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We have searched for evidence of the production and decay of a neu-
tral bound-state pentaquark, one of a predicted doublet of states:
PY, = |esuud) and Pz, = |csddu). Specifically, we have searched for
the decay P9, — K*YK~p in data from Fermilab experiment E791,
in which a 500 GeV/c 7~ beam interacted with nuclear targets.
We find mass-dependent upper limits at the 90% confidence level
for the ratio of cross section times branching fraction of this de-
cay relative to that for the decay D; — K**K~. The upper limits
vary between 0.016 and 0.036 for M (PY,) between 2.75 and 2.91
GeV/c?, assuming a pentaquark lifetime of 0.4 ps.

The spectrum of observed hadrons generally fits into multiplets of two- and
three-quark states. The mass differences within these multiplets can be ex-
plained by effective quark masses and the color-hyperfine (CH) interaction in
the QCD Hamiltonian. Calculations done using the CH interaction predict the
existence of particles consisting of more than three quarks. Jaffe [1] predicted
the existence of the H dibaryon, H = |uuddss), and extensive efforts have
been made to find it experimentally [2]. Lipkin [3] and Gignoux et al. [4] have
proposed that a doublet of states, the PY = |esuud) and the P, = |csddu)
and their charge conjugate states, may exist and be stable against strong de-
cays. These are referred to as pentaquarks.

There is a threshold for the strong decay of each of the pentaquarks. Above
2.907 GeV/c?, the PS can decay to D, and a proton. Calculations done
using only the CH interaction predict pentaquark masses which vary from
150 MeV/c? below the D;—nucleon threshold to a few tens of MeV/c? be-
low threshold, depending on how SU(3)g400r symmetry is broken and how the
mass of the charm antiquark is taken into account [4]. Contributions to the
binding energy from other components of the Hamiltonian are also model de-
pendent. Calculations done using an instanton model [5], bag models [6,7],
and a Skyrme model [8] conclude that, depending upon the choice of parame-
ters, the pentaquark is bound or is a near-threshold resonance. If bound, the
lifetime is expected to be similar to that of charm particles, with the exact
value depending upon unknown internal structure. In a description of the pen-
taquark as an off-shell charm meson and a spectator baryon, it is assumed that
the off-shell meson decays to the same decay products as the free meson. The
pentaquark lifetime would then be similar to that of the D charm meson,
0.47 ps[9]. A description of the pentaquark as a five-quark state allows more
interactions among the quarks and consequently may lead to a shorter lifetime.
In the work described here, we have considered lifetimes ranging from 0.1 ps
to 1.0 ps, and P, masses ranging from 2.750 GeV/c* (the lowest predicted)

to the threshold at 2.907 GeV/c2.



Various mechanisms for pentaquark production have been discussed by Lip-
kin [10]. However, only crude estimates of the pentaquark production cross
section exist in the literature. One mechanism considers the production of all
five quarks in the interaction [11] and is based on an empirically motivated
equation which predicts reasonably well the production cross section of other
charm particles. Another mechanism is the coalescence model, in which pen-
taquark components such as the D and a nucleon are produced in the reaction
and fuse into one particle while in overlapping regions of phase-space[12]. In
both models, pentaquark production is primarily central; i.e., the spectrum
of the scaled longitudinal momentum (x,) peaks near zero. Estimated pen-
taquark production cross sections range between 10~ and 10~2 times that of
the D [11,12].

In this letter we report results from a search for pentaquark production and
decay via P2, — K**K~p. We have previously reported the results of a search
for P) — ¢m p[13] which contains the same stable hadrons in the final
state (K~ K7~ p). We measure the product of cross section times branching-
fraction (o - B) for P% — K*K~p relative to that for D; — K**K~. This
ratio is the quantity measured most directly, and it is the quantity predicted
most easily by theory. For each of these decay modes we consider the sum of
particle and antiparticle, and charge conjugate modes are implied throughout
this paper.

