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Chapter 7

Supplementary Bg selections

Data samples enriched in By meson decays can be used, in supplement to the inclusive
semileptonic selection described in Chapter 6, for a By oscillation study. Two selections
of this type, available in ALEPH, are described in this Chapter. In Section 7.1 a selection of
Bs — D7 £*v, where the Dy is completely reconstructed, is described. Some specific hadronic
Bs decays to flavour eigenstates such as B — D 7t can be fully reconstructed. A selection
of fully reconstructed By candidates is presented in Section 7.2. The method used to estimate
the b-flavour at production for both selections is described in Section 7.3.2.

7.1 Selection of Dg £ pairs

The selection of Dg ¢ pairs aims at the reconstruction of By — D7 ¢Tv(X) decays (charge
conjugate states are implied along this Chapter, unless otherwise stated).

The Dy is reconstructed in six hadronic decay modes, ¢ 7=, K*K—, KsK~, ¢ p~, K*K*~,
and ¢ 77777, and two semileptonic modes, ¢ e~ ve and ¢ p~v,. The sources of background
in the selected sample are i) b — Dy D)X events, where D) — £*v(X); 4i) kinematic
reflections in the K*'K*~ (KsK ™) channel, from D~ — K*¥7~ (Kg7 ) decays; and #ii) com-
binatorial background.

A high purity charged kaon and pion identification is needed for this selection. In both
cases a cut in the particle momentum and in the expected dE/dz deposition in the TPC
are placed. For kaons these cuts are p > 1.5GeV/c (to ensure a good kaon/pion dE/dx
separation), and x, + xyk < 1, where yy is the difference between the measured energy
loss and the expectation for the hadron h, divided by the expected uncertainty. For pions
candidates these cuts are p > 0.5GeV /¢ for the particle momentum, and |x,| < 3 for the
measured ionization. The lepton candidate is identified as described in Section 5.3, both
electrons and muons are required to have a momentum larger than 2.5GeV/c.

The unstable decay products of the D are reconstructed in the following channels:
$p—-K'K- KY'-K'rm Ksg—atnm K —Kgr  and p —a'n .

Their reconstructed mass is required to lie within a specific range around the measured
value [13] (between two and three standard deviations). The decay of the pseudoscalar
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meson D into a vector meson (¢ or K**) and a pseudoscalar meson (7~ or K™) follows a
distribution proportional to cos?(\), where ) is the helicity angle defined as the angle between
the 7= (K~) from the D; and one of the ¢ (K*Y) daughters in the ¢ (K*°) rest frame. To
reduce the combinatorial background, |cos(A)| > 0.4 is required.

The reconstructed D candidate is extrapolated back and vertexed together with the
lepton to obtain the By decay vertex. The vertex probability associated to the DS and to the
B, candidates must be at least 1%.

7.1.1 Sample composition

The reconstructed Dy mass peak is fit with two Gaussians for the signal and a second order
polynomial for the background. The background polynomial is fit on the wrong charge Dg ¢
combinations, for those channels in which statistics are sufficient, and on simulated events
otherwise. For the leptonic modes a similar fit is performed to the ¢ mass peak. For the
hadronic modes K*°K—, K~ Kg, and K*K*~ a third Gaussian is included for the D™ peak.
In the channel ¢ 77~ 7~ an additional Gaussian is included to take into account reflections
of D*~, in which a pion in the decay D’ — K=t 7+ 7~ is misidentified as a kaon. The mass
spectra on the ALEPH data is shown in Fig 7.1, together with the fit result.

Only those events for which the reconstructed Dg (or ¢) mass is found in a window
of two (or three, depending on the channel) standard deviations around the measured Dy
mass [13], are selected. The sample composition achieved with the selection described above
is summarized in Table 7.1.

Channel Efficiency Signal b — DDX D~ Combinatorial Events
(%) (%) (%) (%) (%) observed
ok 12.1 52.0 21.8 0 26.2 68
K*0 K~ 8.2 34.0 12.8 13.3 39.9 113
Kg K~ 2.5 40.8 15.5 2.9 40.8 24
op- 1.1 28.2 6.4 2.7 62.7 22
K*0 K*~ 3.6 38.9 15.8 2.1 43.2 19
onton ™ 6.3 27.7 10.0 0 62.3 13
e 6.0 40.0 12.1 0 47.9 19
DU, 4.0 51.1 20.0 0 28.9 19
Total 39.8 15.1 5.6 39.5 297

Table 7.1: Signal efficiency and estimated composition of the Dg ¢ data sample, evaluated from the
simulation. In the last column, the number of candidates found in the data for each channel is shown.
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Figure 7.1: Reconstructed mass spectra for the Dy selected sample. a) Dg reconstructed mass for the
hadronic Ds decays, and b) ¢ candidate mass for the semileptonic Dy decays. In both cases, a fit to
the signal and background distributions is performed.

7.1.2 Event characterization
Signal purity

The average purity of the sample is evaluated from the simulation to be ~ 40%. The statistical
power of the analysis is enhanced via an event-by-event evaluation of the signal probability
for each channel. The relevant variables used for this purpose are the lepton momentum and
transverse momentum, and the number of charged particles (excluding those from the Dg
candidate) which form a good vertex with the lepton.

Proper time measurement

The By decay length is measured by projecting the distance between the primary vertex and
the Bg vertex along the direction of the total momentum of the Dg ¢ pair. The decay length
uncertainty is obtained for each event from the vertex fit. The average resolution is 250 ym.
The decay length uncertainty is found to be underestimated by 10% in the simulation. A
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degradation of this amount is applied to the event-by-event measured uncertainty to account
for it. The decay length resolution in the data is found to be slightly worse than that suggested
by the simulation [61]. Therefore, an additional 5 + 3% degradation is applied to correct for
this disagreement.

The By momentum is computed from the reconstructed Dg momentum, the lepton mo-
mentum, and an estimate of the neutrino energy obtained as explained in Section 6.7.1. A
bias on the reconstructed momentum is observed in the simulation, it accounts, on average,
for 1GeV/c. A correction as a function of the reconstructed momentum is applied to all
events. The relative momentum uncertainty is parametrized as a function of the estimated
momentum. The average relative momentum resolution obtained is 10%.

