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Outline

Ø Overview and Motivation

Ø Nucleon charge and magnetization from elastic e-N scattering

Ø Quark structure using deep-inelastic scattering

Ø Hardware: Polarized 3He at William & Mary

Ø Hardware: Particle detectors

Ø *Quantum Enhanced Tracker (QET) project
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Nucleon Structure Studies
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Ø The players: 3 valence quarks, 𝑞"𝑞 pairs, gluons

Ø Quarks are spin ½, electrically charged, color 
charged, interact via the strong nuclear force

Ø Gluons are spin 1, electrically neutral, color 
charged, self-interacting, strong force mediator

proton/neutron properties

Mass ~ 1 GeV
Spin = ½
Charge = 0/1 (n/p)
Radius ~ 1 fm
Mag. moment        = 2.79/ -1.91 (p/n)

Dirac moment = 1/0 (p/n)

GOAL:  Understanding the structure of the nucleon in terms of its constituent partons.
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Motivation-How to make a nucleon?

Ø Where do quarks physically reside?

Ø What is the charge distribution inside the 
nucleon?

Ø How does the nucleon get its mass when 
the bare quark mass is ~ 2-5 MeV

Ø What is the spatial spin distribution?

Ø What contributes to spin = ½ ?
- Quark and gluon spin?
- Quark and gluon angular momentum?

Ø What is the role of 𝑞"𝑞 pairs? gluons?

Ø Why contributes to the magnetic 
moments?
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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

<latexit sha1_base64="1+BxsbfiZP2pLU8RqtFnvTJZqpU=">AAACAHicbVDLSsNAFL2pr1pfURcu3AwWwVVJpKjLohuXLdgHNKFMppN26EwSZiZCCdn4K25cKOLWz3Dn3zhts9DWAwOHc87lzj1BwpnSjvNtldbWNza3ytuVnd29/QP78Kij4lQS2iYxj2UvwIpyFtG2ZprTXiIpFgGn3WByN/O7j1QqFkcPeppQX+BRxEJGsDbSwD7xuAkPsaeYQF4oMcncPGvlA7vq1Jw50CpxC1KFAs2B/eUNY5IKGmnCsVJ910m0n2GpGeE0r3ipogkmEzyifUMjLKjys/kBOTo3yhCFsTQv0miu/p7IsFBqKgKTFFiP1bI3E//z+qkOb/yMRUmqaUQWi8KUIx2jWRtoyCQlmk8NwUQy81dExti0oE1nFVOCu3zyKulc1tyrWr1VrzZuizrKcApncAEuXEMD7qEJbSCQwzO8wpv1ZL1Y79bHIlqyiplj+APr8wfBL5aG</latexit>
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Thomas Jefferson National Accelerator Facility (DOE)

Ø Electron beam à EM scalpel, no strong interaction
Ø Current up to 80 μA CW 
Ø Polarization ~ 85%
Ø Energy 1-12 GeV
Ø Diameter ~ 200 μm

Ø 4 experimental halls
Ø Hall A – high resolution, large acceptance
Ø Hall B – 4π spectrometer à multi-particle
Ø Hall C – High momentum
Ø Hall D -- e- à γ: meson spectroscopy

Newport News, VA
20 mi from William & Mary

Ø My primary research at Jlab:
Neutron structure studies 
using polarized electron 
scattering from polarized 
3He (n) targets
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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
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Ø Mott scattering = point-like scattering + relativistic + electron spin 

𝑘 = (𝐸, 𝑘) 𝑘! = (𝐸!, 𝑘!)

𝛾∗ 𝑞 = (𝜈, �⃑�)

𝑃 = (𝐸" , �⃑�") 

e- e-

N

Physics happens here

Quantum Description

Measure in lab frame:	𝐸, 𝐸#, 𝜃𝑠𝑐𝑎𝑡	

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
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e-N Elastic Scattering Cross Sections

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

<latexit sha1_base64="5AZct58LPOewoDprdF6V5q9KNAo=">AAACCnicdZDLSgMxGIUzXut4q7p0Ey1C3QwzbW11IRRF6kZowV6gHYdMmrahmcyQZIQydO3GV3HjQhG3PoE738bpDazogcDhO/9PkuMGjEplml/awuLS8spqYk1f39jc2k7u7NakHwpMqthnvmi4SBJGOakqqhhpBIIgz2Wk7vYvR3n9nghJfX6rBgGxPdTltEMxUjFykgcl5ypducscw3PYajVNw6Lc1kvOzQzqTjJlGeZY0DTMQraQOxmZs0I2k4ezKAWmKjvJz1bbx6FHuMIMSdm0zEDZERKKYkaGeiuUJEC4j7qkGVuOPCLtaPyVITyKSRt2fBEfruCY/tyIkCflwHPjSQ+pnvydjeBfWTNUnVM7ojwIFeF4clEnZFD5cNQLbFNBsGKD2CAsaPxWiHtIIKzi9uZK+N/UMoaVN3KVXKp4Ma0jAfbBIUgDCxRAEVyDMqgCDB7AE3gBr9qj9qy9ae+T0QVturMH5qR9fAN/jJZa</latexit>

GE(Q
2) =

GM (Q2) =

Ø But cannot measure at Q2 = 0
Ø Fit data to get intercept

Ø Charge Ø Magnetic moment
<latexit sha1_base64="OxCsdaQMOYT8mzhghz0rkdtKgSc=">AAACBHicbZBNS8MwGMfT+TbnW9XjLsEhTJDRytCBCAMRPU5wL7DVkmbpFpamJUmFUXbw4lfx4kERr34Ib34b060H3XxC4M/v/zwkz9+LGJXKsr6N3NLyyupafr2wsbm1vWPu7rVkGAtMmjhkoeh4SBJGOWkqqhjpRIKgwGOk7Y0uU7/9QISkIb9T44g4ARpw6lOMlEauWbx2r+6jsnV0YR/3ztOTAp4CyzVLVsWaFlwUdiZKIKuGa371+iGOA8IVZkjKrm1FykmQUBQzMin0YkkihEdoQLpachQQ6STTJSbwUJM+9EOhL1dwSn9PJCiQchx4ujNAaijnvRT+53Vj5dechPIoVoTj2UN+zKAKYZoI7FNBsGJjLRAWVP8V4iESCCudW0GHYM+vvChaJxX7tFK9rZbqtSyOPCiCA1AGNjgDdXADGqAJMHgEz+AVvBlPxovxbnzMWnNGNrMP/pTx+QPHIZT2</latexit>

Gp
E(0) = 1, Gn

E(0) = 0
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Gp
M (0) = µp, Gn

M (0) = µn

<latexit sha1_base64="UmsaKDeggHeCRnyLqw5aMqT9VPE="></latexit>
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Ø At Q2 = 0 we expect
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Ø Sachs form factors ~ not too different from dipole FF at lower Q2 (ex. 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

This experiment

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

Ø What do these form factors tell us?

