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Abstract

Using a data sample of 1475000 Z — qq(y) events collected during 1994 with the L3 detector at LEP, we have studied
the purely leptonic decays of heavy flavour mesons, Dy — 7~ 5, and B~ — 77 5.. A signal is observed in the invariant
mass distribution M(yD;”) corresponding to the decay sequence D~ — yDs , Dy — 775, 7~ ~— !~ 5w;. The branching
fraction for D7 — 777, decays is measured to be B(D;” — 7~ #;) = 0.074 & 0.028(stat) + 0.016(syst) & 0.018(norm).
No signal of BT — 775, decays is observed in the data, corresponding to an upper limit on the branching fraction
B(B™ — 77 5,) <5.7x 107* at 90% CL. © 1997 Elsevier Science B.V.

1. Introduction

Purely leptonic decays of heavy mesons are of par-
ticular 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 de-
cay constants fp, fp, and fg [1]; the agreement be-
tween the different approaches, however, is not very
good. Therefore, the measurement of the Cabibbo-
favoured process ' D" — £~ 7, the easiest to access
experimentally, can help discriminate among the dif-
ferent theoretical models.

In the Standard Model the width of the decay D, —

¢~ Py is predicted to be

GE £, [Ves|” M2 Mp,

I(D; — " 5) =
; 87
2
< (1 —%)2, (1)
D.\
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throughout the paper

where Gr is the Fermi coupling constant, Mp, and M,
are the particles masses, fp_ is the decay constant and

Vs 1s the CKM matrix element.
Measurements of the leptonic decavs DS~ —u” 1‘;;‘.

ALQOLILINEIRS U2 WL GG CLLay

have been reported by several experiments [2-4]. The
observation of D — 777, decays has been reported
by BES [5]. The branching fraction B(D; — 77 7,)
is expected to be 0.0485 x (fp,/250 MeV)? according
to Eq. (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 branch-
ing fraction B(B™ — 77 9,) 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 B, 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;” —
7~ ;) from the analysis of the fragmentation and de-
cay chain Z — c¢, ¢ — D}~ followed by D}~ —
vD, Dy — 775, 77 — [ 7w,. We also present the
result of a search for B~ — 777,

2. Data sample

The data were collected in 1994 by the L3 detector
at LEP. The integrated luminosity is 49.6 pb~! corre-
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sponding to a sample of 1475000 Z — qq(y) events
at the centre of mass energy 91.2 GeV.

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

For the background study a Monte Carlo sample of
3261500 eTe” — Z(y) — q decays was generated
with all quark flavours. For the efficiency studies 2500
D; — 77, followed by 7~ — 7 #w, decays and
1500 B~ — 777, decays were generated. The JET-

SET 7.4 Monte Carlo generator [ 10] was used to pro- .

duce 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 sim-
ulate hadronic interactions in the detector materials.

The analysis is restricted to hadronic Z decays with
Niacks > 7 and with a large transverse energy imbal-
ance (E /Eyis > 0.25). The number of events satisfy-
ing these preselection cuts is 33417. The sample con-
sists mostly of Z — ¢ (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~ — [~ 7;v, 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 perpen-
dicular 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 Ref. [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:

PDS‘=_ Z p;, (2)

i#lepton

Ep-=v5— Y 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 prod-
uct.

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

(Eﬁt_EmeaS)Z
X'= Z ' o2 l ’ 4
i#lepton Efes

under the constraint E2 P2D =My, where the

fitted values are used in Eqs (2), (3). This procedure
yields an energy resolution for the D" mesons of about
3.0 GeV, slightly dependent on the energy, and an
angular resolution of 60 mrad, as estimated using the
Monte Carlo sample of Dy — 77 5, 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 de-
tector performance. The identified photon is excluded
from the reconstruction and its energy and direction
are defined from the hadronic system using the con-
straint Ey =Py in the fit (Eq. (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; — 777,

Selection of the decay chain D}~ — yD;, D] —
77V, 77 — 7P, requires a combination of lepton,
photon and missing energy in one of the event hemi-
spheres. Other particles in the same hemisphere are
assumed to be fragmentation products and are used to
reconstruct Ep,- from the kinematic fit described in
the previous section. The preselection described ear-
lier leaves only 26% of the signal decays in the data
sample under consideration. This is due to the trans-
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Fig. 1. Study of the resolution functions using the control sample of Z — qg(y) events: a) polar angle resolution; b) azimuthal angle
resolution; ¢) energy resolution. The quoted numbers correspond to the Gaussian fit.

