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Abstract

Oscillations of BY mesons were studied in events with a large transverse momen-
tum lepton selected from 3.2 million hadronic Z° decays registered by DELPHI
between 1991 and 1994. A limit on the mass difference between the physical
BY states

Amg > 6.5 ps~! at 95% C.L.

was obtained by combining the results obtained in three channels.

(To be submitted to Physics Letters B)
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1 Introduction

In the Standard Model, Bg — B_g (¢ = d,s) mixing is a direct consequence of second
order weak interactions. Starting with a BS meson produced at time ¢t=0, the probability,

P, to observe a Bg decaying at the proper time ¢ can be written, neglecting effects from
CP violation:

P(B, = B) = %G_th[cosh(%t) + cos(Amy,t)].
Here I'y = M, Al', = Ff — Ff, and Am, = mf — mf, where H and L
denote respectively the heavy and light physical states. The oscillation period gives a
direct measurement of the mass difference between the two physical states. The Standard
Model predicts that AI' < Am. Neglecting a possible difference between the BY lifetimes
of the heavy and light eigenstates, which could be between 10 to 20% [1], and writing
7, = 1/I'y, the above expression simplifies to:

%gmix — p(Bg — BS) = Le_%[l —|—COS(Amqt)]

27Tq

and similarly:

ggw = P(BS — BY) = ;qu_%[l — cos(Amyt)]

At LEP any mixing measurements are sensitive to B% and BY meson oscillations. The
time integrated mixing probability has already been measured [2]. It is defined as Y =
Pixq+ P;x, where the P, are the B] fractions in b jets, and the x, = 27 /2(1 + z}),
with z, = Am,/T,, are the time integrated mixing probabilities for the BY mesons. The
parameter Yy, has already been measured at the Y(4S) [3] and Am, at LEP, where time
dependent oscillations of B mesons were measured and limits on Am, obtained [4,5].

The results presented here were obtained from data registered by DELPHI between
1991 and 1994 (1995 data were also analysed for the (¢,Dg) — Qpen analysis). The
principle of these measurements was as follows. Fach of the charged and neutral particles
measured in an event was assigned to one of the two hemispheres defined by the plane
transverse to the sphericity axis. In one hemisphere, a “production tag” was then defined
which is correlated to the b/b sign of the initial quark at the production point; in the
other hemisphere, the decay time of the B hadron was evaluated and a “decay tag” was
defined, correlated with the B/B nature of the decaying hadron.

Three analyses were performed using events containing a lepton emitted at large trans-
verse momentum, p;, relative to its jet axis. The lepton charge defines the “decay tag”. In
two of these analyses the “production tag” was obtained from the value of the hemisphere
charge measured in the hemisphere opposite to the lepton (Qpem): they will be called
the { — Qpem channel and the (Dgl) — Qpern channel. In the latter, the identified lepton
is accompanied by an exclusively reconstructed Dy in the same hemisphere. The third
channel, ¢/ — 7, uses events with two high p; leptons, identified in opposite hemispheres,
and it is not possible to separate the notions of “decay” and “production” tags.

Sections 2 and 3 describe the main features of the DELPHI detector and the event
selection and simulation. Section 4 presents the algorithm used for the hemisphere charge
reconstruction. Section 5 explains the procedure used to set limits on Amg. Sections 6
to 8 present the different analyses. The combined result is given in Section 9.



2 The DELPHI detector

The events used in this analysis were recorded with the DELPHI detector at LEP
running near the Z° peak. The performance of the detector is described in [6]. The
relevant parts for lepton identification are the muon chambers and the electromagnetic
calorimeters. The Vertex Detector (VD) is used in combination with the central tracking
devices to measure precisely the charged particle trajectories close to the beam interaction
region.

The DELPHI reference frame is defined with z along the e~ beam, x towards the
centre of LEP, and y upwards. The angular coordinates are the polar angle #, measured
from the z axis, and the azimuth angle ¢, measured from the z-axis. R is the radial
distance from the z-axis.

The muon chambers are drift chambers located at the periphery of DELPHI. The
barrel part (—0.63 < cos 6 < 0.63) is composed of three sets of modules, each of two active
layers, that give z and R¢ coordinates. In the forward part, two layers of two planes give
the x and y coordinates in the transverse plane. The precision of these detectors has to
be taken into account for muon identification: it was measured to be 1 ¢cm in z and 0.2
cm in R¢ for the barrel part, and 0.4 cm for each of the two coordinates given by the
forward part. The number of absorption lengths in front of the muon chambers, which
largely determines the hadron contamination, is approximately 8 for § = 90°.

Electrons are absorbed in the electromagnetic calorimeters. The High density Pro-
jection Chamber (HPC), which covers the angular region used in this analysis, provides
three dimensional information on electromagnetic showers. It has 18 radiation lengths
thickness for 8 = 90°.

