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Beam Background Monitoring and Characterization of CMOS
Pixel Detectors for Belle II at SuperKEKB

Abstract

The SuperKEKB storage ring at KEK in Japan aims to deliver an instantaneous
luminosity of up to 6 x 10%® cm™2s~!. To achieve this, a redesign of the interaction
region will be necessary. The projected beam backgrounds that the Belle IT experi-
ment will experience are substantial. The Belle II experiment plans an upgrade of its
vertex detector to cope with the increasing hit rates and accommodate the changing
geometry of the interaction region. The proposed vertex detector (VIX) consists
of 5 fully pixelated barrel-shaped layers using the specifically developed OBELIX
sensor. The OBELIX sensor is currently in the design stage and is derived from
the TJ-Monopix2 sensor. Test beam results of irradiated TJ-Monopix2 chips in a
temperature controlled environment to test the feasibility of operation at room tem-
perature are presented in this thesis. The results will impact the thermal design and
choice of front-end for the final design of OBELIX. Further, the results will provide
a reference for the expected impact of irradiation on the performance of OBELIX.
Another important task is the mitigation of beam backgrounds. To support this
effort, a diagnostic beam background monitoring tool, named BGNet, was developed.
It is a neural network for predicting the beam background decomposition of the hit
rate of Belle II sub-detectors based on the state of SuperKEKB. The neural network
is trained using 1 Hz time series of diagnostic variables from the SuperKEKB slow
control system as input features and measured hit rates of Belle II sub-detectors as
regression targets. This thesis presents performance evaluations of BGNet that were
performed for its commissioning. Further, a real-time application and a chat bot
were developed to increase the accessibility and applicability of BGNet predictions.



v



Strahluntergrundiiberwachung und Charakterisierung von
CMOS-Pixelsensoren fiir Belle I am SuperKEKB Speicherring

Zusammenfassung

Der SuperKEKB-Speicherring am KEK in Japan soll eine instantane Luminositét
von bis zu 6 x 10% cm™2s7! liefern. Die erwarteten Strahluntergriinde, denen das
Belle II Experiment ausgesetzt sein wird, sind grofS. Das Belle II-Experiment plant
ein Upgrade seines Vertex-Detektors, um den steigenden Trefferraten gerecht zu wer-
den. Der vorgeschlagene Vertex-Detektor (VTX) besteht aus 6 Lagen, die den spezi-
ell entwickelten OBELIX-Pixelsensor verwenden. Der OBELIX-Sensor befindet sich
derzeit in der Entwicklungsphase und ist vom TJ-Monopix2-Sensor abgeleitet. In
dieser Arbeit werden die Ergebnisse von Teststrahlmessungen mit bestrahlten TJ-
Monopix2-Chips in einer temperaturkontrollierten Umgebung vorgestellt, um die
Realisierbarkeit eines Betriebs bei Raumtemperatur zu testen. Die Ergebnisse wer-
den sich auf das thermische Design und die Wahl des Frontends fiir das endgiiltige
Design von OBELIX auswirken und als Referenz fiir die zu erwartenden Auswirkun-
gen der Bestrahlung auf die Leistung von OBELIX dienen.

Ein weiterer wichtiger Schritt ist die Minderung der Strahluntergriinde. Um diese
Bemiihungen zu unterstiitzen, wurde ein diagnostisches Werkzeug zur Uberwachung
des Strahluntergrunds, namens BGNet, entwickelt. Es handelt sich um ein neurona-
les Netzwerk zur Vorhersage der Strahluntergrundzerlegung der Trefferrate von Belle
[I-Subdetektoren aufgrund des Zustands von SuperKEKB. Das neuronale Netzwerk
wird mit Hilfe von 1 Hz Zeitreihen diagnostischer Variablen aus dem SuperKEKB-
Slow-Control-System als Eingansdaten trainiert. Gemessenen Trefferraten der Belle
IT Subdetektoren dienen als Regressionsziele fiir das Training. Diese Arbeit présentiert
Leistungsbewertungen von BGNet, die fiir dessen Inbetriebnahme durchgefiihrt wur-
den. Dazu wurden eine Echtzeitanwendung und ein Chatbot entwickelt, um die
Zugénglichkeit und Anwendbarkeit der BGNet-Vorhersagen zu verbessern.



VI



Contents

[1__Introductionl

2 The Standard Model of Particle Physics|

13 Acceleration of Charged Particles|
|3.1 Basic Principles ot Particle Accelerators| . . . . . ... .. ... ...

4.3 Signal Generation|. . . . . . . . ... oL
4.4 Radiation Damage| . . . . . . . . .. ... ...
4.5 Depleted Monolithic Active Pixel Sensors| . . . . .. ... ... ...
4.6 Charge Collection, Digitization and Threshold|. . . . . . . .. .. ..

[ SuperKEKB]
.1  Luminosity] . . . . . . . . . . . . ..
.2  LINAC and Injection Scheme| . . . . . . . . . ... ... ... ....

[6_Belle IT

6.4 Electromagnetic Calorimeter| . . . .. ... ... ... .. ......
6.5 Kjp and Muon Detector] . . . . . ... ... .. ... ... ... ...
6.6 'Irigger System and Data Acquisition|. . . . . . .. .. ... ... ..

VII

13
13
17
22

25
25
29
34
35
37
40

45
48
49



6.8 Slow Control System| . . . . . . . . ... ... ... ... ... .... 59

7 VTX Upgrade Proposall 61
7.1 The TJ-Monopix2 DMAPS Chip| . . . .. ... ... ... ...... 64

.2 e 11 o) SO 65

[(.3 Mechanicsl . . . . . . . .. 67

I8 Measurements of the TJ-Monopix2 Chip| 71
8.1 Test Beam Setup| . . . . . . .. ... 71
8.2 Analysis Setup| . . . . ... o 77
8.3 Test Beam Results . . . .. ... .. ... ... ... ... ... 78
8.4  Comparison to Simulation| . . . . . . . . . ... ... 98

9 BGNet: Beam Background Monitoring| 109
9.1 Machine Learning - Deep Neural Networks|. . . . . . . .. ... ... 110
9.2 Beam Backgrounds| . . . . . ... ... oo 0oL 112
9.3 Structure of BGNetl . . . ... ... ... .. ... ... ... ... 118
9.4 Explainability of BGNet Models| . . . . ... ... ... ....... 125
9.5  Beam lLoss Predictions . . . . . . ... ... ... ... ... . 131
9.6 Real-time Predictions . .. ... ... ... ... ... ..., 135
9.7 BGNet Chat Botl . . . .. ... ... ... ... ... ... ... 140
9.8 Performance of BGNet| . . . . . . .. ... ... ... ... ... ... 147
(10 Conclusionl 173
|Bibliography| 176
185
|List of Figures| 187
[List of Tables| 203
|A Appendix: Test Beam Results| 205
[A.1 Cluster Properties| . . . . . .. .. . ... ... ... ... ...... 205
|A.2 Simulated Cluster Properties] . . . . . ... ... .. ... .. .... 209

IB Appendix: BGNet| 211
IB.1 Input Variables for Hit Rate Models| . . . . . . ... ... ... ... 211
IB.2  Input Variables for Beam Loss Models| . . . . .. .. ... ... ... 214
[B.3  Requirements for Training Datal. . . . . . .. ... ... ... .... 216

IB.4  Decompositions of Diamond Radiation Monitors for ¢-Profile Analysis| 216

|Acknowledgements| 221

VIII



CHAPTER 1

Introduction

The pursuit of knowledge and the desire to understand the world around us has
driven scientific endeavors since the emergence of mankind. One such area of research
that arose is the field of particle physics with its aim to describe the fundamental
building blocks of the universe and the forces governing their interactions. The
Standard Model of particle physics is currently providing the most precise theory.
It is constantly tested against measurements with increasingly high precision and at
energy scales reaching above 1TeV. Yet, there are observations of phenomena that
cannot be described by the Standard Model, such as the apparent matter-antimatter
asymmetry in the observable universe, the oscillation of neutrinos and the nature of
dark matter.

Particle colliders have allowed experiments to conduct systematic measurements
of particle physics. They operate either at the energy frontier or the intensity fron-
tier. Accelerators at the energy frontier strife to increase the center-of-mass energy
of the particle collisions to find novel heavy particles and interactions at higher en-
ergy scales. At the intensity frontier, the targets are high precision measurements
by providing high luminosities and therefore a large number of collision events. This
is done in order to find rare and forbidden processes and anomalies that implicate
the existence of new physics.

One of the currently operating accelerators at the intensity frontier is the Su-
perKEKB collider. It collides electrons and positrons with a center-of-mass energy
at the Y (45) resonance, which decays into pairs of B mesons. SuperKEKB is there-
fore considered a B-factory. The Belle II experiment is a general-purpose particle
detector and is built around the interaction point of SuperKEKB. It aims to collect
a data set of 50ab™~! enabling a diverse physics program that spans measurements
of the bottom quark, charm quark, the 7 lepton, time-dependent CP violation and
searches for new light particles as potential candidates for dark matter constituents.
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The large amount of radiation produced by the accelerator, the beam background,
creates a challenging environment for detectors, especially for the vertex detectors
as they are closest to the interaction point. Vertex detectors provide measurements
of the particle trajectories of charged particles in order to reconstruct their four-
momenta and the position of the production vertex. With the increasing luminosity
delivered by SuperKEKB, the requirements on the capabilities of the vertex detec-
tor increase. To that end, an upgrade of the current vertex detector is planned for
2032. The upgraded vertex detector will utilize the Optimized BeLle Ii piXel sen-
sor (OBELIX), which is a depleted monolithic active pixel sensor (DMAPS). The
[OBELIX] chip is based on the design of the TJ-Monopix2 chip and is currently in
the design stage.

Even before the scheduled upgrade, the luminosity is planned to be increased
further, from the current highest achieved luminosity of 5.1 x 1034 cm=2s~! towards
the target luminosity of 6 x 103° cm~2s~!. This shall be achieved by large increases to
the beam currents and by reducing the beam size at the interaction point, leveraging
the nano-beam scheme of SuperKEKB. However, the beam backgrounds are already
large and approach the limits of Belle II sub-detectors. This has an impact on the
lifetime of detector components. Mitigation strategies for the beam background
depend on the explicit contribution to the beam background that shall be reduced.
While the contributing background sources are known, the exact composition of the
beam background is not immediately known and is always changing, depending on
the state of SuperKEKB. A background monitoring tool, called BGNet, has been
developed to predict the beam background composition in real-time. It uses neural
networks that predict the individual contributions of beam background sources to
the hit rate of a Belle II sub-detector, based on variables describing the state of
SuperKEKB.

The work presented in this thesis focuses on the characterization of the TJ-
Monopix2 [DMAPS] chip as part of the Belle II upgrade efforts and the beam back-
ground monitoring tool BGNet. The theoretical structure and motivation for the
Belle II measurements are presented in Chapter 2 Then, accelerators and silicon
sensor technology are introduced in Chapter 3land[d] In Chapter 5], the SuperKEKB
accelerator complex is presented and, in Chapter[6] the Belle IT detector is presented.
The upgrade plans for Belle II with focus on the planned vertex detector upgrade are
described in Chapter |7, The work of the author is described in Chapter |8, relating to
the test beam measurements of irradiated samples of T'J-Monopix2, and in Chapter
[9} relating to the beam background monitoring with BGNet.



CHAPTER 2

The Standard Model of Particle Physics

The predictions of the Standard Model (SM) of particle physics |1H4] have been
rigorously tested since its emergence in the 1970s and is to date the best description
of elementary particles and their interactions. One of the latest major tests of the
SM was the discovery of the Higgs Boson in 2012 and the subsequent investigation
of the SM predictions for the Higgs couplings and Higgs potential [5-7]. Currently,
the measurements show no deviation from the SM description of the Higgs Boson
[8].

The SM is a quantum field theory (QFT) and is based on the local gauge symme-
try group SU(3)¢c x SU(2)1 x U(1)y with the respective gauge groups corresponding
to the strong interactions, the weak interactions and the electromagnetic interac-
tions, respectively. The elementary particles are either fermions with half-integer
spin described by the Fermi-Dirac statistics [9] or bosons with integer spin described
by the Bose-Einstein statistics [10].

A mass hierarchy is present among fermions, which is reflected by an ordering
into three generations of matter. The bosons are either vector-bosons with spin-1
which are associated with the mediation of their respective force or scalar-bosons
with spin-0. The Higgs boson is the only known spin-0 particle. The particles of the
SM are displayed in Figure [2.1] Interactions are governed by the respective QFT,
the boson’s properties and their coupling to fermions. The vertices allowed in the
SM of vector-bosons and fermions are displayed in Figure |2.2

A brief motivation on how the respective vertices emerge from the QFT is given
using Quantum Electrodynamics (QED) with its U(1)g gauge symmetry, where @
refers to the electric charge. QED is a relativistic quantum field theory that was de-
veloped in the 1940s by Tomonaga, Schwinger and Feynman [12-14]. The associated

3
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Figure 2.1: Artistic depiction of the particles in the Standard Model. Measurements
are taken from Reference .
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Figure 2.2: Standard Model vertices of fermions coupling with bosons. Each vertex,
and associated force, has an associated coupling strength denoted as gqrp, gs, 9w,
gz, which can be expressed as dimensionless coupling constants a, as, ayy,z. Cou-
pling constant values are at momentum transfers of ¢> = 1 GeV/|[11].

Lagrangian is:
1 - _
L= _ZFWFW + (i 0, — m)p — ey A, (2.1)

It describes the propagation of electrically charged fermions, corresponding to
@(i’y”@u — m)1, and the massless photon, corresponding to —iFWF“”, in spacetime.
The interaction vertices correspond to —eiy*1A,,. Since the incoming and outgoing
fields can be reordered arbitrarily, the vertices describe emission, absorption as well
as pair creation and annihilation processes. Similarly, the possible vertices for each
QFT emerge from the respective Lagrangian expression. The fields described in the
Lagrangian are the fundamental piece of the SM from which the particles arise as
excitations.

From the Lagrangian terms, Feynman rules can be derived that can describe
any physically allowed particle interaction. A Feynman diagram is an expressive
representation of particle physics processes which yields the Lorentz-invariant matriz
element, M7, of the interaction Hamiltonian Hi operator acting on an initial state
1 causing it to transition into a final state f,

(f|Hing|i) = (19a...| Hing[0athy...) = M>. (2.2)

The associated transition probability for this process is proportional to ‘M Wf |2 and
is usually obtained using Fermi’s golden rule. Here, it is assumed that the wavefunc-
tions v describing the initial and final states have the appropriate Lorentz-invariant
normalization to 2F particles per unit volume

/V¢*¢ d3x = 2F. (2.3)
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The states ¢ and f are eigenstates of the free-particle Hamiltonian Ho, that, together
with the interaction Hamiltonian, describes the total Hamiltonian H = Ho + Hmt
Particle physics experiments allow for the observation of the transition of an initial
state into a final state and cross-sections for these transitions can be measured.
Different transitions with the same initial and final states cannot be differentiated
and interfere with each other, which is reflected by the measured cross-sections.

Quantum Chromodynamics (QCD) describes the interactions of gluons and quarks
with the associated color charge [15]. The gluon is a massless boson which itself car-
ries the color charge, including anti-color charge, that it couples to, allowing for
self-interactions. The SU(3) symmetry associated with QCD has 8 linearly inde-
pendent generators, which implies the existence of 8 gluons in an octet each with
a different charge configuration. One can identify terms in the QCD Lagrangian
that are similar to terms in the QCD Lagrangian. Although the quark propagation
term in the QCD Lagrangian refers to singular quarks, free quarks have not yet been
observed. Instead they appear in colorless states, which are either baryons or meson
with 3 or 2 valence quarks in the bound state, respectively. Bound states with more
quarks can also exist, like the pentaquark, which is a bound state of four quarks
and one antiquark [16]. This observation is called color-confinement. The potential
V. that develops between two color charges has a constant energy density at large
distances x due to the linear term

Ve(r) o< k. (2.4)

The constant # has been measured to be x ~ 1GeVfm™! [L1]. Thus, the energy
stored in the color field approaches infinity for any pair of two color charges that
are separated towards infinity. Through the hadronization process, modeled for
example by the Lund-String model [17], a pair of quarks can be created from the
energy stored in the color field in order to form colorless states again. A second
implication of color-confinement is that gluons, carrying a color charge themselves,
are also affected by that same color field, leading to the short-ranged nature of the
strong interaction.

Quantum Flavordynamics (QFD) describes the weak nuclear force. It is mediated
by the massive W* and Z bosons. The W boson couples to the weak isospin
T3, while the Z boson couplings are expressed in separate vector and axial-vector
couplings, however, both terms are still dependent on 73. Left-handed particles
and right-handed antiparticles have T3 = i% and are placed in doublets as up-type
(T5 = —I—%) and down-type (T35 = —%) particles. The handedness of the particles refers
to the chirality eigenstates, which coincides with the helicity eigenstates for massless
particles, or in highly relativistic approximations E > m for massive particles. The
particle doublets are:

(), (0,0, (), 0, (0), e

Where d’,s’ and b’ refer to the weak eigenstates of the respective quarks. Right-
handed particles and left-handed antiparticles are placed in singlets and have T3 =



0. The transitions between the leptons and quarks of one doublet are typically
mediated by the W* bosons, the flavor-changing charged current. The SM also
allows for a flavor-changing neutral current at next-to-leading-order (NLO), however
these higher order interactions are highly suppressed by the GIM-mechanism [18§].
The transition probabilities attached to these quark transitions are given by the
unitary Cabibbo-Kobayashi-Maskawa (CKM) Matrix [19], that relates the weak
eigenstates and the mass eigenstates of the quarks. The CKM Matrix is explained
in more detail below. Interactions of the W+ bosons violate parity maximally, while
7 bosons violate parity as well, but not maximally and thus still couple to the right-
handed chirality states of particles, albeit not with the same strength.

The electromagnetic and weak interaction can be unified in one gauge group
SU(2), x U(1)y known as the electroweak theory. The electroweak gauge symmetry
can be broken by introducing two complex scalar fields, the Higgs doublet. The vec-
tor boson fields B, and Wﬁ’m are related to U(1)y and SU(2)y, respectively. From
linear combinations of these fields, the photon field A, and the weak interaction
boson fields Wﬁt and Z,, emerge, bearing also explicit mass terms for the W+ and
Z bosons. The parameters of the introduced potential can be chosen such that any
vacuum state sees an asymmetric potential, revealing the physical Higgs field. The
masses of fermions are a direct result of their interaction with the Higgs field via the
Yukawa coupling. The strength of the Yukawa coupling is proportional to the mass
and its strength is not predicted by the SM [5H7].

CP Violation

The transitions between different quark flavors via the flavor-changing charged
current of the weak interaction was first described by Cabibbo [20]. The weak
eigenstates (d’, s’) are related to the mass eigenstates (d, s) via

d _ [ cosfcsinfc d
(Sl> B <— sin ¢ cos 90> <3> ’ (2.6)
where §c = 13.02° is the Cabibbo angle [11]. With the discovery of a third quark

generation |21} 22] this formalism was extended and the CKM matrix was introduced.
The CKM matrix VKM is represented by

Vud Vus Vub
VM= (Vg Vs Vo (2.7)
Vie Vis Vw

and is unitary in order to preserve the norm, i.e. Zj,k VijVik. = 0jx. This allows
for ]1/;]-\2 to be interpreted as a probability. An alternative representation is the
Wolfenstein parametrization
1—3)2 A AX3(p — in)
V(AN p,n) = -2 1—1x2 AN? +0(\h). (2.8)
AN3(1 — p—in) —AN? 1
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This parametrization explicitly depends on a complex phase 7 that is non-reducible.
CP violation (CPV) arises in processes involving the CKM matrix when the value
of this complex phase is different from zero. The values of the parameters A, X, p
and 7 need to be measured experimentally. The CKM matrix can be represented as
a triangle in the complex plane through the unitarity conditions like

VadVab + VeaVap, + ViaVip, = 0 (2.9)
WVl e (Vi
Veal[Veb| ™ [Vea|[Veb|

The sides and angles of this triangle can be independently measured, over con-
straining it, and testing the CKM mechanism in the SM. One example for such
a measurement can be derived from Viq = |Vigle ™™ = AX3(1 — p — in) using the
Wolfenstein parametrization, which gives tan 8 = n/(1 — p). From Equation it
can be seen that the angle 8 corresponds to an internal angle of the unitarity trian-
gle. The unitarity triangle is displayed in Figure 2.3] also indicating the angle 3. A
fit of the unitarity triangle based on currently available data is displayed in Figure
Measuring the unitarity triangle is a key part of the Belle and Belle II physics
programs. Below the measurement of the angle £ is discussed in more detail.

The CPV then appears as three different types. Direct CPV occurs when the
branching fraction of the decay of an initial state to a final state differs from the
branching fraction of the decay of a CP transformed initial state into a CP trans-
formed final state.

Indirect CPV, or CPV in mixing, can be observed in neutral mesons which can
transition to their CP transformed counterpart via a box loop. The transition is
described via a 2 x 2 Hamiltonian. If the off-diagonal elements of the Hamiltonian
differ from the off-diagonal elements of the complex conjugate of the Hamiltonian,
i.e. if the off-diagonal element has an imaginary part, the mixing induces CPV. As a
result, the transition time is different between the two directions. CPV also occurs
in the interference of the aforementioned modes of CPV when a neutral meson and
the corresponding antimeson can decay into the same CP eigenstate. The CPV in
the interference of direct and indirect CPV is the biggest contribution of CPV in
the B meson system and is therefore of special importance to Belle II. Presently,
CPV is a potential explanation for the apparent matter-antimatter asymmetry in
our universe. This motivates measurements and experiments relating to CPV, like
the Belle IT experiment [23)].

An example measurement of CPV at Belle II will be introduced here briefly and
serves as motivation for the work performed by the author, which is described in this
thesis.

The example concerns the measurement of the angle 3, or ¢1, which is an interior
angle of the unitary triangle, that was performed by Belle [26]. The angle is defined
as:

1

Vip = 0. (2.10)

VeaViy
g (155,

2.11
‘/td tz ( )



(0,0) (1,0)

Figure 2.3: A representation of the unitarity triangle in the complex plane [11].
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-
T[+
Signal side
e 2
..... #(h = 4 1)
Tag side

1

Figure 2.5: Drawing of two B meson decays with displaced vertices and their distance
Az. The event has a tag side and a signal side. The flavor of the tag side B meson is
determined by measuring the charge of the electron, allowing to implicitly infer the
flavor of the signal side B meson. The apparent spatial separation and the directional
bias of the particles of the signal and tag side benefit only the comprehensibility of
the drawing and are not due to actual physical effects separating the two decays.

where arg(-) denotes the complex phase of its argument with arg(z) = 6 for a complex
number z = |z| €.

The measurement requires the production of an entangled pair of neutral B
mesons, where one B meson decays into a CP eigenstate at time tcp, the signal
side, and the other decays into a final state that allows the reconstruction of the
flavor of that B meson at time fi,q, the tag side. Here, the CP eigenstate is taken
to be J/9K? and a visualization of the decay is displayed in Figure

The time-dependent CP violation is measured from the decay rate asymmetry:

D(B(At) — J/$KJ) — T(B(At) = J/pKY)
D(BOY(At) — J/YK9) + T (BY(At) — J/¢YKD)
= Sysin(AmgAt) + Af cos(AmgAt), (2.13)

Acp(At) = (2.12)

where Amy is the mass difference between the two neutral B meson mass eigenstates
and At = tcp —tiag is the decay time difference. The parameters Sy and Ay are CPV
parameters. The SM predicts that Sy = —{;sin(23) and Ay = 0. Experimentally,
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the extraction of sin(23) requires the reconstruction of the signal decay into the
CP eigenstate and flavor tagging the initial state of the B meson on the tag-side
and the measurement of the decay time difference At. Since the mass difference
between the Y(4S5) and its decay products, the two B mesons, is small, the B mesons
are approximately at rest in the rest frame of the Y(4S). When the energies of
the colliding electrons and positrons are asymmetric, the Y (4S5) receives a Lorentz
boost along the z-axis, and the decay time difference At of the B mesons can be
determined from their decay vertex displacement Az = zcp — 2tag. The decay vertex
displacement is indicated in Figure [2.5] The decay time difference can be obtained
via At >~ Az/Be [26], where Sy = 0.28 is the boost factor of SuperKEKB [27].

Several measurements of sin(23) and a world average of those measurements is
displayed in Figure The discussion of errors in the Belle measurement [26] shows
that the vertex resolution is a major contributor to the systematic error. The vertex
resolution, in part, motivates the vertex detector upgrade of Belle II from a physics
perspective and is presented in Chapter [7] Measurements by the author on silicon
pixel detectors considered for the upgrade are presented in Chapter [8| Further, the
statistical uncertainty is shown to be larger than the systematic uncertainty. To
obtain a larger data set within a sensible time the instantaneous luminosity needs
to be large. The luminosity and the means available to increase the luminosity are
discussed in Section An important criterion to be able to increase the luminosity
is to control the beam background in order to stay within hardware limitations and
guarantee safe and efficient data taking. The author took part in the development
of a beam background monitoring tool that is presented in Chapter [9] It delivers
predictions of the beam background decomposition and can prompt operators to use
appropriate mitigation strategies.
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CHAPTER 3

Acceleration of Charged Particles

This chapter introduces particle accelerator concepts in a historic order to show-
case challenges and the subsequent developments, leading up to the description of
SuperKEKB in the following Chapter Further, beam dynamics and beam pa-
rameters are discussed in order to create a basis of understanding necessary for the
beam background description and the explanation of the beam background monitor
described in Chapter [0} This chapter is based on [29, 30].

3.1 Basic Principles of Particle Accelerators

The principle equation to apply a force on charged particles and accelerate them is
the Lorentz force

—

Fi, = q(E + 7 x B) (3.1)

with the electric charge ¢, the particle velocity ¥/, the electric field E and the magnetic
field B. The deposited kinetic energy can be calculated with a line integral

AByy, = /ﬁL ds = q/Edg. (3.2)

Two observations can be made from this calculation. First, the acceleration due to
an electric field happens in the direction of the electric field and is independent of
the particle’s velocity. Second, the line integral over the contribution of the magnetic
field is zero, the magnetic field does not contribute to a change in the kinetic energy
of a charged particle. However, charged particles with ' # 0 will be deflected inside a
magnetic field into the direction that is normal to both the direction of the magnetic
field as well as the direction of motion. The change of direction of ¢' due to a

13
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magnetic field is also considered an acceleration, despite the magnitude of ¥ staying
unchanged.

The path of a charged particle in a magnetic field is described by the equilibrium
of the centripetal force Fc and the Lorentz Force

ymv?

it = q(7 x B) (3.3)

r

with the particle’s mass m, the radius r of the curved motion, the Lorentz factor
and the unit vector 7 that points in the direction of the centripetal force. Assuming
that only the magnetic field has an orthogonal contribution B, with respect to the
particles motion this equation reduces to

p

-5 (3.4)

r
with the particle momentum p. For accelerators that keep particles on a fixed nom-
inal orbit, this equation becomes a condition with

__ b
qu (p)

As a result the magnetic field strength must become a function of the particle’s
momentum B, = B,(p) and change during the acceleration of a charged particle to
bend the particles trajectory on a constant orbit. The coordinate system used defines
i/ to point in axial direction, & to point in radial direction and s is the longitudinal
coordinate parallel to the direction of motion of particles along a nominal orbit.

Charged particles gain kinetic energy by traversing an electric field. The Lorentz
force expressed only in the presence of an electric field reduces to

r

= const. (3.5)

F, = ¢E with E = Eyexp (i(wt — ks)), (3.6)

where E is expressed as a plane wave equation with the phase ® = wt — ks in the
particle system. The phase is described by the frequency w, the time ¢ and the
wavenumber k£ with the spatial coordinate s. The generation of electrical fields for
the acceleration of particles can be divided into two categories. Electrostatic fields
can be generated by a voltage difference between two electrodes. Charged particles
will be accelerated towards an electrode and can pass the electrode through a hole.
Electrodes with holes for particles are also referred to as iris. Prominent examples
for electrostatic acceleration stages are the Cockroft-Walton accelerator with cascade
voltage generators [31] and Van de Graaff accelerators [32].

The practical limitation of such machines lies in the linear scaling of the elec-
trical field strength and the applied voltage difference E¥ oc AV and the subsequent
necessity of handling very high voltages. Voltage breakdowns of any part in the
machine then will not only cause the loss of built up charges and voltage but also
pose risks to damage the machine. Many considerations about the inefficiency of
such machines are connected to the fact that they were used as linear accelerators,
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Figure 3.1: Schematic of Wideroe drift tubes accelerating a charged particle. The
changing voltage V (t) is connected to the accelerating segments in an alternating
pattern and at T'= 0 (top) and T' = 7 (bottom), assuming that one period is equal
to 2m. The voltage as a function of the position x along the structure is indicated.

where each accelerating segment is only traversed once by the particle. Below these
high voltage limits, however, these accelerating structures are still successful with
Cockroft-Walton setups still being in use today as initial acceleration stages in mod-
ern acceleration facilities.

There are two major design changes that will be discussed here that are used by
modern accelerators. These are generation of electric fields by radio frequency waves
and the change to circular accelerators.

Changing electric fields had their beginnings in Wideroe drift tubes [33]. There,
segmented hollow cylinders act as electrodes and neighboring tubes always carry
the opposite charge. The emerging electric fields between the segments point in
alternating directions and particles need to pass the gaps only when the electric
field points in the proper direction to accelerate the particle further. The inside
of each cylindrical segment acts as Faraday cage and no electric fields act on the
particles. During this time the polarity of the electrodes switches and once the
particles leave the field-free domain of the Faraday cage the electric field points in
the proper direction again, accelerating the particle. A schematic of such a setup is
displayed in Figure |3.1

The energy gain at each crossing is AE = qAV, where AV is the potential
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difference between two neighboring tubes. The condition on the timing of the par-
ticles reaching the electric field and the period of the changing electric field can be
expressed as a synchronicity condition

L~uvT (3.7)

with the tube length L, the particle velocity v and the voltage period T. As the
particle accelerates, the time needed to traverse a tube decreases and the tube length
needs to be increased or the period of the voltage needs to decrease. In addition,
this condition can only be fulfilled by a single particle or a group of particles that
occupy a similar region in phase space, commonly referred to as a bunch, rather
than a continuous beam of particles. Nevertheless, a series of bunches in particle
accelerators is still referred to as a beam, be it with a bunched structure. The typical
frequency of the voltage generators is in the regime of radio-frequencies (RF). The
advantage of [RF]accelerators is that they avoid the electrical breakdown limitations
that electrostatic accelerators are subjected to. In theory a particle’s energy can be
raised indefinitely using a single [RF|generator, given an accelerator of infinite length,
to fulfill the synchronicity condition.

One approach to reduce the length of accelerators is to reuse accelerating elements
by constructing a circular accelerator. The cyclotron employs a single[RF] cavity with
a circular geometry, where each half of the [RF] cavity is a semi circle. These halves
are usually referred to as D’s of the cyclotron. Similar to the linear counterpart,
the D’s act as Faraday cages and particles see no electric field while inside, and
are accelerated in the gap between the D’s. They do, however, experience a uniform
magnetic field that spans the entire volume of the cyclotron, and explicitly inside the
D’s, to force the charged particles on a circular orbit, according to the Lorentz force
as discussed above. As the particles are accelerated and the momentum increases
the radius in a constant magnetic field will increase according to Eq. So, as
the particles move faster, the path length inside a D grows proportionally and the
revolution frequency stays constant, thus the[RF]generator frequency can also be held
constant. Due to relativistic limits this linear scaling only holds for non-relativistic
particles at v =~ 1, where ~ refers to the Lorentz factor. The synchronicity condition
follows as [29)

B
frf_ 97y

© 2mmgey

= const. (3.8)

assuming that the revolution frequency is equal to the frequency of the [RF| genera-
tor. The condition of non-relativistic velocities results in an energy limit, which for
protons is typically already reached at around 20 MeV. Lighter particles, like elec-
trons, are even more severely limited. Once the radius of the particles’ flight path
approaches the extent of the D’s, the particles are ejected through an opening in
the D’s and leave the accelerating structure. Since in general fir = fif(y) and v will
increase as the energy of the accelerated particle increases, the cyclotron can also
be adapted to vary the [RE] and the resulting structure is called synchro-cyclotron.
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Synchro-cyclotrons thus do not require v =~ 1 and allow to accelerate particles to
higher energies compared to the cyclotron.

The synchrotron follows a different design choice by keeping the radius constant,
rather than the magnetic field. This allows to build the accelerating structures
along the designated orbit of the particles. Magnets and accelerating structures can
be much smaller and put in series along the ring, rather than operating a singular
large magnet over the entire area like the cyclotrons. The condition on the magnetic
field when requiring a constant radius is described by Equation From this condi-
tion the maximum achievable particle momentum follows immediately and depends
on the radius and the maximum magnetic field. In case of ion colliders the charge
multiplicity can also be considered as lever arm to increase the maximum possible
momentum, although there are other considerations and limitations when accelerat-
ing particles with high charge multiplicities [29} 30]. The synchronicity condition is
[29]

qB,y

- 2myme

frf (3.9)

with the harmonic number A, an integer number that relates the revolution frequency
frev of the particles around the ring with the [RF] frequency

et (3.10)
fI‘EV
The revolution frequency for a particle with velocity v is
v Byq Byqc
= = = , 3.11
Jrev 27r  2myme 27Tpcﬁ ( )

where Equation was inserted. Due to the [RF] frequency’s implicit dependence
on the velocity § through the revolution frequency, it is necessary to modulate the
frequency as long as the particles mass is sufficiently large compared to its energy.
For particles close to the speed of light at 8 ~ 1, the velocity will barely change
with an increase in energy and S will be approximately constant and the frequency
modulation needed decreases significantly. A particular type of synchrotrons are
storage rings. Here, the particles are injected into the synchrotron ring with their
nominal energy and the storage ring stores the particles on a stable orbit, without
explicitly increasing the particles energy. SuperKEKB is such a storage ring. The
particle beam’s structure depends on the [RF|frequency and determines the maximum
length of a particle bunch and, in conjunction with the radius of the synchrotron,
also sets an upper limit on the total number of bunches along the ring.