Form factor interpretation

Nature Commun. 12, 1759 (2021) arXiv:2105.00571

<latexit sha1_base64="c/SIeG96DyTdghltyB/hRZyLPGk="></latexit>

hr2i = �6
dGE(Q2)

Q2

���
Q2=0
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hr2ni ' �0.11± 0.008 fm2
<latexit sha1_base64="UHcheiwYyCOx0WYmUq6Bsa4jlDg=">AAACI3icbVBNSwMxEM36bf2qevQSLIKnsluKFb0IXjwqWFvobpdsOtsGk+yaZIWy9L948a948aCIFw/+F9N2D9r6IPDy3gwz86KUM21c98tZWFxaXlldWy9tbG5t75R39+50kikKTZrwRLUjooEzCU3DDId2qoCIiEMrur8c+61HUJol8tYMUwgE6UsWM0qMlcLymc+J7HPAKky7NV9NP75mAh6wW214DeynwjLXq/vnviBmoEQei25tFJYrVp4AzxOvIBVU4Dosf/i9hGYCpKGcaN3x3NQEOVGGUQ6jkp9pSAm9J33oWCqJAB3kkxtH+MgqPRwnyj5p8ET93ZETofVQRLZyvKSe9cbif14nM/FpkDOZZgYknQ6KM45NgseB4R5TQA0fWkKoYnZXTAdEEWpsrCUbgjd78jy5q1W9k2r9pl65OC3iWEMH6BAdIw810AW6QteoiSh6Qi/oDb07z86r8+F8TksXnKJnH/2B8/0Dzxqifg==</latexit>

hr2pi ' 0.717± 0.014 fm2

Charge distribution Magnetization distribution

<latexit sha1_base64="FCnNev0Y2CTzq47Xv7sFTfFOLa0="></latexit>

M(~r) =

Z 1

0
e�i~q·~rGM (~q)d3~q

<latexit sha1_base64="bGEyPBrtqwixEZckXy/PXbzt+sE="></latexit>

⇢(~r) =

Z 1

0
e�i~q·~rGE(~q)d

3~q

Ø Experimentally these limits cannot be reached

Ø Proton--  ~agreement between e-N and atomic measurements

Ø In the neutron case, it is the 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.

https://arxiv.org/abs/2105.00571
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Neutron Charge Distribution

NSAC 2007 Report, “recent achievement”

<latexit sha1_base64="i2cStJ1zYZUvGGH2/8KDIOb6cCQ=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VKSUtRjwYvHCvYDmlg22027dLMJuxuhhv4SLx4U8epP8ea/cdvmoK0PBh7vzTAzL0g4U9pxvq3CxubW9k5xt7S3f3BYto+OOypOJaFtEvNY9gKsKGeCtjXTnPYSSXEUcNoNJjdzv/tIpWKxuNfThPoRHgkWMoK1kQZ2ueElDMmHuifHcVVeDOyKU3MWQOvEzUkFcrQG9pc3jEkaUaEJx0r1XSfRfoalZoTTWclLFU0wmeAR7RsqcESVny0On6FzowxRGEtTQqOF+nsiw5FS0ygwnRHWY7XqzcX/vH6qw2s/YyJJNRVkuShMOdIxmqeAhkxSovnUEEwkM7ciMsYSE22yKpkQ3NWX10mnXnMva427RqVZz+MowimcQRVcuIIm3EIL2kAghWd4hTfryXqx3q2PZWvBymdO4A+szx9PJJIt</latexit>

4⇡r2⇢(r)

<latexit sha1_base64="f+84VXzV6mCFLYAevcMg4v86d/c=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEQSwzUrTQTcGNywr2AZ2xZDJpG5rJhCQjlKG48VfcuFDErV/hzr8xnc5CqwcuHM65Nzf3BIJRpR3nyyosLa+srhXXSxubW9s79u5eW8WJxKSFYxbLboAUYZSTlqaaka6QBEUBI51gfDXzO/dEKhrzWz0RxI/QkNMBxUgbqW8feNkbqSThFAqvDk+hV/cEvTvr22Wn4mSAf4mbkzLI0ezbn14Y4yQiXGOGlOq5jtB+iqSmmJFpyUsUEQiP0ZD0DOUoIspPs/VTeGyUEA5iaYprmKk/J1IUKTWJAtMZIT1Si95M/M/rJXpQ81PKRaIJx/NFg4RBHcNZHjCkkmDNJoYgLKn5K8QjJBHWJrWSCcFdPPkvaZ9X3ItK9aZabtTyOIrgEByBE+CCS9AA16AJWgCDB/AEXsCr9Wg9W2/W+7y1YOUz++AXrI9vlpOWOw==</latexit>

p + ⇡�

<latexit sha1_base64="vQe7WCYB0e4XI2ulzGdcE3f8Ncw=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCG0siRd0IRTcuK9gHtKFMpjft0MkkzEwKJWbhr7hxoYhbf8Odf+O0zUJbD1w4c869zL3HjzlT2nG+raXlldW19cJGcXNre2fX3ttvqCiRFOo04pFs+UQBZwLqmmkOrVgCCX0OTX94O/GbI5CKReJBj2PwQtIXLGCUaCN17cPOCGgad1mGr/FZ/giyrl1yys4UeJG4OSmhHLWu/dXpRTQJQWjKiVJt14m1lxKpGeWQFTuJgpjQIelD21BBQlBeOt0/wydG6eEgkqaExlP190RKQqXGoW86Q6IHat6biP957UQHV17KRJxoEHT2UZBwrCM8CQP3mASq+dgQQiUzu2I6IJJQbSIrmhDc+ZMXSeO87F6UK/eVUvUmj6OAjtAxOkUuukRVdIdqqI4oekTP6BW9WU/Wi/Vufcxal6x85gD9gfX5A4RQlcs=</latexit>

~pi = � ~pf

Ø Non-relativistic:  Fourier transform of lab frame spatial distributions

Ø With relativistic corrections:   No probabilistic interpretation,

Ø Breit Frame:                   à probabilistic interpretation but…model-
dependent boost corrections

<latexit sha1_base64="nDxD270hRfBjCC1MXtCHlr7i2IU=">AAAB+XicbZDLSgMxFIbP1Futt1GXboJFcFVmRLTLghuXFewF2lIy6Zk2NJMZk0yhTPsmblwo4tY3cefbmF4W2vpD4OM/53BO/iARXBvP+3ZyG5tb2zv53cLe/sHhkXt8UtdxqhjWWCxi1QyoRsEl1gw3ApuJQhoFAhvB8G5Wb4xQaR7LRzNOsBPRvuQhZ9RYq+u6k6QbTkhb4hOxyCddt+iVvLnIOvhLKMJS1a771e7FLI1QGiao1i3fS0wno8pwJnBaaKcaE8qGtI8ti5JGqDvZ/PIpubBOj4Sxsk8aMnd/T2Q00nocBbYzomagV2sz879aKzVhuZNxmaQGJVssClNBTExmMZAeV8iMGFugTHF7K2EDqigzNqyCDcFf/fI61K9K/k3p+uG6WCkv48jDGZzDJfhwCxW4hyrUgMEInuEV3pzMeXHenY9Fa85ZzpzCHzmfP3Yek4c=</latexit>

|pf | 6= |pi|

What is the charge distribution within the nucleon?  à  Frame dependent 👿

à The charge distribution of the neutron 
was mapped precisely and with high 
resolution. The measurements confirmed 
that the neutron has a positively charged 
core and a negatively charged pion cloud. 

Breit Frame neutron
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John Arrington, ANL

Neutron Charge Distribution in IMF (2008)

x < 0.23

x > 0.23

Ø Low x

Ø Med x

Ø High x

Miller, Arrington PRC 78, 032201 (R) (2008)

total

Transverse charge distribution

Transverse charge density vs. b
found to have negative core…hmmmm…

<latexit sha1_base64="wUUcgonhMxrUkghFO6cbGtEEW9g=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxWsB/QXUs2zbah2WxIskpZ+j+8eFDEq//Fm//GtN2Dtj4YeLw3w8y8UHKmjet+Oyura+sbm4Wt4vbO7t5+6eCwpZNUEdokCU9UJ8SaciZo0zDDaUcqiuOQ03Y4upn67UeqNEvEvRlLGsR4IFjECDZWegh9NUx6vqRKVsKzXqnsVt0Z0DLxclKGHI1e6cvvJySNqTCEY627nitNkGFlGOF0UvRTTSUmIzygXUsFjqkOstnVE3RqlT6KEmVLGDRTf09kONZ6HIe2M8ZmqBe9qfif101NdBVkTMjUUEHmi6KUI5OgaQSozxQlho8twUQxeysiQ6wwMTaoog3BW3x5mbTOq95FtXZXK9ev8zgKcAwnUAEPLqEOt9CAJhBQ8Ayv8OY8OS/Ou/Mxb11x8pkj+APn8wcOw5I7</latexit>

b⇢?(b)

Ø IMF - Infinite Momentum Frame: Model-
independent interpretation

 

Ø No recoil correction needed



Phase Space Interpretation (2020)

Appearance (disappearance) of negative neutron core in IMF (BF) is due to 
contribution from magnetization as nucleon momentum increases.  Interpreted 
as the frame-dependence of the direction of the nucleon polarization.

