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We have observed four new decay modes of the charmed baryon A} using
data collected with the CLEO II detector. Three decay modes, A} — pK®yp,
Anxt, and T+, are first observations of final states with an 7 meson, while
the fourth mode, A} — AKC®K*, requires an 33 quark pair to be popped out of
the vacuum. The branching ratios relative to A¥ — pK~x+ are measured to
be 0.251+0.0540.04, 0.36+0.06+0.05,0.10+0.03+0.02, and 0.1140.02+0.02,
respectively.

(CLEO Collaboration)

*Permanent address: University of Hawaii at Manoa

1



I. INTRODUCTION

In the past year, CLEO has measured the exclusive decays of the A} into A(nx)*,
Lo(nx)*, ¥ (nx)®, pK~(nx)*, and pK?(nn)°, where n < 3 and includes up to one x° [1-4].
In addition, CLEO has observed decays that are expected to occur solely through the W-
exchange diagram, namely, A} — S*K+K~, Z0K+, and =~ K*+x+ [5]. Figure 1 displays
these branching fractions relative to the normalizing decay mode A} — pK~x*. Many
of these modes were first observations, especially modes that contain neutral particles, for
which the CLEQ detector is highly efficient. Using the PDG value of B(A} — pK~x*) =
(3.240.7)% [6], only ~25% of the A} hadronic decay modes have been observed. Missing
from this catalog of A} decays are higher multiplicity modes, especially those that have
multiple #%’s. Also missing are decay modes that have £~ hyperons or neutrons in the final
state since these decays are difficult to observe. There are clearly a substantial number of
A} decay modes which remain to be discovered.

This paper presents new results on four A} decay modes. These include the first obser-
vation of three A} decay modes with n’s in the final state, namely A} — pK%;, Anx*, and
£*5. The fourth mode is A} — AK?K*, which involves popping an s3 quark pair.

I1. PARTICLE IDENTIFICATION

The data were collected with the CLEQ 1I detector at the Cornell ete~ storage ring
CESR, which operated on, and just below, the T(45) resonance. The CLEO II detector 7}
is a large solenoidal detector with 67 tracking layers and a Csl electromagnetic calorimeter
that provides efficient 7° and 75 reconstruction. We have used a total integrated luminosity
of 3.25 fb~!, which corresponds to roughly 4 million cZ events.

Most of the A} decay modes discussed in this report have an 7 meson in the final state.
The 7 candidates are selected through their decay  — 47 from pairs of well-defined showers
in the Csl calorimeter. To reduce combinatorics from soft photons, we require E, > 0.15
GeV for each photon candidate and P, > 0.5 GeV/c. The photon candidates must not be
associated with charged tracks and must have lateral shower shapes consistent with that
expected for true photons [8]. At least one of the photon candidates must lie in the good
barrel region (|cos@ < 0.71). Finally, photons are vetoed if they can be paired with a
second photon such that the 47 pair has an invariant mass within 2.50 of the ° mass and
a momentum greater than 1.0 GeV/c. From Monte Carlo simulations, the efficiency for
detecting 5’s with P, > 0.5 GeV [c is about 30%. Figure 2 shows the M., distribution after
all the cuts have been applied. The 5 signal has a width of approximately 14 MeV/c? and
a mean consistent with the true 5 mass. Since the signal shape is asymmetric, we select 5
candidates in the mass range M., = 515 ~ 575 MeV/c?. Finally, we kinematically fit the
photon momenta to the nominal n mass in order to improve the n momentum estimate.

Protons, kaons, and pions are identified using dE/dx and time-of-flight information, when
available. For protons we require PRLEV>0.1, where PRLEYV is the relative probability that
the track is a proton

- P(p)
PRLEY = 26y + P(K) + P00 ®

and P is the x? probability that the track satisfies a given hypothesis. Strong proton identi-
fication (PRLEV>0.9) is employed for modes with high background levels, e.g. A} — pK?5.
A track is considered as a kaon candidate if the probability P(K) is at least 1%. Finally,
we require that a track have a dE/dx measurement consistent with the pion hypothesis
(within £30) to be identified as a pion. We use a pure sampleof A — pr—, D° — K~x+
from D*%’s, and K — x*x~ to measure the particle identification efficiency for protons,
kaons, and pions, respectively. The efficiency for weak and strong proton identification as
a function of proton momentum is shown in Figure 3. Weak proton identification is 95%
efficient for momenta below 0.5 GeV/c and falls smoothly to 85% at 2.5 GeV/c. Strong
proton identification improves the signal to noise, but quickly becomes inefficient above 1.5
GeV/c. Charged pions and kaons are identified with an efficiency of ~ 99% and ~ 96%,
respectively.

