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The polarization of A hyperons is preserved in the angular distribution of their decay products. This
property allows one to study the spin structure of the A. In semi-inclusive deep inelastic scattering where a
high energy lepton interacts with a nucleon target and one or more hadrons and the scattered lepton are
detected in the final state, the probability for a struck quark to impart the polarization of the lepton to the A
may be measured. In particular, in electron-proton scattering this quantity may be related to the longitudinal
light quark polarization of the A. Currently, limited experimental data cannot discriminate between
different models of A spin structure. This work reports on the measurement of the longitudinal spin transfer
D}, to the A using data taken by the CLAS12 spectrometer at Jefferson Lab with a 10.6 GeV
longitudinally polarized electron beam and an unpolarized hydrogen target. This measurement is the most
precise to date, and, in comparison with theory predictions, it offers valuable insight into the relative
dominance of current and target fragmentation in A production.

DOI: 10.1103/d6g9-96xr

I. INTRODUCTION

Understanding the internal dynamics of the nucleon and
other hadrons remains one of the most complex unsolved
challenges in modern physics. The quarks within a hadron
are held together by the strong force, one of the four
fundamental forces. Quantum chromodynamics (QCD)
gives us a theoretical framework that has quite successfully
described many physical observations [1]. However, had-
rons are strongly coupled systems and, hence, are not
perturbatively calculable. Fortunately, the asymptotic free-
dom of QCD at short distances allows one to analyze
the hadron dynamics with a high energy probe such as
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an electron since its de Broglie wavelength A = h/p is
inversely related to its energy [1].

Processes such as semi-inclusive deep inelastic scatter-
ing (SIDIS),

(1) +N(P) - (I')+ h(P,) + X, (1)

where a high energy lepton ¢ collides with a target nucleon
N and one or more hadrons £ are detected in the final state
are ideally suited to studying nonperturbative quantities in
QCD. [, I, P, and P, respectively, denote the 4-momenta
of the incoming and outgoing lepton, the target nucleon,
and a final state hadron. The 4-momentum of the virtual
photon y* exchanged between the incoming lepton and the
target nucleon is denoted ¢ =1—1'. Some kinematic
variables used to characterize the interactions are defined
as follows:

Q2 = _qﬂqﬂ’ (2&)

W2 = (P* +g")%, (2b)
_@

X = 2pig, (2c)
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(2d)

cos ¢, = - _,.__ p— (2g)

Q? is the negative 4-momentum squared of the y* momen-
tum and describes the virtuality of the interaction. W is the
final state energy in the y*N center-of-mass (c.m.) frame,
x is the longitudinal light cone momentum fraction of
the target nucleon carried by the struck quark, and y is
the fraction of the incoming electron energy carried by the
virtual photon. The remaining variables are specific to the
hadron # of interest detected in the final state. z;, describes
the energy fraction of the hadron relative to the struck quark
and xp;, is the longitudinal momentum fraction of the
hadron relative to the maximum value W/2 allowed by
momentum conservation in the y*N c.m. frame. Finally,
¢;, is the azimuthal angle of the hadron momentum about
the virtual photon momentum in the y*N c.m. frame.
Importantly, the xz;, variable is used to distinguish between
hadrons produced from the struck quark, the current
fragmentation region (CFR), and from the remaining
quarks within the target nucleon, the target fragmentation
region (TFR). Positive xp; values are associated with
hadrons traveling in the forward-going virtual photon
direction and negative values are associated with hadrons
traveling in the backward-going target nucleon direction in
the y*N c.m. frame.

While unpolarized SIDIS gives access to unpolarized
observables in QCD, there still remain transverse momen-
tum and polarization dependent aspects of hadron structure
that can only be accessed through polarized SIDIS mea-
surements. One must consider these aspects of QCD as well
in order to construct a complete picture of a hadronic QCD
system. In SIDIS, observables dependent on transverse
momentum and polarization often manifest in asymmetries
between the cross sections produced from opposite initial
lepton probe helicity and target nucleon spin configura-
tions. The A hyperon lends itself naturally to these studies
by virtue of its self-analyzing weak decay A — pz~ shown
in Fig. 1. In fact, the large spontaneous transverse polari-
zation of A hyperons produced in p + Be collisions [2]
over 45 years ago was the first indication that transverse
spin effects played a significant role in hadron physics. The
polarization of the A is preserved in the cross section of the
decay protons,

FIG. 1.
the A spin axis P, retained from the y*N c.m. frame.

The A — pz~ decay in the A rest frame is shown with

dN -
d—Qpcxl—i—aAPA-np. (3)

ap = 0.747 £ 0.009 is the asymmetry parameter for the

weak decay of the A in its c.m. frame [3] and 1_5,\ - 71, 1s the
polarization of the A along the proton momentum in the A
rest frame [4,5].

In this paper, we set out to expand upon our previous
work [6] and to make a clean and precise measurement
of the A longitudinal spin transfer coefficient D?L,. This
quantity describes the probability for a struck quark to
impart its longitudinal spin to the A in SIDIS, and, as
discussed below, for our selected data, this may be assumed
to come primarily from scattering off light (u, d) quarks
within the target nucleon. Measurement of this quantity
also offers a clear test of the dominant A production
mechanism in the CLAS12 kinematic phase space, which
provides significant insight for future studies.

