PHYSICAL REVIEW C VOLUME 54, NUMBER 6 DECEMBER 1996

Measurement of thepp—AA and pp—3 °A +c.c. reactions at 1.726 and 1.771 Gev/

P. D. Barnes, G. Franklin, B. Quinn, R. A. Schumacher, and V. Zeps
Carnegie-Mellon University, Pittsburgh, Pennsylvania 15260

N. Hamanf
CERN, Geneva, Switzerland

W. Dutty, H. Fischer, J. Franz, E."Bsle, H. Schmitt, and R. Todenhagen
Universita Freiburg, Freiburg, Germany

R. v. Frankenberg, K. Kilian, W. Oelert, K. Rdch, K. Sachs, T. Sefzick, and M. Ziolkowski
Institut fur Kernphysik der KFA Jlich, Juich, Germany

R. A. Eisenstein, P. G Harris, D. W. Hertzog, S. A. Hughes, P. E. Reimer, and R. L. Tayloe
University of lllinois, Urbana, lllinois 61801

W. Eyrich, R. Geyer, M. Kirsch, R. A. Kraft, and F. Stinzing
Universita Erlangen-Nunberg, Nunberg, Germany

T. Johansson and S. Ohlsson
Uppsala University, Uppsala, Sweden
(Received 24 June 1996

Interest in the production of hyperon-antihyperon pairs following antiproton-proton annihilation stems
largely from attempts to understand the nature of flavor production. To date the major focus of both the
experimental and the theoretical effort has been ompfhes AA reaction. In this paper, we present data on the
complementary channefs— 3 °A andpp— A3°. Events from the kinematically similgsp— AA reaction
were obtained in parallel. The procedure to distinguish these three separate reactions is described and results
for all channels are presented. These include the total and differential cross sections, hyperon polarizations, and
spin correlation coefficients. Data were obtained at incident antiproton lab momenta of 1.726 and 1.771
GeV/c which correspond to excess kinetic energies in e~ A3%+c.c. reaction of 26 and 40 MeV,
respectively, above threshold. Comparisons are made to earlier work at similar excess energies in the
Pp— AA channel. The low-energy regime has been highlighted in this experiment to reduce the complexity in
the theoretical analysi§S0556-28186)01612-3

PACS numbds): 25.43+t, 13.75.Cs, 14.20.Jn

I. INTRODUCTION events have been accumulated by our collaboration at excess
energies in the range of approximately= 13 — 200 MeV

The experiment PS185 studies strangeness production [8-5]. These data reveal detailed insights into the partial-
pp collisions using the Low Energy Antiproton Ring wave evolution of the channel, the polarization nature of the
(LEAR) facility at CERN. With a maximum available beam outgoing hyperons and the spin correlation coefficients. A
momentum of 2.0 Ge\ and hyperon-antihyperonY() low-energy subset of the data has been used to extract a
thresholds of 1.435, 1.653, and 1.853 GeVr /TA, A_E high-precision value for th& pK coupling constanf6]. Ad-
and 33, respectively, many of the experiments have beerflitionally use of the complet@ A data set is found in tests of
conducted in the low-energy regime. Using an energy scal&P andCPT symmetries through the analysis of theand
defined by the excess energy above reaction threshold A decayd5,7].

(e=+/s—my—my), studies are considered to be in the near- The data can be summarized using model-independent
threshold regime ik is in the order of a few MeV. Here, the amplitude analyseg8—11] which highlight the general fea-
cross section1,2] (and the accumulated number of events tures of the reaction. Attempting to delve deeper into the
are low. physics of flavor production, both meson exchariEX)

The AA cross section rises rapidly from threshold and[12-21] and quark-gluonQG) [22—34 models have been
peaks at about 8@b and then begins to fall gently with used and are capable of reproducing the essential features of
further increasing energy. Data sets with large numbers dfhe low-energy PS185 data. In these models, different

strangeness exchange microscopic processes are implied. In
the MEX pictureK, K*, and everK** mesons have been
*Deceased. used to calculate exchange forces in thehannel between
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initial-state nucleons. Interference effects arising from the
multiple mechanisms considered are found to be important.
In the QG approach, both thtS; and 3P, models have been
used alone and in combination. The former implies a vector-
like interaction possibly indicative of au— ss one- or odd-
numbered gluon exchange. The latter would imply zero- or
even-numbered gluon exchange with vacuum quantum num-
bers. The final-state interacti¢fSl) parameters play a vital
role in enabling good fits to be obtained to the data for either
class of models.

It cannot be argued that one type of model is correct and
the other wrong. What one would like to know is whether
one of the classes of models is better able to capture the
essence of the dominant underlying physics in the momen-
tum transfer €600 MeVk) and distance-scale<(3 fm) re-
gime where the hyperon-antihyperon production process
takes place. o

Continued growth in the low-energ&A data set alone
does not appear to be capable of penetrating the issue further. hodoscope
However insight may be gained in the comparison of addi-
tional final-state channels such A% or X3. Such studies
are motivated in part by the recognition that in kaon ex-
change models, the expected strength of the coupling con-
stants differs significantly for\ and 3 hyperons. For ex-
ample, in pure SIB), the ratio of the coupling constants in
?f“;" / frze sp)e ztll\;; Tr;);pig?:-gtli(;lgr?rgfk;oense Cgirt:irfsConl_spossibility to extract thexNK coupling constant. We report

ENKTCANK " P : piing 122 additional low-energy data points for the
stants is very sensitive to the= F/(F + D) ratio, here taken —~

from SU6) symmetry to be 0.4. Using the value obtainedﬁ)_’AEO+?'c' reaction_s'. To be useful_in the coupling con-
from weak interactions of.= 0.355. one is led to a ratio of stant analysis, the condition that scattering occur to m&hnly

the squares of the coupling constants of approximatelyp’ andD final states must be mé@]. — =
1/11. In either case, the implication is that the heaWér W? also r(.eport'new and precise data'on. pre— AA
reaction obtained in parallel at the same incident momenta

meson(whose coupling is also suppressed, but lespys ; X
a more prominent role and therefore the reaction may proPUt corresponding to excess energies=df03 and 119 MeV.

