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A B S T R A C T

The structure of matter is a fundamental topic in modern physics. Strongly inter-
acting particles are described with quantum chromodynamics, and the underlying
quark model has proven remarkably successful for the description of hadronic com-
posites like protons and neutrons. In the beginning of the 21st century, the discovery
of the so-called XYZ states has raised some questions, because these states were nei-
ther predicted nor explainable as conventional mesonic or baryonic bound states. The
upcoming antiproton storage ring HESR together with the PANDA experiment will pro-
vide precise measurements of these and other states to shed some light on the nature
of their internal structure. Due to the high momentum resolution of the HESR, its
antiproton beam is ideally suited to measure the line shapes of resonances via the
energy scan method with unprecedented accuracy. Numerous individual measure-
ments are required for these scans, and the time integrated luminosity is required to
normalize the data sets. To derive the absolute cross sections of all reactions studied
at PANDA, the precise luminosity is required as well.

The luminosity will be measured and monitored constantly with the PANDA Lumi-
nosity Detector, which measures the tracks of the forward scattered antiprotons of
the elastic scattering approximately 11m behind the interaction point. The luminosity
is calculated from the angular distribution of these reconstructed tracks. Even minute
deviations of the sensors from their design positions result in a large deterioration of
the luminosity. Therefore the actual positions of the sensors must be determined very
precisely and their misalignment must be accounted for during hit reconstruction.

The Luminosity Detector is constructed modular, and the misalignment of three
separate sub-assemblies can be determined and corrected independently; the sensors
on the sensor modules, the sensor modules inside the detector box, and the detector
box itself. Specialized software algorithms were developed for their alignment. The
influence of misalignment and its subsequent correction on the precision of the lumi-
nosity determination has been studied in depth at five different beam momenta. As a
result, the positions of the components can be determined precisely enough to allow
the luminosity determination with an uncertainty below 1%.

Software interfaces to manipulate the detector geometry during Monte Carlo data
generation and hit reconstruction were added to the FAIRROOT software package
and are available to all FAIRROOT collaborations.



Z U S A M M E N FA S S U N G

Die Struktur der Materie ist ein zentrales Thema der modernen Physik. Das Quark-
modell ist außerordentlich erfolgreich in der Beschreibung von komplexen Teilchen
wie Protonen und Neutronen als zusammengestzte Zustände aus elementaren Quarks.
Diese unterliegen der starken Wechselwirkung, deren Dynamik durch die Quanten-
chromodynamik beschrieben wird. Anfang des 21. Jahrhunderts wurden jedoch mit
den XYZ-Zuständen zahlreiche Resonanzen gefunden, die weder vorhergesagt wur-
den noch sich durch konventionelle Mesonen-oder Baryonenzustände erklären lassen.
Für die präzise Vermessung dieser Zustände und die potentielle Entdeckung weite-
rer Zustände wie Tetra-und Pentaquarks oder Mischzustände aus Quarks und Gluo-
nen wird derzeit der Antiproton-Spreicherring HESR mit dem PANDA-Experiment im
Rahmen des Beschleunigerkomplexes FAIR in Darmstadt gebaut. Die hohe Impulsauf-
lösung des beschleunigten Antiprotonenstrahls ermöglicht die Vermessung von Re-
sonanzen über die Energy-Scan-Methode mit beispielloser Genauigkeit. Da für diese
Messungen viele unabhängige Datenpunkte aufgenommen werden, ist zur Normie-
rung der einzelnen Messpunkte die exakte Kenntnis der zeit-integrierten Luminosi-
tät notwendig. Zur Bestimmung der absoluten Wechselwirkungsquerschnitte der bei
PANDA untersuchten Reaktionen ist ferner die exakte augenblickliche Luminosität
erforderlich.

Hierfür wird bei PANDA der Luminositätsdetektor verwendet, mit welchem 11m

hinter dem Wechselwirkungspunkt die Spuren der vorwärts gestreuten Antiprotonen
der elastischen Streuung vermessen werden. Anhand der Winkelverteilung dieser
Spuren wird die Luminosität bestimmt. Bereits kleine Abweichungen der Sensoren
von ihren Sollpositionen führen zu großen Abweichungen der Luminosität, weswe-
gen die Istposition präzise bestimmt und in der Analystesoftware zur Verfügung
stehen muss.

Der Luminositätsdetektor ist modular in drei Braugruppen aufgebaut, deren Po-
sitionen voneinander unabhängig bestimmt und korrigiert werden können; die Sen-
soren auf den Sensormodulen, die Sensormodule innerhalb der Detektorbox, und
die Detektorbox an sich. Für jede wurde ein Software Alignment Algorithmus entwi-
ckelt. Der Einfluss einer durch Software Alignment korrigierten Fehlausrichtung des
Luminositätsdetektors verschiedener Grade auf die Genauigkeit der Luminositätsbe-
stimmung wurde systematisch bei fünf verschienden Strahlimpulsen untersucht. Die
Positionen der Komponenten werden präzise genug bestimmt, um eine Luminosi-
tätsbestimmung mit einer Unsicherheit von weniger als 1% zu ermöglichen.

Methoden um die Detektorgeometrie während Monte Carlo Datenerzeugung zu
verändern und während der Spurrrekonstruktion zu korrigieren wurden in das FAIR-
ROOT Softwarepaket integriert, um sie für die alle FAIR Kollaborationen zur Verfü-
gung zu stellen.
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1
M O T I VAT I O N

Todays understanding of the fundamental interaction between particles has been de-
veloped over centuries of refined experiments that have proven or refuted countless
theories and models about the nature of matter. While the idea of indivisible building
blocks has existed for over two thousand years, the opposing idea of a perpetually
divisible matter continuum has also existed and been maintained until the early 20th
century. For the majority of that time, the proposed structure of matter has mostly
been based on philosophical ideas rather than scientific inquiry. Today, the estab-
lished theory for the description of matter and its building blocks rests on a solid
foundation of theories and experiments, and is universally accepted in the scientific
community.

One of the earliest confirmation of the atom-based matter model came from Daniel
Bernoullis proof in 1740, when he found that the force acted upon the walls of a
container by gases can be approximated by countless elastic collisions of small, hard
particles. Over the next one and a half centuries, countless experiments on gases
have been performed and improved, determining the mass of individual atoms and
culminating in multiple different atomic models. In 1911, Ernest Rutherford showed
that almost all atomic mass is concentrated at a very small area inside the atom [1],
and this and the discovery of the extremely light electron in 1897 by Joseph Thomson
[2] indicated that even atoms may be composed of smaller constituents.

Niels Bohrs atomic model [3] was the first one able to accurately explain some of
the spectral lines of pure elements, albeit only for atoms containing but a single free
electron. It postulated a positively charged nucleus orbited by the negatively charged
electron similar to the planetary orbits around a star. Despite its initial success it was
not able to explain several observations like the Lamb shift or the 21 cm line that
has been observed from cosmic hydrogen, and although its assumptions justifiably
disagreed with classical physics, they were not motivated by some fundamental prin-
ciple. Again, it was Ernest Rutherford in 1919 who discovered the proton in nitrogen
nucleons [4] and then postulated the neutron a year later. Refinement of this atomic
model into the resulting atomic orbital model in which the nucleus is comprised of
protons and neutrons surrounded by electrons that probabilistically occupy positions
in orbits around that nucleus has been the de-facto standard for the coming decades
and remains valid and in use until today.

The discovery of nuclear fission in 1938 by Otto Hahn and Fritz Straßmann [5]
and subsequent theoretical description by Lise Meitner and Otto Frisch [6] conclu-
sively broke the assumption of an indivisible atom. It has been one of the most sig-
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nificant and consequential discoveries in physics and shaped the following decades.
Until then, only protons and alpha particles had been separated from atoms, but
now elements have been observed to decay into entirely different, lighter elements.
It was thought that protons and neutrons are the same particle in a different quan-
tum state. A "strong interaction" must exist to overcome the electrostatic repulsion
between multiple protons in the nucleus. All particles that are subject to this strong
interaction would be called hadrons, and during 1950 to 1960 an abundance of these
hadrons was discovered in particle accelerator experiments. It was increasingly un-
likely that all these hadrons were fundamental particles. The composition of nucleons
from smaller particles has been assumed at least since early 1960, but it took until
1964 when Murray Gell-Mann proposed quarks as the constituents of protons and
neutrons. These new quarks were able to explain symmetric wave functions for spin
3/2 resonances like the ∆ resonance discovered in 1951, which otherwise seemed to vi-
olate the Pauli principle [7]. The existence of quarks has been experimentally verified
in 1968 at the Standford Linear Accelerator center [8].

Around the same time a common field theory for the weak interaction and electro-
magnetism was in active development [9]. Gauge invariance requires the exchange
particles for the weak interaction to be massless, but all experimental data suggested
otherwise. This observed symmetry breaking can be introduced by a scalar field that
is unlike the electromagnetic, weak or strong fields and would have a non-zero vac-
uum expectation value. In 1964 Peter Higgs described the Higgs mechanism which
gives these exchange particles and quarks their masses [10]. The application of the
Higgs mechanism onto the electroweak interaction marks the beginning of the Stan-
dard Model of particle physics (Figure 1.1).

In the Standard Model, particles are treated as excited states of underlying, fun-
damental quantum fields. The particles are divided into fermions with half-integer
spin and bosons with integer spin. All conventional matter is composed of fermions,
specifically protons, neutrons and electrons. Protons and neutrons are hadrons; com-
posite particles that are made of fundamental particles called quarks. For every
fermion, there is a corresponding antiparticle with inverted internal quantum num-
bers. Quarks and antiquarks can enter bound states in various combinations accord-
ing to their quantum numbers, and thus form composite particles. Quark-antiquark
states are called mesons, while three quark states are called baryons. Their antiparti-
cles can also form bound states such as antiprotons. The electron, muon and tau par-
ticles as well as their corresponding neutrinos are called leptons, and like the quarks,
they are fermions. The vector gauge bosons mediate the force of the fundamental
interactions; the electromagnetic interaction is transported by the massless photon,
the weak interaction by the heavy W± and Z bosons and the strong interaction by
the massless gluons.

Even though the Standard Model has been very successful for the description and
prediction of many particles, it does not answer some fundamental questions. Why
are there exactly three generations of quarks and leptons, and why are their masses
so different? Can there be more generations with possibly even higher mass? Why is
there more matter in the universe than antimatter? What particle or field is respon-
sible for the expansion of the universe? The Standard Model also does not explain
neutrino oscillation [12] or neutrino mass. And most notably, it only describes three of
the four fundamental interactions; the electromagnetic force and the weak and strong
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Figure 1.1: The constituents of the Standard Model [11].

interactions. The fourth fundamental interaction, gravity, has perpetually eluded in-
clusion into the Standard Model. Since it is orders of magnitude weaker than the
other three, it is of minor relevance on the atomic scale at least.

The Standard Model also allows for several bound states of quarks and gluons that
have not yet been discovered or identified unambiguously, despite ongoing effort.
States made entirely of gluons, states composed of more than three quarks or even
mixed states of both are plausible in it. This changed with the discovery of the new,
so-called XYZ states at the beginning of the 21st century. Since then many resonances
above the DD̄ threshold were discovered and confirmed by subsequent experiments.
They are either too narrow, are charged, have exotic quantum numbers and/or their
decay channels do not seem to fit the current model. Some of them fit quite good in
the charmonium or bottomium spectrum, but some do not.

Hadron spectroscopy is an expedient tool to get more insight into these states by
measuring the line shapes and quantum numbers of these new resonances. The up-
coming PANDA experiment at the Facility for Antiproton and Ion Research (FAIR) in
Darmstadt will investigate the reaction products of antiproton-proton collisions and
measure their properties with unprecedented precision, and hopefully discover new
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predicted and unpredicted states as well. These measurements are typically done
with the energy scan method, in which the beam momentum is increased in defined
steps and the number of interesting events is recorded for each step. Since over time
the accelerator and target conditions might vary, the integrated luminosity has to be
determined for the normalization of the data sets. At PANDA, this value is determined
and monitored constantly by the Luminosity Detector (LMD), which is installed 11m
behind the interaction point where it measures the tracks of elastically scattered an-
tiprotons at angles between 3mrad to 8mrad.

To accurately reconstruct the tracks of the scattered antiprotons and extract the lu-
minosity from this measured data, the positions of the active sensors within PANDA

must be known very precisely. The correct placement and the determination of the
actual positions of these sensors are called hardware and software alignment respec-
tively. Both are addressed in this thesis. The hierarchical geometry and alignment
description of the LMD is introduced first. Then the three separate software align-
ment methods are presented that were developed during the course of this thesis
to compensate the remaining misalignment after the detector survey. Software inter-
faces to easily generate thousands of misalignment scenarios to study the effect an
of imperfect detector on the extracted luminosity have been developed and used to
analyze and refine the alignment methods. These methods and interfaces have been
kept general so that other detector groups can adapt and use them for their own
studies.

This thesis begins with an overview of the open quantum chromodynamics (QCD)
questions and currently known hadronic resonances in Chapter 2. It then presents
the PANDA physics programme and upcoming PANDA detector, and explains the var-
ious components in Chapter 3. Special focus is given to the Luminosity Detector.
The extraction of the luminosity at PANDA is detailed in Chapter 4. Chapter 5 in-
troduces the survey process and tools as well as the linear algebra needed for the
description of misalignment and alignment. In Chapter 6, the implementation of
the misalignment and subsequent alignment in the software package is explained.
The reference frames used by the various algorithms and detector components are
defined and the detrimental effect of misalignment on the luminosity extraction is
demonstrated. Chapters 7 through 9 explain the three individual alignment proce-
dures (Sensor Alignment, Module Alignment and Box Rotation Alignment), derive the
necessary linear algebra and algorithms and show the improvement of the luminos-
ity determination precision due to their application. Chapter 10 shows the proof of
concept if all components are misaligned as one would expect in a real detector. The
ideal order of the three algorithms is established and the effectiveness of the com-
bined software alignment methods is demonstrated. In the last chapter, the results
are summarized and an outlook is given.



2
H A D R O N P H Y S I C S

2.1 the standard model

The Standard Model entails the principal insight of particle physics and describes all
known elementary particles and the fundamental interactions between them, except
for gravity. As such, it encompasses the weak, electromagnetic and strong interactions
into a common quantum field theory. It respects the laws of special relativity and
contains predictions from quantum mechanics and quantum electrodynamics (QED)
alike. It has been widely successful in the prediction of particles and resonances as
well as the quantitative properties of the particles it contains.

In the Standard Model, all particles (which were already introduced in Chapter 1)
are distinguished by their spin; particles with half-integer spin are called fermions
and integer spin particles are called bosons. There are thirteen bosons and twelve
fermions. Vector gauge bosons are the mediators of the three interactions; the mass-
less and spin-1 photon for the electromagnetic interaction, the massive and charged
W+, W− and neutral Z bosons for the weak interaction as well as the eight massless
gluons for the strong interaction. The remaining boson is the unique Higgs boson, a
scalar boson which does not act as a mediator to any interaction, but instead gives
all fundamental particles their mass. It is the last elementary particle in the Standard
Model which has been experimentally verified in 2012 [13]. The Standard Model also
predicts antiparticles, whose internal quantum numbers are inverted.

The fermions are divided into six leptons and six quarks (and their respective an-
tiparticles). They are divided into three generations: the electron and the electron
neutrino make up the first generation, the muons and the muon neutrino the second
generation, and the tau and the tau neutrino are third generation leptons. The neutri-
nos are much lighter than any other elementary particle and carry only weak charge,
thus they interact with matter only by weak interaction and gravity. The electron,
muon and tau carry electric charge additionally, and are subject to weak and electro-
magnetic interaction. The quarks on the other hand carry all three charges known
in the Standard Model; electric charge, weak charge and color charge. Because of
that, they and the massless gluons are the only particles to be affected by the strong
interaction. Although most matter in the universe consists of only electrons and the
lightest two quarks — up and down — there are four other quarks. Just like the
leptons, the six quarks are divided into three generations, and for ease of reading
they are described in Table 2.1. The first generation quarks are the up and down
quarks, which due to their similar mass were long believed to be the same particle
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in a different so-called isospin state. This isospin quantum number is a SU(2) group,
and even though up and down quark are no longer believed to be the same parti-
cle, the isospin quantum number remains useful. The second generation quarks are
significantly heavier that the first generation and can form only unstable states. Of
the third generation quarks, only the bottom quark can form bound states. The top
quark is too heavy and its lifetime subsequently too short to participate in strong
interaction reactions. Bound states from quarks are called hadrons, and the field of
study of particles bound by strong interaction is consequently referred to as hadron
physics.

name (symbol) generation mass [MeV/c2 ] S B q I3

Up (u) First 2.3 1/2 1/3 +2/3 +1/2

Down (u) First 4.8 1/2 1/3 −1/3 −1/2

Charm (c) Second 1275 1/2 1/3 +2/3 0

Strange (s) Second 95 1/2 1/3 −1/3 0

Top (t) Third 173 210 1/2 1/3 +2/3 0

Bottom (b) Third 4180 1/2 1/3 −1/3 0

Table 2.1: Quark flavor properties. S is the spin, B the baryon number, q the electric charge
and I3 the z component of the isospin. Charmness, strangeness, bottomness and
topness are omitted since only the eponymous quarks carry each of these quantum
numbers other than 0 [14].

All hadrons must be in a color singlet state. This is defined analogously to visible
light color theory: a single quark’s color can take one of three charges in red, green or
blue. Their antiquarks can carry any color charge in anti-red, anti-green or anti-blue
respectively. Gluons carry a mixture of one color charge and an anti-color charge, for
example red and anti-green. Because of that, there are eight different possible gluon
states. Any bound state of quarks and gluons must then add to a total color charge
of white, either by addition of all three different colors, by addition of a color charge
and its anticolor or a combination of both. For this reason, free quarks cannot be
observed at all and must instead always be bound to other quarks. To still satisfy
the integer-number charge requirement for all hadrons, (anti)quarks carry an electric
charge of either ±1/3 or ±2/3 of the electron charge.

The simplest bound quark states consist of quark-antiquark pairs qq̄ which are
called mesons. Since all quarks and antiquarks have spin 1/2, mesons have integer
spin and are thus bosons. Three quark states qqq are called baryons, and prominent
examples of baryons are the proton and neutron. All baryons are fermions. Quarks
also carry the so-called baryon quantum number. Every quark has a baryon number
of 1/3, and every antiquark has the negative baryon number − 1/3. The total baryon
number is conserved in every interaction, and is the sum of the constituent baryon
numbers. Since baryons are made of three quarks, they have a baryon number of 1,
while mesonic qq̄ states have a baryon number of 0.

Any hadronic state must be composed in a way that the resulting charge and
baryon numbers add to integers. Arguably the most famous baryon, the proton, is
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composed of two up quarks and a down quark for example, resulting in an electric
charge of 1e and a baryon number of 1, while its antiparticle the antiproton is com-
posed of two anti-up quarks and an anti-down quark, resulting in a negative electric
charge. Although the proton is made from three light quarks weighing in total about
9.4MeV , it weighs about 938MeV as a whole. It is clear that the proton mass cannot
come from its three valence quarks alone, and instead almost 99% of its mass comes
from the gluons mediating the interaction between the quarks and transitory quark-
antiquark pairs called sea quarks. In fact, all quark and gluon bound states consist
of valence quarks and sea quarks alike, but only the valence quarks contribute to
the total quantum numbers of the bound state, since the sea quarks do not exist for
extended periods of time.

interaction symbol value

Strong αs 1

Electromagnetic α 1/137

Weak αw 10−6

Gravity αg 10−39

Table 2.2: Coupling strengths for each interaction [15]. The weak interaction strength is eval-
uated relative to the strong interaction at 1GeV/c, hence αs = 1.

A very important characteristic for the range and strength of any of the four fun-
damental interactions is the respective coupling strength α, which are dimensionless
numbers that can be seen in Table 2.2. The scale at which each of the four fundamen-
tal interactions is relevant differs. The strong interaction is only relevant on the scale
of a nucleus, even though it is the strongest interaction. Gravity and the electromag-
netic interaction have infinite range, but since electromagnetic force can be attractive
or repulsive, on very large scales it typically averages to zero. Gravity is the sole inter-
action that only acts attractively, which is why it is the primary interaction relevant
on cosmic scale. The weak interaction is unlike the other three, because its range is
not limited by screening effects and still very finite due to the large mass of the W
and Z bosons and their subsequent rapid decay. The photon and hypothetic graviton
are all massless and stable, and carry their interaction infinitely far.

The coupling strength for the electromagnetic interaction is called the fine structure
constant α:

α =
e2

4πε0 hc
(2.1)

QED allows for analytic perturbation calculations that can be measured with very
high precision, making it a very well tested and understood theory. The same can-
not be said for the strong interaction however, because its coupling strength is not
constant but depends on the momentum transfer Q2. This momentum transfer is
typically large at small interaction distances and small at large interaction distances.
For small interaction distances the coupling strength is very weak, which leads to
quasi-free quarks. This is called asymptotic freedom [16]. In this regime, calcula-
tions can be done via perturbation theory very effectively [17]. For large interaction
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distances however, the coupling strength is mainly governed by the self coupling
feature and increases monotonously. This makes every strongly interacting system
intrinsically a many body problem [18]. The result of this is called color confinement,
which disallows free quarks or gluons. Quarks cannot be isolated or separated from
their parent hadronic state even at sufficiently high energies without producing new
quarks [19]. This confinement also makes perturbative calculations impossible. The
fact that gluons carry color charge and can thus also couple to quarks and other glu-
ons has a number of interesting effects. Quarks can radiate gluons, gluons can decay
into quarks and gluons can interact with themselves. Gluons decaying into quark-
antiquark pairs lead to a charge screen effect. On its own, this effect would increase
the coupling strength with Q2. However, because gluons can self-interact and decay
into gluon loops, there is a counter charge screening effect in place that reduces the
net charge for larger Q2, which also reduces the interaction strength αS. This Q2

dependence can be modeled with perturbation theory as:

αS(Q
2) =

12π

(11nc − 2nf)ln(Q
2/Λ2)

for Q2 � Λ2 (2.2)

Here, nc and nf are the numbers of colors and quark types. Two extremes are of
particular importance for quantum chromodynamics. αS decreases with increasing
Q2 if nf > 2/11nf. Λ is a free parameter which experiments have estimated to be be-
tween 100MeV to 500MeV . In turn, αS increases with decreasing Q2, which means
at larger distances.

QCD αs(Mz) = 0.1181 ± 0.0011

pp –> jets
e.w. precision fits (N3LO)

0.1

0.2

0.3

αs (Q
2)

1 10 100
Q [GeV]

Heavy Quarkonia (NLO)

e+e– jets & shapes (res. NNLO)

DIS jets (NLO)

April 2016

τ decays (N3LO)

1000

(NLO

pp –> tt (NNLO)

)
(–)

Figure 2.1: Strong coupling strength vs momentum transfer Q [14]. The black curve are QCD

predictions for different Λ values. The data points are gathered from various ex-
periments.
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One attempt to gain insight into this high αS region is numerical solution of QCD

on fixed lattice points of quantized spacetime, which is known as lattice QCD [20].
Despite the computationally demanding nature of this approach, the steady increase
in available computing power has accelerated this field of research and current proton
mass predictions from QCD are within 2% of the measured value [21]. Figure 2.1
shows other lattice QCD predictions compared with actual measurements at various
momentum transfer values Q.

The agreement between lattice QCD calculations and experimental measurements
is striking. But lattice calculations require vast amounts of computation power, and
higher precision calculations require more finely grained lattices. The computational
demand does not grow linearly with the targeted resolution, but to the powers of two
or three for 2D and 3D lattices. This puts an upper limit on the reachable resolution
of lattice calculations, even if tremendous results have already been achieved.

A different approach uses effective field theories that neglect the masses of light
mesons and uses them as degrees of freedom instead. One such effective theory is
Chiral Perturbation Theory [22]. But for heavy quarkonia like charmonium consisting
of a cc̄ pair, relativistic effects are small and a non-relativistic approach to QCD can
be done. The Cornell potential given by Equation 2.3 can then be used with the
Schrödinger equation [23].

V = −
4

3

αs(r)

r
+ k · r (2.3)

In the Cornell potential, asymptotic freedom and confinement are realized by the
first and second term respectively. The first term is a coulomb-like potential that
dominates at small distances r. Single gluon exchange interactions are the major
contributor in this regime, and because gluons can carry different color charges, a
factor of 43 must be added. The second term dominates at large distances r. It grows
linearly with the distance at a factor of k, which is called the string tension. This aptly
realizes color confinement. For even more accurate description of bound states, the
potential can be modified with terms that represent spin-orbit and spin-spin quark
interactions.

2.2 charmonium spectroscopy

In December 1974, SLAC [24] and Brookhaven National Laboratory [25] independently
published the observation of a new resonance called J/ψ with a mass of mJ/ψ =

3.096GeV/c2, which led to the so-called November Revolution of particle physics and
the undisputed acceptance of the quark model. While a fourth quark after up, down
and strange has been proposed in the Glashow-Iliopoulus-Maiani (GIM)-mechanism
[26] before, the discovery of the J/ψ was the first time this fourth charm quark was
measured. The J/ψ was unusual because of its comparatively long lifetime of 10−20 s.
Its internal structure has been determined to be cc̄, which makes it the first member
of new meson family called charmonium.

While conventional hadrons are composed of either two or three quarks, the Stan-
dard Model allows for larger hadrons composed of four (two quarks and two anti-
quarks) or five (four quarks and one anti-quark) as well. These states are called
tetraquark and pentaquark states respectively. Additionally, states composed entirely
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Figure 2.2: Charmonium spectrum from lattice QCD calculations [27].

of gluons are allowed, which are called glueballs. This is a strong contrast to the
electromagnetic interaction, in which bound states of photons are impossible. Conse-
quently, hybrid states composed of quarks and an enhanced gluon string are allowed
in the realm of the Standard Model as well: For example Molecular States, which
are bound states formed by two separate mesons (qq̄)(qq̄) that are held together by
gluon exchange at short distances or pion exchange at long distances, and Hadro-
Quarkonium, which is a bound state formed by heavy quarkonium qq̄ surrounded by
a cloud of light mesons [28]. Many of these have not yet been discovered. Lattice QCD

calculations predict several such glueballs on or below the DD̄ threshold. Figure 2.2
shows possible glueball states and their masses calculated from lattice QCD. None of
these have been observed yet however. While quantum chromodynamics allows for
the discussed tetra-and pentaquark states and glueballs, it also allows mixed states.
All these kinds of states in the charmonium sector are called charmonium-like.

Hadronic resonances are usually classified using the JPC nomenclature, where J
is the total angular momentum, P the intrinsic parity and C the charge conjugation
parity. P and C parity are multiplicative quantum numbers that describe the behavior
of the particle wave function under spatial reflective transformation ~x 7→ −~x and the
particle to antiparticle transformation respectively. The total angular momentum J is
a coupling of the intrinsic spin S and the relative angular momentum L between the
quarks. The total angular momentum J can assume all integer values that satisfy:

|L− S| 6 J 6 L+ S (2.4)

For mesons, there are rules which quantum numbers are allowed. They must sat-
isfy:
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P = (−1)L+1 (2.5)

C = (−1)L+S (2.6)

Charge parity is only defined for majorana mesons. This leads to a set of quantum
numbers that are possible if a given resonance is mesonic, a selection of which can be
found in Table 2.3. Quantum numbers that do not satisfy these rules are called exotic
quantum numbers, and states exhibiting these exotic quantum numbers cannot be
explained with a purely mesonic content.

Since 2003, several states have been discovered in the charmonium region above
the DD̄ threshold which had not been predicted by the Standard Model. They exhibit
unusual behavior compared to conventional predicted charmonium states: they are
unusually narrow, they do not decay to open charm final states like D meson pairs,
some are even charged while still having charmonium content or their quantum
numbers are not compatible with mesonic content. These states are called X, Y and Z
states, where X are neutral states with quantum numbers 6= 1−−, while Y states have
quantum numbers JPC = 1−− and Z states are charged.

s l j p c JPC

0 0 0 - + 0−+

0 1 1 + - 1+−

0 2 2 - + 2−+

1 0 1 - - 1−−

1 1 0, 1, 2 + + 0++, 1++, 2++

1 2 1, 2, 3 - - 1−−, 2−−, 3−−

Table 2.3: Mesonic quantum numbers.

The first X state was discovered in 2003 by Belle [29], a neutral, narrow resonance
with a mass of ≈ 3872MeV . Its quantum numbers have been determined later by
LHCb to be JPC = 1++ [30]. While its mass is known relatively precisely, for its
width only an upper limit of 2.3MeV/c2 is known, which corresponds to the detector
resolution, indicating that the width must be much smaller. Its mass is close to the
combined mass of DD̄? mesons, and decays to J/ψπ+π− [31, 32] and DD̄? [33] have
been observed. Additionally, the X(3872) has comparable branching fractions into
J/ψρ and J/ψω, which implies an isospin symmetry violation. It is not clear whether
this resonance is a mesonic molecule [34], conventional charmonium or a tetraquark
state.

Two years later, the BaBar collaboration discovered the Y(4260) resonance. It cou-
ples strongly to charmonium but not to open charm final states, even though it is
above the open charm threshold. It has been observed exclusively on e+e− produc-
tion experiments, and Y(4260) to γX(3872) decays have been observed [35], hinting at
a common inner structure of the two resonances. The quantum numbers of Y(4260)
are known to be JPC = 1−− [14], but its mass and width are only vaguely known. Cur-
rent explanations for the internal structure of the Y(4260) range from hybrid states
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[36], a tetraquark [37, 38], a molecule [39] to even hadro-charmonium [28, 40]. The
first measurements have only shown a single broad resonance in the mass region of
Y(4260), but more recent measurements by BESIII indicate that this resonance might
consist of two separate resonances, Y(4220) and Y(4360) instead of one. Figure 2.3
shows the quantum numbers and decay channels of select, currently known XYZ

states, ordered by their JPC quantum numbers. All shown XYZ states decay into J/ψ
either directly or indirectly.
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Figure 2.3: Predicted and unpredicted resonances in the charmonium sector, ordered by their
JPC quantum numbers. X and Y states are chargeless, Z states are charged. [41]

Additional exotic states such as Y(4140) [42], Z(4430) [43] and Zc(3900) [44] have
been found and confirmed by other collaborations as well [45, 46]. The discovery of
the Z(3900)±, Z(4430), P+c (4380) and P+c (4450) raise even more questions. Z(3900)±

couples to charmonium and open charm final states and is therefore likely to contain
c̄c content, but due to its non-zero charge it must also contain something else. In
the current understanding, it may indeed consist of two quarks and two antiquarks
with cc̄ud̄ content. The internal structure could be a molecule, tetraquark or hadro-
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charmonium state [43, 47]. The P+c (4380) and P+c (4450) resonances are very likely
to contain even five quarks (four quarks and an antiquark), with the minimal quark
content cc̄uud [48].

The XYZ resonances remain mysterious and more precision measurements must
be undertaken to gain insight into their nature. This can be done with high preci-
sion measurements of their line shapes to determine their precise mass and width,
and accurate determination of their quantum numbers. This will shed light on the
full spectrum of allowed particles in quantum chromodynamics. Charmonium spec-
troscopy, a subset of hadron spectroscopy that focusses on states explicitly containing
a charm quark, is also a very good test for QCD.





3
PA N D A E X P E R I M E N T AT FA I R

To alleviate the incomplete understanding of non-perturbative quantum chromody-
namics, the PANDA experiment at FAIR in Darmstadt has been proposed. Its physics
programme focusses on hadrons containing charm or strange quarks, the search for
exotics, and it addresses a very rich spectrum of hadron and nuclear physics [18,
49]. An antiproton beam will be colliding with a proton target, allowing access to
hadronic particles also with exotic quantum numbers, which are expected to be found
in the mass range of 3GeV/c to 5GeV/c [50]. PANDAs ability to perform direct forma-
tion as well as production processes will allow invaluable insight into several aspects
of modern particle physics.

3.1 facility for antiproton and ion research (fair)

The Facility for Antiproton and Ion Research (FAIR) is an international collaborative
accelerator facility funded by 16 nations to perform research in various fields of
physics and chemistry. It is being built at the site of the GSI Helmholtzzentrum für
Schwerionenforschung GmbH (GSI) near Darmstadt, Germany. The FAIR project ex-
pands the current accelerator facility by additional accelerator, collector and storage
rings and multiple experiments. One of the accelerators is the High Energy Storage
Ring (HESR), which will serve the PANDA experiment. FAIR will also be home to the col-
laborations Atomic, Plasma Physics and Applications (APPA), Compressed Baryonic
Matter (CBM) and Nuclear Structure, Astrophysics and Reactions (NUSTAR). Figure 3.1
shows the FAIR complex, with the existing components in blue and the upcoming in
red.

3.2 physics programme at panda

The upcoming PANDA experiment is dedicated to the precision measurements in the
charmonium mass region. It will measure the mass and width of established conven-
tional and exotic resonances like the XYZ states with unprecedented accuracy and
may will search for new and unexpected states. As opposed to experiments using
e+e− collisions which can only produce initial states with the same quantum num-
bers as a virtual photon (JPC = 1−−), PANDA will have direct access to states with
arbitrary mesonic quantum numbers via formation reactions thanks to the proton-
antiproton annihilation. With an additional recoil particle, even hadronic particles
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Figure 3.1: The current (blue) and future (red) components of the FAIR facility [51].

with exotic quantum numbers can be produced. This opens PANDA up to a wide
range of different fields of study.

hadron spectroscopy One topic of interest are the short-lived XYZ states which
were introduced in Chapter 2. Two important characteristics, the mass and width of
these states, can be inferred from their line shapes. Precision measurements of these
line shapes are typically done via the Energy Scan method where the beam energy
or center of mass energy

√
s is increased in small steps while the reaction rate is

measured. This reaction rate will exhibit peaks at the masses of the created unstable
states due to their resonant production. To normalize the individual measurements,
the precise luminosity must be known for each measurement. The number of events
depends on the production cross section σ and the luminosity L:

N = L · σ (3.1)

The integrated luminosity has to be measured in parallel in order to take into
account changes in beam flux and target density at the time of the dedicated mea-
surement. Precise knowledge of the relative integrated luminosity is vitally important
to normalize the individual measurements. And because the cross sections σ are of
interest themselves, the absolute integrated luminosity must be known as well with
high precision. Only then can new cross sections be measured accurately.

The high momentum resolution achievable at PANDA is instrumental for high pre-
cision line shape measurements, and will give more precise insight into hadron prop-
erties. A high precision line scan for the determination of the width of the X(3872)
resonance will be done at the PANDA experiment, which is expected to be about
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100 keV [52]. In addition, the line shape will be determined to get information about
the internal structure of this and other resonances [53].

gluonic excitations / glueballs Gluons are the massless mediator of the
strong interaction, and while they do not carry electric charge, they do carry the color
charge responsible for strong interaction. QCD allows for bound states called glueballs
which contain no quarks at all. Thus they are uniquely suitable to study the mass
creation of strongly interacting particles, because while gluons themselves are mass-
less, their bound states will not be. The predicted masses of glueballs overlap with
mesons, making them difficult to detect [54]. They will also interfere with mesons
due to their identical quantum numbers, further complicating identification.

Because gluons can also couple to quarks, hybrid states consisting of a quark-
antiquark pair and an excited gluon are also possible. The additional degrees of
freedom carried by the gluon allows these hybrids to assume exotic quantum num-
bers like JPC = 0−−, 0+−, 1−+, 2+− [49] that conventional mesons cannot have. These
exotic quantum numbers allow for an easy distinction of hybrid states from conven-
tional q̄q mesons. Several of the glueball and hybrid candidates predicted by lattice
QCD calculations lie in the mass region of — and their quantum number are accessi-
ble with — the PANDA experiment. Fifteen different glueball states are predicted in
the energy region covered by PANDA [18].

nucleon structure Exclusive p̄p annihilation into two photons at large mo-
mentum transfers can be described in terms of generalized parton distribution (GPD)
[55]. With wide angle compton scattering and p̄p annihilation, PANDA will be able to
provide insight into the structure of the nucleon [56]. This way, the time-like form fac-
tor of the proton can be measured with much higher statics than ever before. While
previous experiments like E760 at Fermilab have already attempted that before, the
measured count rates were dominated by background events from processes like
p̄p→ π0π0 [57].

The PANDA experiment will be able to measure the cross channel compton scat-
tering and the related exclusive annihilation process with a scalar meson, a vector
meson or a lepton pair in the final state. The comparison of the differential cross
sections of the various processes and GPD based models will allow new insights into
the annihilation process in terms of quark models and QCD [49].

hadrons in matter Hadrons exhibit a change in mass when they are embed-
ded in hadronic matter. This has already been a field of study at GSI, but due to the
limited beam energies, these studies have been primarily been conducted in the light
quark sector. A high-intensity antiproton beam at 15GeV/c beam momentum like it
is available at PANDA will allow an extension of this research into the charm sector,
both for hadrons with hidden- and open charm content [49].

hypernuclei Replacing an up or down quark in the nucleus of a proton or neu-
tron with a strange quark leads to the formation of a so-called hypernucleus. The
resulting addition of a strangeness quantum number results in an expansion of the
well known nuclear isotope chart into the third dimension. The existence of single
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and double Λ-hypernuclei have been confirmed in the 1960s. Despite significantly
experimental effort, only eight double Λ hypernuclei have been discovered so far.

The antiproton-nucleus collision at the PANDA experiment is expected to produce
copious amount of hypernuclei for further study. The determination of Λ−Λ strong
interaction will be among the first results. Hyperon are not bound by the Pauli prin-
ciple and are thus versatile probes for the structure of the nucleus and hypernucleus
interactions. In addition, the Λ−Nweak interaction can be studied with four-baryon,
strangeness non-conserving reaction like ΛN → NN and ΛΛ → ΛN in the nucleus
[18].

3.3 antiproton production at fair

The antiprotons used at the PANDA experiment are produced in several steps. The cur-
rently operating Universal Linear Accelerator (UNILAC) and the future proton linear
accelerator (pLINAC) pre-accelerate protons to a momentum of 70MeV/c and feed
them into the Schwerionen-Synchrotron 18 (SIS-18), and in a second step to SIS-100

where they are accelerated further until they reach a momentum of 29GeV/c [58].
They are then transferred to the antiproton production target. The high intensity
proton beam hits a copper target [59], where a multitude of secondary particles
is produced, including proton-antiproton pairs. A combination of a magnetic horn
and a dipole magnet separates the produced antiprotons of a beam momentum of
3.8GeV/c from the main proton beam and all secondary particles. The antiprotons
are then transferred to the Collector Ring (CR) which collects, stochastically cools and
debunches the antiproton beam [60]. In the first years of operation, this precooled
beam will be injected directly into the High Energy Storage Ring (HESR) [61] where
the antiprotons will be accumulated. In the future, the Recupering Energy Storage
Ring (RESR) will accumulate the precooled antiprotons from the Collector Ring (CR)
[62]. The content of the RESR is then transferred as one bunch to the HESR. This al-
lows for a higher number of antiprotons and thus for a higher peak luminosity for
the PANDA experiment. In addition, by accumulating antiprotons parallel to running
the experiment the luminosity can be further increased. The antiprotons exit the CR /
RESR wit a momentum of 3.8GeV/c.

The High Energy Storage Ring shown in Figure 3.2 is an antiproton synchrotron
and storage ring that will host the SPARC, the KOALA and the PANDA experiments. It is
able to decelerate the antiproton beam to a momentum of 1.5GeV/c and accelerate it
up to 15GeV/c beam momentum from the initial injection momentum of 3.8GeV/c.
It will be able to operate in three different modes. Table 3.1 summarizes some design
parameters of the HESR:

phase 1 The HESR and PANDA detector will be completed before the RESR is built.
Accordingly, electron cooling is not yet available and a beam momentum resolution
of ∆p/p = 5 · 10−5 at a luminosity of 85% of High Luminosity Mode can be reached.

high resolution mode With complete phase space cooling (stochastic and elec-
tron cooling), high momentum resolution of the beam can be achieved. This results
in an increase of the beam momentum resolution to ∆p/p = 2 · 10−5 in combination
with Phase 1. This momentum resolution is crucial for high precision energy scan
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Figure 3.2: The High Energy Storage Ring (HESR) with the experiments PANDA, SPARC and
KOALA [63].

experiments. With the RESR, the design peak luminosity of 2 · 1031 cm−2s−1 will be
reached.

high luminosity mode Beam cooling is reduced for this mode in favor of the
beam luminosity. The HESR operates at its maximum luminosity of 2 · 1032 cm−2s−1

at the cost of a reduced momentum resolution of ∆p/p = 10−4.

parameter phase 1 high resolution high luminosity

p [GeV/c] 1.5 to 15 1.5 to 15 1.5 to 15
∆p/p (rms) ≈ 5 · 10−5 ≈ 2 · 10−5 ≈ 1 · 10−4

N antiprotons 1010 1010 1011

peak luminosity [cm−2s−1] 2 · 1031 2 · 1031 2 · 1032

Table 3.1: Operating parameters of the HESR for the phase 1 setup, the high resolution and
high luminosity modes of HESR. [64, 65].

