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ABSTRACT: Using a data sample of 980 fb~! collected with the Belle detector at the KEKB
asymmetric-energy ete™ collider, we study for the first time the singly Cabibbo-suppressed
decays Q¥ — Z-7t and Q7K and the doubly Cabibbo-suppressed decay 20 — =~ K.
Evidence for an QY signal in the QY — =~ 7" mode is reported with a significance of 4.5

including systematic uncertainties. The ratio of branching fractions to the normalization
mode QY — Q7" is measured to be

B(Q) — =" 71)/B(Q) — Q 7)) = 0.253 £ 0.052(stat.) £ 0.030(syst.).

No significant signals of QY — =~ K+ and Q= K+ modes are found. The upper limits at
90% confidence level on ratios of branching fractions are determined to be

B(Q - ="K1)/B(Q2 - Q7T < 0.070
and

B - Q" KT)/B(Q° - Q7)< 0.29.

KEYWORDS: Branching fraction, Charm Physics, et-e~ Experiments, Particle and Reso-
nance Production
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1 Introduction

In comparison with the other weakly-decaying singly-charmed baryons states, the AT,
=0, and =}, our knowledge of the QU state is limited [1]. There were a few experiments
that studied the Q0 baryon decays over the past two decades. There are no measure-
ments of the absolute branching fractions of the Q0 decays, but some measurements
of the branching fraction ratios for QY decay modes with respect to the normalization
mode Q-7+ have been made [1]. CLEO reported Q0 decays using five decay modes
Q 7t Ot 2K ntrt, 20K 71, and Q- r) [2], and observed the semilep-
tonic decay of Q0 — Q7 e, [3]. BABAR reported QU decays and measured ratios of
branching fractions for four final states (Q~7+, Q=7+ 70, Q 7t rT7~ and 2K ~7t7 ") [4].
Belle measured the QY decay of Q¥ — Q=7+ [5], and reported ratios of branching fractions
for Q- 7t Q rtart, BT K ntnt, 20K nt, 2= K% t, 2°K0, and AK°K? [6]. Very
recently, the branching fraction ratios for semileptonic decays of Q0 — Q= ¢ty (£ = e or p)
have been measured by Belle with improved precision [7].

+
The QY, which has J = (%) , is the heaviest singly-charmed hadron that decays

weakly. The quark content of the QU is c{ss}, where the ss pair is in a symmetric
state. The theoretical studies of hadronic weak decays of the 2. baryon have a long
history over several decades [8]. Various methods have been developed to describe the
nonfactorizable contributions which play an important role in the hadronic decays. There
are many theoretical models that have predicted the mass and branching fractions of
the Q0 [9-17]. However, the range of these predictions is rather wide. For the singly
Cabibbo-suppressed (SCS) and doubly Cabibbo-suppressed (DCS) decays of Q0 — =7+
and Q0 — =~ K, the branching fractions have been calculated using the light-front quark
model (LFQM) [16], pole model [17], and current algebra (CA) [17], and these are listed
in table 1. The studies of Q) — Z-7+ and QY — Z- K+ are crucial to test the theoretical



Decay modes LFQM [16] pole model and CA [17]
Q0 =7t 196 x 1073 1.04 x 107!
Q="K+t 1.74 x 1074 1.06 x 102

Table 1. Predicted ratios of branching fractions for Q0 — == 7% and Q% — Z~ K+ using LFQM [16],
pole model [17], and CA [17]. The branching fraction of reference mode Q% — Q=7 is 9% according
to ref. [17].

models by comparing the measured branching fractions and corresponding theoretical
predictions [16, 17]. No prediction is available for Q0 — Q=K+,

In this article, we use a data sample of 980fb~! collected by the Belle detector to
study for the first time the SCS modes QY — Z~ 7" and QY — Q= K, and the DCS mode
Q0 — =~ KT. The =~ and Q~ are reconstructed from A7~ and AK ~, followed by A — pr—.
Throughout this analysis, for any given mode, the corresponding charge-conjugate mode
is also implied. We report the ratios of branching fractions to the normalization mode
Q0 — Q rnt.

2 Data sample and the Belle detector

This measurement is based on data recorded at or near the Y(15), T(25), Y(35), T(49),
and Y (55) resonances by the Belle detector [18, 19] at the KEKB asymmetric-energy
ete™ collider [20, 21]. The data sample corresponds to a total integrated luminosity of
980 fb~! [19]. The Belle detector is a large-solid-angle magnetic spectrometer that consists
of a silicon vertex detector, a 50-layer central drift chamber (CDC), an array of aerogel
threshold Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight scintillation
counters (TOF), and an electromagnetic calorimeter comprised of CsI(T1) crystals (ECL)
located inside a superconducting solenoid coil that provides a 1.5 T magnetic field. An iron
flux-return yoke instrumented with resistive plate chambers located outside the coil is used
to detect K9 mesons and identify muons. A detailed description of the Belle detector can
be found in refs. [18, 19].

