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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� 1035 cm�2 s�1. To achieve this, a redesign of the interaction
region will be necessary. The projected beam backgrounds that the Belle II 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 (VTX) consists
of 5 fully pixelated barrel-shaped layers using the speci�cally 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 �nal 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
e�ort, 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.
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Strahluntergrundüberwachung und Charakterisierung von
CMOS-Pixelsensoren für Belle II am SuperKEKB Speicherring

Zusammenfassung

Der SuperKEKB-Speicherring am KEK in Japan soll eine instantane Luminosit�at
von bis zu 6 � 1035 cm�2 s�1 liefern. Die erwarteten Strahluntergr�unde, denen das
Belle II Experiment ausgesetzt sein wird, sind gro�. Das Belle II-Experiment plant
ein Upgrade seines Vertex-Detektors, um den steigenden Tre�erraten gerecht zu wer-
den. Der vorgeschlagene Vertex-Detektor (VTX) besteht aus 6 Lagen, die den spezi-
ell entwickelten OBELIX-Pixelsensor verwenden. Der OBELIX-Sensor be�ndet 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 f�ur das endg�ultige
Design von OBELIX auswirken und als Referenz f�ur die zu erwartenden Auswirkun-
gen der Bestrahlung auf die Leistung von OBELIX dienen.

Ein weiterer wichtiger Schritt ist die Minderung der Strahluntergr�unde. Um diese
Bem�uhungen zu unterst�utzen, wurde ein diagnostisches Werkzeug zur �Uberwachung
des Strahluntergrunds, namens BGNet, entwickelt. Es handelt sich um ein neurona-
les Netzwerk zur Vorhersage der Strahluntergrundzerlegung der Tre�errate von Belle
II-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 Tre�erraten der Belle
II Subdetektoren dienen als Regressionsziele f�ur das Training. Diese Arbeit pr�asentiert
Leistungsbewertungen von BGNet, die f�ur dessen Inbetriebnahme durchgef�uhrt wur-
den. Dazu wurden eine Echtzeitanwendung und ein Chatbot entwickelt, um die
Zug�anglichkeit und Anwendbarkeit der BGNet-Vorhersagen zu verbessern.
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CHAPTER 1

Introduction

The pursuit of knowledge and the desire to understand the world around us has
driven scienti�c endeavors since the emergence of mankind. One such area of research
that arose is the �eld 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 1 TeV. 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 �nd 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 �nd 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 �(4S) 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 50 ab�1 enabling a diverse physics program that spans measurements
of the bottom quark, charm quark, the � lepton, time-dependent CP violation and
searches for new light particles as potential candidates for dark matter constituents.

1



2 CHAPTER 1. INTRODUCTION

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� 1034 cm�2s�1 towards
the target luminosity of 6�1035 cm�2s�1. 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 e�orts 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 3 and 4. In Chapter 5, the SuperKEKB
accelerator complex is presented and, in Chapter 6, the Belle II 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 TJ-Monopix2, and in Chapter
9, relating to the beam background monitoring with BGNet.



CHAPTER2

The Standard Model of Particle Physics

The predictions of the Standard Model (SM) of particle physics [1{4] 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 �eld theory (QFT) and is based on the local gauge symme-
try group SU(3)C � SU(2)L � 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 re
ected 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) Q gauge symmetry, whereQ
refers to the electric charge. QED is a relativistic quantum �eld theory that was de-
veloped in the 1940s by Tomonaga, Schwinger and Feynman [12{14]. The associated

3



4 CHAPTER 2. THE STANDARD MODEL OF PARTICLE PHYSICS

Figure 2.1: Artistic depiction of the particles in the Standard Model. Measurements
are taken from Reference [11].
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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 asgQED , gs, gW ,
gZ , which can be expressed as dimensionless coupling constants� , � s, � W=Z . Cou-
pling constant values are at momentum transfers ofq2 = 1 GeV[11].

Lagrangian is:

L = �
1
4

F�� F �� + � (i
 � @� � m) � e � 
 �  A � (2.1)

It describes the propagation of electrically charged fermions, corresponding to
� (i
 � @� � m) , and the massless photon, corresponding to� 1

4F�� F �� , in spacetime.
The interaction vertices correspond to� e � 
 �  A � . Since the incoming and outgoing
�elds 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 �elds 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-invariantmatrix
element, M i;f , of the interaction Hamiltonian Ĥ int operator acting on an initial state
i causing it to transition into a �nal state f ,

hf jĤ int ji i = h 1 2:::jĤ int j a b:::i = M i;f : (2.2)

The associated transition probability for this process is proportional to
�
�M i;f

�
�2

and
is usually obtained using Fermi's golden rule. Here, it is assumed that the wavefunc-
tions  describing the initial and �nal states have the appropriate Lorentz-invariant
normalization to 2E particles per unit volume

