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Beam-recoil transferred polarizations for the exclusive electroproduction of KA and KTX° final
states from an unpolarized proton target have been measured using the CLAS12 spectrometer at
Jefferson Laboratory. The measurements at beam energies of 6.535 GeV and 7.546 GeV span the
range of four-momentum transfer Q% from 0.3 to 4.5 GeV? and invariant energy W from 1.6 to
2.4 GeV, while covering the full center-of-mass angular range of the K. These new data extend
the existing hyperon polarization data from CLAS in a similar kinematic range but from a signifi-
cantly larger dataset. They represent an important addition to the world data, allowing for better
exploration of the reaction mechanism in strangeness production processes, for further understand-
ing of the spectrum and structure of excited nucleon states, and for improved insight into the strong
interaction in the regime of non-perturbative dynamics.
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I. INTRODUCTION

Over the past decade new precise data from exclusive
meson photo- and electroproduction have resulted in sig-
nificant progress in mapping out the spectrum of excited
nucleon states (N*s) and understanding their structure.
These detailed studies hold the key to gain insight into
the nature of the strong interaction dynamics that govern
these systems [1—4].

Based mainly on exclusive meson electroproduction
data acquired with the CLAS detector in Hall B at Jeffer-
son Laboratory (JLab), the nucleon resonance electroex-
citation amplitudes, i.e. the v,pN* electrocouplings,
have become available for most N* states in the mass
range up to 1.8 GeV for photon virtualities Q2 up to
~5 GeV? [2, 1]. These data offer unique information on
the strong interaction in the regime of large QCD run-
ning coupling, the so-called strong QCD (sQCD) regime,
which is responsible for the generation of these N* states
as bound systems of quarks and gluons, with different
quantum numbers and distinctively different structural
features. See Refs. [3-5] for recent reviews of the field.
The resonant contributions to the inclusive proton F5 and
F}, structure functions have recently been computed from
the experimental results on the ~,p/N* electrocouplings,
paving a way for the exploration of the nucleon parton
distribution functions in the resonance region along with
quark-hadron duality [6].

Mapping out the spectrum of N* excited states is nec-
essary to explore approximate symmetries relevant for
the sQCD regime. Both constituent quark models (e.g.

Ref. [1]) and lattice QCD [7] approaches predict many
more N* states than have been unraveled from analysis
of the experimental data, with a rich spectrum of states
predicted in the mass range above 1.8 GeV. This is known
as the “missing” resonance problem. Assessing the ex-
perimental evidence of higher-mass excited states is also
critical for models probing the transition from the decon-
fined quark/gluon phase to the hadron phase in the early
ps-old universe [3].

The recent progress in understanding the structure of
the nucleon excited states has mainly been provided by
advanced analyses of the CLAS data for exclusive elec-
troproduction of the 7+ n, 7%, np, and 777~ p channels
from a proton target [4]. However, high-precision data
from the CLAS Collaboration on exclusive photoproduc-
tion of KTY (Y = A, %) with fine binning in the relevant
(W, cos 05/™) kinematic phase space [9-14] have been
crucial in this advancement. In the strangeness channels,
data are also available from MAMI [15], SAPHIR [16],
GRAAL [17, 18], LEPS [19, 20], and BGO-OD [21, 22].
With these data, nine new baryon states have recently
been discovered within global multi-channel analyses of
the exclusive photoproduction data with a decisive im-
pact from the K1Y polarization observables [3, 23]. Ta-
ble I shows a comparison of the current Particle Data
Group [24] listings to that from just a decade ago for
twelve N* and A* states in the mass range up to 2.2 GeV.
For many of these states the addition of the K'Y chan-
nels proved important [25]. Note that although the two
ground-state hyperons have the same uds valence quark
content, they have different isospins (/=0 for A and I=1



for X29), so that N* states of I = 1/2 can decay to KA,
but A* states cannot. Since both N* and A* resonances
can couple to the KTX9 final state, the hyperon final
state selection is equivalent to an isospin filter.

State  |[PDG|PDG| 7N |KA|KX| N
N(mass)J¥ |2010 || 2020
N(2000)5/2F | * || ** | * *x
A(1600)3/2+ skoksk || kokokok | kokok kokokok
A(1900)1/27 k3 kksk | kkk kk | kkk
A(2200)7/27 * K3k sk K3k kk | kkk

TABLE 1. Evolution of our understanding of the excited N*
and A™ spectra over the past decade and the available evi-
dence from different initial/final states based on the PDG *
ratings in the listings from a decade ago and the current list-
ings [4]. The KY channels represent a crucial inclusion in
this expansion of our understanding.

In addition, CLAS has also provided most of the avail-
able world data results on cross sections [26, 27] and
polarization observables [28-32] for KTY electroproduc-
tion in the nucleon resonance region. These measure-
ments span Q2 from 0.3 to 5.4 GeV?, invariant mass W
from 1.6 to 2.7 GeV, and cover the full center-of-mass
(c.m.) angular range of the K*. KY exclusive produc-
tion is sensitive to coupling to higher-lying N* states for
W > 1.6 GeV, which is precisely the mass range where
the understanding of the N* spectrum is most limited.
See Refs. [33, 34] for recent reviews on the CLAS elec-
troproduction datasets.

The available K Y electroproduction data from CLAS
have comparable bin widths and statistical uncertainties
as for the available CLAS 77~ p electroproduction data
and can be used to confirm the v,pN* electrocouplings
for the resonances in the mass range >1.6 GeV that have
been obtained from 77~ p electroproduction [35, 30].

Recently a new N’(1720)3/2% baryon state has been
discovered from the combined studies of 77~ p photo-
and electroproduction data from protons [37]. Similarly,
signals of new baryon states observed in photoproduction
data can be investigated in a complementary fashion us-
ing electroproduction data by ensuring that, at fixed Q?,
the determined states have the same masses and total de-
cay widths from analyses of both the 777 p and K1Y
electroproduction channels. However, to be most bene-
ficial in this regard, it is critical to further develop the
existing K Y reaction models (e.g. Refs. [33-12]) to de-
termine the v, pN* electrocouplings and to make stronger

claims on the N* — KY couplings. Improving the sta-
tistical precision and extending the kinematic range of
the electroproduction data on the K1Y differential cross
sections and polarization observables will be critical to
foster these efforts. One of the goals of measuring K1Y
electroproduction with the new CLAS12 spectrometer in
Hall B at JLab is to provide electroproduction data in the
Q? range up to 2-3 GeV? at the same level of accuracy as
the available photoproduction data, while ultimately ex-
tending the available data up to Q2% of 10-12 GeV2. This
present measurement is meant to move in that direction.

The beam-recoil transferred polarization observable
has been reported in two previous CLAS electroproduc-
tion publications. In Ref. [28], results from a CLAS
dataset taken with an electron beam energy of 2.567 GeV
were made available for the KTA final state spanning
Q? from 0.3 to 1.5 GeV? and W from 1.6 to 2.15 GeV.
These data provided the first-ever measurement for the
KA transferred polarization in electroproduction. In a
follow-up paper, additional data from the same experi-
ment and from a larger dataset taken at beam energies
of 4.261 GeV and 5.754 GeV [31], were reported for the
transferred polarization of the KTA final state in the
range of Q% from 0.7 to 5.4 GeV? and W from 1.6 to
2.6 GeV. In addition, the first-ever measurement for the
K*30 final state in electroproduction was provided in
these same kinematics, although with precision barely
sufficient to determine the sign of the polarization.

In this work, measurement of the beam-recoil trans-
ferred polarization for the K*tA and K+X° final states
is provided over a kinematic range of Q? from 0.3 to
4.5 GeV? and W from 1.6 to 2.4 GeV with a dataset
from CLAS12 that is five times larger than any electro-
production dataset available from CLAS for these chan-
nels. These data significantly reduce the uncertainties
on the available KTA beam-recoil transferred polariza-
tion measurements, while providing the first statistically
meaningful measurements for the KX final state.

The organization for the remainder of this paper is as
follows. In Section II the definition of the transferred po-
larization in terms of the underlying response functions is
presented along with the coordinate systems in which the
polarization components are expressed and Section III
provides details on the approach used to extract the po-
larization components from the data. Section IV provides
an overview of the CLAS12 detector and the datasets em-
ployed for this work, followed in Section V with details
regarding the analysis cuts and corrections, as well as the
yield extraction procedure. A discussion of the sources
of systematic uncertainty is provided in Section VI. Sec-
tion VII presents the measured beam-recoil transferred
polarizations from the CLAS12 data compared with sev-
eral model predictions that are available at this time.
Finally, a summary of this work and our conclusions are
given in Section VIII.