3.4 the panda detector

The PANDA detector (Figure 3.3) is a state of the art particle detector for a fixed target
experiment with a target spectrometer and a forward spectrometer to reach an accep-
tance of almost 4π. The target spectrometer is constructed in a typical onion-shell lay-
out and utilizes a solenoid magnet with up to 2 T m bending force while the forward
spectrometer where all detectors are arranged in sequence uses a dipole magnet to
measure the heavily boosted particles. At the very rear end of the forward spectrome-
ter the Luminosity Detector is positioned to measure elastically scattered antiprotons
at very small angles to determinate the integrated luminosity. The complete setup
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is optimized to accommodate the demanding physics programme in terms of event
rate, resolution and detection efficiency.

targets Different target types will be available at PANDA depending on the stud-
ied physics case. For pp̄ and p̄N collisions, a cluster jet target, pellet target or foil
target will be employed [67], while for hypernuclei studies a string target will be
used. The pellet target consists of a stream of frozen hydrogen micro spheres that
are produced by injecting liquefied hydrogen through a vibrating nozzle into the
beam vacuum. The vibration of the nozzle breaks the liquid jet into small droplets
between 25µm to 40µm in size, that turn solid in the beam vacuum. There, they are
tracked with an optical system that achieves about 50µm resolution, but even with
this excellent resolution, tracking remains challenging due to event mixing. The in-
formation provided by tracking detectors is needed to associate tracks to measured
events as there are expected to be up to 100 collisions per pellet and run cycle. Sev-
eral tracking detectors will therefore aid this tracking as the coarse positions can
also be reconstructed from their data. A disadvantage of a solid pellet target is the
non homogenous hydrogen distribution in space as well as in time which results in
significant changes in instantaneous luminosity.

Another target is the cluster jet target. Cold pressurized hydrogen expands into
the beam pipe vacuum through a nozzle where it creates a narrow jet of frozen hy-
drogen clusters with between 103 to 106 H2 molecules. It achieves a homogenous
and adjustable density profile, which is important to reach the desired design peak
luminosity of 2 · 1032 cm−2s−1 in high luminosity mode. With 1011 stored antipro-
tons in the HESR, the target thickness must be on average 5 · 1015 atoms/cm2. The
availability of continuous target thickness adjustment is a clear advantage because
the number of antiprotons changes over the course of a measurement, and the target
can be adjusted accordingly to keep the luminosity constant. The major disadvantage
of the cluster jet target is the large uncertainty of the interaction point position up to
several millimeters due to the lateral speed.

Both systems are not restricted to hydrogen and can instead dispense other gases
like nitrogen or argon for different target properties as well.

target spectrometer The target spectrometer surrounds the interaction point
cylindrically and consists of Micro Vertex Detector (MVD), Straw Tube Tracker (STT),
Gaseous Electron Multiplication (GEM) Detector, time of flight (TOF) and barrel Detection
of Internally Reflected Cherenkov Light (DIRC) for particle identification (PID), barrel
Electromagnetic Calorimeter (EMC), a solenoid magnet and the Muon System.

Micro Vertex Detector The very first tracking station is the Micro Vertex
Detector (MVD) in the innermost region of the target spectrometer. Is must be as
close to the interaction point as possible to precisely reconstruct its position. The
barrel shaped detector consists of four layers and covers the polar angle from 3° to
150°. The end cap is made of six layers and covers the forward scattering region.
The sensitive layers are radiation hard pixel based sensors and double sided silicon
strip sensors, with the pixel sensors achieving 6.9µm resolution and the strip sensors
achieving 12.4µm resolution after charge weighted mean. This arrangement results
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Figure 3.3: Overview of the PANDA detector [66].
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in a total vertex resolution of 100µm in beam direction and 50µm in the orthogonal
plane [68].

Straw Tube Tracker The STT is the central tracker of the PANDA experiment. It
is composed of 4636 over pressurized straw tubes that are arranged in self supporting
cylindrical layers parallel to the beam direction. Similar to the MVD it covers a polar
angle from 5° to 150° and is used to reconstruct tracks outside the MVD. While most
of these layers are parallel to the beam axis to measure incident tracks in x-y plane,
some layers are skewed to provide information about z position of the tracks. Com-
bining the hit information of the STT and MVD, a momentum resolution of ∆p/p ≈ 1%
can be achieved, while for 1GeV/c tracks in the angular range 15° to 140° the recon-
struction efficiency is well above 90% [69]. The position resolution exceeds 150µm in
the traverse x and y directions, while the z resolution will be about 3mm [67].

Gaseous Electron Multiplication detector The STT cannot cover angles
below 22°, and particles emitted at angles below are instead counted by the Gaseous
Electron Multiplication (GEM) detector. It consists of three layers of GEM-foil based
gaseous micro pattern detectors that will cover the forward part of the track recon-
struction in the target spectrometer. Each disc station consists of a double sided read-
out disc pad in the center. The layers are positioned at 1.1m, 1.4m and 1.9m to cover
polar angle from 3° to 20°. The first chamber has a diameter of 90 cm while the last
chamber is 150 cm in diameter. The GEM detector can achieve a position measurement
resolution of better than 100µm in x and y direction.

Electromagnetic Calorimeter The energy of the photons and charged par-
ticles is measured by the Electromagnetic Calorimeter (EMC). Its barrel shape sur-
rounds the STT to cover angles from 22° to 140°, and is complemented by two end
caps, one forward and one backward. The endcaps cover angles below 22° and above
140°. A rectangular window 5° high and 10° wide in the forward end cap is left
open to allow heavily boosted particle unhindered passage to the forward spectrom-
eter. The scintillating material of this calorimeter are 15 552 lead tungsten crystals
(PbWO4) that are cooled down to −25 ◦C. Studies performed at a prototype showed
an energy resolution of σE = 1.54%√

E[GeV]
+ 0.3% for monoenergetic photons. For protons

that were completely stopped in a scintillating crystal an upper limit of the energy
resolution of σE = 1.44%√

E[GeV]
+ 1.97% was reached. The final detector is expected to

reach an energy resolution of σE = 1.5%√
E[GeV]

and a positional resolution of 3mm for

photons above 1GeV by analyzing the clusters.

particle identification system The PANDA particle identification system
consists of several detectors using different technologies. The information of dedi-
cated PID detectors such as time of flight and Cherenkov counters is combined with
PID information from the MVD, STT and EMC detectors. The barrel region of the target
spectrometer covers the angles between 22° to 140°, where PID information is con-
structed from information from the MVD, STT, barrel TOF, barrel DIRC and barrel EMC

(going from center outwards). The MVD and STT were explained above. The barrel TOF

is a layer of several thousand small organic scintillators directly outside the STT that
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are read out by Silicon Photomultipliers (SiPMs). Their main purpose is the accurate
determination of the time of origin of particle tracks to avoid event mixing at high
collision rates [70, 71]. The next layer is comprised of the barrel DIRC, which is a layer
of strands made of scintillating material between the TOF and the EMC. Sixteen arrays
are arranged tubularly around the inner detectors and cover the entire cylinder. Each
array consists of eleven sub-arrays, which each have 8× 8 pixel resolution of about
6.5× 6.5 mm2 in size, amounting to a total of 11 264 pixels. The scintillators are read
out by Microchannel Plate Photomultiplier Tubes (MCP-PMT) which detect Cherenkov
photons and measure their arrival time to determine the angle and position of the
particle that caused the Cherenkov radiation [72].

The forward region of the target spectrometer covers the angular region below 22°,
with the exception of a rectangular window 10° wide and 5° high that leads into
the forward spectrometer. Going in beam direction, PID information is reconstructed
from the forward GEM (explained above), the forward endcap DISC-DIRC and forward
endcap EMC. Unlike its counterpart in the barrel, the forward endcap DISC-DIRC is
made from only four large, highly polished fused silica plates of 20mm thickness
(one for each quadrant). Each quadrant is read out at the outer rim by 24 Read-Out-
Modules, each of which uses Microchannel Plate Photomultiplier Tubes (MCP-PMT)
that have at least 3× 100 pixel resolution to measure the Cherenkov angle [73]. This
makes it very thin compared to other RICH detectors. Directly behind the DIRC-DIRC

(in beam direction) is the forward endcap EMC.
Particles with momentum below 1GeV/c are identified by the time of flight (TOF)

system with a timing resolution of 100 ps that is augmented with the combined en-
ergy loss information from the MVD and STT detectors. Particles with momentum
between 1GeV/c to 5GeV/c are identified by the DIRC systems. Together, the com-
bined PID systems allow for a clean separation of charged pions and kaons with 3
standard deviations [72, 73].

muon detection system The iron flux-return yoke of the solenoid magnet that
surrounds the target area and EMC also houses the Muon Detection System. In the
barrel region, the yoke has 13 sensitive layers alternating with iron absorber layers
and is large enough to cover the angles from 22° to 140°. For readout, 3 cm thick
Mini Drift Tubes (MDT) are placed as sensitive layers. The layer thickness is chosen
to facilitate good momentum resolution for muons with 6 1GeV/c momentum. Like
the other systems, the Muon System is also present in the end cap to cover 5° to 22°
vertically and 10° to 22° horizontally. Because of the higher particle momenta, more
material is needed there. Six detection layers of 6 cm will be placed around five iron
layers downstream of the return yoke, and a removable Muon Filter with additional
four layers of 6 cm iron and according detection layers will be moved in the space
between the solenoid and the dipole. The detection layers are read out with Mini
Drift Tubes (MDT); 2751 MDTs for the laminated yoke of the solenoid magnet and 424

MDTs for the Muon Filter [74]. The Muon System also acts as a coarse calorimeter.

forward spectrometer The forward spectrometer covers the forward scatter-
ing angles of 1.2° 6 θ 6 5° vertically and 1.2° 6 θ 6 10° horizontally. The remaining
blind spot is required for the passage of the beam pipe. The forward spectrometer
uses a conventional 2 T m bending power dipole magnet for track separation and



24 panda experiment at fair

determination of the particle momenta. It is separated into forward tracking system,
forward time of flight, forward Ring Imaging Cherenkov (RICH), Shashlyk Calorime-
ter, Muon System and the Luminosity Detector (LMD).

Three stations of self supporting straw tubes similar to the ones used in the STT

are used for particle tracking. Particle identification is done similarly to the barrel; a
forward time of flight wall and forward Ring Imaging Cherenkov (RICH) will comple-
ment PID information from the forward tracking detectors. The TOF wall uses scintil-
lating bars that are read out by photo multiplying tubes, resulting in a time resolution
of 65 ps which enables precise determination of the vertical position of particles. π/κ
and κ/p separation will be done by a Ring Imaging Cherenkov (RICH) detector us-
ing a dual radiator setup. The emitted Cherenkov light is reflected by mirrors to an
array of pixel photon detectors to reconstruct the Cherenkov angle, from which the
particle type and momentum can be inferred. Radiator material candidates are silica
aerogel and freon gas (C4F10) to provide a versatile π/κ/p separation over a broad
momentum range from 2GeV/c to 15GeV/c. Behind the RICH a Shashlyk calorimeter
made of alternating lead tiles and scintillating layers will be positioned to measure
the energy of charged and neutral particles. The scintillating light is collected by 18

wavelength shifting fibers per cell and read out with PMTs [75, 76]. It will achieve an
energy resolution of 3% for photons from 50MeV to 1000MeV and a time resolution
of 100 ps.

Luminosity Detector The most downstream component of the PANDA detec-
tor is the Luminosity Detector (LMD), approximately 11m downstream of the interac-
tion point. It consists of four circular planes of 15 cm radius, carrying a total of 400
High Voltage Monolythic Active Pixel Sensors (HV-MAPS) to measure the elastically
scattered antiproton’s angular distribution. Its acceptance for the scattering angles
ranges from 3mrad to 8mrad and the complete 2π azimuth angle. The sensors can
be retracted from the beam pipe during beam tuning to put minimal radiation dosage
on the sensors. The accuracy of the luminosity measurement depends on many fac-
tors and is expected to be better than 5% for the absolute time integrated luminosity
and better than 1% for the relative measurement. The LMD is the primary focus of
this work and is described in the following in greater detail.

data aquisition Operation of the PANDA detector expects to see a 20MHz inter-
action rate producing about 200Gbit/s of data [77]. Without pre-filtering, this would
result in an exabyte of data each year, storage and reprocessing of which is infeasi-
ble. Most of that data does not actually contain interesting physics results and can
be discarded, leaving only a few petabyte each year to be stored permanently. This
reduction by three orders of magnitude is not easy considering the triggerless design
of the PANDA detector. At many experiments a specially calibrated hardware trigger
decides upon data disposition. This is not an option for PANDA since no single and
clear event signature is available for the vast range of fields of study and center of
mass energies. Easy signatures as track multiplicities cannot be used. To make mat-
ters more difficult, the interesting events are expected to achieve about equally the
track multiplicity as background events. A software trigger will yield much greater
flexibility and is consequently chosen.
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3.5 the Luminosity Detector

The PANDA Luminosity Detector is a tracking detector for the reconstruction of the
tracks of the elastically scattered antiprotons approximately 11m downstream from
the interaction point that will measure the time integrated luminosity with an uncer-
tainty below 5% and the relative luminosity with an uncertainty below 1% and also
monitor the instantaneous luminosity.

The LMDs outer shell (see Figure 3.4) is made of rigid stainless steel that suffers only
minor deformation due to pressure differences between vacuum and normal pressure
inside the box [78]. The beam vacuum is held separate from the detector vacuum by
an internal beam pipe and a transition cone which consists of a aluminium coated
polymer foil. To not disturb the beam electric field it has to be conductive; it is thin
enough to allow passage of the antiprotons nearly undisturbed and durable enough
to separate the 10−9mbar beam vacuum from the 10−6mbar detector vacuum.

The active part of the detector, the silicon pixel sensors (HV-MAPS), are positioned in
a circular pattern surrounding the beam pipe on four layers. This way, they are able to
detect scattered antiprotons at scattering angles from 3mrad to 8mrad rotationally
symmetrical around the beam pipe. Figure 3.4 shows the positions of the sensors
marked in red around the beam pipe with the antiprotons entering the detector from
the left. The sensors are glued onto thin diamond slices held in place by semi-circular
aluminium parts. The four semi-circles can be retraced from the beam axis to guard
the sensors from radiative damage as long as the beam is not entirely tuned.

Figure 3.4: Schematic of the LMD. Scattered antiprotons traverse the transition cone (yellow)
from the left and are registered by the pixel sensors (red) to the right [78].

High Voltage Monolythic Active Pixel Sensors The sensors for measur-
ing the particle tracks of the LMD are called High Voltage Monolythic Active Pixel
Sensors (HV-MAPS) [79], which use high-voltage CMOS technology. The entire sensor
consists of a p-type substrate into which lowly doped n-wells are placed. Each of
these n-wells forms an active pixel. They are biased with a voltage of about 60V , so
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high-voltage in this context is to be understood only relative to usual CMOS voltages
of < 2V . This bias voltage leads to a depletion layer thickness of about 10µm. A
schematic cross section of this design can be seen in Figure 3.5.

Figure 3.5: Four high-voltage pixels [79].

A charged particle that crosses such a pixel frees electrons from the n-well which
are then collected via electron drift by the high electric field. This benefits in a very
fast electron collection and consequently signal construction. The charge collected
this way is AC-coupled to an amplifying circuit, shaper and discriminator. This dis-
criminator is calibrated with a tune DAC, with which the discrimination threshold
can be fine-tuned for every pixel. The signal from the discriminator is then encoded
by a bus driver onto the shared readout bus [79]. Because this happens on a per-pixel
basis, multiple pixels must share a readout bus and a dedicated digital readout sec-
tion must be added which encodes the pixel information (row, column, time over
threshold, time stamp) into the serial low voltage differential signal (LVDS) which is
then read out from the pixel array. This readout section cannot contain active sensor
pixels itself and is thus a blind spot of an HV-MAPS. The total sensor size is 2 cm by
2 cm, with a pixel size of 80 by 80µm. All active silicon structures are on one side
of the die, which allows thinning of the sensors down to about 50µm. This is highly
advantageous to minimize multiple scattering in the sensors. The sensors achieve an
average spatial resolution of 23µm [80]. Figure 3.6 shows the dimensions of a single
sensor and the position of the digital readout section.

...

...

digitization

~247 x 242
smart diodes

2 cm

2
cm

80 x 80 µm²

Figure 3.6: High Voltage Monolythic Active Pixel Sensors (HV-MAPS) [80].

At peak luminosity, the LMD is expected to see an event rate of about 157 kHz.
To keep a small safety margin for the inclusion of inelastic channels and secondary
particles, the HV-MAPS must accommodate an event rate of at least 200 kHz [65], which
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corresponds to one event every 5µs on average. However, the particle bunches in
the HESR have a revolution frequency of 521 kHz, which means a single revolution
requires 1.9µs. The LMD should be able to not only separate tracks burst by burst,
but also measure the structure of the bursts themselves with at least ten measurement
points. While sensors allow for a readout frequency of up to 100MHz [81], at the LMD

they will be read out with a frequency of 40MHz resulting in a reading every 25ns.
Accordingly, all particles registered will have timing information accurate to 25ns,
which is called time stamp. This is enough to facilitate required timing resolution so
that no more than one event will be registered per time stamp on average.

sensor modules To cover the entire 2π range, the HV-MAPS are glued partially
overlapping onto the two sides of diamond wafers. As mounting material, chemical
vapor deposition (CVD) diamond is chosen due to its excellent thermal conductivity
and low material budget for multiple scattering. To achieve the required cooling, the
CVD diamond slices need only be 200µm thick, while a copper based alternative
would have to be at least five times as thick. The resulting unacceptable multiple
scattering would be severely detrimental to the LMDs performance. The maximum
size of the CVD wafers is limited by the manufacturer, so multiple of these slices will
be used in the LMD to cover the entire circle. Figure 3.7 shows a line render of a single
sensor module and the ten sensors glued onto it at both sides, with the digitization
part marked in red. Because the HV-MAPS design requires a digital readout area on
one edge which cannot detect particles, these blind spots will be placed such that the
non-sensitive area is covered by another sensor on the opposing side of the diamond
wafer.

Figure 3.7: Sensor module. The five front side sensors are visible, the five back side sensors
are hinted at with dashed lines. The digitization part is marked in red.

half plane The individual sensor modules are held by sheet metal clamps in
groups of five onto an aluminium half ring support structure called a half plane
(Figure 3.8). Inside the solid aluminium there are stainless steel tubes melted in
for coolant, allowing the dissipated heat from the sensors to be transported away
to the chiller. This way, the individual sensors are kept between 0 ◦C to 38 ◦C [78].
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Not shown are additional electronics that will also be held on the half plane, such as
sensor readout cables and multiplexers or voltage regulators for the sensors.

Figure 3.8: Half plane of the LMD. The stainless steel cooling pipe is melted in the aluminium
structure that holds the modules in place.

half detector The assembly consisting of four half-planes including all service
electronics needed for the operation and cooling is called a half detector (Figure 3.9).
This entire assembly can be retracted from the beam axis via a Linear Shift Mecha-
nism (LSM). There is a symmetrical copy of these components in the lower half of the
LMD resulting in two half detectors, one top and one bottom.

Figure 3.9: LMD half detector. Support electronics are not shown.

complete detector Both half detectors are attached to their own Linear Shift
Mechanism which moves them away from the beam while the beam is tuned. Every
time the half detectors are moved, their exact position inside the LMD box is no
longer known and depends on mechanical stiffness of the LSM and repeatability of
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the up-down movement. To ensure the required precision of the assembly’s position
information, several high precision capacitive sensors will be included in the LMDs
outer box facing opposite corners of each half detector. Their effective range is limited
to few millimeters, but their precision is below 1µm, resulting in a very precisely
known position of the half detector relative to the LMDs outer box.

Figure 3.10: Capacitive Proximity Sensors of different types [82]

These sensors can measure only a single axis, and multiple sensors will there-
fore be mounted inside the LMD box to cover all three axes of displacement. Fig-
ure 3.10 shows commercially available capacitive displacement sensors of different
types. They often have threaded outer casings that can be screwed directly into
threads in the detector.

Figure 3.11: Example of an SMR target holder (SMR nest) [83]

The LMDs outer shell is made from thick stainless steel. It has openings for several
flanges for cable passage and cooling pipes and is reinforced by square steel tubing
around its center. These tubes support the weight of the entire LMD and are the
most rigid part of the entire detector. The top and bottom are closed with lids that
also hold the LSM in place. To measure the position and orientation of the LMD box,
several attachment points for high precision target holders are forseen (SMR nests,
Figure 3.11, detailed description in Chapter 5). The mounting and adjustment feet
are directly connected to the rigid square tubing around the detector box as well.
With those, the orientation (and the position to a minor degree) of the LMD box can
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be adjusted during hardware alignment. Figure 3.12 shows a line render of stand
and detector, highlighting these adjustment feet in red. The mounting points for the
target holders are circled in green.

Figure 3.12: Schematic of the detector on the stand. Mounting holes for SMRs are circled in
green. The LMDs box position can be fine-adjusted by three standing feet circled
in red (the third one is obscured by the detector).



4
L U M I N O S I T Y D E T E R M I N AT I O N
AT PA N D A

Description of quantum mechanical processes typically is done with probabilities
over a multitude of experiments, since specific outcomes of individual measurements
cannot be predicted like in classical mechanics. Multiple independent but identical
measurements must therefore be performed to determine these probabilities. An im-
portant parameter for a reaction at scattering experiments is the cross section σ. It is
the principle parameter for the likelihood that a given reaction occurs during a par-
ticle collision and is measured in barn. In an analogy to classical mechanics, a barn
equals 10−24 cm and is the equivalent projected area of one particle that must be
hit by another one so that the reaction occurs. For quantum mechanics, these values
resemble not a clear-cut, hittable area anymore but are of a more probabilistic na-
ture. The cross section σ ties information about the probability that a reaction could
happen or instantaneous luminosity L to the expected reaction rate ∆N∆t :

∆N

∆t
= L · σ (4.1)

Which is usually measured in events ∆N per time interval ∆t. Because the total
number of events N is counted over a period of time dt, the time integrated luminos-
ity

L =

∫
Ldt

is required to measure the total cross section σ for the process in question. Then,
the total cross section equals the counted number of eventsN over the time integrated
luminosity L:

N = σ · L (4.2)

While the cross section is an inherent parameter of the reaction to be studied, the
luminosity is a key performance parameter of combination of the accelerator, beam
and the target. For fixed target experiments, the time integrated luminosity can be
expressed as [84]:

L = Φ · ρT · d (4.3)

WithΦ being the accelerator beam flux, ρT the target density and d the target thick-
ness under the assumption that the beam overlaps with the target. The cross-section
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Figure 4.1: Illustration of a general scattering process from a two particle initial state α to a
final state β [85].

σ typically depends on the measured angle and is thus expressed as differential cross-
section dσ per differential solid angle element dΩ. This differential cross section is
equal to the absolute value of the scattering amplitude at the measured angle Ω:

dσ

dΩ
=
∣∣f(Ω)

∣∣2
Which can be interpreted very intuitively as the probability density to find the

scattered particle at a given angle. The total cross section equals the integral over all
possible solid angles:

σ =

∫
4π

dσ

dΩ
dΩ

In quantum mechanics, particle transitions are typically described with the so-
called S-matrix or scattering matrix Sαβ, which contains the physics information
for a given process, and also gives the probability amplitude for the transition from
initial state α to final state β.

Determining the matrix elements for this S-matrix is therefore the main physical
interest. For a two particle initial state α like in Figure 4.1, the measured differential
cross section depends on the transition matrix Mβα of Fermi’s golden rule for the
process α→ β:

dσ(α→ β) = (2π)4u−1α
∣∣Mβα

∣∣2 δ4(pβ − pα)dΩ (4.4)

and is related to the scattering matrix

Sαβ = −2πiδ4(pβ − pα)Mβα

As a shorthand, uα is the relative velocity of the two particles in the initial state
uα =

∣∣∣~p1E1 − ~p2
E2

∣∣∣. Here, ~p1,2 and E1,2 are impulses and kinetic energies of particles 1
and 2, p1,2 the respective four momenta and pα,β the four momenta of the entire
initial and final states α and β. Momentum and energy conservation is ensured by
the delta function δ4(pα − pβ) since ~pα and ~pβ are the four momenta of the initial
and final state respectively.
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From Equation 4.2 and Equation 4.4, the measured particles of the final state in an
infinitesimal phase space region dΩ around the value Ω are described by:

dN(α→ β)

dΩ
= L

dσ(α→ β)

dΩ

The experiment then measures the number of events of the final state β in the
phase space volume dΩ with the counting rate dN(α→β)

dΩ . It follows that the total
cross section is proportional to the transition matrix Mβα and the luminosity:

σ ∝ 1

L
·
∣∣Mβα

∣∣2 (4.5)

From Equation 4.5 it can be seen that the cross section is accessible only with
knowledge of the luminosity.

4.1 luminosity measurement

There are two possible ways to measure the luminosity of an accelerator-target com-
bination [85]. Equation 4.3 can be used directly if the target density, target thickness
and the beam flux are known. While the target density may be inferred from the
specific target setup, the beam flux cannot be measured without influencing it. At
storage rings where the beam is circulated multiple times, this may be done by in-
troducing a thin target into the beam channel, causing the accelerated particles to
perpetually lose energy each revolution. This energy loss is proportional to the thick-
ness of the target and causes a shift of the beam revolution frequency. This frequency
shift can be measured via the Schottky spectra [86], which allows deduction of the
effective target thickness. This method has been used at the COSY accelerator with
a hydrogen cluster jet target and an internal proton beam at 2.65GeV/c beam mo-
mentum, resulting in a measurement precision for the luminosity of about 5% [87].
This method is planned for the upcoming PANDA experiment as well, but it has a
significant disadvantage. It works only for a coasting beam that continually loses en-
ergy, allowing for only punctual measurements of the luminosity. This also excludes
simultaneous luminosity and physics measurements.

The second possible way to measure the luminosity is indirectly by counting the
events per time window from a reference process. Accordingly, this process has to
be known very precisely. The luminosity can then be determined as long as the cross
section for this process is known. The systematic uncertainty of the luminosity mea-
surement depends directly on how precisely the cross section model is known. The
absolute cross section for Bhabha scattering, e+e− → e+e− scattering which is the
preferred scattering channel for luminosity determination in many e+e− annihilation
experiments, can be calculated accurately from QED [88]. But because QCD cannot be
analytically solved, no channel exists for hadronic reactions with the same precision.
At the E760/835 p̄p fixed target experiment, elastic p̄p scattering was chosen as ref-
erence channel. The luminosity was determined through energy measurement of the
recoil protons as close to the limiting polar angle as possible [89]. The upcoming
PANDA Luminosity Detector will follow this example and determine the luminosity
also through the measurement of p̄p reactions. In contrast to E760, the LMD will not
measure the recoil protons however, which cannot exit the target region through the
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solenoid magnet due to their low energy [68]. Instead, the LMD will measure only the
elastically forward-scattered antiprotons [90].

4.2 the elastic p̄p scattering model

Antiproton-proton scattering is governed by two interfering processes: long range
interaction is mainly governed by exchange photons and short range interaction by
the exchange of hadrons and gluons. The corresponding elastic cross section σel can
be derived as [91, 92]:

dσel
dt

=
1

16π

∣∣∣fhad + fcoule
iδ(t)

∣∣∣2 = dσcoul

dt
+
dσhad

dt
+
dσint

dt
(4.6)

Where t is the four momentum transfer and δ the coulomb phase, with t being
defined as a negative number. fhad and fcoul are the scattering amplitudes for the two
interaction types with respective cross sections σhad and σcoul, and the interference
term σint.

Figure 4.2 shows the different individual contributions of σcoul, σhad and σint to
the total cross section σtotal in the momentum region measurable by the Luminos-
ity Detector. At very low momentum transfers, the hadronic part is almost constant
but coulomb part diverges and dominates the total cross section. In this region, no
sensible measurements can be made. At momentum transfers from 10−2GeV/c2 to
10−1GeV/c2, the coulomb part becomes negligible and the total cross section is
only dominated by the hadronic cross section, which is not precisely known. The
LMD therefore covers the momentum transfer region in between 3 · 10−4GeV/c2 to
2 · 10−3GeV/c2, where the contribution of the coulomb part dominates the total cross
section without diverging.
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Figure 4.2: Differential cross sections as function of momentum transfer |t| [93].
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With the reduced Planck constant  h = h
2π , the coulomb part of the cross section

dσcoul

dt
=
4πα2EMG

4(t)( hc)2

β2t2
(4.7)

can be calculated analytically from QED and is well understood. Here, β = v/c is the
relativistic β factor, αEM ≈ 1/137 is the fine structure constant and G(t) = (1+∆)−2

the proton dipole factor with

∆ =
|t|

0.71GeV/c
(4.8)

From Equation 4.7 it is evident why the coulomb part of the elastic cross section
diverges for t→ 0 and has infinite range, although screening effects limit this infinite
range to some degree. This divergence may still be problematic for very small t val-
ues. To avoid interference with the primary antiproton beam, there is a lower limit
set on the measurable scattering angle of the scattered antiprotons. This means no
description of the cross section at the t→ 0 region is actually required, since no mea-
surements in this region are performed. Still, the electromagnetic interaction is the
dominating process at small scattering angles where small momentum is transferred.

For larger scattering angles, the hadronic part of the elastic cross section is domi-
nant, but unfortunately it cannot be calculated analytically from QCD due to the self
coupling nature of the involved gluons. Instead, parametrization of this part is done
from empirical models. In the hadronically dominated momentum transfer range of
−t > 10−4GeV/c2, the parametrization

dσhad

dt
=
σ2had(1+ ρ

2)

16π( hc)2
eBt (4.9)

is well suited for the differential cross section [92]. Here, σhad is the hadronic cross
section, B the slope parameter and ρ the hadronic scattering phase, which is the ratio
of real to imaginary part of the hadronic scattering amplitude at zero momentum
transfer. The values for these parameters are attained at various experiments from
fitting the model above to p̄p scattering data.

The interference term

dσint

dt
=
αEMσhad

β|t|
G2(t)e

1
2Bt (ρ cos δ+ sin δ) (4.10)

is dominated by the coulomb cross section at low t and by the hadronic cross
section at high t, and contributes to the total cross section only to a small degree. The
remaining important parameter is the coulomb phase δ, which depends on the slope
parameter B, the momentum transfer t and ∆ from Equation 4.8 [94]:

δ(t) = αEM

[
0.577+ ln

(
B|t|

2
+ 4∆

)
+ 4∆ln(4∆) + 2∆

]
(4.11)

Because the E760 collaboration used this model [89], this parametrization is re-
ferred to as the "E760 model". The PANDA collaboration uses a Dual Parton Model
(DPM) generator to simulate a large variety of p̄p reactions [95] and — important for
the luminosity determination — the elastic scattering of the antiprotons at the target
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protons. It uses a model for the description of the hadronic part that is valid over a
wide momentum transfer range [93]:

dσhad

dt
= A1

[
e
t
2t1 −A2e

t
2t2

]2
+A3e

t
2t2 (4.12)

This parametrization is not motivated by physics however, and the parameters Ai
and ti are experimentally determined by fitting to measured data. The DPM generator
as it is used by the PANDA collaborations covers the full elastic cross section given by
Equation 4.6, using the coulomb and interference parametrizations from Equation 4.7
and Equation 4.10, and the parametrization from Equation 4.12 for the hadronic part.
The luminosity is then determined by comparing the measured angular distribution
of the scattered antiprotons with the DPM model. Usually in luminosity measure-
ments, only the number of events in a certain phase space is counted. By comparing
the angular distributions, background contributions can be identified easily.

The certainty with which these parameters can be determined directly translates
into the precision of the luminosity. Figure 4.3 shows the cross section uncertain-
ties integrated over different polar angle ranges θ for the E760 model and the DPM
model as it is used by the Luminosity Detector. The E760 model was using only
data in the beam momentum region from 3GeV/c to 7GeV/c, where it is very ac-
curate. However, below and above this region the relative uncertainty increases due
to the extrapolation. The DPM model on the other hand aims to model the hadronic
cross section over a larger momentum range by incorporating data of a large mo-
mentum range from previous measurements. It is currently the only available model
in PANDAROOT , and is very precise for beam momenta < 3GeV/c compared to
the E760 model. The latter however has less uncertainty over the entire momentum
region of 1.5GeV/c to 15GeV/c, but is not implemented in PANDAROOT as of yet.
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of each parameter to the total model uncertainty is shown at Plab=15GeV/c. The con-
tributions of sT and r dominate at small |t| and the contribution from the parameter
b dominates at large |t|.
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Fig. 3.11 presents the relative uncertainty of the cross section integrated over di�er-

ent q ranges and normalized to the integrated elastic cross section in the same range.
The model uncertainty is around 2% at the beam momentum 1.5GeV/c and goes down
to 0.1% between 3–6GeV/c. Afterwards it rises slowly and at the highest beam mo-
menta (Plab 15GeV/c) goes up to 2%. In the range of 2–8GeV/c beam momentum
for which the model was originally provided, the model uncertainty is below 0.5%.
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The parameter errors DA1, DA2, DA3 and Dt2 are estimated from the �t results as

�t function uncertainties at 0.68 Con�dence Level. For the �xed parameter t1, an error
Dt1 = 0.01 is assumed independent from the energy.
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momentum transfer at the beam momentum Plab 15GeV/c. In addition the contribu-
tion to the uncertainty of each parameter to the total model uncertainty is plotted. The
contribution from the parameter A1 dominates the model uncertainty. Contributions
due to A2 and Dt1 parameters are already small and contributions due to A3 and t2 are

Figure 4.3: Relative cross section uncertainty integrated over different polar angle ranges θ
as function of beam momentum plab of the E760 model (left) and the DPM model
(right) [85].

The continuous addition of measurement data into this parameter database de-
creases relative uncertainty of the cross section further. At PANDA, the KOALA exper-
iment will accurately measure the parameters σhad, B and ρ in Equation 4.9. It will
measure the elastically scattering antiprotons at small forward angles like the LMD,
and the energy and angular distribution of the recoil protons close to 90° in addi-
tion. This will be done over the complete PANDA momentum range parallel to the
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operation of the PANDA experiment [96]. Coincidence between recoil protons and for-
ward scattered antiprotons greatly aids background suppression. Consequently, the
parameters σhad, B and ρ in Equation 4.9 will be inferred with a precision better than
1%, enabling the Luminosity Detector to measure the luminosity with a precision in
order of 1% as well.

4.3 luminosity determination

To extract the luminosity from detector data, a series of individual and decoupled
computation steps must be performed. This is usually referred to as Track Reconstruc-
tion from detector data. Because no actual detector data is available yet, a Simulation
step is performed in advance to the reconstruction and luminosity extraction. This
section explains these individual steps. Figure 4.4 shows a simplified flow chart of the
reconstruction step order before the luminosity extraction is performed (not shown).

Data XY-cut FilterHit Reco
Trk Follow

CA
Back Prop

Broken Line

Kalman
m-cut Filter

321 4 5 6

Figure 4.4: Data reconstruction flow of the LMD software starting from raw detector data [85].
The luminosity extraction occurs at step 8 (not shown).

Step 0: Generation and Detector Simulation

The first step is the generation of the particle reaction of interest. This is done with
a Monte Carlo simulation that uses the dual parton model generator. It generates
single events (e.g. of elastic antiproton scattering) with a realistic distribution and
during the next step handles the particle propagation through the detector, including
two magnetic fields, and energy loss in the detector material. It further notes where
the particle tracks hit an active sensor area. Noisy hits are generated as well just as
the real sensor would exhibit them, and a detection efficiency model is applied to
account for the non-perfect detection efficiency of the sensors.

Particles necessarily deposit some of their energy into the material that they tra-
verse, which is modeled as well. If this energy loss is above a predetermined thresh-
old, the particle causes a sensor pixel to fire, taking the < 100% sensor efficiency into
account as well. In some cases, this deposited energy is large enough that it is dis-
tributed across several neighboring pixels, leading to firing pixel clusters. The data
generation package also considers hardware properties that lead to detector noise.
Random sensor hits that do not originate from a particle track are generated accord-
ingly. These properties (deposited energy, firing pixel, sensor ID, time stamp) are
written to the Monte Carlo data file.

At this point, simulated raw data indistinguishable from actual detector data is
available. Every subsequent step is part of either Track Reconstruction, Software Align-
ment or Luminosity Extraction. Undesirable properties such as detector noise, pixel
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clusters and missed tracks must be handled correctly by the Track Reconstruction soft-
ware.

Step 1: Hit Reconstruction

Sensor data is available as a tuple of numbers that represent all information about
a hit. It contains the sensor ID, the hit positions on that sensor, which are typically
row and column numbers, time stamp and a time-over-threshold value that corre-
sponds to the deposited energy. These hit positions have to be translated into an
object containing the absolute position in the laboratory reference frame. The choice
of the reference frame is arbitrary; any coordinate system can be chosen as long as
consistency is ensured and the reconstructed tracks are transformed to the labora-
tory reference frame. Since only the ideal position of every sensor is known, the hit
positions are reconstruction under the assumption that no detector misalignment is
present.

In about 5% of the cases the charge of a particle hit is spread over more than one
sensor pixel, which is called a cluster. To identify these hits, a clustering algorithm
identifies neighboring hits as clusters and merges them into a single hit. Approxi-
mately 50% of the detector acceptance on a sensor module is covered by two partially
overlapping sensors and these hits (from the front and the back side) are also merged
to one hit. Both these merging steps are aided by time stamp information of the hits.
So-called hot pixels which fire constantly are ignored and clusters above a given size
are discarded as well. Lastly, pixel hits with an implausible time over threshold value
are also discarded. From the remaining hits, the position is reconstructed in the labo-
ratory reference frame according to the current detector geometry.

Step 2: Track Finding

The reconstructed hits of each sensor module are associated with the hits on the other
detector planes by using the time stamp information, since they most likely belong
to the same particle track. It is also possible that hits from neighboring time stamps
belong to the same original particle track. This step therefore searches for valid hit
combinations with the so called Track Follow [97] or Cellular Automaton [98] algorithms
across multiple time stamps. The latter is the default track finder algorithm of the
LMD. After this step, a single track candidate survives on average per time stamp.
Tracks in the LMD are reconstructed from three or four reconstructed hits.

Steps 3 and 4: Track Fit and Quality Cuts

For every track candidate found in the previous step, a track is fitted to these hits,
which is done with the Broken Line algorithm [99]. In the broken line fit, each segment
between two detector planes is modeled as a straight line, and these lines are con-
nected at the detector planes. This model is able to describe the multiple scattering in
the detector planes. Alternatively, the Kalman Filter algorithm has been implemented
as well, but has shown to be slower than the track follower while yielding slightly
less false results. The result of this step are the tracks, which are described by posi-
tion, direction and momentum information. Additional filters and cuts are applied
to ensure the fitted track is realistic and background particles are suppressed.
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Steps 5 and 6: Back Propagation and Momentum Cut

All tracks are then back-propagated through matter (e.g. transition cone) and the
dipole’s and solenoid’s magnetic fields, until they reach the target region. There, the
reconstructed interaction point for every track is calculated. The standard deviation
of the x and y values of these interaction points is usually quite large, indicating that
many tracks were back propagated to a position outside the expected target range.
This is an intrinsic problem of the detector being 11m behind the interaction point
and very close to the primary beam. The mean of the distribution is reproducing the
interaction point very precisely. An additional momentum cut is applied here to the
reconstructed tracks for further background suppression.

Step 7: Luminosity Extraction

Input to the luminosity extraction software are the tracks angular distribution and
resulting position of the target region. Additional information about the fitted and
back propagated tracks and most importantly a reconstructed interaction point posi-
tion for each reconstructed track.

The luminosity is extracted by comparing the reconstructed angular distribution of
the particle tracks with the predicted angular distribution from the DPM model. Com-
plicated detector effects must be taken into account, such as reduction and binning
of the detector acceptance. This is explained in detail in the following section.

4.4 luminosity fit

Luminosity determination from the angular distribution measurement is done with
the Luminosity Fit Framework [85]. In principle, the measured angular distribution
needs only to be compared to the angular distribution from the model, but this is
significantly more complicated by detector effects in practice. The measured angu-
lar distribution will therefore differ slightly from the actual or generated one. This
hindrance can be overcome in two ways: either the measurement effects could be in-
verted, yielding the original angular distribution. This is particularly infeasible due
to the vast amounts of measurement data that would be required for deconvolutions
of detector resolutions to work reliably. Alternatively, the pure model may be modi-
fied mimicking the measurement effects of the actual detector. This method is chosen
for the luminosity extraction. For an ideal, non-misaligned detector, this results in
a precision on the luminosity determination in the sub-percent range for the entire
PANDA beam momentum range of 1.5GeV/c to 15.0GeV/c [85]. The implementation
details of the software are described in detail in [85] as well. This package is used
to study the effects of the misalignment of the detector and its components on the
precision of the measurement.

