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The B°—§0 mixing was studied by using about 250000 hadronic decays of the ZC, _collected with the DELPHI
detector at LEP. With 1665 dilepton events, the probability for a b quark to become a b before decaying was found
to be ¥ = 0.121+9944 4 0.017. The semileptonic branching ratio of the b was measured from the dilepton and single

—0.040

lepton events and found to be Br(b — ¢) = (10.0 4+ 0.7 & 0.7)%.

1. Introduction

Several measurements of the B°-B’ mixing proba-
bility have already been published from experiments
at LEP [1], at other e*e~ machines and at hadron
colliders [2].

At LEP, in the decays Z° — bb, both B! and B
mesons are produced, as well as charged B-mesons
and b-flavoured baryons which do not mix. Therefore,
the measured mixing is an average. In this letter, the
semileptonic decays of B-hadrons have been used to
measure the average mixing parameter y,

_ b—>§0—>B0—>£+

T (1)
The measured y is
X = faxa+ faxts, (2)

where fq and f; are the fractions of leptons arising
from BY and B? decays, and x4 and y; are the mixing
parameters of Bg and B? mesons, respectively.

Box diagrams lead to mixing of B® and B’ in the
same way as in the K-K° system. The rate of mixing
depends on the top quark mass and on the elements V4
and Vs of the Cabibbo-Kobayashi—-Maskawa matrix.

In the analysis described in this letter, events of
the type Z° — qq — hadrons were used, with two
identified leptons, either electrons or muons, in the
final state. The signal consists of dilepton events, with
both leptons coming from direct b decay and being
of the same charge (henceforth called PB-PB). Other
possible origins of like sign dilepton events are:
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- events in which both leptons are fromb — ¢ — ¢
(secondary ¢ = SC). These events are sensitive to the
mixing parameter in the same way as when both lep-
tons are from primary b parents. This configuration
will be called SC-SC in the following.
-b — ¢ — £ (SC) together with b — ¢ (primary
b = PB) is sensitive to the mixing in the opposite
way, i.e. the fraction of opposite sign dilepton events
is proportional to the mixing. This configuration will
be referred to as PB-SC.
— a misidentified hadron together with a lepton of the
same sign from a semileptonic decay of a heavy quark,
or two misidentified hadrons of the same sign. This
configuration will be referred to as BKG-any.
Events originating from cT, where both ¢ quarks de-
cay semileptonically, contribute only to the opposite
charge dilepton events, and will be referred to as PC-
PC.

2. Event sample and lepton identification

The data described in this letter were taken with
the DELPHI detector at LEP. The detector has been
described elsewhere [3]. The parts of the detector
relevant for this analysis were: the central tracking
system consisting of the Time Projection Chamber
(TPC), the inner and outer detectors (ID and OD),
which measures momenta with a resolution of 8%
at 45 GeV/c; the electromagnetic calorimeter, HPC,
which was used to identify electrons, and covers the
central region | cos 8| < 0.7, where 6 is the polar an-
gle with respect to the beam direction; and the muon
chambers covering the regions |cos 8] < 0.6 and 0.7 <
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|cos 8| < 0.93. In addition, TPC , which covers the
angular range | cos 8] < 0.93, gives up to 192 samples
of dE/dx, which were used for electron identifica-
tion.

Both charged and neutral particles were used in the
event reconstruction. Hadronic decays Z° — qq were
selected by requiring at least 7 charged particle tracks.
Tracks were selected if they had an impact parameter
to the nominal interaction vertex below 5 cm in the
transverse plane with respect to the beam axis, and
below 10 cm along the beam direction, and a momen-
tum of at least 200 MeV/c. A neutral particle was ac-
cepted, if the deposited energy in the electromagnetic
calorimeter was larger than 0.7 GeV. Events were ac-
cepted only if the total visible energy was larger than
0.3 x Ecn and if the relevant detector parts used for
this analysis, i.e. TPC, HPC and the muon chambers,
were fully operational.

This gave 112700 events from the 1991 run and
59 450 from the 1990 run with the thrust axis in the re-
gion | cos 81| < 0.65, where there is a high efficiency to
identify both muons and electrons, and 76 846 events
from the 1991 running with 0.65 < |cos8r| < 0.90,
where only the muon identification could be used.

In each event, a cluster analysis was made with the
LUND algorithm LUCLUS [4] using both charged
and neutral particles. The transverse momentum p; of
a lepton was defined as the momentum component
transverse to the rest of the cluster to which the lepton
belonged, after the lepton itself had been removed
from the cluster.

