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We report measurements of the branching fractions of singly Cabibbo-suppressed decays Λþ
c → pη and

Λþ
c → pπ0 using the full Belle data sample corresponding to an integrated luminosity of 980.6 fb−1. The

data were collected by the Belle detector at the KEKB eþe− asymmetric energy collider. A clear Λþ
c signal

is seen in the invariant mass distribution of pη. The fitted number of signal events of the Λþ
c → pη process

is 7734� 263; from this, we measure the ratio of branching fractions BðΛþ
c → pηÞ=BðΛþ

c → pK−πþÞ ¼
½2.258� 0.077ðstatÞ � 0.122ðsystÞ� × 10−2, from which we infer the branching fraction BðΛþ

c → pηÞ ¼
½1.42� 0.05ðstatÞ � 0.11ðsystÞ� × 10−3. In addition, no significant signal for Λþ

c → pπ0 is found, so an
upper limit on the branching fraction of BðΛþ

c → pπ0Þ < 8.0 × 10−5 at a 90% credibility level is set, more
than 3 times better than the best current upper limit.

DOI: 10.1103/PhysRevD.103.072004

I. INTRODUCTION

Weak decays of charmed baryons are useful for testing
many contradictory theoretical models and methods—e.g.,
the flavor symmetry approach and heavy quark effective
theory [1–4]. In contrast with the decays of charmed mesons,
the decays of some charmed baryons are helicity suppressed,
making theW-boson exchange favored [5]. The understand-
ing of charmed baryons has progressed relatively slowly
compared to that of charmedmesons. The main reason is that
the cross section for the generation of charmed baryons is
smaller than that of the mesons, so that some reactions with
small decay branching fractions are difficult to observe
experimentally [6–8]. Although there have been many
improved measurements of the properties of charmed bary-
ons, precisionmeasurements of the decay branching fractions
still remain poor for many Cabibbo-favored (CF) decay
modes and even worse for some decay modes dominated
by Cabibbo suppression and W-boson exchange [9].
In theory, the singly Cabibbo-suppressed (SCS) decays

Λþ
c → pπ0 and Λþ

c → pη proceed predominantly through

internal W emission and W exchange. Typical decay
diagrams of two SCS decays are shown in Fig. 1. The
internal W emission involving an s quark in Fig. 1(f) is
allowed in Λþ

c → pη but absent in Λþ
c → pπ0. The theo-

retical calculations predict the branching fraction of Λþ
c →

pη to be at least an order of magnitude greater than that of
Λþ
c → pπ0 and give different assumption-dependent results

for the branching fractions of these SCS decays [1,3,10–12].
In contrast with the strong decays of heavy-flavor mesons,
the W-boson exchange mechanism plays an important role
in the decay of charmed baryons. Thus, measuring the
branching fractions of these two SCS decays will help
elucidate the decay mechanism of charmed baryons.
The first evidence for the decay Λþ

c → pη with a
statistical significance of 4.2 σ and a branching fraction
of BðΛþ

c → pηÞ ¼ ð1.24� 0.30Þ × 10−3 was reported by
the BESIII Collaboration [13]. They found no significant
Λþ
c → pπ0 signal and set an upper limit on its branching

fraction BðΛþ
c → pπ0Þ < 2.7 × 10−4 at a 90% confidence

level [13].
To improve the measurement precision, we measure the

ratio of the branching fractions of the two SCS processes
with respect to the CF Λþ

c → pK−πþ decay mode:

BðSCSÞ
BðCFÞ ¼ NobsðSCSÞ

ϵMCðSCSÞ × Bðπ0=η → γγÞ ×
ϵMCðCFÞ
NobsðCFÞ ; ð1Þ
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where B, ϵMC, and Nobs are the branching fraction, signal
efficiency, and the fitted yield of signal events from data,
respectively. The value of the branching fraction of
the CF decay is ð6.28� 0.32Þ × 10−2 [9]. The values of
Bðπ0 → γγÞ and Bðη → γγÞ are 0.9882� 0.0003 and
0.3941� 0.0020, respectively [9].

