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We present a measurement of the mass differenceDmd of the two Bd
0 mass eigenstates. We use a flavor

tagging method based on the lepton charge, in a sample of events with two muons at low transverse momen-
tum. The sample corresponds to an integrated luminosity of 90 pb21 collected by the Collider Detector at
Fermilab. The result obtained isDmd50.50360.064(stat)60.071(syst) ps21. @S0556-2821~99!50215-4#

PACS number~s!: 12.15.Ff, 13.20.He, 14.40.Nd

TheBd
0 meson, a bound state of ab̄ quark andd quark, is

one of a few particles which can tranform from its particle
state to the associated antiparticle state. This takes place via

a second-order weak process involving an internal loop with
two W bosons and two up-type (u,c,t) quarks coupling to
the b̄ andd quarks. By far the dominant contribution to this
process comes from loops with top quarks, and so a measure-
ment of the rate ofBd

0↔B̄d
0 transitions is sensitive to the

Cabibbo-Kobayashi-Maskawa~CKM! @1# matrix element*Visitor.
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Vtd ~while Vtb is assumed to be'1 due to unitarity con-
straints on the CKM matrix!. Given a particle which is ini-
tially in a pureBd

0 state, the probability of it decaying as aB̄d
0

at time t in its rest frame is

P~ t !5
e2t/t

2t
@12cos~Dmdt !#

wheret is the average of the lifetimes of the two mass eigen-
states of theBd

0-B̄d
0 system@2#. Measuring the time evolution

of this probability of aBd
0 oscillating into aB̄d

0 requires a

determination of theb-quark flavor~i.e., b or b̄) of the B
particle at both its production and decay times~flavor tag-
ging!, and the measurement of its proper decay time.

In this paper, we determine the mass differenceDmd by
measuring the frequency of oscillations ofBd

0↔B̄d
0 . The data

used in this analysis were collected during the 1994–95 run
of the Tevatronpp̄ Collider, with the Collider Detector at
Fermilab~CDF!, and correspond to an integrated luminosity
*Ldt;90 pb21. The sample consists of events containing
two muons and at least one displaced vertex of tracks not
consistent with coming from the primary interaction point.
The distance between these vertices is used for the estimate
of the decay length of theB candidate.

The charge of the muon in the semileptonic decayb

˜cm2n̄ @3# is used to identify the flavor of theB at the time
of its decay~whereB refers generically to any particle, in-
cluding baryons, containing ab or b̄ quark!. Since QCD
processes produceB particles in pairs of opposite flavor, we
infer the flavor at production of oneB from the charge sign
of the muon coming from the semileptonic decay of the other
B.

The ability to perform precisionb physics measurements
at a pp̄ collider has been demonstrated by CDF with theB
lifetime measurements@4# and the determination ofDmd @5#.
These measurements have been obtained using fully or par-
tially reconstructedB decay events, where the background
calculations are rather straightforward, but the number of
events is limited. In this paper, we show that a precise mea-
surement ofDmd is also possible using a more inclusiveB
meson identification. This provides a much larger data
sample at the cost of a lower purity and a more complicated
background evaluation.

The mass differenceDmd is obtained by fitting for the
oscillation frequency in a plot of the like-sign event
fraction, f LS(ct)5NLS(ct)/@NLS(ct)1NOS(ct)#, where
NOS(ct)@NLS(ct)# is the number of events in which the two
muons are of opposite~like! sign.

Since theb and b̄ quarks hadronize and decay indepen-
dently, each muon can come from several sources. First, the
b quark can hadronize into aB̄d

0 which decays directly to a

muon of negative charge, or into aB̄d
0 which oscillates to a

Bd
0 and then decays directly to a muon of positive charge.

Second, theb quark can hadronize into aB2 or Lb , and
decay directly to a muon. Third, theb quark can hadronize
into a B̄s

0 , which can oscillate into aBs
0 , with a much higher

frequency than aBd
0 @6#, effectively giving a random-sign

muon. Fourth, for all of the above cases, the muon can also
be produced in a sequential semileptonic decayb˜c
˜m1n, which has the exact opposite correlation of muon
sign with b flavor from the above sources. Fifth, residual
punch through or decay in flight of hadrons contribute to
muon detection not related with ab˜cmn decay. Finally,
events with two muons can be generated by direct production
and decay of charm. The shape of thef LS histogram is then
obtained by taking all possible combinations of two muons
from these sources, weighted with the appropriate fractions
of each source.

