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We report the discovery of Ξcð3055Þ0, observed by its decay into the final-state ΛD0, and present the first
observation and evidence of the decays of Ξcð3055Þþ and Ξcð3080Þþ into ΛDþ. We also perform a combined
analysis of the ΛDþ with the Σþþ

c K− and Σ�þþ
c K− decay modes to measure the ratios of branching fractions,

masses and widths with improved accuracy. We measure the ratios of branching fractions BðΞcð3055Þþ→
ΛDþÞ=BðΞcð3055Þþ→Σþþ

c K−Þ¼5.09�1.01�0.76, BðΞcð3080Þþ→ΛDþÞ=BðΞcð3080Þþ→Σþþ
c K−Þ¼

1.29�0.30�0.15, and BðΞcð3080Þþ → Σ�þþ
c K−Þ=BðΞcð3080Þþ → Σþþ

c K−Þ ¼ 1.07� 0.27� 0.04,
where the uncertainties are statistical and systematic. The analysis is performed using a 980 fb−1 data sample
collected with the Belle detector at the KEKB asymmetric-energy eþe− collider.
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I. INTRODUCTION

In recent years, there has been significant progress in the
study of the charmed baryon spectrum, mainly from the
Belle and BABAR experiments [1–9]. In the charmed
strange baryon sector, a number of excited states (Ξ�

c)
have been observed. Belle reported evidence for two
excited states, Ξcð2980Þ and Ξcð3080Þ, in the Λþ

c K−πþ

and Λþ
c K0

Sπ
− final states [2]. These states have been

confirmed by BABAR [6]. In the same paper, BABAR also
claimed evidence for two resonances, the Ξcð3055Þþ and
the Ξcð3123Þþ, observed in the Σþþ

c K− and Σ�þþ
c K− final

states. Recently, Belle confirmed the existence of the
Ξcð3055Þþ, but no evidence was found for the
Ξcð3123Þþ [9]. As discussed in Refs. [10,11], the decay
pattern of charmed baryons provides an important contri-
bution to our understanding of the nature of the states. To
date, all measurements of Ξ�

c baryons were performed using
decays in which the charm quark is contained in the final-
state baryon. Measurements of final states in which the
charm quark is part of the final-state meson provide
complementary information.
In this paper, we report studies of Ξ�

c baryons decaying to
the ΛDþ and ΛD0 final states using a data sample with an
integrated luminosity of 980 fb−1 collected with the Belle
detector at the KEKB asymmetric-energy eþe− collider.
We find significant signals for Ξcð3055Þþ and Ξcð3080Þþ
decays into ΛDþ. In the ΛD0 final state, we report
observation of the Ξcð3055Þ0. These measurements con-
stitute the first observation and evidence for the Ξcð3055Þ
and Ξcð3080Þ into the ΛD final states, and the first-ever
observation of the Ξcð3055Þ0. We also perform a combined
analysis of the ΛDþ, Σþþ

c K−, and Σ�þþ
c K− final states to

measure the ratios of branching fractions and to improve
the accuracy of the mass and width measurements.
The remaining sections of the paper are organized as

follows. In Secs. II and III, we describe the data sample and
event selections. In Sec. IV, observations and measure-
ments of Ξ�

c baryons in the ΛDþ and ΛD0 final states are
presented. In Sec. V, the combined analysis with the
Σþþ
c K− and Σ�þþ

c K− final states is presented. Finally,
the summary and conclusion are given.

II. DATA SAMPLES AND THE BELLE DETECTOR

We use a data sample with a total integrated luminosity
of 980 fb−1 recorded with the Belle detector at the KEKB
asymmetric-beam-energy eþe− collider [12]. The Belle
detector is a large-solid-angle magnetic spectrometer that
consists of a silicon vertex detector (SVD), a 50-layer
central drift chamber (CDC), an array of aerogel threshold
Cherenkov counters (ACC), a barrel-like arrangement of
time-of-flight scintillation counters (TOF), and an electro-
magnetic 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. The detector is described in detail else-
where [13]. Two inner detector configurations were used. A
2.0-cm radius beampipe and a 3-layer silicon vertex
detector were used for the first sample of 156 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 824 fb−1 [14].
We use a GEANT-based Monte Carlo (MC) simulation

