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Spin Polarization in Kaon Electroproduction

Jefferson Lab Proposal

Abstract
This proposal describes an experiment to study spin polarization observables in
kaon ¢lectroproduction. The experiment will use a longitudinally polarized electron
beam, an unpolarized hydrogen target, and will be sensitive to the A -hyperon recoil
polarization, In the electromagnetic production of kaons from a proton,
e+ p— e +K + A, the associated A -hyperon will be identified by its missing mass
in the reaction, and the decay proton from the hyperon (A — p+n) will be
detected. Because the A-hyperon is self-analyzing, a measurement of the proton
momentum distribution may be used to determine the hyperon spin polarization
vector. Thus the experiment will serve to elucidate the process of polarization
transfer from the polarized electron to the A-hyperon as well as induced hyperon
polarization which results even for an unpolarized beam. (Induced polarization has
been studied previously using real photons. However, this will be the first
measurenient at nonzero momentum transfer.)

The cross section ¢y and G, will be measured for squared four-momentum-

transfer, Q2, from 0.5 to 2.1 (GeV/c)>. Additionally, because the hyperon recoil
polarization will be measurcd simultaneously, the polarization transfer response

functions, R‘n':!, and TL" will be determined in this same kinematic range. Kaons

(hyperons) will be detected along (opposite to) the momentum-transfer direction in
the center-of-mass frame. In the laboratory frame, both kaon and hyperon momen-
tum vectors lie parallel to the momentum transfer direction. The experiment will be
carried out with standard equipment in Hall C, viz., the cryogenic unpolarized (liq-
uid) hydrogen target, and the HMS and the SOS with the same detector packages
that were used in the kaon electroproduction experiments compleied in the fall of
1996.

Spin observables may be used to shed light on the hyperon spin structure and the

spin dependence of the partonic fragmentation and recombination processes. -

Additionally, the response functions Rf-:i and TB. exhibit some sensitivity o

the A -hyperon electromagnetic form factor at nonzero 'Q2 (Q? >0). Presently,
this is the best way to measure hyperon form factors for large space-like
momentom transfer.

Spin Polarizaton in Kaon Blectropmodocticon June 2, 1998 1



Overview

Strangeness electroproduction, that is, the electromagnetic production of hadronic
systems with constient strangeness, remains on¢ of the forefront areas of
research in nuclear and particle physics at intermediate energies. The CEBAF
accelerator at Jefferson Lab has proven to be a powerful tool for use in studying
the electromagnetic production of hadronic systems containing a strange
constituent quark. The electromagnetic probe only marginally disturbs the system
being investigated, and is well understood [1-6]. Its use as a means to probe the
internal structure of hadronic systerms has been well documented. Among the
most studied of these hadronic systems is the nucleon, The unique opportunities
afforded by the use of polagized, high-curment, high-duty-factor electron beams
provides an even more powerful probe of the electromagnetic structure of
hadronic systems; the study of the spin dependence of the electromagnetic
production and weak decay of the hypercen, specifically the A-hyperon, becomes
feasible. This proposal describes an experiment to study the electroproduction of
the A as a function of viriwal photon momeanmm iransfer, angle, and energy,
using spin pelarization observables in order to extract insights into its production
and weak decay dynamics.

The free A-hyperon has a lifetime, <, , of about 3x10°10 s; it exhibits two main
decay modes, both mesonic:

A-p+rw 378 MeV  (0.642) (EQ 1

A—=n+m+ 411 MeV  (0.358) (EQ 2)

Here the number in parenthesis shows the decay branching fraction. Consider the
free decay of a A-hyperon into a proton and pion. (Similar arguments apply to
the decay into a neutron and neutral pion.) The proton and pion are emitted back-
to-back in the A rest frame, Normally, it is not necessary to detect the pion in a
A decay experiment in order to determine the decay mechanism because of these
constraints (momentum conservation as well as the self-analyzing nature of the
decaying hyperon). The decay given in (1) is easier to detect, generally, since it
has the larger branching fraction and since the proton is easier to identify than the
neutron. The production and decay of the A -hyperon can be studied in ways not
feasible before now, as presented in this proposal.

The current experiment aims to study the production of A-hyperons using a
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polarized beam as well as study the mechanism of polarization transfer in the
reaction

> ’ Fé
e+p—ore +K+A (EQ 3)

A polarized electron beam and the existing unpolarized cryogenic hydrogen target
in Hall C are required for this measurement. The hyperon induced polarization
(which results even with an unpolarized beam) will be measured simultancously.
The experiment will use the HMS and the SOS in Hall C to detect, respectively,
the scattered electron and the electroproduced kaon before it decays in flight.
Additionally, the SOS will be used to detect the proton from the hyperon decay.
The SOS used as a hyperon tagger, in general terms, will detect the protons
resulting from the weak decays of the hyperons in

K—}p+n (EQ4)

The hyperon is self-analyzing; its polarization will be determined by measnring
the angular distribution and the momenta of the protons (from the hyperon
decays) with respect 10 the hyperons’ spin and momenta directions. Both the kaon
and the hyperon-decay proton in this measurement will be detected along the
virtnal photon direction {(in the laboratory frame). Thus the SOS will serve the -
dual purpose of identifying the kaon electroproduction reaction as well as tagging
the hyperon spin polarization vector. This is explained more carefully in the
section on the experimental setup and procedure in this proposal.

Once the momenta of the scattered electron and electroproduced kaon from (3)
are measured, the hyperon momentum and energy ar¢ determined. Then, since the
decay (1) is well known, only the proton needs to be detected in order to
determine the hyperon spin in the proposed measurement; the pion does not need
to be detected. The hyperon momentum will be high enough so that the protons
from the decay will lie in a rather tight cone centered on the hyperon momenium
vector; the decay proton will be detected by the hyperon tagger (the 505) for all
hyperon spin directions. At the same time, the hyperon momentum will be low
enough so that reasonable angular resolution can be achieved for proton detection
in the reaction (4). Time-of-flight information in the SOS will be used to identify
the kaon and the proton and to determine their momenta.

