
EISEVIER 

PHYSICS LETTERS B 

Physics Letters B 350 (1995) 273-282 

An improved measurement of the Bf lifetime 

OPAL Collaboration 

R. Akers O, G. Alexander “, J. Allison O, K. Ametewee x, K.J. Anderson i, S. Arcelli b, S. Asai w, 
D. Axenab, G. Azuelos qvl A.H. Ballp, E. Barberio Y, R.J. Barlow O, R. BartoldusC, 

J.R. Batley e, G. Beaudoin 4, A. Beck “, G.A. Beck m, C. Beeston O, T. Behnke ‘, K.W. Bell ‘, 
G. Bella’, S. Bentvelsen h, P. Berlichj, S. Bethke”, 0. Biebelae, I.J. Bloodwortha, P. Bockk, 
H.M. Bosch k, M. Boutemeurq, S. Braibant ‘, P. Bright-Thomas ‘, R.M. Brown ‘, A. Buijs h, 
H.J. Burckhart h, R. Btirgin j, C. Burgard z, N. Capdevielleq, I? Capiluppi b, R.K. Carnegie f, 
A.A. &term, J.R. Cartere, C.Y. Changp, C. Charlesworth’, D.G. Charltonay2, S.L. Chud, 

P.E.L. Clarke”, J.C. Claytona, S.G. Clowes O, I. Cohen “, J.E. Conboy n, O.C. Cooke O, 
M. Cuffiani b, S. Dado u, C. Dallapiccolap, G.M. Dallavalle b, C. Darling ad, S. De Jong e, 

L.A. de1 Pozo h, H. Deng p, M. Dittmar d, M.S. Dixit s, E. do Couto e Silva!, J.E. Duboscq h, 
E. Duchovniy, G. Duckeckh, I.P. DuerdothO, UC. Dunwoodye, J.E.G. EdwardsO, 

P.A. Elcombe e, PG. Estabrooks f, E. Etzion “, H.G. Evans i, F. Fabbri b, B. Fabbro t, M. Fanti b, 
P. Fath k, M. Fierro b, M. Fincke-Keeler =, H.M. Fischer c, P. Fischer c, R. Folman Y, 

D.G. Fong P, M. Foucher P, H. Fukui w, A. Ftirtjes h, P. Gagnon f, A. Gaidot t, J.W. Gary d, 
J. Gascon 4, N.I. Geddes s, C. Geich-Gimbel c, S.W. Gensler i, F.X. Gentit t, T. Geralis ‘, 

G. Giacomelli b, P. Giacomelli d, R. Giacomelli b, V. Gibson e, W.R. Gibson m, J.D. Gillies ‘, 
J. Goldberg ‘, D.M. Gingrich ac,l, M.J. Goodrick e, W. Gorn d, C. Grandi b, E. Gross Y, 

J. Hagemann ‘, G.G. Hanson [, M. Hansroul h, C.K. Hargrove s, PA. Hart i, M. Hauschild h, 
CM. Hawkes h, E. Heflin d, R.J. Hemingway f, G. Herten j, R.D. Heuer h, J.C. Hill e, 

S.J. Hillierh, T. Hilsej, P.R. HobsonX, D. HochmanY, R.J. Homera, A.K. Honma@‘, 
R. Howardab, R.E. Hughes-Jones O, P. Igo-Kemenesk, DC. ImrieX, A. Jawahery P, 

P.W. Jeffreys s, H. Jeremie 9, M. Jimack a, M. Jones f, R.W.L. Jones h, P. Jovanovic a, C. Jui d, 
D. Karlen f, J. Kanzaki w, K. Kawagoe w, T. Kawamoto w, R.K. Keeler =, R.G. Kellogg P, 
B.W. Kennedy ‘, B. King h, J. King m, J. Kirk ab, S. Kluthe, T. Kobayashi w, M. Kobel j, 
D.S. Koetkef, T.P. Kokott’, S. KomamiyaW, R. Kowalewski h, T. Kress k, P. Krieger f, 

J. von Krogh k, P. Kyberd m, G.D. LaffertyO, H. Lafouxh,R. Lahmannr, W.P. Lair, J. Lauberh, 
J.G. Layterd, P. Leblancq, A.M. Leead, E. Lefebvre q, D. Lellouch Y, C. Leroy q, J. Letts b, 

L. Levinson Y, S.L. Lloyd m, F.K. Loebinger O, G.D. Long P, B. Lorazo q, M.J. Losty g, 
X.C. Lou h, J. Ludwig j, A. Luig j, M. Mannelli h, S. Marcellini b, C. Markus ‘, A.J. Martin m, 

JP. Martinq, T. Mashimo w, W. Matthews x, P. Mattig ‘, U. Maur ‘, J. McKenna ab, 

0370-2693/95/$09.50 @ 1995 Elsevier Science B.V. All rights reserved 
SSDI 0370-2693 (95)00363-O 



