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Abstract

The CMS tracker is the largest silicon tracker ever built. For its
performance to be the best possible, a precise alignment of all its
18000 silicon sensors is crucial. In section "Tracker Overview", a
short description of the CMS tracker is given. In section "Alignment
Parameters of Sensors and High-level Structures", the track
alignment procedure is explained. In section "Software Setup", the
software used for the alignment studies is described. In the sections
"Bow Parameters Comparison" and "Prompt Alignment", the setup
and the results of my studies are presented. In the first one bow
parameters determined in the years 2011 and 2010 are compared.
The bow parameters have been introduced into the alignment
procedure recently, so they haven't been studied as much as other
alignment parameters yet. In the second one the dependence of the
alignment of high-level pixel structures on the number of tracks
used and the effects of additional alignment iterations on the results
are studied. Prompt alignment is a fast alignment meant to be
performed in the 48 hours time window between data taking and the
start of prompt reconstruction.
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1 Introduction

During my stay at DESY I worked in the CMS alignment group. My work results are
presented in the sections 5 and 6 of this report.

2 Tracker Overview

2.1 What is a tracker?

Figure 1: The CMS tracker

A tracker is a detector used in High Energy Physics to measure e. g. the momentum
of charged particles. The tracker surrounds the beam pipe, where the nominal interac-
tion point is located, and it operates in a magnetic field generated by a solenoid magnet.
The charged particles produced in the collisions traverse the tracker subdetectors, mov-
ing along helixes due to the Lorenz force pointing perpendicular to the magnetic field.
The detectors measure spatial hits, while a tracking algorithm reconstructs tracks and
determinates the particle momentum and vertices. Figure 1 shows the structure of the
CMS tracker. The central part (modules are oriented parallel to the beam line) is called
barrel, where detectors are placed on cylinders called layers, while the ends (modules
are oriented perpendicular to the beam line) are called end caps. There the modules are
placed on disks, further subdivided into rings. A tracker isn’t made only of measuring
devices and beam pipe, but it also contains support structures - e.g. power cables, elec-



tronics and cooling systems. The structures are designed to be as light as possible, in
order to limit the contribution from multiple scattering.

2.2 CMS Tracker
2.2.1 Main Features

The CMS tracker is a silicon-only tracker. The CMS tracker has a a dimension of
5.4mx2.5m. Other trackers like the ATLAS one use silicon detectors in the inner part,
up to one half of the radius, but for the outer parts the gaseous detectors are exploited.
The latter are cheaper but have a worse resolution.

Figure 2: TOB (top) and TEC (bottom) double detectors

The construction of the CMS tracker entirely in silicon was possible because of three
reasons:

e the usage in the outer parts of 6 inch strips (previously, only up to 4 inch strips
were produced),

e electronics costs drop,

e the usage of an automated mounting process for strips.

The CMS tracker is the largest silicon tracker ever built: it consists of 200m? of silicon
modules. It is operated in a 4T solenoidal magnetic field. The tracker is subdivided into
4 main sections: the pixel detector, TIB/TID, TOB and TEC+/TEC-.

During normal operation the silicon sensors are severely damaged by radiations. The
amount of the damage is decreased by cooling the modules down to -10C. However, the
pixel detectors are designed for a 2 to 3 years operation in the LHC environment, while
outer parts are designed for 10 years.



2.2.2 Subdetectors

T]—)

-1.5 -1.3 -1.1 -0.9 -0.7 -0.5 -03 -01 0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5
47 e N N N \ \ \ | ! ! / s 7 A e P .
~~ 1200 -
2 A N Y O e N O | S
LR RN |
25 600 0 e e T A O | 25
400 NN \‘l ":| |}” Tk‘/bl‘ ”\\ |1” ‘!| bbb

] % TEC TEC
0 - +
200 === ===
100 EER \\” n:' |\” TID“ ==—"ff—=— WJ ”’\ ';n ‘;| P
ol L L feea————————= O ) s I Y BN

BEEEEEEE LLEL L]

oo ||| [ | P—/—/—/me————— | | | | ||| ]
wooo ||| | | ———2——I ]| ]|

-1200
-2600 -2200 -1800 -1400 -1000 -600  -200 200 600 1000 1400 1800 2200 2600
z(mm) ——

Figure 3: Subdetectors of the CMS tracker: double lines indicate stereo module. These
modules provide a precise 2D spatial information

The pixel tracker consists of silicon pixel modules, with a pitch much smaller than
that of the silicon strips. It is divided into the barrel pixel tracker (BPIX), composed of
3 layers, and forward pixel tracker (FPIX), composed of 2 disks in each direction. The
layer radii are 44mm, 73mm and 102mm, while the disks distances from the nominal
interaction point are 34.5cm and 46.5cm, respectively. The pixel modules are ~ 320um
thick with a resolution of about 10um in the r¢ direction.