ceed on a shorter distance scale. A second thrust is to include
additional observables such as the spin tran§igy,[21,25. [l. EXPERIMENT

Such measurements introduce considerable experimental . L :
challenge and constitute the bulk of the remaining work of The PS185 apparatus is a nonmagnetic kinematic spec

the PS185 collaboration. trometer situated on an extraction line of the LEAR facility

The first of AA h i wdi at CERN. It is designed to measure reactions of the type
€ first of our nom. 0 yperon-antinyperon Studies was - A A oot pa~ by precise determination of the geom-
reported for thepp— AX"+c.c. reactions at an excess en-

i etries of the two neutral decay®{ event$ which are lo-
ergy of ~15 MeV [35]. The event sample was limited; ac- ;5164 downstream of the production point. With the substi-
cordlngly,_t_he extracted spin observables were not statistig tion of 230 hyperon for theA in the above reactiofor the
caIIy.S|g_n|f|cant.. Howgver the datq feveé' strong fo!‘wgrd quivalent antiparticlesthe same final charged-particle state
peaking in the differential cross section as is characteristic 0 aglized. The gamma from the prompt electromagnetic de-
the pp— AA reaction. Forpp—AX°+c.c., the differential  cay, 5.0 Ay does not need to be measured in order to dis-
cross section hints at a richer partial-wave structure as Wenguish the channels as long as the precision on the charged-
expect since the reaction is not self-conjugate. In this Papeharticle tracking is sufficient.

we present an enlarged event sample of the The essential features of the spectrometer include the trig-
pp—3 °A+c.c. reactions at the incident antiproton mo- gering and tracking subsystems. These are shown in Fig. 1
menta of 1.726 and 1.771 Ge&/This corresponds to excess and are described in more detail in R§#,36]. The produc-
energies of 26 and 40 MeV, respectively. The momentunion of hyperon-antihyperon pairs occurs in a compact and
choices were made to facilitate comparison with previouslysegmented target which features five independent 2.5 mm
reported result§3,4] on the complementarpp— AA reac-  diameter by 2.5 mm long cylindrical cells. Each cell is sand-
tion at similar excess energies. This serves to reduce theiched between, and surrounded by, thin scintillators. A
effects of both phase space differences and, to some degrawutral target event is defined as one in which an antiproton
final-state interactions. The work significantly extends ourenters a particular target cell and no charged particle exits.
initial investigation[35] into these channels since here we The signals from the scintillators are used in appropriate
have obtained the necessary number of events to extract tlt@mbinations to form the basis for this charged-particle veto
spin observables of the system. Of particular interest is thand further for the determination of the event production

—— 10 cm

FIG. 1. The PS185 detector and target system.
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point. Of the five cells, four are made of Gknd one is pure target and only neutral particles exited.

carbon. The carbon cell is used to obtain a sample of data (2) The reconstructed tracks formed at least tbpat-

which reflects the kinematics and rate of those backgroungerns that passed the following tests.

events which naturally occur in the carbon component of the (a) The V° was formed from two tracks that had a dis-

main CH, cells. tance of closest approach within five times the error calcu-
Upstream of the targets, four planes of silicon microstripjated for that quantity (). This criteria was sufficiently

detectors are used to establish the direction of the incoming;iqe to pass all true/%'s (with some large point scatters
antiproton. The magnitude of the antiproton momentum isyet cut spurious combinations.

given by LEAR. The spread in incoming momenta is 1€sS” () The vertex point was at least 1.0 cm downstream of

than 0.2 MeVE. The central value of the actual momenta atihe assigned production point of the hyperons. This was the

each target cell is computed from the extracted momenturiyinimum distance for which the individual reaction channels

less the losses through the upstream detectors and targgs,id pe sufficiently separated.

cells. _ (c) The vertex point was within a fiducial cone defined by
The producedA and A decay downstream of the target the kinematics ofAA or S °A +c.c. production. This cut

system in a decay volume sufficient in size to contain thes|iminated nonphysical track combinations.

vertices and to permit adequate tracking of the emitted (4) The VO was coplanar with the production point to

charged particles. The decay proton and antiproton are kinggjthin 1.5 cm. These momentum cuts were appropriate to

matically constrained to pass through a multielement Sc'm'l'reject momentum-unbalanced® pairs, yet pass combina-

lator hodoscope which is located at the end of the decayons due to the events of intereéhe momenta carried by
volume. The signal from this hodoscope, in coincidence withy,o sigma-decay gamma is less than these) cuts

a neutral target event, forms the final experimental trigger (3) The event contained at least one pairVf patterns
selecting the events for which the raw data are recorded Ofhat when combined, satisfied momentum conservation to
magnetic tape. The decay volume is instrumented with tWQuithin 0.15 GeVe along thex andy axes and to within 0.35

tracking detector subsystems. A set of 10 multiwire propor-geyc alongz. These momentum cuts were determined to be
tional chambers with alternating planes measuringuhe sufficient to reject momentum-unbalance® pairs.

coordina_ltes of passing chargepl particleg is followed by aset gyants that passed the® constraints listed above were
of 13 drift chamber planes which establish they coordi-  hen subjected to a kinematic fit procedure which minimized
nates. Here, positive is in the nominal beam directioy,is 5 «gum of squares,” X2), subject to spatial, momentum
vertical andx0 |s_hor|zontal. Theu andv coordinates are 5.4 energy constraints. For each event and for each candi-
rotated at 45° with respect toandy. _ . dateV? pair in the event, the procedure was performed for
A final set of three drift chamber planes is housed in B oth thep_p_—JTA andﬁ)—&_OAJrc . reaction hypotheses
0.09T solenoid whose field is aligned parallel to thelirec- TheDp— S, OA + hvoothesi T d twice f .h
tion. The size and location of the magnet is such that al Oepg?r'_)once wi(tjﬁcéa)éﬂoofiﬁles ;’\‘I’vasofgqggig deré((:jeagrtﬁ:f

decay baryons and many of the decay pions will pas ) 0 T
through its volume. The trajectories of the tracks through thd€Sulting from theX” decayA (the y direction and energy
as unmeasured in this procedur@he prefered reaction

magnet are curved with a radius dependent on the magnitu . . .
g P g ypothesis and/® pair was chosen as that with the lowest

of the horizontal component of the particle momentum an X > e 2
on its charge. The sign of the track curvature is used in th&SUltingX” value. If this “best-fit” X value was less than

baryon number identification scheme. Since more than on&8.5 for app—AA hypothesis or 15.1 fopp—3 °A +c.c.

particle must pass through the magnet, built in redundanc§these values correspond toxa probability of 99% for the
exists in the identification process. number of degrees of freedom in each, fihe event was

retained and assigned to the appropriate reaction channel.

