
Measurement of the decays Λc → Σππ at Belle

M. Berger,71 C. Schwanda,23 K. Suzuki,71 I. Adachi,13,10 J. K. Ahn,35 H. Aihara,80 S. Al Said,74,33 D. M. Asner,62

H. Atmacan,70 V. Aulchenko,3,60 T. Aushev,50 R. Ayad,74 V. Babu,75 I. Badhrees,74,32 A. M. Bakich,73 V. Bansal,62

P. Behera,20 V. Bhardwaj,16 B. Bhuyan,18 J. Biswal,28 G. Bonvicini,85 A. Bozek,57 M. Bračko,44,28 T. E. Browder,12

D. Červenkov,4 A. Chen,54 B. G. Cheon,11 K. Chilikin,39,49 K. Cho,34 Y. Choi,72 D. Cinabro,85 T. Czank,78 N. Dash,17

S. Di Carlo,85 Z. Doležal,4 D. Dutta,75 S. Eidelman,3,60 D. Epifanov,3,60 J. E. Fast,62 T. Ferber,7 B. G. Fulsom,62 R. Garg,63

V. Gaur,84 N. Gabyshev,3,60 A. Garmash,3,60 M. Gelb,30 A. Giri,19 P. Goldenzweig,30 O. Grzymkowska,57 Y. Guan,21,13

E. Guido,26 J. Haba,13,10 T. Hara,13,10 K. Hayasaka,59 H. Hayashii,53 M. T. Hedges,12 W.-S. Hou,56 T. Iijima,52,51 K. Inami,51

G. Inguglia,7 A. Ishikawa,78 R. Itoh,13,10 M. Iwasaki,61 Y. Iwasaki,13 W.W. Jacobs,21 I. Jaegle,8 S. Jia,2 Y. Jin,80 K. K. Joo,5

T. Julius,46 A. B. Kaliyar,20 K. H. Kang,37 G. Karyan,7 T. Kawasaki,59 H. Kichimi,13 C. Kiesling,45 D. Y. Kim,69 H. J. Kim,37

J. B. Kim,35 K. T. Kim,35 S. H. Kim,11 K. Kinoshita,6 P. Kodyš,4 S. Korpar,44,28 D. Kotchetkov,12 P. Križan,40,28

R. Kroeger,47 P. Krokovny,3,60 T. Kuhr,41 R. Kulasiri,31 A. Kuzmin,3,60 Y.-J. Kwon,87 J. S. Lange,88 I. S. Lee,11 S. C. Lee,37

L. K. Li,22 Y. Li,84 L. Li Gioi,45 J. Libby,20 D. Liventsev,84,13 M. Lubej,28 T. Luo,64 M. Masuda,79 T. Matsuda,48

D. Matvienko,3,60 M. Merola,25 K. Miyabayashi,53 H. Miyata,59 R. Mizuk,39,49,50 G. B. Mohanty,75 H. K. Moon,35 T. Mori,51

R. Mussa,26 T. Nakano,65 M. Nakao,13,10 T. Nanut,28 K. J. Nath,18 Z. Natkaniec,57 M. Nayak,85,13 M. Niiyama,36

N. K. Nisar,64 S. Nishida,13,10 S. Okuno,29 H. Ono,58,59 Y. Onuki,80 P. Pakhlov,39,49 G. Pakhlova,39,50 B. Pal,6 H. Park,37

S. Paul,77 I. Pavelkin,50 T. K. Pedlar,42 R. Pestotnik,28 L. E. Piilonen,84 V. Popov,50 M. Ritter,41 A. Rostomyan,7 G. Russo,25

Y. Sakai,13,10 M. Salehi,43,41 S. Sandilya,6 L. Santelj,13 T. Sanuki,78 V. Savinov,64 O. Schneider,38 G. Schnell,1,15

A. J. Schwartz,6 Y. Seino,59 K. Senyo,86 O. Seon,51 M. E. Sevior,46 V. Shebalin,3,60 C. P. Shen,2 T.-A. Shibata,81

N. Shimizu,80 J.-G. Shiu,56 B. Shwartz,3,60 F. Simon,45,76 A. Sokolov,24 E. Solovieva,39,50 M. Starič,28 J. F. Strube,62

M. Sumihama,9 T. Sumiyoshi,82 M. Takizawa,68,14,66 U. Tamponi,26,83 K. Tanida,27 F. Tenchini,46 M. Uchida,81 T. Uglov,39,50

Y. Unno,11 S. Uno,13,10 P. Urquijo,46 Y. Usov,3,60 C. Van Hulse,1 G. Varner,12 K. E. Varvell,73 A. Vinokurova,3,60

V. Vorobyev,3,60 A. Vossen,21 B. Wang,6 C. H. Wang,55 M.-Z. Wang,56 P. Wang,22 X. L. Wang,62,13 M. Watanabe,59

Y. Watanabe,29 E. Widmann,71 E. Won,35 H. Ye,7 J. Yelton,8 C. Z. Yuan,22 Y. Yusa,59 S. Zakharov,39 Z. P. Zhang,67

V. Zhilich,3,60 V. Zhukova,39,49 V. Zhulanov,3,60 and A. Zupanc40,28

(The Belle Collaboration)