K? and A candidates are selected through their decays K? — xtx~ and A — pr-
by reconstructing a secondary decay vertex. Detached vertices are reconstructed from the
intersection of two oppositely charged tracks in the r — ¢ plane. We cut on the impact
parameter of the daughter tracks, and require that the decay length be at least 1 mm from
the interaction point in the r — ¢ plane. We also cut on the x? of the reconstructed decay
vertex, which requires both the miss distance in Z between the two tracks at the estimated
decay vertex and the impact parameter of the K? or A to be small. The proton for the
A candidate must satisfy PRLEV>0.1. Finally, the invariant masses of the K? and A
candidates must be within 15 MeV/c? and 5 MeV/c? of their nominal values, respectively.

The Tt particle is identified through its decay into px® [3]. The T+ lifetime is long
(er = 2.4cm), hence protons from £t decays have large impact parameters. The proton
candidate must have an impact parameter greater than 0.6 mm, a momentum greater than
0.5 GeV/c, and PRLEV> 0.1. The 2° candidate is chosen from pairs of shower clusters
not matched to charged tracks. The photons must have E, > 30 MeV and a lateral shower

' shape consistent with that of a true photon. At least one of the photons must lie in the good

barrel region, and P,o must be greater than 0.2 GeV/c. The #° and £+ invariant masses are
initially computed assuming the particles originate from the primary vertex. These mass
measurements are refined by recomputing them at the location of the £+ decay vertex. The
procedure is as follows: the £t candidate is assumed to originate from the primary vertex.
We then estimate the £+ decay vertex to be the point along the proton trajectory where the
proton and T+ intersect in the r — ¢ plane. We require that the miss distance between the
proton and the =+ along the beam axis (%) be less than 10 mm, the recomputed x° mass be
120-150 MeV/c?, and the decay vertex lie in the direction of the £+ momentum. The My,
spectrum for P,,0 > 1 GeV/c is shown in Figure 4. We observe 13100 + 300 £* hyperons
with a width of 5.0 + 0.1 MeV/c? and a mass of 1188.8 & 0.1 MeV/c?, consistent with the
nominal £t mass. Without the vertex correction, the M,,o signal would be considerably
broader. The efficiency for reconstructing £+ — px° decays in this momentum range is
about 15%. We select £+ candidates that lie within 15 MeV/c? of the nominal £ mass.

Finally, charged tracks that do not arise from long-lived particles (A, K?, and £+) must
have a distance of closest approach in the r — ¢ plane of less than 5 mm to the interaction
point, and be within § cm in 2.




IIL A} — pK?y

The decay mode A} — pK% may occur via an internal spectator diagram or a W-
exchange diagram; the external spectator diagram cannot contribute, The selection of
protons, K¥’s, and 7’s has been described in the previous section. Charm baryons from
ete” interactions are produced with a hard momentum spectrum, 8o we can reduce the
combinatoric background by requiring zy(A}) > 0.5, where z,(A}) = Pyt |\ B o — 2,‘
is the scaled momentum of the Al. The z, cut also eliminates A? baryons that arise from
B meson decays. We further require that the Fox-Wolfram event shape parameter R, [9] be
greater than 0.2, so that the background contribution in the A} signal region due to BB
production is reduced. The R; cut is used for all A} decay modes.

In addition, we impose strong particle ID on the proton, and require the three daughter
particles to be in the same jet hemisphere by demanding that the daughter tracks lie within
90 degrees of the A} momentum vector. The invariant mass distribution for AY — pK%% in
the data is shown in Figure 5. We fit the signal to a Gaussian and the background to a 3rd
order Chebyshev polynomial. The Gaussian width is fixed to the Monte Carlo prediction of
6.6 MeV /c?, while the mean is allowed to float. We observe 53+ 10 pK?y events at a mass of
228742 MeV/c? (statistical error only), consistent with the nominal A} mass. Backgrounds
from misidentified D* and D} decays to K®px+* in which the pion has been misidentified
as a proton are not observed.

