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Using a data sample of 980 fb~! of e* e~ annihilation data taken with the Belle detector operating at the
KEKB asymmetric-energy et e~ collider, we report the results of a study of the decays of the Q0 charmed
baryon into hadronic final states. We report the most precise measurements to date of the relative branching
fractions of the Q2 into Q 7 +7%, Q 7t z~ 7", 2K #wtxt, and Z°K~ 7", as well as the first measurements
of the branching fractions of the Q0 into 2~ K’z ", Z°K, and AK°K?, all with respect to the Q-7 decay. In
addition, we investigate the resonant substructure of these modes. Finally, we present a limit on the

branching fraction for the decay Q0 — S TK~K~z+.

DOI: 10.1103/PhysRevD.97.032001

I. INTRODUCTION

The Q0 comprises the combination of a charm quark and
two strange quarks [1]. The ground-state Q0 has the ss
diquark in a J® = 1" configuration, and decays weakly.
There are no measurements of the absolute branching
fractions of the QU, but some measurements of the
branching ratios of modes with respect to the normalizing
mode Q™7 have been made [2—4]. However, because the
production cross section of the Q¥ is lower than the other
singly charmed baryons, and because it typically decays to
more complicated final states, there is less information on
its hadronic decays than there is for the other weakly
decaying charmed baryons (A}, 2%, and EF) or for the
charmed mesons.

In this paper, we present the most precise measurements
of the branching fractions of Q¥ decays into the four decay
modes (Q 7172, Q atzzt, B K atat, B K7H).
These modes have previously been measured by the
CLEO [2] and/or BABAR [4] Collaborations. We also
present the measurement of three previously unreported
decays (E"K°z", Z°K° and AK°K?) and a search for one
other decay, T*K~ K™z, that was reported by the E687
Collaboration [5]. All branching fractions are measured
relative to the decay Q¥ — Q 7. In addition, we inves-
tigate the resonant substructure of the decays we observe.
The choice of decay modes was guided by previous
observations, analogy with other charmed baryon decay
modes, and consideration of the detector capabilities.

The four ground-state charmed baryons all decay pre-
dominantly through the weak decay ¢ — sW™, but each has

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

its own features. Uniquely among the four, the two
spectator quarks of the Q¥ have the same flavor, and this
leads to many decay diagrams producing the same final
states. Constructive interference among these diagrams is
thought to explain the short lifetime, despite the fact that,
unlike the A} and E2, the Q0 cannot decay via a Cabibbo-
favored W-exchange diagram [6]. Measuring the branching
fractions of all the charmed hadrons helps disentangle the
various processes involved and adds to our knowledge of
the dynamics of charmed baryon decays.

This analysis uses a data sample of e'e™ annihilations
recorded by the Belle detector [7] operating at the KEKB
asymmetric-energy e' e~ collider [8]. It corresponds to an
integrated luminosity of 980 fb~!. The majority of these
data were taken with the accelerator energy tuned for
production of the Y (4S) resonance, as this is optimum for
investigation of B decays. However, the QU particles in this
analysis are produced in continuum charm production and
are of higher momentum than those that are decay products
of B mesons, so the data set used in this analysis also
includes the Belle data taken at beam energies correspond-
ing to the other Y resonances and the nearby continuum
(ete™ — qg, where g € {u,d,s,c}).

II. THE BELLE DETECTOR AND
PARTICLE RECONSTRUCTION

The Belle detector is a large-solid-angle spectrometer
comprising six sub-detectors: the Silicon Vertex Detector
(SVD), the 50-layer Central Drift Chamber (CDC), the
Aerogel Cherenkov Counter (ACC), the Time-of-Flight
scintillation counter (TOF), the electromagnetic calorim-
eter, and the K; and muon detector. A superconducting
solenoid produces a 1.5 T magnetic field throughout the
first five of these sub-detectors. The detector is described in
detail elsewhere [7]. Two inner detector configurations
were used. The first comprised a 2.0 cm radius beampipe
and a 3-layer silicon vertex detector, and the second a
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1.5 cm radius beampipe and a 4-layer silicon detector and a
small-cell inner drift chamber.

Final-state charged particles, z*, K=, and p, are selected
using the likelihood information from the tracking (SVD,
CDC) and charged-hadron identification (CDC, ACC,
TOF) systems, L(h1:h2) = L;,/(Ly + L), where hy
and h, are p, K, and x as appropriate. In general, we require
proton candidates to have L(p:K) > 0.6 and L(p:7) >
0.6 (~96% efficient); kaon candidates to have L(K:p) >
0.6 and L(K :7) > 0.6 (%94% efficient); and pions to have
the less restrictive requirements of L(z:K) > 0.2 and
L(z:p) > 0.2 (%99% efficient). The z° candidates used
in hyperon reconstruction are formed from two clusters
unassociated with a charged track, each consistent with
being due to a photon, and each of energy above 50 MeV in
the laboratory frame. The invariant mass of the photon pair
is required to be within 3 standard deviations (¢) of the z°
mass [9]. Because of the large combinatorial background,
the 7° candidates used for Q0 — Q77" reconstruction
have more restrictive requirements of at least 100 MeV
energy per photon, at least 300 MeV/c¢ 7z° momentum, and
an invariant mass within 2¢ of the 7° nominal mass.