1University of the Basque Country UPV/EHU, 48080 Bilbao
2Beihang University, Beijing 100191

3Budker Institute of Nuclear Physics SB RAS, Novosibirsk 630090
4Faculty of Mathematics and Physics, Charles University, 121 16 Prague

5Chonnam National University, Kwangju 660-701
6University of Cincinnati, Cincinnati, Ohio 45221

7Deutsches Elektronen–Synchrotron, 22607 Hamburg
8University of Florida, Gainesville, Florida 32611

9Gifu University, Gifu 501-1193
10SOKENDAI (The Graduate University for Advanced Studies), Hayama 240-0193

11Hanyang University, Seoul 133-791
12University of Hawaii, Honolulu, Hawaii 96822

13High Energy Accelerator Research Organization (KEK), Tsukuba 305-0801
14J-PARC Branch, KEK Theory Center, High Energy Accelerator Research Organization (KEK),

Tsukuba 305-0801
15IKERBASQUE, Basque Foundation for Science, 48013 Bilbao

16Indian Institute of Science Education and Research Mohali, SAS Nagar, 140306
17Indian Institute of Technology Bhubaneswar, Satya Nagar 751007

18Indian Institute of Technology Guwahati, Assam 781039
19Indian Institute of Technology Hyderabad, Telangana 502285

20Indian Institute of Technology Madras, Chennai 600036
21Indiana University, Bloomington, Indiana 47408

22Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049
23Institute of High Energy Physics, Vienna 1050

24Institute for High Energy Physics, Protvino 142281
25INFN—Sezione di Napoli, 80126 Napoli

PHYSICAL REVIEW D 98, 112006 (2018)

2470-0010=2018=98(11)=112006(10) 112006-1 Published by the American Physical Society



26INFN—Sezione di Torino, 10125 Torino
27Advanced Science Research Center, Japan Atomic Energy Agency, Naka 319-1195

28J. Stefan Institute, 1000 Ljubljana
29Kanagawa University, Yokohama 221-8686

30Institut für Experimentelle Kernphysik, Karlsruher Institut für Technologie, 76131 Karlsruhe
31Kennesaw State University, Kennesaw, Georgia 30144

32King Abdulaziz City for Science and Technology, Riyadh 11442
33Department of Physics, Faculty of Science, King Abdulaziz University, Jeddah 21589

34Korea Institute of Science and Technology Information, Daejeon 305-806
35Korea University, Seoul 136-713
36Kyoto University, Kyoto 606-8502

37Kyungpook National University, Daegu 702-701
38École Polytechnique Fédérale de Lausanne (EPFL), Lausanne 1015

39P.N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow 119991
40Faculty of Mathematics and Physics, University of Ljubljana, 1000 Ljubljana

41Ludwig Maximilians University, 80539 Munich
42Luther College, Decorah, Iowa 52101

43University of Malaya, 50603 Kuala Lumpur
44University of Maribor, 2000 Maribor

45Max-Planck-Institut für Physik, 80805 München
46School of Physics, University of Melbourne, Victoria 3010
47University of Mississippi, University, Mississippi 38677

48University of Miyazaki, Miyazaki 889-2192
49Moscow Physical Engineering Institute, Moscow 115409

50Moscow Institute of Physics and Technology, Moscow Region 141700
51Graduate School of Science, Nagoya University, Nagoya 464-8602
52Kobayashi-Maskawa Institute, Nagoya University, Nagoya 464-8602

53Nara Women’s University, Nara 630-8506
54National Central University, Chung-li 32054
55National United University, Miao Li 36003

56Department of Physics, National Taiwan University, Taipei 10617
57H. Niewodniczanski Institute of Nuclear Physics, Krakow 31-342

58Nippon Dental University, Niigata 951-8580
59Niigata University, Niigata 950-2181

60Novosibirsk State University, Novosibirsk 630090
61Osaka City University, Osaka 558-8585

62Pacific Northwest National Laboratory, Richland, Washington 99352
63Panjab University, Chandigarh 160014

64University of Pittsburgh, Pittsburgh, Pennsylvania 15260
65Research Center for Nuclear Physics, Osaka University, Osaka 567-0047
66Theoretical Research Division, Nishina Center, RIKEN, Saitama 351-0198

67University of Science and Technology of China, Hefei 230026
68Showa Pharmaceutical University, Tokyo 194-8543

69Soongsil University, Seoul 156-743
70University of South Carolina, Columbia, South Carolina 29208

71Stefan Meyer Institute for Subatomic Physics, Vienna 1090
72Sungkyunkwan University, Suwon 440-746

73School of Physics, University of Sydney, New South Wales 2006
74Department of Physics, Faculty of Science, University of Tabuk, Tabuk 71451

75Tata Institute of Fundamental Research, Mumbai 400005
76Excellence Cluster Universe, Technische Universität München, 85748 Garching

77Department of Physics, Technische Universität München, 85748 Garching
78Department of Physics, Tohoku University, Sendai 980-8578

79Earthquake Research Institute, University of Tokyo, Tokyo 113-0032
80Department of Physics, University of Tokyo, Tokyo 113-0033

81Tokyo Institute of Technology, Tokyo 152-8550
82Tokyo Metropolitan University, Tokyo 192-0397