II. FORMALISM

Following the notation of Ref. [43], the most general
form for the KTY virtual photo-absorption cross section

J

do,
aagm

a,B

from a proton target, allowing for a polarized electron
beam, target proton, and recoiling hyperon, is given by:

=Ky Z P,Ps [Rga + eRI 4+ \/e(1 + €) (RIS cos ® +°R5% sin @) + (R3S cos 20 +°RE%. sin 20)

+ A/l = (RS, cos® +°R}G, sin ) + h/T— RS, . (1)

In this expression, the terms R?® represent the response
functions that account for the full complexity of the re-
action dynamics expressed in terms of bilinear combina-
tions of the hadronic current. The components of the
hadronic current are related to the reaction amplitudes.
The superscripts a and 3 refer to coordinate systems in
which the target and hyperon polarizations are expressed,
respectively. The leading ¢ and s superscripts on the re-
sponse functions indicate whether they multiply a cosine
or sine dependence of the term on the angle ® between
the electron scattering and hadron reaction planes (see
Fig. 1). Here h is the helicity of the beam electron and
Ky is a kinematic factor given by the ratio of the c.m.
momenta of the outgoing kaon and the virtual photon,
and € is the virtual photon transverse polarization pa-
rameter:

2 -1
€= (1—}-2;22‘53112 9;) . (2)

Here v = FE, — E./ is the energy transfer to the target
proton and 6., is the electron scattering angle in the lab-
oratory frame.

It is important to point out that the coefficients of the
response function terms can be expressed differently in
the formalism presented in different sources. Some au-
thors use a pre-factor for the Ry, term of €7, and for the
Ryr terms of y/2¢y, (e + 1) instead, where €, parameter-
izes the longitudinal polarization of the virtual photon.
Some also take a sin 0% (sin® %™ ) term out of the def-
inition of the Rypr (Rrr) terms. Eq.(1) avoids the use
of €7, and includes the 0%™-dependent terms within the
response functions themselves.

In Eq.(1) the target polarization is expressed in the co-
ordinate system (z,y, z) with the z-axis along the virtual
photon direction and the y-axis normal to the electron
scattering plane. The hyperon polarization is expressed
in the coordinate system (z’,y’, 2") with the 2’-axis along
the outgoing K+ direction and the 3’ axis normal to the
hadron production plane (see Fig. 1).

The terms P, and Ps in Eq.(1) are polarization pro-
jection operators and are written as P, = (1,P) and

Ps = (1, ]3’) The zero components Py give rise to cross
section contributions present in the polarized as well as

(

Y ~ hadron reaction plane

FIG. 1. Kinematics for K1Y electroproduction defining the
c.m. angles and coordinate systems used to express the for-
malism and to present the polarization components extracted
in the analysis.

the unpolarized case. In an experiment without beam
(target) polarization « (8) = 0.

In an experiment in which the beam, target, and recoil
particles are unpolarized, Eq.(1) can be written as:

do 00
0= (g ) = K[+ er+

Vel + e)RY% cos @ + e RY cos 2@} . (3)

Of direct interest for this work is the extraction of the
hyperon polarization. Each of the hyperon polarization
components, Py, Py, P/, can be split into a beam helic-
ity independent part, called the induced polarization, and
a beam helicity dependent part, called the transferred
polarization. The three beam-recoil transferred polariza-
tion components are written in the (2,4, 2’) system as:

K / ;
fl’f/ = Tf (\/ 6(1 — E)Rfﬁ/ cos P + V 1-— EZR%:W?’*/>
0
Kf 0 .
/
P, = o Vel —€)RY ;. sin®
K , /
= J—; (\/6(1 —€)Ri% cos® + /1 — 62R§«70~,) (4)



To accommodate finite bin sizes in the relevant kine-
matic variables @2, W, and the polar angle of the KT
in the c.m. (actually cos@%™ is employed here) and
to improve statistics, this analysis presents the trans-
ferred polarization components summed over all angles
®. These ®-integrated polarization transfer components
in the (2,9, 2’) system are given by:

,P$/ = KI \V 1— €2RTT/

Pl =
Zl = KI V 1-— €2RTT/ (5)

where K1 = 1/(R® + ¢R%). Note that the ®-integrated
transferred polarization components are now written us-
ing the notation P’.

The transferred polarization components can also be
expressed in the (z,y, z) system. In this case, the compo-
nents defined for the (2/,y’, 2’) system in Eq.(4) must un-
dergo a transformation that performs a rotation of %™
about ¢ followed by a rotation of ® about 2. With this
transformation the (x,y, z) polarization components in-
tegrated over ® can be expressed as:

Pl = (1—6)
P, =0

P =1 eQKI(—R%% sin 05

As in the primed system, the y component of the polar-
ization transfer in the unprimed system P; is constrained
to be zero.

The transferred polarization components are presented
in both the primed and unprimed systems shown in
Fig. 1. In the primed system, the ®-integrated trans-
ferred polarization components are sensitive to the re-
sponse functions RTT, and RZ9,. However, in the
unprlmed system the components are also sensitive to

(RLT, cos 05 — R%T, +R39,sin 9;{”)

"+ R&Y, cos 9}}”) . (6)

RLT,, RLITQ,, and RLT, Note that RY T, is equivalent to

R%T, [43], which is accessible in an experiment with an
unpolarized beam and polarized target. The structure
functions RY? and RY" available from the measurements
with unpolarized beam and target are required for the
computation of the term K; in Eq.(5).

III. HYPERON POLARIZATION EXTRACTION
APPROACH

A. Decay Angular Distributions

The A hyperon decays weakly into a pion and a nucleon
with a branching ratio of 64% into pm~ and 36% into
nnY. In these decays, the hyperon has an asymmetric
angular distribution with respect to its spin direction.
This asymmetry is the result of an interference between
parity non-conserving (s-wave) and parity-conserving (p-

wave) amplitudes in the weak decay. In the hyperon rest

frame, the angular distribution of the A decay nucleon
for each spin quantization axis can be written as [414]:

dN

— RF
W—N@(I+QPACOSGN ), (7)

where Ny is the yield integral, Py is the A polarization
component, and §% is the angle between the polariza-
tion vector and the decay-nucleon momentum in the A
rest frame. In this work we focus solely on the A — pr—
decay branch and explicitly replace 6% with OzlfF . The A
weak decay asymmetry parameter « is given in the PDG
as 0.73240.014 [24], and is based on the average determi-
nation from measurements of BESIII [45] and CLAS [46].

The hyperon polarization in Eq.(7) is the sum of the
induced and transferred polarization:

Py = P\ + hP,. (8)

However, as the electron beam was not 100% polarized,
the helicity term A in the hyperon polarization must be
replaced by the longitudinal electron beam polarization
P,. Combining Eq.(7) and Eq.(8), the ®-integrated decay
proton angular distribution to determine the transferred
polarization is given by:

dN

W = No[L + aP, P} cos 05F]. (9)
The X° decays into yA (branching ratio 100%). A X°
with polarization Ps; will yield a decay A that retains
some of the polarization of its parent. As shown in
Ref. [47], we can expect that on average for the decay
A in its rest frame, Py = —%PE. For the case of a final
state X, the A rest frame can be calculated only if in
addition to the detection of the electron, kaon, and de-
cay proton, either the decay pion of the A or the decay
7 from the X° is detected. Due to the small acceptance
of CLAS12 for such a final state this is not practical.
In Ref. [11] it was shown that the polarization of the
daughter A from the X9 decay can be measured without
boosting the detected proton to the reference frame of
the A. This gives rise to a dilution factor of the weak
decay asymmetry parameter for the X0 that is reduced
from —0.333a to —0.2560.

One method to access the hyperon polarization com-
ponents is by forming the beam spin asymmetry of the
decay proton angular distribution. Writing this to be
generally applicable to extract the transferred polariza-
tion for either the A or the X° hyperon gives:

Nt - N-
= m = VYO[PbPé/ (¢0)] 95}77 (10)
where vy = 1.0 for the A measurement and vy = —0.256

for the X0 measurement. From Eq.(10) it is apparent
that the slope of the measured asymmetry of the decay
proton as a function of cos @/ is directly proportional
to the ®-integrated hyperon transferred polarization for

a given coordinate system axis choice.



Practically, the hyperon transferred polarization is ex-
tracted by analyzing data binned in the relevant kine-
matic variables @2, W, and cos §$™ . For the A and %9
analyses the reactions are selected in the ¢/ K+ missing
mass distributions in mass regions about the individual
hyperon peaks. As shown in Fig. 2, the nominal A mass
region was chosen in the range from 1.09-1.15 GeV and
the nominal ¥° mass region was chosen in the range from
1.17-1.22 GeV. The exact choices are somewhat arbitrary
but were selected to maximize the event yields for the hy-
perons of interest, while minimizing the contamination
of the contributing backgrounds. See Section VI for de-
tails on the systematic uncertainty regarding the hyperon
mass regions chosen.

As shown in Fig. 2 the hyperon signals in each mass re-
gion are not pure. Underlying both the A and X0 peaks is
a background arising from multi-pion events dominated
by the exclusive reaction channel ep — e'7T 7~ p, where
the 7 is misidentified by CLAS12 as a K+ due to the fi-
nite timing resolution of the CLAS12 time-of-flight mea-
surements. Additionally, in the A mass region the tail
of the resolution-smeared X° peak contaminates the A
events. Within the ¥ mass region, there is a more siz-
able contamination from A radiative tail events. The
cross contamination of the hyperons into the neighbor-
ing mass regions must be accounted for as the hyperons
typically have sizable polarizations. The yield extraction
procedure is described in Section V D.

