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Abstract

HE Belle experiment is located in the KEK research centre @gapad is primarily

devoted to the study of CP violation in tlB2meson sector. Belle is placed on the
KEKB collider, one of the two currently running8‘meson factories”, which produd@B
pairs. KEKB has created more than 150 million pairs in taalorld record for this kind
of colliders. This large sample allows very precise measergs in the physics of beauty
mesons. The present analysis falls within the frameworkedé precise measurements.

One of the most remarkable phenomena in high-energy phigstbg ability of weak
interactions to couple a neutral meson to its anti-mesothignwork, we study th&°-B°
meson coupling, which induces an oscillation of frequefigy; we can measure accurately.
Besides the interest of this phenomenon itself, this measeint plays an important role in
the quest for the origin of CP violation. The standard modedlectro-weak interactions
does not include CP violation in a fully satisfactory way.eT$earch for yet unexplained
physical phenomena is, therefore, the main motivation ®Bélle collaboration.

Many measurements afimy have previously been performed. The present work, how-
ever, leads to a precision a@nimy that has never been reached before. This is the result of
the excellent performance of KEKB, and of an original applothat allows a considerable
reduction of background contamination from unwanted estefitis approach was already
successfully used by other collaborations, in slightlyedent conditions than here.

The method we employed consists in the partial reconstmuaf one of theB mesons
through the decay channBf — D*(D°r) £v,, where only the information on the lepton
¢ and the pionr is used. The information on the othBrmeson of the initiaBB pair is
extracted from a single high-energy lepton. The availabtaple ofB°B° pairs thus does
not sufer from large reductions due to complete reconstructions,does it ster from
large charged® mesons background, as in fully inclusive analyses.
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We finally obtain the following result on the 150 million psiir
Amy = 0.513+ 0.006+ 0.008 ps?,

where the first error is statistical, and the second systemat



Résumeé

9 EXPERIENCE Belle, située dans le centre de recherche du KEK, au Japon, est
consacrée principalement a I’étude de la violation de CP dans le systéme des
mésons B. Elle est placée sur le collisionneur KEKB, qui produit des paires BB.
KEKB, l'une des deux « usines & B » actuellement en fonction, détient le record
du nombre d’événements produits avec plus de 150 millions de paires. Cet échan-
tillon permet des mesures d’une grande précision dans le domaine de la physique du

méson B. C’est dans le cadre de ces mesures de précision que s’inscrit cette analyse.

L’un des phénoménes remarquables de la physique des hautes énergies est la
faculté qu’a l’interaction faible de coupler un méson neutre avec son anti-méson.
Dans le présent travail, nous nous intéressons au méson B® couplé au méson EO,
avec une fréquence d’oscillation Amy mesurable précisément. Qutre la beauté de ce
phénomene lui-méme, une telle mesure trouve sa place dans la quéte de ’origine de
la violation de CP. Cette derniére n’est incluse que d’une fagon peu satisfaisante
dans le modéle standard des interactions électro-faibles. C’est donc la recherche de
phénomeénes physiques encore inexpliqués qui motive en premier lieu la collaboration
Belle.

Il existe déja de nombreuses mesures de Amy antérieures. Celle que nous pré-
sentons ici est cependant d’une précision encore jamais atteinte grace, d’une part,
a l'excellente performance de KEKB et, d’autre part, & une approche originale qui
permet de réduire considérablement la contamination de la mesure par des événe-
ments indésirés. Cette approche fut déja mise a profit par d’autres expériences, dans

des conditions quelque peu différentes de celles de Belle.

La méthode employée consiste a reconstruire partiellement 1'un des mésons dans
le canal B® — D*(D%r) £v; en n’utilisant que les informations relatives au lepton ¢

et au pion m. L’information concernant ’autre méson de la paire BB initiale n’est



RESUME

tirée que d’un seul lepton de haute énergie. Ainsi, ’échantillon & disposition ne
souffre pas de grandes réductions dues & une reconstruction compléte, tandis que
la contamination due aux mésons B chargés est fortement diminuée en comparaison
d’une analyse inclusive.

Nous obtenons finalement le résultat suivant sur les 150 millions de paires :
Amg = 0.513+ 0.006+ 0.008 ps?,

la premiére erreur étant ’erreur statistique et la deuxiéme, ’erreur systématique.
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Introduction

ORE than twenty years ago, ttf®&tandard Model of electro-weak interactiosarned
M a Nobel Prize to S. Glashow, A. Salam and S. Weinberg. Thisehisdtill used to
describe most of the interactions between elementarycpestiin particular those responsi-
ble for mixing Precisely measuring mixing, thereforéfavs a way to improve this model,
or perhaps disprove it. We shall explain this in more detaiEhas simply as possible.

The Standard Model

The model of Glashow, Salam and Weinberg is part of a morergefstandard model’
used in particle physics to help answer two fundamentaltmressabout matter: “What is
matter made of?” and “How does it hold together?”.

It was already discovered a long time ago that atoms are eotezitary: they are
made of electrons, protons and neutrons. As far as physikigiw today, electrons are
elementary particles and belong to a family of lggtons(Aértov means “light” in Greek).
Protons and neutrons, however, are composite particles ofaglementary bricks we call
quarks

Quarks and leptons may be classified according to their ehangl mass. Because
nature seems to like order and symmetry, they appear in theseerations” of increasing
mass, as shown in Table 1 on the following page. In additieneé&ch lepton or quark there
exist an anti-lepton or an anti-quark with same mass andsigpcharge. Altogether, this
represents 24 elementary bricks of matter.

Quarks appear either by triplets or in association with aiguark. Composite par-
ticles made of three quarks are callearyons(3spuc means “heavy” in Greek), while the
combination of a quark and an anti-quark islxason These combinations allow an amaz-
ing variety of particles. For example, the proton is madenaf tt quarks and ond quark,
whereas the neutron is made of anquark and twal quarks.

1



INTRODUCTION

TABLE 1 — Elementary constituents of matter.

‘ Charge‘ Particles H Anti-particles‘ Charge‘
2

+§ u C t u C t -3 .
Quarks 1 —| | = 1 Anti-quarks
-3 d S b d S b +§
“lle |u |7 ||le |ut | | +1 _
Leptons N I Anti-leptons
Ofve | Vul| Vel Vel | e 0

There are four interactions holding things together: gyaelectromagnetism, strong
force and weak force. These forces are enabled by the exehaihgediator particles,
the intermediate bosonsThe strong force, which binds quarks together, is mediatied
gluons. The charged bosoWé"™ andW-, and the neutral bosaf mediate weak interac-
tions, which mainly appear in nuclear decays. The electgmatic force, which appears
in everyday-life phenomena, is mediated by photons. BingHavity may be mediated
by gravitons, yet to be observed. Table 2 gives the list aradtions and corresponding
mediators.

TABLE 2 — Fundamental interactions.

Interaction Mediator
Gravitation GravitonG
Electromagnetism Photony
Weak force W= andZz°
Strong force Gluonsg

Mixing and weak interaction

Weak interaction is of paramount importance in this work.ntCary to all other interac-
tions, it may couple quarks offilerent generations. The quéasKor instance, may “decay”
weakly into a quarld, although it preferentially decays tdosa This phenomenon is called
quark mixing

As already mentioned, quarks never come alone. In the caseutfal mesons, quark
mixing has remarkable consequences. Let us consider fonmgathe neutraB meson,
made of oned and one antb: B® = (dE). Thanks to weak interaction, tH&? is coupled
to its anti-particle, made of one antiand oneb: B° = (db). This leads to a particle—anti-
particle oscillation. As a result, we cannot measure thesnoéishe BY or the B® alone,

2



INTRODUCTION

but rather the mass of mixtures Bf andBP. Oscillation then gives birth to two states of
definite mass, but with mixed quark content. The mafsidince between these two states,
we write Amy, proves to be equal to the frequency of this oscillation.

Amy, the quantity we measure in this work, is thus linked to onthefmost puzzling
features of weak interactions.

CP violation

There is yet another striking feature of weak interactioeswust mention here. Table 1 on
the facing page shows how important symmetries are in phy$ne of the most funda-
mental symmetries one could expect to see in nature is tiielpaanti-particle symmetry.
It seems, indeed, th&° is called aranti-B® by mere convention. At a macroscopic level,
however, we know that matter, which is made of particles, letaly dominates over anti-
matter, made of anti-particles.

The operation that mathematically transforms a partidie its anti-particle is called
“CP”. The observed asymmetry between matter and anti-mitpiires violation of CP
by some physical process. And, indeed, it was observed, alé®ades ago, that weak
interactions do not conserve CP [1].

In the Standard Model, CP violation is accommodated by a emasitical object called
the CKM matrix Since it is the only place that holds such an important phemwn as CP
violation, the CKM matrix is one of the favourite probes oétStandard Model. Precise
measurements of its elements may shed light on the originFotiGlation, by revealing
new physical phenomena.

The measurement dfimy enters this “quest” for CP violation in a two-fold way: first,
as an input for many precise measurements of CP-violatingegsses; second, because
Ay is directly related to one of the CKM elements that primairigiude CP violation.

About this work

This work was achieved within the Belle collaboration. Thall® detector, located at the

KEKB collider in Tsukuba (Japan), is mainly devoted to thedgtof CP violation in the

B meson sector. KEKB produces pairsBB° mesons at a rate never reached before, thus

providing an outstanding environment Biphysics, including CP violation and mixing.
Several techniques have already been used to measwat Belle¢. They fall into

two categories, hamelyclusiveand exclusivereconstructions oB mesons. The former

1See [2] for a review of measurements at Belle
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category includes the dilepton analysis, which is wellskndor its unsurpassable amount
of statistics. The dilepton analysis, howeveffsts from significant systematic uncertain-
ties due to a large background contribution, whereas exelahalyses have a much better
background rejection, but also a much smaller amount ofablai data.

There is hope to purify the dilepton sample while retainingngnof its nice features.
The total semi-leptonic branching fraction of the neuBameson is 10.5% (electron or
muon), of which 36% obey the following cascade:

B — D* ¢y,

D*— D%~ )

The charged pion has a very low momentum in Bierest frame, so its measured 4-
momentum can be used to calculate an approximate 4-momesftthe D*. Because no
similar decay exists at first order for chargBanesons, this soft pion “tag” allows a great
reduction of the charge® background. This method was first used in time-integrated
mixing studies by the CLEO collaboration in 1983; it was tlapplied by the BBar
collaboration to time-dependent mixing measurementschviémained at a preliminary
stage (see References [3—6]). This work, however, waspeefthon a much larger sample
of neutralB mesons, thanks to KEKB'’s excellent operation.

We first introduce the theoretical framework underlying imixmeasurements (Chap-
ter 1). The experimental tools are described in Chapter 2 Ia$t two chapters mainly
describe the contribution of the author, namely, eventnistraction and extraction @fimy
from the data. The results are finally summarised and disduss

Addendum

There has been a long way from Lausanne to Tsukuba. More théfithis way was
spent among the LHCDb collaboration at Cern, in the developrokthe “inner tracker” of
the LHCb experiment. This very enriching work is briefly geted in Appendix A.

La preuve scientifique [...] s'affirme dans I'expéri-
ence aussi bien que dans le raisonnement, a la fois
dans un contact avec la réalité et dans une référence

a la raison.

— G. Bachelard, Le nouvel esprit scientifique, Introduction



Chapter 1

The theoretical framework

HE theoretical tools necessary to understand the experitestalts of this work are
T introduced in this chapter. We first give the formalism oftigég mixing in quantum
mechanics. Predictions in the context of the Standard Madethen given and applied to
the analysis method used here

“Note & ndoa didvola ] mponctixy| 1 mounTLx)

7} Jewpnu, 1) puowd) Yewpntua Tic dv &,

— Aristotle, Metaphysics, 1025b

1.1 B° - B°mixing

The|Bg> and|§8> states of neutraB mesons are eigenstates of the strong and electromag-
netic interactions, with definite flavour content. Sincehbioteractions conserve flavour,
oscillation from one state to the other can only occur thirowgak interactions, which are
also responsible for the decay B} andBj.

The time evolution of a general staggt)) is greatly simplified if one uses the Wigner—
Weisskopf approximatioris the initial state is a pure combination @) and|BS); time-
dependent decay rates to common final states are disreg#ndditne scale is much higher

1This chapter is mainly based on References [7—-9]
2Developed for the calculation of natural line width in lighthission by atoms [10, 11].

5



CHAPTER 1 — THE THEORETICAL FRAMEWORK

than the typical strong-interaction scale. The wave famctiescribing the} — B} system
then takes the following form:

(1)) = a(t)|BY) + b(t)IBY) (1.1)

and satisfies the simplified Schrodinger equation:

t t
Jfat ) g a0 (1.2)
at\ b(t) b(t)
Because of the above approximations, the22matrixR is not hermitian. It may, however,
be written in terms of a dispersive and an absorptive part:

R=M - ér, (1.3)

whereM, the mass matrix, anH, the decay matrix, are hermitian. Virtual intermediate
states contribute t, while physical decay channels commonB@ and §8 contribute
tol.

1.1.1 CPT invariance

CPT invariance follows from very general properties of duanm field theory, such as
Lorentz invariance. It is therefore usually assumed that @&Pa good symmetry of na-
ture. On this assumption the diagonal elementsiadndI” are equal, and Equation (1.2)

becomes:
o[ a(t) _ Mg M2 L I's T2 . a(t)
la(b(t)]_[( Mz, Md] Z(F;Z rd] ( ) (1.4)

b(t)
The eigenvalues of thefective HamiltoniarR are then given by:

As = (Md - érd) + %(Mlz - %Flz), (1.5

with the corresponding physical eigenstates:
B.) = pIBY) + d[BY), (1.6)

where the cofiicients obey the normalisatidp® + |g°> = 1. Since theB,) states have
definite mass, they can be labell@&},) for the heavier state anj@,) for the lighter one.
We then define:

AMg = my —mg, m:w a.7)
Ty+T
ATg= Ty-T,, T = H; L (1.8)



1.1. B - B° mizing

With these conventions, we have:

M, — LI
9 — 12 ? 12 (19)
p M1z — 512

Amy andAT q are also related to thefediagonal matrix elements:

1

Amg? - ZATG = 4IMgal® - [T15° (1.10)
AMyATy = —4R(Mpl3,) (1.11)
1.1.2 CP invariance
The CP operation transforni?) into [BS):
cPB) = €[BY) (1.12)
CPB) = e*|BY), (1.13)

where¢ is an arbitrary phase. CP conservation imphds, = e M,, andl], = eZ’fFlz,
or, from Equation (1.9):

2
‘%‘ —1 (1.14)

In other words, CP violation in the mixing may be quantifiedthy diference:

1- ‘— , (1.15)
p
which vanishes if CP is conserved.
1.1.3 Time evolution
The time evolution of the mass eigenstates is simply given by
IBu,L(t)) = e Mitte ThitiZiBy, ) . (1.16)

From this equation and Equation (1.6) on the preceding paggetithe time evolution of
initially pure (tagged)BS) and|BY) states:

IB3(1))

9. ()IBY) + %g_(t)|§8>

B = g.(OEY + gg_(t)|83> (1.17)
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where: 1
_ —1d,t —1A_t
9:(0) = 5 (et zet). (1.18)

The time-dependent mixing probability is then given by:

(BYBY)[°

PP 2_‘9’22” Alg)
‘q’ lg-(t)|° = al 2 cosh 2t cos(Amy t)

4 J—
‘%‘ IGEIOR (1.19)

while the probability of remaining unchanged values:

AT _
KBYBYO = I, ()2 = e? [cosh(Tdt) + cos(Amdt)] = [BYBY . (1.20)

