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momentum-dependent parton distribution functions (TMDs) and fragmentation functions (FFs).
This paper reviews the ongoing SIDIS program using the CLAS12 spectrometer at Jefferson Lab,
which enables precise, multidimensional measurements of cross sections and spin asymmetries
in the valence quark regime. By utilizing different unpolarized, longitudinally, and, in the future,
transversely polarized targets in combination with a polarized electron beam, CLAS12 provides
access to all structure functions relevant to SIDIS. This contribution will focus on both single-
hadron and di-hadron SIDIS preliminary and published measurements across a broad range of
Q2, xp, z, and Pr. The current status of these studies and their theoretical implications will be

discussed in detail.
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1. Introduction

Electron scattering experiments like those performed at CLAS12 (CEBAF Large Acceptance
Spectrometer) are valuable tools for studying the dynamical properties of quarks within a nucleon.
These properties are commonly encoded in Transverse Momentum Dependent (TMD) Parton Dis-
tribution Functions (PDFs) that map out the three dimensional distribution of partons within the
nucleon in terms of their intrinsic transverse momentum &, and longitudinal momentum fraction x
[1]. Semi-inclusive deep inelastic scattering (SIDIS) at CLAS12 is used to access TMD PDFs by
measuring the scattered electron and detecting a hadron (or two in the case of dihadron SIDIS) in
the final state. The differential cross section for the described process, drawn in Fig. 1, involves
a transverse momentum space convolution of the PDFs and a similar object called fragmentation
functions (FFs). At leading twist, FFs describe the probability that a quark with a particular polar-
ization will produce a hadron.

CLASI12 is a fixed target laboratory with near full azimuthal coverage and broad scattering
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Figure 1: Schematic drawing of the SIDIS process. In single hadron SIDIS, & represents a single final state
hadron (ex: n*). In dihadron SIDIS, two hadrons are measured in the final state.

angle coverage, handled by a forward tagger, a forward detector (most commonly used for mea-
surements discussed here), and a central detector [2]. A toroidal magnetic field bends charged
tracks in the forward detector (5 < 6 < 35°) which itself is comprised of six identical azimuthal
sectors. In each sector, tracks are reconstructed by hits in the drift chamber, and clusters are formed
by localized hits in the electromagnetic calorimeters. Particle identification is supplemented by
a cherenkov counter, a time-of-flight detector, and in 1-2 sectors (depending on the timeline of
the experiment) a RICH detector. In total, CLAS12 is capable of reconstructing and identifying
electrons, photons, neutrons, and an array of charged hadrons.

1.1 SIDIS Observables

The differential cross section for single hadron SIDIS is described by the variables QZ, XB, Y,
z, Pt and the angles ¢ between the electron scattering plane and the hadron production plane, as
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well as the angle ¢5 between the electron scattering plane and the transverse component of the spin
vector of the target nucleon. At leading twist, it is written in terms of model-independent structure
functions by (see Ref. [3] for the full equation)

do
dx dy d¢s dz d¢ dPr
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where A, is the electron beam helicity, Sy, is the longitudinal spin of the target (with respect to the
virtual photon), St is the transverse spin of the target, and € is the ratio of the longitudinal and
transverse virtual photon flux. While the structure functions F themselves form our observables,
their composition is typically made up of one or more convolutions of PDFs and FFs. Furthermore,
their dependence on x, Q2, z and Pr is non-trivial, requiring careful multi-dimensional analyses to
disentagle their full contributions to the cross section.

CLAS12’s high luminosity and wide kinematic coverage offers statistical precision in the multi-
dimensional binning of SIDIS structure functions. The broad experimental program is separated
into different run groups (RG’s) depending on the target configuration, beam energy, and minor
detector tweaks. For most run groups, apart from RG-K, the beam energy is typically around 10.6
GeV with 4 — 10nA of beam current. Below in Tab 1. we summarize the run groups and the SIDIS
observables they are sensitive to. Run groups A, B, C, and K have collected data, and RG-H is
scheduled to take data in 2029 [4].

Run Group Target SIDIS Observables
A un-polarized liq. hydrogen unpolarized cross sections, Fry
B un-polarized liq. deuterium same as RG-A, but u/d flavor separation
C longitudinally polarized NHs, ND3 Fyr, Frp
K un-polarized liq. hydrogen Fyu,L — Fyu,r separation (with RG-A)
H transversely polarized NH3 Fur, Frr

Table 1: CLASI12 run groups relevant for SIDIS studies.

