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CEBAF Large Acceptance Spectrometer (CLAS)

★ Up to 10.6 GeV, longitudinally polarized e- 

beams (~85%), fixed target experiment with 

near full azimuthal 𝜙 coverage [1]
○ 2° < 𝜃 < 5° forward tagger

○ 5° < 𝜃 < 35° forward detector system 

○ 35° < 𝜃 < 125° central detector system

○ 155° < 𝜃 < 175° backward angle neutron detector

★ Comprehensive (e, π, K, p, n, 𝛾) 

reconstruction
○ Several AI methods developed to improve!

○ 2/6 azimuthal sectors now contain a RICH (π, K)

★ ~2T toroidal magnetic field, 5T solenoid
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Many experimental configurations (Run Groups) each with 

unique physics objectives (see  [2])

https://doi.org/10.1016/j.nima.2020.163419
https://www.jlab.org/Hall-B/clas12-web/HallB_rungroups_runplan_PA.pdf
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Run Group SIDIS programs at a glance

Run Group A (Unpolarized LH
2
 target  -  10.6 GeV e- beam)

★ Measurements of unpolarized SIDIS cross section off proton (ex: 𝜋 multiplicities) 
★ Access to higher-twist PDFs through A

LU
 beam-spin asymmetries (BSAs)

★ Study impact of struck quark’s spin/flavor/momentum on hadronization
○ Separate contributions from vector meson decays (ex: direct 𝜋 vs. decay 𝜋)

★ Observe correlations between struck quark and target breakup
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Run Group B (Unpolarized LD
2
 target  -  10.6 GeV e- beam)

★ Complementary to RG-A → allow for u/d quark flavor separation of observables

Run Group C (Dynamic longitudinally polarized NH
3
 and ND

3
  -   10.6 GeV e- beam)

★ Access to F
UL

 and F
LL

 structure functions → Sensitive to different PDFs and FFs

○ Dihadron SIDIS will give first measurements of higher-twist fragmentation functions

Run Group K (Unpolarized LH
2
 target  -   6.5, 7.5, 8.4 GeV e- beam)

★ Separation of longitudinal (F
UU,L

) and transverse (F
UU,T

) photons from SIDIS cross section
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SIDIS Kinematics and Coverage

CLAS12 → high beam polarization, high luminosity, 

comprehensive PID, moderate-to-large x
B
 physics

Experiments measure azimuthal dependence of the SIDIS cross 

section as a function of x, Q2, pT, z

★ 3D partonic distributions & hadronization mechanisms 

(fragmentation functions) reveal themselves through 

azimuthal modulations

★ QCD predicts only the Q2-dependence → Need experiment!
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[2] 

6.6 GeV
8.8 GeV
11 GeV

[3] 

[1] 

https://www.sciencedirect.com/science/article/pii/S0146641023000133
https://www.jlab.org/exp_prog/proposals/16/PR12-16-010B.pdf
https://arxiv.org/pdf/hep-ph/0611265.pdf
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The DIS picture
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Quark-quark correlator breaks 
into 8 independent terms using 

(p, k⟂) and (S, s
q
) → TMDs

Rich landscape of Parton Distribution 
Functions are integrated over w/o 
measuring hadrons (need SIDIS)

ep→e’X
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The SIDIS picture (Current Fragmentation)
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ep→e’hX h

Unmeasured hadrons

PDF ⊗ FF    -    produce azimuthal modulations of the 
final-state hadron which we measure in SIDIS

fragmentation functions



31st International Workshop on Deep Inelastic Scattering (DIS 2024)

Sensitivity to Twist-3 effects
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TMD-PDFs at Twist-3

★ Longitudinally polarized 
photons “pick out” 
longitudinally polarized quarks

PDFs at higher twist (1/Q suppression) give rise to new 
A

LU
, A

UL
. Correspond to novel quark-gluon dynamics within 

the proton → Measure(d) at CLAS, COMPASS, HERMES

𝜋+ (h+) [1] [2] 

https://arxiv.org/abs/2101.03544
https://indico.jlab.org/event/663/contributions/13420/attachments/10382/15547/avakian-spin2023.pdf
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The SIDIS picture (Target Fragmentation)
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Unmeasured hadrons

FF

FF   → Fracture Functions give the 
conditional probability for the target remnant 

to form a hadron given ejected quark q

fracture functions
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[1] 

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.108.094015
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Separating CFR and TFR
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ep→e’pX

[1] 

ep→e’hX

“So we measured a hadron … how do we know 
it came from the struck quark? Target 
remnant?”