1.2 Mixing in the Standard Model

1.2.1 The CKM Matrix

Quark mixing is accommodated in the framework of the Stashtdwdel by the Cabibbo—
Kobayashi—-Maskawa (CKM) unitary matrix [12, 13], which oects the weak eigenstates
(d’, §,b’) to the corresponding mass eigenstates:

d Vud Vus Vu b d
S’ = Vcd VCS Vcb S . (121)
of Via Vis Vip b

=Vekm

The charged current has the following form:

d u
MW =W (G CTyVorm | s |+ W, (d, SDY Vi, | © (1.22)
b t

The unitary condition and an appropriate choice of relagiuark fields phases reduce the
parameters of/ckm to three angles and one phase. The most commonly used paramet
sation, introduced by L. Wolfenstein [14], expresses th&imalements in terms of powers

8



1.2. Mixing in the Standard Model

1- %/12 A A/l3(p —1m)
Vekm = -2 1-32 A2 |+0(1Y). (1.23)
ABL-p—m) -AL? 1

From the expression of the charged current (1.22) on thedagage, it can be derived
that CP conservation in quark weak interactions requireslemnents ofVckm to be real.
In other words, CP violation may occur in the Standard Motlahd only if there exist
irreducible complex phases in the CKM matrix. Historicatlye third generation of quark
was exactly introduced by Kobayashi and Maskawa to allowCiBrviolation in the Stan-
dard Model. The above parameterisation shows that, up torther 13, Viq andVy, are
responsible for CP violatich

1.2.2 Mixing amplitudes

In the Standard ModeB - BY mixing is described at lowest order by box diagrams in-
volving up-type quark loops (see Figure 1.1). The contring from the three dierent
quark types are quantified by, = V’, V.4, wherea is up, charm or top. The unitarity of
the CKM matrix implies:

This relation can be used to replace up-quark loops coniwitiin terms of charm and top
quarks contributions, assuming, = 0. Further, we can use the fact tmat~ my > m to
neglect functions ofré/mg,. The dispersive part of the box diagrams, which corresponds

3This is not true at higher orders. For examplg,also contributes at order.

w
— W o

B t t B B w w B’
——— VW —m— < ~
d w b d t b

F1cure 1.1 — Dominant box diagrams for33— Eg oscillations. Other diagrams have
u or ¢ quarks instead of t.
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to M1, then reduces to:

% O((dh 1 70 +\2
M1 12 (Bgl(dy*yLb)(dy,yLb)[By)neSo (mtz/mgv) (th td)

G2 Bgf?2
—%UBSO(MZ/W@) (Vv (1.25)

whereGe is the Fermi coupling constantyy the W boson mass, anochg = Mgy the Bg
mass. The “bag parameteBg is a correction factor to account for QCD corrections in the
loops. The weak decay constafatis related to the creation ofB@ from the vacuum and
is defined by:

(Oldy“y bIBY(E. P) = —1p* e (1.26)

with p = (E, p). The codficientng accounts for QCD corrections in the initial and final
states, i.e., the fact that box diagrams COLmI_anddB instead ofBg andﬁg. Finally, Sg is
a known function of the reduced mags= m¢/nm,.

1.2.3 Standard Model predictions

Let us now consider the absorptive part of the box diagr&izs,Only up and charm quark
loops contribute td'15, Since it corresponds to transitions to physical statesviftich both
BJ andB} may decay. As a result, the value of the absorptive part neisibminated by
the available massng ~ my. SinceMq, < Sg « mt2 we obtain the following prediction in
the framework of the Standard Model:

m

~—=2~1073 (1.27)

m

Combining this equation with Equation (1.11) on page 7, wewste:

T12
M1

Amy ~ 2|Mig| o (VipViy)?, (1.28)

where clearly appears the link between the mixing param&tey, and one of the favourite
probes for CP violation in the Standard Modéy.
Finally, the decay rate fierence becomes:

OR(M?.T
ATy ~ RMyl12) Amy. (1.29)
[My2]

and by expanding the CP-violating parameter (1.15) on page@wers ofig/pl*> we get:

1—‘9
p

2
~ I(E) ~0(107%. (1.30)
M1

10



1.3. Semi-leptonic B meson decays at Y(4S)

From now on, we will assume thaf” = 0 and CP is conserved in the mixing. Under
these assumptions, Equations (1.17) to (1.20) on pagesetedrie:

IBY(1)) = 9. (1)IBY) + g—(t)[BY

BY(1) = g+(t)|E°> +g-()BY) (1.31)

0.(t) = —e 2t (et 4 gm) (1.32)

P(BY — B3 1) = P(BY — B 1) = e ——[1 - cosmy t)] = P (1) (1.33)
P(BY — BY;t) = P(BY — B 1) = _n —~[1+cosmy )] = PUNM(t) (1.34)

1.3 Semi-leptonicB meson decays ai’(4S)

In the present work, we studg mesons produced by the KEKB collider (see Chapter 2)
through the decay of th&(4S) resonance. Th&(4S) resonance is ab bound state of
quantum numbersP® = 17—, B meson pairs produced through the (strong) decay of
T(4S) then appear in a correlated, antisymmetric wave function

1.3.1 Correlated B meson pairs

At initial time, we have:

@) = —[IB) ® [B) - [B) ® 1BY)]. (1.35)

=
The termgBY) ® |BY) and|BY) ® |BY) are forbidden by the Bose-Einstein symmetry. This
antisymmetry is preserved at any time by the linearity oflladion. In other words, one
B meson is at any time the charged-conjugate of the dhaeson.

The amplitude for on® meson decaying at tinte into the final statef;, and the other
B meson decaying at tintg into the final statef; is:

(fu.ty; T, I TIO7) = {<f1, taTIBYX fz. tITIBY — (f1. [ TIB( f2. ITIBD} . (1.36)

ﬁl

11
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whereT is the transition matrix. We define:

A, = (FITIBD, Ay = (f[TIBY), (1.37)
Ar, = (TIBD, Ay, = (RITIBY), (1.38)
a = Kflﬂfz - AflAfz, b = Aflﬂf2 - KflAfz (1.39)

Then, using Equation (1.31) on the previous page, we get:

(f1, 115 £, BITIO) = %2{ a_[g- (0. (t2) + 9. (t)g- ()]

+b_ [g- (t2)0: (t2) + 9. (t)g-(t2)] }. (1.40)

and the decay rate is proportional to:

la_ +b_|2+]a. — b_|?
8
+|b_|2 —la_f?
4
I(a_br)

+ > = sin(AmdAt)], (1.412)

|< fla th f2, t2|T|(I)_>|2 — e_r(t1+t2)

cos(Amy At)

whereAt = t;—t,. Sincet; +t, is usually not measurable, we integrate over it and get [15]:

e™ fla+bP+la -b P |bP-jaf
or 8 4
I(a_b)
7>

[(f1; f2 ATIOD| = cos(Amg At)

sin(Amy At)] . (1.42)

1.3.2 Flavour-specific decays

In the case oB mesons decaying semi-
leptonically, the charge of the lepton un-
equivocally identifies the flavour of the B X
B meson it comes from (see Figure 1.2).
Let us first consider the case where
the B mesons both decay into positively
charged leptons. We have the following

Y S|
YO

d
FIGURE 1.2 — Semi-leptonic decay
B — X~ ¢*v,

12



1.3. Semi-leptonic B meson decays at Y(4S)

decay amplitudes:

= (XCTIBY) = A, Ag = (X C*IT[BY = 0 (1.43)
= (XCTIBY = A, Ap, = (X LHTBY = 0 (1.44)
—>a =-A2, b =0 (1.45)

which, replacing into (1.42) on the facing page, leads tadéneay rate:

R
Topas)— e ¢+ (At) o %e_mq [1 - cos(Amy At)] . (1.46)

Similarly, for B mesons decaying into negatively charged leptons:

= (X*CITIBYY = 0, Ap, = (X CF[TIBY = A, (1.47)
= (X*TIBY) = 0, Ay, = (X FTBY) = A, (1.48)
=>a =A2, b_=0, (1.49)
and:
|A|* —TIAt]
Iras)—e-¢- (At) o« ?e [1 — cos(Amy At)]. (1.50)

Assuming that there is no direct CP violation in semi-lefitafecays, we haves(B® —
X71*y) = B(B® = X*I7v), i.e. |As+| = |A-| = |A/]. The total decay rate for same-flavour
events is then given by:
A -
Tir(ag) e (A1) o €A [1 - cos(Amy AY)] (1.51)

Let us now consider the cases where the produced leptonsopaesite charge. The
two possible cases are:

=(XTIBY = A, A= (X CTBY =0, (1.52)
=(X'"CTBY = 0, A= (X'CITBY = A, (1.53)
=a= 0 b = A (1.54)
and:
=(X*TBY = 0, Ap= (XC[TBY) =A, (1.55)
=(XCTIBY = A, A= (X TB) =0 (1.56)
=a= 0 b = -A2 (1.57)

13
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Combining the two, we get the total decay rate for oppos#esilir events:

4
Tras)o = (At) o @—Ile‘r AU 1 + cos(Amg At)] . (1.58)

Thus, the probabilities for having a same-flavour (SF) or pposite-flavour (OF)
event, as a function aft, are given by:

—lAt]
expl—
PSF/OF(AJ[) — % [1 ¥ Cos@md At)] , (1.59)
0

whererg = 1/Tis the Bg lifetime. We finally define the integrated mixing probalyility:

2
__ X

. with =A 1.60
2@+ D) Xd = Amyto (1.60)

14



Chapter 2

The experimental apparatus

1GH energy physics analyses make use of various tools, fromdbelexator to the
detection devices and the software environment. In thikwbey are callecKEKB,
BelleandBASFE We summarise here their main characteristics.

2.1 B-factories

There has been a long way from the first observation lb aesonance by the CFS col-
laboration in 1977 [16] to the production of more thanBB pairs per second at KEK in
2003. This major achievement was made possible by the disg@¥ an other bound state
of bottom quarks called’(4S).

2.1.1 The Y(4S) resonance

The resonance discovered at Fermiféf460), was the first of a series of “bottomonium”
systems. Figure 2.1 on the next page shows the total eleptrsitron annihilation cross-
section as a function of the centre-of-mass energy. Thes tfirst resonances are very
narrow: their width on this figure is largely dominated by #reergy resolution. The last
one, theY'(4S), is significantly broader because it lies just 20 MeV abdweethreshold of

B mesons production, where the suppression of hadronic ddgathe OZI rule does not
hold anymore [17]. Masses and widthsYomesons are summarised in Table 2.1. Heavier
resonances have been discovered.

15
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FiGure 2.1 — Cross-section of & into hadrons measured by CLEO and CUSB

ete” Center-of-Mass Energy [GeV]

(from [18]). The series ofbresonances are clearly visible.

TABLE 2.1 — Masses and widths of theéresonances [19].

Meson Mass [GeV] Width [MeV]
T(1S) 9.460302:0.00026 00530 +0.0015
T(2S) 10.02326:0.00031 0043 +0.006
T(3S) 10.3552 +0.0005 00263 +0.0034
T(4S) 10,5800 +0.0035 14 +5




2.1. B-factories

Interaction Region

High-energy ring (HEF
for electrons

N\

Low-energy ring (LER)
for positrons

—7
HER LER

Tsukuba area

Wiggler
Oho area

Nikko area

HER
W\ 8.0 GeV
electrons,

RE Linac

Fuji area

RF

FI1GURE 2.2 — Configuration of the KEKB accelerator system.

The T(4S) is a spin 1bb bound state of parity-1 and mass 10.58 GeV. It decays
into BB pairs more than 96% of the time, with a partial width rafti@*B~)/I'(B°B°) of
1.04 + 0.07 [19]. In other words;X'(4S) produces neutral and charg8dmesons almost
exclusively and in equal quantities. This feature was fixgl@ted by the CLEO and
ARGUS collaborations using thé8*factories” CESR and DORIS in the late seventies.

The Y (4S), however, only accounts for one fourth of the total elatipositron cross-
section, as can be seen on Figure 2.1 on the facing page; oilisibos produce pairs of
lighter quarksu, d, sor c. The resulting events are designatecastinuumevents.

2.1.2 The asymmetric KEKB collider

The KEKB B-Factory Design Repof20] was published in June 1995. The construction
started in 1994 already and was completed in November 198@wn@ssioning then began
in December of the same year.

As shown on Figure 2.2, KEKB consists of two storage ringse bigh-energy ring
(HER) containing electrons of 8.0 GeV, and one low-eneng (LER) containing positrons
of 3.5 GeV. The two 3-kilometres long rings are fed by a lirezgelerator. The total energy

17
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TABLE 2.2 — Main parameters of the KEKB asymmetric collider on May 1302
(luminosity record).

| LER | HER |
Beam current 1377 ‘ 1050 mA
Crossing angle +11 mrad
Beta functions at 1B%/By 590.58 580.7 cm
Estimatedry at IP 2.2 2.2 um
Number of bunches 1284
Bunch spacing 24 m
Beam lifetime 127@1377 ‘ 256@1050 min.@mA
Luminosity 10567 x10% cm2s7t

in the centre-of-mass system is:

\/§ = \/4EHERELER = 1058 GeV (2.1)

which exactly corresponds to th§4S) mass.

Hence, in contrast with previouB-factories already mentioned, KEKB collides elec-
trons and positrons at a unequal energies. As a consequetiie asymmetry, th&'(4S)
centre-of-mass experiences a bg®stvith respect to the laboratory:

_ Ever— Eier

Vs
Because of this boosB mesons produced by the decay of tH@lS) travel along the
beam direction before decaying, thus allowing time-depandnalyses in spite of the short
B meson lifetime. With this value @y, the average path length ofBameson is 20@:m.
The chosen value of the boost is a compromise between thetaleteceptance and the
vertex separation needed to distinguish the two mesonglieSthhave shown that the re-
quired integrated luminosity for observing CP violatiomigimal for 8y between 0.4 and
0.9 [20, chapter 1].

The number oB mesons produced each second is given by the product of therhad
cross-sectiow and the luminosity.. The maximun is reached by operating the collider
at the centre of th&'(4S) resonance, where = 1.1 nb. Energy scans were performed to
find this maximum. The design luminosity of KEKB &= 10°* cm?s™L. It was achieved

By = 0.425 (2.2)
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F1cURE 2.3 — History of KEKB’s luminosity. The integrated luminosigrplay (top)
and total integrated luminosity (bottom) are shown. Ruriqes are also indicated.

during May 2003, thanks to large beam currents and small Is&ses, two salient features
of KEKB.

Another feature of KEKB is the fact that the beams do not dellhead-on, but at a
small angled = 22 mrad. The resulting reduction of the luminosity with respto a
head-on collision is compensated by the reduction of beaambinteractions. In addi-
tion, the interaction region design is greatly simplifiedthig configuration and final-focus
quadrupoles can be placed relatively far from the colligioimnt.

Finally, KEKB also operatesfi3resonance, about 60 MeV below ti¢4S) peak (more
than four standard deviations away from the resonance).d@teecollected f-resonance
is used to study continuum events.

Table 2.2 on the facing page summarises the main paramét€E<d. Run periods,
referred to as “experiments”, are represented in Figure 2.3
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2.2 The Belle Detector

“Belle” means “beautiful” in French. Itis also the concatéon of “B” (for B meson) with
the palindrome “elle” (for electron — anti-electron). A &lile name for an experiment
devoted toB physics and running at a positron-electron collider!

The configuration of the Belle detector is shown in Figuredgh4he facing page. The
detector is a toroidal apparatus surrounding the intemactgion [21]. A superconducting
solenoidal magnet immerses the device in a 1.5 Tesla fieldicars vertex detector (SVD)
measures the position Bfmeson decays. A wire drift chamber (the central drift chambe
CDC) provides charged particles tracking aftel/dx information. Kaons and charged pi-
ons are discriminated using an aerogel Cherenkov counteCjATime-of-flight (TOF)
counters give further information for particle identificat. An electromagnetic calorime-
ter (ECL) collects electromagnetic showers produced bgtrlas and photons. Muons
and long-lived neutral kaons are detected in arrays oftiesiplate counters (KLM) in-
serted throughout the iron yoke. Finally, a pair of BGO ayatrays (the extreme forward
calorimeter—EFC) covers the small-angle region in the &sdhand backward directions.