II. THE DATA SAMPLE AND THE
BELLE DETECTOR

The measurements of the two SCS branching fractions
are based on a data sample taken at or near the ϒð1SÞ,
ϒð2SÞ, ϒð3SÞ, ϒð4SÞ, and ϒð5SÞ resonances collected
with the Belle detector at the KEKB asymmetric energy
eþe− collider [14]. The integrated luminosity of the data
samples is 980.6 fb−1, including 711 fb−1 on the ϒð4SÞ
resonance, 89.4 fb−1 off the ϒð4SÞ resonance, 121.4 fb−1

on theϒð5SÞ resonance, and 58.8 fb−1 at theϒð1S; 2S; 3SÞ
resonances. The Belle detector is a large-solid-angle
magnetic spectrometer that consists of a silicon vertex
detector (SVD), a 50-layer central drift chamber (CDC), an
array of aerogel threshold Cherenkov counters (ACC), a
barrel-like arrangement of time-of-flight scintillation coun-
ters (TOF), and an electromagnetic calorimeter comprised
of CsI(Tl) crystals (ECL) located inside a superconducting
solenoid coil that provides a 1.5 T magnetic field. An iron
flux return located outside of the coil is instrumented to
detect K0

L mesons and to identify muons (KLM). The
detector is described in detail elsewhere [15].

Signal MC samples of eþe− → cc̄; cc̄ → Λþ
c X, with X

denoting anything; and Λþ
c → pK−πþ=pπ0=pη are used to

optimize the selection criteria and estimate the
reconstruction and selection efficiency, and are generated
under the ϒð4SÞ resonance condition with PYTHIA [16] and
EvtGen [17] and propagated with GEANT3 [18] to simulate
the detector performance. The charged-conjugate modes
are included unless otherwise stated.
Inclusive MC samples of ϒð4SÞ → BþB−=B0B̄0,

ϒð5SÞ → Bð�Þ
s B̄ð�Þ

s , and eþe− → qq̄ (q ¼ u, d, s, c) at
ffiffiffi

s
p ¼ 10.58 and 10.867 GeV, and ϒð1S; 2S; 3SÞ decays
corresponding to 2 times the integrated luminosity of each
dataset are used to characterize the (potentially peaking)
backgrounds [19].

III. EVENT SELECTION CRITERIA

For charged-particle tracks, the distances of closest
approach with respect to the interaction point (IP) along
the z axis (parallel to the positron beam) and in the
transverse rϕ plane are required to be less than 2.0 cm
and 0.1 cm, respectively. In addition, each track is required
to have at least one SVD hit. Particle identification (PID) is
used to discriminate the type of charged hadron tracks:
Rðhjh0Þ ¼ LðhÞ=ðLðhÞ þ Lðh0ÞÞ is defined as the ratio of
the likelihoods for the h and h0 hypotheses, where LðhÞ
(h ¼ π, K, or p) is the combined likelihood derived from
the ACC, TOF, and CDC dE=dx measurements [20].
RðpjπÞ > 0.9 and RðpjKÞ > 0.9 are required for protons.
RðKjpÞ > 0.4 and RðKjπÞ > 0.9 are required for charged
kaons. RðπjpÞ > 0.4 and RðπjKÞ > 0.4 are required for
charged pions. RðeÞ, a likelihood ratio for e and h
identification formed from ACC, CDC, and ECL informa-
tion [21], is required to be less than 0.9 for all charged
tracks to remove electrons. For the typical momentum
range of our SCS decays, the identification efficiencies of
p, K, and π are 81.7%, 79.6%, and 96.9%, respectively.
A Λþ

c candidate for the CF decay is reconstructed from
three tracks identified as p, K, and π, subject to a common-
vertex fit. The χ2 of the vertex fit is required to be less than
40 to reject background from incorrect combinations.
The scaled momentum of the Λþ

c , defined as xp ¼
p�=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2
cm=4 −M2

p

[22], is required to be greater than
0.53 for all Λþ

c candidates to suppress the combinatorial
background, especially from B-meson decays. Here, Ecm is
the center-of-mass (CM) energy, while p� and M are the
momentum and invariant mass, respectively, of the Λþ

c
candidates in the CM frame. All of these optimized
selection criteria are taken from Ref. [23].
An ECL cluster not matching any track is identified as a

photon candidate. Each photon candidate is required to
have a ratio of energy deposited in the central 3 × 3 square
of ECL cells to that deposited in the enclosing 5 × 5 square
of cells of E9=E25 > 0.8 to reject neutral hadrons. An
optimized figure-of-merit (FOM) study determines that the
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FIG. 1. Feynman diagrams for the weak Cabibbo-suppressed
decays Λþ

