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Zusammenfassung

Diese Doktorarbeit umfasst zwei getrennte Analysen: zumereidie Messung des
Verzweigungsverhaltnissé&® — W(2S)1° aus den Daten des Belle Experimentes,
zum anderen die Abschéatzung der Rate von QED Untergrumgphessen bei kleinen
Impulsen fir das Detektorupgrade Belle 1l und deren Einfaugsdas Leistungsver-
halten des neuen Pixeldetektors.

In der ersten Analyse wurde der Zerfallska®il — W(2S)1° untersucht und zum
ersten Mal das zugehorige Verzweigungsverhéltnis bedtiriie Analyse beruht
auf Daten des asymmetrischee- KEKB Beschleunigers, die mit dem Belle
Detektor aufgezeichnet wurden. Verwendet werden die gesalelle Daten, die
772 Millionen BB Paare enthalten. Die Analyse liefert folgendes Ergebnisiés
Verzweigungsverhaltnis:

B(B® — W(29)T0) = (1.07-+£0.234+0.08) x 10~°.

Die zweite Studie beschaftigt sich mit dem Leistungsveematies Belle 1l Detektors.
Viele Detektorkomponenten des Belle Experimentes wemteRamen des Upgrades
ersetzt oder verbessert. Wichtigste Veranderung dabdersheue Pixeldetektor zur
Messung des Wechselwirkungspunktes der kollidierendagchBn, der in unmittelba-
rer Nahe zum Strahlrohr eingebaut wird. Aufgrund seinesigen Radius wird er am
starksten von Untergrundereignissen beeinflusst. Es wivdréet, dass zwei Photon
QED Prozessete~ — e"e ete dabei die wichtigste Rolle spielen. Da die Lumino-
sitdt des neuen SuperKEKB Collider voraussichtlich 40-hidder als die von KEKB
sein wird, wird erwartet, dass die Rate von Untergrundeisggn entsprechend steigt.
Um zwei Photon QED Prozesse zu analysieren, wurden Ersguneswendet, die nach
dem Zufallsprinzip selektiert wurden (random trigger)e Dei diesen Ereignissen ent-
stehenden Elektronen und Positronen haben eine sehrgedgnergie und erreichen
daher nur die innerste Lage des Pixeldetektors, die dadwwsbnders belastet wird.
Die Messungen zeigt, dass die Okkupanz der innersten Lagé dwei Photon QED
Ereignisse 0.7% ist, was unterhalb der maximalen OkkupanZ% liegt, bei der der
Detektor noch fehlerfrei funktioniert.



Abstract

This thesis encloses two separate studies: measuremehe dfranching fraction
of B — (29 using Belle data and estimation of the low momentum QED
background at the future experiment Belle II.

The first study refers to the analysis of the decay chaBfel Y(2S)m® and the
measurement of its branching fraction. It is noteworthy &ntion that this is the first
measurement of thB° — (29 1° branching fraction.

For this measurement, the complete data set of 772 miiBpairs, collected by the
Belle detector at the asymmetete~ KEKB collider was used. The value obtained
for the branching ratio is

B(B® — P(29)™) = (1.07+0.234+0.08) x 10>,

The second study regards the quality performance of theadpegr Belle detector,
named Belle Il. Many sub-components of the detector will d&q@aced or upgraded,
but the major change will be the new pixel vertex detect@ced at extreme proximity
to the beam-pipe. Due to its small radius it will be the mo&aéd by background.
In particular it is expected to suffer mostly from the low egeelectrons and positrons
coming from the QED process e — e"ee"e . Since the luminosity delivered by
the new SuperKEKB collider is expected to be 40 times highan the one delivered
by KEKB, the background level of Belle Il is expected to irase accordingly.

We patrticularly studied this QED process with a special camdrigger, where the
emitted very low energy secondary electrons and positreastr only the innermost
layers of the pixel detector. So far the cross section ingh&se space was never mea-
sured and there may be therefore large uncertainties irnduedtical predictions.

The obtained measurements gave an occupancy in the inndayesof 0.7 %, which
is below the maximal occupancy of 3% that the pixel detector lsandle to work

properly.
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Introduction

The main task of elementary particle physics is to answenqtlestions: what is the
matter made of and what kind of interactions occur betweeoanstituents.

In our present knowledge the most fundamental buildingkdaf matter are the two
types of spin 1/2 fermions, namely leptons and quarks. Thezehree families of
leptons and three families of quarks.

These particles interact with each other by the exchangeroéfcarriers with integer
spin. In Nature, four fundamental forces govern the intitvas between particles:
gravitational, electromagnetic, weak and strong. Gréwemais much too weak to
have an influence on the interactions between elementaticlpar and therefore
has no significance in subatomic physics. The electromagfaete is responsible
for all atomic properties and is mediated by the exchange \wftaal photon. The
weak force is the source of quark and lepton transformatamakis mediated by the
W= . Electromagnetic and weak force are unified to a common iggiger known as
electroweak force entailing a neutral weak bo&9n The lepton and quark families
as well as the fundamental forces that govern the interactio®tween the particles
are shown in Figurel 1.

The unified theory of the electroweak force and strong ictévas constitutes the
Standard Model of elementary particles. This model emefgath experimental
discoveries and theoretical calculations in the 1960s @04, being enormously
successful in describing empirical foundations of pagtiokeractions for many years.
Until today, the Standard Model has been confirmed by mangiggesxperimental
data and all predictions made by this model turned out to beecbwithin the
experimental uncertainties.

Nevertheless, there are several reasons why the Standatdl Manot a completely
satisfying theory. One of the reasons is the existence ofr@aay parameters, namely
the masses and mixing of the quarks and leptons, all of whielagriori unknown.
The hierarchy of the quark and lepton masses and the quaikgnxatrices suggest
that some hidden mechanism occurring at higher energy goakrns their pattern.
Furthermore in 1964, the world of particle physics was $trioy an exciting
discovery: the violation of a symmetry between the matted anti-matter, the
so-called charge-parity violation (CP) in the decay of rduK mesons/[[1]. CP
violation is incorporated in the Standard Model as an irodlole complex phase in the
Cabbibo-Kobayashi-Maskawa (CKM)![2] quark-mixing matrixhe CP violation is
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very important, especially from the cosmological point eéw, for the explanation
of the excess of matter over anti-matter in the Universe ]t the Standard Model
turned out to be imperfect, as the amount of CP violationipted by the model is
insufficient to account for the observed asymmetry.

Three generations Gauge bosons

Figure 1: The three generations of quarks and leptons arttitbe fundamental forces
in nature (excluding gravity).

The prediction of the Standard Model of large CP violatinig@&s in certain B me-
son decays, led to a development of the B factories PEP IIrfd]KEKB [5], where

the BaBar [[6] and Belle_[7] detectors are located, respelstivThese machines be-
gan operating in 1999, and have accumulated huge amouBB dhta at they(4S)
resonance. Before its shutdown in 2010, Belle had accusdilabrid record of data,
exceeding 1040fb! that corresponds to 77210° B meson pairs, while the BaBar
detector had accumulated 557 fbof data. These samples provided sufficient data to
test the Standard Model predictions.

Both Belle [8][9][10]{11] and BaBar[[12][13] measured CPolation in the neutral

B meson system. CP violation was established through memasuts of the time-
dependent asymmetry B — J/@K2 andB® — J/wK2 decays, which are — ccs
transitions.

The Belle experiment provided the ability to measure a lawg@mber of B meson de-
cay modes and to extract CKM matrix elements and other ohbly. It thus enabled
measurement of the three angles of the unitarity triangleg, andgs.

Apart from the decap® — J/ lng the anglep; of the unitarity triangle is also acces-
sible viab — ctd transitions. Such a decay is e.g. the channel that will beudsed

in detail in this thesisB® — (29 1°.

In fact, B — @(2S)™® decay channel has never been measured before. Although



Introduction 3

from the experimental point of vievg® — (2910 is relatively easy to access, due
to its clean signal signature, yet we are limited in statsstiAn additional motivation
to study this particular channel is the possibility to esiienthe penguin pollution in
B% — w(29)K2. The possible penguin contribution frdm- ccd interactions, which
contain different CKM phases, can bias the measured quasftsin2p;. Any dis-
crepancy that can be observed would emerge either as a camsegof the penguin
contribution effect or due to new physics. Therefore, measents of CP asymme-
tries inb — ccd interactions have huge importance in identifying whethenat the
Standard Model provides a complete description of the CRtvam in the B meson
system. With this observation, but also by collecting mamghsobservations from
other decay modes, there is a chance to probe new physicaaedtas established
we can determine its properties. The possibility to prob& pkysics lies in the up-
grade of the luminosity of KEKB by a substantial amount. Adaof 40 improvement
will greatly emphasize the prospect to discover new physics

Currently, the Belle detector and the KEKB accelerator amdp upgraded. In the
forthcoming KEKB upgrade, SuperKEKB [14], the instantameduminosity will
reach a design value of®x 10°%cm~2s1. The upgraded detector Belle I[]14] in-
volves change of most of the existent sub-detectors, buhtia change in the design
is the completely new pixel vertex detector (PXD).

The reason for having a pixel detector in the region closesté beam-pipe instead
of a silicon strip vertex detector (SVD) close to the beapeps the increased amount
of background at Belle II. At large luminosities, experirtgeare faced with extremely
high background, thus the innermost layer of the silicorectetr can no longer be
realized with strips due to large occupancy that makes thenstruction of B decay
vertices impossible. The silicon vertex detector cannadlathe hostile background
environment at Belle 1l so close to the beam-pipe, becadsesimuch smaller number
of channels. The background in fact increases roughly vaghinverse square of the
distance to the interaction point, which means the closéneédnteraction point, the
higher the background and therefore the higher the occypanc

The precise knowledge of the expected background is thempartant condition for
the successful operation of the silicon pixel vertex detech realistic estimation of
the expected background level is important for the new detelesign. By estimating
occupancy, radiation damage and dead time for each subtoetthe impact of the
background on physics analyses can be evaluated.

Generally, the background can be divided into two classaskdround from the ma-
chine, such as beam-gas and beam-wall interactions angoacid from high cross
section QED processes, such as the production of low momegita— pairs from the
processete” — ete"ete”. The emitted low energy electrons and positrons, being
of the order ofO(5MeV), influence the pixel detector the most. These particles only
reach the innermost layers of the PXD. So far the cross seofithis process (“no-
tag” with low momentum secondary leptons) was never medsamne there may be
therefore large uncertainties in the theoretical predingi

In order to determine the size of this contribution, we pernfed a set of dedicated
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experiments at KEK just before it was closed down. We contpbre measurements
to several Monte-Carlo simulations which turn out to agres whe measurements.
Based on these favorable findings, we were able to relialibroene the two-photon
QED background and therefore the expected occupancy invth®XD layers.



Chapter 1

Physics Motivation

1.1 The Standard Model

Our current knowledge and understanding of the interastioetween the elemen-
tary particles and the forces they are governed by, are edverone fundamental
chapter of the particle physics, namely the Standard Mod#hough the Standard
Model has survived for many years it certainly is not the ehthe story. There are
many important issues that are not accounted for, the ma$sles neutrinos and the
matter-antimatter asymmetry in the Universe. The physfd3-mesons provides a
rich ground for studying CP violation and therefore leadgither to the confirmation
of the Standard Model or setting the scene for an extensigheofvell-known the-
ory and possibly look towards the New Physics. Regardindtineeson system, the
Standard Model makes precise predictions of CP violatibexperimentally obtained
results compared to the CP violation predictions of the &eah Model diverge, then
this might be a hint for New Physics.

1.2 C, PandT-Symmetry

Symmetries play an important role in elementary particlgsigs, first because they
are related to conservation laws (Noether’s theorem). dridhowing several discrete
symmetries will be described: Charge Conjugat@nParity P, Time reversall and
combinations likeCP or CPT.

1.2.1 Charge Conjugation

Charge ConjugationQ) transforms the particle into its antiparticle, by champatl

internal quantum numbers like charge, baryon number, teptonber, strangeness,

charm, beauty and truth, but leaving mass, energy, momeaiahspin invariant.
Clp>=|[p> (1.1)

5
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If |p> is an eigenstate @&, the application oC-symmetry gives

Clp>==%|p>=|p> (1.2)

thus|p > and|p > differ only by a phase, which means that they represent time sa
physical state. Therefore only particles that are their emtiparticles such as e.g. the
photon,m®, n, n’, J/W, @, p° andw and so on, can be eigenstate<of

1.2.2 Parity

P transformation ) can be represented as a system viewed in a mirror. Indeed
Parity transformation inverts the coordinate system, tharssforming a right-handed
coordinate system into a left-handed one. If the mirror ctéift®@ has the same physical
properties as the original, then the system is invarianteumérity transformation.
Accordingly, the space coordinaté, the momentump and the angular momentum

|”="X x P under parity are transformed as follows

xh % BR3-® TAT (1.3)

Equation [(1.B) shows that one can distinguish two diffetgpes of vectors: polar

vectors that change their sign under parity transforma%ni —7 and axial vectors
, , = p = .

that remain unchanged under parity transformatidn> A . Likewise, for scalars-

: . - , .

like Pi - p5 and pseudo-scalabs- like P - I” parity transformation yleld§£> Sand

ph —P, respectively.

1.2.3 Time reversal

Time reversalT reflectst into -t, while leaving the space coordina® unchanged,
thus having

— —
LB, TL-0 (1.4)
ThereforeT symmetry represents a reversal of motion.

1.2.4 CPT

All experimental data point to the fact that C, P and T are eorexl separately in
strong and electromagnetic interactions and the preseati#s of these interactions,
namely QED and QCD are constructed such that these symmatdereserved.
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But, on the other hand, both C and P parities were found toddated in weak inter-
actions. Essentially, no left-handed neutrinos have bésereed, while P invariance
violation was first observed ifi decay [15] and other nuclear decays. Furthermore,
Kaon decays violate conservation of CP, thus weak intemastalso violate the sym-
metry under the combination of C and P transformations (CRypa

However, any given theory incorporating Lorentz invareumeay violate C, P and T
separately, but the combined CPT operation must stay caetseBased only on the
most general assumptions: Lorentz invariance, quantuninamécs and the idea that
the interactions are represented by fields, the CPT thedté€irsfates that the com-
bined operation of the time reversal, charge conjugati@hpamity (in any order) is an
exact symmetry of any interaction.

1.3 Basics of CP-Violation

The CP transformation is a combination of the two separatersstries: Charge Con-
jugation C and parity P. If CP was an exact symmetry of Natua&en and antimatter
would behave the same. However, it has been observed that  are conserved in
two of the three fundamental forces: strong and electromiggrbut in weak interac-
tions there is maximal violation of C and P. On the other haRds€emed conserved in
weak processes. The charged W boson couples to left-hateltcbes,e or to the
CP conjugate right-handed positrag, , but it would never couple to a C conjugate
left-handed positrorg” nor to a P conjugate right-handed electreg, Still in rare
weak processes such as neutral K meson decays and neutcddaaged B meson de-
cays CP is violated. CP violation was observed fird h— tut decays([17] and later
in various neutral B meson decays. Also, evidence of CP tiwidas been measured
in neutral decays db [18][19] andBs [20].

1.4 The origin of CP violation in the Standard Model

The Standard Model describes the fundamental componentsatér, quarks and
leptons and their interactions under the strong, electgmeic and weak forces. The
governing symmetry of the Standard Model is 81é(3)cojor x SU(2). x U (1)y gauge
symmetry, incorporating the quantum chromodynamics (Q&my the electroweak
theories. Th&U(3)co1or SYymmetry determines the interactions governed by thegtron
force, whileSU(2). x U(1)y controls the electroweak interactions. The Lagrangian
of the Standard Model is given by

Lsm = Lew + Locp. (1.5)

The electroweak part of the Standard Model is modeled as atapeously broken
Yang-Mills theory based 08U(2). x U (1)y [21], [22]. The electroweak Lagrangian
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is composed of four components: the Lagrangian of the fardadds, the Lagrangian
of the gauge fields, which gives rise to the bosons in the re\eeiak theory, the
Lagrangian of the spontaneously broken symmetry (SSBxitésg the Higgs sector,
and the gauge invariant Yukawa couplings, which generatenhsses to the fermions:

Low= LIy L8R L3P L (16)

The left-handed and right-handed particles behave difftgrenderSU(2), transfor-
mations. Namely, the quarks and leptons form doublets thi@hded and singlets of
right-handed fields,

W= (Y)W and We= S(1+Y)W. (1.7)

The Lagrangian invariant under gauge transformationsiwegodynamical terms for
the quark fields and kinetic terms for the gauge fields,

1

— . — . 1 .
L =WLiWDW +WriWDWr— ZBWB“" — ZWL'NWi“V (1.8)

where the covariant derivativB, introduces couplings of the gauge fieBls andWLi1
(i =1,2,3 for the three generations) to the quark fields thabesexpressed as

Dy = a—%ig’\(ep—ing’le1 (1.9)

whereg and g are the electroweak coupling constants, white andY are the
generators of th&U(2). and theU (1)y symmetry groups that introduce the weak
isospin and hypercharge, respectively.

InU (1)y the field strength tensdd,, is related to the gauge field by

whereas irSU(2)_, the field strength tensovsﬂv are related to the gauge fields by
Wy = 0, — 0y W, — g *WIW, for i€ 1,2,3. (1.11)

The electric charge is related to the weak isospin and thé& Wweaercharge by

Q:T3+g. (1.12)

Since, the left-handed and right-handed fermion compartemte different properties
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under the gauge group, behaving as doublets and singlgisctesly, in the sym-
metric limit the two chiral components cannot interact watich other. Thereby, the
mass term for fermions is forbidden. To give mass to fermamms$ gauge bosons, the
electroweak theory is supplemented by the Higgs mecharf&i[21] that provides
masses by spontaneously breaking u#2), x U(1)y symmetry (SSB). Therefore,
a complex scalar doublet &U(2), with hypercharg& = % is introduced

= @ . 1.13
(%) -

The Lagrangian for a scalar particle interaction is defiretblows:
LET= (D'o) ' Duo— 1P’ 90— (9'9). (1.14)

It is invariant under locaSU(2),. x U (1)y transformations. The covariant derivative
D, has the same form as in Equatién {1.9) and introduces thardogbercharge in a
way that they® does not couple to a photon.

If the scalar field acquires a non-vanishing vacuum expectatalue, according to
[22], in order to spontaneously break t88(2), x U (1)y symmetry, the following is
chosen

0|0 1 (0 (1.15)
<0|@0>=— , )
V2 \y
where
. 0 2
_ ATO(X) /v _ _l.l_
Qp=_¢€ (Hh(x)) and v =1/ . (1.16)
V2

with 8 and h(x) (Higgs field), being the four real fields. Consequently, the
SU(2)L x U(1)y gets spontaneously broken downddl)em sub-group that remains
symmetric with respect to the vacuum.

To eliminate the massless scalar expectations, identise@Ga@dstone bosons, we
make the Lagrangian from Equatidn (1.18)J(2),_ invariant and therefore remove
the dependence ol by rotations. Hence, the kinetic term of the Lagrangian in
Equation[(1.14) adopts the form

(Du9) D= %(auh) (%h) + %[(g’Bu— V)2 + g (W) + g (WE)? (h+v)2.
(1.17)
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From the Lagrangian that describes the Higgs mechanism,btanothe following
fields of the three massive vector bosons, constructed abinations of the gauge
fields By, andW;:

1ol a2
WJZE(WU _IWH)’
1
Wll IE(WU—HW“),
. . (1.18)
Zu_\/ﬁ(g\%—gBu),

The fieIds\NjE andz,, are identified as the heavy vector boswis andZ® mediating

the weak interactions. The Lagrangian of the weak intevaatan be written in two
terms: one containing the charged current term and the otieethe neutral current
part, Leak = Lcc + Lnc, With Wui being the mediators of the charged currents and
Z, the mediator of the neutral currents. The fiéldaccounts for the massless photon.
The fundamental coupling constants in Equation11.18 carepesented in terms of
the so-called Weinberg angle yielding the relations [16]

tanbw = d'/g,
cosBw = g/4/ (8% +7?), (1.19)
sinbw = g'/1/ (9% +9?).

Using these definitions the relation betweenWendZ mass is obtained to be

Mz = %v (g2 +d?) = M,/ cosBy. (1.20)
In the Glashow-Weinberg-Salam theory [23], weak neutrafesu processes are
mediated byZ® exchange. The associated weak current transition ampstud
describing the coupling of leptons and quarksZfh can be deduced from the field
Z,,, while the weak charged current part and the electromagpati can be extracted
from thve andA,, fields. Correspondingly, the fermionic currents are givgn b

— . 1 1—y5
0
‘Ju = W(')VU(ETS 2

J5 =Wy W(i) (1.22)
Jem = W(i)VQW(i) (1.23)

— QsirfBw)W(i) (1.21)
1-vys
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whereW(i) represents the isospin doublet for the fermion fields, wititting as a
family index, 1—ys is the left-handed chiral projectdf,™ are the isospin generators
associated to th‘ﬁ&/ui fields. The charged current describes interactions by wihieh
electric charge is changed, while the remaining two prodissesitions that are charge
conserving.

Now, the Lagrangian from Equatioh_(1.8) will be written caining two terms: one
including interactions between the neutral current anddhendZ, vector bosons,
and another describing the interactions betweenWﬁ?e bosons with the charged
current

. 1 _
Lew = eEnAut ﬁug — Sirf BwJem) Zu— 72g(JﬁWLl +MWE)  (L.24)
neutral current interaction (NC) charged current interaction (CC)

wheree is defined ag = gsinbyy .

The quark masses arise from their Yukawa interactions viéhHiggs field. The
Lagrangian of the Yukawa interaction involves the coupbifithe right-handed quark
singlets via the scalar fielg to left-handed quark field doublets and can be written as

rukawa_ _ g, M Weo— Wrl W@+ h.c. where =ic%p'. (1.25)

In order to obtain fermion mass terms that are invariant ustg2), transformations,
the Higgs field is required to have isospin equal to 1/2. Thenatrices contain the
Yukawa constants, which determine the strength of the famroouplings to the Higgs
fields.
Upon symmetry breaking, the fermion masses are extracbed thhe mass matrix

MY

with its diagonalization, using unitary transformatidshs andUgr according to
C=ULW, Wk=URYR (1.27)
and consequently
M — M = (U)TMUR. (1.28)

The matricedJ, UY, U8 andUd transform the left-handed and right-handed quark
fields from the weak eigenstate basis, denotedilgnd d, to the mass eigenstate
basis, denoted by™ andd™. Therefore, the Lagrangian describing the interactions
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of quarks with the gauge fields in Equatidn (1.24), can beteamriin terms of the
guark mass eigenstates. The expressions for the neutrantsiretain their form
when applying the above transformations. This invariariceeneutral currents with
respect to the transformations from the weak to mass eiggssis the reason that
no flavor changing neutral currents occur at the tree leviis @spect of the neutral
currents is described by the Glashow-Iliopolus-MaianiNiisinechanism[[21].

The charged current component in the Equation (1.24), msef mass eigenstates,
takes the form

Loc— %l]_[(UL)TUR]y“dLJrh.c. (1.29)

where the charged curren1§ andJ,; are described by
i =ty = Gy UU T = dTYVekmd)!
= diytu = dVUAUE TP = TV Ut

TheVckm = UHU{jT is the 3x 3 unitary Cabibbo-Kobayashi-Maskawa (CKM) matrix.
The CKM matrix defines the couplings of thé™ bosons to the quarks with definite
masses in charged current interactions.

(1.30)

1.4.1 CKM Mechanism

In the Standard Model the (Cabibbo-Kobayashi-Maskawa) Ciiskrix plays an
essential role in understanding of the CP violation. Therimantroduces three
generations of quarks, hence becoming an extension of tie r¢chanism[[24],
[21], which incorporates only two quark generations. TheMCiKechanism is given

by
d d
g =Vckm | s , (1.31)

/
flavor mass

thus transforming the mass eigenstates into flavor eigesstan Equation[(1.31)
Vckm is the CKM matrix which is explicitly written as

Vud Vus Vb

Md Ms Vi

where theV;; are the quark mixing transitions from an up-type quark u,c,t to
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a down-type quarlj = d,s,b. The CKM matrix is a generalization of the Cabibbo
matrix depicted with the highlighted entries in the Equat{®.31).

In general, an arbitrarg x n matrix of complex elements contains?real parame-
ters. Since, in the Standard Model the CKM matrix is unitarycbnstruction

> (Vekm)ij (Vekm)ik = Ok - and 3 (Vekm)ij (Vekm)kj = Sik, (1.33)
]

the number of the independent parameters is reducedl to
Additional 2n — 1 parameters may be removed by redefinition of the relatiakqu
phases, that can be arbitrarily rotated according to tmstoamations, e.qg:

u— e, d— €. (1.34)

When these transformations are applied to the CKM matrimelds, we are left with
(n—1)? independent quantities in caseroffamilies. In principle ann x n unitary

matrix consists ofn(n—1)/2 real rotation angles anth— 1)(n—2)/2 complex
phases. Consequently, the CKM matrix can be build of

1 1

“n(n—1)+=(n—1)(n—2)= (n—1)2. (1.35)
2 vy \2 7 v
~~ ~~ parameters
angles phases

Forn= 2, the matrix is real. In this case, CP violation cannot ocsitaice no complex
phase is present. But, for three families of quarks; 3, the matrix contains three
rotation angles and one complex phase. A non-vanishing npbase is the unique
evidence of CP violation in the Standard Model.