Monte Carlo (MC) signal samples are generated using EVTGEN [22] to optimize the signal
selection criteria and calculate the signal reconstruction efficiency; e™e™ — c¢ events are
simulated using PYTHIA [23] model, and QY — =~ 77 /Z- K+ /Q~ KT decays are generated
with a phase space model. The EvtGen generator widely used in Belle experiment can
produce a simulated event stream realistic enough to be essentially indistinguishable from
real data [24]. Events containing the reference mode, QY — Q= 7t are produced with its
known angular distribution [25]. The effect of final-state radiation is taken into account
in the simulation using the PHOTOS [26] package. The simulated events are processed
with a detector simulation based on GEANT3 [27]. The simulated events Generic MC
samples, i.e. B (= BT, B, or Bg*)) decays and eTe™ — q7 (¢ = u, d, s, ¢) at /s = 10.52,
10.58, and 10.867 GeV, having four times integrated luminosity as real data, are used to
evaluate possible peaking backgrounds, optimize selection criteria, and study the signal and
background invariant mass shapes.



3 Selection criteria

Except for the charged tracks from the relatively long-lived A, ==, and Q™ decays, all
charged tracks are required to originate from the vicinity of the interaction point (IP).
The impact parameters perpendicular to (dr) and along the beam direction (|dz|) with
respect to the IP are required to be less than 0.2 cm and 1 cm, respectively. For the
particle identification (PID) of a track, information from different detector subsystems,
including specific ionization in the CDC, time measurement in the TOF, and the response
of the ACC, is combined to form a likelihood £; [28] for particle species i. Tracks with
Rix = Li/(Lkg + L) < 0.4 are identified as pions with an efficiency of 95.5%, while
8.0% of kaons are misidentified as pions; tracks with Rx > 0.6 are identified as kaons
with an efficiency of 89.4%, while 4.2% of pions are misidentified as kaons. The PID
(misidentified) efficiency is evaluated using the signal MC data sample, where the PID of
the tracks are known. It is defined as the number of tracks selected under a PID hypothesis
divided by the number of tracks before any PID requirements with the same (opposite)
PID hypothesis.

The A candidates are reconstructed via pr~ pairs. The distance of the A decay vertex
with respect to the IP is greater than 0.35 cm with an efficiency of 99.5%. For 2= — An—,
the vertex formed from the A and 7~ is required to be at least 0.35 cm from the IP with an
efficiency of 94.1%, and to be a shorter distance from the IP than the A decay vertex [29, 30].
These efficiencies are obtained by comparing the numbers of MC signal events with and
without applying these selection requirements. For Q= — AK ™, the flight directions of A
and 0~ candidates, which are reconstructed from their production and decay vertices after
performing vertex and mass constraint fits to the full decay chain, are required to be within
five degrees of their momentum directions in both 3D space and the plane perpendicular
to the z-axis in the laboratory frame [7], where the z-axis is opposite to the e™ beam
direction. The values of y? from vertex fits are required to be less than 20 optimized by
maximizing the figure-of-merit FoM = Ngig/+/Nsig + Nbkg, Where Ny is the number of
expected 20 signal events using MC simulations assuming B(Q0 — Z=71)/B(Q% — Q~n 1)
and B(Q0 — =" K1)/B(QY — Q= 7F) are 1.04 x 107! and 1.06 x 1072, respectively, from
table 1, and Nypg is the number of estimated background events in the 00 signal region
using normalized generic MC samples. The 2~ 77, 2~ K+, Q" K™, and Q 7" candidates
are combined to form an Q0 candidate and its daughter tracks fitted to a common vertex.
For the reference mode of Q¥ — Q=7 selection criteria for signal candidates are the same
as those applied in ref. [7] except for the z, requirement (see below).

To reduce combinatorial backgrounds, especially from B meson decays, the scaled

momentum x, = p*/p} .. is required to be greater than 0.65. Here, p* is the momentum
of 00 in the ete™ center-of-mass (C.M.) frame, and p,.. = \/Egeam — Mégc‘l/c is the
maximum momentum, where Epe.m is the beam energy in the C.M. frame and Mg is
the invariant mass of Q2. The z,, requirement is optimized in QY — =~ 7" by maximizing
the FoM.



