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Abstract

We present measurements of correlated bb cross sections, u — u correlations,
the average B®B° mixing parameter ¥, and a limit on the CP violating pa-
rameter €g. For these measurements, we use muon pairs from bb double
semileptonic decays. The data used in this analysis were taken with the Col-
lider Detector at Fermilab and represent an integrated luminosity of 17.41+0.6
pb~!. The results concerning bb production correlations are compared to pre-

dictions of next-to-leading order QCD computations.

PACS numbers: 13.85.Qk, 13.20.Jf
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I. INTRODUCTION

Production of b quarks in high energy pp collisions constitutes a useful process for the
study of perturbative QCD. The cross section for inclusive b quark production at /s =
1.8 TeV has been measured using semileptonic decays of B hadrons and exclusive B meson
decays [1-3]. The results of these measurements are systematically higher than the next-to-
leading order (NLO) QCD prediction.

A recent measurement of the g — b cross section [4] has given valuable information on the
production of a pair of b quarks. The u — b cross section has been measured as a function of
the b jet transverse energy (Er = E sin 8 where 6 is the polar angle from the proton beam),
the b transverse momentum, and the azimuthal opening angle between the g and the b jet.
In addition to a higher value, the 4 — b cross sections show some qualitative differences in
the shapes between the measurement and the NLO QCD prediction on bb production. Thus,
another independent study of bb production is important to test the NLO QCD calculation.
In this paper, bb production is studied using dimuon events in which each muon comes from
a b decay. These results provide information on the production of bb pairs [5] with lower
transverse momentum values for the bottom quarks (Pr(b) = 6 — 12 GeV/c) than the u — b
cross section measurement (Pr(b) = 25 — 80 GeV/c).

BB hadron pairs generated by the fragmentation of bb pairs may also be used to study
the weak interaction phenomena of B°B° mixing and CP violation. Measurements of B°B°
mixing can be used to impose constraints on elements of the Cabbibo-Kobayashi-Maskawa
matrix [6]. Studies of CP violation in the B system are of fundamental importance in under-
standing the Standard Model. As an extension of the bb production correlation analysis, we
also report on a measurement of B” B® mixing and a limit on CP violation in B®°B° mixing.

In the CDF experiment, dimuon events result from decays of heavy quark pairs (¢, bb,
cc ), the Drell-Yan process, charmonium and bottomonium decays, and decays of 7« or K
mesons. Background in these dimuon events also comes from the misidentification of = and

K as muons. We make use of the precision tracking provided by the CDF silicon vertex



detector to identify muons from B decays. The long lifetime of B hadrons {7-10], coupled
with the precision tracking, enables separation of bb events from the background events.
Specifically, the impact parameter (to be defined in Section IV) of a muon track is used
to determine the bb content of the dimuon events. We measure the integral cross section
for bb production as a function of Pr(b). The production correlations of a muon pair from
bb decay are also studied by examining the distribution of the opening angle between the
muons and the muon Pr distribution. A comparison of the number of bb events with like-sign
(LS) and opposite-sign (OS) dimuons yields a value of the average B°B° mixing parameter,
X- In addition, the asymmetry between the number of u*u* and p~p~ events is used to
place a limit on the real part of e which gives rise to CP violation in B°B° mixing [11].
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 Section IV.
The results of the bb production correlation measurements are presented in Sections V and
VL In Sections VII and VIII, we describe the results of the mixing and the CP violation
analyses. Section IX closes with a discussion of the experimental results and a comparison

with the theoretical predictions.

II. DETECTOR

In CDF, the proton beam direction defines the z axis, r is the radius in the plane
transverse to the beam, ¢ is the azimuthal angle, and § is the polar angle with respect to
the proton direction. The pseudorapidity 7 is defined as 7 = —Intan(8/2). In this section,
we describe subsystems of the CDF detector relevant to the analysis. More details and

desciptions of other detector components can be found in [12].

A. Tracking System

The CDF central tracking system consists of a solenoid magnet with a field of 1.4 Tesla

containing 3 main detectors: the silicon vertex detector (SVX) [13], the vertex time projec-
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tion chamber (VTX), and the central tracking chamber (CTC) [14]. Closest to the beam
line, the SVX consists of four layers of silicon strip detectors extending + 27.3 cm in z from
the center of the detector. The SVX is designed to provide precision tracking in the » — ¢
plane. The innermost layer is located at a radius of 2.9 cm and has a spatial resolution
of 13 pm. Surrounding the SVX is the VTX, a time projection chamber consisting of 28
modules and covering the pseudorapidity region |5| < 3.5. At the Tevatron, pp interactions
occur along the beam axis according to a Gaussian distribution with width of 27 cm. The
VTX allows the determination of the interaction vertex position in z with a resolution 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 9 superlayers and covers radii from 28 cm to 132 cm. The momentum resolution of
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particle track reconstructed in both the CTC and SVX, the Pr of the track is determined

with the improved momentum resolution of § Pr/Pr = \/(O.OOOQPT)2 + (0.0066)2.

