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ABSTRACT

The branching fraction for the electroweak penguin decay B — K77 has not been measured.
Motivated by speculative physics scenarios that predict a large enhancement in the branching
fraction of B — K77 compared to the Standard Model, and motivated further by recent success of
the inclusive tagging technique, we develop an inclusive-hadronic-tagging technique for measuring
the decay BT — K717, We use simulated Belle data equivalent in size to the 711 fb~! recorded
by the Belle experiment. The goal is to show that we can improve sensitivity over existing hadronic-
tagging measurements of this decay. Based on simulation, we project an upper limit for B(BT —
K*7H77) < 1.14 x 107% at 90% confidence level, a factor of about 20 better than the world’s
best constraint. The second part of this dissertation addresses a critical weakness in 7-lepton
reconstruction, which is muon identification for 7 decays to muon final states. As Belle II aims to
record 50 ab~! at the YT (4S) resonance, it is of utmost importance that such calibration work is done
now in order to enable future searches for this and other rare B-meson decays. Some of this poor
muon identification can be attributed to lack of calibration and to unused features of the readout
electronics for the Belle IT K-Long and Muon (KLM) detector subsystem. We develop firmware
that enables waveform readout of the silicon photomultipliers installed in the KLM detector. We
employ a novel method for efficiently calibrating many channels at once, and we improve the hit-
time granularity by a factor of four compared to the former firmware that did not use the waveform

readout.
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PREFACE

Let us begin in a lighthearted way by means of a nutty and quarky story. Physicists are known
for their whimsical naming of particles. We called them strange because we did not understand
the strange nature of cosmic rays. We called them charm because the newly found strangeness
was unsettling, and the restored symmetry that came with the charm felt somehow charming. Not
only do we call the three generations of leptons flavors, but we have a conserved quantum number
called flavor. Now we can talk about flavor conservation and not be referring to food preservation.

Going back to the ancient Greeks, Democritus and Leucippus thought that matter was grainy.
But like peanut butter to peanuts, Aristotle thought it was infinitely divisible, infinitely smooth.
Now fast forward many centuries. John Dalton noticed a pattern of discrete units at work and
called them atoms after the Greek word arouoo, meaning “uncuttable.” They did not remain
uncuttable for long. Soon, J. J. Thompson’s discovery of the electron cast some doubt. Ernest
Rutherford’s scattering experiments revealed the nucleus, this time named from Latin, nucleus,
meaning “kernel.” So matter is made out of nuts, with kernels inside and electron shells. Okay.

And Rutherford got to name yet another. Further scattering experiments led him to believe
that the hydrogen atom has a nucleus with a singular positively charged particle. He called it the
proton, from Greek wpwTor meaning “first,” as in nothing before it. This came with a bonus new
particle that must have a mass similar to the proton but without an electric charge. Sticking with
the Greek -ov suffices, W. D. Harkins gave it the name neutron. So matter is made of protons,
neutrons, and electrons. Surely that’s it. Well, naming something as first is just as bad of an idea
as naming it uncuttable.

In 1964 when Murray Gell-Mann discovered a substructure to the proton and neutron that,
oddly, comes in threes, he knew better than to apply a misnomer this time. He had the sound of
the name he wanted in his head, “kwork,” but not the spelling. Upon perusing the book Finnegans

Wake by James Joyce, he came across the line

Three quarks for Muster Mark,
Sure he hasn’t got much bark,

And sure any he has it’s all beside the mark.

Rather than quark with an “arrr” sound, he reimagined the meaning by Joyce as “Three quarts
for Muster Mark” as though ordering ales for a friend. The spelling stuck, and to this day we do
not know of any substructure to the quark, but we know better than to name it something that
means indivisible. Nevertheless, we did name it after a measure of volume that will forever cement
a connection to the imperial unit system.

Let us now talk about penguins.



This dissertation is about a rare transition between quarks (electroweak penguins) and about the
development of modern electronics that can aid in detecting the decay products of the former.

In Part I we present a feasibility study on the use of a recently developed analysis technique to
search for the rare B meson decay BT — K777, We begin with an overview of particle physics.
The overview assumes the reader has a working knowledge of quantum mechanics and has a decent
mathematics background, including linear algebra, group theory, and relativistic calculations using
4-vectors. However, a reader without the mathematics background may still glean some intuition
about the standard model of particle physics. In Chapter 2 we introduce B* — Ktrtr=. We
cover existing measurements in this field, tests for lepton universality, and two pieces of motivation
for this analysis, including a new physics model and a recent analysis on the search for Bt — KTvw.
In Chapter 3 we cover the theoretical prediction for the branching fraction of BT — K+tr+t7r—. We
continue in Chapter 4 with a description of the Belle detector. In the rest of Part I, we go over
the analysis itself, beginning with our reconstruction technique, then the application of machine
learning for background rejection, a maximum likelihood estimate to fit our data, some discussion
on systematic uncertainty, and finally a presentation of our findings on the feasibility of using this
analysis technique for this particular decay.

In Part II, we switch gears and look to the future. Namely, we recognize the importance of muon
detection to the success of this analysis, and we acknowledge that Belle II, already taking data,
needed considerable work in the implementation of the readout electronics for its muon detection
system. In Chapters 10 and 11 we describe the upgraded detector and readout electronics of the
KLM subsystem between Belle and Belle II. In Chapter 12 and 15 we cover our work on the
implementation of the readout electronics. Chapters 13 and 14 are dedicated to the upgrade of
the other readout electronics for the portion of the KLM detector that was not replaced for the
Belle II experiment. Finally, we provide some of our performance measurements on data collected
from Belle II.



Part 1

Part 1: B" — K771~

Inclusive-Tagging Feasibility Study



CHAPTER 1
PARTICLE PHYSICS

The standard model of particle physics, also called the Weinberg-Salam model [1], is a model that
explains the fundamental constituents of matter and three out of the known four forces of nature.
It consists of matter particles called fermions and interaction particles called bosons (Fig. 1.1). The
fermions are spin-1/2 particles that are categorized into quarks and leptons. The bosons are integer
spin, including the spin-1 gauge bosons which are the carriers of the strong, electromagnetic, and
weak forces, and the spin-0 Higgs boson which is an excitation of the Higgs field (a mechanism to

generate particle masses in a gauge invariant way) [2].

Standard Model of Elementary Particles
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Figure 1.1: Elementary particles of the standard model.



There are six quarks and six antiquarks, all with fractional electric charge relative to that of a
proton (which has an electric charge of +1). The up-type quarks (up, charm, top) all have +2/3
electric charge and are denoted u, ¢, and t, while the down-type quarks (down, strange, bottom)

all have F1/3 electric charge and are denoted d, s, and b. Further, quarks carry a “color” charge

(red, green, or blue) and antiquarks carry anti color charge (red, green, blue). This is not to
be confused with the human experience of seeing color in the visible part of the electromagnetic
spectrum. The name color is an analogy to our experience with combining the three primary
colors to make white, which we associate with colorless or color neutral. Color confinement and
electric-charge quantization dictate that quarks can only exist in combinations, called hadrons
(from adpéo meaning thick), wherein the total color charge is neutral and total electric charge is
an integer value. Neutral color can be achieved by combining three quarks of color charges red,
green, and blue (called baryons), and by combining two quarks with the same color/anticolor, e.g.,
red — red (called mesons). A few examples are the proton, which consists of the quarks uud, the
BT meson consisting of the quarks bu, and the K~ meson consisting of the quarks sa.

The gluon is the gauge boson that interacts with color charge, the so-called strong nuclear force.
Unlike the electromagnetic or gravitational force, the strength of the strong force does not diminish
with distance. Hence any attempt to split apart quarks results in energies exceeding the rest mass
of a new quark/antiquark pair. In simpler terms, one could say the gluon breaks and the two new
endpoints at the break are replaced with a quark and antiquark.

Besides the quarks, there are six leptons and six antileptons (from Aem7déo meaning fine). The
electron and its antiparticle the positron (eT), the muon and antimuon (uT), and the tauon and
antitauon (77) are all massive and have an integer electric charge. They can interact via the weak
force, whose carriers are the massive W+, W~ and Z° bosons, and since they carry non-zero
electric charge, they can interact via the electromagnetic force whose carrier is the photon. For
each of these, there is a corresponding neutrino (ve, e, Vyu, Uy, V7, Ur), all of which have zero
charge, are nearly massless, and only interact via the weak force.

Everyday matter consists of up and down quarks and their antiparticles along with electrons,
all of which are part of the first generation of matter (i.e., the first column in Fig. 1.1). Fermion
masses (except perhaps for the neutrinos) increase substantially in the second generation and even
more so in the third generation. To study the exotic particles containing these heavier fermions we
generate them in the lab with particle colliders or wait for cosmic rays (mostly protons) to hit our
atmosphere. The Belle experiment in particular collides electrons and positrons at a center-of-mass
energy /s = 10.58 GeV to generate a bottomonium (bb) resonance called Upsilon-4S, denoted
T (4S).

It is prudent to mention a few things about bottomonium particles. Just as with the hydrogen
atom, bottomonium has quantized energy levels (n), different spatial probability distributions (S-

wave, P-wave, D-wave) based on angular momentum ([), and singlet (spin 0) or vector (spin 0, 1,



or 2) states due to hyperfine splitting (e.g., 'So, 51, Py, ...). Unlike hydrogen, the order of 10
to 100 MeV energy differences between states inclines us to label each state as a different particle.
The [ = 0, s = 0 bottomonium are called 7, (nS), the [ = 0, s = 1 bottomonium are called Y(nS),
the [ = 1, s = 0 bottomonium are called hy,(nP), and the [ = 1, j = 0, 1,2 bottomonium (where
j =1+ s) are called xp;(nS). B mesons contain a b quark paired with one quark from generation I.
The Y (4S) decays to BB pairs more than 96 % of the time. It is considered a quasi-bound state
because its mass is larger than the mass of two B mesons. The next most massive in the group,
the T (3S), is less massive than two B mesons. Therefore, to make a B factory, the center-of-mass
energy of the collider should be large enough that Y (4S) production is kinematically possible.

A second point worth mentioning is that when an electron and positron collide at a center-
of-mass energy /s = 10.58 GeV, an T(4S) is not guaranteed. There is a whole host of lighter
resonances that can be produced instead. We call this continuum background. However, continuum
processes, like ete™ — ¢, for example, tend to hadronize into two jets. This is because /s is
substantially larger than the c¢ rest mass. The excess energy, therefore, must go into momentum.
Conservation of momentum tells us that it must be split equally between the quark and anti-quark,

and in opposite directions.

1.1 Quantum Field Theory

The following sections up to Section 1.6 relied heavily on Ref. [3] with help from Refs. [4, 5]. The

Schrodinger equation for a free particle’s wave function ¢(7,t) (in units A=c =1) is

1 2 o ,a

where m is the particle’s mass and V2 is the divergence (%)2 + (8%)2 + (%)2. Although very
successful in some of its predictions, it has some major drawbacks. Namely, it is not a relativis-

tic theory, and it cannot account for the annihilation or creation of matter. When making the

Schrédinger equation fully relativistic via the relation m? = E? — p? one gets the Klein-Gordon
equation
0 2 2
(_8t2+v)¢:m b, (1'2)

which is 2nd order in the time derivative. Using a mostly-minus Minkowski metric and a 4-gradient
o* = (%, —ﬁ), 1.2 can be written
(0,0" +m?)¢ = 0. (1.3)

Paul Dirac sought a way to make the equation first order in time. He simply wrote down a version

as a product of two factors and demanded that the cross terms cancel out. The result is called the



Dirac equation,
(i7" 0 — m)y =0, (1.4)

where the v* are the 4 x 4 gamma matrices satisfying the needed anticommutation relation that
cancels out the unwanted cross terms in Dirac’s derivation. In reconciling this equation with
reality by asking what are the real observables (in quantum mechanics real observables are the
expectation values of Hermitian operators), a major problem arose wherein the expectation value
of the Hamiltonian, i.e., energy, was allowed to take on negative values. It was known that the
negative energy problem could be resolved with a positively charged particle, but the proton was
too massive to fit the bill and no other such particle was known at the time. This problem was
ultimately resolved with the discovery of the positron.

Solutions to these equations can be thought of as excitations of quantum fields, a spin-0 scalar
field in the case of the Klein-Gordon equation and a spin-1/2 field in the case of the Dirac equation.
Today, we use the terms from both of these equations in parts of the standard model Lagrangian
to represent free particles.

The standard model is a quantum field theory with a local gauge symmetry made up of the
groups

SUB)e®@SU(2)L@U(1)y, (1.5)

where the SU(3) symmetry describes interactions between quarks and gluons while SU(2) ® U(1)
pertains to the electroweak sector. The subscript C refers to the color charge, L to the left chirality
of the weak interaction, and Y to the weak hypercharge. Starting with a free-particle Lagrangian,
one can demand that the Lagrangian be invariant under local transformations of U(1), SU(2), and
SU(3). Global invariance is already satisfied, for example, a global U(1) transformation amounts
to a phase shift everywhere and the Lagrangian is unchanged, but a phase shift that depends on a
space-time coordinate is not satisfied without adding an extra term to the Lagrangian. Such new
terms then describe interactions between particles, including mass terms for the bosons. This ex-
ercise predicts a non-force-carrying boson called the Higgs after one applies spontaneous symmetry
breaking to account for non-zero vacuum energy. A particular choice of the direction in which to
break the symmetry rotates the masses of the other bosons in such a way that the Z° and W
become very massive. It was this feature that made the Higgs boson worth searching for for several
decades.

With a Lagrangian in hand, calculating real-world phenomena like scattering cross sections
and decay rates can be just a matter of writing the corresponding Hamiltonian and performing
perturbation theory. However, not all processes are perturbative. The strong coupling constant,
as, increases at long range (low energy), which makes higher-order terms in perturbation theory

contribute more than lower-order terms.



1.2 Quantum Electrodynamics

If we begin with a free-particle Lagrangian for a fermion

Lo = iP(2)y"Oupp(z) — mip(x)¥ (), (1.6)

and require that it be locally invariant under U(1) transformations, we pick up a term involving
a spin-1 gauge field in the Lagrangian that describes the interaction between fermions and the

electromagnetic field:

L= Lo+ eQAu(@) Dla)y"(a). (L.7)

For this new gauge field to have a free-particle term associated with it, we add

1
Liin = ~2 Fu(x) FP (), (1.8)
where F,,, = 0,4, — 0,A, is the electromagnetic field-strength tensor. Adding a mass term

would render our Lagrangian no longer invariant under U(1) transformations, so the gauge boson
associated with this new gauge field must be massless, i.e., the photon. When 1.8 is combined with

1.7 one can derive the Maxwell equations
" = J”, T = —eQun", (1.9)

where 9, F" = J” and J” = —eQy"1), where J” is the electromagnetic 4-current. This is the

quantum electrodynamics (QED) Lagrangian.

1.3 Quantum Chromodynamics

Let gy represent a quark field of flavor f. The free particle Lagrangian is then

Lo =Y q (iv'Op —myg)qy (1.10)
!

Noting that quarks carry a color charge of one of three colors (or an anticolor charge for antiquarks),
we require that our Lagrangian be locally invariant under SU(3) transformations. The result, just
as above for QED, is eight massless gauge bosons, G4 (z), which are the gluons. Defining G5” as the
quantum chromodynamics (QCD) field-strength tensor and D* = [0" — igs G*(x)] as our covariant

derivative, we can now write down the QCD Lagrangian:

1 .
Locp = — GAVGy, + > ap (iv'Dy —my) g5 . (1.11)
f



it is hidden in the notation, but this Lagrangian contains generators for SU(3) matrices and struc-
ture constants for SU(3). The interaction terms include quark-gluon interactions and gluon-gluon

interactions, unlike the case of QED which does not have photon-photon interactions.

1.4 The Electroweak Interaction

To understand the symmetry of the electroweak interaction, first note some observations which

that symmetry must describe.
1. Neutrinos have a left-handed chirality and antineutrinos have a right-handed chirality.

2. Only left-handed fermions and right-handed antifermions participate in charged-current weak

interactions (those involving a W= boson).

3. The mass eigenstates of the quarks (states before a decay) are different from the weak eigen-

states (states after a decay). They are related by a 3 x 3 rotation matrix:

d Vud Vus Vub d
s = Vea Ves Ve S 5 (112)
b, weak th Vts th mass

which is known as the CKM matrix.

4. Left-handed (right-handed) fermions (antifermions) appear in flavor doublets, e.g.,

— ) + ) 9 .
€ L H R d L

5. The photon interacts with fermions of left- and right-handed chiralities equally whereas the
Z boson acts differently between the two. Further, the Z-boson-to-neutron interaction only

involves left-handed chiralities.

The symmetry describing rotations between flavor eigenstate doublets is SU(2). To include elec-

tromagnetic interactions we also require U(1) symmetry and arrive at
SUR2)LeU1)y . (1.13)

Requiring local invariance under transformations of this symmetry, as with QED and QCD,

generates the electroweak interaction terms and four massless gauge bosons.



The charged-current Lagrangian is

Lec = % Wi Do @y PLVid; + Y ay"Pul| + hey, (1.14)

i l

where W represents four fields for massless gauge bosons (called the Goldstone bosons) and Py, is
the left projection operator defined as 1_% We want to identify Wi and Ws with the W= and
W3 and W, with neutral bosons. To get the desired difference in behavior between photons and Z

bosons, the electroweak mixing angle 6y is introduced

WS _ cosby  sinfy Z, (1.15)
B, N —sinfy  cos Oy A, ' '
Now we can write the neutral current Lagrangian as

Lne = ZEJ ~# {Au [g% sinfy + ¢’ y; cos HW} + Z, [g % cos Oy — ¢'y; sinew}} ;. (1.16)

Finally, to recover QED, we choose 6y such that
gsin(fyw) = ¢ cos(fw) = e (1.17)
and the electroweak hypercharge via the Gell-Mann—Nishijima formula
Y =2(Q —T3), (1.18)

where () is the electric charge and T3 is the third component of the weak isospin. A summary
of the standard model fermions arranged in left-handed doublets and right-handed singlets, along
with their weak isospin (magnitude and 3rd component), their electroweak hypercharge, and their

electric charge is listed in Table 1.1.
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Table 1.1: Standard model fermions with representation (doublet or singlet), chirality, weak isospin
(T, T3), and charge.
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1.5 Spontaneous Symmetry Breaking

The choice of 6y almost gave us the W*, Z, and v bosons, except they are all four massless.
If one writes a Lagrangian for two SU(2); complex scalar fields, they will identify two terms
corresponding to the potential energy. The potential well for this two-dimensional potential energy
function takes the shape of a Mexican hat, depending on the sign of an arbitrary constant. Rather
than choosing the zero-state energy to lie at the point of the hat, one can choose their zero state
at a lower potential in the rim of the hat. This is called the spontaneous breaking of a continuous
global symmetry (SSB). Doing so, however, always introduces one or more massless spin-0 particles.
These are the Goldstone bosons. An astute choice of phase, i.e., precisely where in the rim you
call zero, has the effect of transforming away the Goldstone bosons leaving behind a massive scalar
particle — the Higgs boson — and a massive gauge field. Further, when the gauge field picked up
mass, it acquired a 3" polarization state. This is the Higgs mechanism, and it is responsible for
giving mass to the W* and Z. The Goldstone bosons may be thought of as components of the
spin-0 Higgs field. A common way that this is described is that the W* and Z ate the Goldstone
bosons and acquired mass in the process. The Higgs mechanism also gives masses to the remaining
massive particles in the standard model. That the Higgs mechanism gives mass to the W and
Z made the theory compelling enough to build the Large Hadron Collider to look for the Higgs

boson. The connection between electroweak theory and QED can now be summarized as

SUB)c®SUR) LUy 28 SUB)e®U1)qe. (1.19)

1.6 Performing Calculations

The connection between the theory described above and the measurement of a phenomenon, such

as a branching fraction, comes from perturbation theory. To first order in perturbation theory, the

11



amplitude for decay from an initial state () to a final state (F') is given by
Al — F) = (F|Hine| D), (1.20)

also called the matrix element, M, and H;,: is the interaction Hamiltonian, H = Ho + Hine.
When computing a matrix element, the field operators are written in terms of field equations with
annihilation and creation operators that create or destroy quanta of their respective fields. The
factoring of the matrix element involves a lot of commutation relations of the Dirac algebra. The
factored form has interaction terms and propagator terms which can be represented graphically as
the vertices and connectors of a Feynman diagram. At higher orders in perturbation theory, powers
of H;nt result in internal loops in the diagrams. A single matrix element is usually represented by
multiple diagrams.

To get a width, Fermi’s golden rule is used:
dr = |M2dp(p;) (1.21)

where p(py) is the density of final states which includes normalization factors, delta functions to
conserve energy and momentum, and the continuous phase space of kinematically allowed final-
state momenta. The natural unit of I' is [Energy|. Since the natural unit of time is 1/[Energy],
the proper decay time is the inverse of I', and I itself also describes the decay rate. The branching

fraction, B(I — F), is I'1,p/T'1—x, where I';_, x is the inclusive decay width of I — anything.
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CHAPTER 2
INTRODUCTION TO B" — K77~

The decay BY — K777~ is part of the b — s¢/ family of decays. As it involves a transition from a
b quark to an s quark, which both have the same electric charge, it is an example of a flavor-changing
neutral current (FCNC). In the standard model of particle physics, this decay does not happen at
tree level but rather requires additional loops in the diagram. It can proceed via the electroweak

penguin (EWP) diagram or the W+W ™ box diagram (Fig. 2.1). Rare decays like these, because

.- T~ W~
/ \
/ \
,c,t
b = ! u7gt — S b — UC;, | = S
v, Z° 0 - i+
| — |
vr
s (- s
W
5 u,ct 5
b S
v, Z (&

=

Figure 2.1: Diagrams for b — sff. Left: electroweak penguin. Right: WTW ™~ box. Bottom: w
quark included to elucidate BT — K+tr 7™,

they contain loops, are a good probe for beyond-standard-model physics. New physics processes
can enter via virtual particles at a level comparable to the standard model processes alone [6].
2.1 Existing Measurements

The decay BT — K*7+77, along with its neutral B® — K°7t7~ counterpart and the K*(892)
counterparts, have not been observed. The current world-best upper limit for the BT — K77~
branching fraction is 2.25 x 1073 at a 90 % confidence level (CL), which was published by BABAR
in 2017 [7]. The Belle experiment has not published any journal results for this decay mode, but
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a recent PhD dissertation from Universite Paris-Saclay which used hadronic tagging to search for
BT — K77 in the combined Belle and Belle II dataset of 1073 fb~! established an upper limit
of 6x107* at a 90 % CL [8].

As for the neutral counterparts, a 2023 Belle analysis established an upper limit on B° —
K*0r 7~ of 3.1 x 1073 at 90% CL, also using hadronic tagging.

Existing measurements of BT — KT¢*¢~ include B(BT — Ktete™) at (5.6 + 0.6) x 1077
and B(BY — Ktptu™) at (4.53 4 0.35) x 1077, The modes with K*(892)" are about twice as

039 % 1070 and B(B* — K*(892) ' u-)

at (9.6 41.0) x 1077 [9]. We summarize these and the corresponding B° decay modes in Table 2.1.

prevalent with B(BT — K*(892)TeTe™) at (1.55 +

Table 2.1: Summary of b — sf¢ measurements from Ref. [9].

Decay Significance
BT — Ktete (5 6 + 0.6) x10~7 —
Bt - Ktptyu~ (4.53 £ 0.35) x10~7 1.8
Bt - K*(892)tete (155 T 03 x1070 —
Bt — K*(892)Tutu~ (9.6 + 1.0) x1077 —
BY 5 KO%te- @5t x107 1.3
BY — KOu*tp~ (3.39 i 0.35) x1077 1.1
BY = K*(892)%%e~ (1031 01 x1070 —
BY — K*(892)°%utu~ (9.4 4 0.5) x10~7 —

2.1.1 Standard Model Tests

In the standard model, the electroweak interaction strength between the three generations of leptons
is equal. For example, one would expect the decays b — cev,, b — cuv,, and b — ¢t to be equally
likely aside from differences in the amount of momentum phase space available to each. We call
this lepton universality (LU). It is an accidental symmetry, that is to say, the standard model does
not have a mechanism to break LU, but it is not a fundamental symmetry of the theory. We test it
by looking for examples of lepton-universality violation (LUV). Note that lepton flavor is conserved
in each of the above examples due to the antineutrinos of the same generations. If lepton flavor
were not conserved, it would be an example of lepton-flavor violation (LFV), which is distinctly
different from LUV.

