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Studies ofB0-B̄0 mixing properties with inclusive dilepton events
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We report a precise determination of theB0-B̄0 mixing parameterDmd based on the time evolution of
same-sign and opposite-sign dilepton yields inY(4S) decays. Data were collected with the Belle detector at
KEKB. Using data samples of 29.4 fb21 recorded at theY(4S) resonance and 3.0 fb21 recorded at an energy
60 MeV below the resonance, we measureDmd5@0.50360.008(stat)60.010(syst)# ps21. From the same
analysis, we also measure the ratio of charged and neutralB meson production at theY(4S), f 1 / f 051.01

60.03(stat)60.09(syst), andCPT violation parameters inB0-B̄0 mixing, R(cosu)50.0060.12(stat)
60.01(syst) andI(cosu)50.0360.01(stat)60.03(syst).

DOI: 10.1103/PhysRevD.67.052004 PACS number~s!: 13.66.Bc, 13.25.Gv, 14.40.Gx
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I. INTRODUCTION

The mass difference of theB0-B̄0 mass eigenstates,Dmd ,
is a fundamental parameter in theB meson system. The tech
niques that have been employed to measure it inY(4S)
→B0B̄0 decays fall into two categories: namely, inclusi
and exclusive. Among the inclusive methods, the analysi
events where bothB mesons decay into a final state th
includes a high momentum lepton provides the largest ev
sample@1# and is well suited for further high precision me
surements of the time evolution in theB0B̄0 system. This
system exhibits sensitivity not only toDmd , but also to other
potentially interesting phenomena such asCP violation in
mixing, the decay width difference between the two ma
eigenstates and possibleCPT violation in mixing @2#.

Without the assumption ofCPT invariance, the flavor and
mass eigenstates of the neutralB mesons are related by

uBH&5puB0&1quB̄0&,

uBL&5p8uB0&2q8uB̄0&. ~1!

*On leave from Nova Gorica Polytechnic, Nova Gorica.
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The coefficientsp, q, p8 andq8 can be expressed in terms o
the complex parametersu and f by q/p5tan(u/2)eif and
q8/p85cot(u/2)eif. CP is violated if I(f)Þ0, andCPT is
violated if uÞp/2 @2#. The time-dependent decay rates a
given by @2#

GY~4S!→,6,6~Dt !

5
uA,u4

8tB0
e2uDtu/tB0usinue7 ifu2

3FcoshS DG

2
Dt D2cos~DmdDt !G ~2!

for same-sign~SS! dilepton events, and

GY~4S!→,1,2~Dt !

5
uA,u4

4tB0
e2uDtu/tB0H ~11ucosuu2!coshS DG

2
Dt D

1~12ucosuu2!cos~DmdDt !

12R~cosu!sinS DG

2
Dt D22I~cosu!sin~DmdDt !J ~3!
4-2
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for opposite-sign~OS! events. Here, we assumeCP is con-
served in the flavor specific semileptonic decay amplitu
of the neutralB mesons and setA,[^X2,1n,uB0& and Ā,

[^X1,2n̄,uB̄0& to be equal.Dmd andDG are the differences
in the mass and decay width between the two mass ei
states of the neutralB meson,G51/tB0 is the average deca
width of the two mass eigenstates,Dt is the proper time
difference between the twoB meson decays and is defined
Dt[t(,1)2t(,2) for the OS events, while the absolu
value is taken for SS events.

In Eq. ~2!, CP violation appears as a difference in th
,1,1 and ,2,2 rates, in case of a non-zeroI~f!. It does
not depend onu, DG or the fraction of mixed events. The la
two terms in Eq.~3! are clearly asymmetric inDt. The last
term will dominate over the second-to-last term sinceDmd
@DG. In this analysis, we assume thatDG andCP violating
effects are negligibly small@3,4#. We extractDmd , f 1 / f 0

the ratio ofY(4S) branching fractions toB1B2 andB0B̄0,
and theCPTviolation parametersR(cosu) andI(cosu). Our
previous determination ofDmd using dilepton events from
5.9 fb21 @1# treatedf 1 / f 0 as a fixed parameter. Otherwis
the results reported here use the same analysis method
include the earlier data and, therefore, supersede the prev
values.

