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Using a 13.7 fb21 data sample collected with the CLEO II and II.V detectors, we report new branching
fraction measurements for two Cabibbo-suppressed decay modes of theD1 meson:B(D1→p1p0)5(1.31

60.1760.0960.09)31023 andB(D1→K1K̄0)5(5.2460.4360.2060.34)31023 which are significant im-
provements over past measurements. The errors reflect statistical and systematical uncertainties as well as the
uncertainty in the absoluteD1 branching fraction scale. We also set the first 90% confidence level upper limit
on the branching fraction of the doubly Cabibbo-suppressed decay modeB(D1→K1p0),4.231024.
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To lowest order, weak decays of mesons may be descr
by the six quark diagrams shown in Fig. 1: externalW emis-
sion, internalW emission,W exchange,W annihilation, hori-
zontal W loop, and verticalW loop @1#. When using these
diagrams to describe processes, dynamical assumption
often made regarding the relative size of their amplitudes
well as the nature of the interference terms between
grams. Measurements of hadronic decays ofD1 mesons give
insight into these assumptions as well as new information
the violation ofSU(3) flavor symmetry@SU(3)F#, isospin
symmetry, and doubly Cabibbo-suppressed decays.

SU(3)F symmetry breaking is of current interest becau

of D0-D̄0 mixing studies; it has been shown that the ma
and width differences (x,y) of the CP eigenstates of neutra
D mesons can be generated by second orderSU(3)F sym-
metry breaking@2#. Understanding the size of these effec
may be important to unravel any non-standard model con

butions to D0-D̄0 mixing. Such an understanding is on
possible ifSU(3)F violating effects are well determined. W
report new measurements of the decay modesD1→p1p0

and D1→KS
0K1, which are useful for the estimation o

SU(3)F violating effects in theD meson system.
Predictions based on isospin symmetry are generally c

sidered to be more reliable thanSU(3)F predictions because
of the near degeneracy in mass of theu andd quarks. Using
measurements from this analysis as well as data from
Particle Date Group~PDG! @3#, we determine the isospin
amplitudes and phases for theD→pp system.

Doubly Cabibbo-suppressed decays~DCSD! of charm
mesons involve thec→d(W1)→d(us̄) quark transition
whereas the Cabibbo-favored decay chain isc→s(W1)
→d(ud̄). Currently, there are only four measured DCS
decay modes@3#. Measurements of such modes will lead
improved understanding ofSU(3)F and other standard
model predictions. Such modes are also important for neu
D-mixing measurements, where a significant backgroun
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from DCSD decays. In this paper we report the first upp
limit on the branching fraction of the DCSD decayD1

→K1p0.
This analysis uses data collected with two configuratio

of the CLEO detector at the Cornell Electron Storage R
~CESR!: CLEO II @4# and CLEO II.V @5#. The total inte-
grated luminosity of the data sample is 13.7 fb21. The
CLEO detector is a general purpose spectrometer with ex
lent charged particle and electromagnetic shower energy
tection. In CLEO II the momenta of charged particles a
measured with three concentric drift chambers between 5
90 cm from thee1e2 interaction point. In the CLEO II.V
configuration the innermost drift chamber was replaced b
three-layer silicon vertex detector. Charged particles
identified by means of specific ionization measureme
(dE/dx) in the main drift chamber. The tracking system
surrounded by a scintillation time-of-flight system and
CsI~Tl! electromagnetic calorimeter. These detectors are
cated inside a 1.5 T superconducting solenoid, surrounde
an iron return yoke instrumented with proportional tu
chambers for muon identification.

