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Kurzfassung

Die vorliegende Arbeit wurde am Institut fiir Hochenergiephysik (HEPHY)
der Osterreichischen Akademie der Wissenschaften im Rahmen der CMS Kol-
laboration ausgefiihrt. Eine Hauptkomponente des CMS Experiments, eines
von zwei Vielzweck-Experimenten am Large Hadron Collider (LHC) des
CERN (Genf, Schweiz), ist der so genannte Tracker (von engl. Track,
Spur). Dieses Gerit, entwickelt zur Vermessung der Flugbahn von gelade-
nen Teilchen, besteht aus etwa 16.000 planaren ortsauflosenden Siliziumsen-
soren und ist somit das bei weitem grofite Exemplar seiner Art. Systematis-
che Messfehler, hervorgerufen durch unvermeidliche Ungenauigkeiten bei der
Konstruktion, verringern die Messgenauigkeit allerdings drastisch. Die daher
notwendigen geometrischen Korrekturen des experimentellen Versuchsauf-
baus — das so genannte Alignment — sollten mit einer Genauigkeit unterhalb
der Auflésung der Einzelsensoren bekannt sein. Zu diesem Zweck miissen mit
Hilfe spezieller Algorithmen bereits rekonstruierte Teilchenspuren analysiert

werden.

Der Kalman Alignment Algorithmus (KAA) ist eine neuartige Methode, diese
geometrischen Korrekturen auch fiir derart grofie Systeme wie den CMS
Tracker zu berechnen. Die vorliegende Arbeit stellt einen Querschnitt tiber
die gesamte bisherige Entwicklung dar, angefangen vom zugrunde liegenden
Konzept, iiber die Implementierung bis hin zur konkreten Anwendung in Sim-
ulationsstudien sowie der Verarbeitung echter experimenteller Daten. Zudem
wird eine neuartige Methode zur Ausnutzung kinematischer Zwangsbedin-
gungen von Zwei-Korper-Zerfillen vorgestellt, welche generell die Prazision

von Alignment-Algorithmen verbessern kann.

Das erste Kapitel gibt einen kurzen Abriss iiber das CMS Experiment.
In Kapitel 2 werden die einzelnen Strategien der CMS Kollaboration zur
Erkennung und Beseitigung der oben beschriebenen systematischen Mess-
fehler dargestellt. Das dritte Kapitel widmet sich der zu diesem Zweck er-
stellten Software, deren Mit- und Weiterentwicklung ein wesentlicher Be-

standteil dieser Arbeit war. Kapitel 4 gibt einen vollstindigen Uberblick
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zur prinzipiellen Funktionsweise des KAA und zeigt dariiber hinaus auch
grundlegende Studien iiber die wichtigen Eigenschaften. Das fiinfte Kapitel
behandelt die oben erwadhnten kinematischen Zwangsbedingungen. Kapitel 6
préasentiert eine ausfithrliche Simulationsstudie, welche die tatsdchliche An-
wendbarkeit des KAA fiir ein derart grofles System wie den CMS Tracker
demonstriert. Das siebenten Kapitel widmet sich der Auswertung der ersten
experimentellen Daten des CMS Trackers, der anschliefend an die Montage
teilweise in Betrieb genommen wurde. Kapitel 8 gibt schliefilich noch einen

kurzen Gesamtiiberblick und Perspektiven fiir kiinftige Entwicklungen.



Abstract

The work at hand has been carried out at the Institute of High Energy
Physics (HEPHY) of the Austrian Academy of Sciences within the frame-
work of the CMS Collaboration. One of the main components of the CMS
experiment, one of two multi-purpose experiments at the Large Hadron Col-
lider (LHC) at CERN (Geneva, Switzerland), is the so called Tracker. This
device, designed to measure the flight paths of charged particles (hence the
name), is composed of approximately 16,000 planar silicon detector modules,
which makes it the biggest of its kind. However, systematical measurement
errors, caused by unavoidable inaccuracies in the construction phase, reduce
the precision of the measurements drastically. The consequently required ge-
ometrical corrections of the experimental setup — the so called alignment —
should be known with an accuracy better than the resolution of the detector
modules. To this goal, special algorithms are utilized to analyze recorded

particle tracks.

The Kalman Alignment Algorithm (KKAA) is a novel approach to extract a
set of alignment constants even for a system as big as the CMS Tracker. The
work at hand gives an overview on the entire development, starting with the
underlying concept, to the implementation and the concrete application in
simulation studies and the processing of real experimental data. In addition,
a novel method for utilizing kinematical constraints of two-body decays is
presented, which can be used to improve the precision of alignment algorithms

in general.

The first chapter gives a short overview of the CMS experiment. In Chapter 2
the strategies of the CMS collaboration to determine and eliminate misalign-
ment is outlined. The third chapter deals with the software that has been
designed for this purpose, the development and improvement of which was
an essential part of this work. Chapter 4 gives a full overview of the principle
functionality of the KAA and shows some basic studies about its most im-
portant properties. The fifth chapter covers the aforementioned kinematical

constraints. Chapter 6 presents a detailed simulation study which demon-
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strates the practicality of the KAA for a system as big as the CMS Tracker.
The seventh chapter deals with the analysis of the first experimental data
recorded with the CMS Tracker, which was partially operated after its con-
struction. Finally, in Chapter 8 a short summary is given along with an

outlook for future developments.
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Chapter 1

Introduction

1.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [1], presently the largest and most power-
ful particle accelerator of the world, is the latest addition to CERN’s acceler-
ator complex (Figure 1.1). Within its subterranean 27 km ring, two beams of
either protons or lead ions are traveling in opposite directions at almost the
speed of light in two separate tubes kept at ultrahigh vacuum. The beams
are guided around the accelerator ring by a strong magnetic field, achieved
using superconducting electromagnets, cooled down below 3 K. These in-
clude 1232 dipole magnets of 15 m length, used to bend the beams, and
392 quadrupole magnets, each 5-7 m long, to focus the beams. At four dis-
tinct points, the beams are brought to collision, where enormous detectors

investigate the resulting particle interactions.

The LHC experiments cover a large range of physics topics. The most promi-

nent ones are the following:

o What is the origin of mass? Within the Standard Model all particles
acquire their masses by interacting with the Higgs-field. Thus a phys-
ically observable Higgs-boson should exist, but the latter has not yet

been observed.
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Figure 1.1: Overview of CERN’s accelerator complex.

Is a fundamental symmetry between bosonic and fermionic elementary
particles, i.e. elementary particles with either integral or half-integral

spin, the supersymmetry, realized in nature?

Is there experimental evidence for a Grand Unified Theory (GUT) — a
proposed unification of the electromagnetic, the weak, and the strong

interaction?

What is the origin of dark matter? Could the so-called neutralinos,
particles proposed by the theory of supersymmetry, be a candidate for
dark matter?

Is there a new form of matter, the so-called quark-gluon plasma, as it

might have existed in the early universe?

Why is there an asymmetry in the quantity of matter as compared to

antimatter?
Why are there three families of quarks and leptons?
Do quarks and leptons have a substructure?

Is the world we live in really four-dimensional? Will evidence for further

dimensions be found?
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Hadron colliders are considered to be exploration machines. This is due to the
hadronic substructure, where the energy is statistically spread between the
constituting quarks and gluons, such that they can interact within a broad
energy range. The disadvantage of course is the fact that the initial state of
the colliding particles — be it their overall momentum, energy or flavor —
is not a priori determined, which makes the reconstruction of the collision
and its physical interpretation harder. Nevertheless, especially the first four
of the questions above should be answered within the first few years of data
taking, thanks to their expected significant experimental signatures and the
high available energies at the LHC.

1.2 The CMS Experiment

On of the four experiments at the LHC will be the Compact Muon
Solenoid [2], usually referred to as CMS. It is, together with the ATLAS ex-
periment [3], one of the two so-called multi-purpose experiments. The whole
design, as sketched in Figures 1.2 and 1.3, is centered around a large super-
conducting 4T solenoid, embedded within a massive iron return yoke. Four

large detector systems are deployed either within or enclosing this solenoid:

o Closest to the interaction point the Tracker is located. Its aim is to re-
construct the trajectories of the charged traversing particles, to retrieve

information about their momentum, flight direction and origin.

o The FElectromagnetic Calorimeter (ECAL) encloses the tracking detec-
tor. Electrons and photons are stopped inside this detector to measure

their energy.

o The Hadronic Calorimeter (HCAL) is placed between the ECAL and
the solenoid. It stops particles that are subject the strong interaction,

i.e. protons, neutrons, pions, etc., to measure their energy.

o The Muon System is the only detector system that is placed outside
the solenoid, with its components inserted into the free space between

the layers of the iron return yoke. It is a comparatively coarse tracking
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Figure 1.2: Schematic view of the CMS detector.
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Figure 1.3: A slice through the barrel region of the CMS detector.
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device for muons, which are supposed to be the only particles to pass

through the inner detectors.

All four detector systems are split into a barrel region and two endcap regions,
resulting in a onion-like structure to guarantee a complete as possible geo-
metrical coverage. In the barrel region the detector components are arranged
more or less in cylindrical layers, concentric around the LHC beam line. In
the endcap regions the detector components are arranged in disks perpen-
dicular to the LHC beam line, which cover the open ends of the detector

systems in the barrel region.

Even though it is possible to address a large range of physics topics at the
CMS Experiment, the investigation of the Higgs-mechanism — or any (not so)
similar mechanism that is actually realized in nature — is its main purpose.
Figure 1.4 shows the theoretically predicted production and decay rates for
the Standard Model Higgs-boson in dependence on its mass. The smallest
mass shown is approximately the currently known lower limit, determined
from previous or still running experiments. The leading process for produc-
tion over the whole mass spectrum is gluon fusion with no by-products. All
other possible channels are, in a large part of the spectrum, orders of magni-
tude smaller. The resulting most prominent decay channels are therefore the

following;:

o For My < 140 GeV (small mass scenario): The decay channel with the
highest branching ratio in this scenario is H — bb. Unfortunately, the
large QCD background makes it unusable for physics analysis. Thus,
one of the promising decay channels is H — 7. The expected narrow
width of the Higgs-boson should allow to discriminate the signal from
an immense background, even though the production rate itself is very
low. One possible alternative in this low mass region is to look at Higgs
bosons with other particles as by-products, e.g. Higgs bosons with an
associated tt pair. This would allow to trigger on e.g. the leptonic decay

of one of the top quarks.

o For 130 < My < 500 GeV (medium mass range): The most prominent
channels are H — VV* — [Tl"vv, and H — VV* — [TI7IT~ (I =
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Figure 1.4: Expected production and decay rates for the Standard Model
Higgs-boson.

e, u; V=W, Z). These channels are fully leptonic. Especially the four-
lepton channel, sometimes referred to as the gold-plated channel, would

yield a particularly clean signature.

e For My > 500 GeV (heavy mass range): In the case of such a massive
Higgs-boson, the channel H — VV* — [t~ jet jet is one of the more

promising channels.

The detector components are therefore optimized to cover all these decay
channels. The layout provides good muon identification and momentum res-
olution over a wide range of momenta and angles, good dimuon mass reso-
lution (~1% at 100 GeV), and the ability to determine unambiguously the
charge of muons with p < 1 TeV. Also a good momentum resolution and
reconstruction efficiency for charged particles in the Tracker is achieved, en-
abling efficient triggering and offline tagging of 7’s and b-jets. The design also
allows for good electromagnetic energy resolution, good diphoton and dielec-
tron mass resolution (1% at 100 GeV) with a wide geometric coverage, 7°
rejection, and efficient photon and lepton isolation at high luminosities. Fi-
nally, good missing-transverse-energy and dijet-mass resolution is achieved,
due to the Hadronic Calorimeter’s large hermetic geometric coverage and fine

lateral segmentation.
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distance from fluence

technol
beamline [Neq cm ™2 COnmotosy
nt-type pixels on 270 pm thick
< 20 cm 10%° n-type bulk, low resistivity

(~ 2KQ cm), oxygenated

p-type strips on 320 um thick
20 - 50 cm 10 n-type bulk, low resistivity
(~ 2KQ cm), pitch ~ 80um
p-type strips on 500 pm thick
> 50 cm 10%3 n-type bulk, high resistivity
(~ 5K cm), pitch ~ 200pm

Table 1.1: Technologies used in the CMS Tracker to match the specifications
for radiation hardness and detector occupancy.

1.3 The CMS Tracker

At the design luminosity, a mean of about 20 inelastic collisions will be su-
perimposed on the event of interest. This implies that around 1000 charged
particles will emerge from the interaction region every 25 ns. The products
of an interaction under study may be confused with those from other in-
teractions in the same bunch crossing. To cope with this enormous pile-up
effects as well as the associated high radiation dose, a multi-layer full-silicon
tracking detector [4, 5] has been designed, using high-granularity sensors (see
table 1.1) connected to custom-made read-out electronics. This design allows
operation with a high time resolution, resulting in a reasonably low detector

occupancy.

The innermost part is made of 1440 pixel detectors. Silicon pixel detectors are
characterized by their two-dimensional spatial resolution and high granularity
and are thus very suitable for being used as vertex detectors. A total of 15,148
silicon microstrip detectors is mounted around the pixel detector in order to
be able to track the particles over a large volume with high accuracy. A
detailed description of the geometry is given in Section 2. With a sensitive
area of about 200m? the CMS Tracker is the largest full-silicon tracking

detector ever built.



Chapter 2

CMS Tracker Alignment
Strategy

Alignment is the general term used in experimental high energy physics to
refer to the process of obtaining and applying corrections to the nominal
setup of a given experiment. These corrections are typically related to ge-
ometrical displacements of devices with a spatial resolution, in contrast to
calibrations, where the corrections are usually extracted from pedestal or
reference measurements to compensate for offsets in scalar measurements.
Misalignment compromises tracking and vertex finding and thus directly af-
fects physics measurements like momentum and invariant mass resolutions

or the efficiency of b-tagging algorithms.

In the following chapter a detailed overview of the alignment strategy for the
CMS Tracker [6] is given, including a review of its mechanical structure and

the hardware and software alignment schemes.

2.1 The Structure of the CMS Tracker

The CMS Tracker is a highly complex structure. Its design aims to combine
a layout capable of providing precise and efficient trajectory measurements

on the one side and an adequate cooling and power supply on the other. The
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large quantity of read-out channels and the fast response time of the associ-
ated electronics, needed for the desired tracking performance, imply a high
power density and a considerable amount of utility and service equipment
inside the Tracker volume. Thus, a trade-off between the number of sensitive

modules and the material budget for the passive elements had to be found.

The resulting mechanical structure of the Tracker, which provides the natural
basis for all alignment related tasks, consists of a central barrel region and
two endcap regions. Inside the barrel region, which itself is divided into the
Tracker Pixel Barrel (TPB), the Tracker Inner Barrel (TIB) and the Tracker
Outer Barrel (TOB), the modules form concentric cylindrical layers, centered
around the nominal beam line. In the endcap regions, composed of the Pixel
Endcaps (TPE), the Tracker Inner Disks (TID) and Tracker Endcaps (TEC),
the modules are arranged on parallel disks. The subcomponents are usually

labeled with either + or —, indicating their global Z-position.

All coordinates refer to the global CMS frame, unless indicated otherwise.
The origin of the CMS coordinate system is the nominal collision point, the

coordinate system is defined as follows:

o The X-axis is horizontal, pointing south to the LHC center.
o The Y-axis is vertical, pointing upwards.
o The Z-axis is horizontal, pointing west along the beam line.

e The azimuthal angle ¢ is measured in the X-Y-plane, where the di-
rection of ¢ = 0 coincides with the +X-axis and ¢ = 7/2 with the
+Y -axis.

o The polar angle 6 is measured w.r.t. the Z-axis, where the direction of
6 = 0 coincides with the +Z-axis and 6§ = 7 with the —Z-axis.

o The sign of n = —Intan(6/2) is equal to the sign of Z.
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Figure 2.1: Schematic view of the Figure 2.2: A forward pixel half-
pixel barrel support structure. disk with the turbine-like geometry.

