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Chapter 1

Introduction

The goal of particle physics is to describe the most fundamental constituents of
the universe and the way in which they interact with one another. The Standard
Model [1, 2, 3] is the name given to the best current mathematical description
of the subatomic particles and of the forces between them. This model classi-
fies all elementary particles into two types: fermions, with half-integer quantum
number of the quantum mechanical property called spin, and bosons with integer
spin. The fermions make up matter and the bosons carry the known forces. The
fermions of the Standard Model are either quarks, which carry a single colour
charge or leptons, which do not interact strongly. Both of these fermions come in
three types, which are classified in so-called families or generations summarised in
Table 1.1. The leptons comprise three charged and massive particles, the electron,
muon and tau, and three massless (very light) and uncharged neutrinos. A mass
hierarchy is present among the three families i.e the particles of the first family
are the lightest and the particles of the third family are the heaviest. All fermions
have corresponding anti-particles.
The six quarks are named up, down, charm, strange, top and bottom. A proton is
a combination of three valence quarks, (uud) and a neutron is (udd). Three forces
are included in the Standard Model: the electromagnetic, weak and strong force.
The electromagnetic force is mediated by the exchange of massless photons. Only
charged fermions interact electromagnetically. All particles interact via the weak
force which is mediated by three massive gauge bosons, W± and Z, which carry
charges of ±1 and 0 respectively, in units of the electronic charge. The strong
force is present between particles carrying a colour charge. There are three types
of colour charge denoted red, green and blue. The strong force is mediated by
a massless gauge boson called gluon. The gluon carries two colour charges. The
forces and their corresponding bosons are summarised in Table. 1.2. The fourth
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Fermion Family 1 Family 2 Family 3 Charge
Leptons e− (electron) µ− (muon) τ− (tau) -1

νe (neutrino) νµ (neutrino) νtau (neutrino) 0
Quarks u(up) c(charm) t(top) +2/3

d(down) s(strange) b(bottom) -1/3

Table 1.1: The fermions of the Standard Model and their electric charge in units
of the absolute electron charge.

force, the gravitational force is not included in the Standard Model. This force is,
however, so small that it is negligible between fundamental particles when com-
pared to the other forces. For symmetry reasons, the Standard Model requires
massless particles, unless some mechanism is incorporated that (partially) distorts
the symmetry. The favoured mechanism is that of spontaneous gauge-symmetry
breaking, caused by the Higgs field. The Higgs field [4, 5, 6] comprises a two com-
ponent complex scalar field which is postulated to give mass to the weak gauge
bosons but is also responsible for fermion masses. The Higgs mechanism also pre-
dicts the existence of a scalar particle, the Higgs boson, which has not yet been
observed. The Large Electron-Positron Collider (LEP) [7] has extensively tested
the Standard Model. The Higgs particle has not been observed and a lower limit
on the Higgs mass of 114.4 GeV with 95% confidence level is given [8]. Precise
measurements of the observed processes give rise to an indirect upper limit on the
Higgs mass of 196 GeV with 95% confidence level [9].
The Standard Model is able to describe essentially all basic phenomena in the
field of high energy physics with great accuracy. To date, no experimental ev-
idence has been found to contradict the Standard Model1. There are however,
reasons to believe that the Standard Model is not the ultimate description of
fundamental particles and interactions. Nor has the Standard Model been to-
tally verified i.e the sector of the theory responsible for particle masses remains
untested. The Standard Model, despite its success in describing the experimental
observations to an amazing precision, has some short-comings which call for other
more complete theories of nature. One of the most attractive of these theories,
beyond the Standard Model, is the SUperSYmmetric extension to it, i.e. SUSY.
The supersymmetric models have been discussed in recent years and guide us
where to look for new physics beyond the Standard Model. Although the particle
content of these models is quite rich and although they introduce yet more param-
eters (> 100) into the theory, some restricted versions of SUSY exist, making it
possible to perform searches and studies. One of these models is the Minimal Su-

1There is good experimental evidence [10, 11, 12] that neutrinos have a small mass. In the
Standard Model neutrinos are massless but massive neutrinos could be incorporated into the
theory without making fundamental changes.
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1. Introduction

Boson Interaction Mass(GeV) Spin
γ (photon) Electromagnetic 0 1
W± Weak (charged current) mW = 80.43± 0.05 1
Z Weak (neutral current) mZ = 91.1882± 0.0022 1
8×g(gluon) Strong 0 1

Table 1.2: The three fundamental forces described by the Standard Model and
the associated gauge bosons.

persymmetric extension to the Standard Model (MSSM) with a rich Higgs sector
including five Higgs bosons, three neutral and two charged, instead of the single
neutral Higgs in the minimal version of the Standard Model.

It is obvious that based on these arguments any future experiment should aim
at the question of the symmetry breaking mechanism and at searching for the
Higgs particle(s). The Large Hadron Collider (LHC) [13], which will replace LEP
at CERN, is the machine which will address these question. The LHC is a pp
collider, with a centre of mass energy of 14 TeV, scheduled to start operation in
2007. At the LHC two general purpose experiments are ATLAS [14] and CMS [15].
The main physics goals of the ATLAS experiment are,

• Search for the Higgs Boson: ATLAS will look for the Standard Model Higgs
boson in various decay channels to reconstruct from these what happened
immediately after the collision. The ATLAS experiment has the potential
to discover the Higgs boson irrespective of its mass (provided it is below
1 TeV). A Higgs can decay in many different ways and discovery potential is
given by the signal rates and the signal-to-background ratios in various mass
regions. The ATLAS collaboration requires good efficiency and resolution
for the most important decay channels: H → γγ for the lowest mass range
and H → bb and H → ZZ(∗) → 4l for intermediate and high masses. A
detailed analysis of the detection of the Standard Model Higgs boson in
ATLAS is presented in [18, 19].

• B-physics: A challenge in high energy physics is understanding the asym-
metry between matter and anti-matter. Decays of short-lived particles can
be used to study this asymmetry, e.g by looking with high precision at
branching ratios into different decay channels. Mesons and baryons con-
taining bottom quarks are a promising probe into the field of matter anti-
matter asymmetry. By studying b-decays with great precision, it is possible
to determine whether the observed asymmetry is within or exceeding the
boundaries defined by the Standard Model.
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• Electroweak: The precision measurements of the top-quark and the W boson
masses, and of the electroweak gauge boson couplings. If and when the
Higgs boson is discovered, such measurements will help to over-constrain
the parameters of the combined electroweak theory.

• Strong interactions: measurements of the strong coupling constant, αS, and
the parton density functions. The basic principles behind the strong nuclear
force are well described by the gauge theory of QCD. However, experimental
measurements of QCD parameters are crucial since non-perturbative inter-
actions between particles make many calculations extremely difficult.

