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1 Introduction

Oscillations of B? mesons have been studied from events selected from about 3.5 million
hadronic Z° decays registered by DELPHI between 1992 and 1995. Three different studies
have been done :

e using events containing a lepton emitted with a large transverse momentum relative
to its jet axis. This analysis has not been updated with respect to the contribution
which has been sent to 1998 Summer Conferences [1], and will be not described in
this paper.

e using events with a large transverse momentum lepton and a Dy of opposite electric
charge emitted in the same hemisphere. Using this sample the BY lifetime and the
lifetime difference between the two physical BY states have been also measured.
This note updates the contribution sent to 1998 Summer Conferences [2]

e using an exclusively reconstructed B? sample. In addition the oscillations have been
studied in events with a Dy exclusively reconstructed accompanied by a large mo-
mentum hadron of opposite electric charge emitted in the same hemisphere. Using
this sample, the BY lifetime and the lifetime difference between the two physical B?
states have been also measured. This note updates the contribution sent to 1998
Summer Conferences [3]

For the last two studies, two complete papers are jointed to this short note.

2 Combination of the analyses

DELPHI has performed four analyses on Am, using D, — ¢ candidates, events containing
a high p; lepton, D¥h¥ and exclusively reconstructed B? mesons. These analyses have
been combined, taking into account correlations between the events samples and between
systematic uncertainties in the different amplitude measurements (Figure 1). This gives
the following allowed intervals for Am:

Am, > 5.0 ps—!at 95% C.L.

with a sensitivity equal to 9.7 ps™!

( with statistical errors only the limit would be the same and the sensitivity would increase
at Am, = 10.0 ps~!. ) The variations, with Am, of the exclusion probability and of the
error on the amplitude are given in Figure 2.

The By lifetime and the lifetime difference between the two physical By states, measured
in the DX/F and DEhF samples, have been also combined. The result is :

7(BY) = (1.46 £ 0.11) ps

AT'g, /T, < 0.42 at 95% C.L.

The AT'g, /T'g, probability distribution is shown in Figure 3. In this last result it has been
assumed that g0 = 73,.
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Figure 1: DELPHI combined Amg analyses : variation of the oscillation amplitude A as
a function of Amg. The lower continuous line corresponds to A + 1.645 o4 where o4
includes statistical uncertainties only, while the shaded area shows the contribution from
systematics. The dashed-dotted line corresponds to the sensitivity curve. The lines at
A=0 and A=1 are also given.
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Figure 2: DELPHI combined Amg analyses: a) variation of the error on the amplitude
as a function of Amy, b) exclusion probability vs. Amy, ¢) lower limit probability density
vs. Amy.
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Figure 3: Upper plot: contours corresponding to 68, 95 and 99 % C.L. of the negative
log-likelihood in the plane Al's /T's,-mpo. Lower plot: probability density distribution for
AT'g, /T's,; the two shaded regions show the limits at 68 % C.L. and 95 % C.L. respectively.



Study of B(S) — Eg oscillations using
exclusively reconstructed Bg and
D?S':hq: events

Preliminary
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Abstract

Oscillations of BY mesons have been studied using a sample of exclusively recon-
structed Bg decays, selected from about 3.5 million hadronic Z° decays registered by
DELPHI between 1992 and 1995. B — D 7" (a) where the Dy is reconstructed
in six decay channels and BY — DK+ (a]) where the D" is reconstructed in two
decay channels have been used. In addition B? —B oscillations have been studied in
events with a Dy exclusively reconstructed accompanied, in the same hemisphere, by
a large momentum hadron of opposite electric charge. Combining the two analyses,
a limit on the mass difference between the physical BY states has been obtained :

Amg > 4.0 ps—t at 95% C.L.

with a sensitivity of Amg = 3.2 ps—!

Using the last sample of events, the BY lifetime and the lifetime difference between
the two physical B states have been also measured :

7(BY) = 1.497518 (stat.) 700k (syst.) ps

AT'go/T'go < 0.58 ps at 95% C.L.



1 Introduction

A measurement or even a limit on the B? — B_g oscillation frequency, Amy, allows to
restrict the accessible domain for the p and n parameters of the CKM matrix. At present
it can be shown that, in the Standard Model, the 68% confidence limit range for Am, is
between 10.2 ps~! and 17.6 ps~* [1].

The search for B? — BY oscillations has been the subject of an intense activity during
the last years. No signal has been observed so far and the lower limit on the oscillation
frequency comes from the combination of the results obtained at LEP and by the CDF
and SLD experiments: Am, > 12.4 ps~! at 95%C.L. [2]. The sensitivity of present
measurements is at 13.8 ps~!. These results have been obtained by combining analyses
which select various B? decay channels. Some analyses use events containing simply a
lepton emitted at large p; relative to its jet axis. In this case, the proper time is measured
using an inclusive vertex algorithm to reconstruct the decay distance and the energy of the
B hadron candidate. In other analyses, like D;tﬁ, the identified lepton is accompanied,
in the same hemisphere, by an exclusively reconstructed Dy. In DTh¥ analyses the lepton
is replaced by a charged hadron.

Progress, in the near future is expected to come from improved analyses of these
channels, but the sensitivity at high frequency is essentially limited by the damping of the
reconstructed oscillation amplitude due to the limited resolution on the BY proper time.
In a simplified approximation ( convolution of the physics function and of a Gaussian
distribution for the time resolution), the damping is given by the following expression:

damping = e~ Amso*/2 5, = \/a2 + (op/P)? x t2 (1)

where a is related to the decay distance resolution and op/P is the relative error
on the momentum reconstruction. Exclusive (completely reconstructed) decays have a
better time resolution for two reasons. As there is no missing particle in the decay, the BY
momentum is known with good precision, and therefore the contribution of the momentum
uncertainty to the proper time resolution is negligible. In addition the reconstructed
channels are 2-body or quasi 2-body decay channels, with an opening angle of their decay
products which is on average larger than in multi-body final states; this results in a better
accuracy on their decay position determination. The first part of the paper describes
an analysis of B%-B? oscillations from a sample of 44 BY candidates: 11 candidates (
including 30% background) are completely reconstructed, and 33 candidates ( including
55% background) are partially reconstructed with missing low energy 7° or/and ~. The
second part of the paper describes the D;tth analysis which allows, in addition, to measure
the the BY meson lifetime and to set a limit on the difference between the decay widths
of the physical B? states, AT'gy/I'go. These samples have been selected from about 3.5M
hadronic Z registered by DELPHI between 1992 and 1995.

2 Evaluation of B! branching fractions

In this paper BY mesons have been reconstructed in Dy~ 7 (af) and ﬁOK*ﬂJr(af) decay
channels. Contributions to the mass spectrum can come also from other decay channels as
DI nt, Dia; T, D*(2007) K7+, D*(2007)°K~a;*, D p™ and DI~ p* where the cascade
photon or neutral pion has not been reconstructed. All corresponding branching fractions



are unmeasured. To evaluate the two-body (D*r(a;)) branching fractions for BY mesons
the equivalent decay channels for non-strange mesons have been used. The decay channels
: B} = D 7" and B} — D*~ 7" have been measured [3] and found to be (3.04+0.4) x 1073
and (2.8 40.3) x 1072 respectively which indicates the equivalence of the branching ratios
of the two-body decays containing D or D* mesons. Using this fact and the measured
values, the branching ratios of B — D~a;™ and BY — D*~a;™ decays are estimated to
be equal and three times larger than the equivalent decay channels with pions.

The branching ratios Br(B? — D_ pT) are also evaluated using the equivalent channels
in the non-strange sector. Analog considerations are applied to the three body decays
(D®Kmn(ay)) using the measurement of the Br(B} — Dlnnt + ﬁoﬂ_aﬁ) which is de-
scribed in this paper. Table 1 gives the evaluations of several branching ratios of interest
for this paper.

| BY decay channel | Estimated Br |
Br(B? — D7) (3.0+£0.4) x 1073
Br(B? — D" ~a, 1) (9.0+£3.3) x 1073
Br(B? — DM~ pt) (7.4+1.3) x 1073
(
(

Br(B? — D®(2007)°K-7+) | (0.9 +0.5) x 1073
Br(BY = D*(2007)°K-a,¥) | (2.7 £ 1.4) x 103

S

Table 1: Values of the BY branching ratios used in the current analysis.

3 Completely reconstructed B’ decays

3.1 Event Sample

Events have been selected using the following decay channels ! :

BY — D 7t D — ¢r,or wrn, £(980)7, KIK—, KK, K*K*~
B > D-af Do — ¢r, KUK~

BY — D'’K-n+ D’ — K*n—, K*n mtr™

BY — BOK*SL;r D' — K+r  K*rntn-

where the ¢ , KY | f(980) , K** | K*~ and a; are reconstructed in their charged decay
channels : ¢ — KTK~ |, K¢ — a7~ | f(980) — ntn~ , K*¥ — K7~ , K* — K7~
and a;t — p77, p° — 77—, K mesons have been identified using the RICH and dE/dx
informations and have been classified as “super tight”, “tight”, “standard”, “loose” or
“very loose” [5]. All particles which have not been explicitly identified as protons, kaons
or leptons, have been classified as pions. Dy and DY mesons have been reconstructed
considering tracks in the same hemisphere with at least 1 VD hit. Charmed D mesons
candidates have been accepted if their mass is within the intervals (1.93—2.01) GeV/c? for
D and (1.83 — 1.90) GeV/c?* for D candidates. The D’s decay length has been imposed

!Unless explicitly stated otherwise, charge conjugate states are always implied.



to be positive and the y*-probability of the fitted vertex to be larger than 107> ( 1073
for the D® — Knwr decay). Detailed selection criteria have been used for different decay
channels; they are described in the following.

oD — o™

The ¢ meson has been reconstructed in the decay mode ¢ — K+ K~ by taking all possible
pairs of oppositely charged tracks if at least one of them has been identified as at least a
“very loose” kaon. The invariant mass of these pairs has to be within 4+ 12 MeV/c? of
the nominal ¢ mass value [3]. The momenta of all three tracks have been requested to
be above 1 GeV/c. Since the pseudoscalar Dg meson decays into a vector (¢) and a pseu-
doscalar meson (7), because of helicity conservation, the angle 1), measured in the vector
meson rest frame, between the directions of its decay products and of the pseudoscalar 7,
has a cos* distribution. The value of |cos(¢)| has to be larger than 0.3.

oD, — ot~
The ¢ meson reconstruction is the same as in the previous channel. The momenta of all
three m mesons have to be larger than 0.6 GeV/c.

oD — f(980)7~
The f(980) meson has been reconstructed in the decay mode f(980) — 77~ by taking
all possible pairs of oppositely charged tracks classified as pions. This channel suffers
from a huge combinatorial background which has been reduced by selecting candidates
having an invariant 77 mass within 15 MeV/c? of the nominal f(980) mass [3] and a total
momentum larger than 8 GeV//c. The momenta of all three 7 mesons have to be larger

than 1 GeV/c.

oD — KK~
KY mesons have been reconstructed in the decay K? — 777~ by combining all pairs of
tracks of opposite electric charge and applying the “tight” selection criteria described in
[5]. The decay length of K? candidates has to be positive and their momentum to be
larger than 2.5 GeV/c. The momentum of the bachelor charged track, identified at least
as a “very loose” kaon, has to be larger than 1 GeV/c?.

oD — KK~

The K*¥ meson has been reconstructed in the charged decay mode K*® — K+~ by taking
all possible pairs of oppositely charged tracks with at least one identified as a “very loose”
kaon. The momenta of both particles have to be larger than 1 GeV/c and the invariant
mass of the pair has to be within 4+ 40 MeV/c? of the nominal K* mass [3]. The value of
| cos()| (see the D, — ¢~ reconstruction) has to be larger than 0.3. The momentum
of the bachelor track has to exceed 2.5 GeV/c, and, because of the large combinatorial
background, this particle has to be identified, at least, as a “loose” kaon.

OD; N K*OK*f
The K*® meson has been reconstructed in the charged decay mode K** — K+~ by taking
all possible pairs of oppositely charged tracks with at least one identified as a “very loose”
kaon. The invariant mass of these pairs has to be within & 60 MeV/c? of the nominal
K*® mass [3]. The K*~ meson has been reconstructed in the decay mode K*~ — K% .




The KY meson reconstruction has been discussed previously. The invariant mass of K*~
candidates has to be within + 60 MeV/c? of the nominal K*~ mass [3]. The decay length
of KV candidates has to be positive and their momenta to be above 2.5 GeV/c. The
momentum of charged kaons and pions (including pions from K?) has to be larger than 1

GeV/e.

oD’ — Ktn—, D’ = Ktnmtr-
The D” meson of the two-prongs decay mode has been reconstructed by combining a kaon
candidate identified, at least, with the “loose”criteria with an oppositely charged pion

with momentum larger than 1 GeV//c. The D" meson of the four-prong decay mode has
been reconstructed by combining a kaon candidate identified, at least, with the “stan-
dard” criteria with three pions, each of them having a momentum larger than 0.5 GeV/c.
In order to reduce the combinatorial background, the kaon momentum has been requested
to be above 2.5 GeV/c and the D’ momentum candidate to be above 10 GeV/ec.

Selected charmed D mesons have been used to reconstruct BY candidates by fitting a

common vertex for the Dgm, Dga;, DK or D°Ka; systems. The m momentum has to
be larger than 4 GeV/c. a; candidates have been reconstructed using the combination
of three pions with momenta larger than 0.8 Gel//c and with an invariant mass situated
within the interval (0.95—1.50) GeV/c?. At least one of the two 77~ combinations must
have an invariant mass within & 150 MeV/c? of the nominal p mass [3].
The a; momentum has to be larger than 5 GeV/c (6 GeV/c for candidates where
DY — K ntr~7"). For all candidates, the D meson decay distance, relative to the B
vertex has to be positive. Events with an estimated error on the B? decay distance larger
then 250 pm or those having a x? vertex probability lower than 1073 have been removed.
In order to reduce the combinatorial background from charm and light quarks the b-tag
probability? for the whole event and for the hemisphere opposite to the reconstructed B
meson have to be smaller than 0.1 [6]. Additional cuts, which depend on the B? decay
channel have been applied, mainly for DO decays which suffer from a larger combinatorial
background than for D, candidates.

B’ - D 7", B — D a;
The momentum of the BY has to be larger than 22 GeV/c. For B? — D a; candidates,
only the combination with the highest B momentum has been kept.

eB! - DK-7+ | B? — DK~-af
For B! — DOK~7" decays, the B! momentum has to be larger than 27 GeV/c, for
BY — DYK~a; the BY momentum has to be larger than 29 GeV/¢, for DO — K*7~, and
larger than 33 GeV/c, for DO — K*m~m+7r~ decay channels. In each event, only the
candidate with the highest BY momentum has been kept. The momentum of the bachelor
kaon, identified at least as “standard”, the momentum has to be larger than 2 GeV/c.

