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We present measurements of correlatedbb̄ cross sections,m-m correlations, the averageB0B̄0 mixing
parameterx̄, and a limit on theCP-violating parametereB . For these measurements, we use muon pairs from
bb̄ double semileptonic decays. The data used in this analysis were taken with the Collider Detector at
Fermilab and represent an integrated luminosity of 17.460.6 pb21. The results concerningbb̄ production
correlations are compared to predictions of next-to-leading order QCD computations.
@S0556-2821~97!03505-4#

PACS number~s!: 13.85.Qk, 13.20.Jf

I. INTRODUCTION

Production ofb quarks in high-energypp̄ collisions con-
stitutes a useful process for the study of perturbative QCD.
Several measurements ofb quark production atAs5630
GeV @1–3# have been reported by the UA1 Collaboration
and they are found to be consistent with the predictions of
the next-to-leading order~NLO! QCD theory. The cross sec-
tion for inclusiveb quark production atAs51.8 TeV has

been also measured using semileptonic decays ofB hadrons
and exclusiveB meson decays@4–6#. The results of these
measurements are systematically higher than the NLO QCD.

A recent measurement of them-b̄ cross section@7# has
given valuable information on the production of a pair ofb
quarks. Them-b̄ cross section has been measured as a func-
tion of the b̄ jet transverse energy (ET5Esinu whereu is
the polar angle from the proton beam!, the b̄ transverse mo-
mentum, and the azimuthal opening angle between them and
theb̄ jet. In addition to a higher value, them-b̄ cross sections
show some qualitative differences in the shapes between the

*Visitor.
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measurement and the NLO QCD prediction onbb̄ produc-
tion. Thus, another independent study ofbb̄ production is
important to test the NLO QCD calculation. In this paper,
bb̄ production is studied using dimuon events in which each
muon comes from ab decay. These results provide informa-
tion on the production ofbb̄ pairs @8# with lower transverse
momentum values for the bottom quarks@PT(b̄)56212
GeV/c# than the m-b̄ cross section measurement
@PT(b̄)525280 GeV/c#.

BB̄ hadron pairs generated by the fragmentation ofbb̄
pairs may also be used to study the weak interaction phe-
nomena ofB0B̄0 mixing andCP violation. Measurements of
B0B̄0 mixing can be used to impose constraints on elements
of the Cabbibo-Kobayashi-Maskawa matrix@9#. Studies of
CP violation in theB system are of fundamental importance
in understanding the standard model. As an extension of the
bb̄ production correlation analysis, we also report on a mea-
surement ofB0B̄0 mixing and a limit onCP violation in
B0B̄0 mixing.

In the Collider Detector at Fermilab~CDF! experiment,
dimuon events result from decays of heavy quark pairs (t t̄,
bb̄, cc̄), the Drell-Yan process, charmonium and bottomo-
nium decays, and decays ofp or K mesons. Background in
these dimuon events also comes from the misidentification of
p andK as muons. We make use of the precision tracking
provided by the CDF silicon vertex detector to identify
muons fromB decays. The long lifetime ofB hadrons@10–
13#, coupled with the precision tracking, enables separation
of bb̄ events from the background events. Specifically, the
impact parameter~to be defined in Sec. IV! of a muon track
is used to determine thebb̄ content of the dimuon events.
We measure the integral cross section forbb̄ production as a
function of PT(b̄). The production correlations of a muon
pair frombb̄ decay are also studied by examining the distri-
bution of the opening angle between the muons and the
muon PT distribution. A comparison of the number ofbb̄
events with like-sign~LS! and opposite-sign~OS! dimuons
yields a value of the averageB0B̄0 mixing parameter,x̄. In
addition, the asymmetry between the number ofm1m1 and
m2m2 events is used to place a limit on the real part ofeB
which gives rise toCP violation in B0B̄0 mixing @14#.

Sections II and III describe the detector systems relevant
to the analysis and the data selection, respectively. The
method used for the measurements is discussed in Sec. IV.
The results of thebb̄ production correlation measurements
are presented in Secs. V and VI. In Secs. VII and VIII, we
describe the results of the mixing and theCP-violation
analyses. Section IX closes with a discussion of the experi-
mental results and a comparison with the theoretical predic-
tions.

II. DETECTOR

In CDF, the proton beam direction defines thez axis, r is
the radius in the plane transverse to the beam,f is the azi-
muthal angle, andu is the polar angle with respect to the
proton direction. The pseudorapidityh is defined as
h[2 lntan(u/2). In this section, we describe subsystems of

the CDF detector relevant to the analysis. More details and
descriptions of other detector components can be found in
@15#.

A. Tracking system

The CDF central tracking system consists of a solenoid
magnet with a field of 1.4 T containing 3 main detectors: the
silicon vertex detector~SVX! @16#, the vertex time projection
chamber~VTX !, and the central tracking chamber~CTC!
@17#. Closest to the beam line, the SVX consists of four
layers of silicon strip detectors extending627.3 cm in z
from the center of the detector. The SVX is designed to
provide precision tracking in ther -f plane. The innermost
layer is located at a radius of 2.9 cm and has a spatial reso-
lution of 13mm. Surrounding the SVX is the VTX, a time
projection chamber consisting of 28 modules and covering
the pseudorapidity regionuhu<3.5. At the Tevatron,pp̄ in-
teractions occur along the beam axis according to a Gaussian
distribution with width of 27 cm. The VTX allows the deter-
mination of the interaction vertex position inz with a reso-
lution of 1 mm. The CTC is a cylindrical drift chamber
which provides three dimensional tracking measurements for
charged particles. The CTC consists of 84 layers of sense
wires grouped into nine superlayers and covers radii from 28
to 132 cm. The momentum resolution of the CTC is
dPT /PT50.002PT where PT , defined to bePsinu, is in
GeV/c. For a charged particle track reconstructed in
both the CTC and SVX, thePT of the track is determined
with the improved momentum resolution ofdPT /PT

5A(0.0009PT)
21(0.0066)2.