2 ) .
e” .1 the electron interacts

To lowest order in the fine structure constant ¢ = — =
dx 137
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with the hadronic current through the exchange of a single virtual photon with

well defined energy transfer v = £,- E, and momentum transfer § = I;—L'.

The kinematics of the electron scattering process is determined by three
independent kinematical variables, usually chosen to be the invariant energy of

the system, W, the scattering angle in the center of mass system ©, and the

squared four-momentum-transfer Q%=-g®>. The nucleon four-vectors are

Pr=(E.Py) for the initial and final states. It can be shown that the most general
expression for a coincidence experiment considering an experiment with three
types of polarization, target, beam, and recoil, is

3 do
46 v EQ 5)

=T
0 dQude, dQy

dc K o
70 - %PaPﬁ{R§u+ELRE + Pe(I+e)Rbrcasdy +

:
e, (T + R sing,, + s(RDScos 20 + Rpgsin2dy) +
b T =28, (Roo.costy + Rogsingy) +

Rl — EER?;.} | (EQ 6)

using the notation of reference [7] and Fig. (1). Here ki”' denotes the virtual
photon center-of-mass momentum, the R's are the response functions with the
superscripts « and B denoting the target and recoil polarization quantities,
respectively, and the superscripts ¢ and s denoting the term proportional 1o cos¢
and sing respectively, p is the azimuthal angle between the eleciron scattering
plane and the reaction plane, T is the virtual photon flux, and (g;) € is the
{longitudinal component of the) virtwal photon polarization parameter. The
response functions are bilinear combinations of the elementary amplitudes for
kaon electroproduction. The expressions for these functions written in terms of

the elementary amplitudes can be found in [2,7). Note that in the notation of
reference [7], the polarization is written P = (1,P), so that the Py component
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remains even when there is no target (or recoil) polarization. P“= (1,P) and PP =
(1,P") where P = (Py, Py, P} and P* = (P, Py, Pp) denote the target and recoil
hyperon polarization vectors, respectively.

Figure (1). The kinematics of the polarization transfer reaction. Polarization
gets transferred from the electron to the A-hyperon with the emergent
hyperon and kaon momenta lying along the momentum transfer direction.
The three spin axes of the hyperon in its rest frame are shown.

In the specific case of polarized clectron scattering (flipping the electron spin
vector), no target polarization, and determination of the pofarization of the
decaying hyperon when the hyperon is detected at small polar angles 0, along

the g-vector, the eqguation reduces approximately to
d O{W dﬂbak

¥

Q. ~ dG,
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Figure (2). The induced polarization in the kaon photoproduction reaction
(3), from reference [9). The experiment described in this proposal will study

polarization transfer and high-Q? induced polarization at small center of
mass angles.

The measurements of the helicity dependent cross sections oy and o7y will
serve to constrain kaon electroproduction models, similar to the way the

Crvervmew Junc 2, 19498 6



unpolarized cross section data from Experiment E93-018 was used to gain further
insights into the strangeness production mechanism. These cross sections will be

measured in the range Q%= 045 to 2.06 (GeV/c)2. The measuremens of the
complete set of cross sections in kaon electroproduction with associated A
production at forward angles will be achieved in this experiment. The first two
terms of equation (6) have been measured recently in Jefferson Lab Experiment
E93-018. The interference terms have been measured previously (there is some
sensitivity to these terms from E93-018 as well). The two terms proportional to
the eleciron helicity have not been measured previously and will be studied in this
experiment. The hyperon polarization (both helicity dependent and helicity-
independent) will be determined in the measurement, so that the helicity

dependent response functions Rip and Ry, will be determined in this same
kinematic range.

The helicity-independent (induced) hyperon polarization remains even when the
incident electron beam is unpolarized [8-9]. The induced polarization will be

nonzero for a subset of the measurements (for ﬂ"-.r;ﬁﬂo or 180°) and will vanish

in the subset of data where desired (see Fig. (2)). The hyperon induced
polarization vector lies in a plane which is orthogonal to the reaction plane
{containing the hypemn momcntum vector and the kaon mummtum vector] The

E__Qﬂhoggnﬂl_&m;_msiumi pulanzauon vecmr Both pulanzauuns -mll be
measured independently in the expenment.

From these polarization measurements, several physics issucs can be studied in
ways not feasible or even possible previously. Two examples are given in the
following section; the dynamics of spin polarization at nonzero Q° in hyperon
production and the A-hyperon form factor at high Q% This will be done by
measuring the three hyperon spin components along x°, y*, and z* (or equivalently
I, ¢, and m).

Crverview Iy 2, 1998 7



Physics Motivation

Hyperon Spin Dynamjcs

It has been known for some time that A-hyperons can acquire a sizeable
{induced) polarization even when produced using an unpolarized beam and target.
This phenomenon is observed in both hadron-induced and well as
electromagnetic-induced hyperon production. There are several possible
explanations of this effect. Most require the interference between low-lying
baryon and meson resonances in the production process giving rise to rather large
spin polarization. The polarization would be expected to vanish at high energies
since, among other things, the contribution of several production channels with
large multiplicities of final states make it unlikely to have coherent interference
between spin nonflip and spin flip amplimdes which would lead to sizeable
induced polarization. The observation of rather large induced polarization seen in
hyperon production at high energies suggest a more complex picture of the
process. More studies at high energies are needed to disentangle the physics.
While there is recent data for polarization transfer in hadron-production of
hyperons [10] and proposals to study induced polarization in photoproduction at
Jefferson Lab [9], by contrast there is no data for polarization transfer from a
polarized electron beam to a polarized hyperon in the electroproduction process.
Nor is there data for induced polarization with virtual photons.

