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The field of transverse single-spin asymmetries
(SSAs) in hard semi-inclusive processes began close to
40 years ago when large effects were found at FermiLab
that could not be generated within the collinear parton
model. Here we focus on the left-right azimuthal asym-
metry that can be defined in single-inclusive leptopro-
duction of hadrons if the nucleon is transversely po-
larized, �N↑ → hX. This asymmetry is similar to the
transverse single-spin asymmetry AN that occurs in
p↑p → h X, which has been intensely studied at RHIC.
Recently, the HERMES Collaboration1) and the Jeffer-
son Lab Hall A Collaboration2) reported the first ever
measurements of AN in lepton-nucleon scattering. In
general, one may expect that AN in this reaction could
give new insight into the underlying mechanism of AN

in hadronic collisions that is the subject of longstand-
ing discussions.

We compute AN for �N↑ → hX in collinear factor-
ization, where one can have twist-3 effects in the trans-
versely polarized nucleon or in the unpolarized outgo-
ing hadron. The former involves the so-called Qiu-
Sterman function FFT — a specific quark-gluon-quark
correlator that has an intimate connection with the
transverse momentum dependent (TMD) Sivers func-
tion f⊥

1T , while the latter arises from parton fragmen-
tation, specifically through the functions Ĥ, H, and
Ĥ�

FU , where the first is related to the TMD Collins
function. Both of these mechanisms have been studied
in p↑p → h X within collinear factorization, e.g., in
3–6). Note that �N↑ → hX has also been computed in
the so-called Generalized Parton Model (GPM) (most
recently in 7)), which uses TMD parton correlation
functions.

We will estimate AN based on leading-order formu-
las, which we refrain from showing here explicitly for
brevity, and study the contributions from the distribu-
tion term involving FFT , and the fragmentation term
involving Ĥ, H, and Ĥ�

FU . It is important to real-
ize that for the process at hand, � N → h X, only
the hadron transverse momentum Ph⊥ can serve as
the hard scale. Here we give a sample of our results,
namely some for HERMES and an EIC. In Fig. 1 we
plot (in the top panel) AN as a function of xH

F = −xF

for π+ production with 1 < Ph⊥ < 2.2 GeV (〈Ph⊥〉 � 1
GeV) for lepton-proton collisions at HERMES energy√

S = 7.25 GeV. Also shown (in the bottom panel)
is our prediction for π0 production at EIC energy
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Fig. 1. AN as a function of xH
F = −xF for π+ at HERMES

kinematics (top), and a prediction for AN as function

of xF for π0 at EIC kinematics (bottom).
√

S = 63 GeV and Ph⊥ = 3 GeV. Note that for
p↑p → π X in the forward region (xF > 0) very large
values for AN have been observed. We find that a
non-zero AN is predicted in this region at an EIC.

We see that our theoretical estimates for AN agree
with the HERMES results in sign and roughly in shape,
but in terms of magnitude they are typically above the
data. Such a discrepancy cannot be considered a fail-
ure of the collinear twist-3 formalism, but rather shows
the need for for a next-to-leading order calculation, es-
pecially in the region of lower Ph⊥. It will also be
important to better constrain the 3-parton fragmen-
tation correlator Ĥ�

FU through measurements, e.g., of
Aπ−

N , which might allow one to test the recent extrac-
tion of Ĥ�

FU that can play a crucial role in AN in pp
collisions6), and to discriminate between the GPM and
the twist-3 frameworks.
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Hadrons, the strongly interacting particles that com-
prise almost all of the visible matter in the universe,
have been shown to possess a complex inner-structure
that goes beyond a simple quark picture. For example,
experimental results in the 1970s on transverse single-
spin asymmetries (SSAs) revealed the crucial role that
quark-gluon-quark correlations could play in hadrons.
This is a consequence of the fact that such observ-
ables are twist-3 effects. Much work over the last 40
years has been performed in the study of transverse
SSAs from both the experimental and theoretical sides.
In addition, one also has twist-3 double-spin asym-
metries (DSAs), namely those where one particle is
longitudinally polarized and the other is transversely
polarized. We will denote these by ALT . The clas-
sic process for which this effect has been analyzed is
ALT in inclusive deep-inelastic lepton-nucleon scatter-
ing (DIS). In that case the entire result can be writ-
ten in terms of the collinear twist-3 function gT (x).
Furthermore, this asymmetry has been studied in the
Drell-Yan process involving two incoming polarized
hadrons1–4); in inclusive lepton production from W -
boson decay in proton-proton scattering5); for jet pro-
duction in lepton-nucleon collisions6); and for direct
photon production7), jet/hadron production8), and D-
meson production9) in nucleon-nucleon collisions.

