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We present a measurement of the mass difference Amg of the two BY mass eigenstates.
We use a flavor tagging method based on the lepton charge, in a sample of events with two
muons at low transverse momentum. The sample corresponds to an integrated luminosity



of 90 pb~! collected by the Collider Detector at Fermilab. The result obtained is Amg =
0.503 & 0.064(stat.) +0.071(syst.) ps~*.

PACS numbers: 12.15.Ff, 13.20.He, 14.40.Nd



The BY meson, a bound state of a b quark and
d quark, is one of a few particles which can tran-
form from its particle state to the associated an-
tiparticle 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 cou-
pling to the b and d quarks. By far the dominant
contribution to this process comes from loops with
top quarks, and so a measurement of the rate of
BY +» BY transitions is sensitive to the CKM [1] ma-
trix element V;4 (while V4 is assumed to be =~ 1 due
to unitarity constraints on the CKM matrix). Given
a particle which is initially in a pure BY state, the
probability of it decaying as a BY at time ¢ in its rest
frame is:

P(t) = e_;T/T [1 — cos(Amgt)]
where 7 is the average of the lifetimes of the two
mass eigenstates of the By — BY system [2]. Mea-
suring the time evolution of this probability of a B
oscillating into a Bg requires a determination of the
b-quark flavor (i.e. b or b) of the B particle at both
its production and decay times (flavor tagging), and
the measurement of its proper decay time.

In this paper, we determine the mass difference
Amg by measuring the frequency of oscillations of
BY < BY. The data used in this analysis were
collected during the 1994-95 run of the Tevatron
pp Collider, with the Collider Detector at Fermilab
(CDF), and correspond to an integrated luminosity
J Ldt ~ 90 pb~!. The sample consists of events con-
taining two muons and at least one displaced vertex
of tracks not consistent with coming from the pri-
mary interaction point. The distance between these
vertices is used for the estimate of the decay length
of the B candidate.

The charge of the muon in the semileptonic decay
b — cp~ 7 [3] is used to identify the flavor of the B
at the time of its decay (where B refers generically
to any particle, including baryons, containing a b or
b quark). Since QCD processes produce B particles
in pairs of opposite flavor, we infer the flavor at pro-
duction of one B from the charge sign of the muon
coming from the semileptonic decay of the other B.

The ability to perform precision b physics mea-
surements at a pp collider has been demonstrated
by CDF with the B lifetime measurements [4] and
the determination of Amyg [5]. These measurements
have been obtained using fully or partially recon-
structed B decay events, where the background cal-
culations are rather straightforward, but the num-
ber of events is limited. In this paper we show that
a precise measurement of Amy is also possible us-
ing a more inclusive B meson identification. This

provides a much larger data sample at the cost of
a lower purity and a more complicated background
evaluation.

The mass difference Am, is obtained by fitting
for the oscillation frequency in a plot of the like-
sign event fraction, frs(ct) = Nps(ct)/(Nps(ct) +
Nos(ct)), where Nog(ct) (Nrg(ct)) is the number of
events in which the two muons are of opposite (like)
sign.

Since the b and b quarks hadronize and decay inde-
pendently, each muon can come from several sources.
First, the b quark can hadronize into a BY which de-
cays directly to a muon of negative charge, or into a
BY which oscillates to a BY and then decays directly
to a muon of positive charge. Second, the b quark
can hadronize into a B~ or Ay, and decay directly
to a muon. Third, the b quark can hadronize into
a B?, which can oscillate into a BY, with a much
higher frequency than a BY [6], effectively giving
a random-sign muon. Fourth, for all of the above
cases, the muon can also be produced in a sequen-
tial semileptonic decay b — ¢ — p* v, 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 a b — ¢ pv decay.
Finally, events with two muons can be generated by
direct production and decay of charm. The shape
of the frs 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 reported here. CDF consists of a
magnetic spectrometer surrounded by a calorimeter
and muon chambers. The momenta of charged par-
ticles are measured up to a pseudorapidity [8] of
[n| < 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], located immediately outside the
beampipe, provides precise track reconstruction in
the plane transverse to the beam and is used to
identify secondary vertices from b and ¢ quark de-
cays. The muon detection system (CMU) consists
of drift chambers, located outside the calorimeter,
allowing the reconstruction of track segments for
penetrating particles. In this analysis only the re-
gion up to |n| < 0.6 is used. An additional set of
chambers (CMP), located outside a 0.6 m thick iron
wall, provides additional information for the detec-
tion of muons. A three—level dimuon trigger selects
events with two muons of transverse momentum
pr > 2.2GeV/e, as measured by the Central Fast



