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Introduction

The standard model theory successfully describes the phenomenology of
particles interactions in an extensive way. However, it has some limitations
in explaining, for example, the neutrino mass ordering or their number of
families. Therefore, new physics models are being investigated and the
Bellell experiment, a second generation experiment at a B-factory,
provides the perfect environment for precision measurements in the avour
sector. The violation of the leptonic avour number is of much interest
since it has very small probability to occur within the standard model
framework. This e ect is often enhanced in models beyond the standard
model: current experiments, expected to rely on a large amount of data,
have enough sensitivity to probe most of their parameter space. Lepton
avour violation studies, in the context of the sector, are very interesting
since lepton is di cult to manage. Tau leptons can decay in a wide range
of dierent nal states: Lepton Flavour Violation (LFV) searches are
mostly concentrated in signatures with electrons and muons. Golden
channelsare ! | (l=e, )andthe ! , which is the subject
of this thesis. Its clear signal signature helps in the background reduction,
which is composed mainly bygq events. A new analysis method was
studied for this thesis work, with particular care of the muon identi cation
for the tracks coming from the LFV decaying (signal ). An extensive
study of the identi cation performances was provided for an independent
sample g¢'e ! ° ) in order to correctly take into account data-MC
mismatches. In addition to the muon identi cation, several other variables
were used to discriminate signal from background and an optimisation
method based on the Punzi gure of merit maximisation was deployed. A
crucial step is the identication of a signal region, based on
E = E; Epveam and Mz variables, in which the optimisation process
was carried out.
The signal e ciency and the number of the survived background events are
computed after the application of the full set of cuts. These values,
together with the number of observed data events inside the signal region,

1



2 LIST OF TABLES

were used as inputs for the upper limit estimation on the branching fraction
of —pu pop.

In Chapter an overview of the physics motivations and the
experimental status of the lepton flavour violation decays in the 7 sector,
especially for the 7 — u g channel, is given. In Chapter [2| the Bellell
experiment is described with particular focus on the K? and u detector
(KLM). Chapter |3 introduces the muon identification algorithm in Bellell
and describes the analysis of the dimuon radiative channel, used to extract
the data-MC correction factors of the muonID efficiency. In Chapter [ the
analysis steps and the optimisation procedure for the 7 — p p p search
are outlined, while Chapter [5| explains how the systematic effects affecting
this measurement were performed. The final Chapter [6] provides the results
of the analysis selection and the upper limit estimation.



Chapter 1

Physics motivations

The Standard Model (SM) is the theory that describes the fundamental
particles and how they interact with each other. The main goal of the
Bellell experiment is to perform precision measurements in the flavour
sector and to explore the physics Beyond the SM (BSM) relying on a large
amount of data. New Physics (NP) signals can be discovered in several
fields of interest for Bellell including the 7 sector, in particular in the
search of Lepton Flavour Violation (LFV) processes.

This chapter briefly describes the SM theoretical basis and the motivation
for a LFV search in the 7 — p @ g channel. Ultimately, an overview of
the experimental status of LF'V searches is given.

1.1 Standard Model of particle physics

The SM predicts most of the phenomena governed by the electromagnetic,
weak and strong forces. At present, it is our best understanding of the
fundamental particles and their interactions. The SM is a unified gauge
theory represented by direct product of the gauge groups SU(3). x SU(2)._
x U(1)y and its fundamental blocks are fermions, either quarks or leptons.
Both occur in three generations and each of them includes two particles, as
summarised in Fig. For all the fermions a corresponding anti-fermion
particle exists too.

Quarks, denoted as u, ¢ and t (d, s and b), participate in strong
interactions and have fractional electric charge 2/3 (-1/3). They are
identified by the color, an additional charge existing in the strong
interaction theory (QCD). Quarks are not observed in nature as free
particles, instead they form bound states called hadrons, which are
composed either of three quarks (baryons) or a pair of quark and anti-quark

3
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1st 2nd 3rd generation

standard matter unstable matter force carriers bosons standard model
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increasing mass —

Figure 1.1: Summary table of the SM particles including mass, charge, spin
and name information. Fermions are gathered in three different generations
while bosons are classified depending on the force interaction carried.

(mesons). Mesons and baryons are colorless objects [6],[7].

Leptons do not interact via strong interactions and each generation is
composed of a charged and a neutral fermion: the electron (e) and electron
neutrino (ve) , the muon (u) and the muon neutrino (v ), the tau (7) and
the tau neutrino (v ). Each lepton is tagged with a leptonic quantum
number L that is defined as +1 for leptons, -1 for anti-leptons and 0 for
non-leptonic particles. In addition, three more leptonic numbers L were
introduced and assigned to each generation of leptons, where f = e, u,7
identifies the flavour. In this way, the lepton number counts all the leptons
involved in a process, while the lepton flavour is restricted to each
generation separately. Therefore lepton flavour violation does not imply
lepton number violation.

The interaction between SM particles is mediated by the exchange of force
carrier bosons (see Fig[l.1): the photon () together with W and Z for
the electroweak interactions (included in the SU(2)_ x U(1)y group), 8
gluons for the strong interaction (coupled with the color charge ¢) and the
Higgs boson, providing the mass to the particles via the spontaneous
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symmetry breaking mechanism [8]. The complex scalar field of the Higgs
boson has non-zero vacuum expectation value, which induces the generation
of the SM particle masses.

