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Suppression of Spin Transfer to A Hyperon in Deep-Inelastic Scattering
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We investigate A production in semi-inclusive deep-inelastic scattering using a polarized lepton beam
and find that the spin transfer is significantly suppressed by target fragmentation. As further demonstrated
by a model estimation, experimental data can be well described once the target fragmentation is taken into
account, which alleviates the tension with calculations solely based on current fragmentation. Our findings
suggest that, at the energies of existing fixed-target experiments, the separation of current and target
fragmentation regions is not distinct. Spin transfer as well as other spin effects offers a sensitive probe into

the origin of the produced hadron.
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Introduction—The A polarization in high-energy scatter-
ing experiments has received great interest since the first
observation of spontaneous transverse polarization in
1976 [1], which was not expected in perturbative QCD
(pQCD) [2]. This landmark event sparked extensive exper-
imental measurements and theoretical explorations, provid-
ing invaluable insights into understanding the spin effects
in hadronization processes, nucleon spin structures, nuclear
matter properties under extreme conditions in heavy-ion
collisions, and hadron spectroscopy.

Owing to the self-analyzing weak decay [3], A polari-
zation is a powerful tool for investigating spin-dependent
fragmentation functions (FFs) [4,5], and numerous mea-
surements have been carried out in electron-positron
annihilations [6-8], lepton-hadron deep-inelastic scatterings
[9-15], and hadron-hadron scatterings [16-20]. Since A is
an isoscalar hyperon with its spin dominated by the valence
strange quark [21,22], the polarization of A produced in
semi-inclusive deep-inelastic scattering (SIDIS) is expected
to have a strong sensitivity to the strange sea of the nucleon
[23-30]. Unlike the electron-positron annihilation process,
in which all hadrons are generated from the produced quark-
antiquark pair, the identified final-state hadron in SIDIS may
either come from the struck quark, referred to as the current
fragmentation (CF) [4,31,32], or come from the remnant of
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the initial-state nucleon, referred to as the target fragmenta-
tion (TF) [33-37]. While most studies focused on the CF
mechanism [38-45], the theoretical framework for the TF
has also developed and refined in recent years [46-52].

To understand the A polarization in SIDIS, it is important
to trace the production mechanism, leading to a challenging
task in experimental analysis to separate CF and TF
regions. In an ideal limit, when the virtual photon carries
infinite momentum, one can imagine that the hadrons from
CF are moving nearly around the photon direction and
those from TF are likely at the end of the direction of
the nucleon momentum. This feature was observed at
HERA [53]. However, such a rapidity gap is not observed
at existing fixed-target experiments or early neutrino
scattering experiments [54—60], and events from the CF
region and TF region all mix together. Although some
practical criteria were proposed [61-64], there is, in fact, no
clear border between the CF and the TF regions.

Instead of creating another criterion, we propose in this
Letter to take advantage of the longitudinal spin transfer
Dy ; as a sensitive observable to the origin of the produced
A. By examining the spin-flavor structure, we find the D,
to A, which has been measured by HERMES [13,65],
COMPASS [14], and CLAS [66,67], will be significantly
suppressed if a sizable fraction of events are from the TF.
To quantitatively demonstrate this mechanism, we perform
a model estimation. Our results indicate that the spin
transfer is highly suppressed for measurements at low
energies even if only the leading TF channel is taken into
account, and this effect reduces at higher energies.
Therefore, the spin suppression effect from TF not only
alleviates the tension between data and theoretical predic-
tions with CF, but also provides a new perspective to
explore the hadronization mechanism. This mechanism can
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be further tested at current experiments at Jefferson Lab
(JLab) [68] and future electron-ion colliders [69-71].

Spin transfer—We consider A production in the SIDIS
process using a polarized lepton beam and an unpolarized
nucleon target:

(Z)+ N(P) = I(¢') + A(Py) + X, (1)

where the labels in parentheses represent the momenta of
corresponding particles and X stands for the undetected
hadronic system. With one-photon-exchange approxima-
tion, the differential cross section is given by [72-75]

do Ar’a®  y? | +ﬁ
dxdydz  xyQ*>2(1 —¢)

2x
X [FZU(x, 0%.2) + 2 AaV 1 — €2 FF ) (x, QZ,Z)],
()
where « is the electromagnetic fine structure constant, 1,
represents the helicity of the lepton beam, and 1, represents

the polarization of produced A hyperons. Kinematic
variables are defined as
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The structure functions FY, and F%, correspond to
unpolarized and longitudinally polarized A production,
respectively, as indicated by the superscripts. The sub-
scripts indicate the polarizations of the lepton and the
nucleon. By flipping the spin of the lepton beam, one can
measure the ratio of the two structure functions:

FﬁU(xv sz Z)

Db, = LU=
e FgU(X’Qz’Z)

(4)

referred to as the longitudinal spin transfer.

