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Chapter 1

Introduction

The Standard Model [1, 2], since its first formulation, has had an enormous phenomenological
success, with most of its predictions confirmed by experimental results. However, several
questions are still unanswered. For instance, it is not understood why there are three and only
three fermion families, the pattern of masses and mixings cannot be explained, the origin of
the Standard Model flavour structure is still mysterious, etc. These questions, among others,
are presently studied both by theorists and experimentalists in particle physics. In this thesis
the quark mixing part of the Standard Model, with the CKM matrix [3, 4], is addressed.

The CKM matrix elements are interesting to be studied on their own, as fundamental
parameters of the Lagrangian of the Standard Model. One of the major goals of these
studies is to understand the phenomenon of CP violation. The violation of CP is one of the
three necessary ingredients to generate the observed excess of matter over antimatter in the
universe [5]. However, the amount of CP violation which can be generated by the Standard
Model appears to be orders of magnitude below what cosmological observations require [4, 6].
This argument gives strong motivation to search for new physics in that context.

Many experiments are currently studying physical observables in which CP violation
would be visible, both with kaons and B mesons. However, insights into CP violation may also
be provided by CP conserving experiments. One of the major measurements in this respect is
the mixing of neutral B mesons, Bq and By, and consequently the determination of the |Viq4]
and |Vis| CKM matrix elements. These two elements are, up to now, only accessible through
flavour changing neutral current processes like B mixing. Their accurate measurement is
important to test the unitarity of the CKM matrix. Moreover, physics beyond the Standard
Model could be revealed with the measurement of the B mixing parameters [7].

The mass difference between Bq and Byq (Amg) is now measured with few percent relative
accuracy [8]. As of today, no precise measurement of Amg is available. The ALEPH exper-
iment at LEP has greatly contributed to the overall present knowledge of By oscillations.
Together with the other LEP experiments, ALEPH has collected the data sample in which
the largest number of By decays can be reconstructed. The detector performance on charged
and neutral particle momentum measurement, secondary vertex reconstruction and particle
identification are adequate for By oscillation studies.
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When 1 started my work on Bg oscillations, a first hint for an oscillation signal seemed
to be appearing from the world combination, but no clear method existed to estimate the
probability that this hint originate from a statistical fluctuation. My first contribution was
a detailed study [9] of the amplitude method. Analytical expressions for the expected shape
of the amplitude were derived and a procedure making use of toy experiments was proposed
as a tool to estimate the significance of a possible oscillation signal.

At that time, the single most sensitive By oscillations analysis was the ALEPH study with
an inclusive semileptonic event sample [10]. The ALEPH data taken at energies close to the
7 mass had just been reprocessed and some of the published analyses were being revisited to
profit from the improved reconstruction. A critical study of Ref. [10] showed that room for
improvement existed beyond the gain from the reprocessing, and encouraged me to perform a
new By oscillation analysis with an inclusive semileptonic event sample in ALEPH. The main
item for which improvement was understood to be possible was the reconstruction of the B
meson decay length. However, all the other relevant ingredients were studied in detailed and
significantly improved. As a result, the sensitivity of the analysis was sizeably increased. The
precision on the measured amplitude at high frequency was improved by more than a factor
of two. A hint for a Amg measurement, with a statistical significance of ~ 1.5 standard
deviations, was obtained with the analysis in Ref. [10]. The new analysis confirmed the hint
with a significance increased to slightly more than two standard deviations.

This thesis dissertation is organized as follows. The theoretical framework for By oscilla-
tions, the CKM matrix, and their connection with CP violation are revised in Chapter 2. The
experimental method for B mixing and oscillation studies, together with a detailed discussion
on the amplitude method are the subject of Chapter 3. In Chapter 4, the LEP collider and
the ALEPH detector are briefly described. Those analysis tools used for the data analysis
but not developed by myself are presented in Chapter 5. The core of this thesis is developed
in Chapter 6: it contains the description of the inclusive semileptonic event sample selection
for the By oscillation study. Two complementary selections of event samples enriched in Bg
mesons are presented in Chapter 7. The results on By oscillations obtained with the three
event samples described in this thesis are provided in Chapter 8. The ALEPH combination
and the world combination are also presented. Finally, the conclusions are given in Chapter 9.



Chapter 2

Flavour Physics and B-Mixing in
the Standard Model

Particle physics has a well established theoretical framework which has been successful for
many years: the Standard Model [1, 2]. This model explains and includes basically all the
experimental observations made so far, in particular high precision tests, at the per-mil level,
which have been performed in the past decade. However, many parameters in the model
are not predicted by the theory, and have to be measured experimentally. The particles (or
fields) of the Standard Model are divided into gauge fields associated with the gauge groups,
and matter fields. All matter fields are fermions of two types distinguished by the kind of
interactions they are sensitive to; these particles are quarks and leptons. They appear in three
families (or generations) each containing two quarks and two leptons. The families all have
the same interactions with the gauge fields; only their masses (and couplings to the Higgs
field) are different. It is common to use the term flavour to denote the different particles and
therefore to say u-flavour, or b-flavour.

The flavour sector of the model studies fermion masses and mixings, and is, at present,
one of the least well tested. Several of its relevant parameters, in particular quark mixing,
are only known to an accuracy of O(30%), while other parameters of the model, in the
electroweak sector, are measured with a precision of one percent or even better, and allow a
fine test of the Standard Model. The so-called flavour parameters are 13: six quark masses,
four parameters related with quark mixing, and in the lepton sector, assuming massless
neutrinos, three charged lepton masses. If neutrinos are proved to be massive, three new
masses and a set of mixing parameters should be added.

Some of the remaining open questions in the Standard Model are related with the flavour
parameters, hence the interest of improving their experimental knowledge. The flavour pa-
rameters exhibit a “family hierarchy”, i.e., their relative magnitude depends on the family.
No theoretical explanation exists for this hierarchy, the phenomenon is called flavour puzzle.
The strength of flavour changing neutral current processes (FCNC) depends on the flavour
parameters. The phenomenon of CP violation is also closely related to flavour physics and it
is one of the least tested aspects of the Standard Model. Most of the theoretically proposed
extensions of the Standard Model predict new sources for CP violation, and some for FCNC
as well. These reasons make important the study of flavour physics inside the Standard
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Model, and maybe beyond.

Particle-antiparticle mixing happens in neutral meson systems which are not auto-conju-
gated (the 7Y meson, for instance, being its own antiparticle, does not mix). Two B mesons
have this property: Bq and Bg. From the experimental point of view, the two neutral B mesons
have very distinct mixing properties. The By system has already been deeply studied. The
focus of this thesis is devoted to the By system whose experimental knowledge is far behind.

The flavour structure of the Standard Model is presented in the first Section of this
Chapter. Stress is put on the aspects still to be understood or measured, and in particular
on the Cabbibo-Kobayashi-Maskawa (CKM) matrix [3, 4] which describes the quark mixing.
The present state-of-the-art is given with a brief review of methods already used to measure
some of the matrix elements. A very brief introduction to CP violation in the Standard
Model, which arises from the CKM matrix structure with three families, follows.

The phenomenology of neutral mesons mixing is introduced in Section 2.2. Although the
experimental focus of the present thesis is on By oscillations, both By and Bg are included in
the theoretical discussion. Stress is put on the differences between them and their importance
from the experimental point of view. A discussion on how Bg mixing is related to some of the
elements of the CKM matrix and CP violation is given, as well as the present state-of-the-art.

Finally, some of the possible extensions to the Standard Model are very briefly presented
with their implications on neutral B-meson mixing.

2.1 Cabbibo-Kobayashi-Maskawa (CKM) Matrix

In the Standard Model, only the charged current sector, with exchange of a W-boson, can
accommodate family and flavour-changing transitions. The interaction Lagrangian density
responsible for these transitions in the quark sector, is written

_ 9 _ 5 +
Lo = W) sz:[uﬂ#(l =" )WViidj]W, + h.c. (2.1)

where V; are terms of the Cabbibo-Kobayashi-Maskawa (CKM) matrix, and the indices 4
and j run over the three quark families.

The CKM matrix Vogy is a rotation from the quark mass eigenstates, d, s, and b, to a
set of different states d’, s, and b/, the weak eigenstates. Therefore, if no other quark families
exist, the 3 x 3 CKM matrix should be unitary. A common representation is

d/ Vud Vus Vub d
s =1 Vea Vs Vb s |. (2.2)
b’ Via Vis Vi b

To a first order approximation, the CKM matrix is simply the identity matrix, so that the
dominant transitions are inside a single family: u — d, ¢ — s, t — b. Family-changing
transitions between quarks through a W¥-gauge boson are made possible by the fact that
none of the off-diagonal elements is exactly zero. These off-diagonal elements of the matrix
can therefore be measured through the experimental study of the family-changing transitions.
These transitions occur in some mesons decays, in FCNC processes, as well as in the CP
violation inside the Standard Model and constitute the main interest of flavour physics.
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2.1.1 Estimation of CKM elements

The values of the CKM matrix elements are, like the fermion masses, fundamental input
parameters of the Standard Model. Experimental measurements are needed in order to give
insights into their values.

An intense experimental effort is being made to measure the CKM elements. They can
be determined basically in three ways, with direct measurements of Standard Model tree-
level processes, with indirect measurements of Standard Model loop processes, or applying
unitarity, i.e., using some of the relations from VCKMV(];LKM =1.

The present knowledge of the matrix elements comes from the following sources:

- |Vud|

Three different methods exist to measure |Vyq|. Nuclear superallowed Fermi beta decays:
the method consists of comparing the rate of nuclear beta decays of spin 07 and isospin
1 states to that of the muon. This rate is proportional to |V,q|>. The measurement
is performed with several nuclei and the average is taken. This method is, at present,
the most precise, but it is limited by the uncertainty on the theoretical corrections,
especially on nucleus dependent corrections. The result obtained with this method is
|Vaa| = 0.9740 4+ 0.0005 [11]. Neutron decay: |Vyq| is in this case extracted from the
neutron lifetime measurement. The limiting factor is the experimental uncertainty on
ga/gy. One of the available values is |Vq| = 0.9790 £ 0.0017 [12]. Pion beta decay: it
is the cleanest method from the theoretical point of view. However, the branching ratio
for the process 7t — 7%% v, is only of the order of 1078, and therefore it is limited
from the experimental side. The present value obtained is |V,q| = 0.9679 £ 0.0161 [11].
The theoretical uncertainty estimates of the above results are controversial and so is
the global average value of |V;,4]. The present value quoted in the PDG (Particle Data
Group) is: |Via| = 0.9735 £ 0.0008 [13].

- | Vaus|
Mainly two ways are exploited to determine |Vis|. K3 decays: these decays are:

.. Chiral perturbation theory is used to extract the

K+ — 7%*1, and K — 77e
value of |Vys| from the measured K3 decay rates. The present estimated value reads
|Vis| = 0.2196 £+ 0.0023, Ref. [14]. Semileptonic hyperon decays: in this case the |Vig|
extraction is dominated by large theoretical uncertainties. The best value quoted in
the PDG [13] with this method is |V;s| = 0.2176 £ 0.0026, but the value obtained from

K3 decays is recommended for use.

- |Ved
The value of |Voq| can be obtained from single charm production in deep inelastic
neutrino (antineutrino)-nucleon scattering, supplemented by measurements of semilep-

tonic branching fractions of charmed mesons. The present average is: |Vq| = 0.224 +
0.016 [13].

- |Ves|
The value of |Vis| used to be obtained in a similar manner as for |Vis|, from Dgs
decays, by comparing the data with the theoretical decay width. This method uses
model-dependent form-factors which introduce an important uncertainty in the final
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result, which reads |Ves| = 1.04 £ 0.16 [13]. Recent measurements from the ALEPH,
DELPHI, and OPAL Collaborations [15] of the inclusive charm production rate in W-
boson decays, RY = I'(W — ¢X)/I'(W — hadrons), allow a more precise value to be
extracted, |Ves| = 0.95 = 0.08 [16], which is compatible with the one previously quoted.
No average of these two numbers is provided by the PDG.

| Vel

The heavy quark effective theory (HQET) [17] provides a nearly model-independent
treatment of B semileptonic decays to charmed mesons, assuming that both the b and
¢ quarks are heavy enough for the theory to apply. The matrix element |V| can be
determined from B semileptonic decays studies in the HQET framework [18]. There
are two experimental methods to obtain [Vip|: the inclusive method, which uses the
semileptonic decay width of b-quark decays, and the ezclusive method, where |Vg|
is extracted by studying the exclusive B - D**¢~1, decay. The latest result from
LEP with the inclusive method, [V,| = 0.04070 £ 0.00050 (exp) £ 0.00204 4y, is largely
dominated by the theoretical uncertainties but it is more precise than the exclusive one,
[Vep| = 0.0398 £ 0.0018 cypp) £ 0.0022 1, [19]. The LEP average, [Vep,| = 0.0404 + 0.0018,
can be compared to the average from similar measurements performed at CLEO:
|Vep| = 0.0404 £0.0034 [13]. No clear procedure to average LEP and CLEO results
exist and therefore no average is provided by the PDG.

|Va|

Until now, three different methods have been used to measure |Vy,|. Endpoint: at
CLEO, with data at the T (4S) resonance, the decay of b — wlP is measured from
the lepton energy spectrum above the endpoint of the b — ¢fv spectrum. FEzclu-
sive: decays such as B — wlyy, and B — ply,, sensitive to |Vyp| are accessible at
CLEO. These two methods are, however, limited by theoretical model dependences.
Inclusive: at LEP the charmless semileptonic B branching fraction can be deter-
mined by discriminating b — u from b — ¢ decays. The value of |Viy| is then ex-
tracted from the measured branching fraction. The latest LEP average available gives
|V11b| _ (4‘13—1-0.42 +0.43 +0.24 (bt syst) + 0-20(HQET)) x 1073 [20}. The

—0.47 (stat+exp) —0.48 (b—c syst) —0.25
CLEO Collaboration has produced an average of their results which can be compared

to that of LEP and reads, [Vip| = (3.25 & 0.14(s0at) T030 (syst) £ 0-55(theo)) X 1077 [21].
No average of these results is provided by the PDG.

[Vib|

No measurement of the | V4| matrix element has been performed without the assumption
of unitarity of the CKM matrix and three quark generations in the Standard Model
until now. The ratio BR(t — Wb)/BR(t — Wq), where q is a down-type quark, can
be measured with the tt data collected at the Tevatron. This measurement, with the
above assumptions, allows a value of |Vip| to be extracted: |Vip| = 0.99 £ 0.15 [22].
A more accurate, and less model-dependent, estimate is expected using the single top
production cross-section with data from the second phase of the Tevatron accelerator
at Fermilab. It is also possible to extract the value of |V| from electroweak loop
corrections without assuming unitarity, the value obtained is |Vip| = 0.771’8:%2 [23].

[Vis| and |Viq|
These two matrix elements are not measured directly at present. Their value can be
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estimated from top quark loop correction to some processes (e.g. b — sv), they are
also closely related to the B meson mixing, as explained later in Section 2.2.1.

Some comments

If the CKM matrix is unitary, its elements in the first row (Eq.2.2) should verify |Viq|? +
|Vis|? + |V |2 = 1. If the values of the matrix elements quoted above are taken, a discrepancy
of more than one and a half standard deviations from unitarity is obtained: |Vq|? + |Vis|? +
[Vab|? = 0.9959 4 0.0025; the discrepancy is larger, 0.9955 4 0.0020, if the second value of
|Vis| is taken instead of the first. Although not felt as a real problem yet [11, 13], it gives
strong motivation for pursuing on the |V,q| and |Vys| estimates, both from the experimental
and theoretical sides. The element |V;;,| has the biggest relative uncertainty of the three,
however, it is intrinsically too small to make a difference on the unitarity test. A definite

deviation from unitarity would be proof of the existence of physics beyond the Standard
Model.

Within the Standard Model, all branching fractions of the W-boson depend, at tree level, on
the six matrix elements |V/| not involving the top quark. The semileptonic branching ratio
of the W-boson is inversely proportional to the squared sum of these six matrix elements,

1/BR(W — (77) = 3{1+ 1+ o (M) /7] > |Vi[*} (2.3)

i=u,c, j=d,s,b

where «; is the strong coupling constant. Taking the experimental values quoted above for
[Vaals [Vasls [Vabl, [Vedl, and |V, |, an estimate for |Ves| can be extracted: |Vis| = 0.989 £ 0.016,
as in Ref. [16], which is much more precise than the direct measurement obtained so far.

Only two, |Vyq| and |Vys|, out of nine CKM matrix elements, are measured with an uncertainty
smaller than 10%. Being input parameters to the Standard Model, it is important for the
global understanding of the theory that the precision on their measurements increases. The
aim is to be able to measure all the CKM elements independently and with high precision,
and with them test the overall consistency.

2.1.2 CKM matrix and CP Violation

In the framework of the Standard Model, not all nine elements of the CKM matrix are
independent. In general, an N x N unitary matrix has N? independent real parameters,
N(N — 1)/2 of which are Euler-type angles and N(N + 1)/2 are complex phases. In the
CKM matrix not all of these parameters are physically meaningful, because, for N quark
generations, 2N — 1 phases can be absorbed by the freedom to select the phases of the quark
fields. The number of physical parameters is therefore N2> — (2N —1)= (N — 1)?, with
(N —1)(IN — 2)/2 complex phases. In the case of N = 3 families, as in the Standard Model,
only four independent parameters are left, three angles and a single complex phase.

The unitarity condition, which is expressed by the orthonormality of the rows and columns
of the matrix,

DolVialP =1 Y VaaViz=0, (2.4)
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could, in principle, be used to determine the whole matrix once four elements are known.
The constraints are such that even a small relative uncertainty in one of the large (and
easiest to measure) quantities, completely dominates the smaller elements, rendering such a
determination impossible. For this reason, a complete determination of the matrix requires
the measurement of some of the smallest elements. These elements are the ones which are
measured in processes involving B physics.

The complex phase appearing in the CKM matrix introduces CP violation in the Standard
Model (it is also necessary that all quarks of the same charge have different masses [24]). The
matrix elements can be parameterized as a function of four independent parameters in many
manners. One of the most commonly used is due to Wolfenstein [25], with a generalization
to include higher order corrections first presented in Ref. [26]

Vaa Vs Vb 1—)%/2 A AX3(p —in)
Vea Vs Voo | = -2 1—)\%/2 AN2 + O . (2.5)
Via Vis Vib AN(1 —p—in) —AN? 1

In this parametrization all the matrix elements are expressed as a function of the four real
parameters A\, A, p, and 7. In order to include high order corrections, up to O(\%), new
variables, p and 7, are defined as p = p (1 — A?/2) and 7 = 7 (1 — A\?/2). The expression of
some of the CKM matrix elements is modified by the inclusion of O(A\%) corrections as:

Via = 1-% Vea = =X+ 3 42X°[1 = 2(p + in)]
2 . —
Ves = 1= % — gAY (1+44%) Via = AXN(1 — p — i)

Vis = AN+ LA(1 - 2p)A —inAX' Vg, = 1— $A4%N.
In the parametrization in Eq. 2.5, n # 0 is needed to incorporate CP violation in the Standard
Model, and A ~ 0.22 is the sine of the Cabbibo angle.
Recalling the unitarity condition expressed in Eq.2.4, and applying it to first row and
first column, the following equation holds

VaaVay + VeaVa, + ViaVig, = 0. (2.6)

Since V;; are complex numbers, this relation can be represented as a triangle in the plane of
complex numbers: it is the Unitarity Triangle. 1t is customary to rescale the triangle dividing
all the terms by |VeqVi |, which, to a very good accuracy, O(A7), is real and equal to AX>.
Therefore the triangle can be drawn as in Fig. 2.1.

The values of the triangle sides can be written as

A |VudV*b| = = A\ 1 ‘VUb
CA = wdlwl _ - (1 2= d
VeV P > )3Vl ™
(2.7)
= |ViaViy)| _ — 1| Via
BA = /il T2+ = - .
VeaV3 A=+ = 3y,

A precise measurement of the sides of the triangle, through the measurement of the CKM
matrix elements, verifying that they really form a triangle would constitute a very important
test of the Standard Model and of the understanding of the CP violation mechanism. Further-
more, the angles «, 3, and ~ of the triangle are also experimentally accessible. Any significant
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Figure 2.1: Unitarity triangle in the complex (p, 77) plane.

inconsistency between all these measurements would indicate the presence of physics beyond
the Standard Model. Completing the picture shown above is today one of the most active
domains in particle physics.

2.2 Phenomenology of B mixing and oscillations

Particle anti-particle mixing was first observed and studied in the neutral kaon system [27] in
the fifties. It is a phenomenon which has always been of fundamental importance for testing
the Standard Model and suggesting extensions to it. Being a FCNC process it involves heavy
quark loops and consequently it is a perfect testing ground for heavy flavour physics: from the
calculation of the K(ﬂ — Kg mass difference, the value of the charm quark mass was estimated
before its discovery [28], for instance.

Two neutral B-mesons exhibit the phenomenon of mixing; these are By = (bd) and
Bs = (bs). Hereafter they are generically denoted B,. A B, meson can be produced in either
of the two flavour-eigenstates |By) = |(bq)) or |[By) = [(bq)). Due to electroweak flavour-
changing interactions, this initial state evolves into a time-dependent quantum superposition
of the two flavour states as, a(t)|Bq) + b(t)|Bg), which satisfies the equation

9 ( a(t) ) s ( a(t) ) with  Heg— M -1 (2.8)

Za 23

where Hcg is the effective Hamiltonian. The operators M and I' describe the dispersive and
absorptive parts of the B, —B, mixing, they are called mass and decay matrices. The B-meson
is not a stable particle, and therefore Heg, which does not include the decay products, can not
be hermitian. The matrices M and I' instead, are hermitian, and, because of CPT invariance,
their diagonal elements are equal: they represent the mass Mp, and width I'g, of the By and
B, flavour states. The effective Hamiltonian can therefore be written as

Mg, M it I'py T2
Hog = *q — = *q . 2.9
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The diagonalization of the effective Hamiltonian gives the two mass eigenstates
[Bi2) = p|Bq) £ 4/Bq) (2.10)

and the COI‘I‘eSponding eigenvalues
’ 2 p 2 ! ’ '

In the above equations two complex coefficients ¢ and p have been introduced, they are
defined as
M, il7,/2

q . 2 2
— =y with q"+p"=1 . 2.12
| iT e o>+ 1o (212

The time dependence of these eigenstates of well-defined masses M; 2 = Re(A12) and
widths I'; o = —2Im(\; 2) is given by the phases e~12t - Correspondingly, the time-evolution
of pure states is given by

Ba®) = 9iOBo) + Lea0F0) , ana
By(t)) = m(t)lﬁq(O))+§gz(t)qu(0)>, (2.13)
where
g2 = % (7t emiet) (2.14)

The above equations mean that the flavour states oscillate into each other with time-dependent
probabilities:

gt AT
Py, (t) = NE 2q {cosh( 2Bqt>:|:cos (AMBqt)} , and

2 —TIg,t AT
q|”e a B
PBq*)Eq (t) = N '5 5 {cosh ( 5 qt) + cos (AMp,t)| , (2.15)
where
AMBq = |M1 — M2|, AFBq = |F1 — F2| , (216)

and N is the normalization factor defined by

/0 at |Poo—ba(t) + Py 5, ()] = 1. (2.17)
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Approximations

Two approximations can be taken to simplify the formulae shown above which still give
expressions precise enough for the purpose of the experimental testing.

1. CP conservation in mixing
CP conservation implies (Eqs. 2.12, 2.13, 2.14)

(Bq|M|B,) = (Bq|M|By) and therefore — My = M,

<BQ|F|EC1> = <Eq|F|Bq> and therefore 'y = Ty, (2.18)

so the matrix elements M5 and I'jo are real. Furthermore, it can also be shown that

pP=q, AMBq = 2M12 5 and AFBq = 2F12 . (219)

2. Negligible lifetime difference

In the approximation of negligible CP violation in the mixing process, the ratio between
the width and the mass differences, AI's, /Amp,, is equal to I'12/M12. In the Standard
Model, this quantity is expected to be of the order of the ratio m% /m2. 1t is therefore a
small quantity, and the same for the two neutral B meson systems. It can be calculated
with lattice QCD, with typical results ~ 5 x 1073. The width difference, Al'p,, is
caused by the existence of final states to which both the By and B, mesons can decay.
Such decays involve b — ccq quark-level transitions, which are Cabbibo-suppressed
if ¢ = d and Cabbibo-allowed if ¢ = s. Standard Model computations thus predict
AT /T to be very small for the By system (below 1% [13]) and somewhat higher for
the Bs system, up to ~ 20%. Experimental results show AT'g,/Tp, = 0.16150s [29].
There is no experimental constraint for AI',/I'g,. Neglecting AI'g, in Eq.2.15 means
replacing the hyperbolic cosine by unity. Even for the By system, this approximation
is reasonable and is used along this thesis.

With the approximations above, the time dependent probabilities of Eq.2.15 become

e~ Thqt
Pp,—,(t) = Ts, 5 [1+ cos(Amg,t)] ,
o—TBqt
PBq—Eq(t) = I'g, 5 [1 — cos(Amg,t)] , (2.20)

which are the expressions used along this thesis. The probability density function for a Bq
(B) is therefore the exponential decay modulated by a cosine of frequency Amg,, the mass
difference between the two mass eigenstates. In Eq.2.20, the convention # = 1, ¢ = 1 is
taken, and consequently Amp, is expressed in units of inverse time. The conversion factor
between ps™! and eV /c? is 1ps™ ~ 6.6 x 107*eV/c?. The mass difference Amg, is always
expressed in ps~! in this thesis.

2.2.1 B mixing and the CKM matrix

In the framework of the Standard Model, neutral B-meson mixing is only possible at the one
(or more) loop level, via Feynman boz-diagrams involving up-type quark exchange. Two such
interfering diagrams, shown in Fig. 2.2, are involved.
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Figure 2.2: Feynman diagrams for B mixing.

