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Observation of Two Narrow States Decaying intoJ1
c g and J0

cg
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We report the first observation of two narrow charmed strange baryons decaying toJ1
c g and

J0
cg, respectively, using data from the CLEO II detector at the Cornell Electron Storage R

We interpret the observed signals as theJ10
c schsujd and J00

c schsdjd, the symmetric partners of the
well-established antisymmetricJ1

c scfsugd and J0
c scfsdgd. The mass differencesMsJ10

c d 2 MsJ1
c d

andMsJ00
c d 2 MsJ0

cd have been measured to be107.8 6 1.7 6 2.5 and107.0 6 1.4 6 2.5 MeVyc2,
respectively. [S0031-9007(98)08253-2]

PACS numbers: 14.20.Lq, 13.40.Dk, 13.40.Hq
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CLEO [1,2] and other experimental groups [3–6] hav
previously reported the observation of theJP ­ s 1

2 d1

ground statesJ0
c scfsdgd and J1

c scfsugd baryons, where
fsug and fsdg denote the antisymmetric nature of thei
wave functions with respect to interchange of the ligh
quarks. The partners of the above charmed stran
baryons are theJ00

c schsdjd and J10
c schsujd, wherehsdj

and hsuj specify that the wave functions are symmetri
with respect to interchange of the light quarks. In thi
Letter we present the first observation of theJ0

c states [7].
The JP ­ 3

2
1 spin-excited statesJp0

c and Jp1
c , recently

observed by CLEO [8,9], have spin-1 light diquarks like
the J0

c, in contrast to spin-0 light diquarks in theJc

states. The mass splittingMsJ0
cd 2 MsJcd [10–17] is

expected to be in the range of100 114 MeVyc2. With
such a mass difference, the transitionJ0

c ! Jcp is
kinematically forbidden, allowing only the decayJ0

c !
Jcg. The above theoretical models also predict the ma
differenceMsJp

cd 2 MsJ0
cd to be about60 70 MeVyc2.

The data used in this analysis were collected with th
CLEO II detector [18] operating at the Cornell Electron
Storage Ring (CESR), and correspond to an integrat
luminosity of 4.96 fb21 from the Ys4Sd resonance and
continuum region at energies just below it. The charme
strange baryonJ0

c was reconstructed in the decay mode
J2p1, J2p1p0, J0p1p2, and V2K1, and J1

c in
the decay modesJ2p1p1 andJ0p1p0 [8,9,19]. In all
cases, the signal area above the combinatorial backgrou
is found by fitting to the sum of one or more Gaussia
functions with widths fixed at Monte Carlo predicted
values, and a low-order Chebychev polynomial. Whe
particle identification is used, a joint probability for
the pion, kaon, or proton hypothesis is defined usin
measurements of specific ionizationsdEydxd in the wire
drift chambers and time of flight in the scintillation
counters. A charged track is defined to be consiste
with a particular mass hypothesis if the correspondin
probability is greater than 0.1%.

Charmed baryons can be produced from either se
ondary decays ofB mesons or directly frome1e2 an-
nihilations tocc jets. We definexp andx0

p as the scaled
momentum of theJc and J0

c, respectively. Herexp ­
pypmax; p is the momentum of the charmed baryon

pmax ­
q

E2
b 2 M2, Eb is the beam energy, andM is the

mass of the charmed baryon being considered. Charm
baryons produced fromB decays are kinematically lim-
e
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ited toxp , 0.4, while (60–70)% of those produced from
the continuum havexp . 0.4. To reduce random com-
binatorial background, we apply a mode-dependent cu
xp . 0.5 0.6, thus excluding charm baryons produced
B decays.

We begin by reconstructingL ! pp2, J0 ! Lp0,
J2 ! Lp2, and V2 ! LK2. We select hyperons
by requiring the distance between the reconstructed s
ondary decay vertex and the beam interaction point
measured in the plane perpendicular to the beam line
be at least 2 mm forL and J2, and 3 mm forJ0, re-
spectively. No such cut is applied forV2.

Candidates forL ! pp2 decays are reconstructe
from pairs of oppositely charged tracks, assuming t
higher momentum one to be a proton and requiri
it to be consistent with the proton hypothesis. Th
invariant mass of the combination is calculated using
three-dimensional vertex-constrained fit at the point
intersection. All pp2 combinations within5 MeVyc2

[ø3 standard deviationsssd] of the nominal mass are
accepted asL candidates.

A J2 candidate vertex is reconstructed by finding t
intersection between aL candidate andp2 track, and
requiring theJ2 direction to be consistent with coming
from the event vertex. A fit to the resultant distributio
of Lp2 invariant mass combinations yields a total o
11 578 6 125 reconstructedJ2 candidates. All such
combinations within5 MeVyc2 sø3sd of the nominal
mass are accepted asJ2 candidates.

