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1. INTRODUCTION

The MARK III Collaboration recently completed the analysis of a number
of decay modes of charged and neutral D mesons produced in electron-positron
collisions near the peak of the 4(3770) resonance at SLAC’s SPEAR storage
ring. The mesons were produced nearly at rest in pairs, either D™D~ or D°DO,
at a center-of-mass energy below the threshold for DD* production. The unique
kinematics of the production allow us to isolate the charmed meson signal clearly
and unambiguously. The data were collected with the MARK III Spectrome-
ter, a large solid angle magnetic detector which has been described in detail
elsewhere.!l Our data sample corresponds to an integrated luminosity of approx-
imately 9.3 inverse picobarns.

New results will be presented on the absolute branching ratios of D mesons
into hadronic final states, branching ratios for three body decays via pseudoscalar-
" vector intermediate states, and branching ratios for Cabibbo allowed and Cabibbo
suppressed decays. Inclusive and exclusive branching ratios for the semi-leptonic
decays of D mesons will be presented, as well as the first measurement of the
vector form factor in the decay D° — K~ e*v, evidence for interference in D+
decays, and new information on the contributions of W exchange diagrams to D°
decays.

2. ABSOLUTE BRANCHING RATIOS TO HADRONIC FINAL STATES

Since charmed D mesons are produced in pairs in our data sample, we
can make a unique identification of the charm of a single D meson through
the reconstruction of the hadronic decay of the D or D. These reconstructed
events form our single-tag sample, containing 3435 D° and 1729 Dt mesons. We
then study the decay of the recoil D or D meson, and determine their absolute
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branching ratios into hadrons, electrons or muons. These events with both D’s
reconstructed give us our double-tag sample. Here and throughout this paper,
we adopt the convention that reference to a particle state also implies reference
to its charge conjugate. Because of the good mass resolution of the MARK III
detector, we have a very clean sample of tagged charm events. In Fig. 1 we
show mass plots for 105 Dt and 367 D° double-tag combinations into the listed
hadronic final states.
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The method of analysis is as follows. Let D; be the i** decay mode of a
D meson. The efficiency of tagging the particular decay in the detector is ¢;.
B, is the branching ratio for the t* final state, and Npp is the number of pro-
duced DD pairs. The number of tags are given by the following equations:

Np, =2 Npp ¢ B; single tags
Np,p. =2 Npp €5 Bj €, By double tags.

The tagging efficiencies, ¢;, are determined by Monte Carlo simulation programs.



The numbers of events for particular decay modes, Np, and Np ;iDx» are selected
(cf Fig. 1) from the single-tag and double-tag samples. The equations are fit to
the D° and Dt data independently, yielding the B,’s and N DD

The fits are performed on the reaction e”et — XX — hadronic final
states, with Mx = Mg. These results do not depend on a measurement of the
luminosity or on the knowledge of the shape and magnitude of the DD production
cross section. The results also are nearly free from systematic errors, being
dependent only on the systematic errors in the calculated tagging efficiencies.
The absolute branching ratios obtained from the fits are given in the far right
column of Table 1.

Table 1
Cabibbo Allowed D° and D* Branching Ratios
Decay Mode o - B (nb) B, (%) By (%)

K—nt .2374+.0094+.013 | 4.94+0.44+0.4| 5.1+0.4+0.4

KOn© .108+.020+.010 | 2.240.4+0.2

K% .088+.0394+.012| 1.8+0.84+0.3

KO 187+.073+.047( 3.8+1.5+1.0
K—nt2% |.978+.065+.137|20.14+1.9+3.0|18.5+1.3+1.6
KOntr— ].3724+.030+.031| 7.6+0.8+0.7

K-nta—nt |.566+.0274.061|11.6+1.0+1.4 [11.5+0.840.8
Kontn—70 |.666+.113+.153|13.7+2.5+3.2

KOoxt .126+.012+.009| 3.5+0.5+0.4| 4.0+0.640.4
K—ntat ].3994.0174+.028|11.1+1.44+1.2|11.3+1.340.8
KOon+zn0 |.714+.142+.10019.8+4.6+3.2|14.1+2.8+2.1
Kortxtnr— |.3054+.031+.030| 8.5+1.3+1.1
K—nta+tn0 |.260+.040+.054 | 7.2+1.4+1.6| 7.5+1.5+1.6

The average luminosity for the entire run at 3.768 GeV (9325 + 466 nb™!)
is determined from wide angle Bhabhas and muon pairs in our detector. From
this value and the number of produced DD pairs (227004 1600+ 1660 D° D° and
16800 + 2000 + 1600 D* D*), we obtain cross sections for D° and D* production
at the ¢(3770): opo =4.94+0.3+0.4 nb and op+ = 3.6+:0.4 £ 0.4 nb. In Table 1
we include values of cross section times branching ratio, o- B, for a larger number
of decays from a different single-tag analysis. Branching ratios for these single-
tag decays, B,., are obtained by using the number of produced DD pairs given
by the fits. The agreement between the branching ratios determined by the two
methods is excellent.