The mass spectrum, obtained by summing up the contributions from the different

2This variable is related to the probability that the track originate from the beam interaction point
owing to their measured impact parameters. Small values for this variable tag events containing B-
hadrons.



channels is shown in Figure 1-a. The data are indicated with points and error bars, and
the result of the fit has been superimposed. The mass distribution in the signal region
has been fitted using two Gaussian distributions of different widths to account for the
exclusive B? signal (main narrow peak) and for the presence of partially reconstructed B?
decays (satellite wider peak). It has been assumed that the satellite peak is composed of
the following decay channels: DX~ 7+, D*a;*, D*(2007)°K~ 7+, D*(2007)°K~a,*, D p*
and D™ p" where the cascade photon or neutral pion ( or both ) have not been recon-
structed. In the simulation it has been verified that the mass distribution of the satellite
peak can be described by a Gaussian distribution as shown in Figure 2. The central values
and the widths of the Gaussian distributions ( main and satellite peaks ) in Figure 1-a
have been left free to vary in the fit. The combinatorial background has been fitted using
an exponential function with a slope fixed according to the simulation. This slope has
been verified in several ways. Using 2.9 million bb and 5.3 million ¢g simulated events,
the expected mass spectrum has been obtained after having removed the B? contribution
in the signal mass region. The sum of the contribution from b events, charm events and
light quark events is shown in Figure 1-a and is in agreement with the one obtained in
data. Two further checks have been performed, using events selected in the side-bands of
the D, and D° candidates (Figure 1-b) and from wrong sign combinations (Figure 1-c).
Both these distributions are in agreement with the evaluation of the background obtained
by fitting the data.

‘ Main peak ‘
Data set Mass Width Nevents | Comb. bkg | Reflection
GeV/c? GeV/c? % %o
Real Data | 5.373 £ 0.016 | 0.0294+0.012 | 8 £4 27+ 16 -
simulation 5.370 0.037+0.002 | 5%1 - 6+3

‘ Satellite peak ‘

Real Data | 5.050 +0.054 | 0.111 £0.054 | 15 £ 8 55 £ 13 -
simulation | 5.099 £ 0.007 | 0.148 £ 0.007 | 10 £ 2 - 12+6

Table 2:  Characteristics of the BY signals and comparison with the simulation. The
expected numbers of events have been calculated taking into account the different branching
fractions as given in Section 2 and the corresponding reconstruction efficiencies. These
efficiencies vary from (0.2 & 0.1)% for the BY — DOK~a;, with D’ = Ktnntn- decay
channel, up to (10.2 £ 0.8)% for the B? — D 7", with D, — ¢n~ decay channel. The
fitted or expected number of signal events and the fraction of combinatorial background
are given inside a mass window corresponding, respectively, to +30 and £20 for the main
and satellite peaks.

The fit to the mass distribution yielded a signal of (8 &=4) B? decays in the main peak
and 15 £ 8 events in the satellite peak. Table 2 gives the characteristics of the observed
signals and the comparison with simulation.



3.2 Reflections from BY and Kﬁ decays

For several By decay channels a possible physical background originates in non strange B
decays when one of the pions or proton has been misidentified as a kaon ( kinematical
reflections ). The main decay channels are By — D~ 7" (a;), D™ — K7~ ( which can
contribute to B! — D_ 7" (a;), D, — KK~ candidates) and from B} — D'+, D’ —
K7~ ( which can contribute to B! — D'K-n*, D’ — K*+n~ and D’ — K+r—rtn-
candidates). In the mass region of the main peak, 0.32 + 0.13 events are expected to
originate from B kinematical reflections, with an additional 20% contribution from A?
decays. These estimates have been obtained using dedicated Monte-Carlo samples of
BY and A_I? events passed through the full reconstruction algorithms and satisfying the
selection criteria. The corresponding uncertainties come from the limited knowledge of
the considered branching fractions and from simulated events statistics.

To study the contribution, in the satellite peak, of events from kinematical reflections,
the same decay processes have been considered with, in addition, channels in which the
D meson is accompanied by a p. This gives 1.2 4+ 0.7 events.

In order to look for possible signal coming from kinematical reflections, in real data, B?
candidates have been considered in turn as B} or Kz? hadrons by changing the kaon into
a pion or a proton respectively. The obtained mass distributions are similar with those
expected from genuine simulated B? mesons and do not show any accumulation of events
in the BY or A, mass regions.

3.3 Reconstruction of non strange B meson decays

Non strange B mesons, decaying into a D’ and a small number of pions, have been re-
constructed in order to verify the BY reconstruction algorithms. The BT — D7+ and
BY — D*(2010) 7" decay channels have a similar topology as the B? — D_ 7t chan-
nel. The obtained mass distributions are shown in Figures 3-a and 3-b. They have
been fitted using a Gaussian function for the signal, of ~ 50 MeV/c? width as deter-
mined from the simulation, and using an exponential function for the combinatorial back-
ground. An additional Gaussian function has been used to account for the signal from
the B* — D*(2007)7* decay where the photon (7°) from the D*0 decay has not been re-
constructed. B} decay channels including an a; meson have also been reconstructed. The
BY — D*(2010)"a; ™ decay channel should be kinematically similar to B? — D7 a;*. The
corresponding mass spectrum is shown in Figure 3-c. The main selection criteria which
have been imposed are rather similar to those used in the BY analysis. The informations
relevant to these reconstructed channels are given in Table 3. The numbers of observed
events are in agreement with expectations.

Finally two B} decay channels, which are not yet well established, have been consid-
ered: BY — DOz~ | B} — Dir—a;+.
They are analogous to the BY — DK~ 7" and BY — D'K-a,* decays, in the strange B
sector. BY mesons have been reconstructed using the same selection criteria as for the
corresponding BY decay channel but replacing a K meson by 7. All particles, not explic-
itly identified as protons or kaons have been accepted as pions. Finally in order to remove
the B} — D*(2010)" 7" and BY — D*(2010)"a; " contamination, candidates satisfying
M(D"7) — M(D") > 0.16 GeV/c? have been required.



Channel B meson mass | Nops | Neap

(GeV/c?)

Bt - D nt 5.283 4+ 0.015 | 29+ 8 | ~ 28
BY — D*(2010) 7" | 5.266+20.024 | 94 | ~5
BY = D*(2010)"a,* | 5.300£0.019 | 5£3 | ~5

| B} —D'nnt(at) | 528740024 | 844 | — |

Table 3:  Characteristics of the B non-strange signals and comparison with expected rates
from simulation.

Figure 4-a shows the mass distribution for these two decay channels. It has been fitted
using an exponential function for the background and two Gaussian distributions for the
signals corresponding to the main and satellite peaks, with respective widths equal to ~ 34
MeV/c? and ~ 60 MeV/c?, as obtained from the simulation. The position of the wider
Gaussian, corresponding to BY — D*(2007)%r 7+ and B — D*(2007)°7~a; ™ signals with
not reconstructed 7 or v, and the slope of the background exponential function have been
also taken from the simulation. 0The number of observed events can be translated into a
branching ratio : Br(BY — D®) nt7~(a;7)) = (3.6 = 1.8) x 1073, For this evaluation it
has been assumed (see Section 2) that the decay channel with an a; is produced with a
rate which is three times larger than the channel with a 7.

4 The algorithm for tagging at production time.

The signature of the initial production of a b(b) quark in the jet containing the B? or
B? candidate has been determined using a combination of different variables sensitive to
the initial quark state. For each individual variable X;, the probability density functions

[o(Xs) (f5(X;)) for b (b) quarks have been built and the ratio R; = f3(X;)/fo(X;) has

been computed. The combined tagging variable is defined as:

1-R

Tiag = TR where R = HRZ-. (2)

The variable x4, varies between -1 and 1. High values of x4,, correspond to a high
probability that a given hemisphere contains a b quark in the initial state.

A set of nine discriminant variables has been selected for this analysis. One set (three
variables) is determined in the hemisphere which contains the BY meson, the other set
(five variables) in the hemisphere opposite to the B meson, and one variable is common
to both hemispheres. Details concerning the definition of these variables and the method
are given in [4].

4.1 Tagging procedure

An event has been classified as a mixed or as an unmixed candidate according to the sign,
Qp, of the Dy electric charge for decay channels containing a Dy meson or according to the
sign of the kaon for DK 7t decay channels, relative to the sign of z,, variable. Mixed

8



candidates are defined by requiring x;,, X Qp < 0, and unmixed candidates correspond
to @y X Qp > 0. The probability, elt)ag , for tagging correctly the b or b quark, from the
measurement of x4, is evaluated using a dedicated simulated event sample and is found
to be (74.54+0.5)%.

The corresponding probability for events in the combinatorial background is obtained
using real data candidates selected in the wings of the D signal: the probabilities to classify

mix unmaix

these events as mixed or unmixed candidates are called e" and €)™, respectively.

5 Proper time resolution

For each event, the BY proper decay time is obtained from the measured decay length
(Lpo) and the estimate of the BY momentum (pgo). The measured position of the D or
DY decay vertex, the momentum, and the corresponding measurement errors, have been
used to reconstruct a DI or a DY particle. A candidate BY decay vertex is obtained by
intercepting the trajectory of this particle with the other charged tracks which are sup-
posed to come from the BY decay vertex.

For the main peak, the B momentum, pBo, is precisely known since all decay products
are reconstructed.

For the satellite peak, this is no longer true, because there are one or two unde-
tected neutral(s)(7® and/or 7) in the B? decay. As discussed previously in Section 3.1,
the satellite peak is assumed to be composed by D7t DI a;*, D p™, DI p" and
D*(2007)°K~a;* decays. The first four decay channels give D_ 7 (a;*) and the last two
channels give DK~ 7+ (a; ") final states. The kinematic fits have been performed assuming
that the missing 7 is coming from the D~ or D*0 mesons. This is a good approximation
also for decay channels containing a p™ meson. Mass constrained fits have been performed
on events situated in the mass region corresponding to + 2 ¢ of the fitted mass of the
satellite peak.

As shown in Table 4, the time resolution for events in the satellite peak is only slightly
worse than for those belonging to the main peak.

Except for the combinatorial background contribution, the predicted proper time dis-
tributions have been obtained by convoluting the theoretical functions with resolution
functions evaluated from simulated events. Due to the different decay length resolutions
(for the two Vertex Detector configurations), proper time resolutions have been used for
data samples registred in 92-93 and 94-95, respectively. The proper time resolution is
defined as the difference between the generated time (t) and the reconstructed time (¢;).
The following parametrization has been used:

R(t — tz) = (1 — fg)G(t — ti, 0'1) + fQG(t — ti, 0'2)

where o1 = /0%, + 05,12 and 0y = /02, + 02,12

The values of the corresponding parameters, obtained from simulated events, are given in
Table 4.

The time distribution Py, (¢;) for the combinatorial background, under the main peak,
is obtained from real data, by fitting the time distribution of wrong-sign and right-sign
events situated in the side-bands of the B? mass distribution. It has been verified in
the simulation that the time distribution for these classes of events is very similar to the



‘ Main peak ‘

Decay channels Year | o1(ps) | o2(ps) | fo
all BY channels (92-93) | 0.068 | 0.18 | 0.27
all B? channels (94-95) | 0.065 | 0.12 | 0.42

‘ Satellite peak ‘
DI 7w (ay ™), DKt (a; ") | (92-93) | 0.066 | 0.15 | 0.48

D7 (ay7), DOKat(a;7) | (94-95) | 0.081 | 0.17 | 0.30
D_p*, D p* (92-93) | 0.085 | 0.21 | 0.65
D.p", D p* (94-95) | 0.092 | 0.20 | 0.57

Table 4:  Proper time resolution for the two different configurations of the Vertex Detector.
and for the different analysed decay channels. It has been parametrized by the sum of two
Gaussian distributions.

one obtained for events situated under the B? mass peak. The time distribution Pricg(ti)
for the combinatorial background under the satellite peak has been taken directly from
the simulation since it has a strong dependence versus the measured B? mass due to the
procedure used to reconstruct the B momentum in these events.

6 Oscillation analysis

The oscillation analysis is usually performed in the framework of the amplitude method
[8] which consists in measuring, for each value of the frequency Amy, an amplitude A
and its error o(A). The parameter A is introduced in the time evolution of pure B? or B?
states so that the value A = 1 corresponds to a genuine signal for oscillation:

=5 1 ¢
PBY — (B, BY) = e x (1+ A cos(Amst))
TS
The 95% C.L. excluded region for Am; is obtained by evaluating the probability that, in
at most 5% of the cases, a real signal having an amplitude equal to unity would give an

observed amplitude smaller than the one measured. This corresponds to the condition:
A(Amyg) +1.645 o(A(Amy)) < 1.

In the amplitude approach, the error o(A(Amy)) is related to the probability to exclude
a given value of Amyg. The sensitivity is defined as the value of Amg which would just be
excluded if the value of A, as measured in the experiment, has been zero for all values of
Amg i.e. it is the expected 95% confidence limit that an experiment of the same statistics
and resolution would be expected to achieve. (An actual experiment would set a higher
or lower limit, because of fluctuations in the values of A as a function of Am.)

The probability distributions for mixed and unmixed events have been computed 3:
P™(t;) = [, P (t:) + frep Pref" (i) + fong Py (1) (3)

3In the following, only the probability distribution for mixed events is written explicitly; the corre-
sponding probability for unmixed events can be obtained by changing € into (1 — €).

10



The expressions for the different probability densities are :
e B, mixing probability.
Pp," (1) ={ &"PR(t) + (1 —g™)PErme(t) } ® Re.(t —t) (4)
e Reflection mixing probability.
ref (ti) = € Pres(t:) ()
e Combinatorial background mixing probability:
big (ti) = €bieg Poig (t1) (6)

The amplitude analysis is then performed using all events selected in a region between
4.85 and 5.45 GeV/c?. The variation of the background level, as a function of the re-
contructed mass, has been included in this analysis on an event by event basis. Figure 5
shows the variation of the measured amplitude as a function of Am,. As expected this
analysis does not provide a limit. On the other hand its most important feature is the
relatively low amplitude error at high values of Am,. Figure 6 shows the variation of
the measured error on the amplitude as a function of Am, and Table 5 gives the values
of 0(A) in the high Am, region. Due to the limited statistics the error on A can be
asymmetric. The error has been symmetrized and the largest value has been quoted.

Amg o(A)( stat.) | o(A)(stat. + syst.)
2.5 ps? 1.03 1.17
5.0 ps—! 0.97 1.12
7.5 pst 1.37 1.43
10.0 ps ! 171 241
12.5 ps~! 3.05 4.04
15.0 ps ! 401 172

Table 5: o(A) for different values of Amy

The behaviour of o(A) has been investigated using a “toy” MC generated with the
same characteristics as those measured in real data. The individual toy experiments show
a similar “bumpy” behaviour of 0(A) as a function of Amg. For each value of Amy, the
distribution of o(A) and its variance have been obtained. The central value and the region
corresponding to a +20 variation are also shown in Figure 6.

6.1 Study of systematic uncertainties

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

e Systematics from the tagging purity.
A variation of + 3 % on the expected tagging purity for the signal has been consid-
ered, following results given in [4].
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e Systematics from the background level and from the contribution of kinematical re-
flections. The levels of background and of kinematical reflections have been varied
separately for the main and the satellite peaks according to the statistical uncertain-
ties given in Table 2. Since the level of the combinatorial background has been used
as a function of the reconstructed mass, on an event by event basis, the measured
central mass position and the corresponding width have been also varied by +1o
around their fitted values.

e Systematics from the expected resolution on the B decay proper time.
The widths oy (ps) and o3(ps) described in Section 5 and given in Table 4 have been
varied by £10%.

Finally uncertainties in the values of the BY meson lifetime and in the parametrization
of the proper time of the combinatorial background have been taken into account. The
error on A, o(A), evaluated for different values of Amg and including the contributions
of systematic uncertainties is given in Table 5.