83University of Torino, 10124 Torino
84Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

85Wayne State University, Detroit, Michigan 48202

M. BERGER et al. PHYS. REV. D 98, 112006 (2018)

112006-2



 

86Yamagata University, Yamagata 990-8560
87Yonsei University, Seoul 120-749

88Justus-Liebig-Universität Gießen, 35392 Gießen

(Received 13 February 2018; published 17 December 2018)

We report measurements of the branching fractions of the decays Λþ
c → Σþπ−πþ, Λþ

c → Σ0πþπ0 and
Λþ
c → Σþπ0π0 relative to the reference channel Λþ

c → pK−πþ. The analysis is based on the full data
sample collected at and near the ϒð4SÞ resonance by the Belle detector at the KEKB asymmetric-energy
eþe− collider, corresponding to an integrated luminosity of 711 fb−1. We measure BðΛþ

c → Σþπ−πþÞ=
BðΛþ

c → pK−πþÞ ¼ 0.719� 0.003� 0.024, BðΛþ
c → Σ0πþπ0Þ=BðΛþ

c → pK−πþÞ ¼ 0.575� 0.005�
0.036 and BðΛþ

c → Σþπ0π0Þ=BðΛþ
c → pK−πþÞ ¼ 0.247� 0.006� 0.019. The listed uncertainties are

statistical and systematic, respectively.

DOI: 10.1103/PhysRevD.98.112006

I. INTRODUCTION

Charmed baryon decays provide crucial information for
the study of both strong and weak interactions. The Λc,
which is the lightest charmed baryon and has a udc quark
configuration, plays a key role. As most Λ0

b decays include
a Λþ

c [1,2] in their decay products, improved measurements
of Λþ

c hadronic branching fractions help constrain frag-
mentation functions of bottom, as well as charm, quarks
through the measurement of inclusive heavy-flavor baryon
production [3,4]. The recent model-independent measure-
ments of the normalization mode Λc → pKπ by Belle [5]
and BESIII [6] improve the accuracy of Λþ

c branching
fractions measured relative to this mode and similarly
advance other related measurements [7]. The decay Λþ

c →
Σππ is particularly interesting as it has been proposed as a
possible avenue to extract the Σ − π scattering length [8],
and this measurement would provide crucial information
in the study of the Λð1405Þ resonance [9].
In this paper, we report measurements of the branching

fractions of the decays Λþ
c → Σþπ−πþ, Λþ

c → Σ0πþπ0

and Λþ
c → Σþπ0π0 relative to the reference channel

Λþ
c → pK−πþ [10].
This analysis is based on the full Belle data sample taken

at the ϒð4SÞ resonance. In principle, it would be desirable
to also measure Λþ

c → Σ−πþπþ. However Σ− decays
almost completely into nπ−, a mode that cannot be
reconstructed at Belle. Belle’s inability to measure neutrons
also limits us to the decay modes Σþ → pπ0 and Λ → pπ−

when reconstructing hyperons. While the Λþ
c → Σþπ−πþ

and Λþ
c → Σ0πþπ0 modes have been studied previously by

BESIII [6] and by CLEO [11], respectively, we present here
the first measurement of the Λþ

c → Σþπ0π0 channel.

II. EXPERIMENTAL PROCEDURE

A. Data sample

This analysis is based on the 711 fb−1 data sample
collected with the Belle detector at the KEKB asymmetric-
energy eþe− collider [12] operating at an energy at or near
the ϒð4SÞ resonance. Belle 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 counters
(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). Two inner
detector configurations were used. A 2.0 cm radius beam-
pipe and a 3-layer silicon vertex detector were used for the
first sample of 140 fb−1, while a 1.5 cm radius beampipe, a
4-layer silicon detector and a small-cell inner drift chamber
were used to record the remaining 571 fb−1 [13]. The
detector is described in detail elsewhere [14].
In addition, we use Monte Carlo (MC) simulated events,

which are created with the JETSET [15] and EVTGEN [16]
generators. A full detector simulation based on GEANT3
[17] is applied to MC events to model the response of
the detector and its acceptance. Final-state radiation is
taken into account using the PHOTOS [18] package.
MC-simulated data samples are equivalent to at least six
times the data luminosity.

B. Event selection

Charged particles are reconstructed in the tracking
system consisting of the SVD and CDC detectors. Particle
identification is based on the specific ionization in the CDC,
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the Cherenkov light yield in the ACC, and the time-of-flight
information in the TOF. For each track, the normalized
likelihood ratio for distinct hypotheses i ∈ fp; π; Kg and
j ≠ i is defined asLði∶jÞ ¼ LðiÞ=ðLðiÞ þ LðjÞÞ. For a track
to be identified as a proton (pion), the corresponding like-
lihood ratios must exceed 0.6. For pK−πþ alone, the more
stringent requirement of Lðp∶KÞ > 0.9 and Lðp∶πÞ > 0.9
for proton candidates is adopted. These selection criteria are
about 90% efficient for detected kaons, 98% for pions and
80% (90%) for protons coming directly from Λc (from
hyperons). For all charged particles except the protons and
pions from the Σþ and Λ decays, we require the distance of
closest approach jdzj (dr) to the interaction point (IP) along
the beam axis (in the transverse plane) to be smaller than
4 cm (2 cm).
Photons are reconstructed from clusters in the ECL

