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Measurement of D; — 7 v, and
a new limit for B~ — 77 7,.
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Abstract

Using a data sample of 1,475,000 Z — qq(v) events collected during 1994 with
the L3 detector at LEP, we have studied the purely leptonic decays of heavy flavour
mesons, DI — 777, and B~ — 777,. A signal is observed in the invariant mass
distribution M(yD;) corresponding to the decay sequence D~ — D7, D; —
T V;, T — l"1v,. The branching fraction for D; — 7~ v, decays is measured to
be B(D; — 7 ,) = 0.074 £ 0.028(stat) 4+ 0.016(syst) £ 0.018(norm). No signal of
B~ — 771, decays is observed in the data, corresponding to an upper limit on the
branching fraction B(B~ — 7777,;) < 5.7 x 10™* at 90% CL.
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1 Introduction

Purely leptonic decays of heavy mesons are of particular interest due to their sensitivity to
meson decay constants, which relate the absolute rate of various heavy-flavour transitions to
CKM matrix elements. There exist several theoretical predictions for the decay constants fp,
fp, and fg [1]; the agreement between the different approaches, however, is not very good.
Therefore, the measurement of the Cabibbo-favoured process D, — ¢ 1y, the easiest to
access experimentally, can help discriminate among the different theoretical models.

In the Standard Model the width of the decay D; — ¢~ 7, is predicted to be
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where Gy is the Fermi coupling constant, Mp_ and M, are the particles masses, fp_ is the decay
constant and V. is the CKM matrix element.

Measurements of the leptonic decays Dy — =7, have been reported by several experiments
[2-4]. The observation of D, — 7~ 1, decays has been reported by BES [5]. The branching
fraction B(D; — 7 1;) is expected to be 0.0485 x (fp,/250 MeV)? according to Equation 1.
Since fp, is expected to be in the range 200-300 MeV, this decay could be accessible at LEP.

Similarly, within the Standard Model, the branching fraction B(B~ — 77 7,) is expected to
be ~ 0.5 x 107 for fg = 190 MeV and |V,| = 0.003. Nevertheless, in models with two Higgs
doublets, it can be significantly larger due to the contribution of charged Higgs bosons [6]. The
enhancement factor depends on the model parameters, in particular on the ratio of the vacuum
expectation values for the Higgs fields, tan(, and on the mass of the charged Higgs boson, My=.
No evidence for such an enhancement has been reported by experiments |7, 8].

In this paper we present a measurement of B(D; — 77 7;) from the analysis of the fragmen-
tation and decay chain Z — cc, ¢ — D}~ followed by D™ — vD;, Dy =7 v,, 77 = ..
We also present the result of a search for B- — 77 v,.
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2 Data Sample

The data were collected in 1994 by the L3 detector at LEP. The integrated luminosity is
49.6 pb~! corresponding to a sample of 1,475,000 Z — qq(7y) events at the centre of mass
energy 91.2 GeV.

The L3 detector is described in Reference [9]. Briefly, the ete™ collision point is surrounded
by a precision silicon vertex detector, a time-expansion tracking chamber, a high resolution
electromagnetic calorimeter, a cylindrical shell of scintillation counters, a hadron calorimeter,
and a muon chamber system. The detector is installed in a large solenoidal magnet providing
a 0.5 Tesla field.

For the background study a Monte Carlo sample of 3,261,500 ee™ — Z(y) — qq decays
was generated with all quark flavours. For the efficiency studies 2500 D; — 7~ followed by
7~ — "y, decays and 1500 B~ — 771, decays were generated. The JETSET 7.4 Monte
Carlo generator [10] was used to produce all these events. The Monte Carlo events are fully
simulated in the L3 detector using the GEANT 3.15 program [11], which takes into account
the effects of energy loss, multiple scattering and showering in the detector. The GHEISHA
program [12] is used to simulate hadronic interactions in the detector materials.

UThe charge conjugate decays are understood to be included throughout the paper
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The analysis is restricted to hadronic Z decays with Ny.qas > 7 and with a large transverse
energy imbalance (E; /E.;s > 0.25). The number of events satisfying these preselection cuts is
33417. The sample consists mostly of Z — c¢ (22.5%) and Z — bb (66.2%) events where one of
the leading heavy flavour hadrons decays semileptonically.

3 Reconstruction technique

To illustrate the reconstruction procedure, D; — 7, decays followed by 7= — "D, are
considered. The signature of these decays is a lepton and large missing energy in one hemisphere
of the event. For the reconstruction of B~ — 777, decays, a similar technique is used, with
vertex requirements specific to B-meson decays.