The kinematics of scattering processes are determined by momentum transfer t and
either center of mass energy

√
s or beam momentum plab. Since neither the antiproton

beam nor the target are polarized, the events detectable by the LMD are expected
to be φlab-symmetrical. But before the scattered antiprotons reach the Luminosity
Detector, they traverse the solenoid magnet field and the dipole magnet. Due to their
presence, the reconstruction efficiency and the resolution of the reconstructed tracks
are no longer φlab-symmetrical. And because there are small gaps between some of
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the sensors, the efficiency is not constant between the geometrical limits either. This
reduction in reconstruction efficiency must be accounted for as well, which is done
by a process called efficiency correction. Figure 4.5 shows the simulated efficiency
of the Luminosity Detector at two different beam momenta. The track directions are
parametrized by two angles in the laboratory reference frame θx and θy according to
[85]:

θx =
px

pz
− tiltx

θy =
py

pz
− tilty (4.13)

Where px, py and pz are the x, y and z components respectively of the recon-
structed particle track and tiltx and tilty are the simulated beam tilt. This is a small
angle approximation, which is justified for the small angles relevant at the LMD. Ef-
ficiency loss between sensors and sensor modules is visible as green lines in the
otherwise yellow acceptance region. Small pockets of reduced efficiency are visible
between sensor modules as well. The purple halo at 1.5GeV/c beam momentum is
caused by reflected antiprotons that are incorrectly reconstructed, as there are no
active sensors this far away from the beam. This effect is only marginally visible at
15.0GeV/c. The overall shape of the reconstruction efficiency patter also changes be-
tween the beam momenta. At the low beam momentum, the entire efficiency pattern
appears skewed and distorted to the left, while the efficiency pattern appears almost
undisturbed at the high beam momentum.

Figure 4.5: Reconstruction efficiency of the LMD for tracks at beam momentum of 1.5GeV/c
(left) and 15.0GeV/c (right) [85]. There is no detector acceptance in white regions.

The pixels of the HV-MAPS are of finite size and thus have an intrinsic resolution, in
this case of about 23µm [80]. Particles crossing material are scattered and therefore
deviate from their initial momentum direction. This multiple scattering leads to a
further reduction of the sensor resolution. As can be seen in Figure 4.6, this effect
is far larger at low beam momenta than at high beam momenta. And because the
particles are deflected by solenoid and dipole before they enter the LMD, thus the
resolution is not rotationally symmetric either. Both the efficiency and the resolution
are taken into account as 2D-functions for the determination of the luminosity.

The angles θx and θy can be reconstructed with limited precision due to the limited
detector resolution. This has to separate causes: the intrinsic sensor resolution and
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the multiple scattering of the particles in the detector material. The latter is especially
apparent at lower beam momenta. Additionally, the particles are diverted differently
by the two magnetic fields between the interaction region and the LMD. This was
already visible as distortion in Figure 4.6, but has additional effects on the recon-
struction precision of θx and θy. In the Luminosity Fit Framework, this is modeled as
a multivariate gaussian, and the fit parameters of this gaussian to the reconstructed
angles is used to compensate for this resolution reduction. Figure 4.6 shows the an-
gular resolution for 1.5GeV/c and 15GeV/c, the effect of multiple scattering at low
beam momenta is clearly visible. The minor and major radii are the fit parameters of
the multivariate gaussian.
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Figure 4.6: Angular resolution vs beam momentum [85].

These effects are common for all detector systems and are taken into account. In ad-
dition, further effects influence the precision of the luminosity determination. These
are related to the beam and the target.

target size There is no single interaction point for all elastically scattered an-
tiprotons due to the diffuse target region. For all target types, the interaction region
is not ideally homogenous nor ideally concentrated in a single point but instead mod-
eled as a multivariate gaussian. The mean of this fitted gaussian of the reconstructed
interaction point is used as reference target region.

beam tilt and shift The particle beam of the PANDA experiment might not
reach the LMD at the expected angle, or it might be shifted in the detectors XY-plane.
This can happen if the primary beam is not ideally aligned, and it may enter the LMD

off-center and at an unexpected angle. To combat this, the fit model in the Luminosity
Fit Framework has additional free fit parameters for the beam tilt in the X and Y axes
and the corresponding angles.
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beam divergence The antiprotons in the beam do not have the same inclination
on the target, but are distributed around the average beam tilt. The Luminosity Fit
Framework counters this by introducing a new θxθy coordinate system, in which this
beam divergence is a free fit parameter for the luminosity fit.

The cumulation of all influences are covered in Equation 4.14 [85]:

dN(θrec
x , θrec

y )

dθrec
x dθ

rec
y

=L ·
∫
dθMC
x

∫
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y Res(θrec

x , θrec
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. (4.14)

With the function Res(θrec
x , θrec

y , θMC
x , θMC

y ) containing detector all the detector smear-
ing information discussed above, and ε(θMC

x , θMC
y ) containing the reconstruction ef-

ficiency. These integrals are calculated numerically and the count rate per recon-
structed angles θx and θy is extracted. The Luminosity Fit Framework then compares
the adjusted counting rate with the expected counting rate from the DPM model to
extract the scaling factors (luminosity) between these two distributions.

While all the effects mentioned above are unavoidable even at a perfectly aligned
detector, they will be significantly worsened by detector misalignment as well, as all
of these corrections rely on accurate positional information for every sensor.
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S U RV E Y A N D A L I G N M E N T

Detector systems for high energy physics typically consist of hundreds to thousands
of active detector components that can only correctly determine the position of a reg-
istered particle if their own position is known very precisely. Therefore, it is manda-
tory for the precise determination of the particle tracks to have a very precise descrip-
tion of the complete detector system. Due to their sheer number it may sometimes
be impractical to measure each individual component by hand, and both automatic
hardware measurements (if available), hardware alignment and software alignment
must be employed.

The Luminosity Detector alone has 400 individual sensors whose exact positions
depend on the mechanical supports that hold them in place, which have to be mea-
sured very precisely. The result of that measurement will be a discrepancy of every
component between its actual position and its design position. Alignment is the pro-
cess of correcting this discrepancy through careful positioning and precise position
measurement in the laboratory reference frame (in the following called PANDAglobal).
In principle, any reference frame is equally valid to describe the position of a compo-
nent. For example, the position of the sensors can be given in the reference frame of
the LMD, which is called LMDlocal. But it is generally advisable to use only one global
frame of reference for survey. It has to be distinguished between survey, hardware
alignment and software alignment.

survey Each entire sub detector, e.g. the Luminosity Detector, will have special
markers whose position relative to the component are specified during component
design and assembly, and be verified and corrected if needed by hardware alignment.
Once all sub detectors are positioned in the PANDA experiment hall, a survey team
will determine the position of these markers relative to the laboratory reference frame,
and this entire process is referred to as survey. It produces (X, Y, Z) coordinates of
all relevant markers but does not change any component positions any more. If sub
detectors are out of place above a previously specified tolerance, their position has
to be adjusted and the measurement of the survey team has to be repeated. The
position information of the survey is directly used to get the positions of the sub
detectors within the laboratory reference frame.

hardware alignment Each component within a sub detector, e.g. the Lumi-
nosity Detector, is positioned as closely to its design position as possible during
detector assembly through continuous measurements. The precise determination of
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the positions of detector components is done by any form of Coordinate Measuring
Machine (CMM). Most components possess some form of adjustment tool to enable
fine corrections of their position after the component placement, and every process
that changes its actual position or orientation is called hardware alignment. In some
cases, the discrepancy between design and actual position cannot be compensated
by different placement or adjustment. In these cases, the measured values must be
noted as-is and they are considered during track reconstruction.

software alignment Several components of the sub detectors might be inac-
cessible during the survey phase and their positions might be fixed because they
are glued, welded or otherwise permanently affixed to a larger structure. Therefore
their positions and orientations must be determined otherwise. This can be done by
evaluation of particle hits and tracks for the position determination of these compo-
nents. This is called software alignment. Because it is unable to physically move any
components, it can be regarded as a software extension of survey.

A common software alignment method using reconstructed particle tracks is the
track based alignment, which uses particle tracks to align several sensors with respect
to their common reference frame. The distances of the reconstructed hits to their
respective reconstructed tracks are used to determine the alignment of the individual
sensors.

A template for applying all parameters measured by detector survey, hardware
alignment and software alignment is included in FAIRROOT as a result of this thesis.
This means the functionality to apply corrections onto the positions of all sub detec-
tors, modules and active material such as sensors is now available for all experiments
using FAIRROOT as a base of their software. In the following, this chapter introduces
survey concepts and selected CMMs as well as the mathematical base for using po-
sition corrections within data analysis. The actual implementation in FAIRROOT is
explained.

5.1 detector survey

Detector survey is the process of determining the actual position of components with
respect to the experiment hall, which is commonly called cave. It is a sophisticated
process requiring expert knowledge, and will be planned by the GSI Survey & Align-
ment Team and executed by external contractors [100]. To ensure the survey is as
effortless as possible, it is advantageous for detector developers and engineers to be
familiar with the basic principles of survey processes and tools. This ensures that
lines of sight from markers on detectors and walls can be kept free and the markers
themselves can be positioned on the detectors optimally.

There will probably not be a single time of initial survey after the entire accelerator
and detector is ready but instead multiple iterations [100]. The soil on which the hall
is built will continually settle, moving the reference walls, floors and ceilings them-
selves measurably. Outside temperature and air pressure will influence those as well,
so multiple measurements must be done at different times of the year. The detectors
are also very heavy and will cause further movement of the concrete structures.

After each survey, each group responsible for a given detector will be supplied
with the measured positions of the measurement markers on their detectors, which
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are called fiducials. These fiducials can be reflective stickers or high-precision SMRs.
It is then their responsibility to calculate the positions of the actual sensors relative
to these fiducials. Methods to determine these are discussed below.

It is recommended that each detector group stay in contact with the GSI Survey
group to discuss requirements on accuracy and number of markers. Typically, the
first question is how precisely a sensor position must be known to ensure correct de-
tector operation and not how accurate the survey team can get. Accuracies of 100µm
for detector positions are a reasonable first target that should be attainable with rea-
sonable effort. If higher precision is required, more exhaustive and expensive mea-
surements must be undertaken.

Markers will be placed on multiple positions on the walls, floor and ceiling of the
accelerator tunnels and experiment halls, functioning as a reference system for all
components. Retro reflective stickers (Figure 5.1, left) are comparatively cheap and
easily placable on multiple surfaces including detectors, but limited in their precision.

Figure 5.1: Two types of fiducial markers, retro reflective cross hairs (left) [101] and high
precision SMRs (right) [102].

High precision spherically mounted retroreflector (SMR)s (Figure 5.1, right) are pre-
cisely machined stainless steel spheres containing a cube mirror corner right in their
center. They are commonly used in combination with optical measurement machines
like laser trackers. An inbound laser beam from a laser tracker will be reflected by
the corner cube mirror at the same angle it came in, but offset due to triple reflection.
This offset is smaller the closer the laser beam enters the exact center of the SMR. The
laser tracker can find the center and distance to an SMR with very high precision. The
mechanical center precision of SMRs with respect to mounting options is typically
≈ 15µm. Because these SMR are expensive and should be kept clean, they are not per-
manently attached. Instead, they are held magnetically in so-called SMR-nests, which
can be permanently attached to detectors and walls. In order to measure the position
and orientation of detector components, at least three markers must be present, but
more are recommended to reduce the overall position error.

Laser trackers are expensive, high precision CMMs that measure the positions of
SMRs from their own position with a laser beam. They can autonomously find the
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Figure 5.2: Faro laser tracker (blue device on left) pointing at SMR (small device inside red
circle) [102].

centers of their targets and have high precision angular encoders and an interfero-
metric distance measurement. Their operating distance ranges from few centimeters
up to 150m, and their measurement accuracy depends on the distance to the target.
Universal statements pertaining to laser tracker accuracy can therefore not be made,
but should be less than 50µm for the ranges relevant to the LMD.

Figure 5.2 shows a laser tracker in operation. It is also advisable to plan for mul-
tiple laser tracker positions in the PANDA experiment hall (cave) so that detector
component can be measured from multiple sides. Ideally at least three SMRs should
be visible from each position.

5.2 hardware alignment

Measurement of detector internals with laser trackers is impractical, and during con-
struction and assembly, different machines such as measurement arms and portal mi-
croscopes are used instead. Measurement arms have internal angular encoders just
like laser trackers and together with their geometry information they can determine
the position of a special measurement probe. Since this probe is typically placed on
a component on multiple points, measurement arms are commonly used in a tactile
manner instead of optically1 (Figure 5.3). Their working area is typically a sphere
with radius 50 cm to 350 cm, and measurement accuracies ranging from 35µm to
150µm can be reached.

More delicate parts may be too sensitive for a measurement arm probe and must
be measured optically with a microscope. Portal microscopes like the one pictured in
Figure 5.4 are ideally suited for this task. The module carriers shown in Figure 3.8 will
be measured with a Zeiss O-INSPECT microscope that can measure in tactile and in
optical mode. This is used to determine the position of the reference sensors on each
module with respect to the aluminium structure of the half plane in Figure 3.8. Since

1 Although only tactile probes are explained here and used at the LMD, contactless laser surface scanners
that can be attached to the measurement arm are available as well.
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Figure 5.3: Hexagon Absolute Arm coordinate measurement machine [103].

Figure 5.4: Zeiss O-INSPECT optical and tactile coordinate measurement machine [104].

the sensors are glued to both sides of a CVD diamond module and are opaque, not all
sensors can be measured this way and software alignment methods are needed. The
machine is large enough to measure the entire assembled half detector as well. The
accuracy of the microscope depends on the size of the measured volume. For these
applications it ranges from 1.5µm to 5µm for optical measurements and about twice
that for tactile measurements.

The position measurements gathered during survey and hardware alignment are
the starting point for the software alignment.



48 survey and alignment

5.3 homogenous coordinates

Cartesian, cylindrical and spherical coordinates provide intuitive descriptions of po-
sitions and movements due to the easy description of translations and rotations in
these coordinates. Computationally however, they have a disadvantage when descrip-
tion of three-dimensional positions, orientations and sequential transformations is
required, which can be shown in a short example.

In three dimensions, a point ~p can be moved to a new position ~p ′ by adding a
translation vector ~t towards it:

~p ′ = ~p+~t (5.1)

Rotations around the principal axes of the coordinate system are described by
multiplication with 3× 3 rotation matrices R:

~p ′ = R · ~p (5.2)

Rotations around axes that do not cross the origin of the coordinate system can-
not be expressed with 3× 3 rotation matrices alone, but have to be divided into a
sequence of translation-rotation-translation that moves an object to the origin of the
coordinate system, rotates it and finally moves it back to its original position. Succes-
sive rotations and translations as they occur frequently during detector construction
in software mix addition and multiplication and quickly become difficult to handle.
It is therefore common to handle these transformations in homogenous coordinates. The
majority of the geometry description in this thesis follows this convention.

In homogenous coordinates, cartesian points and vectors are treated as three-dimensional
projections of 4-dimensional objects. Homogenous coordinates are therefore some-
times also called projective coordinates and the two terms are often used interchange-
ably. In homogenous coordinates, affine transformations - and projective transforma-
tions in general - can be expressed as a sequence of matrix multiplications. Any given
point in three dimensions has infinite representations in homogenous coordinates,
and this process of finding a homogenous representation is called homogenization.
For these examples a column-major representation of all vectors is chosen, such that:xy

z

 = [x,y, z]T (5.3)

For ease of reading, column vectors will be expressed as transposed row vectors
when convenient. A point ~p = [x,y, z]T can be represented in homogenous coordi-
nates by introducing the homogenous coordinate w, such that ~p = [x ′,y ′, z ′,w]T and
w is by convention initially chosen as w = 1:

[x,y, z]T → [x ′,y ′, z ′,w]T (5.4)

Transformations are now applied as matrices onto these vectors, and this operation
may also change the value of the homogenous coordinate w. The inverse operation
of obtaining the three-dimensional projection vector from any of its homogenous
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representations is called dehomogenization. As long as w 6= 0, it is done by dividing
the first three coordinates by the homogenous coordinate:

[x ′,y ′, z ′,w]T → [
x ′

w
,
y ′

w
,
z ′

w
]T = [x,y, z]T (5.5)

As a consequence of Equation 5.5, it is now evident why there are multiple ho-
mogenous representations of the same point:

1
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3

1

 =̂
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 =̂


100

200

300

100

→
12
3

 (5.6)

That is because a three-dimensional point in cartesian space is represented by a line
from 0 to ∞ in projective (homogenous) space. Correspondence (=̂) in this context
means the dehomogenization of these homogenous points is the same cartesian point.

A special case is the value w = 0 that represents a point at infinity, which cannot be
de-homogenized. The points ~p1 = [4, 5, 6]T , ~p2 = [40, 50, 60]T and ~p3 = [400, 500, 600]T

are all on a straight line in cartesian coordinates (they are collinear) and are repre-
sented by the homogenous coordinates:

[4, 5, 6]T → [4, 5, 6, 1]T

[40, 50, 60]T → [4, 5, 6, 0.1]T

[400, 500, 600]T → [4, 5, 6, 0.01]T

[?, ?, ?]T → [4, 5, 6, 0]T (5.7)

The last line in Equation 5.7 is an infinitely far away point. Although it is also
collinear to ~p1, ~p2, ~p3 in cartesian coordinates, it cannot be represented in cartesian
coordinates, and the point [4, 5, 6, 0]T can thus not be dehomogenized.

translations A three-dimensional translation ~t as described in Equation 5.1
becomes a four dimensional matrix Mt as in Equation 5.8:

~t = [dx,dy,dz]T →Mt =


1 0 0 dx

0 1 0 dy

0 0 1 dz

0 0 0 1

 (5.8)

The translation is then expressible as a matrix multiplication:

~p ′ =Mt · ~p

=


1 0 0 dx

0 1 0 dy

0 0 1 dz

0 0 0 1

 ·

x

y

z

w

 =


x+ dx

y+ dy

z+ dz

w

 =


x

y

z

w

+


dx

dy

dz

0

 (5.9)
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rotations Rotations around the principal axes are as trivial in homogenous co-
ordinates as in cartesian coordinates, the rotation matrix only has to be extended by
one dimension:

R3 =

R11 R12 R13

R21 R22 R23

R31 R32 R33

→ R =


R11 R12 R13 0

R21 R22 R23 0

R31 R32 R33 0

0 0 0 1

 (5.10)

A rotation is then still:

~p ′ = R · ~p

=


R11 R12 R13 0

R21 R22 R23 0

R31 R32 R33 0

0 0 0 1

 ·

x

y

z

w

 =


x · R11 + y · R12 + z · R13
x · R21 + y · R22 + z · R23
x · R31 + y · R32 + z · R33

w

 (5.11)

other transformations In principle, this formalism also allows other trans-
formations like reflections, scaling and shearing. Shearing may be the most probable
deformation that can occur for detector components due to mechanical stress. This
can be included if necessary. Scaling and especially reflection are impossible for real
detector components and are therefore not handled here. This work focuses on rigid
transformations only.

successive transformations Because all transformations are expressible as
matrices, multiple transformations can be applied in succession and expressed as a
single 4× 4 matrix due to matrix multiplication associativity. Let A,B,C be homoge-
nous transformation matrices with C · B ·A = D and ~p a homogenous vector, then
successive application of transformations is given by:

C · (B · (A · ~p))) = (C ·B ·A) · ~p = D · ~p (5.12)

This property is the primary motivation for the usage of homogenous coordinates.
It means that multiple different and successive transformations can be expressed as
one single 4× 4 transformation matrix, no matter how many transformation steps
are performed. For example, the translation-rotation-translation sequence mentioned
above can also be expressed as a single matrix, and rotations around arbitrary axes
are possible without intermediate transformations.

Rigid transformation matrices (transformations, rotations, reflections) are invert-
ible; the inverted matrix M−1 for the transformation M undoes the transformation.
The identity matrix represents a transformation which does nothing:

M ·M−1 = 1 (5.13)

It should be noted that due to limited computational accuracy, matrix inversions
reduce the achievable numeric precision. 64 bit double precision floating point num-
bers result in about 16 digit precision, but numeric matrix inversions typically reduce
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this to ten digits. This must be considered when the units are chosen which these
64 bit numbers represent. In ROOT for example, the default unit of length is centime-
ters. Ten digit precision then still results in picometer accuracy for transformations in
which matrix inversions are involved. This is well below measurement and alignment
precision and therefore sufficient.

For these reasons, all transformations in this work and the LMD Alignment Soft-
ware will be described in homogenous coordinates, and all examples below will be
given in column-major notation2.

5.4 active vs passive transformation

This thesis uses two different kinds of transformations, which are called active trans-
formations and passive transformations. They are equivalent transformations, but their
physical interpretation is different.

active transformation During virtual detector construction in ROOT, a de-
tector component is usually created at the origin of a given reference frame and then
moved and rotated until it reaches its design position. This is done by multiplying ev-
ery point of the component with the transformation matrix T . This matrix describes
the movement from the origin of the source reference frame to the origin of the target
reference frame:

~p ′i = T · ~pi
Since these points are moved, this is called an active transformation. The alignment

matrices found by software alignment are active transformation matrices as well,
since they really move virtual components from their design position to their actual,
measured position.

passive transformation If the position of a point is needed in a different ref-
erence frame without actually moving it, a passive transformation is required. Those do
not move hits or components but express their position in a different reference frame.
These operations are basis transformations in principle. Using the same reference
frames with transformation matrix T as above, this becomes:

~q ′i = T
−1 · ~qi

For example, the reconstructed hits from a sensor are usually far away from the
origin of the laboratory reference frame, and in the case of the LMD, the sensors are
approximately 11m downstream from the PANDA laboratory reference frame. For nu-
meric reasons, the Sensor Alignment works better when the hits are clustered around
the origin of the reference frame, so it is sensible to express these hits in a reference
frame where this is the case. One such reference frame is the Luminosity Detectors lo-
cal reference frame LMDlocal, which is about 11m away from the laboratory reference
frame PANDAglobal. Because the hits are not actually moved, they need to undergo a

2 Column major and row major descriptions differ in the order in which matrix elements are read from
memory and multiplied to other matrices. Both choices are equally valid, but row-and column-major
descriptions must not be mixed.
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passive transformation to be expressed in the reference frame LMDlocal. The majority
of transformations on detector data in this work are passive transformations.

5.5 example 1 : moving points

An observer is in the laboratory reference frame and wants to know the Luminosity
Detectors position. This is easily achieved by moving a test point from ~0 with a
transformation matrix and observing where it ends up. Let ~p = [0, 0, 0]T be a test
point at the origin of the laboratory reference frame PANDAglobal and let T be the
transformation matrix that goes from PANDAglobal to LMDlocal, which is known from
the detector design.

T =


0.999 0 0.04 25.378

0 1 0 0

−0.04 0 0.99 1109.13

0 0 0 1


This is a composition of a translation, a rotation and another translation. The posi-

tion of the LMDs origin is now wanted from an observer measuring from PANDAglobal.
Both ~p and T are known, so ~q can be calculated which represents the origin of
LMDlocal:

~q = T · ~p =


25.378

0

1109.13

1


This means an observer in the laboratory reference frame PANDAglobal sees the

LMD at ~q = [25.378, 0, 1109.13]T . This is an active transformation, because a test point
~p point was moved to see where it ends up.

5.6 example 2 : change of basis for points

The observer is now in LMDlocal and wants to know the position ~i ′ of the interaction
point, expressed in coordinates of LMDlocal. This can be done by performing a pas-
sive transformation of the position ~i = [0, 0, 0]T , the interaction point expressed in
PANDAglobal. The transformation matrix T−1 that is used for this passive transforma-
tion is the inverse of matrix T from the previous example:

~i ′ = T−1 ·~i =


19.018

0

−1109.257

1


It is immediately visible that ~i ′ 6= −~q, which may be counter-intuitive initially.

This is because passive transformations change the reference frame, therefore ~q and
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~i ′ are in different reference frames and cannot be compared. To compare them and
verify they are describing the same place, the position ~q = [25.378, 0, 1109.13]T of the
LMD expressed in PANDAglobal can be passively transformed to the reference frame
LMDlocal of the LMD:

~q ′ = T−1 · ~q = T−1 · T · ~p = ~p =


0

0

0

1


And indeed, the position of the LMD when expressed in coordinates of LMDlocal is

of course at the origin ~q ′ = [0, 0, 0]T of this reference frame. It is therefore immensely
important to apply the operations in the correct order and in the correct reference
frames.

5.7 example 3 : change of basis for transformation matrices

Particle hits and reconstructed tracks are by convention calculated in PANDAglobal

coordinates, but sometimes it is advantageous to use different reference frames like
in the previous example. Suppose the reconstructed hits and tracks have already
undergone a passive transformation as described above and are now expressed in
LMDlocal coordinates.

Now, software alignment is performed using these pre-transformed hits and tracks,
and a misalignment matrixM?

LMD is found that describes the deviation (which is com-
posed of translation and rotation) of a sensor module from its design position. This
matrix is expressed in LMDlocal coordinates because it was found from sensor data in
the same coordinates. It looks different when expressed in the PANDAglobal reference
frame, even though it describes the same transformation. Because the software align-
ment results complement survey data, they must be expressed in the same reference
frame. To express the matrix M?

LMD in another reference frame, it needs to undergo
a change of basis as well.

Let T be the transformation matrix from PANDAglobal to LMDlocal like in the pre-
vious examples, then the change of basis for this transformation matrix M?

LMD from
LMDlocal to PANDAglobal is given by:

M?
PANDA = T ·M?

LMD · T−1 (5.14)

The resulting matrix M?
PANDA is called similar to the initial matrix M?

LMD since
it describes the same transformation, but as seen from a different reference frame. In
this context, T is called the change-of-basis matrix, even though it is still the same
transformation matrix as in the previous examples.
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the shoulders of
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This thesis’s major focus is the investigation of the misalignment effects on the de-
termined luminosity and how to correct this misalignment. The principal purpose
of the Luminosity Detector is measurement of the luminosity at PANDA. The goal is
to measure the relative integrated Luminosity with a precision of better than 1% as
described in Chapter 3. This is done via the measurement of the angular distribu-
tion of the forward scattered antiprotons at very small scattering angles. Due to the
high precision which should be achieved, this fit is very sensitive to misalignment
of the detector components. This chapter explains how simulated misalignment of
the detector components is added to FAIRROOT to study the influence on the recon-
struction results, and how alignment data is applied during reconstruction to correct
detector misalignment.

6.1 implementation of misalignment fairroot

The software package which is used by the LMD working group for the Monte Carlo
generation of simulated data and subsequent reconstruction is called PANDAROOT
[105]. It is a set of libraries that depend on and in part inherit from FAIRROOT. FAIR-
ROOT is used as a basis for all experiments at FAIR, and is expanded upon with
experiment-specific libraries. The code should be organized such that algorithms rel-
evant to all experiments are included in FAIRROOT directly, so that they are available
to all inheriting code bases like PANDAROOT automatically. As such, the misalign-
ment interfaces are committed directly to FAIRROOT and only the algorithms explic-
itly developed for the Luminosity Detector are committed to PANDAROOT or even
the Luminosity Detector code.

PANDAROOT provides experiment-specific functionality to generate data via the
Monte Carlo method. It uses the GEANT3 and GEANT4 [106] software packages
to propagate the generated particles through the detector components and calculate
energy loss and multiple scattering. The sensor data from these simulated particles
looks just like the real data from the PANDA experiment. PANDAROOT also handles
the track reconstruction and analysis of the reconstructed data.

There are two goals for the inclusion of misalignment of components in FAIR-
ROOT:
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• For Development and Testing: The reconstruction and analysis software has to
be written well in advance to the construction of the detector. It is relevant to
check how the analysis will be influenced if the data comes from a misaligned
detector. Simulated misalignment is applied to the virtual detector geometry
during Monte Carlo data generation. The hit reconstruction and data analysis
algorithms are not aware of this misalignment and their behavior can be stud-
ied.

• For Analysis of Real Detector Data: The reconstructed hits are always based on
measurement data from a misaligned detector. During hit reconstruction, this
misalignment is taken into account and corrected. The reconstructed hits and
tracks are now in accordance with the real, physical detector.

The geometry model introduced below and the misalignment and alignment inter-
faces for FAIRROOT are usable for both scenarios.

6.2 reference frames

The position and direction of a reconstructed track is usually described in the labo-
ratory reference frame of an experiment. The position of the sensors measuring the
particle tracks however are almost never known directly in this reference frame, but
instead only with respect to the component they are attached to. Typically, these
components are attached to other components, with their position also known only
relative to this other component. Depending on the size and complexity of a given de-
tector, there may be many intermediate components. The position of a reconstructed
hit from a sensor can then be calculated with the knowledge of each of these relative
positions and every component defines its own reference frame, which are called vol-
umes in ROOT parlance. The two most important reference frames in this work are
the laboratory reference frame PANDAglobal, in which the target region is centered
at the origin, and the sub-reference frame LMDlocal. Because the LMD measures the
antiprotons 11m behind the interaction point, its reference frame "follows" the beam
path through the dipole magnet field and consequently moved 11m and rotated by
about 40mrad with respect to the beam egressing the interaction region. In the ref-
erence frame LMDlocal, the local z axis still coincides with the primary beam axis by
design, and the four planes of the LMD for example are placed symmetrically around
this local z axis. A schematic of some of the reference frames used in this work is
shown in Figure 6.1.

This detector setup is called the ideal detector geometry, and deviations of any com-
ponent from its design position is called misalignment. The transitions between refer-
ence frames are ideally suited to include this misalignment. Since every component’s
design position is constructed through a series of transformation matrices — one for
each component — the misalignment can also be applied via a transformation matrix
that describes the deviation from this design position. Figure 6.2 shows this chain of
matrix multiplications for several subcomponents. White boxes are reference frames,
green boxes are ideal transformation matrices and red boxes are misalignment ma-
trices M?. Reference frames can be changed via active or passive transformations
that use both ideal and misalignment matrices. With the addition of the new mis-
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Laboratory reference Frame (PNDglobal)
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Figure 6.1: Selected reference frames of the LMD. Except for the laboratory reference frame
PANDAglobal, all reference frame are embedded into another reference frame.

alignment interfaces to FAIRROOT, these transformation matrices can be given to
the simulation and reconstruction programs at run time.

cave

component 1M1*

sub
component 1

M1_1*

sub
component 2

M1_2*

component 2

M1

M1_1

M1_2

M2*M2

Figure 6.2: Schematic of components and sub-components in FAIRROOT. Reference frames
(white boxes) can be reached from other reference frames via ideal transformation
matrices (green boxes) and subsequent misalignment matrices (red boxes) either
by active or passive transformations. Except for the root reference frame (cave), all
reference frames are sub-frames of another reference frame.

The handling of misalignment is done such that every detector component has
an ideal position given from the design and an actual position once it has been con-
structed. To model the actually constructed detector correctly in simulations, the devi-
ation of the actual position from the ideal position can be described as a misalignment
matrix M? for every component that is applied after the design transformation:

Mactual =M
? ·Mideal (6.1)

Were the detector assembled with perfect precision, these misalignment matrices
M? would be identity matrices. The misalignment is composed of rigid transforma-
tions: translations and rotations, but no deformations like shearing, or scaling. Sub-
components automatically inherit the misalignment of their supercomponent (the
component they are attached to) in addition to their own misalignment with respect
to the supercomponent. It is not strictly necessary to include a misalignment matrix
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for every component. The selection of which components are given a misalignment
strongly depends on the detector geometry. For example, it may be possible to mea-
sure the position of subcomponent 1 and subcomponent 2 in Figure 6.2 directly. The
misalignment of component 1 is then included automatically in the positions of the
subcomponents. In that case, it is not necessary to explicitly measure the position of
component 1 or include it in the geometry model.

Until this point, this description only accounts for deviations of components from
their ideal positions, just as it will appear on any constructed detector. A correct de-
tector model is now available during Monte Carlo data generation. Since the track
reconstruction algorithms assume an ideal detector, alignment matrices have to be
introduced to correct for the misalignment of the real detector. But this description
can also take corrections onto these deviations into account, which is called alignment.
It can be done by applying a correction matrix M1A (determined by survey, software
alignment etc.) after the misalignment matrix for every component, as shown in Fig-
ure 6.3.

cave component 1M1*M1 ...M1A

Figure 6.3: Alignment matrices (blue boxes) to correct misalignment are applied after mis-
alignment.

6.3 misalignment matrices vs alignment matrices

One very important distinction that is used throughout this work is the difference
between misalignment matrices and alignment matrices. It is absolutely crucial that these
are not confused in the following chapters.

misalignment matrices For many experiments, it will be necessary to study
how the analysis (e.g. track reconstruction) behaves when its components are not
at their design position. The detector might exhibit reduced or different geometri-
cal acceptance, track reconstruction efficiency and other effects due to component
misalignment. To study this behavior, a FAIRROOT user can use the new misalign
functionality. It moves detector components away from their design positions during
simulations, and the matrices that dictate these movements and rotations are referred
to as misalignment matrices since they supply the actual misalignment. They are rele-
vant only during Monte Carlo simulations, where they are applied inversely to make
them compatible with the alignment matrices (see next paragraph). In Equation 6.1,
this misalignment matrix was called M?.

alignment matrices At the experiment, detector survey, hardware alignment
and software alignment provide information about the actual positions of detector
components, which in general will deviate from the design positions. It is very likely
that survey will give only absolute, actual positions, and not deviations from the ideal
positions. For Software Alignment, these deviations are more relevant however in order
to correct them. While these corrections can assume many different forms, this work
will use transformation matrices that describe the deviation from the components
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design position exclusively. These matrices are referred to as alignment matrices, and
they will be used by the hit reconstruction task at the final experiment to provide
the correct coordinates for every single hit before further reconstruction steps are
undertaken. Should the survey or alignment methods employed in the future only
supply the actual position of a component (instead of deviation from design position),
the alignment matrix can be derived from Equation 6.2:

MA =Mactual ·M−1
ideal (6.2)

Because misalignment matrices are constructed according to Equation 6.1, and align-
ment matrices are defined according to Equation 6.2 to compensate the misalignment,
it is clear that

Mactual =M
? ·Mideal ⇒M? =Mactual ·M−1

ideal and

MA =Mactual ·M−1
ideal

⇒M? ≡MA (6.3)

The alignment matrices describe exactly the same transformations as the misalign-
ment matrices, and thus the two are identical by construction (barring limited com-
putational accuracy). The distinction lies in their purpose. At the experiment, the
misalignment matrices are not available and only alignment matrices can be deter-
mined. During development and testing however, both misalignment matrices and
the alignment matrices from software alignment are available, and comparison of
these two matrices is a viable indicator for the quality of the software alignment
methods. This only works if the misalignment matrices are applied inversely during
the Monte Carlo data generation, which is handled by the new misalignment inter-
faces of FAIRROOT automatically. This was a deliberate choice to avoid confusion
at which time alignment-or misalignment matrices have to be inverted by the user;
neither have to be inverted and can be compared directly when this convention is
used.

6.4 shifting geometry vs shifting data

Now that the principle misalignment model is established, the actual implementa-
tion can be done in multiple ways. The most intuitive way is to really move a detec-
tor component in the geometry model and perform Monte Carlo simulation with the
misaligned geometry. This method will henceforth be called Shifted Geometry Misalign-
ment. In practice, the creation of virtual particle hits is separate from the algorithms
that calculate which sensor was hit and which pixel or strip on that sensor if applica-
ble. This so-called hit digitization tasks need to be aware of the misalignment as well
in this model. Every subsequent computation task is now related to hit reconstruction
and data analysis, and does not care about the underlying detector geometry any-
more. Momentum and direction cuts are of course geometry dependent, but those
can only be trained on aligned geometry. This way, the geometry in the simulation
is a plausible representation of the actual, constructed detector. Acceptance gaps due
to shifted sensors are represented correctly as well. However, this may lead to clash-
ing volumes and especially intersecting sensors. Multiple sensors covering the exact
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same volume may lead to undefined behavior. in the hit reconstruction algorithms.
Studies conducted during this thesis with respect to the Luminosity Detector have
found that only one of multiple clashing sensors will produce a hit on the intersect-
ing region, the others simply remain inactive. Since all hits are taken only once, no
problems occurred and the issue of clashing active detector volumes could therefore
be neglected.

Other components may however use different descriptions of their active material
which are not resilient against intersecting components or sensors, and may want to
avoid clashing volumes altogether. The method above has another disadvantage: if
multiple different misaligned scenarios have to be investigated, this method requires
re-generation of the Monte Carlo samples in each case, since the actual geometry is
different every time. This may consume immense computing resources. Therefore, a
second method of misalignment is included that does not move the detector compo-
nents but instead moves the reconstructed hits in the opposite direction. This means
during Monte Carlo generation and calculation of sensor hits, no misalignment is
present at all. Instead, the reconstructed hits are moved according to the misalign-
ment only after they have been reconstructed. This method will therefore be called
Shifted Data Misalignment. Its major advantage is that Monte Carlo data has to be
generated and reconstructed only once, and different misalignment scenarios can be
investigated by simply moving reconstructed hits before the next steps of the analy-
sis. The downside of this method is an unrealistic detector acceptance. Specifically, if
a sensor is moved away from its design position, it cannot have seen hits in this area.
While those hits could simply be deleted if they are found outside the new detection
area, an actually displaced sensor will also detect hits outside its normal acceptance,
simply because it "looks elsewhere". This cannot be accounted for with Shifted Data
Misalignment and is a shortcoming that must be considered.

Either method, Shifted Geometry Misalignment and Shifted Data Misalignment, have
their advantages and shortcomings, and it is up to the user which method to choose
during simulation studies of the effects of misalignment on their detectors perfor-
mance. For the actual experiment, Shifted Geometry Misalignment is strongly recom-
mended as it models the actual geometry of the detector system correctly. Since the
alignment matrices are derived from it, clashing volumes in the software representa-
tion of the detector are highly unlikely to occur since the physical components cannot
intersect.

The alignment matrices that aim to correct the misaligned geometry either in simu-
lation or real data are always applied during hit reconstruction, regardless of which
method of misalignment is chosen. This makes both misalignment methods compati-
ble. It is a matter of perspective if the alignment matrices should modify data from a
misaligned detector such that the data from it looks like it was measured by the ideal
(non-misaligned) detector, or if it should account for detector misalignment during
hit reconstruction and display data as it was taken from a real but misaligned detec-
tor. There is no fundamental difference between the two approaches since both work
on data gathered from a misaligned detector. In the following the latter interpretation
is used exclusively.
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6.5 alignment quality assurance

In these studies the actual misalignment matrices are available in addition to the
alignment matrices determined by software alignment. It is therefore possible to
compare the misalignment matrices and the determined alignment matrices for each
aligned component to evaluate the software alignment quality. This is done by run-
ning the simulation and reconstruction steps as described before.

A misalignment scenario is defined as the following: Starting with the design ge-
ometry (ideal geometry), random misalignment matrices are applied to the detector
geometry, producing a model of the actual geometry during the simulations. First
the PANDAROOT Monte Carlo simulation is using the actual geometry to simulate
the detector hits, which are indistinguishable from data from the upcoming detector.
In a second step, PANDAROOT reconstructs the tracks from the detector hits. The
individual software alignment algorithms perform their data refinement and align-
ment procedures, resulting in alignment matrices. The AlignQA step compares the
extracted alignment matrices with the misalignment matrices that were given to the
simulation, and displays the result of the luminosity fit with and without alignment
matrices included in the luminosity determination.

The difference between the misalignment matrix and its corresponding alignment
matrix determined by software alignment is called residuals matrix. Here, MResiduals is
defined as:

M? · (MA)
−1 =MResiduals (6.4)

Because misalignment and alignment matrices describe physical transformations
composed of translations and rotations, the residuals matrix can be interpreted geo-
metrically as well. It contains the position and rotation errors of the alignment in the
same units and reference frame as the input matrices. The entire analysis chain based
on simulated data, including the comparison of the alignment with the misalignment
matrices, is shown in Figure 6.4.

All computer simulations and studies of this thesis were conducted on the HIM-
STER and HIMSTER II high performance compute cluster at the Helmholtz Institute
Mainz (HIM). During the course of this work, over 800 individual misalignment sce-
narios had to be run, which required over 1.6 · 106 of CPU core hours, or just shy of
183 years in single-core time. All these simulation studies could not have been done
without HIMSTER II, on which almost 2000 compute jobs can be run in parallel.

Because the generation and analysis of every misalignment scenario consists of
multiple individual steps, automation is essential. The alignment framework devel-
oped includes various methods to effortlessly prepare and submit thousands of com-
putation jobs to the HIMSTER II workload management system. The jobs are defined
by configuration files that store all necessary parameters like type and magnitude of
misalignment, number of jobs and events per jobs or parameters for software align-
ment. This work has been conducted exclusively with shifted geometry since accurate
detector representation was prioritized over reduction of computing time.
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Figure 6.4: Flowchart for the analysis chain for the determination of the alignment matrices
on simulated data. AlignQA (green box) produces residuals matrices.