2.1.1 Pixel Tracker Geometry

The pixel detector is the innermost tracking detector of the CMS detector,
mounted directly to the beam pipe.

Pixel Barrel Structure

In the barrel region, the pixel modules are arranged in three concentric cylin-
drical layers with radii of 4 cm, 7 cm and 11 cm. The actual mounting struc-
ture (see Figure 2.1) has a length of 570 mm ranging from —285 mm to
+285 mm with respect to the interaction point. Its backbone are aluminum
cooling tubes with a wall thickness of 0.3 mm. Carbon fiber blades with a
thickness of 0.24 mm are glued at either the top or the bottom of two ad-
jacent cooling tubes, such that their surfaces point alternating to the beam
or away from it. The cross sections of the tubes have a trapezoidal shape to
allow for the easy and stable mounting of the attached blades. These rigid
composite structures of carbon fiber blades and cooling pipes are referred to
as ladders. Support frames on both ends, which connect the single segments
build a complete pixel barrel half shell. These flanges consist of thin fiber

glass frames that are filled with foam and covered by carbon fiber blades.
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Figure 2.3: Schematic R-Z view of the silicon micro-strip Tracker. Single-sided
modules are shown in red, double-sided in blue.

Pixel Endcaps Structure

In the endcap region, the pixel modules are arranged in two parallel disks
at each side, positioned 35 cm and 47 cm away from the interaction point.
The pixel modules are attached to panels, made of 0.5 mm thick beryllium,
providing a strong, rigid and relatively low-mass support structure. A single
cooling channel with panels mounted on both sides forms a subassembly
called a blade. A total of 24 panels, forming 12 individual blades, comprise
a half-disk (see Figure 2.2). Two half-disks make up a half-cylinder.

2.1.2 Silicon Micro-Strip Tracker Geometry

The silicon micro-strip tracker is composed of 15,148 individual detector
modules [7, 8]. In the TIB and TID as well as in rings 1 to 4 of the TEC
they are equipped with only one sensor, whereas the remaining modules in
the TOB and rings 5 to 7 in the TEC have two sensors. Their mechanical

stability is guaranteed by the carbon frames they are mounted on, which
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Figure 2.4: An inner barrel half-
shell.

also carry the read-out electronics. Different types of aluminum inserts and
precision bushings in the module frames are used to position and attach the
modules to the larger support structures with high precision. Modules in the
TIB, the TID and the TEC are mounted using four points, two being high
precision bushings that allow for a mounting precision of better than 20 pm.
For TOB modules four screws and two springs are used for the precision
positioning. See Figure 2.3 for an conceptual overview of the silicon micro-

strip Tracker.

Tracker Inner Barrel Structure

The four concentric cylindrical layers in the Tracker Inner Barrel have radii
of 26 cm, 34 cm, 42 cm, and 50 cm, respectively, and extend from —70 cm
to +70 cm along the Z-axis. The two innermost layers host double-sided
modules, while the outer two layers host single-sided modules. Each cylinder
is subdivided into four half-shells, i.e. sub-assemblies dividing the cylinders
in £7 and +Y, that are the actual rigid mounting structures. They are made
of carbon fiber, onto which the modules are directly attached. Two service
cylinders are coupled to the ends of TIB+, which end in a service distribution
disk called the margherita, used to route the cooling pipes, power cables and

read-out lines outside.
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Figure 2.5: The outer barrel’s un- Figure 2.6: A fully assembled end-
equipped wheel. cap.

Tracker Inner Disks Structure

The service cylinders of the Tracker Inner Barrel also support the Tracker
Inner Disks, which are placed inside them. The TIDs are composed of three
parallel disks placed along the Z-axis between +80 cm and +90 cm. The
disks are identical and consists of three rings, spanning radially from 20 cm
to 50 cm. The two innermost rings host double-sided modules while the outer
one hosts single-sided modules. The disks and service cylinders are made of

carbon fiber, onto which the modules are directly attached.

Tracker Outer Barrel Structure

The Tracker Outer Barrel consists of a single mechanical structure called
wheel (see Figure 2.5), into which a total of 688 self-contained sub-assemblies,
called rods, are inserted. The wheel is composed of four identical disks joined
by three outer and three inner cylinders. The disks, cylinders and rods are
made of carbon fiber, whereas the cylinders have an additional honeycomb-
structured core. Each disk contains 344 openings into which the rods are
inserted, such that each rod is supported by two disks, and two rods always
cover the whole length of the TOB along the Z-axis. The wheel has a length
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of 218 ¢m, and inner and outer radii of 56 cm and 116 cm, respectively. The
modules, which are directly attached to the rods in groups of 6 or 12 pieces,
form six layers with average radii of 61 cm, 69 cm, 78 cm, 87 ¢m, 97 cm and

108 cm, respectively.

Tracker Endcaps Structure

The Tracker Endcaps extend radially from 22 c¢cm to 114 cm and from
+124 cm to £280 cm along the Z-direction. Each endcap consists of nine
disks that carry wedge-shaped sub-assemblies called petals (see Figure 2.6).
The disks and petals are rigid carbon fiber honeycomb structures. The in-
dividual detector modules are directly attached to the petals. Disks 1 to 3
carry seven rings of modules, ring 1 is missing on disks 4 to 6, rings 1 and 2
are missing on disks 7 and 8, and disk 9 carries rings 4 to 7 only. Rings 1, 2
and 5 are built up of double sided modules. Eight U-shaped service profiles,
used as service channels, join the disks along their outer periphery, while at
its inner diameter each disk is attached at four points to an inner support
tube. Back-plates at both ends of each endcap provide additional mechanical

support.

2.2 Hardware Alignment

The CMS experiment uses several independent strategies for the alignment
of the Tracker. For testing the long-term stability or the alignment of sub-
detectors among each other, so-called hardware alignment is utilized, where
special reference markers are measured directly via optical systems or pho-

togrammetry.

2.2.1 Tracker Survey

The first step for a good alignment is the monitoring of the assembly preci-

sion. To this end a large number of different surveying measurements, using
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photogrammetry, theodolite triangulation and 3D coordinate measurement
systems, have been performed to verify the desired mechanical accuracy for
most components. In cases where a sufficient amount of data has been col-
lected, this information can also be included into the geometry description.
Otherwise the measurements can be used to obtain an estimate of the posi-

tion uncertainties.

The survey measurements were carried out on various hierarchical levels,
starting with the positions of the sensors on the module frames, showing an
overall accuracy below 10 um in the sensitive coordinate. On top of that
the mounting precision of the mechanical support structure was examined.
For instance, the TOB wheel mechanics has been thoroughly measured be-
fore starting rod integration, and the relative positioning of the precision
elements has been found to be typically within 100 gm of nominal values,
with maximum deviations observed around 200 pm. Another example is the
survey of the TEC, showing a mechanical accuracy of the endcap discs of
100 pm in the R¢-plane.

Some of the photogrammetry targets attached to the components remained
visible after the insertion into the tracker support tube. This allowed to per-
form additional measurements of their positioning in the Tracker’s reference

frame or to monitor possible deformations of the loaded structure.

2.2.2 Laser Alignment System

The Laser Alignment System [9], usually referred to as LAS, was mainly
designed to keep the stability of the Tracker’s mechanical structure under
permanent surveillance. To do so, it aims to provide alignment information
on a continuous basis, observing the position of substructures at the level of
100 pm, which is mandatory for pattern recognition and for the High Level
Trigger (HLT). In addition, possible Tracker structure movements can be
measured at the level of 10 um, providing additional input for the track-

based alignment.

The LAS uses infrared laser beams to determine the positions of a selected
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Figure 2.7: Outline of the LAS design.

set of detector modules located in the TIB, the TOB and the TEC. Since the
number of included modules is small in comparison to the absolute number
of modules within the Tracker, the retrieved information is used to monitor
the positions of the large composite structures only, instead of the individual
modules. The modules are assembled with special silicon sensors, having a
10 mm hole in the backside metallization and an anti-reflective coating. The
LAS design is illustrated in Figure 2.7. Each Tracker endcap is equipped with
16 beams in total, distributed uniformly in global ¢ and crossing all 9 disks
in rings 4 and 6, used for the internal alignment of the disks. The other 8
beams are foreseen to align the TIB, the TOB and both Tracker endcaps

with respect to each other.

As the laser beams are consecutively attenuated by every traversed layer,
the lasers fire a sequence of pulses with increasing intensities, each optimized
for a given silicon layer. In addition, these measurements are repeatedly trig-
gered for every intensity and the signals are averaged. A few hundred triggers
are needed in total to get a full picture of the alignment of the Tracker struc-
ture. Since the trigger rate for the alignment system is around 100 Hz, this
takes only a few seconds, such that these snapshots will be taken at regular
intervals. The LAS is foreseen to operate both in dedicated runs and during

physics data taking.
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Figure 2.8: A mounted alignment ring for the Link Alignment System.

In the analysis, all events belonging to one snapshot are accumulated. Then
for each silicon module the events with the optimal signal are identified,
which are then averaged. Next, a Gaussian is fitted to the laser profiles, from
which the actual positions and uncertainties for all considered planes are
calculated. Accumulating these positions delivers the input for the alignment
procedure, which finally gives the geometrical corrections for the different

Tracker substructures with respect to each other.

2.2.3 Link Alignment System

The purpose of the Link Alignment System is to measure the relative position
of the Muon System and the Tracker in a common CMS coordinate system.
A distributed network of optoelectronic position sensors is connected by laser
lines to provide high-precision measurements over long distances. A total of
12 laser paths (6 on each Z-side) use rigid carbon fiber annular structures
placed at both ends of the Tracker (Alignment Rings, AR, see Figure 2.8) as
mechanical references. Three pillars, acting as support holders, connect the
last instrumented disc of each TEC with the corresponding AR. The position

and orientation of the ARs with respect to TEC discs 9 and 10 were measured
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with a coordinate-measurement machine using the external survey fiducials,
prior to TEC assembly and instrumentation. The link measurement network
is complemented by electrolytic tiltmeters, proximity sensors in contact with
aluminium tubes of calibrated length, magnetic probes, and temperature

Sensors.

2.3 'Track-Based Alignment

The hardware alignment techniques used for the CMS Tracker are not able to
retrieve information on the level of modules, which is naturally the preferred
granularity for alignment corrections. To this end, the concept of track-based
alignment has to be utilized, where the information from recorded particle
tracks is directly used to obtain the alignment parameters. There are various
possibilities for the treatment of alignment corrections, ranging from sim-
ple translations and rotations, equivalent to those of a rigid body, to more

complex deformations, like sags or twists.

2.3.1 Overview

The fundamental basis for all track-based alignment algorithms is an adapted
track model f, where the measurements m depend not only on the true track-
parameters g, but also on a set of alignment parameters p, that describe the

effects of sufficiently small deviations from the ideal geometry:
m = f(qt7pt) + £, COV(&') = V (21)

The stochastic term e, which describes the intrinsic resolution of the tracking
devices and the effects of multiple scattering, is dealt with via its covariance
matrix V. Since typically high momentum particles are used, any energy-loss
effects can be assumed to be deterministic and therefore directly taken care
of in the track model f itself.

With an initial guess q for the track parameters and p for the alignment
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parameters, this model allows to define residuals, that are functions of the

unknowns g and p:
A(q,p) =m— f(q,p) ~m— f— D,Aq— D,Ap (2.2)

with

The goal of every track-based alignment algorithm is to determine p from the
residuals A, or more often their normalized square x> = A*V A, from a
sufficiently large set of recorded tracks. The methods used are rather diverse,
but nevertheless they can be grouped into two different categories: biased

and unbiased algorithms.

Biased algorithms ignore at first glance the fact that the initial guess for the
track parameters ¢ is in general biased from the factual misalignment. In
other words, by setting g = q for every track, the residuals become all but
a function of p alone, i.e. A(q,p) — A(p). In general, the influence of the
biased track information has to be compensated by iterating several times
over the track sample, where at each iteration step the previously determined

parameters are applied to the track reconstruction.

Unbiased algorithms, on the other hand, try to minimize the residuals, or the
normalized residuals respectively, by taking also the track parameters into
account as degrees of freedom. The problem related to such an approach is
the huge resulting number of parameters. In the presence of N alignment
parameters and a sample of M tracks with n track parameters each, a total
of N +nx M parameters have to be dealt with. While the value of N de-
pends a lot on the experimental setup and n = 5 with a helical track-model,
the number of tracks M has always to be of considerable size to acquire
reasonable statistics. However, unbiased algorithms usually do not require
iterations, with the possible exception of topics such as non-linearities or

outlier-rejection.

Besides the differences between various algorithms it should be noted that the
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final result of any track-based alignment is always limited by the number of
tracks used. Basic quality cuts, such as the selection of high momentum tracks
to minimize the influence of multiple scattering, or cuts on the minimum
number of hits, have apparently a strong influence on the convergence. More
subtle is the effect of an unbalanced mixture of tracks or even complete
absence of certain types of tracks, such as tracks from collisions and cosmic
events or tracks taken with and without a magnetic field. This is due to
the fact that any kind of tracks has several degrees of freedom it cannot
constrain, usually referred to as weak modes, weakly defined modes or Y-
invariant modes. For example, typical weak modes for straight tracks are
shearings but not bendings, and vice versa for curved tracks. Combining
the information of both kinds of tracks is therefore a reasonable strategy to
avoid such deformations in the final result. The most obvious weak mode is a
translation or rotation of the entire tracking device, which can be only fixed
with some kind of reference frame, either an external system or by definition.
This, however, is less severe and sometimes even not taken into account at

all, since it does not affect the internal alignment of the tracking device.

Once a set of alignment parameters is calculated, it should always be vali-
dated. Apart from checking the improvement of the residuals, several physics
measurements can be utilized, especially to probe for remaining weak modes.
Known charge, forward-backward or ¢-symmetries of suitable physics pro-
cesses can be used. Distributions of the signed curvature, the signed trans-

verse impact parameter or invariant masses are sensitive observables as well.

2.3.2 Algorithms

In the case of the CMS Tracker, with its approximately 16,000 individual
modules, an amount of roughly 10° alignment parameters are needed for
a complete description of the misalignment. In this case the computation
of the parameters using straightforward recipes becomes unreasonably slow
and even causes numerical problems. The three algorithms presented in the
following section, which are rather diverse examples of how to cope with

such challenging circumstances, have therefore been implemented within the
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CMS software framework. Since the outputs from these three algorithms are

independent from each other, this allows to conduct an additional validation.

The HIP Algorithm

The HIP algorithm [10] (for either Hits and Impact Points, or Helsinki Insti-
tute of Physics) is a straight forward and easy to implement biased alignment
algorithm, that computes the alignment parameters for each alignable object
separately. Only when iterating over the track sample a certain kind of in-
direct feedback between the alignable objects is established due to the track
refit.

Since only individual alignable objects are regarded, equation 2.2 can be
partitioned. This is simply done by evaluating the corresponding expressions

for each alignable object ¢ together with its associated parameters p;:
Ai(p;) =m; — f,(q,p;) = m; — fi — D, Ap; (2.3)

with

fz:fz(éai’z)a Ap;, =p; — D Dpvi:afi/apiqp-'

The result is then determined by minimizing the normalized squared residuals
from a given set of tracks, again for each alignable object separately. The

formal solution is then given by:

(ZDTVD> (ZDTVA )) (2.4)

tracks tracks

The MillePede Algorithm

The Millepede algorithm [11, 12] is an unbiased algorithm that minimizes
the sum of the squared residuals of all tracks at once. To do so, a system of
equations, equivalent to the formal solution of an ordinary least-sqares fit,
is solved. However, to achieve this in a reasonable amount of time, only the
solution for the alignment parameters is computed, while the computation

of the improved track parameters is skipped. This is possible because of the



22 Chapter 2. CMS Tracker Alignment Strategy

special structure of the equations. Firstly, the coefficient matrix is symmetric
and, mostly due to the independence of the single tracks, relatively sparse.
Secondly, only the alignment parameters are common parameters for all track
measurements, while the specific track parameters are only relevant for each
corresponding track. Because of this the solutions for the alignment and track

parameters are only coupled via coefficient matrices of the form
_ pTy -1
G=D,V"'D,.

