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and b-baryon lifetime measurements performed by the LEP, SLD and CDF collaborations. Lifetime ratios

of �(B+)=�(B0
d
) = 1:070 � 0:027 and �(b baryon)=�(B0

d
) = 0:77 � 0:04 are obtained using all existing measurements. The ratio

between charged and neutral B meson lifetimes is in good agreement with theory but the ratio between b-baryon and B meson

lifetimes remains somewhat lower than expected.

1 Introduction

The study of exclusive b-hadron lifetimes provides an

important test of our understanding of b-hadron de-

cay dynamics. Lifetimes are especially useful to probe

the strong interaction e�ects arising from the fact that

b quarks are not free particles but are con�ned inside

hadrons. In the naive spectator model, the b quarks are

treated as if they were free and one therefore expects

�(B+) = �(B0
d) = �(B0

s ) = �(�b). However, this picture

does not hold in the case of charm hadrons for which

the lifetimes follow the pattern �(D+) ' 2:3 �(Ds) '

2:5 �(D0) ' 5 �(�+
c ). These factors are predicted to

scale with the inverse of the heavy quark mass squared

and the b-hadron lifetimes are thus expected to di�er by

only 10-20%. Using the Heavy Quark Expansion, Bigi

et al. 1 predict �(B+)=�(B0
d) = 1 + 0:05 (fB=200MeV)2,

where fB is the B-meson decay constant (fB = 200� 40

MeV), and �(�b)=�(B
0
d) ' 0:9. However, Neubert and

Sachrajda 2 argue that a more theoretically conserva-

tive approach yields 0:8 < �(B+)=�(B0
d) < 1:2 and

0:85 < �(�b)=�(B
0
d) < 1:0.

Precise knowledge of exclusive b-hadron lifetimes is

required for accurate measurements of jVcbj and B mix-

ing, and is also an important input parameter for Z0
!

b b electroweak measurements.

2 B+ and B0
d Lifetimes

The LEP, SLD and CDF collaborations have taken ad-

vantage of their precision vertex detectors and of the

signi�cant boost for b hadrons produced in high energy

e+e� and �pp collisions to measure exclusive b-hadron life-

times. Three main analysis techniques have been used to

measure B+ and B0
d lifetimes. The �rst method relies on

fully reconstructed B decays (e.g. B ! J= K). This is

the ideal method for a lifetime measurement since there

is little or no modelling uncertainty in the B energy and

the sample composition. However, exclusive branching

ratios for B decays are typically small (10�4 to 10�3)

which severely limits the statistics available at current

facilities. The second and most utilized method selects

semileptonic decays of the type B ! D(�)l�X , where

the D(�) meson is fully reconstructed. Sample compo-

sition can be controlled from the data using the charge

correlation between the lepton and the D(�) meson. A

complication arises from decays of the type B ! D��l�

which spoil the B+ and B0
d purity of the respective D

0l+

and D��l+ samples, and whose rates are not well known.

The CDF collaboration has �nalized a study 3 based

on the full Run-I data sample and corresponding to

an integrated luminosity of 110 pb�1. A \B+" sam-

ple consisting of D0l+ pairs is selected with fully recon-

structed D0 ! K+�� decays. Similarly, a \B0" sample

consisting of D��l+ pairs is selected by reconstructing

the decays D��
! D0�� where D0 ! K+��(�0) or

D0 ! K+���+��. The B decay vertex is then formed

by intersecting the lepton and D(�) trajectories.

A �t using decay length and momentum informa-

tion for the D0l+ and D��l+ samples yields �(B+) =

1:637 � 0:058(stat)+0:045
�0:043(syst) ps, �(B0

d) = 1:474 �

0:039(stat)+0:052
�0:051(syst) ps, and �(B+)=�(B0

d) = 1:110 �

0:056(stat)+0:033
�0:030(syst). Contamination from B ! D��l�

decays is estimated to be 10-15% and constitutes the

dominant systematic uncertainty in the lifetime ratio.

A third method for lifetime measurements relies on

inclusive topological vertexing, pioneered by the DEL-

PHI and SLD collaborations. Here, the charged particle

topology of the decays is reconstructed and the separa-

tion between charged and neutral b hadrons is achieved

simply using the sum of the charges of all tracks asso-

ciated with a secondary vertex. This method has the

advantage of large statistics but requires good control in

the detailed simulation of b hadron production and decay.

The SLD collaboration has updated its topological

vertexing analysis 4 with data taken during the �rst part

of the 1997-98 run. A set of 49,664 B decay candidates

is selected with an e�ciency of 50% and a purity of 98%.