A comparison between this experiment and other experiments performed
earlier at SPEAR shows that the o - B values for these experiments agree within



statistical errors. Thus the differences in the production cross sections between
these experiments (see Table 2) are probably the causes of many of the discrep-
ancies between our branching ratios and those of earlier experiments.

Table 2
Comparison of Energies and Cross Sections at the 1(3770)

LGW | MARKII | C.B. | MARK III

Ecm. (GeV)| 3.774 3.771 3.771 3.768
opo (nb) |11.542.5|8.0+1.0+1.2 |6.8£1.2|4.9+0.3+0.4
op+ (nb) | 9.042.0|6.0+0.7+1.0|6.0+1.1 | 3.6+0.440.4

3. THREE BODY HADRONIC DECAYS

We now turn to an analysis performed to isolate any pseudoscalar-vector
(PV) substructure in the three body decays D® — K%x+tx—, D° —» K~ n*x°, and
Dt — K% *x0. Each mode is fit to a sum of interfering Breit-Wigner ampli-
tudes (for K*(892) and p) and a constant amplitude for three body phase space.
Appropriate phase space factors and decay angular distributions are included for
the PV channels. Fits are performed using a maximum likelihood technique. As
an illustration of the analysis, the Dalitz plot and 7#*7° two body projection for
the decay D° — K~ 770 are shown in Fig. 2. Our results on the PV decays
are summarized in Table 3. The branching ratios for the PV intermediate states
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Fig. 2. (a) D° — K~ n*x° Dalitz plot. (b) #*#° projection. The solid curve is
the fit.



for K~nt7x? and K97+ 79 are normalized to the double-tag fits, while the ratios
for KO7tn~ come from the single-tag analysis using the number of produced
D®DP pairs given by the fit. The agreement within errors of the two independent
determinations of B(K*~7%t) in the K~ n*#° and K%r* 7~ final states provides
a good check of the systematic errors in the analysis.

Table 3
Pseudoscalar-Vector Decays of D° and Dt
Decay Mode Fraction c-B B
(%) (nanobarns) (%)
DY - K—ntx0
K- pt 74.0+ 6.9 .72+.07+.11 [13.7+1.3+1.5
K*"nt 12.9+ 3.4|.38+.09+.08 7.1+£1.6+1.3
E*°7® 7.6+ 3.9|.124+.05+.03 | 2.140.940.6
non-resonant 5.5+ 5.3|.05+.04+.03 | 1.01+0.8+0.6
DO — ROrtg—
K* nt 63.9+ 8.8 |.36+4.05+.04 7.3£1.2+0.9
KO%p0 16.8+ 5.9 |.06+.02+.01 | 1.34+0.4+0.3
non-resonant 19.3+ 9.3 1.074.031+.02 1.5+0.74+0.3
Dt — KOrtq0
K% 86.5+10.4 | .62+.144.09 [12.24+2.84+1.9
K_'*07r+ 7.0+ 5.91.15+.09+.09 | 3.0+1.9+1.7
non-resonant 6.5+ 6.8 {.041.041+.03 | 0.94+0.840.6

From Tables 1 and 3, we extract the following ratios, with common sys-
tematic errors removed:

B(D° — K°7%/B(D° - K~x%) = 0.45 £ 0.08 + 0.05
B(D° —» K*°x%/B(D° — K*~n%) = 0.30 + 0.14 4 0.08
B(D° — K%°)/B(D° — K~ p*) = 0.09 £ 0.03 + 0.02

4. CABIBBO-SUPPRESSED HADRONIC DECAYS

In Table 4, we list the branching ratios for a number of Cabibbo suppressed
decay modes. Some of these branching ratios have been published? as ratios
relative to Cabibbo allowed decays. They have been converted to the values
given in Table 4 through the use of the B, ;. values given in Table 1.



