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Abstract. This paper presents an update of the measuremertharmed hadrons in the final state, likg B— DMDMX,
> e o o~
of the mean lifetime of theB; meson. Combining), —/,  anq fromB, decays. Selecting events with certain kinematic

D, — h, ¢ — ¢ and inclusiveD; final states from the 3.2 . 0 . o
million hadronic Z decays collected by DELPHI between CUtS Jives a sample of events witlia purity of about 60%.
The third analysis (Sect. 5) is more inclusive and con-

1991 and 1994, thés® mean lifetime was measured to be: . . :
' cerns events in which a high transverse momentum lepton

0y —
7(B;) =167 £0.14 ps is accompanied by @ meson in the same jet. Inclusive pro-
duction rates ofh mesons in B, D* and ¥ decays have not
been yet measured. Nevertheless it has been shown [1] that
the inclusive rates can be inferred with reasonable accuracy
from the measured exclusive decays. The high transverse
momentum lepton enriches the sample in direct semileptonic

. . 0 .
During the hadronisation of quark jets emitted from a z decays and the presence of theenriches itsBg purity to

0,
boson decaB’ mesons, composed ofiaand ans quark, ~ around 50%.

are produced when thé quark combines with a strange | ;hgjo#]ggoina#ﬁf ésefé;z)husgsvfj\éinfi Cr?r;tté:{;é?i%sSIQ;-
antiquark from arss pair.* Since the probability of this oc- Pl s ' PP P 9

o A 0 D{, but the estimates of the energy and of the flight distance
curring in ab quark jet is only about 10%, few&, mesons

0 :

) of the By are less accurate than in the other analyses and
are pro(gjgceq than non stran@emesqns. To measure Fhe some 30% of the selected;@re from Z— cc decays. The
meanBy lifetime, decay channels which allow good rejec-

; B purity of the rest of the sample is around 55%.
tion of non-strangeB hadrons must therefore be used. In ~s purity ) P
this paper, four different selections have been used to obtaiy The events used in these analyses correspond to about
i . . 0 o . .2 million hadronic Z decays recorded by DELPHI in 1991-
enm(:)hed samples in which thg; purity (i.e. the fraction 1994 The rates and other quantities used in the calculation
of By decays in the selectd8l hadron decays) lies between of the different processes are given in Table 2. Additional
50% and 90%. details are given in the text.
The first method (Sect. 3) uses; Dnesons correlated
with a lepton ¢, here meaning a muon or electron) of op- _ . L
posite chargeif. /) produced in the same hemisphere. 2 Event selection and particle identification

Requiring a lepton with large momentum transverse {0 therne eyents used in this analysis were collected at LEP run-
Jet axis suppresses both indirect semileptdBicneson de- iy 5t the Z resonance with the DELPHI detector [11],

cays b — ¢ — £7) and fake leptons (due to light hadrons \,nse performance is detailed in [12]. Hadronic decays of
decaying to a lepton or being misidentified as a lepton). Ay 7 were selected with standard cuts on multiplicity and

high Bg purity is obtained by requiring the presence of a energy with an efficiency close to 95 % [12]. Each selected

D? meson, which are produced more frequenﬂﬁ@]than event was divided into two hemispheres separated by the

. 0 _ : . plane transverse to the sphericity axis. A clustering analy-
in B, or B~ semileptonic decays because the spectator sis based on the JETSET algorithm LUCLUS with default

quark needed is already present in Bfemeson. Requiring  parameters was used to define jets using both charged and
both a high transverse momentum and a [ with the cor-  peytral particles [13]. These jets were used to compute the
rect charge correlation (‘right-sigfy provides a sample in  jout of each particle of the event as its momentum trans-
which about 90 % originate fror‘Bg semileptonic decays.  verse to the axis of the rest of the jet it belongedit®,to

The second method (Sect. 4) uses events containing a Dthe jet axis recomputed after removing the particle from the
meson and a hadron of high momentum and opposite charget.
(h7). Df mesons can originate from the hadronization of  Simulated events were generated using the JETSET par-
charm quarks in Z- cc decays, from decays of non-strange ton shower model [13] and analysed in the same way as
B hadrons which produce Dmainly in processes with two the real data events. The JETSET parameters were adjusted

from previous studies [14]. Semileptonic B hadron decays
1In this paper, unless explicitly stated otherwise, corresponding stateyyere simulated using the ISGW [15] model with a fraction

ments for charge conjugate states are always implied of 30% for D* production. Full simulation of the detector
Pairs satisfying this opposite-charge correlation will often be called .
response was included [16].

“right-sign”, while the expression “wrong-sign” will be used fof [Inesons . T .
with leptons of the same charge; the same terminology is used in the second 1N DELPHI, lepton |dent|f|cat|0n_ IS base_d on the muon
analysis (3-h~) chambers and the electromagnetic calorimeters, charged

1 Introduction
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Table 1. Production rates and other measured quantities used in the various analyseB, Boith
P, q were deduced from the measurements [7] of the average mixing probabtity EP and of
the By mixing probability x; obtained at LEP and at tHE(4S), taken together with the limit on
the Bs mixing probability xs and the value ofP, .. The latter was taken from measurements
of A, production inc jets [8], assuming that it is similar fard, in b jets and using a production
rate of (2+ 2)% for strange B baryon states

Measured quantities Value Reference
By = Br(b — BY — Dt~ v) x Br(Df — ¢r*)  (3.1+ 0.5) x 104 2]
B; = Br(By g — DF X) x Br(Df — ¢n) (3.66+ 0.22) x 10-3 3]
Bp, = Br(b — DEX) x Br(DF — ¢nt) (0.72 0.09) x 102 [4]
Bs =Br(b — B, — DEX) x Br(DE — ¢n%)  (0.39+ 0.09) x 102 [4]
By = P(c — DY) x Bi(D} — ¢nt) (0.32+ 0.04) x 102 [5]
Bper = Br(b — ¢ — 0) (8.224 0.42) x 102 [6]
Br(b — £) (10.43+ 0.24) x 102 [6]
P,.q = Br(b — By) = Br(b — BY) 0.392+ 0.022 7
P, = Br(b — BY) 0.100+ 0.022 7
Pyaryon = Br(b = Bparyon) 0.116+ 0.032 [8]
R, =T, v/ T2 Hadrons 0.2202+ 0.0020 [6]
Rcc = FZ—>cc / FZ*»Hadrons 0.1583+ 0.0098 [6]
P(c — DY) 0.248+ 0.037 [9]
P(b — DY) 0.246+ 0.031+ 0.025 [10]
Br(Df — ¢X) (4.8+0.5) x Br(Df — ¢n*)  [1]
Br(D® — ¢X) (1.840.3) x 102 1]
Br(D* — ¢X) (1.74+0.3) x 102 [1]

hadron identification is performed using the Ring Imagealgorithm is described in [12]. Inside the angular acceptance
CHerenkov (RICH) detectors and the Time Projection Cham-of the HPC, electrons of momentum above 3 GeV/c were
ber (TPC), and the Vertex Detector (VD) is used in combina-identified with an efficiency of 74 2 %. The probability
tion with the central tracking devices to measure the chargedf a pion being misidentified as an electron was below 1 %.
particle trajectories close to the beam interaction point very  Charged hadron identification relies on the RICH detec-
precisely and thus to identify the charged particles comingor and on the energy loss, dE/dx, measured in the TPC.
from B or D meson decays. The 192 sense wires of the TPC measure the specific energy
The DELPHI reference frame is defined wittalong the  loss of charged particles as the 80% truncated mean of the
e~ beam,z towards the centre of LEP andupwards. The amplitudes of the wire signals, with a minimum requirement
angular coordinates are the polar angjleneasured from the of 30 wires. This dE/dx measurement is available for 75%
z-axis, and the azimuthy, measured from the-axis, while  of charged particles in hadronic jets, with a precision which
R is the distance from the-axis. has been measured to Be6.7% in the momentum range
The muon chambers are drift chambers located at thél < p < 25 GeV/c . The RICH detector consists of two
periphery of DELPHI. The barrel part-0.63 < cosf) < parts: a liquid radiator and a gas radiator. The liquid radia-
0.63) is composed of three sets of modules, each with twdor provides complete/K /7 separation in the momentum
active layers, and givesand R¢ coordinates. In the forward range 25 — 8 GeV/c by measuring the Cherenkov angle with
part, two layers of two planes give theandy coordinates an average precision of 13 mrad. In this momentum range
in the transverse plane. The precision of these detectors hdke gas radiator operates in the “veto” mode (kaons and pro-
to be taken into account for muon identification: it has beentons give no Cherenkov photons and are thus distinguished
measured to be-1 cm inz and+0.2 cm in R¢ for the bar-  from pions and leptons, but not from each other), but above
rel part, andt0.4 cm for each of the two coordinates given 8 GeV/c it distinguishes kaons from all other charged parti-
by the forward part. The number of absorption lengths de-<cles, again by measuring the radius of the ring of detected
termines the hadron contamination and has a minimum ofCherenkov photons. A complete description of the RICH
approximately 8 absorption lengths at®90he muon iden-  detector is given in [17].
tification algorithm is described in [12]. Loose selection cri- During the first part of the period of data taking con-
teria provided an identification efficiency within the accep- cerned (1991 to 1993), the VD [18] consisted of three cylin-
tance of the muon chambers of 95 % for a probability ofders of silicon strip detectors, at average radii of 6.3, 9
misidentifying a pion as a muon of aboub%. Tighter cuts and 11 cm. Each cylinder measured tRé coordinates of
gave 76 % efficiency for a misidentification probability of charged particle tracks intersecting it with a precisiontof
0.44 %. 8um. The association of this detector to the central track-
Electrons are absorbed in the electromagnetic calorimeing system of DELPHI, consisting of the TPC and the Inner
ters. The High density Projection Chamber (HPC) coversand Outer Detectors, gave a precision\xﬁm? + (65/pr)?
the barrel part and provides three-dimensional information,m (wherepy is in GeV/c units) on the impact parame-
on electromagnetic showers with a thickness of 18 radiationers of charged particles with respect to the primary vertex.
lengths. Calorimeters in the endcap regions are not used iFor data registered in 1994, the inner and the outer shells of