• Physics beyond the Standard Model: The aim is to find a better and sim-
pler model of the universe. Many extensions to Standard Model have already
been proposed. An example described above is the Minimal Supersymmet-
ric Model (MSSM). The model suggests a symmetry between fermions and
bosons i.e all fermions have a boson counterpart and vice versa. The the-
ory predicts a whole spectrum of super-symmetric partners to the known
particles. Non of these super-symmetric partners have yet been discovered.
A promising experimental signature is the missing momentum carried away
undetectable by the weakly interacting sparticles. For SUSY theories with
Higgs mechanism, detection of several of the Higgs bosons should be possible
for most viable combinations of parameters.

ATLAS will investigate the open issues presented above and many more not men-
tioned here. This means ATLAS has to be very versatile, to have a large potential
for the discovery at the TeV energy scale of many new phenomena, both expected
and unexpected.
This thesis describes my own contributions to one of the sub-detectors of the AT-
LAS experiment: the Semi-Conductor Tracker (SCT). Chapter 2 describes briefly
the LHC, the ATLAS experiment and the SCT. Chapter 3 describes capacitance
measurements on silicon micro-strip detectors and how capacitance contributes
to noise in silicon micro-strip modules. Chapter 4 describes different methods to
measure common mode noise in binary readout systems. Chapter 5 discusses the
application of the common mode noise methods to ATLAS SCT end-cap modules.
In chapter 6, different steps and software needed to perform the SCT simulation
under the Athena framework are discussed. The effect of increased SCT noise
and inefficiency on single track reconstruction efficiency of ATLAS Inner Detector
is discussed in this chapter. The final chapter concludes with a summary of the
main results of this work.
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Chapter 2

The ATLAS experiment

Particle physicists believe that many of the fundamental questions left unanswered
or even raised by high energy experiments so far could probably be answered at
still higher energies. The upcoming accelerator facility, CERN’s next big ma-
chine, the LHC due to start operating in 2007 and its related experiments are
being designed to answer these questions and to look for theoretically predicted
phenomena. However, they must also be prepared, as far as possible for unforseen
phenomena. This task is a great challenge and requires great effort on the part of
the physicists and engineers involved.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is currently under construction in the for-
mer LEP tunnel at the European particle physics laboratory (CERN) in Geneva,
Switzerland. The machine will accelerate protons to energies of 7.0 TeV . Two
beams of opposite orientation will be made to collide at four interaction points,
each of which will be equipped with a large experimental apparatus: ATLAS,
CMS, LHC-B and ALICE.
The LHC has the potential to greatly advance our understanding of fundamental
physics, and to constrain the theories which can describe it. Its high energy and
luminosity allow exploration of a variety of important questions, such as the ori-
gin of mass, the predominance of matter over ant-matter, and the relationship of
matter to the forces that act on it. Some parameters of the LHC can be found in
Table 2.1
In the LHC the collision of (heavy) protons allows to reach much higher ener-
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2.1. The Large Hadron Collider

Collision energy (p-p) 14 TeV (CM)
Collision energy (Pb-Pb) 3 TeV/nucleon
Maximal luminosity 1034cm−2s−1

Collision rate 40 MHz
Circumference 27 km
Particles per bunch 1011

Bunch length (σz) 7.5 cm
Bunch width (σx) 15.9 µm
Bunches per beam 2835
Beam current 0.53 A
Magnetic field strength 8.36 T
Commissioning year 2007

Table 2.1: Some design parameters of the LHC.

gies than electron-positron storage rings (such as the LEP collider, previously
operated at CERN) as a much smaller fraction of the beam energy is lost due
to synchrotron radiation. For the LHC the greatest design challenge, in terms of
maximal collision energy, will be the maximum magnetic field achievable in the
bending magnets. The design value of the field is 8.6 T.
The major problem in hadron colliders as compared to lepton colliders is that
hadrons are not fundamental particles. As protons are compound objects, the
hard collision does not involve the full momentum of the protons: the partons
(quarks and gluons) that make up the proton each carry a fraction of the proton
momentum. The momentum transfer occurs between for example two gluons or
two quarks. Thus, even if the cross section for a proton-proton interaction is rel-
atively large, the transferred momentum in the collisions span over a large range.
Only a small fraction of the collisions will have sufficiently large momentum trans-
fer to open interesting physics channels.
For the accelerator to be an effective probe into the new energy range, a large
number of interesting events has to be accumulated. The LHC combines a bunch
crossing frequency of 40 MHz with the highest luminosity achieved up to date. The
accelerator is intended to ramp up from initial low luminosity L ∼ 1033s−1cm−2

to the design luminosity of L = 1034s−1cm−2 in the first years.
The counter-rotating beams of protons will be made to collide at four points each
surrounded by a detector as shown in Fig. 2.1. ATLAS and CMS are general
purpose detectors, with wide-ranging physics programs. ALICE (A Large Ion
Collider Experiment) [16] has been design to study the products of heavy ion
collisions, while LHCb [17] is intended to measure the decay products of hadrons
containing b-quarks. These decays are very important for the study of matter
anti-matter asymmetry, more precisely CP-violation.
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2. The ATLAS experiment

Figure 2.1: Layout of the LEP tunnel including future LHC infrastructure. Pro-
tons will be accelerated progressively in CERN’s chain of accelerators, of which
only the largest two (the SPS and the LHC ) are shown.

2.2 The ATLAS Experiment

The ATLAS (A Toroidal LHC ApparatuS) experiment is a general purpose exper-
iment designed to exploit the full discovery potential of the LHC from the startup
of the machine.
A major focus in the design and optimization of the ATLAS detector has been
the discovery potential of the mass generating Higgs boson(s). In addition, many
expected physics processes and also a large variety of physics phenomena beyond
the Standard Model, like SUSY searches, have played an important role in the
detector optimization. The primary goal is a detector with the ability to cope
with a broad range of important physics processes.
To meet the physics goals the ATLAS experiment has to measure all products
of the collision that have a sufficiently long lifetime to be detected. Of all parti-
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2.2. The ATLAS Experiment

Figure 2.2: Overall layout of the ATLAS detector.

cles, the energy-momentum four-vector is to be determined with great precision.
Where possible, the particle type should be determined with high efficiency. A
three dimensional view of the overall layout of the ATLAS detector is shown in
Fig. 2.2.
The detector has three distinct sub-systems which, in order of increasing distance
from the beam pipe, are: an inner tracker, a calorimeter and a muon spectrome-
ter. The Inner Tracker, also known as the Inner Detector, will provide precise
tracking and vertexing of charged particles. The momentum of charged particles
is determined from the curvature of the trajectory in the 2 T magnetic field gen-
erated by the solenoid magnet around the inner detector. The calorimetry system
is situated between the inner detector and the muon spectrometer. Its purpose is
to accurately measure the energy of all collision products. The first layer after the
inner detector in Fig. 2.2 is the electromagnetic calorimeter [22]. It measures
the energy of the shower produced by photons, electrons and positrons traversing
dense material.
The showers produced by hadrons are contained in the hadronic calorime-
ter [23]. The calorimeters provide an energy measurement for jets of particles.
The muon spectrometer [24] forms the outer layer of the ATLAS experiment.
The muon spectrometer is optimized for high-momentum final-state muons, which
are among the most promising physics signatures at the LHC environment. Low
transverse momentum muons are of major interest for b-physics and CP-violation
studies. The overall length of ATLAS is 44 m and the diameter is 22 m, including
the muon spectrometer.
ATLAS has three levels triggers in the event selection. The Level 1 trigger [25]
makes use of a limited set of information from the muon spectrometer and the