Charged pion and kaon candidates were required to p

FIG. 1. Six lowest order quark diagrams for a meson decay
into two mesons@1#: ~a! externalW emission,~b! internalW emis-
sion,~c! W exchange,~d! W annihilation, and~e! horizontalW loop,
~f! vertical W loop. Dashed lines representW boson.
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minimum track-quality criteria. Kaon~pion! candidates had
to have a specific ionization within two~three! standard de-
viations (s) of that expected for a true kaon~pion!. We
combined pairs of electromagnetic showers in the calor
eter to createp0 candidates. Candidates with a reconstruc
mass within 2.5s of the nominalp0 mass were kept for
further studies. We obtainKS

0 candidates by reconstructin
the decay modeKS

0→p1p2. We required daughter tracks t
have an impact parameter in the plane transverse to the b
greater than three times the measurement uncertainty
that the probability of thex2 returned from the vertex fit for
pairs of daughter tracks was required to be greater t
0.001.KS

0 candidates also had to have a reconstructed m
within 3.0 s of the nominalKS

0 mass.
In order to reduce backgrounds, we required thatD1 can-

didates come from the decayD* 1→D1p0, with the mass
difference (DM ) of the reconstructedD* 1 and D1 to be
within 2.5s of the known value@3#. We required allD* 1

candidates to have a normalized momentum (xD*
5upD* u/A(s/2)22mD*

2 ) greater than 0.6 and allD1 candi-
dates to have a cosuh value between60.8. The helicity
angleuh is the angle between the direction of the charg
daughter particle of theD1 and the direction of the paren
D* 1 meson as measured in the rest frame of theD1. To
ensure that we obtained only oneD1 candidate per event, w
selected candidates with the lowest value for

x25
~DM2DM PDG!2

sDM
2

1(
i

~mp02mgg
i !2

sp0
2

,

where i indexes thep0 candidates in this decay. Given th
large uncertainties in absoluteD1 branching fractions we
present our results as ratios of the branching fraction of
decay mode under study to that of a normalization mo
D1→K2p1p1 for D1→p1p0,K1p0 and D1→KS

0p1

for D1→KS
0K1.

To extract the yield for each mode, we performed an
binned maximum likelihood fit for two components~signal
and background! using the following observables:mD , the
mass of the reconstructedD1 meson,xD* , the normalized
momentum of theD* 1 meson, and cosuh , the helicity angle
of the charged track from theD1 decay. Using a sample o
events generated by aGEANT-based simulation@6# of the
CLEO detector as well as sideband data we determined p
ability density functions~PDF! for each observable describ
ing the shape of the data for signal and background ev
for each decay mode. The probability that a candidate
consistent with a signal or background is given by the pr
uct of these PDFs. The likelihood is given as the produc
these probabilities over all candidates; maximization of
logarithm of the likelihood gives us the signal and bac
ground yields. Projections of the likelihood fit to theD1

mass for our three decay modes are shown in Fig. 2. U
simulated signal and background events, we measure th
ficiency of our analysis method for each mode, enabling
to determine the total number of signal events in our d
sample for each decay mode. Table I lists raw yields a
efficiencies for all decay modes.
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We considered systematic uncertainties from experime
resolution, efficiency determination, and PDF parametri
tion. The first two contributions are small and the systema
errors are dominated by uncertainties in the PDF param
zation. We studied this systematic effect for each mode
simultaneously modifying every PDF parameter within
uncertainty. We extracted the yield from the data after e
modification to produce a distribution of yields. We defin
the systematic uncertainty due to PDF parametrization as
68% limits for these distributions.

Combining the systematic error study with the yields a
efficiencies given in Table I we obtain the following result

B~D1→p1p0!

B~D1→K2p1p1!
50.014460.001960.0010,

B~D1→K1KS
0!

B~D1→p1KS
0!

50.189260.015560.0073,

FIG. 2. Invariant mass distributions for~a! D1→p1p0, ~b!
D1→K1KS

0 , and~c! D1→K1p0 candidates. The points represe
the data and the lines are the projections from the maximum lik
hood fit.

TABLE I. Yields from the maximum likelihood fit with statisti-
cal errors and reconstruction efficiencies.

Mode Yield Efficiency

p1p0 171.3622.1 (6.2060.11)%
K1KS

0 277.7620.8 (4.9460.23)%
K1p0 34.3620.9 (6.0860.22)%

K2p1p1 128986157 (6.7460.12)%
p1KS

0 1435648.0 (4.8360.23)%
2-3
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B~D1→K1p0!

B~D1→K2p1p1!
50.002960.001860.0009,

where the first error is statistical and the second erro
systematic. The results supersede previous CLEO meas
ments@7,8#.