c → pπ0 and Λþ
c → pη. (a),(b) internalW emission, (c),

(d),(e) W exchange, and (f) internal W emission for Λþ
c → pη.
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energies of photon candidates must exceed 50 MeV and
110 MeV in the barrel and end cap regions of the ECL,
respectively, for both photons from π0 → γγ. For the η →
γ1γ2 decay, the γ1 (γ2) energies must exceed 220
(260) MeV, 480 (340) MeV, and 260 (360) MeV in the
barrel, forward, and backward end caps, respectively. Two
photon candidates are combined to form a π0=η candidate,
and a mass-constrained fit is performed for this candidate.
The χ2 value of the mass-constrained fit must be less than
7.5 and 4 for π0 and η candidates, respectively, to suppress
the background in which the two-photon invariant mass is
far from π0 and η nominal masses [9]. The momentum in
the CM frame must be greater than 0.69 GeV=c and
0.82 GeV=c for π0 and η candidates, respectively. All
these requirements are optimized. An SCS Λþ

c candidate is
reconstructed by combining a proton candidate with a π0=η
candidate. Again, xp for the Λþ

c → pπ0=pη candidates is
required to exceed 0.53. After applying all the selection
criteria, about 0.8%, 1.4%, and 1.7% of the events in the
signal region have multiple Λþ

c candidates for the pK−πþ,
pη, and pπ0 decays, respectively.
The SCS signal region in data is optimized with the

control sample of Λþ
c → pK−πþ, as well as the Λþ

c mass
sidebands to the hidden SCS signal region (i.e., the signal
region is blinded), by optimizing the ratio S=

ffiffiffiffiffiffiffiffiffiffiffiffi

Sþ B
p

,
where S and B are the expected number of signal events
for SCS decays in data and the number of background
events normalized to the signal region, respectively. S is
obtained via

S ¼ ϵMCðΛþ
c → pπ0=pηÞ × NobsðΛþ

c → pK−πþÞ
ϵMCðΛþ

c → pK−πþÞ

×
BðΛþ

c → pπ0=pηÞ × Bðπ0=η → γγÞ
BðΛþ

c → pK−πþÞ ; ð2Þ

where Nobs and ϵMC are the fitted Λþ
c events of data and

the detection efficiency of the signal MC sample, respec-
tively; BðΛþ

c → pπ0=pηÞ are the branching fractions of
2.7 × 10−4 and 1.24 × 10−3 for Λþ

c → pπ0 and Λþ
c → pη,

respectively [13]; and BðΛþ
c → pK−πþÞ is the branching

fraction of the CF decay [9].

IV. EFFICIENCY ESTIMATION
AND FIT RESULTS

With the final selection criteria applied, the invariant
mass distributions of pK−πþ, pη, and pπ0 from data are
shown in Figs. 2, 3, and 4, respectively. From the study of
the topology of inclusive MC samples [19], no peaking
backgrounds contribute to these mass distributions in the
Λþ
c signal region.
For the CF mode, we fit the invariant mass distribution of

pK−πþ displayed in Fig. 2 from 2.15 to 2.42 GeV=c2

using the binned maximum likelihood fit with a bin width

of 3 MeV=c2. A double-Gaussian function with the
common mean value is used to model the signal events,
and a second-order polynomial is used to model the
background events. The parameters of the signal and
background shapes are free in the fit. The reduced χ2

value of the fit is χ2=ndf ¼ 87=82 ¼ 1.06, and the fitted
number of signal events is 1 476 200� 1560, where ndf is
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FIG. 2. Fit to the invariant mass distribution of pK−πþ from
data. Black dots with error bars represent the data; the pink
dashed line, the blue dash-dotted line, the green dashed line, and
the red solid line represent the background contribution, the core
Gaussian, tail Gaussian, and the total fit, respectively.
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FIG. 3. Fit to the invariant mass distribution of pη from data.
Black dots with error bars represent the data; the magenta dash-
dotted line, the blue dashed line, and the red solid line represent
the background component, the signal, and the total fit, respec-
tively.
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the number of degrees of freedom and the uncertainty is
statistical only.
The Dalitz [24] distribution of M2ðK−πþÞ versus