The standard coordinate system is defined in the following wa

e the xaxis is in the horizontal plane and points outward from the;ri
¢ they axis is vertical;

¢ thez axis is anti-parallel to the low-energy beam so that lowerrantum particles
are aligned with the magnetic field.

The azimuthal angleé and the polar angléwith respect to the axis are also used. Finally,
the radial distance is defined by= /X2 + y2.

The following sections give a brief description of the vasaletector subsystems listed
above.

2.2.1 Beam pipe and silicon vertex detector

The beam pipe separates the vacuum region of the rings frendetection region (see
Figure 2.5 on the next page). Itis made of a thin double-wédithder of Beryllium in order
to minimise multiple Coulomb scattering, the main limitifector on the determination
of decay vertexes positions. The small gap between the 0.5waifs is filled with a
continuous flow of gaseous helium. This ensures an activéngpof the walls, which
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FI1GURE 2.4 — Side view of the Belle detector showing the various subetiais and
the standard coordinate system.
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F1GURE 2.5 — Schematic picture of the beam pipe.

21



CHAPTER 2 — THE EXPERIMENTAL APPARATUS
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F1GURE 2.6 — The silicon vertex detector: (a) cross-section view andide view.

endure beam-induced heating of the order of 100 W. The fiysr laf the vertex detector
can therefore be put as close as possible to the interaction @P), thus allowing better
precision on the vertex position measurement.

As its name suggests, the vertex detector is designed foispreneasurements of the
decay vertex position of primary patrticles, i.e., in ourec&mesons travelling along the
axis. It also helps tracking decay patrticles.

The configuration of the vertex detector around the beamigiglgown on Figure 2.6. It
consists of three layers arranged on a cylindrical strecatiB0 mm, 45.5 mm and 60.5 mm
from the interaction point. It covers the region"236 < 139, which corresponds to 86 %
of the full solid angle. Layers are made of 8, 10 and 14 “lagtie¥spectively. Each ladder
is divided into two electronically independent parts comnitegy one (for short ladders) or
two (for long ladders) double-sided silicon strip detest@@®SSDs).

A DSSD has 1280 strips and 640 read-out pads on each side seachd strip be-
ing read out. Charge collected on floating strips is deteedhithrough capacitive charge
division on adjacent strips. The n-side of the DSSD hassstlipng the beam axis to mea-
surez, with a strip pitch of 42um. ¢ strips are located on the p-side and have a pitch of
25um. Each side of the DSSD is read out by five 128-channel integ@rcuits mounted
on ceramic hybrids. The overall size of a DSSD is3557 335 mn¥.

More details can be found in [22].

2.2.2 The central drift chamber

The central drift chamber (CDC) is the core part of the tmagksystem. It provides es-
sential information for the reconstruction of charged iplerttracks and the determination
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FI1GURE 2.7 — Overview of the CDC structure. Lengths are in millimetres.

of their momenta. In addition, the energy log&(dx) can be determined to help identify
charged particles.

The structure of the CDC is shown on Figure 2.7. It has an asstnershape along
z, in order to cope with the asymmetry of the beams, and cov&rs<19 < 150 (about
92% of the full solid angle). It is a cylindrical wire drift @mber filled with a mixture of
50% helium and 50% ethane gas, chosen to minimize multipittestng and provide good
dE/dxresolution.

The chamber contains 50 layers of anode wires (32 axial arsinE8-angle-stereo) in
the inner and main parts, and three cathode strip layer®indthode part. It has a total of
8400 drift cells made of six field wires and one sense wire Esgere 2.8 on the following
page). Axial wires provide information in the bending planedetermine the transverse
momentump, . Stereo wires used in conjunction with axial layers providermation on
thez coordinate. Cathode strips are set alonggluérection and therefore greatly improve
thez coordinate measurement. They are however only used astadast because of the
higher background near to the beam.

Charged particles moving in a magnetic field follow the pdtla delix. The track is
then defined by five parameters [23]: the slope of the helig,dke (signed) curvature and
the position of the helix with respect to a reference poh, “pivot”. These parameters are
first determined in the CDC. The pivot is chosen as the wird&ipasof the innermost hit
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FI1GURE 2.10 — The aerogel Cherenkov counter system (ACC).

used in the track fit. The track is then matched with SVD infation to improve the deter-
mination of the pivot location and related parameters. IFinthe track is fitted backward
to optimise the parameters at the outermost CDC point [2A¢ rfEsulting resolutions on
track information are found to be:

Ip. _ 0
—  (0.19p, ®0.30)%

L

2.3)

wherep is the total momentum of the track in GeV addndicates a quadratic sum.

In addition to track reconstruction, each hit in the CDC |uleg information on the
energy deposited in the gas by the charged particle. SIB¢dx mainly depends o,
particles of diferent mass have afterentdE/dx for a same value g8. An averagedE/dx
is obtained from the track hits using a truncated-mean naeithorder to remove Landau
tails subjected to large fluctuations. The result is showRigure 2.9 on the preceding
page.

Appendix A on page 101 gives more details on the operatiorasfopambers. Refer-
ence [25] provides additional information on the CDC.
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2.2.3 Aerogel Cherenkov counter

The separation between kaons and pions is essentiBlgbysics. In Belle, this is achieved
by the silica aerogel Cherenkov counter (ACC) shown on Ei@ut0 on the previous page.
It consists of 960 counter modules in the barrel part (arahedCDC) and 228 modules in
the forward end-cap region of the detector.

In order to obtain a good kagmon separation, modules have refractive indexes be-
tween 1.01 and 1.03 depending on the polar angle they covparticle travelling at ve-
locity v through a medium with refractive indexwill emit Cherenkov light ifv is greater
than the speed of light in this medium:> c/n. Since kaons are more massive than pions
(mg= ~ 3.5m:), a kaon of given momentum will travel more slowly than a pafrthe
same momentum. The latter would then emit light in the adrage former would not.
The refractive indexes were chosen to cover momenta frorto135 GeV/c.

An ACC module is made of five aerogel tiles stacked in a thimahium box. The
Cherenkov light is detected by one or two fine mesh-type phaotiplier tubes attached
directly on the box. For particles under 4 GeV, the kaon idieation dficiency exceeds
80%, while the pion fake rate remains below 10%. Finallyctetn identification is also
possible below the pion threshold (about 1 GeV

More details can be found in [26].

2.2.4 Time-of-flight counters

The time-of-flight counters system (TOF) adds a piece ofri#tion in the particle iden-
tification and provides fast trigger signals. It consistd®8 TOF counters and 64 trigger
scintillation counters (TSC) made of fast scintillatorsl dime-mesh photo-multiplier tubes.
Figure 2.11 on the facing page shows how TOF and TSC modwesafigured. The TOF
system covers 33< 6 < 121° (corresponding to the barrel ACC region).

The signal of a particle crossing the TSC is used in coin@denith the two adjacent
TOF counters to create a trigger signal (less than 3.5 nsjtitae 0.5 ns after correction).

The TOF is used to measure the tieelapsed between a collision at the interaction
point and the passage of a decay particle through a TOF modtle time resolution
is better than 100 ps. The mass of the particle can then belatdd using the CDC
information:

m=p (%)2—1 (2.4)

wherep is the momentum of the particle ahds the path length from the interaction point
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F1GUuRE 2.11 — Configuration of two time-of-flight (TOF) and one triggeirgilation
counter (TSC) modules.

to the TOF module the particle crossed. The mass distribugiconstructed by this method
is shown on Figure 2.12 on the next page.

More details on the TOF system can be found in Reference [27].

2.2.5 Electromagnetic calorimeter

The main purpose of the electromagnetic calorimeter (EGLthé detection of photons
coming fromB mesons decay products with higlieiency, good resolutions in energy
and position, and over a wide range of energy. In additiomBEL is the main component
of electron identification.

The ECL is an array of 8736 tower-shaped Csl (Tl) crystalsrimaghly project to the
interaction point. The ECL consists of a barrel part (6624tis) and two end-cap parts,
as shown in Figure 2.13 on the next page. Each crystal is 30 deyth and approximately
5 x 5 cn? in cross-section. The ECL covers®lZ 6 < 155 (91% of the full solid
angle). Scintillation light from each crystal is read out dypair of silicon PIN photo-
diodes mounted at the rear end of the crystal.

Electromagnetic showers are produced by incident elestiorough bremsstrahlung
and pair creation. The shape and total energy of these shdliti@r greatly from hadronic
showers induced by pions and other hadrons, which only depasnall amount of their
total energy. The comparison of the deposited energy ancetumstructed momentum of
the incident particle also helps identifying electrons.
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2.2. The Belle Detector

The energy (in GeV) and position resolutions are given by:

o 0.066% 0.81%

- 0

= - e ©134%
34 18

Opos = 0.27 + m + m [mm]

A more complete description can be found in [28].

2.2.6 K-long and muon detector

Neutral long-lived kaon&, only deposit a small amount of their energy in interactioite w
the above sub-detectors and live long enough to decay eutdithe detector. The same
is true for muons, which interact very little with matter. Additional massive detection
system was therefore put at the outermost layer of the aetetite K-long and muon
detector (KLM).
The KLM detection system was de-
signed to identifyK; s and muons with
, ! i ! high eficiency in a large momentum range
. Insulator above 600 MeV. It consists of alternating
layers of resistive-plate chambers (RPC)
and 4.7-cm thick iron plates covering®2@
ad 0 < 155. The barrel region (45< 6 <
‘ 125’) contains 15 detector layers and 14
Glass } iron plates, while 14 detector layers and
|

Ground plane

]
Glass ‘
Gas gap ‘
|
]

RPC-layer

[

[
_ \
Single ‘
\

[

Glass

[

_ \
Single ‘
\

[

Insulator

RPC-layer

Gas gaj

— iron layers compose the forward and back-
ward end-caps. See Figure 2.4 on page 21
for a general view of the KLM system.

Glass

Insulator

O-strips : ,

‘ Dielectric foam ‘

—— Detector layers are grouped in “super-
layers”, as shown on Figure 2.14. A super-
FIGURE 2.14 — Cross-section of a layer is made ob and¢ cathode strips sur-
super-layer in the K-long and muon rounding two RPCs. Resistive-plate coun-
detector (KLM). ters have two parallel-plate electrodes sep-

arated by a gas-filled gap. An ionising par-
ticle traversing the gap initiates a streamer in the gasrédzaltlts in a local discharge. This
discharge induces a signal on the external cathode stripshwehn be used to record the
location and the time of the ionisation.
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FIGURE 2.15 — Isometric view of the crystal arrangement in the extrenrevéicd
calorimeter (EFC).

The iron plates provide a total of 3.9 interaction lengthsnaterial, in addition to the
0.8 interaction lengths provided by the EQK,. interact with this material and produce a
shower of ionising particles that allows to determine thedation of theK, from the IP.
However, no useful information on the energy can be infefiresh the shower.

The range and transverse scattering of charged partiobssiog the multiple layers
of RPCs can be used to distinguish muons from pions or (ctaigeons. Muons indeed
travel much farther and with smaller deflections since theyadt interact strongly. The
muon detection ficiency above 1.5 GeV is better than 90%, with a fake rate cftlean
5%.

More details can be found in [29].

2.2.7 Extreme forward calorimeter

The extreme “forward” calorimeter covers the forward regé4° < 6 < 115° and the
backward region 163° < § < 1712°. It extends the angular coverage of the ECL to
improve the sensitivity to some very specific physics preess It also serves as a beam
mask to protect the CDC. Finally, it is used as a beam moritoK EKB and a luminosity
monitor for Belle.
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2.8. Trigger

Both parts of the ECL are made of 160 BGO crystals arranged insegments and &
segments (see Figure 2.15 on the facing page). The sdiotillight emitted after passage
of a charged patrticle is collected by photo-diodes gluechorear side of the crystals.
The energy resolution of the forward EFC was measured to3# &t 8 GeV, while the
backward EFC has 5.8% resolution at 3.5 GeV.

Reference [30] gives more details on the performance ofrystals.

2.3 Trigger

Although the Belle collaboration has interest in a wide mig physics processes, it is
knowna priori that many beam collisions will not produce “interestingeats. In partic-
ular, since beam currents are high, a considerable beangioarid is expected. The role
of the trigger is to recognise events of interest, and aetitfee data acquisition.

The Belle trigger system primarily consists of the Leveldrdware trigger and the
Level-3 software trigger (see sub-section 2.4 on the nexépaAn additional level of fil-
ters, sometimes called Level-4 trigger, acts duriffgine reconstruction (see section 2.4.2
on page 33). The signal delivered by the TOF to the SVD can beidered a Level-0
trigger. There is, however, no Level-2 trigger, which woulsk part of the data during
acquisition.

The Level-1 trigger typically runs at 500 MHz at a luminosity 10>* cm™2s™2. An
overview of the system is shown in Figure 2.16 on the next pagensists of sub-detector
triggers and a central trigger system called Global Degitiogic (GDL). The sub-trigger
signals must have arrived at the GDL less than L8%fter the collision; the global de-
cision signal is issued within a fixed time of 2u8. An accurate trigger timing is given
by the TOF trigger (see sub-section 2.2.4 on page 26), ord¥@L if the former is not
available.

Sub-detector triggers are based on track or energy infamathe CDC and TOF are
used to trigger on charged particles. The ECL trigger syssebased on the total energy
deposit and the number of cluster hits. Additional inforimaton muons can be gath-
ered from the KLM trigger, while the EFC triggers help tagpiwo-photons and Bhabha
events (mainly used for detector calibration). The GDL thembines this information to
characterise the event.

The triggers for on-resonance events are of four kinds: régetfrack triggers, 2) total
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FIGURE 2.16 — Level-1 trigger system.

energy triggers, 3) cluster triggers and 4) a combinatioalldhree first triggers. The total
efficiency on this category of events is better than 99.5%.
See Reference [31] for more details.

2.4 Data acquisition and data processing

2.4.1 Data acquisition

The data acquisition (DAQ) of the Belle detector relies oiistritbuted-parallel system. As
shown on Figure 2.17 on page 34, the system is segmented gbsystems running in
parallel and corresponding to theférent sub-detectors.

In most sub-detectors, the pulse recorded after the cpsdia particle has an inte-
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2.4. Data acquisition and data processing

grated charge proportional to the energy deposited by thielea This charge is converted
into time by Q-to-T modules and digitised by time-to-digital converters (TD&hce the

KLM energy information is not used, KLM strip signals areatitly read-out by TDCs.
TDC pulses are then decoded to reconstruct hit strips. Taa-oat of SVD signals is
performed by on-board chips through flash analog-to-digitaverters (FADCSs).

When the sequence control receives a GDL signal, sub-det#ata is sent to an event-
builder. The event-builder combines parallel sub-detstiata into event-by-event data.
The output is then sent to the on-line computer farm. Theabthe on-line software is to
format event data into thefieline event format and perform further background redurctio
on hadronic events (Level-3 trigger) using a fast trackinggpmam. It keeps only events
with at least one track havingzadistance to the IP smaller than 5 cm. Event data is finally
sent to the tape library through a 2-kilometre long optidadefi

2.4.2 Level-4 filter

The purpose of the Level-4 filter is to reduce the backgrowsd lpefore the full event
reconstruction. The main background is caused by beanastiens with residual gases
in the beam pipe. A fast track and cluster reconstructioorétgn was developed to reject
these events.

The energy measured in the ECL is required to be greater th@a\V4 Cosmic-ray
events are suppressed. Events are required to containsatolea track withp, greater
than 300 MeV, a radial distance to the IP less than 1.0 cm andistance to the IP less
than 4.0 cm.

2.4.3 Full reconstruction

Events that have passed all levels of trigger, includinglldy are fully reconstructed and
stored on data summary tapes (DST). Raw data from the selstdet are converted into
4-momentum vectors, closest approach distances to thedipaticle identification prob-
abilities or likelihoods. Additionally, various flags andnables characterising the event
are calculated.

After full reconstruction, events are classified into catégs called “skims”. These
include for example the standard hadronic eveltslfonB), events withl/¥s adronJ)
or Bhabha events. Most physics analyses are based thadlmenB sample.