Z

V
 �  d3x = 2E: (2.3)
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The states i and f are eigenstates of the free-particle HamiltonianĤ0, that, together
with the interaction Hamiltonian, describes the total Hamiltonian Ĥ = Ĥ0 + Ĥ int .
Particle physics experiments allow for the observation of the transition of an initial
state into a �nal state and cross-sections for these transitions can be measured.
Di�erent transitions with the same initial and �nal states cannot be di�erentiated
and interfere with each other, which is re
ected 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 di�erent charge con�guration. 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-con�nement. The potential
Vc that develops between two color charges has a constant energy density at large
distancesx due to the linear term

Vc(r ) / �r: (2.4)

The constant � has been measured to be� � 1 GeV fm� 1 [11]. Thus, the energy
stored in the color �eld approaches in�nity for any pair of two color charges that
are separated towards in�nity. 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 �eld in order to form colorless states again. A second
implication of color-con�nement is that gluons, carrying a color charge themselves,
are also a�ected by that same color �eld, 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 onT3. Left-handed particles
and right-handed antiparticles have T3 = � 1

2 and are placed in doublets as up-type
(T3 = + 1

2) and down-type (T3 = � 1
2) 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:

�
u
d0

�

L
;
�

c
s0

�

L
;
�

t
b0

�

L
;
�

� e

e

�

L
;
�

� �

�

�

L
;
�

� �

�

�

L
: (2.5)

Where d0; s0 and b0 refer to the weak eigenstates of the respective quarks. Right-
handed particles and left-handed antiparticles are placed in singlets and haveT3 =
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0. The transitions between the leptons and quarks of one doublet are typically
mediated by the W� bosons, the 
avor-changing charged current. The SM also
allows for a 
avor-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
Z 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 uni�ed in one gauge group
SU(2)L � U(1)Y known as the electroweak theory. The electroweak gauge symmetry
can be broken by introducing two complex scalar �elds, the Higgs doublet. The vec-
tor boson �elds B � and W 1;2;3

� are related to U(1)Y and SU(2)L , respectively. From
linear combinations of these �elds, the photon �eld A � and the weak interaction
boson �elds W �

� 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 �eld. The
masses of fermions are a direct result of their interaction with the Higgs �eld via the
Yukawa coupling. The strength of the Yukawa coupling is proportional to the mass
and its strength is not predicted by the SM [5{7].

CP Violation

The transitions between di�erent quark 
avors via the 
avor-changing charged
current of the weak interaction was �rst described by Cabibbo [20]. The weak
eigenstates (d0; s0) are related to the mass eigenstates (d; s) via

�
d0

s0

�
=

�
cos� C sin � C

� sin � C cos� C

� �
d
s

�
; (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 V CKM is represented by

V CKM =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A (2.7)

and is unitary in order to preserve the norm, i.e.
P

j;k Vij Vik = � jk . This allows
for jVij j2 to be interpreted as a probability. An alternative representation is the
Wolfenstein parametrization

V (A; �; �; � ) =

0

@
1 � 1

2 � 2 � A� 3(� � i� )
� � 1 � 1

2 � 2 A� 2

A� 3(1 � � � i� ) � A� 2 1

1

A + O(� 4): (2.8)
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This parametrization explicitly depends on a complex phase� that is non-reducible.
CP violation (CPV) arises in processes involving the CKM matrix when the value
of this complex phase is di�erent from zero. The values of the parametersA, � , �
and � need to be measured experimentally. The CKM matrix can be represented as
a triangle in the complex plane through the unitarity conditions like

VudV �
ub + VcdV �

cb + Vtd V �
tb = 0 (2.9)

1 �
jVud j

jVcdjjVcbj
V �

ub �
jVtb j

jVcdjjVcbj
Vtb = 0 : (2.10)

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 fromVtd = jVtd je� i� = A� 3(1 � � � i� ) using the
Wolfenstein parametrization, which gives tan� = �= (1 � � ). From Equation 2.9 it
can be seen that the angle� corresponds to an internal angle of the unitarity trian-
gle. The unitarity triangle is displayed in Figure 2.3, also indicating the angle � . A
�t of the unitarity triangle based on currently available data is displayed in Figure
2.4. 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 di�erent types. Direct CPV occurs when the
branching fraction of the decay of an initial state to a �nal state di�ers from the
branching fraction of the decay of a CP transformed initial state into a CP trans-
formed �nal 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� 2 Hamiltonian. If the o�-diagonal elements of the Hamiltonian
di�er from the o�-diagonal elements of the complex conjugate of the Hamiltonian,
i.e. if the o�-diagonal element has an imaginary part, the mixing induces CPV. As a
result, the transition time is di�erent 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 II experiment [23].

An example measurement of CPV at Belle II will be introduced here brie
y 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� , or � 1, which is an interior
angle of the unitary triangle, that was performed by Belle [26]. The angle is de�ned
as:

� = arg
�

�
VcdV �

cb

VtdV �
tb

�
; (2.11)
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Figure 2.3: A representation of the unitarity triangle in the complex plane [11].