The off-diagonal term of the mass matrix, Ml(g), can be determined from the computation

of these diagrams. And therefore, recalling Eq. 2.19, the mass difference, Amp, between the
two neutral B-meson mass eigenstates is obtained as well. These diagrams are proportional
to the square of the CKM matrix elements involved, |V;bViq\2, where ¢ = u,c,t, and to the
squared mass of the up-type quark in the internal loop. Using the parametrization of Eq. 2.5,
all three terms involving CKM matrix elements are found to be of similar size for q = d. In
the case of q = s, the differences between the CKM terms are not big enough to be relevant
either. The quark masses are highly hierarchical, i.e., my > m¢ > my,. As a consequence,
the computation of these diagrams is completely dominated by the top-quark exchange. The
basic equation to be solved is

= | (AB=2
2my | M| = |(BalHeg "~ Ba)] . (2:21)
where HgﬁBzz), relevant for scales py, = O(my,), is the effective Hamiltonian for a change in
two units of the beauty quantum number. This Hamiltonian can be expressed as [30]

AB= G . A _
MG = E MR Vi PS () C () Q) 252 + e, (2:22)
Where G is the Fermi constant, My is the W-boson mass, zy = m?/M3;, S(z), the Inami-
Lim function reads [31]

1 9 1 3 1 3 22Inz
Sa) == 110 =22 20=27|" (223)

and can be approximated with 0.784z%76. The function C'(u,) and the operator Q(u,) include
all the QCD corrections, i.e., the computation of internal quark and gluon loops. The study
of B-mixing from a theoretical point of view involves strong interactions at two distinct
energy scales. The electroweak scale, of order My, and the quark confinement scale, of order
Aqcp- In the first case, perturbative QCD techniques can be applied, to oAbtain C(up). Non-
perturbative QCD is used to get an estimate of the matrix element |(Bq|Q(1p)|Bq)| [14, 30].
The dependence on the energy scale up, disappears when both QCD terms are computed.

The expression for Ampg, is obtained from Eq.2.21 and Eq.2.22, and can be written
as [14]

G2 )
Amp, = 5 Mymp, [VigVii,|*S ()15 Be, I, - (2.24)
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The factor np stands for the perturbative QCD corrections. It has been evaluated to be
np = 0.55 £ 0.01 and it is the same for the By and By systems: short distance QCD calcula-
tions do not depend on the light quark in the B-meson [32]. The uncertainty on its estimate
comes from the uncertainty on the top-quark mass and from the fact that the calculation
is done only up to the next-to-leading order. The term Bp, is called the Bag-parameter, it
measures deviations from the vacuum saturation approximation [33] which consists in ignor-
ing gluon exchanges between B, and B, quarks. This approximation would correspond to
Bgp, = 1. The last term, Fp,, is the leptonic decay constant defined by the expression [34]

(0]bv,5aBq(p)) = ipuFB, - (2.25)

Both these non-perturbative QCD quantities are computed using lattice QCD. A vast litera-
ture on these calculations is available with slightly different results depending on the approach
followed. The “average” values quoted in Ref. [35], for instance, for the decay constants are

F
Fis, = (200 £ 40)MeV, Fp, = (230 £ 40) MeV, and FBS —115+007. (2.26)
Bqg
In the same reference, the value given for the Bag-parameter does not distinguish q = d from
q = s (although it is done in other references like [34]) because all methods used for the
Bag-parameter estimate predict Bp_ /Bp, very close to one. The values quoted in Ref. [35]
are

Bgp,

Bg, (m1,) = 0.91£0.06, and =1.00+0.03 , (2.27)

Ba

The mass difference Amgp, is an experimentally accessible parameter. Indeed, from
Eq.2.20 it can be interpreted as the Bq-meson oscillation frequency. As seen in Eq. 2.24,
Amg and Amg are directly related to CKM matrix elements. Their measurement, modulo
theoretical calculations, would allow poorly known terms of the CKM matrix to be deter-
mined and the matrix properties to be tested. However, the theoretical uncertainties are, for
the time being, too large to give relevant constraints on the CKM matrix elements involved.
Nevertheless, if the ratio of the mass differences of the two neutral B-meson systems is taken,
the dependences on m; and some QCD corrections cancel out, and the following expression
is obtained

2

Ams _ M, o (2.28)

Ve
Via

Amg mB,

where all the theoretical uncertainties are contained in the parameter &,

¢= Io.vBs. (2.29)
Fo,+/DBs,

From Eq. 2.26, the decay constants have ~ 20% uncertainty, whereas their ratio, Fg_/Fg,,
is better understood from a theoretical point of view, with only 7% uncertainty. As a con-
sequence, the theoretical uncertainties on the parameter & are also under control, with a
present best value of £ = 1.15 4 0.07 [35]. Therefore, if both Amg and Amg were measured,
the quantity |Vis|/|Via| could be determined with small theoretical uncertainties from their
ratio. Getting a measurement of |Vis|/|Viq| is one of the main motivations for pursuing a
measurement of the Amg parameter.
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2.2.2 B mixing and CP violation

A measurement of both Amg and Amg would have an important impact on the understanding
of CP violation in the Standard Model. From Eq.2.7 and Eq.2.28, one of the sides of the
unitarity triangle (Fig. 2.1) can be expressed as

— 1
BA = —
A

Via
Veb

Vis
Vew

Vis
Veb

1
A

Via
Vis

mp, Amq

(2.30)

1
A mp, Amg

The CKM matrix elements |Vis| and |Vg,| are, to a very good approximation, O(\*), equal.
Therefore, from Eq. 2.30, the measurement of both neutral B-meson systems oscillation fre-
quencies is directly related to one of the sides of the unitarity triangle. Part of the CP
violation description in the Standard Model can thus be obtained from the experimental
results on Amg and Ams.

The values of the parameters p and 7, from the unitarity triangle, can be extracted from a
global fit to a particular set of experimental measurements and theoretical computations [36].
The list of inputs to this global fit is: Amg, Ams, |Vip|, [Veb|, mt, |ex| (from CP violation
measurements in the kaon system), Bg (the Bag-parameter for the kaon system), Fp,+/Bg,;
and £. The results presented in Ref. [36]:

p=0.224 £0.038 7 = 0.317 £0.040 sin(243) = 0.698 £+ 0.066 (2.31)

are compatible with the first direct measurements of the angle 3 of the unitarity triangle at the
asymmetric B factories. An average of the preliminary results reads, sin(23) = 0.48+0.16 [37].

If the experimental input on Bg oscillations is removed from the global CKM matrix fit
described above, constraints on the still unmeasured oscillation frequency for Bg mesons can
be obtained. One of the many examples of such an analysis is presented in Ref. [38]. The
probability density function for Amg obtained in that reference is shown in Fig. 2.3.
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Figure 2.3: Probability density function for Ams.
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Figure 2.3 shows that constraints on the CKM matrix elements favour a value of Amg

around 15ps~! and values above 25 ps~! would be difficult to accommodate in the absence

of new physics.

2.2.3 State-of-the-art

Evidence for neutral B-meson mixing was first observed by the UA1 Collaboration at CERN,
Ref. [39]. An excess of like-sign dimuon events was observed. The predicted ratio for like-
sign to unlike-sign muon pairs was 0.26 + 0.03, coming from events where one muon arises
from a B-decay and the other from a cascade charm decay. However, the measured ratio
was 0.42 + 0.07 £ 0.03, which constituted the first experimental evidence for B’-mixing. At
that time, b-production fractions were poorly known and it was therefore not possible to
disentangle the contribution of Bq and of By mixing in the result obtained. The theoretical
computations indicated already that the oscillation frequency for Bg was higher than that of
Bg. Moreover, the ARGUS and CLEO [40, 41] Collaborations at Desy and CESR had, at that
time, put limits on 74, rq < 0.12 at 90% C.L. and rq < 0.24 at 90% C.L. respectively (rq is
related with xq the mixing parameter, Section 3.1 through: rq4 = xq/(1—xq)). Results from
MARKII [42] were consistent with a very low value of xq as well. All these results together
made the UA1 Collaboration favour an interpretation of their result in terms of mainly By
mixing. However, thanks to the much more precise information presently available, it is now
known that the effect measured at UA1 was dominated by Bq mixing. Few months after the
UA1 publication, ARGUS [43] reported on the first direct observation of Bq — Bq mixing at
the Y(4S5) resonance. The mass of the Y(4S5) is not high enough to create a By — By pair.
Therefore, there is no uncertainty on the neutral B-meson composition, and no possibility
of misinterpretation. The first measurement of the Bq mixing parameter at the Y(45) was
obtained by the ARGUS Collaboration in 1987[43], rq = 0.21 4 0.08, followed by a slightly
more precise result from the CLEO Collaboration in 1989, rq4 = 0.19 4 0.06 4 0.06 [44]. A
direct measurement of Bq oscillations had to wait for LEP data and came some years later,
in 1994, from the ALEPH Collaboration, Amg = (0.5075:07 T0-11y ps=1 [45].

B4 — Bq Mixing

The measurement of By oscillations has today become a precision measurement. The four
LEP Collaborations, SLD and CDF have published results on the subject giving an average
value of Amg = 0.486 & 0.015ps ! [48]. The CLEO and ARGUS Collaborations have per-
formed measurements of the mixing parameter xq. Their results can be combined with the
measurements of Amg with a non-trivial procedure explained in Ref. [8]. The present world
combined average is Amg = 0.487 £+ 0.014 ps~! [8] (including results from LEP, SLD, CDF,
ARGUS and CLEO).

The asymmetric B-factories have been running for more than a year now and the first
results presented include measurements on By oscillations. These results are still preliminary
but show that, with some more time, the precision of the world average for the By mixing
result will further improve and will soon be dominated by the results from the Babar and
Belle experiments taking data on the asymmetric B-factories.
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B, — By Mixing

Studies on By oscillations have only been possible until now at the Z resonance (LEP and
SLC) and with lower sensitivity at the Tevatron. The By oscillation frequency is expected
to be much larger than that of By mesons, as it can be deduced from Eq. 2.28 and Fig. 2.3.
Up to now, By oscillations have not been resolved and only lower limits have been set. The
latest world average lower limit which includes some of the results presented in this thesis is
Amg > 15ps™! at 95% C.L. [50].

Some of the analyses both at SLD and at the LEP Collaborations are still expected to
improve slightly. It is not excluded that the final combination of the Z peak data analyses
be able to resolve By oscillations. If with the Z peak data only a lower limit is set, the first
measurement will most probably come from the experiments at the Tevatron collider in the
next years [51].

The width difference AI's could be large enough to be measured before the mass difference
Amyg [52]. The theoretical estimate of AT's/Amg suffers from no CKM uncertainty, it has
only QCD contributions which can be computed on the lattice. Therefore, a reliable estimate
of Amg could be inferred a the measured value of ATl';. The present measurement of Al'y/I'y

is however not accurate [29], and only provides a mild constraint on the allowed region for
Amg: Amg = 29 '_%? ps~! [50].

2.3 B mixing beyond the Standard Model

In general, most of the extensions of the Standard Model which are being studied do not have
sizeable implications on processes at tree level, and therefore have negligible contributions
to B decays. The B-mixing phenomenon is only possible at the one (or more) loop level.
Contributions from physics beyond the Standard Model can enter these loops, and therefore
B-mixing can be a test bench for new theoretical models.

It is not possible in the scope of this thesis to give a comprehensive review of the possible
extensions of the Standard Model which have implications on mixing parameters. A selection
of examples found in the literature is given. A more extensive discussion is presented, for
example, in Ref. [53].

One of the models which is being presently studied is called exztra-dimensions. In this
model the ordinary four-dimensional Standard Model arises as a low energy effective theory of
models defined in five or more dimensions. One of the simplest generalizations has one single
extra-dimension. The model contains fermions which live in four dimensions, and gauge
bosons and one scalar doublet propagating in five dimensions [54]. This extended model
allows phenomenological constraints derived from one loop processes to be extracted, and in
particular some predictions related with B-mixing can be performed. The correction induced
by the extra-dimension to the Inami-Lim function S(x) has been estimated giving the range
1 < S(xt) < 10, while the Standard Model value is S(zt) ~ 2.6. Experimentally, the value
of S(z¢) has still some uncertainties, which makes impossible yet to extract any bound on
extra-dimension models from the B-mixing data. However, if in the future a value of S(z)
larger than that of the Standard Model is found, extra-dimensions could easily accommodate
it.
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Probably the most popular framework for physics beyond the Standard Model is super-
symmetry. Many contributions to the B — B mixing are possible. However the parameter
space of the different models is vast and firm constraints are difficult to establish. The effect
of supersymmetry on B — B mixing could be very significant: for certain values of the param-
eters, for example, the total supersymmetric contribution to Bq — Bq mixing can be twice as
large as that of the Standard Model [53].

Finally, there are theories with a real (orthogonal) CKM matrix, which therefore explain
CP violation in some other means, superweak theories [55]. These theories require that Stan-
dard Model fits to the unitarity triangle gives 7 = 0. Experimental limits on By oscillations
have now almost excluded a negative value of p, and in general do not favour the region n =0
with positive p either. In the framework of the pure superweak theories, Amy is expected to
be larger than in the Standard Model: between 10ps~! and 32ps~! at 95% C.L., which is
still compatible with the present experimental results.






Chapter 3

Experimental Method

The B mixing can be studied with two distinct methods. In a first method, only the total
rate of events in which one B changes flavour between the time of production and that of
decay is determined independently of the time at which the decay occurs. The particle-
antiparticle oscillation is therefore integrated over time. In the second method, instead, the
time dependence shown in Chapter 2, Section 2.2, is measured, and the actual oscillation
frequency is extracted from that distribution. These methods are known as time-integrated
mizing and oscillation measurements. Both methods were successfully used for By mesons
studies [45, 46, 47, 48, 49]. While the slow oscillation frequency of By mesons allows informa-
tion to be extracted from the time-integrated mixing measurements, the situation is different
in the case of By mesons. As a consequence of their rapid oscillation frequency with respect
to the decay time, half of the By mesons are found, when they decay, in a flavour different
from that at production. The time-integrated measurement is therefore insensitive to the
oscillation frequency.

To start this Chapter, the basic features of the time-integrated and oscillation measure-
ment methods are given, and general techniques used in B-mixing analyses are explained.
The main experimental issues are reviewed, with special emphasis on the factors which limit
the sensitivity. The most important differences between the experimental studies on By and
Bs oscillations are explained. The impact of the experimental resolution on the reconstructed
B-meson proper time (i.e., the B meson decay time in its rest frame, see Section 3.1.1) is
discussed in detail, for instance. In the case of By mesons, contrary to Bq mesons, the proper
time resolution is crucial. Although the experimental description is centred on relevant is-
sues for data taken at the Z peak (at LEP and SLC), a brief description of the B-mixing
measurements performed at CLEO or CDF is also given.

In the case of oscillation studies, a fit to the expected proper time distribution is per-
formed. The fitting procedure is explained in Section 3.2. The fit for By oscillations is most
often performed with the amplitude method [9, 56]. In this method, an amplitude A is in-
troduced in front of the oscillating term in the probability density function for Bg mesons,
(Eq.2.20), and measured as a function of the oscillation frequency. The method is explained
in detail in Section 3.3, along with a complete discussion of the expected dependence on the
frequency of the measured amplitude and its uncertainty. The interpretation of the results
in terms of the probability of being due to a statistical fluctuation is given.
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3.1 Basic features of a B mixing measurement

Time-integrated measurement

The simplest experimental approach, and first used ever, for a measurement of the BY — B’
mixing consists in the estimation of the B mesons fraction with a different flavour at the
times of production and decay. If this fraction is zero, it means that there is no mixing in
the system studied. If it is 50% it means that the oscillation is rapid enough to saturate
the integrated method, rendering it insensitive to the actual oscillation frequency. Values in
between can be turned into a measurement of the oscillation frequency (or equivalently, of the
mass difference between the two mass eigenstates, Amp,) as follows. The mixing parameter

Xq is defined as the average probability of a Bg meson to be found in a Eg state at decay:
_ fooo Py_gdt

N fooo Pg_,gdt + fooo PB—»Edt '
With the approximation of AI'; = 0 and negligible CP violation in the mixing, as discussed

Xaq (3.1)

in Section 2.2, x, reads

N (AmBq/FBq)Q
Xa= 50+ (Amp, /Ts,)7]

(3.2)

The time-integrated method has been successfully used for Bq mixing studies done with
data taken at accelerators running at the energy of the Y(4S) resonance [49]. This energy
is just enough to allow the Y(4S5) to decay in a coherent B} — Eg or BT-B™ pair, but it is
too small for a BY — ES pair to be produced. The first observation of Bg mixing, by the
ARGUS experiment, was obtained from the complete reconstruction of a single Bg — Eg
event in which the Eg had oscillated [43]: two BY were reconstructed, with the following
decay chains: B} — D*~pty,, with D*~ — 77DO, and D9 — K*+7~, and the other, B} —
D* uty,, with D*~ — 7°D~, and D~ — K*n~n~. A display of this event is shown in
Fig. 3.1. The presence of two Bg in the final state is an unambiguous proof of the oscillation.
However, complete reconstruction selections are very inefficient and therefore very few such
fully-reconstructed events are available, and most of the sensitivity to xq for the experiments
running at the T(4S5) resonance, comes from events partially reconstructed. In most of the
cases, two semileptonic decays are looked for, with like-sign leptons to identify events with a
Bg meson having oscillated.

Time-integrated mixing studies with similar techniques were performed in pp colliders
(UA1 and CDF) [46] and at the Z resonance (SLD and LEP experiments) [47]. In both cases,
however, By mesons are not the only contribution to mixing, By mesons also contribute to
the integrated mixing rate. As a result, yq is not directly measurable, and the measured
quantity ¥ is an average of the By and By mesons integrated-mixing. The average mixing
parameter is related to yq through,

X = faxa + fsxs > (33)

where fq and fg are the fractions of By in bb decays, and x, = 0.5.

As already stated, By oscillations are too rapid to be studied in a time-integrated manner:
only analyses which exploit the B-meson proper time information are sensitive to Ams.
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Figure 3.1: The gold plated event, first evidence for By oscillations from the ARGUS Collaboration.

Oscillation measurement

Oscillation measurements aim at reconstructing the proper time distribution of B meson
decays shown in Eq. 2.20. To do so, more experimental information on the decay than in the
case of time-integrated measurements is needed.

First, the proper time of the BY decay studied needs to be determined, although it is
not a quantity directly measurable. Indeed, it can only be inferred from two independent
measurements, i) the decay length [, i.e., the distance of flight before decay; and i) the
momentum p of the BY meson; both measured in the laboratory rest frame. These two
measurements are described in Section 3.1.1.

It is also necessary to determine if the meson oscillated or not. To this end, the b-quark
flavour (b or b) of the B® meson has to be determined both at production (initial state) and
decay (final state); if identical, the event is labelled as unmixed, and as mixed otherwise. In
general, the analysis event selection is strongly determined by the technique used for the final
state flavour determination. Details are given in Section 3.1.2.

The proper time and the mixed/unmixed label are the two main pieces of information
needed for an oscillation measurement, and would actually be the only needed in a pure
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sample of By (or Bg) mesons. However, such pure samples cannot be isolated at the Z-boson
pole or at the pp colliders. Further selection must be performed to isolate as much as possible
the kind of events desired. Some of the most common approaches for signal enrichment and
background evaluation are given in Section 3.1.3.

Although oscillation studies are done for both By an By mesons systems, the oscillation
frequency Amgq and Amg are of different enough magnitude to render the experimental key
issues in both cases quite different. To illustrate this point, the proper time distributions
expected in both cases are presented in Fig. 3.2. In the case of By oscillations, the frequency,

0.7 0.7
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r By Amgy=0.487ps T By Am =17ps
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T e e e L T o L KRR AR RV AAVIAVIAVAY AVAW; WA

0 05 1 1.5 2 25 3 35 4 45 5 0 05 1 1.5 2 25 3 35 4 45 5
Proper time t (ps) Proper time t (ps)

Figure 3.2: Proper time distribution for mixed/unmixed Bgq and By mesons. Full curve holds for

unmixed and dotted for mixed events.

already measured with good accuracy, is small. As it is shown Fig. 3.2a, the proper time
distribution expected for mixed and unmixed events can be disentangled even with a moderate
proper time resolution (typical values of the proper time resolution achieved at LEP are of
the order of 0.3 ps, already excellent for that purpose). For By mesons, however, the rapid
oscillation frequency (for illustration Amg = 17 ps ! is taken) makes the analysis complicated
and renders the proper time resolution crucial. The distributions shown in Fig. 3.2 refer to
the expectations in the case of perfect mixed/unmixed labelling. When the experimental
uncertainty on this labelling is taken into account, the difference between mixed and unmixed
proper time distributions is diluted. A By oscillation frequency measurement, never achieved
yet, requires excellent proper time resolution as well as very good performance in flavour

tagging.

All the ingredients of such an oscillation analysis are described in detail in the following
Sections. The experimental techniques described apply to Bg oscillations analyses, but in
most of the cases they are similar to those used for By studies.
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3.1.1 Proper time measurement

The determination of the B meson proper time, i.e., the B meson lifetime as evaluated in
its own rest frame, requires the measurement of its decay length and its momentum in the
laboratory rest frame. The experimental technique often depends on the event selection.
Some of the general aspects are given in this Section. More details, closely related to the
main analysis described in this thesis, can be found in Chapter 6.

The decay length of the B meson is the three-dimensional distance between the point
where the primary interaction takes place (i.e., the eTe™ annihilation, in the case of LEP),
and the point where the flying meson decays. The main interaction point determination is
not specific to a B oscillation analysis and depends on the experimental environment where
the data are taken. The method used by the ALEPH experiment is explained in Section 5.4.
The secondary vertex, i.e., the point where the B meson decays, is determined with different
methods depending on the event selection. The best resolutions are achieved for exclusive
decay reconstructions. In this configuration all the secondary particles are identified and their
comimon vertex position can be determined with high precision. For more inclusive selections,
topological techniques lead to much worse resolutions. In some cases, for semileptonic decays
for instance, the decay vertex is obtained from hybrid techniques, in which a fraction of the
decay particles are identified.

The B meson momentum measurement depends on the event selection as well. If the
decay is exclusively reconstructed, it is determined as the sum of the momenta of all decay-
ing particles and the resolution is excellent by construction. The momentum of the jet in
which the secondary vertex is found is taken as the meson momentum for an inclusive event
selection. In the case of semileptonic decays, a fraction of the B meson momentum is carried
by a neutrino which escapes the experiment without detection. The neutrino momentum is
estimated from the requirement of energy and momentum conservation in the event (the qual-
ity of this technique depends strongly on the experimental environment where the data are
taken, it is successfully used at the ALEPH experiment, as explained in Section 6.7.1). The
B momentum is then estimated as the sum of the lepton and the charm candidate momenta,
complemented with the neutrino momentum estimate.

Even though the exclusive reconstruction of decays has the advantage of an almost perfect
resolution, it implies a very tight selection. The resulting data samples available are therefore
statistically poor. In contrast, the event selection for an ultimate B oscillation measurement
has to be a compromise between exclusiveness to obtain good resolution and inclusiveness to
gain from statistics. The analysis described in Chapter 6 is based on an inclusive semileptonic
selection, which constitutes the best compromise in the LEP environment. For the SLD
experiment the situation is different. The data sample is ten times smaller than in a LEP
experiment but the intrinsic resolution of the tracking is better by a factor of 3. That makes
SLD data more adequate for analyses based on a fully inclusive selection. At the CDF
experiment, being on a pp collider, inclusive or semi-inclusive techniques are not viable, only
exclusive (or close to exclusive) methods are possible.

The proper time ¢ is determined from the decay length [ and the momentum p of the B
meson as
_lm

t = — 3.4
ol (3:4)
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where m is the B meson mass, and c is the speed of light. The proper time resolution can
be therefore expressed, by differentiation, as a function of the decay length and momentum
resolutions as

atzﬂal@t@, (3.5)
pc p

where o; is the decay length resolution, and o,/p the relative momentum resolution. The
second term of Eq. 3.5 is proportional to the measured proper time itself. In the case of By
mesons, the period of the oscillation is much shorter than the lifetime, therefore the sensitivity
comes mostly from short lived mesons, for which the contribution of the momentum resolution
vanishes. The sensitivity of an inclusive analysis is then limited by the resolution on the decay
length. In the case of By oscillations, a significant mixing rate is observed only at proper
times larger than a lifetime (¢ > 7g,). Therefore the momentum resolution term dominates
the proper time reconstruction uncertainty, which is anyway not a crucial issue for those
analyses.

3.1.2 Flavour tagging

The b-quark flavour of the B meson needs to be determined at production and decay and
compared to each other to establish the unmixed/mixed label of each data event.

Three different techniques have been used to date for the final state (decay) flavour
determination, depending on the event selection performed.

- In the case of exclusive reconstruction of flavour eigenstates there is no ambiguity. The
decay chain establishes if the parent meson was a BY or a B’ Examples of exclusive
reconstruction oscillation analyses are found in Refs. [57, 58] and in Section 7.2.

- For semileptonic decays, the electric charge of the lepton is used as a tag. Figure 3.3
shows the Feynman diagrams for semileptonic decays of both BY and B A lepton

Figure 3.3: Semileptonic B® meson decay diagrams.

with negative electric charge originates from BY and a positively charged lepton from
a BY. However, the presence of a lepton in the final state does not guarantee a direct
semileptonic decay. Cascade decays with b — ¢ — ¢ are also frequent, and have the
opposite lepton-quark electric charge sign correlation (the corresponding diagrams are
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Figure 3.4: Cascade B” meson decay diagrams.

shown in Fig. 3.4). These cascade decays need to be rejected from the final data sample.
Additional cascades decays with b — @ — ¢ are also present (Fig. 3.5). The charge
correlation between the lepton and the b quark is the same as in direct semileptonic de-
cays, therefore no specific rejection for these decays is required. Examples of oscillation

Figure 3.5: Cascade b — ¢ — £ decay diagram.

analyses using semileptonic selections are found in Refs.[58, 59].

- In the case of an inclusive selection, no decay particle is identified. A different method
has to be used. An inclusive variable sensitive to the charge flow between the secondary
and the tertiary vertices is used to statistically separate B? from B’ decays. In the case
of SLD, their excellent tracking resolution is exploited which allows the tertiary vertex
to be inclusively reconstructed. A dipole, |@p — @Qp| X |17D — VB|, is formed and used
as a final state tagging variable [60].

In ete™ and pp collisions, b-quarks are produced in bb pairs. Therefore, in addition
to the B meson studied for mixing, the event contains another b-hadron with a b-flavour
opposite to that of the B meson at production. The flavour of the B meson at production
can therefore be determined from the flavour of the second b-hadron in the event. Some
additional information is available from the fragmentation products of the B meson: the
s-quark of the By meson (or d-quark for By) is created in a s§ (dd) pair, most of the times
the second s-quark forms a kaon (pion) the electric charge of which (if non zero) is correlated
with that of the B meson. The two pieces of information can be combined to obtain a single
estimator of the initial b-flavour of the B meson. At SLC, the ete™ beams are polarized,
which allows the b-forward-backward asymmetry to be used to further improve the initial
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state b-flavour tagging. Typical effective values of the probability of incorrect initial state
flavour assignment, the initial mistag, at LEP are around n; ~ 25% while at SLD, mostly
thanks to the polarized beams, n; ~ 15% can be reached.