B. Muon System

Muon candidates are identified by two different subsystems in the central region (|p| <
0.6). The central muon system (CMU) [15] is located behind 5 absorption lengths of material
and consists of four layers of drift chambers covering about 84% of the solid angle for
|n| < 0.6. The central muon upgrade system (CMP) [16] is located behind an additional 3
absorption lengths of material, covers 63% of the solid angle for |5| < 0.6, and significantly
reduces misidentification of hadrons as muons. About 53% of the solid angle for |p| < 0.6
is covered by both systems. A set of more than 2 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 trigger. The Level 1 central dimuon trigger requires two muon track
segments in the CMU with P greater than 3 GeV/c. At Level 1, the Py of a muon track
segment is roughly measured 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) [17], a hardware track processor. The CFT
determines the Pr of a charged track with a momentum resolution of § P/ Pr = 0.035Pr.
The trigger requires the muon track segment and a CTC track with Py > 3 GeV/c to
lie within A¢ < 15°. In addition the hadronic 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 3 dimensions. The Pr 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 requiring Py > 3 GeV/c for each muon and a
matching between the extrapolated CTC track and the muon segment within 3o in the
r — ¢ plane and /120 in 2, where o 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 hadronic punchthrough. In order to use
the SVX precision tracking for muons, we require the event interaction vertex |zo| < 30 cm.
We also require the impact parameter of a muon track (to be defined in Section 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 a b quark (b — p1cX, ¢ — p2Y) and J/4 decays are removed by requiring the
dimuon invariant mass to be greater than 5 GeV/c?. This data selection yields 4750 events

corresponding to an integrated luminosity of 17.4 + 0.6 pb~!

IV. IMPACT PARAMETER FITTING METHOD

The impact parameter, d, of a track is defined as the distance of closest approach to
the primary interaction point (the beam line) in the transverse plane. For tracks coming
from decays of long lived particles, d = |Bvctsin(§)|, where ¢ is the proper decay time of
the parent particle from which the track originates, § is the decay angle of the daughter
track with respect to the direction of the parent particle, and 35 is a Lorentz boost factor.
The position of the beam line is measured by averaging the pp 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 expected for muons from b decays, ¢

decays, and other sources allows the parent fractions to be determined.

A. Fitting Procedure

In this section, we describe a method to determine the bb content of the data using the
muon impact parameter. The procedure is to fit the observed impact parameter distributions
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 hadrons, prompt decays of bottomonium, the Drell-Yan process and
decays of * or K. The contributions of cosmic ray interactions and top quark production
are found to be negligible in the data [18,19]. Monte Carlo methods are used to establish
the impact parameter distributions for muons from b and ¢ decays as shown in Figure 1.

We use the ISAJET Monte Carlo program [20] to generate bb events, the CLEO Monte
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Carlo program QQ [21] to decay B hadrons, and a full detector simulation of CDF to
model the detector’s response. Since lifetimes of bottom and charm hadrons (et ~ 450pm
and c¢tp ~200gm [11]) are much greater than the impact parameter resolution of the SVX
(~ 15pm), 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 sequential b decays
(b = ¢X — pY) is also determined by the Monte Carlo simulation. Muon tracks from
decays of 7 or K are regarded as prompt tracks since the CDF track reconstruction algorithm
removes decay muons from 7 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 Figure 2.
The jet data is collected with a trigger that requires at least one jet with E; > 20 GeV.
Tracks in the jet data are mostly of prompt origin and the contribution of tracks from & and
c decays is found to be small [19]. The impact parameter distribution of tracks in the jet
data, plotted in Figure 1, is used to represent that of muons from prompt sources such as
bottomonium and the Drell-Yan process.

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 muons.
The two dimensional impact parameter fitting technique 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 likelihood, L, can be

defined as follows:
L = H,'H]'(l?j(i'j)e—li‘j/n(i)j)!)
Li = fawHuw(3,7) + fopHpp(3,7) + foum Haoum (3, 7)

where n(i, 7) is the number of events in the (z,7)th bin. Hy, and H,, represent normalized

two dimensional impact parameter distributions for b and prompt dimuon events, respec-
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tively, and f’s are the corresponding fractions of each component. The template distribution,
H,.m, is formed from the sum of the c¢¢ component, H.., (both muons from c decay) and
the component, H,,, representing events with one prompt muon from the decay of a 7 or
a K and one muon from a b decay. With our statistical accuracy, these two components
can not be extracted separately from a simultaneous fit since the distributions are similar
to each other as shown in Figure 3. The relative fraction of the two components in H,,m
is set to be equal and variations of fi, due to different relative fractions are included in the
systematic uncertainty. The two dimensional template histograms for each component in
the likelihood are shown in Figure 4.

