
Form Factor Prospects with 
a 22 GeV CEBAF 
(Nucleon/Pion/etc)

Andrew Puckett
University of Connecticut

Science at the Luminosity Frontier: Jefferson Lab at 22 GeV 
Workshop

January 24, 2023



Acknowledgements

•DOE Office of Science, Office of Nuclear Physics, 
Award DE-SC0021200
•Additional support from Jefferson Lab and UConn
•Garth Huber for providing helpful material on 

pion/kaon FFs 

1/24/23 Science at the Luminosity Frontier, JLab at 22 GeV 2



<latexit sha1_base64="VwaYgSJDszUHsDs5PyVqbtE3n6Q=">AAACHnicbVDLSgMxFM34dnxVXboJFkFdlJniayVFNy4VrC10Ssmkd9rQTGZM7ghl7Je48VfcuFBEcKV/Y1q78HUgcDjnXG7uCVMpDHrehzMxOTU9Mzs37y4sLi2vFFbXrkySaQ5VnshE10NmQAoFVRQooZ5qYHEooRb2Tod+7Qa0EYm6xH4KzZh1lIgEZ2ilVmE/CKEjVA7XimnN+rsDl9JAQoS3sN3bCbTodPHYDUC1v2VahaJX8kagf4k/JkUyxnmr8Ba0E57FoJBLZkzD91Js5kyj4BIGbpAZSBnvsQ40LFUsBtPMR+cN6JZV2jRKtH0K6Uj9PpGz2Jh+HNpkzLBrfntD8T+vkWF01MyFSjMExb8WRZmkmNBhV7QtNHCUfUsY18L+lfIu04yjbdS1Jfi/T/5Lrsol/6C0d1EuVk7GdcyRDbJJtolPDkmFnJFzUiWc3JEH8kSenXvn0XlxXr+iE854Zp38gPP+CQxUonI=</latexit>

|e(k)i
<latexit sha1_base64="HEozUxRybx1jUxeouh4Nz1N6C3Q=">AAACIHicbVC7SgNBFJ2N7/UVtbQZDJJoEXZF1MJCtLFUMCpkQ5id3E2GzM6uM3eFsOZTbPwVGwtFtNOvcRJTxMeBgcM553LnnjCVwqDnfTiFicmp6ZnZOXd+YXFpubiyemmSTHOo8UQm+jpkBqRQUEOBEq5TDSwOJVyF3ZOBf3UL2ohEXWAvhUbM2kpEgjO0UrO4H4TQFiqHG8W0Zr3tvktpICHCQyhXuuWtQIt2B+/cAFRrLNUslryqNwT9S/wRKZERzprF96CV8CwGhVwyY+q+l2IjZxoFl9B3g8xAyniXtaFuqWIxmEY+PLBPN63SolGi7VNIh+r4RM5iY3pxaJMxw4757Q3E/7x6htFBIxcqzRAU/14UZZJiQgdt0ZbQwFH2LGFcC/tXyjtMM462U9eW4P8++S+53Kn6e9Xd853S0fGojlmyTjZIhfhknxyRU3JGaoSTe/JInsmL8+A8Oa/O23e04Ixm1sgPOJ9f44Si0g==</latexit>

he0(k0)|

<latexit sha1_base64="8bHtgPp7jqfTZ6LlUcda+CDyJwA=">AAACGHicbVDLSgNBEJz17fqKevQyGAT1EHdF1KPoxWMEkwjZGHonnTg4M7vOzAphyWd48Ve8eFDEa27+jZPHIT4KGoqqbrq74lRwY4Pgy5uanpmdm19Y9JeWV1bXCusbVZNkmmGFJSLRNzEYFFxhxXIr8CbVCDIWWIvvLwZ+7RG14Ym6tt0UGxI6irc5A+ukZuEgirHDVY4PCrSG7n7PpzTqgJRwu7/7sOdHqFoTbrNQDErBEPQvCcekSMYoNwv9qJWwTKKyTIAx9TBIbSMHbTkT2POjzGAK7B46WHdUgUTTyIeP9eiOU1q0nWhXytKhOjmRgzSmK2PXKcHemd/eQPzPq2e2fdrIuUozi4qNFrUzQW1CBynRFtfIrOg6Akxzdytld6CBWZel70IIf7/8l1QPS+Fx6ejqsHh2Po5jgWyRbbJLQnJCzsglKZMKYeSJvJA38u49e6/eh/c5ap3yxjOb5Ae8/jeejp+D</latexit>