4 Branching fraction ratios of Q2 — E-nt, 2" K™, and Q" K™*

After applying the above requirements, the invariant mass distributions of pr—, An~, and
AK~ from data samples for Q0 — Z-7+ Z- K+, Q7 KT and reference mode Q0 — Q-7+
are shown in figure 1. The A, =7, and €2~ signals are clearly visible in all the invariant mass
distributions. We define A, ==, and 2~ signal regions as |M(pr~) — my| < 3.5MeV/c?,
IM(A7~) — mz-| < 3MeV/c?, and |[M(AK™) — mg-| < 3.5MeV/c?, corresponding to
the efficiencies of 97%, 92%, and 97%, respectively, based on MC simulations. The =~
signal region is optimized in Qg — 277" and 2~ KT modes by maximizing the FoM. The
efficiencies of the signal regions are the same for signal channels and the reference mode.
Hereinafter, M represents a reconstructed invariant mass and m; denotes the nominal mass
of particle ¢ [1].

According to generic simulated samples, no peaking backgrounds are found in the €2
region for all of the studied modes. The invariant mass distributions of =~ 7+, KT,
Q" K*, and Q 7" are shown in figure 2. To extract the 0 signal yields from each mode,
we perform binned maximum-likelihood fits to the M(Z~ 7)), M(E-K™), M(Q~K™), and
M(Q~nt) distributions. The signal shapes of the Q0 are described by double-Gaussian
functions, and second-order polynomial functions represent backgrounds. Considering the
central values of two Gaussians are the same, the mass resolution from the double-Gaussian
function is characterized by o = \/ fio? + (1 — f1)o3, where 01 and o9 are the widths of
the first and second Gaussians, and fi is the fraction of the first Gaussian function.

The mass resolutions for Q) — =~ 7+, Z- K+, Q" K™*, and Q7" are fixed from the
fits to the corresponding simulated signal distributions, which are listed in table 2. For
Q0 — =Z77F and Q™ 77, the central values of double Gaussian functions are floated since
the large uncertainty of QY mass from the world-average (nominal) result [1]. From table 2,
the central values of the double Gaussian functions in Q2 — Q=7 and QY — =~ 7" from
the fits are consistent with the nominal mass of the Q¥ within +10 and 420, respectively.
For QY — Z-K* and Q- Kt which have no significant signals, the central values of the
double Gaussian functions are fixed at the nominal mass of QU [1]. The parameters of
the polynomial functions for backgrounds are free in the fits. The fit quality indicated by
x2/ndf is listed in table 2, where ndf is the number of degrees of freedom.

The signal yields and statistical significances are listed in table 2. The statistical
significances of the Q¥ signals are calculated using —21n (Lo/Lmax ), Where Lo and Lyax are
the likelihoods of the fits without and with Q0 signal, respectively [31], taking into account
the difference in the number of degrees of freedom.

By using the normalization mode Q0 — Q= 7T, we calculate the ratios of branching
fractions according to the equations

B(Q)—E"n%)  Nzx-eqr-B(Q — AK™) (4.1)
B(Q)— Q 7n+)  Nog-ez B(E™ = Ar7)’ '
B(Qg—)EiKJr)_NEKEQﬂ-B(Q7—>AK7) (42)
B(Qg—)Q_W+) N NQW-EEK-B(E_ —>A7l'_)7 '
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Figure 1. The left column shows the A candidates in (a) Q0 — Z~7t, (c) 2= K™, (e) Q" K, and
(g) Q= 7" decays. In the right column the invariant mass of 2~ candidates (in (b) Q0 — =7+ and
(d) E= KT decays) and Q= candidates (in (f) Q0 — Q=K and (h) Q= 7" decays) are shown. The
red arrows show the required A, =~ and Q™ signal regions.



Mode Mass (MeV/c?) Resolution (MeV/c?) Nt X2/ndf  X(o)

Q> ="t 2692.0+1.2 6.6 (fixed) 208 £41  0.75 5.1
Q0 - ="Kt 2695.2 (fixed) 6.3 (fixed) —47+23  0.88 —
Q- QKT 2695.2 (fixed) 6.4 (fixed) 41+£17  0.79 2.2
Q- QO 7t 2694.840.2 6.7 (fixed) 606 £29  0.74 > 10.0

Table 2. The results of fits to the data, where N1t represents the signal yield and X is the statistical
significance. The uncertainties shown are statistical only.
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Figure 2. The invariant mass distributions of (a) 2~ 7T, (b) E~ K™, (¢) Q" K™, and (d) Q7" from
data samples. The solid curves are the best fits, and the dashed curves are the fitted backgrounds.

and
B (Qg — Q_K+) . Nok ‘- €qn
B(Qg — Qfﬂ'Jr) - NQW . EQK.