The final label mixed/unmixed obtained for a particular B meson decay has a certain
probability of being incorrect, which is called the total mistag probability, 7. This quantity
is evaluated from a combination of the mistag for the initial, n;, and final state, ng, of the B
meson as

L—2np =1 = 2n)(1 = 2np) . (3.6)

The combined mistag probability can be evaluated on average in the selected sample, or,
as it is done in most of the cases, computed event by event. Simulated events are usually
used to convert the combined tagging variable of each event into a mistag probability. The
use of event-by-event information increases significantly the statistical power of an oscillation
analysis.

The mistag probability, 77, is used in the fitting procedure to weight events according to
their probability of being correctly tagged.

3.1.3 Signal enrichment and background evaluation

Inclusive or semi-inclusive event sample selections result on poor signal purity: as in an
unbiased bb sample, only about 10% of the events contain By meson decays. Some decay
properties like the estimated electric charge of the secondary vertex, or the presence of kaons
both in the fragmentation and the decay of the By candidate, can be used to statistically
increase the effective signal purity. All the relevant discriminant variables are combined, and
the result is used to define an event-by-event signal purity. More detailed explanations on
this subject are given in Section 6.9.

Semi-exclusive selections, like the Dgf reconstruction explained in Section 7.1, have an
average signal purity of the order of 40%. The effective signal purity can still be increased with
techniques similar to those used in inclusive selections. In the case of hadronic reconstruction
of specific decays, the average purity is even higher, of the order of 60%, and can be increased
in an analogous manner with the By constructed mass as a key discriminant variable.

The non-signal components in the selected sample, the background, need to be identified
and properly characterized. In the case of inclusive or semi-inclusive selections, the back-
ground contains mostly other b-hadrons (Byq, B*/~, and b-baryons), but also a small fraction
of hadrons formed with lighter quarks, called udsc-background in the following. The estima-
tion of the relative amount of the background components is explained in Section 6.9, for the
b-hadron species, and in Section 6.4, for the udsc background, in the case of the inclusive
semileptonic selection. The background treatment of semi-exclusive or exclusive selections is
slightly different and explained in Sections 7.1, 7.2.

3.1.4 Effect of mistag, background, and resolution

The non-perfect flavour tagging, the presence of background, and the finite detector reso-
lution introduce a dilution on the oscillation signal studied. Figure 3.6 is used to illustrate
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this point. On the three plots the expected fraction of events tagged as mixed is plotted
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Figure 3.6: By oscillations signal resolution as a function of analysis parameters. The typical error
bar for proper time values below 2 ps in an inclusive semileptonic analysis in ALEPH is shown.

as a function of the measured proper time. An inclusive selection with 10% Bs, 40% By,
40% Bt and 10% b-baryons is considered, with oscillation frequencies Amg = 0.487 ps~! and
Amg = 17ps~!. In Fig. 3.6a) perfect flavour tagging, both at production and decay, is as-
sumed, as well as negligible proper time resolution. The rapid Bg meson oscillation is seen
convoluted with the B4 mesons oscillation. In Fig. 3.6b) the effect of a global mistag prob-
ability of 30% is shown. The effective By oscillation amplitude is reduced rendering it more
difficult to resolve. In Fig. 3.6¢) the effect of the experimental resolution on the proper time
measurement is also introduced, with momentum resolution o,/p = 7% and decay length
resolution & = o;m/pyoc = 0.1ps (these values are better than the average in most of the
inclusive By oscillation analyses). As a consequence, By oscillations become only a marginal
distortion on the By oscillation pattern, only visible at small proper time values. The typical
experimental uncertainty for proper time values below 2 ps is shown both for the proper time
and the asymmetry measurements in the case of an inclusive semileptonic analysis with the
ALEPH data (Chapter 6). This last plot, compared to the others, is a clear illustration of
the importance of the proper time resolution on By oscillations, as well as of the experimental
difficulty of the measurement. The proper time resolution expression in Kq. 3.5 shows that
the momentum resolution does not contribute at very small proper time values, the crucial
issue for By oscillations analyses is therefore the decay length resolution.
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3.2 Fitting procedure

Once the proper time of the selected B mesons and the mixed /unmixed label are determined,
a fit to the expected proper time distribution is performed, to tentatively determine the value
of the oscillation frequency.

A selected data sample is a mixture of signal, By mesons in this case, and different type of
backgrounds. The probability density function (p.d.f.) has therefore to take into account the
expected proper time properties of all the components in the sample, i) the oscillating signal
component, (Bg mesons); i) the oscillating background component (Bgq mesons); iii) the non-
oscillation background component (B+/ ~ and b-baryons); and iv) the udsc-background. The
different parts of the p.d.f. are explicited below for events labelled as unmixed and mixed.

- Oscillating B mesons (Bs and By mesons):

1-+cos AmBq to

p_d_f.unmix(t) — qu |:(1 o 77T) 27Bq 6—t0/TBq +
nr 71_(:0;?}:1% o e_tO/TBq] ® Rlto,t),
i 17005A:’LB to —to/m (37)
p.d.f.mlx(t) == qu |:(1 —77T) qu e 0/7Bq +
nr 71+00;an:30‘ o e—to/mq] ® Rlto,t)-
- Non oscillating B hadrons (B*/~ and b-baryons):
unmix e—to/™B
pdfrmi ) = fy[(1-nr) SLE] @ R(to.?) 68
pd f () = fo[mr =] © R(tot) .
- The udsc background is most often parametrized from simulated events.
p'd'f.unrnix (t) — fudsc |:(1 o 77T) Fsimul(t) , (3 9)
pd () = Fucse [ e Fm(2)

In the above expressions f; (i = By, B, udsc) are the fractions of each component in the
selected sample, with }°; f; = 1, and 7y is the mistag probability, which can be different for
each component. The function R (g, t) is the proper time resolution function, built as a con-
volution of the decay length and momentum resolutions. All lifetimes, 7;, are experimentally
known, Amyg is measured as well. The only free parameter, to be fit to the data, is the Bg
oscillation frequency Ams.

The above expressions are used, convoluted with the experimental proper time efficiency,
and resolution in a global likelihood function of the data sample minimized with respect to
Amsg. To date, no minimum deep enough for a Amg measurement has ever been found. Only
lower limits on Amg have been set.
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3.3 The amplitude method

Many different By oscillations analyses are being (or have been) performed by the LEP Col-
laborations, SLLD and CDF. A method to easily combine their results and therefore increase
the global final reach on Amg, known as the amplitude method, was first used by the ALEPH
Collaboration [61] and is presented in Refs. [56, 9]. In this Section the basics of the method
are explained, along with its interpretation.

The By oscillations are slow enough to allow the oscillation frequency Amg to be deter-
mined by several analyses in all experiments where b-hadrons are produced. An average value
of Amyg is obtained from the individual results of these analyses. In the case of By mesons,
instead, as no analysis has yet been able to resolve the oscillation, the analogous approach is
not applicable.

In the amplitude method the probability density function for the By signal is transformed
by the introduction of the amplitude, A, in front of the oscillation term as

TeTst e Tst

p.d.f.VR(t) = 5 [1 £ cos(Amgt)] = p.d.f.2"(t) = 5

[1+ Acos(wt)] . (3.10)

The method consists in measuring A, i.e., maximizing the likelihood with respect to A, as
a function of the test frequency w (throughout this thesis w stands for the frequency folded
in the fitting function, whereas Amg or Am indicates the frequency of the oscillations in the
sample studied). A value of A = 1 is expected to be measured at w = Amg. Far below
the true oscillation frequency A = 0 is expected; a more detailed description of the expected
values of the amplitude A as a function of the test frequency is derived in Section 3.3.2.

The idea behind the amplitude method is to define a measurable quantity, with well
defined uncertainties, in such a way that an average between different analyses can be easily
performed. The amplitude A fulfils these requirements.

The frequency range for which the amplitude is found to be compatible with zero and
incompatible with one can be excluded at 95% C.L., i.e.,

wo excluded at 95% C.L. if Ay, +1.64504 <1. (3.11)

wo)

The sensitivity of an analysis is defined as the expected limit at 95% C.L. given the analysis
performance, i.e., the limit which would be set if the measured value of A, was zero. The
corresponding sensitivity frequency w?® fulfils,

w? & 1645 x 044 = 1. (3.12)

It is equivalent to the frequency for which amplitude values zero and one can be distinguished
at 95% C.L.

The amplitude A has well behaved parabolic uncertainties, and therefore a combination
of different analyses is easily performed. A combined limit is obtained applying the above
prescription to the combined amplitude scan as a function of w.

As already mentioned, the amplitude measurements are obtained by maximizing the like-
lihood L of the proper time distributions of mixed and unmixed events with the amplitude
of the oscillating term A as the free parameter, and w fixed at a chosen value. Denote
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L = —log L, its expansion at second order around the minimum of £, £,(A), can be approx-
imated by
1A= A
Lo(A) ~ L,(A)+ = ( ) , (3.13)
2 TA )

where A is the measured value of the amplitude, and o4 is the uncertainty on 4. This
approximation turns out to be very accurate in reality, £, (A) being parabolic in a wide
range around A.

From Eq. 3.13 it follows that, again for each value of w:

N2
Lo(A=1) ~ LW(A)+%<1;AA> . (3.14)

w

The oscillation vanishes for A = 0 on the one hand, and it averages to zero for w — o
due to finite resolution on the other. Therefore, the following equality can be written

Ly—oc(any A) = Lany w(A=0) (= L), (3.15)

and therefore, from Eq. 3.13,

A

w

.2
Lo = Lo(A)+ %<i> . (3.16)

If Eq. 3.16 is subtracted from Eq. 3.14, the following formula is obtained

ALW) = Ly(A=1)— Lo~ [%(1—A> _%<i>

, (3.17)

A OA

which allows the value of AL to be calculated, for each w, from the fit amplitude and its un-
certainty. This formula was already given in Ref. [56] and allows a minimum of the likelihood
of the world combined data (or any other combination) to be looked for.

3.3.1 Interpretation

The properties of the amplitude method for By oscillations were studied in detail in a paper
(Ref. [9]) written by Duccio Abbaneo and myself. The three main Sections of this paper are
reproduced below (some changes of notation are introduced for coherence with the rest of
this thesis). In Section 3.3.2 analytical expressions for the expected shape of the measured
amplitude and its uncertainty are, for the first time, derived. The small and large frequency
limits are discussed, and an approximate interpretation in terms of Fourier transformations
is proposed. Several mis-concepts present in the previous literature are clarified. The prob-
ability of observing statistical fluctuations which would fake a signal in a sample with the
oscillation frequency far beyond the sensitivity is also discussed. In Section 3.3.3 the structure
and the features of a toy-experiment generator used throughout the paper, and this thesis,
are described. A procedure to tune the parameters of the simulation in order to reproduce
the observed uncertainties in a particular analysis or combination of analyses is given. In
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Figure 3.7: Winter 1999 combined amplitude measurements as a function of w, from the B Oscillation

Working Group.

Section 3.3.4 a procedure to extract a confidence level value from the likelihood function is
presented and discussed. The uncertainty arising from the lack of a detailed simulation is
investigated. The method described in this Section is used in Chapter 8 for the interpretation
of the results of this thesis.

At the time of the paper publication, the latest results on By oscillations available were
those presented in the 1999 winter conferences, and therefore these are the results used for
illustration throughout the paper and in its reproduction below. For the sake of completeness,
the combined amplitude measurements obtained from published and preliminary analyses
available at the time of the 1999 winter conferences [8] are presented in Fig. 3.7.

The likelihood difference AL(w) obtained for these data is shown in Fig. 3.8. A good
parametrization for the shape of AL is obtained with a function f(w) o< 1/w® with o = 1.64,
plus some Gaussian functions to describe the deviations. A parabolic fit of the three lowest
points of the plot gives a minimum for w = 14.8 ps~™!, with a value ALy, = —2.9. As dis-
cussed in the following sections, the significance of this minimum cannot be extracted in an
analytical way, but needs to be determined with toy experiments.
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Figure 3.8: Likelihood as a function of w derived from the combined amplitude measurements. A

1

minimum is observed for w = 14.8 ps~!. The parametrization described in the text is shown in (a)

and (b); the parabolic fit to the three lowest points in (c).
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3.3.2 The amplitude analysis

The true proper time distribution of mixed and unmixed B meson decays is written as follows:

1+ cos Amtg E%to) + fR,,,(to)

p-d'f'?l,m(tO) = D'exp (*FtO) 9 = 2 ’ (318)

where R, (to) contains the oscillation term. The plus (minus) sign holds for unmixed (mixed)
events. Any difference in the decay widths of the two mass eigenstates has been neglected.

The reconstructed proper time distributions can then be written as:

pd-fam® = [ dt B0 2 1300 g, = ZOL Somll), (3.19)

For the sake of simplicity, no time dependent selection efficiency has been considered in the
calculations. In what follows, it is assumed that the relative uncertainty on the b-hadron mo-
mentum, and the absolute uncertainty on the decay length are Gaussian. This approximation
follows what typically happens in real analyses, where the uncertainty on the reconstructed
b-hadron momentum is found to roughly scale with the momentum itself, while the uncer-
tainty on the decay length does not. This fact has important consequences in the way the
two resolution components affect the amplitude shape.

Under these assumptions, the resolution function R(%g,t) can be written as:

R(to.t) = /_OO dp . exp <_ w _p0)2> 1 exp (- M) pe

V2m oy, 207 V27 oy 2 (may)? m
1 (t — to)? )
~ exp| - w0} (3.20)
27 [62 + (S,t)2] ( 2[07 + (9pt)?]
where 0; = oym/(pg c). 6, = 0p/po. The approximation is valid if 0, is significantly smaller

than one, which is anyway required to assume Gaussian uncertainties, since the reconstructed
momentum cannot be negative. Furthermore, py is not accessible in real data; the recon-
structed momentum is therefore used in the evaluation of the uncertainty from the decay
length resolution: ¢6; ~ o;m/(pc).

A set of parameters is chosen here for the purpose of illustration. Resolution values of
0p = 0.15 and ¢; = 0.14ps are used; the latter one would correspond to a monochromatic
sample of By mesons with py = 32 GeV/c and o; = 250 um. In a real analysis the normaliza-
tion of the non oscillating component is the total number N of b-hadron decays (differences
in lifetime are neglected), while the oscillation term is multiplied by N fg, (1 —2nr), fs,
being the fractions of By in the sample, and 7y the global mistag rate. For an inclusive
analysis, fp, (1 — 2np) is typically about 0.05. The curves obtained with these parameters,
normalization factors omitted, are shown in Fig. 3.9. As the frequency increases, the oscilla-
tion amplitude is damped because of the resolution. For very large frequencies only the first
period can be resolved.

The fitting technique commonly used in the amplitude analysis is a simultaneous maximum-—
likelihood fit to the proper time distributions of mixed and unmixed events, as explained in
Section 3.2. Alternatively, the difference of the two distributions, i.e. the oscillating term,
can be fit with a binned y? method. These two methods are discussed in the following.
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Figure 3.9: Reconstructed proper time distributions for the non—oscillating component, E(t), and the
oscillating component, fam(t), at different values of Am. Resolutions of 6, = 0.15 and §; = 0.14 ps

are assumed.
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The maximum likelihood fit. Using the aforementioned formalism, the likelihood func-
tion can be written as:

—logL = 5 [ dt B+ fan(®) lg () + AL(D)
B(t) — fam(®)] log[E(t) — Afu(t)] + Const,

where again Am is the frequency of the oscillations in the sample analysed, and w is the value
chosen in the fitting function. The minimization with respect to A leads to the condition

/ dt fw fAm() Af2() =0, (3_21)
0 (1-A5G)

which allows A to be determined.

The x? fit. Similarly, the x? can be written as

the minimization of which gives

(t) fam(t) — ASS(H) _
/ it L 0 0. (3.23)

Equations 3.21 and 3.23 both give A = 1 for w = Am. For w # Am they are equivalent
if Af,(t) is negligible compared to E(t).

The expression of Aa,(w) can be derived from Eq. 3.23 as

/ dt fw ){A)m( )
. (3.24)
[ £

-1

Aam(w) =

The resulting amplitude curves for Am =5, 10, 15 ps™+ are shown in Fig. 3.10a. On top of
the curves, values obtained from the likelihood fit (Eq. 3.21) are also shown. The two fitting
methods are indeed equivalent for w =~ Am, as expected, while some difference appears for

w # Am.

The expected amplitude is unity at w = Am. For w > Am, the behaviour depends
on Am (for given resolutions). In this example, for Am = 15ps ! the expected amplitude
increases monotonically.

The expressions derived for the x? fit allow also the expected uncertainty on the measured
amplitude to be extracted,

Y(A+0o4) —X3HA) = 1, (3.25)

which in turn gives

op(w) = . (3.26)
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Figure 3.10: (a) Expected amplitude values for Am = 5, 10, 15, ps— 1.

The curves refer to the x?
minimization, the points to the likelihood fit.

(b) Amplitude significance curves (x? fit). The expected shape of o(w) is also shown.

(c) Expected shape of the likelihood, derived from the amplitude and its uncertainty. The dashed line
corresponds to the the limit Am — oc.

Resolutions of §, = 0.15 and o; = 250 pm are assumed for the three plots.
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If a global mistag probability nr, and the By signal fraction in the data f; are introduced,
the expression for the amplitude curve remains unchanged, but the expected uncertainty on
the amplitude becomes, for a statistics of N events,

olw) = VN1 277T)fs,//_o; dt g((f)) . (3.27)

The significance of the measured amplitude is therefore:

/ y fAm( )

Sam(w) = Aﬁm(‘*’) _BE®) VN (1 —2n7) fs - (3.28)
o™ (W) / 130
e B(t)

This latter equation is correct only because A and o4 are independent.

The amplitude significance curves for Am =5, 10, 15ps—! are shown in Fig. 3.10b. The
normalization of the uncertainty, in the same figure, is arbitrarily chosen to have 04 = 0.5
at w = 15ps L.

The expected significance is maximal at w = Am. For w > Am it decreases without
reaching zero in the range explored. The decrease is more smooth for high values of Am.

The expected shape of the likelihood, as calculated from the amplitude and its uncertainty
using Eq. 3.17, is shown in Fig. 3.10c.

Limits for small and large Am

In the limit of very small or very large Am, some approximations can be made in the formulae,
which yield simplified expressions of easier interpretation.

Small Am. If §; < 1/Am, 6,/T' < 1/Am, the oscillation is slow and marginally affected
by the resolution. This limit holds in the case of B4 oscillations. If the resolution effects are
neglected, Eq. 3.24 can be rewritten as

o
/ dt T'exp(—T't) coswt cos Amt
0

Aam(w) = = (3.29)
/ dt T exp(—Tt) cos® wt
0
which gives
r? r?
_I_
I+ w+Am)2 T2+ (w—Am)?
Aam(w) ~ ( ) . ( )’ (3.30)
1 -
* 2+ 40?2

The resulting shape is shown in Fig. 3.11. The dots superimposed are obtained with toy
experiments generated at the same value of the frequency, including resolution effects (for
details on the simulation see Section 3.3.3; the parameters used in the generation are those
of samples S there defined). The two shapes are in qualitatively good agreement.
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Figure 3.11: The full curve gives the expected shape of the amplitude for a signal at Am = 0.5 ps~*

when all resolution effects are neglected. The dots are obtained with a toy experiment in which
resolution effects are simulated (where §, = 0.15 and o; = 250 pm). The two shapes are in agreement.

Large Am. In this limit, which corresponds to the regime of By oscillations, the resolution
effects dominate. If Amg ~ 15ps~! and &, = 0.15, then 6,/T" ~ 0.23 ps, which is larger than
1/Amg ~ 0.07 ps and therefore implies that only events with small proper time contribute to
the sensitivity. Similarly, taking §; = 0.14 ps gives §; > 1/Ams, which implies a substantial
damping of the amplitude of the oscillating term due to the decay length resolution. In
this case, a useful approximation is to assume that the term E(t) in Eq.3.24 varies slowly
compared to the fast oscillating term f,,(¢), which is non-zero in a limited time range (Fig. 3.9),
and take it out of the integral. In this way the expression can be simplified and rewritten in
terms of the Fourier transformation of the oscillating components,

/ T dt (1) fam(D) / T v L) Tam(v)
AATTL(“U) N s = == 50 ~
/_oo dt f(t) /_oo dv fwz(u)

(3.31)

The approximation is valid only if both w and Am are large. The functions [, are shown
in Fig. 3.12a for a few different values of w > 10ps~!. Fig 3.12¢ shows the product of two of
these Fourier transformations to illustrate the behaviour of the ratio in Eq. 3.31.

With increasing Am, the frequency spectra, fw, become broader and smaller in amplitude.
High true frequencies, Am, have their spectrum damped faster than low frequencies, and the
peak at w ~ Am disappears for Am well beyond the sensitivity (Fig. 3.12b). Due to the
broadening of the spectra, the product f,, (v)f,,(v) is peaked around the smallest between
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(b) Detail of the spectra for high Am.

(c) Products of pairs of Fourier spectra. The resulting functions are peaked around the smallest of

the two frequency values.
Resolutions of 6, = 0.15 and o; = 250 pm are assumed.
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w1 and wo (Fig. 3.12¢). This fact implies that when a sample with oscillations at frequency
Am is analysed with a function containing a frequency w < Am, the measured amplitude
is dominated by the frequencies around w; therefore the shape of Aan,(w) for w < Am
resembles that of fa,,(w). For w > Am the frequencies around Am are always tested, with
a normalization factor which increases with w (in Eq. 3.31, the denominator decreases very
fast), therefore Aam(w) increases monotonically.

In order to understand better the effect of the decay length and proper time resolution,
it is useful to study them separately. Setting J, = 0 in Eq.3.20, the following simplified

F2 F2 52 2
+ )21 exp (— %) , (3.32)

expression can be obtained,

1
2

f —
am (@) 24+ (w+Am)?2  I?4 (w— Am

which shows that the decay length resolution is responsible for the damping of the high
frequencies.

Considering the momentum resolution alone, the following expression is obtained,

~ 0 1 I? I? w—1v)?
fam{w) = /ﬂo dv 2 [FQ + (v + Am)? e + (v — Am)Ql P ( (2(5pw))2 )  (3.33)

which shows that the momentum resolution causes the broadening of the frequency spectrum

(as intuitively expected, since a shift in the reconstructed momentum is equivalent to a
change of scale on the time axis). For Am = 15ps~! and dp = 0.15, the width of the
frequency spectrum is dominated by the momentum resolution.

A broader frequency spectrum corresponds to a broader structure in the amplitude spec-
trum, or, equivalently, to higher correlations between values of the amplitude measured at
different frequencies. This property is relevant for the confidence level estimation as explained
in Section 3.3.4.

Fluctuations

The expected shape of the likelihood for a sample with oscillations at a frequency far beyond
the sensitivity is shown in Fig. 3.10c. In a given frequency range, statistical fluctuations
of the likelihood can produce values below 0 which can fake a signal. The probability of
observing that AL is lower than a given value AL at a given frequency w can be estimated
from Eq. 3.17, using the fact that the uncertainties on the measured amplitudes are found to
be Gaussian with high precision:

P(AL,w) = P(AL<AL), = %erfc [(—A—EUA(CU) —i—#@)/\/ﬂ . (3.34)

The function P(AL,w) is shown in Fig 3.13a, where the same parameters and normaliza-
tion as for Fig. 3.10 are used. This function can be used as an estimator of the signal-ness of a
given sample. Estimator contours, equidistant on a logarithmic scale, are drawn in Fig. 3.13b.
Small negative values are most probable at high frequencies, while for larger negative values
the maximum of the probability is found at lower frequencies.
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3.3.3 The toy experiments

The probability that the minimum observed in the likelihood (Fig. 3.8) is caused by a fluc-
tuation can be evaluated by means of toy experiments with the above estimator (Eq. 3.34).

In a general case, the depth of the likelihood minimum can be translated to a statistical
significance in the approximation that the likelihood is parabolic, which is not the case here.

At each frequency point, the probability that the measured AL is lower than a given
value AL can be calculated as explained in Section 3.3.2, starting from the uncertainties on
the measured amplitude. This procedure cannot be applied to the minimum, since ALy, is
not an “unbiased” value, but it is chosen as the lowest value found over a certain frequency
range explored.

The sum of the probabilities of obtaining a likelihood value lower than observed at all
points where the amplitude is measured does not provide a good estimate either. The different
points are highly correlated and they cannot fluctuate independently, therefore the sum of the
individual probabilities would give a gross overestimate of the overall probability of finding
a minimum as or more unlikely than the one observed.

The only viable possibility is to calibrate the significance of the structure observed with the
help of toy experiments. The worldwide combination includes many analyses, and a detailed
simulation of each of them is highly impractical. The procedure adopted here is to choose
a set of parameters for the generation of the toy experiments such that each experiment
is equivalent to the world average. The set of parameters cannot be uniquely determined
from the data: it turns out that some parameters need to be fixed a priori, and therefore the
dependence of the result obtained upon the particular choice adopted needs to be understood.
The possible effects of the lack of a detailed simulation are investigated in Section 3.3.4
by studying the dependence of the correlations in the amplitude measurements upon the
parameters chosen to generate the toy experiments.

Generation

The basic features of the toy experiments used to estimate the significance of the likelihood
minimum can be summarized as follows.

- Bottom hadron species are generated according to a chosen composition.

- For each species, the true proper time ¢y of each b-hadron is generated according to an
exponential with decay constant equal to its width, I', multiplied by a given efficiency
function.

- Neutral B mesons are allowed to mix. Mixed and unmixed particles have their proper
time distributions modified by the appropriate oscillating term, with given frequency.

- The true momentum pgy is generated according to a Peterson distribution, tuned to
reproduce a given mean scaled energy (zy).
- The true decay length is then obtained, for each b-hadron, from

to po
—C.
m

lo =
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- A smearing is applied to the true decay length and momentum according to given
resolution functions, to obtain the measured decay length and momentum, [ and p.

- The measured proper time is hence calculated as

lm
t=—.
pc

- A mixed/unmixed tag is assigned to the generated hadrons using specified mistag rates.

The udsc background is neglected.

The choice of the parameters

The only information, at the level of the world combination, which can drive the choice of
the parameters for the simulation is provided by the uncertainty on the measured amplitude

1is due to some

as a function of the frequency w. The step (seen in Fig. 3.7) at w = 15ps~
analyses in which the scan was not performed beyond that value of the frequency. The step
at w = 19ps~! is due to the SLD analyses, for which no measurement was provided for
w > 19ps~!. In all what follows the four points with w > 19ps™! are ignored, in order to

reduce the pathologies in the uncertainty shape.