this analysis because their angular acceptance lies outside tiige VD were equipped with double sided detectors, provid-
solid angle covered by the VD. The electron identification
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ing also accurate measurements. However, for both 1991- DELPHI algorithm [12, 17]. For D — KK decays,
1993 and 1994 data, the B decay lendthwas estimated the bachelor kaon ( K) was identified “very loosely” for
from L = L,,/sin(@g), whereL,, is the measured distance 91-93 data and “loosely” for 94, while the other kaon was
between the primary and the B decay vertex in the planddentified as at least:

transverse to the beam direction afdis the polar angle of

the B flight direction, estimated from the B decay products. a “standard” kaon if

40 MeV/c2< [M(K™®) —Mppa(K™®)| < 50 MeV/c?,
— a “loose” kaon if

30 MeV/c2< |M(K*®) — Mppa(K™)| < 40 MeV/c?,
— “a very loose” kaon if

*0 *0
In this analysis, theBg lifetime was measured usingD [M(K) = Mppg(K™)| < 30 Mev/c?,
mesons correlated with a lepton of opposite charge with higrand the kaon identification was used as a veto for the pion
transverse momentupf“* emitted in the same hemisphere: coming from K*.
0 . The background was further reduced by considering the
Bs — Dol vX. angular distribution of the three particles involved in the de-
cay. Since the Dis a pseudoscalar, its two body decay is
isotropic, whereas the background consists of random track

3 The Df — £F analysis

3.1 D5 selection combinations that are more asymmetric. Hence 1gos{

. . o —0.9 (—0.8) was required, wherg is the angle, in the D
Ds mesons were identified in three decay modes: rest frame, between the' (K*) direction and the Dline of
D! — ¢rt  , ¢ — KK flight in the laboratory frame. Moreover, since in the con-

sidered decay modes the pseudoscalan2son decays into

a vector¢(K*O) and a pseudoscalar mesoati(K™*), helicity
conservation implies that the distribution of the anglein
Candidate D — ¢=* and KK+ decays were reconstructed the vector meson rest frame, between the directions of its

by making all possible combinations of three charged pardecay products and that of the pseudoscalar mesdi™),
ticles in the same event hemisphere and imposing the folfollows g_coéw dependence. Events were therefore selected
lowing kinematic cuts (some cuts were tuned differently in Py requiring|cos()| > 0.5 (0.4) for 91-93 (94) data.
91-93 and 94 data to make optimal use of the identifica- The D — KgK* decay was selected by reconstructing
tion given by the RICH which was fully operational only in K& — 7*7~ decays accompanied by a “very loosely” iden-
1994): tified charged kaon in the same hemispherg.ckindidates
Df — ¢r™: were obtained by considering all pairs of tracks of opposite
4 + sign, and applying the “tight” selection criteria described in
- p(K*) > 1 GeVjc andp(r™) > %GeV/c ’ [12]. The K trajectory and the K track were tested for
= [M(@) — Mppe(9)] < 9 MeV/c, geometrical compatibility with a single vertex by requiring
B p(¢)+> 4 GeV/c, x?(D} vertex) < 20. Since the track parameters of thé K
— p(D3) > 6 GeVje. had large measurement errors, at least one VD hit associated
Df — KK+ to the charged kaon was required in order to improve the
: : . X ;
vertex resolution. To reduce the combinatorial background
- p(K™) andp(7*) > 1 GeV/c, p(K*) > 2 (1) GeV/c for  the following momentum cuts were also applied<*) > 3
91-93*594) data, 0 GeV/c, p(KQ) > 2 GeV/c, p(Df) > 9 GeV/c.
— |[M(K™) — Mppa(K™)| < 50 MeV/c?,

— p(K*®) > 5 (4) GeV/c for 91-93 (94) data,
- p(Df) > 7 GeV/c.

wherep is the momentum)/ the reconstructed mass, and .
the subscript PDG indicates world average values [19]. Eacfnéasured D momentum, and their measurement errors,
track had also to be associated to at least one hit in the silid@ Ds Pseudotrack was reconsgructed and used to form a
con vertex detector (VD) and the three tracks were tested focommon vertex (the candida®®g vertex) with an identi-
geometrical compatibility with a single vertex by imposing fied lepton (electron or muon) of opposite charge in the
the very loose requirementthat \y>(D! vertex)< 40. Parti- same hemisphere. The lepton was required to have high
cle identification, based on information from the Cherenkovmomentum § > 3 GeV/c) and high transverse momentum
detectors and on the energy loss measured by the TPC, wés;** > 1.2 GeV/c) to suppress fake leptons and cascade
used to reduce the combinatorial background. Fpr-B»  decays § — ¢ — (*) of non-strange B hadrons; the lepton
¢t decays, at least one of the two kaons was selected birack had also to be associated to at least one hit in the VD.
the “very loose”* identification criterion of the standard Further background reduction was obtained by requiring
3.0 < M(D{¢) < 55 GeV/c?, p(D{¢) > 14 GeV/c and
3 There are & — 3 degrees of freedom for each vertex, whafds the 2,50 .
number of outgoing tracks, hers = 3 x*(Bg vertex) < 20. In the O mass region, a clear ex-

4 “Very loose” kaon identification means simply that the track was not C€SS of “rig_ht-s_ign” combinations (- () over “wrong-
identified as being due to a pion sign” combinations ( — ¢*) was observed in each channel

D — KK*, K — K-7%
D — KZK* KS — 7r~.

3

3.2 Dg — ¢ correlation

Using the measured position of the! Dlecay vertex, the
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show the fit described in the text

background was evaluated using a mass intervatk@& centred on the

measured D mass

Df decay modes

Df — ¢n* 37+ 7
D — KK*  27+6
D} — KIK* 24+5

Estimated signal

S/B ratio
~ 25
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Fig. 2. Ds¢ analysis: Invariant mass distribution for alf zandidates ac-
companied by a lepton of opposite sign present in the same hemisphere
and with p?“* above 1.2 GeV/c. The points with error bars correspond
to “right-sign” combinations while the shaded histogram contains “wrong-
sign” combinations. The curve shows the fit described in the text

3.2.1 Composition of the selected samplée Bg meson
lifetime was measured using the events in the “right-sign”
sample lying in a mass interval @f20 centred on the mea-
sured O mass. The fraction of events in this sample due to
] _ the combinatorial background was evaluated from the fit to
three analysed Ddecay channels, accompanied by a lepton of opposnethe mass distribution of “right-sign” events. It was found to

Dbe feomp = 0.356+ 0.071.
There are several contributions to thg iDass peak. The

signal part corresponds to;Orom Bg semileptonic decays,

Table 2. Numbers of [I signal events and signal to combinatorial back- for which the rate per hadronic Z decay is expected t8:be
ground ratios in the three decay channels. The level of the combinatorial

Ngo =2 Ry, x Bi(b— B — DI(~v) x Br(D! — ¢r*)

which according to Table 2 is given by:
NBS =2x R,, x Bi.

In addition to the signal part, the following background con-
tributions were considered:

(Fig. 1). For each decay channel, Table 2 gives the measured- The cascade decay B- D(*)DS(*)+X followed by the

number of events in the Dsignal and the ratio of the signal

to the combinatorial background.
The mass distributions were fitted using two Gaussian

distributions of equal widths to account for th€ Bnd D

signals (the ratio between these two signals is expected to

be 3 : 1) and arexponential for the combinatorial back-
ground. The D mass was fixed to the nominal value oB&9
GeV/c? [19]. The fit to the overall distribution, (Fig. 2),
yielded a signal of 9% 12 Df decays in “right-sign” com-
binations, centred at a mass 09@4+-0.003 GeV/c? with a
width of 16+ 2 MeV/c?. As expected from the simulation,
no signal was visible in “wrong-sign” combinations. The
smaller number of “wrong-sign” than “right-sign” combina-

semileptonic decap™” — ¢~vX gives “right-sign”
DF — (T pairs. This production rate can be written:

Npip = 2% Ry, x Br(b — Byg — D:X)

xBr(Df — o) x Br(6 — £X).

Using for Br(D — ¢X) the inclusive rate of leptons from
cascade decays measured at LER.{) it follows that:

ND;D =2x Rbb X Bz X Bbcl~

About the same number of “right-sign” events is pro-
duced from this source of background as from the signal

tions in the background, due to local charge conservation, is 5 The following equations are written for the particular decay mode

also reproduced by the simulation.