Indeed the CKM matrix has nine entries, but not all of them mdependent.
Therefore, the matrix can be reduced to a certain "candnioain which is one of
the conventions to represent the«c3 CKM matrix imposing unitarity. This matrix
configuration contains 4 free parametdig( 623, 613 andd) and its parametrization
is given by [25]

C12C13 S12C13 136710
Vokm = | —S12Cp3 — C125035136° €123 — S12535136° 23013
S — C1oC3512€80  —¢C — $19C>35136®  CraC
12523 — C12C23513 12523 — $12C23513 23C13
(1.36)

wheres; = singjj, ¢j = cosbjj, while & is the CP violating KM phase that is
responsible for all the CP violating phenomena in flavor givag processes in the
SM. The angle®;; can be chosen to belong in the first quadrant, so $haand
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cij are taken to be positive. B3 = 813 = 0, no mixing occurs between the third
generation with the other two and the original Cabibbo-Glibtyre is revealed where
sinB12 = A = sinB¢, and B¢ is the Cabibbo angle.

Experimentally it is obtained th& 3 < Sp3 < S12 < 1, hence it is very convenient
to use the Wolfenstein parametrization [[26] of the matrixor Ehis the following
definitions are used

Vus|
312:)\: ,
V |Vud|2 + |Vus|2
v/
S =ANZ =), (1.37)
Vus
. (A Lin)+/1_ A2)\4
S13€° = Vjp = AN} (p+in) = A bin)vi-A 5_ :
V1-A2[1- AN (p+in)]
where
_ A2 _ A2
pE(l—g)p, nz(l—g)n- (1.38)

The diagonal CKM matrix elements are close to unity, while thff-diagonal
elements are very small, with the hierardhy > Vs> V. In terms of Wolfenstein
parametrization taking the above definitions from EquatfuB87) the matrix is
explicitly written as

1—-A?/2 A AN3(p—in)
Vekm = —A 1-22/2  AN? +0O(M\°) (1.39)
AN3(1—p—in) —AN? 1

which can be understood as an expansiokia |V, up to the order oA®. In Equa-
tion (1.39)A ~ 0.23, the sine of the Cabibbo angle plays the role of an expansio
parameter. The parameteds p andn turn out to be of the order one. From the
Equation[(1.39) it is obvious that matrix elemektg and\tq contain an irreducible
complex phase which is responsible for the CP violation.

1.4.2 Unitarity Triangle

The unitarity relations of the CKM matrix lead to six indeplent relations that can
be drawn as triangles in the complex plane and are given by
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VoaVus+ VegVes+Vigis = 0
—— N~ ——
A A A5
~—— e ——
A3 A3 A3
VusVub+VesVep 1 VisVip = 0
Ne—— N N~
A4 A2 A2
VudViy + VasVis+ VupVi, = 0
~—— N~ ——
A A A5
VudVig +VusVis +VubVip = 0
~—— N N~
A3 A3 A3
VedVig + VesVis + VeVip, = 0.
—— N~
A4 A2 A2
Four of these six triangles are almost degenerate, meamig@ne side of the triangle
is much shorter than the remaining two. Only two of thesetiaia are triangles

which sides are of similar length, which means that they atlkeosame order in terms
of Wolfenstein parametex. These relations are

(1.40)

VudVb+VedVeb +VedVip = 0 (1.41)
~—— —— ——
A3 A3 A3
and
Vudvtlkj +Vuth§+Vuth>E =0. (1.42)
3 A3 A3
A

These two non-degenerate triangles almost coincide. FnenCKM matrix one can
obtainVyg =~ Vip = 1, which is why the sides of these triangles have about equal
lengths. Also, this is the reason of coinciding and the saire af the third side
ViVeb = VusVis.  Since, Vs and —V¢q are of the orderd according to the CKM
matrix, the following is obtained

Vis = —Veb- (1.43)

Therefore, only one non-degenerate unitarity triangleesved and described as a
complex conjugate of the corresponding relation in Equefigl0

VudVip 1 VedVep +VidVip = 0. (1.44)

It is very convenient to normalize this triangle By.4Vg, that in the standard



Physics Motivation 16

parametrization is almost real, which results in this sidmg exactly from (0, 0) to
(1, 0) in the complex plane. The apex of the triangle has doatés(p,n) given by
Equation[(1.3B). This triangle is shown in Figlrel1.1.

Figure 1.1: Graphical representation of the unitarity ¢St Vi,qV,), + VedVe, +
MV, = 0 as atriangle in a complex plane.

Due to the sizable angles, a large CP asymmetry in B decay®i8M are expected.
Therefore, the B meson system is perfect for testing the Ciivh&lism and thus the
SM itself.

The unitarity triangle angles for the B meson system are défas

@1 = B = arg[—VedVeh/ViaVib] (1.45)
@2 = o = arg[—ViaVip/VudVip] (1.46)
¢z =y = arg[—VudVyp/VedVeh)- (1.47)

Equations[(1.45),[(1.46) and (1147) show that the phase eofrthtrix element/q
plays a fundamental role in generating a CP violation, tabkng measurements of
the anglesp;, @ and@s. There are two notations of the angles, one according to the
BaBar collaborationff, a,y) and the second notation coming from Belle experiment
(P1, 92, 93).

The Standard Model allows to construct the unitarity triangsing the sides, the an-
gles or the combination of both. Any discrepancy that appbatween the observed
and the predicted value indicates a certain dynamics begren&tandard Model. If
any of the unitarity triangles does not close exactly, thigauity of the CKM matrix
would be broken, thus leading to incompleteness of the SMizgr@fore new physics
beyond the SM. The current results of these measuremensbana in Figure 112.
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Figure 1.2: Current constraints on the unitarity CKM trilnip thep, n plane.

Up to now, the obtained measurements [27] are in agreemémnttivei CKM SM predic-
tions, yet discrepancies may appear once the constrastgyatened up furthermore
[28]. To achieve these high precision measurements vetystagistics are needed. In
addition it is also necessary to have good control of bothearmental and theoretical
uncertainties in CP sensitive as in the insensitive rates.

1.5 CP-Violation in the B meson system

Two kinds of B mesons exist in Nature: neutral and chargedutfdeB mesons
are composed of bottom anti-quark and either down quBfk=( (bd)) or strange

quark Bg = (bs)). Charged B mesons contain bottom anti-quark and an up quark
B mesons are produced by the strong interactions but teepyd

(B* = (bu)).

weakly. Their massg ~ 5.279GeV/c? [29] is large due to the large mass which is

my, ~ 4.3GeV/c?.

B mesons provide a very rich field for investigating CP vimat mainly due to two
reasons. CP violation expected in the B meson system is lguge due to the large
angles in the unitarity triangle (see Equation 1.41). Tleesd plus that goes in favor
of studying CP violation in B mesons is the lifetime of thesetigles. Namely, B
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mesons are also characterized by a relatively long lifetime

Tro = (1. . x 10 5, .
g0 = (1.519+0.007) x 10712 (1.48)

due to the small value of the coupling constajty, = A% (see Equa-
tions (1.32),[(1.37)), which defines the strength of the dw@mni decay of thé quark,
b—c.

This situation offers very good conditions for studyB¥— B° oscillation and the B
meson lifetime itself. The dominant decays occur throligh c transitions, whereas
those that undergo via— u,d, s (such aB8? — (2S)m°) are considered rare because
they are smaller, compared to the dominant one. In the CKMixnidis is described
by their small corresponding matrix elements.

1.5.1 B meson mixing

The neutral B meson&® and B(S’ can oscillate between their particle and antiparticle
states due to the flavor-changing weak interactions. Tladlaon from matter to
anti-matter can be used to measure fundamental paramétbesstandard model and
in addition to have even more striking effects, such as hingathe matter-antimatter
symmetry in the Universe.

The only hadrons that can undergo these oscillations aréotioeving mesons:K°,
DY, B? and B. The 10 is its own antiparticle, the top quark is extremely heavysthu
decays before forming stable hadrons, whereas exited nstatas decay strongly or
electromagnetically before any mixing can occur.

Regarding the B meson system, an arbitrary linear comloinati the two neutral B
meson flavor eigenstates is given by

W(t) = W1(1)|B% > +W,(1)|B? >= 1) . (1.49)
Wz(t)

Applying the free Schrédinger equation for t#t) it is obtained

) B i
ihs W=HW= (M-, (1.50)

where H is the Hamiltonian operator, consisting of mass awhy 2x 2 Hermitian
matrices, M and” [30],[31]. Since, the off-diagonal elements of the Hanmlan
H are associated with flavor changing transiti@fs« B, in order for CP to be
conserved, the terid;» = H;; must be satisfied. IB® couples to itself the same way
as theB_O, the diagonal elements of the Hamiltonian H must be egdal,= Hao,
assuming the invariance of CPT symmetry.
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By diagonalizing the Hamiltonian we obtain two eigenvalues

[ [ [
}.1172:M—§r:|:\/(Mlz—érlz)(MIZ—ériz) . (1.51)
Their corresponding mass eigenstates are given as
IBL >=p|B® > +q|B®>), for py, (1.52)
By >=p|B®> —q|B” >), for . (1.53)

The ratio betweemp andq is defined as
p_ M=ol 1-¢e (1.54)
q Mio—5lM2 1+€

1+¢ 1-¢
—————— and q= ——,
V2(1+1el?) V2(1+el?)

where the complex coefficientsp and q satisfy the normalization condition
PP+ =1.

In case of CP invariance, the probability of one flavor beirems$formed into the

opposite flavor is the same for both, the neutral meBBrand its antiparticleBP.

This means thaM;, = M, andl;» = '], and therefor&e =0 andp = g. Those

eigenstates, which represent the mass eigenstates, @a€Risigenstates.

The masses and lifetime values that correspond to these-eigessstates can be

extracted from the eigenvalues

with

(1.55)

M2 = Re(H,2) M2 =—20(2). (1.56)

The B mesons show some basic differences when compared tethal K meson
system [[32], [[1]. Similarly as for the Kaon case, in addittonthe two states with
definite masses and lifetimes, the hedy and light B_ state also exist. However,
unlike the two kaon CP eigenstatﬁg and KB, the eigenstates of the B meddn and
BL have almost identical lifetimesy ~ . =T (AF =Ty — T, AT /T ~ 0(1073)).
Additional important difference between the B and the K nmesgstem is that the box
diagram in Figur€ 113 showing® — B® oscillations, is dominated by virtuttquark
exchange because according to the CKM madjix~ 1 is a dominant element. The
decay rate contributing ternﬁan/rnb)2 are much smaller for light quarks than for the
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Figure 1.3: Example of leading order contribution to nelutrason mixing.

heavyt quark.

Furthermore, the mass eigenstates stBigsand B. can be considered as pure CP
states, since% ~ 1 is a good approximation. By using Equatidn (1.54) and the
corresponding CKM matrix elements this approximation itaoted

q M1,
a1 +0
p M12 (

M2,  VipMd

Mi2” ViV (1.57)
q

|=| ~1.

p

The term depending oﬁ% ~ (%)2 ~ 1072 can be neglected.

By andB_ are very convenient for describing the evolution of pagdh time. In the
SM the interaction shown in Figure 1.3 results in a transiB8 < B® and hence the
mass eigenstates are not flavor eigenstates.

1.5.2 Time Evolution of Neutral B Mesons

The time evolution of neutral B mesons is given by

B1) >= g, (1B > + g ()] > (1.58)
B0) >= 9, (/8> +7g- (]8> (1.59)

where
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gj:(t) :_ZL(e—ImHt——rHtj: ImLt——rLt> (160)

With the average masa= (my +m_)/2 and average decay width= (lTy +1)/2
Equation[(1.6D) can be written as

g — %eimt —1r (e|Amt/2 e Ort/4 4 o |Amt/2eAFt/4) (1.61)

Since, for neutral B mesons the lifetime difference betwibentwo mass eigenstates
can be ignoredAl’ = 0, the Equation{1.61) becomes

jAmt/2 —iAmt/2
9. — e T/28 ize (1.62)

wheree ™ js removed by convention.
By inserting Equation[{1.62) in Equatioris (1.58) arld_(IL.38¢ time evolution of
neutral B mesons takes the form

1
|Bo(t> S = 2 frt/Z[(l_i_e IAmt>|BO> +g(l |Amt>|_0 ]

0 1 2P _iAmty (R0 —iAmty |30 (1.63)
B(0) > = e (1 e A B> (1o A 7],
or the form
BO(t) > = e Tt/2]cog A" )0 > +|gsm(A;m)\§’ S
(1.64)

Y

Bo(t) > = rt/z[gsm(A B> +cog T B>,

The probability ratio of mixing through box diagrams as givie Figure[1.B is
Am/I" = 0.770+ 0.008 [29] for the B meson system. Therefore, the matrix elémen
for the decay is more prominent than that for the mixing, \Wwhigeans that most B
mesons decay before changing flavor.

1.5.3 Time-dependent CP-Violation

Because botiB® andB? can decay into the same final state, with definite CP parity,
the corresponding decay amplitudes are defined by

Acp =< fcp|B® >, Acp=< fcp|B®>. (1.65)

Using the time evolution from Equatioh (1164), the time-gleglent decay amplitudes
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are given by
Amt . Amt
IAcp(t) > = Acpe_rt/z(cos(TmﬂBo > +mcpsm(7m)|§> >)
. 1.66)
— — _ Amt Amt (
Acp(t) > = Acpe T/2(—sin(225 1B > + cog ) B >)
Acp 2 2
whereAcp is defined as
qA—CP
Aep = ——= 1.67
CP = Acp (1.67)

The time-dependent decay rates are given by the squares détay amplitudes

M(B% — fcp) = | < fep/B2(t) > |2,

1.68
M(BY — fcp) = | < fep|BO(t) > |2 (1.68)

The time dependent CP asymmetry rate is defined as

F(§0 — fcp) — F(BO — fcp)

F(BO — fcp) + F(BO — fcp)

(JAcp|? — 1) cogAmt) + 20(Acp) sin(Amt) (1.69)
1+ |Acpl?

= AcpcogAmt) + Scpsin(Amt),

acp(t) =

where

_ AcpP-1 _ 20(Acp)

(1.70)

Acp is a parameter that measures the direct CP violation, whids responsible for

the mixing-induced CP violation.

In order to access these parameters, one needs to meastireetependent decay
rates ofB® andB® decaying into a common CP final state. When rare decays are in
guestion then this measurement is experimentally chaheng

1.5.4 Types of CP Violation

The decay amplitudess, Af, As and A_f: of a given meson and its antiparticle,
decaying respectively into a final stateor f are denoted by
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At =< f|H|M >,
A=< fH|M >,
A _ (1.71)
At =< f|H|M >,
A=< fH|M >,

where H is the Hamiltonian.

The CP violation parameter then is represented as a contirgftthe ratio between

the decay amplitudess andAs and the ratio of the two mixing coefficiengsandq

as given in Equation 1.67.

Depending on thacp, three types of CP violation can be distinguished: CP viahat

in decay, CP violation in mixing and CP violation that ari$esm the interference

between decay and mixing.

Furthermore, CP violation in charged meson decays can depdy on the combina-

tion |Ar/A¢|. In the case of neutral mesons the situation is more compticaince
At

the violation of CP depends on meson oscillatidggp| and on(%)(A—f) :

1.5.5 CP-Violation in Decay

In the case when CP violation in decay occurs, the decay ardpk for a particle and
its antiparticle in a certain final state or conjugated firtatesdiffer from one another.
An example of this type of CP violation, also known as direBt\@olation, is shown
in Figure [1.4 and is defined by

s 2 s 2
K* K
w* u wW..- ]
«—= < b >
b u # b u
BO s go s
> — < —
d d d d

Figure 1.4: CP violation in decay in the B meson system.

Ag/Ar| # 1 (1.72)
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This means that the two CP conjugate states have differesaiete values for their
decay amplitudes. This kind of process is possible for awhend for neutral mesons.
In charged meson decays where no mixing effects are invplirad type of CP
violation is the only possible source of CP asymmetries arntkfined as:

- ) —(M* Ai/Af2—1
ﬂfzr(M (Y —>f):| /At . (1.73)
F[M—— f)+T(M+ — f)  |AF/A¢]2+1

1.5.6 CP-Violation in Mixing

In the case of neutral mesons, flavor specific final states @aral CP violation via
M9 —MDP oscillations. Flavor specific decays are those that can ather from the
neutral meson or from its antiparticle, but not from both:

MO — f o~ M® or MO f « MP© (1.74)

The violation of CP irB% — B® mixing is depicted in Figurg 1.5 and is described by

2 2
b d b d
W W
BO W ; W+ §0 # —0 W+ W BO
/V/‘_U,:,t_‘\‘\ /‘/‘_U’;,f_‘\'\
d b d b

Figure 1.5: CP violation i8° — B® mixing.

a/p| # 1 (1.75)

This kind of CP violation is only observable for neutral meso It originates from
the fact that no such choice of phase convention exist inraimenake the mass
eigenstates identical to the CP eigenstates. Regardinghtrged mesons, mixing
between charged particles is not allowed due to charge patsm.
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A typical example of a CP violation in mixing is seen in the agx of K mesons. In
particular, prominent flavor specific channels for neutrasons likek®, D or B? are
provided by semileptonic decays. When charged currentleptanic neutral meson
decays 1°,M° — 1£X) are considered, then the CP violation in mixing is the only
possible source of CP asymmetry. In such dégeq| = |A-x| andA-x = A+x =0,
thus the asymmetry is given by

<

_ dr/dy]
dr/dt|

%t) > 1X] —dr /dtMO - 1-X]  1—|q/p|*

- . 1.76
(t) = I+X] +dI /dt[MO — |~ X] 1+|a/p/* (1.76)

AsL

=

1.5.7 CP-Violation in Interference between Decay and Mixig

CP violation can also appear when the particle and the atitjgadecay into a
common final stateM® — f andM® — f. In order for this to happen the final state
must be a CP eigenstate= fcp. Hence, the CP violation in interference between

decay M° — fcp) and mixing M° — M° — fcp) where different states decay to a
common final CP eigenstate is defined by

O(Af) #0, (1.77)

whereAs is given by the Equation 1.67.

This type of CP violation obviously depends on the neutrakenemixing and
therefore is time-dependent. This is the reason why it somest bears the name
time-dependent CP asymmetry.

The effect of CP violation that occurs due to the interfeechetween the decays to
a common final state with and without mixing is proportioralte imaginary part
of A+ as shown in Equation_(1.V'7) and thus can be non-zero even thiresbsolute
value of|As /A¢| =|q/p| = 1. Decays where this condition is fulfilled are particularly
interesting. If this is the case then the observed asymnuatnybe interpreted as a
direct measurement of certain differences of phases of il @atrix elements,
with no theoretical uncertainties.

CP violation as a result of interference between decay anthgis observed for
example in the decays of neutral mesons such as

KO — mot+ K° (1.78)
D% — KK, Tut, K1t, K14~ D° (1.79)
BY — YKsg, DD, T+ B. (1.80)

The situation of CP violation in interference consideredhia B meson system is
shown in Figuré 116.
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Figure 1.6: CP violation via mixing and decay regarding the&son system.

Considering decays of neutral mesons into common CP emfengte CP violation is
described by the following time-dependent asymmetry:

o dr /dt[M°(t) — fcp] — dr /dt[MO — fcp]

_ M (1.81)
dr /dtM°(t) — fep] +dI /dtMO — fcp)

The asymmetry calculated by the time-dependent decay frates Equation [(1.618)
can be given as

Scpsin(Amt) — AcpcogAmt)

ACP() = CoSHATt/2) — A SNATT/2)’ (1.82)
whereScp and 4cp are described by Equation 1170, whilgr is given by
2R e(A
Ay = 2Relep) (1.83)

~ 1+]|Acpf?

The Equation representing the relation between the CP gaieasis given by

|Scpl? + [ Acp|? + | Aar |2 = 1. (1.84)

It shows explicitly that the observed CP asymmetry in thgeaaonsists of two sources,
which can be clearly separated by the time dependence. Thesponding parame-
tersScp and 4cp measure mixing-induced and direct CP violation, respebtivihe
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parameterdar provides additional observable in neutral meson decays svitable
decay width differencArl .

1.5.8 Measurement of CP-Violation

Since, B mesons are so heavy a high variety of decay modesvailakde and
the branching fractions for the modes usable for CP viatatice generally small.
Therefore, huge amount of B meson of the orderogl0®) is necessary to obtain
significant measurements of CP violation. Such high precisneasurements are
provided by machines like PEP Il at SLAC! [4] and the KEKB aecator at KEK.
These machines enable the required conditions for perfgrnain experimental
determination of the angles and sides of the unitarity glamsing B meson decays.
These B factories produd@B pairs at theY(4S) resonance, at 1879 GeV, being the
lowest energy at which B mesons can be produced i@ collider. Furthermore,
the produced B mesons at the4S) resonance are essentially at rest in the center-of-
mass system (CMSY[(4S) decays to more than 95 % inBB pairs. The fractions of
produced charged and neutral pairs is almost identicalehaBi B~ (51.3+0.6)%
andBOBP (48.7 + 0.6)%, respectively[29].

The Y(4S) has the quantum numbed§© = 1-~. Since, C and P are conserved in
strong interactions, their values must be the same foBfgair. The B mesons are
pseudo-scalars{ = 07), produced in a coherent staBeB°, with the relative orbital
momentum = 1. The two pseudo scalar B mesons must be produced in p-watee st
to conserve angular momentum. The parity of the systef-s(—1)' = —1 and
requires the spatial part of the wave function of B¥&° state to be anti-symmetric.
Therefore, the only possibility to achieve this is that B¥8® pair oscillates coher-
ently. The quantum mechanically entangled state is given by

1
V2

The coherence dB°B° pair is preserved until one in the particle pair decays. rAfte
the decay of one of the B mesons, the flavor of the remainingpmestagged and
continues evolving in time. Because of B&B° mixing effect one can observe events
with both particles decaying @&° or BY, but only if these decays occur at different
times.

Substituting the quantum mechanical state in Equation] 1tbd following time
evolution is obtained

W(ty,t2) >= —=(|BY(t1) > |B3(t2) > —|BY(t2) > [BI(t2) > . (1.85)

AmyAt
2

1 _ AmgAt .q .
W(ty,tp) >= ——e T H2)/2[cos— 2= 1B0 5 1B) > +i~sin
(W(ty,t2) 7 [ 5 [BL>[B; 0

B} > [B3 >],
(1.86)

whereAt =t; —t1. If we can determinét and the flavor of one B meson, then the
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flavor and the time evolution of the other B meson is known.

For the time-dependent CP violation measurements, oneeoBtimesons is recon-
structed in a CP eigenstate, e®° — J/WK2. From the remaining particles in the
event, the vertex of the other B meson is reconstructed apending on its daughter
particles its flavor is identified. The procedure of flavomntigcation of the other B
meson is called tagging. For example, the tag side reveaffaitor by the sign of
the produced lepton: If the produced lepton on the tag sideesanegative charge
(signaling aB®) then the B meson reconstructed from a CP eigenst&®.i¥f the tag
s_i(()je has a positively charged lepton, then the reconstiigt@eson on the CP side is
B”.

Despite the fact that B mesons have a long lifetime, yet iery difficult to measure
its value as precise as needed for the study of CP violatigpeiimentally, a lifetime
measurement in order of a pico second is impossible witheatitechnology. This
is why B-factories are constructed with asymmetric beantgges: B mesons at a
B-factory are produced with a Lorentz boost along the ebectsteam,z-direction
making it possible to measure the distahzebetween the two decay vertices of the B
mesons. Since, the producB® andB® are approximately at rest in th&4S) center-
of-mass system, the measurements of the displaced decagesenf the produced
B mesons allow to translate the flight length differedzeinto a proper decay time
differenceAt: At ~ Az/(Byc). The vertex position of thécp decay is reconstructed
using charged tracks (for example, lepton tracks fihp in B — J/qJKg decays),
while that of thefiog decay is reconstructed using well-reconstructed trackséte
not assigned tdcp. In Figure[1.Y the production of the two coherent B mesonspair
and their corresponding decays is explicitly depicted.

Y(4S)__,_—-""—‘-‘

Figure 1.7: The decay &°B° into the golden modd/wK¢.
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Therefore, the combination of the flavor obtained from theosd B meson and
the time difference measurement, provides convenientitond to measure the
time-dependent CP violating asymmetry.

