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ABSTRACT 

We present a study of the decay properties of charmed D 

mesons produced near the peak of the \jJ" (3 770) resonance in e + e­

annihilation. Branching fractions for nine Cabibbo-favored and 

three Cabibbo-suppressed decay modes are presented along with upper 

limits on one additional Cabibbo-favored and four additional 

Cabibbo-suppressed decay modes. A study of KrriT decay mode Dalitz 

plomreveals a large quasi-two-body pseudoscalar-vector component 

for the D0 decays and an apparent nonuniform population an the Dalitz 

+ -++ plot for the D decay into K IT IT • Using tagged events, we measure 

the charged particle multiplicity and strange particle content of D 

decays. A measurement of the D + and D0 semileptonic decay fractions 

indicates that the D+ has a significantly longer lifetime than the D0
. 
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including the multiplicities and 



particle content. Also included is a measurement of semileptonic 

branching fractions of neutral and charged D's, 'Which allovvs a determination 

their relative lifetimes. Finally, Section VII contains a comparison 

of the experimental results with early theoretical models and a discussion 

of the later modifications to these models that have been proposed to 

account for the discrepancies. 



INITIAL THEORETICAL EXPECI'ATIONS 
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where a and b are s'l.IDTiled color indicies. In the absence of strong inter­

actions f+ = f_ = 1. 



The short distance renonnalization effects are incorporated 

f , 'Whose values depend largely on the assur:Jed magnitude 
± 

coupling constant a , For 
s of the 

~1 
from L4 to L3 and f+ = f~ varies from 0.85 to 0. Thef 

is an enhancement factor for the the 'Which 

nart the 

decays of mesons 

identical 

r (2) 
r(D + all) 

This value is 0.20 a quark model (f+ "" f_ = 1). 

