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•   Continuous Electron Beam Accelerator Facility (CEBAF) is located in Newport News, VA.

• Four experimental halls (A, B, 
C and D) receive a recently 
upgraded 12 GeV longitudinally 
polarized electron beam.

• Racetrack design with parallel 
north and south linear 
accelerators that pass the 
beam up to five times.

• CLAS12 located in Hall B.
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CLAS12 (Hall B) Physics Program
• International collaboration with more than 40 

member institutions and 200 full members, 
including many European collaborators.

• CLAS(12) is the world’s only large acceptance 
and high luminosity spectrometer for fixed target 
lepton scattering experiments.

1. Study of the nucleon resonance structure and excited states, c.f. talk by Lucilla Lanza
2. Study of Generalized Parton Distributions (GPDs), (2 +1) D imaging of the proton and 

the study of its gravitational and mechanical structure, c.f. talks by Adam Hoballah, Li Xu 
Sebastian Alvarado and Pierre Chatagnon

3. Study of the Transverse Momentum Dependence (TMDs) and the of 3D structure in 
momentum space.

4. Hadronization in nuclear media, c.f. talk by Hayk Hakobyan
5. Study of J/ψ Photoproduction, LHCb Pentaquarks and Timelike Compton Scattering.
6. Study of meson spectroscopy in search of hybrid mesons
7. Much more!

https://indico.in2p3.fr/event/30430/contributions/157068/
https://indico.in2p3.fr/event/30430/contributions/156483/
https://indico.in2p3.fr/event/30430/contributions/157083/
https://indico.in2p3.fr/event/30430/contributions/157082/
https://indico.in2p3.fr/event/30430/contributions/156481/
https://indico.in2p3.fr/event/30430/contributions/157086/
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CLAS12 Spectrometer

https://www.jlab.org/Hall-B/clas12-web/

• CLAS12: very high luminosity (1034), wide acceptance, low Q2 (higher 
twist measurements)

• Began data taking in Spring 2018 – many “run periods” now available: 
liquid H2, D2, polarized NH3 and ND3 etc. 

• ~10.5 GeV electron beam, longitudinally polarized beam.
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Traditional SIDIS Measurements
• Decades of study have led to detailed mappings of the momentum distribution of partons in the nucleon in 

terms of 1-D and 3-D transverse-momentum dependent parton distribution functions (TMDs). 

• SIDIS measurements rely on the assumption that measured hadrons are produced in the CFR.

• Cross section factorized as a convolution of PDFs and Fragmentation Functions (FFs)1.

M. Anselmino et al., Phys. Lett. B. 706 (2011), 46-52, [hep-ph] 1109.1132

• PDFs
• Confined motion of quarks and gluons inside the nucleus
• Orbital motion of quarks, correlations between quarks and gluons

• Fragmentation Functions
• Probability for a quark to form particular final state particles
• Insight into transverse momenta and polarization  

1. A. Bacchetta et al., JHEP 02 (2007) 093 [hep-ph] 0611265,
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SIDIS Observables at CLAS12

The CLAS12 physics program will have 
access to the full SIDIS cross section 
including all observables in a variety of 
flavors. 
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TMDs from Single Hadron Production

S. Diehl et al., Phys. Rev. Lett., 128, 062005, (2022), [hep:ex] 2101.03544

ep → e’π+X

Q2 = 2.02 GeV2

Q2 = 1.71 GeV2

First high-precision multidimensional study: important for constraints of PDFs.
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Flavor Effects in Single Pion SIDIS

π-π0π+

model 2 prediction

è Asymmetry from struck u-quark

S. Diehl et al.



• Goal: study the non-perturbative QCD dynamics in 3D space in details. 

• Accurate physics interpretation requires separating multiple structure functions within a multidimensional space, 
with controlled systematics and careful evaluation of theoretical assumptions on non-perturbative quantities.
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Understanding QCD, from observables to dynamics

hard part

<latexit sha1_base64="Ic4V0BjB/Zbic2dr6cTDCQ2SF+U=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBahC6lJKeqy4MZlC/YBTQyT6SQdOpmEmYlQQsWNv+LGhSJu/Ql3/o3TNgttPXDhcM693HuPnzAqlWV9G4WV1bX1jeJmaWt7Z3fP3D/oyDgVmLRxzGLR85EkjHLSVlQx0ksEQZHPSNcfXU/97j0Rksb8Vo0T4kYo5DSgGCkteeZR664GnTCE9tnDyHMSIpLzFnQYg7Znlq2qNQNcJnZOyiBH0zO/nEGM04hwhRmSsm9biXIzJBTFjExKTipJgvAIhaSvKUcRkW42+2ECT7UygEEsdHEFZ+rviQxFUo4jX3dGSA3lojcV//P6qQqu3IzyJFWE4/miIGVQxXAaCBxQQbBiY00QFlTfCvEQCYSVjq2kQ7AXX14mnVrVvqjWW/Vyo5LHUQTH4ARUgA0uQQPcgCZoAwwewTN4BW/Gk/FivBsf89aCkc8cgj8wPn8ABE2Vxg==</latexit>

Q2 � 1, k?/Q ⌧ 1

A. Bacchetta et al., JHEP 0702, 093 (2007). • Factorization allows the description using TMD-PDFs and TMD FFs.
• When there is disagreement:

• Factorization is broken…? 😥
• Unaccounted terms may contribute… 🧐

Theory should account for them… or

Experiment should measure and exclude them!
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Differences between multidimensional analysis and theory

model 1 (Mao et al., EPJ C 73)

model 2 (Mao et al., EPJ C 74)

eH1
┴ g┴D1

model 3 eH1
┴ (Schweitzer et al.)

