDx+AEnAIHnIMauAF10AAYPIJn8ArejCfjxXg3PmatK0Y2cwT+yPj6AZ7zn9M=</latexit>

A =
�+ � ��

�+ + ��

Fix the target polarization direction and measure the asymmetry

where + & – are the beam helicities
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Measuring GE
n using polarized 3He

Ø Use double polarization technique to isolate relatively small GE
n 

Ø 𝜃 is the electron scattering angle
Ø 𝜃∗ is the angle between the 3He polarization vector S 

and photon 3-momentum, q
Ø 𝜙∗	is the angle between the electron scattering and the 

(S, q) planes.
Ø Set S perpendicular to q (𝜃∗ = $

%
) and 𝜙∗= 0

Ø Only the FF ratio contributes to the asymmetry:

H. Presley PhD thesis, UVa

<latexit sha1_base64="DvppJTkZW4iFKSUewG0RM6S5x3c="></latexit>

A = �
✓
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E
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M

◆
2
p
⌧(1 + ⌧) tan ✓

2⇣
Gn

E
Gn

M

⌘2
+

�
⌧ + 2⌧(1 + ⌧) tan2 ✓

2
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LaserLaser

Convective
flow

e- beam

Heating coil

SEOP Polarized 3He Target
3He convection cell

Target cell in beamline

Ibeam = 45 uA
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Preliminary Results for GE
n from SBS

Ø Additional statistics expected as we better 
understand inelastic backgrounds and 
improve Monte Carlo

Ø Also note we have results for nTPE using 
Rosenbluth separation

Ø Result for FF using recoil polarization from SBS

New result for flavor decomposition

Plots courtesy of V. Gamage
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Spin Structure Functions from Polarized 
Deep-inelastic Scattering

3He(e,e’)X
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Switch Gears: e-N Deep-inelastic Scattering

à Two unpolarized structure functions

 à Two polarized structure functions

 à At large Q2, scaling limit

Ø Longitudinally polarized beam and target

n

e-

Ø Unpolarized:

<latexit sha1_base64="mx2D6rBjqYQFaIyf25SUpwevO7Q="></latexit>
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Parton Model in the Scaling Region

Parton Model Interpretation

= probability to find a quark with 
flavor i and momentum fraction x

= probability to find a quark with 
flavor i and momentum fraction x parallel to 
the nucleon spin

Ø We can also write an expression for the 
 virtual photon – neutron asymmetry Simple parton model example:

Ø Wide variety of model predictions
Ø Expect mainly valence quark physics at large x

<latexit sha1_base64="Ce3TdvksBHkUyOVd9DQKUK7yol0="></latexit>
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A1(x) -- a clean handle on valence quarks

D. Parno et al. Phys.Rev.Lett. 113 (2014) 2, 022002, 1404.4003

neutron
proton

S. Bass, Rev.Mod.Phys.77:1257-1302,2005

Simple parton model predictions as x à 1:
Ø proton OK

Ø Neutron data needed at large x

Prior World Data

https://arxiv.org/abs/1404.4003
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Ø JLab – Hall C Setup with Polarized 3He Target

SHMS

HMS

2 Independent Electron Spectrometers
Hall C Setup

Table from M. Cardona thesis, Temple Univ. 2022

Ø Ee = 10.4 GeV

Ø Ibeam = 30 uA

Ø 𝜃 = 30°

Ø 𝐸! =2.6 - 3.5 GeV

Ø Pe ~ 85%

Ø Ptarg > 50%
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Preliminary DIS results, theoretical predictions as x à 1

Preliminary
DIS

W > 2 GeV, Q2 > 1 GeV2, xmax = 0.7

Ø First clearly observed zero crossing

Ø Best agreement with Nambu-Jona-Lasinio (NJL) EFT model: 
constituent quarks and contact interaction, no gluons

Ø Poor agreement with pQCD models

Ø Data also obtained in the resonance region

Theoretical predictions as x à 1

A1
n

x
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Flavor Decomposition

Ø Assume p/n charge symmetry, naive QPM

Ø Use F1
(p,n)(x) and g1

(p,n)(x) to extract:

d-quarks

u-quarks

Ø Note: d-quark distribution remains negative

x
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Higher Twist Effects and New Results for g2
n(x)

Ø Higher-twist effects are non-perturbative corrections to deep inelastic scattering (DIS) and hard-scattering 
processes that scale as powers of 1/Q2 (such as 1/Q2 or 1/Q4) arising from quark-quark, quark-gluon, and multi-
parton interactions inside the nucleon rather than independent single-quark impulse approximations.

