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Abstract
We extract a relatively precise value for the decay constant of the DT meson by measuring
B(D* — pty,) = (4.45+0.671032) x 107* using 280 pb~! of data taken on the (3770) resonance
with the CLEO-c detector. We find fp+ = (223 + 16123) MeV . We also set a 90% confidence upper
limit on B(Dt — etv) < 2.4 x 1075.
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I. INTRODUCTION

Measuring purely leptonic decays of heavy mesons allows the determination of meson
decay constants, which connect measured quantities, such as the BB mixing ratio, to CKM
matrix elements. Currently, it is not possible to determine fp experimentally from leptonic
B decays, so theoretical calculations of fz must be used. The most promising of these
calculations involves lattice QCD [1-4], though there are other methods [5-9].

Measurements of pseudoscalar decay constants such as fp+ provide checks on these cal-
culations and help discriminate among different models.
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FIG. 1: The decay diagram for D" — u*v.

The decay diagram for DT — ptv is shown in Fig. 1. The decay rate is given by [10]

2
DDty = CF g o (1 e\ 2 1
( - V) 87TfD+me D+ ]\42+ |cd’ ) ()
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where Mp+ is the DT mass, m, is the mass of the final state lepton, V.4 is a CKM matrix
element equal to 0.225 [11], and GF is the Fermi coupling constant. Various theoretical
predictions of fp+ range from 190 MeV to 350 MeV [1-9]. Because of helicity suppression,
the electron mode DT — e*r has a very small rate in the Standard Model [12]. The
relative widths are 2.65 : 1 : 2.3 x 1075 for the 7v, u™v and e*v final states, respectively.
Unfortunately the mode with the largest branching fraction, 7+v, has at least two neutrinos
in the final state and is difficult to detect.

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 [13], [14], [15], [16].

II. DATA SAMPLE AND SIGNAL SELECTION

In this study we use 280 pb~! of CLEO-c data produced in eTe~ collisions and recorded
at the 1" resonance (3.770 GeV). This work contains our previous sample as a subset and
supercedes our initial efforts [16]. At this energy, the events consist of a mixture of pure
DtD~, D°D’, three-flavor continuum and ¢’ events. There may also be small amounts of
777~ pairs and two-photon events.

We examine all the recorded events and retain those containing at least one charged D
candidate in the modes listed in Table I. We use this sample to look for cases where we
have only a single muon candidate whose four-momentum is consistent with a two-body D



decay into a muon and a neutrino and no other charged tracks or excess neutral energy are
present. Track selection, particle identification, 7°, K¢ and muon selection cuts are identical
to those described in reference [16].

III. RECONSTRUCTION OF CHARGED D TAGGING MODES

Tagging modes are fully reconstructed by first evaluating the difference in the energy,
AFE, 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. The r.m.s. widths vary from ~7 MeV in the K™K~ 7~ mode to
~14 MeV in the K*n~ 7~ 7° mode. For the selected events we then view the reconstructed
D~ beam-constrained mass defined as

mpc = \/El?eam - (Z ?i)% (2)

%

where 7 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. Besides using D~ tags and searching for D™ — u*v, we also use the
charge-conjugate D% tags and search for D~ — p~7,; in the rest of this paper we will not
mention the charge-conjugate modes explicitly, but they are always used.

The mpc distributions for all D~ tagging modes considered in this data sample are shown
in Fig. 2 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 event numbers are
determined from fits of the mpe 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 [22] which has approximately the correct threshold behavior at large mpc; to
use this function, we first fit it to the data selected by using AE sidebands, mode by mode,
defined as 5o < |AFE| < 7.50, where o is the r.m.s. width of the AFE distribution, to fix
the shape parameters in each mode allowing the normalization to float. For the signal we
use a lineshape similar to that used by for extracting photon signals from electromagnetic
calorimeters because of the tail towards high mass caused by initial state radiation [17]. The
functional form is

2
A - exp l—é (mBC_mD> ] for mpe < mp —a - oy
Impc
(2t
o _— .

TR for mpe > mp — - Oppe
Tmpo [e%

1

here A~ = 0, - [% . ﬁfi_?ﬁ + \/g (1 + erf (%))}

f(mBC|mD,0mBC7Oé,n) =1 A.

(3)

Here mpc is the measured mass, mp is the “true” (or most likely) mass and oy, is the
mass resolution.