II. EVENT SELECTION

The Belle detector, which consists of a silicon vertex d
tector~SVD!, a central drift chamber~CDC!, aerogel Cˇ eren-
kov counters~ACC!, time-of-flight counters, an electromag
netic calorimeter~ECL!, and a muon andKL detector
~KLM !, is described in detail elsewhere@5#. For electron
identification, we use position, cluster energy, and sho
shape in the ECL, combined with track momentum a
dE/dx in the CDC and hits in the ACC. For muon identifi
cation, we extrapolate the CDC track to the KLM and co
pare the measured range and transverse deviation in
KLM with the expected values.

A. Lepton selection

The efficiencies for identifying leptons are determin
from two-photon process data samples:e1e2→e1e2e1e2

for electrons ande1e2→e1e2m1m2 for muons. For both
cases, the possible degradation of efficiency due to ne
tracks that are not present in QED events but must be c
sidered in hadronic events is examined using special h
ronic event data samples that contain embedded Monte C
~MC! lepton tracks.

We determine the probabilities for misidentifying hadro
as leptons using data samples ofKS→p1p2 decays for
pions, f→K1K2 decays for kaons, andL→pp2 decays
for protons. For tracks in the kinematic region of the dilept
event selection, the identification efficiencies are 92.6%
electrons and 87.0% for muons. About 0.1% of pions a
kaons, 0.2% of protons and 1.2% of antiprotons are misid
tified as electrons. About 1% of pions and kaons, and 0.
of protons and antiprotons are misidentified as muons.
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B. Hadronic event selection

Hadronic events are selected from a data set corresp
ing to 29.4 fb21 at theY(4S) resonance and 3.0 fb21 at an
energy 60 MeV below the peak. Hadronic events are
quired to have at least five tracks, an event vertex with ra
andz coordinates~where thez axis passes through the nom
nal interaction point, and is antiparallel to the positron bea!
within 1.5 cm and 3.5 cm respectively of the nominal inte
action point~IP!, a total reconstructed center-of-mass~c.m.!
energy greater than 0.5W @W is theY(4S) c.m. energy#, a z
component of the net reconstructed c.m. momentum
than 0.3W/c, a total ECL energy deposit between 0.025W
and 0.9W, and a ratioR2 of the second and zeroth Fox
Wolfram moments@6# less than 0.7.

C. Dilepton event selection

Lepton candidates are selected from charged tracks
have a distance of closest approach to the run-depende
less than 0.05 cm radially (dr IP) and 2.0 cm inz (dzIP). At
least oner-f and two z hits are required in the SVD. To
eliminate electrons fromg→e1e2 conversions, electron
candidates are paired with all other oppositely charged tra
and the invariant mass~assuming the electron mass hypot
esis! Me1e2 is calculated. IfMe1e2,100 MeV/c2, the can-
didate electron is rejected. If a hadronic event contains m
than two lepton candidates, we use the two candidates
the highest c.m. momenta.

The c.m. momentum of each lepton is required to be
the range 1.1 GeV/c,p* ,2.3 GeV/c. The lower cut re-
duces contributions from secondary~charm! decay. The up-
per cut reduces the contribution from non-BB̄ continuum
events. The angle of each lepton track with respect to thz
axis in the laboratory frame must satisfy 30°,u lab,135°.
This cut rejects tracks with large angles of incidence in
SVD and hence provides betterz vertex resolution. In addi-
tion, these cuts remove lepton candidates whose par
identification is performed using the endcap KLM or EC
where the performance is not as good as that of the ba
sections. Events that contain one or moreJ/c candidates are
rejected. We calculate the invariant mass of each candi
lepton with each oppositely charged track~assuming the cor-
rect lepton mass hypothesis!. If the invariant mass falls into
the J/c region, defined as 20.15 GeV/c2,(Me1e2

2MJ/c),0.05 GeV/c2, 20.05 GeV/c2,(Mm1m22MJ/c)
,0.05 GeV/c2, the candidate event is rejected. The loos

TABLE I. Summary of dilepton events after all cuts. The num
bers in the off-resonance columns are scaled using the lumino
ratio and represent the contribution included in the on-resona
data.

