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Study of excited charm-strange baryons with evidence for new baryons �c�3055�� and �c�3123��
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We present a study of excited charm-strange baryon states produced in e�e� annihilations at or near a
center-of-mass energy of 10.58 GeV, in a data sample with an integrated luminosity of 384 fb�1 recorded
with the BABAR detector at the PEP-II e�e� storage rings at the Stanford Linear Accelerator Center. We
study strong decays of charm-strange baryons to ��c K

0
S, ��c K

�, ��c K
���, ��c K

0
S�
�, ��c K

0
S�
���, and

��c K
�����. This study confirms the existence of the states �c�2980��, �c�3077��, and �c�3077�0,

with a more accurate determination of the �c�2980�� mass and width. We also present evidence for two
new states, �c�3055�� and �c�3123��, decaying through the intermediate-resonant modes
�c�2455���K� and �c�2520���K�, respectively. For each of these baryons, we measure the yield in
each final state, determine the statistical significance, and calculate the product of the production cross
section and branching fractions. We also measure the masses and widths of these excited charm-strange
baryons.

DOI: 10.1103/PhysRevD.77.012002 PACS numbers: 13.85.Rm, 14.20.Lq

I. INTRODUCTION

With the observation of the ��c (css) baryon [1] by the
BABAR Collaboration, every predicted SU(4) ground-state
single-charm baryon has been experimentally observed.
Several excited �c (cqq), �c (cqq), and �c (csq) baryons
have also been experimentally observed [2]. The spins and
parities of these are assigned based on a comparison of the
measured masses and natural widths with predictions of
theoretical models.

Both the BABAR and Belle collaborations have searched
for ground-state double-charm baryons decaying to the
final state ��c K

��� [3–5]. These searches reveal no
evidence for such states. However, the Belle
Collaboration finds evidence for two excited charm-
strange baryon states, �c�2980��;0 and �c�3077��;0, de-
caying strongly to ��c K

0
S�
� and ��c K��� [5]. Although

these new states have the same or similar decay modes as
those used in the search for weak decays of double-charm
baryons, they are identified as charm-strange states based
on the measured masses, natural widths (which indicate
strong decays), and charges of the members of the isospin
doublet.

Previously known excited �c baryons have been ob-
served only in decays to a lower-mass �c baryon plus a
pion or photon. In contrast, the �c�2980��;0 and
�c�3077��;0 baryons are observed in decays in which the
charm and strange quarks are in separate hadrons. The
observed decay modes may have implications for the
internal quark dynamics of these new states. Several ex-
cited charm-strange baryons with JP � f�1=2��; �3=2��g
are predicted, with masses ranging from about
2800 MeV=c2 to 3150 MeV=c2 [6,7]. Other authors [8–
10] consider JP � �5=2�� states and radial excitations, and
use the measured natural widths and decay modes in
assigning possible quantum numbers for the new
�c�2980��;0 and �c�3077��;0 states.

In this paper, we report measurements of excited charm-
strange baryon properties based on a data sample corre-
sponding to an integrated luminosity of 384 fb�1 recorded
with the BABAR detector at the PEP-II asymmetric-energy
e�e� storage rings at the Stanford Linear Accelerator
Center. We search for decays to the three-body final states

��c K��� and ��c K
0
S�
�, the two-body final states ��c K

0
S

and ��c K�, and the four-body final states ��c K
0
S�
��� and

��c K�����. Significant signals are found only in decays
to three-body final states. We confirm the existence of the
states �c�2980��, �c�3077��, and �c�3077�0, with an
improvement over existing measurements of the
�c�2980�� mass and width. For the three-body final states,
we also search for decays through intermediate resonant
�c�2455���K�, �c�2455�0K0

S, �c�2520���K�, and
�c�2520�0K0

S channels. The �c�2455� and �c�2520� bary-
ons decay exclusively to ��c �. We find evidence for two
additional new states �c�3055�� and �c�3123�� decaying
through the intermediate-resonant channels
�c�2455���K� and �c�2520���K�, respectively. We
measure the mass, natural width, yield, and the product
of production cross section and decay branching fractions
when there is evidence for an excited charm-strange
baryon. Also, where applicable, the intermediate-resonant
decay fractions are measured.

II. ANALYSIS OVERVIEW

This analysis relies primarily on the charged-particle
tracking and particle-identification capabilities of the
BABAR detector. A detailed description of the BABAR
detector is presented in Ref. [11]. The charged-particle
tracking system consists of a five-layer double-sided sili-
con vertex tracker (SVT) and a 40-layer drift chamber
(DCH). Discrimination between charged pions, kaons,
and protons relies on ionization energy loss (dE=dx) in
the DCH and SVT, and on Cherenkov photons detected in a
ring-imaging detector. A CsI(Tl) crystal calorimeter is used
to identify electrons and photons. These four detector
subsystems are mounted inside a 1.5-T solenoidal super-
conducting magnet. The instrumented flux return for the
solenoidal magnet provides muon identification.