The uncertainties on the measured amplitudes can be formally written as (see also
Eq.3.27)
oM w) = VN fp, (1 —2n7) E(0p, 01,w) - (3.35)

The factor k = /N fg, (1 — 2757) gives the normalization of the uncertainty distribution,
without affecting the shape, and obviously the three parameters can not be disentangled. It
is chosen to fix fg, and 5y to some “typical” values (namely fgp, = 0.15, np = 0.25), and
adjust N to fit the uncertainties in the data. The effect of a different choice which yields the
same k value is investigated in Section 3.3.4.

The decay length and momentum resolution terms both affect the shape of the measured
uncertainty as a function of w. The sensitivity is not enough to get a reliable simultaneous
determination of both. It is thus chosen to fix J,, again, to a “typical” value of 4, = 0.15,
and tune the value of ;. This choice is preferred because, as explained later, J, plays an
important role in the determination of the confidence level, and needs anyway to be varied
over a wide range to check the stability of the result obtained.

Samples are generated at three starting points for o;, which are chosen to be 200 um,
250 pm and 300 pm, each with 30000 events and the other parameters as described above.

For each value of g;, the number of events in the toy experiments is tuned by minimizing
the sum of the differences with the data uncertainties,

2

> (o o) (3.36)
i

where the scaling low of Eq.3.35 is used (Fig. 3.14a). The three minima found are then

compared and interpolated with a parabolic fit (Fig. 3.14b) to find the absolute minimum,

which turns out to be very close to 250 yum. The number of events needed at this point is

34000.
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Figure 3.14: (a) Optimization of the number of events for three different values of the decay length
resolution.
(b) Choice of the optimal decay length resolution.

Samples description

On the basis of the procedure described above, a set of parameters S is defined as follows:

- a single purity class: 15% By 38% Bq 38% BT 9% Ay;
- a single tagging class: mistag rate np = 25% for all species;
- a single resolution class:

o1 = 250 um both Gaussian with no tails;

Up/pO = 015

- Monte Carlo parametrized efficiency (taken from the analysis of Ref. [10]). The curve
is shown in Fig. 3.15;

- b-hadron masses and lifetimes, and Amg from Ref. [13];
- {ap) = 0.7
- Amyg fixed at different values, according to the study considered;

- statistics of 34000 b-hadron decays.

A second set of parameters S’ is defined to generate a second family of toy experiments.
The momentum resolution is chosen to be o,/py = 0.07, which is significantly better than
what is typically achieved in inclusive analyses. In order to keep the agreement with the world
average uncertainties on the measured amplitudes, the number of events is reduced to 29000
(obtained with the procedure described above). The other parameters are left unchanged.
These experiments are used in the following to investigate the dependence of the confidence
level upon the momentum resolution.
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Figure 3.16: Amplitude uncertainties comparison: simulated experiments versus world average data.

The uncertainties on the amplitude, o4, obtained with these two sets of experiments
are compared to the uncertainties from the world combined data in Fig. 3.16. The step at
w = 15ps~! could be reproduced by averaging, for each “experiment”, two “analyses”, of
which one has its scan stopped at that point. No attempt was made in this direction.

A third set of samples S” with §, = 0.15, 0; = 200 pm and statistics of 16500 decays
(which correspond to the optimization of Fig. 3.14) is used to investigate the dependence of
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Figure 3.17: (a) Expected amplitude and uncertainty for samples of type S, with Ams = 15ps™1, as

a function of w.
(b) Expected likelihood shape. The plots are obtained by averaging 2000 samples. Resolutions of
dp = 0.15 and 07 = 250 pm are assumed.

the confidence level upon the decay length resolution.

Finally samples of type s are defined from samples S by increasing fg, by a factor of
five (i.e., having fg, = 0.75) and reducing the statistics by a factor of 25 (which gives 1360
decays).

In Fig. 3.17 the expected shape of the amplitude and the likelihood is shown, as obtained
by averaging 1000 samples of type S, generated with Amg = 150ps~!. The expected value
is consistently zero, and the uncertainties on A are Gaussian, which confirms the validity of
the amplitude method to set limits on the oscillation frequency.

3.3.4 The estimate of the significance

As demonstrated in Section 3.3.2, the probability that, at a given point in the frequency
scan, a value of the likelihood AL < AL be found, can be calculated, given AL, from the
uncertainty on the measured amplitude, which is available from the data.

For the purpose of establishing the significance of the minimum, however, this probability
is not enough, since what is needed is the probability that anywhere in the range explored
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a configuration more unlikely than the one observed may appear (in the hypothesis of large
Amg). This significance is driven not only by the uncertainties, but also by the correla-
tions between the amplitude measurements at different frequencies, which are not controlled
from the data, and might depend on the particular combination of parameters chosen for the
simulation. It is therefore mandatory to identify the most relevant sources of systematic un-
certainty which might affect the extraction of the confidence level. This point is investigated
in what follows.

Correlations

From the discussion of Section 3.3.2, it turns out that the momentum resolution is the most
critical parameter to determine the point—to—point correlation in the amplitude scan. In a
sample with better momentum resolution, correlations are smaller and therefore the proba-
bility of having significant deviations from A = 0 in a sample with no signal is larger, in a
given frequency range explored.

In order to investigate the dependence of the point to point correlation upon the param-
eters used in the generation, a sensitive quantity is the average difference between amplitudes
measured at two given points in the frequency scan. If there were no correlations, this dif-
ference could be written in terms of the uncertainties on the amplitude as

(A1) = 2ol (3.37)

Correlations reduce this value if i and j are close enough. A scan in steps of 0.25ps™! is

assumed, as for the data analyses.

For each of the four set of parameters, S, S/, S” and s defined in Section 3.3.3, 150
samples are produced, and the quantity (| A; —A; |) is calculated, for i —j = 1, 4, 7, 10.
The results are shown in Fig. 3.18, where they are compared with the expectation for no
point—to—point correlation.

Compared to the most “realistic” samples, S, the largest deviation is observed, as ex-
pected, when the momentum resolution is changed (samples S’). At low w, the difference
between the no-correlation limit (curve) and the values found in the simulation (markers),
decreases rapidly as the distance between the points increases: fori—j = 4 (& Aw = 1ps 1)

L can be taken as

it is reduced by about a factor of two compared to i —j = 1, so Aw = 1ps~
an estimate of the “correlation length” at small frequencies. When w increases, the difference
between the curve and the simulation remains substantial even when the points are a few

inverse pico-seconds apart, demonstrating the increase of the correlation length with w.

Samples S’ can be used to estimate a “systematic uncertainty” on the confidence level
obtained, coming from the specific choice of the parameters used in the simulation.

The Confidence Level

The significance of the minimum observed in the AL distribution (Fig. 3.8) is estimated by
computing the probability that a structure as or more unlikely is observed in a sample with
Amg far beyond the sensitivity.
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Figure 3.19: Minima of AL for 2000 samples of type S, with Amg = 150 ps—!. The curves represent
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contours of equal probability of observing a value of AL smaller than AL, as a function of w (as in
Fig. 3.13).

In order to do that, it is taken into account that the probability of observing a given
value of AL is a non-trivial function of w. Probability contours in the (AL,w) plane (as
in Fig. 3.13b) are built from the data uncertainties. The contour corresponding to the data
sample is computed. N = 2000 samples of type S with Amg = 150 ps—! are analysed and the
number Ng;[f of those that give a minimum AL, < 0 outside the contour corresponding to
the data is recorded. Since the expected value of the likelihood is positive for all frequencies
(see Fig. 3.17b), occasionally the minimum in the range 0 — 19ps~! is also positive. These
minima are not counted, independently of the frequency at which they occur, since they can

not be interpreted as a signal of oscillations.

The population of the toy experiments in the (AL,w) plane along with the point corre-
sponding to the data sample, is shown in Fig. 3.19.

The confidence level is computed as

Nout

1-CL = =2 = 0.021 £0.003. (3.38)
Nexp

The study is repeated with 2000 samples of type S/, and yields

1—C.L. = 0.033+0.004. (3.39)

This value has to be understood as a conservative estimate of the probability of statistical
fluctuations, since it is obtained with experiments built to have lower point—to—point corre-
lations than that expected for the average of real analyses. The distribution of the minima
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Figure 3.20: Minima of AL for 2000 samples of type S’ with Amg = 150 ps~!. The same curves as
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in Fig 3.19 are shown.

for this case is shown in Fig. 3.20. The difference between the values of Eq. 3.38 and Eq. 3.39
gives an upper limit for the uncertainty coming from the lack of a detailed simulation.

The probability that the winter 1999 result of the world combination of By oscillation
analyses was due to a statistical fluctuation can be therefore quantified to be around 3%.
The uncertainty on this number coming from the inaccuracies of the simulation is below 1%.

Comparison with the oscillation hypothesis

In order to check that the amplitude spectrum observed in the data is in qualitative agreement
with the hypothesis of oscillations, 500 samples of type S have been produced, with input
frequency Amg = 14.8 ps~!. The expected amplitude and uncertainty at each frequency value
are shown in Fig. 3.21, with the data points superimposed. The agreement is good over the
whole frequency range.

A quantitative study of the compatibility of the data with the signal hypothesis would
require to perform a fine scan on Amg with many samples at each value, in order to define a
probability that the results observed are produced by an oscillation with a frequency in the
range explored. This kind of study is not attempted here.

A simple check is performed instead. The 500 samples with the true oscillation at a
value Amg = 14.8 ps~! are analysed in terms of their incompatibility with the no oscillation
hypothesis. The scatter plot of the likelihood minima in the (AL, w) plane, as for the samples
with Amg = 150ps™1, is presented in Fig 3.22.

An enhanced density in the region 14ps™ < w < 16ps™!, =3 < AL < —1 is shown

min
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Figure 3.21: Average amplitude and expected uncertainty as a function of w for a signal at
Amg = 14.8ps~!. The amplitude values, obtained by averaging 500 toy experiments, are in good

agreement with the data measurements (solid points).
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Figure 3.22: Minima of AL for 500 samples of type S, with Amg = 14.8 ps~!. The same curves as

in Fig. 3.19 are shown.
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in the plot. A cluster of experiments with minima at w = 19ps~! is also clearly visible:
for these experiments the lowest point of the likelihood was at the boundary of the region
analysed. Experiments with AL, 5, < —5 appear at frequencies lower than the true one,

where fluctuations which can produce deep minima are more likely.

Out of these 500 samples, 80 were found outside the estimator contour corresponding
to the data, which gives a probability of 16%. If the data results were perfectly “typical”
compared to the toy samples, the expected result would be 50%.

3.3.5 Sensitivity limiting factors

Different factors determine the performance of a By oscillations analysis and its relevance at
high values of w, where the present interest is. Toy experiments are very useful to simulate
the impact of each analysis ingredient (such the number of events, the resolution on the
momentum or on the decay length) on the final shape of the amplitude statistical uncertainty
as a function of the test frequency w. The toy experiments described in Section 3.3.3 are also
used here.

For a By oscillations analysis with N selected events, a By fraction fs, a total mistag
probability 77, and momentum and decay length resolutions o,/p and ¢d;, the statistical
uncertainty on the measured amplitude as a function of the test frequency w is given by
Eq. 3.27. This equation shows that the number of events, the global mistag probability, and
the fraction of signal events in the sample contribute to the normalization of the uncertainty
distribution without affecting its shape.

Proper time resolution

The proper time resolution affects the shape of the amplitude statistical uncertainty as a
function of w. In general, a better resolution corresponds to a smaller degradation of the
precision on the amplitude at high frequency. The two components from which the proper
time is estimated have a different impact on the shape of the uncertainty. Toy experiments
can be used in this case to illustrate separately the effect of o; and o,/p. In Fig. 3.23 all
uncertainty lines are obtained from the average of 20 samples with N = 20000, f, = 15%,
nr = 25%, the resolutions are varied as follows.

The reference sample, full line: o; = 200 um, o,/p = 15%.

Varying momentum resolution, dash-dotted line: o,/p = 7%.

Varying momentum resolution, dash-dotted line: o,/p = 4%.

Varying decay length resolution, dashed line: o; = 160 pm.

- Varying decay length resolution, dashed line: g; = 250 pym.

For values of the frequency smaller than ~ 1.5ps™!, all the curves coincide: the proper
time resolution does almost not affect the uncertainty curve in that region. However, as
the frequency increases, the effect of varying one of the two resolution components becomes
visible. An improvement of the momentum resolution leads to a flatter curve at mid-range
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Figure 3.23: Proper time resolution effect on the amplitude uncertainty. The decay length and
momentum resolutions are varied in turn to illustrate their separate impact on the shape of the

amplitude uncertainty as a function of w.

frequencies ~ 1.5 — 12ps™!, but the uncertainty curve remains as steep as the reference one,
at high frequency. A change of the decay length resolution results in a change of the slope of
the uncertainty curve for all values of the frequency w, this effect is particularly important
in the region of interest, at high frequencies. The different impact observed for o; and o, /p,
shows the crucial réle of the decay length resolution in a By oscillation analysis.

Event-by-event decay length uncertainty

In all toy experiments presented up to here, the same decay length resolution is taken for
the smearing of all events in the generated sample and this resolution is then used in the
fitting function. However, in a real analysis not all events have their secondary vertex re-
constructed with the same uncertainty. It is important to use an event-by-event estimate of
the uncertainty and not the average of the sample. To illustrate this last point, 20 samples
of 20000 events with different decay length resolution values (18% at 80 um, 35% at 150 pm,
27% at 210 pm, 10% at 350 um, 10% at 1.1 mm) were generated. Two different fits were
performed; in the first case, each event was fit using the decay length resolution it had been
generated with, in the second, all events were fit with the average resolution of the whole
sample (~ 270 um). The other parameters o,/p, fs, and 77 were chosen as in the reference
sample used in the previous Section.
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Figure 3.24: Effect of the decay length resolution treatment on the amplitude uncertainty. The use

of event-by-event uncertainties is compared to the use of the average uncertainty.

The result is shown in Fig. 3.24. The dash-dotted line corresponds to the fit where each
event was treated with its own decay length resolution. The same fitting function was used
for the reference line and for the dotted line, with a single resolution value of 270 um. The
difference between these last two uncertainty curves (full and dotted) is due to the presence of
some events with very small decay length resolution in the second sample. The fit is sensitive
to these events, even if they are not treated at their best. However, the big difference is
appreciated between the dotted and the dash-dotted lines. The event samples are exactly the
same: the difference illustrates that an adequate event-by-event characterization increases
significantly the potential of a By oscillation analysis.

This little exercise shows how much can be gained just by using event-by-event uncertain-
ties, or dividing the sample in resolution classes at least. This point is also illustrated with
the real data sample used for the inclusive semileptonic analysis presented in this thesis, in
Chapter 8.



Chapter 4

Experimental Setup

The By oscillation analyses presented in this thesis were performed with the data sample
collected by the ALEPH experiment between 1991 and 1995, during the phase 1 of LEP at
CERN. A short reminder of LEP characteristics and achievements, in particular in its first
running phase, are given to start this Chapter in Section 4.1. The ALEPH detector, one of
the four multipurpose detectors of LEP, took data between August 1989 and November 2000.
The detector and its performance for physics analyses are described in Section 4.2.

4.1 The LEP Storage Ring

The LEP [62] (Large Electron Positron Collider) storage ring is an ete™ collider located at
CERN (European Laboratory for Nuclear Research). The LEP project was proposed in 1975,
approved six years later, and started its operation in 1989. The main goal of the machine was
to perform precision measurements of electroweak observables, in order to test the Standard
Model at the level of radiative corrections. Such corrections take contributions from off-shell
particles, and are therefore sensitive to physics beyond the production threshold. The LEP
accelerator also provided the possibility to directly search for heavy, yet unobserved particles
in a range of energies substantially higher than previous machines.

The accelerator programme consisted of two phases. In the first phase, LEP stored, ac-
celerated, and collided electrons and positrons at a centre-of-mass energy around the Z boson
mass (91.2 GeV), with a typical instantaneous luminosity of 103! cm~2s 1. Several million
of Z bosons were produced and their decays studied (as in the analyses described in this
thesis). Since 1995, the centre-of-mass energy was increased every year. In 2000, the last
year of running, a centre-of-mass energy of 209 GeV was reached, shortly before the machine
was shutdown for the last time. The LEP dismantling started in November 2000.

The LEP ring is located underground, inside a nearly horizontal tunnel of 26.67 Km of
circumference, at a depth which varies between 50 m and 150 m, spanning the French and
Swiss territories (Fig. 4.1). The plane of the tunnel is inclined by 1.4% to ensure that all
underground caverns and the main part of the tunnel are located in solid rock while, at
the same time, the maximum depth of the shafts is limited to less than 150 m. The LEP
accelerator consists of eight arcs alternated with eight straight sections. The beams are
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Figure 4.1: Schematic view of LEP and the Surrounding Area.

formed by bunches of electrons and positrons which circulate inside the beam pipe at nearly
the speed of light for many hours (typically 10 hours at the Z, 1h30 at 207 GeV, and 15
minutes at 209 GeV). The beams are accelerated in opposite directions and cross in eight
points, although they are steered to collide only on the four Interaction Points (I.P.). The
straight sections, about 500 m long, are located around these eight points. The four LEP
experiments, ALEPH, DELPHI, L3, and OPAL are sited in the middle of the interaction
regions (Figs. 4.1 and 4.2).

The LEP injection chain can be seen in Fig. 4.2: it is formed by five accelerators, each
of which handles the same electrons and positrons. Electrons are generated by the electron
gun. A fraction is used to create positrons by collision with a tungsten target. Two linear
accelerators (LINAC) of 200 MeV and 600 MeV are used to accelerate the lepton beams.
Following the LINAC’s, the particles are injected into a small circular electron positron
accumulator, the EPA. They are then injected into the PS (proton synchrotron) accelerator,
where the energy is increased up to 3.5 GeV. The PS injects the beams into the Super
Proton Synchrotron (SPS), which operates as a 20 GeV electron-positron injector for LEP
(since 1997, this energy has been increased up to 22 GeV). These last two machines (the PS
and SPS), are operating at CERN since 1959 and 1976 respectively. Finally electron and
positron beams are accelerated in LEP to reach the nominal energy.

The acceleration in LEP is provided by radio-frequency (RF) cavities and the magnetic
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Figure 4.2: CERN Accelerators, LEP injection chain. The accelerators are not drawn at scale.

field. The RF system provides the energy needed to compensate for the synchrotron radiation
loss in the curved trajectories, while the magnetic field is used to increase the energy from
the initial ~ 20 GeV to the nominal energy.

The performance of an accelerator is expressed with the centre-of-mass energy at which
the collisions are made, and with the luminosity achieved. The luminosity is a quantity which
relates the interaction rate for a given process to its cross-section:

dn

dt
where dn/dt is the production rate of events according to the corresponding cross-section o
for a luminosity £. The luminosity is defined by equation 4.1.

ol (4.1)

The luminosity provided by a collider can be expressed and computed in terms of its
parameters. Therefore, if these parameters are known, the expected luminosity can be com-
puted. The corresponding expression in the case of a circular collider like LEP is [63]

fop I+ T,

41 €? frev 03 0},

(4.2)

where kp is the number of bunches per beam, I+, I, are the electron and positron beam

currents, frey is the revolution frequency of the beam collisions, and oy, oy are the widths
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of the Gaussian distributions representing the r.m.s. beam sizes at the collision point (it
is assumed that the current intensity can be expressed as, I = Nefiev, € being the electric
charge, and N the number of electrons). Typical values for the instantaneous LEP luminosity
which can be obtained with this expression are of the order of 103! cm=2s~!
with the actual LEP performance at its first phase.

, in agreement

The total luminosity delivered by LEP to the four experiments in each of the 12 years
of running is shown in Fig. 4.3. The integrated luminosity delivered at the Z pole from

‘Integrated luminosities seen by experiments from 1989 to 2000‘
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Figure 4.3: LEP Integrated luminosity from 1989 to 2000.

1991 to 1995 is ~ 190pb~!. During the second phase of LEP, some luminosity was also
delivered at the Z pole, this data was mostly foreseen for detector calibration purposes. It is
not included in the data sample analysed for the present thesis. Some parts of the ALEPH
detector (mainly VDET, see Section 4.2.1) were upgraded for the second LEP phase, and
therefore the analysis of the additional Z data requires specific studies. This fact, together
with the relatively small fractional increase in statistics (~ 10%), discouraged the analysis of
the additional Z decays.

4.2 The ALEPH Detector and Performance

The ALEPH (Apparatus for LEP Physics) detector, is one of the four experiments at the
LEP collider of CERN. It is located at the interaction point number four in a cavern at 143 m
under the surface. The approximated shape of the apparatus is a 12m diameter by 12m
length cylinder positioned around the LEP beam pipe. Its axis coincides with the beam axis
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and it is parallel to the magnetic field. It covers as much of the 47 solid angle as possible.
It is designed to measure the momenta of charged particles, to measure the energy deposited
in calorimeters by charged and neutral particles, to identify the three lepton flavours, and to
measure the distance of travel of short-lived particles such as the tau lepton and the b and
¢ hadrons. Particular emphasis has been given to momentum resolution up to the highest
energies (by means of a large tracking system in a magnetic field), to electron identification
(by means of a highly segmented, projective electromagnetic calorimeter, as well as ionization
measurement in the tracking system), and to muon identification (with continuous tracking
inside sufficient iron absorber to eliminate the hadrons).

In the ALEPH reference system, the z-direction is tangent to the beam pipe, positive in
the direction followed by the electron beam. The positive z-direction points to the centre of
the LEP ring and the positive y-direction is orthogonal to z and x (pointing to the top). A
sketch of the detector with all the subdetectors shown is displayed in Fig. 4.4.

» Vertex
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Electromagnetic
Calorimeter

superconducting
Magnet Coil

Hadron
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The ALEPH Detector

Figure 4.4: Schematic view of the ALEPH Detector, with all sub-detectors.

The ALEPH detector is described in details in Refs. [64] and [65], and its performance in
Ref. [66]. Here only a brief discussion is presented, with particular emphasis on the aspects
most relevant for the analysis described in this thesis.
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4.2.1 The tracking system

The tracking system of a particle detector aims at reconstructing charged particles trajectories
inside the system (tracks). It is a non-destructive system, which most of the particles traverse
with almost no variation on their momentum. In some cases (if immersed in a magnetic
field), it is also capable of separating positively from negatively charged particles, and to
some extent, to provide particle identification.

The ALEPH tracking system involves three detectors. From the inner to outer part those
are, the vertex detector (VDET), the inner tracking chamber (ITC) and the time projection
chamber (TPC). They are immersed on a 1.5T axial magnetic field created by a super
conducting solenoid. In an axial and uniform magnetic field, B, charged particles have helix
trajectories with a curvature, p, proportional to their transverse momentum, pr, as

pr = qpB (4.3)

where ¢ is the electric charge of the particle. The electric charge sign of reconstructed particles
is given by the rotation sense.

The vertex detector

The ALEPH silicon vertex detector (VDET) was installed in 1990 and was fully operational
in 1991. It provides high-precision measurements of charged particles trajectories close to the
interaction point, without which the analyses presented in this thesis would not be possible.

The configuration of the VDET is shown in Fig. 4.5. Two layers of silicon strip detectors
The ALEPH Vertex Detector

24 "Faces”

Double Sided
Silicon Strip
Detectors

2 Layers
=63 cm
r,=10.9 cm

Lutke
Oct. 1994

Figure 4.5: Configuration of the vertex detector.

are arranged in two concentric barrels around the beam pipe, with an average radius of
r1 = 6.3 cm for the inner layer, and ro = 10.9 cm for the outer layer. The strips on one side
are parallel to the beam direction and measure the azimuthal angle ¢. The strips on the
other side are perpendicular to the beam and measure the z-coordinate. The radius, 7, of the
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individual wafers is given by the mechanical holding frame. The position of a single particle
hit is then determined in cylindrical coordinates, (7, ¢, z).

The vertex detector hits are used to improve the precision of the track reconstruction
obtained with the outer tracking. The overall tracking performance is given at the end of
this Section. The effective point resolution achieved by the vertex detector alone in both
directions, r ¢ and r z, is ~ 12 um. The VDET solid angle coverage is 87% and 70% for the
inner and the outer layers respectively.

The first-generation ALEPH vertex detector pioneered the use of double-sided silicon
microstrip technology. In autumn 1995 it was replaced by an upgraded longer version which
provides better solid-angle coverage and more radiation resistance. All the data analysed for
this thesis were obtained before the vertex detector upgrade.

The Inner Tracking Chamber

The inner tracking chamber (ITC) is a cylindrical multiwire drift chamber which provides
up to eight accurate r ¢ points for tracking in the radial region between 16 cm and 26 cm
and |cosf| < 0.99. As a fast response device, with a reaction time within 1 us—3 s, it also
provides the only tracking information used for the first-level trigger.

The wires run parallel to the beam direction in a gas mixture made of 80% argon and
20% carbon dioxide at atmospheric pressure. The r ¢-coordinate is obtained from the drift
time measurement. A precision of about 150 um is achieved. The z-coordinate is found with
the measurement of the difference in the arrival times of pulses at the two ends of each sense
wire with a coarse precision of about 5 cm.

The Time Projection Chamber

The time projection chamber (TPC) is the most important element of the ALEPH track-
ing system. It was chosen for its good momentum and angular resolution capabilities, as
well as its ability for particle identification through the dE/dz (energy loss by ionization
in matter) measurements of charged particles. The chamber has a cylindrical structure, as
shown in Fig. 4.6. It is 4.7m long, with 0.31 m inner radius and 1.8m outer radius. The
chamber is divided in two halves by a high voltage central membrane which produces the
longitudinal electric drift field. It is filled by a mixture of argon (91%) and methane (9%) at
atmospheric pressure. The closing end-plates are covered by wire chambers organized in “sec-
tors”. Charged particles, when traversing the chamber, produce electrons by ionization of the
gas. These electrons drift towards one of the closing end-caps, where they are collected. Their
arrival position and time are measured by the wire chambers and pads. The z-coordinate
is obtained from the drift time and the known drift velocity. The ¢-coordinate is calculated
by the interpolation of the signals induced on cathode pads located on the sectors and the
r-coordinate is given by the radial position for the pads involved in the measurement. The
chamber measures 21 three-dimensional points for each charge particle traversing the inner
and outer field cages.

The azimuthal coordinate resolution obtained with leptonic Z decays is o,_y = 173 yum.
The longitudinal resolution is o, = 740 um for charged particles close to normal incidence,
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WIRE CHAMBERS

Figure 4.6: Time projection chamber overall view.

80° < 6 < 100°.