The SM interactions and particles are described by the following
Lagrangian, in a renormalisable form:

[fSM = ﬁkin + £EW + EQCD + EHiggs + EY uk (1'1)

The kinetic term Lgjn includes the gauge bosons self interactions, Lgw
represents the electroweak theory, Locp describes how quarks and gluons
interact in QCD, Lniggs contains the self-interaction of the Higgs and how
it interacts with the SM bosons while Ly involves the interaction of the
Higgs with the SM fermions.

The mass matrix term arising from the interaction of quarks with the Higgs
field does mnot coincide with the flavour ones. The so called
Cabibbo-Kobayashi-Maskawa (CKM) matrix was introduced (see Eq.
to transform the mass to the flavour eigenstates.

(@) 1
. Vud Vus Vub
Verm = OV Vis VA (1.2)
Vie Vis Vi

It describes the charged current transitions of the u, ¢, t quarks to d, s, b
and each matrix element represents the amplitude of a particular transition.
The CKM matrix can be parametrised by three Euler angles and one
irreducible complex phase, which opens to the possibility of the Charge and
Parity (CP) symmetry violation. Using a specific parametrisation of the
CKM matrix (the Wolfenstein one [9], which is also the most common), the
diagonal terms of the matrix are shown to be close to 1, while the off
diagonal ones scale down following the power of sinfc, which is the
Cabibbo angleE] [T0]. The transitions between quarks belonging to the same
generation are Cabibbo favoured, while the others are Cabibbo suppressed
or double-Cabibbo suppressed.

Although the SM is extremely successful in describing the experimental
results, it can not explain several phenomena such as the hierarchy problem
(about the number of fermion families and their mass differences), the
baryon asymmetry in the universe (excess of baryonic matter over
antimatter), the existence of the dark matter and energy, the neutrino

LFrom experimental measurements, the sine of the Cabibbo angle is estimated to be
sin ~ 0:23, explaining the quark mixing phenomenon in the simpli ed scenario of two
families.
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oscillations and their masses.

The Bellell experiment aims at performing precision measurements in the
flavour sector and to search for the physics BSM. In the context of a
B-factory, the 7 physics is a promising sector where a NP signal can be
discovered, since a large and background-clean data-set can be collected.

1.1.1 Neutrino oscillation phenomenon

The neutrino oscillation was predicted by Bruno Pontecorvo in 1957 and
experimentally observed for four different sources: solar[I1], atmospheric[12],
accelerator[13] and reactor[14]. Analogously to the quark sector, the neutrino
weak interaction (flavour) eigenstates ve, v , ¥ do not coincide with mass
ones vy, Uy, 3. The former can be expressed in terms of the latter through a
rotation defined by the unitary matrix PMNS (Pontecorvo, Maki, Nakagawa
and Sakata) [15], that provides the amplitude of each transformation:

1 O 10 1
Ve Uel Ue2 Ue3 n
@VA:@Ul U2 U3A'@V2A (13)
v U, U, Uj V3
I {Z }

PMNS matrix

Using a specific parameterization, the PMNS matrix can be expressed as:

o .
C12C13 _ S12€13 _ 513€
U = @ —512€23 — 012823813(_3' C12C23 — 8128238136'_ 523C13 A.
512523 — 0120238136' —C12523 — 8120238136' C23C13
(@) 1
1 0 0
@0 22 o A=
0 0 ¢ 32
0] 10 .10 1
1 0 0 C13 0 S13€ ! C12 S12 0
== @ 0 Co3 523 A@ 0 1 0 A@ —S12 C12 0 A.
0 —S823 (€23 —S13€ - 0 C13 0 0 1
(@) 1
1 0 0
@ ¢l 22 0o A cij = costhj , sij = sinbj (1.4)

0 0 €=
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The PMNS matrix is parametrised in terms of the three Euler rotation angles
(012, 23 and f13) and a complex phase (4) but in case v = v (Majorana
neutrinos) two additional phases have to be added (o and «a3). As of today,
there are no experimental measurements that can distinguish between the
Dirac or Majorana nature of neutrinos. The current best estimate for the
PMNS matrix elements [16], within a 3¢ interval, are shown below:

o 1
0.801 — 0.845 0.513 — 0.579 0.143 — 0.156
Us | = @0.233 — 0.507 0.461 — 0.694 0.631 — 0.778A (1.5)
0.261 — 0.526 0.471 — 0.701 0.611 — 0.761

The time evolution of a neutrino can be described by the following relation,
using the mass eigenstates:

(1)) = e 1E PO4(0)) (1.6)

where i identify the neutrino family, Ej is the corresponding energy, pj is the
three-dimensional momentum vector and 7 is the position vector. Assuming
that [pi| = pi > m; and p; ~ Ej = E, the neutrino energy Ej can be written
as: q 2 .

Ei= p2am?ep+ iy py i 1.7
i pi +m; p-+2pi + 5z (1.7)

and the neutrino wave function would become:

2 L

lvi(t ~ L)) = e "Mi2E [15(0)) (1.8)

where no phase factor was considered and ¢t ~ L is assumed (relativistic
neutrino condition with ¢ = 1). Then the oscillation phenomenon from
flavour o to 3 is expressed as:

Plv =sv)=|vlv @)= U,U;e ™= (1.9)

This formulation can be simplified, for a two-flavour scheme for which U is
a 2x2 rotation matrix, with the following probability expression:

Amizj [eV?]