(4.3)

Here, N=,, N=x, Nak, and N, are the fitted signal yields for Q0 — Z—7+, Q0 —» ==K+,
Q0 — Q"K* and Q) — Q 7, and ez, = 10.7%, ezx = 6.1%, eqx = 4.7%, and
car = 11.6% are reconstruction efficiencies. These efficiencies are determined as numbers of
MC signal events after applying the selection criteria divided by the numbers of generated
events. The statistical uncertainties in the determination of efficiencies for the various
decay modes are equal to 1%. They are considered in the systematic estimations, as
reported later in this paper. The branching fractions B(2~ — A7~ ) and B(Q~™ — AK™)
are (99.887+0.035)% and (67.8£0.7)%, respectively [1].



For Q¥ — =~ 7, using the values above, the ratio of branching fractions to the
normalization mode of Q¥ — Q=7 is measured to be

B(QY — =7 )
B(QY — Q=)

= [25.3 & 5.2(stat.)] %. (4.4)

For Q¥ — Z-K* and QY — Q= K, since the signal significances are less than 30, we
compute 90% confidence level (C.L.) upper limits Y on the signal yields and branching
fraction ratios by solving the equation foUL L(x)dz/ [,7° L(x)dr = 0.90, where z is the
assumed signal yield or branching fraction ratio, and £(x) is the corresponding maximized
likelihood of the fit to the assumption.

5 Systematic uncertainties

Systematic uncertainties on the branching fraction ratios are summarized in table 3. The
sources of uncertainty are reconstruction efficiency, branching fractions of intermediate
states, the statistical uncertainty in the determination of efficiency, the generator model, 0
resonance parameters, the uncertainty associated with the fitting procedure, the statistical
uncertainty of signal yield in the reference mode of Q% — Q=7+,

The reconstruction-efficiency-related uncertainties include those from tracking efficiency
and the PID efficiency. The uncertainties from tracking efficiency and part of the PID
uncertainties are canceled in the ratio to the normalization mode Q0 — Q= 7. The
uncertainties in PID are studied via low-background sample of D** — D%(— K—nT)n+
for charged kaons and pions. The studies show uncertainties of 1.1% for each charged kaon
and 0.9% for each charged pion. The systematic uncertainties from the same particles are
added linearly, considering a total correlation, while the ones from different particles are
summed in quadrature, as there is no correlation.

As the Q7 branching fraction uncertainty is cancelled in the ratio to the normalization
mode, only uncertainties of B(E~ — An~) (0.035%) and B(2~ — AK™) (1.0%) [1] are
included for the QY — =777 and QY — =~ KT modes. Using simulated signal events
of all the decay modes, the statistical uncertainty in the reconstruction efficiency can be
calculated as A, = /(1 — €)/N, where ¢ is the reconstruction efficiency after all the event
selections, and N is the total number of generated events. The fractional uncertainty A./e
is less than 1.0% in all modes. Simulated Q0 decays are generated by the phase space model.
To estimate the uncertainties from MC modeling of the signals, signal MC samples are also
generated with an angular distribution of 1 — cos?6 or 1 4 cos?# at MC-generation level,
where 6 is the angle between the Z~ or 1~ momentum vector and boost direction of the 2
from the laboratory frame in the 0 rest frame. The largest differences on the efficiencies
between the phase space and 1 + cos?6 are 7.6%, 11.2%, and 5.0% for Q0 — =7+, ="K,
and O~ KT, and these are included in uncertainties due to the generator model.

In fitting to the M (2~ 7") and M (Q~7") distributions, we enlarge the mass resolution
by 0.2 MeV/c? as indicated by the differences in the mass resolutions between signal MC
and data in Q0 — =7+ and Q7" modes and take the difference of the signal yield as
the systematic uncertainty of the mass resolution. And for M(E~K*) and M(Q~K™T)



