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Introduction

The goal of this thesis is the measurement of the branching fraction of the baryonic channel
B (EO)%ppﬁp using the full data set collected by the High Energy Physics experiment BABAR,
situated at PEP-II e*e™ collider, at SLAC National Laboratory (California), and its extrapola-
tion at Belle II, operating at SuperKEKB at KEK, in Tsukuba (Japan). This thesis also includes
the experimental activity performed at the High Technology Laboratories of INFN, Sezione di
Pisa, with the Pisa Silicon Vertex Detector (SVD) group of the Belle II collaboration.

In the field of the beauty physics, baryonic B meson decays are an important element for
better understanding the process of hadronization into baryons. Up to now, the discrepancy
between the inclusive branching fraction of all the B meson decay modes with at least a couple
of baryons in the final state, measured by ARGUS E] in 1992 to be 6.8 & 0.6%, and the sum
of exclusive baryonic channels, averaged on neutral and positive B mesons at less than 1%,
represents an open issue.

The analysis presented in this thesis studies the decays of 471 milions of B meson pairs
collected at the 77(4S5) peak during the decade of operation of BABAR. It aims at reconstructing
the neutral B meson decays to a pair of protons and a pair of antiprotons. The best candidate
reconstruction and the event selection have been optimized by studying the background and
signal distributions from official BABAR Monte Carlo samples. Different selection techniques
have been tested, based on cuts on the event variable distributions and on multivariate analysis
methods. To estimate the branching fraction, I start from the upper limit on BF(B® — Al ppp)

measured at BABAR to be 2.8 x 107 at a 90% confidence level. Scaling the result with the CKM
‘Vub|2
Ve |?

because of the lower proton mass with respect to the A, mass, the branching fraction estimate

factor

due to the b — wu transition, and including the phase space enlargement factor

for the decay mode B%(B0)—spppp is of 10~7.

This channel has a high reconstruction efficiency due to its distinct signature of four charged
tracks coming from the same vertex. Despite the limited contribution coming from this mode to
the inclusive baryonic branching fraction, it is helpuful for clarifying the strong mechanism of
baryon production and for providing experimental support to theoretical models. In the event
reconstruction, two kinematic variables are used: the beam energy substituted mass mpgg and
the energy difference AFE. The former is the B meson invariant mass where the reconstructed B
meson energy is replaced by the beam energy and the latter corresponds to the difference between

the B meson energy and the beam energy. These variables quantify the kinematic constraints

' ARGUS was an experiment ran at the electron-positron collider ring DORIS II at DESY, Hamburg, Germany.



2 Introduction

imposed by the experimental setup and they are used for identifying B meson candidates coming
from 7°(4S) decays. For a signal event, the mpg distribution is expected to peak at the B meson
invariant mass (5.279 GeV/c?), while AE peaks at zero.

The event selection has been finalized in two phases: a cut-based preselection, using kine-
matic cuts, the particle identification reponse for the tracks detected in the event, and the
probability of the common vertex fit, removes most part of combinatorial backgrounds. The
suppression of the remaining background is optimized by a Boosted Decision Tree (BDT) se-
lector. It exploits as input variables AFE, the angular distribution of the B meson candidate in
the 7°(4S) rest frame and event shape variables, which are powerful in the rejection of the back-
grounds coming from continuum events ete™— ¢ with q=u,d,s and eTe™— c¢, characterized
by a jet-like behaviour.

I compared Monte Carlo (MC) distributions with those obtained from the side band region
of on-peak data (mpgs< 5.27) and with the off-peak data collected at 40 MeV below the 7°(4S5)
energy threshold and therefore not containing any signal events. The extraction of the signal
yield consists of an unbinned extended maximum likelihood fit to the mgg distribution of on-
peak data, in the whole reconstruction range 5.2 < mps < 5.3 GeV/c?, after the event selection
application. I implemented Monte Carlo studies for modeling the background and signal MC
distributions of mgg. I set up toy MC studies in order to evaluate the bias on the signal yield
introduced by the fitting procedure.

From MC studies, the expected significance on the extracted signal yield (10 events with the
assumed branching fraction of 1077) is around 20 and the branching fraction upper limit at a
90% confidence level will be estimated.

In this thesis, no result from the fit to 7°(4S) on-peak data is going to be presented, since
the unblinding has not been approved yet. The signal window will remain blind until the end
of the analysis, in order to avoid any experimenter’s bias.

The measurement is mainly statistically limited at the BABAR data integrated luminosity. In
the last part of this thesis, the prospects for this measurement at Belle II will be extrapolated,
comparing the BABAR performance with the new detector which is being installed at SuperKEKB
factory. A factor 10 improvement in the statistical precision is expected at the Belle II design
integrated luminosity [ £dt =50 ab™!.

My involvement in Belle II experiment concerns also the detector construction activity per-
formed as a member of the SVD Pisa group, regarding the assembling and the electrical testing
of the forward and backward Double-sided Silicon Strip Detector modules used in the three
outer layers of the SVD. The SVD is an essential part of the tracking system at Belle II and its
efficiency and resolution determines the quality of the charged tracks reconstruction. I have per-
sonally contributed to the assembly and testing of the forward and backward modules performed

in the Pisa laboratory.



Chapter 1
Physics Motivation

The Standard Model (SM) of particle physics has been developed starting from 1970s as re-
sult of both experimental discoveries and theories of the previous decades and indicates that
matter is composed of structureless units (quarks and leptons) known as fundamental particles,
whose interactions are governed by four fundamental forces (electromagnetism, weak and strong
interactions, gravity). As a unified description of all those theories, it provides the best un-
derstanding of these particles and how three of the four fundamental forces (gravity excluded)
act on them. Up to now, it has explained almost all experimental results and predicted a large

variety of phenomena.

1.1 Brief summary of the Standard Model

Matter is composed of two basic blocks, both consisting in %—spin particles (in units of h)

and hence fermions obeying to the Fermi-Dirac statistics: leptons and quarks. Leptons denote
particles that, if charged, interact both electromagnetically and weakly, if neutral only weakly.
Quarks are the fermionic constituents of hadrons — and then nuclei — and they interact strongly,
weakly and electromagnetically.

Both leptons and quarks consist of six types of particles gathered into doublets, which give
rise to the three mass generations. The same structure is repeated for anti-particles. All stable
matter in the universe belongs to the first and lightest generation, while the heavier doublets
correspond to unstable particles which necessarily decay to the lighter generations. All doublets
have two components differing for one unit charge.

As regards the six types of quarks, known as flavours, they also present another property
corresponding to the strong charge, the colour. Three colours exist in the theory of strong
interaction, as described in the quantum chromodynamics (QCD). When the quarks combine to
form a meson (bound state of quark-antiquark) or a baryon (bound state of three quarks), they
must produce a colourless object, due to the colour-confinement principle.

In addition, the SM provides, for each force, carrier bosons responsible for the interactions
between matter particles. The interactions are interpreted in terms of the exchange of the

corrisponding boson, which for the three fundamental forces unified in the SM are:



4 Physics Motivation

1 st 2nd 3rd
(f 23 (1276 \( 11316 ) ( Mass: ev/c? )
213 213 213 : Charge
u 12 C 12 t 2| Spin
\_ W J\ charm J\ top J Name
( asm ([ osv N(C 426 \ ¢ ( o )
-13 S -1/3 -1/3 . g 0
12 12 12 . 1
\_ down ) \_strange ) kbottom Y, E \ gluon )
(osiim N osam (178G ) ( 0 \
-1 =1 -1 | 0
e 12 u 12 T 12 . y 1
\\electron J\_muon J\ tau ) E \_ photon
(20 fV ) (s ¢ (Cwae )
0 0 o +1
e 12 ﬂ 172 VT 12 W 1 Z

\ \eneutrinoj \U neutriny (neutrinOJ : \ W boson /) \ Z boson

—— | e

FERMIONS GAUGE BOSONS

9010§ JES[ONU FUONS

\eom; 21USLWOIIID

COJO} IBO[ONU YBOM

Figure 1.1: The Standard Model particles are shown. For each particle, mass, charge, spin and name
are given. All the fermions are gathered in the first, second and third column, representing the three mass
generations. Quarks are grouped in the first two rows. Their masses varies from a few MeV/c? (u,d) to
a hundred GeV/c? (t). In the third and fourth rows, the leptons doublets are shown, with masses going
from fractions of eV /c? to almost 2 GeV/c? (7). The fourth column contains the gauge bosons, the force
carrying particles of fundamental interactions. The Higgs boson is represented on the top right corner of
this chart.

e the gluons for strong interaction;

o the W1/~ Z9 for weak interaction;

e the photons for the electromagnetic interaction.

Finally, the graviton, a massless boson of spin s = 2 with no electrical charge, is predicted to be

the force-carrying particle for gravity, although it has not yet been found experimentally.

Two further ingredients are needed to describe the nature of the interactions and how par-
ticles acquire mass: local gauge invariance and the spontaneously symmetry breaking, whose
combined application requires the gauge vector bosons (W*, W, Z°) to acquire mass. This
phenomenon is known as the Higgs mechanism and the Higgs boson is the scalar field that

causes spontaneous breaking of the gauge symmetry[I].

The mathematical description of the SM is given by the gauge symmetry SU(3)c®SU(2)®
U(1)y, where the three terms correspond respectively to the colour symmetry for the QCD, the

weak isospin symmetry and the hypercharge symmetry for electromagnetism.

Figure [I.1] shows all the particles, fermions and bosons, mentioned above and reports also

their main properties (mass, charge, spin).
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1.2 The Cabibbo-Kobayashi-Maskawa matrix and its parame-

terization

The flavour transition between quarks are mediated by the weak interaction charged currents.
Transitions are allowed between up and down-type quarks, not only within the same doublets,
but also between different generations, even though the latter are suppressed. This suppression
was first explained by Cabibbo [2] with the principle of the quark mixing matrix describing the

rotation of the mass quark eigenstates (d, s) to the weak interaction eigenstates (d’, s'):

|d'"} = cosfc|d) + sinfcls) , (1.1)
|y = —sinOc|d) + cosOc|s) . (1.2)

Experimental observations allowed Cabibbo to estimate sin o ~ 0.23, which explains the
mixing in the scenario of 2 quark families. The extension to the three quark generations is
provided by the Kobayashi-Maskawa mechanism [3] which explains the source of C'P violation

in the SM. The mixing of the six known quarks is therefore described by a 3 x 3 unitary matrix:

Vud Vus Vub
Vekm = | Vg Ves Vi (1.3)
Via Vis Vw

The indices of each element V142 refer to the transition ¢ — ¢2. The Cabibbo-Kobayashi-
Maskawa matrix (CKM) is described by four free parameters: 3 mixing angles which are real
parameters and one irreducibile complex phase from which the CP violation arises. In the

standard parameterization the CKM matrix is:

c12€13 512€13 s1ze”"
_ i i
Vorkm = | —si2c03 — 12523513 c12C23 — S12523513€" $23C13 . (1.4)
i i
512823 — C12C23513€""  —C12523 — 512€23513€"0  €23C13

It is written as the composition of three rotations and its elements are given in terms of sine
(si7) and cosine (c¢;;) of the three mixing angles (6;;) and the complex phase 6. The Cabibbo 2 x2
matrix is embodied in the CKM extension and |V,s| = s12 = sinfc. Experimental observations
establish |V,;| = s13 ~ 1073, from which derives that c;3 is close to one. The four independent
parameters are 0 and |Vyp| = s13 ,|Ves| & s23 ,|Vus| = s12. The hierarchical trend of these angles
513 K S93 K S19 < 1 is highlighted by the Wolfenstein parameterization, which is an expansion
in terms of the small parameter A = 0.2272 + 0.0010 = s12. The CKM mixing matrix, in the

basis of the independent parameters (A4, A, p, ), becomes:

1—)\2)/2 A AX3(p —in)
Vorm = ) 1—\2/2 AN +00\Y . (1.5)
AN (1 — p—in) —AN? 1
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Figure 1.2: The normalized unitarity triangle in the (p,n) plane. The vertex A has coordinates (p, 7).

In this parameterization the C'P violation arises from the imaginary part 1 and the connection

between the two formalisms is given by the transformation rules:

Vs 2 _ Vel 5 30,1
S12 == , S =AN =\ , si3e =AXN(p+in)=Vy, (1.6)
V ‘Vud|2 + |Vus|2 ‘Vus‘ ub
and finally:
= 18 osd n= %13 Ging
523512 523512

The Wolfenstein parameterization underlines that the diagonal elements are close to one,
while mixing strenght is reduced for off-diagonal elements. These couplings are the explanation
for the favoured transitions within the same quarks doublet. The expansion until O(\?) for
the matrix element is meaningful, since the first corrections only occurs at O(A7) — O(A®) for

Vus 7‘/cb-

1.2.1 The unitarity triangle

The unitarity of CKM matrix is translated into relations between the rows and columns of the
matrix itself. In particular, for j # k the relations ), V;;V;; = 0 can be regarded as triangles
in the complex plane (p,n). They all have the same area which represents a measure of the

occuring C'P violation.

The most studied triangle is the one given by:
VuaVap + VeaVey + ViaVip = 0 . (1.7)

Dividing the above equation by V.4V one gets:

VuquIb Tia Via té
VeV, VeV,
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Figure 1.3: Constraints on the CKM parameterization in the p,7 plane; the results of most recent
extrapolations are shown.

known as the normalized unitarity triangle. Its representation is given in Figure|1.2
The normalized side of the triangle has vertices (0, 0) and (0, 1) in the (p,n) plane. The
remaining vertex has coordinates (p,7), with p = p(1 — A?/2) and 7 = n(1 — A?/2). The three

internal angles can also be defined as function of the CKM matrix elements:

Vi Vud ViyVia ViVea
_ u - _tb"ta = c . 1.9
ki IR L B I o

The CP-violating condition corresponds to 1 # 0 or equivalently to a non-vanishing area of

the unitarity triangle. An overview of the most recent experimental limits for pg,7 is given in

Figure [T.3]

1.3 Time-dependent C'P asymmetries

In nature, pairs of neutral mesons with exactly the same quantum numbers except for the
flavour are subject to oscillations of one particle in each other, due to the fact that mass
eigenstates do not correspond to the flavour ones. The time evolution of quantum-coeherent
pairs of neutral mesons, one the anti-particle of the other, induce the mizring phenomenon.
Experimental evidence of mixing have been found in three types of neutral meson systems:
K% DO BY.

A deeper understanding of the mixing of the B mesons is fundamental for the study of
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the time-dependent C' P asymmetries, whose measurement is one of the goal of the B Factories
(see Chapter [2)). For a full treatment of the topic, the reader may find interesting information
elsewhere [4]. A brief introduction to the physics underlying the method of the time-dependent

C P asymmetries measurement is given.

1.3.1 (P violation in B mesons phenomenology

The CP violation due to the CKM irreducible complex phase as established by the KM mecha-
nism becomes observable through interference effects. The simplest case is given by an amplitude

Ay consisting of two contributions:
A = M(f|01]B) + A2(f|O2|B) (1.10)

where \q 2 are the complex coupling constants for the two processes which causes the intial B
meson state | B) to decay to the final state | f). The interaction operators between the intial and
final states are O1, Oy. If one considers the C'P conjugate process B — f, the amplitude can be

written as

Aj = X{(fIO]IB) + 3(f103| B) (1.11)

Assuming C'P-invariance for the strong interactions involved in the matrix element, one can

write:
(flO}|B) = (f|01|B) (IO} B) = (£]02|B) (1.12)

end it can be shown that the C'P asymmetry Acp is proportional to both the weak phase
from the CKM matrix included in the coupling constants product and to the strong phase
appearing in the matrix element product, which derives form a difference in phase between the

two contributions involved in the amplitude:
(B~ f)-T(B~ f)
= f

ACP(B%f)EF(B_)f)jLF(

P > 2Im[A A Im[(f[O1]B)(f|O2| B)"] (1.13)

Considering decays into CP eigenstates for which is true that f = f, if one assumes to

| o

have as intial state a quantum-coeherent pair of neutral B mesons, as the colour-singlet B°B°
produced at the 77(45) resonance in a B Factory, their time evolution generates a phase difference
(AmAt) which acts in the same way as the above mentioned strong phase difference, allowing
to observe the C'P violation. In this case the time-dependent C'P asymmetry results from the
two contributions B — f and B — B — f.

One may separate three different sources of C' P violation in the SM:

e the C'P violation in the decays, also referred to as direct C'P violation; it occurs when the
rate for a process differs from the rate for its conjugate one, and therefore the amplitude

ratio gives |[As/A 7l # 1; it has a non-vanishing effect also in time-integrated measurement;

e the CP violation in the mixing, which happens when the coefficients of the two opposite
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flavoured neutral meson states, describing the rotated mass eigenstate, are not equal,
| Mmass) = p|M) +Q|M>7 and |p/q| # 1;

e the C'P violation in the interference between mixing and decay, also known as the mixing-
induced C' P violation. This is the case described above and exploited in the time-dependent

method for measuring C' P asymmetries.

CP violation was first observed in the neutral K system in 1964 by the Cronin and Fitch
experiment, which measured the CP violation in the K — K? mixing at the level 0.003. The CP
asymmetry in the BY — B? system was expected to be far larger, but the branching fractions of
the sensitive channels were the main limit for its experimental observation and for this reason the
B Factory concept was developed (Section . The measurements in the B sector, which confirm
the KM model, have been carried out at the B Factories, using the time-dependent method: it
is based on the measurement of the interference betwen conjugate decays to identical final CP-
eigenstates. In the golden channel B® — J/WK? it is proportional to the product of CKM matrix
element, V5,V ViqV};. The complex phase of this product, 3, corresponds to one of the internal
angles of the unitarity triangle and its measurement provides the C'P violation experimental
evidence. The phase difference is proportional to the decay time difference, which has to be
carefully measured, since time-integrated asymmetry vanishes. For this kind of measurement,
specific experimental requirements must be fulfilled, which are further discussed in the next

chapter.

1.4 Baryonic decays of the B meson

The large amount of B mesonsl] produced at the B Factories (see Chapter |2)) not only allows
to study C'P asymmetries and put constraints on the C'P violation predicted in the Standard
Model, but it also enables other kinds of New Physics searches, such as studies of the rare decays
of the B mesons. Among them, the baryonic decays of the B meson became very attractive in
the early 1990s, because of the baryons puzzle. It rose after the inclusiveﬂ measurement of the
branching fraction of charged and neutral B meson decaying to baryons, provided by Argus in
1992 [5]. They measured that the probability for finding baryons as final state of B meson decays
was 6.8+ 0.6%. This result has to be compared with the sum of all the exclusive baryonic modes
that have been measured since then: the average on BT, B, up to now, gives less then 1%.

A further motivation for studying baryonic decays comes from the large mass of the B
mesons, which allows a varied spectrum of baryons to be produced. Baryonic B decays are
the optimal place to search for exotic baryons production and at the same time investigate the
mechanism of hadronisation into baryons. Similarly to what happens with the jet fragmentation,
the production of a pair of baryon-antibaryon from a meson requires at least a pair of quark-

antiquark produced out of vacuum. So far, this process is only qualitatively understood and

LA quark-antiquark buond state containing the quark b (or b for B meson) and a light down-type (anti)quark.
2In experimental particle physics, inclusive means that the hadronic final state from the B meson decay is not
reconstructed in a specific channel.
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theoretical models — the QCD sum rule [6], the pole model and the pQCD approach [7] — need

validation and input from experimental results.

B mesons can only decay weakly and the size of the CKM matrix element V;,, whose module
is ten times the off-diagonal element V,;, makes the B — X transition the dominant process.
Most measured final states show at least a charmed meson among their final products. More-
over, charmless two-body baryonic decays haven’t been observed yet, while the first charmless
three-body decay was observed in BT — ppK™ [8]. This rare process highlighted two pecu-
liar features that have been repeatedly observed in several baryonic B decays: a peak in the
baryon-antibaryon mass distribution at low values, nearly at threshold, and the increasing of
the branching fraction with the final state multiplicity. In literature, they are usually referred
to as the threshold enhancement and the multiplicity effect [4, [9]. These peculiar aspects are
still something that has to be better understood and provide further motivations for the rare

baryonic B decay searches.

1.4.1 Baryonic hadronization in B-meson decays

The B meson decays proceed through the spectator quark tree diagrams involving the b — ¢
transition in almost 99% of the cases. The complexity of diagrams in the B meson decays
into baryons increases with the multiplicity of the final state and a full discussion of all the
contributions is beyond the scope of this thesis. The Feynman diagrams for the two most basic
processes involved are shown in Figure the b quark to c¢(u) transition with a W-emission,
and the quark-antiquark vacuum production. It can be shown that all contributing Feynman

diagrams can be divided into two classes [9]:

1. the meson-meson class; the B meson decay into a meson pair and one of the two mesons
decays again into a baryon-antibaryon pair, requiring the production of two pairs of quark-
antiquark from the vacuum. There is no colour suppression, as no colour-matching is
needed in this case to form a colourless baryon. Furthermore no hard gluons are required,
since momentum is carried away by the spectator meson. This should be the kind of

processes responsible for the threshold enhancement effect;

2. the diquark-antidiquark class; no intermediate meson state is produced and colour match-
ing with the quark-antiquark additional pairs is required in order to form colour-singlet
baryons. This configuration may explain the two-body final state suppression among the

baryonic B decay modes.

Models for a four-body decay of the B-meson into baryons have not been specifically de-
veloped. For larger multiplicities, subsequent decays of pseudo-mesons into baryon-antibaryon
pairs are considered, with additional quark-antiquark pairs produced by gluons annihilation out

of the vacuum.
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Figure 1.4: Main processes involved in B decays into baryons: the b quark transition to ¢,u with the
W-emission on the left and the quark-antiquark pairs production out of the vacuum on the right.

1.4.2 Phenomenological interpretation

An experimental fact is that two-body baryonic decays are largely suppressed (more than one
order of magnitude) with respect to three-body modes and observations confirm the general
trend of the branching fraction increase with larger multiplicities of the final state [9].

Always from experimental results, the threshold effect is mainly observed in charmless three-
body decays [§]. This effect might show a correlation with the b — w transition and it points

out that favored decays of the B meson to charmless baryons are those where:
e the baryon-antibaryon pair peaks at low invariant mass;
e the dibaryon couple is accompanied by a fast recoiling meson.

Several approches have been suggested for explaining these observations, but a clear understand-
ing of baryonic production from B mesons is still missing. Most of the proposed models rely
on the short-distance picture and on the explanation for the two-body suppression in terms of
hard and soft gluon production, as summarized in the two diagrams of Figure Roughly, the
interpretation for a baryon-antibaryon pair production in a two-body decay is that hard glouns
(highly off mass-shell) are required and since the decay amplitude can be written proportionally
to aus/q?, where o is the strong coupling constant and ¢? the transfered momentum carried by
glouns, these modes are highly suppressed (1/¢?).

On the other hand, having at least one recoiling meson allows a different configuration for the
decay topology (see diagram (b) in Figure[L.5), in which the baryon-antibaryon pair is emitted
collinearly against the meson and the gluon is now moving in the same direction of the quark-
antiquark pair, very close to its mass shell and therefore not suppressed by the short-distance
term. The soft gluon emission implies also that the dibaryon pair is produced near its mass
threshold. This is a possible explanation for the enhanced rate of higher multiplicity modes,

with relative low mass final state.

1.5 The B°(B%)—pppp decay

As a first test for the above mentioned interpretation, a search for the the decay B® — Al ppp
was performed by BABAR [10]. The motivation was to check if the reduced phase space factor
in the amplitude for 4 baryons production from a B meson decay could be compensated by the
threshold enhancement. No event was detected, however the analysis put an upper limit at a

90% confidence level to the branching fraction for the mentioned mode, 2.8 x 1076.



12 Physics Motivation

antibaryon p /ﬁ< q baryon

III. - L I.'
baryon 7 q
q H1E5010
|I|I
|I|I
q
antibaryon |
e )

Figure 1.5: Figure taken from The Physics at the B Factories [4]. The short-distance picture for
threshold enhancement and multiplicity effect explanation is shown in the two diagrams, respectively for
a two-body (a) and a three-body (b) baryonic decay.

The observation of the thershold effect seems to be related to the energy available in the
phase space for a given decay and experimental results might indicate that no enhancement has
been found with less than 200 MeV available.

These considerations lead to the idea of the measurement of the branching fraction of
Bo(go)%ppﬁﬁ decay. The baryonic decay that I am going to study in this thesis will provide
further experimental support for the interpretation of these peculiar features of the baryonic de-
cays. In fact, a non-vanishing rate for this mode might help in validating the phenomenological
explanation of the threshold enhancement and the related multiplicity effect.

In the remaining part of this chapter, starting from the previous analysis of the mode B° —
Arppp at BABAR, some general expectations on Bo(éo)—mpﬁﬁ are provided.