About half of the data sample selected here is also selected by the analysis presented
in Chapter 6. For the presentation of the averaged ALEPH oscillation results, the events in
common between the two semileptonic selections are excluded from the inclusive semileptonic
selection to avoid any statistical correlation between the two data samples.

7.2 Selection of exclusive hadronic flavour final states

The hadronic By selection aims at the reconstruction of the following decay channels:
B, — D;(*)ﬂ'+ B, — D;(*)al+ B, — D;(*)p+,
with the Dy candidates reconstructed as
DI - ¢n~ D7 -KYK™ DI — KgK™.

The ¢, K**, af and Kg are reconstructed in their charged decay modes: ¢ — KTK—,
K* — K*r=, af — p%7F, and Kg — nt7~.

To reduce the combinatorial background, cuts are applied to the d£/dz estimator for
kaons and pions, x + xk < 1.6 for kaons, and |x,| < 3 for pions.

All track candidates for the Dg (*)7r+ channel reconstruction are required to have a mo-
mentum in excess of 1 GeV /c. Then the reconstruction of the Dy candidates is performed in
a similar manner as that in Section 7.1. The reconstructed Dg candidate is required to have
a momentum greater than 3 GeV/c.

The momentum of the pion candidates used in the al+ reconstruction is required to be
greater than 0.5GeV/c, and the momentum of the reconstructed p° and a] in excess of
1GeV/c. The three pions, two of which have an invariant mass within 4150 GeV /c? of the
nominal p° mass [13], are required to form a common vertex with a x? probability of the fit
greater than 1%. The difference between the invariant mass and the nominal mass of the
aj [13] should be within the natural width of the af (£300 MeV/c?).

The By candidates are reconstructed with the combination of Dy and a 7% or an aj

candidates. The By vertex fit is required to have a probability in excess of 1%. The Dy vertex
is imposed to be in front of the By vertex. To ensure that the By flight path is along the Bg
momentum direction, cos(a) > 0.95 is required, where « is the angle between the By decay
length direction and the By momentum; in the case of the D al+ channel, the angular cut is
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tighter: cos(a) > 0.97. The Bg momentum is required to be larger than 20 GeV/c for the
D7 7" channel; the cut is increased to 25GeV /¢ for the Dy af (D; — ¢m) channel, and to
30 GeV /¢ for the other D, a] channels. If more than one combination is present in an event,
that with the highest momentum is taken.

7.2.1 Sample composition

Events in which the Bg decays to a DX~ (— D, ), or to a D; p* pair have a low reconstructed
mass because of the loss due to the non-reconstructed photon or neutral pion from the decay
of the DX~ or the pT. The simulation predicts these events to populate the mass region
between 5GeV/c? and 5.3GeV/c?. This region is referred in the following as the satellite
peak. About 80% of the DX~ — DI~ events are recovered through the identification of a
photon close in phase space from the D7, and with a D + v mass close to the nominal D~
mass [13]. To improve the resolution on the reconstructed Bs mass, the photon energy is

0 -

recomputed imposing the D~ mass constraint. Only 40% of the By — D7 p*t, where a 7 is

missing in the final state, are recovered with a similar technique.

Only those events for which the reconstructed Bs mass is in a range between 5.0 GeV /c?
and 5.44 GeV /c? are taken. If the reconstructed mass falls within +70 MeV /¢? of the mea-
sured By mass (5369.6 + 2.4 MeV /c? [13]), the event is considered to be in the “main peak”,
and in the satellite peak otherwise. The selection efficiencies in the different channels are
presented in Table 7.2.

Channel Efficiency (%)
B =D, nt(¢pm) 21+1

By — D77 (K*K™) 15+1

B, — D77t (KsK™) 12+1

By — D7af (¢77) 1m+1

Bs — D7 af (K*K™) 6+1

B, — D7 af (KsK™) 8.0 4 0.4

Table 7.2: Event selection efficiencies for each channel.

The reconstructed Bg mass spectra for D77+, DI af, and the sum of them are shown

in Fig. 7.2. The first plot includes Ds ™)+ and Dy ™ pT decay channels, and the second
+

includes Dg (*)al .

The purity of the signal and the composition of the background are evaluated from the
simulated samples and are given in Table 7.3. The background contribution which is not
explicited in the Table is due to combinatorics. The data sample in the Dy — ¢ 7~ channel
is divided into two classes depending on the decay length significance of the reconstructed
Bs candidate. In Table 7.3, these classes are indicated as (1) for ig /oy > 3 and (2) for
0 < lp./o; < 3. For the other channels, only events events with high decay length significance
(Ip, /o1 > 3) are selected.
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Figure 7.2: Mass spectra of the D;(*)w+ + D;(*)p+, and D;(*)af candidates. The points and error
bars are the data, the histograms correspond to the simulation. The shaded histograms show the
contribution of the signal events. The first plot refers to the Dg Ot 4 Ds (*)pJr channels, the second

to the D;(*)al+ channel, and the last one is the sum of the other two.

7.2.2 Event characterization
Signal purity

The average purity for each channel in the main and satellite peaks is shown in Table 7.3.
An effective purity is evaluated for each event in every signal region according to some
discriminant variables like: the helicity angle (for Dy decays to a pseudoscalar and a vector)
and the reconstructed Dg mass. The statistical power of the sample for the By oscillation
analysis is increased by the use of this effective purity.

Proper time measurement

The decay length of the By candidates is estimated as the distance between the Bg vertex and
the primary vertex projected on the direction of the reconstructed Bs momentum. The decay
length resolution is evaluated to be about 150 um. As in the case of Dg £ pairs, a degradation
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Region Bg purity (%)  Bg fraction of BT fraction of Events
background (%) background (%) Observed
Main peak D7

ot (1) 81 17 10 7
K*0K= 50 22 11 11
KgK™ 28 7 0 6

ot (2) 2 5 3 6

Satellite peak Dy 7wt

(1) 82 33 67 4
KK~ 32 41 24 7
KgK™ 30 32 ) 9

ot (2) 15 12 0 8

Main peak D af

ot (1) 47 26 13 6
K*K~ 44 24 24 3
KgK™ 37 53 18 2

ot (2) 3 3 3 6

Satellite peak D a;

pnt (1) 24 32 28 6
K*0K= 15 52 17 9
KgK™ 8 33 25 10

Table 7.3: Fraction of signal and background events in the two mass peak regions for the two decay
channels as predicted from the simulation.

of 5+3% is applied to correct for possible disagreements between the data and the simulation.
The momentum reconstruction is obtained from the sum of the vector-momenta of all the

B decay products, it leads to an excellent relative momentum resolution, evaluated to be of
0.5%.