Since we do not know the overall A} cross section, we convert our observation into a
branching fraction relative to the well measured decay A} = pK-x+. We apply the same
proton identification (PRLEV> 0.9) and A} momentum cut (zp > 0.5) to the A} — pK-xt
sample in order to reduce the systematic errors associated with these cuts, In addition, the
daughter tracks are required to lie in the same jet hemisphere. A fit to the pK~x* invariant
mass distribution using the Monte Carlo predicted width yields 4910 + 134 events. For
p > 0.5 the Monte Carlo-based efficiencies to reconstruct the decay modes A} — pK' ¥n and
A} — pK-a* are (7.3+0.2)% and (22.310.3)%, respectively. After taking into account the
K%and g branching fractions to the final states we observe them in, the ratio of branching
fractions is

B(AY - pK®p)
E(m =0.25 1 0.05 + 0.04 (2)

where the first error is statistical and the second is systematic (to be discussed later). This
decay rate is about 2.5 times smaller than the related mode in which the 7 is replaced by a
#°, which CLEO [4] measures to be B(A} — pK°x%)/B(A} — PK~x%) = 0.63+0.13. This
is consistent with the light quark content of the 1 being roughly one-third that of the x°,

IV. A} o Agxt

The decay A} — Apx+ can occur through three diagrams: external spectator, internal
spectator and W-exchange. To reduce the combinatoric background, we require the A, xt,
and 7 to be in the same jet hemisphere. We also place a higher momentum cut on the
A}, namely z, > 0.6, as the backgrounds are higher in this decay mode. The invariant

mass distribution for Agx* is shown in Figure 6. The signal is fit to a Gaussian with the
width fixed to the Monte Carlo expectation of oxt = 8.6 MeV/c?, and the background is
parametrized by a 2nd order Chebyshev polynomial. We observe 109 + 16 events at a mass
of 2289 + 2 MeV/c2.

Because we impose only weak particle ID on the proton, about 3% of the A candidates are
actually K7 particles. Backgrounds may arise from D+ and D} decays to K%z *, where the
K7 has been misidentified as a A. Examination of the K%+ and K7 invariant mass spectra
for combinations passing the selection criteria show no evidence for such backgrounds.

Applying the same proton identification and Tp cut to the pK ~ x* sample yields 62824243
events. For z, > 0.6 the efficiency to reconstruct the A} = Agrt and AY — pK g+ decays
modes are (8.5 + 0.3)% and (44.2 £+ 0.5)%, respectively. The pK—x+ efficiency is higher
here than in the previous case due to the looser proton identification requirement. After
accounting for the A and 5 branching fractions, the ratio of branching fractions is

B(A7 = Anxt)
BUAF = pR-x+) = 036 £0.06 005 3)

This again is about a factor of two smaller than the related decay mode AY — Axtx®
in which the 5 has been replaced by a #°. For this mode, CLEQ [2] has measured
B(A} — Axtx%)/B(A} — PK~x*) =0.73 £ 0.09 + 0.16.

We have also studied the resonant substructure for the decay A} = Agxt. In addition
to non-resonant phase space decays, two decay chains are possible: A} — £*+( 1385)n with
£*+(1385) — Axt, and A} — Aag(980) with af (980) — nxt. Figure 7 shows the Dalitz
plot of M{,, versus M2, for Agr* candidates within £20 of the A} mass. In order to
increase the A} signal-to-background ratio, we have tightened the x? veto for n candidates
by eliminating photons that are consistent with arising from a z° of any momentum. Both
Ethe L*+(1385) and ag (980) are broad resonances [10]. Evidence for %*+(1385) would appear
{8 a band at M2 , ~ 1.9 (GeV/c*)2. Similarly, a band at M+ % 0.96 (GeV/c?)? would
indicate presence of the scalar a0(980) resonance. In Figure 8(a) we have projected the
Dalitz plot onto the M2, axis and performed a A} sideband subtraction. A fit to the M,
distributions using the Monte Carlo distributions for M3 4 from T*¥( 1385)y resonant and
phase space decays suggests that (37 + 14)% (statistical errors only) of the Apx+ signal
proceeds via the L**(1385) resonance. Here, we have assumed that the different amplitudes
due to resonant substructure add incoherently. Likewise, a projection onto the M2, axis
suggests that (39 + 14)% of the Anx* signal proceeds through the ao(980) resonance, seen
in Figure 8(b). However, an upper limit of 33% (90% CL) can also be placed on this process
because no significant af (980) — K?K* resonant substructure js evident in the related
decay mode A} — AK®K*, as is discussed in Section VI. Here, we have assumed that
B(ao(980) — K°K+)/B(ao(980) — 77%) = 0.25 £ 0.05 [11).