Lepton flavors On resonance Off resonance

SS OS SS OS
ee 9877 52141 107.4 1513.3
mm 15503 65435 1464.4 4451.9
em 24458 113305 976.3 4403.1

Total 49838 230881 2548.1 10368.2
4-3
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lower cut for the electron pair invariant mass is to rejectJ/c
mesons whose calculated mass is low due to bremsstrah
of the daughter electron~s!. The opening angle of the two
leptons in the c.m. frameu,,* , is required to satisfy20.8
,cosu,,* ,0.95 to reduce jet-like continuum events, S
events where the two reconstructed tracks originate from
same particle and events with a primary lepton and a sec
ary lepton originating from the sameB meson. After all cuts
are applied, we obtain 49838 SS and 230881 OS events.
numbers of selected dilepton events are summarized
Table I.

III. Dz DETERMINATION

The z coordinate of eachB meson decay vertex is dete
mined from the intersection of the lepton track with the ru
dependent profile of the IP smeared in ther 2f plane by 21
mm to account for the transverseB flight length. We define
the difference between thez coordinates of the two leptons a
Dz5z(,1)2z(,2) for OS events and Dz5uz(,6)
2z(,6)u for SS events.Dz is related to the proper-time
difference byDz.cbgDt. The Lorentz boost factor of the
e1e2 c.m. frame at KEKB isbg50.425@7#.

The observedDz distributions have contributions from
‘‘signal’’ defined as events where both leptons are prim
leptons from semileptonic decays ofB mesons, and ‘‘back-
ground’’ where at least one lepton is secondary or fake
the event is from the continuum. The contributions fro
‘‘signal’’ are theoretically well-defined distributions con
volved with the detector response function, which descri
the difference between the trueDz and the measuredDz. In
order to estimate the detector response function, we em
J/c decays, where the trueDz is equal to zero, and whos
measuredDz distribution, after the contribution of back
ground is subtracted, yields the response function.

CandidateJ/c events are selected using the same crite
as the dilepton sample except theJ/c veto and the cuts on
cosu,,* are not applied. We define theJ/c signal region as
3.00 GeV/c2,Me1e2,3.14 GeV/c2 and 3.05 GeV/c2

,Mm1m2,3.14 GeV/c2, and the sideband region a

FIG. 1. Detector response function determined from theJ/c
data.
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3.18 GeV/c2,M ,1,2,3.50 GeV/c2 for both electrons and
muons. A linear function is fitted to the sideband region
the mass distribution and extrapolated to the signal reg
Using the fit result, we scale theDz distribution in the side-
band region to the background underneath the peak in
signal region, and subtract it from the signal regionDz dis-
tribution. Figure 1 shows the resulting detector respo
function. It has rms5186mm in the rangeuDzu,1850mm.
We use this histogram as a lookup table in the analysis.

IV. FITTING

The mixing parameterDmd and other parameters are e
tracted by simultaneously fitting theDz distributions of SS
and OS events to the sum of contributions from all kno
signal and background sources. We use a binned maxim
likelihood method. The backgroundDz distributions are ob-
tained from MC simulations and used in the fits in the fo
of lookup tables.

