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Nucleon Structure through Generalized Parton Distributions

Nucleon Tomography

H.W. Lin, Phys. Rev. Lett. 127 (2021) 182001.

Contributions to the total nucleon spin

X. Ji, Phys. Rev. Lett. 78,610 (1997)

1. Quark contribution; not the main 
contribution → spin crisis

2. Quark’s orbital angular momentum, 
accessed through GPDs

3. Gluon spin contributions

Gravitational Form Factors

V. D. Burkert et al., Nature 557.7705 (2018): 396

• Mass/energy 
distribution inside 
the nucleon

• Nucleon mass 
radius

• Shear forces and 
pressure 
distributions

<latexit sha1_base64="H7g+ZGBnPH8q31ShfwS6Pfu5Dlo=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBEEpSpLoRClLoskJf0IQwmUzaoZNJmJkIJQTc+CtuXCji1p9w5984fSy09cCFwzn3cu89fsKoVJb1bRTW1jc2t4rbpZ3dvf0D8/CoK+NUYNLBMYtF30eSMMpJR1HFSD8RBEU+Iz1/fDf1ew9ESBrztpokxI3QkNOQYqS05Jknjo9E1sjhLaw6irKAZM3ca182vLZnlq2KNQNcJfaClMECLc/8coIYpxHhCjMk5cC2EuVmSCiKGclLTipJgvAYDclAU44iIt1s9kMOz7USwDAWuriCM/X3RIYiKSeRrzsjpEZy2ZuK/3mDVIU3bkZ5kirC8XxRmDKoYjgNBAZUEKzYRBOEBdW3QjxCAmGlYyvpEOzll1dJt1qxa5Xa/VW5Xl3EUQSn4AxcABtcgzpoghboAAwewTN4BW/Gk/FivBsf89aCsZg5Bn9gfP4AXUOWqw==</latexit>

Ē = 2H̃T + ET

• Generalized Parton Distributions (GPDs) unify form factors and parton 
distribution functions and provide a more complete 3D picture of the 
nucleus.

• Give access to information on the correlations between transverse 
position and longitudinal momentum of quarks and gluons inside the 
nucleus.

• Accessible experimentally through measurements of exclusive 
processes such as Deeply Virtual Compton Scattering (DVCS) or 
Deeply Virtual Meson Production (DVMP).
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Nucleon Structure through (Chiral Odd) Generalized Parton Distributions

<latexit sha1_base64="H7g+ZGBnPH8q31ShfwS6Pfu5Dlo=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBZBEEpSpLoRClLoskJf0IQwmUzaoZNJmJkIJQTc+CtuXCji1p9w5984fSy09cCFwzn3cu89fsKoVJb1bRTW1jc2t4rbpZ3dvf0D8/CoK+NUYNLBMYtF30eSMMpJR1HFSD8RBEU+Iz1/fDf1ew9ESBrztpokxI3QkNOQYqS05Jknjo9E1sjhLaw6irKAZM3ca182vLZnlq2KNQNcJfaClMECLc/8coIYpxHhCjMk5cC2EuVmSCiKGclLTipJgvAYDclAU44iIt1s9kMOz7USwDAWuriCM/X3RIYiKSeRrzsjpEZy2ZuK/3mDVIU3bkZ5kirC8XxRmDKoYjgNBAZUEKzYRBOEBdW3QjxCAmGlYyvpEOzll1dJt1qxa5Xa/VW5Xl3EUQSn4AxcABtcgzpoghboAAwewTN4BW/Gk/FivBsf89aCsZg5Bn9gfP4AXUOWqw==</latexit>

Ē = 2H̃T + ET

• Chiral odd GPDs encode how transversely polarized quark spins 
are distributed in position and momentum inside the nucleon and 
can be directly linked to the nucleon tensor charge and transverse-
spin structure.

• Less experimentally constrained than chiral-even counterparts. 
• Access to flavor dependence and unique isovector combinations 

not accessible in DVCS.
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Transversity Tomography

V. Kubarovsky, IWHSS/QCD-N 2025 (2025).

• Access to transversity/tensor charge
• Tensor charge is a key constraint in 

BSM searches (e.g. b decay, 
supersymmetry, leptoquarks etc.)

A. V. Belitsky and A. V. Radyushkin, Phys. Rept. 418 (2005) 1

Pion Cloud and Chiral Symmetry

H. Gao, The European Physics Journal, Vol 126, 2 (2011).

Flavor Separation

u → d transitions; enables flavor dependent nucleon structure • Access to the pion cloud through the pion pole term;
• Dependent on the pion-nucleon coupling and long-range 

structure of the nucleon (flavor asymmetry, nucleon charge 
radius, axial structure)
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Run Group C Analysis

• Make use of the full RGC inbending statistics (Su22, Fa22, 
Sp23). 

• Dilution factor calculated via simultaneous measurements on C, 
CH2, He-bath and empty target configurations.

• Target polarizations taken from combination of known ALLs 
(elastic and DIS), Pb and Df and solving for Pt.