We perform the unconstrained fit to the data with Py > 3 GeV/c for both muons and
obtain 2471 4 104 bb events, 1628 + 188 prompt dimuon events and 652 & 157 H,,,. events,
where the errors represent the 1o 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 Figure 5. The x?
for this fit is found to be 0.98 per degree of freedom. In Figure 5, we note that in the large
impact parameter region the contribution of the bb component is dominant and it is this
region which determines the bb fraction.

The fit can be performed for like-sign (LS) and opposite-sign (OS) dimuon events sep-
arately. In LS events, there is no contribution from c¢ decays. The prompt LS events are
from decays-in-flight and hadronic punchthroughs only since muon pairs from the Drell-Yan
process and T decay are of opposite-sign. From the fit with the different likelihood func-
tions, we obtain 838 & 53 LS bb events and 1669 + 88 OS bb events where the uncertainties
are statistical. These results will be used in Section VII for the mixing analysis.

We also developed an independent method to determine the bb fraction in LS dimuon
events (see the Appendix). With this method, we find the number of LS bb events to be

801 + 102, which shows good agreement with the result of the impact parameter fitting.
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B. Systematic Uncertainties in the fit

The systematic uncertainty of the fit results from the uncertainties in the shapes of the
impact parameter distributions for muons from b decays and prompt muons, and the physics
backgrounds such as muons from c¢ decays.

The impact parameter distribution of muons from b decays has some dependence on
input parameters to the Monte Carlo simulations. Variation of the average B lifetime by
+6% [7) changes the bb fraction by +5% 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 (~ 19um) is found to be different from the data resolution
(~ 23pm). We have degraded 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 the bb fraction. The difference in the fraction of bb 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 the b fragmentation [22,23]
and the branching ratios of semileptonic decays of charm and bottom hadrons [24]. The
bb fraction changes by +0.5%.

As shown in Figure 2, the impact parameter distribution of jet tracks generally agrees
with that of decay muons from 7 or K. Small variations of the shape of the prompt muon
impact parameter distribution negligibly affect the bb fraction 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 of 7 or K, we obtain +1% systematic uncertainty
in the bb fraction.

In the H,,,, term of the likelihood function, we have fixed the relative fraction of c¢ events
and events with a muon from a b decay and a prompt muon. By varying the relative fractions
of each component in H,,., fully from 0% and 100%, we get +4.7% fractional change in the

bb fraction. Events with a muon from ¢ decay and a prompt muon may also contribute to the
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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 fractions (< 0.5%).

The systematic uncertainties of the fit are summarized in Table I. The total systematic
uncertainty in the two dimensional fitting method is estimated to be *22%.

-7.0

V. INTEGRAL bb CROSS SECTION

We measure the bb cross sections with different Py thresholds for the b quark using three
exclusive data sets representing three distinct intervals in Pr(u;) for Pr(ps) > 3 GeV/e: 3
GeV/c < Pr(p) <5 GeV/c, 5 GeV/e < Pr(p;) < 7 GeV/c, and Pr(u;) > 7 GeV/c. We
assign the two muons in an event randomly to the two bottom quarks, thus introducing no
kinematical bias. Specifically, we assume that the first and the second muon are decayed
from b and b respectively even though we do not identify the parent quark explicitly. Each
data set is used for a measurement of the integral bb cross section with the corresponding

Pr constraint for the b quark as discussed below Section V.B. The bb cross section is given

by

I Ny
oop = 8 X) = T B o 2X)E et A

where Ny; is the number of bb dimuon events and Br(b — uX) is the branching ratio for
the muonic decay of B hadrons (0.103 + 0.005) [24]. The integrated luminosity [ L£dt used
here is 17.4 £ 0.6 pb~'. The combined detector and data selection efficiency is €, and A is

the geometrical and kinematical acceptance for bb dimuon events.

A. Efficiency

The efficiencies are defined to be multiplicative so that the efficiencies of each data se-
lection requirement are independently measured. In this section, we describe the efficiencies

of the individual selection requirements.
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The efficiency of the event vertex requirement |2;| < 30 cm is measured using a minimum
bias data sample which were collected by requiring a pp interaction only. The event vertex
distribution in the data is parameterized with a Gaussian with a mean of —1.48 + 0.11 cm
and a width of 26.65 + 0.18 cm [25]. The efficiency is found to be 74.2 + 2.1%.