Useful information for users is stored in mini-DST files. TB&T files follow the
PANTHER table format [32]. The reconstruction software &l \&s any analysis code is
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2.5. Detector stmulation

based on Bsr, the Belle analysis framework.
Technical information on the DST production can be found38][and references
therein.

2.5 Detector simulation

A full simulation of the Belle detector based on Monte Cadohniques has been devel-
oped. Simulated events undergo exactly the same recotistras real events.

The simulation is broken into two successive steps: thergéna of physics processes
in the beam pipe vacuum; the simulation of particle intéoast with the detector.

The first step uses th@Q event generator [34] developed by the CLEO collabora-
tion and adapted to the needs of Belle. Some specific decaysafticular the decays
of D* mesons) are performed BEvtGen, another event generator called insigie when
needed. Branching fractions, masses and lifetimes are et DG 2000 values [35].

The detector is described in a$ module calledgsim, based on the Cern package
GEANTS3 [36]. Final state particles from the event generater passed tgsim in order
to simulate the detector response. The background is dieaulsy random trigger events
from real data embedded in the Monte Carlo sample.
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Chapter 3

Reconstruction

HIs analysis is may be regarded as a refinement of the dileptdgses)avhere two

leptons are reconstructed. In order to improve the backgragjection, additional
constraints are put on one of the reconstructed leptonsseTbenstraints are chosen to
favour the following decay:

B —D* ¢y,

D —D%x (3.1)

The main background in the dilepton analysis is due to clitbBymeson decays. Since
no decay similar to (3.1) exists at first order for chardgthesons, favouring this decay
amounts to suppressing charged semi-leptonic decays.

In this chapter, we first present the idea of the partial retaotion used to reduce the
background. The event selection procedure is then desddribdetail.

The physicist, in his study of natural phenomena, has
two methods of making progress: (1) the method
of experiment and observation, and (2) the method
of mathematical reasoning. The former is just the

collection of selected data; [...].

— P.A.M. Dirac, The Relation between Math-
ematics and Physics, February 6, 1939
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3.1 Partial reconstruction

In principle, all the particles in decay (3.1) on the predqage, except the neutrino, can
be reconstructed. From these particles, one can then certtptmissing mass squared”
(MMS) of the neutriné:

Ev2 - Ij;z

(Eg - E/ - Ep-)* - (|38 - P - |3D*)2
(EB - Eg - ED*)2 - ﬁzB - (ﬁg + |3D*)2 + 2|3|3 . (ﬁg + |3D*), (32)

MZ

v

which should peak at—or very close to—zero.

3.1.1 Extraction of the missing mass squared

Equation (3.2) can be greatly simplified using the two follagvempirical observations:
1. TheB meson is almost at rest in th&4S) centre-of-mass frame.
2. The pion is almost at rest in tl& centre-of-mass frame.

The first observation allows us to neglect tReneson momenturig, while its energy
Eg is known from the('(4S) mass. The second observation allows us to reconstruct the
momentum and the energy of tBg, Pp- andEp:, from the slow pion only.

The total energy of the pion in the* rest frame EP", is approximately equal to the
mass diference between th2* and theD®, which has been measured to be 0.145 GeV [19].
If we neglect the momentum of the pion in tB& rest frame, we get:

E.=7yE>, (3.3)
wherey is such that:

Ep- = yMp-.
The energy of th®™ in the Y(4S) rest frame can then be expressed using the pion energy:

Ex
ED* MD*, (34)

T

Ep =

with EP" = 0.145 GeV andMp- = 2010 GeV.

1In this chapter, all kinematic variables are calculatedan(4S) rest frame, unless otherwise stated.
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3.1. Partial reconstruction

The D* momentum can also be expressed using the pion informatiwheet, if the
second assumption holds, the pion and Bifemomenta are collinear in th#(4S) rest

frame. We can then write:
Por| = Pr B0 2~ M2,

and using Equation (3.4) on the preceding page:

By = 1

Pr

. E, \2
Pp = P:Mp: (é) -1 (3.5)

Finally, the missing mass squared reduces approximately to

2
Mg ~ (Epeam— E¢ - 7’MD*)2 - (\/72 - 1Mp-P; + ﬁf) (3.6)

wherey is calculated using Equation (3.3) on the facing pageBpRgnis the beam energy
in the T(4S) frame,Epeam= +/s/2. All the terms of this equation can be calculated from a
lepton, a pion, and the centre-of-mass energy.

3.1.2 Generator study

A sample of 500 thousardi(4S) decays was generated to evaluate fifieot of the various
approximations on th®* 4-momentum calculation and the final missing mass squared
distribution. TheY'(4S) is forced to decay into neutrd mesons, which in turn decay
into D*X¢v,. In addition, charged* decay through th®°z channel only. For this study,
however, we only seled® — D*~¢*v, and charge conjugate decays. These represent
about 700 thousanB meson decays.
Figure 3.1 on the next page shows the resolution omthenergy, namely:
Epc— EXve
Efve
whereE[’ is calculated using Equation (3.4) on the facing page, vhighgenerated pion
energy, ancEg‘je is the generate®* energy. The distribution is approximately centred on
zero, with a range of 20% on both sides.
The generated angle between the pion andDhenomenta is shown in Figure 3.2
on page 41. The assumption of collinear momenta is justifiethe clear peak around
20 degrees.
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FIGURE 3.1 — Resolution on the Denergy:(E[S® — ESU)/ESe.

Figure 3.3 on the facing page presents the vectierince between the reconstructed
and the generateD* momenta in thér(4S) frame. The various assumptions used to re-
construct theD* result in a mean shift of about 600 MeV in momentum (to be coeygba
with an averag®* momentum of 1.4 GeV).

Finally, Figure 3.4 on page 42 shows tHEeet of the above assumptions on the missing
mass squared resolution. Using Equation (3.6) on the msviage, which includes all
approximations, results in a broadening of the distributiy about 5 Ge¥, from which
1.5 Ge\? are due to thd meson momentum approximation.

3.2 Event selection and reconstruction

Since this analysis adds constraints to the reconstruased for the dilepton analysis, the
selected event sample is a sub-sample of the dilepton sang@léne reconstruction inherits
many parts from the dilepton reconstruction. The additi@mmstraints are designed to
favour the decayB® — D*~ (D) ¢*v,, (see on page 37), mainly by reconstructing the
neutrino missing mass squared (MMS). The branching fraaiothis decay is shown in
Table 3.1 on page 43. In brief, the reconstruction consissgiecting two fast leptons and
a slow pion associated with one of the leptons.
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F1GURE 3.4 — The missing mass squared calculated (a) only assumingitb& meson
is at rest in theY'(4S) rest frame (dashed histogram) and (b) using Equation 3.6 on
page 39 (plain histogram).

In this section, we classify events in thre&@ient categories:

1. signalevents, where both candidate leptons directly come frordekay of a neutral
B meson (primary leptons), regardless of the origin of thectet pion;

2. B backgroundevents, where both candidate leptons come from the decay oha
charged or neutraB mesons, but at least one lepton is not a primary lepton. This
includes fake leptons (hadrons identified as leptons) atwhskary leptons (e.g. from
charmed meson decays);

3. continuumevents, where candidate leptons come from non-resonantseve

The selection has been tuned to maximise the signal ovegbawkd ratio in the region
M2 > —2 Ge\? (MMS signal region), as well as the signal reconstructifiiciency.

Although this has little impact on the reconstruction, ibsll be mentioned that in
addition to decay (3.1) on page 37, other decays have a geBKifS. NeutralB mesons
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3.2. Event selection and reconstruction

TABLE 3.1 — Branching fractions of B meson decays with peaking MMSillist

tions [19, 37]. The second decay includes resonant and esofrant modes with
charged and neutral B5. The branching fraction of the subsequeritdecay is also
given.

B — D*I*y (553 0.23)%
B — D'nl*y (186 0.38)%

D*~— D~ (67.7 = 0.5)%

may indeed decay through the following casdade
B® - D**7(D* 7% ¢*v, (3.7)
and its non-resonant counter-part:
B® » D* 7%y, (3.8)

These events are regarded as signal events.
Similarly, chargedB mesons can produce events with peaking MMS through the de-
cays:
B* - D*O(D* n*) *v, (3.9)
and
B" - D" "ty (3.10)

These events fall in thB background category.

Branching fractions related to these decays are listedliteT& 1. The total contribu-
tion of B — D* xl*v resonant and non-resonant events to the peak (beforeise)eist
14 + 8%, 2/3 of which are due to chargddl mesons, because of isospin symmetry. The
resonant modes, indeed, include:

B> D" ¢y, , D" —D"7°
BO — D**—€+V€ , D" — B*O -
Bt — B**0€+Vg B**O N B*O 7[0
B* - D"0rty, , D"0 > D*x*

(3.11)

2The termD** refers to all excited states with mass greater than hg2010) mass.
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Conservation of the isospin predicts twice larger branghmaction for modes with a
charged pion. Since we select modes containing chaRjexl we obtain twice more
chargedB meson modes. The same argument holds for non-resonantsdétayassume
fo = f, andby = b,, wherefy and f, are the branching fraction 6f(4S) to neutral and
chargedB meson pairs, respectivelyyy andb, are the semi-leptonic branching fractions
of neutral and chargeBl mesons.

3.2.1 Data set

All available data collected by summer 2003 were used ingh@dysis. The corresponding
integrated luminosity is shown in Table 3.2 on the facingegpdgxperimental data include
on-resonance data collected ¢ close to theY'(4S) rest mass, andfbresonance data
collected aty/s60 MeV below theY'(4S) rest mass. The*e™ cross-section is proportional
to 1/s. Quoted df-resonance luminosities have been corrected for tfierdnce in+/s.
The number of continuum events in the on-resonance datahesnsimply be deduced
from the number of fi-resonance events multiplied by the luminosity ratio.
The total experimental data correspond to about 152 miliBrpairs.

Different types of Monte Carlo events were generated by the Bellgboration (see
section 2.5 on page 35). There are:

e mixed events:T(4S) — BIBY;

e charged events:Y(4S) —» B*B~;
e charmevents:efe” — cc;

e uds events:ete” — qq, where g isu, d or s.

The two last types constitute continuum events.

Detector conditions are set in the Monte Carlo to match tfferéint experiment con-
ditions. As already mentioned, physical parameters areos#e world averages of year
2000. Randomly triggered experimental events are embedddeé simulated data to ac-
count for detector background. For various technical nemgdisk damage and software
problem), only a small portion of the produced Monte Carlmgk could be used.

The amount of Monte Carlo events used in this analysis iedigt Table 3.3 on the
facing page. The total corresponds to about 107 &y 80% of the experimental data.
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3.2. Event selection and reconstruction

TABLE 3.2 — Integrated luminosity of the various run periods imb The ratio of
on-resonance tofresonance data is shown for each experimer:r€&onance lumi-
nosity has been corrected for thgfdrence in cross-sections.

Experiment ‘ On-res. ‘ Off-res. ‘ Ratio
7 5.93 0.59 10.05

9 4.44 — —

11 8.13 121 6.72
13 10.74 1.20 8.95
15 12.84 1.41 9.11
17 11.97 0.85 14.08
19 25.06 3.58 7.00
21 4.35 — —
23 6.06 0.72 8.42
25 25.74 1.67 15.41
27 25.43 3.75 6.78
Total 139.71 14.97 9.33

TABLE 3.3 — Number of million events processed from each Monte Caple and ex-
periment. One milliomixed or charged events correspond to approximately 1.8%b

Experiment | mixed charged charm ‘ uds
19 12.21 9.01 28.16 32.79

21 4.44 4.44 4.10 6.55

23 11.47 11.47 26.47 42.34

25 31.51 34.31 69.63 117.27

Total 59.62 59.22 128.36 | 198.95
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3.2.2 Event preselection

Experimental events triggered as “hadronic events” alstaio processes such apair
production, Bhabha and radiative Bhabha (QED events),plaaion pair production and
beam gas interactions. Selection criteria are, therefdready applied at the last stage of
data production in order to reject all non-hadronic proesssd keep aBB events. These
criteria are grouped under the naielronB [38].

In the following, we definggood tracksas tracks withp, > 100 MeV, and projected
closest distance of approach to the interaction pint< 2 cm anddZ < 4 cm. Good
clustersare ECL clusters with energy greater than 100 MeV. Finglod photonsare
good clusters that cannot be associated with tracks in the.CD

TheHadronB cuts require:
Track multiplicity  The number of good charged traak® rk must satisfiinTrk > 3.

Cluster multiplicity The number of good clusters with0.7 < cosf# < 0.8 must be
greater than or equal to 2. This removes QED events, as wbkk@a®s gas or two photon
interactions.

Visible energy The sum of good charged trackand good photon energieByis, must
satisfyE,js > 0.2+/s.

Momentum balance The sum ofz components of all good charged tracks and good
photonsP, should be balanced around zero: we reqiige< 0.5+/s.

Calorimeter energy sum The sum of energies of good clusters in the barrel region,
Ebarre, must satisfy (L < Eparrel/ VS < 0.8. This mainly removes QED events.

Average cluster energy The previous cut fiiciently removes QED events where both
electrons are deposited in the ECL. It isftig@ent if one of the electrons passes outside
the ECL acceptance. To compensate for this, a cut is placéltecaverage cluster energy:
Esum/NecL < 1.0 GeV.

Event primary vertex The vertex formed by geometrically fitting all good chargedtks
must satisfy]dr| < 1.5 cm anddZ < 3.5 cm. This removes beam pipe and beam gas back-
ground.

3The track energy is calculated from the track momentum aegitn mass.
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3.2. Event selection and reconstruction

Conditional calorimeter energy sum We also cut sum of energies of good clusters in
the detector (barrel and end-cap regions) to further redyaédr, beam gas and two photon
events with low energy sum. In order to keep some continuuemtsy this cut is used in
conjunction with a cut on theeavy jet mass N:

My is defined as follows: the event is split into two hemisphéxea plane perpendicular
to the event thrust axis The invariant mass of tracks in each hemisphere is catllat
assuming the pion mass for all tracks. The tracks on the githetioe larger invariant mass
form the heavy jet (see [39, page 23]).

Conditional normalised heavy jet mass The heavy jet mass was found to be shifted
in the Monte Carlo with respect to the data. In order to avaigradictable fects of a
precise cut on this quantity on hadronic evei,; is normalised by the visible energy,
which shows the samdfect. The following cut is then applied:

Mna/Evis > 0.18\/_8 or My;> 1.8 GeV.

The heavy jet condition is again added to retain some camtmevents.

3.2.3 Event selection

Since continuum events are unwanted in this analysis,duf@feD and beam gas reduction
is performed together with continuum suppression. FingHadronB cuts are tightened
as follows:

— track multiplicity: nTrk > 5;
— visible energyE,is > 0.5+/s;

— momentum balancéP,| < 0.33+/s.

Second, a cut on the second normalised Fox—Wolfram moiRerg applied. R, is
related to the sphericity of an event: it is close to zeroBBrevents and close to one for
jet-like continuum events. It is defined as follows [40]:

R, = Hi/Ho, (3.12)

Hio= ) IBIIR;IPi(cosay). (3.13)
I

4The thrust axigi is defined by = max(®; i - g/ X B), where thep; are the 3-momenta of the good
charged tracks and good gammas.
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FIGURE 3.5 — Distribution of the second normalized Fox-Wolfram monkerafter the
whole selection. The lower plot has a logarithmic verticzdle.

whereP; are the Legendre polynomials and the sum runs on all goodjetiaracks. We
requireR, < 0.7. The distribution ofR; in fully selected events, including the selection
described in the following sections, is shown in Figure 3.5.