Table 4
Cabibbo Suppressed D° and D* Branching Ratios

Decay Mode B (%)
DO
K-K+t 0.60+0.10+0.08
a~xt 0.16+0.05+0.03
KOK?° <0.62
(KOK_W+)nonres < 1.80
KOK*0 <0.83
K*~ K+ 1.024+0.47+0.21
matnO 11125334018
noataTat | 1ATHGRT
D+
mtn0 < 0.53
K+KO© 1.11+0.3440.21
rtatn— 0.474+0.194+0.12
ot 0.9340.26+0.17
KK+ 0.5340.24+0.14
(K~ K7 ) nonres |0.66+0.30+£0.12

5. SEMILEPTONIC BRANCHING RATIOS

For completeness, we mention our recently published results from our mea-
surement of the inclusive electron spectra from D° and Dt decays.’!

B(D" - et +X)=17.0+£1.9+0.7 %
B(D® —wet+X)= 75+114+04%

B(D* — et + X)/B(D° — " + X) = 2.3¥33 + 0.1

If we neglect the Cabibbo-suppressed semileptonic branching ratios, then the
ratio of the Dt to D° lifetimes equals the ratio of their respective semileptonic
branching ratios.4!

Using the single-tag sample (which contains a tag with a definite charm
signature), we have reconstructed the recoil D’s into the following exclusive final
states:

D° - K ety, K %%y, Kon ety Dt - K%*y, K—ntetv
We require (1) correct multiplicity and total charge, (2) particle identification by
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time-of-flight (TOF), (3) lepton identication by TOF, shower, and muon systems,
and (4) no additional gamma with energy greater than 0.100 GeV. The exclusive
reconstruction process gives a very clean sample. In Table 5 we show the number
of reconstructed events and branching ratios for several exclusive D meson decay
modes. An examination of the Kmer events shows that all are consistent with
a decay through a K*ev intermediate state. Calling all K7 combinations K*,
and correcting for the unobserved K°7%e*v state, we sum the Ker and K*ev
channels and obtain:

B(D" - K%*v + K*%tv) =155+ 26+ 0.3 %
B(D° > K etv+K* etv)= 71+16+£02 %
The agreement between the inclusive and exclusive decay rates shows that there

is little room left for other decay channels, and is consistent with the expected
Cabibbo suppressed contribution of order tan? 4. ~ 0.05.

Table 5
Exclusive Semileptonic Branching Ratios
Channel Events | Bkd. Events B(%)

K- ety 49 24 3.24+0.5+0.1
K-ty 4 0.0 0.9+0.5+0.1
Kor~ety 5 0.0 3.04+1.440.2

K*—etv 3.91+1.51+0.2

KOty 19 0.6 9.3+2.2+0.3
K rntetv 21 0.0 4.140.91+0.1

K*%ety 6.2+£1.440.4

6. MEASUREMENT OF THE VECTOR FORM FACTOR

The decay D° — K~ e*v can be calculated assuming that the matrix
element is dominated by a single pole, where the (¢35) F* is the lowest lying
vector meson with the correct quantum numbers. If the mass of the electron is
set to zero, then the matrix element for the decay can be written

M = GrcosO.f+(t)(Pp + Pr) a(ve)vu(1 — vs)v(e™).

In the rest frame of the D°, where t = (Pp — PK)2 = m? + m% — 2mpEg
and Eg is the kaon energy, we can integrate over the lepton variables and the



direction of the kaon and obtain the kaon energy spectrum:

W(zk) = |£+(2)[Pl — 4X2]/?

where zx = 2Eg/mp, A = mg/mp, and fi(t) is the form factor associ-
ated with the vector part of the current. The simplest prediction for fi(t) is
f+(t) = f+(0) mp-2/(mp.-%2 —t). The K~ detection efficiency is flat over the low
and middle t range, but falls off at large t. This falloff is due to the decay of low
momenta K~ ’s (< 0.2 GeV/c) in the detector. In Fig. 3, we show the efficiency-
corrected kaon energy spectrum for the 49 observed events, and the fit, calculated
using the simple pole form for f.(t). The best fit value for Mp. is 2.1:‘_'(1)11 GeV/c2.
The agreement is good, suggesting that the single vector exchange is an adequate
description of the physical process.
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Fig. 3. Efficiency-corrected kaon energy spectrum (W (zk))
and fit assuming the simple pole form for fy ().