Figure 2.4: The current unitarity triangle �t determined with CKMFitter [24].
The �gure is taken from Reference [25].
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Figure 2.5: Drawing of two B meson decays with displaced vertices and their distance
� z. The event has a tag side and a signal side. The 
avor of the tag side B meson is
determined by measuring the charge of the electron, allowing to implicitly infer the

avor of the signal side B meson. The apparent spatial separation and the directional
bias of the particles of the signal and tag side bene�t only the comprehensibility of
the drawing and are not due to actual physical e�ects separating the two decays.

where arg(�) denotes the complex phase of its argument with arg(z) = � for a complex
number z = jzj ei� .

The measurement requires the production of an entangled pair of neutral B
mesons, where one B meson decays into a CP eigenstate at timetCP , the signal
side, and the other decays into a �nal state that allows the reconstruction of the

avor of that B meson at time t tag , the tag side. Here, the CP eigenstate is taken
to be J= K 0

s and a visualization of the decay is displayed in Figure 2.5.
The time-dependent CP violation is measured from the decay rate asymmetry:

ACP (� t) =
�( �B 0(� t) ! J= K 0

s ) � �( B 0(� t) ! J= K 0
s )

�( �B 0(� t) ! J= K 0
s ) + �( B 0(� t) ! J= K 0

s )
(2.12)

= Sf sin(� md� t) + A f cos(� md� t); (2.13)

where � md is the mass di�erence between the two neutral B meson mass eigenstates
and � t = tCP � t tag is the decay time di�erence. The parametersSf and A f are CPV
parameters. The SM predicts that Sf = � � f sin(2� ) and A f = 0. Experimentally,
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the extraction of sin(2� ) requires the reconstruction of the signal decay into the
CP eigenstate and 
avor tagging the initial state of the B meson on the tag-side
and the measurement of the decay time di�erence �t. Since the mass di�erence
between the �(4 S) and its decay products, the two B mesons, is small, the B mesons
are approximately at rest in the rest frame of the �(4 S). When the energies of
the colliding electrons and positrons are asymmetric, the �(4S) receives a Lorentz
boost along the z-axis, and the decay time di�erence � t of the B mesons can be
determined from their decay vertex displacement � z = zCP � ztag . The decay vertex
displacement is indicated in Figure 2.5. The decay time di�erence can be obtained
via � t ' � z=�
c [26], where�
 = 0 :28 is the boost factor of SuperKEKB [27].

Several measurements of sin(2� ) and a world average of those measurements is
displayed in Figure 2.6. 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 5.1. 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 e�cient 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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Figure 2.6: Averages of sin 2� = sin 2� 1 from di�erent experiments. In cases where
two errors are quoted for measurements, the �rst error is the statistical uncertainty
and the second error is the systematic uncertainty. In cases, where only error is
provided, it is identi�ed as the combined error from statistical and systematic un-
certainties [28].



CHAPTER3

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 5. 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 9. 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

~FL = q( ~E + ~v � ~B ) (3.1)

with the electric chargeq, the particle velocity ~v, the electric �eld ~E and the magnetic
�eld ~B . The deposited kinetic energy can be calculated with a line integral

� Ekin =
Z

~FL d~s = q
Z

~E d~s: (3.2)

Two observations can be made from this calculation. First, the acceleration due to
an electric �eld happens in the direction of the electric �eld and is independent of
the particle's velocity. Second, the line integral over the contribution of the magnetic
�eld is zero, the magnetic �eld does not contribute to a change in the kinetic energy
of a charged particle. However, charged particles with~v 6= 0 will be de
ected inside a
magnetic �eld into the direction that is normal to both the direction of the magnetic
�eld as well as the direction of motion. The change of direction of ~v due to a
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magnetic �eld is also considered an acceleration, despite the magnitude of~v staying
unchanged.

The path of a charged particle in a magnetic �eld is described by the equilibrium
of the centripetal force FC and the Lorentz Force


mv 2

r
~n = q(~v � ~B ) (3.3)

with the particle's mass m, the radius r of the curved motion, the Lorentz factor 

and the unit vector ~n that points in the direction of the centripetal force. Assuming
that only the magnetic �eld has an orthogonal contribution B? with respect to the
particles motion this equation reduces to

r =
p

qB?
(3.4)

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

r =
p

qBy(p)
= const. (3.5)

As a result the magnetic �eld strength must become a function of the particle's
momentum By = By(p) and change during the acceleration of a charged particle to
bend the particles trajectory on a constant orbit. The coordinate system used de�nes
~y to point in axial direction, ~x 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 �eld. The Lorentz
force expressed only in the presence of an electric �eld reduces to

~FL = q~E with ~E = ~E0 exp (i (!t � ks)) ; (3.6)

where ~E is expressed as a plane wave equation with the phase � =!t � ks in the
particle system. The phase is described by the frequency! , the time t and the
wavenumber k with the spatial coordinate s. The generation of electrical �elds for
the acceleration of particles can be divided into two categories. Electrostatic �elds
can be generated by a voltage di�erence 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 asiris . Prominent examples
for electrostatic acceleration stages are the Cockroft-Walton accelerator with cascade
voltage generators [31] and Van de Graa� accelerators [32].