Some tests for LUV include
B(B — hL...)

RO = BB S he

(2.1)
where h is a hadron, L is a heavier lepton (7 or u depending on the test), and ¢ is a lighter lepton
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(¢ = e,u or £ = e). Measuring ratios of branching fractions has the advantage that a lot of the
systematic uncertainties, both in theory and experiment, cancel out in the ratio. Another test of

LUV is AApp, where the forward-backward asymmetry

1 0 ! dr
AFB_F<[1_/O >dcosedcosﬁ

is compared between decay modes that only differ by the flavor of the final-state lepton(s). We

(2.2)

summarize some measurements of these quantities in Fig. 2.2.
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Figure 2.2: Lepton universality measurements. The vertical axis indicates deviation from the
standard model prediction normalized by the uncertainties provided in each analysis. The error
bars for AApp(D*lv) indicate a range provided by the authors in Ref. [10] that depends on the
extent of correlation between the electron and muon modes. The previous LHCD result for R(K)
of 3.1 0 disappeared in late 2022 [11].

2.2 Motivation

The motivation for this analysis began with LHCb runl results showing a 2.5 o deviation from SM
predictions in R(K), and later a 3.1 0 deviation with runl and run2 combined. This deviation,
however, disappeared by late 2022 when LHCb announced they had incorrectly modeled the pion
background in their earlier B* — KTete™ analyses. Nevertheless, if there is a deviation from
SM predictions in R(K)E, that is B(BY — KTutu~)/B(BT™ — KTete ), then it would be
interesting to measure R(K)j, where £ = p or e. Aside from R(K'), we had additional motivation
for measuring Bt — K777, not only because it had not been measured in Belle data, but
for two more reasons — a theory paper predicting enhancements in b — sT77~ processes, and a
Belle II analysis of BT — K vw.
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2.2.1 New Physics Predictions

S. Descotes-Genon looked at measurements of lepton-universality violation in the charm sector and
considered how they might imprint on b — s7T7~ [12]. Specifically, they find that by assuming a
common new physics explanation for Rp, RS), and Rj/,, then new physics contributions to b —
ct Uy and b — sTT7~ are generated together. Such a model could be realized by the presence of a

leptoquark. Parameterizing their predictions by the ratlo X, they plot the expected branching

fractions for various b — s777~ processes (Fig. 2.3). For example taklng RSM = 1.27, which is

O RD(Q-)&RJIW 20

5 B R,w&Ruw 10
x
&5 B Br{Bs~11]
B Br[B->K*11]
B Br[B->Kr11]

O Br[Bs—»>¢11]

1.1 1.2 13 1.4 1.5
Rx!RZM

Figure 2.3: Various branching fraction predictions for b — s7t7~ processes shown in[12]. For
reference, SM predictions for these branching fractions are on the order of 10=7. At Rx/ R;q(M =
1.27, our mode, B — K777~ has a branching fraction prediction around 1 x 10~4

the central value for measurements of RDT” and =47 J/ 2, they predict B(B — K7t77) ~ 1 x 1074,
D(*) /w
nearly three orders of magnitude larger than the standard model prediction.

222 B— Kvv

By 2021, Belle II had an exciting result on the search for B — Kv¥ using a novel inclusive tagging
method. The analysis[13] on only 63fb~! of data from Belle II achieved results competitive with
earlier analyses, on about 10 times the data, from Belle [14, 15] and BABAR[16]. We share their
comparison in Fig. 2.4.

The success of the inclusive tagging method when used for a decay mode with a lot of missing

energy was a primary motivation for this analysis.

16



1.1+0.4

SM  Average

I L L B
- Belle II (63 b, Inclusive)
1.9

0+1%  This work

Belle (711 fb !, SL)

1.0=0.6 PRD96, 091101

° Belle (711 !, Had)

3.0+1.6 PRD87, 111103

Babar (429 fb~!, Had+SL)

0.8+0.7 PRD87, 112005
L | L L L

T

0 2 4 6 8 10
10° x Br(BT—K * vi)

Figure 2.4: B(B*™ — K Tvv) comparisons between different data sets and different tagging methods.
This figure is shown in the appendix (preprint only) of [13].
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CHAPTER 3
THEORY

3.1 Effective Field Theory

The standard-model branching fraction for B — K777~ is calculated using an effective field
theory. The Hamiltonian is projected as an effective Hamiltonian [17] using an operator product
expansion [18, 19]. In this process, the short-range effects that can be calculated perturbatively are
separated from the long-distance processes by integrating out the heavy degrees of freedom. In the
present case, we use an effective Hamiltonian at the energy scale of the b mass giving us an effective

five-quark theory. For one-loop processes like b — sff transitions, the effective Hamiltonian used is

e
Hepp = — \/ththSZc Oi(p) + hec., (3.1)

=1

where G is the Fermi constant, V, are CKM matrix elements, the C; are the Wilson coefficients

which encode the short-range effects, and the O; are the local operators

O1 = (SivuPrej) (e Prbi) (3.2)
Oz = (8ivuPrei) (7" Prbj) (3.3)
O3 = SuPrbi) >, (77" Puy;), (3.4)
q=u, d, s, ¢,b
Os= SovuPrb) Y (77" Prai) (3.5)
q=u, d, s, ¢,b
Os = (SivuPrbi) > (@7"Praj), (3.6)
q=u, d, s, ¢,b
Os = (SivuPrb;) Y (47" Prai), (3.7)
q=u, d, s, c,b
O7 = 167 28 GW(mSPL—i—mbPR)bF’“’, (3.8)
g a aur
Os = 1672 Szguu(msPL + mbPR)T%jbjG m, (39)
2
09 167T2 (817 Lbz)(€7u€)7 (3 O)
2
€ _
O10 = 16— (57" Prbi) (¢yu7s¢)- (3.11)

Here, u, d, s, ¢, and b are quark fields, where the subscripts ¢ and j are color-charge indices.

The 7 is a lepton field. The overlines represent antiparticles. The P;, and Pg are shorthand for the
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left and right projections 1 2 and 1+75

respectively. The e and g represent the electron charge and
strong coupling constant. The commutator [7“ ~*] is denoted o#”. The masses of the strange and
bottom quarks are denoted m, and my. Finally, F'*¥ is the electromagnetic field-strength tensor
while G is the strong field-strength tensor, the latter being accompanied by T@%’ which is the
generator for SU(3) color symmetry.

(O1_9 are the current-current operators, Os_g are the quantum chromodynamic penguin opera-
tors, Oz is the electromagnetic operator, Og is the chromomagnetic operator, Og is vector compo-
nent of the electroweak penguin operator, and Qg is the axial-vector component of the electroweak
penguin operator.

To leading order, only the operators O7 g 19 contribute to b — s¢/.

3.2 Branching Fraction Calculation

Starting with the effective Hamiltonian above, the theoretical branching fraction for B — K¢/ has
been calculate by Bobeth et al. in Ref. [20]. With only O7 910, we have

Gr ac
Eley, v

V2T (3.12)
x (67? (50, Prb] F™ + Co [57,PLb] [04"€] + Cio [, PL] [W%z]) T he.

Heﬁ =

To go from b — sfl to B — K¢, they note that there are also contributions from the current-current
and quantum chromodynamic operators. They account for these contributions using effective Wil-

son coefficients

et =¢,— = [cg +-C+20C5 + CG} +=2 [(c1 —6C) A(¢?) — c8F8<7>(q2)] , (3.13)

4 11 2 32
CST =Cy + h(0,¢°) [361 +Co+ -Gy — 5 Ca+ 5205 — 306]

64

4 16 16
Cﬁ:| +§ |:63+C5+C6:|

1 4
—Zh H|7C3+ =Cs+76C
5 (mb7Q)[ 3+ 5Ci+ 760+ 5 3 9

(3.14)
4 1 4 16
T Kg C1+5Cat 7666> +3 [Cs + 3CQ> —Cs Féo)(ff)]

m2 4 1 .
n 8q—; [<901+3c2> <1+)\u) +203+2oc5],
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where ¢? is the invariant mass squared of the £*¢~ (the magnitude of the 4-momentum squared

recoiling off the kaon). After defining the amplitudes

2
FA2010> FV:CSH—FK%C?H,aDd
Fp=—my {1+mBQmK (1—'}%))} Cho,
q I+
they calculate the decay amplitude (Eq. 1.20) with equation 3.12 and arrive at
L Gre? . B B B
A(B = K0707) = i——— Vi Vi £1.(¢%) [Fy " (Ful) + Fap! (Pyunst) + Fp (fys0)] (3.16)

V3272

where p* is the 4-momentum of the B meson. Explicit form factor dependence has been added in
terms of fy and fy.
Over the range 14.18 < ¢? < (mp—mp)? GeV? their result for B(BT — KT7777)is 1.26x 1077,

with the largest uncertainty coming from form factors (j_L 8;1(1)>< 10~7). A summary of central values

and uncertainties are provided in Table 3.1.

Table 3.1: Summary of B — K¢/ predictions from Ref. [20] over 14.18 < ¢ < (mp — mg)? GeV2.

Central Form Short Sub
Observable Value  Factor Distance Leading CKM

027 —002 —003 -—007
; e £040 4004 4002 +005
107 x B(BT — K¥rr77) 1126~ 97 " 390 _002 - 0.09

3.3 Susceptibility to Theoretical Uncertainty

Modern particle physics analyses rely heavily on simulation, and this analysis relies on simulation of
a never-before-seen decay. As simulation is based on theory, it is important to understand the the-
oretical uncertainty, both for standard-model predictions and beyond-standard-model predictions.
In this section we briefly look at predictions for the branching fraction of Bt — K717~ as a func-
tion ¢2, first for the standard model calculation and second for a beyond-standard-model scenario,

to gain a qualitative understanding of how these uncertainties could impact our measurement.

3.3.1 Form Factor Uncertainty

Figure 3.1 shows the theoretical differential branching fraction as a function of 4-momentum transfer
to the dilepton system (dB/dq?) for the decay BT — KT7777. The shape difference between
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the £10 bands is considerable. Any search for this decay will necessarily have shape-related
systematic uncertainty due to this. For completeness, we've included their Fig. 3.2 showing dB/dq?
for Bt — KT utu~ to elucidate that, one, BT — K+777~ is kinematically allowed only for high ¢?
(soft kaon recoil) and two, that the ditauon mode is favored slightly over the lighter lepton modes

in this region.
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Figure 3.1: Theoretical B(B* — K*7%77) as a function of ¢> from Ref. [20]. The bands show
uncertainties from form factors (blue), CKM matrix elements (yellow), short-distance effects (cyan),
and sub-leading corrections (red). The gray band shows the ¢? cut used by BABAR which was placed
to avoid the 1)(2S) resonance.

Further, compared to other form-factor extrapolations commonly used in this type of calcula-
tion, form-factor estimations vary by up to roughly 25% over the whole ¢? range, and at high ¢
(soft kaon recoil) they differ by as much as 75%. If nature has a different model in mind than
the one we used to generate our Monte Carlo data, it would cause systematic uncertainties due to

modeling.

3.3.2 New Physics

Some new physics models have directly calculated their effects on BT — Ktrtr—.

S. Choudhury et al. looked for supersymmetric effects on Bt — K777~ in Ref. [21]. They
present a different shape for d3/dq? when using the minimal supergravity (mSUGRA) model, also
known as constrained minimal supersymmetric model (CMSSM), or when using the relaxed super-
gravity (rSUGRA) model (Fig. 3.3). They also find a strong dependence on B(BT — K*rt77)
from their mnSUGRA model parameters mg and tan(f).
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Figure 3.2: Theoretical B(BT — KT utp™) as a function of ¢? from Ref. [20]. The blue bands show
total theoretical uncertainty.
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Figure 3.3: dB/dq? and B(BT — K*7777) predictions from Ref. [21]. Note 8§ = q?/m%, so the
range is comparable to 3.1.
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CHAPTER 4
BELLE EXPERIMENT

The Belle experiment was designed to make copious amounts of B mesons and accurately measure
charge-parity (CP) violation. The KEKB [22] asymmetric ete™ accelerator provides beams of 8 GeV
electrons and 3.5 GeV positrons. At the interaction point (IP) is a 3-story tall multipurpose particle
spectrometer, the Belle [23] detector. It is designed to detect particles with energies between about
50 and 7000 MeV. The experiment ran from 1999-2010 and recorded 980 fb~! of data, primarily at
the Y(4S) resonance [24]. Belle’s measurement of CP violation was recognized in the 2008 Physics
Nobel Prize.

4.1 The KEKB Accelerator

Construction of the KEKB accelerator began in 1994, using the tunnels from the former TRISTAN
collider, and was completed by the end of 1998. It is a two-ring eTe™ asymmetric-energy collider
with an 8 GeV electron beam, the high-energy ring (HER), and a 3.5 GeV positron beam, the
low-energy ring (LER). The ring energies are chosen to achieve a center-of-mass energy near the
T (4S) resonance. The rings are 3.016 km in length. The linear accelerator used for TRISTAN was
upgraded directly to 8 GeV with new accelerating sections, eliminating the need for the TRISTAN
accumulation ring. The design luminosity for KEKB is 10 x 103* cm~2s~!, which is made possible
by high design beam current (1.1 A for the HER and 2.6 A for the LER) and small beam profile
(90pm x 1.9pm) at the interaction point. The KEKB accelerator is equipped with new kinds of
accelerating radio-frequency (RF) cavities that strategically remove higher-order resonance modes
from the cavities to reduce coupled-bunch instabilities. The crossing angle of the beams is 22 mrad
which eliminates the need for dipole steering magnets in the interaction region (IR) and improves
bunch recovery after collision. The Belle detector is aligned with the direction of the LER as the
positrons would suffer more from bending in the detector’s 1.5 T solenoidal magnetic field than the
electrons in the HER would suffer. To squeeze the beams at the IP, a pair of 4.8 T superconducting
final focus magnets are installed.

The largest beam instability for KEKB is due to electron clouds in the LER beam pipe. These
clouds form when synchrotron radiation hits the beam pipe wall and frees electrons via the pho-
toelectric effect. The positively-charged positron beam bunches attract these electrons toward the
center of the beam pipe. To remedy this effect, a total of 800 m of the LER beam pipe was wound
with copper coils to create a solenoidal magnetic field aligned with the direction of the beam. Em-
mitted photoelectrons curve in this field and remain close to the wall of the beam pipe. Specific

luminosity nearly doubled after the installation of these solenoids. [22, 23].
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Figure 4.1: Schematic of the KEKB accelerator.

4.2 Belle Detector

At the interaction point of the KEKB accelerator, the two beam pipes are joined with an X-shaped
double-walled beryllium structure with an inner (outer) radius of 2.0 cm (2.35 cm) and 0.5 mm wall
thickness. The 2.5 mm gap between is flowed with helium gas for cooling. Just outside of this

structure begins the Belle detector subsystems. [23, 24, 25]

4.2.1 Silicon Vertex Detector

The innermost detector subsystem of Belle is the Silicon Vertex Detector (SVD). It measures
asymmetries in the proper time distribution of B-meson decays. The SVD uses double-sided silicon
strip detectors (DSSDs) for particle detection. It comprises three layers, where the first, second,
and third layers use two, three, and four DSSDs respectively. The strip pitch of each DSSD is
25 um for the p-side and 42 pm for the n-side. Altogether, the SVD has 81,920 readout channels.
The three SVD layers are arranged in a barrel shape around the beam pipe at radii of 3 cm, 4.5 cm,
and 6 cm. Performance studies show the SVD can resolve the impact parameter down to ~25pm

in the r — ¢ direction and ~40um in the z direction for most particle momenta [25].
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Figure 4.2: Schematic of the Belle detector from Ref. [23].

4.2.2 Central Drift Chamber

To provide efficient reconstruction of charged-particle tracks and precise measurement of particle
momentum, a gaseous tracking chamber called the Central Drift Chamber (CDC) occupies the
space outside of the SVD. To minimize multiple Coulomb scattering, a low-Z gas mixture of 50 %
helium and 50 % ethane is used. The CDC comprises 50 layers, each layer being a group of field
wires and sense wires that are strung in an axial or stereo (slightly off-axis) direction. The longest
wire is 2.4 m The radius of the innermost (outermost) layer is 10.35 cm (87.4 cm). In total, there are
8400 drift cells — a nearly square region between adjacent field wires and surrounding a single sense
wire. When a charged particle traverses the CDC, it leaves a trail of gas ions that drift through
the strong electric field to the sense wires. Drift time and wire position are used to reconstruct the
track accurately. Momentum and dE/dz are used for particle species identification (PID) [23].
Additionally, the first, third, and fourth layers are composed of cathode strips rather than field
wires. The cathode strips form segmented rings with eight segments in the ¢ direction and an
8.2mm pitch in the z-direction. These strips provide z information near the IP for charged tracks,
the purpose of which is to reject background from cosmic rays, beam gas events, and interactions

between spent electrons and the beam pipe.
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4.2.3 Aerogel Cherenkov Counter

Using dE/dz alone does not provide good PID at all particle momenta. Of particular interest to
the goals of the Belle experiment is the ability to distinguish charged pions (%) from charged
kaons (K jE). Cherenkov radiation happens when a charged particle exceeds the speed of light in a
material, vg = ¢/n, where n is the index of refraction. If 3,, = v/vg, then the intensity of Cherenkov
radiation is proportional to 1 —1/32 [26, 27]. For particle velocities just slightly larger than vg the
intensity increases rapidly with increased velocity. As the charged kaon mass is approximately 3.5
times larger than the charged pion mass, this effect can be beneficial for kaon—pion separation if a
material with an index of refraction suitable to the momentum range of interest is used.

For this reason, Belle uses an aerogel Cherenkov counter (ACC) in the barrel region just outside
the CDC and in the forward end-cap direction. The index of refraction of the aerogel used ranges
from 1.01 to 1.03 for different polar angles in the detector. Each ACC module detects Cherenkov
photons using one or two fine-mesh photomultiplier tubes. There are 960 ACC modules in the
barrel region and 228 in the forward endcap region. Measurements of charm decays yield kaon
efficiencies above 80 % and pion fake rates below 10% in the momentum range of 0.5GeV/c to
4.0GeV /c[23].

n=1028 Barrel ACC "3 i
60mod.
. 60mod. | e
7 1 n=1.020 n=1.015 i n=1.010 /"

s 7 240mod. 240mod. | “360mod.
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Figure 4.3: Schematic of the ACC from Ref. [23].

4.2.4 Time of Flight Counter

The ACC cannot measure kaons with momenta less than 0.5 GeV /c, and electron efficiency from the
ACC is less than 90 % for tracks less than ~1.0 GeV/c. In this lower-momentum regime, the time-
of-flight (TOF) counters use precise timing (100 ps) for additional particle identification. If velocity
and momentum are known, particle mass can be computed directly. The TOF system comprises
128 scintillating bars with a trapezoidal cross-section and a length of 2.55 m. The bars are arranged

as a cylinder around the inner detectors with a radius of ~1.2m. To achieve a timing resolution
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of 100 ps, the TOF counters are instrumented with fine-mesh photomultiplier tubes on either end.
As the TOF system also provides a fast trigger signal to the trigger system (described below), it
must be resistant to the beam background. For this purpose, one 0.5 cm thick trigger scintillation
counter (TSC) is situated radially inward of every two adjacent TOF counters and separated from
the TOF counters with a 1.5cm air gap. Only those hits that are coincident between a TOF and
a TSC are propagated to the trigger system.

Forward

Backward

TS
2' FMPMT

Figure 4.4: TOF/TSC module from Ref. [28].

Studies of muon pairs show that the weighted average of hit times from photomultiplier tubes
on either end of a TOF counter achieves a timing resolution between 70 ps to 100 ps. The measured

separation power between pions and kaons ranges from 6o to 20 in the momentum range of

0.6 GeV/c to 1.4 GeV /c.

4.2.5 Electromagnetic Calorimeter

The detectors described thus far provided track reconstruction and particle identification of charged
tracks using several techniques. The purpose of the electromagnetic calorimeter (ECL) is to measure
the energy deposition of photons (which are charge neutral and thus unseen by the inner detectors)
and of charged tracks. A good resolution on energy and position is needed for the reconstruction of
70 — 4+ decays among others. This is achieved using cesium iodide crystals doped with thallium,
CsI(T1). Charged tracks and photons entering a crystal undergo electromagnetic showering creating
many lower-energy photons that are sensed by a pair of silicon PIN photodiodes (Hamamatsu
S2744-08).

The ECL consists of 6624 crystals in the barrel region, with an inner radius of 1.25m and
length of 3m, and an additional 2112 crystals in the forward and backward endcap regions. Crystal
dimensions vary, but a typical crystal is 30 cm in length with a front face of 5.5cm x 5.5 cm and
rear face of 6.5cm x 6.5cm. The width is chosen to contain 80 % of the electromagnetic shower

for a photon incident on the center of the crystal while maintaining good positional resolution, and
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Figure 4.5: CAD drawing of the ECL [23].

the length is chosen to provide 16.2 radiation lengths of stopping power.

The measured energy resolution of the ECL is roughly 2.85 % in the backward endcap calorime-
ter and 1.7% to 1.74% in the barrel and forward endcap calorimeters. The spatial resolution
determined from photon beams at the ROKK-1M facility is between 0.4cm and 1cm depending
on the transverse position of the beam relative to the center of the crystal. The measured mass

resolution for 7° mesons is 4.9 MeV /c2.

4.2.6 Superconducting Solenoid

As a general-purpose particle spectrometer, the Belle detector requires a strong magnetic field to
curve tracks of charged particles allowing for measurement of charge sign and rigidity, p/q, or
momentum p per charge g. The solenoid uses niobium-titanium superconductors clad with copper,
NbTi/Cu, to generate a magnetic field of 1.5T parallel to the direction of the positron beam. The
inner radius of the superconducting solenoid is 1.7 m and its length is 4.4 m. It is cooled using liquid
helium and is energized with 4.4 kA of current. Outside of the solenoid, the structure of the Belle
detector takes the shape of 14 concentric octagonal shells of 4.7 cm thick iron plates which serve
as the flux-return path for the magnetic field. Similarly, the endcap regions are composed of 14
parallel octagonal plates of 4.7 cm thick iron. The gaps between these iron plates are instrumented

with particle detectors which will be the subject of the next section.
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4.2.7 K-Long and Muon Detector

Long-lived neutral particles and charged particles that lose minimal energy to ionization, i.e., long-
lived neutral kaons (K%) and minimum ionizing charged particles — muons (xF), may transit the
ECL and solenoid before decaying. For this reason, the gaps within the iron yoke, that is to say,
the flux return for the magnetic field, are instrumented with resistive-plate counters (RPCs). This
detector subsystem is called the K-long and muon (KLM) detector.

An RPC is a detector consisting of two plate electrodes, at least one with high bulk resistivity,
with a thin gas gap between the plates. High voltage is applied to the plates, and the resulting
strong electric field between them allows traversing particles to ionize the gas and promptly create
a localized discharge in the electrodes. This discharge induces a voltage pulse on readout strips
that are not connected to the plate electrodes [29].

Each RPC module in the KLM detector is a sandwich of two single RPC layers and readout
strips above and below the pair of RPC layers. This two-RPC-layer design results in larger than
98 % efficiencies and further provides redundancy if a problem arises with one of the RPC layers.
The readout strips above are orthogonal to those below to provide two-dimensional hit information.
The barrel modules vary in size, depending on location within the detector, and have (¢, #) readout
strips that are 5 cm wide and vary in length from 1.5m to 2.7 m. The endcap modules are quarter-
washer shaped (Fig. 4.6) and have (¢,#) readout strips that vary in length from 1.83m to 5m.

Here, the 0 strips are 3.6 cm wide and the ¢ strip widths are tapered from 1.9cm to 4.7 cm.
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Figure 4.6: Left: Cross-sectional drawing of an endcap RPC module. Right: Layer stackup of an
RPC module. Source [23].

AK 2 meson originating near the IP transits the detector unseen until it is involved in a hadronic

interaction with the material of the detector. The resulting hadronic shower creates a cluster of
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2D hits that is either contained in the ECL or contained within a few layers of the KLLM detector
depending on where the hadronic interaction happened. The ECL provides 0.8 interaction lengths
of material and the KLM detector provides an additional 3.9 interaction lengths. Muons on the
other hand, being minimum-ionizing particles, leave tracks in the SVD and CDC, small energy
depositions in the ECL, and tracks of 2D hits through the layers of the KLM. Muons require
momenta of at least 600 MeV /c to reach the KLM detector.

