
Production cross sections of hyperons and charmed baryons
from e+ e− annihilation near

ffiffi
s

p
= 10.52 GeV

M. Niiyama,37 M. Sumihama,11 T. Nakano,62 I. Adachi,15,12 H. Aihara,76 S. Al Said,71,34 D. M. Asner,60 V. Aulchenko,3,58

T. Aushev,48 R. Ayad,71 V. Babu,72 I. Badhrees,71,33 A. M. Bakich,70 V. Bansal,60 E. Barberio,45 M. Berger,68 V. Bhardwaj,18

B. Bhuyan,20 J. Biswal,29 A. Bobrov,3,58 G. Bonvicini,80 A. Bozek,55 M. Bračko,43,29 T. E. Browder,14 D. Červenkov,4

M.-C. Chang,9 V. Chekelian,44 A. Chen,52 B. G. Cheon,13 K. Chilikin,40,47 R. Chistov,40,47 K. Cho,35 Y. Choi,69

D. Cinabro,80 N. Dash,19 S. Di Carlo,80 Z. Doležal,4 Z. Drásal,4 D. Dutta,72 S. Eidelman,3,58 H. Farhat,80 J. E. Fast,60

T. Ferber,7 B. G. Fulsom,60 V. Gaur,79 N. Gabyshev,3,58 A. Garmash,3,58 R. Gillard,80 P. Goldenzweig,31 J. Haba,15,12

T. Hara,15,12 K. Hayasaka,57 H. Hayashii,51 T. Iijima,50,49 K. Inami,49 A. Ishikawa,74 R. Itoh,15,12 Y. Iwasaki,15

W.W. Jacobs,22 I. Jaegle,8 Y. Jin,76 D. Joffe,32 K. K. Joo,5 T. Julius,45 G. Karyan,7 Y. Kato,49 P. Katrenko,48,40 D. Y. Kim,67

H. J. Kim,38 J. B. Kim,36 K. T. Kim,36 M. J. Kim,38 S. H. Kim,13 Y. J. Kim,35 K. Kinoshita,6 P. Kodyš,4 D. Kotchetkov,14

P. Križan,41,29 P. Krokovny,3,58 R. Kulasiri,32 A. Kuzmin,3,58 Y.-J. Kwon,82 J. S. Lange,10 I. S. Lee,13 C. H. Li,45 L. Li,65

Y. Li,79 L. Li Gioi,44 J. Libby,21 D. Liventsev,79,15 T. Luo,61 M. Masuda,75 T. Matsuda,46 D. Matvienko,3,58 M. Merola,26

K. Miyabayashi,51 H. Miyata,57 R. Mizuk,40,47,48 H. K. Moon,36 T. Mori,49 R. Mussa,27 E. Nakano,59 M. Nakao,15,12

T. Nanut,29 K. J. Nath,20 Z. Natkaniec,55 M. Nayak,80,15 N. K. Nisar,61 S. Nishida,15,12 S. Ogawa,73 H. Ono,56,57

P. Pakhlov,40,47 G. Pakhlova,40,48 B. Pal,6 S. Pardi,26 H. Park,38 T. K. Pedlar,83 L. E. Piilonen,79 C. Pulvermacher,15

M. Ritter,42 H. Sahoo,14 Y. Sakai,15,12 S. Sandilya,6 L. Santelj,15 Y. Sato,49 V. Savinov,61 O. Schneider,39 G. Schnell,1,17

C. Schwanda,24 R. Seidl,64 Y. Seino,57 K. Senyo,81 M. E. Sevior,45 V. Shebalin,3,58 C. P. Shen,2 T.-A. Shibata,77 J.-G. Shiu,54

B. Shwartz,3,58 F. Simon,44,84 A. Sokolov,25 E. Solovieva,40,48 M. Starič,29 T. Sumiyoshi,78 M. Takizawa,66,16,63 K. Tanida,28

F. Tenchini,45 M. Uchida,77 S. Uehara,15,12 T. Uglov,40,48 Y. Unno,13 S. Uno,15,12 C. Van Hulse,1 G. Varner,14 A. Vossen,22

C. H. Wang,53 M.-Z. Wang,54 P. Wang,23 Y. Watanabe,30 E. Widmann,68 K. M. Williams,79 E. Won,36 Y. Yamashita,56

H. Ye,7 C. Z. Yuan,23 Y. Yusa,57 Z. P. Zhang,65 V. Zhilich,3,58 V. Zhulanov,3,58 and A. Zupanc41,29

(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

9Department of Physics, Fu Jen Catholic University, Taipei 24205
10Justus-Liebig-Universität Gießen, 35392 Gießen

11Gifu University, Gifu 501-1193
12SOKENDAI (The Graduate University for Advanced Studies), Hayama 240-0193

13Hanyang University, Seoul 133-791
14University of Hawaii, Honolulu, Hawaii 96822

15High Energy Accelerator Research Organization (KEK), Tsukuba 305-0801
16J-PARC Branch, KEK Theory Center, High Energy Accelerator Research Organization (KEK),

Tsukuba 305-0801
17IKERBASQUE, Basque Foundation for Science, 48013 Bilbao

18Indian Institute of Science Education and Research Mohali, SAS Nagar 140306
19Indian Institute of Technology Bhubaneswar, Satya Nagar 751007

20Indian Institute of Technology Guwahati, Assam 781039
21Indian Institute of Technology Madras, Chennai 600036

22Indiana University, Bloomington, Indiana 47408
23Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049

24Institute of High Energy Physics, Vienna 1050
25Institute for High Energy Physics, Protvino 142281

PHYSICAL REVIEW D 97, 072005 (2018)

2470-0010=2018=97(7)=072005(21) 072005-1 Published by the American Physical Society



26INFN - Sezione di Napoli, 80126 Napoli
27INFN - Sezione di Torino, 10125 Torino

28Advanced Science Research Center, Japan Atomic Energy Agency, Naka 319-1195
29J. Stefan Institute, 1000 Ljubljana

30Kanagawa University, Yokohama 221-8686
31Institut für Experimentelle Kernphysik, Karlsruher Institut für Technologie, 76131 Karlsruhe

32Kennesaw State University, Kennesaw, Georgia 30144
33King Abdulaziz City for Science and Technology, Riyadh 11442

34Department of Physics, Faculty of Science, King Abdulaziz University, Jeddah 21589
35Korea Institute of Science and Technology Information, Daejeon 305-806

36Korea University, Seoul 136-713
37Kyoto University, Kyoto 606-8502

38Kyungpook National University, Daegu 702-701
39École Polytechnique Fédérale de Lausanne (EPFL), Lausanne 1015

40P.N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow 119991
41Faculty of Mathematics and Physics, University of Ljubljana, 1000 Ljubljana

42Ludwig Maximilians University, 80539 Munich
43University of Maribor, 2000 Maribor

44Max-Planck-Institut für Physik, 80805 München
45School of Physics, University of Melbourne, Victoria 3010

46University of Miyazaki, Miyazaki 889-2192
47Moscow Physical Engineering Institute, Moscow 115409

48Moscow Institute of Physics and Technology, Moscow Region 141700
49Graduate School of Science, Nagoya University, Nagoya 464-8602
50Kobayashi-Maskawa Institute, Nagoya University, Nagoya 464-8602

51Nara Women’s University, Nara 630-8506
52National Central University, Chung-li 32054
53National United University, Miao Li 36003

54Department of Physics, National Taiwan University, Taipei 10617
55H. Niewodniczanski Institute of Nuclear Physics, Krakow 31-342

56Nippon Dental University, Niigata 951-8580
57Niigata University, Niigata 950-2181

58Novosibirsk State University, Novosibirsk 630090
59Osaka City University, Osaka 558-8585

60Pacific Northwest National Laboratory, Richland, Washington 99352
61University of Pittsburgh, Pittsburgh, Pennsylvania 15260

62Research Center for Nuclear Physics, Osaka University, Osaka 567-0047
63Theoretical Research Division, Nishina Center, RIKEN, Saitama 351-0198

64RIKEN BNL Research Center, Upton, New York 11973
65University of Science and Technology of China, Hefei 230026

66Showa Pharmaceutical University, Tokyo 194-8543
67Soongsil University, Seoul 156-743

68Stefan Meyer Institute for Subatomic Physics, Vienna 1090
69Sungkyunkwan University, Suwon 440-746

70School of Physics, University of Sydney, New South Wales 2006
71Department of Physics, Faculty of Science, University of Tabuk, Tabuk 71451

72Tata Institute of Fundamental Research, Mumbai 400005
73Toho University, Funabashi 274-8510

74Department of Physics, Tohoku University, Sendai 980-8578
75Earthquake Research Institute, University of Tokyo, Tokyo 113-0032

76Department of Physics, University of Tokyo, Tokyo 113-0033
77Tokyo Institute of Technology, Tokyo 152-8550
78Tokyo Metropolitan University, Tokyo 192-0397

79Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061
80Wayne State University, Detroit, Michigan 48202

81Yamagata University, Yamagata 990-8560
82Yonsei University, Seoul 120-749

M. NIIYAMA et al. PHYS. REV. D 97, 072005 (2018)

072005-2



 

83Luther College, Decorah, Iowa 52101
84Excellence Cluster Universe, Technische Universität München, 85748 Garching

(Received 21 June 2017; published 9 April 2018)

We measure the inclusive production cross sections of hyperons and charmed baryons from eþe−

annihilation using a 800 fb−1 data sample taken near the ϒð4SÞ resonance with the Belle detector at the
KEKB asymmetric-energy eþe− collider. The feed-down contributions from heavy particles are subtracted
using our data, and the direct production cross sections are presented for the first time. The production cross
sections divided by the number of spin states for S ¼ −1 hyperons follow an exponential function with a
single slope parameter except for the Σð1385Þþ resonance. Suppression for Σð1385Þþ and Ξð1530Þ0
hyperons is observed. Among the production cross sections of charmed baryons, a factor of 3 difference for
Λþ
c states over Σc states is observed. This observation suggests a diquark structure for these baryons.