The CDF detector has been described in detail elsewhere
@7#. Only the features most relevant to this analysis are re-
ported here. CDF consists of a magnetic spectrometer sur-
rounded by a calorimeter and muon chambers. The momenta
of charged particles are measured up to a pseudorapidity@8#
of uhu,1.1 in the central tracking chamber~CTC!, which is
inside a 1.4 T superconducting solenoidal magnet. A low-
noise, four-layer silicon microstrip vertex detector@9#, lo-
cated immediately outside the beampipe, provides precise
track reconstruction in the plane transverse to the beam and
is used to identify secondary vertices fromb and c quark
decays. The muon detection system~CMU! consists of drift
chambers, located outside the calorimeter, allowing the re-
construction of track segments for penetrating particles. In
this analysis, only the region up touhu,0.6 is used. An
additional set of chambers~CMP!, located outside a 0.6 m
thick iron wall, provides additional information for the de-
tection of muons. A three-level dimuon trigger selects events
with two muons of transverse momentumpt.2.2 GeV/c, as
measured by the Central Fast Tracker~CFT!, a hardware
track processor with a momentum resolution ofdpt /pt

2

50.03 (GeV/c)21. At least one of the muons has to be
detected in both the CMU and CMP drift chambers.

Offline muon identification is based on the three-
dimensional matching of the track segment in the muon
chambers with the segment reconstructed in the CTC and on
the energy deposited in the calorimeter towers close to the
muon trajectory. The invariant mass of the two muons is
required to be greater than 5 GeV/c2 in order to reject
dimuons from the following sources: muons produced by the
sameB particle in a double semileptonic decayb˜cmn,c
˜smn; muons from aJ/c decay; or muons fromb’s in
gluon splitting tobb̄. In addition, the transverse momentum
relative to the beamline of each muon is required to be
greater than 3 GeV/c. This requirement, almost fulfilled by
muons detected both in the CMU and CMP, is motivated by
the description of the fake muon contamination, as discussed
later.

The algorithm used to find displaced vertices~presumed
to be b or c quark decay vertices distinct from the primary
one! is based on the correlation between the impact param-
eterd @10# and the azimuthal anglef of tracks coming from
these vertices. Tracks from a displaced vertex form a line in
the d-f plane with a non-zero slope, while tracks from the
primary vertex will have a smalld and show no obvious
correlation withf. A cluster is formed by three or more
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correlated tracks, with each~excluding muon tracks! having
a significanced/sd.2, wheresd is the uncertainty on the
impact parameter. At least one of the muons has to be asso-
ciated with the cluster of tracks identified, regardless of its
impact parameter significance. The tertiary vertex position
~presumed to be the charm decay vertex! is then found by
fitting all the tracks in the cluster excluding the muon track.
The direction of the momentum obtained is extrapolated
back from the vertex to the muon trajectory. The position of
the intersection with the muon is taken as the seconday ver-
tex (B candidate decay vertex!. Figure 1 shows a sketch of
the reconstruction method.

More than 95% of events in the selected sample have only
one secondary vertex reconstructed: in the case of two sec-
ondary vertices reconstructed, only one is randomly picked
up.

For each event, the proper decay lengthct of one of the
two B’s is determined by:

ct5Lxy

mBd

pt
F~pt ,mB* !

wheremBd
is the B meson mass@6# and Lxy is the two di-

mensional decay length projected onto the direction of the
transverse momentum of the cluster. The factorF(pt ,mB* ) is
a correction based on a Monte Carlo simulation program of
the bb̄ production and decay process, passing the same se-
lection as the real data. This factor is necessary due to the
partial reconstruction of theB particle decay products. It is
parametrized as a function of the reconstructedpt and mass
mB* of theB cluster defined by the set of tracks belonging to

the d-f cluster. The fraction of directb˜cm2n̄ decays is
enhanced with respect to charm decays to muons by requir-
ing the momentum of the muon transverse to the momentum
direction of the remaining tracks in the cluster (pt

rel) to be
greater than 1.3 GeV/c.

The sample selected amounts to 2044 like-sign dimuon
events and 3924 opposite-sign events.

The fractionf LS of events with like-sign muons is shown
in Fig. 2 as a function of the proper decay lengthct of theB
particle with an identified secondary vertex. The rise for
positive ct is due to the mixing, whereas the peak at the
origin is an artifact of the larger fake contribution in this
region.