8



2. The ATLAS experiment

calorimeters at 40 MHz bunch crossing rate. The Level 1 trigger must identify
unambiguously the bunch crossing containing the interaction of interest and in-
troduce only negligible dead-time. The target latency, i.e the time taken to form
and distribute the trigger decision, consisting of particle time of flight, detector
response, signal collection in the detectors, analogue signal processing, digitiza-
tion, cable delay and digital processing, is ∼ 2 µs with a 0.5 µs contingency.
Awaiting the Level 1 decision, event data is stored in pipeline buffers locally in
the sub-detectors. The acceptance rate from the Level 1 trigger is expected to be
100 kHz. For the Level 2 trigger [26] information from all sub-detectors is used,
but only from certain regions of the detector acceptance. These regions of interest
are defined by the Level 1 decision. The latency of the Level 2 trigger is variable
depending on the event complexity, and varies within the range ∼ 1−10 ms. The
acceptance rate for the Level 2 trigger is about 1 kHz.
The Event Filter is the third and last level on the online event selection path of
the ATLAS trigger system. Full event data from all sub-detectors at full granular-
ity and precision is accessed by the event filter. The complete event reconstruction
plus the subsequent decision will take up to ∼ 1 s. The latency depends on the
event complexity. The event rate at the output of the event filter is about 10-
100 Hz. A combination of the event selection and data compression at this level
will reduce the total data rate for permanent storage.

2.2.1 The Inner Detector

Reconstruction of tracks and (secondary) vertices are the tasks of the Inner Detec-
tor [20, 21]. Given the very large track density expected at LHC, high precision
measurements on momentum and vertex resolution require fine-granularity de-
tectors. The Inner Detector is contained within a cylinder parallel to the beam
axis, centered at the interaction point. It covers the range |η| < 2.51, in accord
with the other precision measurement systems in ATLAS. The Inner Detector is
mechanically divided in a barrel and two identical forward units. A transition
from the barrel layer geometry (parallel to the beam axis) to the forward (also
called end-cap), disk geometry (perpendicular to the beam axis), is made starting
at |η| < 1 in order to minimize the amount of material traversed by particles.
The Inner Detector consists of several layers of position sensitive detectors of

three different technologies, as shown in Fig. 2.3. It combines high-resolution de-
tectors at inner radii followed by continuous tracking elements at outer radii. The
high precision tracking detector layers are in the barrel arranged on concentric
cylinders around the beam axis, and in the forward directions mounted on disks

1The pseudorapidity η is defined as η = − ln(tan( θ
2
))
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2.2. The ATLAS Experiment

Forward SCT

Barrel SCT

TRT

Pixel Detectors
Figure 2.3: Overall layout of the ATLAS detector.

perpendicular to the beam axis. Some basic design parameters of the Inner Detec-
tor are given in Table. 2.2. The Inner Detector is made of the three sub-detectors
described below.

2.2.2 The Pixel Detector

In the vicinity of the beam pipe (from 5 to 16 cm in radius) high precision, silicon
substrate, Pixel detectors are used to achieve highest granularity (3 space points
per track). The entire system consists of 2586 modules. Each module consists
of 16 chips, with 160×24 pixels each. Each pixel is bump-bonded to a readout

System(read-out
channels)

Position η-coverage Resolution (µm)

Pixel (140× 106) B-layer ±2.5 Rφ = 12, z = 66
barrel layers ±1.7 Rφ = 12, z = 66
end-cap discs 1.7 - 2.5 Rφ = 12, R = 77

SCT (6.2× 106) barrel layers ±1.4 Rφ = 16, z = 580
end-cap discs 1.4 - 2.5 Rφ = 16, z = 580

TRT (420× 103) barrel straws (axial) ±0.7 Rφ = 170
end-cap straws (radial) 0.7 - 2.5 Rφ = 170

Table 2.2: Table summarising the principal design parameters of the Inner Detec-
tor.
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2. The ATLAS experiment

channel in the front-end chips that are mounted on the diode. The readout elec-
tronics amplifies and shapes the detector signal. The pixel readout is binary. A
discriminator on the readout chip reduces the analog signal to one bit (hit/no hit)
of digital information, thus limiting the amount of data from the ∼ 100 million
channels.
The pixel size is 50 × 300 µm2. The narrow side of the pixel is oriented in the
Rφ plane while the 300 µm side is oriented in z in the three barrel layers or
in R in the three discs of each end-cap. Thus the pixel detector yields a good
resolution(Rφ = 12 µm) in the bending plane of the solenoidal magnetic field,
essential to the transverse momentum measurement. The resolution of the second
coordinate in the three barrel layers is z = 66 µm and in the end-cap discs is
R = 77 µm.
The innermost silicon layer of the pixel detector located at about 5 cm from the
Interaction Point (IP), known as the B-layer, improves secondary vertex measure-
ments considerably. The B-layer receives a particle flux five times higher than the
next layer. It will have to be replaced every few years, due to damage by this high
level of radiation.

2.2.3 The Semi-Conductor Tracker

The ATLAS Semi-Conductor Tracker is the silicon micro-strip tracker of the Inner
Detector. It covers the region from 30 to 56 cm in radius from the beam axis.
The Semi-Conductor Tracker (SCT) consists of a barrel system and two end-cap
systems. The barrel detector consists of four barrel-shaped layers and each end-
cap consists of nine disks as shown in Fig. 2.4. The cylindrical barrel covers the
pseudo-rapidity range |η| < 1.4, whereas the end-caps extend the acceptance to
|η| < 2.5. The inner radius of the SCT is 30 cm from the interaction point,
the outermost layer is at 56 cm. The barrel extends to a distance along the

Figure 2.4: SCT layout showing only silicon sensors.
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2.2. The ATLAS Experiment

beam of 80 cm in both directions. Nine wheels with different inner radii provide
measurements in the region from z = 80 to z = 270 cm. In this way the SCT
provides four precision points per track in the intermediate radial range of the
Inner Detector. Each precision point is provided by two back-to-back silicon strip
sensors, which have a small stereo angle(∼ 2.3◦) with respect to each other. Each
sensor has 768 strips with 80 µm pitch. Each SCT layer is expected to provide a
spatial resolution of ∼ 17 µm in the Rφ plane in the barrel. The resolution of the
second coordinate is of the order of 580 µm. The second coordinate is essential to
resolve ambiguities in the pattern recognition, i.e to assign hits to tracks in the
dense tracking environment.
Silicon micro-strip detectors, like pixel detectors, are based on a depleted diode.
In this case however, the readout plane is segmented in narrow bands or strips.
Thus, a single sided silicon micro-strip detector measures a single coordinate of
the position of the track. As for the pixels, the SCT readout is binary.