50000 |

40000

30000

Counts / (5 MeV bin)

20000 -

/4 )2

10000

< I € >
< > <

0 1 I 1 1
1 105 11 115 12 125 13

MM(e'K*) (GeV)

FIG. 2. The ¢/ K* missing mass distribution after all parti-
cle identification and exclusivity cuts described in Section V
for the 6.535 GeV dataset summed over all kinematics. The
vertical lines about the A and X° hyperon peaks identify the
analysis ranges used to select the event samples.

B. A Transferred Polarization

The measured raw helicity-gated yield asymmetry, in-
cluding all sources of background, can be written in a

general way as:

(NY + N+ N}) — (Ny + Ny +Ng)

Ao =
“ Na + Ns + Np

where Nf, Nzi, and N§ refer to the A, ¥°, and non-
hyperon background yields, respectively, for the two
beam helicity states and Ny = Ny + Ny, Ny = N +
Ny, and N = Ng + Ny are the total yields for each
of the three different contributions. The yields for the A
polarization analysis were determined within a mass win-
dow around the A peak in the MM (e’ KT) distribution
as shown in Fig. 2, binning in the appropriate kinematic
variables (Q?, W, cos #%™) of interest.
Rewriting the raw asymmetry in Eq.(11) we have:

Ay +As - Fx+Ap - Fp

Araw: ;
1+Fs+Fp

(12)

where the asymmetries for the individual contributions
within the A mass window are Ay = (N — N )/Ny,
AE = (N; — N{:)/NE, and AB == (N;r - Ng)/NB
We have also adopted the notation Fsy, = Ny /N, and
Fg = Np/Nj to represent the ratio of the >0 contamina-
tion relative to the A yield and the ratio of the multi-pion
background yield relative to the A yield in the A mass
window, respectively. In this analysis the form of Eq.(12)
further simplifies given that the asymmetry Ap associ-
ated with the underlying multi-pion background contri-
bution is consistent with zero (see Section VF for de-
tails).

The link between the hyperon helicity asymmetries and
the hyperon polarization is given in Eq.(10). We can also
generically write for the measured raw helicity asymme-
try without any background subtraction:

Araw = aPy[PL,.,] cos HfF. (13)

Expanding the asymmetry of Eq.(12) using the asymme-
try contributions from Eq.(10), we can write:

aPyP) cos OfF + vsaPyP% cos G;J%F - Fy

1+Fs+Fp

Araw =

Ph 4+ vsPeFy
=aP, | A—=—2= cos " 14
O"’{1+FE+FB o )

Comparing the form of Eq.(14) to Eq.(13) we can define
the raw polarization for all events in the A mass window
without any background subtraction as:
/ !
F
Pl = M (15)
1+ Fy + Fp
Rearranging the terms in Eq.(15), we can solve for P}:
PA = Praw (1 + Fs + Fp) —vsPpFs.  (16)

In this expression the A transferred polarization is deter-
mined from the measured raw polarization accounting for



the polarization contamination from the X0 tail beneath
the A peak. Note also that even though the asymmetry
of the multi-pion background contribution is zero, this
background still contributes to a dilution of the polariza-
tion of the A events.

Based on Eq.(16), the statistical uncertainty of P} (ne-
glecting the small correlation terms) is given by:

6Ph = ((1+ Fs + Fp)2 (0P}, )+

(Plaw — vsPE)? (0F5)? + (Plyw)(6Fp) 2+

e 0Pe?) L )

where 6P} ,..; 0Fs, 0 Fp, and §P§ represent the statistical
uncertainties in the measured raw polarization, the ¥° to
A yield ratio, the multi-pion background to A yield ratio,
and the measured X° polarization, respectively.

The measured A polarization needs the measured %°
polarization as an input. Using an iterative process, the
measured A polarization, which only has a small contam-
ination from the X9, is used to determine the X° polariza-
tion (see Section I11 C). This %0 polarization is then used
to recompute the A polarization. After several iterations
through the computation, the calculation converges for
the computation of the polarization of both hyperons.

C. X° Transferred Polarization

The approach to measure the X° polarization using
events within the X% mass window follows in the same
way as outlined for the A polarization measurement in
Section III B, again accounting for the background con-
tributions beneath the 9 mass peak that arise from the
radiative tail of the A events and the multi-pion back-
ground contribution. Beginning with the measured raw
asymmetry defined in the £° mass window given by A,.quw
in Eq.(11), the X9 polarization can be expressed as:

1
Ps = Praw (1 + FA+ Fp) — E73,’\FA, (18)

where Fp, = Njp/Nx and Fp = Np/Nyx are the yield
ratios within the ¥ mass window, again using the fact
that the asymmetry associated with the multi-pion con-
tribution is consistent with Ag = 0. The corresponding
statistical uncertainty on P§ (again, neglecting the small
correlation terms) is given by:

6Pk = (14 Fa + Fi)2(0P/0,, )+
1 2
(Praw = oo Ph) GFV? + (Pl 670+
P

<1FA)2 (57>’A)2)1/2. (19)
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IV. EXPERIMENTAL DETAILS

The study of both the spectrum and structure of nu-
cleon excited states represents one of the founding exper-
imental physics programs at JLab. Beginning in 1997 un-
til it was decommissioned in 2012, the CEBAF Large Ac-
ceptance Spectrometer (CLAS) [48] located in Hall B was
used for studies of inclusive, semi-inclusive, and exclusive
reactions from a fixed target with beams of electrons and
photons at energies up to 6 GeV. Measurements with
CLAS allowed for the study of exclusive reactions in the
range of Q2 up to 5 GeV? and W up to 3 GeV, span-
ning nearly the full c.m. angular range of the final state
particles.

The CLAS detector was replaced with the large ac-
ceptance CLAS12 spectrometer [19] as part of the JLab
12 GeV upgrade project in the period from 2012-2017
with beam operations for physics beginning in 2018. The
approved CLAS12 measurement program includes sev-
eral experiments as part of the continuing effort to study
the spectrum and structure of N* states with electron
beams of energy up to 11 GeV. The data will span an un-
precedented kinematic range of Q2 from 0.05 to 12 GeV?
in the nucleon resonance region, covering the full c.m.
angular range for the final state particles.

The CLAS12 spectrometer is comprised of a Forward
Detector system built around a six coil superconducting
torus magnet that divides the azimuthal acceptance into
six 60°-wide sectors and a Central Detector built around
a superconducting solenoid magnet. Figure 3 shows a
model representation of CLAS12. The Forward Detec-
tor covers lab polar angles from 5° to 35° and the Cen-
tral Detector covers lab polar angles from 35° to 125°.
CLASI12 has been optimized for the reconstruction of ex-
clusive reactions. In the forward direction, CLAS12 con-
sists of three sets of multi-layer drift chambers [50] for
charged particle tracking that are placed before, within,
and after the torus field. Downstream of the chambers,
CLASI12 consists of multiple layers of a large-area scin-
tillator hodoscope for precise timing measurements for
charged particles [51] and a sampling electromagnetic
calorimeter for electron and neutral identification [52].
The Forward Detector also consists of different types of
Cherenkov detectors. Of relevance in this work is a COo-
filled high threshold Cherenkov detector that spans the
full azimuthal range, which is used as part of the trigger
selection for electrons [53]. The Central Detector con-
sists of a multi-layer vertex tracker [54, 55] surrounded
by a barrel of scintillation counters for charged particle
identification [56] via precision flight time measurements.
Each of the active elements of these detectors resides
within the 5-T solenoid field. This field is used both
for momentum analysis of charged tracks in the Central
Detector volume and as the confining field for the intense
Mgller background produced as the electron beam passes
through the target. This low-energy radiation is directed
along the beamline into a tungsten absorber to shield the
CLASI12 detectors.



: i )(ji T ﬂl :ljl = S X - ;\ I~
FIG. 3. Model of the CLAS12 spectrometer in Hall B at
Jefferson Laboratory. The electron beam is incident from the
left side of this figure. The CLAS12 detector is roughly 20 m
in scale along the beam axis.

The data contained in this work was collected as part
of the Run Group K (RG-K) set of experiments that
took data in December 2018 as part of a short 3-week
test run. The experiment collected data with a longitu-
dinally polarized electron beam on a 5-cm-long unpolar-
ized liquid-hydrogen target. Data were acquired at beam
energies of 6.535 GeV and 7.546 GeV. The 6.535 GeV
(7.546 GeV) dataset was collected at an average beam-
target luminosity of 1x10%% ecm™2s7! (5x10%* cm—2s71)
and amounted to 18.2 mC (10.7 mC) of accumulated elec-
tron charge. The torus magnet was set to its maximum
field strength to optimize the reconstructed momentum
resolution for charged particles and its polarity was set
to bend negatively charged particles outward, away from
the beamline. The electron beam polarization was mea-
sured periodically during the data run using the Hall B
Mgller polarimeter [57] and its value was found to be 86%
on average. The polarization of the beam was flipped
at a rate of 30 Hz. To minimize any systematic effects
associated with the helicity signal in Hall B, the signal
itself was received by the CLAS12 data acquisition sys-
tem in patterns delayed by 8 helicity windows, with the
helicity of the first window of each pattern determined
by a pseudo-random generator in the JLab accelerator
controls. The beam helicity charge asymmetry was mon-
itored throughout the run period and was at the level of
+0.1%.