To set up the reduced system of equations, for each track the following in-

formation has to be extracted:
r=D;v'D, B=D;V'(m-f-D,Ap).

Here Ap’ = p’ — p may already include an estimate p’ on the actual align-

ment. Then compute

AC=D,V''D, -GI'G",
Ag=D, V' (m-f-D,Ap'+D,T7'8).

Note the expression —I'"'3 instead of Ag. These are all necessary terms,
including implicitly the full information from all track parameters. The com-

plete system of equations to determine the alignment parameters then reads:
CAp=—g (2.5)

with
C = ZAC, g= ZAg.

tracks tracks
To solve this, matrix inversion is feasible only if the number of parameters
is rather small (N < 10%). However, usually the matrix C is also relatively
sparse, such that less time consuming and more reliable methods can be used,
for example the GMRES method [13].

The method also offers the possibility to introduce constraints into the so-

lution, which allows to align on various hierarchical levels at once. When
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aligning for instance on module and layer level at the same time, these con-
straints can remove redundant degrees of freedom by forcing the mean shift

of all modules within one layer to zero.

Annotation: So far only implementations for diagonal covariance matrices V'
exist, such that correlations due to multiple scattering are not taken into

account.

The Kalman Alignment Algorithm

The Kalman alignment algorithm is an unbiased, sequential, global method,
derived from the Kalman filter. It is sequential in the sense that the alignment
parameters are updated after each processed track. Its global nature stems
from the fact that these updates are not restricted to the alignable objects
that were crossed by the track. In case the number of alignable objects is
very large, it is possible to limit the update to those alignable objects that
have significant correlations with the ones traversed by the current track
trajectory. This is solely done by keeping track of which alignable objects were
hit by which tracks. The algorithm as well as its performance are discussed

in detail in the following chapters.



Chapter 3
Alignment Software Framework

All alignment related software has been merged within CMSSW, the CMS
Software Framework [14]. Starting from a rather small software package in-
tended only for track-based alignment for the Tracker [15], it was further
developed to include also all necessary tools for the inclusion of survey [16]
and laser alignment [17] related tasks, the validation of alignment results [18§]
as well as Muon System alignment [19]. Its contents can be roughly divided

into the following categories:

o A hierarchical representation of the relevant mechanical structures of
the Tracker and the Muon System together with a well defined param-

eterization of their possible movements and rotations.

o Common interfaces for the alignment algorithms and their concrete

implementations.

o Common interfaces defining the input for the alignment algorithms
together with concrete implementations and factories that provide this

input for the algorithms.
« Tools for applying and reading misalignment from a database.
« Tools for the simulation of alignment scenarios for Monte Carlo studies.

e An instance that manages all of the above within the software frame-

work.

24
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Figure 3.1: Conceptional view of the components of the Alignment Software
Framework that are relevant for track-based alignment.

o Well defined tools for validating the output from alignment algorithms.

» Finally, so-called producers that select specific events from the general

data stream for alignment purposes.

Figure 3.1 shows an conceptional view of the software components that are
most relevant for track-based alignment. The ones that are used for the align-

ment of the Tracker are described in the following sections.

3.1 Alignable Concept

The fundamental object for alignment within the software framework is the
so-called Alignable. Every relevant mechanical structure, be it a single module,
an endcap or barrel layer, or even the entire Tracker, is mapped to a spe-
cialized representation of this abstract object. It allows for example access to
the associated alignment parameters or provides a link to the corresponding

counterpart in the tracking geometry and the means to move it.
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In order to be usable by an alignment algorithm, an Alignable has to be
equipped with an instance of an AlignmentParameters object. The object
encapsulates, as its name suggests, the alignment parameters and the cor-
responding covariance matrix. When handed to an algorithm, the current
information can be retrieved for processing and be updated afterwards. To
avoid overhead when being copied, the data itself is stored using a reference
counting smart pointer. This is especially important for the CompositeAlign-
mentParameters that hold the joint information for several Alignables, which
are only used temporarily and tend to hold large vectors and matrices (see
Section 3.4).

3.2 TrackerAlignment

Figure 3.2 sketches the hierarchy of the alignable objects in the Tracker. In
contrast to the geometry hierarchy used for tracking, which is designed to
facilitate the task of pattern recognition, the hierarchy of the alignable objects
follows mostly the actual mechanical mounting structures. For convenience, a
few additional hierarchical levels have been added, for instance the TECRings
which enable the selection of the 2D-modules within the TECPetals.

Defining the alignment hierarchy this way has two advantages:

« Obviously, it is of advantage when the alignables used by the algorithms
reflect the hierarchical behavior of the misalignment, stemming from

the given mechanical structure of the Tracker.

o The knowledge of mounting precisions is usually available only hierar-
chically, i.e. sensor vs. module, module vs. rod, rod vs. layer and so on.
Having an alignment hierarchy closely related to the mounting struc-
ture allows to provide realistic misalignment scenarios for Monte Carlo

studies.

In addition to the definition of the alignment hierarchy itself, a link to the

tracking geometry is defined. In the latter, the modules are represented by
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Figure 3.2: Representation of the alignable object hierarchy of the CMS
Tracker.

objects of type GeomDet, holding the full information about their position,
dimensions and resolution. Actual measurements always correspond to a cer-
tain GeomDet. When the measurements are handed to an algorithm, this link

can be used to retrieve the corresponding alignable object.
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a

Figure 3.3: Definition of the three local coordinates and rotations.

3.3 CommonAlignmentParametrization

A properly defined coordinate system is extremely beneficial for every align-
ment task. For instance, the global coordinate system (XY, Z) is not very
useful for the alignment of individual modules, since the sensitive coordinate
perpendicular to the silicon strips does in general not coincide with one of the
global axes. Therefore a local system (u,v,w) is defined for every individual
module: u is the coordinate perpendicular to the strips, v is parallel to the
strips, and w is perpendicular to u and v, pointing away from the surface (see
Figure 3.3). Together with the three rotations «, 5 and =, defined as the ro-
tations around u, v and w, respectively, every possible rigid body movement

of a module can be described.

The transformation from the global frame r = (X,Y, Z)" to the local frame

p = (u,v,w)" is given by:
p=R(r—ry

where R is a rotation and rq is the position of the module center in global
coordinates. In the presence of misalignment, this equation has to be modi-
fied:

R— AR - R, rqo— 1rog+ Ar.

The additional rotation matrix can be expressed as AR = R,R3R,, where
R, Rj3 and R, represent small rotations by Aa, A and Ay around the
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local axes. The global position correction Ar transforms to the local frame
as Ap=AR-R-Ar = (Au, Av, Aw)™. Thus, the corrected transformation

from the global to the local misaligned frame p° reads:
p°=AR-R(r—mry) + Ap.

Finally, this representation can be used to determine by how much the po-
sition of given track prediction (f,, f,) on the surface of a module (labeled
with ¢) changes if a small correction Ap, = (Au, Av, Aw, Aa, A3, Ay)T is
applied. This dependence can be mathematically represented as a derivative
matrix D, (cf. Section 2.3.1). If the rotations are sufficiently small they can

be linearized, and the resulting derivatives are:

Dp,i:a(f“’f”):(_l 0 tanvy f,tanvy f,tan fv) (3.1)
op; 0 -1 tanf f,tanf f,tanf —f,

The quantity ¢ is the angle between the track and the vw-plane, and @ is

the angle between the track and the ww-plane.

In the software framework the individual alignable objects can be associated
with RigidBodyAlignmentParameters, that are designed to hold a set of local
alignment parameters as introduced above. For CompositeAlignable objects,
i.e. for alignables representing hierarchical structures above single modules,
the computation of the associated derivatives can be based on the equations
above. First, the derivatives for the local module D, ,,q are calculated, us-
ing the composite’s alignment parameters translated into the module frame.
Then, the transformation matrix €2,,04—comp from the local module frame to
the local frame of the composite alignable is computed. The final result is
then calculated via the chain-rule, D, comp = Dp mod $mod—comp- FOr compos-
ite alignables which are not planar or do not have an unambiguously defined

sensitive direction!, the definition of the axes has to be altered slightly.

Another very important feature are the so-called CompositeAlignmentPa-

'For illustration: A TOBRod is flat and the sensitive directions of all modules are
collinear. A TECLayer is more or less flat, but the sensitive directions of the attached
modules vary with azimuth. A TIBHalfBarrel cannot even be sensibly associated with a
flat surface.
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Figure 3.4: Example for a more advanced concatenation of derivatives, as
it could happen for a cosmic particle traversing the pixel barrel layers. On
the left, the track is represented as blue arrow, the pixel barrel layers (la-
belled from I to I1I) as grey concentric circles and the measurements (labelled
from 1 to 6) as orange dots. On the right, a possible concatenation of the
measurements, the alignment parameters and the derivatives is shown.

rameters. They hold the full alignment information of a given collection
of alignables, i.e. the full set of parameters and their associated variance-
covariance matrix. They are also capable of concatenating the alignment
derivatives of the individual alignables D, ; to the full matrix D). This
sounds rather trivial, but gets somewhat complicated in the general case
where alignable objects can get hit several times in arbitrary order. This
happens especially when higher level composite alignables are used — for an

example see Figure 3.4.

3.4 CommonAlignmentAlgorithm

Even though the three algorithms implemented for track-based alignment are

very different, they plug into the software framework via the same mecha-
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«interface»
AlignmentAlgorithmBase

AlignmentAlgorithmBase ( config : const ParameterSet& )

initialize ( setup : const EventSetup&,
tracker : AlignableTracker®,
muon : AlignableMuon*,
store : AlignmentParameterStore* )

run ( setup : const EventSetup&,
tracks : const ConstTrajTrackPairCollection& )

terminate ()

____________________________

HIPAlignmentAlgorithm MillePedeAlignmentAlgorithm

KalmanAlignmentAlgorithm

Figure 3.5: UML representation of the software implementations of the algo-
rithms.

nism, which is defined in the package CommonAlignmentAlgorithm. An inter-
face class, called AlignmentAlgorithmBase, defines the following features (see

also Figure 3.5):

o Initialization: At this point usually several issues are addressed, from
the simple initialization of alignment parameters to algorithm specific

tasks, like opening files for I/O or preparing histograms or N-tuples.

o Processing tracks: The algorithms are called to process the recon-

structed tracks.

o Termination: When all tracks have been processed, the algorithms have

to write out their results and debugging information.

The actual implementations of the algorithms are housed in separate
packages, called HIPAlignmentAlgorithm, MillePedeAlignmentAlgorithm and
KalmanAlignmentAlgorithm.

In addition, several useful utilities are defined, such as I/O-interfaces or ma-
nipulators for alignment parameters and alignables. For the Kalman Align-

ment Algorithm, the AlignmentParameterStore utility is the most essential
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Figure 3.6: Time elapsed for updating and retrieving the concatenated align-
ment parameters 2000 times for 10 (left) and 100 (right) alignable objects
with different versions of the alignment parameter store.

one. It is used to manage all issues regarding the retrieval, update and storage
of alignment parameters and, even more important, the correlations between
different alignable objects. The store utilizes CompositeAlignmentParameters
objects (see Section 3.3) to hand data to and fetch data from an alignment
algorithm. Internally the full information is stored in look-up tables. Since
this functionality is of fundamental importance for the Kalman Alignment
algorithm, the performance of this store has been carefully optimized with
respect to its initial implementation. The original implementation was not
designed to retrieve and update information for a rather large amount of
alignables, i.e. O(10?), at once. In addition, the off-diagonal covariance ma-
trix elements o;; were only stored as they were, while sometimes the storage
of the correlations R;; = o0;;/0;0; is preferable from the algorithmic point
of view. The optimized version — and even the computationally much more
intricate version storing the correlations — shows a highly improved compu-

tational performance (see Figure 3.6).
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3.5 ReferenceTrajectories

All track-related information is handed to the Kalman Alignment Algorithm
and the MillePede Algorithm in the form of so-called reference trajectories.
For the HIP Algorithm this is not needed, as it deals only with the individual
hits. These objects provide the following data:

e« The vector m containing all N individual 2D measurements

(mu,ia mv,i)-

— T
m = (mu,la My, 1, My2, My 2, -« ., My N, mv,N)

e The measurement covariance matrix V' = cov(m), including not only
the intrinsic measurement errors but also the material effects, i.e. mul-

tiple scattering. Energy loss is considered to be deterministic.

e The vector g that holds the n track parameters used to described the

trajectory associated to the measurements m:
q= (QLQZa s 7Qn)

 Optionally, the covariance matrix C' = cov(q). This is meaningful only
if the track-parameters are not only a linearization point but result

from an external measurement of the track.

e The vector f containing the N individual 2D trajectory positions

(fui, fvi) as predicted by the track parameters q:
.f = (fu,lafv,17fu27fv,2a v 7fu,N7fv7N)T'

e The matrix D,, that holds the derivatives of the NV predicted trajectory

positions f, w.r.t. the n track parameters gq:
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« Collections of the measurements and their associated trajectory states.
They are handled inside the reconstruction framework as objects called

TransientRecHit and TrajectoryStateOnSurface.

Several different types of reference trajectories have been implemented. The
basic one is simply called ReferenceTrajectory. It uses a helix track model to
describe a particle trajectory within a constant magnetic field. It can be con-
sidered as the standard one and is the basis for the other two kinds, which are
either directly derived classes or at least make heavy use of it. The BzeroRef-
erence Trajectory does in principle the same, but a straight line track model for
the case of no magnetic field is assumed. Since under these circumstances no
momentum measurement is available, which is needed to estimate the effects
of multiple scattering, the user has to provide a guess. Both implementations
use the local track parameters defined on the surface of the first measure-
ment for the parameterization of the reference trajectory. In contrast to that,
the DualReferenceTrajectory and the DualBzeroReferenceTrajectory, which of-
fer in principle the same functionalities, are parameterized by a set of local
parameters defined on the surface of the | N/2|-th measurement. Finally, the
TwoBodyDecayTrajectory uses two tracks from a two-body decay to calculate

a reference trajectory (see Chapter 5).

For all types of reference trajectories the design is defined via the Reference-
TrajectoryBase interface-class (see Figure 3.7), such that the handling for the
algorithms is always the same. Even their creation, for which the set of in-

put parameters differ considerably, is detached from the algorithms by using
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«interface»
ReferenceTrajectoryBase

measurements () : const AlgebraicVector&
measurementErrors () : const AlgebraicSymMatrix&
parameters () : const AlgebraicVector&
parameterErrors () : const AlgebraicSymMatrix&
parameterErrorsAvailable () : bool
setParameterErrors( error : const AlgebraicSymMatrix& )
trajetoryPositions () : const AlgebraicVector&
derivatives () : const AlgebraicMatrix&
trajectoryStates () : const vector< TrajectoryStateOnSurface >&
recHits () : const ConstRecHitContainer&
isValid (') : bool
clone () : ReferenceTrajectoryBase*

__________________ | | Uy
| | |
1 1 1
1 1 1
| DualReferenceTrajectory | | ReferenceTrajectory | | ReferenceTrajectoryBase
= =
1 1
1 1
| DualBzeroReferenceTrajectory | | BzeroReferenceTrajectory |

Figure 3.7: UML representation of the most important features of the imple-
mented reference trajectories.

factories that are implemented as configurable plugins. The factories simply
take a set of tracks, or if existing an additional set of external track estimates,

and return the desired reference trajectory objects as smart pointers.

Since the reference trajectories are fundamental (physics) objects for track-
based alignment, they have been tested thoroughly. The correct propagation
through the magnetic field, together with the proper treatment of the ma-
terial effects, was carefully examined. Especially the latter had to be vali-
dated with more care, as the tracking geometry description assumes that full
material budget is concentrated only within the thin layers of the sensitive
modules. This strategy works well for tracking purposes [20, 21], but had to

be revised for this special case.