We produce samples of simulated events using the
Monte Carlo (MC) generators JETSET74 [12] and EVTGEN

[13] with a full detector simulation based on GEANT4 [14].
We produce about 4� 106 simulated e�e� ! c �c events in
which at least one of the primary charm quarks hadronizes
into an excited charm-strange baryon that decays accord-
ing to one of the studied decay channels. All particle
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decays are generated according to phase space.
Reconstruction efficiencies are estimated based on the
excited charm-strange baryon kinematic distributions
from JETSET74. The simulated samples are also used to
estimate measured invariant-mass resolutions.

In data, we study the invariant-mass region between
2:91 GeV=c2 and 3:15 GeV=c2 for potential �c states.
We do not examine candidates in this region while opti-
mizing the selection criteria in order to minimize potential
experimenters’ bias. Selection criteria are chosen to max-
imize the expected significance of signal events averaged
over five reconstructed ��c decay modes: pK���, pK0

S,
pK0

S�
���, ���, and �������. The expected signifi-

cance of each decay mode is estimated based on the
efficiency measured with samples of simulated signal
events, and the number of candidates in upper (above
3:15 GeV=c2) and lower (below 2:91 GeV=c2) �c
invariant-mass sidebands in data.

The selection criteria are based on proton, kaon, and
pion particle identification, among several other recon-
struction parameters. Reconstructed tracks in the entire
candidate decay chain are simultaneously fit with vertex
constraints and with the ��c , �, and K0

S candidate masses
constrained to their world-average values [2]. The total �2

probability of the fitted track vertices in the decay chain is
required to be greater than 1%. The vertex-constrained ��c
mass (with no mass constraint) is required to be within 1.75
times the mass resolution (	 5 MeV=c2) of the world-
average ��c mass [2]. The vertex-constrained � and K0

S
masses are required to be within 6:5 MeV=c2 and
10:0 MeV=c2, respectively, of their world-average values
[2]. The measured � and K0

S flight lengths divided by their
errors are required to be greater than 2.5 and 3.0, respec-
tively. The momentum of the �c candidate in the e�e�

center-of-mass frame (p�) is required to be above
2:9 GeV=c. This p� requirement significantly reduces
background from random combinations of tracks.

For each �c decay mode, the selected candidates in data
are divided into five samples based on the reconstructed
��c decay mode. The signal yields in each sample are
extracted with an extended, unbinned, maximum-
likelihood fit. All five samples are fit simultaneously. The
signal probability density functions (PDF) share the values
of parameters that describe the signal shape and, for three-
body final states, the intermediate-resonant decay frac-
tions. For ��c decay mode m, the corresponding portion
of the likelihood function Lm has the form

 Lm �
YNm
i

�XNs
��1

S�mP
�
s � ~a; xim� �

XNb
��1

B�mP�b� ~b; xim�
�
; (1)

where S�m is the number of candidates in signal-component
�, B�m is the number of candidates in background-
component �, ~a and ~b are the shape parameters for the
Ns signal-PDF components (P�s ) and the Nb background-

PDF components (P�b), and xim represents the measured
masses for the Nm candidates in decay mode m. The mass,
natural width, and resonant fraction results listed in Table I
are the measured shape parameters ~a for the respective
signal PDFs. Combining the five Lm, the full extended
likelihood function L has the form

 L � exp
�
�
X5

m�1

�
Nm �

XNs
�

S�m �
XNb
�

B�m

�� Y5

m�1

Lm: (2)

Each parameter is allowed to vary over a range that is large
enough so that it does not constrain any of the final results;
in particular, the number of signal candidates is allowed to
be negative. For each signal-PDF component (P�s ), the
numbers of measured candidates with ��c decay mode m
(S�m) are summed together to determine the total yields
listed in Table I or to determine the products of cross
sections and branching fractions listed in Tables III and IV.

Statistically significant signals for excited charm-
strange baryons are observed only in the analysis of
three-body final states. For the two-body and four-body

TABLE I. Measured masses, widths, yields, resonant decay
fractions, and significances for �c�2980��, �c�3055��,
�c�3077��, and �c�3123�� baryons decaying to ��c K���,
and �c�2980�0 and �c�3077�0 baryons decaying to ��c K

0
S�
�.

The first errors are statistical and the second errors are system-
atic. All signal candidates are required to have p� greater than
2:9 GeV=c. The rows labeled ‘‘Resonant’’ give the fraction of
each signal that decays through intermediate resonances. The
�c�3077�� resonant fraction is a 90% confidence-level lower
limit. The row labeled ‘‘�c�2455�’’ gives the fraction of resonant
decays that proceed through �c�2455�K. The only state for
which systematic uncertainties reduce the calculated significance
at the stated precision is the �c�3123��; the lower significance is
given in parentheses.