P(v — v ) =sin%(20) -sin® 1.27- EMev] [m]

(1.10)
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where 6 is the mixing angle between the two flavour considered, L is the
distance between the point of production and detection of neutrinos, while
Amij = mj — mj is the mass difference of the two neutrinos involved in
the oscillation phenomenon. The oscillation length L°¢ can be derived from

Eq1.10[ to be:
ATE

2
Amgj

L% = (1.11)
In order to be sensitive to a specific Amizj the experiments have to be made
with E/L ~ Amf. In fact, having F/L >> Am§ means that there is not
enough time for the oscillation to occur, since sin? zij << 1. Instead, if
E/L << Amizj the oscillating phase is averaged to <sin?6j;>= 1/2, making
the effect not visible. The observation of the oscillation implies that the
mixing phenomenon occurs (6 # 0) and the neutrino mass differences is
different from zero, meaning that at least two out of three neutrino families
are massive.

The experimental measurements of the mass differences in the three-flavour
scheme, performed for different E/L ratios and from different sources [9],
give the following results:

Amj; = 7.39%525 - 10 SeV/?
(112
|Am§2| - 2449 003 . 10 3€V2
Note that the uncertainties on these measurements are large but were
improved a lot in the past years (see [I6] for more details).

1.1.2 Charged Lepton Flavour Violation

Leptonic mixing and massive neutrinos play a crucial role in the searches of
NP signals among many sectors like the Charged Lepton Flavour Violation
(CLFV): it describes the transitions between e, p and 7 that do not
conserve the lepton family number. There are several extensions of the SM
that take into account such processes and the most minimal one consists in
the addition of right-handed neutrinos, so that lepton number is conserved.
With these considerations, individual lepton numbers are violated and
accounted by the PMNS matrix, while CLFV transitions like
T — u p i can occur. However, the decay rates are predicted to be very
small and far away from the experimental sensitivities. Therefore, the
observation of a CLFV process would imply the existence of NP.

This section introduces the theoretical mechanisms and motivations for
the CLFV search for the 7 — p p p decay.
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1.1.21 I in the Standard Model

The neutral lepton avour violation is already observed within the SM in
the neutrino oscillation, implying that it has to occur in the charged sector
as well. In the SM, the majority of the CLFV processes, such as! e ,

I 3, ! 3e involve loops, as shown in Fig. 1.2 for the !
case. The oscillation of the neutrinos within the decay vertex dimension has
a very tiny probability to occur, making the Branching Fractions (BF) of
these processes very small.

Figure 1.2: Penguin diagrams for ! in the SM. Neutrino
oscillation is needed to conserve the leptonic avou.

The amplitude of each penguin diagrams is proportional to the PMNS matrix
elements productU;; U,; and has a kinematic dependence expressed as:

m . m?

f — =1+c¢c —- 1.13
— 2 (1.13)
wherec is the expansion factorm? is the neutrino square mass di erences

and mj, is the W boson squared mass. The sum over all neutrino generations

gives the following estimate of the amplitude (A) [17]:

S m?
A/ U;U, 1+c —-
i=1 Miy
X3 X3 m2
= U;u,; + U;U, 1+c —- <10 (1.14)
i=1 i=1 W

The rst sum is null due to the unitarity of the PMNS matrix while the second
one is suppressed due to the mass ratio, even if the order of magnitude of

3Note that the neutrino mass eigenstates ; do not oscillate, but the interference of
diagrams with di erent mass eigenstates produces the ! avour oscillation.
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the U matrix elements is the unit. The very small value ofA prevents any
observation of CLFV given the achievable existing experimental sensitivities,
unless phenomena BSM occur.

1.1.2.2 ! in New Physics Model

The possibility of the existence of CLFV comes from the introduction of
new theoretical frameworks that could explain the limitations of the SM.
Measuring an upper limit on the BF of several decays can constraint the
parameter space of the NP models, or even exclude them completely. On
the other hand, the observation of a CLFV signal would prove the existence
of a new e ect.

It is preferable to search for a CLFV process in the third lepton generation
instead of in the other two, lighter generations, due to the mass dependence
of several NP model couplings. Moreover, di erently from the and the e,
the lepton can decay to both quarks and leptons giving the possibility to
access a larger number of decay modes, that can be enhanced by NP
models and studied experimentally.

The prediction of several models BSM can be investigated by the current
and future experiment sensitivities, such aBellell. Some of the models are
based on the Supersymmetry (SUSY)[18] which introduces a symmetry
between bosons and fermions. The Minimal Supersymmetric Standard
Model (MSSM) includes the SUSY and contains both the SM particles and
their supersymmetric partners.

In Tab. 1.1 a summary of the NP model predictions is reported. For more
details on the theoretical frameworks see [1].

Table 1.1: Summary table of the upper limits on the ! BF for
di erent NP theoretical frameworks.

NP model BF limit for !
Littlest Higgs with T-parity[19] 10 8
R-parity violating SUSY[20] 10 8
Non-universalZ 921] 10 8
MSSM + seesaw[22][23] 10 °
SUSY SO(10)[24] 10 10
SUSY Higgs|[25] 10 10
SM + heavy Majorana [26] 10 0
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In the following, a brief explanation of the models with the highest BF
predictions is given.