We use data from experiment E791[14] which recorded 2 x 10'° 500 GeV/c
7~ -nucleon interactions during the 1991/92 fixed-target run at Fermilab. The
segmented target consisted of one platinum foil and four diamond foils sep-
arated by gaps of 1.34 to 1.39 ¢m. Each foil was approximately 0.4% of an
interaction length thick (0.5 mm for platinum and 1.6 mm for diamond). Pen-
taquarks with lifetimes in the range expected and produced with momenta in
the range for which the detector has good geometric acceptance should decay
most frequently in the air gaps between the foils. As for other charm signals,
the backgrounds for pentaquark signals should be lower in these gaps. For com-
parison, the average decay length of a Dy of momentum 80 GeV/¢, roughly
the mean value we observe, is approximately 6 mm. There were six planes
of silicon microstrip detectors (SMDs) and eight proportional wire chambers
(PWCs) used to track the beam particles. The downstream detector consisted
of 17 planes of SMDs for vertex detection, 35 drift chamber planes, two PWCs,
and two magnets for momentum analysis. Two multicell threshold Cerenkov
counters[15] with nominal pion thresholds of 6 GeV/c and 11 GeV /¢ provided
charged 7, K, and p identification. Electromagnetic and hadronic calorimeters
were used for online triggering and for electron identification. Two planes of
scintillators behind an equivalent of 2.4 m of iron provided muon identification.
An interaction pre-trigger required a beam particle and an interaction in the



target. A very loose transverse energy trigger based on the energy deposited
in the calorimeters and a fast data acquisition system [16] allowed us to collect
data at a rate of up to 30 Mbytes/s with 50us/event dead time and to write
data to tape at a rate of 10 Mbytes/s. Data were written to tape continuously,
including the periods between beam pulses (allowing all the collected data to
be written to tape).

We have searched for the pentaquark decay P — K**K~p in which the

K*° subsequently decays to KTm7—. We normahze to the signal observed for
D, — K*YK~ where the K*° subsequently decays to K7 . The P% and D
decays share significant features so that several systematic errors common to
both decay modes cancel in the ratio of cross section times branching fraction.
We calculate the relative acceptance of our detector for these two modes using
a Monte Carlo simulation. The production of the P% was modeled using the
PYTHIA particle generator [17]. The pentaquarks were given a lifetime of 0.4
ps and masses of 2.75 and 2.83 GeV/c?. Acceptances for other pentaquark life-
times were obtained by weighting Monte Carlo generated events. Acceptances
for other pentaquark masses were obtained by interpolating and extrapolat-
ing. Each P2 was introduced into the LUND list of particles (replacing the
ECO) and was forced to decay to K**K~p — K+ K7~ p. This method resulted
primarily in centrally produced P%’s, with an 2 distribution of approximately
(1—|zx|)** for the 2 range where we have acceptance. This value is typical of
charm production. Pentaquark decay was modeled assuming a uniform phase
space density for the K**K~p particles.

Data reconstruction and additional event selection (filtering) were done using
offline parallel processing systems [18]. Events with evidence of well-separated
production (primary) and decay (secondary) vertices were retained for further
analysis. Candidate PY, — K*YK ~p decays were selected from events in which
at least one four-prong decay vertex could be reconstructed using any combi-
nation of good tracks. At the same time, candidate D; — K**K~ decays (for
normalization) were selected from events in which at least one three-prong
decay vertex could be reconstructed. For both decay modes, the two kaon
candidates were required to have opposite charge, and the total charge was
required to be either zero (for the P candidates) or —1 (for the D] candi-
dates). The K*° candidate was required to have an invariant mass within 50
MeV/c? of the nominal K*° mass, and the K*° daughter tracks were required
to pass within 50 pym of each other.

To avoid bias in determining P2, selection criteria, we masked the signal region
in the data sample (2.75 — 2.91 GeV/c?) until the final criteria were deter-
mined. Most selection criteria were chosen to maximize S/v/B, where S was



the signal from a Monte Carlo simulation and B was the background rate in
the data sample outside the signal region. In addition, we used the D} data in
conjunction with Monte Carlo simulations to determine the optimal Cerenkov
cuts for the kaons, and we used the D° — K—7~7T7T data in conjunction
with Monte Carlo simulations to determine some of the vertex separation and
other topological criteria.