DOI: 10.1103/PhysRevD.97.072005

I. INTRODUCTION

Inclusive hadron production from eþe− annihilation has
been measured for c.m. energy

ffiffiffi
s

p
of up to about 200 GeV

and summarized by the Particle Data Group [1]. In eþe−

annihilation, hadrons are produced after the eþe− → γ� →
qq̄ creation in the fragmentation process. The observed
production cross sections (σ) show an interesting depend-
ence on their masses (m) and their angular momentum (J),
σ=ð2J þ 1Þ ∝ expð−αmÞ, where α is a slope parameter.
The relativistic string fragmentation model [2] reproduces
well the angular and momentum distributions of mesons in
the fragmentation [2]. In this model, gluonic strings expand
between the initial qq̄ pair, and many qq̄ pairs are created
subsequently when the energy in the color field gets too
large. These qq̄ pairs pick up other q̄q and form mesons in
the fragmentation process.
For the baryon production, two models are proposed: the

diquark model [2] and the popcorn model [3]. In the former,
diquark (qq) and antidiquark (q̄ q̄) pairs are created instead
of a qq̄. In this model, a quark-quark pair is treated as an
effective degree of freedom [4]. In the latter, three uncorre-
lated quarks are produced by either qq̄ creation or diquark
pair creation and then form baryons. In Ref. [3], the
predictions of the production rates by these models were
compared, and they found that, for decuplet baryons [Δ and
Σð1385Þ], the prediction by the diquark model is smaller
than that by the popcorn model. The production rates
measured by ARGUS were compared with these models
[5]; however, due to the large feed down from heavier
resonances, the direct comparison between the experimen-
tal data and the model prediction was difficult.

In earlier measurements at
ffiffiffi
s

p ¼ 10 GeV and atffiffiffi
s

p ¼ 90 GeV, production rates of most nonstrange light
baryons and hyperons follow an exponential mass depend-
ence with a common slope parameter, but significant
enhancements for Λ and Λð1520Þ baryons are observed
[1,6]. These enhancements could be explained by the light
mass of the spin-0 diquark inΛ baryons [6,7]. However, the
previous measurements of inclusive production cross sec-
tions contain feed down from heavier resonances. In order
to compare the direct production cross sections of each
baryon, feed-down contributions should be subtracted.
Charmed baryons have an additional interest, from the
viewpoint of baryon structure: the color-magnetic inter-
actions between the charm quark and the light quarks are
suppressed due to the heavy charm quark mass, so that
diquark degrees of freedom may be enhanced in the
production mechanisms.
In this article, we report the production cross sections of

hyperons and charmed baryons using Belle [8] data
recorded at the KEKB eþe− asymmetric-energy collider
[9]. This high-statistics data sample has good particle
identification power. In this article, the direct cross sections
of hyperons and charmed baryons are described.
This paper is organized as follows. In Sec. II, the data

samples and the Belle detector are described, and the
analysis to obtain the production cross sections is pre-
sented. In Sec. III, the production cross sections are
extracted for each baryon, and the production mechanism
and the internal structure of baryons are discussed. Finally,
we summarize our results in Sec. IV.

II. ANALYSIS

For the study of hyperon production cross sections in the
hadronic events from eþe− annihilation, we avoid con-
tamination from ϒð4SÞ decay by using off-resonance data
taken at

ffiffiffi
s

p ¼ 10.52 GeV, which is 60 MeV below the
mass of the ϒð4SÞ. In contrast, for charmed baryons, for
which the production rates are small, especially for the
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excited states, we use both off- and on-resonance data, the
latter recorded at the ϒð4SÞ energy (

ffiffiffi
s

p ¼ 10.58 GeV).
In this article, we report the production cross sections
of Λ, Σ0, Σð1385Þþ, Λð1520Þ, Ξ−, Ω−, Ξð1530Þ0, Λþ

c ,
Λcð2595Þþ, Λcð2625Þþ, Σcð2455Þ0, Σcð2520Þ0, Ω0

c, and
Ξ0
c. These particles are reconstructed from charged tracks

except for Σ0. Other ground-state baryons are omitted
because their main decay modes contain neutral pions or
neutrons. Since the absolute branching fractions for Ω0

c and
Ξ0
c are unknown, the production cross sections multiplied

with the branching fractions are presented.
The Belle detector is a large-solid-angle magnetic

spectrometer that consists of a silicon vertex detector
(SVD), a central drift chamber (CDC), an array of aerogel
threshold Cherenkov counters (ACC), time-of-flight scin-
tillation counters (TOF), and an electromagnetic calorim-
eter (ECL) composed of CsI(Tl) crystals located inside a
superconducting solenoid coil that provides a 1.5 T mag-
netic field. The muon=K0

L subsystem sandwiched within
the solenoid’s flux return is not used in this analysis. The
detector is described in detail elsewhere [8,10].
This analysis uses the data sets with two different inner

detector configurations. A 2.0 cm beam pipe and a three-
layer silicon vertex detector (SVD1) were used for the
first samples of 140.0 fb−1 (on resonance) and 15.6 fb−1

(off resonance), while a 1.5 cm beam pipe, a four-layer
silicon detector (SVD2), and a small-cell inner drift
chamber were used to record the remaining 571 fb−1 (on
resonance) and 73.8 fb−1 (off resonance).
For the study of S ¼ −1 hyperons, Λ, Σ0, Σð1385Þþ, and

Λð1520Þ, which have relatively large production cross
sections, we use off-resonance data of the SVD2 configu-
ration to avoid the systematic uncertainties due to the
different experimental setups. For the study of S ¼ −2
and −3 hyperons, which have small cross sections, we use
off-resonance data of the SVD1 and SVD2 configurations to
reduce statistical fluctuations. For the study of charmed
baryons, we use both off- and on-resonance data taken with
SVD1 and SVD2 configurations. Since the charmed baryons
from B decay are forbidden in the high-momentum region
due to the limited Q-value of 2.05 GeV for the B0 → Λ̄c

−p
case and smaller for the excited states, we select prompt cc̄
production events by selecting baryons with high momenta.
Charged particles produced from the eþe− interaction

point (IP) are selected by requiring small impact parameters
with respect to the IP along the beam (z) direction and in the
transverse plane (r–ϕ) of jdzj < 2 cm and dr < 0.1 cm,
respectively. For long-lived hyperons (Λ, Ξ, Ω), we
reconstruct their trajectories and require consistency of
the impact parameters to the IP as described in the
following subsections. The particle identification (PID)
is performed by utilizing dE=dx information from the
CDC, time-of-flight measurements in the TOF, and
Cherenkov light yield in the ACC. The likelihood ratios
for selecting π, K, and p are required to be greater than 0.6

over the other particle hypotheses. This selection has an
efficiency of 90–95% and a fake rate of 5–9% (π fakes K,
for example). Throughout this paper, the use of charge-
conjugate decay modes is implied, and the cross sections
of the sum of the baryon and antibaryon production is
shown. Monte Carlo (MC) events are generated using
PYTHIA6.2 [11], and the detector response is simulated
using GEANT3 [12].
We first obtain the inclusive differential cross sections

(dσ=dxp) as a function of hadron-scaled momenta,
xp ¼ pc=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s=4 −M2c4

p
, where p and M are the momen-

tum and the mass, respectively, of the particle. These
distributions are shown after the correction for the
reconstruction efficiency and branching fractions. By inte-
grating the differential cross sections in the 0 ≤ xp ≤ 1
region, we obtain the cross section without radiative cor-
rections (visible cross sections). The QED radiative correc-
tion is applied in each xp bin of the dσ=dxp distribution. The
correction for the initial-state radiation (ISR) and the vacuum
polarization is studied using PYTHIA by enabling or disabling
these processes. The final-state radiation (FSR) from charged
hadrons is investigated using PHOTOS [13]. The feed-down
contributions from the heavier particles are subtracted from
the radiative-corrected total cross sections. Finally, the mass
dependence of these feed-down-subtracted cross sections
(direct cross sections) is investigated.