The measured positional resolution of hits in the KLM detector has a standard deviation of
1.2cm and an angular resolution of less than 10 mrad. Measured muon detection efficiency is
roughly 90 % for momenta above 1.5GeV and ranges from 40% to 90 % at lower momenta [23].
The RPCs do have some drawbacks, however. They require a steady flow of expensive gas to
operate, including refrigerants (R134a). They are susceptible to damage by water contamination
in the gas and to overpressurization, the latter causing irreversible damage. Perhaps the largest
drawback is the dead time. When a streamer forms and discharges a localized region of the resistive
plate, that region is dead until that area of the plate charges back up. At very high luminosity and
or high beam background rates, this dead time becomes significant in some parts of the detector.
At background rates 20 to 40 times higher than the design for the Belle experiment, the RPC
efficiency may degrade to 50 % [30].

4.3 Trigger System

The cross-section for ee™ — Y (4S) is 1.2 nb, whereas for processes like Bhabha scattering (ete™ —
ete™) the cross section is 44nb. At the design luminosity of 103* cm~2s~! this amounts to 12 Hz
and 4400 Hz for Y (4S) meson production and Bhabha scattering respectively. With an average
event size of 30 kB, Bhabha events alone would account for 11.4 TB of data recorded daily.

To decrease the required storage space a triggering system is used. The global decision logic
(GDL) collects primitive trigger information from the detector subsystems within 1.85us of an
event and decides to provide a trigger to the data acquisition system in the next 350ns. This
is the level-1 trigger. The inputs to the GDL include r—¢ and r—z track triggers from the CDC,
energy-sum and cluster-count triggers from the ECL, timing and topology triggers from the TOF
subsystem, and muon triggers from the KLM subsystem. For Bhabha and eTe™ — v events, the
level-1 trigger is reduced by a factor of 100 to avoid unnecessary data storage while still using these
processes to measure luminosity.

The KEKB accelerator operates at a frequency of 509 MHz with bunch crossings happening
every 2ns in the full bunch-fill pattern. A copy of the 509 MHz accelerator clock is divided and
distributed to the Belle trigger system and most of the detector-subsystem trigger systems. By
using an accelerator clock divided by eight, the GDL can maintain a fixed level-1 trigger latency of
2200(8) ns with respect to the bunch crossing in which the e*e™ collision happened. This is known
as the fast-trigger-and-gate scheme [23].
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4.4 Data Acquisition System

Most of the detector subsystems are read out using a charge-to-time (Q-to-T) converter and a time-
to-digital converter (TDC). The Q-to-T technique stores the charge in a capacitor that is discharged
at a constant rate. By measuring discharge-start time and discharge-stop time with respect to a
common gate time, both amplitude and hit time are measured at once. The KLM subsystem only
uses a TDC. The SVD uses its own data acquisition and sparsification system which relies on a
special level-0 trigger provided by the TOF system with a fixed latency of 0.85pus. The designed
maximum trigger rate of Belle is 500 Hz with a maximum dead time of 10 %.

After a level-1 trigger is issued, event data from the SVD and from the TDCs of the remaining
detector subsystems are merged into the event builder. The combined event data then goes to an
online computer farm where it is formatted for offline storage and a level-3 trigger (software trigger)
is applied. The software trigger further reduces the background data. Finally, the event data is

transferred to a tape library 2km away for permanent storage [23].
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CHAPTER 5
ANALYSIS STRATEGIES

After describing the detector and how the data is acquired, we must now consider how we want
to analyze the data. First of all, most modern particle-physics analyses are blind analyses. Blind
means that, to avoid biasing ourselves, we do not look at the data until our analysis technique is
fully developed. To achieve this, we build our analysis technique by looking at simulated data. The
point at which one examines the actual data is called the unblinding or unboxing. There is also
partial unblinding, which can mean many different things, but generally has the aim of quantifying
the level of agreement between simulated data and actual data. One can look at off-resonance
data to check the modeling of continuum background. Portions of on-resonance data in which one
does not expect to see the decay mode they are studying can be unblinded. Partial unblinding
can also refer to control modes — modes that resemble to the decay mode being studied and may
serve to check that a particular analysis technique is producing the correct results or to check
the detection efficiency of a certain particle species. Fully unblinding is the final step and usually
requires permission from collaborators. The analysis should not be modified after the unblinding,
but additional work may follow to better understand the results.

Aside from the fact that this is a blind analysis, we also want to discuss how we will identify

our decay mode during event reconstruction and how we will extract our result.

5.0.1 Tagging Methods

As previously mentioned, T(4S) decays to BB more than 96 % of the time. Of these, 51.6 & 0.6 %
are Bt B~ and 48.4 + 0.6 % are B® BY. If reconstructing a particular B decay, whether a charged
B or a neutral B, there is always a second B decay in the event. A tagged analysis means that
both B decays are reconstructed to some extent with one being labeled as the tag-B meson and the
other the signal-B meson. An untagged analysis means that one only attempts to reconstruct their
signal-B meson and does nothing with the other B meson. The most common tagging methods
are hadronic tagging and semileptonic tagging. Another approach, that will be used in this study,

is inclusive tagging.

Hadronic Tagging

Hadronic tagging is the process of singling out events in which one of the B mesons decays fully
hadronically, that is to say, there are no leptons in any of the decay products, including secondary
decays. When a fully hadronic B decay is identified, it is labeled as the tag-B meson, and the
remaining tracks and clusters in the event are used to search for the signal- B meson. While hadronic

B decays are fairly common, fully hadronic decays, where the daughters and granddaughters and so
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B tag

Figure 5.1: Schematic of B meson generation in e*e™ collisions. In the center-of-mass frame, Y (4S)
is produced at rest and decays into two B mesons (B° B® or B B~) moving in opposite directions.
In this example, one B decays hadronically and is labeled Bi,e. Precise knowledge of the collision
spot and of the tag-B meson’s direction can be used to determine the direction of the other B
meson thus allowing for the determination of missing energy as shown by the dashed line in the
B decay.

on all decay hadronically, are much less common. In Belle, the Full Reconstruction (FR) algorithm
was developed [31]. Using 1104 exclusive decay channels, the FR algorithm correctly reconstructs
a B (BY) in only 0.28% (0.18 %) of BB events.

Although the efficiency of hadronic tagging is very low, the precision is very high. With one
B meson fully reconstructed without any missing energy, the direction of the other B meson can
be determined precisely (the magnitude of the two B momenta are already known from the e*e™
center-of-mass energy and the B rest mass, but the directions are not known). This approach has
advantages when looking for B decays with missing energy or when making measurements of a

particular decay topology.

Semileptonic Tagging

Like hadronic tagging, semileptonic tagging singles out events in which one B meson decays to an
exclusive semileptonic decay mode. This B meson is labeled as the tag-B meson and the remaining
tracks and clusters in the event are used to search for the signal-B meson. Using the same variables
and hierarchical approach as the hadronic FR algorithm, a semileptonic FR algorithm was developed
for use at Belle [32]. The algorithm only uses 60 exclusive decay channels, each with a single electron
or muon, but manages to correctly reconstruct a B* (B%) in 0.31 % (0.34 %) of BB events.

While the efficiency for semileptonic tagging is slightly higher than that of hadronic tagging,
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the precision is less. With only one lepton in the tag-B decay, and since the magnitude of the B
momentum is known, the directions of the B and B can be constrained to a conical surface. Still

they cannot be completely determined as in the case of hadronic tagging.

Inclusive Tagging

Quite the opposite to the previously described FR algorithms, inclusive tagging involves first recon-
structing the B decay of interest and labeling it as the signal B. The remaining tracks and clusters
in the event are then classified as the tag-B meson. As no exclusive B decays are used to form the
tag this method is called inclusive tagging. To increase the tagging purity, selections are applied to
the tag-B meson. The selections can differ from one analysis to the next but may include requiring
that the summed momenta and energy are consistent with the B mass and its momentum. Other
selections can be applied to the tracks and clusters that form the inclusive tag-B meson to reduce
background sources not associated with the Y(4S) decay. A tree fit can be used to constrain the
decay vertex of the tag-B meson and help eliminate false candidates. An inclusive-tagging analysis
differs from an untagged analysis in that rather than ignoring the unused tracks and clusters, they
are used to place additional constraints on the overall Y (4S) decay.

The benefit of inclusive tagging is high efficiency. Depending on the applied selections, one can
search for their signal-B meson in up to 100 % of BB events as opposed to a fraction of a percent
seen in the FR algorithms. This can be advantageous when searching for very rare decays. The

downside to inclusive tagging is the large backgrounds.

In our analysis, we use a modified version of inclusive tagging which we refer to as inclusive
hadronic tagging. The idea is that since we have a known amount of electrons and muons from
our tau decays (depending on each specific tau decay mode), we can require that the entire event
has exactly that many electrons and/or muons. The tag-B meson decay, therefore, would most
likely be fully hadronic. We choose this approach because our decay, B* — K777~ is expected
to be very rare, and missing energy is a distinguishing feature. The strategy is one, to require
that the summed momenta and energy are consistent with the B mass and its momentum, and
two, to require that the signal-B meson, aside from having the requisite decay products, also have

considerable missing energy.

5.0.2 Result Extraction Strategies

There are a handful of strategies for measuring a branching fraction for a particular decay mode.
The cut-and-count approach is the simplest. In this approach, the number of signal events and

the number of background events that pass the selection criteria of the analysis are counted. The

ratio of signal-to-background and the knowledge of the total number of events are used to calculate

the branching fraction.
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However, suppose for a moment that the decay mode being studied, after looking at many
thousand simulated events, has a mass distribution with a shape that is distinctly different from
all of the simulated background events. The use of the cut-and-count approach here would throw
away that shape information. In this case, it would be beneficial to extract the branching fraction
from a fit to the mass distribution rather than just counting events.

Sometimes the fit variable (mass in the former example) can be modeled well with analytic
functions like a Gaussian distribution for the signal peak and polynomials for the background.
In such a case one can use a least-squares fitter. Often the shape cannot be well described with
analytic functions. In that case, the data can be fit to a combination of model histograms using a
binned maximum-likelihood estimate (MLE).

There is no reason to limit the fit to a single variable. It might be the case that shape differences
between signal and background are more pronounced in two-dimensional histograms. Here, one
might pursue a new variable that is a function of two other variables. Alternatively, a binned MLE

can be performed using two-dimensional model histograms.

As mentioned above, missing energy is a distinguishing feature of our decay. We will use
machine-learning (ML) techniques to reduce background events further, and the output classi-
fier of our ML algorithm will also have distinctly different shapes for signal and background re-
spectively. Therefore, we will extract our branching fraction by performing a binned MLE using

two-dimensional histograms of the ML output classifier versus missing-mass squared of the event.
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CHAPTER 6
RECONSTRUCTION

We now describe the method used to search for BT — K+7 77~ in Belle data. This chapter will
begin with a description of the 7* decay modes that are considered. Next, we cover the Monte Carlo
data used, including the generation of our own signal-enriched Monte Carlo data. We continue with
the selection of our final-state particles, combining those particles to form signal candidates, best

candidate selection, and selection criteria for our inclusive tag-B meson.

6.1 Decay Modes

The 7%, the heaviest of the leptons at 1776.93 MeV, has a short lifetime of 290.3 x 10715 s[9]. Even
for the most energetic taus in Belle from ete™ — 777~ events, such a tau would have a Lorentz
factor v ~ 3 and would have a mean decay length of 0.24mm. As this is much less than the
diameter of the beam pipe at the interaction point, it is safe to assume we do not expect to see 7+
leptons directly in the tracking detectors of Belle. Rather, we reconstruct some of the 7% decays
and anticipate missing energy due to neutrinos.

Of the known 7 decay modes, 7~ — 7~ 7y, has the largest branching fraction at 25.49 %. Note
that we will omit the charge-conjugated modes for ease of reading, but you may regard them as
equal. The next three largest branching fractions are 7= — e Ve, 77 — u Uyt and 77 — 7 vy
at 17.82 %, 17.39 %, and 10.82 % respectively. These are examples of “1-prong” 7 decays as they all
have one charged particle in the final state. To round off our list of the largest branching fractions
we have the 1-prong decay 7= — 7~ 7%, and the 3-prong decay 7~ — 7~ 77~ v, coming in at
9.26 % and 9.31 % respectively.

Despite the best efforts to improve pion identification, m — K separation and m — p separation
are among the least-performing in efficiency and fake rate. To eliminate backgrounds due to fake

pions, this analysis only considers 1-prong 7 decays to leptons. This gives us the four decay modes:
e BT — KT et v, 1] 77 [e v, 7]
o BY — KTt [u*vv,) 7~ [n v,
o Bt — KT r¥[etv,ve] 77 [ v,7,)
e Bt - KT 7 [u v ] 77 [e v

Throughout this document, we will stick to the convention that the charged kaon is the first
daughter of the B meson, and the second daughter is the lepton with the same charge as the B
and K mesons. Our search includes the charge conjugated B~ — K77 decay, but for brevity
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we will frequently only refer to BT — K777~ where charge conjugation is assumed, just as in
the title of this paper.

We will use the following short-hand notation to refer to these modes
e the “ee” mode < K|["¢|["e]

e the “up” mode & K| 7u][ "]

e the “ep” mode < K|[7e]["y]

e the “ue” mode < K|[7u|["€]

where the 7 superscript preceding the lighter lepton is there to remind us that these leptons came
specifically from 7 decays and hence missing neutrinos are involved. The charge is implied by the
ordering (+,+, —) for Bt decays and (—, —, +) for B~ decays.

Combined, these four decay modes account for 12.40 % of the possible Bt — K*r+7~ final

states.

6.2 Monte Carlo Data

The characterization of our B decay, of backgrounds from other B decays, of backgrounds stemming
from ete” annihilating to create other resonances lighter than the T(4S), and of contamination
from beam backgrounds are all done using simulated data. We refer to this as Monte Carlo (MC)
data.

We generated 10° events each for our four decay modes using the EvtGen [33] and PYTHIA [34]
packages. Final-state radiation is simulated using PHOTOS [35]. The decay description begins with
T(4S) — Bsigﬁgen, in other words, one B meson decays to our signal mode and the other decays
generically according to the branching fractions specified in the Belle master decay file. In each
case, 50 % are BY — KT777~ and 50% B~ — K7~ 7.f We will frequently refer to this as signal
Monte Carlo or signal MC.

Detector response to our decays is simulated using GEANT3 [36]. The output files are in the same
format as recorded Belle data which allows simulated data to be reconstructed as if it were real
data.

6.3 Particle Selection

The reconstruction of either Monte Carlo data or real data is carried out using the Belle IT Analysis
Software Framework (basf2)[37, 38]. The b2bii [39] module (pronounced B2B2) allows users to

reconstruct Belle data using the basf2.
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To elucidate the steps taken in this analysis, we will describe the reconstruction of the K[7e]["u]
mode as it contains each of the lighter lepton species. The other three decay modes will be sum-
marized in the appendix.

Each event is stored as a table of track objects and cluster objects. After converting a Belle
event using b2bii, the first step is to fill particle lists (e.g., a list of kaon candidates, a list of
moun candidates ...) with the final-state particles in the decay chain. The purity of a particle list
depends on selections applied when filling the list. There are many predefined variables available

in basf2 to aid in this process.

6.3.1 Skim

We begin by applying our skim criteria to each event. A skim is an event-based selection applied
prior to reconstruction for the purpose of decreasing the total number of events that need to be

reconstructed. First, it is necessary to describe a few event-shape variables. Sphericity,
S =(3/2)(A2 + A3), (6.1)

is a linear combination of the 2nd and 3rd eigenvalues of the sphericity tensor. Fox-Wolfram R2,
or just R2, is the ratio of the 2nd to the 0th Fox-Wolfram moments [40]:

[pillp;]
H = Z # Py (cos ¢ij), (6.2)
4,J

tot

where P, is a Legendre polynomial. In our case, we require sphericity > 0.05 and R2 < 0.75. These
selections throw away very jet-like events (particle fluxes are highly collimated). We require fewer
than 30 tracks in the event, each with at least one hit in the CDC and momentum < 5.3 GeV/c.
This eliminates events with extensive contamination from beam background and events with more
than one ete™ collision. Finally, and very specific to this analysis, we reconstruct electron and
muon candidates using the criteria described below, and we require that the event has exactly the
number of muons and electrons needed to reconstruct our decay mode. We will discuss tagging
below, but remember that this step is responsible for our approach of inclusive hadronic tagging.

Essentially, we do not want tag-B mesons with lepton daughter particles.

6.3.2 Particle Identification

To reconstruct our decay we need to identify kaons, electrons (or positrons), and muons. This
is done by identifying charged tracks that pass selections on things like origin, momentum, and
particle-species identification.

Common variables used for charged-track selections include 6, the polar angle of the recon-

structed track with respect to the positron beam axis, and impact parameters dr and dz, which are
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the radial and longitudinal distance of the closest approach between a reconstructed track and the
estimated ete™ interaction point. Particle momentum (determined by track curvature, magnetic
field strength, an electric-charge hypothesis, and the polar angle) is also used for all of our charged-
track selections. The momentum can be boosted to any reference frame, but the lab frame and
Y (4S) rest frame are the most common. Components of momentum may also be used. For example,
transverse momentum, pr, is the component of momentum perpendicular to the magnetic field and
therefore the only component acted on by the Lorentz force. In addition, transverse momentum
does not change appreciably when boosting from the lab frame to the Y(4S) rest frame (only the
small  component due to the electron-positron crossing angle affects the transformation).

The particle species is determined using particle identification (PID) variables. These variables
differ from one particle species to another but generally are built using information like energy loss
in the CDC (dE/dz), Cherenkov photon counts in the ACC, flight time from the TOF counters, and
energy deposition and shower shape in the ECL. In the case of muons with transverse momentum
larger than 600 MV the matching of CDC tracks and ECL clusters with tracks in the KLM detector

C

is also used.

6.3.3 Kaons

For candidate kaons, the polar angle must be within the acceptance of the CDC, and the radial
and longitudinal impact parameters are required to be within an ellipsoid around the IP. The size
of the ellipsoid scales inversely with the transverse momentum of the kaon so that high pr tracks

have tighter impact-parameter selections.

dr? dz? 9

+
(2004057 +0.002159)" (200489~ 4 0.339197)”

(6.3)

This equation needs some explanation. The impact-parameter resolution of a kaon improves with
increasing transverse momentum of the kaon. Basically, as transverse momentum increases, more
layers of the CDC are involved in the track reconstruction. The usual approach is to ignore trans-
verse momentum and make loose selections on the radial and longitudinal impact parameters,
effectively drawing a cylinder around the interaction point. This helps reduce beam-induced back-
ground that did not originate near the interaction point but does not remove tracks with poor
track-fit results. To try to improve this, we studied the impact-parameter resolution in different

T

transverse-momentum ranges for kaons and muons using our K[7u]["u] signal MC.

Using 16 transverse-momentum bins, we plot the radial (longitudinal) impact parameter dis-
tributions in each and fit them to one-sided Gaussian (full Gaussian) distributions to extract the
average width (Figures 6.1 and 6.3). We plot the width-fit results from these 16 fits in Fig-
ures 6.2 and 6.4. In these plots, “daughter0” is the kaon while “daughterl” and “daughter2” are

the muons. The trends look like rectangular hyperbolas, so we fit them to 1/pr with free parameters
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for horizontal and vertical offset.
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Figure 6.1: Charged-kaon radial-impact parameter distributions in 16 bins of kaon transverse mo-
mentum for the K[7u][ "u] mode. Each panel is fitted to a Gaussian distribution with the mean

constrained at zero to extract the width. The fit results and fit errors

The same procedure is repeated for the signal muons (not shown).

are saved for the next step.
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Figure 6.2: Width-fit results and errors from Fig. 6.1. The first panel is for our signal kaon while

the second and third are for signal muons, all from the K[7u]]
with momenta larger than 600
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1] mode. As we later select muons
we find that this procedure is not beneficial for muons. The

red line is a fit to a rectangular hyperbola with floating vertical and horizontal offsets.
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Figure 6.3: Charged-kaon longitudinal-impact parameter distributions in 16 bins of kaon transverse
momentum for the K[7u]["u] mode. Each panel is fitted to an unconstrained Gaussian distribution.
The fit results and fit errors are saved for the next step. The same procedure is repeated for the
signal muons (not shown).
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We see that muon dependence on transverse momentum is not very strong, and since we’ll later
select only muons with momentum larger than 600 @ to avoid complications from misidentified
pions, we choose not to apply this procedure to muon selection.

With functions for the radial and longitudinal impact parameters in terms of transverse mo-
mentum, we can build an ellipsoid with our radial impact parameter function as the semiminor axis
and our longitudinal impact parameter function as the semimajor axis. By construction, dr(pr)
and dz(pr) specify the expected 10 Gaussian width at different transverse momenta. To get N o,
these functions should be multiplied by N. To turn this into a selection criterion, we make the
equation of the ellipsoid an inequality and move the N to the right side, thus arriving at Eq. 6.3.

For our final selection, we choose the very loose value of N = 4. To visualize how this selection
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Figure 6.5: Visualization for elliptical selection of kaon impact parameters. The 16 panels are 16
bins of transverse momentum. Each panel is a 2D histogram in dr vs. dz. Overlaid on each panel
is Eq. 6.3 for the 3 o case evaluated at the average transverse momentum for that bin.

behaves, we’'ve plotted the case for N = 3 in Fig. 6.5.
Aside from our complicated impact parameter selection, there are three selections placed on

binary PID variables,

— >03, —>04 d———>04 6.4
Lx+ Lo % Lpxil, o0 Mo, TUh (6.4)

which are combined likelihoods based on information from the ACC, TOF counter, and CDC. These
PID selections are plotted in 6.6.

To study kaon identification, we take a subset of the generic BT B~ MC, reconstruct all charged
tracks using loose selection criteria, and create an output file with the above binary PID variables

as well as a code for the true simulated particle species. To minimize kaon misidentification, we
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Figure 6.6: Likelihood variables used for K+ selection. The data is a subset of the generic B* B~
MC. The gray band indicates values that are excluded by our selection.

construct the simple figure of merit

e(K)

) 6.5
Vele) +e(p) + e(m) + e(K) (0

where ¢; is the fraction of particle species ¢ passing the binary PID selection of interest. Taking
the fraction of each particle species rather than the total is equivalent to normalizing the data so
that there are equal numbers of each species. We then scan over this figure of merit by varying
values of the binary PID selection of interest. In each scan, the other two binary PIDs are also
applied using their respective selections shown in Eq. 6.4. The results of the three scans (one for
each binary PID) are shown in Fig. 6.7.

We choose a selection of 0.3 for kaon-electron separation which is very near the peak figure of
merit. For kaon-muon and kaon-pion separation, we choose a selection 0.4 because the figures of
merit are quite flat for these variables and we wish to maximize event retention when reconstructing
BT — K777, For this subset of the generic BT B~ MC, we achieve a true-kaon efficiency of
91.8 % and fake-electron, -muon, and -pion efficiencies of 2.2 %, 4.2 %, and 2.7 %, respectively.

To examine the impact of each selection, we prepared a reconstruction script that applies
the selections one at a time and tabulates the average candidate multiplicity (average number of
candidate kaons per event) and retention (fraction of events for which there was at least one kaon).
This reconstruction was run on a subset of the signal MC data, generic BB MC data, and gg MC
data. The results are shown in Table 6.1. We found that for signal MC we retain 83.5 % of events
while for all the background MC types we retain between 55.2 % and 73.2% of events. Again, we
are focusing on the K["]["u] mode, but the results for the other three modes are similar. Equivalent

tables for the other three modes may be found in the appendix.
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Figure 6.7: Figure of merit scans for charged kaon identification. The variables kaon vs. electron,
muon, or pion are the binary PID variables from Eq. 6.4. In the vertical axis, ¢; is the fraction of
particle species i passing the binary PID selection of interest. This amounts to a normalization of
each particle species. In the first panel, we choose a selection of 0.3 for kaon-electron separation
very near the peak figure of merit. In the last two panels, we choose a selection of 0.4 for kaon-muon
and kaon-pion separation because the figures of merit are quite flat for these variables and we wish
to maximize event retention when reconstructing BT — K77,

Table 6.1: Average candidate multiplicity per event/retention for selections made to the signal kaon

particle list in the K[7e]["u] mode. The function f(dr,dz,pr) is a dynamic ellipsoid around the
interaction point with size inversely proportional to transverse momentum.

