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Using the CLEO 11 detector, we have accurately measured D; decay branching ratios relative to the
ont mode for the nz* and n'z* states, for which there are conflicting claims; our results are
0.54+0.09 £0.06 and 1.20 £ 0.15 % 0.11, respectively.

PACS numbers: 13.25.+m, 14.40.Jz

The D,* was first observed in the ¢n decay mode [1].
Since then a number of other hadronic decay modes have
been found and D,t — ¢/ * v has been seen [2]. The dom-
inant pseudoscalar-pseudoscalar modes are expected to be
nz* and n'z* due to the large s5 content in the 5 and 7'.
There are inconsistent measurements and limits for the

© 1992 The American Physical Society

branching ratios of these modes [3-7]. Here we present
new measurements of these modes. In the accompanying
Letter we give results for np*, n'p*, and gp ™.

The data were collected with the CLEO 11 detector at
the Cornell Electron Storage Ring (CESR). We use a
total of 689 pb ! from the Y(3S) and Y(4S) resonances
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FIG. 1. (a) The yy invariant-mass distribution for yy mo-
menta above 1.5 GeV/c (histogram). Removing 7° candidates
with momenta above 0.8 GeV/c produces the distribution shown
with solid points. (b) The n*z~z° invariant-mass distribution
for candidate momenta above 1.5 GeV/c.

and from e *e ~ center-of-mass energies just below and
above the Y (4S) resonance.

The CLEO II detector is designed to detect both
charged and neutral particles with high resolution and
efficiency. The detector includes a charged particle
tracking system surrounded by a time-of-flight scintilla-
tion system and an electromagnetic shower detector con-
sisting of 7800 thallium-doped Csl crystals. These ele-
ments are installed inside a 1.5-T superconducting coil.
More detailed descriptions of the detector components
can be found elsewhere [8].

In this analysis, only photon candidates in the barrel
region of the detector are used, i.e., |cosf| < 0.7, where 6
is the angle with respect to the beam direction. Each
neutral energy cluster is required to have at least 30 MeV
of energy and not match to a charged track projected into
the calorimeter. Charged tracks were required to have
measured ionization losses (dE/dx) consistent within 2.5
standard deviations of that expected for the particular hy-
pothesis under consideration. All D,t candidates are re-
quired to have x =Pp Epeam > 0.567 (approximately 3
GeV/c), in order to reduce background mass combina-
tions. To reduce background from Y(3S) resonance
events, we require that the ratio of Fox-Wolfram mo-
ments, H,/Hy, be greater than 0.2 for this portion of the
data sample [9]. All states considered in this work have
their charge conjugate states also included in the analysis.

We select 9— KK =, n— yy and =¥z~ z° (see Fig.
1), and n'— nr*tx~ and p°y. For n— yy and 7°— yy
decays we require that the decay angle cosine between
both of the y’s and the yy direction in the laboratory
transformed into the yy rest frame be smaller than 0.8.
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FIG. 2. The ¢x* invariant-mass spectrum.

Details of the selection and analysis used here are avail-
able elsewhere [10]. We note here that the rms width of
the n in the yy mode is 14 MeV.

We first describe our method of measuring the ¢z * de-
cay mode. After selecting ¢ mesons within =8 MeV of
the peak mass, we form the ¢z * mass spectrum shown in
Fig. 2. There are two additional restrictions imposed on
the data. Since the D; has spin zero, the angular distri-
bution of the ¢ in the D, rest frame with respect to the D,
direction must be uniform. Background tends to peak in
the forward direction (in other decay modes also in the
backward direction) and we require the cosine of this
*“decay angle,” cosay, to be less than 0.8. In addition, this
decay involves a spin-zero particle decaying into a spin-
one ¢ and a spin-zero 7. Thus the ¢ must be polarized in
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FIG. 3. The nz* invariant-mass spectrum using (a) the
n— yy decay mode and (b) the n— n* 7~ n° decay mode; (c)
the sum of the two modes. The fit is described in the text.
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TABLE I. Cuts used in forming D, candidates. For nor 7°— yy, we require that the decay
angle cosine between both of the y’s and the yy direction in the laboratory transformed into the

y7 rest frame be smaller than 0.8.

s5 decay Momentum Mass *
Mode (¢,n,n") (GeV) (MeV) Helicity angle Decay angle
on* K*YK~ +38 |cos8, +| > 0.45 cosa, < 0.8
nrt Yy + (34-37)° |cosa,| <0.8
xtn x® Po>0.3 *15 |cosa,| <0.8
n'n* nrtr” P,>0.3 +15,+23 |cosay| <0.8
p%y P,>0.1 +28 |cos@_+| < 0.8 |cosa,| <0.8¢

*Mass cut on the primary s5 system. For n'z™ the first number is for the — yy mode, and the

second is for the n— 7% 7~ z° mode.

PCut varies as a function of yy momentum.

“In addition, the y direction in the n' rest frame is required to have cosa, > —0.5.

the helicity-zero state, giving a cos?¢y+ distribution to
the kaons, where 8+ is the angle between the K * and
the D; in the ¢ rest frame. We require |cos0K+| > 0.45.
There are two clear peaks in the mass distribution, one
from D, decay and the other from D* decay. We find
453 % 28 D, decays in this mode.