The muon identification was performed by com-
bining the muon chamber hits with the tracking in-
formation and has been described in detail elsewhere
[5]. Only charged particles with momentum larger
than 3 GeV/c were considered. The muon candidate
must be associated with hits in at least two planes of
the muon chambers, one of which must be outside
the iron return yoke. The criteria to identify a particle
as a muon were based on a x? fit, where the y 2 was
calculated from the difference between the extrapo-
lated track trajectory and the fitted track element con-
structed from the hits in the muon chambers. The effi-
ciency of the algorithm to identify a muon with these
criteria was (78 = 2)% [6].

The electron identification [7] was performed us-
ing the ionization loss d£/dx measured in TPC, and
the energy and the transverse and longitudinal shape

PHYSICS LETTERS B
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Table 1
Efficiency to tag an electron in two regions of py, determined
from the data.

Region pi (GeV/c) €e (%) P (%)
p<1GeV/c 60+ 2 61+2
n>1GeV/e 73+2 70+ 2

of the shower measured in HPC, exploiting the de-
tailed granularity of the electromagnetic calorimeter
which gives a three-dimensional image of the shower.
Electrons were identified in HPC by utilizing a sin-
gle canonical variable, constructed with the statistical
analysis SAS package [8] to determine the weights
with which to combine linearly the transverse and
longitudinal shower shape variables. This identifica-
tion algorithm takes into account the energy (E) de-
posited in the calorimeter, and the extrapolated mo-
mentum (p), without the need of an explicit cut on
E/p, which is uncertain due to the energy resolution
of the gas calorimeter. The identification was applied
to charged particles with p larger than 3.5 GeV/c.

The efficiency of electron identification was de-
termined using the dE/dx information to define a
sample of electrons and hadrons in the data. The
hadron sample was defined as all charged particles
with dE/dx less than 1.3, the expected value for a
minimum ionizing particle being 1.0. The comple-
mentary sample with d£/ dx greater than 1.3 is a mix-
ture of hadrons and electrons. The true electron sam-
ple was determined statistically by subtracting from
this sample the fraction of hadrons, estimated from
the sample with dF/dx less than 1.3 weighting ap-
propriately for the different momentum spectra of the
samples.

Table 1 gives the electron identification efficiency
€. (in percent) in different regions of p;, determined
from the data, together with the purity P., defined as
the fraction of true electrons in the selected sample.

For comparison, the efficiency determined from
Monte Carlo with full detector simulation for elec-
trons in the region of p; greater than 1.0 GeV/c
was (78 + 2)%, and the purity of the sample in the
same momentum region was (77 &+ 2)%. The overall
hadron misidentification probability was found to be
(0.78+0.2)% in data and (0.91+0.1)% from simula-
tion. Checks were also made with charged particles of
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known nature, from K decay (charged pions) and y
conversions (electrons). The efficiency for electrons
from converted y or Dalitz pairs was determined to
be (56+2)% from the 1990 data and (58 £ 3)% from
simulation. The agreement was also satisfactory for
hadron misidentification. The efficiency for identi-
fying leptons is, however, not crucial for measuring
the mixing parameter, because the measurement is
obtained from the ratio of the number of dilepton
events as defined in section 3 below.

The sample defined by the above criteria consisted
of 656 pu, 260 ee, and 749 eu events with the two lep-
tons in opposite hemispheres with respect to a plane
perpendicular to the thrust axis. Out of these, 357 were
£%e* , 366 were £~¢~ and 942 were £+{~ topology.
In addition, there were 789 events with two leptons
in the same hemisphere. If there were three leptons
found in the event, the two leptons with highest p,
were considered in the analysis.

3. Analysis method

To estimate the composition of the dilepton sam-
ple, about 320000 simulated qq events were used.
The events were generated by using the Lund Parton
Shower (PS) model in the JETSET 7.2 program [4],
passed through the full detector simulation, and pro-
cessed with the same event reconstruction as the data.
A special Monte Carlo sample of 21000 bb — £ + X
events (with leptons fromb — ¢ and b — ¢ — ¢ de-
cays), generated with the PS model and treated in the
same way as the simulated qq events, was also used.
The total statistics of simulated events corresponds to
nearly 1 million hadronic decays of the Z°.

The fragmentation process was described by the
string scheme using the Lund left-right symmetric
fragmentation function [9] with parameters tuned to
describe DELPHI data [10]. The branching ratios
were set to 10% forb — £, 10% forc — ¢ , and 20% for
b — D**. One percent of b decays occurred through
the channel b — ¢ — £.