We use a total of 158,354+496+475 single tag events for further analysis. The systematic

error on this number is given by varying the background function and is estimated at 0.3%.
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FIG. 2: Beam-constrained mass distributions for different fully reconstructed D~ decay candidates
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Mode Signal Background
Ktr—n~ 77387 4 281 1868
KTr—n~m° 24850 4 214 12825
Kgm™ 11162 + 136 514
Kgn~m— T 18176 4 255 8976
Kgn—n° 20244 + 170 9223
KTK-m~ 6535+ 95 1271
Sum 158354 +496 30677

TABLE I: Tagging modes and numbers of signal and background events determined from the fits
shown in Fig. 2.

IV. D' — uty, SELECTION CRITERIA

Using our sample of D™ event candidates we search for events with a single additional
charged track presumed to be a ™. Then we infer the existence of the neutrino by requiring
a measured value near zero (the neutrino mass) of the missing mass squared (MM?) defined
as

2
MM? = (Epeam — E;ﬁ)Q - (_WD* - ?Zﬁ) ) (4)

where ' - is the three-momentum of the fully reconstructed D~.

We need to restrict the sample to candidate p*v, events resulting from the other D.
Thus we wish to exclude events with more than one additional track with opposite charged
to the tagged D, which we take to be the muon candidate, or with extra neutral energy.
Our criteria is to veto events with charged tracks arising from the event vertex or having a
maximum neutral energy cluster, consistent with being a photon, of more than 250 MeV.
These cuts are highly effective in reducing backgrounds especially from DT — 7t 7° decays.
We need, however, to evaluate the efficiency of these cuts.

It is possible, in fact even likely, that the decay products of the tagging D~ interact in
the detector material, mostly the EM calorimeter and spray tracks and neutral energy back
into the rest of the detector. We evaluate the size of these contributions by using fully
reconstructed DT D~ events. (The method is different here than in our original publication,
though the results are consistent.)

Although we do not expect more than a few percent background in these event samples,
we do not want to incur a systematic error due to this potential source. Therefore we perform
a full five constraint kinematic fit to the event samples; the constraints are that the total
energy sum to twice the beam energy, that the total three momentum be zero and that the
invariant masses of the two D candidates be equal. We do not require them to equal the
known D™ mass. The result of this fit is a common D candidate mass and a y?. Restricting
our samples to low x? virtually eliminates all backgrounds at the expenses of some signal.
The numbers of these events in the decay modes we use are listed in Table II.

To first order the fully reconstructed DD~ — K*n~7n~, K- 7w can be considered the
superposition of two single tag D™ — u*v candidate events where the single tag is K~ 7w,
Our procedure is to evaluate our cut efficiency in this sample and then divide by two. This
gives us the efficiency for the D~ — K~ 77" tag sample. We then combine the large and



Mode 1 Mode 2 # of events #(E>250 Mev) €(%) of Mode 1

Kte—n~ K atgt 861 82 95.2+0.5
Ktao—n m° K ntnt 468 25 99.4+1.2
Kgn~ K-ntnt 242 24 94.842.0
Ker—n nt K-ntnt 406 28 97.9+1.4
Kegr—nm° K watgt 524 42 96.74+1.3
KtK—n= K ntrnt 143 17 92.9+2.8
Weighted Average 96.3+0.4

TABLE II: Numbers of D™D~ events and the efficiency for the first mode when an extra photon
> 250 MeV is also required.

precise K~ ntw™ with each of the other tags in turn. This method ensures that the number
of interactions of particles with material and their consequences is the same as in the tag
sample used for the pv analysis.

Extra tracks do appear in these D™D~ events. None of these tracks, however, approach
the main event vertex. Requiring that good tracks are within 5 ¢cm along the beam and 5
mm perpendicular to the beam does not include any additional tracks from interactions in
the material. We also reject D~ tags with additional K¢ — 777~ candidates.

We accept only as extra showers those that do not match a charged track within a con-
nected region. A connected region is a group of adjacent crystals with energy depositions
which are nearest neighbors. This suppresses hadronic shower fragments which would oth-
erwise show up as unmatched showers. Hadronic interactions and very energetic 7°’s tend
to produce one connected region with many clusters.

The results are listed in Table II. The numbers of events listed are those with a y?
cut applied. The efficiency for accepting the double tag event requiring that there not
be any photons above 250 MeV is given along with the derived efficiency for each mode.
A weighted average over all our tag modes gives an efficiency of (96.340.44+0.4)% quite
consistent with the (93.54:0.94:4.0)% we previously found using a D°D° tag sample. Now,
however, the systematic error arises only from the consideration that we have analyzed a
situation corresponding to two overlaping tags rather than one tag plus a muon, and is much
smaller.