7. EVIDENCE FOR D' INTERFERENCE

The Cabibbo allowed spectator diagram for D° and D+ decay is shown in
Fig. 4(a). Fig. 4(b) shows the W exchange diagram for DP decay. Evidence for
the existence of this diagram will be given in the next section. For certain other
decay modes, two versions of the spectator diagram may exist for Dt decays, as
illustrated for a particular final state in Fig. 4(c).5] In the presence of strong color
clustering, the two distinct diagrams would result in identical final states. The
distructive interference of the amplitudes for these two diagrams would reduce
the D+ hadronic width and thus lengthen its lifetime relative to the D°. We
search for this type of interference by comparing particular ratios of branching
ratios.
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Fig. 4. Possible decay diagrams for D° and D' mesons.

The Cabibbo allowed decay Dt — K°%nt is shown in the two diagrams of
Fig. 4(c). The Cabibbo suppressed decay D* — 7%+ goes by diagrams similar
to those in Fig. 4(c), while the suppressed decay D* — K%K goes by a dia-
gram similar to Fig. 4(a). We measure B(Dt — 7%+)/B(D* —» K%»*) <0.15
at 90% C.L. This number is based on fluctuating the one observed event to
4.2 events. The observed upper limit is consistent with the SU(3) predictionﬁ]
of %tan2 6. =~ 0.03. Both decays in the ratio are reduced by the interference
of diagrams like those in Fig. 4(c). On the other hand, in the ratio
B(D* — K°K*)/B(Dt — K%rt) = 0.317 £+ 0.086 + 0.048, only the decay in
the denominator is reduced by the interference effect. Since the first ratio
is significantly smaller than the second, this is evidence that D% interference
is operative. We would expect the ratio B(D* — K*°K*)/B(Dt — K*'r*),
for which we measure 0.18 + 0.14 £ 0.11, to behave like the ratio
B(D* — K°K?%)/B(D* — K°rt). However, the accuracy of the measure-
ment of the B(Dt — K*°r%) branching ratio is so poor that we must wait
for a more accurate determination from the analysis of the three body decay
Dt - K~ntn™t,

8. EVIDENCE FOR W EXCHANGE DIAGRAMS

The D° can decay, in principle, into K°K°, K°K*%, K°K*® and K°¢ final
states. The K¢ final state, produced through a diagram similar to that shown in
Fig. 4(b), is Cabibbo allowed, but thought to be helicity suppressed at the Wad
vertex. The other three decay channels are Cabibbo suppressed. In addition,
D°® — K®K?©is also SU(3) forbidden. Since W exchange occurs only for D° decays
(the similar modes available to the Dt go by W annihilation and are Cabibbo
suppressed), its existence could be another of the mechanisms contributing to
the non-equality of the D® and D lifetimes.



We see one event from the decay D° — K°K?©, which leads to the ratio of
branching ratios:

B(D° —» K°K°)/B(D° — K~7%) <0.11 at 90% C.L.

We have looked in the final state (K°K~ 7% or K°K*n~) from D° decay,
and have seen the distributions shown in Fig. 5. The all neutral final state,
which comes only from W exchange and is therefore the more interesting, can be
analyzed, leading to the following ratio of branching ratios:

B(D° — K*°K° + K*°K°)/B(D® — K—p* + K*~n%) < 0.034 at 90% C.L.
The less interesting charged final state includes contributions from both spec-

tator and non-spectator diagrams. Our analysis leads to the following ratio of
branching ratios:

B(D° - K*"Kt + K**K~)/B(D° - K p* + K*“7%) = 0.05 + 0.03.
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Fig. 5. (a) K*°K° + K°K*° Fig. 6. K2K*K~ mass distribution
(b) K*" Kt + K**K~. and fit. The background is derived

from off-momentum events.

Now we turn to our search for the decay D° — K9¢p. In Fig. 6 we show
a mass plot for the decay D° — K3K*K~, where the Kg decays to 7tw~. We
observe a direct signal of 25.2 &+ 5.4 events. We identify kaons by dE/dz and
TOF cuts, Kg’s by 7~ vertex cuts, and the D°’s by the requirement that
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the absolute value of the D momentum be not more than 0.050 GeV from the
nominal value. The background shape is determined from off-momentum D°’s;
D%’s whose momenta are between 0.060 and 0.110 GeV /¢ from the nominal value.
A cut on the D° invariant mass of + 0.040 GeV/c? selects 28 events, of which
4.8 £+ 2.4 are background. If we then plot those 28 events as a function of the
K* K~ mass, we find 4 events below, 11 events within, and 13 events above the
¢ region (1.019 + 0.015 GeV/c?). These events are plotted in Fig. 7.
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Fig. 7. (a)KTK~ mass in K3KTK~, with fit including background, K% and
K096°. (b) As in (a) except for upper limit assuming only K°¢ and background.