Ø BF

Ø IMF

Pz = average longitudinal 
momentum

C. Lorce, PRL 125, 232002 (2020)
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World data for proton GE(Q2)

)2 (GeV2Q
0 5 10

p M
/Gp E

 G p
µ

-0.5

0.0

0.5

1.0

 = 0.8 fm+
1t09, reClo

qκChang11, add 
 = 1.8ηEichmann11, 
 = 2.0ηEichmann11, 

Ø proton measured to 8 GeV2 at JLab

Ø completely unexpected decrease

Ø 2-   exchange was ignored. 
 JLab precision

A.J.R Puckett, et al.,
Phys.Rev.Lett. 104 (2010) 242301

𝛾

Ø Cannot keep decreasing with Q2

Ø Data needed at higher Q2  - Stay Tuned

If charge and magnetization
     have the same spatial distribution:

        expect à

<latexit sha1_base64="6hQwLl8p7BLEF+R4OAFjLU+JYJE=">AAACDXicbZDLSsNAFIYn9VbrLerSTbAKdVOSUrQboSBSN0IL9gJNGibTSTt0kgwzE6GEvoAbX8WNC0Xcunfn2zhtI2jrDwMf/zmHM+f3GCVCmuaXlllZXVvfyG7mtrZ3dvf0/YOWiGKOcBNFNOIdDwpMSYibkkiKO4xjGHgUt73R1bTevsdckCi8k2OGnQAOQuITBKWyXP3E9jlEiR3ELqu51z1WaPRKZ5Ok5t7+8KXl6nmzaM5kLIOVQh6kqrv6p92PUBzgUCIKhehaJpNOArkkiOJJzo4FZhCN4AB3FYYwwMJJZtdMjFPl9A0/4uqF0pi5vycSGAgxDjzVGUA5FIu1qflfrRtLv+IkJGSxxCGaL/JjasjImEZj9AnHSNKxAog4UX810BCqeKQKMKdCsBZPXoZWqWidF8uNcr5aSePIgiNwDArAAhegCm5AHTQBAg/gCbyAV+1Re9betPd5a0ZLZw7BH2kf3zSQmlM=</latexit>

µpG
p
E(Q

2)

Gp
M (Q2)

= 1
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]2  [GeV2Q

n M
/Gn E

G n
µ

RCQM
GPD
VMD
DSE

 = 150 MeVΛpQCD, 
 = 300 MeVΛpQCD, 

Our Fit

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

0.2

0.4

0.6

0.8

Ø Measured to Q2 ~ 3.5 GeV2

Ø Not converging at all

Ø Hard to do Fourier transform 
with data to only 3.5 GeV2

Ø Theory all over the place

Ø Data at higher Q2 needed

Red triangles: S. Riordan, …, T. Averett
Phys.Rev.Lett. 105 (2010) 262302

World data for neutron GE(Q2)

Again, if charge and magnetization
     have the same spatial distribution:

        expect à

<latexit sha1_base64="s5S28/e1NTfHOpKzGIbsmxjzk8g=">AAACDXicbZDLSsNAFIYn9VbrLerSTbAKdVOSUrQboSBSN0IL9gJNGibTSTt0MgkzE6GEvoAbX8WNC0Xcunfn2zhtI2jrDwMf/zmHM+f3IkqENM0vLbOyura+kd3MbW3v7O7p+wctEcYc4SYKacg7HhSYEoabkkiKOxHHMPAobnujq2m9fY+5ICG7k+MIOwEcMOITBKWyXP3E9jlEiR3EblRzr3us0OiVziZJzb394UvL1fNm0ZzJWAYrhTxIVXf1T7sfojjATCIKhehaZiSdBHJJEMWTnB0LHEE0ggPcVchggIWTzK6ZGKfK6Rt+yNVj0pi5vycSGAgxDjzVGUA5FIu1qflfrRtLv+IkhEWxxAzNF/kxNWRoTKMx+oRjJOlYAUScqL8aaAhVPFIFmFMhWIsnL0OrVLTOi+VGOV+tpHFkwRE4BgVggQtQBTegDpoAgQfwBF7Aq/aoPWtv2vu8NaOlM4fgj7SPby5Imk8=</latexit>

µpGn
E(Q

2)

Gn
M (Q2)

= 1

Ø Is this true?
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SBS spectrometer system

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

Ø SBS = Super Big Bite Spectrometer system (SBS): electron spectrometer (BigBite) and hadron 
calorimeter (HCAL)
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Hadron calorimeter

Sweeper 
magnet for 
p/n 
separation

Hadron 
Calorimeter 
as currently 
installed



HCAL p/n events
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Ø Protons are down-bended

HCAL proton efficiency ~95%
Time resolution - currently 2 ns but expect 1 ns after additional calibration
Energy resolution ~30%
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GM
n Preliminary Statistical Uncertainties

Ø Completed Feb. 2022
Ø Data analysis now on pass 2
Ø First results ~ Summer 2023
Ø Systematics ~ 3%

Preliminary 
statistical uncertainty
shown on Ye 2018 fit
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CURRENT STATUS

Ø First run complete Q2 = 2.9, 6.6 + some 9.7 GeV2

Ø Second run in progress at Q2 = 9.7 GeV2

Where are we?

G. Cates



Outline

Ø Overview and Motivation

Ø Nucleon charge and magnetization from elastic e-N scattering

Ø Quark structure using deep-inelastic scattering

Ø Hardware: Polarized 3He at William & Mary

Ø Hardware: Particle detectors

Ø *Quantum Enhanced Tracker (QET) project

24
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e-N Deep-inelastic Scattering Formalism

Ø Nucleon with extended structure

 à two unpolarized structure functions

 à two polarized structure functions

<latexit sha1_base64="smEBYsT45DCBXv8FEyF1jOvSXR0="></latexit>

d�

d⌦dE0 =

✓
d�

d⌦

◆

Mott

✓
E0

E

◆⇢
W2(⌫, Q

2) + 2W1(⌫, Q
2) tan2

✓
✓

2

◆�

<latexit sha1_base64="4V7yqEt1/w4dSoS5NxhbnIP7fMU=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BItQQcquFPVY9OJJKtgPaLclm07b0CS7JFmlLP0fXjwo4tX/4s1/Y9ruQVsfDDzem2FmXhBxpo3rfjuZldW19Y3sZm5re2d3L79/UNdhrCjUaMhD1QyIBs4k1AwzHJqRAiICDo1gdDP1G4+gNAvlgxlH4AsykKzPKDFW6twV4Qw67UgxAafNbr7gltwZ8DLxUlJAKard/Fe7F9JYgDSUE61bnhsZPyHKMMphkmvHGiJCR2QALUslEaD9ZHb1BJ9YpYf7obIlDZ6pvycSIrQei8B2CmKGetGbiv95rdj0r/yEySg2IOl8UT/m2IR4GgHuMQXU8LElhCpmb8V0SBShxgaVsyF4iy8vk/p5ybsole/Lhcp1GkcWHaFjVEQeukQVdIuqqIYoUugZvaI358l5cd6dj3lrxklnDtEfOJ8/aqyR0w==</latexit>