x-Feynman (x
F
) : Value between [-1,1] , 

measures degree of target/current 
fragmentation

Fraction of COM energy carried by the hadron in 
the direction of the virtual photon

Clear sign difference between x
F
 < 0 and x

F 
> 0  in 

the beam-spin asymmetries for SIDIS protons
(What framework for in-between?)

https://indico.cern.ch/event/1015549/contributions/4904102/attachments/2489915/4275982/hayward_ISMD_tfr_studies.pdf
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Separating Resonant and Non-resonant
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“So we measured a 𝜋+ … how do we know it 
came from direct fragmentation? Meson decay?

ep→e’𝜋+X

Suppose: The 𝜌0 has a large BSA
Result: The 𝜋+ from the 𝜌0 decay are background to 
our                                                      framework

[1] 

Several efforts at CLAS12 constrain 
resonant and nonresonant 

contributions by measuring VM 
and/or Dihadron asymmetries  

𝜋+𝜋-

https://arxiv.org/pdf/2306.09360.pdf
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𝛾p → h1h2X Dihadron SIDIS Observables
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★ Correlations between two hadrons 
fragmented from the struck quark

★ More degrees of freedom → More 
azimuthal modulations than 1h SIDIS
○ 𝜙

h 
,
  
𝜙

R 
,
  
𝜃

DiFF

h
1

h
2

|ℓ,m>

[1]  

Hadron pair relative angular momentum allows 
for new, and at times simpler couplings with 
PDFs and Dihadron Fragmentation Functions 

(DiFFs) than with traditional 1h SIDIS

https://www.jlab.org/exp_prog/proposals/20/E12-09-007A_proposal.pdf
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Comparing 1h and 2h SIDIS
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Single Hadron BSAs

Dihadron BSAs

★ e(x) appears over a convolution of 
transverse momentum space
○ k

T
 → initial quark

○ p
T
 → final hadron

★ 4 other PDF ⊗ FF pairs appear

○ Need  g⟂ (assuming twist-3 FF’s are 
small [1] )

How can dihadrons help us better interpret our SIDIS results?

Suppose we want to measure the twist-3 PDF e(x)

★ e(x) accessible without convolution
○ Quark spin couples to angular 

momentum of the hadron pair 
instead of p

T
 

★ Run Group C F
UL

’s can help us measure 
simultaneously measure the twist-3 DiFF

https://arxiv.org/pdf/hep-ph/0407345.pdf
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Structure Functions and Depolarization Factors @ CLAS12

★ At large x
B
 fixed target experiments are 

sensitive to ALL structure functions

★ At higher energies (EIC), only F
UU

 , F
UL

 , 
and F

UT
 survive (𝜀 → 1)
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[1] 

Separation of F
UU,L

 & F
UU,T

 (as well as F
UT,L

 and F
UT,T

) require measurements at different 𝜀 
→ CLAS12 Run Group K, Hall C Measurements, etc.

https://arxiv.org/pdf/hep-ph/0611265.pdf
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Painting the SIDIS picture with CLAS12
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The experimental programs at CLAS12 
are designed to give us full access to the 
SIDIS cross section

★ Variety of beam energies                          

(~5-11 GeV)

★ Multiple targets                                               

(p, d , NH
3
 , ND

3
 , …)

★ All target spin configurations 

(unpolarized, longitudinal, transverse)

Run Group Sensitivities RG-K Any RG-A, RG-B RG-C RG-H
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Unpolarized Modulations of ep→e𝜋+(X) 
4-d measurements of the cos(𝜙) and cos(2𝜙) 
moments of single pion SIDIS [x,Q2,pT,z]

★ Sensitive to the Cahn Effect
○ Quark k

T 
→ Unpolarized modulations

★ Sensitive to the Boer Mulders Effect
○ Quark k

T
 & S

T 
→ Unpolarized modulations

★ Study performs 5-D bayesian unfolding (acceptance 
corrections)
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Richard Capobianco
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Unpolarized Cross Section of ep→e𝜋0(X) 
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Marshall Scott

★ Measurements of neutral pion multiplicities
○ 𝜋0 yields normalized by number of DIS electrons

[1] [2] 

★ Study integrates over the azimuthal 𝜙
h
 angle

★ Invariant mass fits over the 

diphoton spectrum are 

performed to calculate N(𝜋0)