3.2 Beam Parameters and Beam Focusing

Already during the early days of accelerator development it was found that there is
a need to focus particle beams. Particle trajectories are sensitive to slight deviations
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in phase space and easily spiral out of the design orbit without correcting forces.
First proposed for the design of the Betatron, a gradient in the magnetic field was
introduced such that the restoring force (compare to Equation [3.5)

2
F, = — quB, (3.12)

with the gradient of the magnetic field
0B,y

By = B(]y + E"IJ (313)
becomes
2
~Ymu x T
o (1 _ E> — evBy, (1 - n§> (3.14)

for particles at r = R + x, where R corresponds to the nominal orbit, with a small
deviation z with x < R. The field index n is defined as

R 0By
- _ ] 3.15
" Bgy ox ( )
The equation of motion
i+wirz=0 (3.16)

is, due to the restoring force in the horizontal plane, described by an harmonic
oscillator with the frequency

Wy = % 1—n. (3.17)
The field index is thus constrained to n < 1, otherwise the differential equation will
evaluate to an exponential function due to the imaginary part of w, causing the
amplitude to grow exponentially.
The magnetic field in the horizontal direction is obtained using Maxwell’s curl
equation

0B, 0B,
7Y Nl
oy ox 0, (3.18)

which can be inserted into Equation to obtain [29]

OB By By
By = Yy = — [ n2W dy = —n"Wy, 1
(%dy /any Y (3.19)

Similar to the motion in the horizontal plane, the equation of motion in the vertical
plane can be found to be

ij 4wy =0, (3.20)
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which is again a harmonic oscillator with a frequency of

wy = wo/n, (3.21)

constraining the field index to n > 0. The parameter wq is the orbital revolution
frequency. In this calculation an acceleration of the particles, i.e. terms with 3, were
neglected in the context of SuperKEKB being a storage ring. If acceleration is taken
into account, a reduction of the particles amplitude with growing energy, or adiabatic
damping, can be observed. Combining the constraints on the field index for the
horizontal and vertical plane Steinbeck’s stability criterion 0 < n < 1 is obtained [29].
The magnetic field B, increases vertically providing beam stability and focusing in
the vertical direction. However, looking at the allowed field indices, one can observe
that the field component B, decreases horizontally resulting in a defocusing in the
horizontal plane. This mechanism is called weak focusing and a focusing in both
planes cannot be achieved by this effect [29]. The horizontal defocusing effect can be
compensated by the focusing provided by the primary magnet of the Betatron, thus
providing a net positive focusing in both transverse directions. The focusing by the
betatron magnet, or any other multipole magnet, is referred to as strong focusing.

Strong focusing is implemented via explicit magnets to steer and focus the beam.
Dipole magnets keep the particles on the design orbit, while quadrupole magnets
focus the beam. Magnets of higher order, like sextupole and octupole magnets,
correct, for chromaticity, which describes the momentum-dependence of the focusing
effects of quadrupole magnets, and other higher-order effects. The working principle
of a dipole was discussed above by applying the Lorentz force exerted by a magnetic
field on a moving charged particle. While a quadrupole operates on the same physical
principle, its application for focusing particle beams is briefly summarized. The field
of a quadrupole is chosen such that it produces a linear gradient magnetic field that
focus the beam particles depending on their position in phase space, while the field
in the center is zero. A schematic of a quadrupole field is displayed in Figure [3.2

A quadrupole can only be focusing in one plane transverse to the particles’ mo-
tion, while it acts defocusing in the other. The correcting force that focuses or
defocuses the beam is derived from the Lorentz force with F' = —evB. Combining
two quadrupole magnets that are turned by 90° with respect to each other arranges
a FODO cell, that is shown to have a net positive effect on the focusing in both
planes for all possible ray paths [29]. A FODO cell is depicted in Figure The
collection of all magnets of the accelerator is referred to as the magnet lattice.

The motion of particles in a periodic system can be described with Hill’'s equation
29]

2"+ K(s)z = 0. (3.22)
The periodicity is accounted for by K(s) by requiring

K(s)=K(s+ L) (3.23)
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Figure 3.2: Sketch of the magnetic field produced by a quadrupole magnet. The
direction of the magnetic field is indicated at selected points and the direction of the
Lorentz force for an electron traversing the magnet vertically into the plane of the
drawing.
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Figure 3.3: FODO cell consisting of focusing and defocusing quadrupole magnets.
The strength of the focusing magnet is typically chosen at half the strength of the
defocusing magnet. The spaces in between the quadrupole magnets can be occupied
by accelerating cavities.

where L is the period of the system. The general solution of Hill’s equation is given
by [29]

z(s) = \/eB(s)sin (4(s) + ¢o) with ¢(s) = /S /13 dt. (3.24)

The solution is an oscillator but the amplitude and phase shift ¢(s) depend on the
position in s. The amplitude can be identified as the transverse beam envelope
E(s) = /eB(s), with the beta function S(s), that is defined by the magnet lattice
and its geometry, and the emittance of the beam . The transverse beam size o7 (s)
can include a correction term to account for the energy spread op = AE/E and
the resulting variation in the deflection in electromagnetic fields is defined by the
dispersion function 7n(s). The function for the transverse beam size follows as [29]

or(s) = \/ﬁ(s)e + (n(s)og)?. (3.25)

As a particle moves along s, it moves in phase space. This movement in phase
space is constrained to an elliptical path. The number of revolutions on the ellipse
per turn in the ring is defined by the particle tune. The emittance is a property of an
ensemble of particles and defines the area of an ellipse in phase space Agjipse = T€
that encloses all particles of that ensemble [29]. The emittance is dependent on the
particle energy, which can be disregarded for storage rings but for the linear injec-
tors, an energy independent formulation is necessary, thus the normalized emittance
en = Y0s¢ is defined, with 5 being the normalized beam velocity. According to Li-
ouville’s theorem all particles inside this ellipse will remain there and the area of the
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ellipse will be constant over time. Liouville’s theorem holds for particle ensembles
under conservative forces that are, for example, exerted by dipole and quadrupole
magnets, such that revolutions around a synchrotron and beam injection and ex-
traction from beam lines are subject to Liouville’s theorem. However, there are
limitations to applying this theorem in that the phase space area changes under
synchrotron radiation, as it is not a closed system anymore.

Synchrotron radiation is electromagnetic radiation that is emitted when charged
particles are accelerated. Both the acceleration in longitudinal direction and trans-
verse direction cause synchrotron radiation. The radiated power P for both contri-
butions is [29]

2 re (45’
2 7re dﬁL 2
p, 2T o 2
3 3m07<dt>, (3.27)

where 7. is the classical particle radius, m its mass, p its momentum and - the
Lorentz factor. The radiated power P, is much larger due to o< 2 and therefore P
is disregarded in further calculations. In circular accelerators, particles are constantly
subject to acceleration transverse to its direction of motion to keep particles on orbit
and synchrotron radiation is tangentially emitted from the beam in the horizontal
plane. When inserting the Lorentz force into Equation [3.27] and assuming singly
charged particles, the total radiation power becomes [29]

2
P, = —-——°_DB?F% (3.28)

Using Equation [3.4] the magnetic field B can be expressed using the bending radius
r to obtain
2 r. F*

P=%

3 (el o (3.29)

where F is the energy of the particle.

3.3 Beam Collimation

The transverse particle distribution of a particle beam is characterized by two re-
gions. A high-density beam core with its particles being on or close to the nominal
beam orbit and a beam halo with particles that have a large betatron amplitude or
are off-momentum and are traveling at distance to the nominal orbit. For Gaussian
particle distributions the beam core is typically defined as all particles within £3-40.
Mechanisms that lead to a formation of beam halos include particle scattering, like
Touschek and beam-gas scattering (see Section , magnet field errors and mis-
alignments of optical systems. Essentially any component or effect that influences
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the collective beam or individual particles adversely can promote the formation of a
beam halo. Particles in the beam halo can be lost due to collisions with accelerator
components producing a particle shower. This excess radiation can affect the lifetime
and performance of detectors and activate accelerator or detector components. This
also directly affects the beam life as this is a major contribution to the loss of stored
beam particles. For the safety and performance of the accelerator and the detector
it is therefore important to control the beam halo.

A collimator is a block, or series of blocks, of material to intentionally intercept
halo particles and synchrotron photons from halo particles to avoid collisions with,
or in the area of, sensitive components. Collimators define the aperture in a way
that detector and accelerator components with the smallest aperture in the region
of the interaction point (IP) are in the shadow of the collimators. Since the collision
of a halo particle with a collimator can produce secondary particles, a series of
collimator heads is used, where consequent collimators are designed to stop these
secondary particles.

A collimation system usually consists of two parts, the betatron collimation sys-
tem and the energy collimation system. The betatron collimation system specifically
targets the first term of r.h.s of the beam size o7(s) in Equation related to the
betatron function, while the energy collimation system is targeting the second term
that relates to the dispersion.

The aperture, or collimation depth n(s), is defined as |29):

ar ar

or(s)  \/B(s)e + (n(s)om)?

where a7 is the transverse half aperture. To effectively act on the betatron com-
ponent, the betatron collimation system is placed in a region along s where the
dispersion function is sufficiently small and can be neglected. Additionally, the col-
limator can be placed at a point where the betatron function is large since the same
collimation depths can be reached with a larger aperture. The betatron function
along a FODO cell is displayed in Figure Similarly the energy collimation sys-
tem should be positioned at a point where the dispersion term and betatron term
are large.

n(s) = (3.30)
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Figure 3.4: The betatron functions along a FODO cell.



CHAPTER 4

Silicon Sensor Technology

Semiconductors play a crucial role in modern electronics and are the basis for in-
tegrated circuits, diodes and many more applications. The use of imaging sensors
in high energy collider experiments has been established since its first use in the
DELPHI experiment in 1997 [34]. Typically, semiconductor pixel sensors exhibit
improved spatial resolution and can cope with higher hit rates compared to previous
technologies, e.g. wire chambers, albeit at higher costs. However, due to commercial
processes for complementary metal-oxide—semiconductor (CMOS) devices, the costs
associated to production have significantly reduced. This chapter focuses on physical
concepts relating to the use of silicon semiconductor sensors in collider experiments
and is based on [35-37].

4.1 Silicon Semiconductors

Electrons in atoms are bound by a coulomb potential and occupy discrete energy
levels. For molecules, the potential is a superposition of all potentials of the atoms
in the molecule. The allowed states of electrons appear as orbitals that are defined
by the superposed electric field of the molecule. When atoms are arranged in fixed
lattices with a periodic structure, the electric field will also have a periodic struc-
ture and the allowed states align into bands across the lattice. The highest energy
band below the Fermi energy is the valence band and the lowest energy band above
the Fermi energy is the conduction band. Nominally, at temperatures 7" = 0K, all
bands up to the Fermi energy are filled, while all bands above are empty. In this
configuration, the charges in the valence band cannot move since all states are oc-
cupied and there are no charges in the conduction band. Once an electron is lifted
into the conduction band, a current can flow there by virtue of the electron moving
along the conduction band, and along the atomic lattice. Similarly, the vacancy in

25



26 CHAPTER 4. SILICON SENSOR TECHNOLOGY

- Occupied levels @ Electron

- Empty levels @ Hole

S P I A I = Fermi energy

Valence
Band

Valence
Band

Valence
Band Metal

Valence Semiconductor Semiconductor
Band at T=0K at T>0K

Electron Energy

Insulator

Figure 4.1: Band structure of insulators, semiconductors and metals. The semi-
conductor band structure is shown for temperatures of T'= 0K and T > 0K. At
T > 0K electrons can be lifted from the valence band into the conduction band by
thermal excitation.

the valence band can propagate along the lattice and appear as a positive charge.
The vacancy is commonly referred to as hole. The energy difference Eg,, between
the conducting and valence band differentiates the materials into insulators with
Egap > 5€V, semiconductors with Fg,p, ~ 1eV and conductors (metals), where the
valence and conducting bands touch or overlap. At temperatures of T' > 0K elec-
trons in semiconductors can be lifted into the conduction band via thermal excitation
and conduct current, while at 7' = 0 K semiconductors act as insulators. The valence
and conduction bands for different materials are visualized in Figure

Silicon, being a group IV element, has four valence electrons and silicon crystals
have a regular pattern with equidistant atoms. Fach valence electron is covalently
bound to two atoms and neighboring atoms share two covalently bound electrons.
By introducing a group III element into the crystal structure a hole is introduced.
The process of introducing such an impurity is called doping and doping with a group
I1T element is called p-doping. At T'= 0K the hole is stationary, while at T > 0K
the hole can be filled by a valence electron, moving the hole. The crystal structure of
a p-doped silicon crystal is shown in Figure [£.2] The p-type impurity introduces an
additional energy level, the acceptor level, between the valence band and the Fermi
energy. The distance between the acceptor level and the valence band is very small
at = 0.005eV. Additionally, the Fermi level moves closer to the acceptor level. The
main charge carrier in p-type silicon are therefore holes and the concentration of
holes in the valence band is increased as at room temperature most acceptor states
are filled.

Introducing a group V element into a silicon crystal is called n-doping and leads
to an additional, weakly bound, electron. The crystal structure of an n-doped silicon
crystal is shown in Figure An additional donor level is introduced with a small
distance of ~ 0.005eV to the conduction band and the Fermi energy, again, moves
closer to the new energy level. The acceptor and donor levels and the shifted Fermi
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Figure 4.2: Left: Silicon crystal at 7' = 0 K with an implanted boron atom introduc-
ing an open bound. Right: At T' > 0K an electron from a covalent silicon bound
may fill the hole. The hole is mobile.

energy for p- and n-type silicon are visualized in Figure [4.4

4.1.1 The pn Junction

When coupling p-type silicon and n-type silicon, electrons can be observed to diffuse
into the p-type silicon and filling empty holes, leaving stationary negative ions due
to the difference in the Fermi energy of both sides. Similarly, holes diffuse into
the n-type silicon, leaving stationary positively charged atoms. This process stops
once the negative charge density in the p-type silicon is large enough to stop further
diffusion of electrons into the p-type silicon. During this process the Fermi energy
of both sides approach each other and once the diffusion stops the Fermi energy of
both sides is identical. The area where the ions formed is now devoid of charge free
charge carriers and is called depletion region. The positive ions on the n-side and
the negative ions on the p-side generate a contact potential Vj between them and
an electric field forms. The potential V is proportional to the size of the depletion
region. Due to the electric field, electrons in the conduction band can drift from the
p-side back to the n-side and holes in the valence band may drift in the opposite
direction. Additionally, the electrons and holes move due to thermal diffusion, which
is inherently an undirected movement and they may move opposite to their respective
drift direction.

The depletion region allows for a deeper penetration of the electric field into
the bulk material as free charge carriers can screen out electric fields [37]. When a
charged particle traverses the depletion region, atoms are ionized and charge are lib-
erated. The negative and positive charges are immediately separated due to the drift
created by the electric field and kept from immediate recombination. The absence
of free charge carriers in the depletion region reduces the chance of recombination of
the liberated charges with free charges present due to thermal excitations.

By applying an additional bias voltage, the size of the depletion region can be
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Figure 4.3: Left: Silicon crystal at 7' = 0K with an implanted phosphorus atom
introducing an extra, weakly bound electron. Right: At 7" > 0K the electron may
be lifted into the conduction band, creating a mobile charge.
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4.2. PARTICLE INTERACTIONS WITH MATTER 29

manipulated. Applying a voltage that counteracts the intrinsic voltage difference
across the depletion region is called forward bias and will cause the depletion region
to shrink. The depletion region can be reduced to small thicknesses allowing charges
to tunnel through the depletion region. This effect is exploited in diodes. When
applying a voltage that is aligned with the intrinsic voltage, a reverse bias, the
depletion region can be increased. Depletion regions in the order of 20 pm to 30 pm
are used in current day particle sensors (see TJ-Monopix2 and chips in
Chapter (7).

The geometry of the depletion region can further be manipulated by changing
the doping concentrations of the n- and p-doped regions. The depletion region will
reach further into the low-doped region and will have only a small depth in regions
with large doping concentrations. The doping concentrations are chosen such that
the n-doped region has a small doping concentration, creating the largest part of the
sensitive volume in the n-doped region.

4.2 Particle Interactions with Matter

A relativistic particle that traverses a medium typically scatters with the bound
electrons of atoms. While the atom is ionized or excited, the traversing particle
loses energy. The average energy loss per path length, or stopping power, for heavy
charged particles dE/ dz is dependent on the medium and is described by the Bethe-
Bloch formula |11} 35| 38, 139] for 0.1 < 8~ < 1000:

dE 2 Z 1 [1, 2me®B2y?Whnax 0 6(B7)
<‘dx>:“w[zln r Py (1)

The parameters of the Bethe-Bloch formula are displayed in Table The formula
is generally only valid for particles heavier than electrons, m > me.

The stopping power of a heavy charged particle in the Bethe-Bloch regime 0.1 <
B~y < 1000 therefore depends both on the particle properties as well as the properties
of the medium. At 8y =~ 3 a minimum can be found. Particles that fall into the
minimum are called minimum ionizing particles (MIPS). The Bethe-Bloch regime is
the most relevant for particle detection in particle collision experiments as the energy
of the produced particles typically lies within this regime. Thus, silicon sensors are
often tested using MIPS as they leave the smallest signals in the sensor and are more
difficult to detect, but make up a large fraction of the produced particles. At g~ 2>
1000 the dominant process becomes bremsstrahlung, while at lower energies 8y <
0.01 the Lindhard-Scharff approximation and the phenomenological parameterization
by Andersen and Ziegler describe the stopping power. The stopping power over the
different regimes for muons in copper is displayed in Figure [4.5

For test beam measurement with thin silicon sensors the instantaneous energy
loss is important. The instantaneous energy loss distribution for thin media is not
symmetrical and described by a Landau distribution [35| 40]. Single collisions with
very large momentum transfers are possible, although their probability is small. The
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Variable | Description
c Light speed
Z Atomic number
A Number of protons and neutrons
Me Mass of the electron
v Particle velocity
B v/c
vy Lorentz factor 1/4/1 — (32
K 4N arimec?
Ny Avogadro’s number
W max Maximum transferred energy loss to an electron in a single collision
z charge number of incident particle
1 Mean excitation energy
0(B7) Density effect correction to ionization energy loss

Table 4.1: Variables, and their description, of the Bethe-Bloch formula in Equation
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Figure 4.5: Linear stopping power for muons in copper ||
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Figure 4.6: Energy loss distributions for 500 MeV pions in silicon at different thick-
nesses. The distributions are Landau-shaped and are normalized to unity at the
most probable value A, /x. The width w is the full width at half maximum [11].

average energy loss described by the Bethe-Bloch formula is affected by the large
weight of these collisions. A description of the most probable energy loss becomes a
more practical description for the energy loss. Examples for a Landau-shaped energy
loss distributions in silicon for different thicknesses are displayed in Figure [4.6]

For electrons with energies O(1 GeV) the primary process of energy loss is
bremsstrahlung. Below that threshold at energies O(10MeV) , the electrons, and
similarly positrons, lose energy primarily through ionization and excitation. The en-
ergy loss due to different processes with respect to the electron energy is displayed in
Figure [4.7] The losses through ionization happen at all energies, the fraction of en-
ergy lost may become very small compared to bremsstrahlung, as depicted in Figure
Tonization of high energy electrons is necessary for the test beam measurements
discussed in Chapter [§] Here, electrons with energies of 4.2 GeV are used and their
ionization of silicon is necessary to detect them with the sensors used and the en-
ergy loss due to ionization is similar to what is expected for MIPS. Bremsstrahlung
photons are typically not measured in test beams.

Electrons that undergo bremsstrahlung emit a photon in presence of an electric
field of an atomic nucleus. Depending on the energy of the emitted photon, different
processes dominate. At photon energies < 1 MeV the photoelectric effect dominates
the cross-section. The photon interacts with a bound electron in the shell of an atom
and is absorbed. In a similar energy regime the photon also undergoes Thomson scat-
tering, which describes elastic scattering between the photon and an unbound elec-
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Figure 4.8: Photon cross-sections for interactions with matter depending on the
photon energy in carbon and lead .

tron and Rayleigh scattering between the photon and an atom. At photon energies
O(1MeV) the dominant process is inelastic scattering, called Compton scattering.
Beyond energies of > 10 MeV electron-positron pair production is the dominant pro-
cess, although the production threshold is at £, < 2mec? = 1.022MeV. To conserve
momentum the photon splits into an electron-positron pair in the presence of a nu-
cleus. The resulting high energy electron and positron undergo bremsstrahlung due
to the deflection in matter. The photons emitted may continue this cycle, given
enough energy. The result of this chain reaction, or avalanche, is an electromagnetic
shower. This process can similarly be started by an initial photon. An overview of
cross-sections for processes of photons in matter depending on the photon energy is
displayed in Figure
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4.3 Signal Generation

Once a charged particle traverses the depletion region, charges are liberated by
ionization. The produced charges, that are electrons and holes, move apart due
to the presence of the electric field E = |E|. The movement due to an electric field is
typically referred to as drift. The drift velocities for electrons and holes are described
by [35]:

vg = peE (4.2)
’Us = ,uhE.

The pe and pyp are the mobility of electrons and holes, respectively. The mobility is
dependent on the electric field pep = pie,n(£). The mobility is empirically described
for typical values of the field strength E [37] by:

uz[ a ﬁ] , (4.4)
1 (1)

where pg is the low field mobility, vs,t is the saturation drift velocity and 5 is an
empirically determined parameter. Electrons typically have a higher mobility with
Be =~ 2 compared to holes, which have 85 ~ 1 [41].

An additional mode of movement is described by diffusion. Here, it describes the
thermal motion of charge carriers along the charge density gradients. Diffusion is a
stochastic process and does not describe an inherently directed movement. The lon-
gitudinal motion due to diffusion along the drift direction of charge carriers is small
compared to the drift velocity and thus not of particular importance. The transverse
motion, however, causes charge clouds to spread in the transverse direction, affecting
the measurement in pixel detectors. The transversal spread is [35]

or =+/2D.tp (4.5)

with D, being the diffusion coefficient of electrons and tp is the drift time. The
diffusion coefficient is dependent on the mobility ue and the temperature 7' via [35]

=

D = puckpT. (4.6)

At sufficient transverse sizes, the charge cloud can induce signals at multiple elec-
trodes in pixel detectors, which can have an immediate effect on the spatial resolu-
tion. This is discussed in detail in Section [8.3.2

A current I; at the charge collecting electrode i is induced by moving charges
according to the Shockley-Ramo theorem [42, |43]:

Isﬂ' = qE_’wVﬂ_)‘, (47)
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where q is the charge of the moving charge carrier, v its drift velocity (diffusion is
neglected) and Ew,i is the electric weighting field. The electric weighting field is re-
lated to the weighting potential E»wﬂ- = —§¢w7i. The weighting potential is obtained
when applying a potential U; = 1 to the electrode ¢, while all other electrodes are
at a potential of zero. Thus, the weighting potential is a geometric property of the
sensor and its electrodes. The charge at the charge collecting electrode @, ; due to
the induced current of a charge moving from 7(tp) to 7(¢) from time ¢y until ¢ can
be obtained via integration

t
Qsi(t) = —q /t Ey v dt’ (4.8)

0

= q [w,i(T(t)) — dw,i(7(t0))] (4.9)

This charge is the signal measured by a charge collecting electrode in a pixel detector.

4.4 Radiation Damage

When particles interact with a silicon sensor, i.e. particles scattering with silicon
atoms, reversible and irreversible changes to the silicon crystal lattice can be intro-
duced. The damages can be divided into two categories, the bulk damage and the
surface damage, which are discussed in the following sections. This section is based
on References [44-46].

4.4.1 Bulk Damage

When massive particles traverse the silicon bulk, they can create defects in the silicon
lattice. A model that describes these effects is the non-ionizing energy loss (NIEL)
hypothesis [47]. When a hadron with sufficient energy traverses the silicon, it can
kick a silicon atom out of the lattice, leaving a vacant slot and an interstitial atom
in the lattice, called a Frenkel pair. The energy threshold to create a Frenkel pair
in a silicon lattice is 25eV [45]. The interstitial silicon atom will carry most of the
remaining energy of the initial hadron. Depending on the energy of the interstitial
silicon atom it can scatter with other silicon atoms in the lattice and create cluster
damage. It is assumed that the damage to the lattice is linearly dependent with
the energy loss due to the displacement. Each particle type has a different defect
distribution and “hardness factor”. To obtain a unified scale to express bulk damage
caused by radiation, the 1 MeV neutron equivalent fluence is used, by scaling each
type of radiation with its hardness factor.

The changes in the lattice affect the electrical properties of the silicon by shifting
energy levels and creating new energy levels in the band gap. Explicitly, the leakage
current, the depletion voltage and the charge collection efficiency are affected. This
is visualized in Figure [4.9

Leakage current: In the bulk of silicon sensors there is a constant current
that is caused by the thermal generation of electron-hole pairs. The threshold for
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Figure 4.9: Effects of bulk damage and the effects on the leakage current, depletion
voltage and charge collection efficiency (CCE).

generating electron-hole pairs is &~ 3.6eV. Defects with energies in the middle of
the band gap need less energy to be ionized, thus the energy needed to generate
an electron-hole pair is reduced and the leakage current increases. The increase of
leakage current is proportional to the 1 MeV neutron equivalent fluence the sensor
has received.

Depletion Voltage: When displaced by irradiation, donor atoms may not be
able to further act as donors, and di-vacancy defects (a pair of holes) may be intro-
duced, increasing the density of acceptors. The space charges created in the band
gap and the change of concentration of charge carriers changes the effective doping
concentration and the depletion voltage. In an n-doped substrate, the depletion volt-
age drops with irradiation until a type inversion into a p-type silicon occurs. After
the type inversion to a p-type substrate, the depletion voltage rises again .

Charge collection deficiency: Electrons and holes may be trapped by defects
in the band gap, while drifting towards the charge collection electrode. The drifting
charges will contribute to the charge induced at the electrode until they are trapped
and stationary. The charges may eventually be released before the integration time
is over and can again contribute to the collected charge. If the charges are released
outside a integration time window and the signal is already formed, they will con-
tribute to the leakage current only. The trapping of charges is a main contributor to
the loss of efficiency in irradiated sensors. The amount of defects and therefore the
impact of charge trapping scales with the [NIEL] fluence.

Most defects, such as interstitial atoms, space charges or impurities, may travel
through the lattice. Given enough time, some defects, such as vacancies and in-
terstitial atoms, may recombine in a process called annealing . This effectively
reverts defects back to their original, undamaged state. The annealing rate depends
on the temperature and will also happen during the operation of silicon sensors in
the experiments.
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4.4.2 Surface Damage

Surface damage describes damage to the SiOg surface and the bulk-surface interface,
mostly due to gamma irradiation. Photons with energies below 1MeV undergo
Compton scattering or the photoelectric effect. The secondary electrons produced
ionize the material, creating electron-hole pairs. The pairs are separated by electric
fields when the sensor is operated and cannot recombine. Some electrons and holes
may be trapped in the SiOs or in the Si-SiOq interface, creating oxide charges. Due
to their low mobility, holes are more likely to remain in the material, forming a
positive oxide charge barrier between the surface and the bulk. Below the oxide
charge barrier, electrons accumulate, preventing a full depletion of the pixel volume.
Due to the charges, the electrical field is deformed, causing localized high electric
fields, reducing the voltage breakdown threshold. Surface damage effects that are
caused by photon irradiation scale with the total ionizing dose (TID) deposited in the
material, i.e. the energy deposited by ionization per unit mass. Also the additional
charges at the bulk interface can affect the working point of transistors, possibly
pushing them out of their operational ranges. Oxide charges may also recombine
over time and anneal.

4.5 Depleted Monolithic Active Pixel Sensors

Since both the TJ-Monopix2 chip and the [OBELIX] chip are depleted monolithic
active pixel sensors (DMAPS) this technology is presented in this section. This
section is based on [35-37, 49| for general information on sensors and [50, 51| for
specific information on the [OBELIX| and T.J-Monopix2 design.

In monolithic active pixel sensors (MAPS) the readout electronics are integrated
into the same monolithic piece of silicon used for the sensor. However, the electronics
need to be shielded from the sensor to not affect each other, i.e. avoid crosstalk
between the digital and analog domain of the sensor. This electrical separation is
achieved by placing the readout electronics in a deep p-well. Once the integration
of an extra deep p-well was possible using commercial and cheap [CMOS| processes,
[MAPS]| gained traction. TJ-Monopix2 was produced in 180 nm [CMOS]| processes. A
cross-section of the TJ-Monopix2 pixel is displayed in Figure [4.10] The [OBELIX]| chip
is similarly designed in the same 180 nm [CMOS]| process. In early implementations an
n-well was placed in the p-well to act as a charge collection electrode, however, the
depletion region was very limited. The charges were generated in a p-type epitaxial
layer below the p-well. One issue regarding this design was the radiation hardness.
Its advantages were small material budgets, high spatial resolution, affordability and
low noise [52, [53].

The design was improved by introducing a dedicated small collection electrode
next to the p-well containing the readout electronics. To increase the size of the
depletion region, an n-doped layer across the full length of the pixel was introduced
in the top part of the sensor above the p-type epitaxial layer. The small size of the
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charge collection electrode leads to a small capacitance and reduces the noise. The
TJ-Monopix2 chip and [OBELIX] chip have small collection electrodes. A competing
design uses large collection electrodes that surround the p-well and also deplete the
full volume of the pixel. The large collection electrode leads to mostly linear electric
field and short drift paths through the pixel, improving the radiation hardness.
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Figure 4.10: Top: Sensor geometry of a TJ-Monopix2 DMAPS pixel.
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4.6 Charge Collection, Digitization and Threshold

The analog signal in the pixel is amplified, modified (or shaped), and digitized. This
and related concepts are discussed in this section. The collected charge Qsis produces
a voltage Vg at the input of the amplifier circuit depending on the capacitance C
of the charge collection electrode like

‘/sig = ch,lg

An example of an incoming pulse is displayed in Figure [£.11] The front-end circuit
implemented in TJ-Monopix2 and indications of the signal shape is displayed in
Figure

The incoming signal raises the voltage from a baseline and over a constant dis-
criminator threshold. The discriminator outputs a digital signal and is 1 as long
as the signal is above the threshold. The length of the digital signal is the Time-
Over-Threshold (ToT). The transition of the digital signal from 0 to 1 signifies the
position of the leading edge (LE) and the transition from 1 to 0 signifies the position
of trailing edge (TE) with ToT = TE — LE. The analog charge pulse is therefore
converted into a digital signal and the length of the digital signal is proportional to
the collected charge. Since the of a signal is dependent on the front end settings,
the [ToT| units only provide a relative measurement of the charge, which needs to be
calibrated (see Section . To increase the precision of the a quick rise time
of the signal is desired, as well as a longer signal, to cover a larger range of [ToT]
values. The latter is done by shaping the signal in the amplifier circuit.

The threshold can be measured by injecting charge into the charge collection
electrode. This is done applying a configurable voltage on the charge collecting
electrode through an injection capacitance. When the charge is injected, the front
end response can be probed. If the injected charge is too small the signal pulse will
not cross the threshold and no hit will be registered. The injected charge is increased
continuously in small steps until the signal crosses the threshold and a non-zero [ToT]
can be read out. When disregarding noise, this would produce a step-function where
each injection below the threshold is not registered, whereas every injection above the
threshold is registered. However, noise fluctuations will push some injections over
the edge and registering a hit, even though the injected charge alone would have
been to small and vice versa. This smeares out the step-function and it becomes an
Gaussian error-function, which is called s-curve in this context. This assumes that
the noise is gaussian distributed. The threshold is then determined to be the value
at which a pixel fires 50 % of the times. The noise is determined by the slope of the
s-curve at the point of the threshold and called equivalent noise charge (ENC). An
example for an s-curve is shown in Figure 4.13

The threshold is now determined in units of the configurable voltage applied to
inject the charge. To determine the threshold in terms of a charge in units of electron
charges e™, the capacitance of the injection capacity needs to be determined. Then,
the Equation [4.10] can be applied. The absolute value of the capacitance can be

. (4.10)
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Figure 4.11: Analog input signal with a signal amplitude larger than the discrimi-
nator threshold and the corresponding digital output signal with a length equal to
the Time-over-Threshold.
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determined by reference measurements with x-rays at discrete energies, for example
using an Fe®® source with a characteristic peak at 5.89 keV.
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CHAPTER b

SuperKEKB

The SuperKEKB collider is located in Tsukuba, Japan, at the KEK facility [27].
SuperKEKB is comprised of two separate storage rings with counter-rotating, asym-
metric beams of electrons and positrons, respectively. The electrons in the high
energy ring have an energy of 7 GeV, while the positrons in the low energy
ring have an energy of 4 GeV. The center-of-mass energy Fopyr = 10.48 GeV
is at the Y(45) resonance, which decays into a pair of B mesons with a branching
fraction of BR(Y(4S) — BB) > 0.96 [11]. The collider is therefore commonly re-
ferred to as a B-factory. The beams could be brought to collision at four potential
points along the straight sections of SuperKEKB. Only one such interaction region
is used and is occupied by the Belle II detector.

The asymmetric energies are necessary to create a decay vertex displacement
between the pair of B mesons, originating from the Y (45). With a B meson lifetime
of 1.5 x 107125 [11] and a boost of By = 0.28, the distance is approximately 130 im.
The Y(4S) meson’s lifetime of 1072Ys is sufficiently small to assume that its decay
products originate from the IP. The necessity for creating this displacement was
motivated in Chapter [2] and a schematic of the vertex displacement is displayed in
Figure

The collider was designed to deliver an instantaneous luminosity of 8x 103 cm
but due to operational difficulties this expectation was since reduced to 6x103> cm 2571,
Since the start of operation in 2018 the highest instantaneous luminosity reached is
5.1 x 103*cm™2s~!. A number of key variables of SuperKEKB and a comparison to
the predecessor machine KEKB are displayed in Table

Each beam consists of approximately 2500 bunches with O(10'°) particles per
bunch. The beam life in each ring is O(20min) due to particle loss by collisions
and beam background effects (see Section . To keep the beam currents and the
instantaneous luminosity up, particles are continuously injected at a rate of 50 Hz.

_28_1

45
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Figure 5.1: Map of collimators in SuperKEKB. The arc sections D03, D06, D09,
D12 are indicated. They, together with section D01, the Tsukuba straight section
and location of Belle II, house most of the collimators installed in SuperKEKB .

To suppress backgrounds collimators are placed around both rings. Collimators
are one of the most important tools to mitigate beam backgrounds in Belle II. The
layout of the collimators is displayed in Figure The collimators used by Su-
perKEKB are put into two categories for the purposes of this work: Horizontal and
vertical collimators. Each collimator has two collimator jaws on opposing sides along
their respective orientation. The position of a collimator jaw can either be given as
an absolute position relative to its mounting on the beam pipe or as a relative dis-
tance to the beam. The latter is the relevant measure to mitigate beam backgrounds.
The collimators have systematic names according to their orientation, section and
number in section.