The practical limitation of such machines lies in the linear scaling of the elec-
trical �eld strength and the applied voltage di�erence E / � V 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 ine�ciency 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 = � (bottom), assuming that one period is equal
to 2� . The voltage as a function of the positionx 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 �elds by radio frequency waves
and the change to circular accelerators.

Changing electric �elds 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 �elds between the segments point in
alternating directions and particles need to pass the gaps only when the electric
�eld points in the proper direction to accelerate the particle further. The inside
of each cylindrical segment acts as Faraday cage and no electric �elds act on the
particles. During this time the polarity of the electrodes switches and once the
particles leave the �eld-free domain of the Faraday cage the electric �eld 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 �E = q� V , where � V is the potential
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di�erence between two neighboring tubes. The condition on the timing of the par-
ticles reaching the electric �eld and the period of the changing electric �eld can be
expressed as a synchronicity condition

L � vT (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 ful�lled 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 inde�nitely using a single RF generator, given an accelerator of in�nite length,
to ful�ll 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 �eld while inside, and
are accelerated in the gap between the D's. They do, however, experience a uniform
magnetic �eld 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 �eld will increase according to Eq. 3.4. 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 
 � 1, where
 refers to the Lorentz factor. The synchronicity condition
follows as [29]

f rf =
qBy

2�m 0c

= 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' 
ight 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 generalf rf = f rf (
 ) and 
 will
increase as the energy of the accelerated particle increases, the cyclotron can also
be adapted to vary the RF and the resulting structure is called synchro-cyclotron.
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Synchro-cyclotrons thus do not require 
 � 1 and allow to accelerate particles to
higher energies compared to the cyclotron.

The synchrotron follows a di�erent design choice by keeping the radius constant,
rather than the magnetic �eld. 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
�eld when requiring a constant radius is described by Equation 3.5. From this condi-
tion the maximum achievable particle momentum follows immediately and depends
on the radius and the maximum magnetic �eld. 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]

f rf =
qBy

2�
mc
h (3.9)

with the harmonic number h, an integer number that relates the revolution frequency
f rev of the particles around the ring with the RF frequency

h =
f rf

f rev
: (3.10)

The revolution frequency for a particle with velocity v is

f rev =
v

2�r
=

Byq
2�
mc

=
Byqc
2�pc

�; (3.11)

where Equation 3.5 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 su�ciently large compared to its energy.
For particles close to the speed of light at� � 1, the velocity will barely change
with an increase in energy and� will be approximately constant and the frequency
modulation needed decreases signi�cantly. 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 �eld was
introduced such that the restoring force (compare to Equation 3.5)

Fx =

mv 2

r
� qvBy (3.12)

with the gradient of the magnetic �eld

By = B0y +
@By
@x

x (3.13)

becomes

Fx �

mv 2

R

�
1 �

x
R

�
� evB0y

�
1 � n

x
R

�
(3.14)

for particles at r = R + x, where R corresponds to the nominal orbit, with a small
deviation x with x � R. The �eld index n is de�ned as

n = �
R

B0y

@By
@x

: (3.15)

The equation of motion

•x + ! 2
xx = 0 (3.16)

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

! x =
v
R

p
1 � n: (3.17)

The �eld index is thus constrained to n < 1, otherwise the di�erential equation will
evaluate to an exponential function due to the imaginary part of ! x causing the
amplitude to grow exponentially.

The magnetic �eld in the horizontal direction is obtained using Maxwell's curl
equation

@Bx
@y

�
@By
@x

= 0 ; ; (3.18)

which can be inserted into Equation 3.13 to obtain [29]

Bx =
Z

@By
@x

dy = �
Z

n
B0y

R
dy = � n

B0y

R
y: (3.19)

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

•y + ! 2
yy = 0 ; (3.20)
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which is again a harmonic oscillator with a frequency of

! y = ! 0
p

n; (3.21)

constraining the �eld index to n > 0. The parameter ! 0 is the orbital revolution
frequency. In this calculation an acceleration of the particles, i.e. terms with _y, 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 �eld index for the
horizontal and vertical plane Steinbeck's stability criterion 0 < n < 1 is obtained [29].
The magnetic �eld Bx increases vertically providing beam stability and focusing in
the vertical direction. However, looking at the allowed �eld indices, one can observe
that the �eld component By 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 e�ect [29]. The horizontal defocusing e�ect 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
e�ects of quadrupole magnets, and other higher-order e�ects. The working principle
of a dipole was discussed above by applying the Lorentz force exerted by a magnetic
�eld on a moving charged particle. While a quadrupole operates on the same physical
principle, its application for focusing particle beams is brie
y summarized. The �eld
of a quadrupole is chosen such that it produces a linear gradient magnetic �eld that
focus the beam particles depending on their position in phase space, while the �eld
in the center is zero. A schematic of a quadrupole �eld 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 withF = � 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 e�ect on the focusing in both
planes for all possible ray paths [29]. A FODO cell is depicted in Figure 3.3. 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]

x00+ K (s)x = 0 : (3.22)

The periodicity is accounted for by K (s) by requiring

K (s) = K (s + L) (3.23)