Selection Unit B, B, BB BYB™  uil, dd, s§ cc

10.5/0.992 15.7/0.994 14.6/0.994 10.7/0.951 11.8/0.962

1 6in CDC Acceptance - 9.7/0.992 14.1/0.994 13.2/0.994 10.0/0.951 10.8/0.962
2 £EE- > 03 - 32/0979 4.1/0.977 4.0/0979 3.5/0.928 3.6/0.944
3 Tk > 04 - 21/0926 25/0.859 24/0879 21/0.737 2.2/0.822
4 2> 04 - 20/0916 23/0.838 23/0.861 2.0/0.703 2.1/0.799
5  f(dr,dz,pr)<4®> cm 16/0835 1.6/0.684 1.7/0.732 1.5/0.552 1.6/0.653

6.3.4 Electrons

For candidate e®, we also require the polar angle to be within the acceptance of the CDC, we
use the standardized impact-parameter selections of dr < 0.5 cm and |dz| < 1.5 cm. We require

lab-frame momentum to be larger than 0.25 G%V and we require the center-of-mass frame (1(4S)

GeV

rest frame) momentum to be smaller than 1.9 =2

. The reason for using a minimum momentum
in the lab frame but maximum momentum in the center-of-mass frame is simply that in signal-MC
data we see a more defined minimum boundary in the lab frame whereas we see more background
rejection by placing the maximum boundary in the center-of-mass frame. Further, we use two
electron identification variables. One, e ID (BDT), which is the output classifier of a boosted-
decision tree (BDT) that was recently trained on Belle data, and the second, e* ID, which is the
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legacy electron identification variable used for Belle analyses. Specifically, e* ID is only applied
to tracks for which e* ID (BDT) does not work, namely charged tracks without associated ECL
energy deposits. On the tracks for which e* ID (BDT) does work, we require e* ID (BDT) > 0.3,
and for those in which it does not work we require e ID > 0.6.

We take candidates passing the above selection criteria and pass them through a bremsstrahlung
correction module. Bremsstrahlung correction recalculates the four momenta of the electron can-
didates after including ECL clusters within 0.1 rad of tangent lines to the electron track as seen in
the detector reference frame. The list of bremsstrahlung corrected electron candidates is used for

our skim criteria as described in 6.3.1. Our final selection on electrons before forming candidate B

mesons is that the center-of-mass-frame (1 (4S) rest frame) momentum, p};, be less than 1.9 %
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Figure 6.8: Variables used for et selection. The K|[%]["u] decay mode is shown. The shaded regions
are excluded by the selection. The filled blue histograms are from signal MC, and the unfilled
histograms are from the various background components. For minimum electron momentum, we
see a steeper rise in signal MC when using the lab frame than when using the center-of-mass frame,
so we choose p.+ > 0.25 % For maximum electron momentum, however, we see we can reject
more BB background in the center-of-mass frame, so we choose pi <19 GEV. For the radial and
longitudinal impact parameters we use the standard cuts of 0.5cm and 1.5 cm, respectively. Last,
we use two electron ID variables. We choose the BDT-based electron ID larger than 0.3, unless it
returns an undefined number, in which case we choose the non-BDT-based electron ID larger than

0.6.

As with the kaon candidates, we present a cut-flow table for the K["e]["] mode in Table 6.2 and
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you may find the other three decay modes in the appendix. We find an event retention of 81.4 %
for the signal MC and between 8.3 % and 34.0% for the various background MC datasets. Note
that the average candidate multiplicity per event for signal electrons in this mode is 1.2, which
indicates that up to 20 % of these events may not have a fully-hadronic inclusive tag-B meson. For
the decay mode with two final-state electrons this value is 1.84, which indicates that at most 92 %

T

of them can form K|[7e|["¢| candidates.

Table 6.2: Average candidate multiplicity per event/retention for selections made to the signal
electron particle list in the K[%e][ "] mode.

Selection Unit By, B BYR BTYB~  wa, dd, s§ e
10.5/0.992 15.7/0.994 14.6/0.994 10.7/0.951 11.8/0.962

1 6in KLM Acceptance - 9.7/0.992 14.1/0.994 13.2/0.994 10.0/0.951 10.8/0.962
2 p>0.25 GV 71/0.992  8.9/0.994 88/0.994 7.3/0.951  7.6/0.962
3 dr < 0.5 em  6.0/0.992  6.9/0.994 6.9/0994 59/0951 6.0/0.962
4 |dz| < 1.5 em  5.7/0.992 6.5/0994 6.5/0994 5.6/0951 5.7/0.962

+

5 ¢ ;Peggi) 360'3 - 1.2/0.817 1.2/0.354 1.2/0.342 1.2/0.087 1.1/0.183
6 IB*| < 1.9 GV 12/0.814 1.2/0.340 1.2/0.326 1.2/0.083 1.1/0.176

6.3.5 Muons

The p* candidates are selected in very much the same way as the e® candidates: standardized
impact-parameter selections; two momenta selections; and two particle ID selections. The selections

are summarized in Table 6.3 and plotted in Fig. 6.9.

Table 6.3: Average candidate multiplicity per event/retention for selections made to the signal
muon particle list in the K[7e]["u] mode.

Selection Unit BS“—.:ngag BO RO BtB~  wa, dd, s cc
105/0.992 15.7/0.994 14.6/0.994 10.7/0.951 11.8/0.962

1 6in KLM Acceptance - 9.8/0.992 14.1/0.994 13.2/0.994 10.0/0.951 10.8/0.962
2 p> 0.6 GV 39/0.987 3.9/098 3.9/0.988 3.9/0942 3.9/0.951
3 dr < 2.0 cm 3.7/0.987 3.6 /0.982 3.7/0.985 3.7/0.939 3.6/0.948
4 \dz| < 4.0 cm 3.6/0.985 3.4/0979 3.5/0.982 3.6/0.936 3.5/0.944

+

5 “ﬁﬁg? 0%92'4 - 11/0438 1.1/0203 1.1/0209 1.0/0.030 1.0/0.086
6 5x| < 1.9 GV 11/0430 1.1/0187 1.1/0190 1.0/0.036 1.0/0.079

The results of our muon selection for the K["¢|["u] decay mode is that we retain 43 % of signal
MC events with an average muon multiplicity of 1.1. For the K["u]["u] decay mode, we retain 63 %
of signal MC events, but the average muon multiplicity is only 1.3, which is problematic because

we need two muons for this decay mode. For background MC, we retain as little as 3.6 % of events
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Figure 6.9: Variables used for u* selection. The K|[7¢][ "u] decay mode is shown. The shaded
regions are excluded by the selection. The filled blue histograms are from signal MC, and the
unfilled histograms are from the various background components. For minimum muon momentum,
we see a steeper rise in signal MC when using the lab frame than when using the center-of-mass
frame, so we choose p,~ > 0.6. For maximum muon momentum, however, we can reject more BB
background in the center-of-mass frame, so we select p*_ < 1.9. For impact parameters dr and dz,
we use the standard cuts of 2cm and 4 cm, respectively. Last, we use two muon ID variables. We
choose the BDT-based muon ID larger than 0.4 unless it returns an undefined number, in which
case we choose the non-BDT-based muon ID larger than 0.95.

(u, d, s continuum MC), and as much as 19% (BB~ MC). The background retentions due to

muon selection alone are nearly identical across all four decay modes.

6.4 B-Meson Candidates Selection

To form a BT-meson candidate from an event, we combine the 4-momenta from one K candidate,
one et candidate, and one u~ candidate. This is repeated for all combinations of final state particles
and again for the charge-conjugated decay. As with the particle selection, we now make selections
on our B candidates to decrease the candidate multiplicity and otherwise throw out candidates

that are not kinematically consistent with our decay mode. These include selections on the three
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invariant-mass-squared combinations of our final state particles, beam-constrained mass,

2
Mie = /B2 — B3] (6.6)
and energy difference,
AE = E% - geam’ (67)

where x denotes the center-of-mass reference frame. These selections are tabulated in Table 6.4
and plotted in Fig. 6.10.

Table 6.4: Average candidate multiplicity per event /retention for selections made during signal B+
reconstruction in the K[e]["u] mode. Note that event retention starts smaller than in the previous
three cut-flow tables. This is the effect of combining candidates from the three particle lists to

form B candidates. The B selections reduce backgrounds by more than 20 % in all except the ¢q

background.

Selection Unit B, B, BYRY BtB- ui, dd, s§ cé
1.1/0.088 1.1/4.64x1073 1.1/5.64x 1073 1.2/1.92x 107% 1.2/9.84 x 10~*

1 |ere?2 <9 Gg—}” 1.1/0.088 1.1/4.56x 1072 1.1/5.51 x107% 1.2/1.90 x 10~* 1.2/9.70 x 1074

2 05<|KH)2<8 Gj%’z 1.1/0.088 1.1/447x107® 1.1/5.39x107% 1.1/1.74x 107* 1.2/9.42x 1074
3 03<|KHr]2<8 G§4V2 1.1/0.088 1.1/442x1073 1.1/527x107% 1.1/1.72x 107 1.2/9.28 x 1074
4 -37<AE<-13 GeV 1.1/0.087 1.1/413x1073 1.1/484x107® 1.1/1.72x10"* 1.1/8.90 x 10~*
5 My > 4.8 GV 1.1/0.084 1.1/3.73x107% 1.1/4.29x1073 1.1/1.54x10~* 1.1/8.14x107*
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Figure 6.10: Variables used for selections of B-meson candidates. To produce these plots, our
reconstruction was run on a subset of the MC data for our signal and background components
without applying any cuts. The shaded regions are excluded by the selections.

6.5 Inclusive Tag and Best Candidate Selection

For each remaining B-meson candidate in an event, we combine the remaining tracks and clusters
to form the inclusive tag B meson associated with that candidate. When doing this, we apply
additional selections to these tracks and clusters to eliminate beam background and noise that did
not originate from either B decay. These are summarized in tables 6.5 and 6.6. These selections
are important to our analysis since they can directly affect the quality of our inclusive tag-B
meson. Because it is an inclusive tag reconstruction, we use the width of the tag B AE and My,
distributions as a metric for evaluating our selections. A special reconstruction of our signal MC
was prepared that saved AE and My, for many variations of our selections. For each variation,
we numerically measured the width of these two distributions. For My, we measured the point at
which the reversed cumulative distribution reached 68.27 % of the total number of entries, effectively
summing the histogram bins from right to left until we reached the 1o threshold. For AE, we split
the distribution at the peak and measured the cumulative distribution in both the left and right
directions away from the peak. This gave us two 1o values for the left and right sides respectively.
The sum of these two was used as a measure of the AE width. A good performing selection should
have a high 10 threshold for the My, distribution (indicating a narrower distribution) and a small
10 value for the AE distribution. An example of this optimization performed on the selection for

the minimum number of CDC hits is shown in Fig. 6.11. All of the track selection criteria were
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Table 6.5: Mask for tracks that can be used to form the inclusive tag-B meson. Row three is a piece-
wise selection for impact parameters: for tracks with center-of-mass momentum above 500 MeV /c,
it is a dynamic ellipsoid shrinking at a hyperbolic rate as track momentum increases; for tracks
with momentum below 500 MeV/c, it is a fixed ellipsoid with a semiminor axis of 15c¢m and a
semimajor axis of 34 cm. As impact parameters are determined from track fits, their uncertainties
can help eliminate tracks with poor track fit results, which may include fake tracks built out of
noise hits.

cut unit
1 Number of CDC hits > 9 -
2 .06 < |p*| < 3.2 Gk
3a (p* > .5) —dc ;+ ;<1 cm
(W—I.R%B) (5=re91—2.099669)
3b (p* < .5) %+%<1 cm
4 Radial impact parameter error < .125 cm
5 Longitudinal impact parameter error < .8 cm

optimized in the same way. For cluster selection, we used standard selections for 6, for the number
of crystals involved in a cluster, and for the cluster time. For the cluster minimum energy in the
backward, barrel, and forward regions of the ECL, we used the same optimization procedure as

above.

Table 6.6: Mask for ECL clusters that can be used to form the inclusive tag-B meson. The number
of crystals in a cluster is a weighted sum in the case of overlapping clusters. Cluster time is
calibrated so that a photon originating from the IP at the same time as event tg should have a
cluster time consistent with zero.

cut unit
1 0.2967 < 0 < 2.618 rad.
2 Number of crystals > 1.5 -
3 Cluster time: |At| < 200 ns
4a. Backward Endcap: E > 0.06 GeV
4b  Barrel: E > 0.06 GeV

4c  Forward Endcap: E > 0.08 GeV

For the impact parameter selections, we wanted something similar to the dynamic ellipsoid
used for the kaon selection, but we went about it differently. We began with studying the 2D
impact parameter distribution for good tracks (good meaning the fit minus the truth pulls were

less than three for both the radial and longitudinal impact parameters). It can be seen that below

GeV
C

a constant symmetric ellipsoid for this momentum range. The semiminor and semimajor axes of

a momentum of 0.5 , there is no dependence on track momentum. We began by constructing

this ellipsoid were optimized using the same procedure as above (minimizing the width of AE and
My, for the tag B meson). Above 0.5 GeV ' the size of the ellipsoid should decay hyperbolically

C
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Figure 6.11: Example of our scan to optimize selection criteria for tracks that are used in the
inclusive tag-B meson. Here, ROE means “rest of event” and is a synonym for our inclusive tag
B. Each test point is one selection for minimum number of CDC hits that a track must have. The
blue is the 1 o threshold when summing My, from right to left, so a higher value means a narrower
My, distribution. The red is the sum of the 10 widths on the left side and on the right side of
the AE peak, so smaller value means a narrower AE distribution. Our final selection is annotated
“cut” and was chosen where separation between the red and blue curves is close to the maximum
separation but also high enough that we can avoid poor track fit results when there are too few
hits for a good fit.

as a function of momentum. We chose the plateau of our hyperbolas for both the radial and
longitudinal directions, so basically we would never draw an ellipsoid smaller than that for even the
highest momentum track. We optimized the shape parameter of each hyperbolic function, again,

using the same procedure as above. The terms with six decimal places were then calculated to

GeV
c

make sure our ellipsoid equals the maximum size at 0.5 and approaches the minimum size at

higher momenta.

This procedure involved a lot of iteration, and unfortunately, at the time of writing this, we

GeV
c

discovered that the constant ellipsoid for track momenta below 0.5 does not exactly equal

the dynamic ellipsoid at precisely 0.5 % The radial sizes agree but the longitudinal size be-

comes abruptly smaller, from 34 cm to 25 cm, when momentum increases past 0.5 Gﬁv. We do not
anticipate this should have a large impact on our results but it should be corrected going forward.

An example of the tag B AE and My, distributions, before any further selections are applied,
is presented in Fig. 6.12.

Now, after having constructed our signal B candidates and a corresponding tag B candidate,
we have one or more Y (4S) — Bgig Biag candidates for our event. We want tag-B mesons that are
kinematically consistent with a hadronic decay. To achieve this, we apply selections on My, and
AE. Based on a 2D histogram of tag B AE vs. tag B My, from our signal Monte Carlo data, we
chose an ellipse-shaped selection that would preserve the majority of correctly reconstructed signal

events without allowing the extra background that would have been present if a box selection was
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Figure 6.12: Tag B AE and My, distributions after finalizing both our signal particle selections
and our track and cluster selections. The data shown is from a subset of all our MC data.

used. This is the third and final time you’ll hear about an ellipse in this analysis. In Fig. 6.13 the
chosen ellipse is drawn on top of the distribution. It has a semi-minor (major) axis of 0.13 GeV /c?
(1.7GeV) and is rotated by 35 mrad. All Y(4S) candidates with a tag-B meson not passing this
selection are removed from the event.

Finally, the list of T(4S) candidates is as small as it is going to get. A single candidate must be
chosen. We perform a vertex fit of each candidate signal- B meson using a global decay chain vertex
fitter [41]. The fitter simultaneously fits the entire decay chain by finding the best decay vertex
positions and particle momenta. The inclusive tag-B meson decay vertex is fit using a geometric
fit that is designed for cases when the tag is not explicitly reconstructed. We take the combined

p-value using the methods of Ref. [42] and we choose the candidate with the best combined p-value.
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Figure 6.13: A 2D histogram of the tag B AE vs. the tag B My, for 106 MC events of the K|["e][ 7]
mode. In order to preserve as much signal as possible and to select an inclusive tag-B meson that
is consistent with a hadronic B decay, we require that our tag B is in the region indicated by the
ellipse. It has a semi-minor (major) axis of 0.13 GeV /c? (1.7 GeV) and is rotated by 35 mrad. The
color scale times the bin size integrates to one.

6.6 Reconstruction Summary

The result of running the reconstruction is a file containing all the variables we wish to keep for
those events that pass the selection criteria. Omne such variable is a flag that specifies whether
or not our reconstruction assembled the particles of an event correctly, including correct particle
species identification and correct order of the entire decay chain. This is called Monte Carlo truth
matching. This enables us to calculate our efficiency for reconstructing a particular decay from
simulated data. In Table 6.7 we summarize our efficiencies. Reconstruction efficiency, €yeco is the
fraction of events that passed the selection criteria. Of those events, the fraction that matched
Monte Carlo truth is listed in the second column as €patched/€reco- In the last column, we list the

overall Monte Carlo matching efficiency, which is just the product of the first two columns.

Table 6.7: Reconstruction efficiencies (€r¢co) and Monte Carlo-matching efficiencies (€,q¢cn) for
1-prong leptonic modes of BT — KT 77.

Decay Mode  €reco % €matched
Kle[e] 0257 0.708 | 0.182
K[[] 0057 0.722 | 0.041
K[el[] 0103 0.870 | 0.090
K[7l%e] 0103 0.882 | 0.091
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We find that our decay mode with two final-state e has the highest Monte Carlo-matched
efficiency at 18 %. Modes with one final state muon come in at 9%. The decay mode with two

final-state muons comes in last at a mere 4 %.

95



CHAPTER 7
SIGNAL-BACKGROUND SEPARATION

To further reduce backgrounds from other B-decay channels and continuum backgrounds like
ete” — qq, where ¢ = (u, d, s, c¢), we employ multivariate analysis (MVA). We train a boosted
decision tree (BDT) using signal Monte Carlo and background Monte Carlo that passed our cuts
during reconstruction. The software package used for BDT training is fastBDT [43].

A decision tree is a multivariate technique with advantages over a simple cut-based analysis.
Instead of discarding events that do not satisfy a selection applied to one particular variable, other

variables are checked first, further improving event classification (Fig. 7.1). Once trained, a decision

VEVEY

T RY

Figure 7.1: Schematic of a decision tree from Ref. [44]. Internal nodes are split by a decision on the
value of some variable. Terminal nodes are called leaves and have a purity associated with them.

tree is a cut boundary that can be described by an (A — 1)-dimensional surface in the phase space
of NV variables, and this surface does not have to be connected. To boost a decision tree means
to iteratively add on more trees, each additional one being enriched with training samples that
were misclassified by the previous one. In this way, each additional tree is encouraged to explore
neighborhoods of the phase space that are poorly classified by the previous trees. Each additional
tree is assigned a weight based on its performance, and the final classifier is a weighted average of
all the trees. While adding an excessive number of trees can lead to overtraining, it is mitigated
by weighted averaging. Even if overtrained, it is not the error rate on the training sample that is
important but rather the error rate on the independent testing sample [44].

For training data, the reconstruction is run on a third of all 10° signal MC events of each decay
mode, and it is run on one stream each of charged B MC (B*B~), neutral B MC (B° B°), charm

continuum MC (c¢), and (u, d, s) continuum MC (v, dd, s5). A stream refers to a dataset equal
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in size to the full Belle dataset.

Two BDTs are trained for each decay mode. The first BDT is trained with all the variables
listed in section 7.0.1 below. These include seven variables pertaining to the event shape, the
4-momentum transfer to the 777~ pair, the beam-constrained mass and energy difference of the
signal- B meson, the center-of-mass momenta and radial impact parameters for all of the final-state
leptons, the fit quality of the signal-B vertex fit, the error estimation of the transverse momentum
of the signal-B meson, the angle between the two final-state leptons, the polar angle of the signal-
B meson, the angle between the K* and signal-B mesons, the angle between the signal-B and
tag-B mesons, the number of tracks and photons in the event, and the invariant-mass-squared
combinations of the kaon and either final-state lepton.

The second BDT is trained on the same data with the same variables, except we include
the output classifier of BDT1 in the second training vector. This second training improves the
separation between signal and background by a non-negligible amount. In each training, 10 % of

the data is set aside prior to training for use as independent test data.

7.0.1 Variables

When running our reconstruction, we specify a list of variables that we wish to keep for offline
analysis. They include event-shape variables which describe the topology of the decay, kinematic
variables for any of the particles in our decay chain, kinematic variables for the tag-B meson, and
more. The following sections will briefly describe the variables we use for BDT training. Plots of

each of these variables are shown in Fig. 7.2.

Event Topology

In an eTe™ event (at /s = 10.58 GeV in this case), whether scattering, producing heavier lepton
pairs, producing light ¢g pairs, or producing an Y(4S), a lot can be learned by the event shape.
At the Y(4S) resonance, there is little leftover momentum when Y(4S) decays to BB. In fact,
EQB — mQB = 0.325 G%V We say these B mesons are nearly at rest. When they decay, due to
the conservation of momentum, the decay products tend to go in all directions. Such an event is
spherical. For resonances below the Y(4S) resonance, there is considerable leftover momentum.
The result is an event shape that is not very spherical but rather tends to make two back-to-back
jets of particles.
A popular collection of variables that describe event shape are the Fox-Wolfram moments [40)],
which characterize event shape by expanding all track combinations in a basis of Legendre polyno-

mials. The Fox-Wolfram moments are defined as

pil|pj
Hy, = Z ’Z!JPg(cos bij) s (7.1)
.3
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for all track pairs (i,7) with the angle between them ¢; ; and center-of-mass energy for the ete™
pair equal to /s. Taking it a step further, the Kakuno-Super-Fox-Wolfram (KSFW) moments [45]
are a version of this in which the tracks are treated separately according to their association with
either the signal B or the tag-B meson. These associations are denoted as s (signal) or o (other)
respectively. Further, the KSFW moments use the event-missing-momentum vector as an additional
category in the calculation. We denote the KSFW moments as HZI;&,’ where ab = 00 or so and ¢ is
the order of the Legendre polynomial for each. For training our BDT to classify based on overall
event shape, we use seven of the possible 16 KSFW moments which we chose according to their
relative significance as determined by the fastBDT software.

Because the B mesons are not exactly at rest, inferring the direction of their momentum can
be useful. The thrust axis of a group of particles with a common origin is the direction in which

the particles collectively have the largest momentum [46]. If thrust is given by
T=> |p; nf, (7.2)
%

then the thrust axis is the i for which |T\ is maximized. As our decay mode involves potentially
a lot of missing momentum from the two tau decays, relations involving the thrust axis of the
signal B decay can help differentiate our signal vs. other typical B decays. For this reason, we
include in our training the cosine of the angle between the signal-B thrust axis and the beam axis,
cos(ZT‘ BZ), and the cosine of the angle between the signal-B thrust axis and the tag-B thrust axis,
cos(£TpTo).

To help our BDT classify our signal against events with back-to-back leptons, like J/W — ¢4~
we include the angle between the two final-state leptons in the final-state dilepton rest frame,
(Z£00)pr—trame - Last, because of kinematic relations between our signal kaon and signal-B meson, we
include the cosine of the angle between the signal kaon and the recoil direction of the reconstructed
tag-B meson, cos (Af{tagl? ) , where we’ve chosen the tag-B recoil direction as an approximation of

the true direction of the signal-B meson.

Leptons

For the final-state leptons in our decay (e®, uT) we use a few variables that we found to be useful
when evaluating their significance using the fastBDT software package. The radial distances of the
lepton tracks from the IP, dr.+, dr,,-, may help distinguish a displaced vertex from a tau decay as

opposed to a mode where a lepton is a direct descendant of the B meson. The magnitudes of the
*

I’L_ )
originating directly from a B decay. Finally, the binary muon—pion PID variable using information

from the ACC, the TOF counters, and the CDC, £k = %, could help distinguish our decay

mode from modes involving a D — Km decay where the pion is misidentified as a muon.

lepton momenta in the center-of-mass frame, p?, and p may be on average smaller than those
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Signal B Meson

From the signal-B meson, we use the uncertainty of the transverse momentum, dpr, and the
x2-probability of the vertex fit, Xprob - The transverse-momentum uncertainty, presumably the
quadrature sum of the dpt errors of all three track-fit results from our signal-B reconstruction,
may be of value to our BDT classifier as it collectively quantifies the quality of all our tracks
simultaneously, and may guard against background candidates made up of one or more ghost tracks
that are made up of hits from noise and multiple other tracks. Such a candidate could erroneously
have a decay topology consistent with our decay mode. The y2-probability of the vertex fit can
help train the BDT classifier against backgrounds from wrong-mother reconstructions where tracks

from both B mesons are combined to create a signal candidate.