[15] to model the detector response and its acceptance to
obtain the reconstruction efficiency and the mass resolution
for the signal. We reweight the signal MC sample according
to the scaled-momentum xp ¼ p�=pmax distributions,
based on the measurements in real data, to obtain the
correct reconstruction efficiency. Here, p� is the momen-
tum of the Ξ�

c system in the center-of-mass frame and
pmax ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s=4 −M2c4
p

=c, where s is the total center-of-
mass energy squared, M is the invariant mass of the Ξ�

c
system, and c is the speed of light. The generated Ξ�

c decay
angular distribution is flat. We also use MC events
generated with EVTGEN [16] and JETSET [17] to study
the mass distribution in the background process eþe− →
qq̄ process (q ¼ u, d, s, c and b).

III. EVENT SELECTION

Our analysis is optimized to search for decays of Ξ�
c

baryons into theΛDþ andΛD0 final states. Throughout this
paper, the inclusion of the charge-conjugate decay mode is
implied unless otherwise stated. A Λ candidate is recon-
structed via its decay into pπ−. A Dþ candidate is
reconstructed via its decay into K−πþπþ. A D0 candidate
is reconstructed via its decay into K−πþ, K−πþπþπ−,
and K−πþπ0.
The selection of charged hadrons is based on information

from the tracking system (SVD and CDC) and hadron
identification system (CDC, ACC, and TOF). The charged
hadrons that are not associated with the Λ candidate are
required to have a point of closest approach to the
interaction point that is within 2 cm along the z axis and
within 0.2 cm in the transverse (r − ϕ) plane. The z axis is
opposite the positron beam direction. For each track,
likelihood values Lp, LK , and Lπ are provided by the
hadron identification system, based on the ionization losses
in the CDC, the number of detected Cherenkov photons in
the ACC, and the time-of-flight measured by the TOF. The
likelihood ratio is defined as Lði∶jÞ ¼ Li=ðLi þ LjÞ. A
track is identified as a proton if the likelihood ratios
Lðp∶πÞ and Lðp∶KÞ are greater than 0.6, as a kaon if
the likelihood ratios LðK∶πÞ and LðK∶pÞ are greater than
0.6, or as a pion if the likelihood ratios Lðπ∶KÞ and
Lðπ∶pÞ are greater than 0.6. In addition, an electron
likelihood is provided based on information from the
ECL, ACC, and CDC [18]. A track with an electron
likelihood greater than 0.95 is rejected.
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The momentum-averaged efficiencies of hadron identi-
fication are about 90%, 90%, and 93% for pions, kaons, and
protons, respectively. The momentum-averaged probability
to misidentify a pion as a kaon is about 9%, to misidentify a
kaon as a pion about 10%, and to misidentify a pion or kaon
as a proton about 5%. The π0 candidates are reconstructed
from pairs of photons whose invariant mass (Mγγ) satisfies
120 MeV=c2 < Mγγ < 150 MeV=c2, which corresponds
to �2.5σ (where σ is the one-standard-deviation of the
resolution). The energy of each photon in the laboratory
frame is required to be greater than 50 MeVand the energy
of the π0 candidate in the laboratory frame is required to be
greater than 500 MeV. The Dþ candidates are selected by
requiring jMðK−πþπþÞ −mDþj < 12 MeV=c2, where
mDþ is the Dþ mass [19]. The D0 candidates for each
decay mode of the D0 are selected by requiring
jMðK−πþÞ−mD0 j<14MeV=c2, jMðK−πþπþπ−Þ−mD0 j<
11MeV=c2, and jMðK−πþπ0Þ −mD0 j < 27 MeV=c2,
where mD0 is the D0 mass. These mass ranges correspond
to �2.5σ. To improve the momentum resolution, the
daughter particles are fitted to a common vertex together
with an invariant mass constrained to the Dþ or D0 mass.
The Λ candidates are selected using cuts on four param-
eters: the angular difference between the Λ flight direction