The best-fitX? values for the two reaction channels are
IIl. DATA ANALYSIS shown together with Monte Carlo data and the theoretical
x? functions in Fig. 2.

. _ . The two Vs of the accepted event were then assigned a
Thepp—AA, pp—3 °A, andpp— AZ° events of inter-  baryon numbeti.e., to be aA or aA) based on the infor-
est were selected from the raw data sample by applying cuisation collected with the drift chamber situated in the mag-
that selected for the appropriate and characteristic productiofetic solenoid. Tracks were recognized in this detector by
and decay topologies. All selected events featured the tweollecting hits around the direction predicted by the results
delayed decays\ —pz~ andA—p=*. The prompt decay from the kinematic fit. For each track, a left- or right-bending
3% Ay implies that thepp—3. °A +c.c. reactions form a assignment was made by picking the combination of hits
subset of the final event Samp|e and were automatica”y inhear the track that best satisfied the hypothesized trajectory.
cluded in our event-selection procedure. With all particle tracks for which an assignment could be

The following geometric and kinematic criteria were usedmade, a sum of the track deflection distances was formed
for the first selection of candidate events. They were verifiedvith an opposite weighting fok® baryon number assign-
to be optimal by analyzing a subset of the data with only thement. If the absolute value of this sum was greater than 0.05
kinematic fit analysisidescribed beloyand checking the ¢m then the event was accepted and edthvas assigned a
relevant distributions. baryon number based on the sign of the sum.

(1) The hit pattern of scintillators in the target array was ~ After this analysis procedure, each event that passed all
consistent with the hypothesis that an antiproton entered thetages was assigned to be eithgsm—AA, pp—2 °A, or

A. Event selection
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ability at 1.726 GeMe. The three scatter plots of a given column
represent generated events of a specific channdl, (S °A, or

AZ9), while those in a given row represent reconstructed events of

a specific channel. Distribution&), (e), and (i) contain events

' Where the generated channel is the same as the reconstructed chan-
events as the experimental data. The curtdstted are the ex- g All other distributions represent misidentified events. Each ac-

pectedy? functions resulting from a fit with the correct number of ceptably generated event may have at most one “best” solution.
degrees of freedom. They have been normalized to the bin with the

maximum number of experimental events. The deviation of theyeneratecthannel versus the cds of a reconstructecthan-
theoreticaly“ curves from the data and Monte Carlo distributions

N .
are due to the understood non-Gaussian response of the detectonrl]_ﬁlé \;]vi?](zree represgnts the c.m. 3”9'?.‘.” the antihyperon.
plots contain all of the possibilities for each of the
o three generated channels to be reconstructed as any of the
pp— A3 event and a unique c.m. production angle calcuthree reconstructed channels. In this presentation, perfect
lated. The reliability of these assignments is discussed beshannel assignment corresponds to entries in the plots along
low. the diagonal[Figs. 3a), 3(e), or 3(i)]. Within a correctly
assigned plot, entries with the proper baryon number assign-

B. Acceptance calculation ment fall along the line caqnerated COFreconstructed

The acceptance of the detector was calculated with a de- Entries in any of the other plots reflect incorrect channel

tailed simula?tion using the GEAN'\IZVMonte uCarIo W::\cka eassignment. Note that the incorrect assignment tends to
9 P 9 pulate particular angular regions within the plots. An ac-

[37]. The complete geometry. and the meqsured responses @gptance matrix metho[B8] was developed to correct for
each detector element were incorporated into the simulation, ¢ problem. From the Monte Carlo data, an initial accep-
Approxmately 800 000 events were generated for each '8¢ nce matrix was formed that guantified the reaction channel
tion channel and momentum. Results from the Monte Carla d cog® misidentification. Then, using thexperimental
datg were c_ompared to_those from t_he expe_rlmenotal data %‘nstributions(which are not flat and an iterative inversion
all intermediate stages in the analy§isack-fitting, V* for-

mation, etc.. As evidence for the quality of the simulation, proceduré 36,39, an acceptance function that properly dis-

. L S .entangles the event misidentification was calculated for each
the kinematic fit least-squares sum distributions for experi-

I d M carlo d ¢ oD AA q reaction channel. The resulting acceptance, when averaged
ﬂem‘;—oil ontet_ arr? atla or P: ep— Fi ;n : over co#*, is 13% for pp—AA and 16% for
pp— c.c. reaction channels are shown in Fig. 2 along— 0A 4 . o
with the theoreticaly? distributions. Deviations from the pp—2 "A+cc. at 1.726 Ge\d and falls slightly to 11%

) o . and 13%, respectively, at 1.771 GeVIThis function could
theoretical distributions are due to non-Gaussian responses. "1« sed to produce the corrected@osvent distribu-
inherent in the detector. P

A nonnegligible fraction of events may be incorrectly as-tlons'

signed to a specific reaction channel and/or a c.m. scatteri As can be seen by the off-diagonal scatter plots in Fig. 3,
9 A SP ; T r\gnperfections in the channel identification procedure exist at
angle. This is due to the kinematic similarity of the

PPoAA, PP—3°A, and pp—A3® reaction channels a nonnegligible level. Misidentification oAA events as

0 OA
combined with the finite resolution of the apparatus and thé\2 or% "Ais a probl_em qompounded further by the asym-
possibility of misassignment of the baryon number. metry of the misidentification of the eventsompare Figs.