These ideas and the assumption gluon interactions do not 

change the color structure states lead to predictions the 

nonleptonic decay modes. A particularly is30 

This prediction of a in 

1 

27 

two modes results mainly from a suppression 

~~~~~ d' ~ Do K~o o UUI.tw.~<::tut :tagram Ior + n • 

(3) 

to a of colors 

First order Cabibbo~suppressed decays occur by either c quark 

decaying to a d quark, as illustrated Fig. 2(a), or by the virtual W boson 

decaying to a uS quark pair, as illustrated in 2 (b) . In a four quark 

2 model each process occurs at a level of tan 8 c~ ,05) of the dominant 
c 



Fig. 1. In a six quark ' using 
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however, 

exact SU(3) 

0 - + 0 - + r (D + TI rr ) ""' r (D -+ K K ) 0 - + r(D -+ K TI ), (4) 



III. DETECIDR 

Figures 3 and 4 show expanded three-dimensional and cross­

sectional views of the Mark II detector. Starting at the interaction 

region a particle will traverse a corrugated stainless vacuum 

and a set of scintillation counters, which together comprise about 

. 05 radiation lengths (r.l.) of It will then encounter a 16 

layer 

Beyond 

chamber, one of 48 

solenoidal coil, vvhich 

coil are 

modules and two or three 

of 23 to 30 em 

Charged 

iron a set of YYY",rl'h(YY"o 

are reconstructed 

drift vvhich, for 

over 76% of 4n sr. azimuthal 

to an rrns of '>'hTW"rV<r 220 1m1 at 

are determined the 10 stereo 

(TOF) counters , 

tubes. 

at 

layer 

the 16 

solid 

to 

al.4r.l. 

counter 

coverage 

bean 

~ben a vertex constrained can be made, the charged particle rms ma:nenturn 

resolution can be expressed as 

cSp/p = [(0.015) 2 + (0.005p) 
1/2 

(5) 

'INhere p is the rromenturn in GeV I c . Without this constraint the mornenturn:­

de?endent term is doubled. 

The TOF scintillation counters which surround the drift chamber 

provide tirrting information over 75% of 4n sr. Each TOF counter is 2. 54 em 

thick Pilot F scintillator, 3. 44 m long, viewed on each end by 

2230 photomultiplier tubes through Lucite light guides. The system 

~8~ 
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IV. THE w" (3770) RESONANCE 

The data were collected near the peak of the 1j!"(3770) resonance. 18 •24•25 

.vc-..a.u.::>""' it lies only 80 MeV above the l/J' (3684) but has a total width about 

two orders of magnitude , we attribute its width solely to the strong 

decay the resonance to the opened DD charmel. If a 

unique isospin couples equally within space factors to 

of charged neutral D ITEsans . Thus , a measurement of w" resonance 

and background an evaluation of the inclusive charmed meson production 

cross section. 

A fine scan over the w" was made to remeasure the resonance 

meters. The inclusive cross sections D production atE = 3.771 GeV c.m. 

were found to be 

0 + () = 
Do Do 

8.0 ± 1.0 ±1.2 nb 

() + + 0 ~ = 6.0 ± 0.7 ±LO nb (6) 
D D 

The values given here are observed cross sections uncorrected for radiative 

effects, which allows their use in branching ratio determinatians. 

The first error is statistical, the second is our of the 

uncertainty in the overall scale, the assumptions that go into the fit of 

resonance background shape, and the division of phase space betvJeen the 

o-o + ~ 
D D and D D final states. 



V. EXCLUSIVE FINAL STATES OF D MESONS 

A. Cabibbo-favored 

We n~asurements of the cross section 

(o·B) at = 3. 771 GeV for final states con-
.m. 

kaon. 

D meson . IV, 

absolute are obtained. For clarity, D
0 

and D+ 

be to meson state and conjugate. 

reconstruction states charged tracks are 

4 crn radially and ± crn longitudinally of the 

To :improve JJlOtl1eTI.tum resolution multiprong 

events are cons interaction 

of charged 

momenta are corrected dE/dx in c-.caversed before 

entering the drift 

to 

techniques used 

l<aons are 

and pions are 

+­through their n n 

cuts both dipion mass aDd direction. To reduce 

to be 2 rrm. resulting 

n mass . 5(a). The observed rms K0 resolution 

6 'J!ieV/c
2

, and we e111ploy a mass cut ± 18 HeV/c2 as indicated. 

Neutral pions are reconstructed from of photons 1 each with an 

energy greater than 100 The resulting yy mass spectrum (Fig. Sb) has 

&'! rms n° peak resolution of about 25 J>1€V/c2 and background comparable to 

the signal. The mass cut indicated is chosen to reduce the loss of signal 

-11-



in the tails of the peak, Both K~ and n° candidates must satisfy a 

one--constraint fit in 'Which the momenta and angles of t"l)e tracks are 

adjusted to obtain the correct masses, 0 For the n , the good angular 

resolution for photons is an important constraint in the fit. 

Charged particles are identified with the time-of-flight (TOF) 

system. For each track having a recorded TOF, a normalized weight is 

calculated for then, K, and p mass hypotheses. 38 These weights are based 

on measured momentum, path length, TOF, and TOF resolution. Tracks are 

assigned a particle type corresponding to the hypothesis with tl1e highest 

weight. Tracks lacking TOF information or having TOF inconsistent with 

that expected for a 1r, K, or p assignment are called pions. Because D mesons are 

produced with m:J!.Tlenta below 300 MeV/c, only the most energetic (2-body) decay 

products have m:J!.TleTita exceeding 1 GeV/c. Since the average flight path 

about 1.75 m, n-K separation exceeds 2.0 standard deviations for the decay 

products of t"l)e D meson in any charmel. 

Since the production of D :rr~esons at the w" (3770) occurs only through 

DD final states, the mass resolution in most channels can be further 

improved by constraining the sum of the :rr~easured energies to that of the 

beam (E1,). Thus for particle combinations with measured total energy close 

to Er, (vJithin 40-60 MeV), we plot the quantity: 

(7) 

The improvement in resolution is obtained because of the small spread in Er, 

(- L 3 MeV) and the small size of the D m:J!.Tlenta (p) and errors relative 

to Me. The D+ and D0 have momenta of -zss and 288 t1eV/c, respectively, '\.vith 

typical momentum uncertainties less than 15 MeV I c. For decays involving a 
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The results were found to agree with measured values obtained by performing 

kinematic fits to rnultipion decays of the ~(3095) containing a single n°,
37 

In the Mbnte Carlo calculation all decays were assumed to follow a uniform 

~o + ~ ~ + o 
phase space distribution, except the channels K IT n and K n IT , where the 

measured resonant substructure (see next subsection) was employed. 

Table I summarizes the results for the D0 and D+ channels shown. 

A~ 1' . th f. b dy D+ d K~ + + + ~ ' 1 ' 1 ded 
