Measurement of inclusive and exclusive B-hadron lifetimes at LEP
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Since the introduction of high resolution vertex detectors with 3D hit reconstruction in the four LEP experiments
it has been possible to deliver very precise lifetime measurements of b-hadrons. This short review illustrates each
of the three main methods developed by the LEP experiments and ends with the status of the current combined

averages.

1. Introduction

The lifetimes of b hadrons depend both on the
strength of the b quark coupling to the lighter ¢
and u quarks, and on the dynamics of b hadron
decay. The Spectator Model provides the sim-
plest description of B-hadron decay. Here, the
lifetime depends only on the process b — cW
with the other light-quark constituent(s) play-
ing no role in the decay dynamics. This in turn
leads to the prediction that all b-hadron species
have the same lifetime. However non-spectator
effects such as Pauli interference, W exchange and
weak annihilation can induce lifetime differences
among the different B-hadron species. Based on
the heavy quark expansion formalism, the dif-
ference between the lifetimes of the b baryons
and mesons is predicted to depend on 1/m§ and
higher order terms, whereas meson-meson dif-
ferences depend only on 1/mj and higher or-
der terms. The predicted lifetime hierarchy is
7(Ap) < 7(B°) ~ 7(Bs) < 7(BT), and there is
a growing consensus between models that a dif-
ference in lifetime of order 5 — 10% should ex-
ist between the BT and BY meson. There is
however an on-going debate questioning some of
the assumptions made by such models [1], and
precise measurements of all B-species are clearly
needed to clarify the situation. Furthermore mea-
surements of specific B-hadron lifetimes are vi-
tal inputs to time dependent analyses such as
B-oscillations or CP-asymmetry in the B-system.
Lifetime measurements also provide tests of the

non-spectator effects of the decay dynamics and
of QCD-correction-models.

2. Methods

Measuring the lifetime of an unstable particle
relies on two measurements: the measurement of
the decay-length [ and the measurement of the
momentum p of the decaying particle. The decay
time t of the particle is given by:

=" (1)
pc
where m is the particle rest-mass. This measure-
ment requires good energy and vertex resolution
to be able to be unbiased from the D-cascade
decay vertex. Three main analysis approaches
have been applied in the past. (a) In exclusive
analyses, weakly decaying B-hadron is fully re-
constructed by selecting different specific decay
channels which have a high branching fraction
and recording and identifying the decay particles.
Those analyses work in general with very pure
samples but with limited statistics. (b) Semi-
inclusive methods are restricted to specific topolo-
gies. For example, only semi-leptonic decays are
considered where the lepton is vertexed with op-
positely charged pions from the D** — DOzt
decay and where the D is reconstructed inclu-
sively. (c) The fully inclusive approach where
the b-vertex is topologically reconstructed regard-
less of the decay channel, using impact parame-
ter probabilities or sophisticated neural networks.



These analyses typically have the best statistical
precision and are systematically limited.

3. Analyses

3.1. Exclusive Measurements

The ALEPH collaboration has published an
exclusive measurement of the B% and B~ me-
son lifetimes in July 2000 [2]. They measured
the lifetimes using a sample of about 4 million
hadronic Z decays collected from 1991 to 1995
by reconstructing semileptonic decays where the
lepton is associated with a D*t or D° meson.
D** and D° were then distinguished by the ex-

ALEPH
L5 a) Km

5300
3250 F
= E
2200 ¢
B1s0 |
G100 £

50

%718 19 2 07 s T
Mass (GeV/c?)

9 2
Mass (GeV/c?)

<5160 F
L E o) Krf {

Entries/(7.5MeV/c?)

15 175 01.7 18

2 225 19 2
Mass (GeV/c®) Mass (GeV/c®)
Figure 1. The invariant mass of D° candidates
for the four subsamples in the D**1~ event selec-
tion: a) D° - K7+, b) D° - K ntn 7+, ¢)
D° — K—7t7% d) D° - K%t 7%—. The super-
imposed curves are the results of the fit described
in the text.

istence or nonexistence of a slow pion around
the nominal mass difference of 145.4 MeV/c%.
The modes used for the identification of the D%’s
were in detail D° - K—nt, D° - K—ntn—nt,
D° » K—nt7% D° —» Ko7t 79—, Finally the B
decay vertex position is estimated by vertexing
the reconstructed D° track with the lepton. The
DO candidate mass spectra for the four subsam-
ples in the D*tI~ event selection are shown in

Fig. 1. Corresponding plots from the D%/~ event
selection look similar. The fitted curves consist
of a Gaussian function for the signal plus a linear
background. Events within 20 of the fitted D°
mass were selected for the b-vertex reconstruc-
tion resulting in 1880 D**I~ and 2856 D%~
candidates with B%(B~) purities of 85%(80%).

