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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 (TMD) parton distribution functions (PDFs). 
• 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.

• 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  

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

1. A. Bacchetta et al., JHEP 02 (2007) 093 [hep-ph] 0611265,
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CFR Sensitive CLAS12 Measurements
• Measurements traditionally focus on factorization theorems and assumption that 

hadrons are produced in current fragmentation.
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• 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 x and z does not hold because it is not possible to separate 
quark emission from hadron production.

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

The Neglected Hemisphere – Target Fragmentation

The spectator 
partons are 
interesting too!
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Potential Ambiguities

M. Anselmino et al., Phys. Lett. B. 699 (2011), 108-118, [hep-ph] 1102.4214
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The same azimuthal asymmetries can 
appear in both the CFR and TFR 
complicating their interpretation… 

… six more azimuthal asymmetries 
appear in the CFR at leading twist 
which are absent in the TFR.
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Categorizing Fracture Functions

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

Sivers analog

Boer-Mulders analog

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

etc. etc.

<latexit sha1_base64="mhTlItfaMDp0T3UmkEmcaeoDioQ=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6sI6U4q6EQpScFnBPqAdhkyaaUMzmSHJiO3Yhb/ixoUibv0Nd/6NaTsLbT1wuYdz7iU3x4sYlcqyvo3M0vLK6lp2PbexubW9Y+7uNWQYC0zqOGShaHlIEkY5qSuqGGlFgqDAY6TpDa4nfvOeCElDfqeGEXEC1OPUpxgpLbnmwahgnz6cwCtYdftnVd07I6KQa+atojUFXCR2SvIgRc01vzrdEMcB4QozJGXbtiLlJEgoihkZ5zqxJBHCA9QjbU05Coh0kun9Y3islS70Q6GLKzhVf28kKJByGHh6MkCqL+e9ifif146Vf+kklEexIhzPHvJjBlUIJ2HALhUEKzbUBGFB9a0Q95FAWOnIcjoEe/7Li6RRKtrnxfJtOV8ppXFkwSE4AgVggwtQATegBuoAg0fwDF7Bm/FkvBjvxsdsNGOkO/vgD4zPH0TTk6s=</latexit>
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Extension to (collinear) twist-3
• Twist-3 fracture functions defined through quark-quark, quark-gluon and pure 

gluonic correlators.

K.B. Chen, J.B. Ma, X.B. Tong (Private correspondence)
c.f. JHEP, vol 11 (2021), [hep-ph] 2108.13582

Additional contributions from quark and 
quark-gluon correlators with transverse 
momentum derivatives…

Twist-2 Collinear twist-3

Already accessible with data 
collected at CLAS12.
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Twist-3 Observables

In the TFR the sin(2ϕ) and cos(2ϕ) modulations appear at twist-4 because there are no appropriate FrFs to 
generate the correct tensor structure.

K.B. Chen, J.B. Ma, X.B. Tong (Private correspondence)
c.f. JHEP, vol 11 (2021), [hep-ph] 2108.13582
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Why fracture functions?
• Sometimes possible to kinematically separate CFR and TFR (some 

jets, high energy DY, etc) … but not always clear (fixed target 
experiments).

• Without an understanding of the signals we expect from target 
fragmentation we may misinterpret results that we expect are from 
the current.

• Studying the TFR tests our complete understanding of the SIDIS 
production mechanism while also providing access to information 
not available in the CFR.

• Access to more familiar TMD/PDFs through momentum sum rules, 
but with different systematics.

10



Can We Separate Target and Current?
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TFR

CFR

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

• Structure functions, with different production 
mechanisms in both regions, give a possible clue.

• Protons (as opposed to mesons) at CLAS12 kinematics 
give a unique opportunity because they have extensive 
coverage in both regions.

ep → e’pX
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Need more theory calculations!

• Sinusoidal modulations (that are probably) coming from the struck quark and the 
spectator partons appear with roughly equal amplitudes but opposite signs.

ep → e’pX



Transverse Momentum Effects
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ep → e’pX

TFR

CFR

0.40 < PT < 0.60

0.60 < PT < 0.80

0.80 < PT < 1.00

0.20 < PT < 0.40

0.00 < PT < 0.20

xF < 0.0

xF > 0.3
CFR

TFR

Strong linear dependence on PT.

