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Abstract 

We determine the resonant substructure of Do + K-?r+~+r- decays using 

a five-dimensional maximum likelihood technique to extract the relative fractions 

and phases of the amplitudes contributing to this final state. We find that two-body 

decay modes account for at least 76% of all decays. We obtain branching ratios 

for several decay modes including B(D” + K-at) = 9.0 f 0.9 f 1.7%, B(D” -+ 

E*‘p’) = 1.9 f 0.3 f 0.7%, and B(D” + Kr(1270)-7r+) = 1.8 f 0.5 f 0.8%. For 

the decay mode Do + I(*‘p’, the r?*’ and p” are found to be polarized with their 

spins oriented in the direction of their motion as seen from the Do frame. 
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Theoretical predictions for exclusive hadronic D decays have been limited to 

two-body decay modes.’ Comparison of these predictions with data must in general 

be made by measuring the resonant substructure of multibody final states. For 

example, the branching ratios for the D ---t rp and D + s?r decay modes have 

been obtained by measuring the resonant substructure of 37~~ final statesfv5 In 

order to study two-body decay modes such as those to two vector mesons (VV) and 

to-a-pseudoscalar and an axial vector meson (PA), we have extended the analysis to 

higher multiplicity final states. The Mark III data sample contains a large number 

of reconstructed events in several EKX~~ final states. We present herein an analysis 

of the resonant substructure of the K-n+7r+n- final state6 which shows that two- 

body decays are the principal component; we also obtain branching ratios of VV, 

PA,‘and nonresonant decay modes. 

The data were collected near the peak of the +(3770) with the Mark III 

detector7 at the SLAC e+e- storage ring SPEAR. We select candidate Do + 

1(-7r+?r+n- events using the procedure described in an earlier analysis of D meson 

branching fractions.8 Each IC-n+r+n- combination is kinematically constrained 

to the Do mass, with the recoil mass allowed to vary. Since D mesons are produced 

in pairs in the decay of the +(3770), the signal can be seen in the recoil mass plot 

as a peak at the Do mass, as shown in Fig. 1. There are 1281 f 45 events in the 

peak. With this type of constraint, the kinematical limits of phase space are the 

same for all events throughout the recoil mass plot, and the resonant substructure 

of the background can be directly determined using all events outside the signal 

region. 

We perform an unbinned maximum likelihood fit to determine the contribution 
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of each decay mode to the K-n + + T T - final state. The likelihood function L, 

consisting of a signal term Ls and a background term LB, is a function in the 

five-dimensional phase space defined by the four-momenta of the decay products 

of the D candidate: 

r=RLs+L~ 
R+1 ' (1) 

For each event we calculate the ratio of signal to background, R, as a function of 

rec61 -mass. 

The function Ls is a coherent sum of complex amplitudes Sj whose relative 

fractions fj and phases oj are allowed to vary: 

(2) 

The- efficiency function e, the four-body phase space function 4, and the sym- 

metrized amplitudes Sj are functions of position in the five-dimensional phase 

space. The amplitudes Sj consist of a relativistic Breit-Wigner propagator for 

each resonance in the decay chain, multiplied by a matrix element which depends 

on the spin and parity of the intermediate resonances and final decay products. 

The function LB is an incoherent sum of background functions Bj whose rela- 

tive fractions gj are allowed to vary: 

i 
The background is adequately described by a set of functions which model the 

TO, p” and nonresonant content of the events oustide the signal region. 

The fit is performed by minimizing -C In L, where the summation is over all 

events in the recoil mass plot, after factoring out c and 4, which do not depend on 

the variables in the fit. We calculate 6 and 4 using Monte Carlo techniques when 
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normalizing the Bj, Ls, and LB, and when making one-dimensional projections of 

A very large number of decay modes can contribute to the K-r+a+?r- final 

state; it is not practical to perform a fit that includes all possible decay modes 

simultaneously. Instead, we perform a number of fits assuming different combina- 

tions of partial waves and two-body modes. Only the lowest available partial waves 

yield significant contributions, and the fractions of two-body amplitudes and the 

four-body nonresonant amplitude remain consistent in the best fits. Nonresonant 
-40 
I< ?r+n- and K-pox+ amplitudes also contribute. The fits are not sensitive to 

the partial wave content of these three-body amplitudes. 