�⇤(q)

<latexit sha1_base64="h3M9yDg2BNVJdsY6JNV8pSRSTV8=">AAACHnicbVDLSgMxFM34dnxVXboJFkFdlBnxtRLRjSupYKvQKSWT3mlDM5kxuSOUsV/ixl9x40IRwZX+jWntQqsHAodzzuXmnjCVwqDnfTpj4xOTU9Mzs+7c/MLiUmF5pWqSTHOo8EQm+jpkBqRQUEGBEq5TDSwOJVyFndO+f3UL2ohEXWI3hXrMWkpEgjO0UqOwF4TQEiqHG8W0Zt3tnktpICHCu/PN8lagRauNR24Aqvkj0ygUvZI3AP1L/CEpkiHKjcJ70Ex4FoNCLpkxNd9LsZ4zjYJL6LlBZiBlvMNaULNUsRhMPR+c16MbVmnSKNH2KaQD9edEzmJjunFokzHDthn1+uJ/Xi3D6LCeC5VmCIp/L4oySTGh/a5oU2jgKLuWMK6F/SvlbaYZR9uoa0vwR0/+S6o7JX+/tHuxUzw+GdYxQ9bIOtkkPjkgx+SMlEmFcHJPHskzeXEenCfn1Xn7jo45w5lV8gvOxxe7n6JA</latexit>

|N(P )i
<latexit sha1_base64="/6PcxxcAx1iiTbU2Cd4/TN5or90=">AAACIHicbVC7SgNBFJ317fqKWtoMBvFRhF0RtbAQbawkgolCNoTZyd1kyOzsOnNXCGs+xcZfsbFQRDv9GiePwteBgcM553LnnjCVwqDnfThj4xOTU9Mzs+7c/MLiUmF5pWqSTHOo8EQm+jpkBqRQUEGBEq5TDSwOJVyFndO+f3UL2ohEXWI3hXrMWkpEgjO0UqNwEITQEiqHG8W0Zt2dnktpICHCo/PNrfLmdqBFq413bgCq+S3VKBS9kjcA/Uv8ESmSEcqNwnvQTHgWg0IumTE130uxnjONgkvouUFmIGW8w1pQs1SxGEw9HxzYoxtWadIo0fYppAP1+0TOYmO6cWiTMcO2+e31xf+8WobRYT0XKs0QFB8uijJJMaH9tmhTaOAou5YwroX9K+VtphlH26lrS/B/n/yXVHdL/n5p72K3eHwyqmOGrJF1skV8ckCOyRkpkwrh5J48kmfy4jw4T86r8zaMjjmjmVXyA87nF5KVoqA=</latexit>

hN 0(P 0)|

<latexit sha1_base64="UjjY591Q/5A9cfEY6mbV1TZvoUs="></latexit>

F1�
µ + F2

i�µ⌫q⌫
2M

Elastic Electron-Nucleon Scattering and Form Factors
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Feynman Diagram for elastic 𝑒𝑁 → 𝑒𝑁
scattering in OPE approximation

• The Dirac (𝐹!) and Paul (𝐹") form factors describe the most general 
form of the virtual photon-nucleon vertex function consistent with 
the symmetries of QED; namely, Lorentz invariance, parity 
conservation and gauge invariance/current conservation

• They are real-valued functions of the (space-like) squared four-
momentum transfer 𝑞" = 𝑘 − 𝑘# " < 0. 

• Experimental observables sensitive to form factors include 
differential cross sections and double-spin asymmetries involving 
polarized 𝑒$ beams and/or targets
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Elastic FFs for the pion (thanks to Garth Huber!)
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The Nobel Prize in Physics, 1961 (R. Hofstadter)

"for his pioneering studies of 
electron scattering in atomic nuclei 

and for his thereby achieved 
discoveries concerning the 
structure of the nucleons"

Figures from Rev. Mod. 
Phys, 28, 214 (1956)
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.28.214
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.28.214


Proton Form Factors From Rosenbluth Separations

• Above figures from Puckett et al. PRC 96, 055203 (2017)
• Most proton electric and magnetic FF Rosenbluth extractions can be 

described to within ~10-20% over the entire measured 𝑄" range by the 
so-called “dipole” form factor:
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NE11 L/T separations from Andivahis
et al., Phys. Rev. D 50, 5491 (1994)



