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Abstract
Using data accumulated with the CLEO-c detector on the 1 (3770) resonance corresponding to a
total integrated luminosity of 281 pb~!, we measure the inclusive branching fractions of D — nX,
D — X, and D — ¢X, for both neutral and charged D mesons. The inclusive branching ratios
for D° are (9.44+0.4+0.6)%, (2.64+0.2+0.2)% and (1.04+0.1+0.1)%, for n, " and ¢, respectively,
while for DT the rates are (5.7 + 0.5 £ 0.5)%, (1.0+0.2+0.1)% and (1.1 £ 0.1 +0.2)%.
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I. INTRODUCTION

We report here on measurements of inclusive decays of 1, 7 and ¢ mesons from D° and
D% decays. These rates are interesting because they can be used when analyzing B°, B~
and Bs meson decays. For example, properties of the B, produced at the Y(5S5) resonance
can be unraveled knowing these rates and the same ones from the D} [1].

The CLEO-c detector is equipped to measure the momenta and direction of charged
particles, identify charged hadrons, detect photons, and determine with good precision their
directions and energies. It has been described in more detail previously [2-5].

II. DATA SAMPLE AND SIGNAL SELECTION

In this analysis we use 281 pb™! integrated luminosity of CLEO-c data produced in e*e™
collisions and recorded at the 1" resonance (3.770 GeV). At this energy, the events consist
of a mixture of pure D*D~, D°D’, three-flavor continuum event and y¢’ events. There may
also be small amounts of 777~ pairs and two-photon events.

In this study we select events containing at least one charged or neutral D candidate in
the modes listed in Table I. We use this sample to look for cases where we have n — ~7,
n —atrTn, n— vy, or ¢ — KTK~ decays.

Particle identification, track, 7° and Kg selection criteria to reconstruct the D tags are
identical to those described in reference [2] while the criteria for selecting n, n" and ¢ signals
are described in detail in what follows.

III. RECONSTRUCTION OF D TAGGING MODES

Tagging modes are fully reconstructed by first evaluating the difference in the energy, AE,
of the decay products with the beam energy. We require the absolute value of this difference
to contain 98.8% of the signal events, i. e. to be within ~2.5 times the r.m.s width of the
peak value. For final states consisting entirely of tracks, the AE resolution is ~ 7 MeV. A
7° in the final state degrades this resolution by roughly a factor of two.

For the selected events we then view the reconstructed D beam-constrained mass defined

mpe = Wm — (T (1)

%

as

where ¢ runs over all the final state particles. The beam-constrained mass has better reso-
lution then merely calculating the invariant mass of the decay products since the beam has
a small energy spread. We also use charge-conjugate tags; in the rest of this paper we will
not mention the charge-conjugate modes explicitly, but they are always used.

The mpe distributions for all D° and D~ tagging modes considered in this data sample
are shown in Fig. 1 and Fig. 2 respectively, and listed in Table I along with the numbers of
signal events and background events within the signal region defined as containing 98.8% of
the signal events with mpc below the peak and 95.5% of the signal events above the peak;
the interval varies from mode to mode. The event numbers are determined from fits of the
mpc distributions to a signal function plus a background shape. For the background we fit
with a shape function analogous to one first used by the ARGUS collaboration [6] which
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has approximately the correct threshold behavior at large mpc except for D° — K-n+
and D° — K~ 771 modes where we used a fourth order polynomial. To use both of these
functions, we first fit it to the data selected by using 2.5 r.m.s. widths in the sideband
region of the AFE distribution of each mode, to fix the shape parameters in each mode
allowing the normalization to float. For most of the modes, the signal is described by a
Crystal Ball Line shape [7], a lineshape similar to that used for extracting photon signals
from electromagnetic calorimeters because of the tail towards high mpgc caused by initial
state radiation. The functional form is

Ompo
n _1,2
(8)"e 2"
n
w+ﬂ_a
1.2

here A™' =0, - {ﬂ : ﬁ‘?_ia +1/3 (1 + erf (%))}

«

2
A -exp l—% (w) ] for mpe <mp — - oy

f(chymD,O'ch,Oé,n) = A- for ch>mD—CY'O'mBC

(2)

Here mpc is the measured mass, mp is the “true” (or most likely) mass and oy, is the
mass resolution. For the D° — K~ 7" 7° we add a Gaussian signal function to adequately fit
the tails.

