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Search for strange baryonium states in pd interactions at 8.9 GeV/c
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A search for SU(3) manifestly exotic Q'Q baryonium states in antiproton-deuterium interac-
tions was carried out at the SLAC 40-in. hybrid bubble-chamber facility. The I = 2, S=1 chan-

nel, X, produced in conjunction with a forward produced neutral antikaon was studied. Such
X states would decay into an antihyperon and a baryon. The fast forward K was detected in a
three-view segmented calorimeter placed downstream of the bubble chamber and used as part of
the trigger. Upper limits of 0.50—1.63 pb are reported for the X ~Ann, X n, Ape. m.

X pm, X +no. +m exclusive channels based upon & 13 events per channel.

I. INTRODUCTION

There has been considerable interest in the search for
hadrons having quantum numbers not explainable in
terms of the conventional models of hadron structure. '

Indeed, a consistent view of hadron dynamics may re-
quire states with "exotic" hadron structure. For exam-
ple, duality in the baryon-antibaryon amplitude may
necessitate Q Q states. In the dual-topological-
unitarization approach to hadron physics, they are re-
garded as ordinary as mesons and baryons. In addition,
there are no dynamical reasons to exclude exotic states.
More complex quark configurations could, in principle,
exist in color-singlet states.

The Q Q (M~) structure is the simplest of these ex-
otic configurations that has a color-singlet state. Be-
cause the total number of spin-orbital angular momen-
tum degrees of freedom in M4 states is much greater
than for normal mesons, such states are expected to be
broad and plentiful and their resonances hard to identi-
fy. However, some models do specify M4 states which
could be quite stable and isolated in the mass spectrum.

The color-chemistry model of Chan and Hdgaasen'
groups the quarks into a diquark-antidiquark arrange-
ment where each of the diquarks are in a relative S-wave
state. Two possible arrangements that can give color-
singlet states emerged and were designated T-diquonium
(33) and M-diquonium (66). These diquonium states
have three possible decay modes: baryon-antibaryon BB
(baryonium), meson-meson MM (mesonium), and meson
cascade MM4. T-diquonium couples readily to BB in
the high l states. On the other hand, M-diquonium cou-
ples to BB only weakly, and for /&2 may not be
sufficiently stable against MM decay.

An initial search would appear to be preferred for T-
diquonium since its decays have the distinctive baryon-
antibaryon signature. By contrast, the M-diquonium
states would have a large multimeson background which
could hide a diquonium resonance. Also the mesonium
decays for M-diquonium states which are superallowed
by the Okubo-Zweig-Iizuka (OZI) rule are expected to

be quite broad since the diquonium configurations with
strongly overlapping wave functions are inherently un-

stable. %'e thus concentrate on baryonium processes.
Nicolescu has presented a comprehensive survey of

the evidence for exotic exchange processes where the
baryonium exchange hypothesis is favored. Strong can-
didates at present for narrow baryonium states are the
2020-MeV resonances reported by Azooz et al. Two
resonances of widths 14-20 MeV were seen at the 1-pb
level for

pp~(pfn )rr+rr tr (6 GeV),

pp ~tr&+(pn)sr+sr (9 GeV),

triggered by forward-produced protons and pions, re-
spectively. These results suggest a genuine cryptoexotic
NN multiplet with isospin 1.

More interesting, however, were the signals at 3.1

GeV/c recently reported by Bourquin et al. ' Three
narrow and coincident peaks (I &30 MeV/c ) were ob-
served in the channels

U+: Ape+~+,
U'. Ap~+~+~-,

U: Ape+~

at the 1.2-4.8-pb level. If these final states are the re-
sult of strong decays, then the U+ particle has the SU(3)
exotic quantum numbers 8 =0, Q = I, and S = —I, and
must contain at least four quarks sudd. It has been con-
vincingly argued that weak decays are improbable and
that the most natural identification of these states is as
an I =—,'strange baryonium multiplet. " However, the
existence of a U state is crucial to this interpretation
and must be experimentally established. (The decay
mode U ~Ape failed the trigger criterion in the
experiment above. )

Direct production of manifestly exotic states is ruled
out in MB reactions by planarity constraints, ' and in
BB processes by lack of the required exotic quantum
numbers in either pp or pn combinations. Some experi-
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ments attempted invariant or missing mass fits for exotic
mesons produced in the forward direction. ' More re-
cently, backward processes have been studied experimen-
tally and each of the allowed planar processes have
been surveyed with the exception of the reaction channel
to be considered in the present paper.

