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ARTICLE INFO ABSTRACT

Editor: A. Ringwald We revisit the analysis of transverse single-spin asymmetries A 5 in lepton-nucleon scattering where only a single
pion is detected in the final state, # N — h X. This observable is the Electron-Ion Collider (EIC) analogue to A
in proton-proton collisions, p'p — h X, that has been studied intensely for decades, especially at the Relativistic
Heavy Ion Collider (RHIC). We incorporate new theoretical developments in the collinear twist-3 framework
and utilize recent extractions of (Sivers-like and Collins-like) quark-gluon-quark correlators in the numerical
computations. We compare our calculations to HERMES measurements as well as make predictions for Jefferson
Lab, COMPASS, and EIC kinematics. We further explore the role of next-to-leading order (NLO) corrections to the
(twist-2) unpolarized cross section (denominator of A ) and consider what can be deduced empirically about
the potential numerical significance of the full NLO calculation of A in this process. We consider sources of
theoretical uncertainty in our predictions, which present potential opportunities then for future measurements
to improve our understanding of A, and multi-parton correlations in hadrons.

cal analyses in the CT3 formalism have demonstrated the main cause
of Ay to be from the latter [43-46]. There are also TSSAs in pro-
cesses that are sensitive to the intrinsic transverse momentum k; of
partons and require transverse momentum dependent (TMD) factoriza-

1. Introduction

The study of transverse single-spin asymmetries (TSSAs) Ay in
single-inclusive collisions pp — h X (where one of the incoming pro-

tons or the final-state hadron carries a transverse polarization) has
played a pivotal role in understanding hadronic structure within per-
turbative QCD since the late 1970s [1-3]. The eventual realization that
higher twist (twist-3) multi-parton correlations are central to these pro-
cesses [4,5] paved the way for the development of the collinear twist-3
(CT3) framework often used in calculations of Ay for various reac-
tions [6-24]. The most recent measurements of Ay in p'p— hX are
from Fermilab [25,26] and Brookhaven National Lab [27-39], where
especially the Relativistic Heavy Ion Collider (RHIC) has played a piv-
otal role. From the theoretical side, focus has been placed on two
different types of effects: initial-state contributions from the “Sivers-
like” Qiu-Sterman function [8,11] and final-state contributions from
“Collins-like” fragmentation correlators [15].% Several phenomenologi-

* Corresponding author.
E-mail address: pitonyak@lvc.edu (D. Pitonyak).
! Now at L3Harris Technologies, Rochester, New York 14610, USA.

tion [47-56] and the associated parton distribution functions (PDFs)
and fragmentation functions (FFs). These include reactions like semi-
inclusive deep-inelastic scattering (SIDIS), electron-positron (e*te™) an-
nihilation to almost back-to-back hadrons, pp scattering with hadrons
detected inside of jets, and Drell-Yan lepton pair or weak gauge bo-
son production — see Refs. [45,46,57-67] for some phenomenological
analyses.

The future Electron-Ion Collider (EIC) analogue to the plp—>hX
RHIC measurements is a (naively) simpler reaction theoretically, where
the unpolarized proton is replaced by a lepton, i.e., # N' = h X, where
N is a nucleon. Experimental data for this process are already avail-
able from HERMES [68] and Jefferson Lab 6 GeV [69], although for the
latter the hadron transverse momentum is too low to apply perturba-

2 The full asymmetry also involves terms from so-called soft-fermion poles in the tranversely polarized proton [14], a chiral-odd unpolarized twist-3 correlator [9],
and tri-gluon correlators [17]. However, their effects are not numerically significant in the forward region of p'p — h X [17,40-42] where large A, values have

been measured.
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tive QCD analytical formulas. Two numerical studies were conducted in
2014, one in the aforementioned CT3 framework [70] and one in the so-
called generalized parton model (GPM) [71] (see also Refs. [72,73] for
earlier work on # N' — A X in the GPM). The latter results agreed bet-
ter with the existing experimental data from HERMES than the former.
However, one has to be careful about a direct comparison between the
CT3 and GPM approaches, as they are fundamentally different at a the-
oretical level, which consequently influences the phenomenology - see
Sec. ITID of Ref. [70]. In 2017 an updated analysis in the GPM was per-
formed [74] that included effects in the numerator and denominator of
Ay from quasi-real photons through the so-called Weizsdcker-Williams
distribution. This caused the GPM theoretical calculation to move into
even closer alignment with the HERMES data.