A. Signal Dz distributions

The signal from the neutralB meson pairs originates ei
ther fromB0B̄0 ~unm! or from B0B0 andB̄0B̄0 ~mix!. If CPT
is assumed to be conserved, the signal distributions are
pressed by

Punm5N4Sf 0b0
2e,,

unme2uDtu/tB0

4tB0
@11cos~DmdDt !#,

Pmix5N4Sf 0b0
2e,,

mix e2uDtu/tB0

4tB0
@12cos~DmdDt !#.

~4!

If the possibility ofCPT violation is included, these expres
sions become

Punm5N4Sf 0b0
2e,,

unme2uDtu/tB0

4tB0
@~12ucosuu2!cos~DmdDt !

111ucosuu222I~cosu!sin~DmdDt !#

Pmix5N4Sf 0b0
2e,,

mix e2uDtu/tB0

4tB0
usinuu2@12cos~DmdDt !#.

~5!

The integrals ofPunm andPmix give the time-integrated frac
tion of mixed events

xd5
usinuu2xd

2

usinuu2xd
2121xd

21ucosuu2xd
2 ~6!

wherexd[tB0Dmd . WhenCPT is conserved, this become
the more familiar expressionxd5xd

2/(212xd
2). The values

of ucosuu2 and usinuu2 are determined fromR(cosu) and
I(cosu).

The signal distribution for chargedB meson pairs is the
same for both theCPT conserving andCPT violating cases
and is given by
4-4



d
ng

to
nt

c-

e

o
A
u
-
i

din
l
S
c

ev
d

ie
d

n
e
s

e

o

r

ron
in-
ob-
rol
ame

that
the

ton
la-

p-
ion
for

-

and

pec-
wn.
er-

f

STUDIES OFB0-B̄0 MIXING PROPERTIES WITH . . . PHYSICAL REVIEW D67, 052004 ~2003!
Pchd5N4Sf 1b1
2 e,,

chde2uDtu/tB1

2tB1
. ~7!

In the equations above,N4S is the total number ofY(4S)
events,f 0 and f 1 are the branching fractions ofY(4S) to
neutral and chargedB pairs (f 11 f 051), b0 andb1 are the
semileptonic branching fractions for neutral and chargeB
mesons,e,, with superscript are the efficiencies for selecti
dilepton events of charged~chd!, unmixed~unm!, and mixed
~mix! origins. The ratioe,,

chd:e,,
unm:e,,

mix is determined from
MC simulations and is fixed in the fit, because any detec
effect that is not simulated correctly should affect eve
with these origins equally. TheDz distributions are obtained
from these distributions@Eqs.~4!, ~5! and~7!# by conversion
from Dt and convolution with the emperical resolution fun
tion described in the previous section.

B. Background Dz distributions

The backgroundDz distributions are estimated using th
MC simulations. A comparison of theDz distribution ofJ/c
data samples between the data and MC simulations sh
that the data distribution is wider than the MC distribution.
detailed study showed that after convolving the MC distrib
tion with a s550618mm Gaussian, the distributions com
pared favourably. We smear MC background distributions
the same way to compensate for this discrepancy.

We categorize the backgrounds into eight types depen
on their sources: chargedB pairs, mixed and unmixed neutra
B pairs, and continuum, each of them contributing to both
and OS events. To normalize the amount of continuum ba
ground, we use the off-resonance data. This leaves s
parameters to normalize the fractions of other backgroun
The first of these isxd which is varied in the fit as given by
Eq. ~6!; the remaining six are associated with the efficienc
for selecting these background events which are denote

eSS
chd, eOS

chd, eSS
unm, eOS

unm, eSS
mix , eOS

mix . ~8!

We combine these six types into two: correct tag~CT! which
is associated witheOS

chd, eOS
unm, eSS

mix , and wrong tag~WT!
which is associated witheSS

chd, eSS
unm, eOS

mix . For both CT and
WT backgrounds, relative fractions of the three backgrou
types are fixed according to the MC simulations. We th
determine theDz distributions for CT and WT background
by adding the three corresponding contributions.

TABLE II. Results of fits. nDF is the number of degrees o
freedom.