The polarization transfer mechanism should give further insights into the role (if
any) strange quarks play in hyperon structure; for example, no correlation is
expected between incident electron polarization and the hyperon spin polarization
in associated production of kaons and hyperons, because the A spin is thought to
be carried entirely by its constituent strange quark, while the ud di-quark (in a
spin and isospin singlet state) propagates umperturbed as a spectator in the
interaction [10]; there is no constituent strangeness in the initial system (electron
and target proton. in that case, spin asymmetrics related to the beam polarization
are expected to vanish. If the polarization transfer from the electron to the
hyperon is large, then this may signify that the wd di-quarks play a more
prominent role in the recombination process than expected. The resulis of this
study should shed light on this phenomena.

Additionally, it has been shown that the electroproduction of fast hyperons along
the direction of the virtual photon can serve to illuminate the aptitude of the
quarks (o carry transverse polarization in the hyperon system [11]. The A is a uds
isasinglet quark system. In the nonrelativistic quark model, if the up and down

Physics Motivano Jun= 2, 1998 8



quark pair form a spin-zero core, the stfange quark can carry most of the observed
fraction of the spin of the hyperon. A measurement of the hyperon recoil

polarization and the response functions Ryp+ and Ryys over a broad range of Q>
will yield information on these dynamics.

Hyperon Electromagnetic Structure

There has been much recent interest in the study of the internal structure of
baryons. Form factors are employed to describe the internal structure of hadronic
systems [12-17]. Concurrently, mucleon form factors provide much needed,
fundamental input for nucleon and nuclear structure models. The electric and
magnetic form factors of neutrons and protons continue to be among the highest
priority subjects in this field.

The marriage of these two subjects - strangeness electroproduction and nucleon
form factors - results in a tantalizing new area for investigation, that of hyperon
form factor measurements. The present proposal describes an experiment which is
potentially sensitive to the electric and magnetic form factor of the A -hyperon at
moderate momenturn transfers. This information is fundamentally important in
both nuclear and particle physics. The electroproduction of kaons with the
associated production of hyperons {using polanzation observables) is the most

powerful means of extracting this information at large Q2.

Presently, the only recoil polarization data in kaon electroproduction comes from
the study of induced hyperon polarization [8-9,18] as shown in Fig. (2). (The
kaon, being psendoscalar, carries no spin polarization.) This experiment is the
first proposed to study polarization transfer in the manner described in this

proposal.

The earliest studies of the electromagnetic structure of the nucleons using
moderate energy eclectromagnetic probes can be traced back to the work of
Hofstadter and collaborators at Stanford [19]. It was shown that the
electromagnetic probe interacts with the internal charge and current distribution
of the nucleon - that is to say that the nucleons are not point objects,
microscopically. The electromagnetic form factors are a measure of the deviation
of these systems from pure point-like objects. The full momentum transfer
dependence of these form factors cannot be calculated from first principles (quark
and gloon degrees of freedom) over a large momentum transfer range.
Experimental measurements combined with model calculations remain the only
way to determine these gquantities presently. Reasonable understanding of the

Physics Motivabon Junc 2, 1998 g



intemal structure of the baryons is necessary for progress in the field of
intermediate-energy nuclear and particle physics [20].

The most accurate experimental data that exists for nonzero momenturn transfers
is for the electric and magnetic form factors of the proton, Less precise data exist
for the neutron. While these guantities have been measured reasonably well over a
large momentum transfer region, there exists no data for the corresponding
systems which contain a strange constituent quark, that is te say, hyperons. The

polarization transfer response functions exhibit some sensitivity to GE{QI} and

G:;,(Qz} ,the A electric and magnetic form factors at nonzero momentum transfer.

Figure (3). The Feymman diagram for the process of interest for the hyperon
form factor. The virtual photon couples directly to the hyperon.

The process to be studied is given by expression (3) and {4). The Feynman
diagram of interest describing the process is shown in Fig. (3). The virtual photon
from the elecwon scattering vertex couples directly to the A-hyperon.
Unfortunately, there are several other processes which contribute to the physics .
quantity measured.

For most of the background processes which contribute, the polarization transfer
mechanism provides a clean way for identification. These processes ‘decay’ into a
kaon and hyperon. The maximum hyperon polarization in these processes

Physics Movasion June 2, 1998 10




combined is expected to be no more than 1/3 of the polarization ransfer measured
in the process of Fig. (3) [11,21-22]. The most insidious of the background
processes is the coupling of the virtual photon to a Z-hyperon which then decays

into A-hyperon. Experimental data confirms the theoretical prediction that the
coupling the Z-hyperon, ggng. is much weaker than the coupling to the A-
hyperon, ggna. This background contribution is therefore expected to be small.

1.01

W =170 GeV

0.80 GCIII:']O

0.59

T

0.37) | = Expected measurement error

RZO0TT’ (Q2/REOTT"(®)

0.16+

J—

-0.0

00 040 080 120 160 200
Q2(GeV2k2)

Figure (4). The Q2 dependence of the polarization transfer coefficient which
will be measured in this experiment. The calculation is by R. Williams [23].
The expected measarement error of the data is shown.
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The Q2 dependence of the polarization transfer response function RE";]" is shown
in Fig. (4). The curve is a calculation using the results of Williams [23] for
invariant energy (W) of 1.70 GeV, the same as will be used experimentally. The
calculation includes on Born diagram terms with s and u channel resonances and
excludes, for example, K* exchange in the t-channel process. This is justified on
the basis of duality arguments [23}. Also plotted on the curve is the expected
precision of the measurement at the seven experimental points. It is reasonable to
expect a 10-12% measurement precision as shown in the next section of this
proposal. The sensitivity of the measurement to the hyperon form factors is
shown in Fig. 3.