Likewise, of particular importance in the CT3 formalism, especially
for lower energy fixed-target experiments, is the size of next-to-leading
order (NLO) corrections to A . For the (twist-2) unpolarized cross sec-
tion in the denominator of Ay in # N — 7 X, these were calculated in
2015 in Ref. [75], where numerically large effects were found. The NLO
computation of the transversely polarized cross section in the numera-
tor, due to its twist-3 nature, is extremely laborious. Some progress has
been made on the Sivers-like contribution [76,77], but a full result that
also includes the Collins-like terms is probably many years away. Nev-
ertheless, one may be able to empirically speculate as to the size of NLO
corrections in the numerator of Ay in # N' — z X by studying the im-
pact of including NLO corrections in the denominator on the ability to
describe the HERMES data.

In addition, there have been two other relevant developments since
2014 with regard to the CT3 approach to understanding the origin of
TSSAs. In 2016, Lorentz invariance relations (LIRs) and equation of mo-
tion relations (EOMRs) were derived (or re-derived in some cases) for
CT3 PDFs and FFs [18] that, in particular, allow for the Collins-like
terms of Ay to be written using only two independent FFs [44]: the first
kr-moment of the Collins function H ll (l)(z), and the dynamical twist-3
correlator H(z). Both of those FFs, along with the first kp-moment of
the Sivers TMD PDF f J‘(1)(x) and transversity collinear PDF A, (x), were
extracted in a 2022 global analysis of TMD and CT3 TSSAs in SIDIS,
ete™ annihilation, Drell-Yan, and A in p'p > h X [46] (see also the
work in Ref. [45]). All of these non-perturbative correlators also enter
Ay infN'" = hX [18,70].

Given the aforementioned theoretical and phenomenological ad-
vances since the original 2014 investigation [70] of # NT — z X in the
CT3 framework, as well as the recent community focus on the science of
the EIC [78], it is timely to revisit the current status of A for this pro-
cess. The paper is organized as follows. In Sec. 2 we present the relevant
analytical formulas for # N' — h X. The numerical implementation of
these expressions is discussed in Sec. 3, where we make comparisons to
the existing HERMES data as well as give predictions for Jefferson Lab
(JLab), COMPASS, and the EIC. We dedicate Sec. 4 to a deeper dive into
the sources of the theoretical uncertainty in our predictions, and the op-
portunity then to further understand A, in £N and pp collisions from
future measurements. We conclude and give an outlook in Sec. 5.

2. Theoretical framework
The TSSA A, is generically defined as

%{ [dO'UT(T)_dO'UT(l)] } dO'UT

Ay = = s 1
N doyy doyy M

where d GUT(§T) (doyy) is the transverse spin-dependent (unpolarized)
cross section, with 1 (]) denoting a nucleon with transverse spin §T
along the designated positive (negative) transverse axis (e.g., +y). Note
that we will use doyr (without the §T argument) to denote the entire
numerator of Ay .