274 OPAL Collaboration/Physics Leners B 350 (I 995) 273-282 

T.J. McMahon a, A.I. McNab m, F. Meijers h, ES. Merritt i, H. Mes g, A. Michelini h, 
R.P. MiddletonS, G. Mikenberg Y, D.J. Miller “, R. Mir Y, W. Mohr j, A. Montanari b, T. Mori w, 
M. Morii w , U. Mtiller ‘, B. Nellen ‘, B. Nijjhar O, S.W. O’Neale a, EG. Oakham s, F. Odorici b, 

H.O. Ogrene, N.J. Oldershaw’, C.J. Oramaa,l, M.J. Oreglia’, S. OritoWI F. Palmonarib, 
JP Pansart t, G.N. Patrick ‘, M.J. Pearce a, P.D. Phillips O, J.E. Pilcher I, J. Pinfold ac, 

D.E. Plane h, P. Poffenberger aa, B. Poli b, A. Posthaus ‘, T.W. Pritchard m, H. Przysiezniak ac, 
M.W. Redmond h, D.L. Rees h, D. Rigby a, M.G. Rison e, S.A. Robins m, D. Robinson e, 

N. Rodning ac, J.M. Roney aa, E. Ros h, A.M. Rossi b, M. Rosvick aa, P. Routenburg ac, 
Y. Rozen h, K. Rungej, 0. Runolfsson h, D.R. Rust ‘, M. Sasaki w, C. Sbarrab, A.D. Schaile h, 

0. Schailej, F. Scharf”, P. Scharff-Hansen h, P. Schenkd, B. SchmittC, M. Schrtiderh, 
H.C. Schultz-Coulonj, P. Schtitz ‘, M. Schulz h, C. Schwick ‘, J. Schwiening c, W.G. Scott ‘, 

M. Settlese, T.G. Shears”, B.C. Shend, C.H. Shepherd-Themistocleouss, P. Sherwood”, 
G.P. Sirolib, A. Skillman”, A. Skujap, A.M. Smithh, T.J. Smitha, G.A. Snow P, R. Sobieaa, 
S. Soldner-Remboldj, R.W. Springer ac, M. Sproston s, A. Stahl ‘, M. Starks e, C. Stegmannj, 

K. Stephens’, J. Steuerer aa, B. Stockhausen ‘, D. Strom’, P. Szymanski ‘, R. Tafiroutq, 
H. Takeda w, T. Takeshita w, P Taras 9, S. Tarem Y, M. Tecchio i, P. Teixeira-Dias k, N. Tesch ‘, 
M.A. Thomson h, 0. Tousignant 4, S. Towers f, M. Tscheulin j, T. Tsukamoto w, A.S. Turcot i, 

M.F. Turner-Watson h, P. Utzat k, R. Van Kooten e, G. Vasseur t, P. Vikas 4, M. Vincter aa, 
A. Wagner z, D.L. Wagner i, C.P. Ward e, D.R. Ward e, J.J. Ward n, PM. Watkins a, 
A.T. Watson a, N.K. Watson s, P. Weber f, P.S. Wells h, N. Wermes’, B. Wilkensj, 

G.W. WilsonZ, J.A. Wilsona, V-H. Wintererj, T. Wlodeky, G. Wolfy, S. Wottonk, 
T.R. Wyatt O, A. Yeamanm, G. Yekutieli Y, M. Yurko 9, V. Zacek q, W. Zeuner h, G.T. Zorn P 

a School of Physics and Space Research, University of Birmingham, Birmingham B15 2TI UK 
b Dipartimento di Fisica dell’lmiversitci di Bologna and INFN, I-40126 Bologna, Italy 

c Physikalisches Institut, Universitiit Bonn, D-531 15 Bonn, Germany 
d Department of Physics, University of California, Riverside CA 92521, USA 

e Cavendish Laboratory, Cambridge CB3 OHE, UK 
i Carleton University, Department of Physics, Colonel By Drive, Ottawa, Ontario KIS 5B6, Canada 
z Centre for Research in Particle Physics, Carleton University, Ottawa, Ontario KlS 5B6, Canada 

h CERN, European Organisation for Particle Physics, CH-121 1 Geneva 23, Switzerland 
i Enrico Fermi Institute and Department of Physics, University of Chicago, Chicago IL 60637, USA 

j Fakultat fiir Physik, Albert Ludwigs Universitat, D-79104 Freiburg, Germany 
k Physikalisches Institut, Universitiit Heidelberg, D-69120 Heidelberg, Germany 

e Indiana University, Department of Physics, Swain Hall West 117, Bloomington IN 47405, USA 
m Queen Mary and Westfield College, University of London, London El 4NS, UK 

n University College London, London WCIE 6BT UK 
’ Department of Physics, Schuster Laboratory, The University, Manchester Ml3 9PL, UK 

v Department of Physics, University of Maryland. College Park, MD 20742, USA 
9 Laboratoire de Physique Nucleaire, Universite de Montreal, Montreal, Quebec H3C 3J7, Canada 

r University of Oregon, Department of Physics, Eugene OR 97403, USA 
’ Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire OX11 OQX, UK 