A schematic depiction of SuperKEKB including the [LINAC|is displayed in Figure
0.2
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Parameter KEKB SuperKEKB Unit

Beam energy 8.0(e™), 3.5(et) 7.0(e”), 4.0(e™) GeV

Beam current 1.2(e7), 1.5(e™) 2.6%(e7), 3.6%(e™) A

Number of bunches 1584 2500 -

Horizontal beam size | 170 10.1*(e"), 10.7*(e”) pm

Vertical beam size 940 48*(e™), 62*(e™) nm

Inst. luminosity 0.21 6* 10%% cm =251
Integrated luminosity | 1.04 50* ab™1

Table 5.1: Comparison of performance parameters of KEKB and SuperKEKB .
(*) marked values are nominal or design values that have not been reached yet.

Interaction

Region Belle Il detector
7 '-

electron / positron
linear injector

positron damping ring

Figure 5.2: Schematic depiction of the SuperKEKB collider, as well as the linear
accelerator and the positron damping ring .
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5.1 Luminosity

The counter rotating beams of electrons and positrons are brought to collision in the
interaction region, which is enclosed by the Belle II detector. The number of physics
events n produced with a cross-section o of the respective physical process

T
n:/ Lo dt (5.1)
0

provides an effective definition of the instantaneous luminosity. A cross-section is a
parameter of a stochastic process in units of an area and provides a measure of prob-
ability for a quantum mechanical process to occur, however, it is not a normalized
quantity and cannot be directly interpreted as a probability. The cross-section de-
pends on the physics involved in the process as it depends on the transition element
obtained from Fermi’s golden rule (see Chapter [2)).

The aggregate of all particles, and their measurements, that stem from a single
collision are considered an event. Measuring many events, i.e. collecting a data
set with a large integrated luminosity, and counting their occurrences and structure
allows to measure the cross sections of the observed events. The total delivered, or
integrated, luminosity Li,; over a time frame 7T can be obtained by integration

T
Lint = / £dt. (5.2)
0

Assuming the same number of bunches n; and a Gaussian shaped beam profile
of the bunches in both beams yields

NlNanfrev
)
2 2 2 2
ZW\/le + 03, \/Uly + 03,

where N7 and Ny are the total number of particles in each beam, o1, (092,) and
o1y (02y) are the beam sizes for bunch 1 (2) in the transverse coordinates x and y
and frey is their revolution frequency. The Equation disregards several effects
like beam-beam effects and the actual bunch geometry arising from the nano-beam
scheme [27]. A simplified equation for the instantaneous luminosity becomes [56]

L=% (Ii{yi) , (5.4)

 2er. e

L= (5.3)

where « is the Lorentz factor, e the elementary charge and 7. the classical electron
radius, while the index £ denotes the reference to either the positrons (+) or electrons
(=). The parameter &, is the vertical beam-beam parameter and f3; is the vertical
beta function at the IP. This representation of the equation shows how the luminosity
is predominantly determined by modifying the beam currents I+ or g, while &, is
usually set to a value of &, ~ 0.09.
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Figure 5.3: Schematic illustration of the nano-beam scheme in the horizontal plane.
The crossing angle is 83 mrad, the bunch length is ~ 6 mm and the horizontal bunch
size is ~ 10 nm [27].

The nano-beam scheme’s main purpose is to reduce the beam size of colliding
bunches to increase the luminosity. This is realized by squeezing the vertical beta
function at the |E| By to 0.27mm. The beam cannot be squeezed along its entire
length, but only for a small section, which needs to be larger than the effective bunch
length. The effective bunch length is obtained by projecting the horizontal beam size
of one bunch onto the other under their crossing angle. A schematic depiction can
be seen in Figure 5.3

5.2 LINAC and Injection Scheme

The [56] at KEK was first commissioned in 1982 as 2.5 GeV electron accel-
erator for the Photon Factory. A source for positrons was added for the TRISTAN
experiment and in 1995 the was upgraded to accommodate the need for
8 GeV electrons by KEKB. Today, the [LINAC] serves three experiments with con-
tinuous top-up injections: SuperKEKB, Photon Factory and the Photon Factory
Advanced Ring. To accommodate the different needs of all facilities, the [LINAC]
supports pulse-to-pulse-modulations. A schematic depiction of the is dis-
played in Figure [5.4

The has three sections, two of which are linear sections and a rounded
J-arc section with a combined length of 600 m. The energy values attached to the
sectors refer to nominal values for particles dedicated to be injected into SuperKEKB.

The acceleration chain begins in section A with the creation of free electrons
using a laser driven photo cathode gun |56, 58] . For the electrons the
gun aims to create electron bunches of up to 4nC with a vertical emittance of
10mm mrad. With an acceptable vertical emittance of 20 mm mrad at the point
of injection into the [IER] the [LINAC]| can afford an additional emittance dilution
of 1I0mm mrad. In contrast, the positrons are created using a thermionic electron
gun that creates electron bunches with a charge of up to 10nC that are accelerated
to 3.2GeV and shot onto a 14 mm tungsten plate in sector 1 with a conversion
efficiency of 10%. The emittance of the resulting positron bunches is larger than
the acceptable vertical emittance of 15 mm mrad and is reduced using a 1.1 GeV
damping ring located between sections 2 and 3. After re-injection into the [LINAC]
the positrons are accelerated to the nominal energy of 4 GeV for injection into the
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Parameter Electron Positron Unit
Normalized horizontal emittance | 40 100 pm
Normalized vertical emittance 20 15 mm mrad
Energy spread 0.16 0.07 %

Bunch charge 4 4 nC

No. of bunches/pulse 2 2

Repetition rate 50 50 Hz

Table 5.2: Parameters of the electron and positron bunches at the moment of injec-
tion into the SuperKEKB main ring .
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Figure 5.4: Schematic depiction of the linear accelerator and the damping ring illus-
trating the different stages and the respective energy and charge of the electron and
positron bunches .

main ring in sections 3 to 5. A list of bunch parameters at the time of injection is
displayed in Table

The injection system uses the betatron injection scheme. There, the stored bunch
receives a fast closed orbit bump by two kicker magnets and is brought close to the
septum magnet. The septum magnet minimizes interference between the injected
and stored bunch while guiding the injected beam towards the desired position. How-
ever, the septum magnet also demands a minimum spatial separation of the stored
and injected bunch to physically accommodate the septum magnet. The injected
bunch is purposely mismatched and placed next to the bumped stored beam, lead-
ing to betatron oscillations. Over the course of a few turns, the betatron amplitude
dampens due to synchrotron radiation and the bunch-by-bunch feedback system
and the injected bunch merges with the stored bunch.
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Belle Il

Belle 1II is a general purpose particle detector with a near 47 coverage [60]. Its
subsystems are arranged cylindrically around the [[P] and due to the asymmetric
energies of the beam the detector is elongated in the direction of the boost. A
schematic view of Belle II and its coordinate system are displayed in Figure [6.1
This chapter is based on [60].

6.1 Vertex Detector

The purpose of the vertex detector is to reconstruct the vertex position, which is
the space point where a particle decayed. The vertex is reconstructed by finding the
space point where the tracks, i.e. the reconstructed flight paths, of the decay products
intersect. For vertices of B-mesons, that decay before reaching the innermost detector
layer, it is necessary to extrapolate the tracks inwards to reconstruct the vertex.

The 6-layer vertex detector (VXD) consists of the Pixel Detector (PXD), con-
tributing the two innermost layers, and the Silicon Vertex Detector (SVD), contribut-
ing the four outer layers. The PXD is a silicon pixel detector based on DEPleted
p-channel Field Effect Transistors (DEPFET). The layers are at radii of 14 mm and
22mm and have a windmill structure. Specifications for the pixel pitches on the
respective PXD modules are displayed in Table A schematic of the structure of
the PXD is displayed in Figure [6.2]

The layers have eight and twelve ladders, respectively, with each ladder con-
sisting of two modules. Each module is equipped with application-specific inte-
grated circuits (ASICs) that facilitate the pixel readout and are mostly located at
the outward-pointing ends of the modules, placing them outside of the detector ac-
ceptance, allowing for active cooling of these ASIC components while the 75pum
thick active sensor area is air-cooled. The PXD can achieve a single track vertex

51
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4 GeV
Positrons

Figure 6.1: The Belle II detector and its coordinate system. The direction of the
beams and the sub detectors are indicated. Modified from .

Figure 6.2: CAD drawing of the current Belle II PXD with all 20 ladders installed

62).
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Layer || Radius | Ladders | Sensors | Pixels/Sensor Pitch
(mm) u X v uxv (pm X pm)
1 14 8 16 250 x 768 50 x (55 to 60)
22 12 24 250 x 768 50 x (70 to 85)
Sum 20 40 7680000

Table 6.1: Specifications of the Belle IT PXD.

PXD

Figure 6.3: CAD drawing of the current Belle IT VXD.

resolution better than 15 pm. The slow 20 ps rolling shutter read-out, however, leads
to large occupancies that limit track-building capabilities and its performance in
high-background scenarios.

The SVD comprises the four outer layers of the [VXD] and is made from double-
sided strip detectors (DSSDs). The SVD excels at time resolution with 3 ns allowing
for a strong fake rate reduction. At occupancies above 6 %, meaning that 6 % of
all pixels are registering a hit, the track finding rapidly degrades giving an effective
upper limit of the acceptable occupancy of the inner SVD layer. The CAD drawing

of the [VXD]is displayed in Figure [6.3]

6.2 Central Drift Chamber

The Central Drift Chamber (CDC) envelops the VXD]and provides track reconstruc-
tion capabilities and precision momentum measurements of charged particles with
the solenoidal magnetic field using

p = qBR. (6.1)

A typical charged particle leaves = 40 hits in the CDC volume with a spatial res-
olution of 100 pm and a time resolution of 1ns. The resolution of the transverse
momentum using the CDC and the SVD is

% = V(0.1%p:)? + (0.3%/B)>. (6.2)
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The magnetic field is produced by a superconducting solenoid and has a strength of
1.5T and envelops all detectors except the K, and muon detector, which is discussed
below. Further, The CDC provides track information to the first level trigger within
the 5 ps trigger latency of Belle II. By determining the path length and the deposited
energy within the CDC volume, a measurement of the energy loss dE/ dz can provide
a particle identification via the Bethe-Bloch formula, discussed in more detail in
chapter [4l This is especially important for particles that decay before reaching the
subsequent Cherenkov detectors or have momenta that are too small to escape the
CDC volume given the strong magnetic field.

The CDC features 14336 sense wires arranged in 56 layers grouped in 9 super-
layers that determine the wire orientation. The wires have two orientations and
are either parallel to the z-axis (axial wires) or tilted forwards/backwards with re-
spect to the z-axis (stereo wires) to avoid position and direction ambiguities in the
measurements.

6.3 Cherenkov Detectors

The Time-Of-Propagation counter (TOP) and Aerogel Ring imaging Cherenkov
Counter (ARICH) provide measurements of the Cherenkov light. Cherenkov light is
emitted by massive charged particles traversing a medium, with a refractive index
n, faster than the speed of light v.(n) = ¢/n in that medium. The charged particle
temporarily polarizes the atoms of the (dielectric) medium. Since the particle is
faster than the propagation of the electric field, the “cloud” of polarized atoms trails
behind the particle and is aligned along the flight path, so that they do not cancel
each other out. Short electromagnetic pulses are created by the creation and relax-
ation of the dipoles. The elementary waves interfere constructively in the case of
particle velocities greater than v.(n), creating the Cherenkov radiation in a cone-like
shape. The emission angle of the Cherenkov light is related to the velocity S of the
incidence particle:
Oc = L 6.3

cosfo = B (6.3)
Combined with a momentum measurement, this provides a measurement of the rest
mass of the particle:

p
m=——. (6.4)
Bre
This allows, for example, to distinguish between pions and kaons by their difference
in rest masses.
The TOP counter is positioned in the barrel region around the CDC and consists
of 16 massive synthetic fused silica quartz bars. The photons are internally reflected

until they reach the expansion prism with the attached micro channel plate photo
multiplier tubes (MCP-PMTs).
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Figure 6.4: THE ARICH and TOP sub detectors in an exploded view.

The ARICH provides particle identification measurements in the forward end-cap
region. It has a 2cm thick aerogel radiator in order to produce enough Cherenkov
photons, typically in the order of O(10), to make a reliable measurement. The aerogel
radiator consists of two layers with different refractive indices. The refractive indices
of the aerogel layers are chosen such that the two cones with different Cherenkov
angles exactly overlap at the end of the expansion volume. The photon detectors
consist of a vacuum tube that encloses an avalanche photo-diode. The ARICH and
TOP detectors are displayed in Figure [6.4]

6.4 Electromagnetic Calorimeter

The electromagnetic calorimeter (ECL) provides crucial measurements of non-charged
particles, that are predominantly neutral pions and photons. At sufficient energies,
photons and electrons create electromagnetic showers when traversing the scintillator
material of the ECL. After enough shower generations, the energy of all partaking
particles is small enough and their energy is absorbed by the atoms of a scintillation
material, exciting the atoms (see Section . Upon de-excitation the atom emits
a photon, called scintillation light. The produced light is then measured and the
number of photons is proportional to the initial energy of the particle.

The ECL covers the end-cap and barrel regions, using over 8500 CsI(T1) crystals
with a depth of 30 cm, equaling =~ 16 Xy. The scintillation light is detected by
photodiodes that are glued to the back of the crystals. The ECL measurements also
contribute to the luminosity measurements, Kg detection, electron identification and
to the level-1 trigger. Also, the injection background veto timing is tuned using the
ECL signal. Due to the large injection background, the Belle IT data taking is paused
during the passage of a noisy bunch that was recently topped-up . The geometry
of the ECL is displayed in Figure [6.5
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6.5 Kji and Muon Detector

The Kp, and muon detector (KLM) is the outermost detector and envelops the other
sub detectors in the barrel and end-cap regions. It is outside the magnetic field of
the solenoid as the iron plates serve as a return yoke for the magnetic field. The
KLM provides additional PID measurements for K; mesons for uncharged tracks or
muons and charged pions for charged tracks.

The iron plates alternate with active detection layers of resistive plate chambers
(scintillators with photomultipliers) in the outer barrel region (inner barrel region
and end-cap region). The dead-time of the resistive plate chambers, which were
inherited from Belle, is large and the inner barrel layers are unable to cope with the
larger backgrounds due to increasing luminosity. The end-cap region suffers from
a high rate of back-scattered neutrons. The geometry of the KLM is displayed in
Figure |6.5

6.6 Trigger System and Data Acquisition

The Belle II trigger system uses a level-1 hardware trigger and a high level trigger
(HLT) that is software-based. The trigger system has a high efficiency to select
hadronic events from Y(4S) — BB and from events like ete™ — ¢ that involve
light quarks (in this context light quarks refer to up-, down-, strange- and charm-
quarks) [60]. The trigger chain starts with the level-1 trigger. The level-1 trigger has
a 30 kHz Poisson distributed trigger rate with a maximum latency of 5 s, after which
a trigger decision must be made. The length of the latency is defined by the speed of
the level-1 trigger Field-Programmable Gate Arrays (FPGAs), the complexity of the
algorithms to reach a trigger decision and the amount of background in the events
as the events become larger and more complicated. The maximum possible latency
is defined by the ring buffers of the detector front-end electronics that need to keep
the data until a trigger decision is made. If the trigger latency is too long, then data
in the events will be lost as it will be overwritten by the following data. In Belle 11
all detectors are designed to buffer data up to 5pus, and if an event is selected, send
the related data to the HLT. The PXD is an exception to this rule, as it does not
take part in any trigger decision and data needs to be buffered until the final trigger
decision by the HLT is made. The data is temporarily saved on the Online Selection
Nodes (ONSEN) system [64].

The level-1 trigger uses data provided by the CDC, ECL, TOP, ARICH and
KLM. The CDC provides track information in the form of track count, 2D and 3D
tracks. This information is sensitive to events with a high multiplicity, i.e. events
with many tracks, which are mostly hadronic events. The 3D tracks, that addition-
ally reconstruct the position along the z-axis, can effectively reject background not
originating from the IP. The ECL provides cluster counts as well as timings and sums
over the deposited energy. The ECL information is sensitive to events with charged
and neutral particles with high and low energy clusters. Additionally, Bhabha and
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Figure 6.5: Cut-view of the ECL and KLM sub systems as well as components of
the magnet system.
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two photon events can be identified due to the characteristic signature they leave
in the ECL. The KLM similarly provides cluster information that may be matched
with the CDC tracks. The TOP and ARICH detectors provide PID information
from the barrel and end-cap regions. The information is bundled and forwarded to
the global reconstruction logic that performs a low-level reconstruction of the event.
The output of this reconstruction is used by the global decision logic to make the
level-1 trigger decision. If the result is positive, the trigger signal is sent back to
trigger the readout of the buffered data of the detector front-ends, marking the first
step of the Belle II DAQ. Data that is outside a triggered time windows will be
overwritten and permanently lost.

The data is collected by the common pipeline platform for electronics readout
(COPPER) via the Belle2Link [60, 65]. The Belle2Link is the data transmission
system via optical fibers that connects the front-end electronics and the backend
systems. The detector data is sent to the event builder that collects and merges the
data into one block. This block of data is not reduced as for the level-1 trigger but
contains every information read out from COPPER. The block of data is input to
the HLT that performs a full event reconstruction with the Belle IT Analysis Software
Framework (BASF2) [66]. Upon the full event reconstruction, a final trigger decision
is made, leading to the event to be saved or discarded. As opposed to the level-1
trigger, the HLT does not utilize FPGAs but is a CPU farm. The HLT trigger
decision can take seconds and has no fixed latency. If the event is selected, the
corresponding data in the reconstructed ROIs from the PXD is pulled and added to
the event. The HLT reduces the trigger rate from 30kHz to 10 kHz. The events are
processed again offline by the same full event reconstruction but to a higher precision
and including the PXD data.

6.7 Radiation Monitors

Diamond-based radiation monitors, or diamond sensors, were installed in 2018 and
are placed around the [[P]in the [VXD] volume. A schematic of the positions of the
diamond sensors are displayed in Figure [6.60 They monitor the integrated dose
Belle IT is subjected to and can trigger a beam abort signal in case there is a rapid
increase in radiation to protect detector components. The integrated dose is the
energy deposited per sensitive mass by radiation into the diamond sensor. Later,
the system was expanded by an additional 8 sensors that were placed around the
final focusing quadrupole magnet system (QCS) to protect against potential
quenches. If the integrated dose over a time of 10 ps (1 ms) surpasses 8 mrad (80
mrad), the sensor triggers a very fast (fast) beam abort. A beam abort takes about
20 to 30 ps which is equivalent to 2-3 revolutions around SuperKEKB.
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Figure 6.6: Positions of the diamond radiation monitors at the beam pipe bellows
close to the QCS final focusing magnets of SuperKEKB, on the SVD support cone
and the beam pipe. The angle indicates the position of the diamond in terms of the
angle ¢ of the Belle II coordinate system, which is indicated in Figure Modified
from [67].

6.8 Slow Control System

Belle 11, similar to SuperKEKB and the LINAC, uses the experimental physics and
industrial control system (EPICS) 68| 69] to manage the slow control. It supports
a large number of Input/Output controllers (I0OCs) that span a distributed system.
The function of each IOC can be divided into two roles, server and client. Servers
read and write from and into the network, for example, by publishing parameters
reported from a physical hardware component into the network. Clients can display
and store the data, for example, by providing a dashboard to visualize the status of
a system.

Process variables (PVs) are the standard high-level objects that are used for
communication between systems. Each[PV]has a unique name in the network and can
store additional metadata. The are distributed using User Datagram Protocol
(UDP) and thus a client can fetch any amount of data without making an explicit
connection with a handshake to the publishing server, although data integrity is
not guaranteed and data is not automatically recorded. [PV] data will only be saved
by the archiver appliance [70], which is a client system that fetches the values of a
configured list of and writes their values to disk.

The data published in [EPICS] includes:

e Environmental sensor data.
e Diagnostic data from Belle II sub detector systems.

e Variables reporting on the status of systems.
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e Interactive variables used by operators to steer Belle II and related systems.

The leakage current of the CDC is one of the diagnostic variables that are avail-
able in [EPICS It is monitored to ensure safe operation, as large leakage currents
can damage the CDC and recording this data allows to identify trends and mitigate
problems in advance. Since the leakage current is proportional to the hit rate of
the CDC, it is also used in the background monitoring tool BGNet, presented in
Chapter [9] Similarly, the dose rates of the diamond radiation monitors are available
in [EPICS| and used in BGNet. This motivates the value of recording such data and
making it available beyond the initial purpose of monitoring the machine safety.

Environmental sensor data includes, for example, temperature and humidity sen-
sors. These sensors typically report their measurements at a rate of 1 Hz.

In EPICS, thresholds on the numerical values of PVs can be defined to trigger
warning signals that can be connected to appropriate actions, e.g. shutting systems
off in case of unsafe temperatures. These warnings can be considered [EPICS|variables
themselves, reporting on the status of Belle II. Another type of status variables is,
for example, the [PV]that indicates if Belle II is powered on.

Interactive variables are set by operators. Operators can use them to set the jaw
positions of collimators or control the power supplies, turning systems on or off.
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VTX Upgrade Proposal

The luminosity projections for SuperKEKB suggest that only 2 x 10%% cm™2s~! can
be reached with the current interaction region (IR) design, a factor 3 below the
design instantaneous luminosity. To reach the full data set of 50ab~! during the
2040s, achieving the design luminosity will be necessary. An [[R] redesign, and an
accompanying change of the is planned with an installation foreseen during
Long Shutdown 2 (LS2), around 2032.

Since an [[R] redesign will change the spatial envelope of the inner detectors that
are structurally dependent on the a redesign of the vertex detector is required.
This also opens the opportunity to construct a new vertex detector with an upgraded
technology to benefit the physics performance and increased resilience against beam
background. The upgrade proposes to replace the [VXD] with a 5 or 6 layer,
fully pixelated detector [71]. While physics performance simulations favor a 6 layer
geometry, the geometry will ultimately be decided by the mechanical feasibility.
Preliminary studies of the VI'X mechanics suggest that a 6 layer geometry will not
fit into the available volume and a 5 layer geometry is preferred. All layers will use
the [DMAPS]| chip [OBELIX| (Optimized BELIe II pIXel sensor). It is based on the
modified 180 nm [CMOS] process by TowerSemi.

The [VTX] is expected to improve on the vertex position resolution, as well as
the track reconstruction of low momentum particles that do not reach into the CDC
volume. Other performance figures are expected to have minor improvements or be
similar to the current [VXD] system.

The Belle II tracking [72] relies heavily on the CDC. In Belle II, track recon-
struction is either directed inwards or outwards. The CDC standalone track finding
can seed a track in the CDC and extend the track inwards. Similarly, a track can be
found and reconstructed by the SVD standalone tracking and extended outwards.
The tracks that are found by both tracking algorithms are then merged and PXD

61
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Figure 7.1: Comparison of the occupancies of the PXD, SVD, CDC and VTX and
the track efficiency for different tracking setups at different background scenarios
[71].

hits are added. The CDC track finding performance is especially affected by large
hit rates due to high backgrounds. An upgrade of the CDC read-out electronics
is planned, recovering some of the lost performance. Also, the is expected
to have a better standalone track finding over the SVD, recovering overall tracking

performance by improving the outward directed tracking, which is less affected by
higher CDC hit rates.

To simulate the performance during future operation, the background conditions
need to be extrapolated to reflect the expected increase in backgrounds over the cur-
rent conditions. Three background scenarios were considered by scaling the single
beam backgrounds: Optimistic scenario 1 (SC1) scaling by factor 2, intermediate/de-
fault scenario 2 (SC2) scaling by factor 5, conservative scenario 3 (SC3) scaling by
factor 10. The factors were chosen to be large since the errors on the background
extrapolation are large. The comparison of the track finding efficiency of CDC
standalone, CDC+SVD and CDC+VTX for different background extrapolations is
shown in Figure[7.1

The improved physics performance for events with soft pions was evaluated using
BY — D*~ (D%, )¢"v with either D° — K7~ or DY — KTn~ntn~, although
both final states show the same performance. Pions are considered soft when their
transverse momentum pr is small. The efficiency and purity for the D% — K7~
final state are shown in Table [7.11

Further the reconstruction efficiency as a function of the transverse momentum
and the polar angle # is shown in Figure

Above transverse momenta of pr > 0.3 GeV the performance increases vanish as
the CDC performance dominates the performance figures.
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| [ Belle IT SC2 | VIX SC1 | VIX SC2 [ VTX SC3 |

Generated events 32533 32559 32559 30255
Correctly reconstructed signal 10059 16913 16848 15583
Self-crossfeed 28495 51375 51826 47527
Efficiency 30.9% 51.9% 51.7% 51.5%

Purity 26.1% 24.8% 24.5% 24.7%

Table 7.1: Reconstruction efficiency and purity for the D° — K+7~ final state. The
current Belle IT detector with background SC2 is compared with the upgraded VTX
and all background scenarios |71].
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Figure 7.2: Reconstruction efficiency of D° — K7~ final state as function of the
transverse momentum of the soft pion pr(m_;) and the cosine of the polar angle 6.
The current Belle IT detector with background SC2 is compared with the upgraded
VTX and all background scenarios. The bottom plot shows the the ratio of the
efficiency for the Belle II geometry and the VITX geometry for background SC2 [71].
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Figure 7.3: Layout of the TJ-Monopix2. The 512 x 512 pixels active matrix is divided
into four areas with different FEs [54].

7.1 The TJ-Monopix2 DMAPS Chip

The TJ-Monopix2 is a [DMAPS|[CMOS]| chip and the successor of the TJ-Monopix
chip [52]. They stem from discontinued developments for the ATLAS outer tracker
and were chosen as basis to develop the [OBELIX] chip as the requirements were
similar. The initial requirements and the [DBELIX] specifications are described in
more detail in the next section.

The pixels are quadratic with a pitch of 33.04 pm arranged in a 512 x 512 pixel
matrix with a size of 1.7 cm x 1.7 cm for the active area and 2 cm x 2 cm for the entire
chip.

The TJ-Monopix2 features active pixels with four variations concerning the cou-
pling to the front-end amplifier circuit and the amplifier circuit itself. The layout
of the four different FEs is displayed in Figure [7.3] The cross section of the TJ-
Monopix2 pixel is shown in Figure and the full front-end circuit is shown in

Figure [£.12]
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The analog pixel is either DC-coupled to the amplifier circuit and called “normal”
front end or AC-coupled and called “HV” (High Voltage) front end. The front-
end amplifier circuit is varied by an addition of a transistor to allow for higher
gain. The DC-coupled front end allows for biasing of the substrate (PSUB) and the
deep p-well (PWELL) with negative voltages. The voltage of PWELL is limited to
—6V since the deep p-well hosts the electronics of the active pixel and the potential
will affect the transistors adversely at higher voltages. The PSUB voltage has to
match the PWELL voltage to avoid punch-through and damage to the pixel. This is
especially critical during the power up of the sensor for unirradiated sensors. After
irradiation, however, the punch-through effect is delayed and a potential of —20V
can be applied to PSUB. Possibly higher voltages could be applied, but tests showed
that the performance at —20V was already satisfactory. The AC-coupled front end
is biased by applying a positive voltage to the charge collecting electrode (HV). The
AC coupling to the front end allows for larger potentials, however the additional
capacitor leads to a charge loss of around 30 % [54]. The maximum voltage that can
be applied is around 40 V. A chip was tested until a bias of 62V and the breakdown
voltage was reached at 63 V, breaking the chip.

A tuning of the threshold can be achieved by either manipulating the signal
produced by the front-end amplifier or the discriminator. The global threshold can
be tuned using registers, manipulating the front-end amplifier. In the case of TJ-
Monopix2 this is achieved by changing the baseline output of the amplifier. This
cannot be tuned on a per-pixel basis. The bias current of the discriminator Ipigc is
obtained by [54]:

Ipiscli] = Ips + (1 — 1) ITune, (7.1)

where the currents Ipg and Ity are obtained as a product of their 8 bit register
setting, an integer value between 0 and 255, and the current for the least significant
bit, which depends on the Digital-to-Analog Converter (DAC) supplying the current.
The value ¢ is a three bit register setting and takes values between 0 and 7. It can
be set individually for each pixel, allowing for a local tuning of the behavior of
the discriminator. Inhomogeneities in the pixel response can be compensated. The
threshold tunings applied during measurements in Chapter [8| include local tunings
and thresholds can be assumed to be homogeneous over a sensor front end.

7.2 The OBELIX DMAPS Chip

The development of started with the TJ-Monopix and TJ-Monopix2 chips
that were developed for the ATLAS outer tracker as they had similar specifications.
A summary of the initial requirements on the design of new vertex detector chip are
shown in Table [Z.21

The [OBELIX] chip will inherit the matrix design of TJ-Monopix2, i.e. the analog
design of the pixels and the column drain read-out architecture. Currently, it is
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H Requirements ‘ TJ-Monopix2 ‘ OBELIX

Pixel pitch < 40 pm 33.04 pm 33.04 pm

Spatial resolution || < 12pm < 9.5um < 9.5pum

Sensor thickness < 100 pm - thinning to 40 pm

Hit rate burst > 600 MHz > 600 MHz > 600 MHz

Hit rate sustained || > 120 MHz > 100 MHz > 120 MHz

Trigger rate 30kHz - 30kHz

Trigger delay > 10 pm - > 10 pm

Integration time < 100ns - < 100ns

TID 100 Mrad - 100 Mrad

NIEL fluence 5 x 1014 meq/cm2 1.5x 101 neq/cm2 5 x 1014 neq/cm2

SEU tolerance frequently - 10 Hz flash config-
(min—1) flash uration
configuration

Powering through voltage | - LDOs > 0.2V
regulators drop-out

Output one at < 200 MHz | one at 160 MHz one at 339 MHz

Table 7.2: Initial chip requirements for a tracking detector upgrade and the TJ-
Monopix2 specifications [71] compared to the final OBELIX specifications [50].

planned to have two front ends, the AC-coupled cascode front end and the DC-
coupled cascode front end, in the first iteration of the design, called OBELIX-1 |71].
However, previously it was considered that the OBELIX-1 could feature only one
front end, the DC-coupled cascode front end, potentially forgoing another production
cycle that would have been OBELIX-2, if no issues in the implemented design changes
are found in OBELIX-1. The decision for this potential front end was reliant on the
test beam results presented in Chapter

The matrix of [OBELIX]|will be extended to 896 x 464 pixels while the total chip
size increases to 30.2 x 18.8 mm?. Low dropout (LDO) regulators were implemented
for power distribution across the enlarged chip area.

The digital periphery needed to be redesigned to be compatible with the Belle
IT trigger system. A trigger unit was added featuring a dual-stage memory buffer
that can be read-out once a trigger signal is produced. At the required 120 MHz
continuous hit rate, a trigger latency of 10 s at a 30 kHz trigger rate can be sustained.
The trigger latency is doubled compared to the current Belle II trigger latency [60],
allowing for more elaborate trigger decisions. The can also provide data for the
level-1 trigger decision using the developed Track Trigger Transmission unit (TTT)
[50,|73]. For the purposes of the TTT, multiple pixels are grouped into “macropixels”
and only binary hit data is considered. The chips send this hit data as
an additional output to FPGAs that compare the hit data to pattern tables. This
feature will only be available for the outer (oVTX) as the performance degrades
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at high occupancies with the required computation time and the power dissipation
in the digital periphery increasing. The fast time stamping using only the binary hit
information of “macropixels” can also be used as a standalone feature allowing for
precision time stamping of tracks with a time resolution < 3ns. This feature will
also only be available for the oVTX due to decreased performance at large hit rates
and increased power dissipation.

7.3 Mechanics

Both the 5 and 6 layer [VTX] geometry will have a detector acceptance of 17° < 6 <
150° and the layers will be positioned between radial distances of 14 mm and 140 mm
similar to the current VXD. A considered upgrade of the magnets could move
the tips of the magnets closer to the IP. This would reduce the geometric envelope of
the VTX, reducing its angular acceptance. Since there are no new geometries
yet, current simulations assume the present geometry. Preliminary studies suggest,
that the new geometry only permits a 5 layer geometry, however, a final decision
on the VIT'X geometry has not been reached at the time of writing.

The inner (iVTX) consists of the two innermost layers at radii of 14 mm
and 22mm. It is designed to reduce material budget by having self-supporting,
all silicon ladders and a minimal cooling solution. The ladders are arranged in a
windmill structure with an overlap of about 10 pixels. Each ladder has four[OBELIX]
chips that are diced out together from the silicon wafer allowing for a monolithic
and rigid all-silicon structure. The chips are then electrically connected using a
redistribution layer (RDL) that is added in a post-production process. The RDL
adds metal and polymer layers using a thin film process with photo lithography,
providing connections for both power and data between the chips of a ladder. The
area underneath the active sensor matrix is then thinned to 40 pm while the edges
of the ladder remain unthinned at a thickness of 400 pm for structural support. The
material budget for an iVTX layer is then about 0.2% Xy in case the ladders are
solely air-cooled. However, since the release of the conceptual design report (CDR)
[71] it was understood that only air-cooling would not suffice with the targeted
temperature and the projected power dissipation. The power dissipation is currently
expected to be 200mW /ecm? up to 300mW /cm? for hit rates up to 120 MHz/cm?
[50]. The test beam results shown in this thesis were part of this decision. The
addition of a thin cooling pipe increases the material budget to 0.3 % Xj.

The oVTX comprises the outer 3 (4) layers for the 5 layer (6 layer) design.
The properties of the layers for both scenarios are displayed in Table and [7.4]
Drawings of the mechanical structure are displayed in Figure [7.4

The oVTX mechanical structure is closely related to the developments for the
ALICE ITS2 [75]. The sensors are cut from the wafer individually and the sensor
backside is glued onto a carbon fiber cold plate. The cold plate is thermally coupled
to a polyamide pipe for the liquid coolant. For additional stiffness, a 3D carbon fiber
structure in a V or € shape is brought onto the cold plate. The [OBELIX] chips of a
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Figure 7.4: Top left: 3D cut-view of the 5 layer VTX . Top right: Cross section
of the 5 layer VITX . Bottom: Cross section of the 6 layer VTX.
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[ L1 [ L2 [ L3 | L4 | L5 [ Unit |
Radius 14.1[22.1]391[89.5] 140 | mm
# Ladders 6 10 17 40 31
# Sensors/ladder 4 4 7 16 | 2x24
Material budget || 0.2* | 0.2 [ 0.37 | 0.5T | 0.8 | %Xo

Table 7.3: VTX layer parameters for the 5-layer design [71]. *: the addition of a
necessary cooling component will increase the material budget to 0.3 %X [74] over
the previous value in the CDR [71]. T: the material budget of the oVTX layers was
increased to 0.8 %X [74] over the previous value in the CDR [71].

