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Impact of future dihadron production measurements on the transversity
distributions and tensor charges of the nucleon
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We assess the impact of future measurements of dihadron production in semi-inclusive deep-inelastic
scattering from the CLAS12 and proposed SoLID experiments at Jefferson Lab, as well as from the ePIC
experiment at the future Electron-Ion Collider (EIC), on the transversity parton distribution functions
(PDFs) and the corresponding tensor charges of the nucleon. To this end, we generate pseudodata for these
experiments for a proton target (CLAS12 and ePIC) and a *He target (SoLID and ePIC), and we include
these pseudodata in the JAMDIFF global analysis of existing experimental dihadron data. We find that
future data from Jefferson Lab will significantly reduce uncertainties in the transversity PDFs in the region
of intermediate-to-large quark momentum fractions x, while the EIC will provide strong constraints across
the entire range of x, allowing for the first experimental test of the predicted small-x behavior of the
transversity PDFs. In discussing the reduction of uncertainties in the tensor charges, we also compare the
results from the data analyses with those from lattice QCD, highlighting scenarios in which compatibility or

tension between the two would arise.
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I. INTRODUCTION

The transversity distribution h? [1] is one of the three
leading-twist quark parton distribution functions (PDFs) of
the nucleon, alongside the unpolarized (f7) and helicity
(¢7) PDFs. It describes the distribution of transversely
polarized quarks (of flavor ¢) in a transversely polarized
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nucleon, providing essential information on the spin
structure of the nucleon in quantum chromodynamics
(QCD) [2,3]. The first moment of the transversity PDFs
defines the corresponding tensor charges,

5q(u) = /Oldxh'f’ (x; 1), (1)

where h{" = hY — h are the valence distributions, and y is
the renormalization scale. The nucleon tensor charges are
important for several areas of nuclear physics. For instance,
extracting certain beyond-the-Standard-Model (BSM) cou-
plings from the beta decay of free neutrons requires precise
knowledge of the isovector combination (Su — &d) of the
up and down quark tensor charges [4-9]. Moreover, the
individual tensor charges du and 6d are key inputs in BSM
studies that relate quark electric dipole moments to that of
the nucleon [5,10-12]. From the theoretical side, informa-
tion on the nucleon tensor charges has been obtained from
calculations in lattice QCD (LQCD) [13-28] and in various
models [29-40].

Published by the American Physical Society
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Since the transversity PDF is chiral-odd, it can only
appear in observables in combination with another chiral-
odd nonperturbative parton correlation function. Because
of this complication, it is the least constrained of the three
leading-twist quark PDFs of the nucleon. So far, efforts to
extract the transversity PDFs from experimental data
essentially rely on one of two methods. The first is
measuring the Collins effect [41] in single-hadron semi-
inclusive deep-inelastic scattering (SIDIS), where the trans-
versity couples to the transverse momentum dependent and
chiral-odd Collins fragmentation function (FF) [42-52].
The second approach is using transverse-spin observables
for dihadron production, which can be described in
collinear factorization [53—65]. In this case, the hadroniza-
tion process is parametrized in terms of dihadron FFs
(DiFFs) [53-56,65-70]. For the observables of interest, Af

couples to the chiral-odd DiFF Hfh‘hZ/ 9 which is some-
times referred to as the interference FF; see, for instance,
Ref. [71] for a review on FFs. We also note that, recently,
promising observables involving energy correlators have
been proposed as a means to probe the transversity PDFs
experimentally [72-76]. Beyond their role in transversity
extractions, DiFFs are also of interest in their own right as
nonperturbative objects encoding spin and momentum
correlations in the hadronization process. Furthermore,
they have recently been employed for precision studies
of the Standard Model and searches for physics beyond it,
including probes of light-quark dipole moments and
Yukawa couplings, quark entanglement, and the color-octet
mechanism in quarkonium decays [77-82].

In the present work, we study the impact of future
dihadron production measurements on the transversity
PDFs and tensor charges of the nucleon. For this purpose,
we utilize the JAMDIFF framework [64,65] that was
previously developed and used for a comprehensive analy-
sis of dihadron observables in electron-positron annihila-
tion [83,84], SIDIS [85,86], and proton-proton collisions
[87,88]. A simultaneous fit of these data provided the
DiFFs for z"z~ production and the nucleon transversity
PDFs for light quarks and antiquarks. In particular, it was
found that the extracted transversity PDFs and tensor
charges are compatible with information obtained via
single-hadron production and tensor charge results from
LQCD [64,65].

Dihadron SIDIS measurements with transversely polar-
ized targets are planned at Jefferson Lab, using the CEBAF
Large Acceptance Spectrometer for operation at 12 GeV
beam energy (CLAS12) [89] and the Solenoidal Large
Intensity Device (SoLID) [90,91], and at the EIC with the
ePIC detector [92,93]. We consider both a proton target (for
CLAS12 and ePIC) and a *He target (for SoLID and ePIC).
These two targets offer complementary sensitivity to the up
and down quark transversity PDFs, making them essential
for full flavor separation. The baseline for our study is
provided by the JAMDIiFF global analysis [64,65], from

which we generate pseudodata for the mentioned experi-
ments. To estimate their impact on the transversity PDFs
and tensor charges, these pseudodata are then included in a
global fit together with all datasets used in Refs. [64,65].
An important aspect of our analysis is investigating
whether a tension arises with tensor charge results obtained
from LQCD. We also mention that a related impact study,
based on transversity-sensitive observables in single-
hadron production, was presented in Ref. [94].