The tracking efficiency in the CTC is determined by embedding 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 reconstruct the two muon tracks in
bb events to be 96 + 2%.

The muon finding efficiency is measured with dimuon events from J/vy decays. The
dimuon invariant mass spectrum shows a Gaussian resonance peak at the value of the J /%
mass with a flat background distribution. The number of J/¥ muons is estimated by sub-
tracting the side band region (2.9 GeV/c? < M,,, < 3.0 GeV/c?, 3.2 GeV/c? < M, < 3.3
GeV/c?) from the J/4 signal region (3.0 GeV/c? < M, < 3.2 GeV/c?). By taking the
ratio of the numbers of J/4 muons before and after the muon matching cuts we measure the
muon matching efficiency to be 98.7 + 0.2% 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 92.1 £ 2.2%. The combined efficiency for the two muons is estimated
to be 82.6 + 4.4%.

We also measure the trigger efficiency using the side-band subtracted J/i sample. The
measured trigger efficiency at each level is parameterized as a function of the muon Pr and
convoluted with the muon Pr distribution obtained from Monte Carlo simulations of b de-
cays 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 uncertainty in the trigger parameterization.

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 from bb and ¢ decay, the Drell-Yan process, and T decay remain.

Fake dimuon events (see the Appendix) equally contribute to opposite-sign and like-sign
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dimuon candidates and therefore are removed by this subtraction. From a Monte Carlo
study based on ISAJET [20] and a detector simulation, this efficiency is shown to be inde-
pendent of the event topology and represents the efficiency for bb dimuon events. This also
represents a combined efficiency of the SVX track reconstruction and the SVX geometrical
coverage for the two muons in bb events with |29| < 30 cm. The dimuon track finding effi-
ciency of the SVX is found to be 66.9 + 2.4%. 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 of ISAJET [20], the CLEO decay package [21], and the
full CDF detector simulation. The results are shown in Table II. The errors are from the
uncertainty of the average B lifetime [7] used in the Monte Carlo simulation.

The efficiency of the dimuon mass requirement M,,, > 5 GeV/c? is obtained by a Monte
Carlo simulation based on the NLO QCD (5] and the CLEO decay package [21]. The results
are given in Table II.

The efficiencies of the trigger, impact parameter cut, and dimuon mass cut exhibit a
weak dependence on muon Pr as shown in Table II. On the other hand, the tracking and

the muon identification efficiencies are independent of muon Pr in the range of interest.

B. Acceptance

The acceptance is the probability of a muon pair from bb decay passing through the
region covered by the muon detectors and satisfying the muon Pr requirement. For each
muon Pr range, we define the corresponding Pr threshold of bottom quarks (PJ*") as
the value such that 90% of muons satisfying the Pr requirement come from b decays with
Pr > Py, The values of PJ"" are estimated by a Monte Carlo simulation. The Monte

Carlo program generates bottom quarks using the input spectra from the next-to-leading

order QCD calculation of b production [5]. The generated quarks are fragmented to B




are decayed by the CLEO Monte Carlo package QQ [21]. For Pr(uy) > 3 GeV/c, the
corresponding P7™*" for the b quark is found to be 6.5 GeV/c. The P*" values for the b
quark with Pr(us) > 3 GeV/c are determined to be 6.5, 8.75, and 12.25 GeV /c respectively,
for the Pr(p;) ranges: 3—5 GeV/c,5—7 GeV/c, and greater than 7 GeV/c. In addition the
rapidity (y) of b and b quarks is required to be between —1.0 and 1.0 in order to cover the
CMP and CMU fiducial region. The dimuon acceptance is defined as the ratio between the
number of bb dimuon events satisfying the muon P; constraints and fiducial requirements
and that of bb dimuon events with Pr(d) > Prin(b), Pr(b) > Py (b), and |y(b)|, |y(B)| < 1.
In the Monte Carlo simulation, muons from semileptonic decays of B hadrons, including
sequential decays, are propagated to the CMP detector for the acceptance calculation. The
results are shown in Table III. The systematic uncertainty of the acceptance comes from
the uncertainty in our model for b quark fragmentation and the fraction of sequential decay
muons. Changing the Peterson fragmentation parameter [23] by 4:0.002 results in a +9%
uncertainty in the acceptance. The effect of the fraction of sequential decay muons on
the acceptance is studied by varying the relative branching ratio of bottom and charm
semileptonic decays [24] and is estimated to be +£4%. In total, the systematic uncertainty

of the acceptance is found to be +9.8%.