Separation between B+ and B0
d decays is performed on

the basis of the total chargeQtot of tracks associated with

the secondary vertex (see Fig. 1). The charged (neutral)

sample consists of 30,028 (19,636) decays with jQtotj =



Figure 1: Distribution of the vertex charge for the SLD 1997-98

data (points) and Monte Carlo simulation (histograms) indicating

the contributions from charged and neutral B mesons. The cat-

egory \MC other" contains mostly neutral b hadrons: B0
s and b

baryons.

1; 2; 3 (Qtot = 0). The charge separation is enhanced

somewhat by taking into account the dependence upon

the reconstructed vertex mass and the b-quark charge at

production (using techniques developed for the study of

time-dependent B0{B0 mixing). An e�ective B+ : B0
d

(B0
d : B+) separation of 2:6 : 1 is then obtained in the

charged (neutral) sample.

The lifetimes are extracted with a simultaneous �t

to the decay length distributions of the charged and neu-

tral samples. Combining with previous data, correspond-

ing to a total sample of 400,000 hadronic Z0 decays, the

lifetimes are �(B+) = 1:686 � 0:025(stat) � 0:042(syst)

ps, �(B0
d) = 1:589 � 0:026(stat) � 0:055(syst) ps, and

�(B+)=�(B0
d) = 1:061+0:031

�0:029(stat) � 0:027(syst). These

are currently the most precise determinations of the B+

and B0
d lifetimes. The dominant contribution to the

lifetime measurement error arises from the uncertainty

in the b-fragmentation function. Speci�cally, the range

of scaled b-hadron energy was taken to be hxEib =

0:700 � 0:011, which translates into an uncertainty of

�0:035 ps in both B+ and B0
d lifetimes. This uncer-

tainty cancels out in the lifetime ratio since all b-hadrons

are assumed to have the same fragmentation function.

It should be noted that recent measurements of hxEib,

including an analysis by SLD using the same topological

technique,5 �nd a somewhat larger value for hxEib ' 0:72

(see also the L3 measurement below). Such a value would

shift the above lifetimes down by about 0.064 ps.

The L3 collaboration has also developed an inclu-

sive topological vertexing technique, �rst applied to mea-

sure the average b-hadron lifetime. 6 The vertexing algo-
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Figure 2: Distribution of the vertex charge for L3 data (points)

and Monte Carlo simulation (histograms) for charged and neutral

B mesons.

rithm uses the 3-D impact parameters and rapidity of

tracks to reconstruct 3 vertices per event corresponding

to the one primary and two secondary vertices expected

in Z0
! b b decays. Here, the lifetime is extracted from

either the secondary vertex decay length or the impact

parameters of tracks attached to the secondary vertex.

The latter has the advantage of having a reduced de-

pendence on the b fragmentation uncertainty. Since the

two di�erent variables have di�erent sensitivities to this

uncertainty, they can be combined to yield very pre-

cise determinations of both the average b-hadron lifetime

�b = 1:556� 0:010(stat)� 0:017(syst) ps and the average

scaled b-hadron energy hxEib = 0:709�0:004(stat+syst).

L3 extended this technique to the study of B+ and

B0
d lifetimes.

7 From a sample of 2� 106 hadronic Z0 de-

cays, the analysis selects 890,506 secondary vertices. The

separation between charged and neutral decays is then

obtained by forming the vertex chargeQSV de�ned as the

product of the weighted sum of track charges and the sign

of the Jet Charge, where the weight represents the proba-

bility to belong to the secondary vertex. Fig. 2 shows the

vertex charge distribution and the cuts used to de�ne the

charged (QSV > 0:5) and neutral (�0:8 < QSV < 0:5)

samples. For QSV > �0:8, the sample is 69% pure in b

hadrons. The B+ : B0
d (B

0
d : B

+) separation is estimated

to be 1:25 : 1 (1:10 : 1) in the charged (neutral) sample.

To reduce the b-fragmentation uncertainty, the lifetimes

are extracted using weighted average track impact pa-

rameters and a b tag is used in the opposite hemisphere



1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9

τ (B−) (ps)

World average 1.67±0.03 ps

SLD topology
(93-98 Prel.)

1.686±0.025±0.042 ps
New

SLD vert. + l
(93-95)

1.61+0.13 ±0.07 ps1.61 -0.12 ±0.07

OPAL D(*) l
(91-93)

1.52±0.14±0.09 ps

DELPHI topology
(91-93)

1.72±0.08±0.06 ps

DELPHI D (*) l
(91-93)

1.61±0.16±0.12 ps

CDF  D(*) l
(92-95)

1.637±0.058+0.045 ps1.637±0.058 -0.043

CDF J/ψ K
(92-95)

1.68±0.07±0.02 ps

ALEPH exclusive
(91-94)

1.58+0.21 +0.04 ps1.58 -0.18  -0.03

ALEPH D (*) l
(91-94)

1.58±0.09±0.04 ps

L3 Topology
(94-95 Prel.)