Tag Mode Signal Background

Kto—n~ 77387 £ 281 1868
Ktn—n~m° 24850 4 214 12825

D~ Ko™ 11162 + 136 514
Kyr—n— T 18176 £ 255 8976
Kyn—n° 20244 £ 170 5223
Sum 151819 + 487 29406

K*tn~ 49418 + 246 630
De Ktn—mo° 101960 + 476 18307
KTr—ntr~ 76178 4+ 306 6421

Sum 227556 £ 617 25357

TABLE I: Tagging modes and numbers of signal and background events determined from the fits
shown in Fig. 1 and Fig. 2, and after making the mode dependant AE and beam constrained mass

cuts.

We find 151819 4 487 4 455 D~ and 227556 £ 617 4 683 D signal events that we use
for further analysis. The systematic error on this number is given by varying the fitting
functions and is estimated at 0.3%.

IV. SIGNAL SELECTION

We use the decay modes n — vy, ' — 771, with the n subsequently decaying into -y
and ¢ — KTK~.
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FIG. 1: Beam-constrained mass distributions for the fully reconstructed D° decay candidates in the
final states: (a) K*tn~, (b) K*n~7°, and (¢) K7~ 7 7. The distributions are fit to a Crystal
Ball Line shape for the signal. For the background, we either use a fourth order polynomial (in (a)
and (b)) or an Argus shape (in (c)). Both background shapes are obtained from the AE sidebands.

For charged track candidates we insist that the distance of closest approach to the inter-
action vertex in the bending plane is less than 0.005 m and the distance of closest approach
to the interaction vertex in the non-bending plane to be smaller than 0.05 m.

We distinguish between K and 7 candidates using dE/dx and RICH information that
depend on track momenta. We define

PIDggdz = UgE/dx,w - J?lE/dx,K , (3)

P[DRICH = —2(lnL7r — lnLK) y (4)

where 045 /4. is the difference between the measured dE/dx in the main Drift Chamber
and the expected dE/dx value for a specific track (i), divided by the error in the dE/dx
determination while L; is the Likelihood of the particle, given by the measured Cherenkov
angles of photons in the RICH detector compared with the predicted Cherenkov angles
for that particular particle type (whenever RICH information is available, we require the
existence of more than three Cherenkov photons).

For momenta higher than 0.7 GeV/c, we require:

e If dE/dx and RICH are both available:
Cut on 3 04p/ds, (dE/dx consistency cut),

(PIDR[CH + PIDdE/dx) < 0 for 7’s and (PIDR[CH + PIDdE/d:c) > (0 for K's.
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FIG. 2: Beam-constrained mass distributions for the fully reconstructed D~ decay candidates in
the final states: (a) KTn~ 7, (b) KTn~7m 7°, (¢) Kgm—, (d) Ksn~ntn~, and (e) Ksn~n°. The
distributions are fit to a Crystal Ball Line shape for the signal and an Argus shape obtained from
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e If RICH is available and dE/dx is not:
PIDgricg <0 for m’s and PIDgricyg >0 for K’s.

o If dE/dx is available and RICH is not:

Cut on 3 04g/da,i

e If dE/dx and RICH are unavailable, use the track.

For momenta less than 0.7 GeV /c and higher than 0.2 GeV/c, we require:

® PIDgg 4, < 0 for pions and PIDgg/q, > 0 for kaons.

e Cut on 3 04p/ds,




For momenta less than 0.2 GeV/c, we loosen the dE/dx consistency requirement to
4 045 )ds;- For these two last cases (momentum less than 0.7 GeV/c), we accept the track if
dE/dx is not available.

A. 17, n and ¢ Selection

We accept photons only in the good barrel region, | cos@| < 0.8, where 6 is the angle of
the photon with respect to the beam direction. Photon candidates must not be matched to
charged tracks, must have a reconstructed energy greater than 30 MeV and have a spatial
distribution in the crystals consistent with that of an electromagnetic shower. In addition
we require that the absolute value of cosine the angle between one of the photons and the n
direction in the 7 rest-frame to be less than 0.85.

Candidates for n’ mesons are selected using 7 candidates within 3 r.m.s. widths of the
n mass and combining with a 7+ and a 7=. We then examine the mass difference between
nrta™ and 7.

Candidates for ¢ mesons are formed from two oppositely charged kaon tracks. Both
pions forming 1’ and kaons forming ¢ candidates are required to pass the track selection and
particle identification requirements listed above.

V. BRANCHING RATIOS

A. Reconstruction Efficiencies

The reconstruction efficiencies for 7, ' and ¢ in our tag samples of D° and DT events,
separately are shown in Fig. 3. They are determined from a Monte Carlo simulation of the
detector.