In order to check the quality of the reference trajectories, global least square
fits were done, estimating the track parameters for a sample of fully MC-
simulated tracks stemming from 50,000 Z — ptu~ decays. As input for
the fit, only data provided from standard reference trajectories, as described

above, was used.
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With the notation from above, the estimate of the track parameters q for a

single trajectory is given by:
qg=(D,;V'D,)"'D;V'(m - f+D,q).

It should be noted that this is conceptually very similar to what is done by
the MillePede and Kalman alignment algorithms — except, of course, that
no alignment parameters are estimated. Two different test statistics were

analyzed. The first one was the resulting y*:
X2 — 5TV716’

with
0=m-—f-D,Aq, Ag=q—q

The second one was the vector of the pull-quantities, defined for every hit ¢

as:

o)
5 = ) , C=V-D/(D)V'D,)'Dj.

Figures 3.8 to 3.10 show the results. The overall y? probability distribution
(Figure 3.8, left) is obviously not a uniform distribution, as one would expect
in the case of Gaussian errors. The reason for that can be elucidated when
the distributions are plotted against the number of degrees of freedom (Fig-
ure 3.8, right), where one can see clearly that the non-uniform trend starts
mostly only for tracks with more than 21 degrees of freedom. For the helical
track model, this number refers to tracks with more than 13 hits?, which are
typically tracks from the endcap regions — there are only 13 layers in the
barrel. It seems therefore that the measurement errors are somewhat overes-
timated for this region. Nevertheless, the shape of the overall x? distribution
function is still reasonable enough to work with the assumption of Gaussian

eITors.

The second test statistics, the pull quantities, show the expected mean value

of zero and variance of one, but the shape of the distribution is clearly not

Znumber of degrees of freedom = 13 hits x 2 hits per measurement — 5 estimated track
parameters
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Gaussian. This is true for the overall distributions, see Figure 3.9, as well as
differentiated by the hit position, i.e. the pull-quantities for the first, second,
..., N-th hit of a track separately, see Figure 3.10. These results show that
the current implementation of the reference trajectories is working sufficiently

well.

3.6 CommonAlignmentProducer

A single instance object, called AlignmentProducer, handles and steers almost
all alignment related tasks for the Tracker and the Muon System within the
software framework. It applies misalignment scenarios, reads geometries from
a database, saves them back to the database, calls the alignment algorithms

etc.

3.7 Dedicated Data Streams

A dedicated data stream, called AlCaReco, for alignment and calibration of
all detector parts will be present during the operation of CMS. The associated
producers provide essentially a skim, leading to a much reduced data size both
by event selection and event content selection. They are able to select events
according to their physics event content and separate signal from background
even in the presence of misalignment. Furthermore, only the analysis objects
explicitly needed for the specific tasks will be recorded. For the track-based
alignment of the Tracker, mostly collisions data from minimum bias events,
isolated muons and muons from W-, Z-, J/W- and YT-decays will be selected.
In addition, tracks from beam halo events and cosmic particles will be picked

out.
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Figure 3.8: The y?-probabilities.
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Figure 3.9: The pull-quantities.
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Figure 3.10: The pull-quantities for the n-th hit of the reference trajectory.
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3.8 Validation Tools

Various user-friendly tools have been developed to validate the output of the
alignment algorithms. They can be used for simulation studies as well as
for real data. Distributions of (normalized) track residuals as well as global
track parameters can be extracted and visualized. In addition, a tool for the
comparison between different geometries is available, taking into account and
eliminating effects of trivial global rotations or translations. These utilities
allow the user not only to judge the quality of the output of a single alignment
run, but also to compare the results from different algorithms in a well-defined

and consistent way.



Chapter 4

The Kalman Alignment
Algorithm

The Kalman alignment algorithm [22] is an unbiased, sequential, global
method, derived from the Kalman filter [23, 24, 25]. It is sequential in the
sense that the alignment parameters are updated after each processed track.
Its global nature stems from the fact that these updates are not restricted to
the alignable objects that were crossed by the track. If the number of alignable
objects is very large, it is desirable to limit the update to those alignable ob-
jects that have significant correlations with the ones traversed by the current
trajectory. This is achieved by keeping track of which alignable objects were
crossed by which trajectories. In addition, the sequential approach allows to

use always the up-to-date alignment parameters for track reconstruction.

In the formalism that is proposed here it is possible to use prior information
about the alignment obtained from mechanical and/or laser measurements.
It is also possible to fix the position of certain detector units by giving them
a large prior weight (small prior uncertainty). A requirement that several
detectors move along with each other can be enforced by large prior correla-

tions.

40
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4.1 Sequential Update of Alignment

Parameters

In this section the formulas for sequentially updating a set of alignment
parameters and their corresponding variance-covariance matrix are derived.
The notation used follows the one in Section 2.3.1. Only an additional index
k is introduced, to point out the fact that both the alignment parameters
and their variance-covariance matrix are updated for each track. For the
sake of legibility — and since these objects are unambiguously related to a
single track — the index is omitted for the measurement vector m and its

variance-covariance matrix V' as well as the derivatives matrices D, and D,,.

Starting from the track model f given in Equation (2.1) and the associated
residuals A defined in Equation (2.2), the residuals at step k can be written

as:

A(qy,p) =m — f(q,,p,) = m' — (Dq Dp) (Zk> )
k

with
m' =m — f(q, Pp) + Dy @y + Dy by
where @, comes from a preliminary track fit and p,, are typically the nominal

positions of the considered alignable objects.

If the prediction of the track parameters g, is statistically independent from
the observations m, the Kalman filter formalism can be directly applied to
this relation. Thus, update equations for the track parameters g, ; and the

alignment parameters p,; can be derived:

(o) = (o) <m0 2 (1)

Py
with the gain matrix of the filter:

CJC 0 DT T T -1

K= ( " k) (DQT) (v+D,C,. D} +D,C,.Df) .
b, P

Gy,
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This can be simplified to

o (CMDEG,C) |
C,.D, G,
Since they are of no further interest, the computation of the improved track
parameters can be skipped. This way, the estimate of the alignment param-
eters can be updated with reduced effort, without neglecting the influence of
the track parameters. The update of the variance-covariance matrix can be

calculated by linear error propagation. The resulting update equations then

read:
Pry1=Pr +Cpp DZGk (m’ -D,q, — D, pk) ; (4.1)
Cpu=(I-C,,D,G,D,)C,,(I-D)G,D,C,,) w2
+C,.,D)G,(V+D,C,.D;)G.D,C,,.
As both terms on the right hand side of Equation (4.2) are positive definite

the left hand side is guaranteed to be positive definite as well.

In general, however, there is no independent prediction of the track param-
eters. In this case, the preliminary track parameters g, are used with zero
weight in order not to bias the estimation. This is accomplished by multiply-

ing C, ;, with a scale factor a and letting o tend to infinity:
_ -1
G~ lm (V+D,C,, D} +aD,C,,Dj)
=V,'-V,'D,(D;V,'D,)"'D; V!,

with
V,=V+D,C,,D,.

Here the Sherman-Morrison inversion formula
(X +HYH) '=X"'-X"'"H(Y '+ H' X 'H)'H"' X!

has been used (see e.g. [26]). Tt can easily be verified that G D, = 0. The
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update equation of the alignment parameters can therefore be simplified to:
_ T~ /
DPri1 = Py +Cp,kDka (m _Dppk)v (43)

T~ TA
Cyppr = (I-€,.DIGD,)C, (I-D}G,D,C,) "
+C,,D!G,VG,D,C,,.
Note that no track parameters are present in the update equations anymore.
And still, since both terms on the right hand side of Equation 4.4 are positive

definite the left hand side is guaranteed to be positive definite as well.

The up-to-date alignment parameters as computed above can be used directly

for the reconstruction of the next track.

4.2 Implementation and Computational

Complexity

This section gives an estimate of the complexity of the algorithm. All equa-
tions are for the case where no independent prediction of the track parame-
ters are present. The two cases are however very similar from the algorithmic
point of view, so that the conclusions are valid for both — even the equations

look very similar.

The total number of alignable objects is denoted by N. The current track
crosses a certain number of alignables, denoted by k. If each of them gives
a two-dimensional measurement, the dimension n = 2k of the observation
vector m is small for high-energy tracks, usually not larger than 30. The
matrix D, is — in case of a helix track model — of size n x 5 and is therefore
small. The matrix D, is a row of N blocks (D)), of size n x m, where m
is the number of alignment parameters per detector unit (usually equal or
less than 6). For each track, only &k out of these N blocks are different from

zero. The set of detector units crossed by the current track is denoted by
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I ={iy,...,ix}. Then the matrix D, has the following form:

1 22

D,=(0...0(D,), 0...0(D,), 0..... 0 (D,), 0...0).

Note that the matrices (D)), differ somewhat from the derivatives matrices
D, ; in Section 3.3, as the latter are only identical to the 2 x m non-zero

blocks of the full n x m matrix (compare also to Figure 3.4).

4.2.1 Update of the Alignment Parameters

The only large matrix in the parameter update is the product C, , Dg. Itisa
column of N blocks each of which has size m x n. However, only those blocks
need to be computed that correspond to the alignable objects that have a
significant correlation with the ones in the current track. In order to keep
track of the necessary updates, a list L; is attached to each alignable object
1, containing the alignable objects that have significant correlations with .
This list may contain only 7 itself in the beginning and grows as more tracks
are processed. If there is prior knowledge about correlations, for instance
because of mechanical constraints, it can be incorporated in the list and in
the initial variance-covariance matrix. The length of the list can hopefully be
restricted to a fairly small number, as the correlations of alignable objects
that are far from each other tend to be small. This leads to the following

procedure for computing the updated alignment parameters:

1. Update the list L; for every i € I (see Section 4.3).

2. Form the list L of all alignable objects that are correlated with the
ones crossed by the current track: L = J;c; L;. The size of L should be

much smaller than N.

3. For all j € L compute:

(Cox DY) =3 (Cpi); (D)

et

Each block (Cp);; is of size m x m.
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4. Compute:
D,C,, D! = ; (D, ) (o Dg)i .

5. Compute: V', and G.. All matrices involved are of size n x n.

6. Compute:

m

I
Q
ol
—
3.
|
-
N
—~
=
Enl
N—
N

7. For all j € L compute:

— T —
(karl)j = (Pk)j + (Cp,k Dp)j m. (4.5)
The computational complexity of the parameter update is of the order | L|-|I].

For the complexity of the list update see Section 4.3.

4.2.2 Update of the Variance-Covariance Matrix

In the beginning the variance-covariance matrix C), is block-diagonal and
contains the prior uncertainty of the alignment parameters, derived from laser
alignment and mechanical measurements. If required, it may also contain
prior correlations between different detector units. After each track, only the
blocks in the list L = UJ;c; L; need to be updated. This is done in the following

way:

1. For all 4,5 € I compute:

(I -c,, DG, Dp> ~1,-(C,,D"), G, (D

v

p)j‘

Each block is of size m x m, with I,; = §;;1,,xn (and d;; being the
Kronecker delta).

2. Compute for all i, 5 € I the updated variance-covariance matrix for the
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alignable objects that have been directly hit :

T

gm

(vak""l)ij - Z <I_ Cp,k: Dgék Dp)

Iimel v

(©,),,(1-¢,:D;E.D,)

— T
C,.D}) G, VG, (C,,D}

* ( Pk p)i k ’f( pk p>j

3. Compute for i € L\ I and j € L the updated variance-covariance
matrix for the alignable objects that were not directly hit and their
correlations with the directly hit alignable objects:

T

gl

_ 1\ —
(Cpiin), = (Coi),+3° (€, DY) G, (Vk— °G, )Gk (c,, DY)

lel

The computational complexity of the update of the variance-covariance ma-
trix is of the order of |L|?. Restricting the size of the lists L; is therefore of

crucial importance. An algorithm is proposed in the following section.

4.3 Selective Updates of Alignable Objects

The goal is to develop a mechanism to select which alignable objects should
be included into an update. Here, an computationally rather light-weight
algorithm is proposed that allows such a selection only by recording which

alignable objects were hit by which tracks.

4.3.1 Definition of a Track-based Metrics

First, a relation “~” between two different alignable objects 7 and 7 is defined:

1 ~ j <=1 and j have been crossed by the same track.

The relation is symmetric, but not transitive. On the basis of this relation a

distance between different alignable objects ¢ and j can be defined:

Ife~1d4 ~ig~--- ~1, ~ jis the shortest chain connecting ¢
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to j, the distance is d(i,j) = n + 1. In particular, if ¢ ~ j, then
d(i,7) = 1.

With the additional definition d(i,7) = 0 it is easy to see that the distance d

is a proper metrics, i.e. that

1. d(i,5) = 0 if and only if ¢ = j,
2. d(i,7) =d(j,1), and

3. d(i,§) < d(i, k) + d(k, 5) for all k.

Figure 4.1 shows an schematic example of how this metrics works.

4.3.2 Definition of a Selection Algorithm

Using this distance, the following algorithm for updating the lists L;,7 € I is
proposed:

For all 7 € I do:

1. Forall j € I'\ {i} do:

(a) For ¢ # j set d(i,j) = 1.
(b) Forall k € L;NL;: If d(j, k) < duax store d(i, k) = d(k,i) =
d(j, k) + 1.
(c) Forall k € L; \ L;:
i. If d(j,k) < dpax add k to L;, add i to Ly and store
d(i, k) = d(k,i) = d(j, k) + 1.
ii. Foralll € L;\L;, using the new value d(i, k): If d(i, 1)+
d(i, k) < dpmax add [ to Ly and store d(k,1) = d(i,1) +
d(i, k).

2. If for any combination of two alignable objects ¢ and j more than
one value for d(i, j) was stored, keep only the occurence with the

smallest value.
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In step 1a the distances of all alignable objects listed in I are simply set to 1,
i.e. the relation ¢ ~ j is expressed in terms of the metrics. In step 1b this
information is propagated for each i € I to those alignable objects j € L; \ T
that were not hit by this track but were already related before. In case a
track hits alignable objects i and j that were not related before, the already
existing relations within L; have to be propagated to the alignables contained
in L; and vice versa. This is taken care of in step lc. Finally, since new tracks
can introduce several possible chains ¢ ~ 1; ~ 19 ~ --- ~ i, ~ j between
two alignable objects 7 and 7, the shortest one has to be selected in step 2. It
should also be noted that it is ensured throughout the entire algorithm that

the symmetric nature of the metrics is conserved.

The computational complexity of the list update is of the order |L|-|I]. Tt
is assumed that the distance d(k, ) is stored along with & in the list L;. dpax

is the largest distance for which correlations are deemed to be significant.

Figure 4.2 shows an example for modules in the Tracker Pixel Barrel. The
metrical distances for a module in the third layer are visualized using a color
code. The computation was done with a sample of approximately 20,000
high-momentum muons, emerging from the interaction point. If tracks with
lower momenta would have been used, a bigger amount of possible “chains”
connecting more distant modules would be present, resulting in larger regions

of constant metrical value.
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Figure 4.1: Schematic example of the track-based metrical distances: d(1,8) =
1, d(5,3) = 2, d(7,6) = 3, etc.