The nature of cross-channel feedthrough was studied usid) and 3g)]. The forwardAA events are more likely to be
ing the Monte Carlo data. The results are shown in the ninénisidentified asA3.° events while the backward A events
scatter plots in Fig. 3. Each plot displays the @o®of a  flow dominantly toS °A. Since thepp— AA reaction is

FIG. 2. The kinematic best-fit least-squares distributiongdpr

pp—AA, and(b) pp—2 °A+c.c. events for experimentébolid
pointy and Monte Carlo(solid line) data at 1.726 Ge¥/ The
Monte Carlo data have been normalized to have an equal number
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cos 6 cos 6 points have been offset horizontally to avoid overlap. The errors are

statistical only.
FIG. 4. Calculated fraction in each a#fs bin of (a) y

pp—= °A or (b) pp— AP events that are due to incorrectly iden-
tified pp— AA events. Calculated fraction ¢f) pp— = °A, or (d) _ . _
Pp—AS0 that are due to incorrectly identified charge conjugate The final cross sections were obtained from the

events. The study was performed at an incident antiproton momercceptance-corrected measured event distributions, the inte-
tum of 1.726 Ge\t. grated luminosity, and the following correction factors.

(1) The double branching ratio factor for bathhyperons

— to decay intop, s is 0.4083-0.0064[40].
forward peaked, a greater contamination exists in ARe (2) The fraction of events rejected by the trigger due to
channel compared to the°A channel. For trupp—3 %A the production of a-ray electron and subsequent veto in the
or pp— A3 events, misidentification can cause an event tdarget accounts for a 1% normalization correction.
be recorded as its charge-conjugate channel. Once again, the(3) The fraction of events rejected by a veto from an
distribution of misidentified events is not uniform in &s  additional beam antiproton in the trigger time window re-
Projections of the misidentification fractions as calculatediuired a rate-dependent correction. This correction varied
using the acceptance matrix method for the most affecteith €ach target cell, averaging 8.5% overall.
channels are shown in Fig. 4. These plots show the calcu- (4) The number of events accepted that were the result of

lated fraction of events assigned to a reaction channel at %roduqtlon ona garbon nucleus in the Grget cel!s could
given cos* that are from the incorrect channel be estimated using the pure carbon cell. Assuming that the

To check the accuracy of the channel identification pro_angular distributions of the carbon events are similar to those

. . 0
cedure and to estimate the systematic error, the differentiaqﬂ free protons resultso in_a cggecnon of 2.5% for
cross section distributions fopp—3 °A and pp— A3° Pp—AA events and_14_.1/ofqup—>2 Atcc. events.

. PP And pp—- ) (5) The average lifetime of the data acquisition system
were considered separately. Charge-conjugation invariancg,< 72 5o
of the strong-interaction hyperon-production process implies 1,4 integrated luminosity on the four GHarget cells
that they must be equivalent. The fractional differengen was 454 009x10° ub! at 1.726 Gew and

C. Calculation of the cross section

the differential cross sections, defined as 6.44+0.13x 10° ub™! at 1.771 GeW. The quoted errors
do — do — do — are dominated by the systematic error which includes the
o= 9 % OA)— E(AEO)) / (E(z °A) uncertainties on the above correction factors with the excep-
tion of the branching ratio.

do — 0
+m(A2 )], D. Spin observable analysis

The parity-nonconserving nature of the weak decay of the
A hyperons enables a determination of thgolarization by

is shown in Fig. 5 for both momenta. The indicated errorsmeasuring the angular distribution of the decay protons. This
include statistical errors only. These distributions support thenormalized distribution may be written
conclusion that the acceptance calculation is sound. It was
estimated that the systematic error on the acceptance as a
function of cog* was a constant 2% plus 5% times the event
misidentification fraction. This yields a systematic error, av-
eraged over cag of 2.3% for pp—AA and 3.6% for the wherea is the A—pw~ weak decay asymmetry parameter
pp—2 °A+c.c. channels. These errors were propagatedhaving the measured value 0.64Q.013 [40]. The vector
through to subsequent results. polarization of theA is denoted byP, and|f)p represents the

R 1 .
I(pp):E(l'i_aPA'pp)y
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direction vector of the decay proton in thle rest frame. In  scattering planéjs still easily extracted due to the symmetry
thepp—2 °A +c.c. reactions, the polarization transfer from of trle detector acceptance for positive and negative values in
the S to the daughten in the electromagnetic decay of the they direction. In this analysis, two coordinate systems are
3, may be calculated and a similar form for the proton angu-used. One is fixed in the hyperon rest frame and the other is
lar distribution result$41]: in the antihyperon rest frame. Tleaxes are along the di-
rection of motion of the respective hyperons in the c.m. and
~ they axes are normal to the production plane along a vector
1- gapx‘ Pp)- given byf)pfx py. Thex axes are then fixed by the require-
ment that the systems are right handed and orthogonal. The
hyperon and antihyperon polarizations are measured in these
systems. For th€;;, i (j) labels the antihyperothyperon

R 1
l(pp):E

In this expressiony is again the decay parameter of the
from theZ,-decay,Ps is the vector polarization of the, and

|6p is the direction vector of the decay proton in therest component. h i ob bles f he d “method
frame. The angular distribution of both decay protons in a To extrac,'ft € spin observables from the data, a “metho
— of moments” was used, modified to incorporate the detector

Pp—AA event may be writteipd1]: acceptance. With the consideration of finite detector accep-
tance, the angular distribution of the decay protomstten

1+ aPypp+aP, P, above is multiplied by a detector acceptance function that
depends on the directions of the outgoing decay protons

o 1
|XA(PF,Dp)=W

(pp;i andp, ;). Then, when the expectation value integrals
+aa Cij Py Pp J}’ are calculated and set equal to the experimental estimates, a
i T system of coupled equations results with the spin observ-
_ ables and detector acceptances as the unknowns.
where Py, Py, andC;j; are, respectively, thé, A vector The physical constraints imposed by parity conservation
polarizations, and the spin correlation coefficients. Ppig ~ on a subset of the spin observables were then used to
andp, ; are the individual components of tipeandp direc-  eliminate some of the unknowns in the problem. The con-
tion vectors as measured in theand A rest frames. Similar  Straints are P,y=P,y=P,y=P,y=0 and C,,=Cy,
expressions may be written for thgp—3 °A+c.c. reac- = Cyz=Czy=0 [41]. With these additional constraints, the
tions by correctly accounting for tHE® ands © decays. number of variables in th_e problem was reduced and the
From the angular distribution, the expectation values Oiunknown acceptance functions could be extracted along with