are not matched to a CDC track trajectory. We require a
minimum cluster energy of 40 MeV. A neutral π0 candidate
is formed by combining two photons selected in a MðγγÞ
window of ½120; 150� MeV=c2 (about �3σ around the
nominal π0 mass). The reconstructed π0 momentum must
exceed 100 MeV=c in the laboratory frame.
A Λ candidate is reconstructed by combining a proton

and a pion with an invariant-mass MðpπÞ between 1.1130
and 1.1180 GeV=c2 (about �3σ around the nominal Λ
mass). In Belle analyses, additional criteria may be applied,
based on the distance along the beam axis of the two
daughter tracks at their closest approach (zdist), the mini-
mum dr of each track, the angular difference in the
transverse plane between the Λ flight direction and the
vector between the IP and the decay vertex (dϕ), and
the flight length in the transverse plane of the Λ candidate
(jlfj). Two levels of Λ candidate purity are commonly used
in Belle, based on the selection criteria for these four
parameters [19–21]. Level 1 (2) is determined by optimiz-
ing these Λ-selection criteria on MC samples after (with-
out) selections on the charged particle likelihood ratios.
The threshold values for each parameter are given in Table I
for the two levels. However, at this point we make no
selection based on the purity level.
A Σ0 candidate is formed by combining a Λ candidate

with a photon, with MðΛγÞ required to lie between 1.18
and 1.206 GeV=c2 (about �3σ). Similarly, a Σþ candidate
is formed from the combination of a proton with a π0, with
Mðpπ0Þ lying between 1.159 and 1.219 GeV=c2 (about

�2.5σ). The Σþ → pπ0 reconstruction relies on the long
hyperon lifetime: we require the proton’s dr to exceed
0.3 mm. Then, the Σþ trajectory is approximated by a
straight line from the IP in the direction of the reconstructed
Σþ three-momentum and intersected with the proton path.
This point is taken as an estimate of the Σþ decay vertex
and used to refit the π0 candidate, assuming that the γγ pair
originates from this vertex rather than from the IP. Only Σþ
candidates with a positive flight length from the IP to the
decay vertex are retained.
Finally, the Σ baryon candidate is combined with two

pions. To reduce combinatorial background, the scaled
momentum x ¼ p=pmax is required to be larger than 0.5.
Here, p is the magnitude of the Λþ

c three-momentum and
pmax is its maximum value assuming only a pair of Λþ

c
baryons is produced in the event. As a consequence of this
requirement, all Λþ

c candidates from B decays are com-
pletely eliminated and only candidates originating directly
from the eþe− → cc̄ continuum are retained. Charged
daughter particles are fitted to a common decay vertex;
the χ2 of this fit is required to be compatible with the
daughters being produced by a common parent.

C. Boosted decision tree selector

To further increase the purity of the reconstructed signal,
we combine several discriminant variables into a single
boosted decision tree (BDT) output, based on the AdaBoost
[22] algorithm.
The input variables to the BDT are: the scaled momenta

of the Λþ
c candidate and the hyperon, all final-state

charged-particle and π0 candidate momenta in the center-
of-mass (c.m.) frame, the cluster energy and direction of
detected photons in the ECL, the cosine of the angle
between the two photons from all π0 particles in the
laboratory frame, the χ2 of the vertex fit (described above)
in modes with several charged daughters, the distances of
closest approach to the interaction point (dr, jdzj) of all
charged trajectories, theΛ-candidate purity level (described
earlier), and a purity flag for each π0 candidate. This binary
flag is assigned by (1) forming π0 candidates from all
possible two-photon combinations, starting from the most
energetic photons, then (2) processing this ordered list
to assign a value of one for the first combination with an
invariant-mass in the range of�15 MeV=c2 of the nominal
π0 mass and zero for all other combinations using the same
photons. This requirement ensures that only the most likely
γγ combinations are used and avoids double counting.
The classifier is trained on MC event samples corre-

sponding to the same integrated luminosity as the real data
sample except in the case of the Σþπ0π0 decay mode, where
six times the real data luminosity is used. If there are
multiple candidates in one event, the one with the highest-
ranking BDT classifier is selected. The selection threshold
applied to the BDT output is optimized by maximizing a

TABLE I. Selection criteria for Λ at purity level 1 (level 2) as
commonly used in the Belle collaboration.

p [GeV=c] < 0.5 0.5–1.5 > 1.5

Max zdist [cm] 12.9(7.7) 9.8(2.1) 2.4(1.9)
Min dr [mm] 0.08(0.18) 0.10(0.33) 0.27(0.59)
Max dϕ [°] 0.09(0.07) 0.18(0.10) 1.20(0.60)
Min jlfj [mm] 2.2(3.5) 1.6(2.4) 1.1(1.7)
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figure of merit defined as S=
ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
, where S represents

the number of signal events and B the number of back-
ground events that pass the selection criteria, as estimated
from MC samples introduced earlier. For the Σþπ0π0
channel, where no previous measurement is available, a
branching fraction of 1.8% is assumed from isospin
considerations.