II. SELECTION OF THE REACTION CHANNEL
AND EXPERIMENT

Our experiment studies the production of SU(3) exotic
T-diquonium states in the reaction pn~E X at the
Stanford Linear Accelerator Center (SLAC) using the
SLAC hybrid bubble-chamber facility (SHF) modified by
the addition of a hadron calorimeter downstream. The
incident-beam momentum was 8.9 GeV/c and the
minimum E triggering energy was 3.5 GeV. The exper-
iment was sensitive to masses in the range from 2.2 to
3.6 GeV/c . An average resolution of 40—110 MeV/c
(depending upon the channel) was obtained from kine-
matic fitting. The search was restricted to Q= —1 and
S= + 1 baryon and antihyperon decay channels,
represented by

and

pn ~~+Z

3 3 33 =36 18 189

pn~E X

emerge as the most promising channels. If the enhance-
ment of the pn ~~+2 cross section is not too great
(see Fig. 2), the reduced background associated with the
pn ~E X reaction' could favor searches in that
channel. The pn~m+Z reaction channel has al-
ready been studied, ' so our search is complimentary,
providing the opportunity to conclude the survey of the
planar diagrams at the 1-pb level.

(2) The diquark model and color-symmetry arguments
indicate that the T-diquonium (M4 ~BB,BBM, . . . )

processes should dominate for backward production of
M4 (Ref. 18). Baryonium decays also appear to be
favored over mesonium decays, especially for high-l
states. '

(3) An examination of the fiavor-SU(3) symmetry of
the exotic system will allow us to write

=(278881)cgw(108)Ig (1088)(81) .

(where A, X, X, b, represent the baryon multiplets with
I =0, —,', 1, —'„respectively) and having no more than one
missing neutral.

The selection of this particular reaction channel was
motivated by the following considerations.

(1) Asymptotic planarity of the S matrix and kinemat-
ic considerations favor a production mechanism
BB~MM4 (see Fig. 1). Ignoring gluon exchange, the
color-singlet hypothesis would also favor T-diquonium in
this production mechanism. ' Therefore,

0.5—

0

(Gev )
-0.5—

I I/l
/

5 185

N pole

-1.0—

-1.5—

g pole

h pole

0.0 2g 48
M (GeV )

QB ~hhM

FIG. 1. Planar quark-line diagram for SU(3) exotic QQQQ
states in BB~MM4.

FIG. 2. Proximity of reaction channels to exchange poles
using a Chew-Low plot. The kinematic boundaries are indicat-
ed by dotted lines for (A) n. n ~pZ, (B) pn~E X, and
(C) pn ~~+Z . An enhancement is indicated for (C) by the
proximity of the boundary to its corresponding pole and is ap-
proximately an order of magnitude larger than (A).
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The manifestly exotic quantum numbers are found in the
27, 10, and 10 multiplets. The Z state can lie only in
the 27 multiplet; our state X lies in both decuplets,
however. For a given value of I, states in the 36 rnulti-
plet reside at M values approximately 1 GeV higher
than the corresponding 18 multiplet states. Therefore,
SU(3) exotic states found in either the 10 or 10 multi-
plets will likely lie closer to threshold than those in the
27 multiplet for given values of I. The widths of these
T-diquonium resonances are expected to fall within the
normal range associated with hadronic decays. Reso-
nances near the mass threshold, however, may be very
narrow due to kinematic suppression.

(4) The bubble chamber, because of its large angular
acceptance and the ionization information available for
low-momentum charged particles, is suitable for study-
ing the backward production of M4. The strange-
baryonium channel (X ) is expected to decay preferen-
tially to baryon-antihyperon, thereby supplying a distinc-
tive signature in a bubble chamber. The acceptance for
and identification of the slow-moving antihyperons are
quite good in the bubble chamber.

In addition, our X state has the opposite quark com-
position relative to the U+ resonance discussed earlier
(see the Introduction). Therefore, confirmation of the
strange baryonium hypothesis for the U multiplet is pos-
sible with this reaction channel if narrow signals are ob-
served and yield a Regge trajectory with an integral J
value corresponding to 3.1 GeV/c .