7 Completely reconstructed D, decays

7.1 Event Selection

Events with an exclusively reconstructed Dy accompanied by a large momentum hadron
have been used to perform a second oscillation analysis. This channel is similar to the
DX /7 final states [4] but, instead of a lepton, it uses a charged hadron. It provides larger
statistics but suffers from an ambiguity in the choice of the hadron and from a reduced B?
purity of the selected sample. This approach has been already used in DELPHI to measure
the B? lifetime [9] and to study B? — BY oscillations [10]. In the present measurement
about 3.5 million hadronic Z° decays, registred by the DELPHI experiments between
1992 and 1995, have been analysed. The Dy meson is selected in two decay channels:

Df —¢rt, ¢ KK
Df — KK+, K - K-nt;

Dy candidates have been reconstructed by making combinations of three charged par-
ticles situated in the same event hemisphere, with a momentum larger than 1 GeV/c
and with reconstructed tracks associated to at least 1 VD hit. The invariant mass of ¢
candidates has to be within #12 MeV/c? of the nominal ¢ mass and the ¢ momentum
has to be larger than 5 GeV /c. Using the standard DELPHI algorithm [11, 5] for particle
identification, at least one charged particle has to be a “loose” kaon if the KTK™ invariant
mass is within +4 MeV /c? of the nominal ¢ mass, otherwise at least one “standard” kaon
is requested. Since, in the considered decay channels; the pseudoscalar Dy meson decays
into a vector ¢(K*°) and a pseudoscalar meson 7+ (K ), because of helicity conservation,
the distribution of the ¢ angle in the vector meson rest frame, between the directions of
its decay products and of the pseudoscalar 7= (K ™T), has a cos? distribution. The value
of | cos(¢)| has to be above 0.4 and 0.6 for DY — ¢r+ and DI — KK+ decay channels
respectively. The invariant mass of the K™ candidates has to be within =60 MeV /c?
of the nominal K™ mass value and the K momentum has to exceed 6 GeV/c. The
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momentum of the bachelor kaon ( K* ) has to exceed 3 GeV/c . To suppress the physical
background from the D* — K~ n"7" kinematical reflection, the bachelor kaon (K*) has
to be identified at least as a “standard” one. For K — K- 7+ decays, “loose” identified
K~ are also accepted. In the Dg decay channels, all particles which are not explicitly
identified as protons, kaons or leptons, are assumed to be pions. The Dy decay length has
to be positive and the x?-probability of the fitted Dy vertex to be larger than 1073.

The selection of the hadron, accompanying the Dy candidate, is based on an impact pa-
rameter technique. A sample of tracks coming predominantly from B hadron decays is
preselected using both the impact parameter with respect to the primary vertex and to
the Dy decay vertex. The hadron is then searched for, amongst the preselected tracks in
the event, by requiring that its charge is opposite to that of the Dy and has the highest
momentum. Details on the track preselection as well as on the hadron selection are given
in [9].

The B decay vertex is reconstructed by constraining the selected hadron and the Dy can-
didate to a common vertex. In order to increase the resolution on the measured decay
length, only reconstructed events with a decay length error smaller than 0.07 ¢m have
been kept. If the previous procedure fails a new attempt, using a more inclusive algo-
rithm which allows several hadrons to be attached to the Dy candidate, has been used.
Only events with a decay length error smaller than 0.07 ¢m have been kept also in this
case. The selected sample, specified as D;'EhqE in the following, contains about 30% of such
multi-hadron events. The multi and single hadron events will be treated in a similar way.
Figure 7 shows the D signals after selection of the accompanying hadron. The mass
distributions have been fitted using two Gaussian distributions of equal widths to account
for the Dy and D" signals and using an exponential for the combinatorial background. Ta-
ble 6 gives the number of observed events, after background subtraction, in the D} signal
and the fraction of combinatorial background events. The Dy signal region corresponds
to a mass interval of = 20 centred on the fitted Dg mass.

‘ Dy decay channels ‘ Estimated signal in 92-93 data ‘ Estimated signal in 94-95 data ‘

D, — ont 322 £ 30 (0.60 =+ 0.04) 468+ 42 (0.53+£0.04) |
D, — K K* 152 +28 (0.70 & 0.06) 324435 (058 +£0.05) |

Table 6: Number of Dy mesons reconstructed in the ¢m™ and KUK+ decay channels. The
fraction of combinatorial background, given in parentheses, has been evaluated using a
mass interval of £20 centred on the Dy fitted mass.

7.2 Sample composition

The Dsj[h$ sample contains a large physics background due to Dy from non-strange
B hadron decays and from c¢ fragmentation. To estimate the relative fractions of
these different sources, the production rate of Dy mesons from all B species, By, =
Br(b — DIX) x Br(Df — ¢nt), measured by the ALEPH, DELPHI and OPAL
Collaborations[14], and the equivalent quantity By = Br(B,q — DXX) x Br(Df — ¢r),
measured at the Y(45) by the CLEO and ARGUS Collaborations [13], are also used. The
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following relative fractions for the different processes contributing to the DFh¥ signal have
been evaluated:

Fraction of B? decaying to a Dy and no other charmed meson : fi5 = (39+7) %

Fraction of B? decaying to a Dy and another charmed meson : fy5 = (11 £3) %

Fraction of non-B? decaying to a Dy and no other charmed meson : f, = (9+£5) %

Fraction of non-BY decaying to a Dy and another charmed meson : f5, = (41 £ 7)

%

The relative contribution from direct charm is estimated from the measurement of Dy
production in charm events from CLEO and ARGUS [15], taking into account the Z°
partial widths into b and ¢ quarks.

7.3 Discriminant variables to increase the B! purity

To increase the effective purity in B? of the selected sample, five variables have been used
which allow to distinguish between signal and background components. These variables
are: the Dy mass, the Dy momentum, the value of |cos(v)|, the y?>-probability of the
fitted Dy vertex and the value of the b-tag variable measured in the opposite hemisphere
with respect to the one containing the Dy meson. The distributions for these variables
are shown in Figure 8 for events selected in the signal region after having subtracted
the corresponding distributions of background events, which have been obtained using
events situated in the side bands of the Dy signal. The corresponding distributions for
background events are also shown in Figure 8.

8 Measurement of the B! lifetime

8.1 Proper time resolution

For each event, the BY decay time is obtained from the measured decay length (Lpgo)
and the estimate of the B momentum (ppo). The technique used is described in [9].
The predicted decay time distributions have been obtained by convoluting the theoret-
ical distributions with resolution functions evaluated from simulated events. Different
parametrizations have been used for the two Vertex Detector configurations installed in
91-93 and 94-95. The proper time resolution is obtained from the distribution of the
difference between the generated (t) and the reconstructed (t;) times. The following dis-
tributions have been considered:

o RB,(t—t;) is the resolution function for B decays with only one charmed meson (D)
in the final state. It is parametrized as the sum of three Gaussian distributions. The
width of the second Gaussian is taken to be proportional to the width of the first
one. The third Gaussian describes the component with a selected hadron coming
from the primary vertex; the fraction of these events decreases exponentially as a
function of the proper time.

R]IBD<1§ — tz) = (1 — f2 — f3)G<t — ti, 0'1) + sz(t — ti, 0'2) + f3G(t - ti, 0'3)

with oy = /0%, + 05,12, 09 = 8107, 03 = \/0%4 + 0hgt2, f3 = exp(sy + s3t)
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The values for the decay length resolutions, o, the momentum resolutions, op,,
the relative fractions, f;, and the coefficents, s, sy and s3, are given in Table 7.

o RE,(t —t;) is the resolution function for B decays with two D mesons in the final
state. It is parametrized in a similar way as RP,(t — ¢;) and the values of the
corresponding parameters are given in Table 7.

D¢h sample
Resolution function (years) |opi(ps) [ op1 | os(ps) [ops [ fo |51 [s2 |3
B (t—1,) (92-93) 0.149 | 0.140] 0.144 | 0.386]0.15| 3.5 ] 2.71 | 0.14
B (t—1,) (94-05) 0.145 | 0.104 | 0.160 | 0.256 | 0.10 | 2.5 | 2.13 | 0.17
B (t—1,) (92-93) 0.236 | 0.095 | 0.144 | 0.386 | 0.30 | 3.5 | 3.04 | 0.14
Bo(t —t;) (94-95) 0.214 0.094 | 0.169 0.256 | 0.25 | 3.5 | 295 | 0.17

Table 7: Fitted values of the parameters used in the resolution functions R, (t —t;) and

RE,(t — ;).

8.2 Likelihood fit

The B? lifetime and the time distribution of the combinatorial background have been fitted
simultaneously, using selected events situated within a mass interval of +2¢0 centred on the
measured Dy mass (2953 events) and using events lying in the Dy mass side-band (3373
events) between 2.1 and 2.3 GeV/c?. The probability density function for the measured
proper time, t;, can be written:

P(t;) = fisPi(t) + fapPap(ti) + fipPip(ti) + fapPap(ti) + feePec(ti) + forgPorg(ti)-

The different probability densities are expressed as convolutions of the physical probability
densities with the appropriate resolution functions:

e For the signal:
P1}35<ti) = exp(—t/ms,) @ Rip(t — t;)
where t is the true proper time.

e For the physical background coming from all B meson decays:

Py(t:) = exp(—t/78,) ® Ryp(t — ;)
Pl (t;) = exp(—t/5) @ RYp(E — ;)

Pyp(ti) = exp(—t/78) © Ryp(t —t;)
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Source of systematic error | 7o variation (ps)

Sample composition oo
Jokg 0050

backg. parametrization o
B, purity o0

t resolution +0.019

T+ (1.65 £ 0.04 ps) +0.021

738(1.56 +0.04 ps) +0.019

Analysis bias correction +0.040
Total iy

Table 8:  Sources of systematic errors on the BY lifetime measurement (DEhT analysis).

e For “charm” candidates the function P,..(t;) has been parametrized using simulated
events; has been used:

Pbk:g<ti) = f_ea:p(—t/T_) (029 G(t — i, O'j) + f+exp(—t/7'+) (059 G(t — i, O'j)"i‘
(1= f= =[Gt = ti, 0))

Three distributions have been considered: a negative exponential for poorly mea-
sured events (with lifetime 77), an exponential distribution for the flying background
(with lifetime 77) and a central Gaussian for the non-flying component. The seven
parameters (f~, f*, 7%, 77 and 0;(j=1,3)) have been left free to vary in the fit.

The result of the fit, shown in Figure 9, is:

80 = 1.53 018 ps.

8.3 Systematic errors on the B lifetime

The contributions to systematic uncertainties on the BY lifetime measurement are sum-
marized in Table 8.

The systematic error due to the uncertainties in the relative fractions of the different
Dy sources corresponds to a +1c variation of the fractions f used in the likelihood fit,
excluding fyr, which is studied separately.

The estimate of systematics related to the evaluation of the B? purity, on an event
by event basis, has been obtained in the following way. The distributions of the different
quantities contributing to the discriminant variable ( Figure 8 ) for signal and background
events have been re-weighted with a linear function in order to maximize the agreement
beetween data and the simulation. The fit of the By lifetime distribution has been redone
with new probability distributions and the difference between the corresponding values of
the fitted lifetime has been taken as systematic error.
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Uncertainties on the determination of the resolution on the proper time receive two con-
tributions: one from errors on the decay distance evaluation and the other from errors on
the measurement of the B momentum. The systematic error coming from uncertainties
on the time resolution has been evaluated by varying by +10% the widths o7 and op
of the resolution function (see Table 7). Finally simulated BY events, generated with a
lifetime of 1.6 ps and satisfying the same selection criteria as the real data, have a fitted
lifetime of 1.64 4 0.04 ps.

The statistical error of this comparison ( £ 0.04 ) has been included in the systematic
error, the shift (+ 0.04) has been used to correct the measured lifetime in real data. After
correcting for this possible analysis bias, the measured B? lifetime has been found to be

o = 1.49 7019 (stat.)T00% (syst.) ps.

9 Lifetime difference between B! mass eigenstates

As strange B mesons are selected using their semileptonic decays, the measured decay
time distribution is relative to B? (or BY) mesons which are well defined superpositions of
the two mass eigenstates:

1
V2

The time probability density is then given by:

By = —(1BY) £ |BY)).

P(t) = C’,wrm(e_FHt + e_FLt) (7)
where

Ty =D+ AD/2
C1no7"m = 1—‘Hl—‘L/(l—‘H + 1—‘L)
T =1/T

Two independent variables are then considered:
TBS and AFBQ /PBQ

The method used to extract information on AI'gy/I'go consists in calculating the log-
likelihood for the time distributions measured on the Dsh sample and constraining the
BY lifetime to be equal to the B lifetime (1.56 & 0.04) ps (the theory predicts g0 /75, =
1+ 0(0.01)) :

lOg/:tot(TBg, AFBS/FB2> = lOgﬁDsé(TBg7 AFBQ/FBS) + l09£¢2h(7'B27 AFBQ/FBQ)"‘
log LTy = T59)(T80)

(8)

This log-likelihood is minimized in the (70,Al'go /I'go) plane and the likelihood difference
with respect to the minimum AL (Figure 10-a) is computed:

AE = —logﬁtot(TBg, APBQ/FBS) + lOgEtOt((TBg)min, (APBS/PBg)mm)
The probability density for the variables 70 and AI'gy /T'go is given by:

7)<7-B87 AFBQ/FB8> = FnormeiAE
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where F,,., is a normalization factor defined by:
/ P (70, ATpo /T )drsgd Al /To = 1.

The Al'go/T'go probability distribution is then obtained by integrating over 7go. The
upper limit on AT'go /T'go is:

ATy /Tgg < 0.55 at the 95% C.L.

This limit takes into account statistical uncertainties and the systematic coming from the
uncertainty on the BY lifetime.

The systematic uncertainty originating from other sources has been evaluated by con-
voluting the probability function P(rgo, Al'go/I'go) with the probability function of the
corresponding parameters:

P(ATg/To) = / P(730, Apo /o, ) o, oo )drodal . da”

) Y sys Y sys

where xiys are the n parameters considered in the systematic uncertainty.
Since the method implies heavy numerical integrations over a n-dimensional grid only
two systematics have been considered here: the purity in BY meson of the selected sample
and the parametrization of proper time distribution of the combinatorial backgroud. This
approximation is justified since systematic uncertainties are expected to be dominated by
these two parameters (as they are in the B? lifetime measurement).

The Al'go/T'go probability distribution is shown in Figure 10-b, the most probable value

for Al'go /T'go is 0.22 and the upper limit at 95 % confidence level is:

10 Study of BJ-B? oscillations

The study of B2-B? oscillations requires the tagging of the sign of the b quark in the
BY meson at the decay and production times. The algorithm used for b(b) tagging at
production time has been tuned in order to have the best performances on the D/ sample,
where all charged particles yielded in a B? decay, have been reconstructed. This algorithm
has been already described in [4].

10.1 Tagging procedure

An event is classified as a mixed or an unmixed candidate according to the relative signs
of the Dy electric charge, ()p, and of the x;,, tagging purity variable.

Mixed candidates have 244, X Qp < 0, and unmixed ones x4, X Qp > 0. The prob-
ability, ezag, of tagging the b or the b quark correctly from the measurement of x,, has
been evaluated using a dedicated simulated event sample. The average tagging purity of
the x4, variable, given by the simulation for true B — DFh~X decays, is (71.4 +0.4)%.
The purity is lower than the one obtained in the D¢/ sample because not all By charged
decay products are reconstructed in the present analysis. It has been verified that the
tagging purity is the same for different B hadron species and varies only slightly when
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the BY has or not oscillated ( < 4:0.02 ). The corresponding probability distribution for
events in the combinatorial background has been obtained using data candidates selected
in the wings of the signal: the probabilities of classifying these events as mixed or as

mir unmix

unmixed candidates are called ep" and €™ respectively.