D. Signal yield extraction

The signal yields in the Λþ
c → pK−πþ, Σ0πþπ0,

Σþπ−πþ, and Σþπ0π0 modes are extracted using an
unbinned extended maximum likelihood fit (EML) [23]
to the Λc-candidate invariant-mass distribution. The prob-
ability density functions (PDFs) of the signal and back-
ground models are typically defined between 2.2 and
2.4 GeV=c2; for the Σþπ0π0 mode, the lower bound is
set to 2.14 GeV=c2 to accommodate the longer signal tail
at low invariant-masses. The signal in each channel is
modeled by a combination of Gaussian, Breit-Wigner, and
Crystal Ball [24] functions, sharing the same mean. Details
are given in Table II. The model is chosen empirically on
MC samples and the width and peak position are in good
agreement with data for all Σππ decay channels. For
pK−πþ, we find the signal shape to be 12% broader in
data. In the Σ0πþπ0 decay mode, Λc → Λπþπ0 combined
with one random photon causes a peak in the invariant-
mass distribution that overlaps partially with the signal
region. This background is included in the fit model. In all
modes with a π0 in the final state, π0 candidates containing
an incorrect photon produce a broad peak centered at the
nominal Λþ

c mass. These self-cross-feed events, which
amount to between 5% and 23% of true signal depending
on the mode, are included in the signal component’s PDF.
For the combinatorial background, polynomials are used:
cubic for pKπ and Σ0πþπ0, quadratic for other Σππ
combinations. The reconstruction efficiency depends on
the presence of intermediate resonances. To extract the

signal yields in a model-independent way, the Dalitz
distribution of each decay is binned and independent fits
are performed in each bin. The binning and the Dalitz-bin
efficiencies for Λþ

c → pK−πþ, Σ0πþπ0, Σþπþπ−, and
Σþπ0π0 are shown in Figs. 1, 2, 3 and 4, respectively.
The PDF parameters in each bin are determined from
simulation. In the fit to Σππ real data, only the normal-
izations of the signal and combinatorial background are
floated, except in the Λþ

c → Σ0πþπ0 channel, where the
distinct contribution of the Λπþπ0 þ γ background is also
determined bin by bin. For Λþ

c → pK−πþ, both the back-
ground polynomial and the width of the signal component
are allowed to float. For Σππ, the width is measured
on the full sample and fixed for yield extraction.

2.5 3 3.5 4 4.5
2]2 [GeV/c2)

-
K+M(p
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2 ) π
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 efficiency+π-K+p

FIG. 1. Dalitz distribution binning and reconstruction effi-
ciency in bins of MðpK−Þ2 vs MðK−πþÞ2 for the Λþ

c →
pK−πþ channel. The curved line is the kinematic boundary of
the Dalitz plot. The fits for yield extraction in bins (a), (b) and (c)
are shown in Fig. 5.

TABLE II. Summary of the probability density functions
(PDFs) used to model the signal component in the different
Λþ
c modes. The alternative PDFs are used to estimate model

uncertainties. A Gaussian function is abbreviated as “G,” a Breit-
Wigner function as “BW,” and a Crystal Ball function as “CB.”
The operator “þ” denotes a linear sum of PDFs and “⊗” stands
for a convolution. All PDFs in the same decay channel share the
same mean. The proportions of each function are determined
from MC and fixed.

Λþ
c mode PDF Alternative PDF

Σþπþπ− G ⊗ BWþ G Gþ Gþ BW
Σ0πþπ0 CBþ BW CBþ G
pK−πþ Gþ Gþ BW Gþ Gþ G
Σþπ0π0 CBþ G CBþ BW
Λ0πþπ0 þ γ Bifurcated Gþ G CBþ G

2 2.5 3 3.5 4 4.5
2]2 [GeV/c2)+π0ΣM(
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0.4
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2 ]2
 [G

eV
/c

2 )
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M
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0.015
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0.035
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 efficiency0π+π0Σ

FIG. 2. Dalitz distribution binning and reconstruction effi-
ciency in bins of MðΣ0πþÞ2 vs Mðπ0πþÞ2 for the Λþ

c →
Σ0πþπ0 channel. The curved line is the kinematic boundary of
the Dalitz plot. The fits in representative bins (a), (b) and (c) are
shown in Fig. 6.
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Figures 5, 6, 7 and 8 show sample Dalitz-bin plots to
illustrate the extraction of the signal yields.
At the next step, the extracted yields in each bin are

efficiency-corrected and summed over the Dalitz plot to
give the total yield

y ¼
X

i

yi
ϵi
: ð1Þ

Here, the index i runs over the Dalitz plot bins shown in
Figs. 1, 2, 3 and 4, and yi and ϵi are the extracted signal
yield and the reconstruction efficiency, respectively, for
bin i. The result for the total efficiency-corrected signal
yield y is given for each mode in Table III.