1.1.2.21 MSSM + seesaw The SM does not explain the di erences
between the masses of neutrinos and charged leptons, generated by the
couplings with the Higgs eld. The "seesaw mechanism" gives an
explanation for the relative sizes of the neutrino masses in the SM by the
introduction of additional right-handed sterile neutrinos (9, assumed to be
Majorana particles with masses of the order of 1 TeV. Together with the
sterile neutrinos also new boson mediators ¥and Z° are introduced and
used in the MSSM to give mass to sterile neutrinos.

An example of the Feynman diagram that contributes to the !

channel is shown in Fig.1.3, where H and A represent additional Higgs
introduced in the MSSM while ~(I) is the supersymmetric partner of the
neutrinos (leptons) provided by the SUSY theory.

Figure 1.3: Feynman diagrams for the ! in the SUSY+seesaw
model[1].

Considering the MSSM+seesaw model validity, a prediction of the
branching ratio of the ! decay, for speci ¢ assumptions on the
parameters of the model, is:

BF( ! y' 101 —— (1.15)

where mp is the mass of a new Higgs introduced by the MSSM, while

is de ned as the ratio between the two Higgs vacuum expectation values
V4 =Va. A detailed description of the calculations that lead to this estimation
is available at [23].
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1.1.2.2.2 Littlest Higgs with T-parity  Little Higgs (LH) models are
recently proposed as a solution to the "Little Hierarchy problem* by
causing the electroweak symmetry breaking and introducing new particles
such asWy and Z,, mediators and the heavy neutrino . These models
require also that the SM Higgs boson is a pseudo-Goldstone boson[29][30],
preventing quadratic divergent contributions at one-loop level. If these
corrections appear in tow-loop diagrams, a Higgs mass ofl0 TeV is
expected and some ne-tuning of the framework is needed[31]. Pparity
symmetry[19] can be added to this framework at the TeV scale, seeking to
act only on the new particles and leaving the tree-level corrections
untouched. This symmetry is needed to avoid problems related to the
anomalous coupling introduced by the additional particles. Therefore, tree
level contributions are forbidden by the model, but additional loop
diagrams for T-odd particles are allowed. In Fig. 1.4 examples of the
Feynman diagrams are displayed.

Figure 1.4: Feynman diagrams for the ! decay enhanced in the
Littlest Higgs model with T{parity[1].

1.1.2.2.3 R-parity violating SUSY With the introduction of
additional particles and interactions provided by the SUSY, the baryon
number and the lepton number can be violated The R-parity is a discrete
symmetry introduced to avoid having those violations occurring within the
SUSY theoretical framework.

4Several models BSM attempt to explain the reason for the GeV scale attributed to
the Higgs boson mass, with the addition of new particles at the TeV scale [27]. Precision
measurements found no NP evidence for masses below 7 TeV[28]. This produced the
so-called "Little Hierarchy problem".

SExperimentally, the conservation of these quantities was tested to high levels of
precision thus theory usually do not want to accept such violations.
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R-parity variable (Ry) is +1 for SM particles (R-even) and -1 for the SUSY
ones R-odd) and it is de ned as:

R=3B+L+2S (1.16)

where B is the baryon number, L the lepton number and S the spin. The
R-parity conservation assures the stability of the lightest supersymmetric
particle of the model: it also allows to have a good dark matter candidate
but it can be violated in several cases[20]. In such violation contexts, the

! decay can be mediated by the exchange of a as shown in
Fig. 1.5.

Figure 1.5: Feynman diagrams of ! decay in the R-parity
violation model. Here the interaction is mediated by a sneutrino, the
supersymmetric partner of the SM neutrino. [1]

1.1.2.2.4 Non-universal Z° The existence of an extra gauge bosorf Z
is introduced in several extensions of the SM and it is a good candidate to
explain some tensions observed in the quark sector. The Topcolor-assisted
technicolor (TC2) model [21] introduces a new set of particles including the
top{pion ; [32] and a non-universal ¥ boson, that can give signi cant
contributions to Flavour Changing Neutral Currents (FCNC) processes.
Typically, these models predict large couplings to the third generation
leptons that are mediated by the 2 The Feynman diagrams allowed by
those models, contributing to ! , are displayed in Fig. 1.6.
Here, two extreme cases, where either one of the two particles betweéh Z
and  dominates the decay, are considered.

The predicted BF is proportional to m%, and, for a mass of 1 TeV, the
upper limit on the ! BF is 410 &.
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Figure 1.6: Feynman diagrams of the ! decay in the TC2
framework [1].

1.2 Experimental status of Lepton Flavour
Violation in ! transitions

Several experiments searched for CLFV decays but, so far, there are no
experimental evidences. In Fig. 1.7 a history graph of the experimental

limits, measured by the main experiments of the past [33], shows that the

rst studies started in the %0s.

Figure 1.7: Summary of the experimental measurements for several CLFV
channels. The most sensitive ! transition results come from BaBar
(empty blue triangle shape) and Belle (full blue diamond shape) [2].
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The experiments that investigated the ! e transitions were made for
that purpose only and managed to probe BF values down to10 4, due to
very clean environments. For the ! transitions there is no dedicated

experiment since taus are very di cult to manage due to their very small
lifetime: 2.910 3 s. Moreover, the lepton is the only one that can decay
hadronically, making the reconstruction process harder with respect to the
lighter leptons. For this reasons, large experiments, like the ones at the
B-factories, are the most indicated to perform CLFV measurements in the
sector.