Df — ¢=*. Similar expressions hold for the other decay modes used



(Table 2). However the selection efficiency is lower for
cascade decays than for direct B semileptonic decays be§ &

cause of the requirement of a high“* lepton: the ratio
of the two efficiencies sk, = 0.127+ 0.025.

— A DZ/F pair from non-strange B meson decay, with the
lepton emitted from direct B semileptonic decay, may

come from the decap — Ds"KX/¢~v. The production
of D in B decays not originating froniV* — cs, has

been measured by CLEO [20], but no measurement of
this production in semileptonic decays exists yet. This

process implies the production of aDfollowed by its

decay into QK. This decay is suppressed by phase spaces
(the Ds K system has a large mass) and by the addltlonal\ 200
ss pair required. A detailed calculation shows that the € 150 |

contribution of this process is [21]:
Br(b — B — DIKX/v)
Br(b — BY — D~ 1)

This contribution will be neglected in the following.
- D' - K~ 7*7* and D" — K&r* decays in which ar*

< 10%
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is m|S|dent|f|ed as a Kare expected to give candidates Fig. 3. D&/ anaIyS|s B decay lengtha) and momentunb) resolution for

in the D¢ mass region. If the Dis accompanied by an
oppositely charged lepton in the deddyq — D¢~ vX,

it simulates aBg semileptonic decay. The contribution
from reflections can be estimated from:

=2x R, x Br(B,,q — D" vX)

><Br(D — K '’

However the simulation shows that a trué¢ Hecay-
ing into Krm would appear in the KK hypothesis as
a broad accumulation~ 200 MeV/c? wide) situated
mainly above the D mass region. In addition the non-
resonant D — K~ #*7* contribution is five times larger

than the resonantD— K*°z* one. In the simulation, af-

7efl

ter the identification cuts have been applied, the fractions LBgmBo
of events from these kinematic reflections with respect tof =

the Bg semileptonic decays wetk,.s; = 0.054+ 0.015

and R, ;; = 0.069+ 0.025 in thek *°K* and the K
channels respectively.

As no excess of events was observed in the “wrong-sign”

category, the possible background coming from trgecBu-
pled to a fake lepton was neglected.

Thus the fractions of the Dsignal due to the three main
contributions are:

I %
B2~ By x (L+Ryes1) + Ba X Byt X Ry’
Bg X Bbcl X RD*D
By x (l +Rrefl) + B2 X Bper X RD*D’

1 foo -

Using the values of Table 2 it follows that for tiger decay
mode

fao =0.89+0.03

fD;D -

frefl fD;’D'

Due to the contribution from kinematic reflectiofo is
slightly lower for the other two channels.

the ¢n* and K™ O+ decay modes of the D The curves show the fits
described in the textt) Comparison between the momentum distribution
from simulated events and that estimated from real data by subtracting the
momentum distribution of events in thefide bands from that of the
events in the signal region

3.3 Lifetime measurement

3.3.1 Evaluation of theBg decay proper time.For each

event, theBO decay proper time was obtained from the mea-
sured decay Iengtfig 0) and the estimate of thB, momen-

tum (pg 0) using the relation:

S

BO

s

The corresponding errar; was obtained from the errors on
L 0 ande

As indicated prewously, thB decay lengthL o was
estimated fromL B0 = w/sm(& 0) whereL,,, is the mea-

sured distance between the primary andB@eﬂecay vertex
in the plane transverse to the beam direction &pdis the

polar angle of tthg flight direction, as estimated from the
D:—¢ momentum vector. The distribution of the difference
between the generated and reconstructed decay lengths in

simulated¢7* and KK decays was fitted with a dou-
ble Gaussian distribution, giving widths of 268n and 14

mm for 77% and 23% of the events respectively (Fig. 3a).
Widths of 343um and 23 mm for 52% and 48% of the
events were found in the %* channel. These estimates
were obtained after a tuning procedure involving additional
smearing of the impact parameters and broadening of the
errors in the simulation to match the data more precisely
[22]. The remaining difference between real and simulated
data was checked using events which, with a high proba-
bility, did not contain heavy flavour decays. The resolution
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was studied using events with negative reconstructed decay
lengths, for which resolution effects should dominate. After &7 =
the tuning, the agreement between real and simulated data

on o(L) was evaluated to be&10%.
The BS momentum was estimated from:

P’ = (E(Dgl) + E,)? — myo®.

(right—sign)
Npeak

I

i=1

Ppeak (tz 3 O—ti)

(wrong—sign+side—bands)

comb

=1

Pcomb(tj ) O—tj )a

where

The neutrino energy¥,, was evaluated from the hemisphere
missing energy, defined as:

Emiss = Etot - Evis

Ppeak: = (1_ fcomb)(fB(S)PB‘S’ + fD;DPD;D + freflPrefl)

+fcomchomb

where the visible energyH,;,) is the sum of the energies Contains four components whose relative fractigisde-
of charged particles and photons in the same hemisphere S&ribed in Sect. 3.2.1, were kept fixed in the fit and corre-

the O — ¢ candidate ands,; is the total energy in that S

hemisphereFE;,; was evaluated from four momentum con-
servation:
— M?

opp

M2

same

4Ebeam

whereMqme andM,,, are the hemisphere invariant masses
on the same and opposite sides respectively. They were in-
troduced to account for events in which a sizeable fraction of
the centre-of-mass energy was carried away by hard gluon
radiation. The neutrino energy, was then calculated from
FEniss assuming a linear dependence on thg{¥) energy:

EV = Emiss ta- E(D;é) +b.

The parameters = 0.2144+0.008 andb = —8.78+0.30 GeV
were estimated from the simulated events. The finanB-
mentum resolution was-8.0% (see Fig. 3b). The relative

0 .
error on theB, momentum was parameterized as a decreas-
. . 0 .
ing function of theB;, momentum itself:

o (pgo)
Pgo

s

Etot = Ebeam +

o — ﬂpBg

wherea = 0.20+0.02 ands = 0.003040.0005 (GeVc)~ L.

To check the reliability of theBg momentum estimate,
the distribution of the estimated momentum from simulated
B; — D¢/~ v events was compared with that from real data.
The latter was obtained by subtracting the estimated mo-
mentum distribution of the combinatorial background, taken
in the D¢ side bands, from that of the events in the signal
region. The comparison is shown in Fig. 3c. The difference
between the mean values of the two distributions. 1stD.7
GeV /c. The error was used to evaluate the possible sys-
tematic error coming from the difference between real and

simulated data in tth momentum evaluation.

3.3.2 Likelihood fit. The Bg lifetime and the lifetime distri-

bution of the combinatorial background were fitted simul-
taneously, using a) the “right-sign” events situated within a
mass interval of-20 centred on the measureq hass (124

Dg — ¢ pairs) and at the same time b) the “right-sign” events
situated in the side-bands and the “wrong-sign” events in
the mass region between 1.75 and 2.2 Ge?\(535 events).

The likelihood function used was: al

pond to:

— The Bg signal, whose probability density distribution
was assumed to be the convolution of a Gaussian res-
olution function G(t, ;) with an exponential of slope

corresponding to thBS lifetime (70):

PB[S) = G(t7 Ut)®€$p(t, TBS)

—(@—t)2

i i 1 0 202
where this expression stands fo&zﬂgtT Jo e

xe - dr wherez is the true lifetime,t the measured
one, andos; is the uncertainty on the measured lifetime.
The cascade background with a probability density dis-
tribution:

PD;D = G(t, o) Qexp(t, TDgD)

whereT,, was estimated by fitting the proper time dis-

tribution measured in simulated B D{DX candidates:
Toep = (1.92+0.20) ps. This effective lifetime is longer
than the averagé lifetime because the B momentum
was underestimated for these events.

The background coming from kinematic reflections, with
a probability density distribution:

Pres1 = G(t, 0,)@exp(t, Tres1)

where 7.y, was set to the averagehadron lifetime:

78 = (1.5374+ 0.021) ps [23].

The combinatorial background, whose probability den-
sity distribution was parameterized as:

Pc aG(tv Ut) + 6G(t7 O’t)®€1‘p(t, T+)
+(1—a— PG, or)Qexp(—t,77)

to represent a prompt (zero lifetime) and also a long-
living background component; the parametetss, 7+

and 7~ were left free to vary in the fit and were found
to bea =0.224+0.03,3=0.70+0.02, 7" = 1.54+0.10

ps, 7~ = 0.994 0.18 ps. The value of* is similar

to the mean B hadron lifetime, as expected due to the
enrichment of the sample b events. The negative ex-
ponential (third term) takes into account the possibility
that negative apparent decay lengths may arise from the
event topology rather than from resolution effects.

omb —

As a cross—check, the fitting function for the signal was

pplied to a sample of simulateBﬁ semileptonic decays,



19

—~ 35 ¢ ) Table 3. Systematic errors on tHBg lifetime (Ds¢ analysis)
a ra
o 0 DELP HI Source of systematic error Tg0 variation (ps)
. r S
@) .
NG [ ] comb. Bkg Jeomb 0%
i i +0.036
% 2 b l:l Refl. P.,mp parameterization etc. :ggég
2 : I os Srefl —0.002
c 15 L 8 +0.002
L M B, f +0.011
F DD —0.008
10 ¢ ® Dato - +0.021
r DD —0.015
5t pgo Pparameterization Data/MC  £0.04
S
0L o (L) rescaling Data/MC +o.008
=2 0 ? 4 6 St [ 1? Possible analysis bias +0.04
pS T | +0.077
otal ~0.067
~ 160 [
0 L b)
a i
140 [ ] comb. Bkg , . . Q
g i . W . (7 = 1.6 ps) and the value fitted in the simulatBd sample
< 120 b g (r = 1.56+0.04 ps), since this difference was interpreted as a
100 | ossible remaining bias due to limitations of the model used
(f) [ . . . .
2 . in the fit and the acceptance of the cuts used. The statistical
¥ . i i Wi inclu i
= error (£0.04) of this comparison was therefore included in
L s0 | the systematic error.
r 0 . . . . .
50 | The measured, lifetime, using X¢* candidates is
i thus:
20
[ — +0.29 +0.08
o ‘ ‘ Tgo = 156 ‘55 (stat.) “go7 (syst.) ps

8 10
t [ps]
4 The Df — AT analysis

Fig. 4. Ds¢ analysis:a) Likelihood fit for events in the signal mass region.