C. Ny

In order to measure N;, we use the two dimensional impact parameter fitting method as
discussed in Section IV. In each data set, we perform the fit with the corresponding template

histograms. The fit results are listed in Table III.

D. Result

Our measurements of the bb cross section for Pr(b) > PFin(b), Pr(b) > Pr(b), and
lysl, |lys] < 1 are shown in Table III. The systematic errors dominate and are correlated

for the different measurements. The NLO QCD calculation of bb production is given by
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Reference [5]. In the calculation, we use the MRSDO structure functions [26], the renor-

malization scale p = py = \/mg + (Pr(b)? + Pr(b)?)/2, and As = 140 MeV with m, = 4.75
GeV/c*. Figure 6 shows the comparison between the measured bb 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 [27]: u = po/2 — 240, As = 100 — 300 MeV,
and m, = 4.5 — 5 GeV/c?. The measured bb cross section is consistently higher than the
prediction of NLO QCD as has been observed in other measurements [1-4]. The shape of

the bb cross section agrees with the theoretical prediction.

VI. 4 — p CORRELATIONS

We have also investigated correlations between the two muons from bb decays. The
geometrical correlation is studied by examining the distribution of the opening angle in
the transverse plane, §¢,,, between the muons with Pr > 3 GeV/c. The two-dimensional
impact parameter fit is independently performed in each 8¢ bin to obtain the number of
bb events. The dimuon cross section in each bin is listed in Table IV. In order to study
kinematic correlations, the Pr(u;) distribution with Pr(us;) > 3 GeV/c is obtained using
the impact parameter fitting technique for each Py 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 [5] which gives the exact bb cross section at O(a2). The model predicts the
b quark momentum distribution, the momentum of the B hadron from the momentum of
the b quark using the Peterson fragmentation function, and the muon momentum from the
momentum of the B hadron using the momentum distributions of muons in the rest frame
of B hadrons [28]. We obtain the predicted dimuon cross section by weighting the Monte
Carlo events with the branching ratio of B — pX decay [24] and the efficiencies of the CDF
detector and data selection. Figures 7 and 8 show a comparison between the measurements

and the predictions of the model. The QCD calculation uses the MRSDO structure functions
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[26] and the same QCD parameters as used in Section V.D. The uncertainty of the predictions
includes the systematic uncertainties of the weights and the uncertainty in the fragmentation
(23]. Figure 9 shows that the shape of the Py distribution for u; agrees well with the
prediction although the values of the dimuon cross section are significantly higher. The §¢
distribution from the data also shows reasonable agreement with the model prediction in

addition to a higher normalization as shown in Figure 9.

VII. AVERAGE B°B° MIXING PARAMETER

The average B°B° mixing parameter, ¥, is defined as

T(B° —» B® - p~X)
I'(B — p*X)

i:

where the numerator includes B} and B? mesons and the denominator includes all the B
hadrons. In the absence of mixing, the double semileptonic decay of a BB pair results in an
opposite-sign muon pair. A BB pair where one of the mesons undergoes mixing (B° — B°
or vice versa) produces a like-sign muon pair. The B’ B® mixing can be studied by measuring
the ratio, R, of the number of bb like-sign events to that of bb opposite-sign events.

The sequential decays (b — cX — pY) also contribute to R. The fraction of muons from
sequential decays, fs,, is found to be 0.123 +0.015 from a Monte Carlo simulation based on
the full next-to-leading-order QCD calculation. The uncertainty of the fraction of sequential
muons (+12%) comes from the uncertainty of the relative branching ratio of bottom and
charm semileptonic decays (+11%) [24] and the uncertainty of the relative muon acceptance
(£6%).

In bb dimuon events, the ratio, R, of the number of like-sign events, Npg, to that of
opposite-sign events, Npg, is related to the time and flavor averaged B B mixing parameter

X in the following way.

Nis  2feq(®+ (1= %)) +2%(1 - x)(1 + f2,)

B Nos = @+ (1= 091+ 2) + 4ueak(1 - %)
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where f,., is the fraction of muons from sequential decays.

The two dimensional impact parameter fitting method is used to determine the number
of bb 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 Section IV where we obtain
838+ 53 like-sign (LS) and 1669+ 88 opposite-sign (OS) events. In opposite-sign (OS) events,
the inclusion of c¢ events results in +4.7% uncertainty in the fit fraction for bb events as
described in Section IV. Other sources of systematic uncertainties cancel out in the ratio R
which is measured to be 0.502 + 0.041(stat) + 0.024(sys). From the observed value of R,
the BB mixing parameter ¥ is measured to be 0.131 + 0.020(stat) + 0.016(sys), consistent

with previous measurements [29-33].