In Fig. 1.8 the limits on the BF of many decay channels are reported for
several experiments, showing that th&" e colliders are the most suitable
for this purpose.

Figure 1.8: Summary of the upper limits on BF for several LFV channels for
the CLEO (pink), BaBar (blue), Belle (red) and LHCb (black) experiments,
at 90% C.L. [3].

The best results are achieved at the Belle and BaBar experiments that relied
on a data-set corresponding to 782 fi3 and 486 fb 1, respectively. Focusing

on the ! decay channel, they measured an upper limit on the
BF at 90% C.L. of:
BaBar[34] :BF ( ! )< 33 108 (1.17)
Belle[35] :BF (! y<21 108 (1.18)

These limits were extracted considering a signal e ciency of 6.6% and 7.6%
with O observed events. These results will be compared with the outcome of
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the work discussed in this thesis. In the specic case of the !

decay, the LHCb experiment provided a result[36] comparable with the best
estimates. The presence of three muons in the nal state allow the well
performing LHCb trigger system to reject the major sources of backgrounds.
Moreover, having three charged tracks coming from the same together
with a large CMS boost, give major advantages to this speci ¢ search, unlike
for the other analyses.

1.2.1 Experimental challenges and advantages for the
! search at Bellell

Experiments at the B-factories like Bellell have large advantages in
searches (see Chap. 2 Sec. 2.1.2). In particular for the ! case,
the well de ned energy of the initial state can be exploited to measure the
mass and the energy of the taus in an accurate way. This is a crucial aspect
in the selection of such a decay since the absence of missing energy,
di erently from any other SM  processes, helps in having a clear signature.
Moreover, the background "free" environment provided by the B-factory
allows to reconstruct almost all particles in the events in an e cient way.

In addition, having very few SM processes that can mimic the NP one is
favouring this decay signature on the other ones. For this reason the
! , together with ! , Is considered a LFV golden
channel although the BF estimations are smaller. In Fig. 1.9 a scheme
indicating the background rejection diculties is shown for several

channels.

Figure 1.9: Scheme of the di culty in background rejection, at analysis level,
for several LFV channels in sector.

The disadvantage of having three muons in the nal state concerns the
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large contributions of ! mis-identi cation rate that is an almost
irreducible source (see Chap. 3, Sec.3.3 for more details). This problem can
be partially overcome with a well performing muon identi cation system.
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Chapter 2

The Bellell experiment

The Bellell experiment [37] represents the rst experiment of a new
generation. It operates at thee*e collider SuperKEKB in Tsukuba
(Japan) at the KEK laboratory. Bellell and SuperKEKB are upgrades of
the Belle experiment and the KEKB accelerator, which ran from 1999 to
2010. The SuperKEKB accelerator is planned to reach an instantaneous
luminosity of L' 6 10°®°cm 2s ! (recently updated value), about 50 times
more than KEKB. This large improvement will be accomplished not only
increasing the circulating currents, but also employing the nano-beam
scheme, which was initially proposed for the SuperB project by P.Raimondi
[38], [39]. While the goal of the rst generation B-factories (Belle at KEKB,
KEK and BaBar at PEP-II, SLAC) was the discovery of CP violation in
the B mesons and the measurement of the unitarity triangle parameters,
the Bellell main focus is the investigation of physics BSM via the precise
measurement of SM parameters like CP asymmetries, as well as the
observation of rare or forbidden decays.

In this chapter, a description of the accelerator machine and detector
components is given. Additional information can be found in [37], [40].

2.1 The accelerator SuperKEKB

The SuperKEKB is the accelerator machine with the highest instantaneous
luminosity ever built. It was thought speci cally for the Bellell experiment
and is placed in the same tunnel of its predecessor KEKB. SuperKEKB uses
asymmetrice” ande beams of, respectively, 4 GeV and 7 GeV of energy. It
operates at a Center of Mass (CM) energy of 10.58 Ge\f/qust at the (4S)
mass resonance. The energy asymmetry of the beams results in a Lorentz
boost of the laboratory system with respect to the center of mass system of

19
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(4S). This boost is represented by a factor of:

_ Pe N F)e" ' ,.l\Ee Ee*
s ==

' 0:28: (2.1)

The CM boost allows to amplify and resolve the decay vertex positions of
the B mesons coming from (4S). Considering theBellell boost, the ight
distance of the B mesons is 130 m that can be resolved with the high
resolution achieved by theBellell vertex detectors. The boost was reduced
with respect to the one used in KEKB ( =0.42) in order to cope with the
increase of instantaneous luminosity.

The electron beam of SuperKEKB is produced in the pre-injector
accelerator through the interaction of a pulsed laser with a cathode. Then
electrons are accelerated with a linear accelerator (Linac) up to 7 GeV. A
part of these electrons are used to produce positrons through the
interaction with a tungsten target located in the middle of the Linac
accelerator. Thesee" are injected into a Damping Ring (DR) in order to
reduce the beam emittance to the level needed for high luminosity
operations.  After this process, positrons are accelerated using the
remaining half part of the Linac, up to 4 GeV. At the nal acceleration
stage, electrons are injected into the High Energy Ring (HER) while
positrons into the Low Energy Ring (LER). The collisions take place at a
speci ed Interaction Point (IP) or Interaction Region (IR). A schematic
view of the acceleration processes is shown in gure 2.1.