.MJ. 1 upper lil1l, t on e ~ ve- o · ecay to IT IT IT n ~s a so ~nc u . 

The quoted errors include all systematic sources taken in with the 

statistical errors obtained from fits to the spectra. 

A comparison of o·B for all previously reported15 ·16 decay 

is given in Table II and indicates general agreement. In particular, it 

~++-
is only for the K IT rr n mode that we observe a deviation than 

t:'\No standard deviations in the combined errors. Th.e absolute branching 

ratios of Table I differ from Refs.l5 and 16 predominantly in norr;ali za tion 

of o and o +' The values we obtain from . (6) are approximately 30% 
D

0 
D 

smaller than those employed in Refs. 15 and 16. 

B. D + Krr'IT Dalitz plots 

We describe next the measurement of the Dalitz plot dis~ 

- + o ~o + - o - + + tributions for K n Tl and K n n decays of the D and the K rr IT decay 

of the D+. We find that the three-body decays of the D
0 shaw significant con~ 

tributions from the quasi~two-body decay modes containing a vector particle 
~ + 

or K") and a pseudoscalar (K or IT) , vvhile the D shOitJs very little 

structure of this kind. These decays are of particular theoretical interest, 

for as two-body modes they provide simple probes the I=l/2 I=3/2 

couplings of the weak-hadronic current in charm decays. 

To determine the resonant substructure of each decay, we 

performed a rnax:imurn-likelihood fit to the data in the Dalitz plot using 

-14-



a density function "'"''r"r'"'" the allowed final state Channels and back-

ground" 

In 

as p-wave 

detector acceptance are made at each point, 
,r: 

p and K amplitudes have been represented 

,with dependent widths the 

fitting technique 

that we employed Ref, 40. 

pure three~ body 

decays or background events D meson sample) separately in the D0 

1he e 

(1800-1850 

ground 

over 

events was 

events in 

component of the D0 decays ~:vas 

plot, 

, we found 

the shape used to 

low mass sideband 

to 

and 

In case 

sideband for 

resonant production 

and p, 

In the 

fuiJnd no 

we allow 

corrponent decay to vary, vvhile back-

to error. 

of indistinguishable final states that are 

decay are allowed to , with the 

being anly v~1en statistically 

improvements the In general are not sensitive 

, both because of low 

the decays appear damina.ted by single channels. 

1. K0 -/ 1T- and K- n-+-rr 0 

and because 

0 +-Figure 9(a) sh~~s the Dalitz plot for the K n 1T decay mode. 

plot contains 52 events of vvhich 33% are estimated to be 

-15-



41 backgrotmd. There are significant populations in the K~·, bands 

centered around 0.79 (GeV/c
2

)
2

. Conservation of angular m::rnentlliTl 

requires that the vector particle decay products have a cos2 e angular 

distTibution, where e the angle between the direction_ of a decay 

product and the direction of the pseudoscalar in vector 

particle's center !IlclSS This leads to the clustering 

of events at ends of 

is no 

-o + the lower mass K TI pro j 

curve 

s1JlllTlarized 

rrode. 

41 
background. 

9(b) 

are 

right side of the plot is caused by the 

observed 

the 

to 

+ 
p band 

of events on 

changing 

acceptance. changing TI
0 acceptance partially obscures 

. 9(a). 

are 

expected angular distribution in the p+ band, as well as the neutral 

-·-
and charged K" signals that may be present. Fig. 9(e) shows 

1T+TI~ mass squared projection of the Dalitz plot and a curve representing 

the fitted solution. The results of the fit are summarized in Table III. 

The results given in Table III are recast as branching 

fractions in Table IV. Table IV was constructed by multiplying the 

resonant fractions from Table III by the branching fractions given 

-16~ 



I 

:in both -o + ~ K n n 

yields a branching 

2. ++ 
1T 1T 

9(c) shO\!Vs 

are 292 eve_nts 

Detection 

near 

below 100 MeV/c. 

A best 

of (3.4 ± L4)%. 

* K 

to both measurements 

-++ Dalitz plot ~ K n n . 

an 

D+. 
lS 

background 12%.
41 

K momenta 

m:Jre events and substantially 

shovJ the 

for a '"--'-'J·'--'" population an the Dalitz plot. 42 A test of uni-

by di vid:ing plot :into well populated regions 

the observed n1..l!Tber of events :in region with the 

n1..l!Tber expected from the hypothesis of a uniform decay distribution. The 

hypothesis fails statistically with a x2 of 83 for 10 degrees of 

freedom. 

Figure 9(f) shOVJs the K-n+ mass squared projection. The 

solid curve :indicates the shape expected for a uniform phase space decay, 
?~o 

and the dashed curve :indicates the shape for a decay containing 15% K 

:in addition to a uniform component. 
~~0 

The K curve :includes the effect 

the constructive interference of the two possible K-n+ combinations. 

There are large deviations from uniform phase space but no significant 
.;,0 

K signal. 

-17-



Because we are unable to fit distribution on 

Dal ' 1 1 ' 1' ' th K-lro + ~tz p ot, we on y a conservat~ve upper mt on e n 

* channel by assuming that all the events in the K 0 mass squared 

region, 0.685 to 0.905 (GeV/c2)2 , are due to channel, At the 

90% confidence level the fraction of the K~ 11+ :r + rrode in 

channel is less than 0, 39, Using the K- :r + n + branching fractions 

Table I and dividing by the K~'{o branching fraction, we obtain 

+ ~<:o + B (D ~ K TI) < 3.7% 

at the 90% confidence level, 

3. -o + 
~ 

* The only pseudoscalar-vector D decay involving K, K , n, 

or o that we have not discussed is D+ ~ K0 o +. In principle 

this decay can be measured in the K :r+no channel, but this is not 
s 

practical since we have a total of only 9.5 ± 5.5 Ksn+no events. 

We can, however, obtain a lower botmd on the branching fraction for 

this decay mode by using measurements of other modes and the isospin 

o -o o structure of D decays. The amplitudes, A, for the decays D ~ K o , 

D0 ~ K-o+, and D+ ~ K0 p+ are related by the triangle relation 

-18-
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at 

c. 
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an 

-o + 
~ K P ) 

T
1

S are the 

IV 

C, we 

B ~ > 1.6% 

90/o 

B (D+ Kop+) > 5.0% 

the 90% level 

of D mesons. 

vJorld 

T '/T 
D~ 

's 

measurements on 

branching 

to 

T /T 
D+ D0 

(10) 

(11) 

T jT 
0

, or 
D D 

(12) 

D Branching are presented + the K K mode and the s 
- + - + 21 previously published rr rr and K K modes. We upper limits the 

+o -++ -++ --++ 
u rr , rr rr rr , K K rr , and rr rr n rr modes. 

G-.reat care must be li1 the detection of Cabibbo-suppressed 

to Cabibbo-favored decays with misidentified pions or 

use a technique "Which allows 

the favored decays to be displayed ~xplicitly. Combinations of 

particles which are D decays are to have momenta within 