Overall, our analysis shows that future dihadron SIDIS
measurements will significantly improve the knowledge of
the transversity PDFs and the tensor charges. Specifically,
CLAS12 data will probe a previously unexplored kinematic
region and provide important constraints on the up quark
transversity in the region of intermediate-to-large x.
Depending on the measurement outcome, a tension with
tensor charge results from LQCD may emerge. SoLID with
a SHe target provides access to a different combination of
the transversity PDFs, enabling improved flavor separation
and, in particular, significant constraints on the down quark
transversity. This also substantially improves the determi-
nation of dd, allowing for a stringent test of its consistency
with LQCD. Future EIC data taken with ePIC extend the
kinematic coverage for both targets to low x, strongly
reducing uncertainties on the transversity PDFs and tensor
charges, and providing the first experimental test of the
predicted small-x behavior of the transversity PDFs [95].

The paper is organized as follows: In Sec. II, we describe
our methodology, including the generation of the pseudo-
data and the approach used for assessing the impact of a
dataset. In Sec. III, we present the impact of the CLAS12,
SoLID, and ePIC pseudodata on the transversity PDFs and
tensor charges, and we conclude in Sec. IV.

II. METHODOLOGY

Our study uses the JAMDIFF analysis framework
presented in Refs. [64,65], which employs Bayesian
inference and Monte-Carlo replica sampling techniques.
We refer to these JAMDIFF papers for details about the
parametrization of the transversity PDFs and the DiFFs, as
well as the definition of the y? function. The JAMDiFF
analysis extracts three independent transversity PDFs: A},

hf”, h¥. For it and d quark flavors we assume the relation

between the antiquark transversity PDFs A% = —h{ moti-
vated by large-N, arguments [96]. All other sea quark
transversities are assumed to be vanishing motivated by the
lattice QCD studies [14,17,20]+0f tensor charges.
Furthermore, the DiFF H;" * /" is extracted, together

with the (unpolarized) DiFFs D’lﬁ”_/ " for four quark flavors
and the gluon, that is, i = u, s, ¢, b, g. As discussed in
Ref. [65], all other DiFFs for #*z~ production are either
related to these or vanish. The transversity PDFs and the
DiFFs are defined at an initial scale and evolved to the
relevant experimental scales using leading-order (LO)
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FIG. 1.

Coverage in x, 2, z, and M, of projected pseudodata, as well as of the dihadron data from Belle [83,84], HERMES [85],

COMPASS [86], and STAR [87,88] that were used in the JAMDIFF analysis [64,65]. The scale u* represents Q> for SIDIS, and P%T for
proton-proton scattering, with P, denoting the dihadron transverse momentum.

DGLAP evolution. The dihadron production data incorpo-
rated in the JAMDIFF analysis include the unpolarized
cross section [84] and the Artru-Collins asymmetry [83] in
electron-positron annihilation from Belle, the transverse
single-spin asymmetry (TSSA) in SIDIS from HERMES
[85] and COMPASS [86], and the TSSA in proton-proton
collisions from STAR [87,88]. In addition, PYTHIA
simulations of electron-positron annihilation were used
to achieve flavor separation of the unpolarized DiFFs. In
the present work, we adopt the exact same framework and
datasets, supplemented by the pseudodata for future experi-
ments. We further note that COMPASS has recently
reported a high-statistics measurement of the dihadron
TSSA with a transversely polarized deuteron target [97].
These data were shown to provide non-negligible con-
straints on the transversity PDFs in the x-region probed by
COMPASS, which partially overlaps with that of ePIC,
albeit at lower Q7 (see Fig. 1). However, like the previous
COMPASS dihadron measurements of Refs. [98,99], these
asymmetries are reported for pairs of oppositely charged

unidentified hadrons, whereas the JAMDIFF framework
and the present impact study apply to identified z ™z~ pairs.
For this reason, of the COMPASS dihadron measurements,
only the identified "z~ asymmetries of Ref. [86] enter our
baseline.

As in the JAMDiFF work [64,65], we incorporate
theoretical constraints to guide the fit. The first is the
Soffer positivity bound [100],

el < FiCen) +olun). @)

which mainly constrains the transversity PDFs in the large-
x region. The second, which follows from a theoretical
calculation [95], constrains the small-x behavior of the
transversity PDFs at the initial scale py = 1 GeV,

R (s pg)| oo ~x*  with a~0.17+£0.085.  (3)
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More details on the choice of the numerical range for the
parameter a can be found in Ref. [65].

In our study, we use two distinct baselines. The first,
labeled JAMDIFF, was obtained from a fit to experimental
dihadron data while enforcing the low-x constraint in
Eq. (3), that is, it is the same as the analysis in
Refs. [64,65]. The second, labeled JAMDIiFF-x, is obtained
from a fit to the same data but with the low-x constraint
relaxed, allowing a € [-0.99, 5.00], where the lower limit
for a is chosen such that the lowest moment of the
transversity PDFs is finite. For the CLAS12 and SoLID
analyses, we adopt the JAMDIFF baseline. Since these
experiments do not probe the small-x region, the choice of
baseline has no effect on the assessed impact, as we have
verified explicitly. The JAMDIiFF-x baseline is instead
employed for the ePIC analysis, ensuring that the impact
of the measurements at small x is assessed without the
theoretical constraint determining the behavior in that
region. We emphasize that we consider the constraint in
Eq. (3) to be very well motivated. However, in the case of
ePIC, it is important to exploit the capability of the EIC to
test the small-x behavior of the transversity PDFs.

In what follows, we first describe the procedure for
generating the pseudodata used in our fits, and then outline
the method employed to quantify their impact on the
extracted transversity PDFs and tensor charges.

A. Pseudodata

We consider pseudodata for ztz~ production in SIDIS
for three experiments: the CLAS12 experiment at Jefferson
Lab, which plans to take data with a transversely polarized
target in the near future, the proposed SoLID experiment at
Jefferson Lab, and the future ePIC experiment at the EIC.
For each experiment, pseudodata are generated and
included in the fit alongside the datasets used in the
JAMDIFF analysis [64,65].