The ALEPH data from the LEP1 phase were reprocessed in 1998. The reason for this
reprocessing was to implement improvements on the track reconstruction [67] and to include
new information on d£/dz measurement from the TPC. Only the wires measurements used
to be available, but the less accurate pads measurements are now used as well. A complete

description of the new dF/dx combination algorithm and performance can be found in an
ALEPH internal note [68].

Tracking performance

All three detectors are used for the track reconstruction in ALEPH. The reconstruction
algorithm uses the TPC information first. Close hits (measured three-dimensional points)
are linked together to from track segments, and the segments are connected to make tracks
by requiring consistency with a helix hypothesis. These track candidates are extrapolated to
the inner detectors, ITC and VDET, where consistent hits are assigned. The final track fit
takes into account multiple scattering between subsequent points.

The overall performance of the momentum measurement for charged particles with full
tracking information is shown in the first column of Table 4.1. The performance obtained with
the TPC alone is presented first, followed by the effect of the other two devices. The TPC
momentum resolution is improved by a factor two when the measurement is complemented
with that of the other tracking devices.

The tracking system is also used for track impact parameter measurement (defined and
used in Sections 5.5 and 5.7.1). The impact parameter resolution obtained on data for high
momentum charged particles is also shown in Table 4.1 (second and third columns). The
vertex detector is essential for the accuracy on the impact parameter measurement. When it
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Detector | o(1/pr)(GeV/c)~t | ré (um) | 7z (pm)
TPC 1.2 x 1073 310 808
+ ITC 0.8 x 1073 107 808
+ VDET 0.6 x 1072 23 28

Table 4.1: Momentum (first column), and impact parameter resolution performance. The successive

rows show the improvement obtained when the detectors are successively included in the track fit.

is used, the resolution is reduced by more than an order of magnitude.

The ALEPH tracking system has achieved very good performance, without need of too
much material which would degrade the final energy measurement. In Fig. 4.7 the thickness
of the materials traversed by particles is expressed as a percentage of a radiation length,
summed over the various materials traversed. It has a strong dependence on the polar angle
0, especially at small § where the incidence into the material is oblique (because the material
is often arranged in cylindrical layers).

2.25 TPC
? ITC
1.75
— Vdet wafers and supports
— Beryllium Beam pipe

number of radiation length
o

0 ! 2 e e e e e et |
—80 —70 —60 —50 —40 —-30 —-20 —-10
theta ( deg)

Figure 4.7: Material before the electromagnetic calorimeter measured in number of radiation length.
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4.2.2 Calorimetry

Calorimeters are devices which measure the energy of particles by stopping them in a dense
material. Characteristic interactions with matter (e.g., atomic excitation, ionization) are
used to generate a detectable effect, via charged particles, which is then translated to an
energy measurement. Different types of particles have different penetration power in matter.
In particular electrons and photons are easily absorbed, unlike hadrons. An electromagnetic
calorimeter is meant to be able to stop electrons and photons, while hadrons typically traverse
it leaving only a fraction of their initial energy. It is therefore common, like in ALEPH, to
build a hadron calorimeter outside the electromagnetic calorimeter. Muons, as minimum
ionizing particles, have an even higher penetration power than hadrons and are not stopped
after the two calorimeters; the muon chamber detectors are located at the most external
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part of ALEPH to detect their presence. Neutrinos almost do not interact with matter, the

ALEPH detector is blind to them.

The Electromagnetic calorimeter

The electromagnetic calorimeter (ECAL) is located between the TPC and the magnet. It
is a lead/wire-chamber sampling calorimeter, which measures the energy and position of

electromagnetic showers from electrons and photons. Its nominal thickness is 22 radiation
lengths (Xp).

The geometrical structure of the detector is approximately cylindrical. The calorimeter
consists of a barrel part, closed by flat end-caps. This structure and positioning with respect
to the coil and the hadron calorimeter is shown in Fig. 4.8. The barrel is 4.8 m long, and

HADRON CALORIMETER
END CAP B

e-Y CALORIMETER
(END CAP)

HELIUM DEWAR

—

HADRON
CALORIMETER
END CAP A

e-Y
| CALORIMETER
\ BARREL

|
| SUPERCONDUCTING
CALORIMETER SOLEDOID

(END CAP)

Figure 4.8: Overall geometry of the hadron calorimeter surrounding the superconducting coil and

the electromagnetic calorimeter.

its inner radius is 1.54 m, while the outer is 2.53m. Both end-caps and the barrel consist of
12 modules each. Each module is subdivided in towers pointing towards the centre of the
detector. Each of the towers is read in three different depth modules called “storeys”. The
ensemble of storeys at the same depth is called a “stack”. A total of 73728 towers provide a fine
granularity of 0.9° x 0.9° (in the barrel), which is very useful for e/v/7" identification, energy,
and angular measurement. The entire calorimeter is rotated by —32.7 mrad with respect to
the hadron calorimeter to avoid overlapping of uninstrumented separation between modules
(cracks). The polar angle coverage is | cos O¢pack| < 0.98.

The energy resolution for isolated electrons and photons, determined by comparing the
measured energy to the track momentum, is fit to be
o(E) 018

E  JE/GeV

+ 0.009 . (4.4)
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The position of a shower is calculated by an energy-weighted mean of the polar and azimuthal
angle of the individual storeys in the cluster. The spatial resolution is evaluated to be

2.
09,4 = (*5 + 0.25) mrad . (4.5)

VE/GeV

The hadron calorimeter and the muon chambers

The hadron calorimeter is located inside a large iron structure which is the main mechanical
support of ALEPH and which also serves as a return yoke for the magnetic flux. The iron
plays the role of the passive material in a sampling calorimeter, while the active part is
provided by layers of plastic streamer tubes. The HCAL is used as a muon filter as well
as a powerful muon identification tool. It also measures the energy of neutral and charged
hadrons which are not stopped in the electromagnetic calorimeter.

As seen in Fig. 4.8, the hadron calorimeter is subdivided in a central barrel and two
closing end-caps. The total thickness of the iron is 1.2 m, which amounts to 7.16 interaction
lengths for a hadron traversing the calorimeter perpendicular to the slabs.

The energy resolution for pions at normal incidence, when both ECAL and HCAL are
used, is found to be:

o(E) 0.8

E ~ JE/GeV '

Part of the hadron calorimeter readout is used for muon identification (see Section 5.3.2).

(4.6)

In addition, two layers of muon chambers are placed outside the hadron calorimeter. Each
of these chambers is made of two layers of streamer tubes which are not used here for energy
measurement, but as tracking devices for the detection of particles leaking out the hadron
calorimeter. The two layers are separated from each other by a sufficient distance so that
not only the position but also the angle of a charged particle can be measured. Up to two
three-dimensional coordinates are then obtained for each charged particle traversing a muon
chamber.

4.2.3 Energy flow

The energy flow algorithm [66] combines the energy and particle identification measurements
from the calorimeters and the tracking system. The overall energy measurement is therefore
significantly improved.

As a first step, “good” tracks (with a similar selection as the one described in Section 5.1)
are identified, and extrapolated to the two calorimeters. The energy deposits around the
extrapolated tracks are associated to them. The calorimetric objects are then formed by
these charged particles and calorimetric deposits or energy deposits in the ECAL associated
with energy deposits in the HCAL. The calorimetric objects are then treated in the following
manner:

- Tracks identified as electrons, with their associated deposits in the ECAL are eliminated
from the calorimetric objects list. If the difference between the calorimetric energy
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and the track momentum is greater than 3 times the ECAL resolution, this energy
difference is taken as coming from a Bremsstrahlung photon, and counted as a neutral
electromagnetic object.

- Tracks identified as muons are eliminated from the list as well, together with the energy
of the associated calorimetric cluster, with a maximum energy of 1 GeV in the ECAL
and 400 MeV per HCAL layer in the extrapolated ‘road’.

- Photons are eliminated from the calorimetric objects list as well, and are counted as
neutral electromagnetic objects.

- Only charged and neutral hadrons remain in the calorimetric objects list. The charged
particles and their associated calorimetric objects are eliminated from the list. The
remaining calorimetric energy is considered as coming from neutral hadronic particles.

4.2.4 Luminosity measurement

The luminosity received by the ALEPH detector is determined from the reconstruction of
small angle elastic eTe™ scattering (the so-called Bhabha scattering) in a well defined fiducial
region. The Bhabha scattering at low angle is a purely QED process and its cross-section
can be calculated with high precision. To a good approximation it amounts to,

do 402
290 o — (4.7)
ds2 EZ 64

where « is the fine structure constant, Ej is the beam energy, and 6 is the polar scattering
angle of the electron or positron with respect to the beam direction.

Three lumonisity detectors were in use by the end of the experiment life. The ALEPH
luminosity measurement was performed up to 1991 by a specific electromagnetic calorimeter
called LCAL. The detector structure is very similar to that of the ECAL. The LCAL is
located around the beam pipe on both sides of the interaction region with the first sampling
layer at a distance of 2.63m from the I.P. The detector covers, in the horizontal plane, a
polar angle range of 45 mrad < 6 < 160 mrad. With this detector the accuracy obtained on
the luminosity measurement was of, at best, 0.4 %, which was found not to be enough for the
needs of some physics analyses (in particular the Z line-shape studies [69]). It was therefore
decided to build and install a new more precise luminosity detector: SiCAL.

The silicon luminosity calorimeter (SICAL) [70], installed in 1992, consists of two homo-
geneous cylindrical silicon-tungsten sampling electromagnetic calorimeters which surround
the beam pipe at approximately z = +2.5m on either side of the interaction point. The
active volume of the detector subtends the polar angular region, 24.3 mrad < 6 < 57.5 mrad.
The aim of SICAL was to reduce the total uncertainty in the luminosity measurement down
to 0.1%. The SiCAL polar angular coverage is closer to the beam pipe than that of LCAL, to
improve the statistical precision. A greater accuracy, with respect to LCAL, in the determi-
nation of the position of the detector components allowed the fiducial cross-section estimation
to be improved, and therefore the systematic uncertainty on the luminosity measurement was
reduced.
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For the LEP2 phase, SICAL was not used as the luminosity monitor anymore. The photon
synchrotron radiation having increased dramatically compared to LEP1, new “masks” were
installed close to the beam pipe to protect the central sub-detectors. These elements were
added on the region where the SICAL modules were positioned and their shadow reduced
the fiducial region which could be used for the Bhabha rate counting below the needs for
providing a measurement accurate enough.

The third luminosity detector, BCAL, is used for an online monitoring of the instanta-
neous luminosity. The two previous detectors could not be used for this purpose because
their event rates are too low for a reliable and quick online estimate of the luminosity. The
BCAL monitor consists of four modules (sampling calorimeter made of tungsten, scintillator
and silicon) located very close to the beam pipe and more than 7m from the interaction
point, to detect Bhabha events at very small angle. The first version of the detector, which
was in use till 1996, had a polar angle coverage of 5.1mrad < 6 < 9.0mrad. The second
version installed in 1997 was able to cover angles down to ~ 4.5mrad. The uncertainty on

the online luminosity was about 5% (every two minutes) for a luminosity of 103! cm=2s1.






Chapter 5

General analysis tools

Along the 12 years of the ALEPH data taking, many analysis tools have been developed
and improved, to serve general purposes, such as lepton identification and vertex finding. In
this Chapter, those analysis tools used in the work presented in this thesis are described.
In the first Section, the criteria to select events with a Z-boson decaying into a qq pair
are explained. The three jet clustering algorithms used in this thesis are introduced in
Section 5.2. In Section 5.3, the electron and muon identification procedures are described.
The primary vertex finding method is explained in Section 5.4, and the procedure to estimate
the track impact parameter is discussed in Section 5.5. Although the final secondary vertex
algorithm used in the inclusive semileptonic analysis in Chapter 6 is an original work of mine
(described later in Section 6.3), it uses, as a first step, the result of a standard inclusive
secondary vertex finder. Two such vertex finders are available in ALEPH, both of them are
described in Section 5.6. The last Section of this Chapter is dedicated to the general tools
for the selection of events which contain b-hadron decays. The method used in the thesis
for b-tagging was especially developed for it, however, the three b-tagging tools described in
Section 5.7 are used, together with other information, as explained later in Section 6.4.

5.1 Hadronic selection

Hadronic events, i.e., originating from 7Z — qq decays, are selected using charged particle
information alone. At least five charged particle tracks must be reconstructed by the TPC
for an event to be selected. These tracks need to satisfy the following requirements to be
called “good tracks”. i) Four or more TPC three-dimensional points must be used for the
track helix fit; 4i) the track must originate from a cylinder centred in the beam position, with
radius 2 cm and length 10 cm; and #ii) the track polar angle with the beam axis must satisfy
| cos @] < 0.95, to ensure that six or more pad rows in the TPC are hit.

A cut on the total measured charged energy is applied in order to remove events for which
the hadronic final state is less likely to come from a Z-boson decay than from the interaction
of two photons radiated from the incident eTe™. The sum of the momenta of all good tracks is
required to exceed 10% of the centre-of-mass energy. This cut also removes efficiently events
produced by beam-gas interactions. The total efficiency of this selection is 97.48% [69], the
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losses originating mainly from events at low polar angle. This selection is especially interesting
because its systematic uncertainties are well under control and only account for 0.087%; the
dominant background for this selection (which is anyway negligible once combined with other
selection criteria like it is done in Chapter 6) comes from ete™ — 777~ and two photon
interactions with a hadronic final state. Another good feature of the selection is that it is
independent of the quark flavour to better than 0.1%.

The thrust axis of an event is defined as a vector 7 such that the quantity 7" defined as,

N
> Ipi -l
T==__| (5.1)

—

D3|

i=1

is maximal, where, p; is the momentum of the i-th particle and N is the total number of
reconstructed particles (charged and neutral) in the event (see Section 4.2.3). This direction
aims at the reconstruction of the direction of the quarks from the Z decay. However, in the
case of a hard gluon radiation, Z — qqg, this intuitive meaning is lost.

The thrust axis is therefore used to divide the event into two hemispheres with respect
to the plane perpendicular to 7 and including the interaction point. With this definition,
each hemisphere contains the fragmentation and hadronization products of each of the quarks
from the Z decay (except in some rare cases of Z — qqg decay) .

5.2 Jet algorithms

At high energy (approximately above 20 GeV or so), quarks and gluons are produced with a
boost large enough to form “jets” of particles from their hadronization.

Three different jet clustering algorithms are used for the analyses described in this thesis.
They are described in the following subsections.

5.2.1 The JADE algorithm

The JADE algorithm is described in Ref. [71]. In each event, charged and neutral particles
are clustered in jets with the following prescription. Two particles are grouped together if
the distance y;; defined as

2F;FE; (1 — cos 0;;
Yij = : (E2 i) ) (5.2)

vis

is smaller than a predefined cut value called the jet-resolution parameter, yeut. In Eq. 5.2, E;
and F; are the energies of particles 7 and j, 0;; is the angle between the momenta of these
particles, and FEyis is an estimate of the total visible energy in the event. The numerator in
Eq. 5.2 is equal to m?j,
massless. The particle pair with the smallest value of y;; is kept, the two original particles

the invariant mass of the system, if particles ¢ and j are considered

are replaced by a new pseudo-track, the energy and momentum of which is obtained from
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the sum of energy and momenta of the two parent particles. The same procedure is repeated
until no pair which fulfils y;; < ycut is found. The pseudo-tracks obtained at the last step are
the particle jets.

5.2.2 The Nucleated jet algorithm

In the Nucleated jet algorithm [72], the jet is built around an a priori track seed (the choice
of this charged particle depends on the data analysis to be performed). The quadri-momenta
of charged and neutral particles close to the chosen seed are added until the mass of the
jet reaches a cut value megy, which has to be optimized depending on the type of jet to
be reconstructed (from a b- or c-hadron, for instance). The criterion for a “close” particle
is the same as in the JADE algorithm above. In the analysis described in Chapter 6, this
algorithm is used to reconstruct the charmed object momentum. In order to reject tracks
not originating from the b-hadron decay, particles with momentum smaller than 500 MeV /¢
are excluded from the the clustering process.

5.2.3 A cone algorithm: BTCONE

In a cone algorithm, particles are grouped together according to their angular proximity. A
track is taken as a seed (the seed choice depends on the data analysis to be performed),
charged and neutral particles in a predefined angular acceptance are grouped with the seed
to form the jet. This approach was first developed at LEP by the OPAL Collaboration in
Ref. [73]. This kind of algorithm is particularly useful for the reconstruction of long-lived
hadron jets. The purities in terms of b-hadron (or c¢-hadron) decay tracks and measured b-
hadron (or c-hadron) energy of the subsequent jet are improved with respect to that obtained
with JADE based algorithms (see Ref. [74]). The best angular resolution for the b-hadron
flight direction is achieved with this algorithm.

5.3 Lepton identification

In this thesis, a lepton refers to an electron or a muon. Their typical decay length being much
larger than the dimensions of the detector (oo for electrons, 300 Km for muons), they are
reconstructed as charged particles in the tracking detectors, and identified from their typical
interaction in all subdetectors (TPC, ECAL, HCAL, and muon chambers) as described in
Section 4.2 and in Ref. [66].

All tracks considered by the hadronic selection described in the previous Section are taken
as possible lepton candidates. As a first step of the lepton identification, some additional
track-quality cuts are applied. i) At least five TPC hits are required; ii) the distance of
closest approach to the beam axis must be smaller than 5 mm; and ¢i7) and the z-coordinate
of the track at the point of closest approach must be, in absolute, smaller than 5 cm.

In the following Sections the electron and muon specific selection criteria and performance
are given.
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5.3.1 Electron identification

The electron identification makes use of the ionization measurement in the TPC and the
shape of the electromagnetic shower developed in the ECAL. These basic measurements are
expressed in terms of normally distributed estimators on which cuts are applied to select
electron candidates. The redundancy of the TPC and the ECAL information allows the
performance of each estimator to be evaluated directly with the data.

Electron candidates are first required to have a momentum greater than 2GeV/c. The
electron hypothesis is tested in the TPC and ECAL with a procedure as follows.

Electron identification in the TPC

For each track in the TPC, the dF/dz is measured from the wires and from the pads. The
measurement from the wires is more precise, but it is reliable only if at least fifty wire hits
are associated with the track. The pads measurement is always available, it is combined with
the wire estimate [68]. The combined dF/dx estimator of the measured ionization in the
TPC is normalized to 1.0 for a minimum-ionizing particle.

The dE/dzx estimation of each track is compared with its value expected in the electron-
mass hypothesis, (dF/dz).. The final estimator is given by Ry
_ dE/dr — (dE/dx).

Ry , (5.3)
OdE/dx

where 04 /4, is the one standard deviation resolution on the ionization measurement for the
electron mass hypothesis. For a pure sample of electrons, the distribution of Ry is very close
to a Gaussian of mean zero and width one. In this thesis, the cut applied on the Ry estimator
to select electrons is Ry > —2.0 . No cut is applied to the positive Rj tail because only
electrons are found in that region.

Electron identification in the ECAL

Both the compactness of the electromagnetic energy deposition around the particle direction
reconstructed in the TPC, and the longitudinal shape of the shower, distinguish electrons
from other particles, and are exploited for their identification.

All good tracks are extrapolated from the end of the TPC through the ECAL. A crossing
point is computed at each of the three ECAL stacks.

The shower transverse development in the ECAL is measured with the estimator Rr.
This estimator is defined from the track momentum, p, and the energy deposited, F4, in the
four towers closest to the extrapolated track, Fy

Ry — Ea/p — (E4/p) ’ (5.4)

OFE4/p

where (Ey/p) is the expected value of Ey/p for an electron, and o, /, is the expected resolu-
tion (one standard deviation). The Ry estimator is most efficient for hadron rejection when
the momentum of the track is high.
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The longitudinal shower development is expressed with the estimator Ry,. The inverse of
the first moment of the longitudinal energy distribution is defined by

Ey

4 3 ’
> BlS;

i=j j=1

XL = (5.5)

where EZ] is the energy deposited in the i-th storey of the j-th stack, and S; is the mean
depth of the energy deposits in the j-th stack. The quantity xr, is independent of the angle of
the incoming particle and it is computed using the energy measured in the three stacks with
an iterative procedure assuming, at each step, that the longitudinal deposition induced by
an electromagnetic shower is described by the standard shape [75]. This procedure converges
quickly for electrons and it is essentially divergent for hadrons. The longitudinal estimator
reads

RL _ XL — <XL> ’ (56)
OxL
and has a normal Gaussian distribution for electrons.

The distribution of Rt versus Ry, for a sample of tracks enriched in photon conversions
is shown in Fig. 5.1. The electron and hadron contributions are clearly separated, the accu-

4 r Bremsstrahlung 1

Figure 5.1: The ECAL estimators for a sample of electrons from photon conversions in the data.

mulation of events around Rt = 0 and Ry, = 0 is due to electrons. The following cuts are
optimized to maximize hadron rejection with a limited efficiency loss:

—-1.8 < Rp < 3.0,

—-16 < Rt. (57)
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No upper cut is applied on the Rt estimator because the four central towers associated to
an electron can contain additional energy from a Bremsstrahlung photon, thus increasing the
measured value of Rr. The region delimited by the cuts in Ry, and Rt is shown in Fig. 5.1.

Electron identification performance

The simultaneous use of the three estimators described above provides an electron identifica-
tion efficiency in jets independent of the transverse momentum of the electron candidate with
respect to its jet. A dependence on the track momentum is observed, the efficiency decreases
with momentum. The electron identification efficiency, computed after the momentum and
Rr, Ry, cuts, is 98.9% with a purity of 94.4%. The most important contamination to the
electron candidate sample comes from pions, which account for ~ 90% of it.

5.3.2 Muon identification

Muons are identified by the tracking capabilities of the hadron calorimeter, together with the
muon chamber information. The TPC dE/dx estimator can be used as well to further reject
misidentified charged kaons.

To identify muons in the HCAL, a ‘road’ is opened around the track extrapolated, with
a width of three times the estimated extrapolation uncertainty due to multiple scattering in
the calorimeter material. The number of hits in each of the 23 HCAL planes of streamer
tubes is counted. In each of these planes, a muon is expected to leave one hit if the ‘road’
intersects it within an active region, the plane is said to have fired if a digital hit lies within
the multiple scattering ‘road’. The number of expected hits is then compared to the observed
number. Tracks are considered for muon identification in hadronic events if their momentum
is greater than 2.5 GeV /¢, which ensures that all muons exit the muon chambers, and that
the identification efficiency does not vary significantly with momentum.

The cuts used to define a muon are

- Nﬁr/Nexp > 0.4 ;
- Nexp Z 10 ;

- Nig >4 ;

where Nexp, Nar, and Ny are, respectively, the number of planes expected to be hit by a
muon, the number of planes actually hit, and the number of planes hit within the last expected
ten. These cuts are well suited for isolated muons. In order to enhance the rejection power
against hadrons in jets, the typical features of the digital pattern created by a hadron shower
in the HCAL are used. A variable, X ,1t, is computed by counting all the HCAL digital hits
in the last eleven planes within a wider ‘road’ around the extrapolated track. The result is
divided by the number of fired planes so that X, represents the average hit multiplicity
per fired plane. For muon identification it is requested to be smaller than 1.5.

In Fig. 5.2, the distributions of Ng;/Nexp, Nio, and Xy for muons from 7 — whp
events are compared to those of pions produced in 7 decays.
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Figure 5.2: Distribution of (a) Ng;/Nexp, (b) Nio, and (¢) Xmuy, for muons (points) and pions
(solid line), with Ngy, > 10. The plots have been normalized to equal areas, and the vertical scale is

arbitrary.

A track is defined to have hit a muon chamber if at least one of the two tube planes
yields a space point whose distance from the extrapolated track is less than four times the
estimated standard deviation from multiple scattering.

The requirement for the association of a muon chamber hit in addition to the HCAL muon
criteria is very powerful for background rejection. The simulation predicts that, while about
94% of the muons identified in HCAL are associated to a muon chamber hit, only about 20%
of the misidentified hadrons have this association.

A rejection cut against charged kaons which do not decay in the TPC can be applied to
the TPC dFE/dx estimator with the muon-mass hypothesis, Ri(u),

_ dr/dz — (dE/dx), -

Ri(p) o

—2. (5.8)

In the ALEPH track reconstruction, kinks are identified as tracks for which a double helix
fit with a common kink vertex point is better than a single helix fit. Those muon candidates
which present a kink in the TPC are rejected. The purity on prompt muons is increased by
1%, with a negligible loss in efficiency.

The muon identification efficiency above 2.5 GeV /¢ is higher than 90% for a purity be-
tween 80% and 85%, with a mild dependence on the momentum. The most important
contribution to the contamination comes from pions.

5.4 Primary vertex finding

The first step of the reconstruction of an event topology is the determination of the interaction
point of the incoming e*e™, the primary vertex. Some analyses, like those described in this
thesis, need a three-dimensional position measurement with an accuracy better than 100 pm.
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The performance achieved by the ALEPH tracking can be used to compute the primary
vertex event by event using the reconstructed charged particles, and therefore improve on the
precision of the LEP beam spot.

It is important that the algorithm chosen for the primary vertex determination has similar
performance for all type of events. Some of the particles produced in a Z-boson decay, those
which contain c- and b-quarks in particular, travel some distance from the interaction point
through the detector volume before decaying in a heavy-hadron decay point. These particles
are known as long-lived. In the presence of such particles, not all tracks in the event come from
the interaction point, and therefore care has to be taken to avoid a bias in its reconstruction.

The algorithm used in ALEPH [76] removes the lifetime information of tracks by pro-
jecting them on the plane perpendicular to the jet direction as illustrated in Fig. 5.3. The

Projection

B-hadrons

Figure 5.3: Schematic of a Z — bb event on the left and its projection for primary vertex finding on
the right

jet direction is chosen because it is a good approximation of the parent hadron direction.
All tracks are projected onto the plane perpendicular to the direction of the nearest jet.
The primary vertex is found in each of these planes, for each jet. The combination of the
different projections of the primary vertex in each jet of an event is used to obtain the three-
dimensional position of this vertex. The information from the LEP beam spot in the z-y
direction is used as a constraint. A procedure to identify tracks which fit badly with the
primary vertex is defined, and these tracks rejected from its determination. A correction to
take into account the finite resolution on the jet direction is applied. As a final step, tracks
with no lifetime are identified, and their information along the jet direction is used in the
final primary vertex fit.

The algorithm is based on a x? minimization, and at each of the step above, the un-
certainty estimations are checked to give correct pull distributions. The core of the method
relies on the first position estimation (before track rejection and other refinements) with the
following 2 minimization with respect to V;

s (B e (Dl
2 7
X° = + , (5.9)
zz::l (o) j=1 k=1 (oh)?

where B; is the beam spot position (from LEP) in the i- (z, y, or z) direction, o is the size
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of the beam envelope in the i-direction, Nje is the number of jets in the event, thrack is the
number of tracks in the j-th jet, Dﬁ is the distance between the vertex V' and the track k£ on

a plane perpendicular to the jet, and aﬁ is the uncertainty on that distance.

