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Associated strangeness production has been studied in thep̄p→L̄L→ p̄p1pp2 reaction at the CERN
antiproton facility LEAR using the experimental setup of PS185. Results from two high-statistics measure-
ments at incident antiproton momenta of 1.642 and 1.918 GeV/c are reported. Approximately 40 000 recon-
structed events at each momentum have allowed us to measure the total and differential cross sections, the spin
polarizations, the spin correlations, and the singlet fractions of theLL̄ pair. Since the decays of both theL and
the L̄ were simultaneously observed in the same detector, we are able to provide upper limits onCP and
CPT violation phenomena in the weak interaction.@S0556-2813~96!03910-6#
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I. INTRODUCTION

In a systematic study over several years@1–7# the PS185
collaboration at the Low-Energy Antiproton Ring at CERN
~LEAR/CERN! has been investigating antihyperon-hypero
(ȲY) production and decay via the reactionp̄p→ȲY. The
focus of this work is to explore the physics of strange qua
production and the role of thes quark in the configuration of
the emerging hyperons. Our experiments build on seve
earlier studies@8–12# that used incident momenta rangin
from 1.5 to 6 GeV/c. The principal advantages of the recen
PS185 studies lie in their momentum resolution and con
quent ability to approach the reaction threshold very close
their generally high statistics, and the measurement of
almost complete set of spin observables. The high quality
the resulting data set is due in large measure to the extra
dinary qualities of the LEAR/CERN accelerator complex.

Our studies, involving production of theL andS hyper-
ons, have taken place at several incident momenta, rang
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from the threshold forL̄L production~1.4356 GeV/c), to
momenta close to the upper limit of the LEAR facility~2.0
GeV/c). For L̄L production, the latter value corresponds to
an excess kinetic energy (e5As2mL̄2mL) of 199 MeV.
We have measured precise values for the total and differe
tial cross sections at each incident momentum. In most cas
~excepting those closest to threshold! we have also been able
to measure the spin polarizations and correlations of the o
going hyperons. It is hoped that this additional informatio
about the basic amplitudes will be of significant help in con
straining theoretical models of strange quark production.

At each momentum studied, the crucial role played b
strong annihilation inp̄p reactions is readily apparent. In-
deed, the reaction cross sections for the two-body hyper
final states are very small compared to those for annihilatio
into pionic final states. For example, the total cross sectio
for L̄L production is observed to rise steeply from threshol
to excess energies around 50 MeV (pp̄;1.6 GeV/c! as
phase space increases, followed by a slow increase from
mb to about 100mb at 2 GeV/c. This value is about 1000
times smaller than what is observed for pion production
1877 © 1996 The American Physical Society
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1878 54P. D. BARNESet al.
Similarly, our measured differential cross sections and po
izations @1–5# display features that are characteristic
strong interaction dynamics@13,14#. These matters are dis
cussed further below.

In the lower-momentum range, PS185 data very close
threshold have been published@3,5#. Data taking has recently
been extended in that region to explore an unexpected st
ture in the total cross section behavior ate;1 MeV excita-
tion energy@5#. In the intermediate- and higher-momentu
range, additional data are presently being analyzed~Bröders
@1#, Dennert@1#, Sachs@1#, and Tayloe@1#!.

The reaction dynamics of thep̄p→L̄L transition have
been studied in many theoretical papers@15–42#. These de-
scriptions have been of three general types:~1! the strange-
ness production originates from thet-channel exchange o
K mesons@15–21#; ~2! the process originates from th
s-channel annihilation of aūu pair and the subsequent pro
duction of ans̄s pair that is accompanied by four ‘‘specta
tor’’ quarks @22–32# ~other work has focused on quark de
scriptions via quark counting rules@33#!, and ~3! model-
independent analyses of the low-momentum data that
based on a partial-wave amplitude decomposition@34–36#.
Since only a few partial waves contribute here, it may
possible to learn more about the underlying reaction mec
nism. Additional work@37–39# has also been done in th
threshold region to study the possible anomaly@5# in the
total cross section data mentioned above.

The typical collision distances are expected to be sh
due to the large momentum transfer necessary to create
final state hyperons. This leads to the expectation that qu
effects might be important, even thoughK-meson exchanges
describe the experimental data very well. However, given
strongly absorbing nature of these reactions, we expect
initial- and final-state interactions will be of major signifi
cance, and may, barring a deeper understanding of abs
tive processes, cloud our ability to learn more about the
tailed nature of the production process. In order to deal w
a mixture of strongly coupled and weakly coupled chann
acting in the same problem, coupled-channel techniq
have been used@40–42# to interpret the data.