Tag B Meson

From the tag-B meson, we use beam-constrained mass, Mff:g, energy difference, AE'*®, and the
number of ECL clusters associated with the tag B decay, N7*¢. As this is an inclusive-hadronic-
tagging analysis, ensuring the inclusively reconstructed tag-B meson is consistent with a true B

meson also guards against wrong-mother reconstructions.

Others

Finally, we use the following four variables. The number of tracks in the whole event, &‘l’{t, is

on average smaller for our signal than for typical background events. The 4-momentum transfer
to the dilepton system, qgimp, which is calculated as the 4-momentum recoiling off of the kaon in
the B rest frame, has a distinctly different shape for our signal than for typical backgrounds. The
subscript “simple” means the calculation is performed assuming the B is at rest in the T(4S) rest
frame. The magnitude squared of summed 4-momenta for the signal kaon and oppositely-charged
(equally-charged) final-state lepton, p%.,— (P, ), has a distinctly different (somewhat different)

shape between our signal and typical backgrounds.

In Fig. 7.2 we present histograms of all our training variables for our signal K |["e]["u] MC, generic
BB MC, and q§ MC where q = (u, d, s, ¢). Some of the distributions look quite similar for signal
and background which indicates that their utility comes from neighborhoods of 25-dimensional

phase space, something not readily apparent in one dimension over all events.
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Figure 7.2: Histograms of variables used for training the BDT to identify signal vs. background in
the K[7e]["u] mode. Bin widths vary, but counts are normalized so that each integrates to unity.
Some of the distributions look quite similar for signal and background which indicates that their
utility comes from neighborhoods of 25-dimensional phase space, something not readily apparent
in one dimension over all events.
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7.0.2 Boosted Decision Tree Performance

We train one classifier for each of the four decay modes in this analysis. As with the reconstruction
Chapter (6), we will limit our scope to the K[7e]["u] mode, but plots for the other three decay
modes may be found in the appendix.

To quantify BDT classifier performance, we plot a receiver operating characteristic (ROC) curve
and calculate the area under the curve. A ROC curve is the true-positive rate vs. the false-positive
rate. It is a standard tool for evaluating the performance of a binary classifier. A ROC curve with
a slope of one is equivalent to a coin toss and has an area under the curve of 0.5. As the classifier
becomes better than a coin toss, the ROC curve bends upward toward the upper-left corner. A
perfect classifier has a capital I shape and has an area under the curve of 1.0.

The first classifier, BDT1, is trained against one stream of generic B and continuum background
using the 25 variables described above. We show the train—test spectrum and the ROC curve in
Fig. 7.3. The comparison between training data and independent test data does not show any signs

of overtraining. We measure an area under the ROC curve of 0.777 for the independent test data.

3 1.0

: K[TCMT‘LL] mode 5] I K[Te][T/L] mode ....l"‘.no-oo-.o.c---
S I train sig [] test sig = o8k
2 train bkg [] test bkg f ;
2 = 06F
= =R
~21 ;} L
= S 04l .
A * BDTT1 train 0.7798
0 = ol * BDTI test 0.7769
0.25 F — g 0-2 train—test
<1 000 fsmmpmm———— = i ram=iest = 0.00381
_0257“‘\“‘\“‘\“‘\“‘ oo
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 08 1.0
BDT1 Classifier Output False Positive Rate

Figure 7.3: Train—test spectrum and ROC curve for BDT1 on the K[%]["u] mode. The train—test
spectrum (left) shows moderate separation between signal and background. The ROC curve (right)
shows an overtraining factor of 0.38 %.

The second classifier, BDT2, is trained on the same data using the 25 variables described above
plus the output classifier of BDT1. We choose this approach because the presence of BDT1 in the
BDT?2 training vector heavily influences the first decision tree, thus encouraging the subsequent
trees to explore neighborhoods of phase space that are even more signal-like. Again, we do not see
any signs of overtraining (Fig. 7.4). Including the first BDT in the training vector improves the
area under the receiver-operator curve by 5.8 %. When comparing the train—test spectra of the two

BDTs, the improvement in signal-background separation is evident.
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Figure 7.4: Train—test spectrum and ROC curve for BDT2 on the K[7e][ "u] mode, trained on
the same variables and same data but with BDT1 included in the training variables. The train—
test spectrum has visibly improved compared to BDT1 (Fig. 7.3). The overtraining factor is still
negligible, and the area under the ROC curve has improved by 5.8 %
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CHAPTER 8
FITTING

8.1 Constructing Model Histograms

One of the most salient features of BT — K777~ is the missing mass in the final state, especially
with four missing neutrinos in our chosen 7 decay modes. To that end, we quantify our signal

component by performing a 2D binned maximum-likelihood estimate using the variables missing-

2
miss

mass squared (m2. ) and BDT2. Using the notation where B, K, e, and u represent 4-momenta,

Mypies = |IB— K —e— MP: (8.1)

where the B is calculated from the beam energy and nominal B mass (Egp = /s/2, |pg| =
V/s/2 — mp), while the direction of the B momentum is fixed to be opposite that of the tag-B
meson in the center-of-mass frame. The distributions of these two variables by themselves are
shown in Fig. 8.1. The 2D distribution for signal and the most prominent background types are
shown in Fig. 8.2. We start with fine binning in the BDT2 (vertical) direction and coarse binning in
the m?niss (horizontal) direction to best exploit the shape differences between components without

creating such fine bins that the statistics become poor.

| [ K[%|[u] MC
30000 1 60000 AT [ B*B~ MC
1 BBYMC
1 ¢g (u,d,s) MC
S 20000 40000 9q (u,d.s)
S > c¢ MC
~
= Signal MC scaled to
10000 1 20000 1 B(B* — Ktrtr) =0.1
L.-':, Others scaled
0 0 to 1 stream
0.0 2.5 5.0 7.5 10.0 0.0 0.2 0.4 0.6 0.8 1.0
m2 GeV? BDT2 Output Classifier

miss cd

Figure 8.1: Missing-mass squared and BDT?2 distributions for the K[’e]["u] mode. On the left, the
signal missing-mass squared (solid blue) has a different shape and is shifted right as compared to
the backgrounds. On the right, we now see the BDT2 distributions broken up according to each
background component. The largest background components are from the neutral and charged BB
components.

We also reconstruct all the available streams of rare Monte Carlo data. These are then nor-
malized to one stream and plotted in Fig. 8.3. We find that the contribution from rare MC is
negligible.
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Figure 8.2: BDT2 vs. missing-mass squared distributions for signal and prominent background
components in the K["e|[7u] reconstruction.

Before proceeding to the fit, we check for peaking backgrounds and consider an alternate binning
strategy. To check for peaking backgrounds, we plot the three possible invariant mass squared
distributions for pairs of our final state particles (Fig. 8.4). We do see a resonance at the D mass
in the K* ;T invariant mass squared distribution, primarily in the BT B~ and B B® backgrounds,
and to a lesser extent in the c¢ background. This is due to pions from D° — K~7+ decays that
are misidentified as muons.

To check the effect that this peaking background has on our fit, we isolate the entries under
the peak and those entries just left and right of the peak. We histogram both of these samples
using the same 2D binning as above then subtract the latter histogram from the former. What
remains is a representation of just the contribution from D° — K~7t decays (Fig. 8.5). We find
that this distribution is concentrated at the lower end of the missing mass squared range and does
not contaminate our signal region.

As it is, our 2D histogram has 540 bins. When combining all four decay modes into a simulta-
neous fit, we have 2160 bins. While this many bins can be fit using a maximum-likelihood estimate,
the processing time can be problematic, especially if bin-wise systematics are included. The purpose
of using such wide ranges over our fitting variables is to provide good control over the normalization
of the background components in the fit. To solve this problem, we rebin the data. We want fine
bins over the region where the signal is most significant. Coarse bins in the remaining region will
suffice so long they provide good separation power between the two background components. To
achieve this, the bins are first sorted by signal significance, Ngg/ VNiot, and the top 40 are used as
fine bins. Next, the remaining ~ 500 bins are sorted by ¢g significance, Nyz/ VNiot, and are com-
bined to create 30 roughly equal-sized coarse bins. This binning strategy reduces the total number
of bins by a factor of 31. This does, however, result in some of the coarse bins being built up from
disjointed regions of the BDT2 x m?niss phase space (Fig. 8.6). These are the model histograms for
the three components (Signal, qg, BB) of our 2D binned maximum-likelihood estimate. The other
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Figure 8.3: BDT2 vs. missing-mass squared distributions for rare components in the K[ 7e|[ "u]

reconstruction.

three decay modes are treated identically.
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Figure 8.4: Invariant mass squared combinations for the K[%]["u] mode. These have been plotted
to check for peaking backgrounds. There is a resonance at the D mass in the K*uF distribution,
primarily in the BY¥ B~ and B® B backgrounds (middle panel). The same resonance exists for the
K|[7p]["1) mode. The other two modes do not have this resonance.
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Figure 8.5: Contribution from the D° — K~ n* peak in the K["e]["u] reconstruction. The histogram
on the left is zoomed in on the DY mass peak seen in Fig. 8.4. The dashed lines indicate the peaking
region and two sidebands with half the width of the peaking region. The 2D histogram on the right
is made from entries from the peaking region of the histogram on the left minus the entries from
the sideband regions. It is a representation of the contribution due to the D° mass peak. Because
this 2D histogram contributes mostly to lower BDT2 values and low missing-mass squared values
we do not consider it a problem for our fit.
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Figure 8.6: Model histograms for the K|[7e][ "u] mode after rebinning. The rebinning procedure
ranked the fine bins from Fig. 8.2 according to signal significance. The top 40 fine bins are kept as
is, and the remaining were combined into 30 regions, forming coarse bins. The coarse-bin regions
are not necessarily connected. There are 70 bins total here, down from 540 before rebinning. These
model histograms as well as those from the other three decay modes make up the overall model
that is provided to the fitter.
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8.2 Maximum-Likelihood Estimate

The Poisson probability of observing some number of events (n) in a single bin is given by

P(n, s,b) = Me_(s+b) : (8.2)
n:

where the expectation value A = (s + b) is characterized by the expected number of signal events,
s, and expected number of background events, b. The likelihood function for many (V) bins is a

product of Poisson probabilities with the free parameter, p, for the signal strength:
N
H ”sﬂ +b (s +b;) (8.3)

Here, 6 is a vector of nuisance parameters for the expected number of s and b in each of the bins.
The signal strength is a multiplicative parameter for the amount of fitted signal in the data. It is
reported as a multiple of the signal model histograms, s. If auxiliary measurements are made to
constrain, say, the background normalization or perhaps the shape of the signal and background,
then additional Poisson products may be tacked on to L(u, ). Because we do not perform any
such auxiliary measurements, we can exclude this term from our description without any loss of
generality. The best fit is given by the values of fi, é, that maximize L(f, é) It can, of course, be

obtained by setting the first derivative to zero:

0; ZZ_; <(ﬂ8i +bi) 1> 09, v 54

In the limit of large sample sizes, the inverse covariance matrix can be calculated as

vol=_

v

[02 lnL] (8.5)

00,00,

which can then be inverted to find standard deviations on the best-fit values [47].

Our goal is to construct a maximum likelihood estimate for fitting data to our model histograms.
The parameter of interest in this fit is the signal strength, u. We aim to demonstrate how small
of a value of the signal strength we can reliably detect using our model. We use the cabinetry
application to construct our likelihood which is then fit using a maximum-likelihood estimate by the
pyhf [48, 19] software package. The package pyhf is a python implementation of root’s Histogram
Factory. We construct a fit model with four channels (i.e., our four decay modes) and three
components for each channel. The three components are signal, continuum background (¢g), and
generic B background (BB). Even though we simulated 4 x 10° signal events, we construct our
signal model with 1/3 of these and normalize it to B(B* — K+7t77) = 1 x 10~*. The background
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models each correspond to one stream of MC data, i.e., 1x the full Belle dataset. The fitter has nine
free parameters: signal normalization as the parameter of interest, and 8 nuisance parameters for
the normalization modifiers relating to the two background components on each of the four channels.
The normalization modifiers used for the background components are Gaussian constraints in the
likelihood specification that use a nominal histogram as well as +1 ¢ histograms as inputs. We

choose £+/Npyy, for our +1 ¢ histograms to account for statistical variations.

8.3 Asimov Fit and Toy Studies

We begin with a fit of the Asimov dataset. The Asimov dataset is a representative dataset defined
such that when using it to estimate parameters using a maximume-likelihood estimate, the estimated
parameters are equal to the true parameters [47]. If the Asimov data set is used, Eq. 8.4 is still
true, which means that the inverse covariance matrix (Eq. 8.5) can be calculated from a likelihood
constructed with the Asimov dataset. Therefore, we perform a fit on the Asimov dataset to measure
the standard deviations of our fit parameters.

In our case, the Asimov dataset is the sum of the model histograms, and the Asimov fit is a
fit of our model to the Asimov dataset. We summarize the fit results to two decimal places in
Table 8.1. The measured signal strength in the Asimov fit is 1.00 £ 0.51, which tells us that our

Table 8.1: Fit results for Asimov fit. Signal is a normalization factor while the others are reporting
the number of standard deviations away from nominal given a nominal plus high/low variation in
the model.

Mode Component Best Fit Uncertainty

ee qq 0.00 0.76
ee BB 0.00 0.32
o qq 0.00 0.82
I BB 0.00 0.31
eu qq 0.00 0.79
eu BB 0.00 0.31
e qq 0.00 0.82
e BB 0.00 0.29
Combined Signal 1.00 0.51

model has a resolving power of about 5 x 107>,

The correlation matrix is shown in Fig. 8.7. We see a large anticorrelation between our two
background components in each channel. This anticorrelation is not concerning as long as the
total background is estimated properly. That they are not fully correlated or anticorrelated tells
us there is still merit to fitting them as separate components. We also see moderate anticorrelation
between the BB background and signal in each channel. This anticorrelation is somewhat con-

cerning because an underestimation of the four BB components would lead to an overestimation
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Figure 8.7: Correlation matrix for our maximum likelihood estimate. Empty entries are consistent
with zero within two decimals. The two background components are very anticorrelated, but
that they are not fully anticorrelated tells us that there is still merit to fitting them as separate
components. The moderate anticorrelation between the BB background and the signal in each
channel will contribute to the standard deviation of the signal strength estimate.

of our signal component, and vice versa. However, because the correlation matrix is related to
the covariance matrix, this possible misestimation of the signal component is accounted for in the
standard deviation.

To ensure our fitter finds a maximum-likelihood estimate that is a global maximum and not just
a local maximum, we test different hypotheses for the signal strength, . To test a signal-strength

hypothesis, a likelihood profile is used:

Ap) = : (8.6)

The denominator is the maximum likelihogd, and the é in the numerator represents the values of the
nuisance parameters that maximize L(u, ). Standard practice is to consider —2log(A(1)) because
it becomes a x? distribution in the limit of large sample sizes. This equation has computational
benefits as well because the ratio cancels out the factorials in L(u,0), thus also allowing for the
use of fractional bin counts, and the logarithm turns the products into summations. Note we can
avoid writing A(u) altogether and write —2Alog(L). In Figure 8.8 we present a scan of —2A log(L)

over different hypotheses of u both near the best-fit value and far from it. We see that there is
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Figure 8.8: Likelihood profile scans over the signal-strength parameter. Near the best-fit value (left)
the profile crosses the 10 and 2o lines at values consistent with the standard deviation reported
by our fitter. Over the whole allowed range that we specified to our fitter (right), we see no signs
of other minima which indicates that our fitter converged on the correct value.

no flat region or non-global minima over the region of allowed signal strengths in our model (-1
to 15), and when zoomed in around the best-fit value of the Asimov fit we see that the Gaussian
approximation is in good agreement with the actual scan.

We test our fitter using toy Monte Carlo datasets. A toy is generated by drawing random
numbers for each bin in the model histograms from Poisson distributions with expectation values
for each bin equal to the bin count in the model. This creates fluctuations bin by bin based on
Poisson statistics. We check the behavior of our fitter by generating 10,000 toys, each with the
contribution from the signal model varying between branching fractions of BT — K77~ from
zero up to 1073. We plot the fit results of each along with error bars and pull distributions in
Fig. 8.9. The pull distribution is fitted to a Gaussian using a least-squares fit. The mean pull
being consistent with zero and width being consistent with one indicate that our fitter is providing
accurate error estimates. We perform this test to make sure our model provides consistent results
regardless of how much signal is present in the dataset. Our fitter must not be biased toward
overestimating or underestimating signal content at any level. Our pull distribution tells us that
the output vs. input has a slope of one and that the standard deviations estimated by the fitter

correctly model the expected statistical fluctuations.
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Figure 8.9: Linearity test on 10,000 toy fits with varying amounts of signal in the test data. To check
linearity the deviation of each fit from a line with a slope of one, normalized using the uncertainty
provided by the fitter is plotted on the bottom. These values populate the histogram on the right,
which is the pull distribution. With a mean consistent with zero and a width consistent with one,
the pull distribution indicates the fitter is providing accurate error estimates.
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CHAPTER 9
UNCERTAINTIES

Any particle physics analysis must take a careful accounting of the uncertainties involved for the
results to be valid. Systematic uncertainties arise from inaccuracies in measurement devices, which
can include things like resolution on time and position of a hit, but also include things like particle
identification and Monte Carlo modeling (which always has some level of disagreement with data).
Statistical uncertainties arise from the quantity of collected data, which includes the quantity of
simulated data. As this analysis is a proof of concept using MC data and not a measurement of
collected data, a full accounting of the involved uncertainties is not required. However, we will look

at a few of them to get an idea of their impact.

9.1 Monte Carlo Sample Size

The 4 x 10% signal MC events we generated amount to over 400 times our sensitivity target of
1 x 1074, so when creating our signal model histograms, we scale down all the bin contents by
the appropriate amount. To estimate the contribution to the total statistical uncertainty due to
the finite size of the generated signal MC data, we generate 10,000 toys with random Poisson
fluctuations on the full signal MC prior to scaling down. We keep our model histograms fixed and
create toy fit datasets that are the sum of these scaled-down toys as well as our Asimov BB and
qq datasets.

The result, shown in Fig. 9.1, is a signal strength variance of 6.1 x 10~7. Assuming Y (4S) decays
to charged B mesons 50 % of the time, this corresponds to an uncertainty of 470 signal events for
the full Belle dataset. Compared to the theoretical branching fraction, B(B* — Ktrtr™) =
1.26 x 10~7, which predicts about 97 events, this is a lot. However, compared to our model’s signal
strength uncertainty of 5.1 x 107°, it is only 1.2%.

Similarly, we check the dependence on the amount of BB and ¢g Monte Carlo by varying each
independently and combining them with Asimov datasets of the unvaried components (Fig. 9.2).
The result is a 4.72 x 107° BB MC statistical uncertainty and 1.65 x 107° ¢g MC statistical
uncertainty. The former is nearly equivalent to the signal strength uncertainty itself. This indicates
that the analysis is statistically limited by the size of the BB MC dataset. This can be reduced by

combining all 10 streams of the available BB MC rather than using just one.
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Figure 9.1: Measurement of signal MC statistical uncertainty. As signal MC histograms are scaled
down by more than 100 to make the model histograms, this measurement was performed by sta-
tistically fluctuating the full signal MC histograms prior to scaling down. In each of the 10k toys,
the two background components are represented by their Asimov datasets. The uncertainty of
6.1 x 10~7 equates to 1.2% of our signal-strength uncertainty.
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Figure 9.2: Measurement of background MC statistical uncertainty. Left, toys are drawn from BB
MC 10k times while signal and qqg MC are represented by their Asimov datasets. The uncertainty
of 4.72 x 107° is of the same order as our signal-strength uncertainty. Right, toys are drawn from ¢q
MC 10k times while signal and BB MC are represented by their Asimov datasets. The uncertainty
of 1.65 x 107° is also of the same order as our signal-strength uncertainty, but only 1/3 as much.
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9.2 Reconstruction Efficiency

The Belle detector does not and can not cover the full solid angle due to the need for beam
pipes, final focus magnets, the steel mechanical structure of the detector, and electronics to some
extent. As such, some events will not be contained in the active solid angle of the detector.
Further, reconstruction efficiency of our signal MC is not perfect even when all the tracks are
contained in the active solid angle of the detector. Together, these two contribute to the total
systematic error. Fortunately, reconstruction efficiency automatically includes contributions solely
from detector acceptance, so all we have to do is calculate the binomial error for each of our four

decay modes:

Se — \/Ematched(l - €matched) ] (9.1)

N, generated

The results are presented in Table 9.1. Adding these four binomial errors in quadrature we find a
systematic uncertainty due to reconstruction efficiency de; = 0.06 %. Compared to our statistical

uncertainties discussed above, this is a rather small effect.

Table 9.1: Binomial error estimation for reconstruction efficiency.

Decay Mode  €matched % 06 %

K[7e|[7e] 1824 0.039
K[ ][] 4.10 0.020
K|[7e][7] 898  0.029
K[| ] 9.06  0.029
Total 10.10 0.059

9.3 Number of BB~

The Belle experiment recorded (771.581410.566) x 106 BB pairs [50]. Also, the branching fraction of
T (4S) to charged B pairs is 0.514+0.006 [9]. Multiplying the two and propagating the uncertainties
gives

SNpip- = (Nyg - 0Bpip-)> + (0Ng5 - Bprp-)? = 7.14 x 10°. (9.2)

In terms of a fraction, we have the expected number of charged B pairs, Ng+p- = Bp+p- -Ngp =
396.593 x 105, and dNg+p- /Np+p- comes out to 1.80%. Even though we reconstruct modes of
both B charges, there is no need to multiply this figure by two because it would enter in both the
numerator and denominator of dNg+p- /Npg+p-. This constitutes another systematic uncertainty

as it pertains to the accuracy of our apparatus, not to the size of the dataset.
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9.4 Uncertainties Summary

We have computed MC statistical errors for each of our fit components in terms of a branching-
fraction uncertainty and systematic errors as a percent. At this point we cannot state statistical
plus systematic errors in the same units because we have not stated a branching fraction or upper
limit. Nevertheless, we can tabulate the uncertaintes all as percents using our target sensitivity
we’ve been considering so far of 1 x 10™*. We present a summary of our brief error estimates in
Table. 9.2.

Table 9.2: Error summary. Our brief look at uncertainties includes three sources of MC statistical
uncertainty, systematic uncertainty due to the recorded number of BB pairs by the Belle experi-
ment, and systematic uncertainty due to reconstruction efficiency, which includes acceptance due
to the solid-angle coverage of the detector.

Source Error
Nsignal MC 0.61 %
Ny MC 47.0%
Ngg MC 17.0%
Npg+ - Belle 1.8%

Reconstruction Efficiency 0.06 %

The largest contribution is 47% error due to Nzz MC statistics followed by 17% due to Nz
MC statistics. This is a clear indication that any future work on this analysis would benefit from
building the model histograms from all available MC data, which includes 10 full streams of BB
MC and six full streams of gg MC. If MC statistical uncertainty is improved, we anticipate that
systematic uncertainty due to lepton identification would be the largest contribution. This is by no
means a comprehensive list of uncertainties. Nevertheless, what we have presented here amounts
to an error of + 50 % (stat) + 1.8 % (sys).
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CHAPTER 10
PROSPECTS AND DISCUSSION FROM PART I

We have established a method of inclusive hadronic tagging for the measurement of BT — K777,
We selected our inclusive tag-B mesons to retain as much of our signal B decays as possible and to
require that the tag B have values of AE and My, that are mostly consistent with fully-hadronic
B decays. The choice of inclusive tagging was motivated by the BT — KTy analysis, and the
inclusive hadronic tagging was motivated by the idea of signal quantification by fitting missing
mass squared, wherein we use the direction opposite to the tag-B meson to assign the direction
of the signal-B meson in the missing mass squared calculation. The latter assignment of signal-B
direction would not be a logical choice if the tag-B were to frequently decay semileptonically.