A. The polarized A production cross section

As shown in Ref. [7], the only term of the A leptopro-
duction differential cross section with an unpolarized target
that is dependent on both the longitudinal helicity state of
the incoming lepton beam /4, and of the A longitudinal spin
state SAH is

1
dopyr < Sy As [y <1 - 5)’) Frue

+ v/ 1 =ycos g F CL‘}?Z&A} : (4)

Here, ¢, is the azimuthal angle of the A momentum about
the y* momentum in the y*/N c.m. frame defined by Eq. (2g)
and FYd = FNlod(x,z, P72 ) are structure functions of
different angular modulations denoted by the superscripts.
The subscripts correspond to beam, target, and A polari-
zation states, respectively. As shown in Ref. [7], integrating
over the transverse momentum P, | of the A, leaves us with
just the first structure function F;;;, which may be
expressed in terms of parton distribution functions
(PDFs) and fragmentation functions (FFs) as
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Froo(xz) =x)_ e f{(x)Gy(2), (5)

where the sum runs over the quark flavors a and e, is the
charge of the quark of flavor a. f; is the unpolarized
PDF and G, is the helicity FF, following the notational
conventions of Ref. [8]. The only unpolarized differential
cross section term that survives the P, integration is
given by [9]

1
doyyy (1 -y —|—§y2> Fyyu
1 a
x (1 -y +§y2>x;egf‘l’(x)D[1\’ (z), (6)

and contains the unpolarized FF D,.

The most basic and extensively studied FF is the
unpolarized FF D"“(z) describing the probability for an
unpolarized quark of flavor a to fragment into an unpo-
larized hadron 4 [10]. However, one may further refine
PDFs and FFs by introducing helicity state dependence. For
example, we may define the probability for a quark with
flavor a of positive helicity + to fragment into a hadron £ of
the same helicity as D'f*’“ and to fragment into a hadron

of opposite helicity — as D},'_“”. Assuming these proba-
bilities are symmetric for a quark of negative helicity
fragmenting into a hadron of the same or opposite helicity,
D=4~ = DI4* and DI = DIt the unpolarized
FF may then be expressed as D[ = D% 4 D% and

we may define the helicity-dependent FF G = D4+

DI™* [4,8]. G describes the probability to produce a
longitudinally polarized hadron from a longitudinally
polarized quark.

Recall from Eq. (3) that the A decay cross section is itself
dependent on the A polarization P, which, fortuitously, is
an asymmetry we can relate to the Pj | -integrated cross
sections from Egs. (4) and (6) as

NA+ _ NA—
NA+ + NA—

doryr

(7)

PA: .
doyyuy

Thus, we can express the A polarization P, in terms of
PDFs and FFs,

Y(1=3y) Y,2f4(x)G(2)
L=y +32 3,2 f4(x)DM(2)

PA - /?.f (8)

B. The longitudinal spin transfer coefficient D},

In SIDIS, the incoming electron interacts with a valence
quark in the target nucleon by means of a virtual photon.
Since the photon has spin 1, a longitudinally polarized
beam will preferentially select a quark of the opposite

polarization. This means that the outgoing quark will have
the same helicity as the virtual photon and will have some
chance of imparting its polarization to a hadron in frag-
mentation. With this more intuitive formulation, we can
write the A polarization from Eq. (8) as

Py =2,D(y)D7. ©)

where 1, is the helicity of the incident electron and D(y) =
y(1-5) -
1 y+] 2
loss of polarization from the incident electron to the virtual
photon. The final ratio of PDFs and FFs in Eq. (8) we
denote by DLL, This is the longitudinal spin transfer
coefficient, which encodes the probability for the struck
quark in the target nucleon to impart its polarization to the
produced A. This means that the angular distribution of
protons coming from the A decay is

is a depolarization factor that takes into account the

dN
dE X 1 —|—aA/1fD( )

2 €080, (10)
where the angle cos,;  is taken between the proton
momentum and A spin quantization axis L’ in the A rest
frame. In principle, one may analyze the A polarization
along any choice of the axis L’. Some authors differ in their
definition of the longitudinal axis [8,11,12]. Hence, for our
analysis we present results for two different choices of the
longitudinal polarization axis: along the virtual photon y*
momentum and along the A momentum direction retained
from the y*N c.m. frame.

We now motivate the interpretation of D) 1 as the
probability of spin transfer from the struck quark to the
produced A. Since our CLAS12 data do not span a wide
range of Q2 and exhibit almost no Q* dependence, we have
assumed that the PDFs and FFs vary slowly with Q2.
Integrating the spin transfer coefficient as formulated in
Eq. (8) over all possible momentum fractions x of the struck
quark and inserting an identity, we obtain [4]

DM (2) =~ Z IG)AZ; pha, (11)

where the purity p¢ is the probability that a A was

produced at a fractional energy z from a quark of flavor a,

eafi(x)DY(2)
/Zafezf” o (12)

In deep inelastic scattering (DIS), the scattering is pre-
dominantly off u and d quarks so D 7 1s a measure of the
light quark spin contribution to the A in this case.
Furthermore, because of isospin symmetry, we should

naively expect that DQLlf = D?L‘f [4].
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In the naive quark model (NQM), the s quark carries
the entirety of the A spin while the u and d quarks are in a
spin singlet state. Using SU(3) symmetry considerations
to extrapolate measurements of the proton spin structure
for the strange baryon octet, Burkardt and Jaffe found
indications of a small negative light quark polarization in
the A [13]. Furthermore, phenomenological models have
been applied to DIS data to examine the x-dependence
of the longitudinal spin transfer, which is predicted to rise
with x [11,12,14].