10.2 Fitting procedure

From the expected proper time distributions and the tagging probabilities, the probability
functions for mixed and unmixed events candidates have been computed *:

P () = fipPip™ () + fopPap™ (6:) + fIpPip™(t:) + fan Pap™ (t:) (9)
+fccpmm( )+ fbkg l;?;x(tl) (10)

where t; is the reconstructed proper time. The analytical expressions for the different
probability densities are given in the following, with ¢ being the true proper time:

e B, signal mixing probability.

PE™(1) = { a®PE™N(1) + (1 - q)PH™ (1) Yo RE(t—1) (1)

e Physical background mixing probability.

PB mw:( ) _ { Bd( tagPBd,unm1x<t) + (1 _ tag>7)rde,mza:<t) )_'_
f2D eb " |1+ exp(—t/TB+ )+ (12)
fabe /o, exp(=t/7a,) Y@ REp(t —t;)

Py () = { faper /T, exp(—t/75.)} ® REp(t — ;) (13)

PB mz:v( ) { f1 ( tagPBd,mM( )_'_ (1 . 6tag>P1 1unm1x< ) )_'_
B(1 — €%9) )i+ exp(—t/T5+ )+ (14)
B =)/, exp(=t/1a,) Y ORI —t)

e Mixing probability for the charm component:

PR (t:) = et " Peelti) (15)

“4In the following, only the probability function for mixed events is written explicitly; the corresponding
probability for unmixed events can be obtained by changing e into (1 — ¢).
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e Combinatorial background mixing probability:
bhg (ti) = €biog Poig (t:) (16)

The proper time distribution for this background has been determined in the lifetime

fit.

The oscillation analysis has been performed in the framework of the amplitude method
[8] which consists in measuring, for each value of the frequency Amy, an amplitude A and
its error 0(A). The parameter A is introduced in the time evolution of pure B? or BY
states so that the value A = 1 corresponds to a genuine signal for oscillation:

1 ¢
e ™ X (1£ A cos(Amgt))

Ts

P(B) — (B, BY)) =

The 95% C.L. excluded region for Am, is obtained by evaluating the probability that, in
at most 5% of the cases, a real signal having an amplitude equal to unity would give an
observed amplitude smaller than the one measured. This corresponds to the condition:

A(Amg) +1.645 o(A(Am,)) < 1.

In the amplitude approach it is possible to define the exclusion probability, that is the
probability that a certain Am, value lies in an excluded region if the generated Am, was
very large (Amg; — o0). The sensitivity is the value of Amyg corresponding to 50 % of
exclusion probability.

Considering only statistical uncertainties, a limit has been obtained:
Amg > 4.2 ps~! at 95% C.L. (17)

with a corresponding sensitivity equal to 3.1 ps~! (Figure 11). At Am, = 10 ps~!, the
error on the amplitude is 2.3 (Figure 12).

10.3 Study of systematic uncertainties

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

e Systematics from the tagging purity.
A conservative variation of + 3 % on the expected tagging purity for the signal
and for the other three processes contributing to the Dsh peak has been used. The
same variation is assumed for the tagging purity for the charm and combinatorial
background events. The central values of these purities have been fixed to the
simulated ones.

e Systematics from the B purity.
The same procedure already applied for the lifetime measurement has been used.
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e Systematics from the resolution on the B decay proper time.
The same procedure already applied for the lifetime measurement has been used. In
addition, the systematic error due to the variation of the proper time distribution of
the combinatorial background, has been considered: the parameters used to define
the background shape, in the lifetime fit, have been varied according to their fitted
errors.

The inclusion of systematic uncertainties lowers the sensitivity to 2.7 ps~! and the 95% C.L

limit becomes Am, > 4.1 ps—1.

11 Combined limit on Amg,.

This paper presents two analyses on Am, using exclusively reconstructed B mesons and
DZhT events. These analyses on Am, have been combined (Figure 13), taking into account
correlations between systematic uncertainties in the two amplitude measurements. A limit
at 95% confidence level has been obtained:

Amyg > 4.0 ps~t at 95% C.L. (18)

with a corresponding sensitivity equal to 3.2 ps~! ( with statistical errors only the limit
would be Am, > 4.0 ps~! at 95% C.L. and the sensitivity 4.4 ps™! ).

Table 9 gives the error on the amplitude for different values of Amg and Figure 14 shows
its corresponding variation.

Amg o(A)( stat.) | o(A)(stat. + syst.)
2.5 ps ! 0.48 0.53
5.0 ps—* 0.63 0.69
7.5 ps? 0.95 0.98
10.0 ps ! 1.36 1.76
12.5 ps! 2.49 3.03
15.0 ps~! 3.57 4.06

Table 9:  The error on the amplitude for different values of Amy.

12 Conclusion

Using about 3.5 million hadronic Z° decays registered by DELPHI between 1992 and 1995
two samples of events have been selected. The first one consists of 44 reconstructed B?
events: 11 candidates ( including 30% background) are completely reconstructed and 33
candidates ( including 55% background) are partially reconstructed ( 7 or/and v are
not detected). This analysis used 12 different decay channels of the B? meson and is a
first attempt to use such events for oscillation studies. Due to the excellent proper time
resolution this sample gives some contribution essentially in the high Amg region.

The second sample contains 2953 DFh¥ candidates ( including 60% background) with
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completely reconstructed DI mesons in the ¢+ and KUK+ decay channels. Using the
DZhF sample, three studies have been performed. The B? lifetime has been measured
and a limit on the fractional width difference between the two physical B? states has been
set:

7(By) = (1497515 (stat.) 1555 (syst.)) ps

ATy /T < 0.58 at the 95% C.L.

This last result has been obtained under the hypothesis that g0 = 75,.
Combining the two studies on B? — B? oscillations, a limit at 95% C.L. on the mass
difference between the physical BY states has been set:

Amyg > 4.0 ps~! at 95% C.L. (19)

with a corresponding sensitivity equal to 3.2 ps~i.

Previous DELPHI results on B lifetime obtained with the Dgh sample [10] are superseeded
by the analysis presented in this paper.
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Figure 1: a) BY mass spectrum for the candidates selected in the twelve decay channels
described in Section 3.1. The data are indicated by the points with error bars and the result
of the fit has been superimposed. Details on this fit are given in the text. The histograms
represent the expected contribution from B events after having removed events from the BY
signal (black histogram), from charm events (dark grey histogram) and from light quark
events (light grey histogram). b) Mass spectrum using events in the side bands of the Dy
and D signals. c¢) Mass spectrum using wrong sign combinations in the different decay
channels.
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Figure 11: DTh¥ analysis: wvariation of the oscillation amplitude A as a function of
Amg. The lower continuous line corresponds to A+1.645 o4 where o 4 includes statistical
uncertainties only, while the shaded area shows the contribution from systematics. The
dashed-dotted line corresponds to the sensitivity curve. The lines at A=0 and A=1 are
also given.
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Figure 12: DEhT analysis: wvariation of the error on the amplitude as a function of Am.
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Figure 13: Combination of the DThT and exclusive BY analyses: wvariation of the os-
cillation amplitude A as a function of Amg. The lower continuous line corresponds to
A+1.645 04 where o4 includes statistical uncertainties only, while the shaded area shows
the contribution from systematics. The dashed-dotted line corresponds to the sensitivity
curve. The lines at A=0 and A=1 are also given.
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Figure 14: Combination of the D*h¥ and exclusive BY analyses: variation of the error on
the amplitude as a function of Am.
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Measurement i the B(S) Lifetime and
Study of BJ-B0 Oscillations using
Ds¢ Events

DELPHI Collaboration

Preliminary

Abstract

Lifetime and oscillations of B? mesons have been studied in events with a large
transverse momentum lepton and a Dy of opposite electric charge in the same
hemisphere, selected from about 3.6 million hadronic Z° decays accumulated
by DELPHI between 1992 and 1995.

The B? lifetime and the fractional width difference between the two physical
BY states have been found to be:

TRo = (1427513 (stat.) £ 0.03(syst.)) ps

AT'po/T'go < 0.46 at the 95% C.L.

In the latter result it has been assumed that 0 = BY-

Using the same sample, a limit on the mass difference between the physical B?
states has been set:

Ampgo > 7.5 ps! at the 95% C.L.

with a corresponding sensitivity equal to 8.2 ps~1.
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1 Introduction

In this paper, the average lifetime of the B? meson has been measured and limits have
been derived on the oscillation frequency of the B2-BO system, Ampgo, and on the decay
width difference, Al'go, between mass eigenstates of this system.

Starting with a B? meson produced at time ¢=0, the probability, P, to observe a BY or a
BY decaying at the proper time ¢ can be written, neglecting effects from CP violation:

_ Tho _ AT
P(B — BI(BY) = —re ™ (cosh(—5 1) £ cos(Ampgt) (1)

where I'gp = (I'fy + T'f 0)/2, Al'gy = r'L, FBO and Ampy = mf, — mBo L and
H denote the hght and heavy physmal states res.pectlvely7 AFBO and ﬁmBo are defined
to be positive [1] and the plus (minus) signs refer to B? (BY) decays. The oscillation
period gives a direct measurement of the mass difference between the two physical states.
The Standard Model predicts that Al'ge < Ampgo, for which the previous expression
simplifies to :

B Ampot
Punmzx _ P(B(S) N B(S)) = FBge FBgt COSQ(%) (2)
and similarly:
o _ Ampot
Pmm — P(Bg N Bg) = FBge FBQ sin (%) (3)

The oscillation frequency, proportional to Ampgp, can be obtained from the fit of the time
distributions given in relations (2) and (3), whereas expression (1), without distinguish-
ing between the B? and the BY, can be used to determine the average lifetime and the
difference between the lifetimes of the heavy and light mass eigenstates.

B physics allows a precise determination of some of the parameters of the Vo, All
the nine elements can be expressed in term of four parameters that are, in Wolfenstein
parametrization [2], A\, A, p and 7. The values of p and n are the most uncertain.
Several quantities which depend on p and 7 can be measured and, if the Standard Model
is correct, they must define compatible values for the two parameters, inside measurement
errors and theoretical uncertainties.

These quantities are €x, the parameter introduced to measure CP violation in the K
system, |Vip|/|Ve|, the ratio between the modulus of the CKM matrix elements corre-
sponding to b — u and b — ¢ transitions and the mass difference AmBg .

In the Standard Model, Bg—B_E)1 (¢ = d,s) mixing is a direct consequence of second order
weak interactions. Having kept only the dominant top quark contribution, AmBg can be
expressed in terms of Standard Model parameters [3]:

G 9 m?
Ampy = LV [*[Vig'mim, f5, Ba, nBF(m )- (4)
W

2
In this expression G is the Fermi coupling constant; F'(x;), with x;, = ;L”—g, results from
w

the evaluation of the second order weak “box” diagram responsible for the mixing and
has a smooth dependence on x;; ng is a QCD correction factor obtained at next to leading
order in perturbative QCD [4]. The dominant uncertainties in Equation (4) come from
the evaluation of the B meson decay constant fg, and of the “bag” parameter Bg,. The
two elements of the Vo), matrix are equal to:

Vil = AN\ (L= p)2 025 [Vis| = AN, ()



neglecting terms of order O(\?).

In the Wolfenstein parametrization, |Vi;| is independent of p and 7. A measurement
of Ampy is thus a way to measure the value of the non perturbative QCD parameters.
Direct information on V;; can be inferred by measuring AmBg .

Several experiments have accurately measured AmBg, nevertheless this precision cannot
be fully exploited to extract information on p and 7 because of the large uncertainty
which originates in the evaluation of the non-perturbative QCD parameters.
An efficient constraint is the ratio between the Standard Model expectations for AmBg
and Amgpo, given by:

Ampy g fi3o Begneg |V

Vio|?

A measurement of the ratio AmBg /Ampy gives the same type of constraint, in the p —7
plane, as a measurement of AmBg, and this ratio is expected to be better under control

(6)

- 2
AmBg mpo I BO BBg 1IBO

from theory than the absolute values of fp and Bp [5].

Using existing measurements which constrain p and 7, except those on Amgpo, the dis-
tribution for the expected values of Ampgy can be obtained. It has been shown, in the
Standard Model, that Amgo has to lie, at 68% C.L., between 12 and 17.6 ps~! and is
expected to be smaller than 20ps~' at 95% C.L. [6].

The B? meson lifetime is expected to be equal to the B lifetime [7] within one percent.
In the Standard Model, the ratio between the mass and decay width differences in the
BY-BO system is of the order (m;/m;)?, although large QCD corrections are expected.
Explicit calculations to leading order in QCD correction, in the OPE formalism [1] predict:

AT'go /Ty = 0.1625:09

where the quoted error is dominated by the uncertainty related to hadronic matrix ele-
ments.
Recent calculations [8] at next-to-leading order predict a lower value:

AT'go/T'go = 0.05470:035
An interesting approach consists in using the ratio between Al'go and Ampo [8]:

Al'gg 0.67\1—3

WBSO = (2.6311'36)10 (7)
to constrain the upper part of the Ampy spectrum with an upper limit on AT'go/T'go.
If, in future, the theoretical uncertainty can be reduced, this method can give an alterna-
tive approach in determining Ampgy via Al'go and, in conjunction with the determination
of AmBol , can provide an extra constraint on the p and n parameters.

The results presented in the following have been obtained from data accumulated by
DELPHI between 1992 and 1995 corresponding to 3.6 million hadronic Z° decays. The
main features of these analyses are:

e a precise measurement of the B decay proper time;
e a determination of the charge of the b quark at the B-meson decay time (decay tag);
e a determination of the sign of the b quark at production time (production tag).



The first item is common to the three studies on Ampo, o and Al'ge while the others
are specific to the oscillation analyses. For these last, the principle of the measurement
is as follows. Each of the charged and neutral particles measured in an event is assigned
to one of the two hemispheres defined by the plane transverse to the sphericity axis. A
“production tag” is used to estimate the b/b sign of the initial quark at the production
point. The decay time of the B hadron is evaluated and a “decay tag” is defined, correlated
with the b/b content of the decaying hadron. The analysis is performed using events
containing a lepton emitted at large transverse momentum, p;, relative to its jet axis
accompanied by an exclusively (or partially) reconstructed Dg in the same hemisphere
and of opposite electric charge. The lepton charge defines the “decay tag”. Different
variables defined in the same and in the opposite hemisphere, are used to determine the
“production tag”.

Section 2 describes the main features of the DELPHI detector, the event selection and the
event simulation. Section 3 describes the selection of the D¢/ sample. Section 4 presents
the B? lifetime measurement. Section 5 presents the result on the lifetime difference.
Section 6 is devoted to the study of B%-BU oscillations with the D¢ sample: the first
part describes the “production tag” algorithm while the second part presents the fitting
procedure and the result on Ampgo.

2 The DELPHI detector

The events used in this analysis have been recorded with the DELPHI detector at LEP
operating at an energy close to the Z° peak. The DELPHI detector and its performance
have been described in detail elsewhere [9]. In this section are summarized the most
relevant characteristics for this analysis.

2.1 Global event reconstruction
2.1.1 Charged particles reconstruction

The detector elements used for tracking are the Vertex Detector (VD), the Inner
Detector (ID), the Time Projection Chamber (TPC) and the Outer Detector (OD).