In this paper we present two high-statistics measureme
of the p̄p→L̄L→ p̄p1pp2 process. The data set at 1.64
GeV/c incident p̄ momentum lies just below the opening o
the p̄p→L̄S01c.c. channel. The other set, taken at 1.9
GeV/c, lies above the thresholds for thep̄p→S̄6S6 chan-
nels. Measured values for theL̄S01c.c. ~Tayloe @1#! and
S̄6S6 ~Geyer@1#! cross sections at these momenta will
presented in a forthcoming publication. They will augme
the earlierL̄S01c.c. data@6# published by PS185.

II. DETECTION AND DATA ANALYSIS

A. Detector

The PS185 experiment is designed for high-accepta
measurements of thep̄p→L̄L reaction from very near
threshold to 2 GeV/c over the entire 4p solid angle. The
charged weak decay modep̄p→L̄L→ p̄p1pp2 provides
the signature that is used to determine events by kinem
fitting. It also permits a statistical determination of the fina
lar-
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state spin observables@43#. The experimental setup, shown
in Fig. 1, is described in detail in@1–4#. It is designed around
a nonmagnetic decay spectrometer consisting of a segmen
target neutral trigger system, a set of MWPC and MWD
tracking detectors, a fast scintillation detector~trigger! hodo-
scope, and a ‘‘baryon identifier.’’ The latter consists of
0.09 T magnetic solenoid that incorporates three drift cha
ber planes that are used to distinguish hyperons from anti
peron vertices.

For the data reported here, the target consisted of seve
small individual CH2 elements, each having a diameter o
2.5 mm and a length of 2.5 mm. Either three or four targ
elements were used, depending on the conditions desired
the run in question. Each target element was ‘‘sandwiche
between, and surrounded by, an array of small scintillators
order to provide precise information about the incident m
mentum and the position of the reaction point, as well as
signature for the neutral-particle final state. A pure12C target
cell allowed study of background events arising from carbo
in the CH2 target.

FIG. 1. Overview of the PS185 detector system.~1! segmented
neutral trigger target, ~2! multiwire proportional chambers
~MWPC’s!, ~3! multiwire drift chambers~MWDC’s!, ~4! scintilla-
tor hodoscope, and~5! solenoid ‘‘baryon indentifier’’ with drift
chambers. The lower part of the figure shows a detail of the se
mented target.
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B. Data analysis

The analysis is based on reconstructing events with t
V’s from the delayed decays of aL̄L pair. The decays lead
to the charged particle pairsp̄p1 and pp2, respectively.
Two-dimensional tracks are fitted to hits in the MWPC an
MWDC planes and then matched between the two detect
to form three-dimensional tracks. CandidateV’s are con-
structed from two three-dimensional tracks that intersect a
point downstream from the target and which are sufficien
coplanar with the interaction point. Candidate two-V events
are formed if there are twoV’s with vertices consistent with
two-body kinematics. A full kinematic fit is performed to
determine if the data agree with thep̄p→L̄L→ p̄p1pp2

hypothesis. EachV is assigned to aL or a L̄ based on the
sagitta of the decay tracks in the magnetic field of th
‘‘baryon identifier.’’ Because we have a kinematically ove
constrained situation, we are able to obtain aLL̄ sample that
is quite free of background.

III. EVALUATION OF THE CROSS SECTION

In order to evaluate the total and differential cross se
tions, several corrections had to be performed on the da
These are described briefly below. Fuller accounts may
found in Refs.@1–7#.

~1! Since eachp̄ in the beam is registered individually, a
correction is made for approximately 0.7% loss of beam fl
in each target cell, due to nuclear interactions other than
channel of interest, and for straggling. In addition, th
knockout ofd electrons causes a trigger inefficiency, requ
ing a correction of approximately 5% for a CH2 cell and 2%
for a 12C cell. These numbers are calculated estimates a
are about the same for the two momenta 1.642 and 1.
GeV/c.

~2! There is also a correction arising due top̄p→L̄L
reactions from protons bound in the12C of the CH2 cells. It
is determined by reconstructing events from the special c
bon cell that was installed for this purpose. This backgrou
was of order~5–10!% and was determined with statistica
errors of 10% or better. It was subtracted for each angu
bin individually at each momentum value.

~3! Corrections due to uncertainties in track fitting wer
addressed using ax2 criterion. The kinematic fitting proce-
dure used generally required thatx2<5. Since that value is
somewhat arbitrary, a Monte Carlo simulation was used
determine an appropriate correction at each momentum
ting. The values of this correction were (5.761.0)% at 1.642
GeV/c and (6.561.1)% at 1.918 GeV/c. A Monte Carlo
procedure was necessary because the errors are
Gaussian in nature.