III. RESULTS AND SYSTEMATIC UNCERTAINTY

The branching fractions of the decays Λþ
c → Σþπ−πþ,

Λþ
c → Σ0πþπ0, and Λþ

c → Σþπ0π0 relative to that of
the decay Λþ

c → pK−πþ are calculated from the total
efficiency-corrected signal yields given in Table III:

BðΛc → ΣππÞ
BðΛþ

c → pK−πþÞ ¼
yΣππ

ypKπBPDG
: ð2Þ

Here, BPDG denotes the subdecay branching fractions of Σþ
and Λ [25]. All results are summarized in Table IV.
The following uncertainties are taken into account and

listed in Table V. Unless stated otherwise, we assume no
correlation in the individual systematic error components
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and so add them in quadrature. The systematic uncertainty
related to the pion and kaon identification efficiency is
estimated from kinematically identified D�þ → D0πþ,
D0 → K−πþ real-data events. These events are used both
to derive a correction to the MC simulation and to
determine the systematic uncertainties of pion and kaon
identification. All channels except Σþπ0π0 include a
charged pion, directly produced in the Λþ

c decay. The
uncertainty caused by the PID selection of this particle
cancels in the ratio. The uncertainty introduced by proton
identification is determined from the ratio of yields of the
decay Λ → pπ with and without the proton identification
requirement. The difference in the ratio between MC

and data is used to correct the efficiency; the statistical
uncertainty is treated as a systematic error. The systematic
uncertainty due to Λ reconstruction is estimated by con-
sidering the data–MC difference of tracks displaced from
the IP, the Λ proper time, and Λ mass distributions. The
weighted average over the momentum range is taken as the
total uncertainty. A study of τ− → π−π0ντ decays described
in [26] is used to correct for MC–data discrepancies in the
π0 reconstruction efficiency. We check model uncertainties
by varying the PDF parameters fixed from MC within their
statistical uncertainties and repeat the fits one thousand
times for each bin. The change in the central value plus the
width of the distribution, in terms of standard deviation, of
fit results is taken as a systematic error in a given bin and
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the weighted sum is taken as the total systematic error.
Furthermore, we use alternate signal PDFs as described in
Table II and alternate background PDFs whose polynomial
order is increased by one. The residual Dalitz model

dependence of our fitting method is checked by repeating
the fit with a four times finer binning. The difference in
the yields is taken as a systematic error. Limited statistics
preclude us from using a finer binning in the case of
Σþπ0π0. Here, we compare the efficiency-corrected signal
yield with the fit on the unbinned sample and take the
difference as a systematic error. The uncertainty due to
tracking is 0.35% per charged track. We only apply this
uncertainty to pK−πþ in the ratio with Σþπ0π0. In the other
decay modes, the equal number of charged tracks in the
measured and reference modes causes this uncertainty to
cancel. For the reconstruction of the photon from the
Σ0 → Λγ decay, we apply half the uncertainty for low-
momentum (below 200 MeV=c) π0 reconstruction. The
additional uncertainty compared to general π0 reconstruction
is obtained from a study of B0 → D�−πþ and Bþ → D�0πþ
decays to determine the data–MC ratio in bins of pion
momentum from the D� decay. The overall systematic error
is obtained by linear summation of this uncertainty and the
results of the τ− → π−π0ντ study mentioned previously.
Possible uncertainties introduced by the BDT selector are
studied by loosening the selection as far as possible while
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TABLE III. Efficiency-corrected signal yields for the different
Λþ
c modes in multiples of 103. The quoted error is the quadratic

sum of the yield uncertainty from the fit in the individual Dalitz
bins.

Final state
P

iyi=ϵi ½×103�
Σþπ−πþ 2687� 10
Σ0πþπ0 2661� 24
pK−πþ 7249� 9
Σþπ0π0 925� 22

TABLE IV. Branching-fraction values determined by this
analysis. The second column gives the branching fractions of
the decays Λþ

c → Σþπ−πþ, Λþ
c → Σ0πþπ0, and Λþ

c → Σþπ0π0
relative to the branching fraction of the decay Λþ

c → pK−πþ. The
third column lists the absolute branching fractions taking
BðΛþ

c → pK−πþÞ ¼ 6.35� 0.33 [25]. Errors are statistical, sys-
tematic, and from BðpKπÞ, respectively. In the final column, the
current world average is given.

Final
state BðΣππÞ=BðpKπÞ BðΣππÞ [%]

BWAðΣππÞ
[%]

Σþπ−πþ 0.719� 0.003� 0.024 4.57� 0.02� 0.15� 0.24 4.57� 0.29
Σ0πþπ0 0.575� 0.005� 0.036 3.65� 0.03� 0.23� 0.19 2.3� 0.9
Σþπ0π0 0.247� 0.006� 0.019 1.57� 0.04� 0.12� 0.08 …

TABLE V. Summary of the relative systematic error contribu-
tions to efficiency-corrected signal yields (in %). Only uncer-
tainties that do not cancel in the branching-fraction ratios are
given. For pK−πþ, the cancellation of uncertainties with Σþπ−πþ
and Σ0πþπ0 or (Σþπ0π0) is taken into account.

Source Σþπþπ− Σþπ0π0 Σ0πþπ0 pK−πþ

K π identification 1.16 … 1.88 1.18 (1.64)
Proton identification 0.42 0.39 0.39 0.47
Λ identification … … 2.68 …
π0 identification 2.44 6.82 2.27 …
PDF model 0.6 2.18 3.13 1.04
Dalitz structure 0.0 0.06 0.71 0
Tracking 0 0 0 0 (0.7)
γ identification 0 0 3.15 0
MC statistics 0.1 0.6 0.3 0
BPDG 0.3 0.3 0.5 …

Total 2.82 7.20 5.98 1.65 (2.13)
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maintaining a plausible fit quality. The changes in the
efficiency-corrected yields are found to be consistent with
zero within the statistical uncertainty.