Considering the decay cha¥{4S) — B°BY — fcpfiag, Where one B meson decays at
timetcp into CP final statefcp, while the other B meson at timgg decays to a final
statefiag that distinguishes between tB8 andBY, the decay rate is time-dependent
and is given by

o0 /1g0

(14 q[Scpsin(AmyAt) + Acpcog AmgAt)]). (1.87)

Here Scp and Acp are the CP violating parameters already introduced in Equa-
tion[L.70,1go is the life time of theB®, Amy is the mass difference between the two
neutral B mass eigenstatés,= tcp — ttag andq+ 1 is theb flavor charge, depending
whether the B meson isBf or aBY.

1.5.9 B? — g(29)m° and the decay anglep;

Depending on the chosen CP eigenstate, any of the threesamgle, or ¢z of the B
triangle can be measured. These over-constraint measnt®m@®e used to improve
the determination of the elements of the CKM matrix or to di@r new physics
beyond the SM.

One angle of this triangley (B) is measured via the first asymmetry observation in
B meson decays using the decawK$ and related decay channels. In absence of
direct CP violation the time dependent CP asymmetry is gen

N(B — X) —N(B — X)
N(B— X)+N(B— X)

|t = sin2p; SinAMAt (1.88)

whereAt is the difference between the decay times of the two neutrakBons com-
ing from theY(4S) decay.

CP violation in the neutral B meson system has been estallisy performing mea-
surements of the CP violating parameter gin,2vhereq, is arg[—VedVe,/MdV;) and

Vij are the CKM parameters, involvirg— ccs transitions e.gB? — J/WKS. These
measurements have been performed by Belle [33] and BaBhc§Hdborations. The
SM in this case predictSs., = —&fSin2p;, wheres = £1, corresponding to a CP
even or CP odd final state, respectively afyd, = 0.

In the Standard Model the dec&) — Y(2S)° occurs either through a tree diagram
with internal W emissionl{ — d), or a penguin which includes an intermediate loop
diagram b — d). The amplitudes of both diagrams are of the same orderhbyien-
guin diagram is highly color suppressed due to the threengludroduced to conserve
color. The corresponding Feynman diagrams are shown iné&ih8.

For fcp= ljJ(ZS)TlO final state, which is a CP-even final state, the mixing -induce
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Figure 1.8: Feynman diagrams of tiB8 — y(2s)m® decay that can occur either
through a tree diagram (left) or a penguin diagram (right).

parametef 0 becomes-sin2yp, if the tree diagram dominates.

However, if there is significant penguin contribution orextBubstantial contributions,
precision measurements of time-dependent CP asymmelry-irccd transitions e.g
B® — y(29)1° or B® — J/yr® may reveal values for the CP violating parameters
Step andAs., that are different from the SM predictionssin2p, and 0, respectively.
Thus, the possible penguin contribution of #he+ ccd transitions, which contain a
different CKM phase, can alter the measured ginvalue. Any discrepancy that can
be observed would appear either as a consequence of theipeogtribution effect
or due to new physics. Therefore, measurements of CP asyiamit theb — ccd
transition B meson decays, play an important role in idgimg whether or not the
CKM model provides a complete description of the CP violaiiothe B meson sys-
tem.

Additional motivation for this study involves a possibylitto provide model-
independent constraint on the penguin pollution witBn— w(2S)K2.



Chapter 2

The Belle experiment

The aim of the Belle Experimerit [35],][7] is to study and measwith high precision
the CKM matrix parameters using B meson decays. The KEKBlaater [35], [5]
is located at the High Energy Accelerator Research CentéKjKn Tsukuba, Japan.

This particle collider exceeded its design luminosity ot 10**cm—2s~1, achieving

the world’s largest luminosity of .21 x 10**cm~2s~1 (Figure’Z.1). Until its shutdown
in 2010 the machine has accumulated integrated luminobipaout 1040fb!. Most
of the data was taken at the center-of-mass of¥t4S) resonance and contains 772

million BB pairs.

2.1 KEKB Accelerator

The KEKB accelerator (Figufie 2.2 (left)) is an asymmetrio ting e" e~ collider
operating atY(4S) resonance, designed to produce large numbeBBopairs. The
electrons circulate in the so-called high energy ring at 8 Gehile the positrons are
filled in the low energy ring at.5GeV. Both rings are placed in a tunnel of about
3km circumference. The beams are provided from a lineaciioje accelerator. They
cross at two points but collide at only one. Figlre 2.2 (figitows the layout of the
two rings. The different energies of tleg ande™ beam give theY(4S) a Lorentz
boost of By = 0.425. Therefore, the produced B mesons are also boostedh ahic
lows measurement of the decay flight length in the order ofp@®0This enables the
study of B meson decay time (see Secfion 1.5.8).

The total beam currents are = 1.35A for the electron beam ard = 2.0A for the
positron beam. About 1600 bunches are stored in each beam.

In order to minimize the coupled bunch instabilities thatwwodue to the electromag-
netic field induced by the beams, two different radio fregquyesicceleration systems
were installed at Belle. One type are the normal conductiogeferator Resonantly-
coupled with Energy Storage (ARES) cavities, placed in thgitpon beam in order
to handle the higher beam currents. Another type are ther-egmelucting cavities
located in the electron beam to achieve higher voltage [36].

31
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Figure 2.1: Total integrated luminosity at Belle.

:55

In December 2006, two super-conducting crab cavities [3tjvinstalled, one in the
low energy ring and another in the high energy ring. Thede caaities tilt the bunches
before colliding providing an increase in luminosity.
One of the most important features of the KEK B-factory aexbr is the crossing
angle between the positron and the electron beam that is setXmrad in order to
avoid parasitic collisions. In this way there is no need fteeading magnet in order
to separate the beams. As a result, the background due toreyron radiation is sig-
nificantly reduced and a circular beam-pipe could be used.
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Figure 2.2: Schematic view of the KEKB accelerator system.

2.2 Belle Detector

The Belle detector was designed and constructed to carrguauiititative studies of
B meson decays and especially rare B-decay modes with veaidl branching frac-
tions. It is a large solid-angle magnetic spectrometerstaoted around.B T super-
conducting solenoid and iron structure surrounding the BEBi¢ams at the interaction
region. Its purpose was to detect visible final state pagithat occur in the decays
of B mesons. The detector was designed such that the angwdeptance for both
charged and neutral particles is°1Z © < 150°. Belle detector was designed such
that it could provide good vertex and momentum resolutiesnyell as particle iden-
tification for separatingt, K ande in order to satisfy the requirement of an efficient
B-flavor tagging. High efficiency and good resolution in pardar, especially for low
energy photons (20MeV 500MeV), were also properties of the detector. For the
detection ofK_ and angular measurements, high detection efficiency and igsolu-
tion, as well as high detection efficiency and low fake ratenioons with momentum
as low as ®6GeV, were also necessary for precise operation of the Bellector.
These criteria were satisfied in the separate sub-systahsdhstitute the Belle de-
tector. The layout of the Belle detector with all its compitsds shown in Figure 2.3.
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Figure 2.3: Belle detector.

2.2.1 Beam-pipe

The beam-pipe is the first piece of material surrounding titeraction point. Since,
the interaction point is in a vacuum inside the beam-pipe bdam-pipe itself has to
withstand the pressure from the atmosphere in order to kesepatcuum.

On the other hand, the beam-pipe has constraints on thermidaterial. One of
the most important features of the Belle detector is theipeetetermination of decay
vertices. Howeveg-vertex position resolution is limited by multiple Couloratatter-
ing in the beam-pipe wall and the first layer of the silicontgrrdetector. Therefore,
to reduce the impact of the beam-pipe on the trajectoriebeparticles a very thin
beam-pipe material is chosen.

For the construction of the double-wall cylinder which idaet the central part of the
beam-pipe beryllium is used. The two beryllium cylinders separated by a®mm
gap filled with paraffine for cooling. The total material thiess of the central beryl-
lium section is B% [7] of a radiation length. The outer surface of the beape s
covered by 2@um thick gold foil to reduce the low energy X-ray backgrounahfrthe
high energy ring. The total thickness of the outer coveragessponds to 6% of
radiation length([[7].
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2.2.2 Silicon Vertex Detector

The first detector sub-system just outside the berylliunmbpgoe is the silicon vertex
detector (SVD), which provides vertex information of B mesi@cays. This is crucial
for the observation of time-dependent CP asymmetries,whias one of the primary
goals of the Belle experiment. Since, the vertex resolusafominated by Coulomb
scattering, the design of the detector has strict consstdim particular, the innermost
layer of the vertex detector must be placed as close as p®gsilthe interaction
region.

In the initial design the silicon vertex detector (SVDL) [3as build out of three
concentric cylindric layers with radii of 30mm, £&mm and 6 mm respectively
and covers a solid angle 2% 6 < 139, with 6 being the angle from the beam
axis. This corresponds to 86% of the full solid angle. Howgedee to the smaller
acceptance and the insufficient radiation hardness, thelS¥dDector was replaced.
The later design (SVD2) [39] included four detector layerstead of three, standing
at radii of 20mm for the innermost layer and .88 m, 70mm and 88 mm for
the remaining three layers, respectively. In addition,he tipgraded silicon vertex
detector design the geometry acceptance was increased to@¢ 150°. Schematic
view of the SVD2 along with the central drift chamber innerregi is shown in
Figure[2.4. The distance between the first layer and theaictien point should be as
short as possible, but since radiative background incsdasersely with the distance,
the layout of the inner layer is determined by the radiat@arance of the electronics
used and vertex precision needed.

Figure 2.4: View of the SVD2 sub-detector structure alontipwthe CDC inner wires.

On the other hand the distance of the layer most out is cansttdy the radius of the
next coming sub-detector.

On each layer, ladders consisting of double-sided sili¢dp detectors (DSSD) are
mounted. Each ladder is constructed of two half-laddersdhajoined by support
structure. The DSSD’s have thickness of 0 and provide depletegn-junctions.
On the n-side of the pn-junction a 75V voltage is applied, while thp-side is
grounded. The DSSD is designed such that the large diodeisrd@ided into
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strips, each of which is read out by a separate electronowicir The n-strips are
interleaved withp-implants to provide better separation. When a chargedcpart
traverses through the-bulk silicon electron-hole pairs are produced. These ypred
electrons and holes then drift towards the correspondimg p strips on the surface
of the DSSD. Thep strips are along the beam axis and allow measurement of the
r¢ coordinate of a traversing charged particle, while thatrips are perpendicular
to the beam axis and measure thosition. A charged particle will travel in the
electrical bias field, producing a 2D signal indicating thasipon of the charged
particle. The best way to estimate the performance of the $/Ehrough the
impact parameter resolution. The impact parameter is dkfsehe point of closest
approach to the interaction point. The resolution is deieech from the distribution
of two track parameterg, and or,. The resolution inz and r¢ depends on the
momentum of a traversing particfeand the polar angl® and can be expressed as [7]:

44.3 54.0
SVD1:0, = (4220 ———_)pm, Ore= (1920 ————)um
2= szin5/Ze)“m o= pﬁsin3/29)“
319 355 (2.1)
SVD2:0, = (27.8@ ——————)um, Oye= (21L9® ———" ) pm.
2= szirP/Ze)”m o= szin3/26>u

The term in the denominator is denoted as pseudo-momentinite @ denotes a
guadratic sum. The momentum and angular dependence of gaeimparameter res-
olution are shown in Figuile 2.5.

2.2.3 Central Drift Chamber

The precise determination of particles’ momentum and thei@ft reconstruction of
charged particle tracks are essential features of the merasats performed at the
Belle experiment. These measurements are obtained usr@gthtral Drift Chamber
(CDC) as primary device for particle tracking. The CDC altayp an important role
in measurements of charged particle energy loss in the cbiagals E/dx) used for
particle identification and provides fast trigger signd][

The Central Drift Chamber of the Belle detector is locatea i 5T magnetic field
provided by a super-conducting solenoid. The chamber tsireics shown in Fig-
ure[2.6. The CDC is asymmetric in thedirection in order to provide an angular
coverage within the detector acceptance and to accommitaetzct that the particles
from Y(4S) are boosted due to the asymmetric nature of the colliddf.itse

Belle’s CDC is a cylindrical wire drift chamber. It is compabof axial drift cells,
stereo drift cells and cathode image read-out. The CDC hastah8400 drift cells
distributed amongst the 3 layers of cathode strips and 5@eatayers that are orga-
nized in 11 super-layers. Each anode layer contains betthees and six either axial
or small-angle-stereo layers as indicated in Teble 2.1.ifdieidual cells of the cham-
ber are almost square. Except for the inner three layergrtfieells have maximum
drift distance between 8mm and 10mm, whereas the radidirtbgs ranges between
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Figure 2.5: Impact parameter resolutiorziandr@ dependent on the pseudo momen-
tum p for muons from cosmic ray datal[7]. The pseudo-momenfuia defined as
p= pBsin6®2 in z (left) andp = pBsin6%2 in re (right), respectively.
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Figure 2.6: Schematic view of the Belle CDC structure.

155mm and 17mm. The cells of the inner three layers have snsafley while their
signal is read by the cathode strips on the cylinder wallsOf3 diameter gold-plated
tungsten is used for the axial wires in order to maximize thi¢ electric field. On the
other hand for the stereo wires aluminum is used with dianmeté&26um providing
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reduction of the material used in the tracking chamber veluithis diameter of the
field wires was chosen in order to keep the electric field onstiréace of the wires
below 20KV/cm, which is the limit for avoiding the radiation damage. Téegth of
the longest wires is 2400mm. The inner radius is set to.2®8n to achieve good
tracking efficiency for lowp; -tracks, whereas the outer radius is 874mm.

Super layer type No. of | Signal channel$ Radius(mm) Sterec? angle (mrad) and
and no. layers per layer strip pitch (mm)
Cathode 1 64z) x 8() 83.0 (8.2)

Axial 1 2 64 88.0-98.0 0
Cathode 1 8() x 8(p) 103.0 (8.2)
Cathode 1 8() x 8(p) 103.5 (8.2)
Axial 1 4 64 108.5-159.5 0
Stereo 2 3 80 178.5-209.5 AB~ 7375
Axial 3 6 96 224.5-304.0 0
Stereo 4 3 128 322.5-353.6 —42.28~ —45.80
Axial 5 5 144 368.5-431.5 0
Stereo 6 4 160 450.5-497.5 A48 ~ 49.36
Axial 7 5 192 512.5-575.5 0
Stereo 8 4 208 594.5-641.6 5268~ —57.01
Axial 9 5 240 656.5-719.5 0
Stereo 10 4 256 738.5-785.5 6P~ 67.09
Axial 11 5 288 800.5-863.Q 0

Table 2.1: The configurations of the CDC sense wires and datbtips.

The total amount of wire tension was supported by aluminudigates and carbon-
fiber-reinforced-plate cylinder structures that extenahveen the end-plates. The end-
plates contain cathode, inner and main part. The propetieach of these parts are
described elsewhere [41]. They are connected to each ogteestainless-steel bolts
and are gas sealed with a silicon glue.

For the operation of the CDC in order to obtain a good momerntsulution, even
for less than 1GeV, multiple Coulomb scattering should lwkiced. For this pur-
pose a low-Z gas was used because it has smaller photoieless section than
argon-based gases and in addition, it provides reductitineobackground caused by
synchrotron radiation and spent particles. For the CDC argasire of 50% helium
and 50% ethane was used. The mixture has a long radiatiothleigs40m and
drift velocity that saturates at 4cfps at low electric field, which allows for simpler
calibration and reliable and stable performance of the CDi& ethane component
provides gooddE/dx resolution[42].

Important feature of the Belle’s drift chamber was the &pitif performing particle
identification. By using thelE/dx measurements from the chamber it is possible to
distinguish between kaons and pions in the momentum regtmwb0.7 GeV/c. The
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separation between different particle species accoraitiget different energy loss ob-
tained from the CDC is shown Figure R.7.
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Figure 2.7: Energy depositions in the CDC for different jgéet as a function of
momentum observed in collision data [7].

2.2.4 AerogelCerenkov Counter

Particle identification, in particular the identificatiorh charged pions and kaons,
plays an important role in two aspects of CP violation stsidi@ne of these aspects is
the flavor determination of the parent B mesons decayingsipgzific CP eigenstates,
which can be obtained from the charge of the final state kasascade decays. The
other aspect is the reconstruction of exclusive B mesonydeach as two body
decays.

The momentum distribution of the final state kaons from thexzade decays is in the
range up to 5GeV/c, which is already covered by théE/dx measurements in
the CDC and time-of-flight (TOF) measurements. However,Tijil€ separation up
to ~ 4GeV/c momentum range is important for unambiguous reconstmaif the
two-body decays and therefore the Belle detector is eqdippth a device based on
Cerenkov techniques.

When a charged particle moves through a material mediurerfésan the speed of
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light in that same medium, it radiat€erenkov radiation. The speed of light in a
mediumcmegium IS related with the refractive indexof the medium as

Cmedium= Cva:’:]uum. (2.2)
Consequently, a charged particle with veloddy massm and momentunp, radiates

Cerenkov light, if
1 m

_ 2
n> 5 1+(p) : (2.3)
Due to the different masses the aero@erenkov counter (ACC) [7]/[43] is able to
distinguish between pions and kaons. By selecting materihlappropriate refractive
indexn pions with momenta larger than 1 G&Y will emit Cerenkov radiation, while
kaons with the same momenta are below the threshold velacdytherefore will not
generatef:erenkov radiation. Thus, the ACC operates as a thresholdtepsystem,
used in the Belle experiment to extend the momentum rangerage for ther/K
separation up to.8GeV/c.
The ACC is divided into two segments: a barrel ACC and forwerd-cap ACC. The
barrel component consists of 960 counter modules, arramge®0 cells ing direc-
tion. The end-cap partis composed of 228 counter modules)@ed in five concentric
layers. The configuration of the ACC in the central part issghan Figure 2.8.
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60mod 60mod.

n=1.010
360mod.
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Figure 2.8: Arrangement of the ACC modules in the centrabregf the Belle detec-
tor.

The barrel ACC module, whose typical size is 422 x 12cn? is made of @mm
thick aluminum. Five aerogel tiles are installed in each atednd one or two fine-
mesh photo multiplier tubes (FM-PMT) are attached direictiyre aerogels at its sides.
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The end-cap module has rather complicated shape and ao&iste aerogel tiles.
The inner surface of the module counter is coated with difeugeflector sheets for
better efficiency and uniformity of the light collection. &erenkov light is detected
by the fine-mesh photo multipliers connected with the alummioxes.

The refractive indexn() of silica aerogels in the barrel part of the sub-detecterade
ranges between 1.010 and 1.028, depending on the polaraaumgglons to cover the
momentum range from.2GeV/c to 35GeV/c. On the other hand, areogels with
n= 1.030 are used so that the device is suitable for flavor tagging.

Silica aerogels with low refractive indices are developed produced in a two step
fabrication method. The first step concerns the preparatiahe alcogels and the
second is related to the hydrophobic surface, which ensongsterm stability of the
device. Details of the production method are describedmtlsee [44], [45]. The
maximal radiation damage on aerogels is set up-th0Mrad equivalent dose [46],
which corresponds to more than 10 years of running at the KE&dBory.

2.2.5 Time of Flight Counter

In order to establish precise event timing and to enhanazidigation between dif-
ferent particle types, e.g. pions and kaons, in the momenggion below 12 GeV/c,

a Time-of-Flight counter (TOF) [47] is used at Belle. The ¢hof-flight sub-detector
system is used to measure the time particles travel fromntteeaiction point to the
TOF module. Since TOF is sensitive in a track momentum regaow 12 GeV/c,

it is complementary to the ACC. Combined with momentum measents Belle’s
TOF system provideX /1t separation and an effective B-flavor tagging. The TOF
technique using plastic scintillators is very powerfuthalgh conventional method
for particle identification. The time resolution of the TOfs&m in order to provide
cleanK /1t separation for particle momentum below2 GeV is 100ps.

The basic principle of the TOF measurement provides detextioin of the masm of
the particle. The particle mass is related to the measured time of flighby

cT

3 )2-1, (2.4)

m=p é— 1=py/(
wherep denotes the particle momentum measured by the CDC and SVLL aed
notes the helical distance traveled by the particle fromriteraction point to the TOF
module.
To achieve the design time resolution goal, a few consigeratwvere taken into ac-
count. For this a fast scintillator was used. The light gsidere eliminated to min-
imize the time dispersion of scintillation photons progaggain the counter. And in
addition, photo-tubes with large area photo-cathodes weegl, to obtain maximal
photon collection. These strategies led to a module cor#tgur consisting of two
plastic scintillators with a fine mesh photo-multiplier &uFM-PMT) [47] mounted
directly to the each end of the TOF module. The two scintlistare accompanied
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with thin Trigger Scintillation Counter (TSC) and are logatinside the 5T mag-
netic field.

Each TOF module consists of two TOF counters with readoub#t bnds and one
thin TSC with backward readout only. In total there are 64 Tddules placed in the
barrel region of the detector. The radial distance to theramtion pointis 2m. The
TOF covers a polar angle of 34« 6 < 121°.

The photo multiplier tubes are attached to the ends of the W an air gap of
~ 0.1 mm which provides earlier arrival photons to pass selelstithus reducing the
gain saturation effect of the tubes due to large pulses attaig. On the other hand,
the tubes are glued to the light guides at the backward entleecf SC. Each PMT
signal is split into two. One is used for charged measuremedthe other is provid-
ing two output signals depending on the threshold leveliadpIThe low level signal
is providing time measurement, while the high level compon@ovides a gate to
the charge-to-time converter (QCT) [47]. The layout of tl@FTcounter is shown in
Figurel2.9.

Backward Forward
I.P (Z=0)
91.5 -80.5 72.5 | 182.5 190.5

P e I.'o"iF """""""""""""""""" |

1 1

b fPMTA{WPMT ~ 407 TOF 40t x 6.0W x 255.0 4 ~PMT ”'F122.0

i [ —— _\: ___________ i ._5__2________. _________________'_:::_*_::_.i
| TSC 05t x 12.0W x 263.0L 117.5
! 282.0
| 287.0

Light guid | | -
'ght gu e":@ji R=120. 05 jpm e
\‘ S——
|

- R=117.5 - - R=117.5

Figure 2.9: Layout of the time-of-flight counter.

2.2.6 Electromagnetic Calorimeter

The electromagnetic calorimeter (ECL) [7] measures theggnaend the position of
electromagnetic showers caused by photons and electromge 8bout one third

of the hadron decay products are neutral pions, the ECL hpsotade efficientr®
reconstruction. It has to provide high energy resolutioer@a/wide range of energies,
from 20MeV/c? up to 8GeV/c?. Because most of the photons that appear as end
products of cascade decays have very low energies, the E@dsrie ensure good
performance in the energy region below 500MeV. Moreoveg, BCL should be
also suitable for detection of high energy photons origngatirectly from B meson

decays, for instance e.gB® — K*°y andB® — 1°1®. The high resolution([7] is
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therefore needed in order to reduce backgrounds for theskesnoln addition, the
electron identification in Belle relies primarily on a comigan of the charged patrticle
momentum and the energy deposited in the ECL.

The ECL (Figuré_2.10) is composed of segmented array of essintontaining 8736
thallium doped cesium iodide CsI(TI) crystals and pairsitbé@ photo-diodes with
a cross-section of & 2cn? used for readout. The barrel component consists of 6624
crystal counters, while the forward and backward end-capgam 1152 and 960
counters, respectively.

Each CsI(TI) crystal has a tower structure shape, poinbmgtds the vicinity of the
interaction point. The length of each crystal is 30cm, cspoading to 16.2 radiation
lengths Kg). This length is chosen to prevent deterioration of the gyneesolution
from the shower leakage at high energy. The crystals haverelit transverse
dimensions depending on the polar angle positions. Tymlsaknsion of a barrel
crystal is 55mmx 55mm for the front face and 65mm65mm for the rear face.
The end-cap crystals have larger variations in dimensiamging from 445 mm to
70.8mm for the front surface and from 54mm up to 82mm for the resa.a
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Figure 2.10: The ECL configuration.

The ECL covers 91% of the solid angle. 3% of the total angutareptance is
inefficient due to the gap between the barrel and the calteinemd-caps. The energy
resolution of the electromagnetic calorimeter is givenTjy [
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ot 0.066 0.81,
£ = (L34 ——o )%, (2.5)

where E is the energy measured in unit$&G@V. The energy resolution is limited by
the electronic noise, contributing to the first term and byvatr leakage fluctuations,
contributing to the second and third term.

The position resolution is given &s [7]

34 1.8
Oposition= (0.27+ £172 + m)

mm. (2.6)
Furthermore, the ECL plays an important role in the idergtifan of electrons.
Charged particles, such as pions and kaons, deposit lesgyenethe calorimeter
than the electrons. These particles can be distinguishethdoylifferences in the
shower shapes. Electromagnetic shower and hadronic shwaver different shape
in both transverse and longitudinal direction, thus onediatinguish electrons from
hadrons. The shower shape in transverse direction can heate quantitatively by
a "E9/E25” measurement, defined as the ratio between the energy sdnm3x 3
crystals and the energy accumulated in the% crystals of the ECL. An additional
feature that is used for electron identificatiorkigp, denoting the ratio of the energy
measured by the calorimeter to the three momentum measyithe ICDC [48].