’ CEA, DAPNIA/SPf: CE-Saclay. F-91191 Gtf-sur-Yvette, France 
’ Department of Physics, Technion-Israel Institute of Technology, Haifa 32000, Israel 
’ Department of Physics and Astronomy, Tel Aviv University, Tel Aviv 69978, Israel 
VJ International Centre for Elementary Particle Physics and Department of Physics, 

University of Tokyo, Tokyo 113, and Kobe University, Kobe 657, Japan 
’ Brunei University, Uxbridge, Middlesex LIB8 3PH, UK 



OPAL Collaboration/Physics Letters B 350 (1995) 273-282 

Y Particle Physics Department, Weizmann Institute of Science, Rehovot 76100, Israel 
z Universitiit Hamburg/DESI: II Institut fir Experimental Physik, Notkestrasse 85, D-22607 Hamburg, Germany 

aa University of Victoria, Department of Physics, P 0 Box 3055, Victoria BC V8W 3P6, Canada 
ab University of British Columbia, Department of Physics, Vancouver BC V6T lZ1, Canada 

ac University of Alberta, Deparmtent of Physics, Edmonton AB T6G 2J1, Canada 
ad Duke University, Department of Physics, Durham, NC 27708-0305. USA 

ae Technische Hochschule Aachen. III Physikalisches Institut, Sommerfeldstrasse 26-28, D-52056 Aachen, Germany 

Received 7 March 1995 

Editor: K. Winter 

215 

Abstract 

This letter presents an updated measurement of the lifetime of the Bt meson using 3.6 million hadronic Z” decays recorded 
by the OPAL detector at LEP from 1990 to 1994. A sample of Bt decays is obtained using D;f? combinations, where the 
DC is reconstructed in either the &r- or K*‘K- decay mode. From 79 & 13 DSe combinations attributed to BP decays in 
this data sample, we measure 

7(B:) = I .54::$ f 0.06 ps, 

where the errors are statistical and systematic, respectively. 

1. Introduction 

The lifetimes of b-flavored hadrons are related to 

both the strength of the b quark coupling to c and 
u quarks, and the dynamics of b hadron decay. The 
spectator model assumes that the light quarks in b and 
c hadrons do not affect the decay of the heavy quark, 
and thus predicts the lifetimes of all b hadrons to be 
equal. For charm hadrons this prediction is inaccurate; 
the measured D+ lifetime is approximately 2.5 times 
that of the Do and more than twice that of the D, [ 11. 
More sophisticated models predict that the differences 
among b hadron lifetimes should be much smaller than 
those in the charm system, because of the larger mass 
of the b quark [ 2,3]. These models predict a difference 
in lifetime between the ES+ and B” meson of several 
percent, and between the Bt and B” meson of about 
1% [ 31. OPAL [ 41, and other collaborations [ 51, have 
published measurements of the Bf lifetime. 

In this letter, we present an updated measurement 
of the lifetime of the Bz meson, which supersedes our 
previous measurement [ 41. The two decay channels 

1 Also at TRIUMF, Vancouver, Canada V6T 2A3. 

* Royal Society University Research Fellow. 

used are 3 

B; + D, e+v (X) B; + D, C+V (X) 
1 K*OK- 1 C$ll- 

1 K+T-, 1 K*K-. 

where fJ is an electron or a muon. The proper decay 
time is determined on an event-by-event basis using 
measured decay lengths and estimates of the By en- 
ergy. The following sections describe the OPAL de- 
tector, the selection of Bf candidates, the vertex topol- 
ogy of the events, the determination of the Bf decay 
length, the estimation of the Bf energy, the lifetime 
fit, the results, and the systematic errors. 

2. The OPAL detector 

The OPAL detector is described in Ref. [6]. The 
central tracking system is composed of a precision 
vertex drift chamber, a large volume jet chamber 
surrounded by a set of chambers to measure the z- 
coordinate (z-chambers) and, for the majority of the 
data used in this analysis, a high-precision silicon mi- 
crovertex detector. These detectors are located inside 

3 In this paper, charge conjugate modes are always implied. Also, 

unless otherwise noted, K and r always refer to charged particles. 