6.6 track reconstruction efficiency due to misalignment

Equation 4.14 shows that the extracted value of the luminosity is strongly related to
the differential count rate and thus the number of reconstructed events, while the
actual proportionality factor is determined by Monte Carlo simulation studies:

N ∝ L
In order to distinguish elastically scattered antiprotons from background reactions,

various filters are applied on the reconstructed tracks in the simulation chain. These
filters are highly nontrivial and depend on the beam momentum and detector ge-
ometry. As soon as there are parts of the Luminosity Detector misaligned, only a
reduced number of tracks can be reconstructed correctly and some tracks may be
reconstructed with wrong parameters. This may cause a loss of reconstructed tracks
due to the quality cuts. The resulting reduced reconstruction efficiency leads to a re-
duced luminosity. This efficiency loss due to wrong sensor positions can be estimated
by comparing the count rates for various degrees of misalignment of the Luminosity
Detector and otherwise identical simulation parameters.

A set of Monte Carlo simulation data is generated with misaligned detector and the
tracks are reconstructed afterwards. The degree of misalignment is indicated by the
misalign factor. Here, a factor of 1.0 simply means the expected misalignment of the
detector after construction and initial measurement, but without any software align-
ment. A factor of 2.0 corresponds to a detector geometry that is misaligned twice as
large. The misalign factors used for this track reconstruction efficiency study are 0.25,
0.5, 0.75, 1.0, 1.25 1.50, 1.75, 2.00, 2.50 and 3.00. A factor of 0.0 indicates the perfectly
aligned geometry. Detailed explanations for the derivation of these numbers depend
on the specific misaligned component and are explained in Chapters 7 through 10
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in detail. Because the involved cuts depend on the beam momentum, this efficiency
check is done for various beam momenta.

The number of successfully reconstructed tracks for a given number of simulated
events at the perfectly aligned detector is taken as a baseline nbaseline; this number
represents the maximum number of available tracks under ideal conditions. If the de-
tector geometry is misaligned, fewer tracks nfound survive all filters, and the number
of remaining tracks in presence of misalignment divided by the baseline is called the
efficiency due to misalignment:

εmisalignment =
nfound

nbaseline
(6.5)

This efficiency is calculated only for one sample of each misalign factor and beam
momentum, because the precise value is not relevant if no alignment is performed;
only the overall trend is relevant here. Figure 6.5 shows the track reconstruction
efficiency εmisalignment due to misalignment. There is a profound loss of efficiency
across all beam momenta, and the efficiency plummets with larger misalignment. The
overall efficiency is significantly higher at 1.5GeV/c than at the other beam momenta,
varying from 80% to 20%. At beam momenta from 4.06GeV/c to 15.0GeV/c, the
efficiency rapidly falls down to almost 0% for larger misalignments. This is because
the neural network that is involved with one of the track filters was trained only
at 1.5GeV/c [93] beam momentum. Fixed parameters are chosen for the remaining
beam momenta 4.06GeV/c to 15.0GeV/c.
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Figure 6.5: Efficiency loss εmisalignment due to misalignment in dependence of misalignment
and beam momentum.

The resulting loss of efficiency due to detector misalignment cannot be corrected
by the luminosity fit at all and must be ameliorated either by further tuning of the
cuts which would allow for some misalignment or by precise alignment of the de-
tector. Loosening the filter criteria would also allow more background events being
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misidentified as signal events, which must be avoided as it would increase the mea-
sured luminosity wrongly. Since detector alignment affects both track reconstruction
efficiency as well as the actual luminosity fit, it is mandatory to correct any detector
misalignment.

6.7 luminosity extraction error due to misalignment

The reduction of the track reconstruction efficiency directly influences the luminosity
determination. To study this effect, the luminosity extraction is performed on the
same data as for the efficiency study with a misaligned detector without alignment.
The luminosity extraction was performed on the same misalign factors as in the
previous section across all beam momenta.

The difference between the extracted and actual luminosity is called luminosity
residual. It is expressed in percent [85]:

∆L =

[
Lmeasured

Lgenerated
− 1

]
· 100% (6.6)

A value greater than 0% denotes an over-estimation of the luminosity; the lumi-
nosity extracted by the Luminosity Fit Framework is greater than the actual luminosity
in the Monte Carlo simulation. Subsequently, a value smaller than 0% denotes an
under-estimated luminosity, down to the limit of −100% when no luminosity can be
extracted at all.

Since there is a complex interplay of efficiency loss in track reconstruction from mis-
alignment and of the Luminosity Fit Framework which attempts to correct for beam
shift, tilt and divergence, it is almost impossible to predict the resulting luminos-
ity. Is the track reconstruction efficiency close to 0%, the extracted luminosity from
these data samples is more or less random, and the individual luminosity value is
meaningless. These studies were done only on a single misaligned detector geometry
per misalign factor and beam momentum to illustrate the infeasibility of luminos-
ity extraction in the presence of large detector misalignment. Figure 6.6 shows the
luminosity residual at various degrees of misalignment and beam momenta.

Even minor misalignment is devastating to the accuracy of the luminosity fit at
all available beam momenta. The majority of fits vastly underestimate the luminosity
due to severely reduced track reconstruction efficiency. Owing to a very strict mo-
mentum and acceptance cut, the majority of the reconstructed tracks is discarded
prior to the luminosity fit, which in turn is unable to accurately estimate the luminos-
ity. This results in residuals of down to −100%, which is a complete loss of any data
for the luminosity fit. Random outliers of between 100% to 400% can be seen as well
for cases in which the Luminosity Fit Framework attempted to rectify a vastly wrong
track distribution, mistaking it for beam shift, tilt, divergence or a combination of the
three, none of which are actually present in these simulations. Several data points are
magnitudes larger still and had to be removed in prior filter steps. The Luminosity Fit
Framework also produced luminosity residuals of < −1000%, which is impossible if
the luminosity residual definition from Equation 6.6 is assumed. These values can
only be the result of calculation errors inside the Luminosity Fit Framework and are
therefore discarded.
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Figure 6.6: Luminosity residuals as function of detector misalignment, 0.0 refers to a perfectly
aligned detector and 1.0 corresponds to the expected misalignment after initial
measurement.

Because the severely reduced track reconstruction efficiency εmisalignment is the pri-
mary reason for the large error of the luminosity extraction, it may be interesting
to deactivate the quality cuts temporarily and examine if the luminosity extraction
quality improves. This also means that any background suppression is effectively ab-
sent, which will result in further luminosity extraction errors (if background events
are present later in the experiment). Figure 6.7 shows the luminosity residuals if the
quality cuts during track reconstruction are deactivated.

At a quarter of the expected misalignment (factor 0.25), the extracted luminosity
is already about 4 times too large. At larger misalignment (factor > 0.75), the de-
termined luminosity is off by a factor of 15 to 19, which does not depend on the
misalign factor anymore. Because this factor is not constant over a set of misalign
factors at a given beam momentum either, and several data points for luminosity
residuals > 2000% had to be removed from the data set as they would have made
the diagram unintelligible, it is safe to assume the extracted luminosity value is essen-
tially random as long as the detector is misaligned. It is clear that precise alignment
of the Luminosity Detector is therefore mandatory.

6.8 lmd-alignment repository

In the following chapters the individual alignment processes are described in detail
and the actual software alignment algorithms which were developed are explained.
Various data refinement techniques are discussed which improved the alignment
results. Also, the limitations and requirements for the various alignment methods will
be explained. The entirety of the software package is contained in the LMD Alignment
repository on Github [107].
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Figure 6.7: Luminosity residuals if quality cuts are deactivated.

Due to the way the Luminosity Detector is designed (see Chapter 3), software
alignment of its components can be separated in three stand-alone sub procedures:

sensor alignment About 50% of the detector acceptance on a sensor module
is covered by two sensors, whose hits are merged before a track fit is done with them.
But because the sensors partially cover the same area, particle tracks are registered in
both of them. By comparing the hit distributions of both sensors, the relative position
of one sensor with respect to the other can be determined. The method of extracting
the alignment matrix for the sensor position is shown in Chapter 7.

module alignment Since particles are registered by between three and four sen-
sor modules in order to reconstruct a track, these tracks can be used to determine the
relative position of three of the four sensor modules relative to the remaining mod-
ule. This process is well established in high energy physics and is typically known as
track-based (software) alignment [93, 108–112]. In most of the applications, this align-
ment is done either with cosmic muons before data taking starts, with data directly
or combinations of both. However, in many cases the alignment was restricted to
placement of components relative to each other and not relative to a global reference
frame like PANDAglobal. This is usually rectified by either constraining the degrees
of freedom during alignment [108] or introducing fix points into the alignment that
can be measured externally. This work chooses the latter approach by using the in-
teraction point in the target region that is measured by other detector components of
PANDA as a reference point. Since this reference point alone is insufficient for com-
plete alignment in the global reference frame PANDAglobal, an interface for external
measurements is added. This way, the alignment matrices for each module can be
given in absolute coordinates in PANDAglobal. This method is shown in Chapter 8.
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box rotation alignment The Luminosity Detector is positioned eleven meters
downstream of the target region, and even minor rotations of the LMDs outer box
will result in great errors during the luminosity fit as it depends on knowledge of the
exact interaction point position. In fact, the Luminosity Fit Framework uses the back
propagated tracks found by the LMD to determine the interaction point which is used
for calculation of the detector acceptance (see Chapter 4). Since the interaction point
is also measured by other detector components of PANDA, it is known with great
accuracy and can be used as external reference to determine the LMDs rotation. This
method is shown in Chapter 9.

The software alignment methods outlined above are evaluated by two different
means: the determined alignment matrices are compared with the actual misalign-
ment matrices, and the luminosity fit from the misaligned geometry is compared to
the luminosity fit once software alignment is finished. The difference between design
values and extracted values is treated as the uncertainty, and each alignment method
procures their own set of uncertainties. Lastly, the individual alignment methods are
combined, since the detector exhibits misalignment in all three component sets. The
order in which the alignment steps have to be performed is crucial, as some align-
ment steps rely on the results of the previous ones. The overall alignment result and
the achievable uncertainty of the luminosity is shown in Chapter 10.





7
S E N S O R A L I G N M E N T

This chapter introduces the Sensor Alignment, the first of three software alignment
algorithms. First, the estimation of the achievable precision from hardware align-
ment and survey is done. Then, the alignment algorithm is described and necessary
track filters and quantile cuts are introduced. Their effect on the alignment quality is
demonstrated and the number of tracks necessary for a solid alignment procedure is
determined. Lastly, the success of the alignment method is evaluated by comparing
the extracted alignment matrices with the actual misalignment matrices and also by
comparing the quality of the luminosity fit in the misaligned and corrected cases.
While the positions of the individual sensors are varied, the rest of the detector com-
ponents is kept fixed. For initial survey, the positions of at least one of the sensors
with respect to the CVD sensor module must be known precisely. This will be mea-
sured with an automated optical microscope which was introduced in Chapter 5. The
positions of all remaining sensors can then be inferred from software alignment. At
this point, the position of all sensors is known relative to the respective modules.

7.1 misalignment after sensor module assembly

Because the software alignment framework must be extensively tested on realistic
data, this section first estimates the expected deviation of the sensors position from
their design position that remains after the assembly procedure. From this, a model
of the LMD with sensors that are misaligned according to these estimations is derived.
These estimates are necessary to determine an upper bound for the misalignment the
software must still be able to correct.

The alignment method presented in this chapter determines the position of all ten
sensors on a sensor module relative to each other, so one of these sensors must be
chosen as a reference for all others. The position of this first reference sensor must
be measured by other means. This means the misalignment of this special reference
sensor is irrelevant to the alignment process, and only the misalignment of the re-
maining nine sensors is corrected. To model the misalignment of the actual detector
as realistically as possible in software however, all misalignment values input into
the detector geometry are given in the laboratory reference frame PANDAglobal.

For the measurement of the sensors position with respect to that sensor module,
one single sensor module can be placed in the microscope that was introduced in
Section 5.2. The positions of the sensors are then measured optically, resulting in
extremely high precision. The microscopes precision depends on the measurement
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volume, but as long as the edges of a module and fiducials on the sensors are clearly
discernible, this accuracy should be less than 10µm. The sensors themselves will
have clearly visible fiducials etched into them, with a precision relative to the active
pixels that exceeds the measurement precision of the microscope by far.

But since the sensors are glued on both sides of the CVD wafer, the microscope
can only measure one side at a time, and some sensors may not be visible. The
precision with which the sensor positions are known before alignment now depends
on two things: how precise the reference sensor can be measured relative to the CVD

wafer, and how precise the remaining sensors have been placed. The former is limited
mainly by the microscope, assumed here to be about 10µm, and the accuracy of the
CVD edge cut. The latter ist currently unknown. The sensors are cut by laser from the
wafers, and for simplicity it is assumed that this precision is as high as the one for
the CVD edge cut. Therefore, all ten sensors on a sensor module are treated equally
and are misaligned to the same degree.

The accuracy of the CVD wafer edge cut and the sensor edge cut will be estimated to
be 100µm. The sensors are designed square with 2 cm edge length. The deviation in
x and y direction (dx and dy) of at least two fiducials of one sensor is then measured
with respect to the CVD diamond wafer edge according to Figure 7.1.

fiducial

dy
dx

Figure 7.1: Measurement of the position of the fiducials of the sensor with respect to the CVD

wafer edge cut.

Then, the cumulative position uncertainty of the uncorrelated errors from micro-
scope precision and module edge or sensor edge in each direction is:

dx, dy =
√
102 + 1002µm ≈ 100.50µm

Since this value is an estimation only to evaluate the effect of the misalignment to
the luminosity fit (the actual uncertainty will be given by the CMMs during measure-
ment) this value will be rounded to:

⇒ dx, dy = 100µm (7.1)

To model the misalignment during the Monte Carlo simulations, each sensor is
shifted by dx and dy independently in the reference frame of the sensor module,
shown in Figure 7.1. Since this only accounts for translations, a random rotation
must be applied as well. The resulting rotation from that misalignment is calculated
according to Figure 7.2; the sensors experience the maximum rotation possible due
to their shift while still being pressed to an edge of their design position.

Because the sensors are glued flat onto the sensor modules, they can only be rotated
around their z axis. This angle is called ∆Φ. It can be estimated by:
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Figure 7.2: Maximum remaining rotation after measurement. The sensors’ center is marked
with a red x.

sin∆Φ =
dp

w

w and h are 2 cm and the displacement in any direction dp is 100µm. The resulting
rotation ∆Φ around the sensors z axis is:

∆Φ ≈ 5mrad (7.2)

7.2 preparation of misaligned geometry

To ensure each of the 400 sensors is misaligned differently and to a realistic degree,
the values for translation and rotation for its misalignment matrix are sampled inde-
pendently for from gaussian distributions with σ~x = σ~y = 100µm and σφ = 5mrad

respectively according to Equation 7.1 and Equation 7.2. The mean value is always
µ = 0. Onto the sampled random numbers, another so-called misalign factor is multi-
plied, that decreases or increases this value. This is done to test additional degrees of
misalignment, better and worse, and evaluate the alignment method in these more ex-
treme cases. The expected misalignment after assembly as described above is called
the "average case" with a factor of 1.0, and nine other misaligned geometries are
created according to the factor of misalignment they represent. For example, a geom-
etry in which the sensor position uncertainty is twice as large as in the average case
has a misalign factor of 2.0. The tested misalign factors are 0.25, 0.5, 0.75, 1.0, 1.25

1.50, 1.75, 2.00, 2.50 and 3.00. A factor of 0.0 indicates the perfectly aligned geometry.
There are three geometries with less misalignment and six geometries with larger
misalignment, since smaller misalignment is less likely to be problematic than larger
misalignment.

Because these values are randomly sampled from a gaussian distribution and
scaled up to three times as large, it is possible for multiple sensors to intersect. Ac-
cording to the studies conducted during this thesis, the hit reconstruction algorithm
has no issue with intersecting sensors. A hit is reconstructed from a Monte Carlo
track only on the sensor with the lowest sensor ID, and no other sensors. The result-
ing gaps in the remaining sensors’ sensitive areas have not been problematic either.

As explained above, the reference sensor is misaligned to the same degree as all
other sensors on a sensor module. Because its position is measured externally, this
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information is given to the alignment method and taken into account during the
luminosity extraction.

7.3 working principle

In my Diploma thesis [113] I demonstrated the feasibility of using Iterative Clos-
est Point Algorithm (ICP)-like algorithms for the software alignment of overlapping
sensors in the Luminosity Detector. This was done on a simple model of the detec-
tor which included only misaligned sensors. While the principle of the Sensor Align-
ment method has not changed, the actual implementation has undergone significant
changes in the course of this work. The implementation of the ICP has been ported
from C++ to Python and NumPy, which makes extensive use of modern CPU instruc-
tions like SIMD/SSE2 [114], accelerating the linear algebra functionality significantly. If
sometime in the future NumPy uses AVX as well, this alignment framework needs no
major updates other than simply using the most recent NumPy version. This results
in a performance increase as well as much easier code maintainability.

Figure 7.3: Sensor Alignment uses hit combinations from front and back side sensors to calcu-
late the transformation matrix from front to back sensor. The edges of the sensors
0, 1 and 2 should be placed exactly on the edge of the CVD wafer. Only one out of
five back side sensors is shown.

The Luminosity Detector is constructed such that ten sensors are glued onto a thin
slice of CVD wafer in a way that they partially overlap. The basic working principle
of the Sensor Alignment is the usage of hit combinations caused by a crossing parti-
cle from a pair of overlapping sensors to calculate the transformation matrix from
the sensor on the front side to the sensor on the back side. As a sensor cumula-
tively registers multiple particles, the reconstructed hits can be agglomerated to a
two-dimensional point cloud. Wherever two sensors A and B overlap, they register
just about the same particles and thus lead to congruent point clouds as shown in
Figure 7.3.

This can be used to determine relative position of one sensor with respect to an-
other sensor with which it overlaps. Because many sensors overlap with two other
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sensors, this can be done for multiple combinations to reach any sensor on a given
module. Figure 7.4 shows all overlapping areas on a sensor module and the sensor
IDs.
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Figure 7.4: Sensor IDs on a given module. Green areas are covered by two sensors and are
suitable for Sensor Alignment. Red areas are too small to be useful. [113]

The bottom most sensors 0 and 5 overlap only with each other and no other sensor,
so these must be treaded individually. The edges of the sensors are exactly on the
edge of the CVD wafer, which makes them clearly measurable via microscope. Thus
they are ideal candidates to serve as reference sensors for all others. Furthermore,
the manufacturer of the sensors is able to place two sensors on the same die in some
cases. These double-sensors should always be placed in the sensor positions 0 and
1, because the relative position of 1 with respect to 0 is then known with very high
precision.

The relative position of two overlapping sensors is determined by comparing the
registered point clouds of both. The following calculations are always done in the
laboratory reference frame PANDAglobal. Let ~p?i be a set of reconstructed hits (known
as a point cloud) measured by sensor A and let ~q?i be set of reconstructed hits mea-
sured by sensor B. Sensors A and B partially overlap and ~p?i and ~q?i are measured
only in the overlapping region of both sensors, all other measurements are discarded
for now. If the sensors are perfectly aligned, these point clouds are in the exact same
position, but due to their individual misalignment, a transformation matrix J?A 7→B
connects the two point clouds such that for each reconstructed point ~p?i on sensor A
and each point ~q?i on sensor B:

~q?i = J
?
A 7→B · ~p?i (7.3)

Because ~p?i and ~q?i are three-dimensional vectors, Equation 7.3 can be solved ex-
actly for i = 3. However, it holds true only if sensor resolution effects are completely
neglected and all particle tracks traverse the sensors at exactly 90°. This is not the
case and no exact solution is generally available. Instead, the matrix J?A 7→B minimizes
the Euclidean distance between both point clouds:

J?A 7→B = arg min
JA 7→B

∑
i

∥∥~p?i − JA 7→B · ~q?i∥∥ (7.4)
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Of all possible overlap matrices JA 7→B. This matrix can easily be calculated from the
two point clouds with an Iterative Closest Point Algorithm, and if the misalignment
M?
A for sensor A is known, the misalignment M?

B for sensor B can be derived from
the matrix J?A 7→B. In the setup of the LMD, many sensors overlap with two other
sensors instead of just one (see Figure 7.4). This can be used to calculate the other
misalignment of all other sensors on a sensor module.

Let for example sensors A and B overlap, and let further sensors B and C overlap.
Sensors A and C do not share an overlapping area. Then C’s position relative to B
can be calculated, and B’s position relative to A. This way, C’s position relative to
A is also known. In the Luminosity Detector, the overlapping areas allow for eight
sensors to be aligned with respect to a single reference sensor. Since the reference
sensor can be the one in the beam-near corner of the module where sensor edge and
module edge are clearly visible, determining its position is straight forward.

7.4 transformation and misalignment matrices

Every detector component has an ideal position given from the design and an actual
position once it has been constructed. The deviation of the actual position from the
ideal position can be described with a misalignment matrix M? for every component:

Mactual =M
? ·Mideal (7.5)

If the detector were assembled with perfect precision, these misalignment matrices
M? would be identity matrices. But since this is generally impossible, this matrix
is usually slightly different from the identity matrix. The construction of the align-
ment matrix for every sensor is done in two steps. First, the reconstructed hits are
evaluated if no misalignment is assumed, i.e. the detector is misaligned but the recon-
struction algorithm does not know that. Then, the same hits are reconstructed again,
this time under the assumption that each sensors has some unknown misalignment.
From the difference of these two differently reconstructed sets of hits, a matrix can be
calculated that incorporates the misalignment of both involved sensors. To derive it,
start with two points ~p and ~q, which are coordinates of the registered hits on sensors
A and B respectively from a single particle track, each given in the coordinate system
of the sensor they were detected in. They are transformed into reconstructed hits into
the laboratory reference frame PANDAglobal two times, once with the ideal transfor-
mation matrix (known from detector design that does not include misalignment) and
once with the actual, unknown transformation matrix (that does include misalignment).
Afterwards, the matrices describing the transformation between several sensor pairs
are chained to extract the misalignment matrix of the entire chain.

Because these vectors and matrices are only applicable in — and transform between
— different reference frames, Table 7.1 shows them ordered and with explanation.
While matrices transform between reference frames (actively or passively), they are
always expressed in only one reference frame, and look different when expressed in a
different reference frame (see Section 5.7).

The vectors ~p and ~q both undergo a change of basis from their original coordinate
systems (sensor A and B respectively) to the laboratory reference frame PANDAglobal.
The hit reconstruction algorithm does not know about any misalignment at this time:



7.4 transformation and misalignment matrices 75

name reference frame meaning

~p Sensor A The vector to the firing pixel

~q Sensor B The vector to the firing pixel

~p? PANDAglobal Rec. hit from ~p, no misalignment assumed

~q? PANDAglobal Rec. hit from ~q, no misalignment assumed

~p ′ PANDAglobal Rec. hit from ~p, unknown misalignment assumed

~q ′ PANDAglobal Rec. hit from ~q, unknown misalignment assumed

A PANDAglobal Matrix from PANDAglobal to sensor A, no misalignment

B PANDAglobal Matrix from PANDAglobal to sensor B, no misalignment

M?
A PANDAglobal Misalignment matrix of sensor A

M?
B PANDAglobal Misalignment matrix of sensor B

J?A 7→B PANDAglobal The matrix that connects vectors ~p? and ~q?

Table 7.1: Transformation matrices and hit vectors.

A · ~p = ~p?

B · ~q = ~q? (7.6)

Here, ~p?,~q? are the wrongly reconstructed hit positions based on the ideal geom-
etry in the reference frame PANDAglobal, since the misalignment of the detector is
neglected. Ideally, if the detector is perfectly aligned, the points ~p? and ~q? would be
at exactly the same position. But due to the unknown misalignment present in sensors
A and B, they are not, and instead are connected by the special transformation matrix
J?A 7→B, which is called overlap matrix:

J?A 7→B · ~p? = ~q? (7.7)

Equation 7.7 is pivotal for this alignment method, because it is true for all recon-
structed hits on this overlapping sensor pair A and B. The overlap matrix can be
calculated directly from the two sets of reconstructed hits ~p?i and ~q?i for every sensor
pair.

Equation 7.6 can be combined with Equation 7.7 and reordered to:

J?A 7→B ·A · ~p = B · ~q
⇒ B−1 · J?A 7→B ·A · ~p = ~q (7.8)

Now, the same two hits ~p and ~q are reconstructed again, but this time under the
assumption that each sensor A and B is misaligned by the unknown matrices M?

A

and M?
B respectively:
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M?
A ·A · ~p = ~p ′

M?
B ·B · ~q = ~q ′ (7.9)

Here, ~p ′ and ~q ′ are again reconstructed hits in the laboratory reference frame
PANDAglobal(using matrices that are not available). Because they are caused by the
same particle track, they have to be in the same position:

1 · ~p ′ = ~q ′ (7.10)

Equation 7.9 and Equation 7.10 can be combined and reordered:

M?
A ·A · ~p =M?

B ·B · ~q(
M?
B ·B

)−1
M?
A ·A · ~p = ~q (7.11)

Equation 7.8 and Equation 7.11 can be equated:

(
M?
B ·B

)−1
M?
A ·A · ~p = B−1 · J?A 7→B ·A · ~p

⇒ B−1 ·
(
M?
B

)−1 ·M?
A ·A = B−1 · J?A 7→B ·A

Finally ~p, A and B can be eliminated. Only the misalignment matrices M?
A and

M?
B, but no other positional matrices contribute to the overlap matrix:

⇒ J?A 7→B =
(
M?
B

)−1 ·M?
A (7.12)

The inverse of this matrix is:(
J?A 7→B

)−1
=
((
M?
B

)−1 ·M?
A

)−1
=
(
M?
A

)−1 ·M?
B = J?B 7→A

This means swapping the sensors A and B is equivalent to inverting the overlap
matrix. A last sanity check for the overlap matrix holds true as well; if no sensors are
misaligned, the overlap matrix is the identity matrix:

J?A 7→B = 1 for M?
A =M?

B = 1 (7.13)

Derivation of Misalignment Matrix M?
B for Sensor B

The next step is to derive the misalignment matrix M?
B for every sensor on a given

module by going over multiple sensor pairs’ overlapping areas. The matrices A and
M?
A are assumed to be known at this stage, because A is available from the detector

design and M?
A is measured externally. Because the sensors 0 and 1 on a module are

accessible this way, A is the matrix for one of these two sensors. B is used as a place
holder for every other sensor, which means B ∈ [2, 9]. This way, the derivation of
M?
B can be done the same for each sensor pair A and B. To make these calculations

somewhat less confusing, combined matricesMA 7→B and total matrices TA and TA 7→B
are defined.



7.4 transformation and misalignment matrices 77

The combined matrices MA 7→B describe the transformation from the reference
frame of sensor A to the reference frame of sensor B, but without misalignment.
They are derived from the design of the detector:

MA 7→B = B ·A−1 (7.14)

The total matrix TA is the total transformation from the PANDAglobalto the refer-
ence frame of sensor A with misalignment of sensor A included:

TA =M?
A ·A (7.15)

And the total matrix TA 7→B describes the transformation from the reference frame
of sensor A to the reference frame of sensor B with misalignment of both sensors:

TA 7→B = TB · T−1A (7.16)

=M?
B ·B · (M?

A ·A)−1

=M?
B ·B ·A−1 ·

(
M?
A

)−1
=M?

B ·MA 7→B ·
(
M?
A

)−1 (7.17)

BecauseM?
A andM?

B are unknown except for sensors 0 and 1, the total matrices TA
and TA 7→B are unknown as well. While these definitions may seem superfluous, they
enable the formulation of an elegant expression for the misalignment of any sensor
B. Table 7.2 summarizes these matrices with explanations.

name meaning

A Matrix from PANDAglobal to sensor A, no misalignment

MA 7→B Transformation matrix from sensor A to B, no misalignment

M?
A Misalignment matrix of sensor A

TA Total matrix from PANDAglobal to sensor A, with misalignment

TA 7→B Total matrix from sensor A to B, with misalignment

Table 7.2: Combined and Total matrices. All matrices are in PANDAglobal.

In principle, any arbitrary paths that go from one reference frame to another with
many steps in between can be defined. For example, the transformation:

Sensor A→ Sensor Module→ Sensor B

is equivalent to the transformation:

Sensor A→ Sensor Module→ LMDlocal → Sensor Module→ Sensor B

Because it does not matter how many steps in between there are, as long as the
start and end reference frames remain the same, the transformation matrix stays the
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same too for these overlap matrices. This is easily proven: Let sensor A and sensor B
each share an overlapping area with sensor C. Sensors A and B do not overlap. Two
transformation matrices TA 7→C and TB 7→C exist that describe the transformations from
A to C and B to C. According to Equation 7.15, the total matrices transforming from
PANDAglobal to sensors A, B and C are:

TA =M?
A ·A

TB =M?
B ·B

TC =M?
C ·C

Using Equation 7.16, the total matrices TA 7→C and TB 7→C are:

TA 7→C = TC · T−1A =M?
C ·C ·A−1 ·

(
M?
A

)−1
TB 7→C = TC · T−1B =M?

C ·C ·B−1 ·
(
M?
B

)−1
The total matrix TA 7→B is:

TA 7→B = TC 7→B · TA 7→C =
(
TB 7→C

)−1 · TA 7→C
=M?

B ·B ·C−1 ·
(
M?
C

)−1 ·M?
C ·C ·A−1 ·

(
M?
A

)−1
=M?

B ·B ·A−1 ·
(
M?
A

)−1
=M?

B ·MA 7→B ·
(
M?
A

)−1
The result is equal to Equation 7.17, regardless of the number of steps in between1.
Using this approach, sensor B’s position (including misalignment) can be reached

two ways:

• By going directly from PANDAglobal to sensor B and from there to M?
B, or

• By going over misaligned sensor A first, and from there to misaligned sensor B

In the second case, the matrices A, M?
A and TA 7→B are needed:

TB = TA 7→B ·M?
A ·A (7.18)

Sensor B’s reference frame can also be reached without going over sensor A first:

TB =M?
B ·B (7.19)

With Equation 7.18 and Equation 7.19, it is possible to isolate M?
B when M?

A is
known:

M?
B ·B = TA 7→B ·M?

A ·A
⇒M?

B = TA 7→B ·M?
A ·A ·B−1

= TA 7→B ·M?
A ·
(
B ·A−1

)−1
1 As long as the transformations are undone in the same order as they are applied.
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And finally:

M?
B = TA 7→B ·M?

A ·M−1
A 7→B (7.20)

This is done for every sensor B on a module except sensor 0 and 1, which must still
be measured. It is clear that the precision to which M?

A is known directly influences
the precision of the alignment matrix M?

B.

Derivation Misalignment Matrices

The last step for the calculation of allM?
B matrices is to derive TA 7→B from the overlap

matrices J?A 7→B and the misalignment matrixM?
A. This depends on the specific sensor

geometries however and cannot be done generally for all sensors. Instead, it must be
done for each sensor B ∈ [2, 9] on a sensor module individually. In the following, the
exemplary derivation of the total matrix T1 7→2 for the sensors 1 and 2 is shown, which
overlap with sensor 8 but not each other (see Figure 7.4). The remaining calculations
can be found in Section A.4 to Section A.11.

To calculate the misalignment matrix M?
B for any sensor B, the matrices M?

1 and
T1 7→B are required. T1 7→2 is calculated from the several overlap matrices involved (see
Table 7.3).

name meaning

M1 Matrix from PANDAglobal to sensor 1, no misalignment

M2 Matrix from PANDAglobal to sensor 2, no misalignment

M8 Matrix from PANDAglobal to sensor 8, no misalignment

J?1 7→8 Overlap Matrix for sensors 1 and 8

J?2 7→8 Overlap Matrix for sensors 2 and 8

M?
1 Misalignment matrix of sensor 1, measured externally

M?
2 Misalignment matrix of sensor 1, derived here

Table 7.3: Combined and Total matrices. All matrices are in PANDAglobal.

The total matrices from PANDAglobal to misaligned sensors 1, 2 and 8 respectively
are:

T1 =M
?
1 ·M1

T2 =M
?
2 ·M2

T8 =M
?
8 ·M8

And T1 7→8, T2 7→8 are:

T1 7→8 = T8 · T−11 =M?
8 ·M8 ·M−1

1 ·
(
M?
1

)−1
T2 7→8 = T8 · T−12 =M?

8 ·M8 ·M−1
2 ·

(
M?
2

)−1



80 sensor alignment

The matrix T1 7→2 is then:

T1 7→2 = T8 7→2 · T1 7→8 =
(
T2 7→8

)−1 · T1 7→8
=
(
M?
8 ·M8 ·M−1

2 ·
(
M?
2

)−1)−1 ·M?
8 ·M8 ·M−1

1 ·
(
M?
1

)−1
=M?

2 ·M2 ·M−1
8 ·

(
M?
8

)−1 ·M?
8︸ ︷︷ ︸

1

·M8

︸ ︷︷ ︸
1

·M−1
1 ·

(
M?
1

)−1

=M?
2 ·M2 ·M−1

1︸ ︷︷ ︸
M1 7→2

·
(
M?
1

)−1
T1 7→2 =M

?
2 ·M1 7→2 ·

(
M?
1

)−1 (7.21)

This means the total matrix T1 7→2 does not actually depend on any matrix related
to sensor 8. However, simply inserting Equation 7.21 into Equation 7.20 eliminates all
terms except M?

B = M?
B. A base transformation of T1 7→2 from Equation 7.21 solves

this. The matrix M?
1 is known, so it can be used for a change of basis of T1 7→2 into the

reference frame of M?
1:

(
M?
1

)−1 · T1 7→2 ·M?
1 =

(
M?
1

)−1 ·M?
2 ·M1 7→2 ·

(
M?
1

)−1 ·M?
1︸ ︷︷ ︸

1

Then insert the identity matrix 1:

(
M?
1

)−1 · T1 7→2 ·M?
1 =

((
M?
2

)−1 · 1 ·M?
1

)−1 ·M1 7→2

=
((
M?
2

)−1 ·M?
8︸ ︷︷ ︸

J?8 7→2

·
(
M?
8

)−1 ·M?
1︸ ︷︷ ︸

J?1 7→8

)−1 ·M1 7→2

=
((
J?2 7→8

)−1 · J?1 7→8)−1 ·M1 7→2

⇒ T1 7→2 =M
?
1 ·
((
J?2 7→8

)−1 · J?1 7→8)−1 ·M1 7→2 ·
(
M?
1

)−1 (7.22)

This means the total matrix T1 7→2 describing the transformation from sensor 1 to
sensor 2, including misalignment, can be constructed using the matrix M1 7→2 for the
transformation from the system of sensor 1 to that of sensor 2, the known matrix
M?
1 and the two overlap matrices J?1 7→8 and J?2 7→8. The last step is to calculate the

misalignment matrix M?
2 of sensor 2. Insert Equation 7.22 into Equation 7.20:

M?
2 = T1 7→2 ·M?

1 ·
(
M1 7→2

)−1
=M?

1 ·
((
J?2 7→8

)−1 · J?1 7→8)−1 ·M1 7→2 ·
(
M?
1

)−1 ·M?
1︸ ︷︷ ︸

1

·
(
M1 7→2

)−1
=M?

1 ·
((
J?2 7→8

)−1 · J?1 7→8)−1 ·M1 7→2 ·
(
M1 7→2

)−1︸ ︷︷ ︸
1

Which can be shortened to:
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M?
2 =M

?
1 ·
((
J?2 7→8

)−1 · J?1 7→8)−1 (7.23)

M?
2 can now be calculated using only the overlap matrices (J?1 7→8, J?2 7→8) and the

external measurement of M?
1. Inserting the expressions of J?1 7→8 and J?2 7→8 into Equa-

tion 7.23:

M?
2 =M

?
1 ·
((
J?2 7→8

)−1 · J?1 7→8)−1
=M?

1 ·
(((
M?
8

)−1 ·M?
2

)−1 · (M?
8

)−1 ·M?
1

)−1
=M?

1 ·
((
M?
2

)−1 ·M?
8 ·
(
M?
8

)−1︸ ︷︷ ︸
1

·M?
1

)−1
=M?

1 ·
(
M?
1

)−1︸ ︷︷ ︸
1

·M?
2

=M?
2

Is consistent.
The misalignment matrices for all other sensors B ∈ [3, 9] can be calculated in

the same manner, although their calculations are slightly longer. They are therefore
included only in Section A.2 in the appendix.

Cyclic Matrix Chains

There is no way to directly deduce the accuracy and precision of each individual
determined sensor misalignment matrix in the final PANDA experiment. However, it
is possible to multiply several J?A 7→B matrices and compare them to a known reference
value, by result-oriented expanding with identity matrices:

1 =
(
M?
9

)−1 ·M?
9

=
(
M?
9

)−1 ·M?
4︸ ︷︷ ︸

(J?9 7→4)
−1

·
(
M?
4

)−1 ·M?
9︸ ︷︷ ︸

J?9 7→4

=
(
M?
9

)−1 ·M?
4 ·
(
M?
4

)−1 ·M?
7 ·
(
M?
7

)−1 ·M?
3(

M?
3

)−1 ·M?
8 ·
(
M?
8

)−1 ·M?
2 ·
(
M?
2

)−1 ·M?
9

= J?4 7→9 · J?7 7→4 · J?3 7→7 · J?8 7→3 · J?2 7→8 · J?9 7→2
⇒ 1 = J?4 7→9 ·

(
J?4 7→7

)−1 · J?3 7→7 · (J?3 7→8)−1 · J?2 7→8 · (J?2 7→9)−1 (7.24)

Equation 7.24 can be interpreted geometrically. J?A 7→B is the overlap matrix of sen-
sors A and B, and by going from sensor A to B to C and back to A, the total trans-
formation is no transformation at all. This calculation is possible for every sensor
combination A,B,C ∈ [4, 8] as long as the matrices J?A 7→B, J?B 7→C, J?C 7→A are available.
Many combinations are redundant since they are done with the same matrices, just
in different orders. Other combinations require additional information from matrices
M?
1 or M?

2 and thus are not self-contained. Only two cyclic matrix chains can be cal-
culated on each module, which are shown in Table 7.4. The cyclic matrix for sensor 1
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includes the matrices M0 7→1 and M6 7→5, which are not overlap matrices and instead
require external measurements. The other two are completely self-contained, but are
comprised of the same matrices, just in a different order. The remaining paths for
cyclic matrix chains with CAA ∈ [4, 8] can be found in Section A.12.

transformation name path

M1 7→1 C1 J?1 7→8 · J?8 7→3 · J?3 7→6·M6 7→5 ·J?5 7→0·M0 7→1

M2 7→2 C2 J?2 7→9 · J?9 7→4 · J?4 7→7 · J?7 7→3 · J?3 7→8 · J?8 7→2
M3 7→3 C3 J?3 7→7 · J?7 7→4 · J?4 7→9 · J?9 7→2 · J?2 7→8 · J?8 7→3

Table 7.4: Cyclic Matrix Chains. M2 7→2 and M3 7→3 can be calculated intrinsically.

This method advantageously forgoes M?
A for a given module completely and es-

timates the quality of the determined overlap matrices J?A 7→B with no external mea-
surements. In general, the overlap matrices J?A 7→B cannot be determined with abso-
lute precision, and Equation 7.24 will not result strictly in the identity matrix but
instead a matrix CA with:

CA ≈ 1

The example in Equation 7.24 above describes the following sensor path:

9 7→ 2 7→ 8 7→ 3 7→ 7 7→ 4 7→ 9
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Figure 7.5: Translations in x and y for the cyclic matrix C2 of all 40 modules. The sensors
were perfectly aligned.

The Euler angles are available from a rotation matrix (see Section 9.6) and the
translation from the last column of the matrix. This check is performed for all cyclic
matrices CA of each sensor module. All angles and translations should be near zero,
but due to non-perpendicular tracks passing through overlapping sensors, there are
small offsets due to centric scaling [113]. As could be shown, it has no effect on the
performance of the alignment. Figure 7.5 shows the remaining translation in x and y
directions of the cyclic matrix C2 for all sensor modules of the Luminosity Detector
when all sensors are perfectly aligned. Since all overlapping matrices were deter-
mined correctly, the values are close to zero with a standard deviation of 2.1µm in x
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direction and 1.7µm in y direction. The majority of the remaining translation values
are compatible with zero.

This test can be done on the detector before the luminosity fit is performed, and
since the studies conducted below show these cyclic matrices to always be very close
to identity matrices, this check can be done as a very early test if Sensor Alignment
has worked correctly.

7.5 pair finder for the sensor alignment

The principle of the Sensor Alignment was developed during my Diploma thesis [113].
It was a feasibility study whether sensor alignment via the hit patterns from over-
lapping areas works and was thus conducted on a simplified geometry model of the
LMD. At the time, it worked stand-alone. During the course of this thesis, it has been
extended and integrated into the newly created LMD Alignment Repository. It now
uses the misalignment interfaces of FAIRROOT, which were also developed during
the course of this thesis.