The points show the data and the curves correspond to the different con- L . .
tributions to the selected events) The same as) but for “wrong-sign”  This approach is similar to the;D— ¢T analysis but instead

events and for events situated in the side band region of the lepton it uses a charged hadron. It provides larger
statistics but suffers from an ambiguity in the choice of the
0 .
. I hadron and from a loweB, purity.
generated with a lifetime of.@ ps and passed through the s PUY
same selection cuts as the real data. The lifetime obtained
for this sample was .56+ 0.04 ps. 4.1 InclusiveD* sample
Figure 4 shows the proper time distribution for real data s P
events in the signal region and for “wrong-sign” and side- ;o decay modes of the Dmeson were used: D— ¢ *
band combinations. The fitt lifetime was found to be: with ¢ — K*K~ and O — KK+ with K© = K-+

The D! candidates were reconstructed by making combina-
tions of three charged particles in the same event hemisphere
each of momentum above 1 GeV/c and associated to at
least 1 VD hit. The invariant mass of thecandidates had
3.3.3 Systematic errorsSystematic errors arise from uncer- to be within+£12 MeV/c? of the nominaly mass and the
tainties on the level and on the parameterization of the commomentum had to be larger than 5 GeV/c . Using the stan-
binatorial background. This latter was evaluated by usingdard DELPHI algorithm [12, 17] for particle identification,
only the wrong-sign or only the side-band events as wellat least one charged particle had to be at least a “loose” kaon
as differentP,,, parameterizations. Other systematic er- f the K*K~ invariant mass was withis-4 MeV/c? of the

rors come from the measured branching fractions used t@ominal¢ mass, otherwise at least one “standard” kaon was
calculate the fractiong;,., and frcs: in the I signal and  requested. The value ¢tos()|, defined in Sect. 3.1, had

from the corresponding lifetimesy,, andrg. Other sets of (5 he above 0.4. The invariant mass of #& candidates

systematic errors come from ti momentum evaluation, had to be within£60 MeV/c? of the nominalK™ mass
from the difference between real and simulated data, andalue and the<*® momentum had to exceed 6.5 GeV/c (4
from the uncertainty associated with the impact parameteGeV/c for 1994 data). The momentum of the bachelor kaon
rescaling. The relevant parameters were all variedtiy, (K ™) had to exceed 3 GeV/c (1 GeV/c for 1994 data). To
and the corresponding variations on the fitied lifetime  Suppress the physical background from the B K7 *r *

are reported in Table 3. Finally the lifetime was correctedreflection, the bachelor kaono(k) had to be identified as at
by +0.04ps for the difference between the generated valudeast a “standard” one. F&¢™ — K~ * decays, the K

o = 1.52 jg:gg (stat.) ps
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4.2 Selection obF — hF events
it DELPHI a) :

The procedure consisted in preselecting, using an impact pa-
rameter technigue, a sample of tracks coming predominantly
from B hadron decay and accompanying the dandidate.
Only tracks in the same hemisphere as the reconstructed D
were considered. This preselected sample was then used for

the hadron selection, for thBS enrichment and for the B
momentum estimate.

200

o
o

4.2.1 Preselection of the tracks accompanying Eife The
impact parametef with respect to the primary vertex is on
average smaller for tracks from the primary vertex (“NB-
tracks”) than for tracks accompanying thé Bnd also aris-
ing directly or indirectly from B hadron decay (“B—tracks”).
Also, the average momentum is lower for NB—tracks than
for B—tracks, so the average erro(p), is higher. Therefore
B . the difference between NB—tracks and B-tracks can be am-
: : 3 plified by using the combinations of the impact parameter
150 17 M(KK) [Gev/c and its erroréz /o(6z) andép x o(6p), wheredz and ép

+ c) are the impact parameters calculated with respect to the pri-
mary and to the Dvertex respectively. This is illustrated in
Fig. 6.

The preselected sample contains the tracks satisfying the
following criteria:

Entries/(13 MeV/c?)

— at least one associated VD hit;
‘ — |6p x o(6p)| < 4.5 x 1074 cn?;
: I —if |6p x o(6p)| > 4.5x 10~* cn? then|6 /o (62)| > 10
M(K7rv) [GeV /¢l
(k) [Gev/c andpirqcr > 2 GeVic .

Entries/(13 MeV/c?)

Fig. 5. Dsh analysis: The invariant mass distribution for the inclusive D ) .
samples for the) D — ¢ * andb) D — K*°K * decay channels;) In the simulation about 83% of B—tracks and 35% of

shows the invariant mass distribution for the combinations show) if NB—tracks passed these cuts.

the K* is assigned ther* mass. The curves show the fits described in the

text
4.2.2 Selection of the hadron candidatéhe hadron was
searched for amongst the preselected tracks in the event us-
ing the following criteria:

— it is not a “standard” or “tight” identified lepton with
p?*t > 1 GeVlc; if such lepton was found the whole

had to be at least "loosely” identified. The value|0bs()| event was rejected to reduce the correlation with the

had to be above 0.6 (0.8) if the mass of e candidate DZ — (F analysis;
was less (more) thar-30 MeV/c? from the nominalk *° — its charge is opposite to that of the;D
mass. — it has the highest momentum among the candidates op-

In both D! decay channels, the pions were chosen among posite in charge to the D
the particles that were not explicitly identified as protons,
kaons or leptons. The reconstructed @ecay length had to
be positive and the?(D} vertex) had to be below 20.

In the simulation, after removing theZD— (T candidates,
the purity f;, of the selected hadron sample was found to be

Figure 5 shows the inclusiveDsignals obtained in the _ (Ds + B —track)
om ™ andk *°K * decay channels, and also the invariant mass b (Df + B —track) + (O + NB — track)
distribution of thek*°K * events with the K assigned the = (839+3.5)%

7% mass. The latter distribution shows that, in the selecte
D — KK * sample, the contribution from the D—
K=7 *r * reflection is small. The fit was performed using
an exponential for the combinatorial background and twog 5 3 |pitial composition of th®F — h¥ sample. The D& —
Gaussian distributions for theiDand Df iignals: 473:47 1% sample contains a large physics background daegto D
D{ — ¢m " events and 23132 D} — KK * events were  from non-strange B hadron decays and freemfragmenta-
found with fitted masses of 1.97D0.002 GeV/é and 1.969 tion. To estimate the relative fractions of the different D
+ 0.002 GeV/é respectively. sources, the production rate of Bbom all B speciesBy, =

dand the efficiency of the selection was about 80%.
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0.008 [ 0.008 [

0.006 F 0.006 |

0.004 [ 0.004

0.002 0.002 Fig. 6. Dsh analysis: simulated impact parameter distributions
combined with their own errors) for tracks from the primary
vertex (NB—tracks) ant) for tracks accompanying theffand
coming directly or indirectly from the B decay (B—tracks). In
F F R . both figures the impact parametgr is calculated with respect
~0.006 |- .. -0008 [ v T to the primary vertex whiléSp is calculated with respect to
~0.008E 1w, R 0008E the X vertex,o(6z) ando(é6p) are the corresponding errors
-20 0 20 -20 0 20

62/0(62) 62/0(62)

8o*a(8,) [cm?]
8o*a(8,) [cm?

—-0.002 [ —-0.002 F

~0.004 - -0.004 | .

Br(b — DFX) x Br(Df — ¢nt), measured by the ALEPH,
DELPHI and OPAL Collaborations [4], and the equivalent
quantity B, = Br(By g — DEX) xBr(DF — ¢n*), measured

at the7'(45) by the CLEO and ARGUS Collaborations [3],
were used. Two processes contribute to the full decay rate of

32 into DZ. The first corresponds th — DZX decays and
is given by By, — B,. The second is the decay of tBé into

two charmed mesonﬁig — Dg DX, and has been evaluated
assuming that this mechanism has the same probability fo
all B hadrons. Its contribution is then given b, x B,.
Averaging the results of the three LEP Collaborations, the

production rate ofDF from BS decays was estimated to be

arbitrary units

)

arbitrary units

(T track

Comb. bkg

s/

Entrie

Bs = Br(b — BY — DZX) x Br(DZ — ¢n)
= (0.39+ 0.09) x 1072.