During the first part of the data taking period (1991 to 1993), the Vertex Detector [7]
consisted of three concentric shells of silicon strip detectors, at average radii of 6.3, 9 and
11 c¢m, that measured the coordinates of charged particle tracks in the transverse plane
with respect to the beam direction (R¢) with a precision of 8 um. The association of this
detector with the central tracking system of DELPHI, consisting of the Time Projection

Chamber (TPC) and the Inner and Outer Detectors, gave a precision of \/202 + (65/p)?

pm (with p in GeV/¢) on the transverse impact parameter of charged particles with
respect to the primary vertex. For the data registered in 1994, the inner and outer shells
of the VD were equipped with double-sided detectors, providing in addition an accurate
measurement of the charged particle trajectories along the beam direction (z). The single
hit precision of the z coordinate is a function of the incident angle of the track, reaching
a value of 9 pum for tracks perpendicular to the modules.

The 192 sense wires of the TPC measure the specific energy loss, dE/dx, of charged
particles as the 80% truncated mean of the amplitudes of the wire signals with a minimum
requirement of 30 wires. This dE/dx measurement is available for 75% of charged particles
in hadronic jets, with a precision which was measured to be 6.7% in the momentum range
4 < p<25GeV/e It was used in electron identification.

To identify kaons with momenta between 3 and 15 GeV /¢ (this range corresponds to
the typical momentum for kaons from a B decay), the gas radiator of the barrel Ring
Imaging CHerenkov detector (RICH) [8] was used: below 8.5 GeV/e, it works in the
veto mode (kaons and protons give no Cherenkov photons and were thus distinguished
from pions and leptons, but not from each other); above this threshold, kaons were
distinguished from all other charged particles by measuring the radius of the ring of
detected Cherenkov photons.




3 Event selection and simulation

Hadronic decays of the Z° were selected by requiring the total energy of the charged
particles in each hemisphere to exceed 3 GeV (assuming all charged particles to be pions),
the total energy of the charged particles to exceed 15 GeV, and at least 5 charged particles
with momenta above 0.2 GeV/c.

Each selected event was divided into two hemispheres separated by the plane transverse
to the sphericity axis. A clustering analysis based on the JETSET algorithm LUCLUS [9]
with default parameters was used to define jets, using both charged and neutral particles.
These jets were used to compute the p?** of each particle in the event, defined as its
momentum transverse to the axis of the rest of the jet it belongs to, after removing the
particle itself.

Simulated events were generated using the JETSET 7.3 program [9] with parameters
tuned as in [10] and an updated description of B decays. B hadron semileptonic decays
were simulated using the ISGW model [11]. The generated events were followed through
the full simulation of the DELPHI detector (DELSIM) [6], and the resulting simulated
raw data were processed through the same reconstruction and analysis programs as the
real data.

4 b/b tagging using the mean hemisphere charge

The mean charge of an event hemisphere is defined as :

Z?:l QZ(p_;e_;)H
Z?:l (p_;e_;)H

where ¢; and p; are the charge and the momentum of particle 7, €5 is the unit vector along

Qhem = (1)

the sphericity axis, and k=0.6. The sum is extended over all charged particles present in
the hemisphere. The value chosen for « corresponds to the best separation between the
Qhem distributions for b / b quarks, according to the simulation.
In the /— Qe channel, only the mean charge of the hemisphere opposite to the lepton,
PP? was used. For pure bb events, if a b candidate was selected by requiring Q57¢ > 0.0,

the fraction of correct tags, ¢,", in the simulation is (64.2 £0.2)%. If € is the fraction
of the original b events remaining in the tagged sample, the statistical significance of a

signal from oscillations is proportional to /e (26," — 1). The statistical significance was
found to be optimised by requiring | Q22 |> 0.10, givingjiag = (68.8 £0.2)% and an

efficiency of 67.5% in the simulation. In the study of BY — BY oscillations using the same
data sample [5], the purity of precisely this tagging was measured directly from the data;
a lower value was obtained, ¢,/ = (67.3 4 0.5)%. This value obtained from the data was
used in the present analysis.

In the (Dgf) — Qpem channel, the mean charge of the hemisphere containing the Dg/
system was also used, after excluding all the charged particles coming from the B? decay,
i.e. the lepton and the Dy decay products:

Qrot = Q107 — Q77 (except Dg, £) (2)

hem hem

This results in using only particles from fragmentation, which carry information only
about the original b/b quark charge as they are not affected by the oscillation of the
neutral B® mesons. In the simulation, this improves the fraction of correct tags, ¢,"¢,

from (64.2+0.2)% to (70.5+0.5)% while retaining 100% efficiency. To take into account



the 1.5% difference between the tagging efficiencies in data and simulation observed in
the ¢ — Qpem channel (see above), a conservative value of ezag = (69.0 £ 2.0)% was used
in the analysis.