�c�2980�� �c�2980�0

Mass (MeV=c2) 2969:3� 2:2� 1:7 2972:9� 4:4� 1:6
Width (MeV) 27� 8� 2 31� 7� 8
Yield 756� 178� 104 67� 33� 29
Resonant (%) 55� 7� 13 
 
 


Significance >9:0� 1:7�

�c�3077�� �c�3077�0

Mass (MeV=c2) 3077:0� 0:4� 0:2 3079:3� 1:1� 0:2
Width (MeV) 5:5� 1:3� 0:6 5:9� 2:3� 1:5
Yield 403� 54� 27 90� 22� 15
Resonant (%) >80 78� 21� 5
�c�2455� (%) 45� 5� 5 44� 12� 7
Significance >9:0� 4:5�

�c�3055�� �c�3123��

Mass (MeV=c2) 3054:2� 1:2� 0:5 3122:9� 1:3� 0:3
Width (MeV) 17� 6� 11 4:4� 3:4� 1:7
Yield 218� 53� 79 101� 34� 9
Significance 6:4� 3:6� �3:0��
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final states, we only search for the baryons observed in the
three-body final states. The �c masses and widths mea-
sured with the three-body candidates are used as Gaussian
constraints in the fits to samples of two-body and four-body
candidates by multiplying the likelihood function in Eq. (2)

by

 exp
�
�
�M���2

2�2
M

�
��� ��2

2�2
�

�
; (3)

where M is the mass and � is the natural width of the �c

TABLE II. Systematic uncertainties on the masses, widths, yields, resonant fractions (R1), and �c�2455� resonant fractions (R2)
determined from the samples of ��c K

��� and ��c K
0
S�
� candidates. Uncertainties associated with mass resolution, background-PDF

shapes, phase-space thresholds, the inclusion of the �c�3123�� or �c�2980�0 signal shapes, and the mass scale are listed. The
systematic errors from each source are added in quadrature. NA indicates that a source of systematic uncertainty is not applicable.

Mass (MeV=c2) Width (MeV) Yield (%) R1 (%) R2 (%)

�c�2980��

Mass resolution �0:6 �1:3 �4 �4 NA
Background shape �1:0 �0:3 �8 �8 NA
Phase-space thresholds �1:2 �0:3 �10 �9 NA
Signal inclusion �0:4 �0:4 �3 �3 NA
Mass scale �0:1 NA NA NA NA

Total �1:7 �1:5 �14 �13 NA

�c�3055��

Mass resolution �0:4 �7:3 �26 NA NA
Background shape �0:3 �6:8 �22 NA NA
Phase-space thresholds �0:1 �4:2 �11 NA NA
Signal inclusion �0:0 �1:4 �5 NA NA
Mass scale �0:1 NA NA NA NA

Total �0:5 �11 �36 NA NA

�c�3077��

Mass resolution �0:11 �0:4 �3:2 �3:6 �2:5
Background shape �0:10 �0:2 �0:1 �1:2 �2:7
Phase-space approximation �0:09 �0:3 �3:0 �1:4 �1:9
Signal inclusion �0:05 �0:2 �5:0 �4:6 �2:4
Mass scale �0:14 NA NA NA NA

Total �0:18 �0:6 �6:7 �6:1 �4:8

�c�3123��

Mass resolution �0:3 �1:5 �5:0 NA NA
Background shape �0:2 �0:6 �6:9 NA NA
Phase-space thresholds �0:1 �0:5 �3:0 NA NA
Mass scale �0:1 NA NA NA NA

Total �0:3 �1:7 �8:9 NA NA

�c�2980�0

Mass resolution �0:6 �7:1 �16 �1 NA
Background shape �1:3 �3:7 �37 �14 NA
Phase-space thresholds �0:7 �1:7 �12 �17 NA
Mass scale �0:1 NA NA NA NA

Total �1:6 �8:2 �42 �22 NA

�c�3077�0

Mass resolution �0:01 �0:3 �1 �0:4 �0:3
Background shape �0:12 �0:2 �1 �4:1 �3:1
Phase-space thresholds �0:03 �0:1 �1 �2:4 �0:2
Signal inclusion �0:02 �1:5 �17 �0:9 �6:3
Mass scale �0:14 NA NA NA NA

Total �0:19 �1:5 �17 �4:9 �7:0
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state measured from the fit to three-body candidates, �M

and �� are the corresponding uncertainties, and � and �
are the constrained signal mean and width parameters.