2. Single Hadron SIDIS

2.1 Pion Beam Spin Asymmetries

The structure function ratio le?j(ﬁ/ Fyu was measured by observing beam spin asymmetries
in the reaction ep — e¢’nX. The unpolarized Fyy term in leading order is proportional to a
convolution of the well studied unpolarized f| PDF and the unpolarized fragmentation function D,
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whereas the F’ lenj¢ term is written as a convolution () of several PDFs (green) and fragmentation
functions (blue)[3].

ne 2M [ h-k My, G\ h-p My | E
lelnjqﬁ = E{ (— r (XCHIJ' + ﬁhﬁ?) + i (XgLD] + ﬁhhf;)) . (2)

The dominant terms are expected to be those with twist-3 PDFs convoluted with twist-2 FFs. These
are eH;" where Hi" is the Collins FF and the g* D where g* is the Sivers-like T-odd PDF. The
remaining terms, being convolutions of twist-2 PDFs and twist-3 FFs, are believed to be small in
comparison.

Since in[n]q} /Fyu is a complex convolution of several PDF and FF pairs, disentangling its
relative contributions across a wide, fully differentiable kinematic range is required. The first
published results of such a measurement were made for single 7* SIDIS in Ref. [5]. A preliminary
analysis has extended these results to 7° and 77—, shown in Fig. 2. It can be observed in some
kinematic regions that the structure function ratios for 7% and 7° are positive and similar in
magnitude. This shows that the Collins term eH;" is not the sole contributor, as the hierarchy
F zi(nqu(ﬂ_) <F zi?]"b(no) =0<F zi?]‘b(ﬂ*) would be expected. This behavior is not captured by
models, and indicates a significant contribution of additional terms such as g~ D . Ongoing studies
have shown an additional contribution may be from exclusive p production.
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Figure 2: Preliminary results for the structure function ratio inln]‘/’/ Fyuy as a function of Pr for selected
multidimensional bins of z, 02, and xp for #* (black), 7~ (blue), and 7° (red) [12]. The solid and dashed
lines show TMD-based predictions based on the models in Refs. [6, 7] with the color corresponding to the
meson.

2.2 Kaon Beam Spin Asymmetries

The analysis of the structure function ratio F212,¢ /Fyp has been extended to the strange sector
in the form of kaon SIDIS [8]. This study explores the strange-quark TMDs and the differences of
the fragmentation into pions and kaons. n-K separation was improved using a neural network that
trained on parameters such as detector-level timings, energy depositions and shower profiles in the
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calorimeter layers, and reconstructed particle 3-momentum. Figure 3 shows preliminary results for
the kaon SIDIS structure function ratio in four dimensional bins. We see that while the inlnf /Fuu
for K* and 7" are both positive, at small z, the K* asymmetry is larger. Model comparison gives
us insight, as the second model (red) has better agreement with what is seen in data.
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Figure 3: Preliminary results for kaon SIDIS F 21;//) /Fyu (open circles) in comparison to 7+ SIDIS (green

triangles) as a function of P7 in multidimensional bins of xp, 0? and z [8]. The models are given in Refs.
[6, 71.

2.3 p Beam Spin Asymmetries

Vector mesons (VMs) influence single hadron SIDIS measurements because of their decay
products. The pions originating from the decay of VMs such as p* and p° are backgrounds to the
single pion SIDIS measurements. Preliminary measurements in the ep — ¢’p™/% (n/p) exclusive
limit have shown that the magnitude of structure function ratios F ziln]qj/ Fyy for p* and p° are
comparable and at times larger than the pion BSAs (see Fig. 4). Gluon channel p° production is
argued to be mechanism for the sudden asymmetry dip at high z (low four-momentum transfer |z|),
one that is not present for exclusive p* due to charge conservation. Studies have shown the strong
p asymmetries are carried by the decay pions and may contaminate our BSAs. Further work is
ongoing, looking into how these asymmetries are folded into the existing pion BSAs and how to
subtract them.

2.4 Pion Multiplicities and Unpolarized Modulations

Further studies looking into TMD structure in the proton and in hadronization look at the
unpolarized multiplicities and cos ¢ and cos 2¢ azimuthal modulations of the unpolarized SIDIS
cross section. Multiplcities are defined by the ratio of the 4-fold SIDIS different cross section by
the 2-fold (xp, Q?) differential DIS cross section. Integrated over ¢, unpolarized single hadron
SIDIS measurements are sensitivty to the familiar convolution Fyyr = ¢ [fiD1] [3]. TMD
phenomena such as the Boer-Mulders effect and the Cahn effect predict the existence of modulations
in the unpolarized cross section. Multidimensional binning of these unpolarized Fz(;jd’ and Fz?jw
structure functions using Bayesian unfolding in #* [9] and #° [10] are in progress.
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Figure 4: Preliminary results for p* and p° SIDIS Fii[nj‘b/ Fyy in the exclusive limit, binned in the p’s z.