A comparison of the two modes is summarized in Table A rough estimate of the branch-
ing fraction expected for the channel BO(EO)—mpﬁﬁ can be derived, starting from the assump-

tions:

e the decay amplitude is proportional to the squared module of the CKM matrix element

involved in the flavour transition b — u;

e the phase space factor enters the decay amplitude as a function of the transfered momen-

tum, g;

Therefore the following contributions are evaluated:

3 |Lub|2 —2
[ ] ~Y M
the ratio e 1074

e the Q-values ratio QQ"& ~ 8.2;
Ac ppp

where the Q-value of a decay is defined as the difference between the mother particle mass
and the sum of the masses of the decay products, related to the maximum transfered momen-

tum in the kinematic of the decay. In light of these considerations, the branching fraction
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Mode ]
B — Alppp B°(B%)—pppp
Weak Interaction [11] b—c b—u
Vi = (41.1 £1.3) x 1073V = (4.1340.49) x 1073

Phase space Q y+ppp = 0.186 GeV/c? Qppip = 1.52 GeV /c?
(Qvalue)

Reconstruction e=3.5% e ~ 40%
efficiency

Table 1.1: Comparison between B° — AFppp and B°(B0)—pppp decays. The weak coupling, the
approximate phase space contribution and the reconstruction efficiency are listed for each decay mode.

BY(BO)—pppp ~ (B° — Afppp) - WVasl® Qs 10=7 can be estimated. The scaling factor

Veol? Q4 p0p
M relies on the assumed linearity of the phase space element with respect to the avail-
aglcemiﬁinetic energy (quantified by the Quaue): this approximation is introduced to estimate
the enlargement of the decay amplitude due to the lower masses of the final state particles
(m(A.) = 2286.46 MeV/c?, m(p) = 938.27 MeV /c? [I1]). This estimate is assumed as a work-
ing hypothesis throughout the rest of this thesis.

Moreover, from preliminary MC studies a factor 10 improvement is expected for the recon-
struction efficiency of the BY(B?)—pppp decay with respect to the B® — A} ppp mode, coming
from a good effciency for four charged track reconstruction at high momentum (1 GeV/c per
track), while the reconstruction of A. into the channel 7, p, K with BF of 5%, has an efficiency
of 3.5% as shown in the last row of Table As discussed in Chapter [7] after the final event
selection 10 signal events are expected in the BABAR data sample.

The measurement of the BO(B_O)%ppﬁﬁ decay will certainly not resolve the puzzle of the
inclusive baryonic B decay branching fraction, but it can provide useful insight in the still obscure
mechanisms of these transitions, and help improve the theoretical description. Moreover, it is
the first search for a baryonic channel with a 4-baryon final state, apart from the B® — Afppp

decay study, and it would be the first time this upper limit is measured.
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Chapter 2
Experiments at the B Factories

Before 1964, it was known that the fundamental symmetries of charge coniugation (C) and parity
(P) were individually violated by the weak interaction, but no evidence for a CP violation had
been found. The revolutionary result of the experiment by Cronin and Fitch on the neutral K
system provided the first experimental evidence that the laws of Nature are not the same for
matter and antimatter and CP symmetry is violated. In 1973 Kobayashi and Maskawa showed in
their paper that C'P violation could naturally arise in Standard Model thanks to the irreducible
complex phase in the weak interaction quark-flavor-mixing matrix, if only the quark flavors
were six [3]. At that time, only the three lightest quarks—u, d, s—were experimentally known.
By 1980, after the charm and beauty quark discovery, the Cabibbo-Kobayashi-Maskawa quark
flavor-mixing matrix was embodied in the Standard Model, providing predictions for the size
of C'P violation in the charm and beauty sectors. The CLEO experiment, situated at Cornell
(New York), performed measurements on data samples of a few tens of BB events; large C'P
violation was expected in neutral B meson decays to C'P eigenstates ( e.g., B — J/WK?), but
no evidence could be found due to a branching fraction lower than 0.1%.

Few years later, the measurement of the long B meson lifetime (1983, SLAC) and the first
observation of B meson oscillations (1987, ARGUS) confirmed that C'P violation could be suc-
cessfully tested in the B® — BO system. However, experiments could achieve such a goal only
with a large amount of B mesons. With this purpose in mind, the B Factory concept was born
and BABAR (1999-2008) and Belle (1999-2010) experiments were built [4]. Nowadays the Su-
perKEKB/Belle II upgrade program of the japanese B Factory represents the future of this kind
of experiments.

The main features of those detectors were dominated by the goal, measuring the CP asymme-
tries, exploiting the time-dependent method (see Section . In addition, they also performed
precise measurements of the CKM matrix elements and of several branching fractions of rare
B meson decays, enabling constraints on the Standard Model parameters to be set. These ex-
periments also allow the study of the charm and tau lepton physics, as well as two-photons
physics.

The concept of a B Factory is explained in Section[2.1} where the asymmetric energies method

for boosting the B mesons is described; general features of BB events are discussed and also



16 Experiments at the B Factories

kinematical variables implemented to reduce the backgrounds are defined.

Section focuses on the performance of the accelerators and the samples produced at the
B Factories. Integrated luminositites for each machine are given and the KEKB upgrade to a
Super Flavour Factory is illustrated.

An overview of the BABAR detector, which collected the data set used for the analysis pre-
sented in this thesis, is provided in Section The last part of this chapter (Section
illustrates the main picture for the future of the B Factories, represented by the Belle IT experi-
ment. A description of the detector is given. In the next chapter, my active contribution to the
Belle II experiment construction, as member of the Silicon Vertex Detector group in Pisa, will

be reported.

2.1 The B production at 7°(45)

B hadrons can be produced both in ete™ interactions and in hadronic interactions. While the b
hadron production at high energy (for instance in pp collisions at 13 TeV at LHC) offers a large
cross-section and a full spectrum for beauty mesons and baryons, electron-positron colliders
provide an extremely clean environment and a well known and coherent intial state.

The BABAR and Belle experiments were installed on the high luminosity eTe™ colliders PEP-
IT at SLAC, in California, and KEKB at KEK, in Tsukuba (Japan) and collected data for almost
a decade, starting from 1999 until 2008. Today, the future of the high-luminosity experiments
is represented by the upgraded accelerator SuperKEKB and the detector Belle II, installed at
KEK.

In order to have the large amount of BB mesons, these colliders operate at a centre-of-
mass (CM) energy of 10.58 GeV, corresponding to the invariant mass of the 7°(4S) resonance.
This resonance is a bound state of the beauty quark b and its antiparticle, the antiquark b
(bottomonium) with quantum number J¢F = 17=. The 7(4S) resonance is the first one of
the bottonium family above the threshold for B meson pair production and mainly decays to
neutral or charged BB pairs, roughly in the same proportion. Since the mass of the B meson
is 5.279 GeV/c? [I1], they are produced almost at rest in the CM frame and because of their
short lifetime (7 = 1.519 x 107!2 s [I1]), they travel a very reduced distance in the laboratory.
Therefore, the measurement of their decay vertices separation (~ 60 pm) would be hardly
achivable, given the state-of-the-art of vertex detectors. The original asymmetric B Factory
concept, which was proposed by P.Oddone in 1988 [12], uses different energies for the electron
and positron beams so that the 7°(4S5) acquires a boost in the laboratory frame and the decay
products are pushed forward in the direction of the electron beam. From the now measurable
decay lengths Az = fBvycr, proper decay times can be inferred. These machines also required
unprecedented luminosities, of order 1033 cm~2 s~!: this is why they were called factories.

B meson production at in eTe” interactions at the 7°(4S5) has several advantages: first of
all, the high signal-to-background ratio, oy;/0ror = 0.28. In Table the list of cross sections
for different processes taking place at the CM energy of 7' (4S5) resonance is shown. Second,

clean events with a higher mean charged multiplicity (~ 11) with respect to the backgrounds
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are expected, as shown in Figure The event rate (10 Hz) is also quite low and allows relative
simple trigger strategies. Another advantage at a B Factory is the hermeticity of the detector
and the feasibility of the neutral final state detection, where 7° and photons are involved. The
absence of fragmentation products and the kinematics of the 27°(4S) decay also reduces the
combinatorial backgrounds. In fact, the initial state and also the momentum magnitudes of B
mesons in the CM frame are completly known, allowing therefore to set kinematical constraints

on reconstructed candidates, which results in a very powerful tool for suppressing backgrounds.

e
)

é J BB
ete” — ‘ Cross-section (nb) ‘ 2025 8 qq continuum
) 1.05 - & ot
cé 1.30 < 02 W)
sS 0.35 o1s e (y)

Ul 1.39 =
dd 0.35 0.1

Trr= 0.94

M+ W 1.16 0.05 &%@
ete” ~ 40 .

o 2 4 6 8 10 12 14 16
. . Number of tracks
Table 2.1: Production cross-sections at

Vs =m(T(4S)) = 10.58 GeV /c. Figure 2.1: The number of charged tracks per event
is shown, for different processes. Histogram taken
from The physics at B Factories, Ch. 7, B-meson
reconstruction [4].

2.1.1 Kinematical constraints on BB events

The B Factory experimental setup imposes constraints which improves both the knowledge of
the B meson’s momentum and the discrimination between signal and background. In the centre
of mass (CM) frame, since the 7°(45) resonance decays in two same-mass particles, the energy

and the mass of a correctly reconstructed B meson candidate must satisfy:
E:ec = El;keam = \/g/2 Myec = MB (21)

where the * quantities refer to the CM frame, i.e. , the rest frame of 7°(4S), and /s is the
energy of the eTe™ system. From this consideration, two variables are introduced, known as
the energy difference AE and beam-energy substituted mass mpgg. In the 7°(4S5) rest frame, the

former is described by the following formula:
AE = EE - Ef:k)eam (22)

E% is the energy for the reconstructed B meson and Ef_,  is the beam energy. The resolution of

eam
AFE receives two contributions from the spread of the reconstructed B-meson energy and from the
the beam energy spread. Usually the first component, especially for those final states involving

photons, is the dominant one and it is related to the detector energy resolution. This variable
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is very slightly correlated to the beam-energy substituted mass, whose expression evaluated in
the 7°(4S) rest frame is:

mpgs = \/(Egeam)Z - |p_i3*‘2 (23)

where the [pp*| is the CM frame three-momentum of the B meson and the Ej, = corresponds
to the energy of beams in the CM frame, which replaces the B meson reconstructed energy. The

Lorentz invariant expression of mgg is given by:

mps =/ [(s/2+ 5 - 73)2/E?] — pb? (24)

where (E;,p;) and (Ep,pp) are the four-momenta of respectively the eTe™ system and the

reconstructed B candidate in the laboratory frame.

The uncertainty on this variable has contributions from opgr —and from (p5"/mg) oy,
Since B mesons are nearly at rest in the CM frame (pp*/mp = 0.06), the uncertainty is dom-
inated by the beam energy spread. The typical resolution is less than 4 MeV, when neutrals
are not involved in the final state, whereas AFE resolution depends on the analysed mode and it

goes from 30 MeV for low mass particles to ~10 MeV for heavier particles.

The two variables exploit complementary constraints from the event kinematics: mpgg is
independent on the mass hypothesis since it only implies three-momenta reconstruction, while
AFE relies on the energy of the reconstructed B meson, which needs both the momenta and the
mass assignments to be calculated. Assigning the wrong particle identity to a reconstructed
track (mis-identification) produces a shift in AE, but it should not affect mgg distribution:
further details on how they are used for rejecting backgrounds are provided in Chapter [d Some

examples of mgg and AF distributions are shown in Figure [2.2

Finally, these variables usually show no relevant correlation, except for some specific cases.
One of them is represented by the B meson decays to heavy particles, i.e. , B meson baryonic
decays, in which other pairs of variables are preferred for analysis based on the cut-and-count
method in the AFE-mgg space, for instance the mpg-mgg plane. Since the analysis here presented
is not going to exploit that technique, even though it deals with a B meson baryonic decay, the
kinematics variables used are mgg and AFE. In Figure [2.3] scatter plots in both AE-mpgg and

mp-mgs planes are shown for the baryonic B meson decay B° — Arprnta—.

2.2 The B Factories data samples

At both the accelerators, in order to achieve asymmetric energies, two dedicated rings were
needed: the High Energy Ring (HER) for electrons, and the Low Energy Ring (LER) for
positrons. A schematic view of PEP-IT and KEKB colliders is shown in Figure 2.4 For lu-
minosity optimization, both the facilities had a single Interaction Region (IR): unusual beam
optics very close to the Interaction Point (IP) became necessary to accomodate for high lu-

minosity requirements. In terms of the collider parameters, the luminosity is expressed by:
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Figure 2.2: The AE and mpg distributions for B* — K%7% (left) and for the mode Bt — K+x°
(right). Solid line histograms represent signal events from the official MC production, dotted lines stand
for the continuum events. Plot (b) shows a worse resolution in AFE compared to plot (a), due to the two
photons in the final state (7% decay). The mpg distribution for the same mode, plot (d), shows a better
resolution due to the substitution of the reconstructed B meson energy £} with the beam energy of the
event, as explained through this Section.
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Figure 2.3: Scatter plots for AE(mpg) versus mpg. Left: AE vs mgg is shown for the baryonic mode
B — Afprntn—, where the above discussed correlation is visible in the rotation of the ellipse representing
the signal. Right: the invariant mass mp vs mpgg plot for the same mode is shown; the variables are only
weakly correlated through measurement errors.
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Figure 2.4: PEP-II (left) and KEKB (right) ete™ storage rings.

_ Nyne-ne+ f

c (2.5)

Acys
where Ny is the number of bunches, n,- and n.+ respectively the numbers of electrons and
positrons per bunch, f the circulating frequency, and A.;s the effective overlapping in the
transverse area of the two beams at the interaction point. To ensure good performances and
limit the damaging effect of sinchrotron radiation and high beam currents, a high quality vacuum

was needed throughout all the beam pipe.

In addition, it was fundamental to introduce the beam-separation scheme, in order to handle
the short bunch spacings in a two ring machine. At PEP-II interaction point, after the head-
on collision the separation was achieved thanks to the bending magnets, which diverted the
electron and positron bunches soon after their intersection, protecting the beams from parasitic
interaction, while KEKB introduced a small crossing angle (~ 11 mrad), which simultaneously
allowed to have shorter bunch spacings and more space available for detector components closer
to the IP.

This was not without risk, since the crossing angle induces coupling effect between transverse
betatron oscillations and longitudinal sinchrotron oscillations, inflating instabilities which were
finally cured allowing KEKB to reach an istantaneous luminosity even twice larger than the

nominal originally designed, for a final peak of 2.1 x 1034 cm=2 s71.

In Figure [2.5] the luminosities achieved at PEP-II and at KEKB during different data-taking
periods are shown and in Table the major parameters of the machines for both the factories

during their final stage of operation are given.
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Figure 2.5: The BABAR (left) and Belle (right) luminosities integrated over the 7°(45) running period,
for both the on- and off-resonance operational modes, are shown. Pictures are taken from The physics of
the B Factories [4].

Parameters Units PEP-II KEKB SuperKEKB
[ HER (e™) / LER (e™) ]

Beam Energy (GeV) 9.0/3.1 8.0/3.5 7.0/4.0
Beam Current (1) (A) 1.8/2.7 1.19/1.64 2.62/3.60
Beam Size at IP () (um) 140 80 11.2/10.2
Beam Size at IP (y) (um) 3 1 0.0618,/0.0483
Beam Size at IP (z) (mm) 8.5 5 5/6
Luminosity (103 em=2s71) 1.2 2.1 80

&y 0.090/0.129  0.088/0.090
B (mm) 5.9/5.9 0.41/0.27
Lorentz factor (5+) 0.56 0.43 0.28
Half-crossing angle  (mrad) 0 11 41.5

Table 2.2: Main machine parameters for PEP-II and KEKB during their final stage of operation; in the
last column values from Belle IT Technical Design Report [13] for SuperKEKB upgrade are listed.
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on-peak off-peak
Luminosity (fb~!) 1(45) Luminosity (fb~!)
PEP-II 424.2 (471.0 £2.8) x 106 43.9
KEKB (SVD-1) 140.0 (152 4+ 1) x 10° 15.6
(SVD-2) 571.0 (620 £ 9) x 10° 73.8

Table 2.3: Integrated luminosities on- and off-peak and the number of 7'(4S) particles, corresponding
to BABAR and Belle data sets, are listed.SVD1 and SVD2 refer to the vertex detector upgrade perfromed
at KEKB, which defined two different operational stages of the detector.

2.2.1 Integrated luminosity

PEP-II operated mainly at the CM energy of the mass of 7(4S), collecting the on-peak events:
the design luminosity was already reached at the end of the first data-taking period, begun in
1999 (Run 1). Afterwards, other six periods of data-taking followed, from Run 2 to the last Run
7. Initially the machine was operated in coasting mode, alternating data-taking periods, when
the beams would gradually reduce their intensity, to injection periods, when the beam currents
would be restored to their initial values. However, since the beginning of Run 4, significant
improvements in accelerator stability and in a reduction of injection backgrounds enabled to
adopt the trickle injection mode, whose aim was to keep LER and HER currents beam to a
constant level by continuosly injecting a small amount of electron and positron to compensate
for the losses, without interrupting the data-taking.

About 10% of data were also collected at a CM energy of ~ 40 MeV below the 1°(45)
threshold (the off-peak mode): since the width of this resonance is 20 MeV, the CM energy
shift ensured to collect the continuum events, which were not coming from 1°(4S5) decays. The
luminosity calculation for Run 1-6 was performed measuring the BhaBha scattering (e~ et —
e~eT) and dimuon (e”et — p~u™) events. The time-integrated luminosities at the 7°(4S)
resonance (as well as the number of 7" particles produced ) and for its corresponding continuum
region, for both BABAR and Belle, are listed in Table

2.2.2 KEKB upgrade to a SuperB Factory

The Belle/KEKB upgrade to Belle II/SuperKEKB started with the accelerator upgrade. The
new collider will provide 40 times the old luminosity thanks to the technology first proposed
for Super B in Italy, the so-called Nano-Beam scheme. It exploits the inverse proportionality
that relates the luminosity to the vertical beta function B;D for increasing the luminosity, the
B, squeezing at the IP is provided. Valuable improvements in several machine parameters are
needed to achieve this goal.

The main modification regards the minimization of the longitudinal size of the beams overlap

d (schematic view of the beams intersection in the Nano-Beam scheme is reported in Figure |2.6)),

'In Accelerator Physics, the betathrone function describes the displacement of a particle beam due to oscilla-
tions in the transverse plane xy with respect to its nominal trajectory in a given point s along the collision axis.
B* denotes the value of the 8 function at the interaction point.
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Figure 2.6: The beam collision in the Nano-Beam scheme: the effective beam size d and the half-crossing
angle ¢ are illustrated. Picture taken from the Technical Design Report [13].

70p

“  Goal of Belle Il/SuperKEKB

p

(ab)
N W &
o o o o
[

Integrated luminosity

>
[

o
[
(]

(=] = N 0o
TTT |||||

Peak luminosity >
(em2s)

1 l 1 1 |
2016 2018 2020 2022 2024

Calendar Year

Figure 2.7: The expected integrated and peak luminosity for the upgrade Belle II/SuperKEKB as
function of time. Picture taken from Belle II official website [14].

which can be shown to be the lower bound for the ;. The formula for d is the following:

*
O‘J}

d~ 5 (2.6)

The numerator o, represents the horizontal beam size at the IP and ¢ is the half-crossing angle
(~ 41.5 mrad). The crossing angle is doubled from KEKB value of 22 mrad to 83 mrad. If the
assumption of flat beams with the same horizontal and vertical size is verified, the luminosity

formula at the IP can be written as:
£== (1 + Uy) Libyr ) Br (2.7)
2er, o¥ Zi ng

where ~,e,r. are respectively the Lorentz factor, the elementary electric charge and the

electron classical radius, while Ry, R¢, are the luminosity and vertical beam-beam reduction
factors, whose ratio can be approximately considered 1. Since the ratio oy /o is order 1073,
the term into brakets can be approximated to one as well. Indeces (+, —) refer to electron and

positron beam respectively.
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The fundamental parameters for manipulating the luminosity are three: the beam current
(1), the vertical beam-beam parameter (§,) and the beta function (;) at the IP. A comparison
of the major upgraded parameters between KEKB and SuperKEKB is given in Table In
Figure the plot for the expected luminosity foreseen during Belle II/SuperKEKB operational
stages is shown. The upgraded machine will be able to provide an istantaneous luminosity of
8 x 10%°cm~2s~!, achieving at end of its running the total designed integrated luminosity of
50 ab~—!, more than a factor 40 over what was achieved at KEKB. It should be noted that
beam currents are increased by more than a factor 2, which will result in significantly higher
backgrounds in the detector. In addition, mainly to limit the RF power needed for the HER, the
energy of the HER has been reduced from 8 to 7 GeV, resulting in a smaller boost Sy = 0.28.

2.3 The BABAR detector

A detailed description of the BABAR detector can be found elsewhere [I5]. The purpose of
this section is just to provide a general overview, explaining how the detector features were
determined by the physics goals of the experiment. A deeper insight into the tracking devices

and the subdetectors involved in charged particle reconstruction and identification is also given.

2.3.1 The B physics requirements

Precision measurements need a very high statistics, which is achieved thanks to the combined
action of a high luminosity machine and a very efficient detector. Moreover, CP-asymmetry

measurements exploiting the time-dependent technique depend on three fundamental features:

e the full reconstruction of exclusive final states, that means excellent performance in track

reconstructionﬂ and particle identification;
e B flavour tagging, in order to distinguish one B meson from its charge conjugate;
e measurement of proper time of B decays.
The BABAR detector was designed to satisfy these specific requirements:

e the acceptance optimization; asymmetric energies imply also an asymmetric detector in

order to provide a good coverage of the forward region where events are boosted.

e the optimal vertex resolution; the decay time difference in CP asymmetry measurements
is derived from the difference between the z-coordinates of B meson primary and sec-
ondary decays. Excellent resolution requires to minimize multiple scattering, that means
a minimal material budget for the inner part of the detector, closest to the interaction

point;

e the low pp partcles tracking, in the transverse momentum range of 60 MeV/c < pr < 4
GeV/c;

2The process of a charged particle track reconstruction from subdetector information (hits, energy losses) will
be often refered to as tracking.
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e the efficient discrimination for e, u, 7w, K, p identification over the whole kinematics range

available at a B Factory, the neutral final state detecting capability and energy resolution.

2.3.2 The BABAR detector overview

These goals were reached combining the performances of several subdetector systems:

1. the Silicon Vertex Tracker (SVT), which provides position hits produced by charged
particles traversing its layers. It is the main tracking device for low-energy particles
(pr < 180 MeV/c) and provides a high precision measurement of the particle produc-

tion vertex;

2. the Drift Chamber (DCH), filled with helium-based gas in order to minimize multiple
scattering; it is the main tracking device for charged particles with pr > 180 MeV/c,
allowing a precise momentum determination, and it gives also contribution to particle

identification (PID) with the energy loss measurements;

3. the Detector of Internally Reflection Cherenkov light (DIRC), it is the principle subsystem

for hadron particle identification;

4. the Caesium lodide Electromagnetic Calorimeter (EMC) provides an excellent energy mea-
surement, as well as good electron identification down to 0.5 GeV and neutral hadron iden-
tification. Its asymmetric structure, with a forward endcap, but no backward coverage,
reflects the asymmetry of event angular distribution in the laboratory frame due to the
Lorentz boost 8y ~ 0.56.

5. the superconducting coil which produces the 1.5 T solenoidal magnetic field;

6. the Instrumented Flux Return (IFR), for muon identification down to 0.6 GeV and neutral
hadron detection, especially Kg used in exclusive reconstruction of cross-checking channels

exploited in CP-asymmetries measurements.

A view of both longitudinal and front section of the BABAR detector is given in Figure [2.8

2.3.3 The Silicon Vertex Tracker

The Silicon Vertex Tracker (SVT) is composed of five layers: three are located close to the
beryllium beam pipe and they perform impact parameter measurements and vertex measure-
ments. The outermost two layers have larger radii fundamental for tracking purpose, which is
performed thanks to the combined action of the SVT and the Drift Chamber. It also allows the
SVT to perform stand-alone tracking measurements for low-pp particles, unable to reach the
Drift Chamber.

Each layer consists of several ladders (6 for the innermost ones, 16 and 18 respectively for
layer 4 and 5) which are based on Double-sided Silicon Strip Detector (DSSD) modules. These

modules are arranged into straight ladders for layers 1-3, while the ladders of the outermost
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Figure 2.8: The longitudinal (top) and front (bottom) views of BABAR detector are shown.

taken from The physics of the B Factories [4].
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Figure 2.9: Schematic view of the longitudinal (top) and front (bottom) sections of the BABAR Silicon
Vertex Tracker, taken from The Phisics of the B Factories.

layers are arch-shaped (forward and backward modules tilted). This configuration is aimed at
minimizing the particle path lenght through silicon, limiting interaction probability and multiple
scattering, as shown in the longitudinal view of the five layers in Figure [2.9] It also ensures an
angular coverage in the polar angle 8 from 20° to 150° in the laboratory frame, corresponding

to a 90% solid angle coverage in the CM frame.