276 OPAL Collaboration/Physics Letters B 350 (1995) 273-282 

a solenoidal coil. 4 The detectors outside the solenoid kaon candidate is greater than the mean dE/dx ex- 
consist of a time-of-flight scintillator array and a lead pected for a kaon, it is required that the product of the 

glass electromagnetic calorimeter with a presampler, two dE/dx probabilities be greater than 0.02. In order 

followed by a hadron calorimeter consisting of the to improve the mass and decay length resolutions, at 

instrumented return yoke of the magnet, and several least two of the three candidate tracks are required to 

layers of muon chambers. Charged particles are iden- have good 8 measurements either from the z-chambers 

tified by their specific energy loss, dE/dx, in the jet or from a measurement of the track’s endpoint as it 

chamber. Further information on the performance of exits the main jet chamber. The KK?r combination is 

the tracking and dE/dx measurements can be found required to have a momentum greater than 9 GeV/c 

in Ref. [7]. in order to reduce random track combinations. 

3. Bz candidate selection 

This analysis uses data collected during the 1990- 

1994 LEP running periods at center-of-mass energies 
within f3GeV/c2 of the Z” mass. After the stan- 
dard hadronic event selection [ 8 J and detector perfor- 

mance requirements, a sample of 3.6 million events 
is selected. Jets are defined using charged tracks and 
electromagnetic clusters not associated with a charged 

track. These are combined into jets using the scaled 
invariant mass algorithm with the EO recombination 

scheme [9] using ycut = 0.04. Tracks arising from 

identified secondary vertices due to decays of A, Kt 
or y conversions are excluded from the Bf candidate 

selection. 

For the K*‘K- mode, the invariant mass of the K?r 
combination taken to be the K*’ is required to sat- 
isfy 0.845 < m&. < 0.945GeV/c2. To minimize the 
possibility of mistaking a D- + K*OTF decay for 
our desired signal, the measured dE/dx of the kaon 

candidate directly from the D, decay must be at least 
one standard deviation below the mean dE/dx that is 
expected for a pion. This track must also have a mo- 
mentum greater than 2GeV/c in order to be in the 

momentum region of good kaon-pion separation. If 
the observed energy loss of this track is greater than 
the mean expected for a kaon, it must have a dE/dx 
probability assuming a kaon hypothesis that is greater 
than 5%. In the &T mode, the K+K- invariant mass 
is dominated by detector resolution and is required to 

satisfy 1.005 < mKK < 1.035 GeV/c2. 

3.1. D; -+ K+K-rr- selection 

In this analysis, D, candidates are reconstructed in 
two modes. The first is D; -+ K*‘K- in which the 
K*O decays into a K*rr-. The second is D; --t +a- 
where the 4 subsequently decays into K+K-. When 
searching for D, candidates, all combinations of tracks 
which are within a single jet and constitute the appro- 
priate charge combination are considered. 

Particle identification is used to reduce the combi- 
natorial background. For each track forming the KKT 
combination, the measured dE/dx is compared with 

the expected value, and the probability that it is con- 
sistent with a given mass assignment is required to be 
greater than 1%. If the observed energy loss of each 

4 The coordinate system is defined such that the z-axis follows 
the electron beam direction and the X-Y plane is perpendicular 
to it with the x-axis lying approximately horizontally. The polar 
angle B is defined relative to the +z-axis, and the azimuthal 
angle q5 is defined relative to the +x-axis. 

The differences between the angular distributions 

of D, decays and those of random track combinations 
are used to suppress the combinatorial background. 

The D, is a spin-0 meson and the final states of both 

decay modes consist of a spin-l (4 or K*‘) meson 
and a spin-0 ( 7rr- or K- ) meson. The D, signal is ex- 
pected to have no dependence on cos 0,, where @, is 
the angle in the rest frame of the D, between the spin-0 
meson direction and the D, direction in the lab frame. 
However, the cos 0, distribution of random combina- 
tions peaks in the forward and backward directions. It 

is therefore required that ) cos tip 1 < 0.8 (0.9) for the 
K*K (&-) mode. The angular distribution of 8,, the 
angle in the rest frame of the spin-l meson between 
the direction of the final state kaon from the decay 
of the spin-l meson and the D, direction, is propor- 
tional to cos2 8,, for D, decays. The cos 8, distribution 
of the random KK?r combinations in the data is, how- 
ever, approximately flat. Therefore it is required that 

1 cos eL,l > 0.4. 
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3.2. D;e+ selection and decay length determination 

Once a KKr combination that satisfies the D, can- 
didate selection is found, a search is performed to find 
a lepton of opposite charge in the same jet. Electron 
candidates are identified using an artificial neural net- 
work based on 12 measured quantities from the elec- 
tromagnetic calorimeter and the central tracking de- 
tector [ lo]. Electron candidates identified as arising 
from photon conversions are rejected [ 111. Muons are 
identified by associating central detector tracks with 
track segments in the muon detectors and requiring a 
position match in two orthogonal coordinates [ 111. 
Lepton candidates are required to have a momentum 
greater than 2GeV/c for electrons and 3GeV/c for 
muons. The leptons must have a transverse momen- 
tum with respect to the associated jet direction of at 
least 0.8 GeV/c. In addition it is required that the lep- 
ton candidate track be precisely measured by either 
the silicon vertex detector or the vertex drift chamber. 