For the measurement an un-binned maximum
likelihood fit was performed using the following
likelihood function:

Np«;
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The coefficients f* and f§ are the fractions of the
D**1~ sample arising from B~ and B decays, re-
spectively. Similarly, fO and fJ are the fractions
of B~ and B° decays in the D%~ sample. The
coefficients f;,, and iy , are the background frac-
tions of the samples, while the functions Fyj (¢)
and Fbokg (t) are their normalized proper time dis-
tributions. The function F(¢,0,7) is a exponen-
tial distribution convoluted by decay length reso-
lution and energy correction function taking into
account missing energy, mainly from the missing
neutrino in the semileptonic decay. The fit to
the proper time distributions of the D**[~ and
DO~ events has been performed to determine the
two free parameters 750 and 75-. The values ob-
tained are

7p—- = 1.648 £ 0.049(stat.) + 0.035(syst.) ps, (3)
To = 1.518 + 0.053(stat.) £ 0.034(syst.) ps.

The ratio of the lifetimes is
- /Tgo = 1.085 £ 0.059(stat.) + 0.018(syst.).(4)

taking into account the correlation which is
—0.35. The result can be seen together with other
exclusive results in Fig. 3. The proper time dis-
tributions for the two samples are shown in Fig.
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Figure 2. Proper time distributions with the result
of the fit overlaid for the two samples. The plots
show the background contributions to the samples,
together with the B® and B~ components.

2 with the results of the fit overlaid. The largest
sources of systematic error were the B momen-
tum reconstruction due to the missing energy, the
background treatment due to unknown branching
fractions (e.g. BR(B — D**lv)) and the param-
eterization of decay length resolution.

3.2. Semi-inclusive Measurements

The lifetime of the B® meson has been mea-
sured by the OPAL collaboration using B® —
D**1~p decays collected from 1991 to 1995 [3].
The reconstruction of B — D**1~7 events was
performed by combining high p and p; lepton
(electron or muon) candidates with oppositely
charged pions from the D*t — D%zt decay with
small transverse momentum (p; < 0.3 GeV). The
selection of pions relies again on the small mass
difference between the D** and the DY. For a
final selection the mass difference is formed in an
inclusive way by selecting a group of tracks and
calorimeter clusters compatible with a D° decay.
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Figure 3. The plot shows the most recent exclu-
sive and semi-exclusive results of lifetime analy-

ses from LEP.

AM = \/E%. — |pB+|?> — mpo (5)

were calculated for same and opposite-sign
events, where the D® momentum vector and en-
ergy were reconstructed for opposite and same
sign lepton-pion combinations and are shown in
figure 4(a) and (b). For the B vertexing events
with AM < 0.17 GeV were selected where 36%
of the selected opposite sign events were sig-
nal according to Monte Carlo. The resolution
was parameterized as a function Rps+(¢,t') giv-
ing the expected distribution of reconstructed
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Figure 4. Reconstructed AM distributions for se-
lected (a) opposite-sign and (b) same-sign lepton-
pion combinations. The data are shown by the
points with error bars, and the Monte Carlo sim-
ulation contributions from signal B® — D*t[~p
decays, other resonant D*t decays and combina-
torial background are shown by the white, light
grey and grey histograms respectively.

t for each true value ¢ the resolution function
was implemented as the sum of three Gaussian
distributions, whose widths vary linearly with
t/.  Similar resolution functions Rps+,- (¢,1/),
Rps+ro(t,t1) and Rps+go(t,t!) were generated
for the three main D** background contribu-
tions B — D**n~ "5, B® — D**7% 7 and
B° — D*tK%~u. 7po was extracted by maxi-
mizing the following log-likelihood function

Me M
InL=> MLy +> InL)— N - N (6)
i=1 i=1

were In£¢ and InL? are the individual event
log-likelihoods taken over all the M® observed
opposite-sign and M? same-sign events in the
data sample, and N® and N are the correspond-
ing expected numbers of events. From the fit a
result of

Tpo = 1.541 £ 0.028(stat.) + 0.023(syst.) ps (7)

was obtained. The distributions of reconstructed
proper time t for opposite and same sign data
events with 0 M < 0.17 GeV, together with the fit
results are shown in Figure 5. The most dominant

T T T T
-+ OPAL data @
B’ - D"V
[ resonant bgd.
[ combinatorial bgd.

—
opposite sign

events/ 0.2 ps

reconstructed proper time (ps)

M
®)3

events/ 0.2 ps

8 10 12 14
reconstructed proper time (ps)

Figure 5. Distributions of reconstructed proper
time t for (a) opposite sign and (b) same sign
events with 0M < 0.17 GeV. The data are shown
by the points with error bars and the expectation
from the fit result by the histograms. The contri-
butions from signal B — D*T1~ 5, resonant and
combinatorial backgrounds are indicated.

sources of systematic errors were the B lifetime
which was a parameter of the fit, the branching
fraction BR(b — D*+D{" "), the tracking reso-
lution, details of the fitting method and other op-
posite sign background involving a genuine lepton
and slow pion from D**t decay.

