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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). 
• Accessible in SIDIS measurements of cross sections and asymmetries, but rely on the 

assumption that measured hadrons are produced in the CFR.
• Cross section factorized1 as a convolution of PDFs and Fragmentation Functions (FFs).

• PDFs
• Probability (leading twist) of finding a particular parton in a certain 

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

• Fragmentation Functions
• Nonperturbative dynamics of hadronization
• Probability for a parton to form particular final state hadron
• 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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• 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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Categorizing Fracture Functions
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û1 l̂?h
1

l̂1Lû?h
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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
X

h

Z
d⇣Ma(xB)(xB , k

2
?, ⇣) = (1� xB)fa(xB , k

2
?)

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

helicity 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>

z(1� x) = Eh/E = ⇣
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M. Anselmino et al., Phys. Lett. B. 706 (2011), 46-52, [hep-ph] 1109.1132

unpolarized analog
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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.

6
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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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• 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.

<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!

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

H. Avakian, T. Hayward, et al., Phys.Rev.Lett. 130 (2023) 2, 022501



Analysis Plan

Convolution of fracture function (TFR hadron) and fragmentation function (CFR hadron).

RGA In RGA Out RGB In RGB Out

ep -> e’pπ+X PRL, PRD PRD PRD PRD

ep -> e’pπ-X PRD PRD PRD PRD

Analysis note nearly complete.

Also new for this analysis: 
1. Proton energy loss
2. Statistically relevant multidimensional binning
3. Flavor decomposition of target and produced pions
4. Q2 evolution
5. etc.

Leading twist fracture function describing the hadronization of the target remnant after ejection 
of a longitudinally polarized quark from an unpolarized nucleus.



Sampling fraction drift due to PMT gain drift

10



Sampling Fraction Cut
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• Slightly different sampling fraction 
cuts for different run periods. Effect 
almost negligible on final selection.

8



Sampling Fraction Sector Dependence
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Hadron ID
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FTOF calibrations are remarkably consistent across all 6 run periods → use RGA momentum 
dependent chi2pid cut for pions and |chi2pid| < 3 for protons. 

TOF particle identification

Pions
Kaons

Protons



Combining torus polarities
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Inbending
Outbending

Inbending and outbending results are 
consistent in the overlapping kinematic 
regions.



Baryonic Resonances
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If both hadrons are from the same parent, then the event cannot be part of the back-to-back formalism.
1. ∆++ →pπ+

2. ∆0 → pπ−

3. N∗0(1520) → pπ−

4. N∗0(1680) → pπ−

No N*s in pπ+ channel because of charge conservation.

N∗0(1520) N∗0(1680)

At first glance, the N*0 in particular seem to have a large effect on the asymmetry…



Background or kinematic quirk?
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As Mh increases x decreases (asymmetries decrease) 
but PT increases (asymmetries increase)…

Increasing minimum required z1 (which should decrease 
contributions from TFR pions) seems to have no effect.



Estimating as a systematic
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• Exclusive events possess larger amplitudes than SIDIS (i.e. exclusive limit).
• Exclusive events are easily identifiable in the “trihadron” (ep→e’pπ+π-X) sample.
• Exclusive asymmetries have the opposite sign as would be expected if the “dip” is truly due to N* events. 
• Use exclusive limit to place upper bound on systematic, ~2-5% scale systematic depending on bin.

Exclusive Limit
SIDIS Events



Target Flavor Comparison
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1. Asymmetries off the proton and 
deuteron are statistically 
consistent throughout all of 
parameter space (compare with 
e.g. ep(d)→e’π+π-X)

2. Asymmetry is a true valence quark 
effect!



Pion Flavor Comparison
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1. Significant flavor dependence on the pion is observed.
2. Similar trend to other SIDIS observables → π+ and π-

asymmetries have same sign where vector mesons 
dominate and opposite signs where direct production 
dominates (e.g. high and low PT1 dependence).

3. Correlations between proton and vector mesons 
appear to be stronger than directly produced pions.

RGA pπ+, RGB pπ+

RGA pπ-, RGB pπ-

RGA pπ+, RGB pπ+

RGA pπ-, RGB pπ-
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Verifying leading-twist behavior
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1. sin(Δϕ) asymmetry is expected to be leading 
twist (no suppression in Q2).

