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Multidimensional measurements of beam single-spin asymmetries in semi-inclusive deep-inelastic
charged-kaon electroproduction off protons in the valence region
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Measurements of beam single-spin asymmetries in semi-inclusive deep-inelastic electron scattering (SIDIS)
with positively charged kaons off protons have been performed with 10.6 and 10.2 GeV incident electron beams
using the CLAS12 spectrometer at Jefferson Lab. We report an analysis of the electroproduction of positively
charged kaons over a large kinematic range of fractional energy, Bjorken x, transverse momentum, and photon
virtualities Q? ranging from 1 GeV? up to 6 GeV?. This is the first published multidimensionally binned CLAS12
measurement of a kaon SIDIS single-spin asymmetry in the valence quark regime. The data provide constraints
on the structure function ratio FLS;”’ /Fuu, where FLSEW is a quantity with a leading twist of twist-3 that can
reveal novel aspects of the quark-gluon correlations within the nucleon. The impact of the data on understanding
the underlying reaction mechanisms and their kinematic variation is explored using theoretical models for the

different contributing twist-3 parton-distribution functions (PDFs) and fragmentation functions (FFs).

DOI: 10.1103/2m4z-htrp

L. INTRODUCTION The contribution of twist-¢ operators in the process amplitude
is suppressed by 2-¢ of the hard scale of the process through
. . . . which the structure of the nucleon is studied [4]. Higher-twist
ons. Their mass and spin emerge from the strong interactions functions do not have a parton-model interpretation, as they

9f thellr (clzonstlt.uent.s, heaning that t}ée desc(r;p;llonhof thel; are correlations between quarks and gluons that describe the
internal dynamics is important to understand the theory o nonlocal parts of QCD [5].

strong interactions.
To better understand the nucleon’s structure, a focus of the

Most of the visible matter in the Universe consists of nucle-

In semi-inclusive DIS (SIDIS), at least one specified
- - ) hadron in the final state besides the scattered lepton is
hadron physics community has moved beyond the collinear  \eaqured. SIDIS is a well-established tool for studying
parton-distribution functions (PDFs) [1-3] towards the study  yycleon structural distributions in the plane transverse to its
of the partons” motion and their spatial distribution in the {ioht front (longitudinal) direction of motion and for studying
transverse plane, perpendicular to the momentum of the parent ¢ ]jinear PDFs. Spin asymmetries in polarized SIDIS are
hadron, via deep-inelastic scattering (DIS) of lepton beams  rejated to convolutions of PDFs with fragmentation functions
off nucleons. PDFs encode information about the momentum- (EFg), and thus are of great interest among the hadron physics
dependent distribution of quarks inside the nucleon at twist-2.  community [6-12]. The FFs can be interpreted in twist-2 as

055202-2


https://ror.org/033eqas34
https://crossmark.crossref.org/dialog/?doi=10.1103/2m4z-htrp&domain=pdf&date_stamp=2026-01-29
https://doi.org/10.1103/2m4z-htrp

MULTIDIMENSIONAL MEASUREMENTS OF BEAM ...

PHYSICAL REVIEW C 112, 055202 (2025)

hadron production plane

X

electron scattering plane

FIG. 1. Schematic illustration of the reaction kinematics of the
single-kaon semi-inclusive deep-inelastic scattering process.

the probability for a given struck parton to emit a particular
hadron [13].

Sizable single-spin asymmetries (SSAs) for charged
hadrons have been measured by COMPASS [14], for charged
pions by CLAS [15] and CLAS12 [16] using multidi-
mensional binning. The HERMES [17-20] experiment also
measured SSAs for hadrons, including kaons, in a similar
kinematic range, but with less statistics. The beam SSAs are
twist-3 objects, which means that they are suppressed by
O(M/Q), where M is the mass of the target nucleon and Q? is
the virtuality of the photon.