We consider the reaction # N' — 7 X, where the produced final-
state pion has a transverse momentum Pr. We define the +z-axis to
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be the direction of N'’s momentum in the lepton-nucleon center-of-
mass (c.m.) frame. In addition to Pp, the asymmetry also depends
on the c.m. energy \/E and rapidity #, which are connected to the
Feynman-x variable via x = 2P sinh(y) /\/E . The coordinate system
is such that at fixed-target experiments like HERMES, JLab, and COM-
PASS, the final-state pion is produced in the backward region (i.e., neg-
ative rapidity/x ). The two other Mandelstam variables at the hadronic
level are

T= <—\/§\/P% +x2FS/4+xFS/2> ,
:<—\/E\/P72.+x12,S/4—xFS/2>. ©)

The analytical formula for d 0'517\{ TonX at leading order (LO) in the
ie., O@%? ),

strong coupling a, and electromagnetic coupling «,,,, Lo

reads [18,70]

1+
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The non-perturbative inputs in Egs. (3), (4), (5) are the unpolarized
FF D,(z), transversity PDF h,(x) [79], first kr-moment of the Sivers
TMD PDF [80,81] ;1 (x), first kz-moment of the Collins TMD FF [82]

ll(l)(z), and the dynamical twist-3 FF H(z) [18,44]. The renormaliza-
tion scale is denoted by y, and in the numerical computations we use
u = Py since Py sets the hard scale for the process. The hard factors de-
pend on the partonic Mandelstam variables § = x.S,7 = xT /z,0=U/z,
where x = (1 —v)(U/T)/(vw) and z =-T/((1 — v)S). The quark frac-
tional charges, in units of the elementary charge e, are denoted by e,
with the sum running over active quark and antiquark flavors, and M
(M) indicates the nucleon (pion) mass.

We highlight that Eq. (3) has utilized a LIR and an EOMR among
chiral-odd twist-3 FFs [18] to rewrite the fragmentation piece so that
it only depends on H ll m(z) and H(z). This form of the analytical re-
sult differs from that of the original CT3 analysis of Ref. [70], as the
aforementioned LIR was derived a couple years after that work, and the
current analysis is the first time Eq. (3) has been studied numerically us-
ing the most recent simultaneous extractions [46] of the relevant PDFs
and FFs - see Sec. 3.

The analytical formula for do"/ N—zX

up to NLO in the strong cou-
pling a; and LO in the electromagnetic coupling «,,, i.e., O(asazm),

reads [75]

em>
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The function f;(x) is the unpolarized PDF, and frye{f(y, 4) is the renor-

malized “photon-in-lepton” Weizsédcker-Williams distribution, which at
O(a,,,) is given by [75]

v/t Ao 1 +(1 _y)2 /42
CH) = — I -1], 7
ren (y /’[) o ¥ n y2m§ ( )

where m, is the lepton mass. The sum in Eq. (6) is over partons i =
gor g and f =gqor g. At LO, the only channel is ¢ — ¢, and the hard
factor is

a? 242
NOE Zom 2< nll )ﬁa(l_w). ®

A\ R

At NLO, the channels are ¢ — ¢, ¢ — g, and g — ¢, with the respective

hard factors O’NLO(U w, 1) given in Egs. (26), (27), (28) of Ref. [75].
i-f

Similarly, the hard factors 6;

found in Eq. (29) of Ref. [75].

(v,w) for the same channels can be

3. Numerical predictions and comparison with experimental data

Before presenting our results, we first discuss the numerical imple-
mentation of Egs. (3), (6) that allow us to compute A, . For the unpo-
larized PDF f|(x) and FF D,(z) we utilize CT18 NLO [83] and DSS14
NLO [84], respectively, using only their central values. The functions
F D), hy(x), H-"(2), and A (z) are taken from the JAM3D-22 TSSA
global analysis of Ref. [46], and we propagate their uncertainties into
our computation of A, . As mentioned previously, JAM3D-22 included
TMD and CT3 TSSAs in SIDIS, ete™ annihilation, Drell-Yan, and Ay in
p'p = h X. The predictions for # N — 7 X studied here can provide an
additional test of that framework. We utilize the LHAPDF 6.2.3 pack-
age [85] to generate input for all the aforementioned non-perturbative
functions across the needed momentum fractions and energy scales. We
remind the reader that flm( ), H]l(l)(z), and H(z) in Eq. (3) can all
be written in terms of quark -gluon-quark PDFs/FFs [18], making A in
¢ N' - zX directly sensitive to multi-parton correlations in hadrons.
Therefore, this is an important observable to investigate numerically in
order to provide complimentary information to similar CT3 processes
like Ay in p'p — h X [43-46] and A, in single-inclusive lepton-
nucleon and proton-proton collisions [86-88].