7.3 Flavour tagging

7.3.1 Final state tag

No ambiguity exists on the final state flavour of the By signal events, the electric charge sign
of the reconstructed Ds candidate is taken. Events where the D is produced via a W-boson
have always the wrong tag. In the rest of the background, the tag depends the real nature
of each event, and it is evaluated from the simulation.

7.3.2 Initial state tag

The flavour state at production time is estimated using information from the two event
hemispheres, the hemisphere where the By candidate is reconstructed and the hemisphere



140 Quppilementary bg SeiecCulolls

opposite to it. The relevant information is combined into a single tag variable.

For the opposite side hemisphere, the combined variable described in Section 6.10.1 is
used.

For the hemisphere of the By candidate decay, discriminant variables are defined and
combined with the opposite side flavour estimator with a neural network. All the charged
particles from the By decay are identified, and therefore excluded from the charge estimators.
An approach similar to that developed in Section 6.10.2 for the inclusive lepton selection is
taken. A “big jet” built to contain all the particles from the fragmentation and hadronization
of the b-quark is defined with the JADE algorithm, (Section 5.2.1) with a jet-resolution
parameter y.,t = 0.02. Charged particles in this jet, which are not included among the Bg
decay products, are used to define four charge estimators: i) three jet charges with k =
0.0, 0.5, and 1.0; and i) a fragmentation kaon estimator defined as in Section 6.8.1 (trained
on hadronic By decays), the neural network estimator of the most likely fragmentation kaon
is taken with the sign of the electric charge of the candidate.

These four variables are combined with other initial state charge estimators: the polar
angle of the decay axis of the By candidate and the opposite side flavour estimator. In addi-
tion, three control variables are also used in the neural network training, i) the reconstructed
momentum of the By candidate; i) the number of charged particles in the “big jet”; and ii7)
the spread of weights of the charged particles in the opposite hemisphere (see Section 6.10.1)
to obtain the initial state tag variable.

The value of the initial state tag variable for an event is used both to determine the initial
b-quark flavour of the By candidate at production, and to estimate the probability of this
flavour determination to be wrong. The mistag probability is parametrized as a function of
this variable for all the sample components both for the Dy ¢ selection and fully reconstructed
Bs candidates. The effective mistag probability evaluated on simulated events for the signal
is in both cases neg ~ 24%.

A By candidate is tagged as unmixed (mixed) when the reconstructed initial and final
flavour states are the same (opposite).
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Chapter 8

Results on Bg Oscillations

The selection and characterization of an inclusive semileptonic event sample is presented
in Chapter 6. This data sample, together with the supplementary samples described in
Chapter 7, are used to constrain the Bg oscillation frequency. In this Chapter, the results
obtained with the three data samples separately are presented, followed by the ALEPH
combination and the world combination.

In Section 8.1, the likelihood function used to fit the By oscillation frequency is described.
Details on the input parameters in the case of the inclusive semileptonic event sample are
given. The results obtained on this sample, with both the likelihood and the amplitude
method, are presented in Section 8.1.2. The systematic uncertainties are discussed in Sec-
tion 8.2, and the final result for the inclusive semileptonic event sample is described in Sec-
tion 8.3. The fitting procedure was checked with the help of simulated events. The results of
these checks are shown in Section 8.4.1. The impact of the event-by-event evaluation of the
decay length uncertainty (Section 6.3) is explained in Section 8.4.2. The results obtained with
the Dg £ events and the selection of fully reconstructed By mesons is presented in Section 8.5.
The By oscillation results are combined first within the ALEPH experiment, and then with
all results available to date in Section 8.6. The global combination presents a hint for a Bg
oscillation signal in the frequency region around 17.5ps—!. The interpretation of this hint in
terms of a possible statistical fluctuation is given in Section 8.6.3.

8.1 The Amg fit

The likelihood function is built from the proper time probability density functions defined in
Section 3.2 for every sample component. Each b-hadron species is described by its theoret-
ically expected p.d.f. folded with the expected experimental effects. The non-b background
proper time distribution is taken from the simulation. The likelihood function therefore reads

Nunmix Nmix

L= [ pdf™>@ x [[ pdfm . (8.1)

7

where p.d. f.""™X(¢) and p.d.f.™X(t) are the sum of the contributions of the four b-hadron
species and the non-b background. As explained in Section 6.10.3, each event is attributed a
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“mixed” or “unmixed” label depending on the charge correlation between the initial and final
state flavour estimators. This label is used to choose the p.d.f. to be used for each event. In
the following, Nyix (unmixed) reépresents the number of events labeled as mixed (unmixed) in
the sample.

The p.d.f.’s which describe the proper time distribution of the four b-hadron species in
Eq. 8.1 are folded with a resolution function and with the proper time reconstruction effi-
ciency (Section 6.7.3). In the case of the inclusive semileptonic event sample, the resolution
on the reconstructed b-hadron momentum is obtained from the simulation. The decay length
uncertainty is that obtained from the event-by-event vertex fit with a pull correction (Sec-
tion 6.3.8). As explained in Section 6.7.1, the relative momentum resolution is described by
the sum of two Gaussians of widths o,, and o,,, and relative fractions f,, and f,, (with
fps =1 — fp,). The proper time resolution function therefore reads

S 1 1/t—to\2
R(t,to) = ;fpzm exXp [—§< O'ti ) ] ; (82)

where oy, is the proper time resolution obtained as the convolution of the decay length and
momentum resolutions. It can be written as

2 2
o= (22 + (122)". 5
pBC pB

The small effect of the correlation between the reconstructed momentum and decay length is

neglected.