In the analysis of B-B oscillations, the probabilities of classifying non-bb events as
mixed or unmixed candidates must also be evaluated. As these events are a small frac-
tion of the selected sample, the corresponding values were obtained from the simulation.
Conservative uncertainties on these quantities were used when evaluating their contribu-

tions to systematic errors.

5 Procedure used to set a limit on Am,

Limits on Am, were obtained using the “amplitude” method [12]. In this method, an
oscillation amplitude, A, is fitted for each assumed value of Am,. The equations for P74

: B
and 77]“37%3)7””” become:
P%%mm = P(BS — BS) = 21_5 6_%[1 + A cos(Ams,t)] (3)
and o |
Pt =P(BL = BY) = QTSe—%u — Acos(Am,t)). (4)

For A = 1, the standard time distribution expressions for mixed and unmixed candidates
given in Section 1 are recovered. In the limit of infinite statistics, the value of A(Amy)
can lie between 1 (for the true Amg value) and 0 (far from the true Am, value); in
fact A(Amy) is the Fourier transform of the observed proper time distribution of the
mixed (Eq. 4) or unmixed (Eq. 3) decays, extracted taking experimental resolutions and
efficiencies into account, and normalised to have a unit expected peak amplitude. Its
expected form is approximately a Breit-Wigner [12]

F(Ams) [?

AlAm,) = F(Amtree) [[2 + (Amiree — Am,)?] (5)

where the factor F(Amy)/F(Am! ™) absorbs the damping terms due to sample purity,
mis-tagging and resolution that reduce the size of the oscillation expected for given Amy,
and the width I' reflects the limited effective proper time range of the measurement due
to the BY lifetime and to the degradation of the proper time resolution with increasing
proper time.

Compared with the likelihood approach, in the amplitude approach it is easier a priori:

e to add contributions from systematic uncertainties,
o to see the effect of large statistical fluctuations or systematic bias,
e to combine different channels and/or experiments,

and the amplitude approach has therefore been adopted by the LEP Oscillations Working
Group [13].

Each measurement of A at a given value of Amg, A,,, is described by a Gaussian
probability density function, G(A, A,,,04,,), centred at A = A,, where o4, is the error
on the measured amplitude. Several procedures can be used to set a limit in this situation,
as described by the PDG [14]. The best procedure to apply for Am;g has not yet been
agreed.

Two of these procedures are:



a) A given value of Am; is excluded with 95% C.L. when, if this value were the correct
one, the probability of observing an amplitude value lower than the observed one
would be below 5%. This corresponds to [ G(A, A, 04,,)dA < 0.05, and in the

case of a Gaussian distribution to
A, < 1— 1645 04, (6)

This method gives a true 95% C.L. limit, in the sense that the true value of Am; will
be ‘excluded’ in 5% of measurements. It has the undesirable property, however, that
even a very high true Am; value that is in fact undetectable given the experimental
resolution will be ‘excluded’, unrealistically, by a ‘lucky’ fluctuation, 5% of the time.
If this method is used, the corresponding ‘exclusion probability’ discussed further
below (or other equivalent information) should therefore also be quoted; its smallest
possible value in this method is 5%, and values near 5% correspond to completely
unrealistic limits.
b) The same procedure as in a), but limited to positive amplitudes:

[T G(A Ay oa,,)dA
Jol G(A, Apyoa,,)dA

< 0.05 (7)

This method completely eliminates unrealistic limits, at the cost of being excessively
conservative in the Amg region where realistic limits are possible.

Following current practice [13], procedure (a) is used in this paper. We also give the
corresponding exclusion probabilities; and the result of the second procedure (b) is also
reported for comparison.

Systematic uncertainties were evaluated by varying, according to their respective un-
certainties, the values of the input parameters which were kept constant in the evaluation
of the log-likelihood function. For each input parameter (¢), the variation of the ampli-
tude and of its measurement error were both taken into account in the evaluation of the
systematic uncertainty.

This was done in the following way. If f(q) is the probability distribution for the input
parameter ¢, the confidence level that the fitted amplitude will not exceed unity is:

+oo +oo
CL = [ fa) [ G A(g).0a,(0))dA dg (3)
This expression was evaluated for each parameter, assuming that f(¢) is a Gaussian
centred on ¢o and of variance o, and using the values of A,,(¢) and o4,,(q) fitted for five
values of ¢, namely qo, g0 = 1.50,,, and ¢g £ 3.00,,. Thus the integral was approximated
by the sum:

Yoy Jla) S G(A An(q), 04, (i) dA
25:1 f(%) ‘

From the values of C'L and of the amplitude A(qp), an effective variance o2(qo) was
evaluated. This was then interpreted as resulting from the statistical error o4(qo) and an
additional systematic uncertainty o4(qo)(syst), determined from

o4(q)(syst) = 3(q9) — o5(q)- (10)

Using five values of ¢ in this way gives an accuracy of the order of 5% on the systematic
uncertainty.