The typical resolution obtained for the primary vertex position depends on the type of
events selected. It is of 30 ym, 10 pm, and 30 pm in the z, y, and z direction, respectively for
Z —ut, Z — dd, or Z — s§, and 50 um, 10 gm, and 60 ym for Z — bb events.

5.5 Impact parameter

A jet axis is defined from the vector momenta of its particles and from the primary vertex
position. Let S be the point of closest approach of a track to this axis. The distance D
between the tangent of the track at the point S, and the primary vertex is called the impact
parameter of the track with respect to the primary vertex. It is defined to have the same
sign as the scalar product of VS and the jet direction. A schematic drawing of the impact
parameter definition is given in Fig. 5.4. The uncertainty op on the impact parameter is

jet direction

linearized track

track helix

Figure 5.4: Impact parameter definition: V is the primary vertex, S is the point of closest approach
of the track helix to the jet direction, ¢§ is the jet-track distance, D is the impact parameter. The
linearized track and the jet direction may lie in different planes. In this example, the track has a

positive impact parameter.

calculated from the track fit covariance matrix, the primary vertex uncertainty, and their
correlation. A non-zero correlation between the primary vertex position and the track fit
parameters arises because tracks are used in the interaction point position estimate.

The impact parameter and its sign are used to identify charged particles with or without
lifetime, i.e., particles which are likely to come from the decay of a long-lived particle (such
as a b-hadron) or not. Tracks with a negative impact parameter are likely to originate from
the interaction point, whereas tracks issued from secondary vertices have a positive impact
parameter. These properties are used for the selection of Z — bb events, as explained in
Section 5.7.
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5.6 Inclusive secondary vertex finders

Examples of particles which end in a decay point separated from the interaction point are
b-hadrons or c-hadrons, with a typical decay path of 3mm and 2mm respectively. The
expected number of charged particles in the decay point of a b-hadron is five, and about
five other charged particles are present on average from the fragmentation process. With as
many tracks, the secondary vertex finding technique of forming a vertex from all possible
track combinations is impracticable (because of the too large number of combinations) and a
different approach must be followed. The aim of inclusive secondary vertex finder algorithms
is to obtain an estimate of the decay position of these long-lived particles, without forming
a vertex from all combinations of tracks. The algorithm does not provide a track-to-vertex
association, instead, for each track, a probability of belonging to the decay vertex is given.
Two such algorithms are used in ALEPH. The methods and the performance of both of them
are explained in the following Sections.

5.6.1 QVSRCH

The QVSRCH algorithm [77] is based on a vertex search in a predetermined coordinate space,
rather than a search among track combinations. For given primary and secondary vertex
positions, a Ax? is defined as the difference between the x? when all tracks are assigned to
the primary vertex, and the sum of the primary and secondary vertex x? values when some
tracks are transferred from the primary to the secondary vertex. The maximum Ay? for fixed
vertex coordinates is obtained by assigning each track to its closest vertex. The central idea
in the algorithm is to calculate this Ayx? for a grid in secondary vertex coordinate space, and
determine the secondary vertex as the point of maximum Ay?.

The event is divided in two jets and a secondary vertex is looked for in each of them.
Two cylinders centred along both jet directions, with radius of 500 pm and length of 1 cm are
defined. The Ax? is computed in every point of a grid in these cylinders (steps of 200 ym along
the jet direction and 20 ym in the two orthogonal directions to it). The Ax? value between
grid points is extrapolated from the values at the grid points with parabolic functions. These
same functions are used to estimate the secondary vertex covariance matrix.

The way the algorithm is built guarantees a secondary vertex position to be obtained for
most events, and therefore the efficiency on the decay length reconstruction is reasonably
uniform as a function of the decay length (as seen later in Fig. 5.6). The impact parameter of
each track with respect to the primary and secondary vertices is used to compute a probability
of each track to belong to one or the other vertex. The maximum value of the Ax? gives an
estimate of the vertex quality.

5.6.2 VNFIT

The VNFIT algorithm [78] is based on a likelihood fit which allows an arbitrary number of
vertices for a set of tracks to be determined. The likelihood function used is the probability
that the tracks are produced at a given number of vertices. A numerical maximization of
this likelihood provides an estimate of a predetermined number of vertex positions as well
as their uncertainties. The most common configuration for using this algorithm is to set
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the number of vertices to three: the primary vertex (which can be given as input) and two
secondary vertices for two b- or c-hadron decays (one in each hemisphere). Some additional

constraints can be imposed, as the a priori knowledge of a track to come from a given vertex,
for instance.

The likelihood value obtained after the maximization, assuming Gaussian uncertainties,
is used to estimate the probability of the vertex as well as the probability of each track to
come from its closest vertex.

Some differences are observed in the performance of the two algorithms described above.
The second one, VNFIT, has the advantage to provide, on average, a slightly more accurate
estimate of the decay point position. A comparison on the decay length resolution achieved
for a common sample of simulated b-hadron decays with both algorithms is presented in
Fig. 5.5.
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Figure 5.5: Decay length resolution for b-hadrons using a) QVSRCH, and b) VNFIT.

However, the QVSRCH algorithm is more efficient overall, in particular for b-hadron
decay points close to the interaction point. The decay length reconstruction efficiency for
both algorithms as a function of the decay length is shown in Fig. 5.6.

The two algorithms can therefore be used complementarily to obtain the best possible
performance. For those decays for which VNFIT provides a secondary vertex position, this

position and its uncertainty estimates are considered, the QVSRCH estimates are taken
otherwise.
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Figure 5.6: Decay length reconstruction efficiency as a function of the decay length for QVSRCH
and VNFIT algorithms.

5.7 General b tagging

The aim of “b tagging” is to identify Z — bb decays in a sample of Z — qq. The basic
characteristics which distinguish Z — bb decays from the other hadronic Z-boson decays
are the large lifetime and the large mass of b-hadrons compared to those of other particles
produced in Z — qq decays.

Different approaches are possible for “b tagging”: from the complete reconstruction of
specific b-hadron decays on one side, to fully inclusive tagging where no specific b-hadron,
nor decay, are identified, on the other. It is also possible to use the leptonic spectrum
properties for the selection of semileptonic b-hadron decays. In this Section only generic
selection methods used in ALEPH are described.

5.7.1 QIPBTAG

The QIPBTAG (Ref. [79]) algorithm exploits the non-zero b-hadron lifetime. The signature
of a b-hadron is the presence of charged particles in the event which do not originate from
the interaction point. In this algorithm the secondary decay vertex is not reconstructed.
Instead, the signed impact parameter of all tracks from the Z-boson decay is used (the impact
parameter definition, its sign and its uncertainty are given in Section 5.5).

The main idea of the algorithm is to use all tracks with lifetime information (i.e., with
significant impact parameter with respect to the interaction point), either coming directly
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from the b-hadron decay point or, in the typical case where the b-hadron decays to a c-hadron,
coming from the decay point of the c-hadron. A track selection (slightly more restrictive than
that described in Section 5.1) based on the quality of the track reconstruction is applied, and
the signed impact parameter is computed for all selected tracks. Ounly tracks with positive
impact parameter are considered for the “b-tagging” estimator computation. Tracks with
negative impact parameter are used as a calibration sample as they constitute an almost pure
set of tracks originated from the interaction point (the contamination of tracks originating
from a secondary vertex in that sample is typically about 1%).

The statistical resolution on the impact parameter varies strongly as a function of the
charged particle momentum, angle, and number of VDET hits. It is therefore difficult to
interpret the value of the impact parameter itself. Instead, the algorithm uses the impact
parameter significance, D/op. The resolution function for D/op is measured on the calibra-
tion sample, and it is used to define the probability, P;, that a track with positive measured
D/op originates from the interaction point.

Given a group of N tracks with positive impact parameter, the combined b-tagging esti-
mator is defined as

(znzy , (5.10)

where z = Hf\i1 Py, so as to give a uniform distribution of Py between zero and one, for
events without lifetime.

Small values of the combined estimator indicate low probability of the tracks to all come
from the interaction point, and therefore a high probability that they belong to a Z — bb
decay. In Fig. 5.7, the value of the estimator computed with all selected tracks in each
event is displayed; on Fig. 5.7a for simulated events with a Z-boson which decays into a
light-quark pair, ut, dd, or ss, and on Fig. 5.7b for Z — bb decays. For a generic cut on
the global estimator at 1072, an efficiency of 68% with a purity of 83% are obtained. The
most important contamination comes from c¢ events due to their lifetime; this contamination
accounts for ~ 14% in the case of the previous cut.

5.7.2 QVSRCH

The inclusive vertex finder algorithm QVSRCH (Section 5.6.1), can be used to select Z — bb
decays as well. The relevant variable to distinguish bb decays from the rest is the Ax? for
the two secondary vertices found in the event.

Figure 5.8 shows the distribution of the sum of the two Ay? for ut, dd, and ss in Fig. 5.8a
and for and bb simulated events in Fig. 5.8b. The requirement that Ay? be larger than 16
gives a bb purity of 82% for an efficiency of 63%. The main background contribution, as in
the case of QIPBTAG, comes from ¢ events which contribute 67% of the total contamination.

5.7.3 Mass tag: QBMTAG

The QBMTAG algorithm exploits the b-hadron mass, larger than that of other hadrons
produced in Z-boson decays, and allows the b-purity of the selected sample to be further
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increased.

For each hemisphere, tracks are ordered from the least to the most consistent with orig-
inating from the interaction point. The first tracks are grouped to form a c-hadron, i.e., a
particle with an invariant mass below 1.8 GeV /c2. The probability of the last track of this
group to come from the interaction point, B;, is taken as b-tag estimator for the hemisphere.
The track ordering may follow either the QIPBTAG or the QVSRCH scheme.

In Fig. 5.9a, the distribution of, —log;y(B;), is shown for hemispheres in ua, dd, and ss
simulated events, and in Fig. 5.9b for Z — bb hemispheres (for illustration the track ordering
was taken from the QIPBTAG algorithm).

Z- uu,dd, ss

: . L . P e
QBMTAG b—tagging estimator QBMTAG b—tagging estimator

Figure 5.9: QBMTAG estimator distribution for Z —,ut, dd, ss, and b) Z — bb simulated events.

A combination of the QBMTAG estimator on an event with either QIPBTAG or QVSRCH
allows a purer Z — bb sample to be selected. Typically values of a 98% bb purity and an
efficiency of 40% can be achieved.






Chapter 6

Inclusive semileptonic event

selection

At LEP, the B oscillations analyses with the highest sensitivity are obtained with inclusive
semileptonic event samples. The charge of the lepton issued from the b-hadron decay is used
to determine the flavour of the reconstructed b-hadron at decay time (b or b). The advantage
of inclusive event selections over partial decay reconstructions like Dg /¢ pairs comes from
statistics. In the first case, over 50 thousand events can be selected at LEP, to be compared
with only few hundreds in the second case.

In this Chapter, a new inclusive semileptonic event selection performed on the ALEPH
data sample collected around the Z resonance is presented. To perform a By oscillation
analysis some characteristics of the events need to be determined. These characteristics
are mainly, ) the proper time of the b-hadron decay; ii) the probability of the lepton to
originate through a direct b — ¢ decay; iii) the probability of the b-hadron to be a Bg; iv)
the unmixed/mixed label of the decay; and v) the probability of this label to be incorrect,
called the “mistag probability”. To achieve the best possible sensitivity for oscillations, a
detailed characterization is needed. Ideally all above properties are evaluated on an event-
by-event basis. All the steps of the selection and event characterization are described in this
Chapter.

With respect to the previous ALEPH analysis on the subject [10], significant improve-
ments were obtained on both the event selection and the characterization of the sample. The
event selection is tailored to identify events with a good b-hadron decay vertex reconstruc-
tion. To this end, a new vertex algorithm was designed and the sample was divided in classes
based on the event topological properties. Some aspects of the event characterization require
the combination of several discriminant variables. This combination is in all cases based on
neural networks (Ref. [80]) to obtain an optimal performance and a correct treatment of the
correlations among the discriminant variables.

The data sample and the simulated event samples used in the analysis development are
briefly described in Section 6.1, and the event pre-selection in Section 6.2. The new procedure
to reconstruct the decay position of the charmed particle, and the b-hadron, as well as the
criteria followed to reject poorly reconstructed events, are described in Section 6.3. The final
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event selection is obtained after the b-hadron enrichment (Section 6.4) and the b — ¢ enrich-
ment (Section 6.5) procedures are applied. The overall selection performance is summarized
in Section 6.6.

The first step of the event characterization is the proper time measurement explained in
Section 6.7. The presence of a kaon in the decay products of the b-hadron, or among the
fragmentation particles, can be used both to enrich the sample in By decays, and for the
estimate of the b/b content of the candidate at production time. The procedure followed to
identify charged and neutral kaons is described in Section 6.8. A technique to statistically
disentangle By decays from other b-hadron decays was developed as explained in Section 6.9.
Finally, the estimate of the b-quark content of the b-hadron at production time is described
in Section 6.10.

6.1 Data and simulation samples

The data sample analysed corresponds to about four million hadronic Z decays collected
by the ALEPH detector from 1991 to 1995. In 1998, these data were reprocessed with a
refined version of the reconstruction program. The main improvements concern the track
reconstruction and the particle identification [67]. The analysis presented here benefits from
all these improvements.

During its development phase, the analysis relied exclusively on samples of simulated
events. The generation of these events is done through the following process, i) all particles
originated from the Z decay are generated according to the theoretical knowledge of the
simulated process; ii) their interaction with the ALEPH detector is simulated using the
GEANT [81] package; and #ii) the data obtained is reconstructed with the same procedure as
the real data. The events obtained have the same format as the real data, with the addition
of the true information about the properties of all the particles in each event. This knowledge
was used to optimize the selection procedure, estimate the selection efficiency, and extract
all parametrizations needed for the complete event characterization.

Hadronic events were generated with JETSET [82]. Different type of events were simu-
lated: 8.5 million unbiased Z — qq decays, 5 million Z — bb decays, 2.3 million Z — cc
decays, almost one million Z — bBg (By — ¢) decays, and about half a million Z — bBg (By —
¢ — £). All physical parameters used as inputs for the event generation (b-hadron fractions,
decay branching ratios, fragmentation function, etc.) were adjusted to the knowledge to date,
as summarized in Ref. [13].

6.2 Data sample pre-selection

The first selection criterion applied is the “hadronic selection”, explained in Section 5.1, to
obtain a quasi-pure sample of Z — qq decays. The events are separated in two hemispheres
with respect to a plane perpendicular to the thrust axis. A cut on the polar angle of the
thrust axis is applied to reject events with most of the tracks outside the VDET acceptance:
events must satisfy | cos Ogprust| < 0.85.
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The events are then clustered in jets reconstructed from all energy-flow objects using
the JADE algorithm (Section 5.2.1), with a jet-resolution parameter (ycut) of 0.0044 (this
parameter was optimized for heavy flavour analyses with leptons in ALEPH [83]). In the
following, this is the jet definition used to characterize events by their number of jets.

Events are required to have at least one lepton candidate (Section 5.3) reconstructed with
a VDET hit. The transverse momentum of the lepton is defined with respect to the axis of
its JADE jet (with the definition above) once the lepton itself is removed from the jet. If
more than one lepton candidate is found, only that with highest transverse momentum is
considered in what follows. A hemisphere is labeled as “same” or “opposite” according to
whether it contains the lepton candidate or not.

The lepton requirement enriches the event sample in Z — bb decays, from about 20% to

more than 55%.

6.3 Vertex algorithm and selection

The typical topology of a semileptonic By decay is shown in Fig. 6.1 together with the decay
of the other b-hadron in the event. The By decay position is the origin of the lepton track, of

Figure 6.1: Semileptonic By decay schematic, tracks from the b-quark fragmentation and the decay
of the other b-hadron in the opposite hemisphere of the event, are also shown.

the undetected neutrino, and of a charmed particle. The latter, with a typical decay length
of 1 mm, decays at a tertiary vertex. The vertex algorithm is optimized on such topologies
and it also provides criteria to select such events.

The vertex algorithm developed for this analysis starts by the inclusive reconstruction of
the charmed particle. This particle is extrapolated back to the lepton and a common vertex
is looked for. The By oscillation study requires a good estimate of the b-hadron decay length
and of its uncertainty. The procedure developed for this analysis is explained in the following
Sections.
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6.3.1 Search for a seed

In a semileptonic By decay, the reconstructed decay products are of two types: i) the lepton,
which is the only reconstructed charged particle issued directly from the meson decay; and
i1) the particles coming from the decay of the charmed hadron. If the lepton track is ignored,
the only remaining tracks with sizeable impact parameter in the Bg hemisphere are the D
(charmed particle) decay products. The “search for a seed”, i.e., a point in space, used as a
first approximation of the tertiary vertex, is based on this observation.

As explained in Section 5.6, two inclusive secondary vertex finders, VNFIT and QVSRCH,
are used. The lepton candidate track is ignored and a first estimate of the tertiary vertex
position is searched for with VNFIT. If the search is successful, the vertex position and
uncertainties are kept as the seed for the charmed particle. When VNFIT fails, QVSRCH is
used instead.

Both algorithms provide, for each track, a variable which estimates its compatibility
with originating from the tertiary vertex (Sections 5.6.1 and 5.6.2). However, other track
properties can be used to disentangle fragmentation particles from b-hadron decay products,
as explained in the next Section.

6.3.2 The c track selection

The first step of the c-track selection consists in separating charged particles from the b-quark
fragmentation from those from the b-hadron decay with the use of some of their kinematical
properties. All the relevant variables are combined using a neural network. The list of
discriminant variables used is given, followed by an explanation of their relevance.

- The compatibility of the track with the inclusive decay vertex (the track probability
in the case of a VNFIT vertex and the impact parameter significance in the case of

QVSRCH).

- The impact parameter significance of the track with respect to the primary vertex,
signed using the b-jet axis.

- The particle momentum: particles from the b-hadron decay are expected to be, on
average, of higher momentum than those originated in the b-quark fragmentation.

- The angle of the particle with respect to the estimated b-hadron decay direction. Three
estimates of this direction are considered:

— the thrust axis,

— the jet axis, and

— the direction defined by the primary and the inclusive tertiary vertices.
The angle of the decay particles with respect to the true b-hadron decay direction is
expected to be smaller than that of fragmentation particles. The quality of the direction
estimates presented above depends on both the number of jets in the event and the decay

length of the b-hadron. The b-hadron jet used here is a cone-based jet built around
the lepton candidate. The algorithm is chosen for its performance on the direction
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estimate. When the tertiary vertex is far apart from the primary vertex, the direction
defined by the two vertices is the best estimate of the b-hadron flight direction. When
the distance between the two vertices is small, a better estimate can be provided by
the thrust axis or the jet axis. The thrust axis is found to be more accurate in two jet
events, while for events with more than two jets the b-jet is a better estimator (because
of hard gluon emission).

When building a combined discriminant variable with a neural network, it can happen
that the best performance is obtained when the combination includes variables that have dis-
criminating power and variables which are not discriminant by themselves, but are correlated
with the relative discriminant power of the others. These auxiliary variables, called control
variables in the following, allow an optimal combination to be obtained in the whole phase
space.

In the present case, the control variables included in the neural network are, the number
of jets in the event, the x? of the tertiary vertex fit, the measured decay length, and the
measured jet momentum.

The distributions of the most relevant variables for all tracks in hemispheres with an
identified lepton are shown in Figs. 6.2 to 6.4. In each plot, the dark area corresponds
to tracks originated in secondary or tertiary vertices in Z — bb simulated events. Charged
particles from Z — ut, dd, s§, and cc decays are displayed as “udsc”. The agreement between
the data and the simulation is reasonable for most of the variables. In the case of the angular
variables a deviation is seen. More tracks are found at large angle in the data than in
the simulation. This disagreement is probably due to the lack of accuracy of the quark
fragmentation simulation. However, as the track separation combined variable is only used
to select charged particles to form the charmed object, the observed disagreement is not
considered to be a problem. The peak at Pynrrr ~ 0.5 in Fig. 6.4b is mostly due to charged
particles with low momentum (p < 500 MeV /¢), and poorly reconstructed tracks.

The neural network training was carried out on simulated By — £ events, all fragmentation
and decay charged particles with momentum above 200 MeV /¢, with the exclusion of the
lepton candidate, were used for the training. Two different trainings were performed, one for
events with a VNFIT vertex and another for the remaining events.

The distribution of the combined track separation variable for events with a VNFIT vertex
is shown in Fig. 6.5. The performance obtained with the other training are not as good.
Those events for which the VNFIT algorithm does not provide a vertex are topologically
more complicated than the average, thus with a more difficult track separation.

Two different ¢ track selections are defined depending whether the VNFIT algorithm was
successful in the event or not. In both cases, all tracks except the lepton candidate are ordered
according to their compatibility with the c-hadron decay vertex, Pi;acc. This compatibility
is defined as the output of the track separation neural networks described above.

In the case of events with a VNFIT vertex, the track most compatible with the c-hadron
decay vertex is taken. Tracks with a momentum p > 0.5GeV /¢, a VNFIT track probability
Pynrrr > 0.7, and Pirae > 0 in decreasing value of Pip,q are added one by one till a mass
of 1.8 GeV/c? for the charmed candidate is reached.
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When a VNFIT vertex is not available, all tracks with an impact parameter significance
with respect to the QVSRCH vertex smaller than 1.4, a momentum higher than 1.5 GeV /¢,
and a c-hadron decay vertex neural network probability higher than Pi.aqc > 0 are taken to
form the charmed particle.

Events where no track is selected to form a charmed particle are rejected. In 28% of the
events only a single track is selected to form the charmed object. If more than one charged
particle is selected, the set of tracks are fit together to obtain the charm vertex.

The purity of the c-track selection is estimated to be 93% on By — ¢ simulated events,
with an efficiency of 63%.

6.3.3 Photon recovery

In most of the cases, the charmed hadron decays in charged and neutral particles. In the
previous Section, a procedure to select the charged particles was presented. However, if the
neutral energy component is ignored, the reconstructed charm direction obtained from the
charged particle fit has a larger uncertainty than that estimated from the track fit itself.
This effect is translated on the b-hadron decay vertex position obtained from the fit of this
charged charmed particle and the lepton. In this Section, a strategy to recover as much as
possible of the information from the neutral particles is explained. An improvement on the
charm decay direction is only possible when more than one charged particle is found. Indeed,
neutral particles cannot help improving the charmed vertex position determination. Only
the momentum direction is therefore modified by the inclusion of neutral particles.

The most energetic charged particle included in the charmed object described above is
taken as a seed for a cone-based jet. This algorithm is chosen because it provides the best
estimate of the decay direction. An angular aperture of 13° between two consecutive particles
to be merged is taken. It is verified that all the charged particles included in the charmed
object are also included in the cone-based charmed jet. Photons are looked for inside this jet.
If more than one photon with energy higher than 1 GeV is found, the most energetic photon
in a 16° cone around the jet direction, making an invariant mass of less than 1.8 GeV /c? with
the charged charmed object is taken.

By default, photons have their momentum calculated as if they were coming from the
primary vertex. Here, the momentum is recomputed at the charm vertex to obtain an im-
provement on the decay length resolution. The position of the electromagnetic shower is
defined as the energy-weighted barycentre of the relevant ECAL towers positions. The di-
rection between the charm vertex and the shower centre defines the new photon momentum
direction.

The improved charmed object momentum is obtained as the sum of the charged and
photon components. Finally the covariance matrix for the new charmed object and the
correlation matrix between the new charmed object momentum and the charm vertex are
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calculated. The covariance matrix for the charmed object momentum reads

. op;
Coyhew—mom _ PL Cov™ (py, pr) +
/ W OPr o
ap; Op;
Z Pi COVmomfvertex(pkﬂ}l) ﬂ +
8pk 8’[}[
o o, (6.1)
Z 5 % COVverteX(vk’vl) £ +
— Juy, oy
Z Opi  phot _phot Opj
9 phot 7k Tk b phot ’
k OPk Pk
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where Cov'™°™ is the covariance matrix for the charmed object momentum obtained from

the fit of the selected c tracks, Cov®Om~Vertex jg the correlation matrix between the charged

vertex

charmed object momentum and the charm vertex position, Cov is the covariance matrix

of the charm vertex, and azh‘)t is the photon momentum uncertainty in the k-th direction.

The correlation matrix between the new charmed object and the charm vertex position reads

B B Op; 0v;
COV?jeW vertex—mom __ Covmom—vertex (pi’ Uj) + Z apz COVverteX (,Uk’ Ul) 8_] . (62)
w Uk vl

The addition of a photon to the charged charmed object is found to improve significantly
the final b-hadron decay position only in some particular event topologies. In Section 6.3.7
vertex classes are defined and the class of events where a photon is added is identified.

6.3.4 The “B track”

The b-hadron vertex in an inclusive semileptonic selection is generally obtained [10] as the
common vertex between the lepton and the charmed object. Here instead, information on the
b-hadron flight direction is used to constrain and improve the final estimate of the secondary
vertex position. The “B track” is defined as a mathematical object which aims at having the
direction and momentum of the b-hadron and is used as a constraint in the global b vertex
fit (see Section 6.3.5 below).

The quadri-momentum vector of the “B track” is obtained either from the estimate of the
b-hadron flight direction and momentum in the case of multijet events, or from the thrust
direction and the b-hadron momentum in the case of two jet events. The “B track” is imposed
to originate from the reconstructed primary interaction point.

The estimate of the b-hadron flight direction is obtained from that of a cone-based b-jet
formed around the lepton candidate. An angular aperture of 23°, higher than in the case of
the charmed jet, is used. The energy of the jet defines the “B track” energy. In the case of
two jet events, the direction estimator is chosen to be the thrust axis, which turns out to be
more accurate than the jet axis.

To be used as a pseudo-track in the b-vertex fit, the “B track” tracks needs to be com-
plemented with an estimate of its covariance matrix. The covariance matrix is built from
the estimated uncertainty on the momentum p of the b-jet, and the uncertainty on the po-
lar and azimuthal angles 0p, @B, of the direction estimator. The momentum resolution is
parametrized as a function of the momentum itself. Three different parametrizations are
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taken, one for events with two jets (using the thrust direction and the b-jet momentum),
another for events with more than two jets but a single jet in the candidate hemisphere, and
a third parametrization for the remaining events (these last two using the cone-based b-jet
direction). The polar and azimuthal angles resolutions are also parametrized as a function of
the momentum for the same three categories of events. All the parametrizations are obtained
from simulated events and optimized for b-jets in semileptonic b-decays. The estimate of the
momentum and angles are considered uncorrelated. With all this information the covariance
matrix in an (pg, py, s, ) basis reads

Opi Op;
COVij = Z % Opa Opa gi s (63)

where p; = pz.py,pz, E, and p, = p,0g,pB. The symbol o, stands for the parametrized
resolutions described above.