Maybe exclusive ρ events sneaking in at low xF?
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Single hadron limitations

Quark polarization
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ûh
1T , û
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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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Back-to-back (dSIDIS) Formalism
• 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

Handbag diagram for dihadron production; lower blob 
contains FrFs and upper blob contains the FFs.Kinematic plane for b2b dihadron production.

• h1 in the CFR with production dictated by the 
fragmentation function

• h2 in the TFR with production dictated by the 
fracture function

• Long range correlation depends on the 
difference in azimuthal angles of both hadrons

<latexit sha1_base64="b96A3H4nwGecEcQsIfqegfuQ5Z0=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKiRS1GXBjcsK9gFNDJPppBk6mQwzEyGE+ituXCji1g9x5984fQj1deDC4Zx7uYcTCUaVdt0Pq7Kyura+Ud2sbW3v7O7Z+wddleUSkw7OWCb7EVKEUU46mmpG+kISlEaM9KLx5dTv3RGpaMZvdCFIkKIRpzHFSBsptOt+gnTJJqF3W/qCSAGTSWg3PMedAbq/yJfVAAu0Q/vdH2Y4TwnXmCGlBp4rdFAiqSlmZFLzc0UEwmM0IgNDOUqJCspZ+Ak8NsoQxpk0wzWcqcsXJUqVKtLIbKZIJ+qnNxX/8ga5ji+CknKRa8Lx/FGcM6gzOG0CDqkkWLPCEIQlNVkhTpBEWJu+assl/E+6p4535jSvm42Ws6ijCg7BETgBHjgHLXAF2qADMCjAA3gCz9a99Wi9WK/z1Yq1uKmDb7DePgHgSJTd</latexit>

l̂?h
1

Unique access to longitudinally polarized quarks in unpolarized 
nucleon… no corresponding PDF!



Access to unmeasured fracture functions
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• x-dependence increases in magnitude in the valance quark region.
• ζ2-dependence shows decreasing amplitude with increasing momenta. 

Possibly due to correlations with x.
• Relatively flat as a function of z1, possibly due to cancellation of 

fragmentation functions.
• First observation of TMD fracture functions and long-range correlations

between current and target. Already working on follow up (negative pion,
deuteron target, more statistics etc.)

16

Paper submitted in few weeks!

ep → e’pπ+X



ALL – The Best of Both Worlds
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At leading twist for the case of a longitudinally 
polarized target and a single hadron produced in 
the TFR, only two terms appear: 
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M. Anselmino et al., Phys. Lett. B. 699 (2011), 108, [hep-ph] 1102.4214

Double Spin Asymmetry: 
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J.J. Ethier et al., Phys. Rev. Lett., 119, (2017), [hep:ph 1705.05889]

1. Single hadron → Highest statistics
2. Leading twist  → Simple interpretation
3. Linked to g1 → easiest test of FrF prediction 



Motivations for JLAB22

• 1) Identify “flagship” measurements that can only be done with 22 GeV

• 2) Identify measurements at 22 GeV that can extend and improve upon 
those done at 12 GeV

• 3) Identify measurements that can help bridge the gap between JLab12 
and EIC

18



Mapping the Q2 dependence

19

All plots xF < 0.

0.25 < x < 0.30

0.35 < x < 0.40

Only about 1/3(1/6) of statistics collected(approved) on H2 with CLAS12!

0.25 < x < 0.30
0.20 < PT < 0.30

0.25 < x < 0.30
0.30 < PT < 0.40

0.25 < x < 0.30
0.40 < PT < 0.50

Onward to 4D

Observing the expected Q2

behavior for subleading
twist objects may require 
high precision 
multidimensional bins… or 
maybe our theory is wrong.

ep → e’pX

• SSAs in single hadron production are twist-3 (M/Q suppression).
• ”Twist 3” asymmetries not behaving as expected (EMC, COMPASS, CLAS12 etc!)
• Proper interpretation of the Q2 dependence is crucial for our understanding of the 

underlying dynamics.



Q2 Extension at JLab22 

20

(

• Studies of the evolution of asymmetries will be critical for validating QCD predictions.
• Further range while maintaining the cutting edge luminosity of CLAS will be crucial for pinning 

down the Q2 dependence of observables.