2.2.7 Extreme Forward Calorimeter

The Extreme Forward Calorimeter (EFC) [7] is a multi-puakevice. One of its
tasks is to provide online luminosity information using Bha scattering and tag in-
formation of the two-photon processes. It is also used asambeask to reduce the
backgrounds for the central drift chamber. And in additionprder to improve the
experimental sensitivity to some physics processes, tl iERtilized to extend the
angular coverage beyond“1Z 6 < 150°.

The extreme forward calorimeter is constructed of two pdoisvard and backward,
which are mounted on the front surfaces of the cryostatssoétimpensating solenoids
of the KEK B-factory. The calorimeter covers from6 to 11.5° in polar angle in the
forward direction, while the angular coverage for the bamldwegion ranges from
1633° to 1712°.

It is located near the interaction point in a very high radmatievel area. Because
the radiation hardness is an important issue for the cagaamfor its construction
radiation-hard bismuth germanium oxi@#Ge;O12 (BGO) [49] crystals are used.
The layout of the crystals is shown in Figlre 2.11. Each oftévwe calorimeter parts
consists of 160 such crystals, with 5 segment$ and 32 segments ip. Space limi-
tation in the detector led to crystal sizes of 12 and 11 rawhidéengths for the forward
and backward part, respectively.
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Figure 2.11: Arrangement of the BGO crystals in the forwand dackward EFC
detectors.

2.2.8 Solenoid

The super-conducting solenoid provides a magnetic field. BT lparallel to thez-
direction. Its cylinder volume is.8m in diameter and .4m in length. The coil
consists of a single layer of niobium-titanium-copper gllembedded in a high pu-
rity aluminum stabilizer. Liquid helium circulates thrdug tube placed on the inner
surface of the aluminum support cylinder and is used foringolThe main coil pa-
rameters are presented elsewhgre [50].

2.2.9 K_ and Muon Detector

The super-conducting coils is surrounded by a multi-layercsure consisting of iron
plates and calorimeters, which is integrated into the migreturn yoke: TheK| and

M detector (KLM) [7] is designed to identify long lived, highpenetrative particles,
such asK_ and p*, for instance from the semileptonic decaysBodindD mesons or
from J/@ — utu . For a particle to reach the KLM detector a momentum greater
than 600MeVc is needed, therefore this device should ensure high eftigiever a
broad momentum range, that exceeds this threshold.

The KLM sub-system consists of 15 alternating super-lagécharged particle detec-
tors and 14 iron plates with thickness o74m in the octagonal barrel region. There
are also 14 detector super-layers in each of the two end-d&sgsh super-layer con-
tains resistive plate counters. The detection of chargetices is provided by these
glass electrode resistive plate counters (RPCs) [51], {Blich have two parallel plate
electrodes with high bulk resistivity, separated by a gdedilvith gas (Figuré 2.12).
An ionizing particle traversing the gap initiates a streamethe gas, thus resulting
in a local discharge of the plates which is limited by the higsistivity of the plates
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Figure 2.12: Cross-section of a KLM super-layer.

and the quenching characteristics of the gas between tkespld@he location of the
discharge is recorded electronically. In addition, the gsed to fill the gap between
the plates is non-combustible mixture [53] of 62 % HFC-13&% argon and 8 %
butane-silver in order to provide high detection efficiemcyl stable operation of the
RPCs.

The iron plates provide a total of 3.9 interaction lengthmaterial for a particle trav-
eling in the direction which is orthogonal to the detect@nas.

The barrel-shaped region around the interaction pointrsoaeange of 45< 6 <
125 in polar angle, while in the forward and backward end-capsdbverage is ex-
tended to 22 and 155, respectively.

The K| particles which interact in the iron produce a shower of Zo1g particles.
Measuring the direction of these showers one can reconsiegays such as, e.g.
B — J/YK_ using the kinematic constrains of energy and momentum coaisen.
The discrimination between muons and charged hadrons ésllmasthe distance they
travel and the amount of scattering that occurs. In compangth the strongly inter-
acting hadrons, electromagnetically interacting muonsy@rage travel significantly
farther and with smaller deflections. The KLM is able to deteaons whose momen-
tum is above B Gev/c, with an efficiency greater than 90 % and a fake rate of about
3 %.

The detection oK is based upon the obtained cluster information in the KLMe Th
cluster information is fundamentally different f& and charged muons. Muons gen-
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erate thin clusters which penetrate deep, while clustevdymed byK| are broader
and will stop within the KLM.

2.2.10 Trigger and Data Acquisition

The trigger system at Belle is used to record physics evantiscard background,
using information from several sub-detectors. Since,gtt himinosity the production
of BB events occurs at very high rate, this is accompanied by hegimtbackground
due to the high beam currents. Therefore, the trigger syplags an essential role
in the selection of useful events from the pool of many unedrdgvents. Another
important feature regarding the operation of the triggsteay is the data acquisition
system (DAQ). The data acquisition system reads out anddsc¢be data selected by
the trigger. Therefore, the trigger must be flexible, it kmkdep the rate of accepted
events at tolerable level for the data acquisition whichestahe data, and it must be
efficient by using information from many sub-detectors tefkéhe efficiency for the
physics events high.

The trigger system at Belle is configured such that the datelected in three steps.
The first two triggers, the hardware trigger Level-1 andwafe trigger Level-3 op-
erate in real time. The event reconstruction and classicas done off-line by the
Level-4 trigger.
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Figure 2.13: The Level-1 trigger system of the Belle detecto

The Level-1 trigger is consisting of a sub-trigger systerd arcentral trigger system
named Global Decision Logic (GDL). The trigger system of shib-detectors can be
divided into two categories: triggers based on select@tt$rand triggers based on en-
ergy deposition measurements. CDC and TOF provide triggeaks for the charged
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particles, while the energy deposition in the ECL providgsals from charged and
neutral particles. The KLM trigger system gives additionérmation on muons and
the EFC triggers are used for tagging two-photon events disawéBhabha events.
The GDL processes in parallel all information received frin@ separate sub-triggers
and obtains an information about the decision whether anta@seselected as signal
or discarded as background. The processing of the infoom&idone within 185us
after the collision and the trigger decision is provided|® after the event occurance.
Figure[2.18 shows the schematic view of the Level-1 triggstesn at Belle.

The purpose of the Level-3 trigger is to further reduce thalper of triggered events
to be stored. It reduces the event rate by about 50% by sajeetients with at least
one track, withz impact parameter less than 5cm and at least 3GeV energyittgpos
in the ECL.

The Level-4 trigger works by the same principle as the L&v#digger but it has
stricter track requirements: the distance from the intewagoint in z direction should
be less than 4cm, the radial distance from the interactiont @wound thez axis
should be less than 1cm and the transverse momentum shaisly siae condition
Pt > 300MeV/c.

The Data Acquisition (DAQ) system collects information farents that passed the
Level-1 trigger requirements. For these events, the DAQesyrocesses the data
taken from the separate sub-detectors. Data from eachystdirs are combined into
a single event recorded by an event builder. The output ottleait builder is then
transferred to an online computer farm, the Level-3 triggéhe DAQ is designed
for operation up to 500Hz trigger rate, with dead time fraatiess than 10%. An
overview of the DAQ system is shown in Figlre 2.14.
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Figure 2.14: DAQ system at Belle.



Chapter 3

Analysis of the decay channel

B® — y(2s)m

In this chapter we present tools and eventually measure émebing fraction oB° —
W(2S) ™, which would yield the first measurement of this value. Thalysis itself is
performed using the so-called "Blind Analysis” technique.

3.1 The Concept of "Blind Analysis”

According to this technique, in the development of the agialit is important not to
optimize the analysis procedure on the data that will be deethe measurement,
known also as "tuning of the data”. Instead, the measureisguerformed without
looking at the real data until almost all or eventually aldbysis criteria are finalized.
This means that we verify that the developed analysis puoreeid properly working
on Monte Carlo (MC) data samples. After these criteria atalbdished we can look
at the data. The purpose of this step is to avoid the poggibilibiasing the result in
a particular direction. After that the analysis may not barged furthermore in order
not to introduce a bias in our result.

3.2 Analysis procedure

At the KEKB collider positron and electron beam collide a ttenter-of-mass energy
of the Y(4S). At this energy, theyq cross section (see Figure B.1) is consisting of
three quarters ofiq pairs (events called "continuum”), whege= u,d,s,c, while in
the remaining quarter thé(4S) is produced. Ther(4S) decays almost exclusively in
BB pairs. From the total of 772 10° BB pairs collected with the Belle detector, we
extract a lot less signal events compared to background.fiidtestep to reduce the
amount of background is to apply the event selection (seed®d8.53). We reconstruct
one B meson by combining the four-momentum of final state kisurgparticles in or-

49
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der to compose the parent B meson. The B meson in this anabysise reconstructed
in four modes, two leptonic and two hadronic modg$:— Y(2S)(— et e )10 (—vy),

B — W(25)(— W )m(— yy), B = (25)(= I/Y(— eter) ) m(— yy)
and B® — @(29)(— J/Y(— pru)mr ) m0(— yy), respectively. We start the
reconstruction from the “final” reconstructed particlegy.ewe combine two pho-
tons in order to obtain a neutral pion and we combine the fieomentum of two
leptons, electrons or muons to reconstruct g@S) meson or theJ/y meson.
Then, in the particular case wheB? — (290, P(2S) — 11—, we combine
the four-momentum of the)(2S) meson, accompanied by a neutral pion in order
to form a B meson. In the case when thg2S) meson decays hadronically,
then we combine the four-momentum of tl3¢y meson reconstructed from two
leptons and the four-momenta of the two charged pions inrdaleeconstruct the
parentB meson. Many selection criteria are applied to every evedt ith being
recorded. Detailed description of the applied selectideria are given in Sectidn 3.5.
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Figure 3.1: Hadronic cross sections around the centerasfsrenergies of th¥ reso-
nances|[54].

After the reconstruction of the particles and the applaraf the selection criteria,
the analysis continues by obtaining the probability derfsinctions (PDFs) for signal
and background events. We discriminate signal againsbwsrbackgrounds using
two kinematic variables: the mass of the reconstructed Bomédgc, and the energy
difference between the reconstructed B energy and the beargyein the center-of-
mass systemAE (Sectior 3.5.6).

The signal component B® — @(2S)m. The different background contributions come
from generidBB and continuumdq) events, misreconstructd&imeson decays, which
happen to occur in the same kinematic region Bnd ccX decays ("generic” decays).
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We treat the genericB§ decays that are not charmonium decays together with the
continuum as one background component, named "combia#itbackground. The
reason for this is that these generic B decays do not prodpeakain the signal region
as itis the case for th® — ccX decays. For all these four components we have to find
the probability density functions through a fitting proceslu

Modeling of the separate components is done using a maxinkefihbod approach.
The branching fraction value is extracted with an extendegimum likelihood fit,
later also referred as "final” fit described in Section 3.6.6.

The pure Monte Carlo sample, which is needed for obtainied?Fs, is taken from
full detector simulation for the signal component and thedBay backgrounds. The
combinatorial background component is extracted dirdobiyn the data set.

To account for possible differences between data and MC,se&n additional decay
mode (control sample), that is similar to tB& — y(2S)m® decay. The correction
factors (see Section 3.7.1) for the model parameters caatbeined from the control
sample and then applied BY — @(2S)1° real data. In this way we prevent biasing of
the result.

3.3 Data Set

The measurement of the branching fractioB8f— @ (2S)m is based on a data sam-
ple of 772x 10°BB pairs collected with the Belle detector at the KEKB asyminetr
energyete (8 on 3.5GeV) collider. This corresponds to a sample for a total of
~ 1040fo 1.

3.4 Event Generation

For the Monte Carlo study, the Monte Carlo generator Evi@&&j s used. Events
generated by EvtGen are made to pass through the full desotalation, performed
using the GEANT([56] package. The GEANT package accommedaggeometry
of each sub-detector device. Background coming from beaire&ettronic noise in
each of the detector components is also added to the gethésataulated) events.

3.5 Event Selection

The event selection is the first step in the analysis chaip.alim of the event selection
is to reduce the number of events that are going to be anglymad the total of
772x 10°BB pairs to a much smaller data set. The event selection is dohea
steps: since, analyzing of the whole data set of Belle by nd&idual is inefficient
and requires much time, smaller data subsets are prepatexse Bubsets of data in
which a specific physics mode is enhanced are called "skiffi& selection of this
subset of events is based on loose criteria in the selecliba.main purpose of this
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is to keep all the interesting events, but at the same timaeogssarily reject all the
background events. In other words we do not want to obtaimamere sample, but
we want to keep the reconstruction efficiency high to avoasbi

For the analysis oB? — y(2S)m® decay, we use an official skim, that contains all
B — J/Y(P(25))X candidates. The official skims are not optimized to a padicu
signal mode, but rather include other decay modes which earimoved safely by
applying additional selection criteria.

3.5.1 Track selection

The quality of the reconstructed tracks is determined by ithpact parameters,
which denote the distance of closest approach to the irtengooint along the beam
direction, |dZ and in the transverse ¢ @) plane,|dr|. For all selected tracks used
to reconstructp(2S) andJ/Y mesons these impact parameters fulfill the following
criteria:

e The impact parameter in thre- @ plane should satisfyjdr| < 1.5cm.

e The impact parameter in beam direction should satisfg: < 5cm.

3.5.2 Continuum discrimination

One way to distinguish between a signal and a background iséoevent shape
variables. Signal events have spherical and uniform tapplerhile the continuum
events are jet-like. Imqg events the energy is distributed among the quark and the
anti-quark. In the center-of-mass system the momentumeofjtiark and anti-quark
is basically oriented in opposite direction from one anoth€herefore,qq events
emerge as jets collimated back to back. On the other hanlte ¥(4S) resonance is
created, the energy is distributed between the two prodBcesons, thus causing
BB events to retain a spherical shape. Therefore, in ordestmduish between these
two different event topologies we use so-called event-shapiables, which are the
measures of sphericity or jet-likeness of a certain event.

In e"e~ annihilation processes event shapes are usually chdractensing Fox-
Wolfram moments [57]. In our analysis the ratio of the sectanzieroth Fox-Wolfram
moment is used. It ranges between 0 and 1 and is expressed]by [5

H > | Bil| Pj| Pk(cosi )
R, = —2, where Hy = !

Ho (Iin>2

(3.1)
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Here, P is the Legendre polynomiak)j is the opening angle between the mo-
mentump of thei -th andj -th particle, whiley E; represents the visible energy of the
|

particles in the event.

This quantity is indicative, meaning that valueskf closer to zero indicate a more
spherical event, while the jet-likeness is describedRbywalue closer to 1. In order to
suppress continuum we use the conditiorRefbeing less than 0.5. Figulre 8.2 shows
this quantity for signal Monte Carlo (red) and continuunu@l As one can see from
this Figure, with the condition we apply we remove almost igmal, but we reduce
the continuum by half.
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Figure 3.2: The second to zeroth Fox-Wolfram moment foraigmC (red) and con-
tinuum (blue).

3.5.3 Reconstruction of particles

TheB® meson is reconstructed by selectingg@S) meson, that decays either in two
electrons or two muons, or it decays intdap (J/@ — e"e ,u"u~) accompanied
by two charged pions. As a second daughter particle in thenstuction chain of the
B?, ther® meson is selected, that decays into two photons.

3.5.4 Reconstruction ofy(2S) and J/P mesons

The Y(2S) candidates are obtained by combining either two opposiietyged lep-
tons,e* or i, or J/y in addition with two charged pionst™ andr . TheJ/y is
reconstructed using either its decay into two electronstortivo muons.
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3.5.4.1 They(29)(J/y) — e"e™ ("leptonic”) decay mode

Electrons are identified on a basis of the electron likelthag distributed on the
interval [0,1]. For electron identification, the likelihdas calculated using the light
yield in the aerogeCerenkov information, the time-of-flight in the TOF counéed
the ionization lossIE/dx in the central drift chamber. We reconstrupt2S)(J/w)
candidates requiring that either both of the tracks aretifieth as electrons, satisfying
the conditionLe > 0.01 or one of the tracks fulfills the electron likelihood caimh
and for the other track we require eitHefp > 0.5, whereE/p is the ratio between
the energy measured by the electromagnetic calorimetahardomentum measured
by the drift chamber, odE/dx> 0.5KeV/cm, wheredE/dx is the energy deposition
measured by the drift chamber.

Electrons fromy(2S) or J/y decays intee"e~ may radiate photons, therefore lose
part of their energy. Consequently, the four-momenta ofpth@ons within 50 mrad
of theete~ tracks direction is added in the calculation of the invariaass window
to account for the energy loss due to the emission of bretiatrg photons. Further-
more, because of the radiative tail in t}h€2S)(J/@) — e"e~ signal shape, an asym-
metric invariant mass window 6f 150 MeV/c? < Mere- — My gy y(29)) < 36MeV/c?

is chosen in order to seleg(2S) andJ/y candidates. Th#;,yy2s) Mass is the
PDG value. Figuré3l3 shows the mass distribution ofik2S) — ete~ (left) and
J/Y — ete (right).
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Figure 3.3: The invariant mass ¢f2S) — e"e~ (left) andJ/p — e e~ (right) can-
didates. The red-dashed vertical lines indicate the iamhnmass window selected
in the case when the decays ¢f2S) and J/{(2S) mesons into two electrons are
considered.

3.5.4.2 They(29)(J/y) — utu~ ("leptonic”) decay mode

Muons are identified on the basis of a track penetration dapthhit scatter pattern
in the K -muon detector. Besides tH§ -muon detector information, the muon
identification uses also the information from the innerkmag chambers, the central
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drift chamber and the silicon vertex detector. The trackdentified as a muon
when it satisfies the muon identification conditiap > 0.1, whereL, is the muon
likelihood, with distribution between 0 and 1. The cft > 0.1 is chosen in order
to obtain higher muon detection efficiencies. We reconstp2S) andJ/y mesons
by requiring that both tracks are identified as muons acogrdo the likelihood
probability or one track is identified as muon using theinformation and the other
track is identified using the energy measured by the caldaemthat ranges between
0.1GeV and B GeV. In addition, for ther"yu~ decay mode we select the following
mass window:—60MeV/c? < My~ — My yp(2s) < 36MeV/c?. In Figure[3.4 the
mass distribution of they(2S) — putu~ (left) andJ/@ — ™ u~ (right) is showed.
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Figure 3.4: The invariant mass ¢f2S) — ptu~ (left) andJ/Y — pu= (right) can-
didates. The red-dashed vertical lines indicate the iamanmass window selected
in the case when the decays of té2S) and J/(2S) mesons into two muons are
considered.

3.5.4.3 They(2S) — J/ym - ("hadronic”) decay mode

For ¢(2S) — J/ymt - decay, the reconstruction is done by combining two oppo-
sitely charged pions with the reconstructddp. For particle identification of the
pion candidates we use three measurements: the numbermﬁnprfooméerenkov
counter, time-of-flight from the TOF counter and the energgpaskition dE/dx
from the drift chamber. These three information are comiiakbowing particle
identification in physics analyses over a range of momentapatar angles. The
pion/kaon identification is based upon the likelihood radiistributed on the interval
[0,1] and is defined as:

Ly
Lk + Ln

Prob(K : ) = (3.2)

In our analysis,B® — (2910, in case ofy(2S) — J/Yrr r, charged tracks
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with Prob(K : 1) < 0.9 are identified as pions. In this case we consider the foligwi
mass window: CBSGGV/CZ <AM = (MJ/L]J(HI*)TFFTF - MJ/w(|+|7)> < O.GOGeV/CZ.

3.5.5 Reconstruction off® from two photons

¥ candidates are reconstructed using their decay into twtbpsoThe photons from
a B decay have a wide energy distribution from very low eresrgif a few tens of MeV
to very high energies of a few GeV, most of which are low erexgif about a few
hundreds MeV . The detection of those photons is very impofta the reconstruction
of the B mesons. In the Belle detector the identification ajtphs is based on their
electromagnetic interactions in the calorimeter. Phomdates are selected from
clusters in the electromagnetic calorimeter that are nétineal to any charged particle
track. Also the transverse cluster shape should be consistth an electromagnetic
shower. Each of the photon candidates should have an eneagured in the barrel of
the calorimeterf, > 0.05GeV, whereas in the end-cap the photon candidate should
exceed energy o, > 0.10GeV in order to suppress combinatorial background.

3.5.6 Reconstruction of the neutral B mesons

The reconstruction of B meson is done by combining(2S) candidate and a neutral
pion. After we reconstruct B mesons we select events for whaod discrimination
between signal and background can be obtained. This is dousiig two kinematic
variables that describe the reconstructed B mesons: thm beastrained masklgc
and the energy differenchE .

The reconstructed B meson maddgc, is calculated using the momentum of the
reconstructed B meson candidate and the beam energy inrtes-cé-mass system:

Mec = \/ EZam— Pis - (3.3)

A very similar, but orthogonal observable used in this asiglys AE, given as
the difference between the reconstructed B energy and then kenergy in the
center-of-mass system:

Here, ES and pg are the energy and the momentum of the reconstructed B citedid
evaluated in the center-of-mass system, wheggas is the beam energy also in
the center-of-mass system. To obtain these quantities wenfermation from the
precise particle tracking detectors. In this analysis, Bdo@ates are reconstructed in
the following analysis window: 22 GeV/c? < Mpc < 5.30GeV/c? and—0.2GeV <
AE <0.1GeV.
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3.5.6.1 BesBO selection

On average, 1.18° candidates are reconstructed per event from MC data, asnshow
in Figure[3.5. Because it is possible to have events with rti@e one reconstructed
B meson, for those events the best candidate with smaffeist selected, where
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250 multiplicity = 1.18
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Figure 3.5: Multiplicity distribution of reconstructe®® — ((2S)™ from MC data.

y2 = (m,ﬂ, - m«u<2S>>z+ (mw — mn>z, (3.5)
O)+|- Ovyy

when they(2S) decays leptonicaly, or

— — —m +1- —M —
X2: (rnrﬁ <;TIU(28) J/IJJ) >2+(m | J/¢'>2+(rnW rnT[)Z, (36)
lanin Oj+- Oyy

when the @(2S) undergo the decay td/ymm ("hadronic” decay). Here,
I "1~ is either electrong, or a muon,u, while ¢ is obtained from the corresponding
Gaussian fitted mass distributions from Figures$ 3.3[ands3.4isted in Tablé 3]1.



Analysis of the decay channe? — yi(2s)m®

58

Resolution [MeV/c?]
Decay Modes SVD1 SVD2
My2s) | My | Mys) | Myyy
P(2S) — ete” 9.2 - 9.8 -
W(2S) — prp- 6.6 - 6.0 -
W(2S) — J/Y(— ete ) - 6.5 - 6.8
P(2S) — J/Y(— urp ) - 6.7 - 6.0

Table 3.1: Typical resolution of mass distributions fromgr&l Monte Carlo in both

SVD1 and SVD2 foB° — (29)1P.

The obtainedm,, resolution is 3MeV/c? and 37MeV/c? for SVD1 and SVD2,

respectively.

3.5.7 Detection efficiencies

After the applied selection criteria, the detection efficies for the leptonic and
hadronic mode correspondingly, are found to be as listenlbel
Here the detection efficiencies are defined as a product batthe raw efficiency and
the PDG branching fraction value, where the raw efficiencthésratio between the
number of reconstructed and generated events calculateshéh of the considered
decay modes. The calculation is done for the two detectdiigumations SVD1 and

SVD2, respectively.

SvDL:

2S)(— ete™)1°) = 0.00175+ 0.00004
— php)m®) = 0.00279+0.00029
J/Y(— ete ) )m®) = 0.00249+ 0.00003
J/W(— ptu)mh ) mP) = 0.003564 0.00004

(3.7)
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3.6 Data Models

The aim of this analysis is to obtain a measurement of thechiag fraction for the
signal channeB® — Y(2S)T0. For this purpose we model the signal and background
components, looking into two variablddgc andAE . We are describing the shape of
each individual distribution for every component. Paramigations used for modeling
the shapes, the probability density functions (PDF), inmg)\that they are normalized

in the fit region. The determination of the yields of eachwulial component is per-
formed using an extended unbinned maximum likelihood fitngshe reconstruction
efficiencies we can determine the branching fraction vatamfthe yield measure-
ment.

The fit is performed in two dimensions using as fitting vagsitheMpc and AE. In

the fitting procedure we fit simultaneously the leptonic amelliadronic mode in the
two SVD configurations: During the lifetime of the Belle detigr, the configuration

of the silicon vertex detector (SVD) was changed, from adgHager vertex detector
SVDL1 to a four layer vertex detector SVD2. The complete Be#ita set was recorded
in two run periods with different tracking sub-systems. The period from experi-
ment 7 to 29 is recorded using the SVD1 configuration of théexedetector, while
from experiment 31 to 65, the SVD2. With the SVD1 configunatigelle collected
152 Million BB pairs, while with the SVD2 configuration the amount of coiéet
data was 620 MilliorBB pairs. The PDFs for the signal and background are modeled
as separate components. The description of how each PDHtislgiven below.