Finally, only good charged tracks are used in the selectestiibed in the following
sections.
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3.2. Event selection and reconstruction

3.2.4 Particle identification
Electrons

The electron identification uses information from the CDC,Q\and ECL subsystems to
construct five discriminants, which are then used in a lit@d function. An electron like-
lihood L and a non-electron likelihoods are separately calculated for each discriminant
and combined into the following total likelihood [41]:

M2, Le
Leid = —5—— 5 i
[T, Le+ T4 Le

(3.14)

The discriminants are:

1. The matching between the position of the charged track paladed to the ECL and
the position of a cluster in the ECIThe position resolution for electron showers is
considerably smaller than for hadronic showers. The madgit is defined by:

X’ = (%)2 + (ﬁ)z (3.15)
O Ap OA8
where thes are obtained by fits to the distributions &#¢ andA# for electrons. For
each charged track, the matching cluster is the clusterlaitasty?. It is then used
to calculate theéE/p ratio (see below). If no cluster with? < 50 is found, the track
is considered to have no associated cluster in the ECL.

2. The ratio of the energy measured by the ECL and the moment@asunee in the
CDC, E/p. This quantity is very close to one for electrons, becauséaf small
mass and all their energy is deposited in the ECL.

3. The transverse shower shapkhe shape of the shower deposited in the EGleds
greatly for hadrons and electrons. This is quantified by #ti® Eg/Es. Eg is the
sum of the energies deposited in &3 array of crystals surrounding the crystal
located at the centre of the shower, whilg; is that in a 5x 5 array centred on the
same crystal.

4. Energy loss in the CDCA y? variable is formed using the measuref/dx, the
expecteddE/dx from the Bethe—Bloch formula [42,43] and the expected re&mi
from beam test results:

(3.16)

F: ((dE/dx)meaS— (dE/dx)eXp)z

Oexp
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Ficure 3.6 — Likelihood distribution used for electron identificatifrom [41]).

The probability density function (PDF) used for the cormggting likelihood is a
Gaussian function of thig?.

5. Light yield in the ACCThe Cherenkov threshold in the ACC for electrons is only
a few MeV, while that for pions is between 0.5 and 1.0 GeV, ddpgy on the re-
fractive index. The light yield then provides a good eleatmon separation for low
momentum tracks. The electron and pion PDFs for this quaaité calculated from
Monte Carlo distributions.

The PDFs for the three first discriminants are fitted to radiaBhabha data (for elec-
trons) and generic Monte Carlo (for hadrons). They are brake six polar angle and ten
momentum ranges to take into account the dependence ontiinegénematic variables.
The resulting likelihood distributions for electrons andrns are shown on Figure 3.6. We
requireLeiq > 0.7 for loose selection anidsjq > 0.8 for tight selection.

Additionally, in order to rejecty — e*e~ conversions, the invariant mab. of can-
didate electrons with any other oppositely charged tracklsulated.Mecis then required
to be greater than 100 MeV for all combinations.
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Ficure 3.7 — Likelihood distribution used for muon identification ¢fd447]).

Muons

Muon identification is performed by extrapolating candédétacks reconstructed in the
CDC and SVD subsystems to the RPC layers of the KLM. Hits indb® are associated
to a track if they are located within 25 cm a-®f the track’s crossing point with the RPC
plane. Two quantities are then used to construct the PDFRsinsiie muon likelihood:
the diference between the expected and the observed range in thé, KiRVlandy?, the
reducedy? of the transverse deviation of all hits associated with taekk The expected
range is calculated usirgEANT and Kalman filtering.

The probability density functions faxR andy? are constructed using simulated single-
track events of muons, pions and kaons. The joint PDF is fdrlnethe product of the
separate PDF, which are expected to be uncorrelgd¢dRy?) = p}(AR) + ph(x?), where
i is u, K or 7. The muon likelihood for a given track is then given by:

_r
P+ pil+ pr

The resulting likelihood distributions for muons and pi@me shown We require, > 0.8

5The range of a track in the KLM is the number of RPC layers isses.
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for loose selection ant, > 0.9 for tight selection. Additionallyy? is required to be less
than 3.5, in order to reject “hit sharing” [45, p. 63-64].

3.2.5 First lepton selection

After the event selection, good charged tracks are parsédda first lepton candidate.
The following criteria are applied:

e The projected closest distance of approach to the IP aréreelgio satisfy:|dZ <
2.0 cm,|dr] < 0.05 cm. This rejects poorly reconstructed tracks as well adymts
of decays in flight.

e Tracks must have left at least one ¢ hit and twoz hits in the SVD, to ensure good
vertex resolution.

e If the electron likelihood is greater than 0.7 (loose sébegt the candidate is con-
sidered to be an electron. If this requirement is not metttoeitmuon likelihood is
greater than 0.8 (loose selection), it is considered to be@m

e The CMS momentunp* must be greater than 1.8 GeV, in order to reject secondary
leptons. An upper limit at 2.3 GeV is also set to reduce thdisoam contribution.
The distribution of this quantity is shown in Figure 3.8 or tiext page.

e The invariant mas#/,, of each candidate lepton with any oppositely charged track
is calculated. If the result is compatible with the mass efihy meson, the entire
event is rejected. The compatibility is defined by the follogvcriteria for electron
and muon candidates respectively:

-0.15 GeV< (Mgre- — Myyy) < 0.05 GeV
-0.05 GeV< (My+,- — Myy) < 0.05 GeV

A looser cut is applied to electron candidates to accounpdssible bremsstrahlung
energy loss. The distributions M, are shown in Figure 3.9 on page 54.

3.2.6 Soft pion selection

A charged track that has not passed the lepton identificafidhe first lepton selection is
considered a pion candidate. In order to be selected as pisnftit must further pass the
two following loose requirements:
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Ficure 3.8 — Distribution of the first lepton momentum in experimentaladand
Monte Carlo, after the whole selection except cuts on thantjty. The arrows indicate
the cuts we apply.

e |[d4 <5cmanddr| <2cm,

o p* <1GeV.

3.2.7 Lepton-pion pair selection

3.2.8 Second lepton selection

Candidate leptons are associated with oppositely chargigpi®ns. The missing mass
squared is calculated for each candidate pair, and is estjtorbe greater thanl5 Ge\2.

If several pions can be associated to the same lepton, thewpib lowest momentum is
chosen. The MMS distribution after the whole selection @nghin Figure 3.10 on page 55.

If at least one candidate lepton-pion pair has been foungthan lepton is searched for.
The selection is the same as for the first lepton, except éfalowing criteria:

e The CMS momentum must satisfy:31GeV < p* < 2.3 GeV. The distribution of

this quantity is shown in Figure 3.11 on page 55.
e The electron likelihood must be greater than 0.8 (tightcila).

e The muon likelihood must be greater than 0.9 (tight selegtio
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3.2. Event selection and reconstruction

—&—On-resonance Total MC
—— Off-resonance

B background
Continuum bkgd

2 4
MMS [GeV]

FI1GURE 3.10 — Missing mass squared of candidate lepton-pion pairs dfterwhole
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F1cure 3.11 — Distribution of the second lepton momentum in experimeatz and

Monte Carlo, after the whole selection except cuts on thantjty. The arrows indicate
the cuts we apply.
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Ficure 3.12 — Cosine of the opening angle between the two lepton caretidathe
CMS, after the complete selection except the limitsasd,,.

The momentum lower limit is much tighter for the first leptonarder to enhance the
MMS constraint. The lepton identification is, however, tditvorse for softer leptons. In
addition, the soft pion association improves the first laptentification. Tighter identifi-
cation cuts are, therefore, applied to the second lepton.

3.2.9 Dilepton selection

Pairs of leptons (dileptons) are formed by combining sedeptbn candidates with first
lepton candidates associated with a pion.

Limits are set on the cosine of the andglg between the two lepton tracks in the
CMS. This helps reducing continuum events, which have #ketshape and thus peak
at co¥,, = +1. Correlated leptons coming from the saBienainly peak at cog, = -1
and are alsofficiently rejected by these limits. Signal leptons are notatated and there-
fore have a flat cog, distribution. We require-0.8 < cosfy, < 0.95. The distribution of
costy, before applying this cut is shown in Figure 3.12.

If several dilepton candidates pass all the requirementeniyekeep the one with the
first lepton of highesp* (and that with the second lepton of high@stin case of identical
first lepton).
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3.2. Event selection and reconstruction

B lifetime = 21 ym

IP position lepton

F1cure 3.13 — lllustration of the z position measurement of a B decayexeriThe
mean errors on the IP position are shown.

3.2.10 Az measurement

The zcoordinate of eaclB meson decay vertex is inferred from the production point of
each candidate lepton. The track of each candidate leptpeoiietrically fitted with the
event-by-event IP profile using tikefitter package [46,47]. The mean position of the IP
is determined from hadronic events, every 10 thousand gvidatmean error is determined
for each run (corresponding to one beam fill). The candidgt®h track is then constrained
to be consistent with the IP profile, smeared by.#1in ther — ¢ plane to take into account
the transvers® decay length, as shown in Figure 3.13.

Azis obtained by subtracting the measupgbsition corresponding to the second lep-
ton from thez position corresponding to the first lepton:

Az=127 -2, (3.18)

where the first lepton has been associated with a soft pioapidn track is not used to es-
timateAz (but it is used to estimate the missing mass squared, asmegblm Section 3.1.1
on page 38).

3.2.11 Selection result

Events with|AZ > 2 mm are eliminated. We then define two selection regions én th
MMS distribution: the side-band region (used in the MMS fiscliébed below) ranges
from —15 to—2 Ge\?; the signal region (used in the MMS fit and thefit) ranges from-2
to 5 Ge\2. Events falling outside these two regions are eliminated.

The selection results after all cuts have been applied aersin Table 3.4 on the
following page. Altogether, 13553 events with two leptons of same charge an@®%3

57



CHAPTER 3 — RECONSTRUCTION

TABLE 3.4 — Number of events selected in the data of experiments 7 to 8vents
with leptons of same sign or events with leptons of oppomgjte & the signal region
(top) and the MMS region (bottom).

Type On-resonance Off-resonance
Same-sign Opposite-signSame-sign  Opposite-sign
Signal region
ee 2824 11928 0 18
o 3980 16095 11 22
eu 3332 12985 2 16
ue 3417 13905 2 7
44 13553 54913 15 63
MMS region
ee 7481 42825 7 127
o, 10937 58555 64 223
eu 8949 45525 30 79
ue 9225 50178 24 82
t 36592 197083 125 511

events with two leptons of opposite charge have been sdletthe signal region from the
data of experiments 7 to 27.
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Chapter 4

Fit design and results

His chapter presents the procedure used to extxagtfrom the distributions oAz
| The results of the fits are also given, together with variassistency checks. Sys-
tematic errors are then estimated. Finally, the resultsamamarised and discussed.

An unbinned maximum likelihood fit is performed on thedistributions. The general
form of the likelihood is:

LAmg. &) = | | )] @i [P ®R] (A2 Amg, ). (4.1)
ki

wherek runs over all events in the MMS signal regidmepresents a given category of
eventsg; is the fraction of this category in the full sampfe andR represent the time evo-

lution and the detector response functions respectivetydas the vector of all parameters

exceptAmy. The diferent terms are detailed in the following sections.
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4.1 Event classification

4.1.1 Definitions

The various categories we consider are based on two chastickeof the candidate lep-
tons: their charge and their origin. They all correspondiftetent time evolutions and
response functions.

The charges of the two candidate leptons define two typesasitevsame-sign events
(SS) where the two candidate leptons have the same chadjeppnsite-sign events (OS)
where the two candidate leptons have opposite charge. ®tisafion exists on an event-
by-event basis in real data as well as in Monte Carlo data.

Within each of these two types, the source of the lepton pinds classes, which can
be distinguished on an event-by-event basis only in MonttoGiata. These classes are:

e neutralevents:r(4S) — BB,
e chargedevents:Y'(4S) —» B"B™;

e continuumevents (non-resonamte™ interactions).

In addition, candidate leptons from neutral and chargedts\a@re classified into three
different categories depending on the lepton origin. X.éte the (true) position of the
production vertex of a candidate lepton, axidthe (true) position of the decay vertex of
the correspondin®. There are:

e Primary candidate leptons originating from th&decay vertex{ = Xg). They
mainly consist oB — X ¢, but can also come frorec resonances (e.@® — J/y (—
£ ) X).

e Secondarycandidate leptons, originating from a n8ndecay vertexX = Xg +
oTD). These are mainly leptons coming from charmed mesons peadoy the decay
chain:B —» D(— X?)Y. It also includes candidate leptons from tau, kaon or pion
decays, and candidate leptons produced in secondarydtiters with the detector
or the beam pipe.
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4.1. Event classification

Same-sign [ eutat primary Opposite-sign

Neutral secondary

Neutral same B

Charged primary

l:] Charged secondary

l:] Charged same B
D Continuum

FI1GURE 4.1 — Pie charts of the various event categories in same-sidt) dad oppo-
site-sign (right) types, as calculated in the Monte Carlogée.

Categories are defined as follows:

1. Primary events, where both candidate leptons are primary and camnetivo dif-
ferentB decays.

2. Secondaryevents, where at least one candidate lepton is a secondatonland
where the candidate leptons are coming froffiedentB decays.

3. Same Bevents, where the candidate leptons come from the &ame

The list of categories is summarised in Table 4.1 on the nagéepogether with their

relative size, after all cuts (including tight MMS cuts) ledveen applied. The fractions are
taken from Monte Carlo data. The relative size of the caiegaran be seen on Figure 4.1.
Since there are almost no primary leptons from charged ségmesvents, they are grouped
with the secondary leptons into a “charged SffetientB” category.

4.1.2 Fractions of categories

The relative fraction of each category is determined in thiadrom diferent quantities.
As already stated, the signs of the leptons define OS and $&eve

Off-resonance data is analysed exactly the same way as oranesoand Monte Carlo

data in order to evaluate the fraction of continuum. Thistfom is equal to the num-
ber of events selected fronfferesonance data, scaled by the ratio of on-resonancé-to o
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TABLE 4.1 — List of event categories and corresponding sizes caledldtom
Monte Carlo data after the full selection. The relative side category is given with
respect to the class (neutral or charged) it belongs to. @datncertainties are from
the Monte Carlo statistics.

Type Class Category
Same-sign Neutral primary (78.52-:0.52)%
(19.3A0.21)% (93.56:0.30)% secondary (20.390.51)%
sameB (1.02:0.13)%
Charged differentB (91.20:1.53)%
(5.18:0.27)% sameB (8.80£1.53)%
Continuum
(1.26:0.14)%
Opposite-sign Neutral primary (95.93:0.13)%
(80.63:0.21)% (79.94:0.24)% secondary (3.14#0.12)%
sameB (0.90+£0.06)%
Charged primary (95.92-0.28)%
(18.72:0.24)% secondary (2.980.24)%
sameB (1.13:0.15)%
Continuum
(1.34:0.07)%




4.1. Event classification

resonance integrated luminosities (see Table 3.2 on pagearbdivided by the number of
on-resonance events selected:

_ N(off) £(on)
@eont = 'N(on) Z(off)

(4.2)

The fraction of neutral and charged events in the OS and SSadas determined from
experimental data using a fit to the MMS distributions, adarpd below.

The fractionsg; of categorieswithin charged and neutral classes are extracted from
the Monte Carlo data, separately for same-sign and opgsigiteevents. In the case of
neutral events, these fractions depend on the mixing piityalpy = Amyrg. They are
extrapolated for any test value gf from the Monte Carlo valugd"’IC in the following way:

SF OF
NT xa N 1
No MC  No 1-,MC

Bj= 4.3)
wherej designates primary, secondary or samategoriesNp is the total number of neu-
tral events in the corresponding event type (same-sign posie-sign),Ng = Zj(NjSF+
NJQF). NJ.SF is the number of same-flavour events in the category,l‘éa]?lﬂis the number

of opposite-flavour events in the category. The same forrapfdies for same-sign and
opposite-sign events. The fractigfisare then multiplied by the corresponding class frac-
tion obtained from the MMS fit to get the fractions used in the likelihood expression of
Equation (4.1) on page 59.

4.1.3 Missing mass squared fit

The fraction of neutral and charged events is determined bined likelihood fit of
Monte Carlo MMS distributions to real data MMS distributsofor SS and OS separately.
The fit uses th&MCMLL routine of CERNLIB [48], which also considers the statistical errors
of the Monte Carlo distributions. The distribution shapesie from the Monte Carlo: only
the fractions are allowed to float in the fit, except the cantm fraction, which is fixed to
the value calculated using Equation (4.2).