Background to the muon sample originates from
punch through hadrons, misassociations of hits in the
muon chambers, and hadron decays. For electrons,
background is generated by y conversions (the mate-
rial in front of the HPC calorimeter corresponds to
0.7 radiation lengths on the average), and hadrons
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Table 2
Opposite jet dilepton sample composition from the simula-
tion (p; > 1 GeV/c). The values are in percent.

Composition  pu ee eu all

PB-PB 5343 56+£5 50+4 5242
PB-SC 2343 19+4 16+£2 19+2
SC-SC 1+1 3+2 1+1 1+1
PC-PC 241 241 241 2+1
BKG-any 21+£3 2044 31+3 2642

misidentified as electrons. Conversions and Dalitz
pairs were rejected with an efficiency of (37+1)% by
requiring that the minimum invariant mass with a par-
ticle of opposite charge was larger than 150 MeV/c?.

Table 2 shows the composition of the selected sim-
ulated sample of dileptons in opposite jets, when both
leptons have a p¢ larger than 1 GeV/c.

The semileptonic b decays are expected to produce
leptons with high p and p:. In fig. 1, the distributions
of p and p, for all leptons in events with leptons in op-
posite jets are compared to those expected from the
different sources of dileptons identified in the simu-
lation. In fig. 2, the same quantities are compared for
leptons in the same jet. It is clearly seen, that the sim-
ulation predicts and describes quite well the momen-
tum distributions of the like sign leptons in the same
jet — these events are pure background (figs. 2b and
24d).

To maximize the separation between the signal and
the background, two variables were used: the vector
product of the momenta of the two leptons |p, x p,|,
and the smaller of the p; values of the two leptons. Fig.
3 shows the scatter plots expected for these variables
for the signal and the background separately.

These two variables were combined to define

Pait = %dpl X Py + (ptmin)2. (3)
Fig. 4 shows the distribution of this variable for
data and simulation. In the region pg; greater than
2 GeV/c, the contribution from PB-PB dominates
(65%). This region contains 48 dilepton events of
the same sign and 106 of opposite sign, giving a
mixing parameter ¥ = (11.4+5%)%. The value of
was obtained in this case by comparing the measured
ratio of same sign and opposite sign events (R) to
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the expression of that ratio given by the Monte Carlo
simulation expressed as a function of .

4. Measurement of

Using the full sample of dilepton events, the ratio
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25 E
0

15 20 2 o 5 10 15 2 25
P LEFTON (0EV/C) # LEPTON (GEV/C)

(0 DELPHI (@ DELPHI

g

¢ 250
%225

8 200
175
150

8125 F

NUMBER OF LEFTONS/0.2 GEV/C
3 8

3

) 1 2 34
PT LEPTON (GEV/C)

PT LEFTON (GEV/C)

Fig. 2. Leptons in the same jet: (a) p distributions for the
data (stars) and the simulation (histograms) for the op-
posite charge leptons. The dark shaded region shows the
PB-SC contribution. (b) p distributions for the data (stars)
and the simulation (histograms) for the same charge lep-
tons. The vertically hatched region is from events with at
least one lepton from the background. (¢) and (d) show the
i distributions for the opposite and same charge leptons,
respectively.

g g DELPHI
8 8 S
4 4
5 £
PV AN x.l P
2 3 4

P,XPJ/16. (GEV/CY ®,XPJ/16. (GEV/CY

BKG—any DELPHI
Pe-pc

PT MIN (GEV/C)
NN

O‘ 1 ‘ 2 3 4
P, XP4/16. (GEV/CY
Fig. 3. |p| x p,|/16 versus p; for leptons from (a) PB-PB,

(b) SC-SC and PB-SC and (c) at least one lepton from
background.

151



Volume 301, number 1

§2so - DELPH'
g
~
a0 [
g |
§ L
200
g - DATA
2 A
80 L } PB-P8

-
e
H]]]]]ﬂﬂ PB-SC or SC-SC
[ ]

bkg - any or PC~PC

45" s
PDIL (CevV/c)

Fig. 4. pg; distribution for the data (stars) and the simula-
tion (histograms). The dark shaded region shows the con-
tribution from PB-PB, the vertically hatched region from
PB-SC and SC-SC, and the white region from BKG-any
and PC-PC.

_ W) 4 (e

k= (£=2+) + (£££%)”°

(4)

was calculated as a function of pg;, and the mixing
parameter x was fitted from this distribution with the
chisquared method.

Possible biases in the measurement due to correla-
tions in the background were investigated with sim-
ulation. In a b quark jet, a charged kaon coming di-
rectly from the secondary ¢ quark has the same sign
as a prompt lepton from b. It was found that 75% of
kaons with p greater than 3 GeV/c are correlated in
sign with the b quark. The probability that a kaon with
p greater than 3 GeV/c is tagged as a muon is 1.7%.
Background events with a lepton coming from b and
a kaon tagged as a muon behave as signal with respect
to the mixing parameter. This effect was taken into
account in the fitting procedure. When Monte Carlo
events were generated with a fixed value of the y pa-
rameter, the sign of (b — ¢K) and (b — ¢ — {K)
events were weighted according to the x parameter
and the kaon momentum.