In order to suppress background, it is required that 
the mass of the KK& combination be between 3.2 and 
5.5 GeV/c*, and the momentum of this combination 
must be at least 17 GeV/c. The cosine of the opening 
angle between the KKrr and lepton directions must be 
greater than 0.4. 

Three vertices - the beam spot, the Bt decay vertex 
and the DS decay vertex - are reconstructed in the X- 
y plane. The beam spot is measured using charged 
tracks in the OPAL data with a technique that follows 
any significant shifts in the beam spot position during 
a LEP fill [ 121. The intrinsic width of the beam in the 
y direction is taken to be 8 pm, from considerations 
of LEP beam optics. The width in the x direction is 
measured directly and found to vary between 100 pm 
and 160 ,um, depending on the LEP optics. 

The D, vertex is formed from a fit using the KKrr 
candidate tracks. The Bt decay vertex is formed by 
extrapolating the KK?r momentum vector from its de- 
cay vertex to the intersection with the lepton track. 
The D, decay length is the distance between these two 
decay vertices. The Bt decay length is found by a fit 
between the beam spot and the reconstructed Bf de- 
cay vertex using the direction of the KK& momen- 
tum vector as a constraint. The two-dimensional pro- 
jections of the Bt and D, decay lengths are converted 
into three dimensions using the polar angles recon- 
structed using the momenta of the KKn? and KKT, 

60 
fight sign 

I Ii ’ OPAL 

y=i 

1.6 1.6 2 2.2 2.4 

mKKn (GeV/t?) 

Fig. 1. Top: the KK?r invariant mass distribution is shown for 
K+K-r-!+ combinations along with the fitted curve, which is 
described in the text. Also indicated is the mass range used in the 
decay length fit. Bottom: the KK?r invariant mass distribution for 
K+K-rr-C (wrong sign) candidates is shown. 

respectively. Typical decay lengths are about 0.25 cm 
for Bf and 0.11 cm for D, mesons. The corresponding 
typical decay length errors are about 0.03 and 0.09 cm. 

Additional criteria are used to select KKr combina- 
tions suitable for precise decay length measurements. 
In order to ensure that the KK?r candidate tracks come 
from a common vertex, the x2 of the vertex fit is re- 
quired to be less than 10 (for 1 degree of freedom). 
The candidate must also have a decay length error 
less than 0.3 cm. Using the measured decay length and 
momentum of the KKr combination, the proper de- 
cay time of the D, candidate is determined. This is 
required to be within two standard deviations of the 
range from zero to four D, mean lifetimes. Finally, the 
decay length error of the reconstructed Bg candidate 
must be less than 0.2cm. 

3.3. Results of DC.!+ selection 

The KK7r invariant mass distribution for all 
K+K-r-f? candidates is shown in Fig. 1. An un- 
binned likelihood fit to the measured KKq invariant 
mass of the D, candidates is performed. The KK7r 
mass distribution is parameter&d as the sum of 
a linear term to account for random combinatorial 
background, a Gaussian function which describes 
the mass peak of the reconstructed D, signal, and 
another Gaussian to account for a D- -+ K+K-r- 
contribution. This last term has a mean fixed to the 
D- mass of 1869.3MeV/c2 [ 11 and the width con- 
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strained to be the same as that of the D, peak. It 
is included in order to avoid biasing the estimate 
of the combinatorial background. The fit yields a 

D, mass of 1.967 f 0.004 GeV/c2, a width ((T) 

of 22 f 3 MeV/c* and a total of 84 & 13 candi- 

dates. The fitted combinatorial background fraction 
is 0.43 & 0.05 for the 2a interval about the fitted D, 

mass. 
By integrating the tail of the peak due to the D- + 

K+K-r- decays in this D, signal region, the con- 

tamination from this source is found to be negligi- 
ble. No peak is observed at the D, mass in the wrong 
sign D;!- sample (see Fig. 1). The probability that 
a given event comes from combinatorial background 

is calculated as a function of its KKn invariant mass 
using the results of the fit to the mass distribution for 

use in the Bf lifetime fit discussed below. 

3.4. Backgrounds to the Bf ---f D;ef signal 

Potential sources of backgrounds to the Bf ---) 
D;e+ signal that have been considered include de- 
cays of other B hadrons that can yield a final state 
D,e combination and charm hadrons that are mis- 
identified as a D, meson. Other sources are D, mesons 
combined with a hadron that has been mis-identified 
as a lepton, and random associations of D, mesons 

with genuine leptons. 

theoretical estimate [ 181 that predicts an upper 
limit of 0.025 . Br(B -+ Dev) is used. This is 

slightly below the present measured upper limit [ 11. 
For the other background mode, it is noted that 