B. Muon system

Muon candidates are identified by two different sub-
systems in the central region (uhu<0.6). The central muon
system~CMU! @18# is located behind five absorption lengths
of material and consists of four layers of drift chambers cov-
ering about 84% of the solid angle foruhu<0.6. The central
muon upgrade system~CMP! @19# is located behind an ad-
ditional three absorption lengths of material, covers 63% of
the solid angle foruhu<0.6, and significantly reduces misi-
dentification of hadrons as muons. About 53% of the solid
angle foruhu<0.6 is covered by both systems. A set of more
than two hits in radially adjacent wires in a muon detector is
identified as a muon track segment and its momentum is
measured using the CTC track extrapolated to the muon
track segment.

C. Trigger

CDF collects data using a three-level trigger system. The
data used in this analysis were collected with a dimuon trig-
ger. The level 1 central dimuon trigger requires two muon
track segments in the CMU withPT greater than 3 GeV/c.
At level 1, thePT of a muon track segment is roughly mea-
sured using the drift time difference between layers in the
CMU. The level 2 trigger requires at least one of the two
muon track segments to match a track in the CTC as found
by the central fast tracker~CFT! @20#, a hardware track pro-
cessor. The CFT determines thePT of a charged track with a
momentum resolution ofdPT /PT50.035PT . The trigger re-
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quires the muon track segment and a CTC track with
PT>3 GeV/c to lie within Df<15°. In addition the had-
ronic energy deposition in the calorimeter tower pointing to
the muon segment is required to be greater than 0.5 GeV, as
expected for a minimum ionizing particle. The level 3 trigger
performs full event reconstruction. At level 3, the dimuon
trigger requires two CMU muon segments, each of which is
matched to a CTC track which has been fully reconstructed
in three dimensions. ThePT of each muon track is required
to be greater than 2 GeV/c at level 3.

III. DATA SELECTION

Muons are selected in the analysis by requiringPT>3
GeV/c for each muon and a matching between the extrapo-
lated CTC track and the muon segment within 3s in the
r -f plane andA12s in z, wheres is a standard deviation
including the effect of multiple scattering and energy loss. In
addition a muon segment in the CMP chamber is required in
order to minimize misidentification of muons due to had-
ronic punchthrough. In order to use the SVX precision track-
ing for muons, we require the event interaction vertex
uz0u<30 cm. We also require the impact parameter of a
muon track~to be defined in Sec. IV! to be less than 0.06 cm.
With this impact parameter cut, we remove almost all of the
cosmic ray events, which have a uniform impact parameter
distribution. Dimuon events from cascade decays of ab
quark (b→m1cX, c→m2Y) andJ/c decays are removed by
requiring the dimuon invariant mass to be greater than 5
GeV/c 2. This data selection yields 4750 events correspond-
ing to an integrated luminosity of 17.460.6 pb21

IV. IMPACT PARAMETER FITTING METHOD

The impact parameterd of a track is defined as the dis-
tance of closest approach to the primary interaction point
~the beam line! in the transverse plane. For tracks coming
from decays of long lived particles,d5ubgctsin(d)u, where
t is the proper decay time of the parent particle from which
the track originates,d is the decay angle of the daughter
track with respect to the direction of the parent particle, and
bg is a Lorentz boost factor. The position of the beam line is
measured by averaging thepp̄ interaction positions of data
collected over periods during which the proton-antiproton
beam profile is constant. The impact parameter of a daughter
muon is proportional to the lifetime of the parent particle.
The markedly different impact parameter distributions ex-
pected for muons fromb decays,c decays, and other sources
allows the parent fractions to be determined.

A. Fitting procedure

In this section, we describe a method to determine the
bb̄ content of the data using the muon impact parameter. The
procedure is to fit the observed impact parameter distribu-
tions in the dimuon data with the expected impact parameter
distributions of muons from various sources.

After data selection, the main sources of reconstructed
muons are semileptonic decays of bottom and charm had-
rons, prompt decays of bottomonium, the Drell-Yan process
and decays ofp or K. The contributions of cosmic ray in-

teractions and top quark production are found to be negli-
gible in the data@21,22#. Monte Carlo methods are used to
establish the impact parameter distributions for muons from
b andc decays as shown in Fig. 1. We use theISAJETMonte
Carlo program@23# to generatebb̄ events, the CLEO Monte
Carlo programQQ @24# to decayB hadrons, and a full detec-
tor simulation of CDF to model the detector’s response.
Since lifetimes of bottom and charm hadrons (ctB;450mm
and ctD;200 mm @14#! are much greater than the impact
parameter resolution of the SVX (;15 mm!, the dominant
factor determining the impact parameter distributions of
muons from charm and bottom decays is the kinematics of
the semileptonic decays, which is well described by the
Monte Carlo simulation. The fraction of muons from sequen-
tial b decays (b→cX→mY) is also determined by the
Monte Carlo simulation. The impact parameter distribution
of muons from sequentialb decays is found not to be very
different from that of muons from directb decays. Muon
tracks from decays ofp or K are regarded as prompt tracks
since the CDF track reconstruction algorithm removes decay
muons fromp or K with a large kink. The remaining muons
have an impact parameter distribution similar to that of
prompt tracks in jet data, as shown in Fig. 2. The jet data is
collected with a trigger that requires at least one jet with
ET>20 GeV. Tracks in the jet data are mostly of prompt
origin and the contribution of tracks fromb andc decays is
found to be small@22#. The impact parameter distribution of
tracks in the jet data, plotted in Fig. 1, is used to represent
that of muons from prompt sources such as bottomonium and
the Drell-Yan process. The impact parameter distributions of
muons from the various sources are found to be very insen-
sitive to muonPT thresholds.