III. CHOICE OF TRIGGER

To facilitate the production and identification of X
states, we chose kinematic conditions such that E be
well separated in rapidity space from the X . We re-
quired a minimum rapidity gap of one-half unit, and ob-
tained a condition on the produced mass M:
M & s/&e. For our beam energy, this corresponds to a
mass upper limit of approximately 3.6 GeV. (The lower
limit of 2.2 GeV is set by the Ann. threshold. ) The
condition on the rapidity also places the I( trigger ener-

gy threshold approximately at 3.5 GeV. A segmented,
hadron calorimeter ' can be readily used to form a E
trigger for the X channel. The angle of the E can be
adequately reconstructed to yield an unconstrained fit on
the decays of interest. The energy resolution of the
calorimeter affords an acceptably sharp cut on the
forward-going momentum, and a loose but adequate con-
straint on momentum in the kinematic fit. The K 's

easily escape the chamber and provide essentially un-
biased angular acceptance. A calorimeter of moderate
size and density can be expected to convert virtually all
of the K 's and give an energy resolution of =50%/&E
(E in GeV). Significant contributions to the trigger rate,
however, are expected from charge-exchange processes
which produce an n in the forward direction. These n
events can be easily rejected in the scanning because
they cannot contribute to the distinctive signature of the
X decay.

IV. THE EXPERIMENTAL SETUP

A. Experimental apparatus

Figure 3 exhibits the setup of the apparatus for our
experiment. The primary p beam is collimated to
transmit hp/p=1% full width at half maximum. For
the rf separator operating at 8.9 GeV/c, the average p
composition of the beam was typically 50—60%.

Positioned just upstream of the bubble chamber were
the beam Cerenkov counter CB and the hodoscope BH
which provides a crude vertical position measurement of
the beam tracks. A beam track was defined by the coin-
cidence Sl BH, with pulse widths typically 4-nsec wide.
The p signal was defined by the logic Sl BH CB. (Fur-
ther details are given in Sec. IV B.)

There were four proportional wire chamber planes
upstream of the bubble chamber to provide beam posi-
tion information for resolving triggering ambiguities and
adjusting the measured beam parameters. The bubble
chamber had 110-cm diameter and 43-cm depth and
used three stereo views. The bubble-chamber magnet
was operated at the maximum field strength of 26.225
kG, but with a low bubble density (8 bubbles/cm) allow-
ing particle identification by track ionization for momen-
ta less than 1.5 GeV/c.

Immediately downstream from the bubble chamber
were three proportional wire chambers (PWC's) to mea-
sure track positions and momenta of fast outgoing
charged particles (Fig. 3). Placed 4 m downstream from
the bubble-chamber center were a collection of three
counters: a beam veto counter BV, a veto counter for
outgoing charged tracks Vl and V2 (CV), and the
calorimeter.

The BV counter was a narrow scintillation counter
( = 6 cm X 12 cm) matched to the dimensions of the
beam and placed to intercept and veto the noninteract-
ing beam after it is deflected by the magnet. Another
veto counter CV was placed in front of the calorimeter
to ensure that the calorimeter triggered only on neutral
particles. Placement of the calorimeter permitted ade-
quate angular acceptance for the K while minimizing
both the acceptance window of the veto counter for out-
going charged particles and the effects of the bubble-
charnber fringe field on the electronics of the calorime-
ter.

The calorimeter consisted of alternating layers of ab-
sorber and scintillator to provide three views of energy
deposition. It was segmented in both the longitudinal
(X) and transverse ( Y and Z) directions (Fig. 4). Energy
deposition profiles allowed reconstruction of the location
of the neutral hadron initiating the shower and its
shower development. The calorimeter was calibrated us-
ing pion beams at 7 and 9 GeV/c to ensure uniform
response in both the transverse and longitudinal
readouts for hadron showers initiated almost anywhere
inside the calorimeter. (Further details of the calorime-
ter design and calibration method can be found else-
where. )
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FIG. 3. Schematic of the modified SHF. S1 and BH represent the scintillator counter and beam hodoscope, respectively, for
beam definition; CB is the beam Cerenkov counter for particle identification; the PWC chambers define track points for the
momentum determination of high-energy particles; BV is the beam veto counter to ensure triggering on events with beam interac-
tions; and V1 and V2 are veto counters to ensure triggering on neutral particles.