N(e, e0)X

<latexit sha1_base64="yYnO5dI00t0WsXsMB6eSujKavpI="></latexit>✓
d�

d⌦dE0

◆""
�

✓
d�

d⌦dE0

◆"#
/ g1(⌫, Q

2), g2(⌫, Q
2)

Ø Add g1 terms

<latexit sha1_base64="z/LJks40lZXzDuxchu4IQlq1XoI=">AAACB3icdZBNS8MwHMZTX+d8m3oUJDiECWO03dwUL0MvHjdwL7DWkmbZFpamJUmFUXbz4lfx4kERr34Fb34b223iFH0g8PB7/n+SPG7AqFS6/qEtLC4tr6ym1tLrG5tb25md3ab0Q4FJA/vMF20XScIoJw1FFSPtQBDkuYy03OFlkrduiZDU59dqFBDbQ31OexQjFSMnc9ByjJzFwzys35jHeescthzzGziZrFHQJ4J6Qa8UK6WTxJxVimYZfkVZMFPNybxbXR+HHuEKMyRlx9ADZUdIKIoZGaetUJIA4SHqk05sOfKItKPJP8bwKCZd2PNFfLiCEzq/ESFPypHnxpMeUgP5O0vgX1knVL1TO6I8CBXheHpRL2RQ+TApBXapIFixUWwQFjR+K8QDJBBWcXXp+RL+N02zYJQLpXopW72Y1ZEC++AQ5IABKqAKrkANNAAGd+ABPIFn7V571F601+nogjbb2QM/pL19AghclkI=</latexit>

W1(⌫, Q
2), W2(⌫, Q

2)

<latexit sha1_base64="bG1Et6CGoCdWctryAHB04PO8XKg=">AAACB3icdZBNS8MwHMbT+TbnW9WjIMEhTBij7eaqeBl68biBm4NtljTLurA0LUkqjLKbF7+KFw+KePUrePPb2L2IU/SBwMPv+f9J8rgho1IZxoeWWlhcWl5Jr2bW1jc2t/TtnYYMIoFJHQcsEE0XScIoJ3VFFSPNUBDku4xcu4OLcX59S4SkAb9Sw5B0fORx2qMYqQQ5+r7nmLk2j/KwdmMd5dtn0HOsb+DoWbNgTASNgmEX7dLx2JzaRasMv6IsmKnq6O/tboAjn3CFGZKyZRqh6sRIKIoZGWXakSQhwgPkkVZiOfKJ7MSTf4zgYUK6sBeI5HAFJ3R+I0a+lEPfTSZ9pPrydzaGf2WtSPVOOjHlYaQIx9OLehGDKoDjUmCXCoIVGyYGYUGTt0LcRwJhlVSXmS/hf9OwCma5UKqVspXzWR1psAcOQA6YwAYVcAmqoA4wuAMP4Ak8a/fao/aivU5HU9psZxf8kPb2CTtslmI=</latexit>

g1(⌫, Q
2), g2(⌫, Q

2)
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Parton Model and Bjorken Scaling

<latexit sha1_base64="CmY16wPRyRZXXji1RPobmhbIZTs=">AAACGXicbVDLSgMxFM3UV62vUZdugkWoC8uMFHUjFHXhsoJ9QDsOmTTThmYyY5KxlqG/4cZfceNCEZe68m9MpxW09UDIybn3cHOPFzEqlWV9GZm5+YXFpexybmV1bX3D3NyqyTAWmFRxyELR8JAkjHJSVVQx0ogEQYHHSN3rnY/q9TsiJA35tRpExAlQh1OfYqS05JpW64IwheCtSwv3+6f6umnFERIi7Os3PEiFdtjnP5Jr5q2ilQLOEntC8mCCimt+aD+OA8IVZkjKpm1FykmQUBQzMsy1YkkihHuoQ5qachQQ6STpZkO4p5U29EOhD1cwVX87EhRIOQg83Rkg1ZXTtZH4X60ZK//ESSiPYkU4Hg/yYwZVCEcxwTYVBCs20ARhQfVfIe4igbDSYeZ0CPb0yrOkdli0j4qlq1K+fDaJIwt2wC4oABscgzK4BBVQBRg8gCfwAl6NR+PZeDPex60ZY+LZBn9gfH4DY4Cf8Q==</latexit>

�qi(x) = q"i (x)� q#i (x)

<latexit sha1_base64="H2U/wdfAx1aE9Gmzu5JF8Jtyxlo="></latexit>

g1(x) =
1

2

X

i=u,d,s

e2i (�qi(x) +�qi(x)) ,

Ø Bjorken scaling: At large Q2, 𝜈 with               finite, the scattering 
becomes the sum of incoherent elastic scattering from free quarks.

 
Ø x is the momentum fraction of the struck quark 

<latexit sha1_base64="0iOYAiqQ3b6jWO+hiAfgSFl4+KU=">AAAB/HicbVBNS8NAEJ34WetXtEcvwSJ4Kkkp2otQ8OJFaMF+QBvLZrtpl242YXcjhhD/ihcPinj1h3jz37htc9DWBwOP92aYmedFjEpl29/G2vrG5tZ2Yae4u7d/cGgeHXdkGAtM2jhkoeh5SBJGOWkrqhjpRYKgwGOk602vZ373gQhJQ36nkoi4ARpz6lOMlJaGZunxauALhNPWfTVLq7cDHmdDs2xX7DmsVeLkpAw5mkPzazAKcRwQrjBDUvYdO1JuioSimJGsOIgliRCeojHpa8pRQKSbzo/PrDOtjCw/FLq4subq74kUBVImgac7A6Qmctmbif95/Vj5dTelPIoV4XixyI+ZpUJrloQ1ooJgxRJNEBZU32rhCdJZKJ1XUYfgLL+8SjrVinNRqbVq5UY9j6MAJ3AK5+DAJTTgBprQBgwJPMMrvBlPxovxbnwsWteMfKYEf2B8/gB5p5Sk</latexit>

x =
Q2

2M⌫

Parton Model Interpretation

<latexit sha1_base64="QEPFjVLMVE+P/KdgyC34FwfbF7w="></latexit>

F2(x) =
1

2

X

i=u,d,s

e2i (qi(x) + qi(x)) ,

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

<latexit sha1_base64="heXijPfCPdkrwjm9h8fjPMj/vwg="></latexit>

W1(⌫, Q
2), W2(⌫, Q

2) !
<latexit sha1_base64="HLfrNVyGNIXQHf6ZD3+9yim2hKc=">AAAB+nicdZDLSgMxFIYzXmu9TXXpJliEClIytbYDboqCuKxgL9AOQybNtKGZC0lGLbWP4saFIm59Ene+jZm2gor+EPj5zjmck9+LOZMKoQ9jYXFpeWU1s5Zd39jc2jZzO00ZJYLQBol4JNoelpSzkDYUU5y2Y0Fx4HHa8obnab11Q4VkUXitRjF1AtwPmc8IVhq5Zg5euFbh7vCoe6pdSTvXzKMishCyj6E2qGKd2HBK7CqCliap8mCuumu+d3sRSQIaKsKxlB0LxcoZY6EY4XSS7SaSxpgMcZ92tA1xQKUznp4+gQea9KAfCf1CBaf0+8QYB1KOAk93BlgN5O9aCv+qdRLl286YhXGiaEhmi/yEQxXBNAfYY4ISxUfaYCKYvhWSARaYKJ1WVofw9VP4v2mWilalWL4q52tn8zgyYA/sgwKwQBXUwCWogwYg4BY8gCfwbNwbj8aL8TprXTDmM7vgh4y3T9WBkdA=</latexit>

