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Abstract

A review of the experimental LEP results on B hadron lifetimes is presented. These
results have been obtained from data registered up to 1992, which correspond to about
IM hadronic Z° decays for each of the four experiments.

1. INTRODUCTION

Physics motivations

In the spectator model approximation, the lifetime of B hadrons is given by the
formula :

19273 1
Br(B l
T'( — X V)Fcl‘/bclz + Ful‘/bulz

(1)

TR = ——
Gim}

Due to the smallness of the ratio between the two C.K.M. couplings (%“%ﬂ =0.08 +
0.02) [1], the b — u transition can be neglected and the measurements of the B lifetime
and of the semileptonic branching fraction, allow the determination of |V;.|. Nevertheless
both the constant Fi., which includes the effect of finite quark masses and QCD correc-
tions, and the mass of the b quark m;, are not well known and this limits the precision

on the determination of |V|.

An immediate consequence from the spectator model is that the lifetime of B hadrons
is determined by the b quark independently of the other constituent quarks : all B hadrons
have the same lifetime. For charm it has been observed experimentally that the lifetimes
vary by large factors among the different hadrons [2].




The charmed hadrons lifetimes, in unit of 1013 s, are

D* e ¥ A= =

—c

10.66 £+ 0.23 | 4.20 + 0.08 | 4501055 | 1.913315 | 3.0%49 | 0.82+933

Non-spectator diagrams are invoked to explain such differences. For B hadron decays
these diagrams are illustrated in the following :

Annihilation diagram : it concerns charged

£.ds B hadrons. This diagram is suppressed both
from helicity conservation and from the low
value of the Vj, coupling. Its contribution is

— negligible.

v,u,c

Exchange diagram : it concerns neutral B
hadrons, it is helicity suppressed for the BY
but not for the A). Its principal effect is to
shorten the AY lifetime.

Interference diagram : it concerns the
charged B hadrons and the A;. The destruc-
tive interference between the # quarks im-

b e plies an increase of the B~ lifetime. A less
B important effect is also expected for AJ due
to the destructive interference between the d
_ quarks.
u

Fig. 1 shows, in a qualitatively way, the effects of the different processes contributing
to the differences between the B hadrons lifetimes.

VA annih. exch. interf.

B| -0 0 i
B o | 0
B O | 0

A O H t

Iig. | : The qualitative effect of the different processes on the lifetime of the b hadrons.
The arrows up or down indicate that the effect is to increase or to shorten the correspon-
ding lifetime.
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The following hierarchy is then expected :

T(BY) > 1(B°%) 27(B?) > 7(AY) (2)
With respect to charmed mesons, the most important contributions to the lifetime
differences are expected to be of the order of (2« ) (3].

Detailed calculations give [3]c

T!B+
ey = 1+ 0.05(556 oo

;}gﬁg = 1+0.01 (3)
) o
B = 09

2. INCLUSIVE B LIFETIME

Impact parameter method

The lifetime in this kind of analysis is measured from the impact parameter distribution
of the leptons or more generally hadrons. The impact parameter of a track, defined as the
distance of closest approach to the primary vertex of the event is insensitive, on average,
to the momentum of the decaying particle and is related to the lifetime simply by < é >
~ o c 7, with a ~ 0.3. Fig. 2 shows the impact parameter distributions obtained by
ALEPH, L3 and OPAL Collaborations.
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Inclusive vertex reconstruction

This analysis is based on the reconstruction of inclusive secondary vertices. An im-
portant enrichment in B hadrons (~ 90 %) of the analyzed event sample is obtained by
asking a secondary vertex of good quality, a minimal flight distance (~ 1 mm) between
the primary and secondary vertices and an invariant mass of the system of particles at-
tached to the secondary vertex greater than a typical charmed meson mass. The decay
length distribution obtained by the DELPHI Collaboration is shown in Fig. 4. The most
important limitation on the precision on the lifetime from this analysis is the systematics
error coming from the knowledge of the b fragmentation function.
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Fig. 3 : Schematic picture of a B event Fig. 4 : Decay length distribution
which is characterized by the presence  of secondary vertices reconstructed in
of two secondary vertices. DELPHI.