In this Letter we present high-statistics beam SSAs mea-
sured in K* SIDIS of longitudinally polarized electrons
off unpolarized protons with a wide range of multidimen-
sional kinematics on Q2 € [1, 6] GeV?, x5 € [0.06, 0.6], z €
[0.1,0.7], and Py € [0.1, 0.8] GeV. Here Q? is the momentum
transferred into the system by the lepton probe (the photon
virtuality), xp is the fraction of the proton’s momentum carried
by the struck quark at leading twist, Pr is the transverse
momentum of the hadron with respect to the virtual photon,
and z is the fraction of the virtual photon’s energy carried
by the outgoing hadron in the laboratory frame. A schematic
illustration of the process is shown in Fig. 1. A definition
of these relevant kinematic variables (Q2, xp, z, Pr) can be
found in Ref. [21]. Due to their long lifetime and the resulting
possibility for direct detection, pseudoscalar mesons such as
7" and K™ are especially suited for SIDIS measurements.

In the one-photon exchange approximation, the beam SSAs
are defined as [21]

Ary(z, Pr,xp, O, ¢)
_ dot —do™
T dot+do-
_ ASLi?]‘Z’ sin ¢
1+ A5n? cos ¢ + Afe™? cos 2¢

ey

where do* are the differential cross sections for the respective
helicity state, i.e., the spin of the electron is parallel or antipar-
allel to the beam direction. The L and U subscripts represent
the longitudinally polarized and the unpolarized states of the
beam and the target, respectively. ¢ is the azimuthal angle be-
tween the electron-scattering plane and the hadronic reaction
plane as shown in Fig. 1.

In the following, we will focus on the sin ¢ moment ASLil'}¢,

which provides access to dynamical aspects of proton struc-
ture, as it is proportional to the polarized structure-function
ratio FLS;}W/FUU [21]:

sin ¢ sin ¢
Fry _ Fry
Fyu Fyur +€Fyur

Asin¢
_ LU )
J2€e(l —¢€)

Here, Fyy r and Fyy p are the contributions from the lon-
gitudinal and transverse polarizations of the virtual photon,
respectively, with € being the ratio of their fluxes.

Although factorization has not yet been proven in connec-
tion with twist-three observables [22], if one assumes that
it is valid, then our data could be interpreted in terms of
transverse momentum distributions (TMDs). The TMDs and
FFs involved for given quark flavors can be obtained from the
measurement of different mesons in the SIDIS final state (fla-
vor decomposition). Moreover, the TMDs for distinct quark
flavors may show different kinematic dependencies, making a
flavor separation in fully differential kinematics essential. In
this context kaon SIDIS plays an essential role in identifying
the behavior of strange quark TMDs and FFs and their role in
the different mechanisms. If one stays in the kinematic regime
where the factorized convolution formula is assumed to be
valid (small Pr), one can write [23,24]

: oM | hk M, G+
Fl‘sguﬁ = —K |:— MT <)C€I‘Ill + ﬁh‘fi?)

2

Q h
h M, E
4T <ngD] + —’hll;>]. 3)

Here « denotes the convolution of PDFs and FFs weighted
by a kinematic factor, e is a twist-3 PDF, HlL is called the

Collins FF, f is the unpolarized distribution function, Gl is
a twist-3 FF, gl is a twist-3 T-odd distribution function, D;
is the unpolarized FF, hll is the Boer-Mulders function [25]
and E is a twist-3 FF. More details of these functions can be
found in Refs. [12,13,19]. pr and ky are the intrinsic quark
transverse momentum in the distribution and fragmentation
functions, respectively. h is a unit vector in the direction of the
kaon’s transverse momentum and M, is the kaon mass. Most
twist-3 structure functions can be separated into 3 terms using
the equations of motion derived from the underlying QCD the-
ory: a twist-2 term, related to a single-parton density, a twist-3
part, which contains information on quark-gluon correlations
[26,27] and a term proportional to the current-quark mass,
which is usually neglected for light quarks. The structure
function FLSE”I’ contains only terms where either the PDF or
the FF is twist-3, and is therefore sensitive to quark-gluon
correlations [28]. As perturbative QCD could not describe
the several percent magnitude of the experimentally observed
asymmetry (see Ref. [29]), nonperturbative mechanisms have
been proposed. The first one involves the eH;- term [30,31],
attributing the asymmetry to a coupling between the Collins
FFH ll and e [26,27,32]. Although the collinear PDF e(x) does
not have a direct probabilistic interpretation due to its twist-3
nature, its moments provide insights to the contribution to
the nucleon mass from the finite-quark masses and to the
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transverse force experienced by a transversely polarized quark
in an unpolarized nucleon immediately after scattering [20].
The second mechanism involves convolution of the Boer-
Mulders function ki with the FF £ and the coupling between