Decay Mode | o3 offe ogu 08" OfShance On | oS | odaa 0N | 0N | Owm
Q(C) — =t 2.9 1.0 7.6 1.1 6.8 4.8 11.7 19.7 4.8 | 20.3 | 234
Q0 ="K+ | 28 1.0 112 1.1 — — | 116 | — 48 | 48 | 126
V- QK+t | 15 1.0 5.0 — — — 5.3 — 4.8 | 4.8 7.2
Table 3. Relative uncertainties on branching fraction ratio measurements (%). The o5, o3re:,
oL o, ot e, and of* denote uncertainties from reconstruction efficiency, the statistical
uncertainty in the determination of efficiency, generator model, branching fractions of intermediate

stat
ref

stat

signa represent

states, 0 resonance parameters, and fitting procedure, respectively. The o yand o

the statistical uncertainties in the signal yields from the signal mode and reference mode Q9 — Q=7+,
The o3¢, o5%¢ "and o4, are total systematic uncertainty, total statistical uncertainty, and total

sum? sum?

uncertainty, respectively.

distributions, we enlarge the mass resolution by 10% since the MC simulation is known to
reproduce the resolution of mass peaks within 10% over a large number of different systems.
In fitting to the M (Z~7") distribution, we change the 20 mass to the nominal value [1]
and take the difference of the signal yield as the systematic uncertainty of mass central
value. In fitting to the M (2~ KT) and M (2~ K*) distributions, we change the Q0 mass
by +10. The total systematic uncertainty due to €0 resonance parameters is obtained
by summing the uncertainties of resolution and mass in quadrature for Q¥ — Z~ 7. We
estimate the systematic uncertainties associated with the fitting procedure by changing the
order of the background polynomial, the range of the fit, and the number of bins, and take
the deviations of signal yields from the nominal fitted results as systematic uncertainties.
The total uncertainty is obtained by summing the uncertainties from Q0 — Z~7+ and the
reference mode of Q0 — Q7 in quadrature.

The statistical uncertainty of the fitted signal yield for the reference mode (Nq-,+ =
606 £ 29) is 4.8%. The statistical uncertainty of the fitted signal yield for the signal mode
(Nz—+ =208 £41) is 19.7%. We add them in quadrature to obtain the total statistical
uncertainties.

Finally, assuming all the sources are independent and adding them in quadrature, the
total uncertainties on the branching fraction ratio measurements are calculated and these
are listed in table 3.

To estimate the signal significance of the Q0 — =~ 7% decay after considering the
systematic uncertainties, alternative fits to the 2~ 7" mass spectrum are performed by: (a)
using a first-order or third-order polynomial for background shape; (b) enlarging the Q0
mass resolution by 0.2 MeV/c?; and (c) changing the Q mass to the nominal value [1]. The
00 signal significance is larger than 4.5¢ in all cases. The ratio of branching fractions to
the normalization mode of Q0 — Q= 7% is measured to be

B2 — =7 )
B(QY — Q~nt)

= [25.3 + 5.2(stat.) = 3.0(syst.)] %. (5.1)

In the calculations of upper limits, the systematic uncertainties are taken into account
in two steps. First, when we study the additive systematic uncertainties from resonance



parameters and the fitting procedure described above, we calculate the upper limit for each
possible case, and take the most conservative upper limit at 90% C.L. on the number of
signal events. Then, the likelihood with the most conservative upper limit is convolved with
a Gaussian function whose width is equal to the corresponding total uncertainty (osum)
summarized in table 3. The 90% C.L. upper limits of the signal yields for Q0 — Z~ K+ and
Q~ K™ modes are 33 and 70 including systematic uncertainties. And the upper limits at
90% C.L. on the ratios of branching fractions are

B(QY — =E"KT)
B(QY — Q-7t)

< 0.070 (5.2)

and
B(Qg — Q" KT)
B(QY — Q~xt)

< 0.29. (5.3)

6 Summary

We have searched for the SCS decays Q0 — =~ 7" and Q- K+ and the DCS decay Q0 —
E-KT for the first time. We report the first evidence of Q¥ — Z~ 7+ with a signal
significance of 4.5¢0 including systematic uncertainties. The ratio of branching fractions to
the normalization mode of Q0 — Q=7 is 0.253 4 0.052(stat.) + 0.030(syst.), which is 2.40
away from the theoretical calculation of 0.104 using the CA and pole methods [17], and
larger than the theoretical calculation of 1.96 x 1072 using the LFQM method [16]. No
significant signals are found in Q¥ — =~ K+ and Q0 — Q= K*. The upper limit at 90%
C.L. on the ratio of branching fractions for 22 — =~ Kt is 0.070, which is consistent with
the theoretical predictions of 1.1 x 1072 using the CA and pole methods [17] and 1.7 x 1074
using the LFQM method [16]. The upper limit at 90% C.L. on the ratio of branching
fractions for Q0 — Q= K7 is 0.29.
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