~4! Corrections in the range of (1.660.8)%, due to pos-
sible reactions of the decay particles in the detector mater
were made using known reaction cross sections and dete
density distributions.

~5! Corrections due to the experimental acceptance, wh
range from 56% for forward or backward production to 29
at center-of-mass production angles of 90°, included effe
from on-line triggering, reconstruction efficiency, an
baryon number identification. These were calculated fro
Monte Carlo simulations of the experiment using 389 14
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and 350 000 generated events at 1.642 and at 1.918 GeVc,
respectively.

~6! Finally, the branching ratio for charged particle deca
of the L̄L pair was taken into account by using the facto
(0.64160.005)2 @44#.

IV. SPIN OBSERVABLES

Spin observables are a crucial part of the physics we wa
to study in thep̄p→L̄L reaction. The density matrix formal-
ism in the helicity basis@14,16,45# is a particularly clear and
elegant way to follow the development of the spin states
the reaction progresses.

It is well known that the density matrixr, for a collection
of uncorrelated spin-12 particles, can be written asr

5 1
2 (I1sW •PW ), where I is the 232 unit matrix, sW are the

Pauli spin matrices, andPW is the average spin polarization
vector of the sample. Because the initial antiproton beam a
the hydrogen target each consists of spin-1

2 particles which
are assumed to be uncorrelated, the spins in the initialp̄p
system can be represented by the following outer product
232 density matrices:

r p̄p5
1
2 ~ I1sW •PW ! p̄^

1
2 ~ I1sW •PW !p . ~1!

So by constructionr p̄p is a separable 434 matrix in p̄p spin
space. When the initial polarizations are zero, thep̄p density
matrix is 1

4I , whereI is the unit matrix in 434 space.
To obtain the final-state density matrixrL̄L from r p̄p , we

operate with the strong interaction transition matrixT as fol-
lows:

rL̄L5T~uL̄!r p̄pT
†~uL̄!. ~2!

Here u is the scattering angle in the center-of-momentu
frame. Since the final state consists of spin-1

2 particles, the
p̄p→L̄L T matrices will also be 434. All of the physics of
the transition is contained in theT(u) matrices, and it is here
that models of the underlying process can be used to ma
predictions to compare with experiment. In general, after t
transition indicated by Eq.~2!, the resulting density matrix
will no longer be separable.

As usual in the density matrix formalism, the observable
of the experiment are calculated by taking the trace of t
product of the density matrix and the matrix representing t
operator of interest. For example, in thep̄p→L̄L case we
have for the differential cross sectionds/dV5(trrL̄L /
trr p̄p) and for the spin observables

Pȳ5
tr~rL̄L•s ȳ ^ IL!

trrL̄L

, ~3!

Cm̄n5
tr~rL̄L•sm̄^ sn!

trrL̄L

, etc. ~4!

Here ŷ is the direction perpendicular to the reaction plan
ŷ5pW p̄3pW L̄ /upW p̄3pW L̄u, and we denote theL̄ polarization in
the ŷ direction using the notationPȳ .
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The final-stateL̄L density matrixrL̄L can be expressed
in terms of any complete set of 434 matrices. Fortunately,
in the spin-12 on spin-12 case, this set of matrices can be ch
sen@16# to be the matrices corresponding to the usually o
served experimental quantities of interest, viz.,

rL̄L5 1
4I~uL̄!F I L̄ ^ IL1sW •PW L̄ ^ IL1I L̄ ^ sW •PW L

1(
m̄n

Cm̄nsm̄^ snG . ~5!

Here theCm̄n are the spin correlation coefficients of th
L̄L pair, with the (m̄,n) indices denoting the axes of the
L̄L rest mass coordinate system as defined in Fig. 2. T
quantityI(u) is proportional to the differential cross section

Because of the self-analyzing weak decay of theL hy-
peron@43# and the high intensity of the LEAR beam, all o
these quantities are experimentally observable in PS185
statistically significant sample and therefore the spin situ
tion in the exit hyperon channel is known. The angular d
tribution of the weak decay products can be obtained
calculating the density matrix for the final state@16# using
theT matrices for the weak decays:

r p̄p1;pp25TwrL̄LTw
† . ~6!

Since eachL and L̄ decay is independent,Tw is an outer
product of 232 matrices, one for each particle@16#.