The muon candidate is required to be within the barrel region of the detector |cosf| <
0.81, and deposit less than 300 MeV of energy in the calorimeter, characteristic of a minimum
ionizing particle.

The MM? from Monte Carlo simulation is shown in Fig. 3 for the K~7"7" tag mode.
The signal is fit to a sum of two Gaussians with the wider Gaussian having about 30% of
the area independent of tagging mode. The resolution (o) is defined as

o= fior + (1 — fi)og, (5)

where o, and oy are the individual widths of the two Gaussians and f; is the fractional
area of the first Gaussian. The resolution is 0.023540.0004 GeV? consistent among all the
tagging decay modes.

We check our simulations by using the Dt — K¢ decay. Here we choose events with
the same requirements as used to search for u*v but require one additional found Kg. The
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FIG. 3: Monte Carlo simulation of the MM? distributions for D™ — 7y, events using the K —n+a+

tag. The fit is to two Gaussians centered at zero where the second Gaussian constitutes around
30% of area.

MM? distribution for this final state is shown in Fig. 4 and peaks as expected at the Kg
mass-squared of 0.25 GeV2. The resolution is measured to be 0.02334:0.0009 GeV? from the
double Gaussian fit, consistent with the Monte Carlo estimate of 0.022240.0005 GeV?.

The MM? distributions for our tagged events requiring no extra charged tracks besides
the muon candidate and showers above 250 MeV as described above is shown in Fig. 5. We
see a signal near zero containing 50 events within an interval, —0.050 GeV? to +0.050 GeV?,
approximately £20. This signal is mostly due to the D* — p"v, mode we are seeking.
The large peak centered near 0.25 GeV? is from the decay Dt — K n*t that is far from our
signal region and is expected since many K would escape our detector.

V. BACKGROUND EVALUATION

There are several background sources we need to evaluate. These include background from
other D modes, background from misidentified D°D° events and continuum background
including that from ete™ — 1)/, termed “radiative return.” Hadronic sources need to be
considered because the requirement of the muon depositing <300 MeV in the calorimeter,
while about 99% efficient on muons, rejects only about 40% of pions as determined from the
DD’ event sample where the pion from the K*7¥ mode was examined.

There are a few DT decay modes that could mimic the signal. These are listed in Table IIT
along with the background estimate we obtained by Monte Carlo generation and reconstruc-
tion of each specific mode. The branching ratios are from the Particle Data Group except
for the 7" 7° mode where a separate CLEO analysis gives a somewhat lower value [18]. This
mode is the most difficult to reject because the MM? peaks very close to zero, at 0.018 GeV?,
well within our resolution of 0.025 GeV2. While we have insisted that the muon candidate
be well within our acceptance, it is possible for the photons from the 7° decay to inadver-
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FIG. 4: MM? distribution for the decay D+ — Kgnt from data and signal Monte-Carlo simulation

tently be matched to the tracks from the tagging D~ or be missed. We note that at least
one photon from the 7*7° mode exceeds our 250 MeV calorimeter energy requirement and
should in most cases cause such a decay to be vetoed.

The K°r" mode gives a large peak in the MM? spectrum near 0.25 GeV2. While it is
many r.m.s. widths from our signal region, we need to evaluate the effects of the tail of the
distribution. A simulation shows only a very small contamination of only 0.4440.22 events.
We also measure this background rate directly. We use the double tag D° events where one
D decays into K¥7*. Here we gather a sample of single tags, either K ~ntntr—, K- ntn°
or K7™ and look for events with only two oppositely signed tracks where the ring imaging
Cherenkov system identifies one as a kaon and other as a pion. Then we ignore the kaon.
The MM? of distribution is shown on Fig. 6. There is only one event in the signal region,
corresponding to a background of 0.4440.44 events in our sample.

We have simulated backgrounds from Dt — 7tv. Out of 10,000 simulated events with
D~ tags, we found background only when 7% — 77v. Because of the small D"-7" mass
difference, the 7 is almost at rest in the laboratory frame and thus the 7 has relatively
large momentum causing the MM? distribution to populate only the low MM? region, even
in this case with two missing neutrinos.

We have also checked the possibility of other DT D~ decay modes producing background
with an equivalent 1.7 fb~! sample; we find no additional events. D°D° and continuum
backgrounds are also evaluated by analyzing Monte Carlo samples corresponding to 0.54
fb~!. To normalize our Monte Carlo events to our data sample we used o ,.5° = 3.5 nb and
O continuwum = 14.5 nb [19]. We found no events in any of these samples.