The longitudinal spin transfer coefficient has been
measured previously at OPAL and ALEPH in e'e~
annihilation near the Z° resonance [15,16]. These obser-
vations revealed a large negative longitudinal spin transfer
coefficient. However, this is associated with the strange
quark content of the A since the typical production
mechanism is ete™ — Z° — s5. The longitudinal spin
transfer has also been measured recently in Drell-Yan
polarized pp collisions at STAR where it was observed
to be small and compatible with zero [17,18]. In the
Drell-Yan case, the longitudinal spin transfer coefficient
is also sensitive to the strange quark spin contribution in the
A. In exclusive DIS where all final state particles are
identified, the longitudinal spin transfer has been measured
in AK* and XK photoproduction [19] and electropro-
duction [20,21] with the CLAS detector and more recently
in electroproduction with the CLAS12 detector [22]. In this
context, the spin transfer coefficient offers insight into
nucleon resonances in the strange quark s-channel.

In terms of directly comparable measurements from
SIDIS, the coefficient has been measured at HERMES [4]
and COMPASS [23-25] in e and u™ SIDIS respectively,
as well as at NOMAD [26,27] in v, charged-current
interactions. HERMES and COMPASS both observed
small longitudinal spin transfer coefficients in the CFR
compatible with 0. NOMAD measurements were concen-
trated in the TFR where they observed a negative spin
transfer, yet in the CFR their measured spin transfer was
compatible with zero.

C. The CLAS12 detector

The Continuous Electron Beam Accelerator Facility
(CEBAF) at Jefferson Lab delivers a high luminosity
polarized electron beam to four experimental halls for
fixed target experiments [28]. The CLAS12 (CEBAF Large
Acceptance Spectrometer for operation at 12 GeV beam
energy) detector is located in experimental Hall B and
provides excellent momentum and angular coverage, as
well as good particle identification capabilities for both
charged and neutral particles produced in high energy
electron-nucleus scattering events [29]. The detector is
centered around two large superconducting magnets, a
solenoid in the central region of the detector and a torus in
the forward region. The torus magnet is operated in two
different configurations, either bending negatively charged

particles in toward the beamline (inbending configuration),
or out away from the beamline (outbending configuration).
The detector is also separated into two major detector
systems. The forward detector (FD) covers the polar angle
region 5° < @ < 35° and the central detector (CD) covers
the polar angle region 35° < 0 < 125°. Both detector
regions have symmetric azimuthal coverage about the
electron beam direction.

II. DATA

The data used in this study were all taken during the fall
2018 run period in the outbending torus field configuration
with a 10.6 GeV longitudinally polarized electron beam
and a 5 cm long unpolarized liquid-hydrogen target.
This sample corresponds to a total of roughly 35.8 mC
accumulated charge, which corresponds to an integrated
luminosity of 49 fb~!. The outbending configuration is
necessary to identify A baryons because the decay z~
typically has much lower momentum than the p. Thus, in
the inbending configuration the z~ is bent into the beam-
line, drastically reducing the acceptance for the A — pz~
channel. Before any kinematic cuts were applied to the
dataset, a momentum correction [30] for e~ and z~ was first
applied to account for biases in the detector reconstruction
algorithm. The correction was developed from exclusive
events where all final state particles are known and the
correct momentum may be inferred from momentum
conservation. Our data were all required to have an
identified scattered electron (e~) and a proton-pion (pz~)
pair in the reconstruction. The electron production vertex
was required to be reconstructed within a 12.5 cm interval
within the scattering chamber excluding the scattering
chamber exit window but allowing for some spread in
the reconstructed value due to imperfections in alignment.
The scattered electron was also required to have a momen-
tum p,- > 2 GeV. The proton and pion were both also
required to be detected in the FD (6 < 35°).

Our sample of Monte Carlo (MC) simulation events was
produced with the same run configuration as the actual data
from the fall 2018 run period. Events were generated with
an MC algorithm based on the PEPSI (polarized electron
proton scattering interactions) Lund program [31], which
computes the photon-parton hard scattering to first order in
the strong coupling constant a; and uses the JetSeT [32]
routines to simulate the hadronic fragmentation. While the
statistics of the MC sample are significantly lower than that
of the data sample, this is not considered an issue because
there is such a preponderance of data and the MC only
enters the results through fractional corrections and in the
systematic uncertainties, where it is one of the smallest
contributions.

The kinematic cuts to select SIDIS events for our
analysis were Q% > 1 GeV?, W > 2 GeV, p,- > 2 GeV,
y <08, z,,~ < 1. We also required x,,- > 0 for the pz~
pair to cut out backward-traveling particles in the y*N c.m.
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frame and reduce TFR contributions. Additionally, the
invariant mass of the pz~ pair was restricted to M- <
1.24 GeV so that events were sufficiently close to the A
mass peak. After cuts, our dataset contains roughly
3.4 x 10° events. While previous experiments [4,23,24]
have relied on looking for the extended A decay vertex to
isolate the A signal and reduce combinatorial background,
we did not apply such an approach in our final analysis.
This could be investigated in future analyses of this sort.
Some effort was made to use Armenteros-Podolanski
plots [33] to isolate the A signal; however, cuts based
on this method were found to make the invariant mass
distribution too complex to perform a reliable fit of signal
and background distributions.