The SVT modules consists of double-sided silicon sensors electrically separated into two
half-modules and readout at the ends. The ¢ side of the sensors has strips parallel to the beam
axis in order to measure the azimuthal coordinate of the hit (r¢), while the z-side has strips
orthogonal to the beam direction and measures the coordinate along the beam axis (z). All 340

sensors are aligned in situ exploiting dimuon and cosmic ray events.

The average effciency of the SVT, calculated for every half-module as the ratio of the hits
associated to each track with respect to the total number of tracks crossing that module, was
around 95%. Energy-loss measurements allowed to reach a 20 separation between kaons and
pions up to 500 MeV/c momenta. Finally, the resolution on the measured coordinates depends
on the measured quantity and on the polar angle of the crossing track, being maximum for
90° tracks and degrading in forward and backward regions: it corresponds to 15 pum for the z

coordinate and 40 um for azimuthal coordinate.
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Figure 2.10: Schematic view of the longitudinal section of the BABAR Drift Chamber, with dimensions
given in mm. Picture taken from The BABAR physics book [4].

2.3.4 The Drift Chamber

A longitudinal section of the Drift Chamber (DCH) in BABAR is shown in Figure [2.10] This sub-
system was mainly involved in tracking and thanks to the ionization energy loss measurements
(dE/dzx) it was also used for charged particle identification. It is of fundamental importance for
low-momentum tracks, not able to reach the DIRC (see Section , which also covered only
the barrel of BABAR detector: the DCH was the only device providing particle identification in the
forward region. It also had an important role in the L1-trigger. A 280 cm-long cylinder composed
of two layers, the inner at a radius of 23.6 cm and the outer at 80.9 cm, contains aluminium field
wires and a gas mixture of 80:20 Helium:Isobutane for multiple scattering minimization. It is
closed by aluminium end plates, on which the readout electronics is mounted ( on the backward

side only).

The DCH is optimized to minimize the material budget and the amount of material inside
the chamber accounts for only 0.2% radiation lenghts. It is composed of 40 layers of small
hexagonal cells gathered into 10 superlayers, where the layers have all the same orientation.
The disposition of superlayers follows the ordering AUV, which stands for A=Axial, U=positive
stereo angle, V=negative stereo angle. The stereo angle (50-70 mrad) refers to the intersection
of the direction of wires in subsequent layers, introduced to measure also the z coordinate.
The spatial resolution is better than 140 pum and the DCH performed as expected during all
the operational stages, with a resolution on dE/dxr measurements of 8%. The resolution on
the transverse momentum measurement achieved by BABAR is approximately 0.3% for 1 GeV/c

pions at 90°.
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2.3.5 The Detector of Internally Reflected Cherenkov light

The Detector of Internally Reflected Cherenkov light (DIRC) provides the main contribution
to particle identification (PID) of charged particle, expecially for /K separation up to high
momenta (4 GeV /c), by measuring the emission angle 6¢ of the light produced by the Cherenkov
effect.

This effect consists in a charged particle passing through a medium at a velocity vp larger
than the speed of light in the medium (¢/n), therefore generating a shock front of conical
radiation propagating at an angle with respect to the direction of flight of the particle defined
by cosfc = B%z . The medium exploited by the DIRC consists of 144 synthetic quartz bars of
4.9 m lenght x 6 cm? transverse area, with a refractive index n = 1.474, organized in a 12-sided
polygonal barrel. In Figure [2.11] a schematic view of the longitudinal section of the DIRC is
shown.

Only the backward bar end is instrumented, while in the forward region the bar end has
a mirror which reflects the emitted photons towards the backward side. Once they reach the
quartz edge, they are reflected at larger angles and they exit the quartz, entering the so-called
Standoff Box (SOB) which is a region filled with purified water needed for the Cherenkov cone
expansion. The SOB drives the photons beyond the end of the magnet, at a distance of 1.2
m far from the bar end, towards the wall equipped with almost 11000 Photomultiplier Tubes
(PMTs). The PMTs detect light in the visible and near-UV spectrum and they need a dedicated
shielding to prevent damages from magnetic fringe field.

Both the positions of the detected photons and their arrival times are used to reconstruct
the Cherenkov angle §c. For every detected photon, there are several ambiguities coming from
the ignorance in the number and of the nature of the reflections undergone by the radiation
propagating in the quartz. They are used as input in reconstruction algorithms based on un-
binned maximum likelihood fits, which produce as results likelihood values for each of the five
stable charged particle hypothesis (e, u, K, p), the Cherenkov angle estimate and the number of
signal and background photons.

The typical resolutions achieved on the measured angle are 10 mrad per photon and 2.5

mrad per track, allowing to separate at 4o level pions from kaons up to 4 GeV/c momenta.

2.3.6 The FElectromagnetic Calorimeter and the muon detector

The BABAR Electromagnetic Calorimeter (EMC) consists of a barrel of 48 rings of 120 CsI(T1)
crystals each and a foward end cap composed of 820 crystals organized in 8 rings, as it is
schematically shown in Figure These crystals respond to particle excitation by emitting
photons according to the mechanism of the scintillation. The incoming particle starts producing
the electromagnetic shower into the crystals and it causes the Csl to scintillate. The number of
photons is related to the energy loss of all the particles in the shower and consequently to the
total ionization energy deposited in the calorimeter.

The precision improves as energy increases and the energy resolution og/E goes from 5% (
at 6.13 MeV) to 2% (at 7.5 GeV), while the angular resolution varies from 12 to 3 mrad. The
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Figure 2.11: Longitudinal view of BABAR DIRC, from the forward (left) to the backward (right) region.
Figure taken from The Physics of the B Factories [4].

EMC is the device which provides the most reliable method for electron identification, using the
ratio E/p, where E comes from shower measurements and p from tracking.

The most external sub-system, devoted to muon detection and helping in neutral hadron
identification, is the Instrumented Flux Return (IFR). It consists of a segmented iron structure
instrumented with Resistive Plate Counters (RPCs). They are more than 800 organized in 19
layers in the sextants of the barrel region, and in 18 layers in the end caps. The barrel structure,
the forward and the backward doors are schematically reported in Figure [2 The RPCs of the
forward door have been completely replaced since they quickly showed a reduction of the muon
detection efficiency, with a drop of about 15% and the sextants were also upgraded during BABAR
operational stages. The average efficiency of the barrel section at the end of the data-taking

period was around 88%, just slightly below the 92% geometrical acceptance.

2.3.7 'Trigger

The trigger system in BABAR consists of two levels: the trigger L1, implemented in hardware,
and the trigger L3, which has a software implementation. The combined efficiency of the two
stages fully statistfies the trigger requirements providing a 99% efficiency for BB events, 95%
for continuum decays (uds, c¢) and about 92% efficiency for tau pairs events.

The L1 trigger receives inputs from the DCH charged tracks, the EMC showers and the TFR.
The drift chamber trigger (DCT) and the calorimeter trigger (CMT) are globally processed
in the global trigger (GLT). They independently provide redundant information and satisfy
all the trigger requirements. Originally the DCT provided only r — ¢ information: after the
improvement for a 3D-tracking, the added z-information allows to reject the background coming
from beam-gas interactions, where tracks are produced more than 10 cm away from the IP,
resulting in the capacity of following the increasing luminosity with no significant impact on

the dead time. The goal of the GLT, receiving primitive information, is to send out a trigger
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Figure 2.12: Top: the Electromagnetic Calorimeter longitudinal view is shown, with the central barrel
and the forward end cap. Bottom: the final version of the Instrumented Flux Return is illustrated.
Figures taken from The physics of the B Factories [4).
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outcome to the BABAR DAQ system which accepts the the signal and provides the readout of all
the event.

The L3 software trigger refines and corroborates the L1 selection. Dedicated software algo-
rithms select events of interest which are then stored for processing. The input trigger signals
from L1 are further reduced and the main physics sources are identified and flagged for the
specialized categories of events needed for luminosity evaluation, diagnostic and calibration pur-
poses. Thanks to its spare capacity, the L3 trigger has allowed to accept data at a rate of 800
Hz, to be compared to the intial design value of 120 Hz.

2.3.8 Simulation and reconstruction at BABAR

The comparison of data and simulations plays an important role in most analyses and therefore
two kinds of events collections are available at the BABAR Event Store: the real data collections
from Prompt Reconstruction lists (PR) and the simulated events from Monte Carlo official
production.

The real data coming from PR lists are the output of a reconstruction process which starts
with raw detector signals in BABAR. They are digitized and if they passed the trigger, they are
reconstructed forming tracks and calorimetric clusters.

The tracks reconstruction relies on the information collected by the DCH and the SVT sub-
detector, from which track parameters and their errors are extrapolated by the dedicated fit
implemented in BABAR software, based on the Kalman filter fit technique [16]. The Kalman
filter fit is a tracks finding procedure which correctly takes into account effects of multiple scat-
tering and the energy loss in the material. Once the tracks are reconstructed, their momenta
are measured from the track curvature and calorimetric clusters are reconstructed from adjacent
over-threshold crystals and can be associated to charged tracks or identified as neutral object.
Particle identification algorithms (see Section are then applied to establish particle iden-
tities.

At this point, the event reconstruction continues with the combination of stable particles
to form a common vertex which indicates composite particle decay. The whole decay chain is
reconstructed and the event is stored.

Monte Carlo simulation uses event generators, consisting of several packages in BABAR frame-
work that, according to theoretical models of particle interactions, produce sets of final state
four-vectors describing ete™ collisions. A particle identity is associated by the generators to
each four-vector. A combination of both background and signal generators is required to prop-
erly mimic the event stream of real data. The production of hadronic event from e*e™ collisions

is handled by two generators:

e the EvtGen package[l7], which is used for 7" resonances simulation and for B decays to

exclusive final state, as the one analysed in this thesis;

e the JetSet generator [18], also known as Pythia, which simulates the production of quark-

+

antiquark pairs from e™e™ collision; it is used for generic continuum and inclusive B decay

simulation.


EvtGen
JetSet
Pythia
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In this thesis, samples simulating lepton pair events have been also analysed and they are
simulated with KK2F [19].

Background event generators also include Bhabha scattering, Bremsstrahlung, QED and
machine background, intial state radiation and cosmic rays.

After the generation, the simulation continue with particle propagation and transport pro-
cesses which end up with the interaction of the particle with the BABAR detector, supplied by
the GEANT4 simulation toolkit[20]. Electronic signals which simulate the detector response are
computed and they are finally reconstructed in the same way as signals from real data.

The BABAR software used for performing analyses is called Betal, a framework written in C
and C™ which provides the basic interface to the complete reconstruction of BABAR data. The
software release exploited in this thesis is version 24.5.6. The Beta framework consists of several
packages, e.g., providing the result of the fit to the decay vertex, information about the quality

of the reconstructed tracks and the particle identification.

2.3.9 Particle Identification at BABAR

Particle Identification, usually referred to as PID, is the process which analyses information from
the various subdetectors in order to identify the nature of the charged particle passing thourgh
the detector at a given time. At the energy of the BABAR experiment, only 5 types of stable or
long-lived charged particles can interact with the detector: electrons, muons, pions, kaons and
protons. For each particle, the momentum p = mcfB+y is given by the track curvature and if its
velocity v = B¢ is measured, its mass and, therefore, the particle identity can be determined.

Depending on the particle momentum, the velocity can be measured through the reconstruc-
tion of the Cherenkov emission angle in the DIRC or through the measurement of the specific
energy loss dE'/dx in the SVD and in the DCH. This method is applied mainly for /K /p identi-
fication. Electron identification relies on matching the measured momentum to the total energy
released in the EMC, while muon identification is based on the penetration depth in the IFR
detector. In Table the list of all the PID information provided by the various components
of the BABAR detector is given. As shown in the table, for proton identification the needed
information is provided by the tracking system (SVT, DCH) and by the DIRC.

Finally, dedicated algorithms, the PID selectors, receive as input all this information and
provide as output the particle identity of the reconstructed track. They are available in different
levels of tightness and they are characterized by two numbers: their efficiency for identifying a
particle type a and the mis-identification probabilities for incorrectly assigning particles of type
5,7, .. to the paticle type «. These numbers vary as a function of the momentum and the polar
angle of the track.

Different PID selectors have been implemented in the history of BABAR analysis software.
They can be divided into two main categories: the older generation Likelihood selectors, more
stable during the different data-taking periods, and the PID selectors relying on statistical tools
of multivariate analysis ( Bagged Decision Trees, Neural Networks ), more performing but also

more sensitive to the detector operational status. It is possible to use dedicated lists, available
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Detector subsystem PID information Particle Type

SVT dE/dx,p K,m,p
DCH dE/dx K,mp
DIRC cosfc K,m,p
EMC E/p e
IFR IFR count I

Table 2.4: The list of the PID information provided by the different subdetectors, according to the type
of particle to detect, is reported in the above table.

for each particle type, formed by a combination of both Likelihood and Decision Tree selectors,
sharing the same tightness level. This enable to choose afterwards, once the reconstruction is
performed, the selector that gives the best sensitivity for the specific analysis. The PID list I
used in the reconstruction phase is a combination of very loose selectors for protons. Further
optimization on PID choice is achieved thanks to the Decision Tree based selector pKM, as

reported in Section [5.1

Decision Trees in particle identification

An important category of PID selectors implemented in BABAR framework is based on multi-
variate analysis methods. The KM selectors rely on the Decision Tree technique and they are
used for 7, K, p and e identification. They can be applied at different levels of particle efficiency,
from super loose to very tight.

To identify particle types, a decision tree is trained on a set of discriminating variables, based
on the information collected from various subdetectors. For the training, input data are splitted
into rectangular nodes, considering all the possible splits in each dimension (discriminating
variable). The goal is finding the split which provides the highest signal to background ratio.

The discriminating variables are chosen according to the type of particle to identify. Typical
information used is the particle momentum, the polar angle and charge, the number of hits in
the DCH, the number of DIRC photons and, for electrons, also the EMC shower energy and
depth.

The decision tree based proton selectors are indicated as pKM selectors among BABAR analy-
sis tools. Performance studies have shown that they provide the optimal PID in analysis dealing

with protons.
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Figure 2.13: The top half shows the upgraded Belle IT spectrometer as designed in the TDR[I3]; in the
bottom half the longitudinal view of the old Belle detector is shown.

2.4 The Belle II detector

The Belle IT detector is described in detail in the Technical Design Report [13]. As done for the
BABAR detector, a general overview is given. The main changes and improvements with respect

to the Belle detector will be underlined in the following Section.

2.4.1 Belle II upgrade overview

The aim of the Belle IT upgrade is to mantain the same good performance of Belle detector in the
new experimental environment with much higher background levels. A schematic comparison
of the longitudinal view of the new Belle II spectrometer with respect to the old Belle detector
is shown in Figure Since the SuperKEKB boost is reduced with respect to KEKB (0.28
instead of 0.43) achieving the same proper time resolution requires better vertex resolution, that
can be achieved with the reduction in radius of the first active detector layer. Studies estimate a
conservative 20 times increase of the background hit rate, to be compared to a 50 times increase
of the event rate. The modifications studied to ensure a comparable or even better performance

for the Belle II detector are the following:

e the inner part of the vertex silicon strips detector, next to the beam pipe, is replaced by a
two-layer silicon pixel detector based on DEPFET technolgy, placed at smaller radius and
with a very light material budget;
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e the silicon strips detector starts from just outisde the pixel detector and reaches a larger

radius than in Belle;

e the silicon strips readout is based on APV25 chips which have a shorter shaping time with

respect to Belle VA1TA chips to cope with higher background;

e the central drift chamber, the main tracking device, extends to a larger radius and it has

smaller drift cells;

e the new particle identification devices, both in the barrel and in the end caps, are more
compact and highly performant, exploiting the Cherenkov image detection method and a

very fast readout electronics;
e the electronics of the electromagnetic calorimeter is replaced with a fast wave-form-sampling
circuit;

e the barrel part of the muon and K detector is modified with additional inner RPCs
maybe some of them operating in the proportional mode, while the end caps are replaced
by scintillators and PMTs.

a new data aquisition system for handling the higher event rate is provided.

The improvements foreseen for Belle II performance are various, first of all the vertex reso-
lution which benefits from the two innermost pixel layers; second, a good improvement of the
reconstruction efficiency for the K¢ decaying to charged pions, which appears in the golden mode
exploited in C' P asymmetries measurements. In addition, the new particle identification devices
ensure a better pion/kaon separation in the whole kinematics range of the experiment. Finally, a
better performing electronics for the calorimeter readout reduces the pile up, improving missing

energy measurements.

2.4.2 The Pixel Detector

The expected background rate at small radius (~ 20 mm) makes the use of silicon strip sensors
not feasible because of the high occupancy. Pixel detectors have a much finer segmentation
and therefore smaller occupancy (3%). Strips detectors at SuperKEKB can be safely located at
larger radii.

The pixel detector (PXD) concept implemented at Belle II is based on the DEPFET (DE-
Pleted Field Effect Transistor) technology. It allows to have very thin pixel (50 ym) with readout
electronics moved outside the acceptance region. This implies that the active cooling needed
for readout operation is not contributing to the multiple-scattering material budget. For the
sensors, air cooling is sufficient since they are not consuming too much power. Also radiation
tolerance can be achieved engineering the sensors in a dedicated radiation hard-technology.

DEPFET is a semiconductor detector concept able to combine detection and amplification in
one device. A DEPFET pixel consists in a p-channel MOSFET structure integrated onto a fully
depleted silicon substrate. The MOSFET has an internal gate where the electrons generated
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Figure 2.14: The two-layer pixel detector is shown, with the supporting structure and in place on the
beampipe. Picture taken from the Belle IT TDR, [13].

when a charged particle passes through the device are collected. The internal gate modulates
the current at readout time allowing the detection of the collected charge.

The DEPFET sensors are organized into planar modules, the ladders, which compose the
two layers of the PXD, with radii respectively of 14 and 22 mm. The sensitive lenghts of each
layer are determined by the acceptance requirements of the detector: a polar angular coverage
from 17° to 155° is ensured. The total amount of pixels composing the PXD is around 8 milion
organized into arrays. Each DEPFET pixel represents a cell, a monolithic structure with internal
amplification, therefore much thinner than other devices which need additional amplification.
Typical pixel sizes have to meet the vertex resolution requirement, which is 20 um, and also the
thinning feasibility, resulting in a 50x50 pm? and 50x75 pm? cells respectively for the inner
and outer layers.

Another challenging requirement is the short frame readout time, that is achieved by splitting
the readout on both sides of the pixel matrix and introducing high level of parallelization (a
four rows simultaneous readout): the processing time for each pixel row is then manageable, of
order of 100 ns, and all the 1600 rows can be read in a total frame time of 20 us.

The sensors are finally mounted on the supporting structure which is able to slide on the
beam pipe to accomodate for thermal expansion. A schematic view of the total structure of
PXD is reported in Figure

2.4.3 The Stilicon Vertex Detector

The physics of the B Factories deals with low-momentum particles and the main issue for Belle I1
tracking is the multiple scattering. The fundamental requirement for the Silicon Vertex Detector
(SVD) is keeping the material budget low. A short shaping time is also necessary to limit the
occupancy under few percent. These features determine the geometrical shape of the sensors
and also the readout electronics adopted. The former issue is solved by adopting the largest

possible silicon wafers and equipping the forward region with trapezoidal slanted sensors. For
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Figure 2.15: Left: Schematic view of the SVD longitudinal section, showing the sensors geometry for
each layer and the number of APV25 chips on each side of the sensors. Right: the windmill structure of
the inner sensors, with the Origami concept applied on the upper edge of silicon modules, is shown. The
solenoidal B field parallel to the z-axis is also indicated in the picture.

the latter, the solution came from inheriting the APV25 chips first used in the tracker of the
CMS experiment (LHC, Cern). The APV25 chips have 128 channels each and a shaping time of
50 ns. It has a sampling mode of operation in which, performing a fit on the sampled signal, the
peak time can be measured with a resolution 3 ns. This results in a innermost layer occupancy

smaller than 1%.

The SVD is composed of four layers of Double-sided Silicon Strip Detectors (DSSDs), located
respectively at radii of 38 mm (layer &), 80 mm (layer 4), 104 mm (layer 5) and 135 mm (layer
6). The azimuthal angular coverage goes from 17° (the forward region) to 150° (backward region).
The asymmetry is due to the Lorentz boost in the laboratory frame, which favors events boosted

in the forward direction.

There are three different types of sensors: the rectangular ones are produced by Hamamatsu
Photonics (HPK), while the Micron Semiconductur (UK) produces the trapezoidal ones. Sensors
are produced starting from six-inches 320 pm-thick silicon wafers. The rectangular sensors
are developed in two sizes: for layer 3, which has only the barrel section, smaller sensors are
adopted, while for layers 4 to 6 larger sensors are used for the barrel region. The forward region
of layers 4 to 6 is convered by trapezoidal slanted sensors which minimize the material budget,
simultaneously optimizing the acceptance. For the rectangular sensors, the long strips measuring
the r¢-coordinate on th p-side are in total 768, readout by 6 APV25 chips per sensor. They
are parallel to and facing the beam axis. The short strips on the n-side, which measure the
z-coordinate, are 512, therefore they need only 4 APV25 chips for readout. They are located on
the sensor side towards the outside. For the slanted sensor of the forward region the geometry
is the same, except for the p-side strips which are not parallel to z-axis anymore. Dimensions
are given in mm in Figure 3.1]

The Origami chip-on-sensor concept is a readout modification introduced in Belle II for the
inner sensors, while the forward and backward sensors are readout by conventional APV25 chips
located outside the acceptance. The Origami concept refers to bent fanout pieces that can only

be applied to the outer edge of the sensors in the windmill structure, as shown in Figure
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The strips on the outer side are read by a planar fanout, while for the strips on the inner side,
a flexible fanout bent around the upper edge of the sensor is needed. This technique aligns all
the chips on the outer side, enabling to use only a single cooling system for all the ladder. The
cooling is provided by a dual phase COs system, whose design aims at minimizing the material

budget, adopting 1.4 mm-large tubes with 0.05 mm-thick walls.

2.4.4 The Central Drift Chamber

The Central Drift Chamber (CDC) fulfils three main tasks. It contributes with the SVD and
PXD to charged track reconstruction and it measures the momentum. Second, it helps in particle
identification thanks to the measurements of the energy loss due to charge particle ionization in
its gas volume. Finally, it provides reliable trigger signals for charged particle events.

The CDC follows the successful design of its predecessor in Belle: the same structure is

implemented and the same material and gas mixture are used. The main modifications regard:

e the readout electronics, which needs to be much faster in order to handle higher trigger

rates;

e the cylinder radii, where the innermost ones has to be larger to account for a bigger
SVD, while the outermost radius has to deal with the more compact barrel detector for
particle identification, resulting in a 160 mm and 1130 mm radii respectively. The resulting
acceptance in azimuthal angle goes from 17° to 150°. Also the wire configuration has to
be adapted.

e the three-dimensional trigger information, providing a z trigger (see Section [2.4.8]) which

efficiently helps in reducing beam backgrounds without sacrifying physics events.

The CDC consists in 56 layers organized in 9 super-layers. The length of the squared cells
varies from 10 mm for the innermost super-layer to 18.2 mm for the outermost ones. The
50% helium-50% ethane gas mixture is filled with a total of 14336 tungsten sense wires of 30
pm diameter. For the electric field generation, aluminium wires of 126 um-diameter are used.
The structure is supported by two carbon-fiber reinforced cylinders, terminating with aluminum
endplates.

The measured spatial resolution of the CDC is about 100 gm. The resolution on the dE/dz

measurements for particles with an incident angle of 90 ° is around 12%.

2.4.5 Particle Identification devices

The particle identification in Belle II is performed by two different types of detector: the Time-
Of-Propagation counter in the barrel region and the Aerogel Ring-Imaging Cherenkov counter
for the end-cap. Both the sub-detectors exploit the Cherenkov effect to identify the charged

particle traversing the spectrometer.
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Figure 2.16: Top: schematic view of the Time-Of-Propagation counter. Both the arriving time and
position of the internally reflected Cherenkov photons are measured.

The Time-Of-Propagation counter

The Time-Of-Propagation (TOP) counter, shown in Figure measures the time of propaga-
tion of the Cherenkov photons internally reflected in the quartz bar. Together with the detected
arriving position (x,y coordinates in the picture), this information allows to reconstruct the
3-D image of the Cherenkov cone and its opening angle 0-. From the Cherenkov angle the
particle velocity v can be inferred and the likelihood for different mass assignment hypothesis is
calculated.

The TOP consists in 16 modules surrounding the outer wall of the CDC. Each module is a
quartz radiator composed of two quartz bars glued together for a total lenght of 2500 mm and a
transverse area of 44x20 mm?. Photons emitted in the forward direction are reflected backward
by a mirror placed at the forward end of the quartz bar. Photons propagating in the backward
direction are collected by different PMT channels, depending on their reflection angles. The
critical issue in the TOP performance for PID is the broadening of time resolution due to the
photons chromaticity, which is cured by a focusing system consisting in a slightly concave-shaped
mirror, aimed at compensating the chromaticity dispersion of Cherenkov photons: the parallel
rays are focused into the same pixel of a photo-sensor, while the chromatically-dispersed one are
detected by separate channels.