To generate the pseudodata, we begin with projected
kinematic points and their associated uncertainties for the
observable, estimated from the expected detector accep-
tance and integrated luminosity. For each point, the TSSA
for dihadron production in SIDIS [57,59,64,65,101],

 geahi () H (2 My )
Sogeaf D (z, Mysp)

AUT (4)

is evaluated for all JAMDIFF replicas, and a value is then
assigned to each kinematic point based on the resulting
ensemble [which is either the mean of all replicas or the
(mean +10)—see discussion of “low” and “high” scenarios
below]. In Eq. (4), the sum runs over both quarks and
antiquarks, e, is the quark charge in units of the elementary
charge, z is the fraction of the momentum of the fragment-

ing quark carried by the dihadron, and M, = \/Pi is the
dihadron invariant mass, with P, the four-momentum of

the dihadron. The DiFFs are also understood to be for z+z~
production, so we drop the explicit superscript for brevity.
The expression in Eq. (4) follows the COMPASS con-
vention for Ay, which does not include the quark
depolarization factor, whereas this factor is included in
the HERMES convention [see Eq. (5) in Ref. [65]]. We
remark that, in the above expression and the rest of this
work, we make no distinction between the momentum
fraction x and the Bjorken variable x5 = Q?/(2P - ¢), with
P (q) the four-momentum of the nucleon (virtual photon)
and Q> = —¢?. In the LO approximation used here, the
difference between these two variables is of O(1/Q?).
The same applies to the difference between z and
2, =P-Py/P-q.

For a proton target, the numerator of Eq. (4) can be
evaluated according to

s 1 u, d, u
SR hlT HE = g (@ = K HE ()
q

meaning that the proton TSSA A7, is mostly sensitive to

h'f”/ P For a 3He target, which is taken to be equivalent to a
neutron target (modulo a polarization factor of 0.873) [90],
we find

n s 1 d, u, u
Zeg W H = 5(4h1 " h{IET,(6)
q

meaning that the neutron TSSA A}, is mostly sensitive
to h‘li"/ P To obtain Egs. (5) and (6), we used for 7"z~

production that Hi'=—-H™, H' =0 for ¢q=

s,5,¢,¢,b,b, and the isospin relations h‘l"’/":hf”/p,

hO/" = B4/P; see also Ref. [65] for more details. All
results for the transversity PDFs presented in this paper
correspond to a proton target.

The following kinematic cuts are applied to the pseu-
dodata: W? > 4 GeV? (where W is the center-of-mass
energy of the virtual photon-nucleon system) to avoid
the resonance region, as well as 0.25 <z < 0.8 and
M,/Q < 0.75 to exclude regions where the leading-order,
leading-twist formalism may not apply. We note that the cut
on M, /Q, which is similar in spirit to the cut applied to the
Belle data in the JAMDIFF analysis [see Eq. (35) in
Ref. [65]], was not imposed on the SIDIS data in that
analysis, where it would remove only three COMPASS
data points. It is introduced here because the pseudodata, in
particular for SoLID, contain points for which M, would
otherwise be comparable to the hard scale Q. Together, the
projected kinematic points, the corresponding calculated
values for Ay7, and the associated estimated experimental
errors constitute the pseudodata. To explore different
possible outcomes of the future measurements, we consider
more than one scenario for the pseudodata. In the default
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TABLEI. Summary of the pseudodata sets considered in this study. For the fixed-target experiments CLAS12 and SoLID, the energies
of the electron beam are shown. In the case of SoLID, projections at the beam energies 8.8 and 11 GeV are combined. For the ePIC
collider experiment, we consider an electron beam energy of 10 GeV for both the proton and 3He targets. The CLAS12 and ePIC
pseudodata are binned in x, while the SoLID pseudodata are binned in x, z, M}, 0?%. We list separately the normalization uncertainties on

Ayr and other (uncorrelated) systematic errors.

Experiment Energy [GeV] Target Binning Ng, Luminosity [fb~'] Normalization Error [%] Uncorrelated Error [%]
CLASI12 [89] 10.6 p 1D 9 432 5 5
SoLID [90,91] 8.8, 11 He 4D 715 6220.8 3 6.8
ePIC [93] 10 x 100 P 1D 18 10 2.3 5
10 x 166 He 1D 19 8.65 2.3 5

scenario, each pseudodata point is assigned the mean value
of Ayr from the replica ensemble. In the alternative
scenarios, following an approach similar to that of
Ref. [102], pseudodata are instead generated from the
410 boundaries of the JAMDIFF uncertainty band for
the observable, labeled high and low according to the
magnitude of the asymmetry. We note that for observables
that are predominantly negative, such as the proton TSSA,
the low scenario corresponds to the upper boundary of the
uncertainty band. These alternative scenarios are applied
selectively to the three experiments where the resulting
shift in the pseudodata could lead to qualitatively different
physics conclusions, such as a change in compatibility with
tensor charges from LQCD.

The pseudodata are then added to the original JAMDIiFF
datasets to perform a new fit. Table I summarizes the
pseudodata that we consider, their binnings, numbers of
points, luminosities, and systematic errors. The one-dimen-
sional (1D) binning used for CLAS12 and ePIC reduces
complexity and allows for a more direct assessment of the
impact on the transversity PDFs. Extensive tests were
conducted to verify that the choice of binning has no
effect on the qualitative conclusions of this paper. For
SoLID, only 4D binning was available to us [90].

The projected uncertainties for CLAS12 were estimated
from an already recorded dataset with a longitudinally
polarized target, assuming the run time approved by the
Jefferson Lab Program Advisory Committee and
conservative extrapolations of running conditions from
existing data. Systematic uncertainties are derived from
existing SIDIS analyses with the CLAS12 detector and are
taken to be 5% point-to-point and 5% scale uncertainties.
The former covers backgrounds from resonances as well as
bin migration effects, whereas the latter is due to uncer-
tainties determining target polarization and dilution factors.
For SoLID and ePIC, the uncertainties were derived from
best estimates available at the time of writing of this paper.