The proper time distribution expected for light-quark hadrons and for c-hadrons is a
priori different because their characteristic lifetime are different. However, the selection bias
introduced by the inclusive semileptonic event selection on the light-quarks and charm events
is such that the two distributions are found to be very similar in the simulation, as shown in
Fig. 8.1.

A single function is parametrized from the simulation for the non-b background compo-
nent. This function includes the resolution and reconstruction inefficiency effects by con-
struction, and it is used to build the complete likelihood function.

8.1.1 Input description

Each reconstructed b-hadron candidate is given a probability of originating from a Bg, a
B4, a BT, a b-baryon or the non-b background. These probabilities are obtained from the b-
tagging (Section 6.4) and the Bg enrichment (Section 6.9) neural network combined variables,
as described in Section 6.4. The distributions of these probabilities for the selected data
sample, compared to that of the simulation sample, are shown in Fig. 8.2. The disagreement
observed between data and simulation for each sample component probability is due to the
discrepancy in the Bg enrichment variable previously discussed. This discrepancy is taken
into account in the evaluation of the systematic uncertainties (Section 8.2).

The mistag probability is estimated for each event and each sample component from
the b — ¢ enrichment (Section 6.5) and the initial state tag (Section 6.10) variables. The
mistag probability for the four b-hadron species in data and simulation is shown in Fig. 8.3.
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Figure 8.1: Proper time distribution for u, dd, s§ and charm background from simulated events.

The mistag probability for the non-b background is found to be close to 50%, as intuitively
expected.

The flavour tagging of the inclusive semileptonic sample analysis was optimized to obtain
the best performance on the By signal. As a consequence, the smallest values of the mistag
probability are indeed obtained for the By component of the sample. The combined effective
mistag for the By mesons in the whole sample is neg ~ 30%, while it is g ~ 33% for By
mesons, and 7.g ~ 45% for BT mesons. It was checked that the fraction of events tagged as
mixed in the data sample agrees with the simulation prediction:

Nmix Nmix
i 4 = 0.453 £0.003 and N Vs = 0.450 +0.002 . (8.4)

Data Sim

8.1.2 Results on the inclusive semileptonic event sample

The Likelihood

Once the likelihood function L for the data sample is built (Section 8.1), the most probable
value for Amg is looked for as the value which maximizes the likelihood (or which minimizes
the negative log likelihood £ = —log L instead). The shape of the function £ for the inclusive
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Figure 8.2: Probability distribution for all sample components in the inclusive semileptonic event
sample; a) Bs, b) Bg, ¢) BT, d) b-baryon, and e) non-b probability for all events.
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semileptonic data sample as a function of the Amg free parameter is shown in Fig. 8.4.
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Figure 8.4: Function £(Ams) for the inclusive semileptonic data sample as a function of Ams.

A minimum which corresponds to slightly more than two standard deviations is found
at Amg =17.3 ﬂg ps~!. The uncertainties quoted here correspond to the values for which
L = Lypin + 1/2. They would provide the one standard deviation statistical uncertainty if the
likelihood function was parabolic in a wide range around the minimum, which is not the case
with the sensitivity obtained today (the same procedure is followed for the other likelihood
minima discussed in this Chapter). Two sigmas is not considered to be sufficient to claim the
observation of an oscillation signal, and more data would be needed to confirm this possible
measurement.

The Amplitude Method

In the amplitude method (Section 3.3), the likelihood function described above is modified.
An amplitude A is introduced in front of the oscillating term of the probability density
function of the By signal (as shown in Eq. 3.10). The amplitude is fit by minimizing £(Am)
with respect to A for each value of the oscillation frequency in the range of interest.

This method is used in this thesis to set limits from the individual event samples and to
perform the combination of several results. The amplitude spectrum obtained for the inclusive
semileptonic event sample is shown in Fig. 8.5. Only statistical uncertainties are considered
at this stage. The dashed line in Fig. 8.5 presents the total uncertainty multiplied by 1.645
as a function of the frequency. The crossing point of this line with 1 defines the sensitivity
(or expected lower limit at 95% C.L.) of the analysis. As expected, a significant deviation
from A = 0 is observed in the frequency range in which the minimum of the likelihood was
found.
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Figure 8.5: Amplitude spectrum for the inclusive semileptonic sample. Only statistical uncertainties
are considered.

8.2 Systematic uncertainties

The systematic uncertainties are evaluated on the measured amplitudes rather than on the
position of the likelihood minimum, because of the low significance of the minimum observed.
The input parameters in the fit are varied within their uncertainties and the amplitude
spectrum is rebuilt in each case. The variations in the fit amplitude with respect to Fig. 8.5
are taken as the systematic uncertainty. All systematic uncertainties studied for the inclusive
semileptonic event sample are summarized in Table 8.1. The statistical uncertainty on the
amplitude at Amg = 0,10,15,20 and 25 ps~—! is compared with each of the systematics at
the same point.

With the inclusive semileptonic sample, the most important systematic uncertainty on
Amyg, in particular at high values of the oscillation frequency, comes from fs, the fraction
of Bg mesons in an unbiased b-hadron sample. As of today, it has still a relatively large
uncertainty, fs = (10.7 £1.4)% [13].

For each event, the decay length is obtained from the b vertex fit and from the bias cor-
rection, and the decay length uncertainty from the b vertex fit and from the pull correction
(Sections 6.3.6 and 6.3.8). Both corrections are obtained from simulated events. They are
therefore reliable only to the extent that the vertexing algorithm has the same performance
on data and simulation. To check the latter point, a specific analysis was performed. Events
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Amyg Ops™t 10ps™! 15ps™t 20ps™! 25 ps~!
U%at 4+0.081 +£0.466 +0.851 +1.430 +2.477
fs +0.087 +0.017 +0.206 +0.334  +0.348
Decay length Resolution +0.001 +£0.015 £0.125 +0.202 40.111
Momentum Resolution +0.008 +0.008 +0.117 4+0.214  +0.209
TB, +0.006 +£0.016 £0.069 £0.122 £0.145
Mistag 4+0.070 +0.047 +0.010 4+0.020 +0.101
b—c—¢ +0.065 +£0.046 £0.069 +0.023 +0.103
b—{¢/b—c—/ +0.014 +0.007 +0.009 +0.018 +0.026
Enrichment +0.051 +0.051 +0.010 +0.023 +0.063
Amg +0.036 +0.001 +0.001 4+0.001 +0.003
Total Systematic Uncertainty | +£0.145 +0.088  +0.286 +0.463 +0.473