and the direction pointing from IP to the decay vertex in the
transverse plane, the distance between each track and the IP
in the transverse plane, the distance between the decay
vertex and the IP in the transverse plane, and the displace-
ment along z of the closest-approach points of the two
tracks to the beam axis. Also, the invariant mass of a Λ
candidate is required to be within 3 MeV=c2 of the Λmass,
which corresponds to �3σ. Excited charmed baryons are
known to be produced with much higher average momenta
than the combinatorial background. We thus require that xp
be greater than 0.7 for the ΛDþ and 0.8 for the ΛD0 modes.
This requirement removes any possible Ξ�

c contribution
coming from B meson decays.

IV. OBSERVATION OF Ξ�
c → ΛD DECAYS

Figure 1 shows the ΛD invariant-mass [MðΛDÞ] dis-
tributions for data after the application of all the selection
criteria; signals near 3055 and 3080 MeV=c2 are seen. We
do not observe any such peaks in the distributions in
wrong-sign Λ̄D combinations, in data from the D meson
mass sideband, nor in MC events that do not include these
resonances. We also check for the possible peaking
background from DSð2460Þþ → K0

SD
þ where the K0

S is
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FIG. 1. MðΛDÞ distributions: (a)MðΛDþÞ distribution;MðΛD0Þ distributions for the (b) K−πþ, (c) K−πþπþπ−, and (d) K−πþπ0 D0

decay modes. Points with statistical error bars are data. Blue solid lines show the fit results. The red dashed, magenta dotted, and black
dashed-dotted lines show the Ξcð3055Þ signal, the Ξcð3080Þ signal, and the background components, respectively.
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misidentified as a Λ. We find this contribution to be
negligible because of the proton identification requirement
and the difference of the Q-values of K0

S and Λ decays.
Hereinafter, Ξ�

c baryons corresponding to these peaks are
referred to as Ξcð3055Þ and Ξcð3080Þ. In order to evaluate
the masses, widths, and statistical significances of the Ξ�

c
states, we apply an unbinned extended maximum like-
lihood (UML) fit to the mass spectra in the invariant mass
range of 3.0 − 3.2 GeV=c2. Note that we do not see any
contribution from Ξcð2980Þ decays in the lower mass
region. For the ΛD0 mode, the fit is performed simulta-
neously for the three different D0 decay modes, with their
relative yields fixed using the product of their known
branching fractions [19] and detection efficiencies. The
masses and widths of the Ξ�

c states are constrained to be the
same for all modes. The detection efficiencies for the
Ξcð3055Þ0 and Ξcð3080Þ0 are found to exhibit no differ-
ence within the statistical precision of the MC sample,
which is smaller than 1%. Therefore, we use common
efficiency values for these states. The relative yields are
fixed to K−πþ∶K−πþπþπ−∶K−πþπ0 ¼ 1.00∶1.30∶1.15.
The probability density functions (PDF) for the Ξ�

c com-
ponents are represented by convolutions of Breit-Wigner
shapes with Gaussian distributions to take the intrinsic
invariant mass resolution, σres, into account. Using the
signal MC events, we determine σres for the ΛDþ mode to
be 1.1 MeV=c2 for the Ξcð3055Þþ and 1.3 MeV=c2 for the
Ξcð3080Þþ. In the ΛD0 mode, we determine σres to be 1.1
and 2.0 MeV=c2 for the D0 decay mode without and with
π0, respectively, for the Ξcð3055Þ0 and 1.3 and
2.2 MeV=c2 for the Ξcð3080Þ0. The masses, widths, and
yields of the Ξ�

c states are treated as free parameters. A
third-order Chebyshev polynomial is used to model the
PDF for the combinatorial background. The statistical
significance is evaluated from −2 ln ðL0=LÞ, where L0