For the ePIC data a 5% point-to-point and 2.3% scale
uncertainty systematics are used. These are derived
from conservative estimates based on previous experiments
and expected machine performance. The point-to-point

systematics cover kinematic smearing and radiative effects,
whereas the scale uncertainty covers expected uncertainties
on beam polarization, luminosity, and electron purity. The
assumed systematics are somewhat more conservative than
the values assumed in the EIC Yellow Report [93]. For the
He sample, we assume 100% tagging efficiency of the
spectator protons. The dataset size and single energy
configurations, 10 x 100 GeV for e+ p and 10x
166 GeV for e + °He, are based on what can reasonably
be achieved in the first ten years of running at the EIC. The
precision of the EIC dataset profits from the increased
multiplicity at the higher center-of-mass energy and the
hermetic acceptance of the project detector. Systematic
effects, for example due to target polarization and dilution
as well as background from baryonic resonances, are also
expected to be smaller compared to fixed-target experi-
ments. The systematic uncertainties for SoLID, 3% scale
uncertainties and 6.8 % point-to-point, were provided by the
collaboration [90].

The kinematic coverages of the different datasets used in
the JAMDIFF analysis [64,65] and for the pseudodata are
shown in Fig. 1. As illustrated in the figure, the SoLID
coverage in x is similar to that of CLAS12. However, given
the different targets, these two experiments are comple-
mentary, as they are primarily sensitive to different quark
flavors; see Egs. (5) and (6). By contrast, the ePIC collider
experiment will probe a much wider kinematic range than
any existing or planned fixed-target experiment, with both
proton and *He targets enabling simultaneous constraints
on the up and down quark transversity PDFs. Furthermore,
compared to CLAS12 and SoLID, the ePIC experiment will
provide data at significantly higher Q2 for overlapping
regions in x, thereby complementing the Jefferson Lab
measurements.

B. Quantifying the impact

To estimate the constraining power of future dihadron
data, we compare results from the baseline fit with those
from a fit including the respective additional pseudodata. In
particular, we determine how the pseudodata modify the
uncertainties of the extracted transversity PDFs and tensor
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charges. In the case of the transversity PDFs, this effect is
visualized through uncertainty-band plots of A" and h‘ll
before and after the pseudodata are added, and quantified
by plotting the ratio of uncertainties (before/after) as
in Fig. 3.

The JAMDIFF analysis found that the analyzed trans-
versity-related dihadron data are compatible with LQCD
results for the tensor charges [64,65]. Here we revisit this
question of compatibility in detail after the inclusion
of the pseudodata. If the pseudodata make the fit fail when
LQCD tensor charges are used as input—in the sense
that the y> values [and corresponding Z scores, where
Z =® ! (p) = /2erf~!(2p — 1), with the p value of the
resulting > computed relative to the expected y* distribu-
tion] for the LQCD tensor charges and/or the pseudodata
are unacceptably large—this suggests a possible tension.
However, the small number of LQCD points might lead the
fit to ignore them in favor of a marginally better description
of the experimental data. This could falsely suggest a
tension, even though a simultaneous fit with slightly worse
but still acceptable y> may in fact be possible. To avoid this
situation and determine whether a genuine tension with the
LQCD results exists, we multiply the LQCD contribution
to the y? function by a weight that ensures the lattice results
carry an importance that is comparable to the experimental
data in the fit. The weight is calculated as

w=-— (7)

where N, is the total number of data points in the fit and
Nygcp = 4 is the number of LQCD data points. (Here we
utilize the same LQCD tensor charge results as those
employed in the JAMDIFF analysis [64,65].) A similar
weighting procedure was used in Refs. [103—105]. The
weighting guarantees that the fit does not disregard the few
LQCD data points.

We note that our study is designed to evaluate an
experiment’s impact on the precision (size of uncertainties)
of the extracted transversity PDFs, rather than on their
accuracy (central values), since the underlying assumption
is that future measurements will be consistent with pseu-
dodata generated from a given baseline. To more thor-
oughly assess the potential of future experiments to find
agreement or tension with LQCD results, we consider, in
addition to the default prediction, the high and low
scenarios described in Sec. II A.

III. RESULTS

In what follows, we present the impact of the three future
experiments separately. For each, we examine the resulting
reduction in the uncertainty bands of the transversity PDFs
and tensor charges. These results are supplemented by a >
table showing the quality of the various fits. We emphasize

that we are fitting all nine parton correlation functions
(three transversity PDFs and six DiFFs) listed at the
beginning of Sec. II, even though our main interest here

is in A}" and hf". The DiFFs extracted in the JAMDIFF
analysis [64,65] are already well constrained by the Belle
and PYTHIA data, with the exception of the unpolarized
gluon DiFF, which enters only through evolution. For this
reason, including the pseudodata leaves the DiFFs essen-
tially unchanged, even with the 4D binning of SoLID. For
the antiquark transversity PDFs, we likewise find no
significant change relative to JAMDIFF for any of the
three pseudodata sets, in any of the default, low, and high
scenarios. This is because the SIDIS TSSAs probe only the
valence distributions; see Egs. (5) and (6). Because of the

proton-proton data [87,88], an improvement of h'f” and h?
could, in principle, also result in improved antiquark
transversity PDFs. However, we observe only a negligible
effect of this type because of the limited precision of the
proton-proton data.

A. CLAS12

The dihadron SIDIS data in the JAMDIiFF analysis
[85,86] roughly cover the range 0.005 <x <0.3 (see
Fig. 1) and have limited precision. CLAS12 will provide
data in the region of intermediate-to-high x with improved
precision and therefore has significant potential to improve
our knowledge on the transversity PDFs and the tensor
charges.