A. S= − 1 hyperons

We start with the analysis of the Λ baryon. We
reconstruct a Λ → pπ− decay candidate from a proton
and a pion candidate and obtain the decay point and the
momentum of the Λ. The beam profile at the IP is wide in
the horizontal direction (x) and narrow in vertical (y); the
size of the IP region is typically σx ∼ 100 μm, σy ∼ 5 μm,
and σz ∼ 3 mm [14]. To select Λ baryons that originate
from the IP, we project the Λ trajectory from its decay
vertex toward the IP profile and then measure the difference
along the x direction between its production point and the
IP centroid, Δx; we select events with jΔxj < 0.2 cm. The
Λ candidates must have a flight length of 0.11 cm or more.
The invariant-mass spectrum of the surviving pπ− combi-
nations is shown in Fig. 1(a). We can see an almost
background-free Λ peak. The events in the mass range
of 1.110 GeV=c2 < MΛ < 1.122 GeV=c2 are retained. We
investigate background events in the sideband regions of
1.104GeV=c2<MΛ<1.110GeV=c2 and 1.122GeV=c2 <
MΛ < 1.128GeV=c2. Due to the detector resolution, some
signal events spill out of the mass range. This signal
leakage is estimated using MC events and is found to be
about 4% and 1% of the events in the signal regions of MΛ
and Δx, respectively. The MC study also shows that
background events distribute rather evenly in both the
invariant mass and Δx. Therefore, the background con-
tributions are estimated by the sum of sideband events after
subtracting the signal leakage.
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Next, a Λ candidate is combined with a photon or a πþ to
form a Σ0 or a Σð1385Þþ candidate, respectively. The
energy of the photon from the Σ0 decay must exceed
45 MeV to suppress backgrounds. The invariant-mass
spectra of the Λγ and Λπþ combinations are shown in
Figs. 1(b) and 1(c), where peaks of Σ0 and Σð1385Þþ are
observed. Background shapes (hðmÞ) for Σ0 and Σð1385Þ
as functions of the invariant mass (m) are obtained using
MC events of eþe− → qq̄ production, where q ¼ u, d, s, c.
We apply the Wiener filter [15] for hðmÞ to avoid
fluctuation due to the finite statistics of MC samples.
For the fit of the MC spectra to the real data, we multiply
the first-order polynomial function (amþ b) to hðmÞ,
where a and b are free parameters. The signal yields of
Σ0 are estimated by fitting the Λγ spectrum in the range
1.17 GeV=c2 < MΛγ < 1.22 GeV=c2 with a Gaussian
and the background spectrum, where all parameters are
determined from the fit. In this analysis, all fit parameters
are floated in each xp bin unless otherwise specified. Note
that the mass resolution for the signal is almost entirely
determined by the energy resolution of the low-energy
photon and can be approximated by a Gaussian shape. On
the other hand, a nonrelativistic Breit-Wigner function is
used to estimate the signal yields of Σð1385Þþ since the

detector resolution is negligible compared to the natural
width. The fit region is 1.3GeV=c2 <MΛπþ < 1.5GeV=c2,
and all parameters are floated in the fit.
For the reconstruction of Λð1520Þ → K−p, tracks iden-

tified as a kaon and a proton, each with a small impact
parameter with respect to the IP, are selected. The invariant-
mass spectrum of K−p pairs is shown in Fig. 1(d). A clear
peak of the Λð1520Þ is seen above the combinatorial
background. We employ a third-order polynomial for the
background and a nonrelativistic Breit-Wigner function to
estimate the signal yields, where all parameters are floated
except for the width of the Breit-Wigner function, which is
fixed to the PDG value to stabilize the fit. The fit region
is 1.44 GeV=c2 < MK−p < 1.6 GeV=c2.

B. S= − 2;− 3 hyperons

The Ξ− and Ω− are reconstructed from Ξ− → Λπ− and
Ω− → ΛK− decay modes, respectively. We reconstruct the
vertex point of a Λ → pπ− candidate, as before, but do not
impose the IP constraint on Δx here to account for the long
lifetime of the S ¼ −2, −3 hyperons. Instead, the trajectory
of the Λ is combined with a π− (K−), and the helix
trajectory of the Ξ− (Ω−) candidate is reconstructed.
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FIG. 1. (a) The invariant-mass spectrum of (p, π−). The vertical lines demarcate the signal region for Λ. (b), (c), (d) Invariant-mass
spectra of (Λ, γ), (Λ, πþ), and (pK−), respectively. Fit results, signal shapes, and background shapes are shown by solid, dashed, and
dotted curves, respectively.
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This helix is extrapolated back toward the IP. The distance
of the generation point of the Ξ− (Ω−) from the IP along the
radial (dr) and the beam direction (dz) must satisfy dr <
0.1 (0.07) cm and jdzj < 2.0 (1.1) cm. The invariant-mass
spectra of Λπ− and ΛK− pairs are shown in Figs. 2(a)
and 2(b). We see prominent peaks of Ξ− and Ω−.
The Ξð1530Þ0 hyperon candidates are reconstructed from
Ξ−πþ pairs, the invariant mass of which is shown in
Fig. 2(c).
Signal peaks of Ξ− and Ω− are fitted with double-

Gaussian functions, and those of Ξð1530Þ0 are fitted with
Voigt functions. A second-order Chebyshev polynomial is
used to describe background contributions. All parameters
are floated. The fit regions are 1.28 GeV=c2 < MΛπ− <
1.375 GeV=c2, 1.465GeV=c2 <MΞ−πþ < 1.672GeV=c2,
and 1.652 GeV=c2 < MΛK− < 1.692 GeV=c2 for Ξ−,
Ξð1530Þ0, and Ω−, respectively. The widths of Ξð1530Þ0
obtained by the fit are consistent with the PDG value.

C. Charmed baryons

For the study of charmed baryons, we use both off- and
on-resonance data, the latter recorded at the ϒð4SÞ energy
(

ffiffiffi
s

p ¼ 10.58 GeV). To eliminate the B-meson decay

contribution, the charmed-baryon candidates are required
to have xp > 0.44 in the on-resonance data. For the
reconstruction of charmed baryons, we apply the same
PID and impact-parameter criteria as for hyperons.
First, we reconstruct the Λþ

c baryon in the Λþ
c → πþK−p

decay mode. To improve the momentum resolution, we
apply a vertex-constrained fit that incorporates the IP
profile. We fit the invariant-mass spectra in 50 xp bins
[Fig. 3(a)] and obtain peak positions and widths of Λþ

c
as a function of the momentum (Fig. 4). The peak positions
are slightly smaller than the PDG value by 1–1.4 MeV=c2.
In order to avoid misestimation of the yields, we select Λþ

c
candidates of which the mass (M) is within 3σ of the peak
of a Gaussian fit [MΛc

ðxpÞ] as signal. Candidates with
−11σ < jM −MΛc

ðxpÞ − 3 MeV=c2j < −5σ and þ5σ <
jM −MΛc

ðxpÞ þ 3 MeV=c2j < 11σ are treated as side-
band. We estimate background yields under the signal
peak from the yields in the sidebands and correct for
reconstruction efficiency using MC eþe− → cc̄ events. In
the Λþ

c → πþK−p decay, the intermediate resonances
[Kð890Þ0, Δ, and Λð1520Þ] can contribute, and the dis-
tribution in the Dalitz plane is not uniform [16]. To avoid
the uncertainty in the reconstruction efficiency correction
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FIG. 2. (a)–(c) Reconstructed mass spectra for S ¼ −2 and −3 hyperon candidates. Fit results, signal shapes, and background shapes
are shown by solid, dashed, and dotted curves, respectively.

M. NIIYAMA et al. PHYS. REV. D 97, 072005 (2018)

072005-6



due to these intermediate states, the correction is applied for
the Dalitz distribution of the Λþ

c signal region after subtrac-
ting the sideband events. In the low xp region (xp ≤ 0.44),
we obtain the cross section using off-resonance data,
whereas we utilize both off- and on- resonance data
in the high xp region (xp > 0.44).
We reconstruct Σð�Þ0

c or excited Λ�þ
c states by combining

a Λþ
c candidate with a π− or a πþπ− pair, respectively.

Among several Λþ
c π

− (Λþ
c π

þπ−) combinations in one
event, we select the one with the best fit quality in the
vertex-constraint fit. The background events are subtracted
using the sideband distribution, as described above.
Reconstructed invariant-mass spectra of ΔMðππÞ ¼
MðΛþ

c π
þπ−Þ −MðΛþ

c Þ and ΔMðπ−Þ ¼ MðΛþ
c π

−Þ −
MðΛþ

c Þ are shown in Figs. 3(b) and 3(c), respectively.
We see clear peaks of Λcð2595Þþ and Λcð2625Þþ in
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Fig. 3(b) and of Σcð2455Þ0 and Σcð2520Þ0 in Fig. 3(c).
Since the peaks of these states are not statistically signifi-
cant in the low xp region of the off-resonance data, we
obtain the cross section in the xp > 0.4 region and
extrapolate to the entire xp region using the Lund frag-
mentation model. The fragmentation-model dependence
introduces a systematic uncertainty that is estimated by
the variation using other models. The yields of these
charmed baryons are obtained from fits to invariant-mass
distributions in the mass ranges 0.28 GeV=c2 <
ΔMðππÞ < 0.38 GeV=c2 and 0.145GeV=c2<ΔMðπ−Þ<
0.32GeV=c2 for excited Λc baryons and Σc baryons,
respectively.
In the ΔMðππÞ spectra, the background shape can be