The TIB is composed of 4 layers, while the TID is composed of 3 disks. The strip sensors
are ~ 320pm thick and provide a resolution of 23um (inner 2 layers) or 35um (outer 2
layers) resolution.

The TOB consists of 6 layers, with silicon strips being 500um thick, to provide a better
signal to noise ratio. This feature is necessary because of the stronger electronic noise
due to the increased strip lenght.

The TEC+/TEC- are composed of 9 disks, with 7 rings of modules labeled 1 to 7 from
the innermost one.

2.2.3 Performance

In order to reconstruct tracks and vertices with a precision of a few micrometers it is
mandatory that the position of the individual modules is known with a better precision.
Therefore, precision alignment is crucial.



3 Alignment Parameters of Sensors and High-level
Structures

3.1 Alignment Goal

The goal of Alignment is to determine as well as possible the position and orientation
of all tracker sensors. Alignment reduces the impact of sensor misalignment on track
quantities. These misalignments disturb the obtained resolution of track reconstruction.
Alignment position errors can only be neglected if they are typically one order of mag-
nitude smaller than the intrinsic sensor resolution. Therefore, position uncertainties of
a few um must be obtained. Nowadays, the statistical accuracy of the CMS alignment
is so precise that systematic uncertainties start to dominate the overall precision. In
former and in recent alignment studies it was found that the sensors in each pixel half
barrel move coherently as a function of time. In this report a detailed investigation of
the effect of these movements on alignment will be presented in section 6.

3.2 Tracker Alignables

There are two kinds of objects that are aligned - sensors and high-level structures. In the
past the moduls in the outer TOB and TEC were treated as one object, even though they
consist of two sensors. In the alignment presented here, individual sensors parameters
for double modules were determined. High-level structure alignment was introduced
to study and to compensate for correlated misalignments. Three levels of high-level
structures exist:

e small support structures on which sensors are glued like rods in the barrel or petals
in the end caps,

e bigger support structures where small support structures are assembled like half
layers in the barrel and half disks in the pixel end caps,

e the six subdetectors, where bigger support structures are assembled.

High-level structures are used for various reasons: they are useful for alignment studies
of large stucture movements which is e.g. usefull if the number of tracks is only limited.
Thus, the movements of high-level structures as a function of time, that was discovered
in previous alignment studies, can be monitored during data taking, with reasonably
small track statistics.

3.3 Alignment Parameters

There are three types of alignment parameters considered for sensors: shift parameters,
rotation parameters and bow parameters. Shift parameters are called u, v and w as
indicated in figure 4.
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Figure 4: Shifts and Rotations

u is the direction in which the more precise resolution is achieved (usually r¢, may
vary e.g. for modules mounted on petals (figure 5) and stereo modules, which are double
modules, one over the other with a little rotation angle relative to each other, used to
have 2D measurements), v is the direction in which the less precise resolution is achieved
(usually z in the barrel, r in end caps). w is the direction normal to the surface, where
no measurement information exist. Shift parameters are usually measured in cm.

Figure 5: FPIX Petals

Rotation parameters are called «, 5 and 7. The variable « is the rotation around u
direction, # around v and v around w. Rotations are usually measured in radiants. Bow
parameters are called wqg, wpo and wyy, their definitions are shown in figure 6.

wWoyg is the bow in the u direction, wys is the bow in the v direction, wy; is the mixed
term. Bows are second order shape corrections. The latter can be parametrised with
coefficients of a second-order polynomial. Bow parameters are expressed in terms of
sagitta, which is the distance between sensor edges and middle points in the z direction
in figure 6). Typically all 9 parameters are determined, so modules have 9 or 18 (double
modules) parameters determined, except for FPIX modules, where no bow parameters



Figure 6: The Bow Parameters

are determined due to a low track statistic in that region. For high-level structures
only shifts and rotations are determined. The high-level structure position is defined as
the mean position of all its subcomponents. There’s an interesting thing to note: some
coordinates are better determined than others, for example usually u is better determined
than w. This does not necessarily result in a bias because the CMS tracker was designed
such that regions which are more sensitive to track parameters were equipped with
sensors with high spatial resolution.