The beams are not perfectly head-on, in fact they have a crossing angle of
2 = 83 mrad, which is about 4 times larger than KEKB. This value is
chosen mainly by considerations related to the optics of the beams: with a
large crossing angle, the nal focus quadrupole magnets can be independent
for the two beams and they can be placed closer to the IP.

SuperKEKB successfully operated since 2016 following 3 dierent
data-taking periods:

Phase 1: 2016 commissioning run meant to estimate the
beam-induced background (no collisions happening), with no nal
focus magnets installed. Measurements were performed with a suite
of dedicated detectors, collectively known as BEAST Il [41].

Phase 2: 2018 run used mostly for commissioning studies. The detector
installed was not complete since only a part of the Vertex Detector
was in place. During this data-taking period theBellell collaboration
collected 496 pb * with which two physics results were published (see
[42],[43] for more details).
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Phase 3: since March 2018ellell is taking data with the complete
detector installed, reaching the highest instantaneous luminosity ever
achieved up to now at a B-factory:L=2.4 10**cm ? s L.

Figure 2.1: SuperKEKB accelerator system, from the production of the
beams to the collisions at the IP.

2.1.1 Nano-beam scheme

The Bellell experiment is able to reach a high luminosity thanks to the
new idea of the nano-beam scheme which consists in the minimization of
the transversal dimensions of the colliding beams. The idea is to minimise,
as much as possible, the betatron function,, that represents the transverse
spread of the particles circulating in the collider with respect to their nominal
trajectory. This is possible by reducing the overlap region of the beams
d = (see Fig. 2.2), where , is the y dimension of the bunch at the
IP. This will be reduced of a factor 20 with respect to KEKB, down to 50
nm. The reduced value of the overlap region represents a lower bound fgr
that can be expected to be squeezed to ,= p;, !, avoiding the hourglass

1The Piwinski angle pjyy is dened as x ,=, 20, where 4 is the half horizontal
crossing angle. The longitudinal size of the overlap between colliding bunches decreases
by the Piwinski angle as ;= pjy , Which is much shorter than the bunch length .
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e ect.

Figure 2.2. Schematic view of the nano-beam scheme adoptedBsilell .

The luminosity of the accelerator machine is expressed as follows:

R

X y y

L= 1+~

= 2.2
2ere (2:2)

wherere, eand are respectively the electron classical radius, the elementary
electric charge and the Lorentz factor. The signs distinguish the positron
(+) from the electron (-) and the ratio between the parameterR; andR |
represents a geometrical reduction factor, that takes into account the crossing
angle. The overall value of these parameters is around 1 so the luminosity
mainly depends on the remaining parameters: the total beam current (),
the vertical beam-beam parameter (, ) and the vertical beta function at
the IP (, ). A comparison between KEKB and SuperKEKB parameters is
shown in Fig. 2.3.

Figure 2.3: Overview of the SuperKEKB and KEKB parameters [4],[5]. The
comparison shows how the nano-beam scheme improves the luminosity.

The Bellell experiment is expected to collect data for a total integrated
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luminosity of 50 ab ! before 2031 and, as of now, the collected integrated
luminosity is  75fb 1. The luminosity pro le of SuperKEKB is reported in
gure 2.4.

Figure 2.4: Luminosity pro le of the SuperKEKB collider.

2.1.2 Particle production and environment advantages

The primary aim of SuperKEKB is the production of beauty hadrons. They
can be largely generated by B-factories and hadronic machines (like the
LHC), but the advantage of a B-factory is the extremely clean environment
and a well known initial CM energy, at the expense of large cross sections
and wide spectrum of beauty hadron production. The knowledge of the
initial state allows to constraint the reconstruction of nal state candidates,
which is a powerful tool to further suppress background contributions.
SuperKEKB runs at a CM energy of the (4S) resonance, a bound state of
b and b quarks (bottomonium) which mainly decays to BB pairs. These are
produced almost at rest in the CM frame since the B mass is 5.279 GeV/c
SuperKEKB will allow to collect about 5510° BB pairs at full luminosity,
giving huge advantages in avour physics with respect to other statistically
limited experiments like BES 1l [44] at Beijing Electron{Positron Collider

I (BEPC Il). The huge amount of e€"e collisions features a unique
environment also for electroweak and QED studies. About 4B” of both
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and pairs are expected in the full data-set, giving the possibility to
investigate a large amount of processes with high precision. In particular
for  sector, it is convenient to search for new physics because of the
well-understood mechanisms that govern its production and decay. The
Bellell experiment is particularly suited to study physics due to the clean
environment and the usage of an hermetic detector: this allows to well
reconstruct decays involving neutrinos in the nal state, which are very
di cult to manage at hadron colliders. As a consequence, the searches of
processes with very small BF and the investigation of LFV decays, such as
the ! , are very convenient.

The total production cross sections for various physics processesBallell
[45] are shown in Tab. 2.1.