The VD provided the high precision needed near the primary vertex. For the data
taken from 1991 to 1993, the VD consisted of three cylindrical layers of silicon detectors
(radii 6.3, 9.0 and 10.9 cm) measuring points in the plane transverse to the beam direction
(r¢ coordinate) in the polar angle range 43° < 6 < 137°. In 1994, two layers have
been equipped with detector modules with double sided readout, providing a single hit
precision of 7.6 um in the r¢ coordinate, similar to that obtained previously, and 9 pym in
the coordinate parallel to the beam (z) [10]. For high momentum particles with associated
hits in the VD, the extrapolation precision close to the interaction region is 20 yum in the
r¢ plane and 34 pm in the rz plane.

Charged particle tracks have been reconstructed with 95% efficiency and with a
momentum resolution o,/p < 2.0 x 1073p (p in GeV/c) in the polar angle region
25° < 0 < 155°.

2.1.2 Energy reconstruction

The total energy in the event is determined by using all information available from the
tracking detectors and the calorimeters. For charged particles, the momentum measured



in the tracking detector is used. Photons are detected and their energy measured in the
electromagnetic calorimeters, whereas the hadron calorimeter detects long lived neutral
hadrons such as neutrons and K9’s.

The electromagnetic calorimetry system of DELPHI is composed of a barrel calorime-
ter, the HPC, covering the polar angle region 46° < 6 < 134°, and a forward calorimeter,
the FEMC, for polar angles 8° < 6 < 35° and 145° < 6 < 172°. The relative precision on
the measured energy E has been parametrized as op/FE = 0.32/vVE @ 0.043 (E in GeV)
in the barrel, and op/E = 0.12/v/E © 0.03 (E in GeV) in the forward region.

The hadronic calorimeter, HCAL, has been installed in the return yoke of the DELPHI
solenoid. In the barrel region, the energy has been reconstructed with a precision of
op/E =1.12/VE®0.21 (E in GeV).

2.1.3 Hadronic Z° selection

Hadronic events from Z° decays have been selected by requiring a charged multiplicity
greater than four and a total energy of charged particles greater than 0.12./s, where /s
is the centre-of-mass energy and all particles have been assumed to be pions; charged par-
ticles have been required to have a momentum greater than 0.4 GeV/c and a polar angle
between 20° and 160°. The overall trigger and selection efficiency is (95.0£0.1)% [11]. A
total of 3.6 million hadronic events has been obtained from the 1992-1995 data.

2.2 Particle identification
2.2.1 Lepton identification

Lepton identification in the DELPHI detector is based on the barrel electromagnetic
calorimeter and the muon chambers. Only particles with momentum larger than 2 GeV//c
have been considered as possible lepton candidates.

Two layers of muon chambers covered the polar angle region 20° < 6 < 160°, except
for two regions of £3° around 6 = 42° and 6 = 138°. The first layer consists of three
planes of chambers and is inside the return yoke of the magnet, after 90 cm of iron, while
the second, with two chamber planes, is mounted outside the yoke, behind a further 20 cm
of iron. The probability of a particle being a muon has been calculated from a global
x? of the match between the track extrapolation to the muon chambers and the hits
observed there. Four identification flags are given as output of the muon identification
in decreasing order of efficiency: very loose, loose, standard and tight. In this analysis
the loose selection has been applied corresponding to an efficiency of (94.8 £+ 0.1)% with
a hadron misidentification probability of (1.5 4 0.1)%.

Electron identification has been performed using two independent and complementary
measurements, the dF /dx measurement of the TPC (described in section 2.2.2) and the
energy deposition in the HPC. Probabilities from calorimetric measurements and tracking
are combined to produce an overall probability for the electron hypothesis. Three levels
of identification are given: loose, standard and tight.

The loose selection has been applied for this analysis corresponding to an efficiency of 80
% with an hadron misidentifation probability of ~ 1.6 %.

2.2.2 Hadron identification

Hadron identification relied on the RICH detector and on the specific ionisation mea-
surement performed by the TPC.



The RICH detector [12] used two radiators. A gas radiator separated kaons from
pions between 3 and 9 GeV/c, where kaons gave no Cherenkov light whereas pions did,
and between 9 and 16 GeV/c, using the measured Cherenkov angle. It also provided
kaon/proton separation from 8 to 20 GeV//c. A liquid radiator, which has been fully
operational for 1994 and 1995 data, provided p/K/m separation in the momentum range
1.5-7 GeV/c.

The specific energy loss per unit length (dE/dz) is measured in the TPC by using up
to 192 sense wires. At least 30 contributing measurements have been required to compute
the truncated mean. In the momentum range 3 < p < 25 GeV/c, this is fulfilled for 55%
of the tracks, and the dF/dz measurement has a precision of £7%.

The combination of the two measurements, dF/dx and RICH angles, provides three
levels of pion, kaon and proton tag (loose, standard, tight) corresponding to different
purities. A tag for “Heavy Particle” is also given in order to separate pions from heavier
hadrons with high efficiency.

The Standard “Heavy Particle” flag has an efficiency of about 70 % with a pion misidenti-
fication probability of 10 % for charged particle with momentum greater than 0.7 GeV//c.

2.2.3 A% and K° reconstruction

The A° — pr~ and K — 77~ decays have been reconstructed if the distance in the
r¢ plane between the V° decay point and the primary vertex is less than 90 cm. This
condition meant that the decay products have track segments at least 20 cm long in the
TPC. The reconstruction of the VY vertex and selection cuts are described in detail in
reference [9].

Only K° candidates passing the “tight” selection criteria have been retained for this
analysis.

2.2.4 7 reconstruction

The 7° — ~v decays are reconstructed by fitting all vy pairs whose invariant mass is
within 20 MeV of the nominal 7% mass, using the nominal 7° mass as a constraint. The
fit probability has to be larger than 1%.

2.3 Primary vertex reconstruction and event topology

The location of the e™e™ interaction has been reconstructed on an event-by-event basis
using the beam spot position as a constraint [9]. In 1994 and 1995 data, the position of
the primary vertex transverse to the beam has been determined with a precision of about
40 pm in the horizontal direction, and about 10 pum in the vertical direction. For 1992
and 1993 data, the uncertainties are larger by about 50%.

Each selected event has been divided into two hemispheres separated by the plane
transverse to the sphericity axis. A clustering analysis based on the JETSET algorithm
LUCLUS [13] with default parameters has been used to define the jets, using both charged
and neutral particles. These jets have been used to measure the p?“* of each particle in
the event, defined as its momentum transverse to the axis of the rest of the jet it belonged
to, after removing the particle itself.

The different detector configurations, both for hadron identification and vertex reso-
lution, implies, in the rest of the analysis, a separate treatment of the data taken before
and after 1994.



2.4 b-tagging

The b-tagging package developed by the DELPHI collaboration has been described in
reference [14]. The impact parameters of the charged particle tracks, with respect to the
primary vertex, have been used to build the probability that all tracks come from this
vertex. Due to the long B-hadrons lifetime, the probability distribution is peaked at zero
for events which contained beauty whereas it is flat for events containing light quarks.
The b-tagging algorithm has been used in this analysis to select control samples with low
b purity.

2.5 Event simulation

Simulated events have been generated using the JETSET 7.3 program [13] with pa-
rameters tuned as in [15] and using an updated description of B decays. B hadron
semileptonic decays have been simulated using the ISGW model [16]. Generated events
have been followed through the full simulation of the DELPHI detector (DELSIM) [9],
and the resulting simulated raw data have been processed through the same reconstruc-
tion and analysis programs as the real data.

3 The Dsiﬁ$ sample selection

BY semileptonic decays' have been selected requiring the presence of a DI meson
correlated with a high p, lepton of opposite electric charge in the same hemisphere:

The Dg mesons have been reconstructed in six non-leptonic and two semileptonic decay
channels:

Df — ort ¢ — KTK™;
Df — KUK+ K= K-nt;
D — K{K* K§ — nfr;

Df - ¢gntrn 7t ¢ — KTK;
Df — ¢rtr? ¢ — KTK™;
DF — 'k K- K 7t, K — Kir;

Df — getv, ¢ — KK
Df — outy, ¢ — KK,
In addition, partially reconstructed D have been selected requiring the presence of a ¢

meson (reconstructed in the K™K~ decay channel) accompanied by an hadron At in the
same hemisphere.

Df — ohtX

In the following the first eight decay modes will be referred as the Dyl sample and the
last one as the ¢fh sample.

LCharge conjugation is always implied.



3.1 Selection of the ¢r, KUK+, KYK* and ¢/"v decay modes

Each Dy decay mode has been reconstructed by making all possible combinations of
particles in the same hemisphere. In D} semileptonic decays, the ambiguity between the
two leptons has been removed by assigning the lepton to the DI (BD) if the mass of the
ol system, M(¢pl), is below (above) the nominal D mass. If the two leptons both gave
a M (¢l) above or below the Dy mass, the event was rejected.

The measured position of the DI decay vertex and momentum together with their mea-
surement errors, have been used to form a new track (called pseudo-track) that contains
the measured parameters of the D particle.

A candidate B? decay vertex has been obtained by intercepting the DI pseudo-track with
the one of a lepton. To guarantee a precise determination of the position of this secondary
vertex, at least one VD hit has been required to be associated to the lepton and to at
least two tracks from the DI decay products. The x? of the reconstructed D} and B?
vertices have been required to be smaller than 40 and 20 respectively.

In order to suppress fake leptons and B hadron cascade decays (b — ¢ — (1), additional
selection criteria have been applied to the D¢ pairs, which are summarized in Table 1.
For the channel DI — ¢¢Tv requirements on the ¢¢¢ mass and momentum have been re-
duced as compared to the other channels to account for the additional escaping neutrino.
Due to the smaller combinatorial background under the Dy signal, in the Dy — ¢t and
Dy — ¢fTv decay channels, the p, cut has been lowered to 1 GeV/c.

| | ort | ot | Others |
pr(0)(GeV/c) > 1 > 1 > 1.2

M(Dy0)(GeV/c?) | € [3,5.5] | € [2.5,5.5]| € [3,5.5]
P(Dsl)(GeV/e) | > 14 > 12 > 14

Table 1: Selection criteria applied to the lepton and Dy candidates.

A tighter selection was then applied, separately for each decay mode, using a discrim-
inant variable built with the variables listed in Table 2.
These variables are:

e the momenta, P, and masses, M, of the decay products;

the cosine of the helicity angle, v, for the ¢7+ and KK+ decay modes;

Hp, defining whether the hadron identification from section 2.2.2 favours the 7, K
or proton hypothesis;

Lyp, defining whether the lepton identification from section 2.2.1 identifies a particle
from the D semileptonic decay as an electron or a muon (used only for leptons
coming from the D} semileptonic decays).

For each quantity the probability densities for the signal (S) (Dg/ from B? semileptonic
decays) and for the combinatorial background (B) (fake D4/ candidates in ¢g events) have
been parametrized using the simulation; the discriminant variable Xp, is then defined as

r=llr=1lgoy =g

i




where i runs over the number of variables (which actual values are x;). The combinatorial
background is concentrated close to Xp, = 0 while the Dy signal accumulates close to
Xp, = 1.

| er | K"K | KK | ot |
P(Ds) P(Dy) P(Dy) P(¢)
P(¢)/P(Ds)| P(K*°)/P(Ds)| P(K3)/P(Dy)
Hrp Ky Hip Ky Hip K Hip Ky
Hip K Hip K Hip Ky
H]D T H[D m L[D E(Ds)
cos(1) cos(1)
M (o) M(K*)

Table 2: List of the quantities which are used, in the different decay channels, to construct
a discriminant variable between BY semileptonic decays and background events.

The distributions of this variable obtained in data and in the simulation are shown in
Figure 1 for the ¢7* decay channel.

The optimal value of the cut on the discriminant variable has been studied on simulated
events separately for each channel and for each detector configuration (Table 3). For the
¢m T channel, because of the small combinatorial background, a loose cut is chosen while
for the other channels a tighter cut has been applied.

| | ot | KUK | KK | o+ |
92-93|> 0.05]> 0.75|> 0.80]> 0.75
94-95|> 0.03|> 0.85|> 0.90| > 0.90

Table 3: Values of the cuts applied on the discriminant variable Xp, to select BY semilep-
tonic decay candidates.

In addition, for the two channels (K*'K and K%K), which receive contributions from
kinematic reflections of non strange B decays, the bachelor kaon has been required to be
incompatible with the pion hypothesis.

Further background suppression has been obtained by placing a requirement on the Dy
flight distance L(Ds). The small effect induced on the decay time acceptance has been
taken into account in the following. This requirement has been applied, depending on the
resolution on the decay distance observed in the different Dy decay channels and on the
level of the combinatorial background: L(Dy) > 0 for ¢7 and K*OK*, L(D,)/o(L(Dy)) >
—3 for K§K* and L(Dy)/o(L(Ds)) > —1 for ¢£*.

Finally, for the semileptonic decay modes (with two neutrinos in the final state) an
algorithm has been developed to estimate the missing energy, F,,;ss, 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 Dy/ candidate. Using four-momentum conservation, the



total energy (Fyy) in that hemisphere is:
M2 _ M2

same opp

E ot — E eam
tot ’ - 4Ebeam

where Mqme and M,,, are the hemisphere invariant masses of the same and opposite
hemispheres respectively. A positive missing energy F,,;ss has been required.

3.2 Selection of the ¢ 77, ¢t 7" and KUK decay modes

These three decay modes have been searched for in the 94 and 95 data only [17].
D,/ pairs have been selected by requiring M (Dgf) > 3.0 GeV/c?, pi(¢) > 1.2 GeV/c and
x? (Dl vertex)< 20 (except for the ¢pmtrTm~ decay mode in which no y? cut has been
applied).
In each event only one candidate is kept. The procedure is the following: if more than one
candidate passed all the selection criteria only the one with the highest lepton transverse
momentum and, if the same lepton candidate is attached to several DI candidates the
highest D} momentum, is kept.
It has been verified that this requirement keeps the signal with high efficiency and removes
some of the combinatorial background.

3.2.1 Df - KK

D candidates have been selected by reconstructing K = K-7* and K* — KO+
decays. KY candidates have been reconstructed in the mode K® — 777~ by combining all
pairs of oppositely charged particles and applying the “tight” selection criteria described
in [9]. The K? has been then combined with two charged particles of the same sign, and a
third with opposite charge. If more than one D candidate could be reconstructed by the
same four particles (by swapping the two pion candidates for example) the DI candidate
minimizing the squared mass difference (M (K=7+) — M(K™))2 4+ (M (Ko7+) — M (K*+))?
has been chosen, where M (K*O) and M (K**) are the nominal K* masses [19]. The three
charged particle tracks have been fitted to a common vertex and the x? of this vertex has
been required to be smaller than 30. To improve the resolution on the vertex position,
all three tracks have been required to have at least one VD hit.

K7t and K7™ mass combinations have been selected if their effective masses are within
+75 and 495 MeV/c? of the nominal neutral and charged K* mass respectively.

The charged pion and kaon from K* decays must have a momentum larger than 1 and
1.5 GeV/c respectively. The charged and neutral K* mesons must have a momentum
larger than 4 and 3.5 GeV/c respectively and D mesons have a momentum larger than
11 GeV/e.