As shown in Fig. 2, the inclusion of the
CLASI12 pseudodata in the fit narrows the uncertainty
bands of the theoretical prediction for A7, According to
Eq. (5), Al is mostly sensitive to h{". Furthermore, the

magnitude of £} is larger than that of hf” in the kinematic
range of CLAS12 [64,65]. One might, therefore, expect
that any improvement on A7, would primarily translate
into an improved determination of h'f However, new

CLAS12 A?,.[%]

JAMDIiFF

ol M +CLAS12(p) 1
o ¢+ CLAS12 pseudodata

0.2 0.3 0.4

05 x

FIG. 2. 1o uncertainty bands of the TSSA A%, for CLASI2
kinematics: results based on the JAMDIFF analysis [64,65] (cyan)
and after including the CLAS12 pseudodata in the fit (red).
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FIG. 3. 1o uncertainty bands of hlf and hi’ results based on the JAMDIFF analysis [64,65] (cyan) and after including the
CLASI12 pseudodata in the fit (red). The Soffer bound is indicated by the blue dotted lines. The lower panels show the ratio of the
uncertainties for the transversity PDFs (with/without CLAS12 pseudodata). Note that below x = 0.1 we switch from a linear scale to a

logarithmic scale.

precise data for A7, better constrain the linear combination
4hy
hf’ , but not necessarily to a proportional reduction in their

- h’f leading to a strong correlation between k" and

uncertainties when the errors of 4h}" and hf” are compa-
rable before the inclusion of the new data. In the region
x 2 0.2, however, the errors from the JAMDIFF analysis for

4th“ are much larger than those for h‘li”' [64,65], causing a
substantial reduction in the uncertainties of h'f as shown in
Fig. 3. This quantifies the potential of a future CLAS12
dihadron measurement.

Another observed effect is that, in some kinematic
regions, the uncertainty ratio can exceed unity; see the
lower panels in Fig. 3. We find this phenomenon even for
the observable itself, although to a lesser extent and only
outside of the kinematic region of the pseudodata. This
reflects the fit adjusting to accommodate the pseudodata,
which can come at the cost of slightly increased uncertainty
where the pseudodata have less impact. This behavior has
been previously observed in QCD analyses; see, e.g.,
Ref. [102] and Fig. 7.4 in Ref. [93].

In Fig. 4 we show the impact of the pseudodata on
the tensor charges. We find only a modest improvement
for 6u and no improvement for dd, but the linear
combination 40u — éd becomes much better constrained
through the CLAS12 pseudodata. The quality of this fit
is shown in the “no LQCD” column of Table II, which
lists the values of the reduced y? (y2,) for the various
fits. The value y2,, = 0.00 (to two decimal places) for
CLAS12 reflects the fit reproducing the pseudodata
nearly exactly. This outcome is expected, since the
pseudodata were generated in the default scenario
(see Sec. ITA) and the projected CLASI2 errors are
comparable to the JAMDIFF uncertainty bands for the
asymmetry. However, when pseudodata have very small
uncertainties compared to the baseline bands and span a

large kinematic range, the fit can lead to (considerable)
deviations from y2, =0 for the pseudodata.

To examine the compatibility between experimental data
and LQCD calculations of the tensor charges, we follow the
JAMDIFF analysis [64,65] and consider fits both without
and with LQCD inputs. The JAMDIFF fit to experimental
data yields tensor charges that suggest tension with LQCD
results [64,65], especially for du; see the cyan ellipse in
comparison to the LQCD results in Fig. 4. However, after
including the LQCD results in the fit, compatibility was
achieved, and potential reasons were presented for why
such a significant shift in éu could occur [64,65]. Here we
follow the same procedure and test whether both exper-
imental data and LQCD results can be simultaneously
described. This, and further tests of agreement, are outlined
in Sec. Il B. The y2,, values for these various scenarios are
summarized in Table II

We find that when LQCD tensor charges are included, the
fit seemingly cannot accommodate the CLAS12 pseudodata
generated from the default JAMDIFF prediction together

T T I i T

od | p? =4 cl;evfz' | = JAMDIFF
0.1+ ~| m++CLAS12(p)
0‘0-_ | m+1qep
r 1 M 4+CLAS12(p)+LQCD
_U'lj _ ~PNDME (2018)
—0.2F | I.} —— — 4 ETMC (2020)

01 05 06 07 08 4
FIG. 4. 1o confidence ellipses for the tensor charges Su and dd:
results based on the JAMDIFF analysis [64,65] without LQCD
(cyan) and with LQCD (blue), and after including the
CLASI12 pseudodata in the fit without LQCD (red) and with
LQCD (green). Also shown are the LQCD tensor charge results
by PNDME [14] and ETMC [20].
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TABLE II. Summary of ;(fed values after including the CLAS12 pseudodata in the fit: without LQCD, with LQCD, with LQCD and
reweighting, with LQCD and pseudodata for the low scenario. For Belle, we list separately the results for the unpolarized cross-section

(do) and the Artru-Collins asymmetry (asym).

2
Hred

Experiment Target N gt no LQCD w/LQCD w/LQCD (weighted) “low” w/LQCD
CLAS12 [89] p 9 0.00 0.22 2.24 2.85
Belle (do) [83] 1094 1.04 1.03 1.05 1.06
Belle (asym) [84] 183 0.64 0.79 0.68 0.65
HERMES [85] p 12 1.07 1.04 1.15 1.06
COMPASS [86] p, D 47 0.83 1.17 1.20 1.09
STAR [87,88] pPp 130 1.13 1.23 1.36 1.17
ou (ETMC) [20] 1 13.62 0.00 3.86
ou (PNDME) [14] 1 27.73 5.07 14.90
od (ETMC) [20] 1 1.93 1.48 1.28
o6d (PNDME) [14] 1 0.01 0.00 0.01
with the LQCD tensor charges; see the green ellipse in Fig. 4 B. SoLID