described by the combination of Λþ
c with pions that

are not associated with resonances. We generate inclusive

eþe− → Λþ
c X MC events and use the invariant mass of

Λþ
c π

þπ− combinations to describe the background spectra.
We use a Voigtian [17] function to describe the line shape
of Λcð2625Þþ, where the width and the resolution are set as
free parameters. The widths obtained by the fit are smaller
than 1 MeV=c2 and are consistent with the upper limit
(0.97 MeV=c2) in the PDG. The mass ofΛcð2595Þþ is very
close to the mass threshold of Λþ

c π
þπ−, and so the line

shape is asymmetric. We use the theoretical model of Cho
[18] to describe the line shape of Λcð2595Þþ, with
parameters obtained by CDF [19]. This model describes
the width of the Λcð2595Þþ as a function of the mass and
produces a long tail in the high-mass region. To reduce the
systematic uncertainty due to the tail contribution, we
evaluate the yield of the Λcð2595Þþ in the ΔMðππÞ <
0.33 GeV=c2 region. The systematic uncertainty due to
this selection is estimated by changing the ΔMðππÞ region
and is included in the systematic due to the signal shape
in Table III.
We also use Voigtian functions to describe Σcð2455Þ0

and Σcð2520Þ0; the Belle measurements [20] of the masses
and widths are used. The fit results are shown in Figs. 3(b)
and 3(c). In Fig. 3(c), the background spectrum exhibits a
nonuniform structure due to the feed-down contribution
from Λcð2595Þþ and Λcð2625Þþ. These resonances decay
into Λþ

c π
þπ−, Σþþ

c π− Σþ
c π

0, and Σ0
cπ

þ, where Λþ
c π

þπ− and
Σþþ
c π− modes are considered background. Feed-down

contributions from Λþ
c excited states to the Σ0

cπ
þ mode

are subtracted later. In the ΔMðπ−Þ spectra of the
Λ�
c → Λþ

c π
þπ−, Σþþ

c π− reactions from MC simulation, a
small enhancement around ΔMðπ−Þ ¼ 0.187 GeV=c2 is
likely due to the contribution from Ξ0

c as discussed in
Ref. [20], and a Gaussian function is used to describe this
peak. The magnitude of background contributions is treated
as a free parameter, and a fit including the signal peaks is
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FIG. 4. Invariant mass (a) and rms width (b) of the fittedΛþ
c and

Λ̄−
c as a function of xp.

TABLE I. Total cross sections before (visible) and after the radiative correction, where the first and second errors are statistical and
systematic uncertainties. For the charmed strange baryons, the cross sections times branching fractions are listed.

Particle Mode
Branching
fraction (%)

Visible cross
section (pb)

Radiative corrected
cross section (pb)

Ratio of before and
after the correction

Λ pπ− 63.9� 0.5 308.80� 0.37� 17 276.50� 0.33� 16 0.895
Λð1520Þ pK− 22.5� 0.5 14.32� 0.23� 1.0 12.80� 0.20� 0.94 0.894
Σ0 Λγ 100 70.40� 0.73� 3.7 67.12� 0.69� 3.7 0.953
Σð1385Þþ Λπþ 87� 1.5 24.64� 0.39� 2.7 22.97� 0.32� 2.6 0.932
Ξ− Λπ− 100 18.08� 0.18� 0.85 16.18� 0.16� 0.84 0.895
Ξð1530Þ0 Ξ−πþ 50 4.32� 0.070� 0.21 3.855� 0.062� 0.20 0.892
Ω− ΛK− 67.8� 0.7 0.995� 0.019� 0.048 0.887� 0.017� 0.047 0.891
Λþ
c πþK−p 6.35� 0.33 157.76� 0.90� 8.0 141.79� 0.81� 7.8 0.899

Λcð2595Þþ Λþ
c π

þπ− 34.6� 1.2 10.31� 0.011� 0.91 10.157� 0.011� 0.92 0.985
Λcð2625Þþ Λþ

c π
þπ− 55.5� 1.1 15.86� 0.12� 1.3 15.37� 0.12� 1.3 0.969

Σcð2455Þ0 Λþ
c π

− 100 8.419� 0.073� 1.2 7.963� 0.069� 1.1 0.946
Σcð2520Þ0 Λþ

c π
− 100 8.31� 0.12� 1.3 7.77� 0.11� 1.3 0.935

Ω0
c Ω−πþ � � � 0.0153� 0.0020� 0.00070 0.0130� 0.0016� 0.00060 0.850

Ξ0
c Ξ−πþ � � � 0.376� 0.011� 0.013 0.332� 0.010� 0.013 0.880

Ξ0
c Ω−Kþ � � � 0.110� 0.052� 0.0038 0.097� 0.046� 0.0039 0.880
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shown in Fig. 3(c). The χ2 per the number of degrees of
freedom (ndf) values are in the range from 148=163 to
203=163 and are reasonably good in each xp bin; deviations
from the fit function are within statistical uncertainties.
Figure 3(d) shows the invariant-mass spectrum of Ω−πþ

pairs, where a peak corresponding to Ω0
c is seen. The yields

ofΩ0
c are obtained from fits to invariant-mass distributions in

the range of 2.5 GeV=c2 < MΩ0
c
< 2.9 GeV=c2. The signal

and background shapes are described by Gaussian functions
and second-order Chebyshev polynomial functions, where
the mean and width of Gaussian functions are allowed to
float. Ξ0

c baryons are reconstructed in two decay modes,
Ξ0
c → Ξ−πþ and Ξ0

c → Ω−Kþ, as shown in Figs. 3(e)
and 3(f). The yields of Ξ0

c are obtained from fits to
invariant-mass distributions in the range of 2.321 GeV=c2 <
MΞ0

c
< 2.621 GeV=c2. The signal and background shapes

are described by double-Gaussian functions and second-
order Chebyshev polynomial functions.

D. Inclusive cross sections

The yields of hyperons and charmed baryons are
obtained as a function of the scaled momentum, and
corrections for reconstruction efficiencies are applied in
each xp bin. Reconstruction efficiencies are obtained using

eþe− → qq̄ simulated events that contain the particle of
interest in the final state. Since we apply the reconstruction
efficiency correction in each xp bin, the potential discrep-
ancy of the momentum distributions between MC and real
data is avoided. The angular distributions of MC events are
found to be consistent with those of real data. The
reconstruction efficiencies used in this analysis are shown
in Appendix A. The absolute branching fractions are
obtained from Ref. [1] and are used to calculate the
production cross sections. The values used in this analysis
are listed in Table I. The differential cross sections are
shown in Figs. 5 and 6 (Ref. [39]). We note that these cross
sections contain feed-down contributions from higher
resonances (inclusive cross sections).
The correction factor due to the ISR and the vacuum

polarization of the virtual gauge bosons in eþe− annihi-
lation is studied by PYTHIA [11] by comparison between the
cross sections computed with and without inclusion of the
ISR and the vacuum polarization. Both virtual gamma and
Z0 exchanges including the interference between them are
taken into account as the PYTHIA default. The effect of the
FSR from charged particles is investigated using the
PHOTOS program [13], and we confirm that the FSR gives
only a negligible effect to the present cross sections. For
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each particle species, MC events are generated with and
without the ISR and the vacuum polarization effects, and
consequently dσ=dxp distributions are obtained. Using
PYTHIA, the total hadronic cross sections with and without
inclusion of the ISR and the vacuum polarization are
calculated to be 3.3 and 2.96 nb, respectively. We get
the correction factors in each xp bin by taking the ratio
between dσ=dxp with and without radiative correction
terms by scaling the ratio according to the calculated total
hadronic cross sections. In the case of an ISR event, the
c.m. energy of the eþe− annihilation process reduces, and
the true and reconstructed xp will be different. The ratio of
xp distributions without ISR over ISR is taken to correct the
differential cross sections. The differential cross sections
before and after the correction are shown in Figs. 5 and 6.
Figures 5(a)–5(d) show the differential cross sections for

S ¼ −1 hyperons. In the low xp and high xp regions, the
signals of hyperons are not significant due to the small
production cross sections and large number of background
events.We obtain total cross sections over the entire xp region
by utilizing a third-order Hermite interpolation describing the

behavior in themeasuredxp range,wherewe assumed that the
cross section is zero at xp ¼ 0 and xp ¼ 1. We obtain total
cross sections over the entire xp region by utilizing a third-
order Hermite interpolation describing the behavior in the
measuredxp range,whereweassumed that the cross section is
zero at xp ¼ 0 and xp ¼ 1. The estimated contributions from
the unmeasured xp regions are 19%, 15%, and 49% of the
contributions from themeasured regions forΛ,Σ0,Σð1385Þþ,
andΛð1520Þ, respectively.We also estimate the contributions
from the unmeasured regions by assuming the PYTHIA

spectrumshapes.Thedifferencesbetween the twoestimations
are typically 20%–30% and assigned to the systematic errors
for the extrapolation of the cross sections. ForS ¼ −2 and−3
hyperons, the cross sections are measured in the entire xp
region.
The differential cross sections for charmed baryons after

the correction for the reconstruction efficiency and the
branching fractions are shown in Fig. 6. Here, we utilize the
world-average absolute branching fraction of BðΛþ