3.2.2 Df — ¢mrm

The ¢ is reconstructed in the decay channel ¢ — KTK™ by taking all possible pairs
of oppositely charged particle tracks that have an invariant mass within 13 MeV/c?
of the nominal ¢ meson mass [19]. Neither kaon candidate should be tagged by the
combined RICH and dE/dX measurements as pions (“tight” selection). Three tracks,
each compatible with the pion hypothesis as given by the combined RICH and dE/dX
measurements, have been then added to the ¢ candidate to make a DF. The five tracks
have been required to be compatible with a single vertex, but no requirement has been
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applied on the y? of the vertex fit. Three of the five tracks have been required to have
at least one VD hit and two of the three pion candidates have been required to have a
momentum above 1.2 GeV/c.

In addition, kaons from the ¢ decays must have a momentum larger than 1.8 GeV/c.
Individual pion momenta must be larger than 700 MeV/c and the Dy candidate momen-
tum must be larger than 9 GeV/c.

3.2.3 D — ¢mn®

The ¢ is reconstructed using the same selection criteria as for the previous channel. A
third track, which has been required not to be tagged as a kaon by the combined RICH
and dFE /dx, and a reconstructed 7° (section. 2.2.4) have been added to the ¢ candidate. If
more than one candidate passed the selection criteria only one has been kept by applying
the same selection criteria as for the ¢pmmm channel.

The three charged tracks have been fitted to a common vertex. To improve the resolution
on the vertex position, each of the three tracks has been required to be associated to at
least one VD hit each.

In addition, kaons from the ¢ decay must have a momentum larger than 2.5 GeV/ec.
The momentum of the charged pion and of the Dy must be larger than 1 and 10 GeV/c
respectively.

3.3 Summary for the D¢/ selected events
3.3.1 Non leptonic Dy modes

In the D} mass region, an excess of “right-sign” (DE(T) over “wrong-sign” (DX(*)
combinations is observed in each channel (Figure 2). The estimated number of signal
events and the yields for the combinatorial background in all the studied modes are
summarized in Table 4. The mass distribution for non-leptonic decays has been fitted
with two Gaussian distributions of equal widths to account for the DI and D¥ signals
and a polynomial function for the combinatorial background. The Dt mass has been
fixed at the nominal value of 1.869 GeV/c? [19]. The overall mass distribution for non-
leptonic decays is shown in (Figure 3a). The fit yields a signal of (206 £ 21) Dy decays in
“right-sign” combinations, centred at a mass of (1.9680 + 0.0016) GeV /c* with a width
of (14 £1) MeV/c%

3.3.2 Semileptonic Dy modes

Selected events show an excess of “right-sign” with respect to “wrong-sign” combi-
nations (Figure 3b). The KTK™ invariant mass distribution for “right sign” events has
been fitted with a Breit-Wigner distribution to account for the signal and a polynomial
function to describe the combinatorial background. The fit gives (80 & 16) events (see
Table 4) centred at a mass of (1.020 & 0.001) GeV/c* with a total width (T') of (54 1)
MeV /c2.

3.4 Selection of the ¢/h inclusive channel

Inclusive BY semileptonic decays are reconstructed by requiring, in the same hemi-
sphere, a high p; lepton and a reconstructed ¢ — KTK~ [18]. This analysis is expected
to be more efficient than analyses based on completely reconstructed DI, at the cost of
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‘DS decay modes ‘ Estimated signal | Combinatorial background / Total‘

D, — ¢+ 83+ 11 0.38 & 0.06
D, — KK+ 60 £ 11 0.45 % 0.06
D, — KOK+ 2247 0.48 & 0.10
D, — K K*+ 2145 0.31+0.07
D, — ¢rtrtr 10 £ 4 0.39 & 0.10
D, — értr? 18+ 6 0.39 & 0.10
ID,—ottv | 80+16 | 0.38 £ 0.06 |

Table 4: Numbers of Dy signal events and fractions of combinatorial background events
measured in the different Dy decay channels. The level of the combinatorial background
has been evaluated inside a mass interval of £20 (£1.51") centred on the measured Dy (¢)
mass.

a higher background. The extra contamination comes mainly from combinatorial KK~
pairs and from non-strange B-decays.

In order to avoid a statistical overlap with the D¢/ sample considered previously, all
K*TK /¢ triplets selected in the D¢¢ channels containing a ¢ in the final state have been
excluded from the present sample.

The analysis of the ¢fh channel has been performed using 94-95 data only.

Leptons are required to have a momentum and a transverse momentum larger than
3.0 GeV/c and 1.0 GeV/c respectively. A pair of oppositely charged identified kaons is
considered as a ¢ candidate provided their combined momentum is above 3.0 GeV/c.
Considering the remaining particles of charge opposite to the lepton, the hadron A with
the highest momentum projected along the ¢ direction is associated to the D decay ver-
tex. The KTK™h™ vertex is fitted, and the D} pseudo-track is reconstructed and fitted
with the lepton track to estimate the B decay vertex. The mass distribution of the KT K~
pairs has been fitted with a Breit-Wigner function to account for true ¢ mesons and a
polynomial function for the combinatorial background (Figure 4).

Accepting events within +1I" of the fitted ¢ mass, where I' corresponds to the fitted
width of the signal, 441 events are retained, including a combinatorial background of
(45.2 + 4.5)%.

3.5 Sample composition

The lifetime and the oscillations of B? mesons have been studied selecting, in the
Dyl sample, right-sign events lying in a mass interval of +20 (£1.5I") centered on the
measured D (¢) mass and, in the ¢¢h sample, events with the candidate ¢ meson in a
mass interval of £1I" centered on the measured ¢ mass.

The following components, entering into the selected sample, have to be considered:

® furg: fraction of candidates from the combinatorial background: it has been evalu-
ated from the fit of the mass distributions on D¢/ and ¢fh events;

o fs: fraction of candidates coming from events having a fake lepton and a real Dy
or ¢ meson (in the ¢fh analysis this category includes also events containing true
leptons and ¢ mesons coming from charm decays or light quark hadronization);
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‘ ‘ om ‘ 014 ‘ Others ‘
| fo.0/ f,]0.151 £ 0.018]0.148 £ 0.025]0.114 £ 0.020|

Table 5: Ratio between DD and signal yields in the three Dyl classes.

® fice: fraction of candidates in which the high pr lepton originates from a “cascade”

decay (b — ¢ — {);
o f5: fraction of semileptonic decays of non-strange B mesons

0
° be;: fraction of semileptonic decays of the BY meson.

Only the last four components (i.e. background and signal coming from physical pro-
cesses) will be detailed in the following: the estimation of the combinatorial background
has been already reported in previous sections.

3.5.1 Composition of the Dy/ sample

In the D¢ sample the Dy signal of the “right” sign correlation is dominated by B?
semileptonic decays; other minor sources of D¢/ candidates are:

® ffgi
a possible contribution from this source (D] -fake ¢) would give the same contribution
in right and wrong sign candidates. Since no excess has been observed in wrong sign
candidates this component has been neglected.

o fbd:
it is the expected fraction of “cascade” decays (B — ﬁ(*)DS(*HX) followed by the
semileptonic decay D — ¢~7X yielding right-sign DX/ pairs (referred also as fp.p).
This background corresponds approximately to the same number of events as the
signal [20], but the selection efficiency is lower because of the requirement of a high
p: lepton and of a high mass of the(Dg/) system. These selection criteria reduce
the D,D background fractions to the values reported in Table 5. Quoted errors
on these fractions result from the uncertainties on the branching fractions of the
contributing processes and from the errors on the respective experimental selection
efficiencies.

o [5:
two contributions to this fraction have been considered:

— frepi: the fraction of events from D¥ — K- 7tnxt and D* — K@nt decays in
which a 7% has been misidentified as a K™ which give candidates in the Dy
mass region. If the DV is accompanied by an oppositely charged lepton in the
decay Buq — DT 7X, it looks like a B semileptonic decay. The fractions
fresi/ fo. = 0.054 £0.015 and frcp/ fa, = 0.069 & 0.025 have been estimated for

the KK* and KZK™ decay channels, respectively.

— A DZ/F pair from a non-strange B meson decay, with the lepton emitted from
a direct B semileptonic decay, may come from the decay B — DKX/¢~7. The
production of Dy in B decays not originating from W+ — ¢3, has been measured
by CLEO [21], but no measurement of this production in semileptonic decays
exists yet. This process implies the production of a D** followed by its decay
into DgK. This decay is suppressed by phase space (the Dg K system has a large
mass) and by the required additional s5 pair. A detailed calculation shows that
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] er | et | KIK* KK+ Others
feo ]0.869 £ 0.014]0.871 £ 0.019]0.845 + 0.023]0.856 4 0.018]0.898 = 0.016
fo.5 0.131 £ 0.016/0.129 £ 0.022] 0.096 = 0.021]0.098 = 0.020[0.102 % 0.018
frep. - - 0.059 % 0.022[0.046 + 0.014 -

Table 6: Estimated composition of the Dy signal in the D/ sample

the contribution of this process is [22]:

Br(b — B — D,KX(™7)
Br(b — BY — D/~ 7)

< 10%.

Assuming a selection efficiency similar to the one for the D{D component the
contribution of this decay channel is below 2% and, for this reason, has been
neglected in the following.

Taking into account the above components, the estimated number of B? semileptonic
decays in the sample of 436 candidates is 230 + 18.
The signal composition for each Dy decay mode is given in Table 6.

In order to increase the effective BY purity of the selected sample, signal and back-
ground fractions have been calculated on an event by event basis using the probability
density functions of pr(l) and Xp_ (defined in Section 3.1):

fitd = ForgFcoms(Xp.) Foom(pr)/Tot
fid’ = feoFo.(Xp,)Fay(pr)/Tot
i = fo.oFo.(Xp,) Fo.nlpr)/Tot
£ = frenFo.(Xp,) Feo(pr)/Tot

where Fp,, Fooms, Fp,p, Fpo are the probability densities for the Dy mesons, the combi-
natorial background, the D,D background and the BY signal events, respectively.
In these expressions, Tot is a normalisation factor such that:

Tl + 1"+ b+ 1l = 1

The distributions of the values of the Xp_ and py variables are shown in Figure 5. The
use of this procedure is equivalent to increasing the statistics by a factor 1.2.

3.5.2 Composition of the ¢/h sample

The different contributions to ¢fh candidates contained in the selected K™K~ mass
interval of +6.6MeV/c? around the ¢ nominal mass and corresponding to a real ¢ meson
are shown in Table 7 and have been estimated using simulated events and measured
branching fractions. Quoted uncertainties originate from the finite Monte Carlo statistics,
except for one attached to the signal fraction which is dominated by fgo x Br(BY —
D¢~ ,X) = (0.86 & 0.0975:20)% [23].

The number of BY semileptonic decays contained in this sample has been evaluated to
be 41713,
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‘Source‘ (%) ‘
fre  |225+24
B 49a+21
foee |11.34£1.2

[0)
fre 16.9+%9

Table 7: Estimated composition of the ¢ signal in the ¢¢h sample

3.6 Measurement of the B meson decay time

For each event, the B decay time is obtained from the measured decay length (Lpp)
and the estimate of the B! momentum (pgo). The B} momentum is estimated using the
measured energies:

pB22 = (E(DSE) + EI,)Q — mBg2.

The neutrino energy FE, is obtained from the measured value of F,,; s (see Section 3.1)
corrected by an amount which depends on the (Dy/) energy? and which has been deter-
mined from simulated signal events:

E, = Eiss + F(E(Dg)).

The agreement between data and simulation on FE,,;ss has been verified using the side
bands of the D¢ sample.

In order to have enough statistics to perform this test, cuts not correlated with the missing
energy have been relaxed. In addition, to verify the resolution on the energy estimate,
the studied sample has been enriched in light quark events by applying an anti—b-tagging
cut (Section 2.4).

A relative shift of A(MC — Data) = 500 MeV has been measured and the simulation
has been corrected. Figure 6 shows the agreement between data and simulation after
having applied this correction.

Finally the data-simulation agreement on pgo has been verified on the selected signal
events after subtraction of the combinatorial background (estimated from events selected
in side-bands of Dy and ¢ signals) (Figure 6).

3.7 Proper time resolution and acceptance

The predicted decay time distributions have been obtained by convoluting the theo-
retical distributions with resolution functions evaluated from simulated events. Due to
different resolutions on the decay length, different parametrizations of the proper time
resolution have been used for three different classes in the Dy sample: KSK™ decays,
other non-leptonic decays and semileptonic Dy decays. Different parametrizations have
been also used for the two Vertex Detector configurations installed in 91-93 and in 94-95.
The proper time resolution is obtained from the distribution of the difference between
the generated (t) and the reconstructed (¢;) time. The following distributions have been
considered:

2here Ds means “observed decay products of Ds”, including also the decays where the Ds is not fully reconstructed:
specifically Dst — ¢t vy and DsT — ¢phTX
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e Ry(t —t;) is the resolution function for direct semileptonic B decays.
Ry is parametrized, for the D¢l sample, as the sum of three Gaussian distributions.
The width of the third Gaussian is taken to be proportional to the width of the
second Gaussian.

Rie(t —t;) = (1 = fo — f3)G(t —t;,01) + foG(t — t;,00) + f3G(t — t;, 03)

with o1 = /o3, + 05,12

Oy = (/025 + Ohyt?

03 = 5302

In the ¢fh analysis a fourth Gaussian distribution has been added.

The decay length resolutions o,, the momentum resolutions op, and relative frac-
tions f; are listed in Table 8. A typical parametrization of the resolution, for the
Dy¢ sample, is shown in Figure 7 for the ¢7* decay mode obtained with the 94-95
Vertex-Detector configuration.

e Ry is the resolution function applied to “cascade® events.
Since the charm decay products have been only partially reconstructed in these
events, the momentum of the BY candidate is underestimated giving a long positive
tail in the proper time resolution function.
The function, Ry (t — t;), is well described by a Gaussian distribution convoluted
with an exponential distribution. The variation of the shape of this distribution
with the generated proper time has been neglected.

Dy/¢ sample
Dy decay mode ‘am(ps)‘apl ‘O'LQ(pS) ‘O'PQ ‘33‘f2 ‘f3
KOK™* (92-93) 0.16 |0.08 [1.04 [0.16]- [0.50]0
KSK™ (94-95) 0.16 0.08 [0.98 0.16|- [0.28]0
other non-leptonic (92-93)|0.11 0.07 [0.39 |0.16(5 [0.26|0.07
other non-leptonic (94-95)|0.11  0.07 |0.37  [0.16|3 |0.16]0.02
olv (92-93) 0.14 0.075]0.31 0.15|6 {0.29]0.09
ol (94-95) 0.14 0.075(0.31 0.15/6 [0.21]0.07

@lh sample

ULl(pS)‘UPl‘ULQ(pS)‘O'PQ‘UL?)(pS)‘UP?)‘O'L4(p3)‘O'P4‘ J1 ‘ i ‘ E
| 0.13 ]0.08] 0.28 [0.09] 0.32 [0.19] 1.06 [0.42]0.31]0.41]0.10]

Table 8: Fitted values of the parameters of the resolution function Ry (t — t;) obtained,
on simulated events, for the Dgl and ¢lh samples.