Since our aim here is to measure the inclusive branching fractions, we break the n sample
into two parts, one below 300 MeV /c and an other above, since the efficiency is constant at
this point and higher.

For the 7/, the efficiency is constant with momentum, so we do not separate into momen-
tum intervals. The ¢ efficiency, on the other hand, changes drastically with momentum and
therefore we use several momentum regions. The increase in the ¢ efficiency is understood
however from the fact that as the ¢ becomes more energetic, it becomes less probable that
it is formed of a slow kaon (with momentum below 0.2 GeV/c).

B. Signal Yields

In order to evaluate the number of particles accruing in our signal sample due to the
background events present in our single tag, we select another sample of events from 2.5
r.m.s. widths in the sideband region of the AFE distributions. The sidebands are normalized
to have the same number of events as the background under the peak and they are then
subtracted to extract the yields.

In Fig. 4 and 5 we show the two-photon invariant mass in our two momentum intervals
for both signal and sideband regions for D° and D% tags respectively.
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The 7 yields are determined by fits to a Crystal Ball function, to account for the low
mass tail and a background polynomial. The signal, background and background subtracted
yields, the detection efficiency and the branching fraction in each momentum interval are
given in Table II. The inclusive branching ratios are hence B(D° — nX) = (9.4 £ 0.4)%
and B(DT — nX) = (5.7 £ 0.5)%. The error is statistical only. Systematic errors will be
discussed later.

Tag |y N NJkg N, ¢  B(D—nX)
(GeV/c) (%)

De 0.0-0.3 1180.0+108.2 125.5+28.3 1054.5+111.8 50.1  2.340.2
0.3-1.0 2889.9+113.1 207.4+40.4 2682.5+120.1 424  7.040.3

D°(Total)  0.0-1.0 4069.9 + 156.5 332.94+49.3 3737.0 4+ 164.1 — 9.4 4 0.4

D+ 0.0-0.3 631.0+£98.9 234.7+40.3 396.3+106.8 48.7 14404
0.3-1.0 1405.3+88.0 299.3+47.4 1106.0+100.0 42.3  4.3+0.4

D*(Total) 0.0-1.0 2036.3+132.4 534.0+62.2 1502.3+146.3 — 5.7+ 0.5

TABLE II: 7 signal yields (N;;*9), background yields (Nf;kg ) and background subtracted yields (INV,)
vs momentum from D° and DT events. Also listed are the 1 reconstruction efficiencies ('), and
the partial D° — nX and DT — nX branching fractions vs momentum.

In Fig. 6 we show the nmt7~ - 1 mass difference for D° and D™ tags respectively from
both signal and sideband regions. To determine the yields in this case we fit to a Gaussian
signal function and a background polynomial. The signal, background, and background
subtracted yields, the detection efficiency and the branching fraction in each momentum in-
terval are given in Table III. The inclusive branching ratios are B(D° — 7' X) = (2.6+0.2)%
and B(DT — 7'X) = (1.0 £ 0.2)%, where the error is statistical only.

Tag NI N, N,y ¢ B(D —n'X)(%)
D°  279.6+19.0 124450 267.2+19.6 25.7 2.6+ 0.2
DY 735+11.7 45+49 689+126 251 1.0+0.2

TABLE III: 7 signal yields (Ns,ig ), background yields (N,l;,k 9) and background subtracted yields
(N,y) vs momentum from D and D™ events. Also listed are the 7’ reconstruction efficiencies (€),
and the partial D° — n’X and D™ — 1’ X branching fractions vs momentum.

In Fig. 7, 8, 9 and 10 we show the KK~ invariant mass in five different momentum
intervals from both signal and sideband regions for D° and D™ tags respectively. The
signals are fit with a sum of two Gaussian shapes and the background is fit to a polynomial.
The signal, background, and background subtracted yields, the detection efficiency and the
branching fraction in each momentum interval from D° and D% are given in Table IV and
Table V respectively. The inclusive branching ratios are B(D° — ¢X) = (1.0 £ 0.1)% and
B(DT — ¢X) = (1.1 £0.1)%, where the error is statistical only.
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events.