★ Ongoing Work: Bayesian 

unfolding,  𝜙
h
 modulation fits

https://doi.org/10.1103/PhysRevD.104.034007
https://doi.org/10.1140/epjc/s10052-017-5088-y
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Multidimensional BSAs of ep→e𝜋(X)
★ Preliminary 4-dimensional (x,Q2,z, p

T
) 

measurements of 𝜋+, 𝜋0 and 𝜋- SIDIS BSAs
○ W > 2 [GeV] → Deep inelastic

○ M
X
 > 1.5 [GeV] → Non-exclusive (ex:  ep→e𝜋0p)
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Stefan Diehl

★ If Collins term only (H
1
⟂) → hierarchy of the A

LU
’s

A
LU

 (𝜋-) < A
LU

 (𝜋0) = 0 < A
LU

 (𝜋+)

★ Observed is more Sivers-like (g⟂), asymmetry comes from 
struck u-quark

A
LU

 (𝜋-) < A
LU

 (𝜋0) = A
LU

 (𝜋+)
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K+

Multidimensional BSAs of ep→eK(X)
★ Valence region (moderate x

B
) measurements of Kaon F

LU
’s give us access to…

19Aron Kripko

★ Deep Neural Net was developed to 

improve K± purity (50% → 90%) at high p

uuu X ★ Sensitivity to twist-3 PDFs e(x) and g⟂(x)

… etc

★ Assumes twist-3 FFs are small 
(Wandzura-Wilzcek Approximation [1] ) 

★ M
X
 > 1.6 GeV → Remove exclusives

To theorists: Why do we measure stronger 

asymmetries in Kaon SIDIS than Pion SIDIS?

- Contributions from the K* ?

https://arxiv.org/pdf/hep-ph/0407345.pdf
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Near-exclusive 𝜋+𝜋-, 𝜋+𝜋0 production
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★ We can constrain/better understand the contribution of 𝜌0, 𝜌+ decays on our 
single hadron asymmetries by looking at near-exclusive (M

X
 < 1.1 GeV) channels

G.Matousek & N. Trotta

𝜋+𝜋-
𝜋+𝜋0

★ Strong yet similar asymmetries 

observed (both productions came 

from struck u quark)

★ Different mechanism for neutral 𝜌0 at high z 

(low |t|) → GPDs, gluon contributions
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Dihadron Production ep→e𝜋+𝜋-(X) 

★ Dihadron SIDIS is a clean probe for 

twist-3 PDFs such as e(x)

★ First point-by-point extraction of a 

twist-3 PDF ever performed was 

made using CLAS data (see below)

21

[2] 

Dihadron BSAs

[1] Extraction from 
CLAS12 data

But can we do flavor separation? eu(x)? ed(x)? 

https://arxiv.org/pdf/2203.14975.pdf
https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.126.152501
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Dihadron Production ep→e𝜋+𝜋-(X) 

22C. Dilks 
(Transversity 2022)

Flavor decomposition of twist-3 PDFs possible 
with Run Group A (ep) and Run Group B (ed) 

datasets at CLAS12
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Dihadron Production ep→e𝜋+𝜋-(X) 

23C. Dilks 
(Transversity 2022)

Clear impact from 𝜌0 
meson (separate VMs!)[1] 

Spectator model predictions → 
observation of DiFF sign change in 
partial wave decomposition

RG-A
RG-B

𝜋+𝜋-

Very interesting resonant behavior observed in 
Dihadron Fragmentation Functions! (no 1h analog)

https://arxiv.org/pdf/2003.03770.pdf
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Dihadron Production ep→e𝜋±𝜋0(X) 

24G. Matousek

ep→e𝜋+𝜋0(X) 

★ Nearest-neighbor GBDT model to reduce 𝛾 background

★ Negative sin(𝜙
R
) asymmetry for 𝛑-𝛑0 → e(x) extraction

★ Strong positive sin(𝜙
h
) asymmetry for 𝛑+𝛑0 → u quark 

dominated channels (seen in 1h SIDIS frequently)
★ Isospin symmetries of G

1
 DiFF observed in sin(𝜙

h
 - 𝜙

R
) 

○ Compare to theory! Separate VM contribution
★ Strong enhancement near resonant region (also seen in 

𝜋+𝜋-)! To be repeated for like-charged pion pairs
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Back-to-Back Dihadrons ep→ep𝜋+(X)
Single 𝜋+ from struck quark fragmentation (x

F
 > 0)

Single p from target breakup (x
F
 < 0)

26Timothy Hayward

[1] 

★ Fracture Functions for the TFR
★ Fragmentation Functions for the CFR

Long-range correlations between current/target 
breakup is more prominent in valence region 