6.3.5 Global b-vertex fit

The b-hadron decay vertex is obtained from a common fit of the lepton, the charmed object,
and the “B track”.

With respect to the previous analysis [10], three basic new features are introduced in the
b-vertex finding procedure to improve its performance, i) the VNFIT inclusive vertex, used
here to increase the ¢ track selection efficiency; ii) the addition of photons in the charmed
particle reconstruction; and i) the use of the “B track” in the final secondary vertex fit.

Most of the improvement in the final estimate of the b-hadron decay position is due to the
inclusion of the “B track” in the vertex fit. It introduces information on the decay direction
which constrains significantly the vertex fit.

6.3.6 The decay length

The b-hadron decay length is obtained as the three-dimensional distance between the b vertex
(Section 6.3.5) and the primary vertex (Section 5.4) positions. In the previous analysis [10],
the decay length was estimated as the distance between the primary and secondary vertices
projected on the b-jet direction. The projection was found to improve the resolution on the
decay length. Here, as the information on the b-hadron flight direction is already included
in the secondary vertex fit, a projection does not improve the resolution.

6.3.7 Vertex selection and class definition

A critical study of the previous analysis pointed out that the event selection and the event-
by-event estimate of the decay length uncertainty were key issues to achieve an improved
performance at high oscillation frequency. In particular, it was clear that defining resolution
classes based on the topological properties of the events would be highly beneficial in that
sense.

Some of the topological characteristics of the events which serve as basis for the event
selection and for the definition of resolution classes are as follows.
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- The presence of a VNFIT vertex. Events for which the VNFIT algorithm does not
provide a secondary vertex have a less accurate inclusive vertex position estimate to be
used as a seed.

- The x? of the reconstructed b-hadron vertex and the x? of the reconstructed charm
vertex (if any).

- The angle between the reconstructed charmed particle and the lepton. On one hand,
the bigger is the angle between the charmed particle and the lepton, the bigger is
the probability of including fragmentation particles in the charm track selection; on
the other hand, if the charmed particle and the lepton are close to be parallel, the
reconstructed b-hadron vertex has a large uncertainty. Therefore this angle is limited
from below and from above.

- The angle between the reconstructed charmed particle and the b-jet. Similar arguments
as for the angle with the lepton justifies a cut on the angle of the charmed particle with
the b-jet.

- The mass of the charmed particle. In signal events, the charmed particle is expected
to be a Dy with a mass mp, = 1968.6 & 0.6 MeV /¢? [13]. Therefore the reconstructed
charmed particle should not be much heavier than mp,.

A detailed description of the classes is presented in Table 6.1. These classes are exclusive:
if an event fulfils the requirements of more than one class, it is assigned to the first in the list.
For classes 3 and 4, the b-hadron decay length is improved when photons are added to the
charmed particle as explained in Section 6.3.3. The decay length resolution achieved for two
of the vertex classes (the one with the best resolution and the one with the worst resolution)
is shown in Fig. 6.6.

The selection criteria described above are tailored to select semileptonic By decays, and
therefore result in a rejection of light-quark (udsc) hadron decays.

6.3.8 The bias and pull correction

The decay length evaluated as in the previous Sections is found to be slightly biased. This
bias, measured in simulated events, shows a dependence on the reconstructed decay length
itself. The typical dependence observed is shown in Fig. 6.7 for By — ¢ simulated events in
the first resolution class. The decay length bias is in all cases smaller than the estimated
uncertainty on the decay length.

A correction for this bias is applied to all events in every vertex class. The effect of
the bias correction on the decay length resolution in the overall selected sample is shown in
Fig. 6.8. The resolution is slightly improved (more events are found in the core) and the bias
is reduced on average from 120 um to 28 pm.

An estimate of the decay length uncertainty is obtained, event by event, from the covari-
ance matrices of the primary and secondary vertices, and it is dominated by the uncertainty
on the secondary vertex position. The uncertainty on the secondary vertex is estimated from
the uncertainty on the helix parameters of the tracks involved, but does not include any con-
tribution from misassigned and missing particles in the charm candidate. As a consequence,
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Class number | Vertex properties  Topological properties
Class 1 No VNFIT vertex N.=1
X2 < 1. 5.7° < ¢l < 30°
cjet < 20°
0 < M reco < 8GeV/c?
Class 2 No VNFIT vertex N> 1
X% <. Meharm < 3 GeV/c?
5.7° < ¢l < 30°
cjet < 20°
0 < M reco < 8GeV/c?
Class 3 VNFIT vertex N, =2
Xi < T. 5.7° < ¢l < 37°
cjet < 20°
Class 4 VNFIT vertex N, > 2
i< T Meharm < 3 GeV/c?
Y2 < 5. 5.7° < ¢l < 37°
cjet < 20°
Class 5 VNFIT vertex N, > 2
i < 25. Meharm < 3 GeV/c?
2 < 10. cl < 37°
cjet < 20°
Class 6 VNFIT vertex N, =2
X2 <. 5.7° < ¢ 0 < 37°
X2 < 5.
Class 7 VNFIT vertex N, > 2
X2 < 1. 5.7° < ¢l < 37°
X2 < 5.
Class 8 No VNFIT vertex N; > 2
i < T. Meharm < 3 GeV/c?
X2 < 5. 5.7° < ¢l < 37°
Class 9 VNFIT vertex N. > 2
X2 < 20. 50 <cl < 15°
X2 < 5.
Class 10 VNFIT vertex N.>1
Xp < 2. 11.° < cl < 41.°
X2 < 1.

Table 6.1: Definition of the vertex classes. The number of tracks in the charged charmed object is
indicated as N¢; the mass of the charmed particle as Meharm; the x2 of the b-hadron vertex as X%% the
x? of the charm vertex as x2; the angle between the charmed particle and the lepton as E?; the angle
between the charmed particle and the b-jet as c/j\et; and the reconstructed mass of the b-hadron as

Mp reco-
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Figure 6.6: Decay length resolution on By — ¢ simulated events in two vertex classes, a) the class
with the best resolution, and b) the class with the worst resolution. The distributions are fit with the

sum of two Gaussians, their fractions and widths are indicated on the plot.
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Figure 6.7: Decay length bias as a function of the reconstructed decay length.

the decay length uncertainty obtained from the track fit, is in general, underestimated and
a correction based on simulated events needs to be applied. This correction is called pull
correction in the following, because it can be illustrated with the distribution of (I — ly) /oy,
where [ is the reconstructed decay length, [y is the true decay length, and o; is the estimated
uncertainty on the decay length. If the decay length uncertainty were properly estimated for
all events, this distribution would be a normal Gaussian.

In the previous analysis a global correction for the selected sample was computed and
applied. Here, instead, the problem is addressed class by class to obtain a more accurate
description. For the vertex classes in which the charmed particle is made of a single charged
particle, the pull correction is parametrized as a function of the reconstructed decay length.
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Figure 6.8: Decay length distribution for all selected events, a) before the bias correction, b) after

the bias correction is applied.

For the other classes, a double parametrization is performed. The decay length uncertainty
is first corrected as a function of the reconstructed charmed mass and then as a function of
the reconstructed decay length. In general, as intuitively expected, the correction increases
with the decay length and decreases with the reconstructed mass of the charmed particle.
The pull distribution for the selected sample is shown in Fig. 6.9, both before and after the
parametrized correction is applied.

The impact of the parametrizations described in this Section on the analysis sensitivity
is explained in Section 8.4.2.

6.4 The b-hadron enrichment

The requirement of a lepton candidate, and the vertex selection described above, act both as
rejection criteria for Z decays in light-quarks. Therefore, the sample obtained at this stage of
the selection procedure is enriched in Z — bb decays. Before any further selection is applied,
the sample composition estimated from Z — qq simulated events is shown in Table 6.2.

(82.6 £ 0.3)% bb  (11.00 £ 0.07)% c&  (6.40 & 0.05)% ut, dd, s§

Table 6.2: Sample composition after the lepton and vertex selections are applied.

However, a By oscillation analysis requires a bb purity higher than the ~ 83% obtained.
Therefore, a specific b-tagging variable is designed to increase the bb content in the final
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Figure 6.9: Distribution of the decay length pulls, a) before the correction, and b) after the correction
is applied.

selected sample.

Several variables which distinguish between Z — bb and other Z decays are combined with
a neural network. The hard fragmentation of b quarks into b-hadrons and the high mass of
b-hadrons result respectively, in a large momentum and large transverse momentum of the
primary lepton compared to that of leptons produced in the decay of light-quark hadrons.
The variables described in Section 5.7 for b-tagging are sensitive to both the lifetime and
the mass of the hadrons produced in Z — q. All these properties are used to define the
set of variables for the b-tagging developed here. The variables are as follows. i) The lepton
momentum; 7i) the lepton transverse momentum; #ii) the same side QIPBTAG probability
(Section 5.7.1); iv) the opposite side QIPBTAG probability; v) the same side QBMTAG
estimator (Section 5.7.3); vi) the opposite side QBMTAG estimator; vii) the same side
QVSRCH estimator (Section 5.7.2); and wviii) the opposite side QVSRCH estimator. The
distributions of all the variables which are to be combined in the b-tagging neural network
are shown, for events with a candidate lepton and a reconstructed vertex, in Figs. 6.10
to 6.13. Simulated events with a Z decay into light-quarks are labeled as “uds”. The flavour
discrimination power is shown as well as the agreement between the data and the simulated
7, — qq events.

The neural network training is performed with only events which pass both the lepton
and the vertex selections. The performance of the combined b-tagging variable is shown in
Fig. 6.14.

The performance of the b-tagging variable developed here can be compared with that of a
more standard approach (i.e., the sole QIPBTAG event probability) which is normally used
to select unbiased bb samples (not semileptonic decays specifically). In Fig. 6.15, the selection
efficiency on bb events versus the bb purity curves are displayed for the b-tagging presented
here, Nyag, and for the QIPBTAG variable defined in the whole event, both applied to the
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Figure 6.11: QIPBTAG variables used for b-tagging. a) Same side hemisphere probability, b) opposite
side hemisphere probability, —log;, of the probability is plotted.
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lepton plus vertex selected sample.

The improvement obtained upon the event QIPBTAG variable is mainly due to the fact
that the b-tagging optimization, both for what concerns the selection of variables and what
concerns the training, has been done on the specific events it is meant to be used on.

The probability of an event to originate from a Z — bb decay is defined by the ratio of the
sample components in Fig. 6.15 (the same probability definition is taken in the following).
Events with very low probability of being a Z — bb decay are rejected, an optimal cut is
found at Npgae > 0. The sample selected with this cut has the composition presented in
Table 6.3. The selection efficiency for Z — bb events, in a sample in which the lepton and
vertex selections are applied, is estimated to be &, = 89.4 £ 0.3%.

(98.1 £0.3)% bb  (1.64 £0.03)% c&  (0.26 +0.01)% ut, dd, s§

Table 6.3: Sample composition after the lepton, the vertex, and the b-tagging selections are applied.

The sample composition in Z — bb or Z — u, dd, s5, cC is parametrized as a function of
the combined b-tagging variable Ny, on simulated events. An event-by-event signal purity
is defined from this parametrization and then used in the oscillation fit (Section 8.1.1).

6.5 The b — £ enrichment

The sign of the electric charge of the lepton candidate is used to identify the b (b) content
of the b-hadron at decay time. As explained in Section 3.1.2 (and Figs. 3.3, 3.4, and 3.5),
the presence of a negatively (positively) charged lepton is taken as a tag for a b-hadron
(b-hadron). However, a lepton is not guaranteed to be produced via a b — ¢ quark decay.
Cascade decays such asb — ¢ — £ and b — €T — £ are also possible. In the case of b — ¢ — ¢,
the charge correlation between the lepton and the b-quark is opposite to that of b — ¢ decays.
The process b — © — ¢ has the same charge correlation as the b — ¢. In this Section, a
method to statistically separate b — ¢ decays from the other decays is presented.

Several topological differences distinguish direct semileptonic decays from the rest. Eight
discriminant variables are identified here and combined with a neural network to obtain an
optimal separation between b — ¢ and b — ¢ — £ decays.

The lepton momentum and transverse momentum spectra are expected to be harder for
direct b — ¢ decays than for other decays. The energy of the neutrino determined as in
Ref. [84] (Section 6.7.1), is harder for direct semileptonic decays as well.

Some properties of the b-hadron jet which contains the lepton candidate are also consid-
ered. The decays of the type b — ¢ (B — wD) and b — ¢ — ¢ (B — WD(D — /vX)),
where D refers to either D°, D, D*, or D**, lead to significantly different jet topologies
which are exploited here. The boost of the b-hadron, however, tends to dilute some of these
differences. It is therefore more appropriate to study the separation in the rest frame of the
lepton and the charmed particle, referred as the (/D) rest frame in the following. All the
charged and neutral particles in the b-hadron jet (defined with the cone-based algorithm)
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are boosted back in the (¢D) rest frame. Two hemispheres are defined with respect to the
plane orthogonal to the lepton direction. In Fig. 6.16, a schematic of the effect of the boost
on typical topologies of b — ¢ and b — ¢ — £ events is shown.

a)
I .
v Boost 3
B / 00s > |

B % | Boost> |

Figure 6.16: A schematic of b — ¢ (a) and b — ¢ — £ (b) events topologies before and after applying

a boost to the (¢D) rest frame is shown. The plane used to define hemispheres in the (¢D) rest frame
is also displayed.

If no fragmentation particle were included in the b-hadron jet used to define the (¢D)
rest frame, the D and the lepton from the B — /vD decay would be, by construction,
produced back to back in this frame. In contrast, a lepton originating from the cascade
decay B — WD(D — /¢vX) is expected to be found close in phase space to the X system.
The variable Ecy is defined as the sum of energies of the particles in the lepton hemisphere
(except the lepton itself). A low value of FEcy is characteristic of a b — ¢ decay.

A second shape variable, Py, is designed to be sensitive to the two “directions of hadroniza-
tion” present in most of the b — ¢ — ¢ decays (one direction for the c-quark decay and the
other for the other b-hadron decay products), and not in b — ¢ decays. This variable is
defined as, Py = %, where Py is the sum of the parallel momenta of the particles in the
lepton hemisphere (with the (/D) rest frame definition) with respect to the lepton direction,

and P_ is the equivalent quantity for particles in the hemisphere opposite to the lepton.

The total charged energy of the b-jet, and the lepton energy, both computed in the (¢D)
rest frame, also discriminate between b — £ and b — ¢ — ¢ decays.

Finally, the signed impact parameter significance (see Section 5.5) of the lepton with
respect to the charm vertex is computed, with the sign given by the charmed particle flight
direction (Section 5.5). For events with two or more charged particles in the reconstructed
charmed meson, the charm vertex (Section 6.3.2) is used. The inclusive tertiary vertex is used
otherwise. The pull distributions for the two cases were checked, and the impact parameter
uncertainty was corrected for the observed deviations. In the first case, the correction factor
was found to be 1.19 and in the second 1.75. The lepton is expected to come prior to the
charm vertex for b — ¢ decays, as seen in Fig. 6.17, and therefore to have a negative impact
parameter significance.

The distribution of all the variables described above are shown in Figs. 6.18 to 6.21 for
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Figure 6.17: Schematic of the lepton impact parameter with respect to the charm vertex for a) a
typical b — £ decay configuration with negative impact parameter with respect to the charm vertex,
and b) a typical b — ¢ — ¢ decay with, on average, zero impact parameter with respect to the same
vertex.

events with a lepton candidate and a reconstructed secondary vertex. The simulated events
are divided in four categories: i) events in which the lepton originates from light-quark decays
or events in which a hadron is misidentified as a lepton, called “udsc and fake £7; ii) events
in which the lepton originates from a b — € — ¢; iii) events in which the lepton originates
from a cascade decay b — ¢ — /; and iv) the direct b — ¢ semileptonic decays. Agreement
between data and simulation is observed for all variables.
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Figure 6.18: Lepton variables used for b — £ enrichment. a) Lepton transverse momentum, b) lepton

momentum.

The b — ¢ enrichment variable combination was done with simulated By — ¢ events as
signal and By — ¢ — £ events as background, to obtain the best separation performance
for the By oscillations analysis. The neural network was trained with a simulated sample in
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Figure 6.19: Shape variables used for b — ¢ enrichment. a) Energy of the lepton hemisphere, with

the lepton excluded, b) normalized sum of the track momenta parallel to the lepton.

i — qq Monte Carlo a) i _ b)
H oo 5000 - — qq Monte Carlo
6000 - — udsc and fake | L
[ - L O udsc and fake |
[ b—=c—l [ _
t L z b—c |
5000 - m b—c-=l 4000 - o
r L m b-c-|
[ = b=l L
L L O b=l
4000 e Data L
[ 3000 e Data
3000 |- [
[ 2000
2000 |- L
[ 1000 -
1000 H
o e . o LI PP PO . A
0 2 4 6 8 10 12 0 0.5 1 1.5 2 25 3 35 4
Echarge (Gev) I—:I (Gev)

Figure 6.20: a) Charged energy of the b-jet, and b) lepton energy, both computed in the (¢/D) rest
frame.
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Figure 6.21: a) Neutrino energy, Eniss, and b) lepton signed impact parameter significance. For the
sake of visual clarity, the variable actually displayed is a function of the impact parameter significance
D/op as: log[1+ | (log(1+ |D/opl)) x sign(D)]] x sign(D).

which only the lepton and the vertex selection criteria were applied.

The distribution of Nyjtae, the combined b — £ enrichment variable, is shown in Fig. 6.22,
before and after the cut on Nyae. In both cases a reasonable agreement between the data
and the simulation is found.

A selection cut is applied on the Ny, variable, optimized to obtain the highest statistical
sensitivity for By oscillations. All events for which the probability for the lepton charge and
the final state b-quark flavour to have the same correlation to that expected in b — ¢ decays
is 50% or lower are rejected. The optimization is performed on simulated Bg decays and the
cut is set at Nypjgae > —0.5.

The performance of the b — ¢ enrichment on Z — bb simulated events are shown in
Table 6.4. The sample composition and b — ¢ purity is given for the lepton plus vertex
selected sample, after the b-tagging selection, and after both the b-tagging and the b — ¢
enrichment selections.

The performance of Nyjtae can be compared to that of a simple cut in the lepton transverse
momentum, as it was done in the previous analysis. The efficiency versus purity curve of
a b — £ decays selection is displayed in Fig. 6.23, for a sample where the lepton and the
vertex selection criteria are applied. The use of more information than the lepton transverse
momentum brings a sizeable improvement on the b — ¢ enrichment performance.

The mistag probability due to b — ¢ — £ decays is parametrized as a function of Nyitag,
and used event by event in the oscillation fit (Section 8.1.1) to increase the statistical power
of the analysis. This parametrization is done independently for the four types of b-hadrons
(Bs, Bg, BT, and b-baryons) because the b — ¢ — £ rejection performance is not the same
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Figure 6.22: Combined b — ¢ enrichment variable distribution, a) before the b-tagging cut, and b)
after the b-tagging cut is applied.

lepton—+vertex + b-tagging 4+ b — ¢ enrichment
b — ¢ purity on bb (67.5+0.3)%  (69.6 = 0.3)% (86.0 + 0.4)%
b — ¢ — £ fraction on bb (226 £0.1)%  (21.1+£0.1)% (9.7 +0.1)%
b — € — { fraction on bb (3.96 £ 0.05)% (3.71 £0.05)% (1.70 £ 0.04)%
other lepton candidates (5.94 +£0.06)%  (5.59 £ 0.06)% (2.6 +0.04)%
“correct” lepton sign fraction | (71.5 £0.2)%  (73.3+£0.3)% (87.7+£0.3)%

Table 6.4: Performance of the b — £ enrichment on Z — bb. In the last row, the fraction of events

in which the lepton charge has the “correct” correlation with the b-hadron flavour is indicated.

for all of them. Differences are also seen upon the vertex classes defined in Section 6.3.7,
and are taken into account. For illustration, the b — ¢ purity is shown in Fig. 6.24 for By
simulated events in different vertex classes.

6.6 Final selection

The b-tagging and the b — ¢ enrichment variables (Nptag, Npitag) are treated independently
in the previous two Sections, both for the cut definitions and for the parametrization of the
b and b — ¢ event-by-event purities. Although these variables are actually not independent,
a combined treatment was found not to bring a significant improvement, and it was dropped
for simplicity.



0.0 rinail selectioln 1V9

g 1
-
>0.9 |-
1) r
S i
‘Go.s [ b=l enrichment performance
hnt L
L L
0.7 - Nbltag
r Lepton py;
0.6 [
5 *  Working point
0.5 |
0.4 [
0.3 [
0.2 |
0_1:‘\‘\‘\‘\‘\‘\‘1‘
0.6 0.65 0.7 0.75 0.8 0.8 0.9 095 1

Purity Oses

Figure 6.23: Comparison of b — £ enrichment performance. The purity vs efficiency curve is displayed

for the lepton pr cut (dashed curve), and for a cut on the Nyjgag variable (full curve).

b —> | purity
o
©

©
©

-0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Nblwg
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The final event sample is defined by the lepton selection, the vertex selection, the b-hadron
selection, and the b — ¢ decays selection. After all these criteria are applied, 74026 events
are selected in the data. The sample composition is evaluated from simulated Z — qq events
as in Table 6.5.

(98.6 + 0.4)% bb  (1.15 +0.03)% cc  (0.25 +0.02)% uT, dd, s§

Table 6.5: Final Sample composition.

The selected b-hadron hemispheres are divided in four different classes according to the
process which originates the lepton candidate, as shown in Table 6.4.

The number of events selected in the data sample can be compared to the 79867 events
expected from the 7Z — qq simulated samples. An excess of 8% is found in the simulation.
No significant difference is observed between the electron and muon selections. Some of the
branching ratios for the production of b-hadrons have measured uncertainties of the order of
a few percent. The corresponding systematic uncertainties are discussed in Section 8.2. The
overall selection efficiency also depends on the average b-hadron lifetime, but the analysis is
to first order insensitive to that. From this point onwards in this Chapter, all data/simulation
comparisons are made with the number of events in the simulation normalized to that found
in the data.

The vertex class population is shown in Fig. 6.25; the data distribution is compared to
the expectation from the simulation. The fraction of By decays expected for each class is
shown as well (Fig. 6.25¢). A significant difference on the By fraction is observed between
the vertex classes, in particular, the 3 classes with an odd number of charged particles in the
charmed object have a By fraction close to 13%.

6.7 Proper time measurement

The proper time of the b-hadron at decay is computed as

t = Ilmp/psc, (6.4)

where [ is the decay length estimated as explained in Section 6.3.6, mp is the mass of the
b-hadron, (taken to be 5.3 GeV/c?) and pg is the estimate of the b-hadron momentum per-
formed as described in the next Section.

6.7.1 Momentum measurement
The b-hadron momentum is estimated from three ingredients, i) the energy of the lepton

candidate; i) the energy of the charmed particle; and i) the estimate of the neutrino
energy.
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Figure 6.25: a) Distribution of the events in the selected sample in the vertex classes. The simulation
histogram is normalized to the number of events selected in data.

b) Fraction of data selected events with respect to the simulation expectations for each class; some
class-to-class differences are seen, but are compatible with being due to statistical fluctuations.

¢) Fraction of By events in each class.

Charmed particle energy

The energy of the charmed particle, E, is estimated from a nucleated jet (Section 5.2.2)
clustered around the charged particles at the charm vertex until a mass of 2.7GeV/c? is
reached. Particles with momentum smaller than 0.5GeV /c are excluded because they are
more likely to come from fragmentation than from the b-hadron decay. This method was
already used in Ref. [10].

Neutrino energy

The energy of the neutrino, s, is estimated from the total energy and momentum con-
servation. If a neutrino in the lepton hemisphere is considered to be the only contribution to
the unmeasured momentum in the event, the following equation holds,

S m2 — m2
Emiss = i + —L -2 _El . (65)

The hemisphere masses m; are determined from the measured energies F; and momenta p;
(m? = E? — p_’iQ), where i = 1 denotes the lepton hemisphere, i = 2 the opposite hemisphere,
and /s is the centre-of-mass energy. This method was first used in ALEPH in Ref. [84].

The neutrino energy resolution obtained on b — ¢ simulated events is shown in Fig 6.26.
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Figure 6.26: Neutrino energy bias on b — £ simulated events. The distribution is fit with the sum

of two Gaussians, their fractions and widths are indicated on the plot.

The b-hadron momentum

Once the energy of the charmed particle and the neutrino energy are determined, the b-hadron
momentum is obtained as

PB = \/(Ec +Emiss +E€)2 - TnB2 3 (66)

where Fjy is the energy of the lepton.

The b-hadron momentum obtained with this method is found to have a bias with respect
to the true momentum, increasing with the measured neutrino energy. The estimate of the
charmed particle energy was optimized to obtain the best b-hadron momentum resolution
possible. However this optimization was performed independently of the neutrino energy, this
fact explains the bias observed. A correction is applied to account for this effect. Sizeable
differences on the bias are observed upon the vertex classes. A specific correction is therefore
applied to each of them. The typical dependence of the momentum bias on the neutrino
energy is shown in Fig. 6.27.

The improvement brought by the bias correction is shown in Fig. 6.28. The correction
reduces the global bias of the distribution and also improves the resolution.

The average relative momentum resolution for all selected events in a sample of simulated
Bs — £ events is shown in Fig. 6.28b: 60% of the events are found in a core with 6.4% relative
momentum resolution, and 40% in a tail with 20% resolution. However, these values are not
used for the oscillation fit. The momentum resolution cannot be measured event by event
and a parametrization is needed. The vertex classes are also used here to divide the sample in
phase space regions which contain events with similar properties. For each class, the sample
is divided in bins of lepton momentum. A double Gaussian fit is performed to the relative
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Figure 6.27: Average bias on the b-hadron momentum as a function of the neutrino energy.
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Figure 6.28: Relative momentum bias, a) before, and b) after average-bias correction. The distri-
butions are fit with the sum of two Gaussians. Their fractions and widths are indicated on the plot

along with the mean of the distributions.

momentum resolution distribution in each of these bins. The dependence of the widths of
these Gaussians on the lepton momentum is parametrized with a straight line.