20 CHAPTER 3. ACCELERATION OF CHARGED PARTICLES

Figure 3.2: Sketch of the magnetic �eld produced by a quadrupole magnet. The
direction of the magnetic �eld 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]

x(s) =
p

"� (s) sin (� (s) + � 0) with � (s) =
Z s

s0

1
�

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 identi�ed as the transverse beam envelope
E(s) =

p
"� (s), with the beta function � (s), that is de�ned by the magnet lattice

and its geometry, and the emittance of the beam". The transverse beam size� T (s)
can include a correction term to account for the energy spread� E = � E=E and
the resulting variation in the de
ection in electromagnetic �elds is de�ned by the
dispersion function � (s). The function for the transverse beam size follows as [29]

� T (s) =
p

� (s)" + ( � (s)� E )2: (3.25)

As a particle moves alongs, 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 de�ned by the particle tune. The emittance is a property of an
ensemble of particles and de�nes the area of an ellipse in phase spaceAEllipse = �"
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
"n = 
� s" is de�ned, with � s 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 powerP for both contri-
butions is [29]

Pk =
2
3

r c

mc

�
d~pk

dt

� 2

and (3.26)

P? =
2
3

r c

mc

 2

�
d~p?

dt

� 2

; (3.27)

where r c is the classical particle radius, m its mass, ~p its momentum and 
 the
Lorentz factor. The radiated power P? is much larger due to/ 
 2 and thereforePk
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]

P
 =
4�
� 0

2r 2
cc

3(mc2)2 B 2E 2: (3.28)

Using Equation 3.4 the magnetic �eld B can be expressed using the bending radius
r to obtain

P
 =
2c
3

r c

(mc2)3

E 4

r 2 ; (3.29)

where E 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 o�-momentum and are traveling at distance to the nominal orbit. For Gaussian
particle distributions the beam core is typically de�ned as all particles within � 3-4� .
Mechanisms that lead to a formation of beam halos include particle scattering, like
Touschek and beam-gas scattering (see Section 9.2), magnet �eld errors and mis-
alignments of optical systems. Essentially any component or e�ect that in
uences
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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 a�ect the lifetime
and performance of detectors and activate accelerator or detector components. This
also directly a�ects 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 de�ne 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 speci�cally
targets the �rst term of r.h.s of the beam size � T (s) in Equation 3.25 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 de�ned as [29]:

n(s) =
aT

� T (s)
=

aTp
� (s)" + ( � (s)� E )2

; (3.30)

where aT is the transverse half aperture. To e�ectively act on the betatron com-
ponent, the betatron collimation system is placed in a region alongs where the
dispersion function is su�ciently 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 3.4. Similarly the energy collimation sys-
tem should be positioned at a point where the dispersion term and betatron term
are large.
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Figure 3.4: The betatron functions along a FODO cell.



CHAPTER4

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 �rst 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 signi�cantly 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 de�ned
by the superposed electric �eld of the molecule. When atoms are arranged in �xed
lattices with a periodic structure, the electric �eld 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 temperaturesT = 0 K, all
bands up to the Fermi energy are �lled, while all bands above are empty. In this
con�guration, 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 
ow there by virtue of the electron moving
along the conduction band, and along the atomic lattice. Similarly, the vacancy in
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Figure 4.1: Band structure of insulators, semiconductors and metals. The semi-
conductor band structure is shown for temperatures ofT = 0 K and T > 0 K. At
T > 0 K 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 ashole. The energy di�erence Egap between
the conducting and valence band di�erentiates the materials into insulators with
Egap > 5 eV, semiconductors withEgap � 1 eV and conductors (metals), where the
valence and conducting bands touch or overlap. At temperatures ofT > 0 K elec-
trons in semiconductors can be lifted into the conduction band via thermal excitation
and conduct current, while at T = 0 K semiconductors act as insulators. The valence
and conduction bands for di�erent materials are visualized in Figure 4.1.

Silicon, being a group IV element, has four valence electrons and silicon crystals
have a regular pattern with equidistant atoms. Each 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
III element is called p-doping. At T = 0 K the hole is stationary, while at T > 0 K
the hole can be �lled by a valence electron, moving the hole. The crystal structure of
a p-doped silicon crystal is shown in Figure 4.2. 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 � 0:005 eV. 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 �lled.

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 4.3. An additional donor level is introduced with a small
distance of � 0:005 eV 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 T = 0 K with an implanted boron atom introduc-
ing an open bound. Right: At T > 0 K an electron from a covalent silicon bound
may �ll 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 di�use
into the p-type silicon and �lling empty holes, leaving stationary negative ions due
to the di�erence in the Fermi energy of both sides. Similarly, holes di�use 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
di�usion of electrons into the p-type silicon. During this process the Fermi energy
of both sides approach each other and once the di�usion 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 calleddepletion region. The positive ions on the n-side and
the negative ions on the p-side generate a contact potentialV0 between them and
an electric �eld forms. The potential V0 is proportional to the size of the depletion
region. Due to the electric �eld, 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 di�usion, 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 �eld into
the bulk material as free charge carriers can screen out electric �elds [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 �eld 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 T = 0 K with an implanted phosphorus atom
introducing an extra, weakly bound electron. Right: At T > 0 K the electron may
be lifted into the conduction band, creating a mobile charge.