A. Signal extraction

The invariant mass spectrum of reconstructed pz~ pairs
passing kinematic cuts is shown in Fig. 2 for both the data
and MC simulation. A peak around the nominal A mass
M = 1.1157 GeV is apparent, but the background contri-
bution is very high, especially in data. The main back-
ground contribution comes from combinatorics of pza~

10000
—— Data —-— Background (BG)
Total fit —— Data — BG
. - =
s000] T Signal (SG) P
3
-
it
e
Rd
o 6000 e
£ -
— ./ 2
2 e +%/NDF = 1.01
O 4000 i a = 0.509 £ 0.050
/./ n = 2.00 + 0.52
7 o = 0.00657 £ 0.00031 GeV/
= 1.12£0.00 GeV
2000 Naig = (152 £ 0.04) x 10"
(@)
0 Encrodl
1.08 1.10 112 114 1.16 118 1.20 1.22 1.24
M, (GeV)
3000 —— MC === Signal (SG)
=== MC SG —-= Background (BG)

------- MC BG
—— Total fit

2500 — MC-BG

2000

w2

]

=

g 2 5

3 1500 \*/NDF = 2.30
@) @ =0.509 £ 0.048

n = 2.08 +2.91
1000 o = 0.00775 + 0.00032 GeV’

=112+ 0.00 GeV
Nyg = (1.02 £0.03) x 10*
Ny = (142 £ 0.03) x 10* (b)

N AP Al il L e

)
1.08 1.10 112 1.14 1.16 118 1.20 1.22 1.24

M, (GeV)

500

FIG. 2. Fits to the invariant mass spectrum M, - of recon-
structed pz~ pairs in data (a) and MC (b) are similar up to scale
factors. These distributions are from the middle bin 3 in our z,,,-
bin scheme. The histogram counts over the fitted background are
shown in the black histograms at the bottom of each plot for
comparison with the fitted signal function.

pairs that do not originate from a A decay. A Crystal Ball
function [34] was used to fit the signal in order to
accurately capture the tail of the signal distribution towards
higher M ,,- events, while the background spectrum was
modeled with a simple quadratic function or a fourth-order
polynomial depending on the bin. The Crystal Ball function
f is defined such that both the function and its first
derivative are continuous,

) <a
f(x;a,n,o,u) =N 2 ° . (13)
A( _X;ﬂ)_n, X;ﬂ>a

where N, A, and B are constants that are defined by the
function parameters and satisfy the continuity requirements
and normalization. Before settling on the Crystal Ball
signal shape, we experimented with several other shapes
including a simple Gaussian and a sum and a convolution
of Gaussian and Crystal Ball functions. While not perfect,
as we will discuss in the following paragraph, the Crystal
Ball function provided the best option in terms of fit
stability and minimum y? values across our kinematic bins.

The signal is more pronounced in MC but the fit para-
meters are consistent up to scale factors between MC and
data. Since the yields from the MC do not enter directly into
the final results, the difference in relative signal and
background yields between MC and data should not affect
our measurements. However, as one may notice, the peak
of the signal distribution exceeds the Gaussian peak of
the Crystal Ball function in both MC and data. Thus, to
minimize the effect of this excess peak, rather than
integrating the fitted signal distribution, we estimated the
signal events N, by subtracting from the counts of the total
spectrum the counts N,, of the integrated background
function in the signal region. One may also observe that
the Crystal Ball signal shape is broad, while we know the
raw A spectrum before detector acceptance is extremely
narrow since the A has a relatively long lifetime of
(2.617 +0.0010) x 1071 s [3]. This is due to the poor
reconstruction of the z~ for the A — pz~ channel because
it tends to have low momentum. For the final results, the
signal region limits were optimized so as to maximize the
signal purity and minimize the signal uncertainty, which
gave a signal region of +2¢ centered about the signal mean
u at roughly the nominal A mass. This gave us a signal
region of roughly 1.11-1.13 GeV.

III. METHODS
A. Extraction of D},
A

To extract the spin transfer coefficient D 1> One may use
the naive method of simply fitting the acceptance-corrected
cos 6, distribution to a linear function and using the fitted
slope to compute D/L‘L,. However, this method we found to
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systematically undershoot injected asymmetries, and
hence, for our analysis we used a slightly more sophisti-
cated method that we refer to as the helicity balance (HB)
method. A detailed derivation of this method may be found
in Ref. [35]. It is based on the method of maximum
likelihood and relies on the assumption that the luminosity
averaged beam polarization 1, is consistent with zero. This
allows the acceptance function to cancel out in the
derivation since it couples to A, for computing quantities
that are linearly dependent on 4,. Following this method,
one may calculate the spin transfer coefficient with a simple
numerical formula,

Ny i
1 > N AgicosO
A 14 pL (14)

D%, —
LL o
aAflzzo 25\21 D(y;) cos? Q;L’

where A2 is the luminosity-averaged squared beam polari-
zation, which was (89.22 +2.51)% for our dataset. The
sums run over the events in a given kinematic bin.