The required time resolution for a single-photon detection is around 50 ps. The goal is
achieved by employing as photon detectors the Multi-Channel Plate Photo Multipliers (MCP

PMTSs), two-stage amplification devices, with a gain of 10% and a very fast reponse.

The Aerogel Ring-Imaging Cherenkov counter

In the forward end-cap, the particle identification is provided by the proximity focusing Aereogel
Ring-Imaging Cherenkov counter (ARICH), whose schematic view is shown in Figure It
consists of an aerogel radiator producing Cherenkov photons when a charged particle passes
thorugh its volume; an expansion volume of 20 cm divides the aerogel tile from the photon
detector surface and allows the Cherenkov photons to enlarge into rings. The array of position
sensitive photon detectors provides single photon detection in a high magnetic field (1.5 T) with
optimal resolution in two dimensions.

The main parameters describing the detector are the number of detected photons N, .. and
the resolution on the Cherenkov angle gy. Increasing the radiator thickness, the number of

detected photons increases and the resolution per charged track improves as op/v N, but the
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Figure 2.17: Left: aschematic drawing of the ARICH is shown. Dimensions are given in cm and from left
to right the arrangement of the aerogel radiator, the expansion volume and the position sensitive phton
detector surface is illustrated. Photons trajectory are reported in dashed lines. Right: the proximity
focusing system with non-homogenous dual-layer aerogel is shown. The two rings coming from the
different aerogel layers, with an appropriate choice of the refractive indeces, totally overlap on the photon
detector surface.

angular resolution on the single photon (oy) degrades due to the uncertainty of the emission
point. Combining two layers with appropriately tuned refractive indices in order to have two
overlapping rings will reduce the spread due to the emission point uncertainty, achieving a
resolution on the Cherenkov angle oy ~ 13 mrad. The performance is optimized for charged
tracks with momentum larger than 3.5 GeV/c, but no significative degradation is shown also
for lower momentum tracks.

A non-homogenous aerogel radiator ( see Figure is provided and the proximity focusing
technique is applied by choosing as upstream layer the aerogel with lower refractive index (n; =
1.046) and increasing the refractive index of the downstream layer (ny = 1.056). Studies have
shown that a twice as thick layer of homogenous aerogel radiator would provide the same number
of photons, but with a worse resolution oy ~ 20 mrad.

The development of reliable photo sensors with good efficiency for single-photon detection
in the high magnetic field is achieved with the Hybrid Avalanche Photo-Detectors (HAPD) by
Hamamatsu Photonics.

The ARICH global acceptance covers the azimuthal angular region from 15° to 30°. Con-
sidering the studies on Cherenkov angle resolution, for a total measurement of 20 Cherenkov

photons (10 per ring) the precision achieved is:

Otrack = U@/\/N ~ 3 mrad.

2.4.6 The Electromagnetic Calorimeter

The electromagnetic calorimeter (ECL) in Belle II covers many important tasks: it has to

provide a high energy resolution, since more than a third of the B meson decay products consist
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of 70 and neutral particles. The calorimeter needs to detect with high efficiency photons over
a wide energy range, from 20 MeV to 4 GeV, and it has to precisely determine their energies
and angular coordinates. It must provide electron identification, luminosity measurements and
proper trigger signal generation; finally, the calorimeter and KLLM combined performance ensures
kaon detection.

The choice for the Belle II detector has been to exploit the Belle calorimeter, replacing the
readout electronics in order to cope with the increased background rates. The calorimeter is
composed of a barrel section of 3 m length and 1.25 m inner radius, with an azimuthal angular
coverage of 12.4° < 0 < 155.1°. The total structure contains 8736 CsI(T) crystals shaped as
truncated pyramid with a 6 x 6 cm? cross section and of 30 cm length, corresponding to 16.1
radiation lengths (Xj). The size of the crystals enables to collect the 80% of photon energy
deposit, limiting the resolution degradation at high energy rate caused by the shower energy
loss fluctuations. The scintillation light is detected by two 10x20 mm? Hamamatsu Photonics
52744-08 photodiodes glued onto the crystal with a 1-mm plexiglass plate.

The structure of the barrel section consists of 8 cells separated by 0.5 mm thick aluminium
septum walls, closed by two cylinders. A water cooling system handles the heat generated by the
two preamplifiers. The structure for the end caps is quite similar to that of the barrel section.

From calibration with cosmic muons it is known that the average output signal of the current
crystals gives 5000 photoelectrons per 1 MeV of deposit energy, with an average noise level of
200 keV. The higher background rate is handled with a new readout electronic based on the
signal sampling method.

The instrinsic energy resolution of the calorimeter from a prototype test is given by the

approximated formula:

OF

2 2
= = \/<0'026%) + <0§1E%> +1.34%2 (2.8)

FE' is the energy in GeV and the first term refers to the electronic noise contribution.

2.4.7 The neutral kaon and muon detector

The K and muon detector (KLM) is located outside the superconducting solenoid which pro-
vides the 1.5 T magnetic field used for momentum measurements and it consists of alternating
4.7-cm thick iron plates and active material detectors. A schematic overview is shown in Fig-
ure [2.18 The iron is needed as magnetic flux return for the solenoid and it also provides the
material budget for 3.9 interaction lengths, allowing the K7, to hadronically shower in its volume.
The octagonal barrel section covers the azimuthal region 45° < 6 < 125°. Adding the endcaps
coverage, the KLM reaches the angular acceptance 20° < 6 < 155°. The barrel is equipped with
glass electrode Resistive Plate Chambers (RPCs), while in the end caps scintillators readout by
SiPM are installed. This replacement is needed to avoid the RCPs efficiency drop in a high rate
environment.

The use of scintillator strips equipped with two SiPMs, one at each end, ensures an optimal
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Figure 2.18: A schematic overview of the neutral kaon and muon detector at Belle IT is given in the

picture.
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time resolution, which is measured with a trigger provided by cosmic ray events; the time
dispersion difference gives oy ~ 0.7 ns. The good timing performance enables to exploit the
KLM endcaps as time of flight detector for K. The barrel section of the KLM provides a u-
reconstruction efficiency of 89% for 1 GeV momentum tracks and a plateau for K -reconstruction

efficiency around 80% for particles with momentum higher than 3 GeV.

2.4.8 'Trigger

The high luminosity upgrade will increase the total event rate to almost 20 kHz, requiring
a robust and at the same time flexible trigger for discriminating the signal events from the
background rate, which are expected 20-30 times larger than at KEKB.

Considering the high charged track multiplicity in BB event final states, an obvious trigger
requirement is on the number of tracks in the event. However, there are physics processes, e.g.,
7 leptonic decays and dark matter search, that have zero or two tracks only in their final state,
which causes much more difficulties in signal and background discrimination.

In addition, some low multiplicity processes and Bhabha scattering, which has a huge cross
section at 7(4S) CM energy, show the same topology and when vetoing Bhabha events for
reducing the total event rate, large part of the trigger efficiency on low multiplicity events is
lost. In order to preserve high efficiencies on the processes of interest, an effective trigger system
is essential.

Its implementation will follow the same principle successfully adopted for Belle, but with
totally new technologies able to support the increased event rates. The trigger system is com-
posed of the Level 1 trigger (L1), implemented in hardware, and the software implementation
of the High Level Trigger (HLT).

The L1 Trigger

The L1 trigger system gathers many sub-trigger systems which provide information from various
subdetectors. A first refinement is provided by the global reconstruction logic (GRL), whose
output is sent to the global decision logic (GDL), responsible for the issuing of the trigger signal.
In Belle II, all the trigger system components have been replaced by new technologies, based on
the Field Programmable Gate Array (FPGA), which makes the logic configurable rather than
hard-wired. The first combination of detector information is performed by the GRL and it is
mainly based on the drift chamber trigger and on the ECL trigger.

The CDC trigger finds and characterizes the tracks detected in the drift chamber. The
2D tracking basically follows the same implementation as Belle. The Belle IT CDC detection
improvement with the 3D tracking, which adds the information on the z-coordinate, allows to
reject the most part of the background coming from Touschek intra-bunch scattering. In fact,
these scattering events show a large displacement in their z-position with respect to the nominal
interaction region. The maximum 5 ps latency of the trigger system requires a very fast z-
vertex recosntruction, to be performed in no more than 1 us, which is achieved thanks to neural

networks techniques.
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The calorimeter trigger system adopts two complementary trigger schemes: a total energy
trigger and an isolated cluster counting technique, the former being senstive to events with high
electromagnetic energy deposition, the latter to multi-hadronic physics events with low energy
clusters and/or minimum ionizing particles. Moreover, the ECL trigger is able to recognize
the back-to-back topology of BhaBha scattering with a high purity, which is fundamental for

ensuring a high trigger efficiency of low multiplicity processes.

The High Level Trigger

The HLT trigger is developed to improve the backgrounds suppression. It is composed of two
parts: the Level 3 Trigger (L3) and the physics trigger. The main task of the former is to reduce
the load of the physics trigger. The event rate before and after the L3 trigger passed from 30
to 15 kHz, using only the information from CDC and ECL triggers.

Events that passed the L3 trigger are then sent to the physics trigger. They undergo the
full offline reconstruction, involving all output from the subdetectors except the PXD. The
physics trigger is then able to classify the event category ( BB, ete™—7177, etc.), providing
a further reduction of the event rate to 10 kHz is provided. Only at this point, the HLT
processing results containing the event tag and the track parameter estimate are combined with
the information from the PXD, which enables to calculate the Region of Interest (ROI). Only
the pixels belonging to that region are readout and the selected PXD hits are used to complete

the event reconstruction.
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Chapter 3

Assembly of the SVD modules

The SVD group in Pisa is involved in various aspects of the Belle II detector construction and
in particular in the assembling and electrical testing of the forward and backward modules of
the layer 4, layer 5 and layer 6 of the Silicon Vertex Detector. We perform our activity in the
clean room of the High Technology Laboratories of the INFN, Sezione di Pisa, in the dedicated
Clean Room.

The goal is to produce and test a total of nearly 100 modules which, once finished, are
shipped to the ladder production sites: layer 4 at TIFR F_l layer 5 at HEPHY E] and layer 6 at
IPMU ﬁ Layer 3 which does not involve forward/backward modules is assembled in Melbourne.
The final ladder mounting will be performed at KEK, where all the produced ladders are shipped
for being assembled into the 4 layers that will be placed onto the supporting structure within
the Belle II detector. A tridimensional view of the SVD in place on the beam pipe is given in
Figure [3.1]

Besides the analysis on BABAR dataset for the measurement of the branching fraction of
the rare baryonic mode B° (B_O)%ppﬁﬁ, my thesis work also concerns the assembling and testing
activity on forward and backward modules with the SVD Pisa group. In Section[3.1]the operating
principle of Double-sided Silicon Strip Detectors (DSSD) is explained and an overview of the
SVD structure and of forward and backward modules is given ( see Section and [3.3). The
assembling and testing procedure are then discussed in Section and The quality of the

produced sub-assemblies is analysed in Section [3.6

3.1 Operating principle of DSSD modules

The Vertex Detector in Belle II has to measure precisely track parameters to determine the
positions for both primary and secondary vertices in the event. For particles with low transverse
momentum, the Silicon Vertex Detector is the only tracking device and the requirement of a low
material budget is fundamental to precisely measure the low energy tracks. The Double-Sided

Silicon Strip Detector technology provides the optimal sensors to fulfil all these requirements.

!Tata Institute of Fundamental Research, Mumbai, India
Institute of High Energy Physics, Austrian Academy of Sciences, Vienna
3Kavli Institute for the Physics and Mathematics of the Universe, University of Tokyo, Kashiwa, Japan
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Figure 3.1: A rendering of the Belle IT SVD in place on the beam pipe is shown in the picture.

They allow a high precision measurement of bi-dimensional positions. The operating principle
of such sensors is the reversely polarized p-n junction.

The physical phenomenon exploited for particle detection is the ionization energy loss in a
medium at the passage of a charged particle. In this case, the medium is the silicon and the
energy released by a charged particle at its minimum point of ionization (MIP) is usually around
2 MeV cm?/g. The mean energy loss per unit lenght in Silicon is then (‘é—f)mmn = 388 eV /pum.
In a semiconductor this energy is converted into electron-hole (e-h) pairs. The number of pairs
(Ne_p) created by a charged partcle in the medium depends on the silicon thickness (dg;) and
on the mean energy for producing a pair e-h in silicon (F._;). Assuming as typical size of a
DSSD sensor dg; = 300 um and given that E._, = 3.63 eV, the calculation for the numbers of

e-h pairs gives:
dE)mean . d

N, , = (s o 5 _ 3.9 %104 (3.1)
—

This number has to be compared to the number of intrinsic e-h pairs in the silicon at temperature
T=300 K. Assuming an intrinsic carrier density n; ~ 1.45 x 10 and a typical surface area

Ag; = 100 pm x 10 cm = 0.1 cm?, the number of intrisic e-h pairs is:
N , =n; Ag;-ds; =1.45-10'0.0.1-2.5-1072 = 3.63 x 107 (3.2)

The number of intrinsic e-h pairs is about three orders of magnitude larger than the number of
e-h pairs produced by the passage of a MIP in silicon. The technique developed to reduce the
number of intrinsic carriers is the reverse polarization of a p-n junction.

A junction is the contact region between differently doped silicon substrates. Its fundamental
feature is the space charge region, also called the depletion region: the e-h pairs recombine and
the induced electric field prevent instrinsic carriers from drifting in the depletion area, which is
then free of charges. In a DSSD sensor an asymmetric p-n junction is created by depositing a
surface layer of highly p-doped silicon on a n-substrate. When a negative voltage V3,45 is applied

to the p contact, the junction becomes reversely polarized and the space charge region increases.
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At sufficiently high voltage, the n-substrate is totally depleted of intrinsic charge carriers. The
reverse polarization induces an electric field which is responsible for the drift of the e-h pairs
towards the electrodes (typically in aluminium) on the silicon surface.

The response of the sensor to the passage of a MIP is a current signal induced on the
electrodes by the drift of the e-h pairs. In the case the electrodes on the silicon surfaces are
segmented into strips, most part of the induced signal is collected by the strip closest to the
traversing point of the charged particle. The sensitive strips in the electrodes are electrically
isolated thanks to a silicon oxide layer which creates a decoupling capacity and avoids the passage
of direct current.

The electrode segmentation on one side of the silicon surface gives a silicon strips detector able
to measure the one-dimensional position of a charged particle traversing the sensor. When also
the electrode on the opposite surface is segmented in a orthogonal direction, the sensor is called
double-sided silicon strip detector (DSSD). The two-dimensional postition is provided using the
same amount of material budget of an ordinary strip sensor. The electrode segmentation on
the n-side of the silicon substrate results in technical problems due to the electron conductive
channel created between the silicon oxide layer and the substrate surface, which might short the
strips. This is solved by introducing p-stop specific doping, which insulate each strip from the
other.

The high bias voltage is supplied to each strip through a high resistivity integrated on the
sensor. The typical size of a strip is around tens of um-width and the typical distance between
two consecutive strips, called pitch, varies from 25 to 100 gm. A schematic view of the operating
principle of DSSD sensors is shown in Figure |3.2

The position of the traversing particle is given by the position of the strip on which the
signal from the e-h pairs drift is induced. The spatial resolution is then given by the pitch size,
according to the formula o4 = dpitcn/ v/12, which is known as digital resolution. When more
than one strip collects the induced signal, the position is given by the centre of gravity T of the
hit strips, calculated as follows:

7= 2% 50 (3.3)

Zi S

where x; stands for the position of the strip on which a signal of intensity .S; is induced. In this
case, the spatial resolution is determined by the signal to noise ratio, which might be better

than the digital resolution determined by the size of the pitch.

3.2 The SVD ladder structure

The general overview of the SVD has already been presented in Section It has a coverage
in the azimuthal angle from 17° to 150° and it is composed of 4 layers equipped with DSSD
modules. Apart from the innermost one ( layer 3), layers 4-6 has a slanted geometry in the
forward region, in order to optimize the acceptance and to minimize the traversing path length
of the incident particle. Each layer is composed of ladders, which consists of a varying number

of DSSD modules, depending on the layer, glued onto sopporting carbon fiber ribs.
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Figure 3.2: The working principle of a DSSD is illustrated. The passage of a charged particle produces
e-h pairs in the silicon substrate. A reverse bias voltage is supply between p-strips and n-strips. The e-h
pairs drift according to the electric field induced by the bias voltage and segmented electrodes collect the
current signal induced by the drifting.

In a ladder, the forward and backward sensors are equipped with flexible circuits which
provide the connection to the readout electronic, consisting in APV25 chips mounted on the
Hybrid Sandwich board. The connection to the readout electronics for the central sensors is
provided by flexible circuits bent onto the outer edge of the sensor, according to the Origami
chip-on-sensor method (see Section . This technique allow the alignment of the APV25
chips on one single edge of the ladder, favoring the cooling operation which is provided by a
single pipe based on a C'O2 cooling system. This method, combined with the chip thinning
down to 100 um, help reduce the material budget in the SVD construction: the total amount
of material corresponds to 0.3%Xﬂ A 3D-view of the typical ladder structure ( layer 5) is
reported in Figure 3.3

Since the structure of forward and backward DSSD modules is the same for layer 4-6, they are
all produced at the INFN Laboratories in Pisa and then they are shipped first to the dedicated
sites for the ladder assembling and then to KEK for the ladder mounting.

The procedures developed by the SVD group in Pisa for the assembling and the electrical

testing of these modules are described in the following section.

3.3 The forward and backward sub-assemblies

The backward and forward modulesﬂ of the SVD consist of a DSSD, of the Hybrid Sandwich

board on which the readout electronics is mounted and of the flexible circuit called Pitch Adapter

4Radiation length.
5Referred to also as sub-assemblies.
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Figure 3.3: The rendering of a ladder of the layer 5. The main components are indicated in the figure.

which connect the sensor to the APV25 chips on the Hybrid Sandwich.

Despite the different geometry and sensors, the forward and backward modules are essentially
identical in their structure, as shown in Figure[3.4] The most relevant technical details for both
trapezoidal sensors used for the forward modules and the rectangular ones used fo the backward
modules, are given in Table[3.1] The modules will be placed onto the beam pipe with the p-side
facing the IP and measuring the r — ¢ coordinates, as already explained in the general SVD

overview in Section [2.4.3] The n-side hits provide the z-coordinate measurement.

The Hybrid Sandwich (HS) is composed of two single hybrid boards, one for each side of the
sensor: on the p-side single hybrid, 6 APV25 chips are implanted, while 4 chips are mounted on
the n-side single hybrid. The two single hybrid boards are then glued together to form the HS,
which consists of 10 chips. Each chip collects the signal from 128 strips, with a shaping time
of 50 ns, which represents a factor 10 improvement with respect to the previous Belle readout

electronic performance.

The Pitch Adapter (PA) purpose is to connect the silicon strips to the APV25 chips through
interconnection copper lines, among several layers of polyamide, matching the sensor and the
chips. All the connections between PA, sensor and chips are made by Al/Si 25 pm-thick wire
bonds on Ni/Au bonding pads. Four different types of PA, varying in PA and pads dimensions,
are needed, one for each module side (forward p/n side, backward p/n side). The p-side PA has
typical dimension of 6 x 2 cm?, while on the n-side a larger PA is used, 6 x 16 cm?. The bonding
pads have different pitch on the sensor side with respect to the HS side: the former vary from
45 to 240 pm, while the latter is 45 ym. The PA has a 80 pum thickness and two small holes on

its surface, provided for the alignment during the assembling procedure.
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Figure 3.4: A backward (left) and a forward (right) module produced in Pisa, placed on the dedicated
support (multi-purpose chuck). The Pitch Adapter corresponds to the orange part seen on both sensors.
The modules are n-side up.

module  type of sensor strips strip pitch size active area
[p/n side] [p/n side] um mm? mm?
forward trapezoidal 768/512 50-75/240 126 x (61 —41) 5893
backward  rectangular 768/512 75/240 125 x 60 7030

Table 3.1: Technical specifications for the forward and backward module sensors employed in the Belle IT
SVD construction.

3.4 The assembling procedure

The assembling procedure, unless for the specific mechanical tolerances, are the same for both
forward and backward modules, whose type will not be specified anymore in the following section,
and also for the p/n-side. The first step consists in the visual inspection of each component of
the module, aimed at verifying its status and finding eventual damages that might prevent from
using that component in the sub-assembly.

The second step is the HS assembling. The chip positions on the two single hybrids are
measured and their shift with respect to the nominal position has a maximum tolerance of 200
pm. They are electrically tested and if all the measurements show a correct behaviour of the
hybrids, they are glued together to form the HS. The relative alignment of each single hybrid
is measured and a second visual inspection and electrical test follow the gluing. This further
check is aimed at verify that the assembling phase did not introduce any new defects on the HS.
Finally the HS is ready to be used in the module assembling.

The assembling is performed on mechanical positioning systems (jig) specific for each ge-
ometry and side of the sensor (backward, forward, p/n side), placed on the granite table of a
Coordinate Measurement Machine (CMM), which provides a resolution on the relative place-
ment of every component of 5 um. The jig surfaces are covered with teflon and they can move

in the vertical direction thanks to micrometer screws. The sensor and the HS are placed on the
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Figure 3.5: Left: the jig for the mechanical assembling of the module; sensors and HS supports are
labeled in red, as well as the micrometer screws and the brass pins for the PA chuck positiong. Right:
the PA chuck in place onto the jig.

jig and they are fixed to their nominal position by a vacuum system for the silicon sensor and
by screws for the HS. The CMM provides coordinate axes in the reference system of the sensor
for measuring the position of every component at the nominal reference crosses and calculating
the right alignment of each piece, with a tolerance of 100 um beteween sensor and HS. The final
coordinates are registered and the jig is moved down in the z direction to prevent any sensor or
HS contact with the PA.

The PA is positioned onto an appropriate chuck, on which it is kept in place by a vacuum
system. The chuck is placed onto the jig on which the sensor and the HS have been already
aligned. Micrometer screws allow the correct alignment of the PA chuck with respect to its
nominal position on the jig (see Figure . The possible shrink of the PA with respect to
its nominal dimension is kept into consideration to achieve a final placement within 150 pym
maximum tolerance. The planarity of the region to be glued, with a maximum tolerance of 50
pm, is measured both for PA-sensor and for PA-HS side.

When the desired alignement is achieved, the glue is deposited onto the PA by a robot
which employs a programmable coordinate system according to the type of PA to be glued. The
glue preparation phase is extremely important to provide a controlled homogeneous deposition
which avoids any bubble formation. The controlled environment of the clean room ensures also
stability in umidity, pressure and temperature, which are fundamental factor for obtaining a
correct and constant viscosity during consecutive gluing oprations. The PA chuck placed on
a metallic support on the robot is positioned at the nominal deposition coordinates through
micrometer screws: a dedicated alignement software implemented on the gluing robot tests the
correct positioning of the PA chuck and finally the glue is deposited from a syringe moved by the
gluing robot. The typical needle height on the PA surface is 200 pm. The PA chuck positiong
on the gluing robot and the glue deposition are illustrated in Figure 3.6

After the glue deposition, the PA chuck is moved back to its orignal position onto the jig and
then the height of the HS and of the sensor is gradually increased through micrometer screws
until they reach the PA surface. The HS is first glued and then the sensor, as indicated by the
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Figure 3.6: The PA chuck alignement with respect to the gluing robot coordinate system through the
micrometer screws (left) and the glue deposition (right) are illustated in the picture.

Figure 3.7: Microbonding between PA and chips; under the wire bonds the deposited glue is visible
(blue halo).

approved gluing procedure. The glue diffusion is constantly monitored by the CMM: it has to
uniformly spread out without covering the active area of the sensor or of the HS.

Once the glue has spread throughout all the gluing area, the micrometer screws are locked
and after 15 hours curing time the chuck is removed and the gluing is complete. After the gluing,
the reference crosses are measured again by the CMM and the visual inspection checks that the
assembling has been successfully performed. After the module is safely turned up-side-down
thanks to the appropriate fixture, the same gluing procedure is repeated on the opposite side
(n) of the sensor and a second PA is glued on the sensor and HS.

At the end of the n-side gluing, after the cross-check measurements and the visual inspection,
the assembling is concluded and both sensor and HS sides of the PA are wire bonded by an
expert technician (see Figure . A last visual inspection is made to check the status of the

sub-assembly before strating with the electrical testing.
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3.5 The electrical testing procedure

The goal of the electrical tests performed in Pisa is to find and classify the defects of the modules,
after the assembling. The sensors have been already tested in the sites of their production and
the list of defects detected before the assembling is compared to that produced after the electrical
testing in Pisa. The comparison underlines if the assembling procedure has introduced some
new defects.