3.6.1 Signal Model

The signal model shape is determined from correctly recoot&d signal MC events
and is expressed as

P(Mgc, AE) = P(Mgc|AE) - P(AE). (3.8)

TheMgc distribution is modeled using two Bifurcated GaussiansKRth different
widths on left and right side of the maximum value) and an ARSGuUnction [58].
The model is given by

TSig<MBC|AE) = fl(AE)Gl(MBC; p.]_(AE),O'Rl(AE),O'Ll(AE))
+ fz(AE)GZ(MBC; UZ(AE),ORZ(AE),OLz(AE)) (3.9)
+ (1— f1(AE) — f2(AE))ARGU $Mgc; &, Epean).-

As seen from Equation_3.9 the PDF is built such tiMgc depends onAE.
We consider the following slices d@fE :
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—0.2GeV <AE < -0.15GeV,

e —0.15GeV<AE < -0.1GeV,

—0.1GeV<AE < -0.05GeV,

—0.05GeV<AE < 0.GeV,

e 0.GeV < AE <« 0.05GeV and

0.05GeV<AE <0.1GeV.

The Mgc fit projections in these intervals &fE are shown in the Appendix]C in
Figured C.11 and_Cl2.

With the exception of the ARGUS parameterall Mgc model parameters depend on
AE. The dependence of each parameter is given in the Appendivhie the signal
model of theMgc distribution fitted in the entire range AE is shown in Figuré 316.
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Figure 3.6: Mgc fit projections of correctly reconstructed signal MC f&f —
W(2S)1® for leptonic mode (left) and hadronic mode (right) for theotdetector con-
figurations SVD1 (top) and SVD2 (bottom).
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The model used to fit th&E distribution contains triple a Gaussian and Bernstein
Polynomial function of the second order (see AppendiX Alt3s given by

Psig(AE) = f1G1(AE; Wy, 01) + f2GL(AE; kg, 02)

3.10
+ f3G3(AE; Y3, 03) + (1 — f1 — fo — f3)BP(AE; cp, C2). ( )

Figure [3.Y shows the fit projection of the signal model fAE distribution.
The sub-plot of the normalized residuals in Figures 3.6 andisBows the difference
between the data bin and the PDF, divided by the error of tteella. Even though it
seems that the signal model in some regions does not deskalzata perfectly, we
have estimated a systematic uncertainty coming from theifaptions of the signal
model of 28% (see Section 3.10.9).

<4000F
& 3500
o E
S 3000
=t
—2500F
5. E
£2000F
‘1>-’ =
5 1500
1000
500

Events / ( 0.003 GeV )

AE (GeV) AE (GeV)

h o o o
!

500

400

300

Events / (0.003 GeV )
Events / (0.003 GeV )

200

100

AE (GeV)

h o o o

Figure 3.7:AE fit projections of correctly reconstructed signal MC &ft — (251
for leptonic mode (left) and hadronic mode (right) for thetdetector configurations
SVD1 (top) and SVD2 (bottom).
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3.6.2 Misreconstructed Model

The shape of the misreconstructed fraction of event&fors (2910 is determined
from incorrectly reconstructed MC events, identified ugimg MC truth information.
As PDF model?(Mgc,AE) for this component we use histogram PDFs in two
dimensions. Projections of the two fit observables are showigured 3.8 and_3.9.
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Figure 3.8:Mgc fit projections of misreconstructe® — y(2S)m° signal MC for the
leptonic mode (left) and the hadronic mode (right) for the tketector configurations
SVD1 (top) and SVD2 (bottom).

The extracted misreconstructed fractions correspondinipe leptonic or hadronic

mode for both SVD1 and SVD2 are listed in the Tdblé 3.2.

As it can be seen from the Talle B.2, the fraction of misretooted signal in the
leptonic decays is of the order of3% for SVD1 and 6% for SVD2, which is
very small compared to the signal. Therefore, we do not delihese components
coming from the leptonic modes in the final fit elaborated int®a[3.6.6. Whereas
the misreconctructed fraction in the case of hadronic de€gy2S) is 11% for SVD1
and 10% for SVD2, thus the misreconstructed hadronic commtsrare included in

the final fit.
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Figure 3.9:AE fit projections of misreconstructe®? — (251 signal MC for the
leptonic mode (left) and the hadronic mode (right) for the tketector configurations
SVDL1 (top) and SVD2 (bottom).

Misreconstructed signal fraction
Decay Modes
SvD1 SVD2
BY — @(2S)(— I*17)® | 0.003 0.006
B — w(2S)(— J/wrrr)m® | 0.11 0.10

Table 3.2: Fraction of the misreconstructed signal even8JvD1 and SVD?2 for both
decay modes, leptonic and hadronic.

3.6.3 B — ccX background model

The backgrounds having the same final state as the signal,gak in theMgc — AE
signal box, hence are named "peaking backgrounds”. Therefoese contributions
cannot be discriminated from the signal decay. The posyilof having a peaking
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background coming only fronB® — ((2S)Ks decay, whereKs — mOm° and a
B® — W(2S)K. decay has been considered. This would lead to a separatithe of
peaking and non-peaking background.

However, the investigation of the leptonic and the hadraniatribution in the distri-
butions ofMgc andAE showed that while the majority of the peaking background
comes fromB® — P(2S)Ks andB® — (2S)K, decays, which is about 2/3 of the
total, an additional peaking background contribution a@ppén the charged B meson
(W(2S),J/w) decays to charmonium. The charged B meson decays froBi-thecX
MC data also include thB+t — Y(2S)K*" decay, which is our control sample and
will be discussed later in Sectign B.7. The plots showingéeheffects are depicted in
Figured3.10 and_3.11.
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Figure 3.10: Mgc distribution of charged B meson decayB; (B~) — Y(29)X,
P(2S) — 171~ for SVD1 (left) and SVD2 (right).
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Figure 3.11:Mgc distribution of charged B meson decas,(B~) — J/WX, J/y —
I71~ (which includesy(2S) — J/ymt 1t decay) for SVD1 (left) and SVD2 (right).

In the neutral B meson decays to charmonium this peakingdvaakd is also visible



Analysis of the decay channe? — yi(2s)m® 65

and is much more pronounced than in the charged charmoniudesnoTheMpc
distribution in the neutral B meson charm decays can be sdéigiire$ 3.72 anfl_3.1.3.
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Figure 3.12: Mgc distribution of neutral B meson decay8°(B%) — (29X,
P(2S) — 11~ for SVD1 (left) and SVD2 (right).

1000f

Events
Events

800F
600F

400F

200F

5.26

528 B ‘5.3
Mg (GeVvic?) Mg (GeVic?)

n n - n 07 n n — n
5.28 5.3 5.22 5.24

5.22 5.24

5.26

Figure 3.13:Mgc distribution of neutral B meson decayR?(B%) — J/yX, J/y —
I71~ (which includesy(2S) — J/ymt 1t decay) for SVD1 (left) and SVD2 (right).

The AE distribution on the other hand, does not give a peaking backgl neither in
the charged B meson decays into charmonium as shown in B[§uté and_3.15, nor
in the neutral B meson charmonium decays, as seen from Ei§uté and_3.17.
Therefore, we treat both leptonic and hadronic contrim#ifor the charged and
neutral B meson decays together using only one shape to nioed® — ccX
background component.
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Figure 3.14: AE distribution of charged B meson decayB," (B~) — Y(29)X,
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For the shape of th&® — ctX background component a 2D histogram PDF is used.
The fit projections ofMgc and AE distributions are shown in Figures 3118 apnd 3.19,
respectively.
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Figure 3.18:Mgc fit projections ofB — ccX MC for leptonic mode (left) and hadronic
mode (right) for the two detector configurations SVD1 (topdl &VD2 (bottom).
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3.6.4 Sideband Studies

We also considered the possibility of having peaking bamkgds coming from
other B decays that are not B decays to charmonium stateshidiparticular case
of estimating the peaking background coming frdB decays we look at real
B® — y(2S)m® data, which is different with respect #® — ccX decays where MC
was used.

The amount of peaking background is estimated looking atsidebands from
mass My2s)3/y)) and mass differenceMy2s) — Mj/y). Depending on that in
which of these three distributions we looked, we separdtediata in three different
subsets. This separation was done applying different nmedsst®n criteria for the
reconstructed)(2S) and J/ mesons in the® — Y(2S)1° decay.

For @(2S) — 11~ only events for which 35GeV/c? < m; < 3.53GeV/c?
(below the Y(2S)) and 38GeV/c? < m; < 3.9GeV/c? (above they(2S)) are
considered. Fod/y — I*1~ the applied mass cuts are following:6%5eV/c? <
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my < 2.8GeV/c? (below the J/y) and 32GeV/c?> < m; < 3.4GeV/c? (above
the J/P). As for the third data subset the mass difference betwg€ezs) and
J/W is used and the following mass selection criteria are taken account,
0.49GeV/c®> < my < 0.53GeV/c?> and 064GeV/c®> < m; < 0.68GeV/c?. Ac-
cording to these three different mass cuts, Bfe— Y(2s)° sideband data was
discriminated in three subsets with each of the data suleset lthecked separately.
The investigation showed that in all three separate dataessipno peaking back-
ground appeared. The plots showing this result are depiotédgure[3.20. The
sub-plot of the normalized residuals in Figlre 3.20 showesdifference between the
data bin and the PDF, divided by the error of the data bin.

The extracted SVD1 and SVD2 peaking background yields spaeding to the
different decay modes are presented in Tablé 3.3. As it casebp from this table,
the amount of peaking background estimated using the sidieata is completely
negligible.

Since, this kind of background is non-peaking cannot bersdg@d from continuum
and therefore we treat them as one, "combinatorial” baakgidacomponent.

Mass | 3.45< My(2s) < 3.53 | 26<myy <28 | 049< My(25) — May < 0.53
selection| 3.8 <myppg <39 | 32<myy <34 | 0.64 < my;s — My <0.68

SvD1 0.0+44 1.3+ 2.8 0.0£4.3
SVvD2 0.0+ 21.7 6.7+ 13.7 0.0+£0.0

Table 3.3: Peaking background yields from SVD1 and SVD2gidifferent sideband
data set according to the separate decay modeS of
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3.6.5 BB and continuum Background Model

As explained in Sectioh 3.5.2, continuum background is segg®d using the ratio
of second to zeroth Fox-Wolfram momerR; < 0.5 criteria. For the shape of the
generic BB and continuum ¢q) background, an ARGUS function foMgc and
Chebyshev polynomials fohE are used. The corresponding PDFs are given by

Peg q5(Mec) = ARGU §Mgc; @, Epean) (3.11)

and

Pogqq(AE) = C1C(AE) (3.12)

The correspondingBB and gqq model parameters oMgc and AE are freed in
the final fit. The values of the free parameters (the yieldshef ¢combinatorial
background for SVD1 and SVD2 and its shape) are determinadinmzing the
—10gLgo_, 250, Where Lgo_, 570 is the total likelihood for theB® — y(29)1°,

described explicitly in Sectidn 3.6.6.

3.6.6 Complete parameterization containing all the compoants

The total likelihood forB® — y(2S)m° is built incorporating the signal PDF, mis-
reconstruction,B — ccX and the common generiBB-continuum @qg) PDF. For
the misreconstruction anB — ccX component, 2D histogram PDFs are used. The
PDFs for the signal an8 — ccX are obtained from Monte Carlo. The combinatorial
background PDF is obtained from data. We determine the yiefceach individual
component using an extended unbinned maximum likelihood fihe extended
likelihood function is constructed from the probability gty functions for the
signal and background components and Poisson factors itna¢stthe signal and
background yields. A minimization of the extended likeidoof a composite model
with a signal and background term gives directly the eseémdor the signal and
background event yields. In the final fit the yields frdn— ccX are fixed to the
values determined from MC (see Talble]3.4). The combindt(generic BB and
continuum) yieldNgs_qq and its shape are treated as a free parameters.
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BY — w(29)(— 1717)m | B® = @(2S)(— I/P(— IF17)rrhm )P

SvD1 22.68 99.79
SvD2 108.89 482.85

Table 3.4: B — ccX yields for the leptonic and hadronic mode in SVD1 and SVD2
extracted from MC.

The total likelihood foB® — y(2S)1° is given by

e_(NSig+Nmi5+NCC_X+NBBT,ch) N
Leo_y25m0 = Ni _l_l(NSig?Sig(MBCaAE>

+ Nmismeis(MBC, AE) (3-13)
+ Negx Peex (Mpc, AE)
+ Na5 05788 05(Mac, AE)).

The final fit is performed in two dimensions, fitting simultaosly the SVD1
and SVD2 detector configurations for two separate decay modeptonic and
hadronic. In the final fit, the signal yields f@° — (25T are replaced by the
branching fraction which is then chosen as a free paramétbe NISig,BO%qJ(ZS)no
(vields of the simultaneous fit) and the branching fracticnralated as

. o .
NISigB°—>L|J(28)TP = B(B% = Y(29)7°) - Ngg- EISigB%qJ(ZS)nO

. : : (3.14)
(i = leptonic hadronicSVD1,SVD2)

where s‘SigBO%wQS)nO is the detection efficiency (see Sectibn_3.5.7) adgk is

the number oBB pairs.

3.7 Control sample

For estimating the systematic uncertainty due to the diffee between the data
and MC, we use the control sampR" — P(2S)K*(+) K*(+) — K+10, which is
well established and has a similar event topologyBis— ((2S)m°. The reason of
choosing this particular channel as a control sample is duée fact that in order
to test the model on real data it is necessary to have a saniptd v as close as
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possible to the decay in question.

The reconstruction ofp(2S) candidates follows the same procedure described in
Section3.b. Th&*(t) candidates in the considered case disintegratedrntand °.

For the kaons particle ID criteria are applied, accordinght kaon/pion separation
method (see Sectign 3.5.4.3), thus requiring

Lk

Prob(K : 1) = Yy

>0.4. (3.15)

In addition, theT® helicity angle, which is the angle between tm8 momen-
tum in K*) rest frame andk*(*) momentum vector in the laboratory frame,
is requested to be less than5iad. This requirement is introduced in order to
select high momenturm®’s that travel forward with respect t&*(*) momentum.
The invariant mass window used for the selectionksft) — K*10 candidates is
0.793Gevc? < My-0 < 0.990GeV/c?.

3.7.1 Difference between Data and MC

Before applying the MC derived signal shape parameterdvige and AE to real
data, we make some adjustments of the MC results by comptrirepl data of the
control sample. These adjustments are the so-called teffaad "fudge factors”.
The difference between data and MC defined as "offset” given b

Of fSefean= (MeaRaa— Mmeamyc) & ErrOffsehean (3.16)

holds for the mean of the distribution. While the "fudge tattdescribed as

widt ,
FudgeFactogigth = .7%& E rr FudgeFactogiain (3.17)
widthyc

is valid for the width of the distribution.

These values are extracted from a simultaneous fit of theneptnd the hadronic
mode in both SVD1 and SVD2 detector configurations of the robrsample data,

obtained by fixing all the parameters of the fit according ® MC model described
in Section_3.6.11, but leaving the offset which is the globakm and the fudge factor
which is the ratio of all Gaussians as free parameters. Tieel fitistributions of the
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control sample of botiMgc and AE are given in Figuré 3.21 and in Figure 3.22,
respectively.
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Figure 3.21 Mg distribution of the data from the control sample fitted sitanéously
for the leptonic mode (left), hadronic mode (right), SVDap} and SVD2 (bottom).
The red solid line shows the signal PDF, green solid line egisnstruction PDF, ma-
genta solid line the PDF d8 — ccX component, the black solid line is tiBB, qq
PDF and the blue solid line represents the total PDF.

The extracted corresponding differences between data @hdrelshown in Table 3.5.
As can be seen from the Talhle13.5, obtained values of the Igioban and the width
from the fit of the control sample are consistent with 0 ande$pectively. However,
the error inAE distribution is found to be quite large, of the order ©f40%.

Unfortunately due to the limited statistics that is on diglan this control sample
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these values cannot be reduced anymore.
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Figure 3.22:AE distribution of the data from the control sample fitted sitaneously
for the leptonic mode (left), hadronic mode (right), SVDap}t and SVD2 (bottom).
The red solid line shows the signal PDF, green solid line @ssnstruction PDF, ma-
genta solid line the PDF oB — ccX component, the black solid line is tH&B, qq
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Offset MeV) Fudge Factor

Mgc | (0.0£0.7)x 1074 0.96+0.06
AE | (—0.52+1.52) x10° | 0.80+0.40

Table 3.5: Offset and width for both distributioddgc and AE obtained from the
control sampleB* — W(29)K* () K*(+) — K+10,

Since,AE resolution depends strongly o, instead ofB* — P(2S)K*(+), K*(+) —
K+10 itis better to useBt — J/PK*(+) K*(+) - K*10 as a control sample.
Therefore, we extract these values from the already pegdmalysis 08° — J /P

[59] whereB* — J/pK*(+) is used as a control sample. The corresponding extracted
values are summarized in Tablel3.6.

Parameter SvD1 SVD2 (Experiment 31-43)
Mac offset MeV) | 0.1+0.1 0.3+0.1
fudge factor | (©2+0.04 097+0.03
AE offset MeV) | —4.1+1.7 ~7.14+13
fudge factor | 103+ 0.06 101+0.04

Table 3.6: The obtained offset and fudge factor values fimarfit result in the control
sampleB* — J/PK*(*) | K=+ — K10 (for more details seé [59]).

Figure[3.22, also shows that in th&E distribution of the control sampl&* —
W(29)K*+) K*+) — K+ in the hadronic modey(2S) — J/yrtt 1T, the B — o€X
background component dominates tB8,qq, which is not the case in the lep-
tonic mode(2S) — I71~. In order to check if the same effect is present in real
B — (291 data, a so-called blind fit is performed.

3.8 Blind Fit

A blind fit is actually a fit applied on the red® — y(2S)™° data, but masking the
signal region of theMpgc and AE distributions. In this way the analysis of the data
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is pointed only in the direction of the sideband regions ahldistributions, without
extracting the value of the branching fraction as an outcofmhe fit. The signal
yield in this fit is a random number. In Figurles 3.23, 3.24, likelihood projections
of Mgc and AE distribution, respectively, are shown.

These plots indicate that the tension in the hadronic detdy 2S) at higherAE that
has been seen in the control samp, — P(2S)K*' (see Figuré 3.22), where the
B — ccX background component dominates the combinatorial backgrand over
shoots the total PDF curve is now resolved. Thus, in the rat@ the fit describes all
the components quite well, and no further adjustments ardet
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Figure 3.23: Blind fit performed on red@® — (29T data, showing theéMgc fit
projections, left: the leptonic decay and right: the hadrolecay in SVD1 and SVD2.
Solid green line -B — ccX component, solid magenta line - combinatorial back-
ground, and solid blue line - total PDF.
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3.8.1 Fit Validation

Before looking at the signal region in data, the methodoleggd for the signal yield
extraction must be verified. This is done by performing skedaoy MC ensemble
tests. In this way we want to check if there are biases in thelras a consequence
of the fit procedure. Therefore, we generate a number of psexperiments and use
the complete parameterization to extract the physics petens
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3.8.1.1 Pseudo-experiment setup

For every pseudo-experiment we determine the number oftey®T component,
which means the yield, with the following procedure. Theextpd event yields are
determined assuming a certain branching fraction, lookihthe number of events
in the Mgc, AE sidebands and using the reconstruction efficiencies dextrin
Sectior 3.5.J7. The resulting yields are then distributediad their values according
to Poisson statistics.

Essentially, there are two approaches of how to generatevitiets: We can either
pick random events from a big set of events using the fullaetesimulation, or we
can generate these events from the PDF. Here, fully sintl&atents are used, except
for the combinatorial BB-gqq) background component which are generated only from
PDFs.

For 11 branching fraction hypotheses a set of 250 pseuderexents is generated
for both simulated and PDF events.

The results are shown as distributions of the pull quanthycivis defined as

Xtit — Xgenerated

pull =
O it

(3.18)

whereaoii: is the error of the fit result.

3.8.1.2 Pull distributions using different branching fraction hypothesis

Since, the branching fraction of the decBf — (2910 is unknown, the pseudo-
experiments are performed using various assumed valudsediranching fraction
in the range between 16 and 104. Figure[3.25 shows the pull distributions for
simulated events, using different branching fraction higpsis. The mean and the
sigma of each pull distribution are indicated on each plot.olr toy Monte Carlo
tests, as shown in Figufe_3]25 we obtain the value we exmeet {) for the width
of the distribution within its errors. Concerning the meahisi expectation value
is zero, we obtain a result that gives us a bias in the rangseeet 3 and 13%
depending on the assumed value of the branching fraction.

In order to obtain more precise results we performed toy M&drlo tests with more
statistics (16 000 pseudo experiments using the measuaadting fraction). From
these tests we obtained a systematic uncertainty due togeriections of the model
in the order of 28% (see Sectiori_3.10.4). We therefore treat this bias asmtnée
and consider that our model is validated.
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3.9 Measurement of the branching fraction using real
B° — Y(2s)T° data

After the validation of the fitting procedure, we can look @lB® — (2S)1° data.
The fit used to describe the data was elaborated in Séctidh ®6e to the differences
between data and Monte Carlo coming from particle identibcaefficiencies, we
need to account for these differences. This step is doneyiag correction factors
on the detection efficiencies extracted from Monte Carle@ (Sectiorf 3.5]7). The
correction factors are obtained using PID information apddnsidering two tacks in
the leptonic mode and four in the hadronic mode. They areatdd in Tablé 317.

Decay mode SVvD1 SVvD2
W(2S)(— ete ) 1.025+0.149 | 1023+0.163
W(2S)(— utp)m 0.976+0.152 | 0954+0.135

B — w(2S)(J/W(— ete ) ) | 1.024+0.152 | 1025+0.173
B — w(2S)(J/W(— pHp ) )m® | 0.975+0.154 | Q955+ 0.148

Table 3.7: Particle identification correction factors.

The corrected efficiencies for the leptonic and hadronicerare found to be:

SVDOL:
g(B? — Y(2S)(— I"17)m®) = 0.004024 0.00052
g(B — W(29)(J/P(— 117" )n®) = 0.00465+ 0.00052
(3.19)
SV

(B — P(2S)(— I717)m®) = 0.00445+ 0.00055

g(B — W(29)(J/P(— 117" )n®) = 0.00595+ 0.00068
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These corrected efficiencies are consequently includediifito The fit projections
of Mgc distribution for the leptonic and hadronic are shown in F&gB.26 and_3.27,
respectively. These Figures compare the complete disibwn the left with the
signal enhanced on the right. The signal enhancement foMige is done in the
following region of AE: —0.04GeV < AE < 0.04GeV.
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Figure 3.26: Fit projections d¥lgc distribution for the leptonic decay mode for SVD1

(top) and SVD2 (bottom).
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Figure 3.27: Fit projections d¥1gc distribution for the hadronic decay mode for SVD1
(top) and SVD2 (bottom).

The fit projections of theAE distribution for the leptonic and hadronic decay of
the YP(2S) meson are shown in Figures 3.28 ahd_B.29, respectively. eThiggires
also compare the complete distribution on the left with tigga enhanced on the
right. The signal enhancement for tid= is done in the following region oMgc:
27GeV/c? < Mgc < 29GeV/c?.

The corresponding signal yields, extracted for each of éhevant decay modes are
presented in Table 3.8.
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Figure 3.28: Fit projections cAE distribution for the leptonic decay mode for SVD1
(top) and SVD2 (bottom).

Decay mode SvD1l SvD2
BY — P(25)(— 111710 6.5 | 295
BY = (29 (J/W(— 1Ty ) | 7.6 | 395

Table 3.8: Signal yields extracted from re&fl — @ (290 data.
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Figure 3.29: Fit projections dAE distribution for the hadronic decay mode for SVD1
(top) and SVD2 (bottom).

The fit projections combining the four decay modes, leptamid hadronic in SVD1
and SVD2 are shown in Figure 3130. In this Figure again thepaoison between the
full projections (left) and the signal enhanced ones (Jighshown.
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Figure 3.30: Fit results on data, toptgc ; bottom: AE, combining the leptonic decay
and hadronic decay af(2S) in SVD1 and SVD2.

From the fit we extracted the following value for the branchiraction of the decay

B — y(29)m0:

B(B°

— p(29)r0) =

(1.0740.23) x 10°°
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3.10 Estimation of the Systematic Uncertainties

For a careful estimation of the systematic errors, we folélowell established proce-
dures in the Belle collaboration. Many of these proceduresstandard procedures
performed within the Belle experiment.

This section explains the contributions coming from vasisaurces to the systematic
error of the branching fraction. Such sources are, for exantpe number ofBB
pairs in the data sample, and contributions to the unceytairthe selection efficiency
due to particle identification. Systematic uncertaintiesimg from tracking, and®
reconstruction are calculated by independent studies|k.Be

3.10.1 Number ofBB pairs

The determination of the number 8B pairs is done directly with the Belle detector.
The procedure is described elsewhére [60]. The estimatdraptic uncertainty for
the whole Belle data set is37%.