the unpolarized distribution function f; and the twist-3 FF GL.
In addition to those mentioned above, a mechanism involving
the poorly known twist-3 TMD g* can also generate the beam
SSA [21]. g* is sensitive to target quark-gluon correlations
and it is related to the Boer-Mulders PDF through the QCD
equations of motion [20]. During the subsequent discussion,
the main focus will be on the er- and g-D; terms in Eq. (3).
An overview of the previous measurements of these TMDs
and FFs can be found in Ref. [33].

II. EXPERIMENTAL SETUP

SIDIS positively charged kaon electroproduction was
measured at Jefferson Lab with CLAS12 (CEBAF Large Ac-
ceptance Spectrometer for experiments at 12 GeV) [34]. Beam
SSAs were extracted over a wide range in 02, xp, 7, Pr, and
¢. The incident electron beam was longitudinally polarized
and the target was unpolarized liquid hydrogen. Data were
taken with two different beam energies of 10.6 and 10.2 GeV.
The CLAS12 forward detector consists of six identical sec-
tors within a toroidal magnetic field. The momentum and the
charge of the particles were determined by three regions of
drift chambers from the curvature of the particle trajectories
in the magnetic field. The electron identification was based
on a lead-scintillator electromagnetic-sampling calorimeter in
combination with a Cherenkov counter. The identification of
charged kaons is based on time-of-flight measurements. Al-
though the dedicated time-of-flight system is able to achieve
a 40 kaon-pion separation up to 2.8 GeV momentum, there is
still a non-negligible pion contamination in the kaon sample
due to the high pion-to-kaon ratio. A deep neural network
was developed, which combines time information and the de-
posited energies obtained from multiple detector components
and takes their correlations into account. The neural network
consists of 3 fully connected hidden layers with 128 neurons
per layer. This way the kaons could be identified more reliably
up to 3 GeV momentum as the average purity was increased to
80-90% from 60-70% according to Monte Carlo simulations,
while keeping more than 50% of the total sample. These re-
sults could only be achieved for positive kaons, as the negative
ones have smaller statistics and higher pion contamination.
For this reason the negative kaons are not considered in this
letter. For the selection of deeply inelastic scattered electrons,
constraints on Q> > 1 GeV?, on the energy fraction of the
incoming lepton carried by the virtual photon y < 0.75, on
Feynman x xg > 0, and on the invariant mass of the hadronic
final state W > 2 GeV were applied. Furthermore, it was
required that the & KX missing mass be larger than 1.6 GeV
to reduce the contribution from exclusive channels. The only
exclusive channel that is above this cut and visible in the
missing mass spectrum is the A(1890), but it is responsible
for less than 1% of the sample.

Although the model-independent structure-function ratio
F'? /Fyy was studied at HERMES [20], CLAS [15] and
CLAS12 [16] for different mesons in the final state, over
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FIG. 2. Distribution of Q? versus x; with the bin boundaries.

the last 20 years, there is still no consistent understanding of
the contribution of each part of Eq. (3) to the total structure
function. The high statistics on an extended kinematic range,
available with the new CLAS12 data, enables a precise multi-
dimensional analysis for the first time, providing an excellent
basis for the extraction of asymmetries for positively charged
kaons in the valence quark regime. The data presented in this
paper can be used as an additional input for global fits. For
the multidimensional binning, first the electron variables are
sorted in three bins on the Q% — x plane. This is illustrated in
Fig. 2. In each Q2 — xp bin three bins are created in Py and z,
and a fine binning is applied for the remaining variable. The
exact bin borders can be found in the Supplemental Material
[35]. In this way the dependence of FLSE?‘Z’/FUU(z, Pr, xg, 0%)
Egs. (1) and (2) on each individual kinematic variable can be
examined.