III. DECAYS TO ��c K��� AND ��c K0
S�
�

The studies of the three-body final states ��c K
��� and

��c K
0
S�
� are based on fits to the two-dimensional

invariant-mass distributions M���c K
���� versus

M���c �
��, and M���c K0

S�
�� versus M���c ���. The ex-

perimental resolution for these two- and three-body invari-
ant masses varies from about 1.0 to 2:5 MeV=c2. With
these two-dimensional mass distributions, we can incorpo-
rate the intermediate resonances �c�2455���;0 and
�c�2520���;0 in the fits. No other known intermediate
resonances are kinematically allowed. We fit a region
defined by the kinematically allowed mass thresholds,
and ��c K

0
S�
� and ��c K

��� invariant masses up to
3150 MeV=c2. Two-dimensional mass plots for candidates
in the fit region are shown in Fig. 1(a) for ��c K

���

candidates and in Fig. 2(a) for ��c K
0
S�
� candidates.

For the two-dimensional maximum-likelihood fit, we
use a PDF with background components (Pb) and signal
components (Ps) used to describe four candidate catego-
ries: resonant combinatoric background, nonresonant com-
binatoric background, resonant signal, and nonresonant
signal. We use a double-Voigtian resonance shape (a non-
relativistic Breit-Wigner distribution convolved with a
resolution function that is the sum of two Gaussian func-
tions) to describe each peak in invariant mass. These peaks
include the �c states as well as the �c states associated
with both �c decays and backgrounds. The double-
Voigtian resonance shape does not account for possible
interference effects due to overlapping resonances. All
resolution parameters are fixed to values measured in the
MC samples. The masses and widths of the �c�2455���

and �c�2520��� are free parameters in the fits, while the
masses and widths of the �c�2455�0 and �c�2520�0 are
fixed to the world-average values [2] because of the limited
statistical sensitivity of the data to these states. The double-
Voigtian resonance shape that accounts for excited charm-
strange baryon decays through an intermediate �c reso-
nance is multiplied by a two-body phase-space factor, and
the double-Voigtian resonance shape that accounts for
direct three-body decays is multiplied by a three-body
phase-space factor. The non-�c backgrounds are modeled
with a threshold function proportional to

 M
��
M
t

�
� 1

�
�

exp
�
	
��
M
t

�
2
� 1

��
; (4)

where M is the mass variable in the distribution of which
there is a minimum kinematic threshold, t is the value of
the threshold, and � and 	 are shape parameters. The free
parameters ( ~a) of the signal-PDF components include the

masses, natural widths, and resonant fractions of the ex-
cited charm-strange baryon signals.

A. ��c K��� Results

Projections of the ��c K��� invariant-mass distribution,
for all five reconstructed ��c decay modes combined, are
shown in Figs. 1(b) and 1(c) with the combined compo-
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FIG. 1. (a) Scatter plot of M���c ��� versus M���c K����,
and (b,c) projections of the M���c K���� distributions, in two
ranges of M���c ���, for data (points with error bars) summed
over all five reconstructed ��c decay modes combined. The
curves correspond to the two-dimensional fit results. The
M���c �

�� ranges are (b) within 3.0 natural widths of the
�c�2455��� mass, and (c) within 2.0 natural widths of the
�c�2520��� mass. These M���c ��� ranges are delineated by
the horizontal lines on the scatter plot in (a). The projections of
the combined background-PDF components are illustrated by the
dashed curves.
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nents of the fit shown. The fit allows for four excited
charm-strange baryon states; the masses and widths are
free parameters in the fit. The data and fit projections
correspond to M���c ��� ranges within 3.0 natural widths
of the �c�2455��� mass [Fig. 1(b)] and 2.0 natural widths
of the �c�2520��� mass [Fig. 1(c)] [2]. These M���c ���
ranges are delineated by the horizontal lines in Fig. 1(a). A
two-dimensional [M���c ��� and M���c K����] binned
�2 probability of 88% is calculated for the fit using roughly
300 equally sized bins each containing over 10 candidates.
Four excited charm-strange states are observed at the
approximate M���c K

���� invariant masses of 2970,
3055, 3077, and 3123 MeV=c2. We use the change in
maximum ln-likelihood value when a signal is removed
from the fit, and the number of free parameters in each
signal-PDF component, to estimate statistical significances
of >9:0� (� lnL � 81), 6:4� (� lnL � 31), >9:0�
(� lnL � 91), and 3:6� (� lnL � 15) for each state, in
order of increasing mass. These estimated significances do
not statistically account for fluctuations in background
level across the entire range of invariant masses over which
the study was conducted. This means that these significan-
ces do not correspond to those of a search. Rather, they
correspond to significances of signals incorporated into the
PDF after evidence for the corresponding states had been
observed.