c →
K−πþpÞ ¼ ð6.35� 0.33Þ% [1]. The branching fractions
of Λcð2595Þþ → Λþ

c π
þπ− and Λcð2625Þþ → Λþ

c π
þπ− are
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FIG. 5. Differential inclusive cross sections of hyperons with and without radiative corrections. The closed circles are shifted slightly
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determined to be 0.346� 0.012ðsystÞ and 0.555�
0.011ðsystÞ, utilizing the model by Cho [18] and account-
ing for the mass difference of the charged and neutral pion.
Details are described in Appendix B. Since the absolute
branching fractions of Ω0

c → Ω−πþ, Ξ0
c → Ξ−πþ, and

Ξ0
c → Ω−Kþ are unknown, the cross section times the

branching fraction are plotted in Figs. 6(f)–6(h). The
cross sections for Λcð2595Þþ, Λcð2625Þþ, Σcð2455Þ0,
and Σcð2520Þ0 in the 0.44 < xp < 1 region after the
radiative correction are (9.60� 0.08), (11.39� 0.07),
(6.34� 0.04), and ð6.07� 0.08Þ pb, respectively.
Clearly, the production cross sections for Λþ

c excited states

are significantly higher than those for Σ0
c baryons in the

measured xp region without the extrapolation to the whole
xp region. We note that the radiative correction factors are
consistent within 4% for these particles and are not the
source of the difference of the production cross sections.
We obtain cross sections of excited Λþ

c and Σ0
c states in the

entire xp region utilizing the xp dependence of cross
sections obtained from MC using the Lund model [2].
The correction factors for extrapolating from the measured
xp region to the entire xp region are small: 1.07, 1.07, 1.16,
and 1.18 for Λcð2595Þ, Λcð2625Þ, Σcð2455Þ0, and
Σcð2520Þ0, respectively. We obtain alternate correction

(a) (b)

(c) (d)

(e) (f)

Fig. 6. (Continued).
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factors using fragmentation models-–BCFY [23], Bowler
[24], Peterson [25], and KLP-B [26]—and take the devia-
tions of about 5% to 12% as the systematic uncertainty.
Table I shows cross sections before and after the radiative

corrections. The correction factors are consistent for hyper-
ons; however, correction factors larger by about 5% than
for Σ0

c baryons are obtained for the excitedΛþ
c baryons. The

dσ=dxp distribution is harder for the excitedΛþ
c baryons, as

shown in Fig. 6, and the cross sections in the high-xp (low-
xp) region are increased (reduced) due to the radiative cross
sections. As a result, we have larger correction factors for
the excited Λþ

c baryons. The systematic uncertainties are
discussed in Sec. II E.
Triangle points in Figs. 5 and 6 show predictions by

PYTHIA with default parameters, where all radiative

processes are turned off. The feed-down contributions
are obtained using PYTHIA predictions and branching
fractions given in Ref. [1]. Note that the prediction for
Σcð2520Þ0 overestimates the experimental data, and we
scaled the predicted values by a factor of 0.5.

E. Systematic uncertainties

The sources of systematic uncertainties are summarized
in Tables II and III. The uncertainties due to the
reconstruction efficiency of charged particles and the Λ
selection including particle identification (particle ID) are
estimated by comparing the efficiencies in real data and
MC. The systematic uncertainty of photon detection
efficiency for Σ0 → Λγ decay is estimated to be 2% from

(g) (h)

FIG. 6. Differential inclusive cross sections of charmed baryon production with and without radiative corrections. The closed circles
are shifted slightly to the left for clarity. The error bars and shaded boxes represent the statistical and systematic uncertainties,
respectively. These distributions contain feed-down contributions from heavier particles. Triangle points show predictions by PYTHIA

with the default tune, where all radiative processes are turned off, and the feed-down contributions are obtained using PYTHIA predictions
and branching fractions given in Ref. [1]. Note that the prediction for Σcð2520Þ0 is scaled by a factor of 0.5.

TABLE II. Systematic uncertainties (%) for the total cross section of hyperons and charmed strange baryons. The Λ detection
efficiency includes proton and pion identification efficiencies. The symbols of - and ○ mean that the uncertainty is much smaller than
the statistical fluctuation and that the uncertainty is not taken into account, respectively.

Source Λ Σ0 Σð1385Þþ Λð1520Þ Ξ− Ω− Ξð1530Þ0 Ξ0
c in Ξ−πþ Ξ0

c in Ω−Kþ Ω0
c

Track reconstruction 0.70 0.70 1.1 0.70 1.1 1.1 1.4 1.4 1.4 1.4
Λ detection 2.8 2.8 2.8 ○ 3.3 3.2 3.0 3.3 3.2 3.2
γ detection ○ 2.0 ○ ○ ○ ○ ○ ○ ○ ○

Particle ID ○ ○ 1.3 1.1 1.1 1.1 1.5 1.4 1.1 1.1
MC statistics 0.10 0.75 2.0 1.2 0.10 0.95 0.39 0.22 0.39 0.55
Signal shape ○ 1.4 0.57 2.8 0.2 0.6 2.0 3.4 0.2 1.2
Background estimation ○ � � � 2.2 5.4 1.0 1.0 1.0 1.0 1.0 1.0
Experimental period � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
Baryon-antibaryon � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
Impact parameter � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �
Extrapolation of dσ=dxp 3.8 2.1 9.4 0.96 � � � � � � � � � � � � � � � � � �
Radiative correction 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3 2.3
Luminosity measurement 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4
Total 5.5 5.1 11 6.9 4.6 4.7 5.0 5.8 4.7 4.7
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a radiative Bhabha sample. The uncertainties of the particle
ID for kaons, pions, and protons are estimated by compar-
ing the efficiencies in real data andMC, whereD0 → K−πþ
events and Λ → pπ− events are used for kaon (pion)
selection and proton selection, respectively. The uncertain-
ties of the reconstruction efficiency due to the statistical
fluctuation of the MC data are taken as systematic
uncertainties.
The signal shapes for Σ0, Ξ−, Ω−, Ξc, and Ωc are

assumed as double Gaussian. First, we confirm that the
background shape is stable by changing the signal shape.
We compare the signal yield with the one obtained by
subtracting the background contribution from the total
number of events and take the difference as the systematic
uncertainty due to the background shape. For excited
particles, we estimate the systematic uncertainty due to
the signal shape by fixing the resolution parameter of the
Voigtian function to the value obtained by MC. The yields
of the ground-state Λ and Λc are obtained by sideband
subtraction, and the systematic uncertainties due to the
signal shape are not taken into account.
The uncertainty due to the background estimation for

hyperons and charmed strange baryons is determined by
utilizing a higher-order polynomial to describe the back-
ground contribution and then redetermining the signal
yield. For the yield estimation of excited charmed baryons,
the background shape described by the threshold function
is compared with the background shape obtained by MC, in
which the threshold function is given by aðm −m0Þb×
expðcðm −m0ÞÞ, where m is the invariant mass; m0 is the
threshold value; and a, b and c are fit parameters. The
differences of the obtained signal yields are taken as the
systematic uncertainty. The yields of the Λ and Λþ

c baryons
are obtained by sideband subtraction. Because the uncer-
tainty of the background estimation is included in the
statistical uncertainties here, this uncertainty is not taken as
a systematic uncertainty.

To evaluate other sources of systematic uncertainties, the
cross sections are compared using subsets of the data:
events recorded in the different experimental periods, or the
baryon vs antibaryon samples. In addition, the cross
sections are compared by changing the event-selection
criteria: impact-parameter requirements for tracks or the xp
threshold to eliminate the B-meson decay contribution for
excited Λc and Σc baryons. If these differences are larger
than the statistical fluctuation, we take them as systematic
uncertainties.
We estimate the uncertainties due to the extrapolation to

the whole xp range for S ¼ −1 hyperons using, the dσ=dxp
distribution of MC events for the extrapolation, which are
generated using Lund fragmentation model. We compare
the results of the extrapolation using all measured points
and only the lowest xp data (where the feed-down con-
tribution is large), and the largest discrepancy is taken as
the systematic uncertainty.
The systematic uncertainty due to the radiative correction is

estimated usingPYTHIA.However, becausewe apply radiative
corrections in each xp bin, we expect the dependence of the
correction factors on the fragmentation model to be reduced.
The largest difference of the correction factors for different
PYTHIA tunes, which were described in Ref. [27], is 2.1% and
is taken as a systematic uncertainty that is common for all xp
bins. An additional uncertainty due to the accuracy of
radiative effects in the generator is estimated to be 1% [28]
and is taken as a systematic uncertainty.
The uncertainty due to the luminosity measurement

(1.4%) is common for all particles. The xp dependence
of the systematic uncertainty is found to be less than 0.4%
and is negligible for all particles.

F. Direct cross sections

Our motivation is to search for the enhancement or the
reduction of the production cross sections of certain
baryons and to discuss their internal structures, as described

TABLE III. Systematic uncertainties (%) for the total cross section of charmed baryons. The symbols of - and ○

mean that the uncertainty is much smaller than the statistical fluctuation and that the uncertainty is not taken into
account, respectively.