In this process, a polarized virtual photon is emitted from
the lepton beam. The struck quark in the nucleon is then
polarized after absorbing the photon. If assuming the CF, in
which the detected A is generated from the fragmentation
of the struck quark, the spin orientation of the A may be
related to the polarization of the struck quark. This
correlation is characterized by the polarized FF G/,\q(z),
which represents the density of longitudinally polarized A
carrying a fraction z of momentum of the parent polarized
quark with flavor g. According to this mechanism, one can
factorize the Ff, into the convolution of f,(x) and

G, (2), where f,(x) is the unpolarized parton distribution
function (PDF) of the nucleon, describing the parton
density of flavor ¢ that carries a fraction x of the nucleon
momentum. Similarly, the FY, is factorized into the
convolution of f,(x) and the unpolarized FF D’l‘q(z).
Leading-order expressions are given by

FYy = e2xfi,(x)D},(2). (5)

Fhy = exfi,(x)G,(2). (6)

where ¢, is the fractional electric charge of the quark.
For the TF, in which the detected A is from the remnant
of the nucleon, the hadronization process is formally
described by the fracture function (FrF) M f/ (x,¢). Here,
¢ is the momentum fraction of the nucleon carried by the
final-state A, and x is the momentum fraction carried by the
struck quark ¢, the same meaning as in the PDF. Although
the detected A does not directly learn the struck quark
information, its polarization is, in general, still related to the
spin of the struck quark, because the spin states of the
struck quark and the remnant of the nucleon, referred to as
the spectator, are correlated as constrained by the nucleon
wave function. In the reaction considered here, the polar-
ized photon has a preference to pick quarks at certain spin
states required by the helicity conservation, and, thus, the A
generated from the nucleon remnant can, in principle, have
nonzero polarization, even if the virtual photon polarization
is not directly transferred to the nucleon remnant. Such
correlation is formally characterized by the polarized FrF
AM; (x, ). Following the convention of FrFs in [47], the
structure functions within the TF are expressed as

o¢
FgU _‘a_z

> e2xMY(x.0), (7)

%
0z

Ly —‘ Zef,xAMf;(x,C), (8)
q
where [0{/0z] is the Jacobian.

To estimate the effect of TF on the longitudinal spin
transfer to A, we start from the analysis of kinematic
regions. For convenience, we take the reference frame in
which the nucleon and the virtual photon are head on, with
the nucleon moving backward. After the collision, the
struck quark acquires large energy from the virtual photon
and moves forward, while the nucleon remnant keeps
moving backward. Then, the hadrons detected in the
forward region are likely from the CF and those in the
backward region are likely from the TF. If further consid-
ering the color neutralization process, which requires
radiation of partons to combine into hadrons, one will
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expect at the high-energy limit that most hadrons are
generated in the CF region, because the energy is mostly
transferred to the struck quark.

However, at medium energies, such as the experiments at
JLab, HERMES, and COMPASS, no clear isolation of CF
and TF regions is observed, and one should, in principle,
take both mechanisms into account. Because limited phase
space is given to the struck quark in this case, a quark of
flavor u, d, or s will have a better chance to produce a A,
which has the valence component |uds). It is often referred
to as favored fragmentation channels. If also considering
the parton densities of the nucleon, the u and d channels
would be more dominant. Hence, even for leading CF
channels, the struck quark needs to generate at least two
pairs of quarks to form a A, and, correspondingly, the FF
has the falloff behavior in powers of (1 —z) at large z.
According to (5) and (6), D, is characterized by the ratio
between the PDF-weighted sum of Gf, and that of D, if

only CF contributions are taken into account. While it
generally relies on the knowledge of FFs, the pQCD
helicity retention [76,77] predicts at the z — 1 limit G’l‘q
and Dﬁ\q tend to be the same, and, thus, D;; — 1.

For TF, the A is produced from the nucleon remnant,
which contains a bunch of partons. To match the flavor of
A, a uds quark cluster undoubtedly has the best chance, but
the probability to find such a cluster in the nucleon is
extremely low. We note that the possible existence of
polarized intrinsic strange sea [23,25] may contribute to the
A polarization via this channel, which is beyond the scope
of this Letter. Then, one may consider the quark pair of ud,
us, or ds, which needs to generate only one additional
quark to form the A. Since the ud pair exists in the valence
component of the nucleon, it is expected to be the dominant
channel. As A is an isoscalar hyperon, the ud pair should
form a scalar in its valence component. Therefore, the
leading TF channel will generate unpolarized A and,
consequently, reduce the D;; value. Comparing the dom-
inant CF and TF channels, one can find that the TF requires
less phase space for radiation. So the suppression of the
spin transfer D;; by TF will be significant for experiments
at relatively low energies.