The fraction of ¥ from non-strange B hadrons was found
to be

(2 X Pyu.g+ Pyaryon) X Bz =(0.33+0.03) x 1072,

N tracks

The relative contribution from direct charm was estimated
from the measurement of {Dproduction in charm events
from CLEO and ARGUS [5], taking into account the Z par-

Fig. 7. Dsh analysis:ay-d) Charged multiplicity distributions for tracks
accompanying D mesons and coming from different sources. The lightly
hatched areas show the effect of removing identified “right-sign” kaons.

tial widths intob andc quarks: The heavily hatched areas show the effect of the multiplicity cut. The
_ 5 next two figures show the charged particle multiplicity distributions after
(Rcc/Rbb) X B4 =(0.23+0.03) x 1077, combinatorial background subtraction in the mass intetv2¢ around the

The simulated event samples were weighted to agree witlf'62sured @ masse) before and) after applying these two cuts
these measured rates.

4.2. 4B enrichment and final composition of tBg — AT background and also removing a larger fractiorBgf (non

sample To suppress thec and light quark backgrounds, the B ) decays than of thB signal.

b-tagging technique [12, 22] was applied. The probability = Bgy — Ds IpHX decays are the main source of D
was calculated that the tracks in the given hemisphere comgmesons fronB,,; background. About 45% of the!Dn these
from the primary vertex. Because of the long B lifetime this decays are accompanied by a kaon of the same charge. A
was much lower for events contaigira B decay. In this “standard” or tighter identified “same—sign” kaon accompa-
analysis, the probability in the hemisphere opposite to thenying the @ meson was searched for and events containing
D¢ had to be lower than 20%. This cut kept almost 80% ofsuch kaons were removed. This cut rejects a larger fraction
the bb events and reduced the charm background by moref B,,; background than of Dfrom other sources (Figs. 7a-
than a factor 2. d).

Furthermore, simulation studies showed that the mean The agreement between simulation and real data was ver-
number of tracks accompanying afDas defined in ified by comparing the charged multiplicity distributions (af-
Sect. 4.2.1, is different for the dlfferent sources ¢f. Big- ter combinatorial background subtraction) for tracks accom-
ures 7a-d show the corresponding distributions. Only depanying @ mesons in the signal region, which was again
cays with accompanying charged multiplicity,\.xs below  taken as a mass interval 6f2c around the fitted D mass.

5 were retained, considerably suppressing the combinatorialhe shapes of these distributions (Fig. 7e,f) and the num-
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Table 4. Fractions of the different components in the inclusive €ignal.
The last column gives the expected composition of the selec;,'éel—llk¥ DELPHI o)
events after applying all the cuts

Inclusive @@ Selected FF — hF

D{ source  sample (%) sample (%)
0

80

B 411459  527+65 60
Bns 347+ 41 355+ 54
Charm 242+ 34 118422 "
o
~
bers of rejected events — (26472.7)% in the real data and B %
(28.8+ 1.1)% in theqq simulation — are in agreement. =
The fractions of the Dsignal due to the different sources 2
before and after applying the selection criterame given in < °

Table 4. Uncertainties are dominated by the errors on thed b)

measured production rates (Table 2), the uncertainty com—é

ing from the simulation statistics being small. The finﬁﬁl L
purity of the sample is 0.60, whereas the fraction of charm
eventsR,,, defined as the ratio between the numbers pf D
originating from charm and from beauty hadrons, is 0.13.

Note that the finaBg purity has been noticeably improved
with respect to the initial value, considering the fact that
the rejection of the B — /¥ candidates, during the hadron o ++

selection, adversely affected t@p purity. 4 +

Figure 8 shows the Dsignals obtained after theZD-h ¥ 0 ‘ ‘ ‘ ‘ ‘
selection. The number of Dcandidates was obtained by fit- oo w2 ﬁ(KKw)ﬁéaV /Cff
ting these distributions in the same way as the inclusiye D

. . . %0, . Fig. 8. Dsh analysis: KKr invariant mass distributions for thegb— h+
ones described in Sect. 4.1 and Fig. 5 (for Ime.K r.“Od? samples fora) D — ¢7 * andb) D — K*K *. The curves show the
only one Gaussian was used for thg glgnal since in this s described in the text
case no clear signal of ‘Dwas visible). The numbers ofD

events were 175 25 and 86+ 17 with fitted masses of

1.971+ 0.002 GeV/é and 1.970+ 0.003 GeV/é for the — fraction from Bg +B,,, with wrong hadron:
Df — ¢n* and @ — K™K * decay modes respectively. fg, = (1.7T£1.9)%;

The percentages of Dsignal among the events withii2o — fraction fromcc events:

of the measured Dmass were (56.3- 8.0) % and (49.7 fee = (6.3 £ 1.4)%;

+ 9.8)% respectively. As was discussed in Sect. 4.1, the — fraction from combinatorial background:
physical background from the D— K~ 7 *x * reflection in feoms = (45.9 & 6.2)%;

. . *0 .
the selected inclusive D— K K" sample is small. The \yhere “correct hadron” means a hadron coming from the B

reflection component in the selected'B- 2™ sample was decay whereas “wrong hadron” means one from the primary
evaluated from simulation using the numbers quoted in Taygrtex.

ble 2 for the D" fraction incc events and the probability to
have a D' in B meson decays. Taking into account the dif-

ference in selection efficiency between the* and K™K * 4.3 Lifetime measurement

final states, the reflection component in the selectéd-BT

sample was found to be (18 0.7)%. These events come 4.3.1 Proper time measurementhe B decay vertex was
mainly from B hadron decays and their small contribution reconstructed by constraining the selected hadron and the

: : . : i ) 0
position of the sample of events with & Dnass situated |gngth (Lyo) was estimated frond o = L,/ sin@y), where

within +2c of the nominal mass was: Ly is the measured distance between the prismary and the

. o .
— fraction from B v:)nth correct hadron: Bg decay vertex in the plane transverse to the beam direc-
fBg _ (236+ 4'1)/0’_ tion andf o is the polar angle of tth flight direction, as
— fraction from B, Vg't_h correct hadron: estimated from the B-hadron momentum vector.
fs,, = (165£3.2)%; The ability of the simulation to reproduce the tracking

resolution in the real data well was checked in the same way
KK * decay modes, the relative proportions of theddurces are different ?tst n ?eCt'd?"Bt'):ll" ghe de.ca{c Ientgth reSOIUtIOS]SfObgi{L}ed by
for these two channels. The quote@tl} hT sample composition was ' mg(:)] 0 a double Gaussian function were 31 for 0
evaluated taking into account the relative numbers of events in thes=D  of B; and 17 mm for the remaining 36% (Fig. 9a), to be
¢m* and O — K*°K * channels found in the real data compared with 39Q:m for 59% ofB,,; events and B mm

6 Due to the different selection criteria for thefD» ¢m * and O —
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Fig. 9. Dsh analysis:a) Bg decay length reso-
lution: L, is the reconstructed decay length
andLgen, is its generated valud) The B me-
son momentum resolutior?... is the recon-
structed momentum aniy.., is its generated
value. Both distributions were fitted with a su-
perimposition of two Gaussians) Compari-
son between the energy distribution from sim-
ulated events and that estimated from real data
by subtracting the energy distribution of the
events in the D side bands from that of the
events in the signal region
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for the remaining 41%. Since aiDfrom a B, decay is ¢q¢ simulation. The shapes of the distributions agree: the dif-
emitted mainly together with another D meson, the hadrorference between the mean energies for the real and simulated
selected in these decays often did not originate directly frondata is 02 + 0.5 GeV.

the B vertex, resulting in a worse resolution. In almost 50% The B hadron decay proper time was estimated as in
of theB,,; decays, the two charmed mesons are accompanie8ect. 3.3.1 and the corresponding ewrpwas obtained from

by an extra track which can be selected in place of the Dthe errors on the decay length and momentum.

decay products. Due to the presencé%opf—> D; DX decays,

0 . . .
the B, sample also contains a small component in which

the selected hadron comes from a Seco@wa:ay_ These 4.3.2 Likelihood fit. The B(S) lifetime and the time distribu-
different resolutions fong and for B,,, were taken into tion of the combinatorial background were fitted simultane-

: I s ously, using a) selected events in thg [eak region within
account in the likelihood fit. .
In order to reconstruct the B hadron momentuym, the +20 pf the measured pmass_(48_4 eveints) and_b) combi-
momenta of the D and of the preselected tracks, as definedggagagnbgcrgéﬂgng gvgntsz Eilg? :anvg;%s)mquSss sg:gr_ebat?]de
in Sect. 4.2.1, were summed. A small contribution due to ' : i ' '

neutrals and tracks without VD hits, provided that their ab-ikelihood function used was

solute value of the rapidity exceeded 1.2, was added. The Npeak Neomb
rapidity was calculated as.®x log ((E + P.)/(E — Pp)), s = H Ppear(ti, 0¢;) X H Peomp(tj, o,)
where E is the energy of the particle assuming the pion i=1 j=1

mass andPy, its longitudinal momentum with respect to the wheret; ando;, are the measured proper time and its error

thrust axis of the event. .__for thei—th event. The probability density function for events
The reconstructed momentum was corrected to take mtc?n the peak region has the following components:

account the correlation between the resolution and the value
of the momentum itself. After this correction, the overall P,..; = (1 — fa,. —fa — fec = feomb)Pgo+ fg Py
resolution (Fig. 9b) omg was 13% and varied from 27% at ) " s o
low pg to 6% in the high momentum region. In simulated +(th, + fee)Po,ce + feombPeomb

events, the directiofiy; of the reconstructed momentum was e the relative fractiong, described in Sect. 4.2.4, were

found to coincide with the true flight direction of the par- | o fixed in the fit and the brobability densitv distributions
ent B hadron with an accuraey,, of 25 mrad. Figure 9c pL o IPb aIndP , V\E)ere aS|]!0)1|OWS' 1ty distributt
B 57 ,CC com .

