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Abstract

Using data from the FOCUS experiment (FNAL–E831), we study the decay of�+
c baryons into final states containing a�

hyperon. The branching fractions of�+
c into �π+, �π+π+π− and�K̄0K+ relative to that intopK−π+ are measured to

be 0.217± 0.013± 0.020, 0.508± 0.024± 0.024 and 0.142± 0.018± 0.022, respectively. We also report new measurem

of �(�+
c →�0π+)

�(�+
c →�π+)

= 1.09± 0.11± 0.19, �(�+
c →�0π+π+π−)

�(�+
c →�π+π+π−)

= 0.26± 0.06± 0.09 and�(�+
c →�(1690)0(�K̄0)K+)

�(�+
c →�K̄0K+)

= 0.32±
0.10± 0.04. Further, an analysis of the subresonant structure for the�+

c → �π+π+π− decay mode is presented.
 2005 Elsevier B.V.Open access under CC BY license.
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1. Introduction

During the past several years there has been sig
icant progress in the experimental study of hadro
decays of charmed baryons. However, the precis
on branching fraction measurements is only ab
40% for many Cabibbo-favored modes and even wo
for Cabibbo-suppressed decays[1]. As a result, we
are not yet able to distinguish between the de
rate predictions made by different theoretical mo
els, e.g., the quark model approach to non-lepto
charm decays and the Heavy Quark Effective T
ory (HQET) [2–4]. In this Letter we present a stud
of �+

c baryons produced by the FOCUS experime
We present improved measurements of the bran
ing fractions of the Cabibbo-favored decays�+

c →
�π+,�+

c → �π+π+π− and�+
c → �K̄0K+. From

the measurement of the first two modes, we are
able to extract the relative branching ratios of
two decays�+

c → �0π+ and �+
c → �0π+π+π−.

E-mail address: david.lopes@pv.infn.it(D. Lopes Pegna).
1 Seehttp://www-focus.fnal.gov/authors.htmlfor additional au-

thor information.
We report a new measurement of the subreso
mode �+

c → �(1690)0K+. Finally we present the
first study of the subresonant structure of the�+

c →
�π+π+π− decay mode.

2. Event reconstruction

This analysis uses data collected by the FOC
experiment during the 1996–1997 fixed-target run
Fermilab.

FOCUS is a photo-production experiment equipp
with very precise vertexing and particle identific
tion detectors. The vertexing system is composed
a silicon microstrip detector (TS) embedded in
BeO target segments[5] and a second system
twelve microstrip planes (SSD) downstream of
target. Downstream of the SSD, five stations of m
tiwire proportional chambers and two large apert
dipole magnets complete the charged particle track
and momentum measurement system. Three mult
thresholdČerenkov detectors are used to identify el
trons, pions, kaons, and protons. The FOCUS ap
ratus also contains one hadronic and two electrom
netic calorimeters as well as two muon detectors.

mailto:david.lopes@pv.infn.it
http://www-focus.fnal.gov/authors.html
http://creativecommons.org/licenses/by/3.0/
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All decay modes reported have a� hyperon2 in the
final state. A detailed description of� andK0

S recon-
struction techniques in FOCUS is reported in[6].

Candidates are reconstructed by first forming a v
tex with tracks consistent with a specific�+

c decay hy-
pothesis. A cut on the confidence level that these tra
form a good vertex is applied. Production vertex c
didates are found using a candidate driven vertex
algorithm which uses the�+

c candidate momentum t
define the line of flight of the charm particle[7]. This
seed track is intersected with other tracks in the ev
to form a production vertex. The confidence level
the production vertex must be greater than 1%. M
of the background is rejected by applying a separa
cut between the production and decay vertices: we
quire the significance of separation between the
vertices,L/σL, to be greater than some number, d
pending on the decay mode.

All charged microstrip track segments from t
charm decay must be linked to a single multi-wire p
portional chamber track segment, be of good qua
and be inconsistent with zero degree tracks from be
photon conversions. The likelihood for each charg
particle to be a proton, kaon, pion or electron ba
on Čerenkov particle identification is used to ma
additional requirements[8]. For pion candidates, w
require a loose cut that no alternative hypothesis is
vored over the pion hypothesis by more than 6 u
of log-likelihood. The purpose of this cut is not
positively identify pions but simply to remove obv
ous background from particles which are positiv
identified as something other than pions. In additi
for each kaon candidate we require the negative
likelihood kaon hypothesis,WK = −2 ln (kaon likeli-
hood), to be favored over the corresponding pion
pothesisWπ by Wπ − WK > 3.