Of course, this method has its limitations. We observed
this by injecting an artificial asymmetry in MC simulation
to see the difference between the true, injected value and
the extracted value of the asymmetry. We applied a
correction in each kinematic bin from the fractional differ-
ence of the extracted to the injected asymmetry in MC
scaled to the asymmetry extracted in data. The corrections
are computed as follows. We first take the difference
between reconstructed and injected asymmetry AAyic =
Agee — Apyj in MC for each data point. We then scale this
difference to the measured asymmetry to obtain the

. A .
correction AAp,, = AAyc - A?n"}’“. The corrected value is
MC

then Agg{a = Apata — AApaa- The underlying assumption,
which generally holds true for asymmetries, is that the
extracted asymmetry should scale proportionally to the true
asymmetry. The asymmetry we injected was 0.1 for these
corrections since this was on par with the average asym-
metry. The average value of the corrections was +23% for
cos@; along P, and +25% for cos @y,  along P,.. The
corrections have a nontrivial kinematic dependence which
is why we apply them independently in each bin.

B. Background correction

Since there is still an irreducible background underneath
our A signal due to combinatorics of particles not origi-
nating from the same A decay or any A decay at all, we
have to correct our results to subtract away any background
contributions. To do this we use the method of sideband
subtraction. Assuming that the background polarization
does not vary much as a function of the invariant mass
M ,,- we can calculate the polarization in the signal region
and in a sideband region away from the signal.

Since we can compute the relative background fraction e
in the signal region from our signal fit we can then use a

properly weighted subtraction of the sideband polarization
to correct for any background polarization in the signal
region,

Dy — €Dy

Dy, = : (15)

1-—¢

where Dj;/, is the background contribution from the
sideband region and D, ; g, is the contribution in the signal
region. For our purposes we define our signal region as
the =26 window about the signal mean y, where o is the
signal width obtained from the fit to the invariant mass
spectrum. For the unbinned mass spectrum this region is
1.11 GeV < M ,,- < 1.13 GeV. The sideband regions for
this analysis were chosen to be 1.08 GeV <M, - <
1.10 GeV and 1.15 GeV <M ,- < 1.18 GeV. We use
the same signal and sideband regions across all bins.
The sideband subtraction depends on the validity of the
assumption that the background polarization does not
strongly depend on M,,- near the A signal region.
Figure 3 shows the raw polarization extracted using the
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FIG. 3. Raw spin transfer results obtained with the HB method,
before background correction, as a function of the mass spectrum
M .- over the entire dataset. The insets show results for A polari-
zation along the A momentum (a) and along the virtual photon y*
momentum (b) in the y*N c.m. frame. Vertical uncertainties are
statistical and horizontal uncertainties are given by the standard
deviation within each bin.
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TABLE 1. Bin limits used for kinematically binned results.
Bin Zpg- bIns Xppq- bins

1 0.346 < z,,- <0.593 0.000 < xpp,- < 0.050
2 0.593 < z,,- <0.686 0.050 < xpp,- < 0.108
3 0.686 < z,,- < 0.770 0.108 < xpp,- < 0.178
4 0.770 < z,,,- < 0.860 0.178 < xpp,- < 0.278
5 0.860 < z,,,- < 1.000 0.278 < xpp,- < 0.805

HB method before any background correction as a function
of M,,,-. As one would hope, we see some slight depend-
ence near the A signal region and essentially a flat
distribution close to zero elsewhere.

C. Kinematic bins and coverage

We divided our dataset into separate 1D binning
schemes in the kinematic variables z,,- and xp,,-. The
bin definitions in both variables are given in Table 1. Five
bins were chosen in each bin variable to cover the range of
the variable and also to maintain reasonable statistics in
each bin. The kinematic coverage of our dataset in 02, x,
and W is shown in Fig. 4.

10

9 10°
8
—~ 7
[} -
102 4
%6 2
D =
= 8
o™
S
10!
3
2
1 10°
0.0 1.0
10°
2
=
—
o
10t ©
101)

X

FIG. 4. Kinematic coverage in Q%, x, and W of our dataset.

D. Bin migration

Due to the smearing of our reconstructed kinematic
variables introduced by detector resolution, there is inevi-
tably some migration of the reconstructed values between
the true kinematic bins. Naturally, one may unfold the
distribution using the bin migration matrix f;_; = ,Tj,
i.e., the fraction of true As generated in bin i that are
reconstructed in bin j, estimated from MC. Assuming the
measured results A; are related to the true results by the

matrix equation,
Aj = LA e (16)

one can simply compute the inverse of this matrix and
correct for this effect,

fzz}_lAj = Ai,true- (17)

We use this method to unfold our results, but in general
the bin migration fractions are <10%, and at most they
are ~18%.

IV. SYSTEMATIC UNCERTAINTIES

We estimated our systematic uncertainties based on
several sources. A summary of average systematic values
is shown in Table II, and breakdowns of the systematic
uncertainties in each kinematic bin are shown in the
Appendix. We folded in the uncertainty in the A decay
asymmetry parameter da, = 0.009 [3] as a systematic
scale uncertainty. A scale uncertainty of 2.51% from our
beam polarization was also included.

We estimated bin-dependent uncertainties from the varia-
tion in results due to the choice of the signal fit function for
identifying the A invariant mass peak by comparing the
difference in results corrected with the background fraction
€ taken from a Gaussian signal fit and our chosen Crystal
Ball signal. In general, this was our dominant source
of systematic uncertainty, and the Gaussian comparison
was intentionally used as a conservative estimate of this
systematic since any choice of signal shape was not an
exact match to the actual signal distribution. However,
our overall systematics tend to be much smaller than

TABLEIL Systematic uncertainties by source averaged over all
kinematic bins for each choice of A spin axis.

Source Py P,
Decay parameter a, 0.001 0.002
Beam polarization 42 0.003 0.005
MC injection 0.007 0.011
Mass fit 0.008 0.013
cos ¢, effects 0.022 0.024
Total 0.0246 0.0300
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the statistical uncertainties even with this conservative
estimate.