(L) is the likelihood for the fit without (with) the signal
component. When we evaluate L0 for one of the Ξ�

c states,
the other Ξ�

c state is included in the fit. The −2 ln ðL0=LÞ
values are 144.6 for the Ξcð3055Þþ, 30.0 for the
Ξcð3080Þþ, 83.1 for the Ξcð3055Þ0, and 6.6 for the
Ξcð3080Þ0. By taking into account the change by 3 of
the number of degrees of freedom in the UML fit associated
with the inclusion of the Ξ�

c states, the statistical
significances are 11.7σ, 4.8σ, 8.6σ, and 1.7σ for the
Ξcð3055Þþ, Ξcð3080Þþ, Ξcð3055Þ0, and Ξcð3080Þ0,
respectively. The peak for the Ξcð3080Þ0 is not statistically
significant.
We estimate the systematic uncertainty of the masses and

widths of Ξcð3055Þ0, Ξcð3055Þþ, and Ξcð3080Þþ in the
ΛDþ decay mode as the changes produced by giving
reasonable variations to the fitting technique. The stability
of the background shape is checked by changing the fit
region and background PDF. The maximum deviation from
the nominal fit is taken as the systematic uncertainty. To

check the uncertainty due to σres, the ratio rσ ¼ σMC
D =σdataD is

evaluated, where σMC
D and σdataD are the D0 mass resolution

for MC and data. For the ΛD0 mode, rσ is 1.16, 1.16, and
1.08 for the D0 final state of K−πþ, K−πþπþπ−, and
K−πþπ0, respectively. We evaluate the uncertainty by
fitting data with σres scaled by 16% for all the decay
modes. To check the uncertainty on the mass due to a
possible miscalibration of the momentum and energy
measurements, we check the reconstructed D0 masses
for both data and signal MC. In each mode, the peak
position is observed to have a distinct but small deviation
from the world average. However, these deviations are well
reproduced by the MC and, because of the mass-con-
strained fit, have little effect on the determination of the
masses of the Ξ�

c baryons. In the signal MC, the differences
between the input and output masses of the Ξ�

c baryons is
less than 0.1 MeV=c2 for all D0 decay modes. We assign a
systematic uncertainty of 0.1 MeV=c2 on the mass mea-
surements. We perform fits that include the interference of
the Ξcð3055Þ and Ξcð3080Þ, assuming both resonances
have spin 1=2 and decay in the S-wave, which maximize
the interference effect. The systematic uncertainties are
summarized in Table I. The fit result for the Ξcð3080Þþ
width is ð1.4� 1.8Þ MeV, which is consistent with zero.
Therefore, we set a 90% confidence level upper limit on the
width. We redo the fit by changing the width; the width for
which the likelihood ratio −2 ln ðL=L0ΓÞ is 2.7, where L0Γ
is the likelihood with the zero width for Ξcð3080Þþ, is
assigned as the 90% confidence level upper limit. We
obtain the upper limit ΓΞcð3080Þþ < 6.3 MeV. The measure-
ments of the masses and widths are summarized in Table II.
Note that the final values for the Ξcð3055Þþ and Ξcð3080Þþ
masses and widths in this paper are those combined with
Σþþ
c K− and Σ�þþ

c K− decay modes. Values in the ΛD mode
only are shown to compare with other decay modes. We
find that the mass of the Ξcð3055Þþ and widths of
Ξcð3055Þþ and Ξcð3080Þþ are consistent with our previous
measurements with the Σþþ

c K− and Σ�þþ
c K− decay modes

[9]. However, we find a small inconsistency for the mass of
the Ξcð3080Þþ, which may indicate the possible under-
estimation of the systematic uncertainty for the determi-
nation of the masses. We determine the combined value for
the masses of the Ξcð3055Þþ and Ξcð3080Þþ by taking the

TABLE I. Systematic uncertainties for the mass (MeV=c2) and
width (MeV) of the Ξ�

c.