2.2.4 The Transition Radiation Tracker

The Transition Radiation Tracker (TRT) uses straw detectors to improve momen-
tum reconstruction, pattern recognition and electron identification (36 points per
track). The straws have a diameter of 4 mm and a length between 39 cm and
150 cm depending upon their position in the detector. A thin wire extends through
the centre of the straw and forms the detector anode. The conductive wall of the
straw acts as the cathode. The straws are filled with a gas mixture of Xenon,
Carbon Fluoride CF4 and Carbon Dioxide CO2 in the proportion 70:20:10. The
Xenon content of the gas ensures efficient X-ray absorption. The addition of fast
CF4 minimises the pile-up of signals from consecutive bunch crossings. Ionising
radiation traversing the straw produces free charge in the gas which drifts under
the action of an applied electric bias and is collected at the anode.
The space between straws is filled with polypropylene/ployethylene fibres. Elec-
trons traversing these fibres emit transition radiation (X-rays) which are detected
in the straws tubes. The TRT will thus contribute to electron identification.
The straws are read out on both sides by a Transition Radiation Detector Ana-
logue integrated circuit. After the amplification and shaping stages two thresholds
are applied. The low-level threshold is used to detect the signal from ionisation.
The Drift-Time Measuring Readout Chip uses the low-level signal to determine
the drift time with a resolution of 3.125 ns. The drift time in the straw is used to
determine the distance of the track to the anode wire. The high-level threshold
is roughly a factor 30 higher and detects the absorption of transition radiation
photons that produce larger signals.
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2. The ATLAS experiment

2.3 The Silicon Strip Detector Module

The design of the detector modules for mounting on the barrel cylinder and on
the end-cap disks are different in many aspects. The differences are due to differ-
ent geometries required and to some deliberate design choices. There is a single
module design for the SCT barrel region, and three designs for the various radial

Figure 2.5: Drawing of a SCT barrel detector module.

locations in the SCT forward regions. The module design follows, however, the
same concept. Fig. 2.5 shows a barrel module [27] and Fig. 2.6 shows an exploded
view of an end-cap middle module [28].
Any SCT detector module has two distinct parts: the hybrid, a Cu/Polyimide
flexible circuit laminated onto a carbon-carbon substrate, which is the support of
readout ASICs2, and the detector section. Both are thermally decoupled. The
carbon-carbon used is unidirectional material with very good heat conduction and
high Youngs modulus in the direction of the carbon fibres. The direction of the
fibres is chosen to give a good thermal path from chips to the cooling interface.
The barrel module has two single-sided hybrids bridged over the detector and the
cooling contact is made at one side, as shown in Fig. 2.5. The end-cap module
has one double sided hybrid placed at one end of the module.
The hybrid is connected to the detector section of an end-cap module by the 300
µm thick glass fan-ins which through wire bonds establish the electrical connec-
tion of the detector strips to the ASICs. This configuration implements a thermal
split between the hybrid and the silicon sensors which largely avoids heating the

2Application Specific Integrated Circuits
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2.3. The Silicon Strip Detector Module

Figure 2.6: Exploded view of a middle end-cap detector module.

sensors by the power dissipation of the ASICs. The primary cooling contact is at
this break, oriented along the module axis. Additional cooling is provided by a
contact to the far end of the detector section.
In the detector section, for a barrel detector module two pairs of rectangular
silicon sensors are glued either side of a spine or baseboard giving mechanical
stability and providing a heat path from the sensors to the cooling block. The
baseboard is made of a substrate of Very High Thermal Conductivity Pyrolytic
Graphite (VHCPG) encapsulated in epoxy. The interface to the cooling block
consists of Beryllium Oxide (BeO) facings laminated to the baseboard. The strips
in each pair are daisy-chained to form approximately 12 cm long strips. The ac-
tive strip length is constrained by the capacitive load of the readout ASICs and
by the occupancy at high luminosities. The strips on opposite sides are rotated
by a stereo angle of 40 mrad (∼ 2.3◦) that will provide z measurement capability.
The choice of a small stereo angle has been dictated by a compromise between
the resolution on z, and therefore on vertex/mass reconstruction, and the need to
reduce the number of ghost hits near a real track in high multiplicity events.
A binary architecture has been chosen for the readout of the sensors, which dic-
tates the readout of individual strips, rather than charge division. The required
tracking precision in Rφ in the barrel is therefore obtained by an 80 µm pitch,
giving an intrinsic point resolution of σstrip =

80√
12

= 23 µm and a space point res-

olution of σx =
σstrip

sin(40mrad)
= 580 µm and σy =

σstrip√
2

= 16 µm. In the barrel region,
the modules are mounted at an angle of about 10◦ to the tangent, depending on
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2. The ATLAS experiment

Figure 2.7: The three types of ATLAS SCT end-cap modules. These are the
outer, middle and inner module (from left to right).

the layer, to minimise the signal spread during operation in the solenoid field.
The end-cap detector modules are mounted on disks in the plane orthogonal
to the z-axis with the strips on one side of the modules in the radial direction.
The strip pitch varies (from about 50 and 90 µm) along the length of the sensors
so the strip implants are pointing in the R direction across the whole detector
module. The three types of end-cap detector modules are shown in Fig. 2.7. The
modules depending on their position on the disks are: inner, middle and outer
detector modules. The layout of the silicon sensors of the three types are adapted
to their respective radial position.
The middle and outer modules carry two pairs of wedge shaped silicon micro-strip
sensors in a back-to-back configuration. The strips in each pair are daisy-chained
like in a barrel module to form 12 cm long strips. Inner modules have just one
sensor on each side and about 6 cm strip length.
The silicon sensors are mounted on a spine providing mechanical stability and a
thermal path between the detectors and the cooling block. The spine is made of
Thermal Pyrolytic Graphite (TPG) coated with a 10 µm layer of Parylene-C for
mechanical protection and electrical insulation. The TPG has an extremely high
thermal conductivity of about 1700 W/mK in the plane, runs over the cooling
blocks and provides the required cooling of the silicon.
The 12 ASICs on a module dissipate a power of 4.75 W for nominal operation
and a maximum of up to 7.0 W . After irradiation the silicon sensors show a sig-
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nificant amount of self-heating due to the increased leakage current and operating
voltage. Cooling the silicon to a target temperature of −7◦C limits the leakage
current such that it hardly affects the electronics noise and also eliminates the
risk of thermal runaway. Furthermore, it avoids reverse annealing of the radiation
induced change to the effective doping of the silicon. In the following subsections
some of the components of a module will be described briefly.

2.3.1 Silicon Microstrip Detectors

There are several advantages of using silicon as a detection medium for charged
particles [29]:

• The high mobility of the charge carriers enables fast charge collection times
(approximately 5 ns for electrons).