J/¥ — €4~ reconstruction

All B hadrons decays can contribute to

b
the J/¢ production via the process il-
lustrated in Fig. 5. All other sources
_ of J /¢ production are found to be neg-
q

ligible.
Fig. 5 : Production of a J/i) in a B decay

via an internal W emission diagram.



The J/¢ decay mode into a lepton pair
is used. The main characteristics of this
< J/ y vertex final state is the cleanness of the se-
lected sample of events, as it can be no-
B ticed from the invariant dilepton mass
spectrum of Fig. 7a and from the fact
that the B vertex coincide with the
Fig. 6 : Schematic picture of J/ pro- £+~ vertex (Fig. 6).
duction from a B decay and of its decay
into a leplon pair.

Nevertheless, there are almost two order of magnitude in statistics between this quasi-
exclusive analysis and the previous ones. The precision that can be obtained on the
lifetime is definitely hmited by the statistics. Fig. b shows the proper time distribution
of the J/¥ candidate as obtained by ALEPH Collaboration.

»[ ALEPH a)

.

2 (%] 4

GeVic? 08786 4 2 0 2 4 6 8 10 12

Fig. 7 : a) £¥¢~ invariant mass distribution (in GeV/c) b) proper time distribution (in
ps) for the J/i candidates decaying into a pair of leptons from ALEPH.

Summary on inclusive B lifetime measurements

The results on the inclusive measurement of the B lifetime are summarized in Fig. 8.
The global average is :

T(B) = 1.538 £ 0.033 ps LIEP Average (4)

ot
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An attentive look of the results in Fig. 8 shows that this average is dominated by
several measurements having a statistical precision around 2 % but a systematic error
varying between 2 % and 5 %. On one hand a careful analysis of systematics errors is
needed before averaging the results, on the other hand, it will be difficult to improve the
actual precision on the inclusive B lifetime.

As it has been said in the introduction, |Vj| can be extracted using the relation (1).
Using the overmentioned lifetime value and the semi-leptonic branching fraction of the B
(Brb, — tvX =11.0 £ 0.3 £ 0.4 %) [5] it follows :

[Vie| = 0.040 + 0.001 % 0.007 (from my, F.) (5)

Any further improvement on the precision on the B lifetime has no consequences on
a better determination of |V;.| which is completely dominated by the poor knowledge on
the constant F, and on the masses of the b and ¢ quarks.

3. BY, B~ LIFETIMES

B~, BY lifetime measurement using B — D{v decays

The most classical approach to measure the B~ and BY lifetimes is to use D°¢~ and
D™+¢= events. In these decays, the presence of a D™+ with charge opposite to the
lepton, tags the presence of a BY at the initial state whereas the presence of a D°, not
coming from a D* decay, tags the presence of a charged B~ meson. This simple picture
is complicated by the presence of D** states coming from the B — D**{v decay chain.

D** hadrons :

The symbol D** is generally used to indicate P-wave charmed states with positive
parity. The interest here is to be able to evaluate for instance the importance of the
diagram in Fig. 9b with respect to the one of Fig. 9a.

£

) ?
Z/"s Z/vz
b,/ 1/’ Z C b ,/'// (‘i\ + o+
C *
1’3“4%‘% %‘ D*.D' ] % B P
T — B —
i =4 ~ Nlpe~
et

Fig. 9 : D**0~ cvents from BY and B~ meson decays. o) D*" £~ from BY in the spectator
model. b) D**€~ from B~ via a D™ state.
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The production of D**, in semileptonic B decays, has been recently measured by

ARGUS [6]
Br(B—-D"v)=17T+4% (6)

(it has to be noticed that this measurement differs from the previous from CLEO of

36 + 12 %.)