The two different present-day dynamical approaches,
s-channel quark-gluon model and thet-channel
K-exchange process, are equally successful at describing
experiments. There seems to be little in the present data
distinguish between them, especially with respect to t
cross section information. However, the polarization a
spin correlation measurements of the final-stateL̄L hyper-
ons are much more sensitive to model input, and so we lo
to them for ways to distinguish between calculations. A
outlined above, these quantities are quantum-mechanical
pectation values of operators constructed from the Pauli m
trices, e.g.,

FIG. 2. Definition of the coordinates in thep̄p andL̄L center-
of-momentum system and in theL̄ andL rest frames.
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PW L̄5^sW L̄ ^ IL& and Cm̄n5^sm̄^ sn&. ~7!

The number of independent spin observables is reduc
substantially because of parity (P) conservation and charge
conjugation (C) symmetry. Parity requires that all compo-
nents of polarizationinduced by the strong interaction, and
lying in the reaction plane,must vanish. That is, for an un-
polarized initial state, we havePx5Pz5Px̄5Pz̄50.C par-
ity adds the requirement thatPȳ5Py . P andC also impose
strong restrictions on the correlation coefficients
Cx̄y5Cȳx5Cz̄y5Cȳz50 due toP, andCz̄x5Cx̄z due to
C. However, if we instead begin with a polarized target, a
we plan to do in forthcoming measurements@46# of the de-
polarization,these statements will be modified.

Writing out the final-state angular distribution in full us-
ing Eqs.~5! and ~6!, we have

W~cosuL̄ ; k̂ p̄ ,k̂p!5
1

16p2 F11aPycosuy1āPȳcosu ȳ1aā

3(
m̄n

Cm̄ncosum̄cosunG , ~8!

with k̂ p̄ and k̂p being the direction cosines of the outgoing
products of the hyperon decays defined in the hyperon re
frame~see Fig. 2!. CP invariance requires thata52ā. The
reported value ofa is 0.64260.013@44#.

Using the angular distribution given in Eq.~8!, and taking
the angular acceptance into account, the polarizations and
spin correlation coefficients obtained by observingN events
~i.e., the expectation values! can be expressed@16# in terms
of measured values of the direction cosines. For the pola
ization, averaging Eq.~8! overN measurements yields

Pȳ5
3

ā

1

N

(
k51

N

zkcosu ȳ
k

(
k51

N

zk

, ~9!

while for the correlation coefficient we have

Cm̄n5
9

āa

(
k51

N

zkcosum̄
k cosun

k

(
k

zk

. ~10!

Here zk is the acceptance correction factor for the detecto
for each eventk. For sufficiently large statisticsN the stan-
dard deviation inCm̄n is sm̄n'(3/a2AN).

Special attention was paid to understanding and corre
ing for systematic experimental uncertainties~Ziolkowski
@1#!. For this reason 350 000 Monte Carlo events were ge
erated using isotropic distributions for the reaction produc
in the center-of-momentum frame and in the rest frames
the L̄ andL. This is tantamount to assuming unpolarized
hyperon decays. The Monte Carlo sample was analyzed
taking the full detector response into account using the sam
analysis program as for the real data. We found that th
spatial distributions of the decay antiprotons show a loss
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events~see Fig. 3! in the region where the acceptance
small (21.0<cosuL̄<20.33). An equivalent situation oc-
curs for theL decay, where an acceptance close to zero
observed for large center-of-mass angles. These losses
explained by the low momenta of thep mesons from the
L decays, which either were not recorded in the detec
system and/or which were rejected by the requirements
the analysis program. In the case where the acceptance fa
z is zero in Eqs.~9! and ~10!, the correction is undefined.

In order to overcome these deficiencies, symmetry re
tions from theCPT theorem were used to generate thre
additional combinations of kinematic variables that give ri
to the same result for the polarization and spin correlati
observables. For an arbitrary set of vectorsk̂ p̄ and k̂p , ~1!
CP invariance allows the interchange ofL andL̄, a symme-
try with respect to the reaction plane;~2! C andP invariance
provide a reflection symmetry about theȳ and y axes; and
~3! T invariance allows the exchanger̂→2 r̂ .

If the measured pattern is replaced event by event by a
one of the equivalent transformed patterns, the resulting
larization observables will be unchanged. Therefore t
event sample can be ‘‘extended’’ to a sample which is
times larger and, more importantly, one that allows ea
event to sample four different parts of the detector. Wh
this greatly improves our understanding of the systematics
the experiment, it of coursedoes notenhance the statistica
accuracy.

If the acceptance function is uniform, those four even
contribute with equal weight to the determination of the sp
correlation coefficients. Thus, a smooth, effective accepta
function can be constructed which nowhere drops to ze
and which consequently provides sufficient information
determine the differential spin correlation coefficien
Cx̄x ,Cȳy ,Cz̄z , and Cx̄z5Cz̄x in the entire center-of-
momentum space.