Since there are two muons in an event, a fit is performed
in the two-dimensional space of impact parameters. Each
axis represents the impact parameter of one of the two

FIG. 1. Impact parameter distributions of muons of various
sources withPT>3 GeV/c. The distributions for muons fromb and
c decays are generated from the Monte Carlo simulation with the
averagectB5438mm andctD5183mm.
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muons. The two-dimensional impact parameter fitting tech-
nique exploits the fact that the impact parameters for each
muon are independent uncorrelated variables. The two-
dimensional template distributions for each type of dimuon
event are made by combining the relevant one-dimensional
distributions.

A binned maximum log likelihood method is used in the
fit. The likelihoodL can be defined as follows:

L5P iP j@ l i j
n~ i , j !e2 l i , j /n~ i , j !! #,

l i j5 f bbHbb~ i , j !1 f ppHpp~ i , j !1 f sumHsum~ i , j !,

where n( i , j ) is the number of events in the (i , j )th bin.
Hbb andHpp represent normalized two-dimensional impact
parameter distributions forbb̄ and prompt dimuon events,
respectively, andf ’s are the corresponding fractions of each
component. The template distribution,Hsum, is formed from
the sum of thecc̄ componentHcc ~both muons fromc de-
cay! and the componentHbp representing events with one
prompt muon from the decay of ap or aK and one muon
from ab decay. With our statistical accuracy, these two com-
ponents can not be extracted separately from a simultaneous
fit since the distributions are similar to each other as shown
in Fig. 3. The relative fraction of the two components in
Hsum is set to be equal and variations off bb due to different
relative fractions are included in the systematic uncertainty.
The two-dimensional template histograms for each compo-
nent in the likelihood are shown in Fig. 4.

We perform the unconstrained fit to the data withPT>3
GeV/c for both muons and obtain 24716104 bb̄ events,
16286188 prompt dimuon events and 6526157 Hsum
events, where the errors represent the 1s uncertainty of the
fit corresponding to a change in the log likelihood of 0.5. For
a comparison of the data and the fit result, projections of the

two-dimensional impact parameter distributions onto one
axis are plotted in Fig. 5. Thex2 for this fit is found to be
0.98 per degree of freedom. In Fig. 5, we note that in the
large impact parameter region the contribution of thebb̄
component is dominant and it is this region which deter-
mines thebb̄ fraction.

The fit can be performed for like-sign~LS! and opposite
sign~OS! dimuon events separately. In LS events, there is no
contribution from cc̄ decays. The prompt LS events are

FIG. 2. Comparison between an impact parameter distribution
of jet tracks and that of decay muons fromp or K with PT>3
GeV/c. A Monte Carlo simulation is used to obtain the impact
parameter distribution of decay muons. The ratio ofK to p is set to
be 1/3 in the Monte Carlo simulation.

FIG. 3. The upper two plots are two-dimensional impact param-
eter distributions for each component. The lower plots are projec-
tions of these histograms onto one of the two axes. Thecc̄ compo-
nent is represented byHcc and the component from events with a
muon from ab decay and a prompt muon byHbp .

FIG. 4. Two-dimensional impact parameter distributions from
data and each component. The template histograms for each com-
ponent are normalized to 1.

2550 55F. ABE et al.



from decays-in-flight and hadronic punchthroughs only since
muon pairs from the Drell-Yan process andY decay are of
opposite-sign. From the fit with the different likelihood func-
tions, we obtain 838653 LS bb̄ events and 1669688 OS
bb̄ events where the uncertainties are statistical. These re-
sults will be used in Sec. VII for the mixing analysis.

We also developed an independent method to determine
the bb̄ fraction in LS dimuon events~see the Appendix!.
With this method, we find the number of LSbb̄ events to be
8016102, which shows good agreement with the result of
the impact parameter fitting.

B. Systematic uncertainties in the fit

The systematic uncertainty of the fit results from the un-
certainties in the shapes of the impact parameter distributions
for muons fromb decays and prompt muons, and the physics
backgrounds such as muons fromc decays.

The impact parameter distribution of muons fromb de-
cays has some dependence on input parameters to the Monte
Carlo simulations. Variation of the averageB lifetime by
66% @10# changes thebb̄ fraction by65% in the fit. We
also take into account the effect of the resolution difference
between the Monte Carlo sample and the data. For tracks in
a jet, the Monte Carlo resolution (;19 mm! is found to be
different from the data resolution (;23 mm!. We have de-
graded the Monte Carlo resolution by this difference and
used the degraded impact parameter distributions for muons
from b decays to determine the central value of thebb̄ frac-
tion. The difference in the fraction ofbb̄ events is found to
be 7% and we include this as a systematic uncertainty. The
effect of the uncertainty on the fraction of sequential decay
muons on the fit has been studied by varying theb fragmen-
tation @25,26# and the branching ratios of semileptonic de-
cays of charm and bottom hadrons@27#. The variation of the

bb̄ fraction is found to be less than 0.5%. In LS events, the
fraction of sequentialb decays is larger than in OS events
due toB0B̄0 mixing as will be discussed in Sec. VII. Within
the uncertainties of the sequential fraction and the average
mixing parameter@14#, we observe very small variations
(<0.5%) in the fit fractions for LS and OS events.