] | L3 [ L4 [ L5 | L6 | Unit |
Radius 62.5/69.0 | 82.5/89.0 | 108/114.5 | 133.5/140 | mm
# Ladders 30 36 48 60
# Sensors/ladder 12 16 20 24
Material budget 0.6 0.67 0.67 0.6 %Xo

Table 7.4: VTX outer layer parameters in the alternative 6-layer design [50, 74]. The
two radii for each layer reflect the radii of the staggered sub-layers. : the material
budget of the oVTX layers was increased to 0.8 %Xy [74] over the previous value in
the CDR [71].

ladder are electrically interconnected by wire bonding to a flex PCB that is glued on
the top side of the sensors. Due to possible space constraints the PCBs of layer 3 will
only be connected in the backward side (towards negative z-axis) of the detector.
All other layers are connected from both sides.
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CHAPTER 8

Measurements of the TJ-Monopix2 Chip

A total of four test beams were conducted to characterize the TJ-Monopix2 chip,
debug its operation and provide feedback for the [OBELIX] design. The test beam
campaigns conducted by the upgrade collaboration of Belle II are summarized in
Table 8] The author took part in all listed test beams, taking on more responsi-
bilities with each test beam. At the latest test beam in April 2025, the author was
responsible for the computing hardware, networking and the data analysis during
and after the test beam.

The following sections focus on the test beam results obtained at DESY in March
2025, focusing on systematic studies of irradiated TJ-Monopix2 chips at different
temperatures. The test beam results were a necessary input to the design of the
[VTX] by quantifying the effect of different temperatures on the performance, estab-
lishing operational temperature ranges. Further, the systematic comparison of the
two remaining considered front ends contributes to the decision process for which
front end is considered to be used for This test beam was also used as an
opportunity to prove that the TJ-Monopix2 system could be used in a synchronized
read-out mode (AIDA mode), which will be necessary in the Belle II environment.
The test beam results of initial tests of unirradiated samples can be found in ref-
erences [51, [76]. Parts of the following results have been previously published in
conference proceedings by the author [77].

8.1 Test Beam Setup

The test beam in 2025 was conducted at the DESY II test beam facility |78]. The
DESY II synchrotron circulates electron beams of up to 7GeV. A fiber target
that can be brought into the main electron beam produces bremsstrahlung photons.
Using a secondary target, pair production is induced and the resulting electrons and

71
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Date H Length \ Location \ Scientific program ‘

July 2022 || 2 Weeks DESY | 4 unirradiated samples, under-
standing sensor properties/tun-
ing and test DAQ system

July 2023 || 1 Week + 1| DESY |2 irradiated samples (1 p-
Week parasitic irradiated, 1 n-irradiated),
systematic tuning, low threshold
operation, timing tests

July 2024 || 1 Week DESY |2 irradiated samples (1 p-
irradiated, 1 X-ray irradiated),
high temperature tests, compare
front end performances

April 2025 || 2 Weeks DESY |4 irradiated samples (3 p-
irradiated, 1 e-irradiated),
temperature controlled envi-
ronment, compare front ends

at different temperatures, test
AIDA mode

Table 8.1: Summary of the TJ-Monopix2 test beam campaigns.

positrons pass a magnet that selects both the particle type and the particles energy.
The electrons available from this double conversion have an energy of 1 GeV - 6 GeV.
The energy can be selected by the user via a bending magnet with an adjustable
magnet strength. The particle rate is dependent on the selected energy. Additionally,
the particle rate can be reduced by changing the aperture of a collimator that is
positioned after the magnet. An energy of 4.2 GeV was chosen for all measurements.
Electrons at this energy are considered minimum ionizing particles (MIPS), referring
to the Bethe-Bloch Equation This energy minimizes multiple scattering of the
electrons used for the measurements, while maintaining a sufficient particle rate.
After the collimator the electron beam enters the user area, where experiments can
be conducted. At the end of the beam nozzle the beam size can be manipulated
by putting different lead cylinders at the end of the beam nozzle, that act as an
additional collimator.

The DURANTA EUDET-type telescope |79], available at DESY, was used as a
beam telescope. The beam telescope provides reference measurements to determine,
for example, time and spatial resolution and efficiency. A small material budget of
the telescope is crucial to reach good spatial resolutions. The DURANTA telescope
consists of 6 planes of 50 um thick MIMOSA26|[MAPS| sensors [80] with a 18.4 x
18.4 pm? pixel pitch. The sensors are read out using a 115 ps rolling-shutter style
readout. The long rolling shutter readout limits the time resolution that can be
achieved by the DURANTA telescope. Therefore, an additional timing plane is
installed to allow for fine time stamping. The timing plane uses a TelePix2 sensor
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Timing Telescope DUT Telescope Scintillator
Plane Downstream arm Upstream arm

Electron beam

Trigger input signal
TelePix2 Telescope TJ-Monopix2
DAQ DAQ DAQ
I I H L

Trigger Logic
Unit

E et Trigger output signals
Command signals:

| Run Control |

Figure 8.1: Schematic of the test beam setup with the DURANTA EUDET-type
telescope, the TJ-Monopix2 DUT and a TelePix2 timing reference plane. The scin-
tillator in front of the telescope produces a trigger signal once a particle passes,
which is then distributed by the TLU to the respective DAQ systems. From the run
control machine the setup is configured and controlled.

that is placed downstream of the telescope as the last sensor plane. The TJ-
Monopix2 chip, the Device Under Test (DUT), is mounted between the third and
fourth telescope plane, so that the upstream and downstream arms of the telescope
each consists of 3 planes. In front of the first sensor are two scintillators with PMTs
that send a trigger signal to the Trigger Logic Unit (TLU) once an electron
passes them. The schematic of the setup is displayed in Figure [8.1

During the test beam two synchronization modes were used, that are referred to
as EUDET mode and AIDA mode [82].

EUDET mode Once the receives the trigger input signal from the PMT
upon a passage of a particle through the scintillator, the [TLU] distributes the trigger
signal to all the respective Data Acquisition Systems (DAQ) triggering the readout.
Once the trigger signal is received by the they raise a busy signal for the
duration of the data read-out and the distribution of the trigger number from the
[TLU] blocking the distribution of further trigger signals. This triggered read-out of
all[DAQg| is associated with a common trigger number distributed by the [TLU] After
all[DAQs|are ready, they each lower their respective busy signal and the returns
to its original state, ready to accept another trigger input signal. The maximum
trigger rate is thus limited by the slowest sensor read-out in the setup. Similarly,
the time resolution that can be measured using the EUDET mode is limited to the
time resolution of the slowest sensor, which is the telescope sensor with
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| Serial number || Particle type | Fluence [neq/cm?] | Substrate |
W14R12 - unirradiated Czochralski
W8RA4 proton 1 x 10" 30 pm EPI
W2R17 proton 2.5 x 10™ 30 pm EPI
W8R6 proton 5x 10™ 30 pm EPI
W2R5 electron 5 x 1014 30 pm EPI

Table 8.2: TJ-Monopix2 samples available for the 2025 test beam campaign.

its 115 us long rolling shutter readout. The data of all sensors are aligned by virtue
of the common trigger number associated with the data.

AIDA mode The[TLU]|distributes a common clock that all are synchro-
nized to. Once a trigger input signal is received by the it raises the trigger
line in sync with the [TLU] common clock. The trigger signal is associated with a
timestamp by the After the trigger is sent, a [DAQ)] can raise a busy signal for
the duration of its readout. The [TLU| does not send any data or trigger number to
the DAQs. The data of each sensor is associated with a timestamp based on the
[TLU| common clock by each DAQ] The maximum trigger rate depends on the [TLUJs
capability of issuing trigger signals, or the length of busy signals send by the [DAQS|
although these can be ignored. The data streams need to be aligned offline during
reconstruction using the timestamps of the recorded triggers. The time resolution is
dependent on the timestamp precision.

The EUDAQ2 [83] framework was used to manage the components of the test
beam setup, triggering initialization, propagating settings and starting/stopping the
data taking. The DURANTA telescope operates in EUDET mode and uses the
EUDAQ?2 data collector to obtain data. The TelePix2 and TJ-Monopix2 were using
their respective systems and were operated in AIDA mode allowing for the
timestamped track reconstruction. For TJ-Monopix2, this is handled by a BDAQ53
FPGA readout board [84] running the basil software [85].

To allow for temperature control of the[DUT] a Peltier cell is thermally coupled to
the TJ-Monopix2 chip/carrier PCB. Since there is no on-chip temperature probe, the
carrier PCB negative-temperature-coefficient (NTC) resistor is used to gauge the chip
temperature with Tty = Inte +7°C. All temperatures that are referred to during
the following sections of the test beam analysis refer to TnTc unless explicitly stated
otherwise. The temperature range used was 10°C - 50°C. To prevent condensation
on the electrical components, the chip was flushed with nitrogen.

The TJ-Monopix2 samples available for the 2025 test beam are summarized in

Table B2

8.1.1 Charge Calibration

Before the analysis began, preprocessing steps were performed. For this analysis, the
only preprocessing step was applying the charge calibration to the raw data of the
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TJ-Monopix2, if it is available. The charge calibration allows to convert the relative
[ToT] units into an absolute unit of charge.

At the end of the amplifier circuit, the charge is digitized and given in [ToT] as
the difference of 7-bit wide timestamps of the trailing edge and the leading edge
(see Section . The sample clock for the timestamps has a frequency of 40 MHz
leading to a time resolution of 25ns. The charge-to-digital conversion is dependent
on the state of the pixel front end, e.g. how the signal is shaped. Thus, the [ToT]
values cannot be used to infer an absolute value of the collected charge and cannot
be compared between two measurements with different front end configurations.
To obtain the absolute collected charge in units of e™, the values need to be
calibrated.

The calibration is done by utilizing the charge injection feature of the TJ-
Monopix2 [54]. Two voltages Viow and Vyign are propagated through the pixel matrix.
The value of each voltage is set in [DAC| units. The voltage difference between the
two propagated voltages is then applied to the charge collection electrode through
an injection capacitance Cinj. The capacitance of Ciy,; is not immediately known but
can be determined by calibration with an **Fe source that has a characteristic X-ray
peak at 5.90keV. The conversion factors are 9 e~ /DAC for the DC-coupled front end
and 18 e~ /DAC for the AC-coupled front end. The applied voltage is known, but
the internal buffers of Vi, and Ve are only linear up to 140 @ units. Beyond
the linear regime, quantitative measurements are not possible. This sets a limit on
the injected charge to 9 e~ /DAC x 140 DAC = 1260 e~

The charge calibration is then performed by injecting known charges into the
charge collection electrode, recording the response and fitting a calibration
curve of the form

feala) = (245 ) (2= (5.1)

The parameters a, b and d are the fit parameters. The same calibration is applied
to all pixels of a front end. This calibration needs to be performed for each set
of settings of the amplifier circuit and under the same conditions as were present
during the test beam measurement. The charge calibration curves were produced
centrally after the test beam campaign at INFN Pisa by R. Mammone and were
kindly provided to the author.

An example for such a calibration curve is displayed in Figure B:2] At each
injection step, the [ToT] response of all pixels is recorded. The [ToT] response is not
the same for all pixels. As a result, each[ToT]is associated with a distribution of pixel
responses at different injected charges that resulted in the respective [ToT| value. The
number of pixel hits recorded at a given injected charge is indicated by the color of
each bin. The mean charge of each distribution is identified and used as data point
for the fit. The means are indicated by the red dots. The fit of the calibration curve
on the pixel response to injected charges converges well in the range of available
injection charges.
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Figure 8.2: The plot shows the ToT value in correspondence to the injected charge
in DAC units. A fit was performed using the Equation [8.1} The fit parameters are
indicated in the top left. The calibration corresponds to the DC-coupled front end
of TJ-Monopix2 sensor W8RE.
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8.2 Analysis Setup

Two test beam analysis tools have been used to obtain the presented results. The
results for the cluster properties and efficiencies were obtained with the Corryvreckan
framework [86]. A dedicated analysis for the spatial resolution of an irradiated TJ-
Monopix2 chip was performed with TBSW (Test Beam SoftWare) [87-89]. Although
the methods used in both frameworks differ, the analysis objectives are the same. In
the following, the analysis is described on the example of Corryvreckan. The analysis
has two steps: Alignment and Analysis.

Alignment: The data files for each sensor and the [TLU] are loaded into Cor-
ryvreckan and events are defined based on the [TLU] trigger modes. The individual
pixel hits are then clustered. Here, it is assumed that an electron traversing the sen-
sor can cause multiple neighboring pixels to record a hit (or fire) by either directly
traversing multiple pixels due to a non-normal flight path (here, normal refers to the
geometric relation of a vector and a plane) with respect to the sensor plane, or by
charge sharing between the pixels due to lateral diffusion of the charges produced in
the pixels. Through clustering, these pixel hits that originate from the same incident
particle are grouped together. The reconstructed hit position of the particle through
the cluster is then obtained through a center-of-gravity approach, taking the pixel
charge into account [90]. The hit position 2™t (y"*) along = (y) of a cluster with n
pixels and the signal charge ¢; and position x; (y;) of the i*" pixel is given by

Jhit _ 221 Gii
qu 4

and y™" is analogously determined. The calibrated pixel charge is used if it is avail-
able. A general-broken-lines (GBL) [91] track model is then fit onto the clusters to
reconstruct the particle tracks through the telescope. Using these tracks the tele-
scope can be aligned in software. This is realized by fitting the alignment parameters
of the sensor planes, i.e. the positions and rotations, and the track parameters to-
gether. This is an iterative process that continuously updates the geometry and refits
the tracks until the telescope is sufficiently aligned. The algorithm that is mainly
used is the Millipede algorithm [92].

Analysis: The analysis follows similar steps as the alignment procedure until
the tracking step. Here, the tracking explicitly excludes the [DUT] in order to not
bias the reconstructed track position with respect to the The tracking uses
the aligned geometry that was the result of the alignments step and, again, the GBL
track model. Each cluster on the telescope planes can only be associated to one track.
The interpolated track intersects on the [DUT] are then associated with cluster hits
of the DUT] Using this association, time and spatial resolution, efficiency and other
metrics can be measured. For the analysis each track needs to have a hit on every
tracking plane, including the TelePix2. For the association of [DUT] hits, a spatial
cut of 100 pm and a timing cut of 50 ps are applied.

The order of steps for both the alignment and analysis is visualized in Figure|8.3
Explicit configuration files can be found in the public analysis repository [93].

(8.2)

hit
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Figure 8.3: Schematic of the test beam analysis flow.

8.3 Test Beam Results

The results of the four irradiated TJ-Monopix2 samples are presented and com-
pared in the following. The measurements were performed for 2 of the 4 front ends
available on the TJ-Monopix2. The front ends considered are the cascoded AC-
and DC-coupled front ends. The non-cascoded versions of the front ends were al-
ready excluded as potential front ends for the [OBELIX]chip in earlier measurements.
Hereafter, the cascoded label is omitted in favor of better readability. Some mea-
surements will refer to the maximum bias of the respective front end of the sensor.
The maximum bias that could be applied to a sensor and front end varied and is
summarized in Table [B.3]
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’ Serial number H Maximum bias AC FE ‘ Maximum bias DC FE ‘

WE8R4 35V 10V
W2R17 - 15V
WS8R6 40V 20V
W2R5 40V 20V

Table 8.3: The maximum bias that could be applied to each irradiated sample for the
AC-coupled front end (AC FE) and the DC-coupled FE (DC FE). The AC-coupled
front end of W2R17 was not operational.

8.3.1 Cluster Properties

Three main cluster properties are discussed here: Cluster size, cluster charge and
seed charge. The cluster size is the number of pixels in a cluster. The cluster charge
is the sum of all charges of all pixels that are part of a cluster. The seed charge is
the highest single pixel charge contributing to the cluster. For 1-pixel clusters the
seed charge and cluster charge are identical. In order to suppress noise, only clusters
that were matched to a track are selected for the results provided here.

The cluster size and cluster charge distributions for an unirradiated sample
(W14R12) and a sample at the maximum available fluence (W8R6) are shown in
Figure for the DC-coupled front end. The W14R12 sensor has a Czochralski
substrate that, in theory, allows for deeper depletion compared to the EPI substrate
of W8R6. The larger depletion volume would result in larger signals and larger clus-
ters, but previous measurements determined the depletion depth to be similar [76].
The most probable cluster size for the unirradiated sample is 2. About 20 % of the
clusters have a size > 3. For the irradiated sample the most probable cluster size is
1 with negligible contributions of clusters with size > 3. In this example the charge
is not calibrated and is given in units of Results of calibrated charges are given
below. The distribution of values for the unirradiated sample is much broader,
using a larger range of values. In contrast, the range of values used for
the irradiated sample is compressed, reducing the charge resolution. While the un-
calibrated charges cannot be directly compared, the collected charge will be smaller
for an irradiated sample due charge trapping. Charges are trapped when the drift
of liberated electrons in the depleted region is interrupted by defects. The charges
are released after some time, that may be longer than the integration time. If the
charges are released outside the integration window, the charges will contribute to
the leakage current, rather than the signal. The distributions of the pixel size and
cluster charge in for the other samples are shown in Appendix

The mean of the cluster size is for all irradiated sensors depending on the bias
voltage are displayed in Figure The cluster size can be observed to increase with
the bias voltage as the depleted volume increases and charges deposited at the corners
and edges contribute to the signal. The likelihood for pixels with a small deposited
charge to detect a sufficiently large signal increases and multi-pixel clusters appear
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Figure 8.4: Comparison of the histograms of the cluster size and cluster charge for
associated clusters in the DC-coupled front end. It compares an unirradiated sample
(W14R12) and an irradiated sample (W8R6). Both measurements were taken at
similar thresholds of ~ 300 e~

more often. The cluster size reaches a maximum that is dependent on the irradiation
fluence. For the proton-irradiated sample with the highest fluence, the maximum is
reached at 12V while for the sample with the least fluence the maximum is < 6'V.
The cluster size reduces as the charge cloud drifts faster due to the larger electric
field and the transversal spread due to diffusion reduces according to Equation [£.5]
This reduces charge sharing between neighboring pixels, reducing the cluster size.

Charge calibrations are available for TJ-Monopix2 for samples W8R6 with a
fluence of 5 x 10 neq/cm? and W8R4 with a fluence of 1 x 10! neq/cm?. The mean
of the calibrated cluster charge and seed charge for W8R6 and W8R4 depending
on the bias voltage are displayed in Figure for the DC-coupled front end and in
Figure [8.7] for the AC-coupled front end.

For the DC-coupled front end of W8R6, the range of bias voltages that can be
applied is larger due to the large fluence and the reduced punch-through effect (see
Section , compared to W8R4. The collected charge increases over the range of
bias voltages for W8R6 as the drift velocity increases and more volume is depleted.
Once the volume is fully depleted, the increase of the collected charge diminishes.
This cannot be observed with W8R4, where the increase in collected charge already
happened at smaller voltages and has already leveled out, similar to W8R6 after a
bias voltage of 12V. From the effects of [NIEL] damage, it is expected that a lower
bias voltage already depletes the full volume at smaller fluences. A difference of the
cluster charge for W8R6 would be expected due to the larger bulk damage and the
additional charge trapping. However, the charge collected by both samples is similar
with /= 1700 e~. The effect of larger fluences on the collected cluster charge appears
to be small, once both samples are fully depleted. The difference between the seed
charge and cluster charge is small as the clusters are predominantly of size 1.

A bias voltage of up to 40 V was applied to the AC-coupled front end for W8R6.
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The collected cluster charge increased steadily and the trend suggests that the sensor
was still not fully depleted at 40V, however bias voltages much beyond 40V are
not considered safe for operation. The highest bias voltage applied to the AC-
coupled front end of W8RA4 is 35 V with negligible changes of the collected charge with
different bias voltages, suggesting that the volume is already mostly depleted. The
difference between the collected charge between the two samples is more pronounced
in the AC-coupled front end compared to the DC-coupled front end. The cluster
charge difference between W8R6 and W8R4 is ~ 500 e, or =~ 30% more charge
collected by W8R4 over W8R6. The charge collected by the AC-coupled front end
at respective maximum bias is smaller than the charge collected by the DC-coupled
front end. While the higher bias voltage that applied to the AC-coupled front end
should result in a larger collected charge, the additional capacitive coupling causes
a significant loss of charge [54].

Comparisons for the uncalibrated charges are displayed in Appendix for the
DC-coupled front end and for the AC-coupled front end.
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Figure 8.5: Comparison of the cluster size for all irradiated samples against the bias
voltage. The threshold during these measurements was =~ 250 e~. Top: Cluster size
of the DC-coupled front end. Bottom: Cluster size of the AC-coupled front end.
The statistics for these measurements are large and errors are not visible.



8.3. TEST BEAM RESULTS 83

o  WB8R6 p-irrad 5 x 10'n.q/cm? WB8R4 p-irrad 1 x 1040, /em?

172000+
=
[
o0
_Cm [ ]
< 1500 ® ® L4
5 '
&
c °
3
< 1000 .

oe?

6 8 10 12 14 16 18 20 6 8 10

Bias Voltage [V] Bias Voltage [V]
® W8RG p-irrad 5 x 10Mngq/cm? W8R4 p-irrad 1 x 10™neq/cm?

,20001
[0}
80 °
2 e o oo
o °
B 15001
wn
3 °
(8]
3 °
£ 10001 0oe?

6 8 10 12 14 16 18 2 6 8 10

Bias Voltage [V] Bias Voltage [V]

Figure 8.6: Comparison of the calibrated seed charge and cluster charge against the
bias voltage for samples W8R6 and W8R4. The threshold during these measurements
was = 250 e~ .The statistics for these measurements are large and errors are not
visible. Top row: Seed charge of the DC-coupled front end. Bottom row: Cluster
charge of the DC-coupled front end.
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Figure 8.7: Comparison of the calibrated cluster charge and cluster charge against the
bias voltage for samples W8R6 and W8R4. The threshold during these measurements
was ~ 250 e~ .The statistics for these measurements are large and errors are not
visible. Top row: Seed charge of the AC-coupled front end. Bottom row: Cluster
charge of the AC-coupled front end.
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8.3.2 Spatial Resolution

The 1-dimensional intrinsic binary spatial resolution for a pixel detector producing
only single pixel clusters can be obtained from the standard deviation of a box
function [36]

L fore<z<d
{d—c - (8.3)

0 forx <corz>d

d—c
V12
is identified as the distance d — ¢. For the TJ-Monopix2 this simple binary intrinsic

% = 9.54um. An improvement over this resolution is
expected due to multi-pixel clusters and information of the measured charge. The
effective pixel pitch for 1-pixel clusters is then reduced by the by the length of the
region, where multi-pixel clusters are produced. A visual representation of this effect
along a 1D axis is given in Figure |8.8] In practice, the border between a single and
a multi pixel response is not sharp. This can be visualized in the cluster size in
dependence of the in-pixel hit position. For the measurement that is used here for
the determination of the spatial resolution this visualization is shown in Figure

The reconstructed hit position needs to be unbiased. The position finding al-
gorithm used by TBSW uses a data-driven cluster shape correction that produces
unbiased hit positions for multi-pixel clusters [87]. With the effective pixel pitch for
single pixel clusters, the resolution of 1-pixel clusters measured for the TJ-Monopix2
should be smaller than 9.54pum. The multi-pixel resolution given the measured
charge information approaches zero, if the charge distribution is known, and assum-
ing no noise in the charge measurement of the pixels contributing to the cluster |36].
The Gaussian term in the fit function that is applied below, is a combination of the
measurement noise of the pixels of the DUT| and uncertainties arising from the finite
resolution of the telescope.

The Gaussian noise term that originates from the finite telescope resolution and
the resulting uncertainty of the track intersection position with the needs to
be subtracted. The track positions Tryack (YTrack) are statistically independent from
the hit positions zmit (ymit), since the hit was not used for the track fitting.
The measured spatial resolution o2UT (O'yDUT) in z (y) can then be obtained from
A
x

DUT clusters along = (y) coordinates

with the standard deviation . The pixel boundaries are ¢ and d and the pixel pitch

resolution is Cintrinsic =

the standard deviation o (ayA) of the spatial residual distributions for all associated

DUT _ DUT _
AZYY = Trvack — Hit (Ay° " = YTrack — YHit)

and the telescope resolution, or mean track uncertainty, U;el (Jztfl) via

2 2
DUT _ A ]
Oy = \/(Ux/y> — (a;“f;y) : (8.4)
The measurement of the spatial resolution after irradiation is performed for the

DC-coupled front end for the TJ-Monopix2 chip W8R6, which was proton irradiated
to a fluence of 5 x 10! neq/cm?. The spatial residual distributions for all cluster
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Figure 8.8: Visualization of a simplified 1D model for the effective pixel pitch of
single-pixel clusters in the presence of multi-pixel clusters. The solid lines indicate
the physical pixel borders. The dotted lines indicate the boundaries between the
inner region of the pixel and the edge region of the pixel. An incidence particle
traversing a pixel in the inner region with a length a of pixel n 4+ 2 produces a
response only in pixel n + 2. If it traverses the pixel in the edge region with length
b between the pixels n and n — 1, a response is measured in the two adjacent pixels,
producing a multi-pixel cluster. The effective pixel pitch for a single-pixel cluster is
equal to the length a. The pixel pitch is equal to the length of a + b.
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Figure 8.9: Mean cluster size depending on the reconstructed in-pixel hit position
from measurements for the proton irradiated sample W8R6. Pixels are grouped in
2 x 2 cells and mapped onto a common cell. The boundaries between the cells is
indicated by solid black lines. This result was obtained using TBSW with cluster
shape-based position reconstruction.
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Figure 8.10: Residual distributions for W8R6. The statistical mean and standard
deviation are drawn into the plot. Left: Residual distribution along the x-axis.
Right: Residual distribution along the y-axis. This result was obtained with TBSW.

sizes along x and y and the statistical mean and standard deviation are displayed
in Figure [8.10] The spatial residual distribution in for all clusters is a statistical
mixture of residual distributions of 1-pixel, 2-pixel and larger (> 2) clusters.

The spatial residual distribution is by good approximation the sum of the resid-
ual distributions for 1-pixel cluster and 2-pixel clusters. Contributions from larger
clusters are small for irradiated samples, as shown in Figure [8:4 The spatial res-
olution can be obtained separately for 1-pixel and 2-pixel clusters. Their spatial
residual distributions are displayed in Figure [B.11] for 1-pixel clusters and in Figure
for 2-pixel clusters. A convolution of a box function and a Gaussian, resembling
the noise term, has been fitted to the distributions to obtain the effective pitch, as
well as the parameters of the Gaussian noise. The Gaussian noise has fitted here has
contributions from noise of the track positions and from the gaussian smearing in
the hit positions. The fit variables are a, u and o, that are the half width of the box
function extending from —a to a (and is defined to be centered around 0) and the
mean and standard deviation of the Gaussian function. The fit functions and the
fit parameters are indicated in the respective figures. As expected from the above
discussed model, the effective pixel pitch for 1-pixel cluster are 2 x (14.96 +0.11) pm
and 2 x (14.89 £ 0.13) pm for x and y residuals, respectively, which is smaller than
the physical pixel pitch of 33.04 pm. The width of the residuals for 2-pixel clusters
is smaller compared to residuals of 1-pixel clusters, which is expected. The contri-
bution from the box function, i.e. the fit parameter a, is small and the error of the
hit position for 2-pixel clusters is dominated by the Gaussian noise, which is also
expected according to the above considerations.

The unbiased mean track intersection uncertainty at the is known from the
track fitting by TBSW and is determined to be o™ ™ = (3.7942 +0.0003) um and

tel, meas

oy = (3.8005 £ 0.0003) pm. The track intersection uncertainty is determined

1 - .
for each track and the error on on” ™ ig only the statistical error on the mean
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Figure 8.11: Residual distributions for single-pixel clusters for W8R6. A fit of a
centered box function convoluted with a Gaussian has been applied to the distribu-
tion. The statistical mean and standard deviation, as well as the fit parameters, are
drawn into the plot. Left: Residual distribution along the x-axis. Right: Residual
distribution along the y-axis. This result was obtained with TBSW.
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Figure 8.12: Residual distributions for 2-pixel clusters for W8R6. A fit of a centered
box function convoluted with a Gaussian has been applied to the distribution. The
statistical mean and standard deviation, as well as the fit parameters, are drawn into
the plot. Left: Residual distribution along the z-axis. Right: Residual distribution
along the y-axis. This result was obtained with TBSW.
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’ Cluster size H Resolution in = \ Resolution in y ‘

1-pixel cluster || (9.3+0.1)pm | (9.4£0.1) pm
2-pixel cluster || (6.2+£0.2)pm | (6.3+0.2) pm
All clusters (92+£0.1)pm | (9.2£0.1) pm

Table 8.4: Spatial resolution achieved in measurements of W8R6 for 1-pixel, 2-pixel
and all clusters.

track intersection uncertainty. Systematic errors can arise from various sources like
misalignment, uncertainties of the particle energy, uncertainties in the estimation of
the resolution of the telescope and uncertainties due to the non-continuous measure-
ments of the telescope. The systematic error is estimated by determining the mean
track intersection uncertainty using multiple methods and comparing their results.

The second method used is by performing TBSW track fitting using simulated
data, instead of measured data (see Section for details on the simulation).
The mean track intersection uncertainties on simulated data are determined to be
oih S —(4,0466 4 0.0004) pm and op 5™ = (4.0416 £ 0.0004) pm. The errors
quoted are statistical uncertainties as above. The third method uses a GBL track
resolution calculator [94], that determines the mean track intersection uncertainty in
both z and y to be o' €@l¢ = 3,61 pm. The difference between the first method that
used measurement data and the latter two methods is 0.2 pm, which will be used as
an estimate for the systematic uncertainty. The mean track intersection uncertainty
is therefore taken to be the mean of all three values. The obtained resolution, that is
rounded according to the error, is J;el = 0;‘31 = (3.8000 £ 0.0003 +0.2000) pm, where
the first error is the statistical uncertainty and the second error is the systematic
error. This telescope resolution and uncertainty will be used for all following calcu-
lations, including the determination of the spatial resolution through simulation in
Section [8.4

The position resolution of 1-pixel and 2-pixel clusters, as well as the total position
resolution is then obtained using the statistical standard deviations of each distri-
bution and the determined track intersection uncertainty by TBSW. The results are
given in Table The 1-pixel cluster resolution is slightly better than the intrinsic
binary resolution. The spatial resolution for 2-pixel clusters is better than for 1-pixel
clusters. The total spatial resolution over all clusters is close to the 1-pixel cluster
resolution, since the 1-pixel clusters dominate. The obtained results fall within in
the expectations explained above.

8.3.3 Hit Detection Efficiency

Vertex detectors are required to produce measurements with a high efficiency as
missing measurements will affect the track finding, track reconstruction and result
in a decreased vertex and momentum resolution. A hit detection efficiency of > 99 %
for samples irradiated to the maximum expected fluence of 5 x 101411eq /cm? is meant
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to be achieved for the VTX.

The hit detection efficiency € is defined by the number of reconstructed tracks
that were matched, or associated, to hits nmatched @nd the total number of
reconstructed tracks nioia via

€ — T'matched ) (85)
TNtotal

The uncertainty of the efficiency is calculated as the boundaries for the Clopper-
Pearson interval [95] that takes a lower limit of 0 and an upper limit of 1 into
account. The implementation of the ROOT framework is used for the computation
[96]. Statistical errors are indicated in all plots for the efficiencies but are of order
O(107?) due to the high statistics and not visible.

Dead or disabled pixels are excluded from the efficiency measurement by not
counting reconstructed tracks that intersect the[DUT]at position of dead or disabled
pixels. Noisy pixels were identified and disabled prior to the measurement, however,
there is no treatment for pixels that became noisy during the measurement. The
noise rate is small and and the systematic bias on the efficiency measurement is
neglected. The efficiencies that are presented in the following are representative of
the efficiency of entire front end and no regions-of-interest have been defined within
the area of the front ends. One exception is a masking of ~ 100 rows on top of the
sensor that were in the shadow of a copper block from the cooling system.

The efficiency in dependence of the bias voltage for both tested front ends is dis-
played in Figure for all irradiated samples. For small bias voltages the efficiency
drops, since the depletion region shrinks and the obtained signal charges become too
small to pass the threshold. These findings are compatible with expectations arising
from measurements of unirradiated samples [51, |76]. Samples with smaller
fluences retain higher hit detection efficiencies > 99 % at smaller bias voltages, while
the highest irradiated W8R6 chip shows a larger degradation. This is due to the in-
crease of the depletion voltage from the irradiation, amplifying the reduction of the
depletion region at smaller bias voltages. Additional charge collection inefficiencies
from charge trapping further decrease the hit detection efficiency at large fluences.
However, a bias voltage can be found to obtain efficiencies > 99 % for any irradiated
sample.

The efficiency in dependence of the threshold for both tested front ends is dis-
played in Figure [8.14f The threshold was determined using the charge injection
circuit as described in Section [£.6] The threshold for the TJ-Monopix2 is mainly
tuned by manipulating the Igiag, ITpr and Icagn registers of the amplifier circuit
that are indicated in Figure [£.12]

Three conclusions can be drawn from this measurement. Firstly, the efficiency
degrades with larger irradiation, such that less irradiated chips have higher efficien-
cies, even at higher thresholds. Secondly, despite an irradiation to the same 1 MeV
neutron equivalent fluence, the electron irradiated chip exhibits less performance
degradation than the proton irradiated chip. This suggests that either the irradia-
tion with electrons never reached the expected fluence or that the irradiation
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Figure 8.13: Hit detection efficiency of all irradiated samples in dependence of the
bias voltage for the DC-coupled front end (top left), magnified for high efficiencies

(top right), and the AC-coupled front end (bottom). The threshold during these

measurements was ~ 250 e~ except the p-irradiated 2.5 x 10%n.q/cm? (W2R17)

which was ~ 400 e™.
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Figure 8.14: Hit detection efficiency of all irradiated samples in dependence of the
threshold for the DC-coupled front end (top left) and the AC-coupled front end (top
right). Plots with a smaller scale are provided for the DC-coupled front end (bottom
left) and the AC-coupled front end (bottom right) . All measurements were taken
at maximum bias for the respective front end and chip.

with protons lead to larger bulk damage than irradiation with electrons. The irradi-
ation procedure has since been reviewed with no apparent issues found. Thirdly, the
AC-coupled front end has smaller efficiencies at the same threshold and fluence than
the DC-coupled front end. The direct comparison of the AC- and DC-coupled front
ends of W8R6 is displayed in Figure [8.15] The smaller efficiency of the AC-coupled
front ends is assumed to originate from the AC coupling itself, where the capacitor
between the charge collection electrode and the amplifier circuit leads to a charge
loss of around 30 % [54].