L P,
compares the reconstructed B energy distribution for the real B’
events in the signal region after combinatorial background

subtraction with that for the corresponding events from the ~ 1 n€ Probability density distribution for thg; signal was

assumed to be an exponential of slope corresponding to
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the B(S) lifetime (70) convoluted with a Gaussian resolu- 70 |

tion function G(t,csrt):
PBS = G(t, o) Qexp(t, TBS).

— The probability density distribution for thB,, back-
ground was described by a similar function: 20

Ps,, = G(t,0)@eaplt, 75, ). 0

Ther, fitted on the simulated data generated with a 1.6 2 0 2 4 6 8
ps lifetime was 1.578t 0.061 ps. Using the measured
inclusive b hadron lifetime, 1537+ 0.021 ps, it follows
thatr, ~=1.516+ 0.062 ps.

— The proper time distribution for Dfrom cc events was
well approximated by a Gaussian centred on zero. For
D? from bb events accompanied by a hadron from the
interaction point, there is a small positive tail since the
D{ does not point back to the primary vertex but to the 30 F
B hadron decay vertex. The proper time distribution for 20 F
these backgrounds was taken from simulation and well o ¢
described by the function 0

Py e = c1G(t, 00) + coe ™ ort>0
brce (¢, 00) ot / ) Fig. 10. Dsh analysis:a) Fitted proper time distribution for events in the
c1G(t, 00) + cae®™ (for t < Q). signal mass region. The solid line shows the result of the maximum like-

- . lihood fit. b) Fitted proper time distribution for events in the side—band
All the above coefficients; (i = 1,5) andoo were taken (5 1_5 3 Gev/R) mass region

from simulation and kept fixed in the fit.
— The probability density distribution for the combinatorial
backgrou_nd was parame_terlzed with a Gau_ss_lan plus aple 5. Sources of the systematic errors on ﬂﬁ%lifetime (DF — ¥
exponential term and with a component similar to the gnalysis)
B,.s probability density function for the flyingr{,..s)

DELPHI a)

60 -

[ ] Comb. Bkg.

Charm & B with
wrong hadron

1 B.,
M s,
Data

50

40

Entries/(0.25 ps)

30

o
o

70 « Comb. Bkg

Entries/(0.25 ps)

8 10
t [psl

background: Source of systematic error Tgp variation (ps)
inti H +0.059
Pcomb = PlG(t7 Jt) + pZG(ta O’t)®€l'p(t, Tcomb) + P3€7p4t Uncertafntle's nfe. th Jor Fee —0.052
(for t > 0) U(r)1certa|nty iNfeomb 0082
G, o)) + pse?st B, decay multiplicity oot
(for t < 0). b-tagging efficiency o018
o P, .. parameterization *0.014
\hoerte the p?r?rrreﬁm (Z =1 6) and7eomp, Were left Momentum resolution Data/MC  +0.025
ree to vary in the fit. .

' . S o (L) rescaling Data/MC o.016
F|gur_e 10 sho_ws the proper time dlstrlbutlons_ for events in g, ifetime: 7, 40.030
the signal regfon agd. for the side—band combinatorial back- Analysis bias correction 10.080
ground. The fitted, lifetime was found to be: Total +0.119

—0.115
T = 164 o3l ps

. . 0 . .
; - . 5 used in the analysis. Thg, fraction varied between 20%
4.3.3 S)./stematlc egrqrsThe contributions to the systemfmc and 252%. The second effect concerns the efficiency of the
uncertainty on thé, lifetime measurement are summarized b-tagging procedure used to suppressdheomponent. The

in Table 5. _ o cc fraction was estimated to vary betweed% and 75%.
The systematic error due to the uncertainties in the rel- e reflection from O — K—7 *r * decays was rather

ative fractions of the different Dsources was obtained by gmall and it was included in thB,,, fraction. No signifi-

+10 variation of the fractiong used in the likelihood fit, ex- I cant effect on th@ts) lifetime was found assuming that this

cluding f..m» Which was studied separately. Two additiona .
effects may have an influence on the relative fractigns :ﬁgsicnt'on came tp;}allﬁ/ f‘r‘omc e_vgntf.kThe procedure qf re-h

) 0 o . g events with the “same-sign” kaon accompanying the
The first concerns thBg decay multiplicity which is poorly D meson can bring some bias due to the possible differ-
known experimentally. It gives an uncertainty in the multi- once in the kaon identification efficiency between real and
plicity distribution for the preselected tracks accompanyingsimylated data. In the signal region after combinatorial back-
the Dg meson. The cutimposed on,Ncx, was varied byl ground subtraction, the number of rejected events was found
for B; events, keeping for the other;3ources the value of to be a factor D4+ 0.03 bigger in the real data than in the
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simulation. The influence of this effect on tBé) lifetime is
negligible.

The coefficientsp, .. taken from simulation were var-
ied within their errors to determine the contribution to the
systematic uncertainty. The systematic error coming from
the possible difference between real and simulated data in
the B momentum estimation was evaluated using the differ-
ence of the mean values of the two distributions discussed
in Sect. 4.3.1. The lifetime of thB,,; component fitted on
the simulated data was also varied hyo.

Finally the simuIateng events, generated with a lifetime
of 1.6 ps and passed through the same selection cuts as
the real data, have a fitted lifetime of58 + 0.08 ps. The
statistical error of this comparison#0.08 ) was included
in the systematic error. After correcting for this possible

analysis bias, the measurB(S lifetime was found to be

g0 = 1.65 033 (stat.) +0.12 (syst.) ps

g0y
s | DELPHI
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n
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Fig. 11.¢¢ analysis: Invariant mass distribution of the kaon pair candidates.

Points represent the real data, the histogram the simulated data and the full

line the fitted function

This analysis is more inclusive and uses events where a high

p?t lepton is accompanied bydameson in the same jet. The

high p¢“t lepton enriches the sample in direct semileptonic5.2 Composition of the selected sample

decays and the presence of theenriches itng purity to
around 50%.

Ll
1.02

5 The ¢-lepton analysis

For the measurement of tnaﬁ lifetime, events in thep
meson signal region were used. The signal region corre-
sponded to an invariant mass of the two kaon candidates

5.1 Selection of - lepton events between 1.008 GeXt? and 1.030 GeYc?. Several mecha-

The analysis was limited to 1993 and 1994 data. The
meson was reconstructed through the— K*K~ decay
mode. The charged particles of the event were separated intq_
two hemispheres with respect to the thrust axis. The invariant
mass was calculated for all pairs of particles, assumed to
be kaons, with opposite charge and situated in the same
hemisphere as an identified lepton, The momenta of the kaon
candidates had to exceed 1.5 GeV/c (2.0 GeV/c), that of the
¢ candidate had to exceed 3.5 GeV/c (4.0 GeV/c), and the
invariant mass of the two tracks and the lepton had to exceed
1.7 GeV/c? (1.9 GeV/c?) for data taken in 1994 (1993).
These kinematic cuts were made tighter for data taken in
1993 in order to obtain a similar signal to background ratio. —
In addition, at least one of the kaon candidates had to be
identified as such by the dE/dx measurement in the TPC or
by the RICH detectors (identification of both kaon candidates
was required for 1993 data) [12].

Only leptons with momentum above 2 GeV/c and trans-
verse momentum?“t larger than 1 GeV/c were considered
in the analysis. The latter cut strongly suppressed the con-
tribution from direct charm events (D— ¢¢*v,) and from
cascade B semileptonic decays—¢ ¢ — £%).

The invariant mass distribution for kaon pairs is shown
in Fig. 11. It was fitted with a Breit-Wigner to account for
the signal and a polynomial expression to describe the com-
binatorial background. The background parameterization de-
scribes well the shape of this distribution as obtained from
the simulation. A signal of 433 62 events was observed at
a mass ofn, = 1.019+0.001 GeV/é with I’y =110+15
MeV in agreement with the simulation prediction.

1.

nisms which produce & meson were studied.

Processes induced yquarks are:

. . 0 . .
Semileptonic decays &, mesons resulting in @ meson
in the final state through an intermediate charmed meson
state. Their contribution is given by:
Nio = 2x Ry, x P,

x( Br(BY — D:¢~X) x Br(D{ — ¢X)
+Br(B. — Dps/~ X) X Br(Dps — ¢X) )

where Qs means a non-strange D meson.

Semileptonic decays of non-strange B mesons resulting
in a ¢ meson in the final state through an intermediate
charmed meson state. Their contribution is given by:

N = 2x Ry x Pyq

x( Br(B — D%X) x Br(D° — ¢X)
+Br(B — D*¢X) x Br(D* — ¢X) ).

Non-strange B meson semileptonic decays tolaabe
highly suppressed, as shown in Sect. 3.2.1, so they have
not been included.