Table 8.1: Systematic uncertainties on the amplitude at different Amg values compared to the

statistical uncertainty at the same point in the case of the inclusive semileptonic event sample.

arising from a Z decay into light quarks were selected and the vertexing algorithm was used
on these events to reconstruct the primary vertex. The “decay length” was defined as the
distance between the primary vertex reconstructed with the vertexing algorithm and that
with the standard method (Section 5.4). The “decay length” distribution was used to com-
pare the performance of the vertexing algorithm in data and simulation. The event selection
to perform this test was almost the same as that described in Sections 6.2 and 6.3. The only
difference concerned the lepton identification. In light-quark decays of the Z, the leading
track is not expected to be a lepton, therefore the electron and muon particle identification
criteria were not applied here. Then, a cut on the b-tagging variable Nty < —0.75 (Sec-
tion 6.4) was used to reduce the amount of Z — bb events. The resulting sample composition
is 86.2% ut, dd, s5, 12.4% c& and 1.4% bb. The distribution of the distance between the
primary vertex reconstructed with the vertexing algorithm developed for this thesis and the
standard one is shown in Fig. 8.6 for data and simulation.

The two distributions in Fig. 8.6 are similar. It indicates that the vertexing algorithm
has the same performance on data and simulation, at least for the events selected to produce
Fig. 8.6. This exercise is, however, not sensitive to the effect of misidentified particles in
building the “charmed” particle.

Finally, a variation of the decay length resolution by +3% was considered to take into
account possible remaining discrepancies on the vertex algorithm performance between data
and simulation. A variation of £10% was taken for the relative momentum resolution.

The initial state tagging variable was, for the By — ¢ signal events, perfectly calibrated
with slope 1. For systematic studies this slope is varied by 5%, following the prescription in

Ref. [85].

As explained in Section 6.9, a discrepancy in the enrichment variable distribution between
data and simulation is seen. Weights are applied to simulation events to increase by 8% the
amount of charged b-hadrons and improve the agreement with the data. These weights are
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Figure 8.6: Distribution of the distance between the primary vertex reconstructed with the vertexing
algorithm and the standard one, a) for the simulation and b) for the data.

removed for the systematic uncertainty evaluation.

The relevant physical quantities for the By oscillation fit considered as possible sources of
systematic uncertainties are shown, with their uncertainties, in Table 8.2.

fe (10.7 £ 1.4) % [13]

B, (1.54 +0.07) ps [13]
Br(b — ¢t — /) (1.62 + 0.44) % [86]
Br(b — ¢) (10.62 £ 0.17) % [86]
Br(b — ¢ — /) (8.07 £0.25) % [86]
Amg (0.464 4 0.018) ps ! [13]

Table 8.2: Physical inputs to the By oscillation fit.

The values of the b — ¢ and b — ¢ — ¢ branching ratios in Table 8.2 are correlated;
the correlation coefficient is —0.37. The systematic uncertainty quoted in Table 8.1 is the
combination of the two effects taking into account their correlation.

A variation of Amg only affects the amplitude spectrum in the frequency region w ~ Amg.
It is one of the dominant systematic effects at low frequency, but it is completely negligible
at the frequency range of interest (w = 15ps™1).
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8.3 Final result for the inclusive semileptonic sample

The systematic uncertainties evaluated in the previous Section are included to produce the
complete amplitude spectrum for the inclusive semileptonic event sample. This spectrum is
shown in Fig. 8.7

() £
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Figure 8.7: Amplitude spectrum for the inclusive semileptonic sample, statistical and systematic

uncertainties are shown.

The expected lower limit at 95% C.L. (or sensitivity) of the analysis is 11.9ps~!. The
observed lower limit is smaller than that expected because of the amplitude excursion around
Amg ~ 17.5ps™L. A lower limit of 11.1ps™! is set at 95% C.L. on Amg with the inclusive

semileptonic event sample.

As already seen in Table 8.1, systematic uncertainties are only dominant at small values of
the oscillation frequency. The high frequency range is largely dominated by the statistical un-
certainties. Therefore, a significant gain can be expected with a combination of independent
analyses.

The curve of in Fig. 8.7 can be compared to that obtained by the previous analysis [10],
reproduced for completeness in Fig. 8.8. In Fig. 8.7 and Fig. 8.8, a deviation from A = 0 is
observed in the same frequency range. All the improvements in the selection and characteri-
zation of the events (Chapter 6) are translated into a substantially higher analysis sensitivity.

1

A sensitivity gain of more than 2ps™" is achieved. The performance of the two analyses can

also be compared by the uncertainty on the measured amplitude at a given value of the test
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Figure 8.8: Amplitude spectrum for the previous inclusive semileptonic sample.

frequency. For the previous analysis this uncertainty amounts to £3.28 at 20 ps—!, and it is

reduced to +1.50 here (the same comparison can be done at 17 ps™!, the amplitude uncer-
tainty was £1.99 and it is now £1.11). The uncertainty on the amplitude at high frequency
has been reduced by more than a factor of two.

The amplitude spectrum (including the systematic uncertainties) can be converted back
into a likelihood function using Eq. 3.17 (Section 3.3). The corresponding curve is very similar
to that in Fig. 8.4, with a minimum at the same position. The significance of the minimum
is reduced due to the inclusion of systematic uncertainties: the depth of the likelihood is
now —1.8 .

8.4 Checks

8.4.1 Checks with simulated events

Checks were performed on the simulated samples to ensure that the results obtained above
are robust. The fitting procedure was tested with events in which the oscillation frequency
is known.

A pure sample of By events was simulated, with Amg = 14ps—!. The likelihood fit and
the amplitude spectrum analysis were performed on that sample. The results are shown in
Figs. 8.9 and 8.10.