Figure 4.4: Band structure for p-type and n-type silicon semiconductors with the
introduced acceptor and donor levels.
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manipulated. Applying a voltage that counteracts the intrinsic voltage di�erence
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 e�ect 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 20µm to 30µm
are used in current day particle sensors (see TJ-Monopix2 and OBELIX 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= dx is dependent on the medium and is described by the Bethe-
Bloch formula [11, 35, 38, 39] for 0:1 . �
 . 1000:

�
�

dE
dx

�
= Kz 2 Z
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1
� 2

�
1
2
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 )

2

�
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The parameters of the Bethe-Bloch formula are displayed in Table 4.1. The formula
is generally only valid for particles heavier than electrons,m > m e.

The stopping power of a heavy charged particle in the Bethe-Bloch regime 0:1 .
�
 . 1000 therefore depends both on the particle properties as well as the properties
of the medium. At �
 � 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
di�cult to detect, but make up a large fraction of the produced particles. At �
 &
1000 the dominant process becomes bremsstrahlung, while at lower energies�
 .
0:01 the Lindhard-Schar� approximation and the phenomenological parameterization
by Andersen and Ziegler describe the stopping power. The stopping power over the
di�erent 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
� v=c

 Lorentz factor 1=

p
1 � � 2

K 4�N A r 2
emec2

NA Avogadro's number
Wmax Maximum transferred energy loss to an electron in a single collision
z charge number of incident particle
I Mean excitation energy
� (�
 ) Density e�ect correction to ionization energy loss

Table 4.1: Variables, and their description, of the Bethe-Bloch formula in Equation
4.1.

Figure 4.5: Linear stopping power for muons in copper [11].
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Figure 4.6: Energy loss distributions for 500 MeV pions in silicon at di�erent thick-
nesses. The distributions are Landau-shaped and are normalized to unity at the
most probable value � p=x. The width w is the full width at half maximum [11].

average energy loss described by the Bethe-Bloch formula is a�ected 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 di�erent 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 energiesO(10 MeV) , the electrons, and
similarly positrons, lose energy primarily through ionization and excitation. The en-
ergy loss due to di�erent 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
4.7. Ionization of high energy electrons is necessary for the test beam measurements
discussed in Chapter 8. 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
�eld of an atomic nucleus. Depending on the energy of the emitted photon, di�erent
processes dominate. At photon energies< 1 MeV the photoelectric e�ect 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 4.7: Energy loss for electrons in copper due to bremsstrahlung and ionization.
The electron energy at which the energy loss due to ionization and bremsstrahlung
is equal is indicated for di�erent de�nitions. This critical energy is at Ee � 20 MeV
[11].
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Figure 4.8: Photon cross-sections for interactions with matter depending on the
photon energy in carbon and lead [11].

tron and Rayleigh scattering between the photon and an atom. At photon energies
O(1 MeV) 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 atE 
 � 2mec2 = 1 :022 MeV. 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 de
ection 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 4.8.



34 CHAPTER 4. SILICON SENSOR TECHNOLOGY

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 �eldE = j ~E j. The movement due to an electric �eld is
typically referred to as drift . The drift velocities for electrons and holes are described
by [35]:

ve
d = � eE (4.2)

vh
d = � hE: (4.3)

The � e and � h are the mobility of electrons and holes, respectively. The mobility is
dependent on the electric �eld � e;h = � e;h(E ). The mobility is empirically described
for typical values of the �eld strength E [37] by:

� =
� 0

�
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�
� 0E
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� �
� 1

�

; (4.4)

where � 0 is the low �eld mobility, vsat is the saturation drift velocity and � is an
empirically determined parameter. Electrons typically have a higher mobility with
� e � 2 compared to holes, which have� h � 1 [41].

An additional mode of movement is described bydi�usion . Here, it describes the
thermal motion of charge carriers along the charge density gradients. Di�usion is a
stochastic process and does not describe an inherently directed movement. The lon-
gitudinal motion due to di�usion 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, a�ecting
the measurement in pixel detectors. The transversal spread is [35]

� T =
p

2DetD (4.5)

with De being the di�usion coe�cient of electrons and tD is the drift time. The
di�usion coe�cient is dependent on the mobility � e and the temperature T via [35]

D = � ekB T: (4.6)

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

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

I s;i = q~Ew;i ~v; (4.7)
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where q is the charge of the moving charge carrier,v its drift velocity (di�usion is
neglected) and ~Ew;i is the electric weighting �eld. The electric weighting �eld is re-
lated to the weighting potential ~Ew;i = � ~r � w;i . The weighting potential is obtained
when applying a potential Ui = 1 to the electrode i , 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 electrodeQs;i due to
the induced current of a charge moving from~r(t0) to ~r(t) from time t0 until t can
be obtained via integration

Qs;i (t) = � q
Z t

t0

~Ew;i ~vdt0 (4.8)

= q[� w;i (~r(t)) � � w;i (~r(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 e�ects is the non-ionizing energy loss (NIEL)
hypothesis [47]. When a hadron with su�cient 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 25 eV [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 di�erent defect
distribution and \hardness factor". To obtain a uni�ed scale to express bulk damage
caused by radiation, the 1 MeV neutron equivalent 
uence is used, by scaling each
type of radiation with its hardness factor.