R*, or R*_, (nb/sr)
=]

.3.g.g,§.

os

Figure (5). The polarization transfer response function sensitivity to the
hyperon form factor versus squared momentum transfer. Four different
values of the form factor are input which yield the curves for Ry in the top

figure and Ry, in the bottom figure. Calculation by C. Bennhold and T.
Mart [24].
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Experimental Setup and Procedure

The experimental setup uses the HMS and the SOS in Hall C, with the SOS
employed as a hyperon tagger, in addition (o its role as a kaon detector. A
polarized electron beam of up to 30 pA cument with a nominal 80% polarization
{or whatever is the maximum electron polarization when the experiment is run}
will impinge upon the unpolarized cryogenic hydrogen target.

Drift chambers

Figure (6). The experimental setup in Hall C. The HMS and SOS will be vsed
to detect, respectively, the scattered electron and electroproduced hyperon,
while, additionally, the SOS will detect the proton from the hyperon weak
decay.

The HMS will be used to detect the scattered electron, while the SOS will be used
to identify the electroproduced kaon before its decay in flight, as well as detecting

Experimental Seiup and Procedure June 2, 1998 13



the proton from the hyperon decay. The hyperon tagger (SOS) will be used to
determine the hyperon momentum and spin by measuring, respectively, the kaon
momentum and the momentum of the nucleon from the decay given in (4).

The Hall C setup is shown schematically in Fig. (6). This is the same setup that
was used in the previous kaon electroproduction experiments (E91-016 and E93-
018) which were completed in the fall of 1996. In those series of measurements,
the angles and momenta of the coincident electrons and kaons were reconstructed.

R B e i B A AR A
[ Cpu= A5G C=D52 wWel B4 i

| Pamm 1178 GV G 10,45 -
Ll_ ........................ P PP U —

Figure (7). The particle velocity versus the ceincidence time for the particles
detected in the SOS during Experiment E93018. The horizontal bands
correspond to pions, kaons, and protons detected in coincidence with the
scattered electrons.
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A plot of the velocity (with respect to the speed of light), B, of the particles
detected in the SOS versus the coincidence time is shown in Fig. {7) for one of the
kinematic settings. The particles at B=1 are the pions, the slower particles at
=048 are the protons, while the particles between these two extremes in f are
the kaons. Projection along the coincidence time axes after application of particle
identification cuts (to separate the pions and protons} shows a clear kaon peak (in-
time, real coincident kaons) and indicates very little random coincident
background, relative to real coincidences (see Fig. (8)).

175

75 ' ]

42 10 8 6 4 -2 8 2 4 €
COINTIME

Figure (8). Projection of the events from the previous figure along the
coincidence time axis shows the in-time as well as random coincident kaons.
This data from E93018 is used to compute the missing mass spectrum,
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Figure (9). The calculated missing mass spectrum based upon the electron -
kaon coincidences from E93018. The A and Z-hyperons are clearly identified.

Once the scattered electron and the electroproduced kaon are detected (in
coincidence), the reaction in (3), but with no polarization observed in the initial or
final state, is then kinematically complete; the calculated missing mass spectrum
indicates clearly separated A and neutral Z-hyperons, as seen in Fig. (9).

The experiment described in the present proposal will use the same techniques 1o
identify the A-hyperons in the reaction of equation (3). The A spin direction and
momentum are fixed once the kaon and electron in the coincidence event are
detected. The SOS will then be placed in the appropriate position (angle and
momentum settings) to detect the nucleon from the decay reaction in equation (4).
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Figure (10). The SOS used as a hyperon tagger. The decay protons froim the
reaction (4) are detected in the SOS spectrometer, thus tagging the hyperon
spin polarization vector.

In the rest frame of the A—hyperon, the proton and pion emerge back - to - back.
In the laboratory frame, both the nucleon and the pion from the decay are detected
in the forward direction {at these hadron momenta) as shown in Fig. (10). The
decay proton will lie in a rather narrow angular cone about the direction of the
electroproduced hyperon. The size of this cone, and therefore the dimensions of
the hyperon tagger, is dictated by the A momentum. The hyperon spin
polarization about each of the three spin axes considered is determined by the
angular distribution of the protons using the expression (valid in the hyperon rest
frame)

dN . _
d—%m(l +uPﬁ{s-kP))— {I+ﬂ:PﬁcosBPIh} (EQ 8)
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where k;, is the proton momentum, 8, is the angle between the hyperon spin
vector and the proton momentum vector, ¢ is the weak decay correlation
coefficient (experimentally determined to be 0.642 £ 0.013 [21-22]), and P, is
the magnitude of the hyperon spin polarization in the given direction being
considered (see Fig. (1)). The angle BM will be measured with an accuracy of
better than 3 mr while the relevant momenta will be determined with an accuracy

of 10, Both angular and momentum accuracy are needed to precisely determine
the hyperon decay proton angular distribution in (8). This level of precision was
achieved in the previous Hall C kaon clectroproduction experiments (ES1-016
and E93-018).

TABLE 1. Kinematics
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The kinematic parameters for the present experiment ate listed in the tables above
and below. The incident electron energy is fixed at 4.045 GeV. At each QF point,
the hadron spectrometer (the SOS) will be fixed in angle along the virtual photon
direction (parallel kinematics) for the extraction of Rf;.?e and R;'f: (where the

induced polarization is zero), and for small nonzero angles (within the SOS
angular acceptance) with respect to the virtual photon when nonzero indnced
polarization is desired. In each Q> setting, the hyperon and kaon laboratory
momenta are well matched for the simultaneous detection of kaon and decay
protons.
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TABLE 2. Kinematics (continued)

=n
=
v

r—
Ty

et

=

E
[
-
M
TS
23
EE

=
ey
LA
LA
-
=
—
[+ ]
pam—
=
iy
=
=
=
o=
e |
[
b2

=
g
ii
ool oo
- o
B O
f—
n
T...h.
LX)
ol
sel =
=y B
S
==
ool -
R 2
%) g

5

—

=
d aed Bind Bd Bl Bt B
nfolololbh]n]ia

ol B B
Py ]
prm] ot
=] RV
=
?
el e
ol On
Lol OO
ool WO
=
o a]
=
o0
=
)
oo
=

J—
=]
[
vl §
o
Tagd
o

o
Lh
Ll
Wl
=
-]
|
Ln
b "
J
|
LY
—
(] )
~1f 2
bl 2
el Tl
—_—f =]
hi —
el ]

il ¥
=
]
o
bed B
o
o0
Ll
[ o]
Lh
Qo
—
—
(]
(= 8
|
[
L]
p—
=

It should be emphasized that this particular measurement has never been
attempted before in this manner, and it is most feasible at CEBAF because of the
control of the A momentum and spin direction. In the case of the Ry and Ry
measurement, a statistical accuracy at each data point of approximately 3% is
predicted, on average.