The reconstructed mass of the� candidates mus
be between 1.1 and 1.125 GeV/c2; no cut is applied
on the normalized mass[M(�) − M(�)PDG]/σM(�),
because it is not centered around zero, probably
to the higher background under the signal region. T
pπ− invariant mass distribution for the� sample used
in the analysis is shown inFig. 1. We moreover require
the higher momentum track used to reconstruct th�

2 Throughout this Letter the charged conjugate state is imp
unless explicitly stated.
Fig. 1. Invariant mass distribution for the� → pπ− sample used in
the analysis. The fit is performed using two Gaussians with the s
mean for the signal and a second order Chebychev polynomia
the background. The resultant yield is 1 052 340± 1490 events.

candidates to be compatible with the proton hypot
sis, applying the cutWπ − Wp > 4. The reconstructe
mass of theK0

S must be within three standard devi
tions of the nominalK0

S mass.
We require the�+

c candidates to have a minimu
momentum of 45 GeV/c. We also reduce the contr
butions from longer lived charm particles by requiri
the measured�+

c lifetime to be less than five times th
nominal value[1]. Finally, in order to reduce back
grounds, we require the production vertex to be
cated inside the target material.

3. The normalization mode

The �+
c → pK−π+ channel is our highest stati

tics�+
c decay mode and it is used as the normaliza

mode for branching ratio measurements to minim
the overall statistical uncertainty. Moreover, all pre
ous measurements in the literature[1] use this decay
as a normalization mode, thus making any comp
son straightforward.

In order to minimize systematic biases, the norm
ization mode is selected using the same cuts and
same fit function as the specific decay whenever po
ble. In addition, for each proton candidate we apply
cutsWπ − Wp > 4 andWK − Wp > 1. ThepK−π+
invariant mass distribution for anL/σ > 4 cut is
L
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Fig. 2. Invariant mass distributions for (a)�+
c → �π+ and (b)�+

c → pK−π+. The fits are described in the text.
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shown inFig. 2(b). The resultant yield is 16447± 193
events.

4. The �+
c → �π+ decay mode

We measure the branching ratio of�+
c → �π+

relative to�+
c → pK−π+. In Fig. 2(a) the�π+ in-

variant mass distribution for anL/σL > 4 cut is pre-
sented. The confidence level for the decay vertex m
be greater than 1%. We also apply a|cosθ | < 0.6 cut,
whereθ is the angle between the� momentum in the
�+

c rest frame and the�+
c laboratory momentum.

We note a broad structure around 2.2 GeV/c2 com-
ing from the decay mode�+

c → �0(�γ )π+ where
the photon from the�0 decay is not reconstructe
The shape for this reflection has been obtained f
a Monte Carlo simulation of this decay mode. The
is performed using two Gaussians with the same m
for the signal, the reflection from the�0π+ mode, and
a second order Chebychev polynomial for the ba
ground. The ratio of yields and the resolutions of
two Gaussians are fixed to the Monte Carlo valu
The resultant yield is 750± 44 events. Correcting fo
the relative efficiencies estimated by our Monte Ca
simulation, we determine the branching ratio to be

(1)
�(�+

c → �π+)

�(�+
c → pK−π+)

= 0.217± 0.013(stat).

The number of fitted�+
c → �0π+ reflection events is

919± 92. Correcting for the relative efficiencies, w
extract the relative branching ratio:
(2)
�(�+

c → �0π+)

�(�+
c → �π+)

= 1.09± 0.11(stat).

The indirect measurements of the branching ra
involving �0 particles are motivated by prelimina
studies, aimed at a complete reconstruction of the�0,
which showed intractable background contribution

5. The �+
c → �π+π+π− decay mode

We measure the branching ratio of�+
c → �π+ ×

π+π− relative to �+
c → pK−π+. In Fig. 3(a) the

�π+π+π− invariant mass distribution for anL/σL >

5 cut is presented. The confidence level for the
cay vertex must be greater than 5%. We also app
cosθ > −0.9 cut, whereθ is the angle between the�
momentum in the�+

c rest frame and the�+
c labora-

tory momentum.
We also note in this decay mode a broad str

ture around 2.2 GeV/c2 coming from the decay mod
�+

c → �0(�γ )π+π+π− where the photon from th
�0 decay has not been reconstructed. This has b
accounted for as in the�+

c → �π+ decay. The com
ponents of the fitting function are the same as in
�+

c → �π+ case. The resultant�+
c → �π+π+π−

yield is 1356± 60 events. Correcting for the relativ
efficiencies estimated by our Monte Carlo simulatio
we determine the branching ratio to be