For the testing procedure, the HS is connected to a dedicated measurement station called
test stand which have been realised in the INFN High Technology Laboratories in Pisa. The

test stand setup is composed of:

e the APVDAQ acquisition system and its software, developed at HEPHY;

low voltage power supply for APV25 chips;

high voltage power supply for sensor reverse polarization (Vyqs);

infra-red pulse laser for simulating strip response to incident radiation;

motor for laser scan;
e the testing box which provides electromagnetic and light shielding for the module to test.

The electrical testing is performed through all its stages by the acquisition software. A
LabView interface has been programmed to interact with both APVDAQ and the test stand
setup (especially with the power supply and the laser scan).

Electrical tests are performed on single hybrids, HS and on the complete assembled module

and they consist of:

e passive measurements: all the passive components are measured and compared to the

nominal values;

e [-V curve (module only): at varying the reverse polarizing voltage Vj;.s in the range
0 — 100 V (forward modules) or 0 — 200 V (backward modules), the total leakage current

is measured;

e pedestal run: when Vy;,s = 100 is applied, the mean signal level collected by each strip and
its variance (noise) are measured; strips (or hybrids) are not injected at this stage and an

internal random trigger select 600 events;

e internal calibration run: a pulse is injected into each chip channel and at varying of its
timing At, the output signal shape is measured. A fit to the amplitude of the response
signal, as a function of the pulse timing, allows to extract the maximum peak gain of

output signal and the peak time;

e Viep scan (module only):a fixed At pulse is injected into each chip channel and the out-

put gain amplitude is measured; at fixed Vj;,5, the measurement is repeated varying the
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voltages applied between the chip power supply and the sensor reference voltage, for each

sensor side (the varied voltage is called Vi), in the range —5 < Viep < 5;

e laser scan (module only): sensors strips are illuminated by an infra-red pulse laser and the
hits (defined by a signal to noise ratio higher than 6) registered by each strip are counted;
the test is repeated twice with the laser moving in the orthogonal direction with respect

to the sensor strips.

The acquired data are then analysed and according to the given definitions for each defect,
the full list of the found defects is produced:

e open: strip, chip channel or bond broken; the defect is identified by high noise in the

measured channel, unusual peak time and peak gain, low number of hits;

e short: contact between two consecutive strips or bonds; the defect is identified as low gain

and low hit consecutive channels;

e pinhole: breaking of the silicon oxide layer between the aluminium sensor strip and the
n-substrate; this defect corresponds to strips with lower gain at Ve, =5V or Ve, = =5V,
while the usual gain ( between 70-100 ADC units) is recovered at Ve, = 0.75 V;

e laser response: lower hit number as response of the laser incident radiation.

Sometimes noisy channels might depend on the test stand setup: it is always fundamental to

qualify the test stand before any testing session.

3.6 The sub-assembly quality overview

The mean quality of the assembled modules in Pisa is optimal. The 47 backward sub-assemblies,
that were planned to be produced in Pisa, have been completed at the end of July, while the
forward module production will terminate before the end of October, as scheduled. All these
sub-assemblies are going to be used in the ladder assembling.

As concerns the mechanical quality, no defects (apart from three initial failures in forward
modules gluing) have been detected in the assembled modules and all the reference points have
been measured to be at nominal position, within the established tolerances.

The jigs show no evidence of degradation during time and the module quality stays constant
through all the production period.

The electrical quality is mainly evaluated from the AC defect rate (opens, shorts and pin-
holes) found in the analysed modules, which over a sample of 33 backward and 25 forward
sub-assemblies gives less than 1% defective strips per side. Including in the overall quality also
the noisy strips, the percentage of defective strips remains lower than 1, while adding also the
laser response result, the forward p-side only shows more than 1% strips as defective. However,
the laser response is strictly dependent on the laser scan setup and it was found that in 4 mod-
ules an uncorrect setup was the real cause of the apparently bad response of the strips to the

laser radiation.
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Figure 3.8: The total AC defects rate distribution versus the module identity number (alias versus
time), for forward (left) and backward (right) modules. The percentage of AC defective strips (purple
triangles) is constant and lower than 1. A slightly increased trend is shown if noise and laser response
are included in the defect list.

As conclusion, the overall quality of the produced modules is excellent and the sum of all the
DSSD AC defects and the new ones introduced during the assembling procedure in Pisa results
in less than 1% defective strips per assembled module. The rate of the AC defects (summed
between the DSSD AC defects that were already found on sensors and the AC defects introduced
in Pisa) is shown as a function of the module identity number (progressive in time) in Figure
for both forward and backward modules.

In the course of my thesis period I actively participated in all phases of module assembling,
gaining experience with the complex and delicate procedures. Not all modules were working
perfectly from the beginning, and I contributed to understanding the effects of various kinds of

defects on the sensors and on the modules.

A look forward: SVD performance in the analysis

The SVD performance, combined to the CDC measurements, is the main responsible for the
track reconstruction. Its improvement is fundamental to handle the high luminosity challenge,
which forsees a 20-30 times larger background rate with respect to the one measured at Belle.
The global upgrade project of the VXD in Belle II will confirm the same and even better
performances achieved by its predecessor.

Studies have shown that the track parameter resolution will be improved by a factor 2
with respect to the BABAR resolution. The output of the MC preliminary studies is shown in
Figure A better track reconstruction means better performance in the kinematic fit to find

the common vertex of the decay products. This is a basic requirement exploited in the event
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Figure 3.9: The Belle II resolution on the impact paramters dy,zg as a function of the transverse
momentum, compared to BABAR resolution.

reconstruction implemented in the analysis. The analysis method and the importance of the

impact parameter in the selection optimization will be described throughout the next chapters.



Chapter 4
Analysis Method Overview

The goal of this thesis is to measure the branching fraction for the BO(B_O)%ppﬁp decay mode.
The first step is to reconstruct B candidates decaying to the final state pppp, which defines the
signal signature for this analysis.

B meson candidates are reconstructed summing the four momenta of final state particles and
then identified using kinematic variables sensitive to B mesons properties, such as the beam-
energy substituted mass mgg and the energy difference AE (see Section . In this chapter
a general overview of the BF(B?(B%)—pppp) measurement method is given. The concept of a
blind analysis and the strategy for the signal yield extraction are introduced (Section .

In Section I will focus on the first analysis step, which consists in the B meson recon-
struction from the final state pppp. The reconstruction efficiency is evaluated on the signal
Monte Carlo sample.

The data sample used for this analysis is the full dataset collected with the BABAR detector
during Run(1 —6), for a total on-peak integrated luminosity of 424 fb~!. The experimental data
sample, together with the Monte Carlo samples on which the optimization studies are performed,
are described in Section which also includes an estimate for the expected number of signal
and background events, before any further selection for background rejection is applied, assuming

a signal branching fraction of 1077.

4.1 The analysis method

The strategy that I have implemented for this analysis can be summarized in 4 main steps:
1. The reconstruction of the event;
2. The event selection;
3. The fitting procedure, which can be divided into two parts:

e The modeling of signal and background shape in the mgg distribution;

e The signal yield extraction.

4. the branching fraction calculation.
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In this thesis, the variable studied to extract the signal yield is the beam-energy substituted
mass mpgg. The strategy of extracting the signal yield consists in performing an unbinned
extended maximum likelihood fit to the mpgg distribution, in the whole reconstruction range
5.2 < mpgs < 5.3 GeV/c?

In the reconstruction step, four tracks identified as protons E| are combined and the mgg and
AF variables are calculated. Only the candidates in a loose range of mgg and AFE and whose
decay vertex has been successfully reconstructed are accepted. At that point, the event selection
is applied, in order to discriminate signal from background events among all the reconstructed
candidates. This selection consists of two steps: a first preselection aims at rejecting the bad-
quality reconstructed events. It is based on track quality requirements, on the probability of the
fit performed to the common B-vertex and on the particle identification response. The second
step relies on the implementation of a Multivariate Analysis selector trained on different event
variables, whose distribution helps separate the signal events from the hadronic events coming
from continuum backgrounds (see Section for appropriate definition). The Monte Carlo
samples are split in two equal subsets, one used for the training of the Multivariate Analysis
methods and the other for the testing and for application. The full selection is explained in
detail in Chapter

The mpgg distribution for all the events that passed the selection is then fitted with an
unbinned extended maximum likelihood fit. The fitting procedure consists of two parts: first
the signal and background shape in the mpgg distribution is studied on Monte Carlo samples
and appropriate probability density functions are defined; second, the signal yield extraction
procedure is implemented, once the shape parameters have been fixed to the fit results from the
modeling studies.

A blind analysis strategy is employed to avoid any experimenter’s bias. For the signal shape
modeling, the blinding procedure is applied by fitting the signal Monte Carlo sample. For
the background modeling, the mgg distribution shape is studied on both the background MC
samples and on the side band region of on-peak data (and also off-peak data). The region of
data where the signal is expected is kept hidden, until the full analysis is complete.

The side band interval corresponds to the range in mpgg going from the beginning of the
reconstruction range, 5.2 GeV/c?, to the beginning of the signal window. The signal window
consists in the range 5.27 < mps < 5.29 GeV/c? and corresponds to a 3o region around the
B mass peak at 5.279 GeV/c?. Background modeling studies performed on on-peak data refer
exclusively to the side band region, as defined above. No fit on data has been performed in the
signal window of mpgg, since the unblinding has not been allowed yet.

Once the unblinding is allowed, the unbinned extended maximum likelihood fit to the mgg
distribution for on-peak data will extract both the number of signal and background events.
The signal yield N is then exploited to calculate the branching fraction of the baryonic mode

> sig
B°(B%)—pppp as explained in the Chapter

'In the rest of the thesis, I will refer to the signal mode as 4 proton final state, without distinguishing between
protons and antiprotons. When discrimination between positive and negative charged particles is needed, it will
be explicitly stated.
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4.2 The candidate reconstruction

The search for the fully reconstructed BO(BO)%ppﬁﬁ starts with the combination of 4 charged
tracks. These tracks are the result of tracking fits to the hits and energy deposits that the
final state particles leave in the BABAR subdetectors when propagating in the 1.5 T magnetic
field from the interaction point through the Silicon Vertex Tracker and the Drift Chamber (see
Section [2.3.8)).

Once tracks are reconstructed and assigned their particle identities, a kinematic fit combines
their four-momenta to form a common vertex, which represents the mother particle candidate.
Wrong combinations are the source of what is called background for a given decay mode, con-

sisting mainly of two classes:

e the combinatorial background, composed of random combinations of tracks which are not
coming from the same decaying particle but which roughly produce the invariant mass of
the searched mother candidate. An important source of combinatorial background is the
continuum background, which arises from eTe™ events where pairs of light quark-antiquark
are produced instead of B mesons. This is the dominant background component in rare B

decays, which do not proceed via the favored b — ¢ transition.

e the physics background, which originates from B meson decays to final states that can
be mis-identified as the signal final state, because they show a similar topology to the
BY(B%)—pppp tracks. It is related to PID mis-identification probabilities, when at least
one track is wrongly identified as a proton. This is potentially more dangerous than the
combinatorial background, since the invariant mass distribution of the fake candidates

usually peaks at the same value as the signal.
The candidate reconstruction consists of three steps:

1. the selection of 2 positive and 2 negative charged tracks, identified as protons and antipro-
tons respectively. For the particle identification a combined list of very loose selectors is
used, as described in Section [2.3.9 The main characterization of the PID selectors ex-
ploited in the reconstruction is given by their efficiency and their mis-identification prob-
abilities, which differ according to the type of the selector. PID performance studies show
that the exploited selectors have an efficiency higher then 0.98 for protons and antiprotons
of 1 GeV/c momentum and mis-identification probabilities lower than 0.05. The positron
and electron fake rate for Likelihood selectors increases until 0.2 for 1 GeV /¢ momentum
tracks, but it is cured in the Decision Tree PID method.

2. The kinematic fit on the 4 charged tracks to form a common vertex. This procedure, known
as vertexing, is based on the TreeFitter algorithm implemented in BABAR software to
reconstruct the mother particle from the detected tracks. The script relies on the Kalman
Filter fit technique and more details about its implementation can be found in [2I]. At
reconstruction level, no cuts are imposed on the probability of the fit result and only its

convergence is required. The vertexing procedure assigns a position and a four momentum
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to the common vertex of the four tracks, identified as the mother particle candidate of the

event.

3. The kinematical cuts on the values of AE and mpgg, calculated on the four-momentum
assigned to the mother particle candidate, according to the formula described in Section
Loose acceptance ranges are defined for both variables. Reconstructed candidates

are accepted if the following conditions are satisfied:

5.2 < mpg < 5.3 GeV/c? ; |IAE| < 0.2 GeV. (4.1)

Only when all the above requirements are fullfilled, the event is reconstructed and all the kine-
matic information about the 4 proton tracks and the B meson candidate are filled in a ntuple ﬂ

The same procedure is applied both to Monte Carlo-generated and real data events.

4.3 The samples

In this analysis, three types of samples have been used: the first two types are the on- and off-
peak events as described in Section which are real data collected by the BABAR experiment.
The third type consists of the Monte Carlo samples. The latter type is used for optimization
studies, for the BDT training and testing after being split in two equal subsets, for the efficiency
calculation and the signal and background modeling. The formers are exploited for the analysis
and cross-check between MC and data results. The software release version used for processing

all the three types of data is given in Section [2.3.§

4.3.1 Experimental dataset

The dataset used for this analysis consists of on-peak and off-peak data collected from Run 1
to Run 6. The luminosity of each Run processed and the corresponding yield of BB pairs (for
on-peak data only) are calculated with the B counting method [22] explained in Section

To directly compare the on-peak and off-peak samples, the weight

Lonpeak

E?

. offpeak

woff - Loffpeak : E2 . — 9.58557
onpea,

is applied to off-peak data. The scaling is given by the ratio between the two integrated lumi-

nosities times a factor (E2

offpeak / Egnpeak) which takes into account the dependence of the cross

section on the centre-of-mass energy.
In Table[4.T] integrated luminosity and Ny are listed for each on-peak Run processed, while
integrated luminosity for off-peak data is shown in Table

2A ntuple is the basic data structure of the ROOT-based analysis system.
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Run [ Ldt (fb™1) Npp =+ ostat = 0syst(x10)

1 20.371 22.55+£0.03£0.14
2 61.313 68.43 £0.04 £ 0.41
3 32.278 35.75+£0.03 £ 0.21
4 99.574 111.39 £ 0.06 £ 0.67
) 132.336 147.58 £ 0.07 £ 0.89
6 78.317 85.18 £0.05 £ 0.51
Total 424.190 470.88 £0.12 £1.32

Table 4.1: The integrated luminosity (fb=!) and the B counting result (Ngpg) for each Run of on-peak
data processed for the analysis are listed. The total integrated luminosity exploited for this analysis is
Lerpeak — 494,190 fh—1,

Run [ Ldt (fb=h)
2.564
6.868
2.443
10.015
14.277

6 7.752
Total 43.919

U W N =

Table 4.2: The integrated luminosity (fb~!) for each Run of off-peak data processed for the analysis is
listed in the table. The total off-peak integrated luminosity is LfPeak = 43.919 fb—1.

4.3.2 Monte Carlo samples

The Monte Carlo (MC) samples consist of two categories: the signal sample and the background
samples.

For the former, a dedicated simulation has been provided by the BABAR official MC pro-
duction and 687000 signal events of 1°(4S5) decays in BYBO pairs have been generated. Each
event consists of one B meson set to generic E| decay, while its conjugate decays to the final-state
signal signature (pppp). The B meson decay model used for the mode Bo(go)%ppﬁﬁ is the phase
space model, which assumes each momentum configuration with the same probability (flat in
the phase space).

As concerns background samples, collections already implemented in BABAR MC have been
studied: BO/B_0 to generic, BY /B~ to generic and hadronisation from continuum processes
ete™— qq, (¢ = u,d,s), which will be summarized from now on with the notation e*e™—uds,
and eTe”—cc. Samples simulating lepton pairs events have been added for describing the
backgrounds composition seen in data: the Bhabha scattering ete™— eTe™(y), the p and 7
pairs production from continuum, ete™— putpu= (), ete™— 777 (7).

In Table the number of generated and reconstructed events (Ngen, Nreco) for each sample
studied is shown. The third column shows the weight applied to each reconstructed sample to

scale the number of events to the data integrated luminosity for Run 1-6. It is worth noting that

3The B meson is allowed to decay to all known (and implemented in the EvtGen [17]) decay modes, according
to their respective branching fraction and decay models.
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Sample MC Nyen Nyeco Weight

Signal B%(BY)—pppp 687000 292705 6.85415x 1077
BY/B° to generic  7.17995 x108 13639 0.327913
B*/B~ to generic  7.08062 x10% 22169 0.332513

ete”—uds 16.19504 x10% 75415 0.547425

ete™—ce 11.28544 x10% 28967 0.488636
ete—ete (7) 3.44000 x10% 46 49.3244
efe = 7717 (9) 3.12900 x10% 87 1.27433
ete— utu= () 3.981 x108 0 -

Table 4.3: List of Monte Carlo samples used in the analysis. In the second column, the number of
the generated events for each sample is provided and in the third column the corresponding number
of reconstructed events is listed. The weights to scale the samples to the data integrated luminostity,
424.190 fb~!, are reported in the last column. The scaling is proportional to the production cross section
for each event type, while for the signal MC sample it is based on the assumption of a BF of 1077.

no event from ete™— ptu~ () has fulfilled the reconstruction requirements and this sample
will not be reported anymore in the next tables.

The weight w; for each sample i is calculated normalizing the total number of generated
events Ngen to the number of expected events for the given sample at the data integrated

luminosity, which can be computed as the product o; - L°"P¢?* where o; refers to the production

cross section for the sample 7 at the centre-of-mass energy of the 7°(45):

o - Lonpeak
N

gen

w; = (4.2)
From now on, when mentioning the weighted mgg distributions, I will refer to these weights ap-
plied to the analysed MC samples. The scaling for the signal MC sample requires an assumption
on the expected branching fraction (BF) of the decay mode B°(B9)—pppp, since the production
cross section is not known. The weight applied to the signal MC sample is computed according
to the formula wg;y = BF - NBB/NgSé%. A rough estimate of the BF can be derived by the upper
limit on the branching fraction of the baryonic mode B — Afppp measured by Griinberg et
al. [10], as described in Section For this analysis, I assumed BF = 10~".

4.3.3 Expected number of events

The mpgg distribution of the reconstructed events from the signal MC sample is reported in
Figure (left). As expected for B candidates coming from signal events, the distribution
of the beam-energy substituted mass shows a peak at the B meson mass. The experimental
resolution is smaller than 2 MeV /c2, as shown in the right plot in Figure Only the truth-
matched candidates are plotted. The truth-matching principle exploits the fact that in the
MC simulation the true identity and properties of every particle are completely known. When
the interaction with the detector is simulated and the reconstruction procedure is applied, the
wrong identity might be assigned to a generated particle. A candidate is called truth-matched

when its reconstructed identity and the identity of its reconstructed mother particle match the



4.3 The samples 65

10°
o 80000 b i -
T B 3 100
= 70000 b= L
o™ r 2 -
— » c
w - 4] I~
60000 o 80
E E Entries 277475 -
50000 i
r Mean 0 Ooﬁéigg sol [Mean 0000233
I RMS . B
40000f- : RMS  0.001814
30000 40—
20000 i
r 20
10000[~ i
:II\II\II\I\II\II\IIII\II‘II\I Ll Ll _Hll|\ll L T T A W
8% 521 542 505 504 505 526 527 526 529 5.3 852 0015 —0.07 0.005 U 0.006 001 0.015 002
Meg [GeV/c Meg-Mi® [GeVic?)

Figure 4.1: Left: the mgg distribution of the truth-matched reconstructed events from the signal MC
sample is shown. The plotted range correponds to the full reconstruction range for mgs. The signal is
contained as expected in the signal window 5.27 < mpgg < 5.29 GeV/c?. Right: the distribution of the
difference between the mgg value calculated from the reconstructed B meson candidate and the value
assigned at MC generation stage. The width of the plotted distribution represents the experimental
resolution for mpg, around 2 MeV /c%.

identities in MC generation. In this analysis, I will refer to a truth-matched signal B-meson
candidate (or equivalently a truth-matched signal event) when, considering an event from the
signal MC sample, all the four tracks detected as protons are true protons according to the MC
generation assignments and they all come from the same mother particle whose true MC partner
is a neutral B meson. This is a powerful method for investigating the sources of background
on MC samples and testing the mis-identification probabilities. Applying the truth-matching to
the reconstructed events from the signal MC sample (Table gives N/TUe = 277475, which
results in a 5% rate of not-truth-matched signal events. Moreover, the difference between the
value for mgg calculated from the measured B meson’s four-momentum and the value computed

true

from the four-momentum assigned at the MC generation stage, mpgs" "¢, gives an idea of the

expected experimental resolution for the measurement of this variable.

A preliminary estimate for the signal efficiency can be calculated by considering the ratio be-
tween the number of the truth-matched reconstructed events and the total number of generated

events:
true

s, = W = 0.4039 = 0.0006. (4.3)
gen

This represents an upper limit for the signal efficiency that will directly enter the BF calculation.
On the reconstructed events the selection for optimizing the background rejection is applied: it
leads to tighten the requirements for accepting a B meson candidate and consequently to decrease
the efficiency, in order to maximize the chosen figure of merit. In this analysis, since the goal

is not precision, but maximizing the probability for measuring a new decay mode, I chose the
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Figure 4.2: The normalized distribution of the number of reconstructed B meson candidates per event,
for the signal MC sample. The mean B candidate multiplicity per event, shown in the box, is lower than
2.

significance, s, as figure of merit to optimize. The significance is defined as follows:

s = S5 (4.4)

VS+B

where S and B are respectively the number of signal and background events counted in the
signal window 5.27 < mpg < 5.29 GeV/c? of the mpg distribution when the proper scaling for
normalizing the MC samples to the full data luminosity is applied. This technique of counting the
number of events in a defined region of a given variable distribution is the cut-and-count strategy.
As mentioned in the analysis method overview, the signal yield extraction will be performed by a
fitting procedure applied to the full reconstruction range of mgg, exploiting shape information to
separate the signal from the background events. However, for the selection optimization purpose,
the cut-and-count technique will be used in the next chapters for evaluating the number of events

selected on each MC sample after applying different sequential cuts.

The clean signature of 4 charged tracks identified as protons and coming from the same
vertex is a very strong requirement in the event reconstruction: most times only one candidate
per event is reconstructed. The plot of the B candidate multiplicity distribution for the signal
MC sample is shown in Figure[4.2] In order to select only one candidate per event a AE selection
is added to the reconstruction requirements. When more than one candidate is reconstructed in
the same event, the one with the minimum absolute value for AFE is kept, while the second is
rejected, considering that AFE peaks at zero for B-meson candidates coming from signal events.
In this way, a one-to-one correspondence between reconstructed events and B meson candidates

is ensuredE[

The number of reconstructed signal events expected at the full luminosity of 424 fb~! in the

4The terms candidate and event can be equivalently exchanged in the efficiency calculation.
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signal region is calculated:
NgP(424 1) =19 (4.5)

The impact of the event selection on this number will be considered in detail in the next chapter.
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Chapter 5

Event Selection and Validation

The event selection is the second step in the analysis strategy. Further requirements for accepting
a B meson candidate as a signal event are added, in order to reject fake combinations that have
been wrongly reconstructed. General kinematical constraints have been already imposed at
the reconstruction level. Further cuts on track quality related variables eliminate the badly
reconstructed tracks that can be more easily mis-identified in the candidate reconstruction.
This is achieved thanks to the preselection, described in Section events that passed both

the reconstruction and the preselection steps undergo to the final background rejection phase.

This second part of the event selection mainly uses event shape variables. The aim of the
event selection optimization is to maximize the significance s (Equation (4.4)) as figure of merit.
There are several approches for implementing the background rejection: from optimization
studies, in this thesis I decided to use a multivariate analysis method, which is quite common in
High Energy Physics for classification purpose. All the tests have been performed on the signal
and background MC samples, using the libraries implemented in the ROOT framework [23].
In multivariate analysis methods, event variables are combined to form a single discriminating
selector, on which the final cut is applied. The goal of multivariate classification is to improve

the significance with respect to sequential cuts on individual variables.

Different methods have been compared and different input combinations of the event vari-
ables have been tested. From these studies, the Boosted Decision Tree method, trained on a
combination of 4 input variables, is the best perfoming technique with respect to the significance
improvement. Its implementation is given in Section[5.3|and the BDT selection validation, which

is fundamental for a realiable efficiency estimate, is discussed in Section [5.4

5.1 The preselection

The goal of the preselection is to eliminate the fake combinations arising from badly-recontructed
tracks and bad fit to the common vertex. Three requirements are added for accepting a recon-

structed B meson candidate:



70 Event Selection and Validation

Sample Npassed N[?f] (424 fb~1)
Signal BO(B%) —pppp 233429 15.86 + 0.03
B°/B° to generic 1497 TTE5
B*/B~ to generic 3218 169 + 7
ete”—uds 15581 1490 £ 30
ete”—ce 2352 215+ 10
ete—ete (v) 0 0

ete =117 (7) 0 0
Bkgror 22648 1950

Table 5.1: For each analysed MC sample, the number of events passing the preselection step is reported
in the table. Their statistical uncertainty is the Poisson error v/N. The last column shows for each sample
the expected events at data integrated luminosity in the signal window. These numbers are calculated
applying the appropriate weights w; (see Equation ) to each sample. The associated uncertainties
take into account the scaling applied.