VIII. CP VIOLATING ASYMMETRY

CP violation in the B system gives different mixing probabilities for B® and B° mesons
[34]. In dimuon events from BB decay, the effect of CP violation appears as an asymmetry
between ptpt and p~p~ events where one of the neutral B mesons has mixed. By measuring
the charge asymmetry we can determine the real part of the CP violating parameters ¢; and
€s [34] where the subscript of € represents the light quark flavor of the corresponding neutral
B meson.

We measure the number of u*u* events and p~p~ events from bb decays using the two
dimensional impact parameter fitting technique. From the fit, we obtain 428 + 37 u*pu*
events and 410 + 37 p~p~ events. The observed dimuon charge asymmetry, A,,, can be
defined as % and is measured to be (2.2 +6.3) x 1072

In order to extract the dimuon charge symmetry due to CP violation (A.,) from the
value of A.,, we must account for any experimental bias in the measured asymmetry in
the number of ptpt and g~ p~ events. This experimental bias may result from the track

reconstruction or the dimuon trigger. The charge bias of track reconstruction in CDF is

measured using minimum bias data. By applying the same data selection criteria except
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for muon identification requirements, we determine the charge asymmetry for single tracks,

x:;x: 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 (0.7 £ 2.5) x 102 where the
error comes from statistics in the minimum bias data. The charge bias of the dimuon
trigger is studied using the side-band subtracted J/1 sample as described in Section V.A.
By parameterizing the trigger at each level as a function of muon Pr and convoluting the
Pr distribution of muons from b decays for u* and p~, we obtain (—0.9 & 2.1) x 1072 for
the asymmetry of the dimuon trigger.

The charge asymmetry due to CP violation, A, is estimated by subtracting the above

bias from the measured asymmetry A,
Ap = (2.4 £ 6.3(stat) + 3.3(sys)) x 1072

A muon from sequential B decay will also result in a like-sign muon pair. The contribution
of sequential muons to A, must be taken into account and from the phenomenology of CP

violation in the B system [34], 4., can be expressed as

Re(eq)

Re(e,)
P + fox

8(1 X)
= 81+ leslz

{dedl }

D =2%(1 - x)(1 + fiy) + 2fuea{x’ + (1 — %)%}

where f; and f, are the fractions of B} and B? and x4 and x, are the corresponding mixing
parameters. The dilution factor D includes the effect of the mixing of the other B meson
and sequential decays. The fraction of sequential muons (f,e,) is found to be 0.123 £+ 0.015
from the Monte Carlo calculation as discussed in Section VII. Using the world average value
of ¥ (0.13310.011) [11] we obtain one constraint for four quantities - Re(eq), Im(eq), Re(e,),

and I'm(e,) as follows.

Re(eq)

Re(e,)
1+ Jeq|?

1+ |e,|?
Using the values of fy (0.391), f, (0.117), x4 (0.156), and x, (0.62) from the Particle Data

faxa + fax Xo7 = (1.5 &+ 3.8(stat) + 2.0(sys)) x 107>

Group [11], one can plot the region constrained by the above result in the %(5‘%-%%% space
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along with the result on %(:j’% from the CLEO experiment [35] in Figure 10. It shows that
the result of this analysis is sensitive to a few x1072 at 1o level for Re(eq5) and consistent

with the prediction of the Standard Model for CP violation in the B system (eq, ~ 1073)

[36).

IX. CONCLUSIONS

We have presented results on bb correlations, the average B°B° mixing parameter Y,
and the CP violating parameter €g using dimuon events from bb decay. For the studies of
bb correlations, we have measured the bb cross section as a function of Pr(b), the opening
angle distribution between the two muons from bb decays, and the muon Pr distribution
with a Pr constraint on the other muon in bb events. These results show consistently higher
values than the predictions of the NLO QCD theory. A qualitative picture of bb production
has been obtained by the studies of u—u correlations. The shape of the muon P; distribution
agrees well with the theory. The shape of the opening angle between the two muons from
bb decays is also found to be consistent with the theory within the uncertainties.