• Comparison of data with both solenoid settings extensively 
studied with no impact on results observed.

• Leakage of tangentially polarized modulations into longitudinally 
polarized analysis studied with small impacts.
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Dilution Factor Determination

Contribution from Al foils

Contribution from He coolant Contribution from nitrogen in ammonia
Contribution from hydrogen in ammonia

Standalone dilution factor calculation 
by S.E. Kuhn and D. Holmberg.

• Significantly higher dilution factor around the missing 
neutron peak (exclusive p+ can only occur off of a 
proton)

• D(f) internally consistent 
across each epoch. 

• Su22 has a lower D(f) but 
consistent final asymmetries 
suggest this is a real effect 
(likely due to a change in 
packing fraction)

https://clasweb.jlab.org/wiki/images/e/e1/RG-C_Dilution_v2.1.pdf
https://clasweb.jlab.org/wiki/images/e/e1/RG-C_Dilution_v2.1.pdf
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Asymmetry Extraction

BSA TSA DSA

Im(CFF)

Re(CFF)

TL;DR: All five polarized modulations for BSA, TSA 
and DSA are extracted, with unpolarized 
modulations simultaneously constrained by all three 
histograms
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Contribution from tangentially polarized terms

• qg defines the angle between the lepton beam-axis and 
the virtual-photon direction. 

• Because the target is longitudinally polarized along the 
beam it is not completely longitudinally polarized along 
the direction q of the virtual photon.

• Any non-vanishing tangential polarization can produce 
UT-type modulations

<latexit sha1_base64="CHelPcEGnzr8BFR/JMBXtchiY+k=">AAACFXicbVDLSgNBEJz1bXxFPXoZDIIHCbsi6kUQvHiMaFTIxqV30kkGZ3aXmV4hLPkJL/6KFw+KeBW8+TdOHgdfBQ1FVTfdXXGmpCXf//QmJqemZ2bn5ksLi0vLK+XVtUub5kZgXaQqNdcxWFQywTpJUnidGQQdK7yKb08G/tUdGivT5IJ6GTY1dBLZlgLISVF55zwqwgwMKIWqfxN2QGvgR7wWEQ9FakPqIkE00qNyxa/6Q/C/JBiTChujFpU/wlYqco0JCQXWNgI/o2YBhqRQ2C+FucUMxC10sOFoAhptsxh+1edbTmnxdmpcJcSH6veJArS1PR27Tg3Utb+9gfif18ipfdgsZJLlhIkYLWrnilPKBxHxljQoSPUcAWGku5WLrotIkAuy5EIIfr/8l1zuVoP96v7ZXuV4dxzHHNtgm2ybBeyAHbNTVmN1Jtg9e2TP7MV78J68V+9t1DrhjWfW2Q9471+AVZ7/</latexit>

Sω
→ = Pt cos ωω

<latexit sha1_base64="zBQwMrGc5mAOh+FttIwzQR1d7+A=">AAACE3icbVA9axtBEN1zvmzZSS5J6WaxCBgX4k4YJ03A4Calgi3boLscc6uRtGh379idM4iz/oMb/xU3KRJCWjfu/G+ykq6I7TwYeLw3w8y8vFTSURTdB2vPnr94+Wp9o7W59frN2/Dd+1NXVFZgXxSqsOc5OFTSYJ8kKTwvLYLOFZ7l06OFf3aB1snCnNCsxFTD2MiRFEBeysK9y+QCRX08z06+J2PQGi75F97LiCdOmoQmSJCtjCxsR51oCf6UxA1pswa9LLxLhoWoNBoSCpwbxFFJaQ2WpFA4byWVwxLEFMY48NSARpfWy5/m/KNXhnxUWF+G+FL9d6IG7dxM575TA03cY28h/s8bVDT6nNbSlBWhEatFo0pxKvgiID6UFgWpmScgrPS3cjEBC4J8jC0fQvz45afktNuJDzoH3/bbh90mjnW2zXbYLovZJ3bIvrIe6zPBrtgN+8l+BdfBj+B38GfVuhY0Mx/YAwS3fwH12p4t</latexit>

|ωSω
T | = Pt sin εω

<latexit sha1_base64="NOML2ARaNNtBM5LkRSiwLu6JGHg=">AAACAnicbZDNSsNAFIUn9a/Wv6grcTNYBFclKVJdVty4rNC0hSaGyXTSDp1MwsxEKCG48VXcuFDErU/hzrdx2kbQ1gMDH+fey517goRRqSzryyitrK6tb5Q3K1vbO7t75v5BR8apwMTBMYtFL0CSMMqJo6hipJcIgqKAkW4wvp7Wu/dESBrztpokxIvQkNOQYqS05ZtHV37mtPO7zJWUu8mI5j/gm1WrZs0El8EuoAoKtXzz0x3EOI0IV5ghKfu2lSgvQ0JRzEhecVNJEoTHaEj6GjmKiPSy2Qk5PNXOAIax0I8rOHN/T2QoknISBbozQmokF2tT879aP1XhpZdRnqSKcDxfFKYMqhhO84ADKghWbKIBYUH1XyEeIYGw0qlVdAj24snL0KnX7EatcXtebdaLOMrgGJyAM2CDC9AEN6AFHIDBA3gCL+DVeDSejTfjfd5aMoqZQ/BHxsc361qXvQ==</latexit>

Asinω
UT sinω
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Introduction of “AUT” 
• If a sin(qg) AUTsin(f) term is included directly it will be nearly collinear with the ordinary sin(f) basis.