F1(x), F2(x)
<latexit sha1_base64="+2k5a/Eo16Xvkfy8T/oq09UN8rY="></latexit>

g1(⌫, Q
2), g2(⌫, Q

2) !
<latexit sha1_base64="RUtZQJP8eKD93x9M99i7R7i27C8=">AAAB+XicdZDLSgMxFIYz9VbrbdSlm2ARKkjJ1NoOuCm6cVnBXqAdhkyaaUMzF5JMsQx9EzcuFHHrm7jzbcy0FVT0h8DPd87hnPxezJlUCH0YuZXVtfWN/GZha3tnd8/cP2jLKBGEtkjEI9H1sKSchbSlmOK0GwuKA4/Tjje+zuqdCRWSReGdmsbUCfAwZD4jWGnkmubQtUr3p2f9Szh0K9q5ZhGVkYWQfQ61QTXrwoZzYtcRtDTJVARLNV3zvT+ISBLQUBGOpexZKFZOioVihNNZoZ9IGmMyxkPa0zbEAZVOOr98Bk80GUA/EvqFCs7p94kUB1JOA093BliN5O9aBv+q9RLl207KwjhRNCSLRX7CoYpgFgMcMEGJ4lNtMBFM3wrJCAtMlA6roEP4+in837QrZatWrt5Wi42rZRx5cASOQQlYoA4a4AY0QQsQMAEP4Ak8G6nxaLwYr4vWnLGcOQQ/ZLx9AuR8keg=</latexit>

g1(x), g2(x)

<latexit sha1_base64="2x+1mK6/RUtV5WkmOTRwXI+ALIU=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBDiJexKUI9BLx4jmAckS5idTJIhs7PrTK8YlnyEFw+KePV7vPk3TpI9aGJBQ1HVTXdXEEth0HW/nZXVtfWNzdxWfntnd2+/cHDYMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMbqZ+85FrIyJ1j+OY+yEdKNEXjKKVmg9dUXo6I91C0S27M5Bl4mWkCBlq3cJXpxexJOQKmaTGtD03Rj+lGgWTfJLvJIbHlI3ogLctVTTkxk9n507IqVV6pB9pWwrJTP09kdLQmHEY2M6Q4tAselPxP6+dYP/KT4WKE+SKzRf1E0kwItPfSU9ozlCOLaFMC3srYUOqKUObUN6G4C2+vEwa52Xvoly5qxSr11kcOTiGEyiBB5dQhVuoQR0YjOAZXuHNiZ0X5935mLeuONnMEfyB8/kDVDeO6w==</latexit>

qi(x)
= probability to find a quark with 

flavor i and momentum fraction x parallel to 
the nucleon spin

<latexit sha1_base64="LHGMwdNuJ2Lw2+F+RjZAdcIAaGY=">AAAB+XicbVBNT8JAEJ3iF+JX1aOXjcQEL6Q1RD0SvXjERD4SqM12WWDDdlt3tyhp+CdePGiMV/+JN/+NC/Sg4EsmeXlvJjPzgpgzpR3n28qtrK6tb+Q3C1vbO7t79v5BQ0WJJLROIh7JVoAV5UzQumaa01YsKQ4DTpvB8HrqN0dUKhaJOz2OqRfivmA9RrA2km/bDz677yQxljJ6LD2dIt8uOmVnBrRM3IwUIUPNt7863YgkIRWacKxU23Vi7aVYakY4nRQ6iaIxJkPcp21DBQ6p8tLZ5RN0YpQu6kXSlNBopv6eSHGo1DgMTGeI9UAtelPxP6+d6N6llzIRJ5oKMl/USzjSEZrGgLpMUqL52BBMJDO3IjLAEhNtwiqYENzFl5dJ46zsnpcrt5Vi9SqLIw9HcAwlcOECqnADNagDgRE8wyu8Wan1Yr1bH/PWnJXNHMIfWJ8/ABuTQA==</latexit>

q"i (x)
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Unpolarized and polarized parton distribution functions
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Where does the nucleon get its spin?

Ø Averett’s thesis experiment, SLAC E143, re-measured 
with higher precision using polarized proton and 
deuteron targets à Crisis confirmed!

Ø Current status:
<latexit sha1_base64="k+LPsoedA1i1/5BeCzLo+Teq1oc=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEN5ZEiroRirpwWcE+oAllMr1ph84kYWYilFDwV9y4UMSt3+HOv3HaZqGtBy73cM69zJ0TJJwp7TjfVmFpeWV1rbhe2tjc2t6xd/eaKk4lhQaNeSzbAVHAWQQNzTSHdiKBiIBDKxjeTPzWI0jF4uhBjxLwBelHLGSUaCN17QPvFrgmWOGrU6fieolwKk61a5dNmwIvEjcnZZSj3rW/vF5MUwGRppwo1XGdRPsZkZpRDuOSlypICB2SPnQMjYgA5WfT88f42Cg9HMbSVKTxVP29kRGh1EgEZlIQPVDz3kT8z+ukOrz0MxYlqYaIzh4KU451jCdZ4B6TQDUfGUKoZOZWTAdEEqpNYiUTgjv/5UXSPKu455XqfbVcu87jKKJDdIROkIsuUA3doTpqIIoy9Ixe0Zv1ZL1Y79bHbLRg5Tv76A+szx/LcpNz</latexit>

�s = �0.1± 0.04
<latexit sha1_base64="r/t5nM/MZXeQjMAss/nmrOB6vpU=">AAACAXicbVDLSgMxFM34rPU16kZwEywFN5YZbbXLgi5cVrQP6Awlk2ba0CQzJBmhDHXjr7hxoYhb/8Kdf2PazkJbD1w4nHMv994TxIwq7Tjf1tLyyuraem4jv7m1vbNr7+03VZRITBo4YpFsB0gRRgVpaKoZaceSIB4w0gqGVxO/9UCkopG416OY+Bz1BQ0pRtpIXfvQuyZMI++O9jnyFOXQrZyeV7xi1y44JWcKuEjcjBRAhnrX/vJ6EU44ERozpFTHdWLtp0hqihkZ571EkRjhIeqTjqECcaL8dPrBGBaN0oNhJE0JDafq74kUcaVGPDCdHOmBmvcm4n9eJ9Fh1U+piBNNBJ4tChMGdQQnccAelQRrNjIEYUnNrRAPkERYm9DyJgR3/uVF0jwruRel8m25UKtmceTAETgGJ8AFl6AGbkAdNAAGj+AZvII368l6sd6tj1nrkpXNHIA/sD5/AD3hlW4=</latexit>

�⌃ ⇠ 15� 35%

Ø EMC (1988) finds                                     ’Spin Crisis’ 
<latexit sha1_base64="X5d0G9CO6uvNhRiZOMEpoT+8fAU=">AAAB/XicbVDLSgMxFM3UV62v8bFzEywFN5aZMmg3QkEXLivaB3SGkkkzbWiSGZKMUEvxV9y4UMSt/+HOvzFtZ6GtBy4czrmXe+8JE0aVdpxvK7eyura+kd8sbG3v7O7Z+wdNFacSkwaOWSzbIVKEUUEammpG2okkiIeMtMLh1dRvPRCpaCzu9SghAUd9QSOKkTZS1z7yrwnTyL+jfY7gpXdW8fxS1y46ZWcGuEzcjBRBhnrX/vJ7MU45ERozpFTHdRIdjJHUFDMyKfipIgnCQ9QnHUMF4kQF49n1E1gySg9GsTQlNJypvyfGiCs14qHp5EgP1KI3Ff/zOqmOqsGYiiTVROD5oihlUMdwGgXsUUmwZiNDEJbU3ArxAEmEtQmsYEJwF19eJs1K2T0ve7desVbN4siDY3ACToELLkAN3IA6aAAMHsEzeAVv1pP1Yr1bH/PWnJXNHII/sD5/ABb7k6o=</latexit>