Figure 4.2: Visualization of the track-based metrical distances d(i,7) for a
distinct module (marked by the red cone) and the remaining modules in the
three layers of the Tracker Pixel Barrel. Only modules with d < 6 are shown
(white: d = 1, yellow: d = 2, green: d = 3, light blue: d = 4, magenta: d = 5,
dark blue: d = 6).
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4.3.3 Selective Updates of the Variance-Covariance

Matrix

The selective update of only a subsample of all alignable objects comes with
a big problem: The updated variance-covariance matrix is not guaranteed to
be statistically meaningful and consistent anymore. Consider the following
example: For a given update, the parameters p, of only the alignable objects
i € L = {iy,...,iny} are being updated, while the parameters p; of the
remaining alignable objects j € L = {j1,...,jx} stay the same.

pi1 ijil
D;, . IN%N
pPj pPj
Pjy, Pjy,

Accordingly, also the variance-covariance matrix of only the alignable objects

contained in L is being updated:

Cilil CiliN Ciljl Ci1J’M Ci1i1 CiliN Cilh Ci1J’M
Can ClNZN C'”NJI CZNJM CiNﬁ CiNiN CiNJ'l CiNJ'M
—

CJ121 CJUN CJ1J1 CJNM Cj1i1 CJ'N'N lejl lejM
C Jmil C IMN CJMJl CJMJM CJ‘MH CjMiN Cijl CijAJ

Given that the initial variance-covariance matrix was valid, the relation

(Cij) <1

Vi,je{LUL}
(Cii)ir (Cij)y

)

has to be always fulfilled. Since (511)% < <C“>kk this cannot be guaranteed
any more after the update for the case where {i € L} A {j € L}. This is a
fundamental problem of the selective update of the variance-covariance ma-

trix. As long as the list L is solely defined by the alignable objects contained
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in I, it cannot be ruled out a priori that one of the alignables included in
L is significantly correlated to one of the alignables that were excluded from
the update. However, if all alignable objects with significant correlation were
added recursively, i.e. composing lists like [ — L, L+— L', L'— L", etc., one
would end up with a list of all alignable objects again and nothing would be

gained.

To overcome this problem, at least for the practical purpose presented here,
a rather pragmatical approach is used. The idea behind it is the fact that
the correlations between the various alignables reflect in principle only some
geometrical properties of the system, i.e. the (corrected) relative positions
and rotations with respect to each other. Since the geometry is fixed and the
alignment corrections are considered to be relatively small, the correlations
(R;j),; should be — in contrast to the (C;;),, — more or less constant, once
they have built up after a few updates. Therefore it can be assumed that the
crucial values are the (R;;),,;, used by the Kalman filter in the scaled and
weighted form of (C;),,. By computing and storing the correlations rather
than the covariances it should therefore be safe to update only a subsample
of the full variance-covariance matrix. In addition it allows to check for con-
sistency, as it can be checked at each update whether the absolute values of

the updated correlations are indeed smaller than one.

4.4 Results

To prove the basic operability of the Kalman alignment algorithm, various
tests on simplified setups have been carried out. All of these setups were
chosen only to demonstrate the functionality of certain features of the algo-
rithm, and are by no means realistic scenarios. Nevertheless, since all tests
were carried out using the actual CMS Tracker geometry, it is demonstrated
that the algorithm is able to cope with such a complex system, even consid-

ering realistic material effects.
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Precision and Speed of Convergence

A simple setup was chosen to demonstrate the convergence of the algorithm.
The TIB was misaligned on the level of TIBStrings (see Section 3.2), giving
a total of 652 alignable objects. Misalignment was applied as shifts in the
u-direction and rotations around the w-axis of the local coordinate system
of the individual strings. The actual values for the shifts and rotations were
drawn from Gaussian distributions with standard deviations of o, = 100 pum
and 0., = 0.1 mrad, respectively. The TPB and the TOB were not misaligned
to serve as an ideal reference frame. Tracks from a sample of 50,000 fully

simulated Z — ptu~ events were used.

Scenario A In the first scenario, the outermost TPB layer and the inner-
most TOB layer are directly included as reference. Only tracks with at least
six hits in the parts of the Tracker considered in this scenario are selected.
All alignables are updated at once, i.e. update equations (4.3) and (4.4) are
utilized and no track-based alignable selection is applied. Figure 4.3 shows
the evolution of the r.m.s of the difference between the estimated and true
parameters for the local u-coordinate and the rotation angle v around the
local w-axis. The solid line shows the case where all starting parameters are
set to zero. For the dashed line they are drawn from a Gaussian distribution

with standard deviations according to the simulated misalignment.

The precision of the estimated alignment parameters becomes better than the
typical resolution of a silicon sensor after a few thousand processed tracks. For
a further — but considerably slower — improvement more tracks have to be
processed, ending up with a remaining misalignment of typically Au ~ 10 pm
and Ay =~ 0.02 mrad.

Scenario B In the second scenario, the measurements in TPB and TOB
are used to calculate an independent track estimate that is then used for
the alignment of the TIB. Only tracks with at least six hits in the combined
TPB and TOB region (for the external track estimate) as well as four hits
in the TIB (for the alignment) are selected. All alignables are updated at
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once, i.e. update equations (4.1) and (4.2) are utilized, and no track-based
alignable selection is applied. Figure 4.4 shows the evolution of the r.m.s of
the difference between the estimated and true parameters for the local u-
coordinate and the rotation angle v around the local w-axis. The solid line
shows the case where all starting parameters are set to zero. For the dashed
line they are drawn from a Gaussian distribution with standard deviations

according to the simulated misalignment.

Even though less tracks are selected, the final alignment is better than in
the case of Scenario A, ending up with a remaining misalignment of typically
Au ~ 5 um and A~y = 0.02 mrad. This is due to the fact that the external
tracks contain very good positional information (due to the high precision of

the TPB) and momentum resolution (due to the TOB’s lever arm).

Scenario C The setup of Scenario C is identical to the setup of Scenario
B. The only difference is the fact that at every alignment step the updated
alignables are chosen accordingly to the selection algorithm described in Sec-

tion 4.3. The metrical threshold value was set to dya.x = 3.

The resulting precision is the same as for the previous case, only that the com-
puting time is just a small fraction. Whereas the computation for Scenarios A
and B takes around three hours, for Scenario C only six minutes are needed.
Figure 4.6 shows the timing for the case of Scenario C. As can be seen, the
update of the parameters and the corresponding variance-covariance matrix
takes about half of the time. The computation of the involved vectors and
matrices (f, D,, G, etc.) as well as retrieving and writing the parameters
and their corresponding variance-covariance matrix from and to the memory
(referred to as “I0”) take both about a quarter of the time. The calculation

of the track-based metrics is rather negligible.

Evolution of the Metrical Distances

The state of the track-based metrics is by definition completely dynamic,
depending on the sample of tracks that is used. Figure 4.7 shows an example

of such an evolution. In this case the metrical distances were computed for



54 Chapter 4. The Kalman Alignment Algorithm

Evolution of the RMS of the difference between the estimated and true pa-
rameters for the local u-coordinate and the rotation angle v around the local
w-axis for the three different Scenarios described in Section 4.4.

. . x0°
e r ] o C ]
%o.om} . g 0.14F E
S E - |
0.01f — 0.1:;':1 f
0.008 f 0.08 L‘-,: f
0006 f 0.06 f f
0.004 f 0.04; f
o.oozé 777777777777777777777777 f 0.02; >>>>>>>>>>>>>>>>>>>>
i o by “‘7“7“7“(, t o b e 1
0 10000 20000 30000 40000 0 10000 20000 30000 40000
updates updates
Figure 4.3: Scenario A.
§ | | g | |
=0.014f - = 014af -
> L i L i
< 0.012f 7 5 0.12} -
001‘ * 0.10 g ,
0.008 ; * 0.08f f
0.006 — o.oef— —
0.004! f 0.04 — —
0.002 f ! f 0.02 f """ f
i P B P —— 1 i P B P B 1
0 10000 20000 30000 0 10000 20000 30000
updates updates
Figure 4.4: Scenario B.
—_ — —_ L —
e r ] o C ]
L 0.014f { £ 0.14f .
> ] 3 ]
< o012 - - =) 0.12} ]
0.010:% f 0.101 —
0.0081“3 f 0.08f f
0.006 f o.oe; f
o.oo4f' — 0.04; —
0.002; y f 0.02; """""""" f
oo — L R C
0 10000 20000 30000 0 10000 20000 30000
updates updates

Figure 4.5: Scenario C.
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Figure 4.6: Timing for Scenario C.

the modules in the Tracker Pixel Barrel, using high-momentum tracks coming
from the interaction point. The procedure was repeated several times, using
different values for d,,.. By plotting the total number of entries versus the
number of processed tracks for all these cases, the evolution of the populations

of the individual metrical values can be extracted.

The left hand plot shows the situation during the first few updates. As
expected, the bigger metrical values “develop” on top of the smaller ones,
i.e. longer chains only show up once short chains have already been estab-
lished. From the right hand plot one can see immediately that the process
“saturates” as soon as a significant number of tracks is processed. This is
due to the fact that at one point all important chains have been established,
such that the processing of further tracks does not give any significant new
information. Of course the distances also do not grow to infinity, in the sense
that there exists a maximum metrical value d., for a given setup. For the
given example this value is about d,, = 17, even though before saturation

sets in there are populations with even higher values, which then become
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Figure 4.7: Evolution of the number of entries d(i, j) of the track-based met-
rics for the modules of the Tracker Pixel Barrel computed for a sample of
high-momentum collision tracks with different values of d,,ay.

obsolete when shorter chains come up.

Effects of Selective Updates

An important question is whether it is in fact possible to select all alignables
with significant correlations by using only a track-based metrics as de-
fined above. On the one hand, if the selection is too loose, i.e. if much
more alignables are chosen than is required, the algorithm is slowed down
needlessly. On the other hand, disregarding significant correlations between
alignable objects would at least deteriorate the convergence, and maybe cause
inconsistencies. Therefore, to check the validity of the approach, the evolu-
tion of the correlations in dependence on the metrical distances has been

investigated in more detail.

A rather small setup of only 500 modules, contained within a narrow Z-slice
of the TIB, was misaligned along the local u-coordinate (o, = 100 pum). The
system was aligned against the fixed TPB, serving as an ideal reference frame.
The setup was chosen to be that small to allow for updating all modules at
once at every step within a reasonable amount of time. The track-based

metrics was calculated without using a threshold.

The absolute value of the correlations in dependence on the metrical distances
between the two associated alignables after processing 10,000 tracks is shown

in Figure 4.8. In this case even for rather large metrical distances such as d =
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6 significant correlations are present. However, by inflating the measurement
variance-covariance matrix V', i.e. by adding an artificial error AV to V' such

as
V —-V+AV .1, (4.6)

more distant alignables get decoupled, as can be seen in Figures 4.9 and 4.10.
In addition, this inflation of the measurement errors does not deteriorate the
resulting precision of the alignment, as can be seen in Figure 4.11. When
using an extra error of VAV = 100 um the correlations between more distant
alignables are already so small that a metrical threshold of d,,,, = 4 has no
influence on the final result anymore. The final result gets significantly worse

only if the correlations are neglected entirely.



Chapter 5
Two-Body Decay Constraints

The full information of reconstructed trajectories is usually concentrated in
a set of five parameters for further analysis. Here, a novel parameteriza-
tion of the trajectories stemming from a two-body decay is presented, based
on the kinematics of such decays. This approach allows not only a com-
pact representation, but also a direct estimation of the decay parameters.
Furthermore, this representation is suitable for using the trajectories in a
track-based alignment algorithm, due to the combined information content

of the measurements and the superimposed physical constraints.

5.1 Prerequisites

The most fundamental prerequisite for track reconstruction is the track model
f, which allows the representation of a set of measurements m, belonging to

a single track, by a set of parameters q:
m = f(q) +emn, cov(e,)="V,. (5.1)

€m is the stochastic deviation from the exact track model, containing
both multiple scattering and measurement errors, and V,, is its variance-

covariance matrix.

o8
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There exists a broad variety of possible sets of parameters [27] that in prin-
ciple all come into question for the method descibed below. However, to
simplify matters, it is assumed that the parameters q describe the local state
of the trajectory at the surface of the first sensitive detector layer the par-
ticles traverse (see Figure 5.1). If the local coordinate system is Cartesian
with axes (u,v,w), and the detector surface is defined by w = 0, a possible
representation is q = (u, v, du/dw, dv/dw, k)T, where & is the curvature or
the transverse curvature. The track parameters at the other sensitive layers
can be determined by propagating the initial state g through the magnetic
field.

In the case of vertexing, another relation is of fundamental importance. Here,
it is referred to as measurement equation, since it provides the connection
between the observable and the primary physical and geometrical properties
of a trajectory. The measurement equation expresses q as a function of the

particle vertex v and its momentum at the vertex p,:

q=q(v,p,). (5.2)

Of course also quantities such as the magnetic field in the tracking volume
and the mass of the particle are a necessary input to the track model and the
measurement equation. Nevertheless, it can be assumed that they are known
and remain the same for all tracks (of the same kind). They are therefore not

treated as free parameters.

5.2 Parametrization

Consider the decay of a primary particle with mass M and momentum p into
a particle-antiparticle pair. The momenta pZ_ . of the secondary particles in
the center-of-mass system of this two-body decay, i.e. the rest frame of the

primary particle, can be be obtained using the relativistic energy-momentum
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N

Figure 5.1: Schematic view of the Figure 5.2: Relative position of the
decay. The dashed lines represent lab-frame (x,y,z) and the rest-
the trajectories, the detector layers frame (X, Y, Z) of the primary par-
are sketched by bold grey lines. ticle with momentum p.

conservation law:

sin @ cos ¢
Pime = tmvVa? — 1| sinfsing |, (5.3)
cos 6
where m is the mass of the secondary particles and o = %

At this point a convention is needed that defines the direction of the coordi-
nate axes in the rest frame of the primary particle (X, Y, Z) with respect
to the lab-frame (x, y, z), in order to provide a proper definition of the
polar angle 6 € [0, 7] and the azimuth angle ¢ € [0,27). Here, the Z-axis
was chosen to coincide with the direction of the primary particle momen-
tum p = (ps, py, p-)* in the lab frame. The X- and Y-axis were chosen to
coincide with the z- and y-axis after subsequent rotations around the z-axis
by tany = p,/p, (clockwise) and the y-axis by tanf = p./pr (counter-
clockwise, with p2 = p? + p?l) See Figure 5.2 for a schematic view of the

relative positions of these frames.
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By doing so, the momenta only have to be boosted along the Z-axis and
properly rotated to obtain the lab-frame representation. The resulting decay
model correlates the momenta of both secondary particles to a single set of

kinematical parameters (p=|p|):

PPz Py Doz

- +m+va? — 1 sinf cos ¢

prp pPr P
pi(pxapyapzvea ¢, M) = BoPs Bx By +mva? — 1 sinf sin ¢
PP DPr p
S = %\/—aigl (p?2 + M?2) cos @
p p

(5.4)
Note that the superscripts + and — refer to the signs in Equation (5.3) and
not to the charge of the daughter particles.

Considering what was said above about the track model and the measurement
equation it follows that in the case of two-body decays of the form X°—Y Y™,
the use of the decay model allows the representation of the corresponding

trajectories by the following 9 parameters:

1. the position of the decay vertex v = (v,, vy, v,)7,

2. the momentum of the primary particle p = (p,,p,,p.)" in the lab-

frame,

3. the polar angle  and the azimuth angle ¢ defining the direction of the

secondary particles in the rest-frame of the primary particle, and

4. the mass M of the primary particle.

5.3 Representation

The full set of parameters defining the kinematic properties are from now on

denoted by z = (ps, Py, D2, 0, ¢, M). The information passed for instance to
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an alignment algorithm then takes the following form:
+ * A8 Vi o
me ™) _ f(v,z)+e} | V., = m ’
m- f(v,z)+e, 0o Vv,

8f+‘8q+ 6f+.8q+.8p+
of dqt Ov Oqt Opt 0=z

of Oq~ 6f+.8q*‘8p*
dq— Ov Oq- Op~ 0z

Here m* and V* are the measurements and the corresponding covariance
matrices of the single trajectories. In the derivative matrix D the chain rule
is used, combining the Jacobians 0 f~ /0q with the Jacobians of the measure-

ment equation q(v,p,) and the decay model p*(z).