The value obtained from the fit was
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Fig. 5. Ratio R as a function of pg; together with the fit-
ted values corresponding to x = 0.121 (dotted line). Also
shown (dash-dotted line) are the values corresponding to
x =0

x = (12.125)%, (5)

where the error is statistical, but it also takes into ac-
count the limited statistics of the Monte Carlo sam-
ple used in the fit. Fig. 5 shows the result of the fit
compared to the data.

Other variables, like p™™ alone, were also tried to
discriminate between the signal and the background.
The result obtained from the fit was

x = (11.5%33)%. (6)

Table 3

Contributions to the systematic uncertainty in the measure-
ment of the mixing parameter. Variations given in percent
are relative to the values in the simulation.

Source Variation Change in x
Br(b — {) +10% +0.011
Br(c — ¢) +10% +0.006
Br(b — ¢) - 3% +0.003
hadron

misidentification +20% +0.004
fragmentation

function {xg) = 0.68-0.74 +0.010
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There are several sources of systematic uncertain-
ties intrinsic to the simulation used to estimate the
background. The variations taken into account are
shown in table 3, together with the effects on y. (xs)
is the mean fraction of energy taken by the B-hadron
in the fragmentation process. The total systematic un-
certainty in the mixing measurement was obtained by
adding in quadrature the contributions, giving +1.7%.

5. Measurement of Br(b — ¢£)

In addition to the mixing measurement, it is pos-
sible to extract the average branching ratios of the b
quark into electrons and muons from the samples of
single and dilepton events.

The branching ratios were obtained from the ratio
between the number of events containing two leptons
and the total number of leptons observed, with each
lepton having p; greater than 1.0 GeV/c. In this ra-
tio, the Z° decay width to the b quark cancels, but
one detection efficiency factor for the leptons com-
ing from the b decay remains. This efficiency factor
was estimated from simulation. The values used were
(46.6 = 1.5)% for muons and (30.3 4 1.1)% for elec-
trons, and they include the efficiency of the algorithm
to identify the lepton as well as the cut in the lepton
spectra, the efficiency of track reconstruction and the
efficiency of associating a track to a shower in the
case of electrons. The fraction of leptons coming di-
rectly from a b decay was estimated by taking the con-
tributions of leptons other than from direct b decays
from the full simulation of DELPHI. The description
of the background was checked with the same sign—
same jet dilepton events, which are pure background.
Figs. 2b and 2d show that the agreement of the sim-
ulation with the data is satisfactory. This gives con-
fidence that both the shape and the absolute amount
of background estimated for the opposite jet dilepton
sample and the single lepton sample are reasonable.

From ee events it was found:

Br(b—e) = [10.7 £ 1.5 (stat.}]%. (7)

From uu events it was found:

Br(b— u) = [11.0+ 1.2 (stat.)]%. (8)
The whole sample of ee + uu + eu events yielded a
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Table 4

Contributions to the systematic uncertainty in the measure-
ment of the semileptonic branching ratios. Variations given
in percent are relative to the simulation values.

Source Variation Absolute change
in Br(b — ¢)

Br(c — ¢) +10% +0.2%
background +15% +0.2%
efficiency +3% +0.3%
b fragmentation (xg) = 0.68-0.71 +0.4%
pt cut p> 1.2 GeV/e -0.4%

mean branching ratio

Br(b— ¢) = [10.0£ 0.7 (stat.)]%, %)

where £ is a muon or an electron. This measurement
can be compared with the value obtained by DELPHI
inref. [111].

Several sources of systematic uncertainties were
considered: the Monte Carlo sample composition,
the efficiency to identify leptons (which is the most
crucial parameter), the b quark fragmentation, and
a different interval of p, in which to perform the
measurement. Their effects are reported in table 4.
The total systematic uncertainty from these sources
is £0.7%.

6. Conclusions

Using a sample of 1665 dilepton events, the average
BB’ mixing parameter in the Z° decays has been
found to be

x = 0.12113% (stat.) £0.017 (syst.). (10)

The semileptonic branching ratio of B-hadrons,
measured from the dilepton and single lepton events,
has been found to be

Br(b —¢) = [10.0+ 0.7 (stat.) + 0.7 (syst.}]%,
(11)

where /¢ is either a muon or an electron.
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