�⌃ = 4� 24%

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

sea

<latexit sha1_base64="4Dy3S65oLaZfAanFEjZ14EBNJhY=">AAACV3icbZFdS8MwFIbTbs45vzq99CY4BGEwWhnqjTDUCy8nug9Yy0jTbAtL05Kkwij7k+LN/oo3mm4VdduBwJvnnJOTvPFjRqWy7YVhFoo7pd3yXmX/4PDo2KqedGWUCEw6OGKR6PtIEkY56SiqGOnHgqDQZ6TnTx+yfO+NCEkj/qpmMfFCNOZ0RDFSGg0t7j4SphB0X+g4RPAO5vsE1nMVwPoPlL/SjfSp2dA0mW+BwTYo53Bo1eyGvQy4KZxc1EAe7aH17gYRTkLCFWZIyoFjx8pLkVAUMzKvuIkkMcJTNCYDLTkKifTSpS9zeKFJAEeR0IsruKR/O1IUSjkLfV0ZIjWR67kMbssNEjW69VLK40QRjleDRgmDKoKZyTCggmDFZlogLKi+K8QTJBBW+isq2gRn/cmbonvVcK4bzedmrXWf21EGZ+AcXAIH3IAWeAJt0AEYfIBPo2AUjYXxZZbM8qrUNPKeU/AvzOo3qByyMA==</latexit>

�⌃ = �u+�d+�s+�u+�d+�s

valence 
+ sea

<latexit sha1_base64="DTSGyFOhNWgL22kxUOYyfih634Y=">AAACHHicbVDLSsNAFJ3UV62vqEs3g0UQCiWpRbsRCroQcVHRPqAJYTKdtEMnD2cmQgn5EDf+ihsXirhxIfg3TtssauuBC2fOuZe597gRo0Iaxo+WW1peWV3Lrxc2Nre2d/TdvZYIY45JE4cs5B0XCcJoQJqSSkY6ESfIdxlpu8OLsd9+JFzQMLiXo4jYPuoH1KMYSSU5+onlcYQTM00qKTyHMy/rkjCJoHVH+z6CEJZunAdYgtdO39GLRtmYAC4SMyNFkKHh6F9WL8SxTwKJGRKiaxqRtBPEJcWMpAUrFiRCeIj6pKtogHwi7GRyXAqPlNKDXshVBRJO1NmJBPlCjHxXdfpIDsS8Nxb/87qx9Gp2QoMoliTA04+8mEEZwnFSsEc5wZKNFEGYU7UrxAOk8pEqz4IKwZw/eZG0KmXztFy9rRbrtSyOPDgAh+AYmOAM1MEVaIAmwOAJvIA38K49a6/ah/Y5bc1p2cw++APt+xdNip+Q</latexit>
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Lattice QCD calculation

Ji Sum Rule

X. Ji, F. Yuan, Y. Zhao, 
arXiv:2009.01291v1

Quark contribution to nucleon spin

= quark spin + quark angular momentum + gluon contribution

<latexit sha1_base64="7Tx+FrqZRJVS308issQVzdmD+kc=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lK0R4LXjxWsB+QhrLZbtqlm92wOxFKyM/w4kERr/4ab/4bt20O2vpg4PHeDDPzwkRwA6777ZS2tnd298r7lYPDo+OT6ulZz6hUU9alSig9CIlhgkvWBQ6CDRLNSBwK1g9ndwu//8S04Uo+wjxhQUwmkkecErCSP4w0oZmXZ418VK25dXcJvEm8gtRQgc6o+jUcK5rGTAIVxBjfcxMIMqKBU8HyyjA1LCF0RibMt1SSmJkgW56c4yurjHGktC0JeKn+nshIbMw8Dm1nTGBq1r2F+J/npxC1gozLJAUm6WpRlAoMCi/+x2OuGQUxt4RQze2tmE6JTQFsShUbgrf+8ibpNereTb350Ky1W0UcZXSBLtE18tAtaqN71EFdRJFCz+gVvTngvDjvzseqteQUM+foD5zPHzkskTI=</latexit>

1

2



29

So the nucleon is not so simple…

Ø QCD is not analytically solvable.  Asymptotically free à non-perturbative

Ø BUT valence quarks dominate behavior as            ;  the only place theorists can 
make absolute predictions 

Ø For access to the valence quarks, we measure the virtual photon 
asymmetry
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Scaling model
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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

Both data sets support pQCD calculations (pink)

Simple parton model predictions:

Ø proton OK; neutron???

Ø Data needed at large x

https://arxiv.org/abs/1404.4003
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PDFs extracted by combining A1
p(x) and A1

n(x)

[106,107]

Ø pQCD with HHC works well for 
up quarks; not for down??

Ø Evidence of orbital angular 
momentum?

Ø Need more data at large x

X. Zheng,… T. Averett,
Phys.Rev.C 70 (2004) 065207
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Latest Measurement of A1
n – Reaching Higher x

W&M PhD student Junhao Chen

Ø How do we make polarize neutrons?
Ø What is hyperpolarized 3He?
Ø Why is it so darn cool?

Actual data coverage; arb. values

Ø New measurement using state-of-the-
art hyperpolarized 3He target

Ø “Flagship” experiment for Jlab 12 GeV 
upgrade

Ø Measured up to x ~ 0.75 in the DIS region

Now for the fun part!



Outline

Ø Overview and Motivation

Ø Nucleon charge and magnetization from elastic e-N scattering

Ø Quark structure using deep-inelastic scattering

Ø Hardware: Polarized 3He at William & Mary

Ø Hardware: Particle detectors

Ø *Quantum Enhanced Tracker (QET) project
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Hyperpolarized 3He
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Requirements for a polarized neutron target for DIS at high Q2

Small cross section measurements require lots of statistics
           à  high beam current 

1. High density gas ~ 10 atm

2. Extended target length 40-60 cm

3. Minimum dilution à 120 um windows

4. High polarization in-beam à convection

Most recent target cell design



Hyperpolarized 3He Targets

Ø Options:  2H or 3He, with nuclear corrections
Ø My expertise is in polarized 3He targets
Ø Ground state wavefunction:

35



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'
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= alkali – 3He spin exchange rate

= all 3He spin relaxation mechanisms
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Current target system at Jefferson Lab

Target cell in beamline
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2021 Target Performance

Effective luminosity vs. time (1993-present)

Collaborators: T. Averett, W&M,
G. Cates, UVa, J.P. Chen, JLab

Development of high-performance alkali-hybrid 
polarized 3He targets for electron scattering,
J. Singh…, T. Averett
Phys.Rev.C 91 (2015) 5, 055205

Most recent experiment w/ 30 uA beam current
Polarization vs. time

W&M PhD student Junhao Chen

50% in-beam 
polarization using 
convection cell design

Factor of 10 improvement

Ø Hybrid alkali
Ø Line-narrowed lasers
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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
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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

41



Outline

Ø Overview and Motivation

Ø Nucleon charge and magnetization from elastic e-N scattering

Ø Quark structure using deep-inelastic scattering

Ø Hardware: Polarized 3He at William & Mary

Ø Hardware: Particle detectors

Ø *Quantum Enhanced Tracker (QET) project
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SBS BigBite Electron Spectrometer

Ø Large angular acceptance
Ø Large momentum acceptance
Ø GEM trackers à momentum
Ø GRINCH Cherenkov à PID
Ø Scintillator hodoscope à timing
Ø Pb-glass EM calorimeter à E’
Ø Fast electronics
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Electron ID -- Gas Cherenkov Detector

Ø Efficient electron identification is essential for e-N scattering experiments
Ø Largest background is from 
Ø The most efficient is a gas Cherenkov detector

Similar to a supersonic jet
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Ø For a particle with speed vp, in gas with index of 
refraction, n, the condition for producing 
Cherenkov radiation is
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Mirror

PMT
Array

Incoming
Particles

The W&M GRINCH

Ø GRINCH:  Gas RINg imaging CHerenkov 
detector

Ø Designed, built and installed by W&M

Ø C4F8 heavy gas gives a pion threshold of 
~2.3 GeV

Top View

Ø ~70 cm path length, 4 mirrors, 510 PMTs

Ø Custom, high speed electronics (JLab)

Ø Commissioned in early 2022, 
     Maria Satnik, W&M PhD student
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Early GRINCH results, Jan.– Feb. 2022

Plots by Maria Satnik

Timing spectrum for 
PMT 250

1 ns resolution
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Questions?