Ø Leading-twist contribution describes the interaction of a virtual photon with a single, quasi-free quark

See also: Z.-E. Meziani et al., Phys.Lett.B613:148-153,2005

Prelim
inary

Ø g2(x) is one of the cleanest observables to quantify 
higher-twist effects

Ø Leading twist contribution to can be calculated 
from g1(x)

Wandzura-Wilczek 
relation gives leading 
twist contribution

Ø Twist-3 matrix element can be cleanly calculated in LQCD

Ø Good agreement for proton; neutron not yet clear

Ø Stay tuned for these results

New results for g2
n at constant Q2

Leading
twist = 2 twist = 3 twist = 4

Deviation from g2
WW à 

Higher twist contributions

Ø Operator Product Expansion
Ø Ci(x) are non-pQCD coefficients



Ø New questions and answers from precise neutron measurements

Ø Elastic scattering from LD2 à GM
n(Q2) up to Q2 = 13.5 GeV2

Ø Elastic scattering from polarized 3He à GE
n(Q2) up to Q2 = 10 GeV2

Ø Combine these results with proton to get flavor decomposition

Ø DIS from polarized 3He:
Ø A1

n(x) up to x = 0.7 à Testing wide variety of models
Ø pQCD models not working in the valence quark region at large Q2

Ø
!"
"

 remains negative

Ø g2
n(x) at fixed Q2 = 3.0 and 5.0 GeV2

Ø Search for higher-twist contributions
Ø Extract twist-3 matrix element, compare to robust LQCD results

32

Thank you for your attention

Summary
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Discovery of quarks using electron DIS

Kendall, Taylor, Friedmann 
Nobel Prize 1990

1969, J.D. Bjorken predicts when                                         , the cross section becomes the incoherent 
sum of elastic scattering from point-like, charged, spin-1/2, non-interacting quarks.  
Scattering becomes a function of only one variable describing the kinematics of the struck quark!! 

Ø                    ; the fraction of the nucleon’s momentum carried by the struck quark

Ø Bjorken Scaling:

Expect                 for a nucleon consisting of only 3 non-interacting valence quarks 

moderate

low
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Quark momentum distributions

Ø ei = quark charge
Ø qi(x) = momentum distribution

Total contribution to nucleon 
momentum from ith quark flavor. 

Scaling Scaling predictions
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What about nucleon spin distributions?

Ø Two spin-dependent structure functions,  

Ø Contribution to nucleon spin        
 from ith quark flavor:

g1
p(x, Q2) scaling Averett’s work

Total quark contribution      
to nucleon spin

sea
quarks

valence 
  + sea
quarks



e-N scattering – a quark microscope
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𝜆 =
ℎ
𝑝	

Studying the internal structure 
of the nucleon (N) requires a 
probe with energy ~1-12 GeV

de Broglie 
Wavelength

Ø Very low energy:  nucleon = point-like 
       

Ø Low energy: featureless nucleon with finite size 
       

Ø High energy: quark structure, resonances

𝜆 ≫ 𝑟(

𝜆	~	𝑟(

𝜆 ≪ 𝑟(

𝜆 < 𝑟(

Ø Very high energy: quarks, 𝑞"𝑞 pairs, gluons

nucleon radius	𝑟(~ 1 fm
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e-N Cross Section

Ø Elastic scattering = free nucleon

Ø Quasi-elastic = nucleon in a nucleus

Ø Inelastic = nucleon resonances, W<2 GeV

Ø Deep-inelastic (DIS) = partons

Ø Proton = uud

Ø Neutron = ddu

Ø Δ++ = uuu

Ø DIS = W >2 GeV

DIS



39

Introduction to Scattering: Rutherford 

Coulomb scattering from a point-like charge
Not included: magnetic contribution, relativity, spin, Au recoil

𝑑𝜎
𝑑Ω

=
𝑍"𝛼"

4𝐸"
1

sin4 𝜃
2



Target cell filling at W&M

Ø Cells constructed at Princeton by Mike Souza
Ø Attach to vacuum system
Ø Pump and bake cell to 10-9 Torr
Ø Fill with 3He at ~ 10 atm
Ø Cool down with liquid 4He
Ø Cell pull-off with hand torch

40



Cell Filling Video
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Side project: Optimizing optical pumping efficiency

Ø New undergraduate project (Lauren Vannell)

Ø Study the characteristics of optical pumping by 
monitoring D2 fluorescence.

Ø Variables: laser intensity, spot size, circular 
polarization, incident angle, alkali density…

Rb D1 pump laser

85 W

D1 pump laserD2 fluorescence

collisional 
mixing

42



Ø Sealed aluminosilicate glass cell with 8 atm 3He gas, trace Rb, K, N2 

Ø Principle: Optical Pumping of Rb followed by Spin Exchange with K 
atoms and 3He nuclei à SEOP
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How to polarize 3He?

J. Jackson, W&M

Polarized 3He  
  ~ Polarized neutron

Rb 3He          

K

Hybrid-alkali
Spin ExchangeOptical Pumping

Blankleider, B.; Woloshyn, R.M. Quasielastic Scattering of Polarized Electrons on Polarized 3He. Phys. Rev. 1984, C29, 538



The polarization process - SEOP

Ø Place cell in B ~25 G field

Ø Optically pump Rb D1 transition I upper chamber

Ø Spin exchange to K

Ø Rb, K spin-exchange with 3He nuclei

Ø Convection to circulate gas

𝜎#

= alkali – 3He spin exchange rate

= all 3He spin relaxation mechanisms

Ø Require
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