Source MΞcð3055Þ0ΓΞcð3055Þ0MΞcð3055ÞþΓΞcð3055ÞþMΞcð3080Þþ

Background
shape

0.6 1.0 0.1 1.5 0.0

Resolution 0.0 0.2 0.0 0.2 0.0
Mass scale 0.1 0.0 0.1 0.0 0.1
Interference 0.1 0.3 0.1 0.1 0.1
Total 0.6 1.1 0.2 1.5 0.1
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weighted average. The uncertainty is scaled by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

χ2=ðN − 1Þ
p

, where N is the number of different decay
modes, which is 2 for Ξcð3055Þþ and 3 for Ξcð3080Þþ, if
the χ2=ðN − 1Þ is greater than 1; this is the recipe used in
Ref. [19]. The scale factor for the Ξcð3055Þþ is 1.0 and that
for the Ξcð3080Þþ is 3.3. The measured mass of the
Ξcð3055Þþ is ð3055.9� 0.4Þ MeV=c2 and that for
Ξcð3080Þþ is ð3077.9� 0.9Þ MeV=c2. The combined
values for the widths are determined by a simultaneous
fit with Σþþ

c K− and Σ�þþ
c K− decay modes as described in

the next section.

V. COMBINED ANALYSIS WITH THE Σþþ
c K− AND

Σ�þþ
c K− DECAY MODES

We measure the ratio of branching fractions,
BðΞ�þ

c → ΛDþÞ=BðΞ�þ
c → Σþþ

c K−Þ≡ RBðΛDÞ, using the
following equations:

RBðΛDÞ ¼ RyieldðΛDÞ × ðB × ϵÞΣcK=ðB × ϵÞΛDþ ð1Þ

ðB × ϵÞΛDþ ¼ BðDþ → K−πþπþÞ × BðΛ → pπ−Þ
× ϵðΛDþÞ ð2Þ

ðB × ϵÞΣcK ¼ BðΛþ
c → pK−πþÞ × ½ϵpK−πþ þ RpK0

S

× BðK0
S → πþπ−Þ × ϵpK0

S
�; ð3Þ

where ϵðΛDþÞ is the reconstruction efficiency for the ΛDþ
mode, ϵi is the reconstruction efficiency for the Σþþ

c K−

mode with the ith subdecay of the Λþ
c , RpK0

S
is the ratio of

branching fraction BðΛþ
c → pK0

SÞ=BðΛþ
c → pK−πþÞ, and

RyieldðΛDÞ is the ratio of the yields of Ξ�
c baryons in the ΛDþ

and the Σþþ
c K− modes. For BðΛþ

c → pK−πþÞ, we use the
latest Belle measurement [20]. Other branching fraction
values are taken from Ref. [19]. We also measure the
ratio of branching fractions, BðΞcð3080Þþ → Σ�þþ

c K−Þ=
BðΞcð3080Þþ → Σþþ

c K−Þ≡ RBΣ�
cK , using the equation

RBðΣ�
cKÞ ¼ RyieldðΣ�

cKÞ × ðB × ϵÞΣcK=ðB × ϵÞΣ�
cK; ð4Þ

where RyieldðΣ�
cKÞ is the ratio of yields of Ξcð3080Þþ in the

Σ�þþ
c K− decay mode and Σþþ

c K− decay modes. ðB × ϵÞΣ�
cK

shares the form of Eq. (3) for ðB × ϵÞΣcK after replacing the

reconstruction efficiency for Σ�þþ
c K− with that for Σþþ

c K−.
The data set used for the Σþþ

c K− and Σ�þþ
c K− decay modes

is the same as that for the ΛDþ mode. Event selections are
the same as those in Ref. [9]. A Σþþ

c or Σ�þþ
c candidate is

reconstructed via its decay into Λþ
c π

þ; the Λþ
c candidate

here is reconstructed via its decay into pK−πþ and pK0
S.