For V2 reconstruction, we combine eachL candidate
with any negatively charged track that is consistent w
the kaon hypothesis. TheV2 vertex is found using a
procedure very similar to that used for findingJ2. A fit
to the distribution ofLK2 invariant mass combinations
yields a signal of373 6 32 events, and combinations
within 5 MeVyc2 of the nominal mass are selected asV2

candidates.
The J0 candidates are reconstructed fromL and p0

pairs. Candidates forp0 are formed from pairs of photon
candidates detected in the CsI calorimeter, with at le
one photon coming from the barrelsjcosuj , 0.7d rather
than the end cap regions, whereu is the polar angle with
respect to thee1 direction. Only photon candidates with
energy greater than 50 MeV and distinctly separated fr
charged tracks are used. As a first approximation,
p0 mass is calculated assuming the event vertex to
its point of origin. A J0 vertex is then found from the
493
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intersection of theL and p0 directions. The mass an
four-momentum of thep0 is recalculated assuming th
J0 vertex to be its origin. A new vertex is calculate
using the newp0 andL directions. A fit to theLp0 mass
distribution yields7568 6 227 signal events, and allLp0

combinations within8 MeVyc2 of the nominal mass are
defined asJ0 candidates.

We first discuss the reconstruction ofJ1
c candidates in

the decay modesJ2p1p1 andJ0p1p0. As presented
earlier,J2 andJ0 candidates are combined with charge
or neutral pions which are consistent with originatin
from the event vertex. In the case of the first dec
mode, only charged tracks with momentum greater th
100 MeVyc are used. For the second decay mode, wh
has more combinatorial background because of thep0,
both the charged and neutral pions are required to h
momenta greater than250 MeVyc. We form invariant
mass distributions ofJ2p1p1 combinations withxp .

0.5 and J0p1p0 combinations withxp . 0.6. Fitting
these distributions with Monte Carlo predicted width
of 8.5 and 15 MeVyc2, respectively, we obtain yields
of s155 6 15d and s70 6 14d signal events in these
two decay modes or a combined yield ofs225 6 21d.
Combinations within2s of the fitted peak masses in eac
decay mode are then selected asJ1

c candidates. The
invariant mass distribution for the summed combinatio
in bothJ1

c decay modes is shown in Fig. 1(a).
We reconstructJ0

c in the four decay modesJ2p1,
J2p1p0, V2K1, andJ0p1p2. We start with the hy-
peron candidates, which are defined according to pro
dures discussed previously, and add charged tracks w

c
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FIG. 1. (a) Summed invariant mass distributions f
J2p1p1 and J0p1p0 combinations with xp . 0.5 and
0.6, respectively, and (b) forJ2p1, J2p1p0, V2K1, and
J0p1p2 combinations with xp . 0.5, 0.5, 0.5, and 0.6,
respectively.
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are consistent with coming from the event vertex. For th
decay modeJ2p1p0, we assume the photons used fo
reconstructingp0 ! gg are coming from the event ver-
tex. Onlygg combinations having invariant mass within
12.5 MeVyc2 s2.5sd of the nominal mass are used asp0

candidates. In the case ofV2K1, we use only primary
charged tracks consistent with the kaon hypothesis. On
combinations withxp . 0.5 are used in the case of the
first three decay modes; for the last decay mode, since
combinatorial background is higher, a cut ofxp . 0.6 is
used. Fitting the invariant mass distributions correspon
ing to the decay modesJ2p1, J2p1p0, V2K1, and
J0p1p2 with Monte Carlo predicted widths of 8, 10, 7,
and 12 MeVyc2, we obtain yields ofs133 6 41d, s86 6

13d, s24 6 5d, ands46 6 10d signal events, respectively.
This gives a combinedJ0

c yield of s289 6 44d events.
The sum of the fourJ0

c invariant mass distributions is
shown in Fig. 1(b).

To search forJ10
c and J00

c , we start with theJ1
c and

J0
c candidates reconstructed according to the procedu

described in the earlier sections. We then formJ1
c g

and J0
cg combinations using photon candidates wit

energy greater than 100 MeV. Only showers detecte
in the barrel CsI crystal calorimetersjcosuj , 0.7d, with
clear isolation from nearby charged tracks and show
fragments are used as photon candidates. The late
shower profile of the candidate is required to be consiste
with that of a photon. A photon is also rejected if it is
part of a goodp0 candidate, as defined in the section
on J0

c reconstruction. About (30–50)% of photons from
J0

c are lost due to this veto. Instead of plotting the
Jcg invariant mass combinations, we plot the mas
difference DM ­ MsJcgd 2 MsJcd, which has better
mass resolution as the errors fromJc reconstruction are
common to both terms and therefore cancel. In plottin
the DM distributions, thexp cut onJc reconstruction is
removed, and instead we place a cut onx0

p , the xp of
the Jcg combination. Final states includingJ0 have
larger combinatorial backgrounds. We therefore requi
x0