• Compute weighted mean and charge weighted width of distribution

• Define the centered unitless shape 

• First term renormalizes the AULsin(f) amplitude, second term carries the genuine shape of the “Atg”

• Rewrite original modulation 

• Plug back into TSA 

<latexit sha1_base64="THC2k/1dkI8/UvdZ56fqiYLsL+g="></latexit>

m =

∑
i wimi∑
wi

; ω2
w =

∑
i wi(mi →m)2∑

i wi

<latexit sha1_base64="NhC/QbvxmqC6f1ulhXnzwpsKR5U="></latexit>

mi(ω) → ↑sin εω↓εi
<latexit sha1_base64="vKLl74CZOLFEIKWb+9SfeCiXVRo="></latexit>

=
[
Asinω

UL +Atgmi(ω)
]
sinω+Asin 2ω

UL sin 2ω

<latexit sha1_base64="to9KlmFRO2IBx8CfwwmgwA9ZE2s="></latexit>

mi(ω) sinω = [m+ εwm
c
i (ω)] sinω

<latexit sha1_base64="/pW/383UYPqAKRBJpiURNx0W1rw="></latexit>

Asinω
UL sinω+Atgmi sinω+Asin 2ω

UL sin 2ω = Asinω
UL +Atg [m+ εwm

c
i (ω)] sinω

<latexit sha1_base64="7chjyPNgX/9uM/eBMuF/AXHUnvw="></latexit>

=
[
Asinω

UL +Atgm
]
sinω+Atgεwm

c
i (ω) sinω+Asin 2ω

UL sin 2ω

<latexit sha1_base64="6/YhEx56g5PeQhndV+taEeJw6zY="></latexit>

Asinω
UL sinω+Asin 2ω

UL sin 2ω → Asinω
UL sinω+Atgmi(ω) sinω+Asin 2ω

UL sin 2ω

<latexit sha1_base64="zRlaoqHU/jo80QQ/zKleesvLFJo=">AAACFXicbVDLSgMxFM34rPVVdekmWISKUmaKVJcFNy4r2Ad0hiGT3rahycyYZApl6E+48VfcuFDEreDOvzFtZ6GtBwKHc85Nck8Qc6a0bX9bK6tr6xubua389s7u3n7h4LCpokRSaNCIR7IdEAWchdDQTHNoxxKICDi0guHN1G+NQCoWhfd6HIMnSD9kPUaJNpJfuBAlNx6wM+zCQ8JG2I1MenpZKib4HLtd4Jr4WcgvFO2yPQNeJk5GiihD3S98ud2IJgJCTTlRquPYsfZSIjWjHCZ5N1EQEzokfegYGhIByktnW03wqVG6uBdJc0KNZ+rviZQIpcYiMElB9EAtelPxP6+T6N61l7IwTjSEdP5QL+FYR3haEe4yCVTzsSGESmb+iumASEK1KTJvSnAWV14mzUrZqZard5fFWiWrI4eO0QkqIQddoRq6RXXUQBQ9omf0it6sJ+vFerc+5tEVK5s5Qn9gff4AMt+eLw==</latexit>

m(ω) → m+ εm(ω)

<latexit sha1_base64="O2ufoEstP6F4peV+TKiKXBJrrRI="></latexit>

mc
i (ω) =

εm(ω)

ϑw
; mc

i (ω) →
mi(ω)↑m

ϑw
; mi(ω) = m+ ϑwm

c
i (ω)
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Additional f shape from m(f)

• sinqg generally increases at the edges 
of f bins.

• If sinqg had been f-independent there 
would be no additional modulation 
effect from the tangential polarization.

• Magnitude of the information about Atg 
is set by the sw (~2-3%).