30 J:lleV/c of the momentum exoected for a D, Pn· All charged particles are 

required to have good time~of-flight identification. (For the measurement of 

favored decays, particles which had inconsistent or no time-of-flight measure­

ments were assigned to be pions.) The invariant mass is then computed. 

These spectra are shown in Fig. 10 for modes with two charged 



particles and in Fig. with a K and one charged particle. 
s 

2 0 D mass, 1864 MeV/c forD 's and Correctly identified D's a~IJ~U 

1868 MeV/c2 for D+'s, While D's Which one particle has been misidentified 

shifted by approximately 120 1::1eV/c2 from the D mass. In Fig. lO(b), 

the dominant K~ 11+ mode ; peaks due to misidentified Krr decays are 

present near 1744 and 1984 1::1eV/c2 in Figs. lO(a) and lO(c), respectively. 

A D0 
+ K~K+ signal is present in Fig. lO(c) and there is an excess 

of n-n+ events over background in the D0 region of Fig. lO(a). Similarly, 

Fig. ll(a) shows the dominant K n+ mode, While Fig. ll(b) has an excess of 
s 

K K+ events at the D+ mass and a peak from misidentified K n+ events 
s 2 s 

near 1988 1::1eV/c . 

To determine the number of signal events, the data of Figs. 10 

and 11 are fitted by a maximum-likelihood ted:mique with use of Poisson 

statistics. The shapes of the background functions used in these fits are 

derived from control regions with diparticle momenta between 50 and 110 1::1eV/c 

higher or lower than pD. The magnitude of the backgrmmd is determined both 

by fits to the data in Figs. lO(a) and 11 and by the number of events in the 

control regions. These backgrounds are displayed as smooth curves in these 

figures. 

The number of events determined by these fits and the ratios of 

detection efficiencies and branching fractions between the suppressed and 

favored modes are given in Table V. The statistical probabilities that the 

n ~ n+ and K K+ signals are purely fluctuations in the background are about 
s 

7 x 10-3 and 5 x 10-3 , respectively, 

The remaining two-body D + mode n + n ° cannot be confused with any 

misidentified favored mode; the K+no mode has llC = -liS and is doubly 

Cabibbo-suppressed. For this reason, it is analyzed using the same beam 



t:Yn<=>ro'\r con.straint technioues discussed in section V. A. The mass plot 

for this mode is shown in Fig. 12. Although there appears to be a small 

excess of events at + D mass, the of the signal is even 

it at A maxiJJlUITl-likelihood fit pe:r!C)YJ!led 
2 

1 "!!JeV/c bins using the expected resolution function with rms width 

of 2.2 MeVIc2 indicates that there no significant signal. Accordingly, 

we give only an upper Table V. 

Three Cabibbo-suppressed decays are more difficult 

to because We 

, 1T-1T+1T+, K-K+TI+, and n analysis technique is 

Same as for the 1T-TI+ mod • ~ es except was necessary to reqUlre 

- + that no n 1T have a mass within 40 MeV I c2 of the K mass to s 

the favored K 1T + K TI-n+ modes. The mass plots 
s s 

elimina.te 

are shown in Fig. 13. There is no evidence of any signal so we give upper 

- + + . limits in Table V. The limit on Tr 1T 1T mode ~s comparable to the 

upper limit \vhich was previous 1 y measured at higher energy. 14 

D. of the D Mesons 

In all modes vihere D signals mass values agree well 

with the previously reported values15 for the neutral and charged states. 

observed rrns width of about 2. 0 l-1eV I c2 each charmel is consistent 

with contributions from the spread ~ and :f.com momentllffi resolution. From 

fits to signal background -+ -++-in the K 1T and K 1T 1T n decays 

0 -++ the D and the K 11 n decay for D + we obtain the values for 

rr.asses and mass shown VI. Table.VI also lists 

. 15 Th 
pre~ous rnea..surements. . e errors Table VI contain the uncertainties from 

the statistics, the momentum calibration, dEidx corrections, vertex fitting, 

and beam-energy monitoring. An additional error of 2.5 MeVIc2 corrm:m to 



both experiments is associated with S~~ storage ring energy cali-

bration. The IIJ8.ss difference is measured more precisely than either mass 

because many systematic uncertainties cancel. There is also negligible 

uncertainty due to the storage ring energy calibration. 



VI. rnCUJSIVE PROPERTIES OF I}-MESON DECAYS 

section we present inclusive measurements of the 

multiplicity and associated vrith D+ and D0
• We 

,."'"""'"''r a new measurement the individual semileptonic 

and D0
• This measurement to deterr:rine ratio of total 

of the D's. 

The DD fLnal state at t/J 11 allows us to 

~tY,~·~' events. If one Dis identi d + 
1T ' 

++ 
1T 1T ' 

~++ 
or K n n n 

1JX)JJ)J2Yl tum. We 

aD meson 

for their excellent 

to good detection 

The and IDF cuts similar 

to those employed analysis Section V. variations among 

tagged sample sizes come from differences in the IDF » n fiducial cuts, 

energy in 

tve have a ±6 l!JeV/c2 cut 

cut ( ± 4 MeV/c
2) is employed for 

of following analyses. In general 

the constrained D mass, but a tighter 

~ + +-the K rT n n tags in order to improve 

the signal to backgrotmd ratio. The data includes appro:xiJ:rately 

+ 0 300 D and 480 D tags over a backgrotmd of about 12/o of the signal. 

A. t!u_ltiplicity 

particle of D mesons is the simplest 

measurement can be made v-ri th the tagged 

event, the multiplicity observed in the recoiling is plotted with no 

rh:>rnr•r at particle identification. These observed multiplicity distribu~ 

are shCJiNn in . 14. The area represents an 

the background multiplicity distribution obtained from events in the mass 

band just below D mass (1800 ~ 1855 MeV I c2) normalized to the expected 

number of background events contaminating the tagged sample. The produced 

of 



multiplicity distribution (where K0
' s are counted as two tracks in their s 

TI+TI~ decay) can be obtained by a numerical unfolding procedure. 34 A solution 

sought for the overconstrained system of linear equations 

+ B.= D. 
1 1 

(13) 

hrrucrrg P. and D. are vectors containing the produced and detected rrultip-
J 1 

licities, Eij is a 'Monte Carlo generated efficiency matrix \Nhose elements 

are the probabilities detecting i particles men j are produced, 

Bi is a vector \Nhich represents the rrultiplicity of background events. 

Equation (13) is solved by a max:irrnJm-likelihood technique employs 

Poisson statistics. The unfolded distributions Bre shown in Fig. 14, where 

the errors reflect only the statistics of the unfolding procedure. The 

systematic errors are canparable. The mean charged particle rrultiplicity 

is given for the three tagged channels in Table VII. 

Systematic errors arise predominantly from uncertainty in the 

background distribution and from IIDdel dependence in the efficiency matrix. 