S. Diehl et. al (CLAS collab.), Phys. Rev. Lett. 128, 062005 (2022)

è Proton = active quark 
plus spectator scalar 
and axial-vector diquarks

è e(x) based on the chiral 
quark soliton model

in total: 344 bins  x 12 bins in ϕ
~ 4130 BSA bins

• Certain regions of 
multidimensional analysis 
agree well with predictions 
while others clearly 
diverge (typically low PT 
and high z). 
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Quark-gluon correlations; Impact of VMs

GPD

DA

G. Matousek (Duke) & N. Trotta (UCONN)

• Understanding of the SSAs of VMs is critical for interpretation of pion SIDIS.
• The fraction of diffractive mesons increases with energy.
• At large xB the diffractive processes are suppressed by the minimum t.
• Fully evaluating the effect diffractive mesons have on the extraction of TMDs 

will be critical for EIC studies.

• A TMD based description is valid only for pions from
current fragmentation BUT the epX sample also contains
pions from exclusive processes.

Comparison to r0 indicates where the “diffractive” events 
are appearing. There are separate dynamical 
contributions with wildly different azimuthal moments that 
complicate the picture. Which kinematic regions are 
contributing to the measurements in single pion 
observables?

COMPASS 2h

CLAS12 2h

Q2=3 GeV2
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The Neglected Other Hemisphere – Target Fragmentation

• Final state hadrons also form from the left-over target remnant (TFR) whose partonic structure is defined by 
“fracture functions”1,2: the probability for the target remnant to form a certain hadron given a particular 
ejected quark.

• In the TFR, factorization into xB and z does not hold because it is not possible to separate quark emission 
from hadron production. Many ramifications!

The spectator 
partons are 
interesting too!

1. L. Trentadue and G. Veneziano, Phys. Lett. B323 (1994) 201,
2. M. Anselmino et al., Phys. Lett. B. 699 (2011), 108-118, [hep-ph] 1102.4214
3. TFR/CFR Fig. from EIC Yellow Report, (2021) [physics.ins-det] 2103.05419

M. Anselmino et al., Phys. Lett. B. 706 (2011), 46-52, [hep-ph] 1109.1132
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Separating the Target and Current Regimes

• No clear experimental definition of what constitutes current production 
versus target production.

• Fixed target SIDIS experiments lack a clear rapidity gap.
• Structure functions, with different production mechanisms in both regions, 

give a possible clue.
• Odd-function (sine) modulations exhibit a sign flip around the transition 

from target to current fragmentation.
• The positive(negative) sign of twist-3 SSAs defines the CFR(TFR) 

dominance.

~TFR ~SR ~CFR Boundaries channel and 
experiment dependent

Further reading: M. Boglione et al., JHEP 10 (2019) 122, 2019, [hep-ph] 1904.12882
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Back-to-back (dSIDIS) Formalism
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• When two hadrons are produced “back-to-back”1,2 with one in the CFR and one in the TFR the 
structure function contains a convolution of a fracture function and a fragmentation function.

• Leading twist beam(target)-spin asymmetry.

1. M. Anselmino et al., Phys. Lett. B. 706 (2011), 46-52, [hep-ph] 1109.1132
2. M. Anselmino et al., Phys. Lett. B. 713 (2012), 317-320, [hep-ph] 1112.2604
3. H. Avakian and T.B. Hayward, Phys. Rev. Lett. 130 (2023) 2, 022501, 2208.05086 [hep-ex]

H. Avakian and T.B. Hayward, Phys. Rev. Lett. 130 (2023) 2, 022501, 2208.05086 [hep-ex]

First measurement sensitive to TMD Fracture Functions

Unique access to longitudinally polarized quarks in 
unpolarized nucleons… no corresponding PDF! 
Reverse situation in target-spin asymmetry (which 
uniquely has no depolarization, similar to Sivers)
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Semi-exclusive measurements
• The dSIDIS/semi-exclusive measurements with target fragment detected not only allow 

access to new physics observables but also enables the explicit removal of vector meson 
contributions to the single hadron channels 

• (possible alternative method; implicit subtraction via MC c.f. COMPASS: NPB 956 (2020)115039 [hep:ex] 1912.10322 ).

• Earlier observed tendency for p+ results in certain kinematics can easily be explained by 
contributions of p+ coming from the decay of r0 with higher asymmetries that are not 
removable in single hadron SIDIS.

r0/w

S. Diehl et al., Phys. Rev. Lett., 128, 062005, (2022), [hep:ex] 2101.03544

f2

SIDISDiff+SIDISSIDISDiff+SIDIS

https://arxiv.org/abs/1912.10322
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Helicity TMD (and the effect from r0)
• g1(x,kT) will be heavily kinematically suppressed at EIC.
• JLab22, with extension to higher PT, would be critical for studies 

of g1 in the valance quark region.

3.2.