Nevertheless, large uncertainties are coming both from the lack of knowledge of the
relative production rates of the different D** states and of their decay channels. This
situation is shown in a pictorial way in the Fig. 10. The absence of experimental infor-
mations can be condensed in the variable P giving the fraction of D* final states in D**
decays :

Br(D* — D*X)

P =
V'™ Br(D> = D*X) 4 Br(D™ — DX)

=05+0.3 (7)

The measurement of the B~ and BY lifetimes via B — D{v requires the exclusive
reconstruction of D meson final states. The following D meson decays have been used :

D% events DYE~ events D*t{~ events

D K-zt DY o K rxtzst D** o DOrt

L K=t (8)

K—ntn®

K-wntontn~

Fig. 11 shows, the mass distribution of the K =7+ combinations for events containing
an ¢~ obtained by the OPAL Collaboration. The D{ vertex is used to estimate the B
decay vertex ; the resolution is of the order of 300 um for a typical flight distance of
3 mm. The energy of B mesons can be obtained by using the fact that the energy of
the D system, E(D{), scales approximately with its mass m(Df). The measured decay
length can be thus converted into decay time. This distribution, in case of OPAL, is shown
in Fig. 11b. Tacking into account the presence of D** states, the measurements of the
lifetimes for the D%~ and D™)*+¢~ samples can be converted into B~ and B lifetimes.
The results are summarized in Fig. 13 at the end of this paragraph. The accuracy of
the individual measurements is still dominated by the statistical error, and the main part
of systematic uncertainties is coming from the poor knowledge of the D** sector and is
common to all measurements.



TR

2| DiEHOf

D** relative abondance | D** state/width | decay
5 : 2% narrow D*, D
3: 1t narrow D*
3: 1* large D*
l: | 0t large D

Fig. 10 : Masses, widths and decay modes of the non-strange D* and D** in the plan :
mass vs total angular momentum. The states L=0 are in the bottom part (clear gray) while
the D** (L=1) are in the upper part (dark gray). The full lines indicate the states which
have been measured while the dotted lines refer to the estimation of the mass and of the
width given in [7]. Same conventions are used for the lines representing the decay modes.
Since the D** decay via strong interaction they have to obey spin and parity conservation
rules. The relative abondance of D™ states is supposed to follow the spin counting rule

(2] + 1).
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ts/20 MeV
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M(K"7*)  Gev

0 |- D°1*

Events/0.5 ps

Fig. 11 : a) Mass distribution of K~ n% combinations (D° candidates) in correlation with
an £=. b) Decay time distribution of the D° candidates in ps.

Reconstruction of B exclusive final states

This analysis is based on the exclusive
reconstruction of hadronic final states
by looking for instance at decays as
B — D(nr) and B — J/¢p K. The
main interests of this analysis are the
complete separation between BY and
charged mesons and an accurate mea-
surement of the B energy. However, the
statistics is at least one order of mag-
nitude less than in the previous ana-
lysis. Fig. 12 shows the J/¢ k inva-
riant mass distribution obtained by the
ALEPH Collaboration. The CDF Col-
laboration working at the pp Fermilab
Tevatron Collider has done the same
kind of analysis with a larger statistics.

4f © ALEPH

N

o BT N 1

¢6 48 5 52 54 5o
Mass (GeV/c?)

Fig. 12 : Ezclusively reconstructed B me-
son : B — J/W K from ALEPH Collabo-

ration.

5.8

The results on B} and Bt liletimes measurements are summarized in Fig. 13. The
analysis indicated as topological vertices is based on the inclusive reconstruction of
secondary vertices and is analogous to those described in the previous section.