Our total background is 2.924+0.50 events. The backgrounds from other DT, D° and
continuum sources are limited to less than 0.4, 0.4 and 1.2 events at 90% confidence level,
respectively. To account for possible backgrounds from these sources we add them as 32%
confidence level (1) values in quadrature for a positive error and therefore add an additional
08 event systematic error. Systematic errors on the 77 7° and 7v backgrounds arise from
errors in the branching fraction and are already included in the estimate.
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FIG. 5: MM? using D~ tags and one additional opposite sign charged track and no extra energetic
showers (see text). The insert shows the signal region for D* — ptv enlarged; the defined signal
region is shown between the two arrows.

VI. BRANCHING RATIO AND DECAY CONSTANT

We have 47.147.17%2 ;+v signal events after subtracting background. In our sample of
158,354 signal tags. The detection efficiency for the single muon of 69.4.c% includes the
selection on MM? within 20 limits, the tracking, the particle identification and probability
of the crystal energy being less than 300 MeV. It does not include the 96.3% efficiency of
not having another unmatched shower in the event with energy greater than 250 MeV. This
efficiency is determined from the data presented in Table II. The systematic errors on the
branching ratio are listed in Table IV.

Our result for the branching fraction is

B(D" — pfv,) = (4.45 £ 0.671032) x 107* . (6)

The decay constant fp+ is then obtained from Eq. (1) using 1.040 ps as the D7 lifetime
and 0.225 as |V4| [11]. Our final result is

fo+r = (223 £ 167]) MeV . (7)

10
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FIG. 6: The MM? from events with a single D° tag and the other D decaying into two tracks, most
likely D° — K~ 7", where the kaon is ignored.

Mode B (%) # of events
mtme 0.13£0.02 1.40+0.18
Knt 2.7740.18 0.4440.44
Tty 2.65 % B(D+ — /fry) 1.0840.15
Other D' modes 0

D° modes 0
Continuum 0

Sum 2.92+0.50

TABLE III: Backgrounds from all sources

VII. SEARCH FOR D" — eTv,

We use the same tag sample. We identify the electron using a match between the momen-
tum measurement in the tracking system and the energy deposited in the Csl calorimeter as
well as insuring that the shape of the energy distribution among the crystals is consistent
with that expected for an electromagnetic shower. Other cuts remain the same. We don’t
find any candidates allowing us to set a limit

B(D" — ety,) <24 x107° . (8)

VIII. CONCLUSIONS

We significantly improved our previous result and now report on five times our previous

data. The errors, both statistical and systematic have been reduced by more than a factor
of two.

11



Systematic errors (%)

MC statistics 0.4
Track finding 0.7
PID cut 1.0
MM? width 1.0
Minimum ionization cut 1.0
Number of tags 0.3
Extra showers cut 0.6
Total 2.0

TABLE IV: Systematic errors on the DT — p*v, branching ratio.

The branching fraction is
B(Dt — uty,) = (4.45 £ 0.677033) x 1074, (9)

and the decay constant is
for = (223 £ 161]) MeV . (10)

Our results are consistent with our previous result [16] as well other attempts to measure
the decay constant from Mark III [20] and BES [23].

Our result for fp+, at the current level of precision, is consistent with predictions of lattice
QCD and models listed in Table V.

Model for MeV) fpi/fp+
Lattice QCD (Fermilab and MILC) [2] 22571 4 21 1.17 & 0.06 + 0.06
Quenched Lattice QCD (UKQCD) [3] 210+ 10717 1.13 + 0.027003

Quenched Lattice QCD [4] 211 4 1479, 1.10 £ 0.02
QCD Spectral Sum Rules [6] 203+20 1.154+0.04
QCD Sum Rules [7] 195 £ 20

Relativistic Quark Model [8] 243+£25 1.10
Potential Model [5] 238 1.01
Isospin Mass Splittings [9] 262 + 29

TABLE V: Theoretical predictions of fp+ and fp,+/fp+

The models generally predict fp+ to be 10-15% larger than fp+. CLEO previously mea-
sured fp+ as (280 £19 428 £ 34) MeV [24], and we are consistent with these predictions as
well.

Some non-standard models predict significant rates for the helicity suppress decay Dt —
e [25]. Our upper limit of 2.4 x 107 at 90% c.l. restricts these models.

12
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