Our goal is to show that this approach can improve the sensitivity for measurement of B* —
K777~ over previous searches. Bear in mind that, while current sensitivity is orders of magni-
tude larger than the standard-model prediction, some theoretical physics scenarios predict a large
enhancement in the branching fraction of B¥ — K777, so improving experimental sensitivity
is a worthwhile effort. Indeed, we hope to achieve a sensitivity that can rule out some of the the-
oretical physics scenarios. We will conclude Part I by calculating our expected sensitivity on the
upper limit of B(B* — K*7777) and comparing it to previous searches, then we will highlight a

weakness of this analysis that motivates Part II.

We will calculate the expected upper limit at a confidence level of 90 % to compare directly to
other searches. We determine the upper limit by performing a toy MC study on the null hypothesis,
i.e., the case where zero signal is present in the data, but we fit each toy dataset to our model, which
does have a signal component. The expectation for these fits is that the signal strength is zero.
However, we expect a normal distribution of signal strengths around zero with some characteristic
width. To say that a branching fraction has an upper limit at a 90 % confidence level means that
repeated measurements of the null hypothesis will not measure a branching fraction above that
upper limit 90 % of the time. In other words, our model would falsely predict a branching fraction
higher than the upper limit only 10 % of the time — falsely in the sense that the hypothesis is null
so one might think of it as a false-positive outcome.

Let us begin with a naive estimation of the upper limit based on our fit model alone. We
drew 25,000 toy datasets from our full background MC model. Because there is zero signal in
the toy datasets, they represent null hypothesis datasets. Each toy is fit to our model. For our
upper limit estimation, we only consider entries with a fitted signal strength larger than zero —
in the parlance used above, only these entries constitute false positives. We take the normalized
cumulative distribution of entries with a branching fraction larger than zero and determine where
the distribution crosses the 90 % line (Fig. 10.1). We find an expected upper limit of B(Bt —
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Figure 10.1: Naive upper limit estimation using 25k toys drawn from the full MC model with zero
signal (null hypothesis). Left: histogram of fit results for signal strength. The fit to a Gaussian
distribution shows a bias toward negative values in terms of least-squares Gaussian fit uncertainty,
but the bias is small compared to the width. The width of the Gaussian is consistent with the
signal-strength uncertainty of the Asimov fit. The hatched region is the 10 % tail probability for
positive values of B(BT — KT7+7r7). Right: the cumulative distribution of the plot on the left
starting from a branching fraction of zero. The intersection with 0.9 is indicated as this point
corresponds to the upper limit of B(B* — KT777) at a 90 % confidence level.

Ktrtr7) < 7.41 x 107° at 90 %C L.

To determine our projected upper limit based on this Monte Carlo study, we combine the
sensitivity 4.59 x 107 from the left panel of Fig. 10.1 with our MC statistical uncertainty from
Section 9.4. Adding them in quadrature, we find a sensitivity of 6.79 x 107°. This is one standard
deviation (1o). To go from 1o to a 90 % confidence level, we use the inverse Gauss error function,
V2erf71(0.90) ~ 1.640. Finally we apply the systematic error from Section 9.4 as a multiplicative
error and get our result. Based on this inclusive-hadronic-tagging feasibility study we project an
upper limit of B(B* — KT7777) < 1.14 x 10~* at 90 % C.L.

Our Monte Carlo dataset is equivalent in size to the full Belle dataset of 711 fb~!. This projected
result improves upon the upper limit found in a recent PhD dissertation[8], which used hadronic
tagging and the combined Belle and Belle II dataset of 1073 fb~!, by over five times. Compared to
the BABAR analysis on 424 fb~![7], our prospective upper limit is about 20 times lower (Fig. 10.2).
Nonetheless, 1.14 x 10~% is still nearly three orders of magnitude larger than the standard model
theoretical prediction of 1.26 x 10~7. The method of inclusive hadronic tagging shows promise, and
in the new physics scenarios where a large enhancement in this mode is predicted, it may already
be sensitive enough. However, to push our sensitivity close to the SM prediction, more data is
needed.

One aspect of this analysis that makes BT — K777~ challenging is the efficiency of muon
reconstruction. Our efficiency for reconstructing signal MC in the mode with two final-state muons

was only 4.1 %, and it was only 9% for the modes with a single final-state muon. As the full
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Figure 10.2: Comparison of upper limits for the branching fraction of BT — K77~ at a 90%
confidence level. This work, which is a Monte Carlo study, establishes an upper limit one to two
orders of magnitude lower than hadronic tagging analyses on the same mode.

Belle II dataset is expected to be far larger than the Belle dataset, it is important that Belle II is
able to achieve the best muon identification efficiency possible. Investigating the muon identification
system of Belle II in Part II, we identify and address some improvements that need to be made to
the electronic readout system in order that Belle II has the best chance for discovering the decay
Bt - Ktrtr—.
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CHAPTER 11
MUON SYSTEM UPGRADE

Following the end of Belle data taking in 2010, work began on upgrades for the next run period. The
KEKB accelerator was upgraded to SuperKEKB. The positron beamline was completely replaced
and a separate damping ring was added to cool down the positrons prior to injection into the
main ring. The Belle detector was upgraded to the Belle II detector. With a new pixel detector,
a new silicon vertex detector, a new drift chamber, the switch from aerogel Cherenkov counters
to Cherenkov ring-imaging detectors, and a new readout system, Belle IT would be able to have
improved vertex resolution, improved particle identification, and be capable of event rates up to
30kHz.

The K-long (K?) and muon (1) detector, or KLM, which makes up the outermost active volume
of both the Belle and the Belle II detector, was also upgraded. The flux return of the detector’s
1.5T solenoidal magnetic field consists of 14 layers of 4.7 cm-thick steel plates. These plates form
octagons in the Belle II barrel region and flat disks in the endcap regions. The gaps between the
plates are interleaved with active particle detection modules: 15 layers in the barrel, 14 in the
forward endcap, and 12 in the backward endcap. Besides serving as the flux return, the steel plates
also offer more stopping power for hadrons, contributing an additional 3.9 interaction lengths in
addition to the 0.8 interaction lengths of the electromagnetic calorimeter [30].

During the first-generation Belle experiment [23] (1999-2010), the KLM detector was instru-
mented exclusively with resistive-plate counters (RPCs) [51]. Because of the expected high neutron
background when Belle II is operating at its design luminosity, the inner two barrel layers and all
of the endcap layers were replaced with plastic scintillators. The scintillators used are long strips
with a 1cm X 4 cm cross section in the barrel and 0.7 cm x 4 cm in the endcaps. Strip lengths vary
due to the geometry of the detector. Each scintillating strip contains a multi-clad 1.2 mm diameter
wavelength shifting fiber running down its central axis, and a silicon photo-multiplier (SiPM) at one
end of the fiber. Details of the scintillator and wavelength-shifting fiber selection and construction
can be found in Ref. [52].

When Belle II began data taking, the SiPMs were not properly calibrated, and the electronic
readout for the scintillator readout system was operating in a latched mode because firmware did
not exist to read out its waveform-sampling ASICs (application-specific integrated circuit). Further
complications arose in that there were no calibration sources built into the detector. Our specific
contribution to these issues is the development of waveform-readout firmware to utilize the full
capability of the installed electronics, including a scheme for calibrating SiPM gain without a
calibration source.

The following chapters describe the electronic readout system of the KLM detector. We discuss

the RPC and the scintillator readout systems separately up to the point where the two data streams
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are merged. We organize the remaining chapters according to the flow of information, starting with
a charged particle passing through a single RPC module or scintillator bar and following the signal
through the data acquisition system. Details about the calibration of the SiPMs and the waveform-

sampling ASIC, as well as performance measurements form the last two chapters.
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CHAPTER 12
SCINTILLATOR READOUT ELECTRONICS

Charged particles passing through the KLM generate scintillation light in the scintillator strips.
Some of the light in each strip is absorbed by its central wavelength-shifting fiber. The wavelength
shifter is a material that absorbs light at a higher frequency and re-emits it at a lower frequency,
and it has a longer attenuation length than the plastic scintillator material. As the wavelength
shifter re-emits this light isotropically, photons emitted at angles less than the critical angle of the
fiber propagate to the ends of the fiber. When a photon hits one of the 667 pixels of the SiPM'
(each pixel is an avalanche photodiode), there is a ~20 % possibility that an avalanche forms. In
an avalanche, one photoelectron is rapidly amplified to ~750k electrons. Multiple photons can fire
multiple pixels and their outputs are combined in parallel. Current across quenching resistors in
the SiPM decreases the bias voltage across the photodiode and the avalanche(s) cease. The result
is a signal with a steep leading edge, a long tail, and an amplitude proportional to the number of
pixels that fired.

The following sections describe the electronics encountered by a signal on its way to the Belle 1T
data acquisition (DAQ) system [53]. Figure 12.1 depicts the multiplicity of each component in the

KLM readout and how each is connected.

'Hamamatsu s10362-13-050c

83



-_. Barrel Octant Hy N o 16x ;
(Endcap Y2 Quadrant) | i . ‘ g s OB :
Layer ; s | 28 = =9 5 :

1] - p— : C:s p— L]
| Module oy P2 JORE | > o ;

* o2 ¥ER o

] 6U crate : ' E M g '

o ' ©] :

. 9U crate : X 7 £ :

i £ & o Bellell
] Rt
TIIIIIITIIIIIIIITIIIIIIIIIIIIIIC S S =
: A é) o+ DAQ
E S - U %:
: /: S Yo ) éj :
H = & o — H
: —— E am = 2
: 15x 8 < 8 E
H — H
: P o —P T B :
’ § 22 E 88 % yg T 2¢ 2 ;
: '3 = e = Ol | i
7 (D] Lo o - a ey
i o | o 's S35 | = 8 9 ) i
i = A = O o " J 9 Ny '
' A J = N & 5} :
i g L g ) :
; S g8 = 5

Figure 12.1: Flow diagram of KLM readout. For each layer of each octant (8 forward and 8
backward), there is one RPC or scintillator module. In each layer of each endcap quadrant, there
are only scintillator modules. Each RPC module connects via ribbon cables to an RPC front-end
board in a 6U VME crate, while each scintillator module connects via ribbon cables to one RHIC-
and-motherboard combination in a 9U crate. In a barrel (endcap) scintillator module, there are 7
(10) preamplifier carriers and about 78 (exactly 150) SiPMs in each. In the barrel (endcap), 15 (7)
front-end boards connect to one Data Concentrator.

12.1 Preamplifiers

In each scintillator module, groups of 15 SiPMs are connected to a preamplifier carrier card via
twisted-pair cables, and, in turn, each carrier card is connected to the readout and control electronics
located at the top of the Belle I magnet yoke via two ribbon cables several meters in length. One
ribbon cable supplies a unique bias voltage to each SiPM, while the other delivers each preamplified
signal to the readout system.

We use a custom-designed preamplifier that is a fully-differential operational amplifier. Each is
assembled on a 2 cm by 2 cm printed circuit board that plugs edgewise into the preamplifier carrier
card. The gain of the preamplifier is large enough to resolve single-photoelectron pulses from a
SiPM. This was an oversight, perhaps, as even minimum-ionizing particles traversing the KLM
detector tend to saturate the preamplifier. While this large preamplifier gain enables measurement
of SiPM gain by using single-photon spectra, which we describe later, the saturation prevents us
from resolving the full pulse height of some hits during Belle II operation. Further, we cannot
measure the leading-edge time of a pulse by using a dynamic threshold that is set relative to the

pulse height. Rather, we opt to measure leading-edge time using a fixed threshold. The preamplifier
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input from a SiPM is indicated in Fig. 12.2 in the following section.

12.2 Ribbon Header Interface Card

All of the ribbon cables from a single scintillator module are connected to a single set of readout
and control electronics via the Ribbon Header Interface Card (RHIC). This circuit board connects
all of the preamplified signals to the scintillator motherboard, and it also has two octal 8-bit 5V
digital-to-analog converters” (DACs) for each group of 15 SiPMs to fine-tune the SiPM bias voltage
with a precision of 20mV. We refer to these as the HV-trim DACs.

Each DAC output is buffered through a charge-sensitive amplifier’ — the DAC drives the (—)
terminal, the (4) terminal terminates the SiPM, and the amplifier output serves as a current
monitor (Fig. 12.2). Each RHIC also contains a 2-pin high-voltage (HV) connector and distributes

the HV to all of the preamplifier carriers over the ribbon cables.

2Texas Instruments DAC088S085
3Texas Instruments LMV324
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Figure 12.2: Simplified schematic of SiPM bias and current monitor. Pink components, including
the preamplifier itself, are located inside a scintillator module and blue components are part of the
RHIC. The 5V DAC output is used to create a virtual termination for the SiPM via the inputs
of a charge-sensitive amplifier. This allows fine tuning of the gain in 20mV steps. The current
monitors of all channels are connected to the Standard Control and Read-Out Device (SCROD) via
multiplexers and an analog-to-digital converter. Their purpose is to monitor dark current of each
channel over the life of the experiment. SiPM output is captured by the inputs of the preamplifier
prior to being transmitted over the ribbon cables.

12.3 Scintillator Motherboard

Each RHIC is connected edge-to-edge with a scintillator motherboard that is installed in a 9U Versa
Module Eurocard (VME) crate (Fig. 12.3). The VME crate is only used for low-voltage supply
to the scintillator readout electronics. The scintillator motherboard has 10 TARGETX daughter
cards (waveform-sampling ASICs described in the next section) connected to its top. Each group of
15 SiPMs is routed to one daughter card. The motherboard is arranged in a two-bus configuration,
each with independent control circuits and each with 15 data lines. As the largest scintillator
modules (located in the endcaps) contain 75 vertical (x) strips and 75 horizontal (y) strips, this
two-bus configuration allows for the readout of x hits and y hits simultaneously. These buses are
routed to a single Standard Control and Read-Out Device (SCROD) board.
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Figure 12.3: Ribbon header interface card (RHIC) and scintillator motherboard. The RHIC Pro-
vides voltage to SiPMs and collects signals. It contains 20 octal DACs for setting the voltage. They
are 8-bit 5V DACs and are used to fine tune the ground side of the SiPM bias. The scintillator
motherboard has 10 TARGETX daughter cards and a SCROD mounted to it.

12.4 TARGETX Daughter Card and the TARGETX

Figure 12.4: TARGETX die photograph, TARGETX in its package, and TARGETX Daughter
Card.

The TARGETX (Fig. 12.4) is a waveform-sampling ASIC. The TARGETX daughter card
(Fig. 12.4) AC-couples the SiPM signals via transformers and provides over- and under-voltage
protection for the TARGETX inputs. Aside from containing various probe points for testing, its
sole purpose is to house a single TARGETX ASIC.

The TARGET (TeV Array Readout with GSa/s sampling and Event Trigger) series of ASICs
was originally designed for the readout of Cherenkov cameras[54]. The TARGETX is the latest
version of TARGET and was designed specifically for KLM scintillator-based readout to include
triggering capabilities. It is a 16-channel® analog storage device, capable of sampling at 1 GHz using
214 sample-storage cells per channel, allowing it to store 16.384 s of analog data. Every channel has

two switched-capacitor sampling arrays of 32 sampling capacitors each; while one array is sampling

4KLM only uses 15 TARGETX channels. The 16th channel of each ASIC is used for bench testing.
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the other is being transferred to a capacitor-based analog-storage array. Each channel’s storage
array is composed of 512 windows of 32 storage capacitors each. Storage takes place in a round-
robin fashion, always moving the write-address pointer sequentially across the storage windows.
The write pointer can be synchronized with the user’s application by asserting a clear signal thus
resetting the write address to zero. To prevent overwriting, the user can deassert the write-enable
signal as the write pointer moves across some region of interest, but this will cause some dead
time as incoming samples will have nowhere to be written. Each channel also has a fast trigger
output with a programmable 12-bit trigger threshold. Finally, for digitization, the TARGETX
uses a Wilkinson analog-to-digital converter (ADC). There is one Wilkinson ramp generator and
32 fast Gray-code counters per channel allowing all 32 samples of a selected storage window to be
digitized simultaneously on all 16 channels. The device has one data-out pin per channel and a
14-bit address select bus; hence, data from all of its channels can be shifted out in parallel, starting
and stopping on any of the 2'4 storage cells desired. Refs. [54, 55, 56] provide more information
about the TARGET series of ASICs.

12.5 Standard Control and Read Out Device (SCROD) Board

GyAS QO¥DS .

Figure 12.5: A SCROD board. This board is basically the command center for the scintillator
readout electronics. It controls up to 10 TARGETX ASICs all the while listening for triggers and
command words, processing waveform data, and delivering data packets.

Also connected to the top of the motherboard is the final piece of dedicated readout electronics
for the scintillator system, the SCROD (Fig. 12.5). This board contains one field-programmable
gate array (FPGA)” and serves as the interface to the rest of the Belle II readout system. Global
(detector-wide) synchronous clock and global trigger arrive via low-voltage differential signals over
network cables to one registered-jack 45 (RJ45) connector on the SCROD. A second RJ45 brings

®Xilinx Spartan-6 XLS-150T
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in the JTAG (joint-test action group) signals needed for reprogramming the FPGA. Lastly, a serial
fiber transceiver provides two-way communication with the rest of the detector’s readout system.
It can operate using either an external clock source or its onboard oscillator by the addition of a
jumper resistor. A static random-access memory chip (SRAM)", which is used in its 4 M by 8-bit
configuration, provides additional storage for the FPGA.

STnfineon Technologies CY62177EV30
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CHAPTER 13
SCINTILLATOR READOUT FIRMWARE

Control of 10 TARGETX ASICs, waveform readout and processing, L0 trigger buffering, and
L1 trigger processing are all managed by a single SCROD (LO refers to channel self triggers from
the TARGETX while L1 refers to triggers from the Belle II global decision logic, basically a request
to the front-end electronics to check their buffers and report any hits within the time window of
interest).

The firmware can be described by breaking it into two principal paths through which data
flows. These two main paths are the L0 trigger path and the digital waveform path. In Fig. 13.1,
these two paths are colored orange and yellow, respectively. For brevity, peripheral processes like

the configuration and status register interface, phase-locked global clock input, fiber transceiver

interface, and SRAM access are not discussed.
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Figure 13.1: Block diagram depicting the layout of the SCROD firmware. The core entity of the
waveform readout logic is duplicated twice, once for each bus of five TARGETX ASICs. Similarly,
the storage entity is duplicated 15 times on each bus since all 15 channels of a TARGETX can be
read out simultaneously

90



13.1 LO Trigger Path

In the TARGETX, the analog input of each channel is tied to one input of a comparator. The
comparator reference input is the programmable trigger threshold. When the analog input crosses
the threshold, the comparator triggers a fixed-length digital pulse generated by a one-shot timer.
One-shots from all 15 channels are fed into an address encoder, and finally delivered to the FPGA
using five trigger bits. Four bits are sufficient to encode 15 channels by reporting the channel
number in binary. Sixteen-channel encoding is not possible because zero is reserved for the case
when there are no triggers. The fifth (most significant) trigger bit handles the case when more
than one channel fires simultaneously on a single TARGETX. In this case, trigger bit 5 is held
high and the first four (least significant) bits encode which group of 4(3) channels may have been
hit (the last group contains 3 channels). For example, the five-bit pattern 0b10001 means multiple
channels in the first group (channels 1, 2, 3, and 4) have been hit, while the five-bit pattern 0b11100
means multiple channels in the last two groups (channels 9 through 15) have been hit. We refer to
these as multi-channel hits. For such hits, waveform digitization is required to disambiguate which
channels in the channel groups actually had hits. If waveform digitization is not used, the detector
resolution is degraded from 4 cm to 16 cm, and the number of strips hit in each group is unknown.

When LO triggers from any of the TARGETX ASICs on the motherboard arrive at the FPGA,
they are copied, timestamped, and split into two paths. One path performs time ordering of the
hits and sends the time-ordered hit information via fiber optics to the Data Concentrator. These
hits are transmitted to the Belle II trigger decision logic. The other path timestamps the bits
again, this time using the TARGETX write address, and writes them to a FIFO (first-in first-out),
where they wait to either be matched to an L1 trigger and go on to digitization, or to exceed the
maximum look-back time and be cleared from the FIFO. There is one such FIFO allocated for each
of the 10 TARGETX ASICs.

13.2 L1 Trigger Handling

After an LO trigger is sent, the Belle II global trigger logic calculates (based on L0 triggers from
all of the subdetectors) whether or not a global (L1) trigger should be issued. The latency of this
decision is fixed, so when a trigger is issued, every subdetector only need look back a finite amount
of time (less than 5ns) to see if there were any corresponding L0 triggers within that time frame.

When an L1 trigger is received, the SCROD firmware quickly checks its hit buffer and earmarks
any hits for digitization. The first step is to set up a mask over the region of interest to prevent
the TARGETX from overwriting the analog storage cells before digitization can finish. If more L1
triggers are received while a previous one is being digitized, they are also masked immediately and
earmarked for later digitization. To prevent event pileup, the digitization queue has a programmable

threshold at which it will forego digitization in order to catch up. When this threshold is reached
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and a previous L1 trigger has just finished processing, the remaining jobs in the queue are processed
in stmple mode, wherein hit time is just the timestamp of the LO trigger, pulse height is reported
as zero, and one extra bit within the data packet is toggled to indicate that waveform digitization
was not carried out for that hit.

Simulation tests verify that this scheme allows the SCROD firmware to keep pace with a 30 kHz
L1 trigger rate (Poisson-distributed with a minimum of 200 ns between consecutive L1 triggers),
the requirement for Belle IT unified readout-system design [57]. Analysis of physics data taken at a
luminosity of 1.9 x 1034 cm™2s~! and with an L1 trigger rate of 2.8 kHz shows that digitization is
skipped for only 0.4 % of hits.

13.3 Digitization

To fetch waveforms from the TARGETX analog memory, the SCROD firmware asserts a 9-bit
window address to each and enables a Wilkinson ramp on one or more of them. The 32 samples
in a given storage window are digitized simultaneously. The time required to digitize depends on
the slope of the Wilkinson ramp, which is tunable and can range from less than one microsecond
to many tens of microseconds. Tuning of the Wilkinson ramp is described in Section 16.1.

When ADC conversion is finished, the SCROD firmware supplies a shift-register clock to one
TARGETX and reads back all 15 channels in parallel, one bit at a time. While all 10 TARGETX
ASICs can be digitized simultaneously, data can only be shifted out from two of them at a time
(one on each bus). Of the 32 samples digitized for a given window, a 5-bit sample select signal
is asserted to choose which sample to shift out. Once a sample is shifted from an ASIC to the
SCROD, it is written to a FIFO ( Waveform FIFOs). A total of 150 FIFOs (each 12-bit wide and
512-bit deep) are allocated for this purpose — one for each channel on the motherboard.

The region of interest (ROI) is calculated by the SCROD firmware in advance based on the
timestamp of the LO trigger. It may be contained in one storage window or span several storage
windows. In the latter case, as in Fig. 13.2, each window must be digitized and shifted out in
sequence. The use of one FIFO per channel avoids complications that would arise from multiplexing
data across multiple channels and ASICs.

A register in the SCROD firmware sets the number of samples to read out. The minimum
number of samples is four, limited by the ROI calculation logic, and the maximum is 512, limited
by the depth of the waveform FIFOs. Another register sets a sample-number offset relative to
the LO timestamp. This allows fine-tuning of the lookback time — just as one would turn the
horizontal-translation knob on an oscilloscope to center their signal in the screen.

Before analyzing the waveforms, they must be cleaned up. Every storage cell in the TARGETX
has a slightly different DC offset, known as the pedestal voltage. The pedestal voltage for each
storage cell must be measured beforehand in a calibration sequence so that it can later be subtracted
from the waveform. Another 150 FIFOs (also 12-bit by 512-bit) are allocated for the waveform
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Figure 13.2: Depiction of lookback time, region of interest, and TARGETX storage windows. In
this example, the initial hit is timestamped (LO trigger) in the firmware at the end of storage
window number 32. After an L1 trigger is issued, the lookback region is calculated and the hit
buffer is checked for hits. Since there is a hit contained in the lookback region, the region of interest
is calculated, and in this case, it spans the boundary of windows 32 and 33, so both windows must
be digitized.

pedestal subtractions.
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13.4 Pedestal Management

Pedestals are stored on the SCROD’s 4 Mx8-bit static RAM (SRAM) chip. Whether reading or
writing, SRAM access takes 55 ns per address. Since TARGETX samples have a 12-bit resolution,
pedestal values for two sample cells are stored over three SRAM addresses. On the FPGA, the
logic for reading and writing the waveform and pedestal FIFOs contains a normal (data acquisition)
mode and a measurement mode.