• The high density of silicon in combination with the relatively low energy
needed to create an electron-hole pair (3.6 eV, compared to the 30 eV needed
for single ionisation in a gaseous medium).

The single sided silicon sensors with 768 AC-coupled p-type readout strips im-
planted in n-type silicon of 285± 15 µm thickness have been chosen as the tech-
nology for the SCT. The resistivity of the substrate is specified to be between 3
and 8 kΩ.cm. The geometrical constraints on detectors for the barrel and end-cap
regions are very different: whereas in the barrel region the detectors are arranged
parallel to the beam axis, in the end-caps the modules are placed on wheels per-
pendicular to the beam axis. Therefore different sensors have been designed. The
barrel region uses rectangular shaped sensors with parallel strips and for the end-
caps modules five flavors of wedge-shaped detectors are used. Apart from these
geometrical considerations the detectors have very similar properties.
The detectors are designed to operate reliably at high bias voltages (up to 500 V).
Guard rings are used to step down the voltage towards the edge of the detector
as shown in Fig. 2.8.
In the SCT detectors the coupling capacitor is integrated in the detector design.
This is achieved by implementing an insulating silicon oxide layer between the
strip implants and the surface strip metallisations. The capacitance to the back
plane and neighbouring strips, are drawn in Fig. 2.8. These make up the load
capacitance on the amplifier and are the main determining factor in the noise
performance. Moreover the coupling between the neighbouring strips leads to
signal loss in the binary readout scheme. Measurements of inter-strip and back
plane capacitances, its contribution to the equivalent noise charge and signal loss
due to coupling will be discussed in detail in chapter 3. In order to keep the strip
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Figure 2.8: Schematic of a silicon strip-sensor.

implants at a defined potential (ground in this case), they are connected to a com-
mon ground rail which surrounds all strips on a wafer through a poly-silicon or
implanted bias resistor. The implementation of a large resistance, 1.25±0.75 MΩ,
ensures that the contribution to the noise related to the bias resistance is negligi-
ble.
The metal strips present a resistance that leads to an additional noise contribu-
tion. With the specified aluminium strip resistance for the SCT detectors of less
than 15 Ω/cm this contribution is small.
The electrical integrity of all detectors delivered to the SCT is tested extensively.
Two specifications are set: the current measured at a temperature of 20◦C has to
be below 6 µA when the detector is biased to 150 V and below 20 µA at a bias
voltage of 350 V. Incase the current at one of these voltages exceeds the specifi-
cation or a breakdown is observed below 350 V the detector is not accepted.
The effect of radiation on the electrical performance of SCT detectors has been
studied extensively. For the wafers to be used in the SCT, type inversion is found
to occur after around 0.5 × 1014 NIEL3 equivalent 1 MeV neutrons/cm2. Due
to the type inversion, the detector junction moves to the back side of the sensor.
High bias voltage will be needed to ensure full depletion so that charge is efficiently

3Non-Ionising Energy Loss arises from elastic or inelastic interactions with the silicon nucleons
in the lattice
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collected. After a fluence of 3 × 1014 protons/cm2 the depletion voltage is found
to be of the order of 200-300 V. Irradiated detectors will anneal at temperature
above 0◦C [30, 31]. Although on the time scale of days the annealing reduces the
depletion voltage with time, at much longer time it starts increasing. The leakage
current can be reduced and reverse annealing effects can be suppressed by oper-
ating the detectors below 0◦C. Due to this reason the SCT will be maintained at
a temperature of −7◦C.

2.3.2 Readout ASICs

The silicon sensors of a module are readout by twelve front-end ASICs, named
ABCD3TA [32, 33, 34], which are fabricated in the radiation tolerant DMILL [35]
process. A block diagram of the ABCD3T chip is shown in Fig. 2.9.
The strong point of the DMILL technology is the possibility to integrate fast, low-
noise analog circuits and digital functions in a single chip. The analog functionality
required for the front-end can be implemented in bipolar devices, while the digital
part can profit from fast CMOS devices. The implementation of ASICs in DMILL
is described in [36].
Each of the 128 channels in a ABCD3T chip contains an analogue front-end, an
input register for masking of failing channels, a digital pipeline which stores the
data for about 3 µs until a first level trigger decision is taken, data reduction
and readout buffers. The analogue functionality of the ABCD3T includes pulse
shaping with a time constant of about 25 ns, amplification and a comparator with
a threshold which is adjustable for each individual channel.
The noise performance of the amplification stage is very important for the overall
performance of the detector. There are many noise sources contributing to the
total noise at the amplifier. For details see [37, 38, 39]. One can divide the noise
sources in two main parts. The first kind of sources are the series noise sources,
like thermal noise in the input channel of the preamplifier, flicker noise(1/f-noise),
noise from series resistors on the detector or from resistors between detector and
amplifier. The second type of sources are the so-called parallel noise sources, like
noise due to the detector leakage current, noise due to the feedback resistor, and
noise due to the bias resistor of the detector. For a front-end system based on npn
bipolar transistors the equivalent noise charge due to thermal noise is proportional
to the load capacitance Cload and will be discussed in detail in chapter 3.
The shot noise contribution is independent of the load capacitance and is given
by,

ENC =
e3

36qe

{5Tp
3

(2qeIc
β

+
4kTc
Rf

+ 2qeIl +
4kTs
Rb

)}
1
2

(2.1)

Where Il is the detector leakage current, β is the DC current gain of the input
transistor, Ic is the collector current, Tc and Ts are the chip and sensor tempera-
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Figure 2.9: Block diagram of the ABCD3T front-end ASIC.

tures, Tp is the peaking time of the shaper, Rf and Rb are the feedback and bias
resistors. Due to the short peaking time of the ABCD3T shaper/amplifier shot
noise due to the detector leakage current is not significant for leakage currents up
to 2-3 mA.
In the binary readout scheme the pulse obtained by amplification and shaping of
the signal is reduced to one bit of digital information on the chip by comparing
with a preset threshold. The discrimination threshold is set in the chip config-
uration register and is the same for all 128 channels. Small non-uniformities in
the response of the amplifiers across the channels are corrected by adjusting the
4 bit trimDAC of each channel. The range of all trimDACs on a chip is chosen by
setting two bits in the configuration register. Thus, fine matching can be obtained
before irradiation, while no channels drift out of the trimmable range after the
irradiation.
Due to the binary readout scheme the data is reduced to the bare hit information
(for each channel only one bit information remains) already at the front-end which
simplifies the data transmission and processing, but is also very demanding on the
system performance since any common mode noise has to be kept at negligible
levels. The measurement of common mode noise using the binary readout will be
discussed in chapter 4 and 5.
An integrated calibration circuit allows a fast and accurate characterisation of the
analog stages of the chip channels. A digital to Analog Converter (DAC) and a
chopper circuit generate a voltage step of settable height. This voltage step is
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2.3. The Silicon Strip Detector Module

Figure 2.10: A picture of a fully populated forward hybrid, laminated onto the
carbon-carbon substrate.