and the )(fed values in the “w/LQCD” column in Table II.
However, applying the weighting procedure leads to good
agreement with both LQCD calculations, and a y2 value
of 2.24 for the CLAS12 pseudodata (Z = 2.12). In the
default scenario, the results remain therefore inconclusive.
Since the future CLAS12 data may not agree with the
default scenario, we further consider one of the alternative
scenarios described in Sec. Il A. For the proton TSSA
measured by CLAS12, the low scenario corresponds to a
smaller A|", pushing the resulting tensor charge Su further
from LQCD predictions and making a simultaneous fit
more demanding. Indeed, in this case the fit fails to
describe the pseudodata and the LQCD tensor charges; see
the last column in Table II. While the weighting method
enforces a good description of the LQCD results, it also
causes the y2, for the CLAS12 pseudodata to increase
further (from 2.85 to 3.88), and their Z score to increase to
3.84. Note also that the changes of the y2, values for the
existing dihadron data are small across the various fits.
Overall, we find that, regardless of the measurement
outcome, CLAS12 can provide very valuable new infor-
mation on whether or not a tension exists between
phenomenological extractions and LQCD predictions of
the tensor charges. We note that this observed tension
relies on the use of theoretical constraints (the Soffer
bound and the low-x asymptotics; see Sec. II). Without
them, the fit retains enough flexibility in regions uncon-
strained by data to accommodate the LQCD tensor charge
results. Finally, we point out that, in the JAMDIiFF
analysis without (with) LQCD input for the tensor
charges, 67% (70%) of the value for Su comes from
the x-range covered by CLAS12. This further underlines
the importance of this experiment.

The SoLID pseudodata are binned in four kinematic
variables [90]: x, Q2, z, and M,. Figure 5 shows a subset of
the A}, pseudodata as a function of x, for different values
of z (corresponding to the different curves) and different
values of M}, (corresponding to the different panels). Only
the Q% = 1.325 GeV? bin is shown. According to Eq. (6),

Al 1s sensitive to the linear combination 4hf" — h{". Inthe

JAMDIFF analysis, for x < 0.4, the uncertainty of 4h‘111' is
significantly larger than that of 4", whereas the opposite is

true for x 2 0.5. Therefore, h‘li” benefits the most from the
inclusion of SoLID pseudodata at lower x, while A}
benefits more at higher x; see Fig. 6. We note that the

uncertainties of h‘f”‘ are reduced even for x < 0.01, which is
below the kinematic reach of SoLID (see Fig. 1). Since no
pseudodata constrain this region, the behavior of the
transversity PDFs there is determined by the parametriza-
tion, which correlates their values at small x with their
values at the lowest x covered by SoLID. The improved
precision around x ~ (.06 therefore propagates to smaller x.

The resulting impact on the tensor charges is shown in
Fig. 7, where 6d is significantly better constrained, while du
remains largely unchanged. The enhanced precision for dd
enables a more stringent comparison with LQCD predic-
tions. In the simultaneous fit to SoLID pseudodata and
LQCD, the tensor charge ellipse (Fig. 7) overlaps with the
ETMC [20] result within errors but not with the PNDME
[14] result. While the agreement with ETMC is not
reflected in the y2, value (Table III) (which does not
account for theoretical uncertainty bands), it is evidenced
by the Z score of 2.51 for the ETMC tensor charge du. As a
further test, we apply the weighting procedure of Sec. II B
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SoLID AZ,[%] for Q* = 1.325 GeV”

40F ¢ s S =% ]
30F¢® - 1L - . 1ifs x 1
I 1 —
20 | = t L= tipeE———+~ 14
0f———1 1 —] { ‘“““’%% :
oL Mi=0.325 M), = 0.415 M), = 0.585
010 015 0.0 010 015 0.0 010 015 0.0
x x x
: — —
1EF I i
| W > =0.350 (i = 0)
0 2= 0.445 (i = 10)
1 Wl 2 =0.530 (i = 20)
1 2 =0.615 (1 = 30)
Wl > =0.720 (i = 40)
oL Mn=0.695 M, = 0.815
- 000 015 020 010 015 0.0
T x

FIG. 5. 1o uncertainty bands of the TSSA A%, for SoLID kinematics at Q% = 1.325 GeV? after including the SoLID pseudodata in
the fit. Panels correspond to bins in M}, and curves to bins in z, with each curve offset vertically by the value i indicated in the legend.

and find that, in this case, the fit describes both inputs well
[Z = -0.47(1.60) for the ETMC (PNDME) éu calcula-
tion]. We therefore find that it is possible to fit SoLID
pseudodata and LQCD tensor charges simultaneously.
This illustrates the possibility described in Sec. II B that

0.3 Uy

JAMDIFF
| +SoLID(®He)
Soffer bound

)

xhy(x
e S
— )

12 =4 GeV?

=
o
T T

6SOLID/6JAMDiFF

I I il I

1073 0.1 04 07

weighting LQCD can reveal an apparent tension to be
spurious. While this compatibility may be unexpected from
the red ellipse in Fig. 7 alone, it mirrors the behavior
observed for éu in the JAMDIFF analysis [64,65], showing
that only a fit including the LQCD results can determine

0.0; ! 1 [ [
10-3 0.1 04 077

FIG. 6. 1o uncertainty bands of 4" and h‘li”: results based on the JAMDIiFF analysis [64,65] (cyan) and after including the SoLID
pseudodata in the fit (red). The Soffer bound is indicated by the blue dotted lines. The lower panels show the ratio of the uncertainties for

the transversity PDFs (with/without SoLID pseudodata).
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I T I ! I

' o ' JAMDIFF
od | u? =4GeV?
0.1F ~| E4SoLID(*He)
0 0; 7 H-+LQCD

1 M +SoLID(*He)+LQCD

—0.1
|+ PNDME (2018)

—02k - -
| '
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~+ETMC (2020)

FIG.7. 1o confidence ellipses for the tensor charges éu and dd:
results based on the JAMDIFF analysis [64,65] without LQCD
(cyan) and with LQCD (blue), and after including the SoLID
pseudodata in the fit without LQCD (red) and with LQCD
(green). Also shown are the two LQCD tensor charge calculations
by ETMC [20] and PNDME [14].

whether a genuine tension exists. For dd, this compatibility
is largely due to the lack of precise measurements con-

straining hil" at lower values of x. The lowest SoLID point
sits at x = 0.06, and with minimal other data constraining
hf’ below that point, the PDF is able to increase in
magnitude at x < 0.1 without degrading the y2, for the
pseudodata or experimental data. When LQCD results and
SoLID pseudodata are both included in the fit, the region
x < 0.1 contributes an integral of —0.16, accounting for
~84% of the total od ~ —0.19.

