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Using data recorded by the CLEO-II detector at CESR, we report evidence of a pair of excit
charmed baryons, one decaying intoL1

c p1 and the other intoL1
c p2. The doubly charged state

has a measured mass differenceMsL1
c p1d 2 MsL1

c d of 234.5 6 1.1 6 0.8 MeVyc2 and a width of
17.913.8

23.2 6 4.0 MeVyc2, and the neutral state has a measured mass differenceMsL1
c p2d 2 MsL1

c d
of 232.6 6 1.0 6 0.8 MeVyc2 and a width of13.013.7

23.0 6 4.0 MeVyc2. We interpret these data as
evidence of theSp11

c andSp0
c , the spin3

2
1 excitations of theSc baryons. [S0031-9007(97)02630-6]

PACS numbers: 14.20.Lq, 13.30.Eg
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In the standard quark model, singly-charmed bary
consist of a heavy charmed quark and two light (u, d, or s)
quarks. In the absence of orbital angular momentum, e
three quark combination can exist in three different s
configurations. The lowest lying configuration hasJP ­
1
2

1 and the two light quark spins antiparallel, the ne
lowest mass configuration hasJP ­

1
2

1 and the two light
quark spins parallel, and the highest mass configura
has JP ­

3
2

1 and all three quark spins parallel. Whe
the light quarks areu andyor d quarks, states with thes
three different spin configurations are referred to asLc,
Sc, andSp

c baryons, respectively. When one of the lig
quarks is ans quark, the analogous states are refer
to as Jc, J0

c, and Jp
c baryons. Recently, we reporte

[1,2] the observation of two narrow states decaying in
Jcp , which we identified as theJp0

c and Jp1
c baryons.

Until now, however, evidence forSp
c baryons has been

restricted to a cluster of 6L1
c p1 events [3] with an

estimated mass differenceDM ; MsSp
cd 2 MsL1

c d of
245 6 5 6 5 MeVyc2. Here we report evidence for tw
particles decaying intoL1

c p1 and L1
c p2, respectively.

The two states have similar cross sections, masses,
widths. Although the spin-parities of these states are
measured, our interpretation of the data is that the st
we have found are theSp11

c andSp0
c baryons [4].

The data presented here were taken by the CLEO II
tector [5] operating at the Cornell Electron Storage Rin
The sample used in this analysis corresponds to an
tegrated luminosity of 4.8 fb21 from data taken on the
Ys4Sd resonance and in the continuum at energies
above and below theYs4Sd. We detected charged track
with a cylindrical drift chamber system inside a solenoid
magnetic field. Photons were detected using an elec
magnetic calorimeter consisting of 7800 cesium iod
crystals.

We reconstructedL1
c baryons using 13 different deca

modes [6]. Measurements of the branching fractio
into all these modes and the general procedures
finding them have previously been presented by the CL
Collaboration [7,8]. For this search and data set,
cuts have been optimized for high efficiency and lo
background. Briefly, particle identification ofp, K2, and
p candidates was performed using specific ionizat
measurements in the drift chamber, and when pres
time-of-flight measurements. Hyperons were found
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requiring their reconstructed decay points to be separa
from the main event vertex. To obtain theL1

c yields, we
fitted the invariant mass distributions for eachL1

c mode
to a sum of a Gaussian signal and a low-order polynom
background. Combinations within 1.6 standard deviatio
of the mass of theL1

c in each decay mode are taken a
L1

c candidates; the signal yields and backgrounds with
this mass window are given in Table I for eachL1

c mode.
The L1

c candidates were then combined with each r
maining charged track in the event and the mass diffe
enceMsL1

c p6d 2 MsL1
c d was calculated. To reduce the

combinatorial background, we requirexp . 0.5, where
xp ­ pypmax, pmax ­

p
E2

beam 2 M2, andp andM are
the reconstructed momentum and mass of theL1

c p6

combination. To demonstrate the high statistics and go
signal to background ratios of the initialL1

c samples, for
Table I we made a cut on the analogously defined qua
tity xpsL1

c d, of xpsL1
c d . 0.45; this corresponds approxi-

mately toxp . 0.5 for L1
c p combinations. We note that

charmed baryons produced from decays ofB mesons are
kinematically limited toxp , 0.4, so thexp cut restricts
our analysis to charmed baryons produced bye1e2 an-
nihilation into cc jets, which are known to have a hard
momentum spectrum.

We defineudec to be the angle between thep mo-
mentum measured in the rest frame of theL1

c p, and the
direction of theL1

c p in the laboratory frame. The com-
binations are required to pass a cut of cossudecd . 20.4,

TABLE I. The number ofL1
c ’s found with xpsL1

c d . 0.45.
Yields are integrated between61.6s of the L1

c mass.