Here we consider the reaction �� N↑ → h X, where
one can have twist-3 contributions from both the distri-
bution (incoming nucleon) and the fragmentation (out-
going hadron) sides. The leading-order (LO) analytical
formulas for these terms are new results from this work,
but we refrain from showing them explicitly for brevity.
Based on this computation we will give numerical es-
timates for �eN↑ → π X, where N = p, n. We will
only look at the distribution piece, where we need LO
input for the non-perturbative functions D1(z) (un-
polarized fragmentation function), g̃(x) (“worm-gear”-
type function), gT (x), and g1(x) (helicity distribution),
where g̃(x) is the least known of these functions and
has gained quite some interest over the years.

Since we have little information on g̃(x), we look
at two scenarios: i) using the approximate relation
g̃(x) ≈ −f

⊥(1)
1T (x), where f⊥

1T is the Sivers function;
and ii) using a Wandzura-Wilczek (WW)-type approx-
imation g̃(x) ≈ x

∫ 1

x
dy
y g1(y), which was also used else-

where in the literature and holds relatively well in
certain models. In both cases for gT (x) we use the
WW approximation, gT (x) ≈

∫ 1

x
dy
y g1(y). In Fig. 1
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Fig. 1. ALT vs. xF for HERMES (top) and ALT vs. Ph⊥ for

JLab6 (bottom), where xF = 2Phz/
√

S with Phz (Ph⊥)

the hadron’s longitudinal (transverse) momentum.

we show a sample of our results, namely for HERMES
and JLab6, where finalized data is expected soon from
both groups.

We see from our plots that the “Sivers” input and
“Wandzura-Wilczek” input can give quite different re-
sults due to the different behavior of g̃(x). Thus, even
a qualitative comparison of our predictions with ex-
periment could help distinguish between the Sivers and
WW scenarios. Moreover, if the magnitude of the data
is in line with our results, one could have direct access
to the “worm-gear”-type function g̃(x), which has re-
ceived some attention recently. If the magnitude is
not in agreement, this observable could give insight
into the importance of quark-gluon-quark correlations
in the nucleon and/or twist-3 fragmentation effects in
unpolarized hadrons. However, one always has to keep
in mind the potential large impact of next-to-leading
order terms. In general, we found the best chance to
measure a nonzero asymmetry is at HERMES, JLab,
and COMPASS, as the high center-of-mass energy of
an EIC leads to a very small effect. We expect this
conclusion to be rather robust.
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Fig. 1. AN as a function of xH
F = −xF for π+ at HERMES

kinematics (top), and a prediction for AN as function

of xF for π0 at EIC kinematics (bottom).
√

S = 63 GeV and Ph⊥ = 3 GeV. Note that for
p↑p → π X in the forward region (xF > 0) very large
values for AN have been observed. We find that a
non-zero AN is predicted in this region at an EIC.

We see that our theoretical estimates for AN agree
with the HERMES results in sign and roughly in shape,
but in terms of magnitude they are typically above the
data. Such a discrepancy cannot be considered a fail-
ure of the collinear twist-3 formalism, but rather shows
the need for for a next-to-leading order calculation, es-
pecially in the region of lower Ph⊥. It will also be
important to better constrain the 3-parton fragmen-
tation correlator Ĥ�

FU through measurements, e.g., of
Aπ−

N , which might allow one to test the recent extrac-
tion of Ĥ�

FU that can play a crucial role in AN in pp
collisions6), and to discriminate between the GPM and
the twist-3 frameworks.
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we show a sample of our results, namely for HERMES
and JLab6, where finalized data is expected soon from
both groups.

We see from our plots that the “Sivers” input and
“Wandzura-Wilczek” input can give quite different re-
sults due to the different behavior of g̃(x). Thus, even
a qualitative comparison of our predictions with ex-
periment could help distinguish between the Sivers and
WW scenarios. Moreover, if the magnitude of the data
is in line with our results, one could have direct access
to the “worm-gear”-type function g̃(x), which has re-
ceived some attention recently. If the magnitude is
not in agreement, this observable could give insight
into the importance of quark-gluon-quark correlations
in the nucleon and/or twist-3 fragmentation effects in
unpolarized hadrons. However, one always has to keep
in mind the potential large impact of next-to-leading
order terms. In general, we found the best chance to
measure a nonzero asymmetry is at HERMES, JLab,
and COMPASS, as the high center-of-mass energy of
an EIC leads to a very small effect. We expect this
conclusion to be rather robust.
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