In the amplitude approach, it is also easy to compute the exclusion probability P,
i.e. the probability of obtaining a 95% C.L. limit at a given value of Am, using the

L =

(9)



channel studied. It has to be assumed that the real value of Am; is much larger than
the Am, value considered, so that the expected value of the amplitude is equal to zero.
According to equation (6), all measured values of A which satisfy A < 1 — 1.64504
are such that the corresponding value of Am, is excluded at 95% C.L.. Then Pp;,i can
be written as:

Primit = 1—/00 G(A,0,04)dA (11)
1

—1.6450 4

6 The (D;'EEqE — Qhrem) analysis

In this analysis, B? — BO oscillations were measured using an exclusively reconstructed
D meson correlated with a lepton of opposite charge emitted in the same hemisphere:

B — D 7pX.

D, mesons were identified in five non-leptonic and two semileptonic decay modes:

Df — ont ¢ — KTK™;
D — KK+ K’ — K
Df — KSK* KY — 7t7r—;

Df — £5(980)7t £5(980) — 7t~

s

Dt — KK+ K — K-+, K+ — Ko

s

DY — ¢etu, ¢ — KTK™;

s

Df — outy, ¢ — KTK™.

6.1 D, non—leptonic decay modes

D,* candidates were selected using the procedures described in [15] for the first three
channels. For the two remaining non-leptonic channels the selection is described below.

6.1.1 D,T — £,(980)7+

Df — 5(980)7 % candidates were reconstructed by making all possible combinations
of three charged particles in the same hemisphere that were geometrically compatible,
i.e. had a vertex fit probability greater than 5%.

The following kinematic cuts were applied:

at least one of the particles had p > 1.5 GeV /e,

each particle had an energy loss measured in the TPC compatible within 30 with
the pion hypothesis,

each had at least one associated hit in the silicon vertex detector (VD),

|M(7t7™) — Mppa(f6(980))] < 100 MeV/c?,

p(D1) > 10 GeV/ec.

where p is the momentum, M is the reconstructed mass, and the suffix PDG indicates
the world average value [14].

Further background reduction was achieved by requiring the probability for the track
impact parameters relative to the beam interaction position, in the hemisphere opposite
to the one containing the Dy candidate, to be incompatible with that expected for lighter
quark events [16] (i.e. by requiring probability < 0.001).



6.1.2 Dt — K K*t

D,f — K™K** candidates were selected by reconstructing K% — 77~ decays ac-
companied in the same hemisphere by two charged tracks of the same electric charge
and by a “loosely” identified kaon [6] of opposite electric charge (in the following, the
categories “tight”, “standard” and “loose” as defined in [6] will be used).

K% candidates were obtained by combining all pairs of tracks of opposite electric
charge, and applying the “tight” selection criteria described in [6]. The K% trajectory
and the remaining three tracks were tested for geometrical compatibility with a single
vertex by requiring x*(D; vertex) < 20. Since the track parameters of the K% had large
measurement errors, at least one VD hit associated to each of the other three charged
tracks was required in order to improve the vertex resolution. To reduce the combinatorial
background, the following kinematic cuts were also applied:

p(7T) > 0.5 GeV/c for both pions,
p(K7) > 1 GeV/c,

IM(K=7%) — Mppa(K™)| < 50 MeV /c?,
|M(K(SJ7T+) — Mppg(K*+)| < 50 MGV/CQ,
p(Dg) > 9 GeV/c.

0

6.1.3 Further treatment of non-leptonic decays

In all non-leptonic modes, the measured position of the D™ decay vertex, the Dyt
momentum, and their measurement errors, were used to reconstruct a Dt particle. A
candidate BY decay vertex was obtained by intercepting this particle with a “loosely”
identified lepton [6] (electron or muon) of opposite charge in the same hemisphere (as
for hadron identification, leptons were also classified as “tight”, “standard” and “loose”).
The lepton was required to have a high momentum (p > 3 GeV/c) and high transverse
momentum (pf* > 1.1 GeV /c) to suppress fake leptons and cascade decays (b — ¢ — (1)
of non-strange B hadrons; the lepton track had also to be associated to at least one hit
in the VD.

Further cascade background suppression was achieved by applying a cut on the prob-
ability that all the tracks accompanying the DX(F system in the same hemisphere come
from the primary vertex [16]. In addition, the following kinematic cuts were applied:

¢ 3.0 < M(DE(F) < 5.5 GeV/c?,
e p(DE(T) > 14 GeV/c,
o (B2 vertex) < 20.