M2ðpK−Þ in the signal region from data is shown in
Fig. 5. The signal region is taken from 2.274 to
2.298 GeV=c2. We divide this into 120 × 120 pixels, with
size 0.027 GeV2=c4 for M2ðpK−Þ and 0.016 GeV2=c4 for
M2ðK−πþÞ. The number of background events has been
subtracted using the normalized sidebands. The sideband
regions are defined to be ð2.262; 2.274Þ GeV=c2 and
ð2.298; 2.310Þ GeV=c2. A MC sample mixing four sub-
channels of CF decay weighted with the corresponding
branching fractions taken from Ref. [9] is used to assess the
selection efficiency of the CF mode. The total number of
reconstructed MC signal events is normalized to that of

signal candidates in data. We calculate the overall effi-
ciency using the efficiency of each pixel. The formula is
ϵ ¼ Σisi=Σjðsj=ϵjÞ, where Σisi is the number of signal
candidates in data, and sj and ϵj are the number of signal
events from data and the efficiency from the MC sample for
each pixel, respectively. The efficiency of one pixel is
obtained by dividing the number of events remaining in the
signal MC sample by the number of generated events. The
weighted efficiency for each bin is exhibited in Fig. 6, and
the corrected efficiency for data is ð14.06� 0.01Þ%.
An obvious Λþ

c signal peaking in the signal region of the
MðpηÞ spectrum is observed. We use the binned maximum
likelihood method to fit the invariant mass distribution of
pη from 2.15 to 2.42 GeV=c2 with a 3 MeV=c2 bin width.
A combined Gaussian and crystal ball (CB) [25] function
with a common mean value models the signal, and a
second-order polynomial models the background. The
parameters of the signal and background line shapes are
free in the fit. Figure 3 exhibits the distribution of the
invariant mass of pη and the corresponding fit result.
The reduced χ2 of the fit is χ2=ndf ¼ 102=83 ¼ 1.23, and
the fitted number of signal events is 7734� 263.
There is no significant excess observed in the signal

region for Λþ
c → pπ0. We fit Mðpπ0Þ with the binned

maximum likelihood method; the fit result is shown in
Fig. 4. The signal is modeled by a combined Gaussian and
CB function with the common mean convolved with a
Gaussian function; the background is described by a
second-order polynomial. The parameters of the signal
are fixed to MC-derived values, and the convolving
Gaussian with width 2.1 MeV accounts for the difference
in widths between data and MC for the Λþ

c → pη signal.
The fitted number of signal events and the parameters of
the background polynomial are free in the fit. The fitting
range is from 2.15 to 2.42 GeV=c2, with a bin width of
3 MeV=c2. The fitted number of signal events is 11� 140,
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FIG. 4. Fit to the invariant mass distribution of pπ0. Black dots
with error bars represent the data; the magenta dash-dotted line,
the blue dashed line, and the red solid line represent the
background component, the signal, and the total fit, respectively.
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which is consistent with zero. Thus, with a uniform prior
probability density function, the estimation of a Bayesian
upper limit is performed to obtain the 90% credibility level
(C.L.) upper limit on the branching fraction of Λþ

c → pπ0.
The likelihood function is integrated from zero to the value
that gives 90% of the total area. Before integrating, we
include the systematic uncertainty (σsys) described below
by convolving the likelihood distribution with a Gaussian
whose width is equal to σsys. An upper limit on the
branching fraction of 9.44 × 10−5 at 90% C.L. is set.
The likelihood distribution as a function of the branching
fraction, with the systematic uncertainty included, is dis-
played in Fig. 7.
To estimate the efficiencies of the two SCS decays,

we take the ratio of the number of fitted signal events in
the invariant mass distribution of pπ0=pη to that of
generated events from signal MC samples as the efficiency.
We find ð8.28� 0.03Þ% and ð8.89� 0.03Þ% for Λþ

c → pη
and Λþ

c → pπ0, respectively. The uncertainties are statis-
tical only.

V. SYSTEMATIC UNCERTAINTIES

Since the branching fraction is obtained from the ratio of
the corresponding quantities in Eq. (1), some systematic
uncertainties for Λþ

c → pπ0=pη cancel. The sources of
systematic uncertainties include the fits of CF and SCS
decays, PID, tracking efficiency, photon efficiency, the
uncertainties of branching fractions of CF and π0=η → γγ
decays, and the statistics of the signal MC samples.