Mode Signal Background

pK2p1 8364 16291
pK0 974 413
Lp1 1139 808
Lp1p0 917 969
Lp1p2p1 771 773
S0p1 704 880
S1p1p2 772 691
S1K1K2 61 17
J2K1p1 225 55
J0K1 128 49
pK2p1p0 341 478
pK0p0 228 199
pK0p1p2 266 220
2305
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which suppresses the large background from low m
mentump mesons. The mass difference spectra sho
in Fig. 1 each show clear peaks near 167 MeVyc2 due
to Sc decays, broad enhancements below 204 MeVyc2

due to feed-down fromLp1
c s2630d °! L1

c p1p2 decays
[9], and broad excesses near 233 MeVyc2 which are our
signals. We note that feed-down fromLp1

c s2590d °!
L1

c p1p2 decays cannot enter the plot at mass diffe
ences above theSc peak. The overlaid histogram in eac
case shows the mass difference spectrum using norm
ized sidebands of theL1

c ; no enhancements are observ
in these histograms, and good fits are obtained to th
when fit with smooth second-order polynomials.

The fits shown for the signal spectra in Fig. 1 ea
have five components: (i) The fits to the normalizedL1

c
sidebands are used as representations of the contribu
to L1

c p candidates from fakeL1
c candidates, (ii) second

order polynomials, with shape derived from Monte Ca
simulation, are used with floating normalizations for t
contributions of realL1

c baryons with random pions
(iii) Gaussians of floating mean and width were us
for the Sc contributions atDM ­ 167 MeVyc2, (iv)
broader excesses in the region below 204 MeVyc2 due
to Lp1

c s2630d production are accounted for using th
L1

c p6 spectra from fully reconstructedLp1
c s2630d °!

L1
c p1p2 data events, with the normalization correct

for the relative efficiency of observing one versus tw
p mesons obtained from Monte Carlo simulations, (
signal functions of P-wave Breit-Wigners convoluted
with a Gaussian resolution function of standard deviat
2.3 MeVyc2. This resolution was determined using
Monte Carlo simulation based uponGEANT [10].

The fits yield significant signals in bothL1
c p1 and

L1
c p2 plots. In the case ofL1

c p1 we obtain a signal of

FIG. 1. Mass difference spectra for (a)L1
c p1 candidates, and

(b) L1
c p2 candidates. The histogram shows the spectra

normalized sidebands of theL1
c . The fits are described in

the text.
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293 events, a width ofG ­ 17.913.8

23.2 MeVyc2, and a
mass difference ofDM ­ 234.5 6 1.1 MeVyc2. For the
L1

c p2 combinations, we obtain a signal area of504193
283

events, a width ofG ­ 13.013.7
23.0 MeVyc2, and a mass

difference ofDM ­ 232.6 6 1.0 MeVyc2. The quoted
errors are all statistical.

The extracted parameters are sensitive to the fitt
procedure used. We have tried many variations of t
background functions, including allowing the first tw
components of each fit to be incorporated into secon
order polynomials with floating shape and normaliz
tion. We have also tried varying the shape of theLp1

c
feed-down component, varying the normalization of th
component by as much as 50%, and varying the m
difference range over which the fits are made. The s
tematic uncertainties in the measurements due to
fitting procedures are taken as the maximum range
parameters obtained using different reasonable fits
these types. This is the dominant systematic uncertai
for both the yields and widths; we note that these tw
parameters are highly correlated. For each charged s
we estimate the systematic uncertainty on the yield
be 6120 events, and the systematic uncertainty on t
width to be 64.0 MeVyc2. The masses of the signal
are relatively stable for all fitting techniques used.
each case we estimate the systematic uncertainty to
60.8 MeVyc2 due to a combination of fitting uncer-
tainty (0.7 MeVyc2d and uncertainty in the mass differ
ence scale (0.4 MeVyc2). This last uncertainty cancels in
the measurement of the isospin mass splitting between
states, which we find to beMsL1

c p1d 2 MsL1
c p2d ­

1.9 6 1.4 6 1.0 MeVyc2.
Since the discovery of charm, many models [1

have been used to predict the spectroscopy of charm
baryons. The range of the predicted mass differen
DM ­ MsSp

cd 2 MsL1
c d, is around 200–300 MeVyc2.