10



Experiment  Year Method B lifetime Bt lifetime
B lifetime (ps) B lifetime
ALEPH[8)a 91 | 69/77 D¢+ 1471322 40.15 F - 1
- 0.20 40.07 ——— -
66/77 D*+¢ 1.5249:20 +0.07 F B !
DELPHI[8]b 91 | 92414 DOC- 1304033 3 .16 t > —
. — . ——e e~ —— — ]
96+ 14 D*+(D*)¢ 1174822 4 0.6 F
OPAL*[8]c 91/92 | 171+ 21 D¢~ 1.66 +0.2012-11 I * 1
354+ 27 D*H(D¥)t= | 1.6340.14%010 bo-emmd
1 ]
ALEPH*[8)d 91/92 | 2727507 1774945 4 0.14 d ” -
18+ 7 D(nn) 1194343 + 0.14 Fo-=-- DA 1
. A
DELPHI*[8]e 91/92 | topol.vertices 1.81 +£0.12+ 0.19
1.3740.15+ 0.21 Fomrm®mmm- '
F—e—]
LEP AVERAGE 1.68 + 0.13 LEP AVERAGE
1.50 + 0.12 b--e---1
1 »> {
CDF* [8]f 75410 J/p X+ 16340214 0.16 b
6149 J/YXO 1544022+ 0.10 i
0.8 10 12 1.4 16 18 20
' t 1 LA 1 1 |

Fig. 13 : Summary of the results on B~ and BY lifetimes measurements. Here and in
the following the ratio quoted in front of some processes correspond to the signal over the
total number of candidates.

The summary of the results on the B~ /B9 lifetime ratio is given in Fig. 14. For this
measurement, the result obtained by the CLEO Collaboration, using the semileptonic
branching fraction, is reported.

In conclusion a precision of about 10 % has been reached on the measurement of the
BY and B~ lifetimes. At LEP, this average is dominated by the D{ analyses. Nevertheless,
in spite of the fact that the accuracy of each single measurement is still dominated by
the statistical error, the precision on the average starts to be limited by the common
systematic uncertainties coming from the poor knowledge of the D** sector. It becomes
of fundamental importance to be able to control the contribution from the D** directly
from data.
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Experiment  Year Method Results r(at)/r(8%) lifetime
e
ALEPHg)a 91 Dt evis 09610104028
— . v
DELPHIsp 91 DE evts 111405 somn
—_—
OPAL*ps)c 90/92 Dl evts 1.02+3-1940.08 .
L -
DELPHI*gja 91792 topol. vertices 1.32%92249 22
: p——o—— LEP AVERAGE
LEP AVERAGE 1.09 + 0.15
———
CDFxsj¢ J/6,X evis 1.06 £ 0.20 + 0.12 —_———
CLEO=s)¢ Br(Bt)/Br(B%) | 1.05 £ 016 015 | g4 06 0.8 1.0 1.2 14 1.6
1 H ! 1 ] | 1

Fig. 14 : Summary of the results on the B~/ BY lifetimes ratio

It

T(B~) 1.68 +0.12 ps

7(BY) 1.50 £ 0.12 ps LEP Average (9)

4—11(',’;3) = 14 0.05 (555{8-7)? theoretical expectations

200 MeV
= 1.09 +£0.15 LEP Average (10)
= 1.07+0.11 LEP+CLEO +CDF

4. BY LIFETIME MEASUREMENT

DY £~ events

The measurement of the B? lifetime has been performed up to now using its semilep-
tonic decay BY — D7 ¢*v. This analysis was used also for the B? discovery. The difficul-
ties coming from D** in BY and B~ lifetime measurement are less important for the BY.
Figs. 15a and 15b show the production of D,¢ events from B? and from non-strange B
mesons respectively. The second process implies the production of a D** state followed
by the decay D** — D, K. This decay is twicely suppressed both from the available phase
space (as shown in figure 10) and from the fact that an extra strange-antistrange quark
pair is requested.

12




+ 4
Dg‘,D
S

Fig. 15 : a) Semileptonic decay of B°. b) semileptonic decay of
non-strange B hadrons into DX{¥ pairs.