As shown in Fig. 2, the impact parameter distribution of
jet tracks generally agrees with that of decay muons from
p or K. Small variations of the shape of the prompt muon
impact parameter distribution negligibly affect thebb̄ frac-
tion since it is sensitive to the large impact parameter region
where the contribution of prompt muons is negligible. Fitting
with impact parameter distributions of various sources of
prompt muons such as the Drell-Yan process, bottomonium
decays, and decays ofp or K, we obtain61% systematic
uncertainty in thebb̄ fraction.

In theHsum term of the likelihood function, we have fixed
the relative fraction ofcc̄ events and events with a muon
from ab decay and a prompt muon. By varying the relative
fractions of each component inHsum fully from 0% and
100%, we get64.7% fractional change in thebb̄ fraction.
Events with a muon fromc decay and a prompt muon may
also contribute to the data. However, the two-dimensional
impact parameter distribution for these events is very close
to that of prompt dimuon events and the inclusion of this
component in the likelihood negligibly affects the fit frac-
tions.

The systematic uncertainties of the fit are summarized in
Table I. The total systematic uncertainty in the two dimen-
sional fitting method is estimated to be27.0

19.9%.

V. INTEGRAL bb̄ CROSS SECTION

We measure thebb̄ cross sections with differentPT

thresholds for theb̄ quark using three exclusive data sets
representing three distinct intervals inPT(m b̄) for
PT(mb)>3 GeV/c: 3 GeV/c<PT(m b̄)<5 GeV/c, 5 GeV/c
<PT(m b̄)<7 GeV/c, andPT(m b̄)>7 GeV/c. We assign the
two muons in an event randomly to the two bottom quarks,
thus introducing no kinematical bias. Specifically, we as-
sume that the first and the second muon are decayed from
b and b̄, respectively, even though we do not identify the
parent quark explicitly. Each data set is used for a measure-
ment of the integralbb̄ cross section with the corresponding
PT constraint for theb̄ quark as discussed below Sec. VB.
Thebb̄ cross section is given by

FIG. 5. Comparison between the projection of the data distribu-
tion and a sum of the three components. The contribution ofbb̄
events is denoted byHbb , that of prompt dimuon events byHpp ,
and that ofcc̄ events and events with a muon from ab decay and a
prompt muon byHsum.

TABLE I. Systematic uncertainties of the fit.

Source Systematic uncertainty (%)

B lifetime 65%
Resolution difference 17%
Sequential fraction 60.5%
Prompt muons 61.0%
Charm muons 64.7%

Total 27.0
19.9%
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s~pp̄→bb̄X!5
Nb b̄

E LdtB~b→mX!2eselA

where Nb b̄ is the number ofbb̄ dimuon events and
B(b→mX) is the branching ratio for the muonic decay of
B hadrons (0.10360.005) @27#. The integrated luminosity
*Ldt used here is 17.460.6 pb21. The combined detector
and data selection efficiency isesel andA is the geometrical
and kinematical acceptance forbb̄ dimuon events.

A. Efficiency

The efficiencies are defined to be multiplicative so that
the efficiencies of each data selection requirement are inde-
pendently measured. In this section, we describe the efficien-
cies of the individual selection requirements.

The efficiency of the event vertex requirementuz0u<30
cm is measured using a minimum bias data sample which
were collected by requiring app̄ interaction only. The event
vertex distribution in the data is parameterized with a Gauss-
ian with a mean of21.4860.11 cm and a width of
26.6560.18 cm @28#. The efficiency is found to be
74.262.1%.

The tracking efficiency in the CTC is determined by em-
bedding the CTC hits of Monte Carlo simulated muon tracks
in the data sample and then counting the number of recon-
structed muon tracks. We measure the efficiency to recon-
struct the two muon tracks inbb̄ events to be 9662%.

The muon finding efficiency is measured with dimuon
events fromJ/c decays. The dimuon invariant mass spec-
trum shows a Gaussian resonance peak at the value of the
J/c mass with a flat background distribution. The number of
J/c muons is estimated by subtracting the side band region
~2.9 GeV/c 2<Mmm<3.0 GeV/c 2, 3.2 GeV/c 2<Mmm<3.3
GeV/c 2) from the J/c signal region~3.0 GeV/c 2<Mmm<
3.2 GeV/c 2). By taking the ratio of the numbers ofJ/c
muons before and after the muon matching cuts we measure
the muon matching efficiency to be 98.760.2% where the
uncertainty represents the statistical error only. In a similiar
way the muon reconstruction efficiency in the central muon
detector~CMU! is found to be 92.162.2%. The combined
efficiency for the two muons is estimated to be 82.664.4%.

We also measure the trigger efficiency using the side-
band subtractedJ/c sample. The measured trigger efficiency
at each level is parametrized as a function of the muonPT
and convoluted with the muonPT distribution obtained from
Monte Carlo simulations ofb decays in order to measure the
overall trigger efficiency. The combined level 1, level 2, and
level 3 dimuon trigger efficiencies are listed in Table II for
each dimuon data set, where the error comes from the uncer-
tainty in the trigger parametrization.

The track finding efficiency in the SVX is measured by
subtracting distributions of like-sign dimuon events from
those of opposite-sign events. In the resulting distributions,
only the contributions of events frombb̄ andcc̄ decay, the
Drell-Yan process, andY decay remain.Fakedimuon events
~see the Appendix! equally contribute to opposite-sign and
like-sign dimuon candidates and therefore are removed by
this subtraction. From a Monte Carlo study based onISAJET

@23# and a detector simulation, this efficiency is shown to be
independent of the event topology and represents the effi-
ciency for bb̄ dimuon events. This also represents a com-
bined efficiency of the SVX track reconstruction and the
SVX geometrical coverage for the two muons inbb̄ events
with uz0u<30 cm. The dimuon track finding efficiency of the
SVX is found to be 66.962.4%. The uncertainty results
from the statistics of the data sample.