1.66±0.06±0.03 ps
New

Figure 3: Measurements of the B+ lifetime.

to suppress the background. As a result, the lifetimes are

found to be �(B+) = 1:662 � 0:056(stat) � 0:025(syst)

ps, �(B0
d) = 1:524 � 0:055(stat) � 0:037(syst) ps, and

�(B+)=�(B0
d) = 1:09� 0:07(stat)� 0:03(syst).

The measurements presented above have been com-

bined with all previous measurements (see Figs. 3-5) to

yield the following world averages:

�(B+) = 1:67� 0:03 ps; (1)

�(B0
d) = 1:57� 0:03 ps; (2)

�(B+)=�(B0
d) = 1:070� 0:027: (3)

It is interesting to note that the recent progress in in-

clusive topological techniques has allowed a reduction of

about 25% in overall uncertainty since the last summer

conferences. Furthermore, the measurements are becom-

ing precise enough to begin to measure a di�erence be-

tween B+ and B0
d lifetimes.

3 b-baryon Lifetime

As mentioned earlier, the lifetime of b baryons is ex-

pected to be about 10% shorter than that of B0
d mesons.

However, measurements over the past few years have

indicated that the e�ect may be as large as 20-25%

which remains somewhat di�cult to accommodate. Mea-

surements of b-baryon lifetimes are challenging since

b baryons represent only about 10% of all b hadrons pro-

duced in Z0
! b b decays and the properties of b baryons

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9

τ (B0) (ps)

World average 1.57±0.03 ps

SLD topology
(93-98 Prel.)

1.589±0.026±0.055 ps
New

SLD vert. + l
(93-95)

1.56+0.14 ±0.10 ps1.56 -0.13 ±0.10

OPAL D(*) l
(91-93)

1.53±0.12±0.08 ps

DELPHI πsl(91-94)
1.532±0.041±0.040 ps

DELPHI topology
(91-93)

1.63±0.14±0.13 ps

DELPHI D (*) l
(91-93)

1.61+0.14 ±0.08 ps1.61 -0.13 ±0.08

CDF  D(*) l
(92-95)

1.474±0.039+0.052 ps1.474±0.039 -0.051

CDF J/ψ K
(92-95)

1.58±0.09±0.02 ps

ALEPH π+π- recon.
(91-94)

1.49+0.17 +0.08 ps1.49 -0.15  -0.06

ALEPH exclusive
(91-94)

1.25+0.15 ±0.05 ps1.25 -0.13 ±0.05

ALEPH D (*) l
(91-94)

1.61±0.07±0.04 ps

L3 D(*) l
(94 Prel.)

1.74±0.12±0.04 ps

L3 topology
(94-95 Prel.)

1.52±0.06±0.04 ps
New

Figure 4: Measurements of the B0
d
lifetime.

0.6 0.8 1 1.2 1.4

τ (B−)/τ (B0)

World average 1.07±0.03

SLD topology
(93-98 Prel.)

1.061+0.031 ±0.0271.061 -0.029 ±0.027
New

SLD vert. + l
(93-95)

1.03+0.16 ±0.091.03 -0.14 ±0.09

OPAL D(*) l
(91-93)

0.99±0.14+0.050.99±0.14 -0.04

DELPHI topology
(91-93)

1.06+0.13 ±0.101.06 -0.11 ±0.10

DELPHI D (*) l
(91-93)

1.00+0.17 ±0.101.00 -0.15 ±0.10

CDF  D(*) l
(92-95)

1.110±0.056+0.0331.110±0.056 -0.030

CDF J/ψ K
(92-95)

1.06±0.07±0.01

ALEPH exclusive
(91-94)

1.27+0.23 +0.031.27 -0.19  -0.02

ALEPH D (*) l
(91-94)

0.98±0.08±0.03

L3 Topology
(94-95 Prel.)

1.09±0.07±0.03
New

Figure 5: Measurements of the ratio between B+ and B0
d
lifetimes.



are not well known. Therefore, most measurements have

concentrated on semileptonic decays and have relied on

charge correlations between �+
c -lepton or �-lepton pairs

to enhance the signal fraction and control the sample

composition.

The OPAL collaboration has �nalized a study 8

of partially reconstructed �b ! �+
c l
��X decays with

�+
c ! pK��+ or �+

c ! �l+�X decays in a total sam-

ple of 4:4� 106 hadronic Z0 events. The �+
c l
� signal is

estimated to be 129� 25 events and the �b lifetime ex-

tracted from the reconstructed decay length distribution

is �(�b) = 1:29+0:24
�0:22(stat)� 0:06(syst) ps.

The DELPHI collaboration released a preliminary

study of the same modes using a sample of 3:6 � 106

hadronic Z0 events. 9 Charge-correlations allow the sig-

nal fraction to determined from the data to be fsignal =

(56�6)%. A lifetime �t to the reconstructed proper time

distribution yields �(�b) = 1:17+0:20
�0:18(stat)

+0:04
�0:05(syst) ps.