1. each proton candidate has to satisfy:
|doca™¥ | < 1.5 cm, |doca?| < 2.5 cm,

where the signed distance of closest approach (doca) is referred to the point of the track

helix which minimizes the distance in the xy transverse plane (doca®Y") and along the z

coordinate (doca?) with respect to the origin (the interaction point);

2. the x? probability of the fit to the common vertex is required to be larger than 0.001, in

order to reject bad fits to random combinations of tracks;

3. the tracks have to be identified as protons by the pKM selector (see Section, available
in six tightness modes. PID performance studies show that the best significance is achieved
with the SuperLoose tightness level. In Figure the characterization of the selector is
provided by the plots for its efficiency and its mis-identification probability rates.

The mpgg distribution for the signal and the background MC samples, after the preselection
application, is reported in the plot in Figure (top). All the histrograms are scaled to the
data integrated luminosity. The number of signal and background events that passed both the
reconstruction and the preselection step are listed in Table[5.1} In the same table, the last column
reports the number of signal and background events in the signal window 5.27 < mgg < 5.29
GeV/c? foreseen at the data integrated luminosity, for each analysed sample.

The QED backgrounds coming from ete™—ete (v) and ete™—7777(v) interactions are
fully rejected by the preselection step. This is most likely due to the PID optimization, since the
Decision Tree based selector has lower mis-identification probabilities for muons and electrons.
Moreover the x? probability cut eliminates all the combinations arising from the wrongly re-
constructed vertices, which might gather charged tracks coming from the halo of the interaction
point or generated by the particle interaction with the beam pipe walls.

The total number of background events expected in the signal region is B= 1950 + 30, while

the signal events are S= 15.86 4+ 0.03. The errors associated do not correspond to the obvious
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statistical uncertainty v/ IV, but they correctly take into account the scaling applied. From these

values, the significance after the preselection step is:

s 2 0.35740.003. (5.1)

VS+B

There is no hint for peaking background in the mpgg distribution from what is shown in
Figure Most background comes from the ete™—uds continuum interactions, whose event
topology shows a typical jet-like shape. Also the sinf} angular distribution of the B meson
candidates in the 7'(45) rest frame helps discriminate from continuum events ete™— ff, dis-
tributed like 1 + 00829*3. In BABAR analyses, information from phase-space distribution of the
decay products has been quantified in different ways. The event shape variables exploited for
background suppression in this analysis will be explained in the following sections.

The preselection has an impact on the signal efficiency, calculated as the number of the

truth-matched passed events with respect to the total generated:

Ntrue J
sitg — - = U. . . .
€sig = —— = 0.3367 = 0.0006 5.2
Ngegz

This number will decrease again because of the further background rejection applied, which aims

at optimazing the significance.

5.2 Studies on the event selection

The first studies for the background rejection relied on sequential cuts on disciminating event
variables. In the rest of the chapter, this strategy will be refered to as the cut-based selection:
it is no more applied in the finalized event selection, but it is useful to show its performance in
comparison to the BDT method (Section [5.3)).

The choice of the variables and the cuts to impose on their distributions were determined
by MC studies. I considered physically meaningful variables, expressing some kinematical con-
straints or some topologycal properties of the event, with a distribution consistent between the
MC samples and data side band region events. Of course, the shape of the variable distribution
has to be different for signal and background events to provide a good separation power.

Moreover, it is important to show that the chosen cut is not influencing the shape of the
mpgg distribution, otherwise it has to be taken into account in the fitting procedure. This would
mean to have a selection dependent background modeling, which would result in increasing the

systematic uncertainty on the signal yield extraction.

5.2.1 The event shape variables

The phase-space distributions of both the B meson candidate and its decay products provide
discriminating power between background and signal events, according on their shape. Lots of

variables that quantify these properties have been implemented in the history of the B Factories.
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Figure 5.1: The super loose pKM selector efficiencies and mis-identification probabilities versus the
particle momentum are shown. The first row represents proton and antiproton PID efficiency as a function
of the particle momentum, in the azimuthal acceptance region covered by the detector, 25.78°-146.10°.
Starting from the second row till the bottom, plots for mis-identification probability are reported: from
top to bottom, pion, kaon, muon and electron fake rates are shown as a function of the particle momentum.
The azimuthal acceptance slightly varies for the last two rows, depending on the sub-detectors involved
in the particle identification.
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Figure 5.2: The weighted mgg distributions for the analysed MC samples at different stages of the
event selection are shown. Top: after the preselection; the signal MC sample is the black filled histogram.
Bottom: the cut-based selection result (Section ; the signal MC distribution is given by the black
dots. All the histrograms have been scaled to the data integrated luminosity and the legend is given in
the box on top right corner. The error bars show the correctly scaled Poisson uncertainty for each bin.
The signal region is highlighted in the plots by the vertical dashed lines.
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The most important for this analysis are:

e The B meson direction: angle 6%, which is the angle between the direction of the B meson
reconstructed momentum and the beam axis in the 7°(4S5) rest frame, is expected to have
a sinQHE distribution for correctly reconstructed B meson candidates, in contrast with the

1 + cos?0% behaviour typical of ee™— ¢ events, with ¢ a 1/2-spin particle;

e The Thrust axis, T: it is defined as the direction that maximizes the sum of the projection
of the momenta p; along the same axis, for a collection of N particles (i = 1,2,..N); it is
calculated maximizing the expression:

N & -
N T p

i [P
The related variable exploited in the analysis is the absolute value |cosOrg|, where 07 is
the angle between the thrust axis of the momenta of the B meson candidate decay products
with respect to the thrust axis of all the other reconstructed particles in the event ( the Rest
Of Event, ROE); given that the B meson decay products are isotropically distributed in
the 7°(45) rest frame, the signal events are expected to have a flat distribution in |cosfr |,
while the back-to-back fragmentation of qq events produces a distribution peaking at values

of |cosOry| close to 1.

o The Fox-Wolfram moments: for a collection of N particles, the k-th order moment of the

Fox-Wolfram method is given by the equation:

193] P} | P (cosbiy)
Hy, = 5.4
g Z]: EiE, ’ (5:4)

where FE;,p; are the energy and the three-momentum for a given particle ¢ of the N-
collection and P, refers to the k-th order Legendre polynomial as function of the angle 0;;
between the momenta of particles ¢ and j. The variable used in the analysis is Ry = Ha/Hy,
which is the second Fox-Wolfram moment normalized to the zero-th moment. It can be
shown that this variable takes values closer to one for events with two strongly collimated

jets, providing a good discrimination between events with different topologies.

5.2.2 The cut-based selection performance

Different set of cuts have been tested and for each configuration the significance s (as defined in
Equation (4.4)) has been calculated in order to establish the best performing selection, which
is the one providing the highest value for s. This is achieved with the optimized cuts (added to

the preselection cuts):
e |AE| <0.03 GeV;

e Ry <0.5.
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Sample After reconstruction [, ,.)(424 fb=1)  After cut-based selectiony, ] (424 b1
Signal BY(BY)—pppp 19.12 + 0.03 14.64 =+ 0.03
BY/B° to generic 662 + 15 10+2
B /B~ to generic 1146 £ 20 24+3
ete”—uds 6570 % 60 180 £ 10
ete”—ce 2384 + 34 24+3
ete”—ete (v) 640 + 180 0
ete =17 (v) 10+4 0
Bkgror 11412 £ 190 238 £ 10

Table 5.2: Before and after the cut-based selection: for each MC sample, the number of events expected
in the signal region 5.27 < mpgs < 5.29 GeV/c? of the weighted mgg distributions after the reconstruction
are listed in the second column. In the third column, the events selected after the full selection cuts
application (preselection + optimized cuts) on each MC sample are reported. The number of events is
scaled to the full data luminosity of 424 fb~1.

The number of expected events in the signal region at the data integrated luminosity, before and
after the cut-based selection, are given in Table [5.2] The weighted mpg distributions after the
cuts application are plotted, for every analysed sample, in Figure (bottom). The significance
can be finally calculated as:

S
= — =0.93£0.02, 2.5
"= V5TB 5

where S, B refer to the number of signal and total background events obtained by integrating
the weighted mpgg distributions in the range 5.27 < mgg < 5.29 GeV/cQ. The efficiency of the
cut-based selection on the signal MC sample is calculated from the ratio of the selected signal
events over the total generated, which gives e;“;s = 0.31. It has been tested that tighter cuts
would reduce the signal efficiency more then suppressing the left background. The optimized cut-
based selection provides an expected significance around 1o, which is quite far from even a claim
(30 deviation) of an observation. Since the cut-based analysis cannot exploit the correlation
between variables, further studies aiming at improving the significance have been performed

using multivariate analysis methods.

5.3 The multivariate analysis method

The Toolkit for Multivariate Analysis (TMVA) is a collection of multivariate classification tech-
inques implemented for data analysis in the ROOT framework. The version used for these
selection studies is TMVA 4.2.0. The toolkit provides a machine learning environment for the
training, testing and performance evaluation of different classification methods on user-supplied
datasets. True event classification must be known and weights must be provided to let the
method train on signal and background separation. Further documentation can be found else-
where [24]. The advantage of using these techinques for classifying the events consists in the
possibility of exploiting also correlated variables. Several studies with different input variables

and different methods have been performed, in order to maximize the significance.
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Figure 5.3: Schematic view of the structure of a decision tree. The sequence of splits applied to data
at each node is represented by the rectangular labels. The binary classification is applied on the most
discriminating variable x; at each node. The final leaf nodes are classifed as signal (S) or background
(B) according to the nature of most part of the events that end up in each leaf.

5.3.1 The decision tree method

A decision tree is a selector with a binary tree structure, as for instance the one visualized in
Figure Sequential splittings based on left /right decisions are implemented at each node until
a stop criterion is fulfilled, typically a condition on the purity SJFLB > 0.5, and the phase space
is divided into several regions, classified as signal or background depending on the majority of
the training events that belong to the final leaf node.

The boosting of a decision tree consists in repeating the training for various trees, built from
the same training ensemble by reweighting the events. The Boosted Decision Tree (BDT) is the
single classifier obtained by averaging all the trained decision trees. The boosting technique is
used to stabilize the response of the selector with respect to the statistical fluctuations of the
training sample, which largely influence the response of an individual tree.

The BDT method implemented for this analysis exploits the default configuration set in the
TMVA toolkit, with a total number of trained trees NTrees=800, nCut=20 corresponding to the
number of grid points in the range of the input variables used to find the optimal splitting and
MinNodeSize= 5% as the minimum percentage of the training events required at a leaf node.

The BDT training and its performance on data are explained in detail through the rest of

the chapter.

5.3.2 The Boosted Decision Tree selection

At this point of the analysis, I split the MC samples into two equal subsets of equal size: one
is exclusively used for the BDT training and the other for the testing phase, for estimating the

efficiency and implementing the fitting procedure.


NTrees
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Figure 5.4: The distributions of the input variables used in the BDT selection are shown: from the top
left corner, proceeding clockwise, the AE distribution and the three event shape variables discussed in
Section [5.2] The plot showing the Fox-Wolfram distribution refers to the second normalized moment Rs.
The signal (blue) and background (red) histograms refer to the MC samples; for the latter, the different
types studied have been weighted according to their produuction cross sections in order to mimic the
proper background composition expected in data.

The performed tests resulted in a selection optimized by the Boosted Decision Tree (BDT)
method, trained on the four input variables AE, cost, |cosOrg|, Re. Their distributions,
separated between background (red) and signal (blue) events, are reported in Figure The
observed behaviour matches the expected shape as described in Section[5.2.1] The BDT selection
has shown the best result when the preselection is already applied on the processed samples:
removing the badly-recontructed candidates helps the method classify the background and signal
events. The size of the training and testing samples is the same: half of the reconstructed signal
and background MC events are used for the training phase and the half for testing and validation.
During the training phase, the BDT learns from the sample the optimal splitting at each node
on the input variables and it evaluates the BDT selection performance.

The better performance achieved by the BDT with respect to a selection based on sequential
cuts on the same input variables is shown in Figure where the background rejection (1—e€prq)
versus the signal efficiency (eg4) is plotted. The BDT achieves the highest background rejection
for a given efficiency, resulting in a higher significance with respect to the selection based on
sequential cuts on individual variables.

The set of input variables has been kept minimal, in order to limit the systematic uncertainty
contribution coming from the BDT selection, which might be originated by differences in the
shape of the input variable distributions between MC and data (Section .
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Figure 5.5: The background rejection (1 —€®#9) versus the signal efficiency (es;4) is plotted for the BDT
method (red) and sequential cuts (black). As noted from the comparison of the red and black curve,
the choice of the BDT selection is more desirable with respect to the sequential cut selection based on
the same input variables, since at the same efficiency, the background rejection is higher for the BDT
method.

For an efficiency and significance estimate, the number of expected signal and background
events at data integrated luminosity in the signal region has to be provided. At this stage, after
the preselection application, the MC-data comparison shows an excess in the total number of
events in the background MC samples with respect to the number of events observed in the
on-peak data side band region, mpg < 5.27 GeV/c? , which is cured by scaling the sum of the
MC samples in order to match the total amount of data in the side band region. The applied
weight is:

Waata/mc = 0.447311 (5.6)

The mis-matching might be explained by our ignorance about the precise mechanism of quark
fragmentation and hadronisation into baryons in continuum processes e*e™—uds. The JetSet
generator in BABAR MC simulation relies on empiric tunable models of fragmentation, since the
underlying theoretical models are not well known, which might cause the generation of more
protons in continuum events than what observed in data. Evidence for the same issue has been

observed also in other baryonic analyses at BABAR.

Applying the weight of Equation (5.6]) to the total background events expected in the region
5.27 < mps < 5.29 GeV/c?, that passed the preselection (see last column of Table B =

1950), the numbers for the BDT cut evaluation are given:

SbeforeBDT _ 1586, BbeforeBDT = &72. (57)

From this configuration, on which the BDT selection should perform the background re-
jection, the optimal cut on the BDT output is evaluated. The efficiencies and the significance
estimate for the above mentioned scenario are given in Table Their behaviour as a function
of the cut applied on the BDT output is reported in Figure (left). The BDT response,



5.4 The selection validation 79

: S BDT BDT
Optimal cut N S B €sig €bhg

0.1994 1.85492 9.579951 16.96447 0.604 0.01945

Table 5.3: The optimal cut on the BDT output, BDT > 0.1994, and the BDT performance evaluation
estimated during the training phase. The expected significance (\/%73) and the number of the signal
and background selected events are listed in the table. Finally, the BDT efficiency corresponding to the

optimal cut is given, for both the signal and the background.

Cut efficiencies and optimal cut value
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Figure 5.6: Left: the signal (blue line) and the background (red line) efficiency curves are plotted as
function of the value of the BDT output cut applied; the purity (dashed blue line), defined as the ratio of
the signal events over the sum of the signal and the background events, and the significance (green line)
are also shown. The dotted-dashed blue line is the product of the signal efficiency times the purity. Right:
the BDT response for the training (histograms) and testing (superimposed dots) processed samples, for
both the signal (blue) and the background (red), is plotted in the picture.

for both the signal and the background events, is also shown in the same figure (right): the
training and testing samples are compared in order to check for an overtraining of the method,
which might happen when the statistical fluctuations of the specific training sample bias the
BDT response. The good agreement of the training (solid histogram) and the testing (dots)
distributions shows no evidence of overtraining.

The estimate for the significance expected after the BDT selection, s = 1.85942, shows a
factor 2 improvement with respect to the result from the cut-based selection optimization. The
optimized event selection is applied on both MC (testing sample only) and on-peak data side

band region events and their consistency is assessed by the validation step.
5.4 The selection validation
The finalized event selection is summarized by:

e preselection:

— 4 charged tracks satisfying doca requirements;

— B vertex probability > 0.001;
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Figure 5.7: The weighted mpgg distributions for the analysed MC samples after the finalized event
selection (preselection + BDT cut). All the histrograms have been scaled to the data integrated luminosity
and the background samples corrected with the weight wg,tq/nc = 0.443711 for MC-data mis-matching.
The signal MC sample is represented by the black dots and the signal region is highlighted in the plots
by the vertical dashed lines. The error bars show the correctly scaled Poisson uncertainty for each bin.

— 4 super loose protons from pKM selector;
e BDT method:
— BDT output > 0.1994.

The weighted mpg distributions, after the finalized event selection application to the signal
and background MC samples, are plotted in Figure

In Table the event selection efficiency (€) for each analysed sample is shown and the
number of signal and background events, expected in the signal window at the data integrated
luminosity and corrected for the MC-data mis-matching (background only), are listed in the last
column.

The signal efficiency calculated after the BDT application is the final value that will enter the
BF calculation. Since the truth-matching can not be exploited on data and since the efficiency
can be evaluated only on the MC sample, the formula for €4, will not rely on the truth-matched
candidates, but on the full number of selected events after the BDT cut application on the signal

MC sample. The efficiency that will enter the BF formula is then given by:

BDT

NB
sig = —29__ = .2086 % 0.0007. :
i = N 0.2086 = 0.0007 (5.8)
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Sample € After BDTY,,,) (424 fb™1)
Signal BY(BY)—pppp  0.2086 + 0.0007 9.80 & 0.04
B°/B° to generic (1.140.2) x 1077 0.9+0.5
B* /B~ to generic (2.440.3) x 1077 3+1
ete”—uds (1.840.2) x 1077 13+£2
ete”—cc (0.21 4 0.06) x 107 0
Bkgror 1743

Table 5.4: The efficiency after the BDT selection are listed for each analysed MC sample. The number
of expected events in the signal window at the data integrated luminosity, corrected for the MC-data
mis-matching are provided. The associated errors refer to the proper scaled Poisson uncertainty which
takes into account the applied weights.

where the Nyep, /2 takes into account that the calculation is performed on the testing sample
only. Among the selected signal events, after the BDT application, only the 0.2% are not truth-
matched as signal in the MC generation and their contribution to the efficiency calculation is
negligible. It is worth comparing the absolute efficiency calculated on the signal testing sample
with the efficiency estimate provided by the BDT training phase in Table which corresponds
to the relative efficiency of the BDT method referred to the number of events provided for the
training, which are half the signal events that passed the preselection. The conversion factor to
apply is then the preselection efficiency eP"¢*¢! = (.34, evaluated from the Equation , and
one can verify that the absolute efficiency obtained from the BDT training estimate is:
elDT - eresel = 0.604 - 0.34 = 0.21, (5.9)
which shows a good agreement with the efficiency calculated from the testing sample after
the BDT selection (Equation ) From the expected number of signal and total background
events in the signal region, at the full luminosity of 424 fb—!, the significance evaluation on the
testing samples gives:
s =1.89 +0.09, (5.10)

which corresponds to the expected significance from the BDT training estimate (s = 1.86).

5.4.1 The MC-data comparison
The last checks for the selection validation consists of two steps:

e comparing the MC sample and data distributions of all the input variables on which the

BDT selection is trained;

e comparing the shape of the mpgg distributions before and after the BDT selection, for both
MC and data.

In this section, only events in the side band region ( mgg < 5.27 GeV/c? ) for both MC and
on-peak data are considered.

The MC samples and data distributions for the input variables of the BDT selection, before
cutting on the BDT output, are reported in Figure [5.8f The preselection have already been
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applied. The MC distributions, weighted and corrected for the MC-data mis-matching, show
a good agreement in the shape with respect to side band region data. The inset plot at the
bottom of each distribution shows the ratio, bin per bin, of the number of observed data events,
in the given variable, with respect to the weighted MC events in the same bin. If no significant
difference in shape is observed, the ratio is expected to have a flat distribution centered within
its uncertainty around ngge,/narc = 1.

The largest fluctuations are observed in the tail of Ry distribution (second Fox-Wolfram
moment), but they are not affecting the BDT selection performance, since they are mainly in
the region Ry > 0.5. In Figure [5.4] comparing the signal and background distributions for Rs,
it can be shown that most part of the signal is contained in the range Ry < 0.5. Since the
BDT method is trained on the events in the signal window only, it means that the background
events entering the training are those belonging to the signal region of each studied variable and
therefore the events with Ry > 0.5 are almost totally excluded.

The same variables are checked also after the BDT selection, in order to confirm the same
performance of the BDT method on MC samples and on real data. The input variable distri-
butions after the BDT selection, for both the MC and data samples are given in Figure [5.9
where the usual scaling to the data luminosity and for the mis-matching correction is applied
to the MC samples. The larger fluctuations shown in the plots are expected, given the reduced
number of events. The MC-data shape agreement, within the statistical uncertainty of each
bin content, is still satisfied, as shown in the inset plots. The mpgg distributions before (top)
and after (centre) the BDT selection, for both MC and data, are plotted in Figure and
their shape does not show any evident change due to the BDT application. In the bottom plot,
the response of the BDT method on the background MC testing samples and on data in the
side band region is shown. The consistency between the BDT performance on MC and data
is confirmed and the comparison to the expected BDT output from Figure [5.6] shows a good
agreement with the training evaluation result.

As conclusion, the input variables chosen for the BDT method implementation ensure the
optimal performance of the selection procedure and behave well both on MC and data samples,
showing a good agreement for the resulting ditributions. The efficiency is estimated from the
result of the BDT selection applied to the testing signal MC sample. The selected events are
finally ready to undergo to the fitting procedure, treated in the next chapter.



5.4 The selection validation

83

B B"/B generic

—— B"/B generic

Il e - uds

e’e - cC

—e— data side band region

Events/ 4 MeV/c?

90.1 -0.08 -0.06 -0.04 -0.02 0
3

0.02 0.04 006 0.08 0.1

Q =
= =
£ 2E
2 1EA-‘-~‘LA L JPGEPYEL 7Y PP & PR TT YR 1Y
S e o® F TS TTHET VY WO Tee TE 7T TET
%1 ~0.05 0 0.05
AE [GeV/c?]

8 B BB generic

(= — BB generic

£ 160 e’ > uds

2 140 = e'e >

w —s— data side band regior|

05 06 07 08

++ e s st *¢*+u+++++++“

Nyaia My
o o N wo

o
E
e PN S v L.
0

R.

01 02 03 04 05 06 07 08 09

400

B B/B generic

——— B"/B generic

Il c'c — uds
F==ce'e —»cC

—ea— data side band region

PRI

o 3
CE 2
§ 1 s +A N TUSTUL 3P see
& E¥ T TiRagte T Pttt taew
09 01 02 03 04 05 06 07 08 09
lcosy,|
[ ] BB generic
—— B"/B generic
< 120 B ='c —uds
L=} e'e =t
y —e— data side band region
€100
=
c
[}
>
L

— [T TTIT[TTTT

CM
cos6,

- - - g Py P PPy - e e
SRS e gt W e el il il
08 086 04 D02 0 _ 02 04 06 08

Figure 5.8: Comparison between on-peak data (dots) and MC (coloured stacked histrograms) in the
side band region, before the BDT selection. In the inset plots, the ratio of the number of events in data
with respect to the sum of all background MC events, for each bin of the plotted variable, is shown. A
flat distribution around 1 is expected, if no significant shape difference is observed between data and MC.
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Figure 5.9: Comparison between on-peak data (dots) and MC (coloured stacked histrograms) in side
band region, after the BDT selection. At the bottom of each plot, the ratio of the number of events in
data with respect to the sum of all background MC events, for each bin of the plotted variable, is shown.
As before, a flat distribution around 1 is expected in the case of no significant shape difference between
data and MC.
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Chapter 6

Fitting Procedure

In this analysis, the signal yield will be extracted by performing an unbinned extended maximum
likelihood fit [25] to the unblinded mpgg distribution of the on-peak data, after the BDT selection,
in the whole reconstruction range which goes from 5.2 GeV/c? to 5.3 GeV/c2. This technique
has become popular for rare signal searches in High Energy Physics, since it correctly takes into
account the Poisson error on the number of observed events. In order to apply this method, it
is first necessary to define a probability density function (pdf) which associates at each event
in the mpg distribution the probability to occur. Since the observable to be fitted is a single
variable, a one-dimensional pdf will be defined. The generic formula is given by f(z;p), where
the z variable refers to the fitted observable, mgg, while the vector p indicates the parameters
ensemble which the function depends on. In the specific case, we are interested in separating
two components of the mpg distribution, the signal and the background, which are known to
be described by two different functions. Therefore the pdf for mpg can be expressed as a linear
combination of these two functions, where the coefficients are the signal and the background

yields:

1

€3 _:N ) aka = r . ar
f ( P; Nsig g) Nsig T kag

“ (Nsig * fsig(@: Dsig) + Nokg - fokg (25 Dokg)) (6.1)
Later on, the function described in Equation will be referred to as the total pdf. The shape
parameters for the signal component (pi;y) are estimated on the signal MC sample, as explained
in Section For the estimate of the background shape parameters (pjr,) various possibilities
are discussed and tested, as reported in Section In the fit to unblinded data, the form of
the total pdf is then completely defined and the values of both Py, Ppry are fixed. The only
two floating parameters will be the signal and background yields (N, Nprg) and they will be
determined by the extended maximum likelihood method. The unbinned extended maximum

likelihood is given by:

e~ (Nsig+Noig) N .
L(Nsigakag) = Tnf(x;p’ Nsigbekg) (6'2)

=1
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where the total pdf is evaluated on each event i and the product is weighted by the Poisson
probability for observing a total number of events N = Ngiy + Nppg. The fitted values for

Nsig, Nprg are those that maximise the likelihood L, or equivalently, minimise the expression:

N
_logL(Nsigy kag) = _Nsig - kag + Z ln(f(:c,ﬁ, st’ga kag)) (6'3)
i

The logarithm of the likelihood is usually preferred in fitting algorithms, since it converts a
product into a sum, saving computational effort.