The beam SSA and its statistical uncertainty were experi-
mentally determined from the number of counts with positive
and negative helicity (Nii) in a specific bin i as

4 I N =N 2 [ NFNT @
=——0— oAy = o
MU RNT N T T R (NN

Here P, is the average magnitude of the beam polarization,
which was measured with a Mgller polarimeter upstream of
CLASI12 to be 87.24% + 2.42%. The polarization was flipped
at 30 Hz to minimize systematic effects. The beam SSA was
measured as a function of the azimuthal angle ¢ and was fitted

with a sin ¢ function to extract A}7?.

III. SYSTEMATIC UNCERTAINTIES

Several sources of systematic uncertainty were investi-
gated, including beam polarization (*3%), radiative effects
and the effect of the A(1890) exclusive channel (=4%), and
contamination from baryon resonances (*21%). The influence
of additional cos¢ and cos2¢ azimuthal modulations on
the extracted sin ¢ amplitude was also evaluated and found
to be small (=4%). A detailed GEANT4 [36]-based Monte
Carlo simulation [37] was performed to study acceptance
and bin-migration effects (*1%), which were both found to
be negligible compared to the other contributions. The same
simulation was also used to estimate the pion contamination
in the kaon sample. On the basis of this information, the
pion asymmetries were subtracted from the kaon asymmetries
in every kinematic bin. The differences after and before the
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FIG. 3. z dependence of F};1¢ /Fyy for K* for increasing Py bins (left to right) and for increasing Q> — x bins [bin 1: (Q?) = 1.68 GeV?,
(xg) = 0.15, bin 2: (Q%) = 2.52 GeV?, (xz) = 0.26, bin 3: (Q?) = 4.36 GeV?, (xz) = 0.37 (The 3 rows correspond to the 3 Q% — x; bins
shown in Fig. 2.)]. The systematic uncertainty is given by the black histogram. The predictions of the different theoretical models are shown
by the bold and dashed lines (blue: model 1, red: model 2). More details about the models can be found in the text and in Refs. [39,40].

correction were below 5% in most kinematic bins. The esti-
mated contamination as well as the measured pion asymmetry
and the uncorrected kaon asymmetry is listed in the Supple-
mental Material [35]. The same kinematic binning and cuts
were used to extract these pion asymmetries as for the kaons.
Every other part of the analysis procedure was identical to
what is described in the pion paper [16]. The uncertainty of the
contamination determined from the simulation was estimated
by repeating the extraction procedure using two different PID
(particle identification) methods: with and without using the
neural network. This source of uncertainty was found to be the
highest one, slightly below 15% in average. Another PYTHIA
MC-generated dataset, optimized for CLAS12, was used to
estimate the contamination coming from the target fragmen-
tation region and it was found to be negligible compared to
the other uncertainty sources above 0.3 in z. Most kinematic
bins are above this value with the exception of the lowest z
bins in case of the fine binning in z and the lowest z bin in
case of the fine binning in Pr. Although the separation of
target fragmentation in these bins is model dependent, they

are included for completeness. These bins do not affect the
other ones due to the multidimensional binning. The total
point-to-point systematic uncertainty of F}';; ¢ /Fyu, defined as
the square root of the quadratic sum of the uncertainties from
all sources, is typically on the order of 22%, slightly below the
average statistical uncertainty, which is around 29%. The ratio
FS'? JFyy was extracted and is listed in Supplemental Mate-
rial [35] and in the CLAS physics database [38], alongside
the mean value of the kinematic variables in each bin. Also
the average of the systematic uncertainty in the kinematic bins
coming from different sources is shown in the Supplemental
Material [35]. Furthermore, a comparison with the previous
kaon SIDIS F;;; ¢ /Fyu values from HERMES and with the
pion values, used to correct for pion contamination, can be
found in the Supplemental Material [35].