Note that the requirement xp > 0.7 is the same as that for
the ΛDþ mode and so it is possible to directly compare the
three decay modes. To obtain Ryield and to measure the
width of the Ξcð3055Þþ and Ξcð3080Þþ with greater
accuracy than is possible using a single decay mode, we
perform a simultaneous UML fit with the widths of the Ξ�

c
states constrained to be the same among the three decay
modes, as discussed in the previous section. The masses are
not constrained because we find inconsistency for the mass
of the Ξcð3080Þþ among the three decay modes. We also
fit the mass distribution of the Σþþ

c sideband region,
defined as jMðΛþ

c π
þÞ−ðmΣþþ

c
�15MeV=c2Þj<5MeV=c2,

where mΣþþ
c

is the Σþþ
c mass, to subtract the contribution

from nonresonant Λþ
c K−πþ decays in the signal region. We

subtract half of the yield found in the sideband regions
because the mass range of the sideband region is double the
width of the Σþþ

c signal region. It is difficult to define the
Σ�þþ
c sideband regions because the maximum mass that is

possible for combinations to contribute to the Ξcð3080Þþ is
only slightly higher than the Σ�þþ

c mass, and a low mass
sideband would overlap with the Σþþ

c region. Thus, we
estimate the contribution under the Σ�þþ

c by scaling the
yield in the Σþþ

c sideband regions by 2.9, a factor estimated
using signal MC. We assume no interference between
Σþþ
c K− or Σ�þþ

c K− with nonresonant Λþ
c K−πþ. The PDFs

and fit region for the ΛDþ are the same as those described
in Sec. IV. The fit conditions for the Σþþ

c K− and Σ�þþ
c K−

modes are the same as in Ref. [9]. For the fit to the events
from the Σþþ

c sideband region, we use the 3.0–3.2 GeV=
c2Σþþ

c K− mass range. The Ξ�
c contributions are represented

by a Gaussian-convolved Breit-Wigner with the same mass
resolution of the Ξ�

c states as that used for the Σþþ
c signal

region. The combinatorial background is represented by a
second-order Chebyshev polynomial. Figure 2 shows the
results of the simultaneous fit.
The following systematic uncertainties are taken into

account for the combined analysis for the measurements of
the ratios of branching fractions and width. The systematic
uncertainty due to the pion- and kaon-identification

TABLE II. Summary of the masses, widths, and significances of the Ξ�
c baryons measured in the ΛD modes. The

first error is statistical and the second is systematic. We set a 90% confidence level upper limit for the width of
Ξcð3080Þþ.
Resonance Mass (MeV=c2) Width (MeV) Significance (σ)

Ξcð3055Þ0 3059.0� 0.5� 0.6 6.4� 2.1� 1.1 8.6
Ξcð3055Þþ 3055.8� 0.4� 0.2 7.0� 1.2� 1.5 11.7
Ξcð3080Þþ 3079.6� 0.4� 0.1 < 6.3 4.8
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efficiency is estimated from the ratio of the yields of the
D�þ → D0πþ, D0 → K−πþ with and without the pion- and
kaon-identification requirements for data and MC. The
difference of the ratio between data and MC is used to
correct the efficiency and the statistical error of this
correction is treated as the systematic uncertainty. We
conservatively assume no correlation in the systematic
uncertainty for pion and kaon identification between
ΛDþ and Σþþ

c K− decay modes as the momentum ranges
for these decay modes are distinct; the systematic uncer-
tainties for Σþþ

c K− and Σ�þþ
c K− cancel. The systematic

uncertainty due to the efficiency of proton identification is
determined using the ratio of the yields of the Λ → pπ−

with and without the proton-identification requirement. The
difference of the ratio between data and MC is used to
correct the efficiency, and the statistical uncertainty of this
correction is regarded as the systematic uncertainty. The
systematic uncertainty due to the reconstruction efficiency
of the Λ is determined using the yield ratio of B → ΛΛ̄Kþ
with and without the Λ selection cut as a function of
momenta of Λ. By taking the weighted average of the
momentum, it is estimated to be 3%. The uncertainties of
the branching fractions [19,20] are included as systematic
uncertainties. The stability of the background shape is
checked by changing the fit region and background PDF.