In an additional investigation, anuncorrelated sampleof
events was obtained from the data themselves. To do this
analyzedL̄nLn events were ordered according to their pro
duction kinematics, and then recombined with nearest nei
bors to make hypothetical events, e.g.,L̄nLn11. This leads to
an event sample which is by construction uncorrelated,
lowing us to measure the experimental acceptance funct
z directly. The two methods—the Monte Carlo simulatio
and the recombination procedure—agree rather well~Zi-
olkowski @1#!. Differences indicate where there are poor
understood detector efficiencies.

FIG. 3. Projection of the unit vector endpoint onto theL̄L pro-
duction plane for the decayp̄ in theL̄ rest frame. The ranges for the
cosine of the scattering angle, from left to right, are~21.0 to
20.33!, ~20.33 to 0.33!, and ~0.33 to 1.0!. Fainter regions corre-
spond to inefficiencies.
is

is
are

tor
of
ctor

la-
e
se
on

ny
po-
he
4
ch
ile
of
l

ts
in
nce
ro,
to
ts

, all
-
gh-

al-
ion
n

ly

V. RESULTS

A. Cross sections

For the 1.642 GeV/c data, approximately 7.231010 anti-
protons were incident on target, giving an integrated lumi
nosity of L55.1 nb21, whereas at 1.918 GeV/c, approxi-
mately 5.431010 incident antiprotons produced a luminosity
of L53.2 nb21. At the lower momentum, 43 430 recon-
structed events gave a total cross section o
s tot564.160.461.6 mb, while for the higher momentum
36 977 events led tos tot588.060.761.9 mb. The errors
quoted are statistical and systematic, respectively. The di
ferential cross sections and polarizations are shown in Fig
4~a! and 4~c! as a function of center-of-momentum cosuL̄ ,
and in Figs. 4~b! and 4~d! as a function of thereduced four-
momentum transfer squared t8:

t852t~u50!1mp
21mL

2 2
s

2

1 1
2A~s24mp

2!~s24mL
2 !cosuL̄ . ~11!

The differential cross sections shown in Fig. 4~a! on a loga-
rithmic scale reveal in general the typical behavior for the
p̄p→L̄L reaction as was already observed at lower mo
menta: A strong forward rise is followed by a rather flat
distribution. Such a forward-peaked angular distribution is
typical for peripheral processes and for simple absorptiv
models@13,14# the slope parameter of 9.160.5 ~GeV/c!22 as
extracted from Fig. 4~b!corresponds to an absorption radius
of 1.260.1 fm. Similar values were deduced for the measure
ments@48–50# in the threshold region.

At lower incident momentum the slope change from
steeply rising to rather flat angular distributions occurs a
t8.20.2 (GeV/c)2. For the rather high momenta discussed
here, this change of slope occurs at a more negative value
t8, especially for the 1.918 GeV/c data, as can be seen in Fig.
4~b!. For the 1.642 GeV/c data the slope change is rather
smooth with an indication of a break att8520.2
(GeV/c)2, and a clear turnover to a flat distribution shifted to
a value oft8.20.35 (GeV/c)2. For the 1.918 GeV/c data
significant flattening is not observed untilt8.20.60
(GeV/c)2, again with a rather smooth change of the slope
towards the steep rise at small scattering angles. In th
model a comparison of the two measured cross sections im
plies a larger absorption radius for the 1.918 GeV/c data.

It is interesting to note the apparent dip in the differentia
cross section at back angles, especially for the highe
momentum data at 1.918 GeV/c. If real, this observation
could indicate new reaction mechanisms and/or nucleo
structures. For example, in a meson- or baryon-exchang
picture, such features have been interpreted in terms
u-channel baryon exchanges@47#. In quark descriptions,
such oscillations can be obtained from models in which spa
tially extended ‘‘diquarks’’@28# are taken as elementary con-
stituents of baryons in addition to the pointlike quarks of the
constituent scattering model. However, a word of caution i
necessary since it could be that the backward increase is d
very simply to a wrong baryon number identification be-
tween L̄ and L. A permutation in 4% of the cases could
produce the backward increase that is observed. Although w
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FIG. 4. Cross sections~upper
panels! and polarizations~lower
panels! from this experiment.
Open circles: data at 1.642 GeV/
c. Solid circles: data at 1.918
GeV/c. The left hand panels~a!
and~c! show the data as a function
of cosu. The right hand panels~b!
and ~d! show it as a function of
reduced four momentum transfer
squared,t8.
-

l

r

on
rs

is-
er-
a-
are confident of our analysis, we do not wish to place stro
emphasis on the physics interpretation given the small m
gin for error.