In the following subsections we give our predictions for HERMES,
JLab, COMPASS, and EIC kinematics. For HERMES we compare to their
existing experimental measurements, while for the others we give a
sample of results that represent the main features of this observable
across different c.m. energies, rapidities, and Py’s. Plots for any kine-
matics can be generated upon request. In all cases we present both
results where only the LO unpolarized term (first term in Eq. (6)) is
included in the denominator of Ay and, for the first time, where the
full NLO unpolarized cross section (entire expression in Eq. (6)) is used.
Of course a consistent NLO numerical computation also requires NLO
terms be included in the numerator, but, as mentioned, such corrections
are not available for the transversely polarized (twist-3) cross section.
Nevertheless, by determining the impact of NLO corrections in the un-
polarized cross section on the description of the HERMES data, we may
be able to empirically deduce the size of the NLO corrections in the
numerator of Ay . Given the great complexity of the transversely po-
larized NLO calculation for this process, any information about their
importance is helpful.

Physics Letters B 852 (2024) 138606

LO NLO doyy

HERMES (VS = 7.25 GeV)
1< Pr<22GeV
epl = 1X

Fig. 1. Predictions for Ay vs. —xj in ep' collisions for z* (top row) and 7~
(bottom row) production compared to the HERMES data (\/5 =7.25GeV) in
Ref. [68] for the binning 1 < P, <2.2GeV. The left column gives the LO calcu-
lation while the right column includes NLO corrections to the unpolarized cross
section (denominator of A ). The green dot-dashed curve is the contribution to
Ay from terms in Eq. (3) involving f ]lT(x), the blue dashed curve from terms
in Eq. (3) i{lvolving H ]i(z), and the purple dotted curve from terms in Eq. (3)
involving H(z). The total result, along with its 1-¢ uncertainty, is given by the
red solid curve and band.

As an aside, we mentioned previously an analysis exists in the GPM
framework [74] where effects from quasi-real photons through the so-
called Weizsacker-Williams (WW) distribution are included in both the
numerator and denominator of Ay. We did not pursue such an ap-
proach for two reasons. First, Ref. [75] showed that the full NLO result
for the unpolarized cross section is generally much more sizable than
just the WW contribution. Second, since the WW piece is only one part
of the full NLO calculation, it is somewhat arbitrary to only keep this
term, as there is no guarantee that significant cancellations cannot hap-
pen in the Ay numerator with the inclusion of additional terms at NLO
that spoil the conclusions one draws by only using the WW term.

3.1. Comparison to HERMES measurements

In Fig. 1 we compare our calculation of Ay to HERMES data

(\/E =7.25GeV) for the 1 < Pr <2.2GeV binning as a function of —x g
(recall that fixed-target experiments like HERMES are in the x < 0 re-
gion) for both the LO case and also the scenario where we include NLO
corrections to the unpolarized cross section (denominator of A,). We
notice that the central curve of the LO result generally is larger in mag-
nitude than the measurements for both z+ and z~ production, although
the outer edge of the error bands overlap with most of the data points.
A similar trend of overshooting the data was observed in Ref. [70], ex-
cept in the present analysis the calculated #* and z~ asymmetries are
smaller in magnitude than Ref. [70] (especially for the latter) and have
a larger uncertainty. The reason for the larger error bands here is that
Ref. [70] did not propagate uncertainties from the intrinsic and dynami-
cal twist-3 FFs (H (z) and Jii ru(z, z') in that paper), whereas we account
for the uncertainty in H(z) (recall that we used a LIR and an EOMR to
rewrite H(z) and Hpy(z,2') in terms of H )(z) and H(z)). As we
explore in more detail in Sec. 4, H(z) is not a very well-constrained
function (see Ref. [46]) and the term in A, involving it has large un-
certainties.