Finally, toy MC studies have been arranged in order to test the impact of the fitting pro-
cedure on the signal yield extraction. Both the fitting procedure and the toy MC studies are
implemented using the RooFit libraries (v3.60) [26], integrated in ROOT version 5.34/25 [23].

6.1 Signal modeling

The shape parameters for the signal pdf are estimated on the signal MC sample, after the BDT
selection has been applied. Only a subset of 2183 events has been fitted, in order to help fit
convergence. Too many data points require a very precise pdf to let the fit perform successfully,
but only 10 events are expected after the BDT selection applied to on-peak data. Therefore,
no high precision is necessary for this study, since large statistical fluctuations are expected to
dominate over the systematic uncertainty on the signal yield coming from the shape parameters
estimate. In light of this consideration, the following pdf candidates have been tested on the

reduced data set:
1. a single Gaussian with mean mg and width o,

(z—mg)?
singleGauss(x;mg,0) = N - e~ 202 (6.4)

2. the Crystal Ball Shape function [27] with parameters mg, o, a,n ,

(z—mg)?
T o902 for =" ~»
CB(xz;mg,0,a,n) = N - © o @ (6.5)
A-(B— %)™ for &= < —q

An, ) = < n )n e (6.6)

[

B(n,a) = — — |a (6.7)

A, B are constants depending on the parameters n, . In Figure[6.1]examples of the Crystal
Ball shape function are plotted at varying of n and «. The difference with respect to an
ordinary Gaussian is the power-law tail on the left side which models the side band of the

distribution.
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Figure 6.1: The Crystal Ball shape function. Various plots are shown for different values if n, .

3. The sum of two Gaussians with the same mean mg, but different widths o1, o9,

_ (@=mq)? _ (z=mq)?
sumGauss(z;mg, 01,092,n) =n-Nie 1 +(1—n)-Noe 2 (6.8)

where n indicates the contribution of the Gaussian with width o; to the total sum, 1 —n

is indeed the contribution of the Gaussian with width os.

In all the three cases analysed, N, N1, No are normalization constants which are calculated from
the pdf parameters. They ensure that the integral of the pdf over the reconstruction range
5.2 < mps < 5.3 GeV/c? is equal to one.

Three fits to the reduced signal MC sample have been performed in the fit range 5.2 < mgg <
5.3 GeV/c?, with floating shape parameters. The resulting plots and the pull distributions are
shown in Figure For every bin m of a binned data sample, pull values (pull,,) are defined

as follows: ,
NMC _ Nt

pull,, = .

(6.9)
where NT],\{[C corresponds to the number of MC events in the bin m, while N,{ft is the number
of events predicted by the given pdf f(x,p) at the centre of bin m. For an unbiased fit, in the
hypothesis of N uncorrelated measurements of the variable x, the pull distribution is expected
to be a Normal Gaussian, peaked at zero and with unit variance.

The goodness of each fit is also quantified and the x* =Y, (W)Q for every tested
pdf is reported in Table In the last column, the associated proba{)ﬂilities for the calculated
X2, given the number of degrees of freedom of each fit, are listed. For each pdf the number of
degrees of freedom (dof) is defined as the difference Npips — Npars, where npgys is the number of
floating shape parameters of the fitting pdf and Np;,s is referred to the number of bins in the
signal window. The probability P(x?) is then used as figure of merit to optimize the choice of
the signal pdf.

From these tests, the sum of the two Gaussians and the Crystal Ball function (pdf 2-3)

showed the best agreement with the signal MC sample: they both describe in a more accurate
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pdf X2 Nbins Npars P(X27 dof)
singleGauss 54.52 50 3 0.2102
CB 31.53 50 5 0.9357
sumGauss  31.43 50 5 0.9375

Table 6.1: Tested pdf for the signal modelling: x2 , the number of bins, the number of parameters and
the related probabilities are shown in the table.

Shape Parameter  Units  Initial Value Fit Value
mo GeV/c? 5.279 5.27952 4 0.00005

o1 GeV/c? 0.005 0.038 +0.028

09 GeV/c? 0.001 0.00252 £ 0.00004

n 0.1 0.0013 + 0.0009

Table 6.2: Shape parameters are estimated from an unbinned maximum likelihood fit to signal MC
sample, using as pdf the two Gaussians normalized sum (see Equation )

way than the singleGauss the tails of the distribution, as their higher x? probabilities indicate.
A very low statistics is expected for the signal rate and since the precision of the measurement
will be dominated by the statistical uncertainty, the impact of the signal pdf choice between the
two selected candidates is not going to significantly influence the final yield extraction. For the
same reason, the signal shape parameters will be fixed in the total pdf to the results of the MC
modeling, since the low statistics cannot provide the sufficient sensitivity to simultaneously fit
the shape and the signal yield.

As a matter of simplicity, the sum of the two Gaussians is chosen to describe the signal
component in the total pdf, which will be fitted to data to extract the signal yield. The shape
parameters (mg,o1,092,n) are estimated from the fit to the reduced signal MC sample, which
is performed leaving all the parameters floating. The initial values of the parameters and the
fitted values with the associated errors are shown in Table [6.2l The correlation matrix for the

parameters of the fit is given in Appendix [A]

6.2 Background description

The contribution of the combinatorial background components to the invariant mass distribution
of the reconstructed candidates for B meson decays can be modeled with a function originally

developed by the Argus experiment [28]. The definition of the Argus function is the following:

f(zia,b) = A-a\/tx)e (@/21@) =1L (6.10)

depending on two parameters, a and b. The reconstructed beam energy substituted mass (mgg)
corresponds to the variable x, which varies in the range 0 < & < b. The parameter b is the
cutoff value for « and it is completely determined by kinematics, while a is the curvature of the

function, known as the Argus shape parameter. A is the normalizing constant calculated from
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Figure 6.2: Tested pdf for the signal modeling: black dots show the reduced signal MC sample, the
blue line is the fit performed. For each fit, in the inset plot the pull distribution is shown.
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the parameter a.

Rather than testing different pdf as done for the signal, the modeling of the background is
aimed at finding the best strategy for fitting the Argus shape parameter a and the cutoff b.
According to the combination of two elements, that means the sample to fit and the tightness
of selection applied before fitting, different strategies have been considered: for example, fitting
data rather than the MC samples will prevent from studying the systematic uncertainty intro-
duced by the simulation model and fitting before the BDT selection will gain in statistics. Every
choice presents also some difficulties that have to be discussed. Given this consideration, four

strategies have been considered and tested:

1. Estimating the Argus shape parameter by fitting the background MC samples.

Possible differences in shape due to MC-data disagreement might require additional sys-
tematics studies. If the fit is performed before the BDT selection, the MC statistical power
can be exploited, but it has to be shown that the BDT application is not changing the
shape of the mgg distribution.

2. Estimating the shape from the off-peak data, after the BDT selection.

The advantage is that this sample is signal-free (off-peak data do not contain any real B
decay since they were collected at a centre of mass energy 40 MeV below the invariant
mass of the 7(45), below the threshold for BB production ). On the other hand, a fit
to less than 40 selected events is dominated by statistical uncertainty. In addition, the
endpoint of the distribution is shifted as a consequence of the centre of mass energy shift
and in order to have a fitted Argus shape consistent with the results from the other fits,
b should be fixed.

3. Fitting the Argus shape parameter on side band region of the on-peak data, after the BDT

selection.

The fit result is not influenced by MC-data shape differences due to the decay and the
fragmentation model in the simulation, which might introduce additional systematic un-
certainties. Moreover, if a change in the shape caused by the BDT selection is expected,

this is already included in the fit parameter estimate.

Fitting the data after the BDT would require to blind the signal region and estimate the
shape only from the side band of mpg, in the range mps< 5.27 GeV/c?, which might
result in a systematic uncertainty in the shape estimate because of the exclusion of all the
signal region. The cutoff parameter should be fixed and estimated from other fits, since
the whole region sensitive to b, 5.27 < mpgg < 5.29 GeV/c?, is blinded.

4. Performing a fit to on-peak data before the BDT selection.

The high statistics of the dataset before the final background rejection can be exploited
to improve the shape sensitivity. The expected number of signal events before the BDT
application, with the assumption of a branching fraction of order 1077, at the data in-
tegrated luminosity, is S = 16 (see Table , while for the sum of the background MC
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6.2.1

samples in the signal window 5.27 < mpgg < 5.29 GeV/c? the number of expected events is
B = 872, where the sum of background samples has been normalized to the total amount
of background events selected in side band region of on-peak data, before the BDT appli-

cation.

The hypothesis that the signal yield is negligible compared to the background yield, since
S< /B ~ 30, is not enough to allow the implementation of this strategy for the Argus
shape parameter estimate. In fact, it deals with a partial unblinding and the fit should
be performed on the whole reconstruction range 5.2 < mpgs < 5.3 GeV/c? before the
BDT application, signal window included. Therefore, further validation studies, before

implementing this procedure, are required.

The shape parameter estimate

Different shape estimate procedures related to the above discussed strategies 1, 2 and 3 have

been tested. They are listed below and their initial configurations and results are summarized in
Table For all these tests the fitting pdf is the Argus function, as explained in the previous

section. Tests are divided according to the samples used for the fit.

e Tests (1—4) from strategy 1, fit to the background MC samples: both the selection configu-

rations, before and after the BDT application, have been tested and for each configuration
two fits have been performed, with all the parameters floating (Tests 1, 2) and with the
cutoff b fixed (Test 3, 4).

Tests (5 —7) from strategy 2, fit to the off-peak data: the off-peak sample before the BDT
selection has been fitted only in the configuration with all the shape parameters floating
(Test 5), while on the off-peak data after the BDT application two fits are performed, for

testing the sensitivity of the shape parameter estimate to the cutoff;

Tests (8 — 9) from strategy 3, fit to the side band region of on-peak data: as discussed
above, the cutoff b needs to be fixed; both the selection configurations, before and after

the BDT application, have been tested but only the first fit strategy has converged.

List of Tests:

1.

2.

3.

all MC samples after BDT': background MC, after the BDT selection, a and b floating;
all MC samples before BDT': background MC, before the BDT selection, a and b floating;
all MC after BDTyizeq: background MC, after the BDT selection, a floating and b fixed;

all MC' samples before BDTyizeq: background MC, before the BDT selection, a floating
and b fixed;

off-peak Before BDT': off-peak data, before BDT selection, a and b floating;

off-peak After BDT': off-peak data, after BDT selection, a and b floating;
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7. off-peak After BDTytizeq: off-peak data, after BDT selection, a floating and b fixed;

8. on-peak Before BDT: on-peak data, side band, before BDT selection, a floating and b
fixed;

9. on-peak After BDT: on-peak data, side band, after BDT selection, a floating and b fixed;

Plots of the fits performed on MC samples are reported in Figure[6.3] In Figure the fits
to off-peak data and in Figure to the on-peak data side band region are shown.

The option of fitting the Argus shape parameter a after the BDT selection on background
MC samples (Test 1) should be discarded since it gives a relative uncertainty of around 50%
and no improvement is gained by fixing the cutoff b of the Argus function (Test 3). The MC
samples after the BDT application do not provide enough statistics and thus are not sensitive
to a fit with the Argus shape parameter a left floating.

The cutoff b is estimated from the fit result of Tests 2 on MC samples before the BDT
application, b = 5.28959 4 0.00003 GeV /c?, which provides the most precise fitted value because
of the large statistics available before the background rejection. The result is exploited in every
test with fixed cutoff, except of course for the off-peak samples, which have a different endpoint.
From Test 4, it is shown that fixing the cutoff b is not influencing the estimate of the Argus
shape parameter a, which is consistent within the uncertainty with the result of Test 1.

From Tests (5 — 7), the strategy of fitting off-peak data is discarded. In Test 6, since only 4
events have been found after the BDT application (assuming no weight is applied to scale the
off-peak luminosity to the on-peak one), the fit result shows no sensitivity to the Argus shape
estimate, with an uncertainty larger than 50%. Test 7 did not even converge, despite the several
tests performed by varying intial values and fit ranges. Test 5 exploits the statistics available
before the BDT selection and results in a fitted value for the Argus shape parameter a which is
consistent with the estimate provided by the fit to the MC samples before the BDT (Test 2).
Nonetheless, the off-peak estimate is less reliable because it might include a dependence of the
shape on the shifted energy (40 MeV below the energy of the on-peak data) and furthermore it
does not have enough statistics to be competitive with the MC estimate.

The results of Test 2 and Test 8 show consistency between the shape parameter estimates
from the fit performed to the MC samples and to on-peak side band region data, before the BDT
selection. In Test 8, the cutoff b is fixed to the value obtained from Test 2, since no sensitivity to
the endpoint is possible due to the blinding. For Test 9, as already observed for off-peak data,
the fit did not converge after the BDT selection.

The possibility to fit on-peak data, from side band tests results, seems to be very promising.
However, in order to justify the partial unblinding for this procedure, further checks are required.
The validation needs to show that, before the BDT selection, the signal yield expected in data
is negligible compared to the background and that the background pdf properly fits the mgg
distribution of on-peak data before the background rejection and gives a correct estimate of the
shape parameter a. For this investigation, specific toy Monte Carlo studies are needed. They

will be discussed in the next Section, but they have not been implemented for this thesis.
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Test Sample Selection Parameters Initial Value Fit result
[units]

1 MC after BDT a —15 —15+8

[GeV/c?] b 5.29 5.288 £ 0.001

2 MC before BDT a —15 —25.9£0.7

[GeV/c?] b 5.29  5.28959 £ 0.00003

3 MC after BDT a —15 —12+7
[GeV/c?] b fixed 5.28959

4 MC before BDT a -15 —24.9+£0.7
[GeV/c?] b fixed 5.28959

5 off-peak before BDT a —15 —23.8+£0.8

[GeV/c?] b 5.27  5.26920 £ 0.00006

6 off-peak after BDT a —15 —214+11

[GeV/c?] b 5.27 5.256 £ 0.001

7 off-peak after BDT a —15 -
[GeV/c?] b fixed 5.26920

8 on-peak before BDT a —20 —25 42
[GeV/c?] b fixed 5.28959

9 on-peak after BDT a —20 -
[GeV/c?] b fixed 5.28959

Table 6.3: Results from the fitting strategies tested for the background shape estimate optimization.

At the current status of the analysis, the performed tests allow to adopt the strategy of

estimating the Argus shape parameters from the background MC samples, before the BDT

selection. The values for a and b applied to the total pdf are the following:

a=-259+0.7,

b = 5.28959 £ 0.00003 GreV/c2

(6.11)

This is not the optimal fitting strategy, as explained before, and the systematic uncertainty

eventually introduced by MC-data shape differences needs further investigation. Nevertheless,

the fitted values will be updated as soon as validation for partially unblinding shows that the

estimate of the background shape paramters from on-peak data is feasible.

The covariance matrices with the correlation coefficients resulting from the performed fits

are given in Appendix [A]
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Figure 6.3: Fitting tests to background MC samples: black dots show the sum of all background
MC samples, after (left) and before (right) the BDT selection. The contribution of each MC sample
is weighted according to its production cross section and scaled to data integrated luminosity. The fit
performed using the Argus function distribution is shown in blue line. The shape parameter a is always
floating, the cutoff b is floating for fits shown in the top plots, while in the bottom plots is fixed. For
each fit, in the inset plot the pull distribution is shown.
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Figure 6.4: Fitting tests to off-peak data: black dots show the mpgg distribution for off-peak data,
the blue line is the fit performed using Argus function. The shape parameters are always left floating
in the fits, except for the bottom plot, where the cutoff b is fixed. For each fit, in the inset plot the

pull distribution is shown. Off-Peak data are scaled to data integrated luminosity (weight applied w =
9.58557).
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Figure 6.5: Fitting tests to on-peak data: black dots show the mgg distribution in the side band region
( mps< 5.27GeV /c?) for on-peak data, before (left) and after (right) the BDT selection; the blue line is
the projection of the fit performed using Argus function with the cutoff b fixed to the fitted value from
all MC samples before BDT, a left floating. For each fit, in the inset plot the pull distribution is shown.
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6.3 Toy Monte Carlo Studies

These studies are aimed to validate the fitting procedure and the shape estimate of the total
pdf. Since this is a blind analysis, the signal yield is unknown and I want to study the bias on
the extracted signal yield as a function of Ny;,. In the RooFit framework, the implementation
of toy MC studies for testing a fit procedure is already integrated. Once set up, this machinery
automatically generates datasets from a given pdf, fits the datasets and shows plots for the mean
of the fitted parameters, its error from the fit and the pull distribution. Two kinds of toy MC

are needed:
1. Toy MC study for the validation of the signal yield extraction;
2. Toy MC study for the validation of the Argus shape estimate method.

In the first case, datasets are generated according to the total pdf and the same distribution
is also used for fitting the generated datasets. Shape parameters are fixed to the default values
estimated in the previous sections. The number of signal and background events are the only
floating parameters in the fit. Their initial values are set according to the expected number of
background and signal yields at data integrated luminosity, after the BDT application, in the

whole reconstruction range 5.2 < mpgg < 5.3 GeV/c?, which means respectively:
Nsig =10 Nprg = 123 (6.12)

where the signal yield is calculated on the assumption of an expected branching fraction of
10~7. Then the generation routine has to mimic the extended maximum likelihoood method
implemented in the fitting procedure, by assuming for each toy experiment a total number of
observed events randomly drawn from a Poisson distribution with mean p = Ng;g + Npig, where
Nsig and Nyp4 refer to the initial value setting. The generated events are then split into signal
and background according to the the total pdf. From the distributions of the fit results for N,
and Nygg, it is possible to evaluate whether the fit procedure is biased and the errors are well
estimated. This is verified by checking the pull distribution, which is expected to be a Normal
Gaussian with mean y = 0 and width ¢ = 1. The study is repeated varying the initial value
of N4, and therefore the total number of generated events, in order to estimate the impact on

signal extraction and the bias to take into account for different signal yield configurations.

The second test has not been implemented for this thesis and it will be a further investiga-
tion to provide for the unblinding approval. It consists of toy MC studies aimed at justifying
the procedure of the Argus shape parameter a estimate from on-peak data, before the BDT
application. The generating pdf is the total pdf as before, but the generated datasets are fitted
with the background pdf ( the Argus function only), leaving the shape parameter a floating.
Again, the pull distribution for the fitted variable will indicate whether the presence of the signal

introduces a bias in the background shape estimate.
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TEST Nsig aﬁ; meany,; — bias
1 10 4.544+0.02 —0.134+0.01 —0.6
2 0 311+0.01 -021+0.01 -0.7
3 30 6.48+0.01 —0.08+0.01 -0.5
4 [Nsig>0l 0 3.3440.02 0.3334+0.006  +1

Table 6.4: Toy MC test results; the generated Ny, is 123 for each test, while the generated N,;, varies
according to the tested configuration. The fit mean uncertainty, the mean of the pull distribution and
the bias introduced on N ggt are shown. The last row shows the Ny, > 0 constraint effect on the fitting
procedure and the introduced bias.

6.3.1 Validation of the signal yield extraction

In order to validate the fitting pdf and the procedure for extracting the signal yield, I set up
toy MC tests. Each test generates 10000 toy experiments and for each experiment a number
of signal and background events distributed according to the total pdf. Then the same pdf is
used to fit the generated datasets and the resulting pull distributions for N ;?; and kagf i give
a feedback for the bias introduced by the fitting procedure. The initial value for Ny, is always

the same, Npp,= 123, whereas for Ng;, three configurations have been tested:
e Tests 1: default configuration with Ny, = 10, as expected;
e Test 2: no signal event detected, Ny;q = 0;
e Test 3: the signal yield extracted is larger than the expected, Ny, = 30.

A last test (Test 4) is performed in order to show why the floating signal yield can not be
constrained to be positive. The initial configuration is the same as Test 2, assuming no signal
event has been detected, but the variation range for Ny is now set to (0, +00). As shown by
the mean,,,;;, the restriction on Ny;, introduces a positive bias on the fit result and the pull
distribution is no more a Normal Gaussian.

The resulting plots from toy MC studies for Test(1 — 3) are shown respectively in Figure
in Figure[6.7]and in Figure[6.8] while in Figure [6.9] the result of the constraint N, > 0 is shown.
ly
pull distribution for N;, are reported for each scenario. The expected bias on Ny;4 is:

Pull results are summarized in Table where the fit uncertainty (o2, ) and the mean of the

biasgig = O'Z;; S MeaN ] -
The fitted value for Ny4 are also reported in the pull box in the bottom plots in Figure[6.6}
and Pull distributions, for both Ny, and Npyyg, are consistent with a Normal Gaussians of

unit width. This implies that, as expected, the errors are symmetric and correctly estimated.
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The maximum bias (—0.7 ) is expected in the case of Ny, = 0. The number of signal events will
not be constrained to the range (0, 4+-00) in the fit, since it introduces a larger bias (bias™si9>0 =
+1) on the signal yield extraction, in the case no signal event is detected.

A rough estimate of the expected fit sensitivity for each tested configuration is evaluated
from the ratio Ny;q/ afg. Toy MC study results (see Table give a 2.20 significance for Test
1, while for Test 3 more than a 4.5¢0 significance is achieved. It can be concluded that only
with a detection of around 30 signal events or more a significant measurementlﬂ is expected,
corresponding to a measured branching fraction (see Equation ) of BF = (3.14£0.7) x 1077,
where the associated uncertainty is only statistical. For signal yields below 30 events, an upper
limit at a 90% confidence level on the expected BF is given (Section .

As conclusion, these studies validate the signal yield extraction strategy implemented with
the total pdf. The fitting procedure is finalized fixing the shape parameters for both the signal
and background components to the fit results on the MC samples. For the latter, the fit is
performed before the BDT selection. The expected BF upper limits in different signal yield

scenarios are analysed in the next chapter.

fit

! A measurement providing a significance larger than 3¢, estimated from the ratio Nsig/asig. The fit error only

refers to statistical uncertainty.
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Figure 6.6: Test 1: for generation and fitting the total pdf is used, all shape parameters are fixed and
the number of signal and background events are left floating. Their initial values are set to Ny, = 10,
Nyrg = 123. From left to right, the first row shows the Nsigf“, afz?; and pull distributions, while the
second shows the same for the background.
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Chapter 7
Results and Future Prospects

Results from on-peak data will not be presented in this thesis, as it will be possible to look into
the signal region only once the unblinding has been allowed. In this chapter, the application
of the fitting procedure to the on-peak data, which will provide the number of observed signal
events after the unblinding, and the procedure for calculating the measurement result will be
explained. In Section [7.1} it is shown how to get the branching fraction from the fitted values
and its associated statistical uncertainty is discussed. An overview of the expected contributions
to the systematic uncertainty is given in Section and the expected branching fraction upper
limit, as a function of the number of observed events, are provided (Section . Finally, the
last part of the chapter will introduce this measurement in the high luminosity scenario of the
Belle I1/SuperKEKB upgrade (Section [7.4)).

7.1 The Branching Fraction estimation

Considering that the Branching Fraction BF = % is the probability of a B to decay
in the specific final state pppp, given the total number of neutral B mesons produced in 1°(45)

decays, Npopo, the number of signal events is calculated by:

Nsijg = BF(1—BF)-Ngogo+ (1= BF)BF - Ngogo + BF - BF - Npogo = (2BF — BFQ) Npopgo,
(7.1)
which is justified by the assumption that the total number of signal events, assuming a 100%

signal efficiency, is given by the sum of the three cases:
1. the B? meson decays to the the signal final state but the BY does not;
2. the BY meson does not decay to signal final state, the BY does;
3. both the B mesons decay to the signal final state.