IV. SUMMARY

We analyze the decays Λþ
c → Σþπ−πþ, Λþ

c → Σ0πþπ0,
and Λþ

c → Σþπ0π0 using the full Belle data set at or
near the ϒð4SÞ resonance. Using a model-independent
approach, we fit the signal yields in separate bins of the
decay Dalitz distribution to avoid uncertainties introduced
by intermediate resonances. We measure branching-
fraction ratios of

BðΛþ
c → Σþπ−πþÞ

BðΛþ
c → pK−πþÞ ¼ 0.719� 0.003� 0.024;

BðΛþ
c → Σ0πþπ0Þ

BðΛþ
c → pK−πþÞ ¼ 0.575� 0.005� 0.036;

BðΛþ
c → Σþπ0π0Þ

BðΛþ
c → pK−πþÞ ¼ 0.247� 0.006� 0.019:

The first (second) quoted uncertainties are statistical
(systematic). Assuming BðΛþ

c → pK−πþÞ ¼ 6.35� 0.33
[25], we obtain

BðΛþ
c → Σþπ−πþÞ ¼ 4.57� 0.02� 0.15� 0.24%;

BðΛþ
c → Σ0πþπ0Þ ¼ 3.65� 0.03� 0.23� 0.19%;

BðΛþ
c → Σþπ0π0Þ ¼ 1.57� 0.04� 0.12� 0.08%:

The third quoted uncertainties are due to BðpK−πþÞ.
The results agree with previous experimental findings
[6,11] where they exist. This is the first measurement of
Λþ
c → Σþπ0π0. The measurement of Λþ

c → Σ0πþπ0 is four
times more precise than the current world average.

ACKNOWLEDGMENTS

We thank the KEKB group for the excellent operation of
the accelerator; the KEK cryogenics group for the efficient
operation of the solenoid; and the KEK computer group,
and the Pacific Northwest National Laboratory (PNNL)
Environmental Molecular Sciences Laboratory (EMSL)
computing group for strong computing support; and the

National Institute of Informatics, and Science Information
NETwork 5 (SINET5) for valuable network support. We
acknowledge support from the Ministry of Education,
Culture, Sports, Science, and Technology (MEXT) of
Japan, the Japan Society for the Promotion of Science
(JSPS), and the Tau-Lepton Physics Research Center of
Nagoya University; the Australian Research Council
including Grants No. DP180102629, No. DP170102389,
No. DP170102204, No. DP150103061, No. FT130100303;
Austrian Science Fund under Grant No. P 26794-N20
and Doctoral program No. W1252-N27; the National
Natural Science Foundation of China under Contracts
No. 11435013, No. 11475187, No. 11521505,
No. 11575017, No. 11675166, No. 11705209; Key
Research Program of Frontier Sciences, Chinese
Academy of Sciences (CAS), Grant No. QYZDJ-SSW-
SLH011; the CAS Center for Excellence in Particle Physics
(CCEPP); the Shanghai Pujiang Program under Grant
No. 18PJ1401000; the Ministry of Education, Youth and
Sports of the Czech Republic under Contract
No. LTT17020; the Carl Zeiss Foundation, the Deutsche
Forschungsgemeinschaft, the Excellence Cluster Universe,
and the VolkswagenStiftung; the Department of Science
and Technology of India; the Istituto Nazionale di
Fisica Nucleare of Italy; National Research Foundation
(NRF) of Korea Grants No. 2015H1A2A1033649,
No. 2016R1D1A1B01010135, No. 2016K1A3A7A09005
603, No. 2016R1D1A1B02012900, No. 2018R1A2B3003
643, No. 2018R1A6A1A06024970, No. 2018R1D1
A1B07047294; Radiation Science Research Institute,
Foreign Large-size Research Facility Application
Supporting project, the Global Science Experimental Data
Hub Center of the Korea Institute of Science and Technology
Information and KREONET/GLORIAD; the Polish
Ministry of Science and Higher Education and the
National Science Center; the Ministry of Science and
Higher Education and Russian Science Foundation, Grant
No. 18-12-00226 (Russia); the Slovenian Research Agency;
Ikerbasque, Basque Foundation for Science, Spain; the
Swiss National Science Foundation; the Ministry of
Education and the Ministry of Science and Technology of
Taiwan; and the United States Department of Energy and the
National Science Foundation.

[1] J. L. Rosner, Phys. Rev. D 86, 014017 (2012).
[2] S. A. Dytman et al. (CLEO Collaboration), Phys. Rev. D 66,

091101 (2002).
[3] P. Abreu et al. (DELPHI Collaboration), Eur. Phys. J. C 12,

225 (2000); R. Barate et al. (ALEPH Collaboration), Eur.
Phys. J. C 16, 597 (2000).

[4] R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 85,
032008 (2012).

[5] A. Zupanc et al. (Belle Collaboration), Phys. Rev. Lett. 113,
042002 (2014).

[6] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.
116, 052001 (2016).