5.4 Estimation

5.4.1 General Least-Squares Solution

The estimated single-track parameters g, are related to the true vertex
position v and the true momentum of the particle at the vertex p* via the

measurement equation q(v,p,):

()= (20m))+(2). aver-ve-ows
qest (_I(’U,p ) €

Using a first-order Taylor expansion at the expansion point vy =
(Vo Voy, v0-)" and 2o = (Do, Poy, Poz, B0, Po, Mo)* this relation can be lin-

earized:
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where

A* = 0q/0v B* =0q/0p

+
Vo, Do

jE(zo)~

+
Vo, Do

CiZ(I(UOap(j)E)_Ai'Uo _Bip(j)ta p(j)tzp

It should be noted that this linearization is the standard approach for vertex
fitting. For this reason, the computation of the matrices A and B™ is always

provided in an actual implementation.

Since the momenta of the secondary particles depend on the same set of

parameters, the linearization of the decay model (5.4),
pt(z) =d* + C*z, (5.7)
with
C* = api/az‘z and d* =pf—-C*z,,
0

can be used to rewrite the equations as:

ql, —ct —Btd" AT BTCt v el
_ B _ = o +1 ] (5.8)
q..—c — B d A- B C z €

These 10 linear equations allow to perform an estimation of the vertex po-
sition (3 parameters) and of the kinematical quantities (6 parameters). It
should be noted that this approach avoids the use of Lagrange multipliers;
instead the kinematical constraints are enforced by incorporating the kine-
matics into the decay model. The estimates are obtained by a straightforward

minimization of the objective function

(v,z)=> (ri — s'(v, z))T w' (ri — s'(v, z)) — min, (5.9)

1=+

with
rt =g, — ¢t — BYd*, s*(v,z) = A*v+ B*C*z.

The solution of the minimization problem is given by [28]:

(

(3}

) = argmin \*(v, z) = (JTWJ) '\ J"Wr, (5.10)

X
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+ + + ptot
I W= w 0 CJ-= AT B™C '
T 0o W~ A~ B C™

5.4.2 Provision for the Beam Profile and the Mass

Constraint

The beam profile @y, can — as far as it is known and the primary particle

is sufficiently short-lived — be included as a virtual measurement:

v
Tpp = UV + €pp = Jhp ( ; ) + €pp,  cov(epp) = Vip = (Vpr)*l, (5.11)

with
10000O0O0O0TO
Jp=[0 1000000 O
001 0O0O0O0OTG OO

This inclusion of the beam profile to constrain the result of the estimate
within a certain region is especially important if the primary particle is at
rest or if the directions of the secondary particles happen to be (anti-)parallel
to the primary momentum. In this cases, the secondary particles move into
exactly opposite directions, such that the geometrical intersection of their

trajectories is not well defined.

In addition, if a hypothesis for the mass of the primary particle M+ o5
is available, a virtual measurement can be introduced to enforce a mass

constraint:

o~

M=M+epy=Jdu ( Y ) +eg, var(eg) = 0?7[, (5.12)
z

with
Ju=(000000001).
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Analogous to the previous subsection the estimate turns out to be:

(

(3]

-1
1
) — (JTWJ + I Wiy, + U&JA“;JM> X
M

N

(5.13)

M
(JTWr + I, W, + JAT%QA) :
M

5.4.3 Robustification

Due to the block-diagonal form of the full weight matrix W, the least-
squares approach can be robustified by applying an iterative M-estimator
procedure [29, 30].

Technically this is done by rewriting the objective function by a diagonaliza-

tion of the weight matrices:

(v,z)=> (pi —o'(v, z))T Q' (pi —o'(v, z)) ) (5.14)

==+

with
pt =U*r% o%(v,2) =U*s*(v,2),

Wt =UQ U+, QF =diag (QF, ..., 0F).
After an initial estimation step (analogous to Equation (5.10)), yielding the

estimates ¥y and Z, the entries of the diagonalized weight matrices QF are

downscaled and the estimation is repeated:

Qf 9 if |5Jj\[7,k| S \/ﬁ
O + _ g 5.15)
E T Wk R /Qf R (5.
O

[N ]

Here, N is the iteration cycle, R is the robustification constant (with a typical
value between 1 and 2) and 5?\[% = pf — o (Oy_1, 2Zyn_y), Where Dy, and
Zx_ are the estimates from the previous iteration step. The iteration stops

if the improvement of the objective function becomes negligible, i.e. if Ax? =
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IXP(On, Zy) — X2 (On_1, Zy_1)| < €x2-

This procedure is also possible in the presence of the mass constraint and the
inclusion of the beam profile, since the corresponding virtual measurements

are independent from each other and the residuals r*.

5.5 Two-Body Decay Constraints in Tracking

The concept described above has been implemented in the CMS reconstruc-
tion and analysis framework CMSSW [14]. The decays of primary particles
into muon-antimuon pairs and the corresponding signal in the Tracker [4, 5]
have been fully simulated. Two samples, one with 50,000 Z-bosons and an-
other one with 25,000 J/W-mesons as primary particles, have been produced
to allow for a comparison between the two cases of loose and tight mass con-
straint. The primary momenta were uniformly distributed between 50 GeV
and 100 GeV in the Z-sample and between 100 GeV and 150 GeV in the J/U-
sample, resulting in a rather broad spectrum of secondary momenta from the
region of a few GeV up to the kinematic limit in both cases. The positions
of the decay vertices were generated randomly by drawing from Gaussians
with variances according to the expected beam profile (ocx = oy = 15 pum,
oz = 5.3 cm). The resulting tracks covered the whole sensitive n-range of the

Tracker.

For the reconstruction of the tracks the standard algorithms were uti-
lized [20, 21]. The resulting estimates on the track parameters were used
for a geometrical vertex fit to obtain vy and to compute the expansion point
zo = (P, o, o, My)T for the susbsequent kinematical fit. The provisional
momentum of the primary particle p,, estimated as the sum of the track mo-
menta at their point of closest approach to vg, was also used to obtain a first
guess of the parameters defining the Lorentz transformation from the lab-
frame to the rest-frame of the two-body decay. By transfoming (at least one
of) the single-track momenta into the rest-frame, the parameters 6y and ¢y
were computed. The invariant mass of the tracks was used for the parameter
M.
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Figure 5.3: y2-probability of the Figure 5.4: Normalized residuals of
kinematical fit (including the beam the re-propagated trajectories.
pofile and mass constraint).

In all cases the robustified procedure (with R = 1 and €,> = 1072), including
the proper mass constraint and the beam profile, was used. The results from
the kinematical fit as well as the results from the standard reconstruction (a
least-squares vertex fitter implemented in the Kalman filter formalism using
the beam profile as external prediction) have been compared to the simulated
truth.

5.5.1 Test of functionality

The basic functionality has been tested on the Z — u™p~ sample. Fig-
ure 5.3 shows the x2-probability distribution of the estimates, or more strictly
speaking, the distribution of 1 — Fj,_5 (x*(v, 2)). Fy,(x) is the cumulative x?2-
distribution function with n degrees of freedom, and v and Z are the final
estimates of the iterative M-estimator procedure. The resulting flat, almost
uniform distribution is a strong indication that, despite the high non-linearity
of the decay-model and the need of a twofold linearization step, the linear
model is appropriate to parameterize and estimate the properties of two-body

decays.

Furthermore, the proper representation of both single-tracks through the
proposed set of parameters is demonstrated in Figure 5.4, where the stan-

dardized residuals between the observed measurements m and the reference
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trajectory f(v,2) are shown, i.e. the distribution of (m; — f;)/+/Vi;. The
highly non-gaussian shape of the distribution is mostly due to the fact that
the measurements of the local v-coordinate, i.e. along the direction of the

strip of the sensitive modules, are uniformly distributed.

5.5.2 Impact of the Mass Constraint

Tables 5.1 and 5.2 show the results for the decays of J/¥ and Z. These two
examples clearly demonstrate the influence of the particle width on the pre-
cision of the estimated parameters. Whereas the mass of the J/W is precisely
defined (079 = 91.0 keV), the width of the Z is much larger (67 = 2.5 GeV).
As can be seen, this distinct constraint restricts not only the resulting value
of the fitted mass, but also improves the estimate as a whole, since the mass

is a crucial parameter for the kinematics.

5.5.3 Performance in the Presence of Misalignment

In the case of a misaligned Tracker, the benefit from exploiting the kinematics
becomes greater, even in the case of weak mass constraints. Table 5.3 shows
the gain of precision compared to the standard reconstruction in the presence
of misalignment as expected at the start-up phase of the CMS experiment [31,
32]. Though the expected misalignment is accounted for in the standard
track reconstruction by increased position errors of the measurements, the

kinematical fit improves the estimate still by approximately 20%.

5.6 Two-Body Decay Constraints for
Alignment

To prove that two-body decay constraints are indeed useful for alignment
purposes, a very simple scenario has been studied. The information is passed
to the alignment algorithm in the form described in Section 5.3. In this way,

only the interpretation of the measurement vector m, the variance-covariance
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osr [pm] okr [pm] OKF/OSR
Av, 25.89 13.36 0.52
Av, 26.91 13.33 0.50
Av, 119.0 139.0 1.17
osr [GeV/c| | ok [GeV/c| | okr/osr
Ap, 1.034 0.481 0.47
Ap, || 1.024 0.516 0.50
Ap. 2.206 1.025 0.46
H osr [GeV/c?] ‘ okr [GeV/c?]
Am | 0066 | 9074107

Table 5.1: Comparison of the results from the kinematical fit (KF) and the
standard reconstruction (SR) for a sample of 25,000 simulated J/V — pu*p~
decays (no misalignment applied). The table shows the RMS errors of the
estimated quantities w.r.t. to their true values.

OSR [/Lm} OKF [Mm] UKF/ OSR
Av, 12.15 11.04 0.91
A, 12.41 11.22 0.90
Av, 33.06 35.65 1.08
osr [GeV/c] | oxr [GeV/c] | oxr/osr
Ap, 0.762 0.701 0.92
Ap, 0.737 0.679 0.92
Ap, 1.003 0.934 0.93
osr [GeV/c?] | oxr [GeV/c?] | oxr/osr
Am 0.940 0.858 0.91

Table 5.2: Comparison of the results from the kinematical fit (KF) and the
standard reconstruction (SR) for a sample of 50,000 simulated Z — pu*pu~
decays (no misalignment applied). The table shows the RMS errors of the
estimated quantities w.r.t. to their true values.
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osr [pm] oxrp [pm] oKr/OSR
Av, 22.76 16.92 0.74
Av, 23.66 17.34 0.73
Av, 76.93 82.93 1.08
OSR [GGV/C] OKF [GGV/C] UKF/USR
Ap, 3.021 2.426 0.80
Ap, 2.859 2.280 0.80
Ap, 2.795 2.158 0.77
osr [GeV/c?] | oxr [GeV/c?] | okr/osr
Am 2.860 2.265 0.79

Table 5.3: Comparison of the results from the kinematical fit (KF) and the
standard reconstruction (SR) for a sample of 50,000 simulated Z — pu*p~
decays (with applied misalignment). The table shows the RMS errors of the
estimated quantities w.r.t. to their true values.

matrix V', the derivative matrix D, and the track-parameters q is changed,

such that the same formalism as for usual track-based alignment can be used.

The scenario used here is by no means realistic. The setup is only meant to
provide a framework for a proof of concept. The TPB was misaligned on the
level of TPBLadders (see Section 3.2), resulting in a total of 96 individual
ladders to align. Misalignment was applied as shifts in the wu-direction of
the individual ladders. The actual values for the shifts were drawn from
a Gaussian distribution with a standard deviation of o, = 100 um. The
remaining Tracker was not misaligned, but was used to compute external
track estimates. Tracks from a sample of 5,000 fully simulated Z — p*p~

events were used.

For the sake of comparability and since the number of parameters is small,
a straightforward KAA approach according to Equations (4.1) and (4.2) was
chosen, without selective updates or any weighting mechanisms. Figure 5.5
shows the evolution of the RMS of the difference between the estimated
and true parameters for the local u-coordinate, using ordinary single tracks
(left) and the two-body decay constraint (right). For the latter, the external

track estimates were used to compute an independent estimate for the vertex
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Figure 5.5: Evolution of the RMS of the difference between the estimated
and true parameters for the local u-coordinate, using ordinary single tracks
(left) and the two-body decay constraint (right).

position and the decay parameters, including already the beam profile and
mass constraints. In the case of single tracks the number of updates is of
course twice as large, as the alignment algorithm is called for every single

track.

When processing single tracks, the algorithm seems to get stuck in a local y2-
minimum. The information coming from the single tracks is not conclusive
enough to obtain an alignment precision below the resolution of the pixel
modules, resulting in a final precision of approximately 20 pym. Using the
two-body decay constraints, this value is substantially reduced to approxi-

mately 6 pm.
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Full-scale CMS Tracker
Alignment

The final objective is to prove the applicability of the Kalman Alignment
Algorithm to the full-scale Tracker under start-up conditions, given the avail-
able resources in terms of computing power and virtual memory. This has
been done in the course of the CMS Computing Software and Analysis chal-
lenge (CSAO08) [33] carried out around May 2008. Its goal has been to test —
in the manner of a dress rehearsal — the full scope of offline data handling
and analysis activities which will be needed for the first months of real data-
taking. It constitutes the first full-scale challenge with large statistics under

the conditions expected at LHC start-up.

6.1 Available Datasets

Realistic start-up scenarios also need data samples containing event signa-
tures and rates typical for the conditions during early data-taking, defined
primarily by the LHC commissioning sequence as shown in Table 6.1. Each
line is expected to last approximately one week, with up to three days allo-
cated to data-taking by the experiments after machine setup. Two representa-

tive operations scenarios were chosen for the purposes of CSA08: The 43x43

72
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bunches 6% | luminosity events per collision rate
m] | [em~2s7!] | bunch crossing [MHz]
1x1 11 | 1.6x10* low 0.00009
43x43 11 7x10%8 low 0.004
43x43 11 | 1.2x10%* 0.14 0.06
43x43 2 6.1x103 0.76 0.34
156x156 || 2 2.2x 103! 0.76 1.2
156x156 || 2 1.2x10% 3.9 6

Table 6.1: Planned LHC commissioning sequences and approximate lumi-
nosities, the average number of events per bunch crossing and the inelastic
collision rates.

configuration with a luminosity of £ = 2x103° cm™2 s7! and the 156x156

2 571, Data samples for

configuration with a luminosity of £ = 2x10% cm™
the challenge were created for both scenarios, called S43 for the first scenario
and S156 for the second. It takes six days at 100% efficiency to accumulate
Ipbtat £L=2x10°cm 2 s !and 10 pb~! at £L = 2x103 cm™2 s7! (or a
month at 20% duty cycle), resulting in a number of approximately 1.5x10%
recorded events in both cases. This may be more than the actual time avail-
able to accumulate data at these configurations, but the scenarios are meant

to represent the average over several machine configurations.

The actual data samples were produced using a full detector simulation,
with a center-of-mass energy of 10 TeV and a magnetic field strength of 4 T.
Zero suppression was applied to the readout of all detectors. No pile-up was
included because pile-up plays no significant role in either the S43 or S156
scenarios. A realistic event selection based on trigger bits was used. On top

of this, the following realistic AlCaReco producers were used:

o Skims for the physics signals 7 — putp~, J/U — ptp~ and T — ptp~

have been produced.

e Two additional selectors were used for collision data. The first selects
isolated tracks in the tracker and is targeted mainly for selection from

minimum bias events which are abundant at early LHC start-up. The
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second selects isolated muons regardless of other activity in the tracker

and is targeted for increasing luminosity.

» Special producers are used for non-collision data, working only in spe-
cial runs. One selects muons from the beam halo when LHC circulates
beam(s) without collisions, another one selects cosmic muons during
cosmic runs, and the last one selects events from the laser alignment

system.

6.2 Available Computing and Software Re-

sources

Alignment and calibration related computational tasks will be carried out
at a dedicated facility, the CERN Analysis Facility (CAF) [34, 35, 36]. A
particular advantage of the CAF in this respect is the access to the full
raw data recorded by the experiment, which is needed by the AlCaReco

producers.