We also estimated a bin-dependent systematic uncer-
tainty on our extraction via the HB method from the varia-
tion in the deviation of results from an injected asymmetry
for several values of the injected asymmetry, which
we assessed using MC simulated events. We included a
final bin-dependent systematic also based on asymmetry
injections of Di\L, with an additional cos ¢ ,-dependent
cross section term. This additional term cancels out with
integration over P, [7]; however detector acceptance
introduces a lingering effect. We quantified the extent of
this effect based on the variation in results when several
different values for the additional asymmetry asso-
ciated with this modulation. We scaled this variation to
data by using the ratio between data and MC of the
maximum difference in the results, i.e., the difference
in results between the regions where the cosg,
term is positive—¢, € (0,7/2] or ¢, € (37/2,2r]—or
negative—e, € (7/2,3x/2]. To get the final systematic
uncertainty scales for each kinematic bin, we added all
systematic uncertainties for the bin in quadrature assuming
all systematic uncertainties were completely uncorrelated.

V. RESULTS AND DISCUSSION

All final results were calculated with the helicity balance
method and may be accessed from the CLAS physics
database [36]. Results over the full dataset are listed in
Table III, and results binned in z,,,- and xp,,,- are shown in
Figs. 5 and 6 and listed in the Appendix. Uncertainties on
the kinematic variables are taken as the standard deviation
of the values in a given bin.

We have extracted the longitudinal spin transfer DQL, to
A hyperons in the CFR with SIDIS events at CLASI12.
In general, our results indicate a small positive light
quark polarization in the A hyperon. This is as one would
expect for As coming primarily from u# and d quark
fragmentation. Our results are consistent with and improve
on the statistical uncertainties of previous measurements
from HERMES [4], COMPASS [23,24], and NOMAD
[26,27]. A comparison of some of these previous mea-
surements with the results of this work is shown in Fig. 7.
In general, our results are also similar between the two
different choices of polarization axis, as one would expect
since As from the CFR should carry away most of the
momentum of the y* considering the modest beam energy
of our dataset.

TABLE III.  Results for D%, over the full dataset.

A spin axis Extracted asymmetry
Py, 0.071 £ 0.029 (stat) =+ 0.025 (syst)
P, 0.130 = 0.031 (stat) 4 0.031 (syst)

Spin Transfer along Py
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FIG.5. Results for D?,, binned in z pr-- The insets show results

for A polarization along the A momentum (a) and along the
virtual photon y* momentum (b) in the y*N c.m. frame. Vertical
uncertainties are statistical and horizontal uncertainties are given
by the standard deviation within each bin. Gray boxes show the
systematic uncertainties.

One must also consider that our A sample contains some
As produced from the decays of heavier hyperons. Our MC
simulation sample shows that these are primarily from X
baryons, for example from the channel =° — Ay as shown
in Fig. 8. These decays account for ~33% of the true
A baryons in our signal region for our MC events. We
expect the A polarization to be Py = — % Pso [37,38] and for
2" — Arm we expect P, = %Py [38]. However, there is yet
no clean way to separate these feed-down As from prompt
As originating directly from the struck quark in SIDIS.

There is also a dilution effect from TFR As that form
from the remnant diquark system in the target nucleon. As
originating from the TFR should not carry any spin transfer
since the electron spin is only imparted to the struck
diquark. Hence, one expects TFR contributions to have
zero spin transfer and to dilute any spin transfer from the
CFR. Since the xg,,- > 0 cut does not guarantee that the
sample is purely CFR As, our results may be affected by
some inevitable contamination from the TFR, and this is in
fact observed by comparison with theory predictions [39]
including both CFR and TFR contributions as shown in
Figs. 9 and 10. The CFR predictions were obtained with
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FIG. 6. Results for D/L\L, binned in xp,,-. The insets show
results for A polarization along the A momentum (a) and along
the virtual photon y* momentum (b) in the y*N c.m. frame.
Vertical uncertainties are statistical and horizontal uncertainties
are given by the standard deviation within each bin. Gray boxes
show the systematic uncertainties.

parametrizations of the A FFs D}, and G?,, inferred from
a perturbative QCD (pQCD) fit to e e~ annihilation data
[40], while a spectator quark-diquark model calculation
was used to obtain the TFR predictions [39]. Predictions
were calculated for the mean kinematic values of our
dataset at Q% = 2.13 GeV? and x = 0.25.

The comparison of our observations with the combined
CFR and TFR model predictions indicates firstly that our
data contains a large TFR contribution even at high xz,,-
and hence the TFR and CFR contributions are not cleanly
separable by a simple cut on xf,,-. Furthermore, looking at
the xp,,- distribution, one may also notice a peak in the
data around xp,,- ~0.2 which is not captured by the
model. This indicates that the possibility that there is more
nuanced physics underlying our data than is described
by the simple parametrizations of the polarized FF G},
from measurements of the unpolarized FF D, employed
in Ref. [40].