The changes in the lattice a�ect 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 e�ciency are a�ected. 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: E�ects of bulk damage and the e�ects on the leakage current, depletion
voltage and charge collection e�ciency (CCE).

generating electron-hole pairs is� 3:6 eV. 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 
uence 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 e�ective 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 [48].

Charge collection de�ciency: 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 e�ciency in irradiated sensors. The amount of defects and therefore the
impact of charge trapping scales with the NIEL 
uence.

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 [44]. This e�ectively
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 SiO2 surface and the bulk-surface interface,
mostly due to gamma irradiation. Photons with energies below 1 MeV undergo
Compton scattering or the photoelectric e�ect. The secondary electrons produced
ionize the material, creating electron-hole pairs. The pairs are separated by electric
�elds when the sensor is operated and cannot recombine. Some electrons and holes
may be trapped in the SiO2 or in the Si-SiO2 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 �eld is deformed, causing localized high electric
�elds, reducing the voltage breakdown threshold. Surface damage e�ects 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 a�ect 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
speci�c information on the OBELIX and TJ-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 a�ect 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, a�ordability 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
�eld 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. Bottom:
Sensor geometry with indicated boundaries for the depletion region. Modi�ed from
[53, 54].
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4.6 Charge Collection, Digitization and Threshold

The analog signal in the pixel is ampli�ed, modi�ed (or shaped), and digitized. This
and related concepts are discussed in this section. The collected chargeQsig produces
a voltage Vsig at the input of the ampli�er circuit depending on the capacitance C
of the charge collection electrode like

Vsig =
Qsig

C
: (4.10)

An example of an incoming pulse is displayed in Figure 4.11. The front-end circuit
implemented in TJ-Monopix2 and indications of the signal shape is displayed in
Figure 4.12.

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 signi�es the
position of the leading edge (LE) and the transition from 1 to 0 signi�es 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 ToT 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 8.1.1). To increase the precision of the ToT, 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 ampli�er circuit.

The threshold can be measured by injecting charge into the charge collection
electrode. This is done applying a con�gurable 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 
uctuations 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 �res 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 con�gurable voltage applied to
inject the charge. To determine the threshold in terms of a charge in units of electron
chargese� , 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
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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.



42 CHAPTER 4. SILICON SENSOR TECHNOLOGY

Figure 4.12: Schematic of the TJ-Monopix2 front-end circuit. The shape of the
signal is indicated throughout the circuit [54].

Figure 4.13: S-curve measurement to determine the threshold using injections.
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determined by reference measurements with x-rays at discrete energies, for example
using an Fe55 source with a characteristic peak at 5:89 keV.
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CHAPTER5

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 (HER) have an energy of 7 GeV, while the positrons in the low energy
ring (LER) have an energy of 4 GeV. The center-of-mass energyECM = 10:48 GeV
is at the �(4 S) resonance, which decays into a pair of B mesons with a branching
fraction of BR(�(4 S) ! B �B ) > 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 �(4S). With a B meson lifetime
of 1:5 � 10� 12 s [11] and a boost of�
 = 0 :28, the distance is approximately 130µm.
The �(4 S) meson's lifetime of 10� 20 s is su�ciently 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 2.5.

The collider was designed to deliver an instantaneous luminosity of 8� 1035 cm� 2s� 1

but due to operational di�culties this expectation was since reduced to 6� 1035 cm� 2s� 1.
Since the start of operation in 2018 the highest instantaneous luminosity reached is
5:1 � 1034 cm� 2s� 1. A number of key variables of SuperKEKB and a comparison to
the predecessor machine KEKB are displayed in Table 5.1.

Each beam consists of approximately 2500 bunches withO(1010) particles per
bunch. The beam life in each ring isO(20 min) due to particle loss by collisions
and beam background e�ects (see Section 9.2). To keep the beam currents and the
instantaneous luminosity up, particles are continuously injected at a rate of 50 Hz.

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 [55].

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 5.1. 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
5.2.
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Parameter KEKB SuperKEKB Unit
Beam energy 8.0(e� ), 3.5(e+ ) 7.0(e� ), 4.0(e+ ) GeV
Beam current 1.2(e� ), 1.5(e+ ) 2:6� (e� ), 3:6� (e+ ) A
Number of bunches 1584 2500 -
Horizontal beam size 170 10.1� (e+ ), 10.7� (e� ) µm
Vertical beam size 940 48� (e+ ), 62� (e� ) nm
Inst. luminosity 0.21 6� 1035 cm� 2s� 1

Integrated luminosity 1.04 50� ab� 1

Table 5.1: Comparison of performance parameters of KEKB and SuperKEKB [56].
( � ) marked values are nominal or design values that have not been reached yet.