HMS and b. stirnates

The choice of electron momentum and angle for the experiment is dictated by
several considerations:

1. The electroproduction cross section is a moderately strong function of the virtual
photon momentum in this region. Large kaon (and therefore A} count rates are
needed.

2. Sufficient photon momenia are necessary so that the emergent kaons have
enough momenta that a large fraction are detected before decay in the SOS.

3, The minimum HMS angle. Small angles are favored, in some cases.

The HMS will be used in the point-to-point tune mode (the same as was used in
F93-018). The largest contribution to the reconstrucied electron momentum

accuracy in the HMS resolution is Ap/p < 103, The detector stack for the HMS
detector is shown in Fig. (6). The detector stack uses standard focal plane
instramentation and is the same configuration used in E93-018. There will be drift
chambers for charged particle tracking, a gas Cherenkov detector for particle
identification, scintillator hodoscopes for fast timing, and Pb-glass shower
counters for calorimetry.
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Charged particle trajectories will be measured using 2 multiwire drift chambers

each having XYUVY'X’ planes with the U and V sterco planes at 15° with
respect to the X and X' planes. The X"(Y") planes are offset by one-half cell from
the X(Y) planes. Thus there will be 12 multiwire planes before the scintillator
hodoscopes or Cherenkov detector. Initial experiments which make use of the
HMS drift chambers have shown that spatial resolutions of better than 170 pm (o)
can be expected up to the highest rates that will be encountered in the gxperiments
using the HMS, This is sufficient to determine the angles and momenta o the
desired levels experimentally.

. The four planes of scintillator hodoscopes will be used for fast timing while the
shower counters will be used for charged particle energy determination. The gas
Cherenkov detector will be used mainly for m-e discrimination. Additionally,
there shouid be some separation of charged particles from the Pb:glass shower
counters. It has been demonstrated that pion-electron separations of 300/1
(achieved with this detector configuration) will be sufficient to reduce the
backgrounds to acceptable levels.

The SOS Detector and Background Estimates

Kaon Kinematics

The choice of kaon momenta in the p(y,,K*) reaction is dictated by:

1. The hyperon recoil momentum. A moderately large hyperon recoil momentum is

needed so that the decay products are focussed in a rather small angular cone in
the direction of the hyperon momentum.

2. The limits of the SOS spectrometer angles and momenta.

3. Matching the kaon and hyperon momenta.

The SOS is a focusing spectrometer with a very short flight path (compared to the
HMS). This short flight path enhances the detection of the short-lived kaons
before their decay in flight.

The kaon (SOS) spectrometer will use standard focal plane instrumentation as
shown in Fig. (6). There will be two sets of drift chambers (a total of 12 planes),
measuring positions along X, Y, and U and V (stereo angles). Scintillator
hodoscopes (four planes) will be used for fast timing, and an Aerogel Cherenkov
counter for pion-kaon separation. It is advantageous, in the SOS, to use the time-
of-flight differences between protons, pions, and kaons to identify these charged
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particles (and therefore to separate them). By maximizing the distance between
the S1 and 52 scintillator arrays in the SOS detector hut, charged particle
separation has been easily achieved.

The proton-kaon time difference is large enough at all momenta that the time
difference may be resolved. For the higher momentum settings, judicious use of
the Aerogel Cherenkov counter and some time-of-flight separation may be used to
yield a clean kaon signal. It has been demonstrated in previous Hall C
experiments that using this system, a pion rejection {the most insidious problem)
of approximately 1000 is achievable. This rejection ratio has been demonstrated
in F93-018 to be adequate for this experiment [23].

The momentum of a charged particle will be determined by reconstructing its
trajectory through the dipole {bending) magnet while the production angles are
then obtained by tracing the trajectory through the quadrupole (focusing} magnets
back to the target position, The maximum momentum acceptance is 20% (40%)
while the solid angle is approximately 6.7 (7.7) msr for the HMS (308)
spectrometer using the point to point wne. This technique will be used for both
armns of the experiment.

The Hydrogen Target and Electron Beam

The (unpolarized) hydrogen target planned for the experiment will be 4.0 cm in
length and 6.4 cm in diameter. This target container, cylindrical in shape, will
have 0.08 mm thick aluminum end-windows. The effective length as 'seen’ by
each spectrometer is calculated based upon Monte Carlo simulation.

The uncertainty in the length of the target and target density is expected to be
about 1 per cent. For the density, the calculated value based upon 19.0° X

temperature and 16 psi pressure (operating parameters) is 0.070 g/om’. For each
point, a target empty and a target full run will be made in order to determine the
background contribution coming from the target walls.

The experiment will use a longitudinally polarized electron beam with a
maximum carrent of 30 pA and 80% polarization (or whatever is the maximum
polarization available at the time of the experiment). The beam current will be
measured using the standard beam current monitors in Hall C. The beam
polarization will be measured using the Mott polarimeter which is currently being
used in polarization measurements.
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Electroni Trigeer

The experiment will use the CEBAF On Line Data Acquisition system (CODA}
developed at CEBAF. The trigger in the HMS detector will consist of scintillator
and Cherenkov detector signals to separate out electrons from pions and kaons
(mainly) and antiprotons. Symbolically, the HMS trigger will be

where S; (S,) is the first (second) XY pair of scintiliator hodoscopes, C, is the
gaseous Cherenkov detector which will fire on electrons and not pions or kaons.

