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The B°B® average mixing parameter y has been extracted from ey and ee events produced in pp col-
lisions at +/s =1.8 TeV. In a sample of 900 ey events, the like-sign to opposite-sign charge ratio R is
measured to be 0.556 & 0.048(stat) *§:833(syst). In the absence of mixing, the expected value of R would
be 0.23+0.06. The corresponding number for 212 ee events is 0.573 £ 0.116(stat) 0.047 (syst) with
an expected nonmixing value of 0.24 = 0.07. The observed excess in R leads to a combined determina-
tion of y=0.176 = 0.031 (stat +syst) & 0.032(model), where the last uncertainty is due to Monte Carlo

modeling.

PACS numbers: 14.40.Jz, 12.15.Ff, 13.20.Jf, 13.85.Qk

The phenomenon of mixing, in which a neutral meson
transforms into its antiparticle via flavor-changing weak
interactions, can provide constraints on the elements of
the Cabbibo-Kobayashi-Maskawa matrix. Early evi-
dence of B°B° mixing was observed at the CERN pp col-
lider [1] and at e e ™ colliders [2,3]. Recent measure-
ments have been made at CERN [4]. We report a mea-
surement of B°B° mixing by the CDF (Collider Detector
at Fermilab) Collaboration at the Tevatron Collider.

Neutral B mesons BJ(bd) and B (bs) may be pro-
duced in the reaction pp— bb-— BB+ X, where B (B)
refers to all b (b) flavored hadrons. In the absence of
mixing, the direct semileptonic decay of a BB pair results
in a pair of leptons with opposite charges. The B® or B°
meson may undergo mixing, B®— B° or vice versa, and
subsequently decay semileptonically, resulting in a like-
sign pair. The magnitude of mixing is determined from
the relative rate of like-sign dilepton pairs,

R=INUTIT)+NUITDNUTIT),

where / can be an e, u, or 7 lepton. The results in this
Letter are based on ey and ee events. The probability of
B°B° mixing can be expressed as

_ prob(b— B°— B°— ")

x prob(b— 1 *)

where the leptons can come from both direct and sequen-
tial B decays and the denominator includes all possible
hadrons formed with the b quark. We determine y using
our measured value of R and a Monte Carlo calculation
of the contribution from other processes.

The CDF has been described in detail elsewhere [5,6].
The eu and ee samples were collected with dilepton
triggers. The integrated luminosity for the eu (ee) trig-
ger is 2.7 pb "' (3.7 pb™!). In the data analysis, elec-
trons are required to have E+ =5 GeV, and muons Pr

’
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= 3 GeV/c. Lepton selection criteria, described in detail
in Ref. [6], are applied to both the ey and ee candidate
events in order to reject hadrons.

After lepton selections, there remain sources of dilep-
tons unrelated to B°B° mixing. The decays of a single B
hadron via the chain b— c/v followed by ¢— slv always
result in opposite-sign dileptons, kinematically restricted
to a low dilepton invariant mass M;. We remove this
background by excluding events in the region M, <5.0
GeV/c? for both like-sign and opposite-sign ee and
ep pairs. In addition, the decays J/y—ete ™ and Y
— e%e ™ are a background to mixing in the ee channel.
The invariant-mass cut below 5.0 GeV/c? removes the
former, and excluding the region 8.0 <M, <10.8
GeV/c? removes the latter. After these cuts, there are
346 like-sign and 554 opposite-sign eu events, composed
of 181 etu™, 165 ¢ 1,290 ¢ u*, and 264 et~
events, and 78 like-sign and 134 opposite-sign ee events.
Remaining backgrounds in our determination of R are re-
moved by background subtraction.

To determine the background fraction for the eu
events, we use the fact that the ey events are a subset of
an inclusive electron sample. Even after selection cuts,
such a sample will contain fake as well as real leptons. In
our detector we expect events with a fake muon to be the
dominant background in the eu-event candidates. The
amount of real-e, fake-u and fake-e, fake-u backgrounds
is given by the product of the number of tracks in the in-
clusive electron events and the fake-u-per-track rate F),.
Fake-e, real-u events are a subset of all fake-electron
events, and therefore given by the number of tracks in
fake-electron events times the real-u-per-track rate R,.