In the normal mode, while the region of interest is being digitized and shifted out by the digi-
tization logic, another firmware entity begins fetching pedestal values from the SRAM and writing
them to the pedestal FIFOs. As there is only one SRAM to store pedestals for all ten TARGETX
ASICs, pedestal reading necessarily happens sequentially. If a TARGETX ASIC experiences a
multi-channel hit, pedestals must be fetched for every channel that may have been hit (between 3
and 15 channels, depending on the trigger-bit pattern on the multi-channel hit). Pedestal reading
generally takes less time than shifting out waveforms from the TARGETX ASICs, but in the case
of a multi-channel hit with a trigger bit pattern requiring several channels to be checked, e.g.,
0b11111, SRAM access becomes the bottleneck.

The firmware entity responsible for pedestal reading has a fair arbiter that prioritizes SRAM
scheduling for one channel on one bus, and then one channel on the opposite bus. It remembers
which bus was serviced last and services the opposite bus next if arbitration between the two buses
is required. This feature was added to prevent biasing one bus over the other in case a make-
haste signal is applied and some hits in an event have to forego both digitization and/or feature
extraction. Such a signal is not implemented at this time but may be required in the future when

SuperKEKB luminosity, detector background rates, and L1 trigger rates all increase.

12- blt d Add SRAM
Sample fcaerte Pe‘%%%al Write >

Figure 13.3: Resource-saving scheme to use existing FIFOs for measuring pedestals. Concatenating
inputs and outputs of two 12-bit FIFOs allows pedestals to be measured up to 2'2 times. A shift
register performs the averaging.

In measurement mode, the firmware hijacks the digitization machinery described above, the
voltage of each storage cell is measured many times (up to 2'2), and the average pedestal values
are written to the SRAM. This must be done in advance, with the HV turned off, so that the
values are available during data taking. In this configuration (Fig. 13.3), inputs and outputs of one
waveform FIFO and one pedestal FIFO are concatenated to make a single 24-bit wide FIFO. Prior
to pedestal measurement, all the FIFOs are primed with 32 writes of the value zero (the number

of samples in a TARGETX storage window). During pedestal measurement, a command to write
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to the FIFOs causes them to first be read once, their 24-bit output is added to the 12-bit sample,
and the sum is written back into the FIFOs. It is repeated 2V times for each of the 512 storage
windows, where N is set by a SCROD register. Averaging is achieved by shifting the 24-bit result
to the right A/ times and then keeping the 12 least-significant bits.

13.5 Feature Extraction

While processing an L1 trigger, the feature extraction entity is enabled as soon as any of the
channels have both their associated waveform and pedestal FIFOs ready. The two FIFOs are
read in tandem and the pedestals are subtracted from the waveform samples. To avoid the use of

negative numbers, a baseline value of 3072 (3/4 full scale) is added to each sample during pedestal

subtraction.
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Figure 13.4: Example waveforms showing the SCROD firmware’s feature-extraction algorithm.
Left: Normal pulse. The sample closest to the discrimination threshold is recorded as leading-edge
time. The baseline minus the global minimum is recorded as pulse height. The outlier is rejected.
Right: Pulse that saturated its preamplifier as can be seen by the plateau shape.

Leading-edge time is measured using constant-value discrimination with linear interpolation
to find the sample nearest the threshold. Constant fraction discrimination is not used due to
the saturation of the preamplifiers for very large pulses (Fig. 13.4). Pulse height is measured by
finding the global minimum (pulses are negative going), requiring equal or larger samples on either
side, and recording its magnitude with respect to the baseline. An outlier monitor discards any
potential minimum sample that is further than 128 ADC counts from the average of its two neighbor
samples. Outliers may occur if there is a bit error when shifting a sample out of the TARGETX. If

a small pulse does not cross the discrimination threshold, the time of the minimum is substituted
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for the leading-edge time. If a global minimum is not found (waveform is constantly increasing or
decreasing), then the last sample is used for the pulse height. Time and pulse height are written
to a data packet, and sent over a Xilinx Aurora data link to the Data Concentrator.

At the same time (for calibration purposes) the waveform is written to a debugging FIFO, and
the measured pulse height is written to a histogram, both of which can be read back through the
register interface. Three debugging FIFO modes are available: write the waveform with pedestal
subtraction, write the waveform without pedestal subtraction, and write the pedestals only.

Once all valid channels in the event have been processed, the remaining waveform FIFOs cor-
responding to channels that did not have valid hits but were shifted out of the TARGETX anyway
are all read until they are empty, so that the firmware is ready to process the next event in the

queue.
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CHAPTER 14
RPC FRONT-END BOARD

RPC signals are generated when a charged particle leaves an ionization trail in the gas gap of an
RPC module. The strong electric field creates an avalanche, and electric current is induced on the
two orthogonal readout-strip planes in the vicinity of the avalanche. Like the scintillator readout,
the RPC readout relies on ribbon cables to transport the signal to the readout electronics. Unlike the
scintillator readout, the RPC readout is not instrumented with waveform digitizers. It discriminates

the signal and timestamps it before transmitting the timestamp to the Data Concentrator.
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Figure 14.1: Schematic of an RPC front-end board and its firmware. It has two FPGAs, each one
handling 48 RPC channels. Signals from RPC channels that exceed the programmable digitization
threshold are timestamped and transmitted over the VME backplane to the Data Concentrator.
There are 13 RPC front-end boards per Data Concentrator in the barrel region of the KLLM detector.

A hit is formed when an electric pulse from an RPC readout strip exceeds a discrimination
threshold set by a DAC' on the RPC front-end board. The basic layout of the RPC front-end board
and its firmware is depicted in Fig. 14.1. In the RPC front-end firmware, hits are timestamped in a
time-to-digital conversion (TDC) module with a resolution of 3.94 ns (2xsystem clock). Each RPC
front-end board contains 96 line receivers and discriminator channels, 48 per front-panel (ribbon
cable) connector. Channels 1-48 connect to negative RPC pulses while channels 49-96 connect to
positive RPC pulses. An analog test pulser provides an independent built-in test of each channel.
Two FPGAs? are used for discriminator control and timestamp generation. These FPGAs are
configured over the backplane using SERA/A08/A09. The threshold and pulser are operated with

run control commands over the Belle2Link. The discriminators only generate a rising edge for the

! Analog Devices LTC2636
2Xilinx Spartan-6 XC6SLX25
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FPGA timestamp generator. Hits are also time ordered, using their timestamps, to simplify event

building in the Data Concentrator.
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Figure 14.2: Custom backplane protocol using rotary switches to address a demultiplexer and
communication over 5-bit buses using GTLP.

Hits are transmitted to the Data Concentrator over the VME backplane using a custom protocol.
The backplane termination voltage is lowered to 2.6 V for GTLP (Gunning Transceiver Logic Plus).
TDC data is transmitted over dedicated 5-bit buses. Each 5-bit bus is 1-13 demultiplexed to the
desired slot /position which corresponds to its layer. The position is selected by a hex rotary switch
on the RPC front-end board which must be set during installation (Fig. 14.2).
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CHAPTER 15
THE DATA CONCENTRATOR

Figure 15.1: Left: RPC front-end board. Right: Data Concentrator.

Each Data Concentrator (Fig. 15.1) contains nine serial fiber transceivers, two RJ45 connectors,
and a single FPGA.! It collects data packets from either two scintillator modules over fiber and
thirteen RPC modules over a VME backplane in the barrel region, or from six to seven scintillator
modules (all over fiber) in the endcap regions. Two additional fiber transceivers are used to transmit
hit packets to the Belle IT data acquisition system and to transmit trigger packets to the Belle 11
trigger decision system, respectively. One RJ45 provides clock and trigger inputs while the other
is used for FPGA programming. A block diagram of the Data Concentrator firmware is depicted
in Fig. 15.2

For any particular L1 trigger, the Data Concentrator gathers any RPC packets it has and then
waits for each connected SCROD to respond with either a valid or null data packet. The combined
data packets are then sent to the Belle IT data acquisition (DAQ) system via fiber using a custom
protocol called Belle2Link.

For sending configuration data packets to the front-end electronics, the Belle2Link protocol is
also used. Further, to send data to the SCRODs, the Data Concentrator translates everything from
Belle2Link and passes it on to the SCROD via the Xilinx Aurora protocol.

Xilinx Virtex-6 XC6VLX75T
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Figure 15.2: Flow chart depicting the top level of the Data Concentrator firmware. The blue
(orange) arrows represent the data path (trigger path). Clock distribution, register interface, and
fiber transceiver interface omitted.
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CHAPTER 16
CALIBRATION OF THE TARGETX ASICS AND SIPMS

The TARGETX ASIC has 61 registers for device calibration. Fifteen registers set the width of
the trigger bit pulses from the one-shot circuits, another 15 set the trigger threshold comparators
for each channel, and one register enables a test pattern. The remaining 30 registers are used to
optimize the performance of the TARGETX. Of these 30 remaining registers, some are for tuning
the shape of the Wilkinson ramp, some for timing of sample storage and addressing, and some for
time-base corrections. The initial tuning of these registers is described in Ref. [58]. Further, on the
RHIC, there is one 5V 8-bit DAC for fine-tuning the SiPM gain on each channel.

16.1 Wilkinson Ramp Tuning

The TARGETX ASIC uses a Wilkinson ADC to digitize its analog samples. During digitization,
one input of a comparator is driven by the sample cell that is being digitized and the other by a
linearly increasing voltage source (the Wilkinson ramp). The time it takes for the ramp voltage
to reach the sample voltage is proportional to the sample voltage. When the ramp begins, a 12-
bit Gray-code counter is activated. When the ramp exceeds the sample voltage, the comparator
output latches the Gray-code counter to its present value. We refer to this value as the number
of Wilkinson ADC counts — a digital value that corresponds to the voltage of the sample. The
Wilkinson clock that increments the Gray-code counter is provided over low-voltage differential
signals generated by the SCROD FPGA.

In the TARGETX ASIC, the I-select register controls the slope of the Wilkinson ramp, and the
V-discharge register controls the starting voltage of the ramp (Fig. 16.1:left). Increasing I-select
decreases the slope. We measure the behavior of I-select by turning off the HV and digitizing
samples corresponding to the input offset voltage of the TARGETX channels, which is set at about
3/4 of the dynamic range for TARGETX inputs. We measure the mean number of Wilkinson ADC
counts for groups of 32 samples at every I-select setting. At higher values of I-select, and with
a Wilkinson clock period of 7.87ns, the input offset voltage is high enough that the Wilkinson
counter exceeds its maximum and continues counting from zero. In the measurement, we correct
this overflow in software (Fig. 16.1:right). The quadratic shape below Vp /2 is characteristic of the
P-channel MOSFET that is driving the ramp generator. We select a value for I-select within this
quadratic band that maximizes the dynamic range of the Wilkinson ADC without overrunning it.

One unfortunate design flaw of the preamplifiers is that they were optimized for single-pixel
detection, yet they saturate quite easily when a large number of SiPM pixels fire in tandem, causing
the negative-going SiPM pulse to have a flat bottom rather than a well-defined extremum. This

hardware choice could not be changed, so with this in mind, we set V-discharge so that saturated

101



/ é 80001 t 11t 32-sample mean }
sample : § —  Quadratic fit N
. | & 6000 !
: | - ;
S l = 40001 g
- ¢ 3
g | = ’
5, — ismall [-select, =2 20001
EI fewer counts =
S T O T T T T
0 1000 1500 2000 2500
Time [-select (DAC steps)

Figure 16.1: Left: Wilkinson ADC principle. A counter is enabled when the ramp begins and
continues counting until the ramp exceeds the sample voltage. The discharge voltage of the ramp
generator sets the starting voltage. Lower values of I-select make steeper slopes, which leads to
shorter digitization times and fewer Wilkinson ADC counts. Right: Measured baseline as a function
of ramp slope. Baseline refers to a constant-voltage input without signal present. Quadratic
behavior reflects saturation mode of a p-type FET at drive strengths below Vp/2. The 12-bit
Gray-code counter overflows twice near the end of the scan. The data was overflow corrected at
intervals of 2'2, hence the larger error bars near these boundaries. Also, outlier samples are more
common near 2'' ADC counts hence the remaining larger error bars.

pulses will have a minimum near zero Wilkinson ADC counts. This choice allows for quicker

digitization times.

16.2 Aligning the Trigger Threshold Baseline

The analog input of each TARGETX channel is not only sampled by the sampling array but also
provides one input of the trigger-threshold comparator. The other input is provided by a 12-bit
DAC. These trigger-threshold DAC settings are each tuned independently. Nominally, all of the 15
analog inputs would have the same DC offset, and the trigger-threshold DACs would be identical.
In practice, however, there is variance.

The first step to aligning all channels is to turn the HV off and measure the frequency of trigger
bits versus the trigger-threshold DAC setting for each channel (Fig. 16.2). This is done in firmware
by counting the number of trigger bits within a programmable time interval, then reading out the
count via the status register interface. The result is a normal distribution centered on the value of
interest. The average width of all the distributions is 1.495(22) trigger DAC steps.

This measurement provides the trigger threshold that corresponds to zero pixels hit on the
SiPM. We call this the trigger-threshold baseline value. This measurement is performed on all
18,560 installed channels and saved to a database. A histogram of the measured baseline values for

all channels is shown on the left of Fig. 16.3. Ultimately, we want to tune the trigger threshold to
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Figure 16.2: The variable x refers to the trigger-threshold DAC setting of any particular channel.
Left: Sum of all baseline scans divided by number of installed channels. Right: Histogram of all
the scans in order to demonstrate the variance between all installed TARGETX channels.

a value that corresponds to a predetermined number of fired pixels from the SiPM. However, the

voltage seen by a single pixel depends on the gain of the SiPM.

16.3 Coarse Gain Adjustment

Before finely tuning the gain on more than 18,000 channels, it is prudent to first perform a coarse
measurement to get close to the desired value. According to the SiPM vendor, at a 70V bias, the
frequency of SiPM pulses larger than 1.2 pixels is 75 kHz, and 750 kHz for 0.5 pixels, respectively.
Extensive testing on a few channels pinned down a trigger-threshold DAC setting of 35 below the
baseline value as corresponding to a trigger threshold of 1.2 pixels.

Because the low side of the SiPM bias voltage is set with an 8-bit 5V DAC, we set the high
side of all SiPMs to 73V — about 1V to 5V above the breakdown. Now, with knowledge of the
trigger-threshold baseline value from the previous section, we set each channel’s trigger threshold
DAC to 35 below its baseline value, and we measure the trigger bit frequency versus the HV-trim
DAC setting. We select the DAC setting that yields a trigger-bit frequency closest to 75 kHz as the
coarse setting. A histogram of the best HV-trim DAC values and corresponding frequencies for all

channels is shown on the right of Fig. 16.3.
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Figure 16.3: Left: Histogram of HV trim DAC values for all installed channels. Right: Histogram
of coarse HV-trim DAC adjustment and corresponding trigger scalar frequency for each (when the
trigger thresholds are set to 35 trigger DAC steps below the baseline value).

16.4 Normalizing Gain on All SiPMs

Single-photon spectra (SPS) are one way to measure gain (Fig. 16.4). We use a histogram of pulse
height measurements for this. Each peak in the spectrum corresponds to a number of pixels fired.
The separation between adjacent peaks is the gain of the SiPM plus preamplifier. To set the gain
uniformly on all channels, we need to know the gain as a function of the HV-trim DAC setting.
This requires many SPS and many fits. Ordinarily, this is achieved by using a calibration source
such as an LED, and a climate chamber can allow for testing at different temperatures.

The KLM detector was designed without calibration sources in mind. This leaves the inherent
dark rate of the SiPM as the only means of measuring gain. A further complication is encountered
in the data acquisition system: the Data Concentrator firmware and the readout PC were designed
to accept 8-byte packets from the scintillator front end, not waveforms. Finally, whatever procedure
is used, it must be repeated on all 18,560 channels. To overcome these issues, we record SPS in
firmware by keeping a histogram of waveform peak measurements in the FPGA’s block RAM. Each
address in the allocated RAM corresponds to one bin of the histogram, and filling the histogram
just requires reading the RAM, adding 1, and writing again.

To make the measurement, a special reset signal clears the SPS RAM contents, and trigger
thresholds are turned off for all but one channel on the motherboard, which is set at a threshold of
about one photoelectron. The firmware is configured in self-triggering mode, and pulse-height data
is collected for 90 seconds. In this way, all 150 channels on a motherboard can be measured in 225
minutes. Offline software executes the measurement on all installed motherboards in parallel.

While the experiment hall is climate-controlled, some daily and seasonal variation in temper-
ature is expected. Seasonal variation is mitigated by performing the calibration all at once. The
absolute gain will fluctuate due to seasonal variation, but normalization across all channels should

not be affected. Daily variation in temperature cannot be mitigated.
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Figure 16.4: Example of darkrate-based single-photon spectrum. The trigger threshold is set to
about one PE, which has the effect of diminishing the first two photo peaks. The best fit to a
function with six peaks is drawn on top of the data.

After each 90s measurement, the RAM contents are read out using the register interface for
offline analysis. The procedure is repeated at different bias voltages over the range of 2V to 3V
past breakdown to establish gain as a function of bias voltage for each channel.

We fit each SPS using a function that is a sum of Gaussian distributions which are regularly

spaced by the parameter a¢ and whose amplitudes decrease by a power law x*, 0 < y < 1:

Npp , —la—Gotkag)?
fl@) =AY xre eotkon? (16.1)
k=1

where Y is the optical crosstalk probability, ¢ is a pedestal offset, oy describes electronic noise and
ADC resolution, and o1 scales with the number of pixels fired. The only purpose of the fit is to
extract the parameter ag, i.e., the gain in units of ADC counts per photoelectron. The power law
stems from crosstalk between pixels. This is due to infrared photons created in the avalanche. If
these photons are emitted isotropically, then the probability that they will hit any other pixels is
given by a power law. The crosstalk probability also depends on how many infrared photons are
created in a typical avalanche, and on the quantum efficiency for converting infrared photons to
photoelectrons. These can all be lumped into the parameter y in the fit.

To measure gain as a function of bias voltage, we repeat the above procedure for different bias
voltages (Fig. 16.5). For 10 data points per channel, we have to perform 185,600 fits. A non-linear
least-squares minimizer is used. The fitting procedure is optimized by studying many examples.
The best results are achieved by fitting the logarithm of the number of entries to log(f(z)), and by
providing the minimizer with the loss function p(62) = 2(v/1 + 82 — 1), where p is the loss and § is
a residual. These choices improve the sensitivity of the fit to ag, the only parameter of interest.

The result of this procedure on all 18,560 channels is a converging linear fit on all but approxi-
mately 1,000 channels (Fig. 16.6). The mean gain slope is 15 ADC counts / PE /V, and the mean
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Figure 16.5: Left: Single-channel example of multiple gain fits at different SiPM bias voltages.
Right: Mean separation between peaks, ag, as a function of bias voltage.

breakdown voltage (z-intercept) is around 70V. After the fit procedure, for all channels with a
converged linear fit, the required HV-trim DAC value needed to achieve 30 ADC counts / PE is
calculated using the linear fit function, and these values are written to the KLM detector’s con-

figuration database. For the channels without a converged fit, the HV-trim DAC value from the

coarse gain adjustment is retained.
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Figure 16.6: Results of SiPM gain calibration. Left: Slope of ADC counts / photoelectron /V for
all installed SiPMs. The peak at zero corresponds to channels for which converging fits are not
obtained using the automated measuring and fitting setup. For these channels, the coarse HV-trim
DAC setting is retained. Right: z-intercept of each linear fit. This is the measured breakdown

voltage of each SiPM
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CHAPTER 17
PERFORMANCE

The hit time recorded by the firmware is delayed compared to the actual time that a particle
interacts with a KLM module. This is due to the signal transmission from the hit position to the
readout electronics. Because of the high background level expected at Belle II’s design luminosity,
precise measurement of hit time (#p) resolution is necessary. Precise timing will lead to better
reconstruction of tracks and K7, clusters. For a single-channel hit in the KLM detector, we define

to as,
to = Trec - (TO + Tﬁight + Tpropagation + Tcollect + Tcable)-

Here, T is the time of the hit recorded by the firmware and is important for reconstructing 2D hits
and subsequently tracks. The e*e™ collision time for each event is Ty (EventT0). We use EventT0
information from the Central Drift Chamber (CDC). The variable Thjgnt denotes the flight time of
the particle from the interaction point to the hit position in the KLM module. For each recorded
hit, Thignt is obtained by matching the KLM detector hit position to the extrapolated hit from CDC,
which indicates the relative distance from the beam line. The variable T} opagation is the charge
propagation (photon propagation) time for RPCs (scintillators) between the hit position and the
end of the strip (fiber). In the scintillators, it is estimated using Lpropagation/Ceff, Where Liropagation
is the propagation distance of the signal and ceg is the effective speed of light in the fiber. The time
between photoelectric conversion in a SiPM and leading-edge timestamping is Ttoject and depends
on the number of pixels fired in the SiPM. This contribution is small and currently treated as a
constant. Finally, Tcapie is the transmission time of the signal over the ribbon cables. The time
delay of KLM detector hits is mainly from the ribbon cables, which is different for each strip due
to the detector structure.

The distribution of Tcaple = Trec — (To+Tight + 7 propagation) for each strip is fitted with a Gaussian
function. The mean value of these Gaussian distributions is fitted with a constant function to obtain
the weighted global mean. The difference between the mean value of one strip and the global mean
value is used as the calibration constant for that strip and is stored in a database. In the Belle II
software framework [37], T¢aple values are subtracted when reconstructing the hits.

The results of the time calibration for data collected at the beginning of 2024 are shown in
Fig. 17.1. For ty resolution, we state the standard deviation and full width at half maximum
(FWHM). The ty resolutions (FWHMSs) for RPCs, barrel scintillators, and endcap scintillators
are 7.8ns (14.0ns), 5.4ns (5.6ns), and 4.7ns (3.8ns), respectively. The tails and asymmetric
shapes of these distributions are likely due to a combination of the calibration algorithm itself and

background hits. Currently, the algorithm does not account for the curvature of charged tracks
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within the Belle IT magnetic field, and background hits that are not associated with reconstructed

tracks in the KLM detector have not been removed.
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Figure 17.1: KLM hit time distributions for RPCs (left), barrel scintillators (middle), and endcap
scintillators (right). The full width at half maximum (FWHM) and the standard deviation are

indicated in each plot.
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CHAPTER 18
CONCLUSION

In Part I a feasibility study on the use of inclusive hadronic tagging to improve sensitivity on
B(B*T — KT7777) was presented. That the use of inclusive tagging to search for this rare de-
cay improves sensitivity by 1-2 orders of magnitude over the world’s leading measurement is very
promising. Most notably, we are pleased to show that we can achieve sensitivities that make it
possible to test some new physics scenarios where b — s77 processes are enhanced. With the
anticipated full Belle 2 dataset of 50 ab™! and continued development in software for particle iden-
tification, fake-rate reduction, and machine-learning techniques, it is hopeful that future analyses
can reduce the sensitivity by another two orders of magnitude. Observation of this decay before
we reach a sensitivity of 10~7 would be a smoking gun for new physics processes.

In our analysis, the largest source of background came from generic BB decays; future work
should focus on reducing this background. One possible improvement, which was suggested at too
late of a stage in this analysis for us to implement, would be to veto K* candidates that come
from D° — K*+7r— decays. Because this is a fully hadronic decay, a loose pion selection and tight
cut around the D mass should be very effective in removing this background. To that end, such a
veto should also include modes like D° — K~7t7%, DY - K—nftrtr—, D - K- ntatn— 7Y,
Dt - K—ntrt, and DY - K ntntn0.

In Part II, we described the implementation of a new electronic readout for the Belle II KLM
subsystem. A challenging task was the creation of readout firmware for the scintillator readout that
utilizes the waveform-digitization feature of the TARGETX ASIC at trigger rates up to 30kHz.
Having achieved this goal, we anticipate an improvement in particle identification for the KLM
subsystem. With waveform readout now working, we can disambiguate multi-channel hits from a
single ASIC, leading to improved track and cluster resolution. Waveform feature extraction has
the potential to improve the hit-time resolution to about 1mns, which will help with background
rejection. Knowledge of SiPM pulse heights may also unlock new analysis techniques, perhaps
incorporating pulse-height measurements to resolve low momentum muons from punch-through
pions which made it into the KLM detector.