This will require future measurements of SIDIS CFR and
TFR quantities at these energy scales to carefully account
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FIG. 7. Comparison of the extracted D?L, along P, with
previous results from HERMES [4] and COMPASS [24]. The
insets show results binned in z,,- (a) and xp,,- (b) for A
polarization along the virtual photon momentum in the y*N c.m.
frame. Vertical uncertainties are statistical and horizontal un-
certainties are given by the standard deviation within each bin.
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FIG. 8. Distribution of A parents from MC [31] for As in the
signal region with xz,,- > 0.
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FIG. 9. Comparison of the extracted D/L‘L, binned in z,,- with
predictions computed from FF parametrizations from pQCD [40]
for the CFR and from a spectator quark-diquark model calcu-
lation for the TFR [39]. Dashed curves represent CFR only and
solid curves represent the sum of CFR and TFR contributions
[41]. The insets show results for A polarization along the A
momentum (a) and along the virtual photon y* momentum (b) in
the y*N c.m. frame. Vertical uncertainties are statistical and
horizontal uncertainties are given by the standard deviation
within each bin. Gray boxes show the systematic uncertainties.

for the relative contributions from each production mecha-
nism. Our measurement also constrains the extraction of
related A fracture functions (FrFs) [42,43], which describe
the TFR production mechanism. A FrF is typically
expressed as a function of x and {;, = g—’l, which is the
negative light cone momentum component fraction for a
hadron h with 4-momentum P; produced off a nucleon
target with 4-momentum P. The reason ¢ is introduced is
that z;, cannot distinguish between soft hadron emission
and the target fragmentation region since it vanishes in the
soft emission limit (hadron energy E;, — 0) and in target
fragmentation (6, = 0 where ), is the y*N c.m. frame angle

between P and ﬁh), whereas ¢ does not vanish in target
fragmentation [43]. Comparison with measurements of FFs
from ete~ annihilation, which obviously receives no
TFR contribution, would allow one to deduce the FrFs.
Furthermore, because the spin transfer D7, observable is
sensitive to the production mechanism of the A, one may
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FIG. 10. Comparison of the extracted D’L\L, binned in xp,,-
with predictions computed from FF parametrizations from pQCD
[40] for the CFR and from a spectator quark-diquark model
calculation for the TFR [39]. Dashed curves represent CFR only
and solid curves represent the sum of CFR and TFR contributions
[41]. The insets show results for A polarization along the A
momentum (a) and along the virtual photon y* momentum (b) in
the y*N c.m. frame. Vertical uncertainties are statistical and
horizontal uncertainties are given by the standard deviation
within each bin. Gray boxes show the systematic uncertainties.

also infer loose constraints on the relative dominance of the
CFR and TFR mechanisms in specific kinematic regions.
For example, due to helicity conservation the A should
carry the same helicity as the fragmenting quark as
z — 1, giving one a clear idea of the CFR contribution.
Conversely, in the valence region x — 1 and { — 1, the
TFR production mechanism highly favors unpolarized A
production due to the spin and flavor structure of the A
where the strange quark produced during fragmentation
carries most of the A spin.
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APPENDIX: TABLES

Here we present breakdowns of our systematic uncer-
tainties according to their various sources in Tables [V-VII,
our final results for Di\L, in Tables VIII-XI, and the
kinematic means in Tables XII-XIV for each of our binning

TABLE IV. Systematic uncertainties on D’L\L, for cos 0, along
P, binned in z,,,-.

Bin <Zp7r' > Aa,\ Apol AFit AInj Acos N
1 0.521 +0.050 0.00120 0.00360 0.0010 0.0083 0.0253
2 0.640+£0.027 0.00038 0.00113 0.0132 0.0036 0.0308
3 0.727+£0.024 0.00141 0.00424 0.0085 0.0072 0.0175
4 0.8134+0.026 0.00069 0.00207 0.0019 0.0090 0.0203
5 0.920+£0.040 0.00135 0.00405 0.0000 0.0044 0.0128

TABLE V. Systematic uncertainties on D?L, for cos @, along
P, binned in z,,,-.

TABLE VI.  Systematic uncertainties on D/L‘ ., for cos 6, along
P binned in xp,-.

Bin <pr7[_ > Aa,\ Apol AFil AInj Acos Pa
1 0.025£0.015 0.00049 0.00146 0.0029 0.0056 0.0254
2 0.079£0.017 0.00003 0.00010 0.0041 0.0085 0.0270
3 0.143+£0.020 0.00264 0.00793 0.0192 0.0041 0.0284
4 0.225+£0.029 0.00173 0.00519 0.0188 0.0105 0.0185
5 0.386+0.086 0.00057 0.00170 0.0066 0.0108 0.0135

TABLE VII. Systematic uncertainties on Dﬁu for cos@,/
along P, binned in xp,,-.
Bin <pr7t' > Aa,\ Apol AFit AInj Acos da

0.025 £ 0.015 0.00132 0.00395 0.0070 0.0082 0.0292
0.079 £ 0.017 0.00193 0.00580 0.0187 0.0129 0.0310
0.143 £0.020 0.00386 0.01160 0.0257 0.0045 0.0301
0.225 +0.029 0.00174 0.00522 0.0189 0.0150 0.0206
0.386 £0.086 0.00019 0.00057 0.0093 0.0128 0.0143

(O I O I S

TABLE VIIL DQL, binned in z,,- for cos@,;, along ;’A.

Bin (2pa) Extracted asymmetry

1 0.521 £ 0.050 0.100 + 0.047 (stat) = 0.027 (syst)
2 0.640 £0.027  0.031 4 0.057 (stat) == 0.034 (syst)
3 0.727 £ 0.024 0.118 £ 0.085 (stat) = 0.021 (syst)
4 0.8134£0.026  0.000 £ 0.100 (stat) = 0.022 (syst)
5 0920 £0.040  0.112 £ 0.138 (stat) = 0.014 (syst)

TABLE IX. D2, binned in z,,- for P, along P,.