Tracker (CFT), a hardware track processor with a
momentum resolution of &p;/p? = 0.03 (GeV/c)™L.
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 5GeV/c? in order to reject dimuons
from the following sources: muons produced by
the same B particle in a double semileptonic decay
b— cpuv, ¢ = spv; muons from a J/i¢ decay; or
muons from b’s in gluon splitting to bb. In addition,
the transverse momentum relative to the beamline
of each muon is required to be greater than 3 GeV/c.

The algorithm used to find displaced vertices (pre-
sumed to be b or ¢ quark decay vertices distinct from
the primary one) is based on the correlation between
the impact parameter d [10] and the azimuthal an-
gle ¢ of tracks coming from these vertices. Tracks
from a displaced vertex form a line in the d— ¢ plane
with a non-zero slope, while tracks from the primary
vertex will have a small d and show no obvious cor-
relation with ¢. A cluster is formed by three or more
correlated tracks, with each (excluding muon tracks)
having a significance d/o4 > 2 , where o4 is the un-
certainty on the impact parameter. At least one of
the muons has to be associated 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 fit-
ting 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 tra-
jectory. The position of the intersection with the
muon is taken as the B candidate decay vertex.

N
Y Vertex side
.y Oé
\¢u\\ ¢
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FIG. 1. Sketch of secondary vertex reconstruction

scheme in a dimuon event. The primary vertex is repre-
sented in the figure as the origin of the X —Y axes. The
impact parameter d and the azimuthal angle ¢ of tracks
from a displaced vertex are related by d = R sin(¢—¢o) .

Figure 1 shows a sketch of the reconstruction
method.

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

ct = Lyy =24 F(py, m3p)

where mp, is the B meson mass [6] and L, is the
two dimensional decay length projected onto the
direction of the transverse momentum of the clus-
ter. The factor F'(p;, m}) is a correction based on a
Monte Carlo simulation program of the bb produc-
tion and decay process, passing the same selection
as the real data. This factor is necessary due to the
partial reconstruction of the B particle decay prod-
ucts. It is parameterized as a function of the recon-
structed p; and mass m}; of the B cluster defined by
the set of tracks belonging to the d — ¢ cluster. The
fraction of direct b — cu~ 7 decays is enhanced with
respect to charm decays to muons by requiring the
momentum of the muon transverse to the momen-
tum direction of the remaining tracks in the cluster
(pre!) to be greater than 1.3 GeV/c.

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

The fraction frg of events with like-sign muons is
shown in Fig. 2 as a function of the proper decay
length ct of the B particle with an identified sec-
ondary 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 the
ISAJET generator [11] for the bb production process
and fragmentation. The B particle decays are sim-
ulated with a different Monte Carlo program based
on recent measurements of branching fractions from
CLEO and LEP experiments [12] [13]. A detailed
simulation of the CDF detector and the reconstruc-
tion code is applied to each event. In addition, a
simulation is used to replicate the trigger conditions
for dimuon events. We used the HERWIG genera-
tor [14] as a check for possible effects on this analy-
sis from a different fragmentation and hadronization
modelling. The fraction frgs is described with a
model that takes into account the sample composi-
tion, resolution effects and the lifetime of B mesons.
We use the simulation to parametrize the secondary
vertex tagging efficiency, as a function of the recon-
structed proper time, and the resolution in momen-
tum and position of the vertex. In addition, we cor-
rect the production fractions of B particle species,
assumed equal to the ones measured at LEP [13], to
account for the different analysis efficiencies of these
species as determined in the simulation. Sequential
b— ¢ — put decays constitute a major source of



TABLE 1. Values of the parameters considered in the
2
x° fit.