The �c�2980�� PDF includes a nonresonant ��c K���

component and a �c�2455���K� component. [The
�c�2520���K� final state is not kinematically allowed
for the �c�2980��.] For the �c�2980��, �55� 7� 13�%
of the signal is found to be due to decays through
�c�2455���K�. (The uncertainties are statistical and sys-
tematic. The estimation of systematic errors is discussed
below.) The �c�3077�� PDF includes a nonresonant
��c K

��� component, a �c�2455���K� component, and
a �c�2520���K� component. For the �c�3077��, �95�
14� 6�% of the signal is found to be due to decays through
intermediate resonances. A lower limit of 80% for this
fraction is determined, at 90% confidence level, from a
numerical integration of the posterior probability density
calculated from the likelihood distribution and a zero prior
for fractions above 100%. Of these intermediate-resonant
decays, �45� 5� 5�% are through �c�2455���K�.
Separate fits to the data that include ��c K���,
�c�2455���K�, and �c�2520���K� PDF components
for �c�3055�� and �c�3123�� signal indicate that these
states only have signals for decays through the
intermediate-resonant states �c�2455���K� and
�c�2520���K�, respectively. For all measurements, the
�c�3055�� and �c�3123�� PDFs include only these
intermediate-resonant components.

The newly identified �c�3055�� and �c�3123�� bary-
ons are found to have statistically significant signals with
widths that are larger in value than our mass resolution, p�

values distributed toward higher momenta than the combi-

natoric background, and consistent signal decay rates be-
tween the five ��c final states. Four additional samples are
studied for possible sources of peaking background that
could be mistaken for any of the excited charm-strange
baryon signals. These four samples are a ‘‘wrong-sign’’
��c K

��� data sample, a ��c mass-sideband data sample, a
MC sample of e�e� ! c �c events, and a data sample in
which the ��c K��� invariant mass is recalculated sub-
stituting a pion mass for the kaon mass (��c ����). The
last data sample would reveal excited ��c decays in which
the �� has been misidentified as a K�; no evidence for
such decays is found. We also determined that misidenti-
fied excited ��c decays result in peaks that are asymmetric
in mass and are much broader than the signals observed in
data. The wrong-sign data sample could show evidence of
peaking backgrounds due to �0

c decays that are recon-
structed with an additional kaon, but no such evidence is
found. The ��c mass-sideband data sample and the
generic-c �c MC sample are searched for unexpected
sources of peaking background. No sources of peaking
background are found. We conclude from these studies
that the signals for �c�2980��, �c�3055��, �c�3077��,
and �c�3123�� are not peaking backgrounds. These stud-
ies also confirm that the threshold function in Eq. (4)
accurately models nonpeaking background shapes.

B. ��c K0
S�
� Results

Projections of the ��c K
0
S�
� invariant-mass distribution,

for all five reconstructed ��c decay modes combined, are
shown in Figs. 2(b) and 2(c). Projections of the combined
components of the fit are also shown. The data and fit
projections correspond to M���c �

�� ranges within 3.0
natural widths of the �c�2455�0 mass [Fig. 2(b)] and 2.0
natural widths of the �c�2520�0 mass [Fig. 2(c)] [2]. These
M���c ��� ranges are delineated by the horizontal lines in
Fig. 2(a). The fit shown in Fig. 2 accounts for two excited
charm-strange baryons: �c�2980�0 and �c�3077�0. A two-
dimensional binned �2 probability of 62% is calculated (in
the same way as described for the fit to ��c K��� data) for
the fit when both the �c�2980�0 and �c�3077�0 PDF
components are included, while a 54% �2 probability is
calculated when only the �c�3077�0 PDF component is
included. Estimated statistical significances of 1:7�
(� lnL � 8) and 4:5� (� lnL � 21) are found for the
�c�2980�0 and �c�3077�0 states, respectively, based on
changes in ln-likelihood values and the number of free
parameters in each signal-PDF component. Despite the
low statistical significance of the �c�2980�0 signal, we
use the prior assumption that this state exists as the isospin
partner of the �c�2980�� and include the �c�2980�0 PDF
components for all measurements based on the sample of
��c K

0
S�
� candidates.

The �c�2980�0 PDF includes both a nonresonant
��c K

0
S�
� component and an intermediate-resonant

�c�2455�0K0
S component. The �c�3077�0 PDF includes a
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nonresonant ��c K
0
S�
� component, and intermediate-

resonant �c�2455�0K0
S and �c�2520�0K0

S components;
�78� 21� 5�% of the �c�3077�0 signal is found to decay
through the intermediate resonances. Of this intermediate-
resonant signal, �44� 12� 7�% is �c�2455���K�. No
statistically significant signals are found for �c�3055�0 or
�c�3123�0 states (the neutral isospin partners of
�c�3055�� and �c�3123��).