2. Multidimesional binning in Q2 and x required.
3. Behavior consistent with flat dependence on Q2.
4. JLab22 would allow for a significant extension of 

Q2 coverage.

RGA pπ+, RGB pπ+

RGA pπ-, RGB pπ-



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 



Integrated epX asymmetries
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• Six inbending FT-on configuration RGC runs were analyzed.
• RGA Fa18 PID used; Mx > 1.40 GeV (avoid exclusive events)
• n±± weighted by total accumulated charge.
• Dilution factor estimated from MC.
• Very preliminary, but behavior is as expected!



Transition from TFR to CFR
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Kotzinian-Mulders asymmetry is 
twist 2 in the CFR. Rapid increase 
in magnitude indicative of transition 
from twist-4 TFR to twist-2 CFR?

TFR CFR

No Collins function so FUL
sin(2ϕ)

and FUU
cos(2ϕ) are pure twist-4 

terms in the TFR

Sign flip indicative of odd-function 
transition from FrF to PDF/FF 
formalism (consistent with preliminary 
BSAs from RGA).
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Conclusions
• Studies of the TFR and correlations between the TFR and CFR are 

crucial for gaining an understanding of hadronization and for accurately 
evaluating systematics arising from oversimplified assumptions about 
independent fragmentation.

• Back-to-back RGA Inbending proton-π+ beam-spin asymmetries recently 
published in PRL.

• Significant extension involving the outbending data, RGB and additional 
pion flavors nearly complete. 

• Next steps: 
1. Finalize RGA e’pX beam-spin asymmetries.
2. Transition to the longitudinally polarized target: AUL and ALL for inclusive e’pX and e’pπ+X, both 

of which access the fracture function linked to the helicity distribution.

24



Back Up
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Twist-3 PDF Flavor Dependence
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/ xe(x)H^
1 (z,Mh)

c.f. C. Dilks, Transversity 2022

Ongoing full partial wave analysis and 
comparison between proton and 

deuteron targets could lead to the flavor 
decomposition of the scalar PDF.

https://agenda.infn.it/event/19219/contributions/170922/


Run Period Properties

27



Not shown today
• Today want to focus on “new” things for the flavor decomposition analysis.
• Not discussed:

1. Combining different beam energies (asymmetries compatible, mean kinematics virtually 
identical)

2. Fiducial cuts (RGA fiducial cuts used for all run periods; individually checked for applicability)
3. Fragmentation region cuts (motivated by sign change seen in xF or rapidity dependencies)
4. Monte Carlo (clasdis RGA configuration used, appropriate weighting for inbending/outbending

ratio required, good agreement observed)
5. Linear dependence of asymmetry amplitudes; sin(2Δϕ) amplitude extracted simultaneously
6. Maximum likelihood method; unbinned fitting technique 
7. Contributions of unpolarized modulations; after integration over ϕ1 and holding ϕ1-ϕ2 fixed 

only the constant modulation remains, other modulations may “sneak in” due to nonorthogality
within CLAS12 acceptance.

8. Repeated systematics; particle misidentification, beam polarization, beam-charge asymmetry, 
charge-symmetric back ground, bin migration, estimation of radiative effects, etc. all treated the 
same way as previous analysis. 
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Electron PID, HTCC
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Note: RGA “nSIDIS” uses a pe > 2.0 GeV cut and RGB “sidisdvcs” uses a pe > 1.0 GeV.
These plots start out by enforcing pe > 2.0 GeV to make them directly comparable. Ultimately, we require y < 0.75.

nphe > 2



Electron PID, PCAL Energy
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Note: RGA “nSIDIS” uses a pe > 2.0 GeV cut and RGB “sidisdvcs” uses a pe > 1.0 GeV.
These plots start out by enforcing pe > 2.0 GeV to make them directly comparable. Ultimately, we require y < 0.75.

nphe > 2
EPCAL > 0.07 GeV



Electron PID, PCAL
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Note: RGA “nSIDIS” uses a pe > 2.0 GeV cut and RGB “sidisdvcs” uses a pe > 1.0 GeV.
These plots start out by enforcing pe > 2.0 GeV to make them directly comparable. Ultimately, we require y < 0.75.