To estimate the uncertainties from the fits of CF and SCS
decays, we modify the signal and background functions, the
bin width, and the fit range and refit. To evaluate the
uncertainty from the signal function, the signal shape for
Λþ
c → pK−πþ=pη is fixed to that from the fit to the MC

sample, while that for Λþ
c → pπ0 is changed from a

Gaussian and CB combined function to a double CB
function. The uncertainty from the background line shape
is assessed by using a first-order polynomial. Furthermore,
we change the bin width to 2 MeV=c2 or 4 MeV=c2, and
adjust the fit range of the invariantmass spectrum to estimate
the uncertainties from binning and fit range. The difference
of branching fractions between the refitted and nominal
conditions is taken as the uncertainty, which is 3.86% for
Λþ
c → pπ0 and 2.85% for Λþ

c → pη, respectively.
The systematic uncertainties from PID and tracking

efficiency of the proton cancel in the branching-fraction
ratio. Systematic uncertainties of 1.6% and 1.2% are
assigned for the K and π identification efficiencies,
respectively, by studying a low-background control sample
of D�. The total systematic uncertainty from PID is 2.0%,
the sum in quadrature of the individual uncertainties for K
and π. From the study of the mid- to high-momentum track
reconstruction efficiency in D� → πD0 decay, the uncer-
tainty of the efficiency for each charged track is 0.35%,
resulting in a total uncertainty of 0.7% from tracking
efficiency. We assign a 2% systematic uncertainty due to
the photon efficiency per photon according to a study of
radiative Bhabha events; the total systematic uncertainty
from photon reconstruction is thus 4%.
The systematic uncertainties from the branching frac-

tions of CF and π0=η → γγ are 5.1%, 0.034%, and 0.5%
[9], respectively.
The systematic uncertainty from the size of the signal

MC sample is estimated to be 0.34% and 0.35% for Λþ
c →

pπ0 and Λþ
c → pη decays, respectively.

The systematic uncertainties are summarized in Table I
and give in total 7.8% and 7.4% for Λþ

c → pπ0 and
Λþ
c → pη, respectively, which are obtained by assuming
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FIG. 7. The likelihood distribution as a function of the
branching fraction for Λþ

c → pπ0 with the systematic uncertainty
included. The blue arrow refers to the 90% C.L. upper limit on the
branching fraction.

TABLE I. The sources of the relative systematic uncertainties
(%) on the branching fractions of Λþ

c → pπ0 and Λþ
c → pη

decays.

Source Λþ
c → pπ0 Λþ

c → pη

Fit of signal decay 3.9 2.8
PID 2.0 2.0
Tracking efficiency 0.7 0.7
Photon efficiency 4.0 4.0
BðΛþ

c → pK−πþÞ 5.1 5.1
Bðπ0=η → γγÞ 0.0 0.5
Statistics of signal MC samples 0.3 0.4

Total 7.8 7.4
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all uncertainties are independent and therefore added in
quadrature.

VI. CONCLUSION

Weobserve the decayΛþ
c → pη. A significantΛþ

c signal is
observed in the invariant mass distribution of pη from data.
Using the numbers of the fitted signal events of theΛþ

c → pη
and pK−πþ models and the reconstruction efficiencies, the

measured ratio of BðΛþ
c →pηÞ

BðΛþ
c →pK−πþÞ ¼ ½2.258� 0.077ðstatÞ �

0.122ðsystÞ� × 10−2 is obtained via Eq. (1). With the inde-
pendently measured value of BðΛþ

c → pK−πþÞ [9],
we extract a branching fraction of BðΛþ

c → pηÞ ¼
½1.42� 0.05ðstatÞ � 0.11ðsystÞ� × 10−3, which is consistent
with both the latest published measurement of ð1.24�
0.30Þ × 10−3 [13], but with much improved precision, and
with theoretical predictions within 1.3 σ [11,12].
We see no obvious signal excess in the distribution

of Mðpπ0Þ, and so we set an upper limit on the ratio

of the branching fractions BðΛþ
c →pπ0Þ

BðΛþ
c →pK−πþÞ at a 90% C.L. of

1.273 × 10−3. From this, we extract an upper limit on the
branching fraction of BðΛþ

c → pπ0Þ < 8.0 × 10−5 at a
90% C.L., more than 3 times more stringent than the best
current upper limit of 2.7 × 10−4 [13]. The measured
BðΛþ

c → pηÞ is at least an order of magnitude larger than
BðΛþ

c → pπ0Þ, which is consistent with the theoretical
prediction of an internal W-emission mechanism involving
an s quark in Λþ

c → pη [11].
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