V. A} s B4y

The two-body decay AY 2 Btpis particularly significant since this decay is not expected
to arise via an external spectator diagram. Identification of the £+ and n candidates is
described in Section II. Because four photons exist in the final state, the combinatoric
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TABLE 1. Comparison of experimental branching fractions to theoretical predictions for the
two-body decays AY — T+ and Tty relative to B(A} — pk EAE

B(A} - T*x%)/B(pK~x+)

B(AY — *n)/B(pK =)

CLEO 0.20 £+ 0.03 £+ 0.03 0.10 £+ 0.03 + 0.02
Korner and Kriamer [12] 0.10 0.05
Zenczykowski [13] 0.13 0.08

background can be severe. Photons from the 7° tend to be extremely soft, and so the
inclusion of random soft photons can still produce x° £+, and A} candidates with invariant
maasses satisfying the selection criteria. As described in the particle ID section for Lt we
reduce the combinatoric background by requiring the x° to have a momentum Pu > 0.2
GeV/c. We also demand that the 5, £+, and £*n candidates have high momenta: P, > 0.8
GeV/c, Pg+ > 1.0 GeV/c, and z,(A?}) > 0.6, respectively. Figure 9 shows the L+n invariant
mass distribution after applying all the selection cuts. We fit this distribution to a Gaussian
whose width is fixed to the Monte Carlo prediction of o\+ = 20 MeV/c?, and a quadratic
background. We observe preliminary evidence for A} — Xty consisting of 16.6 + 5.2 events
at a mass of 2285 + 5 MeV/c2.

Due to the soft photon background, about 12% of the time events in the data are multiply
counted in the X*y mass distribution. The multiple entries are distributed uniformly over
the mass range 2.0-2.6 GeV /c?. The Monte Carlo models this effect well, and so we increase
the statistical error from the fit by 6%.

Applying the same proton identification and z, requirement on the pK—x* sample yields
6282 + 243 events. For z, > 0.6 the efficiency to reconstruct the A¥ — Ztn and A} -
pK~r* modes are (5.2+0.2)% and (44.2+0.5)%, respectively. Accounting for the branching
fractions of Z* and 7, we obtain the ratio of branching fractions to be

B(A? »Bty)
BAT 5 pkoory = 0104003 +002 )
This decay rate is about half that of the related two-body decay mode, A} — T+x°, which
has been measured by CLEO [3] to be B(A} -+ S*x%)/B(A} — pK~#+) = 0.2040.0340.03.

Korner and Kramer [12] and Zenczykowski [13] have made theoretical predictions for A}
decays into two-body final states with £+ hyperons. We have converted their decay rates
into relative branching fractions using the PDG values for the A} lifetime and B(A} —
pK~x%) [6]. The theoretical estimates, shown in Table I, agree with our results within a
factor of two. Moreover, both groups predict that the ratio B(Z*5)/B(E+%°) is 0.5-0.6, in
agreement with our measurement.

VL A} — AKOK+

The decay A} — AKTK* is analogous to the decay A¥ — Ax*x® except that an s3 quark
pair must be popped out of the vacuum. We extract this decay mode by finding the A, K2,

TABLE II. Summary of results on new A} decay modes. The efficiencies do not include
branching fractions to the observed final states.

A} decay mode Number of events zp cut Efficiency (%) B/B(A} — pK~at)
pKk®%y 53+ 10 0.5 7.3 0.25 1 0.05 £ 0.04
Angxt 109 + 16 0.6 8.5 0.36 £ 0.06 + 0.05

Lty 2547 0.6 5.2 0.10 £ 0.03 + 0.02
AK°K+ 4618 0.4 7.9 0.11 +0.02 £ 0.02

and K* as described in Section II, and by requiring the three particles to be in the same
jet hemisphere. Since the phase space for this decay is small and the X' % and A signals are
relatively clean, we can relax the A¥ momentum cut to zp > 0.4 without greatly increasing
the combinatoric background. Figure 10 shows the AK?K* invariant mass distribution for
the data, where we observe a A} signal of 46 + 8 events at a mass of My = 2286 £ 1
MeV/c?. Here, we have fixed the Gaussian width to the Monte Carlo expectation 0,4 = 4.1
MeV/c? and assumed a linear background.
We have checked that the decay D* — K?K?K* in which a K? is misidentified as a
A, or the doubly misidentified decay D} — K®K®x* does not contribute to the A} signal
region. We also do not observe any resonant substructure in the decay A+ — AK?K*. In
particular, the fraction of K)K* from the ao(980) resonance is less than 30% at the 90%
confidence level.
The A} — pK~x* sample yields 9288 + 314 events, after applying the same proton and
kaon identification and z, cut. For z, > 0.4 the efficiency to reconstruct the AY — AKPK+
jand A} — pK~x* decay modes are (7.9 + 0.2)% and (38.1 + 0.4)%, respectively. After
! accounting for the A and K° branching fractions, we obtain the ratio of branching fractions
i to be

B(A} - AK°K*)
m =0.11 £ 0.02 £ 0.02 (5)
This is roughly 7 times smaller than the related decay mode without s3 popping, A} —
Ax*x°, which CLEO [2] measures to be B(A} — Ax*x%)/B(A} — pK~7*) =0.7310.09+
0.16. A summary of all the A} decay modes studied in this analysis is presented in Table II.