The efficiencies of the impact parameter requirement
d<0.06 cm are estimated by a Monte Carlo method which
consists ofISAJET @23#, the CLEO decay package@24#, and
the full CDF detector simulation. The results are shown in
Table II. The errors are from the uncertainty of the average
B lifetime @10# used in the Monte Carlo simulation.

The efficiency of the dimuon mass requirementMmm>5
GeV/c 2 is obtained by a Monte Carlo simulation based on
the NLO QCD@8# and the CLEO decay package@24#. The
results are given in Table II.

The efficiencies of the trigger, impact parameter cut, and
dimuon mass cut exhibit a weak dependence on muonPT as
shown in Table II. On the other hand, the tracking and the
muon identification efficiencies are independent of muon
PT in the range of interest.

B. Acceptance

The acceptance is the probability of a muon pair from
bb̄ decay passing through the region covered by the muon
detectors and satisfying the muonPT requirement. For each
muonPT range, we define the correspondingPT threshold of
bottom quarks (PT

min! as the value such that 90% of muons
satisfying thePT requirement come fromb decays with
PT>PT

min . The values ofPT
min are estimated by a Monte

Carlo simulation. The Monte Carlo program generates bot-
tom quarks using the input spectra from the next-to-leading
order QCD calculation ofbb̄ production@8#. The generated
quarks are fragmented toB hadrons using the Peterson frag-
mentation function@25# with e50.006@26#. TheB hadrons
are decayed by the CLEO Monte Carlo packageQQ @24#. For
PT(mb)>3 GeV/c, the correspondingPT

min for theb quark is
found to be 6.5 GeV/c. ThePT

min values for theb̄ quark with
PT(mb)>3 GeV/c are determined to be 6.5, 8.75, and 12.25
GeV/c respectively, for thePT(m b̄) ranges: 325 GeV/c,
527 GeV/c, and greater than 7 GeV/c. In addition the ra-

TABLE II. Efficiencies.

PT(mb) >3 GeV/c >3 GeV/c >3 GeV/c
PT(m b̄) 3–5 GeV/c 5–7 GeV/c >7 GeV/c

Event vertex 0.74260.021
CTC track finding 0.9660.02
Muon identification 0.82660.044
SVX track finding 0.66960.024

Trigger 0.83260.037 0.84760.038 0.84860.038
Impact parameter cut 0.91760.006 0.92560.006 0.93060.006
Dimuon mass cut 0.90660.001 0.94060.001 0.95260.001

Combined efficiency 0.27260.023 0.29060.025 0.29660.025
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pidity (y) of b and b̄ quarks is required to be between
21.0 and 1.0 in order to cover the CMP and CMU fiducial
region. The dimuon acceptance is defined as the ratio be-
tween the number ofbb̄ dimuon events satisfying the muon
PT constraints and fiducial requirements and that ofbb̄
dimuon events withPT(b)>PT

min(b), PT(b̄)>PT
min(b̄), and

uy(b)u,uy(b̄)u<1. In the Monte Carlo simulation, muons
from semileptonic decays ofB hadrons, including sequential
decays, are propagated to the CMP detector for the accep-
tance calculation. The results are shown in Table III. The
systematic uncertainty of the acceptance comes from the un-
certainty in our model forb quark fragmentation and the
fraction of sequential decay muons. Changing the Peterson
fragmentation parameter@26# by 60.002 results in a69%
uncertainty in the acceptance. The effect of the fraction of
sequential decay muons on the acceptance is studied by vary-
ing the relative branching ratio of bottom and charm semi-
leptonic decays@27# and is estimated to be64%. In total,
the systematic uncertainty of the acceptance is found to be
69.8%.

C. Nbb̄

In order to measureNb b̄ , we use the two-dimensional
impact parameter fitting method as discussed in Sec. IV. In
each data set, we perform the fit with the template histo-
grams with the samePT thresholds on muons. The fit results
are listed in Table III.

D. Result

Our measurements of thebb̄ cross section for
PT(b)>PT

min(b), PT(b̄)>PT
min(b̄), and uybu,uyb̄u<1 are

shown in Table III. The systematic errors dominate and are
correlated for the different measurements. The NLO QCD
calculation ofbb̄ production is given by Ref.@8#. In the
calculation, we use the Martin-Roberts-Stirling set D0
~MRSD0! structure functions@29#, the renormalization scale
m5m0[Amb

21@PT(b)
21PT(b̄)

2#/2, and L55140 MeV
with mb54.75 GeV/c2. Figure 6 shows the comparison be-

tween the measuredbb̄ cross sections and the NLO QCD
prediction. The uncertainty of the prediction is obtained by
varying the QCD parameters within the range of acceptable
values @30#: m5m0/222m0, L551002300 MeV, and
mb54.525 GeV/c 2. The measuredbb̄ cross section is con-
sistently higher than the prediction of NLO QCD as has been
observed in other measurements@4–7#. The shape of the
bb̄ cross section agrees with the theoretical prediction.

VI. µ-µ CORRELATIONS

We have also investigated correlations between the two
muons frombb̄ decays. The geometrical correlation is stud-
ied by examining the distribution of the opening angle in the
transverse planedfmm between the muons withPT>3 GeV/

TABLE III. Integral bb̄ cross sections and individual factors used in the cross section calculations.