Cascade decays {lc— ¢*) of strange and non-strange

B mesons where the lepton and theneson are produced

in semileptonic charmed meson decays. Three different
processes can contribute:

The initial B meson is not strange and theand the/
are produced through decays of two different D hadrons:



26

NE = 2x Ry x (Py,q) x Br(B — DsDX) ET70¢
x(Br(D — ¢X) x Br(D; — ¢X) g 63 3 N
+Br(Ds — ¢X) x Br(D — ¢X) ). 3 jo ]
2. The initial B meson is 82 and both thep and thel are 530 -
produced through the decay of § eson: 20 F
N% = 2x R, x P, 1or
Bg 0 B v SR B i i e bkl
0 -05 -04 -03 -02 -01 O 01 02 03 04 05
><BI’(BS — D;X) X Br(D; — ¢€+V). Lrec_Lgen[Cm]
3. The initial B meson is not strange and both thend g o 3 31605
the ¢ are produced through the decay of & Deson: £ ok %1‘2‘2 ;‘ Data c)
N§ = 2% Ry, x Pyu wf Fiwop MC
xBr(B — DX) x Br(Df — ¢l*v). 0 o E
The relative contributions of these processes, after impos- ~ *° 3 40 -
ing the cut, were determined from the simulation; when ~ *° ¢ 20 o

combined they yielded.014+0.004 of the final sample. 0 Gl LS 0 e

(PrecPgenPgen P[GeV/d

0 . . .
TI(‘)le B purity of the sample, defined as the fraction of Fig. 12. ¢¢ analysis: The difference between measured and generated decay
B; decays among the selected B hadron decdys, =  distancea) and momentunb) of the Bs’ meson.c) Comparison of the
S

N N_o + Ng). has t termined. To a ver _B momentum distributions for events in tle meson signal region after
BS/_( By _B)' S to be de e . ed. To e y good ap background subtraction: the points represent the real data and the shaded
proximation, it follows thatiV. is given by the first term of  histogram the simulated sample

N Bl" and thatNg is given by N3. These two processes are

very similar from the kinematic point of view and the differ- 5.3 Lifetime measurement
ence in reconstruction efficiency was found to be negligible.

Thus: . .
5.3.1 Evaluation of thsg decay proper time.A secondary

fgo = Psx Br(Bs — Di¢~X) x Br(Df — ¢X) K*K~¢ vertex was reconstructed and vertices witffgrob-
0 . . ability larger than 104 were retained. The decay length was
/ (Ps x Br(Bs — Dg™X) x Br(Dg — ¢X) determined as before. Its measurement error was inferred
+P, 4 x (Br(B — D%X) x Br(D° — ¢X) from simulated data to be 37428 ym (Fig. 12a). A small
+ Br(B — D*¢X) x Br(D* — ¢X))). fraction of events £ 6%) had a decay distance resolution
] ] ) ] ] of approximately 4 mm. The agreement between real and
Using the values given in Table 2 and the inclusive valuegimylated data was checked as in the previous analyses. As
for the semileptonic branching fraction, which is justified . 0
an estimator of thé8;, momentum, the reconstructed mo-

because the branching ratio® B> ¢X and D' — ¢X are . .
. mentump(¢¥) of the ¢ — ¢ system was used. The simulation
almost equal, it follows that: p(¢) ¢ y 5 i
shows that the fraction of thB, momentum carried by the

fB, =050+ 0.07. _ ) 0 .
‘ ) ¢ — ¢ system grows linearly with thB;, momentum itself,
The main sources of background are: according to the relation:

— Semileptonic decays of charmed mesons produced dip(M)
rectly in the Z decay (only Pmesons are expected to , =a+bx p(¢l)
contribute to this process): P

N:{ =2X Re. X Py x Br(Df — ¢l*v) with @ = 0.203+ 0.065 andb = (1.83+ 0.28) x 1072

o o 0
where the production of strange mesons is assumed t§3€V/c) ' This parameterization gives ti& momentum
be the same in the andc sectors and equal tB,. With with an average error of about 16% (Fig. 12b). Figure 12c

the cuts described above the contribution of this proces§ompares the momentum distribution of the reconstructed
in the simulated sample was negligible. ¢ — ¢ system obtained for simulated hadronic Z decays with

— Fake leptons arising from light hadron decays and rnis_the same distribution measured in real data after subtract-

identification. In the simulated sample their relative con-iNg the combinatorial background, taken from theipper
tribution was ffae = 0.11+ 0.02. side-band. The agreement is satisfactory. The difference be-

— Events tagged by a lepton with themeson produced tween the mean values_ of th_e two Qistributions B0 0.{1
as part of the original fragmentation. In the simulated GeVi/c. The corresponding Q|str|k_)ut|ons of the events in the
sample their relative contribution wasd0+ 0.006. upper side-band of the'™ invariant mass were also com-

— Combinatorial background. From the fit to this mass dis-Pared and no significant difference was found between real

tribution, the fraction of such events in the signal sample@nd simulated data. The proper decay time and its measure-
was found to bef,,,, = 0.629+ 0.085. ment error were obtained using the same expressions as in

Sect. 4.3.



w0
o
1 -

80 o DELPHI Fake leptons

=)

> 2 Comb. bkg.

2

= Data

Ll
ot #8e g 0l ool
6 7 8

tpg

b) c)

Entries/(0.125 ps)
[ [ N N w w

Entries/(0.125 ps)

P P NN ®®NHD

tlpd tlpd

Fig. 13. ¢¢ analysis:a) Proper decay time distribution for the events in the

¢ meson signal region: points represent the data, the line is the result of the
maximum likelihood fit. The lightly shaded area shows the contribution of
the combinatorial background, and the heavily shaded one the contribution
from misidentified leptons or leptons from light hadron decé)sProper
decay time distribution for the events in the side wing of the kaon pair
invariant mass distributiorc) Same distribution for simulated events with
either a misidentified lepton or a lepton arising from a light hadron decay
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Table 6. Systematic errors on thag lifetime (¢¢ analysis)

Source of systematic error g0 variation (ps)
S

+0.12

—0.04

+0.03

—0.02

Combinatorial Backgroundroms, f&°™°)
Fake Leptons ke, f5"*)

Purity (f,) +0.02
B +0.01
Pg parameterization Data/MC 008
Decay distance resolution Data/MC 008
Possible analysis bias +0.08

+0.15

Total o1

— The contribution from events with a fake lepton was con-
sidered together with the two small contributions from
events with thep) meson from fragmentation and events
from cascade decays. The probability density distribu-
tion, Pyqke, Was constructed in the same way s, ,.»:

FL Gt 04,)
+1 = fL*VG (i, 01,) @ explti, Take)-

The parameters were obtained from the fit to the corre-
sponding proper decay time distribution obtained from
simulated events (Fig. 13c)f/** = 0501+ 0.012,
Tfake = L.76£0.07 ps.

Pfake

5.3.2 Likelihood fit. For events in the meson signal region,

Figure 13a shows the proper decay time distribution of
events in the signal region. The fitted lifetime was:

an unbinned maximum likelihood fit was performed. TheT 0 = = 1.744 0.20(stat.) ps

following likelihood function was constructed:

Nsignal

H ((1 - fcomb - ffake)fBgPBg(tiv Ot;s BO)

i=1
(1~ feomp = frane)(L = fgo) Po(ti; 0, 78)

+fcomchomb + ffakePfake)‘

— For the probability density distribution cBg decays an

exponential convoluted with a Gaussian was assumed:

PBg(t’hUtm 0) G(tuat ) & 6‘rp(tl7 B )

The probability density distribution of non-strange B me-

As a cross—check, the fitting procedure was applied to a

simulated sample containing onE2 meson decays gen-
erated with a lifetime of 1.6 ps. The fitted lifetime was
1.58+ 0.08 ps.

5.3.3 Systematic errorsln the analysis of possible sources
of systematic error, each fixed parameter of the likelihood
function.# was varied by its error. The most important were
the parameters describing the combinatorial background.
Other important contributions were from the difference be-
tween the real and the simulated data in the parameterization

of the Bg momentum and the flight distance. As in the pre-

son decaysPp was assumed to have the same form,vious analyses, the lifetime was corrected by the difference

but with 7, 0 replaced by the average lifetime;
1537+ 0. 021 ps.

and an exponential for the flying background:
Pcomb = fé‘ombG(tiyUti)
+(1 - f(c}omb)G(th th',) & exp(th 7—comb)-
The parameterg‘c‘””b and 7.,mp Were obtained from

between the generated and fitted values on the simulated
data, in this case +02+ 0.08 ps. Including the systematic

The proper decay time distribution of the combinatorial error, theB lifetime was found to be:
background was parameterized as a Gaussian term for the
non-flying background and the convolution of a Gaussian’s? ~

+0.15

=176+ 0.20(stat.) "5 10(syst.) ps

6 The inclusive OO analysis

This last analysis used events containing simplysd Be-
son. The @ — ¢n* and @@ — K* O+ decay modes were

an unbinned maximum likelihood fit to the proper de- yged.

cay time distribution, shown in Fig. 13b, of events

in the upper side-band (@6 GeV/c> < My <
1.15 GeV/c?) of the invariant K"K~ mass distribution:
f&mb = 0.475+ 0.011 andr,ep, = 1.57 + 0.05 ps.