1. Measurements of epX ALL systematically higher after Mx cut to remove VMs
2. Semi-exclusive e’p+pX with r removed larger than e’p+X double-spin asymmetries
3. Measurements of ALL for “diffractive” r0 indicate very small values (probably negative)

1. Mx > 0 GeV, Mx > 1.35 GeV
Mx(p+) > 1.5 GeV, Mx(p) > 1.35 GeV
Mx(p+) > 1.5 GeV, Mx(p) > 1.35 GeV Exclusivity cuts, zpp > 0.9

Contributions from VM may have caused underestimations of g1!1 10 100 1000

0.0
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0.4

0.6

0.8

1.0 JLAB 10.6 GeV
JLAB 22.0 GeV
EIC 5x41 GeV

EIC 18x275 GeV
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FLL
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(Psuedo ←→ Vector) Exclusive Mesons
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Ē = 2H̃T + ET

Goloskokov & Kroll, Eur. Phys. J. C 65 (2010) 137; [arXiv:0802.0822]

common term; likely dominates at large xB

sin2f, T-T interference (purely chiral odd GPDs)
ALU ~ AUL at high xB; at low xB p+ (shown here) AUL drops sharply; similar behavior for ALU of r

different term, causes low xB divergence 
for ALU of r and AUL of p+
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Summary
• CLAS12 can provide measurements with many orders of magnitude higher 

luminosity than previous experiments while also reliably measuring multiparticle 
final states.

• For interpreting the SIDIS data, it is critical to separate contributions from different 
structure functions in multidimensional space and also to distinguish between 
various production mechanisms within a given structure (including VMs).

• Contributions from diffractive VM challenge the factorized picture of SIDIS. 
Moving towards a “p-free SIDIS” might help address these challenges in 
phenomenology.

• The detection of target fragment baryons opens new avenues for studying the 
partonic structure of nucleons both by introducing new observables and by aiding 
in the separation of VM contributions.

• Many analyses not discussed: pion multiplicities, dihadrons (collinear and TMD, 
all charge combinations), kaons, etc.
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Back up
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Effects of the Kinematic Factor JLab vs EIC
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At the premier EIC luminosity of 
10x275 many observables are 

heavily suppressed.
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<latexit sha1_base64="SQ38Ki8q5XOBbFRcWegHptFkgjk=">AAACAHicdVBNS8NAEN34WetX1IMHL4tF6KkktVi9FRTx4KGCaQtNDJvttl262YTdjVBCLv4VLx4U8erP8Oa/cdtGqKIPBh7vzTAzL4gZlcqyPo2FxaXlldXCWnF9Y3Nr29zZbckoEZg4OGKR6ARIEkY5cRRVjHRiQVAYMNIORucTv31PhKQRv1XjmHghGnDapxgpLfnm/qWfXjvZXepKyt0LwhRy4yHNfLNkVawp4Byp2sdndQvauVICOZq++eH2IpyEhCvMkJRd24qVlyKhKGYkK7qJJDHCIzQgXU05Con00ukDGTzSSg/2I6GLKzhV5ydSFEo5DgPdGSI1lL+9ifiX101U/9RLKY8TRTieLeonDKoITtKAPSoIVmysCcKC6lshHiKBsNKZFXUI35/C/0mrWrFPKrWbWqlRzuMogANwCMrABnXQAFegCRyAQQYewTN4MR6MJ+PVeJu1Lhj5zB74AeP9CyMylrM=</latexit>

F sin��
LU

<latexit sha1_base64="3I3SzCFq4tUcSPf5JYp1ykdx/ag=">AAAB73icdVBNS8NAEJ34WetX1aOXxSL0ICWpxeqtIIgHDxVMW2hD2Ww37dLNJu5uhBL6J7x4UMSrf8eb/8ZtG6GKPhh4vDfDzDw/5kxp2/60lpZXVtfWcxv5za3tnd3C3n5TRYkk1CURj2Tbx4pyJqirmea0HUuKQ5/Tlj+6nPqtByoVi8SdHsfUC/FAsIARrI3UvuqlrntyM+kVinbZngEtkIpzelGzkZMpRcjQ6BU+uv2IJCEVmnCsVMexY+2lWGpGOJ3ku4miMSYjPKAdQwUOqfLS2b0TdGyUPgoiaUpoNFMXJ1IcKjUOfdMZYj1Uv72p+JfXSXRw7qVMxImmgswXBQlHOkLT51GfSUo0HxuCiWTmVkSGWGKiTUR5E8L3p+h/0qyUnbNy9bZarJeyOHJwCEdQAgdqUIdraIALBDg8wjO8WPfWk/Vqvc1bl6xs5gB+wHr/AoAuj44=</latexit>

FUU,L

<latexit sha1_base64="ldsAj9xZ8EoRSdaCNnGQATTVS3A=">AAAB+nicdVBNS8NAEN34WetXqkcvi0XoqSS1WL0VBPHgoYJpC00Mm+22XbrZhN2NUmJ+ihcPinj1l3jz37htI1TRBwOP92aYmRfEjEplWZ/G0vLK6tp6YaO4ubW9s2uW9toySgQmDo5YJLoBkoRRThxFFSPdWBAUBox0gvH51O/cESFpxG/UJCZeiIacDihGSku+Wbrw0ysnu01dSbkbj2jmm2Wras0AF0jNPj5rWNDOlTLI0fLND7cf4SQkXGGGpOzZVqy8FAlFMSNZ0U0kiREeoyHpacpRSKSXzk7P4JFW+nAQCV1cwZm6OJGiUMpJGOjOEKmR/O1Nxb+8XqIGp15KeZwowvF80SBhUEVwmgPsU0GwYhNNEBZU3wrxCAmElU6rqEP4/hT+T9q1qn1SrV/Xy81KHkcBHIBDUAE2aIAmuAQt4AAM7sEjeAYvxoPxZLwab/PWJSOf2Qc/YLx/AaS8lDE=</latexit>