B. The trigger

Our trigger consisted of both a hardware and software
component. The scintillation counters and summed out-
put from the calorimeter triggered the main processor in
less than 1 @sec. A software algorithm processed this in-

FIG. 4. Schematic view of the calorimeter. The numbering
of the tubes is sequential and increasing with the coordinate
values as indicated on the diagram.

formation from the calorimeter and PWC's to trigger the
bubble-chamber cameras (a time typically on the order
of 3-3.5 msec).

The hardware trigger was de6ned by S1.BH CB
~ BV CV gX;„,where gX;„represents a lower bound
on the sum of discriminated phototube pulse heights for
the longitudinal planes (X) of the calorimeter. In other
words, we required that there be a p defined by the
upstream counters (Sl BH CB), an interaction in the
bubble chamber (BV), a veto on charge particles entering
the calorimeter (CV), and a minimum deposition of ener-

gy in the calorimeter (gX;„).The discriminated pulses
from the X planes were channeled through a linear adder
circuit to compute gX. This "soft" energy cut was ob-

tained by adjusting appropriately the threshold level on
a discriminator receiving the summed X output signal.

Under normal experimental conditions, the down-
stream tagging apparatus will allow two triggers per
beam pulse; however, this cannot be permitted with our
neutral trigger since more than one primary interaction
in the chamber would make the assignment of the neu-
tral track ambiguous and the energy deposited in the
calorimeter would result from two events. So each
Sl.BH trigger initiated a 240-nsec gate (of which 100
nsec was pretrigger) suppressing the trigger for coin-
cidences with other neighboring SI.BH signals.

The software algorithm tested four conditions: (1)
Two of the four upstream planes were required to have
one and only one hit; (2) a lower cut on gX [now the
sum of the actual pulse heights read into the analog-to-
digital-convertor (ADC) channels] was imposed; (3) the
number of SI.BH counts per beam spill was required to
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be & 10; (4) we required two of the planes in the a PWC
to register & 2 hits. Condition (1) permitted beam
identification with less ambiguity and improved its posi-
tion and momentum reconstruction. Condition (2) im-

posed the energy cut. The final two conditions were in-
troduced to reduce the picture rate by discarding obvi-
ous unwanted events. The specification of the PWC
multiplicity cut (4) was determined by comparing the re-
sults of acceptance Monte Carlo calculations for various
PWC algorithms for 62000 frames of data taken with an
unbiased trigger at the beginning of the run cycle.

V. DATA REDUCTION WITH THE SHF
AND CALORIMETER

A. Bubble-chamber analysis

B. Neutral tracks from calorimeter data

The calorimeter was segmented in all views and cali-
brated to ensure approximately equal response over the
entirety of the detector. This makes it possible, in prin-
ciple, to supply the kinematic track parameters P, s, k,
and their corresponding errors for our neutral triggering
particles in addition to the usual energy deposition.

The average energy deposition is known to be propor-
tional to the sum of the pulse heights of all of the indivi-
dual channels and we write

N

E=a, gA; (2)

The film for this experiment contained 4)&10 triplets
plus 2X10 triplets exposed for calibration purposes.
Event-selection criteria required straight interacting
beam tracks with "vees" pointing to the primary or a
secondary vertex and/or "kinks" exhibiting incoming
track lengths and ionization characteristics of a X decay.
We demanded that these PWC data be properly matched
to the beam track in the chamber and that the number
of events not exceed one for any given frame. Approxi-
mately 10% of the film was rescanned to determine the
scan efficiency for locating vees or X's.

Events selected by the scanners were sent directly to
the measuring machine, which was equipped with a
three-view film drive and which could be operated with a
precision of one micron in the film plane. The guidance
program ARIEL, minimized track matching mistakes
by allowing a given track to be measured successively in
three views before the measurer had to divert his atten-
tion to another track.