So that’s what I do when I’m not teaching!
Thanks for your attention

THE END

* Anyone interested in Quantum Enhanced Tracking with Rydberg Atoms??



Outline

Ø Overview and Motivation

Ø Nucleon charge and magnetization from elastic e-N scattering

Ø Quark structure using deep-inelastic scattering

Ø Hardware: Polarized 3He at William & Mary

Ø Hardware: Particle detectors

Ø *Quantum Enhanced Tracker (QET) project
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QET Research Group
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Ø W&M Faculty: T. Averett (DOE PI)
Ø AMO: S. Aubin, E. Mikhailov, 
 I. Novikova

Ø W&M Grad. Students: N. DeStefano
Ø Rob behary

Ø Jefferson Lab Staff: A. Camsonne (DAQ), G. Park (Beamline),
 S. Zhang (LDRD PI) (Electron Source)

Funding: (Jefferson) Laboratory Directed R&D and DOE QIS Grant

W&M QET Group



Motivation: Quantum Enhanced Tracker

Moving charged 

particles 

produce electric 

& magnetic 

fields

Stark/ Zeeman 

effect perturbs 
energy state of 

atoms, changing 
the atomic 

quantum state

Charge particles 

are detected by 

monitoring 

Rydberg atom 

states
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e

g

Ryd

E-field

DC Stark shift

E-field

Ø Quantum Enhanced Tracking – QET R&D

Ø Use Rydberg atoms to detect passing charged particles
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e-beam sensitivity measurement through DC Stark effect

D. Fahey, et. al, Opt. Express 19, 17002-17012 (2011)
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Measured spectra
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W&M QET experiment
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E-gun ~30 Kev

RB

E-beam

Transverse probe beam 
( Electric Field & Magnetic Field ) 

Longitudinal probe beam 
( Magnetic Field ) 

Rb science
     cell

E-beam Focus 2

E-beam Focus 1

Ø Tight focus

Ø Wider focus



• We are building a QET system to test at Jefferson Lab

• UITF (Upgraded Injector Test Facility) provides a 9 MeV 
electron beam 

• Rydberg opto-mechanics and vacuum hardware are 
being acquired

• System built using ConFlat vacuum parts compatible 
with JLab beam line.

• Intended use: 2D beam tracking

Plan for implementation of QET at Jefferson Lab
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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:
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Expect                 for a nucleon consisting of only 3 non-interacting valence quarks 
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Q2, ⌫ ! 1 and Q2/⌫ finite

<latexit sha1_base64="D35ZgaRTVQ0+Dbg8PC+eq/ZmWUs=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJWkFO2x4MVjC7YVmlo22027dLMJuxMlhIJ/xYsHRbz6O7z5b9y2OWjrg4HHezPMzPNjwTU4zrdVWFvf2Nwqbpd2dvf2D+zDo46OEkVZm0YiUnc+0UxwydrAQbC7WDES+oJ1/cn1zO8+MKV5JG8hjVk/JCPJA04JGGlgn7Tuq57iozEQpaJH7HEZQDqwy07FmQOvEjcnZZSjObC/vGFEk5BJoIJo3XOdGPoZUcCpYNOSl2gWEzohI9YzVJKQ6X42P3+Kz40yxEGkTEnAc/X3REZCrdPQN50hgbFe9mbif14vgaDez7iME2CSLhYFicAQ4VkWeMgVoyBSQwhV3NyK6ZgoQsEkVjIhuMsvr5JOteJeVmqtWrlRz+MoolN0hi6Qi65QA92gJmojijL0jF7Rm/VkvVjv1seitWDlM8foD6zPHz5Dlag=</latexit>

Q2 ! 1

<latexit sha1_base64="WZrzGhqE0KI38LiMsoxEICdxkcA=">AAAB6nicbVDLTgJBEOz1ifhCPXqZSEw8kV1ClCOJF48Q5ZHASmaHWZgwO7uZ6TUhhE/w4kFjvPpF3vwbB9iDgpV0UqnqTndXkEhh0HW/nY3Nre2d3dxefv/g8Oi4cHLaMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb+d++4lrI2L1gJOE+xEdKhEKRtFK943Hcr9QdEvuAmSdeBkpQoZ6v/DVG8QsjbhCJqkxXc9N0J9SjYJJPsv3UsMTysZ0yLuWKhpx408Xp87IpVUGJIy1LYVkof6emNLImEkU2M6I4sisenPxP6+bYlj1p0IlKXLFlovCVBKMyfxvMhCaM5QTSyjTwt5K2IhqytCmk7cheKsvr5NWueRdlyqNSrFWzeLIwTlcwBV4cAM1uIM6NIHBEJ7hFd4c6bw4787HsnXDyWbO4A+czx/QIo14</latexit>

Q2

<latexit sha1_base64="WZrzGhqE0KI38LiMsoxEICdxkcA=">AAAB6nicbVDLTgJBEOz1ifhCPXqZSEw8kV1ClCOJF48Q5ZHASmaHWZgwO7uZ6TUhhE/w4kFjvPpF3vwbB9iDgpV0UqnqTndXkEhh0HW/nY3Nre2d3dxefv/g8Oi4cHLaMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb+d++4lrI2L1gJOE+xEdKhEKRtFK943Hcr9QdEvuAmSdeBkpQoZ6v/DVG8QsjbhCJqkxXc9N0J9SjYJJPsv3UsMTysZ0yLuWKhpx408Xp87IpVUGJIy1LYVkof6emNLImEkU2M6I4sisenPxP6+bYlj1p0IlKXLFlovCVBKMyfxvMhCaM5QTSyjTwt5K2IhqytCmk7cheKsvr5NWueRdlyqNSrFWzeLIwTlcwBV4cAM1uIM6NIHBEJ7hFd4c6bw4787HsnXDyWbO4A+czx/QIo14</latexit>

Q2

moderate

low
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Quark momentum distributions

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

<latexit sha1_base64="2Llz9tcKfhfNCdnybgbEKxRFakk=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2AR6qbMSFE3QtGNywr2Ae04ZNK0Dc1kxiQjLUPBX3HjQhG3foc7/8b0sdDWAxdOzrmX3HuCmDOlHefbyiwtr6yuZddzG5tb2zv27l5NRYkktEoiHslGgBXlTNCqZprTRiwpDgNO60H/euzXH6lULBJ3ehhTL8RdwTqMYG0k3z548NlliwntO/cuMo/C4KQ98O28U3QmQIvEnZE8zFDx7a9WOyJJSIUmHCvVdJ1YeymWmhFOR7lWomiMSR93adNQgUOqvHSy/ggdG6WNOpE0JTSaqL8nUhwqNQwD0xli3VPz3lj8z2smunPhpUzEiaaCTD/qJBzpCI2zQG0mKdF8aAgmkpldEelhiYk2ieVMCO78yYukdlp0z4ql21K+fDWLIwuHcAQFcOEcynADFagCgRSe4RXerCfrxXq3PqatGWs2sw9/YH3+AMxclL8=</latexit>

qi =

Z 1

0
qi(x)dx

Total contribution to nucleon 
momentum from ith quark flavor. 