~a!
PT(mb) >3 GeV/c >3 GeV/c >3 GeV/c
PT(m b̄) 3–5 GeV/c 527 GeV/c >7 GeV/c

Nb b̄ 1610687(stat!2113
1160~syst! 495646(stat!235

149~syst! 368636(stat!226
136~syst!

Luminosity 17.460.6 pb21

Efficiency 0.27260.23 0.29060.025 0.29660.025

Acceptance (1.3260.13)31022 (0.5560.05)31022 (0.6160.06)31022

~b!

PT
min(b) 6.5 GeV/c 6.5 GeV/c 6.5 GeV/c

PT
min(b̄) 6.5 GeV/c 8.75 GeV/c 12.25 GeV/c

sb b̄(in mb! 2.4260.13(stat!20.42
10.45~syst! 1.6860.15(stat!20.29

10.31~syst! 1.1060.11(stat!20.19
10.20~syst!

FIG. 6. Integral bb̄ cross section withPT(b)>6.5 GeV/c,
uybu,uyb̄u<1, andPT(b̄)>PT

min(b̄). The uncertainty of the predic-
tion ~dashed line! comes from the variation of QCD parameters:
mb54.525 GeV/c 2, m5m0/222m0, L551002300 MeV.

55 2553MEASUREMENT OFbb̄ PRODUCTION CORRELATIONS, . . .



c. The two-dimensional impact parameter fit is indepen-
dently performed in eachdf bin to obtain the number of
bb̄ events. The dimuon cross section in each bin is listed in
Table IV. In order to study kinematic correlations, the
PT(m b̄) distribution withPT(mb)>3 GeV/c is obtained us-
ing the impact parameter fitting technique for eachPT bin.
The results are shown in Table IV and the errors include both
statistical and systematic uncertainties of the fit.

We compare the observed correlations with a Monte
Carlo model based on the NLO QCD calculation@8# which
gives the exactbb̄ cross section atO(as

3). The model pre-
dicts theb quark momentum distribution, the momentum of
theB hadron from the momentum of theb quark using the
Peterson fragmentation function, and the muon momentum
from the momentum of theB hadron using the momentum
distributions of muons in the rest frame ofB hadrons@31#.
We obtain the predicted dimuon cross section by weighting
the Monte Carlo events with the branching ratio ofB→mX
decay@27# and the efficiencies of the CDF detector and data

TABLE IV. Dimuon cross section as a function ofdfmm and
PT(m b̄). The common systematic uncertainties (27.0

19.9%) of the fit
and of the luminosity (63.6%) are included in addition to the
statistical error.

~a!
dfmm ~degree! Cross section~pb!

0–22.5 0.1120.11
10.19

22.5–45 1.2620.56
10.57

45–67.5 2.2520.80
10.81

67.5–90 6.7222.54
12.60

90–112.5 9.4821.77
11.87

112.5–135 19.9422.65
13.00

135–157.5 38.4024.06
14.87

157.5–180 64.1925.98
17.48

~b!

PT(m b̄)~GeV/c! Cross section~pb!

3–4 58.3925.77
17.07

4–5 33.6423.35
14.09

5–6 18.0322.49
12.79

6–7 11.0121.76
11.92

7–8 6.9221.38
11.46

FIG. 7. Opening angle distribution between the two muons from
bb̄ decays. The data points have a common systematic uncertainty
of the fit (27.0

19.9%) and of the luminosity(63.6%). The uncertainties
of theoretical prediction are from efficiencies, branching ratio of
B→mX, and theb quark fragmentation.

FIG. 8. PT(m b̄) distribution for PT(mb)>3 GeV/c. The data
points have a common systematic uncertainty of the fit (27.0

19.9%) and
of the luminosity (63.6%). The uncertainties of theoretical predic-
tion are from efficiencies, branching ratio ofB→mX, and theb
quark fragmentation.

FIG. 9. ~Data-theory!/theory distributions ofPT(m b̄) ~top! and
the opening angle between the muons inbb̄ events~bottom!. The
uncertainties include the uncertainties of the data point and of the
theoretical prediction.
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selection. Figures 7 and 8 show a comparison between the
measurements and the predictions of the model. The QCD
calculation uses the MRSD0 structure functions@29# and the
same QCD parameters as used in Sec. VD. The uncertainty
of the predictions includes the systematic uncertainties of the
weights and the uncertainty in the fragmentation@26#. Figure
9 shows that the shape of thePT distribution form b̄ agrees
well with the prediction although the values of the dimuon
cross section are significantly higher. Thedf distribution
from the data also shows reasonable agreement with the
model prediction in addition to a higher normalization as
shown in Fig. 9.

VII. AVERAGE B0B̄0 MIXING PARAMETER

The averageB0B̄0 mixing parameter,x̄, is defined as

x̄5
G~B0→B̄0→m2X!

G~B→m6X!
,

where the numerator includesBd
0 and Bs

0 mesons and the
denominator includes all theB hadrons. In the absence of
mixing, the double semileptonic decay of aBB̄ pair results in
an opposite-sign muon pair. ABB̄ pair where one of the
mesons undergoes mixing (B0→B̄0 or vice versa! produces
a like-sign muon pair. TheB0B̄0 mixing can be studied by
measuring the ratioR of the number ofbb̄ like-sign events to
that ofbb̄ opposite-sign events.

The sequential decays (b→cX→mY) also contribute to
R. The fraction of muons from sequential decaysf seq is
found to be 0.12360.015 from a Monte Carlo simulation
based on the full next-to-leading-order QCD calculation. The
uncertainty of the fraction of sequential muons (612%)
comes from the uncertainty of the relative branching ratio of
bottom and charm semileptonic decays (611%) @27# and the
uncertainty of the relative muon acceptance (66%).