The Monte Carlo simulation is based on theISAJET gen-
erator@11# for thebb̄ production process and fragmentation.
The B particle decays are simulated with a different Monte
Carlo program@12# based on measurements of branching
fractions from CLEO experiment at the Cornell Electron-
Positron Storage Ring~CESR! and experiments at the Large
Electron Positron collider~LEP! at CERN @13#. A detailed
simulation of the CDF detector and the reconstruction code
is applied to each event. In addition, a simulation is used to
replicate the trigger conditions for dimuon events. We used
the HERWIG generator@14# as a check for possible effects on
this analysis from a different fragmentation and hadroniza-
tion modelling. The fractionf LS is described with a model
that takes into account the sample composition, resolution
effects and the lifetime ofB mesons. We use the simulation
to parametrize the secondary vertex reconstruction effi-
ciency, as a function of the reconstructed proper time, and
the resolution in momentum and position of the vertex. The
secondary vertex reconstruction efficiency is flat above one
B lifetime. In addition, we correct the production fractions of
B particle species, assumed equal to the ones measured at the
CERN e1e2 collider LEP @13#, to account for the different
analysis efficiencies of these species as determined in the
simulation. Sequentialb˜c˜m1 decays constitute a major
source of dilution of the mixing oscillation because they
misidentify theB flavor. The fractions of sequential decays
for muons on the secondary vertex side and for muons on the
away side are determined using the Monte Carlo simulation,
and the possible dependence of this fraction on the recon-
structed proper time is also taken into account.

Two sources of background were investigated: fake iden-

FIG. 1. Sketch of secondary vertex reconstruction scheme in a
dimuon event. The primary vertex is represented in the figure as the
origin of theX-Y axes. The impact parameterd and the azimuthal
angle f of tracks from a displaced vertex are related byd
5R sin(f2f0). FIG. 2. Fractionf LS of like-sign dimuon events as a function of

proper decay lengthct. Superimposed is the result of thex2 fit
described in the text.
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tification of muons andcc̄ production. The fake muon con-
tamination was studied on a sample of dimuon events in
which one muon track is detected in the CMU chambers and
extrapolates into the fiducial region of the CMP chambers,
but is not detected there. This sample consists mainly of
hadrons not interacting strongly in the calorimeter. The
charge of the two particles detected as muons is completely
uncorrelated and the absolute contributions to the sample of
LS and OS events were verified to be the same within the
errors. Thect distribution of these events was extracted tak-
ing into account the small contamination of real muons in the
fake sample. In addition, from a comparison of the kinematic
characteristics of this sample of misidentified muons and the
Monte Carlo simulation of thebb̄ signal, we determined the
expected fraction of fake events in the data to beFbkg
5(16.765.2)%. This study was based on the muon impact
parameter, on the transverse component of the muon mo-
mentum with respect to the cluster of displaced tracks and on
the invariant mass of the cluster. The last two variables were
also defined with respect to a jet of tracks within a cone
around the muon. The same study of the kinematic behavior
of the data sample selected shows that the charm contribu-
tion is consistent with zero. The effect of possible residual
charm contamination is considered in the discussion of the
systematic effects in the measurement ofDmd .

A x2 fit was then applied to the fractionf LS of like-sign
dimuon events, constraining theB particle lifetime to the
value t51.5660.06 ps@13#, the fraction ofBd

0 mesons at
Fd5(38.562.2)%, the fraction ofBs

0 mesons atFs5(8.9
62.1)% ~these values are corrected for the species depen-
dent efficiency!, and finally, the fraction of events with fake
muons atFbkg5(16.765.2)% with act shape as determined
above. The results obtained are reported in Table I, where the
errors are the output from the fit. Thex2 per degree of free-
dom of the fit is 1.1. The function used in the fit procedure to
describe the fractionf LS of like-sign dimuon events is super-
imposed on the data in Fig. 2.

The error onDmd returned by the fit is due to both the
statistics and the errors assumed on the constrained param-
eters. We separate these two contributions in our final result,
including the contribution from the uncertainty on

tb , Fd , Fs and Fbkg in the systematic error. This separa-
tion has been done both analytically and by Monte Carlo
with consistent results.

Table II summarizes the different sources of systematic
errors onDmd , which have been estimated as follows. The
uncertainties on the parameters constrained in the fit give a
contribution of60.043 ps21. The shape of the fake muon
background has been parametrized independently of thef LS
like-sign fraction. Variations of this shape contribute less
than 60.011 ps21 to the Dmd value. The fraction of se-
quential decays has been varied by615% with respect to the
value obtained by the Monte Carlo and used in the fit, with a
contribution of60.048 ps21. The effect of a residual charm
contamination was evaluated with a contribution of 2% and a
variation of620 % of the charm effective lifetime obtained
from simulation. The resulting uncertainty is10.027 ps21.
From simulation, the bias of the fitting procedure onDmd
has been evaluated to be20.013 ps21. This bias is not used
to correctDmd , but rather is considered as a contribution to
the total systematic uncertainty. Finally, the other small ef-
fects listed in Table II are estimated by varying the corre-
sponding contributions in the fit.

The total systematic uncertainty is obtained by adding all
the contributions in quadrature. The final result is:

Dmd50.50360.064~stat!60.071~syst! ps21.
This result is consistent with the world average@6# Dmd
50.46460.018 ps21.

The overlapping of the sample used in this analysis with
the one used in@5# is negligible.
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