The alignment studies presented in this chapter were all performed at the
CAF, as will be the case for the alignment runs with real data. This also
means that the requirements of all alignment strategies have to comply with
the available computing resources. This is especially relevant with respect
to the available memory, since the CAF computing nodes are commercially
obtainable cores fitted with a typical amount of RAM (usually about 2 GB
per core), whereas the KAA is rather costly regarding memory, due to the

storage of a potentially vast amount of correlation matrices.

In addition, the handling, submission and monitoring of all jobs has been
done with the help of a production system. It is an adaption of the MillePede
Production System (MPS) [37], a collection of tools dedicated for executing
tracker alignment runs with MillePede in a production environment. It is
based on the functionalities of the CMS Alignment Software and an under-
lying batch system, which is presently LSF [38]. The general workflow of a

single alignment run for the KAA as realized with this production system
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Step 1: alignment runs on Step 2: merge output
subsamples of the full data of all alignment runs

-

| AlCaReco input #1

Alignment Producer
(KAA mode)

output file #1

Alignment Producer
—| Allg

| AlCaReco input #2 (KAA mode)

Alignment Producer
(KAA merge mode)

Alignment Producer
—| Allg

| AlCaReco input #N-1 (KAA mode)

Alignment Producer

| AlCaReco input #N (KAA mode)

misaligned

aligned

geometry Database geometry

Figure 6.1: Workflow of the MPS adapted for the KAA.

is shown in Figure 6.1. Additional scripts for automatizing the execution of

several consecutive alignment runs have been developed.

6.3 Full-Tracker Alignment Scenarios

For the purposes of the CSA08, misalignments and miscalibrations have been
applied as expected before collisions. The so-called TrackerSurveyLASCos-
mics scenario [31, 32] was used to simulate the misalignment of the Tracker
for both the S43 and S156 exercise. This scenario reflects the remaining
tracker misalignment after inclusion of the data from survey measurements,
from the Laser Alignment System and from track-based alignment with cos-

mic muons.

The goal is to carry out alignment on the level of individual modules to
achieve the best possible results. However, the large amount of individual

modules together with the available computing resources pose some serious
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problems for the KAA. The attempt to align the full Tracker on this level at
once would fail for two reasons. First, due to the close proximity of the pixel
modules to the interaction point and the therefore large geometric coverage a
huge amount of alignables — especially in the outer layers — would be included
into the updates of the alignment parameters. Thus the retrieval and update
of the variance-covariance matrix as well as the multiplication of some of the
involved matrices gets unreasonably time-comsuming. Secondly, the available
amount of virtual memory would not be sufficient to store all covariance
matrices. These two problems would even remain if the additional selection

criteria described in Section 6.4 would be applied.

To overcome these issues, the Tracker is aligned in steps. First, the outer
parts, i.e. the TOB and TEC, are aligned. Due to its rigid mechanical sup-
port structure, the outer barrel is not expected to exhibit large misalignment
effects, so that it is an ideal starting point for the alignment procedure. Af-
ter that, the inner parts, consisting of the TIB and TID, are aligned. At this
stage, the previously aligned outer parts of the Tracker can serve as reference
frame. Also, due to the larger misalignment expected on the higher hierarchi-
cal levels, prior to the alignment on the level of modules the barrel layers and
endcap disks are aligned. Finally the pixel tracking system, i.e. the TPB and
TPE, is aligned. As for the previous step, the barrel layers and endcap disks
are aligned before the modules. All these steps are done using single tracks
from either isolated muons or cosmic events, which are abundantly available.
For a final precision alignment of the pixel barrel layers and endcaps the
sparsely available tracks from two-body decays (decays of Z and J/V) are
processed, using the kinematic constraints presented in Chapter 5. This kinds
of events make it possible to correlate especially the pixel half-barrels, which
otherwise do not overlap, thus allowing a more accurate alignment of these

structures with respect to each other.

All of these consecutive steps are carried out using the production system
as explained in Section 6.2, utilizing the scheme for a single alignment run
as shown in Figure 6.1 repeatedly. To speed up the computation, the full
data sample is split and processed in parallel on individual cores. The final

result is then obtained by merging the independent results, which is done by
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calculating the weighted mean of the obtained alignment constants.

6.4 Additional Selection Criteria for
Alignable Objects

Due to the limitations regarding the memory of the computing nodes, addi-
tional selection criteria for including alignable objects into the update of the
alignment parameters and their associated variance-covariance matrix had to
be introduced, to keep the number of stored correlation matrices within prac-
tical bounds. This means that on top of the track-based metrical selection
as presented in Chapter 4.3 further restrictions are applied to the alignable
objects. In order to avoid an unnecessary consumption of computing time

rather simple geometrical selection cuts have been chosen.

For all alignable objects ¢ € I, which were crossed by the current track, com-

pute the lists L;. Then, for all lists L; apply the following selection criteria:

1. Select all alignable objects 57 € L; for which the metrical distance is
below a certain threshold dy,, i.e. select j directly if d(i,j) < dipy-

2. If the metrical distance is above the threshold value but still below
a maximum value dpax, i.e. dipy < d(%,J) < dpax, also the following

additional geometrical selection criteria have to be fulfilled:

(a) Only alignables in the same or the next few layers beyond
shall be selected. This can be achieved by checking either the
difference between the polar radii R or the Z-coordinate of
the positions, depending on whether the alignable object ¢ is

placed inside the barrel region or within one of the endcaps.

o ARpin < (Rj — R;) < ARpax if 7 is located inside the
barrel region or
o AZmin <sgn(Z;)(Z; — Z;) < AZpyax if i is located within

one of the endcaps.

(b) In addition, the alignable objects should not be too distant



78 Chapter 6. Full-scale CMS Tracker Alignment

from each other. The requirement chosen here was that the
alignable j at position 7; has to be placed within a cylindrical
volume, having the radius r. and an axis of symmetry going

through the origin and the position r; of alignable i. This

prerequisite can be easily expressed as (with r; = |r;| and
ry = |r;]):
2
oy (rir)) 2
ri— 72 <r

The parameters diny, dmax, ARmin, ARmax, AZmin, AZmax as well as r. have
to be chosen appropriately. For the alignment simulations studies presented
in this chapter, the actual values were solely chosen such that the restrictions
due to available memory were (as closely as possible) met. This means that
no feedback from the simulations’ final alignment precision was included into
the choice, in order to mimic the situation of real data-taking as closely as

possible.

6.5 Results

6.5.1 The S43 Scenario

This scenario, where the full Tracker is aligned for the first time with a rea-
sonable amount of collision tracks, is of course the biggest challenge. The
alignment procedure has been carried out using two million events with iso-
lated muons, having at least a transverse momentum of 5 GeV. In addition,
two million events with cosmic muons and 10,000 events from Z-decays have
been used for the alignment of layers and disks. The whole procedure took
about 15.4 hours to complete, running on ten cores in parallel; for a more

detailed compilation of the individual computing times see Table 6.2.

The obtained alignment object, referred to as KAA-S43, is visualized in Fig-
ures 6.3 and 6.4. Both figures show the displacements of the individual mod-
ules w.r.t. the ideal geometry in the precise coordinate for the KAA-S43



79 Chapter 6. Full-scale CMS Tracker Alignment

geometry (black) and the misaligned geometry (red).

The overall final precision of approximately 40 um is sufficient to regain most
of the nominal performancof the Tracker. Figure 6.5 compares the track-
ing residuals for the case of the ideal geometry (blue), the KAA-S43 ge-
ometry (black) and the misaligned geometry (red) for a sample of isolated
muons, i.e. the same kind of tracks that were used for the alignment proce-
dure. Figure 6.6 shows the respective distributions of the track x? divided by
its number of degrees of freedom. In both cases the improvement in perfor-

mance is clearly visible.

An example of what this means in terms of physics observables can be seen in
Figure 6.7, where the transverse momentum resolution for a sample of muons
with pr = 100 GeV is shown for the three different geometries. Whereas the
misaligned geometry makes reasonable measurements of such high momenta
impossible, the KAA-S43 geometry shows a drastic improvement, even if the

resulting precision is still twice the value as for the case of the ideal geometry.

6.5.2 The S156 Scenario

Due to the increased luminosity an increased number of high momentum
tracks in available for this scenario. Especially for the alignment of the Inner
Tracker and the Pixel Tracker an amount of approximately 200,000 muons
tracks from W— pur decays are available. For the Outer Tracker a sample of
two million isolated muons, with a transverse momentum of at least 11 GeV,
has been used. In addition, information from two million events with cosmic
muons and 10,000 events from Z-decays has been used for the alignment
on the level of layers and disks. The KAA-S43 alignment object was used
as starting geometry. The whole procedure took about 6 hours to complete,
running on ten cores in parallel for the alignment of the TOB/TEC and
two cores for the remaining Tracker; for a more detailed compilation of the

individual computing times see Table 6.2.

The resulting alignment object, referred to as KAA-S156, shows several im-

provements w.r.t. the KAA-S43 object. Especially in the TIB the precision
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Omisaligned |1 | 0sa3 [m]  Tgas [h] | os156 [pm]  Tsis6 [h]

TOB 106 23 22

4.8 1.5
TEC 92 30 30
TIB 482 56 36

3.9 1.7
TID 445 68 66
TPB 105 18 16

6.7 3.0
TPE 120 26 22
Total 242 40 15.4 34 6.2

Table 6.2: Alignment precisions for the precise coordinate RA¢ and comput-
ing times for the KAA-S43 and KAA-S156 alignment objects.

gets significantly better; see the compilation of results in Table 6.2. This re-
finement translates also into an improved tracking performance, as cen be
seen from the distribution of the tracks’ x?/ndof in Figure 6.8 and the trans-
verse momentum resolution in Figure 6.9. For both figures the same track
samples as for the corresponding plots for the S43 scenario have been used,

in order to guarantee the comparability.

6.6 Summary

Using simulation data from the CSAO8 computing challenge and exploiting
the given resources of the CAF, it has been shown that the KAA can align
the full Tracker under realistic start-up conditions within a reasonable time.
Table 6.2 shows a compilation of the achieved alignment precisions and the
time spent. For the case of high energy muons it has been demonstrated that
the reconstruction efficiency and the transverse momentum resolution can
be successfully recovered to a certain extent. However, to reach the nomi-
nal performance of the ideal geometry, larger samples of high-quality, high-

momentum tracks than available during the start-up phase are needed.
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Figure 6.2: Sketch of the geometrical alignable selection cuts (R-Z-plane) for
the barrel region (left) and the endcap region (right). Only modules within
the highlighted area (blue), which is defined with respect to position of the
reference module (red), are finally chosen from the reference module’s update
list.
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Figure 6.3: Distribution of R A¢ for all modules of the Tracker (Black: KAA-
S43, Red: Misaligned)
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Figure 6.5: Tracking residuals for the ideal geometry (blue), the KAA-S43
geometry (black) and for the case of no applied alignment (red) for the S43

Scenario.
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Chapter 7

Results from the CMS Tracker
Integration Facility

The final assembly of the CMS Silicon Strip Tracker has been carried out
at a dedicated facility, referred to as the Tracker Integration Facility (TIF).
Located on the surface at the CERN Meyrin site, this facility has been used
not only for construction, but also for testing and debugging the power sup-
plies and the read-out electronics before lowering them into the underground
cavern. To this end, the Silicon Strip Tracker has been partially operated at
different coolant temperatures ranging from +15°C to —15°C. Up to 15% of
the Silicon Strip Tracker has been powered and read-out simultaneously. An
external trigger system has been used to trigger on cosmic events, which were
subsequently used for detailed tracking and alignment performance stud-
ies [39, 40, 41].

The global coordinates at the TIF are defined as if the Tracker was at its

nominal position in the underground cavern.

7.1 Experimental Setup

Three different trigger setups, consisting of scintillation detectors, as sketched

in Figure 7.1, and an associated coincidence logic, have been used for data-

85
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Figure 7.1: Schematic R-Z view of the cosmics trigger setup at the Tracker
Integration Facility.

taking. The acceptance region is indicated by the straight lines connecting
the active areas of the scintillators. Configuration A corresponds approx-
imately to the acceptance region defined by the right bottom scintillator
(black dashed lines); Configuration B corresponds to the left bottom scin-
tillator (solid red lines); and Configuration C' combines both of the above.
Lead plates were placed on top of the lower trigger scintillators, ensuring an

energy threshold for the cosmic particles of approximately 200 MeV.

About 15% of the detector modules, all located at Z > 0, were powered
and read-out. This includes 444 modules in TIB (16%), 720 modules in TOB
(14%), 204 modules in TID (25%), and 800 modules in TEC (13%). For
trigger configuration A and B the data was collected at room temperature
(+15°C). In addition to room temperature, configuration C was operated at
+10°C, —1°C, —10°C and —15°C. Due to cooling limitation, a large number
of modules had to be turned off at —15°C. However, during the period of
data taking with configuration A the insertion of the TEC— took place, such
that the alignment stability is not guaranteed. The other configurations (B

and C) already had all detector components integrated.
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7.2 Track Selection

Charged track reconstruction includes three essential steps: seed finding, pat-
tern recognition, and track fitting. Three tracking algorithms are deployed
for the CMS Tracker, called Combinatorial Track Finder (CTF), Road Search
and Cosmic Track Finder, the latter being specific for the reconstruction of
cosmic tracks. All three tracking algorithms use a Kalman filter technique
for the final track fitting, but differ in the first two steps. For the track-based
alignment studies at the TIF only the CTF algorithm was utilized.

At the TIF, where no magnetic field is present, the momentum of tracks
cannot be measured. Thus estimates of material effects, i.e. energy loss and
multiple scattering, can be done only approximately. A track momentum of 1
GeV/c is always assumed, which is close to the expected average momentum
of cosmic tracks. For alignment purposes, however, it is beneficial to reject
low-momentum tracks, for which the single hit resolution is dominated by
the contribution of the material effects. Therefore tight cuts must be applied,
based on trajectory estimates and fiducial errors, to get indeed a cosmic track
sample with sufficiently high momenta. To this end, the following selection

criteria for tracks have been applied:

o The event contains only one track.

o The trajectories after the final track fit, which are represented by
straight lines, are required to traverse the scintillation detectors. This
can be approximately accomplished by applying the following cuts:
—1.5 < Nrack < 0.6, —1.8 rad < @rack < —1.2 rad.

e The track has

— at least 5 hits associated in total and

— at least 2 matched hits in double-sided modules.

o The normalized x4, i.e. X2.q divided by the number of degrees of
freedom, is required to be lower than 4.0. In order to compensate the
effect of misalignment on the performance of tracking, the measure-

ment errors are increased for the pattern recognition and the final
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track-fitting. The increase is chosen such that it reflects the expected

shifts due to misalignment.

Additional quality checks have been introduced into the pattern recognition,
to reject fake hits stemming from noise clusters or other sources of combi-
natorial background, while still maintaining high efficiency. To this end, the

following selection criteria for hits have been applied:

o The hit has to be associated to a cluster with a total charge of 50 ADC
counts at least. On a double-sided module, the hits on both sensors

must satisfy this requirement.

o The hit has to be reasonably isolated. If any other reconstructed hits
are found on the same sensor within a radius of 8.0 mm, the entire
track is rejected. This cut helps in rejecting fake clusters generated by

noisy strips and modules.

o The hit has to pass an outlier rejection criterion. The criterion is the
quantity xZ, = *TV ~'r, where r is the one- or two-dimensional local
residual vector and V its associated variance-covariance matrix. The
hit is flagged as an outlier if x?, exceeds a given cut value (x2,, = 5).
If one or more outliers are found in a track fit, they are removed from
the hit collection and the fit is repeated; this procedure is iterated until

there are no more outliers or the number of surviving hits is less than 3.

For the track sample recorded with trigger configuration C at —10°C, which
was mainly used for alignment purposes, the compound efficiency for all the
cuts above is around 8.3%. For simulated data an efficiency of about 20.5%

is observed.