3.4 Alignment Procedure

The starting information are given from the mounting precision and the initial survey.
We have large uncertainties in these measurements, due to uncertainties in each level
of assembling. For example in the end caps the mounting uncertainties of sensors to
petals, petals to half disks, half disks to subdetectors are adding. After commissing the
position information are given by the LAS. The laser alignment system has a precison in
theory of 100um. Only some position measurements are provided by the LAS: it doesn’t
provide information about pixel subdetectors and TIB and TOB internal misalignments.
Due to the limited spatial information provided by the LAS and the mounting precision
a track-based alignment procedure is mandatory. The aim of track based alignment is to
reduce the global 2, determining both sensor and track parameters. Cosmic muons are
also used to improve results and decrease the correlation between displacements because
there are displacements of sensors which have the same y? and are indistinguishable with
only collision tracks. Also beam halo tracks are sometimes used, to connect different part
of the tracker. Hierarchy alignments are introduced as constrains: sensors movements are
allowed only if they don’t change the position of the corresponding high-level structure,
else the high-level structure is moved.

4 Software Setup
4.1 Millepede Il

The program Millepede II is used for the determination of alignment parameters. Mil-
lipede solves the alignment problem with 20000 modules in a reasonably short time of



typically a few hours. It was initially developed to have a fast solution of an alignment
problem with 13000 modules and 60000 alignment parameters at the beginning, one
order of magnitude more than in previous HEP experiments. Now due to the deter-
mination of bow parameters around 200 000 parameters have to be determined. For
Millepede II the problem has to be linearized. In order to compensate for large mis-
alignments, iterations are sometimes necessary. The minimization of the global x? leads
to a system of millions of equations (one for every local track parameter), plus n for
the global parameters. The particular shape of the matrix representing the system is
exploited to solve the problem. Millepede II consists of two independent tools: Mille
and Pede.

4.1.1 Mille

Mille is a software written in C++ (however, also a Fortran-version exists), and it is
used to collect the data. Not all input tracks are used, badly reconstructed ones are
rejected, and various cuts can be applied on track candidates. Mille interfaces directly
with the CMS software framework.

4.1.2 Pede

Pede is a high-performance Fortran program. It is a multi-threaded software, used for
solving the alignment problem. It takes data from the Mille binaries without interacting
with the CMS software framework directly. Pede itself is experiment independent.

4.2 Root

Figure 7: The ROOT Shell Interface at Start Up

ROOQOT is an open source framework for data processing, developed at CERN. Now
it is a program with a seventeen years development history used by nearly every HEP
physicist in the world. In this report ROOT 5.28 (figure 7) was used to make all the
histograms and plots in sections 5 and 6. For section 5 histogram production and section
6 data manipulation the ROOT classes PlotMillepede and CompareMillepede were used
as provided by the CMS software framework.



5 Alignments Comparison

5.1 Data Sets

In the following three alignments are compared: ”TBDkbMinBias”, "TBDkb” and
72010full”. TBDkbMinBias and TBDkb have similar alignment configurations. The
first one is the new 2011 alignment that will be used for the next rereconstruction,
while the second one was one of the other candidates. The difference between the two
is induced by the used track sample: TBDkbMinBias uses additionally 3 million low
momentum tracks. 72010full” is an alignment done using mostly minimum bias and
cosmic muons tracks from 2010 (until summer). I plotted for each sensor on the X axis
the bow parameters from TBDkbMinBias, on the Y axis the bow parameters from the
other alignment. If there are six plots shown in two rows, than this means that for single
modules and double modules the first set of sensor parameters are shown in the first row,
whereas for double modules the second set of sensor parameters are shown in the second
row. Therefore the plots show the correlations between the bow parameters determined
in those two alignments. If there would be a perfect correlation between the alignments
results, all histogram points would have been on the diagonal, meaning that determined
parameters are exactly the same. In the case of missing correlation, the points form an
irregular shaped lump (with center on the diagonal). Systematic effects could cause an
overall bias.