Regarding the reaction dynamics, it is obvious that
higher beam momentum contributions from higher part
waves will be observed. This is seen in the slope of t
differential cross section as well as by the comparison of t
Legendre polynomial coefficients, extracted to fit the expe
mental data and compared to each other in Table I. It sho
be noted that the appearance of the coefficientA8 is closely
linked to the back-angle structure discussed in the abo
paragraph.

B. Polarization

Because the antihyperon-hyperon pair is produced in
strong interaction process, parity conservation allows on
the polarization component perpendicular to the reacti

TABLE I. Coefficients resulting from Legendre polynomial fits
to the p̄p→L̄L differential cross sections obtained at 1.642 an
1.918 GeV/c.

1.642 GeV/c 1.918 GeV/c
Coefficient Value6 error Value6 error

A0 5.0976 0.035 7.0336 0.053
A1 /A0 1.2386 0.018 1.7756 0.023
A2 /A0 1.1956 0.022 1.9196 0.031
A3 /A0 0.7386 0.024 1.6596 0.035
A4 /A0 0.0286 0.027 1.3746 0.037
A5 /A0 20.0416 0.029 0.8266 0.036
A6 /A0 20.0656 0.031 0.6226 0.035
A7 /A0 20.0946 0.029 0.3376 0.029
A8 /A0 20.0096 0.028 0.1186 0.023
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plane~i.e., theŷ direction! to be nonzero~assuming an un-
polarized initial state!. In addition, because the reaction
plane is undefined atuL̄50 andp, the polarization must
vanish there. In Fig. 4 the polarizations averaged overL̄ and
L are shown both as a function of cosuL̄ @Fig. 4~c!# and as a
function of the reduced square of the momentum transfert8
@Fig. 4~d!#. The open circles are the data at 1.642 GeV/c; the
solid circles are the data at 1.918 GeV/c. The 1.642 GeV/c
data exhibit polarization characteristics similar to those ob
served previously at lower beam momenta@2–4#: Pȳ.0
over the range fromt850 to t8520.2 (GeV/c)2; it crosses
zero at that point and remains negative with decreasingt8
until the minimum value oft8 is reached. The 1.918 GeV/c
data illustrate somewhat different behavior in that the initia
sign change occurs at a much smaller value oft8@20.08
(GeV/c)2] ~Ziolkowski @1#!. And while at 1.642 GeV/c only
one zero crossing is observed, the 1.918 GeV/c data show a
second one at 90° center-of-momentum angle o
t8520.65 (GeV/c)2. This value is rather close to the point
at which the shape change of the differential cross secti
occurs. At larger reduced squared momentum transfe
ut8u.1.1 (GeV/c)2 ~equivalent to20.7,cosuL̄,21.0) the
polarization is consistent with zero.

C. Spin correlations and singlet fraction

In Fig. 5~a! the differential spin correlation coefficient
distributions are shown. The errors are dominated by stat
tics and thus they increase at large angles where the diff
ential cross section is small. As for the case of the polariz
tion, the reaction plane is undefined at cosuL̄561, and so it
is expected thatCx̄z5Cz̄x50 and Cx̄x52Cȳy at those
angles. The data in Fig. 5~a! are consistent with these state-
ments.

The coefficientCȳy is positive for anglesuL̄<90° with a
maximum value close to unity at cosuL̄.0.3. While the
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1.918 GeV/c data show negative spin correlation values f
scattering anglesuL̄<90°, the values for the 1.642 GeV/c
spin correlations decrease to values around zero. Less
nounced structures are observed for the other correlation
efficients. Figure 5~b! shows the spin correlations as a func
tion of the reduced momentum transfert8.

The three diagonal elements of the spin correlation mat
are combined to form the singlet fraction

SF5 1
4 ~12^sW L̄•sW L&!5 1

4 ~11Cx̄x2Cȳy1Cz̄z!, ~12!

where the coordinate system is the one as given in Fig.
The expected value forSF when there is no spin correlation
is 1/4. This is determined by simple statistical weighting
the three triplet and one singlet magnetic substates.

The differential singlet fraction is shown in Fig. 6. Aver
aging over angle yieldŝSF&520.00360.015 for the 1.642
GeV/c data and^SF&50.05860.016 for the 1.918 GeV/c
data.