F sin�
LU

<latexit sha1_base64="eazkMzfa+5G6fsZqayewOFopuLo=">AAAB+nicdVBNS8NAEN34WetXqkcvi0XoqSS1WL0VBPHgoYJpC00Mm+22XbrZhN2NUmJ+ihcPinj1l3jz37htI1TRBwOP92aYmRfEjEplWZ/G0vLK6tp6YaO4ubW9s2uW9toySgQmDo5YJLoBkoRRThxFFSPdWBAUBox0gvH51O/cESFpxG/UJCZeiIacDihGSku+WbrwU+cqu01dSbkbj2jmm2Wras0AF0jNPj5rWNDOlTLI0fLND7cf4SQkXGGGpOzZVqy8FAlFMSNZ0U0kiREeoyHpacpRSKSXzk7P4JFW+nAQCV1cwZm6OJGiUMpJGOjOEKmR/O1Nxb+8XqIGp15KeZwowvF80SBhUEVwmgPsU0GwYhNNEBZU3wrxCAmElU6rqEP4/hT+T9q1qn1SrV/Xy81KHkcBHIBDUAE2aIAmuAQt4AAM7sEjeAYvxoPxZLwab/PWJSOf2Qc/YLx/AaTFlDE=</latexit>

F sin�
UL

<latexit sha1_base64="VnodbcS5QIpcU5ojTENnkmkQa20=">AAACBnicdVDLSgMxFM3UV62vqksRgkXoqszUYnVXEMSFiypOW+jUIZOmbWgmE5KMUIZZufFX3LhQxK3f4M6/MX0IVfTAhcM593LvPYFgVGnb/rQyC4tLyyvZ1dza+sbmVn57p6GiWGLi4ohFshUgRRjlxNVUM9ISkqAwYKQZDM/GfvOOSEUjfqNHgnRC1Oe0RzHSRvLz++d+cummt4mnKPfEgPrJtZ94gkiRpqmfL9glewI4R8rO0WnVhs5MKYAZ6n7+w+tGOA4J15ghpdqOLXQnQVJTzEia82JFBMJD1CdtQzkKieokkzdSeGiULuxF0hTXcKLOTyQoVGoUBqYzRHqgfntj8S+vHeveSSehXMSacDxd1IsZ1BEcZwK7VBKs2cgQhCU1t0I8QBJhbZLLmRC+P4X/k0a55ByXKleVQq04iyML9sABKAIHVEENXIA6cAEG9+ARPIMX68F6sl6tt2lrxprN7IIfsN6/AIBKmbw=</latexit>

F
sin�R?
LU

<latexit sha1_base64="hSREIsgVkJBnuZU8/eG5mXz9Wsg=">AAACD3icdVDLSgMxFM3UV62vqks3waLUhWWmFqu7giAuXFSxD+jUIZOmbWgmE5KMUIb5Azf+ihsXirh1686/MX0IVfTAhcM593LvPb5gVGnb/rRSc/MLi0vp5czK6tr6RnZzq67CSGJSwyELZdNHijDKSU1TzUhTSIICn5GGPzgb+Y07IhUN+Y0eCtIOUI/TLsVIG8nL7p978WUtuY1dRXneFX3q9eEhHJP42nMFkSI5SLxszi7YY8AZUnSOTss2dKZKDkxR9bIfbifEUUC4xgwp1XJsodsxkppiRpKMGykiEB6gHmkZylFAVDse/5PAPaN0YDeUpriGY3V2IkaBUsPAN50B0n312xuJf3mtSHdP2jHlItKE48mibsSgDuEoHNihkmDNhoYgLKm5FeI+kghrE2HGhPD9Kfyf1IsF57hQuirlKvlpHGmwA3ZBHjigDCrgAlRBDWBwDx7BM3ixHqwn69V6m7SmrOnMNvgB6/0LeW+cQA==</latexit>

F
sin(�h��R? )
LU

<latexit sha1_base64="lju/WHRKq7oKDDetXwfPRsGMrhI=">AAAB/HicdVDLSsNAFJ34rPVV7dLNYBG6KkktVncFQVxWbNpCE8NkOmmHTiZhZiKEEH/FjQtF3Poh7vwbpw+hih64cDjnXu69x48Zlco0P42V1bX1jc3CVnF7Z3dvv3Rw2JVRIjCxccQi0feRJIxyYiuqGOnHgqDQZ6TnTy6nfu+eCEkj3lFpTNwQjTgNKEZKS16pfOVldie/yxxJuROPqXebe6WKWTNngEukbp1eNE1oLZQKWKDtlT6cYYSTkHCFGZJyYJmxcjMkFMWM5EUnkSRGeIJGZKApRyGRbjY7PocnWhnCIBK6uIIzdXkiQ6GUaejrzhCpsfztTcW/vEGignM3ozxOFOF4vihIGFQRnCYBh1QQrFiqCcKC6lshHiOBsNJ5FXUI35/C/0m3XrPOao2bRqVVXcRRAEfgGFSBBZqgBa5BG9gAgxQ8gmfwYjwYT8ar8TZvXTEWM2XwA8b7FxdIlP8=</latexit>