We consider now the separate contributions (at LO) from the terms
in A N involving f i H L, and H. The Sivers-like (f lT) piece is larger
for #* than n~ and domlnates over the Collins-like pieces (H ll and H)
in the case of the former. The H ll and H terms have opposite signs,
with the latter giving the main source of the 7~ asymmetry, aided by a
partial cancellation between the f7;. L and H; L terms. An interesting ob-
servation is that if the H term was neghglble for #~ production (which
corresponds to the unfavored H(z) FF being very small due to u-quark
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Fig. 2. Predictions for Ay vs. Py in ep' collisions for z* (top row) and #~
(bottom row) production compared to the HERMES data (\/E =7.25GeV) in
Ref. [68] for the binning 0.1 < —x < 0.2 ((—=xp) = 0.15). The left column gives
the LO calculation while the right column includes NLO corrections to the un-
polarized cross section (denominator of A ). The green dot-dashed curve is the
contribution to A from terms in Eq. (3) involving f IlT(x), the blue dashed
curve from terms in Eq. (3) involving H ]l(z), and the purple dotted curve from
terms in Eq. (3) involving H(z). The total result, along with its 1-c uncertainty,
is given by the red solid curve and band.

dominance from the ¢? factor in the asymmetry (3) and also the fact
that the transversity PDF for the u quark is much larger in magnitude
than the d quark), then the LO theoretical calculation would be very
close to the data. This highlights the importance of better constraining
H(z) in future measurements/analyses.

The results where NLO unpolarized corrections are included bring
Ay in much better agreement with the data. This perhaps is not un-
expected since we have increased the denominator of A, without
changing the numerator. The fact, though, that quantitatively the NLO
corrections in the denominator alter A, in this manner did not have to
be the case from the outset — they could have only marginally changed
the asymmetry or caused it to become negligible. We of course cannot
say anything definitive about how a full NLO calculation of A, would
compare to the measurements since the NLO corrections in the numer-
ator have not been calculated yet. Nevertheless, the study performed
here may suggest that NLO corrections to the A, numerator are small
(or need to be small) to account for the HERMES measurements. How-
ever, typically NLO corrections have similar impact on unpolarized and
polarized cross sections so that there is a partial cancellation in the
ratio that does not change the corresponding asymmetry significantly.
One example in the context of the process under consideration here
is the work in Ref. [89]. The authors analyzed NLO corrections to the
(twist-2) longitudinal double-spin asymmetry A;; in Z N - hX. Over-
all, they found the theoretical computation of A;; at NLO decreased
the asymmetry but still was above the available data from SLAC E155.
Of note as well were the predictions for HERMES kinematics did not
show a drastic change between LO and NLO.

This raises the question as to whether it is reasonable to think
NLO corrections for Ay in # N' — hX will behave differently, and if
there remain discrepancies with the HERMES data (even with an NLO
computation), what this implies about the applicability of the perturba-
tive QCD framework utilized here. In connection to the former, given
the twist-3 nature of Ay, and the fact that there are three different
types of terms that enter (f' ]lT, H ll H), it would not be surprising that
there is less cancellation between numerator and denominator at NLO
for Ay compared to A;;. That is, the NLO pieces to each individual
term (f ]lT, H 1L H) may not be small, but perhaps a cancellation occurs
between them when added together that makes the overall NLO correc-
tions to the A, numerator much smaller than the NLO corrections to
the A, denominator.
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[ JLabl2 (VS = 4.6 GeV,n = —0.5)
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1.0 1.1

1.2 1.3 1.0 1.1
Pr (GeV)

1.2 1.3
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Fig. 3. Predictions for Ay vs. P in en' collisions for z* (top row) and 7~
(bottom row) production for JLab 12 GeV kinematics (\/E =4.6GeV,n=-0.5).
The left column gives the LO calculation while the right column includes NLO
corrections to the unpolarized cross section (denominator of A, ). The green
dot-dashed curve is the contribution to Ay from terms in Eq. (3) involving
f ]lT(x), the blue dashed curve from terms in Eq. (3) involving H ]l(z), and the
purple dotted curve from terms in Eq. (3) involving H (z). The total result, along
with its 1-o uncertainty, is given by the red solid curve and band.