In the D, mass region, a clear excess of “right-sign” combinations (D¥(F) over
“wrong-sign” combinations (D¥/*) was observed in each channel (Figure 1). Table 1
gives the measured number of events (background subtracted) in the D,* signal and the
ratio of the combinatorial background events to the total. The mass distribution for non-
leptonic decays was fitted using two Gaussian distributions of equal widths to account
for the Dy and DT signals and an exponential for the combinatorial background. The D
mass was fixed to the nominal value of 1.869 GeV/c? [14]. The overall mass distribution
for all the non-leptonic decays is shown in (Figure 2a). The fit yielded a signal of 128+ 15
D, decays in “right-sign” combinations, centred at a mass of 1.965 4 0.002 GeV /c? with
a width of 16 +2 MeV/c?.



‘DS decay modes ‘Estimated signal | Combinatorial background / Total‘
D, —s ont 45 + 8 0.33 £ 0.05
D, — KK+ 36 &+ 7 0.35 + 0.06
D, — KoK+ 3547 0.33 £ 0.06
D, — KK+ T£3 0.36 £ 0.14
D, — fo(980)7+ 16 +5 0.50 & 0.12
D, — oty | 38£1 | 0.38 £ 0.06 |

Table 1: Numbers of Dy signal events and ratios of the combinatorial background events
to the total in the Dy decay channels. The level of the combinatorial background was
evaluated using a mass interval of £20 (+1I") centred on the measured Dy (¢) mass.

6.2 D, semileptonic decay modes

The (D(F) candidates with D, mesons decaying in the last two decay modes
(Dt — @, where { = e or p) were found by searching for ¢f*/~ combinations
in the same hemisphere.

The ¢ mesons were selected using the same kinematic cuts as in the ¢n ™ decay mode,
but the identification cuts were tightened by requiring a loose identification for at least
one of the two kaons from the ¢.

Each lepton, “loosely” identified, was assigned to the D, (BY) if the mass of the ¢/
system, M(¢l), was below (above) the nominal Dy mass. If both leptons give a M (/)
above or below the Dg mass the event was rejected. The following additional requirements
were then applied:

o p(fpo) >3 GeV/e, p(lp,) > 1 GeV/c,
o pi*(lgo) > 1.2 GeV/c,

o X]2:)b vertexr < 507 X]QBS vertexr < 307

e 2.5 GeV/c*< M(oll) < 5.5 GeV/c%

As in the previous analysis, the b-tagging probability, in the hemisphere opposite to the
one containing the Dy candidate was required to be compatible with that expected for a b
event. Further background reduction was achieved by requiring a missing energy, F,,;ss,
correlated with a lepton momentum, p(/po), in the same hemisphere satisfying:

V(Enies/10)2 + (p(lg0)/5)? > 1GeV,
where F,,;,s was defined as:
Emiss - Etot - Evis

where the visible energy (F,;s) is the sum of the energies of charged particles and photons
in the same hemisphere as the D¢/ candidate and, using four-momentum conservation,
the total energy (Fiy) in that hemisphere is:

M2~ — M?

same opp

4Ebeam

where M. and M,,, are the hemisphere invariant masses of the same and opposite
hemispheres respectively.

Etot — Ebeam +



The selected events showed a clear excess of “right-sign” with respect to “wrong-sign”
combinations (Figure 2b). The K*K~ invariant mass distribution for “right sign” events
was fitted with a Breit-Wigner distribution to account for the signal, and a polynomial
function to describe the combinatorial background. The fit gave 38 + 11 events (see
Table 1) centred at a mass of 1.020 £ 0.001 GeV/c? with a total width of 6 &2 MeV /.

6.3 Sample composition

B? meson oscillations were studied using events in the right-sign sample lying in a
mass interval of £20 (+11") centred on the measured Dy (¢) mass.
The following components in the selected event sample were considered [15]:

o fii, being the fraction of events from the combinatorial background. It was evaluated
from the fit to the mass distribution of right-sign events and is given in Table 1.

o fB. being the fraction of events in which Dy mesons are expected to come from By
semileptonic decays.

e fp.p being the expected fraction of cascade decays B — ﬁ(*)DS(*HX followed by

the semileptonic decay DY - ¢-7X which gives right-sign D¥(F pairs. This source
of background produces approximately the same number of events as the signal
[15], but the selection efficiency is lower for cascade lepton events than for direct B
semileptonic decays because of the requirement of a high p?* lepton and a high mass
(Dsl) system. After these cuts, the relative fractions are fpp/fs, = 0.106 4+ 0.020
for non-leptonic decays and fp, p/fp, = 0.102 £ 0.022 for semileptonic decays, as
obtained from the simulation. The errors on these fractions result from the errors on
the branching fractions of the processes contributing and the errors on the efficiency
ratios.

e f..; being the fraction of events from Dt — K~ntzt and DT — K%nt decays
in which a 7+ was misidentified as a K* which give candidates in the D, mass
region. If the DT is accompanied by an oppositely charged lepton in the decay
Bua — D77 X, it simulates a BY semileptonic decay. The fractions f..;1/fp, =

0.054 +0.015 and f..5i/fs, = 0.069 + 0.025 were obtained in the KK+ and KK

channels respectively.