F sin�S

UT

<latexit sha1_base64="mdTrdYlADYCag4fmI631RVEuRJs=">AAACAHicdVDLSsNAFJ3UV62vqAsXbgaLUBeWpC1WdwVBXFZs2kIbw2Q6bYdOHsxMhBKy8VfcuFDErZ/hzr9x0kaoogfu5XDOvczc44aMCmkYn1puaXlldS2/XtjY3Nre0Xf32iKIOCYWDljAuy4ShFGfWJJKRrohJ8hzGem4k8vU79wTLmjgt+Q0JLaHRj4dUoykkhz94MqJrVZyF5eq/XBMT9Pm3J4kjl40ysYMcIFUzOpF3YBmphRBhqajf/QHAY484kvMkBA90wilHSMuKWYkKfQjQUKEJ2hEeor6yCPCjmcHJPBYKQM4DLgqX8KZurgRI0+IqeeqSQ/JsfjtpeJfXi+Sw3M7pn4YSeLj+UPDiEEZwDQNOKCcYMmmiiDMqforxGPEEZYqs4IK4ftS+D9pV8rmWbl2Uys2SlkceXAIjkAJmKAOGuAaNIEFMEjAI3gGL9qD9qS9am/z0ZyW7eyDH9DevwDCtpXP</latexit>

F (3���S)
UT

<latexit sha1_base64="lju/WHRKq7oKDDetXwfPRsGMrhI=">AAAB/HicdVDLSsNAFJ34rPVV7dLNYBG6KkktVncFQVxWbNpCE8NkOmmHTiZhZiKEEH/FjQtF3Poh7vwbpw+hih64cDjnXu69x48Zlco0P42V1bX1jc3CVnF7Z3dvv3Rw2JVRIjCxccQi0feRJIxyYiuqGOnHgqDQZ6TnTy6nfu+eCEkj3lFpTNwQjTgNKEZKS16pfOVldie/yxxJuROPqXebe6WKWTNngEukbp1eNE1oLZQKWKDtlT6cYYSTkHCFGZJyYJmxcjMkFMWM5EUnkSRGeIJGZKApRyGRbjY7PocnWhnCIBK6uIIzdXkiQ6GUaejrzhCpsfztTcW/vEGignM3ozxOFOF4vihIGFQRnCYBh1QQrFiqCcKC6lshHiOBsNJ5FXUI35/C/0m3XrPOao2bRqVVXcRRAEfgGFSBBZqgBa5BG9gAgxQ8gmfwYjwYT8ar8TZvXTEWM2XwA8b7FxdIlP8=</latexit>

F sin�S

UT

<latexit sha1_base64="FpvHb00YlFKVDrJgEIEFVXLJTdo=">AAAB+nicdVDLSsNAFJ3UV62vVJduBovQVUlqsborCOKiiwr2AU0Mk+m0HTqZhJmJUmI+xY0LRdz6Je78G6dthCp64MLhnHu59x4/YlQqy/o0ciura+sb+c3C1vbO7p5Z3O/IMBaYtHHIQtHzkSSMctJWVDHSiwRBgc9I159czPzuHRGShvxGTSPiBmjE6ZBipLTkmcVLL2k209vEwaF0ojFNPbNkVaw54BKp2ifndQvamVICGVqe+eEMQhwHhCvMkJR924qUmyChKGYkLTixJBHCEzQifU05Coh0k/npKTzWygAOQ6GLKzhXlycSFEg5DXzdGSA1lr+9mfiX14/V8MxNKI9iRTheLBrGDKoQznKAAyoIVmyqCcKC6lshHiOBsNJpFXQI35/C/0mnWrFPK7XrWqlRzuLIg0NwBMrABnXQAFegBdoAg3vwCJ7Bi/FgPBmvxtuiNWdkMwfgB4z3L47llCM=</latexit>

F cos�
LL

<latexit sha1_base64="n3Wx6xoxpWQYH3g3zNYEtaQvXvc=">AAACBXicdVDLSgMxFM3UV62vqktdBItQQctMLVZ3BUFcuKjYF7R1yKSZNjSTGZKMUIZu3Pgrblwo4tZ/cOffmGlHqKIH7uVwzr0k9zgBo1KZ5qeRmptfWFxKL2dWVtfWN7KbWw3phwKTOvaZL1oOkoRRTuqKKkZagSDIcxhpOsPz2G/eESGpz2tqFJCuh/qcuhQjpSU7u3thR/Xa4dX4NupIyvOdYECP4mbfHIztbM4smBPAGVK0js/KJrQSJQcSVO3sR6fn49AjXGGGpGxbZqC6ERKKYkbGmU4oSYDwEPVJW1OOPCK70eSKMdzXSg+6vtDFFZyosxsR8qQceY6e9JAayN9eLP7ltUPlnnYjyoNQEY6nD7khg8qHcSSwRwXBio00QVhQ/VeIB0ggrHRwGR3C96Xwf9IoFqyTQum6lKvkkzjSYAfsgTywQBlUwCWogjrA4B48gmfwYjwYT8ar8TYdTRnJzjb4AeP9C5LIl+w=</latexit>