For this experiment the event readout was triggered
by a coincidence between a track candidate in the drift
chamber, a signal in the electron-sensitive Cherenkov
detector, and a cluster in the forward electromagnetic
calorimeter with a cut on the minimum number of pho-
toelectrons in the Cherenkov detector. The sophisticated
trigger system [58] required a reconstructed charged track
candidate consistent with a negatively charged particle in
the drift chambers whose projection through the forward
timing hodoscope and the calorimeter had a geometrical
overlap the defined hits/clusters in those systems. These
trigger requirements were designed to reduce the back-

grounds and improve the trigger purity. The CLAS12
data acquisition system (DAQ) [59] recorded data at
rates up to 20 kHz based on multiple CLAS12 trigger
streams with a live-time greater than 90%.

V. DATA ANALYSIS

Hyperon identification relies on missing-mass recon-
struction of the reaction ep — ¢/ KT X. In addition, for
the polarization measurement, the reconstruction of the
proton from the hyperon decay is required. The accep-
tance for this three-body e’ K Tp final state is on the or-
der of 5% to 20% depending on Q2, W, cos %™, and
cos 95’F . The analysis results shown here span Q2 from
0.3 to 4.5 GeV? and W within the nucleon resonance
region from 1.6 to 2.4 GeV. Figure 4 shows the electron
acceptance of the datasets in terms of Q? vs. W. Figure 5
shows the kinematic phase space for the electroproduced
KT from the 6.535 GeV data, which is separated into the
coverage for the Forward Detector and Central Detector
of CLAS12.

In the kinematic region of interest, the 6.535 GeV
(7.546 GeV) dataset contains 636k (260k) KA events
and 323k (122k) KX events in the ¢/ K*p topology.
This data sample is roughly 5 times larger than that for
the polarization analyses of the available CLAS electro-
production datasets [28, 31]. The data presented in this
work represents only 10% of the full dataset ultimately
planned for collection as part of this experiment over the
next several years. In this section, details are provided
on our procedures for particle identification, on the cuts
used to isolate the K+ A and KTX° final states, on the
hyperon spectrum fitting procedure, and on other cuts
and corrections that are part of the data analysis.

7.546 GeV 10°

6.535 GeV

30 35
W (GeV)

FIG. 4. Kinematic coverage of the electron from the
6.535 GeV (left) and 7.546 GeV (right) datasets in terms of
Q? vs. W (units GeV?/GeV). The overlaid rectangular boxes
highlight the analysis region in this work.

A. Particle Identification

Event reconstruction began by selecting events with a
viable electron candidate in the CLAS12 Forward Detec-
tor. The initial identification of electrons was performed
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FIG. 5. Kinematic coverage at 6.535 GeV of the electropro-
duced KV in terms of cos %™ vs. ® (deg), where ® is the
angle between the lepton scattering plane and the hadronic
reaction plane. The left plot is for the K+ detected in the For-
ward Detector (FD) and the right plot is for the K™ detected
in the Central Detector (CD).

by the CLAS12 Event Builder [60]. This required a nega-
tively charged particle — identified by its track curvature
in the torus magnetic field — that was matched with hits
in the high-threshold Cherenkov detector, forward time-
of-flight system, and calorimeter. The deposited energy
in the sampling-type calorimeter was required to be con-
sistent with the parameterized sampling fraction distri-
bution vs. deposited energy. This definition was already
sufficient to remove the dominant pion contamination,
however, the analysis applied additional cuts to further
purify the electron sample. Cuts were placed on the elec-
tron momentum as reconstructed in the drift chamber
system, the particle flight time from the event vertex to
the forward time-of-flight system, and the reconstructed
event vertex distribution to be sure the track originated
from the hydrogen target cell (the trace-back resolution
at the target location is about 1 cm). Finally, a shower
profile cut was applied to further reduce the pion contam-
ination as the CO; radiator of the Cherenkov detector
gives signals for pions starting at around 4.5 GeV.

After a viable electron candidate was identified in a
given event, the hadron identification process searched
within the selected event sample for events with one (and
only one) reconstructed K+ and p candidate in CLAS12.
The Event Builder algorithm for charged hadrons com-
pared the measured flight time for each track from the
event vertex to the time-of-flight system, to the com-
puted time for a given hadron species, starting from its
measured momentum and the assumed mass. The hy-
pothesis that minimized the time difference was assigned
as the particle type. Additional cuts were applied to im-
prove the hadron identification purity on the minimum
particle momentum (0.4 GeV in the Forward Detector
and 0.2 GeV in the Central Detector) and the particle
flight time to the time-of-flight systems. Figure 6 shows
the kinematic phase space for the reconstructed K and
p from the 6.535 GeV dataset in terms of momentum vs.
laboratory polar angle. The K+ sample also included a
cut on the reconstructed event vertex to ensure the track
originated from the hydrogen target cell.
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FIG. 6. The kinematic phase space in terms of momentum
vs. lab polar angle 6 of the reconstructed K+ (left) and p
(right) in CLAS12 for the 6.535 GeV dataset, combining
events reconstructed in the Forward Detector and the Cen-
tral Detector. The acceptance gap between the two CLAS12
detector systems occurs at about 35°.

B. Additional Cuts and Corrections

It is important to optimize the accuracy of the mo-
mentum reconstruction of the final state ¢/ and K+ to
maximize the hyperon signal to background ratio in the
MM (e’ K™) spectra and to enable optimal separation of
the KTA and KX final states. It is also important
to optimize the accuracy of momentum reconstruction of
the final state particles in order to minimize the system-
atic uncertainties of the measured proton angular distri-
bution used to determine the hyperon polarization.

The measured charged particle momenta in CLAS12
have inaccuracies due to unaccounted for geometrical
misalignments of the tracking detectors, calibration sys-
tematic biases, charged particle energy loss in the pas-
sive detector materials, and inaccuracies in the magnetic
field maps for the torus and solenoid used in the charged
particle tracking. However, the systematics of the mea-
sured momenta from CLAS12 were minimized using mo-
mentum corrections for the different final state particles
based on exclusive event reconstruction kinematic con-
straints.

In each of the six sectors of the CLAS12 Forward De-
tector, the reconstructed electron momentum was scaled
in order to properly position the elastic proton peak in
the invariant mass W spectrum. These corrections were
all below 0.5%. In these CLAS12 kinematics, the miss-
ing mass resolution is dominated by the reconstructed
electron as it has the largest momentum.

The momenta of the K and p were corrected for en-
ergy loss in the CLAS12 detector passive material layers
between the reaction vertex and the time-of-flight sys-
tems. This correction was based on Monte Carlo event
reconstruction relying on the accurate accounting of the
materials in the simulation. These corrections were less
than 15-20 MeV over the full momentum range of the
data. Then, in each of the six sectors of the Forward
Detector and each of the three sectors of the tracker in
the Central Detector, the KT momentum was scaled to
position the A peak in the MM (¢/K™) spectrum at the



correct mass. In the Forward Detector the corrections
were less than 0.5% and in the Central Detector were on
average ~4%. Similarly, the proton momentum was cor-
rected in the different CLAS12 sectors selecting A events
and scaling the proton momenta to position the 7~ peak
in the MM (e’ K*p) spectrum at its correct mass. The
corrections are ~2% and ~7% in the Forward and Cen-
tral Detectors, respectively.

The accuracy of the momentum reconstruction was
such that the residual distortions of the MM (e’ KT) and
MM (¢’ KT p) spectra were at a level below +5 MeV over
the full kinematic phase space of the data. The remaining
residual distortions of the reconstructed momenta were
shown to have a minimal effect on the assigned system-
atic uncertainties of the extracted hyperon polarizations.

The reconstructed momentum of charged particles in
the CLAS12 Forward Detector suffers from systematic
inaccuracies at the boundaries of the azimuthal accep-
tance in each sector close to the torus coils. To remove
these events, geometrical fiducial cuts were employed to
exclude tracks detected in these regions. For the elec-
trons, a selection on the calorimeter fiducial volume was
also applied to ensure containment of the electromag-
netic shower, such that the sampling fraction cuts allow
for high purity of the electron candidate sample.

In the extraction of the hyperon polarization com-
ponents no radiative corrections were applied to the
data. The need for such corrections is minimized by
employing relatively strict hyperon selection cuts on the
MM (e/K™) mass distributions to remove the radiative
tail events. This is expected to be a reasonable approach
as the radiative effects are independent of the beam helic-
ity and thus should effectively cancel out of the asymme-
try calculation. With our relatively tight hyperon mass
cuts, the maximum radiated photon energy is only about
50 MeV, which has a negligible impact on our computed
cos 05‘F values with respect to each quantization axis.

C. Final State Identification

The K+tA and K1X° final states were identified by
selecting mass regions within the MM (e’ K1) distribu-
tion as discussed in Section III. The backgrounds in these
spectra can be reduced using additional restrictions based
on the reconstruction of the ¢’ K Tp final state. For KTA
the MM (e’ K*p) distribution should be consistent with
a missing 7~ and for KX it should be consistent with
a missing 7~ and a low-momentum . Cuts were ap-
plied on MM?(e/K*p) from —0.02 to 0.08 GeV? to se-
lect the ground state hyperon region. Figure 7 shows the
MM?(e’ K*p) vs. MM (e/K™) distribution phase space
from the 6.535 GeV dataset with the cut applied, as well
as the M M (¢’ KT) distribution before and after this ad-
ditional cut. The MM (e'K™) spectrum before the cut
shows an additional peak at about 1.4 GeV that arises
due to the contributions of the X°(1385) and A(1405) hy-
peron excited states. The cut also serves to significantly
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reduce the background beneath the hyperon peaks that
arises primary from the multi-pion channels with the 7+
misidentified as a K.

