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Recently updated measurements of the S0 JJ0 mixing parameter at the LEP stor­
age ring are reported. The combined result from ALEPH, DELPHI, L3 and OPAL 
dilepton analyses is x = 0 . 1 19 ± 0.012. The first observation of the time dependence 
of the S0 JJ0 oscillations is presented. Clear evidence for the time-dependent nature 
of the B�B� oscillation has been found by the ALEPH collaboration, using the vertex 
structure and charge correlation in D•-lepton and dilepton events. The frequency 
extracted from a fit to the D• -lepton distribution corresponds to a mass difference 
between the S� states, 

�m = [3.44 �g:��(stat ) �g:��(syst)] · 10-4eV . 

1 Now at DESY, Hamburg, Germany. 
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1 Phenomenology of B0 iJO mixing 

In analogy to the neutral kaon system, the beauty eigenstates B0 and 13° are not mass eigenstates, but linear 
combinations of the C P eigenstates BY and Bg, with mass eigenvalues m ± tlm/2. The wave function of an 
initially pure B0 state therefore has two components with different frequencies, which gives rise to oscillating 
probabilities to observe a B0 or a fJO meson at decay time: 

B0(t) 
i3°(t) 

e-t/r · ( 1  + costlmt)/2 , 

e-•/r · ( 1 - cos l:lmt)/2 (1) 

(in units h = c = I) .  The B0 � 8° transition is understood in the Standard Model in terms of the so-called 
box diagrams involving virtual top quark exchange. Evaluation of the diagrams gives the mass difference .6..m 
that depends on the mass of the top and its weak couplings to the light quarks. 

The time�integrated probability for an initially pure B0 state to decay as a fJO is 

- o � o  1 x2 X = Prob(B � B ) = 2 (l + x'
) 

, x = l:lm · T .  (2) 

(r is the B lifetime.) This has been measured for B� mesons by the ARGUS and CLEO experiments at the T(4S) 
energy [l ,  2]. At LEP energies, h quarks are produced in decays of the Z resonance, and one measures [3, 4, 5, 6] 
the average mixing parameter 

(3) 

where fd and J� are the B� and B� production fractions in Z _,. bb events. The time-dependent nature of B0 .8° 
oscillations has not previously been demonstrated experimentally. 

2 Time-integrated Measurements of the Mixing Parameter x 
In Z --+ bb events, in which both b hadrons decay semileptonically, the leptons carry charges of opposite sign, 
unless mixing occurs. The proportion of events containing two leptons (electrons or muons) with like charge 
sign in opposite jets thus provides a measure of the B0 iJ0 oscillation strength. This is diluted mainly by 
ca5cade decays b --+ c --+ f. where the leptons originate from secondary charm hadrons and carry the opposite 
charge sign to the primary b decay. In order to discriminate the signal against this process, one exploits the 
harder momentum and transverse momentum (p and Pl.) spectrum of primary leptons with respect to secondary 
leptons. Other background sources, cC events and hadron misidentification, also populate the low p, Pl. region. 

The DELPHI collaboration forms a combined variable Pcomb = )(Pl +  p2 /70). They extract the mixing 
parameter from a two-dimensional Maximum Likelihood fit to the observed fraction of l ike-sign dilepton events 
as a function of p��mb and p��mb 1 where the superscripts refer to the two leptons. The underlying distributions 
used in the fit are obtained from a Monte Carlo simulation and have been adjusted to the measured single lepton 
spectra. Data taken in 1991 and 1992, amounting to 940000 hadronic Z decays) are included in the analysis, 
giving the preliminary value 

x = 0.131 ± 0.015 ± 0.017 , (4) 

where the first error is statistical and the second systematic. The systematic error is predominantly due to 
uncertainties in the branching ratios B(h � £), B(h � c � £), B(c � £). 

The L3 collaboration has also used data taken in 1992 to update their mixing measurement. Their sam­
ple now corresponds to an integrated luminosity of 38.7pb-1.  A fit to the like-sign fraction is performed in 
1/1 ! ,  p� ! ,  p(2l, p�) space, as described in [5]. The new preliminary result is 

x = 0 . 1 18 ± 0.012 ± 0.010 . (5) 

The systematic uncertainty of this method arises mainly from Monte Carlo statistics, since the simulated event 
distributions must be binned in four dimensions. Additional contributions to the error quoted here are expected 
to result from a study of model dependence that is currently in progress. 