Lastly, we consider the case where the pseudodata are
generated from the low-magnitude boundary of A}.
Roughly speaking, this corresponds to the upper and lower
boundaries of the JAMDIFF band for h‘f and hy" respec-
tively, pulling both of them away from LQCD predictions.
We find that the fit fails to simultaneously describe the
pseudodata and the LQCD tensor charges, as shown by the
large y2, values, and infinite Z scores for all LQCD tensor

charges. This qualitative outcome is further confirmed by
the weighting method, which leads to reasonable agreement
with the LQCD results but yields a y2,; of 5.65 for the
SoLID pseudodata, indicating that the fit fails. In summary,
future SoLID data will be able to provide crucial new
insights into the nucleon tensor charges, especially dd.

C. ePIC

We now turn to the impact of pseudodata from ePIC at
the future EIC, which will provide access to the internal
structure of the nucleon and nuclei across a wide kinematic
range, with particularly strong coverage at smaller values of
x [92,93]. For this reason, we use the JAMDIFF-x baseline
discussed in Sec. II, for which the theoretical constraint on
the small-x behavior in Eq. (3) is relaxed. The JAMDiFF-x
transversity PDFs are nearly identical to JAMDIFF across
most of the x range, but their uncertainties increase strongly
for x <1072, As mentioned in Sec. II, using JAMDiFF-x
avoids a baseline that is theoretically well constrained at
small x, allowing a proper assessment of the impact of the
ePIC experiment in that region. Figure 8 shows the TSSA
A7 for ePIC kinematics, illustrating the significant exten-
sion of the accessible region to low x. The resulting impact
on the PDFs is shown in Fig. 9, along with the ratio of
uncertainties before and after including the ePIC proton
pseudodata. As in the CLAS12 case, A7, mostly constrains
h}", since in the JAMDIFF-x baseline the errors on 44" are

substantially larger than those on hf” for most of the
X range.

In addition to a proton target, ePIC is expected to
measure dihadron SIDIS on a 3He target. These measure-
ments are essential for constraining the down quark trans-
versity and decorrelating it from the up quark distribution.

TABLE II. Summary of ;(rzed values after including the SoLID pseudodata in the fit: without LQCD, with LQCD, with LQCD and
reweighting, with LQCD and pseudodata for the low scenario. For Belle, we list separately the results for the unpolarized cross section

and the Artru-Collins asymmetry.

X%ed

Experiment Target Ngar no LQCD w/LQCD w/LQCD (weighted) “low” w/LQCD
SoLLID [90,91] ‘He 570 0.03 0.04 0.09 3.20
Belle (do) [83] 1094 1.11 1.00 1.00 1.00
Belle (asym) [84] 183 0.77 0.79 0.82 0.88
HERMES [85] p 12 1.04 1.06 1.11 0.92
COMPASS [86] p. D 47 0.83 1.12 1.31 1.13
STAR [87,88] pp 130 1.18 1.22 1.28 1.43
ou (ETMC) [20] 1 7.55 0.17 152.41
éu (PNDME) [14] 1 20.23 3.70 151.75
od (ETMC) [20] 1 8.63 0.22 506.70
6d (PNDME) [14] 1 1.57 0.36 253.84
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FIG. 8.
(cyan) and after including the ePIC pseudodata in the fit (red).

Similar to the discussion in Sec. IIT A, the addition of a
high-precision proton dataset constraining the linear com-
bination 4h}" — h‘f” [see Eq. (5)] leads to a strong corre-
lation between the two functions. The further addition of
data taken with a °He target constrains the linear

-

1o uncertainty bands of the TSSA A7, for ePIC kinematics at low x (left) and high x (right): results based on JAMDIiFF-x

combination 4hf’” — th [see Eq. (6)], enabling a simulta-
neous precise extraction of h{" and h‘f This can be
quantified with the correlation coefficient p of the tensor
charges 6u and od, which gives an indication of the
correlation of the underlying transversity PDFs:

0.31 for JAMDIiFF-x

(6u - 6d) — (6u)(6d)
o(Su)o(6d)

0.65 for JAMDIFF-x + ePIC(p)
0.59 for JAMDiFF-x + ePIC(*He)

—0.17 for JAMDIFF-x + ePIC(p+>He).

Fitting datasets with diverse dihadron observables and
kinematic coverages, JAMDIFF-x leads to h|" and hf” that

are reasonably well decorrelated. Either ePIC proton or *He
dataset individually causes a significant rise of p, while

|
their combination restores a low correlation, as was also
observed in Ref. [94]. This motivates the general need for
SIDIS measurements on both proton and 3He (or deuteron)
targets, which also emphasizes the complementary role of

0.3 Uy 1005 1

JAMDIiFF-x

’é\ 0.9- M +ePIC(p) | 0.00

- Soffer bound

—

S u? =4 GeV? —_00% 4

81 J 0.05

w OO | | | | I _010 |

f;l i f f f f f

% 1.0 1.0

% 0.5/ 1 0.5F 1

9]

P —— 0.0k e
1073 01 04 0780 1073 01 04 070

FIG.9. 1o uncertainty bands of h|" and hfz : results based on JAMDIFF-x (cyan) and after including the ePIC proton pseudodata in the
fit (red). The Soffer bound is indicated by the blue dotted lines. The lower panels show the ratio of the uncertainties for the transversity

PDFs (with/without ePIC pseudodata).
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FIG. 10. 1o uncertainty bands of h{" and h‘ll results based on JAMDIFF-x (cyan) and after including the ePIC proton and He
pseudodata in the fit (red). The Soffer bound is indicated by the blue dotted lines. The lower panels show the ratio of the uncertainties for

the transversity PDFs (with/without ePIC pseudodata).