Two recent models have the benefit of having da
for the Jp

c and Vc masses available as constraint
Rosner [12] uses spin-flavor wave functions and pr
dicts DM ­ 229 MeVyc2; Savage [13] uses chira
perturbation theory and predictsDM ­ 233 MeVyc2.
The mass differences we measure are in very go
agreement with these models. Interpreting our res
nances as theSp11

c and Sp0
c , and combining our

result with previous results [14] for theSc baryons,
we find the mass splitting between the spin-sta
weighted mass of theSspd

c system and theL1
c to

be f4MsSp
cd 1 2MsScdgy6 2 MsL1

c d ø 211 MeVyc2.
This value is similar to the analogous value for the no
charmed hyperons of about 206 MeVyc2, and also the
value of about 210 MeVyc2 obtained using preliminary
DELPHI results for the masses of the bottom baryo
[15]. These three values are predicted to be the sa
in naive baryonic mass models [16]. We also no
that the width of theSp

c has been estimated [12] from
extrapolation of theSp hyperon width to be around



VOLUME 78, NUMBER 12 P H Y S I C A L R E V I E W L E T T E R S 24 MARCH 1997

n

e

-

r
o
h

o
in

n

w
e

0]
o
ed

In

trap-

o
the
in

o-

f

ff
g
YI
m

on,
I
e

he
k
the
and

en-
20 MeVyc2, with the possibility of QCD corrections
lowering this number; this is also in good agreeme
with our measurements. Therefore, the most like
interpretation of these peaks is that they are theSp11

c
and Sp0

c baryons [17].
In order to study the decay angle and momentum d

tribution of the Sp
c candidates, we relax the decay a

gle cut and refit our signals in bins of cos(udecd and
xp , fixing the mass and width of each of the particl
to the values obtained above. We restrict theDM plots
to 205 , DM , 380 MeVyc2 so that there are no com
plications fromSc production andLp

c feed-down. We
find no significant differences between the characte
tics of the two isospin states, so we add the yields fr
the two in each bin to increase the precision of t
measurements.

Figure 2 shows the data divided into five bins
cossudecd. Using the treatment of Falk and Pesk
[18], this distribution can be fit to a form dG

d cosudec
~

1
4 f1 1 3 cos2 udec 2

9
2 w1scos2 udec 2

1
3 dg, wherew1 is

the fraction of the light diquark in a helicity61 configura-
tion. We findw1 ­ 0.71 6 0.13, where statistical errors
dominate. This is consistent with a value ofw1 ­

2
3 ,

which corresponds to a flat cos(udec) distribution and un-
alignedSp

c production. This value ofw1 is very different
from the value ofø0 found by the DELPHI Collaboration
in their preliminary analysis ofSp

b production fromZ0

decays [15].
In order to study the fragmentation function we exte

our study down toxp . 0.4, determine the yields in
bins of xp, and correct the yields using efficiencie
obtained from Monte Carlo simulations. Figure 3 sho
the dNydxp distribution, and the overlaid fit using th
Peterson [19] form of dNydxp ~ x21

p f1 2 1yxp 2

eys1 2 xpdg22. The fit gives a value ofe ­ 0.3010.10
20.07.

FIG. 2. The decay angleudec distribution for the observedSp
c

candidates.
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This is similar to the CLEO measurements [1,2,7,2
for L1

c , J1
c , Jp0

c , and Jp1
c baryons, but corresponds t

a softer momentum spectrum than that of the charm
baryons with nonzero orbital angular momentum [9].
order to calculate the percentage ofL1

c baryons that are
the decay products of these resonances, we need to ex
olate the yields ofL1

c baryons andL1
c p combinations

down to xp ­ 0. We calculate thats12.811.5
21.3 6 3.2d%

of L1
c baryons are produced from the sum of the tw

found resonances. The systematic error includes
uncertainties in fitting the signals and the uncertainty
the extrapolation down toxp ­ 0.

In conclusion, we present evidence for two res
nances decaying intoL1

c p1 and L1
c p2. For the dou-

bly charged stateMsL1
c p1d 2 MsL1

c d, is measured
to be 234.5 6 1.1 6 0.8 MeVyc2 and G ­ 17.913.8

23.2 6

4.0 MeVyc2, and for the neutral stateMsL1
c p2d 2

MsL1
c d is measured to be232.6 6 1.0 6 0.8 MeVyc2

and G ­ 13.013.7
23.0 6 4.0 MeVyc2. The isospin mass o

the two resonances,MsL1
c p1d 2 MsL1

c p2d, is mea-
sured to be1.9 6 1.4 6 1.0 MeVyc2. We interpret these
resonances as theSp11

c andSp0
c baryons.
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FIG. 3. The efficiency corrected spectrum of scaled mom
tum xp for the observedSp

c candidates. The fit is to the
Peterson function.
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