Since the assumption made for the expected branching fraction is BF ~ 1077, the contribu-

tion of the third case to the signal rate should be of order 10714 and therefore, neglecting the
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second order term in BF, the branching fraction is:

Nqbs
BF = 59 7.2
€ - 2NBOBO ’ ( )

where N S(’Z-bgs /€ stands for the true number of signal events Ny;4, given by the ratio between the
number of observed signal events and the signal selection efficiency. The number of neutral B
mesons Npopgo is not known and the measured quantity at the B Factories is the total number of
B meson pairs (Ngg). Taking into account the measured ratio r = ]}% = 1.059 +0.027 [29] for
the fraction of the charged B meson pairs with respect to the neutral ones in the 7°(4S) decay,

imposing that Ngg = Ngogo + Np+p-, the number of neutral meson pairs can be written as:

1

Replacing this expression for Ngogo in Equation (7.2]) the branching fraction formula be-

comes: b
NO‘ S
BF = ——>9 (7.4)
€-0.97- Ngp

where the factor 0.97, being calculated from the measured quantity r [29], has a propagated
error, 0.97 4+ 0.01, which is to take into account as a systematic uncertainty contribution of 1%.

Three input parameters are necessary to compute the BF: the signal yield, the selection
efficiency and the number of BB pairs. The estimates for those parameters and their associated

uncertainties are discussed in the remaining part of the section.

7.1.1 The signal yield extraction

After the shape parameter estimate (Section , the total pdf is set up to perform the
unbinned extended maximum likelihood fit to the mpgg distribution of on-peak data, after the
BDT selection. The fit will provide the background and signal yields, in the full range 5.2 <
mps < 5.3 GeV/c?. All the shape parameters need to be fixed to the MC modeling results,
since the low number of events expected after the finalized selection do not provide a good shape
sensitivity in the same fit that extracts the signal yield.

Both the statistical and the systematic uncertainties have to be evaluated on the extracted
signal yield. The expected statistical uncertainty, provided by the fit, is estimated from the toy
MC tests (Table : with an expected signal yield of Ny;, = 10, the average error provided by
the fit is afg = 4.5, from which the relative statistical uncertainty on the extracted signal yield
is i

> = 4.5/10 = 0.45 . (7.5)

sig

The significance is then around 2.2, which confirms the estimate from the BDT selection
validation (Section . Toy MC results also give the estimation for the expected bias on the
signal yield extraction, which in principle can be treated in two ways: by subtracting the bias

to the signal yield or by assigning a further systematic uncertainty to account for it. For this
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analysis, the performed studies show that the bias can be negleted: even in the worst case,

with no detected signal event, it would be a correction of order -0.7, neglible if compared to the
=3,

The total relative uncertainty on the BF will be the sum in quadrature of each contribution

expected fit uncertainty o

(signal yield, efficiency, Nzp): the fit result shows that, if only 10 events are seen, the precision of
the measurement is statistically limited at 45%. The contribution of the systematic uncertainty
is expected to be far lower and it is discussed in Section

7.1.2 The selection efficiency

The selection efficiency on the signal can be evaluated only from MC studies. As described in
Section the final result for the signal efficiency is:

€sig = 0.2086 £ 0.0007. (7.6)

where the uncertainty is statistical only. One advantage of calculating the efficiency on the MC
samples is to exploit the full statistics of the total number of generated events to minimize the
statistical uncertainty, coming from the limited size of the MC samples. From the binomial

variance formula, the relative uncertainty on the efficiency is calculated as:

% - < GJ(VGMU> /e = 0.0033. (7.7)

Further studies are needed for proper evaluation of the systematic uncertainty on the event
selection efficiency, which is discussed in Section

7.1.3 The number of BB pairs

The BF can be determined only if the number of BB events is known, which is achieved thanks
to the B counting [22] method. This technique is based on the subtraction of the number
of hadronic events in continuum interactions from the total number of hadronic events in the

on-peak dataset:
(N = Ny - Rogy - )

Ngp = - , (7.8)
€BB
where Ny and N, are respectively the number of hadronic and dimuon events selected in on-
of f
peak data; R,y = % is the ratio of selected hadronic events to dimoun events in off-peak

. !‘I’ . . . . .
data. Finally, £ and egp take into account production cross-section corrections and selection

efficiencies:

o k= (e;a; / 6#”#) . (Zieiai / Zﬁ;o‘;) corrects for the cross-section energy dependence, at
varying energy around the 7°(4S) threshold, with primed quantities referred to off-peak
events. Since the muon pairs production cross-section only slightly varies with the CM

energy, k is a factor close to 1;
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e e = 0.940 is the efficiency for BB pairs to satisfy the hadronic event selection, assuming
an equal branching ratio for Y'(4S) — Bt B~ = T(4S) — B°B9 = 0.5 (possible differences

between them are included in the systematic uncertainty).

The total systematic uncertainty on the full nominal dataset collected at 7' (4S) energy,
Ngp = (471.0 & 2.8) x 105, is 0.6%, where the most relevant contribution comes from the
efficiency for the hadronic selection and for low multiplicity event selection (dimuon events).
In the total uncertainty it is also included the uncertainty in the modeling of the total energy

distribution, exploited for the k factor evaluation.

7.2 The systematic uncertainties

A careful evaluation of the systematic uncertainty is to be provided before the unblinding and
it is the most important next step for concluding this analysis. As for the relative statistical
uncertainty, also the final relative systematic uncertainty on the BF (Equation ) will be
the sum in quadrature of the three contributions from Nppz, from the signal yield and from the
selection efficiency. The systematic uncertainty on Nz is known (Section and it is 0.6%
of the total oYy’ /BF.

For the signal yield, the main sources of systematic uncertainty are the choice of the pdf
for modeling the signal and background shape in the fit and the shape parameter estimate.
The former can be investigated comparing the fit results from using alternative pdf models, for
example, by replacing the sum of the two Gaussians in the signal modeling with a single Gaussian.
The difference in the fit results between the different pdfs will give an estimate for the systematic
uncertainty. Given the low statistics foreseen in data after the BDT selection, the signal yield
extraction is not expected to be sensitive to this contribution, as already discussed for the choice
of the signal pdf in Section [6.1] The shape estimate contribution to the systematic uncertainty
can be evaluated by varying the shape parameters in the range defined by their associated fit
uncertainties; the sensitivity to the shape parameters will be provided by comparing the fit
results.

To assess the systematic uncertainty associated to the selection efficiency various contribu-

tions have to be taken into account:
1. the difference in particle identification performances between MC and data;

2. the BDT method uncertainty, related to the differences in the input variable distributions
between MC and data;

3. the track finding efficiency;
4. the decay model used in the generation of the signal MC sample.

The differences in data and MC are evaluated on events from high purity channels, which
are the control samples (CS) for a given particle type. The results are tabulated in the BABAR
database and the PID efficiency plots for each type of particle are produced according to those
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measurements. It is worth noting that the PID performance contributes in two different ways to
the systematic uncertainty on the selection efficiency, with the PID efficiency and with the mis-
identification probability rate for a given particle type. The latter is sensitive to the background
composition and, when there is a large fraction of mis-identified events, its contribution becomes
relevant. In this analysis, having only 0.2% not truth-matched signal events after the BDT
selection and assuming this number as the upper limit for the fraction of mis-identited events,
the mis-identification contribution can be neglected. A way to evaluate the contribution from
PID efficiency is by comparing the selection efficiency resulting from two configurations: when
the PID efficiency on the MC samples is not weighted and after reweighting the MC PID

€CS,Data
€Ccs,MC
data control samples. From the PID efficiency plot for the proton selector used in the analysis,

shown in Figure for 1 GeV/c momentum tracks, the difference a@ = ey — €pata ~ 0.7%

gives a rough estimate for the probability for not identifying in data a track identified as true

efficiency with the weight , resulting from PID performance evaluation on both MC and

proton in the MC sample. The probability for not correctly identifying only one proton track

over four in real data events is:

Onotpip =4 - a1 — a)® = 2.7%, (7.9)

which results in a systematic uncertainty contribution less than 3%. Of course, further

studies should be performed to validate this preliminary estimate.

For the BDT method uncertainty evaluation, no indication can be drawn from Griinberg’s
analysis [10] for the B® — Afppp decay search. The relative systematic uncertainty on the
selection efficiency was estimated to be 1.42% by comparing efficiency results from different
selection strategies, e.g., selecting the signal events in the signal region defined in the mpg vs
mpgg rather than in the mgg vs AFE plane. This comparison accounts for the dependence of the
efficiency on the cut variables. However, Griinberg’s approach cannot be applied to this analysis
both because a multivariate method, different from sequential cuts, has been implemented and
because several input variables are used in the selection. One way for evaluating this uncertainty
is to reweight each bin of the input variable distributions in the MC samples, according to the
result of the MC-data comparison before the BDT application, and then evaluate the efficiency
on the reweighted MC samples. Their difference gives an estimate of the sensitivity of the BDT
selection to the MC-data shape differences. As shown in the BDT validation (Section , the
difference in shape between MC and data is not large and a contribution of roughly the same
order of the other uncertainty sources is expected. Studies will be performed to evaluate this

uncertainty.

The track reconstruction systematic is related to the track finding efficiency at BABAR as
explained in [30]. The systematic uncertainty contribution coming from track reconstruction
varies as a function of the particle momentum and it is estimated to be of 1.54% per single
track with transverse momentum lower than 180 MeV /¢, while for high momentum particles
it is 0.234% per track. Having four high momentum protons as signal signature and calling

a = 0.00234 the measured probability for loosing one track in the reconstruction, a rough
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estimate for the probability of not detecting one out of the 4 tracks in the signal event can be
calculated as:
OnotTracked = 4 - a(1 — a)® = 0.93% (7.10)

Repeating the calculation with the track inefficiency probability for low momenta, 1.54%, gives
the conservative estimate of a systematic uncertainty around 6%, which can be considered as
the upper bound for the systematic uncertainty coming from track reconstruction. However,
given the mean proton momentum of 1 GeV/c for the simulated decay, the most likely estimate
for track reconstruction uncertainty in this analysis is about 1%.

Finally, no theoretical model is so far known which describes the decay mode BO(EO)%pppﬁ
and no assumption was made on its dynamics. The employed decay model just assumes a flat
momentum probability distribution for each proton in the phase space and it indirectly influences
the efficiency by determining the kinematics of the signal events. Since I avoided to use strongly
model-dependent variables in the selection, such as the proton momentum, the proton energy or
the proton angular distribution, the systematic uncertainty coming from the decay model choice
is expected to be small.

From the above considerations, statistics is expected to be the main source of uncertainty

for this measurement.

7.3 The upper limit estimate

Fitting on-peak data will not be allowed before the final unblinding and the branching fraction
can not be calculated yet.

In addition, the expected signal yield is most likely not enough to provide a significance higher
then 30. The expected significance from the BDT validation studies (Section is around 2.
Therefore an upper limit estimate for the BF will be provided. Two different approaches,
Bayesian and frequentist, have been implemented to get an estimate of the expected upper limit
(UL) as a function of the number of observed event (n) in the signal region [31]. The estimate

is based on the following hyphotesis:

e it is a counting experiment where events are assumed to be distributed according to the

Poisson statistics;

e B is the number of expected background events in the signal region 5.27 < mpgg < 5.29
GeV/c?%

e n is the number of observed events in the signal region.

In the Bayesian case, the upper limit for the number of signal events S,,, once the credibility
for the interval (C1T) is fixed, can be extracted by the formula [31]:

S [(S + Byre= 5B /nl] P(S)dS
JoZ[(S + Byre=(5+B) /nl] P(S)dS

CI (7.11)



7.3 The upper limit estimate 113

Under the assumption of a flat prior P(S) for a signal yield S > 0, equation ([7.11]) can be
simplified to the ratio:

> 0 [(Sup + B)™ e SurtB) ]
Yoo [(B)me™B) /ml]

where S, is interpreted as the upper bound on the model parameter range for which the

=1-CI (7.12)

probability of getting n or less observed events is equal or lower than 1 — C1.
The frequentist formula [31] for the S, estimate differs from the Bayesian formula just for

the absence of the denominator:

zn: [(sup + B)me~ SurtB) /ml} =1-CL. (7.13)

m=0

In Equation the denominator takes into account that the number of background events
is always less or equal to the number of observed events, while this constraint is no more imple-
mented in the frequentist approach (Equation ([7.13))), resulting in a possible difference between
the two upper limit estimates, especially in the case of low signal events. Both approaches are
implemented for estimating S, in different configurations of n. The Bayesian method resulted
in a more conservative estimate.

Fixed at 90% the credibility interval CI (Bayesian approach) or the confidence level CL (in
the frequentist hypothesis) for the expected upper bound S, three scenarios have been studied.
The expected number of background events in the signal region (B) of on-peak data cannot be
accessed because of the blinding. From the BDT selection results on both MC samples and
on-peak side band region data, a good estimate is provided by the number of MC events found
in the signal window, scaled with the weight wga./0c = Njéilz*b“”d/N fé“g*ba”d. With this
technique (see also Table the number of background events in the signal region is found to
be B = 17. The number of observed events n changes according to the hypothesis made for the

signal yield:
e Scenario 1: B =17,n = 17; it is assumed that no signal event is detected;

e Scenario 2: B = 17,n = 27; in the assumption of detecting the expected number of signal
events after the BDT selection, S=10;

e Scenario 3: B = 17,n = 47; three times the expected number of signal event after the
BDT selection is detected, S= 30. This last hypothesis aims at predicting the resulting
upper limit on the BF in the case the signal yield is much larger than the expected.

The results for the above mentioned configurations, with both statistical approaches, are
summarized in Table From the Sy, estimate, using Equation ([7.4)), it is possible to compute
the branching fraction upper limit expected for each scenario and the resulting upper limit

estimates for the BF(BY(B0)—pppp), at a 90% confidence level, are reported in the last row of
Table [Tl
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Approach Sup
Scenario 1 Scenario 2 Scenario 3
Bayes 8.18 17.99 40.06
Frequentist 6.60 17.95 40.06
BFUL(BO(EO)%ppﬁﬁ) [x1077] [x10~7] [x10~7]
[Bayes/Frequentist] 0.9/0.7 1.9/1.9 4.3

Table 7.1: Upper limit estimates for the signal yield at three different scenarios: no detected signal
event (Scenario 1), a signal yield corresponding to the espected Nyjg = 10 (Scenario 2) and a larger
number of detected signal events Ny, = 30 (Scenario 8). The S, estimate is used in the BF formula
for calculating the expected upper limit.

With my analysis, I am able to provide the first measured upper limit on the decay mode
B (é%—)ppﬁﬁ of 1.9 x 1077 at a 90% confidence level, for the case of an extracted signal yield
Ngig = 10.

7.4 Prospects at Belle 11

The measurement described in this analysis is mainly dominated by the statistical uncertainty.
The same measurement at Belle IT will reduce this uncertainty because of its almost 100 times
larger integrated luminosity with respect to the BABAR full dataset. The improvement foreseen
at the SuperKEKB nominal integrated luminosity, at the end of its data taking period, is briefly
discussed in this section, which provides a summary of the main issues that the extrapolation
needs to consider in further investigation.

Let’s assume two possible scenarios, called A and B.

Scenario A

The expected performance of the implemented analysis is assumed to be the same for BABAR as

for Belle II. The main relative uncertainty on the BF is then given by:

2
OBF\? Osig k

— = —_ 7.14
(BF) (Nsi) L (7.14)

where L stands for the integrated luminosity and k is a factor depending on the signal selection

efficiency and therefore on the detector performance. In fact, assuming a Poisson statistics and
expliciting the signal yield as the efficiency times the production cross section for that type of
events (oP"°?) multiplied by the integrated luminosity L, the square relative uncertainty on the

signal yield is

osig\> 1 1
sig
= = 7.15
(Nsig> Nsig €sig - gprod .. [ ( )
which compared to Equation (7.14)), gives k = 1/(o?m°¢ - €sig). The physics described in gprod

does not change for different detectors. The hypothesis made for this scenario implies that
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eﬁgB‘”’ = eggllen and therefore k is eliminated in the ratio between the statistical relative
uncertainty on the BF measured by the two experiments, which then goes like the square root

of the ratio of the integrated luminosities:

L 0.424 ab~!

Bellell ; _BaBar BaBar

o o = = =0.092 7.16
gt oo = | e m (7.16)

Using the nominal value for the foreseen full integrated luminosity at Belle II, a factor of

around 10 is gained on the statistical precision of the measurement, passing from roughly 45%

to 4.5% for the case of 10 detected signal events.

Scenario B

The second scenario is a more realistic case in which the BDT selection performance might
present some differences beween BABAR and Belle II. In that case, when comparing the relative

statistical uncertainties,

k' L
Jg%llell/ag%Bar — | ZBaBar 4 99. Kk, (7.17)
k  LBeuerr

BaBar/eBelleII
sig s1g

upgrade (Sections and |3|) will provide at least an equal or better performance with respect to

the ratio \/k'/k goes as /€ , and in the assumption that the Belle II detector
the BABAR detector, this ratio is equal or lower than 1 and it will further improve the statistical
precision of the measurement. A rough evaluation of the factor \/k’/k can be estimated by

considering the dependence of the efficiency on three main detector-related features:
e the beam energies and the resulting boost in the laboratory frame;
e the angular acceptance of the detector;

e the PID efficiencies for protons at 1 GeV/c momentum.

At Belle II the reduced asymmetry in the beam energies will result in a reduced Lorentz boost
By = 0.28 of the laboratory frame, roughly half the boost of BABAR, which will provide a lower
shift for the momentum distributions of the B decay products. This analysis is not exploiting the
shape of the momentum spectra of the protons and moreover, in the case of 1 GeV/c momentum
track, the shift will be negligible.

The Belle II detector will have an extended azimuthal coverage compared to the BABAR detec-
tor. Assuming the same geometrical acceptance for Belle II as for BABAR is then a conservative
estimate applied in this extrapolation.

Finally, the least obvious part of the extrapolation regards the PID efficiency comparison.
The two detectors, as illustrated in Sections and exploit different devices to provide
PID information. Moreover, very different PID selectors were used at BABAR (Section and
Belle for particle identification. Belle II inherits Belle Likelihood-based PID selectors and their

performance in the high luminosity environment of SuperKEKB is still under investigation.
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For protons at 1 GeV/c momentum, the MC preliminary studies on Belle IT PID performance
give an efficiency (mis-identification probability) in proton/pion discrimination of 0.96 (0.02) and
in the proton/kaon case 0.94 (0.02). These are not the final numbers and further improvement
is expected for the PID performance at Belle II.

Also the factor 2 improvement on the impact parameter resolution expected at Belle II has
to be taken into account in the comparison of the track reconstruction efficiency for the two
experiments (See the end of Section . A better vertexing resolution will be provided by the
improved quality of the SVD and the measured B meson vertex distance from the interaction
point will result in a more efficient constraint on the combination of four charged tracks coming
from the same vertex to form a B meson candidate. Preliminary studies have shown that
requirements on the distance of closest approach are important for eliminating fake candidates,
therefore further studies will be desirable for better understanding this impact.

Of course, more detailed studies have to be arranged for giving a reliable estimate of the ratio
\/m, which is expected to be of order of 1, but this can be achieved only with a more definitive
PID efficiency evaluation for Belle II performance and only once the systematic uncertainty

studies on the BABAR measurement are complete.
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In this thesis, the analysis method for the measurement of the branching fraction of the decay
mode BO(BO)%ppﬁﬁ at BABAR was developed. The event reconstruction and selection have been
optimized on the official MC samples and validated on the side band region of on-peak data,
without looking at the signal region, since it is a blind analysis. Kinematical constraints and
cuts on the quality of the reconstructed tracks and on the probaility of the fit to the common
vertex have been exploited to reject wrong combinations of tracks. The finalized event selection
relies on the BDT method which mainly exploits event shape variables to suppress backgrounds
from continuum events. After the final selection is applied on the testing samples, consisting in
half the generated MC samples, the efficiency of the event selection is evaluated on the testing
signal MC sample to be 21% and the BDT performance is validated by comparing the results
on the background MC samples and on data in the side band region. The probability density
functions used for the signal and background modeling are studied on the testing MC samples
and dedicated toy MC studies evaluate the fit sensitivity in the configuration of various extracted

signal yields and also the bias introduced by the fitting procedure.

From the tested values in toy MC studies, only in the case of 30 detected signal events (or
more) a significant measurement is expected, corresponding to a branching fraction of BF =
(3.1 £0.7) x 10”7, where only the statistical uncertainty is provided. In the default hypothesis
of a branching fraction of 10~7 and 10 detected signal events, a sensitivity of 2.2¢ is expected,
which is not enough to have a significant measurement. The corresponding upper limit on
the branching fraction, estimated from MC studies (Table , results in 1.9 x 10~7 at a 90%

confidence level.

Before the unblinding, further studies are needed for estimating the systematic uncertainty,
which is expected to be of order of a few percent. A proper evaluation of the BDT method
contribution to the total systematic uncertainty, through the error associated to the selection
efficiency, will be studied by reweighting the input variable distributions used for the BDT
training.

After the approval for the unblinding, the on-peak data will be fitted with the unbinned
extended maximum likelihood fit implemented in this thesis and from the extracted signal yield,
the first measurement of the branching fraction upper limit for the baryonic mode BO(B_O)%ppﬁﬁ
will be provided. Moreover, in the case of more detected signal events than the expected 10
events, toy MC tests show that a good sensitivity can be achieved and in that scenario it

would be possible to calculate the central value for the branching fraction with a significance of
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BF/opr = 4.50 (estimated in the case of 30 signal events extracted by the fitting procedure).
The sensitivity expected for this analysis is consistent with the upper limit on the baryonic mode
B — Afppp, previously measured by Griinberg et al. to be 2.8 x 1076 at a 90% confidence
level.

The measurement is dominated by the statistical uncertainty at BABAR data integrated lu-
minosity of 424 fb~! and the prospect of repeating this analysis at Belle II is to reduce this
contribution by a factor 10, exploiting the full nominal data set of 50 ab™!, which will be
collected by the end of 2024 and which might allow to access scenarios where a significant meau-
rement is feasible. It is worth noting that the current analysis sensitivity is dominated by the
remaining backgrounds in the signal region (17 background events are expected): a possible way
of improvement might come from further background suppression based on vertexing require-
ments. It has been shown in the optimization studies that the distance of closest approach of
the reconstructed tracks is a good parameter for rejecting the fake combinations of B meson
candidates, which seem to be the main cause of the remaining combinatorial background, since
the rate of mis-identified particle is negligible (0.2%). Therefore, a first next step could be to
study in more detail the impact of the better vertexing performance foreseen for the SVD at
Belle II.

In this thesis, the assembling and the electrical testing of the forward and backward modules
of the Belle II SVD, performed at the INFN High Technology Laboratories in Pisa, were also
presented. All the phases of the module production in which I actively participated, gaining
experience with the complex and delicate procedures, have been illustrated in detail. The overall
quality of the produced modules is excellent both on mechanical and on electrical sides. The
relative positions of all the components are within the established mechanical tolerances and
less than 0.5% strips per module show AC defects. The next phase of the SVD construction,
as soon as the ladder assembling is complete, will be the SVD ladder mounting, taking place at
KEK laboratory during the next months. As a final remark, the excellent quality of the Belle I1
SVD is fundamental for an optimal vertex reconstruction, which is also expected to improve the
combinatorial background rejection, estimated to be the major source of background for this

analysis.
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Appendix A

Fitting procedure: covariance

matrices

The covariance matrices from the fit results discussed in Chapter [6] are reported.

The fit with sumGauss to the reduced signal MC sample (see Section produced the
correlation coefficients listed in Table

The covariance matrices for the various fits tested in studying the background modeling
(Section are given in Table [A.2] [A.3]|A.4]A 5]

Parameter Correlation coefficients
Global n mo Nsig o1 g9
n 0.23207 1.000 0.005 0.000 -0.229 -0.041
mo 0.00512 0.005 1.000 0.000 -0.002 0.000
Nsig 0.000 0.000 0.000 1.000 0.000 0.000
o1 0.23016 -0.229 -0.002 0.000 1.000 0.027
o9 0.04462 -0.041 0.000 0.000 0.027 1.000

Table A.1: Correlation coefficients for the shape parameters estimated from fit sumGauss on the reduced
signal MC sample.
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Parameter Correlation coefficients
Global a b ka‘g
a 0.33 1.00 0.33 0.00
b 0.33 0.33 1.00 0.00
Npig 0.00 0.00 0.00 1.00

Table A.2: Correlation coefficients for Test 1: all background MC samples after the BDT selection.
Both a, b floating.

Parameter Correlation coefficients
Global a b kag
a 0.07 1.00 0.07 0.00
b 0.07 0.07 1.00 0.00
Npig 0.00 0.00 0.00 1.00

Table A.3: Correlation coefficients for Test 2: all background MC samples before the BDT selection.
Both a, b floating.

Parameter Correlation coefficients
Global a b kag
a 0.27 1.00 0.27 0.00
b 0.27 0.27 1.00 0.00
Npig 0.00 0.00 0.00 1.00

Table A.4: Correlation coefficients for Test 5: off-peak data before the BDT selection. Both a, b floating.

Parameter Correlation coeflicients
Global a b kag
a 0.56 1.00 0.56 0.00
b 0.56 0.56 1.00 0.00
Npig 0.00 0.00 0.00 1.00

Table A.5: Correlation coefficients for Test 6: off-peak data after the BDT selection. Both a, b floating.
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