DELPHI also studied more inclusive �nal states consist-

ing of �-lepton and proton-lepton pairs. These have the

advantage of increasing the statistical sensitivity of the

measurement but the sample composition is more di�-

cult to control which leads to higher systematic uncer-

tainties. The proton-lepton analysis is unique and pro-

ceeds by applying an inclusive reconstruction of b-hadron

semileptonic decays which relies on both vertexing and

kinematical information. Then, vertices containing an

opposite-sign proton-lepton pair are selected, where the

proton is required to be the fastest hadron in the vertex

and to be positively identi�ed by the RICH particle iden-

ti�cation system. A rejection factor of � 10 is achieved

for both pion/proton and kaon/proton separation over

most of the momentum range of interest (3 to 20 GeV/c).

This analysis is only applied to the 1994-95 data sam-

ple, corresponding to 2 � 106 hadronic Z0 decays, since

the RICH was not fully operational before 1994. The b-

baryon lifetime is then extracted from the reconstructed

proper time distribution of the proton-lepton sample

(Fig. 6): �(b baryon) = 1:19 � 0:14(stat) � 0:07(syst)

ps with fsignal = (47 � 5)% as estimated from the

data. A study of �-lepton pairs yields �(b baryon) =

1:16� 0:20(stat)� 0:09(syst) ps with fsignal = (35� 8)%

as estimated from the data.

Measurements of the b-baryon lifetime are summa-

rized in Fig. 7. Averaging �+
c -lepton with more inclusive

�-lepton and proton-lepton measurements yields the fol-

lowing world average:

�(b baryon) = 1:21� 0:05 ps: (4)

4 Summary

B+, B0
d and b-baryon lifetimes have been measured by

the LEP, SLD and CDF collaborations. Recent progress

Figure 6: Reconstructed proper time distribution for the DELPHI

proton-lepton analysis for 1994-95 data (points) and the various

sample components (histograms).

in the precision of B+ and B0
d lifetimes has stemmed

from the application of inclusive topological techniques

and the addition of new data collected by SLD. As seen

in Fig. 8, lifetime di�erences are small and the observed

hierarchy �(�b) < �(B0
s ) < �(B0

d) < �(B+) is consistent

with predictions based on the Heavy Quark Expansion. a

The measurements are becoming precise enough to be-

gin to see a di�erence between B+ and B0
d lifetimes, the

signi�cance being at the 2:6� level. The b-baryon life-

time remains signi�cantly low which continues to spur

theoretical activity.

Further improvements are expected in the near fu-

ture from SLD with the inclusion of the full 1997-98 data

sample, corresponding to an increase of � 40% in statis-

tics. In the longer term, the next step in precision will

come from experiments at the B Factories and the Teva-

tron.
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0.9 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7

τ (b-baryon) (ps)

Average of above 1.21±0.05 ps

DELPHI Ξ l
(91-93)

1.5+0.7 ±0.3 ps1.5 -0.4 ±0.3

ALEPH Ξ l
(90-95)

1.35+0.37 +0.15 ps1.35 -0.28  -0.17

Ξ l measurements

OPAL Λc l
(90-95)

1.29+0.24 ±0.06 ps1.29 -0.22 ±0.06

DELPHI Λc l
(92-95 prel.)

1.17+0.20 ±0.05 ps1.17 -0.18 ±0.05
New

CDF  Λc l
(92-95)

1.32±0.15±0.07 ps

ALEPH Λ l+l-

(91-95)
1.30+0.26 ±0.04 ps1.30 -0.21 ±0.04

ALEPH Λc l
(91-95)

1.18+0.13 ±0.03 ps1.18 -0.12 ±0.03

Λb  measurements

OPAL Λ l (IP+vtx)
(90-94)

1.16±0.11±0.06 ps

DELPHI Λ l
(92-95 prel.)

1.16±0.20±0.09 ps
New

DELPHI p l
(94-95 prel.)

1.19±0.14±0.07 ps
New

ALEPH Λ l
(91-95)

1.22±0.08±0.06 ps
New

Avg b baryon meas.

Figure 7: Measurements of the b-baryon lifetime.

0.7 0.8 0.9 1 1.1 1.2

lifetime ratio

τ(b baryon)
/τ(B0)

0.77±0.04
0.9 - 1.0

τ(Λb)/τ(B0) 0.79±0.05
0.9 - 1.0

τ(Bs)/τ(B0) 0.94±0.04
0.99 - 1.01

τ(B−)/τ(B0) 1.07±0.03
1.0 - 1.1

Figure 8: World averages for various b-hadron lifetime ratios. The

hatched bands indicate the approximate range of predictions. 1
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