Source Λþ
c Λcð2595Þþ Λcð2625Þþ Σ0

c Σcð2520Þ0
Track reconstruction 1.1 1.8 1.8 1.4 1.4
Particle ID 2.0 3.9 4.0 5.0 1.4
MC statistics 0.27 0.10 0.30 0.10 0.14
Signal shape ○ 2.8 1.3 2.2 1.5
Background estimation ○ 2.0 2.3 1.0 7.5
Experimental period 1.8 � � � � � � 2.5 5.9
Baryon-antibaryon 1.5 � � � � � � � � � � � �
Impact parameter 2.2 � � � � � � � � � � � �
B-meson decay � � � 3.7 2.6 3.3 0.6
Extrapolation of dσ=dxp � � � 5.7 5.6 11 12
Radiative correction 2.3 2.3 2.3 2.3 2.3
Luminosity measurement 1.4 1.4 1.4 1.4 1.4
Total 4.8 9.1 8.4 13 16

PRODUCTION CROSS SECTIONS OF HYPERONS AND … PHYS. REV. D 97, 072005 (2018)

072005-13



in Sec. I. For this purpose, the subtraction of feed down
from heavier particles is quite important since the amount
of this feed down is determined by the production cross
sections of mother particles and the branching fractions,
which are not related to the internal structure of the baryon
of interest. Table IV shows the inclusive cross sections after
the feed-down subtraction (direct cross section) and their
fraction of the cross sections after the radiative correction.
The branching fractions and feed-down contributions are
summarized in Appendix B. We use the world-average
branching fractions in Ref. [1]. We should note that the
cited list may be incomplete; i.e., we may have additional
feed-down contributions. Such contributions are expected
to be small and should be subtracted when the branching
fractions are measured in the future. In the calculation of
the feed-down contributions, the same production rates are
assumed for isospin partners [Σð1385Þ, Ξ, Ξð1530Þ,
Σcð2455Þ, and Σcð2520Þ]. The branching fraction of
BðΛcð2595Þþ → Λþ

c π
þπ−Þ is obtained to be 0.346�

0.012ðsystÞ using Cho’s function [18] with the parameter
obtained by CDF [19]. More details are described in
Appendix B.
The systematic uncertainties for the feed-down contri-

bution are calculated using those for the inclusive cross
sections of mother particles, and we use the quadratic sum
for the systematic uncertainty of the direct cross section.
The uncertainty of the luminosity measurement is common
to all baryons, and, in order to avoid double counting, we
add the uncertainty due to the luminosity to the cross
sections after the feed-down subtraction. The uncertainties
for the branching fractions are taken as the systematic
uncertainties for the direct cross sections.

III. RESULTS AND DISCUSSION

A. Scaled momentum distributions

We discuss the differential cross sections first. The open
circles in Figs. 5 and 6 show dσ=dxp for hyperons

and charmed baryons after the radiative correction. The
differential production cross sections of hyperons peak
in the small-xp region compared to those of charmed
baryons. This behavior suggests that, at energies nearffiffiffi
s

p ¼ 10.5 GeV, ss̄ pairs that lead to hyperons are created
mainly in the soft processes in the later stage of the
fragmentation rather than in the hard processes of prompt
ss̄ creation from the initial virtual photon. The dσ=dxp
distribution of charmed baryons show peaks in the high-xp
region, since cc̄ pairs are created predominantly in the
prompt eþe− collision, and charmed baryons carry a large
fraction of the initial beam energy.
The peak cross section of the hyperons occurs below

xp ¼ 0.2 and is consistent for all S ¼ −1 hyperons. The
dσ=dxp distributions for S ¼ −2;−3 hyperons [Figs. 5(e)–
5(g)] exhibit peaks at slightly higher xp (xp > 0.2) than for
S ¼ −1 hyperons. Since the strange quark is heavier than
the up or down quark, the energy necessary to create an
S ¼ −2 hyperon is larger than an S ¼ −1 hyperon, and
S ¼ −2 hyperons may be produced in a rather more
difficult process than S ¼ −1 ones.
The distribution for the Λcð2286Þþ peaks at xp ¼ 0.64,

and that for the Σcð2455Þ0 peaks at xp ¼ 0.68. The peak
position for the Σcð2520Þ0 is not determined clearly due to
the statistical fluctuations. The distributions for the
Λcð2595Þþ and the Λcð2625Þþ show peak structures at
significantly higher xp (xp ¼ 0.78). The peak position for
the Ξcð2470Þ0 is around xp ¼ 0.65, which is consistent
with the Λcð2286Þþ and the Σcð2455Þ0.

B. Comparison of inclusive cross sections
with previous results

Table V shows a comparison with previous measure-
ments, where for hyperons we use the hadron multiplicities
that were measured by ARGUS [29,30], since the statistics
of other results are quite limited. For charmed baryons, we
utilize the measurement of Λþ

c production by BABAR [21]
and the ratios of production rates of excited particles relative

TABLE IV. Direct cross sections after the feed-down subtraction and the fraction of the direct cross sections with respect to the
radiative-corrected cross sections. Direct cross sections predicted by PYTHIA with default parameters are listed for the positive-parity
baryons, where radiative processes are turned off. The masses and spins used in Figs. 8 and 9 are itemized.

Particle Mass (MeV=c2) Spin Direct cross section (pb) Fraction PYTHIA prediction (pb)

Λ 1115.6 1=2 91.2� 2.1� 22 0.32 87.7� 0.4
Λð1520Þ 1519.5 3=2 9.68� 0.75� 0.26 0.73 � � �
Σ0 1192.6 1=2 52.28� 0.66� 3.8 0.83 36.1� 0.3
Σð1385Þþ 1382.8 3=2 18.39� 0.35� 2.8 0.83 19.8� 0.2
Ξ− 1321.4 1=2 11.25� 0.17� 0.33 0.7 10.8� 0.1
Ξð1530Þ0 1531.8 3=2 3.855� 0.062� 0.22 1.0 2.58� 0.07
Ω− 1672.4 1=2 0.887� 0.017� 0.047 1.0 0.32� 0.02
Λþ
c 2286.4 1=2 67.6� 1.5� 9.1 0.48 85.8� 0.3

Λcð2595Þþ 2592.2 1=2 10.157� 0.011� 0.92 1.0 � � �
Λcð2625Þþ 2628.1 3=2 15.367� 0.116� 1.3 1.0 � � �
Σcð2455Þ0 2453.7 1=2 6.697� 0.069� 1.2 0.84 8.5� 0.1
Σcð2520Þ0 2518.8 3=2 7.77� 0.11� 1.3 1.0 16.6� 0.1
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to the Λþ
c measured by CLEO [31–33] and ARGUS [34,35].

For the comparison, we utilize the world-average absolute
branching fraction of BðΛþ

c → πþK−pÞ ¼ 0.0635 [1] to
normalize the previous results of charmed baryons. Since
previous measurements report cross sections without the
radiative correction, we compare our results for the visible
cross section. The total hadronic cross section of 3.3 nb [36]
is used to normalize hadron multiplicities to cross sections.
The differential cross section of Λþ

c production before
the radiative correction is compared with the prior mea-
surements by BABAR [21] and Belle [22] as shown in
Fig. 7. For comparison, the absolute branching fraction of

BðΛþ
c → πþK−pÞ ¼ 0.0635 [1] is used to rescale both of

the BABAR and Belle measurements for this figure. To scale
the multiplicity measurement by BABAR, the total hadronic
cross section of 3.3 nb is utilized. Our result is consistent
with these previous measurements.
We observe that the production cross sections of hyper-

ons are consistent with previous measurements but with
much higher precision. Here, it is noted that the statistics of
the Λð1520Þ in the ARGUS result is quite limited. Their
result is slightly larger than this work but is consistent
within 2.0σ due to the large uncertainty on their measure-
ment. The production rate of the Λcð2595Þþ by this work is
larger than the CLEO result; the corresponding ARGUS
result [34] is consistent with ours but contains a large
uncertainty due to the extrapolation to the whole xp region.
ARGUS reported a more precise production cross section
for xp > 0.7 of ð8.0� 2.3ðstatÞ � 1.7ðsystÞÞ pb, which is
consistent with our result of ð7.34� 0.06ðstatÞÞ pb. The
production rate of the Λcð2625Þþ in this work is signifi-
cantly larger than the CLEO result. The ratio of production
rates of the Λcð2625Þþ to the Λcð2595Þþ is about 1.3 and is
consistent with this work. The result obtained by ARGUS
is slightly larger than the CLEO result and closer to our
result.

C. Mass dependence of direct production
cross sections

We divide the direct production cross sections by the
number of spin states (2J þ 1) and plot these as a function
of baryon masses (Figs. 8 and 9). The error bars represent
the sum in quadrature of the statistical and systematic
uncertainties. In Fig. 8, the production cross sections of
S ¼ −1 hyperons show an exponential dependence on the
mass except for the Σð1385Þþ. We fit the production cross
sections of S ¼ −1 hyperons except for the Σð1385Þþ using
an exponential function,

TABLE V. Comparison of visible cross sections with previous measurements. The first and second errors
represent the statistical and systematic uncertainties, respectively.