With the same technique used in the bb correlation studies, the BB mixing parameter is
measured to be 0.131 + 0.020(stat) + 0.016(sys) consistent with the previous measurements
(29-33]. We have also searched for CP violation in the B system by measuring the charge
asymmetry in ptput and p~p~ events. The result is consistent with the Standard model

prediction [36].
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XI. APPENDIX

We present another independent method to obtain the bb fraction in the dimuon data. It
gives the bb 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 and fakes. Realmuons are defined here as muons from b or ¢ semileptonic decays,
the Drell-Yan process, and YT decay. Fakes are defined here to be not real and include muons
from 7 or K decays and hadronic punchthroughs misidentified as muons. Reconstructed
muons in the CMU detector pass through an additional 3 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 and fakes. For real muons, it is expected to be close to 100% due to the small
absorption rate of muons for Pr > 3 GeV/c. For fakes, most of the hadronic punchthroughs
are absorbed inside the iron between the CMU and CMP detector but most of the decay
muons from 7 or K pass through the material to the CMP detector. The CMP efficiency for
fakes is 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 between real muons and fakes in order to
obtain the fraction of real dimuons in like-sign(LS) dimuon events. In like-sign events, only
bb pairs can generate real dimuon events via sequential B decay (b — ¢X — pY) or B°RB°
mixing and we directly obtain the bb fraction from the fraction of real dimuon events.

The data sample for the CMP efliciency method is different from the standard data used
in the impact parameter fitting technique. We require neither a muon segment in the CMP

nor a track in the SVX and only p~p~ events are used. In addition, a muon is required to
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be in the fiducial 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, N, only one of the muons having a muon segment in the CMP, N,, and neither of
the muons having a muon segment in the CMP, Ny. With the CMP efficiency, ¢,, for real
muons and the CMP efficiency, €y, for fakes, we construct three equations for the above

three different types of dimuon events:
No=(1-¢)'M+(1-e)(l—e)Fr+(1—¢)°F,
Ny = 26,(1— 6)M + {eu(1 — &) + (1 — 6} Fs + 2¢4(1 - )
Ny = &M + eepFy + €1 F

where the number of real dimuon events (or bb dimuon events) is represented by M and the
number of fake dimuon events by F. The subscript of F denotes the number of fakes in an
event. From the data we have a total of 3423 p~u~ events consisting of 592 events for Ny,
1430 events for N;, and 1401 events for N,.

The CMP efficiency for real muons, ¢, is measured to be 0.9440.01 using dimuon events
from J/¢ — ptp~ decay. The CMP efficiency for fakes, €, is determined from the study of
K2 — wtm~ decays where the negatively charged pion generates a muon signal in the muon
detector via decay 7~ — p~ D, or punchthrough. We reconstruct K2 events with a negatively
charged muon signal and a positively charged track and measure ¢; to be 0.49 + 0.04 using a
muon leg of the K2 event. From a Monte Carlo study including the full detector simulation,
the effect of the fakes from kaons on €; is found to be negligible. In p*tu* events, we can
not determine €; in a similar way due to the different punchthrough rates for a pion and a
kaon [18]. Using the measured CMP efficiencies, we solve the equations and obtain 736 + 89
events for M where the uncertainty represents both statistical uncertainty and systematic
uncertainty of the measured CMP efficiencies.

For a comparison with the result of the two-dimensional fitting method, we convert the

above number to the number of bb events in the standard like-sign dimuon data where
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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 bb dimuon events, we can assume M~~ = M++,
Therefore the number of bb events in the standard like-sign dimuon data, Nb%s, can be

calculated using the following relation.
N£5:2-M~ei-esvx-eimp

where the CMP efficiency ¢, is found to be 0.9440.01, track finding efficiency in the SVX for
bb dimuons, €,,;, is found to be 0.669 4 0.024 (from Table II), and the impact parameter cut
efficiency for bb dimuons, €imp, 18 found to be 0.921 + 0.006 from a Monte Carlo simulation.
With these efficiencies, we obtain 8014:102 bb events in the standard like-sign dimuon events,
which is in good agreement with the result of the impact parameter fit (838 4 53 events from
Section IV.A). The result independently confirms the validity of the two dimensional impact

parameter fitting method.
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Muons from b decay




Number of Tracks/(40um)

muons from 7 or K with Pr > 3 GeV/c. A Monte Carlo simulation is used to obtain the impact

parameter distribution of decay muons. The ratio of K to 7 is set to be 1/3 in the Monte Carlo

102

10

FIG. 2.

simulation.
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Comparison between an impact parameter distribution of jet tracks and that of decay
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FIG. 3. The upper two plots are two dimensional impact parameter distributions for each
component. The lower plots are projections of these histograms onto one of the two axes. The
c¢ component is represented by H.. and the component from events with a muon from a b decay

and a prompt muon by Hy,.
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FIG. 4. Two dimensional impact parameter distributions from data and each component. The

template histograms for each component are normalized to 1.
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FIG. 5. Comparison between the projection of the data distribution and a sum of the 3
components. The contribution of bb events is denoted by Hy,, that of prompt dimuon events by

H,,, and that of ¢C events and events with a muon from a b decay and a prompt muon by H,um.
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FIG. 6. Integral bb cross section with Pr(b) > 6.5 GeV/c, |yl, ly5] < 1, and Pr(d) > Py (b).