The film setting error for our experiment was 5 pm, as
determined by examining the distribution of confidence
level for the successful K fits and the "pull" quantities
for P, s, and k of the outgoing tracks. The rms deviation
of measured versus fitted points in the film plane (frms)
shows little variation with respect to particle type and
peaks typically around 8 pm. Our experiment required
searching for exotic channels by utilizing kinematically
fitted data. For this reason we had the measurer skip
events with &6 prongs (including the spectator proton)
at the primary vertex.

where X represents all 122 channels and A, is the ADC
reading for the ith bin. Over a range +40 cm from the
center, this total sum was quite uniform over the trans-
verse coordinates of the calorimeter. The gain
coefficient a& is determined by comparing the values for
our noninteracting-beam data to the measured pulse-
height sums. Our expected error was dominated by sam-

pling and is approximately independent of shower loca-
tion. We obtained

0/E =52%/v E (E in GeV)

from the noninteracting-beam data.
The centroid values of the pulse heights in each direc-

tion are normally used to assign coordinates for the con-
structed end point. However, for our purposes the rnedi-
an provided a better, less biased estimate of (x ) than
the actual arithmetic mean since a large fraction of
events had showers with poor containment through the
sides of the calorimeter.

For most showers, the error on the shower location is
dominated again by energy sampling, and so the errors
have approximately a 1/v'E dependence for a given
shower width,

(4)

where K is the energy sampling coefficient, S is the stan-
dard deviation of the shower pulse-height distribution
for a given X, Y, or Z profile, and E is the energy sam-
pled (in GeV).

For well-contained showers, S can be determined in
the usual way. However, for poorly contained showers,
we developed an algorithm which could be applied in-
dependently of the shower containment. (Further details
of this analysis can be found elsewhere. )

C. Kinematic-fitting procedure

To determine if the event was likely to contain a
strange particle, the vees and kinks were fitted with the
usual strange-particle fitting hypotheses. Poorly fitting
X candidates were rejected, but positive identification re-
quired compatibility with the ionization information.

Events with at least one successful strange-particle
secondary-vertex fit were subjected to further processing.
For the vees, a three-constraint (3C) fit with confidence
level & 5% was required. The energy resolution of the
calorimeter restricted our fits to the one missing neutral
hypotheses. Fits with and without the calorimeter track
were tried to check whether the calorimeter deposition
could have resulted from processes other than forward-
going K 's. A confidence-level cut for passing event hy-
potheses was 5%%uo.

D. Selection of the T-diquonium event candidates

Events included in our T-diquoniurn analysis first had
to have adequate track information. The beam track
was required to fit both the nominal values for p, A, , P,
and the PWC information from the upstream chambers
at a confidence level of 0.1%%uo or greater. Because of
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some inefficiencies in the on-line data acquisition, some
events did not have beam tagging information available
and were rejected. Further, we rejected beam tracks
which fit only to the nominal TvGp beam values unless
there were PWC fits in the downstream chambers for
outgoing tracks. The PWC chambers provided the only

unambiguous signals linking the Cerenkov counter infor-
mation with the measured beam track. It was particu-
larly important for the weakly constrained 1C fits that
the beam particle identity be accurate to keep the back-
ground to a minimum.

Confidence levels of )5% were required for fitting the
secondary vertices A (3C) and X —(1C). The rest of the
event was subject to a kinematic fit covering all tracks
and vertices corresponding to one or more of the hy-
potheses

p psK A" m

psK

psK '~p~-~-

psK o~+„„~~
psK X p7r

where ps refers to the spectator proton. Again, passing
events required fits of a confidence level )5%.

Some additional comments are in order regarding the
selection procedure.

(1) We could not tolerate the loss of one constraint on
the fitting of the above 1C channels unless it was due to
the loss of the calorimeter momentum information, since
this value was already poorly determined.

(2) Events were checked with fitting hypotheses hav-

ing no K required in the calorimeter to see if the
calorimeter could have been triggered by one of the
remaining tracks in the event. This could occur, in prin-
ciple, in one of three ways: (a) interaction events in the
bubble-chamber window, (b) false triggers by charged
tracks not vetoed by the veto counter, or (c) triggers as-
sociated with other missing neutrals.

(3) All accepted fitting hypotheses had to be con-
sistent with the ionization information obtained from the
bubble chamber. Each event was checked on the scan
table and particle identity was assigned by comparing
the visual ionization with the values determined by the
fitted track parameters. The identification criteria were
loose enough so that tracks could be ambiguously as-
signed several possible identities rather than risk
misidentification.