The A(KY) candidates are reconstructed from
pr~(ztz~) pairs with a production vertex significantly
separated from the nominal interaction point (IP) in the
r — ¢ plane (perpendicular to the beam axis). For the case
of the proton from the A, the particle identification (PID) is
loosened to L(p:K)> 0.2 and L(p:x) > 0.2. The A
candidates used as immediate daughters of E. candidates
are required to have trajectories consistent with origination
at the IP, but those that are daughters of =7, 20 or Q-
candidates do not have this requirement.

The =~ and Q~ candidates are reconstructed from the A
candidates detailed above, together with a = or K~
candidate. The vertex formed from the A and z/K is
required to be at a smaller radial distance from the IP than
the A decay vertex.

The E° and =+ reconstruction is complicated by the fact
that the parent hyperon decays with a z° (which has
negligible vertex position information) as one of its
daughters. In the case of the =T — pn’o reconstruction,
combinations of z° candidates and protons are made using
those protons with a significantly large (>1 mm) distance
of closest approach (DOCA) to the IP. Then, taking the IP
as the point of origin of the X*, the point of intersection of
the T trjectory and the reconstructed proton trajectory is
found. This position is taken as the decay location of the £+
hyperon, and the z° is then refit using this as its point of
origin. Only those combinations with the decay location of
the X" indicating a positive " path length are retained.
The E° is reconstructed in a similar manner, but it is not
necessary to require a large DOCA with respect to the IP.

Mass requirements are placed on all the hyperons
reconstructed, based on the nominal masses of these
particles [9]. The half-widths of the allowed ranges of

these mass requirements, all corresponding to approxi-
mately two standard deviations of the resolution, are 8.0,
5.0,3.5,3.5, and 3.5 MeV/c? for £, 2%, 7, Q~, and A,
respectively. The particles are then kinematically con-
strained to the expected masses for further analysis.

1. Q! RECONSTRUCTION

Baryons and mesons detailed above are combined to
reconstruct Q¥ candidates. Once the daughter particles of a
Q. candidate are selected, the Q. candidate itself is made
by kinematically fitting the daughters to a common decay
vertex. The IP is not included in this vertex, as the small
decay length associated with the €. decays, though very
short compared with the 2, Z°, Q~, and X+ decay lengths,
is not negligible. The y? of this vertex fit is required to be
consistent with all the daughters being produced by a
common parent. To reduce combinatorial background,
we require a scaled momentum of x, > 0.6, where x, =

prc/\/(s/4 —m*c?), p* is the momentum of the Q.
candidate in the ete™ center-of-mass frame, s is the total
center-of-mass energy squared, and m is the reconstructed
mass. Charmed baryons are known to have a hard frag-
mentation function, and this requirement produces a good
signal-to-noise ratio while retaining high signal efficiency.

Figure 1 shows the invariant mass distribution for the
normalizing mode Q2 — Q7. A double-Gaussian signal
function together with a first-order polynomial function to
represent the background are fit to this distribution. For this
and all similar distributions in this analysis, the resolution
function is obtained by studying Monte Carlo (MC) events
generated using EVTGEN [10], and having the Belle
detector response simulated using GEANT3 [11]. Taking
the measure of each width to be the weighted average of the
widths of the two Gaussian functions of the resolution
function, the ratio of the width found by fitting the data in
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FIG. 1. Invariant mass distribution for the normalizing mode
QY — Q~z*. The fit is described in the text.
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FIG. 2.

this channel to that found by fitting the MC is
1.035 £ 0.045. This confirms that the MC simulation
predicts the resolution well.

Figure 2 shows the invariant mass distributions for the
other eight Q¥ decay modes under consideration. A fit is
made to each distribution comprising the sum of a double-
Gaussian signal function, as obtained from MC, and a
Chebyshev polynomial background function whose order
is the lowest that allows a satisfactory fit. An exception is
the case of the Q7179 final state, for which the resolution

TABLE I. The summary of the results of the fits shown in
Figs. 1 and 2.