Numerical estimation—To quantitatively demonstrate
the suppression of spin transfer by TF, we need the
knowledge of FFs and FrFs. These are essentially non-
perturbative quantities, and first-principle calculations are
still unavailable. For FFs D} and G?, we take the
parametrization [78]. Since the fit was obtained by analyz-
ing et e annihilation data, which contain no hadrons in the
initial state, we do not need to worry about the contami-
nation from TF for the extracted FFs.

As the pQCD global analysis of FrFs is still missing
and our main focus is to demonstrate the importance of TF
in understanding the spin transfer, instead of a precise
description, we adopt a model calculation. Here, we choose
the quark-diquark model, which has been extensively

utilized in phenomenological studies and proven successful
in quantitatively describing many physical quantities, such
as form factors, unpolarized and polarized PDFs, trans-
verse-momentum-dependent PDFs, generalized PDFs, FFs,
and Wigner distributions. In this model, the nucleon is
viewed as an active quark that is probed by the virtual
photon and a diquark as the remnant of the nucleon. The
diquark is either a scalar or an axial vector, which can be
derived from the SU(6) spin-flavor wave function of the
nucleon, and similarly for the A.

We follow the formalism in Ref. [79] by introducing
effective quark-diquark-baryon vertex:

- Ya
Yo = iZ=7"ys. )

V2

where s and a stand for the scalar diquark and the
axial-vector diquark, respectively. The Gaussian-type
form factors are chosen for the couplings as g, —
Ys(a) exp{[(p* - mczi) - (P?(@ - M?(a))]//lf(a)}% where  p
and p,) are the momenta of the quark and diquark,
respectively, m, and M, are quark and diquark masses,
respectively, and ) is a cutoff parameter. The quark
masses are set as m,, = my= 0.3 GeV and m,= 0.5 GeV,
and other parameters M= 1.2 GeV, M,= 1.3 GeV,
As=2.9 GeV,and 1,= 1.8 GeV are tuned to match valence
quark PDFs f,,(x) in the JR14 parametrization [80].

With the correlation matrix for the FrFs [47], we
obtain the expression of the transverse-momentum-
dependent FrF as

T, =igl,

v STNGAX [(my, +xM)? +p? ]
C AP (1 = ¢ = x)2 (PP - mi)?
[(1=x = )My = m,|* + [(1 =x)Py1 +p. ]

9’

(1= x)M? —xM5 = (1 = x)p* = pi]?

(10)

FIG. 1. Model results of the FrF MY (x, {) of the proton with a u
quark as the struck quark.

231901-3



PHYSICAL REVIEW LETTERS 134, 231901 (2025)

¢ HERMES 2011 PPty
0.75 0.757 § HERMES 2006 Jit ag
0.50 0.50
~ ~
~ ~
QA 025 Q 025
0.00 0.00
—0.25} | | | | —0.25F | | |
0.0 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
Wiyl z

FIG. 2. Longitudinal spin transfer D;; in comparison with HERMES data [13,65]. The dashed curves include only CF contributions,
and the solid curves include both CF and TF contributions. The curves are evaluated at the average values of x = 0.088 and
Q% = 2.4 GeV?. We note that the data here were analyzed with a, = 0.642 4 0.013 and are not rescaled by the latest value a, =

0.746 £ 0.009 [83].

where p, and P, are the transverse momenta of the
active quark and the A with respect to the nucleon, respec-
tively, and g,y and g, are form factors in the quark-diquark-
nucleon and the quark-diquark-hyperon vertices, respectively,
as introduced above. The transverse-momentum-integrated
result of MY (x, ) with a struck u quark is shown in Fig. 1.
Here, we have considered the valence component of the
proton. With the struck quark being a u quark, the remnant is
a ud diquark, which contributes to the leading TF channel
according to the previous analysis.

Then we calculate the D; ;, in (4), in which the structure
functions are integrated over the transverse momentum. For
the transverse momentum dependence of PDFs and FFs, we
use the common Gaussian parametrization in Refs. [81,82].
In Fig. 2, the results are shown in comparison with
HERMES data [13,65]. One can observe that the results
with only CF contributions severely deviate from the data.

1.00
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FIG. 3.