JLab@10.6 GeV
JLab@22.0 GeV

One hour of run time.
y < 0.80, Mx > 1.35 GeV

45 “PAC Days”



Kinematic Suppression at EIC

21

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

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

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

1 10 100 1000
0.0

0.5

1.0

1.5

2.0

JLAB 10.6 GeV
JLAB 22.0 GeV
EIC 5x41 GeV

EIC 18x275 GeV

At the premier EIC luminosity of 
10x275 many observables are 

heavily suppressed.
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<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



EIC suppression… JLab22 Enhancement
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In addition to ε-dependent suppression, many of these observables are most 
enhanced in the high-x valence quark region.
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Conclusions
• Studies of the transverse momentum dependence of partons by analyzing 

target fragmentation is just beginning.
• Variety of measurements with access to leading and subleading-twist 

observables already available with CLAS12.
• JLab22 would present a significant opportunity to extend coverage to different 

kinematics, most critically higher Q2, while maintaining CLAS12 luminosity. 
• Many TMD measurements at EIC are heavily suppressed and even the ones

that aren’t suffer from decreased luminosity. 
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Thank you!



Back up
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CLAS12 (Hall B) Physics Program
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• International collaboration with more 
than 40 member institutions and 200 
full members.

• 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 at photon virtualities from 2.0 to 12 GeV2

2. Study of Generalized Parton Distributions (GPDs), (2 +1) D imaging of the proton and the study 
of its gravitational and mechanical structure.

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

4. Study of J/ψ Photoproduction, LHCb Pentaquarks and Timelike Compton Scattering.
5. Study of meson spectroscopy in search of hybrid mesons
6. Much more!



CLAS12 Spectrometer
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• CLAS12: very high luminosity, wide acceptance, low Q2

• Began data taking in Spring 2018 – many “run periods” now available.
• 10.6 GeV electron beam, longitudinally polarized beam

V. Burkert et al., Nucl. Instrum. Meth. A 959 (2020) 163419https://www.jlab.org/Hall-B/clas12-web/

DC FTOF

HTCC PCAL/EC
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Particle ID
• Electron

• Electromagnetic calorimeter.
• Cherenkov detector.
• Vertex and fiducial cuts.

Forward Calorimeter
sampling fraction for electrons

TOF particle identification

• Hadron
• b vs p comparison between vertex timing and 

event start time.
• Vertex and fiducial cuts..

Pions
Kaons

Protons
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Monte Carlo
• 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.

• Excellent agreement between data and MC!

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.

ep → e’pπ+X
Data, Monte Carlo

ep → e’pπ+X
Data, Monte Carlo

ep → e’pπ+X
Data, Monte Carlo

ep → e’pπ+X
Data, Monte Carlo
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• Traditional CFR SIDIS measurements describe the hadronic variables in terms of 
transverse momenta and the ratio of hadronic energy to virtual photon energy,

• In the γ∗N center-of-mass zh does not discriminate between soft hadron emission 
(Eh = 0) and collinear target fragmentation (θh = 0),

• Define a new variable,                                , which is 0 only in the case of soft 
hadron emission. Hadron momentum becomes                                       .

• Cross section parameterized in terms of ζ:

z? zh?? ζ??? TFR Hadronic Variables

<latexit sha1_base64="3t83W12PtA8Zlft1tzqP9Bzkwcc=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMQD8ZdCdGLEJCAxwjmAckaZieTZMjs7DIzq8Yl/+HFgyJe/Rdv/o2TZA+aWNBQVHXT3eWFnClt299Waml5ZXUtvZ7Z2Nza3snu7tVVEElCayTggWx6WFHOBK1ppjlthpJi3+O04Q2vJn7jnkrFAnGrRyF1fdwXrMcI1ka6e0KXqNIZnFbyzsnjcSebswv2FGiROAnJQYJqJ/vV7gYk8qnQhGOlWo4dajfGUjPC6TjTjhQNMRniPm0ZKrBPlRtPrx6jI6N0US+QpoRGU/X3RIx9pUa+Zzp9rAdq3puI/3mtSPcu3JiJMNJUkNmiXsSRDtAkAtRlkhLNR4ZgIpm5FZEBlphoE1TGhODMv7xI6mcFp1Qo3hRz5VISRxoO4BDy4MA5lOEaqlADAhKe4RXerAfrxXq3PmatKSuZ2Yc/sD5/AKQCkKE=</latexit>