Fitting method CPT conserved AllowCPT violation

Dmd ~ps21! 0.50360.008 0.50360.008
f 1 / f 0 1.0160.03 1.0260.03

R(cosu) 0.0060.12
I(cosu) 0.0360.01

TCT 9466 9165
TWT 14062 13962
x2 139 (nDF586) 132 (nDF584)
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The shapes of theDz background distributions and th
normalization of the backgrounds from neutralB events de-
pend on Dmd . To account for this, we generated tw
samples of generic neutralB MC events, one withDmd
50.469 ps21 and one withDmd50.522 ps21. Background
Dz distributions for any value ofDmd are produced by linea
interpolation between these two MC data sets.

The MC simulation does not always reproduce the had
showering processes correctly in the kinematic region of
terest. In order to account for possible discrepancies, we
tain an overall correction factor by using a special cont
data sample. In this sample events are selected in the s
way as the dilepton events, except that we now require
exactly one lepton passes the lepton selection criteria and
other track passes all selection criteria except for the lep
identification requirements. The ratio of data to MC simu
tions fake rates binned inu lab and p is then applied to the
control sample to obtain the overall fake rates for the dile
ton analysis. From this method, the hadron misidentificat
probabilities of the MC simulations are increased by 6%
muons and decreased by 5% for electrons.

V. RESULTS

In the fit, we fix the parameterstB051.54260.016 ps,
and tB1 /tB051.08360.017 @3#, and we impose the con

FIG. 2. Results of the simultaneous fit to the same-sign
opposite-signDz distributions assumingCPT invariance. The upper
two plots are for the opposite-sign and same-sign events, res
tively. Signal and background obtained from the fit are also sho
The bottom plot is the OS-SS asymmetry with the fit result sup
imposed.
4-5
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TABLE III. Systematic errors contributing to theDmd and f 1 / f 0 measurements.

Source Dmd ~ps21! f 1 / f 0

tB1 /tB0 ~60.017! 60.0053 60.071
Detector response function 60.0047 60.021
Monte Carlo statistics 60.0036 60.011
50 mm smearing of backgroundDz ~618 mm! 60.0032 60.015
Dz cut 60.0030 60.010
u lab cut 60.0030 60.030
tB0 ~60.016 ps! 60.0012 60.002
dr IP cut 60.0010 60.003
Continuum contribution 60.0008 60.001
BR(B→DX)(D0:64.7%,D1:67.9%) 60.0007 60.001
Fake rate correction (m:63%,e:625%) 60.0007 60.002
Linear interpolation 60.0005 60.020
IP profile ~610 mm! 60.0002 60.005
Quadratic sum 60.0097 60.086
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straintb1 /b05tB1 /tB0. In the fit whereCPT is conserved,
we have a total of five parameters to be fitted. They
Dmd , f 1 / f 0 , two parameters which are related to the fra
tions of CT and WT backgrounds and are expressed asTCT

[b1
2 e,,

chd/eOS
chd andTWT[b1

2 e,,
chd/eSS

chd, and an overall normal-
ization. In the search forCPT violation, we add two param
etersR(cosu) andI(cosu). The results of the fits are sum
marized in Table II.

The values ofDmd and f 1 / f 0 do not vary in a significant
way whenCPTviolation is included. We use the result from
the CPT conserving fit to obtainDmd and f 1 / f 0 . The Dz
distributions for the SS and OS events and the resul
asymmetry are shown in Fig. 2, together with the fit resu

Systematic errors in the determination ofDmd and f 1 / f 0
include contributions from uncertainties in the paramet
that are fixed in the fit:tB1 /tB0, the extra 50mm smearing
of the backgroundDz distributions,tB0, inclusiveD meson
branching fractionsB→D1X andB→D0X. Also contribut-
ing to the systematic errors are uncertainties in the c
tinuum contribution determined from off-resonance da
lepton misidentification probabilities, detector response fu
tion, MC statistics, background function linear interpolati
end points, IP profile smearing, the event selection crite
u lab anddr IP , and theDz fit range. Uncertainties of the ove
all z scale in the detector and the boost factorbg can also
contribute to the systematic error.