F sin(���S)
UT,L

<latexit sha1_base64="2XZYWv5FFC/2eHm8NJY62GTMDPg=">AAAB+3icdVBNS8NAEN34WetXrEcvi0XoqSS1WL0VBPFYwbSFJobNdtMu3WzC7kYsIX/FiwdFvPpHvPlv3LYRquiDgcd7M8zMCxJGpbKsT2NldW19Y7O0Vd7e2d3bNw8qXRmnAhMHxywW/QBJwignjqKKkX4iCIoCRnrB5HLm9+6JkDTmt2qaEC9CI05DipHSkm9WrvzMcfK7zMWxbLjJmOa+WbXq1hxwiTTs04uWBe1CqYICHd/8cIcxTiPCFWZIyoFtJcrLkFAUM5KX3VSSBOEJGpGBphxFRHrZ/PYcnmhlCMNY6OIKztXliQxFUk6jQHdGSI3lb28m/uUNUhWeexnlSaoIx4tFYcqgiuEsCDikgmDFppogLKi+FeIxEggrHVdZh/D9KfyfdBt1+6zevGlW27UijhI4AsegBmzQAm1wDTrAARg8gEfwDF6M3HgyXo23ReuKUcwcgh8w3r8AIcOUcQ==</latexit>

F cos 2�
UU

<latexit sha1_base64="GXfibtLNaMrMkcMF+IC27eJvUfM=">AAAB+nicdVBNS8NAEN3Ur1q/Uj16WSxCTyWpxeqtIIjHCqYttDFstpt26WYTdjdKifkpXjwo4tVf4s1/47aNUEUfDDzem2Fmnh8zKpVlfRqFldW19Y3iZmlre2d3zyzvd2SUCEwcHLFI9HwkCaOcOIoqRnqxICj0Gen6k4uZ370jQtKI36hpTNwQjTgNKEZKS55ZvvRSx8lu0wGO5CAe08wzK1bNmgMukbp9ct60oJ0rFZCj7Zkfg2GEk5BwhRmSsm9bsXJTJBTFjGSlQSJJjPAEjUhfU45CIt10fnoGj7UyhEEkdHEF5+ryRIpCKaehrztDpMbytzcT//L6iQrO3JTyOFGE48WiIGFQRXCWAxxSQbBiU00QFlTfCvEYCYSVTqukQ/j+FP5POvWafVprXDcqrWoeRxEcgiNQBTZogha4Am3gAAzuwSN4Bi/Gg/FkvBpvi9aCkc8cgB8w3r8Aqw6UNQ==</latexit>

F cos�
UU

<latexit sha1_base64="dHvgzA298iBA1SUFqIbe6Y7IB3g=">AAAB8XicdVDLSgNBEJz1GeMr6tHLYBByCrsxGL0FvHiMYB6YhDA76SRDZmeXmV4xLPkLLx4U8erfePNvnCQrRNGChqKqm+4uP5LCoOt+Oiura+sbm5mt7PbO7t5+7uCwYcJYc6jzUIa65TMDUiioo0AJrUgDC3wJTX98NfOb96CNCNUtTiLoBmyoxEBwhla66yA8YALIp71c3i26c9AlUvLOLisu9VIlT1LUermPTj/kcQAKuWTGtD03wm7CNAouYZrtxAYixsdsCG1LFQvAdJP5xVN6apU+HYTalkI6V5cnEhYYMwl82xkwHJnf3kz8y2vHOLjoJkJFMYLii0WDWFIM6ex92hcaOMqJJYxrYW+lfMQ042hDytoQvj+l/5NGqeidF8s35Xy1kMaRIcfkhBSIRyqkSq5JjdQJJ4o8kmfy4hjnyXl13hatK046c0R+wHn/AjswkTg=</latexit>

etc

<latexit sha1_base64="dHvgzA298iBA1SUFqIbe6Y7IB3g=">AAAB8XicdVDLSgNBEJz1GeMr6tHLYBByCrsxGL0FvHiMYB6YhDA76SRDZmeXmV4xLPkLLx4U8erfePNvnCQrRNGChqKqm+4uP5LCoOt+Oiura+sbm5mt7PbO7t5+7uCwYcJYc6jzUIa65TMDUiioo0AJrUgDC3wJTX98NfOb96CNCNUtTiLoBmyoxEBwhla66yA8YALIp71c3i26c9AlUvLOLisu9VIlT1LUermPTj/kcQAKuWTGtD03wm7CNAouYZrtxAYixsdsCG1LFQvAdJP5xVN6apU+HYTalkI6V5cnEhYYMwl82xkwHJnf3kz8y2vHOLjoJkJFMYLii0WDWFIM6ex92hcaOMqJJYxrYW+lfMQ042hDytoQvj+l/5NGqeidF8s35Xy1kMaRIcfkhBSIRyqkSq5JjdQJJ4o8kmfy4hjnyXl13hatK046c0R+wHn/AjswkTg=</latexit>