• If      is not fit, AUL shifts by         <latexit sha1_base64="9Y7efOW+aQZLKkmS73MfwG3+zcI=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi1WXFjcsKthbaECbTSTt0HmFmIoRQf8WNC0Xc+iHu/BsnbRbaemDgcM493DsnShjVxvO+ncra+sbmVnW7trO7t3/gHh71tEwVJl0smVT9CGnCqCBdQw0j/UQRxCNGHqLpTeE/PBKlqRT3JktIwNFY0JhiZKwUuvWhtHaRzvkMXoe5Gc9Ct+E1vTngKvFL0gAlOqH7NRxJnHIiDGZI64HvJSbIkTIUMzKrDVNNEoSnaEwGlgrEiQ7y+fEzeGqVEYylsk8YOFd/J3LEtc54ZCc5MhO97BXif94gNfFVkFORpIYIvFgUpwwaCYsm4Igqgg3LLEFYUXsrxBOkEDa2r5otwV/+8irpnTf9VrN1d9Foe2UdVXAMTsAZ8MElaINb0AFdgEEGnsEreHOenBfn3flYjFacMlMHf+B8/gA5hpUa</latexit>

mAtg
<latexit sha1_base64="nsV404z63V/J03CWNlLvgwBgv5A=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseKF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2il1k0/w+G0X664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzaKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjMXicDoTlDObGEMi3srYSNqKYMbUAlG4K3/PIqaV1UvVq1dn9Zqbt5HEU4gVM4Bw+uoA530IAmMHiEZ3iFNyd2Xpx352PRWnDymWP4A+fzB6MSjyI=</latexit>

Atg
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Fits including Atg in TSA

• When included in the fit a small, 
possibly positive, contribution 
appears for the Atg term.

• Little to no effect on the regular AUL 
amplitudes.

• For <sinqg> ~ 0.23 and Atg ~ 0.03 
then DAUL ~ 0.007, i.e. a percent 
effect on the total magnitude.
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BSA

hM = -1 for pseudoscalar mesons

1 23 4 3
1) Helicity-conserving longitudinal amplitude built primarily from       , encodes the quark 

helicity transverse distribution
2) Nucleon helicity-flip longitudinal amplitude built from      ; describes how axial charge 

(helicity density) is displaced when the nucleon flips its spin
3) Describes the transverse shift of quarks with a given transverse spin inside an 

unpolarized nucleon, analogous to sideways shift from Sivers
4) Generalized transversity GPD (reduces to h1(x) in the forward limit), encodes 

information on the correlation between transversely-polarized quarks in a 
transversely-polarized nucleon

<latexit sha1_base64="l0rIqLf1vGROFUtvAEbM8A+IGn8=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1ISkeqyIIIboYJ9QBPLZHLTDp08mJkIJQT8FTcuFHHrd7jzb5y2WWjrgYHDOfdyzxwv4Uwqy/o2SkvLK6tr5fXKxubW9o65u9eWcSootGjMY9H1iATOImgppjh0EwEk9Dh0vNHVxO88gpAsju7VOAE3JIOIBYwSpaW+eeAoxn3InJCoISU8u87zh9u+WbVq1hR4kdgFqaICzb755fgxTUOIFOVEyp5tJcrNiFCMcsgrTiohIXREBtDTNCIhSDebxs/xsVZ8HMRCv0jhqfp7IyOhlOPQ05OTlHLem4j/eb1UBZduxqIkVRDR2aEg5VjFeNIF9pkAqvhYE0IF01kxHRJBqNKNVXQJ9vyXF0n7rGbXa/W782rjtKijjA7RETpBNrpADXSDmqiFKMrQM3pFb8aT8WK8Gx+z0ZJR7OyjPzA+fwDH+5X2</latexit>

ẼM

Goloskokov & Kroll, Eur. Phys. J. C 65 (2010) 137; [arXiv:0906.0460]

<latexit sha1_base64="cBne+gSAP6YqRpfMgiboeaJECqk=">AAAB8nicbVDLSsNAFJ3UV62vqks3g0VwISFR27osuOlGqGAfkMYymUzaoZMHMzdCCf0MNy4UcevXuPNvnLZBtHrgwuGce7n3Hi8RXIFlfRqFldW19Y3iZmlre2d3r7x/0FFxKilr01jEsucRxQSPWBs4CNZLJCOhJ1jXG1/P/O4Dk4rH0R1MEuaGZBjxgFMCWnL6wIXPsub0/mZQrlimNQe2zJpVv6hW8bdi56SCcrQG5Y++H9M0ZBFQQZRybCsBNyMSOBVsWuqniiWEjsmQOZpGJGTKzeYnT/GJVnwcxFJXBHiu/pzISKjUJPR0Z0hgpJa9mfif56QQXLkZj5IUWEQXi4JUYIjx7H/sc8koiIkmhEqub8V0RCShoFMq6RDs5Zf/ks65adfM2u1lpXGWx1FER+gYnSIb1VEDNVELtRFFMXpEz+jFAOPJeDXeFq0FI585RL9gvH8Bcd6RUA==</latexit>

H̃
M

3/11/26
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Twist-3 TSA

hM = -1 for pseudoscalar mesons

6 23451
5) Partner to HT, akin to pretzelosity, associated with quadrupole deformation in the 
distribution of quark transverse spin when the nucleon is transversely polarized  

6) 

Goloskokov & Kroll, Eur. Phys. J. C 65 (2010) 137; [arXiv:0906.0460]