The Problem with Rosenbluth Separations
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Polarization Observables in Elastic 𝑒𝑁 → 𝑒𝑁 Scattering

z
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P
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k k'

p p'

Standard coordinate system and 
angle definitions for nucleon 

polarization components in 𝑒𝑁 → 𝑒𝑁
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• Polarized beam-polarized target double-spin asymmetry or 
polarization transfer observables in OPE are sensitive to the 
electric/magnetic form factor ratio, giving enhanced sensitivity to 
𝐺% 𝐺& for large (small) values of 𝑄", as compared to the Rosenbluth 
method
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Polarization Results for 𝜇!𝐺"
!/𝐺#

! and the 2017 Bonner Prize
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2017 Tom W. Bonner Prize in Nuclear Physics
Recipient

(/)

Charles F. Perdrisat  
College of William and Mary
Citation: 

"For groundbreaking measurements of nucleon structure,
and discovering the unexpected behavior of the magnetic
and electric nucleon form factors with changing
momentum transfer."

Background: 

Charles F. Perdrisat, Ph.D., was a professor at the College of William and Mary

(Williamsburg, Va.) for the last 50 years having retired earlier this year.

Throughout his career, Dr. Perdrisat’s research focus included nuclear reactions

with proton and deuteron beams, both polarized and unpolarized. He conducted

research at SATURNE in Saclay, France, TRIUMF in Vancouver, B.C., LAMPF in

Los Alamos, New Mexico, Brookhaven National Laboratory in Upton, N.Y., and

JINR in Dubna, Russia. During the last half of his career, he was committed to the

investigation of the structure of the proton at Jefferson Laboratory, concentrating

in obtaining polarization transfer data in the scattering of polarized electrons on

unpolarized protons. These data, from 3 distinct experiments organized in close

collaboration with Vina Punjabi, Ph.D., Mark K. Jones, Ph.D., Edward J. Brash,

Ph.D., and Lubomir Pentchev, Ph.D., have resulted in a significant change of

paradigm in the understanding of the structure of the nucleon. After completing

his undergraduate training in physics and mathematics at the University of

Geneva in 1956, Dr. Perdrisat became an assistant in the physics department at

the Swiss Federal Institute of Technology in Zurich) in Switzerland, under Prof.

Paul Scherrer; he received his Ph.D. in 1962. He completed a three­year

postdoctoral fellowship at the University of Illinois Urbana­Champaign, before

heading to William and Mary in 1966.

Selection Committee: 

2017 Selection Committee Members: Rocco Schiavilla (Chair), D. Hertzog, P.
Jacobs, Kate Jones, I­Y. Lee

Figure from PRC 96, 055203 (2017)

References:
• GEp-I: 

• Jones, PRL 84, 1398 (2000)
• Punjabi, PRC 71, 055202 

(2005)
• GEp-II: 

• Gayou, PRL 88, 092301 
(2002)

• Puckett, PRC 85, 045203 
(2012)

• GEp-III/GEp-2𝛾: 
• Puckett, PRL 104, 242301 

(2010)
• Meziane, PRL 106, 132501 

(2011)
• Puckett, PRC 96, 055203 

(2017)

• (Arguably) most famous results 
in the history of JLab, among 
the most cited



Theoretical Interpretation of Nucleon Elastic Form Factors
• Density interpretations: 

• 𝐺! , 𝐺" are 3D Fourier transforms of nucleon’s charge and magnetic moment distributions (for low 𝑄) 
in 3D space

• At any 𝑄, a model-independent density interpretation exists in which 𝐹# and 𝐹$ are 2D Fourier-
Bessel transforms of impact parameter-space densities in the infinite momentum frame (IMF)

• Perturbative QCD: for asymptotically large 𝑄!, form factor behavior is predicted by simple 
constituent counting rules; 𝐹" ∝ 𝑄#$, 𝐹! ∝

%'
&(

, assuming dominance of multiple hard-gluon 
exchange mechanism

• Constituent Quark Models—define quarks as effective degrees of freedom, solve bound-
state Hamiltonian with confining quark-quark interaction, use wavefunction to predict 
FFs.