For the visual validation of the tracking performance a set of pseudo-hit-maps
for the triggering scintillators was compiled. Two reference planes were used,
coplanar to the global X-Z-plane at Y =160 cm and Y = —160 cm respec-

tively (in the global coordinate-system). For every reconstructed track the



89 Chapter 7. Results from the CMS Tracker Integration Facility

trajectory state of the outermost hit was propagated to the upper reference
plane using a straight-line track-model. Similarly, the trajectory states of the
innermost hits were propagated the same way to the lower reference plane.
The resulting intersection points were stored in two-dimensional histograms
(see Figures 7.2 to 7.5).

The shapes of all nine scintillators can be clearly distinguished, and their
roughly determined positions and dimensions are in good agreement with
the experimental setup. Two of the scintillators show a drastically decreasing
light-yield for positions further away from the photocathode (lowermost posi-
tion in figure 7.2 and middle in figure 7.3). This is most likely due to damages

of the devices themselves rather than from any tracking inefficiencies.

In addition, the artefact of a photomultiplier running at too high voltage
and hence directly triggering a signal when being hit, can be recognized in

Figure 7.4.

7.3 Common Alignable Selection

The recorded data were analyzed with all three track-based alignment al-
gorithms implemented for the CMS Tracker. Although in the endcap region
(TEC+, TID+) tracks were recorded and used for alignment [42], only in the
barrel region (TIB+, TOB+) a sufficient amount of data were recorded to

perform alignment at the level of single modules.

In order to allow a meaningful comparison of the results, a common selec-
tion of alignable objects was agreed upon. The selection criteria were chosen
according to the following considerations. First, only modules which are ap-
proximately positioned between the upper and the lower scintillation detec-
tors were included. Second, cosmic tracks traverse modules which are strongly
tilted w.r.t. the X-Z-plane under a large inclination angle, which deteriorates
the spatial resolution of the measurements drastically. These modules were
excluded as well. Only the barrel modules with centers that lie within the

following geometrical ranges have been taken into account (all coordinates

refer to the global CMS frame):
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e Z/>0cm
e X <75 cm

e 0.5rad < ¢ < 1.7 rad

Furthermore, the selection of alignment parameters was standardized. Only
degrees of freedom to which the algorithms are (believed to be) sensitive
under the given conditions were taken into account. The local coordinates

aligned for the several module types are:

e u, v, w, v for TIB double-sided modules
o u, w, v for TIB single-sided modules

e u, v,y for TOB double-sided modules

o u, v for TOB single-sided modules

7.4 Results of the Kalman Alignment Algo-

rithm

Although only a small fraction of the full CMS Tracker was operated, and an
even smaller fraction of the operated modules was selected for the alignment
exercise at the TIF, the total number of alignment parameters taken into
account here is comparable to the biggest silicon tracking devices employed

up to now; see [6] for a detailed compilation.

Some specific features of the TIF setup have to be kept in mind when es-
timating alignment constants. The absence of a magnetic field causes the
particles to traverse the detector in almost straight lines. This makes not
only the determination of the particle momenta impossible, but also leaves
some global degrees of freedom for the alignment unconstrained. As men-
tioned in Section 2.3.1, the usage of straight tracks can cause shearings; in
the case of the TIF setup this corresponds to global layerwise deformations
of the final geometry of the form AX « R and AZ x R. In addition, the
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complete lack of symmetries in the setup or anything that could be utilized
as reference frame increases the risk of global translations and rotations of
the entire geometry. Although these effects can not be prevented in the KAA,

they can however be compensated in the final result (see Section 7.4.1).

7.4.1 Results with Real Data

No further selection criteria for either tracks or alignables than the ones men-
tioned in Sections 7.2 and 7.3 were applied, except that tracks had to have
at least six hits in the barrel region (TIB and TOB). Running on the data
sample recorded with trigger configuration C at —10°C, this resulted in ap-
proximately 70,000 tracks hitting a total of 430 modules, out of which 159 are
located in the TIB and 271 in the TOB. Due to this relatively small number
of alignables involved, the Kalman Alignment Algorithm was used to align all
modules at once, without employing the concept of selective updates. Since no
external tracking information was available, update equations (4.3) and (4.4)

were used.

Results for Module Alignment

For the alignment of the TTF setup at module level the so called module survey
geometry rather than the ideal geometry was used as the starting point.
This alternative geometry includes corrections from survey measurements of
the module positions w.r.t. the shells in the TIB. Figure 7.6 visualizes the
global shifts of the individual modules in X, Y and Z in dependence on their
distance R from the global Z-axis.

Most significant are the large shifts observed in the TIB, especially the con-
siderable shift of the entire second shell. Also the big spread within the indi-
vidual shells is remarkable. However, the movements within a shell, or more
precisely within the surface of a shell, turn out not to be random. On closer
examination distinct correlations can be observed between the movements of
the modules within a surface, indicating a deformation of the entire surfaces.

Figures 7.7 and 7.8 show the situation for the inner surface of the second and
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Figure 7.6: The computed global shifts for the modules in TIB and TOB. All
shifts are with respect to the survey module geometry.

third shell, respectively, counting from inwards. The lower right plot in both
figures visualize the deformation: The circles show the position of the center
of the modules as described by the ideal geometry (in red) and as computed
with the KAA (in black). The misalignment has been scaled as indicated in

the figure captions. The green surfaces are merely a guide for the eye.

In the TOB the computed corrections along the local u-coordinate are at
the scale of approximately 100 pm, which agrees very well with the expecta-
tion [31]. No correlated misalignment can be identified, as one would expect
from the rigid structure of the TOB wheel. For the alignment corrections
in Z-direction, which have been computed for double-sided modules only, it

seems very likely that the result is superimposed with a AZ-R-shearing.
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Consistency of the Module Alignment

To check the consistency of the results the alignment procedure has been re-
peated using random starting values as well as a different starting geometry.
The resulting alignment constants are in general not directly comparable,
as they are typically superimposed by AX-R- and AZ-R-shearings, respec-
tively. However, these unconstrained degrees of freedom can be eliminated

by fitting the data pairs (X;, R;) of all modules to a function of the form
AX =aR+b.

The resulting function can then be evaluated for each data pair to retrieve
a corrected set of data pairs (X; — aR; — b, R;), where all superimposed
shearings and offsets are eliminated. To remove AZ- R-shearings an analogous
method can be used. If the true geometry would indeed feature a shearing,
this method would remove the associated correction from the final alignment
constants. For a direct comparison of two results this would however not

matter.

Figure 7.9 shows a comparison of the results presented in the previous sec-
tion with the results obtained when using the ideal geometry as starting
geometry. Figure 7.10 compares the results obtained when using the ideal
geometry as starting geometry with either all starting values set to zero or
randomly drawn from a Gaussian distribution (o, = 0, = 0, = 200 pm,
o, = 0.1mrad). In both cases the final the agreement for the X and Z shifts

is good, verifying especially the very large displacements observed in the TIB.

For the Y-shifts the situation is similar, with the exception that the compar-
isons can be carried out only layer-wise. This means that the corrections AY,
to which the alignment algorithm is the least sensitive in the given setup,
are meaningful only relative between the modules in a layer. Therefore the
significance of the apparent movement of an entire layer is not very high,
as it is de facto an undefined degree of freedom. The alignment in AY for
the modules within a layer is much better constrained due to hits in the

overlapping regions.
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Consistency between Module Alignment and String Alignment

An additional consistency check comes from the comparison to the alignment
on the level of TIB strings and TOB rods. The same track selection and
alignment procedure as for the modules was used, but all six degrees of
freedom were aligned. For each string/rod the resulting alignment constants
have been compared to the ones from the associated modules. For the X-
and Y-positions the values from the modules simply had to be averaged. The
comparison of the angle S, which is defined as the rotation of the string/rod
around the axis parallel to the Y-axis and going through the center of the
module, is somewhat more complicated: For the modules within a string/rod,
the data pairs (AX;, Z;) were fitted to functions of the form

AX; =cZ;+d.

For the resulting function the fitted slopes ¢ can be related to the value

A4 = arctan(c) that is comparable to ABq.

The deformations of the TIB shells, which is seen as layer-wise correlated
misalignment on the level of modules, causes also a correlated misalignment
for the modules within an individual string. This should of course translate
into distinct movements and rotations of the strings. The results for the TIB
strings, compiled in Figure 7.11, clearly verify this situation. Due to the small
and uncorrelated misalignment in the TOB the values for AX,, AZg, and
ABy, on the one side as well as AX 04, AZmoq and AB,,4 are close to zero,
such that a comparison is not very conclusive. The TOB rods are therefore

omitted from the plots.

Validation

In the case of the TIF only the track residual distributions can be used
to judge the quality of a set of alignment constants. Figure 7.12 shows his-
tograms of these distributions before (red) and after (black) alignment for the
constants presented in Section 7.4.1. In particular, the residuals are shown for

the direction along 2/, which is always parallel to the local u-axis but points
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Figure 7.12: Track residuals before (red) and after (black) alignment.

into the same global R-¢-direction (see sketch in Figure 7.13). The plots are
separated for single- and double-sided modules in the TIB and the TOB,
and include also modules that were not selected for alignment because of the
alignable selection described in Section 7.3. The ordinate of the plots shows
the number of entries per bin, normalized to the absolute number of entries
per histogram. Especially in the TIB, the improvement of the residuals is

significant, as is expected.

To get an upper bound for the final precision of the alignment, these residuals
have to be evaluated with more care. Especially the first and last hit of

every track, which have to be computed using by extrapolation rather than
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Figure 7.13: The local u-axes of the modules is defined relative to the read-
out chips and point in general in different global directions. The direction of
2’ is per definition always parallel to the local u-axis but pointing into the
same global R-¢-direction.

interpolation, are less accurately defined and hence deteriorate the track
residual distribution. When these hits are excluded from the histograms this
effect can be eliminated. This drastically decreases the number of hits in the
innermost layer of the TIB and the outermost layer of the TOB, but due
to overlap hits a reasonable statistics can still be maintained. In addition,
by excluding modules that have not been aligned, the quality of the final
track-fit can be improved. Figure 7.14 shows the widths of the initial and
the corrected residual distributions for the four TIB layers (numbered 1 to
4) and the six TOB layers (numbered 5 to 10). For the latter, the widths
are approximately the same for all layers at around 100pm. Bearing in mind
that also the intrinsic detector resolution contributes to the width, this value
can be regarded as upper limit for the precision of the alignment along the

local u-coordinate.

The improved quality of tracking due the inclusion of the computed alignment
constants can also seen from the values of X2, . Figure 7.15 shows the values’
distributions before and after alignment, displaying a drastic improvement in
the latter case. Since in both cases no additional alignment errors have been

used the absolute values are rather large, even for the final alignment which
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is believed to be accurate within a precision of 100um. In addition, also the
lack of reasonable estimates on the material effects for single tracks results

in enlarged values for x2, ..
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Figure 7.14: RMS of the raw (left) and corrected (right) residuals for each
layer.
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Figure 7.15: Track x? before (red) and after (black) alignment.
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7.4.2 Results for a Simulated Setup

To complement and further validate the alignment studies for TIF setup a
simulation study has been carried out. An amount of 1,000,000 tracks was
simulated, using an energy spectrum as expected for cosmic muons at the
surface and an experimental setup close to the one described above. The
alignment procedure was carried out in the same way as with the real data,
whereas the misalignment was applied by drawing from Gaussian distribu-

tions with standard deviations according to the shifts observed at the TIF.

The remaining misalignment after processing all tracks is shown in Fig-
ure 7.16. The overall precision is — apart from a few outliers that were
hit by only a few tracks — about 50 um for the global X-coordinate, 100 pm
for the global Y-coordinate (TIB modules only) and 150 ym for the global
Z-coordinate (double-sided modules). The resulting track-residuals, shown in
Figure 7.17, are of the same order as for the real data. These results suggest
that the precision achieved in this simulation study can be seen as a lower

limit for the precision of the constants computed from real data.

7.5 Comparison to other Algorithms

The results obtained with the Kalman Alignment Algorithm have been com-
pared to the results from the other two alignment algorithms deployed for
the CMS Tracker, the MillePede II Algorithm and the HIP Algorithm (see
Section 2.3.2). The good agreement of the results is demonstrated in the
correlation plots in Figure 7.18, where the alignment constants of the three
algorithms are directly compared. Especially in the sensitive coordinates the
compatibility is very satisfying, showing for instance an agreement of about
150 pm in the global X-coordinate. Furthermore, the comparison has also
been carried out on the basis of track residuals as shown in Figure 7.19. The
performance of the three algorithms is very similar, even though the KAA

shows typically slightly better results for the sensitive coordinate.
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Figure 7.16: Remaining misalignment for the simulated setup.
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Figure 7.18: Comparison of the alignment constants for the three algorithms.
Left: MillePede (y-axis) vs. HIP (x-axis); middle: KAA (y-axis) vs. HIP (x-
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7.6 Summary

The Kalman Alignment Algorithm has been applied very successfully to real
data from the CMS Tracker Integration Facility, where a large amount of
cosmic events have been recorded. Even though only a relatively small frac-
tion of all silicon modules of the CMS Tracker have been used for this study,
the total amount of alignable objects is very well comparable to the biggest
silicon tracking devices employed by today’s running experiments. The val-
idation studies indicate that the final precision of the computed alignment
constants is below 150 pm. This corresponds to the expected precision, taking
into account the relatively low momentum spectrum of the cosmic events and

the fact that no magnetic field for momentum measurements was available.

Summing up, the performance of the KAA at the CMS Tracker Integration
Facility proves that the algorithm is reliable and at least competitive with
other existing alignment algorithms. This gives great confidence that the
KAA will also be a benefit for the alignment efforts of the CMS Tracker
Collaboration during future data-taking periods and beyond.



Chapter 8
Conclusion and Outlook

The Kalman Alignment Algorithm provides a new way to compute align-
ment constants with good precision even for large experimental setups. It is
derived using a Kalman filter approach resulting in a sequential method, up-
dating the alignment constants track-by-track. However, this concept comes
with advantages and disadvantages. On the one hand it allows to use al-
ways the up-to-date estimate on the alignment parameters for tracking. Due
to the design of the KAA no large matrices need to be inverted and no
large systems of equations need to be solved. On the other hand, the size
of the involved matrices may sometimes become rather large, depending on
the number of alignable objects included into an update. The time spent at
every update for retrieving and writing the alignment parameters and their
variance-covariance matrix is a non-negligible factor that has to be dealt
with!. In addition, if a huge amount of tracks is processed, the multiplication
of several large matrices at each step cause considerable computational times
in total. However, since it is possible to restrict the number of alignables at
each step without degrading the final alignment precision, these issues can

be overcome.

Successful examples of applying the KAA have been given in the scope of this

work. Simulation studies for the case of a full-scale alignment of the CMS

!The restricted physical access speed to the data stored in memory is here actually
not the bottle neck, but the insertion/extraction of the individually stored variance and
covariance matrices into/from the full variance-covariance matrices.
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Tracker have shown to give good results. The application to real data taken
at the Tracker Integration Facility indicate that the KAA is also working
with at least comparable performance as other, more renowned methods. All
of these studies have been carried out within a reasonable amount of time and
with typically available computing resources. This implies that the method is
functional and well understood, and thus expedient for the data-taking period
of the CMS experiment. Given that the expectations in the performance of
the KAA will be met during future CMS operations, this means that existing
and future experiments will have a new possibility at hand to retrieve a set
of alignment constants independently from the methods in use up to now,
thus allowing an additional input for validation and quality assessment of

the alignment of their tracking devices.

Another possible area of application for the KAA is the alignment of the
CMS Muon System. Since the software implementation of the KAA is not
Tracker-specific but only expects to be fed with consistent input, i.e. mean-
ingful derivative matrices, alignment parameters, etc., this would be a rather

straightforward project.

A possible extension of the KAA would be a more sophisticated inclusion of
survey measurements. By now, they are only accounted for by using a revised
starting geometry. However, it should be possible to include the information
coming from survey measurements in a similar way as is done currently with
the information from track measurements, since alignment algorithms are in

principle independent from the source of information.
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