Bin (Zpr) Extracted asymmetry

1 0.521 £+ 0.050 0.163 £ 0.052 (stat) = 0.028 (syst)
2 0.640 + 0.027 0.096 + 0.060 (stat) = 0.044 (syst)
3 0.727 £ 0.024 0.133 £ 0.087 (stat) = 0.027 (syst)
4 0.813 £ 0.026 0.049 4+ 0.102 (stat) 4 0.026 (syst)
5 0.920 £ 0.040 0.179 4 0.140 (stat) 4 0.016 (syst)
TABLE X. Di\u binned in xp,,- for cosf,;, along 13,\.

Bin (2pa) A, Aol Apip Ay Acosg, Bin (XFpa) Extracted asymmetry

1 0.521 £0.050 0.00196 0.00587 0.0013 0.0116 0.0241 1 0.025 £0.015 0.041 £ 0.079 (stat) = 0.026 (syst)
2 0.640 £ 0.027 0.00115 0.00345 0.0276 0.0087 0.0329 2 0.079 £0.017 0.003 £ 0.070 (stat) = 0.029 (syst)
3 0.727+0.024 000160 0.00479 0.0113 0.0107 0.0214 3 0.1434+0.020  0.220 + 0.066 (stat) = 0.036 (syst)
4 0.813 +0.026 0.00058 0.00175 0.0071 0.0166 0.0189 4 0.225 +£0.029 0.144 4+ 0.063 (stat) 4 0.029 (syst)
5 0.920 +£0.040 0.00215 0.00645 0.0000 0.0066 0.0133 5 0.386 £ 0.086 0.000 £ 0.085 (stat) 4 0.019 (syst)
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TABLE XI. D}

LL'

binned in xp,,- for cosf,; along P,..

Bin (Xppz) Extracted asymmetry

1 0.025 £ 0.015 0.110 £ 0.091 (stat) 4 0.031 (syst)

2 0.079 £ 0.017 0.161 £ 0.078 (stat) & 0.039 (syst)

3 0.143 £ 0.020 0.321 £ 0.071 (stat) & 0.042 (syst)

4 0.225 £0.029 0.145 4 0.065 (stat) 4 0.032 (syst)

5 0.386 + 0.086 0.016 4 0.083 (stat) 4 0.021 (syst)
TABLE XII. Kinematic means in the A signal region averaged over the entire dataset.
Bin  (M,,) (GeV) (0% (GeV?) (W) (GeV) ) (x) (Zpr-) (XEpe-)
1 1.12 £ 0.01 221 £1.18 2.79 £0.47 0.469 £0.139 0.247 £ 0.117 0.705 £ 0.143 0.199 + 0.140
TABLE XIII.  Kinematic means in the A signal region for the z,,- binning.
Bin (M) (GeV)  (Q7) (GeV?) (W) (GeV) () {x) {2pa-) (*Fpa-)
1 1.12 £0.01 2,17+ 1.14 3.27£0.33 0.607 £ 0.103 0.182 +0.091 0.521 £ 0.050 0.091 + 0.066
2 1.12 £ 0.01 2.32+1.28 2.89 +0.35 0.499 + 0.105 0.236 +0.113 0.640 £+ 0.027 0.158 +0.095
3 1.12 £ 0.01 231 £1.25 2.68 +0.36 0.439 + 0.106 0.267 +0.120 0.727 + 0.024 0.208 +0.117
4 1.12 £0.01 221 +1.15 2.514+0.34 0.390 + 0.101 0.287 £ 0.117 0.813 £ 0.026 0.260 + 0.133
5 1.12 £ 0.01 2.02+1.03 2.37£0.30 0.345 £ 0.091 0.294 + 0.107 0.920 + 0.040 0.339 + 0.147
TABLE XIV. Kinematic means in the A signal region for the XFpa binning.
Bin <Mp7t‘ > (GCV) <Q2> (GCVZ) <W> (GSV) <y> <X> <Zp7t‘ > <przr'>
1 1.12 £0.01 227+1.21 2.87 £0.49 0.495 £0.143 0.242 +£0.121 0.588 +0.123 0.025 £ 0.015
2 1.12 £ 0.01 2.24 +1.20 2.83+0.48 0.482 +0.142 0.245+0.119 0.625 +0.122 0.079 + 0.017
3 1.12 £ 0.01 220+ 1.17 2.78 £0.48 0.468 +0.141 0.248 +0.117 0.669 + 0.120 0.143 +0.020
4 1.12 £ 0.01 220+ 1.18 2.75+£0.47 0.456 £ 0.138 0.252 +0.117 0.726 £ 0.114 0.225 +0.029
5 1.12 £ 0.01 2.18 £ 1.16 2.76 £ 0.44 0.458 +0.130 0.247 £ 0.114 0.825 +0.101 0.386 + 0.086

schemes and each choice of A polarization axis. The
sources of systematic uncertainty are denoted as follows:
A, refers to the systematic from the A decay asymmetry
parameter, A, refers to the systematic from the beam
polarization, Ag;, refers to the systematic from the mass fit,

Ay, refers to the systematic from the asymmetry injec-
tion study, and A, refers to the systematic from the
additional injection study in different regions of ¢,.
Uncertainties on the kinematic variables are taken as the
standard deviation of the values in a given bin.
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