If there is still disagreement with the HERMES data, several possi-
ble explanations would need to be explored. Something useful to have
is unpolarized cross section data across a wide range of P and \/E
for /N — hX to check if the existing (unpolarized) NLO calculation
matches these measurements. If it does, then one can proceed with
more confidence that perturbative QCD can describe A even at HER-
MES kinematics. The issue then may be the twist-3 PDFs/FFs need to
be re-extracted including the A, data from HERMES (and future ex-
periments) since these functions are not as well constrained as twist-2
PDFs/FFs (see also Sec. 4). If the unpolarized cross section cannot be
described by an NLO calculation, then higher orders may have to be in-
cluded, or one may need to consider if there is a purely non-perturbative
mechanism at play, especially at lower P and \/E . In either case, more
measurements of #N — hX ultimately must be performed before any
definitive conclusions can be reached.

In Fig. 2 we compare our calculation of A, to Pp-dependent HER-
MES data for the 0.1 < —x < 0.2 binning ({(—x ) ~ 0.15).> We notice
that the H 1l and H terms largely cancel, leaving the Sivers-like term
to mostly dictate the behavior of Ay as a function of Pr. Similar to
the x -dependent result, the LO computation has a greater magnitude
than the data, except at the largest P;- value. Including NLO corrections
in the unpolarized cross section bring the theoretical curves in better
agreement with the measurements. Nevertheless, the error bands are
such that even the LO calculation mostly overlaps with the measure-
ments.

3.2. Predictions for JLab and COMPASS

In Fig. 3 we give predictions for Ay in en' — z X for JLab 12 GeV
kinematics (\/E =4.6GeV,n =—0.5) as a function of Pp. We find that
the LO =% asymmetry can be very large (70 — 80%), whereas the 7~
asymmetry shows a much milder behavior (—10% to +10%). In both fi-
nal states there is a cancellation between the H 1l and H terms, leaving
Ay to be mainly driven by the Sivers-like term. When NLO corrections
are included in the unpolarized cross section, the 7zt asymmetry is re-
duced to ~ 20% while the 7~ case becomes negligible.

3 HERMES also has binnings for 0 < —x, < 0.1, 0.2 < —x; < 0.3, and 0.3 <
—xp <0.55. The data and theoretical calculation display a similar trend to the
0.1 < —xy <0.2 binning.
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Fig. 4. Predictions for Ay vs. Py in up' collisions for z* (top row) and 7~
(bottom row) production for COMPASS kinematics (\/E =173GeV,n=-1).
The left column gives the LO calculation while the right column includes NLO
corrections to the unpolarized cross section (denominator of Ay ). The green
dot-dashed curve is the contribution to A, from terms in Eq. (3) involving
f llT(x), the blue dashed curve from terms in Eq. (3)~ involving H ll(z), and the
purple dotted curve from terms in Eq. (3) involving H (z). The total result, along
with its 1-o0 uncertainty, is given by the red solid curve and band.

In Fig. 4 we give predictions for Ay in up' — 7 X for COMPASS
kinematics (\/E =17.3GeV,n = —1) as a function of Pr. We find the
#* and 7~ asymmetries are roughly equal in magnitude (~ 3% for the
LO calculation and ~ 1 — 2% when NLO corrections are included in the
unpolarized cross section) and opposite in sign. For the z#t asymmetry,
a partial cancellation again occurs between the H ll and H terms so that
Ay follows the trend of the f IJ_T part. However, an intriguing feature of
Ay for z~ is that the fllT and H li terms cancel, allowing the H term
to be the main source of the asymmetry. Therefore, a measurement
of this observable could give us further insight into the quark-gluon-
quark FF H(z). More broadly, any data from JLab or COMPASS on
Ay in #N' - 7 X would be helpful in trying to better understand
the mechanism behind the asymmetry and the role of NLO corrections,
both of which will allow for more precise calculations for future EIC
experiments.