IV. RESULTS AND DISCUSSION

Figures 3 and 4 show the dependence on z (Pr) for the Pr
(2) bins in different bins of Q% and xz for eK*tX. It can be
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FIG. 4. Pr dependence of FL“L',n ¢ /Fyy for K* for increasing z bins (left to right) and for increasing Q> — x; bins (see caption of Fig. 3). The
systematic uncertainty is given by the black histogram. The predictions of the different theoretical models are shown by the bold and dashed

lines (see caption of Fig. 3).

observed that the general P; and z behavior of the asymme-
tries is almost independent of 0% and xp, and a rising trend in
Py can be observed in most z bins. For the z dependence, the
ratio is rising or constant up to z = 0.4. For higher z a falling
trend may be observed in some bins.

The results are compared to theoretical predictions, calcu-
lated using the two models in Refs. [39,40], adjusted to kaons
and to the chosen kinematic binning. Both models describe the
proton as an active quark accompanied by spectator scalar and
axial-vector diquarks; and both include the eH. IJ- and the g* D,
terms with the other terms assumed to be negligible. The first
model uses a ratio for the axial-vector and scalar strengths
fitted to data. In contrast to this, the second model uses a
simpler propagator for the axial-vector diquark and the ratio of
axial vector and scalar is fixed by SU(4) spin-flavor symmetry.
The FFs used in both models are described in Ref. [41].
The models do not provide any uncertainties, only the mean
value. Regarding model 1, the g*D contribution alone bears
some qualitative similarity to the data, but the associated eH ;-
term is uniformly negative and this eliminates all agreement.
Turning to model 2, one sees that the Py behavior of the data

is semiquantitatively reproduced. The gD is typically small,
but does contribute noticeably at the larger values of Pr, z.
Notwithstanding its contribution, model 2 predicts an asym-
metry that first increases with Py but then falls on Pr > 0.45.
We have verified that physically constrained changes to the
FFs do not materially affect these observations.

Furthermore, reviewing Figs. 3 and 4, one notes that the
eH;" and g' D, contributions have the opposite sign in model
1 (blue dashed vs blue dotted), whereas they have the same
sign in model 2 (red dashed vs red dotted). Since H ll, D, are
unchanged for calculations in both models, then this behavior
owes to different signs for e: it is negative in model 1 and
positive in model 2—see, e.g., Ref. [39, Figs. 1-3].

These kinematic and model dependencies can provide
valuable insights into the underlying features of the involved
TMDs and FFs. Although this is the first time that an analysis
binned in all relevant kinematic variables was made available
for positively charged kaons in the valence quark regime,
model 2 reproduces the sign and the tendencies in the data
on Pr < 0.7 without any of its parameters varied, with the
exception of the adjustments to kaons and to the measured
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kinematics. It follows that this approach is a good starting
point for phenomenology. The fact that model 2 may be chal-
lenged at higher Pr could mean that the parametrizations of
the involved TMDs and FFs should be improved or that addi-
tional terms from Eq. (3), besides the two that have been used,
provide measurable contributions within those kinematic
regions. Also higher-twist contributions, especially in the de-
nominator of the structure-function ratio, could contribute in
some kinematic regions. Another explanation may be that
the factorization that was assumed is not valid at higher Pr.
According to Ref. [42], global fits of TMDs based on SIDIS
and Drell-Yan data indicate that this may occur around Py ~
0.3-0.4 GeV, depending on the Q? and z kinematic domain.
Such effects can only be studied in a high-precision multidi-
mensional investigation of kaon SIDIS, as it is available for
the first time in the valence quark regime within this work.

In summary, the structure-function ratio Fyyr®/Fyy cor-
responding to the polarized electron beam SSA in semi-
inclusive deep-inelastic scattering has been measured for the
first time in the valence quark regime over a wide range of
kinematics binned in all the relevant kinematic variables at
the same time using positively charged kaons. At higher Pr
a drop in F;'?/Fyy may be observed for kaons in most
bins. Comparison with theoretical predictions showed that
the model describing the nucleon as an active quark and a
spectator diquark, which has a single propagator, describes
the sign and the tendencies in the data in most cases, and it
predicts a falling behavior at high Pr. The data presented in
this work will help to further constrain the TMDs and FFs in
global fits.
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