CLAS12 and SoLID data. The combined impact of using
both targets is shown in Fig. 10, where the two transversity
PDFs exhibit significantly reduced uncertainties across the

full kinematic range, with the exception of h‘li” for x = 0.5.
The quality of this fit is shown in the “no LQCD” column
of Table IV. As alluded to in Sec. III A, the very small size
of the projected errors of the ePIC proton data, combined
with the large kinematic coverage, causes a significant
deviation from y2; = 0 for the pseudodata. This is not the
case for the *He pseudodata as they have larger errors,
especially in the high-x region.

Table IV summarizes the quality of the fit for the various
scenarios. Based on the “w/LQCD” column and Fig. 11, it
is evident that the fit fails to accommodate the LQCD

tensor charges and the ePIC pseudodata simultaneously.
Applying the weighting procedure forces agreement with
LQCD, but at the cost of a large increase in the 2, for the
ePIC pseudodata, confirming that the two inputs are
incompatible. This is further evidenced by the Z scores
of 4.82 and 6.49 for the ePIC proton and *He pseudodata,
respectively.

We additionally consider the high-magnitude scenario
(labeled “high”) for both A7, and AY,;. These correspond
to the upper boundary of A}, and the lower boundary of
h‘]i“. Unlike the alternative scenarios for CLAS12 and
SoLID, this shifts the tensor charges closer to the LQCD
predictions, making it more difficult to observe a tension
between the two. However, even in this case, the fit fails, as

TABLE IV. Summary of y%; values after including the ePIC pseudodata in the fit: without LQCD, with LQCD, with LQCD and re-
weighting, with LQCD and pseudodata for the high scenario. For Belle, we list separately the results for the unpolarized cross section

and the Artru-Collins asymmetry.

)(%ed

Experiment Target Nga no LQCD w/LQCD w/LQCD (weighted) “high” w/LQCD

p 18 0.79 1.28 3.49 3.72
ePIC [93] ‘He 19 0.05 1.19 4.70 0.68
Belle (do) [83] 1094 1.04 1.03 1.04 1.03
Belle (asym) [84] 183 0.63 0.79 1.12 0.67
HERMES [85] p 12 1.07 1.00 1.03 1.04
COMPASS [86] p. D 47 0.85 0.88 1.22 0.94
STAR [87,88] pp 130 1.14 1.14 1.23 1.15
ou (ETMC) [20] 1 29.93 0.67 14.62
éu (PNDME) [14] 1 45.12 2.54 28.89
od (ETMC) [20] 1 86.93 0.48 28.94
o6d (PNDME) [14] 1 36.51 0.18 9.52
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FIG. 11. 1o confidence ellipses for the tensor charges du and
od: results based on JAMDiFF-x without LQCD (cyan) and with
LQCD (blue), and after including the ePIC pseudodata in the fit
without LQCD (red) and with LQCD (green). Also shown are the
two LQCD tensor charge calculations by ETMC [20] and
PNDME [14].

reflected by the numbers in the last column of Table IV.
This is further confirmed by the weighting method for the
high scenario, which leads to agreement with the LQCD
tensor charges but results in )(fed = 3.38 for the ePIC proton
dataset (Z = 4.67). Overall, this shows that future ePIC
data can definitively establish or rule out the compatibility
of phenomenological extractions with LQCD predictions of
the tensor charges. This conclusion holds without the use of
the low-x theoretical constraint, relying entirely on the
constraining power of the data.

IV. CONCLUSION

We have evaluated the impact of future dihadron SIDIS
measurements at the CLAS12 (proton target) and SoLID
(*He target) experiments at Jefferson Lab, and the ePIC
(proton and *He targets) experiment at the EIC, on the
transversity PDFs and tensor charges of the nucleon. For
our study, we have generated pseudodata for these experi-
ments and analyzed them together with existing dihadron
data within the JAMDIFF framework.

We have found that the three experiments could play
complementary roles. CLAS12 will provide near-term data
in a previously unexplored region, strongly constraining the
up quark transversity in the region of intermediate-to-high
x. This also leads to valuable new information on the tensor
charge ou, which can be compared with LQCD results. In
the JAMDIFF analysis [64,65], approximately two thirds of
the value for du originates from the x-range covered by
CLAS12, which by itself highlights the significance of the
experiment. The information gained from CLAS12 can also
act as valuable guidance for future ePIC measurements.
SoLID with a *He target will complement proton data from

CLASI12, providing unprecedented constraints on the down
quark transversity and tensor charge. This also enables a
stringent comparison with LQCD results for éd. The ePIC
experiment extends coverage to low x for both targets,
resulting in the first direct experimental constraints on the
small-x behavior of the transversity PDFs and permitting a
simultaneous precise extraction of the distributions for both
up and down quarks. In addition, ePIC dihadron data can
definitively answer the question whether or not phenom-
enological extractions and LQCD predictions of the tensor
charges are compatible.

Our final comment concerns the DiFFs. As the exper-
imental precision of dihadron SIDIS measurements of the
TSSA improves, the current uncertainties in the DiFFs will
eventually become the primary limiting factor in achieving
higher precision for the transversity PDFs and tensor
charges. We also recall that the flavor separation of the
unpolarized DiFFs relies on PYTHIA [64,65]. We therefore
encourage new measurements that would enable this flavor
separation and allow even more precise extractions of the
DiFFs, such as measurements of the unpolarized cross
section and the Artru-Collins asymmetry in electron-posi-
tron annihilation and, in particular, measurements of the
unpolarized cross section in SIDIS and proton-proton
collisions.
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