applied to a 100 fF calibration capacitor, thus creating a fast charge pulse that
is injected into the input of the preamplifier. By scanning the threshold voltage
and registering the binary response, the S-curve can be reconstructed, where the
S-curve is the plot of number of hits as a function of threshold. The S-curve for a
fixed charge and Gaussian noise is described by a complementary error function.
The threshold where 50 % efficiency is obtained, is the threshold corresponding
to that input charge. The width of the S-curve is a measure of the output noise.
The relation between input charge and threshold voltage is known as the response
curve. It is determined repeating the threshold scans as described above for a
number of input charges in the range of interest (0.5-10 fC). The gain of the ana-
log stage of the chip is obtained as the derivative of the response curve. Typical
values are in the range 50-60 mV/fC. The equivalent noise charge at the input of
the amplifier (in fC) is obtained by dividing the output noise (measured in units
of threshold voltage, mV) by the gain (in mV/fC). The input noise value shows a
slight dependence on input charge due to the non-linearity of the response curve
at high charges and of the calibration circuit at low charges.

2.3.3 Hybrids

The readout ASICs are mounted on a Cu/polyimide, multilayered, flexible circuit
laminated onto a carbon-carbon substrate. The same technology is used both in
barrel and end-cap modules.
The hybrid plays a major role in the electrical readout as well as in the mechanical
support and cooling. It must have sufficient thermal conductivity to allow most
of the heat generated by the front-end chips to be removed by the coolant and
must support the front-end ASICs sufficiently to allow reliable wire bonding to the
detectors. The circuitry in the hybrid distributes and filters the power, provides
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ground, clock and control lines to the ASICs, supplies and filters the bias voltage
to the detectors, returns the data to the optical links and supports the redundancy
mechanisms of the ASICs. Here is described briefly only the forward hybrid, the
most relevant to this thesis. The forward hybrid [40] is a double sided device
carrying six readout ASICs on each side. It is composed of a six layer flexible
circuit board with copper traces between polymide layers, folded around a carbon-
carbon substrate as shown in Fig. 2.10. Layers 3 to 6 of the hybrid are reserved
for the distribution of power, while signal lines run in layers 1 and 2. In the
wrap around region only two metal layers run from the hybrid front to back side
to facilitate the bending of the flex. Typical feature sizes are 75 µm and there
are about 3000 microvias establishing connections between different layers. The
hybrid supplies a bias voltage of up to 500 V to the silicon sensors. The hybrid
carries two more ASICs called DORIC and VDC which in conjunction with the
opto package are receiver and transmitter for the optical link. The heat generated
by the ASICs is removed by the highly heat conducting carbon-carbon substrate
into the central cooling block. Ceramic thermal plugs under each ASIC establish
direct thermal contact between the ASIC and the substrate. The temperature of
the hybrid is measured by a thermistor located on top of the hybrid.
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Chapter 3

Capacitance Measurements and
Detector Noise

The capacitance is a sensitive parameter in the operation of a silicon detector,
as it directly affects the noise and cross talk. In order to understand its effects,
it is essential to have a proper method for the capacitance measurements. Ca-
pacitance measurements have been made on a silicon miniature detector using
different techniques and are discussed in the first part of this chapter. From these
measurements it is concluded that the best mode for the capacitance measurement
is the parallel mode.
In the second part of the chapter the detector noise is discussed. The ATLAS
SCT specifications for efficiency and noise occupancy are 99% and 5 × 10−4 re-
spectively, as given in the Inner Detector TDR [20]. For an equivalent noise charge
of about 1900e, the noise occupancy reaches the SCT specification of 5× 10−4 at
1 fC threshold.
In the real detector, if the noise occupancy grows, then more hits that are not
associated to any track will be found which will increase the fake track rate. Also,
reading out more data can cause inefficiencies in the read-out chain. The noise
can be reduced by raising the threshold to maintain as clean a signal as possible.
However, at some point the rising threshold will begin to remove the low pulse
height signals from genuine particles and therefore will affect the efficiency. The
effect of noise on the module charge collection efficiency is therefore discussed
in this chapter, noise effects on the reconstruction efficiency will be discussed in
Chapter 6.
The ATLAS SCT specifications for efficiency and noise occupancy are achieved
over a range of threshold values. In order to calculate the width of this window for
various signal to noise ratios, the effect of the threshold setting on noise occupancy
and efficiency will be studied.
The next section describes the capacitance measurements made on a miniature
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Figure 3.1: Schematic view of the setup for capacitance measurement

detector.

3.1 Capacitance measurements

The measurements are made on a miniature detector of 1 cm2 area, 300 µm thick,
with 98 strips and 8 mm strip length. All Al strips of the miniature detector are
bonded together except the central one. The detector is glued using a conductive
glue onto a copper pad on a PCB. For biasing purposes the guard ring pad is
bonded to the nearby copper pad on the PCB. The schematic is shown in the
Fig. 3.1. The central Al-strip is bonded to a copper pad on one side and similarly
all the remaining Al-strips are bonded to a second pad. The purpose of using
these two pads instead of directly using the detector pads is to prevent damag-
ing the detector during repeated measurements. The detector is biased with the
backside at positive high voltage and the guard ring at GND of the power supply.
The probe station is shown in Fig. 3.2. On the left there is a Karl Suss PA200
semi automatic probe station enclosed in a dark box with microscope and color
camera. On the right from top to bottom are a switching board, a Keithley 2001
(multimeter), a Keithley 237 (High voltage source measurement unit), a Hewlett-
Packard 4284A (LCR meter), and a PC with Lab View [41] and control software.
There is a control box in front of the PC from which the probe station can be
controlled. The LCR meter is corrected for OPEN (means that needles are free
in the air) and SHORT (means that two needles touch each other) in series mode
and the series capacitance is measured. In this way the total calculated (interstrip
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Figure 3.2: Photo of the Probe Station

capacitance + backplane per strip capacitance) and total measured capacitances
were quite different. We performed those first measurements at 1 V voltage level
of the LCR meter in series mode. Standard ceramic capacitors are measured using
the LCR meter test fixture and then directly using the probes. A correction table
is made that contains the ratio of fixture to probe capacitance measurements. It
is found that in our measurement capacitance range there is 15% uncertainty in
the test setup that comes from the cables and probes. We made the following
changes in our final measurements.

• Two resistors (each 1 MΩ) are soldered on the module into the high and low
lines in order to decouple the HV power supply and supply lines from the
measurements and to protect the detector.

• Incase of interstrip capacitance measurement the backplane is locally ground-
ed with the LCR meter ground via a 10 nF capacitor. Local grounding was
better than on the switching board. There was no difference between the
grounding with the LCR meter ground or with the shielding of the connect-
ing wire.