The efficiency in dependence of the temperature is displayed in Figure [8.16] The
measurements are taken at maximum bias. The efficiency is observed to degrade at
higher temperatures. The effect is larger for AC-coupled front ends at large fluences.
This degradation can be attributed to the increase of the threshold with increas-
ing temperature. Importantly, the chip settings have not been changed during the
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Figure 8.15: Hit detection efficiency of the AC- and DC-coupled front end of W8R6
that is proton irradiated to a NIEL fluence of 5 x 10 neq/cm?.
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Figure 8.16: Hit detection efficiency of all irradiated samples in dependence of the
NTC temperature for the DC-coupled front end (left) and the AC-coupled front end
(right). All measurements were taken at maximum bias for the respective front end
and chip. The threshold during these measurements was between 170 e~ and 350 e~
except the p-irradiated 2.5 x 10Mng,/cm? (W2R17) which was between 350 e~ and

700 e,
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Figure 8.17: Threshold of the most irradiated samples in dependence of the NTC
temperature for the DC-coupled front end (left) and the AC-coupled front end
(right). All measurements were taken at maximum bias for the respective front
end and chip.

temperature scan, thus the change in threshold is solely dependent on the change in
temperature. The threshold in dependence of the temperature is displayed in Figure
The hypothesis for this effect is that a higher leakage current at higher temper-
atures causes a faster discharge of the charge collecting electrode and thus effectively
increases the threshold. The leakage current in dependence of the temperature is
displayed in Figure |3.18

The precise spatial resolution of the DURANTA telescope allows to study the
uniformity of the pixel response within a pixel. The pixel responses are, according to
the track intersection position with the TJ-Monopix2 sensor, mapped onto a single
unit pixel. The unit pixel spans one pixel-pitch in each direction and has a binning of
34 x 34. The number of considered tracks for the in-pixel efficiency maps is > 160000,
leading to an average of > 100 tracks per bin.

The in-pixel efficiency maps at different temperatures for the AC-coupled front
end of W8RE6 are displayed in Figure and for the DC-coupled front end they are
displayed in The example temperatures were chosen such that the degradation
of the efficiency at high temperatures is well visualized at the same color scale for
both front ends respectively.

The degradation of the efficiency is observed to be strongest in the corners. This
is expected since the charge sharing between pixels is larger for cases where the
incidence particle traverses the sensor at a pixel corner. At higher thresholds, which
are observed for higher temperatures, the analog signal produced by the shared
charge in each pixel is then too small to cross that threshold and no hit is recorded
by the sensor. This effect is pronounced by the reduced charge collection in irradiated
samples.
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Figure 8.18: Leakage current of all irradiated samples in dependence of the NTC tem-

perature for the DC-coupled front end (left) and the AC-coupled front end (right).

All measurements were taken at maximum bias for the respective front end and chip.
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Figure 8.19: In-pixel efficiency map of the irradiated sample W8R6 with a fluence
of 5 x 10Mne,/cm? for the AC-coupled front end. Top: Measurement at Tntc =
30°C with a total efficiency of 99.60J_r8:8% % at a threshold of 239 e~. Bottom:
Measurement at Tytc = 40°C with a total efficiency of 98.051“8:82 % at a threshold
of 324 ™.
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Figure 8.20: In-pixel efficiency map of the irradiated sample W8R6 with a fluence
of 5 x 10Mneq/cm? for the DC-coupled front end. Top: Measurement at Txtc =
10°C with a total efficiency of 99.912Jj8:88§ % at a threshold of 180 e~. Bottom:
Measurement at Tytc = 40°C with a total efficiency of 99.27J_r8:8i % at a threshold
of 347 e™.
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8.4 Comparison to Simulation

In order to judge and confirm the conclusions of the test beam measurement a
simulation of the test beam was conducted. Especially the influence of the irradiation
effects should be reproduced to test if the behavior of TJ-Monopix2 is consistent with
established models. The simulation is based on Allpix? [97], a modular simulation
framework for semiconductor tracker and vertex detectors. Instead of simulating only
the responses of the TJ-Monopix2 chip, the full DURANTA telescope consisting of six
sensors is simulated as well. The simulation produces a hit table similar
to the test beam measurements. This allows for reusing the same Corryvreckan and
TBSW analysis setup as it was used for the measurements. The simulation aims to
reproduce the measurements performed of the p-irradiated sample W8R6 which was
irradiated to a fluence of 5 x 10neq/cm?. The simulation parameters are chosen
such that they are the same as during the measurement. The simulation is performed
with a threshold of 250 e, a bias voltage of 20V and at an temperature of
30°C which is approximately a chip temperature of 37°C. The cluster properties
and spatial resolutions are compared.

A description of the simulation setup with Allpix? and the assumptions made as
well as the simulation results are presented in the following.

8.4.1 Simulation Setup

A previously aligned geometry from the test beam analysis is used as a basis, de-
scribing the positions and rotations of all six telescope planes and a TJ-Monopix2
sensor. Only these seven components are simulated. Since there is no event building
necessary for the simulation, the scintillators and the TelePix2 timing plane
are not part of the simulation. An event is implicitly defined as the simulation of an
electron passing through the telescope.

For each sensor the dimensions and properties of both active and passive materials
are defined. From this information a Geant4 [98] geometry is constructed. An
electron gun is placed in front of the center of the first telescope plane. It simulates
a particle beam of electrons with an energy of 4.2GeV and a circular Gaussian
beam profile. The standard deviation of the Gaussian profile is 25 mm, which is the
collimator aperture of the last collimator used before the beam reaches the sensor
in the DESY test beam measurement. The passage of electrons through the sensor
material is then simulated by Geant4.

In the sensitive volume of each sensor an electric field is present. The baseline
assumption is a linear electric field oriented in parallel to the z-axis. The bias voltage
is taken from the specific measurement that shall be reproduced by the simulation.

The deposited charges by the incidence electron are then propagated through the
active sensor volume. The motion of charges due to diffusion is simulated, in order
to simulate the lateral motion and charge sharing in the simplified linear electric field
and with the perpendicular incidence angle of the electron beam. The temperature
of the sensor is an important parameter for the simulation of the diffusion and it is
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taken from the temperature measurements during the test beam, accounting for
the expected difference to the chip temperature. The increased trapping of charges
due to irradiation is simulated. A temperature dependence is expected for trapping
effects. The Ljubljana trapping model, also referred to as Kramberger trapping
model, is used [99], which features explicit temperature scaling.

Once the deposited charges reach the charge collection implant, they are summed
up and an analog signal is generated. The generated charge is then modified by
adding an electronics noise that is drawn from a Gaussian distribution with a stan-
dard deviation of 160 e¢~. This value is chosen such that it provides an effective
variation of the signal charge that arises from varying pixel responses due to electric
fields and the pixel front ends. A typical value for the signal charge is > 1000 e~ The
value for the electronics noise is not realistic in the absence of a signal charge, since
it would imply extremely large noise rates at thresholds of around 200 e~ that were
used during the test beam measurements. The noise observed during the test beam
was small. As a consequence, pixel hits that are purely generated by the electronics
noise, i.e. noise hits, are suppressed. This is also necessary for the computational
performance of the simulation as the number of simulated channels is significant.

The signal is compared to a set threshold and if the signal is large enough, it will
be registered as a hit. A charge-to-digital conversion into units is not performed
by the simulation. The threshold is taken from measurements during the test beam.
A threshold smearing of 10 e~ is generally assumed in the simulations. The resulting
hit information is written to disk in a format that is compatible with Corryvreckan
and the simulated data is reconstructed.

Since the capacitive coupling between the charge collection electrode and the
amplifier circuit of the AC-coupled front end could not be explicitly simulated the
simulation was only used to simulate the DC-coupled front end. The amplifier cir-
cuit and the discriminator are also not explicitly simulated and generic, effective
implementations are used.

8.4.2 Simulated Cluster Properties

In a first step for the comparison of the simulation to the test beam measurements,
the pixel charge properties of the TJ-Monopix2 chip shall be compared. The com-
parison is done for the p-irradiated sample W8R6 which was irradiated to a fluence
of 5 x 10*ne,/cm?. The simulated front end is the DC-coupled front end.

The properties that are compared are the cluster size and the seed charge. The
comparisons of the distributions are displayed in Figure The cluster properties
that are compared are only from clusters that are matched to tracks, both for the
measurement and the simulation. The cluster size is well described by the simulation
and the effect of the irradiation on the cluster size is similar to the effect seen in the
measurements. Most of the clusters that are matched to tracks are 1-pixel clusters,
while clusters with 3 or more pixels are rare. The ratio between 1- and 2-pixel
clusters also matches with the measurements.
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The pixel charges from the measurement are similarly available in units of elec-
tron charges, since charge calibrations are available for sample W8R6. However, as
discussed previously, the calibrated charge has discrete values due to the conversion
of the charge information into integer [ToT| units. The pixel charges produced by the
simulation are in units of electron charges but the charge-to-digital conversion is not
applied during the simulation. In order to make the two charge distributions compa-
rable, the inverse charge calibration is applied to simulated charges, converting the
units from an absolute charge in electrons into [ToT| units. The [ToT] values are then
rounded to integer values and the charge conversion is applied, converting the charge
back into absolute units of charge. The procedure is referred to as double conversion
in the following. Further, only [ToT] values that are explicitly calibrated are con-
sidered. Higher charges, for which the charge calibration needs to extrapolate, are
removed and do not contribute to the calculation of the mean values. The [ToT] units
are equal to 25ns due to the 40 MHz clock (see Section [8.1.1)). The value of the
most probable value (MPV) of the seed pixel charge is 9 [25 ns| and identical between
simulation and measurement resulting in a charge of 1605 ¢~ for both. During the
double conversion the values in the range [8.5,9.5) are mapped onto a value
of 9 [25ns]. The calibrated charge values of the range are [1432 e¢=,1782 ™). The
error on the seed charge in electrons can be estimated by this range. The rounded
mean difference of the edges of the range and the of the seed charge is 200 e™,
representing the estimated error for both the measurement and simulated
due to the charge-to-digital conversion. The mean value of the measured charge is
1604 e, while the mean of the simulated seed charges tends to slightly higher values
of 1714 e~.

The cluster size and seed charge are in reasonable agreement with the measured
values. Ideally, an explicit simulation of the front end on a pixel level is used to
properly simulate the charge-to-digital conversion performed the amplifier circuit
and its discriminator. Then a charge calibration on pixel level could be applied,
similar to the measurements. Efforts by the collaboration made to implement such
a simulation but is not yet available and not performed in this work. Instead, the
charge conversion can only be applied after the simulation and can only be applied
on the cluster level charges. The charge calibration function is not linear, especially
at small charge values, and it cannot be applied on the sum of multiple charges.
Thus, this comparison can only be performed on charges of single pixels, such as the
seed charge. The distribution of the simulated seed charge shows a difference to the
measured seed charge at small charges. The simulation produces considerably less
seed charges of < 500 e~. The reason for this is connected to the simplified front
end simulation and electric fields. This difference implications for the simulation of
the efficiency in dependence of the threshold. Increasing the threshold during the
measurement within the typical ranges of 200 e~ to 500 e~ decreases the efficiency
as the threshold cuts into the seed charge, the signal, distribution. When increasing
the threshold in this range for the simulation, the impact on the efficiency is much
smaller, as the seed charge distribution is much smaller in this range. The simulation
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of the hit detection efficiency is discussed in Section |8.4.4

Most clusters are 1-pixel clusters, where the seed charge is equal to the cluster
charge and the seed charge dominates the charge contributions in multi-pixel clus-
ters. As a result, the finding that the cluster sizes and seed charges are simulated
reasonably well, allows in good approximation to assume that the cluster charges are
also simulated reasonably well.



102 CHAPTER 8. MEASUREMENTS OF THE TJ-MONOPIX2 CHIP

0.8 i \ ‘
=1 WB8R6 Measurement
=23 Simulation

0.6 DC-doupled frontend

' Sim. Mean = 1.28
Meas. Mean = 1.26
> Sim. MPV =1
% 0.4 Meas. MPV =1
o
0.2
0.0
0 1 2 3 4 5
Associated cluster size
| |
0.0008 2 W8R6 Measurement |
I Sim. double conv.
DC-coupled frontend
00006 D Ub!c conv. Mcai"l = 1714 €
Meas. Mean = 1604 ¢~
> Double conv. MPV = 1605 e~
@ Meas. MPV = 1605 ¢~
o 0.0004
[a)]
0.0002 1
0.0000+

0 1000 2000 3000 4000 5000 6000
Associated seed charge [e7]

Figure 8.21: Comparison of cluster properties from simulation and measurements
with the p-irradiated sample W8R6 with a fluence of 5 x 1()1411eq /em?. The mea-
surement was taken at a threshold of 250 e, a bias voltage of 20V and at an NTC
temperature of 30 °C which is approximately a chip temperature of 37 °C. The mean
and MPV are indicated in each plot for the measurement and simulation, respec-
tively. Top: Comparison of the cluster size distribution. Bottom: Comparison of
the seed charge distribution. The inverse charge conversion was applied to then ap-
ply the charge conversion again to gauge the effects of the conversion of the charge
information into integer ToT values. Both distributions have been rebinned to allow
for a better visualization of the discrete charge values. A version with finer binning
that makes the discrete charge values visible is available in Appendix
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8.4.3 Simulated Spatial Resolution

The measurement of the spatial resolution obtained for the simulation is performed
similarly to the test beam measurement. The analysis of the spatial resolution is
performed with TBSW, similar to the measurement. Tracks are reconstructed from
the positions of pixel hits on the 6 telescope planes. The position of the intersection
and its uncertainty of the reconstructed track with the [DUT]is computed. Then,
the spatial residual is obtained from difference of the intersection position and the
reconstructed hit position. The spatial resolution of the is obtained from the
spatial residual distribution and the track intersection uncertainty using Equation
B4

As for the test beam measurements, a convolution of a box function and a Gaus-
sian, resembling the noise term, has been fitted to the distributions to obtain the
effective pitch, as well as the parameters of the Gaussian noise. The fit variables
are a, i and o, that are the half width of the box function extending from —a to
a (and is defined to be centered around 0) and the mean and standard deviation
of the Gaussian function. The fit functions and the fit parameters are indicated in
the respective figures. The fit is performed for the simulated residual distributions.
The distribution of the spatial residuals, as well as the fit and the distribution from
measurements for comparison are shown in Figure for all clusters, in Figure
for 1-pixel clusters and in Figure for 2-pixel clusters. The spatial resolutions
are given in Table

The difference between the distributions of the residuals for 1-pixel clusters be-
tween the measurement and simulation can be analyzed using the fit parameters. The
effective pixel pitches, obtained from the fit parameter a, are compatible with those
obtained from the test beam measurement. The test beam measurement yielded
aly®®> X — (14.9640.11) pm and a' > P = (14.8940.13) pm compared to the sim-
ulation that yielded ai™ "™ = (14.99+0.08) pm and a§™ "™ = (14.8940.10) pm. A
difference between the simulation and the measurement can be observed in the stan-
dard deviation of the Gaussian term. The standard deviation obtained from fits of
the measured spatial residuals during the test beam are oo 'P* = (5.5040.22) um
and o' 'PX = (5.85 + 0.28) um, while the fit of the simulation yielded o}® 'P* =
(4.08 & 0.15) pm and o3 ¥ = (4.88 + 0.19) pm. The simulation yields smaller
standard deviations that are close to the contributions of the finite track intersection
uncertainty, i.e. the telescope resolution, to the residual distribution. The unbiased
mean track intersection uncertainties are taken to be same as during the measure-
ment, following the reasoning and estimation of the errors in Section [8.3.2] The
unbiased mean track intersection is o' = ot = (3.8000 % 0.0003 £ 0.2000) pm. A
smaller noise contribution for the simulation is consistent with the expectation that
the simple simulation does not take all effects into account that influence the resid-
ual distribution. While, the simulation includes threshold smearing and an added
electronics noise, there are no systematic uncertainties or systematic differences in
the behavior between the simulated pixels. Additionally, the position and rotation
of all sensor planes in the simulation is known and the alignment of the sen-
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Figure 8.22: Residual distributions from simulation. The statistical mean and stan-
dard deviation are drawn into the plot for the simulation. The measured residuals
are indicated for comparison. Left: Residual distribution along the z-axis. Right:
Residual distribution along the y-axis. This result was obtained with TBSW.

’ Cluster size H Resolution in x \ Resolution in y ‘
1-pixel cluster || (8.74+0.1)pym | (8.7+0.1) pum
2-pixel cluster || (4.2+0.2)pm | (4.3+0.2)pm

All clusters (83+0.1)pm | (8.3 £0.1)pm

Table 8.5: Spatial resolution achieved in simulation for 1-pixel, 2-pixel and all clus-
ters. The simulation is performed with respect to TJ-Monopix2 sample W8R6.

sor is exact and no uncertainties of misalignments contribute to the simulation. A
misalignment of the [ DUT] can immediately affect the the width of the residual distri-
bution of the measurement. Overall, the spatial resolution obtained from simulations
is &~ 1um smaller than what was achieved in measurements at the test beam (see
Table .

The same observations can be made for the residual distributions of the 2-pixel
clusters. The effective pixel pitch is compatible between the simulation and the
measurement, where ajy®* *P* = (0.74 4 0.01) pm and a®*> ** = (0.74 4 0.01) um
were obtained. The fitted standard deviation of the Gaussian is similar between the
1-pixel and 2-pixel clusters which is expected and also seen for the test beam mea-
surements. In the simulation, the spatial resolutions along x and y are compatible,
similar to the measurement, which is expected in both cases given the symmetry of
the TJ-Monopix2.
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Figure 8.23: Residual distributions for 1-pixel clusters from simulation. A fit of a
centered box function convoluted with a Gaussian has been applied to the distribu-
tion from simulation. The statistical mean and standard deviation, as well as the fit
parameters, are drawn into the plot. The measured residuals are indicated for com-
parison. Left: Residual distribution along the z-axis. Right: Residual distribution
along the y-axis. This result was obtained with TBSW.
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Figure 8.24: Residual distributions for 2-pixel clusters from simulation. A fit of a
centered box function convoluted with a Gaussian has been applied to the distribu-
tion from simulation. The statistical mean and standard deviation, as well as the fit
parameters, are drawn into the plot. The measured residuals are indicated for com-
parison. Left: Residual distribution along the z-axis. Right: Residual distribution
along the y-axis. This result was obtained with TBSW.
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8.4.4 Simulated Hit Detection Efficiency

The hit detection efficiency is obtained in a similar manner as the measurement.
After the tracking is performed, the tracks are matched to hits on the[DUT} The same
Corryvreckan analysis is applied the measured and simulated data. The efficiency
and the upper and lower errors are obtained as described in Section [8.3.3] There are
no masked or noisy pixels in the simulation that would require treatment.

The efficiency in dependence of the threshold is simulated and compared to the
measurement. The simulation is performed for a fluence of 5 x 10'ne,/cm? and is
thus compared to measurements of the TJ-Monopix2 chip W8R6. The threshold for
the measurements is determined by utilizing the charge injection circuit and probing
the response of the front end. For the simulation the threshold is an input value.
While the threshold is varied, the other input values concerning the sensor, that
are the chip temperature at ~ 40°C and bias voltage at 20V, are chosen according
to the performed measurements. The measurements aggregate runs over multiple
temperature points and the mean of all temperatures is used for the simulation and
most measurements were performed at 40 °C. The direct comparison of simulation
and measurement is shown in Figure [8.25

At small thresholds of ~ 200 e, the measured and simulated efficiency is similar
and at 99.9 %. When increasing the threshold towards 300 e~ the measured efficiency
is in a range of 99.8 % and 99.5 %. The simulation remains at higher efficiencies very
close to 100 % Beyond 300 e~ the measured efficiency exhibits a steady decrease
until it reaches an efficiency of 98.6 % at a threshold of 461 e~. The efficiency of the
simulation starts to decline at a 400 e~ threshold and reaches the lowest measured
efficiency at &~ 700 e~. The efficiency of the simulation quickly declines after 650 e™.
The simulation yields higher efficiencies at higher thresholds than the measurement
and does not match the measured behavior. The reason for this difference is found
in the difference of the measured and simulated seed charges in the range of 200 e~
to 1000 e~. A visually adapted comparison from Section is displayed in Figure
3. 20|

When applying a threshold, all pixel hits with a charge that is smaller than the
threshold will not be registered. Since the seed charge is the largest single-pixel
charge in the cluster, no pixel will register a hit, once the threshold surpasses the
seed charge. The fraction of seed charges smaller than the threshold is equal to the
inefficiency of the sensor, assuming there are no other sources of inefficiencies. Since
the difference of the efficiencies to 100 % at small thresholds for both measurement
and simulation is much smaller than the inefficiency introduced by higher thresholds,
this is assumed for the sake of this discussion. The fraction of seed charges below
320 e, which is equivalent to the first bin, is small for both measurement and
simulation. The impact on the efficiency is observed to be small for thresholds of that
size. Between charges of 320 e~ and 950 e~, the second and third bin, the fraction
of seed charges is much higher for the measurement. The resulting inefficiency of
the measurement is larger. The measurement only provides data until a threshold
of 461 e~. The distribution of the simulated seed charges begins to have significant
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Figure 8.25: Hit detection efficiency in dependence of the threshold. The measure-
ment is performed for the DC-coupled front end of TJ-Monopix2 sample W8RE6.
The parameters of the simulation are chosen with respect to the measurements. The
error bars indicate the statistical error of the efficiency.
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Figure 8.26: Comparison of the seed charge distribution for clusters associated to
reconstructed tracks for simulation and measurement. Both distributions are nor-
malized to an area of 1. This is a visually modified version of Figure for details
refer to Section [8.4.2] The region of the distribution relevant for effects relating to
the threshold is magnified. The maximum threshold applied to TJ-Monopix2 chip
WS8R6 during measurements and for the simulation are indicated by vertical lines.
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contributions between 630 e~ and 950 e™, the third bin. Applying thresholds in this
range leads to quickly increasing inefficiencies, which is observed.

The simulation of the hit detection efficiency suffers from the wrong simulation
of small signal charges in the range of applied thresholds. The distribution of the
collected charge is overall narrower (see Figure and underestimates the fraction
of small charges. Following the arguments in Section this will be an effect of
the missing front end simulation and the simplified electric field. This simulation
will serve as a baseline for future expansions to the simulation that aim at improving
the observed and discussed issues.



CHAPTER 9

BGNet: Beam Background Monitoring

BGNet is a neural network for predicting the beam background decomposition of
hit rates for Belle II sub-detectors. The beam background is generated by beam
particles lost near the IP. Multiple processes lead to these losses and contribute to
the total measured hit rate of Belle II sub-detectors. A decomposition of the beam
background can recover the individual contributions to the total measured hit rate.

Additional beam background hit rates overlay the hits from particles of signal
processes, affecting the event reconstruction for physics analyses. Further, the ir-
radiation of detector and functional components from beam backgrounds set limits
on their lifetimes. In recent operation, when pushing for higher luminosities, the hit
rate of the [CDC|reached the limits that are set to ensure safe operation. The record
luminosity of 5.1 x 103* cm™2s~! was reached, while Belle II was turned off, as large
beam backgrounds did not permit safe operation, and no physics data was collected.
BGNet is intended to be used as a diagnostic monitoring tool to provide insight for
beam background control and mitigation.

BGNet is trained using 1Hz time series from the [EPICS| slow control system
[68-70]. It is implemented using TensorFlow [100] and Keras |[101] machine learning
framework. The source code of BGNet is publicly available and open source [102]. A
paper was previously published that describes BGNet [103]. The author of this work
is an author to the published BGNet paper, contributing text to the original draft,
contributing to the BGNet source code and conducting tests of BGNet presented in
the paper. Some parts of the paper will be summarized here for the benefit of a
complete description. In addition many features and changes that were developed
after the publishing of the paper will be presented and discussed. The author is
part of the development team of BGNet, conducted beam background analyses with
BGNet for the collaboration, performed performance analyses of BGNet and devel-
oped tools to make BGNet predictions available to the collaboration. The author

109



110 CHAPTER 9. BGNET: BEAM BACKGROUND MONITORING

contributed to and conducted large parts of the BGNet commissioning procedure
in the collaboration. Parts of the following review of BGNet were presented during

a dedicated BGNet seminar that was organized during a collaboration meeting at
KEK.

In the following, the basics of deep neural networks and the beam backgrounds
relevant for Belle II are introduced. Then heuristic formulae and beam background
measurements at Belle II are discussed. A description of the structure of BGNet is
given. The real-time implementation, extension to combine multiple sub-detectors
in one model, additionally predict the beam loss (and therefore the beam lifetime)
is presented. Finally, the performance of BGNet is evaluated by comparing to other
methods and the results are discussed.

Rather than using the internal naming conventions of variables, the naming con-
ventions have been altered in this work and in the code of BGNet for the benefit
of readability and recognizability. The naming scheme can be found in the software
repository [102].

9.1 Machine Learning - Deep Neural Networks

The objective of supervised machine learning is to approximate some function f :
X — Y from a set of inputs X to a set of outputs Y, using an annotated data set.
An annotated data set is made of n pairs of elements from X and Y:

(@1,91)5 s (Tnyyn)) € (X x Y), (9.1)

connecting inputs with the expected outputs. The neural network provides an ap-
proximation f’(z,w) = y, where W are parameters chosen during the training to
obtain the best approximation [104]. The weights @ are chosen such that a user-
defined loss function is minimized.

This section will focus on the implementation of f’ using feed forward neural
networks (NN). A NN consists of layers of neurons that are connected by edges.
The initial layer is the input layer, where each neuron represents an input. The last
layer is the output layer, where the number of neurons defines the dimensionality
of the output. The intermediate layers between the input and output layers are
referred to as hidden layers. A NN with multiple hidden layers is called a deep
neural network (DNN). Layers of neurons that are fully connected will be referred
to as dense layers in the following sections. Feedforward networks propagate values
only in one direction, from the input layer to the output layer, without providing
any feedback connections [104]. There are also no connections between layers that
are not directly adjacent. The structure of a feedforward neural network with dense
layers, similar to the neural networks used in BGNet, is visualized in Figure 9.1

The value z' of the n* neuron in a layer i is dependent on all connected neurons
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Figure 9.1: Generic layout of a deep neural network with an input layer, two hidden
layers and an output layer with a single node.

k in the preceding ¢ — 1 layer as

wi = fi <Z wial | + b?) : (9.2)
k

where w?* is the weight that connects the neurons and b is a bias. The weights and
biases are model parameters that are initialized with random values and the final
parameters are defined by the model training. The activation function f; modifies
the output of a neuron. For binary classification tasks, the last layer would have a
single neuron with a sigmoid function as activation function. The individual neural
networks in BGNet have a single neuron in the output layer with a softplus activation
function. In hidden layers, neurons often have non-linear ReL U (rectified linear unit)
or tanh (hyperbolic tangent) activation functions. The non-linearity of the activation
functions allows neural network models to better model non-linear behavior, making
them more expressive, i.e. increasing the range of functions and patterns that can
be approximated. BGNet uses the tanh activation function in its hidden layers. The
mentioned activation functions are visualized in Figure 9.2

During a supervised training the expected output, or truth value, is known and is
used to define a loss function that defines a metric for the model performance during

training. There are several loss functions that can be used. The loss function used
in BGNet is the mean absolute error (MAE):

1 & R
MAE = gZ’yz' — i, (9.3)
i=1



112 CHAPTER 9. BGNET: BEAM BACKGROUND MONITORING

Sigmoid Softplus

flz) = m f(z) =In(l+expx)

0.8 1

0.6

0.4 1

0.2 1

0.0 1

Figure 9.2: Examples for activation functions. The formula of each function is
indicated in the respective plot. The tanh and softplus activation functions are used
in BGNet.

where y; are the previously defined expected outputs of the annotated data set and
1y; are the NN predictions of the corresponding input x;. The neural network training
is an iterative process, where each iteration is an epoch. At each epoch the weights
and biases are updated via a back propagation scheme. During back propagation
the gradients of the the loss function at each layer are computed, starting from the
output layer towards the input layer |[104]. The parameters of the model are then
updated depending on the specific optimizing algorithm, like stochastic gradient
descent [105] or Adam (Adaptive Moment Estimation) [106].

9.2 Beam Backgrounds

Beam-background processes are all processes that lead to particle losses near, or
at the IP. Since these processes contribute to the hit rate of Belle II sub-detectors
the physics performance of Belle II is negatively impacted. The radiation dose can
also induce radiation damage in sensors (see Section . The beam backgrounds
are expected and observed to increase at larger instantaneous luminosities and can
hinder further increases of the instantaneous luminosity. The beam background has
been studied during the Phase 1 commissioning [107], Phase 2 commissioning [55]
and Phase 3 commissioning [108]. The major sources of beam background stem
from the injection of particles into the main ring, the injection background, from
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storing the particles in the main ring, the storage background with beam-gas and
Touschek components and from colliding particles, the luminosity background. In
the following, the considered backgrounds are explained in detail.

Injection Background. The electrons (positrons) for the are injected
with their nominal energy coming from the to top-up existing bunches by
merging with them using the betatron injection scheme, as outlined in Section [5.2
During the merging, particles are lost due to large betatron oscillations. Once the
amplitudes of particles in the transverse plane are too large, they will collide with
the beam pipe. As a result, the particles are lost and the energy is converted to
an electromagnetic shower (see Section . The showers are generated along the
entire ring, and if generated close to the [[P] the shower particles contribute to the
beam-background. The bunch charge lost during the first 100 turns in SuperKEKB
after injection can be up to 40% of the injected charge at the time of the initial
injection. At an injection frequency of 50Hz, elevated background level appear
every 20 ms, with each spike lasting for about 4 ms. The substructure of these spikes
coincides with the passing of the noisy, topped-up bunch of Belle II every ~ 10 ps.
The mitigation strategies lie in tuning the injection parameters and the [LINAC]
parameters to increase the injection efficiency as well as vetoing the Belle II data
taking, whenever the noisy bunch passes.

Beam-gas background. While being stored, the electrons and positrons scatter
with residual gas particles in the beam pipes. A visualization is displayed in Figure
9.3l There are four possible processes when a beam particle scatters:

e FElastic scattering with gas nuclei: The beam particle receives a kick, deflecting
it in the transverse plane. The beam particle is lost if it exceeds the acceptance
of aperture, i.e. collision with a collimator or beam pipe. These losses happen
predominantly in the vertical plane

e Elastic scattering with hull electron: The beam particle loses energy. If the
lost energy fraction is large enough it can fall out of the [RF] acceptance and
the particle is lost.

e Bremsstrahlung induced by nuclei: In the presence of the nucleus’s magnetic
field, the beam particle emits a photon, reducing it’s energy. If the lost energy
fraction is large enough, it can fall out of the [RF] acceptance and the particle
is lost.

e Inelastic scattering with hull electron: The beam particle loses energy due to
excitation and/or emission of photons as a result of the scattering. If the lost
energy fraction is large enough, it can fall out of the [RF] acceptance and the
particle is lost.

The scattering rate depends on the average pressure inside the center of the beam
pipes. The pressure is measured using cold cathode gauges (CCGs) which are in-
stalled at every section of both rings. The typical pressure inside the beam pipe is



114 CHAPTER 9. BGNET: BEAM BACKGROUND MONITORING

~ 10nPa (~ 20nPa) for the without beam, and is called base pressure
po. The pressure is observed to increase with the beam current I. This additional
pressure is called dynamic pressure I X p;. The measured pressure averaged over the
ring Pocg is therefore described by these two components [108]

Peca =1 % p1+po (9.4)
which can be rewritten to
PCCG = I(dp/ dI)CCG + Pccg(f = 0) (9.5)

The effective pressure at the center of the ring P.g, which is seen by the beam, is
found to be more sensitive to the dynamic pressure due to geometric reasons and a
finite vacuum conductance. It is found to be three times larger than at the edge of
the beam pipe where the CCGs are measuring [108]. The effective pressure can then
be expressed as

Peﬂ' = SI(dp/ dI)cc(; + Pcc(;(f = 0) = 3PCCG — 2PCCG (I = 0). (9.6)

To mitigate this storage background the pressure needs to be reduced. This can
be achieved by baking the beam pipes, removing volatile materials from the inner
surface of the beam pipe and conducting beam scrubbing. During beam scrubbing
the beam is stored with a defocused optic causing many particles to “scrape” on
the inner wall of the beam pipe to, similar to baking, cause gas molecules to desorb
the inner beam pipe surface. Scattering particles tend to leave the design orbit in
the vertical directions, thus vertical collimators can effectively reduce the beam-gas
background.

Touschek background. During storage of the beam in the rings, particles of one
bunch experience Coulomb scattering. A visualization is displayed in Figure As
opposed to multiple scattering processes in the particle bunch leading to an effective
increase of the bunch size, Touschek scattering describes a single scattering process
that leads to both scattering particles immediately being lost. After scattering both
particles have energies deviating from the nominal energy, possibly leaving the de-
sign orbit despite the synchrotron’s phase stability. The particles will then collide
with the beam pipe material or a collimator producing electromagnetic showers.
Since the longitudinal momentum of the scattered particles is affected, the Touschek
background is mainly suppressed by horizontal collimators near the IP.

Luminosity-dependent backgrounds. The luminosity-dependent background, or
luminosity background, describes all physics processes from the intended beam colli-
sions of electrons and positrons at the IP. The most dominant processes are radiative
Bhabha scattering e"e™ — e~ eTy and two photon processes e" et — e"eTe"et.

At the design luminosity, the luminosity-dependent background will be the dom-
inant background source. It cannot be mitigated as the interaction cross-sections of
the relevant processes are only dependent of the underlying physics and kinematics
of the interaction. Detectors that are positioned closest to the interaction point are



9.2. BEAM BACKGROUNDS 115

a) Beam-gas Scattering

EM shower ///
Beam pipe /

. Scattering — ‘ .
ﬁ
‘ ‘\‘

Nominal orbit —»

Stationary

Bunch residual gas .
molecule
b) Touschek Scattering EM shower ////
Nominal orbit —m- Beam pipe
Scattering ’ . /EeEdeslgn
— |
. E<E

design

Bunch

Figure 9.3: Illustration of the storage beam background processes for beam-gas (a)
and Touschek (b).

more sensitive to the luminosity background. This is due to processes that produce
particles with small transverse momenta that will only reach the innermost layers
of the vertex detector. An example for this is the two photon process that typically
produces an eTe” pair with small transverse momenta.