3/11/26

<latexit sha1_base64="IWXqDqxVZm2ZYP6EmTIahmNzQsM=">AAACCnicbVDLSgMxFM3UV62vqks30SIIyjBT+1wIBSl0WaEvaMuQyaRtaOZBkhHKMGs3/oobF4q49Qvc+Tem7Sy0eiBwOOcebu6xA0aFNIwvLbW2vrG5ld7O7Ozu7R9kD486wg85Jm3sM5/3bCQIox5pSyoZ6QWcINdmpGtPb+d+955wQX2vJWcBGbpo7NERxUgqycqeDnxlz9NRPYY3MD+QlDkkasRWC17CutWysjlDr+bNarEIDf26UCmbVUWMBaCZkBxI0LSynwPHx6FLPIkZEqJvGoEcRohLihmJM4NQkADhKRqTvqIecokYRotTYniuFAeOfK6eJ+FC/ZmIkCvEzLXVpIvkRKx6c/E/rx/KUWUYUS8IJfHwctEoZFD6cN4LdCgnWLKZIghzqv4K8QRxhKVqL6NKMFdP/ks6ed0s6aW7Qq52ldSRBifgDFwAE5RBDTRAE7QBBg/gCbyAV+1Re9betPflaEpLMsfgF7SPb77dmZk=</latexit>

E = 2H̃T + ET
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TT Interference

• The sin2f TSA is TT interference, built purely from chiral-odd GPDs 
(as opposed to the LT asymmetries being generated from 
interference between chiral-even and chiral-odd GPDs).

• Clear nonzero asymmetry indicates nonzero chiral-odd GPDs. In 
particular:

<latexit sha1_base64="tWrCslexJiR2toGFxJchq9hhaNE=">AAAB/XicbVDLSsNAFJ3UV62v+ti5GSyCq5KIVJcFN90IFfqCpobJ5KYdOpnEmYlQQ/FX3LhQxK3/4c6/cfpYaOuBC4dz7uXee/yEM6Vt+9vKrayurW/kNwtb2zu7e8X9g5aKU0mhSWMey45PFHAmoKmZ5tBJJJDI59D2h9cTv/0AUrFYNPQogV5E+oKFjBJtJK945GrGA8hqY69xd4NdAffY9oolu2xPgZeJMyclNEfdK365QUzTCISmnCjVdexE9zIiNaMcxgU3VZAQOiR96BoqSASql02vH+NTowQ4jKUpofFU/T2RkUipUeSbzojogVr0JuJ/XjfV4VUvYyJJNQg6WxSmHOsYT6LAAZNANR8ZQqhk5lZMB0QSqk1gBROCs/jyMmmdl51KuXJ7Uara8zjy6BidoDPkoEtURTVUR01E0SN6Rq/ozXqyXqx362PWmrPmM4foD6zPH3WUlIg=</latexit>

H̃
M
T →= 0

<latexit sha1_base64="viI0DKtGTxN+lhn5O3MyDDwsww0=">AAACEXicbVDLSgMxFM3UV62vUZdugkXopmWmSHVZEKEboUJf0JkOmTTThmYyY5IRy9BfcOOvuHGhiFt37vwb08dCWw9c7uGce0nu8WNGpbKsbyOztr6xuZXdzu3s7u0fmIdHLRklApMmjlgkOj6ShFFOmooqRjqxICj0GWn7o6up374nQtKIN9Q4Jm6IBpwGFCOlJc8s1LxG7wYWoRMIhFPngU5Su6hbrzyB1zPP4eQOWp6Zt0rWDHCV2AuSBwvUPfPL6Uc4CQlXmCEpu7YVKzdFQlHMyCTnJJLECI/QgHQ15Sgk0k1nF03gmVb6MIiELq7gTP29kaJQynHo68kQqaFc9qbif143UcGlm1IeJ4pwPH8oSBhUEZzGA/tUEKzYWBOEBdV/hXiIdDRKh5jTIdjLJ6+SVrlkV0qV2/N81VrEkQUn4BQUgA0uQBXUQB00AQaP4Bm8gjfjyXgx3o2P+WjGWOwcgz8wPn8AWaKbag==</latexit>

H
M
T → ω

1→ ω2
E

M
T ↑= 0

<latexit sha1_base64="hYyLmbAq10Te1POXNuo6YYs7fZg="></latexit>

phase

(
H

M
T → ω

1→ ω2
E

M
T

)
↑= phase

(
H̃

M
T

)

• First observation!
• p+ accesses u-d isovector distribution
• u and d quarks show opposite-signed 

quadrupole anisotropy in transverse 
spatial distributions

longitudinal momentum

Goloskokov & Kroll, Eur. Phys. J. C 65 (2010) 137; [arXiv:0906.0460]

spatial distribution
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Model Comparisons to RGC Measurement

Goloskokov & Kroll, Eur. Phys. J. C 65 (2010) 137; [arXiv:0906.0460]

(M. Kerr, MIT)

1. FLUsinf predictions decrease with xB while 
data increases with xB.

2. FULsinf consistently predicted negative 
(like HERMES) while sign flip is 
observed in the data in the valence 
region.