verse 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 3o of the spa-
tial resolution, in the plane perpendicular to the beam
direction. The primary interaction point is not recon-
structed on an eveni-by-event basis; the average beam
position is used instead. The transverse size of the
beam (ranging from 25 to 130 um, depending on az-
imuthal 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 de-
cays Z — uil, dd, s3 and from hadronic decays of
charm and beauty hadrons. However, the background
from semileptonic decays is still very large. The re-
quirement ED; > 30 GeV significantly suppresses
semileptonic background, since the fitting procedure
(Eg. (4)) substantially underestimates the momen-
tum 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 mis-
reconstructed signal and background events, the iden-
tified 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 70 decays. In order to suppress the combinato-
rial 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%), nev-
ertheless it is vital to suppress the background which
dominates at lower photon energies (Fig. 2). In addi-
tion 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 sig-
nificant fraction of the remaining background, the
most energetic particle in the same hemisphere, with
a charge opposite to that of the lepton, usually orig-
inates from the D decay. On average this particle is
more energetic than fragmentation particles. There-
fore, 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 re-
gion (Fig. 3). A typical candidate event for the decay
chain D}~ — yD, Dy — 779,77 — uT Py is
presented in Fig. 4.

The distribution of the M(yD_ ) for the events sat-
isfying the selection criteria is shown in Fig. 5, along
with the expected background and fitted signal. A
binned maximum-likelihood fit is used to extract the
number of D}~ — yD;, D — 77 ¥, decays. The
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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~
€™ Do, is 2.5 times lower than the efficiency for r— —
p~Puv,). The invariant mass resolution is estimated
to be 52 MeV /c? for the selected combinations of D
and y. There are several sources which contribute to
the signal. The dominant one is D; ~ — yD‘ D; —

e a4 smal

77 P, 1t amountis {0 81% of the blgual The fit ylclub
N = 15.6 £ 6.0 for the number of these decays. The

remaining 19% of the signal come from D}~

Dy — wu~ P, decays as estimated from the partial
decay width (Eq. (1)) and from the corresponding
selection efficiency for this decay mode. A contribu-
tion from D*~ — D~ 7%/y, D~ — u~ %, and D~ —

T, is estimated to be negligibie (0.16 decays using
Eq. (1) and assuming fp = 250 MeV).

Systematic errors on the number of signal decays

arise from uncertainties in the detector resolution

—

— vD,
& 5’

functions, background normalisation, the fragmen-
tation functions and uncertainties in the D} /D and
D; /c fractions. The uncertainty in the detector resolu-
tion function is estimated from the Z — qg(y) study
(Fig. 1). The branching fractions of the most impor-
tant 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 ((Xg) = 0.49 £ 0.01) affects
signal efficiency and, to a lesser extent, background

st nn o Al e nAnstaints 1arly fraco

conaminanioii. Thc 'duucuaiuty’ lll l.hG l{ua.ll\ 1ag-
mentation function ({X%) = 0.70 & 0.01) contributes
to the uncertainty in the background contamination.
The overall efficiency for the studied decays (the
fragmentation process ¢ — D ~ followed by the decay
sequence D™ — yD, D7 — 775, 77 — [T ;)
is calculated to be n = 0.017 £ 0.003(stat) from the
Monte Cario simuiation. it is reduced by (4 = 2)%
to account for the measured branching fraction for
the isospin violating decays B(D?~ — #°D;) =
0.062 t992010.022 [ 15]. The Standard Model predic-
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Fig. 3. Invariant mass distributions, M(yDy ), for two data sam-
ples (a) and b)) corresponding to two energy ranges of the most
energetic particle with a charge opposite to that of the lepton. Pho-
ton energy is required to exceed 2.5 GeV. The hatched histogram
represents Monte Carlo estimates for the background.

tion for the branching fraction B(Z — ct) = 0.1724
is used [ 16]. The branching fraction ¢ — D} is esti-
mated to be 0.071+0.017in 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;~ /Dy, which is estimated to be 0.65 & 0.10 in
agreement with the available indirect measurements
[3,21] and spin considerations. The latter two un-
certainties 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 p,) = (7.4+2.8(stat)
+ 1.6(syst) £+ 1.8(norm) ) %, (5)

where the first error includes data and MC statistics,

Run# 628203 Event# 919

P, =5.17 GeV Ef =330 GeV

Fig. 4. A candidate for the decay Dy~ — yD;, Dy — 775,
T~ — u” Py The invariant mass of the yDg system is found to
be M(yDg ) =2.13 GeV.

20

+ Data

15 (] D>, uv
V7] Background

Decays / 40 MeV

2 22 24 26 28 3
M(D,) (GeV)
Fig. 5. The invariant mass distribution, M(yDy ), for the selected

events. The hatched histogram represents Monte Carlo estimates
for the background, the open histogram shows the fitted signal.

the second one represents experimental systematic
uncertainties and the third one is due to normalisation
uncertainties.
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Table 1
Summary of the systematic uncertainties in the fitted number (N =
15.6 + 6.0 (stat) ) of signal decays

Source AN
systematics resolution function 1.6
efficiency (statistics) 2.5
efficiency (fragmentation) 16
background (branching fractions) 05
background (fragmentation) 0.6
B(D;™ — 7'D;") 0.3
subtotal AN 34
normalisation D; /Dy fraction 24
D;/c fraction 2.8
subtotal AN 3.7

5. Search for B~ — 777,

Selection of the fragmentation and decay chainZ —
bb,b — B~ — 77 #,, 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 en-
ergetic 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 par-
ticle is not used in the kinematic fit for the B~ en-
ergy and direction. The reconstructed energy of the
B~ must exceed 30 GeV. This latter requirement sig-
nificantly 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 con-
sistent with the primary vertex within 3¢ in the trans-
verse plane. In order to suppress background from the
semileptonic decays involving K%, which are not mea-
sured 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 addi-
tion, events with extra identified leptons in the less
energetic hemisphere are rejected.