3.10.2 T reconstruction efficiency

As a systematic uncertainty due to the reconstruction®ofnesons, we assign a value
of 4%. This estimation was determined in an internal studihkyBelle Collaboration
of the systematic uncertainties of mesons([611].

3.10.3 (29 efficiency

Tracking systematics address the uncertainty of the tractnstruction. Depending
on a momentum of a particle track, there is an uncertaintytigick being found or not.
This uncertainty is (B5% for a particle track with a momentum higher than 200 MeV .
This value has been determined in an internal study by thie Balllaboration of the
track finding efficiency using partially reconstructBd decaysl[62]. Since, we con-
sider four different decay modes, which have either two ar ftharged tracks, the
resulting track efficiency uncertainty is@ and 14%, respectively. Accordingly,
these systematic uncertainties are included in the esémat the totaly(2S) effi-
ciency.

Additional corrections to thep(2S) efficiency are coming from the uncertainty on
particle identification efficiency. We are considering tapidentification andK /1t
identification corrections.

The systematic uncertainty regarding the possible effigielifferences in the particle
identification between Monte Carlo simulations and datdnwéspect to the applied
K /1t selection is determined using information frdmI[63].

Leptons are identified on the basis of likelihood cuts, winekd to be corrected. For
this corrections, the official lepton identification stu@®A4], [65] is used for muon
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identification. For the electron identification we use aet#it cut, than the cuts in-
vestigated by the official lepton identification group. Téfere, in order to determine
the electron identification correction we use informatiooni [66]. The corrections
taking into account the tracking efficiency and the partidéntification efficiency are
weighted according to the number of signal events, thudtnegun estimated uncer-
tainty of 4.3%.

3.10.4 Fit bias

In order to determine the fit bias of our model, we performeg¢ Monte Carlo
ensemble tests. The outcome of these test is shown in Higidie 3

Biases are expected due to some imperfections in the paedration of the Monte
Carlo data. These biases can in principle be determined avlitirary precision.
However, one cannot tell if the bias present in Monte Carlbb@ the same in data.

800 - Entries 16000
- x2 / ndf 211/69
700 :_ Constant 716.4 £7.0
- Mean  0.1336 +0.0079
600 Sigma  0.9851+ 0.0056
500
400
300
200
100
C L <A |
06 ) 2 0 2 7

(Br_val - GenBr)/Br_err
Figure 3.31: The result from the Toy MC tests.

Therefore, the following method is used to determine th&esyatic error of this fitting
bias. We are confident in the fact that the small bias is duleganmperfect parametric
description of the PDF and the neglection of some correiatidVe do not correct the
fit bias and assign the full fit bias as systematic uncertaiity obtained systematic
uncertainty resulting in 3%.
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3.10.5 Parameters of the signal distribution

The systematic error for the signal component is determituedto the imperfections
of the signal model. In our simultaneous fit we consider faffedent decay modes.
This results in having many parameters, which are strongtyetated. In order to
account for these correlations, we perform fits to the dateresthe parameters are
generated according to their correlations. The width oleiifrom the distribution
shown in Figurd_3.32 is taken as the systematic uncertawitich is found to be
0.042%.

200 ;
L Entries 2502
180— X2/ ndf 266.5/ 68
C Constant 135.9+4.4
160 = Mean  -2.611e-10 +9.696e-11
140~ Sigma  4.462e-09 + 1.104e-10
120—
100
80—
60—
40—
20—
0 - %107
-30 -20 -10 0 10 20 30
Br_val - BrDat

Figure 3.32: Signal distribution generated according éoghrameters correlations.

3.10.6 Difference between data and Monte Carlo

In order to determine the systematic uncertainty due to ftifferences between
data and Monte Carlo, we perform Monte Carlo ensemble teStee Toy Monte

Carlo experiments are generated according to the datactedr@DF, while the fit
is performed according to our PDF parameterization. Th# &lom the resulting

distribution shown in Figure_3.83 is taken as a systematoedainty. The estimated
systematic uncertainty coming from this source is foundetd.!9 % .
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90 .
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Figure 3.33: Toy MC distribution of the difference betweetadand Monte Carlo.

3.10.7 Fraction of the misreconstructed signal and — ccX back-
ground

Another source of systematic uncertainty comes from theat&gating the misrecon-
structed signal and thB — ccX background component. The systematic uncertainty
due to this is estimated by performing Monte Carlo pseudeexents. These Monte
Carlo experiments were done generating the fractions,jmittb0% and+10% for

the misreconstructed aril — cc component, respectively. This method was cross-
checked by performing a fit where the fraction of the misrstartted events and
the B — cc yield are Gaussian constrained. The resulting systematiertainties
are 12 % coming from the misreconstructed fraction ané 2 coming from the

B — ccX background fraction.

3.10.8 Varying the binning of the histogram PDF

We used histogram PDFs to parameterize some backgroundoamis, e.g. th& —
ccX and the misreconstructed component. These histogramseatd by a Monte
Carlo data set. As a result of the statistical Poissoniatmiloligion of the events in our
simulated Monte Carlo experiments, an uncertainty to el@rof the histogram can
be assigned. The systematic uncertainty due to the charlige binning is included in
the estimation of the total systematic error. The unceyaas a result of this change
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is estimated to be.8%.

3.10.9 Total systematic error on the branching ratio

Systematic errors calculated from different sources anensarized in Tablé 319. As
one can see from this Table, the largest contribution to yseematic error is caused
by the uncertainties on the efficiencies.

Source of Systematic Error | B(B° — Y(29)10) [%)]
° efficiency 4.0
P(29) efficiency 4.3
Misreconstruction fraction 1.2
B — ccX fraction 2.6
Fit bias 2.8
Parameters of the signal distribution 0.04
Histogram PDF binning 2.6
Difference between data and MG 1.9
Ngg 1.37
Total 7.9

Table 3.9: Estimated systematic errors and the total sydtemncertainty of the
branching fraction measurement for the de@ly— Y(29)1° (in %).

The total systematic uncertainty on the branching fracti®rcalculated by the
quadratic sum of the individual contributions. The branchiraction for theB® —
W(2S)1° decay therefore is:

B(B? — Y(29)1°) = (1.07+0.23+0.08) x 10>,

where the first is the statistical error extracted from thésée Sectiori_319), while the
second is the systematic uncertainty.
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3.10.10 Statistical significance

To obtain the statistical significance we performed a Ihadid scan for the branching
fraction (see Figure 3.34). The significance can be defined as

#o =1/2(Lo— Lsit), (3.20)

where Lo and Ls; are the—log likelihoods of the fits with branching fraction fixed
to zero and from the fit, respectively.

In order to determine the significance we considered thertainges coming from
the yields determination (misreconstructed fractiBn;» ccX, fit bias and difference
between data and MC ). We neglected the parameters of thal gigatribution (see
Table[3.9). And we did not include the uncertainties comnogthe efficiencies®
and Y(2S)) nor from the number oBB pairs, since they are multiplicative numbers
(see Equatiori(3.14)) and they have no impact on the fact deegoing to see some-
thing or not.

We included the misreconstructed fraction and Bie» ccX fraction floating their
yields according to a Gaussian constraint center to theammvalue and we obtained
statistical significance of.30.
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Figure 3.34: Likelihood scan aB(B? — (29 10).

Since, the fit bias and the difference between data and MC atrdistributed, we



Analysis of the decay channe? — yi(2s)m® 93

considered their effect as a shift of the likelihood. Thigaivalent to considering a
"flat” region around the minimum of the-logL.

Taking into account all these contributions we obtainedyaitcance of 5060.



Chapter 4

The Belle Il experiment

The tremendous success that was achieved by the two Bies;t6iEKB and PEP I,
led to the confirmation of the Standard Model in the quarkeftesector. In a decade
of running, the data accumulated by the KEKB collider endinleeasurements of in-
valuable importance for the flavor structure of elementangigles and especially the
violation of CP symmetry in the quark sector.

With the planned upgrade of the KEKB collider and Belle daieanuch larger data
sample will become available, providing a new view in thevyeffavor physics re-
search.

4.1 SuperKEKB Accelerator and Belle Il Detector

The main goal of the SuperKEKB project is to increase thegiateed luminosity
for about a factor of 40 compared to KEKB. The design lumityosf SuperKEKB
is 8x 10®°cm=2s71. This will allow to accumulate 50al around 2021-2022,
corresponding to approximately 50 billioBB pairs. The luminosity depends on
several parameters as defined in/ [67]

Y+ (1+0_§ |i§iy>(RL>

2o o) U (R

L
Ry’

(4.1)

wherey. is the Lorentz factorfe is the classical electron radius, is the electric
charge,oy , are the beam sizes at the interaction pointiandy direction, |, denote
the beam currents, .y are the beam-beam parametersiandy direction andpy is
beta function at the interaction point xaor y direction.

To achieve the design luminosity, the "nano-beam” schems echasen. In order to
meet the criteria of this scheme major upgrades of the KEKIBdeo and the Belle
detector are needed. For the upgraded machine the samé KEKB will be used.
In order to reach the target luminosity, beam energies frolmGeV and 80 GeV
will be changed to #GeV and 0 GeV, respectively. The half crossing angpe
is 415mrad which is about 4 times larger than that at the KEKB. Adoaly, the

94
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Lorentz boost factor of the center of mass systerfdyis- 0.28, which is about 2/3 of
that in the KEK B-factory. Additional change in the beam paegers is the increase
by a factor of 2 in the beam currents. Thus the beam currer8serKEKB will be
3.60A for the low energy ring and.@2A for the high energy ring. The machine
parameters of the upgraded SuperKEKB machine comparedhdgtprevious KEKB
machine are shown in Talle 4.1.

Parameters KEKB achieved SuperKEKB
Energy (GeV) (LER/HER) 3.5/8.0 4.0/7.0

&y 0.129/0.090 0.090/0.088
B; (mm) 5.9/5.9 0.27/0.41

1 (A) 1.64/1.19 3.60/2.62
Luminosity (16*cm2s1) 2.11 80

Table 4.1: Fundamental parameters of SuperKEKB and KEKIR [68

The magnet system will also be subjected to several replkactsn The main dipole
magnets in the low and high energy ring will be changed witholi magnets that
are longer for the LER and shorter for the HER. Also, in ordeachieve the design
luminosity, the number of dipole, quadruple and sextuplgmets needed for the
operation of the SuperKEKB will be increased with resped{EKB.

As a result of focussing the beam-pipe radius will be deg@dom 150 mm radius
toa 10mm radius.

The upgraded Belle detector will be called Belle 1. The latyof the upgraded Belle I
detector (above) in comparison with the Belle detectorgiiviis shown in Figure 411.
One huge change in the upgrade of the Belle detector is mtind a completely
new pixel detector that has to handle very harsh backgroomdomment due to the
increase of background as a result of 40 times higher luntino$he Pixel Vertex
Detector (PXD) will be mounted directly on the beam-pipebéocas close as possible
to the interaction point. It is based on a Depleted Fiela&ffTransistor (DEPFET)
technology ([69]. This technology allows for very thin () sensors. The PXD
consists of two layers of pixel sensors, standing at radil4fnm and 22mm for
the inner and outer layer, respectively. Figurd 4.2 showddiout of the two PXD
layers. The inner layer consists of 8 planar sensors ("ledpleach with a width of
15mm and a sensitive length of 90mm. The outer layer consist® modules with
a width of 15mm and a length of 123mm_[14]. The angular acceaf the pixel
detector is 17 < 8 < 150 in polar angle. Outside this acceptance region the readout
electronics which need an active cooling are located. Tkel gensors will consume
very little power and therefore the air cooling is sufficient



The Belle Il experiment

?‘-ll:“r“l"

96

E Rarmet
'Belle li
r—,|!'n-r eoaneiasling ool

. ..--.-.u.l.'.'!.!‘.l\.l\. NEE RS g
e -

Foarvenhii
FEM

LA

g -

Widd

o
Figure 4.1: Belle Il detector layout compared to Belle.

Figure 4.2: Schematic view of geometrical arrangement efsénsors for the PXD.
The light gray surface are the sensitive DEPFET pixels, Wi entirely covering
the acceptance of the tracker system.
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The SVD for the Belle Il detector as a tracking device inlsetfite physics capability
of the Belle SVD2 system, such as low mass, high precisiotkdraund resistivity,
tolerance to radiation and long-term stability. In ordemtcrease both robustness and
precision of vertexing, the future silicon vertex detectolt be composed of 4 lay-
ers as its predecessor (SVD2), but at increased radii tagg@nough space for the
PXD. The inner radius is 35mm and the most distant layer vélpltaced at radius
of 140mm. The future SVD will be slanted in the forward regtorreduce multiple
scattering and give better precision in the forward dimttiThe main parameters of
the Belle Il SVD and the former SVD detector of Belle are pr¢ed in Tablé 4.2.

Parameters Belle (SVD2) Belle Il

Layers 4 2 DEPFET,; 4 DSSD
Radius of layer (mm)  20/43.5/70/88.8 14/22; 38/80/115/140
Ladders/layer 6/12/12/18 8/12; 8/10/14/17
Modules/ladder 2/3/5/6 1/1; 2/3/4/5
Modules 246 20; 187

Module width (mm)  25.6(33.28 layer 4) 12.5;57.6(38.4 laypr
Module length (mm) 76.8(74.75 layer 4) 38.2/58.7;115.2
Module thicknessim) 300 50; 300

Pitch, Pixelsize@ (um) 50 (65 layer 4) 50/50; 75 (50 layer 1)
Pitch, Pixelsize (um) 75 (73 layer 4) 76/117; 113 (75 layer 1)
Angular coverage 17< 0 < 150 177 <0< 150

Table 4.2: Parameters of the former SVD configuration andtineent combined de-
sign of PXD and SVDI[14].

In order to satisfy the requirements of the PXD and SVD in teahspace, the CDC
will be moved farther away from the interaction region. Tadius of the CDC will be
increased to improve the momentum resolution, as well asehse wire density, re-
sulting in about 15000 sense wires. The main parameteredtithre CDC are listed
in Table[4.8 and are compared with the former chamber pasmet

The upgrade of the detector involves replacement of the TTAFALC with a new par-
ticle identification system, consisting of a Time of ProgagaCounter (TOP) in the
barrel region and Aerogel Ring-Imagir@erenkov (ARICH) detector device for the
end-caps([70],/[71]. TOP measures the time of propagatidheterenkov photons
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Parameters Belle Belle Il
Radius of inner cylinder (mm) 77 160
Radius of outer cylinder (mm) 880 1130
Radius of innermost sense wire (mm) 88 168
Radius of outermost sense wire (mm) 863 11114
Number of layers 50 56
Number of sense wires 8400 14336
Gas He—CyHg He—CHg
Diameter of sense wirgqin) 30 30

Table 4.3: Main parameters of the Belle CDC and the futurentiea of Belle 11 [14].

that are reflected internally inside a quartz radiator. Teeenkov image is recon-
structed from a 3 dimensional information provided by 2 duwaites &, y) and pre-
cise timing. The time component is determined by micro-ceaplate (MCP) photo
multiplier tubes, located at the end surfaces of the quantzAn array of such quartz
bars surrounds the outer wall of the CDC. The second compahéme particle iden-
tification device, the ARICH consists of an aerogel radiathereCerenkov photons
are produced by charged particles, an expansion voluméote &erenkov photons to
form rings on the photon detector surface, an array of posgensitive detectors that
can detect single photons in a high magnetic field with higiciehcy and with good
resolution in two dimensions and a readout system for thégphaetector.
Concerning the next following sub-detector, the ECL wiNaalmost the same design
as its former, except the end-cap parts which will be replag¢h pure Csl crystals to
improve the time resolution.

The solenoid and the barrel part of the KLM will remain unoipadh. The Belle KLM
was based on glass-electrode resistive plate countershwhd a long dead time dur-
ing the recovery of the electric field after a discharge. Tdrggldead time reduces
significantly the detection efficiency under high backgmbdioxes. Even though the
estimated occupancy in the barrel region of the KLM at Su#€R will be increased
with respect to KEKB, implying much higher background, treerbl resistive plate
counters can still be operated successfully. However,eretid-caps the background
will be much worse due to the limited shielding of the neusr@md other particles
that are generated externally along the beam lines. Thutdédorward region of the
KLM the resistive plate counters will be replaced by siligghoto multipliers, because
of the suffered radiation damage.



Chapter 5

Luminosity-dependent Background

One of the biggest challenges in high energy acceleratdsusderstand the back-
grounds. If these effects are not carefully studied androtiad, they may create
dangerous situations. Even if they are well studied and nstaled, they may signifi-
cantly reduce the lifetime of the detector.

The Belle detector was dealing with several sources of brackgl. These sources are
divided in two main categories: machine background whigbedes on the particular
beam settings and luminosity-related background indugeatidincrease in luminos-
ity.

The machine background includes several background sau@ee of this sources is
the background due to beam-gas scattefing [72][73][74¢"l@ colliders, ideal vac-
uum conditions are never achieved, resulting in interastizetween the charged par-
ticles with the residual gas molecules. This prompts dmnaif the traveling charged
particles from their original path. Ie"e~ storage ring such particles are called beam-
scattered or spent electrons or positrons. The beam martidleract with the residual
gas molecules via two kinds of interaction: Bremsstrahland Coulomb scattering.
A considerable amount of these particles deviate quite fadot their initial direction
and finally hit the detector, thus causing background events

Belle detector was also affected by synchrotron radia{fd, [as background source
that also depends on the machine parameters: the beamtcoregmet position, bend-
ing radii and beam orbits. This type of background occursmdneharged patrticle is
accelerated, therefore losing its energy and in additionvisived in circular motion.
This severely limits the efficiency of storage rings for gyaic electrons and positrons.
Another beam-induced background is the Touschek effet\ttch is in principle an
intra-bunch scattering. Elastic scattering between twagbas in a same beam bunch
changes their energy, resulting in having one particle withmuch energy, while the
other is left with too little energy. The scattering rate loé fTouschek effect depends
proportionally on the bunch current and number of bunchatsit ks inversely propor-
tional to the beam size. Tosuchek scattered particles atdyohitting the inner wall
of the beam-pipe while they propagate around the ring. If thes position is close to
the detector, generated shower might reach the detectamhyping fake detector hits.

99
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This results in deterioration of the detector’s physic®hason.

On the other hand, Belle also was coping with backgroundsigq@end on luminosity:
radiative Bhabha scattering and teee~ — ete ete~ process.

The rate of the radiative Bhabha events is proportionaléduminosity. In the radia-
tive Bhabha scattering process, the produced photond ibvey the beam axis di-
rection, during which they interact with the iron of the matg In these interactions,
neutrons are copiously produced, which are the main sodroaakground affecting
the outer detectol, andp detector.

The luminosity dependent background caused by the low mame@ED ete™ —
ete ete  process (see Figute 5.2 (d)), will be discussed in detathi ¢chapter. It
will also be referred as a two-photon QED process.

The Belle experiment is now being upgraded to the Belle llegxpent, designed to
record instantaneous luminosity 40 times higher than tleerecorded by the Belle ex-
periment. Such a high luminosity will be realized by the S#iKB collider, where
background rates due either to machine or to luminosityrggttare expected to be
much higher than those of KEKB. This means that the undeisigrof the back-
grounds in the Belle detector is necessary in order to déterthe expected back-
ground rates at Belle 1.

At Belle I, the new pixel vertex detector will be placed verlpse to the interac-
tion point, where the background levels are highest. Duestemall radius, the pixel
detector will be affected from low energetic electrons aosifpons emitted in the two-
photon process. These secondary electrons and posit®nsable to penetrate too
far into the detector.

Therefore, the estimation of the two-photon QED backgrasraf great importance
for the safe operation of the pixel detector.

5.1 Theory prediction for two-photon QED back-
ground

The forthcoming upgrade of the KEKB accelerator to SuperBEWill bring a
large increase of luminosity. This brings up the questiorthef behavior of the
luminosity-dependent background. This background is gged mainly from QED
processes.

In principle, there are two background processes that we tteeonsider. These are:
Bhabha scattering, shown in Figurel5.1 amce™ — e"e e"e process shown in
Figurel5.2 (d).

Within the acceptance of the Belle Il detector {7 6 < 150°), the estimated cross
section for the t-channel Bhabha scattering is about 12Qwtereas for theyy
process it iso ~ 0(10")nb. Therefore, the concentration is put on the process,
because its cross section is so much larger compared tohtbembcess.
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(a) s-channel (b) t-channel

Figure 5.1: Bhabha scattering.

5.1.1 Standardyy Monte Carlo generators

In order to predict theyy background situation at Belle 1l, Monte Carlo simulation
is needed. However, the cross section in the phase-spaeetegdor the low energy
secondarye™ e~ pairs was never studied experimentally. We therefore aedlyhree
different Monte Carlo (MC) generators that are being usesirtmlate this process.
Those were BDK[7]7], KoralW [78] and Grade [79].

The BDK generator only simulates the principle interactmfnete™ — 4f. In
leading order there are 36 diagrams where 4 fermions araipeadnete~ collision.
These are classified into bremsstrahlung (Figure 5.2 (ajiversion (Figuré 512 (b)),
annihilation (Figure_5J2 (c)) and the multi-peripheral gess (Figuré 512 (d)), The
latter process is the dominant two-photon process thatimgyhevestigated in these
studies. In BDK it is simulated by its own sub-generator.

KoralW is a more recent generator. In addition to the maieraxttion it also simulates
initial and final state radiation and takes into account therferences. It is therefore
the most advanced generator so we expect that it gives usttig@bssible prediction
for the yy -background in Belle II.

To estimate the systematic uncertainty of the backgroutichason coming from
this choice of the generator, the two generators BDK and Ioraere compared. In
principle, we expect less particles in the simulation fromKBsince the initial and
final state radiation are not simulated by this particulamidoCarlo. This effect of
initial and final state radiation, the largest systematicantainty of the prediction, can
then be seen in the difference between the BDK and the Kora@digtion.

In addition, we looked as well at Grace, which is a generdtat simulates also initial
state radiation together with the multi-peripheral graphhe resulting simulation
showed that Monte Carlo prediction extracted from Graceoissistent with the one
obtained from BDK.
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(c) Annihilation
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Figure 5.2: QED processes.

The energy spectrum of the electron simulated using thelWbsamulation is shown
in Figure[5.8(a). After the Lorentz boost in the laboratoypstem, the electron

spectrum is different, as shown in Figlre]5.3 (b).
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Figure 5.3: Energy spectrum of the electron in the CMS (lafi)l after the Lorentz
boost (right) extracted using the KoralwWw Monte Carlo getwra
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These spectra simulated using the BDK generator show thdasitnend (see
Figure[D.1 in AppendiX_D.0]1).

Comparing the event kinematics of the two generators, itlEseen, as shown in
Figure[5.4, that the generated energy spectra using the eparate Monte Carlo
generators are in a good agreement. One can also see thelepastoduced in this
process have an extremely soft spectrum. Due to the magimticof the Belle
II, only very small amount ofyy QED background particles will reach the inner
detectors. To reach the pixel detector a minimum transve@®aentum of HMeV

is needed. Thus, only a small fraction of the tracks has eémeungrgy to produce a hit
in the pixel detector. This is also taken into account in ¢h&sidies. In addition, only
a few hits are expected in the larger tracking detectors,cemgral drift chamber.
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Figure 5.4: KoralW (dashed blue) and BDK (solid red) simiolat
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For a first estimation of the occupancy, we looked at the prediparticles at the
generator level. To these particles we applied the acceptant, satisfying the
17° < 8 < 150° condition and the requirement of minimum transverse mouomant
for a charged particle to reach the inner layer of the pixéecter. We obtained
about 2500 tracks using the KoralW simulation and roughl@®6&acks using the
BDK. From the number of tracks obtained in the acceptancbepixel detector, the
expected occupancy coming from tlyg-process is calculated. For this we assumed
that each track produces at most three hits in the PXD, wisiéhreasonable upper
limit. The occupancy is calculated as the ratio between tmabrer of fired pixels
(number of hits) and the total amount of pixels in the innestmlayer, which is
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3.2 x 10°. The results of this estimation are shown in Table 5.1.

MC generatory KoralW| BDK| SuperB(BDK)

Tracks 2500 2600 13800
Occupancy 0.25%, 0.26% 1.3%

Table 5.1: First estimation of the occupancy in the PXD usisgnple assumption of
3 hits per track.

As one can see both, KoralW and BDK predict a similar amountraxdks. This
good agreement makes us confident that the systematic aimtgmf our estimation
is small. The deduced occupancies are in the order of 0.3%hvi far below the
operational limit of the pixel detector which is 3%.