Parameter Input to fit Output from fit
Amy 0.503 £ 0.077 ps~"
Th 1.56 + 0.06 ps 1.53 +0.04 ps
Fy (38.5 +£2.2)% (38.2+2.2)%
F; (8.9+2.1)% (8.6 £2.0)%
Fopg (16.7 £5.2)% (17.6 £3.6)%

dilution of the mixing oscillation because they
misidentify the B flavor. The fractions of sequen-
tial 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 depen-
dence of this fraction on the reconstructed proper
time is also taken into account.

Two sources of background were investigated:
fake identification of muons and c¢¢ production. The
fake muon contamination was studied on a sample of
dimuon events in which one muon track is detected
in the CMU chambers and extrapolates into the fidu-
cial 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. The ¢t distribution of these
events was extracted taking into account the small
contamination of real muons in the fake sample. In
addition, from a comparison of the kinematic char-
acteristics of this sample of misidentified muons and
the Monte Carlo simulation of the bb signal, we de-
termined the expected fraction of fake events in the
data to be Fyry = (16.7 £ 5.2)%. This study was
based on the muon impact parameter, on the

TABLE II. Systematic errors on Amg determination.

§(Ama) (ps™")

Tb,Fd,Fs,Fbkg +0.043
Fake shape +0.011
Sequential decays +0.048
c¢ contribution +0.027
Resolution on L, +0.006
Resolution on p; +0.001
Amg +0.003
Parametrization of F(p:, mp) +0.009
Vertexing efficiency vs. ct +0.006
Fitting procedure —0.013

transverse component of the muon momentum with
respect to the cluster of displaced tracks and on the
invariant mass of the cluster. The last two vari-
ables were also defined with respect to a jet of tracks
within a cone around the muon. The same study of
the kinematic behaviour of the data sample selected
shows that the charm contribution is consistent with
zero. The effect of possible residual charm contami-
nation is considered in the discussion of the system-
atic effects in the measurement of Amyg.

A 2 fit was then applied to the fraction frg of
like-sign dimuon events, constraining the B parti-
cle lifetime to the value 7 = 1.56 £ 0.06 ps [13], the
fraction of BY mesons at F; = (38.5 £2.2)% , the
fraction of BY mesons at Fy, = (8.9 + 2.1)% (these
values are corrected for the species dependent effi-
ciency), and finally the fraction of events with fake
muons at Fyr, = (16.7£5.2)% with a ct shape as de-
termined above. The results obtained are reported
in Table I, where the errors are the output from the
fit. The x2 per degree of freedom of the fit is 1.1.
The function used in the fit procedure to describe
the fraction frg of like-sign dimuon events is super-
imposed on the data in Fig. 2.

The error on Amyg returned by the fit is due to
both the statistics and the errors assumed on the
constrained parameters. We separate these two con-
tributions in our final result, including the contribu-
tion from the uncertainty on 7, Fy, Fy and Fpp, in
the systematic error. This separation has been done
both analytically and by Monte Carlo with consis-
tent results.

The Table IT summarizes the different sources of
systematic errors on Amg, which have been esti-
mated as follows. The uncertainties on the para-
meters constrained in the fit give a contribution of
+0.043ps~!. The shape of the fake muon back-
ground has been parametrized independently of the
frs like-sign fraction. Variations of this shape con-
tribute less than +0.011ps™' to the Amgy value.
The fraction of sequential decays has been varied
by +15% with respect to the value obtained by the
Monte Carlo and used in the fit, with a contribu-
tion of £0.048 ps~!. The effect of a residual charm
contamination was evaluated with a contribution of
2% and a variation of £20% of the charm effective
lifetime obtained from simulation. The resulting un-
certainty is +0.027 ps~!. From simulation, the bias
of the fitting procedure on Amg has been evaluated
to be —0.013 ps~!. This bias is not used to correct
Amyg but rather is considered as a contribution to
the total systematic uncertainty. Finally, the other
small effects listed in Table IT are estimated by vary-
ing the corresponding contributions in the fit.

The total systematic uncertainty is obtained by
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FIG. 2. Fraction frs of like-sign dimuon events as a
function of proper decay length ct. Superimposed is the
result of the x? fit described in the text.

adding all the contributions in quadrature. The final
result is:

Amg = 0.503 &+ 0.064(stat.) + 0.071(syst.) ps~!

This result is consistent with the world average [6]
Amg = 0.464 + 0.018 ps— .
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