6.4 Measurement of the B meson decay time

For each event, the B? proper decay time was obtained from the measured decay length
(Lpo) and the estimate of the B momentum (pgo). The BY momentum was estimated
from:

pB(st = (E(Dsg) + El,)z — mB(SJZ.

The neutrino energy F, was calculated from F,,;ss corrected by a function, deduced from
the simulation, of the (Dy/) energy' :

E, = Episs + F(E(D0)).

The details of this evaluation are given in [15].
Except for the combinatorial background contribution, the predicted proper time dis-
tributions were obtained by convoluting the theoretical functions with resolution functions

there D; means “observed decay products of Dy”, including also the decays where the Dy is not fully reconstructed

(specifically, Dy — ¢fv)
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evaluated from simulated events. Due to the different decay length resolutions, different
proper time resolutions were considered for K$K* decays, for other non-leptonic decays,
and for semileptonic D, decays. Different time resolutions were also considered for the
different Vertex Detector configurations in 91-93 and 94-95, respectively.

The proper time resolution was defined as the difference between the generated time ()
and the reconstructed time (¢;). The following proper time resolutions were considered:

e Ry, (t — ;) is the resolution function for signal events and for the mass reflection
background. Rp, was parametrized using two Gaussian distributions, the narrower
one having a width varying linearly with the generated proper time. The values of
the corresponding parameters are given in Table 2.

e Rp.p(t —t;) is the resolution function for the DD background. Since the measured
proper time is overestimated for these events, Rp.p(t — ;) is well described by a
Gaussian distribution convoluted with an exponential distribution. The dependence
of the resolution on the generated proper time was neglected.

The time distribution Py,(t;) for the combinatorial background was obtained directly
from real data, by fitting the time distribution of wrong-sign and right-sign events situated
in the wings of the Dy (¢) mass distribution.

D, decay First Gaussian | First Gaussian |Second Gaussian
Mode fraction (%) |resolution (ps)| resolution (ps)
KK+ (91-93) 70 0.157 + 0.038 ¢ 0.9
KKt (94-95) 80 0.105 4+ 0.062 ¢ 0.9
other non-leptonic (91-93) 80 0.133 + 0.046 ¢ 0.8
other non-leptonic (94-95) 80 0.080 + 0.060 ¢ 0.5
oty (91-93) 80 0.170 4+ 0.030 ¢ 0.9
oltr (94-95) 80 0.123 4+ 0.042 ¢ 0.9

Table 2: Time resolution for different Dy decay modes parametrized using the sum of two
Gaussian distributions. The width of the wider Gaussian was independent of the proper
time whereas the width of the narrower depends on the generated proper time.

6.5 Tagging procedure

An event was classified as a mixed or an unmixed candidate according to the sign of
the Ds electric charge, @ p, relative to the @)y, variable (see Eq. (2)).

Mixed candidates were defined by requiring Q,,; X Qp < 0, and unmixed ones by
requiring Q,,; X Qp > 0. The probability, ¢,"?, of tagging the b or the b quark correctly
from the measurement of ();,; was evaluated as explained in Section 4. The corresponding
probability for events in the combinatorial background was obtained using real data
candidates selected in the wings of the signal: the probabilities of classifying these events

unmiz

as mixed or unmixed candidates are called e}'" and ¢j/"*" respectively.
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6.6 Fitting procedure.

Using the calculated proper time distributions and the tagging probabilities, the prob-
ability functions for mixed and unmixed events were computed *:

PrE() = fo, PR + Fren Pl (6) + foo PR (6) + furg iy (L), (12)
The analytical expressions for the different probability densities are as follows:
e B, mixing probability.
P, (1) ={ PRt + (1 —¢)PEm(t) } o Re,(t 1) (13)

e D.D background mixing probability.

Three contributions were considered, according to whether the DD events come from
BY or B? mesons or from other B-hadrons. The first contribution has an oscillating
component which depends on the values of Amy and 7g,. For the B? part, for each
proper time equal contributions are expected from mixed and unmixed events, since
either of the two Dy can decay semileptonically. The third sample contributes to the
mixed events (because of the sign of the cascade lepton), and its time distribution
is an exponential whose average is given by the mean B-hadron lifetime.