The Sensor Alignment method as it was developed for my Diploma thesis is inte-
grated into the LMD reconstruction chain (as explained in Chapter 6). It has three
separate steps:

pair finder The reconstruction software of the LMD provides the registered sen-
sor hits. Those may be caused by either primary particles which are elastically scat-
tered antiprotons at scattering angles between 3mrad to 8mrad, or secondary parti-
cles. Due to the sensor efficiency of < 100%, it may happen that a particle track only
causes hits in one of two sensors in an overlapping area. Additionally, sensor noise
may cause registered hits that do not belong to a particle track at all. The pair finder
task has to filter these irrelevant hits and only store the hits that belong to hit pairs, i.e.
hits on two sensors of the same overlapping area. Often times, sensor hits occur in
clusters. The pair finder also searches for these clusters and automatically combines
them into a single hit.

pair selection The pair finder task is stateless and event-based. It therefore only
considers hits from a single event (in the future probably of the same time window)
but has no knowledge of prior or future hit pair candidates. As such, all hit pair
selection criteria must be static. One very important cutoff criterion is the distance
between the hits of the front and back side of the sensor module. Due to noise hits
or multiple particle tracks per event, it is possible for two hits to be in the same time
window and in the same overlapping area, while still being geometrically very far
apart.

While the vast majority of hit pair distances for the ideally aligned geometry is
below 80µm, some hit pair candidates with significantly larger distance are also
found. Those are probably caused by noise, missing hits or secondary particles. The
misalignment of both sensors also contributes to this distance however, which is
why the cutoff distance had been chosen very conservatively at 1200µm, far larger
than the average misalignment between two sensors is expected to be. Because this
cutoff distance is identical for all 360 overlapping areas, regardless of the unknown
misalignment, it is called static cut.
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calculation of the overlap matrices Once all filters have been applied,
the sensor hit pairs are sorted by overlapping area (360 total) and stored to individ-
ual files. Those files are read by the Sensor Alignment package and the actual overlap
matrices J?A 7→B from the front side sensor to the back side sensor is calculated from
the hit pairs via an ICP algorithm (explained below). These only applied to the over-
lapping areas directly, and thus included the misalignment of both involved sensors.
The alignment matrices of individual sensors were not calculated. These overlap ma-
trices could be determined with a precision of below 5µm. Since its expansion, the
LMD Alignment Repository now also calculates the actual misalignment matrices ac-
cording to Equation 7.23.

7.6 one dimensional static cut vs two dimensional quantile cut

The large static cut on the hit pair distance led to the inclusion of hits from tracks
which either having vastly different incoming angles than the average track or even
coming from other origins. One prevalent source of tracks other than primary tracks
is either reflection or scattering of particles on the back side of the LMD, which creates
new particle tracks that traverse the detector in reverse. The scattering and/or reflec-
tion changes their angle of incidence. Because the LMD cannot determine whether a
particle travels forward or backward, they are registered and counted again. This in
principle does not pose problematic as long as the tracks are entering the LMD in the
same direction as the primary particles. Figure 7.6 shows the pair residuals on planes
1 through 4 for a single sector. On the last plane, two distinct traces can be seen that
differ from the majority of the residuals in −x and −y directions. To ensure those
residuals do not negatively impact the sensor alignment, the new quantile-based cut
method was developed. Although the development was precipitated by this particu-
lar problem, the quantile-based cut has proven effective for many other circumstances
as well. This new quantile-based cut is called Quantile Cut to distinguish it from the
static cut.
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Figure 7.6: Pair residuals as a particle propagates through all four layers of the misaligned
detector.

The 1/2 quantile is a point in the range of a probability distribution such that
the area below the distribution is equal on both sides of the point2. This point is
usually referred to as median, and for a discrete data set, it separates the set at the
point where there is an equal amount of samples on either side. A 0.96 quantile

2 Some definitions use the reciprocal value, which would be the 2-quantile.
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would consequently separate 4% of the data points from the rest. While the points
that divide the set are called quantiles, the actual sets are called percentiles. In this
example, a point above the 0.96 quantile is in the top 4th percentile.

The Sensor Aligner is working under the assumption that a sensor hit pair is pro-
duced by a single particle track passing through that sensor orthogonally, therefore
both of these hits are essentially at the same position in the module reference frame.
During the first stage of the Sensor Aligner, the sensor misalignment is unknown and
the sensor hits are reconstructed at slightly different positions according to the preset
parameters in the geometry description of the detector system. The distance between
the hits is comprised of the angle of incidence of the track that caused it, sensor
resolution and the individual misalignment of the participatory sensors.
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Figure 7.7: Pair Residuals of one overlapping area on plane 4 without cut (left), 1D quantile
cut (center) and 2D quantile cut (right). The 1D distance is on top, the 2D distance
in x and y coordinates is on the bottom. Misaligned Geometry.

Figure 7.7 (left) shows the pair residual distribution in one and two dimensions
for one overlapping area on plane 4 for a misaligned detector. The majority of the
pair distances are non-zero due to the combined misalignments of the two involved
sensors. It is obvious that a single threshold will not work for all overlapping ar-
eas, because each has its own combination of sensor misalignments and size of the
overlapping area. This results in different 2D shapes of the pair distances. A naive
approach to find a useful subset from the distance distribution might look like this:
search for the peak in the distance histogram and define a constant margin around
this peak, for example 100µm. All pairs whose distance is in that interval are kept,
all others are discarded. This way, the remaining hit pairs all have roughly the same
angle of incidence and invalid hit pairs from noise and secondary particles are par-
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tially filtered out. However, this approach has proven unreliable, as in many cases the
distance distribution is non-symmetrical on the x−y plane, non-gaussian or strongly
skewed and misshaped in other ways.

A quantile cut on the other hand will determine this margin around the clustering
value automatically and only cut off the most outlying points, regardless of shape
or position of the cluster point. The quantile cut approach first sorts all hit pairs by
distance and removes a certain percentage of too small or too large distances, thus
keeping only the values that are already close to the clustering point. This produces
an undesirable side effect; it still neglects the two-dimensional nature of the expected
misalignment. The application of a one-dimensional cut only discards the outliers
radially from zero, as can be seen in Figure 7.7 (bottom, center).

This approach can be improved by applying a two dimensional quantile cut, which
is centered around the accumulation point of the hit pair residuals in both x and y
directions and cuts all pairs whose distance is in the top percentile3. The remaining
pair distances are still inside a circle, but this way, most of the outliers are cut in-
dependently of the shape in the scatter plot, and therefore independently of sensor
misalignment. The resulting circular cut can be seen in Figure 7.7 (right, bottom).

As a result, it is possible to reduce the minimum number of required pairs per
overlapping area and still achieve satisfactory accuracy of the determined sensor
misalignments. The actual value for the quantile that is kept lies between 0.95 to 0.999,
which means between the largest 0.1% to 5% of the pair distances are removed. It
can be found by evaluating the overlap matrices when various cuts are applied. The
standard deviation of the distances in x and y direction of the hit pairs of all 360
overlapping areas are plotted as a function of the cut percentage in Figure 7.8.
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Figure 7.8: Hit Pair residuals separated in x and y components with different quantile cuts,
standard deviation of the distribution of all 360 overlapping areas.

Ideally, the quantile should be chosen such that the standard deviations of both
the x and y components of the pair distances are minimized. Those minima are
at different cut values however, so it is a reasonable assumption that the ideal cut
value is found when the values are about equally large. This means the ideal cut
value should be near the intersection of both lines. In x direction, a decrease of the
residuals standard deviation can be observed until the cut value exceeds 1.8%. In

3 An efficient implementation of this algorithm is included in Listing A.3
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the y direction, the optimal cut value lies between 0.4% to 0.8%. Because the cut
is applied on the pair residuals before any overlap matrix is determined, it cannot
be done for x and y independently. Any increase beyond 2% shaves off too much
valid pairs and does more harm than good. For these studies, a quantile cut value of
1.6% is chosen as a comprise between minimal x standard deviation and minimal y
standard deviation.

7.7 iterative closest point algorithm

The Iterative Closest Point Algorithm (ICP) is a fast and efficient algorithm to register
two point clouds. To register in this context means to find the ideal transformation
that maps one of the point clouds to the other such that the sum off all distances
between two associated points is minimized. This is a solution to Equation 7.4. It
can re-associate points from both clouds as needed to minimize the total distance as
well. Most implementations of the ICP can even deal with data preprocessing such as
outlier rejection. Its general working order is outlined in Figure 7.9.

Figure 7.9: Flowchart of the ICP. The best fit transformation via SVD is highlighted green [113].

First, the data is pre-processed, which includes initial point pair associations and
outlier rejection. This is described in the previous section. The main working of the
ICP is then done in the convergence loop:

• Determine correspondence between points. This can for example be done by
rearranging the elements of one of the point clouds.

• Determine weights (not used in Sensor Alignment)
• Compute the best fit transformation via singular value decomposition
• Apply the determined transformation to all points of one cloud
• Determine the sum of all euclidean distances between the associated points
• Determine if the convergence loop should be exited

Exiting the loop is usually done if either of three criteria is met:

• The sum of all euclidean distances is below a defined threshold
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• The deviation from the previous R,~t to the current R,~t is below a defined thresh-
old

• The maximum number of iterations is reached

If one of the criteria is met, the best fitting rotation matrix R and transformation
vector ~t are returned.

Best Fit Transformation

For every iteration of the ICP, the optimal transformation matrix J?A 7→B that maps one
point cloud to the other must be calculated. This can be expressed as:

J?~qi 7→~pi
(R,~t) = arg min

R∈SO(d),~t∈Rd

∑
i

∥∥∥~p?i − J~qi 7→~pi(R,~t) · ~q?i
∥∥∥ ~pi,~qi ∈ Rd (7.25)

For the overlap matrix J?A 7→B, that in this case maps vectors ~qi to ~pi and becomes
J?~qi 7→~pi

. This transformation matrix is composed of a rotation matrix R ∈ SO(d) and a
translation vector ~t ∈ Rd, hence J~qi 7→~pi(R,~t). Although all problems in Sensor Align-
ment are either two-dimensional or three-dimensional, the following calculations are
valid in any dimension.

The best transformation, which can be calculated via singular value decomposition
of the d× d covariance matrix in d dimensions, is derived as follows [115]:

• Compute the weighted centroids of both point clouds with n points:

p̄ =

∑n
i=1wi~pi∑n
i=1wi

, q̄ =

∑n
i=1wi~qi∑n
i=1wi

• Compute the centered vectors:

~xi := ~pi − p̄, ~yi := ~qi − q̄

• Compute the d× d covariance matrix:

S = X ·W · YT (7.26)

Where X and Y are the d × x matrices that have ~xi and ~yi as their columns
respectively, and W = diag(w1,w2, ...,wn) the weight matrix

• Compute the singular value decomposition of the covariance matrix S = UΣVT .
The best rotation matrix is then:

R = V ·


1

. . .

1

det(VUT )

 ·UT (7.27)

• Compute the best translation as:

~t = q̄− R · p̄
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For the application in the Sensor Alignment, all weights are wi = 1 since no hit pair
is more significant than any other. The homogenous 4× 4 transformation matrix that
best maps the three-dimensional vectors ~qi to ~pi (and thus satisfies Equation 7.25) is
then:

J?~qi 7→~pi
(R,~t) =


R11 R12 R13 t1

R21 R22 R23 t2

R31 R32 R33 t3

0 0 0 1

 (7.28)

7.8 required number of tracks for sensor alignment

Now that hits from undesired tracks can be filtered and the extraction of the trans-
formation matrices is described, the minimum number of necessary tracks for Sensor
Alignment should be determined. For that, the Sensor Alignment is performed with a
varying number of hit pairs np for every overlapping area and the resulting residu-
als matrices are evaluated. The number of pairs is varied from 102 to 3 · 105. In my
Diploma thesis, 3 · 105 pairs were previously established to be the minium number
of required pairs per area [113], but this was before the quantile cut was applied. The
matrices determined by the ICP J?ICP(A 7→B) for sensors A and B are compared to the
overlap matrices J?A 7→B calculated according to Equation 7.12 from the misalignment
matrices M?

A and M?
B. Contrary to the final alignment matrices, they do not depend

on the externally measured positions of sensors 0 and 1 on each module, but only on
the misalignment matrices M?

A and M?
B given to the simulation.

After Sensor Alignment is done for all 360 overlapping areas, the distribution of
the residuals of all 360 overlap matrices are calculated and the mean and standard
deviation of the x and y components are noted. Figure 7.10 shows these mean and
standard deviation values as a function of the number of pairs used on each over-
lapping area. The standard deviation can be treated as the error for the mean value.
It is the main decision criterion for the required number of pairs, as the mean value
remains relatively stable across 102 to 105 hit pairs per area. As soon as 104 hit pairs
are available on each overlapping area, the standard deviation of the residuals matrix
elements in x and y directions is approximately as large as the mean value itself. If
fewer pairs are used, the overall accuracy of the Sensor Alignment is likely to suffer,
and more pairs do not significantly increase the accuracy of the Sensor Alignment.
Hence, for sensor alignment, at least 104 pairs on each overlapping area should be
used.

To ensure that all areas have received the necessary number of pairs, the number
of reconstructed hit pairs on the most disadvantaged area 2 7→ 9 per simulated track
is counted. This is necessary because tracks may not produce a hit on every layer or
may not hit an overlapping area. Not all overlapping areas are equally likely to be hit.
Table 7.5 shows this distribution for a single module. For example, of all registered
hit pairs that remain after all cuts, 2.7% are registered on area 2 7→ 9.

Overall, it has been found that on average, 3.19 hit pairs are available over the
entire detector (four layers and 10 modules on each layer) per reconstructed track
when the DPM generator is used. This is because not every track hits an overlapping
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Figure 7.10: Distribution (mean and standard deviation) of the residuals of the 360 overlap
matrices as function of number of pairs.

overlap area percentage pA [%]

0 7→ 5 21.4

1 7→ 8 19.7

3 7→ 6 19.7

4 7→ 9 19.4

3 7→ 8 4.8

2 7→ 8 4.7

3 7→ 7 4.7

4 7→ 7 2.9

2 7→ 9 2.7

Table 7.5: Hit distribution across the nine overlapping areas.

area on all four layers, which would produce 4 hit pairs per track. For this estimation,
only the most disadvantaged area 2 7→ 9 on each module is considered. To ensure
it has been hit often enough to produce about 104 hit pairs, the average number of
hit pairs on this area per reconstructed track is calculated. It is the product of the
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number of tracks Ntrk, the probability to hit this layer of the available four (= 1/4),
the probability to hit this module of the available ten (= 1/10), the probability to hit
this area (pA = 2.7%) and the average number of hit pairs per track (= 3.19):

Npairs = Ntrk ·
1

4
· 1
10
· pA · 3.19

This expression can be rearranged to isolate the number of tracks:

Ntrk = Npairs · 4 · 10 ·
1

pA
· 1

3.19

Ntrk = 4.64 · 106 (7.29)

After about 4.64 · 106 tracks have been collected, on all modules the overlapping
area 2 7→ 9 should have produced approximately 104 hit pairs, enough for successful
sensor alignment.

7.9 time requirements

The time requirements for Sensor Alignment are given in so-called big O notation
O(n,ne) per number of hit pairs n and number of events ne, and in real time for this
specific application. Because the alignment can be done individually per overlapping
area (instead of simultaneously for all areas), the number of hit pairs per overlapping
area (104) is more informative than the total number of tracks (106). This is already
an improvement over classical minimization algorithms, which solve the alignment
for all tracks and alignable components at once (106-107). The steps relevant for run
time are:

cluster finder The cluster finders runtime is at worst O(n2p) for np firing pixels
per track. However, the number of firing pixels is very small (< 10) compared to
the necessary number of tracks derived above (106 tracks, because the cluster finder
works on unsorted event data as it comes out of the DAQ system. The actual alignment
works on sorted data). So the runtime of the cluster finder can be approximated to
be constant per event, thus O(ne).

hit pair sorter The hir pair sorter sorts from one hit pair file to 360 separate
files to allow multithreaded sensor alignment, which is linear with number of events
O(ne).

Iterative Closest Point Algorithm The covariance matrix calculation in
Equation 7.26 is done by transposing one vector of points (O(n2)) and multiplying it
onto the other vector of points. For d = 3 dimensions and n hit pairs, that is a mul-
tiplication of a (n× d) and a (d× n) matrix. Naive matrix multiplication is cubic in
the larger dimension O(n3), but advanced matrix multiplication algorithms like the
Strassen algorithm achieve better than ≈ O(n2.4) performance [116]. The NumPy soft-
ware package uses a wide variety of efficient and optimized linear algebra algorithms
[114], although it was not possible to determine which specific matrix multiplication
algorithm is used.
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The calculation of the best transformation matrix J?A 7→B via SVD in Equation 7.27

depends on the matrix dimensions and is typically worse than O(d2) for d× d matri-
ces. Since for this application all covariance matrices are 3× 3 matrices, it is however
constant in time with respect to number of hit pairs O(1).

total runtime The quantile cuts require sorting of the involved elements. In
the chosen NumPy implementation, this sorting is done with the Quicksort algo-
rithm which runs in O(n log(n)) on average. This means the total runtime of the
Sensor Alignment is largely dictated by the hit pair finder and the calculation of the
covariance matrix for each overlapping area. It is thus for ne events and n hit pairs
per overlapping area (and n� ne):

≈ O(ne +n
2.4)

Which is an improvement over unbiased alignment algorithms like MillePede II,
which use all tracks simultaneously and thus run in ≈ O(n2.4

e ) at best.

The real time required can be simply measured. For this, 106 events are sorted
and 104 hit pairs per overlapping area are used for alignment. Typically, the pair
sorting step takes the longest times, but this can be improved in the future by writing
this data as soon as it is collected instead of at the very end of a simulation run.
Determination of the alignment matrix by means of the ICP finishes in less than a
second for 104 pairs per overlapping area on a single CPU core. The 360 overlapping
areas are independent of each other and these calculations can be done in parallel,
and most of the alignment runs were done on one of the HIMSTER II front end nodes.
Those are equipped with two Intel® Xeon® CPU E5-2630 v4 @ 2.20GHz totalling 20

cores/40 threads and 128GB of system memory, and each alignment run for all 360

overlapping areas required a few seconds wall time. In these studies, the hit pair data
amounted to about 2GB which has to be kept in memory. More precise studies are
not necessary because alignment is typically done only a small number of times.

7.10 sensor alignment results

At this point, all Sensor Alignment prerequisites are met and the effectiveness of Sen-
sor Alignment must be proven. This is done by generating misaligned detector ge-
ometries, running the simulation of MC data, reconstruction and extraction of the
tracks with this misaligned geometry and extracting the luminosity. Then, the align-
ment procedure is performed, and the alignment matrices are compared with the
input misalignment matrices. The entire reconstruction chain is run a second time,
this time utilizing the alignment matrices. Once the luminosity fit is done again, the
luminosity extracted with the misaligned geometry is compared with the luminosity
of the aligned geometry. Each time the sensors are the only components that are mis-
aligned, since misalignment in other components will negatively contribute to the
alignment quality as well. Only the effectiveness of Sensor Alignment is studied in the
following.

The misalignment parameters for every sensors x and y translations are sampled
randomly from a gaussian distribution with σ = 100µm and µ = 0µm, and for
the rotation angle around the z axis from a gaussian distribution with σ = 5mrad
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and µ = 0mrad. These parameters were derived in the beginning of this chapter.
Better and worse misalignment is simulated by multiplying a misalign factor to these
parameters. The misalign factors are 0.25, 0.5, 0.75, 1.0, 1.25 1.50, 1.75, 2.00, 2.50 and
3.00. A factor of 0.0 indicates the perfectly aligned geometry. Since it is possible the
alignment quality depends on the beam momentum either due to multiple scattering
within the sensor module or some other process, this comparison is done at multiple
beam momenta. In PANDAROOT the field maps for the solenoid and dipole magnets
are available at the beam momenta 1.5GeV/c, 4.06GeV/c, 8.90GeV/c, 11.91GeV/c
and 15.0GeV/c, and all simulations are performed at these momenta accordingly.

7.10.1 Residuals Matrices after Sensor Alignment

As first step in quality assurance of the sensor alignment, the extracted alignment
matrices are compared with the misalignment matrices. It is possible to extract the
translation part and the rotation from both matrices and then subtract the simulated
translation from the translation extracted by the alignment procedure, and do the
same for the rotation part. A more elegant way however is to multiply the inverse
of the alignment matrix to the misalignment matrix, resulting in the matrix that de-
scribes the deviation between the two as another transformation matrix. This matrix
is called the residuals matrix MResiduals and was defined in Equation 6.4 in Chapter 6.
If the alignment process were perfect and without uncertainties, the residuals matrix
would always be the identity matrix:

M? · (MA)
−1 =MResiduals ≈ 1

But since that is obviously not the case, the residuals matrix includes a remaining
translation and rotation.
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Figure 7.11: Residuals matrix elements after Sensor Alignment for misalignment 1.0 at
15.0GeV/c beam momentum.

For each of the 360 overlapping areas a residuals matrix is determined, whose ele-
ments corresponding to the translation in x and y direction and the rotation around
the z axis are plotted in Figure 7.11 (left to right respectively). The mean of both
translation distributions is non-zero, indicating a small systematic shift that remains
after the alignment procedure. This shift is caused by the non-perpendicular angle
of entry of the antiprotons through the sensor modules, and has been discussed in
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[113]. It is in the order of 2µm, and because it has no effect on the alignment, it is
neglected. The standard deviation σ is a measure of the uncertainty of the remaining
misalignment. It is about 1.5µm in both translation directions, and thus significantly
smaller than sensor resolution of 23µm. The mean for the rotation around the z axis
is close to 0 while the standard deviation is less than 0.1mrad.
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Figure 7.12: Sensor Alignment, x and y components of the residuals matrix for multiple mis-
align factors and beam momenta, mean (top) and standard deviation (bottom).
At each misalign factor the same misaligned geometry is used across all tested
beam momenta. A misalignment factor of 1.0 corresponds to the expected mis-
alignment after construction.

To prove the quality of the Sensor Alignment, the mean and standard deviation of
the elements of the residuals matrices that correspond to the translations in x and
y directions for all beam momenta and misalign factors are plotted together in Fig-
ure 7.12. As can be seen, the achievable quality for Sensor Alignment does not depend
on the magnitude of the misalignment at all as long as all overlapping areas are still
large enough to get hit pairs for the alignment. The means and standard deviations
of the residuals matrices are almost constant across all misalign factors. The mean
values are between −0.5µm to −4µm for all beam momenta, while the standard
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deviation is between 1µm to 4.5µm. It is almost constant except at a misalign fac-
tor of 2.5, where it rises by about 1µm. This can also be observed for the element
of the residuals matrices that corresponds to the rotation around the sensors z axis
(Figure 7.13, top: mean, bottom: standard deviation). The means of the values are
scattered around −0.01mrad and are closest to zero at high beam momenta. The
standard deviations are smallest at high beam momenta as well, and remain almost
constant up to the misalign factor of 2.5. This is a first hint that the overlapping areas
might be too small to register enough hit pairs for Sensor Alignment. At a misalign
factor of 3.0, Sensor Alignment fails completely because at least one overlap matrix
cannot be determined.
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Figure 7.13: Sensor Alignment, component for the rotation around the z axis of the resid-
uals matrix for multiple misalign factors and beam momenta, mean (top) and
standard deviation (bottom). At each misalign factor the same misaligned ge-
ometry is used across all tested beam momenta. A misalignment factor of 1.0
corresponds to the expected misalignment after construction.

For each misalignment, the residuals matrix varies slightly with the beam mo-
mentum, but that effect is in the order of 3µm and 0.15mrad. If this were solely
due to multiple scattering in the area between two sensors, this effect should be
reduced at higher beam momenta. This cannot be observed with certainty, instead
Sensor Alignment appears to perform equally well at every tested beam momentum.
Overall, the alignment residuals do not depend on either beam momentum nor mis-
align factor, except for very large misalignment scenarios, in which case not enough
hit pairs can be found in all overlapping areas.
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7.10.2 Luminosity Determination

Lastly, the effect of corrected misalignment on the luminosity determination is in-
vestigated. This is done by performing the luminosity fit after the alignment and
comparing the result to the generated luminosity. The deviation of the generated lu-
minosity Lgen from the measured luminosity Lmeas is called luminosity residual, and
the definition from Equation 6.6 is used:

∆L =

[
Lmeas

Lgen
− 1

]
· 100% (7.30)

In Figure 7.14 the result of the luminosity determination with the various beam
momenta and the various misaligned geometries can be seen. In most of the cases, the
luminosity is significantly under-estimated. Only at 1.5GeV/c the behavior deviates
from the remaining beam momenta. This is caused by the different treatment of
tracks at this beam momentum (see Chapter 4). Up to a misalign factor of 1.25, these
tracks appear to survive the momentum cut as well as the direction cuts, and the
Luminosity Fit Framework compensates for it with minor beam tilt. It looks like the
sensor misalignment leads to systematically wrong track directions which might be
interpreted by the luminosity fit as beam tilt.
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Figure 7.14: Luminosity fit residuals, no alignment. A misalign factor of 0 refers to a perfectly
aligned detector. Note that error bars from the luminosity fit are included, but
are too small to be visible.

After performing the Sensor Alignment, the luminosity fit is repeated by using the
alignment matrices to correct for the misaligned sensor positions. The results are
shown in Figure 7.15 . The results are almost ideal across all beam momenta and
misalignments, and the majority of the fit values are compatible with zero. The en-
tries for different beam momenta have been offset slightly so that they can be dis-
tinguished clearly. Entries for misalign factors 3.0 are unavailable because multiple
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overlapping areas were too small to produce hit pairs and Sensor Alignment could
not finish. As long as enough hit pairs can be found on every overlapping area, Sen-
sor Alignment can completely correct unknown misplacement of individual sensors,
and the luminosity fit can deliver the same accuracy as if the sensors were perfectly
aligned. When the sensors were misaligned three times as bad as expected (misalign
factor 3.0), several sensor pairs that should overlap no longer do so and produce no
hit pairs accordingly. In that case, the overlap matrices for these two sensors cannot
be extracted, and because all overlap matrices are required for a complete alignment,
the alignment for the entire module fails. Hence the individual sensor misalignment
must not be greater than 250µm on average. As long as that can be ensured, Sen-
sor Alignment works reliably for all beam momenta and misalign factors, and the
luminosity residuals are no larger than without any misalignment at all.
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Figure 7.15: Luminosity fit residuals after alignment. At each misalign factor the same mis-
aligned geometry is used across all tested beam momenta. A misalignment factor
of 1.0 corresponds to the expected misalignment after construction. A misalign
factor of 0 refers to a perfectly aligned detector.
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M O D U L E A L I G N M E N T

This chapter introduces the alignment of the sensor modules in groups of ten sectors
as shown in Figure 8.1. First, the commonly used methods for track based alignment
are explained, before the algorithms developed during the course of this thesis are
introduced. At the end, the accuracy of the luminosity fit residuals without and with
module alignment is demonstrated. For these studies, only the sensor module posi-
tions are varied while all other component positions remain fixed.

Figure 8.1: Sensor Modules are grouped in sectors.

8.1 expected misalignment after construction

The sensor modules are composed of a 200µm thick chemical vapor deposition (CVD)
diamond plane onto which ten sensors are glued. They are laser cut from larger CVD

disks, making their shape very accurately known. However, due to internal stress in
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the CVD diamond plane, they may bend out of shape to a significant degree, con-
tributing to the overall misalignment of the modules. The accuracy of the position of
a given module is determined by the accuracy of the holding structure (half plane)
that holds a module in place. For the LMD, the measurement arm introduced in Chap-
ter 5 will be used to determine the position of the half plane with respect to LMD box,
and the microscope and the CMM will determine the positions of the modules in the
half plane. The errors from those two measurements will be in the order of 50µm and
15µm respectively. The entire array is built very sturdy and should not deform much
under vacuum stress, but for the sake of a safety margin, another 50µm uncertainty
from deformation is added. Lastly, the accuracy of the laser cut is assumed to be
50µm as well. Considering that all these errors are uncorrelated, the total positional
uncertainty of a module relative to the LMD box is assumed to be:

dx,dy =
√
502 + 152 + 502 + 502µm ≈ 88µm

The positional uncertainty in z direction is more difficult to estimate. For sensor
module alignment, the thickness of the CVD wafers is negligible, and the uncertainty
in z direction is largely determined by the precision with which the half plane can
be milled. Due to the internal stress and resulting expected deformation of the CVD

wafer, the sensors z positions will deviate slightly from the position of the half plane.
For simplicity, this uncertainty is assumed to be as large as the uncertainties in x
and y directions: dz = dx,dy. Since these values are estimations only to evaluate
the influence of the effect of the misalignment on the luminosity determination, the
expected uncertainty in all three directions is rounded to:

dx,dy,dz = 100µm (8.1)
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Figure 8.2: Module-local axes.

The expected misalignment by rotation of the modules has its largest contributions
from the contact point of the module and the half plane and the deformation due
to internal stress. Figure 8.2 depicts a single sensor module and the axes on which
rotations are applied. A module is approximately l = 70mm long and w = 30mm
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wide. The assumed pivot of a module is the contact point with the half plane (point
A in Figure 8.2), and to get an idea about how much rotation there may be, a point
on the lower tip of the CVD diamond plane (point B in Figure 8.2) is chosen as lever
arm. Offsets in x, y and z directions of the point B from its design position results
in three rotation angles ∆Ψ, ∆Θ and ∆Φ. Assuming the uncertainties of point B as
∆x = ±5mm, ∆y = ±5mm due to deformation and machining imprecision, and
∆z = ±1mm due to incorrect cut and placement respectively, the average rotation
angles are:

∆Ψ = 167mrad

∆Θ = 71mrad (8.2)

∆Φ = 14mrad

These values are chosen very generously, as misalignment of this degree should be
clearly visible in the microscope already.

These misalignment values are expected to occur on every single module, and
since each module is positioned independently, the actual misalignment values for
the simulation studies are sampled from gaussian distributions with these values as
σ width and a mean value of 0, just like in the previous chapter. Even though all
coordinates and all rotation axes are misaligned and included in the misalignment
matrices, the track reconstruction of the LMD is not sensitive to translations in z di-
rection (because the track angles are very similar under small z-displacement of the
sensors) and small rotations around the x and y axes. The goal of Module Alignment
is to find the alignment matrices that resemble the misalignment as introduced in the
simulation studies as misalignment matrices.

8.2 track-based alignment methods

The objective of track based software alignment is the determination of the misalign-
ment matrices M?

i for every component i of the detector. Generally, the positions of
components and their deviation from the design positions are expressed as homoge-
nous matrices, but the alignment process can be described in components as well. The
alignment procedure minimizes the RMS distances between every reconstructed hit
and the tracks that were reconstructed from them. This is a minimization of the func-
tion χ2(~a, ~∆a,~t), which depends on the geometry parameters ~a, the misalignment
parameters ~∆a and the track parameters ~t used for this alignment [108]:

χ2(~a, ~∆a,~t) =
∑
k

∑
i

(
mik − hi(~a, ~∆a,~tk)

σik

)2
(8.3)

where mik is the ith measured value of the kth track and hi(~a, ~∆a,~tk) the expec-
tation value of this measured value with uncertainty σik. Individual track measure-
ments are assumed to be uncorrelated. While the actual number of needed tracks
heavily depends on the detector geometry, initial survey, measurement accuracy and
detector resolution, it typically varies between O(104) and O(106). In high energy
physics experiments, two major alignment methods to determine these parameters
∆a have emerged, which are called biased and unbiased methods:
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• Biased or local χ2 alignment methods fit the alignment parameters and the
tracks independently. They fit tracks to reconstructed hits from misaligned de-
tector components and determine the misalignment parameters by comparing
the hit distribution with the track-detector intersection. Typically detector com-
ponents are misaligned in all six degrees of freedom and the resulting align-
ment parameters are found by solving k · i 6× 6 matrix equations. Since the
alignment parameters were determined from misaligned sensor data, the track
fits as well as the alignment parameters are biased. This bias can be removed
by iterating this track-fit / parameter-fit cycle until the change of the result is
below a given threshold and the alignment is said to have converged. Usually,
this happens after O(10) to O(100) iterations. This method is usually not pre-
ferred due to the iterative nature and the need for a re-fit for all tracks after
each alignment iteration.

• Unbiased or global χ2 alignment methods attempt to fit the track and misalign-
ment parameters simultaneously in a single step to remove the bias from the
misalignment. This means a single matrix equation with nt · np dimensions
has to be solved. Since these numbers tend to be around O(104) for the num-
ber of parameters np and O(106) for the number of tracks nt respectively, the
solution requires the inversion of a O(107 × 107) matrix, which is impossible
on current computers and will be for the forseeable future. Currently known
matrix inversion algorithms for n × n matrices require CPU time ∝ n3 and
memory ∝ n2. For computational accuracy, 64 bit doubles must be used, and a
105× 105 symmetric matrix already requires about 80GB memory. A 107× 107
matrix would require 800 TB. This matrix is sparse however, which means it is
possible to invert it piece-wise by inverting sub-matrices instead. This is done
by the software package MillePede II [117], which has been used in numerous
experiments since.

MillePede is a tool "to solve the linear least squares problem with a simultaneous
fit of all global and local parameters" [118]. It was developed by Volker Blobel in 1996

[117] and completely rewritten in 2006, now known as MillePede II. It has been the de-
facto standard software used for track-based software alignment at Desy [112], CERN
[109] and others [119], and numerous experiments have used it successfully for the
past decades. Even though MillePede II has been introduced over 15 years ago and is
maintained by very few people, it still receives regular compatibility updates and bug
fixes, and since 2013, MillePede uses the MINRES-QLP algorithm [120] that can make
use of multiple processor cores. The value of MillePede to high energy physics and
detector alignment simply cannot be overstated. Several previous publications [93,
109, 110] have preferred MillePede over iterative alignment methods because it can
perform the necessary matrix solution in a single step and outputs local and global
alignment parameters simultaneously. But despite its long history, use of MillePede
is difficult and prone to errors. Users must parametrize tracks, track residuals and
reconstructed hits in a very specific format and use the Mille executable to translate
these parameters to a binary representation used by Pede. Pede then outputs the
alignment parameters (which are called global parameters in MillePede parlance)
as a list of float values in the same parametrization chosen by the user, and these
parameters must be translated back into a format the ROOT simulation framework
can use. While this multi-step method certainly can (and should!) be automated by



8.2 track-based alignment methods 103

their users, errors in track parametrization are unforgiving and Pedes error messages
cryptic, making initial debugging extremely difficult.

MillePede II is written in Fortran, a programming language that — although still
very prevalent in high energy physics — is difficult to learn and not taught frequently
anymore in favor of more modern languages like C++ or Python. Although MillePede
II is very mature and the source code available, debugging of errors is very difficult
and users may be inclined to treat MillePede as a black box that outputs the desired
parameters as long as the correct track parametrization was found, with few available
checks for their correctness.

Current processor architecture has evolved to use higher concurrency and instruc-
tions per cycle instead of higher frequencies, with current high-end CPUs containing
up to 64 cores / 128 threads and specialized CPU instructions that solve linear alge-
bra problems faster than any software implementation. MillePedes elaborate solution
of a single, enormous linear equation system may not even be necessary anymore if
multiple isolated sub problems can be solved much faster and their results be com-
bined iteratively. MillePede certainly is not obsolete, but other alignment methods
should still be explored.

So even though no work about software alignment is complete without at least
mentioning MillePede, a different approach is chosen here that reads track and hit
data directly into a Python application and outputs alignment parameters as 4× 4
homogenous matrices that are used by ROOT during geometry creation as well. With
very few exceptions, every algorithm and data interface presented here is written in
modern Python3 and should be readable even by novice programmers. And while in-
terpreted Python code is said to be slow compared to compiled native code like C++
and Fortran, performance worries can be alleviated as the math portion is still writ-
ten in C and uses hardware acceleration wherever possible. Modern math libraries
such as the Math Kernel Library which are used by NumPy utilise state of the art
processor features for linear algebra and modern matrix inversion algorithms that far
surpass the run time of naive implementations. NumPy is used by countless software
applications today and is tested, used and optimized by a large and global commu-
nity of software engineers and scientists and has become an indispensible tool in
modern data science.

Most of the accompanying data interfaces developed here use UpROOT, a novel
ROOT I/O library completely written in native Python that outperforms ROOTs own
compiled C code in many scenarios [121]. Even though development of UpROOT
started only in late 2018, it has proven very reliable and performant already. Because
it reimplements all ROOT interfaces in native Python, it works without a ROOT /
FAIRROOT / PANDAROOT installation and is a viable alternative to the Python
bindings of native ROOT.

For these reasons, the module alignment part of the Software Alignment Framework
does not make use of MillePede and is instead build upon NumPys linear algebra
functionality and UpROOTs I/O.
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8.3 minimizer algorithms

Figure 8.3 explains the biased alignment process, simplified to only vertical mis-
alignment. A particle traverses the misaligned detector planes (top), and since the
misalignment is unknown to the track reconstruction algorithm, a biased track is
reconstructed (center). The Module Alignment algorithm shifts the planes to best fit
the reconstructed biased track. The sensors have now moved, and with the updated
hit positions (denoted as red circles), a new track is fitted (bottom). In practice, this
is done with tens of thousands of tracks at once, and the track residuals decrease
with each iteration until the alignment matrices between iterations do not change
significantly anymore or the maximum number of iterations is reached.

Actual Scenario, Misaligned Detector

Reconstructed Scenario

First Alignment Iteration

Figure 8.3: Iterative Module Alignment process.

It is very important to note that this alignment method is done after the recon-
struction chain has run once, so that reconstructed hits and biased tracks are already
available. The iterative track fit during the alignment is done separate from the LMD

reconstruction chain, and uses a different algorithm and implementation. Therefore,
the track fitter of the LMD reconstruction chain is not discussed here. As far as align-
ment is concerned, there is already an initial set of reconstructed hits and tracks
derived from it available. The Module Alignment algorithm therefore starts with the
calculation of the initial transformation, then performs track search and fit and be-
gins the next iteration. A single iteration of this biased alignment process consists of
two separate optimization problems:
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aligment parameter minimization The tracks used in this step are fixed for
this iteration and global to all components that must be aligned. Because the track pa-
rameters do not change during this step, all components’ alignment parameters can
be found independently. This is a very strong argument for massive parallelization,
because typical particle detectors are made of hundreds to thousands of individual
components, each of which can be solved in its own thread. The residual minimiza-
tion is done with an ICP-like algorithm similar to the one introduced in Chapter 7. For
every track the intersection point of that track and the sensor module is calculated,
and these points are stored as a three-dimensional point cloud. Similarly, the recon-
structed hit positions are stored as another point cloud, resulting in two point clouds
for every module. The distance from a track intersection point to the corresponding
reconstructed hit point is called track residual, and these are the values which are
to be minimized. The transformation that maps the second point cloud to the first
is the same transformation that moves the sensor module such that the residuals are
indeed minimized. Instead of solving 6 ·Ntrk linear equations to get the 6 desired
alignment parameters (like MillePede II), only a single singular value decomposition
must be performed on a 3× 3 matrix (See Section 7.7). Because all point cloud pairs
are independent, the ICP algorithm can be applied concurrently without major modi-
fications, which means the minimization steps are multithreaded by design with the
number of threads equal to the number of modules. Further parallelization of the
actual SVD algorithm for example might be possible, but since this method already
uses all cores on current off-the-shelf hardware, no such attempts were made.

track fit After every components alignment parameters have been found, all
tracks must be fitted again to reduce the inherent bias of the biased alignment pro-
cess. This can in principle be done with the usual track finding and fitting algorithms
of the LMD reconstruction chain. In this specific case however, the track fit step can
be performed in a similar manner as the alignment parameter minimization. For
each track there are four reconstructed hit positions, track candidates with less re-
constructed hits are discarded. The initial track finding tasks have already run at this
stage, so noise hits and hits from secondary particles have already been filtered, and
re-association of multiple hits from different events to new tracks is unlikely. It is
therefore reasonable to assume that a track will always be defined by the same four
reconstructed hits between alignment iterations, even though the positions of the hits
change with alignment. Additionally, the interior of the LMD contains no magnetic
field and the tracks are always straight lines. In essence for the track fit, a straight
line must simply be fitted to four three-dimensional points.

There are multiple ways to describe a line in 3D space, but the most intuitive is
arguably the sum of a point ~p and a vector ~d (both are ∈ R3): the point is the "start"
of the line and the vector points in the direction of the line. The line can then be
parametrized with:

~x = ~p+ λ~d ~p,~d ∈ R3, λ ∈ R (8.4)

This is called the generalized parametric form. It is further possible to encode the
particles momentum in the magnitude of the direction vector, but this is not needed
for Module Alignment. This parametrization requires six values, but since only the
direction of the vector is required, it is possible to parameterize it only with the two
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angles φ and θ in spherical coordinates. If the track origin can be restricted to a plane
(for example the x− y plane at the origin of the coordinate system), only the x and y
coordinates of the origin points must be known. If the origin point is entirely fixed (if
for example all tracks must originate exactly at (0, 0, 0)T ), only the parameters φ and
θ are free parameters. Classic optimization algorithms can now be used to find these
2 to 6 parameters such that the residuals from the track to the hits are minimized.
Generally however, simplified parametrizations with less than six free parameters
are too restrictive for real particle tracks, and the minimization algorithm has to find
all six parameters from four hits in three dimensions, for every track.