Signal Order of  Resolution Efficiency
Mode yield  polynomial (MeV/c?) (%)
Q rzt 691 + 29 1 5.1 10.08
(OhF 2 & 403 £ 31 2 13.3 2.95
Q ztz~zt 108 £ 16 1 4.4 5.23
E K ntzt 278 +27 2 43 5.98
EOK-nt 168 +21 1 7.8 2.09
EKx" 349 + 36 1 4.6 4.81
2°KY 98 £ 15 2 7.0 1.73
AKYKY 95+18 1 3.7 3.22
STK-K #zt  17+8 2 3.8 2.00

Events/2.5 MeV/c?
>

565 27 275 2.8
Invariant Mass (GeV/c?)

255 2.6 2.85

Invariant mass distributions for the eight modes under consideration. The fits are described in the text.

function is a bifurcated Gaussian to account for the
asymmetry in the mass distribution found in MC. With
the exception of the mode Q0 — X*K~K~z", the masses
in the fits are free parameters; nevertheless, the resultant
masses are consistent with the world-average [9], which is
dominated by the measurement in a previous Belle analysis
using a subset of the data presented here [12]. In all cases,
the resolution functions are fixed from the MC simulation,
but should their widths be allowed to float, each would
have a width within two standard deviations of the MC
values.

The yields and statistical uncertainties for each mode are
listed in Table I, together with the resolution and the order
of the polynomial background function used. The efficien-
cies, obtained from the MC simulation, include all branch-
ing fractions of the subsequent decays [9]. In the cases
where significant substructure is observed (as described in
the next section), the MC is generated with this substructure
included. This last effect does not change the efficiency of
any mode by more than 3% of its nominal value.

IV. RESONANT SUBSTRUCTURE

Many of the modes under consideration may have
resonant substructure that can help reveal their decay
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1.1

Background-subtracted invariant mass distributions for two particle combinations: (a) z+z° for Q2 — Q= z*z° decays,

(b) 2=z and (c) K~z for Q0 — E-K~ztx* decays, and (d) K~z for Q¥ — E°K~ 7" decays. The blue dotted lines show the signals,
the green dashed lines show the background, and the solid lines the sum of the two. Data are shown with circles.

mechanisms. Figure 3(a) shows the 7+ z° invariant mass for
the combinations within 22 MeV/c? (%90% efficient) of
the QY peak in the Q0 — Q=77 7" mass distribution. This
distribution has been background-subtracted using events
from scaled sidebands between 32 and 76 MeV/c? from
the peak. A fit is made to this distribution using the sum of a
pT signal shape and a nonresonant shape flat in phase
space. The very small efficiency difference between these
two distributions is taken into account to calculate that
(83 + 10%) of the Q~z*z° mode proceeds via the p*. This
result is consistent with the saturation of the Qz 7% decay
by the pseudo-two-body Q pT channel. We calculate a
lower limit for the Q7p* fraction by integrating the
likelihood function obtained from the fit, and finding the
value of the fraction for which the integral contains 90% of
the total area. This 90% confidence-level lower limit value
on the Q™ p™ fraction of Q=7 7° is 71%.

For the mode Q) — E-K~z"z", we define signal
candidates as those within 7 MeV/c? of the Q¥ mass;
sidebands of 12-26 MeV/c? from the Q¥ peak value; and

present the scaled sideband-subtracted E~z" and K~z
invariant mass distributions in Figs. 3(b) and 3(c). Each
distribution has two entries per Q¥ candidate. Polynomial
nonresonant functions are fit to these distributions to find
the yield of E°(1530) and K*°(892), respectively. Clear
signals of 74 £ 20 events and 136 £ 39 events are found,
where these uncertainties are statistical. These correspond
to (33 +9)% and (55 + 16)% of the ="K~z + n" decays
proceeding through Z°(1530) and K*°(892), respectively.
There are indications that the signals include pseudo-two-
body decays of the type Q2 — =°(1530)K*°(892), but the
signal-to-noise ratio is not sufficient to allow for the
measurement of this process. Interference effects are
expected to be small and are not taken into consideration.

Forthemode Q¥ — Z°K~ 7+, we selectsignal events within
11 MeV/c? of the Q¥ peak value, and use sidebands of 22 to
44 MeV /c*. We then plot the sideband-subtracted K~z*
invariant mass distribution and observe a clear peak due to
the K*°(892) meson. The sumof a K*°(892) signal shape and a
polynomial nonresonant shape is fit to this distribution and
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showninFig. 3(d). The signal yield is determined tobe 95 £ 16
events, corresponding to (57 + 10)% of Z°K~z* decays.

V. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties that enter this analysis of
the branching fractions are summarized in Table II. To
estimate the uncertainty due to the choice of background
shape, the order of the Chebyshev polynomial is increased
by one and the change in yield taken as the systematic
uncertainty. As this always reduces the yield, this is not
done for the Q¥ — *K~K~ 7" mode, for which only an
upper limit is quoted. The sensitivity to the signal shape is
found by repeating the analysis with single, rather than
double, Gaussian signal functions both for the normalizing
mode and the signal mode. The MC simulation program is
tested using many similar reconstructed signals, and in all
cases the extracted resolution values agree with the data
within 10%. The systematic uncertainty due to uncertain-
ties in the resolution width are estimated from the change in
yield when adjusting the signal widths by 10%.