z = Eh/E(1� x)
<latexit sha1_base64="mhTlItfaMDp0T3UmkEmcaeoDioQ=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR6sI6U4q6EQpScFnBPqAdhkyaaUMzmSHJiO3Yhb/ixoUibv0Nd/6NaTsLbT1wuYdz7iU3x4sYlcqyvo3M0vLK6lp2PbexubW9Y+7uNWQYC0zqOGShaHlIEkY5qSuqGGlFgqDAY6TpDa4nfvOeCElDfqeGEXEC1OPUpxgpLbnmwahgnz6cwCtYdftnVd07I6KQa+atojUFXCR2SvIgRc01vzrdEMcB4QozJGXbtiLlJEgoihkZ5zqxJBHCA9QjbU05Coh0kun9Y3islS70Q6GLKzhVf28kKJByGHh6MkCqL+e9ifif146Vf+kklEexIhzPHvJjBlUIJ2HALhUEKzbUBGFB9a0Q95FAWOnIcjoEe/7Li6RRKtrnxfJtOV8ppXFkwSE4AgVggwtQATegBuoAg0fwDF7Bm/FkvBjvxsdsNGOkO/vgD4zPH0TTk6s=</latexit>

z(1� x) = Eh/E = ⇣

<latexit sha1_base64="wEQhtLQibyLeBCeWB0ZMbxoT7QI=">AAACBnicbVDLSgMxFM34rPU16lKEYBFc1ZlS1I1QcONyBPuAdhgymUwbmknGJCPUoSs3/oobF4q49Rvc+TemD0RbDwTOPedebu4JU0aVdpwva2FxaXlltbBWXN/Y3Nq2d3YbSmQSkzoWTMhWiBRhlJO6ppqRVioJSkJGmmH/cuQ374hUVPAbPUiJn6AupzHFSBspsA/ugx68gB7s4Eho6Jnq5Ke6DeySU3bGgPPEnZISmMIL7M9OJHCWEK4xQ0q1XSfVfo6kppiRYbGTKZIi3Edd0jaUo4QoPx+fMYRHRolgLKR5XMOx+nsiR4lSgyQ0nQnSPTXrjcT/vHam43M/pzzNNOF4sijOGNQCjjKBEZUEazYwBGFJzV8h7iGJsDbJFU0I7uzJ86RRKbun5ep1tVSrTOMogH1wCI6BC85ADVwBD9QBBg/gCbyAV+vRerberPdJ64I1ndkDf2B9fAOkzpan</latexit>

zh = P · Ph/P · q

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

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

• TFR studies provide unique access to longitudinally polarized quarks in 
unpolarized nucleons and unpolarized quarks in longitudinally polarized 
nucleons.

L
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Selecting back-to-back events
• A natural choice for a first analysis are events with a pion (CFR biased) and proton 

(TFR biased).

xF =
2p · q
|q|W
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Early signs of separate 
signatures in both interaction 
regions. Need more statistics.
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Removing background
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• Little sign of Δs; cut on mass > 1.5 
GeV for safety.

• Estimate remaining contribution 
from MC.

• Exclusive pion 
and rho 
production 
clearly visible.

• Different 
amplitudes at low 
Mx are generated 
from separate 
physics than our 
signal.
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Initial Observation
• Observed linear dependence on the product of transverse 

momenta is consistent with expectations (linear, goes to 
zero at zero transverse momenta, etc.)

• Non-zero asymmetries are the first experimental observation 
of possible spin-orbit correlations between hadrons 
produced simultaneously in the CFR and TFR.
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Divide out the kinematic factors for clearer 
description of fracture and fragmentation function 
dependence…
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x=0.3
z=0.7
PT=0.3

EIC 18x275
y>0.01 

JLAB24

JLAB12

EIC 5x41
y>0.05
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Phase Space

Higher W and Mx, less radiative effects
from exclusive processes?

Higher PT is critical, see Harut’s talk!