3.3. Predictions for the EIC

In Fig. 5 we give predictions for low-, medium-, and high-energy
EIC configurations at select rapidities: \/E =29GeV,n = 0; \/_ =
63GeV,n=1; \/E = 141GeV, n =2, respectively. These choices give a
representative sample of how the asymmetry behaves and where it is
most sizable. Plots of Ay for any kinematics can be generated upon
request. First, for the low-energy scenario we find the LO calculation
provides asymmetries ~ 3% for #* and z~ production that have op-
posite signs and decrease with increasing Pr. The inclusion of NLO
corrections in the unpolarized cross section reduce the asymmetries to
~ 1% in magnitude. In both the LO and NLO cases the theoretical un-
certainties increase at larger Pp, which is a general feature of all the
EIC scenarios that we will explore in more detail in Sec. 4. We observe
that in the LO result for z~, if the H term was negligible, A, would
be positive instead of trending negative. This again highlights the im-
portant role played by the quark-gluon-quark FF H(z) and the need to
better constrain this function.

Second, for the medium-energy scenario we find at LO that both the
#* and 7~ asymmetries trend positive due to the f lJ_T and H terms re-
inforcing each other in the former and the H 1l term being dominant in
the latter. However, the error bands are such that the sign of Ay can-
not be definitively determined and a wide range of values are possible
(~—=10% to +5% for n* and ~ —20% to +30% for z~). The inclusion of
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Fig. 5. Predictions for Ay vs. Py in ep! collisions for z* (top row of each
subfigure) and 7~ (bottom row of each subfigure) production for various EIC
kinematics (/S =29GeV, 5 = 0;1/S = 63GeV.5 = 1;1/S = 141GeV, 5 = 2).
The left column of each subfigure gives the LO calculation while the right col-
umn includes NLO corrections to the unpolarized cross section (denominator
of Ay). The green dot-dashed curve is the contribution to Ay from terms in
Eq. (3) involving f IJ'T (x), the blue dashed curve from terms in Eq. (3) involving
H}(z), and the purple dotted curve from terms in Eq. (3) involving H(z). The
total result, along with its 1-o uncertainty, is given by the red solid curve and
band.

NLO corrections to the unpolarized cross section reduces the asymme-
tries by about a factor of two.

Lastly, for the high-energy scenario we find at LO that A for z™ is
small and consistent with zero up until Pr = 5GeV due to a cancellation
between the f ILT and H ll terms and the H term being negligible. The
asymmetry then starts to trend slightly negative until turning very large
and positive. Ay for #~ trends positive at smaller Py (up to ~ 6GeV)
due to the H ll term being larger in magnitude than the other two terms.
The asymmetry then turns large and negative due to the Sivers-like term
growing much more rapidly than the Collins-like terms. The inclusion
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Fig. 6. Plot showing the LO central value and 1-c uncertainty bands of the
contributions to Ay in ep! = 72X (z* (x7) left (right) panel of each subfigure)
from the terms in Eq. (3) involving flLT(x) (green dot-dashed curve and band),
H ll(z) (blue dashed curve and band), and H (z) (purple dotted curve and band)
for the same EIC configurations as Fig. 5.

of NLO corrections in the unpolarized cross section reduces the asym-
metries in the small- P;- region but does not meaningfully tame the rise
in magnitude of A at large Pr. The large increase in the asymmetries
at high Py could be due to the fact that one is moving further into for-
ward kinematics where the PDFs and FFs are being probed at larger
momentum fractions that approach 1, and threshold resummation tech-
niques may be required [90-94]. This is also the regime (larger x (and
z)) where one becomes more sensitive to the fact that the derivatives of
fllT(])(x) and Hll(l)(z) enter the theoretical formulas (see Egs. (4), (5)).
Since the functions themselves obey simple power laws in (1 — x) (or
(1 - z)), the derivatives may not fall off as quickly in the forward region
as the unpolarized PDFs and FFs.