Future Studies (M. McEneaney): 

Correlations between TFR 𝛬’s and CFR 

hadrons (𝜋, K). Study strangeness in the already 

under-explored fracture function formalism.

https://arxiv.org/pdf/2208.05086.pdf
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Lambdas: The quark polarimeter

★ Constituent Quark Model (CQM) [1] 
○ Predicts s quark carries 100% of the 𝛬 hyperon spin 

★ “Do polarized u-quarks from current fragmentation transfer their 

longitudinal spin to the lambda?” → Test spin structure

27

Polarization of 𝛬 depends on longitudinal spin-transfer 
from struck quark (w/ beam pol + depolarization) 

★ Domain Adversarial GNNs developed to identify events 

as containing a 𝛬 → reduction of backgrounds

D
LL

 results 
consistent with 
HERMES and 
NOMAD

M. McEneaney

https://arxiv.org/pdf/hep-ph/9302232.pdf
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Summary
★ High luminosity, high beam polarization fixed-target program, 

pushing the frontier of valence region physics and hadronization

★ Active community. Looking into many channels + multidimensional

○ Capable of probing current and target fragmentation

○ Broadening our interpretation of single hadron SIDIS results (ex: 

higher twist effects) through dihadron/vector meson channels

★ ”In the Works”/Future Experiments → Longitudinally (Run Group C) 

+ Transversely polarized targets (Run Group H)

★ Many more results to come soon! Stay tuned!

28
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Extra Slides
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Unpolarized Modulations of ep→e𝜋+(X) 
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Unpolarized Cross Section of ep→e𝜋0(X) 
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Unpolarized Cross Section of ep→e𝜋0(X) 
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Exclusive Measurements off Proton (RG-A) 
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𝜋-Δ++ → Struck longitudinally polarized d quark

𝜋+n → Struck longitudinally polarized u quark

𝜋0p → Struck longitudinally polarized u/d quark[1] 

Stefan Diehl

★ How do we know our 𝜋- comes from struck d quark? … Exclusive ep→e𝜋-Δ++ ! ★

Very clean polarized d probe, can 

be compared with similar baryon 

resonances (bottom left)

Observe nearly double the BSA for struck d than struck u

Need to turn to transition GPDs for explanation

Positive BSAs for struck u channels is a hallmark in several 

other SIDIS analyses…

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.131.021901
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Exclusive 𝜌0, 𝜌+ production

★ DVCS only sensitive to chiral-even GPDs → DVMP a probe for T. polarized quarks

34

[1]  

● Isospin symmetries let us build ratios between vector meson amplitudes in terms of 
the generalized parton distributions (within Fq/g’s)

● In combination with the ratios for 𝜌0 : ⍵ , one can decouple the 4 separate 
components… Fu(+)    Fd(+)     Fg       Fu(-) - Fd(-)

● Gives prediction of relative multiplicities (assuming Fu = 2 Fd)

○ dσ(ρ0) / dσ(⍵) ~ 25/9 

○ dσ(ρ+/-) / dσ(ρ0) < 1

[2]

[3] 

https://www.sciencedirect.com/science/article/pii/S0920563211008218?via%3Dihub
https://arxiv.org/abs/hep-ph/0307382
https://www.jlab.org/Hall-B/general/thesis/BClary_thesis.pdf
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Exclusive 𝜌0, 𝜌+ production

35

★ Sideband subtraction utilized to isolate the beam spin 

asymmetries of the resonance (𝜌0, 𝜌+)

★ CLAS can measure all final state in exclusive 

production (𝜌, ω, 𝜙, 𝜋0 …)

G.Matousek & N. Trotta
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DIS inclusive and flavor-tagged spin structure functions

Semi-inclusive DIS (SIDIS) to access Transverse 
Momentum Distributions (TMDs), dihadron production 

and backward baryon production

Deeply Virtual Compton Scattering (DVCS) & Timelike 
Compton Scattering (TCS) to access Generalized Parton 

Distributions (GPDs) - Measure target single and 
beam/target double spin asymmetries in proton and 

neutron DVCS.

Run Group C @ CLAS12

★ Polarized fixed target experiment (June 2022 – March 2023)
○ Dynamically polarized NH

3 
(proton) and ND

3 
(deuteron) targets

○ Calibration targets C, CH
2 

and CD
2

○ ~27mC combined polarized target data @ 85% e- polarization (10.5 GeV)
○ Target raster, live-NMR, 2/6 RICH sectors
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e p/d

Polarization 
configurable run-by-run

Physics Goals