5.2 Results
5.2.1 TBDbkMinBias vs. TBDkb

I've compared the results for the five subdetectors of the tracker (as I said before, in
FPIX bow parameters aren’t determined).

e For all barrel sub detectors (BPIX, TIB, TOB) and for TID the determined bow
parameters are very similar. In the figures 8 and 9 you can see results for BPIX
and TOB).

e For TEC, some systematic deviations for wyy parameter are observed for the double
sensors (rings 5-7, figure10), while for the single sensors in rings 1-4 the correlation
is as good as for the barrel detectors.

I have further analyzed the results for the outer rings of TEC, in order to better locate
and understand the problem.

e Rings 5 and 6 look like rings 1-4 with a pronounced correlation, while systematic
differences in TEC are limited to the 7th ring (figure 11).

e There is not only the systematic displacement visible, but also the distribution
of the differences of the parameters is not following a normal distribution, like
for other sensors parameters and for the wgy and wq; parameters, but we have a
distribution similar to a truncated normal distribution (figure 12).

10
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Figure 8: TBDkbMinBias vs. TBDkb: BPIX
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Figure 9:

TBDkbMinBias vs. TBDkb: TOB

11




L vt TEDMbA s, TEC, G0 € 120 1), TROAR, TEC. G021 €120

v TRDMbM s, TEC, G0 € 120 1, TROAB, TEC, 601 < 10

&, ve el TROKOMInSiae, TEC, G0 1 <120 1}, THOAD TEC, 602 1€ 120 2}

200 200
E
Zysol
= W_ 11
100 E
50 B ] 50
L gl C
podoParvss_ic F . [pederarvsric | o [ pedeParvss_tc_|
Entries 3858 r 0] Entries 3858 E L. Entries 3858
Mean x -15.15 =501~ - Mean x 7.688 =50 = Mean x -18.17
Mean y 65 E - Mean y 7.732 E Mean y -18.43
RMS x 59.46 1000 T RMS x 38.75 1000 y RMS x 27.46
RMS 58.94 L RMS 38.97 E RMS y 27.49
o 0o 2 E 0 0 1 E o] o] o
0] 3855 150 03857 0 0] 3858 0
E 1 o] o £ o] o] o £ o o] o
-250) -209 209
-250-200-150-100 -50 0 50 100 150 200 250 -200 -150 -100 -50 O 50 100 150 200 -200 <150 <100 -50 0 50 100 150 200
Y N h
wyp [um] w,, [um] wo, [um]
‘ [ —— s v i TEDN A, TEG, 00 12011, TOERD, TEG, 6057 12021 ‘ ‘ [ ——
—_ 300
Eonor 5 E 1
=t W 20 -:3 r00f W_ll L .
=000 . L 3 r
[ 100 .
[ F i 3T
o [ i
r . o -
E pedeParVs15_1C r . pedeParVs16_1C [ pedeParVs17_iC
100 Entries 3858 t ik Enfries 3858 Entries 3858
r Mean x -50 100 3 Mean x 12,57 Meanx  -22.67
r Mean y -45.6 B . Mean y 12,6 Mean y 225
200~ RMS x 72.49 r RMS x 69.92 RMSx  37.61
n RMS y 71.03 L RMS y 69.87 RMS y 37.32
[ . 0 2] 1 -200— 0 6 0 1
I 5] s8] 0 [ o] 3851 1 0] 385¢
. 1] o] 0 L 0] o] @ 1 o] o
T P R ST P |4 N T N | 2sgin b Lo b e b
300 200 -100 0 100 200 -300 200 -100 0 100 200 300 ~250 -200 -150 -100 -50 0 50 100 150 200
2. 2, 2,
1 1 1
wy [um] w;! [um] woy [um]

Figure 10: TBDkbMinBias vs. TBDkb: TEC, rings 5 to 7
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Figure 11: TBDkbMinBias
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vs. TBDkb: TEC, 7th ring
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Figure 12: TBDkbMinBias vs. TBDkb: TEC, ring 7, delta

e We can see nearly exactly the same effect in TEC+ and TEC- (figures 13 and 14).
Even the mean displacement is the same, with differences smaller than 4%.

This interesting result for TEC ring 7 is probably related to the worse accuracy of
Millepede in the determination of alignment parameters for the outer layers. This is
due to the fact that the 7th ring is the outermost layer. Thus here the outmost hits of
the tracks are measured. However, the absolute contribution of the effect is negligible
compared to the observed sagittas range (-200 to 200 pum): way for first sensors has a
—3pum mean difference, wyg for second sensors has a 11um mean difference.