A detailed calculation which takes into ac-
count the D** masses, widths and decay
modes gives [7] :

Pevt(B_)D*.[(e_p)
= s <
poipe = prierx) 0 © ()

(P is the probability to obtain the
quoted final state in a bb event)

An extra source of D}{~ events comes
from the decay of non-strange B mesons
into D, D followed by the semileptonic de-
cay of the D. The order of magnitude of
this process is the same as for the signal ;
anyhow, in this case, the lepton is emitted
from a charmed meson and the contribu-
tion from this process can be controlled
and strongly reduced by requiring a lep-
ton with high momentum and high trans-
verse momentum with respect to the jet
axis. As a conclusion, compared to the
(D%~) — B~ and (D**¢~) — BY analyses
D}~ events give a cleaner signature for
the B mesons. Fig. 16 shows the D7
signal in two decay modes (D} — ¢nt
and D} — K*K*) where in the same
jet a lepton with p; > 1.2 GeV/c oppo-
site in charge is present as obtained by the
DELPHI Collaboration.

“
NS
N L
S 6| Vo= 19688+ 3.1 Mev/c ((P) > 1.2Cev/c)
™~ I 0p=16.3 £ 2.5 Mev/¢’
S DELPHI
a
Q St
Np = 19.3 £ 4.8 evts.

4

3 .

2 N

I+ mi '} M

0

ot 7 NN Jober b d
17 175 18 18 19 195 2 205 21 215 22

M(KKn) (GeV/c’)
Fig. 16 : KK7 invariant mass distri-
bution from DELPHI for D, candidates
accompanied by a lepton of opposite sign

present in the same hemisphere and with
e > 1.2 GeVl/e.



The B? lifetime analysis is analogous to the one described for B and B~ mesons and
is summarized in Fig. 17. DELPHI has also used ¢¢ and inclusive D, events, to access to
a larger fraction of BY decays, but at the expense of a lower purity.

Experiment Method BY lifetime (ps) BY lifetime (ps)
- + .

ALEPH*[9]a 91/92 | 3147 DE¢F 1901355 + 0.05 P

DELPHI*[9]b 91/92 | 1945 DEe¥ 1.29 + 0.42 + 0.20 ——

OPAL(9)c 91/92 | 22/33 DEeF 1.13%9%5 1+ 0.09 —e—

DELPHI[9]d 91 31411 ¢4 1.08 + 0.73 ' - |

1745 Dy — ¢n 0.75154 + 0.22 i —
AVERAGE 1.49 + 0.22 pmeetmmd  LEP AVERAGE

0.4 0.8 1.2 1.6 20 2.4
1 ] 1 1 | ]

Fig. 17 : Summary of the results on B? lifetime measurement.

T(B?) = 1.49+0.22ps LEP Average
{E = 1.00£0.01
d

= 1.00+£0.17

theoretical expectations
LEP Average

(12)

In conclusion, it can be stressed that the B9 lifetime is known with a precision of
15 %. It can be also noticed that the accuracy of measurement all the measurements
Furthermore, common systematic uncertainties
coming from the D** contribution are negligible in comparison with those induced by

is dominated by the statistical error.

these particles in the B~/BY sector.

5. A) LIFETIME MEASUREMENT

A%~ analysis

The privileged way to tag, up to now, the presence of AY baryons was to use A%4~
events (the diagram is illustrated in figure 18a).

The other processes which contribute to the A4~ final state, in a jet, are :

14




B — AYN¢-vX : the baryon production in semileptonic B meson decays. This
contribution has different kinematical characteristics with respect to the signal be-
cause of the large mass of the produced hadronic system and thus can be reduced
by asking for instance a high A% mass.

A produced during the jet fragmentation and associated to a genuine or fake lepton.