Good agreement is observed between the two D0 channels \Nhich have 

significantly different backgrounds. These results CJre in good agreement 

with the previously reported value for the average charged rrultiplicity 
20 

of 2.3 ± 0.3 both for D0 and D+. Similarly, we find that the rrultip-

licity distributions also coincide well. 

B. Strange Particles 

The tagged samples were chosen to have unique strangeness so 

that the kaons in the recoiling D could be characterized as having either 

the same or opposite strangeness. A Cabibbo-favored decay should produce 

one kaon \Nhose strangeness is opposite that of the tagging decay, 

while a suppressed decay is expected to exhibit either no strange 
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' 1 f ' D0D~0 rn-iv-mg' and doubly part1c e or two o oppos1te strangeness. Uu.L>. 

suppressed decays can also produce equal strangeness in the system, but 

28 these are expected to be even sources, 

To determine the TIL'lllber of charged kaons, we again use TOF 

separation on all recoiling particles. Three sources of background are 

identified and estimated once the TOF separation is made: 

decay 

1) Kaons background events contaminating the tagged 

sample, They are estimated from the events belovv the D mass 

(1800 ~ 1855 MeV/c2) and subtracted. 

2) Misidentification of n± as K± either through TOF resolution, 

tracking errors, in~ flight decays, or multiple hits in TOF 

counters, The data are corrected by folding the observed n± 

distribution (of the appropriate charge) with a "Monte Carlo 

calculation of the momentum dependence of the misidentification 

rate. The correction is found to be small over n::ost of the 

pion spectrum ( S 1% for momenta belovv 600 MeV I c) , The absolute 

correction varies because of the observed asyrrmetry in the charge 

distribution of pions opposite the tags. 

~ + 
tagging charmel can be mislabeled as n K and still 

detected as a D 1.vith the strangeness then being in-

con·ect, This is found by "Monte Carlo to be a 3.3/o correction to 

- + the K n sample. expected rate found to be consistent 

\.vith an independent determination of strangeness of the tag 

using a of TOF )Jnformation and kinematic fitting. 

kaons are lost predominantly through in:-flight 

TOF IDP.Asurement. The inclusive 

kaon detection is determined by Monte Carlo calculations using 

various models of D decays similar to those of Ref. 43, These models were 



modified to match the observed multiplicity, the ratio of neutral to 

charged kaons, and the charged pion and kaon momentum distributions 

detected opposite the tags. The variation in detection efficiency was 

found to be insensitive to these TIDdels, with extreme variations amounting 

to less than 10% of the correction. The results are surrmarized in 

Table VIII, where both statistical and systematic errors are included 

in the final entries. 

Neutra-l kaons are also detected, but their lower detection 

efficiency and larger backgrounds lead to greater uncertainties in branching 

ratios. Backgrounds from tagged sample contamination are treated as before 

using events from lower masses, Additional background arises from random 

n+n~ combinations which create fake K0
. This rate is estllnated by 

s 

Monte Carlo in order to properly account for the specific charge corre~ 

lations and multiplicities. The inclusive K0 detection efficiencies are 

found to be 0,090 and 0,095 for D0 and D+ respectively, where the branching 

ratio of K0 tor and K0 to TI+1T~ are included, Model dependence, tracking, 
s s 

K0 reconstruction uncertainties lead to a 17% systematic uncertainty in 

the efficiency. The results are surrmarized in Table IX where all errors 

have been included in the final results. 

Table X contains a comparison of the results from Tables VIII 

and IX with previous measurements done by the Lead Glass Wall experiment 

using the Mark I detector. 20 The results generally agree within the large 

combined errors, 

Totalling the kaon branching fractions from Tables VIII IX. 

we obtain overall kaon multiplicities of 0.92 ± 0.16 and 0.77 ± 0.19 for 
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D0 D+, respectively. However, these kaons cannot all be attributed 

to the Cabibbo~favored charm to strange quark transition illustrated in 

Fig. 1, since a significant fraction have the wrong strangeness. An 

interesting and well-defined quantity is the net strangeness in D decays. 

It can be computed from our measurements with one assumption which is 

subject to considerable error, namely, thBt there are equal numbers of 

charged and neutral kaons with the wrang stra'll.geness. Assuming this, the 

net values of strangeness in D0 and D+ decay products are 0, 60 ± 0. 20 

and -0.53 ± 0.22, respectively, These values are 1,5 and 1.7 standard 

deviation below the value of -0.90 expected in the naive model. 

C. Semileptonic Decays 

Because the Cabibbo all~Ned semileptonic decay amplitude has 

!1I = 0, the corresponding semi-leptonic partial widths for the tvJo members 

of the D isodoublet are expected to be equal. Therefore a measurement of 

the relative D0 and D+ semileptonic branching fractions using tagged events 

determines the ratio of lifetimes of the two species, assuming that they 

are almost exclusively Cabibbo-allowed. 44 •45 

\\Te search the tagged events for electrons in the recoil system 

using TOF and calorimeter information. Candidate tracks are first selected 

by the usual geometric cuts, and are required to have both a good TOF 

measurement and a JIDITlel1tum greater than 100 HeV/c. All tracks having kaon 

weight > 0. 05 are rernoved. This cut rernoves less 3% of the tracks 

previously labeled pions, effectively removes all recoiling K±. For 

with momenta less than 300 l':1eV/c, TOF to classify them as n 

or e. A called an if the weight under 

hypothesis exceeds 0. 90. The had::ron misidentification rate 

from J% to llo for track momenta from 100 to 300 1':1eV/c, while the 

efficiency for electron identification drops from 86/o to 62"/o in this range. 
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For tracks with momenta greater than 300 HeV/c, a canbination of TOF and 

calorimeter information is used to classify them employing a technique 

described in Ref, 46. The algorithm takes 23 IT!E!asured quantities for 

each track such as TOF, momentum, angle of incidence, and energy deposition 

and transverse shower spread at 7 depths in the lead-liquid argon calori-

meter stack, and selects regions of this multidimensional space that are 

distinctly populated by electrons or pions. These regions are established 