5.2.2 TBDbkMinBias vs. 2010full

The differences between the two TBDbk and 2010full results are, as expected, much
bigger than between the two 2011 alignments. Rather different results were obtained
depending on the subdetector considered. For BPIX we have a good correlation for the
woe and wq; parameters, but only a less pronounced correlation for the wsy parameter
(figure 15).

This small correlation is caused by the relatively small sagittas for wgy, which are in
the order of 10um. Further investigations showed that the situation is exactly the same
in all the three pixel layers.

For TIB (figure 16)and TID (figure 17) we can see a good correlation between the
results.
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Figure 13: TBDkbMinBias vs. TBDkb: TEC+, ring 7
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w}, vs wl: TBDkbMinBias, BPIX (1), 2010full, BPIX (2)
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Figure 15: TBDkbMinBias vs. 2010full: BPIX
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Figure 16: TBDkbMinBias vs. 2010full: TIB
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w}; vs w: TBDkbMinBias, TID (1), 2010full, TID (2)
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Figure 17: TBDkbMinBias vs. 2010full: TID

For TOB, the overall correlation is worse (figure 18).

The correlation seems to decrease from layer 1 to layer 6. We have good correlation
for layers 1 and 2 (figure 19), less correlation for layers 3 and 4 (figure 20), and worse
for layer 5 (figure 21)and 6 (figure 22): especially in layer 6 we can see only a tiny
correlation.

For TEC we have results similar to the TOB. The correlation seems to decrease with
increasing ring number. There is mostly a reasonable correlation for rings 1 to 4 (figure
23).

In ring 5 there is a good correlation for some bow parameters (wsy and wq; for the
first sensor, wy; for the second) but it is worse for others (wyy and wpe for the second
sensor, wye for the first one) (figure 24).

In rings 6 (figure 25) and 7 (figure 26) there is little correlation for any bow parameter.

5.3 Conclusions

Comparing TBDkbMinBias and TBDkb the results for the bow parameters look very
similar. However, wyy in TEC ring 7 exhibits small systematic differences, which are
similar in TEC+ and TEC-. Comparing TBDkbMinBias and 2010full pronounced cor-
relations for the inner detectors are observed. However, in TOB and TEC the situation
gets worse at larger radii, which is true especially in TEC ring 7.
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Figure 18:

TBDkbMinBias vs. 2010full: TOB
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Figure 19: TBDkbMinBias vs. 2010full: TOB, 1st layer (2nd layer is similar)
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Figure 20: TBDkbMinBias vs. 2010full: TOB, 3rd layer (4th layer is similar)
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Figure 21: TBDkbMinBias vs. 2010full: TOB, 5th layer
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Figure 22: TBDkbMinBias vs. 2010full: TOB, 6th layer
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Figure 23: TBDkbMinBias vs. 2010full: TEC, rings 1 to 4
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Figure 24: TBDkbMinBias vs. 2010full:
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Figure 25: TBDkbMinBias vs. 2010full:
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Figure 26: TBDkbMinBias vs. 2010full: TEC, 7th ring
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6 Prompt Alignment

6.1 Purpose of Prompt Alighment

In recent alignment campaigns in 2010 and 2011 it was found that the high-level struc-
tures in pixel detector (6 half layers and 8 half disks) move in time. Their movements,
even in a few months, are quite large (up to 50um or 40urad).

Two reconstructions are performed after the data taking: express reconstruction and
prompt reconstruction. The first one takes place immediatly after data taking, while
the second one is performed 48 hours after data taking. If it would be possible to run an
alignment in that time window, the prompt reconstruction would have been improved.
However, full alignment is really processor-time consuming, therefore a simplified align-
ment procedure has to be found in the following. This fast alignment procedure is called
"Prompt Alignment” in the following.

6.2 Approach

I made some studies with misalignment scenarios to simulate prompt alignment situa-
tions. Tracks of loosely selected muons were used. This means that not only muons are
selected, but also the tracks of other particles. This simulates the kind of data selection
we can make right after the data taking with express reconstruction results. The tracks
used are from the runs 163078-164060, taken between April 9th to May 4th. The start
geometry is the new 2011 alignment foreseen for the next re-reconstruction.