The neutral MMS distribution depends amy. In order to account for this dependence,
neutral Monte Carlo events are reweighted in a similar wagulo-categories (see Equa-
tion (4.3)): neutral SS and OS distributions are separatdsame-flavour and opposite-
flavour distributions. The same-flavour distribution is tiplied by)(d/)(g"c, and the op-
posite-flavour distribution by (J:Xd)/(l—)(d""c). This is illustrated on Figure 4.2 on the
next page. Sincgq is small, the &ect is much clearer for same-sign events.
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FIGURE 4.2 — Reweighting of the neutral MMS distributions to take into@unt their

dependence onmy. Monte Carlo samples withmy = 0.467 ps? (triangles) and

Amy = 0.520ps™? (crosses) are compardzbforereweighting, for (a) neutral SS events

and (b) neutral OS events. The comparisdter reweighting the first Monte Carlo

sample toAmy = 0.520 ps™ is shown for (c) neutral SS events and (d) neutral OS

events.



4.2. Time evolution
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F1Gure 4.3 — Fit of half of the available Monte Carlo sample to the othetfHor
(a) SS events and (b) OS events. The result of the fit showsritieleim contribution
(filled entries), the charged events contribution (hatceetties) and the neutral events
contribution (empty entries). No reweighting has been n{#iteMonte Carlo value of
Xd is assumed).

TABLE 4.2 — Comparison between input and fitted Monte Carlo fractions.

Fractions in SS events Fractions in OS events
Class Input Fitted Input Fitted
Neutral 0.747 0.734+0.015 0511 0.510+ 0.006
Charged 0.212 0.224+ 0.015 0.454 0.456 + 0.006
Continuum | 0.042 | 0.042 (fixed) 0.034 | 0.034 (fixed)

The fit consistency was first checked by fitting half of the ka@dé sample Monte Carlo
to the other half. The result is shown in Figure 4.3. Fitted eaput values are compared
in Table 4.2.

4.2 Time evolution

The time evolution function® of the likelihood reflect the actual time dependence of the
B mesons the leptons come from. In other words, this part ofikeéhood does not take
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into account a possible distortion of this evolution by setary leptons. (This will be
accounted for in the resolution functiofs) It does however contain mistag information,
in the case of neutral events. The possible time dependastutions thus reduce to
three:

e Same-flavour (SF) and opposite-flavour (OF) events, in thengry” or “secondary”
categories of neutral events follow the distributions Egeation (1.59) on page 14):

oo(-2) 1
Pse(At; Amg) = 4—To[l—cos@mdAt)]E (4.4)
oo(-2) 1
Por(At; Amy) = 4—TO[l+cos@mdAt)]1_—/Yd (4.5)

whereAt = t; — t, is the true time dierence between the tw® mesons andy is
the lifetime of the neutralB meson. These functions are normalised with the mixing
probability y4 (see on page 14).

Definingwss (wos) as the fraction of OF (SF) events in the SS (OS) types, the tim
distributions for SS and OS events are:

Pso(At; Amy, wss)
Pos(At; Amy, wos)

(1 - wsg) Psk + wssPor (4.6)
(1 - wos) Por + wosPsF 4.7)

In the following, the quantitiea)ssandwos are called “wrong-tag fractions”. These
are mainly due t@/y or fake leptons. Because of these fractions of wronglyddgg
events, SF and OF eventdidr from SS and OS events, respectively. What we call
wrong-tag fractions, however, should not be confused witiistag probabilities”,
i.e. the probability that an SF (OF) event is measured as gil©S¥event.

e ChargedB meson and charmed meson decays:

1 At

This describes charged events and a fraction of continuwentgv The lifetimer
corresponds to chargdglmeson or charmed mesons lifetimes.

e Prompt component:
Ps(At) = 6(At) (4.9)

Leptons coming from the same vertex (continuum or “s@hevents) are described
by this distribution.
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4.83. Detector response function

The time distribution of events is inferred from the vertesition diference, assuming:
Az

At = —,

Byc

wherepy = 0.425 represents the Lorentz boost of thelS) rest frame with respect to

the laboratory. Theféect of the transverse motion 8fmesons in th&’(4S) rest frame is
discussed in sub-section 4.7.2 on page 90.

(4.10)

4.3 Detector response function

The detector response functions of the likelihood takeatmunt the imperfect resolution
on theB meson decay vertex position measurement.

4.3.1 Detector resolution

The precision on the position of the lepton production vertex itself is limiteg the
detector resolution, whichfizects all categories of leptons, regardless of their origime
reconstructed positiog® differs from the true positiog™® by 67 = Z*¢— "¢ (I = 1,2).

The detector resolution oAz is then expressed by a sum of two Gaussian distributions,
one for the core part, one for the tail part of the resolution:

Rae(0AZ, 07) = (1 = fiail) G(OAZ Smain0z) + frail G(0AZ, Siailo7) (4.11)

wheresAz = (Z5° - Z79) — (2" - Z1), fiai is the fraction of tail in the resolutiorsmai, and

Swil are global scale factors common to all tracks= /o2, + o2, is the quadratic sum of
event-by-event estimated errors on the leptorrtex coordinate% andz, and

1 X2
G(X0) = — exp|—=|.
( ) V2o p( 20'2)
For notational simplicity, lefes = (ftail, Smain» Sail) be the vector of detector resolution
parameters.

J/y — I~ events are used to obtain the resolution parameters. Thestséhave
passed exactly the same selection as the other events} éxaefheJ/y veto and the cut
on the opening angle between the two leptons are not apligdre 4.4 on the next page
shows the agreement between frdistributions of primary events anlly events.
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FI1GURE 4.4 — Comparison obAz Monte Carlo distributions for primary events (his-
togram) and Jy events (crosses) scaled to the number of primary events.

A J/y signal region and d/y side-band region are defined in the two distributions of
the invariant mas,+|-:

— Signal region: D0 GeV/c? < Mgre- < 3.14 GeV/c?
3.05 GeV/c? < M+~ < 3.14 GeV/c?

— Side-band region: .38 GeV/c? < Mj+- < 3.50 GeV/c?

Figure 4.5 on the facing page shows #fe& andu*u~ mass distributions in experi-
mental data and Monte Carlo. The superimposed mass distrisufor €™ candidates
give a very good description of the shape of the background Jiy events) in both the
e"e” andu*u~ samples. Hence, the ratinbetween the number of background events in
the signal region and that in the side-bands can be takentfresty™ sample.

Events falling in thel/y side-band region are used to describe the background in the
signal region. The side-bamiz/o-, distributions are scaled hy and subtracted from the
signal region distributions. The resultidg/o-, distributions fore*e~ andu*u~ are added.
Az/o, is then fitted with a double Gaussian. (This is equivalentttmdj Ryet to Az) The
result of the fit is shown in Figure 4.6 on page 70.

The parameters ®Rye; are listed in Table 4.3 on the facing page.

4.3.2 Non-primary decays

The production vertex of a lepton and the decay vertex oBth@ason it comes from only
coincide in the case of “primary leptons”, by definition. Ather categories must therefore
be compensated for thk, shift (see sub-section 4.1.1 on page 60). This is done with th
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4.83. Detector response function

TABLE 4.3 — Parameters of the detector resolution fitted from expemtaeand
Monte Carlo data.

Parameter Real data Monte Carlo
fmain 0.970 +0.004 0.970 +0.002
Smain 1199 +0.011 1138 +0.007
Stail 53 +0.3 6.34 +0.27
3 ¢ 3 o oof
o ¢ Data © 5000¢ Data
S 3000F e C
o L <) L
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I L < [
| £ ] [
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1500F  gignal redion r Side-band region
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F1GURE 4.5 — Invariant mass distributions offe™ and u*u~ pair candidates (plain
histograms, &e~ on the left,u*u~ on the right). Upper plots show experimental data
distributions, lower plots show Monte Carlo distributions each case, the distribu-
tion of e'\u™ events (dashed histograms) is superimposed, after nsatan to the
side-band region.
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4.83. Detector response function

following general function for “non-primary” leptons (sgt9]):

where;:
1 X :
Ep(x7) = = exp(—;) if X> 0.
0 otherwise
1 -
Exn = T exp(-2) if x< 0.
0 otherwise

with 7 > 0. Studies have shown that thfext of track fit errorsr, had to be included in
ther parameters o, andEp:

Tp = T% + T%, S0y (4.13)
T (4.14)

Here, s denotes the same global scale factor a®jg. SinceRget has two components,
corresponding tGmain and S, there will also be two components anpa‘” with
S = Smain andRE]ag' with s = Sgj.

Finally, since each lepton can be a secondary lepton witarént characteristics, two
differentR'np contributions must be added to describe the total distobRy:

Rnp(6AZ, M) = aRL(6AZ NPY) + (1 — @)RG,(5AZ; NPY) (4.15)

The parameterap = (P, A%, @), wherenp = (fp, 70,75, 70.78)' (I = 1,2), are deter-

mined in a global fit including the full response functionexplained below.
4.3.3 Response function
The full response functiofRy, for each category is a convolution of the above functions:

e Primary events (3 parameters):

—

Riot (8AZ; 07, T€Y) = Ryet(6AZ 072, T€Y) (4.16)

¢ Non-primary events (12 additional parameters):

Riot (6Az; o, 765 n_b) = {Rdet@» (f5<5 +(1- f§)Rnp)} (6Az; o, €5 %)
(4.17)
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where fs is the fraction of a Dirac component, which is added to talte account
primary leptons (in “sam®&” or “di fferentB” categories) or leptons coming from the
same vertex (in continuum events).

Parameters foRRget can be extracted from data, as described in sub-sectioh drB3.
page 67. All the parameters necessary to describe non4pridegays are extracted from
Monte Carlo. A fit of the correspondingy is performed on each category we consider,
with Ryet parameters extracted from the Monte Carlo. In the case aftthegged dierent
B category the time evolutiof? can be included irRpp, since both? andRnp, consist of
exponentials.

The result of theRy fit is shown on Figures 4.7 to 4.10 on pages 74-77. The full
list of parameters (except tHf&e; part) is given in Table 4.4 on the next page. Asymme-
tries in these distributions come from the tighter momentwinon the first lepton which
greatly reduces secondary first leptons. Second leptonshidnee a larger reconstructed
in average, and the distributions are stretched to positlges.

4.4 List of likelihood terms

The probability density functions used for each categoeyliated here.

4.4.1 Same-sign events
1. Primary neutral events:

SS
Pprim

Az
(Az; Ay, wgﬁm, T2 r?s) = Pss (ﬁ_yc Ay, wﬁﬁm) ® Ruel(6AZ, 0, TES)
(4.18)

2. Secondary neutral events:
SS( A SS _ =% oSS
PS(AZ AMy, ws, 077, TE5 M) =

A
PSS(—Z . Arnd, Q)?esc) ® [Rdet@ Rnpil (6AZ| Oz, r—e_>S @;—Z‘SC) (419)

Byc’
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TABLE 4.4 — Full list of parameters for the description of the respofigection in non-primary events. The low statistics

and large number of parameters cause some parameters tetvéoriless significant categories.

npt np

Category fo T% T]b 70 7k fo T?) T% 70 7} a fs

Neutral SS sec. 0.429 0253 -0.453 Q937 Q303 | 0.111 -0.059 1506 0389 -0.356| 0.557 Q000
Neutral SS samB | 0.000 -0.044 Q581 1.000 Q000
Charged SS di. B | 0.518 1758 Q207 1858 -0.202 | 0.403 1759 Q205 1857 -0.202 | 0.669 Q097
Charged SS santg | 0.000 Q411 -0.381 | 0.000 3489 -2.159 | 0.900 Q000
Continuum SS 0.451 2840 -1.430 Q0548 Q474| 0451 2840 -1.430 Q548 Q474 | 0.872 0413
Neutral OS sec. 0.738 Q010 -0.005 Q766 Q195 0.380 -1.657 Q247 Q724 Q221 0901 Q000
Neutral OSsam®& | 0.285 -0955 Q0954 Q619 -0.145| 0.051 Q113 1058 -0.275 2036 | 0.897 Q147
Charged OSsec. | 0.221 -0.291 -0.692 Q317 -0.166| 0.151 -0.176 -0.885 -1.537 3421 | 0.895 Q000
Charged OS sam@ | 0.000 Q0334 -0.340 1.000 Q460
Continuum OS 0.000 5917 -2508 | 0515 -0.922 2819 0921 Q356 | 0.086 0546

Swiia) pooyyayy fo 1517 ¥ ¥
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(b) Neutral OS samB
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are Monte Carlo data and the curve is the result of fig fit.
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3. SameB neutral events:

P02 T TEES) - [Ron o] (2 TS (4.20

4. DifferentB charged events:

PES(AZ; Oz, r—e_é n_bis) [pexp ® Ryet® Rﬂp] (AZ; Oz, Fé)s m)

| Raet® Rup| (AZ o2, TES NP ) (4.21)

5. SameB charged events:

PS5, (AZ o, TES PSS, f5) =

fs Roe AZ 072, 7€8)+ (1 - T) [Raer® Rup| (AZ 02, TRG)  (4.22)

6. Continuum events:

Pes{AZ 0, T€5 Moy, Ts) =
fs Roe(AZ 02, T€8)+ (1= f) [Ruet® Rup| (AZ o2, TES Sy)  (4.23)

4.4.2 Opposite-sign events

1. Primary neutral events:

AV
Pr?rism(AZ; Amyg, wgrism’ g2 @)S) = 7)03(—' Amg, w83 ) ® Rue AZ, 0, TES)

ﬁyC’ prim
(4.24)

2. Secondary neutral events:
PSeSC(AZ; Amyg, ‘Ugeso o2, 78S msoesc) =

Az

Pos (ﬂVC’
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4.5. Corrections to the Monte Carlo

3. SameB neutral events:

PSS(Az o, TES PGS, f5) =

fs Roe AZ 07z, T€8)+ (1 f5) [Roet® Rrp| (AZ 02, MPG5)  (4.26)

4. Primary charged events:

POS(AZ 072, T€Y) = [Pexp ® Ruet| (AZ 07 75:, €Y (4.27)

5. Secondary charged events:

POS(AZ 0, TS TCS) = [Pexp® Raer® Rup| (AZ o, TES APYS)  (4.28)

6. SameB charged events:

PS5 (AZ o, FES PSS, T5) =

fs Roe AZ 072, T€8)+ (1 - T5) [Roet® Rup| (AZ 02, TPGS)  (4.29)

7. Continuum events:

P?os(Az; o, 75 NP, f5) =

fs Roe AZ 072, T€8)+ (1 = f5) [Roet® Rrpey | (AZ 072, FES MRSy)  (4.30)

45 Corrections to the Monte Carlo

Simulated and experimental data slightlyfelf because the detector is not perfectly mod-
elled by theGEANT program. In addition, physical quantities used byahevent generator
correspond to the 2000 version of tReview of Particle PhysicSince Monte Carlo is used
to extract fractions of categories, two corrections areertadhe simulated data.
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4.5.1 Branching fractions

The branching fraction foB® — D*~ £*v, events has significantly changed between the
2000 and 2003 averages:

B(B® - D™ *v/)qq 0.0495
B(B° - D ¢*v/)ppgozs = 0.0553+ 0.0023

This is taken into account by reweighting these events.b40.05 (the error will be used
in the estimation of systematic errors).

4.5.2 Lepton and pion momentum distributions

Since MMS highly depends on momenta, discrepancies betieate Carlo and data mo-

mentum distributions have a largéext on MMS distributions. Momentum distributions
are, therefore, compared after the whole selection andrtirehbing fractions reweighting,

as shown in Figure 4.11 on the facing page. A reweightingfastcalculated for each bin

of these histograms. Monte Carlo events are then reweigittearding to the first lepton,

second lepton and soft pion momentum used to calculate MMS.