Table 2.1: Summary of the main production cross sections 8ellell .
Process| Cross section (nb)

(4S) 1.05
uu 1.61
dd 0.4
cc 1.30
SS 0.38
* 0.92
* 1.16
ee 40

2.2 The Bellell detector

In order to take advantage of the high luminosity provided by the
SuperKEKB machine, the Bellell detector [40] needs to perform
accordingly. Although the background contributions are expected to be 40
times higher than the ones in Belle, theéBellell detector aims to obtain at
least the same performances achieved by its predecessor. The detector,
from the innermost to the outermost part, is composed by the following
sub-detectors:

VerteX Detector (VXD): it is composed by a PiXel vertex Detector
(PXD), a completely new silicon detector made of 2 layers of pixel
sensors, and a Silicon-strip Vertex Detector (SVD), made of 4 layers of
Double-sided Silicon Strip detector;
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Central Drift Chamber (CDC): wire chamber lled by a helium-ethane
gas mixture, with the purpose of tracking charged particles together
with the VXD;

Particles IDenti cation (PID) system: it is composed by 2
Cherenkov-based detectors. A Time-Of-Propagation counter (TOP),
made of quartz bars and located in the barrel region, and an Aerogel
Ring-Imaging Cherenkov detector (ARICH), made of aerogel and
located in the forward region;

ELectromagnetic Calorimeter (ECL): it is made of CsI(T) truncated
pyramid crystals providing 16.XX;

Superconductive solenoid: it provides an homogeneous magnetic eld
of 1.5 T along the direction of the beams;

K ? and Muon (KLM): it is made of Resistive Plate Chambers (RPCs)
and/or scintillators as active materials, alternated with iron plates as
the absorber. The iron is also devoted to the return yoke of the
magnetic eld.

An overview of the wholeBellell detector is given in gures 2.5 and 2.6.

Figure 2.5: 3-D picture of theBellell detector and its components.
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Figure 2.6: Detailed view of the geometry and components of tiellell
detector.
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2.2.1 Pixel vertex detector

The pixel vertex detector consists in two layers of pixel sensors based on
DEPIleted Field-E ect Transistor (DEPFET) technology, covering a polar
angular acceptance from 17to 155. In order to cope with the high
background rate it is crucial to use a pixel technology close to the IP. The
layers are placed respectively at 1.4 cm and 2.2 cm radially. The dimension
of the single pixel is 50x50-55m for the innermost layers and 50x70-85m
for the outermost ones. The readout electronics is moved outside the
acceptance region to reduce the material budget (below 0.2%, Xor each
layer) so to minimize multiple scattering. The hit resolution is of the order
of 10 m.

A schematic representation of the pixel detector is shown in gure 2.7
(left).

Figure 2.7: Schematic view of the PXD (left) and SVD (right) detectors.

2.2.2 Silicon-strip vertex detector

The SVD consists in four layers of Double-sided Silicon Strip Detectors
(DSSDs) with an asymmetric polar angular acceptance that goes from 17
to 150 .

The four layers are made of several ladders composed by a di erent number
of DSSD of distinct shapes (as shown in Fig. 2.7, right). An innovative
technique, implemented to simplify the cooling system and reduce
connections, is called the Origami chip-on-sensor. It uses a exible kapton
layer wrapped around the sensors that connects the two sides to the read
out board. The average e ciency of hit reconstruction is found to be above
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99.5%, while the hit resolution is 11 m in the r- directionand 30 m
in the z direction.

The combination of the PXD and SVD provides excellent vertex resolution
as well as the reconstruction of low momentum tracks that do not reach the
CDC.

2.2.3 Central Drift Chamber

The central drift chamber of Bellell is intended to measure the charged
particle momentum. It provides information about the particle
identi cation by measuring the energy loss and contributes deeply to the
trigger decisions. The CDC is a large gaseous detector (50 % He, 50 %
C2H6) composed by 56 cylindrical layers of wires, divided into 9
super-layers. The super-layers alternate between stereo and axial layers.
The CDC polar angular coverage goes from 170 150 while radially it is
placed between 16 cm and 113 cm.
The CDC structure is closed by two carbon cylinder and 2 aluminium
end-plates. The two aluminium end-plates have complex conical shapes to
limit occupancy, mostly from Bhabha scattering in the forward direction,
and to maximize acceptance. The front-end electronic is located near the
backward end-plate and it uses an Application-Speci ¢ Integrated Circuit
(ASIC) chip that incorporates an ampli er, a shaper, and a discriminator.
The readout system handles high trigger rates with less dead time, with
respect to the corresponding readout system of Belle.
The CDC provides a position resolution of 2 mminzand 100 m inr
while the resolution on the energy loss is 12% for incoming particles at
=90 .

2.2.4 Particles identi cation system

The Bellell PID system is composed by the TOP and the ARICH
sub-detectors. They are described separately below.

2.2.4.1 Time-Of-Propagation counter

The TOP detector consists in 16 quartz bars placed between the CDC
outermost cylinder and the ECL. A module is identied as 2 bars glued
together, with a total length of 2500 mm and a transverse area of 44X20
mm?.

TOP measures the time of propagation of the Cherenkov photons internally
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re ected in the quartz bars. A mirror is placed at the forward end of the
quartz bars, in order to re ect photons, while at the backward end is an
array of Micro-Channel Plate (MPC) PMTs that measure the x position
and the precise time of arrival of incident photons (Fig. 2.8).

Figure 2.8: Design of a TOP quartz bar and propagation of the photons
towards the MPC-PMTs.