K. Normalization

Table I gives information required for normalizing the
cross sections (or upper limits). Here we present a sum-
rnary of the most important considerations that were in-
volved in these calculations.

The beam luminosity was determined from the scalers
which monitored the trigger counters. The total number
of p 's passing through our experimental apparatus dur-
ing the run cycle was found to be =1.7&10. This

TABLE I. Summary of corrections for the cross-section
normalization.

Beam interaction
Trigger particle interaction
Beam-tagging efficiency
Calorimeter/fast-trigger dead time
Calorimeter efficiencies

Scanning efficiencies

Data-processing efficiencies

1C events
3C events

A

X
Ann
X n

Ape. m.

X p~
X nm+m.

0.840+0.010
0.102+0.013
0.738+0.024
0.677+0.002
0.968+0.003
0.926+0.019
0.915+0.011
0.977+0.016
0.930+0.010
0.758+0.036
0.844+0.018
0.699+0.040
0.699+0.040

number was adjusted to correct for the inefficiencies as-
sociated with the beam scintillation and Cerenkov
counters and includes the camera dead time. The num-

ber of interacting beam particles was estimated for a
deuterium-filled chamber operating at 20 K and 10 atm
pressure. The fiducial volume for primary interactions
allowed by the scan rules is =84% of the visible volume
of the bubble chamber. If we also include the correction
for K interactions in deuterium but ignore trigger dead
time, we can set for pn~K (inclusive) interactions a
value of 29.3+0.8 events/pb for our experiment.

As previously mentioned, multiple beam interactions
in the bubble chamber during a given beam pulse would
have presented difficulties in our analysis. It was there-
fore necessary to set up a gate to veto unresolved beam
particles. This triggered dead-time value (which in

Table I represents the percentage of beam particles that
survive) was determined using a Monte Carlo calculation
which simulated the structure of the beam spill and im-

posed the gating constraints. Dead time due to the pro-
cessing of the fast-trigger algorithm was insignificant.
Each time the fast-trigger requirements were satisfied,
however, the software algorithm was activated; so each
beam particle satisfying the fast trigger requirements
killed the remainder of the beam spill. Our value (see
Table I) includes this correction.

The efficiency of our beam-fitting procedure was
defined by the fraction of beam tracks accepted out of a
total sample of good beam tracks (i.e., those known to
have been associated with the trigger). This sample was
obtained by considering noninteracting-beam data and
selecting events with )5%-confidence-level fits in the
downstream PWC's alone. (This condition ensured that
we had located the right beam track. ) The distribution
for fits in the upstream chambers were then examined in-

dependently for events which passed and failed the
downstream PWC fitting criteria. The distributions sug-
gested a confidence level cut of 0.1%, for which the frac-
tion of good beam tracks lost was 25.2%.

Our event-selection criteria included the requirement
of kinematic fits to the whole event. The fits fell into
two categories: those with and those without missing
neutrons, corresponding to 1C and 3C fits, respectively.
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F. Trigger acceptances

The acceptance of our trigger for each of the exclusive
channels of interest was determined by using a Monte

(The calorimeter track parameters are used in both of
these fits. ) The confidence-level distribution (Fig. 5) are
reasonably flat with a slight rise toward the low end.
Since they only indicate a slight underestimation of the
errors, a reasonable approximation of the number of
good events in the background peak can be obtained by
extrapolating a polynomial curve (fitted over the data
from 0.15 to 1.0) back to 0.0. We choose a confidence-
level cut at 5%. The calorimeter efficiency is computed
by comparing the above acceptance value to the expect-
ed value for this cut (see Table I).

Carlo calculation. A distribution of t values for the E
inclusive processes to be used in the calculation was
plotted (Fig. 6) using 1C multivertex kinematic fits with
the calorimeter track identified as a E . We can justify
the use of the K inclusive data for our estimation by
noting that all planar diagrams with a E fast forward
on pn scattering require a X hyperon exchange (assum-

ing single-particle processes dominate). 2s Our Monte
Carlo program estimated acceptance values for the fol-
lowing additional considerations (please refer to the first
column of Table II).

(1) Events with K reaching the fiducial volume of the
calorimeter. The acceptance window was set 5 cm away
from the sides of the calorimeter.