The P2 decay vertex was required to be well-separated from the production
vertex with Az > 100,, where Az is the separation between the two vertices
and o, is the error on Az. The decay vertex was required to lie outside the
target foils and other solid material. We required d > 2.5 04, where d is the
distance to the closest solid material and oy is the error on d. The decay vertex
had to be isolated from its neighboring tracks by at least 10 gm. The momen-
tum vector of the P2 candidate was required to point back to the primary
vertex with an impact parameter less than 30 um. At least three of the four
tracks had to belong to a secondary vertex candidate identified at the filter
stage. In addition, we required the tracks in the vertex to point back to the
secondary vertex more consistently than to the primary vertex — most impor-
tantly, we required that IL;(r,/r,) < 0.001, where r, is the impact parameter
of a track with respect to the primary vertex, r, is the impact parameter of
a track with respect to the secondary vertex, and the product runs over all
tracks ¢ in the secondary vertex.

The Cerenkov detectors were used to identify charged 7, K, and p candidates
using an algorithm which compared the light collected in the cells of each
detector with the level expected for each mass hypothesis for a track having
the measured momentum[15]. Nominal probabilities for each hypothesis were
calculated. Kaon candidates were required to have momenta greater than 6
GeV/c and to produce less light than expected for pions. This requirement
produced efficiencies greater than 60% for real kaons with momenta between
6 and 36 GeV/c (and decreasing for greater momenta) and excluded approxi-
mately 85% of real pions and 60% of real protons. We also required that the
product of the two kaon candidates’ kaon Cerenkov probabilities be greater
than a nominal value; this further reduced background by 40% while reducing
signal efficiency by only 5%. Proton candidates were required to have momenta
in the range 21 — 75 GeV/c, where the Cerenkov detectors could discriminate
most reliably between protons and kaons. The proton momentum range plus
Cerenkov identification criteria yielded an efficiency for real protons greater
than 45% while excluding 90% of real pions and 75% of real kaons.

We required that the sum of the squared transverse momenta (3 p?) of the four
tracks, relative to the candidate P2, direction, be greater than 0.5 (GeV/c)?.



The Q-value of the P2 decay (about 700 — 800 MeV/c? for binding energies in
the range theoretically expected) determines the spectrum for this quantity,
so the efficiency was determined directly using the Monte Carlo simulation.
We checked that the Monte Carlo correctly produced the corresponding 3" p?
spectra for decays of other particles.

We eliminated potential background by excluding events in which the K*°
candidate momentum vector projected back to the primary vertex with an
impact parameter less than 40 um; by excluding events in which the two kaon
candidates formed a good ¢ — K™K~ candidate; and by excluding events
in which either kaon or proton candidates pointed to a small region of the
Cerenkov detector with a gap in the mirror planes at beam elevation. We also
eliminated candidates in which one of the tracks was consistent with emerging
from a secondary interaction in one of the target foils. Finally, we removed all
K*K 7 p candidates which had invariant masses consistent with that of the
D when identified as Knr.

The selection criteria for the candidate D; — K**K~ decays used for nor-
malization were as similar as possible to those used for the candidate P2 —
K*YK~p decays, to minimize uncertainty in the relative acceptance. The kaon
identification and kinematic criteria were identical. The topological criteria
(vertex separation, isolation, etc.) were nominally the same but resulted in
different efficiencies because three-prong decays and four-prong decays differ
kinematically. The ratios of efficiencies as functions of P2 — K**K ~p lifetime
and mass were studied using Monte Carlo simulations, and the results are

discussed below.

Following the final determination of the selection criteria, we unmasked the
signal region and observed the K+ K~ 7~ p invariant mass spectrum shown in
Fig. 1. The events in the expected signal region, 2.75 —2.91 GeV/c?, are cross-
hatched. The expected resolution for a P, — K**K ~p signal is approximately
11 MeV/c%. One event above the D, p threshold is kinematically consistent
with the D_ p hypothesis and one is kinematically consistent with the D~ p hy-
pothesis (with D= — K~ K*7~). These two events are denoted with slanted
lines. No structure is evident in this spectrum, and we calculate upper limits
on the ratio of cross section times branching fraction for the P2, decaying into
K**Kp relative to that for D, decaying into K*K .