The ALEPH approach consists in simultaneously measuring various parameters associated to heavy quark 
production and decay in a global fit to single lepton and d ilepton event distributions. This allows correlations 
between the parameters to be properly taken into account. The source of information determining each of the 
parameters can, however, be identified. Single lepton p, Pl. distributions yield the product I'(Z � hb) · B(h - £) 
and the fragmentation parameter (x,) (from the high Pl. region) as well as I'(Z � cc) · B(c � £) and (x,). 
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Dilepton events are analyzed in terms of p'J'in = min(p�1 , p�lj and P ®  = p�)p�2) + p�)p�1) . The sample is 
split into events with both leptons in either the same or the opposite hemisphere. The same side events are 
dominated by the cascade process and give B(b - c - £). The opposite side events allow the branching ratio B( b - £) to be extracted. Finally, the mixing parameter is determined from the like-sign fraction in opposite 
side events with p'J'in > 1 GeV/c. From data taken in 1990 and 1991, 

x = 0 . 1 14 ± 0.014 ± 0.008 (6) 

is obtained. Here, the uncertainties arising from the errors of simultaneously measured parameters like, e.g. B(b - i) are included in the statistical error. The systematic error mainly reflects the model dependence of 
the result. This was estimated by varying the shapes of the lepton momentum spectra in the Monte Carlo 
simulation according to the models of Altarelli et al. [7] and of Isgur et al. [8]. ALEPH cross-check their result 
by a control analysis in which single parameters are measured separately by counting methods. 

The OPAL collaboration quotes the result already presented in [9]: 

x = 0. 125 ± 0.017 ± 0.015 , (7) 

from a one-dimensional fit to a combined variable. 
The four measurements agree well with each other. The weighted LEP average is 

x = 0. 1 19  ± 0.012 , (8) 

where common systematic errors are accounted for. A model dependence of ±0.007 (as results from the ALEPH 
study) is attributed to the average as well. 

ALEPH and DELPHI have also performed measurements of B0 fJO mixing using a jet-charge method [IO]. 
These are subject to larger systematic uncertainties and are not included here. 
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Figure 1 :  Combination of the LEP measurements of x with the Xd measurements of ARGUS and CLEO 
(horizontal band). Dotted lines show ±l<T errors, the solid (dashed) ellipse represents the combined 90 (95) % 
C.L. contour. 

Constraints on the B� mixing parameter x� are obtained from the combination of the LEP measurements 
with the Xd measurements using 1(45) data, if further assumptions are made. The production fractions fd = 0.4 
and f� ::::: 0.12 are consistent with a strange quark suppression factor of 0.3 inferred from measurements of the 
relative kaon and pion rates at LEP energies [ 1 1] .  The semileptonic branching ratios of the individual B meson 
species are assumed to be equal in the definition of x (Eq. 3). The weighted average of the ARGUS result [l] 
and the updated CLEO dilepton measurement [12] is 

Xd = 0. 162 ± 0.021 , (9) 

if equal production rates of B+ B- and B0 B0 pairs are assumed, and if the same assumption on semileptonic 
decays as above is made. (The additional systematic error on Xd arising from uncertainties in these two 
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assumptions i s  ±0.021, but i s  not included here.) The x and X d  measurements are represented in the Xd, x. 
plane in Fig. 1, which shows the combined 90 (95)% confidence level contours as a solid (dashed) ellipse. This 
corresponds to 

x, = 0.45 ± 0.12 or x. > 0.25 at 90 %C.L. (10) 

For a different choice of production fractions, fd = 0.375 and f, = 0. 15, the 90% C.L. limit is x, > 0.23. 
In the Standard Model one expects x, close to 0.5; the unitarity of the Kobayashi-Maskawa matrix requires 

x, > 8 approximately [13]. For such large values of z: = Ll.m r the time-integrated mixing parameter x has 
almost no sensitivity to the oscillation frequency. Better constraints on z, can only be obtained by methods 
directly referring to the time dependence of mixing. 