using samples of electrons selected from photon conversions radiative 

Bhabha-scattering events, and pions from K0 and lj!(3095) decays. Classi-
s 

fication and misidentification rates are determined from the data by 

setting aside a random sample of these pure events, and testing them after 

the selection criteria are established. For candidate tracks with momenta 

ranging from 300 to 1000 "MeV/c, hadron misidentification drops from 7, F!% 

to 3. 5% 'While the electron efficiency rises from 67% to 85%. The nnderately 

low electron efficiency from 300 'MeV/c to about 500 'MeV/c canes from the 

diminishing TOF separation, and the onset of caloriiT!E!tric separation. Poorer 

efficiency is traded for a reasonably small hadron misidentification rate. 

Fifty-nine D0 events and 50 D + events contained identified 

electrons. These events were hand scanned to remove visible photon conversions 

in the beam pipe and surrounding materiaL Five D0 and seven D+ events were 

eliminated for this reason. Photon conversions were identified as two tracks 

with an opening angle of less than 10 degrees, one of \vhich was identified 

as an electron and the other of 'Which was consistent with being an electron. 

The remaining electrons were separated by charge relative to the 

strangeness of the tagging decay. We designate those with the expected charge 

(that is, equal to the strangeness of the tagging decay) as "right" sign 

candidates and those wit.~ the opposite charge as '\Nrong" sign candidates. 



Four sources of contamination were estimated: 

(a) Backgrounds arising from hadron misidentification 

are not charge syrrmetric, but depend on the strangeness of the tagging 

decay. This is particularly evident in charged D due to the excess of 

right sign charge, but also occurs neutral D decay to the difference 

between pion kaon momentum spectra. The momentum spectra of all tracks 
' 

recoiling against a tagging decay were folded with the known misidentification 

rates to estimate the number of electrons expected to be mislabeled in 

each group. 

(b) There are residual backgrounds from asyrrmetric photon 

conversions and n° Dalitz decays that could not be subtracted in the hand 

scan. These are charge syrrmetric so we have estimated them by subtracting 

the number of wrong sign electrons that remain after the subtraction for 

hadron misidentification from the number of right sign electrons, 47 

(c) Contamination from leptonic kaon decays is estimated to 

0 + contribute less than .3 and .05 electrons to the D and D samples, 

respectively. 

(d) Contamination of the tagged sample and n - K interchange 

in the K- n+ tag sample were discussed previously. Lower mass events are 

used to estimate the former, and an appropriate correction is made for 

the latter. 

A sumnary of the sernileptonic decay calculations is given in 

Table XI. The penultimate entries in the table give a net signal of 

approximately twelve electrons from D0 decay and 23 electrons from D+ decay, 

The momentum spectra of these electrons is shown in Fig. 15 along with 

curves that indicate the expected shape of the spectra for D decays into 
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'd\: 48 
the Ke v and K e v rrodes. The theoretical curves are normalized to the total 

The data are consistent with coming from a combination of these 

tiNO rrodes, in agreement with the findings of other e:K~Jeriments, 13 ' 17 ' 22 

The additional charged particle multiplicity associated with electrons in 

the tagged events is also consistent with the hypothesis of semileptonic 

decays occurring in these tiNO rrodes, 34 ' 

We obtain the individual D + and D0 semileptonic branching fractions 

by estimating the inclusive electron efficiency. A Mbnte Carlo calcula-
"'i\ 

tion for the Ke v and K e v rrodes gives an average efficiency of 0. 4 7, We 

find that this value is not sensitive to either the exact form of the electron 

spectrum or associated hadronic multiplicity, The results are given in 

Table XI, The uncertainties in the semileptonic branching fractions are 

dominated by statistics, but the error estimate includes a systematic 

uncertainty of about 25%. 

Weighting the semileptonic branching fractions by the inclusive 

D production cross sections (Eq, 6) , we obtain an average branching fractions 

to electrons of (10. 0 ± 3. 2) %. This is comparable with the inclusive 

measurements of (7, 2 ± 2. 8) %19 and (8, O±L 5) %22 by other experiments at 

the same center of mass energy: 

We have performed a maximum-likelihood fit to the ratio of the 

semileptonic branching fractions employing Poisson statistics. Figure 16 

shows the negative logarithm of the likelihood function plotted against the 

ratio of D+ and D0 semileptonic rates, By evaluating a ratio, we reduce 

the systematic error to ± 16/o (where 5/o is from the determination of the 

hadron misidentification rates, 7% is from the hand scanning, and 13% is from 

the background representation). Since the ratio of rates represents the 

relative D+ and D0 lifetimes (T +/T ), we include these systematic errors 
D D0 



'With the dominant statistical errors estimated from the shape of the like-

lihood function its to obtain: 

T /T : 3 1 +4·6 (14) 
D+ Do . -1.4 

one 3.1, 

local likelihood Statistically, a 

of about tvvo 

upper limit of T +/ T poor 1 y 
D D0 

error on nuTiber D0 observed. 

measurements of the 

has used the measurement 

double single electron even.ts '
1
'
11 de t bta' 23 

'~~ cays o o m 

(15) 

at the 95/o confidence leveL 

Direct measurements of D0 and D+ lifetimes 

to neutrino beam yield3 

emulsions exposed 

based on 5 events, and 

based on 7 events. 
Multiplying likelihood 

together, we obtain j likelihood 

the dotted line in Fig. 16. 49 ·50 At 

result 

-13 

one 

sec (16) 

(17) 

from these three experiments, 

for the world shO'WI1 by 

deviation level, the 

(18) 

Equality of the two lifetimes e_xcluded by more than four standard 

deviations. 



VII, DISCUSSION 

In the rrost general terms the properties of D decays agree well 

with what was expected from the Glli ctrrrent. 26 The existence of an iso­

doublet of D mesons, the strangeness content of their dominant decays, 

and the existence of Cabibbo-suppressed decays with roughly the proper magni­

tude of suppression all attest to the correctness of the original hypothesis. 

However, the details of D decays do not always agree with the 

perhaps naive picture of theoretical expectations that we sketched in Sec. II. 

The rrost basic discrepancy is the inequality of D0 and D+ lifetimes. 

Branching fractions for specific decay modes are not in agreement with 