A second challenge—to calibrate gains on more than 18,000 SiPMs that were installed without
any calibration sources—was resolved successfully. We deployed a procedure for efficiently recording
single-photon spectra in firmware, and we developed an automated fitting procedure to extract the
parameter of interest (the gain). We used the calibration results to homogenize the gain on more
than 17,000 of the installed SiPMs.

Future work is required to improve the stability of the waveform digitization. Improvements
in the fitting procedure or recollecting single-photon spectra on about 1,000 channels whose fits

did not converge should be considered. Additionally, a more sophisticated feature-extraction algo-
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rithm, such as a finite impulse response filter, may lead to further improvements in time and peak

resolution.
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APPENDIX A
RECONSTRUCTION SELECTIONS

A.1 Kaons
104, H 10"1, ﬁ 104, ﬁ :I K[TE’HTC]
— B°B°
) [ BB~
) 105 10%; B 10 B F qq (u,d, s)
= rﬁa_g-:EE |-’- “i"':EF _
o = — cc
\102, = — 1027 - 1027 _‘_,_‘_,_4—
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Figure A.1: Likelihood variables used for K+ selection in the K[7]["e] mode.

Table A.1: Average candidate multiplicity per event/retention for selections made to the signal
kaon particle list in the K["¢|[7e] mode. The function f(dr,dz,pr) is a dynamic ellipsoid around
the interaction point with size inversely proportional to transverse momentum.

Selection Unit B, B, BB’ BYB™  uil, dd, s§ cc
10.6/0.991 15.7/0.994 14.6/0.994 10.7/0.951 11.8/0.962

1 6in CDC Acceptance - 9.8/0.991 14.1/0.994 13.2/0.994 10.0/0.951 10.8/0.962
2 7> 03 - 3.0/0975 41/0977 4.0/0979 3.5/0928 3.6/0.944
3 o > 04 - 21/0928 25/0.859 24/0.879 21/0.737 2.2/0.822
4 > 04 - 20/0918 23/0.838 23/0861 2.0/0.703 2.1/0.800
5  f(dr,dz,pr)<4® om  1.6/0836 1.6/0.684 1.7/0.732 1.5/0.553 1.6/0.653
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Figure A.2: Likelihood variables used for K* selection in the K[7u][7u] mode.

Table A.2: Average candidate multiplicity per event/retention for selections made to the signal
kaon particle list in the K[7u]["u] mode. The function f(dr,dz,pr) is a dynamic ellipsoid around
the interaction point with size inversely proportional to transverse momentum.

Selection Unit B, Bihe BB BYB~  wa, dd, s5 cc
10.5/0.991 15.7/0.994 14.6/0.994 10.7/0.951 11.8/0.962
1 0 in CDC Acceptance - 9.7/0.991 14.1/0.994 13.2/0.994 10.0/0.951 10.8/0.962
2 ﬁ > 0.3 - 34/0982 4.1/0977 4.0/0979 3.5/0.928 3.6/0.944
3 #f:ﬁu > 0.4 - 2.1/0926 25/0.859 2.4/0.879 2.1/0.737 2.2/0.822
4 c,ffc,r > 0.4 - 2.0/0915 2.3/0.838 2.3/0.861 2.0/0.703  2.1/0.800
5 f(dr,dz, pr) < 42 cm 1.6 /0.836 1.6 /0.684 1.7/0.732 1.5/0.552 1.6 /0.654
104 ﬂ 10*4 ﬂ 10*4 ﬂ — K[Te][Tu]
1 B°B°
103 5 | 10°; 10° [ B'B-
g_ | o ] — qij (u,d, s)
21024 102 L'JJJJ 1024 ::L'_I_n_l_,J e
10 10! _|J_ 10" 5 |
10° ‘ ’—HJ_I_‘ : 100 ‘ ‘ : 100 ‘ ‘ ‘ ‘
0.00 025 050 075 100 000 025 050 075 100 000 025 050 075 1.00
Kt llrffﬁe " Crffﬁu " Ll\'ﬁfﬁw

Figure A.3: Likelihood variables used for K* selection in the K|["e]["u] mode.
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Table A.3: Average candidate multiplicity per event/retention for selections made to the signal
kaon particle list in the K["¢|["u] mode. The function f(dr,dz,pr) is a dynamic ellipsoid around
the interaction point with size inversely proportional to transverse momentum.

Selection

Unit

BT BT

BYRBO

B*B~

ul, dd, ss

sig™—tag cc
10.5/0.992 15.7/0.994 14.6/0.994 10.7/0.951 11.8/0.962
1 6 in CDC Acceptance - 9.7/0.992 14.1/0.994 13.2/0.994 10.0/0.951 10.8/0.962
2 ﬁ > 0.3 - 3.2/0.979 4.1/0.977 4.0/0.979 3.5/0.928 3.6/0.944
3 LKifr{LH > 0.4 - 2.1/0.926 2.5/0.859 2.4/0.879 2.1/0.737 2.2/0.822
4 E}(ﬁfﬁw > 0.4 - 2.0/0.916 2.3/0.838 2.3/0.861 2.0/0.703 2.1/0.799
5 f(dr,dz, pr) < 42 cm 1.6 /0.835 1.6 /0.684 1.7/0.732 1.5/0.552 1.6 /0.653
104 10%4 104 — K[TM][TC]
ﬂ ﬂ ﬂ 1 B°B°
10?5 107 10° 4 [ B*B-
3 FIJ;L“:‘—EA:‘_F qq (u,d, s)
102+ 1024 102 | &
‘Z __ —
10" 5 10" 5 101 5
100 : : 100 : ‘ : . 100 ‘ ‘ ‘ ‘
0.00 0.25 0.50 1.00 0.00 025 050 0.75 1.00 0.00 025 050 0.75 1.00
L L K* 5oz

Figure A.4: Likelihood variables used for K* selection in the K[7u]["e] mode.

Table A.4: Average candidate multiplicity per event/retention for selections made to the signal
kaon particle list in the K[7u]["e] mode. The function f(dr,dz, pr) is a dynamic ellipsoid around
the interaction point with size inversely proportional to transverse momentum.

Selection Unit By, B BB BYB~  wua, dd, s5 e
10.5/0.991 15.7/0.994 14.6/0.994 10.7/0.951 11.8/0.962

1 6in CDC Acceptance - 9.8/0.991 14.1/0.994 13.2/0.994 10.0/0.951 10.8/0.962
2 ﬁ > 0.3 - 3.2/0.979  4.1/0.977 4.0/0979 3.5/0.928 3.6/0.944
3 ﬁ > 04 - 21/0.927 25/0.859 24/0879 21/0.737 2.2/0.822
4 Elffﬁw > 0.4 - 2.0/0915 23/0.838 23/0.861 2.0/0.703 2.1/0.799
5  f(dr,dz,pr) < 42 em  1.6/0.833 1.6/0.684 1.7/0.732 1.5/0.552 1.6/0.653
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A.2 Leptons
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Figure A.5: Variables used for et selection in the K[]["] mode.
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Table A.5: Average candidate multiplicity per event/retention for selections made to the signal

electron particle list in the K[7e]["e] mode.

Selection Unit B, B, BB BTB™  ui, dd, s§ cc

10.6 /0.991 15.7/0.994 14.6/0.994 10.7/0.951 11.8/0.962

1 6 in KLM Acceptance - 9.8 / 0.991 14.1 / 0.994 13.2 / 0.994 10.0 / 0.951 10.8/0.962
2 p>0.25 GV 71/0.991 89/0.994 88/0.994 7.3/0.951 7.6/0.962
3 dr < 0.5 cm 6.0/0.991 6.9/0.994 6.9/0.994 5.9/0.951 6.0/0.962
4 |dZ| <15 cm 5.7/0.991 6.5/0.994 6.5/0.994 5.6/0.951 5.7/0.962

+
¢+ 1D (BDT) > 0.3

5 or ¢ ID > 0.6 - 1.9 /0.956 1.2/0.353 1.2/0.342 1.2/0.087 1.1/0.183
6 x| < 1.9 GV 18/0.955 1.2/0340 1.2/0.327 1.2/0.083 1.1/0.176

Table A.6: Average candidate multiplicity per event/retention for selections made to the signal
muon particle list in the K[7u|["u] mode.

Selection Unit BsiigB,ig BB BYB~  wua, dd, s3 cc
10.5/0.991 15.7/0.994 14.6/0.994 10.7/0.951 11.8/0.962

1 0 in KLM Acceptance - 9.7/0.991 14.1/0.994 13.2/0.994 10.0/0.951 10.8/0.962
2 p> 0.6 GV 3970988 3.9/0986 3.9/0.988 3.9/0.942 3.9/0.951
3 dr < 2.0 cm 3.7/0987 3.6/0982 3.7/0.985 3.7/0.939 3.6/0.948
4 ldz| < 4.0 cm  3.6/0.98 3.4/0.979 3.5/0.982 3.6/0.936 3.5/0.944

+

5 “Orﬂzgg? 0%92'4 - 13/0638 1.1/0203 1.1/0209 1.0/0.039 1.0/0.086
6 5] < 1.9 GV 13/0633 1.1/0187 1.1/0190 1.0/0.036 1.0/0.079

Table A.7: Average candidate multiplicity per event/retention for selections made to the signal

electron particle list in the K[7e]["u] mode.

Selection Unit B, B, BB’ BTB™  ui, dd, s§ cc

10.5/0.092 15.7/0.994 14.6/0.994 10.7/0.951 11.8/0.962

1 6 in KLM Acceptance - 9.7/0.992 14.1/0.994 13.2/0.994 10.0/0.951 10.8/0.962

2 p>0.25 GV 71/0.992 89/0.994 88/0.994 7.3/0951 T.6/0.962

3 dr < 0.5 cm 6.0 /0.992 6.9 /0.994 6.9/0.994 5.9/0.951 6.0 /0.962

4 |dz| < 1.5 cm 5.7/0.992 6.5/0.994 6.5/0.994 5.6 /0.951 5.7 /0.962

+

5 013365331[1))2 360'3 - 1.2/0817 1.2/0354 1.2/0.342 1.2/0.087 1.1/0.183
6 Bx| < 1.9 GV 12/0814 1.2/0340 1.2/0.326 1.2/0.083 1.1/0.176

115



Al

*

100

0.0 0.5
s ID BDT 1o 1D

Figure A.6: Variables used for u* selection in the K[7u]["u] mode.
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Figure A.7: Variables used for et selection in the K[7e][7u] mode.
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Figure A.8: Variables used for uT selection in the K|"e]["u] mode.

Table A.8: Average candidate multiplicity per event/retention for selections made to the signal

muon particle list in the K[%]["u] mode.

Selection Unit By, B BB BYB~  wa, dd, s5 e

10.5/0.992 15.7/0.994 14.6/0.994 10.7/0.951 11.8/0.962

1 6 in KLM Acceptance - 9.8/0.992 14.1/0.994 13.2/0.994 10.0/0.951 10.8/0.962

2 p> 0.6 GV 39/0.987 3.9/0.986 3.9/098 3.9/0.942 3.9/0.951

3 dr < 2.0 cm 3.7/0987 3.6/0.982 3.7/0.985 3.7/0.939 3.6/0.948

4 |dz| < 4.0 cm 3.6/0985 3.4/0979 3.5/0.982 3.6/0.936 3.5/0.944

+
5 “O:]zi(]fg? 0%92'4 - 1.1/0438 1.1/0203 1.1/0.209 1.0/0.039 1.0/0.086
6 x| < 1.9 GV 11/0.430 1.1/0.87 1.1/0.190 1.0/0.036 1.0/0.079
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Figure A.9: Variables used for u* selection in the K[7u]["e] mode.

Table A.9: Average candidate multiplicity per event/retention for selections made to the signal
muon particle list in the K[7u|["e] mode.

Selection Unit By, B BB BYB~  wa, dd, s5 e
10.5/0.991 15.7/0.994 14.6/0.994 10.7/0.951 11.8/0.962

1 6in KLM Acceptance - 9.8/0.991 14.1/0.994 13.2/0.994 10.0/0.951 10.8/0.962
2 p>0.6 GV 3.9/0.988 3.9/0.98 3.9/0.988 3.9/0.942 3.9/0.951
3 dr < 2.0 em  3.7/0.987 3.6/0.982 3.7/0985 3.7/0.939 3.6/0.948
4 |dz| < 4.0 em  3.6/0.985 3.4/0979 3.5/0982 3.6/0.936 3.5/0.944

+

5 “OE%?STQ 0%92'4 - 1.1/0434 1.1/0203 1.1/0.209 1.0/0.039 1.0/0.086
6 Bx| <19 GV 11/0427 1.1/0.187 1.1/0.190 1.0/0.036 1.0/0.079
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Figure A.10: Variables used for e¥ selection in the K[u]["e] mode.

Table A.10: Average candidate multiplicity per event/retention for selections made to the signal
electron particle list in the K[7u]["e] mode.

Selection Unit By, B BB BYB~  wa, dd, s5 e
10.5/0.991 15.7/0.994 14.6/0.994 10.7/0.951 11.8/0.962

1 6 in KLM Acceptance - 9.8/0.991 14.1/0.994 13.2/0.994 10.0/0.951 10.8/0.962
2 p>0.25 GV 7.1/0.991 8.9/0.994 88/0.994 7.3/0.951  7.6/0.962
3 dr < 0.5 em  6.0/0.991 6.9/0.994 6.9/0994 59/0951 6.0/0.962
4 |dz| < 1.5 em  5.8/0.991  6.5/0.994 6.5/0.994 5.6/0951 5.7/0.962

+

5 ¢ 013365331]]?2 360'3 - 1.2/0.819 1.2/0.354 1.2/0.342 1.2/0.087 1.1/0.183
6 Bx| <19 GV 12/0.815 1.2/0.340 1.2/0.327 1.2/0.083 1.1/0.176
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A.3 Signal B Mesons
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Figure A.11: Cuts placed on B* candidates in the K[7¢]["e] mode.

Table A.11: Average candidate multiplicity per event/retention for selections made during signal
B¥ reconstruction in the K[7]["e] mode.
B B,

BY B BtB~

Selection Unit sie Btag uti, dd, s5 cc
1.1/0.280 1.2/0.011 1.2/0.013 1.1/2.89x 1073 1.1/4.93 x1073

1 [ete—|? < 8 GeV: 1.1/0.279 1.2/0.011 1.2/0.012 1.1/2.89x 1073 1.1/4.91 x 1073
2 03<|Kt[P<8 S5 1.1/0.278 1.2/0.011 1.2/0.012 1.1/2.80x 1073 1.1/4.84x1073
3 03<|Ktet)2P<8 S 1170277 1.2/0.011 1.2/0.012 1.1/2.72x107% 1.1/4.69 x 1073
4 —40<AE<-14 GeV 1.1/0.275 1.2/0.010 1.2/0.011 1.1/2.61x 1073 1.1/4.54 x 1073
5 My, > 4.8 GV 1.1/0.268 1.2/9.80x 1073 1.1/0.010 1.1/226x 1073 1.1/4.11x 1073
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Figure A.12: Cuts placed on B* candidates in the K[7u]["u] mode.

Table A.12: Average candidate multiplicity per event/retention for selections made during signal

B¥ reconstruction in the K[7u][7u] mode.

Selection Unit e Bing B"B° BYB~ i, dd, ss cc
1.1/0.066 1.1/2.88x1073 1.1/3.50x 103 1.1/1.36 x 10~* 1.1/6.18 x 10~ %

1 [ere-12 <9 Gi—}’z 1.1/0.066 1.1/271x107% 1.1/3.23x107% 1.1/1.36 x 10~* 1.1/5.90 x 1074

2 05<|KH)2<8 %Vﬁ 1.1/0.066 1.1/2.66x 1073 1.1/3.17x107% 1.1/1.24x10™* 1.1/5.78 x 1074
3 05<|KHr)2<8 GFTVZ 1.1/0.065 1.1/259x 1073 1.1/3.09x107% 1.1/1.12x 10~ 1.1/5.16 x 1074
4 -33<AE<-12 GeV 1.1/0.064 1.1/233x107% 1.1/277x107® 1.1/1.00 x 10~* 1.1/4.98 x 10~*
5 My, > 4.8 GV 1.1/0.061 1.1/2.08x1073 1.1/2.37x107% 1.1/8.00x 1075 1.1/4.52 x 104

C

Table A.13: Average candidate multiplicity per event/retention for selections made during signal
B¥ reconstruction in the K[%][ 7] mode.

Selection Unit BB, B"B° BYB~ uii, dd, s5 cc
1.1/0.088 1.1/4.64x1073 1.1/5.64x 1073 1.2/1.92x 107% 1.2/9.84 x 107

1 |ere?2 <9 Gj%’z 1.1/0.088 1.1/4.56x 1072 1.1/551x 1072 1.2/1.90 x 107* 1.2/9.70 x 1074
2 05<|KH]2<8 G—XZ 1.1/0.088 1.1/447x1073 1.1/539x107% 1.1/1.74x 107 1.2/9.42x 1074
3 03<|KTH2<8 S 1.1/0088 1.1/442x107% 1.1/527x107% 1.1/1.72x107* 1.2/9.28 x 10~
4 -37<AE<-13 GeV 1.1/0.087 1.1/413x1073 1.1/4.84x107% 1.1/1.72x10™* 1.1/8.90 x 104
5 My, > 4.8 GV 1.1/0.084 1.1/3.73x107% 1.1/429x107% 1.1/1.54x10~* 1.1/8.14 x 104
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Figure A.13: Cuts placed on B* candidates in the K[%][7u] mode.
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Figure A.14: Cuts placed on B* candidates in the K[7u]["e] mode.
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Table A.14: Average candidate multiplicity per event/retention for selections made during signal
B¥ reconstruction in the K|[7u][7e] mode.

Selection Unit  BI BT BYRY BtB~ uil, dd, s§ cé
sig™—tag ] ]
1.1/0.076 1.2/4.65x1073 1.1/559x 1073 1.1/1.34x 10~*% 1.1/1.05 x 103
1 |ete?2 <9 Gg—}” 1.1/0.076 1.2/458 x 1072 1.1/5.48 x 107% 1.1/1.34 x 10~* 1.1/1.05 x 1073
2 03<|Kt-2<8 SV 1170076 1.2/455x 1073 1.1/542x1073 1.1/1.28x10~* 1.1/1.03 x 10~3
¢ 2 P
3 05<|Kter?P<8 C9C 1.1/0076 1.1/442x107° 1.1/522x107% 1.1/1.18 x10™* 1.1/9.14 x 10~
4 -37<AE<-13 GeV 1.1/0075 12/416x10™3 1.1/483x107® 1.1/1.18x10™* 1.1/8.96 x 10~*
5 My, > 4.8 GV 1.1/0.075 1.1/387x107% 1.1/440x1073 1.1/1.08x10* 1.1/8.44x10~*
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A.4 Inclusive Hadronic Tag B Mesons
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Figure A.15: 2D cuts placed on the inclusive tag BT candidates in the K[7]["e] mode.

Table A.15: Average candidate multiplicity per event/retention for event selections made to the
inclusive tag BT in the K|"¢|["e] mode. The function f(Mye, AE) is an ellipse rotated by 35 mrad
and can be seen in ?77.

Selection Unit B, B, BB BtB~ u@, dd, s5 e
1.5/0.387 1.4/0.016 1.5/0.016 1.4/3.56x1073 1.4/6.38 x 1072
1 f(My,AE)<1 - 13/0274 1.2/489x1073 1.2/482x 1073 1.1/3.82x107% 1.1/1.22x 1073

Table A.16: Average candidate multiplicity per event/retention for event selections made to the
inclusive tag BT in the K[7u]["u] mode. The function f(My., AE) is an ellipse rotated by 35 mrad
and can be seen in 77.

Selection  Unit  Bg Bf, B'B° BYB~ uil, dd, s5 cc
1.5/0.089 1.4/341x1073 1.4/373x1073 1.3/1.40 x 107% 1.4/7.26 x 10~*
1 f(My,AE)<1 - 13/0.058 1.2/1.16x107% 1.2/1.36x 1072 1.2/1.80 x 1075 1.2/2.10 x 10~*
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Figure A.16: 2D cuts placed on the inclusive tag BT candidates in the K[7u|["u] mode.

Table A.17: Average candidate multiplicity per event/retention for event selections made to the
inclusive tag BT in the K["e|["u| mode. The function f(My., AE) is an ellipse rotated by 35 mrad

and can be seen in 6.13.

Selection Unit B, B, BYRBY BTB~ u@, dd, s5 e
1.1/0164 1.1/729x1073 1.1/844x 1073 1.1/270x10~% 1.1/1.73x 1073
1 f(My,AE)<1 - 1.1/0110 1.1/2.28x107% 1.1/2.50x 1073 1.0/2.00 x 107> 1.0/3.74 x 10~*

Table A.18: Average candidate multiplicity per event/retention for event selections made to the
inclusive tag BT in the K|["u]["e] mode. The function f(My., AE) is an ellipse rotated by 35 mrad
and can be seen in 77.

Selection  Unit  Bg Bf, B'B° BYB~ uil, dd, s5 cc
1.1/0.149 1.1/7.76x 1073 1.1/859x 1072 1.1/2.06x10~* 1.1/1.63 x 1073
1 f(My,AE)<1 - 1.1/0106 1.1/2.59x107% 1.1/2.88x 1073 1.0/2.00x 1075 1.0/3.88 x 10~*
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Figure A.17: 2D cuts placed on the inclusive tag BT candidates in the K[7e][u| mode.
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Figure A.18: 2D cuts placed on the inclusive tag BT candidates in the K[7u|["e] mode.
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Figure B.1: Variables used for training the BDT to identify signal vs. background in the K|%]|¢]

APPENDIX B
TRAINING VARIABLES

[7e][’e) MC [ BBMC [ qq(u,d,s,c) MC
0.02  0.04 0000 0025 0. 0.0 0.1 0.2 025 000 025 0.0 0.5 1.0
KSFW Hl, KSFW Hgo KSFW HO! KSFW HO2 KSFW H!2
0.0 0.5 L0 0.0 0.2 04 0 20 0.0 0.5 10 00 0.5 1.0
KSFW Hgg KSFW Hgg teﬁ;t COb(Zngé) COS<ZT91gT;§ag)
0.000  0.005 0010 0 20 5 0
cos B‘e“’llK Vix. ﬁt Xpmb spr (4x) Pinp (Giyz) ABE,  (GeV)
0 20 5.25 530 000 005 010 000 005 010 0 2
j\f;ag Mmg M dr- cm dr+ cm i (Giv)
( 5 0 0 5 10
pi- sz [2¢0)] rdd K2 (99F) K[ (99F)

mode.
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Figure B.2: Variables used for training the BDT to identify signal vs. background in the K|7u]]

3 K[y MC [ BBMC [ qg(u,d,s,c) MC
0.00 002 004 0000 0025 0.050 0.0 0.1 0.2 025 000 025 0.0 0.5 1.0
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0.0 0.5 10 00 . 0 20 0.0 0.5 1.0 00 0.5 1.0
KSFW 12 KSFW 12 cos( T cos( g Th)
-1 0 0 0000 0005 0010 0 20 5 0
cos(ngggﬂK Vtx ﬁt Xpwb spr (4) Gy (E) AEqs  (GeV)
0 20 5.25 000 005 010 000 005 010 0 2
Mag [“ag G*‘V dri~- cm drg+ cm i (GEV)
0 2 ( 0 5 0 0 5 0 00 05 1.0
G V 2 o 2 =
- (58) [00)] rad [KTer? (995) Kt ]? (S55) £y
0.0 05 1.0
Lr

mode.
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3 K[ MC [ BBMC [ qq(u,d,s,c) MC
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Figure B.3: Variables used for training the BDT to identify signal vs. background in the K|"e][ "]
mode.
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3 K[|y MC [ BBMC [ qq(u,d,s,c) MC

LN DA

T
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Figure B.4: Variables used for training the BDT to identify signal vs. background in the K|u]["¢]
mode.
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APPENDIX C
ELECTRONIC RESOURCES

Dissertation GitLab
Defense Presentation GitLab
Analysis Scripts GitLab

KLM SCROD Firmware GitLab
KLM Readout Software GitLab
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https://gitlab.desy.de/cketter/dissertation.git
https://gitlab.desy.de/cketter/defense_presentation.git
https://gitlab.desy.de/cketter/phd_analysis.git
https://gitlab.desy.de/b2klm/klm_scrod.git
https://gitlab.desy.de/b2klm/klm_scripts.git
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