3 Observation of the Time Dependence of B0 f3° Mixing 

The first method used by ALEPH selects D" -lepton events. Since D"- mesons originate predominantly from 
B� decays, the method is essentially sensitive to B�B� oscillations. The lepton on the opposite side of the event 
tags the B at t = 0, the charge of the n• meson serves as tag at decay time. Here, mixed events result in 
unlike-sign pairs. One studies the charge correlation 

Nlike _ Nunlike Nunmixed _ Nmixed Cq = 
Nlike + Nunlike = 

Nunmixed + Nmixed ( 1 1) 

With perfect purity and resolution, Cq = cos Ll.m t would hold. In practice, the D" decay vertex ( = the B 
vertex) cannot be well reconstructed, but one uses the daughter D0 vertex instead. The B momentum is not 
measured, so Cq as function of decay length rather than time is convoluted with the B fragmentation spectrum. 
Lepton mistags due to cascade decays or mixing reduce the amplitude of the oscillation. cc background gives 
unlike-sign correlations and distorts the distribution at short decay lengths. 
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Figure 2: D" -lepton charge correlation Cq as function of decay length, measured by ALEPH. The solid line 
shows the result of a fit allowing for oscillations, the dashed line shows a non time dependent model. 

In the data taken in 1990-92, reconstructing the decay modes D•+ - D0ir+, D0 - K-ir+ ,  K-.. + .. + .. - ,  
1< -7r +  1f o  1 664 candidate events are selected, with a signal t o  combinatorial background ratio o f  roughly 1 : 1 .  
The measured charge correlation function is  presented in  Fig. 2 .  
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Also displayed (as a solid line) i s  the result of an unbinned Maximum Likelihood fi t  to  the like-sign and 
unlike-sign event distributions. The extracted oscillation frequency corresponds to a mass difference 

tl.m = [3.44 :g ��(stat) :g ��(syst)] · W-4eV . (12) 

Additional free parameters in the fit were the B+ � D' and cc background fraction and the lepton mistag rate. 
The fitted values agree with expectation, and their uncertainties are accounted for in the statistical error. Shown 
as a dashed line is a fit with the hypothesis of time-independent mixing. The likelihood difference corresponds 
to disfavoring this hypothesis by 3.2 standard deviations. The systematic error receives contributions from 
uncertainties in the B+ and combinatorial background charge correlation, the B�, B+ and D0 lifetimes, the 
resolution function, the b fragmentation and the average n° momentum. In order to compare the fundamental 
quantity tl.m to time-integrated measurements, one has to multiply with the exclusive B� lifetime r(B�) = 

1 .44 ± 0.15ps (combined ALEPH, DELPHI and OPAL measurements [14]) , and one obtains, including the 
extra error, 

xd = 0.75 :g U(stat) :g g�(syst) , 

consistent with Eq. 9. 
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Figure 3 :  Like-sign fraction of dilepton events, as a function of decay time, measured by ALEPH. The solid line 
is a fit with Xd and r(B�) as free parameters. Left, the contributions to the observed distribution are displayed. 
Right, the fit of the rejected time-independent model is shown as dashed line. 

The second method uses opposite-side di]epton events. It is therefore in principle also sensitive to B� 
oscillations. ALEPH calculates the B decay distance in such events by means of an inclusive vertexing technique. 
First, the primary vertex is found, also using the beamspot that is determined from the charged tracks of groups 
of 100 events. As only few charged particles, apart from the lepton, are expected from the B vertex, the charm 
decay vertex is reconstructed next. Using the charged tracks in each hemisphere (excluding the lepton), a 
secondary vertex is searched for by comparing the x2 for various vertex hypotheses on a suitable grid. The 
inferred charm track is finally vertexed with the lepton to give the B decay point. In order to convert the decay 
distance d into proper time t 1 

d d t = - = - = g · d .  13-t p/m (14) 

the boost factor g is calculated by estimating the B momentum p. This involves the lepton, the charm vertex 
tracks, a fraction of the electromagnetic energy and the missing total energy. The proper time resolution is 
given by 

(15) 

The vertex resolution function has a core width of ud "' 400µm, corresponding to about 0.17 ps, and the factor 
u,/g in the time-dependent term is below 20 %. From a Monte Carlo simulation, the decay time distributions 
are obtained for the various lepton sources and parametrized in terms of lifetimes and oscillation parameters. 