The data at the lower momentum lead to^SF& values
which are consistent with zero; this indicates a pure trip
production of the s̄s strange quark pair. In the 1.918
GeV/c data a slightly positive value is observed with 3.5s
confidence interval. This measurement is the first one w

FIG. 5. Spin correlations. Open circles: data at 1.642 GeVc.
Solid circles: data at 1.918 GeV/c. Panel~a! shows the data as a
function of cosu. Panel~b! shows it as a function of reduced four
momentum transfer squaredt8.
or
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high statistics above thep̄p→S̄0S0 thresholds and could
reflect a coupling to these channels.

It will be interesting to see whether the observed nonze
value for ^SF& at 1.918 GeV/c is confirmed by additional
measurements taken by the PS185 collaboration around
S̄0S0 and S̄6S7 thresholds. The trend of the data as th
absolute value of the momentum transfer increases seem
be away from pure triplet production, and possibly towar
the statistically expected mixture.

D. Test for CP violation

CP violation has only been observed in neutral kaon sy
tems. Though several models can account@51–55# for CP
violation, the effects seen in the current weak interaction da
are still not adequate to distinguish among these models.
described in@7# we evaluate the asymmetry parameterA,
defined as

/

-

FIG. 6. Singlet fractions. Open circles: data at 1.642 GeV/c.
Solid circles: data at 1.918 GeV/c. Panel~a! shows the data as a
function of cosu. Panel~b! shows it as a function of reduced four-
momentum transfer squaredt8. The unweighted statistical value
would be 1/4.
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A5
a1ā

a2ā
, ~13!

using the present data. Herea and ā are the decay param-
eters for the nonleptonicL and L̄ weak decays. A nonzero
value ofA would indicate a directCP violation. Owing to
the weak decayL̄→ p̄p1 the angular distribution of thep̄
from the L̄ decay is

I ~u p̄!5I 0~11āPȳ•cosu p̄!, ~14!

with u p̄ being defined in theL̄ rest frame between the deca
p̄ direction and theȳ axis ~see Fig. 2!. Adapting the
‘‘method of weighted sums’’@56# for a sample ofN decay-
ing L̄ particles leads to the expression

āPȳ5

(
k51

N

cosu p̄
k

(
k51

N

cos2u p̄
k

. ~15!

Invariance of the strong force underC parity requires
Pȳ(cosu)5Py(cosu), allowing a determination ofA from the
experimental data using Eq.~13!.

In Fig. 7 the differential values ofA are presented for
both momenta, the upper data from 1.642 GeV/c and the
lower from 1.918 GeV/c. Large error bars~or missing val-
ues! arise due to small values of the respective polarizatio

FIG. 7. Angular distributions of the ratioA5^(a1ā)&/
^(a2ā)&. The top panel shows data at 1.642 GeV/c and the bot-
tom one shows data at 1.918 GeV/c.
y

ns

~see Fig. 4!. The data seem to be consistent with zero at bo
incident p̄ momenta. Our evaluation yields mean values of

^A~1.642 GeV/c!&50.02660.030,

^A~1.918 GeV/c!&50.01060.037. ~16!

Summing the present results with earlier published me
surements of the PS185 experiment~totaling 95 832 events!
leads to an asymmetry parameter of^A&50.01360.022.
While this result represents the best measurement to date
CP violation outside the neutral kaon system, it is still an
order of magnitude away from providing a stringent test o
theoretical models. However, there remains still a conside
ably larger set of PS185 data that have not been includ
here, which when analyzed will reduce the error on th
CP-violation limit further.

E. Test of theCPT theorem

According to quantum field theory, theCPT invariance
theorem applies very generally to particle interactions
CPT invariance requires equal rest masses and lifetimes f
a particle and its antiparticle. The decay length of the hype
ons is proportional to the product of momentum and lifetim
t. The lifetime distribution follows a simple exponential law:

dN

dt
5N0e

2t/t. ~17!

Thus with the present experimental setup the lifetime distr
butions of bothL̄ and L could be extracted for a given
momentum in the same experiment. Figure 8 shows the r
sults for the 1.642 GeV/c data ~Fischer @1#!. The lifetime
values we extract are

tL̄5258.464.765.3 ps,

tL5265.264.365.3 ps, ~18!

FIG. 8. Lifetime distributions ofL̄ ~left! andL ~right!, corrected
via Monte Carlo simulations.
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with statistical and systematical uncertainties, respective
shown in order. Using extensive Monte Carlo simulatio
these results have been corrected for the specific feature
our detector.

In order to reduce the Monte Carlo corrections on t
lifetime measurements when comparing theL̄ andL life-
times, we applied momentum- and decay-point-depend
cuts. Thus, the detector acceptance is assumed to be equ
certain regions for the hyperon decay products. This spe
sampling leads to a ratio

R5
t2 t̄

~t1 t̄ !/2
5~21.866.665.6!31023. ~19!