This process is expected to contribute in a similar way to the A%~ and to the
wrong-sign A%+ samples. This equality is almost exact in the case of fake leptons
whereas in the case of fake leptons is depending on the yield of baryon/antibaryon
accompanying the B mesons and is experimentally verified at the 20 % level. In
conclusion, the study of wrong-sign A°4* combinations directly on the data permits
to control the rates and to study the time distributions of the most important
backgrounds.

The characteristics of A%~ events are shown in Fig. 18b. There are two complications
with respect to the previous measurements : the long decay length of the A? (several cm)
and the fact that the A% is not directly coming from Aj.

Fig.

b Vid c Pid s
0
d d a A
u u u
A¢

18 : a) Diagram of the semiletonic AY decay. b) Schematic picture of a A%~ event
coming from a AY decay.

ALEPH and DELPHI Collaborations have also used events containing A}Y¢~ combina-

tions.

The advantage of this approach is the high purity in A} of these samples, but, at

present it is limited by statistics. Fig. 19 shows the p7 invariant mass and the decay
length distributions for A — ¢ candidates obtained by the OPAL Collaboration. Fig. 20



summarized the results on A} lifetime measurements.

g

OPAL

-
(=4
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{7 Right-Sign: A-I
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Entries/(2 MeV/c?)
8

05 1075 1}

1.125 115 1175 1.2 1225 1.2
m(pm) (GeV/c?)

events / mm
3

0 0.5 1 7 15 2
decay length (cm)

Fig. 19 : a) A%~ events with A® — pr. The hatched histogram corresponds to wrong-sign
combinations (A%*). b) decay length distribution of A° — £ candidates. The results are

from the OPAL Collaboration.

Experiment Year Method A lifetime (ps) Ay lifetime (ps)
ALEPH[10]a 90/91 | 128 +28 A¢— | 1.12¥032 + 0.6 y * i
DELPHI*[10]b 90/92 | 20/40 (Ax+)e— | 0.68%93¢ 4 oa3 | - —

OPAL{10]c 90/92 | 157/261 A~ 1.05%523 + 0.08 e
ALEPH*[10}d 91/92 | 16/22 A} ¢ 1.16%342 + 0.07 ! .
DELPHI*[10]e 90/92 | 12/18 Af¢~ 1.42%210 + 0.30 ! —e
LEP AVERAGE 1.06 +0.15 et LEP AVERAGE
04 0.6 08 [.¢ £.2 14 1.6
l | | | 1 I |

Fig. 20 : Summary of the measurement of the Aj lifetime.

T(A})

I

7(A9)
——"—1__

~ 0.9

0.69 £ 0.10

theoretical expectations
LEP Average
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1.06 £ 0.15 ps LEP Average
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The AJ lifetime is known with a 15 % relative accuracy and all measurements are still
dominated by statistical errors. The A? lifetime is expected to be lower than the average
B hadron lifetime by about 10 %. The actual result is 20 lower than this prediction.

6. CONCLUSIONS

Fig. 21 shows the summary of the B hadron lifetimes measured at LEP.

The B* and BY lifetimes are now known with a precision better than 10 %. Never-
theless, the error coming from the poor knowledge of the D** sector which is common to
all the measurements is starting to be dominating. A better knowledge of the D™ states
is then needed both from experimental and theoretical points of view. A direct control of
the D** production in semileptonic B decay on the LEP data seems to be possible.

(ps) lifetime in ps

r(B*)=168+0.13 '

= e

7(BY) = 1.50+0.12

7(B?) = 1.494+0.22 I . |
T(AJ) =106 £0.15 | | . ]

7(B) = 1.538 + 0.033 —ej

Fig. 21 : B hadrons lifetimes
A precision of 15 % has been reached both for B? and A} lifetimes ; the accuracy of
these measurements is largely dominated by the statistical error.

No statistically significant difference has been measured among B meson lifetimes. On
the contrary, the A{ lifetime has been found to be 3o lower than the average B lifetime.
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