(2) Events with visible strange-particle decays having
primary interactions within the fiducial volume of the
bubble chamber. The secondary vertices were
sufFiciently far from the chamber wall to allow a good
determination of the track parameters for all of the
charged tracks in the event.

(3) Events with no signals produced in the veto
counter CV. Signals in the CV counter can result from
the charged particles originating from the M4 decay, as
is frequently true for the higher-momentum protons
and/or p 's. The calculation takes into account the mea-
sured eSciency of the veto counter CV.

(4) Events with only one neutral particle within the
acceptance window of the calorimeter. This problem is

TABLE II. Monte Carlo acceptances for the S =1 T-diquonium channels (2000 events). Each of
the entries in the first column are explained in Sec. V F of the text.

K acceptance
Fiducial volume
Veto counter
Single particle
a PWC
Overall

0.957
0.826
0.844
0.870
0.974
0.564

0.957
0.972
0.989
0.797
0.998
0.732

0.957
0.843
0.814
1.000
0.839
0.552

0.957
0.969
0.877
0.875
0.987
0.702

0.957
0.984
0.974
0.633
0.980
0.569
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TABLE III. Topological distribution for events with (4 prongs. (A visible spectator proton is
counted as a prong. )

Topology

1 vee
2 vees
1 positive kink
1 negative kink
1 vee, 1 positive kink
1 vee, 1 negative kink

1 Prong

374
55
0

70
0

56

2 Prong

262
44

5

68
0

37

3 Prong

282
21
26
88
13
42

4 Prong

146
21
28
42

8

9

particularly acute for our T-diquonium channels where
the neutrons and n s typically have mornenta &40% of
the momentum of the EC .

(5) Events satisfying the downstream PWC require-
ments. Our trigger algorithm required & 2 hits in two of
the planes of the a chamber. This cut was imposed to
eliminate events with three or more forward-going
charged particles from the data sample. The elciency
for vetoing & 3 charged tracks crossing the a chamber is
found to be close to 100%, but accidentals can cause
some legitimate events to be vetoed as we11.

VI. RESULTS FOR THE STRANGE
T-DIQUONIUM SEARCH

The events with visible strangeness represent about
2 —3%%uo of the total sample. In Table III, we present a
topological breakdown for these events having & 4
prongs, satisfying the beam-6tting criteria, and having
all tracks processed successfully. The E and A parti-
cles are produced predominantly at low momentum for-
ward in the laboratory system. However, the A's are
produced backward in the center-of-mass system, while

e0—

I I

I

I I

K' (a)

I I

I

1 I I I

ep—

I I

I
I I I I

I

I I

(b)

U

C)
4
C4

40—

20—

CQ

O

C4

4

40—

20—

p I I I I I

-2 -1
I I I I I I I I I I ~ |w r1 I

0 1 2
P, (GeV/c)

0 I I I I I J I I I I I i I

-2 -1 0
P, (GeV/c)

I I I I I I I

20 I

I

I I I I

I
I I

X (c)
40 I I

I

I I I

I

1 I I I I I

I

I 1

~- (d)

0

4
C4

8

15—

10—

0

C)

C4

8

30—

20—

10—

L

—1 0
P, (GeV/c)

FIG. 7. Longitudinal component of c.m.
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1/2 prong
3/4 prong

62
23

96
80

the E 's are evenly distributed forward and backward
[see Fig. 7(b)]. The A's are seen to be predominantly
forward in the c.m. system [Fig. 7(d)]. These phenome-
na are all consistent with the dominance of single-
particle-exchange processes.

For the X candidates we required successful 1C fits to
the decay vertex and demanded that the fitted values for
ionization be consistent with the values observed in the
bubble chamber. Many 2/2 ambiguities were not
resolved and become part of the background. For events
with A and X candidates we present the charged multi-
plicities (which includes the spectator proton) in Table
IV. Applying the event-fitting criteria discussed in Sec.
V C, each of the three- and four-prong channels have
fewer than 4 events. However, in the Ann. and X n

TABLE IV. Topological distribution of A and X events with
(4 prongs.