Experimentally we determine f,, (=F,+ R,), the prob-
ability that a track is identified as a muon. The product
of f, and the number of tracks in an inclusive electron
sample includes all backgrounds above together with an
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extra term. This term, which arises from R, times the
number of tracks in the real electron events, contributes
to an overestimate of the background and will be dis-
cussed later. The quantity f, is obtained from a sample
of 278000 events collected with a minimum-bias trigger.
Fake-electron events arising from a low E¥ inclusive elec-
tron trigger are expected to have a rate of heavy-quark
production similar to events from the minimum-bias
trigger. Thus the probability of real muon production is
similar in events from these two triggers. We define m
tracks as those tracks which satisfy muon tracking re-
quirements and point to the muon chambers. Of the
2959 m tracks in the minimum-bias sample, 8 satisfy all
muon criteria including the muon chamber requirements
[6], resulting in a rate of muon candidates per m track
Su=0.27%.

We do not have an inclusive electron sample collected
with E$ =5 GeV, and therefore determine the eu back-
ground fraction from two samples, collected with trigger
EY% thresholds of 7 GeV (prescaled) and 12 GeV, with
event overlap of less than 5%. In these samples there are
1324 and 2897 m tracks, respectively, excluding tracks
associated with electron candidates. The product of these
numbers and our measured f, given in the third column
of Table I, represents an upper limit on the number of
events in which one or both leptons is misidentified. The
background fraction (Table I, fifth column) is indepen-
dent of the electron E7 threshold, and we therefore take
it to be (19 +9)% in the ey sample. This figure includes
both statistical and systematic uncertainties, described
below.

The above-mentioned method for .determining the
background fraction requires that the properties of m
tracks in minimum-bias events be similar to those in elec-
tron candidate events. The K/x ratio is a primary source
of systematic error, since a difference between the two
samples could change the rate of muons per charged
track. In Monte Carlo simulation studies of fake muons,
in which the K/ ratio is varied over the range 0.12 to
0.36 [7], the value of f, changes by less than 15%. In
similar studies, f, changes by 20% due to different track
Pr over the range 3 < Pr <12 GeV/c. These variations
are included in our systematic uncertainty. In addition, a
comparison of qualities of muon candidates in minimum-
bias events and in a J/y sample shows that a large frac-
tion of candidates in the minimum-bias sample is back-
ground. Thus the overestimate of the background men-
tioned earlier is small compared to the 47% uncertainty

TABLE 1. Background estimation using inclusive electron
samples.
N
Ef N (fake eu N
(GeV)  (tracks) expected) (eu observed)  Background
=7 1324 3616 19 (19£9)%
=12 2897 7.8+£3.5 44 (18 +=8)%

on the background fraction.

For the inclusive electron sample (after a 5-GeV/c?
mass cut), the ratio of like-sign to opposite-sign electron
m-track pairs is 0.95*0.06, consistent with no sign
correlation. The background fraction of (19 =9)% there-
fore corresponds to 86 like-sign and 86 opposite-sign pairs
in the 900 eu events, resulting in a background-sub-
tracted sample of 260 like-sign and 468 opposite-sign
events. From this we obtain

R(ep) =0.556 +0.048(stat) *3933 (syst) ,
where the systematic uncertainty is calculated by varying
simultaneously the numbers of like-sign and opposite-sign
background events by 1 standard deviation.

For the ee events, the backgrounds which remain after
the invariant-mass requirements are due to misidentified
hadrons, photon conversions and Dalitz pairs, and Drell-
Yan production. We determine the background due to
misidentified hadrons by comparing the behavior of the
hadronic to electromagnetic energy ratio in our data to
two other samples; one of pure electrons, and one of had-
rons which satisfy nearly all electron criteria. The first is
obtained from J/y decay, and the second consists of elec-
tron candidates which display large mismatches between
electromagnetic shower position and the location of the
track extrapolated to the calorimeter. Such a mismatch
is typical of the spatial proximity of charged and neutral
pions. A total of 27.1 £9.2 events in the ee sample con-
tain a misidentified hadron.

To reject electrons produced in photon conversions and
Dalitz decays, we pair each electron with tracks of the
opposite charge within a polar angle A6 <5°. If the
point at which the tracks are parallel is within the radius
at which photons are likely to convert and their separa-
tion there is less than 0.5 cm, then the event is rejected.
Dalitz pairs are also rejected by this criterion. We do not
reconstruct tracks with Py S50.4 GeV/c [8], therefore
conversion pairs in which one electron has low Py are not
rejected by this method. Based on a Monte Carlo calcu-
lation, the number of conversion electrons remaining due
to this inefficiency is 19 14 events.