p . 0.6 for these states andx0
p . 0.5 for all other final

states.
Fitting the mass differenceDM1 ­ MsJ1

c gd 2

MsJ1
c d distributions corresponding to the twoJ1

c decay
modes used in the analysis, we obtains16.1 6 5.1d
and s7.5 6 3.6d signal events, respectively. Similarly,
fits to the mass differenceDM0 ­ MsJ0

cgd 2 MsJ0
cd

distributions corresponding to the fourJ0
c decay modes

separately yield signal areas ofs7.0 6 4.0d, s11.6 6 4.4d,
s3.8 6 2.0d, ands6.0 6 3.3d events, respectively. It may
be noted that there is at least one mode in each ca
with an enhancement of3s statistical significance and
corroborating enhancements in the other decay modes
the mass difference region around108 MeVyc2. The
individual channel fits use width fixed at the Monte
Carlo prediction and floating mass; however, if the mas
is fixed to the mean values found below, essential
the same results are obtained. Figures 2(a) and 2
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FIG. 2. Invariant mass differenceDMsJcg 2 Jcd distribu-
tions for (a)J1

c g and (b)J0
cg, where contributions from the

different Jc decay modes have been summed in each case.

show the combined mass difference distributions f
the J1

c g and J0
cg combinations, respectively, where

the contributions from the different decay modes ha
been summed. The distributions are fitted with width
fixed at the Monte Carlo values of5 MeVyc2 in both
cases. In Fig. 2(a), the narrow resonance correspo
to a signal area ofs25.5 6 6.5d events at a mass differ-
ence DM1 ­ s107.8 6 1.7d MeVyc2 with a statistical
significance of3.9s. Similarly, a fit to Fig. 2(b) yields
a signal area ofs28.0 6 7.1d events at a mass difference
DM0 ­ s107.0 6 1.4d MeVyc2 with statistical signifi-
cance of3.9s. We associate these resonances with t
isospin doubletJ10

c andJ00
c . To rule out the possibility

that the signal is due to random background under t
Jc signal, we reconstructJcg combinations using fake
Jc candidates from the sideband of theJc nominal mass
region. The corresponding mass difference distributio
sDMd show no evidence of peaking in the region o
interest.

In order to probe the systematic stability of the me
sured mass differences, we studied the effect of diffe
ent background shapes, alternate selection criteria, and
calibration of the calorimeter absolute energy scale. T
major contributor to systematic shifts was found to be th
removal of thep0 veto. This has the effect of increasing
the efficiency by 30% and 60% forJ10

c andJ00
c , respec-

tively, but also doubling the background, dominantly from
Jp

c ! Jcp0 in which one of the photons fromp0 decay
is ignored in the reconstruction. Based on all these stu
ies we assign a systematic error to the mass difference
62.5 MeVyc2.

To measure thex0
p spectrum forJ0

c production, we
assume that at the level of statistics available in our da
the fragmentation functions forJ10

c andJ00
c are the same,
or

ve
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FIG. 3. Fragmentation function forJ0
c (weighted average of

J10
c andJ00

c momentum distributions).

so that we can combine the data for the two resonanc
together. The yield is then obtained as a function ofx0

p
for all the decay modes of both the resonances from0.5 ,

x0
p , 1.0 and corrected forx0

p-dependent reconstruction
efficiencies. The normalized distribution is shown in
Fig. 3. A fit to the Peterson fragmentation function
[20] yields the fragmentation parametereq ­ 0.2010.23

20.09 6

0.07, which is similar to the previously published result of
eq ­ 0.2310.06

20.05 6 0.03 for J1
c production [19].

We measure thats37 6 11 6 7d% of all J1
c produced

from the continuum are fromJ10
c decays, whiles35 6

9 6 7d% of all J0
c are fromJ00

c decays. The comparable
fraction of J1

c s from Jp0
c decays iss27 6 6 6 6d% [8].

The fraction ofJc from J0
c is predicted by Adamov and

Goldstein [21] to be 1.7 times that fromJp
c.

In conclusion, we have observed two narrow reso
nances decaying toJ1

c g and J0
cg. The mass differ-

encesMsJ1
c gd 2 MsJ1

c d and MsJ0
cgd 2 MsJ0

cd are
measured to bes107.8 6 1.7 6 2.5d ands107.0 6 1.4 6

2.5d MeVyc2, respectively; the second error in each cas
is systematic. This is in good agreement with theoret
cal expectations for these mass differences, assuming
resonances to beJ10

c andJ00
c , respectively. This is also

in good agreement with the models which predict the mas
differenceMsJp

cd 2 MsJ0
cd to be about60 70 MeVyc2.

Since theJP ­ s 3
2 d1 charmed strange baryonsJp1

c and
Jp0

c have already been observed, the most likely in
terpretation of the observed resonances would be
the JP ­ s 1

2 d1 charmed strange baryonsJ10
c and J00

c ,
respectively.
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