Figure 5.2: Schematic depiction of the SuperKEKB collider, as well as the linear
accelerator and the positron damping ring [57].
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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� of the respective physical process

n =
Z T

0
L � dt (5.1)

provides an e�ective de�nition 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 anevent. 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 L int over a time frame T can be obtained by integration

L int =
Z T

0
L dt: (5.2)

Assuming the same number of bunchesnb and a Gaussian shaped beam pro�le
of the bunches in both beams yields

L =
N1N2nbf rev

2�
q

� 2
1x + � 2

2x

q
� 2

1y + � 2
2y

; (5.3)

where N1 and N2 are the total number of particles in each beam,� 1x (� 2x ) and
� 1y (� 2y) are the beam sizes for bunch 1 (2) in the transverse coordinatesx and y
and f rev is their revolution frequency. The Equation 5.3 disregards several e�ects
like beam-beam e�ects and the actual bunch geometry arising from the nano-beam
scheme [27]. A simpli�ed equation for the instantaneous luminosity becomes [56]

L =

 �

2ere

 
I � � y�

� �
y�

!

; (5.4)

where 
 is the Lorentz factor, e the elementary charge andre the classical electron
radius, while the index � denotes the reference to either the positrons (+) or electrons
(� ). The parameter � y is the vertical beam-beam parameter and� �

y 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 � �

y , while � y is
usually set to a value of� y � 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� 10µm [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 IP � �

y to 0:27 mm. The beam cannot be squeezed along its entire
length, but only for a small section, which needs to be larger than the e�ective bunch
length. The e�ective 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 LINAC [56] at KEK was �rst 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 LINAC 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 di�erent needs of all facilities, the LINAC
supports pulse-to-pulse-modulations. A schematic depiction of the LINAC is dis-
played in Figure 5.4.

The LINAC 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 RF gun [56, 58] . For the electrons the RF
gun aims to create electron bunches of up to 4 nC with a vertical emittance of
10 mm mrad. With an acceptable vertical emittance of 20 mm mrad at the point
of injection into the HER, the LINAC can a�ord an additional emittance dilution
of 10 mm mrad. In contrast, the positrons are created using a thermionic electron
gun that creates electron bunches with a charge of up to 10 nC that are accelerated
to 3:2 GeV and shot onto a 14 mm tungsten plate in sector 1 with a conversion
e�ciency 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 µm
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 [56].

Figure 5.4: Schematic depiction of the linear accelerator and the damping ring illus-
trating the di�erent stages and the respective energy and charge of the electron and
positron bunches [56].

main ring in sections 3 to 5. A list of bunch parameters at the time of injection is
displayed in Table 5.2.

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 [59]
and the injected bunch merges with the stored bunch.
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Belle II

Belle II is a general purpose particle detector with a near 4� coverage [60]. Its
subsystems are arranged cylindrically around the IP 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 �nding the
space point where the tracks, i.e. the reconstructed 
ight 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 E�ect Transistors (DEPFET). The layers are at radii of 14 mm and
22 mm and have a windmill structure. Speci�cations for the pixel pitches on the
respective PXD modules are displayed in Table 6.1. 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-speci�c 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 75µm
thick active sensor area is air-cooled. The PXD can achieve a single track vertex
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Figure 6.1: The Belle II detector and its coordinate system. The direction of the
beams and the sub detectors are indicated. Modi�ed from [61].

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 � v u � v (� m � � m)

1 14 8 16 250� 768 50� (55 to 60)
2 22 12 24 250� 768 50� (70 to 85)

Sum 20 40 7680000

Table 6.1: Speci�cations of the Belle II PXD.

Figure 6.3: CAD drawing of the current Belle II VXD. [62]

resolution better than 15µm. The slow 20µs 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 �nding rapidly degrades giving an e�ective
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 �eld using

p = qBR: (6.1)

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

� pt

pt
=

p
(0:1 %pt )2 + (0 :3 %=� )2: (6.2)
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The magnetic �eld is produced by a superconducting solenoid and has a strength of
1:5 T and envelops all detectors except the KL and muon detector, which is discussed
below. Further, The CDC provides track information to the �rst level trigger within
the 5µs 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= dx can provide
a particle identi�cation via the Bethe-Bloch formula, discussed in more detail in
chapter 4. 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 �eld.

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 vc(n) = c=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 �eld, the \cloud" of polarized atoms trails
behind the particle and is aligned along the 
ight 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 vc(n), creating the Cherenkov radiation in a cone-like
shape. The emission angle of the Cherenkov light is related to the velocity� of the
incidence particle:

cos� C =
1

�n
: (6.3)

Combined with a momentum measurement, this provides a measurement of the rest
mass of the particle:

m =
p

�
c
: (6.4)

This allows, for example, to distinguish between pions and kaons by their di�erence
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 re
ected
until they reach the expansion prism with the attached micro channel plate photo
multiplier tubes (MCP-PMTs).
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