For this analysis, three different hadronic event topolo-
gies were combined together. The dominant topologies
with roughly equal statistics are ¢/ Kjpr and e’Ké’pF,
where the hadron subscripts F' and C refer to whether
the hadron was detected in the CLAS12 Forward Detec-
tor or Central Detector, respectively. The ¢/ K }'pc topol-
ogy contains only about 10% of the event yields. The
e'K érpc topology is kinematically disfavored due to en-
ergy /momentum conservation with the electron detected
in the forward direction.

With the current status of the reconstruction of
CLASI12 and the detector alignment (which at the cur-
rent time is still not fully optimized for the central
tracking system), tracks reconstructed in the Forward
Detector have significantly better momentum resolu-
tion than tracks in the Central Detector - Apr/pr~1%
and Apc/pc~10%. The hyperon resolution in the
MM (e'K}) topologies is ~16-18 MeV and worsens to
~18-20 MeV in the MM(e’Kg) topology and is dom-
inated by the resolution of the reconstructed electron
in the Forward Detector. The M M (e’ K™) resolution of
CLASI2 is relatively independent of W and cos %™ for
the different ¢’ KT topologies. However, the resolution
degrades slowly vs. Q2 from 16 MeV at Q? = 0.3 GeV?
to 22 MeV at Q2 = 4.5 GeVZ2.

D. Spectrum Fits for Yield Extraction

As mentioned in Section III, there are three contribu-
tions to the M M (¢/ KT) spectrum in the analysis range of
interest for the polarization measurement. These include
the contribution from the KA channel, the KT X0 chan-
nel, and the underlying multi-pion background that is
present due to the finite timing resolution in the CLAS12
time-of-flight systems. At momenta above ~2.5 GeV in
the Forward Detector and ~0.8 GeV in the Central De-
tector, the misidentification of 7T tracks as Kt allows
the multi-pion topology to pollute the K Y sample.

The approach to determine the three contributions
to the MM (e/ KT) spectrum relied on input from both
Monte Carlo and data sources. The hyperon contri-
butions were accounted for by hyperon lineshape tem-
plates based on the realistic GEANT4 simulation of the
CLAS12 detector [61] and the genK'YandOnePion event
generator [62] that was developed by fitting the available
K™Y four-fold differential cross sections from CLAS. The
event generator includes physically motivated extrapola-
tions that span the entire kinematic range and well re-
produces the event distributions vs. @2, W, and cos 6™
The K'Y simulations were generated with radiative ef-
fects turned on in order to account for the radiative tails
on the high-mass side of the hyperon peaks. For both the
K*A and K*+X° final states 200M events were generated
at each beam energy.
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FIG. 7. (Left) MM (' K) distribution requiring detection of a proton in the final state. (Middle) M M?(e' K*p) vs. MM (e’ K™)
phase space showing the cut employed on the MM? (e’ K p) distribution to improve selection of the ground state hyperons.
(Right) M M (¢’ K™) distribution shown in the left plot but with the additional cut on MM?(e’K*p). Data are shown from

the 6.535 GeV dataset.

As the momentum resolution of the reconstructed
Monte Carlo for charged tracks was better than that of
the data (due to residual misalignments of the detectors
and distortions of the magnetic fields not yet included in
the simulation), the Monte Carlo K™Y template spectra
were Gaussian smeared bin-by-bin in the mass spectra to
minimize x? in the template fits. The Gaussian smearing
was optimized individually for each bin in @2, W, and
cos 0% and for each hadron topology.

For the multi-pion background, ep — e/7tpX events
from data were used with the nT re-assigned the K+
mass. The same analysis code used for the K1Y events
was used to sort the MM (e/7") distributions. The
MM (e’ KT) spectrum in each analysis bin was then fit
with a function of the form:

MM = A Apppi + B+ Stmpt + C - BCEpppr,  (20)

where Aympr and Xy are the simulated hyperon dis-
tributions with weighting factors A and B, respectively,
and BC Ky, is the template for the multi-pion back-
ground with a weighting factor of C. Figure 8 shows
representative spectrum fits to determine the hyperon
yields and yield ratios within the A and X° mass regions
as defined in Section III. The statistical uncertainties on
the different contributions were determined using the MI-
NUIT [63] fit uncertainties on the template scale factors.

Figure 9 shows the extracted A and X° yields for both
beam energies. These distributions are for the 1D po-
larization analysis (detailed in Section V E) sorting the
polarization vs. Q?, W, and cos #%™ | integrated over the
other two variables (and the angle ® between the elec-
tron scattering and hadron reaction planes). The yields
decrease rapidly with increasing Q2 due to the roughly
monopole fall-off of the kaon form factor. To compen-
sate for this the bin sizes were chosen to increase with
Q?, with larger bins starting at Q?=1.5 GeV2. The
yields vs. W rise rapidly for the K*A and KTX° chan-
nels within the first 100 MeV of their respective reac-
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FIG. 8. Representative M M (¢/ K) fit results using hyperon
templates derived from Monte Carlo (A: green curve, %°:
red curve) and a background template based on beam data
(magenta curve). The blue curve shows the full fit result. The
fits shown are from the 1D analysis binned in Q2 with the left
plot for Q% from 0.6-0.7 GeV? and the right plot for Q2 from
2.8-3.1 GeV? from the 6.535 GeV dataset.

tion thresholds, peaking at ~1.7 GeV for K*A and at
~1.9 GeV for K*X0% The yields then gradually fall off
with increasing W. The yields for both hyperon channels
show a strong forward peaking in cos 0% due to the im-
portance of t-channel kaon exchange contributions. The
very rapid fall-off just as cos 8%™ — 1 is due to the for-
ward acceptance hole of CLAS12 below 6 ~ 5°.

As discussed in Section III, the ratios of the yields
Ny /Nj and Np/N, in the A mass region and Ny /Ny
and Np /Ny in the ¥° mass region are the relevant quan-
tities for the polarization determination (see Eq.(16) and
Eq.(18)). These yield ratios for the 6.535 GeV data are
shown in Fig. 10. In the A mass region the average %°
tail contamination is ~5-10% and the multi-pion contam-
ination is ~5-20% depending on the kinematics. In the
%% mass region, the A radiative tail accounts for up to
40% of the yield and the multi-pion contribution is on
the order of 5-30% depending on the kinematics.
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are for the KA (KTX°) events in the A (X°) mass region.
Note that the abrupt shift at Q?=1.5 GeV? occurs due to the
change in Q2 bin size at this point.

E. Data Binning

The results shown in this work are limited to the nu-
cleon resonance region, spanning invariant mass W from
the KTY threshold to 2.4 GeV. The ®-integrated beam-
recoil transferred polarization components for the K+TA
and K1YV final states are presented in a 1D binning sce-
nario vs. Q%, W, and cos §$™, integrated over the other
two variables. The observables are also presented in a 3D
binning scenario divided into 2 bins in Q? of different ex-
tents to allow for comparable statistics in each bin and 4
equal bins of cos 8% . In this multi-dimensional binning,
the polarization observables are shown as a function of
W. Table IT and Table III present the 1D and 3D binning
choices, respectively. The multi-dimensional analysis is
not included here for the 7.546 GeV dataset, but is in-
cluded along with all of the extracted observables from
this analysis in the CLAS physics database [64].

The bin sizes are kept uniform in W and cos §%™ in the
1D and 3D sorts. However, the Q2 bin sizes increase with
increasing Q? to compensate for the fall-off of the cross
sections. The results for all polarization components are
reported at the geometric center of the kinematic bins.
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FIG. 10. Yield ratios for the 6.535 GeV dataset showing the
Ns./Na and Np /Ny ratios in the A mass region (left) and the
Na/Ns. and Np/Nsx ratios in the Y% mass region (right).

Dependence Range Bin Size
Q> [[Q%in:1.5] GeV2[0.1 GeV?
[1.5:2.5] GeV? [0.2 GeV?

[2.5:3.1] GeV? [0.3 GeV?

[3.1:3.5] GeV? |0.4 GeV?

[3.5:4.5] GeV? [1.0 GeV?

w [Winin:2.4] GeV | 25 MeV

cos O™ [—1:1] 0.08

TABLE II. Bin sizes for the 1D polarization analysis vs. Q2,
W, and cosf%™ . The analysis for all variables is limited
to the kinematic phase space from Q2,., to Q2,. where
Q2in/Q242=0.3 GeV?/3.5 GeV? for the 6.535 GeV dataset
and 0.4 GeV?/4.5 GeV* for the 7.546 GeV dataset, and from
Winin to 2.4 GeV where Wi,in=1.625 GeV (1.725 GeV) for
the KA (KTX°) final state.