Br(B -+ D,X) = 0.085 f 0.011 [l] and assumed 

that all of the modes of B -+ D,X, aside from the 

assumed B -+ D,KCvX contribution, are of the form 
B -+ D,DX. This has been shown to be the case 

for two-body decays of the B mesons to a D, [ 11, 
and we assume the same for those modes with three 
or more particles in the final state. The fraction of 
B ---f D,X decays that are in a two-body final state is 
0.57 f 0.10 [ 191. Thus the fraction of B + D,DX 
decays that are expected to be a two-body final state 

is determined by correcting for the assumed presence 
of the B + D,KCYX mode. It is assumed that the 
average branching fraction of the 0 meson to e and 

,!L combined is 0.20 f 0.05, and the fraction of these 
D mesons which come from orbitally excited states 
is esttmated to be 0.3_,,. +“.7 Thus, with an observed 

signal of 84 D;C+ pairs, 1.9 zt 1.8 candidates from 
B t D;Ke+YX decays, and 2.8 f 2.6 events in the 
mode B + D:DX, D -+ e-X are expected. 

The signal events mentioned above include prop- 

erly reconstructed D,L combinations that do not 
arise from Bf decay. Two decay modes of B” and 
Bf mesons have been considered: B -+ D:D( X), 
D -+ e-X (where D is any non-strange charm me- 

son) and B -+ D;K~+Y(X), where K is any type of 
kaon. For the signal mode, the production branching 
fraction f(b -+ Bf) . Br(Bf -+ D,e) = 2.8 f 0.7% 
is used [ 131. Monte Carlo simulations of both a 
standard multihadronic sample and the specific decay 
modes of interest are used to determine the selection 
efficiencies for these modes relative to that of the 

signal mode. These samples were produced using 
the JETSET 7.3 parton shower Monte Carlo genera- 
tor [ 141 with the fragmentation function of Peterson 
et al. [ 1.51 for heavy quarks, and then passed through 
the full OPAL detector simulation package [ 161. 

The background from events where the three KKn- 
candidate tracks come either from the same fully re- 

constructed charm hadron for which a pion or a proton 
has been m&identified as a kaon, or from a partially 

reconstructed charm hadron, was estimated using sim- 
ulated events. For these candidates the KKr invari- 
ant mass distribution around the D, mass is similar to 

that of the combinatorial background. Such events are 
therefore considered to be included in the combinato- 

rial background fraction. 
The background caused by a D, which has been 

combined with a hadron that has been mis-identified 
as a lepton can be estimated by fitting the KKn- mass 
spectrum of wrong sign combinations (K+K-fl-e-). 
This assumes that random combinations are equally 
likely to have right and wrong charge correlations. Us- 
ing the higher statistics available when D*e correla- 
tions are considered it is found that this background is 
less than 1% [ 101 of that sample and this contribution 
is therefore neglected. Similarly, no signal is observed 
when this is repeated with the D;e- candidates of this 
analysis. 

For the background, the probability for a bot- Finally the background from random associations of 
tom quark to form a B+ or B” meson is 0.81 * D, mesons with genuine leptons was estimated using 
0.11 [ 171. For the B + D;KC+vX mode, a simulated data to contribute less than one event to our 
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sample and has been neglected. 
Thus the non-combinatorial background for the 

sources mentioned above is expected to contain 
4.7 f 3.1 events, corresponding to (6 f 5)% of the 
total D,fJ signal. The number of signal candidates 
from Bt + D;f?X decays which proceed through 
the chosen decay chains is then 

N(B; -+ D,e+X) = 79 f 13. 

4. The Bf lifetime fit 

In order to extract the Bf lifetime from the measured 
decay lengths, an unbinned maximum likelihood fit is 
performed using a likelihood function that accounts 
for both the signal and background components of the 
sample. For the component of the likelihood function 
describing the Bt signal, the Bf lifetime must be re- 
lated to the observed decay lengths. 

Since at least the energy of the neutrino is miss- 
ing, the Bf energy is estimated using a probabilistic 
approach described in more detail in Ref. [ 201. This 
method employs two kinematic variables related to the 
Bf energy: the invariant mass and energy of the D,e 
combination. From the decay kinematics assuming the 
neutrino to be the only particle missing from the de- 
cay, it is possible to calculate the By energy, given 
these two observables and the angle between the D,C 
flight direction in the Bf rest frame and the momentum 
of the B: in the lab frame. Although this angle is not 
measured its distribution is known due to the isotropic 
nature of the decay of spin-0 mesons, such as the Bt. 
This, together with an estimate of the Bf fragmenta- 
tion spectrum, is used to predict the range and dis- 
tribution of the possible Bf energies on an event-by- 
event basis. A Peterson function [ 151 is used for this 
fragmentation spectrum, though the resulting energy 
estimate depends only weakly on this assumption. The 
presence of particles in addition to the neutrino which 
come from the Bt decay but are not included in the 
Bf reconstruction, such as a photon when the Bf has 
decayed into a Dz or an additional pion, is expected 
to bias the mean boost by less than 1%. 5 

5 The production of orbitally excited strange D mesons will not 
contribute to our sample as these are expected to decay to a DK 

pair, and not a D,. 