3. Dihadron SIDIS

3.1 Dipion Beam Spin Asymmetries

The azimuthal modulations of the dihadron SIDIS cross section are defined using two an-
gles, ¢y, related to the total momentum 1311 =P 1+ 132 and ¢p, related to the relative momentum
R= %(ﬁl —ﬁz) [11]. The additional degrees of freedom in dihadron SIDIS allow for a more targeted
access to twist-3 PDFs as some of their structure functions are less complex compared to those in
Eq. 2. In particular, the A??jﬁR
momentum space. Additionally, dihadron SIDIS convolutes the TMD PDFs with new objects called

dihadron FFs (DiFFs). Some DiFFs, such as the fragmenting quark helicity-dependent G-, have no

sin(¢n—$R)
LU

BSA is sensitive to e H 1¢ without a convolution over transverse

single hadron SIDIS counterpart at leading twist and can be accessed through A , among

other amplitudes.

sin pR
i LU
and Ai?]( on=?R) \were extracted as a function of x, z, and My, [12]. From this data, a point-by-point

In a CLAS published ep — e’n*n~ X dihadron study, several amplitudes including A

extraction of the twist-3 PDF, e(x), was performed [13]. In combination with measurements on
a deuteron target, flavor decomposition (u#/d) of e(x) will be performed. The dihadron program
at CLAS has recently expanded to cover ex*n® (which is under internal review), eKn and eKK
final states to explore quark flavor and hadron type dependence in the DiFFs. Ongoing studies of
dihadron production with a longitudinally polarized target will also perform the first extraction of
a twist-3 DiFF, G, which encodes quark-gluon correlations in hadronization.

3.2 Back to Back Dihadrons

The traditional SIDIS picture describes the struck quark forming the final state hadrons using
Fragmentation Functions. On the other hand, Fracture Functions describe (at leading twist) the
probability the target remnant will form a hadron A given a struck quark flavor g [14]. The
conditional probability implies there is no soft/hard scale separation, thus factorization does not
hold. The PDFs in single hadron SIDIS can be obtained by performing an integral over the fractional
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longitudinal nucleon momentum . For example,
1-x .
Y[ dechi = -ngww) 3
h

where [} (x, ) is the fracture function and g7 (x) is the helicity distribution. Understanding target
fragmentation is crucial for forming the complete picture of hadronization.

Beam spin asymmetries of back-to-back 7" p pairs have been published at CLAS12 [15]. Corre-
lations between the target breakup proton and the 7" formed during the struck quark’s hadronization
were observed through modulations of A¢, the azimuthal angle difference between the p and 7t in
the y — N center-of-mass frame. The structure functions for this process are sensitive to convolutions
of leading twist fracture functions i; and l}h (of the proton) and the unpolarized fragmentation
function D (of the pion). These measurements are a first look in dihadron production to a pre-
viously unobserved leading-twist spin and TMD fracture function and provide a new avenue for
studying nucleonic structure and hadronization.

3.3 Lambda Polarization

The A longitudinal spin transfer coefficient D’IE which encodes the probability for a struck

1
quark to impart its polarization to the produced A, has been studied in the valence region at CLAS12.
Being the most precise to date measurement, the study finds a small positive, yet consistent with
zero result [16]. The results are also consistent with the Constituent Quark Model of the A which
argues the spin of the A is carried entirely by its strange quark. A graph neural network (GNN) was
developed in the CLAS study to address the large background spectrum underneath the A signal

distribution due to combinatoric psr~ pairs [17].

4. Conclusion

In conclusion, the CLAS12 detector at Jefferson Lab offers unprecedented capabilities for
studying the internal structure of nucleons through SIDIS measurements. With its high luminosity
and wide kinematic coverage, CLAS12 enables detailed, multidimensional analyses of transverse
momentum-dependent parton distribution functions (TMD PDFs) and fragmentation functions
(FFs). With several studies utilizing the recently collected longitudinally polarized data under-
way, the ongoing and future analyses with CLAS12 will continue to significantly advance our
understanding of parton dynamics and hadronization mechanisms in the valence region.
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