The increasing behavior at large x5 and z is expected from
the pQCD helicity retention prediction for G/]‘q / D’l\q.
However, this trend is not observed in the measurement,
even at very large xr and z. When the TF is taken into
account, the results can match the data well. The suppres-
sion of D;; by TF contributions is significant. One may
notice that at large xr and z, where the detected A is along
the virtual photon direction, the suppression effect is even
more significant. It seems in contradiction with the intuitive
picture. The reason is that in the relatively low-energy
experiment the struck quark has very limited phase space to
shower, especially when the measured hadron carries a
large fraction of momentum. Thus, the CF contribution is
also inhibited at very large xr and z as presented in the
Supplemental Material [84]. Furthermore, at this limit, the
spin transfer from CF tends to 1, while that from TF stays
around 0. The huge difference between the values predicted

1.00 —

¢ CLAS preliminary T
0.7%5r T
0.50 """

1.0

Longitudinal spin transfer D;; in comparison with CLAS preliminary data [66,67]. The dashed curves include only CF

contributions, and the solid curves include both CF and TF contributions. The curves are evaluated at the average values of x = 0.25 and
0% = 2.13 GeV2. We note that the data here were analyzed with a, = 0.732 4 0.014 and are not rescaled by the latest value a, =

0.746 £ 0.009 [83].
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from the two mechanisms makes the suppression effect
more visible.

In Fig. 3, the results are compared with JLab CLAS
preliminary data [66,67]. As can be observed, the tension
between CLAS data and theoretical predictions with only
CF contributions is more serious. This is consistent with
our analysis, because the energy of the CLAS experiment
is even lower than that of HERMES. Therefore, one can
expect more significant effect from the TF. Once the TF is
taken into account, the data are well described.

On the other hand, the TF effect on the spin transfer
suppression should reduce if the measurement is carried out
at a higher energy. In Fig. 4, the results are compared with
the COMPASS data [14], in which the D;; for both A and
A are reported. As expected, the suppression by the TF,
shown by the difference between the dashed curve and the
solid curve, is much smaller. The results including the TF
contribution are still much greater than the data of A. We
should note that only the leading channel is taken into
account in the estimation of TF, which may be understood
as a lower limit of the TF contribution. Since the energy
of the COMPASS experiment is higher than those of
HERMES and CLAS, contributions beyond the leading
channel may also have non-negligible effects.

In addition, one can observe in Fig. 4 that the D;; data of
A can be well described with only CF contributions. This
confirms the physical picture as presented above from a
different aspect. Since the A contains three valence anti-
quarks, the CF is inhibited by requiring the generation of
additional quark-antiquark pair if from a struck quark or by
the sea quark density in the nucleon if from a struck
antiquark. For the TF, the probability is further reduced by
antiquark densities in the nucleon, since an antiquark pair is

0.75F ---- CF ¢ COMPASS A
—— CF+TF % COMPASS A
0.50
3 0.25
Q
0.00
—0.25
0.0 0.2 0.4

rr

FIG. 4. Longitudinal spin transfer D;; in comparison with
COMPASS data [14]. The dashed curves include only CF
contributions, and the solid curves include both CF and TF
contributions. Theoretical curves are evaluated at x = 0.03 and
0% = 3.7 GeV?. We note that the data here were analyzed with
ap = 0.642 + 0.013 and are not rescaled by the latest value @, =
0.746 + 0.009 [83].

required if to compete with the CF during the hadronization
process. So the TF effects on A production from nucleon
targets are negligible.

Summary and outlook—For A production in existing
fixed-target SIDIS experiments, there is not a clear isolation
between CF and TF contributions. It is important to take
into account both mechanisms, especially for the under-
standing of spin-related observables.

Taking the longitudinal spin transfer D;;, we demon-
strate that the experimentally measured value can be
significantly suppressed by the TF contribution. With the
FrF estimated by a simple model, we show that the
inclusion of TF can much alleviate the tension between
experimental data and CF predictions. Even if at very large
xp or z, the TF effect on D can still be huge. Therefore,
Dy is a sensitive observable to the origin of the produced
A, shedding light on the hadronization dynamics.

The TF contributions at current experiments at JLab are
very significant. It provides opportunities to systematically
investigate the TF effects, taking advantage of spin-related
observables. The presented spin-transfer effect on A pro-
duction can be extended to other hyperons, which may also
have feed-down contributions to the A measurements and
deserve systematic studies in future. Global analysis of
FFs, especially spin-dependent ones, including SIDIS data
should carefully handle TF contributions. Measuring azi-
muthal asymmetries that are absent in the CF region also
offer a potential method to probe the TF contribution, and
such measurements could be pursued in future experiments.
The TF effects generally decrease with increasing energies
of the experiment, which can be tested at future EICs
[69-71]. It may also shed light on the understanding of the
spin-transfer measurements in polarized pp collisions
[18-20]. More scrutiny, combining various high-energy
reaction processes, is desired on target fragmentations.
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