: _ . the remaining physically interesting spin observabRgs,
the quantityp, j are written Pyv: Cxz. Caxr Crxr Cyy. andC,,. Note that this Spin-
observable analysis is simulation independent; the effects of

<pp,i>=J J Pp.il 74 (PpPp)dQ5dQ, . the finite detector acceptance ameasuredand removed

from the physical distributions. For more details on this
o . i method see Ref36].
This integral is calculated yielding, (36l

1 IV. RESULTS AND DISCUSSION
(Pp,i)= §01PA,i . A. The pp—AA channel

At 1.726 and 1.771 Ge¥/incident antiproton momen-
Using this expression and the experimentally measured exum, the excess kinetic energies available to the final-state
pectation value, hyperons in the reactiopp—AA are 103 and 119 MeV
N when averaged over the four target cells. The total cross
1 > sections at these two excess energies are measured to be
<pP:i>eXPt_N = Pp.i.j» 74.4+0.8+2.4 and 79.90.9+ 2.6 ub. The first error listed
is statistical; each final data sample included approximately
whereN is the number of events in the experimental sample 10 000 events. The second is systematic and includes contri-

yields the expression for the experimental estimate of th@utions from the average of the angular-dependent accep-
A polarization: tance correction(2.3%), the uncertainty in the double-

charged branching rati(1.6% and on the knowledge of the
3 N absolute luminosity2.0%. The last of these includes uncer-
Pri=— E Pp.ij- tainties in the target ceI_I corrections and in the carbon-event
aN =1 subtractions as well as in the overall beam flux. The system-
_ atic errors are combined in quadrature; the overall systematic
Similar expressions result for the polarization and the spin error of 3.4% is the largest uncertainty in the total cross
correlation coefficients. sections.
However, when applied to experiment, the angular distri-
butions are modified by the finite detector acceptance so that
additional acceptance functions appear in these expressionstFor unpolarized beam and target thendz components, which
Fortunately, the physically interesting component of the hy4ie in the scattering plane, are required by parity conservation to be
peron polarizationP,, the component perpendicular to the zero.
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The differential cross sections are shown in Fig) &s a
function of cog*, where#* is the c.m. angle of the outgoing
A. The data points are listed in Table I. The distributions are
nearly identical at the two energies, apart from the increased
slope for the higher-energy data at the very forward angles.
This feature follows a consistent trend in the hyperon-
antihyperon data that as the excess energy rises, the steep-
ness of the forward slope increases. Evidently, larger num-
bers of partial waves begin to contribute as the energy
increases from threshold. Under these circumstances, a theo-
retical analysis employing few partial waves is meaningful
only in the low-energy regime. .

One of the intriguing features of theA data is the non-
zero polarization of the outgoing hyperons which is observed
at all energies with a consistently evolving shape versus en-
ergy. The data reported here are shown in F{@ @nd rep-

o resent two intermediate energies compared to our previously
FIG. 6. Differential cross section results for tk@ pp— AA published work. The general trend in the differential polar-
and (b) ﬁ,_Q_OAJrc,c_ reactions at 1.726 and 1.771 GeWith ization distributions includes a small positive polarization at
horizontally offset points to avoid overlap. The angular-dependenforward angles, followed by a larger negative polarization at
systematic error(not included in indicated errorsis 2.3% for  backward angles. For a given bin in é@sthe polarization
Pp—AA and 3.6% forpp—3 °A+c.c. with strong bin to bin  for the A and A should be identicaland are in our measure-

correlations. The systematic error on the scale is 2.6% for botimentg; as such the averaged value is shown in the figure. At
plots.

TABLE |. Differential cross section values in 50 a#sbins for theﬁ)—dTA reaction at antiproton
momenta of 1.7260.001 and 1.7720.001 GeV¢. Systematic and statistical errors are included.

do(ub do(ub
E(E) dQ ?)
Bin cosy* 1.726 GeV¢ 1.771 GeV¢ Bin cosy* 1.726 GeV¢ 1.771 GeV¢
1 -0.98 1.8%0.26 2.05-0.30 26 0.02 3.140.27 3.49-0.27
2 -0.94 1.8%0.23 2.16-0.27 27 0.06 2.810.26 3.31-0.26
3 -0.90 1.57-0.20 1.570.20 28 0.10 2.680.25 3.070.25
4 -0.86 2.02-0.22 1.56-0.19 29 0.14 2.980.26 3.210.26
5 -0.82 1.7¢0.21 1.72-0.18 30 0.18 2.980.27 3.64-0.28
6 -0.78 1.6:0.20 1.88-0.21 31 0.22 2.950.27 3.710.28
7 -0.74 1.94-0.21 2.06-0.21 32 0.26 3.410.29 3.410.27
8 -0.70 1.990.22 1.670.19 33 0.30 4.040.31 3.89-0.29
9 -0.66 2.1220.23 1.74-0.19 34 0.34 3.440.29 4.12-0.30
10 -0.62 2.35:0.24 2.24-0.22 35 0.38 4.360.33 4.84-0.34
11 -0.58 2.740.27 2.470.24 36 0.42 4.340.33 4,71+ 0.33
12 -0.54 2.690.25 2.72:0.24 37 0.46 5.180.37 5.58-0.36
13 -0.50 2.550.25 2.39-0.23 38 0.50 5.640.39 6.04-0.38
14 -0.46 2.810.27 2.70:0.24 39 0.54 6.550.42 6.66-0.41
15 -0.42 3.06:0.28 2.23:0.22 40 0.58 7.830.46 8.84-0.48
16 -0.38 2.450.24 2.85-0.25 41 0.62 8.410.48 9.12:0.48
17 -0.34 2.7%0.27 2.55-0.23 42 0.66 9.810.53 9.48-0.51
18 -0.30 3.190.28 2.570.23 43 0.70 11.340.58 11.92-0.58
19 -0.26 2.520.25 2.99-0.26 44 0.74 13.460.64 15.510.68
20 -0.22 2.740.26 2.72-0.23 45 0.78 14.930.70 15.9¢:0.71
21 -0.18 2.760.26 2.90:0.24 46 0.82 17.260.75 18.3%0.78
22 -0.14 3.010.28 2.95-0.24 47 0.86 19.8600.83 21.45-0.89
23 -0.10 3.380.29 3.05-0.25 48 0.90 24.120.97 26.1-1.06
24 -0.06 2.950.26 3.05-0.26 49 0.94 24.991.06 29.52-1.39
25 -0.02 3.1%0.27 2.93-0.24 50 0.98 27.691.38 32.24-2.16
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FIG. 7. Polarization ofa) the A and A for the pp— AA reac- FIG. 8. Singlet fraction results for thea) Pp—AA and (b)

tion, (b) the 3% and £° and (c) the A and A in the pp—3C°A+c.c. reactions at 1.726 and 1.771 GeVfhe points
pp—2 %A +c.c. reactions at 1.726 and 1.771 GeVfhe points  have been offset horizontally to avoid overlap. Systematic errors are
have been offset horizontally to avoid overlap. Systematic errors ar@ncluded.