9.2.1 Background Prediction

Heuristic formulae for the background components have been formulated using rela-
tions known from beam dynamics and scattering theory 109).

The heuristic function for the beam-gas background used in Belle II is

Obeam—gas,i = Sbearn—gas,i X IiPeff,i = Sbeam—gas,i X Gbeam—gas,ia (97)

where Opeam-gas,i describes the background hit rate due to beam-gas scattering in a
Belle IT sub-detector, i denotes either [LER]or [HER] parameters. Gpeam-gas, i describes
the heuristic term of the formula and Sheam-gas, i iS @ generic sensitivity that can be
obtained via fitting or using machine learning.

The units of the hit rates O depend on the described sensor. The units of the
variables contributing to the heuristic term are defined by their units in the [EPICS|
slow control system and the sensitivities’ units are chosen such that after r.h.s. of
the equation has the same units as the described hit rate.
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The heuristic function for the Touschek background is

T2

= STouschek,i X GTouschek,ia (98)
Np,i02,i0y,i0s,i

OTouschek,i = STouschek,i X
where ny, is the number of bunches stored in a ring and 0,005 is the bunch volume.
The transverse bunch sizes o, and o, are measured continuously in SuperKEKB,
but the longitudinal bunch length os needs to be derived from other parameters.
The parametrization is described in Reference |[110] and the latest values, that are
also used here, are given in Reference [108].

The heuristic function for the injection background is

Olnjection,i = SInjection,i X GInjection,i- (99)

The injection heuristics Gipjection,; multiply the state of the respective injection gate
(1 if open, 0 if closed) with the absolute of the injected charge. If the product is
positive, the heuristic is set to 1, otherwise it is 0. This enforces a time-dependent
structure and a vanishing injection background, when there are no injections hap-
pening. The heuristic term is an engineered feature that is used only in the context
of BGNet. In previous beam background measurements the injection background
was not explicitly modeled, which is discussed in more detail below. Since the per-
turbations of newly injected bunches happen on time scales much shorter than one
second, transient effects of injections backgrounds can be disregarded when using
the 1Hz variables.
The heuristic function for the luminosity background is

OLumi = SLumi x L= SLumi X GLumia (910)

where L is the instantaneous luminosity. A generic pedestal component is imple-
mented using

OPedestal = SPedestal' (9 1 1)

Both Stumi and Spedestal are expected and observed to be stable over time for the
considered Belle II sub-detectors. Once the various sensitivities are known, the hit
rate decomposition is known. Determining the sensitivities is the main purpose of
BGNet and beam background study campaigns that are presented in the follow-
ing. Since Spumi and Spedestal are expected to be constant over time, they can be
measured at any point during the accelerator operation, for example during beam
background study campaigns, and can then be applied to physics data taking. All
other sensitivities are generally dependent on the current state of SuperKEKB. The
sensitivities for the storage backgrounds (LER]and [HER] beam-gas and Touschek
backgrounds) and the injection backgrounds are found to be sensitive to the colli-
mator positions, that are constantly tuned and changed. For reasons of convenience
and brevity, the indices of the sensitivities .S and heuristic features G are abbreviated
using numbers in figures and formulas. The numbering scheme is displayed in Table
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’ Background component H Index ‘

HER Beam-gas 1
LER Beam-gas
HER Touschek
LER Touschek
HER Injection
LER Injection
Luminosity
Pedestal

OO O = | W N

Table 9.1: Numbering scheme of background components considered by BGNet.

The total hit rate of a sub-detector is obtained by summing over all 8 hit rates
of each component.

Previous approaches to measuring the sensitivities used dedicated background
study campaigns to disentangle the background sources |55, |107} |108]. During these
campaigns, special conditions in SuperKEKB are produced. The special condition
refer to a specific state of SuperKEKB, where, for example, the collimators and
optics parameters are set to the same specific values at each background study cam-
paign. Initially, a beam is stored in only one ring and, after stopping the top-up
injections, the beam decay is observed. During the beam decay, only the storage
backgrounds of the respective ring can contribute to the measured hit rate. This
single-beam decay is repeated with different stored beam currents and number of
bunches to differentiate contributions by Touschek and beam-gas scattering. A least
squares fit with the above heuristic formulae then allows for an estimation of the
storage background sensitivities. The sensitivity of the luminosity contribution can
be extracted by storing beams in both rings and observing the decay as they collide.
Using the previously obtained sensitivities of the storage background components a
second least squares fit can be performed to estimate the sensitivity to the luminos-
ity background. The pedestal of the sub-detectors can be obtained from a dedicated
time window without beams, where the measured hit rate of a sub-detector can be
immediately identified as the pedestal. All variables needed to compute the heuristic
formulae, as well as the sub-detector hit rates are available on the archiver
appliance as 1 Hz time series (see section . Since there are no immediate models
for the injection background, the injection background is explicitly excluded from
the measurements and only beam decays are considered. The injection background
was then defined as the difference of the measured hit rate and the determined hit
rates of the other components [108]:

OInjection = OMeasured — OTouschek — OBeam—gas — OLumi — OPedestal - (912)

Two drawbacks of this method to determine the beam background have been
identified.
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Firstly, the special conditions that are used to disentangle the background sources
have been kept constant since Phase 1 to provide better comparability of the back-
ground study campaigns allowing for consistent extrapolation of backgrounds and
discover time-dependent long term deterioration effects. These conditions, however,
diverged strongly from the conditions during physics runs, limiting its use to decrease
backgrounds during data taking.

Secondly, the beam background study campaigns need considerable time, during
which data taking is not possible. Thus, there are only one or two study campaigns
in any given year and feedback to current operation can be slow.

Both of these points are addressed by BGNet. BGNet can produce sensitivity
predictions for any SuperKEKB state during physics data taking in real-time, as
will be discussed in the following. However, BGNet should not be viewed as a
replacement, but as an additional tool provided to the collaboration. The traditional
method of estimating the background sensitivities is well established and provides
a baseline to compare results of BGNet and the extracted sensitivities are used to
initialize BGNet with a set of sensible values. Further, the beam background study
campaigns provide excellent data sets for the neural network training.

9.3 Structure of BGNet

BGNet aims to determine the background sensitivities through deep learning neu-
ral networks that learn a map from the space of collider features to the targeted
sensitivities. A flow diagram is shown in Figure [9.4

Initially, the time series for all variables needed as input or for the calculation of
inputs for the neural networks and for the calculation of the heuristic features are
requested from [EPICS| corresponding to the time ¢, for which the beam background
is predicted. A prediction of the hit rate at time ¢ only considers the values of
the input variables at the same time ¢t. Thus, we assume that the current beam
background can be fully described by the current state of SuperKEKB and is not
dependent on previous states.

The preprocessing provides an input vector with a length of m + 8, where m
is the number of inputs (and 8 corresponds to heuristic features G through Gs).
The preprocessing also performs the calculation of variables and heuristic features,
selection of suitable data, a delay correction and scaling of all inputs and heuristic
features.

Suitable data is selected by requiring that Belle II and SuperKEKB are in nominal
data taking conditions and in well-defined states. The explicit technical requirements
are given in Appendix [B-3

An empirical delay was observed between the target variables of Belle II and
the accelerator input variables. The delay is, at least partially, caused by the fact
that Belle II and SuperKEKB are running separate instances of To make
Belle II variables available in the SuperKEKB [EPICS| network, a gateway is used
that publishes the Belle II variables again in the other [EPICS|instance with a delay,
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Figure 9.4: Flow diagram of BGNet. The output of the neural network is the total
predicted hit rate at time t of a Belle II sub-detector.
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without maintaining the original timestamp. The delay is parametrized by the shift
d = i+ w in units of seconds with the integer part ¢ and the non-integer part w. The
input vector 2’ to make a prediction at time ¢ is then a weighted mean of the input
vector x at times t — i and ¢ — (¢ 4+ 1) with the weight w [103]

Pt)=1-w) zt—i)+w- -zt —(i+1)). (9.13)

The change of a variable between ¢ and ¢ + 1 is therefore approximated as being
linear. The delay varies for each sub-detector and is observed to be constant during
run periods.

The last step of the preprocessing is a scaling of the input variables, heuristic
features and the target hit rate. This is done to mitigate instabilities and slow
training convergence due to the vastly different scales of numerical values between
the variables. The input variables are individually scaled to a mean of 0 and a
standard deviation of 1. The resulting distributions are clipped at values —5 and
+5. The heuristic features and the target hit rate are not being centered but scaled
by dividing with the 95 % quantile. These scalings are calculated during the training
of the model and are bundled with the model, so that data sets for predictions can
be scaled in a similar manner to the training data.

One extra step of the preprocessing that only applies to the training procedure
pertains to the under- and oversampling of data. The training data can be split
into decay and top-up data, where there are either no injections or active injections,
respectively. The data set is dominated by data with active injections with a fraction
of typically > 90 %. However, decay data, especially single beam decays, are impor-
tant to provide the neural network a means to disentangle the storage backgrounds.
From the difference of decay data and injection data, the injection background com-
ponents can be identified. To balance the data set, a random oversampling [111] is
applied to the decay data to achieve an equal split of injection and decay data.

To start the neural network training, the individual data sets need to be prepared.
The neural networks S7 to Sg have their own list of input variablesﬂ The selection of
input variables is based on known dependencies from beam dynamics, experience and
expert opinion. The list of inputs is intentionally kept small to avoid overtraining
and keep the complexity of the models low. The number of inputs into the injection
background neural networks S5 and Sg are larger due to the higher complexity of
describing this background component and the heuristic features that only account
for the time-dependent structure and not its amplitude. The explicit list of input
variables are listed in Appendix

A detailed flow diagram is shown in Figure [9.5] The respective data columns
are taken from the preprocessed input vector and fed into the fully connected feed-
forward networks. The networks S7 and Sg are different in that the sensitivity to the
luminosity background and the detector pedestal are assumed to be constant and

!'Depending on the context the exact meaning of the variables S; changes. Here, the S; refer
to the neural networks as a whole, while in the previous section they referred to a one-dimensional
number, that is the sensitivity and the output of the equally named neural network.
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] Name H Description Unit
BP_BW_325 Diamond radiation monitor dose rate | mrads—!
BP_BW_215 Diamond radiation monitor dose rate | mrads—!
BP_FW_215 Diamond radiation monitor dose rate | mrads—!
BP_FW_325 Diamond radiation monitor dose rate | mrads—!
SVD_FW_60 Diamond radiation monitor dose rate | mrads—!
SVD_FW_120 Diamond radiation monitor dose rate | mrads—!
SVD_FW_180 Diamond radiation monitor dose rate | mrads—!
SVD_FW_240 Diamond radiation monitor dose rate | mrads—!
SVD_FW_300 Diamond radiation monitor dose rate | mrads—!

CDC_CUR_AVERAGE || CDC average layer leakage current* pA

Table 9.2: Currently supported target variables. The names of the diamond radiation
monitors indicate their positions, compare with Figure *: What is here referred
to as leakage current of the CDC is in the context of gaseous detectors also referred
to as chamber current.

’ Hyperparameter H Value ‘
Number of inputs S1:9859:8853:1554:12 855:34 S¢: 27
Number of hidden layers S1to Sy :2 and S5 to Sg: 2
Number of hidden nodes S1 to Sy : 8 and S5 to Sg : 32
Loss Mean absolute error
Batch size 32
Optimizer Adam [106]
Weight and bias initialization Glorot uniform [112]
Early stopping patience 5

Table 9.3: Hyperparameters of BGNet.

independent of the state of the accelerator. Both of these neural networks have a
single constant input of x7 = xg = 1 and only consist of a single linear neuron. Each
sensitivity network has one neuron in the output layer. It uses a softplus activation
function to guarantee a positive output. The output of each neural network is then
multiplied with the respective heuristic feature to obtain the background specific
hit rate. The 8 contributions are summed to obtain the total hit rate. With the
measured target hit rate, the absolute mean error is calculated that acts as the NN
loss. The supported target variables for BGNet are listed in Table

A table with the hyperparameters of BGNet is shown in Table

9.3.1 Multi-sensor BGNet

The beam background experienced by sub-detectors depends on their position in
Belle II. One such example is the ¢-profile of the beam background. BGNet can
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Figure 9.5: Flow diagram for BGNet applied on hit rates with explicit details on
the structure of the neural networks and the operations performed. A dense layer is
defined as a fully connected layer where each node is connected to every node in the
previous layer. The gather operation maps a vector onto a new vector using a list of
indices.
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be used to make the ¢-profile of each component visible by predicting the beam
background of multiple sensors with different positions in ¢. The natural choice
for this were the diamond radiation monitors. In particular, the group of forward
SVD diamonds was chosen, which features sensors at ¢ = 0°, 60°, 120°, 180°, 240°,
300° (compare with Figure showcasing the positions of all diamond radiation
monitors).

The measured hit rates due to a background component for all chosen diamond
sensors are related by a simple scaling factor due to the ¢-profile. This relation is
exploited to avoid training a model for each diamond sensor and instead train a model
that produces predictions for all diamonds simultaneously. This is realized by adding
additional neurons in the output layer equal to the number of sensors described by
the model. All output nodes share the preceding neural network layers. A given
sensitivity network, for example [HER] Touschek, is now used for predictions for all
sensors that are included. The different sensitivities of each sensor to a respective
background source is accounted only by the weights that connect the output node.
The outputs of all sensitivity networks S; to Sg corresponding to one sensor are
then collected, multiplied with the engineered heuristics G to Gg and summed up
to obtain the total predicted hit rate. This concurrent training of multiple sensors
then needs to be reflected in the loss, which is defined to be sum of all mean absolute
errors between the individual measured and predicted hit rates. The input features
to the sensitivity networks and their structure do not change for the multi-sensor
scheme. A detailed flow diagram for BGNet with the multi-sensor scheme is shown
in Figure Results of the beam background decomposition obtained for several
diamond dose rates with a multi-sensor BGNet model are displayed in Appendix
B.4l The ¢-profiles are introduced in detail in Section for the performance
evaluation of BGNet.



124

CHAPTER 9. BGNET: BEAM BACKGROUND MONITORING

Combined Loss

Yk is the predicted rate

Yk is the measured rate

Add

l Loss(y1, 1) + Loss(yz, §2) ‘

¢

lS}xGl+.44+S51sz+...+S§szl

t

—» Multiply IS} X Gy ... St x G5 ... S§ x Ggl

t

Add [2%G1+ ..+ 82 xGs+.. + 5 x Gs |

t

Multiply |52 x G1 ... 2 x G5 ... 5% x G

-
 Concatenate ST SE Sy | Concatenate 57 e 52 o S5
‘ A /Y
Output S Output S, Output S, Output S,
1
For sensor 1 For sensor 2 or sensor 1 For sensor 2
softplus softplus softplus softplus
Dense Dense Dense Dense
tanh
Dense
tanh tanh
Dense Dense
tanh tanh
Dense Dense
Sensitivity to Sensitivity to
Gather Gather L
HER beam-gas HER Injection
'y A
Gather P ’ T1, T2, ooy T ’ G, Ga, ..., GS‘ _ Gather
Feature Layer Inputs from EPICS Archiver Feature Layer

Figure 9.6: Flow diagram for BGNet with the multi-sensor scheme. Explicit details
on the structure of the neural networks and the operations performed are indicated.
A dense layer is defined as a fully connected layer where each node is connected to
every node in the previous layer. The gather operation maps a vector onto a new
vector using a list of indices.
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9.4 Explainability of BGNet Models

The knowledge of the decomposition of the hit rates can already provide a basis for
possible actionable steps to reduce the hit rate. For example a large contribution of
Touschek beam backgrounds could prompt operators to prioritize closing horizontal
collimators. However, the question remains if one could gain additional insight from
the trained model, once it can correctly identify which variables drive the changes in
hit rates. The capability of the model to correctly identify such variables and their
impact on the hit rate can be tested in extrapolation studies as conducted in Section
9.5.9

Feature attribution methods are used to quantify the impact of a change of an
input variable on the neural network output. In other words, it provides a means
to understand the relation between input and output of neural networks. Such
understanding is crucial for all computer programs and stands in direct opposition
to the stance that machine learning algorithms are perceived or treated as “black
boxes”.

Integrated gradients [113] are used as a feature attribution method. They can
immediately be applied on the individual networks S; since they are real-valued
and differentiable. The integrated gradient for the j** input variable of the neural
network for the it sensitivity is computed using [113]:

1 (2* 4+ alx — o
¢ij = (vj — ) x / 95ia” + of ) da (9.14)

J =0 aﬂ?]

where x is the test sample and x* is a reference sample. The attributions are mea-
sured from the difference of output at points x and z*. Here, the S; refer to the
mathematical functions that represent the neural network S; : R™*8 — R with
m; + 8 being the length of the input vector. The partial derivative in Equation
is the gradient of the sensitivity along the j*' dimension. The integral represents
a path integral of the gradients along the straightline path between the points z
and z*. The integrated gradients can also immediately be applied to the product
of a sensitivity and a heuristic feature by replacing the S; with S} = 5; x G;. The
advantage is that the resulting attribution values are in units of the hit rate that
is the target variable of BGNet for all beam background components i. Another
advantage is that the variables in the heuristic formulae are now also part of feature
attribution. Using the S to perform the feature attribution is the standard use case
and will be used for all examples of feature attributions in this work. The feature
attribution can also be applied on the sum of S}, i.e. the total predicted hit rate, to
obtain the most important variables on the total prediction.

The interpretation of the attribution values is directly linked to the property of
completeness. It refers to the fact that the sum of all attributions, for a given beam
background component 4, are equal to the difference in output for the inputs x and
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S¥(z) — Sf(z*) = Z bij- (9.15)

Since the S are used, the difference is in units of the hit rate. As a result, the
attribution values for all variables j are directly comparable for a set of x and z*.
At the same time, the relative size of the attribution value for a variable j compared
to the difference of output values directly indicates the importance of the variable.
However, when calculating the attributions for two different test samples x and 2’
against the same reference sample x*, the two resulting attribution values for the
same variable j may not be directly compared as the scale of the attributions is
defined by the difference in output, which is generally different for two test samples.
The measure used to quantify the importance of a variable is the mean absolute
attribution value over a sufficiently large set of test samples (that are compared
against the same reference sample).

The size of the set of test samples should be of the scale of expected time scales
to find systematic behavior between changes in input variables and the change in
predicted hit rates. In practice, these changes happen on the scale of minutes, and
with each test sample corresponding to a second in the 1Hz time series, the set
of test samples should contain > 100 data points to be able to resolve systematic
behavior. Additionally, the feature value of the variable j can be compared to the
associated attribution value to test the sensibility of the attribution value and infer
a systematic behavior. The choice of a reference sample is arbitrary but should
represent a neutral prediction with respect to the test samples.

An example of applying the feature attributions will be discussed in the following.
The feature attributions were applied on data of a beam background study campaign
conducted on the 16.04.2024. The beam background study campaigns are introduced
in more detail in Section [9.2.1] and the results of this campaign will be used to
make a comparison with the predictions of BGNet in Section [9.8.2l During this
background study campaign, the background behaved unexpectedly due to some
issue in the machine. To find the cause of this issue, a BGNet model was trained
on the data collected during the beam background study campaign and feature
attributions were applied. The unexplained background behavior was especially
large during an [HER] single beam decay. A single beam decay refers to a decay of
beam of the[HER] (LER)), while there is no beam in the (HER). The single beam
decays during the background study campaign are designed so that only the number
of bunches changes, in order to disentangle the storage background components.
The number of bunches cannot change during a beam decay, as the beam needs to
be dumped. The measured and predicted total hit rate and the predicted beam
background decomposition is displayed in Figure The first decay starting at
14:40 and the third decay starting at 16:10 behave normally. The second decay
starting at 15:15 shows unexpected behavior. As the beam current decreases, the
beam background is also expected to decrease according to the heuristic formulae for
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Figure 9.7: The measured and predicted total hit rate and the predicted beam
background decomposition during HER single beam decays. The HER single beam
decays were conducted during a beam background study campaign on 16.04.2024.

the storage background components. Instead, the beam background first falls rapidly
for about 5 min until it begins to rise over the following 10 min. Over the course of
the decay, the beam current steadily decreased from 250 mA down to 150 mA. This
can be seen in Figure The rise of the hit rate and the beam background can only
be explained by an unexpected change of some parameter, which should explicitly
be prevented during a beam background study campaign. Since the model followed
the unexpected change in beam background, although not perfectly, the feature
attribution method will be applied in an effort to find the cause of the increasing
beam background.

The samples selected for the test and baseline, or reference, samples for the
feature attribution are from time windows during the second single beam decay,
that shows the unexpected behavior. The baseline sample is chosen to be the part
that shows the decrease of the hit rate, while the test samples are from the part,
where the hit rate increases. The time windows are indicated in Figure and Figure
The attribution values for the most important input variables x; for all samples
in the test data set are displayed in Figure [0.9 The input variables are ranked by
the largest mean absolute attribution values over the full test data set. The highest
ranked input variable is the [HER] beam current with a known dependence of the hit
rate. The decrease of the beam current shapes the overall beam decay and a high
feature attribution value is expected. The development of the current was shown in
Figure and the mean attribution value is displayed on top. However, there is no
indication that the current caused the unexpected behavior of the beam background.
The second highest ranked variable is the [HER] vertical beam size. The time series
of the [HER] vertical beam size compared to the measured hit rate is shown in Figure
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Figure 9.8: The total measured CDC average layer leakage current and the HER
beam current. The measured hit rate of the CDC should decrease as the beam back-
grounds should decrease as the HER beam current dissipates. The mean attribution
value in units of the hit rate is indicated in the top of the plot. The attribution value
refers to the neural network prediction and not the measured hit rate.
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Figure 9.9: Attribution values of input variables during an HER single beam decay.
The attribution values are visualized as point clouds, and the density of points is
reflected by the vertical width of the point clouds. Each variable has points equal to
the number of samples in the test data set. The color of each point corresponds to
the relative feature value compared to all feature values present in all test samples.
The input variables are ranked by their mean absolute attribution values.

9. 10

The beam size should stay approximately constant during a beam decay as in
the beam decays before and after. However, it is observed to decrease rapidly from
a very large value at the start of the beam decay. The beam size has a known im-
pact on the beam background, as it is part of the heuristic for the [HER] Touschek
background component. The impact of the decreasing beam size increased the
Touschek background according to Otouschek, HER X 1/0y, despite the falling cur-
rents quadratic dependence on the current Orouschek, HER < II%ER. The predictions
of BGNet depend on the heuristic formula to describe the impact of the beam size
onto the [HER] Touschek background. However, it is possible that the heuristic for-
mula is not applicable in this form during drastic transient behavior as seen from
the [HER] vertical beam size. This could explain why the BGNet predictions were
performing poorly during that event. In the following days, a larger investigation
by the collaboration revealed that the bunch-by-bunch feedback system did not op-
erate properly 27, [59]. This lead to vertical tune shifts and a blow-up of the
vertical beam size right before the beam decay. The [HER] vertical beam size then
recovered and decreased rapidly during the beam decay. Although the root cause
was not identified by BGNet, the feature attribution method were able to identify
the immediate cause for the unexpected behavior of the beam background. Such a
beam background analysis with BGNet using the feature attribution methods can be
automatically produced within a minute using the BGNet chat bot, that is presented
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Figure 9.10: The total measured CDC average layer leakage current and the HER
vertical beam size. A large change of the HER vertical beam size can be observed in
the middle beam decay, while it is approximately constant during the decays before
and after. The mean attribution value in units of the hit rate is indicated in the top
of the plot. The attribution value refers to the neural network prediction and not
the measured hit rate.
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in Section

The goal of introducing feature attributions is to provide actionable steps for
operators by highlighting the most important variables. However, even when BGNet
created a good surrogate model of SuperKEKB that can correctly predict the beam
background decomposition, the model is a simplification. Changes in backgrounds
produced by effects not described by BGNet, because the relevant variables are not
part of the model and may be attributed to variables that are merely correlated or
were affected by the root cause. This is not inherently bad for the performance of
hit rate and decomposition predictions of BGNet and can even be intended. An
example for this is the emittance of the beam. It is an input into several sub neural
networks of the hit rate models. The emittance is directly related to the beam size as
shown in Equation A change of the emittance is likely to cause a change in the
background decomposition. However, the emittance is a measured beam parameter
and not a set parameter that can immediately be controlled or changed. It is a
quantity that is sensitive to many SuperKEKB and sub-systems, settings
and parameters. When a the change in backgrounds is attributed to the emittance,
it does not represent an actionable step and likely does not identify the root cause.
Thus, it is necessary that the results of feature attributions are interpreted by an
expert. However, quickly providing the information that the hit rates have been
increasing proportional to an increase in the beam emittance can be valuable by
itself. Additionally, to improve the believability of the feature attributions, direct
comparisons of identified variables and the measured beam background are provided,
possibly showing a direct dependence between two measured quantities.

9.5 Beam Loss Predictions

An important parameter to increase the beam currents of SuperKEKB is the beam
loss dI/ dt. It describes the reduction of the beam currents due to the loss of particles.
The primary mechanism of the particle loss are the beam backgrounds. Here, the
beam loss will be only calculated while there are no active injections. The beam loss
is then only sensitive to losses from storage backgrounds and injection backgrounds
do not contribute. In contrast to the beam background contributions to the hit rate,
the beam loss is sensitive to beam backgrounds along the entire ring, instead of only
the particle losses close to the IP. Here, it is computed as the difference quotient
AI/At using the 1 Hz time series of a beam current I.

The current development in a ring can be separated into two scenarios. In the
first scenario, there are no injections and the beam current steadily decreases due to
particle loss of storage and luminosity backgrounds. However, the amount of beam
loss due to collisions, i.e. luminosity-related beam loss, is small compared to the
contributions of the storage backgrounds and is neglected. In the second scenario,
there are active injections where particles are brought into the ring and the current
increases. During the latter, the beam current increases, while particles are lost due
to storage and luminosity backgrounds and, additionally, particles are lost due to
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injection background. The ambiguities that arise between the particle losses due to
injection inefficiencies and the particle losses due to storage backgrounds are difficult
to resolve. Thus, only the beam loss due to storage backgrounds shall be described
here and the difference quotient is only computed during times with no active particle
injections.

BGNet has been applied to predict the total beam loss and its decomposition
into the Touschek and beam-gas components. The beam loss L; is computed as the
difference quotient and expressed in terms of the storage background components:

Al; _ I?
Li = A = Sbeam-gas, i X Iz'Peff, i+ STouschek, i X :
t Npi0z,i0y,i0 2

(9.16)

The beam-gas and Touschek components have the same form that is used in the hit
rate decomposition that was introduced before, where i is either LER]or HER, ny, the
number of bunches, o, oy, 0. are the bunch sizes and Peﬂ" ; is the effective average
pressure in a given ring. The beam losses of a [HER] and [LER] are independent of
each other. The structure of BGNet for the prediction of the beam loss is visualized
in Figure The input variables for the Touschek and beam-gas sub neural net-
works for the [LER] and [HER] models are listed in Appendix The preprocessing
performed on the data for the beam loss models is similar to the preprocessing per-
formed for the hit rate models. The differences arise from the fact that the beam loss
models are not dependent on data from Belle II. Thus, no delay correction between
slow control variables is necessary and training data selection criteria in Appendix
that are related to Belle II variables are omitted. Instead, an additional selec-
tion of training data that is outside of time windows with active injections is applied.
The beam loss and its decomposition during the beam background study campaign
is displayed in Figure [9.12l The beam loss can be expressed as a beam lifetime 7;
via

I; dr;

P TR (9.17)
The typical beam lifetimes during physics data taking runs with stable top-up in-
jections for the [LER] beam is around 10min and around 30 min for the [HER] beam.
The feature attribution method can be applied to the beam loss models similar to
the hit rate models.

The provided decomposition of the beam loss can be a helpful diagnostic tool to
decrease the beam loss of both [HER] and [LER] Decreasing the beam loss is one of
the steps that can be taken to increase the stored beam currents to achieve higher
instantaneous luminosities. However, this represents only one of the available lever
arms to increase the currents, and other steps, like the amount of injected charge and
the injection efficiency, need to be considered. Also, the current increase will lead
to increased beam backgrounds that need to be mitigated at the same time to allow
for an efficient and safe data taking of Belle II. The BGNet models for the hit rate
decomposition and the beam loss decomposition can be used in tandem to monitor
multiple aspects of the SuperKEKB and Belle II operation at the same time.
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Figure 9.11: Flow diagram for BGNet applied on beam losses with explicit details
on the structure of the neural networks and the operations performed. A dense layer
is defined as a fully connected layer where each node is connected to every node in

the previous layer. The gather operation maps a vector onto a new vector using a
list of indices.
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Figure 9.12: The measured and predicted beam loss of the HER beam current and
the predicted beam background decomposition during HER single beam decays. The
HER single beam decays were conducted during a beam background study campaign

on 16.04.2024

The performance of the beam loss predictions is analyzed in Section [9.




9.6. REAL-TIME PREDICTIONS 135

9.6 Real-time Predictions

Previously, BGNet models were trained for specific purposes and an offline analysis
was performed to investigate the beam background decomposition, usually triggered
by unexplained increases in sub-detector hit rates. These analyses could only be
performed by a few experts with a turnaround time of at least one day. To make
BGNet results more accessible and faster, a real-time application was developed by
the author. It allows to produce beam background predictions and decompositions
based on live data and publish the data back into with a latency
< 1s. The data provided by BGNet therefore becomes available in real-time. In
this mode of operating BGNet, the models are required to extrapolate and infer the
hit rate decomposition from data not seen during training. New BGNet models are
trained frequently to adapt the models to the current conditions of SuperKEKB.
This aspect of the BGNet performance is evaluated in Section

Two requirements have had major impact on the design philosophy of the real-
time application of BGNet (RT-BGNet). The first is to fulfill the initial premise
of providing BGNet predictions in real-time at a frequency of 1 Hz. This matches
the standard update frequency in the Belle II [EPICS|slow control application. The
latency of each iteration must be < 1s, otherwise the time difference between the
measured and predicted data grows with time, resulting in a growing time shift
that is difficult to reconstruct or data points are skipped resulting in data loss and
ambiguities arise for matching measured and predicted values. The second factor in
the design of RT-BGNet is the system itself [69]. It does not guarantee the
availability of data or correct transmission of data. While not all caveats of
and its data handling shall be explored here, its use of the User Datagram Protocol
(UDP) should serve as an example to illustrate its impact on the design of RT-BGNet.
UDP is a connectionless network protocol that sends data packets into the network
without being aware of any recipient and without any handling of data loss, best
described by a “fire-and-forget” approach. This avoids expensive connections and
handshakes, avoids related timeouts and slow devices, which is especially important
in large networks with many thousand devices for each data transfer, as is the case
for Belle IT and SuperKEKB. The requirements for speed and resilience against
incomplete data have shaped the design of RT-BGNet, resulting in a highly robust
and parallelized application.

RT-BGNet is realized in python3 [114] and relies on the threading library that is
part of the python standard library. The PCASpy [115] and PyEpics [116] python
APIs are used to interface with . A schematic of the functional parts in the
network and their connections is displayed in Figure The overall layout of RT-
BGNet and its functions is displayed in Figure Both figures share a common
color scheme in order to relate the common parts shown.

The application starts by establishing channel access to all needed The list

of needed is equal to the list of all input variables for all neural networks S
to Sg. Establishing connections is relatively time consuming and therefore the con-
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Figure 9.13: Diagram of all functional parts in the network, in which the BGNet
server is located. The RT-BGNet application is run on the BGNet server. The
BGNet server is a dedicated machine for BGNet related tasks.

nections are kept alive, as long as the application is running. Then, the [PV] values
are read from [EPICS] updating the values of all The update is performed once
every second for all at the same time ty by pulling the current value. A vector
Ty, is constructed from all values at the current time to. The vector enters a [FIFO]
queue with a fixed length of 7. As long as the length of the queue is smaller than 7,
vectors are added to the [FTFO| queue. The queue is motivated by the delay correc-
tion explained in Section which needs multiple adjacent vectors. At a length of
7, the m queue holds the vectors xy,, Zty+1, ..., Tty+6, i-€. the state of all variables
that are input to BGNet for the last seven seconds. Once the queue is full, at some
time ¢, the current and the previous states of the past 6s are handed to a separate,
concurrent thread that handles the data preprocessing. For the preprocessing, mul-
tiple data points are needed to accommodate the delay compensation and compute
the delay corrected input vector z’(t) according to Equation At that time the
oldest vector in the queue is dropped and the the vector of the following time step is
added to the FIFO queue and the next input vector is formed for the next prediction.

Each thread handles one type of model: Hit rate and beam loss. The appropriate
preprocessing is performed for each model. From the 7 vectors provided by the [FIFO]
queue at time t 4+ n an input sample x,, is constructed by the preprocessing. The
preprocessing steps are outlined in Section [0.3] The obtained vector describes the
(current) state of SuperKEKB and contains all variables needed for the inference of
the respective model. The vector is serialized to a string and encoded using Base64
and brought into a JSON compatible form.

A HTTP request is sent to a TensorFlow model server [117] that is locally hosted
in a Docker container [118]. The JSON compatible input data is attached to the
HTTP request. The request also carries information about the type of model and
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Figure 9.14: Diagram of the functions performed by RT-BGNet. Each box represents
a functional part. The EPICS network and the archiver appliance are part of the

KEK common infrastructure.

The dark blue boxes are tasks performed by RT-

BGNet on the BGNet server. Each task is implemented as thread. A thread is an
independent sequence of operations that runs in the same context (address space)
as all other threads of a process. The threads are operating concurrently and the
process is RT-BGNet. The “Outside applications” are running locally on the BGNet
server but are executed outside the context of RT-BGNet. They communicate with
RT-BGNet via a REST API using Hypertext Transfer Protocol (HTTP) or artifacts
written to the local hard drive. Connections between functional parts are drawn
in case the communication is required for the operation to continue. For example,
the “Update archive” thread has a connection to the “Archiver appliance” as it
is required to wait for network to provide the requested data and the “Hit rate
Training” and “Beam loss Training” threads need to wait until the updated training
data is written to the local archive. If data is passed between functional parts, the
direction of data flow is indicated by arrows.