The particle identification is done independently in the two hemispheres separated by a
plane perpendicular to the thrust axis of the event. It is based upon the energy distribution
in the electromagnetic and hadron calorimeters with respect to the trajectory of the charged
track, as described in Reference [13]. The decay products of D; comprise three neutrinos and a
charged lepton. The energy and direction of the D is reconstructed using energy-momentum
conservation:

ﬁD; = = Z Pi (2)

i#lepton
Ep: = Vs— > Ei. (3)
i#lepton

The summation is done over all detected particles in the event: charged and neutral hadrons,
photons and leptons, except the lepton taken to be a 7 decay product.

The energies of all reconstructed particles (Eft) are then varied in the kinematic fit to
minimise their combined deviations from the experimentally measured values

(E}:it _ Eimea,s)Q
= 5 : (4)
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under the constraint \/E?  — f’ZD_ = Mp_, where the fitted values are used in Equations 2-3.

This procedure yields an energy resolution for the D mesons of about 3.0 GeV, slightly de-
pendent on the energy, and an angular resolution of 60 mrad, as estimated using the Monte
Carlo sample of D, — 7 v, decays.

Extensive studies using a data sample of hadronic Z decays with high energy photons (E, >
20 GeV) in the final state have been carried out to verify the detector performance. The
identified photon is excluded from the reconstruction and its energy and direction are defined
from the hadronic system using the constraint E, = P, in the fit (Equation 4). The energy and
angular resolutions estimated in this way are found to agree well (Fig. 1) between data and
Monte Carlo.

4 Analysis of D = 771,

Selection of the decay chain D}~ — yD,, Dy — 7 v,, 7 — [ v, requires a combination
of lepton, photon and missing energy in one of the event hemispheres. Other particles in the
same hemisphere are assumed to be fragmentation products and are used to reconstruct Ep,-
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from the kinematic fit described in the previous section. The preselection described earlier
leaves only 26% of the signal decays in the data sample under consideration. This is due to the
transverse energy imbalance cut aimed to select hadronic events with high energy neutrinos.

Events are then selected with a well identified muon or electron in the least energetic event
hemisphere. All the other tracks in the same hemisphere are required to point to the primary
vertex within 30 of the spatial resolution, in the plane perpendicular to the beam direction.
The primary interaction point is not reconstructed on an event-by-event basis; the average
beam position is used instead. The transverse size of the beam (ranging from 25 to 130 um,
depending on azimuthal angle) is accounted for in the definition of the spatial resolution.

The preselection cuts along with the requirement of a lepton in the less energetic hemisphere
suppress to a negligible level the background from the decays Z — ui, dd, s§ and from hadronic
decays of charm and beauty hadrons. However, the background from semileptonic decays is still
very large. The requirement Ep- > 30 GeV significantly suppresses semileptonic background,
since the fitting procedure (Equation 4) substantially underestimates the momentum of heavy
hadrons decaying semileptonically. This is due to hadronic decay products that are considered
to come from the fragmentation. This requirement is one of the most important in the analysis,
despite a significant loss in the signal selection efficiency which is estimated to be 7.3% at this
stage. To eliminate misreconstructed signal and background events, the identified lepton is
required to have a momentum in the D_ rest frame below 2 GeV.

Selected D candidates are then combined with photons in the same hemisphere. For the
selected events the typical photon momentum from D}~ — D decays is harder than the
momentum of photons from 7° decays. In order to suppress the combinatorial background, the
photon energy is required to be in the range from 3 GeV to 5 GeV. This cut significantly reduces
the signal detection efficiency (to 2.0%), nevertheless it is vital to suppress the background which
dominates at lower photon energies (Figure 2). In addition it is required that the photon must
not form a 7° with any other photon of energy greater than 0.1 GeV.

In semileptonic D decays, which constitute a significant fraction of the remaining back-
ground, the most energetic particle in the same hemisphere, with a charge opposite to that of
the lepton, usually originates from the D decay. On average this particle is more energetic than
fragmentation particles. Therefore, to suppress further the background from D semileptonic
decays, the energy of the most energetic charged particle with a charge opposite to that of the
lepton must be smaller than 3 GeV. The rejected background events show no excess in the
signal region (Fig. 3). A typical candidate event for the decay chain D!~ — yD;, Dy — 7 7,
T~ — Vv, is presented in Figure 4.