The energy spectrum of the selected leptons is
presented in Fig. 6. The signal, corresponding to
B(B~ — 77#,) = 1073, is shown for illustration.

+ Data
51 [] B>t (BR=10"7) ;

background

Decays /4 GeV
W

-
.

2%/%////////%%

0o 4 8 12 16 20
B,y (GeV)

Fig. 6. Lepton energy spectrum for the selected B~ — 77 i,
T~ — 7 b, candidates. The hatched histogram represents the
background, the open histogram shows the signal contribution
assuming B(B~ — 77 5;) = 1073,

The background shape (shaded area) is mostly due
to the selection cuts, which require a very energetic
B~ and low accompanying hadronic energy, and thus
lead to preferential selection of high energy leptons
from the semileptonic decays. On the other hand, for
genuine B~ — 779, 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 polari-
sation, P; = +1, in the B~ — 775, decays, leptons
from 7 decays are expected to populate preferentially
the low energy region.

In the case of hadronic 7 decays, further discrimi-
nation is required from the semileptonic background,
which, at this point, consists mostly of semileptonic B
decays with low energy leptons (<1 GeV) 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 = decay product, in the 0.5 rad
half-angle cone around the reconstructed B~ direc-
tion. Fig. 7 shows the corresponding distributions. The
cut on the invariant mass (<1.2 GeV) is indicated in
Fig. 7a.

The data agree with MC background expectations
both for the leptonic and hadronic samples. The like-
lihood function, used to calculate the upper limit on
the number of B~ — 7~ P, decays, accounts for data
and Monte Carlo statistics, and uses the data distribu-
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Fig. 7. Selected candidates for the decay chain B~ — 770y,
7= — vXpagr. The distributions of the invariant mass (a) and
total energy (b) for all particles, but identified charged tau de-
cay product, in the 0.5 rad half-angle cone around the recon-
structed B~ direction. The hatched histogram represents the back-
ground, the open histogram shows the signal contribution assum-
ing B(B™ —» 77 97) = 10~3. b) shows only events satisfying the
cut indicated in a).

90% CL

Likelihood

2 4
N(B—1v)
Fig. 8. Probability density as a function of the number of
B~ — 7~ P, events. An upper limit at 90% confidence level cor-
responds to 3.8 events.

tions presented in Figs. 6 and 7b. The dependence of
the likelihood function on the number of signal events
is shown in Fig. 8. The upper limit on the number of
events due to the contribution from B~ — 77, de-
cays is Ng-_,,—5, < 3.8 at 90% CL.

The overall efficiency for the studied decay is esti-
mated to be 7 = 0.028 £0.005 from Monte Carlo sim-
ulation. The branching fraction for b — B~ is taken
to be 0.382 4 0.025 [ 14]. Using the Standard Model
prediction for the branching fraction B(Z — bb) =
0.2156, the following upper limit is obtained

B(B~ — 77 9,) <5.7x107* at 90% CL. (6)

The analysis of the systematic uncertainties is simi-
lar to the one discussed in the previous section. An
additional systematic error, which is due to the po-
larisation of 7 leptons in B~ — 777, decays is esti-
mated by reweighting the energy spectra of leptons and
hadrons from 7 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 distri-
bution M{(yD; ), corresponding to the decay chain
D~ — yD;, D; — 7~ #,. The branching fraction is
measured to be

B(D; — 77 #;) =0.074 + 0.028(stat)
+0.016(syst) = 0.018(norm) .

This allows a determination of the decay constant
fp-:

fD; =309 + 58(stat)
+ 33(syst) = 38(norm) MeV,

using Eq. (1) and the PDG values for T MD; and
V.s [14]. The first two errors are statistical and sys-
termnatic and the third one represents the normalisation
uncertainty due to the unknown branching fraction
¢ — D!*. This result is compatible with other recent
measurements of f; - [2-5].

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

B(B~ — 77 9,) <5.7x107* at 90% CL.
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This result improves previously published limits
[7.8].

Assuming fg = 190 MeV and using V,, = 0.0033 +
0.0008 1221 the following constraint is obtained:

vvvvvv L&& gy S0 JVRLOWRLNE VWV 1o VUKW

anf .38 at90% CL.
MH:!:

This approaches the best limits on tan 8 and My«
from the proton stability experiment [23] and from
measurements of the b — sy transition [24].
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