included.

compared to theAA channel is entirely accounted for by
considerably higher excess enerd@®9 MeV) [5] a second  additional uncertainty in the average angular acceptance
node appears and the polarization at the very backwarflinction. The individual total cross sections are consistent,
angles remains consistent with zero. The data reported heghannel to channel, within the combined errors. We arrive at

do not show the onset of these features. _the final results for the combingsp—3 °A +c.c. channel:
Four of the spin correlation coefficients in tllg matrix

are unique C,x,Cyy,C;;,Cy;), not being constrained to o(pp—A3°+c.c)=14.60£0.27+0.64 ub
zero nor representing reflections of one another. Values

along the diagonal of the matrix, subdivided in the severyt 1,726 GeW, and

cos¥* bins, are combined to form a singlet fraction distribu-

tion following the prescription U(ﬁ)—MTEO-FC.C.)ZZl.ZZ"_‘ 0.36+0.93 ub

1

S= Z(1+CXX_ CyytC.). at 1.771 Ge . .

The cross-section ratid, between thepp— 3 °A +c.c.
N . andpp— AA reactions is of interest, particularly when made
Plots of S versus cog" are shown in Fig. @&). The; EITOrS IN ot the same excess energy because phase space differences
the plgts have been propagated :]rom th? comblnatlc;)ns Oflthgre reduced and the comparison of FSI effects may be more
contributing C;; components. The angle-averaged sing et poropriate. The ratio is defined as
fractions are—0.08 = 0.05 and—0.07 = 0.05 for the PP P&
1.726 and 1.771 Ge¥/data. This is entirely consistent with 0 <o
pure triplet production. Data entries for the polarization, spin R:"(E_A) _oZ Aic.c.)/z.
correlation coefficients, and the singlet fraction are given in o(AA) o(AA
Table Il

The results at= 26 and 40 MeV together with the previous
B. The pp—AX%+c.c. channel measurement a¢=15 MeV [35] have all been obtained at
_ I momenta which correspond to an excess energy matching
__The total cross sections for th@p—3°A and that of a publishepp— AA measurement. The cross-section
pp— AX° reactions must be equivalent according to chargeatios are summarized in Table Ill. The average value for
conjugation invariance. At 1.726 Ged/the measured cross R of 0.27 is consistent at all energies and is indicating that
sections are 6.990.19+0.31 and 7.6+ 0.19+0.33 ub for  the respective reaction total cross sections “turn on” in very
the S °A and AS° final states, respectively. At 1.771 nearly the same way.
GeVic the results are 10.850.27=0.48 and A first-order estimate oR can be made by comparing the
10.37:0.24+0.46 wb. The first errors given are statistical XpK and ApK coupling constants and assuming that the
and are indicative of the event sample sizes; approximatelyatio of reaction rates depends solely on respective kaon ex-
1500 events were extracted for each channel and at eadfange strengths. Here, we have to assume that FSI interac-
energy. The second errors reflect systematic considerationgons are similar and that differences in vector or tensor kaon
The slightly increased fractional systematic error Hdré% exchanges are small. As mentioned ealier, “realistic” ratios
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TABLE Il. Spin observables in seven a#sbins for thep_pﬁjv\ reaction at an average antiproton
momentum of 1.7260.001 and 1.7720.001 GeV¢. Fq is the singlet fraction. Statistical and systematic
errors are included.

PA@ Cxx@

Bin co* 1.726 GeVe 1.771 GeVe 1.726 GeVt 1.771 GeVt
1 -0.8571 -0.160.14 -0.08-0.14 -0.25:0.55 -0.04-0.54
2 -0.5714 -0.250.09 -0.12:0.09 -0.43:0.49 -0.76:0.47
3 -0.2857 -0.3%0.09 -0.2G6-0.08 -0.68-0.56 -0.44-0.49
4 0.0000 -0.33:0.08 -0.25:0.07 -0.09:0.57 -0.66:0.50
5 0.2857 -0.36:0.07 -0.33:0.06 1.13-0.50 0.55:0.41
6 0.5714 -0.04£0.05 -0.22-0.05 -0.21-0.29 0.56£0.26
7 0.8571 0.0%0.04 0.03:0.03 -0.33:0.18 -0.53:0.16

ny@ sz@

Bin cos & 1.726 GeVe 1.771 GeVe 1.726 GeVe 1.771 GeVt
1 -0.8571 0.120.49 0.16-0.44 -0.95:0.72 -0.13:0.64
2 -0.5714 -0.0%£0.35 -0.02:0.32 -0.18:0.48 -0.870.46
3 -0.2857 0.280.31 -0.13:0.29 -0.13-0.36 -0.2%-0.34
4 0.0000 0.56:0.29 0.49£0.27 -0.04-0.31 -0.26-0.28
5 0.2857 0.7%0.28 1.06:0.24 -1.072-0.33 -0.60-0.29
6 0.5714 0.840.20 0.63:0.19 -0.95-0.29 -0.86-0.25
7 0.8571 0.530.15 0.58-0.14 -0.62-0.25 -0.63-0.22

cxz@ Fs@

Bin cos & 1.726 GeVe 1.771 GeVe 1.726 GeVe 1.771 GeVe
1 -0.8571 0.130.45 0.08:0.42 -0.08-0.26 0.18:0.24
2 -0.5714 0.030.34 0.33-0.32 0.1x*0.19 -0.15-0.18
3 -0.2857 0.050.31 0.04-0.29 -0.02:0.18 0.16-0.17
4 0.0000 0.66:0.30 0.52£0.27 0.08:0.18 -0.10-0.16
5 0.2857 0.56:0.28 0.52£0.25 0.16:0.16 -0.03:0.14
6 0.5714 -0.450.20 -0.270.18 -0.25-0.11 0.02£0.10
7 0.8571 -0.2%0.15 -0.28-0.14 -0.12-0.09 -0.19-0.08

of the coupling constants can be obtained using3¥dnd a  predicted the same ratio we have given above, namely

value for« of 0.355. Using these assumptions, R~0.08. This study demonstrates the critical nature of the
FSI effects, which do not apparently drop out in such com-
2Kk plete models when one is considering ratios of cross sections
R= f%NK~O'08 from different reactions.