• Lattice QCD—Experiment far ahead of theory in precision, but data help to 
benchmark/improve the calculations

• Basis Light-Front Quantization
• Dyson-Schwinger Equations: approximate solutions of continuum non-perturbative QCD
• Model-independent constraints on Generalized Parton Distributions from FF data, 

evaluate sum rules for proton spin decomposition (quark and gluon spin and angular 
momentum)

1/24/23 Science at the Luminosity Frontier, JLab at 22 GeV 10



Neutron Form Factors and Quark Flavor Decomposition
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Cates et al., PRL 106, 252003 (2011)
• Notable behaviors: d and u quark FFs show dramatically different 
𝑄" dependence. 

• Flavor FF ratios 𝐹"
)/𝐹!

) almost constant for both u and d above 1 
GeV2
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SBS-GMN could establish a zero-crossing of 𝑭𝟏𝒅--
challenging to interpret in GPD framework 



ECT* diquarks workshop, Trento, Sept. 23-27, 2019
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• High-𝑄! form factors are among the most sensitive experimental signatures of diquark 
correlations, now thought to play an important role in hadron structure; 2019 workshop 
brought together theorists and experimentalists at ECT* in Trento, Italy 

• PPNP article now published as PPNP 116, 103835 (2021): 
https://doi.org/10.1016/j.ppnp.2020.103835

https://doi.org/10.1016/j.ppnp.2020.103835


Continued relevance of high-𝑄$ FF measurements
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• For Q ~ few GeV we are probing the theoretically challenging and interesting region of transition between non-perturbative 
QCD, strong-coupling, and confinement to weak-coupling, asymptotic freedom, and pQCD.

• High sensitivity to running of momentum-dependent dressed quark mass function in the few-GeV regime 
• In the high 𝑄! regime the FF behavior is dominated by valence 3-quark Fock state, pion cloud suppressed, better 

discrimination among theoretical modelsàelucidate relevant degrees of freedom
• Precise FF knowledge at high 𝑄! required both to directly constrain GPD moments and to interpret DVCS experiments

• Comparison of continuum and 
Lattice results for M(p) • High-𝑄" form factor behavior highly sensitive to M(p) in Dyson-

Schwinger Equation (DSE) framework
• Cloet and Roberts, PPNP 77, 1 (2014)

https://inspirehep.net/literature/1257993


Proton FF Existing Data Summary
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• Figures from FF mini-review in upcoming “50 Years of QCD” volume: https://arxiv.org/abs/2212.11107

https://arxiv.org/abs/2212.11107


Neutron FFs—GMN 
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Ratio method: Durand, Phys. Rev. 
115, 1020 (1959) 

World data for 𝐺&,/𝜇,𝐺- with projected SBS accuracy based on 
completed data taking 2021-2022

https://journals.aps.org/pr/abstract/10.1103/PhysRev.115.1020
https://journals.aps.org/pr/abstract/10.1103/PhysRev.115.1020


Neutron FFs—GEN
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• Left (from Obrecht et al., in preparation): 𝐺%, from polarization observables (color-coded by observable): 
Polarized Helium-3 target asymmetry, Deuteron recoil polarimetry, Polarized deuterium target asymmetry.
• See Freddy Obrecht Ph.D. thesis: https://opencommons.uconn.edu/dissertations/2045/

• Right: GEN world data with projected SBS results, including already-collected Helium-3 data at 3 and 6.5 
GeV2
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https://opencommons.uconn.edu/dissertations/2045/


The SBS high-𝑄$ Form Factor Program in Hall A
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• Figure from “50 Years of QCD”: : 
https://arxiv.org/abs/2212.11107

• GMN/nTPE (E12-09-019/E12-20-010): 
Completed Oct. 2021-Feb. 2022

• GEN Helium-3: ~60% complete as of 
this writing 

• GEN-RP: Projected run summer 2023
• GEP: Projected run 2024

https://arxiv.org/abs/2212.11107


Prospects for high-𝑄$ nucleon FFs with 22 GeV CEBAF
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Experiment Design Considerations
• Precision ep cross sections determine 𝐺&

.àHigh 
luminosity, precision spectrometers, e.g., Hall C 
HMS/sHMS. Detect scattered electron. Invariant 
mass resolution sufficient for clean selection of 
elastic.

• Medium-acceptance spectrometers 
(SBS+BigBite/ECAL): 𝜎,/𝜎. for 𝐺&, , polarization 
transfer for 𝐺%

., 𝐺%,, high-luminosity polarized 3He 
for 𝐺%,. 