Pop™ (1) = 1{ fe.( &P (1) + (1 — ™) PE"(t) ) +

(1= iy — i) exp(—t/m5) + 2= cxp(—t/m,) }© Rop(t 1)

o Mass reflection background mixing probability.
Since D*/F events come mainly from BY decays, the following probability density
was considered:

Prgi(t) = fe,d PR + (1= 6 PR (t) }© Re.(t —t) (15)
e Combinatorial background mixing probability:
Py (1) = €iiey Poig (1) (16)

A negative log-likelihood function was then obtained. Using the amplitude approach
(Figure 3), and considering only the statistical uncertainties, the excluded regions of
Am, are:

Am, < 1.0ps™', 32<Am,<65ps™!, 8.0<Am, <9.7ps™" at 95% C.L.. (17)

6.7 Study of systematic uncertainties

Systematic uncertainties were evaluated by varying the parameters which were kept
constant in the fit according to their measured or expected errors.

o Asexplained in Section 4, the variable ();,; was used. The tagging purity found in the
simulation was (70.5 + 0.5) % for 100 % efficiency. On the other hand, in the /—Q e,
analysis [5], using only the tracks present in the hemisphere opposite to the lepton,
the tagging purity fitted from the data was found to differ from the value measured in
the simulation by e’ (DATA) — ¢’ (MC) = —1.5 £ 0.5(stat) £ 1.5%. A conservative

estimation of the tagging purity in the data is therefore cl;et = (69.0 + 2.0)%.

In the following, only the probability function for mixed events is written explicitly; the corresponding probability for
unmixed events can be obtained by changing € into (1 — €).
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o fii, was varied according to the statistical uncertainty of the fitted fraction of the
combinatorial background present in the different Dy or KYK™ mass distributions.

o If the errors are Gaussian, the oscillation amplitude is damped by a factor p because
of the finite accuracy in the decay time o :

p = e~ (Ameai)? /2 (18)
where o; receives two contributions: one from decay distance errors and the other
from momentum errors. At small decay times, the accuracy on ¢ depends mainly
on the resolution on the decay distance. This quantity was measured using the
simulation, after having tuned the track reconstruction efficiencies and measurement
errors to match the real data. For this purpose, tracks emitted at angles less than 30°
from the horizontal plane were selected, so as benefit from the precise definition of
the beam position in the vertical direction. The details of the tuning procedure are
described in [16]. After the tuning, the agreement between real data and simulated
data on the decay distance error was evaluated to be 10%. Using the algorithm
described in [15], the BY momentum resolution was estimated to be 8%. To check
the reliability of the B! momentum estimate, the distribution of the momentum
estimated from the simulated signal events was compared with that from real data.
The latter was obtained by subtracting the estimated momentum distribution of the
combinatorial background, taken in the Dy side bands, from that of the events in the
signal region. The results are reported in [15]. The systematic error coming from
the uncertainties on the resolution functions was evaluated by varying by 10% the
two parameters describing the linear time dependence of the narrower Gaussian (see
Table 2). A variation of 10% of the resolution for the background events was also
considered.

Including these systematic uncertainties does not change the excluded Am; regions sig-
nificantly. The exclusion probability varies from 100% to 71% and from 47% to 28% for
the two first regions, respectively. In the region 8.0 < Am, < 9.7 ps~!, the exclusion
probability varies between 22% and 18%. The variation of the exclusion probability as a
function of Amg, obtained using the method described in Section 5, is given in Figure 5.

7 The £ — Qpem analysis

This analysis is very similar to that performed to extract a value of Amy in [5],
which should be consulted for details. A lepton, of electric charge )y, was identified in
one hemisphere, and the mean charge of the opposite hemisphere was used to classify the
events as mixed if Q.,, X Q, > AQ and as unmixed if Q,,,, X Q, < —AQ. As explained in
Section 4, the value AQ = 0.10 gives the best compromise between tagging efficiency and
tagging purity. The numbers of events classified as mixed and unmixed were respectively
12988 and 19406 for the 1991-1993 data, and 11063 and 16924 in 1994.