However, in an evaluation using a quark dynamical

which greatly underestimates the cross-section ratio. model, Kohno and Weisgl5] find a contradictory result by
Haidenbaueet al. [20], which includes bottK andK* ex- ~ drop out in the ratio. They obtain the estimateFRo+0.25
change, the ratios of cross sections are adequately reprmduch is consistent with our measurements and also to the
duced. They obtained a value Bf~0.26 to be compared to available data at the time, stemming from considerably
our e=15 MeV result[35] and further predicted a ratio of higher-energy experimentp(,~2.5 GeVt, e~300 MeV)
0.23 for the new 25 MeV data given here. When the author$42].
turned off ISI and FSI effect¢Born approximatioly they The differential cross sections for the combined events,
pp—A3%+c.c., are shown in Fig.(B). The data, given also
TABLE llI. Ratios of the total cross sections at three commonin Table 1V, are binned in 25 equal spacings of €osvhere
excess energies. 0* is the c.m. scattering angle of the antihyperon. A charac-
teristic of each distribution is the steep forward peaking

€MeV)  o(3°A)/a(AA)  Ref. (AA)  Ref. G°A)  nich is found also in th@p— AA reaction. An interesting
~15 0.29-0.02 [3] [35] comparison of thggp— A%+ c.c. andpp— AA differential
~25 0.29+0.02 [3] This work cross section shapes is made by examination of the distribu-
~40 0.24+0.02 [4] This work tions plotted versus', the reduced four-momentum transfer.

The quantityt’ is defined as
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TABLE V. Differential cross section values in 25 afsbins

for thepp—3 °A +c.c. reaction at an average antiproton momenta N% I (@ €==‘15 MeV i (lla) 8:25IMeV ]
of 1.726-0.001 and 1.7710.001 GeV¢. Systematic and statisti- 2 e f)p—ﬂ__\({\ i
cal errors are included. NOTE N
§ F AN
<
do [ub
) (a)
Bin cosg* 1.726 GeVt 1.771 GeVt
10 [ =

1 -0.96 0.480.06 0.970.10 I | T I

2 -0.88 0.62-0.08 0.89-0.09 020 03 RN

3 -0.80 0.830.09 0.82:0.09

4 -0.72 0.79:0.09 0.82-0.08 FIG. 9. Differential cross section comparisonmh— AA and

S -0.64 0.66-0.08 0.86-0.08 pp—3 °A+c.c. at three common excess energies. The data are

6 -0.56 0.610.08 0.73:0.08 plotted vst’, the reduced four-momentum transfer squared. The

7 -0.48 0.54-0.07 0.72-0.08 solid lines are the result of fits to an exponential form in the forward

8 -0.40 0.65-0.08 0.62-0.07 regions. Data infa) have been reported ir8,35. The AA data in

9 -0.32 0.45-0.06 0.63-0.07 (b) are from[3] and in(c) are from[4].
10 -0.24 0.4%0.07 0.81-0.08
11 -0.16 0.4%0.06 0.670.07 result due to the factor of 3 that arises due to the® decay.
12 -0.08 0.5%-0.07 0.75-0.08 Nevertheless, one can see a consistent trend in the data for
13 0.00 0.56:0.07 0.76-0.08 both energies which features a behavior which is nearly op-
14 0.08 0.440.06 0.74-0.08 posite in sign to the\ polarization.
15 0.16 0.6+ 0.07 0.85-0.08 While the polarization information can be extracted from
16 0.24 0.650.08 0.90+0.09 the study of either of the hyperons separately, the spin cor-
17 0.32 0.840.09 0.94- 0.09 relation coefficients are determined from the combined decay
18 0.40 1.02-0.10 1.24-0.10 information. Due to the increased uncertainty on¥feside,

19 0.48 1.230.11 1.63-0.12 the errors are significanly larger than for the\ channel.
20 0.56 1.440.12 1.97-0.14 However, theC;; information for the five nonzero distribu-
21 0.64 1.980.14 255 0.16 tions (C,«,Cyy,C,,,Cy,, andC,,) is consistent at both en-
22 0.72 207014 3.570.20 ergies and leads to a meaningful extraction of the singlet
23 0.80 285 0.17 4.14-0.22 fraction. Here,C,, can be different fromC,,, unlike the
24 0.88 3.6%0.20 6.03-0.29 AA case. The singlet fraction is computed from the diagonal
25 0.96 4.6%0.24 7.62-0.39 elements and results in the distributions shown in Fig).8

The singlet fractions differ from zero which is indicative of
combined singlet and triplet production at each of the ener-
t'=t—t,;,=2pg(coss* — 1), gies. The angle-averaged value ®is 0.76+0.31 a.t 1._726

GeVic and 0.56-0.26 at 1.771 Ge\¢. The polarization,
spin correlation coefficient, and singlet fraction data are
ven in Table V.

wheret is the four-momentum transfésquare@landp and

are the incoming and outgoing c.m. momenta, respectivel i ; . .
d ge going P )9 These nontriplet results are consistent with the quark

. o — 0 . . B
In Fig. 9 thepp—AA andpp— A"+ c.c. distributions are model prediction ofS= £ that results from a vectdi26] or
compared on the same plots at three comparable excess en-

. , . . : scalar[31] ss quark pair production mechanism. Haiden-
ergies. A fit of the forward region using the exponential form baueret al. have calculated20] a singlet fraction value of

e Pl is superimposed and describes the data well. Thg 5 4t 1 695 Ge\d (e=15 MeV). The evolution ofS with
functional form arises in the context of a simple black di5kincreasing energy is not discussed by the authors, but is a
modgl, the slopé is relateito tﬂeoradlus of the d's_k’ by relatively static property in thd A case until about=200
b=r</4. The slope for thepp—A3"+c.c. channel is con- ey where the first deviations from pure triplet production
sistently steepefat the same excess energit®n that of the 5. observeds].
pp— AA reaction, yielding values of 11-14 GeV (1.3—

1.5 fm) compared to 8-10 GeV? (1.1-1.2 fm for the

AA channel43].