Time-of-flight separation will be adequate for e-K" separation at all momentum in
the experiment for the HMS. The SOS will use a trigger to separate out kaons
from pions, positrons, and protons mainly. Symbolically, the hadron arm trigger
will be

5 Ck (EQ 10)

where, again, 8, (8,) is the first (second) XY pair of scintillator hodoscopes and
Cy is the acorgel Cherenkov detector in the anticoincidence mode (the aerogel

detector fires on pions and positrons in this momentum range). Time of flight
separation is achievable at all momentum settings in this experiment.
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The SOS as a Hyperon Tagger: Monte Carlo
Simulation

A Monte Carlo simulation package has been developed which provides a good
model of the Hall C setup to be used in this series of measurements. The software
package was originally developed and used for a set of (e,e’p} experiments at
SLAC [26] and later adapted to the Hall C configuration for use in the {(e,e'’K)
experiments [27). The Monte Carlo randomly generates the target quantities (p,,
8.9, and (pg, Ox.¢x) for the scattered electron and electroproduced kaon,
respectively. The measured HMS and SOS angular and momentum acceptances
are used. The energy and position (with simulated beam rastering) of the incident
electron beam at the target were randomly generated and matched to the energy
spread and spatial extent of the CEBAF beam (as observed in the recently
completed kaon electroproduction experiments).

Nusslver of yeguty

Figure (11). The missing mass spectrum generated from the reaction (3)
where the kaon and electron are detected in coincidence in the SOS and
HMS, respectively. The solid line is data from E93-018 and the dashed line is
the Monte Carlo simulation.
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From the position, the momentum, and the scaitering angles of the charged
particle at the entrance of each spectrometer, the code transports the particle
through the (magnetic) optics to the detector hut in each case. COSY forward
matrix elements for each of the different spectrometer elements are used to
generate the relevant focal plane parameters. COSY backward matrix elements
are then employed to determine the reconstructed target parameters. Conservation
of energy and momentum are then used to generate the missing particie quantities
(energy, momentum, and mass). The simulation includes energy loss and
Coulomb scattering corrections to the particle trajectory through the material in
the spectrometers from the target interaction point to the last detector element
inside the detector hut. Fig. 11 shows the missing mass spectrum of reaction (3).
The A-hyperon missing mass from the E93-018 data (solid line} compares well
with the Monte Carlo simulation {dashed line). '
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Figure (12). Simulation comparing the reconstructed pion missing mass from
reaction (13) at two momentum settings, viz., 0.5 and 1.5 GeVZ/cZ,

Radiative corrections are applied to all charged particles which are detected; no
radiative comection is applied to the A-decay pion since it is not detected. A
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peaking approximation with hard and soft photon corrections is computed.
Random photon energics from zero up to the proton kinetic energy are generated.
The A-decay proton momentum and angles are modified accordingly before
registering on the focal plane detectors.
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Figure (13). The Monte Carlo simulation of the distribution of the angle
between the hyperon and the decay proton at two momentum transfer

settings.

For each successful two-track event in the SOS, the energy and momentom of the
missing particle (the pion) is reconstructed. Afterwards, a weight is applied
corresponding to the model of Williams [23]. Depending on the kinematic setting,

the angle between the proton and the A is allowed to vary by up to 10° in the lab
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frame. This is due to the fact that it is not necessary for the hyperon to fall within
the SOS acceptance, but rather that the decay-proton momentum and angle li

within the spectrometer acceptance. Simulations at 0.455 and 1.545 GeVc? are
presented. Simulations have been carried out for all of the proposed kinematic
settings as recommended by PAC-12.

0" = 1.5 (GeVic) - Polariped Cross Bection (0.3 slong A)

il |

Figure (14). The simulated proton angufar distribution (in the hyperon rest
frame) along the three spin directions (see Fig. (1)) for a 30% hyperon
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polarization at QZ of 1.5 (GeV/c).
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Figure (15). The simulated proton angular distribution (in the hyperon resi
frame} along the three spin directions (see Fig. (1)) for a flat cross section and

no hyperon polarization. The simulation is for Q of 1.5 (GeV/c)%.

Shown in Fig. (12) is a comparison of the pion missing mass at the two
momentum transfer points, 0.46 and 1.54 {Gevfc}z. For a given number of
hyperons generated in both cases (5000 total), more protons are detected which
reconstruct the pion missing mass at the higher Q? setting as expected. This is due
10 the forward focussing at the higher momentum transfer. Fig. (13) shows the
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angle between the decay-proton and the hyperon momentum direction in the

center-of-mass system {cms) for the two Qz settings. The angular range is the
same in the cms, however the number of events which reconstruct a pion missing

mass is greater at the higher Q? point.
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Figure (16}). The ratio r of the polarized to unpolarized A-decay proton
angular distribution versus the cosine of the angle between the hyperon spin
axis and the proion momentum vector. The hyperon polarization along its

momentum direction is simulated to be 0.25 at Q?=1.5 (GeV/c),
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Figure (17). The siraight line fit to the ratio of polarized to unpolarized
distribution of A-decay protons is used to extract the hyperon polarization as
shown.

One of the questions to be answered by this Monte Carlo simulation is whether a
reasonable hyperon polarization can be measured with the Hall C apparatus. A
25% hyperon polarization was assigned on the simulation input and events
generated as described above. The simulation results are shown in Fig. (14). The
results were compared with the distribution obtained from a flat cross section and
no polarization, This is shown in Fig. (15). This distribution from a flat cross
section and no polarization is used 10 determine the shape of the acceptance which
will be used to extract the corrected angular distribution of hyperon-decay-
protons. The decay-proton spectrum was analyzed to extract the polarization

using (8).