F. Multi-Pion Background Polarization Studies

In Section IIT the formalism to connect the measured
raw yield helicity asymmetries to the A and X° polar-
ization was developed accounting for the different back-
ground contributions in the A and X° mass regions of the
MM (e’ K™") distribution as defined in Fig. 2. The forms
of Eq.(16) for P} and Eq.(18) for P were written assum-
ing Ag =0, i.e. the asymmetry for the multi-pion back-



Variable Bin Choices
E, 6.535 GeV 7.546 GeV
Q* ]0.3:0.9] GeV?| [0.4:1.0] GeV?
[0.9:3.5] GeV?| [1.0:4.5] GeV?

w [Wimin:2.4] GeV in 80 MeV bins
[—1:1] in 0.5 bins

c.m.
cos 0%

TABLE III. Bin sizes for the 3D polarization analysis in
Q?, W, and cos0%™ for the Ey=6.535 GeV and 7.546 GeV
datasets, where Wi,:»,=1.625 GeV (1.725 GeV) for the KtA
(KTx°) final state.

ground contribution that underlies the hyperon peaks is
Zero.

The value of Ag can be directly determined by sort-
ing the helicity asymmetries for the ep — e/mtpX fi-
nal state, reassigning the reconstructed 7% with the K+
mass. This was done using the same analysis code with
the same binning, cuts, and conditions as for the K1Y
analysis. The asymmetries were measured for this chan-
nel and were found to be consistent with zero to within
the statistical uncertainties. Representative results for
the measured background polarization are shown for the
1D sort vs. cos0%™ in Fig. 11 in the A and ¥° mass
regions for the primed system defined in Fig. 1.
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FIG. 11. Measured polarizations determined for the multi-
pion background in the 6.535 GeV dataset that underlies the
hyperon peaks in the MM (e/K™) distributions for the 1D
analysis vs. cos %™ summing over @ and W for both the
A (left) and X° (right) mass regions defined in Section ITI
for the primed system. The error bars include the statistical
uncertainties only.

G. Polarization for Combined Hadron Topologies

As detailed in Section V C, the analysis was based on
combining together the three hadron event topologies
K;fpp7 K}pcg and Képp (F = Forward Detector, C =
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Central Detector). To determine the hyperon polariza-
tion P’ in each kinematic bin for the 1D and 3D binning
scenarios, it is not strictly appropriate to combine the
different hadronic topologies based only on their statis-
tical uncertainties. The proper manner to determine the
final polarization is to weight the results for the different
topologies accounting for their individual cross sections
and detector acceptance functions. The P’ value in each
kinematic bin has been determined using;:

3
Z oF}
=1
Povg = 3
E ag; - ACCl
=1

. ACC; - P!

, (21)

where the sum is over the results from the three hadronic
topologies in a given kinematic bin, ¢; = do/dQ; and
ACC; are the differential cross section and acceptance
for topology i averaged over the bin, and P’ is the hy-
peron polarization for the bin determined for topology
i. This approach actually gives results fully consistent
with combining the event yields for the three hadron
topologies using a statistical weight as the two domi-
nant hadron topologies K;fpp and Kéfpp cover essen-
tially complementary ranges in cos 0% . In the compu-
tation of Eq.(21) the cross sections were determined us-
ing the CLAS data-based event generator genKYandOne-
Pion [62] that was developed from fits to the available
K1Y electroproduction cross section data from CLAS.

VI. SYSTEMATIC UNCERTAINTIES

In this section we define and quantify the sources
of systematic uncertainty that affect the measured hy-
peron polarization observables for the 6.535 GeV and
7.546 GeV datasets. The contributions to the total sys-
tematic uncertainty belong to one of four general cate-
gories:

e Polarization Extraction
e Beam-Related Factors
e Acceptance Function

e Background Contributions

Each of these different sources is discussed in the subsec-
tions that follow.

The procedure used to quantify the systematic uncer-
tainty associated with each source was to compare the
measured polarization P’ for all kinematic bins with the
nominal analysis cuts and procedures (nom) to that with
modified cuts or procedures (mod). The average differ-
ence of AP = P, .. — P/ . over all data points was
used as a measure of the systematic uncertainty for a



given source, where we have used the weighted root-
mean-square (RMS) of AP’ for all points given by:

o | Zisa (AP (P 22)

S 1/(6P))2

Here the sums are over all N data points and §P; is the
statistical uncertainty of the i*" data point. In each of
the systematic uncertainty studies performed, the widths
of the AP’ distributions were much larger than the mea-
sured centroids, which were all consistent with zero. In
general, the systematic uncertainties are comparable to
the statistical uncertainties for the 1D analysis binning
and dominated by the statistical uncertainties for the
3D analysis binning for the 6.535 GeV dataset. For the
7.546 GeV dataset, the statistical uncertainties are dom-
inant for both the 1D and 3D analysis binning. Our
final systematic uncertainty accounting for the A and
9 polarization measurements for the 6.535 GeV and
7.546 GeV datasets is included in Table IV listing all
sources. The final value in the table adds all the individ-
ual contributions in quadrature.

A. Polarization Extraction

The extracted polarization components have been
compared using two different analysis approaches. The
nominal technique is the asymmetry approach described
in Section III, which relates the hyperon polarization to
the asymmetry of the difference divided by the sum of the
helicity-gated hyperon yields. An alternative approach is
to extract the polarization from the ratio of the helicity-
gated yields via:

Nt  1+wvyaP,P)cos GfF
N=  1—wvyaP,P)cos i

(23)

The difference between these two techniques resulted in
a weighted RMS of 0P;,; = 0.005, which is assigned as
the systematic uncertainty.

A systematic uncertainty contribution arises due to
binning choices made during the data sorting. The nom-
inal analysis approach sorted the helicity-gated yields
in cos HfF into 6 bins. A comparison of the polariza-
tion components with the extraction from a sort with 8
and 10 bins in cos OfF resulted in a weighted RMS of
6Py, = 0.004. The difference in the observables arises
due to the fitting algorithm employed in which the cen-
troids of the cos HfF bins are assigned to the center of the
bin. When the number of bins is reduced, the fit results
are more sensitive to the bin content.

Another systematic uncertainty is due to the uncer-
tainty in the weak decay asymmetry parameter c. This
uncertainty gives rise to a scale-type uncertainty on the
polarization components that is the same for both the A
and X hyperons and is given by:

Yo’
0Poys = WV‘E = 0.019|P%|. (24)
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The final systematic contribution in this section arises
due to the weighting factors used to combine the mea-
sured P’ values for the three different hadronic topolo-
gies in the detector (Kjipr, Kipc, Képp) as dis-
cussed in Section V G. The weighting factors (cross
sectionxacceptance) for the nominal analysis were de-
termined from the CLAS data-based event generator
genKYandOnePion [62]. The P’ values were compared to
the results deriving the weight factors using an alterna-
tive event generator based on the Ghent RPR model [65].
The assigned systematic for the model dependence was
0.010 for the A analysis and 0.030 for the X9 analysis.

B. Beam-Related Factors

Two contributions were considered related to the sys-
tematic uncertainty of beam-related factors. The first
was associated with the beam polarization measurement
from the Mgller polarimeter system. This arises from the
uncertainty in the Mgller target foil polarization, the sta-
tistical uncertainty in the measurements, as well as from
variations of the polarization measurements over time.
These contributions have been estimated to be 3%. This
scale-type uncertainty results in an uncertainty in the
hyperon polarization of:

o

I

sYs

= 0.035|Py|. (25)

The second beam-related effect that contributes is the
beam charge asymmetry that results from a systematic
difference in the electron beam intensity for the two dif-
ferent beam helicity states recorded by the data acquisi-
tion during production data taking. The helicity asym-
metry was measured throughout the data taking and its
effect was shown to have a negligible effect on the polar-
ization results.

C. Acceptance Function

The nominal analysis method does not apply accep-
tance corrections to the helicity-gated yields as the helic-
ity asymmetries for the beam-recoil transferred polariza-
tion were shown to be insensitive to acceptance correc-
tions. Studies correcting the helicity-gated yields using a
realistic acceptance function based on our nominal event
generator (discussed in Section V D) were found to have a
smaller effect on the extracted polarization components
than varying the fiducial region in which the particles
were reconstructed. These studies were carried out by
applying both loose and tight cuts on the lab 6/¢ range of
the accepted particles in the forward direction. A differ-
ence of 0.007 was assigned as the systematic uncertainty
for all analysis bins.
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Category Contribution Systematic Uncertainty
Polarization Extraction Functional Form 0.005
Bin Size 0.004
Asymmetry Parameter 0.019
Model Dependence 0.010 (A), 0.030 (X9)

Beam-Related Factors Beam Polarization 0.035
Acceptance Function Fiducial Cut Form 0.007

Background Contributions Analysis Region 0.011 (A), 0.066 (£°) 1D bins

0.017 (A), 0.099 (2°) 3D bins

(Total Systematic Uncertainty) 0.044 (A), 0.078 (£°) 1D bins

0.045 (A), 0.108 (%) 3D bins

TABLE IV. Summary table of the individual systematic uncertainty sources and the average total systematic uncertainty given
in terms of absolute values in terms of the polarization P’. Separate systematics were determined for the different hyperons

and for the 1D and 3D binning sorts.