Since the al meson is very broad, the K-a? amplitude is difficult to distinguish 

from nonresonant K-pox+ in which the p” and ?r+ are in a relative S-wave. Fits 

in which both of these amplitudes are included do not result in a significantly 

better likelihood; however, the fractions for each of these two amplitudes become 

highly uncertain, although their combined fraction remains well determined. Fits 

in which the K-a: amplitude is replaced by the three-body amplitude result in a 

-significantly poorer fit, with a difference in -C In L between 12 and 30, depending 

on the parameters of the fit. Therefore, it is assumed that this particular three- 

body amplitude does not contribute to the final state studied here. 

In the final fit, we include amplitudes for K-a: and Kr( 1270)-r+ decays, 

an amplitude for S-wave Top0 decays in which the To and p” are transversely 

polarized as seen from the Do rest frame, an amplitude for four-body nonresonant 

decays, an amplitude for To x+r- decays in which the T’x- system is in a 

pseudoscalar state, and an amplitude for K-p’?r+ decays in which the K-p’ system 
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is in an axial vector state. We assume 1.26 GeV/c2 for the mass of the a:, 

and 0.4 GeV/c2 for the width.‘l The results of the fit are shown in Table I. The 

fractions have been scaled so that the likelihood function is properly normalized; 

due to interference, the fractions do not sum to one. The systematic errors on the 

fractions are estimated by varying the partial waves of the three-body amplitudes, 

the event selection criteria, the background parametrization, the parametrizations 

of the -amplitudes, the parameters of the intermediate resonances, and the detector 

resolution. Table II contains upper limits for the branching ratios of several decay 

modes which do not yield significant contributions to this final state. These limits 

represent conservative estimates of the 90% C.L. based on the variations of the 

fractions in fits with different combinations of amplitudes. 

Projections of L from this fit onto one-dimensional mass plots are shown in 

Fig. 2. The n+n- combination with the higher mass is referred to as (7r+7r-)h;z~,, 

the other as (x+?r-)low. The K-r+ combination formed with the ?r+ not used 

-0 
in (r+r-)high is referred to as (K-7r+)r, the other as (KS7r+)2. Clear K and 

p” peaks, reproduced well by the fit, are visible. A peak at the Kl(1270) mass 

-is visible in the K-(r+r-)low mass plot, and is reproduced with an amplitude 

‘modeling the three largest decay modes of the Kl(1270). The enhancement at low 

K-T- mass is produced by the longitudinal polarization of the al in the K-a: 

amplitude, as illustrated in Fig. 3. The presence of the transverse fT*‘p’ amplitude 

leads to angular correlations between 3’ and p” decays, as seen in Fig. 4. 

Previous analyses of Do ---) K-7r+7r+?rS decays12-15 were incomplete in that 

the resonant substructure was measured by fitting one-dimensional mass plots to 

obtain the fraction of Top’, inclusive go, inclusive p”, and nonresonant four- 
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body contributions. The advantage of the approach used here is that the ampli- 

tudes provide a complete description of the decay modes in the five-dimensional 

phase space and all the information available in the event is used in the fit, making 

it possible to fit to a general set of amplitudes, including interference, to obtain 

fractions for exclusive decay modes. A comparison with results from other ex- 

periments is shown in Table III. We calculate the total To and p” content from 

ourfits by summing the appropriate exclusive fractions and taking into account 

interference between the decay modes. From a similar calculation, we find that 

the total fraction of the two-body amplitudes is 76%. The total contribution from 

two-body decay modes could be larger, because the nonresonant amplitudes may 

contain decays involving broad resonances or tails of resonances above threshold. 