In Fig. 3 we show the nz* invariant-mass spectrum for
both n decay modes. Selection criteria are given in Table
I. In the case of the %7~ 7% decay mode, we require
that the 7° momentum be greater than 0.3 GeV/c to
reduce background from slow z%s. The fit to this mass
spectrum includes a peak at the D' mass and the
reflection from the decay D,* — np*. In the latter decay
mode, the p* is fully polarized and the nz* submass
reflects into an approximately 150-MeV-wide region.
The shape of the latter contribution is obtained from
Monte Carlo studies and the size determined from the
branching ratio, presented in the accompanying Letter.
We also fitted the data with a Gaussian signal function of
fixed mass and width, the latter determined from Monte
Carlo studies, together with a third-order polynomial
background. For the latter fit, a 150-MeV-wide region is
excluded from the fit because of possible contamination
from D+ — nr* decay and from D;* — np* decay. We
found that the number of decays obtained in the mode
DY — nrt is the same within 5% for both procedures.

The number of D; events is listed in Table II. To find
a branching ratio relative to the ¢z* mode, efficiencies

TABLE II. Relative branching ratios for D; modes.

Mode s§ Events B (%) I/r(ex*)

on* KYK~ 453+28 17.0 1

et vy 123+ 24 8.17 0.56%0.11 +0.07
atrTx®  42+12 3.14 0.49%0.15+0.07

n'r* netrT 5911 2.05 1.10+0.21 £ 0.12

P’y 200+ 34 540 1.38+0.25+0.20

netx=® 2247 0.75 1.12+0.36 +0.15

iFor n— y7. YFor n— n*tn "2l

for the two modes were obtained from Monte Carlo simu-
lations; the products of the efficiency times the branching
ratio, B, for the daughter decays are also listed in Table
II. We have performed checks on the efficiencies of
the Monte Carlo simulation: for example, we find
r(ng— yy)/T(p— 2t 2~ 72°) =1.66 +0.03+0.11, which
compares well with the “known” ratio [2] of 1.64 % 0.04.
Averaging over the two n decay modes, we find I'(D;
— nrt)/T(D;— ¢n*)=0.54+£0.09+0.04. The first
error is statistical and the second systematic. (Whenever
two errors are quoted we follow this convention.) The
systematic errors for the efficiencies relative to the ¢z ™
mode have several sources and differ slightly from mode
to mode. For the nz* mode with the subsequent decay
of the n— yy the systematic error includes uncertainties
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FIG. 4. The n'z* invariant-mass spectrum using the
n'— nrx*x~ decay mode, for the cases (a) n— yy and (b)
n— x*x7x% and for the (c) n'— p°y decay mode. The fits
are described in the text.
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TABLE III. Recent measurements of nz* and n'z*.

TABLEIV. I'/T(¢n*) compared with theory.

Experiment r(pz*)/r(ezx*) r(n'z*)/rez") Mode This experiment BSW BSW' KSS BS
CLEO 11 0.54 +0.09 £0.06 1.20x£0.15%0.11 nrt 0.54 £0.09 +0.06 1.04 0.75 1.35 1.13
E691 [3] <1.5at90% C.L. <1.3at90% C.L. n'n?t 1.20£0.15+0.11 0.61 0.78 1.47 0.10
Mark 11 [4] 40x1.3 6.4+28

Mark 11 [5] <2.5at90% C.L. <1.9at90% C.L.

NA14/2 [6] 2.5+ 1.0%43 cal models do not give a good description of these results.
ARGUS [7] 25107

from fitting the nz* mass spectrum (6%) which contains
both the effect of the np* reflection and different as-
sumed background shapes, uncertainties in the relative
charged track (4%) and photon detection efficiencies
(5%), statistics from the Monte Carlo simulation (4%),
uncertainties in the relative hadronic event selection
efficiencies (5%), and uncertainties in the 7° veto ef-
ficiency (3%). The total systematic error is obtained by
adding these uncorrelated errors in quadrature and is es-
timated to be * 12%.

In Fig. 4 we show the n'z* invariant-mass spectrum
for all three n' decay modes studied, namely, 7’
—qr*x”, with (@) n— yy and (b) n— 7" 7° and
(c) n"— py. Again, the shape of the mass spectrum
below the D; mass was studied carefully in the same
manner as for the nz* decay mode above. The fits allow
for a peak at the D¥ mass and takes account of the
reflection from the n’p* decay mode. Both the shape and
the amount of this reflection are obtained in the same
way as for the fit described above for the np* decay
mode. Event yields and efficiencies are given in Table II.
The average branching ratio for the three n’ final states is
1.20£0.15+0.18 times the branching ratio for the de-
cay ¢

Our results for these two modes are compared with
others in Table III. Our measurements are much smaller
than previous claims, for both modes.

We compare our results with the models of Bauer,
Stech, and Wirbel (BSW) [11], and Kamal, Sinha, and
Sinha (KSS) [12] who have modified the BSW results by
changing the value of the n-n' mixing angle © from
—11° to the value found by Gilman and Kauffman [13],
namely, ©=—19° (BSW'). BSW used the value of
©=—11°. KSS also give their own predictions. We also
include predictions from QCD sum rules, as determined
by Blok and Shifman (BS) [14]. None of the models
agree with the data. In Table IV we compare our results
with these models.

In summary, we have measured the branching ratios,
relative to the ¢z mode, of the nz* and 7'z* modes to
be 0.54 £0.09 +0.06 and 1.20+0.15*0.11, respective-
ly, much smaller than previous claims. Current theoreti-
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