Distortions on the recostructed proper time can be due to a non-uniform reconstruction
efficiency (acceptance) as a function of the true proper time.
Non-uniform efficiencies have been observed, on simulated events, in the Dy decay modes
o, KK and ¢fv because of the selection criteria on L/o(L).
This effect has been taken into account by inserting, for those channels, an acceptance
function parametrized on simulated events.
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4  Measurement of the B! lifetime

The B? meson lifetime has been studied using the signal sample (Section 3.5) and
a background sample containing events selected in the sidebands of Dg (¢) candidates.
Sidebands events are “right” sign events lying in the Dg mass interval [1.91—1.93]U[2.01 —
2.15] GeV/c? for the Dy hadronic decays and “right” sign events lying in the ¢ mass
interval [0.990, 1.005]U[1.035, 1.060] GeV/c? for the Dy semileptonic decays.
In the D¢l analysis “wrong” sign candidates have been also included in the background
sample. This background sample is assumed to have the same proper time distribution
as the combinatorial background in the signal sample. This assumption has been verified
using the simulation. The probability density function used for events in the signal region
is given by:

BY pBY B pB
P(ti) = fo Py (i) + fooPoo (ti) + foee Poce(ts) + frePre(ti) + fong Porg(ti)-

where t; and t are the measured and true proper times respectively.
The different probability densities are expressed as convolutions of the physical probabil-
ity densities with the appropriate resolution (R) and acceptance (A) functions:

e for the signal:

0

Py (t;) = exp(—t/7p0)A(t) @ Reg(t — t;)

e for the background coming from non strange B mesons:

Py(t) =Y f;qel’p<—t/TBq)A(t) ® Rue(t — t;)
q#s

where ¢ runs over the various B-hadrons species contributing to this background,
e for the “cascade” background:

Poee(t:) =3 fiseap(—t/ms,)A(t) © Rper(t — t;)

o for “fake lepton” candidates the function Pp(t;) has been parametrized using simu-
lated events;
e for the combinatorial background two different parametrizations have been used:

— Dyl sample.

ijkg(ti) = frexp(—t/T7)QG(t —t;,05) + fTexp(—t/77) @ G(t — t;,04)+
(L= f~ = NGt -t 0)

Three distributions have been used for each of the three classes of decay time
resolution o; (j = 1,3) (see Section 3.7). A negative exponential for poorly
measured events (with lifetime 77), an exponential distribution for the flying
background (with lifetime 77) and a central Gaussian for the non-flying one.
The seven parameters (f~, f*, 77, 7~ and o; (j = 1,3)) have been fitted
independently for the 92-93 and 94-95 data samples. The parameter o; (j = 1,3)
are taken to be different for the three classes of decay time resolution.
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— ¢lh sample.
The combinatorial background shape has been described with a sum of four
smeared exponentials (exp(t;, 7,0) @ G(t;,0)).

BY lifetime fit has been perfomed simultaneously on the signal and background samples.
All parameters describing the shape of the background time distributions in the Dg/
and ¢lh samples are left as free parameters. Results of the fit are shown in Figure 8
(Dgl sample) and in Figure 9 (¢¢h sample). Table 9 summarizes the different lifetimes
measurements with their statistical errors.

‘Decay mode ‘Data set‘ o (PS) ‘
DJl; Dy — ¢m (92-95) | 1.4470:3¢
Dy/;Ds — KK+ [(92-95) | 1.3110:%
Dy/; Dy — K3K* ( ) | 143706
D.¢; Dy — KK**+  [(94-95) | 1.0019:%0
Dy/; D — ¢rtn®  [(94-95) | 146755
( )
(92-95)
(94-95)

DJ; Dy — ¢rtrta 1.96%5:48
DJl; D, — &0tv 1.497032
olh 1.41 +0.68

Table 9: BY lifetime determinations using the Dl and ¢fh events samples.

4.1 Systematic errors on the B lifetime

Systematic uncertainties attached to the BY lifetime determination are summarized in
Table 10.

The main contributions to the systematic uncertainties come from:

e Systematics from the evaluation of the B? purity.

— Dyl sample:

The different fractions for signal and background events have been calculated
on an event by event basis. The expressions defining the effective purities are
given in Section 3.5.1. The value of fy, has been varied according to the
statistical uncertainties of the fitted combinatorial background fractions present
in the different, Dy or KYK™, mass distributions. The value of fy, has been
varied according to the errors given in Table 7 and in Table 6, which takes
into account both the statistical error from the simulation and the errors on
measured branching ratios.

The evaluation of the systematics due to the procedure used to evaluate the
BY purity on a event by event basis has been evaluated in two steps. The
distributions of the variable Xp_ (Figure 5) for signal and background events
have been re-weighted with as linear function in order to maximize the Data-



18

Systematics TRy Vvariation in ps
fokg. 00150
Joce 00110
fii 10,0020
Xp, discrim. var. +0.008
pr discrim. var. 40.004
7+ (1.65 £ 0.04 ps) 00010
i (156 4 0.04 ps) o
t resolution 40.008
t acceptance +0.010
Simulated evts. statistics +0.020
| Total Syst. +0.03

Table 10: Different contributions to the systematic uncertainty attached to the B lifetime
measurement.

simulation agreement:

S(X)  S(Xp)
B(Xp) o~ BXp) @ XD

The linear behaviour of the correction has been chosen because of the limited
statistics in the data: it has been verified that a quadratic correction does not
change the result significantly.
The fit has been redone with this new probability distribution and the variation
of the fitted lifetime value has been taken as the systematic error.
Because of the agreement between data and simulation (Figure 5-e and 5-f) for
the pr distribution, the systematic error associated to this variable has been
evaluated varying its distributions by the uncertainties of the parametrization
obtained from simulated events.

— ¢lh sample:
In this analysis the fractions of signal and background events have not been
calculated on an event by event basis. The systematic uncertainty due to the
variation of the fyo, ff and fyr, fractions have been obtained by varying these
parameters by the errors reported in Table 7. The systematic uncertainty at-
tached to the fy, fraction, affecting only the ¢¢ sample, has a negligible effect
on the global result.

e Validation of the fitting procedure using simulated events.

The fitting method has been verified on pure B? simulated events: the measured
value on this sample has been 70 (DF¢F)MC = (1.605 £ 0.020)ps in agreement with
the generated value (7g0 = 1.6 ps). The statistical error of this verification has been
included in the systematic uncertainties.

A similar check has been performed on the ¢fh sample giving 7p0(¢ph)MC =
(1.65+0.04)ps. Since the statistical weight of the ¢¢h channel is small compared to
the full sample, the error on the fitting procedure is dominated by the statistics of
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D¢/ simulated events.

e Systematic from the proper time resolution.

Uncertainties on the determination of the resolution on the proper time receive two
contributions: one from errors on the decay distance evaluation and the other from
errors on the measurement of the B? momentum. The agreement between real and
simulated events on the evaluation of the errors on the decay distance has been veri-
fied by comparing the widths of the negative part of the flight distance distributions,
for events which are depleted in B-hadrons. The difference between the two widths
has been found to be of the order of 10%. The agreement between data and simu-
lated events concerning the measurement of the B! momentum has been verified by
comparing corresponding distributions (see Section 3.5.1). Finally the systematic
error coming from uncertainties on the time resolution has been evaluated by vary-
ing the parameters o, and op, of the resolution functions (see Table 8) by +10%.
Uncertainties on the acceptance determination have been also considered: the pa-
rameters entering in the definition of the acceptance function have been varied ac-
cording to the errors given by the fit on simulated events.

The final result is:

TRo = 142713 (stat.) £ 0.03(syst.) ps. (8)

5 Lifetime difference between B! mass eigenstates

As strange B mesons are selected using their semileptonic decays, the measured decay
time distribution is relative to B? (or BY) mesons which are well defined superpositions
of the two mass eigenstates:

— 1
(B)O N
B =%

The time probability density is then given by:

(IBy) % |BL)).

P(t) = Cnorm(e_FHt + e_FLt) (9)
where

Ty =D+ AD/2
Cnorm = 1—‘Hl—‘L/(l—‘H + FL)
T =1/T

Two independent variables are then considered:
TBY and AFBQ/FBS

The method used to extract information on AI'gy/I'go comsists in calculating the log-
likelihood for the time distributions measured on the Dg¢ and ¢¢h samples and constrain-
ing the BY lifetime to be equal to the BY lifetime (1.56 4= 0.04) ps (the theory predicts
T /T8, = 1 £ O(0.01) [7]):

l0g£t0t<7-Bgv AFBQ/FBQ) = logﬁDSZ(TBg, AFBS/FBS) + l0g£¢€h(TBga AFBg /FBg)+

1
logﬁ(TBg = TBg)(TBg) ( 0)
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This log-likelihood is minimized in the (7po,AI'go/I'go) plane and the likelihood difference
with respect to the minimum AL is computed:

AL = _logﬁtot (TBS, AFBQ/FBS) + logﬁmt((TBg)mi", (AFBS/FBS)mm)

Figure 10-a and Figure 10-b show the AL function with and without the constraint on
the BY lifetime.
The probability density for the variables 750 and AI'go/I'go is computed using:

P(TBQ, AFBS /PBQ) - Fnorme_AE

where F,,., is a normalization factor defined by:
/ P(TBS, APBS/FBS)dTBgdAPBg /PBS = 1.

The AI'go/T'go probability distribution is then obtained by integrating over 7zo. The
upper limit on Al'go/I'go at 95 % confidence level is:

AT'go /Ty < 0.45 at the 95% C.L.

This limit takes into account statistical uncertainties and the systematic coming from the
uncertainty on the BY lifetime.

The systematic uncertainty originating from other sources has been evaluated by con-
voluting the probability function P(7go, Al'go/I'go) with the probability function of the
corresponding parameters:

P(ATgo/Tps) = / P70, Alpo /T, 2, o 2l Vdrpoda e

) Y sys Y sys

where xiys are the n parameters considered in the systematic uncertainty.

Since the method implies heavy numerical integrations over a n-dimensional grid only two
systematics have been considered here: the purity in B? meson of the selected sample
and the acceptance. This approximation is justified since systematic uncertainties are
expected to be small (as they are in the lifetime measurement) and dominated by these
two parameters.

The AT'gy/T'go probability distribution is shown in Figure 10-b, the most probable value
for Al'go/I'go is 0 and the upper limit at 95 % confidence level is:

ATy /Tgo < 0.46 at the 95% C.L.

The world average of the BY lifetime could not be used to constrain, in an efficient way,
To; the measured BY lifetime is, indeed, a function of AT'go / I'go and 7‘1323 (all the lifetime
analyses assumed AI'go/I'go = 0):

1+ (2ATgo /Tio)?
P(1 - (3AT5y/T'g)?)

TBS =

6 Study of B’-B? oscillations

The study of B%-B? oscillations requires the tagging of the sign of the b quark in the
BY meson at the decay and production times.
The algorithm used for the b(b) tagging at production time has been tuned in order to
have the best performances on the D¢l sample, where all the charged particles from the

BY decays have been reconstructed.

3This formula, obtained by averaging the proper time on the probability function in Equation (9), has been checked
with fast simulation and found to be quite accurate.
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6.1 b(b) tagging at production time

The signature of the initial production of a b(b) quark in the jet containing the B? or B?
candidate is determined using a combination of different variables which are sensitive to
the initial quark state. For each individual variable X;, the probability density functions

[o(X;) (fz(X;)) for b (b) quarks are obtained from the simulation and the ratio R; =
f35(X5)/ fo(X;) is computed. The combined tagging variable is defined as:

Tiag = 1—1——;’ where R = HRi. (11)
The variable x4, varies between -1 and 1. High values of z,, correspond to a high
probability that a given hemisphere contains a b quark in the initial state. If some of
the variables X; are not defined in a given event, the corresponding ratios R; are set to
1, corresponding to equal probabilities for the initial state to be b or b. The definition
of T4,y provides an optimal separation between b and b initial states if the individual
discriminant variables X; are independent; in case of correlations the separation power
decreases but no bias is introduced.

An event is split into two hemispheres by the plane passing through the beam interaction
point and perpendicular to the direction of the BY candidate; then nine discriminant
variables have been selected for this analysis. Five variables are defined in the hemisphere
opposite to the B! meson, in which reconstructed charged particles have been used:

e the mean jet charge which is defined as :

2icr ¢i(lpi - €:))"
iz (|9 - &))"

In this expression n is total number of charged particles in the hemisphere, ¢; and
p; are, respectively, the charge and the momentum of particle 7 €5 is the unit vector
along the thrust axis and k=0.6;

e the weighted sum of the charges of particles with tracks identified as kaon candi-
dates:

Qhem =

(12)

Qr =2 ¢(p; - )"

e the sum of the charges of tracks having significant impact parameters with respect
to the event primary vertex;

e the sum of the charges of the particles whose tracks are compatible with the event
primary vertex;

e the momentum transverse to the jet axis multiplied by the charge of the identified
lepton candidate with the highest momentum.

These variables have been combined to form the discriminant variable zy, .

Another set of three variables are evaluated in the hemisphere which contains the B?
meson candidate and only tracks not included in the B? candidate decay products have
been used in their determination *. They are:

e the mean jet charge, computed using (12) with ¢€; directed along the reconstructed
momentum of the BY candidate;

4In the Dgf analysis all the B? decay products are identified and removed, for more inclusive analyses this is only
partially possible



22

e the rapidity with respect to the direction of the thrust axis multiplied by the charge
of the identified kaon candidate with the highest momentum having a trajectory
compatible with the primary vertex (this algorithm aims at reconstructing the frag-
mentation kaon produced with the B?, this kaon has a sign opposite to the b quark
contained in the meson);

e the momentum of any reconstructed A° candidate multiplied by the charge of the
proton from its decay (same principle as in the previous item when a baryon instead
of meson is produced).

These variables have been combined to form the discriminant variable z7, . In addition
the distribution of the polar angle of the direction of the thrust axis, common to both
hemispheres, is also used to benefit from the forward-backward asymmetry of the b quark
production relative to the electron beam axis.

6.2 Measurement of the tagging purity in events with an exclu-
sively reconstructed D*

The purity of the tagging at production time, €4, has been measured in the real data,
accumulated in 1994-1995, using the analysis of the BY — B_g mixing in events with an
exclusively reconstructed D**. The D** candidates have been selected by reconstructing
the decay chain D** — D% * followed by D — K~ 7t or D® — K~ 77% The selection
criteria rely mainly on the small mass difference between D** and D® mesons [24]. The
measurement of the B} — B_g mixing is performed by correlating a) the sign of the D**
charge, which tags the B flavour at decay time (since D*” in these events are mainly
produced from B and D** from BY), with b) the global tagging variable, Ty, evaluated
in the hemisphere opposite to the D** and obtained by combining the five first quantities
defined in the previous section. If the BY meson, decaying into a D*%, has oscillated,
the D** charge and the value of the variable ry,, are expected to be of unlike sign.

The mass difference, AmBg, between the two physical states of the BY — B_g system is

obtained from the study of the DY decay distance distribution for unlike and like sign
events. Details of the analysis can be found in [24]. The amplitude of the time dependent
oscillation is sensitive to the probability of correctly tagging events as unmixed and mixed
BY candidates. A fit has been performed, fixing the mass difference AmBg to the world
average [23], and leaving €;,, as a free parameter. The fit has been repeated for different
minimum values of the global tagging variable z7, . Results are reported in Table 11,
together with the predictions from the simulation. The fraction of events feyenis remaining
after the cut on the tagging variable is also reported.

The tagging efficiency, estimated using the D** sample, is consistent within its uncertainty
with the expectation from the simulation.

The selected sample of exclusively reconstructed D** still contains a significant fraction of
events originating from charm and light quarks. In order to study the distribution of the
tagging variable z7, , the b-tag probability for all tracks in the event has been required
to be smaller than 1073 [14]. The fraction of non-b events in the remaining sample is
estimated to be 5%. The distribution of the product between the D** charge and the
value of the tagging variable 7,  is shown in Figure 11-a, together with the expectation
from the simulation.