Particle
Visible cross section
by this work (pb)

Visible cross section
by previous measurements (pb)

References for
previous measurements

Λ 308.8� 0.37� 17 306� 10� 26 [29]
Λð1520Þ 14.32� 0.23� 1.0 26.6� 5.7� 4.3 [30]
Σ0 70.40� 0.73� 3.7 76� 22� 16 [29]
Σð1385Þþ 24.64� 0.39� 2.7 17.1� 3.1� 3.1 [29]
Ξ− 18.08� 0.18� 0.85 22� 2� 2 [29]
Ξð1530Þ0 4.32� 0.070� 0.21 4.9� 1.7� 0.77 [29]
Ω− 0.995� 0.019� 0.048 2.4� 1.2� 0.43 [29]
Λþ
c 157.76� 0.90� 8.0 148.9� 1.8� 1.6 [21]

Λcð2595Þþ 10.31� 0.011� 0.91 6.1� 1.0� 1.3 [31]
Λcð2595Þþ 11.2þ10.8

−5.8 � 8.3 [34]
Λcð2625Þþ 15.86� 0.12� 1.3 7.80� 0.76� 0.62 [31]
Λcð2625Þþ 10.8� 2.4� 2.8 [35]
Σ0
c 8.419� 0.073� 1.2 8.9� 1.5� 2.5 [32]

Σcð2520Þ0 8.31� 0.12� 1.3 9.5� 1.1� 2.4 [33]
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FIG. 7. The differential cross sections of Λþ
c production before

the radiative correction, where the absolute branching fraction of
BðΛþ

c → πþK−pÞ ¼ 0.0635 is used to normalize the previous
results [21,22] for the comparison. To scale the multiplicity
measurement by BABAR, the total hadronic cross section of
3.3 nb is utilized. The error bars represent the sum in quadrature
of the statistical and systematic uncertainties; note that Belle’s
previous measurement contains an additional uncertainty of 35%
for the normalization.
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fðmÞ ¼ a0 expða1mÞ; ð1Þ

where m is the mass of the particle and a0 and a1 are fit
parameters; we obtain a0 ¼ ð1.6� 0.7Þ × 105 pb, a1 ¼
ð−7.3� 0.3Þ=ðGeV=c2Þ. Due to the large uncertainty on
the Λ hyperon, the χ2=ndf-value is very small.

We do not observe the enhancements of the direct cross
sections of Λ and Λð1520Þ that were discussed in
Refs. [6,7] because they used data of inclusive production,
which contain large feed-down contributions from heavier
particles. The scaled direct cross sections for Λ, Σ0, and
Λð1520Þ follow an exponential mass dependence with a
common slope parameter. The scaled direct cross section
for Σð1385Þþ is smaller than the predicted value of the
exponential curve at m ¼ 1.382 GeV=c2 by 30% with the
statistical significance of 2.8σ, as was reported by ARGUS
[29]. We found that the fit including the Σð1385Þþ results in
the deviation of 2.2σ. As already mentioned, the predicted
production rate of the diquark model is smaller than that of
the popcorn model by 30%. However, these predictions
include feed-down contributions, and predictions for the
direct production cross sections are desired.
Since the mass of a strange quark is heavier than of an up

or down quark, the probability of the ss̄ pair creation is
expected to be smaller than that of the nonstrange quark
pair creation. Indeed, S ¼ −2 and −3 hyperons have
significantly smaller production cross sections compared
to S ¼ −1 hyperons, which are likely due to the suppres-
sion of ss̄ pair creation in the fragmentation process.
Despite the mass difference between strange and lighter
quarks, one may expect the same mechanism to form a
baryon between S ¼ −1 and S ¼ −2 hyperons. The dashed
line in Fig. 8 shows an exponential curve with the same
slope parameter as S ¼ −1 hyperons, which is normalized
to the production cross section of Ξ−. Clearly, the pro-
duction cross section of the Ξð1530Þ0 is suppressed with
respect to this curve. This may be due to the decuplet
suppression noted in the Σð1385Þþ case. The production
cross section for the S ¼ −3 hyperon, Ω−, shows further
suppression for the creation of an additional strange quark.
The results for charmed baryons are shown in Fig. 9. The

production cross section of the Σcð2800Þ measured by
Belle [37] is shown in the same figure, where we utilize the
weighted average of cross sections for the three charged
states and assume that the Λþ

c π decay mode dominates over
the others. In Ref. [37], the spin parity is tentatively
assigned as JP ¼ 3=2−, so we use a spin of 3=2 for this
state.
The prompt production of a qq̄ pair from eþe− annihi-

lation couples to the charge of quarks. If the center-of-mass
energy of eþe− is high compared to the mass of the charm
quarks, the production rates of charm quarks become
consistent with those of up quarks. Indeed, near the
ϒð4SÞ energy, the production cross section of the Λþ

c
ground state is much higher than the exponential curve of
hyperons in Fig. 8 extended to the mass of charmed
baryons. The production mechanism of charmed baryons
differs from that of hyperons. For charmed baryons, a cc̄
pair is created from the prompt eþe− annihilation and picks
up two light quarks to form a charmed baryon. Since this
process occurs in the early stage of the fragmentation
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FIG. 9. Scaled direct production cross section as a function of
mass of charmed baryons. The solid and dashed lines show the fit
results using exponential functions [Eq. (1)] for Λc baryons and
Σc baryons, respectively.
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line shows the fit result using an exponential function [Eq. (1)]
for S ¼ −1 hyperons except for Σð1385Þþ. The dashed line
shows an exponential curve with the same slope parameter as
S ¼ −1 hyperons, which is normalized to the production cross
section of Ξ−.

M. NIIYAMA et al. PHYS. REV. D 97, 072005 (2018)

072005-16



process where the number of quarks are few, the probability
to form a charmed baryon from uncorrelated quarks is
smaller than that from diquark and antidiquark production.
In addition to the production mechanism, we note that the
diquark correlation in the charmed baryons is stronger than
that in hyperons due to the heavy charm quark mass as
discussed in Sec. I. Although these interpretations are
model dependent, we can expect that the production cross
sections of charmed baryons are related to the production
cross sections of diquarks.
The production cross sections of Σc baryons are smaller

than those of excited Λþ
c by a factor of about 3, in contrast

to hyperons where Λ and Σ resonances lie on a common
exponential curve. This suppression is already seen in the
cross section in the 0.4 < xp < 1 region and is not due
simply to the extrapolation by the fragmentation models.
Table IV shows the direct cross sections predicted by

PYTHIA6.2 using default parameters. Note that PYTHIA

cannot produce negative-parity baryons. The predicted
cross sections are consistent with the experimental mea-
surements for hyperons except for Σ0, Ξð1530Þ0, and Ω−.
However, for charmed baryons, PYTHIA overestimates the
experimental results. Since theoretical predictions for the
production rates of charmed baryons are not available, we
analyze our data by assuming the diquark model and
compare the obtained diquark masses to those used for
the hyperon production in Ref. [2]. We fit the production
cross sections of Λþ

c baryons and Σc baryons by using
exponential functions, shown as the solid and dashed
lines in Fig. 9. We obtain parameters of Eq. (1) to be
a0 ¼ ð6.2� 7.0Þ × 107 pb, a1 ¼ ð−6.3� 0.5Þ=ðGeV=c2Þ
with χ2=ndf ¼ 0.2=1 for the Λþ

c family and a0 ¼
ð4.6� 12.0Þ × 106 pb, a1¼ð−5.8�1.0Þ=ðGeV=c2Þ with
χ2=ndf¼0.5=1 for the Σc family. The slope parameters
for Λþ

c baryons and Σ0
c baryons are consistent within statis-

tical uncertainties, and the ratio of production cross sections
of Σ0

c to Λþ
c baryons is 0.27� 0.07, using the weighted

average of the slope parameters ha1i ¼ −6.2=ðGeV=c2Þ.
Note that the uncertainties of the a0 parameters are reduced
by fixing the a1 parameter. In the relativistic string
fragmentation model [2], qq̄ pairs are created in the strong
color force in analogy with the Schwinger effect in QED.
Similarly, in the diquark model, a diquark and antidiquark
pair is created to form a baryon or an antibaryon. Assuming
that the production cross sections of charmed baryons are
proportional to the production probability of a diquark, the
ratio of the production cross sections of Λþ

c resonances and
Σc resonances is proportional to expð−πμ2=κÞ [3], where κ
is the string tension, κ=π ∼ 2502 (MeV2), and μ is the mass
of the diquark. The obtained mass squared difference of
spin-0 and -1 diquarks, mðud1Þ2 −mðud0Þ2, is ð8.2�
0.8Þ×104 ðMeV=c2Þ2. This is slightly higher than but con-
sistent with the value described in Ref. [2], 4902−4202¼
6.4×104 ðMeV=c2Þ2. Our results favor the diquark model

in the production mechanism of charmed baryons and
a spin-0 diquark component of the Λþ

c ground state and
low-lying excited states.