The minimum of the likelihood is found close to Amgs = 14ps™!, as expected. The

measured value of the oscillation frequency in that sample is Amg = 14.04f8:%% ps~t. The
amplitude spectrum follows also the expectation: the measured amplitude is compatible with
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Figure 8.9: Function £(Am) for a simulated sample of By events as a function of Ams.
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Figure 8.10: Amplitude spectrum for a sample of By simulated events.

zero for values below the true oscillation frequency and it is compatible with one at the true
frequency. The fact that both, the likelihood function and the amplitude spectrum, have the
expected shape for Amg = 14ps~! indicates that the By signal events are correctly treated
in building the likelihood.

The same checks were performed with the Z — qq simulated sample, in which the oscil-
lation frequency for the By events was also fixed at Amg = 14ps~'. The results both for the
likelihood function and for the amplitude spectrum are shown in Figs. 8.11 and 8.12.

A minimum is “observed” in the likelihood function at Amg ~ 14ps™!. Its depth (4.5)
corresponds to three standard deviations. The “measured” value of the oscillation frequency
in that sample is Amg = 14.0 = 0.8 ps~!. The measured value in the qq simulation indicates
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Figure 8.11: Function £(Ams) for a simulated sample of qq events as a function of Ams.
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Figure 8.12: Amplitude spectrum for a sample of qq simulated events with Amfr'¢ = 14ps~!. The

statistics is this sample are a factor 1.6 larger than the data sample.

that the complete description of the simulated sample is correctly implemented in the fitting
procedure, at least for what concerns the By oscillation measurement.

The amplitude spectrum in Fig. 8.12 presents a deviation from A = 0 around the true
oscillation frequency, as expected. However, in a frequency range between 2ps~! — 8ps™!,
the measured amplitude is significantly below zero. A compatible feature is found in the
data (Fig. 8.7). As this effect is not observed in the pure By sample, it is understood to
be due to a misparametrization of some properties of the background components. This
misparametrization does not affect the Bs component and does not bias the measured Amg,
as seen from the likelihood analysis. It is, however, being studied in more detail for the final
publication of ALEPH results on By oscillations.



10U nesults 01l bg USCliiatlolls

8.4.2 Impact of the uncertainty treatment

A rough estimation of the improvement achieved here with respect to the previous analysis
can be obtained with the comparison of the statistical power of the two analyses. If resolution
effects are ignored, three parameters determine the statistical power of a By oscillation analysis
(Section 3.3), 7) the number of selected events; ii) the effective signal purity; and iii) the
effective mistag probability. The number of events selected has doubled. The effect of the Bg
enrichment was evaluated in the previous analysis to bring an effective increase of the sample
Bs purity of 13%. This increase is ~ 25% for the present analysis (Section 6.9). Improvements
on the flavour tagging were also performed (Sections 6.5 and 6.10). However, the average
fraction of b — ¢ decays in the data sample selected here is smaller than that of the previous
analysis. All in all, the overall effective mistag probability is similar in the two analyses.

With all these numbers, a reduction factor of ~ 1.5 in the statistical uncertainty is
expected from Eq. 3.27. As discussed in Section 8.3, the actual improvement observed is
larger than this expectation. The improvement factor at w = 20ps~! is ~ 2.2. The new
vertexing algorithm and the parametrization of the pull corrections account for most of the
additional uncertainty reduction.

In Section 3.3.5, an exercise with toy experiments was performed to illustrate the effect of
the event-by-event estimate of the decay length uncertainty, with some choice of the resolution
parameters. In the case of this analysis, the effect is even more sizeable. For illustration, the
amplitude analysis is performed on the data sample with the average uncertainty used for
all events (73% of the events in a core with 267 um resolution and a tail with 806 um). The
decay length bias is also corrected globally. The uncertainty on the measured amplitude as

bf Inclusive semileptonic sample
2.5
— Event-by-event g,
--- Average resolution
2
1.5
1
0.5
o L S S S O S S

0 2 4 6 8 10 12 14 16 18 20
-1
w (ps™)

Figure 8.13: Amplitude uncertainty as a function of the test frequency. The results obtained using
an event-by-event estimate of the decay length uncertainty are compared with those obtained with

the average decay length uncertainty.
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a function of the test frequency is shown in Fig. 8.13 compared to the uncertainty obtained
when the event-by-event decay length uncertainties are used.

As the frequency increases, the difference between the amplitude uncertainties found in
the two cases becomes larger. At w = 20ps~!, the uncertainty obtained with the average
decay length uncertainty is almost a factor three larger than that obtained with the event-
by-event treatment.

In the previous analysis, an intermediate treatment between the use of the average uncer-
tainty with a global pull correction and the event-by-event treatment described in Section 6.3
was performed. The decay length uncertainty was evaluated event by event but a global
pull correction was applied to the whole event sample. As a consequence, a dilution was
introduced on the event-by-event treatment and the sensitivity of the analysis was reduced.

8.5 Results with supplementary event selections

The same likelihood function described in Section 8.1 is used here to study the By oscilla-
tion frequency in the event samples described in Chapter 7. The evaluation of systematic
uncertainties is in both cases similar to that in Section 8.2.

The likelihood function and the amplitude spectrum obtained with the Dg ¢ data sample
are shown in Figs. 8.14 and 8.15.
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Figure 8.14: Amplitude spectrum for the Dy £ event selection.

A minimum in the likelihood function (and a deviation from zero in the amplitude spec-

trum) is observed at Amg = 17.5ps~!. This minimum is less deep than that found in the
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Figure 8.15: Function £(Amy) for the Dy ¢ data sample as a function of Ams.

inclusive semileptonic event sample, but it is located in the same frequency range.

The

sensitivity (6.4 ps~!) is not as large as that of the inclusive semileptonic sample, but the per-
formance of the analysis is good enough to make it relevant for the complete ALEPH results

on By oscillations.

The amplitude spectrum obtained with the exclusive By selection is shown in Fig. 8.16.
The corresponding likelihood function does not present a significant minimum in the fre-
quency range of interest.
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Figure 8.16: Amplitude spectrum for the selection of exclusive hadronic By decays.
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Very few events are selected in this sample, but their excellent resolution, both for the
decay length and the momentum, provides a rather flat shape of the amplitude uncertainty as
a function of the test frequency. The analysis is therefore relevant in the ALEPH combination,
in particular at large frequency values, even though it does not constrain significantly the
value of Amg by itself. Because of the accurate momentum measurement, the correlation
between two consecutive measured amplitude values is much smaller than in the other two
data samples (Section 3.3.4).