The maximum deviation from the nominal fit among the
various changes is regarded as the systematic uncertainty.
To assess the uncertainty due to σres, rσ is evaluated as
σMC
D =σdataD ¼ 1.15 for the ΛDþ mode and σMC

Λþ
c
=σdataΛþ

c
¼ 1.08

for the Σþþ
c K−; we perform a fit with σres scaled by a factor

of rσ and use the difference of the result from the nominal
fit as the systematic uncertainty. To check the uncertainty
due to a possible miscalibration of momentum and energy
measurements, we evaluate the difference between the
reconstructed and nominal Dþ and Λþ

c masses for both
data and MC. In data, the reconstructed Dþ mass differs
from the world average [19] by 0.1 MeV=c2 whereas, in
the MC, the Dþ mass differs by 0.2 MeV=c2. No deviation
is observed for Λþ

c for both data and MC. In the signal MC,
the difference of the input and output Ξ�

c masses in the ΛDþ

mode is 0.1 MeV=c2, which is smaller than the deviation
observed in the Dþ mass because of the mass-constrained
fit. We conservatively assign the systematic uncertainty of
0.1 MeV=c2 on the mass measurement. The systematic
uncertainty on the ratio of the branching fraction due to the
possibility that the Ξ�

c is polarized is evaluated by produc-
ing signal MC events with various assumptions on the spin
density matrix with spin 3=2 and 5=2. The maximum
difference of the reconstruction efficiency from the one
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FIG. 2. The simultaneous fit results: (a) MðΛDþÞ, (b) MðΣþþ
c K−Þ, (c) MðΛþ

c K−πþÞ for the Σþþ
c sideband region, and

(d) MðΣ�þþ
c K−Þ. Points with error bars are data. The blue solid lines show the fit result. The red dashed, magenta dotted, green

dotted, and black dash-dotted lines show the contributions from the Ξcð3055Þþ, Ξcð3080Þþ, Ξcð2980Þþ, and background, respectively.
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obtained for the flat decay angular distribution is regarded
as the systematic uncertainty.
Table III summarizes the systematic uncertainties.

Table IV summarizes the measurement of yields and widths
of the Ξcð3055Þþ and Ξcð3080Þþ and Table V summarizes
the values related to the ratio of branching fractions
measurements.

VI. SUMMARY AND CONCLUSIONS

We present studies of Ξ�
c baryons decaying into the ΛDþ

and ΛD0 final states. We report the first observation of the
Ξcð3055Þ0 in the ΛD0 mode with a significance of 8.6σ.
The mass and width of the Ξcð3055Þ0 are measured to be
ð3059.0� 0.5� 0.6Þ MeV=c2 and (6.4� 2.1� 1.1) MeV,
respectively. We report the first observation of the
Ξcð3055Þþ decay and evidence for the Ξcð3080Þþ in the
ΛDþ final state. The mass and width of the Ξcð3055Þþ
obtained from the ΛD final states only are ð3055.8� 0.4�
0.2Þ MeV=c2 and ð7.0� 1.2� 1.5Þ MeV, respectively,
and those for Ξcð3080Þþ are ð3079.6�0.4�0.1ÞMeV=c2

and < 6.3 MeV, respectively. The measured values for
Ξcð3055Þþ are more accurate than the world average thanks
to the high statistics in this decay mode.
We perform a combined analysis of these particles by

comparing their decays into ΛDþ with those into Σþþ
c K−

and Σ�þþ
c K−. We measure the ratios of branching fractions

BðΞcð3055Þþ →ΛDþÞ=BðΞcð3055Þþ →Σþþ
c K−Þ¼ 5.09�

1.01�0.76, BðΞcð3080Þþ → ΛDþÞ=BðΞcð3080Þþ →
Σþþ
c K−Þ ¼ 1.29� 0.30� 0.15, and BðΞcð3080Þþ→Σ�þþ

c
K−Þ=BðΞcð3080Þþ→Σþþ

c K−Þ¼1.07�0.27�0.04. The
width of the Ξcð3055Þþ is ð7.8� 1.2� 1.5Þ MeV and
that of the Ξcð3080Þþ is ð3.0� 0.7� 0.4Þ MeV. We take
the weighted average of the measurements in the different
decay modes to find the masses of the Ξcð3055Þþ and
Ξcð3080Þþ to be ð3055.9� 0.4Þ MeV=c2 and ð3077.9�
0.9Þ MeV=c2, respectively, where the uncertainties are
scaled by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

χ2=ðN − 1Þ
p

to account for small inconsisten-
cies in theN individual measurements. The uncertainties on
the masses incorporate the statistical and systematic values.
The masses and widths of Ξcð3055Þþ and Ξcð3080Þþ, after

TABLE IV. Summary of results from the simultaneous fits to the ΛDþ and Σþþ
c K− modes.