The relative momentum resolution distributions for two classes are given in Fig. 6.29 for
illustration. Figure 6.29a contains events from a class with very good resolution (60% core
at 5% and tails at 13%) and Fig. 6.29b from another class with poor resolution (53% core at
7% and tails at 22%). With the parametrization explained above, a more refined treatment
of the events is achieved and the best 10% events in the first class are found to have a core
resolution of 4% and tail resolution of 8% (with core and tails in the same proportion of 60%
to 40%).
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Figure 6.29: Relative momentum resolution, a) vertex class 4, and b) vertex class 10. The dis-
tributions are fit with the sum of two Gaussians. Their fractions and widths are indicated on the

plot.

All corrections and parametrizations, both for the momentum measurement and for the
estimation of its uncertainty, were performed on By — ¢ simulated events.

6.7.2 Proper time

The estimate of the proper time for every selected event is obtained with Eq. 6.4 and the
estimates of the reconstructed decay length and momentum. The proper time distribution
for all selected events is shown in Fig 6.30, the simulation distribution is in agreement with
that of the data.

The estimate of the proper time uncertainty is obtained from the convolution of the decay
length uncertainty and the relative momentum uncertainty (Sections 6.3.7 and 6.7.1) as:

ot — ﬂ%my () 67)

The distribution of the estimated proper time uncertainty, oy, for the selected data sample is

shown in Fig 6.31.

6.7.3 Proper time efficiency

The vertex selection efficiency (Section 6.3) is a function of the decay length of the b-hadron
candidate. This dependence results in a non-flat proper time efficiency as a function of the
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Figure 6.30: Proper time distribution in the selected sample.
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Figure 6.31: Distribution of the uncertainty on the proper time in the selected sample.
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true proper time. The shape of the proper time efficiency needs to be taken into account
in the oscillation fit. To this end, it has been parametrized for each vertex class and each
b-hadron species.

As an illustration, the global (all vertex classes together) proper time efficiency as a
function of the true proper time is shown in Fig. 6.32 for By — ¢ signal Monte Carlo events.

1
0.8 B,—1 Proper time effifiency
0.6 |
0.4 -
0.2j\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘H\\\I
o 1 2 3 4 5 6 7 8 9 10

True proper time t (ps)

Figure 6.32: Proper time efficiency for By — ¢ simulated events, with the parametrization superim-

posed.

6.8 Kaon identification

The presence of kaon candidates is used in this analysis for the By enrichment (Section 6.9)
and for the initial state tag (Section 6.10). Charged and neutral kaons are used in the first
case, and only charged kaons in the second. In this Section, the procedure used for kaon
identification is explained. A jet clusterization with the JADE algorithm and yc, = 0.02 is
performed to obtain jets which contain all the b-hadron decay products and the fragmentation
particles closest in phase space with the b-hadron. In the Bg decay hemisphere, all kaons are
searched for inside the jet which contains the lepton and the charmed particle. This jet is
called “big” jet in what follows.

6.8.1 Charged kaons

Charged kaons are searched for in the two event hemispheres. In the By candidate hemisphere,
kaons issued from both the By fragmentation process and from its decay can be exploited
for flavour tagging and/or By enrichment. In the opposite hemisphere, only decay kaons are
relevant for flavour tagging.

Charged kaons are distinguished from other charged particles by their dF/dz measure-
ment in the TPC. The separation between fragmentation and decay kaons is done with the
same variables used for the general track separation (Section 6.3.2). However, for those events
where a charm vertex is reconstructed, the impact parameter significance with respect to this
vertex (rather than the tertiary vertex seed) along the charmed particle flight direction is
taken as a variable to measure its compatibility with originating from the b-hadron decay.
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A neural network is used to combine the dF/dz estimator with the track separation
variables. A different treatment is introduced for charged particles included in the charm
track selection and for the others. In the first sample, only decay kaons are expected, because
the contamination from fragmentation particles can be neglected. A special network is trained
on this track sample. In the case of tracks not included in the charm selection, the network is
trained to distinguish three track classes: charged kaons from fragmentation, charged kaons
from the By decay, and non-kaon particles. Both neural network trainings are performed using
tracks included in the “big” jet of By — £ selected simulated events. The combined estimator
distributions for fragmentation kaons, and for decay kaons in the charm track selection are
shown in Fig 6.33.
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Figure 6.33: Charged kaon estimators, a) for a fragmentation kaon, and b) for a kaon from the
b-hadron decay in the charm track selection.

The two estimators for the decay kaon are parametrized to obtain a probability for each
track to be a kaon from the c-hadron decay. This probability is the estimator used in the By
enrichment (Section 6.9).

For the opposite side hemisphere, a new estimator is built to identify kaons from the
decay of any b-hadron. The same set of discriminant variables is used, and the training is
done on unbiased b hemispheres.

6.8.2 Neutral kaons

Neutral kaons, Kg, both issued from the b quark fragmentation process and from the meson
decay, are searched for in the By candidate hemisphere. Only the reconstruction of Kg into
two charged pions is attempted.

In the event reconstruction, long-lived neutral particle candidates (V) are identified as
two oppositely charged particles, each of them incompatible with originating from the primary
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vertex, but compatible with being the decay products of a known neutral long-lived particle
originating from the primary vertex [66]. In each event, Kg candidates are looked for in the Vj
selection. Several variables distinguish a true from a fake Kg, their list follows. i) The mass
of the reconstructed neutral particle; i7) its distance of flight from the primary vertex; iii) the
x? of the fit of each pion with the primary vertex; iv) the x? of the Kg mass constrained fit;
v) the reconstructed Kg momentum; vi) the distance of closest approach between the helices
of the two charged pions; and vii) the angle between the reconstructed Kg momentum and
its flight direction. The distributions of all these variables, for V( candidates in data and
simulation are shown in Figs. 6.34 to 6.37.
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Figure 6.34: Kg estimators a) Kg reconstructed mass, and b) Kg distance of flight (the logarithm of
the distance is plotted).

Only Kg candidates with a reconstructed mass within 30 MeV /c? from the nominal value
(mks = 497.672 £ 0.031 MeV /2 [13]) are considered. The discriminant variables listed above
are combined with kinematical variables (estimators of the angle with the b-jet, and com-
patibility with the primary and tertiary vertices, as for the track separation described in
Section 6.3.2) to obtain an estimator for both fragmentation and decay neutral kaons. The
combination is performed with a neural network, the training of which is performed on Kg
candidates in By — ¢ selected simulation events. The combined neutral kaon estimator dis-
tributions for kaons issued from the b fragmentation process and from the b-hadron decay
are displayed in Fig. 6.38.

With a cut at zero on each estimator, 90% of the pion pairs selected are found to originate
from Kg’s. Out of those, 70% originate from the b-hadron decay in the case of the decay Kg
estimator, and 90% come from the b quark fragmentation in the case of the fragmentation
Kg estimator.
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Figure 6.35: The x? of the two decay pions with the primary vertex (the logarithm of the x? is
plotted).
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Figure 6.36: Kg estimators a) x? of the Kg mass constraint fit (the logarithm is plotted), and b) Kg

reconstructed momentum.
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Figure 6.37: Kg estimators a) angle between the momentum and the flight direction of the Kg
candidate, and b) distance of closest approach between the two pion helices.
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Figure 6.38: Combined neutral kaon estimators, a) for Kg from fragmentation, and b) for Kg from
the b-hadron decay.
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6.9 B enrichment

In an unbiased b-hadron sample only about 10% of the hemispheres contain a Bg [13]. The
sensitivity of the oscillation analysis can be improved through the identification of variables
which discriminate Bg from other b-hadron decays, and the evaluation, event by event, of the
probabilities that a given candidate belongs to each b-hadron species.

The By enrichment proceeds in two streams: i) variables related to the electric charge
and the charge particle multiplicity of the secondary and tertiary vertices distinguish charged
from neutral b-hadrons; i7) the presence of kaons among fragmentation and decay particles
distinguish By decays from the other b-hadrons. For the charged decay kaons, the charge
correlation with the lepton candidate is the best discriminant.

A set of discriminant variables is identified and combined with a neural network to obtain
an optimal separation performance. The description of the variables in the two streams
follows.

Separation between charged and neutral b-hadrons

The number of charged particles in the charm vertex distinguishes between neutral and
charged b-hadrons. With the assumption of perfect charged particle separation between
those originated from the b-hadron decay and the others, an odd number of charged particles
is expected in the charm vertex for neutral b-hadrons, and an even number for charged
b-hadrons.

A new charged particle separation variable is built, based on the same particle properties
as that described in Section 6.3.2. T'wo modifications are introduced to improve its perfor-
mance. On one hand, the neural network training is done exclusively on events which fulfil all
the selection criteria described in the previous Sections, and on the other, the impact param-
eter significance with respect to the charm vertex (if any) is taken as a variable to measure
the compatibility of a charged particle with originating from the b-hadron decay. If no charm
vertex is reconstructed, the impact parameter significance with respect to the inclusive ter-
tiary vertex is used, as in Section 6.3.2. This track separation variable is used to build a
set of “weighted” charm vertex estimators: the secondary vertex charge, the weighted vertex
multiplicity, and the charge weighted momentum. The definition of these three estimators
follows.

Nep

Vertex charge = ¢ wal qi (6.8)
i
Nch
. o . K2
Vertex multiplicity = sz‘ , (6.9)
i

Nen

Charge weighted momentum = ¢ Zwi Pt (6.10)

)

In the three expressions, Ny, is the number of charged particles in the hemisphere, w; is the
value of the track separation variable for the i-th particle (expected to be close to 1 for true
decay particles and close to 0 otherwise), p; is the momentum of the i-th particle, ¢; is the
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charge of the i-th particle, g, is the charge of the lepton, and the x; values are optimized to
obtain the best separation performance, (k1 = 1.6, ko = 2.2, k3 = 1.1). The vertex charge
is expected to be peaked at —1 for neutral b-hadrons (the charmed particle and the lepton
have opposite electric charge sign) and at zero otherwise. The vertex multiplicity is expected
to be concentrated around integer odd values for neutral b-hadrons. The charge weighted
momentum distribution is expected to have a negative mean for neutral b-hadrons, and to
be centred at zero otherwise.

The distributions of these variables in data and simulation are shown in Figs. 6.39
and 6.40. The fraction of By events in the simulation as a function of each variable is also

displayed.
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Figure 6.39: a) Number of charged particles at the charm vertex, and b) charm vertex charge

estimator.

Separation between Bg and other neutral b-hadrons

The presence of a kaon among the fragmentation particles is an indication of a Bg decay. The
fragmentation kaon can be charged or neutral. A variable is defined to identify charged kaons
and another for Kg issued from the fragmentation process. For the charged fragmentation
kaon, all tracks inside the “big” b-jet (Section 6.8) and not included in the charmed track
selection are considered. The track with the highest value of the fragmentation kaon estimator
(Section 6.8.1) is chosen and its estimator value is taken as a discriminant variable for the
Bs enrichment. A similar treatment is applied to identify neutral kaons. The distributions of
the fragmentation kaon estimators in data and simulation, and the fraction of By events as a
function of the these estimators, are shown in Fig. 6.41.

The decay products of a semileptonic Bs decay include, in most cases, two kaons from the
D7 decay, while the By decay products include typically a single kaon at most (apart from
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rare decays, thus not relevant here). The number of kaons found in the decay products of the
b-hadron therefore distinguishes By decays from other b-hadron decays. Moreover, charged
kaons from By decays have the same electric charge sign as the lepton, while in the case of
Bs decays approximately the same amount of charged kaons of each sign are expected. The
presence of a ¢ among the b-hadron decay products is a clear tag for a By decay. Finally,
these properties are addressed by the variables defined below.

- Largest charged kaon candidate estimator for kaons with electric charge sign opposite
to that of the lepton.

- Largest charged kaon candidate estimator for kaons with the same electric charge as
the lepton.

- Largest two neutral kaon estimators.

- Invariant mass of the best (according to the kaon estimator) oppositely charged kaon
pair formed to look for a ¢ candidate.

-0 =>,w; (1 —w;) the track separation estimator for the hemisphere, used as control
variable.

The distributions of all these variables in data and simulation, and the fraction of Bg
events as a function of the discriminant variables are shown in Figs. 6.42 to 6.44.
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Figure 6.42: Charged decay kaon estimators, a) kaon with charge opposite to that of the lepton, and
b) kaon with the same charge as the lepton.

The above twelve variables are combined with a neural network. The training is performed
with Bg — ¢ events as signal, and b — ¢ decays, where the b quark forms any other b-hadron,
as background. The distribution of the combined variable, Nepricn in data and simulation is
shown in Fig. 6.45.
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Figure 6.45: Combined enrichment variable.

A disagreement between data and simulation is seen the N distribution. A deficit
of simulated events in the region mostly populated by BT mesons is observed. Although the
biggest discrepancy between data and simulation in the input variables is seen in the charged
decay kaon estimators (Fig. 6.42), a problem with the kaon identification is not expected to
differentiate between charged and neutral b-hadrons. The explanation must therefore involve
the charge estimators. All input charge estimators (Figs. 6.39 and 6.40) used to separate
neutral from charged b-hadrons show some disagreement between data and simulation. In
all cases, this disagreement favours the hypothesis of having less charged b-hadrons selected
in the simulation than in the data.

The secondary vertex charge variable (Fig. 6.39b) was used to fit the amount of charged
and neutral b-hadrons seen in the data sample selected. This distribution obtained from the
simulation was found to fit nicely the data if the fraction of charged b-hadron was increased
by 8%. All the variables which distinguish charged from neutral b-hadrons show a better
agreement data/simulation with this adjustment. The distributions of the charge estimators
with the correction applied are shown in Figs. 6.46 and 6.47.

The distribution of Neya, after this correction (Fig. 6.48) still shows some deviation,
which is however reduced by more than a factor of two with respect to the original one. This
residual discrepancy is probably due to differences in shape for the variables that distinguish
Bs decays from the other neutral b-hadrons (in particular for the charged kaons estimators).
The effect of a difference in shape on the event-by-event estimated Bg purity is smaller than
the effect of a bias in the selection efficiency. A possible systematic effect due to the residual
discrepancy is estimated by removing the weights which re-adjust the charged-to-neutral ratio
(Section 8.2).
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Figure 6.46: a) Number of charged particles at the charm vertex and b) charm vertex charge.

Simulated events are reweighted to increase by 8% the BT population, as favoured by the data.
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Figure 6.47: a) Charm vertex weighted multiplicity, and b) charm vertex charge weighted momentum.
Simulated events are reweighted to increase by 8% the B™ population, as favoured by the data.
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BT population, as favoured by the data.

The By enrichment estimator is used event by event to get the probability for the candidate
to be a By, Bq, B, or b-baryon decay. In Fig. 6.49 the probability of each b-hadron species is
shown as a function of the enrichment estimator. For approximately half of the event sample
(Nenrich > 0) the By purity is estimated to be higher than the average 10%. For 17% of the
events (Neprich > 0.4), it is 20% or higher. The effective increase of the By purity on the
whole sample is evaluated to be ~ 25%.

6.10 Initial state tag

The By oscillation analysis requires the determination of whether the selected b-hadron con-
tains a b or a b quark at production time. This determination is achieved with a study of
the properties of the whole event, with the exclusion of the lepton candidate and the other
b-hadron decay particles.

Properties of the hemisphere opposite to the semileptonic decay are used to determine
the b/b content of the b-hadron produced together with the By candidate, and thus to
indirectly determine the production state of the By candidate. The same side hemisphere
carries information on the fragmentation process which produces the By candidate, and can
also be used in the initial state flavour determination.
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6.10.1 Opposite hemisphere

The hemispheres opposite to the B; — ¢ candidate are unbiased b-hadron decays. Therefore
a “general purpose” method for flavour tagging has to be used. The method described here
was developed to study By oscillations and CP violation in the By system [85].

The calculation of the flavour estimator starts with the jet reconstruction. The JADE
algorithm is used with a jet-resolution parameter ., = 0.02. The jet which includes the
selected By — £ candidate is identified and the jet which forms the highest invariant mass
with this By jet is selected in the opposite hemisphere. The b-hadron decay vertex is searched
for with a topological vertexing algorithm (either VNFIT or QVSRCH). This vertex is con-
strained to be on the axis of the selected jet in the hemisphere. Each track is then assigned
a relative probability P, that it originates from the secondary vertex.

The JADE jet definition with yc, = 0.0044 is used to estimate the b-hadron flight di-
rection. If more than one jet is found in the hemisphere considered (opposite to the Bg
candidate), the b-jet candidate is chosen on the basis of the kinematic properties of its tracks
and/or the presence of lepton candidates. The leading track of the b-jet candidate is used
as a seed for BTCONE. The resulting jet axis is taken as an estimate of the b-hadron flight
direction. In two-jet events (with Section 6.2 definition), the thrust axis is chosen instead.
The uncertainties on the reconstructed angles are parametrized as a function of the jet mo-
mentum. A second estimate of the direction is taken as the vector joining the primary and
secondary vertices, and its uncertainty is parametrized as a function of the measured decay
length. The two estimates are averaged using their parametrized uncertainties, and the result
is taken as the final b-hadron flight direction.

The b-hadron flight direction described above is used to build a track separation estimator
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similar to that described in Section 6.3.2, but optimized on unbiased b-hadron decays. The
estimator is converted to a probability Pge. that a track originates from the secondary vertex.

The opposite side tag is built to have similar performance for all b-hadron decays. How-
ever, the charged particle distribution in an b-hadron decay hemisphere depends on the
b-hadron type (BT, B, or b-baryon). A variety of charge estimators tailored to the different
b-hadron decays present in unbiased hemispheres are combined with information intended to
differentiate between charged and neutral b-hadron decays.

A set of nine variables sensitive to the b-hadron charge are used for the opposite side tag.
Two jet charge estimators are defined using all tracks in the hemisphere.

_ ZZ ql(ﬁz : JJ)H

@ S (B - dy)~

. k=051, (6.11)

where ¢; and p; are the charge and momentum of the i-th track, and d_:] is the b-hadron flight
direction. The jet charge is expected to have a negative (positive) mean for generic b (b)
-hadrons. Two secondary vertex charges, one weighted with each track momentum along the

b-hadron flight direction, are defined on the whole hemisphere

Qvtx = Z Psech ) (612>

 Plocai (B - dy)”
Qv = ZZPS?Cq(f’ ) . k=03, (6.13)
Ei Péec(pi : dJ)K

The weighted secondary vertex charge is expected to have the same correlation with the

b-hadron flavour as the jet charge. The pure secondary vertex charge distinguishes between

neutral and charged b-hadrons. For charged b-hadrons, it is also sensitive to the b (b) content.
The weighted primary vertex charge, defined as

Si(— Plec)aii - dy)”
Zz(l - ,Psiec)(ﬁi : dJ)K
which also includes all tracks in the hemisphere. For charged b-hadrons, the primary vertex

charge has the opposite charge correlation with the b quark, than that of the secondary
vertex charge. For neutral b-hadrons, the primary vertex charge is especially important, as

Qpri = k=1.0 s (614)

the secondary vertex charge provides almost no information.

Apart from the hemisphere-based charge estimators defined above, the total charge of the
jet is also used. It is defined as Qtot = >_; ¢i, where 7 runs over the charged particles in the
b-jet. It is expected to have the same charge correlation with the b-hadron charge as the jet
charge estimators.

The b (b) content of the b-hadron can also be estimated with p) - ¢, where p is the
longitudinal momentum with respect to the b-hadron flight direction of the leading particle in
the b-hadron hemisphere, and ¢ the sign of its electric charge. Identified leptons (Section 5.3)
and kaons (Section 6.8.1) are also used, if present.

The variables described above are combined, together with a set of control variables
(cos Ognurst, the charged particle multiplicity, the combined track separator estimator for the
hemisphere, the reconstructed b-hadron momentum, the reconstructed decay length, and the
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lepton momentum, in the case a lepton was found) with a neural network to obtain the
combined opposite side tag variable. The distribution of this variable for the selected data
and simulation samples are shown in Fig. 6.50.
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Figure 6.50: Opposite side initial state tag variable.

The effective mistag probability (defined in the next Section) for the opposite tag estima-
tor in generic hemispheres is 7.g = 29%.

6.10.2 Same hemisphere

On the By candidate hemisphere, flavour estimators are built as insensitive as possible to
the decay products. The estimators can be divided in two types, i) primary vertex charge
estimators, and #i) a charged fragmentation kaon estimator. In the first case, the estimators
are built to be sensitive to the overall charge of fragmentation particles in the hemisphere
of the By candidate. If the fragmentation kaon produced together with the By candidate is
electrically charged, the charge sign is correlated with the b flavour of the By at production.

Five different estimators of the primary vertex charge are defined. Three of them use
all tracks in the “big” b-jet weighted with their probability to be b-hadron decay products
(defined as explained in Sections 6.3.2 and 6.9). The other two use tracks inside the same
b-jet after the exclusion of the selected ¢ tracks. These estimators are defined as

PV Charge,; = vajet(l _wi)QiPZ‘ £ = 0,061, (6.15)
PV Chargec excl — Zivjﬂ qi p’?H K= 07 0.3 ) ‘

where Nje; is the number of charged particles in the “big” b-jet, ¢; is the charge of the
i-th particle, i is the i-th particle momentum projected on the reconstructed b-hadron
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flight direction. The k values have been optimized to obtain the best overall separation
performance.

The distributions of these five estimators are shown in Figs. 6.51 to 6.55. On the left
(a) plots, the variable distribution is shown for all selected events, the data distribution is
compared to that of simulated events; on the right (b), the variable distribution for By — ¢
and By — ¢ simulated events are shown.

8000

L a) [ b)
[ — 0qg Monte Carlo 12000 - _
7000 [ L
r O udsc B,
'~ b hadrons oo | m B

6000 |-
- = b hadrons

[0 AllBg

5000 -
r e Data

8000

4000 [ H
r 6000

3000 |
4000
2000 |

S 2000
1000

Weighted Primary Vertex Charge «=0. Weighted Primary Vertex Charge «=0.

Figure 6.51: Weighted primary vertex charge with x = 0. a) For all selected events in data and
simulation, and b) for By — £ simulated events.

Charged fragmentation kaons are looked for in the selected events within particles in the
“big” jet but not included in the c track selection. If their fragmentation kaon estimator
(Section 6.8.1) value is positive, this value multiplied by the electric charge of the kaon
candidate track is taken as fragmentation kaon variable for the flavour tagging. The variable
is set to zero otherwise. The distribution of the charged fragmentation estimator used here
is shown in Fig. 6.56a for the selected data sample, and in Fig. 6.56b for By — ¢ and By — /¢
simulated events.

In addition, some control variables are used, i) the measured decay length [; i) the
measured momentum pg; and iii) o = Y, w;(1 — w;) which estimates the quality of the track
separation.

An additional variable, not specific to any of the two hemispheres, is considered. The
polar angle of the event thrust axis is used as a global flavour estimator profiting from the b

forward-backward asymmetry. The distribution of the signed thrust polar angle is shown in
Fig. 6.57.
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Figure 6.52: Weighted primary vertex charge with k = 0.6 . a) For all selected events in data and

simulation, and b) for By — ¢ simulated events.
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simulation, and b) for By — ¢ simulated events.
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Figure 6.56: Charged fragmentation kaon estimator. a) For all selected events in data and simulation,
and b) for By — ¢ simulated events.
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6.10.3 Flavour tag performance

The variables described in the previous Section are combined together with the opposite side
flavour tag variable (Section 6.10.1) to obtain the combined initial state tag estimator. The
combination is done with a neural network trained to distinguish By — ¢ from By — ¢. The
same side discriminant variables are sensitive to the true b-hadron species of the By decay
candidate. The charged fragmentation kaon is only expected to be found in the case of a
B,/Bs decay. In the case of B*/~ decays, the primary vertex charge is expected to have a
correlation with the production flavour opposite to that found for Bq/Bg or Bs/Bs.

The distribution of the combined initial state tag variable, s, is shown in Fig. 6.58a for
the selected sample, and in Fig. 6.58b for By — ¢ and By — ¢ simulated events.
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Figure 6.58: Initial state tag combined variable. a) For all selected events in data and simulation,

and b) for By — ¢ simulated events.

Events with N;; < 0 are considered as originating from a b-quark. This initial state
flavour is compared to the electric charge of the lepton, if Nig < 0 and the lepton charge
is positive (negative), or if Niz > 0 and the lepton charge is negative (positive), the event
is labeled as “unmixed” (“mixed”). This tag is used in Chapter 8 to define the probability
density function to be used for each event.

The initial state tag variable, Ni, is translated to an event-by-event mistag probability
to be used in the oscillation fit (Section 8.1.1). For By — ¢ signal events, N, is calibrated as
shown in Fig. 6.59. Therefore, no particular parametrization is needed.

The effective mistag probability is defined as

_ 2 T
Tett l i 12;er i ] . (6.16)
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Figure 6.59: Calibration of the Initial State tag variable for Bs — £ simulated events. The slope of

the straight line fit and the offset at Niz = —1 are given.

The distribution of the discriminant variable Njs is divided in bins, n; is the fraction of
wrongly tagged events in each bin, and NZ-T is the total number of events in each bin. The
effective mistag is used to measure the effective statistical significance which results from the
tagging variable. On By — £ events it is evaluated to be ne.g = 24% (while the average mistag
probability is nave = 28%).

The mistag probability needs to be parametrized as a function of the tagging variable for
the other b-hadron species. The global (all vertex classes together) calibration curves for By,
BT, and b-baryons are shown in Fig. 6.60.
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Figure 6.60: Calibration of the Nis variable for: a) Bq, b) BT, and ¢) b-baryons. The slope of the
straight line fit and the offset at NV;; = —1 are given.
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None of the curves in Fig. 6.60 is a perfect straight line with slope 0.5 and zero offset at
Nis = —1, as in the case of By — £. The worst performance is observed for BT. It is due to the
opposite correlation between the primary vertex charge and the b-hadron flavour of B* with
respect to Bg. The fact that the initial state tagging performance for the other b-hadrons
is not optimal is not a problem for the By oscillation analysis. However the parametrization
of the performance has to be done carefully not to affect the analysis result, a detailed
parametrization is performed for each b-hadron species. In particular, it has been seen that,
in the case of Bq mesons, the performance of the tagging depends on the measured proper time
of the meson. The slope of the calibration curve is below 0.4 at low proper time (¢ < 0.6 ps)
and above 0.45 for high proper time (¢t > 3 ps). This effect is taken into account in the event
characterization used for the oscillation fit.
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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
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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 8.10: 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.
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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.



G.9 Iesults witil suppilemernttary evelil seiections 1090

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.

10

World Combination

—Alog(L)

Minimum at 17.3 ps'1
Depth 2.7

'
N
N

2 4 6 8 10 12 14 16 18 20
-1
w (ps™)

o

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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