C. Systematic uncertainties

Several sources of systematic uncertainty are investi-
gated and quantified for the measurements of charm-
strange baryons decaying to ��c K��� and ��c K0

S�
� final

states; they are listed in Table II. Uncertainties in PDF
modeling are estimated from additional fits to the data with
different mass resolution parameters, background shapes,
and phase-space threshold masses. Because of their rela-
tively low statistical significances, we include the effects of
excluding a �c�2980�0 or �c�3123�� PDF component in
the relevant fits. Systematic uncertainties on the measured
mass, associated with SVT misalignments, angular depen-
dence of tracking performance, energy loss in detector
material, the magnetic field, and material magnetization,
were extensively studied in BABAR for a precision mea-
surement of the ��c mass [15]. Since the Q-values of the
excited charm-strange baryon decays in this analysis are
similar to those of the ��c decays used in the mass mea-
surement, we assign the same systematic error of
0:14 MeV=c2. This uncertainty is much smaller than those
from other sources.

The systematic uncertainties are added in quadrature and
are listed along with the measurements of masses, widths,
yields, and intermediate-resonant decay fractions in
Table I. To determine the effect of systematic uncertainties
on the estimated significance of the �c�3055�� and
�c�3123�� states, the change in ln-likelihood is recalcu-
lated with the same PDF modeling changes described in
the previous paragraph. Only for the �c�3123�� do any of
these changes reduce the significance of the signal; the
modified background shapes reduce the significance from
3.6 to 3:0� (� lnL � 12). This lower significance is listed
in parentheses in Table I.

D. Products of cross section and branching fractions

Reconstruction efficiencies are estimated from JETSET74

simulations of the e�e� production of excited charm-
strange baryons. The efficiencies are studied as a function
of the kinematic variables M���c K�2, M�K���2, and
M���c �

��2, where K denotes K� or K0
S. A slight 6%

relative variation in efficiency is found only at large values
of M���c ���2. Therefore, we use an efficiency for each
��c K��� candidate that depends on the measured value of
M���c ���2. Reconstruction efficiencies for states that de-
cay through ��c K

��� range from about 1% to 9%, de-
pending on the reconstructed ��c decay mode.
Reconstruction efficiencies for states that decay through
��c K

0
S�
� range from about 0.4% to 3.2%.

For each excited charm-strange baryon state, the number
of baryons produced in the BABAR detector that decay to
��c K

��� or ��c K
0
S�
�, where ��c ! pK���, is esti-

mated using the signal yields for all five �c decay modes,
the reconstruction efficiencies, the ��c branching-fraction
ratios [2], and a ‘‘best linear unbiased estimate’’ (BLUE)
method [16]. The BLUE method accounts for correlated
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FIG. 2. (a) Scatter plot of M���c ��� versus M���c K0
S�
��, and

(b,c) projections of the M���c K0
S�
�� distribution, in two ranges

of M���c ���, for data (points with error bars) summed over all
five reconstructed ��c decay modes combined. The curves
correspond to the two-dimensional fit results. The M���c �

��
ranges are (b) within 3.0 natural widths of the �c�2455�0 mass,
and (c) within 2.0 natural widths of the �c�2520�0 mass. These
M���c ��� ranges are delineated by the horizontal lines on the
scatter plot in (a). The projections of the combined background-
PDF components are illustrated by the dashed curves.
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errors between the five signal yields from the five recon-
structed ��c decay modes, as well as correlated errors
between the five estimated efficiencies. The estimated
number of excited charm-strange baryons produced with
p� > 2:9 GeV=c and the integrated luminosity are used to
calculate the product of cross section and branching frac-
tions for each excited charm-strange baryon:

 ��e�e� ! ��cX�B��
�
c ! Y�B���c ! pK����; (5)

where ��c is an excited charm-strange baryon, X is the
unreconstructed portion of the e�e� event, and Y is
��c K��� or ��c

�K0��. With these calculations, it is as-
sumed that 34.6% of the �K0 mesons decay as K0

S ! ����

[2]. The measured products of cross section and branching
fractions are listed in Table III.

Upper limits at 90% confidence level are calculated on
the product of cross section and branching fractions for the
neutral states �c�2980�0, �c�3055�0, and �c�3123�0. The
upper limits are determined from numerical integration of
posterior probability densities calculated from the likeli-
hood distributions, with a uniform positive prior for the
product of cross section and branching fractions greater
than zero and a zero prior below. Gaussian constraints on
efficiencies and ��c branching-fraction ratios are included
in the likelihood functions; these modified likelihood func-
tions constrain the ratios of fitted yields from each ��c
decay mode and incorporate systematic uncertainties from
these ratios of yields. Also, in calculating each upper limit,
the signal shape parameters of the baryon are given
Gaussian constraints based on the measured values in
Table I. For �c�3055�0 and �c�3123�0 parameters, we
use the values of the parameters measured for their isospin
partners. All Gaussian constraints involve a factor analo-
gous to that in Eq. (3). The upper limits on the products of
cross section and branching fractions are listed in Table III.