8.4 principal component analysis

Minimization algorithms typically derive the optimum parameter set iteratively, and
there is generally no guarantee that they converge in a global minimum instead of
a local minimum. A straight line fit through four points is however a very simple
problem that does not necessarily warrant application of a multi-purpose minimiza-
tion algorithm. It can instead be solved elegantly in a single iteration and yielding
the ideal solution with a principal component analysis. It is analogous to a linear
regression fit, only in higher dimensions.

The principal component analysis (PCA) is a technique widely used in statistics and
data analysis for dimensionality reduction of high-dimensional data. It shows corre-
lations between data points by projecting them onto lower dimensions, where these
correlations are more easily visible or at least more tractable. In statistics, a design
matrix contains the information about a set of similar objects. Each row corresponds
to an object and the columns contain the objects parameters. If a design matrix X is a
set of p-dimensional vectors (data points), then the first principal component of that
matrix is the direction ~w in which the points have the largest variance. That automat-
ically means that the RMS distance of the points to that vector ~w is minimal [122], see
also Figure 8.4 for an illustration.

wd

Figure 8.4: Principal component analysis of a multivariate gaussian scattering plot. The vec-
tor ~w points in the direction with the largest variance. The sum of all squared
distances d from the points to that vector is minimal. Modified from [123].
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In this case the track fitting goal is to find the line to which the RMS distance of all
points is minimal. This applies only to tracks that can be modeled as straight lines,
for example if no magnetic fields are present. Also, no charge, momentum or energy
parameters are available from this simplified model. For a p-dimensional data set
there are p principal components, each corresponding to the direction of the next-
largest variance and so on. For the track fit, only the first principal component is
relevant.

The technical implementation is straight forward. The data set (track hits) only
has to be mean-centered, and the PCA can then be done via a singular value decom-
position of the design matrix X. Let X = UΣWT be the SVD of matrix X and X the
design matrix comprised of the reconstructed hit vectors. Then the columns of the
matrix WT are the principal components, and the first column corresponds to the
direction of the largest variance. This is the track direction, and the track origin can
be found by simply taking the mean of the points. Strictly speaking, the extracted
track does not have the same physical motivation as a real track fit, since it neither
has momentum nor energy, and the track origin is no longer in the first plane but
somewhere between the second and third plane. However, the tracks at 15.0GeV/c
beam momentum are minimum ionizing particles and hardly lose any energy in the
diamond planes and sensors, and the energy deposited and their subsequent multi-
ple scattering is not visible in the alignment. This way, only the actual track direction
is taken into account for the alignment. Even though the description of the track has
six parameters at this point, their derivation from a singular value decomposition is
much faster than classic six-dimensional optimization algorithms.

Studies performed during this thesis showed that a classic optimization approach
using NumPy’s minimizer is able to fit in the order of 104 tracks per second, whereas
PCA is able to fit several 105 tracks per second on an Intel® I7 6700k in a single thread.
Both methods are significantly faster than the algorithms employed in the LMD track
reconstruction chain. The individual tracks are independent as well and track fitting
with PCA could also be done in bunches in a multi-threaded way. However, this has
not been necessary as the fit was fast enough already. Therefore, a principal compo-
nent analysis is used for the iterative track fits during module alignment. Using these
optimizations, the biased track based alignment approach requires about 60 s for the
entire detector using 105 tracks per module sector, which is significantly faster than
the MillePede based approach that required about 100 s for 104 tracks [93].

8.5 constraints on additional misalignments

Due to the absence of external reference points, all alignment parameters for the
Sensor Modules alignment can only be found with respect to a reference frame of the
corresponding sector. This means it is only possible to find the position of a given
module relative to the other modules, but not relative to the reference frame LMDlocal.
Other experiments use calibrated sensors placed outside the detector system or other
detector components in the path of the tracks, so that the internal alignment has an
external point of reference, but this is not possible for the LMD. Furthermore, the
angle at which a track traverses a single sensor cannot be measured, which means
the entire sensor array could be sheared and it would be impossible to detect this.
For these reasons, several types of misalignment are fundamentally inaccessible to
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track based software alignment [109] unless corrective measures are taken. Figure 8.5
depicts the four linear transformations: translation, rotation, scaling and shearing.

Translation ShearingScalingRotation
z

z

z

z

z

z

z

z

x/y

x/y

Figure 8.5: Non-alignable transformations if no external reference points are known. X and
Y coordinates are positions in arbitrary units, ideal position shown on top and
non-alignable transformation shown on bottom.

It is possible however to make educated assumptions and reduce the effect of these
transformations on the alignment:

• Translation of the sensor array as a whole must be measured externally. In the
Luminosity Detector this is done by external survey of the box and measure-
ment of the modules positions with respect to the box via capacitive sensors.

• Rotation of the entire detector can be corrected using Box Rotation Alignment,
see Chapter 9.

• Scaling is not relevant since it would be strongest in Z direction, but the LMD is
not sensitive to that. Because it will also be measured externally, it is neglected
here.

• Shearing can be corrected by using an external reference; the interaction point
which can be found by back propagation of the reconstructed tracks. In this
special case, it is called anchor point.

8.6 elimination of apparent shearing

Module Alignment relies on particle tracks that do not traverse the sensors perpen-
dicularly but instead at an angle between roughly 3mrad to 9mrad. Therefore it
will subsequently find a detector shearing that is not actually present. Since it aims
to find the alignment matrix for every single module in a global frame, this shearing
must be compensated by introducing a reference point for all tracks as depicted in
Figure 8.6.

The interaction region has a finite and non-zero size, but after travelling a distance
of 11m it can be assumed that all primary tracks originate at the same interaction
point. This point is measured by PANDA with high precision, rendering it ideal for us-
age as anchor point. Unfortunately, there are two magnetic fields present in between
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Apparent                                                  Actual

Anchor
Point

Figure 8.6: Detected shearing due to incorrect angle assumption.

the interaction point and the LMD, which distort the particle trajectories. Most signifi-
cantly, the dipole magnet bends the tracks by 40mrad in x direction. To compensate
and still use the interaction point as track anchor, every reconstructed track would
have to be back propagated through the magnetic fields to determine the interaction
point for this track. Then, a model of this kinked track would have to be fitted onto
the five points numerically (4 inside the detector, one interaction point) using clas-
sic optimization algorithms. This would be computationally very expensive and also
prohibit the use of a principal component analysis for the track fits.

Instead, it is possible to extrapolate a projected interaction point to where the tar-
get region would be if no magnetic fields were present (see Figure 8.7). This point can
be used together with the four reconstructed hits from the LMD in the straight line
fit of the principal component analysis, functioning as the anchor point for the ac-
tual reconstructed hits. Due to omission of the 40mrad kink, some tracks are slightly
shorter before hitting the first plane and some are slightly longer. This distance de-
pends on the φ angle (around the beam axis) and the distance to the beam axis, but
it can be approximated to be identical for every track on a given module because the
difference over the area of the module is much smaller than the difference over the
entire detector. Therefore, each sector has its own anchor point (Figure 8.7 black ×
for shorter tracks and red × for longer tracks).

Interaction
Point

Anchor
Points

LMD

lmd z

Dipole

Figure 8.7: Exemplary anchor points for two sectors, lengths and angles are not to scale.

Due to the irregular shape of the active sensor area and the non-homogenous hit
distribution on that module, this projection distance is very difficult to calculate, and
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instead is approximated iteratively. Using a perfectly aligned detector model, the
following steps are performed:

1. Set the starting value of the anchor point at z = −11m in the reference frame
LMDlocal

2. Set the anchor point at
[
0, 0, z

]T
in the reference frame LMDlocaland base-transform

it to the reference frame PANDAglobal

3. Perform the track fits using this anchor point and the reconstructed hits
4. Calculate the residual translation and rotation values from the alignment matri-

ces
5. Vary z and repeat from step 2 until the residuals are minimal

This process results in 10 different z values for the anchor points, one for each
sector. The usage of the resulting anchor points works remarkably well also for mis-
aligned detector geometries and improves the alignment accuracy considerably. Fur-
ther and future optimizations might use a correction on these points derived from
the interaction point measured by PANDA. If the offset of the actual interaction point
from the assumed interaction point is known, then this offset can be transformed
appropriately and applied as anchor point to further increase the accuracy of the
module alignment.

To test the effect of the anchor points, the residuals matrix MResiduals is constructed
according to Equation 6.4 two times; once after Module Alignment has been performed
using only track hits and once using anchor points in addition to the track hits. The
residuals matrix MResiduals is:

M? · (MA)
−1 =MResiduals

The matrix elements MResiduals,14 and MResiduals,24 correspond to the remaining
translation in x and y directions respectively after alignment. If the alignment al-
gorithm failed, all extracted alignment matrices would be identity matrices and the
residuals matrix would be identical to the misalignment matrix. In that case, the
residuals matrix elements corresponding to these transformations would follow a
gaussian distribution with σx,σy = 100µm as per construction.

Figure 8.8: Residuals matrix values between the aligned and the simulated geometry in x

and y directions for all 40 sensor modules. Module Alignment without the usage of
anchor points (left) and using anchor points (right) at 15GeV/c beam momentum.
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Figure 8.8 shows the residuals matrix elements between the aligned and simulated
geometry after Module Alignment for a factor 1.0 misaligned detector scenario using
only track hits (left) and using anchor points in addition to the track hits (right).
Module Alignment without anchor point still achieves about 35µm accuracy, but the
usage of the anchor points decreases this value down to below 10µm.

The anchor points derived with the method described above decrease the residuals
matrix elements significantly, proving the approximations made for the derivation of
these anchor points are precise enough. The standard deviation of the y-translation
elements of the residuals matrices is twice as large as the one for the x-translation
elements however, indicating a systematic error. This systematic error comes from the
choice of anchor points and may have multiple sources. Specifically, the assumption
that the anchor points must lie on the z axis may have been faulty, because the particle
trajectory diversion due to the dipole and solenoid magnets is non-linear. Instead, the
ideal anchor point for every sector might instead include an x and y component other
than 0 as well, but finding these points would be more complicated. The later sections
demonstrate that this error is small and can be neglected.

8.7 tracks selection cuts for alignment

The track reconstruction of the LMD provides a track status for every reconstructed
track and corresponding interaction point. This information is useful for the lumi-
nosity extraction and for Module Alignment alike. The reconstruction status indicates
whether the track direction and momentum are plausible. Only valid tracks are used
for the Module Alignment. The interaction points associated to the tracks are not iden-
tical for all reconstructed tracks however. Even at a perfectly aligned detector, res-
olution effects, multiple scattering, missed tracks and the occurrence of secondary
particles lead to tracks with greatly varying angles in the reference frame LMDlocal,
while still having a successful reconstruction status. These reconstructed tracks are
then back propagated through the two magnetic fields until they reach the target
region, where their probable interaction point is reconstructed. Due to their different
reconstructed angles, these interaction points vary widely.

Before alignment, this effect is even worse. Wrong sensor positions lead to wrong
reconstructed hits and subsequent wrong track angles. Because of that, the recon-
structed interaction points are distributed over a large area. As long as the detector
is not aligned, this interaction point distribution is not centered around the actual
interaction point and differs for every sector. Because these interaction points are no
reliable indicator for the actual origin of the tracks, they cannot be used to pre-select
usable tracks for alignment. This means after the reconstruction macros have run,
many tracks remain in the data that are not suitable for software alignment. There-
fore, three quality cuts are needed to select the tracks for the Module Alignment:

multi-sector tracks Some tracks are registered in multiple sectors. They are
trivial to detect and are discarded.

track direction cut If the geometry of the detector system is misaligned, it
has to be assured that all tracks used for the alignment procedure originate at the
same point. Because the reconstructed interaction point for each track is unreliable
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as long as the detector is not aligned, this information can be extracted indirectly
via the track directions. For that, the average direction of all tracks in a sector is
calculated and the top percentage of all tracks that deviate too far from that direction
are discarded.

track residual cut The antiprotons inside the LMD cross four sensor modules
and between zero and eight silicon sensors, and each time they are subjected to scat-
tering in the material of the CVD diamond wafers and the sensor silicon. This effect
is called multiple scattering. Because of it, the particle track may exit the material at
a different angle than that with which it entered.

The degree of scattering depends on the thickness and the composition of the tra-
versed material, and most importantly the kinetic energy of the involved particle.
Higher energy particles suffer reduced multiple scattering, which is desirable for
Module Alignment due to the large distances between modules (10 cm to 20 cm). Mul-
tiple scattering cannot be measured directly with the LMD, but it can be estimated
by measuring the distance from the reconstructed hit to the reconstructed track on
all detector planes. Figure 8.9 illustrates a particles track influenced by multiple scat-
tering (red lines), the reconstructed hits from it (red circles) and the reconstructed
track from those hits (green line). The distance from a reconstructed hit to the recon-
structed track is called track residual.

Actual Track Scattered Track

} Track Residual
Reconstructed Track

Figure 8.9: Illustration of multiple scattering in the Luminosity Detector. The actual track is
scattered (red lines) in the detector material. The magnitude of multiple scatter-
ing can be estimated via the distance from a reconstructed hit (red circle) to the
reconstructed track (green line).

The x-components of the track residuals for 1.5GeV/c and 15.0GeV/c beam mo-
menta are shown for all four planes in Figure 8.10, top and bottom respectively. Be-
cause the track residuals are approximately symmetrical in x and y direction, the
corresponding plot for the y component is omitted. There is a significant number of
tracks with large track residuals on the third and fourth plane at both beam momenta.
At 15.0GeV/c beam momentum, there are also moderately large track residuals on
the first two planes. The residual distribution at 1.5GeV/c looks significantly differ-
ent from the residual distribution at 15.0GeV/c. While the peak at zero at 1.5GeV/c
is wider than at the higher beam momentum, the long tail of outliers is concentrated
much closer to the peak. The opposite is the case at 15.0GeV/c, where the peak at
zero is significantly narrower but the outliers are spread further away. The largest
track residuals are always on the fourth plane, where the track residuals have a stan-
dard deviation of 200µm at 1.5GeV/c beam momentum and 255µm at 15.0GeV/c
beam momentum. A quantile cut can now be applied that removes the 0.5% of the
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tracks that have the largest track residuals (which is called top 0.5 percentile), which
is shown in Figure 8.11.
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Figure 8.10: Track residuals between reconstructed hit and reconstructed track due to mul-
tiple scattering per detector plane at 1.5GeV/c (top) and 15.0GeV/c (bottom).
Secondary and back scattered particles are not filtered. No further cuts are ap-
plied.

With a 0.5% cut, the long tail of outliers can be reduced significantly. The track
residual distribution still widens from first to fourth layer, which is more strongly
pronounced at the lower beam momentum. The standard deviation could be reduced
significantly to 111µm at 1.5GeV/c beam momentum and 30µm at 15.0GeV/c beam
momentum, which is a reduction of 46% and 88% respectively. At the higher beam
momentum, the distribution stays narrower over the four layers, but in both cases,
multiple scattering cannot be filtered completely.

combined cut performance The combined effect of track direction cuts and
track residual cuts can now be investigated. Figure 8.12 shows the track directions
without cuts —but after sector-crossing tracks are removed — on the left, after ap-
plication of the track direction cut in the center and after application of both track
direction and track residual cuts on the right. Most of the deviating tracks have been
removed.

This is done during the first iteration of the Module Alignment. After the sensor
modules have moved during the first alignment iteration, the tracks are fitted again
their directions thus change. A reasonable assumption would be that the track di-
rections vary again to a degree that necessitates another quantile cut on the track
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Figure 8.11: Track residuals between reconstructed hit and reconstructed track due to multi-
ple scattering on planes one through four with 0.5% quantile cut on track resid-
uals at 1.5GeV/c (top) and 15.0GeV/c (bottom). Note that the ordinate scale is
ten times smaller compared to Figure 8.10
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Figure 8.12: Tack directions for tracks through sector 0 after both cuts. All track directions
before cuts (left), after a quantile cut of 1% on the track directions (center) and
after both a direction and a 0.5% track residual cut (right).

directions. This has not been the case however, as even after the tracks changed their
directions, no significant outliers can be observed anymore. Both quality cuts are
therefore disabled after the first alignment iteration.
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8.8 required number of tracks and iterations

Before the luminosity fit studies can be conducted, the minimum number of neces-
sary tracks for the Module Alignment must be determined. Since the Module Alignment
can be done equally well at any beam momentum (shown in Section 8.10.1), these
studies are performed at 15.0GeV/c and a misalign factor of 1.0. For that, the residu-
als matrix from Equation 6.4 in Chapter 6 is constructed for this case and its elements
that correspond to the translation in the x and y directions are extracted. The mean
and standard deviation of these elements of all 40 alignment matrices are calculated
in dependence of the number of tracks per sector and shown in Figures 8.13 and 8.14.
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Figure 8.13: Residuals matrix elements for x and y directions after Module Alignment, mean
values over 40 matrices vs number of tracks per sector for misalign factor 1.0 at
15.0GeV/c.

The mean value (Figure 8.13) indicates if there is a systematic error present which
distorts the result to some direction and how accurately the matrices were extracted.
The standard deviations of the residuals (Figure 8.14) give an indication of how pre-
cisely the 40 alignment matrices were determined. The number of tracks was varied
from 150 to 5 · 105 in various step sizes. As soon as at least 104 tracks are available,
the mean value does not change significantly anymore, even though it never reaches
zero. The x-residual is larger than the y-residual, hinting at a systematic error. This
error of around 0.2µm is small compared to the standard deviation however.

While the standard deviation of the 40 translations elements of the residuals ma-
trices (Figure 8.14) is a first indication for how precise the alignment matrices are,
it cannot be used as error bar for the mean values directly, as it would massively
overshadow the means. Still, a very clear trend is visible. Once at least 104 tracks are
available, the return on investment diminishes due to more tracks even if the stan-
dard deviation slowly shrinks. However, a great number of tracks is easy to come
by and thus a safety factor of 5 is used. An even larger number of tracks does not
significantly reduce the standard deviation however, which puts an upper limit on
the accuracy and precision of module alignment of at least 4µm. The standard devi-
ation of the y component is larger than that of the x component, which was caused
by the choice of the anchor points as explained in the previous section. While there
is a small systematic error in the determination of alignment matrices, the statistical
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Figure 8.14: Residuals matrix elements for x and y directions after Module Alignment, stan-
dard deviation over 40 matrices vs number of tracks per sector for misalign factor
1.0 at 15.0GeV/c.

error by far outweighs it. For successful alignment, at least 5 · 104 tracks should be
used.

The number of required iterations is estimated next. Usually multiple hits per plane
and per time window are read out, and from the reconstructed hits various combi-
nations of tracks may be reconstructed. After filtering, all possible combinations of
reconstructed hits are tested. If multiple tracks use the same reconstructed hits, only
the track is kept that fits best. When software alignment moves a detector component,
all hits on that component are moved as well and a new set of hit-to-track combina-
tions might be reconstructed. This is the reason track based alignment must be done
iteratively.

At the Luminosity Detector, only few tracks per time window and sector are ex-
pected. Therefore, the association from hits to a track is almost unambiguous and is
kept for the whole procedure. Because there are no other combinations to test, the
track residuals decrease only very slowly after the first iteration. The tracks change
direction after the first alignment iteration and the directions are very homogenous
afterwards. Additional alignment iterations can cause the track residuals and align-
ment parameters to oscillate around a local minimum without actually reaching it.
Thus the Module Alignment is done in two iterations, and more do not significantly
improve the alignment matrices.

It must be stressed however that this holds true for very few detectors only, and is
not a universal truth for track based alignment at all. Other detectors that might use
the methods presented here will likely need iterative hit-to-track associations after all.
Studies from other experiments have shown that the number of required iterations
ranges from 10 to 200 [109]. They still can benefit from the SVD based algorithms
presented here, as they increase the speed of the track fits and residual minimization
significantly.

8.9 time requirements

Similar to Chapter 7, the time requirements for Sensor Alignment are given in big
O notation O(n) per number of tracks n and in real time for this specific applica-
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tion. The alignment can be done concurrently and independently per sector, so only
the alignment of one single sector is discussed here. During the preparation of the
minimization, all tracks are pre-filtered to remove tracks that cross multiple sectors.
Quantile cuts are applied on the track directions and track residuals as discussed in
the previous section. For every one of the 40 sensor modules, the alignment matrix
is initialized as the identity matrix. One iteration of the iterative Module Alignment
algorithm entails the following steps:

• For every one of the four planes in a sector:

– Find the intermediate alignment matrix that minimizes the sum of all dis-
tances from the reconstructed hits to the current set of tracks via covariance
matrix and singular value decomposition like in Chapter 7

– Multiply the current intermediate alignment matrix onto this sensor mod-
ules alignment matrix

• After all four sensor modules have been moved, perform the track fit for all
tracks again using the updated reconstructed hits

Track preprocessing is stateless (except for quantile cuts) and thus linear in the
number of tracks O(n). The number of sectors and planes is constant. The quantile
cuts require sorting of the involved elements. In the chosen NumPy implementa-
tion, this sorting is done with the Quicksort algorithm which runs in O(n log(n))
on average. The computationally most demanding step is again the computation of
the covariance matrix, of which the singular value decomposition is then found. The
same calculation from Chapter 7 is therefore applicable and the runtime of the Module
Alignment is thus:

≈ O(n2.4)

For the concrete example of the LMD, when 105 tracks are used per sector, a single
iteration of alignment and track fit is completed in few seconds. Because less than
five iterations are required for the Luminosity Detector, the entire Module Alignment
is done in few minutes, where the majority of the time is spent on data preprocess-
ing. The most significant contributor to a fast runtime is the choice of the principal
component analysis for the track fit and SVD based best fit finder on comparatively
few (105) tracks, compared with unbiased alignment methods which minimize all pa-
rameters at once and thus use 106 to 107 tracks. This is possible because the iterative
alignment can be done on parts of the detector independently.

8.10 module alignment results

For testing the Module Alignment, ten detector geometries were created in which all
40 modules are individually misaligned. All remaining components are perfectly
aligned. The misalignment values for every modules’ x, y and z translation and ro-
tation around these axes are sampled from gaussian distributions with µ = 0 and
σ equal to the expected remaining position uncertainties. This way every module is
misaligned randomly and to a realistic degree. For Module Alignment, about 1 · 105
tracks are used per sector.
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To study the severity of worse misalignment, a misalign factor is applied to each
value, scaling the misalignment to multiple degrees. Like in the previous chapter, the
misalign factors are 0.25, 0.5, 0.75, 1.0, 1.25 1.50, 1.75, 2.00, 2.50 and 3.00. A factor
of 0.0 indicates the perfectly aligned geometry. A misalign factor of 1.0 indicates
the geometry is misaligned to the degree expected after initial measurement. The
detector geometries are generated once for every misalign factor, but not again for the
various beam momenta. This means at a given misalign factor, all studies at different
beam momenta use the same detector geometry. This is done to exclude additional
uncertainties during the evaluation and to see if alignment should preferably done
at a certain beam momentum.

The full track reconstruction chain of the LMD is run and the luminosity fit is per-
formed on data from the misaligned geometries. Then, Module Alignment attempts
to find the alignment matrices. The reconstruction chain is run a second time us-
ing the alignment matrices, and the luminosity fit is performed again. The extracted
alignment matrices are compared to the misalignment matrices given to the simu-
lation and the result of the luminosity fit without alignment and with alignment is
compared.

8.10.1 Residuals Matrices

The quality of the alignment is estimated by comparing the extracted alignment ma-
trix with the misalignment matrix for every module. Like in Chapter 7, this is done by
multiplying the inverse alignment matrix to the misalignment matrix and extracting
the residual translations and rotations from it. This was defined in Equation 6.4:

M? · (MA)
−1 =MResiduals

Histogramming the translation and rotation elements of the 40 residuals matrices
results in an average value and a standard deviation, which can be interpreted as
the average alignment error and uncertainty (see Figure 8.15 and Figure 8.16 respec-
tively).

While in principle the standard deviation can be used as error bar for the mean
value, the actual values for the standard deviations are much larger than the mean
values and error bars derived from them would overestimate the values. Instead,
mean and standard deviation are plotted separately.

Figure 8.15 shows a small correlation between the magnitude of the mean of the
translation and the beam momentum used for alignment. The largest deviation from
zero is registered at the lowest beam momentum of 1.5GeV/c, while the residuals
at higher beam momenta tend to be smaller. This is likely due to the larger multiple
scattering at low beam momenta which was shown previously. This does not seem to
affect the rotation until a misalign factor of 1.75 however; at lower misalignment, the
rotation appears all but unaffected by misalignment. Because this figure shows the
same principal value like Figure 8.13 but with a fixed amount of 5 · 105 tracks, the
mean values extracted with larger misalignments can be interpreted as a systematic
error in the deviation of the alignment matrix. This error strongly depends on, and
grows with, the amount of misalignment. At a misalign factor of 1.0, the systematic
error at all tested beam momenta is below 3µm for the translation and much smaller
than 0.1mrad for the rotation.
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Figure 8.15: Residuals Matrix elements for the translation in x and y direction (top) and ro-
tation around the z axis (bottom) of all 40 alignment matrices, mean values af-
ter Module Alignment for multiple beam momenta and misalign factors. At each
misalign factor the same misaligned geometry is used across all tested beam mo-
menta. A misalignment factor of 1.0 corresponds to the expected misalignment
after construction.

Figure 8.16 shows the standard deviation for the translation in x and y direction
(top) and rotation around the z axis (bottom) vs the amount of misalignment at mul-
tiple beam momenta. Unsurprisingly, the standard deviation of both translation and
rotation increases with the magnitude of misalignment, with only minor exceptions.
At a misalign factor of 1.0, the standard deviation is about 10µm, making the mean
compatible with zero. There is a noticeable decrease in standard deviation at a factor
of 1.25. Because the geometry should be strictly larger misaligned than at a factor
of 1.0, this can only be explained as a random outlier in either track reconstruction
efficiency, beam tilt-and shift compensation of the Luminosity Fit Framework or a com-
bination of both. This effect can be eliminated if multiple geometries with the same
average misalignment are generated. This is shown in Chapter 10. Nonetheless, this
kink should be visible in the luminosity residuals as well. In the standard deviation
for the rotational component, a similar kink can be observed at a misalign factor of
1.75, which is barely visible in the translation. Most notably, the standard deviation
does depend on the beam momentum only minimally. In fact, the beam momentum
at which the Module Alignment is performed largely seems to be irrelevant, and the
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Figure 8.16: Residuals Matrix elements for the translation in x and y direction (top) and rota-
tion around the z axis (bottom) of all 40 alignment matrices, standard deviations
after Module Alignment for multiple beam momenta and misalign factors. At each
misalign factor the same misaligned geometry is used across all tested beam mo-
menta. A misalignment factor of 1.0 corresponds to the expected misalignment
after construction.

accuracy and precision of the Module Alignment solely depend on the amount of mis-
alignment in the first place. At the expected misalignment after initial measurements,
the accuracy and precision of Module Alignment can be concluded to be:

∆x < 10µm

∆y < 15µm

At all beam momenta between 1.5GeV/c to 15.0GeV/c.

8.10.2 Luminosity Residuals

Finally, the luminosity residuals are evaluated. Refer to Equation 6.6 for the defini-
tion of a luminosity residual. Without alignment (Figure 8.17), the fitted luminosity
is severely under-estimated with occasional major outliers. The amount of under-
estimation correlates with the misalign factor, with a larger misalignment resulting
in a larger under-estimation. A small correlation with the beam momentum can be
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observed as well, especially for 1.5GeV/c the deviation is much smaller. At a misalign
factor of 1.0, the luminosity residual is almost −100%, meaning that almost no lumi-
nosity can be extracted anymore. The occasional outliers for which the luminosity is
vastly over-estimated are likely the result of an instability in the multidimensional
luminosity fit. Since they do not seem to correlate with either the alignment residu-
als nor the beam momentum, their cause is likely to be found in the Luminosity Fit
Framework.
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Figure 8.17: Luminosity residuals with misaligned modules. A misalign factor of 0 refers to
a perfectly aligned detector.

With module alignment, the luminosity fit improves significantly as can be seen
in Figure 8.18, although a significant error remains if the misalignment is too large.
Especially for high beam momenta, the luminosity fit is very sensitive to detector
misalignment, and at a misalign factor of 2.0, the luminosity deviation still remains
at −6% at 15.0GeV/c.

At beam momenta of between 1.5GeV/c to 4.06GeV/c, the luminosity residuals
remain almost constant, but a strong correlation between the beam momentum and
luminosity residual can be observed for large misalignments at high beam momenta.
This happens even though the residuals matrix elements do not differ significantly
for 1.5GeV/c and 15.0GeV/c. Their source probably lies in the track reconstruction
efficiency that was explored in Figure 6.5, which concluded a significant loss of de-
tectable tracks in the presence of large misalignment.

It is noteworthy that the kink at a misalign factor of 1.25 can be observed in the
luminosity residual plot as well, especially at the highest chosen beam momentum.
While this is still no explanation for the origin of this effect, it is at least comforting
to see that a reduction in the residuals matrix really does result in an improved lu-
minosity residual, and the direct relation of the residuals matrix and the subsequent
luminosity residual is visible. As stated in the previous paragraph, Chapter 10 ex-
plores multiple different detector geometries that are misaligned to the same degree.
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Figure 8.18: Luminosity residuals with misaligned modules and Module Alignment. At each
misalign factor the same misaligned geometry is used across all tested beam mo-
menta. A misalignment factor of 1.0 corresponds to the expected misalignment
after construction. A misalign factor of 0 refers to a perfectly aligned detector.

In conclusion, this chapter shows that inter-module software alignment using track
based algorithms works well. The inherent limitations of track based alignment can
be worked around if external measurements like the interaction point and initial
measurements from microscopes and measurement arms can be supplied. The opti-
mized track fitter via principal component analysis and the approximations that were
made for the anchor points are valid and the residual minimization using an ICP-like
algorithm works reliably. Careful track direction cuts and track residual cuts have
made Module Alignment almost independent of the used beam momentum, even in
the presence of multiple scattering and production of secondary particles.

In these studies only the sensor modules were misaligned, and at a misalign factor
of 1.0 — corresponding to the expected misalignment after initial measurements —
the luminosity residual is below 1% across all tested beam momenta after Module
Alignment is performed. These studies also showed that the Module Alignment is about
ten times faster than a comparable MillePede II alignment.
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B O X R O TAT I O N A L I G N M E N T

This chapter explains the Box Rotation Alignment method, which aims to correct a
misalignment of the LMDs outer hull by using the discrepancy of the apparent and
actual interaction points to derive the misalignment. Orientation and placement er-
rors of the box cannot be eliminated completely by software alignment alone, and
this chapter only focuses on the orientation part. Due to the large lever arm of about
11m from the LMD to the target region, errors in the orientation of the box are much
more severe that errors from translations. Additionally, the software for the determi-
nation of the luminosity is able to correct for small beam shifts parallel to the beam
axis.

The Box Rotation Alignment uses the reconstructed target position from PANDA as a
reference point to determine the orientation of the LMD box. This idea of supplemen-
tary anchor points is similar to that which were used in Chapter 8 to perform Module
Alignment. Module Alignment may in fact rotate the entire module assembly already to
compensate for external box rotation, and subsequent Box Rotation Alignment would
be unable to find any further rotation. There is a strong argument for decoupling of
module and box rotation alignment however.

The internal alignment is also measured by the capacitive sensors shown in Fig-
ure 3.10. They measure the distance from inner reference points attached to the LMDs
outer hull towards the retractible half detectors with < 2µm accuracy, far exceed-
ing the available accuracy from either Module Alignment or Box Rotation Alignment.
The alignment of the modules is therefore not aided by anchor points derived from
the actual interaction point as measured by PANDA but as shown in Chapter 8 instead
with the anchor points determined from the LMD itself. This does not reduce the qual-
ity of Module Alignment and still decouples it from box rotation alignment, allowing
additional sensor data to be used.

9.1 misalignment after survey

The detector survey provides the position of the LMDs SMRs inside the PANDA hall
accurately to about 50µm [100]. Because this section only discusses the alignment
of the outer box, it is assumed that all internal components of the LMD are perfectly
aligned with respect to the SMR nests. Assuming the SMRs are accurate to about 15µm,
the nests to about 35µm, and all individual errors are uncorrelated, then the total
average uncertainty for a single fiducial position is:
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εx,y,z =
√
152 + 352 + 502 µm ≈ 63µm

It is planned to use four to six SMRs for the LMD, but a simple estimation of the
uncertainty in the box’s rotation can be given as follows: assume that two fiducials
are one meter apart and are displaced by εx in opposing directions tangentially to
the box’s axis of rotation. The probable rotational uncertainty for this axis can be
expressed as a triangle with side lengths a = 1m for the approximate box length and
b =
√
632 + 632 ≈ 89 µm for the uncorrelated addition of the uncertainties of the two

SMRs, see Figure 9.1. Then the angular uncertainty of this axis of rotation is in the
order of:

εα = tan−1 b

a
≈ 89µrad (9.1)

LMD
εx

εx

b
a

εα

Figure 9.1: Rotational misalignment due to SMR position error.

For simplification and to include a small margin of error, this chapter therefore
assumes the rotational uncertainty of the box after survey to be about 100µrad, and
this is used on all of the three axes of rotation. The translational misalignment is
assumed to be 100µm in x, y and z direction.

9.2 working principle

After the tracks have been reconstructed from hits and are back-propagated into the
target area, they carry information about the interaction point position ~i?t for every
track t. The reconstructed interaction region is broad, but due to the large number of
reconstructed tracks, a very accurate mean~i? can be extracted from this distribution:

~i? =
1

N

N∑
t=1

~i?t

This value is likely to be different from the mean of the interaction point ~i due to
the unknown misalignment of the LMD box. Ideally, the alignment matrixMbox would
transform the LMDs outer shell such that~i? falls exactly onto~i. However, this transfor-
mation is not unambiguous, and instead an infinite number of transformations exists
that would accomplish this, but almost all of them would produce invalid alignment
matrices.

The concept of how to find the correct alignment matrix is best explained in two di-
mensions, and can easily be transferred into three dimensions. The misalignment of
the LMD box is comprised of a translation in two dimensions and a rotation, totalling
three degrees of freedom. Knowing the apparent interaction point~i? = (x?,y?)T and
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the actual interaction point~i = (x,y)T only eliminates two degrees of freedom, result-
ing in an infinite number of possible transformations. Since the distance

∣∣∣~d?∣∣∣ from the
LMD box to the interaction point is constant albeit unknown due to misalignment (see
Figure 9.2), all possible LMD positions are on a circle with radius

∣∣∣~d?∣∣∣ and center ~i ,

with ~d? being the vector from the actual interaction point to the actual position of the
LMD box. The remaining free parameter is the position on that circle, see Figure 9.2.

LMD

LMD

Before Alignment

After Alignment

Figure 9.2: Possible positions of the detector box before and after alignment.

There is no way to eliminate this free parameter; putting the detector box on any
of these positions would result in a valid transformation matrix consisting of a trans-
lation to that point and a rotation. Because no unambiguous alignment matrix can
be found this way, the free parameter must be neglected in a way that does not dis-
turb the alignment. One position is of particularly suited to achieve that; the one that
minimizes the translation and maximizes the rotation. This is because of two reasons:

• The uncertainty in the position contributes less to the overall luminosity deter-
mination error that the uncertainty in rotation. Due to the large lever arm of
11m from the Luminosity Detectors position to the interaction point, a small
uncertainty in rotation results in a large deviation of ~i? from~i.

• Once the rotation is corrected, the remaining error in translation can be cor-
rected for by the Luminosity Fit Framework. It is able to handle beam offsets up
to 1mm without issue [85]. Since a box translation is equivalent to a beam off-
set, the translational error of the box position can be neglected as long as it is
smaller than that. The PANDA survey team measures the positions of the Lu-
minosity Detector’s SMRs with better than 100µm precision, which means the
position of the box will be precise enough.

Therefore, the rotational component of the unknown misalignment Mbox is the
largest contributor to the misalignment and the translation component can be ne-
glected completely. The total misalignmentMbox can be approximated by the rotation
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that only rotates the box such that it "looks at" the actual interaction point from its

current position, but does not move it such that ~p? !
= ~p. The rotation matrix responsi-

ble for that is called "box rotation matrix". After the box rotation has been corrected,
~i? and ~i are still not necessarily at the same position, because the distance from the
detector box to the actual interaction point may not be equal to the distance to the
apparent interaction point. However, the points ~i?,~i and ~p (pivot of the LMD) will be
collinear, meaning that both ~i and ~i? appear in the same position as seen from ~p/~p?

(see Figure 9.3). The remaining distance from~i to ~i? on that line of sight will be well
below 100µm and can safely be neglected.

Without Alignment                                  With Alignment

LMD LMD

Figure 9.3: Apparent and actual target position and LMD before and after alignment via ro-
tation. Because the detector box is not moved, the distances to the apparent and
actual target positions may not be equal.

In three dimensions, the misalignment of the detector box has six degrees of free-
dom (three for the translation and three for the rotation). Knowledge of the position
of the actual interaction point only eliminates two because the change in orientation
of the LMD can be expressed with ϕ and ϑ in spherical coordinates centered at the
detector (~p). One additional degree of freedom can be eliminated because the detec-
tor must still be at a fixed distance to the actual target

∣∣∣~d?∣∣∣, which corresponds to r in
spherical coordinates. The remaining three degrees of freedom are the position on a
sphere with radius

∣∣∣~d?∣∣∣ around the target (two parameters on this sub manifold) and
the box rotation around the z axis (that goes from interaction point to the detector).
Because ~i and ~i? must coincide, the angles ϕ and ϑ depend on the position on the
sphere. The ideal position on that sphere is again the one which minimizes the trans-
lation and maximizes the rotation. The translation component of the misalignment is
neglected via the same reasoning as in the 2D case, and the detector box only rotated
but not moved.

However, one degree of freedom cannot be eliminated by this method; the box
rotation around the beam axis is inaccessible for Box Rotation Alignment. The distri-
bution of the scattering angles of the antiprotons is rotationally symmetrical at the
target region, but the charged antiprotons traverse the magnetic field of the solenoid
magnet. It is therefore necessary to investigate the solenoids influence on this angular
distribution.
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9.3 effect of rotation around beam axis

Since the Box Rotation Alignment of the LMD cannot find the rotational misalignment
around the beam axis, it should be tested what effect such an undetectable rotation
has on the extracted luminosity. Ten geometries with misalign factors of 0.25, 0.5, 0.75,
1.0, 1.5, 2.00, 3.00, 5.00, 7.5 and 10.0 are created that incorporate a detector rotation
around this axis alone. The factor of 1.0 is the expected remaining uncertainty after
hardware survey, which was estimated to be about 89µrad. No other misalignments
are included in these studies. With these geometries, Monte Carlo data has been
generated and the luminosity residuals have been determined at 1.5GeV/c beam
momentum and 15.0GeV/c beam momentum (see Figure 9.4). The error bars in Fig-
ure 9.4 are obtained from the fit parameters of the Luminosity Fit Framework.

Figure 9.4: Luminosity residual before alignment vs misalign factor for LMD box rotation
around the beam axis at 1.5GeV/c beam momentum (top) and 15.0GeV/c beam
momentum (bottom). At each misalign factor the same misaligned geometry is
used across all tested beam momenta. A misalignment factor of 1.0 corresponds
to the expected misalignment after construction.

The luminosity residuals at both tested beam momenta are largely compatible with
zero. The residuals are below 0.2% at 1.5GeV/c beam momentum and below 0.25%
at 15.0GeV/c beam momentum. No dependency on the degree of misalignment or
beam momentum is visible. A rotation of the LMD box around the beam z axis has
no discernible effect on the quality of the luminosity extraction.

9.4 interaction point reconstruction

The actual and apparent (reconstructed by the not yet aligned box of the LMD) inter-
action points must be known very precisely for this method to produce valid results.
The actual interaction point will be known to 100µm precision [124] because it is mea-
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sured via reconstruction of available tracks in the complete PANDA detector. This is
because the MVD and the STT surround the target region while the Luminosity Detec-
tor is positioned 11m downstream, and minute errors in the reconstructed particle
track direction result in large deviations in the reconstructed target position. This
leads to a very wide distribution of the reconstructed interaction points by the LMD.
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Figure 9.5: Reconstructed interaction point distribution from 5 · 104 reconstructed tracks at
a perfectly aligned detector at 1.5GeV/c beam momentum (left) and 15.0GeV/c
(right).

Figure 9.5 shows the positions of 5 · 104 interaction points that were extracted from
successfully reconstructed tracks at 1.5GeV/c beam momentum. The distribution is
very wide with a σ width of about 183mm in both directions. Because the detector
was perfectly aligned, the mean of the distribution should be as close to zero as possi-
ble. However, the mean of the distribution is 0.6mm and 1.4mm in x and y direction
respectively at 1.5GeV/c beam momentum and even larger at 15.0GeV/c beam mo-
mentum. Due to the large lever arm of about 11m, this results in a rotation of the
detector box of over 120µrad and 360µrad, which is far larger than the expected
misalignment of 89µrad derived in the beginning of this chapter. If left uncorrected,
that would mean the survey of the detector box is more accurate than interaction
point based determination of the rotation can be, and software alignment would be
futile.