The uncertainty of the prediction (dashed line) comes from the variation of QCD parameters:

m, = 4.5 -5 GeV/c?, p = po/2 — 2p9, As = 100 — 300 MeV.
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FIG. 7. Opening angle distribution between the two muons from bb decays. The data points
have a common systematic uncertainty of the fit (*79%) and of the luminosity(£3.6%). The
uncertainties of theoretical prediction are from efficiencies, branching ratio of B — uX, and the

quark fragmentation.
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FIG. 8. Pr(pz) distribution for Pr(us) > 3 GeV/c. The data points have a common system-

atic uncertainty of the fit (*2:9%) and of the luminosity (+3.6%).The uncertainties of theoretical

prediction are from efficiencies, branching ratio of B — pX, and the b quark fragmentation.
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FIG. 9. (Data-Theory)/Theory distributions of Pr(u;) (top) and the opening angle between
the muons in bb events (bottom). The uncertainties include the uncertainties of the data point and

of the theoretical prediction.

37



0.5

f,=0.391, x,=0.156
f,=0.117, x,=0.62

0.4

0.3

[] CDF, L= 17.4pb™
= CLEO

0.2

0.1

|
©

Re(e,)/(1+ley?)

|
o
N

I
o
O

IIIIIIIIIII]IIIIIIIIII]II]1III|Illl'llll]I//T

-0.4

71T

__O llllllllllllllll]llllllxlrlll|llilllljlllllllllll

“-0.5 -0.4 -0.3 -02 -0.1 0 0.1 0.2 03 04 05
Re(e,)/(1+led?)

FIG. 10. The solid lines represent the +1¢ uncertainties and the dashed line represents the

measured value of the asymmetry. The hatched region is from the CLEO measurement in B}Bj

sample. The marker X represents the prediction of the standard model.
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TABLES

TABLE 1. Systematic uncertainties of the fit

Source Systematic Uncertainty (%)
B lifetime +5%
resolution difference +7%
sequential fraction +0.5%
prompt muons +1.0%
charm muons +4.7%
Total %
TABLE 1I. Efficiencies
Pr(ps) > 3 GeV/c >3 GeV/c >3 GeV/c
Pr(pz) 3-5GeV/c 5-7GeV/c > 7GeV/c
Event vertex 0.742 £ 0.021
CTC track finding 0.96 + 0.02
Muon identification 0.826 £+ 0.044
SVX track finding 0.669 1 0.024
Trigger 0.832 £+ 0.037 0.847 + 0.038 0.848 + 0.038
Impact parameter cut 0.917 &+ 0.006 0.925 + 0.006 0.930 1+ 0.006
Dimuon mass cut 0.906 £+ 0.001 0.940 £ 0.001 0.952 £ 0.001
Combined Efficiency 0.272 + 0.023 0.290 + 0.025 0.296 £+ 0.025
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TABLE III. Integral bb cross sections and individual factors used in the cross section calculations

Pr(ps) >3 GeV/c > 3 GeV/c >3 GeV/c
Pr(p;) 3-5GeV/c 5— 7 GeV/c > 7GeV/c
Ny 1610 + 87(stat) 1% (sys) 495 + 46(stat)¥ 32 (sys) 368 + 36(stat) 35 (sys)
Luminosity 17.44 0.6 pb~!
Efficiency 0.272 £ 0.23 0.290 + 0.025 0.296 + 0.025
Acceptance (1.32 £ 0.13) x 1072 (0.55 4 0.05) x 102 (0.61 + 0.06) x 10~2
Pin(p) 6.5 GeV/c 6.5 GeV/c 6.5 GeV/c
PEin () 6.5 GeV/c 8.75 GeV/c 12.25 GeV/c
o;(in pb)  2.42 + 0.13(stat) 0 45(sys) 1.68 + 0.15(stat) 5 35(sys) 1.10 £ 0.11(stat)to30(sys)
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TABLE IV. Dimuon cross section as a function of §¢,, and Pr(u;). The common systematic
uncertainties (*3:9%) of the fit and of the luminosity (4+3.6%) are included in addition to the

statistical error.

6Py, (degree) Cross section (pb)
0-22.5 0-11f3j}?
22.5-45 1.26+0:37
45-67.5 2.251081
67.5-90 6.72‘:3:‘;2
90-112.5 9.48+1%7
112.5-135 19_944_»g:gg
135-157.5 3840287
157.5-180 64.19773%

Pr(uz)(GeV/c) Cross section (pb)
3-4 58.3911-07
4-5 33.6473%
5-6 18.037273
6-17 1101492
7-8 6.927} 55
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