3.3. Inclusive Measurements

DELPHI has a new preliminary analysis based
on data taken in 1994 and 1995 using elaborate
neural network techniques for both reconstruc-
tion and enhancement of B* and B° vertices.
A neural network (TrackNet) was designed to
supply for each track in a given hemisphere, a
probability of whether that track originated from
a weakly decaying B-hadron or not. The main
inputs to the network were impact parameter-
based probabilities that the track belonged to the



primary or secondary vertex and track rapidity.
In addition, a neural network (BD-Net) was de-
signed to discriminate between tracks whose ori-
gin was the weakly decaying B-hadron or the sub-
sequent cascade D-meson decay, using also par-
ticle identification tags, impact parameter infor-
mation and details of decay kinematics. For the
separation and the enhancement of BT and B°
mesons an additional neural network utilizing 4
output nodes was developed (BHBN net). Each
output node delivered a probability for an event
hemisphere to contain a B-hadron of a particu-
lar type (Bt, B°, B, or b-baryon). Input vari-
ables included TrackNet-weighted vertex charge
and error, the number of charged pions per hemi-
sphere, charged and neutral reconstructed energy
in the hemisphere, probabilities that identified
kaon/pion candidates stem from fragmentation or
b-decay and quality variables like the invariant
mass of the reconstructed vertex or a hemisphere
quality factor. The distribution of the two out-
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Figure 6. The upper plots show the output of the
BT and B output nodes of the BHBN-net in the
1994 data. owverlaid is the b-hadron composition
as seen in the Monte Carlo and the lower plots
trace the change in purity per bin. The back-
ground, labeled ’bg’ consists of light and charm
quark events.

put nodes which were relevant for this analysis
(BT and B° node) are shown in Figure 6. For
the event selection cuts on the two output nodes
were applied to achieve a purity of ~ 70%. For
each event one out of four different decay length
algorithms were chosen. These algorithms dif-
fered by details of the track-selection for the ver-
tex fit based on the TrackNet and the BD-Net.
Choice of the algorithm was dictated by optimiz-
ing the resolution and minimizing any bias while
still retaining the best possible efficiency. This
resulted in the selection of two data sets con-
taining 38988(11573) BT (B°) candidates respec-
tively. Monte Carlo events were run through the
same selection procedure and in addition, were re-
weighted to compensate for known discrepancies
between data and MC (e.q. hemisphere quality).
The lifetimes were extracted from a binned y? fit
based on the following x? function:

Nyins (WiMC _ NiDATA)Q

=y

8
| & e epmy | ©

Here oM and oPAT4 are the error for the MC
and the data entries in bin i respectively. NiDATA
is the data entry in bin i and WM is the total
MC weight in bin ¢. The sum goes over both sam-
ples. The x? function is minimized with respect
to the two fit parameters, 7+ and 7go. The time
distribution of the two samples together with the
fit can be seen in Figure 7. The result of the fit
was:

g+ = 1.631 £ 0.012(stat.) £ 0.021(syst.) ps, (9)
7o = 1.546 + 0.018(stat.) + 0.035(syst.) ps.
TR+ /7o = 1.054 £ 0.017(stat.) £ 0.027(syst.).

The most significant systematic errors were the
time resolution, the detector acceptance, B to D
branching fractions, the position of the working
point and details of the fit and quality miss-match
between data and Monte Carlo. The result of
the OPAL and the DELPHI analysis can be seen
together with the results from other inclusive and
semi-inclusive LEP measurements in Fig. 8.
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Figure 7. The result of the fit in the BT (left)
and B° (right) samples compared data with the
B-hadron composition overlaid as given by the
Monte Carlo. Here, ’bg’ refers to the background
from light and charm quark events. The fits for
1994(1995) had a x*/d.o.f. of 186/178(152/161)
corresponding to a x* probability of 33%(68%)
and a correlation parameter between Tg+ and Tgo
of -0.49(0.50) respectively.

4. Conclusion and Outlook

To summarize the results, the current world
averages including measurements from LEP,
BABAR, SLD and the Tevatron are presented
together with the theoretical predictions in Fig-
ure 9. As one can see the predicted B-hadron
lifetime hierarchy is broadly confirmed for all B-
hadron species. Only for the b-baryons the mea-
surement and the prediction differ still by more
than two standard deviations. For the near fu-
ture the experiments BELLE and BABAR at the
two b-factories KEK-B and PEP-II will soon de-
liver the most precise measurements for B+ and
BY. From the Tevatron Runll, improved exclu-
sive measurements of b-baryon and B, meson life-

times are expected.
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