• Large-acceptance spectrometers (CLAS12 or 
SOLID): polarized proton targets (e.g., NH3) Sill, PRD, 48, 29 (1993): Note: highest SLAC beam energy 

was 21 GeV for these data 

<latexit sha1_base64="WYkbNSopJW1oxgvM2J5ZFTKQEpY="></latexit>

d�

dQ2
=

4⇡↵2

Q4

E0

E
cos2

✓
✓

2

◆
✏G2

E + ⌧G2
M

✏(1 + ⌧)

d�

d⌦e
=

E02

⇡

d�

dQ2



Elastic 𝑒𝑁 Scattering Kinematics for JLab 22
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• Scattering angles are well matched 
to the acceptances of both small-
acceptance and large-acceptance 
devices (CLAS12, SOLID, 
SBS+BigBite, HMS/SHMS)

• Particle momenta are rather high à
• Challenge for Hall C 

spectrometers in some kinematic 
regions

• Challenging in terms of 
resolution for large-acceptance 
spectrometers in some kinematic 
regions

• Nonetheless, even existing 
spectrometers should be able to 
cover a lot of new phase space



Virtual photon polarizations
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• Higher passes provide good lever arm in 𝜖, for 
polarization observables and Rosenbluth 
separations in the range 10 ≤ 𝑄! ≤ 30 GeV2

• Optimal beam energy at a given 𝑄! for 
polarization observables is 𝜖 ≈ 0.5

• Unique to JLab; EIC always has 𝝐 ≈ 𝟏



Asymmetries/Polarizations: Proton
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Different passes give optimal FOM for different Q2’s
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Asymmetries/Polarizations: Neutron
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Different passes give optimal FOM for different Q2’s
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Cross sections versus 𝑄$
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Note: Born cross section (no RC), assuming 2𝜋 azimuthal acceptance



Count rates versus 𝑄$

1/24/23 Science at the Luminosity Frontier, JLab at 22 GeV 24

Notes: assuming 2𝜋 azimuthal acceptance, 𝑄, bin width ≈ 𝑄, spacing between points
• JLab high luminosity provides plenty of count rate up to max. accessible 𝑄,
• EIC ~100 fb-1 per YEAR (best-case)
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Pion FF
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Summary and Conclusions
• High-𝑄, hadron elastic FFs (nucleon/pion/kaon) continue to attract major 

theoretical and experimental interest—simple, clean theoretical definition and 
interpretation; precision benchmark for QCD theory and all phenomenological 
models
• SBS program (~50% complete as of today), will dramatically improve and reshape 

our understanding of the nucleon. 
• Prediction: SBS GEP measurement at 12 GeV2, despite impressive precision and 𝑄,

reach will not conclusively establish a statistically significant zero crossing à JLab
22 will easily get us to 20-25 GeV2 for 𝐺4

5, 𝐺46 and to 30+ GeV2 for 𝐺7
5 , 𝐺76 with 

excellent precisionà EIC will never be able to do this (see, however, 
https://arxiv.org/abs/2207.04378 )
• JLab 22 can do precise L/T separated 𝑝 𝑒, 𝑒8𝜋9 𝑛 to 15 GeV2 à Unique capability
• If hadron elastic FFs at very large 𝑄, continue to be theoretically interesting and 

important, JLab 22 GeV upgrade is the ONLY way to do these measurements!
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https://arxiv.org/abs/2207.04378


Backups
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Unexpected behavior of Pauli/Dirac flavor FF ratios
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• Naïve pQCD prediction for asymptotic large-𝑄" behavior of Pauli/Dirac 
FF ratio is /!

/"
∝ !

0!
based on helicity conservation in high-energy 

scattering on ~massless quarks. 
• Flavor FF ratios almost constant above 1 GeV2 –consistent with 

theories in which “soft” diquark correlations play an important role in 
the structure
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Fit function (proton):
F2

pF1
=

N(1 + p1⌧)

1 + q1⌧ + q2⌧2



Polarization Transfer Concept
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• A spin-1/2 particle, such as a proton, is preferentially deflected by the nuclear spin-obrit
force along the direction of 𝑝⃗×𝑆, where 𝑝⃗ is the incident proton momentum, and 𝑆 is the 
proton spin.
• A spin-orbit force is insensitive to longitudinal polarization!
• Precession in a magnetic field rotates 𝑃" into a transverse component that can be 

measured
• Azimuthal asymmetry in the angular distribution of secondary scatterings measures 𝑆

• Based on spin-orbit coupling in 
proton-nucleus scattering