138 CHAPTER 9. BGNET: BEAM BACKGROUND MONITORING

what output is requested. The outputs are requested by calling a model signature,
which is a computation graph attached to the model. This computation graph applies
the proper scaling to the inputs as discussed in Section and performs the inference
of the model. The output of the inference can be chosen to be that of an intermediate
layer of a BGNet model. To obtain the sensitivity values for instance, the output
of the layer before multiplying with the heuristic features is chosen as output. To
obtain the hit rates of the individual background components, the output of the
layer that performs the multiplication of the sensitivities and the heuristic features,
would be chosen. Finally, the obtained rates or sensitivities are scaled back to return
physical units to the values. The computation graph for the attribution values also
performs calculation of the integrated gradients. The obtained values are sent back
from the model server to the RT-BGNet application.

The output is received by the thread that sent the initial request for inference.
The thread, and only this thread, has waited for the duration of the inference. The
received data does not need to be manipulated anymore and the values are published
in [EPICY|, updating the state and value for the respective prediction in [EPICS] .
Although the thread formally waits for the API to publish the values, this process
concludes instantly with respect to the relevant time scale of 1s. The thread returns
to waiting for the read thread to again fill the [FTFO| queue with 7 entries for the
preprocessing in the next iteration. If any issues were encountered during, e.g. due
to missing data in , network issues or SuperKEKB/Belle II being offline, the
thread immediately skips any steps left at that point and publishes generic zeros for
all outputs of that thread. This concludes the main functionality of RT-BGNet, as
BGNet real-time predictions have been served.

The training of new models is important to limit the length of extrapolation a
model has to perform, as the performance of models generally degrades the longer
the model extrapolates with respect to the latest training data. Detailed studies of
extrapolation performance is given in Section [9.8:3]

BGNet models are always trained on local data that is stored in a number of
distributed files, simply called archive, that was downloaded from the[EPICS|archiver
appliance. The training data is frequently accessed and the bandwidth and time
consumption of downloading everything on demand for every training easily justifies
keeping a local copy of the relevant data. Thus, the first step of training a model is
to update the locally available training data by requesting the latest data from the
[EPICY] archiver appliance. Then the training is started in a separate shell outside
the context of the python instance that is running RT-BGNet. The trainings of all
4 models (CDC hit rate, diamond radiation monitor hit rate, beam loss and
beam loss) can be run concurrently on the BGNet server. The time required
for each type of model is generally different, yet the different processes do not wait
on each other. Once the model is written to disk and no errors are reported by the
training process, an entry is made into the BGNet model data base (a CSV table)
and is loaded by the model server and the new model is available for predictions.
The model data base connects the model name (an integer timestamp of the time



9.6. REAL-TIME PREDICTIONS 139

when the model training concluded) with the type of model, the BGNet version it
was trained with and the training interval. This is needed when performing offline
analyses, as it is performed by the chat bot introduced in the following section. The
training of new models immediately starts again once all model trainings from the
previous training interval concluded.

Three independent threads are run in the context of RT-BGNet that perform
checks and produce warnings.

The first thread checks the measured background and is in first order totally
independent of any BGNet predictions. However, drastic changes in measured back-
grounds usually warrant further investigation as to the cause. The performance of
RT-BGNet should be closely monitored during these events. This functionality was
largely superseded by the following thread and it is currently not used anymore.

The second thread checks the ratio of RT-BGNet total hit rate predictions and
the measured hit rates for all predicted hit rates. Currently, the predictions are
marked “bad” if 0.75 > Opred/Omeas > 1.25. If 80 % of all predicted total hit rates
in the last 1200 s were marked bad a warning is produced. It is considered to replace
these bad predictions with zeros, essentially masking bad performance. However,
currently it is decided that experts can easily judge bad performance by themselves
and this was not implemented. Instead, a warning is produced, with no immediate
actions being taken, as performance typically recovers with a new model, that was
trained on the latest data of SuperKEKB.

The third thread is a collection of small functions that are combined in this
description. They perform small checks and functions like:

e Check the connection status to EPICS
e Check the connection status to all EPICS PVs
o Check the status of the BGNet server

e Check the status of all other threads, as they can silently and individually
die, while all other threads continue to work, making it difficult to spot issues
quickly

e Check the status of the locally hosted model server

e Check for warnings produced by all other threads, and in case of critical issues
send messages via e-mail and a chat bot to the author until noticed

Every encountered failure mode discovered since the commissioning of this tool in
2023 lead to the implementation of a counter-measure or an extended logging with
expressive warnings to make issues quickly visible. This is especially important to
obtain a high availability of the RT-BGNet service in a an environment of continuous
24 h per day operation of Belle IT and SuperKEKB.

Since most [EPICS] variables and related user-interfaces are updated with a fre-
quency of 1Hz the hit rate decomposition for all supported sensors, the related
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sensitivities and attribution values, the beam life prediction and decomposition and
attribution values for both rings are available in real-time. A selection of important
variables produced by BGNet are also saved by the archiver appliance. This has the
added benefit that BGNet integrates into all related user-interfaces like the
web-interface of the archiver appliance [70] and Control System Studio [119]
that are established in the Belle IT and SuperKEKB community.

9.7 BGNet Chat Bot

A chat bot was developed, that allows to make a request to BGNet and then provides
a PDF file with automatically generated plots to the user. This fully automates the
BGNet offline analyses with an average generation time of the analysis of less than a
minute. The usage of the chat bot requires no setup, technical knowledge or access
to the internal network.

The Belle IT collaboration uses a common chat platform [120] for internal com-
munication. The BGNet chat bot is available in a BGNet channel called “BGNet
Bot”. It can be utilized to generate offline analyses with BGNet. A request to the
bot requires specifying several options, like the type of model and the time window
of the analysis.

A report is generated, containing the BGNet predictions, attributions and addi-
tional control plots, as well as tables with the input variables of the neural networks
and the mean predicted sensitivities. For most purposes the generated report con-
tains all information that is expected for a background analysis with BGNet. The
generated report is a PDF file that is posted back to the BGNet channel.

Any message sent in the channel is scanned by a python3 application accessing the
chat platform via the respective API. A message starting with the special keyword
BOT_REQUEST will trigger the application to interpret the following message as a
JSON compatible dictionary of options that needs to be formatted like:

"optionl":"valuel",
"option2":"value2",

"optionN":"valueN",
The options available are:

e target: Can be CDC_CUR_AVERAGE (CDC leakage current) or VXD_Rad (dia-
mond radiation monitors) for hit rate reports, HER_BEAM_LOSS or LER_BEAM_L0SS
for beam loss reports and ECL_LUM_MON_ACC for luminosity reports.

e start: Timestamp that defines the beginning of the time window considered
in the report.

e end: Timestamp that defines the end of the time window considered in the
report.
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e base_start: Timestamp that defines the start of the time window considered
for the reference samples to calculate the integrated gradients. Default: First
valid sample in time window defined by start and end.

e base_end: Timestamp that defines the end of the time window considered for
the reference samples to calculate the integrated gradients. Default: Second
valid sample in time window defined by start and end.

e test_start: Timestamp that defines the start of the time window considered
for the test samples to calculate the integrated gradients. Default: First valid
sample in time window defined by start and end.

e test_end: Timestamp that defines the end of the time window considered
for the test samples to calculate the integrated gradients. Default: Last valid
sample in time window defined by start and end.

e tag: String to name the output file that contains the report. Default: Report.

e rf: Defines resample frequency for plotting, for example use 1s or 5min. De-
fault: 5min

e long: Boolean to make a report with more attribution control plots. Only
available for reports on hit rate models. Default: False.

e model_index: Integer to define a sub-model of a background component, if
this single sub-model should be used to calculate the feature attribution. -1:
Full BGNet model, 0: HER beam-gas, 1: HER Touschek, 2: LER beam-gas,
3: LER Touschek, 4: HER injection, 5: LER injection. Valid only for hit rate
model. Default: ‘-1°.

e model_index: Integer to define a sub-model of a background component, if
this single sub-model should be used to calculate the feature attribution. -1:
Full BGNet model, 0: beam-gas, 1: Touschek. Valid only for beam loss model.
Default: ‘-1°.

e filter_mode: Defines the injection gate status for the data used. Can be
None, Open, Closed. If None is defined no selection is made. Default: None

e ignore_mdi: Boolean to specify if data samples should be masked while there
is no Belle II high voltage permission. If True data will not be masked. Default:
False.

The chat bot offers to provide templates of requests that can be easily be copied and
adapted by writing “help” or “template” into the chat.

The options target, start, end are mandatory. All options are checked for valid
input and the user is informed in case the request or the options are malformed. A
non-blocking thread is then started to create the report. According to the start and
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end timestamps a model is selected from the local model database. An environment
is then set up with a BGNet version that is defined by the BGNet version the model
was trained with. The BGNet binary bgnet_report is then called performing data
loading, preprocessing, inference, plotting and creation of the output file. Multiple
reports can be requested at the same time. Typically, it takes about 1 min for a
default hit rate BGNet report for a time window of one full day.

An examples of a typical use case, where the chat bot provided quick and valuable
information for the operation, will be presented. A new non-linear collimator [121]
was introduced recently. It was installed in section 5 (D05) in position 1, has
vertical (V) jaws and is therefore identified by DO5V1. No operational experience
existed for that collimator and its effect on the beam needed to be studied in practice.
Feedback on the behavior of the individual beam background components after a
change of the positions of D05V1 can be provided by BGNet, using the chat bot.
The bottom (BTM) jaw DO5VIBTM was moved on the 24.11.2025 at 19:06 and
BGNet report was requested for this event shortly after. The complete request was
as follows:

BOT_REQUEST

"target": "VXD_Rad",

"start": "2025-11-24 18:30:00",
"end": "2025-11-24 20:00:00",
"base_start": "2025-11-24 18:40:00",
"base_end": "2025-11-24 18:50:00",
"test_start": "2025-11-24 19:30:00",
"test_end": "2025-11-24 19:50:00",
"tag": "collimator_d05",

"rf": "10s",

As a target hit rate for BGNet the dose rates of a diamond radiation monitor was
chosen and an identifying tag was given to the report. An overall time window of the
report, around the time of the event, was defined with the start and end options.
The test and baseline samples for the feature attribution were defined to be before
and after the event, respectively, using the base_start, base_end and test_start,
test_end options. The time windows are indicated in the hit rate decomposition
plot of the report, that is displayed in Figure[9.15

The impact on the hit rate and the individual beam background components
due to the collimator movement at 19:06 is immediately apparent. The BGNet
predictions follows this change in hit rate well and the ratio between the total hit
rates stays small during and after the change of the jaw position. The results of the
feature attribution are shown in Figure [9.16

The attribution value identifies that the change in the model prediction be-
tween the test and baseline samples is due to the change of the collimator jaw
position DO5V1BTM. The full systematic name of the collimator jaw position is
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Figure 9.15: In the upper plot, the predicted beam background decomposition is
shown as a stacked histogram of all components for the dose rate of a diamond
radiation monitor. The total observed, or measured, hit rate is indicated. The
chosen time windows for the test and baseline, or reference, data sets are indicated
as colored boxes on the top of the plot. The resampling frequency is shown in the
legend. The bottom plot shows the ratio of the total measured hit rate and the total
predicted hit rate.
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Figure 9.16: Attribution values of input variables for the hit rate model of BGNet.
The test and baseline samples are from the time before and after the collimator
jaw DO5V1BTM was moved, respectively. The attribution values are visualized as
point clouds, and the density of points is reflected by the vertical width of the point
clouds. Each variable has points equal to the number of samples in the test data
set. The color of each point corresponds to the relative feature value compared to
all feature values present in all test samples. The input variables are ranked by their
mean absolute attribution values.
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Figure 9.17: The total predicted hit rate and the collimator jaw position
D05V1BTM during the selected time window of the report. The test and base-
line time windows are indicated as colored boxes on the top of the plot. The closing
of the collimator jaw by 0.3 mm coincides in time with the reduction of the predicted
hit rate. The mean attribution value is shown. On average, the difference of the
total hit rate prediction between the test and baseline samples due to the collimator
jaw position is 12.19 mrads~!.

VALCLM_DO5V1BTM_CSS_DIF_POS. The following pages of the report show the over-
laid time series of the total predicted hit rate and the input variables with the largest
attribution values. This is shown in Figure for the position of the collimator
jaw position DO5V1BTM. The plot shows the coincidence of the change of the col-
limator jaw position and the predicted hit rate. Since the measured hit rate behaves
similarly to the predicted hit rate, it too coincides with the moving of DO5V1BTM.
From the hit rate decomposition in Figure one can see that the largest change
of the hit rate occurs in the [LER] injection background component. By adapting
the option "model_index": "-1" to "model_index": "5", the attribution values
for the [LER]injection neural network alone will be shown, instead of the attributions
for the total BGNet model. Similarly, the plots comparing the time series of the
predicted hit rate and an input variable will show the predicted hit rate due to [LER]
injection background instead of the total predicted hit rate. The results are shown
in Figure [9.1§

In summary, the report by the BGNet chat bot provides information about the
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Figure 9.18: Top: Attribution values of input variables for theinjection network
of BGNet. The test and baseline samples are from the time before and after the
collimator jaw DO5V1BTM was moved, respectively. The attribution values are
visualized as point clouds, and the density of points is reflected by the vertical
width of the point clouds. Each variable has points equal to the number of samples
in the test data set. The color of each point corresponds to the relative feature
value compared to all feature values present in all test samples. The input variables
are ranked by their mean absolute attribution values. Bottom: The predicted hit
rate due to [LER]injection background and the collimator jaw position DO5V1BTM
during the selected time window of the report. The closing of the collimator jaw by
0.3 mm coincides in time with the reduction of the predicted hit rate.
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measured hit rate and the predicted hit rate with the predicted decomposition. The
changes of the magnitude of each beam background component in the hit rate de-
composition is shown qualitatively and is then quantified by the attribution values.
A ranking of important variables is produced that drove the change of predictions in
the individual neural networks and allowed the neural network to accurately reflect
the change of the total hit rate. In addition, direct comparison plots are provided be-
tween the input variables with large mean absolute attribution values and the neural
network predictions. These comparisons allow for an immediate and non-abstract
way to inspect how input variables changed and how that change has affected the
BGNet prediction, and in extension might have affected the measured hit rate.

The BGNet reports and its information will ultimately always require interpreta-
tion by an expert, but so do all tools that are used to understand a complex system,
like SuperKEKB. BGNet is not intended as a replacement for any tool or expert
but is intended to provide information about the beam background decomposition
during real operation. The chat bot is a tool to conveniently and quickly provide
information of BGNet to anyone in the collaboration. The creation of the shown
report by the chat bot takes less than a minute.

9.8 Performance of BGNet

Testing the performance of BGNet is an important step to establish its reliability in
the collaboration. Several aspects of the performance of BGNet have been explored
during the commissioning in preparation of advertising it to the collaboration. The
following performance review was performed by the author for the commissioning.
The performance review concentrates on the two main deliverables of BGNet: The
prediction of the total hit rate and the decomposition of the predicted hit rate.
The performance also needs to be tested separately for scenarios where the data
set used for evaluating the performance was part of the training data set (in the
following referred to as offline scenario) or where it is not. These two scenarios
reflect the performance for offline analyses and for the real-time application, where
it is necessary for the models to extrapolate and provide predictions on unseen data.
The first part of the performance evaluation of BGNet focuses on the hit rate models
as the hit rate decomposition is considered the main deliverable of BGNet. The
performance evaluation of the beam loss predictions follows at the end.

The predicted total hit rate can be evaluated by comparing to the measured total

hit rate in both offline (see Section and Section and real-time scenarios
(see Section [9.8.3)).

The beam background decomposition is not measured directly but is determined
by other methods. The offline performance is compared to the results of fits during
background study campaigns (see Section . Additionally, the fast leakage
current logger can resolve injection backgrounds and is used to identify the magnitude
of storage+luminosity backgrounds, testing the decomposition (see Section .
From simulations, the ¢-profiles of the storage background components are known
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[122]. A ¢-profile for all background components can be obtained from BGNet
decompositions by comparing the relative contributions of the components to the
dose rate of diamond radiation monitors at different positions in ¢. The ¢-profiles
obtained from BGNet and the simulation are compared in Section [9.8.5

The performance of feature attribution is difficult to judge. The prerequisite for
correctly identifying the variables driving the changes in background is that the total
hit rate and the beam background decomposition are well described at the time the
attribution values are computed. Even if this condition is fulfilled, there is no basis
for comparison to any measurement or competing method of identifying important
variables in a given state of SuperKEKB. However, when broadening the scope of the
question one can infer the performance of feature attributions from the extrapolation
performance of BGNet. If the model is able to make good predictions for the total hit
rate and its decomposition on unseen data, the model must have created a sensible
surrogate model of SuperKEKB, that can, to some degree, approximate its physics.
Explicitly, the argument would be: The better the extrapolation performance, the
better and more physical the approximation of the actual physics processes, the
better the feature attribution. The discussed caveats of feature attributions using
simplified models in Section will always remain, independent of the extrapolation
performance. Tests of the applicability of the feature attributions are provided as
qualitative examples in Section [9.7] and in Section [9.4

The second part of the performance study focuses on the beam loss predictions.
The performance of the beam loss BGNet models is tested on data seen during the
training and during extrapolations. The results are provided in Section [9.8.6]

9.8.1 Performance on training data

The performance on training data, or offline performance, of the total hit rate pre-
diction is evaluated by performing the model inference on data seen during training.
This is the standard use case when using BGNet for an analysis of the beam back-
ground decomposition for historic data. Typically, time windows of the collider oper-
ation, where the beam background is very large, very small or is suddenly changing,
are analyzed as information on the beam background decomposition is of explicit
interest to explain the observed effects. The performance of BGNet on training data
is generally better than when the model extrapolates, which should be exploited.

The metric of the performance is chosen to be the ratio between the predicted and
measured total hit rate of a sub-detector. The evaluation is performed for two target
variables: [CDC]| average layer leakage current and dose rate of a diamond radiation
monitor at the backward beam pipe position at ¢ = 325°. A total of 40 different
trained models are used in this analysis for each target variable. The training samples
overlap between the models but are never equal for any two models. The time window
chosen is 1h long and is arbitrarily positioned within the training data set for each
model which generally resembles three weeks of SuperKEKB operation. The ratios
are calculated every second and then resampled to 5min by taking the mean. The
results are displayed in Figure[9.19
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Figure 9.19: Ratio of the predicted hit rate Opreq and measured hit rate Opeas for
40 models. The predictions were performed on data that was seen during the train-
ing. The ratios are calculated every second and then resampled to 5min, therefore
each box represents 40 data points, one for each model, of resampled ratios for the
respective time step. The data samples used for the prediction are taken from an
arbitrary time window of 1 h within the training data. The box plot follows standard
convention where the solid line in the box is the median, the edges of the box extend
to the first (Q1) and third quartile (Q3), the whiskers extend the inter quartile range
by a factor 1.5 and outliers are explicitly plotted below and above the ends of the
whiskers. Left: Ratios for the CDC average layer leakage current. Bottom Left:
Ratios for the dose rate of a diamond radiation monitor.
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The median of all data points for both target variables is close to unity, fluctu-
ating between 0.99 and 1.01, showcasing the ability for consistent good predictions
of the total hit rate. The largest inter quartile ranges over the individual time steps
span up to 3% with only few outliers. The model-to-model variations are therefore
small. Single models with comparatively worse performance that are under- or over-
estimating the hit rate over the whole test window account for most of the outliers.
The performance of models on training data is comparable to what is shown here for
any sub set of training samples, since the training window of three weeks ensures a
similar diverse data set of SuperKEKB states to learn from for each model.

9.8.2 Comparison to Background Study Campaign Results

Here, the performance of a BGNet model trained solely on the beam background
study campaign data is compared to the series of fits (in the following simply referred
to as a fit) that is usually used for the analysis of the beam background decomposition
which is described in Section and [108]. The fit functions are the heuristic
formulae, the fit variables are the sensitivities. The fit performed is a x? fit.

The background study campaign was conducted on 16.04.2024. An overview of
the beam background campaign and its stages is displayed in Figure[0.20l The[CDC]
average layer current is used as comparison, as it is a target variable for both BGNet
and the study campaign fits. The fits do not take injection background sensitivities
into account and are only applied on decay data, thus they are not part of the
evaluation, although they are predicted by BGNet. The luminosity sensitivity and
detector pedestal are fixed in BGNet and the values are taken from a fit of a previous
background study campaign. What is compared are the sensitivities of the storage
background components. The fits will produce a single value for the sensitivity during
the background study campaign, while BGNet produces a sensitivity prediction every
second, meaning for each data point of the 1 Hz time series.

BGNet does not provide an estimate for the uncertainty of any output, as it only
predicts the central value. To estimate an uncertainty, the fluctuation of sensitivity
predictions during the background study campaign are used. These fluctuations are
driven by (small) changes to the inputs of the neural networks during the study day.
The fluctuations are quantified by the standard deviation of their distribution over
the whole background study campaign. Thus, the errors quoted on the sensitivity
predicted by BGNet is the statistical standard deviation of each sensitivity distri-
bution. Since the luminosity sensitivity and detector pedestal are fixed, there is no
error given. This method of assigning errors is not optimal, as it implies that the
sensitivity is expected to be constant for the duration of the campaign.

However, as discussed below and shown in an example in Section an [HER]
beam size blow-up affected the beam background conditions and the sensitivity val-
ues. This effect can also be seen in the behavior of the CDC average layer leakage
current in Figure [9.20] This also resulted in a poor quality of the fit, while BGNet’s
flexibility allowed it to cope better with [HER] beam size blow-up. The errors for the
sensitivities obtained by the fit are taken from the covariance matrix obtained from




9.8. PERFORMANCE OF BGNET 151

140
— | —— CDC leakage current 1500
%120 — e
= 1250 <
£ 100/ E
o 11000 =
3 801 S
q) | —
% 60. 750 8
~ I IS
S 10 500 £
2 20 250 ©
@)
0- -0
NN EEEN RN N BN TN TN B S
N Ao o o o o o o o b
v/ v/ v’ v’ v’ v’ u/ v/ v/ v/
¥ ¥ FF X XK FFF
Time

Figure 9.20: Overview of the beam background study campaign conducted on
16.04.2024. The leakage current and the beam currents of both rings are shown.
The segments of the study campaign are indicated by the background color and the
respective labels. The labels indicate whether a single-beam study is performed, in
either the HER or the LER, or a luminosity scan. The number in the label indicates
the number of bunches in the respective ring, that needs to be varied in order to
differentiate Touschek and beam-gas backgrounds.
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’ Bkg. components H Fit ‘ BGNet ‘

HER beam-gas || (1.28 £0.08) x 10~% (44+2) x 1074
HER Touschek (2.38 £0.02) x 10° | (2.040.1) x 1073
LER beam-gas || (1.39+0.01) x 10~* | (0.92 4 0.05) x 10~*
LER Touschek (1.28 £0.01) x 103 (1.1£0.2) x 10?
Luminosity (41+0.2) x 1074 4.99 x 107%
Pedestal (1.51 +£0.02) 1.35

Table 9.4: Sensitivities obtained during the background study camping on 16.04.2024
using the background fit procedure and BGNet. The errors on the sensitivities are
obtained from the covariance matrix of the fit and from the standard deviation of
the sensitivity distributions for BGNet.

Bkg. components H Unit
HER beam-gas pAnPa~TmA™!
HER Touschek pApm3mA?
LER beam-gas pAnPa TmA~!
LER Touschek pApm>mA?
Luminosity 10739 pApm?s
Pedestal nA

Table 9.5: Units of the sensitivities for the CDC average layer current in units of
pA.

the fit, while the errors on the sensitivities of BGNet are the standard deviations of
the sensitivity distributions obtained over the full duration of the background study
campaign. The obtained sensitivities are displayed in Table The units of the
sensitivities are displayed in Table

The ratio between the BGNet sensitivities and the fit parameters is ~ 1 for all
sensitivities except beam-gas where the ratio is around 3. The large ratio can
be explained by the effects of the beam size blow-up.

Further, the ratios between the total measured hit rate versus the BGNet pre-
dicted hit rate and the total measured hit rate versus the hit rate obtained by fitting
can be compared. The decomposition and the ratios are displayed in Figure for
a single beam decay of the at a number of bunches of 393 and in Figure [9.22
at a number of bunches of 2346. The decomposition and the ratios are displayed in
Figure for multiple decays during collisions.

The total measured hit rate during the decays with collisions is much better
described by the BGNet predictions than by the fit. The fit and and the BGNet
predictions show a similar poor performance of describing the measured hit rate
during the decay. During the single beam decay, the [CDC]| average layer
leakage current has visible artifacts at 16:17 and 16:32, where the hit rate increases,
instead of following the smooth beam decay, that is predicted by both the fit and
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Figure 9.21: Decompositions of the CDC average layer current during a beam back-
ground study campaign as a stacked histogram at the time of an HER single beam
decay at a number of bunches of 393. The bottom plot shows the ratio between the
measured and predicted CDC average layer current. Top: Decomposition obtained
from BGNet. Bottom: Decomposition obtained from the fit.
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Figure 9.22: Decompositions of the CDC average layer current during a beam back-
ground study campaign as a stacked histogram at the time of an HER single beam
decay at a number of bunches of 2346. The bottom plot shows the ratio between the
measured and predicted CDC average layer current. Top: Decomposition obtained
from BGNet. Bottom: Decomposition obtained from the fit.
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Figure 9.23: Decompositions of the CDC average layer current during a beam back-
ground study campaign as a stacked histogram at the time of multiple decays during
collisions. The bottom plot shows the ratio between the measured and predicted
CDC average layer current for predictions by BGNet and the fit, respectively. Top:
Decomposition obtained from BGNet. Bottom: Decomposition obtained from the
fit.
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BGNet.

The situation is summarized here, but explored in more detail in Section[0.4] The
immediate issue was a beam size blow-up during the beam decays. The
beam size is part of the heuristic function for [HER] Touschek and the dependence
of the beam background on the beam size should be well described, however, the
descriptive function of the heuristic functions is limited. Here, it becomes clear that
the heuristic function multiplied with a sensitivity that is not dependent on the
parameters of the heuristic function, and the [HER] beam size does not deliver a valid
description during the transient phases of rapidly fluctuating [HER] beam sizes.

The beam size blow-up was traced back to issues with the SuperKEKB bunch-
by-bunch feedback system [27, |59] during the beam decay. The problematic decays
are not regarded in the fit. The smaller fluctuations are explained by the very low
hit rates exhibited during this single beam decay, making the noise, or pedestal,
of the measurement of the [CDC| average layer leakage current visible. This can be
seen in Figure where the pedestal component has a significant contribution.
Similar issues can be observed during the first beam decay during collisions, where
the hit rate increases despite decreasing currents. However, these moments were
correctly described by BGNet, qualitatively following the measured hit rate. The
ratio between the measured and predicted total hit rate by BGNet stays in a tight
window around unity with small peaks during injections, where the timing of the
hit rate increase due to the injections was slightly off. The performance of the fit
is worse since it is not flexible enough to account for such behavior of the hit rate.
Additionally, the fit can only be applied on beam decay data that was affected by
the [HER] beam size blow-up, while BGNet was trained on all available data points,
including the injection data. Since the injections are not accounted for by the fit
the ratio between the hit rate predicted by the fit and the measured data during the
injections should not be used to evaluate the performance of the fit.

9.8.3 Extrapolation with BGNet

The extrapolation performance of BGNet is important to judge whether the surro-
gate models of the accelerator learned to approximate real physical effects and can
predict the total hit rate on unseen data by appropriately scaling the beam back-
ground components. The feature attribution methods can also only provide sensible
results if this is true. The real-time predictions only make predictions on unseen
data. Since the real-time predictions is one of the main deliverables of BGNet,
quantifying the extrapolation performance of BGNet is important. The extrapola-
tion performance was an important factor during the commissioning of BGNet.
The metric for the extrapolation performance is chosen to be the ratio between
the predicted and measured total hit rate of a sub-detector. The training of the
largest BGNet model, the multi-sensor hit rate model for the diamond radiation
monitors, takes usually about Ti;an = 40min up to Tirain = 1h. In the following,
the longest training time of Tiain = 1h is assumed. The first and last timestamps
of the training window are tgart and fenq. Thus, for the real-time predictions, which
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Figure 9.24: Training scheme of new BGNet models for the real-time application
of BGNet. The time window for the training data is defined from tgiart tO feng-
The time needed for training a model is Tirain. A model is deployed and used for
predictions from tepnq + Ttirain until tenq + 27¢rain.

immediately use the latest model, the extrapolation is performed from teng + Tirain
until teng + 27%4ain- A training window typically includes 3 weeks of data. A vi-
sualization of the training scheme and the relevant timestamps is given in Figure
9.24]

To observe the full development of the predictions on data beyond the training
data set, the extrapolation results from tenq until teng + Tirain are analyzed as well.
The BGNet models used for this test are models trained during December 2025 for
the real-time operation of BGNet to reflect the actual performance of the BGNet
predictions delivered in the latest operation period. The evaluation is performed for
two target variables: [CDC| average layer leakage current and dose rate of a diamond
radiation monitor at the backward beam pipe position at ¢ = 325°. A total of 40
consecutively trained models are used in this analysis for each target variable. The
calculation of the ratio was performed at 1s and the results where then resampled
to 5min by taking the mean. The results are displayed in Figure [9.25

During the first hour after the training, the performance of the extrapolated
prediction for most models is observed to be stable. The median of the ratio between
the predicted and measured total hit rate keeps close to 1 with minor fluctuations.
The width of the distribution is visualized as the height of the box, that is the
interquartile range (IQR) from the first (Q1) to the third quartile (Q3). The IQR is
< 5% for the average layer leakage current, while it is typically a few percent
larger for the predictions of the diamond radiation monitor dose rate. There are
only a few outliers for the in both cases, that mostly belong to the same two models,
showing poor performance for the duration of this analysis. The performance in the
second hour of extrapolated predictions show a similar median, that keeps close to 1.
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A minimal bias of the median towards higher ratios can be observed for both target
variables. A similar trend, and more pronounced, is seen in the interquartile ranges,
which tend towards larger ratios. The interquartile ranges have also become larger, as
have the number of outliers. A degradation of the prediction performance is expected,
the further the SuperKEKB state diverges from the states seen during training. The
divergence becomes larger as small changes accumulate over time. However, the
majority of all predictions for both target variables lies within a few percent, which
is more than sufficient for the purpose of BGNet. This shows that the BGNet models
generalize sufficiently well to produce a beam background decomposition that allows
extrapolation over several hours and reflecting the changes in background conditions
well. A similar argument can be made for the feature attributions produced, as
the BGNet models need to have found effective dependencies between the beam
background and the input variables.
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Figure 9.25: Ratio of the predicted hit rate Opreq and measured hit rate Opeas.
The predictions were performed on data that was not seen during the training and
the BGNet model is extrapolating. The ratios are calculated every second and
then resampled to 5 min, therefore each box represents 40 data points, one for each
model, of resampled ratios for the respective time step. The data samples used for
the prediction are the ones immediately following the last sample seen during the
training. The box plot follows standard convention where the solid line in the box
is the median, the edges of the box extend to the first (Q1) and third quartile (Q3),
the whiskers extend the inter quartile range by a factor 1.5 and outliers are explicitly
plotted below and above the ends of the whiskers. Top Left: Ratios for the first hour
after the training for the CDC average layer leakage current. Top Right: Ratios for
the second hour after the training for the CDC average layer leakage current. This
time window is relevant for the performance of the real-time predictions. Bottom
Left: Ratios for the first hour after the training for the dose rate of a diamond
radiation monitor. Bottom Right: Ratios for the second hour after the training for
the dose rate of a diamond radiation monitor. This time window is relevant for the
performance of the real-time predictions.
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9.8.4 Differentiation of Injection Backgrounds

The average leakage current of the [CDC]| is monitored and is sampled with a 1Hz
frequency and is available as 1 Hz time series in [EPICS|. The average leakage current
is proportional to the hit rate of the[CDC|and is used as a target variable in BGNet.
Additionally, a fast current logger is installed with a sampling rate of 1kHz. It
measures the leakage current I1,., of high-voltage sector 3 of layer 4. An annotated
screen capture of the attached oscilloscope is displayed in Figure [9.26] The injection
spikes are visibly resolved by the fast current logger. The [LER]injection frequency
is 12.5 Hz with alternating 1- and 2-bunch injections. Here, the ratio between the
number of 1- and 2-bunch injections is 1:1. During the 2-bunch injection scheme
two bunches are injected with a spacing of nanoseconds. The current spikes cor-
responding to 2-bunch injections are larger. The [HER] injections have a frequency
of 25 Hz and are exclusively 1-bunch injections. A baseline shift is observed during
injections into both rings. This occurs, when the injection background is large and
the leakage current takes a longer period of time to fall back to the baseline, while
the injections are too frequent, not allowing the leakage current to drop to the actual
baseline without leakage current due to injections.

Looking at the part with only [LER]injections, after an injection spike the current
returns to a baseline as the additional background from the injection dissipates. The
leakage current at the baseline then corresponds to the leakage current due to the
storage and luminosity backgrounds and the detector pedestal. A 1Hz time series
of the fast current logger is available in , corresponding to the minimal
value of I, during a given second, here called Ifgg. The minimum leakage current
Ifjgg provides the baseline value that can be used to estimate the average layer
leakage current, which is the BGNet target variable, due to the sum of all background

components except the injection backgrounds. For ITog to be comparable to the
average layer leakage current, it needs to be multiplied by a factor of four, as the
sector covered by the fast current logger accounts for one quarter of layer 4. The
average layer leakage current and the leakage current of layer 4 need to be the same
for such a comparison which is an approximation made here. This comparison also
needs to be conducted outside time windows where the baseline shifted.

The comparison of 4 - fgg and the BGNet prediction for the average laygr
leakage current is displayed in Figure @ A good agreement between 4 - Iﬁ)‘g
and the sum of all non-injection backgrounds can be observed. The BGNet model,
therefore, is able to correctly identify and differentiate injection background from
non-injection background despite being trained on only 1 Hz time series data. It
learned an effective description of the superposed injection backgrounds at 1 Hz,

while the underlying time scales of the injection backgrounds are much smaller.
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Figure 9.26: Oscilloscope screen capture of the fast CDC current logger on June 12,
2022 at 20:52:39 (JST). The y-axis shows the leakage current in units of 10 pA per
DIV. It was taken during physics data taking during a period with top-up injections.
Initially, only the received injections with asynchronous HER injections starting
about 2s later [103].
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Figure 9.27: BGNet predictions during top-up injections. The non-injection back-
grounds are summed up and displayed together. The injection backgrounds for
HER and LER are displayed separately. The current 4 - Ifgg can now be compared
to the average CDC layer leakage current due to non-injection background to gauge

BGNet’s ability to differentiate injection backgrounds from the other background

components )
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9.8.5 ¢-Profiles of the Beam Background

During the design and build phase of Belle II, efforts were made to simulate the beam
background that the PXD would be exposed to [122]. The simulation was done on
a per module basis, taking its position around the [[P] into account and with that
¢-profiles of the storage background components have been established. Thus, the ¢-
profiles describe the distribution of the beam backgrounds in the zy-plane. If BGNet
can correctly separate the storage backgrounds of each component such ¢-profiles
should be approximately reproduced by BGNet. Several dose rates for diamond
radiation monitors at different positions in ¢ are predicted by BGNet. They are
used to create a ¢-profile for all background components considered by BGNet. The
diamonds used are the forward SVD diamonds at ¢ = 60°,120°,180°, 240°, 300°.
The diamond at ¢ = 0° is not operational. Since these diamond radiation monitors
are positioned at different radii and at different positions along the z-axis an exact
match of the ¢-profiles is not expected.