VII. SYSTEMATICS

The systematic errors associated with the measured branching fractions of the new A}
decay modes are listed in Table IIl. The systematic errors due to uncertainties in the
proton identification and the A} momentum spectrum are greatly reduced by normalizing
the branching fraction to the reference decay mode A} — pK-x*. Weak proton ID has
a relatively flat efficiency over the entire proton momentum range, so uncertainties in the
absolute efficiency cancel in the ratio. We are more sensitive to systematic uncertainties
when tagging protons using strong particle ID since the efficiency falls off rapidly beyond



TABLE III. Sources of systematic errors.

Source Fractional Error (%)
pk¥y Angxt Lty AKOK+

K% A, and ©¥ finding 10 10 10 14
7 and 7° finding 5 5 7 —
Tracking efficiency — — 4 4
Proton and kaon identification 8 2 2 —
pK~x* substructure 7 2 2 5
A} substructure — 6 — —
Uncertainties in O+ 5 5 5 5
Monte Carlo statistics 3 3 3 3
TOTAL 16 14 14 16

TABLE IV. Comparison of relative A} branching fractions computed from high and low z,
regions. The errors are statistical only.

p range B(pK®y)/B(pK~x*) B(Anx*)/B(pK~x+) B(AK°K*)/B(pK-xt)
0.5-0.7 0.24 £ 0.06 0.33%0.07 0.13+0.03
0.7-1.0 0.28 + 0.08 0.41:+0.07 0.07 + 0.03

1.5 GeV/c and because the proton momentum spectrum differs between pK® and pK—x+,
We vary the position of the falloff by 50 MeV/c and see a 5% difference. In addition, the
efficiency-corrected A} — pK~x* yields using weak and strong proton identification differ
by 8%. We take this value as the total systematic error for applying strong proton ID.

The uncertainty in modeling the A} momentum spectrum can cause a systematic error
in the ratio of branching fractions if the A} reconstruction efficiency differs as a function of
A} momentum between the two decay modes. We have measured the z, distribution from
our large sample of A} — pK~x* events and used this distribution to compute the average
efficiency for each decay mode over the A} momentum range of interest. We assign this a
systematic error of 1%. As a check, we divide the data into a high and low T, region and
compute the relative branching fraction separately for both regions, as shown in Table IV.
The relative branching fractions for pK® and Anx* are consistent, whereas the two for
AK°K* differ by 1.60.

We assign a systematic error of 2% for every charged track and 5% for every ° and g in
the final state. If we require that both photons from the 1) come from the good barrel region,
the efficiency for reconstructing pK®p and Anx* is reduced by 30%, but the difference in
the efficiency-corrected yields are within errors. The systematic error for reconstructing K?
and A particles is studied by comparing the yields from the detached vertex reconstruction
to the yields from the x*x~ and pr~ invariant mass distributions where the masses are
computed assuming the decay occurs at the origin. We perform this as a function of the K?°
and A momentum. The Monte Carlo agrees with the data to within 10%. We calculated a

10% systematic error for reconstructing % hyperons due to the cut on the proton impact
parameter and by comparing the £* yields with and without using the estimated decay
vertex.

The A} — pK~x* reconstruction efficiency is sensitive to whether the A} decays via
phase space, pK*?, or A** K. The variation depends on the selection criteria (2-7%) and
is taken as a systematic error. Also, the efficiency for reconstructing A+ — Anx* depends
on whether the decay proceeds according to phase space, £+(1385)y, or Ltao(980). We
assign a 6% systematic error due to the possible Ayx* resonant substructure.

VIII. CONCLUSIONS

We have observed four new decay modes of the charmed baryon A}. Three decay modes,
A} — pK°, Agx*, and S+, contain an 1 particle in the final state, while the fourth decay
mode, A} — AK®K*, requires an s3 quark pair to pop out of the vacuum. The branching
fractions relative to the reference mode A} — pk~x+ are measured to be 0.25 + 0.05+0.04,
0.36 + 0.06 £ 0.05, 0.10 + 0.03 + 0.02, and 0.11 + 0.02 + 0.02, respectively. Altogether, the
new modes account for roughly 3% of all A} decays. The Anx* decay mode appears to have
a resonant substructure via £*+(1385)y, but might also proceed through X+a0(980).
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