(3)
�(�+

c → �π+π+π−)

�(�+
c → pK−π+)

= 0.508± 0.024(stat).
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,

Fig. 3. Invariant mass distributions for (a)�+
c → �π+π+π− and (b)�+

c → �π+π+π− for the subresonant analysis. The fits are descri
in the text.

Fig. 4. (a)�π−, (b) �π+ and (c)π+π− invariant mass distributions in the decay mode�+
c → �π+π+π−. The yields are, respectively

143± 27, 149± 28 and 317± 68.
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The number of fitted�+
c → �0π+π+π− reflection

events is 480± 110. Correcting for the relative effi
ciencies, we extract the relative branching ratio:

(4)
�(�+

c → �0π+π+π−)

�(�+
c → �π+π+π−)

= 0.26± 0.06(stat).

We have studied the subresonant structure in the
cay mode�+

c → �π+π+π−. Considering our lim-
ited statistics, which would make a coherent analy
difficult, we use an incoherent binned fit method[9]
developed by the E687 Collaboration, which assum
the final state is an incoherent superposition of sub
onant decay modes.

For the resonant substructure analysis of�+
c →

�π+π+π− we enhance the signal to noise ratio a
plying anL/σL > 8 cut and requiring 1.11< M(�) <

1.119 GeV/c2. In Fig. 3(b) the�π+π+π− invariant
mass distribution for events which satisfy these cut
presented. The resultant yield is 594± 31 events. The
branching ratio obtained with these cuts is consis
with that reported in Eq.(3).

A study of the two-body invariant mass distrib
tions was done to better identify which resonan
may contribute to the�π+π+π− decay channel
In Fig. 4 the two body�π−, �π+ and π+π− in-
variant mass distributions provide evidence for
�(1385)± andρ(770)0 resonances. For this study w
require the�π+π+π− invariant mass to be within 2σ
(18 MeV/c2) of the �+

c nominal mass and we pe
form a sideband subtraction to reduce the backgro
The fits are performed using Breit–Wigners for t
signal shape, with the mean and width fixed to
Monte Carlo values, and Chebychev polynomials
the backgrounds. Due to the two identical positiv
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charged pions in the final state, the two-body invari
masses�π+ andπ+π− are computed by assigning
weight of 0.5 to each�π+ andπ+π− combination in
the event.

For subresonant modes in the resonant ana
we therefore consider the channels�(1385)−π+π+,
�(1385)+π+π−, �ρ(770)0π+ and �(1385)+ ×
ρ(770)0, plus a non-resonant channel(�π+π+π−)NR.
All states not explicitly considered are assumed to
included in the non-resonant channel.

We determine the acceptance corrected yield
each subresonant mode using a weighting techn
whereby each event is weighted by its kinema
values in the three submasses(�π−), (�π+) and
(π+π−). We construct eight population bins depen
ing on whether each of the three submasses
into the expected resonance peak (within the no
nal width). From a Monte Carlo simulation of ea
subresonant modeα, we compute the bin populatio
ni in the eight bins and we calculate a transport m
trix Tiα between the number of generated Monte Ca
eventsYα and the bin populations:

(5)ni =
∑

α

TiαYα.

The elements of theT matrix can be summed to giv
the efficiencyεα for each mode:

(6)εα =
∑

i

Tiα.

This Monte Carlo determined matrix is inverted
create a new weighting matrix which multiplies t
bin populations to produce efficiency corrected yiel
Each data event can then be weighted according t
values in the submass bins. Once the weighted
tributions for each of the five modes have been g
erated, we determine the acceptance corrected y
by fitting the distributions with two Gaussians wi
the same mean and a second order Chebychev p
nomial for the background. Using incoherent Mon
Carlo mixtures of the five subresonant modes we v
ify that the method is able to correctly reproduce
generated mixtures of the different modes.