Drell-Yan events in our sample are distinguished by an
opposite-sign electron pair with a lack of nearby energy
deposition, in contrast to electrons associated with B de-
cay. We define an isolation variable E° as the trans-
verse energy deposited in the annulus between r=(Ap?
+A¢2)'2=0.4 and r =0.7 around the electron [6]. This
variable is independent of the electron Pr. The amount
of background from the Drell-Yan processes in the ee

iso

sample is determined by fitting the E7° distribution of all
opposite-sign pairs with a weighted sum of the E{° be-
havior of Drell-Yan dielectrons and that of our like-sign
pairs, which are free of any Drell-Yan contribution. A
sample of Z%—e*e ™ [9] is used to measure the Ef*
dependence of Drell-Yan dielectrons. After rejecting
events in which both electrons do not satisfy Ef*°> 2.4
GeV, the remaining Drell-Yan background in our op-

posite-sign ee sample is 15.4 * 4.6 events.

3353
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We observed no sign correlation in the above back-
ground events. After removing these backgrounds, we
obtain 55 like-sign and 96 opposite-sign ee events, and
R(ee) =0.573 +0.116(stat) + 0.047 (syst).

In order to extract the average B°B° mixing parameter
x from the observed values of R, we must account for
processes unrelated to mixing which contribute to R. The
dominant process is the semileptonic decay of one b and
the sequential decay b— c¢— [ of the other, resulting in
like-sign dilepton events. The ratio of sequential decays
(N,) to first-generation decays (N,) for both dilepton
samples is N,/N;=0.25+0.06, determined using the
Monte Carlo program ISAJET [10] together with a full
detector simulation. Contributions from high-order pro-
cesses, such as gluon splitting, are significantly reduced
by our kinematic cuts. After the cuts, distributions for
variables sensitive to higher-order processes, such as
Pr(eu), are well reproduced by the Monte Carlo model.
The uncertainties on N,/N; in the model are due to b-
and c-quark semileptonic branching ratios obtained from
Ref. [11] (15%), b fragmentation (10%), and bb correla-
tions due to higher-order processes (10%). A smaller
source of dileptons is the semileptonic decay of c¢¢ pairs.
The fraction of these events is N./N;=0.07 +0.07 (eu)
and 0.02 +0.02 (ee), where the difference is mainly due
to Py thresholds. We assign a 100% error to the ratio of
¢¢ and bb production cross sections from ISAJET, which
gives a 100% error on the fraction N./Ny.

The average B°B® mixing parameter y is related to R
by

_ 201 =)+ (1 = )2+ x2IN,/N,
(=) 2+ 21+ 20 —)N,/N;+N/N;
In the absence of mixing, the Monte Carlo prediction
would be R(eu)=0.23+0.06 and R(ee)=0.24 +0.07,
both inconsistent with the observed values. From our ob-
served values of R, we obtain
x(ep) =0.179 £ 0.027(stat)

+0.022(syst) =+ 0.032(model)

and
x(ee) =0.172 £ 0.060(stat)

+0.024(syst) = 0.026 (model) .
The combined value is y=0.176 0.031(stat+syst)
+0.032(model), where the uncorrelated statistical and
systematic uncertainties have been combined, and the
Monte Carlo model uncertainty is treated as common.
The asymmetry of the systematic uncertainty in R(eu)
leads to negligible asymmetry in y(eu). The muon Py
spectra for the data and for the Monte Carlo model with
the determined mixing and background are shown in Fig.
1, for like-sign and opposite-sign eu events separately.
Similar results are obtained for the ee events.

The value of y determined above is averaged over all B
mesons and baryons that may be produced in an event.
These include neutral mesons such as BY and BL which
transform into their own antiparticles via mixing and
charged B mesons and baryons which do not undergo
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FIG. 1. Muon Pr spectra for the data, the Monte Carlo
model with the observed mixing, and background in like-sign
and opposite-sign eu events. The uncertainties for the data are
statistical only, while those for the background are 47% as de-
scribed in the text. Both the data and the Monte Carlo model
include the background.

mixing. To separate the mixing parameters for B and
B in the expression
X=PaxatPys,
where _
N (B — Biw)
N(B)— Bds))+N(Bfy— Biw)

Xd()=

and

B(BJ)— 1 X)
B(b—B—1%Xx)"’
requires a measurement of the fractions Py and P, [1].
By assuming the same branching ratio for semileptonic
decays of all B mesons, assuming B,, By, and B, are pro-
duced in the ratio 0.375:0.375:0.15 [4], we obtain con-
straints on the y,-y, plane shown in Fig. 2. The ARGUS
and CLEO combined results for y, and the standard-
model predictions [12] are also shown. Our results are
consistent with recent measurements of B°B° mixing by
other experiments [4].

Pd(x) =pr0b(b4’ B(?(x))
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FIG. 2. The mixing probability of BJ vs that of B?, assuming
B., Bu, and B, are produced in the ratio 0.375:0.375:0.15. The
xa range is the ARGUS and CLEO combined result of 0.16
+0.04. The shaded region is allowed by the standard model.
The bands represent *+ 1o uncertainty.
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