6.3 Results

I have studied two misalignment scenarios, one with misplacements compatible with
observed pixel movements and one with much larger misplacements. I have called the
first one ”Reasonable Scenario”, the second one " Testing Limits Scenario”. Then I tried
to iterate the alignment on the obtained results, to see if significant improvements are
achieved.

6.3.1 Reasonable Scenario

The misalignments used are chosen to be compatible with observed movements (figure
27).

For BPIX I have chosen misplacements of 5 — 10um for u, 12 —17um for v, 50 —60um
for w, with opposite signs for different half barrels. This is only one kind of pixel
movement seen, also movements in the same direction have been spotted. The results
you can see in figure 28

For FPIX I chose misplacements of 5um for u, 10um for v, 40pum for w, with all
movements away from the nominal interaction point. The results you can see in 29

With ~ 10° tracks the remaining misalignments are smaller than 5%, which is equiv-
alent to 3um. Residual differences are even smaller than needed. Increasing tracks
number results in very small further improvements.
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Figure 28: Reasonable Scenario: BPIX results

6.3.2 Testing Limits Scenario

The misalignments used are chosen to be much larger than observed movements. For
BPIX I have chosen misplacements of 40 — 70um for u, 300 — 400um for v, 90um for w,
with opposite signs for different half barrels. The results are depicted in figure 30.

For FPIX I have chosen misplacements of 5um for u, 10um for v, 40um for w, with all
movements away from the nominal interaction point. The results you can see in figure
31.

With ~ 10° tracks the remaining misalignments is worse than in the Reasonable
Scenario, especially for RMS (& x10). Increasing tracks number doesn’t improve the
results.

6.3.3 Testing Limits Scenario Iteration

The first iteration I tried was with the Testing Limits Scenario results, to see if they
improve. I used the parameters obtained with 2.5 x 10° tracks, and I used the same
number for the iteration. Iteration results comparison with Testing Limits Scenario
results is shown in figure 32 for BPIX and in figure 33 for FPIX.

As you can see both mean and RMS are much smaller:the mean is similar to Reason-
able Scenario, while the RMS is even better.
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Figure 29: Reasonable Scenario: FPIX results

6.3.4 Reasonable Scenario Iteration

I tried to iterate the Reasonable Scenario results, to see if they improve too, despite
being already good. I used the parameters obtained with 2.5 x 10° tracks, that were
just a bit smaller than the 10° track results, and I iterated the alignment using different
numbers of tracks. Iteration results are plotted in 34 for BPIX, in 35 for FPIX.

As you can see with 2.5 x 10° tracks, results are similar to the Reasonable Scenario
without iteration. Whith less tracks, iteration increases RMS and mean. This could
be because the starting geometry used wasn’t perfect. Or this could mean that, if
pixel movements between two prompt alignments are too small, or if there aren’t many
tracks used, prompt alignment could incorrectly determine alignment parameters. These
scenarios should be properly tested.

6.4 Conclusions

In the Reasonable Scenario we have very good results already with ~ 10° tracks and
minor further improvements with more than 10° tracks. In the Testing Limits Scenario
the mean is worse than in the Reasonable Scenario, and also the RMS is &~ 10 times
worse. Results don’t improve increasing the number of tracks beyond 10°. Iterating
Testing Limits Scenario alignment results improve, mean becomes similar to the Rea-
sonable Scenario and the RMS is even better than in the Reasonable Scenario. Iterating
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Figure 30: Testing Limits Scenario: BPIX results

Reasonable Scenario alignment doesn’t decrease misplacements, and if it is performed
with a small number of tracks can lead to a less precise alignment. Many things still
need to be tested: for example how the alignment precision depends on the number of
tracks passing trough every single part and how this process works with really small
pixel movements.
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Figure 32: Testing Limits Scenario Iteration vs. Testing Limits Scenario: BPIX results

27



ETL end0_1C| [mvF] endi_1C| [owex end2_1C end0_1C| [a=Fx end1_1C| [wwrex end2_1C
® e e 5| 2 ] e 8 e 3] £ 4 e 5| 2 e 8
s ] 8 = ] ]