From the data taken 1990-92, 3008 dilepton events with both P.L > 1 GeV/c are selected. In this sample, 
82 % of the leptons originate from a primary b - f decay, and 13 % are from the cascade decay b - c � f. 
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2550 events have at  least 1 proper time measured; for this, a vertex detector hit  in both r ¢  and z projection 
is required on the lepton track. A fit of the above-mentioned parametrizations to the measured decay time 
distribution for these events gives an inclusive b lifetime 

Tb = 1 .47 ± Q.Q2ps (16) 

where the error is statistical only. This preliminary number is in good agreement with the ALEPH single lepton 
impact parameter measurement [15]i but systematically largely independent. 

As B0 i.J0 mixing leads to like-sign lepton pairs, the fraction of like-sign events Q should reflect the time 
dependence of the oscillation. Fig. 3 shows a preliminary measurement of the like-sign fraction as a function of 
proper decay time. Superimposed is a fit to the data, where the B� mixing parameter xd and the B� lifetime 
were left as free parameters. The left figure shows the composition of the observed distribution: a constant 
contribution to the like-sign fraction is due to lepton charge mistagging on the opposite side of the event. A 
small contribution is expected to originate from lepton misidentification background. The slowly rising behavior 
of the b � c � e part is due to the incorrect boost in this case and to the extra charm decay length. The B� . 

contribution is constant, as maximal B� mixing was assumed in the fit. The signature for B� oscillations, the 
steep rise, is clearly visible. The right figure shows, for comparison, the fit using a time-independent model . 
This hypothesis is rejected at 99 % C.L. The extraction of the oscillation frequency will be possible after further 
studies of potential systematic effects. 

Together with the measurement of the D"'-lepton charge correlation, this represents the first observation of 
particle-antiparticle oscillations in time, outside the neutral kaon system. 

Acknowledgements. I would like to thank Barry King, Ghita Rahal-Callot and Martin Jimack for pro­
viding most recent results for this conference. And I like to express my gratitude to my colleagues Roger Forty 
and Hans-Giinther Moser for their invaluable help in the preparation of this talk. 

References 

[I] H. Albrecht et al. (ARGUS Collab.) ,  Z. Phys. B 55 (1992) 357. 

[2] M. Artuso et al. (CLEO Collab.), Phys. Rev. Lett. 62 (1989) 2233. 

[3] D. Decamp et al. (ALEPH Collab. ) ,  Phys. Lett. B 258 ( 1991) 236. 

[4] P. Abreu et al. (DELPHI Collab.) ,  Phys. Lett. B 301 (1993) 1 45.  

[5]  B .  Adeva et al. (L3 Collab .) ,  Phys. Lett. B 288 ( 1992) 395. 

[6] P.D. Acton et al. (OPAL Collab.) ,  Phys. Lett. B 276 ( 1992) 379. 

[7] G. Altarelli et al., N.  Phys. B208 ( 1982) 365. 

[8] N. Isgur et al., Phys. Rev. D39 (1989) 799. 

[9] P.D. Acton et al. (OPAL Collab.) ,  contributed paper to the 26'h International Conference on High Energy 

Physzcs, (Dallas, 1992). 

[!OJ D. Busculic et al. (ALEPH Collab.) ,  Phys. Lett. B 284 ( 1992) 177. 
P. Abreu et al. (DELPHI Collab .) ,  contributed paper to the 26'h International Conference on High Energy 

Physics, (Dallas, 1992). 

[ 1 1] G. Alexander et al. (OPAL Collab.) ,  Phys. Lett. B 264 (1991) 467. 

[12] II. Kroha, preprint UR 1286 (University of Rochester, 1992), to be published in  Proceedings of the 26th 
Internatzonal Conference on High Energy Physics, (Dallas, 1992) .  

[13] A .  A l i ,  preprint DESY 92-152 ( 1992), t o  b e  published in Proceedings o f  the 26'h International Conference 

on High Energy Physics, (Dallas, 1992). 

[14] D. Busculic et al. (ALEPH Collab.), preprint CERN-PPE/93-42 ( 1993). 
P. Abreu et al. (DELPll l Collab.) ,  preprint CERN-PPE/92-174 (1992). 
P.D. Acton et al.  (OPAL Collab.) ,  preprint CERN-PPE/93-33 (1993) . 

[15] D. Busculic et al. (ALEPH Collab . ) ,  Phys. Lett. B 295 ( 1992) 174. 