Figure 3 shows the fitted amplitude and its statistical errors. The following Amg
intervals were excluded:

Amg, < 1.9 ps™, 3.3 < Am, < 6.3 ps'. (19)

These limits correspond in (Figure 3) to the crossing points of the line A=1 with the
continous line. Systematic uncertainties were evaluated by varying the parameters which
had been kept constant in the fit according to their measured or expected errors. Values
for these parameters are summarized in Table 3.
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o The tagging purity cl;et and Amy were measured, using the same data sample, in

the study of B} — B oscillations [5]. The respective variations of these parameters
were applied, taking into account the measured correlation (p = 0.62) between their
fitted uncertainties. Their effect is mainly important at low values of Am.

e The fraction of B? mesons produced in a b quark jet was expressed in terms of the
integrated oscillation rates, Y and x4, and of the b-baryon production rate Py pqpyons:

2% - (1 - Pb—baryons)Xd

P, =
I —xa

(20)
In practice, the uncertainty on P, depends mainly on the measurement errors on y
and on x4, which were varied independently. Using the values reported in Table 3 :
P, = (10.242.0) %.

e The B? meson decay time was obtained from the measurements of the B meson decay
distance and the B meson momentum. Details are given in [5]. In the simulation,
the measured decay distance of each event was compared to the exact distance and
the difference was varied by 10%. A similar procedure was applied for the measured
momentum. The same procedure was applied for non-b events.

Parameter Central value and variation ‘
tagging purity for b — b events cl;et = 0.673 +0.005 [5]
Amy Amyg = 0.493 £ 0.042 ps~! [5]
integrated oscillation rate measured at LEP X = 0.1217 +0.0046 [17]
integrated oscillation rate for BY mesons Xa = 0.174 +0.016 [14]
b-baryon fraction in b jets Pybaryons = 0.087 + 0.029 [14]
uncertainty on the control of the measurement
of the B meson decay distance +10%
uncertainty on the control of the measurement
of the B meson momentum +10%

Table 3: Central values and variations of the parameters considered in the study of
systematic uncertainties.

Including systematic uncertainties, the excluded regions of Am, become:
Am, < 1.7ps™', 3.4 <Am,<6.1ps~t at 95% C.L.. (21)

These limits correspond in (Figure 3) to the crossing points of the line A=1 with
the dashed line. The exclusion probability is 60% for 1.7 ps™' and varies between 36%
and 17% for the edges of the region corresponding to 3.4 and 6.1 ps™! respectively. The
variation of the exclusion probability as a function of Am,, obtained using the method
described in Section 5, is shown in Figure 5.

8 The £ — £ analysis

In this measurement, the decay sign was determined from the lepton in one hemi-
sphere, provided a secondary vertex was reconstructed including that lepton, and the
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production sign was determined from the lepton in the opposite hemisphere. Details of
this analysis including the lepton selection criteria, the secondary vertex reconstruction
and the expression for the likelihood function are described in [5].

An event was selected if there was at least one identified lepton per hemisphere and
at least one reconstructed secondary vertex. It was classified as mixed if the charges of
the two leptons were the same and as unmixed if they were different. The numbers of
events classified as mixed and unmixed were 1579 and 3199 respectively.

Systematic uncertainties were again evaluated by varying, according to their respective
uncertainties, the values of the parameters which were kept constant in the evaluation of
the log-likelihood function. With respect to the parameters described in Section 7 and
listed in Table 3, the variation of the tagging purity in jets was replaced by the variation
of the fraction of wrong charge assignment, which was £6%. Figure 3 gives the variation
of the oscillation amplitude and of its error with Am,. The dashed line corresponds to
the statistical error on the amplitude scaled by a factor 1.645. The dotted line includes
the effect of systematic uncertainties. They affect the measurement at low values of Amy,
and the control of the time resolution produces also significant effects at very high values
of Am,.

Including systematic uncertainties in the measured amplitude, the 95% C.L. excluded
region is

Amg < 2.8 ps~tat 95% C.L. (22)

The exclusion probability for 2.8 ps™ is 36%. The variation of the exclusion probability

as a function of Amy, obtained using the method described in Section 5, is shown in

Figure 5.

9 Combined limit on Am,

The three analyses were combined, taking into account correlations between the event
samples and between the systematic uncertainties in the different amplitude measure-
ments (Figure 4). This gave the result :

Amg > 6.5 ps™' at 95% C.L. (23)

corresponding to x, > 10.5, where x, = Am, /T’y = Am,mgo and 750 = 1.6130 9 ps [14].
The exclusion probability for this limit is 36% (see Figure 5). The limit at 50% exclusion
probability would correspond to Am, > 5.3 ps™!. The interval

8.2 < Amy < 9.4 ps™' (24)

is also excluded at 95% C.L., where the exclusion probability varies between 25% and
19%. Applying procedure (b) defined in Section 5, the limit at 6.5 ps™' goes down to 6.2
ps~! and the region [8.2 — 9.4] ps~! is no longer excluded.
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Figure 3: Variation of the oscillation amplitude A as a function of Am,, from top to
bottom for the (DscﬁjF) — Qnems L — Qpenn and £ — ( analyses. The dashed line corresponds
to A + 1.64504 with statistical uncertainties only, while the dotted line includes the

contribution from systematics.
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