H o H H - H H oan
[ Mo oomms| 2 uen omoss| 8 — ean  osies| " | E " 03
g e oow| 8 we o 8T U s one s sem| 8 s se| 8 s
o H 5 o § o §
g g £ g g
5 nsaton 0| £ Unteton 0| ® Undertow 0 ndertiw 0| ® ndertow 0| ® o Underflow 0
P £ Fa 26f
owtow 0 oveton o owrtow o owrtow 0 ovetow 0 Overtiow 0
4 4 o B 15
£ E3 £ rsf
£
s il a e
ost
a a + osf
ou 403-300 305 103 0" 300 500300400 500 ou 400 300 308 100 0" 100 300 300 300 5 o400 300 200 408" 0100 200 300-400 500 o408 300 200 400 0 100 200 300-400 500 o108 300 300 400 500 o108 208 300 400 500
Au [um] Av [um] Aw [um] u [um] Av [um] Aw [um]
A end3_1C | [EFPX end4_1C AriFPX end5_1C end3_1C| 2EFPX end4_1C ETE end5_1C
0 0
g Entrios o § Entrios o £ Entrios 0 Entries 0 E 9 Entries 0 E Entries 8
] - 2 joan 2 wan ean 8 14 wn Bus wn
2 " a2 won oaiss| B Al Moan 05654 e a2 " |2 " uzs
g g g S 16 £ 16l
g rus e S wis sz £ L s 1o rus | S ws  wma| S w7
g g 2 8. 193
# 4 Undotow 0| & Undortow 0| # Undortow 0 nertow 0| & Uncartow 0| ® Undartow 0
B
raf 12l
ovrtow 0 4 owertow o ovrtiow 0 overtlow 0 ovetow 0 ovetow 0
& £ s £ <7
* i3 os o
o s
£ osf s
: i
£ | N3 odf o
|
o3 oz
800306306 206106 0100 200 500 400 500 800406306 2070 0100 200 300 408 5 52400306 200-400 0700 200 300 400 500 8652408-306°256°406" 0 100 200 300 400 500 865408-306°26°400 0100 200 300 408 300 100 200300 403 500
Aot [urad] AB [urad] Ay [urad] Ac [urad] AP [urad] Ay [urad]

Figure 33: Testing Limits Scenario Iteration vs. Testing Limits Scenario: FPIX results

BPIX: RMS vs. n. total tracks |

_ 8 T e
] B B alpha
_E 7%\\ I beta
E . E \k \ BE= gamma
- 2 F 0\
F Emu c 5 NG
C v ] C \ \
1.5 =w S 4 G
S et
E o

-

w
TTTT T
7

/

05 f . ~.
L5 = e e

C £ —— TS
!]: l]: e, ———

10¢ 10°

total1 %racks totalﬂiracks

BPIX: Mean vs. n. total tracks BPIX: Mean vs. n. total tracks

—_ _ 4
£ Eu 2 E T S——
3 v S o / e
e T =w 3 / ™~

C ©
O A\ e = SR
= 20 \ \ = L

C \ \ c //'

r g / B alpha

1 \ s ~ B beta
C / == gamma
—~—
~
Pl 4
N / 10F ¥y
o £
f 20
10* 10° 104 10°

total1 %racks totalﬂiracks

Figure 34: Reasonable Scenario Iteration: BPIX results

28



FPIX: RMS vs. n. total tracks

FPIX: RMS vs. n. total tracks |

\
E 10 BEmu :‘{.T 16003 Bl alpha
=2 ,\ v 8 140 7\ B beta
g s\ =w ES E == gamma
[ BRI g_ 120 \
el \ £ 100 F
H \ S s \
4 N eof \\
e \ F \
L N a0f A\
Hoom, - C ~
2r ot pt M B \\\
7 e 200 —— S
L e E "\‘h N e
0 10* 10° 10° 0 104 10° 10°
total tracks total tracks
[__FPIX: Mean vs. n. total tracks | [__FPIX: Mean vs. n. total tracks |
B B Eu E EY B alpha
2 g\ v 5 205 \ Il beta
5 EE \ Ew T 15f \ == gamma
] = g E)
= = = 10 \
4 S 4
af \\ E a2l i i
£ 0 e
sl E -
2 SN\ / st
\E - - A0 )\ \ { g
Ot F /
15 \ / 15¢ \\\ §
3 N\, by N —
E -
10° 10° 10° 10* 10° 10°
total tracks total tracks

Figure 35: Reasonable Scenario Iteration: FPIX results
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