o -o o o - + simple models. In particular the ratio B(D +K 'IT ) I B(D +K n ) is not 

small and the ratio B (D0 + K-K+) I B (D0 + n- rr +) is not unity. 

A large nurrber of theoretical papers have attempted to rrodify the 

simple models in order to explain some of these results. It is not our purpose 

here to review this vast literature. 51 We will, however, sketch some of the 

major ideas and indicate, '\Nh.ere appropriate, how our measurements are 

relevant to them. 

It was suggested some time ago that nonexotic states might be 

enhanced relative to exotic states.
28

•52 •53 This would lead to a longer 

relative D+ lifetime since all Cabibbo-favored D+ decays are exotic. Two 

broad categories of enhancement techniques have been proposed. The first is 

the use of the W exchange diagram, shown in Fig. 17 (a) 1-·Jhich contributes to 1P 

but not D+ decays. This diagram is suppressed by a factor (m 2fD2 1 m 4) 
u c 

because of the helicity of the light quarks and the probability of anni-

hilation. However, it is argued that this suppression can be circumvented 

either by the emission of a gluon
54 

or by a consideration of the gluon 



content of the initial state. 

The exchange diagram leads to an I = 1/2 final state for vdhich 

B D0 -+ K~TI+ 
B ( Do -+~'ITo ) 

= B ( D0 -+ K~""- 'IT+ ) ~ B ( D0 -+ K~ P + ) "" 2 . 
B ( Do -+ it*oTio ) ~ B ( Do -+ Ko Po ) 

(19) 

Tables I IV indicate that the data are consistent with the first two 

relationships, but not the last. 

The second category of enhancement techniques assumes the spectator 

+ diagram (Fig. 1) to be dominant, but requires /f to be larger than the 

leading log value and requires that gluon interactions do not chfu1ge the 

color structure of the final state. •57 In this model the D+ nonleptonic 

decay rate is suppressed by a destructive interference between the normal 

diagram and Fierz rearrangement. This interference occurs in D + decay 

vvhere the two diagrams lead to identical final states, but not in D
0 

decay vvhere 

they lead to distinct final states, The ratio of D lifetimes in this 

. . 56 
p~cture ~s 

(20) 

A value of f ~ = f +-
2 = 5 will yield T D ~ T Do "' 10. 

One testable prediction in vvhich f ~, or sextet, dominance does not 

coincide w-ith the prediction of a I = l/2 final state occurs in D+ decay. 

Assuming SU (3) syrrrnetry and the complete dominance of the part of the 

amplitude vvhich transforms as a sextet, 58 

B = 1 (21) 
B ) 

The YJark II da_ta alone [Eqs. (8) and (11)] are compatible with this prediction 

but the combination of the Mark II measurements and the world data for T +/T 
D D0 

[Eqs. (8) and (12)] are inconsistent with it. 



The observation that B (D0 -+ K-K+) "f B (D0 -+ n- n+), contrary 

to the SU(3) prediction, Eq. (4), has generated a great deal of theoretical 

discussion. The lack of equality between these two Cabibbo-suppressed decays 

has been discussed in terms of final state interactions, 59 •60 quark mass 

ff 59,61,62 . k . . 1 61 63 . d' e ects, siX-quar lTI1Xll1g ang es, ' pengum ~agrams 

[Fig. 17(b) J ,59
•64 •65 right-handed currents,

66 
and coupling to charged Higgs 

bosons. 

It been suggested theoretically that D+ Cabibbo-suppressed 

decays may be enhanced relative to Cabibbo-favored decays because there 

is an additional diagram for the suppressed decays, Fig. 17(c), 62 or because 

67 
the sextet dominance interference does not occur for all suppressed decays. 

Our data are not conclusive on this issue. One indication of a potentially 

large D+ Cabibbo-suppressed decay rate is the measurement in Sec. VL B of net 

strangeness of -0.53 ± 0. 22 in D+ decay. On the other hand, we have seen 

no conclusive evidence of large exclusive D+ Cabibbo-suppressed decay modes. 

+ -o..+ + -o + ' b . 1 ' th D+ K-0 + mod The D -+ K-K to D -+ K n rat~o may not e typ~ca srnce e -+ n e 
58 

is suppressed in any model because has no sextet component. However, 

the D+-+ n- n+n+ mode is expected to be typical of D+ Cabibbo-suppressed 

decays. 62 •68 The upper limit from Table III, 

+ - + + 
B ( D -+ n n n ) < 0.084 
B ( D+ + K-n+n+) 

(22) 

at the 90% confidence level , and a similar limit from a previous experiment 
14 

appear quite constrictive. 
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TABlE I. Cross section times branching fraction (o .B) and 

branching fraction (B) for Cabibbo~favored D decays. The results quoted 

refer to the S'Llffi of the mode and its charge conjugate. The error on 

the number of signal events includes the uncertainty in the background 

shape. The Kwrr modes include the contribution from two body pseudoscalar­

vector decays discussed in Sec.V.FL The upper limits are at the 9fJ% 

confidence level. 

Mode Signal Efficiency o·B(nb) B(%) 

- + K 'JT 263.0±17.0 .386 0.24±0.02 3.0±0.6 
-o o 
K 'JT 8.5± 3.7 .017 0.18±0.08 2.2±1.1 
-o + ~ 
K 'JT 'JT 32.0± 7.7 .037 0.30±0.08 3. 8±1.2 

- + 0 
K 'JT 'JT 37.2±10.0 . 019 0.68±0 . 8.5±3.2 

= + + ~ 
K TI T[ 'JT 185.0±18.0 .095 0.68±0.11 8. .1 

~o + 
K TI 35.7± 6.7 .090 0.14±0.03 2.3±0.7 
-++ K Tr TI 239.0±17.0 .221 0.38±0.05 6.3±1.5 

~o + o 
K TT TI 9.5± 5.5 .004 0.78±0.48 12.9±8.4 
~o + + ~ 
K 'JT TI TI 21.0± 7.0 .015 0.51±0.18 8.4±3.5 
-++~+ 

K Tf Tf 'JT TT < 11.5 .021 < 0.23 < 4.1 



TABlE II. A comparison of 0 · B measured by this experiment and 

Mode 

K-TI+ 

-o + -K '1T '1T 

- + 0 K '1T n 

Glass Wall (Mark I) experiment, (Refs. 15 and 16). 

0·B (nb) 
This experiment 

E = 3.771 GeV c.m. 

0.24±0.02 

0.30 ± 0.08 

0. 68 ± 0. 23 

0.68 ± 0.11 

0.14 ± 0.03 

0. 38 ± 0. 05 

0 · B (nb) 
. and 16 

E ~ 3.774 GeV 
c.m. 

0.46 ± 0.12 

1.4 ± 0.6 

0. 36 ± 0.10 

0.14 ± 0.05 

0. 36 ± 0. 06 

-42-

Difference 

-0.01 ± 0. OS 

-0.16 ± 0.14 

-0.72 ± 0. 64 

0. 32 ± 0.15 

0. 00 ± 0.06 

0. 02 ± 0.08 



TABlE III. Results of fits to D0
-+ KrriT Dalitz plots. The values 

represent the fraction of a channel in the absence of interference. They 

do not sum to unity because of interference effects (see Ref. 40). The 

statistical error is derived from the likelihood function in the fitting 

procedure. The systematic error is the estimated uncertainty from the 

MOnte Carlo statistics, the acceptance calculation, and assumptions about 

backgrounds and resonance line shapes. 

Decay Cha:nnel Fraction Statistical Systematic 
TID de error error 

-o + - -·- + +0.15 +0.05 "- 0. 70 K IT IT K 'IT· -0.17 -0.06 

-o o 0.02 +0.14 ±0.02 K o -0.02 

non-resonant 0.30 +0.23 ±0. 05 -0.21 

- + 0 K-p + 0.85 +0.11 +0.09 K IT 'IT 
-0.15 -0.10 

- ~·(o o 
0.11 +0.14 ±0.10 K n 

-0.09 

-·- + +0.07 +0.05 "- 0.07 K IT -0.06 -0.02 

non-resonant 0.00 +0. 21 +0.05 
-0.00 -0.00 