The polarization of the outgoing or 3, hyperon has been The goal of the PS185 collaboration is to establish the
determined as a function of the respective hyperon c.m. scagefinitive pp— YY data set in the low-energy regime. From
tering angle. These plots are shown in Figéh)7and 4c).  theoretical analysis of the data, one hopes to gain insight into
The shape of thé_polarization is similar to that observed in the behavior of hadron interactions at intermediate energies.
the reactionpp— AA; it features a positive polarization at This is in an energy regime where perturbative QCD s in-
forward angles, a crossing of zero, and a slight negative poappropriate and both quark-gluon and meson degrees of free-
larization in the backward direction. The polarization is dom are believed to be important.
much harder to determine because of the larger errors that The measurements reported here extend the data on the

V. CONCLUSIONS
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TABLE V. Spin observables in five cé5 bins for theﬁ)HE_OA+c.c. reaction at an average antiproton
momentum of 1.7260.001 GeV¢ and 1.77%0.001 GeVeE. Fg is the singlet fraction. Statistical and
systematic errors are included.

PEO @ PA @

Bin cosg* 1.726 GeVe 1.771 GeVic 1.726 GeV¢ 1.771 GeV¢
1 -0.80 0.47-0.75 -0.08-0.69 0.070.25 -0.18-0.23
2 -0.40 0.62-0.70 0.41-0.60 -0.16:0.24 -0.06-0.19
3 0.00 -0.5@:0.65 0.09-0.53 0.13-0.22 0.06:-0.18
4 0.40 -0.2¢:0.51 -0.23:0.45 0.35-0.17 0.20-0.14
5 0.80 -0.66-0.46 -0.45-0.45 0.25-0.15 0.20-0.15

CXX @ ny @

Bin cost* 1.726 GeV¢ 1.771 GeV/c 1.726 GeV¢ 1.771 GeV¢
1 -0.80 2.08:1.99 -0.571.70 0.26-1.70 0.46-1.49
2 -0.40 -0.57%2.70 0.14-2.02 -1.52-1.66- -0.72-1.38
3 0.00 3.412.84 1.58-2.17 0.11-1.58 0.431.27
4 0.40 0.06:1.90 0.45-1.51 -0.79:1.20 1.64-1.05
5 0.80 1.14-1.00 0.39-0.94 0.8G-1.02 -0.95-0.85

CZZ @ CXZ @

Bin cos* 1.726 GeV¢ 1.771 GeV/c 1.726 GeV¢ 1.771 GeV¢
1 -0.80 0.41+2.31 1.05-1.93 0.56-2.01 -0.15-1.75
2 -0.40 -1.0%1.88 1.1*+1.55 0.972.04 -1.32:1.70
3 0.00 -0.97%1.76 -0.72:1.39 0.76-2.20 0.66-1.69
4 0.40 1.24-1.45 0.87-1.15 1.1%+1.63 -0.08-1.25
5 0.80 0.8%-0.42 1.24-1.08 -0.66-0.46 1.14-1.00

Cxx @ Fs @

Bin cosg* 1.726 GeV¢ 1.771 GeVic 1.726 GeV¢ 1.771 GeV¢
1 -0.80 -0.28:2.07 -0.271.84 0.82-0.87 0.26:0.74
2 -0.40 1.86-2.38 -0.52£1.72 0.22-0.92 0.74:0.72
3 0.00 1.3%2.27 2.09-1.75 0.83:-0.92 0.36-0.72
4 0.40 0.25:1.76 0.98-1.34 0.770.67 0.170.54
5 0.80 0.25:0.15 0.80-1.02 0.47-0.15 0.89-0.42

well-measuredpp— AA channel and greatly increase what  (4)_The angle- and energy-averaged singlet fraction for

has been known about the Comp|emen]iw_>AEO+ c.C. pp—>A20+ C.C. isS=0.64*+0.20 which indicates that it is
reactions. In particular, the large number of highly probable that both singlet and triplet production
pp—A3C+c.c. events has enabled extraction of the outgomechanisms are involved; for thgp— AA reaction, only
ing A and X polarizations, the spin correlation coefficients triplet production is observed in this energy regime.
and, from these, the first determination of the singlet frac- An important result stemming from earlier PS185 data
tion. o o on the pp—AA reaction was the determination of the
Comparison of th@p— AZ%+c.c. to thepp—AA chan-  coupling constantf . in the context of the Nijmegen
nel at common excess energies has been presented and yielgigtial wave analysi$6]. A strong motivation for increas-
the following significant findings. . ing the number of data points in the complementary reac-
(1) The _rato of total cross  sections, {ion pp—ASO+c.c. is to enable a comparable treatment
R=0(2°A)/o(AA)~0.27, appears to be independent ofin order to extract a value fofsyk. Using our prelimin-
excess energy in the low energy regime studied here. ary 1.726 GeW data, coupled with additional PS185
_ (2_The differential cross sections for the data, an update of the coupling constant extraction was
pp— A%+ c.c. reactions feature the onset of higher partialreported by ~ Timmermans [44]. The values
waves earlier in excess energy as compared to the3, /47=0.069(4) and§y/4m=0.005(2) were obtained.
pp— AA reaction. With the inclusion of this more complete data set on
(3) The A polarization structure is similar to that found in pp— AS%+ c.c. we expect the precision dRyk to improve
the pp—AA reaction; the3 polarization, although more such that a meaningful comparison of the coupling constants
poorly determined, indicates a behavior opposite in sign tcan be made, even to the level of possibly demonstrating
the A. SU(3) breaking[45].
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