4.6 Summary and results

The Monte CarloAz/o-, distribution for J/y events is fitted to get the Monte Cariye;
parameters. ThiRqetis then convolved with the tota,,, which is used to describe events
with non-primary leptons. Parametersiy, for all categories are then extracted from the
corresponding Monte Carlo events (section 4.3.2 on page B&se events have passed
the whole selection.

The experimental datAz/o-, distribution for J/y events is also fitted to get thye;
parameters (section 4.3.1 on page 67). These parametefgapdrameters are then fixed
in the Amy fit.

The B meson lifetimes are fixed to values given by the Heavy Flaw@réging group
(HFAG) [50] for summer 2003ty = 1.534+ 0.013 ps,r. = 1.653+ 0.014 ps.

Fractions of sub-categories (primary, secondary and &nmside neutral and charged
events are taken from the Monte Carlo (section 4.1.2 on payeThey are recalculated
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each time the value chmy changes in the likelihood fit, according to Equation (4.3) on
page 63.

The fraction of continuum events is set from the numberféf@sonance events that
have passed the selection, scaled by the ratio of on-reseraard &-resonance luminosi-
ties.

Neutral and charged fractions are determined from the éxrpetal data using the
MMS fit (section 4.1.3 on page 63). This MMS fit is performedtetime the value oAmy
changes during the likelihood fit.

Finally, three out of the four wrong-tag fractions are seh®Monte Carlo values in a
way similar to other fractions (see Equation (4.3) on page 63

OF | 1-xd
Ni . e
wi = (4.31)
NOF. 12xda | NSF. Xd_
i 1_X(I;IIC i X(I;IIC

wherei designates the neutral SS secondary, OS primary or OS sagaategories. These
fractions proved to be beyond the sensitivity of the fit.

The likelihood £ (Equation (4.1) on page 59) is calculated on all selecteémxgntal
events. UsingIINUIT, we try to minimise the quantity:

~2In £ (Amy, wgr?m) + ATeY - (V1) - ATES (4.32)

where the mass flerenceAmy and the wrong-tag fraction for the neutral SS primary
events,wgﬁm, are floated. Initial values for these parameters are sétet@urrent world
average and the reweighted Monte Carlo value, respectividlg detector resolution pa-
rameterges are constrained to the values obtained fromlfiiefit by an additional Gaus-
sian term, in order to include the statistical error on thieedeination of these parameters.
V-1is the covariance matrix obtained from thgy fit, and Ares is the vector dierence

between test values addy fit values.

4.6.1 Consistency check

We performed a fit to the Monte Carlo sample, in which the valuémy is known. To do
so,mixed, charged, charm anduds were split in two sets, set 1 and set 2. The samples of
each sets were added to form “on-resonance” Monte Carlajstong of 13%mixed, 13%
charged, 28% charm and 46%uds events. Separate samples of one set were then used
to fit the combined Monte Carlo of the other set. Fit resulesmesented on Figures 4.12
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TABLE 4.5 — Result of the fit on the two Monte Carlo subsets comparedptat ival-
ues. The input values and errors for detector resolutiorepaeters correspond to the
outcome of the /) fit. Only statistical errors are shown.

Parameters Input Setl Set 2
Amg [ps] | 0.467 0470+ 0.010 Q477 0.009
Wl 0.031 0020+ 0.017 Q037 0.017
fmain 0.970+0.002 Q971+0.002 Q974+ 0.002
Smain 1138+ 0.007 1134+0.007 1132 0.007
Sail 6.3+ 0.3 6.0+0.3 60+03

to 4.15 on pages 84-85 and summarised in Table 4.5. Fitteéwvalre consistent with the
input value ofAmy = 0.467 ps?.

4.6.2 Fit result

Minimising expression (4.32) on the preceding page on &ksed events of experiments 7
to 27 (150 millionBB events), we foundAmy = 0.519+ 0.006 ps? (statistical error only).
The fit results are summarised in Table 4.7 on page 87 andeesen Figures 4.17 to 4.19
on pages 88-89. The corresponding fractions of eventssteel lin Table 4.6 on page 86.

4.6.3 Additional checks

The robustness of the fit was tested on experimental datadogdditional checks. First, a
separate fit of SS and OS events was performed. Second, ttralrizmeson lifetimerg
was released. The results are presented in Table 4.7 on gagd8 fitted values ohmy,
wggm and the detector resolution parameters are consistentheitbutcome of the nominal
fit. The fitted value ot is consistent with the current world averagg.= 1.534+0.013 ps.
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TABLE 4.6 — List of event categories and corresponding sizes obtaiigdthe value
of Amy fitted to data. The relative size of a category is given wipezt to the class it

86

belongs to. Quoted uncertainties come from the Monte Caalistics.

Type Class Category
Same-sign Neutral primary (78.530.38)%
(19.3%0.16)% | (93.73:0.22)% | secondary (20.480.37)%
sameB (1.03£0.09)%
Charged differentB (91.20:1.15)%
(4.82:0.19)% sameB (8.80£1.15)%
Continuum
(1.45:0.11)%
Opposite-sign Neutral primary (95.92:0.10)%
(80.63:0.16)% | (81.14:0.17)% | secondary (3.1:80.08)%
sameB (0.88£0.05)%
Charged primary (95.940.21)%
(17.36:0.17)% secondary (2.940.18)%
sameB (1.12:0.11)%
Continuum
(1.50:0.05)%
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FI1GURE 4.16 — Mixing asymmetry in the Monte Carlo set 1 (left) and 2 (r)ghithe

result of the fits is superimposed.

TABLE 4.7 — Result of the nominal fit compared with additional checloiit$SS events

only, OS events only, and with floated neutral B meson ligetim

Parameters|  Nominal SS only OS only Lifetime
Amg [ps™l] | 0519+ 0.006 | 0.513+0.009 Q0527+ 0.008 0521+ 0.007
70 [ps] 1.534 (fixed) | 1.534 (fixed) 1.534 (fixed) 546+ 0.011
prm 0.012+ 0.006 | 0.015+ 0.01 — 0016+ 0.012
fmain 0.963+ 0.004 | 0.964+0.003 0962+ 0.004 Q963+ 0.004
Smain 1161+ 0.008 | 1.186+ 0.009 1161+ 0.008 1160+ 0.009
Stail 432 +£021 | 464 £021 420 +£022 429 +0.22
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FIGURE 4.17 — Mixing asymmetry in the experimental data. The result effthis
superimposed.
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FiGure 4.18 — Az distributions of same-sign (left) and opposite-signh{tjgvents in
the data of experiments 7 to 27. The superimposed solid dsriree total fit result,
i.e. the sum of the fitted distributions of neutral eventsl(aa curve), charged events
(dashed-dotted curve) and continuum events (dotted cutig)er plots have a linear
vertical scale.
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4.7 Systematic errors

4.7.1 Physics parameters

The B lifetimes 7o andr.. are used as input parameters in the fit and are set to the turren
world averages. The error on these averages are propagdtey by varying each lifetime
by plus and minus one standard deviation and repeating the fit

Monte Carlo is reweighted to account for thefeience between the current world
average ofB(B® — D*~ ¢*v;) and the event generator value (see section 4.5.1 on page 80)
The reweighting factor is.12+ 0.05, where the error corresponds to the error on the world
average. This error is propagated by varying the reweightintor by plus and minus one
standard deviation and repeating the fit, in a similar wayaghie lifetimes.

4.7.2 Detector resolution

The statistical error in the determination of the detec&sotution parameters is auto-
matically included in the fit by an additional Gaussian craist (see Equation (4.32) on
page 82). Two ffects should, however, be taken into account in the systemabr. First,
the B mesons momentum in tH&(4S) frame is neglected when the timefdrenceAt is
approximated by\z/Byc (Equation (4.10) on page 67). Second, the resolutiombis
estimated froml/y events.

In the Monte Carlo, the generated decay vertex positioneBtimnesons is known. The
distribution ofAZ"¢33-AZ%¢" whereAZz"¢%Sis the measuredzandAZ%®"is the generatedz,
gives the true\zresolution. True resolution parameters are extracted fhogrdistribution
in the same way as fRget. The Monte Carlo sample is then split into 20 subsamples, and
the fit is repeated for each subsample, alternately Rith parameters and true resolution
parameters.R,, parameters were refitted with the true resolution beforéopming the
second series of fit. A histogram is then filled with th&eliences between the two fitted
values ofAmy (see Figure 4.20 on the facing page). The mean value of thisgram
provides the systematic error due to the fildeet mentioned above. We firdAmy) =
-1.67+ 0.57 ns’. We add this shift to the systematic error.

The second féect proved to be impossible to determine in the same way. |Restt
tained with this method were clearly inconsistent with thert¢ Carlo input value afmy:
the average bias was more tha® 030 ps?. In order to take the kinematic approximation
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F1cure 4.20 — Histogram of the giflerences between fitted values/ofy with the
nominal resolution and the true resolution, for each of tBeMonte Carlo subsets.

into account, we thus estimated the overall fit bias from tletd Carlo. The outcome of
the fit on the two Monte Carlo subsets (see Table 4.5 on pagsHB)s an average bias
of +6.5 + 6.5 ns'! with respect to the input value of4b7 ps?t. The fitted value oAmy
was corrected for this bias and the error was added to theragsit error. This correction
takes into account all possible bias included in the MontédCa

4.7.3 Non-primary decays

The Az distributions of non-primary decays have an additional ponentRy,, whose pa-
rameters are determined by a fit to Monte Carlo. In order tpagate the errors of this fit
to theAmy fit, each parameter should be varied, and the fit should barege

Only neutral SS secondary events, however, represent ificagi fraction of the total
sample. All parameters of the correspondffig were varied by plus or minus their statis-
tical error and the\my fit was repeated. The variations amy were then added using the
covariance matrix of th&pp fit.

All other non-primary categories represent less than 5% efkt/ent type they belong
to. The dfect of the error on the correspondifgpparameters is, therefore, expected to be
negligible.
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4.7.4 Event fractions

The event fractions are extracted from Monte Carlo data im different ways: classes
fractions come from the MMS fit; categories fractions and ngrtag fractions directly
come from corresponding Monte Carlo fractions reweightszmbading to the test value of
Amyg.

The MMS fit returns the ratio of neutral to charged event foes with an error. The
error takes into account statistical errors on the MontdcCamd the experimental data.
Since the Monte Carlo sample is significantly smaller thanréal data sample, this error
is dominated by the Monte Carlo statistics and is considaseal systematic error. In order
to estimate it, we repeat thiemy fit twice, always using the returned fraction plus (resp.
minus) the returned error.

As for categories and wrong-tag fractions, we estimate tmeesponding error from
the Monte Carlo statistical error. Each fraction is varigdptus or minus one standard
error and the fit is repeated.

The fraction of continuum is determined from the number técted events in thef
resonance sample. The corresponding statistical erroopagated taAmy by varying this
fraction by plus or minus one standard error and repeatiadith

We also estimated systematiffexts of the Monte Carlo by fitting without momentum
reweighting, by varying the Monte Carlo fake rates#5f6 and by varying the branching
fractions ofD — X¢v, decays by plus and minus their error. The resulting shiftserfitted
value of Amy were all less than.05%. We, therefore, assumed that systemdfieces of
the Monte Carlo were negligible with respect to the errore thulimited Monte Carlo
statistics.

4.7.5 Summary

Systematic errors are summarised in Table 4.8 on the facigg.pNVe add them in quadra-
ture and find the final result, after correcting for the fit bias

Amg = 0.513+ 0.006 (stat)+ 0.008 (syst) ps'. (4.33)
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TABLE 4.8 — Summary oAmy systematic errors. The total shows the sum in quadrature

of all errors. Note that the unit is n$.

Source Effect onAmy [ns™!]
NeutralB lifetime -2.85 +2.66
ChargedB lifetime +0.39 -0.40
B(BY = D* (* vy) -0.02 +0.01
Rdet +1.67
Az/pyc +6.45
Neutral SS secondafn -0.41 +0.85
Fractions

SS classes -0.62 +0.61
OS classes -0.30 +0.30
Continuum +0.56 +0.59
SS neutral +3.48 -3.42
SS charged -0.09 +0.09
OS neutral -1.29 +1.29
OS charged -0.06 +0.06
Wrong-tag fractions -0.19 +0.19
Total -8.21 +8.16
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4.8 Discussion of the result

The above result is in agreement with the current world ggee@mpiled by thédeavy
Flavor Averaging Grougor Summer 2003Amy = 0.502+ 0.007 ps(including statistical
and systematic errors).

The measurement presented in this work is the most accurgiie sneasurement of
Amy to date. Adding systematic and statistical errors in quadeaamounts to an error
comparable to the error on the world average. This measutetierefore, significantly
improves the knowledge &fmy.

systematic errors, however, are of the same order as &f@tistrors. One reason is the
huge experimental data sample used for this measurementhémreason is, conversely,
the small amount of Monte Carlo statistics available, camgao experimental data. This
results in large systematic errors in the determinatiorapdmeters from the Monte Carlo,
especially the fractions of same-sign neutral events. llyjnde lifetime of the neutral
B meson also represents a large source of systematic errosh@sn in Table 4.7 on
page 87, releasing this parameter simply transfers thegaonding systematic error to a
statistical error om\my. Indeed, adding in quadrature the 0.006 psrror on the nominal
fit outcome to the 0.003 p$ systematic error due tey equals the 0.007 p$ statistical
error of the simultaneousmy andry fit.

Previous time-dependemtmy measurements contributing to the world average are
compared with this measurement in Figure 4.22 on page 96.nmidst significant con-
tributions come from the twd-factories of the BaBar and Belle collaborations. These
include:

— exclusive analyses: fully reconstructed hadronic deags53] andB® — D*(v,
decays [54, 55];

— inclusive reconstruction @° — X¢v, decays (dilepton analyses) [56,57];
— partial reconstruction d° — D*r decays [58].

All these analyses were performed on a sample of similar, silzeut five times smaller
than the sample used in the present analysis. The corrdggomiking asymmetries are
compared in Figure 4.21 on the next page. The excellentypafithe soft pion sample
allows a clear asymmetry curve compared to most other memsunts.

1See Reference [51] for a review of all measuremeng-factories.
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I T I T T T
ALEPH . 0.44620.026+0.019 ps™
(3 analyses)
DELPHI . 0.519+0.018+0.011 ps™
(5 analyses)
L3 }_,_,_,_{ 0.44410.028+0.028 ps™
(3 analyses)
OPAL . 0.479+0.018+0.015 ps™
(5 analyses)
CDF "’ Ly e 1 0.495+0.033+0.027 ps™
(4 analyses) ! !
BABAR® H 0.500+0.008+0.006 ps™
(3 analyses)
BELLE " M 0.506+0.006+0.008 ps™
(4 analyses)
average of above H 0.50210.007 ps™
this measurement i 0.513+0.006::0.008 ps"
| | | | | | | |

* working group average 0.4 0.45 0.5 0.55

without adjustments

Am, (ps'l)

Fi1GURE 4.22 — Summary of previous time-dependany measurements, compared
with the measurement presented in this work (HFAG averageSifmmer 2003).

This work began as a refinement of the Belle dilepton analylsispite of the much
larger amount of available statistics, the selected numierents proves to be significantly
smaller in this work than in the dilepton analysis; the sabecefficiency ratio between the
two is 5%. The main reason, in addition to the soft pion s&acis the very tight cut on
the first lepton momentum. The amount of selected chaByedents is, however, reduced
by a factor of six in the SS sample, and by a factor of three én@$ sample. Neutral
background and continuum events are greatly reduced byattialpreconstruction as well.
Altogether, the signal over background ratio is increased Eactor 2.3-2.4. As a result,
the statistical error and systematic errors are reducediégtar 1.3.
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4.8. Discussion of the result

Concerning implications in the “quest” for CP violatiotuny is an essential ingredient
for the calculation of indirecCP violation parameters. It, however, only contributes to a
small part of the overall systematic errors on such measemesr(see for example [59]).
No significant improvement is expected with the improven@mnmy measurements. On
the other handAmy is directly related to the CKM matrix elemekty, which primarily
accounts for CP violation in the Standard Model:

Vial o« v/Amy /Bg .