D. Background Contributions

The approach to separate the A, ¥° and particle
misidentification background within the A and £° mass
regions was detailed in Section ITI. To check the stability
of the yield extraction, the A and X0 analysis regions were
made both looser and tighter than the nominal ranges.
The RMS width of the difference distribution for the ex-
tracted polarizations was assigned as the associated sys-
tematic uncertainty for the yield stability. The RMS dif-
ference for the A is 0.011 and for the X° is 0.066 for the
1D data sort. It should be expected that the X9 result is
more sensitive to the definition of the analysis region due
to the very strong (and highly polarized) A contribution
that gives rise to a larger systematic effect. However,
assigning a single systematic uncertainty to all analysis
bins was found to be insufficient to capture the impor-
tant kinematic-dependent variations of this source. The
size of the systematic was found to be correlated with
the signal impurity within the analysis region, i.e. with
Ihn=1-— NA/(NA + Ny + Nbck) within the A mass win-
dow and with Zs; = 1 — Ny /(Na + Nx + Npex) within the
Y9 mass region. The assigned systematics for the A and
¥9 1D analyses scaled Zp and Zs; by multiplicative fac-
tors to reproduce the average RMS values for the A and
9 analyses from varying the hyperon analysis regions.
For the 3D analyses the assignment of a corresponding
systematic uncertainty using the same approach is dom-
inated by statistical effects due to the smaller samples
due to the increased binning. A conservative choice was
to multiply the associated factors by 1.5 relative to the
1D sorts.

E. Other Checks

After the investigation of the different systematic
sources, a technique to verify the accuracy of the final
systematic uncertainty assignment is to look at the devi-
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FIG. 12. Distributions of the transferred A (top) and X° (bot-
tom) polarization components relative to the y’-axis (left) and
y-axis (right) vs. W from the 1D data analysis. The data
shown are from the higher statistics 6.535 GeV dataset. The
inner error bars on each data point represent the statistical
uncertainties and the outer error bars represent the total un-
certainties.

ations of the normal components of the extracted A and
%0 polarizations (i.e. along the 3’ and y axes). By defini-
tion as discussed in Section II, these components should
be equal to zero. In this analysis the weighted means
of the P,, and P, components for the A and Y0 com-
ponents were consistent with zero with an RMS width
consistent with the total uncertainty (statistical + sys-
tematic) assignments, which provides confidence in the
assignments. The extracted normal components for one
of our data sorts for the A and X% hyperons are shown
in Fig. 12.

Finally, another check of the analysis results included
in this work is that the polarization components were ex-



tracted independently by two different approaches. The
nominal analysis approach to determine the hyperon po-
larization components was detailed in Section III. In the
independent analysis the hyperon yields and backgrounds
were fit in bins of Q2, W, cos 0%™, cos 95’F , and helicity
h using an analytic functional for the hyperons (Gaussian
on the low-mass side of the peaks, Landau on the high
mass side) with a second-order polynomial for the under-
lying background. The comparison of the results showed
good agreement over the full kinematic phase space. This
second analysis further served to verify that the system-
atic uncertainty assignments were justified and served to
cross check all data analysis selections and analysis rou-
tines.

VII. DATA RESULTS
A. A Polarization Transfer

The results for the beam-recoil transferred polarization
to the A hyperon in the KA final state in the primed and
unprimed coordinate systems (see Fig. 1) are shown for
the datasets at electron beam energies of 6.535 GeV and
7.546 GeV in Figs. 13 through 17 compared to several
model calculations. The error bars in these figures in-
clude statistical and total uncertainties (statistical added
in quadrature with the point-to-point systematics). The
scale type uncertainties (due to the asymmetry parame-
ter and beam polarization) are not included and amount
to an absolute scale uncertainty of 0.04 on the polariza-
tion. The full set of results is contained in the CLAS
physics database [64].

Generally speaking, in the 1D analyses shown in
Figs. 13 to 15 for the 6.535 GeV and 7.546 GeV
datasets, the transferred polarization to the A vs. the
different kinematic variables is either relatively flat or
smoothly/monotonically changing in magnitude. The P,
components are consistent with zero over the full kine-
matic phase space investigated and P,, ~ —0.2 (flat)
vs. W and cos 8%, however, it increases slowly in mag-
nitude vs. @*. The components P, and P, are gener-
ally positive in the range from 0 to 0.6, monotonically
increasing vs. Q?, but with a richer, more involved de-
pendence vs. W and cos §%™, displaying a pronounced
dip in P., at W ~ 1.9 — 2.0 GeV. Both P/, and P’ show
a strong dependence on cos §%". Within the uncertain-
ties the polarization components from the 6.535 GeV and
7.546 GeV datasets agree, showing a weak dependence on
beam energy.

The kinematic trends in these observables are reason-
ably consistent with the CLAS analyses of these same
observables acquired at beam energies of 2.567 GeV,
4.261 GeV, and 5.754 GeV in Refs. [28, 31]. However,
the present data have reduced statistical uncertainties
and much improved coverage for cosf%™ < 0, a re-
gion where the relative strength of s-channel contribu-
tions grows relative to the t-channel contributions that
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dominate at more forward 6% angles, and where effects
from u-channel processes may emerge.

The present dataset from CLAS12 is valuable as it
has sufficient statistics to enable a meaningful multi-
dimensional analysis for the first time for this observable.
This is referred to in this work as the 3D analysis with
binning as defined in Section V E. Figures 16 and 17 show
the results of the 3D analysis of the 6.535 GeV dataset for
the beam-recoil A polarization vs. W for two Q? bins and
4 equal-size cos %™ bins from —1 — 1. Figure 16 shows
that for the P/, and P, components, the general trends
seen in the 1D analysis are followed here with no strong
cos§%™ dependence. Figure 17 shows that P., has a
strong dependence vs. cos 0%™ with P/, negative at back-
ward angles and positive at forward angles. However, P/
is flat vs. W and relatively independent vs. cos §%™.

The further increase in statistics foreseen from the full
CLAS12 RG-K K1Y dataset will allow us to decrease
the bin sizes over @2, W, and cos 65 . This is necessary
for the eventual extraction of the nucleon resonance elec-
troexcitation amplitudes from analysis of the data binned
in 3D space.

B. X° Polarization Transfer

The results for the beam-recoil transferred £° polariza-
tion for the 6.535 GeV and 7.546 GeV datasets are shown
in Figs. 18 through 22 compared to several model calcu-
lations. The error bars in these figures include statistical
and total uncertainties (statistical + point-to-point sys-
tematic). The data uncertainties also include an overall
scale uncertainty of 0.04 on the polarization. The full set
of results is contained in the CLAS physics database [64].

These transferred £° polarization data are less sensi-
tive to the detailed kinematic dependence of the observ-
ables compared to the A polarization components shown
in Section VII A due to the larger statistical uncertain-
ties. As seen in the 1D analysis of Figs. 18 to 20, the
components P, and P, are largely consistent with zero
vs. Q2%, W, and cos %™ within the uncertainties. The
P., and P, components are relatively flat vs. W and
cos 0™ with P/, . ~ —0.2. The Q> dependence of P,
and P, is consistent with a shallow increase in magni-
tude with increasing Q2. Despite the limitations of these
%Y polarization observables, they should ultimately prove
valuable as they effectively represent the first substantive
measurement of this observable given the very low statis-
tics in the CLAS measurement included in Ref. [31] that
was barely sufficient to determine the sign of the polar-
ization.

Figures 21 and 22 show the 3D analysis of the beam-
recoil X9 polarization from the 6.535 GeV dataset with
binning as detailed in Section V E. These data reveal
trends very much in accord with the general observations
noted for the 1D data sort. Both P,, and P, shown in
Fig. 21 and P, and P, shown in Fig. 22 are relatively
flat with W and the components show a gradual, shallow
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FIG. 13. Transferred A polarization components P’ with respect to the (z’,2’) and (z,z) axes vs. Q> for beam energies of
6.535 GeV (left) and 7.546 GeV (right). The data are limited to Q* from 0.3 to 3.5 GeV? (6.535 GeV) and from 0.4 to 4.5 GeV?
(7.546 GeV), and W from 1.625 to 2.4 GeV. In the text this is referred to as the 1D sort (see Section V E for details). The inner
error bars on the data points represent the statistical uncertainties and the outer error bars represent the total uncertainties.
The curves are calculations from RPR [39] (solid green - full RPR-2011 model, dashed green - RPR-~2011 model with resonance

terms off ), BS3 [410] (solid red), and Kaon-MAID [66—68] (solid blue).
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FIG. 14. Transferred A polarization components P’ with respect to the (x’,2’) and (x,2) axes vs. W for beam energies of
6.535 GeV (left) and 7.546 GeV (right). See the Fig. 13 caption for details.

increase in polarization going from forward to backward
angles.

C. Model Comparisons

There are several different single channel models shown
in this work to compare against the polarization observ-
ables. In this section the main features of the different
models are discussed to set the stage for their compar-
isons to the data.