Resonance Width (MeV) Yield for ΛDþ Yield for Σþþ
c K− Yield for sideband Yield for Σ�þþ

c

Ξcð3055Þþ 7.8� 1.2� 1.5 721� 90 173� 30 21� 18 -
Ξcð3080Þþ 3.0� 0.7� 0.4 186� 40 176� 23 20� 12 234� 30

TABLE III. Summary of the systematic uncertainties for the width (MeV) and ratio of branching fraction ratios (%) measurements
from the combined analysis.

Source ΓΞcð3055Þþ RBðΛDÞ for Ξcð3055Þþ ΓΞcð3080Þþ RBðΛDÞ for Ξcð3080Þþ RBðΣ�
cKÞ

πKp identification � � � 1.4 � � � 1.4 � � �
Λ identification � � � 3.0 � � � 3.0 � � �
Branching fractions � � � 5.7 � � � 5.7 � � �
Background shape 1.5 13.1 0.4 9.7 1.0
Resolution 0.2 2.1 0.2 1.6 0.5
Mass scale 0.0 0.0 0.0 0.0 0.0
Polarization � � � 1.6 � � � 1.6 3.5
Total 1.5 14.9 0.4 12.0 3.7

TABLE V. Summary of the values related to the measurements
of the ratio of branching fractions. The branching fraction values
are taken from Refs. [19,20]. For the ratios of branching fractions,
the first error is statistical and second is systematic.

Variable Value

BðDþ → K−πþπþÞ 0.0913� 0.0019
BðΛ → pπ−Þ 0.639� 0.005
BðΛþ

c → pK−πþÞ 0.0684� 0.036
BðK0

S → πþπ−Þ 0.6920� 0.0005
BðΛþ

c → pK0
SÞ=BðΛþ

c → pK−πþÞ 0.24� 0.02
ϵðΛDþÞ 0.1771
ϵpK−πþ (Σþþ

c K−) 0.149
ϵpK0

S
(Σþþ

c K−) 0.155
ϵpK−πþ (Σ�þþ

c K−) 0.146
ϵpK0

S
(Σ�þþ

c K−) 0.153
ðB × ϵÞΛDþ 0.0103
ðB × ϵÞΣcK 0.0119
ðB × ϵÞΣ�

cK 0.0117
RyieldðΛDÞ for Ξcð3055Þþ 4.41� 0.87
RyieldðΛDÞ for Ξcð3080Þþ 1.12� 0.26
RyieldðΣ�

cKÞ 1.05� 0.27
RBðΛDÞ for Ξcð3055Þþ 5.09� 1.01� 0.76
RBðΛDÞ for Ξcð3080Þþ 1.29� 0.30� 0.15
RBðΣ�

cKÞ 1.07� 0.27� 0.04
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combining them with other decay modes, supersede our
previous measurements [9].
Our measurements provide information on the nature of

these baryons. For instance, the chiral quark model has
been used to identify the Ξcð3055Þ as the D-wave excitation
in the N ¼ 2 shell, and predicts BðΞcð3055Þ → ΣcK̄Þ∶
BðΞcð3055Þ → ΛDÞ to be 2.3∶0.1 or 5.6∶0.0, depending
on the possible excitation modes [11]. It further identifies
the Ξcð3080Þ as an S-wave excitation mode of the Ξc in the
N ¼ 2 shell and predicts that its decay into ΛD is
forbidden. Both of these predictions are in contradiction
with our measurements. Further experimental and theoreti-
cal work is needed to understand these baryons.
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