This investigation was triggered by a statement from thee88I)80] collaboration,
saying that they expect a rate for the-grocess of 10MHgcn? in their vertex
detector. They obtained their prediction using the BDK gatwe. In the following we
will refer to it as the SuperB (BDK) prediction. Already atsfirsight, this prediction
was far bigger than the numbers we have extracted. For a netadedl comparison,
we translated this predicted rate into an occupancy in tise layer of the Belle Il
PXD detector.

For this we took into account the 6 read-out frame of the PXD and the active area
of the first layer (8 ladders with dimensions given in SecldnSince the prediction
for SuperB was made for their vertex detector, which has ausadf 13cm, we
corrected the rate to account for the larger radiug ¢in) of the PXD at Belle Il. The
rate under these conditions then yields about

SuperB
raé)ks = Ratex tpxp X lcorr X Area=

(5.1)

= 10" x (2x107°) x (137 x 80= 13800 tracks
B (1.4)2 B

Here, Rate is the rate for the two-photon process obtained from SupefB B

simulation,tpxp is the memory time of the pixel detectwgo, is the radial correction

to account for the different location of the vertex detestat Belle Il and Super B

from the interaction point and the last terrAyea, is the active area of the eight
ladders in the fist PXD layer.
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The result of this translation is also shown in Tablg 5.1. Ti®MHz/cn? corre-
sponds to about 13800 tracks per read-out frame in the PXD;hwiould lead to
an occupancy of 1.3% in the first layer of the pixel detectanststing of about 3
Million pixels, under the assumption of 3 pixels per trackucB a high occupancy
would be harmful for the PXD. This would mean that the pixeiedéor will be full
of background hits, and hence it will be useless. Thereferedecided to perform
a measurement which would allow us to better constrain tbescsection of the
YY-process.

5.2 Method of measurement

The investigated three MC generators give rather consgigtedictions concerning the
amount of particles seen in the Belle/Belle Il detectorll,Sbie yy-process has never
been tested experimentally in this phase-space.

The yy-process produces charged particles with extremely smathemta. This
makes a measurement of the contribution of this processetddtal cross section
rather difficult. It is not possible to trigger on these egembr is it likely that many
tracks from charged particles produced in theprocess are reconstructed.

Most particles reaching the tracking detectors have a mamemround 10MeV.
Thus, they only produce one or two hits in the first couple atking layers. A track
reconstruction is not possible for these tracks. Insteadjsed a method that is based
on the amount of activity seen in the relevant detectorstiisipurpose we used Belle
data collected during the dedicated QED experiments peddrfor this study. The
three important ingredients to this method are discuss#étkifollowing.

5.2.1 Triggering on QED processes

Due to the soft energy spectrum of tlyg-process it is not possible to setup a track or
calorimeter trigger on the particles produced in the QE@ractions. It was therefore
decided to use a random trigger, since it has the highesapiiily to be a "back-
ground only” trigger.

Because theyy-process has such a large cross section it constituteseaftaggion of
background processes in Belle. Particles from this backgt@re present in any event
recorded by the Belle detector. However, due to the stegpdififawith increasing mo-
mentum, only very little detector hits are expected frons nocess. By choosing a
random trigger for the QED studies, the probability of olis®ey a physics event or
another background event with higher energetic partidgseatly reduced compared
to other triggers available in Belle. Thus, the relativetabation of QED events to
the detector hits is most advantageous for a random trigger.

Nevertheless, with random triggers during the read-out tin2us of the silicon ver-
tex detector (SVD), only 1.2 tracks are expected to hit thst layer of the SVD based
on the estimation from the KoralW Monte Carlo generator.
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5.2.2 Hit multiplicities in the SVD

Since the particle spectrum of they-process is very soft, it is unlikely to find
reconstructed particle tracks coming from this processwé¥er, many particles are
expected to travel to the silicon vertex detector and preduts in particular in its
first layer. Therefore a study of the hit multiplicities iretiertex detector gives us a
possibility to determine the background contribution frthra yy-process.

Before starting the measurements of the QED experiment divelation between
tracks, hit-multiplicities and cluster-multiplicitiea the SVD was studied.

For events from a random trigger sample, a preselected Bhsdémple (containing
Bhabha scattering events) and from a preselected multehaghysics sample the
number of outgoing tracks is compared to the hit and clustétipticities in the first
layer of the vertex detector.

In the random trigger sample, no reconstructed tracks waned in the events. The
observed number of hits and clusters per event for one ofntinerimost layers of the
SVD are shown in Figurie 5.5. On average there are in each 6¢drackground hits
in about 20 clusters. Since no particles are present in teetgthese constitutes the
constant background noise. Thus, they are background hits.

We have also taken data without beams to prove that the 6&dnts from luminosity.
The hit distribution is given in Figufe D.2 in Appendix D.D.2

In the preselected Bhabha sample, slightly more hits anme. deehis sample exactly
two reconstructed tracks are required. The hit and clussgrilstions for the Bhabha
sample are shown in Figure 5.6.
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Figure 5.5: Hit (left) and cluster (right) multiplicity irhe rz-plane in the first SVD
layer for preselected zero track events of the random triggeple.

For the Bhabha events we observed on average 65 hits and @2rsluThese are 2
clusters with 2-3 hits more than for random events. Sinceethee exactly 2 tracks in
these events, we conclude that each track produces a chisterp to 3 hits.
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Figure 5.6: Hit (left) and cluster (right) multiplicity irhe rz-plane in the first SVD
layer from the Bhabha sample.

To confirm this assumption we looked at the multi-hadron darmip the multi-hadron
sample many more particles are present. On average abdi f&tonstructed tracks
are found, as seen in Figure 5.7. Accordingly, many moredrits clusters are seen
in the first layer of the SVD, which is shown in Figure15.8. Aaobf 92 hits and 29
clusters is observed.

The average number of tracks, hits and clusters per everthéothree samples are
summarized in Table 5.2. As can be seen, for the multi-hadesnple the simple
assumption, that each track in the acceptance producestarodd up to 3 hits is also
valid. This rough estimation was used in Secfion 5.1.1 tionegé occupancies related
to the yy-process.

x10
é Entries 326051
i 30- Mean  11.55
200 RMS 5.17
10;
% 20 40 60 80 100
Tracks

Figure 5.7: Reconstructed track multiplicity from the nMiladron sample with
[Ldt=6.3(fb) 2.

The numbers in Table 5.2 also show us, that it is possible tergiéne the average
number of tracks crossing the detector only from the obskinis multiplicities. Due

to the large number of background hits, this is not possibléhe event by event
basis. But by looking at large data samples, the average auofilracks crossing the
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detector can be deduced from the average hit multiplicities
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Figure 5.8: Hit (left) and cluster (right) multiplicity irhe rz-plane in the first SVD
layer from the multi-hadron sample.

Since a track reconstruction is not possible for the pasigroduced in theyy-
process, we used these hit multiplicities to determine hamyrparticles were seen
in the first layer of the silicon vertex detector. To reduce $atistical uncertainty,
large event samples of 500 000 events per measured poinusedgin the following
referred as runs).

Data Sample Hits Clusters Tracks Associated Hits/Track
Random Trigger 60.6 19.6 0
Bhabha sample 64.9 213 2 2.1
Multi-hadron samplg 92.1 29.1 115 2.7

Table 5.2: Correlation between hits and tracks in threehfit data samples.

Table[5.8 shows the expected number of tracks and hits in %2 &ming only

from the yy -process. The estimated values for the expected numbeaakstin the
PXD from the KoralW Monte Carlo are corrected for the lumitypshange between
KEKB and SuperKEKB, the radius difference between the PXD #re SVD and
their read-out time difference. Thus, the number of tragks kits in the SVD are
extracted. The same applies for the SuperB Monte Carlo.
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Detector|| Expectedtracks Expectedtragks  Expected hits ediggd hits
at Belle/Belle Il at SuperB at Belle/Belle || at SuperB
PXD 2500 13800 7500 41400
SVD 1.2 6.7 3.7 20.3

Table 5.3: Expected number of tracks and hits per SVD frame.

If we take the estimation of the KoralwWw Monte Carlo generateg would expect 3-
4 hits in the SVD coming from theyy-background. It is clear, that this number is
so small, compared to the average hit multiplicities frorbl&&.2. Thus, additional
means are needed to extract the background contribution@BD processes.

On the other hand, if the SuperB prediction is correct, weld/eee about 20 additional
hits. This would be clearly visible in the data.

5.2.3 Luminosity variation

To extract a cross section for thg/-process or at least produce an upper limit which
can be used for the occupancy estimation in Belle 1, it wasdal to vary the lumi-
nosity during the time of the measurement and observe thendiemce of the detector
activity.

This approach assumes that low-energetic QED processtsearain source of back-
ground in Belle and that in particular no other backgroundrs® depends directly
on the luminosity. Naturally, there is also machine backgrbin Belle, such as the
Touschek effect or beam-gas scattering. Therefore, it veagddd to perform three
different experiments, where the luminosity is varied iffedent ways, to be able to
distinguish between background from the machine and lusiiyalependent back-
ground. Since machine background mainly depends on therambparticles in the
beam, i.e. the beam currents, it was decided to change thedsity also by varying
other parameters.

The luminosity not only depends on the beam currents, botaisthe two fractions
of the bunch that actually intersect. This fraction can banged by introducing a
slight offset in one of the beams, thus reducing the areatefsaction. Alternatively,
a widening of one of the beams reduces the luminosity sineetimber of particles
in the area of intersection is reduced for this beam. Botthods result in a reduced
luminosity without reducing the machine background.

So to extract the background contribution of 4we-process the following method will
be used: The luminosity of the beams will be varied using tineet different methods
described above. Starting from the maximal luminosity it taé decreased in several
steps. For each step random trigger events are recorded. th@dnit multiplicity in
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the SVD and in particular in the first layer of the SVD is stutlés a function of the
luminosity. This hit multiplicity should decrease with deasing luminosity. Since
no other background source is expected to depend directiigeoluminosity, the de-
crease should be most pronounced in the first layer of the S¥i2re it should be
around 2 hits when going from a luminosity o(rﬁbs)_1 to the maximum luminosity

of 10(nb9 2.

Since the particles fronyy-process are not expected to hit the central drift chamber
(CDCQC), the hit multiplicities of the CDC are not expected bhow any dependence on
the luminosity. This expectation should also be verifiedaafctm the absence of other
luminosity dependent background sources.

5.3 Measurement setup

The measurement of the QED fraction to the cross section k¢ Bebased on an
extraction of the hit multiplicities in the four layers ofdlsilicon detector. From the
dependence of the hit multiplicities on the instantaneousinosity, the QED back-
ground can be extracted.

5.3.1 SVD hits

Since no tracking can be used, the analysis of the QED cotitvibis based on vertex
detector hits. The four layers of the SVD have the followiagir. 2.0cm for the
innermost layer and.85cm, 70cm and 838cm for the other three layers, respec-
tively. QED background is mainly expected in the first layer.

The SVD modules [81] have two orientationsp andrz. Ther@-planes measure the
@ coordinate of the outgoing track and the-planes measure the coordinate. We
look at the hits in ther@ and rz-planes of each layer independently. To obtain the
hit multiplicities, the sum of all hits in one plane is usedr Bur measurements we
averaged the hit multiplicities for all events taken at thene luminosity. Thus, for
each layer we have two multiplicity values per luminositytisg, one fromr¢ and
one fromrz-plane.

5.3.2 Random trigger setup

In order to measure the QED fraction at Belle true randongétg are needed. The
reason for this is that QED processes do not produce sign&idgering, but in true
random triggers a contribution from QED is present.

The random triggers at Belle were studied for several datataken from different
running periods of the detector.

The combined random trigger at Belle is setup from threeadggrthe Luminosity”
trigger and the Physics trigger which have a delayed signal on real triggers by a
100us and the BunchQ’ trigger that triggers at the same transition time of evenst fi
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bunch crossing.
To check the quality of the random trigger setup, the hitrdigtions in the different

layers of the silicon vertex detector were plotted.

8000 0000+ j

Entries
Ent(ies

6000 - 15000+ .

- 10000} ]

f sooot f
: E n n L m 1 " ]

Q200 400 600 % 200 400 600
Hits Hits

4000

2000}

(a) Layer1 (b) Layer 2

Figure 5.9: Hit distribution in the inner two layers of the BVh the rz-plane.

Figure[5.9 shows the hit distribution for the-plane of the first and second SVD
layer. One can see that the histograms not only consist df/gheal falling spectrum
of background hits, but show a distinct "oump” for a highentber of hits. This
"bump” was observed in all layers of the vertex detectonzrplanes and @-planes
alike and in all the data samples that were studied.

The comparison with physics data showed that the "bump” daedave its origin
in physics. Figuré5.10 shows hit multiplicity in the silicdetector for the inner two
layers extracted by using the multi-hadron sample. No "Busiucture can be seen,
neither in the two histograms nor in the other layers of th®3Mat we studied.
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Figure 5.10: Hit distributions in the first two SVD layengz{planes) from the multi-
hadron event sample.
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Further investigation showed that the "bump” is coming frthra delayed Physics
and "Luminosity” triggers. This is shown in Figufe 5.111.
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Figure 5.11: SVD hit multiplicities inrz-planes of the first (left) and second (right)
layer for "Bunch(Q’ selection (top) and Luminosity” and "Physics selection (bot-
tom) of the random trigger sample.

It shows the hit multiplicities in the first two layers of th&B. The upper two plots
are taken from theBunchO" selection of a random trigger sample. Whereas the two
plots below show thel’uminosity” and "Physics selection from a random trigger
sample. The "bump” can only be seen in the lower two plots. nfthis strange
observation about the random trigger events we concludediiere was a problem
with the random triggered events in Belle. So, we looked foakernative.

5.3.2.1 Real random triggers at Belle

Due to the fact that with the standard random trigger a probleas observed, we
asked for and were provided with a pure random trigger. Tlais setup by the beam
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crew at KEK and it was generated by a gate generator. Figlifeshows that the SVD
hit multiplicity in the first layer of the silicon detector ds not have an additional
component. The investigation of the outer three layers shbe same.

This proves that the new introduced trigger behaves as teghelis trigger rate was
400Hz. Using this trigger setup the experiments for the QBEkground extraction
were done.
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Figure 5.12: Hit multiplicity in the first SVD layer from ond the test runs with the
random trigger used during the QED experiments.

5.3.2.2 Background levels for different experiments

In Figure[5.18 are shown the hit distributions in the firselagf the SVD for different
data sets taken with the standard random trigger setup. eTtesnultiplicities are
taken from the BunchQ’ selection from the random trigger sample. As it can be seen
from these plots, the background levels change betweersdtgta

However, within the data set taken with the provided reaticen trigger the back-
ground remains unchanged. Figlre 5.14 shows the hit disititss in the first layer of
the vertex detector. These distributions are taken fronffardnt running periods of
the same data set.
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Figure 5.13: Hit distributions in the first SVD layerz-plane) obtained from different
running periods of data taking with the pre-existing randagygers.
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Figure 5.14: Hit distributions in the first SVD layerz-plane) obtained from a differ-
ent running periods of data taking with the real random &rgg
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5.3.3 Machine experiments for different luminosities

The basic idea for the QED experiments was to change luntjnasd not too many
beam parameters during data taking and extract the fraofigg QED background
events. The luminosity was changed in three ways: wideriegoeam, introducing
vertical a offset and reducing the current in one beam. Eaethoad corresponds to
one Belle experiment numbei (B or C), which is summarised in Table 5.4.

The data taking for all three experiments took aproximgt24 hours. More details
concerning the QED background runs, such as beam currexgm) bizes, injection,
etc. can be found under [82].

To compare the measurements from each of the three expésiniear luminosity-
steps were chosen: 18 6,4 /nbs. It was not possible to go lower in luminosity,
because the beams were lost. The highest luminosity dfo/nbs is the standard
Belle luminosity. At each luminosity step, one measurengpnnt (run), with 500
000 random trigger events was taken. Afterwards, the obdehnits per event were
analysed and then averaged over the 500 000 events. Thesrangber of events was
essential for negligibly small statistical uncertainties

Experiment| Run L(/nbs) t(s)
414 9.62 1025
416 7.86 1081
A) 417 5.75 1091
418 4.20 1141
419 0.0 746
420 0.0 233
401 9.71 1058
403 7.59 1091
(B) 408 | 6.08 | 1097
409 3.71 1024
411 5.97 1131
421 9.49 903
422 9.39 900
©) 424 8.09 900
425 7.04 900
426 6.01 900
427 4.81 430

Table 5.4: Overview of the runs taken in experiment 73. I8 thiperiment the QED
studies were done and the luminosity of the beam was charigeslluminosity was
changed in three ways: In experimewt)(the beams were separated vertically, in
experimentB) there was a vertical increase of the beam size in the Higiggriging
and in experimentQ) the current in the beam was changed by stopping the injectio
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5.4 Data analysis

The analysis presented in the following is based on the ebeaahit multiplicities in
the silicon vertex detctor. For the extraction of the twa{am QED background hits
in the silicon detector we look in both orientations andr @-plane independently, for
each of the four vertex detector layers.

5.4.1 Hit multiplicities in the SVD

The analysis of the data collected during the QED experimstarted by checking
the hit spectra of the SVD layers. Two examples of these speot shown in
Figure[5.15. The left histogram shows the hit multipligt&een in the rz-plane of the
first SVD layer during a high luminosity run of experiment Ahd right histogram
shows the hit multiplicity in the same plane for a lower lugsity run of experiment C.
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Figure 5.15: Hit multiplicities in thez-plane in the first layer of the SVD for experi-
ment (A) (left) and experiment (C) (right) for different lunosities.

As expected both spectra show the typical shape for randigigetr events without
any additional components. We also checked the hit mudttglidistributions in
the np-planes and of the outer layers of the silicon vertex dete(dee Figures in
Appendix(D.0.2). Also in the other SVD layers the hit distiion spectrum has the
expected shape. Looking at all the data collected with tlaé nemdom trigger we
observed similar spectrum for the different runs, takenfégrént luminosity setting.
Therefore, we are confident that the measurement setuprtioiyar the trigger and
the noise levels in the vertex detector were stable duriagithe of the data taking.
During the whole data taking we monitored the backgrouncklfewnot only of
the silicon vertex detector, but also the background behmanf the central drift
chamber. In contrary to our initial assumption, we obseretrong dependence of
the background levels in the SVD and the CDC on the beam lusitinoThis was
quite unexpected since particles from QED background gseEsedo not reach the
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central drift chamber, while other background sources @gpan the drift chamber
were not expected to depend on the luminosity. Looking atsthéstic boxes of
the two histograms in Figuife 5]15 one can see, that there igniisant difference
between the mean hit multiplicity in the left histograin£ 10(nbg 1) and the right
histogram L = 6(nbg~1). This strong dependence on the luminosity is even more
apparent when looking at the mean values from all runs anthhsities of the QED
experiment which are given in Tallle b.5. Similarly largefatiénces were also seen
when looking at the other layers of the silicon vertex deteathich are also shown
in the Tabld 5.b.

In addition, strong changes of the background activity ia ¢entral drift chamber,
with the changes in luminosity were also seen. In Figurel@).&he drift chamber
current activity as a function of luminosity is shown. On& cdearly see the strong
variations of the current which depends on the luminosiigufe[5.16 (b) shows how
the mean hit multiplicity in the central drift chamber chasgas a function of the
luminosity. Table[ 516 summarizes the results from thesemwbsions.
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Figure 5.16: The activity of the Central Drift Chamber. THBCcurrent as a function
of luminosity (left) for the three QED experiments (A(gregiangles), B(red circles)
and C (blue squares)). The CDC hit multiplicity as a functadruminosity (right)
for the three QED experiments (A (light blue squares), B giedes) and C (purple
triangles)).

It is clear from these observations, that this backgrounddconot be related to QED
processes. Particles from the QED background are too spfbtiuce hits in the drift

chamber. This had to be a so-far unknown background compuarech also strongly

depends on the luminosity changes. Since we observedatifférends during the
three different machine tunings (experiments A, B, C), baskground component is
directly related to the machine operation itself.
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Table 5.5: SVD hit multiplicity as a function of luminosity ithe four layers of the

silicon detector in both,z andr@-planes.

4.80 /nbs
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Experiment| L(/nbs | I(pA) | Hits
9.62 13 280.190
(A) 7.86 10 242.790
5.75 9 220.930
4.20 9 210.430
9.71 13 279.680
7.59 13 273.150
(B) 6.08 12 | 264.750
3.71 11 231.020
5.97 13 264.670
9.49 13 274.320
9.39 10 254.950
8.09 9 227.860

©) 7.04 8 206.590
6.01 7 192.770
4.81 6 181.770

Table 5.6: The corresponding luminosity, CDC current ardaotal CDC hit multiplic-
ity of the runs taken in experiment 73. In this experiment@ieD studies were done
and the luminosity of the beam was changed. The luminosity et@nged in three
ways: In experimentA) the beams were separated vertically, in experimBhtliere
was a vertical increase of the beam size in the High Energg Rimd in experiment
(C) the current in the beam was changed by stopping the injectio

For the measurement of the QED background contribution, eegl@d to correct for
the effect of this additional background component. It waispdan to extract the con-
tribution from QED background from the different mean hitltiplicities observed
for two runs with different luminosity. However, due to theditional background not
only the QED was responsible for the observed change. Tdresefve corrected for
the additional background component using the informadlmout the change of back-
ground level in the drift chamber.

After the correction we could compare the corrected meamaltiplicities measured
in runs with less than nominal luminosity, to the measurdasief runs of the same
series (A, B or C) with the nominal luminosity of mbs)*l. The observed decrease
of the corrected mean hit multiplicity in the central driftaanber could then be ex-
trapolated to zero luminosity. The difference between tieapolated value for zero
luminosity and the corrected hits at maximum luminosity waesn taken to be the
contribution from the QED background.

5.4.2 Correcting for the change in background activity in the CDC

To correct for the additional luminosity-dependent baokmd the luminosity depen-
dence of the drift chamber activity is used. For this, mearm@nts of the currents from
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the drift chamber and the hit multiplicities were studied.

5.4.3 A CDC background measurement using the measured CDC
currents

To extract the detector activity during data taking, theirmnlmonitoring of the
currents of the central drift chamber were used. However bsewed on these
monitors that the drift chamber current was quite unstabtesiowed large variation
over time. These fluctuations of the current in the drift chemappear in all three
experiments.

Some Monitors Some Monitors

cBeEY

! I I o | | | coccy
23

Time (hour) Time (hour)

(a) All experiments (b) exp.A

Same Manitors Same Manitors

20 | 20 |

°E Hé%%éH 10 Még@é

1 1 ! 1 1 1
o

1 12 13 14 15 16 17 23 2325 235 2375 24 2425 245 2475 25

Time (hour) Time (hour)

(c) exp.B (d) exp.C

Figure 5.17: CDC current during data taking of the three QEpeements.

In Figure[5.17 one can see the CDC current behavior durinddteetaking time of the
QED experiments. The time is represented in hours. The stibss with |“P¢ = 0
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correspond to the time needed to setup the beams betweenrngio r

To improve the reliability of this approach using the drifaenber current information,
we tried to remove the data taking periods which had largauaimns in the CDC
current. However, it was discovered, that these fluctuatmecur every 25- 30s,
as seen in Figure 5.18. According to the machine experts ¢bald be related to
the beam injection. This made a removal of the time periodb l@rge fluctuations
impossible. As a consequence, we decided not to use thakdnft chamber current
information in our analysis.

I(nA)

=
al
TT T T[T T T T [TT T [T TITTT

T
10

e e e b e b e b e by |
18.35 18.4 1845 185 1855 186 18.65
t(hours)

(a) exp.QA)-run414 (b) exp.B)-run 408

o b b e b e b b b 1y |
12.35 12.4 12.45 125 1255 12.6 %2.65
t(hours)

|

P P R R R
2355 236 2365 237 2375

| -
23.
t(hosu?s)

(c) exp.C)-run422

Figure 5.18: CDC current during different running periodsh® three QED experi-
ments.

5.4.4 Measuring the CDC background with the observed hit mul
tiplicities

As it was seen in Sectidn 5.4.3, Figlre 3.16 (b) shows thatittraultiplicities seen in

the central drift chamber depend on the luminosity. Sinceltiminosity-dependence

is not due to QED processes we need to correct for it.

The central drift chamber at Belle consists of 50 layers .[8B]gure[5.18, shows
the hit multiplicity in each of the 50 CDC layers, for the tar@ED experiments at
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standard luminosityl- ~ 10/nbs. As one can see, the three plots are in a very nice
agreement. The total hit multiplicity of the drift chambshown in Figuré 5.16 (b),
which in the following will be used to correct the measuretsesbtained from the
vertex detector, is the sum of the 50 multiplicities.

2 L. 2 |
T 30- T 30-
201 201
10f" . 10f"
%10 20 30 40 %10 20 30 40
Layers Layers
(a) exp.Q)-run414,L =9.62 /nbs (b) exp.B)-run 401, L =9.71 /nbs
a F
T 30
201
10f"
*%e aooe .'.‘ .o...’..'. *®0 ameq P a0y,
%10 20 30 40

Layers

(c) exp.C)-run421, L =9.49 /nbs

Figure 5.19: Average number of hits per event in each of tha€érs of the central
drift chamber (CDC).