The distribution of the M(yD; ) for the events satisfying the selection criteria is shown in
Figure 5, along with the expected background and fitted signal. A binned maximum-likelihood
fit is used to extract the number of D~ — Dy, D; — 777, decays. The background
shape and normalisation are fixed in the fit to the Monte Carlo prediction. In the peak region
(M(yD;) < 2.3 GeV) there are 35 muon and 12 electron candidates in the data, in agreement
with the Monte Carlo expectations (the efficiency for 7= — e Dv, is 2.5 times lower than
the efficiency for 7= — p~,v,). The invariant mass resolution is estimated to be 52 MeV /c¢?
for the selected combinations of D and 7. There are several sources which contribute to the
signal. The dominant one is D}~ — yD;, Dy — 7 1;; it amounts to 81% of the signal. The
fit yields N = 15.6 £6.0 for the number of these decays. The remaining 19% of the signal come
from D!~ — 7D;, Dy — p v, decays as estimated from the partial decay width (Equation 1)
and from the corresponding selection efficiency for this decay mode. A contribution from
D*~ = D 7%/y, D™ — u~, and D~ — 771, is estimated to be negligible (0.16 decays using



‘ Source | AN |

resolution function 1.6
Systematics efficiency (statistics) 2.5
efficiency (fragmentation) 1.6
background (branching fractions) | 0.5
background (fragmentation) 0.6
B(D:~ — 7°D;) 0.3
Subtotal AN 3.4
Normalisation D?/Dy fraction 2.4
D;/c fraction 2.8
Subtotal AN 3.7

Table 1: Summary of the systematic uncertainties in the fitted number (N = 15.6 6.0 (stat) )
of signal decays.

Equation 1 and assuming f, = 250 MeV).

Systematic errors on the number of signal decays arise from uncertainties in the detector res-
olution functions, background normalisation, the fragmentation functions and uncertainties in
the Df/Dg and Dg/c fractions. The uncertainty in the detector resolution function is estimated
from the Z — qq(7) study (Fig. 1). The branching fractions of the most important background
channels (D — (,K°X) are varied according to the uncertainties in the PDG values for these
decay modes [14]. The change in the c-quark fragmentation function (< X§ >= 0.49 & 0.01)
affects signal efficiency and, to a lesser extent, background contamination. The uncertainty in
the b quark fragmentation function (< X5 >= 0.70 + 0.01) contributes to the uncertainty in
the background contamination.

The overall efficiency for the studied decays (the fragmentation process ¢ — DI~ fol-
lowed by the decay sequence DI~ — D, Dy — 777, 7° — [“pv,) is calculated to
be n = 0.017 £ 0.003(stat) from the Monte Carlo simulation. It is reduced by (4 £ 2)%
to account for the measured branching fraction for the isospin violating decays B(Di~ —
m°D;) = 0.062 T0058 4+ 0.022 [15]. The Standard Model prediction for the branching frac-
tion B(Z — c¢) = 0.1724 is used [16]. The branching fraction ¢ — D}~ is estimated to be
0.071 £ 0.017 in the analysis. This is based on the the fraction of D produced in the c-quark
fragmentation, which is calculated to be 0.11 £0.02 from the measurements [17-20]; and on the
fraction D}~ /D, which is estimated to be 0.65 £ 0.10 in agreement with the available indirect
measurements [3,21] and spin considerations. The latter two uncertainties are referred to as
normalisation errors. A summary of the systematic errors is given in Table 1. When combining
the systematic errors, all sources are assumed to be independent.

Finally, the branching fraction for D — 777, is determined to be

B(D; — 77 v,) = (7.44 2.8(stat) £ 1.6(syst) = 1.8(norm) ) % , (5)

where the first error includes data and MC statistics, the second one represents experimental
systematic uncertainties and the third one is due to normalisation uncertainties.



5 Search for B~ —» 771,

Selection of the fragmentation and decay chain Z — bb, b — B~ — 777, 7= — X"v; is
based on the following requirements: a track from 7 decay that does not point to the primary
vertex; low multiplicity in one event hemispheres and large missing energy.

First, a 7 decay candidate is selected in the least energetic event hemisphere. The decay is
identified by the presence of a lepton or hadron of at least 1 GeV momentum [13]. The associated
track is required to be at least 40 away from the primary vertex in the plane perpendicular
to the beam direction. This particle is not used in the kinematic fit for the B~ energy and
direction. The reconstructed energy of the B~ must exceed 30 GeV. This latter requirement
significantly reduces the background from semileptonic decays.

All other tracks in the same hemisphere are required to have momenta smaller than 2 GeV
and to be consistent with the primary vertex within 30 in the transverse plane. In order to
suppress background from the semileptonic decays involving K°, which are not measured well
and sometimes lead to a significant energy loss, no neutral hadron clusters with energy greater
than 0.5 GeV are allowed in the 0.5 rad half-angle cone around the reconstructed B~ direction.
In addition, events with extra identified leptons in the less energetic hemisphere are rejected.

The energy spectrum of the selected leptons is presented in Figure 6. The signal, corre-
sponding to B(B~ — 777,;) = 1073, is shown for illustration. The background shape (shaded
area) is mostly due to the selection cuts, which require a very energetic B~ and low accompa-
nying hadronic energy, and thus lead to preferential selection of high energy leptons from the
semileptonic decays. On the other hand, for genuine B~ — 77, decays, the selection efficiency
is fairly constant in the energy range from 1 to 10 GeV. It is important to note that due to
the 7 polarisation, P, = +1, in the B — 777, decays, leptons from 7 decays are expected to
populate preferentially the low energy region.