The model of Bauer, Stech, and Wirbel, which assumes factorization, has been 

used to make predictions l6 for VV and PA decays of D mesons. In this model, the 

branching fractions are B(D” + z”po) = 2.5% and B(D” + K-a:) = 5.0%. We 

find B(D” + Top’) = 1.9 f 0.3 f 0.7% and B(D” + K-a:) = 9.0 f 0.9 f 1.7%, 

consistent with the predictions. Our results for Do + z”po are consistent with 

complete transverse polarization. 

We gratefully acknowledge the dedicated efforts of the SPEAR staff. One 

of us (C.G.) wishes to thank the Fondazione A. Della Riccia for support. This 

work was supported by the Department of Energy, under contracts DE-AC03- 

76SF00515, DE-AC02-76ER01195, DEAC03-81ER40050, DE-AC02-87ER40318, 

DEAM03-76SF00034 and by the National Science Foundation. 
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Table I. Results for Do + K-?r+?r+r- 
I 

Amplitude Fraction fi Phase aj Branching Ratio (% )” 

4-Body Nonresonant 0.242 f 0.025 f 0.06 -1.07f 0.08 2.2 f 0.3 f 0.6 
Top0 Transverse (S-wave) 0.142 f 0.016 f 0.05 -1.39f 0.09 1.9 f 0.3 f 0.7 

K-al (1260)+ 0.492 f 0.024 f 0.08 0.0 9.0 f 0.9 f 1.7 
K1(1270)-T+ 0.066 f 0.019 f 0.03 0.71 f 0.25 1.8 f 0.5 f 0.8 

r"7f+7r- 0.140 f 0.018 f 0.04 3.07 f 0.09 1.9 f 0.3 f 0.6 

K-p%+ IO.084 f 0.022 f 0.04 I-0.30& 0.13 ( 0.8 f 0.2 f 0.4 1 
a Ftefwence 10. 
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Table II. Upper limits for Do + K-?r+n+r- 

Amplitude Branching Ratio (% )” 
Top0 Longitudinal (S-wave) < 0.3 

7T”po (P-wave) < 0.3 
K-u2(1320)+ < 0.6 
K*(1415)-7r+ < 1.2 
K1(1400)-?r+ < 1.2 

a Reference 10. 
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Figure Captions 

1. Do + K-r+?r+r- recoil mass spectrum. 

2. Projections of the likelihood function for Do + K-?r+?r+?r-. The solid lines, 

representing the projections of the likelihood function, are superimposed on 

histograms of the events in the signal region. The deficit near 0.5 GeV/c2 in 

the ( ?r+a-)I, mass plot is due to the rejection of rr+~- combinations which 

have a high probability of originating from a Kt decay. 

3. Qualitative illustration of the K-a: amplitude. The small vertical arrows 

indicate the spins of the al and p. The relative orbital angular momentum at 

each vertex is shown. Because of the longitudinal polarization of the al and 

subsequent polarization of the p, the ?r- tends to be produced in a forward 

or backward direction with respect to the direction of the K-, producing a 

distribution with an enhancement at low K-K- mass. 

4. Slices of (K-n+)1 mass vs 4, where c$ is the angle between the I(I” and p” 

decay planes as seen from the Do rest frame. In the darkly shaded slice, which 

contains the g*’ mass region, an enhancement near c$=O and a larger enhance- 

ment near C$ = K are visible. The transverse sop0 amplitude is proportional 

to cos 4 and accounts for this distribution; the longitudinal Top0 amplitude is 

-O 0 constant in 4 while the P-wave K p amplitude is proportional to sin 4. Since 

the sign of the transverse ??*‘p” amplitude reverses from C$ = 0 to 4 = ?r, there 

is more constructive interference near C$ = 7r. 
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