The likelihood function for observing a particular 
decay length of a Bt meson may now be parameterized 
in terms of the measurement error of the decay length, 
the D,C invariant mass and momentum, and the as- 
sumed lifetime. Specifically, this function is given by 
the convolution of three terms: an exponential whose 
mean is the Bt lifetime, the boost distribution as given 
by the values of the observed D,e mass and momen- 
tum, and a Gaussian resolution function whose width 
is the measured decay length error. 

As previously discussed, the dominant sources of 
non-combinatorial backgrounds to the process Bf -+ 
D,e are all cases in which the D, and lepton both 
result from B+ or B” decay, either directly or in a 
subsequent decay. The likelihood function to describe 
these sources of background is therefore taken to have 
the same form as the Bf signal, except that the lifetime 
for this sample is fixed to 1.6 ps, which is consistent 
with the measured average B hadron lifetime [ 211 
and the lifetimes of the B+ and B” hadrons [ 201. 
The level of this background is a fixed fraction of 
the signal, as determined in the previous section. The 
effects of the uncertainty in this fraction on the lifetime 
are addressed as a systematic error. 

The fit must also account for the combinatorial 
background present in the D,t sample. The functional 
form used to parameterize this source of background 
is composed of a positive and a negative exponen- 
tial, each convolved with the same boost function and 
Gaussian resolution function as is the signal. The pa- 
rameters describing these exponentials, and the frac- 
tion of each, are free parameters in the fit. This double- 
exponential shape is motivated by considerations of 
event topologies that can lead to negative apparent de- 
cay lengths, even before resolution effects are consid- 
ered. 

The background present in the event sample is taken 
into account by simultaneously fitting for the signal Bf 
decays and background contributions. The expected 
combinatorial background probability is determined 
for each candidate using the results of the fit to the 
JSK?r invariant mass spectrum. For the lifetime fit, the 
253 events found in the region from 50 MeV/c* below 
the fitted D, mass to 200MeV/c2 above it are used 
(see Fig. 1) . This avoids the region where the number 
of KKrr candidates from D- decays is significant. 

The result of the fit to the decay lengths of the 253 
candidates that are within the selected KKz- invariant 
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Fig. 2. Top: The decay length distribution of K+K-v-!+ com- 

binations with KKrr mass within the Ds mass region, defined as 

f50MeV/c2 around the fitted D, mass. The single-hatched area 

represents the contribution from combinatorial background and the 

unhatched area is due to background from decays with a true D, 

and lepton. Bottom: The decay length distribution of K+K-n-t’ 

combinations with KKrr mass outside the D, mass region. These 

candidates have KKn mass in the range from 50MeV/c* to 

200MeV/c* above the fitted D, mass. The curves are described 

in the text. 

mass region gives r(Bf) = 1.55$: ps, where the er- 
ror is statistical only. The decay length distributions 
are shown in Fig. 2 for those candidates with KKrr in- 

variant mass within 50 MeV/c* of the fitted D, mass, 
and for those above this region. These illustrate the 
quality of the fit in a region with a large fraction of sig- 
nal events and in another region which is dominated 
by combinatorial background. The curves in Fig. 2 
represent the sum of the decay length probability dis- 

tributions for each event. The figures indicate that the 
fitted functional forms provide a good description of 
the data for both signal and background. It should be 
noted that the fit is to the unbinned data. 

5. Evaluation of systematic errors 

The sources of systematic error considered are those 
due to the level, parameterization and source of the 
background, the potential bias from the selection and 
fitting procedure, the boost estimation method, the 
beam spot determination and possible tracking errors. 

To determine the effect of the uncertainty in the 
level of combinatorial background in the D,C+ candi- 

dates, both the uncertainty in the level of background 
as determined by the fit to the KKr mass spectrum 

and the statistical variation of the background under 
the D, peak have been considered. This is done by 
repeating the fit to the KK’TI. invariant mass spectrum 

with the background fraction constrained to be 37% 

and 49% and using the resulting event-by-event back- 
ground probabilities in the lifetime fit. This yields a 

variation in the Bf lifetime of f0.03 ps. The width of 

the sideband region of the KK?r mass spectrum, from 
which candidates are selected for use in the lifetime 

fit, has also been varied, resulting in a change in the 
fitted lifetime value of fO.O1 ps. Several alternative 
parameterizations have been investigated. For exam- 

ple, terms to allow for a small subset of the candidates 
in which tracks have been significantly mis-measured 
and combinatorial background with zero lifetime have 
been used. In all cases, these additional terms do not 
significantly improve the quality of the fit. The ap- 
proach used in our previous publication [ 41 of having 
a signal region with a fixed background and a side- 
band region assumed to have no signal, has also been 
applied. The difference in the fitted lifetime when this 
approach is used is less than +O.Ol ps. The effect of 

the backgrounds involving D,e that are not from the 
decay of a By meson, namely from either B+ or B” 
decays, was also considered. The level of this non- 

combinatorial background was found to be (6 f 5) %. 
The variation in the level of this background over the 

given range corresponds to an uncertainty of fO.O1 ps. 
The lifetime of this background is fixed to 1.6 ps for 
the nominal result and is varied by f0. lops to ac- 

count for the uncertainty in this value. This variation 
results in changes to the Bg lifetime of f0.01 ps. Thus 
we assign a total error due to the background fraction, 
parameterization and source of f0.03 ps. 