In the case of hadronic 7 decays, further discrimination is required from the semileptonic
background, which, at this point, consists mostly of semileptonic B decays with low energy
leptons (<1GeV) and high energy neutrinos. Two additional variables are used to distinguish
between signal and background. These variables are the invariant mass and energy of all the
particles, except the 7 decay product, in the 0.5 rad half-angle cone around the reconstructed
B~ direction. Figure 7 shows the corresponding distributions. The cut on the invariant mass
(<1.2 GeV) is indicated in Figure 7a.

The data agree with MC background expectations both for the leptonic and hadronic sam-
ples. The likelihood function, used to calculate the upper limit on the number of B~ — 777,
decays, accounts for data and Monte Carlo statistics, and uses the data distributions presented
in Figures 6 and 7b. The dependence of the likelihood function on the number of signal events
is shown in Figure 8. The upper limit on the number of events due to the contribution from
B~ — 71, decays is Ng- ,,—,_ < 3.8 at 90% CL.

The overall efficiency for the studied decay is estimated to be n = 0.028 +0.005 from Monte
Carlo simulation. The branching fraction for b — B~ is taken to be 0.382 £ 0.025 [14]. Using
the Standard Model prediction for the branching fraction B(Z — bb) = 0.2156, the following
upper limit is obtained

BB~ — 770,) <57x 107" at 90% CL . (6)

The analysis of the systematic uncertainties is similar to the one discussed in the previous
section. An additional systematic error, which is due to the polarisation of 7 leptons in B~ —
7~ U, decays is estimated by reweighting the energy spectra of leptons and hadrons from 7
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decays. The net effect is estimated to be small (~ 5%) since the efficiencies of the leptonic and
hadronic channels are strongly anti-correlated.

6 Conclusion

A signal is observed in the invariant mass distribution M(yDy ), corresponding to the decay
chain D~ — yD;, D, — 7 v,. The branching fraction is measured to be

B(D; — 77 v,) = 0.074 £ 0.028(stat) &+ 0.016(syst) £ 0.018(norm) .
This allows a determination of the decay constant fp,-
fp- = 309 & 58(stat) & 33(syst) & 38(norm) MeV

using Equation 1 and the PDG values for -, Mp,- and Vi [14]. The first two errors are
statistical and systematic and the third one represents the normalisation uncertainty due to the
unknown branching fraction ¢ — D;T. This result is compatible with other recent measurements
of fr- [2-5].

No evidence for B~ — 777, is seen in the data, yielding the upper limit

BB~ — 77 r,) <57x107" at 90% CL .

This result improves previously published limits [7,8].
Assuming fg = 190 MeV and using Vy;, = 0.0033 £ 0.0008 [22], the following constraint is
obtained:

tan/

0.38 at 90% CL
Mot < at 90%

This approaches the best limits on tan3 and Mg+ from the proton stability experiment [23]
and from measurements of the b — sy transition [24].
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Figure 1: Study of the resolution functions using the control sample of Z — qq(y) events: a)
polar angle resolution; b) azimuthal angle resolution; ¢) energy resolution. The quoted numbers
correspond to the Gaussian fit.
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Figure 3: Invariant mass distributions, M(yD;"), for two data samples ( a) and b)) corresponding
to two energy ranges of the most energetic particle with a charge opposite to that of the lepton.
Photon energy is required to exceed 2.5 GeV. The hatched histogram represents Monte Carlo
estimates for the background.
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Figure 4: A candidate for the decay D;~ — yD;, Dy — 77 v,;, 7 — p v,. The invariant
mass of the YD system is found to be M(yD; ) = 2.13 GeV.
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Figure 5: The invariant mass distribution, M(yD; ), for the selected events. The hatched
histogram represents Monte Carlo estimates for the background, the open histogram shows the
fitted signal.
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Figure 6: Lepton energy spectrum for the selected B~ — 777, 77 — [~ v, candidates. The
hatched histogram represents the background, the open histogram shows the signal contribution
assuming B(B~ — 77 r,) = 1073.
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Figure 7: Selected candidates for the decay chain B~ — 77 7,, 77 — v X}aq,- The distributions
of the invariant mass (a) and total energy (b) for all particles, but identified charged tau
decay product, in the 0.5 rad half-angle cone around the reconstructed B~ direction. The
hatched histogram represents the background, the open histogram shows the signal contribution
assuming B(B~ — 77 7,) = 107%. Figure 7b shows only events satisfying the cut indicated on
Figure 7a.
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