Ipe| GeV/c N3 N Ny ¢ B(D' — ¢X)(%)
0.0-0.2 1.0+£1.0 10+1.0 00+08 34 0.00 = 0.02
0.2-0.4 254+67 2414  234+68 156 0.13 +0.04
04-06  171.9+181 3.9+33 168.0+184 31.2 0.48 + 0.05
0.6-0.8  209.7+17.6 102+3.6 199.5+18.0 48.1 0.37 £ 0.03
0.8-0.9 87+35 1.0+1.0 7.7+37 583 0.01 + 0.01
Total

00-1.0 41664264 180453 39854269 — 1.040.1

TABLE 1V: ¢ signal yields (N;ig ), background yields (Ngkg ) and background subtracted yields
(N,) vs momentum from D° events. Also listed are the ¢ reconstruction efficiencies (€’), and the

partial D° — ¢X branching fractions vs momentum.
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FIG. 10: Invariant mass of ¢ — KK candidates from DD~ sideband events in five different ¢
momentum intervals: (a) 0.0 < |pg| < 0.2 GeV/c, (b) 0.2 < |py] < 0.4 GeV/c, (c) 0.4 < |py| <
0.6 GeV/c, (d) 0.6 < |pg| < 0.8 GeV/c, (e) 0.8 < |pg| < 0.9 GeV /c.
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Ipe| GeV/c N5 N Ny ¢ BY(Dt — ¢X)(%)

¢
0.0-0.2 20+14 1+1 1.0£1.7 2.4 0.06 £ 0.10
0.2-04 61.2+9.7 8.1+£35 53.1+£103 16.8 0.42 + 0.08

0.4-0.6 89.6 £12.2 125+£45 77.1+£13.0 34.0 0.30 £0.05
0.6 - 0.8 1228 £12.5 85+£3.6 114.3+13.0 454 0.34 £0.04

0.8-0.9 3.0+£1.7 3.0+1.7 0.0+0.8 56.3 0.000 £ 0.002
Total
0.0-0.9 278.6 £220.1 33.0+£7.0 245.6+21.3 — 1.1+0.1

TABLE V: ¢ signal yields (N(‘;ig ), background yields (Ngkg ) and background subtracted yields (Ny)
vs momentum from Dt events. Also listed are the ¢ reconstruction efficiencies (¢'), and the partial
Dt — ¢X branching fractions vs momentum.

VI. SYSTEMATIC UNCERTAINTIES

The systematic errors are dominated by the error on the number of particle yields and by
simulation of the detection efficiency. For the n we estimate a detection efficiency error of
+2% per photon for a total of 4%. For the n’ we have an additional 0.7% per track for track
finding and fitting and 1% for particle identification for a total of 2.4% added in quadrature
to the 4% for the n giving a systematic error on 1’ detection of 4.7%. Similarly, we estimate
a systematic error on ¢ detection of 3.4% including both track finding (1.4% per kaon track
candidate) and particle identification (1% per track). The efficiency errors contributions for
n, 0’ and ¢ are listed in Table VI along with the total efficiency error for each particle.

To confirm the stability of the analysis, the measurements were redone with different set
of tagging modes, different AE and beam constrained mass cuts. The results were consistent
with our nominal values. Also we reconstructed the 1, n’ and ¢ from large statistics DD
simulated events and were able to reproduce the input inclusive branching fractions.

Systematic errors (%)

Pion track finding 0.7
Kaon track finding 14
PID cut 1.0
photon reconstruction 2

Number of tags 0.3
n Total 4.0
1’ Total 4.7
¢ Total 3.4

TABLE VI: Systematic errors on the D°Y) — n 1/, ¢ X reconstruction efficiencies.
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VII. CONCLUSIONS

Our results are summarized in Table VII. We are consistent with the PDG upper limits
[8] where they exist and the one measurement for D° — ¢X, where our value is much more
precise.

Mode D°(%) Dt (%)

Our result PDG Our result PDG
n X 9.4+0.440.6 <13 5.7+0.5+0.5 <13
n X 2.6+£0.24+0.2 - 1.0+0.2+0.1 -
¢ X 1.0+0.1£0.1 1.7+£0.8 1.1£0.1+0.2 <1.8

TABLE VII: Summary of inclusive branching ratio results.

These particles all have significant components of ss. Our results show that ' and ¢
are relative rare in D° and D' decay while the lighter 7 is produced at an almost order
of magnitude higher rate. We expect that the ' and ¢ are produced at much higher rates
in Dy decays. Summing over the known exclusive decays of the Dy gives inclusive yields of
about 16% for each particle, with a rather large uncertainties. The large asymmetry between
the yields of these particles between D, and the lighter D mesons will allow us to probe B,
decays at the Y(5S). Similar inclusive measurements of the D, will make these studies even
more useful.
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