Unfortunately, theoretical uncertainties ofBgfg amount to 20%. Although improve-
ments are expected from lattice calculations [60], theresroAmy is again negligible.
This will change in a near future, with the measuremenmamf;, at hadron colliders. The
following quantity will then be available experimentally:

Ml _ /— _ VBafe
|Vts| Ams \/ B|3S st ‘
In the ratio&, theoretical uncertainties are reduced by a factor 2. A higturacy ommy
will, therefore, be of great importance after the measuregraEAms.
Finally, recent measurements have set limitggmp| and A" [61]. These limits are

beyond the sensitivity of our measurements and justify tyjgotheses we made on the
time-dependent mixing probability functions (see Equatidi31 on page 11).
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Conclusion

The measurement of thB°B° mixing parameterAmy was carried out on a sample of
152 million BB pairs collected by the Belle detector over 3 years (20003R0&emi-
leptonic events were selected by looking for two leptons ighhmomentum, as in the
previous dilepton analyses. In order to reduce the chaBgedson background, additional
constraints were set to favour the de@y— D*(D%x) ¢ v,, which only exists at first order
in the neutralB meson sector. This method was originally used in time-natiegl decays
by the CLEO collaboration. Because of the very large avilabmple oBB pairs, selec-
tion criteria could be tightened to purify the events frora@®lary decays. The number of
fully selected same-sign and opposite-sign events angecésely:

13,553
54,913

Nss

Nos

with a signal over background ratio of 2.8 for same-sign &vand 3.5 for opposite-sign
events.

An unbinned likelihood fit was then simultaneously perfodnog theAz distributions
of same-sign and opposite-sign events to exthagt. Various time-dependent probabilities
were used to describe the signal and the multi-fold backgtourhe detector resolution
was deduced from events compatible witld/@ decay, where\z is known to be zero.
Finally, since the pion selection induces an asymmetry éetwthe two leptons, rather
complicated analytical functions had to be added to desanin-primary decays in the
likelihood. The parameters of these functions were detezthirom Monte Carlo data.
The contribution of each component was determined from Bl&@darlo as well, either
through a fit to the partially reconstructed neutrino migsimass squared, or directly from
reweighted Monte Carlo samples. The fit parameters wearg; the wrong-tag fraction of
primary same-sign neutral events and the parameters oktieetdr resolution. We made
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CONCLUSION

various consistency checks on the Monte Carlo and on theriexpetal data. Systematic
effects were also estimated. We found:

Amy = 0.513+ 0.006(stat} 0.008(syst)

This is the most precisAmy measurement at present. It is in agreement with previous
results, and significantly contributes to the world averaigiis parameter.

Within a few years, the error alimy may become a limiting factor on the determination
of related CKM matrix parameters, especially after the mesment ofAms, the strangé®
meson counterpart @my. Higher accuracy will then be required. Reducing the dteéib
error will certainly be made possible by the high expectatistics fromB-factories. The
reduction of systematic errors, however, may prove to beerdifficult.

As far as this analysis is concerned a more precise detetionnaf the B meson life-
times would have a significantfect. Alternatively, the neutraB meson lifetime could
be simultaneously measured, thus transferring this sydterarror to the statistical er-
ror, which scales with the amount of available statistickie mall amount of available
Monte Carlo with respect to the experimental data is anathippling source of error that
should be soon corrected with the production of new MontddCa larger Monte Carlo
sample may also help understand the background better arthgs, simplify the shape
of non-primary decay functions. Finally, future measuraetaausing this method should
optimise the selection criteria. Most limits used in thislgsis were set before the com-
plete analysis, including the fit, had been performed. Meeglback from the fitting stage
to the selection stage could help increase the reconsirueficiency without worsening
the signal over background ratio.

Da steh ich nun, ich armer Tor!

Und bin so klug als wie zuvor;

HeiBe Magister, heiBe Doktor gar [...]
DaB ich erkenne, was die Welt

Im Innersten zusammenhilt,

Schau alle Wirkenskraft und Samen

Und tu nicht mehr in Worten kramen.

— Goethe, Faust, First part
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Appendix A

The Micromegas detector

ICROMEGAS, a novel and promising gaseous detector, has been studied frame-
M work of this thesis as a candidate for the LHCb inner tracker.

Micromegas was introduced in 1995 [62] to answer the demandhifh-resolution
tracking detectors with very high rate capabilities. Thenow generation of accelerators,
in particular LHC at @ry, indeed require such fast and robust devices. The reseadcch a
development of this detector has opened the way to a verg fampe of applications, not
only in high-energy physics, but also in astrophysics, meddimaging or neutron physics
(see for example [63—-65]).

The main characteristics of Micromegas are summarisedeifirtst section of this ap-
pendix. In spite of its many interesting features, Microameghowed a great sensitivity to
highly ionising particles in intense flux of hadron beamagiag to discharge phenomena.
A detailed study of breakdowns is reported in the secondosect

Il s’appelait Micromégas, nom qui convient fort a

tous les grands.

— Voltaire, Micromégas, Chapitre 1

A.1 The MICROMEsh GAseous Structure

Micromegas is a parallel-plate avalanche gas chamberangthgle amplification stage. It
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FiGUre A.1 - Simplified scheme of Micromegas. A particle crosses thmbkaand
creates two electron-ion pairs. The drift of electrons ane amplification avalanches
are shown.
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FIGURE A.2 — Top view of the amplification gap showing the mesh, a spawstips
(enlarged 80 times).

consists of a conversion and drift space, limited by a cathadne and a micromesh, on
top of a narrow amplification gap located between the micsinzad anode readout strips.
As represented on figure A.1, crossing particles creatérete@n pairs in the upper gap.

The free electrons then drift toward the amplification gapewe a strong electric field

generates an avalanche which is finally collected on thessas an induction signal.

The anode is a simple printed circuit board with copper stdp an epoxy substrate.
The micromesh is a thin (3m) electro-formed Nickel grid of 3% 39 um? holes at a
50.8 um pitch. It is stretched and laid down on small polyamid spaceposited on the
strips to precisely maintain the size of the 306 amplification gap (see figure A.2). The
cathode is made of a thin aluminized My#afoil placed 3 mm above the mesh.

The electric field is remarkably homogeneous throughoutthele chamber. It ex-
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A.1. The micromesh gaseous structure
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FicURE A.3 — Electron drift lines (dashed) and equipotential lines néee strips
simulated using Maxwell and Garfield.

hibits a funnel-like shape at the junction of the drift andpdifitation gaps, as shown on
figure A.3. In this region, drift lines of electrons comingin the conversion gap are nar-
rowed toward the centre of the mesh holes, thus ensuring pleterpermeability of the
grid to electrons created by the ionisation. The size of tifelghe tube in the amplification
gap depends on the electric field ratio between the two regidthe chamber. The field
configuration and drift lines were calculated using Maxwet] and Garfield [67]. The
geometry corresponds to a drift gap of 3 mm, an amplificatiam of 110um, with strips

of 240 um width and 3Qum height placed every 30@m. The substrate has the electrical
properties of Vacré, strips are defined as Copper, and the mesh and the cathode-are
fined as Nickel. The cathode voltage is seti®00 V, the mesh voltage te450 V and the
strips are grounded.

Finally, the chamber is filled with a mixture of a light, noldas (e.g. Argon) and a
polyatomic gas (e.g. isobutane id;0). The light gases indeed allow avalanche multi-
plication at lower electric fields than complex gases. Initeatd molecules of noble gas
won'’t capture free electrons, except if they have been @shislowever, light gases easily
fall into a permanent discharge operation: the ionised oubds return to their ground state
by emitting photons which have enough energy to generatevamatiplication. The poly-
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atomic gas, called “quencher”, regulates this behavioainty by absorbing the emitted
photons in rotational and vibrational energy states, origatiation and elastic collisions.
Typical mixtures used in Micromegas consist of 10%—-20% ghenadded to a noble gas.

A.2 Breakdown study

Although Micromegas showed outstanding performances latively clement environ-
ments, allowing a spatial resolution of 14n [69], breakdown phenomena in high flux
beams of hadrons have appeared to be the main limiting faftgain and rate. Three
different causes of breakdown were identified [70]: spontanbreekdown due to local
defects, rate-induced breakdowns and breakdowns geddnategh ionisations in hadron
beams. Beam tests at the Paul Scherrer Institut (PSI) welertaken in order to under-
stand better the underlying mechanism of the last categdoyeakdown. In this section,
we describe the experimental setup used in these testsjwanthg results and their physi-
cal interpretation.

A.2.1 Experimental setup

The PSI accelerator facility delivers high intensity piogains of low momentum. The
beam magnets were adjusted to select 215 M@dsitive pions and 350 MeX negative
pions, which is close the minimum ionisation energy for giorypical beam sizes of
5.5 cm FWHM in both transverse directions were recordedgusio 5x5 mn? scintillators

F1GURE A.4 — Photography of electron avalanches in a gas chamber [68].
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in coincidence (see figure A.5). The scintillators were medron a remote controlled
scanner, allowing a precise determination of the beam profihe total particle rate in the
chamber could then be calculated by integrating the medgate at a given position to
the whole detector area, with a precision of 20% or bettee Aighest intensity of 60 MHz
was obtained with the positive pion beams.

The Micromegas detector used in these
tests had an active area of 515 cn?, a Scintillators

o S 05 mm? Micromegas
strip pitch of 200um, an amplification gap
of 75 um and a conversion gap of 6 mm.  Beam I
This large conversion gap, as comparedto  —_ " /
standard 3 mm gaps, was meant to com-
pensate for the lower primary charge yield Pl & P2
in light gas mixtures. All strips were con- 2x100 mm?*

nected to the same high voltage through a
1 MQ resistor (see figure A.6 on the next
page). The mesh was grounded and the
cathode was set to negative high voltage.
32 strips were equipped with a fast front-end electronipctiie STAR4 amplifier devel-
oped at @rn [71], for efficiency measurements. Two plastic scintillators locatedath
sides of the chamber at the position of these strips wereinsamincidence to trigger the
read-out electronics and measure the number of incominiciest They were covering
an area of % 100 mnt along the strips. Another set of 48 strips were summed atihet i
of a slow charge amplifier for measurements of gain and pyiroharge distribution (see
below). The remaining strips were grouped by eight. The-m&dlectronics was success-
fully protected against sparks by double-stage circuitssisting in a pair of head-to-tail
diodes.

FIGURE A.5 — Experimental setup
used for beam tests at PSI.

Several diferent gas mixtures were used during the tests. We will focusvo of
them: 90% noble gas (Argon or Helium) with 10% isobutane.

A.2.2 Model of breakdown mechanism

According to Raether’s experimental observations (seg 6826), sparks occur in paral-
lel plate chambers when the number of charge carriers invidlareche exceeds a threshold
R, of the order of 18. Since the total number of carriers in an avalanche is thdymto
of the number of primary chargéé, and the gairG, a breakdown would occur whe¥l,
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F1GURE A.6 — Electronic setup used for beam tests at PSI.

exceeddk/G. The discharge probability can then be predicted by knowhegprobability
density distributions(q) for the production of a total primary charge betwegmdqg+ dq.
The discharge probability is indeed the probability thatienpry charge greater thdryG
is produced. It is simply given by

P(discharge)= f N #(q)dq
R/G

assuming thap(q) is normalised.

A precise measurement ¢{q) is needed in order to verify this model. This was done
at low gaing, where no discharge occurs, by recording the amplitudetigpaoof mesh
signals through a calibrated charge amplifier. Altern&ijvine signal of the 48 grouped
strips was used. The total numkdg,; of particles crossing the mesh, respectively the 48
strips, was also precisely determined. Eachi lofthe spectrum then contained the number
N; of events having a total charge betw&@randQ; + AQ. N;/Nio; gave the probability for
each incident particle to generate such a total charge. A fitis normalised and discrete
spectrum finally allowed us to extragfq - g)/AQ, and thusp(Q).

This measurement depends on a precise knowledge of the gairaavide range of
amplification voltage. The standard gain calibration usifgFe source does not allow us
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F1Gure A.7 — Gain of the detector as a function of the mesh voltage. Tlieration
was performed using an iron source or by measuring the mesardu

to cover lower gains used to measuig|). This, however, can be achieved by measuring
the current in the chamberl = r x N, x ex G, wherer is the rate of incident particles and
Npxeis the average amount of primary charge produced in the csiovegap by minimum
ionising particles. The current is measured on the meshingied through a 5Q resistor.
This of course only works if the discharge current is cormgijehegligible. The result of
this calibration for the Helium-isobutane mixture is shommfigure A.7. Both methods
agree very well and are nicely fitted by an exponential.

A.2.3 Highly ionising particles and discharges

The distribution of primary charge per incident particlei®wn on figure A.8 on the next
page for two diferent gas mixtures. Two series of measurements have beenforazhch
mixtures, leading to diierent bin sizes in the spectrum, which are accounted foigrptbt.
The probability density distribution is then obtained biirig the following function to the
data points:

#(a) = exp| po + px In(@) + P2 x IN*() + p3 x In*(3)

where thep;’s are the fit parameters.
Assuming that discharge occurs wheneMgrexceedsR/G, one can now predict the
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F1GURE A.8 — The probability density distribution of the charge pertice deposited
in the conversion gap, measured at very low gain. Curves #efto the data (see
text).
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F1cure A.9 - Discharge probability per incident pion as a function oé total charge
in the electron avalanche induced by the incident parti¢teints are measurements;
curves are predictions based on the Raether model.

discharge probability by integrating the fittegq) distributions. The result is shown on
figure A.9, withR = 1.5- 10°. The agreement between curves and data points indicates
that discharges are really induced by highly ionising ples. It should be added that
these HIPs cannot come from the tail of the energy loss biigian of minimum ionising
particles (MIPs). The measured Landau distribution of MReed has a negligible rate

at such high values. HIPs are therefore believed to come froakear reactions of the
incident particles with the gas or the chamber material.

A.2.4 Detection efficiency

The detection ficiency of the detector has also been measured for the two pasres.
The read-out of the 32 instrumented strips was triggerectinyikators P1 and P2 in coin-
cidence (see figure A.5 on page 105), which also counted timpauof incoming particles.
Events were analysedtdine: signals with an amplitude of more thaor 8ns noise above
the strip-by-strip pedestals were identified as hits. @hsstvere then formed and events
with at least one cluster were considered to be detected effibgzncy was then roughly
calculated by simply dividing the total number of triggens the number of “detected”
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events. This crude method was used to estimate the begiohthg dficiency plateau and
compare with the previously measured discharge rates. 8t of these measurements
is shown in figure A.11 on the facing page.
Both mixtures show a very similar ef-
ficiency plateau starting around a primary
charge of 2x 10°. This corresponds to a
discharge probability of about 1& Such a
high rate at the beginning of the plateau, as
compared to other measurements [70] has
several explanations. First of all, PSI pi-
ons are minimum ionisation particles. In
addition, the electronic setup with capaci-
tors coupled to the strips reduces the signal
amplitude. And finally, the fast electron-
ics used in these tests induced a high bal- g.ure A.10 — Picture of a 1 mm
listic loss: only a small portion of the total (5 spark in a gas chamber [68].
charge deposited was really integrated, be-
cause of the drift time of electrons in the conversion space.

A.3 Conclusion

Micromegas has been studied as a candidate for LHCb’s imaekihg system. In spite
of its many features in high intensity beams (mainly speeatirabustness), Micromegas
showed a large rate of discharge. A detailed study of thisgmenon in MIP beams led
to the conclusion that nuclear reactions of incident piagiin the detector were causing
very high charge deposits which then generated dischangegreement with observa-
tions made in parallel-plate chambers. Because of thislagmal drawback, the rate of
discharges would be of the order of 100 Hz at LHC, if the coong of the PSI tests are
representative.

Other tests [72] have shown that the discharge rate couldgbéisantly reduced by
preamplifying the signal in the conversion region. In theamghile, however, silicon mi-
crostrip detectors were adopted as the baseline techn@ogjye full LHCb inner tracker.
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