<latexit sha1_base64="eD556gdZjUttNZwNTlJoBo7Rclc="></latexit>

F1(x) =
1

2

X

i=u,d,s

e2i (qi(x) + qi(x))

Scaling Scaling predictions
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What about nucleon spin distributions?

Ø Two spin-dependent structure functions,  

<latexit sha1_base64="CmY16wPRyRZXXji1RPobmhbIZTs=">AAACGXicbVDLSgMxFM3UV62vUZdugkWoC8uMFHUjFHXhsoJ9QDsOmTTThmYyY5KxlqG/4cZfceNCEZe68m9MpxW09UDIybn3cHOPFzEqlWV9GZm5+YXFpexybmV1bX3D3NyqyTAWmFRxyELR8JAkjHJSVVQx0ogEQYHHSN3rnY/q9TsiJA35tRpExAlQh1OfYqS05JpW64IwheCtSwv3+6f6umnFERIi7Os3PEiFdtjnP5Jr5q2ilQLOEntC8mCCimt+aD+OA8IVZkjKpm1FykmQUBQzMsy1YkkihHuoQ5qachQQ6STpZkO4p5U29EOhD1cwVX87EhRIOQg83Rkg1ZXTtZH4X60ZK//ESSiPYkU4Hg/yYwZVCEcxwTYVBCs20ARhQfVfIe4igbDSYeZ0CPb0yrOkdli0j4qlq1K+fDaJIwt2wC4oABscgzK4BBVQBRg8gCfwAl6NR+PZeDPex60ZY+LZBn9gfH4DY4Cf8Q==</latexit>

�qi(x) = q"i (x)� q#i (x)

<latexit sha1_base64="H2U/wdfAx1aE9Gmzu5JF8Jtyxlo="></latexit>

g1(x) =
1

2

X

i=u,d,s

e2i (�qi(x) +�qi(x)) ,

<latexit sha1_base64="W1DKuvewNiL6zAsZKG8uhcrwmGA=">AAACDHicbVDLSgMxFM3UV62vqks3wSLUTZmRom6Eoi5cVrAP6Iwlk2ba0ExmTO5IS+kHuPFX3LhQxK0f4M6/MX2A2nogcDjnXG7u8WPBNdj2l5VaWFxaXkmvZtbWNza3sts7VR0lirIKjUSk6j7RTHDJKsBBsHqsGAl9wWp+92Lk1+6Z0jySN9CPmReStuQBpwSM1Mzm3EsmgOC7Jj9zuYSmfevgHy3fO2z1TMou2GPgeeJMSQ5NUW5mP91WRJOQSaCCaN1w7Bi8AVHAqWDDjJtoFhPaJW3WMFSSkGlvMD5miA+M0sJBpMyTgMfq74kBCbXuh75JhgQ6etYbif95jQSCU2/AZZwAk3SyKEgEhgiPmsEtrhgF0TeEUMXNXzHtEEUomP4ypgRn9uR5Uj0qOMeF4nUxVzqf1pFGe2gf5ZGDTlAJXaEyqiCKHtATekGv1qP1bL1Z75NoyprO7KI/sD6+AZ9Bmhc=</latexit>

�qi =

Z 1

0
�qi(x)dx

Ø Contribution to nucleon spin        
 from ith quark flavor:

g1
p(x, Q2) scaling Averett’s work

Total quark contribution      
to nucleon spin

<latexit sha1_base64="6Hl7xGxZhbT8KfhkjHMKm7DYYKM=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEInkoiRb0IRT14rGg/oAlls920SzebsLsRaugv8eJBEa/+FG/+G7dtDtr6YODx3gwz84KEM6Ud59sqrKyurW8UN0tb2zu7ZXtvv6XiVBLaJDGPZSfAinImaFMzzWknkRRHAaftYHQ99duPVCoWiwc9Tqgf4YFgISNYG6lnl70byjVG3j0bRBhd9uyKU3VmQMvEzUkFcjR69pfXj0kaUaEJx0p1XSfRfoalZoTTSclLFU0wGeEB7RoqcESVn80On6Bjo/RRGEtTQqOZ+nsiw5FS4ygwnRHWQ7XoTcX/vG6qwws/YyJJNRVkvihMOdIxmqaA+kxSovnYEEwkM7ciMsQSE22yKpkQ3MWXl0nrtOqeVWt3tUr9Ko+jCIdwBCfgwjnU4RYa0AQCKTzDK7xZT9aL9W59zFsLVj5zAH9gff4AghWSWg==</latexit>

�⌃ =

<latexit sha1_base64="mNovPIqlvD9y6nSULtEavaiGt9s="></latexit>✓
d�

d⌦dE0

◆"�#
/ g1, g2

sea
quarks

<latexit sha1_base64="4Dy3S65oLaZfAanFEjZ14EBNJhY=">AAACV3icbZFdS8MwFIbTbs45vzq99CY4BGEwWhnqjTDUCy8nug9Yy0jTbAtL05Kkwij7k+LN/oo3mm4VdduBwJvnnJOTvPFjRqWy7YVhFoo7pd3yXmX/4PDo2KqedGWUCEw6OGKR6PtIEkY56SiqGOnHgqDQZ6TnTx+yfO+NCEkj/qpmMfFCNOZ0RDFSGg0t7j4SphB0X+g4RPAO5vsE1nMVwPoPlL/SjfSp2dA0mW+BwTYo53Bo1eyGvQy4KZxc1EAe7aH17gYRTkLCFWZIyoFjx8pLkVAUMzKvuIkkMcJTNCYDLTkKifTSpS9zeKFJAEeR0IsruKR/O1IUSjkLfV0ZIjWR67kMbssNEjW69VLK40QRjleDRgmDKoKZyTCggmDFZlogLKi+K8QTJBBW+isq2gRn/cmbonvVcK4bzedmrXWf21EGZ+AcXAIH3IAWeAJt0AEYfIBPo2AUjYXxZZbM8qrUNPKeU/AvzOo3qByyMA==</latexit>

�⌃ = �u+�d+�s+�u+�d+�s

valence 
  + sea
quarks

<latexit sha1_base64="W8n0RkrPtAQBLovSXn80GU9JWbA=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahQilJKdplwY3LFuwD2hgm00k6dDIJMxOhhIIbf8WNC0Xc+hPu/BunbRBtPXDhzDn3MvceL2ZUKsv6MnJr6xubW/ntws7u3v6BeXjUkVEiMGnjiEWi5yFJGOWkrahipBcLgkKPka43vp753XsiJI34rZrExAlRwKlPMVJacs2TwLVLA56UW3fVizIM3OrPyzWLVsWaA64SOyNFkKHpmp+DYYSTkHCFGZKyb1uxclIkFMWMTAuDRJIY4TEKSF9TjkIinXR+wxSea2UI/Ujo4grO1d8TKQqlnISe7gyRGsllbyb+5/UT5dedlPI4UYTjxUd+wqCK4CwQOKSCYMUmmiAsqN4V4hESCCsdW0GHYC+fvEo61Yp9Wam1asVGPYsjD07BGSgBG1yBBrgBTdAGGDyAJ/ACXo1H49l4M94XrTkjmzkGf2B8fAP0GZUj</latexit>

g1(⌫, Q
2), g2(⌫, Q

2)