• Open and Short corrections as well as measurements are made in parallel
mode (this point is discussed in section 3.1.2).
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Figure 3.3: (a) Leakage current as a function of the reverse bias voltage measured
on a detector of a surface area of 1 cm2. (b) In the legend Cs and Cp stands for the
series and parallel capacitance measured. In parenthesis CsRs and CpRp means
that Open and Short corrections are made in series mode and in parallel mode,
respectively.

• The measurements are made at 100 mV voltage level of the LCR meter.

Making all the above-mentioned changes the detector is biased and the IV-curve
is taken up to 150 V as shown in Fig. 3.3 (a). All the measurements were made
up to a bias voltage of at most 150 V.

3.1.1 Mode-dependence

At first we used the series mode for the measurements of capacitance and resistance
but due to the difference found in measured and calculated total capacitance, we
investigated in detail the mode-dependence. For this purpose, Open and Short
corrections are made in series mode (discussed in the next section) and the inter-
strip capacitance of the baby detector is then measured at 100 V first in series
mode and then in parallel mode (discussed in the next section). Similarly the Open
and Short corrections are made in parallel mode and the inter-strip capacitance is
measured in series as well as in parallel mode. The same measurements are made
for a 15 pF ceramic capacitor. The measurements for the detector and ceramic
capacitor are plotted in Fig. 3.3 (b). The upper three curves show the inter-strip
capacitance ratios at 100 V bias voltage when the open and short corrections are
made in different modes and measurements are made in the same mode. The
ratio is not 1 which indicates that data in different correcting modes are different.
The lower three curves are for the ceramic capacitor of 15 pF. The ratio is 1
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Figure 3.4: Capacitance circuit mode selection.

which shows that these measurements are mode-independent. This indicates that
the detector is not a simple capacitor but a complex network of capacitors and
resistors, in parallel as well as in series.

3.1.2 Mode Selection

To measure C and R there are two equivalent circuit models, the parallel and
series modes. In each of these modes we can correct the LCR meter for Open
and Short corrections and also can perform measurements. The circuit diagram
is shown in Fig. 3.4. In case of small capacitance the reactance is large, which
implies that the effect of the parallel resistance Rp has relatively more significance
than that of series resistance Rs. The low value of series resistance represented by
Rs has negligible significance compared with capacitive reactance and therefore
the parallel mode should be used. In case of large capacitance the converse is
true. For the parallel mode measurement we calculated 1

ωC
and compared it with

the Rp measured directly with the LCR meter. The comparison of the 1
ωC

and
Rp is shown in Fig. 3.5. Both X and Y-axis are on log scale. The plot shows
that 1

ωC
is higher than the measured Rp in our working frequency range, therefore

Rp is significant and we need to use parallel mode. The final measurements are
performed in parallel mode, first making open and short corrections in this mode.
These measurements are described in the following sections.
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and measured Rp.

3.1.3 Backplane Capacitance

To measure the backplane capacitance Probe-1 is connected with the central strip
and Probe-2 with all other strips. The two probes are then connected with the
LDut(in) of the LCR meter. The backplane is connected to the Hdut(out) of LCR
meter via Probe-3 with 10 nF capacitor. In this way the capacitance between
all strips and the backplane is measured. To obtain the backplane capacitance
for a single strip this data is divided by the total number (98) of strips of the
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Figure 3.6: An overview of the set-up used to measure the strip to backplane
capacitance of a miniature detector.
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Figure 3.7: (a) 1/C2 versus V for the backplane at different frequencies in par-
allel mode. (b) Inter-strip capacitance as a function of bias voltage at various
frequencies in parallel mode.

miniature detector. In this way the data is taken at various frequencies varying
the bias voltage from 0 to 150 V. The 1/C2 as a function of voltage V is plotted
in Fig. 3.7 (a). The depletion voltage can be studied from the above curves. All
the curves become flat at around 80 V which indicates the depletion voltage.

3.1.4 Interstrip Measurements

Interstrip capacitance here means the capacitance of the central to all other strips.
For this purpose the probe-1 is connected to the central strip, while probe-2 is
connected to all other strips via copper pads. The backplane is grounded through
a 10 nF capacitor to the LCR meter ground in order to get rid of the contribution
due to the backplane capacitance. The probe-1 is then connected to HDut(Out)
and Probe-2 to the LDut(In).
The interstrip capacitance is measured at various frequencies from 1 kHz to 1 MHz
and biasing the detector up to 150 V. The capacitance as a function of biasing
voltage is shown in Fig. 3.7 (b).

3.1.5 Total measured Capacitance

For this purpose three needles are used. Probe-1 is connected with the central
strip via the copper pad. Probe-2 is connected to all the remaining strips via the
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Figure 3.8: (a) Variation of total measured capacitance with the biasing voltage
for different frequencies in parallel mode. (b) Total calculated capacitance (defined
as the sum of inter-strip and backplane capacitance) per strip in parallel mode.

copper pad. Probe-3 is connected to backplane via a 10nF capacitor. Probe-2
and Probe-3 both are connected to the Hdut (Out) of the HV protection-box and
Probe-1 to Ldut (In) of the HV protection-box.
In this way the total capacitance (which is the capacitance of the central strip to
all other strips and to the backplane) is measured at various frequencies by varying
the bias voltage from 0 V to 150 V. The plot for the total measured capacitance
as a function of bias voltage at different frequencies is shown in Fig. 3.8 (a).

3.1.6 Calculated total capacitance

There are two ways to obtain the total capacitance. One way is to measure the
total capacitance directly from the LCR meter as described above. A second way
is to calculate it by adding the interstrip capacitance to the backplane capacitance
per strip. In this chapter the first is called total measured capacitance and second
referred to as the total calculated capacitance. The calculated capacitance as a
function of biasing voltage at different frequencies is shown in Fig. 3.8 (b).

3.2 Comparison of calculated and measured to-

tal capacitance

The ratio for the total measured and total calculated capacitance for various fre-
quencies is plotted in Fig. 3.9 (a). For comparison the ratio of the total measured
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Figure 3.9: (a) Total measured to total calculated capacitance ratio for different
frequencies in parallel mode. (b) Total measured to total calculated ratio for
different frequencies in series mode.

capacitance to total calculated one when corrections are made in series mode is
plotted in Fig. 3.9 (b). The ratio Cm/Cc vs frequency at 100 V in parallel mode is
plotted in Fig. 3.10 (a). This plot shows that there is a 4% deviation between the
measured and calculated capacitances at 100 V. The same plot at 100 V in series
mode is given in Fig. 3.10 (b). The difference between the series and parallel mode
measurements is clear by comparing the above plots. There is up to 17% devia-
tion between the total measured and total calculated capacitance measurements

0 200 400 600 800 1000
0.96

0.97

0.98

0.99

1.00

1.01

Ratio at 100 V in parallel mode

C
(m

e
a

s
u

re
d

)/
C

(c
a

lc
u

la
te

d
)

frequency (kHz)

 

0 200 400 600 800 1000
0.80

0.84

0.88

0.92

0.96

1.00

1.04

Ratio at 100 V in series mode

C
(m

e
a

s
u

re
d

)/
C

(c
a

lc
u

la
te

d
)

frequency (kHz)

 

Figure 3.10: (a) Total measured to total calculated ratio versus frequency at 100 V
in parallel mode. (b) Total measured to total calculated ratio versus frequency at
100 V in series mode.
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Figure 3.11: Capacitance versus frequency at 100 V for backplane, inter-strip,
total measured and total calculated capacitance.

at 100 V in series mode. A comparison between different measurements is made by
plotting them in the same plot as shown in Fig. 3.11. It should be noted that there
is around 15% uncertainty in the above mentioned measurements, which comes
from the measurement setup. A summary of the capacitance measurements at
100 V bias voltage and frequency of 600 kHz is given in Table 3.1.