etc

<latexit sha1_base64="dHvgzA298iBA1SUFqIbe6Y7IB3g=">AAAB8XicdVDLSgNBEJz1GeMr6tHLYBByCrsxGL0FvHiMYB6YhDA76SRDZmeXmV4xLPkLLx4U8erfePNvnCQrRNGChqKqm+4uP5LCoOt+Oiura+sbm5mt7PbO7t5+7uCwYcJYc6jzUIa65TMDUiioo0AJrUgDC3wJTX98NfOb96CNCNUtTiLoBmyoxEBwhla66yA8YALIp71c3i26c9AlUvLOLisu9VIlT1LUermPTj/kcQAKuWTGtD03wm7CNAouYZrtxAYixsdsCG1LFQvAdJP5xVN6apU+HYTalkI6V5cnEhYYMwl82xkwHJnf3kz8y2vHOLjoJkJFMYLii0WDWFIM6ex92hcaOMqJJYxrYW+lfMQ042hDytoQvj+l/5NGqeidF8s35Xy1kMaRIcfkhBSIRyqkSq5JjdQJJ4o8kmfy4hjnyXl13hatK046c0R+wHn/AjswkTg=</latexit>

etc <latexit sha1_base64="dHvgzA298iBA1SUFqIbe6Y7IB3g=">AAAB8XicdVDLSgNBEJz1GeMr6tHLYBByCrsxGL0FvHiMYB6YhDA76SRDZmeXmV4xLPkLLx4U8erfePNvnCQrRNGChqKqm+4uP5LCoOt+Oiura+sbm5mt7PbO7t5+7uCwYcJYc6jzUIa65TMDUiioo0AJrUgDC3wJTX98NfOb96CNCNUtTiLoBmyoxEBwhla66yA8YALIp71c3i26c9AlUvLOLisu9VIlT1LUermPTj/kcQAKuWTGtD03wm7CNAouYZrtxAYixsdsCG1LFQvAdJP5xVN6apU+HYTalkI6V5cnEhYYMwl82xkwHJnf3kz8y2vHOLjoJkJFMYLii0WDWFIM6ex92hcaOMqJJYxrYW+lfMQ042hDytoQvj+l/5NGqeidF8s35Xy1kMaRIcfkhBSIRyqkSq5JjdQJJ4o8kmfy4hjnyXl13hatK046c0R+wHn/AjswkTg=</latexit>

etc

x=0.3
z=0.7
PT=0.3

EIC 18x275
y>0.01 

JLAB24

JLAB12

EIC 5x41
y>0.05

Access to several key SIDIS/TMD objects will be extremely difficult to measure at higher energy experiments, 
while others will have similar magnitudes across different energies, strengthening their interpretation.
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Particle Identification
• Electron

• Electromagnetic calorimeter.
• Cherenkov detector.

Forward Calorimeter
sampling fraction for electrons

FTOF particle identification

• Hadron
• b vs p comparison between vertex timing and 

event start time using forward and central time 
of flight systems (~100 ps resolution)

Pions
Kaons

Protons
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Unpolarized Multiplicities of ep → eπX

• Next to leading twist: Sensitive to the Cahn Effect
• 4-D measurements [Q2, y, z, PT] for pion SIDIS
• 5-D bayesian unfolding (acceptance corrections)

è Leading twist

π0 Analysis by M. 
Scott/V. Klimenko

The π0 pT2 integrated multiplicities 
have been extracted and shown to be 
inline with the MAPFF⊗CT10nlo 
leading order predictions.

π+ Analysis by Richard Capobianco
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Kaon SIDIS
eK+X

A. Kripko, S. Diehl  (JLU Giessen)

model 1 (Mao et al., EPJ C 73)

model 2 (Mao et al., EPJ C 74)

π+K+

Kaon sample

Deep neural network
TOF only

For Kaon SIDIS: Kaon PID 
based on a deep neural network

• Reasonable assumption of u-
quark dominance

• Differences either from 
fragmentation functions or 
distinct VM contributions 
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TMD Dihadron Fragmentation Functions

24
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Twist 2, f1(x)⌦G?|`,m>
1

T. B. Hayward et al., Phys. Rev. Lett., 126, 152501, (2021), hep:ex/2101.04842

ep → e’π+π-X ep → e’π+π-X

• Dihadron studies allow for the existence of 
FFs with no single hadron analog. 

• G1
⊥ describes the azimuthal dependence of 

an unpolarized hadron pair on the helicity of 
the struck quark.

• First ever observation.

• Spin-azimuthal correlations in hadron pair production are very significant.
• Hadron pairs in SIDIS (from JLab to LHC) are dominated by VM decays.

“clasdis” MC
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TFR Single Spin Asymmetries with Polarized NH3

1. epX sample, Mx > 1.35 GeV (“VM free”)
2. Near identical magnitude for FLU and FUL.
3. Twist-3 observables; simpler tensor 

structure in TFR.

unpolarized quarks 
in a longitudinally 
polarized proton

longitudinally polarized  
quarks in an 
unpolarized proton

A. Bacchetta et al., JHEP 0702, 093 (2007).

Situation in CFR more complicated
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Where is there disagreement? 
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SIDIS cross section: separating FUU,L
Semi-Inclusive:

Hall-C E12-06-104
E12-23-014

Hall-B E12-16-010C

ratio  of longitudinal and 
transverse photon flux

1 10 100 1000

0.0

0.2

0.4

0.6

0.8

1.0

JLAB 10.6 GeV
JLAB 22.0 GeV
EIC 5x41 GeV

EIC 18x275 GeV

• At higher energies longitudinal photon contributions are 
kinematically enhanced (at EIC 5 times bigger at Q2~10 )

• JLab studies critical for EIC data interpretation

Separation of contributions from longitudinal and transverse photons critical for interpretation
R=FUU,L/FUU,T depend on the process

Wide e-coverage needed!
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Potential Ambiguities

M. Anselmino et al., Phys. Lett. B. 699 (2011), 108-118, [hep-ph] 1102.4214

û?
1T

The same azimuthal asymmetries can 
appear in both the CFR and TFR 
complicating their interpretation… 

… while some asymmetries uniquely appear in a single 
kinematic region, strengthening their interpretation.