MEASUREMENT OF THE DECAYS Λc → Σππ … PHYS. REV. D 98, 112006 (2018)

112006-9

https://doi.org/10.1103/PhysRevD.86.014017
https://doi.org/10.1103/PhysRevD.66.091101
https://doi.org/10.1103/PhysRevD.66.091101
https://doi.org/10.1007/s1005299000228
https://doi.org/10.1007/s1005299000228
https://doi.org/10.1007/s100520000421
https://doi.org/10.1007/s100520000421
https://doi.org/10.1103/PhysRevD.85.032008
https://doi.org/10.1103/PhysRevD.85.032008
https://doi.org/10.1103/PhysRevLett.113.042002
https://doi.org/10.1103/PhysRevLett.113.042002
https://doi.org/10.1103/PhysRevLett.116.052001
https://doi.org/10.1103/PhysRevLett.116.052001


[7] S. B. Yang et al. (Belle Collaboration), Phys. Rev. Lett. 117,
011801 (2016).

[8] T. Hyodo and M. Oka, Phys. Rev. C 84, 035201
(2011).

[9] T. Hyodo and D. Jido, Prog. Part. Nucl. Phys. 67, 55
(2012).

[10] Throughout this paper, the inclusion of charge-conjugate
states is implied unless stated otherwise. For Σ-hyperons
this refers to their respective antiparticles.

[11] R. Avery et al. (CLEO Collaboration), Phys. Lett. B 325,
257 (1994).

[12] S. Kurokawa and E. Kikutani, Nucl. Instrum. Methods
Phys. Res., Sect. A 499, 1 (2003), and other papers included
in this Volume; T. Abe et al., Prog. Theor. Exp. Phys. 2013,
03A001 (2013) and references therein.

[13] Z. Natkaniec et al. (Belle SVD2 Group), Nucl. Instrum.
Methods Phys. Res., Sect. A 560, 1 (2006).

[14] A. Abashian et al. (Belle Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 479, 117 (2002); also see
detector section in J. Brodzicka et al., Prog. Theor. Exp.
Phys. 2012, 04D001 (2012).

[15] T. Sjöstrand, Comput. Phys. Commun. 82, 74 (1994).

[16] D. J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A
462, 152 (2001).

[17] R. Brun et al., GEANT 3.21, CERNReport No. DD/EE/84-1,
1984.

[18] E. Barberio and Z. Wąs, Comput. Phys. Commun. 79, 291
(1994).

[19] Y.-T. Lai et al. (Belle Collaboration), Phys. Rev. D 89,
051103 (2014).

[20] Y.-Y. Chang et al. (Belle Collaboration), Phys. Rev. Lett.
115, 221803 (2015).

[21] Y. Kato et al. (Belle Collaboration), Phys. Rev. D 94,
032002 (2016).

[22] P. Favaro and A. Vedaldi, AdaBoost, in Computer Vision: A
Reference Guide, edited by K. Ikeuchi (Springer, Boston,
MA, 2014).

[23] R. Barlow, Nucl. Instrum. Methods Phys. Res., Sect. A 297,
496 (1990).

[24] T. Skwarnicki, Report No. DESY-F31-86-02, 1986.
[25] C. Patrignani et al. (Particle Data Group), Chin. Phys. C 40,

100001 (2016).
[26] S. Ryu et al. (Belle Collaboration), Phys. Rev. D 89, 072009

(2014).

M. BERGER et al. PHYS. REV. D 98, 112006 (2018)

112006-10

https://doi.org/10.1103/PhysRevLett.117.011801
https://doi.org/10.1103/PhysRevLett.117.011801
https://doi.org/10.1103/PhysRevC.84.035201
https://doi.org/10.1103/PhysRevC.84.035201
https://doi.org/10.1016/j.ppnp.2011.07.002
https://doi.org/10.1016/j.ppnp.2011.07.002
https://doi.org/10.1016/0370-2693(94)90100-7
https://doi.org/10.1016/0370-2693(94)90100-7
https://doi.org/10.1016/S0168-9002(02)01771-0
https://doi.org/10.1016/S0168-9002(02)01771-0
https://doi.org/10.1093/ptep/pts102
https://doi.org/10.1093/ptep/pts102
https://doi.org/10.1016/j.nima.2005.11.228
https://doi.org/10.1016/j.nima.2005.11.228
https://doi.org/10.1016/S0168-9002(01)02013-7
https://doi.org/10.1016/S0168-9002(01)02013-7
https://doi.org/10.1093/ptep/pts072
https://doi.org/10.1093/ptep/pts072
https://doi.org/10.1016/0010-4655(94)90132-5
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/0010-4655(94)90074-4
https://doi.org/10.1016/0010-4655(94)90074-4
https://doi.org/10.1103/PhysRevD.89.051103
https://doi.org/10.1103/PhysRevD.89.051103
https://doi.org/10.1103/PhysRevLett.115.221803
https://doi.org/10.1103/PhysRevLett.115.221803
https://doi.org/10.1103/PhysRevD.94.032002
https://doi.org/10.1103/PhysRevD.94.032002
https://doi.org/10.1016/0168-9002(90)91334-8
https://doi.org/10.1016/0168-9002(90)91334-8
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1103/PhysRevD.89.072009
https://doi.org/10.1103/PhysRevD.89.072009