TABLE N. Surrmary of pseudoscalar-vector branching fractions 

(io) derived from the observed R TI + TI- and K- TI + TI- decay modes . The 
0 

upper limit is at the 90% confidence level. 

~ 

Hode -o + - K - + 0 K TI 'IT 'IT 'IT 

Non-resonant 1.1 ±0.9 < 2.4 

-·- + +2.3 K "- 4. 0 ± 1. 6 1.8 'IT -1.8 

-o o 0.1 +0.6 ---K P -0.1 

-*o o 1 4 +2 ,3 K TI --- ' -1.4 

K - + 7.2 +3.0 
p --- -3.1 
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TABLE V. Measurements on Cabibbo~ sed D decays. Upper 

limits are at the 90% con dence level. 

Mode Number of Ratio of Ratio of 
signal events efficiencies branching 

in the suppressed fractions 
mode 

~ + r(n 1T ) 9.3 ± 3.9 1.19 0' 033 ± 0' 015 
r(K~n+) 

r (K~K+) 
22. 1 ± 5. 2 0.84 0.113 ± 0.030 

r(K~n+) 

f ( n°rr +) < 7.5 1.03 < 0.30 
~ 
r (K°K+) 5.6±3.0 0.71 0.25 ± 0.15 
r(K0 rr+) 

~ + + f(n TI TI ) <21.6 1.12 < 0.084 - + + r(K n 11 ) 

r(K-K+n+) 
<18.0 0.56 < 0.14 - + + r(K n 'JT ) 

~ - + + 
f(TI 1T 1T 'JT ) <32.2 1. 28 < 0.21 
r(K-rr + +) 

1T TI 



TABLE VI. Mass of D mesons determined by this experiment 

and by the Lead Glass Wall (Mark I) experiment(Ref. 15). The 

errors include all uncertainties t the 0.13% uncertainty in 

the SPEAR energy calibration which common to both experiments. 

With the SPEAR energy calibration the mass of the~ is 3095 GeV/c2 , 

and the D masses will vary proportionally with a variation in the 

ljJ mass. 

Measurement 

2 
M + (MeV/c ) 

D 

M M (MeV/c2) 
D+- D0 

This experiment Ref. 

1863.8 ± 0.5 1863.3 ± 0.9 

1868.4 ± 0.5 1868.3 ± 0.9 

4.7 ± 0.3 5.0 ± 0.8 



TABLE VII. Charged particle multiplicities. The first error is 

statistical and the second is systematic. 

Tag Events Background Charged particle 
multiplicity 

- + K IT 283 17 2.46 ± 0.12 ±0.10 

-++-K IT 1T 1T 211 31 2.48 ± 0.19 ±0.21 

-++ K 1T 1T 282 25 2.16 ± 0.11 ±0.12 



TABlE VIII. Stmnary of the inclusive charged kaon branching 

fraction calculations. 

0 -
D -+K DQ-+ K+ D+-+ K-. D+ -+K+ 

Total tagged sample 541 337 

Background events 60 35 

Net tagged sample 481 302 

+ 
Observed K- 121 25 26 12 

Expected background 4.4±1.6 8.5± 1.19 3.4±0.7 4.8±1.3 

Detection efficiency 0.44 0.44 0.40 0.40 

Branching fraction r:fo) 55± 11 8±3 19 ± 5 6±4 



TABlE IX. Sum:nary of t.~e inclusive neutral kaon branching 

fraction calculation. 

-

D0 -7 K0 or K0 D+ -7K0 or K0 

Total tagged sarnple 541 337 

Background events 60 35 

Net tagged sample 481 302 

Observed K 17 18 s 
Background in the tagged sample 1.5±0.5 1.2±0.5 

Combinatorial backg;.cound 2.9±1.0 1.8±0.8 

Net K 12.6 ± 4.3 15.0 ± 4.3 s 
Detection efficiency 0.090 0.095 

Branching fraction 29 ± ll 52± 18 



TABlE X. Comparison of strange particle branching fractions measured 
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TABLE XI. Sunrnary of the D semileptonic decay branching fraction 

calculations. 

-
Do D+ 

Total tagged sample 536 330 

Background 59 35 

Net tagged sample 477 295 

Right Wrong Right Wrong 

sign sign sign sign 

Observed electrons 36 18 39 4 

Expected from hadron 

misidentification 17.4±1.0 11.8±0.9 16.3 ± LO 4.2 ± 0.5 

Electrons after subtrac-

tion for hadron mis- 18.6 ± 6.1 6.2±4.3 22.7 ± 6. 3 0 +2.1 
-0.0 

identification 

Net right sign electrons 

(right sign -- wrong sign) 12.4 ± 7. 5 22.7 ± 6. 6 

Net contribution from 

leptonic K decays, - + K IT 

mislabeling, and 

false tags -0.1 ± 1. 0 +0.6 ± 0.8 

Net electrons 12.3 ± 7. 6 23.3 ± 6. 7 

Semileptonic branching 

fraction (/o) 5.5±3.7 16.8 ± 6.4 
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FIGURE CAPTIONS 

l. Light quark spectator diagram for Cabibbo- favored charmed Ireson decay, 

2. Light quark spectator diagrams for Cabibbo-suppressed charmed 

Ireson decay, 

3, Expanded, cut a:way view of the Mark II magnetic detector. 

4. Cross sectional view of the 1'1ark II magnetic detector. The incident 

and e- beams are normal to the plane of the figure. 

5, (a) Dipion mass the region of the ~ s 
(b) 

diphoton mass in the region of the n °. cuts that 

were used to isolate K~ and TI 0 are indicated by arrovvs. 

6. - + o+ + Beam energy constrained mass spectra for (a) K TI , (b) K TI TI , 

and (c) -/TI+TI combina.tians. s 

7 n~~ t ' d -~-. f (a) K0sn+, (b) K-TI+n+, , .uecull energy cons rame mass specL.ra or 

8. 

9. 

and (c) ~TI-TI+n+combinatians. 
s 

n~~~ t ' d t for (a) K0 0 
.uecuu energy cons rame mass spec ra s TI , (b) 

and (c) K0 n+Tio combinations. 
s 

o o +- o -+o Dalitz plots for D ~ K TI n , (b) D ~ K TI n , and 
s 

- + 0 K 'lT n , 

D+ ~ K-TI+TI+, and (d)- (f) projections of these plots. The 

solid curves in (d) and (e) represent the fits discussed in the 

text. In (f) the solid curve represents the shape expected for a 

uniform distribution on the Dalitz plot folded with the acceptance. 

The da_shed curve represents the shape which results from a 15% 

*o + K n mode plus a constant matrix element. 

Invariant mass spectra for two-particle combinations which have a 

momentum within 30 MeV I c of the expected D0 momentum and TOF 

:information consistent with the indicated mode. The curves represent 

the shapes expected for background events. 



lL 

12. 

Invariant mass spectra for I<" ~charged particle combinations 'Which 
s 

have a J:TlOITieTitum within 30 'MeV I c of the D+ momentum and 

TOF information with 

the shapes expected for background. events. 

energy constrained mass spectrum for combinations. 

13, Invariant mass spectra three and four particle combinations 

which have a momentum 30 MeV/c of expected D momentum, 

+ ~ 
TOF information consistent yvith the indicated mode, and no n n 

combination within 40 MeV/c
2 

of the K
0 

mass. 

14. Charged particle multiplicity distributions recoiling against 

the indicated tagging decays, The upper histograms give the observed 

distributions and the lower histograms give b~e unfolded distri-

butions, The shaded areas in the upper histograms represent 

background contributions. 

15. The corrected (net) electron energy spectra recoiling against D+ 

and D0 tagging decays. The curves indicate the theoretically 

* expected spectra from D ~ Ke v (solid) and D ~ K e v (dashed) 

decay modes, normalized to the total number of events, 

16. The negative logarithm of the ratio of likelihood function to its 

maximum value for this experiment (solid) and for the combination 

of this experiment, Ref. 3, and Ref, 23 (dashed) . 

17. Additional diagrams 'Which can contribute to D decays. 

(a) Exchange diagram for D0 Cabibbo-favored decays. 

(b) Penguin diagram for D0 and D+ Cabibbo-suppressed decays. 

(c) Annihilation diagram for D+ Cabibbo-suppressed decays. 
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