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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)



4.4 'Nenomenology ol b mixing ana oscCiilations

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.



.0 D IMIXing peyoina tie standadara vioae€l 14

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.