Sivers-like modulation!
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Potential Ambiguities; An Example

COMPASS data from Eur. Phys. J. C64, 171-179 (2009)
CFR+TFR analysis by X. Zhao, T. Liu, Y. Zhou, SPIN-2023

• The self analyzing Λ-baryon decay allows for the targeted extraction of information on polarization 
transfer from struck quark to produced hadrons.

• The spin-transfer coefficient, DLL, serves as a stringent test for QCD (Quantum Chromodynamics) 
predictions, especially those involving polarized parton distributions and fragmentation functions. 

Target fragmentation contribution!

https://indico.jlab.org/event/663/contributions/12845/
https://indico.jlab.org/event/663/contributions/12845/
https://indico.jlab.org/event/663/contributions/12845/
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Categorizing Fracture Functions
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M. Anselmino et al., Phys. Lett. B. 706 (2011), 46-52, [hep-ph] 1109.1132

• At leading twist fracture functions exist that can be organized into tables of 
quark and nucleon polarizations just like the more familiar PDFs.

• Access to both kT and pT effects gives 2 x 8 = 16 FrFs.

CFR TFR
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Analog to PDFs; Momentum Sum Rules

Quark polarization
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M. Anselmino et al., Phys. Lett. B. 706 (2011), 46-52, [hep-ph] 1109.1132

• A direct relationship exists to the eight leading twist PDFs after the fracture functions are integrated over the 
fractional longitudinal nucleon momentum, ζ.

CFR TFR
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M. Anselmino et al., Phys. Lett. B. 699 (2011), 108, [hep-ph] 1102.4214

Unpolarized PDF analog
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Single hadron limitations
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M. Anselmino et al., Phys. Lett. B. 706 (2011), 46-52, [hep-ph] 1109.1132

• FrFs describing transversely polarized quarks are chiral odd and inaccessible in TFR single hadron 
production where there is no access to a chiral odd FF.

• Functions with double superscripts containing h and ⟂ have give the unique possibility of measuring 
longitudinal polarized quarks in unpolarized nucleons (and vice versa) but disappear after 
integration over either momentum.

CFR TFR
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Monte Carlo and Vector Mesons
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• Uncorrelated 
 58.0%

• String fragment                6.8%
• Cluster fragment            <0.1%
• φ → ρπ π+π-π0 <0.1%
• η’ →π+π-η, ρ0γ, ωγ        <0.1%   
• ω → π+π-π0, π+π-            8.8%
• ρ0 → π+π-             24.3%
• η → π+π-π0, π+π-γ           0.8%
• KS → π+π-             0.6%

• SIDIS MC “clasdis”1 based on PEPSI2 generator, the polarized version of the well-known LEPTO3 generator.
• Parameters changed to reproduce observed distributions include average transverse momentum, fraction of 

spin-1 light mesons and fraction of spin-1 strange mesons.
• CLAS12 detector system described in “GEMC”4, a detailed GEANT4 simulation package.

1. H. Avakian, “clasdis.” https://github.com/JeffersonLab/clasdis, 2020. 
2. L. Mankiewicz, A. Schafer, and M. Veltri, “Pepsi: A monte carlo generator for polarized leptoproduction,” Comput. Phys. Commun., vol. 71, pp. 305–318, 1992.
3. G. Ingelman, A. Edin, and J. Rathsman, “LEPTO 6.5: A Monte Carlo generator for deep inelastic 912 lepton - nucleon scattering,” Comput. Phys. Commun., vol. 101, pp. 108–134, 1997.
4. M. Ungaro et al., “The CLAS12 Geant4 simulation,” Nucl. Instrum. Meth. A, vol. 959, p. 163422, 2020.

Data
Monte Carlo

Significant fraction of pions coming from vector mesons!
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p+ double spin asymmetry
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COMPASS LiD BSAs
COMPASS: Nucl. Phys. B, 886, 1046—1077. 2014. [hep-ex] 1401.6284

Low x (low Q2), high z, or low PT show evidence of possible r0 contributions
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Collinear Dihdaron Production
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A. Bacchetta and M. Radici, Phys Rev. D., 67, 094002, (2003). hep:ex/021300
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T. B. Hayward et al., Phys. Rev. Lett., 126, 152501, (2021), [hep:ex] 2101.04842 A. Courtoy et al., Phys. Rev. D., 106, 014027, (2022), [hep:ph] 2203.14975

First measurement of dihadron ALU, first extraction of e(x)
• IFF measured at Belle combined with FLU from CLAS12
• Twist-3 PDF (quark gluon correlations)
• Related to quark contributions to nucleon mass
• ⊥ force on ⊥	polarized quarks in a unpolarized nucleon (similar to Boer-Mulders)

ep → e’π+π-X