In addition, there are uncertainties in the simulation of
the reconstruction efficiency that are not specific to this

analysis. Care is taken to account for the cancelation of
uncertainties in the calculation of the branching ratios with
respect to the normalizing mode. We assign a relative
uncertainty on the track reconstruction varying from 0.35%
to 2.5% [13]. The relative uncertainties on the A, K9, and
7° reconstruction are 4.0% [13], 2.8% [14], and 3% [15],
respectively. We use studies of A — pz~ and D° — K=z
decays to assign uncertainties on the PID identification of
the kaons and protons of 1.3% per track [13].

Lastly, there is an uncertainty due to changes in the
efficiencies when resonant substructure is present. As visible
resonant substructure is already taken into account in the
efficiency calculations, this effect is small. In the determi-
nation of the fractions due to substructure, the statistical
uncertainties dominate over the small systematic uncertain-
ties. The small differences in the efficiencies between the
resonant and multibody decays are taken into account in
calculating the resonant contribution to these modes.

VI. FINAL RESULTS

The results for the branching fractions are summarized in
Table III. In the case of Q. — XK~ K~ z", there is no

TABLE II. The summary of the relative uncertainties (in %). The systematic uncertainties are added in quadrature to give the last
column.

Statistical Bkgd  Signal  Signal  Track  K%/A PID 70 Total
Mode uncertainty shape  shape  width  finding finding requirements finding Resonances systematic
(0P 2 & 8.7 0.6 0.3 4.2 0.0 3.0 1.0 53
Qatnat 15.0 23 2.0 5.0 0.7 e 3.0 6.6
E K atxat 10.6 0.6 0.3 4.8 0.7 e 1.0 5.0
B0kt 131 2.9 0.5 4.2 25 e X 3.0 2.0 6.7
=2-KOz+ 11.1 34 0.3 4.9 0.7 2.8 1.3 e 1.0 6.8
=0K0 15.7 22 1.9 4.7 2.5 2.8 1.3 3.0 74
AKO KO 193 1.1 0.4 4.7 3.1 5.6 1.3 e e 81
STK-K xt 50.9 10.7 2.9 5.0 4.0 2.6 3.0 3.0 13.6

TABLE IIl. The summary of the results to the fits shown in Figs. 1, 2, and 3. The numbers in parentheses refer to

the fraction of the multibody final state that includes the listed resonance.

Mode Branching ratio with respect to Q7" Substructure Previous measurement
Q nt 1

Q ztal 2.00£0.17 £0.11 1.27£03 £0.11 [4]
Qpt >71%

(O3 A ¥ &5 0.32 £0.05 +£0.02 0.28 +0.09 £ 0.01 [4]
=K rntat 0.68 £0.07 £ 0.03 0.46 +0.13 £ 0.03 [4]
E9(1530)K~x* (33+£9)%

EK gt (55+16)%

EOK-nt 1.20 £0.16 £ 0.08 40+25+04 2]
=20K*0 (57 +£10)%

=-KOz+ 2.12+0.24 £0.14

=00 1.64 £0.26 £0.12

AK°K? 1.72+0.32 £ 0.14

XTK K #t <0.32 (90% CL)
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significant signal. We calculate a 90% confidence upper limit
by first combining the statistical and systematic uncertain-
ties, and integrating the resultant likelihood function starting
at Ngny = O; the upper limit is set when the integral reaches
90% of the total area. For the cases where substructure is
measured, the fraction of the primary mode is given. The

results assume a branching fraction K° — K% of 50%.

Four of the modes presented here have been measured
previously [2,4,5]. In all cases, these new measurements are
consistent, within two standard deviations, with the pre-
vious measurements [9] and provide substantial improve-
ments in precision. It is surprising that we find a restrictive
limit on the decay B(Q, - X"K~ K n")/B(Q z"), even
though the E687 experiment, albeit with different relative
efficiencies, finds a much larger signal in E*K-K~z"
than Q 7.

There is a paucity of recent predictions on the branching
fractions of charmed baryons. However, some patterns in
the data of charmed baryon decays are clear. Whereas the
other weakly decaying charmed baryons Y. have branching
ratios B(Y, —» Yrataznt)/B(Y. — Yn")>1, it is con-
firmed that, when Y. is an Q. this ratio is considerably less
than 1. While multibody weak decays are difficult to model
theoretically, we hope that these new results on pseudo-
two-body decays will spur further theoretical work.
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