A comparison of the performance of the three analyses presented in this thesis is shown
in Fig. 8.17. In this figure, the statistical uncertainty on the measured amplitude is displayed
as a function of the test frequency for the three analyses.
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Figure 8.17: Amplitude uncertainty for the three event selections.

The inclusive semileptonic event selection is the most sensitive in the whole frequency
range explored. At small values of the frequency, the Dy ¢ sample is the second most sensitive
selection. However, at large frequency values, the exclusive selection becomes more sensitive
than the Dy £ as a consequence of its excellent proper time resolution. The fast variation of the
amplitude uncertainty as a function of the test frequency in the case of the fully reconstructed
Bs mesons sample is due to the reduced statistics of that sample. Different subsets of events
drive the precision on the measured amplitude at different values of the test frequency. The
number of events in each subset, their resolution and their mistag probability determine the
uncertainty on the measured amplitude in each case.
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8.6 Combination with other results

The results of the three By oscillation analyses presented here are combined first with the
other ALEPH analysis on the subject, and then with all available results in the world to
obtain the most accurate result possible today.

8.6.1 Combination with other ALEPH results

In addition to the three analyses described in this thesis, another analysis on Bg oscillations
was performed with the ALEPH data [61]. Fully reconstructed Ds candidates were combined
with an oppositely charged hadron to form By decay candidates. The performance of this
analysis is substantially worse than that of the analyses presented here, especially at high
frequency (e.g., the statistical uncertainty on the amplitude at w = 20ps~! is more than
seven times larger than in the inclusive semileptonic event sample). Nonetheless, the analysis
is combined, for completeness, with the three discussed in this thesis.

Some of the events selected in the Dy £ sample are also selected in the inclusive semileptonic
sample. To avoid any statistical correlation between the two samples, the events in common
(~ 150) were removed from the sample in which their treatment is less accurate: the inclusive
semileptonic event sample. The amplitude spectrum for this latter sample was redone before
the combination was performed. A display of such an event is presented in Fig. 8.23, at the
end of this Chapter.

The amplitude spectra of the four ALEPH analyses are combined. The result of this
combination and the corresponding likelihood function are displayed in Figs. 8.18 and 8.19.

The combined ALEPH sensitivity for Bg oscillations is 13.8 ps~! and a lower limit for
the oscillation frequency is set at Amg > 10.7ps™! at 95% C.L. (this limit is lower than
that set with the inclusive semileptonic event sample alone because of the positive statistical
fluctuation around w ~ 11ps~! observed in the By exclusive sample). A minimum which
corresponds to slightly more than 2.5 standard deviations is found at Amg = 17.3 J_F(O)'é ps~L

8.6.2 World combination

The ALEPH results on By oscillations are the most sensitive (or second most) in the world in
the oscillation frequency range explored. However, a significant gain on the overall sensitivity
is obtained by combining these results with those from other experiments. In particular the
SLD experiment [60, 87], and to a lesser extent the DELPHI experiment [57, 59, 88], have
Bg results competitive in the high frequency range.

A comparison of the statistical uncertainty on the measured amplitude as a function of
the test frequency for all experiments which have results on the subject is shown in Fig. 8.20.
The world combination is also shown. It can be noted that the SLD uncertainty curve is
not a steep function of the frequency as those from LEP (in particular from DELPHI and
OPAL). This difference is due to the decay length resolution: it is on average much better at
SLD than at LEP (~ 100 um compared to ~ 250 um for an inclusive event selection).
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Figure 8.18: Combination of ALEPH results on By oscillations, amplitude spectrum.
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Figure 8.19: Likelihood function for the combination of ALEPH results on By oscillations.

The ALEPH results have the smallest statistical uncertainty on the measured amplitude
up to a frequency of ~ 17 ps~! where SLD results become more competitive. Therefore, the
ALEPH results drive most of the the world combination on By oscillations.

The amplitude spectrum for the combination of all By oscillations results up to date is
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Figure 8.20: Comparison of the statistical uncertainty on the measured amplitude of all By results

available today. The analyses are combined to provide a single figure per experiment.

shown in Fig. 8.21. The corresponding likelihood function is displayed in Fig. 8.22.

The world combined sensitivity is 19.3ps™!. A lower limit on the By oscillation fre-

quency is set at Amg > 15.1ps™! at 95% C.L. This limit is significantly smaller than the
expected limit because of the deviation from A = 0 observed around w ~ 17.5ps~!. The
combined likelihood function presents a minimum with a significance of ~ 2.3 standard devi-
ations. The measured value of the By oscillation frequency in the world combined sample is
Amg = 17.3 4+ 0.3ps™ L. As in the case of the inclusive semileptonic event, sample, the signifi-
cance of the likelihood minimum is not considered sufficient to claim a measurement of Amg,
more data or more refined analyses would be needed to confirm the present observed hint.

8.6.3 Interpretation

At the time of writing, as shown in the previous Section, the minimum in the world combined
likelihood function is not deep enough to claim a measurement of the By oscillation frequency.
However, the minimum observed, together with the shape of the amplitude spectrum in
Fig. 8.21, may indicate that the world combination is close to be sensitive to the actual Amg
value. The probability that the effect observed is due to a statistical fluctuation is studied
with the method described in Section 3.3.4.

Although the world combined amplitude spectrum evolved substantially since winter 1999
(Fig. 3.7 compared to Fig. 8.21), the probability of observing a minimum in the likelihood
more unlikely than that actually observed is, as it was at that time, around 3%. The depth of
the minimum has decreased, it was 2.9 and it is now 2.7, and the frequency value in which the
minimum is found is now larger than it was. The two changes have effects on the probability
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Figure 8.21: Amplitude spectrum for the world combination of By oscillation results.
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Figure 8.22: Likelihood function for the world combination of By oscillations results.

of a fluctuation which compensate, and result in the same estimated probability that what
is seen is due to a statistical fluctuation.
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Figure 8.23: Display of a Dg ¢ candidate.
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Chapter 9

Conclusions

A complete picture of the study of By oscillations, performed with the ALEPH data taken
at energies close to the Z mass between 1991 and 1995, was presented. The emphasis of this
thesis was both on the method used for establishing and combining results (the amplitude
method) and on a new analysis based on an inclusive semileptonic event sample. The latter
provides the single most sensitive By oscillation result at LEP. Two supplementary event
samples enriched on By mesons were described. Finally, the ALEPH- and world-combined
results on Bg oscillations were presented.