The results for the�π+π+π− decay are summa
rized in Table 1. The five weighted histograms a
shown inFig. 5, whereFig. 5(f) is the weighted dis-
tribution for the sum of all subresonant modes. T
errors on the summed distribution are obtained s
Table 1
Fractions relative to the inclusive mode for the subresonant stru
of the�+

c → �π+π+π− decay mode

Subresonant mode Fraction of�+
c → �π+π+π−

(�π+π+π−)NR < 0.30 @ 90% CL
�∗−π+π+ 0.21± 0.03± 0.02
�∗+π+π− 0.28± 0.10± 0.08
�π+ρ 0.40± 0.12± 0.12
�∗+ρ 0.14± 0.09± 0.07

ming in quadrature the errors on the five submod
The systematic uncertainty for the subresonant f
tions is estimated varying the width of the resona
peaks in the construction of the kinematic bins. T
goodness of fit is evaluated by calculating aχ2 for
the hypothesis of consistency between the model
dictions and the observed data yields in each of th
submass bins. We obtain aχ2 of 7.9 (for 3 degrees o
freedom) and a confidence level of 5%.

6. The �+
c → �K̄0K+ decay mode

We measure the branching ratio of�+
c → �K̄0K+

relative to �+
c → pK−π+. The K̄0 are detected

throughK0
S ’s. In this channel, the low combinator

background (due to the limited phase space availa
and the clean tag of the two neutrals (� andK0

S ) al-
lows the signal to be observed without the need
L/σL or decay vertex confidence level cuts. InFig. 6
the�K0

SK+ invariant mass distribution is presented
The fit is performed using two Gaussians with t

same mean for the signal and a second order Ch
chev polynomial for the background to be consist
with the fit function used for the other decay mod
The ratio of yields and the resolutions of the two Ga
sians are fixed to the Monte Carlo values. The resul
yield is 251± 31 events. Correcting for the relative e
ficiencies estimated by our Monte Carlo simulatio
we determine the branching ratio to be

(7)
�(�+

c → �K̄0K+)

�(�+
c → pK−π+)

= 0.142± 0.018(stat).

The Belle Collaboration[10] has recently shown
evidence of the resonant contribution�+

c →
�(1690)0K+ in the decay�+

c → �K0
SK+ with the

�(1690)0 reconstructed in�K0
S . In our analysis,

the �(1690)0K+ events are selected using the sa
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Fig. 5. �+
c → �π+π+π− weighted invariant mass distributions for (a)(�π+π+π−)NR, (b) �(1385)−π+π+, (c) �(1385)+π+π−,

(d) �ρ(770)0π+, (e)�(1385)+ρ(770)0, (f) inclusive sum of all five modes.
er-

in
c-
o-

of
s.

th
Fig. 6. Invariant mass distribution for�+
c → �K0

S
K+. The fit is

described in the text.

cuts used for the�K0
SK+ mode; the�K0

SK+ invari-
ant mass is required to be within 2σ (10 MeV/c2) of
the�+

c nominal mass. A sideband subtraction is p
formed to remove the combinatoric background.

The �K0
S invariant mass distribution is shown

Fig. 7. The fit is performed using a Breit–Wigner fun
tion for the signal and a first order Chebychev polyn
Fig. 7. Invariant mass distribution for�K0
S

in the decay

�+
c → �K0

S
K+. MPDG(�) and MPDG(K0) are the nominal�

andK0
S

masses[1]. The fit is described in the text.

mial for the background. The mean and the width
the Breit–Wigner are fixed to the Monte Carlo value3

3 The�(1690)0 is generated in our Monte Carlo simulation wi

a mass of 1.688 GeV/c2 and a width of 10 MeV/c2.
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Table 2
The systematic uncertainties from the Monte Carlo simulation, the fitting condition and the total for each mode

Mode Simulation Subresonances Tracking Fit To

�(�+
c →�π+)

�(�+
c →pK−π+)

0.017 – 0.005 0.008 0.02

�(�+
c →�0π+)

�(�+
c →�π+)

0.19 – – 0.04 0.19

�(�+
c →�π+π+π−)

�(�+
c →pK−π+)

0.016 0.010 – 0.014 0.02

�(�+
c →�0π+π+π−)

�(�+
c →�π+π+π−)

0.08 – – 0.03 0.09

�(�+
c →�K̄0K+)

�(�+
c →pK−π+)

0.021 0.001 0.004 0.005 0.02

�(�+
c →�(1690)0(�K̄0)K+)

�(�+
c →�K̄0K+)

– 0.002 – 0.04 0.04
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Theχ2 for this fit is 18.7 for 17 d.o.f.; a null hypoth
esis check has also been performed, fitting the m
invariant distribution with only a quadratic polyno
mial, obtaining aχ2 of 23.6 for 17 d.o.f. The resultan
yield is 84± 24 events.