The S08 us 2 Hyperoa Tagger: Moote Carlo Simulation June 2, 1998 9%



In the experiment, for the decay proton angular distribution, both the distribution
with an unpolarized beam as well as with a polarized beam will be determined.

Experimental Uncertainty Analysi

Let r be the ratio of the polarized proton distribution to the unpolarized
distribution for a given bin in the cosine of the angle between the hyperon spin
direction and the proton momentumn direction as shown in Fig. (16).

t(cos0) = NP cosO)/ NP (cos6) (EQ 11)

The r versus ¢os8 will yield a straight line with slope equal to P, where P is the
hyperon polarization and ot = (.642. This will be done for all three of the hyperon
spin axes. The error on the slope can be extracted as follows: Let the equation of
the best line through the data of R versus cos0 be

r=mi(cos@) +b {EQ 12)

where m = ¢P. The value for the standard deviation of the slope, dm is calculated
from

N
dm = 8r |— _ 13
i rJNZcosGI-Z -(Ecusﬂijz EQ13)

with the standard deviation of the distribution of 8r values about the best fit line

given by
Ar. )2

Ar, = ri-{mcnsﬁl-+b} ' (EQ 15)

and

Here N is the total number of counts in the cosf, bin as shown in Fig. 16. A
straight line fit to the ratio of polarized to unpolarized distribution as a function of
cosf, s Yields the slope as proportional to the hyperon polarization as shown in
Fig. (17). The slope of the least squares fit to the simulated data is 0,26 +/- 0.03
as shown. The error is statistical only with 2.7% overall statistics. Thus the value
extracted from the analysis agrees well with the input hyperon polarization, This
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technique has been simulated and tested for polarization along all three hyperon
spin axes and for hyperon polarization parallel and anti-parallel 1o the three spin
axes x°, ¥, and z'. This ensures that one can cross-check the hyperon
polarization by flipping the electron helicity and hence the hyperon spin
direction. This was a recommendation from PAC-12. The ratio of integrated
events under the peaks of the kaon and pion in the missing mass spectra give an
estimate of the number of protons from A decay that can be expected in the

experiment. (The proton in this case is used to identify the K spin polarization
vector.) The results of the Monte Carlo simulation indicates that on average,
about 5% of the kaons (for unpolarized A-hyperons) which give reconstructed A-
hyperons yield an identified m'-meson. These results were first obtained by B.
Mecking using a separate Monte Carlo simulation with measured HMS and SOS8
acceptances [28]. These results was used in estimating the required measurement
time for each data point.

The SOS as a Hyperon Tagger: Data from EO3G] 3

The procedure proposed for data analysis has been tested on a subset of the data
from E93-018, recently completed in Hall C. For one series of measurements at

Q2=1.5 (GeV/ic)?, the kaons and hyperons were both produced at forward angles

(in the laboratory system) with respect to § and with the same laboratory
momenta. The scattered electrons were detected in the HMS while the kaons were
detected in the SOS before their decay in flight. The particle identification for the
reaction shows clearly the kaons from the reaction. {See Figs. (7) and (8)). For
these momenta, a clear A peak in the missing mass spectrum is seen {(see Fig. (9)}).
In some fraction of these coincident events, a second particle with the velocity
identified with that of a proton, was detected in the SOS, in coincidence with the
kaon. From the measured energy and momentum of the scattered electron, kaon,
and coincident proton, a missing mass {mass of X) of the process

e+p—ore+K+p+ X (EQ 16)

was determined, indicating that the particle was a pion from the decay

A—-p+nm (EQ 17}
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RUNEZ 11116

Figure (18a). The single event display of an event (taken during E93018) in
the SOS detector stack with two fully reconstructed particte tracks. The SOS8

will be nsed to identify kaons as well as protons (from hyperon decays} in the
same event.
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Figure (18h). Particle identification via time-of-flight is nsed to determine
that one of the particles of this one event is a kaon and the other is a proton
from the hyperon decay. The data shown in this figure is from E93(18.
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Figure {18¢c). The calcolated missing mass using the information from the
two-track events shown above indicates that the reaction is given by (3), only
with no polarization observed. The missing mass of the pion from the A
decay is clearly visible. The data is from E93-018. The dashed line in the
Monte Carlo simulation of the events.
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Figure (19). The projection along the three hyperon spin axes: (a) along z (b)
along x and (c) along y as defined in Fig. 1 for the data from E93-013.

The single event display for the SOS detector stack is shown in Fig. (18a) for an
event where two particles were detected within the same coincidence window.
For this event, the velocity () of particle 1 (2) is (.83 (0.64). See Fig. 18b. From
the SOS momentum setting the particle is identified as a kaon (proton). The pion
in the corresponding missing mass calculation indicates that the analysis
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procedure works (Fig. 18c). Hence, this analysis procedure can be used to identify
the A decay producis from the kaon electroproduction event {the hyperons are
determined from missing mass in the standard way). This technique will be
applied for ali of the kinematic points measured in this experiment. The projection
along the three hyperon spin axes shown in Fig. (1) for the E93018 data are
presented in Fig. (19).
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Figure (20). The angular acceptance in the SOS for hyperons with respect to
the virtual photon versus kaon - photon lab angle, The SOS has roughly a 5

degree full angular acceptance.

The effect of the finite SOS (polar) angular acceptance is shown in Fig. (20).
Plotted is the A-hyperon angle with respect to the virtual photon, in both the lab
frame and the center of mass frame, versus the kaon - photon lab angle. The 3OS
angular acceptance is about 5 degrees corresponding to a maximum hyperon -
photon angle of just under 30° in the center of mass. The kaon and hyperon
momenta in the experiment for a representative set of kinematics is shown in Fig.
(21} for the finite HMS (electron arm) acceptance. Again, the kaen and hyperon
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momenta must be roughly equal in order for the 3OS to be used as a hyperon
tagger in the manner proposed. The rather large momentum acceptance in the
SOS as indicated in the figure, permits kaons and protons from hyperon decay 10
be detected over a large momentum range.