IV. SUMMARY

We have measured the inclusive production cross
sections of hyperons and charmed baryons from eþe−
annihilation near the ϒð4SÞ energy using high-statistics
data recorded at Belle. The direct production cross section
divided by the spin multiplicities for S ¼ −1 hyperons
except for Σð1385Þþ lie on one common exponential
function of mass. A suppression for Σð1385Þþ and S ¼
−2;−3 hyperons is observed, which is likely due to
decuplet suppression and strangeness suppression in the
fragmentation. The production cross sections of charmed
baryons are significantly higher than those of excited
hyperons, and strong suppression of Σc with respect to
Λþ
c is observed. The ratio of the production cross sections

of Λþ
c and Σc is consistent with the difference of the

production probabilities of spin-0 and spin-1 diquarks in
the fragmentation process. This observation supports the
theory that the diquark production is the main process of
charmed baryon production from eþe− annihilation and
that the diquark structure exists in the ground state and low-
lying excited states of Λþ

c baryons.
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APPENDIX A: RECONSTRUCTION EFFICIENCY

The reconstruction efficiencies are obtained using MC
event samples that are generated using PYTHIA. The angular
distributions of each particle are well reproduced by the
MC event generator. Figure 10 shows the polar angular
distribution of theΛ andΛþ

c in the laboratory system for the
real data and MC. The detector responses are simulated
using the GEANT3 package. In order to cancel the difference
in the momentum distribution between real and MC events,
the corrections for the reconstruction efficiencies are
applied in each xp bin as shown in Figs. 11–14.
The trajectory of the Ξ− (Ω−) hyperon is reconstructed

from the momentum and vertex point of a Λπ− (ΛK−) pair,
and the closest point with respect to the IP is obtained.
Because the reconstruction of the momentum vector of
these hyperons at the IP is complicated compared to
S ¼ −1 hyperons, the reconstruction efficiencies are
obtained in each angular and xp bin. The correction factors
for Ξ− are shown in Fig. 15 as an example.
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FIG. 11. Reconstruction efficiencies for S ¼ −1 hyperons.
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In the Λþ
c → πþK−p decay, the intermediate resonances

[Kð890Þ0, Δ, and Λð1520Þ] can contribute as described in
Sec. II C. To avoid the uncertainty in the reconstruction
efficiency correction due to these intermediate states,
the correction is applied for the Dalitz distribution of the

Λþ
c signal region after subtracting the sideband events.

Figure 16 shows the reconstruction efficiency over the
Dalitz plot for Λþ

c → pK−πþ in the region of 0.58 <
xp < 0.6.
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APPENDIX B: FEED DOWN FROM
HIGHER RESONANCES

In order to obtain the direct production cross sections,
the feed-down contributions from heavier states are sub-
tracted. We consider all feed-down contributions that are
listed in the PDG [1]. There may be decay modes that have
not yet been measured and so are not listed. Thus, the “true”
direct cross sections may be smaller. However, the pro-
duction cross sections of heavy particles are expected to be
suppressed according to the exponential mass dependence,
and feed-down contributions from heavier particles should
be small.
The feed-down contributions are summarized in

Tables VI–XI. Table IV shows a summary of the inclusive
and direct cross sections. We use the values of the inclusive
cross sections that are obtained by this work. The branching
fractions are obtained from Ref. [1].
A preliminary measurement of the branching fraction of

inclusive Λþ
c → ΛX decay is found to be 0.3698� 0.0218

by BES III [38]. This inclusive branching fraction contains
the Λþ

c → Σ0X → ΛγX decay mode. In order to avoid
double counting of feed down from Σ0, we need to eliminate
the inclusive Λþ

c → Σ0X mode. However, this decay mode
has not yet been measured. If we use exclusive decay modes
to subtract feed down from Σ0,Λþ

c → Σ0πþ (1.29%),Λþ
c →

Σ0πþπ0 (2.3%), Λþ
c → Σ0πþπþπ− (1.13%), Λþ

c → ΛX
becomes 32.26%. The amount of feed down from Λþ

c to
Λ is estimated as 141.79 × 0.3226 ¼ 45.74 pb. The sum of
the feed down from Λþ

c listed in Table VI is 32.17 pb. We

TABLE VI. Feed down to Λ. For the sum of the systematic
uncertainties of the feed down from Λþ

c , the difference of the
branching fractions of inclusive Λþ

c →ΛX and exclusive decay
modes is used as described in the text.

Decay mode Branching fraction Feed down (pb)

Σð1192Þ0→Λγ 1 63.44�0.66�3.2
Σð1385Þ�;0→Λπ�;0 0.87�0.015 57.99�0.92�6.5
Σð1385Þ0→Λγ 0.0125�0.0012 0.278�0.004�0.041
Ξ−;0→Λπ−;0 0.99887�0.00035 32.35�0.32�1.5
Λð1520Þ→Λππ 0.0222�0.0091 0.284�0.005�0.12
Λð1520Þ→Λγ 0.0085�0.0015 0.109�0.002�0.021
Ω−→ΛK− 0.678�0.007 0.601�0.011�0.028
Λþ
c →Λπþ 0.013�0.0007 1.76�0.01�0.14

Λþ
c →Λπþπ0 0.071�0.0042 10.07�0.058�0.77

Λþ
c →Λπþπ−πþ 0.0381�0.003 5.402�0.031�0.50

Λþ
c →Λπþπ−πþπ0 0.023�0.008 3.261�0.019�1.2

Λþ
c →Λπþη 0.024�0.005 3.40�0.02�0.73

Λþ
c →Λπþω 0.016�0.006 2.269�0.013�0.86

Λþ
c →ΛKþK̄0 0.0057�0.0011 0.808�0.005�0.16

Λþ
c →ΛKþ ð7�1Þ×10−4 0.098�0.001�0.02

Λþ
c →Λeþνe 0.036�0.004 5.104�0.029�0.62

Sum ��� 185.3�2.2�16

TABLE VIII. Feed down to Σð1385Þþ.

Decay mode
Branching
fraction Feed down (pb)

Λð1520Þ→Σð1385Þþπ− 0.0137�0.0017 0.175�0.003�0.025
Λþ
c →Σð1385Þþη 0.0108�0.0032 1.531�0.007�0.46

Λþ
c →Σð1385Þþπþπ− 0.01�0.005 1.418�0.003�0.71

Λþ
c →Σð1385Þþρ0 0.005�0.004 0.709�0.006�0.57

Sum ��� 3.833�0.013�1.3

TABLE IX. Feed down to Λð1520Þ, Ξ−, and Ξð1530Þ0.

Decay mode
Branching
fraction Feed down (pb)

Λþ
c →Λð1520Þπþ 0.024�0.006 3.40�0.02�0.87

Sum ��� 3.40�0.02�0.87
Ξð1530Þ0;−→Ξ−πþ;0 0.5 3.855�0.062�0.18
Ω−→Ξ−π0 0.086�0.004 0.076�0.001�0.004
Λþ
c →Ξ−Kþπþ 0.007�0.0008 0.993�0.006�0.049

Sum ��� 4.924�0.063�0.23
Λþ
c →Ξð1530Þ0Kþ 0.0033�0.0009 0.936�0.005�0.046

Sum ��� 0.936�0.005�0.046

TABLE X. Feed down to Λþ
c .

Decay mode
Branching
fraction Feed down (pb)

Λcð2595Þþ→Λþ
c ππ 1 10.157�0.011�0.88

Λcð2625Þþ→Λþ
c ππ 1 15.37�0.12�1.3

Σcð2455Þ0;þ;þþ→Λþ
c π

−;0;þ 1 20.09�0.21�2.8
Σcð2520Þ0;þ;þþ→Λþ

c π
−;0;þ 1 23.30�0.34�3.2

Σcð2800Þ0;þ;þþ→Λþ
c π

−;0;þ 1 5.3�1.1�3.2
Sum 74.195�1.206�5.571

TABLE VII. Feed down to Σ0.

Decay mode Branching fraction Feed down (pb)

Σð1385Þ� → Σ0π� 0.117� 0.015 2.600� 0.041� 0.44
Λð1520Þ → Σ0π0 0.14� 0.0033 1.792� 0.029� 0.13
Λþ
c → Σ0πþ 0.0127� 0.0009 1.801� 0.010� 0.15

Λþ
c → Σ0πþπ0 0.025� 0.009 3.545� 0.020� 1.3

Λþ
c → Σ0πþπþπ− 0.0113� 0.0001 1.602� 0.009� 0.08

Λþ
c → Σ0Kþ 0.0006� 0.0001 0.08� 0.0005� 0.02

Sum � � � 11.157� 0.055� 1.433

TABLE XI. Feed down to Σcð2455Þ0.

Decay mode Branching fraction Feed down (pb)

Λcð2595Þþ →
Σcð2455Þ0πþ

0.125� 0.035 1.266� 0.001� 0.37

Sum 1.266� 0.001� 0.371
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take the difference of these two values, 45.74 − 32.17 ¼
13.57 pb, as the systematic uncertainty for the feed down
from Λþ

c to Λ.
The branching fraction of BðΛcð2595Þþ → Λþ

c π
þπ−Þ is

obtained to be 0.346� 0.012ðsystÞ usingCho’s function [18]
with the parameter obtained by CDF [19]. In this calculation,
we integrate the mass spectrum of Λcð2595Þþ in the range

of 0.28GeV=c2<ΔMðππÞ<0.33GeV=c2 and estimate the
uncertainty by changing themass rangewith�5 MeV,which
is conservatively larger than the mass resolution. Taking into
account the world-average relative branching fraction of
BðΣcð2455Þ0πþÞ=ðBðΣcð2455Þ0πþÞþBðΣcð2455Þþþπ−Þþ
Bðnon-resonantΛþ

c π
þπ−ÞÞ¼0.36�0.10, we obtain

BðΛcð2595Þþ → Σcð2455Þ0πþÞ ¼ 0.125� 0.034.
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