Topology

channels, there are 19 and 32 events, respectively.
For these two channels we present the distribution of

the production angle cosine in the center-of-mass frame
(Fig. 8). We now introduce a kinematic cut (accepting
only events with the E trigger momentum & 3.5
GeV/c) to isolate that part of the phase space where the
T-diquonium would be backward produced and isolated
in rapidity from the K . The events surviving this cut,
indicated by the shaded histograms in Fig. 8, clearly
show evidence of single-hyperon-exchange processes, as
expected.

Finally, in Fig. 9 are plotted the invariant masses for
these two channels for the events surviving the kinemat-
ic cut. Neither of these distributions exhibit any
significant signal, as can be seen by comparison with the
calculated phase-space backgrounds superimposed on
each histogram. The bin widths of 40 MeV/c and 100
MeV/c corresponded approximately to the average
mass resolutions (o ) for the Ann and X n, channels,
respectively. The difference in the mass resolution for
the two channels is due to the poorer measurement of
the X momentum from the bubble-chamber data.

To estimate the upper limits we chose a four-bin-wide
mass interval (i.e., four times the average a for individu-
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FIG. 8. c.m. production cosine for T-diquonium sample.
Shaded part of the histogram indicates those events surviving
the kinematic cut on K momenta. (a) Ann. channel. (b)
X n channel.

FIG. 9. Invariant masses for T-diquonium sample surviving
all cuts. Monte Carlo —generated background curves are super-
imposed. (a) An m. channel. (b) X n channel.
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al events) which has the largest excess of events above
the smooth background curve. We then assumed that
these no events originated from a signal s plus a back-
ground b, where b was determined from the phase-space
considerations above. We determined the mean value p
for a Poisson distribution which would give a probability
of 0.05 for getting the observed number or fewer counts
in that bin. The 95% confidence limit for s was then
given by s =p —b. Application of the acceptance cri-
terion [by using the acceptance factors from Tables I
and II on the pn ~K (inclusive) sensitivity value of 29.3
events/pb] yielded a sensitivity S (events/ttb) for each
channel. This value was divided into the confidence lim-
it s obtained above to produce the cross-section upper
limit. Inherent in our procedure is the assumption that
the resonance width is considerably less than 160
MeV/c for the Anger channel and 400 MeV/c for the
X n channel.

A similar procedure was followed for the three- and
four-prong channels which remain. Application of the
kinematic cut yielded only one event in the X pm
channel, however, and no events in the other channels.
Note that for the channels containing zero events,
no ——b=0 and s =p. For simplicity, the upper limits
were applied to the entire mass range of interest
(2.2 &Mx & 3.6 GeV/c ). In Table V we exhibit a sum-

mary of the individual channel sensitivities and the I cr

95% confidence limit for the backward-produced I = —,
'

T-diquonium. A representative value for these channels
would be 0.9 pb.

In summary, a survey of several exclusive mass distri-
butions (Antr, X n, Ape. tr, Xpm, and
X*ntr+tr ) in the reaction pn —+K&X at 8.9 GeV/c,
found no evidence of the SU(3) exotic states in the mass
range 2.2—3.6 GeV/c . (The particular configuration of
our trigger did not permit an analysis of semi-inclusive
or inclusive mass distributions. ) Ninety-five percent
confidence limits were found in the range 0.50-1.63 pb
for the various channels. We have argued that the pn
reaction channels are favored for Q Q production in
the backward direction assuming asymptotic planarity
and the color-singlet hypothesis. Our upper limit values
for exotic Q Q production are consistent with the cross
sections for the cryptoexotic multiplet observed by

TABLE V. Channel sensitivities and 95%-confidence-level
upper limits on cross section &( branching ratio for the mass
range 2.2&M& (3.6 GeV/c .

Channels

An m.

X n

Ape n

X pm
X*nm~~-

S (events/pb)

6.8
7.4
6.0
6.5
5.3

95 fo-C.L. upper limits (pb)

1.23
1.63
0.68
0.50
0.57

Azooz and collaborators mentioned earlier. In fact, our
limits are comparable with those obtained in the other
planar processes m+p ~nf Z++ by Alam et al. ,
~+p~AfX++ by Baltay et al. , and pn~~f+Z by
Azooz et al. , but are approximately an order of magni-

tude larger than those set in the m. n pfZ search. '

Finally, though our limits are of the same order of mag-
nitude as cross sections of the U multiplet discussed ear-
lier, the production mechanisms are quite different, pre-
cluding a direct comparison with our results.
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