For the correction a reference luminosiby,ax is chosen. The hit multiplicities
obtained from the layers of the silicon vertex detector &entcorrected for the
additional luminosity-dependence using

NC DC( Lmax)

NSVD (Ll) — NSVD(Li) > NCDC(Li) ,

hits corr

(5.2)

where N>VP (L;) is the corrected SVD hit multiplicityNSYP(L;) is the SVD hit

hits corr
multiplicity measured for luminosity;, N°P¢(Lmay) is the CDC hit multiplicity at

reference luminosity andI®PC(L;) is the CDC hit multiplicity at luminosityL; .
The reference luminosity is the highest luminosity valuexperiments (A) and (B),
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but in experiment (C) a lower luminosity is chosen as a refegepoint, because a
huge drop was observed when going from maximum luminosithéduminosity of
9.39/nbs.

The effect of the correction using the CDC hit multiplicitgrcbe seen in Figute 520
(b), where the corrected vertex detector hit multipliGtaes a function of luminosity
are shown. Compared to Figure 53.20 (a), the SVD hit muliijiéis show a much
smaller dependence on the luminosity.

Hits
Hits

120F

= v : v R A
100’///////,,/,,,;,.,,,,,,,,,,,,——” 100}

80

8of
60|~

60F

B T I e ey RS
L( /nbs) L(/nbs)

Figure 5.20: Comparison between hit multiplicities in thstfSVD layer inrz-plane
as a function of luminosity before (left) and after (righppdied correction using the
CDC activity in experiment B.

From the extrapolation of the fitted line in Figure 5.20 (b) wan estimate that
in the first layer of the vertex detector, 10-15 hits are dubaokground processes
that are only seen in the SVD. According to our initial asstiopthis is the QED
background. At the same time the outer three layers of the Siiv weaker trends
compared to the first one (see FiglrelD.5 in the Appendix Ip.0rBis confirms our
expectation that at larger radii the presence of the QEDdprackd is smaller.
Histograms in Figuré 5.21 show the extracted QED contmisutiorrected by using
the CDC activity. Each entry in these histograms correspaadhe hit increase for
maximum luminosity, extrapolated from two corrected SVDasiwements. Since the
highest luminosity is taken as a reference there are 6 (8sunements per layer in
experiments A (B, C). As you can see, the extrapolated vaueslistributed either
around O hits or around 15 hits. At first it was not clear to ugkehthe component
with large contribution is coming from.

We investigated all four layers of the silicon vertex dede@nd discovered that the
larger component comes from the first SVD layer only. Thishisven in Figuré 5.22.
The peak for 0 hits contribution is coming from the outer éhfayers, as shown in
Figure[5.28.
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Figure 5.21: The extracted QED contribution from all fouydes of the SVD in the
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Figure 5.22: The extracted QED contribution in the 1st SV{Eetadrom experiments

A, B and C and from the three QED experiments in total.
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Figure 5.23: The extracted QED contribution in the outee¢h8VD layers from ex-
periment A, B and C and the extracted QED contribution in the-2th layer of the
SVD in total from the three QED experiments.

5.4.5 Systematics taken using different subsets of CDC lange

The correction on the drift chamber activity represents ohthe larger systematic
uncertainties of the measurement. Therefore, we invdstigaow the result depends
on the exact choice of the correction factor. For this we lcedated the correction
factors using different subsets of the layers from the dhimber.

In a first step we divided the 50 layers of the central driftrabar in five subsets of
10 drift chamber layers and recalculated the correctiotofac Tabld 5.7 shows the
resulting values for the QED hit contribution in the first éayof the silicon vertex
detector in bothyz andr@-planes, calculated using the five different subsets of CDC
layers for the correction. Whereas, the QED backgroundrittion in the separate
three outer layers of the SVD and the total contribution filQED in the three outer
layers taken together, using the same five different sulide@DC layers for the
correction is shown in Tab[e 5.8.

As a next step, we reduced the number of drift chamber layssd in the correction
factor by 10 in each step. Again, the resulting QED hit cdottions in the SVD are
shown in Table§ 519 an@ _5]10 for the first layer of the silicentax detector and its
remaining three layers taken together, respectively. Asiit be seen, the results in
the four tables are consistent with each other and proveatfability of the CDC hit
correction method.
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(a) 1st SVD layerz-plane

CDC Iayers‘ expA) ‘ exp.B) ‘ exp.C) ‘ All exp.
1-50 | 15.66:0.47| 13.63:1.89 | 13.86:2.20| 14.2%1.96
1-10 | 20.96:1.90| 16.412.08| 25.78:0.71| 21.0%4.32
10-20 | 6.8%2.89 | 13.922.56| 1.735.96 | 7.586.71
20-30 | 13.830.52| 11.581.36| 6.08-3.24 | 10.19-3.87
30-40 | 16.0%1.15| 10.2%1.31| 7.96-1.29 | 10.99-3.49
40-50 | 14.5Z0.63| 9.98-1.55 | 7.89:0.96 | 10.45-2.90

(b) 1st SVD layer@-plane

CDC Iayers‘ expA) ‘ exp.B) ‘ exp.C) ‘ All exp.
1-50 | 12.220.73| 9.32:2.66 | 12.04-1.88| 11.1%2.42
1-10 | 17.952.31| 12.3@-2.84 | 24.72-0.61| 18.3%5.71
10-20 | 2.842.71 | 9.623.40 | -0.825.82 | 3.9%26.26
20-30 | 10.3%0.35| 7.082 | 3.75:2.96 | 6.753.38
30-40 | 12.7#1.51| 5.63202 | 574092 | 7.60:3.49
40-50 | 11.1@0.95| 5.30:2.33 | 5.620.55 | 7.02:2.94

Table 5.7: QED background contribution in the 1st SVD layethierz-plane (a) and
in ther@-plane (b), determined using the subset of CDC layers itglican the first
column as correction factors.



Luminosity-dependent Background

127

(a) 2nd SVD layer

CDC Iayers‘ exph) ‘ exp.B) ‘ exp.C) ‘ All exp.
1-50 | -2.0%2.66| 038174 | -0.32:2.45| -0.54-2.48
1-10 0.54:2.65 | 1.72:1.79 | 5.44:-2.35 | 2.75:3.07
10-20 | -6.3%-3.18| 0.52-2.06 | -6.17:3.30 | -3.80:4.35

20-30 | -2.96:2.72| -0.64-1.47 | -4.09:-2.63| -2.52-2.75

30-40 | -1.8%2.65| -1.29:1.49 | -3.20:2.45 | -2.14-2.36

40-50 | -2.61£2.66| -1.44:1.64| -3.23:2.44 | -2.41:2.38
(b) 3rd SVD layer

CDC Iayers‘ exph) ‘ exp.B) ‘ exp.C) ‘ All exp.
1-50 | -4.55:0.55| -3.131.75| -4.48053| -4.011.32
1-10 | -2.3%1.03| -1.0%1.16| 0.45-0.54 | 1.181.76

10-20 | -8.22:1.01| -3.00:1.83| -9.48:1.84 | -6.79-3.34

20-30 | -5.32:0.45| -4.00:1.64 | -7.710.81| -5.71-1.96

30-40 | -4.39:0.76| -4.58:1.69 | -6.96:0.49 | -5.39-1.64

40-50 | -5.02:0.60| -4.711.74| -6.99:0.52 | -5.62-1.54
(c) 4th SVD layer

CDC Iayers‘ exph) ‘ exp.B) ‘ exp.C) ‘ All exp.
1-50 | -2.4820.63| -1.96:1.00| -2.0¢0.25| -2.15-0.73
1-10 | -0.55:1.15| -0.88:1.02| 2.41:0.66 | 0.44-1.77

10-20 | -5.89:0.56| -1.84-1.25| -6.65-1.23 | -4.7Q-2.44

20-30 | -3.19:0.40| -2.72:0.86 | -5.04-0.41| -3.71-1.19

30-40 | -2.32:0.91| -3.30:0.82 | -4.35:0.60 | -3.42-1.12

40-50 | -2.9%0.73| -3.42:0.91| -4.38-:0.71| -3.63-0.99
(d) 2nd-4th SVD layer

CDC Iayers‘ expAh) ‘ exp.B) ‘ exp.C) ‘ All exp.
1-50 | -3.03:1.94| -1522.12| -2.382.24| -2.23-2.19
1-10 | -0.73:2.13| -0.3Z2.21| 2.722.51 | 0.622.79

10-20 | -6.85:-2.20| -1.44-2.28| -7.43-2.72| -5.19-3.69
20-30 | -3.82:1.93| -2.45:1.95| -5.612.22 | -3.98-2.45
30-40 | -2.86:2.00| -3.06:1.93| -4.83-2.16 | -3.65-2.23
40-50 | -3.5%1.95| -3.19-2.00| -4.87-2.17 | -3.89-2.18

Table 5.8: QED background contribution in the 2nd (a), 3rdaftd in the 4th SVD
layer (c), as well as the total QED background contributiothie outer three layers of
the SVD (d), determined using the subset of CDC layers inelican the first column
as correction factors.
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(a) 1st SVD layerrz-plane

CDC Iayers‘ exph) ‘ exp.B) ‘ exp.C) All exp.
1-50 | 15.66:0.47| 13.63:1.89| 13.86:2.20| 14.2%1.96
10-50 | 12.02-0.86| 11.821.78| 5.36-3.28 | 9.52-3.90
20-50 | 14.780.51| 10.621.37| 7.25-1.88 | 10.53-3.30
30-50 | 15.34-0.89| 10.06-1.42 | 7.931.11 | 10.72-3.19
40-50 | 14.52-0.63| 9.911.55 | 7.89:0.96 | 10.45-2.90
(b) 1st SVD layer@-plane
CDC Iayers‘ expA) ‘ exp.B) ‘ exp.C) ‘ All exp.
1-50 | 12.220.73] 9.32:2.66 | 12.04-1.88 | 11.1%2.42
10-50 | 8.38-0.63 | 7.35:2.55| 2.98-2.98 | 6.04-3.35
20-50 | 11.330.80| 6.02-2.09| 4.99-1.50 | 7.113.08
30-50 | 11.921.24| 5.472.17| 5.7%0.71 | 7.3%3.21
40-50 | 11.1@0.95| 5.3-2.33 | 5.67055 | 7.02:2.94

Table 5.9: QED background contribution in the 1st SVD layethierz-plane (a) and
in therg@-plane (b), determined using the subset of CDC layers itelcan the first

column as correction factors.
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(a) 2nd SVD layer

CDC Iayers‘ expA) ‘ exp.B) ‘ exp.C) ‘ All exp.
1-50 | -2.0%2.66| 038174 | -0.32:2.45| -0.54-2.48
10-50 | -6.471.21| -0.52-1.71| -4.44-2.62 | -2.85-2.97
20-50 | -2.50-2.66 | -1.09-1.52 | -3.53-2.46 | -2.37-2.46
30-50 | -2.232.65| -1.3%1.56 | -3.22-2.44 | -2.28-2.36
40-50 | -2.60:2.65| -1.44-1.64 | -3.23-2.44 | -2.41:2.38

(b) 3rd SVD layer

CDC Iayers‘ exph) ‘ exp.B) ‘ exp.C) ‘ All exp.
1-50 | -4.55:0.55| -3.1%1.75| -4.48:0.53 | -4.0%1.32
10-50 | -6.09-0.45| -3.90:1.72 | -8.01:0.83 | -5.99-2.11
20-50 | -4.93-0.56| -4.40:-1.68| -7.24-0.45| -5.58-1.68
30-50 | -4.70-0.68 | -4.64-1.71| -6.98-0.49 | -5.511.59
40-50 | -5.02-0.60| -4.711.74| -6.99-0.52 | -5.62:1.54

(c) 4th SVD layer

CDC Iayers‘ expAh) ‘ exp.B) ‘ exp.C) ‘ All exp.
1-50 | -2.4820.63| -1.96:1.00| -2.0¢0.25| -2.15-0.73
10-50 | -3.89:0.32| -2.68:0.99| -5.310.35| -3.92-1.30
20-50 | -2.82-0.66 | -3.14-0.86 | -4.61-0.41| -3.59:-1.03
30-50 | -2.610.82| -3.36-0.86 | -4.36-0.65| -3.52:1.05
40-50 | -2.9%0.73| -3.42:0.91| -4.38-0.71| -3.63-0.99

(d) 2nd-4th SVD layer

CDC Iayers‘ expA) ‘ exp.B) ‘ exp.C) ‘ All exp.
1-50 | -3.03:1.94| -1522.12| -2.382.24| -2.23-2.19
10-50 | -4.6%1.93| -2.37-2.06| -5.92:2.21 | 4.27-2.58
20-50 | -3.42-1.94| -2.88-1.95| -5.13-2.14 | -3.84-2.25
30-50 | -3.181.97| -3.12:1.96 | -4.85:2.16 | -3.77-2.19
40-50 | -3.51%1.95| -3.19-2.00 | -4.82-2.17 | -3.89:2.18

Table 5.10: QED background contribution in the 2nd (a), &dand in the 4th SVD
layer (c), as well as the total QED background contributiothe outer three layers of
the SVD (d), determined using the subset of CDC layers inelican the first column
as correction factors.
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5.5 Full detector simulation of KoralW events and
comparison with the data

So far, the simple estimation of the expected backgrourainahe silicon vertex de-
tector was based on the number of generated tracks and tirag@tssn that each track
produces up to three hits in the SVD. To improve the knowleafge expectation,
we decided to do a full Monte Carlo simulation.

5.5.1 The full detector simulation

For this we simulated KoralW events merging in one detectentall interactions
corresponding to one read-out framelat= 10/nbs. These merged events are then
fed into the standard Belle analysis software frameworlSBA

Figured5.24 and_5.25 show the hit distribution per readframe.
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Figure 5.24: SVD hit multiplicities in thez-plane of the four SVD layers from the
full KoralW simulation.

Since, here only the QED process is considered, the obshivedultiplicities are
significantly smaller than what is shown in Figlre 5.15 anbld&.5. As one can see,
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there is a clear difference in the multiplicities of the fdayers. The number of hits
in the first layer of the silicon vertex detector is signifitgdarger then in the outer
three layers.
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Figure 5.25: SVD hit multiplicities in the@-plane of the four SVD layers from the
full KoralW simulation.

This seems to be an explanation why also in the data we seehitsreoming from
QED events in the innermost layer compared to the other thyegs. To understand
the origin of this difference in hits we use the event display

5.5.2 Event display of KoralW events

Using the event display we discovered that in many QED eyeotgalled low mo-
mentum "curlers” appear. These low-momentum tracks arg able to reach the
first layer of the silicon vertex detector and have too lijeto reach the second one.
Instead, they go back and produce multiple hits in the inwostrtayer of the vertex
detector. That is the reason why a larger amount of hits issared in the first SVD
layer.

An example is shown in Figute 526. The event shows one ouggeack that is curl-
ing around SVD layer 1 producing multiple hits. The hits ia 8trip-detector modules
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are shown by the black lines. The trajectory of the outgolegteon is shown in blue,
while the dashed purple line indicates a photon. Additi@vants with "curlers” are
also shown in Figure 5.27.

Figure 5.26: Event display of the two-photon KoralW eventthie SVD.

5.5.3 Comparison between Monte Carlo and data

After doing the full simulation, we confirmed that the obsshQED hit rates in the
four silicon vertex detector layers are in a good agreemdht tve expectation from
Monte Carlo simulations. From the Monte Carlo simulatiores @xpect on average
10 hits from QED in the innermost layer of the SVD, and 0-3 hitthe more distant
layers. This is also seen in the data (see Figures 5.22 arg). 5.2

From the event display we learned that our naive assumpti8rhis per track has to
be scaled up significantly.

Table[5.11 compares the measured hit multiplicities in theos vertex detector in
all four layers, with the Monte Carlo expectations. In ttable for KoralW we used
the results for the hit multiplicities from the full simulah. For the purpose of this
comparison we scaled up the SuperB prediction to accounthidarger number
of hits per track, using the 5.5 factor difference between KloralWw and SuperB
BDK Monte Carlo generator estimations (see Sedfion b.1Chmparing the Monte
Carlo prediction and the measurement in Tdble 5.11, we cearlgl see that the
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Figure 5.27: Event displays of two-photon events simulatsithg the full KoralW
simulation.

measurements exclude the predictions made by the Supdebauition.

Experiment SVD layers Hits QED hits Koral\v SuperB(BDK)
1 ~100| 13.3+2.6 11.31 62.2
Belle
2-4 ~ 45 -29+ 2.1 2.38 131
Belle Il |Occupancy (1st PXD) (0.8+£0.2)% | 0.7% 4.0%

Table 5.11: Comparison between data and Monte Carlo.

Thus, we can use the KoralW prediction to estimate the QERdracnd occupancy
in the pixel detector for Belle II. Taking into account thdfelience in the radial

distance between the silicon vertex detector at Belle aadotkel detector at Belle

I, the difference in the read-out time, the difference ie thstantaneous luminosity
and the different geometry of the new pixel detector its8#][14], as indicated in

Table[5.12, we get an expected occupancy of
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Experiment| rjcm | t[us| | L[1/nbg

Belle 2 2 10
Belle Il 1.4 20 1000

Table 5.12: Radius of the first layer of the inner detectoritsckad-out time.

N%,?ts X I'eorr X teorr X Leorr
Nl_St

2(? IX;B 20 ., 1000 (5-3)

3x 108 '

occupancjistPXDlayet =

from the full KoralW simulation and an occupancy @8+ 0.2) % from the QED
measurements. Heré\its is the average hit multiplicity obtained in the first SVD
layer, reorr @accounts for the radial difference between the two detectgs,, and
Lcorr account for the difference in the read-out time and in lursityp respectively,
while N%is>§e|s is the overall amount of pixels in the first layer of the pixetector. As
one can see these results are in agreement and the valueeobtar the occupancy
in the innermost layer of the pixel detector is clearly belbw limiting occupancy
of 2-3%. Thus, we conclude that the low-momentum QED baakapiowill not be a
danger for the operation of the pixel detector.



Chapter 6

Conclusion

In this thesis, two separate studies are presented: theniggsurement of the branch-
ing fraction of the decayd® — (2S)1° with the Belle detector and the estimation of
the QED background for the pixel detector of the plannedeBiékxperiment.

For the measurement of tt@? — P(29)™° branching fraction the complete data set
of 772 million BB pairs was used. We extracted the branching fraction using an
extended unbinned maximum likelihood fit and obtained aevalfu

B(B? — w(29)1°) = (1.07+0.23+0.08) x 10>,

where the first is the statistical error and the second isytbEmatic uncertainty. Ac-
cording to this result the extracted signal yield is aboue86nts, which is unfortu-
nately insufficient to perform the time-dependent analisiextract the CP violating
parameters. The systematic error on the branching fractiomostly due to uncer-
tainties on efficiencies, which are not important for the G#tation measurements.
For the time-dependent measurements the systematic amtgidue to the vertexing
is the most prominent contribution. Therefore, with inaea@ statistics and improved
vertex reconstruction, we would be able to obtain precisesmeement of the mixing-
induced and direct CP violation parameters. The deB&y: Y(2S)1° is a b — ccd
transition that occurs either through a tree or through gpendiagram. For a tree
dominating diagram, we expect the mixing-induced and ¢i€&® violation param-
eters to be consistent with the measurement fBm J/YKs, which is ab — ccs
transition. However, if there is a significant penguin cidmittion or other substan-
tial contributions, precision measurements of time-delpah CP asymmetry of this
channel, may reveal values of the CP parameters that ditier the Standard Model
expectations. Therefore, measurements of CP asymmetiiles b — ccd transitions
such as3? — (29 are important in identifying whether or not the Standard &lod
provides a complete description of the CP violation phentaria the B meson sys-
tem.

In order to increase massively the statistics, the KEKB lacator is being upgraded
to SuperKEKB whose target luminosity will bex8.0%°>cm~2s~1, which is a factor of

135



Conclusion 136

40 improvement compared to KEKB. However, the increasemitiosity means also
an increase of the background levels.

This fact is the subject of the second study of this thesis: etstimation of the low
momentum QED background from the reactere” — ete e*e~ . These low mo-
mentum secondary electrons and positrons mostly affectahepixel vertex detector,
which is the innermost part of the upgraded Belle detectarah work properly with
a maximal occupancy of 3 %.

The contribution from the low momentum QED background wdsreged by per-
forming dedicated experiments at KEK, shortly before KEKBswelosed. From the
data we took we estimated an occupancy in the innermost Gfytbe pixel detector
of (0.8+0.2) %, which is far below the operational limit of 3%. The expegims
showed higher occupancy in the innermost layer of the veteggctor compared to
the more distant layers. This was due to the low momentuninguidacks which may
cross a few times the planes of the silicon vertex detectus dbservation was cross-
checked with a full detector simulation that confirmed oupexxments results. The
estimated occupancy for the innermost layer of the pixeatet using MC simulation
was found to be 0%, which is consistent with the measurements obtained them
data. These results imply a safe operation of the PXD, simeeantribution from the
other background sources is expected to be below 1%.



Appendix A

Parameterization Functions

A.1 Polynomials

Polynomials are very useful mathematical tools and becalubeir simple definition,
they can be calculated on computer systems and represeniséunctions. They also
can be differentiated and integrated quite easily. For thadipurposes two kinds of
polynomials were used.

A.2 Chebyshev Polynomials

The Chebyshev polynomials are set of orthogonal polyn@wvhich are defined over
the interval [-1,1]. The recursive formulation of theseypamials that enables simple
calculation of their higher orders is given by

Cir1(X) = G (X) —Ci_1(x). (A1)
The first few Chebyshev polynomials of a first kind are given as

Colx) =1

Ci1(x) =X

Co(x)=2x°—1

Cs(x) = 43 — 3x

(A.2)
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A.3 Bernstein Polynomials

The Bernstein polynomials of degree n are defined as

Bin(X) = (”) X (1—x)"! (A3)
|

fori=0,1,........... ,n, where
n n!
(i) ~il(n—i)! (A4)

B =1-
01(X) X (A.5)
B]_?l(X) =X
The Bernstein polynomials of degree 2 are given by
Bo}z(X) = (l— X)2
B12(X) = 2X(1—X) (A.6)
Bz}z(X) = X2
The Bernstein polynomials of degree 3 are given by
Bos(x) = (1—x)®
B13(X) = 3x(1—x)?
13(X) g ) (A7)
B2 3(X) = 3x°(1—X)
Bg’g(X) = X3

The advantage of the Bernstein polynomials is that they ral defined positive,
namely, Bernstein polynomials of degree n, are non-negjatrer the interval [0,1].



139



Appendix B Signal MC Model Dependent Parametersigé 140

Appendix B

Signal MC Model Dependent
Parameters ofMgc
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Figure B.1: The plot above shows the mean value of the 1std&ifad Gaussian for
SVD1 (left) and SVD2 (right) in slices diE, while the plot below shows the mean
value of the 2nd Bifurcated Gaussian for SVD1 (left) and SMBght) in slices of
AE.
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Figure B.2: The plots above show the width on the left sidefrhaximum value of
the 1st Bifurcated Gaussian for SVD1 (left) and SVD2 (rightslices ofAE. The
plots below show the same but for the the width on the left sidbe maximum value
of the Bifurcated Gaussian.
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Figure B.3: The plots above show the width on the left sidefrhaximum value of
the 2nd Bifurcated Gaussian for SVD1 (left) and SVD2 (rightklices of AE. The
plots below show the same but for the the width on the left sidbe maximum value
of the Bifurcated Gaussian.
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Figure B.4: The two fractions for each of the Bifurcated Gaass are shown from
top to bottom and for SVD1 and SVD2 from left to right.
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Figure C.1: FittedVigc distributions in slices oAE for SVD1.
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Appendix D
QED study

D.0.1 Monte Carlo Generators
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Figure D.1: Energy spectrum of the electron in the centana$s system (top) and
after the Lorentz boost (bottom) extracted using the BDK Mddarlo generator.
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D.0.2 Hit Multiplicities in the SVD
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Figure D.2: Hit multiplicities in therz-plane in the first layer of the Silicon Vertex
Detector (SVD) for data taken when the beams were turned off.
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Figure D.3: Hit multiplicities in therz-plane in the first layer of the Silicon Vertex
Detector (SVD) of experiment (A)-(top), experiment (B)idule), experiment (C)-
(bottom) for different luminosities.
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Figure D.4: Hit multiplicities in therg@-plane in the first layer of the Silicon Vertex
Detector (SVD) of experiment (A)-(top), experiment (B)idule), experiment (C)-

(bottom) for different luminosities.
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D.0.3 Correcting for the Background Change using the CDC ac-

tivity
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Figure D.5: Hit multiplicities as a function of luminositefore (left) and after (right)
applied correction using the CDC activity in tihe@ plane. The plots show the hit
multiplicities in the second (top), third (middle) and ftutbottom) SVD layer for the
three QED experiments (A), (B) and (C) from top to bottompesgively.
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