6.1 Selection ob? — ¢r* andK*°K* events
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Table 7. Numbers of I — ¢=* and K*°K* candidates measured in

o~ 180 [
% 160 * a) DELPHI different decay length intervals
; Distance interval (cm) Np: — ¢m
= 01 <1<02 112419
L w0 L 02 <1<04 1144 18
= d 04 <1<08 103+ 16

E 08 <1<10 1847

i 10 <1 18+6

0 B I I I P T BT
18 1.85 19 1.95 2.1;(KKT[)2[168V/C221.15 Distance interval (cm) NDg R K*OK+
007 <1<02 65+ 15
"o 02 <1<05 81+ 16
z 05 <1<10 37+9
= 10 <1 114+ 4
o
—
E
g signal region comes fromDmesons decaying intokr *7*
with the pion mistaken as a kaon. To reduce this contami-
. ‘ ‘ ‘ ‘ ‘ ‘ nation to a negligible level, good particle identification was

2L required by selecting only “tight” kaons; this provides a re-
jection factor larger than 30 against pions. The effect of this
Fig. 14.Inclusive Dy analysis:K K mass distribution for D candidates  identification was verified on data and found to be in agree-
decaying intoa) ¢ andb) K*°K*. The fit is the sum of two Gaussian ment with the simulation. Figure 14b shows thg Signal

distributions to describe thestand D peaks and an exponential to describe obtained in thGK*OK+ decay channel. Applying the same fit-
the background . v .
ting procedure as for thenr™ decay channel yielded a total
of 174+ 29 candidates.

1.8 1.85 1.9 = 1.95 2 2.05 21 2
m(KKm) [ GeV/c”]

6.1.1Df — ¢n*. All charged particles forming a Dcan-

didate had to have momentum above 1 GeV/c and at least

one associated hit in the VD to give an accurate decay ver6.2 Composition of the inclusiv@s sample

tex reconstruction. The ¥~ invariant mass had to be in

the range 013 GeV/c? < My-x- < 1027 GeV/c> and  The composition of the inclusive {sample before the se-
the momenta of the KK~ and K"K~ =" systems had to be lection cuts was as given in the first column of Table 4. For
larger than 5 GeV/c and 8 GeV/c respectively. The val-the present analysis, the ratio of the selection efficiencies for

ues of cosf) and|cos())| were required to be greater than Bg and non-strange B hadrons decaying into}aws found

—0.8 and> 0.4 respectively. Fake Dwere suppressed by _ . . X o .
requesting they? probability of the KK+ vertex to be to beeB:/eB = 1.05+ 0.06 in the simulation. Th&, purity
of the sample was therefore

larger than 1%. The decay length= L., /sin@o:) had to
exceed 1 mm, wheré_,, is the measured distance between _

) Y . P, =057+0.06.
the primary and the Ddecay vertex in the plane transverse ~ Bs

to the beam direction ané; is the polar angle of the D |, the same way, the fractioR,;, of Ds decays coming from
candidate. Both kaons were required to be loosely identified,... ro|ative tobp given in Table 4 was corrected by the ratio

Figure 14a shows the obtained Bignal. The number of D ¢ the efficiencies, 11+ 0.04 and 105+ 0.08 for or* and
candidates was measured by fitting this distribution using al 0+ respectively. It follows that:

exponential dependence for the combinatorial backgroun
and Gaussian distributions for theand D signals. The
mass and width of the Dsignal were left as free parame-
ters in the fit. The total number ofDcandidates was found
to be 342+ 41.

Rey =029+005 (p7'), R =0.30+006 (KK

6.3 Lifetime measurement

6.1.2D; — KK+ As before, all charged particles form- 6.3.1 Fitting procedure.The Bg meson lifetime was deter-
ing a D! candidate had to have momentum above 1 GeV/dhined from the decay length distribution of thé mesons.

. . : *0 . For each decay length interval, the number ¢fdandidates

ig?eaécl)izsiégpe%Tf'ttﬁ:ig;f}ﬁ\?;ﬂ;gfg;g@:scimﬂg?;ize over the combinatorial background v*v(;als measured by fitting
o . . +

0.84GeV/ < My+,+ < 0.94GeV/c®. The momenta of the mass distributions in ther* andK™ K* decay channels
the KErF and of the KK—7* systems had to exceed 3 respectively. The decay length distributions of these fitted
GeV/c and 8 GeV/c respectively. As for ther channel,  Signals, shown in Fig. 15, were then compared to predictions
the cuts on the two angular distributions were gps(—0.8  from a simulation in which the B meson lifetime was varied
ceed 001 Finally the decay lengttl = L,,/sin(p:) had R, were fixed at their central values and the corresponding
to be larger than @ mm. The main contamination in theD uncertainties were included in the systematic errors.
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Table 8. Sources of the systematic errors on Egelifetime (Ds inclusive

] C
% 10 [ a) DELPHI analysis)
w I
120 Fo © (J? Data . L
100 | ® 7 g Source of systematic error 0 variation (ps)
C S
80 |~ inti i 0.028
e Uncertainties |nfBg 0059
w b O 10 Uncertainty inR.p(¢) 10.09%
20 F & & Uncertainty inRe, (K *°K*) ro.018
0 o‘z 0‘4 ‘ 0‘5 o.‘s - ‘ 1.‘2 — 1‘.4 ‘ 7(B) non strange +88§é
Llem] 0,048
7(Ds) —0.050
£ w0 [ b) P(Ds) parameterization foec (¢m) +0.012
f=4 L
Yoe = © P(Ds) parameterization fotc (K*OK+) +0.010
o0 9 i Ei?ta Flight distance resolution Data/MC ~ *3.931
w b . € + 0.003
: ? €e + 0.004
20 — * . . .
[ K™K Analysis bias correction + 0.08
o Lo v 1 TR P S
0.2 0.4 0.6 0.8 1.2 1.4 +0.13
. Total T

Fig. 15.Inclusive D analysis: Flight distance distributions for thé Bignal.
The points represent the data and the histogram shows the result of the fiy|qted B(s) sample ¢ = 1.58+ 0.08 ps) since this difference
was interpreted as a possible remaining bias coming from
limitations of the model fitted and the cuts used. The sta-
_ 0 tistical error (0.08 ps) of this comparison was therefore
defined for thepn* channel and four for th&" "K* chan-  included in the systematic error. Including the systematic
nel. Table 7 gives the numbers of events in thedignal,  errors,

together with their associated errors, for both channels. The +0.

fligght distance distributions were fitted using a simplified 78’ ~ 1-60 +0.26 (stat.) 1638 (syst.) ps
simulation which took into account the;Dnomentum dis-
tribution, the B momentum spectrum for a giver{ no-
mentum, and a Gaussian smearing of 3680 um on the
Dg decay distance. The result was

0 e . ) : .
To measure th&, lifetime, five distance intervals were

7 Conclusions

The Bg meson lifetime has been studied with four differ-

T(Bg) =158+ 0.26 ps ent and complementary methods. The following values were

The method was also applied to a simulated sample Yof D

measured:
= 156 *02 (stat) *398 (syst.)ps —(F
mesons produced B events. The inpuB. lifetime in this : “o26 (stat.) Zoo7 (syst) P &l
sample was 1.6 ps and the! Difetime was 0.44 ps. The _ +0.34
result obtained was 1.58 0.08 ps. The same fit performed 7g? ~ 1.65 *93% (stat) +0.12 (syst)ps D& —hT
on D} mesons produced in non strangeB, () decays gave
1.60+ 0.06 ps. Tgo

T8

1.76 4 0.20 (stat.) *$12 (syst.)ps ¢ — (T

1.60 4 0.26 (stat.) *51%(syst.) ps inclusive D

3
=]
1

s

6.3.2 Evaluation of systematic error§.he various sources
of systematic errors and their contribution to the fitted life-
time are given in Table 8R., was varied by one standard To combine these measurements, the statistical correlations

deviation around its central value, as Wasﬂgepurity ofthe  Were taken_ln account. They were estimated from the fol-
sample. The average lifetime for the non strange B mesontoWing fractions of common events:

was varied by the error on the value fitted in the simulated |nclusive O —— DI —h¥ 36%of Df — h¥ events
data. The uncertainty on thelDifetime was taken from |nclusive O «— DI —(F 19%of D — (T events

[19]. The parameters describing the momentum of tHe D |nclusive O «—— ¢—(F <1%of ¢ — (T events

taken from the simulation for thec component were var-  p* _ /¥ —— DF — )7 6% of DI — (T events

ied by their statistical errors in an uncorrelated way. The p+ _ j¥ ., ¢ ¢F 4% of DF — (F events

error on the mean momentum fraction taken by beauty orpt _ ¥ . ¢ — ¢+ < 1% of DE — hF events
charmed hadrons during the fragmentatiord @hdc quarks S

was taken into account by Changing thﬁand €. parame- where the first line means that 36 % OE:D— hT events
ters in the Peterson fragmentation function by one standar#ere also contained in the inclusive Bample, etc. Consid-
deviation around their measured values. The decay lengtRring the common systematic errors (from branching ratios
resolution was varied in the simulation By80 um. Finally ~ and lifetimes) and the above statistical correlations, the full
the lifetime was corrected for the difference between thecovariance error matrix was calculated [23] and the mean
generated valuer(= 1.6 ps) and the value fitted in the sim- B meson lifetime was found to be:
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T =167 + 0.14 ps 8.

This result supersedes all previous DELPHI results for the
B! lifetime.
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