In Fig. 2 we show the invariant mass distribution of K™K~ 7~ candidates
which pass our D; — K** K~ selection criteria. The background under the D
signal is highly asymmetric; Cabibbo-favored D~ — K7~ 7~ signal events



that are misidentified as K+ K~ 7~ form a reflection which preferentially pop-
ulates the region above the D mass. We fit the data in the D, mass region
using maximum likelihood fits with backgrounds based on the levels observed
both below and above the signal region. From these fits we estimate a signal
of 725 + 88 D; — K* K~ events. The error includes both statistical and
systematic errors; it is dominated by the systematic uncertainty in the shape
and level of the D~ — K*7n~ 7~ reflection under the D] signal.

We use the spectrum of Fig. 1 and the number of D, events extracted from
Fig. 2 to calculate 90% C.L. upper limits on the ratio of cross section times
branching fraction for the P2 decaying to K**K p relative to that for D
decaying to K**K~. For a particular K**K~p invariant mass, we calculate
the upper limit & as follows:

¢ ( Op - BP—)K*Kp > _ N/5P—>K*Kp . (1)

Op, - BDS—>K*K NDS—>K*K/€DS—>K*K

In this equation, p is the 90% C.L. upper limit (see page 177 in ref. [9]) on
the number of P2, — K**K~p decays in a 40 MeV/c? mass range (the ranges
specified in Table 1), given the number of events observed. This expression
includes background as potential signal, and thus we arrive at a conservative
upper limit. The quantity Np _,x.x is the 725 £ 88 decays obtained from
the normalization sample (Fig. 2). The quantities €p_, s, and € D, K+*K are
the detection efficiencies for P, — K**K~p and D; — K**K~, respectively,
obtained from the Monte Carlo simulation. The P2 — K**K ~p efficiency de-
pends on the pentaquark mass and lifetime. For M(P2) = 2.83 GeV/c? and
7(Pg,) = 0.40 ps, we find ep_, g gep/Ep, o & 0.29 (With €, geuge = 0.4%);
the systematic error on this ratio is discussed below. We determine limits in
the mass range extending from the lowest mass expected based on the color-
hyperfine interaction (2.75 GeV/c?) to the threshold for strong decay of the
P2 (2.91 GeV/c?).

Systematic uncertainties arise from discrepancies between the data and the
Monte Carlo simulations and from assumptions made about the pentaquark
production mechanism. We estimate one-standard-deviation Gaussian errors
for a variety of sources (the most important of which are discussed below),
add the resulting fractional errors in quadrature, and then increase the upper
limits obtained from Eq. 1 by a correction factor following the prescription
of Cousins and Highland[19]. The upper limit on the number of observed
candidates, p, in Eq. (1) is replaced by

i= i =) x 5] )



Here, u is the upper limit on the number of events as used in Eq. (1), S is
the number of data events observed, and £ is the sum in quadrature of the
(fractional) statistical and systematic errors.

Varying the exponent of (1 — |zr|)™ in the Monte Carlo simulation of the pen-
taquark by & 1 changes the acceptance by 10%, and we use this value for the
fractional uncertainty in acceptance due to our lack of knowledge of the pro-
duction dynamics. A study of protons originating from A — 7~ p decays found
a 12% difference between Cerenkov efficiency in Monte Carlo simulation and
in data, and we include this as an additional systematic uncertainty. Studies
of our vertex selection algorithm give an uncertainty of 8% in the ratios of
the efficiencies for the P2 and the corresponding D; decays. The statistical
uncertainties in the Monte Carlo simulations lead to a 7% uncertainty in the
ratio of the reconstruction efficiencies for the P2 and the corresponding D,
decay. Most other selection criteria produced efficiencies which cancel in the
ratio of cross section times branching fraction, and each of the other system-
atic uncertainties studied contributed a fractional error of less than 4%. The

systematic uncertainties added in quadrature total 20%.