This can be improved significantly by carefully pre-filtering the reconstructed in-
teraction points. While every reconstructed track is evaluated individually and given
a reconstruction status that indicates if the track is plausible, many plausible tracks
have associated interaction points that are outside the interaction region and even
the beam pipe (many reconstructed interaction points in Figure 9.5 are more than
1m away from the actual interaction point). These tracks cannot possibly have orig-
inated inside the interaction region, and it is likely they were either wrongly recon-
structed or caused by secondary particles. However, they would still contribute to
the reconstruction of the interaction point used for alignment. Therefore a quantile
cut can be applied in the reconstructed interaction point positions before the mean
is determined. To determine how accurate the interaction point can be determined
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with and without this cut, it is measured at a perfectly aligned detector where it
should be exactly at (0, 0, 0)T . Figure 9.6 shows mean values of the reconstructed
coordinates in x and y directions of the interaction point for ≈ 2 · 105 tracks for a
perfectly aligned detector geometry after using various quantile cuts from 0% to
5% at 1.5GeV/c beam momentum and 15.0GeV/c. It is assumed that the optimal
quantile cut value is found once the mean values of the x and y coordinates of the
reconstructed interaction points stay constant.
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Figure 9.6: Mean values of the apparent interaction point distribution at various quantile cut
values from perfectly aligned detector at 1.5GeV/c beam momentum (top) and
15.0GeV/c (bottom).

The mean values of both coordinates remain almost constant after about 2% to 3%
are cut at both beam momenta. As a safety margin, a 4% quantile cut is chosen as the
benchmark point. At the low beam momentum, the mean values decrease to about
±40µm, which is a ten times reduction with respect to the uncut case. A translation
of 40µm with a lever arm of 11m results in a rotation of 3.6µrad, significantly less
than the survey uncertainty. At the higher beam momentum, the results are worse.
The mean values scatter around −0.38mm in x direction and 0.19mm in y direction,
and while the degree of scattering seems to decrease at first, once at least 3% are cut,
the scattering magnitude remains unchanged. This does not change, even if a signif-
icantly larger cut is applied, and it appears that this is the maximum precision with
which the interaction point can be reconstructed at 15.0GeV/c beam momentum.

The standard deviation (Figure 9.7) is a measure how broad the interaction point
distribution is. At a beam momentum of 1.5GeV/c, the standard deviation decreases
steadily from over 150mm with no cut down to about 10mm at a 3% cut. After
that, the standard deviations in both directions do not significantly change further.
At a beam momentum of 15.0GeV/c, the standard deviation decreases much more
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Figure 9.7: Standard deviations of the apparent interaction point distribution at various quan-
tile cut values from perfectly aligned detector at 1.5GeV/c beam momentum (top)
and 15.0GeV/c (bottom).

slowly from over 200mm with no cut down to about 50mm at a 3% cut. It is very
likely that the standard deviation decreases further with larger cuts, simply because
more outliers are removed. But since that does not result in smaller mean values,
a larger cut is not sensible. Therefore, a quantile cut value of 4% was chosen for
determination of the apparent interaction point.

The difference between the reconstructed mean values of the interaction point dis-
tribution at the different beam momenta is still striking. It is also present in the
misaligned cases, where it will likely influence the precision of the alignment (see
Section A.23).

9.5 derivation of the alignment matrix

Box Rotation Alignment uses the fact that the misaligned Luminosity Detector will
generally reconstruct an interaction point that differs from the actual interaction point
as it was determined by the other measurements of PANDA. Given the three points
~i,~i? and ~p, which are actual target position, apparent target position and the LMD

position, there is a matrix R which describes the required rotation of the LMD such
that ~i, ~i? and ~p? become collinear as shown in Figure 9.3 (right). As discussed in
the previous section, the remaining distance of ~i to ~i? seen from the detector box
cannot be determined this way. Because it is neglected, it is assumed that ~p = ~p?. R is
therefore a rotation matrix without any translation components. The axis of rotation
generally does not coincide with any of the coordinate axes, so the rotation is a
composition of all three Euler angles around the main coordinate axes. According to
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Euler’s rotation theorem, any composition of multiple rotations can be expressed as
a single rotation around one single new axis. For the box rotation, the remaining task
is to find this axis, the angle of rotation, and how the rotation matrix is constructed
from these values.

From this point of view, there are two interaction points, the apparent interaction
point~i? and the actual interaction point~i. The detector box can be aligned by finding
the rotation matrix R that rotates it such that~i? coincides with~i.

For these calculations, two intermediate vectors are constructed:

~v =
pi∣∣∣pi∣∣∣ , ~w =

pi?∣∣∣pi?∣∣∣
Which are the unit vectors of the vectors from ~p to ~i and from ~p to ~i? respectively.

The axis of rotation ~a to rotate~i? to~i is perpendicular to the plane that ~v and ~w span,
expressed via the cross product:

~a = ~v× ~w (9.2)

Note that ~a, ~v and ~w are unit vectors. The cosine of the angle between ~v and ~w,
and thus the angle of the necessary rotation, is calculable via the dot product:

cos θ = ~v · ~w
The rotation matrix is constructed from the rotation axis and the angle. This matrix

is equivalent to the alignment matrix of the detector box. The rotation matrix R from
an axis ~a and an angle θ is [125]:

R =

 cos θ+ a2x (1− cos θ) axay (1− cos θ) − az sin θ axaz (1− cos θ) + ay sin θ

ayax (1− cos θ) + az sin θ cos θ+ a2y (1− cos θ) ayaz (1− cos θ) − ax sin θ

azax (1− cos θ) − ay sin θ azay (1− cos θ) + ax sin θ cos θ+ a2z (1− cos θ)


In principle, this would already be sufficient to calculate the rotation matrix. It can

be written more concisely as the Rodrigues rotation formula in matrix notation [126,
127]:

R = 1 + (sin θ) [a]× + (1− cos θ) ([a]×)2 (9.3)

With the skew symmetric cross-product matrix [a]×. It is a 3 × 3 matrix that is
constructed from the components of a three-dimensional vector ~a:

[a]×
def
=

 0 −az ay

az 0 −ax

−ay ax 0

 (9.4)

The cross-product matrix [a]× is a way to describe the cross product of two vectors
as a matrix multiplication. Let ~b be an arbitrary vector of the same dimension as ~a.
Then the cross product ~a× ~b is equivalent to the multiplication of [a]× · ~b:

[a]× · ~b = ~a× ~b
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Because ~a is itself the result of a cross product (Equation 9.2), the skew symmetric
cross-product matrix [a]× can be expressed as:

[a]× = ~w~vT −~v~wT (9.5)

Because

~a = ~v× ~w =

vywz − vzwyvzwx − vxwz

vxwy − vywx


inserted into Equation 9.4 gives

[a]× =

 0 vywx − vxwy vzwx − vxwz

vxwy − vywx 0 vzwy − vywz

vxwz − vzwx vywz − vzwy 0


with

~v~wT =

vxwx vxwy vxwz

vywx vywy vywz

vzwx vzwy vzwz

 , ~w~vT =

vxwx vywx vzwx

vxwy vywy vzwy

vxwz vywz vzwz



⇒ ~w~vT −~v~wT =

 0 vywx − vxwy vzwx − vxwz

vxwy − vywx 0 vzwy − vywz

vxwz − vzwx vywz − vzwy 0

 = [a]×

Inserting Equation 9.5 into Equation 9.3 finally gives:

R = 1 + sin θ
[
~w~vT −~v~wT

]
+ (1− cos θ)

[
~w~vT −~v~wT

]2
(9.6)

The rotation matrix R can now be used directly as alignment matrix for the detector
box.

9.6 extracting euler angles from rotation matrices

While Equation 9.6 is sufficient for alignment, the misalignment matrices that were
used during MC data generation are always constructed using the Euler angles around
the coordinate systems’ principal x, y and z axes. They are defined as follows:

Rx(Ψ) =

1 0 0

0 cosΨ − sinΨ

0 sinΨ cosΨ

 , Ry(Θ) =

 cosΘ 0 sinΘ

0 1 0

− sinΘ 0 cosΘ

 , Rz(Φ) =

cosΦ − sinΦ 0

sinΦ cosΦ 0

0 0 1


This means the misalignment matrix, like all rotation matrices around non-principal

axes, mixes the three Euler angles into a single matrix by multiplying the three rota-
tion matrices Rx, Ry, Rz around the axes of the coordinate system. Rotations that are
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comprised of multiple successive rotations Rx, Ry, Rz — in that order — generally
have this form:

R = Rz(Φ)Ry(Θ)Rx(Ψ)

=

cosΘ cosΦ sinΨ sinΘ cosΦ− cosΨ sinΦ cosΨ sinΘ cosΦ+ sinΨ sinΦ

cosΘ sinΦ sinΨ sinΘ sinΦ+ cosΨ cosΦ cosΨ sinΘ sinΦ+ sinΨ cosΦ

− sinΘ sinΨ cosΘ cosΨ cosΘ



=

R11 R12 R13

R21 R22 R23

R31 R32 R33

 (9.7)

Box Rotation Alignment is not sensitive to the rotation around the beam axis, so the
Euler angle Φ in the alignment matrix will be close to zero. This misalignment ma-
trix did however include a rotation in all three Euler angles (compare Equation 9.1).
Because the matrix elements R11, ...,R33 are composed of some product of trigonomet-
ric functions of Φ,Θ and Ψ, they are difficult to disentangle and the misalignment
matrix generated with Euler angles cannot be trivially compared to the determined
alignment matrix. Instead, the Euler angles have to be extracted from the alignment
matrix and can be compared to the angles around the x and y axes.

To determine the angles Ψ, Θ and Φ, each element in R has to be equated with
the corresponding element in the right hand side of Equation 9.7, resulting in nine
equations which can be used to calculate the Euler angles. The solution system by
G. Slabaugh [128] is used here. It uses the arctan2(y, x) function, an extension of
the regular arcus tangent function, as it removes ambiguities regarding the sector
in which the arcus tangent is determined. It takes exactly two parameters, which
are the coordinates x and y of the triangle instead of the fraction y

x . Note that this
system of equations has multiple solutions, because multiple different combinations
of rotations can lead to the same final rotation.

A special case is the so-called gimbal lock, which is a loss of a degree of freedom
that occurs when two of the three rotational axes are driven into a parallel configu-
ration. This can happen if one of the Euler angles is 90° before additional rotations
are applied, and two rotational axes become functionally identical. Application of a
rotation on one of the axis then results in the same rotation as if it were applied on
the other axis, while the original third axis of rotation is lost. Before the Euler angles
can be calculated, the presence of a gimbal lock must be checked:

sy =
√
R211 + R

2
21

= 0 gimbal lock

> 0 no gimbal lock
(9.8)

Solution without gimbal lock:

Ψ = arctan2(R32,R33)

Θ = arctan2(R31, sy) (9.9)

Φ = arctan2(R21,R11)
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Solution with gimbal lock:

Ψ = arctan2(−R23,R22)

Θ = arctan2(−R31, sy)

Φ = 0

Since the degrees of misalignment expected for the LMD is in the order of milliradi-
ans, box rotations of 90° and thus a gimbal lock are very unlikely to occur. The case
separation in Equation 9.8 is included for completeness.

The angles Ψ and Θ around the x and y axis of the coordinate system can now be
extracted with Equation 9.9 from the alignment matrix that is calculated according
to Equation 9.6 and compared to the angles that were input into the misalignment
matrix for these studies. The difference between the simulated and the extracted
angles is the defining quality criterion of the Box Rotation Alignment.

9.7 required number of tracks
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Figure 9.8: Mean values of the apparent interaction point distribution using various numbers
of reconstructed tracks from perfectly aligned detector at 1.5GeV/c beam momen-
tum (top) and 15.0GeV/c (bottom).

The optimum quantile cut values were determined using ≈ 5 · 105 reconstructed
tracks, but that number was chosen generously to avoid errors in the apparent in-
teraction point due to track scarcity. It is likely that much less tracks are sufficient
to determine the interaction point accurately enough for Box Rotation Alignment. Fig-
ure 9.8 shows the mean and standard deviation for the reconstructed interaction
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point using 103 to 5 · 104 tracks. A quantile cut of 4% is always applied. Using the
same reasoning as in Section 9.4, this is done at a perfectly aligned detector where the
actual interaction point is at (0, 0, 0)T , at beam momenta 1.5GeV/c and 15.0GeV/c.
It is assumed that a sufficient number of tracks is used once the mean values do not
significantly change anymore.

At the lower beam momentum, the mean values remain constant after at least
2 · 104 reconstructed tracks are used for the interaction point determination. At the
benchmark point of 4 · 104 tracks, they are −20µm in x direction and 60µm in y
direction. At the high beam momentum, the situation is worse. It takes about 3 · 104
tracks until the mean values seem to settle, but even then a certain scattering remains
that does not decrease if more tracks are used. If 4 · 104 tracks are used, the mean
values are −0.25mm in x direction and 0.18mm in y direction, which is an order of
magnitude more than at 1.5GeV/c beam momentum.

0 10000 20000 30000 40000 50000
Number of Tracks

6.5

7.0

St
d.

D
ev

ia
ti

on
[m

m
]

σx @ 40000 Tracks=6.73mm

σy @ 40000 Tracks=6.37mm

0 10000 20000 30000 40000 50000
Number of Tracks

20

30

40

St
d.

D
ev

ia
ti

on
[m

m
]

σx @ 40000 Tracks=37.99mm

σy @ 40000 Tracks=38.21mm

Figure 9.9: Standard deviations of the apparent interaction point distribution using various
numbers of reconstructed tracks from perfectly aligned detector at 1.5GeV/c
beam momentum (top) and 15.0GeV/c (bottom).

Like in Section 9.4, the standard deviation (Figure 9.9) is a measure how broad
the interaction point distribution is. If at least 104 tracks are available for the deter-
mination of the interaction point position at 1.5GeV/c beam momentum, a further
increase in the number of tracks does not significantly change the standard deviation
anymore. At 4 · 104 tracks, the standard deviation is just over 6mm in both direc-
tions. At 15.0GeV/c beam momentum, at least 3 · 104 tracks are required until the
standard deviations appear to settle on a value. It shows significant fluctuations if
less than 2 · 104 tracks are used, even though these fluctuations do not have a large
effect on the actually determined position. While an increase in used tracks reduces
the standard deviations, the mean values do not change significantly anymore. If
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4 · 104 tracks are used, the standard deviation is about 38mm in both directions. Fig-
ure 9.9 shows the target position to be stable once sufficiently enough tracks are
available, and the following sections will show that even with these small values, the
orientation of the LMD box can be determined reliably.

Setting the requirements on the number of tracks conservatively, Box Rotation Align-
ment requires at least 4 · 104 tracks to successfully determine the interaction point
position at both beam momenta, but the precision with which the position can be
determined is systematically reduced at 15.0GeV/c beam momentum.

9.8 time requirements

Box Rotation Alignment is very straight forward and does not require much time. The
trackQA files are present already and reading them is linear with the number of
tracks O(n). Since the alignment requires only 2 · 104 reconstructed interaction points,
this should only take a few seconds, averaging the individual interaction points al-
ready considered. The computation time for the alignment matrix is constant at less
than a second, and the entire alignment process should be done in less than a minute
even on consumer grade hardware.

9.9 box rotation alignment results

This section shows the successful application of Box Rotation Alignment for multiple
misaligned detector geometries. Because only one component is misaligned in this
study, ten geometries with fixed rotational misalignment on all three axes of the detec-
tor box have been generated, using misalign factors 0.25, 0.5, 0.75, 1.0, 1.25 1.50, 1.75,
2.00, 2.50 and 3.00. A factor of 0.0 indicates the perfectly aligned geometry. Specif-
ically, at a misalign factor of 1.0, the detector geometry is rotated exactly 100µrad
around the x axis (and the beam axis) and −100µrad around the y axis, while the
translation is exactly 100µm in each direction. The translation in the y axis is chosen
negative and the translations in x and z positive. These non-random and monoton-
ically increasing misalignment angles and translations were chosen deliberately to
expose possible systematic errors of the alignment processes. Figure 9.10 shows the
misalignment angles Ψ and Θ (the angle Φ around the z axis is identical to Ψ) as they
were put into the simulation.
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Figure 9.10: Euler angles for box rotation misalignment.
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Simulated data was generated using these misaligned detector geometries at all
five beam momenta and the complete LMD reconstruction chain has been run. Af-
terwards, the luminosity was extracted. Then, the Box Rotation Alignment algorithm
was applied and the alignment matrices were calculated for each simulated detec-
tor geometry. A second run of the reconstruction chain and luminosity extraction is
performed.

9.9.1 Alignment Matrices

To assert the quality of the alignment, the alignment matrices are compared with
the misalignment matrices and the luminosity residuals are compared without and
with alignment. The three Euler angles must be extracted from both matrices and
compared individually. The differences between the corresponding angles is called
angle residual, and the closer to zero each residual is, the more accurate the alignment
has been.
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Figure 9.11: Angle residuals for the Euler angles Ψ and Θ for Box Rotation Alignment at multi-
ple beam momenta in dependence of the misalign factor. At each misalign factor
the same misaligned geometry is used across all tested beam momenta. A mis-
alignment factor of 1.0 corresponds to the expected misalignment after construc-
tion.

Because there is only one alignment matrix calculated for each scenario, it is not
possible to calculate means or standard deviations of the angle residuals. Figure 9.11

shows only the angle residuals for the Euler angles Ψ and Θ per scenario after in-
cluding the alignment matrices during the reconstruction chain at multiple beam
momenta and multiple misalign factors. Ideally, all angle residuals should be close
to 0. There is however a strong correlation between the angle residual and the mis-
align factor at all beam momenta. This effect increases with decreasing beam mo-
mentum. It does not disappear completely at the highest possible beam momentum
of 15.0GeV/c, but it is so small that the residuals appear almost constant, at least
below a misalign factor of 2.0. At the expected misalignment 1.0, the maximum angle
residuals are about 10µrad in both Ψ and Θ, which is a remainder of 10% from the
input value. This remainder increases to 20% at a misalign factor of 3.0 at 1.5GeV/c
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beam momentum. The larger the detector is misaligned, the worse the alignment ma-
trices can be determined. At the highest beam momentum of 15GeV/c, the deviation
is reduced by one thirds to about 6% at 1.0, but it does not disappear completely.
Nonetheless, these intermediate results indicate that the alignment matrix can be
determined most precisely at the highest possible beam momentum.

Before investing time to further improve the matrix determination and reduce the
residuals, the luminosity residuals are checked. If however future studies show the
remaining positional uncertainty after survey to be much larger than assumed for
these studies, this remaining deviation should be investigated. Considering that the
systematic under-estimation of the Euler angles appears to depend on the beam mo-
mentum but be constant for every misalign factor, it might be sufficient to simply
scale the Euler angles with a constant factor. This has not been explored so far.

9.9.2 Luminosity Results with Detector Box Rotation around the Beam Axis

Like for the other alignment scenarios, the luminosity fit was performed for mis-
aligned geometry and after including the alignment matrices. For both cases, the
luminosity residuals with respect to the nominal luminosity were calculated. Refer to
Equation 6.6 for the definition of a luminosity residual. In Section 9.3, the effect of a
detector box rotation around the beam axis was investigated. It was found that even
large rotations around this axis are unproblematic for the luminosity determination
even without alignment. However, the application of Box Rotation Alignment shall not
introduce additional errors to the luminosity fit either. At the Luminosity Detector,
rotational misalignment is expected on all three axes of rotation and Box Rotation
Alignment is still able to determine two of them. It must be made sure that the un-
detectable rotation around the z axis does not interfere with alignment in the other
two. It is therefore important to assure that application of software alignment does
not actually increase the luminosity residual, which may happen if the alignment
procedure would find and attempt to correct a misalignment that is not actually mea-
surable.

Box Rotation Alignment has been performed on the same ten detector geometries as
in Section 9.3 at 1.5GeV/c and 15.0GeV/c beam momenta, the alignment matrices
have been applied and the luminosity extraction is performed again. The resulting lu-
minosity fits at 1.5GeV/c and 15.0GeV/c after alignment are displayed in Figure 9.12.
The error bars in Figure 9.12 are obtained again from the fit parameters of the Lumi-
nosity Fit Framework. At a beam momentum of 1.5GeV/c, the luminosity residuals are
compatible with zero still. They are again below 0.2% and do not depend on the de-
gree of misalignment. At a beam momentum of 15.0GeV/c the situation has changed
however. The luminosity residuals have increased to between 0.2% to 0.5%, which is
worse than without any alignment. It should be noted that this is an over-estimation
of the luminosity when Box Rotation Alignment is performed. Next, it is investigated
if this is also the case when all three axes are misaligned.
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Figure 9.12: Luminosity residual after Box Rotation Alignment vs misalign factor for LMD

box rotation around the beam axis at 1.5GeV/c beam momentum (top) and
15.0GeV/c beam momentum (bottom). At each misalign factor the same mis-
aligned geometry is used across all tested beam momenta. A misalignment factor
of 1.0 corresponds to the expected misalignment after construction.

9.9.3 Luminosity Results

Lastly, the luminosity residuals are evaluated in the presence of misalignment in all
three Euler angles and translations. Figure 9.14 shows the luminosity residuals for
multiple misaligned detector geometries.

Without alignment of the Euler angles Ψ and Θ, the luminosity is significantly over-
estimated for large misalign factors and increasing in dependence of the misalign fac-
tor. At 1.5GeV/c beam momentum, the extracted luminosity differs from the actual
luminosity up to 5% at 1.5GeV/c and up to 300% at 15.0GeV/c beam momentum.
One data point (misalign factor 1.5) at 15GeV/c beam momentum was significantly
larger at several thousand percent and had to be removed from the graph as it would
have overshadowed the remaining data points. Without software alignment, the lu-
minosity fit is very sensitive to misalignment especially at high beam momenta.

After Box Rotation Alignment has been performed, the luminosity fit residuals are re-
markably smaller and typically below 0.2% at 1.5GeV/c and below 0.7% at 15.0GeV/c.
But even after alignment, the luminosity is systematically over-estimated at higher
beam momenta. Note that the plots include error bars for the luminosity fit uncer-
tainty obtained from the Luminosity Fit Framework, but they are too small to make
the luminosity residuals compatible with zero. The average luminosity residuals of
about 0.5% confirm that the remaining systematic error of 10% in the alignment
matrix calculation can be compensated by the Luminosity Fit Framework.

However, the luminosity residuals are largest at 15GeV/c beam momentum, which
is a contradiction with Figure 9.11 that found that the alignment matrices could be
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Figure 9.13: Luminosity residuals with box misalignment in dependence of the misalign fac-
tor for multiple beam momenta. At each misalign factor the same misaligned
geometry is used across all tested beam momenta. A misalignment factor of 1.0
corresponds to the expected misalignment after construction.
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Figure 9.14: Luminosity residuals with box misalignment and alignment for all beam mo-
menta in dependence of the misalign factor. At each misalign factor the same
misaligned geometry is used across all tested beam momenta. A misalignment
factor of 1.0 corresponds to the expected misalignment after construction.

extracted most precisely at this beam momentum. This discrepancy can be explained
with Figure 9.13. The luminosity determination is substantially more sensitive to mis-
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alignment when performed at high beam momentum. Even though the alignment
matrices can be determined very precisely, the remaining misalignment is still too
influential on the luminosity determination. At low beam momentum, the alignment
is less precise but the luminosity determination is much more resistant to misalign-
ment.

Box Rotation Alignment uses the discrepancy between the interaction point as it was
determined by the LMD and the actual interaction point to calculate the necessary
rotation of the detector box such that the two points appear at the same position.
Translations of the detector box cannot be corrected this way, but are determined to
be small enough to not have any adverse effects since the Luminosity Fit Framework
can compensate for beam shift of up to 1mm. The Euler angles extracted from the
resulting rotation matrix are systematically under-estimated with respect to the ac-
tual misalignment angles. This effect is more strongly pronounced at lower beam
momenta. Box Rotation Alignment uses the simple assumption that a change of the
interaction point is directly and linearly related to the box rotation. But there are two
magnetic fields between the target and the detector box. These may distort the parti-
cle trajectories sufficiently to render alignment imprecise at high beam momenta and
large misalignments. Increasing the number of reconstructed tracks beyond 4 · 105
for the determination of the interaction point or using a larger quantile cut than
4% didn’t increase the precision of the determination of the interaction point or the
alignment matrices.
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C O M B I N E D A L I G N M E N T P R O C E D U R E S

A combination of sensor misalignment, module misalignment and box rotation will
be present at the Luminosity Detector. The goal of the alignment procedure is the
reliable determination of the luminosity with an uncertainty below 1% in the pres-
ence of all three misalignment types. The feasibility of each individual alignment
procedure has been demonstrated in the previous chapters, and the remaining task
is to check if the individual alignment procedures can be disentangled, and of course
in which order they must be performed. Each set of alignment matrices necessarily
changes the positions of the reconstructed hits. As a consequence, the track selection
algorithms always see a different detector geometry after each individual alignment.

The luminosity residuals are discussed after application of all available alignment
methods like in the previous chapters. Until this point, all studies and simulations
have been done on one single data set per momentum and misalign factor, which was
sufficient to demonstrate the feasibility of the methods. In the following, these studies
are preformed on ten samples with different detector geometries per momentum and
misalign factor to ensure statistical validity.

10.1 optimum order of alignment steps

If the misalignment of the detector components is too large, many tracks are lost
during reconstruction by virtue of too strict momentum and acceptance cuts. Since
the luminosity residuals cannot be used as an indicator of how well the alignment
worked as long as the ideal alignment order is not established, the components of
the residuals matrices are calculated after each individual alignment procedure and
evaluated.

A naive approach is to simply test all possible orders. For the three methods, there
are six possible procedures:

• Sensor Alignment→ Module Alignment→ Box Rotation Alignment
• Sensor Alignment→ Box Rotation Alignment→ Module Alignment
• Module Alignment→ Sensor Alignment→ Box Rotation Alignment
• Module Alignment→ Box Rotation Alignment→ Sensor Alignment
• Box Rotation Alignment→ Sensor Alignment→ Module Alignment
• Box Rotation Alignment→ Module Alignment→ Sensor Alignment
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However, some can be excluded already without testing. The studies during de-
velopment of the algorithms from Chapters 7 to 9 have shown that Box Rotation
Alignment fails completely if performed first. This is because the interaction point
in the target region cannot be determined if both sensors and sensor modules are
misaligned, and Box Rotation Alignment fails due to the absence of a clear reference
interaction point. The last two procedures are therefore not studied in detail and
discarded.

Additionally, Module Alignment uses a simplified parametrization for the interac-
tion point to eliminate shearing effects between the modules, which was explained
in Chapter 8. That simplified model already uses an idealized interaction point cen-
tered in the reference frame LMDlocal, and thus inadvertently compensates for a Box
rotation. This is quintessentially the same Ansatz to correct Box rotation as in Box
Rotation Alignment, but done a different way.

If there is a rotation of the detector box, then Module Alignment is also able to
compensate that rotation by a reverse rotation of the ten sensor module sectors, but
without moving the outer box. This is easily possible since the Anchor Points serve
as external reference point, just like the interaction point. In principle, it does not
matter for the alignment which particular parts are moved, because as long as the
actual sensors are in the correct position, all remaining components in between can
be almost arbitrarily misaligned. As explained in Chapter 6, the orientation of both
Half Detectors with respect to the detector box is monitored with capacitive sensors
inside the box, which is inherently much more precise than the alignment method
of the sensor modules. It is therefore desirable to align the modules internally, i.e.
with respect to each other, then use the known position from the capacitive sensors
to align the Half Detectors with respect to the box and finally align the box via Box
Rotation Alignment. Accordingly, this entanglement of Module Alignment and Box Ro-
tation Alignment must be broken. This can be achieved by using the interaction point
as it was determined by the LMD itself in the Anchor Points. The shearing can still be
eliminated this way without rotating the Half Detectors inside the Box. This is still an
open task and for now, Module Alignment and Box Rotation Alignment are intertwined.
Only two possible orders remain:

1. Sensor Alignment→ Module Alignment→ Box Rotation Alignment
2. Module Alignment→ Sensor Alignment→ Box Rotation Alignment

The components of the residuals matrices for Sensor Alignment and Module Align-
ment via both alignment procedures are compared. The previous chapters showed
that Sensor Alignment is more precise compared to Module Alignment, so it seems
advantageous to perform it first.

For the following studies, all three misalignment types are present in the investi-
gated simulation data sets. To determine the overall alignment success, all three sets
of alignment matrices must be evaluated, as well as the success of the luminosity
determination. To determine failure of a given alignment procedure, it is only neces-
sary to evaluate the matrix residuals of the first alignment. If that fails, all subsequent
alignments will also fail. It is sufficient to perform these studies on a single dataset.
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10.1.1 Order 1: Sensor Alignment→Module Alignment

First, it is checked if misaligned sensor modules and box are detrimental to Sensor
Alignment. Figure 10.1 shows the mean and standard deviation of the components
of the residuals matrices for Sensor Alignment if no other alignment corrections are
applied. Just like in the previous chapters, the mean values indicate how accurately
the alignment matrices have been determined, and the standard deviations indicate
how precisely.
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Figure 10.1: Mean values (top) and standard deviation (bottom) of the components of the
residuals matrices for Sensor Alignment for combined geometry misalignment
(one data set) in dependence of misalign factor. At each misalign factor the same
misaligned geometry is used across all tested beam momenta. A misalignment
factor of 1.0 corresponds to the expected misalignment after construction.

The mean and standard deviation are typically just below 5µm and do not depend
on the degree of misalignment except for very large misalign factors. At a misalign
factor 2.5, the residuals are slightly larger, and for a factor of 3.0 no alignment ma-
trices can be determined anymore. That is because the overlapping area of at least
one sensor pair has become so small due to mutual misalignment that no significant
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number of tracks could be detected anymore. This is non-critical as the misalign fac-
tor of 1.0 has been chosen with a generous margin of error already, and even larger
unknown misalignment after initial measurement is extremely unlikely.

Nonetheless, the means and standard deviations of the components of the residuals
matrices in Figure 10.1 are very similar to Figure 7.12, in which the same components
were determined with perfectly aligned rest of the detector. This leads to the conclu-
sion that misaligned modules and an unknown box rotation have no effect on Sensor
Alignment. It can therefore be done prior to any other software alignment with no
adverse effects.
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Figure 10.2: Mean values (top) and standard deviation (bottom) of the components of the
residuals matrices for Module Alignment when the sensors are aligned in advance
for combined geometry misalignment (one data set) in dependence of misalign
factor. At each misalign factor the same misaligned geometry is used across all
tested beam momenta. A misalignment factor of 1.0 corresponds to the expected
misalignment after construction.

Now it must be checked whether subsequent Module Alignment succeeds as well.
Figure 10.2 shows the means and standard deviations of the components of the resid-
uals matrices for Module Alignment when it is performed after the sensors are already
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aligned. The distribution of the mean values looks almost identical to Figure 8.15,
which is not surprising since the same misalignment was used, only in combina-
tion with misaligned sensors this time. The absolute values of the means are slightly
larger however, which either indicates that the remaining error of Sensor Alignment is
detrimental to subsequent Module Alignment, that the unknown box rotation is detri-
mental to Module Alignment or a combination of both. At a misalign factor of 3.0, no
mean or standard deviation are available due to the failure of Sensor Alignment.

The standard deviations increase with the misalign factor in an almost linear fash-
ion, similar to Figure 8.16 when the sensors and the box were perfectly aligned. Then,
the maximum residual was about 15µm at a misalign factor of 1.0, whereas now the
maximum residual is close to 20µm at a misalign factor of 1.0. It is possible that this
increase is due to the entanglement of Module Alignment and Box Rotation Alignment
.While this increase means a notable decrease in accuracy, it is not a complete failure.
At a misalign factor of 1.0, the standard deviation of the x and y translation of the
misalignment is by construction 100µm, and after Module Alignment 20µm residuals
remain. While that is certainly not perfect, it is only 5µm larger than in Chapter 8

where sensors and box were perfectly aligned. The alignment order Sensor Alignment
→ Module Alignment is therefore viable.

10.1.2 Order 2: Module Alignment→ Sensor Alignment

While Sensor Alignment performs well in the presence of misaligned modules, the
reverse is not the case; Module Alignment quality is severely reduced in the pres-
ence of misaligned sensors. Figure 10.3 shows the means and standard deviations of
the components of the residuals matrices for Module Alignment without prior Sensor
Alignment. Like before, the magnitude of the residuals correlates strongly with the
degree of misalignment, and is slightly worse at 1.5GeV/c than at 15.0GeV/c beam
momentum. The absolute magnitude of the residuals is about 2 to 3 times larger than
in Chapter 8.

At a misalign factor of 2.0, the Module Alignment matrix residuals are at about
100µm. At that misalign factor, the module misalignment matrices are sampled from
a gaussian with σ = 200µm width. If no alignment were performed and identity
matrices were used as alignment matrices, the residuals would consequently be about
200µm. The residuals are about half as big. This means Module Alignment is still
possible without previous sensor alignment, but the quality will likely not suffice for
a precise luminosity fit. At this point it is clear that this order of alignment is not
feasible.

10.2 subsequent box rotation alignment

If Box Rotation Alignment is applied after Module Alignment, the latter would already
have compensated for the box rotation, at least in part. Because the aligned modules
allow for a correct track reconstruction, the reconstructed interaction point is much
closer to the actual interaction point. Subsequent Box Rotation Alignment should then
only find a miniscule remaining rotation. Therefore it is not sensible anymore to plot
the components of the residuals matrix, but instead plot the absolute values found
by Box Rotation Alignment. Figure 10.4 shows the remaining values of Euler angles
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Figure 10.3: Mean values (top) and standard deviation (bottom) of the components of the
residuals matrices for Module Alignment when it is done without prior Sensor
Alignment for combined geometry misalignment (one data set) in dependence of
misalign factor. At each misalign factor the same misaligned geometry is used
across all tested beam momenta. A misalignment factor of 1.0 corresponds to the
expected misalignment after construction.

of the box rotation matrix after Sensor Alignment and Module Alignment have already
been performed. They scatter around 20µrad at a misalign factor of 1.0. The original
misalignment was 100µrad, so this is a significant improvement.

This is in the same region as the Box Rotation Alignment with perfectly aligned rest
of the detector that was shown in Chapter 9. Note that this is not a measure of the
quality of Box Rotation Alignment after Module Alignment, but instead verification if
Box Rotation Alignment works correctly after Module Alignment. The extracted Euler
angles are small enough to justify this alignment procedure.
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Figure 10.4: Euler angles of the box rotation alignment after prior Sensor and Module align-
ment for combined geometry misalignment (one data set) in dependence of mis-
align factor. At each misalign factor the same misaligned geometry is used across
all tested beam momenta. A misalignment factor of 1.0 corresponds to the ex-
pected misalignment after construction..

10.3 combined alignment results

To prove the results of the alignment framework and to eliminate the effect of very
fortunate and very unfortunate random misalignments, ten different detector geome-
tries are created with random values sampled from the same gaussian distribution.
These ten geometries are now used for all beam momenta in all misalign factors by
multiplying standard misalignment with the misalign factor.

For each data set, a complete alignment simulation study is performed consisting
of the following steps:

• Generation of Monte Carlo data set with misaligned geometry
• Reconstruction of detector hits
• Sensor Alignment
• Application of the alignment matrices from Sensor Alignment, reconstruction of

tracks
• Module Alignment
• Application of the alignment matrices from Module Alignment, reconstruction

of tracks
• Box Rotation Alignment
• Application of the alignment matrices from Box Rotation Alignment, reconstruc-

tion of tracks
• Calculation of track reconstruction efficiency
• Determination of the luminosity

Overall 450 scenarios have been generated and the complete alignment procedure,
track reconstruction and luminosity determination was performed. As each scenario
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consumes about 2000 CPU core hours, the high performance cluster HIMSTER II of
the Helmholtz Institute Mainz was used which provides sufficient parallel compute
power and disk space.

10.3.1 Track Reconstruction Efficiency

As shown before, even small misalignment leads to a significant reduction in track
reconstruction efficiency. Now that it is proven that the individual alignment proce-
dures yield valid results and the alignment procedure — especially the order — is
established, the changes in track reconstruction efficiency can be reevaluated. This
is done at all beam momenta and misalign factors. The average of the ten different
track reconstruction efficiency values from the ten samples per misalign factor and
beam momentum are calculated and displayed in Figure 10.5.
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Figure 10.5: Track reconstruction efficiency ∆ε in dependence of misalign factor for mis-
aligned geometries after alignment, averaged over ten samples. A misalignment
factor of 1.0 corresponds to the expected misalignment after construction.

The standard deviation of these ten values is used as error bar for every data point.
The track reconstruction efficiency at a misalign factor of 0 is used as a baseline and
it therefore is by definition 100%. Due to the inherent randomness in Monte Carlo
simulations, the actual number of tracks fluctuates between the simulations because
the sensor positions differ between data sets of the same beam momentum. For every
data set about 2 · 107 tracks were generated. Without alignment, about 60% of the
tracks are lost due to the detector misalignment at a misalign factor of 1.0. Now
that the correct alignment order is established and the detector misalignment can be
compensated, the track reconstruction efficiency improves drastically to about 98%
at a misalign factor of 1.0. It is noteworthy that the track reconstruction efficiency loss
correlates not only with the actual misalignment but with the beam momentum as
well. The efficiency loss at 15GeV/c is almost twice as large (10%) as for 1.5GeV/c
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(5%) at the largest misalign factor. With smaller misalignment, this effect is reduced
and between the misalign factors 0.5 to 1.25, the track reconstruction efficiency is
highest at 8.9GeV/c. The trend is not perfectly linear, nor is it expected to be, and at
the expected degree of misalignment (factor 1.0), a track reconstruction efficiency of
over 98% can be achieved after alignment.

10.3.2 Luminosity Results

Finally, for all data sets the luminosity is determined. The average of the ten ex-
tracted luminosity residuals per misalign factor and beam momentum is calculated
and shown in Figure 10.6. The standard deviation of the ten values is taken as error
bar. The top figure shows the average luminosity residual for all tested misalign fac-
tors, the bottom figure shows a magnification for the range up to a misalign factor of
1.5.

Using the mean values of the luminosity residuals as systematic errors and the stan-
dard deviation as the statistical errors, there is a noticeable increase in both errors at
higher beam momenta. At 1.5GeV/c to 4.06GeV/c, the three combined alignment
methods are able to counteract misalignment up to twice as bad as expected with
virtually no decrease in luminosity determination accuracy. At 15.0GeV/c however,
misalignment is more unforgiving and harder to compensate. Still, at a misalign fac-
tor of 1.0 misalignment can be corrected well enough to keep the systematic error of
the luminosity determination below 1%. The systematic errors at all beam momenta
are listed in Table 10.1.

momentum [GeV/c] luminosity systematic and statical errors [%]

1.50 −0.303± 0.273
4.06 0.022± 0.068
8.90 −0.209± 0.194

11.91 −0.486± 0.218
15.00 −0.851± 0.320

Table 10.1: Luminosity residuals after application of all three software alignment corrections
on simulated data set from a detector that is misaligned to the probable degree
(factor 1.0).

10.4 conclusion

This chapter has shown that the complete alignment procedures works well if ap-
plied in the right order. A detector geometry that is subject to all three types of
misalignment can be corrected by software alignment methods well enough to allow
for precision luminosity measurements with accuracy below 1% as long as the initial
unknown misalignment is not larger than with a misalign factor of 1.0. This already
reflects a large but realistic misalignment. Sensor Alignment is not affected at all by
misaligned modules or box rotations, but the Module Alignment precision suffers be-
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Figure 10.6: Luminosity residuals for combined misalignment and sequential individual
alignments. Each data point is the average of ten luminosity residuals and the
error bar represents the standard deviation.
Top: for all tested misalign factors.
Bottom: Magnification of the range up to 1.5.

cause it is influenced by the box rotation. Box rotation alignment however is not
possible unless the modules are aligned first, so this is not avoidable. The only viable
option is therefore to firstly align the sensors, then the modules and determine the
box rotation last. In that case, the alignment matrix residuals for sensor-and-module
alignment types stay below 10µm in local x and y directions and below 15µrad for
box rotation alignment. None of the treated detector components is sensitive in its
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local z direction due to the large z-distance to the interaction point. Upon application
of all three software alignment methods, alignment precision is sufficiently high to
allow for sub-percent luminosity measurements with the LMD.