Kaon-MAID: (solid blue lines in Figs. 13-22 for KTA
and K+3%) Kaon-MAID is a tree-level isobar model [(6—
68] that includes Born terms, K*(892) and K;(1290)
exchanges in the t-channel, and a limited set of spin
1/2 and 3/2 s-channel resonances. These include the
N(1650)1/27, N(1710)1/2%, and N(1720)3/2%, along
with the N(1900)3/2% for KTA and the A(1900)1/2~
and A(1910)1/27 for K™Y The Born, vector me-
son, and resonance couplings are based on fits to the
vp = K1Y and n~p — K°A data available in the late
1990s when the model was developed. Kaon-MAID is not
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FIG. 16. Transferred A polarization components P., and P, vs. W for a beam energy of 6.535 GeV. The data are binned in
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the outer error bars represent the total uncertainties. See the Fig. 13 caption for a description of the model curves.

constrained by any K'Y electroproduction data. This
isobar model, like most of the others described below,
leaves the resonant term couplings as free parameters in
fits to the data. The couplings are required to respect the
limits imposed by SU(3), allowing for symmetry break-

ing at the level of about 20%. The inclusion of hadronic
form factors, with cut-off values fixed by the data, leads
to a breaking of gauge invariance that is restored by the
inclusion of non-resonant counter terms.

The Kaon-MAID model shows very sharp features in
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the W dependence of P} and Pg from the resonance
terms that are not seen in the data. However, the de-
pendence of P’ vs. Q% and cos ™ varies smoothly.
The model generally reproduces the polarization sign and
qualitative features of the data. However, the model
mainly fails to describe the kinematic dependence of P,

and P! for the KA channel, defined by the R%.?, and

R%% response functions. This model is archived on-
line [69] and the results included were integrated over
the finite bins of this work by its developer [70].

Saclay-Lyon (solid purple lines in Figs. 18-22 for
K*+¥°) The Saclay-Lyon (SL) isobar model [71] is similar
to the Kaon-MAID model with the same kaon resonances
and SU(3) constraints on the main coupling constants.
The model version used is limited to the inclusion of only
spin 1/2 and 3/2 s-channel resonances that match what
is included in Kaon-MAID. It differs in that instead of
hadronic form factors, this model includes a number of u-
channel terms to counterbalance the strength of the Born
terms. As was the case for the Kaon-MAID model, the
data used to constrain the parameters of the SL model
were very limited given that it was developed before the
release of any of the data produced from CLAS. In this
work the SL model is shown only for the K+X data.

The SL model should not be expected to match the

hyperon polarizations well given the lack of data available
for constraints. The quality of its match to the data is
similar to that from the Kaon-MAID model and is no
worse than later models developed based on fits to the
photoproduction data from CLAS. Of course, without
proper constraints from data at finite Q?, there should
be no expectation of good agreement from this archival
model. The SL calculations were provided by Ref. [72]
and were integrated over the finite bins of this work.

RPR: (solid and dashed green lines in Figs. 13-22
for KA and K*X°) The hybrid Regge plus Resonance
(RPR) model was developed by the Ghent group [39],
and is based on a tree-level effective Lagrangian model
for KTA and K*TX° photoproduction from the proton.
It differs from traditional isobar approaches in its de-
scription of the non-resonant diagrams, which involve the
exchange of K and K* Regge trajectories. The RPR
model includes all well-established s-channel resonances
below 2 GeV. The two variants of the RPR model in-
cluded (RPR-2011 for the KA channel and RPR-2007
for the K*X° channel) have been constrained by fits to
the CLAS yp — K™Y photoproduction data with no
constraints from the CLAS K1Y electroproduction data.
This model is archived online [73] and the calculations
based on this model were integrated over the finite bins
of this work using the output from the webpage. The
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RPR model calculations shown here include the full cal-
culations with all contributions turned on and a version
with the s-channel resonances turned off (amounting ef-
fectively to a pure Regge model).

The RPR model varies smoothly vs. kinematics for
both KTY final states. For KTA there is agreement
of the RPR-2011 model with the P’ sign of the data
but the magnitude of the polarization is not in accord
with the data. As shown in Figs. 16 and 17, accounting
for the resonant contributions provides a reasonable de-
scription of our results on P’ at W < 2.0 GeV and Q?
from 0.3 to 0.9 GeV?, although discrepancies are appar-
ent in the range W > 2 GeV and for the Q% bin from
0.9 to 3.5 GeV2. For KX the model agrees reasonably
well with the small polarization magnitudes of the data.
The model versions with the resonances turned on do not
agree any better with the data than the versions with the
resonances turned off.

BS3: (solid red lines in Figs. 13-17 for KTA) The
Bydzovsky-Skoupil model (BS3) [40] is another tree-level
isobar model similar in design to the models detailed
above. However, it represents a significant evolution be-
yond the 20 year old Kaon-MAID and SL models and the
10 year old RPR model in that it was based on fits to
some of the available yp — KA photoproduction data
(differential cross sections, recoil polarization, beam spin
asymmetry) and to some of the available ep — ¢’ KTA

electroproduction data (oy, or, o, orys) from CLAS.
The full set of 3- and 4-star PDG N* and A* resonances
of spins up to 5/2 and W up to 2 GeV are included.
Like the other isobar models, it includes Born terms and
exchanges in the ¢- and wu-channels to account for the
non-resonant backgrounds. The BS3 model is presently
only available for the KA final state.

The BS3 model, like the other isobar models included
in this work, qualitatively accounts for the sign and kine-
matic trends of the polarization observables. However, it
does not provide any better description of the data com-
pared to the existing models. Given that the response
functions relevant for the beam-recoil transferred polar-
ization in BS3 have not been constrained by any existing
data, perhaps this is not so surprising. The comparisons
of the model predictions to the data show that the model
parameters for the form factors and coupling constants
could be improved if it were to include these new data as
part of its constraints. The BS3 calculations were pro-
vided by Ref. [72] and were integrated over the finite bins
of this work.

None of the models included are able to reproduce the
kinematic dependence seen in the data with their cur-
rent parameters. Given that they were mainly deter-
mined by the CLAS KTY photoproduction data, these
new electroproduction data, in addition to the full set
of existing KTY electroproduction cross section and po-



larization observables from CLAS detailed in Section I,
should serve to provide improved constraints. When the
remainder of the data from this experiment is collected
in the near future, amounting to roughly a factor of ten
increase from what is included here, much improved sta-
tistical precision with reduced bin sizes in Q%, W, and
cos 0%™ will be possible, which can be expected to shed
light on the presence of additional mechanisms that are
relevant for electroproduction. These mechanisms may
gradually emerge with increasing @Q? or be related to the
contribution from the amplitudes for longitudinally po-
larized photons that are absent in photoproduction. Fur-
ther tests turning individual N* states on and off within
these models could also provide insight into how indi-
vidual states affect the polarization transfer observables.
Finally, we note that as the models have not been fit to
electroproduction data, the Q? dependence of the form
factors is not well constrained, and for these K+Y mod-
els to advance, a realistic Q2 dependence will have to be
included. These form factors have been determined for
N* states up to W a 1.8 GeV based on analysis of 7N,
np, and 7w N data from CLAS [4]. Ultimately, however,
it will be important to move beyond the single-channel
models to include the full dynamics from coupled-channel
approaches that make possible a combined global analysis
of all available data on exclusive meson photo-, electro-,
and hadroproduction.

VIII. SUMMARY AND CONCLUSIONS

In this paper the beam-recoil transferred polarization
for the electroproduction of the K*tA and K+X° final
states from a proton target at beam energies of 6.535 GeV
and 7.546 GeV are presented based on analysis of data
from CLAS12 taken in Dec. 2018. The observables were
measured in the nucleon resonance region spanning the
kinematic range of Q2 from 0.3-4.5 GeV?2, W from 1.6 to
2.4 GeV, and covering the full center-of-mass phase space
of the final state K*. The A polarization measurements
presented in this work extend the available data from the
CLAS program. However, the data for the X° hyperon
represent the first statistically meaningful dataset avail-
able to date.

These new CLAS12 data have been compared to pre-
dictions from several available single-channel models that
have varying sensitivities to the s-channel resonance con-
tributions. The different models mainly account for the
sign of the hyperon polarization and qualitatively repro-
duce at least some of the kinematic trends vs. Q2%, W,
and cos %™ for the two different coordinate systems con-
nected to the hadronic production plane and the electron
scattering plane. However, a detailed comparison shows
that these new data from CLAS12 will allow for improved
constraints on any reaction model. It is also important
to consider that reaction models whose development is
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based only on the fits to the available vp — K™Y pho-
toproduction data are not able to reproduce the electro-
production data. A proper reaction model will necessar-
ily require a simultaneous fit to both K™Y photo- and
electroproduction data over the broad kinematic range
of the available data. Analyses of the CLAS12 data
within a broad @? range will allow us to establish the
additional mechanisms contributing to KY electropro-
duction that cannot be seen in photoproduction. These
new mechanisms can be related either with the longitu-
dinal electroproduction amplitudes or emerge gradually
as Q% increases. Accounting for all mechanisms seen in
the experimental data is critical for the extraction of the
YopN™* electrocouplings.

It is expected that these new polarization transfer data
from CLAS12, along with the measurement of additional
observables from CLAS12 in the KTY channels that are
in progress, will spur the development of reaction models
that can be used to access the rich underlying informa-
tion to which these channels are expected to be sensi-
tive. This includes determination of the contributing N*
and A* states in the s-channel at the upper end of the
nucleon resonance region, as well as the electrocoupling
amplitudes for the excited nucleon states that provide ac-
cess to the underlying structure of these states in terms of
the interplay between the meson-baryon and quark-gluon
degrees of freedom.
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