In bb̄ dimuon events, the ratioR of the number of like-
sign eventsNLS to that of opposite-sign eventsNOS is re-
lated to the time and flavor averagedBB̄ mixing parameter
x̄ in the following way.

R5
NLS

NOS
5
2 f seq@ x̄21~12x̄ !2#12x̄~12x̄ !~11 f seq

2 !

@ x̄21~12x̄ !2#~11 f seq
2 !14 f seqx̄~12x̄ !

,

where f seq is the fraction of muons from sequential decays.
The two-dimensional impact parameter fitting method is

used to determine the number ofbb̄ events in the like-sign
and opposite-sign data samples. The log likelihood functions
and the fit results for LS and OS dimuon events are described
in Sec. IV where we obtain 838653 like-sign ~LS! and
1669688 opposite-sign~OS! events. In opposite-sign~OS!
events, the inclusion ofcc̄ events results in64.7% uncer-
tainty in the fit fraction forbb̄ events as described in Sec. IV.
Other sources of systematic uncertainties cancel out in
the ratio R which is measured to be 0.502
60.041(stat)60.024(syst). From the observed value ofR,
the BB̄ mixing parameter x̄ is measured to be
0.13160.020(stat)60.016(syst!, consistent with previous

measurements@32–36#. The main systematics come from the
uncertainties of the sequential fraction~0.011! and the
cc̄fraction ~0.012!.

VIII. CP-VIOLATING ASYMMETRY

CP violation in theB system gives different mixing prob-
abilities forB0 and B̄0 mesons@37#. In dimuon events from
BB̄ decay, the effect ofCP violation appears as an asymme-
try betweenm1m1 andm2m2 events where one of the neu-
tral B mesons has mixed. By measuring the charge asymme-
try we can determine the real part of theCP violating
parametersed andes @37# where the subscript ofe represents
the light quark flavor of the corresponding neutralB meson.

We measure the number ofm1m1 events andm2m2

events frombb̄ decays using the two-dimensional impact
parameter fitting technique. From the fit, we obtain
428637 m1m1 events and 410637 m2m2 events. The ob-
served dimuon charge asymmetryAobs can be defined as
N112N22 /N111N22 and is measured to be
(2.266.3)31022.

In order to extract the dimuon charge symmetry due to
CP violation (ACP) from the value ofAobs, we must account
for any experimental bias in the measured asymmetry in the
number ofm1m1 andm2m2 events. This experimental bias
may result from the track reconstruction or the dimuon trig-
ger. The charge bias of track reconstruction in CDF is mea-
sured using minimum bias data. By applying the same data
selection criteria except for muon identification require-
ments, we determine the charge asymmetry for single tracks,
N12N2 /N11N2 . The dimuon charge asymmetry is 2
times the single track charge asymmetry, since there are two
muon tracks in an event, and is found to be
(0.762.5)31022, where the error comes from statistics in
the minimum bias data. The charge bias of the dimuon trig-
ger is studied using the side-band subtractedJ/c sample as
described in Sec. V A. By parametrizing the trigger at each
level as a function of muonPT and convoluting thePT dis-
tribution of muons fromb decays form1 andm2, we obtain
(20.962.1)31022 for the asymmetry of the dimuon trig-
ger.

The charge asymmetry due toCP violation, ACP , is es-
timated by subtracting the above bias from the measured
asymmetryAobs

ACP5@2.466.3~stat!63.3~syst!#31022.

A muon from sequentialB decay will also result in a like-
sign muon pair. The contribution of sequential muons to
ACP must be taken into account and from the phenomenol-
ogy of CP violation in theB system@37#, ACP can be ex-
pressed as

ACP5
8~12x̄ !

D H f dxd

Re~ed!

11uedu2
1 f sxs

Re~es!

11uesu2
J

D52x̄~12x̄ !~11 f seq
2 !12 f seq$x̄

21~12x̄ !2%,

where f d and f s are the fractions ofBd
0 andBs

0 andxd and
xs are the corresponding mixing parameters. The dilution
factor D includes the effect of the mixing of the otherB
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meson and sequential decays. The fraction of sequential
muons (f seq! is found to be 0.12360.015 from the Monte
Carlo calculation as discussed in Sec. VII. Using the world
average value ofx̄ (0.13360.011) @14# we obtain one con-
straint for four quantities—Re(ed), Im(ed), Re(es), and
Im(es) as follows:

f dxd

Re~ed!

11uedu2
1 f sxs

Re~es!

11uesu2

5@1.563.8~stat!62.0~syst!#31023.

Using the values off d ~0.391!, f s ~0.117!, xd ~0.156!, and
xs ~0.62! from the Particle Data Group@14#, one can plot the
region constrained by the above result in the
@Re(ed)/11uedu2#2@Re(es)/11uesu2# space along with the re-
sult on@Re(ed)/11uedu2# from the CLEO experiment@38# in
Fig. 10. It shows that the result of this analysis is sensitive to
a few31022 at 1s level for Re(ed,s) and consistent with the
prediction of the standard model forCP violation in theB
system (ed,s;1023) @39#.

IX. CONCLUSIONS

We have presented results onbb̄ correlations, the average
B0B̄0 mixing parameterx̄, and theCP-violating parameter
eB using dimuon events frombb̄ decay. For the studies of
bb̄ correlations, we have measured thebb̄ cross section as a
function of PT(b̄), the opening angle distribution between
the two muons frombb̄ decays, and the muonPT distribu-
tion with a PT constraint on the other muon inbb̄ events.
These results show consistently higher values than the pre-
dictions of the NLO QCD theory. A qualitative picture of
bb̄ production has been obtained by the studies ofm-m cor-
relations. The shape of the muonPT distribution agrees well
with the theory. The shape of the opening angle between the

two muons frombb̄ decays is also found to be consistent
with the theory within the uncertainties.