We measure the branching ratio relative to�+
c →

�K̄0K+ to be

�(�+
c → �(1690)0K+)

�(�+
c → �K̄0K+)

× B
(
�(1690)0 → �K̄0)

(8)= 0.32± 0.10(stat).

7. Systematic studies

The systematic effects are evaluated after inve
gation of different sources: uncertainties in the rec
struction efficiency and in the resonant substruct
for multibody decays and the choice of fitting con
tions.

To determine the systematic error due to the
construction efficiency we follow a procedure bas
on the S-factor method used by the Particle Da
Group [1]. For each mode we split the data sam
into independent subsamples based on�+

c momen-
tum, data-taking period, particle–antiparticle, sign
icance of separation between production and de
vertices and different� andK0

S categories, based o
the location and geometry of the neutral particle dec
These splits provide a check on the Monte Carlo sim
lation of charm production, of the vertex detector a
of different variables employed in the event selecti
We define the split sample variance as the differe
between the scaled variance and the statistical v
ance if the former exceeds the latter. The metho
described in detail in[11].

Considering the large uncertainty on the measu
subresonant fractions in the multibody decays, we a
vary these fractions in the Monte Carlo simulation a
use the variance in the branching ratios as a contr
tion to the systematic error.

We measure the systematic uncertainty due to
ting conditions using a fit variation technique, whi
includes variations in bin size, fitting range, bac
ground and signal shapes (different order of
Chebychev polynomial, leaving the two Gaussian
rameters free in the fit or using a single Gaussian
the signal).

We also include a systematic error contributi
from the absolute tracking efficiency for the differe
multiplicities in the final states. InTable 2we summa-
rize the systematic uncertainty for each mode. Sev
measurements for the modes reported here are pr
in the literature[12–18]. In Table 3we present the FO
CUS results with a comparison to the PDG values[1].

8. Conclusions

We have investigated and measured the branc
ratios of several�+

c Cabibbo-favored decay mode
containing a� hyperon in the final state. These mod
are �+

c → �π+,�+
c → �π+π+π− and �+

c →
�K̄0K+. From the fit to the first two modes, we a
also able to extract the relative branching ratios of
two decays�+

c → �0π+ and �+
c → �0π+π+π−.

These measurements are an improvement over
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ob-
Table 3
FOCUS results compared to previous measurements. No direct measurement exists for the relative branching ratios�(�+

c → �0π+)/

�(�+
c → �π+) and�(�+

c → �0π+π+π−)/�(�+
c → �π+π+π−). The relative efficiency includes the branching fractions into the

served final state particles

�+
c decay mode Signal yield �+

c reference
mode

Reference yield Relative
efficiency

FOCUS PDG[1]

�π+ 750±44 pK−π+ 16447±193 0.209± 0.001 0.217±0.013±0.020 0.180± 0.032
�0π+ 919±92 �π+ 750±44 1.119± 0.001 1.09± 0.11± 0.19 1.11± 0.49
�π+π+π− 1356±60 pK−π+ 12898±147 0.207± 0.001 0.508±0.024±0.024 0.66± 0.11
�0π+π+π− 480±110 �π+π+π− 1356±60 1.375± 0.001 0.26± 0.06± 0.09 0.33± 0.16
�K̄0K+ 251±31 pK−π+ 10952±132 0.161± 0.001 0.142±0.018±0.022 0.12± 0.02± 0.02
�(1690)0(�K̄0)K+ 84±24 �K̄0K+ 251±31 1.053± 0.001 0.32± 0.10± 0.04 0.26± 0.08± 0.03
port

lt.
so-

res
as i

the
he
he
up-
da-
Is-
ro
e
to
e
of

92

4)

7.
h-

h-

th-

h-

54

2)

55

74

1)

90)

07

48

4)

74
vious results for the same decay modes. We re
a new measurement of the subresonant mode�+

c →
�(1690)0K+ consistent with the recent Belle resu
We have also performed an analysis of the subre
nant structure of the decay�+

c → �π+π+π−. We
observe a small non-resonant component and the p
ence of vector resonances in the dominant modes,
has been observed in most charm meson decays.
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