Without cuts



Electron PID, PCAL
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Note: RGA “nSIDIS” uses a pe > 2.0 GeV cut and RGB “sidisdvcs” uses a pe > 1.0 GeV.
These plots start out by enforcing pe > 2.0 GeV to make them directly comparable. Ultimately, we require y < 0.75.

Without cuts



Vertex Cuts
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Inbending
Outbending

• Target foil at ~5.5 cm added for RGBSp19 and after.
• Slightly different behavior for inbending and outbending. Equivalent behavior for RGA/RGB (same FD alignment).
• Positive(negative) tracks for inbending: -10 < vz < 2.5, (-8 < vz < 3)
• Positive(negative) tracks for outbending: -8 < vz < 3, (-10 < vz < 2.5)



Missing Mass
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Proton Energy Loss Corrections
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Separate distributions above and below 27◦

Uncorrected
Corrected

Proton energy loss corrections developed by UConn group.

As expected for a SIDIS BSA analysis… almost no effect.
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Extracting ALU
Channel selection
• Q2>1.0 GeV2

• W>2.0 GeV
• Mx>0.95 GeV
• Mx1>1.35 GeV
• Mx2>1.80 GeV
• y<0.75
• ΔY > 0
• xf1  > 0
• xf2  < 0
• z1 > 0.2

• Select 𝑒𝑝 → 𝑒!𝑃 𝜋" + 𝑋.

• Consider all possible hadron pairs.

• Amplitudes are extracted simultaneously via maximizing a 
likelihood function.

• Unbinned maximum likelihood method:

• Extension in place to sum over MC in order to estimate UU 
contributions… needs work

• Include relevant beam polarization and kinematic factors on 
an event-by-event basis in the likelihood fit.
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Balancing Yields
RGA ppi+

Inbending Outbending

RGA ppi-

Inbending Outbending

RGB ppi+

Inbending Outbending

RGB ppi-

Inbending Outbending

25%

75% 88%

12%

46%

54%

44%

56%

• Yields are relatively similar and as will be seen 
the distributions match up nicely, not worth 
doing a complicated weighting system.

• Still, four separate measurements and each 
measurement will report mean Q2, x, z, etc. etc.



Comparison between RGA and RGB
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RGA pπ+

RGB pπ+

• Very minor differences in distributions sensitive to energy (<RGA> > <RGB>) and torus (RGA In < RGB In).
• Variables not directly sensitive to these differences (e.g. z1, xF) are identical.



Comparison between RGA and RGB
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RGA pπ-

RGB pπ-

• Very minor differences in distributions sensitive to energy (<RGA> > <RGB>) and torus (RGA In < RGB In).
• Variables not directly sensitive to these differences (e.g. z1, xF) are identical.
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Data vs MC (ppi+)
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• Significantly more inbending MC than outbending MC – just throw away inbending MC until the 
ratios match the data.

• clasdis only mass produced for proton target but as RGA ≈ RGB and RGA Data ≈ RGA MC this 
should be fine.

RGA Data
RGA MC



Data vs MC (ppi-)
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• Significantly more inbending MC than outbending MC – just throw away inbending MC until the 
ratios match the data.

• clasdis only mass produced for proton target but as RGA ≈ RGB and RGA Data ≈ RGA MC this 
should be fine.

RGA Data
RGA MC

0 2 4 6 8
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.0 0.2 0.4 0.6 0.8 1.0
0.00

0.01

0.02

0.03

0.04

0.05

0.0 0.2 0.4 0.6 0.8 1.0
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.00

0.01

0.02

0.03

0.04

0.0 0.2 0.4 0.6 0.8 1.0 1.2
0.00

0.01

0.02

0.03

0.04

0.0 0.2 0.4 0.6 0.8 1.0
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.00

0.01

0.02

0.03

0.04

0 1 2 3 4 5 6
0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035