A number of processes have been considered that might contribute back-
grounds to KOK* K, and specifically into the ¢ region as defined above. Except
for the decay mentioned below, we have found no processes that can feed large
contributions into the ¢ region. We have no experimental information about the
decay D° — K°6°. However, a Monte Carlo simulation of this decay, using the

11



Flatte parameterization” of the 6°, leads to a peak at low KT K~ mass and a
long tail into the high mass region. In Fig. 8 we show the Dalitz plot for the 28
events in the KOK+ K~ state, and 400 Monte Carlo events each in the K°6° and
K°¢ final states. The latter Monte Carlo shows the strong angular distribution
expected from the pseudoscalar-vector decay. Additional Monte Carlo efficiency
studies indicate no significant distortion of the K+ K~ mass distribution near
threshold, for pseudoscalar or vector parents. The Monte Carlo results suggest
that the high mass tail cannot be ignored but needs to be extrapolated into the
low mass region. Our conclusion is that the observed distribution favors the ¢
and a low mass Kt K~ enhancement.
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Fig. 8. Dalitz plots for K KtK~ data, and K°6° and
K% Monte Carlo predictions.

In Fig. 7, we compare the data with two different fits to signal plus
background. From a fit that includes contributions from K°6° and non-resonant
background (Fig. 7a), we obtain 5.2 + 3.3 events from the decay D° — K%¢. This
translates to a branching ratio B(D° — K%¢) = 0.7+ 0.5 + 0.2%. Alternatively,
we obtain an upper limit ignoring both the low mass events and the high mass

12



tail but including a contribution from a non-resonant background (Fig. 7b):
B(D° — K°¢) < 2.5% at 90% C.L.

This result is based on 17.5 events (including contributions from systematic er-
rors).

9. CONCLUSIONS

We summarize the new results from the MARK III collaboration:

(a) We have made high statistics measurements of the absolute D meson
branching ratios. These are independent of cross section measurements.

(b) We have presented measurements of D — (e 4+ X) and the ratio of the
D7 to DO lifetimes. The error in the lifetime ratio is comparable with the error
in the ratio of the world averages of the direct Dt and DP° lifetimes.

(c) We have presented new measurements of D — Kev and D — K*ev,
and the f4 vector form factor.

(d) We have made measurements of a large number of D branching ratios.
We can account for about 85% of all Dt and D° decays.

(e) We have presented evidence for D interference.

(f) We have presented evidence for the existence of non-spectator diagrams.
There appear to be other structures present in the KK+ K~ final state at high
and low KK~ mass that are inconsistent with background, and feed into the
low K* K~ mass region.
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A typographical error has been discovered in Table 1. The first decay
mode should be listed as K7 instead of Ktn~. Please correct your copy of
the SLAC-PUB.

Table 1
Cabibbo Allowed D° and D* Branching Ratios
Decay Mode o - B (nb) B, (%) Byt (%)

K—rnt .237+.009+.013 | 4.9+0.4+0.4| 5.1+0.44+0.4

KOn© .108+.020+.010| 2.2+0.440.2

K%, .0884+.039+.012| 1.840.840.3

KOw .1874.073+.047 | 3.84+1.5+1.0
K-nta® |.9784.065+.137|20.1+1.9+3.0|18.5+1.3+1.6
Kortx— |.372+.030+.031| 7.6+0.8+0.7

K-—nta—nt |.566+.027+.061|11.6+1.0+1.4[11.5+0.840.8
KOrtn—70 |.666+.1134+.153|13.7+2.5+3.2

KOrt .126+.012+.009 | 3.5+0.54+0.4| 4.0+0.6+0.4
K—ntzxt |.3994.017+.028 11.1+1.4+1.2|11.3+1.3+0.8
KOontn0 |.714+.1424+.100{19.8+4.6+3.2 | 14.1+2.84+2.1
KOor+ntx— |.305+.031+.030| 8.5+1.3+1.1
K-ntatx® |.2604+.040+.054| 7.2+1.4+1.6| 7.5+1.5+1.6
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