Some mis-concepts present in the previous literature on the amplitude method were clari-
fied. The expected shape of the amplitude as a function of the test frequency was derived for
the first time, also for the case when the oscillation frequency is within the frequency range
explored.

The previous ALEPH analysis based on an inclusive semileptonic event sample, which was
published in 1998, provided the world’s single most sensitive result on By oscillations at that
time. The analysis presented in this thesis is significantly more sensitive than its predecessor.
Most of the increase in sensitivity is due to a new vertexing algorithm especially developed for
this analysis and a careful event-by-event treatment of the decay length uncertainties. The use
of neural networks for the event selection, the initial and final state flavour determination, and
the By enrichment also contribute to the increased performance of the analysis. A quantitative
estimate of the improvement is provided either by the 95% C.L. sensitivity of both analyses
(from w? = 9.6 ps ! to w? = 11.9ps 1) or by the amplitude uncertainty for a specific value
of the test frequency, w = 20 ps ™! for instance (from £3.28 to 41.50).

This thesis is probably the last detailed report on By oscillations studies with the ALEPH
detector at LEP. It is therefore a good opportunity to summarize the evolution of the results
on the subject since the first analysis was performed with the ALEPH data back in 1994.
Before the LEP experiments started taking data, a complete report on the prospective results
was produced [90]. At that time, B mixing was already established. The By oscillation
frequency measurement was still rather poor, with a 50% relative uncertainty [91]. The Bqg
oscillation frequency was known to be much larger than that of By mesons, but no specific
results had ever been produced on the subject. With the assumption of 10 million hadronic
7 decays collected at LEP, and the status of the general knowledge on b-hadron physics
at that time, it was foreseen that only exclusive reconstruction of hadronic By decays into
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D_ 7t would be feasible. No clear statement of a prediction for the final LEP results was
attempted, due to the lack of knowledge of many of the crucial input parameters. The
experience has shown that the exclusive reconstruction of By — D 7t decays is indeed useful
for By oscillation studies at LEP, but a much more sensitive, as well as more complicated,
analysis can be constructed starting from inclusive semileptonic b-hadron decays.

The time evolution of the lower limit and the sensitivity on Amg from the ALEPH exper-
iment since 1994 is presented in Fig. 9.1. The figures shown correspond to the combination of
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Figure 9.1: Evolution of the ALEPH By oscillation results.

the published ALEPH analyses and of those preliminarily released. The step in summer 2000
corresponds to the release of the analysis based on an inclusive semileptonic event selection
discussed in this thesis as preliminary ALEPH result for summer 2000 conferences. The last
step comes from a recent improvement in the selection of fully reconstructed Bg candidates.

The combined ALEPH sensitivity for By oscillations is now w? = 13.8ps™!

, with an
uncertainty on the amplitude at w = 20ps~! of +1.12. A hint of a By oscillation signal is
observed both in the results from the analysis of the inclusive semileptonic event sample and in
the combined ALEPH results (Figs. 8.4, 8.7, 8.18 and 8.19). With the ALEPH combination,
a likelihood minimum which corresponds to slightly more than 2.5 standard deviations is
found at Amg = 17.370%ps™! (it was Amg = 17.3 13 ps~! for the inclusive semileptonic
event selection alone). The uncertainties quoted here, as in Chapter 8, correspond to the
values for which £ = L, + 1/2. They do not provide the one standard deviation statistical

uncertainty because the likelihood function is not parabolic in a wide enough range.

The figures obtained with the ALEPH analyses can be compared with those of the
other LEP experiments which also performed By oscillations analyses: w? = 11.0ps~!, and
o4(20ps™1) = £2.3 for DELPHI, and w” = 8.0ps™!, and 0 4(20ps~!) = +5.4 for OPAL (L3
never released any result on Bg oscillations). From these numbers, it is clear that the ALEPH
results, and in particular the results from the analysis based on an inclusive semileptonic sam-
ple presented in this thesis, dominate the LEP combined By oscillations results.

In addition to the LEP experiments, only the SLD Collaboration produced competitive
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B, oscillations results up to now. The SLD combined sensitivity is w?® = 13.4ps~! and the
amplitude uncertainty at high frequency is o.4(20 ps 1) = £0.9. These results are comparable
with those from ALEPH at high frequency.

The amplitude spectrum corresponding to the combination of all results on Bg oscilla-
tions available at the moment was presented in Fig. 8.21. The world combined sensitivity
is 19.3ps™. A lower limit on the By oscillation frequency is set at Amg > 15.1ps~! at
95% C.L. The likelihood function for the world combination has a minimum with a signifi-

cance of ~ 2.3 standard deviations at Amg = 17.3 £ 0.3ps~ L.

However, the significance of
the minimum is not quite large enough to claim the observation of an oscillation signal (even
though it is larger than expected with the overall sensitivity: 2.1 significance). New data

or new analyses of the existing data would be needed to confirm this result.

In the near future, final results from the inclusive semileptonic event selection and from
the Dy £ selection from ALEPH will be available. The DELPHI Collaboration is also expected
to update and finalize some of their analyses, and therefore improve their combined sensi-
tivity. The SLD Collaboration will most probably finalize their analyses, although not much
improvement is expected. The last word on By oscillations from the Z peak data is therefore
to be given soon. The present situation may evolve into a deeper minimum of the likelihood,
and finally reveal the value of Amsg.

In one or two years time, the first results from CDF and DO at Tevatron RunlIl will most
probably be ready. If Amy is in the frequency range predicted by the Standard Model (as
hinted by the Z peak data), and it has not been measured before, the Tevatron experiments
will not miss it.
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