With the same technique used in thebb̄ correlation stud-
ies, the BB̄ mixing parameter is measured to be
0.13160.020(stat)60.016(syst) consistent with the previ-
ous measurements@32–36#. We have also searched forCP
violation in theB system by measuring the charge asymme-
try in m1m1 andm2m2 events. The result is consistent with
the standard model prediction@39#.
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APPENDIX

We present another independent method to obtain the
bb̄ fraction in the dimuon data. It gives thebb̄ fraction in
like-sign ~LS! dimuon events only and serves as a check of
the result of the impact parameter fitting method.

Reconstructed muons in the CMU detector can be divided
into the two types of muons—real muons andfakes. Real
muons are defined here as muons fromb or c semileptonic
decays, the Drell-Yan process, andY decay.Fakesare de-
fined here to be notreal and include muons fromp or K
decays and hadronic punchthroughs misidentified as muons.
Reconstructed muons in the CMU detector pass through an
additional three absorption lengths of material~iron! and
may or may not make muon segments in the CMP detector.
The probability of a CMU muon making a segment in the
CMP chamber, called the CMP efficiency, is different for
real muons andfakes. For real muons, it is expected to be
close to 100% due to the small absorption rate of muons for
PT>3 GeV/c. For fakes, most of the hadronic punch-
throughs are absorbed inside the iron between the CMU and
CMP detector but most of the decay muons fromp orK pass
through the material to the CMP detector. The CMP effi-
ciency for fakesis then expected to be very different from
that for real muons, depending on the relative fractions of
decay muons and hadronic punchthroughs. The principle of
this method is to fully exploit the difference of the CMP
efficiencies betweenreal muons andfakesin order to obtain
the fraction ofreal dimuons in like-sign~LS! dimuon events.
In like-sign events, onlybb̄ pairs can generatereal dimuon
events via sequentialB decay (b→cX→mY) or B0B̄0 mix-
ing and we directly obtain thebb̄ fraction from the fraction
of real dimuon events.

The data sample for the CMP efficiency method is differ-
ent from the standard data used in the impact parameter fit-
ting technique. We require neither a muon segment in the
CMP nor a track in the SVX and onlym2m2 events are
used. In addition, a muon is required to be in the fiducial

FIG. 10. The solid lines represent the61s uncertainties and the
dashed line represents the measured value of the asymmetry. The
hatched region is from the CLEO measurement inBd

0B̄d
0 sample.

The marker X represents the prediction of the standard model.
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region of the CMP in order to apply the CMP efficiency
method.

We count the number of dimuon events with both muons
having a muon segment in the CMP (N2), only one of the
muons having a muon segment in the CMP (N1), and neither
of the muons having a muon segment in the CMP (N0).
With the CMP efficiencyem for real muons and the CMP
efficiencye f for fakes, we construct three equations for the
above three different types of dimuon events;

N05~12em!2M1~12em!~12e f !F11~12e f !
2F2 ,

N152em~12em!M1$em~12e f !1e f~12em!%F1

12e f~12e f !F2 ,

N25em
2M1eme fF11e f

2F2 ,

where the number ofreal dimuon events~or bb̄ dimuon
events! is represented byM and the number offakedimuon
events byF. The subscript ofF denotes the number offakes
in an event. From the data we have a total of 3423m2m2

events consisting of 592 events forN0, 1430 events forN1,
and 1401 events forN2.

The CMP efficiency forrealmuonsem is measured to be
0.9460.01 using dimuon events fromJ/c→m1m2 decay.
The CMP efficiency forfakes e f is determined from the
study ofKS

0→p1p2 decays where the negatively charged
pion generates a muon signal in the muon detector via decay
p2→m2n̄m or punchthrough. We reconstructKS

0 events
with a negatively charged muon signal and a positively
charged track and measuree f to be 0.4960.04 using a muon

leg of theKS
0 event. From a Monte Carlo study including the

full detector simulation, the effect of thefakesfrom kaons on
e f is found to be negligible. Inm1m1 events, we cannot
determinee f in a similar way due to the different punch-
through rates for a pion and a kaon@21#. Using the measured
CMP efficiencies, we solve the equations and obtain
736689 events forM where the uncertainty represents both
statistical uncertainty and systematic uncertainty of the mea-
sured CMP efficiencies.

For a comparison with the result of the two-dimensional
fitting method, we convert the above number to the number
of bb̄ events in the standard like-sign dimuon data where a
muon is required to have a muon segment in the CMP and a
track in the SVX. From the assumption of charge symmetry
for bb̄ dimuon events, we can assumeM225M11. There-
fore the number ofbb̄ events in the standard like-sign
dimuon dataN

b b̄

LS
can be calculated using the following re-

lation:

N
b b̄

LS
52Mem

2 eSVXeimp ,

where the CMP efficiencyem is found to be 0.9460.01,
track finding efficiency in the SVX forbb̄ dimuonseSVX is
found to be 0.66960.024 ~from Table II!, and the impact
parameter cut efficiency forbb̄ dimuonse imp is found to be
0.92160.006 from a Monte Carlo simulation. With these
efficiencies, we obtain 8016102 bb̄ events in the standard
like-sign dimuon events, which is in good agreement with
the result of the impact parameter fit (838653 events from
Sec. IV A!. The result independently confirms the validity of
the two-dimensional impact parameter fitting method.
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