3. FUL
sin2f always predicted negative and 

increasing with –t, as in data.
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Fermi Motion
• Nuclei inside of the nucleus are not at rest but instead occupy quantum states 

up to the Fermi momentum.

• Typical scales of around 100-200 MeV or higher depending on the nuclei 
(heavier nuclei = more momentum).

• In lepton scattering our physics observables depend on kinematics defined by 
the initial and final state particles. For RGA-like experiments the target can be 
safely be considered at rest but not in nuclear experiments. 

• When we incorrectly use p = 0 for the target nucleon we calculate the incorrect 
final kinematics and interpret this as “Fermi smearing” (caused by Fermi 
Motion). 

• This causes, for example, the resolution of missing mass peaks to be much 
worse in carbon compared to liquid hydrogen.

ep → e’(n)p+
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Simulating Fermi Motion
• Starting from the tabulated n(k) distributions a corresponding probability 

density was constructed so that the CDF is

   with normalization N(kmax) = 1. 

• For each event a random number r ∈ [0,1] is chosen and the CDF inverted 
to obtain a momentum magnitude k such that N(k) = r. 

• Convert to conventional units by multiplying by   c ~ 0.1973 GeV fm.

• Finally, an isotropic distribution is generated by drawing f and q uniformly 
on a sphere and forming the unit vector

   such that the simulated Fermi motion is              .
R.B. Wiringa, VMC results using the AV18/UIX Hamiltonian (Argonne v18 + Urbana IX). Numerical results 
obtained from Variational Monte Carlo (VMC) calculations with the AV18/UIX Hamiltonian; provided via A. El 
Alaoui in private correspondence.

AV18 (high precision two-body fit to NN data)/UIX (three-
body forces with correct binding energy and structures) 
Hamiltonian, is solved via variational Monte Carlo 
integration using stochastic sampling to provide nucleon 
momentum n(k) as momentum-space probability densities:

<latexit sha1_base64="6nxf5A8+zLnkNcCF7QNy6yqfwuI=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBHaTUhEqhuhIIgrqWAf0MYwmUzaMZNJmJkIJXTlxl9x40IRt36DO//G6WOhrQcunDnnXube46eMSmXb38bC4tLyymphrbi+sbm1be7sNmWSCUwaOGGJaPtIEkY5aSiqGGmngqDYZ6TlRxcjv/VAhKQJv1WDlLgx6nEaUoyUljzz4LocefcVeA67lCvPvsv1cwgvy1EFBpFnlmzLHgPOE2dKSmCKumd+dYMEZzHhCjMkZcexU+XmSCiKGRkWu5kkKcIR6pGOphzFRLr5+IwhPNJKAMNE6OIKjtXfEzmKpRzEvu6MkerLWW8k/ud1MhWeuTnlaaYIx5OPwoxBlcBRJjCggmDFBpogLKjeFeI+EggrnVxRh+DMnjxPmseWU7WqNyelmjWNowD2wSEoAwecghq4AnXQABg8gmfwCt6MJ+PFeDc+Jq0LxnRmD/yB8fkDCJ+W5Q==</latexit>

N(kj) =

∫ kj

0
F (k)dk

<latexit sha1_base64="Aa0JShYMXd3wWq7L6jPE+QHWAcA=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSS3x+HVA+qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+g2yIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rXqDcermtNt4ijDGdwDpfgwQ004R5a4AMDAc/wCm+Ocl6cd+dj2VpyiplT+APn8wfDe46e</latexit>

⊋

<latexit sha1_base64="cV0eUfwbfZdoCf84yOq/edAES2c=">AAACJ3icbZDLSsNAFIYnXmu9VV26CRahgpREpAqiFNy4rGAv0IQymU6boZNJmDkRSujbuPFV3AgqokvfxEmaRW09MPDz/edw5vxexJkCy/o2lpZXVtfWCxvFza3tnd3S3n5LhbEktElCHsqOhxXlTNAmMOC0E0mKA4/Ttje6Tf32I5WKheIBxhF1AzwUbMAIBo16pRvHx5BEk+uKo5hwwKeAHRIqJ/LZqXM1A1OVw9TP4EmvVLaqVlbmorBzUUZ5NXqlN6cfkjigAgjHSnVtKwI3wRIY4XRSdGJFI0xGeEi7WgocUOUm2Z0T81iTvjkIpX4CzIzOTiQ4UGoceLozwOCreS+F/3ndGAaXbsJEFAMVZLpoEHMTQjMNzewzSQnwsRaYSKb/ahIfS0xAR1vUIdjzJy+K1lnVrlVr9+flejWPo4AO0RGqIBtdoDq6Qw3URAQ9oRf0jj6MZ+PV+DS+pq1LRj5zgP6U8fMLiz+m5w==</latexit>

p̂ = (sin ω cosε, sin ω sinε, cos ω)