Tests were performed on several samples of simu- 
lated data to check for biases in the selection and fit- 

ting methods. The results of these tests are consistent 
with there being no bias: the ratio of the fitted lifetime 
to the generated lifetime is 1 .Ol & 0.02. Nonetheless, 
we correct our determination of the Bz lifetime by this 
factor and take the statistical precision of this ratio 
as a potential selection and fitting bias by assigning a 
systematic error of ~tO.03 ps. 

The estimated Bf energy spectrum that is used 
by the boost estimation procedure has been varied 
within the measured limits of the average b hadron 



OPAL Collaboration/Physics Letters B 350 (1995) 273-282 281 

energy [ 221 to yield a variation in the By lifetime of 
f0.02 ps. The effect of a 6 MeV/c* uncertainty in the 
mass of the Bf [23] was found to produce a change 
of less than 0.01 ps in the Bf lifetime. A number of 
alternative methods of boost estimation were used to 
confirm the method used for the principle result. A 
method whereby a mean boost is analytically calcu- 
lated for each event (as used in the previous Bf life- 
time publication [ 41) was also used and the resulting 
difference of +O.Ol ps included as a systematic ef- 
fect. A boost method based on the use of simulated 
data to estimate the boost was also used and yielded 
a lifetime less than 0.01 ps from the nominal result. 
The uncertainty in the measurement of the mass and 
momentum of the D,C combination that are used to 
obtain the estimate of the Bf energy is found to con- 
tribute fO.O1 ps to the error. Finally, the presence of 
missing particles, such as the photon when the Bt 
has decayed into a Df, changes the fitted lifetime by 
< 0.01 ps. An error of fO.O1 ps is ascribed to the 
lifetime due to this source. The total systematic error 
resulting from the uncertainty in the boost estimation 
procedure is f0.03 ps. 

The average intersection point of the LEP beams 
in OPAL is used as the estimate of the production 
vertex of the Bf candidates. The mean coordinates 
of the beam spot are known to better than 25,~m in 
the x direction and 10,um in y. The effective r.m.s. 
spread of the beam is known to a precision of less 
than 1Opm in both directions. To test the sensitivity 
of r( Bf) to the assumed position and size of the beam 
spot, the coordinates of the beam spot are shifted by 
f25 pm, and the spreads changed by f10 pm. The 
largest observed variation in r(Bf) is 0.01 ps, which 
is assigned as a systematic error. 

The effects of alignment and calibration uncertain- 
ties on the result are not studied directly but are esti- 
mated from a detailed study of 3-prong r decays [ 121, 
where the uncertainty in the decay length due to these 
effects is found to be less than 1.8% for the data taken 
during 1990 and 1991 and less than 0.4% for later 
data. This corresponds to an uncertainty on r(Bf) of 
0.01 ps. The potential for mis-estimation of the decay 
length error has been addressed by allowing an addi- 
tional parameter in the lifetime fit which is a scale fac- 
tor on the measured decay length error. It is found that 
this parameter is consistent with unity and produces a 
change in the Bf lifetime of less than 0.01 ps. 

Table 1 
Summary of systematic errors on the Bf lifetime. 

Source bias (ps) uncertainty ( ps) 

background f0.03 
possible bias of method -0.01 f0.03 
uncertainty in boost f0.03 
beam spot fO.O1 
alignment erron fO.O1 

total -0.01 f0.06 

After applying the correction due to the potential of 
a bias in the result, and combining the systematic er- 
rors in quadrature, we find r( Bf ) = 1 S4tt.i: (stat) & 
0.06( syst) ps. These systematic errors are summarized 
in Table 1. 

6. Conclusion 

A sample of Bf -+ D;!+Y(X) decays has been 
reconstructed in which the D; has decayed into 
K+K-rr- through either the @r- or K*‘K- chan- 
nels. From 3.6 million hadronic Zc events recorded 
by OPAL from 1990 to 1994, a total of 79 f 13 
such candidates are attributed to Bf decays. The Bf 
lifetime is found to be 

r(Bz) = 1.54?t,$((stat) f O.O6(syst) ps, 

where the total fractional error corresponds to about 
15%. As predicted by theoretical calculations [ 31, this 
result is consistent with the observed value for the B” 
lifetime [ 201. 
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