By using the combined information of the arriving position and time of the

tracks, provided by the tracking detectors, it is possible to extract the

Cherenkov angle . Consequently the velocity within the quartz bar can

be estimated and the likelihoods for di erent mass hypothesis extracted. A
schematic gure representing the working principle of TOP is shown in Fig.
2.9).

Figure 2.9: Representation of the total internal re ection of Cherenkov
photons produced by kaons and pions inside a TOP quartz bar.

The MCP-PMTs have excellent timing and gain performance: the transit
time spread is around 30 ps and the gain is 10° for single photo-electrons.
The charge deposited on a MCP-PMT is converted to a waveform that will
be used to determine the photon detection time, with a resolution of 50 ps.
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2.2.4.2 Aerogel Ring-Imaging Cherenkov detector

The ARICH detector is placed in the forward endcap and it is composed by
4 main elements (see Fig. 2.10) each with speci c aims:

Silica aerogel Cherenkov radiator: the charged particles pass through
the aerogel generating Cherenkov photons. This radiator is highly
transparent in order to avoid the absorption and scattering of the
generated photons;

Expansion volume of 20 cm: the Cherenkov light originated in the
aerogel radiator propagates through this volume so that photons can
be well distinguished at the adjacent photon detector;

Photon detector: it consists of an array of Hybrid Avalance
Photo-Detector (HAPD), each made of Avalance Photo-Diode (APD)
sensors. The latter provide measurement of the position when at least
10 photons are detected, in order to ensure high precision.

Readout system: it is able to readout 80000 channels from the photon
detector using ASIC chips.

Figure 2.10: Schematic view of the main components and the working
principle of the ARICH detector.
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The resolution of a RICH counter is de ned as yack = O:p N whereN

is the number of photons detected while ;=14.3 mrad is the single photon
resolution. The value ofN increases with the aerogel radiator thickness
together with the uncertainty on the emission point of the radiation. The
Bellell ARICH detector uses a non-homogeneous aerogel radiator with two
layers of di erent refractive indices: n;=1.046 and n,= 1.056. This ensures
a better focus of the Cherenkov rings thus a better measurement of the
radius. The resolution is found to be 4,k ' 4.5 mrad, assuming 12.7 photons
detected per charged track in average.

2.2.5 Electromagnetic calorimeter

The ECL aims to detect photons over a wide energy range (from 20 MeV to
7 GeV) and to determine their energies and positions. It is also intended to
identify electrons and to provideK ? identi cation together with the KLM.
Moreover ECL is used in several trigger decisions and in the measurement
of the instantaneous machine luminosity. TheBellell calorimeter is the
upgrade version of the Belle one. It uses the same crystals and a new
readout electronics system to cope with increased background conditions.
The barrel section is 3 m long, with an inner radius of 1.25 m and a polar
angular acceptance that goes from 32.20to 128.70. Including the
endcaps, the acceptance is enlarged and goes from 1210155.03. The
total structure is made of 8736 CsI(T) crystals of truncated pyramid shape,
with an average size about 6x6 cfin cross section and 30 cm in length,
corresponding to about 16X,.

The scintillation light is detected by two 10x20 mn? photo-diodes, glued to
the rear surface of each crystal. These are equipped with
wave-form-sampling readout electronics to cope with a large pile-up noise
and a high background environment. A LED is also used to inject light
pulses into the crystal volume to monitor its optical behaviour. A
pre-ampli er is attached to each photo-diode, providing two independent
output signals from the crystals.

The intrinsic energy resolution g of the calorimeter can be approximated

as:
S

0:066% >  0:81% 2
= + _947

_E 240
: = + (1:34%Y 2.3)

where the energ)E is measured in GeV.
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2.2.6 K, and detector

The KLM detector is located outside the superconducting solenoid and it
is meant to provide the Particle identi cation (PID) for particles with high
penetration power: and K.

Figure 2.11: KLM schematic composition.

It is divided into a barrel (BKLM) and an endcap region (EKLM) (see Fig.
2.11):

BKLM is composed of 16 sectors: 8 forward (BF) and 8 backward
(BB). Each sector has 15 layers equipped with Resistive Plate
Chambers (RPC), except for the rst innermost 2 which use
scintillators, alternated with 4.7 cm thick iron plates. The latter are
needed as magnetic ux return for the solenoid and provide 3.9
interaction lengths ( ), allowing hadronic showers oK °s. Each layer

is made of 2 planes of RPCs coupled together: these have
independent HV controls and orthogonal strips con guration. The
polar angle acceptance is within 37and 130 (see Fig. 2.12) .
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EKLM is composed of 8 sectors: 4 forward (EF) and 4 backward
(EB). Each sector includes 14 (12) layers in the forward (backward).
EKLM layers are made of 2 orthogonal scintillator planes, needed to
cope with the expected high background rate and mainly induced by
slow neutrons inBellell . The Belle experiment used only RPCs with
their long dead time. The polar angle acceptance goes from 18 47
and from 122 to 155 (see Fig. 2.12)

Figure 2.12: KLM geometrical scheme. The angular acceptance of each
sub-region is summarised at the bottom of the image.

The scintillator strips have a cross section of (7-10)x40 mm and a length of
2.8 m. They accommodate Wave Length Shifter (WLS) bers in the
center, in order to guide the light towards Silicon Photo Multiplier (SiPMs)
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