The upper limits we obtain for four mass bins are listed in Table 1. The first
column specifies the mass range. The second column shows the ratio of Monte
Carlo efficiencies for that range, assuming 7(P2) = 0.40 ps. The third column
lists the number of events observed in that range. The fourth column lists
the 90% C.L. upper limits on the number of P2, — K**K p decays (assum-
ing no background), and the fifth column lists the effective upper limits on
the number of decays calculated according to the prescription of Cousins and
Highland (see Eq. 2). The last column gives the final upper limit on the ratio
of cross section times branching fraction for P% — K**K~p relative to that
for D - K*K~.

The P2 detection efficiency is a strong function of lifetime, and theoretical
estimates of the lifetime range over an order of magnitude. In Fig. 3(a) we
show the acceptance for a 2.83 GeV/c? P2 as a function of lifetime. At short
lifetimes the decay vertices are not well-separated from the primary vertices.
At long lifetimes many of the decay vertices extend beyond our fiducial vol-
ume. In the range 0.1 ps - 1.0 ps, where one expects the pentaquark lifetime
to lie, the acceptance is increasing monotonically with lifetime. This leads to
upper limits which decrease as lifetime increases, as shown in Fig. 3(b). For
P? lifetimes one half that of the D or greater, our upper limits on the ratio
of cross section times branching fraction are a few percent. To the extent that
the branching fractions for P) — K**K~p and D; — K**K~ are the same,
the limits on cross section times branching fraction constrain the pentaquark



production cross section to be less than a few percent of that for the D .

The results of this study are very similar to those of an earlier one in which
we found 90% C.L. upper limits for the ratios of cross section times branching
fraction for PY — ¢7p relative to those for Dy — ¢m~[13]. For that ratio we
obtained limits that were 2% — 4% for the P2, mass range 2.75 — 2.91GeV/c?.
However, limits on ratios of production cross sections times branching frac-
tions do not translate directly into limits on relative production cross sections
for the parent particles. Although the branching fractions for D; — K*0K~
and for D — ¢~ are very similar, and the ratio of corresponding branching
fractions for P2 would also be similar for a pentaquark that is dominantly
an off-shell Dy and a spectator proton, other models of pentaquarks give
different ratios of branching fractions. For example, another simple model
assumes the matrix elements are the same for the three-body final states
K*K p and ¢7 p (as is true for the corresponding two-body matrix ele-
ments in D; decay), and that they are constant over the Dalitz plot. The
ratio of branching fractions is then determined by three-body phase space.
In this case, T'(PY — ¢7p)/T(PY — K**K~p) ~ 1.95 for a P% mass of
2.75 GeV/c? and decreases linearly to a value ~ 1.70 for a P2, mass of 2.91
GeV/c?. Thus the ¢m~p branching fraction would be larger than the K**K~p
branching fraction, and the limits on P2, cross section would be more stringent

from the ¢~ p measurement.

In summary, we have searched for the decay of a bound pentaquark via its
decay P2 — K*°K~p. We chose our selection criteria while masking the signal
region in the data sample to avoid bias. We see no evidence of this final state
in our data. For pentaquarks having mass in the range 2.75 GeV/c? to 2.91
GeV/c? and lifetimes of 0.4 ps, we obtain upper limits that lie in the range
1.6% — 3.6% for the ratio of o - B for P2 — K**K~p relative to that for
D; — K*'K. Depending on assumptions made about decay mechanisms, the
limits on the ratios of cross section times branching fraction can be converted
into limits on ratios of production cross sections. These upper limits approach
the theoretical predictions.
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Fig. 2. The K~ Kt~ invariant mass distribution for events which satisfy the final
K*9K~ selection criteria described in the text. The D normalization signal is seen
clearly. The level of the background under the D} signal was determined from the
background levels observed above and below the signal region and from studies of
D~ — K'™rn 7~ reflections, as discussed in the text. The part of the shaded area
in the D, signal region indicates the overall level of the background there.
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