1.76

| 'l ] L llilljlil_l.lll:ljjl Al 1 ) L
1 106 11 118 12 12% 13 1.3 14 148
kaon momentum {GeVic)

Figure (21). The momentum range in both the SOS and HMS for a
representative kinematic setting of the experiment. The large SOS
momentum acceptance gives flexibility in detecting both the kaon and the
proton from the hyperon decay. The SOS has a 5 degree angular acceptance.

Expected Corrections

Previous work in p(e,e’K*) experiments indicate that the detector stack will give
uncertainties associated with each detector element as corrections are applied 1o
the detectors. The corrections will be determined by Monte Carlo simulations and
during the actual experiment. The expected uncertainties associated with the
corrections are listed as follows:
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TABLE 2. Expected Errors on Corrections

Counter Dead Time | 1.5%
Wire Chamber Inefficiencies 0.5%
Electron Shower Counter Inefficiencies 1.0%
Kaon Absorption in target/detectors 1.0%
Kaon Arm Cherenkov-Counter Inefficiencies | 2.0%
Kaon Decay 3.0%
Knock-on Events Firing Cherenkov 1.0%
Target Wall Events 0.5%
Randoms 1.0%
In Time Kaon Losses 1.0%
Radiative Corrections (Photon Radiations) 3.0%
Acceptance Correction 2.0%
Beam_f_'nlariza_liun (80\% polarization) 1.0%
LQuatFa_t_ic Sum . - T6.0% |

Note that this is 6% of the corrections which are expected to be about 30 - 70%.
The total systematic uncertainty due to the above comections is expected to be
about 4-5%.

The hyperon polarization in the polarization trapsfer measurement {3) will be

determined to approximately 8%. Then the polarization transfer coefficient Rf.:?.

and R5 will be determined (from equation (7)) to 10-12%.

Rat Beam Time Re
The singles rates, R, in each of the spectrometers separately was obtained from
the results of experiment E93-018 which are consistent with

ds 1
R = ";‘"r"'m‘ﬁg‘(l—f’demy) (EQ 18)

where n; is the number of incident particles per second on a target of thickness t
and target density m, do/dS2 is the scattering cross section and AQ is the
spectrometer solid angle. The count rate is corrected for kaon survival probability.
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In the electron arm, the singles rates were measured to be below 10 kHz when
using a 35 LA beam and the 4-cm target and with the HMS at a forward angle.
This is well below the design limit for the detectors in the spectrometer detector
stack. In the hadron arm, the singles rates are kept below 1 MHz with 35 uA
beam current. Again, this is adequate for the experiment.
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Figure 22. The center of mass cross section for the reaction ¢ + p > ¢’ + K*
+ A {from reference [29]).
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The coincidence rate, R, for the HMS and SOS used in this experiment is

known from the results of the Hall C kaon electroproduction experiments {using
an unpolarized electron beam). The center of mass cross section from Experiment
E93-018 is shown in Fig. 22. The cross section is extracted using the formula:

i PN, daﬂ

Reoin = 2" & "*D JE_dQ2_dCy

‘AE, - AQ, - AQy - (1-P4,.)

(EQ 19)

Here AL} is the solid angle of the spectrometer, £p is the detection efficiency, i is
the beam cument, N, is Avogadro's number, ¢ is the electron charge, t is the target
thickness of mass number A and density p. For the HMS spectrometer, AE /E will
be about 20%. The cross section using a polarized electron beam will be
measured similarly.

An estimate of the number of accidental to true coincidences A/T is obtained
from '

A T.'HE'RK
T Rcoin'f

where the duty factor f is 100% for the CEBAF machine and the resolving time, T,
is taken io be 1.0 ns offline and 30 ns online. The E93-018 data indicates that the
accidental rates even for a 40 [LA beam is reasonable for the proton target and the
detector configuration proposed in this experiment. Although A/T could be
reduced somewhat by lowering the beam curremt (at the expense of counting
rates), this ratio should allow a 3% (statistical) measurement without difficulty.
Currently, in the analysis of the E93-018 data, A/T ratios of 1/50 are reasonable
offline.

(EQ 20)

TABLE 3. Beam Time Request
Data Acquisition 13.0 days
Setup and Checkout 1.5 days
Background Studies 1.0 days
Angle and Momentum Changes 0.5 days
TOTAL 16.0 days

A measurement at the momentum transfers proposed here with the statistics
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required will require approximatety 16.0 days of beam time, including
setup time. This is summarized in the table above. :

The Collaboration

The coltaboration will include institutions and personnel that have made
substantial contributions to building bardware and readying software for the
experiment. Additionally, most of these collaborators will have taken part in the
initial kaon electroproduction experiments (E91-016 and E93-018) in Hall C
during the fall of 1996. Graduate students will use this experiment as part of their
dissertation research. The Hampton University group has 6 graduate students, 3
postdocs and 3 (presently) faculty members involved in experimental work, and 3
faculty, 1 postdoc, and several students providing theoretical support. Other
institutions provide similar levels of effort as part of this collaboration.

Res 1 jsed by PAC-

This proposal is based upon a previously-submitted proposal, PR-97-007 which
as conditionally approved by PAC-12 in 1997. There were three specific issues
raised by PAC-12 which we have addressed in this Proposal.

o An extensive simulation of the experiment. We have developed and min an extensive
Monte Carlo simulation of the experiment for all of the kinematic settings of Tables 1
and 2. Some of the results are included in this manuscript. Many more results are
available upon reguest.

» Check whether the spectrometer acceptances atlow the polarization to be measured.
We have verified this with the Monte Carlo simulation for all of the kinematic settings.

« Cross-check of hyperon polarization measurement by flipping electron helicity. The
helicity-dependent hyyperon polatization can be checked by flipping the electron helic-
ity as verified by our Monte Carlo simulation. The helicity-independent polarization
can be cross-checked by measuring kaons both left and right of the momentum transfer
veCtor.
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