In order to determine the absolute branching fractions,
combine our results with the PDG values@3# of B(D1

→K2p1p1)5(9.160.6)% and B(D1→p1K̄0)5(2.77
60.18)% and find

B~D1→p1p0!5~1.3160.1760.0960.09!31023,

B~D1→K1K̄0!5~5.2460.4360.2060.34!31023,

B~D1→K1p0!5~2.6461.6460.8260.17!31024,

where the third listed uncertainty comes from the error in
branching fractions of the normalization modes.

With no significant signal being observed for the doub
Cabibbo-suppressed decayD1→K1p0 we determined the
90% confidence level upper limit for this branching fractio
Our method for obtaining the upper limit involved creatin
1000 new simulated data sets with the same number of si
and background events as our data sample. In order to
clude systematic uncertainties in our upper limit, we a
modified the PDF parameters in the manner described for
branching fraction calculation. Using this method, our up
limit is

B~D1→K1p0!,4.231024 at 90% C.L.

In the limit of SU(3)F , the following ratio is expected to
be unity @9#

R1523UVcs

Vcd
U2G~D1→p1p0!

G~D1→K̄0p1!
,

where theVcs and Vcd arise because of the different qua
transitions in the two decays and the factor of 2 arises
cause of theA1/2 term in the normalization of thep0 wave
function. UsinguVcsu/uVcdu54.4560.32 @3#, the yields and
efficiencies~Table I! obtained from our analysis, and com
bining statistical and systematical uncertainties in quad
ture, we find

R151.8460.38

slightly inconsistent with theoretical expectations th
SU(3)F symmetry breaking effects are about130%.

It is believed that in theD meson system the interferenc
between external and internalW-emission decay amplitude
~Fig. 1! is destructive. In order to test this assumption
calculate the ratio

R25
1

2
3

G~D1→K1K̄0!

G~D1→p1p0!
5

G~D1→K1KS
0!

G~D1→p1p0!
,
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which in case of destructive interference should be gre
than 1. Besides a small contribution from theW-annihilation
diagram@9# the decay in the numerator,D1→K1KS

0 , can be
described using an externalW-emission diagram, wherea
both the external and the internalW-emission amplitudes
contribute to the decay in the denominator,D1→p1p0. Ex-
perimentally, we find using our yields and efficiencies fro
Table I

R252.0360.32,

indicating that the interference between external and inte
W emission is indeed destructive.

Final state interactions~FSI! are significant in charm de
cays. Using our measurement forD1→p1p0 and the PDG
values and a new FOCUS result forD0→p1p2,p0p0

@3,10# we can gain some insights on these effects by de
mining isospin amplitudes and phases for theD→pp sys-
tem. Thepp final state may have an isospin value of 0 or
Writing the amplitudes for theI 50 state asA0 and theI
52 state asA2, we obtain the following relation:

UA2

A0
U2

5
G10

3

2
~G121G00!2G10

,

where Gab5G(D1→papb) and a,b represent the charge
of the pions. Since isospin amplitudes are complex, mea
ing the phase between them is necessary to obtain full in
mation about the amplitudes. The phase is written as

cosd5
3G1226G0012G10

4A2G10A3

2
~G121G00!2G10

.

We find uA2 /A0u50.4360.05 and cosd50.0260.20. These
results supersede a previous CLEO measurement@7#. The
large relative phase between the isospin amplitudes indic
that there are significant FSI effects in theD→pp system,
confirming our earlier results@7#. A similar observation has
been made recently by the FOCUS Collaboration@10#.

In summary, we have obtained measurements for two
gly Cabibbo-suppressedD1 decay modes:B(D1→p1p0)
5(1.3160.1760.0960.09)31023 and B(D1→K1K̄0)
5(5.2460.4360.2060.34)31023. We also present an up
per limit on the DCSD modeB(D1→K1p0),4.231024 at
the 90% C.L. Our experimental measurements confirm
destructive nature of the interference term between the ex
nal and internalW-emission diagrams and indicate signi
cantSU(3)F symmetry breaking. An isospin analysis show
that FSI effects are important for hadronic decays ofD me-
sons.
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