The contribution from the detector response function
dominated by the statistics of theJ/c event sample. Biase
due to approximating the detector response function with
Dz distribution ofJ/c events and the effect of theB motion
in the Y(4S) frame also have some contribution. We es
mate the uncertainty of the detector response function
comparing the results of fits to a full MC simulation usin
three different types of response functions. These are theJ/c
response function~extracted in the same way as in data!, a
trueDz response function, and a response function base
the proper time difference between theB meson decays~for
systematic errors associated with theB motion in theY(4S)
frame!. The trueDz response function is constructed usi
05200
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s
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y

on

signal events and subtracting the trueDz from the measured
Dz. The proper time response function is constructed in
same manner, except the truebgcDt is subtracted. Each o
the three types of response functions is generated usin
independent MC data sets, resulting in 105 response fu
tions. The fit results using each response function are t
compared to extract the systematic errors. Additionally
vary the amount of background subtraction from theJ/c
mass peak by61 s, and repeat the fits. The final detect
response function systematic error is the combined error
sulting from the above methods.

To quantify the systematic error associated with the M
statistics, the MC data are divided inton520 sets and the
data are fitted using each background distributionPi ( i
51,...,n). Both the shapes and the efficiency ratios are in
pendent for each fit. The fits were repeated with 45 differ
pairs of end points for theDmd linear interpolation. The rms
of the fit results was assigned as the error. The system
error for the IP constraint was estimated by varying t
smearing used to represent the transverseB flight length by
610 mm. The cuts on the variablesDz, u lab and dr IP were
varied in the region of their default values and the change
the fit results assigned as errors. The remaining system
errors were calculated by varying the default values by61
s, repeating the fits and assigning the differences as err
The contributions from the uncertainties in thez scale and
bg were found to be negligible.

The errors are summarized in Table III.
To reduce the backgrounds, the analysis was repe

with tighter p* cuts, and separate fits were performed w
ee, em and mm sub-samples. Deviations from the defau
results were all consistent with statistical fluctuations. W
repeated the fit including the effects ofDG/G51% and
found the shift in results to be negligible~'0.0001 ps21!.

The largest contributions to the systematic error
I(cosu) come from the uncertainty in the extra 50mm
smearing and theu lab selection criteria and amount to60.03.
The systematic error forR(cosu) is dominated by the uncer
4-6
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tainty in the response function. We conservatively assign
error of 60.01.

In summary, we obtain

Dmd5@0.50360.008~stat!60.010~syst!#ps21,

f 1 / f 051.0160.03~stat!60.09~syst!,

R~cosu!50.0060.12~stat!60.01~syst!,

I~cosu!50.0360.01~stat!60.03~syst!. ~9!

Using world averages forDmd , the neutralB meson mass
and decay width@3#, theseCPT parameters imply@2# the
upper limits umB02mB̄0u/mB0,1.16310214 and uGB0

2G B̄0u/GB0,0.11 at 90% C.L.

VI. SUMMARY

In summary, we have measuredDmd and the ratio of
branching fractions forY(4S) decay toB1B2 and B0B̄0,
f 1 / f 0 , using inclusive dilepton events. The largest contrib
tions to the systematic error for theDmd measurement com
from the response function and the uncertainty in theB me-
son lifetime ratiotB1 /tB0. Recent measurements@3# of this
lifetime ratio have significantly reduced this systematic co
tribution since our first measurement@1#. The result of this
Y
.

05200
n

-

-

dilepton analysisDmd5(0.50360.00860.010) ps21 is in
good agreement with the results from other methods use
Belle @8# and the current world average@3#. The error for the
f 1 / f 0 measurement is dominated by the uncertainty
tB1 /tB0. We have also obtained new limits onCPTviolation
parameters.
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