The outer modules of the PXD are positioned at 30° intervals, starting at ¢ = 0°.
The position ¢ = 0° is defined to be at (z,y,z) = (1,0,0). A geometry of the PXD,
where the numbers of PXD modules are indicated, is displayed in Figure The
appropriate PXD modules to compare to the available diamond radiation modules
have been identified to be 2.3.1, 2.5.1, 2.7.1, 2.9.1, 2.11.1 which are positioned at the
same angles in ¢ and are located in the forward direction.

The BGNet model used for obtaining the ¢-profiles was trained on operation
data from December 2025 and the data used for the inference was seen during the
training. The hit rate for each diamond is the mean hit rate over 4 min buckets of a
1 Hz time series. The total predicted hit rate needs to agree for with the measured
total hit rate of all diamonds in order for the decomposition to be sensible. The
¢-profile for the total BGNet predictions and the measured hit rate is displayed
in Figure Additionally, the decompositions of the hit rate over the full time
window for all considered diamonds are displayed in Appendix [B:4] The ¢-profiles
for the BGNet predictions of all storage and injection background components are
shown Figure 0.30] and Figure [9.31]

The simulated absolute hit rates due to beam background components, given
as occupancy in units of percent, quoted for the PXD [122] cannot be compared
to the predicted absolute hit rates for the diamonds, given as dose rate in units
of mrads™!, by BGNet. To convert the occupancy of the PXD into a dose rate
an energy calibration of the average deposited energy per firing pixel is required
but not available. Further, the accelerator conditions during the simulation will be
different than what was assumed in the simulation, which were performed in the year
2015 before SuperKEKB operations. The simulation is dependent on SAD (Strategic
Accelerator Design) simulations [124], which are performed for specific sets of optic
and collimator configurations, which are known to have changed considerably since
then. Also the beam pipe pressure was increased due to maintenance performed prior
to the test time window in December 2025, which required opening the beam pipes.
This leads to elevated pressure levels that only return to nominal values after weeks
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Figure 9.28: A schematic view of the PXD indicating its position in the coordinate
system and indicating the module numbers. The colored modules indicate the mod-
ules installed in PXD 1 [123].
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Figure 9.29: ¢-profile for the total predicted hit rate by BGNet and the total mea-
sured hit rate for diamond radiation monitors at ¢ = 60°,120°, 180°,240°, 300°.
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Figure 9.30: ¢-profiles for the storage backgrounds based on BGNet predictions for
diamond radiation monitors at ¢ = 60°,120°,180°, 240°,300°. The hit rate due to
each component has been normalized by the total predicted hit rate. The error
shown is the standard error of the sample mean, which was increased by a factor 3
to make it visible. Top left: HER beam-gas component. Top right: HER Touschek
component. Bottom left: LER beam-gas component. Bottom right: LER Touschek
component.
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Figure 9.31: ¢-profiles for the injection backgrounds based on BGNet predictions
for diamond radiation monitors at ¢ = 60°,120°, 180°,240°,300°. The hit rate due
to each component has been normalized by the total predicted hit rate. The error
shown is the standard error of the sample mean, which was increased by a factor 3 to
make it visible. Left: HER injection component. Right: LER injection component.

PXD Module | PXD rel. hit rate [122] || Dia. pos. in ¢ | BGNet rel. hit rate |

2.3.1 (0.6 £0.5) 60° (0.757 = 0.005)
2.5.1 (0.6 £0.5) 120° (0.877 £ 0.007)
2.7.1 (1.0£0.8) 180° (1.000 = 0.008)
2.9.1 (0.8£0.6) 240° (0.923 % 0.008)
2.11.1 (0.6 £0.5) 300° (0.847 £ 0.007)

Table 9.6: Relative hit rates due to LER beam-gas for PXD modules from simulation
[122] and for diamond radiation monitors from BGNet predictions.

and months of operations. So, instead of comparing absolute values, relative values
are compared to obtain a qualitative comparison. The relative values are obtained by
dividing by largest hit rate in the selection of PXD modules and diamond radiation
sensors. The errors for the BGNet predictions are the standard errors of the sample
mean. Only the beam-gas, Touschek and Touschek components may
be compared, as the [IER] beam-gas are not available for all PXD modules and have
too large errors. The comparison for LER] beam-gas is shown in Table for [LER]
Touschek in Table and for [HER] Touschek in Table Q.8

The ¢-profiles for [LER] beam-gas and [HER] Touschek have their highest hit rate
at the same positions, comparing the simulation and the BGNet prediction, while
around that maximum the hit rate drops to lower values, approaching the minimum
of the ¢-profile on the opposite side of the maximum. The ¢-profile of [LER] Touschek
shows a difference in the position of the maximum and minimum. The maximum of
the BGNet prediction is at the minimum of the PXD simulation and its minimum is
at the maximum of the PXD simulation. While the errors on the PXD simulation are
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PXD Module | PXD rel. hit rate [122] || Dia. pos. in ¢ | BGNet rel. hit rate |

2.3.1 (0.9+0.6) 60° (0.884 £ 0.007)
2.5.1 (0.4£0.3) 120° (1.000 + 0.009)
2.7.1 (0.6 +0.4) 180° (0.917 % 0.008)
2.9.1 (0.4£0.3) 240° (0.938 = 0.008)
2.11.1 (1.0£0.6) 300° (0.431 = 0.004)

Table 9.7: Relative hit rates due to LER Touschek for PXD modules from simulation
[122] and for diamond radiation monitors from BGNet predictions.

| PXD Module | PXD rel. hit rate [122] || Dia. pos. in ¢ | BGNet rel. hit rate |

2.3.1 (1.0£0.5) 60° (1.000 = 0.006)
2.5.1 (0.7£0.2) 120° (0.125 = 0.001)
2.7.1 (0.3£0.1) 180° (0.0010 = 0.0001)
2.9.1 (0.3£0.1) 240° (0.0010 = 0.0001)
2.11.1 (0.7£0.2) 300° (0.434 £ 0.003)

Table 9.8: Relative hit rates due to HER Touschek for PXD modules from simulation
[122] and for diamond radiation monitors from BGNet predictions.

large, such that all ¢-profile would be compatible with an almost flat distribution
(which is exhibited by the BGNet predictions apart from the diamond radiation
monitor at ¢ = 300°), the disagreement for Touschek could also be due to
BGNet. The [LER] beam-gas dominates the decompositions for all diamonds in this
analysis during the relevant time frame and makes up for half or more of the total
hit rate. It is possible that due to the difficulties with differentiating the storage
backgrounds of one ring, that hit rates actually originating from beam-gas
contributions leak into the Touschek prediction. The Touschek component
is a much smaller contributor to the total hit rate and the associated ¢-profile could
be dominated by the wrongly assigned beam-gas hit rates. This is supported
by the fact that Touschek ¢-profile has similar properties compared to
beam-gas showing a relatively flat distribution, with the exception of the diamond
radiation monitor at ¢ = 300°.

The ¢-profiles for the injection background cannot be compared as there are
no simulations available, however, they exhibit a very clear ¢-dependence. The
injection background components can be differentiated well from the other beam
background components due to their time-dependent structure. As a result, the issue
of ambiguities when differentiating them from other beam background contributions
is much smaller and the contributions of other beam background components to the
¢-profiles of the injection backgrounds are much smaller. The observed ¢-dependence
presents an interesting finding, as there are only few descriptions of the injection
background. This could help to devise beam background mitigation strategies for
one of the largest beam background components at large currents, that are needed
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to reach large instantaneous luminosities.

9.8.6 Beam Loss Prediction Performance

Two aspects of the [HER] and [LER] beam loss prediction performance are considered
in the following: The prediction performance on training data that is relevant for
offline analyses and the prediction performance on data not seen during the training
that is relevant for the real-time predictions. Only the total prediction of the beam
loss will be considered here, as there are no comparisons or tests available for the
decomposition of the beam loss.

The performance metric is chosen to be the ratio between the predicted total
beam loss and the measured total beam loss. Although the beam loss is not directly
measured as it is computed from the measured current as described in Section [9.5
it is referred to as “measured” for the purposes of this section. The beam loss
model used by BGNet only considers particle losses due to storage backgrounds.
This implies that the measured beam loss is only valid when there are no active
injections. As this is a limitation of the used model and not of the beam loss values
itself. This would be true for directly measured beam losses as well. The ratio of
the measured and predicted total beam loss is therefore only computed while there
are no active injections, despite the fact that predictions would be available at all
times, predicting the beam loss due to storage backgrounds during active injections.

As before, the performance on training data is expected to be better than on
unseen data. This is exploited during offline analyses, where a model, trained on
the relevant time window, is available. A total of 40 models are used for the per-
formance analysis of [HER] and [LER] beam loss predictions. Each model was trained
on three weeks of SuperKEKB operation. The training samples can overlap between
different models but no trainign set is equal to another. For the evaluation of the
offline performance, the models are evaluated in a 1 h time window that is positioned
arbitrarily within the training data set. The ratios are calculated every second and
then resampled to 5min by taking the mean. The results are displayed in Figure
9.02)

The median of the ratios during the test time window is close to unity with small
fluctuations in the range of 1% to 2%. The interquartile ranges span 3% to 5%. A
few outliers in both directions are observed. There are no discernible trends visible
for an improvement or worsening of the prediction performance, which is expected,
since all samples are part of the training data. Single models with comparatively
worse performance that under- or overestimate the total beam loss over the whole
test window account for most of the outliers.

The performance evaluation for the real-time predictions of the total beam loss
is performed in a similar way as for the hit rate models in Section[9.8.3] For the real-
time predictions, the BGNet models need to extrapolate and produce predictions for
data samples that were not seen during the training. The metric for the performance
is the ratio of the measured and predicted total beam loss. The training time for the
beam loss models is around Tirain, beam loss = 4 min. However, the training cycle of
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Figure 9.32: Ratio of the predicted beam loss Opeq and measured beam loss Oppeas
for 40 different models. The predictions were performed on data that was seen during
the training. The ratios are calculated every second and then resampled to 5 min,
therefore each box represents 40 data points of resampled ratios for the respective
time step. The data samples used for the prediction are taken from an arbitrary time
window of 1h within the training data. The box plot follows standard convention
where the solid line in the box is the median, the edges of the box extend to the first
(Q1) and third quartile (Q3), the whiskers extend the inter quartile range by a factor
1.5 and outliers are explicitly plotted below and above the ends of the whiskers. Left:
Ratios for the HER beam loss. Bottom Left: Ratios for the @ beam loss.
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the real-time application of BGNet only begins after all models have been trained,
and therefore a new model training will only begin after the slowest model training
concluded. The slowest model is the hit rate model with an assumed training time
of Tirain = 1 h. The training cycle of the hit rate and beam loss models is visualized
in Figure[9.33] The training time of the beam loss models is small compared to the
training time of the hit rate models. The relevant time window of unseen samples
for the real-time predictions therefore starts after the training at = tenq until ~
tend + Ttrain- The extrapolation performance has been tested with samples from the
end of the training until 1 hour after the end of the training and a second time
window from that extends until 2 hours after the end of the training. The results
are displayed in Figure

The predictions of the beam loss exhibit a small bias towards ratios smaller
1 within the first hour of extrapolation but median is still close to unity. Towards
the end of the extrapolation time window the median moves to approximately 97 %.
Similarly, the interquartile ranges are tending towards lower values, indicating an
asymmetry in the distribution of the ratios. The width of the interquartile range
is observed to reach ~ 8 %. There is no strong degradation of the performance of
the predicted total [HER] beam loss observed in the time window relevant for the
real-time predictions or even beyond that. Similar observations can be made for the
predictions of the [LER] beam loss. The median is close to unity during the entire
evaluation time window with the largest deviations of the median being around 2 %
from unity with no discernible bias in either direction. The interquartile ranges
reaching widths of up to & 7%. There are only few outliers observed for both the
[LER] beam loss and the [HER] beam loss. Most of the outliers belong to the same
model that has a bad performance during the evaluation time window.

This study shows that BGNet can also be applied on the prediction of the beam
loss, and therefore the beam lifetime, with a satisfactory performance that is similar
to the performance obtained for the hit rate predictions.
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Figure 9.34: Ratio of the predicted beam loss Opeq and measured beam loss Opeas.
The predictions were performed on data that was not seen during the training and
the BGNet model is extrapolating. The ratios are calculated every second and
then resampled to 5min, therefore each box represents 40 data points, one for each
model, of resampled ratios for the respective time step. The data samples used
for the prediction are the ones immediately following the last sample seen during
the training. The box plot follows standard convention where the solid line in the
box is the median, the edges of the box extend to the first (Q1) and third quartile
(Q3), the whiskers extend the inter quartile range by a factor 1.5 and outliers are
explicitly plotted below and above the ends of the whiskers. Top Left: Ratios for the
first hour after the training for the HER beam loss. This time window is relevant
for the performance of the real-time predictions. Top Right: Ratios for the second
hour after the training for the HER beam loss. Bottom Left: Ratios for the first
hour after the training for the beam loss. This time window is relevant for the
performance of the real-time predictions. Bottom Right: Ratios for the second hour
after the training for the beam loss.
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Conclusion

As the instantaneous luminosity delivered by SuperKEKB increases, radiation due
beam backgrounds also increases further. This causes a faster degradation of Belle
IT detector components and increases the difficulty of pattern recognition and recon-
struction of signal processes. Excessive beam background levels will pose a major
issue that can prevent the experiment to reach the design luminosity.

Monitoring and mitigating beam backgrounds is an important task for both the
Belle IT and SuperKEKB collaborations. In particular, a new neural network based
tool, called BGNet, has been introduced as a diagnostic monitoring tool. BGNet
provides predictions of the total hit rate and their decomposition due to beam back-
ground for multiple Belle II sub-detectors in real-time. Integrated gradients have
been applied as feature attribution method to quantify the impact of individual in-
put variables on the predicted hit rate, in an effort to increase the understanding of
the beam background.

The author has participated in the development of BGNet and has conducted
extensive performance studies for its commissioning. The performance of BGNet hit
rate predictions has been quantified on training data and data not seen during train-
ing. BGNet has shown excellent performance in both cases. The beam background
decompositions have been compared to beam background decompositions obtained
during designated study campaigns and from simulations. During these comparisons
BGNet provided compatible results. The quantitative comparisons that can be con-
ducted are limited as simulations and designated study campaigns only provide data
for certain configurations of SuperKEKB. BGNet offers predictions during general
physics data taking.

The author has developed a real-time application for BGNet that allows for hit
rate predictions and beam background decompositions to be available to the col-
laboration in real-time. This is a distinct advantage over other existing methods
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of obtaining beam background decomposition, as they are only available for spe-
cific beam background studies. Further, a chat bot for offline analyses has been
introduced that delivers detailed reports that summarize the beam background per-
formance for a given time window. The chat bot is accessible for everyone, does not
require expert knowledge and reports are generated within less than a minute time.
BGNet has also been applied to predict the beam loss and its decomposition. The
performance of the beam loss predictions has been found to be excellent as well.

A Belle IT upgrade is planned for 2032 and a replacement for the current vertex
detector is proposed. The new detector, VITX, is based on a fully pixelated design,
improving the performance and tolerance against large beam backgrounds. The
[OBELIX|[DMAPS| chip that will be used for the VTX]is currently in the design stage
and based on the TJ-Monopix2 chip. A test beam has been conducted to quantify
the effects of irradiation and temperature on the performance of the TJ-Monopix2
chip, define operational temperature ranges and test software/firmware features that
are required for the eventual use in the Belle II environment. The [VTX|is planned
to be operated with minimal cooling at room temperature.

The author took part in the measurements and has conducted the test beam
analysis. Stable operation with hit-detection efficiencies > 99 % with a threshold
of 200 e~ at 20° temperature and with a threshold of 350 e~ at 40°
temperature with the DC-coupled front-end at the highest fluence. The highest flu-
ence is the fluence expected after 10 years operation and the design luminosity. The
AC-coupled front-end showed larger degradations at high temperatures. The spatial
resolution was determined to be (9.2 + 0.1) pm along the z-axis and (9.2 £ 0.1) pm
along the y-axis for a irradiated TJ-Monopix2 sample with the largest fluence.

A simulation of the TJ-Monopix2 chip has been performed, recreating the con-
ditions during the test beam to confirm that the obtained results are sensible. The
simulation results for the cluster properties, the spatial resolution and the hit de-
tection efficiency have been presented. The cluster size and seed charge could be
reproduced and are similar between the test beam measurements and the simula-
tion. The spatial resolution for the simulation is smaller with (8.3 £ 0.1) pm along
the z-axis and (8.3 £ 0.1) pm compared to what was achieved during the test beam.
The simulated hit detection efficiency has been found to be too optimistic at higher
thresholds compared to the measurement due to an underestimation of smaller pixel
charges of =~ 500 e~. The difference between the simulation to the measurements is
explained by the simplifications made during the simulation. The simulation lacks
an explicit simulation of the pixel front end, doping concentrations and realistic
electric fields. This simulation represents a baseline with a simple setup, making
several generalizations and using generic assumptions. It will be tested against more
sophisticated and complicated simulation approaches that are developed by the col-
laboration to gauge the impact of the changes made. The test beam measurement
results confirm the feasibility of operating the at room temperatures in Belle
II. The DC-coupled front end remains highly efficient at these temperatures and
after irradiation. The [DBELIX] design is planned to conclude in early 2026 and the
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project moves towards production and initial measurements of the [OBELIX] chips
towards the end of 2026.
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Glossary

CDC Central drift chamber, gas tracking detector currently used by Belle II.
[L47] [148] [150} [I52] [I56] [157 [160]

CMOS Complementary metal-oxide—semiconductor, a technology used for con-
structing integrated circuits. The TJ-Monopix2 and OBELIX sensors are man-

ufactured in a 180 nm process. [64

DAC Digital-to-Analog Converter, supplies voltages and currents. The TJ-Monopix2
has a 8 bit DACs, allowing to scale the respective output between 0 and 255.
A DAC output can be expressed in terms of these 8 bit DAC values, or rather,
in terms of DAC units. [75]

DAQ Data Acquisition System. [73] [74]
DMAPS Depleted monolithic active pixel sensor. [2] [61], [64] [I74]

DUT Device Under Test, refers to the sensor undergoing testing in the test beam

measurements. [74] [77], [85] [87], [00] [103}, [104], [I06]

EPICS Experimental physics and industrial control system, slow control system

used by Belle II and SuperKEKB. [T09], [TI5HI1S] [135], [136] [T38HI40]
160

FIFO First In - First Out. [[36} I35

HER High Energy Ring, electron storage ring of SuperKEKB. (9]
(123} (126} [127] [129] [I32] [I38] 150} 152} [I56} 160} [[66HI68, [I70]

IP Interaction point, point of collision of the electron and positron beams. A9

B8} [L13 [163]

185



186 Glossary

IR Interaction region, region around the Belle II interaction point.

LER Low Energy Ring, positron storage ring of SuperKEKB.
(132} [138] [142] [145] [146} [160} [I6T} [T66HI70] 72 [197] [199} [200]

LINAC LINear ACcelerator, pre-accelerator for SuperKEKB.

MAPS Monolithic active pixel sensor.

MIMOSA26 Sensor used by the DURANTA EUDET-type telescope used during
the beam test measurements at DESY.

MPV Most probable value. [100]

NIEL Non-ionizing energy loss, mode of radiation damage pertaining to structural
defects of the silicon bulk material in a silicon pixel detector.

NTC Negative-temperature-coefficient, thermal resistor for temperature measure-

ments. 98] 99} [174]

OBELIX Optimized BeLle Ii piXel sensor, DMAPS pixel sensor developed for the

Belle II vertex detector (VIX) upgrade.

PV Process variable, real-time variables in the EPICS slow control system.

L35} [L39

QCS Final focusing quadrupole magnet system. [67]

RF Radio frequency. Accelerator cavities operate at RF frequencies and have an
acceptance, that refers to a longitudinal range of phase space in which particles

are accelerated.

TLU Trigger Logic Unit. [74], [77]

ToT Time-Over-Threshold, unit for length of digital signal that is proportional to
the signal charge collected in a pixel.

VTX Vertex detector for the Belle IT Upgrade. 67}
VXD Current vertex detector of Belle II.
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APPENDIX A

Appendix: Test Beam Results

A.1 Cluster Properties

Comparisons for the mean cluster sizes and uncalibrated mean cluster and mean seed
charges are displayed in Figure for the DC-coupled front end and Figure
for the AC-coupled front end. The distributions of the cluster size and uncalibrated
cluster charge are shown in Figure
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Figure A.1: Comparison of the histograms of the cluster size and cluster charge
for associated clusters in the DC-coupled frontend. The irradiated samples W8RA4,

W2R17 and W2R5 are compared.
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A.1. CLUSTER PROPERTIES
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Figure A.2: Comparison of cluster properties for all irradiated samples against the
bias voltage for the DC-coupled frontend. Top: mean cluster size. Middle: mean
cluster charge. Bottom: mean seed charge. The threshold during these measure-
ments was & 250 e~ except for the p-irradiated 2.5 x 10*n.,/cm? (W2R17) which
was =~ 400 e™.
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A.2 Simulated Cluster Properties
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Figure A.4: Comparison of the seed charge distribution from simulation and mea-
surements with the p-irradiated sample W8R6 with a fluence of 5 x 1014neq/cm2.
The discrete charge values for the seed and cluster charge are an effect of the charge-
to-digital conversion performed in the pixel frontend. The measurement was taken
at a threshold of 250 e™, a bias voltage of 20V and at an NTC temperature of 30°C
which is approximately a chip temperature of 37°C. The mean and MPV of the
distributions are indicated in the plot. The inverse charge conversion was applied to
then apply the charge conversion again to gauge the effects of the conversion of the
charge information into integer ToT values. Both distributions have the same bin
size, the increased linewidth is for better distinction between the histograms.
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Appendix: BGNet

B.1

Input Variables for Hit Rate Models

# Featurs for HER beam gas background model
’sens_her_beamgas’: [

1,

"SKB_HER_P_avg",
"BMHXRM_BEAM_EMITTX",
"BMHXRM_BEAM_EMITTY",

"VAHCLM_DO1V1TOP_CSS_DIF_P0S", # Collimator variables

"VAHCLM_DO1V1BTM_CSS_DIF_P0OS",
"VAHCLM_D12V4BTM_CSS_DIF_POS",
"VAHCLM_D12V3TOP_CSS_DIF_POS",
"VAHCLM_DOSV1BTM_CSS_DIF_POS",
"VAHCLM_DO9V3_CSS_DIF_P0OS",

# Featurs for HER touschek background model
’sens_her_touschek’: [

"BMHXRM_BEAM_EMITTX",
"BMHXRM_BEAM_EMITTY",

"VAHCLM_DO9H3_CSS_DIF_PO0S", # Collimator variables

"VAHCLM_DO9H4_CSS_DIF_P0OS",
"VAHCLM_D12H2_CSS_DIF_POS",
"VAHCLM_D12H3_CSS_DIF_P0OS",
"VAHCLM_DO1H50UT_CSS_DIF_POS",
"VAHCLM_DO1H5IN_CSS_DIF_POS",
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1,

# Featurs for LER beam gas background model

’sens_ler_beamgas’: [
"SKB_LER_P_avg",
"CGLOPT_IP_BETA_X",
"CGLOPT_IP_BETA_Y",
"BMLXRM_BEAM_EMITTX",
"BMLXRM_BEAM_EMITTY",
"BML_MQC2RP_P0OS.PYP",
"BML_MQC1RP_POS.PYP",
"VALCLM_DO2V1TOP_CSS_DIF_P0S", # Collimator variables
"VALCLM_DO2V1BTM_CSS_DIF_POS",
"VALCLM_DO5V1TOP_CSS_DIF_POS",
"VALCLM_DO5V1BTM_CSS_DIF_POS",
"VALCLM_DO6V1TOP_CSS_DIF_POS",
"VALCLM_DO6V1BTM_CSS_DIF_POS",
"VALCLM_DO3V4TOP_CSS_DIF_POS",
"VALCLM_DO3V4BTM_CSS_DIF_POS",

1,

# Featurs for LER touschek background model

’sens_ler_touschek’: [
"BMLXRM_BEAM_EMITTX",
"BMLXRM_BEAM_EMITTY",
"BML_MQC2RP_POS.PXP",
"BML_MQC1RP_POS.PXP",
"VALCLM_DO2H10UT_CSS_DIF_P0OS", # Collimator variables
"VALCLM_DO2H1IN_CSS_DIF_POS",
"VALCLM_DO2H40UT_CSS_DIF_POS",
"VALCLM_DO2H4IN_CSS_DIF_POS",
"VALCLM_DO6H40UT_CSS_DIF_POS",
"VALCLM_DO6H4IN_CSS_DIF_POS",
"VALCLM_DO6H30UT_CSS_DIF_POS",
"VALCLM_DO6H3IN_CSS_DIF_POS",

1,

# Features for HER injection background

’sens_her_injection’: [
"HER_CHARGExINEFFxREP_FREQ",
"CG_BTE_BPM_CHARGE1_CORR",
"TM_EVRO_HER_INJ_EFF_BCM",
"CGHINJ_BEAM_REPETITION_REQ",
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"CGHOPT_IP_BETA_X",
"CGHOPT_IP_BETA_Y",
"BMHXRM_BEAM_EMITTX",
"BMHXRM_BEAM_EMITTY",
"CGeBT_DPPO",
"CGHOPT_GATED_TUNE_X_MEAS",
"CGHOPT_GATED_TUNE_Y_MEAS",
"SKB_HER_XRAY_SIGMAX",
"SKB_HER_XRAY_SIGMAY",
"BUNCH_CURRENT_RATIO",
"LER_BUNCH_CURRENT",
"HER_BUNCH_CURRENT",
"CGHINJ_INJECTION_YPOS", # Injection related variables
"CGHINJ_INJECTION_YANG",
"CGHINJ_SEPTUM_ANG_R",
"CGHINJ_SEPTUM_POS_R",
"CGHINJ_KICKER_HEIGHT_R",
"CGHINJ_KICKER_JUMP_R",
"VAHCLM_DO1V1TOP_CSS_DIF_POS", # Collimator variables
"VAHCLM_DO1V1BTM_CSS_DIF_POS",
"VAHCLM_D12V3TOP_CSS_DIF_POS",
"VAHCLM_D12V4BTM_CSS_DIF_POS",
"VAHCLM_DO9V1BTM_CSS_DIF_POS",
"VAHCLM_DO9V3_CSS_DIF_P0OS",
"VAHCLM_DO9H3_CSS_DIF_POS",
"VAHCLM_DO9H4_CSS_DIF_P0OS",
"VAHCLM_D12H2_CSS_DIF_POS",
"VAHCLM_D12H3_CSS_DIF_POS",
"VAHCLM_DO1H50UT_CSS_DIF_POS",
"VAHCLM_DO1H5IN_CSS_DIF_POS",
1,

# Features for LER injection background

’sens_ler_injection’: [
"LER_CHARGExINEFFxREP_FREQ",
"CG_BTP_BPM_CHARGE1_CORR",
"TM_EVRO_LER_INJ_EFF_BCM",
"CGLINJ_BEAM_REPETITION_REQ",
"BMLXRM_BEAM_EMITTY",
"BMLXRM_BEAM_EMITTX",
"CGLOPT_GATED_TUNE_X_MEAS",
"CGLOPT_GATED_TUNE_Y_MEAS",
"BUNCH_CURRENT_RATIO",
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"LER_BUNCH_CURRENT",
"HER_BUNCH_CURRENT",
"VALCLM_DO2V1TOP_CSS_DIF_POS", # Collimator variables
"VALCLM_DO2V1BTM_CSS_DIF_P0OS",
"VALCLM_DO5V1TOP_CSS_DIF_POS",
"VALCLM_DO5V1BTM_CSS_DIF_P0OS",
"VALCLM_DO6V1TOP_CSS_DIF_POS",
"VALCLM_DO6V1BTM_CSS_DIF_P0S",
"VALCLM_DO3V4TOP_CSS_DIF_POS",
"VALCLM_DO3V4BTM_CSS_DIF_P0S",
"VALCLM_DO2H40UT_CSS_DIF_POS",
"VALCLM_DO2H4IN_CSS_DIF_P0OS",
"VALCLM_DO6H40UT_CSS_DIF_POS",
"VALCLM_DO6H4IN_CSS_DIF_POS",
"BML_MQC2RP_P0OS.PYP",
"BML_MQC2RP_P0S.PXP",
"BML_MQC1RP_P0OS.PYP",
"BML_MQC1RP_POS.PXP",

B.2 Input Variables for Beam Loss Models

# Featurs for HER beam gas background model

’sens_her_beamgas’: [
"SKB_HER_P_avg",
"BMHXRM_BEAM_EMITTX",
"BMHXRM_BEAM_EMITTY",
"VAHCLM_DO1V1iTOP_CSS_DIF_P0S", # Collimator variables
"VAHCLM_DO1V1BTM_CSS_DIF_POS",
"VAHCLM_D12V4BTM_CSS_DIF_POS",
"VAHCLM_D12V3TOP_CSS_DIF_POS",
"VAHCLM_DO9V1BTM_CSS_DIF_POS",
"VAHCLM_DO9V3_CSS_DIF_POS",

1,

# Featurs for HER touschek background model
’sens_her_touschek’: [
"BMHXRM_BEAM_EMITTX",
"BMHXRM_BEAM_EMITTY",
"VAHCLM_DO9H3_CSS_DIF_P0S", # Collimator variables
"VAHCLM_DO9H4_CSS_DIF_POS",
"VAHCLM_D12H2_CSS_DIF_POS",
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1,

"VAHCLM_D12H3_CSS_DIF_P0OS",
"VAHCLM_DO1H50UT_CSS_DIF_POS",
"VAHCLM_DO1H5IN_CSS_DIF_POS",
"CGHOPT _GATED_TUNE_X_MEAS",
"CGHOPT_GATED_TUNE_Y_MEAS",

# Featurs for LER beam gas background model
’sens_ler_beamgas’: [

1,

"SKB_LER_P_avg",
"CGLOPT_IP_BETA_X",
"CGLOPT_IP_BETA_Y",
"BMLXRM_BEAM_EMITTX",
"BMLXRM_BEAM_EMITTY",
"BML_MQC2RP_POS.PYP",
"BML_MQC1RP_POS.PYP",
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"VALCLM_DO2V1TOP_CSS_DIF_P0S", # Collimator variables

"VALCLM_DO2V1BTM_CSS_DIF_PQOS",
"VALCLM_DO5V1TOP_CSS_DIF_POS",
"VALCLM_DO5V1BTM_CSS_DIF_P0OS",
"VALCLM_DO6V1TOP_CSS_DIF_POS",
"VALCLM_DO6V1BTM_CSS_DIF_P0OS",
"VALCLM_DO6V2TOP_CSS_DIF_POS",
"VALCLM_DO6V2BTM_CSS_DIF_PQOS",

# Featurs for LER touschek background model
’sens_ler_touschek’: [

"BMLXRM_BEAM_EMITTX",
"BMLXRM_BEAM_EMITTY",
"BML_MQC2RP_POS.PXP",
"BML_MQC1RP_POS.PXP",

"VALCLM_DO2H10UT_CSS_DIF_P0OS", # Collimator

"VALCLM_DO2H1IN_CSS_DIF_POS",
"VALCLM_DO2H40UT_CSS_DIF_P0OS",
"VALCLM_DO2H4IN_CSS_DIF_POS",
"VALCLM_DO6H40UT_CSS_DIF_PQOS",
"VALCLM_DO6H4IN_CSS_DIF_POS",
"VALCLM_DO6H30UT_CSS_DIF_PQOS",
"VALCLM_DO6H3IN_CSS_DIF_POS",
"CGLOPT_GATED_TUNE_X_MEAS",
"CGLOPT_GATED_TUNE_Y_MEAS",

variables
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B.3 Requirements for Training Data

Require MDI high voltage permission: Belle II is powered and in defined state.

Require non-constant values for target hit rate: Missing data is artificially
filled with previous value by the EPICS archiver appliance and is not usable
as training data.

Require non-constant values for beam currents: Missing data is artificially
filled with previous value by the EPICS archiver appliance and is not usable
as training data.

Require both beam currents above threshold of 10mA: Rings are filled and
produce beam background larger than the measurement noise.

Require target variable over threshold. Currently only for CDC average layer
leakage current of 4.2 A: Unpredictable, noisy behavior below threshold.

Require standard optics settings: Defocused optics are used for debugging,
special scans and beam scrubbing, that are not suitable as training data.

B.4 Decompositions of Diamond Radiation Monitors for

¢-Profile Analysis

The time series for the predictions of all diamonds considered for the ¢-profile anal-

ysis performed in Section are shown in Figure for ¢ = 60°, Figure for
¢ = 120°, Figure for ¢ = 180°, Figure for ¢ = 240° and Figure for
¢ = 300°.
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Figure B.1: Hit rate decomposition for the diamond radiation monitor at the SVD
forward position at ¢ = 60° during the time window used for the ¢-profile analysis
of the beam background predictions of BGNet.
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Figure B.2: Hit rate decomposition for the diamond radiation monitor at the SVD
forward position at ¢ = 120° during the time window used for the ¢-profile analysis
of the beam background predictions of BGNet.
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Figure B.3: Hit rate decomposition for the diamond radiation monitor at the SVD
forward position at ¢ = 180° during the time window used for the ¢-profile analysis

of the beam background predictions of BGNet.
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Figure B.4: Hit rate decomposition for the diamond radiation monitor at the SVD
forward position at ¢ = 240° during the time window used for the ¢-profile analysis

of the beam background predictions of BGNet.
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Figure B.5: Hit rate decomposition for the diamond radiation monitor at the SVD
forward position at ¢ = 300° during the time window used for the ¢-profile analysis
of the beam background predictions of BGNet.
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