At this stage, Module Alignment and Box Rotation Alignment are still loosely inter-
twined and can therefore not be individually tested when both kinds of misalignment
is present. Future works should break this coupling. This can ideally be achieved by
using the interaction point as it was determined by the Luminosity Detector as An-
chor Point for every sector during Module Alignment instead of a common point at
the reference frame origin. Because the two magnetic fields are still between the in-
teraction point and the Luminosity Detector, a mapping function should be derived
that calculates the individual Anchor Points for each sector separately. Box Rotation
Alignment can then use the this set of reference points to calculate the box rotation
misalignment. In addition, the capacitive sensors are used for internal alignment on
the Luminosity Detector, thus disentangling internal and external alignment.
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S U M M A RY A N D O U T L O O K

Physics is like sex:
sure, it may give
some practical
results, but that’s
not why we do it. -
Richard Feynman

The Standard Model describes all currently known elementary particles and three of
the four fundamental interactions, and is thoroughly tested and almost universally
accepted. The dynamics of all strongly interesting particles is described within the
Standard Model by the theory of quantum chromodynamics, in which hadrons are
made up of quarks that are held together by gluon exchange. The underlying Quark
Model has proven remarkably successful for the description of the hadronic states,
which are mostly composed of quark-antiquark pairs called mesons or quark triplets
called baryons. In the early 21st. century however, the so-called XYZ states were dis-
covered which cannot be fully explained as mesons or baryons. While the Quark
Model also allows for more complex internal structures, the true nature of most of
the XYZ states has not yet been determined. To alleviate this lack in understand-
ing, the upcoming PANDA experiment at FAIR in Darmstadt will determine missing
characteristics like mass, width and quantum numbers of these new resonances via
the measurement of the line shapes. It will also search for predicted but undiscov-
ered and new, unexpected states in the charmonium sector. The determination of the
line shape is performed with the energy scan method, in which the beam momen-
tum is increased in small steps while the reaction rate is measured. Important for
these measurements is the time-integrated luminosity to normalize the individual
measurements. In addition, the absolute luminosity is mandatory for the determi-
nation of the cross section of all reaction channels measured with PANDA. For the
measurement and continuous monitoring of the luminosity, the Luminosity Detec-
tor is constructed. It is positioned approximately 11m behind the interaction point,
where it measures the angular distribution of the tracks of the elastically scattered an-
tiprotons with high precision. For exact track reconstruction, the precise knowledge
of the sensor positions is absolutely mandatory. Determination of the positions of
the sensors and correcting for misplacement in the analysis software is called align-
ment. The influence of misalignment and its correction via software alignment are the
central topics of this thesis.

Even though hardware and software alignment has been done at countless ex-
periments already, it remains a tedious and challenging task that requires utmost
precision and dedication. The content of this thesis lays important groundwork for
misalignment studies at FAIR and PANDA and the subsequent correction of it. During
its course, new interfaces were developed and added to FAIRROOT that allow the
users to easily modify the detector geometry during Monte Carlo data generation
and hit reconstruction. PANDAROOT , which inherits from FAIRROOT, has been
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used to study the effect of misalignment on the determination of the luminosity with
the Luminosity Detector. The detector is constructed in a highly segmented way; ten
sensors are attached to a diamond wafer which is called sensor module. Twenty of
these sensor modules make up a half detector. Both half detectors are attached to
the detector box. Each of these sub-assemblies — the sensors on a sensor module, the
modules in a half detector and the detector box itself — can be aligned independently.

Misalignment of all components of the LMD reduces the track reconstruction effi-
ciency and thus the accuracy of the luminosity determination. Due to the modularity
of the LMD, the alignment can be separated into three individual steps; The Sensor
Alignment, Module Alignment and Box Rotation Alignment. Software alignment meth-
ods for each of them were developed. Specialized approaches are introduced and
fine tuned for each of them, allowing for very precise alignment. This results in an
improvement of the intrinsic uncertainty of the luminosity determination below 1%
once software alignment has been performed.

The Sensor Alignment yields the position of all 400 sensors within 5µm of error, well
below the 23µm actual sensor resolution, even if the sensors are on average 1/4mm
displaced. This is done by comparing the reconstructed hits on two partially overlap-
ping sensors to calculate their relative position. Hits on both sensors are represented
by two point clouds, which are transformed into congruency by an ICP algorithm.
The transformation matrix calculated this way represents the relative position of the
two sensors. Because most sensors of the LMD overlap with two other sensors, multi-
ple relative positions can be chained such that the position of all sensors on a sensor
module can be calculated. This method works almost equally well across all tested
beam momenta and magnitudes of misalignments as long as sufficiently large over-
lapping areas are available. The uncertainties of the alignment parameters vary about
5µm over the five tested beam momenta. While they are largest at the lowest tested
beam momentum, Sensor Alignment can be performed at the highest beam momen-
tum with no significant loss in alignment quality as well. Luminosity determination
errors due to misaligned sensors could be corrected entirely, making the luminosity
extraction from misaligned sensors and applied Sensor Alignment indistinguishable
from an ideal, non-misaligned detector. However, the misalignment of the sensors
must not exceed 1/4mm on average because then sufficient data on the overlapping
areas cannot be ensured anymore due to vanishing overlaps. Even when the sensors,
the sensor modules and the external box of the LMD are misaligned simultaneously,
Sensor Alignment finds the actual relative positions of the sensors with less than 5µm
uncertainty.

The second alignment method, the Module Alignment, finds the position of all 40
sensor modules not only relative to each other but absolute in the reference frame
of the LMD. This was achieved with a biased, iterative track-based alignment for
inter-module corrections and external Anchor Points to eliminate global shearing and
rotation of the entire detector assembly. Global translations cannot be eliminated
by this approach and must be accounted for by external measurements (i.e. from
capacitive distance sensors). This approach allows to drastically increase the speed of
the iterative track fit algorithm, which uses straight lines and fits them towards the
reconstructed hits via principal component analysis, allowing for tens of thousands
track fits per second and CPU core. The calculation of the alignment matrices is done
via singular value decomposition of a specially constructed covariance matrix that
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includes the tracks and reconstructed hits. This way, the Module Alignment is faster
performing than a comparable MillePede II approach without sacrificing precision.
The quality of Module Alignment suffers at larger misalignment, but is sufficient at the
expected misalignment after construction. The alignment quality is mostly unaffected
by the chosen beam momentum, which means Module Alignment can be done at any
momentum. In the presence of all three misalignment types, after alignment of the
sensors, Module Alignment finds the correct positions of the modules with less than
20µm uncertainty. Without prior alignment of the sensors, this uncertainty increases
to about 50µm.

After Module Alignment has been performed, the sensor modules are aligned in
the reference frame of the LMD, but this reference frame itself it not yet aligned with
respect to the laboratory reference frame of all PANDA components. This is done by
two successive methods: the positions of both half detectors inside the detector box
are measured and monitored with internal capacitive sensors. Finally, the orientation
of the box is determined by Box Rotation Alignment. For this, the distance between
the measured interaction point by the LMD and the actual interaction point which
is measured by all other PANDA components is used to calculate the rotation of the
detector box. Due to the 11m lever arm from interaction point to LMD, even minute
rotations result in large shifts of the apparent interaction point. While catastrophic
for the luminosity determination, this is used to the advantage of the Box Rotation
Alignment. This method is extremely fast since it only relies on the reconstruction
of the apparent interaction point. The alignment algorithm needs to calculate only a
single rotation matrix which rotates the apparent interaction point onto the actual in-
teraction point, with the axis of rotation going through the LMD. In the presence of all
three misalignment types, after alignment of both sensors and sensor modules, Box
Rotation Alignment finds the actual rotation of the box with less than 20µrad uncer-
tainty. Without prior alignment of the sensors and sensor modules, the reconstructed
interaction points are unsuitable for Box Rotation Alignment.

The order in which the three individual alignment methods are performed is cru-
cial. Sensor Alignment is not affected at all by misaligned modules or box rotations,
but the Module Alignment precision is slightly reduced as long as a residual box ro-
tation is present. Box rotation alignment however is not possible unless the modules
are aligned first. Accordingly, the only viable option is to firstly align the sensors,
then the modules and determine the box rotation last.

The initial average misalignment after survey of some components may have been
significantly overestimated in these studies. A misalignment of 100µm of the sensors
for example was derived under the assumption they could not be placed more pre-
cisely. However, at least some of the sensors can be measured with the high precision
microscope, which achieves several micrometer precision. The 100µm average mis-
alignment can be considered a worst-case. Sensor Alignment therefore ideally comple-
ments the microscope measurements by determining the positions of the remaining
sensors. A stationary Coordinate Measuring Machine is large enough to measure an
entire half detector at once. Therefore, the actual position of every sensor module will
be known much more precisely than the assumed 100µm for the positions of the sen-
sor modules. As such, the module misalignment at a factor of 1.0 can be seen as worst
case as well, while the actual unknown misalignment after CMM measurements may
be much closer to a factor of 0.5. For Box Rotation Alignment, only two diametrically



158 summary and outlook

opposed SMRs 1m apart were used to estimate the remaining rotational uncertainty.
The actual LMD will have nests for at least six SMRs, increasing the overall positional
and rotational precision.

Nonetheless, the alignment methods presented in this thesis determine the mis-
alignment of the Luminosity Detector already very precisely, and the calculated align-
ment matrices can be applied to the track reconstruction software via the new inter-
faces in FAIRROOT. The alignment is precise enough to allow the determination of
the luminosity with an uncertainty well below 1% at all tested beam momenta.

Even though the uncertainty of the luminosity determination caused by the remain-
ing misalignment is already below 1% , some possible improvements still remain:

• There is still a remarkably strong correlation between the track reconstruction
efficiency and the precision of the luminosity determination, which is present
even after software alignment was performed. This is the primary reason for the
decreased luminosity determination accuracy at high beam momenta. While
the reason for the reduced track reconstruction efficiency itself is found in the
limited alignment precision, the beam momentum dependence of the track re-
construction efficiency is not. Because the alignment works almost equally well
at all beam momenta, the track reconstruction efficiency should be improved
at higher beam momenta to improve the precision of the luminosity determina-
tion.

• The Anchor Points for Module Alignment were derived numerically at the per-
fectly aligned detector geometry. They are unique for each module sector and
are restricted to the z axis of the LMD that coincides with the beam axis. A mod-
ified set of Anchor Points that are variable in all three axes may improve the
accuracy of the Module Alignment. If that is not possible or sufficient, the inter-
action point could be used directly as fifth track hit for the fitter, to eliminate
shearing and rotation of the module assembly. However, due to the presence of
the dipole magnet field, the tracks can then no longer be modeled by straight
lines. A more complicated track model that incorporates this track bending
must then be employed during the track fit step in Module Alignment. In that
case, the SVD based optimization that uses a principal component analysis to fit
straight line tracks to five hits would no longer be available.

• The interaction point used to find the box rotation was set precisely at the origin
of the laboratory reference frame. In these studies, with the tracks measured in
the Luminosity Detector, a slightly different position of the interaction point is
reconstructed for high beam momenta, about 0.25mm away from the expected
position, even when the detector was perfectly aligned. The cause of this offset
has not been investigated since the achieved precision has been sufficient. Later
studies may investigate this effect further and attempt to compensate.

These points notwithstanding, the LMD alignment software achieves its goal to
precisely align all components such that the time-integrated luminosity can be de-
termined with an uncertainty in the sub-percent range in the presence of multiple
component misalignment of the Luminosity Detector.
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The appendix contains the verbose calculations used throughout the software align-
ment framework developed for this work. These calculations are implementation-
agnostic, but some source code examples for the Software Alignment Framework are
included as well. Explicit is better

than implicit. - The
Zen of Python, by
Tim Petersderivation of icp overlap matrix

This is identical to Section 7.4 and included here again, so that all matrix calculations
are in the appendix for lookup.

The matrix going from the laboratory reference frame to a misaligned component
has the following form:

Mactual =M
? ·Mideal (A.1)

Two points ~p and ~q, which are registered hits on sensors A and B respectively from
a single particle track, after undergoing a change of basis to laboratory reference
frame:

M?
A ·MA · ~p = ~p ′ (A.2a)

M?
B ·MB · ~q = ~q ′ (A.2b)

And because they are at roughly the same position:

1 · ~p ′ ≈ ~q ′ (A.3a)

M?
A ·MA · ~p =M?

B ·MB · ~q (A.3b)(
M?
B ·MB

)−1
M?
A ·MA · ~p = ~q (A.3c)

In reality, the misalignment is unknown, so that the change of basis to the lab-
oratory reference frame was using the ideal transformation matrices MA and MB

without M?
A and M?

B:

MA · ~p = ~p? (A.4a)

MB · ~q = ~q? (A.4b)
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And after hit reconstruction, they are no longer at the same position in the labora-
tory reference frame, and their different positions can be expressed as a transforma-
tion matrix J?A 7→B:

J?A 7→B · ~p? = ~q? (A.5)

Therefore:

J?A 7→B · ~p? = ~q? (A.6a)

J?A 7→B ·MA · ~p =MB · ~q (A.6b)

⇒M−1
B · J?A 7→B ·MA · ~p = ~q (A.6c)

Comparing Equation 7.10 and Equation 7.8 and simplifying gives:

(
M?
B ·MB

)−1
M?
A ·MA · ~p =M−1

B · J?A 7→B ·MA · ~p (A.7a)

⇒M−1
B ·

(
M?
B

)−1 ·M?
A ·MA =M−1

B · J?A 7→B ·MA (A.7b)

The ICP matrix is then:

J?A 7→B =
(
M?
B

)−1 ·M?
A (A.8)

note : The inverse of this ICP matrix is:(
J?A 7→B

)−1
=
((
M?
B

)−1 ·M?
A

)−1
=
(
M?
A

)−1 ·M?
B = J?B 7→A (A.9)

This property is very important and is used throughout this work, as well as the
PANDA Alignment Framework.

a.1 construction of matrix to sensor b going over multiple differ-
ent sensors

One corner stone of this work is the assumption that the reference frame of sensor B
can be reached multiple ways. This section will prove this assumption using a simple
example. The transformation matrix that goes from the laboratory reference frame to
sensor B with misalignment is by definition:

TB =M?
B ·MB (A.10)

It is now possible to insert multiple identity matrices:

TB =M?
B ·MB · 1

=M?
B ·MB ·M−1

A ·
(
M?
A

)−1 ·M?
A︸ ︷︷ ︸

1

·MA

︸ ︷︷ ︸
1

=M?
B ·MB ·

(
M?
A ·MA

)−1︸ ︷︷ ︸
:=TA 7→B

·M?
A ·MA︸ ︷︷ ︸
TA

TB = TA 7→B · TA (A.11a)
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The interpretation of Equation A.11a is very straight-forward: it does not matter
if the path to reference frame B is taken the direct route or over multiple steps in
between; the final position will always be in reference frame B. The new matrix TA 7→B
transforms from reference frame A to reference frame B.

a.2 construction of total matrix across multiple sensors

For demonstrational purposes, let sensor A and sensor B each share an overlapping
area with sensor C. Two transformation matrices MA 7→B and MB 7→C will then exist
and describe the transformations from A to B and B to C. The total matrices trans-
forming from the laboratory reference frame to sensors A, B and C then are:

TA =M?
A ·MA (A.12a)

TB =M?
B ·MB (A.12b)

TC =M?
C ·MC (A.12c)

Using Equation A.11a, the total matrices TA 7→C and TB 7→C are:

TA 7→C = TC · T−1A =M?
C ·MC ·M−1

A ·
(
M?
A

)−1 (A.13a)

TB 7→C = TC · T−1B =M?
C ·MC ·M−1

B ·
(
M?
B

)−1 (A.13b)

The total matrix T ′A 7→B in M?
A is:

T ′A 7→B =MC 7→B ·MA 7→C =
(
MB 7→C

)−1 ·MA 7→C (A.14a)

=M?
B ·MB ·M−1

C ·
(
M?
C

)−1 ·M?
C ·MC ·M−1

A ·
(
M?
A

)−1 (A.14b)

=M?
B ·MB ·M−1

A ·
(
M?
A

)−1 (A.14c)

=M?
B ·MA 7→B ·

(
M?
A

)−1 (A.14d)

Therefore, the total matrix TA 7→B from sensor M?
A to sensor M?

B with misalign-
ments and an arbitrary number of steps in between them, as seen from the reference
frame of M?

A, is always:

T ′A 7→B =M?
B ·MA 7→B ·

(
M?
A

)−1 (A.15)

and does not depend on the intermediate matrix MC. Change of basis out of M?
A

yields:

(
M?
A

)−1 · T ′A 7→B ·MA =
(
M?
A

)−1 ·M?
B ·MA 7→B ·

(
M?
A

)−1 ·M?
A︸ ︷︷ ︸

1

(A.16a)

TA 7→B =
((
M?
B

)−1 · 1 ·M?
A

)−1 ·MA 7→B (A.16b)

Now, any value B ∈ [2, 9] can be substituted. Since only a limited number of ICP

matrices are available, the 1 in Equation A.16b must be expanded depending on
the desired transformation. This will be done for all combined matrices on a given
module in the following section.
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a.3 derivation of misalignment matrices

Calculate M?
B for every sensor on a given module. The total matrix from the labora-

tory reference frame to sensor B with misalignment is:

TB =M?
B ·MB (A.17)

Where MB is the design matrix from our laboratory reference frame to sensor
B’s design position, and M?

B is the misalignment matrix onto sensor B. Sensor B’s
misaligned position can also be reached by going over misaligned sensor A, and
from there to misaligned sensor B as seen in Equation A.11a:

MB = TA 7→B ·M?
A ·MA (A.18)

Where A, M?
A are like in Equation A.17 and TA 7→B is the matrix from misaligned

sensor A to misaligned sensor B as constructed in Equation 7.4. It is possible to isolate
M?
B when M?

A is known:

M?
B ·B = TA 7→B ·M?

A ·MA (A.19a)

⇒M?
B = TA 7→B ·M?

A ·MA ·M−1
B (A.19b)

= TA 7→B ·M?
A ·
(
MB ·M−1

A

)−1 (A.19c)

= TA 7→B ·M?
A ·M−1

A 7→B (A.19d)

Subsequently, the desired misalignment matrix for sensor B is:

M?
B = TA 7→B ·M?

A ·M−1
A 7→B (A.20)
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derivation of misalignment matrix M?
B from total matrix TA 7→B

The final step is to calculate the total matrix for every sensor B ∈ [2, 9] and from that
the misalignment matrix M?

B for sensor B.

a.4 sensors 1 to 2

From Equation A.16b:

T1 7→2 =
((
M?
2

)−1 · 1 ·M?
1

)−1 ·M1 7→2 (A.21)

Expanding the 1:

T1 7→2 =
((
M?
2

)−1 · 1 ·M?
1

)−1 ·M1 7→2 (A.22a)

=
((
M?
2

)−1 ·M?
8 ·
(
M?
8

)−1 ·M?
1

)−1 ·M1 7→2 (A.22b)

=
((
J?2 7→8

)−1 · J?1 7→8)−1 ·M1 7→2 (A.22c)

From Equation A.20:

M?
2 = T1 7→2 ·M?

1 ·M−1
1 7→2 (A.23a)

a.5 sensors 1 to 3

From Equation A.16b:

T1 7→3 =
((
M?
3

)−1 · 1 ·M?
1

)−1 ·M1 7→3 (A.24)

Expanding the 1:

T1 7→3 =
((
M?
3

)−1 · 1 ·M?
1

)−1 ·M1 7→3 (A.25a)

=
((
M?
3

)−1 ·M?
8 ·
(
M?
8

)−1 ·M?
1

)−1 ·M1 7→3 (A.25b)

=
((
J?3 7→8

)−1 · J?1 7→8)−1 ·M1 7→3 (A.25c)

From Equation A.20:

M?
3 = T1 7→3 ·M?

1 ·M−1
1 7→3 (A.26a)

a.6 sensors 1 to 4

From Equation A.16b:

T1 7→4 =
((
M?
4

)−1 · 1 ·M?
1

)−1 ·M1 7→4 (A.27)
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note : there are two ways sensor 4 can be reached from sensor 1.
a)

T1 7→4 =
((
M?
4

)−1 · 1 ·M?
1

)−1 ·M1 7→2 (A.28a)

=
((
M?
4

)−1 ·M?
9 ·
(
M?
9

)−1 ·M?
2 ·
(
M?
2

)−1 (A.28b)

M?
8 ·
(
M?
8

)−1 ·M?
1

)−1 ·M1 7→2

=
((
J?4 7→9

)−1 · J?2 7→9 · (J?2 7→8)−1 · J?1 7→8)−1 ·M1 7→2 (A.28c)

b)

T1 7→4 =
((
M?
4

)−1 · 1 ·M?
1

)−1 ·M1 7→2 (A.29a)

=
((
M?
4

)−1 ·M?
7 ·
(
M?
7

)−1 ·M?
3 ·
(
M?
3

)−1 (A.29b)

M?
8 ·
(
M?
8

)−1 ·M?
1

)−1 ·M1 7→2

=
((
J?4 7→7

)−1 · J?3 7→7 · (J?3 7→8)−1 · J?1 7→8)−1 ·M1 7→2 (A.29c)

From Equation A.20:

M?
4 = T1 7→4 ·M?

1 ·M−1
1 7→4 (A.30a)

a.7 sensors 0 to 5

This is a special case, because sensor 1 and sensor 5 do not overlap and there is no
path from sensor 1 to sensor 5 using only overlapping areas. However, sensor 0 and
sensor 5 overlap, and since both M?

0 and M?
1 must be measured externally in any

case, it is sufficient to calculate M?
5 starting from sensor 0. From Equation A.16b:

T0 7→2 =
((
M?
5

)−1 · 1 ·M?
0

)−1 ·M0 7→2 (A.31a)

=
(
J?0 7→5

)−1 ·M0 7→5 (A.31b)

From Equation A.20:

M?
5 = T0 7→5 ·M?

0 ·M−1
0 7→5

=
(
J?0 7→5

)−1 ·M0 7→5 ·M?
0 ·M−1

0 7→5 (A.32a)

a.8 sensors 1 to 6

From Equation A.16b:

T1 7→6 =
((
M?
6

)−1 · 1 ·M?
1

)−1 ·M1 7→6 (A.33)
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Expanding the 1:

T1 7→6 =
((
M?
6

)−1 · 1 ·M?
1

)−1 ·M1 7→6 (A.34a)

=
((
M?
6

)−1 ·M?
3 ·
(
M?
3

)−1 ·M?
8 ·
(
M?
8

)−1 ·M?
1

)−1 ·M1 7→6 (A.34b)

=
(
J?3 7→6 ·

(
J?3 7→8

)−1 · J?1 7→8)−1 ·M1 7→6 (A.34c)

From Equation A.20:

M?
6 = T1 7→6 ·M?

1 ·M−1
1 7→6 (A.35a)

a.9 sensors 1 to 7

From Equation A.16b:

T1 7→7 =
((
M?
7

)−1 · 1 ·M?
1

)−1 ·M1 7→7 (A.36)

note : there are two ways sensor 7 can be reached from sensor 1.
a)

T1 7→7 =
((
M?
7

)−1 · 1 ·M?
1

)−1 ·M1 7→7 (A.37a)

=
((
M?
7

)−1 ·M?
3 ·
(
M?
3

)−1 ·M?
8 ·
(
M?
8

)−1 ·M?
1

)−1 ·M1 7→7 (A.37b)

=
(
J?3 7→7 ·

(
J?3 7→8

)−1 · J?1 7→8)−1 ·M1 7→7 (A.37c)

b)

T1 7→7 =
((
M?
7

)−1 · 1 ·M?
1

)−1 ·M1 7→7 (A.38a)

=
((
M?
7

)−1 ·M?
4 ·
(
M?
4

)−1 ·M?
9 ·
(
M?
9

)−1 ·M?
2 ·
(
M?
2

)−1 (A.38b)

M?
8 ·
(
M?
8

)−1 ·M?
1

)−1 ·M1 7→7

=
(
J?4 7→7 ·

(
J?4 7→9

)−1 · J?2 7→9 · (J?2 7→8)−1 · J?1 7→8)−1 ·M1 7→7 (A.38c)

From Equation A.20:

M?
7 = T1 7→7 ·M?

1 ·M−1
1 7→7 (A.39a)

a.10 sensors 1 to 8

Sensors 1 and 8 overlap directly. From Equation A.16b:

T1 7→8 =
((
M?
8

)−1 · 1 ·M?
1

)−1 ·M1 7→8 (A.40a)

=
(
J?1 7→8

)−1 ·M1 7→8 (A.40b)
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From Equation A.20:

M?
8 = T1 7→8 ·M?

1 ·M−1
1 7→8 (A.41a)

a.11 sensors 1 to 9

From Equation A.16b:

T1 7→9 =
((
M?
9

)−1 · 1 ·M?
1

)−1 ·M1 7→9 (A.42)

note : there are two ways sensor 9 can be reached from sensor 1.
a)

T1 7→9 =
((
M?
9

)−1 · 1 ·M?
1

)−1 ·M1 7→9 (A.43a)

=
((
M?
9

)−1 ·M?
2 ·
(
M?
2

)−1 ·M?
8 ·
(
M?
8

)−1 ·M?
1

)−1 ·M1 7→9 (A.43b)

=
(
J?2 7→9 ·

(
J?2 7→8

)−1 · J?1 7→8)−1 ·M1 7→9 (A.43c)

b)

T1 7→9 =
((
M?
9

)−1 · 1 ·M?
1

)−1 ·M1 7→9 (A.44a)

=
((
M?
9

)−1 ·M?
4 ·
(
M?
4

)−1 ·M?
7 ·
(
M?
7

)−1 ·M?
3 ·
(
M?
3

)−1 (A.44b)

M?
8 ·
(
M?
8

)−1 ·M?
1

)−1 ·M1 7→9

=
(
J?4 7→9 ·

(
J?4 7→7

)−1 · J?3 7→7 · (J?3 7→8)−1 · J?1 7→8)−1 ·M1 7→9 (A.44c)

From Equation A.20:

M?
9 = T1 7→9 ·M?

1 ·M−1
1 7→9 (A.45a)

a.12 derivation of multiple cyclic matrices

The reasoning in Equation 7.4 can be done for every sensorA ∈ [0, 9], although several
combinations are very similar and use the same intermediate matrices with different
start and end reference frames. They are listed here for reasons of completeness, even
though not all are used in the PANDA Alignment Framework. It is also worth noting
that some of these combinations rely on external measurements and are therefore not
suitable to estimate the quality of the ICP matrices by themselves.

a.12.1 Sensor 0

note : this combination requires external measurements. Additionally, J?0 7→1 and
J?5 7→6 cannot be measured but only constructed according to Equation A.8.
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Path: 0 7→ 5 7→ 6 7→ 3 7→ 7 7→ 4 7→ 9 7→ 2 7→ 8 7→ 1 7→ 0

1 =
(
M?
0

)−1 ·M?
0

=
(
M?
0

)−1 ·M?
5 ·
(
M?
5

)−1 ·M?
6 ·
(
M?
6

)−1 ·M?
3(

M?
3

)−1 ·M?
7 ·
(
M?
7

)−1 ·M?
4 ·
(
M?
4

)−1(
M?
9

)−1 ·M?
9 ·
(
M?
2

)−1 ·M?
2 ·
(
M?
8

)−1(
M?
8

)−1 ·M?
1 ·
(
M?
1

)−1 ·M?
0

= J?0 7→5 · J?5 7→6 · J?6 7→3 · J?3 7→7 · J?7 7→4 · J?4 7→9 · J?9 7→2 · J?2 7→8 · J?8 7→1 · J?1 7→0 (A.46)

(A.47)

a.12.2 Sensor 1

note : this combination requires external measurements. Additionally, J?0 7→1 and
J?5 7→6 cannot be measured but only constructed according to Equation A.8.

Path: 1 7→ 8 7→ 3 7→ 6 7→ 5 7→ 0 7→ 1

1 =
(
M?
1

)−1 ·M?
1

=
(
M?
1

)−1 ·M?
8 ·
(
M?
8

)−1 ·M?
3 ·
(
M?
3

)−1 ·M?
6(

M?
6

)−1 ·M?
5 ·
(
M?
5

)−1 ·M?
0 ·
(
M?
0

)−1 ·M?
1

= J?8 7→1 · J?3 7→8 · J?6 7→3 · J?5 7→6 · J?0 7→5 · J?1 7→0 (A.48)

a.12.3 Sensor 2

Path: 2 7→ 9 7→ 4 7→ 7 7→ 3 7→ 8 7→ 2

1 =
(
M?
2

)−1 ·M?
2

=
(
M?
2

)−1 ·M?
9 ·
(
M?
9

)−1 ·M?
4 ·
(
M?
4

)−1 ·M?
7(

M?
7

)−1 ·M?
3 ·
(
M?
3

)−1 ·M?
8 ·
(
M?
8

)−1 ·M?
2

= J?9 7→2 · J?4 7→9 · J?7 7→4 · J?3 7→7 · J?8 7→3 · J?2 7→8 (A.49)

a.12.4 Sensor 3

Path: 3 7→ 7 7→ 4 7→ 9 7→ 2 7→ 8 7→ 3

1 =
(
M?
3

)−1 ·M?
3

=
(
M?
3

)−1 ·M?
7 ·
(
M?
7

)−1 ·M?
4 ·
(
M?
4

)−1 ·M?
9(

M?
9

)−1 ·M?
2 ·
(
M?
2

)−1 ·M?
8 ·
(
M?
8

)−1 ·M?
3

= J?7 7→3 · J?4 7→7 · J?9 7→4 · J?2 7→9 · J?8 7→2 · J?3 7→8 (A.50)
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a.12.5 Sensor 4

Path: 4 7→ 7 7→ 3 7→ 8 7→ 2 7→ 9 7→ 4

1 =
(
M?
4

)−1 ·M?
4

=
(
M?
4

)−1 ·M?
7 ·
(
M?
7

)−1 ·M?
3 ·
(
M?
3

)−1 ·M?
8(

M?
8

)−1 ·M?
2 ·
(
M?
2

)−1 ·M?
9 ·
(
M?
9

)−1 ·M?
4

= J?7 7→4 · J?3 7→7 · J?8 7→3 · J?2 7→8 · J?9 7→2 · J?4 7→9 (A.51)

a.12.6 Sensor 5

note : this combination requires external measurements. Additionally, J?0 7→1 and
J?5 7→6 cannot be measured but only constructed according to Equation A.8.

Path: 5 7→ 6 7→ 3 7→ 8 7→ 1 7→ 0 7→ 5

1 =
(
M?
5

)−1 ·M?
5

=
(
M?
5

)−1 ·M?
6 ·
(
M?
6

)−1 ·M?
3 ·
(
M?
3

)−1 ·M?
8(

M?
8

)−1 ·M?
1 ·
(
M?
1

)−1 ·M?
0 ·
(
M?
0

)−1 ·M?
5

= J?6 7→5 · J?3 7→6 · J?8 7→3 · J?1 7→8 · J?0 7→1 · J?5 7→0 (A.52)

a.12.7 Sensor 6

note : this combination requires external measurements. Additionally, J?0 7→1 and
J?5 7→6 cannot be measured but only constructed according to Equation A.8.

Path: 6 7→ 5 7→ 0 7→ 1 7→ 8 7→ 3 7→ 6

1 =
(
M?
6

)−1 ·M?
6

=
(
M?
6

)−1 ·M?
5 ·
(
M?
5

)−1 ·M?
0 ·
(
M?
0

)−1 ·M?
1(

M?
1

)−1 ·M?
8 ·
(
M?
8

)−1 ·M?
3 ·
(
M?
3

)−1 ·M?
6

= J?0 7→6 · J?0 7→5 · J?1 7→0 · J?8 7→1 · J?3 7→8 · J?6 7→3 (A.53)

a.12.8 Sensor 7

Path: 7 7→ 3 7→ 8 7→ 2 7→ 9 7→ 4 7→ 7

1 =
(
M?
7

)−1 ·M?
7

=
(
M?
7

)−1 ·M?
3 ·
(
M?
3

)−1 ·M?
8 ·
(
M?
8

)−1 ·M?
2(

M?
2

)−1 ·M?
9 ·
(
M?
9

)−1 ·M?
4 ·
(
M?
4

)−1 ·M?
7

= J?3 7→7 · J?8 7→3 · J?2 7→8 · J?9 7→2 · J?4 7→9 · J?7 7→4 (A.54)
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a.12.9 Sensor 8

Path: 8 7→ 2 7→ 9 7→ 4 7→ 7 7→ 3 7→ 8

1 =
(
M?
8

)−1 ·M?
8

=
(
M?
8

)−1 ·M?
2 ·
(
M?
2

)−1 ·M?
9 ·
(
M?
9

)−1 ·M?
4(

M?
4

)−1 ·M?
7 ·
(
M?
7

)−1 ·M?
3 ·
(
M?
3

)−1 ·M?
8

= J?2 7→8 · J?9 7→2 · J?4 7→9 · J?7 7→4 · J?3 7→7 · J?8 7→3 (A.55)

a.12.10 Sensor 9

Path: 9 7→ 2 7→ 8 7→ 3 7→ 7 7→ 4 7→ 9

1 =
(
M?
9

)−1 ·M?
9

=
(
M?
9

)−1 ·M?
4 ·
(
M?
4

)−1 ·M?
7 ·
(
M?
7

)−1 ·M?
3(

M?
3

)−1 ·M?
8 ·
(
M?
8

)−1 ·M?
2 ·
(
M?
2

)−1 ·M?
9

= J?4 7→9 · J?7 7→4 · J?3 7→7 · J?8 7→3 · J?2 7→8 · J?9 7→2 (A.56)

extraction of euler angles from a rotation matrix

Listing A.1: Algorithm to extract Euler angles from a rotation matrix in Python

def rotationMatrixToEulerAngles(R):

assert(R.shape == (4, 4) or R.shape == (3, 3))

sy = np.sqrt(R[0, 0] * R[0, 0] + R[1, 0] * R[1, 0])

singular = sy < 1e-6

if not singular:

x = np.arctan2(R[2, 1], R[2, 2])

y = np.arctan2(-R[2, 0], sy)

z = np.arctan2(R[1, 0], R[0, 0])

else:

x = np.arctan2(-R[1, 2], R[1, 1])

y = np.arctan2(-R[2, 0], sy)

z = 0

return np.array([x, y, z])
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ip alignment code

Listing A.2: Determine look-at matrix for two points in Python (shortend)

def getRot(apparent, actual):

# error handling

assert np.linalg.norm(apparent) != 0 and np.linalg.norm(actual) != 0

assert apparent.shape == actual.shape

apparent = apparent / np.linalg.norm(apparent) # normalize

actual = actual / np.linalg.norm(actual) # normalize

cosine = np.dot(apparent, actual)

cVector = apparent[np.newaxis].T

dVector = actual[np.newaxis].T

# compute skew symmetric cross product matrix

crossMatrix = (dVector @ cVector.T) - (cVector @ dVector.T)

# compute rotation matrix

return np.identity(3) + crossMatrix + np.dot(crossMatrix, crossMatrix) *
(1/(1+cosine))

quantile cut code

Listing A.3: Efficient 2D quantile cut algorithm in Python (shortend)

def dynamicCut(hitPairs, cutPercent):

# calculate center of mass of differences and shift

if cutPercent == 0:

return hitPairs

dRaw = hitPairs[:, 3:6] - hitPairs[:, :3]

com = np.average(dRaw, axis=0)

newhit2 = hitPairs[:, 3:6] - com

# calculate distance square for cut

dRaw = newhit2 - hitPairs[:, :3]

newDist = np.power(dRaw[:, 0], 2) + np.power(dRaw[:, 1], 2)

# sort by distance square

hitPairs = hitPairs[newDist.argsort()]

# cut off largest distances

cut = int(len(hitPairs) * cutPercent/100.0)

return hitPairs[:-cut]
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a.13 residuals matrices

This section shows the Residuals Matrices for every misalignment combinations. For
each misalignment type (sensors only, modules only, box rotation only and all three
in combination), every alignment algorithm is performed. The Residuals Matrices
for the determined sensor matrices, module matrices and box rotation matrix are
calculated.

This shows if the alignment methods do not produce wrong results if no misalign-
ment in the specified type is actually present. For example, in the first subsection
only the sensors are misaligned like in Chapter 7, but all three alignment methods
are done. The resulting Sensor Alignment matrices are compared with the sensor mis-
alignment matrices (random misalignment), the resulting Module Alignment matrices
are compared with identity matrices (because there was no module misalignment)
and so on.

a.14 no misalignment

No misalignment was applied onto the simulated detector and all alignment matri-
ces are compared with identity matrices. The resulting Residuals Matrices are the
remaining statistical errors of the alignment algorithms.
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Figure A.1: Residuals Matrices for module matrices (top) and sensor matrices (bottom) at
1.5GeV/c (left) and 15.0GeV/c (right).
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a.15 scenario with misaligned sensors and no other misalignment.
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Figure A.2: Residuals Matrices for sensor alignment matrices at 1.5GeV/c (left) and
15.0GeV/c (right) for the misalign factors 0.25, 0.5, 1.0 and 2.0 (top to bottom).
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Figure A.3: Residuals Matrices for module alignment matrices at 1.5GeV/c (left) and
15.0GeV/c (right) for the misalign factor 0.25, 0.5, 1.0 and 2.0 (top to bottom).
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a.16 scenario with misaligned modules and no other misalignment.
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Figure A.4: Residuals Matrices for sensor alignment matrices at 1.5GeV/c (left) and
15.0GeV/c (right) for the misalign factors 0.25, 0.5, 1.0 and 2.0 (top to bottom).
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Figure A.5: Residuals Matrices for module alignment matrices at 1.5GeV/c (left) and
15.0GeV/c (right) for the misalign factor 0.25, 0.5, 1.0 and 2.0 (top to bottom).
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a.17 scenario with all three types of misalignment. the alignment

is performed first for the sensors , then the modules and the

box rotation last.
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Figure A.6: Residuals Matrices for sensor alignment matrices at 1.5GeV/c (left) and
15.0GeV/c (right) for the misalign factors 0.25, 0.5, 1.0 and 2.0 (top to bottom).
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Figure A.7: Residuals Matrices for module alignment matrices at 1.5GeV/c (left) and
15.0GeV/c (right) for the misalign factor 0.25, 0.5, 1.0 and 2.0 (top to bottom).
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a.18 alignment residuals versus alignment type

This section is divided into four parts. In each of the first three parts, only one type
of alignment is applied to the detector and all alignment algorithms are applied. In
the fourth part, all three misalignments are applied at the same time. The resulting
alignment residuals are shown here.

a.19 misaligned sensors

Only the sensors are misaligned.
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Figure A.8: Misaligned sensors, Residuals Matrices for sensor alignment.
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Figure A.9: Misaligned sensors, Residuals Matrices for module alignment.
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Figure A.10: Misaligned sensors, Residuals Matrices for box rotation alignment.
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a.20 misaligned modules

Only the modules are misaligned.
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Figure A.11: Misaligned modules, Residuals Matrices for sensor alignment.
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Figure A.12: Misaligned modules, Residuals Matrices for module alignment.
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Figure A.13: Misaligned modules, Residuals Matrices for box rotation alignment.
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a.21 box rotation misalignmen

The box is rotated, nothing else is misaligned.
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Figure A.14: Box rotaion misalignment, Residuals Matrices for sensor alignment.
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Figure A.15: Box rotaion misalignment, Residuals Matrices for module alignment.
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Figure A.16: Box rotaion misalignment, Residuals Matrices for box rotation alignment.
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a.22 combi misalignment

All three misalignments are applied, alignment order is sensors, modules, box rota-
tion.
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Figure A.17: All three misalignment types, Residuals Matrices for sensor alignment.

a.23 interaction point reconstruction

This section holds the studies of the reconstruction of the IP vs the quantile cut per-
centage and versus the number of used tracks for the perfectly aligned detector geom-
etry and two misaligned cases at 1.5GeV/c beam momentum and 15.0GeV/c beam
momentum.

Aligned Detector
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Figure A.18: All three misalignment types, Residuals Matrices for module alignment.
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Figure A.19: All three misalignment types, Residuals Matrices for box rotation alignment.
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Figure A.20: Reconstructed interaction point position in dependence of quantile cut percent-
age, mean (top) and standard deviation (bottom) at 1.5GeV/c beam momentum
at a perfectly aligned detector.
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Figure A.21: Reconstructed interaction point position in dependence of quantile cut percent-
age, mean (top) and standard deviation (bottom) at 15GeV/c beam momentum
at a perfectly aligned detector.
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Figure A.22: Reconstructed interaction point position in dependence of quantile cut percent-
age, mean (top) and standard deviation (bottom) at 1.5GeV/c beam momentum
at a misalign factor of 1.0.
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Figure A.23: Reconstructed interaction point position in dependence of quantile cut percent-
age, mean (top) and standard deviation (bottom) at 15GeV/c beam momentum
at a misalign factor of 1.0.
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Figure A.24: Reconstructed interaction point position in dependence of quantile cut percent-
age, mean (top) and standard deviation (bottom) at 1.5GeV/c beam momentum
at a misalign factor of 2.0.
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Figure A.25: Reconstructed interaction point position in dependence of quantile cut percent-
age, mean (top) and standard deviation (bottom) at 15GeV/c beam momentum
at a misalign factor of 2.0.
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SiPMs Silicon Photomultipliers
SIS-18 Schwerionen-Synchrotron 18

SIS-100 Schwerionen-Synchrotron 100

SIMD Single Instruction Multiple Data
SLAC Standford Linear Accelerator
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SM Standard Model
SMR spherically mounted retroreflector
SPARC Stored Particles Atomic Physics Research Collaboration
SSE2 Streaming SIMD Extensions, Version 2

STT Straw Tube Tracker
SVD singular value decomposition
TOF time of flight
TOT time over threshold
UNILAC Universal Linear Accelerator
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