<latexit sha1_base64="DZ+debbJZ5sPivjfnXnBQ+5G+Jg=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPJVEpHoRCoJ4rGBtoQlls520SzfJsrsplFDwr3jxoIhXf4c3/42bNgdtfTDw9r0ZduYFgjOlHefbKq2srq1vlDcrW9s7u3v2/sGjSlJJoUUTnshOQBRwFkNLM82hIySQKODQDkY3ud8eg1QsiR/0RIAfkUHMQkaJNlLPPvLGQDMx7d3iayywNyQ6f9lVp+bMgJeJW5AqKtDs2V9eP6FpBLGmnCjVdR2h/YxIzSiHacVLFQhCR2QAXUNjEoHys9n6U3xqlD4OE2kq1nim/p7ISKTUJApMZ0T0UC16ufif1011eOVnLBaphpjOPwpTjnWC8yxwn0mgmk8MIVQysyumQyIJ1SaxignBXTx5mTye19x6rX5/UW04RRxldIxO0Bly0SVqoDvURC1EUYae0St6s56sF+vd+pi3lqxi5hD9gfX5A4X5lSs=</latexit>

ωpF = pp̂

3/11/26
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Smearing Results on RGA

• RGA can be used to validate the smearing effects by 
comparing missing mass distributions reconstructed with 
the target assumed to be at rest and with the target 
assigned a momentum randomly chosen via the 
previously described method.

ep → e’(n)p+

3/11/26
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Migration Effects
• “Migration” can come from many different sources: detector resolution effects, radiative effects, motion in the nuclear medium, etc.

• Detector resolution effects come from imprecise measurements (we use the “incorrect” final state kinematics, e.g. pion polar angle). 

• Radiative effects come from us using the wrong kinematics to reconstruct our event, whether that is before or after interaction with 
the virtual photon (e.g. incoming or outgoing electron momentum).

• Nuclear (“Fermi”) motion comes from using the wrong four-vector for the initial target nucleon. We never measure the target and so 
incorrectly assume the nucleon to be at rest. This is a good assumption for the hydrogen target experiments but is incorrect for the 
nuclear targets. 

• We bin our asymmetries in xB and t. Fermi motion does not strongly affect our reconstruction of these variables, but it can pull down 
events which are more properly in the higher missing mass/non-exclusive region into our data sample. This is critical because the 
physics is very different in that region.

3/11/26

Fermi motion shifts:
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Rough Fermi Motion Size Estimates from Data
• Taking advantage of the en → e’pp- final state where you measure all final state particle (note: that is not all particles!).

• Assumptions/reason for roughness: exclusivity (Mx
2 < 1.07 GeV2; ~80% truth c.f. next slides) and perfect precision.

• Calculate difference in kinematics assuming at rest neutron and calculated neutron momentum.

RGB

RGC ND3

measured p’ momentum

calculated p momentum
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Creation of MC
• clasdis does contain “exclusive” enp+ events but they do not exist at the lowest xB 

values. 

• A dedicated exclusive meson generator, aaogen, was used to simulate exclusive 
p+ events and mix them with clasdis to reproduce the measured ep+X background.

• clasdis built from sample with 10/7 proton/neutron target and then combined with 
aaogen from proton target.

• Both generators were mixed according to

    with w chosen to minimize the bin-to-bin discrepancy between Hmix and the data.
 

aaogen
clasdis

data

<latexit sha1_base64="XjRZu9Y2sfWTZdaZf2/c/DxVRJQ="></latexit>

Hmix(M
2
x) = wHaaogen(M

2
x) + (1→ w)Hclasdis(M

2
x)

3/11/26
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Mx
2 smearing due to Fermi Motion in enp+

3/11/26

signal
background

• Contributions from adjacent missing mass regions can be several percent or higher.
• Size of shift depends on contamination and on the difference between asymmetry values in both regions.
• Single-spin asymmetries ~ 1-2% systematic; double-spin asymmetries ~ 3-5%.
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Effects from Initial and Final State Radiation
• Radiative photons modify the reconstructed virtual photons 4-momentum.

• FSR effects are reduced compared to ISR (lower energy lepton); accounted for to first order by adding the 4-vectors of photons in a cone angle around 

the scattered electron when reconstructing k’. 

• ISR is simulated with an iterative procedure using a photon energy distribution generated from RADGEN. 

FSR photons

physics photons

ep → e’gX
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Estimating ISR
Drad = true physics radiation
Drad’ = simulated RADGEN radiation

simulated additional RADGEN radiation on an event-by-event basis

measured asymmetries
measured asymmetries + additional RADGEN size of radiative correction
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Conclusions
• RGC has been rigorously studied for stability across different run periods and configuration changes. 

• Systematics from radiation, nuclear motion, detector resolution, tangentially polarized target contributions, particle 
identification, etc. have been evaluated.

• The analysis of exclusive p+ production off NH3 is tentatively complete and has entered working group review: 

1. Observation of negative AULsinf for low xB by HERMES is confirmed.

2. First observation of nonzero AULsin2f is observed (TT interference: chiral-odd GPDs, in particular      , confirmed nonzero!).