Another check has been performed by selecting events with an exclusively reconstructed
D** accompanied by a lepton of opposite charge. This sample is highly enriched in BY,
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Data Simulation

Etag ‘ fevents Etag ‘ fevents
|z,,] >0.0]0.68£0.02) 1.0 |0.69] 1.0
|x¢ | > 0.1{0.69 £ 0.02| 0.88 [0.71| 0.89

tag

[0, [> 0.2[0.71£0.02] 0.77 [0.74] 0.78

Table 11: Values of €4y obtained from the analysis of exclusively reconstructed D= for
different cuts on the value of the tagging variable xy,,. Also reported is the fraction of
events remaining after the cut. FExpectations from the simulation are also given.

but has a limited statistics. However, it allows the study of the tagging variable zj,,
defined, in the same hemisphere as the D**-lepton candidate, by combining the other
three variables mentioned in the previous section. The variable which quantifies the
presence of an identified kaon of highest momentum compatible with the primary vertex
has been removed from the definition of x7,,. The distribution of the product between the
D** charge and the value of the tagging variable, Tjag, 18 shown in Figure 11-b together
with the expectation from the simulation.

The selected Dg¢ sample do not have enough statistics to perform a quantitative check.
The x4, distributions expected from the simulation and measured data, using the Dy/¢
sample, are found to be compatible within statistics (Figure 12).

6.3 Tagging procedure

An event is classified as a mixed or an unmixed candidate according to the relativ
signs of the Dy electric charge, @)p, and of the x;,, variable. Mixed candidates have
Tiag X Qp < 0, and unmixed ones X0y X Qp > 0.

The probability, €, of tagging the b or the b quark correctly from the measurement of
Ttqg has been evaluated using a dedicated simulated event sample and has been found to
be, in the Dy sample, 74.5 £+ 0.5% in 94-95 data and 71.5 & 1.2% in 92-93 data.

In the ¢fh sample the tracks from the B decay have not been all reconstructed. The
tagging purity is lower with respect to the one estimated in the D¢/ sample due to some
possible misidentification between primary and secondary tracks present in the same
hemisphere as the ¢ meson. The value found in simulated events is (¢, = 0.69 & 0.01).
To improve the tagging purity further, the shape of the x4, distribution can be included
in the analysis.

Four purities enter in the analysis:

- ey tagging purity for the direct b — ¢ decays;

- €pe: tagging purity for b — ¢ — £ “cascade” decays;
eb”,i;x(“"mm) probability of classifying background candidates as mixed or as unmixed
(computed on sidebands events);

- eﬁix(“"mm) probability of classifying fake lepton candidates as mixed or as unmixed.

using 4, as a discriminant variable each of these purities is replaced by the function
€X (T1a9), where X is the z4,, probability density function.

The global probability density function has been divided by the sum eXj,(z44,) + (1 —
€)X (21ag) (r = right tag and w = wrong tag) in order to keep, for the signal part, the
relation € =1 — €.
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The functions entering in the final likelihood are then re-defined as:

, €be Xty (Ttag) w .
X7, — g Xp=1-X

T e X (Trag) + (1 — €0) X3 (21ag) vt bt
X — €bct X pey X — (1 — eve) Xy

bl epe Xpp(Ttag) + (1 — ) X3 (Ttag) Pl ey X (Ttag) + (1 — €00) X (Ttag)

. ZZB mix ) uanZBXunm’LfL‘

X mir bkg X unmiz _ bkg

bkg EbKX&@tag) + (1 - GbK)sz(xtag) bkg eng&(xmg) + (1- GbK)sz(xtag)

maix mix

Xmix _ Efé fe Xumm‘a: B Ezfnmz:vXunmmc
e Xy (Trag) + (1 — €00) Xpp(T10g) 7 e Xy (Ttag) + (1 — €be) Xy (Ttag)

The effective tagging purities obtained, in the D¢¢ sample, with this method correspond
to 78 + 0.5% for 94-95 data and to 74 + 1.2% for 92-93 data.

6.4 Fitting procedure

From the expected proper time distributions and the tagging probabilities, the prob-
ability functions for mixed and unmixed events candidates have been computed °:

P (t) = fi PR (t:) + FEPE () + Foer Py (t) + FrePR () + fog Pt (t:). (13)

where ¢; is the reconstructed proper time. The analytical probability densities are as
follows, with ¢ being the true proper time:

e BY mixing probability.
o () = { Xy Pgy®(t) + XpPgs™ () FA(t) @ Rue(t — 1) (14)

e “cascade” background mixing probability.

P (t:) = { bcé( X Pay™ () + ( Xpo Pyt (t) )+
(fbce/Q)( XbePp™ () + Xpo, Pe” (t) )+
(Fuet/2)( XieaPag™=(t) + X3y Py (1) )+ (15)
S22 Xpg/ i exp(—t/7p+)
FoeiXbee/Tay exp(=t/Ta,)  FA() © Rieelt —t;)
Note that the two terms contributing to the B? are due to the fact that, in the decay

B? — DD X, the lepton can originate from either Dy mesons. The BY contribution
can then be simplified in the expression and becomes, mixing independent:

Jfeo/TBoexp(—t/Tio)

e non-strange B-hadrons mixing probability.

P m(t) = { fe KPR () + Xgpgme(e) )+
sz Xpp/ B+ exp(—t/m8+) (16)
ot X3 /7a, exp(—t/7a, ) FA(L) ® Rue(t — 1)

5In the following, only the probability function for mixed events is written explicitly; the corresponding probability for
unmixed events can be obtained by changing r — w.
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e mixing probability for candidates from light quark events or fake leptons:

PRE(t) = XFPyu(t) (1)
e combinatorial background mixing probability:

Phig (t:) = Xigg Pong(t:) (18)

The proper time distribution for this background has been determined in the lifetime
fit.

The oscillation analysis has been performed in the framework of the amplitude method
25] which consists in measuring, for each value of the frequency Ampgo, an amplitude A
and its error o(A). The parameter A is introduced in the time evolution of pure B? or

B_g states so that the value A = 1 corresponds to a genuine signal for oscillation:

PB? — (B, BY) =

1 ¢
e 7 X (1£ A cos(Ampot))
TS
The 95% C.L. excluded region for Ampgo is obtained by evaluating the probability that,
in at most 5% of the cases, a real signal having an amplitude equal to unity would give an
observed amplitude smaller than the one measured. This corresponds to the condition:

A(AmBg) + 1.645 O'(A(AmBg)) < 1.

In the amplitude approach it is possible to define the exclusion probability, that is the
probability that a certain Ampo value lies in an excluded region if the generated Ampgo
was very large (Ampy — 00). The sensitivity is the value of Ampgo corresponding to 50
% of exclusion probability.

Using the amplitude approach (Figure 13), and considering only statistical uncertainties,
a limit has been obtained:

Ampy > 7.5 ps—! at 95% C.L. (19)

with a corresponding sensitivity at Ampo = 8.3 ps™'. At Ampo = 10 ps~', the error on
the amplitude is 0.85.

Several checks have been done to verify the reliability of the amplitude fit: the proper
time distributions for mixed and unmixed events have been verified to be well reproduced
by the fit (Figure 14-a,-b) and the ratio between mixed events and the total number of
events in bins of the proper time has been compared with the expected distribution for
Ampy = 5 ps—! and Ampy = 10 ps—t. These values have been choosen to illustrate
the behaviour of the expected oscillation curve for A = 0 (Ampy = 5 ps™') and A = 1
(Ampo = 10 ps™') (Figure 14-c). It could be seen that, qualitatively, there is a good
agreement, thought not conclusive, between the oscillation curve and the distribution of

data points for Ampo = 10 ps~! an oscillation is favoured whereas, for Ampo =5 ps1,
data prefer no oscillation.

6.5 Study of systematic uncertainties

Systematic uncertainties have been evaluated by varying the parameters which have
been kept constant in the fit, according to their measured or expected errors.
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e Systematics from the tagging purity.

— Dyl sample.

The studies done in Section 6.2 show that, using the tagging variables in
the opposite hemisphere and requiring |z,,| > 0., the difference between
the values of the tagging purity measured in real and simulated events is
€tag(DATA) — €14o(MC') = -0.01 £ 0.02. It has been verified that the real and
the simulated distributions for the tagging purities agree in both hemispheres.
The systematics coming from the control of the tagging purity has been evalu-
ated by varying the probability distributions of the discriminant variable for b
and b quarks in a way to induce an absolute variation on the effective value of
the tagging purity of +3.0%.

— ¢fh sample. The agreement between data and simulation has not been checked
for this sample; a conservative absolute variation of 5% in the tagging purity
has been assumed.

e Systematics from the BY purity.
The same procedure already applied for the lifetime measurement has been used.

e Systematics from the resolution on the B decay proper time.
The same procedure already applied for the lifetime measurement has been used. In
addition, the systematic error due to the variation of the proper time distribution of
the combinatorial background, has been considered: the parameters used to define
the background shape, in the lifetime fit, have been varied according to their fitted
errors.

I without af-

The inclusion of systematic uncertainties lowers the sensitivity to 8.2 ps™
fecting the 95% C.L limit.

The exclusion probability of Ampgy = 7.5 ps™" is 54% while the probability of obtaining
a limit on Ampo higher than the actual one is 38% (Figure 15-c).

Figure 15-a and Figure 15-b represent, respectively, the error on the amplitude and the

exclusion probability as a function of Ampo.

1

7 Conclusion

A sample of 436 DX(F candidate events has been selected from about 3.6 million
hadronic Z° decays accumulated by DELPHI between 1992 and 1995, using seven different
D, decay modes. The number of events coming from BY semileptonic decays has been
estimated to be 230 £ 18 in this sample. In addition, a sample of 441 ¢lh, containing
41 4+ 12 BY semileptonic decays, has been also used. Events contained in the Dy sample,
with a reconstructed ¢ and have been removed from this last sample.

Using these samples, three analyses have been performed. The B? lifetime has been
measured and a limit on the fractional width difference between the two physical B?
states has been set:

7(BY) = (1.427013(stat.) 4 0.03(syst.)) ps

AT'po/T'go < 0.46 at the 95% C.L.

This last result has been obtained under the hypothesis that g0 = 75,.
The study of B? — B oscillations sets a limit at 95% C.L. on the mass difference between
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the physical BY states:
Ampo > 7.5 ps—* at 95% C.L. (20)

with a corresponding sensitivity equal to 8.2 ps™!.

Previous DELPHI results obtained with D¢/ and ¢¢ samples (][26],[20]) are superseeded
by the analyses presented in this paper.
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Figure 1: The plot on the top shows the distribution of the Xp, discriminant variable. The
points with error bars represent the data, the full line histogram shows the contribution
from the simulated signal and the shaded histogram shows the contribution coming from
simulated background events. The four figures on the bottom show the effect, on the ¢m
signal in the 94-95 data, of a cut on the discriminant variable (empty histograms represent
“right-sign” events while shaded histogram show “wrong-sign” events).
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(o, KYK*, KK+, KUK, ¢t~ and ¢rTn°). The last three decay modes have
been reconstructed using only the 94-95 statistics.
wrong-sign combinations are given by the shaded histograms

The corresponding distribution for
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Figure 3: a) Invariant mass distributions for Dy candidates in non-leptonic decay modes
(o, K*OKJr, KKT, K*OK*JU ¢prtn—nt and pntn®). b) KTK™ invariant mass distribu-
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show the result of fits described in the text.
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Figure 5: The plots illustrate the agreement between data and simulation for the variables
used in the estimate of the BY purity on an event by event basis.
a),b),c) and d) show the Xp, distributions for the channels ¢, K*K, KSK and o0+ re-
spectively. Full histograms and shaded histograms represent the signal and the background

respectively.

e) and f) show the pr distributions for the samples selected with pr > 1 GeV/c (¢pn and

oltv) and pr > 1.2 GeV/c (all the others) respectively.

For the prp distribution the DgD and the combinatorial background are considered sepa-

rately.
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Figure 6: The plot on the top shows the comparison between data and the simulation for
the missing energy distribution after correction (see Section 3.5.1). The data ( dots with
error bars ) and the simulation ( dashed histogram ) are enriched in light quark events.
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between the generated time (tgm) and the reconstructed time (t,..), in bins of generated
time. The plot on the bottom shows the distribution of the reconstructed time with the fit

superimposed.
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Figure 8: Dyl sample. a) Likelihood fit for events in the signal mass region. The points
show the data and the curves correspond to the different contributions to the selected
events. b) The same as a) but for “wrong-sign” events and for events situated in the side

band region



37

@ 40 -
o,
@\
9 35 Comb
g3 ] udsc
L% )5 \ | bCl
: ‘j“ bl (B)
20 -
: I L] bi@B)
15 4 b e Data
10 -
5
0, 0 2 4 6 8 1

10
t (ps)

Figure 9: ¢fh sample.
Likelihood fit for events in the signal mass region. The points show the data and the
curves correspond to the different contributions to the selected events.
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Figure 10: a) contours corresponding to 68, 95 and 99 % C.L. of the negative log-likelihood
in the plane Tp0-Al'go/I'go evaluated on the Dyl sample. b) Same as a) but with the
constraint Tgy = Tgo. ¢ ) Probability density distribution for Al'go/I'go; the two shaded
regions show the limits at 68 % C.L. and 95 % C.L. respectively.
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Figure 11: a) Distribution of the global tagging variable Ty, tn the hemisphere opposite
to the D' candidate.

b) Distribution of the global tagging variable Ty,q in the same hemisphere as the D**t-lepton
candidate.

The full dots with the error bars represent the data. The histogram is obtained in the
simulation.
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Figure 12: The plot shows the distribution of the x,, discriminant variable in the Dl
sample. The points with the error bars represent the data, the full line histogram shows
the contribution from combinatorial background, the lighter histogram the contribution
from DD events and the darker histograms the contribution from the BY signal in which
BY mesons produced from b or b quarks have been distinguished.
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Figure 13: Variation of the oscillation amplitude A as a function of Amg. The lower
continuous line corresponds to A + 1.645 o4 where o4 includes statistical uncertainties
only, while the shaded area includes the contribution from systematics. The dashed-dotted
line corresponds to the sensitivity curve. The lines at A=0 and A=1 are also given.
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Figure 14: Proper time distribution of mized and unmized events in Dgl sample (a-b) and
in the ¢f sample (c-d); the full dots with error bars represent the data, the curves are the
corresponding fitted distribution (for Ampo = 10 ps™').

¢) Ratio between the mized events and the total number of events in bins of proper time in
the Dgl sample. The full (dashed) line represents the prediction for an oscillation (A =1)
with Ampo = 5 ps~ (10 ps™1).



43

= 5
< - a)
A L
b 4 L
3 -
2 -
1 -
: I
0 . \ \ \
0 5 10 15 20
Am_ (ps )
> o -
= 1 <5008 - 9
e ! s
S 0.8 - B
< 0 -50.067
8. 0.6 =
- i 50‘04 N
S 04 S
5 <002 F
S 02 0
| | | | | | | | | | | | I R
09 10 20 09 5 10 1
Am_ (ps™) Am_ (ps™)

Figure 15: a) Variation of the error on the amplitude as a function of Amg. b) Exclusion
probability vs. Amg. ¢) Lower limit probability density function vs. Am.