IV. DECAYS TO ��c K0
S AND ��c K�

The studies of decays to the two-body final states ��c K
0
S

and ��c K
� are based on one-dimensional fits to the dis-

tributions of M���c K0
S� and M���c K��. In each case, the

invariant-mass range between 2.91 to 3:15 GeV=c2 is fit.
The PDF component that accounts for a possible resonance
(Ps) is a double-Voigtian resonance shape with free pa-

rameters ~a, which are the mass and natural width of the
signal. In the likelihood function, the means and widths of
the resonance shapes are given Gaussian constraints
[Eq. (3)] based on the values measured with three-body
decays. For each of the five ��c decay modes, the back-
ground distribution in ��c K

0
S is modeled with a first-order

polynomial (Pb). Background distributions in ��c K� are
modeled with functions proportional to Eq. (4).

Invariant-mass resolutions and reconstruction efficien-
cies are calculated from MC samples. Mass resolutions are
about 2:5 MeV=c2. Reconstruction efficiencies range from
about 0.7% to 5.0% for signals that decay through ��c K0

S,
depending on the reconstructed ��c decay mode, and from
about 1.5% to 12% for signals that decay through ��c K�.

Neither the ��c K
0
S nor the ��c K� invariant-mass distri-

butions exhibit evidence for statistically significant peak-
ing structures corresponding to any of the charm-strange
baryons found in the three-body final states. Figure 3
shows background-only fits to the ��c K

0
S and ��c K

�

invariant-mass distributions for all five reconstructed ��c
decay modes combined. The same method described for
three-body final states is used to determine 90%
confidence-level upper limits for the products of cross
section and branching fractions described by Eq. (5), where
Y is now ��c �K0 or ��c K�. The upper limits on the products
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FIG. 3. Distributions of (a) M���c K0
S� and (b) M���c K��, for

all five reconstructed ��c decay modes combined. The curves
correspond to fits with no signal PDFs. Signals were searched for
around the invariant-mass values indicated by the dashed vertical
lines.

TABLE III. The products of cross section and branching frac-
tions [Eq. (5)] for excited charm-strange baryons produced with
p� > 2:9 GeV=c and decaying to three-body final states. The
first errors are statistical and the second errors are systematic.
Upper limits are at 90% confidence level.

��c ! ��c K��� ��c
�K0��

�c�2980� �11:8� 3:4� 2:2� fb <15 fb
�c�3055� �2:2� 1:2� 0:7� fb <7 fb
�c�3077� �8:1� 1:2� 0:8� fb �6:2� 2:1� 1:5� fb
�c�3123� �1:6� 0:6� 0:2� fb <1:4 fb
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of cross section and branching fractions are listed in
Table IV.

V. DECAYS TO ��c K0
S�
��� AND ��c K�����

The studies of decays to the four-body final states
��c K

0
S�
��� and ��c K

����� are based on fits to the
one-dimensional distributions of M���c K

0
S�
���� and

M���c K
������. The invariant-mass region from the

minimum kinematic threshold (�3063 MeV=c2 for
��c K

0
S�
��� and �3059 MeV=c2 for ��c K

�����) to
250 MeV=c2 above the threshold is fit in each case. The
PDF component that accounts for possible resonances is a
double-Voigtian resonant function multiplied by a third-
order polynomial that models the rapidly changing four-
body phase space. In the likelihood function, the means
and widths of the resonance shapes are given Gaussian
constraints [Eq. (3)] based on the values measured with
three-body decays. The rapidly rising four-body phase-
space function and the proximity of any resonances to
the kinematic thresholds lead to possibly significant con-
tributions of �c�3077�0 and �c�3077�� signals throughout
each fitted 250 MeV=c2 range. In quoting upper limits for
�c�3077�0 and �c�3077��, we consider the integrated
yield up to 3093 and 3089 MeV=c2, respectively ( �
30 MeV=c2 above threshold in each case). Each range
includes the peaking signal but not the higher mass range
where efficiencies and possible effects from intermediate-
resonant decays are unknown. Background distributions
are modeled by �M����M� t�2, where M is the mass
variable, t is the kinematic threshold, and � is a free
parameter.