Details are presented by Fischer@1#. This evaluation is an
order-of-magnitude more precise than the only other m
surement@57# reported to date.

VI. DISCUSSION

Differential cross sections, polarizations, and spin cor
lations have been presented at incident antiproton mome
of 1.642 and 1.918 GeV/c for the reaction p̄p→L̄L
→ p̄p1pp2. There are about 40 000 reconstructed events
each sample.

The angular distributions shown in Fig. 4 indica
that the slope of the data at small angles is significan
steeper for the 1.918 GeV/c data than for the 1.642 GeV/c
data. This would seem to indicate a larger interacti
range at the higher momentum. In both cases, as in
previous measurements of PS185, the forward peaking
solves at larger angles into an almost flat, featureless dis
bution.

The differential polarizations at the two momenta exhib
structures that are distinct from each other, the high
momentum data displaying an additional node. As sugges
from the differential cross sections, higher partial wave co
tributions and their coherent interference are probably
sponsible for the change of the pattern from that observe
lower beam momenta. The influence of a coupled-chan
effect on the structure should be further investigated in hig
statistics measurements below and above thep̄p→S̄6S6

channels.
The weighted mean of all the measured singlet fracti

data from the PS185 experiment published to da
^SF&50.00760.009, is consistent with zero. This indicate
thatLL̄ production is occurring in a pure triplet state. How
ever, at 1.918 GeV/c a small but positive value of
^SF&50.05860.016 is observed, which may indicate that
higher absolute value of the momentum transfer theLL̄ pro-
duction is tending toward the value expected based on sim
spin statistics.

In the naive quark model the lowest-order process for
p̄p→L̄L reaction is the annihilation of aūu quark pair fol-
lowed by the production of ans̄s quark pair. In these models
the other quark pairs in the participating baryons are
garded as spin and isospinS5I50 spectators that do no
ly,
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influence the reaction dynamics. Because of the vanishing
the experimentally measured singlet fraction, most of th
quark model applications calculate thes-channel vector
(3S1) and/or scalar (

3P0) exchange only, and result neces
sarily in SF50 triplet s̄s pair production. Following Alberg
et al. @24# a pseudoscalars-channel exchange could proceed
via the exchange of an intermediateh or h8, since these
mesons possess strong strange–antistrange-quark flavor
tent. Then the pseudoscalar contribution is weak due to sm
coupling constants and high spin multiplicities. Qualita
tively, the present small value of^SF& is in agreement with
these considerations.

In a t-channel meson exchange picture@16,18,19# inter-
ferences between theK, K* , andK** meson exchanges are
needed in order to enhance the strong tensor component
to cancel partially the central potential components. Calcul
tions result in a singlet fraction̂SF& of only a few percent,
whereas a decrease ofK2K* interference would lead to an
increasingSF contribution. According to@41# a large tensor
(l 2l 852) transition in p̄p→L̄L is expected due to the
strong tensor force of theK2K* exchange. This is one rea-
son why the PS185 collaboration will measure the depola
ization in the p̄p→L̄L reaction employing a frozen spin
target@58#.

As expected with the present accuracy,CP-violation ef-
fects in the weak interaction have not been observed in eith
experiment presented here. Summing the present results w
earlier published measurements of PS185~totalling 95 832
events! leads to an asymmetry parameter o
^A&50.01360.022. This value is essentially consistent wit
zero. However, the PS185 experiment is still about an ord
of magnitude away from providing enough statistics to te
present theoretical models. Similarly, for theCPT test, the
lifetimes of bothL̄ andL are found to be identical at the
1023 level.

In the near future, the PS185 Collaboration will publis
data for theLL̄ channel at several other incident moment
and for other hyperon reaction channels. We expect th
these data will extend our general understanding of this i
teresting set of reactions.

ACKNOWLEDGMENTS

The members of the PS185 Collaboration thank th
LEAR accelerator team for the excellent preparation of th
antiproton beam. We would also like to thank Professo
Mary Alberg for a very helpful critique of our manuscript.
We also gratefully acknowledge financial and materia
support from the Austrian Science Foundation, th
German Bundesministerium fu¨r Forschung und Technologie,
the Swedish Natural Science Research Council, t
U.S. Department of Energy~Grant No. DE-FG02-
87ER40315!, and the U.S. National Science Foundatio
~Grant No. PHY-94-20787!. This work is based on the
Ph.D. theses of H. Fischer and M. Ziolkowski, submitte
to the Universities of Freiburg and Cracow, respectivel
in partial fulfillment of the requirements for the Ph.D
degree.



l

n
.

-
-

1886 54P. D. BARNESet al.
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