3. Rich structure function extraction (5+ modulations) and comparison with predictions of GK model predictions allow for deep phenomenological 

study. Constraints with theory predictions set the scale for the contributions of often previously ignored chiral-odd GPDs.

4. Aiming for publication in PRL.
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H̃
M
T

https://www.jlab.org/Hall-B/shifts/index.php?display=admin&task=paper_review&rid=7091961&operation=view
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Results

BSA TSA DSA

• All five accessible polarized structure functions are measured for the ep → e’p+(n) channel in 24 
multidimensional bins in xB and –t’.
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Back up
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HERMES TSA measurements

same sign for p+ and p- (r?)

Phys.Lett.B 562 (2003) 182-192 [hep-ex/0212039]

• The low statistics measurement from HERMES 
shows a large negative asymmetry in the exclusive 
region.

• CLAS(12) BSA measurements had shown positive 
asymmetry. 

• Traditionally BSA ~ TSA.

• Similarly, measurements for exclusive p+ 
and p- were shown to have the same sign.

ep ! e0⇡+n

Phys.Lett.B 535 (2002) 85-92 [hep-ex/0112022] 

https://arxiv.org/pdf/hep-ex/0212039
https://arxiv.org/pdf/hep-ex/0212039
https://arxiv.org/pdf/hep-ex/0212039
https://arxiv.org/pdf/hep-ex/0112022
https://arxiv.org/pdf/hep-ex/0112022
https://arxiv.org/pdf/hep-ex/0112022
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Kinematic Distributions
Binning scheme:
  xB [0.10,0.25,0.35,0.45,0.60]
  -t [0.05,0.15,0.25,0.35,0.45,0.55, 0.65,0.75,0.85,
 0.95,1.05,1.15,1.25]
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Dilution Factors

• asdf

• Dilution factor extracted independently in 
each bin and for each run period.

• Minimal kinematic dependence in xB or –t.
• Dilution factor approximately 40%.
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Run Period Stability
• Asymmetry extraction is performed independently for each run period and then combined. Statistical tests (c2 and p-

test) indicate consistency between all three periods.
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Comparisons to RGA

• RGA and RGC exclusive p+ asymmetries are consistent.
• No strong nuclear effect observed within the precision of 

our measurement.

• The RGA H2 distribution can be suitably 
reconstructed from RGC data by removing 
the nuclear background from the ammonia 
target.
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Comparison between BSA and TSA
• GK model predict negative AUL; we mostly measure positive 

values with AUL~ ALU. 
• Either the GK model underpredicts the C term or over 

predicts the DUL term. The fact that ALU ~ AUL would seem to 
indicate the C term dominates.

• Because the AULsin2f is predicted well (which contain      ,          
and     ), the logical conclusion is that        is being 
underestimated.

reminder:

Goloskokov & Kroll, Eur. Phys. J. C 65 (2010) 137; [arXiv:0906.0460]
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Beam Polarization

• Beam polarization 
determined from Moeller 
measurements taken through 
the run period.

• Su22: 83.84 +/- 0.86%
• Fa22: 83.72 +/- 0.45%
• Sp23: 80.40 +/- 0.61%
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Target Polarization
• N. Pilleux Wiki for elastic analysis for PbPt extraction.

• Elastic analysis leveraging the known ALL in order to determine Pt.

• Two separate DIS analyses have been performed and found to be 
largely consistent. 

exclusivity selection

https://clasweb.jlab.org/wiki/index.php/Elastic_Analysis_for_PbPt_Extraction
https://clasweb.jlab.org/wiki/index.php/Elastic_Analysis_for_PbPt_Extraction
https://clasweb.jlab.org/wiki/index.php/Elastic_Analysis_for_PbPt_Extraction
https://clasweb.jlab.org/wiki/index.php/Elastic_Analysis_for_PbPt_Extraction
https://clasweb.jlab.org/wiki/index.php/Elastic_Analysis_for_PbPt_Extraction
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Depolarization Factors

A. Bacchetta et al., JHEP, vol. 02, p. 093, 2007.

Nearly constant in –t.
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Exclusive Final State

Each xB-t bin’s Mx
2 distribution is 

fit individually to determine cuts.
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Independence of solenoid setting
• RGC Fa22 data with both solenoid settings were investigated separately in each bin and found to return consistent 

asymmetries.
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Acceptance Related Effects
• Non-vanishing mean sin(nf) indicates possible acceptance related 

effects.

• Unfolding the data yields with the clasdis MC does not remove these 

effects (whether because the solenoid “kick” is not fully reflected in MC or 

because clasdis does not model the exclusive p+ channel very well).

• Effect is greatly enhanced at lower -t and largely disappears above -t = 1.

closed circles: solenoid +1
open circles: solenoid -1
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Stability of FLU structure function

example of typical bin
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Stability of FUL and FLL structure functions

example of typical bin
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Binned Results (Requested For Release)
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Integrated Asymmetry (Requested For Release)