4. Sources of theoretical uncertainty and possible opportunities

A noticeable aspect about all our computations for Ay in £ N' —
7 X is the wide error bands. In order to better understand the sources
of this theoretical uncertainty, in Fig. 6 we separately plot the central
curve and 1-c error band of each term ( fllT,H ll, and H) that con-
tributes to the EIC asymmetries (at LO) shown in Fig. 5. As alluded to
previously, the twist-3 FF H(z) was only extracted for the first time
in Ref. [46] and is not well constrained. This correlates to the H term
having a much larger uncertainty than the f ILT and H 1L terms. At the
high-energy configuration, the f lJ_T and H 1l terms start to also have an
increased uncertainty, more comparable to that of the H term, at larger
Py due to the issues discussed at the end of Sec. 3.

In our analysis of Ay in # N — z X we have found a delicate inter-
play between terms, sizable theoretical errors, and an intriguing impact
from including NLO corrections in the unpolarized cross section. All
of these features open up possible opportunities to gain further insight
from this observable into the mechanism behind TSSAs. The important
role played by the H term and its large uncertainty will allow us to
understand more about this quark-gluon-quark FF from future experi-
ments. Even the fact that the Sivers-like term has a significant influence
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on Ay in # N collisions is in contrast to A in p'p scattering, which
is dominated by the corresponding H ll contribution [45,46]. In addi-
tion, Ay in # N' — z X appears to be a nice testing ground for the
numerical significance of NLO corrections to CT3 observables, and an
understanding of this issue may be required before including current
and future data in a QCD global analysis.

Moreover, there is the broader question of whether Ay in # N —
7 X can be explained within the postulated universal framework for
TSSAs that has been used in a variety of reactions across a wide range
of kinematics [45,46,95,96] and served as the basis for our analysis.
This observable seems to be able to provide high sensitivity to the non-
perturbative functions that enter the theoretical description of TSSAs —
flLT(l)(x), hy(x), Hll(l)(z), and H(z) - and its measurement at the EIC
is mandatory given the machine’s luminosity and lever arm in x and
Py [78]. Conversely, if we are able to in the near term further constrain
the aforementioned functions through additional TSSA experiments at
Jefferson Lab, COMPASS, and RHIC, then we can make more precise
calculations/predictions of Ay in # N — z X. For example, measure-

ments of the Azan’S modulation in SIDIS at COMPASS can help with
extractions of H(z) and of the Sivers and Collins effects in SIDIS at Jef-
ferson Lab in the high-x regime can help pin down the Sivers TMD and
transversity PDFs in the forward kinematic region of A that has large

uncertainties (see Fig. 5 bottom row).
5. Conclusions

We have provided predictions for Ay in # N' — 7 X for HERMES,
JLab, COMPASS, and EIC kinematics and in the first case compared
to existing measurements. This observable is the analogue to Ay in
proton-proton collisions that has been studied intensely for decades.
Collectively, the use of the LIR/EOMR-simplified formula (3) [18],
most recent simultaneous extractions of f f‘T(l)(x), hy(x), H IJ‘ (1)(2), and
H(z) [46], and NLO formula in the A n denominator [75] have allowed
us to carry out a state-of-the-art numerical computation for this observ-
able in the CT3 framework. We find improved agreement with HERMES
data compared to the analysis in Ref. [70], especially when including
NLO corrections to the unpolarized cross section, which could be an
empirical indication that NLO corrections to the transversely polarized
cross section are (or need to be) small (see Sec. 3.1 for more discussion).
Overall, there are several benefits and possible opportunities (see Sec. 4
for more details) from future measurements of Ay in £ N "> 7 X, like
testing our understanding of the origin of TSSAs and further constrain-
ing quark-gluon-quark correlation functions.
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