Invariant-mass resolutions and reconstruction efficien-
cies are again calculated from MC samples. Mass resolu-
tions are about 1:0 MeV=c2. Reconstruction efficiencies
range from about 0.3% to 2.4% for signals that decay
through ��c K

0
S�
���, depending on the reconstructed

��c decay mode. Reconstruction efficiencies range from
about 0.8% to 5.5% for signals that decay through
��c K�����.

Neither the ��c K
0
S�
��� nor the ��c K�����

invariant-mass distributions exhibit evidence for statisti-

cally significant peaking structures corresponding to any of
the charm-strange baryons found in the three-body final
states. Figure 4 shows background-only fits to these
invariant-mass distributions for all five reconstructed ��c
decay modes combined. The same method described for
three-body final states is used to determine 90%
confidence-level upper limits for the products of cross
section and branching fractions described by Eq. (5), where
Y is now ��c �K0���� or ��c K

�����. The upper limits
on the products of cross section and branching fractions are
listed in Table IV.

VI. SUMMARY AND CONCLUSIONS

Invariant-mass distributions for six different final states
are studied for evidence of excited charm-strange baryons.
Four statistically significant signals are found for excited
charm-strange baryons decaying to the final state
��c K���. They are named �c�2980�� (> 9�),
�c�3055�� (6:4�), �c�3077�� (> 9�), and �c�3123��

(3:8�), and their masses, widths, and the products of cross
section and branching fractions are measured.
Intermediate-resonant �c�2455���K� and nonresonant
��c K��� decays of the �c�2980�� are observed, while
the �c�3077�� is observed to decay mostly through the
�c�2455���K� and �c�2520���K� intermediate-
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FIG. 4. Distributions of (a) M���c K
0
S�
���� and

(b) M���c K������, for all five reconstructed ��c decay modes
combined. The curves correspond to fits with no signal PDFs.
Signals were searched for around the invariant-mass values
indicated by the dashed vertical lines.

TABLE IV. 90% confidence-level upper limits on the products
of cross section and branching fractions [Eq. (5)] for excited
charm-strange baryons produced with p� > 2:9 GeV=c and de-
caying to two-body and four-body final states. NA indicates
decays that are not kinematically allowed. NO indicates that
corresponding three-body decays are not observed. The four-
body final-state upper limits only use integrated yields up to
about 30 MeV=c2 above kinematic threshold.

��c ! ��c �K0 ��c K
� ��c �K0���� ��c K

�����

�c�2980� <12 fb <10 fb NA NA
�c�3055� <9 fb NO NA NA
�c�3077� <2:9 fb <1:2 fb <0:4 fb <0:1 fb
�c�3123� <2:7 fb NO <1:4 fb NO
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resonant states. The �c�2520���K� final state is not kine-
matically allowed for the �c�2980��. The �c�3055�� and
�c�3123�� signals are observed only in �c�2455���K�

and �c�2520���K� intermediate-resonant decays, respec-
tively. For the ��c K

0
S�
� final state, the only statistically

significant signal corresponds to the �c�3077�0 baryon,
which is presumably the isospin partner to the
�c�3077��; its mass, width, and product of cross section
and branching fractions are measured. Like the �c�3077��

state, the �c�3077�0 is observed to decay mostly through
the �c�2455�0K0

S and �c�2520�0K0
S intermediate-resonant

states. A 1:7� enhancement in the final state ��c K
0
S�
� is

measured to have a mass and width consistent with its
being the neutral isospin partner of the �c�2980�� baryon.
For the three-body final state ��c K

0
S�
�, 90% confidence-

level upper limits are determined for the products of cross
section and branching fractions of �c�2980�0, �c�3055�0,
and �c�3123�0. No statistically significant signals are
found in the two-body and four-body final states. For states
that are observed in three-body decays, we report 90%
confidence-level upper limits for the product of cross sec-
tion and branching fractions for kinematically allowed
two-body and four-body decays.

The measured resonant and nonresonant decay rates and
decay modes of these new excited charm-strange baryons
might provide information on the internal quark dynamics.
In both the resonant and nonresonant strong decays, the
strange quark is contained in a kaon, separate from the
charmed baryon. Previously known excited �c baryons
have been observed only in decays to a lower-mass �c
baryon plus a pion or photon. Theoretically, there are
several excited charm-strange baryon states with various
spin, angular momentum, and radial excitation configura-
tions [6–10]. These different theoretical states may offer
explanations for differences in decay rates and decay

modes, but the current theoretical and experimental infor-
mation is not definitive enough to assign quantum numbers
to any of the new excited charm-strange states. Some
authors have argued that the �c�2980�� is a �1=2�� state
[8] and that the �c�3077�� is a �5=2�� state [8,9]; however,
other JP assignments are not ruled out. Future experimen-
tal studies of these and other states and decay modes, and
further theoretical work, will help to clarify the properties
of these new charm-strange baryons.
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