Parameter Parallel Mode Series Mode Parallel Mode Series Mode
(pF) (pF) (pF/cm) (pF/cm)

Inter-strip 0.83 1.51 1.04 1.89
capacitance
Backplane 0.25 0.30 0.31 0.38
capacitance/strip
Total calculated
capacitance

1.08 1.81 1.35 2.27

Total measured
capacitance

1.05 1.63 1.31 2.04

Table 3.1: Summary of the capacitance measurements obtained for a miniature
detector with 8 mm strip length, at 100 V biasing voltage and 600 kHz frequency.
These measurements includes 15% uncertainty, which comes from the measure-
ment setup. The right columns shows capacitance per cm.
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3. Capacitance Measurements and Detector Noise

3.3 Capacitance Effect on Detector Noise

In the last section we discussed how to properly measure the detector capacitance.
In this section the effect of detector capacitance on the SCT modules equivalent
noise charge (ENC1) will be briefly discussed.
Different noise sources contributing to the total noise at the amplifier were intro-
duced in section 2.3.2. The shot noise contribution which is independent of the
detector capacitance is described there. Here will be presented only those sources,
which are affected by detector capacitance.
One can show that the thermal noise at the input channel of the preamplifier is
given by,

ENCcs =
e3

36qe

{12kTc
Tp

(Ci + Cd)
2
(

Rbb +
kTc
2qeIc

)}
1
2

(3.1)

where q is the electron charge, k is the Boltzmann constant, Tp is the peaking
time of the shaper, Rbb is the base spreading resistance and Tc is the chip temper-
ature. The capacitance Ci is the input capacitance of the amplifier and Cd is
the detector capacitance. To calculate the total noise of a module, one has to
include all the capacitances contributing to noise. Here we are only interested
to see the effect of inter-strip and backplane capacitance, therefore we take the
total detector capacitance to be equal to the sum of inter-strip and backplane
capacitances, i.e Cd = Cint + Cback.
The ENCcs can be calculated from Eq. 3.1, where the values of inter-strip and
backplane capacitances are taken from Table 3.1. We assume that the module
sensors will have capacitance per unit length in the same range and using Ic =
220 µA, Tp = 23 ns and Rbb = 272 Ω at Tc = 8◦C, the ENC value is 1398 ± 210
electrons for an outer SCT module, where the error is assumed to come only from
the test setup.
Noise from resistance of strips on the detector also depends on the detector ca-
pacitance and is given by,

ENCrs =
e3

36qe

{ 3

Tp
(Ci + Cd)

2
(

4kTsRs

)}
1
2

(3.2)

where Ts is the sensor temperature. Using Eq. 3.2, the contribution to ENCrs from
inter-strip and backplane capacitance for resistance of 12 Ω/cm at sensor temper-
ature of −7◦C is 903 ± 135 electrons for an outer SCT module. The total noise
contribution from the capacitance dependent sources is obtained by adding them
in quadrature and gives a noise contribution of 1664 ± 250 electrons. The total
noise of a module includes contributions from all noise sources e.g the capacitance

1ENC is the value of the input charge which gives a signal of the same amplitude as the rms
output noise.
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3.4. Noise Occupancy vs Threshold

independent noise sources as described in chapter 2. Therefore the ENC will be
a bit higher. The capacitance per cm and there-by the ENC calculated above are
higher, however it should be noted that the miniature detector used is of second-
grade quality.
It is clear that the noise is dominated by the capacitance dependent parts and
therefore the capacitance understanding of the detector is very important. Higher
noise occupancy can negatively affect the detector efficiency and therefore its
proper understanding is very important. This will be the topic of discussion in
the remaining part of the chapter. The noise occupancy will be described in the
next section.

3.4 Noise Occupancy vs Threshold

In the presence of Gaussian noise, the noise occupancy as a function of threshold is
described by the complementary error-function and the probability p of surpassing
a threshold τ is given by,

p(τ) =
1

2
erfc(

τ√
2σ

) (3.3)

The noise occupancy has been calculated from Eq. 3.3 for various fixed sigma
values as shown in Fig. 3.12. The specification for noise occupancy is indicated as
a horizontal line. For a Gaussian noise sigma of about 1900 electrons, the noise
occupancy reaches the specification at 1fC threshold. For a noise value of 2200
electrons the threshold should be raised to 1.16 fC in order to the specification.

3.4.1 Efficiency vs Threshold

The detection of charged particles by measuring their energy loss in thin silicon
has led to widespread studies of the corresponding energy loss spectrum and is
described in detail in ([42]–[45]). The statistical nature of the ionization process
during the passage of a charged particle through matter results in large fluctua-
tions of energy loss in absorbers, which are thin compared with the particle range.
The probability density function describing the distribution of energy loss ∆ in ab-
sorber thickness x is called the Landau distribution [46]. The Landau probability
density function is given by,

fL(x,∆) =
1

ξ
φ(λ) where

φ(λ) =
1

2πı

∫ c+ı∞

c−ı∞
exp(λu+ u ln u)du
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Figure 3.12: Noise occupancy vs threshold. Different curves correspond to dif-
ferent values of Gaussian noise. The SCT specification for noise occupancy is
5× 10−4 and is indicated by a horizontal straight line.

λ =
1

ξ

[

∆− ξ(ln ξ − ln
I2

εm
− β2 + 1− C)

]

(3.4)

The quantity εm represents the maximum energy transferred to an atomic electron
in a single collision with the incident particle of mass m and velocity βc. The
parameter I is the average logarithmic excitation energy and has a value of 174 eV.
The constant C is the Euler constant C ≈ 0.577215 and the Landau parameter ξ
depends on the material and also on the thickness traversed. The parameter εm
and ξ are given by,

εm = 2mec
2β2γ2 with

γ = (1− β2) 1
2 (3.5)

and,

ξ =
2πz2e4

mec2
NZxρ

Aβ2
,

= 0.01534(
z2

β2
Z

A
xρ) keV,

= 5.08 keV, for 285 µm Si detector (3.6)
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Figure 3.13: Corrected Landau distribution for 285 µm Si convoluted with a
gaussian as described by Eq. 3.13. With the increase of Gaussian noise sigma,
the width of the distribution increases. All curves include the binding energy
correction for electrons with a width of δ2 = 5 keV.

where N is the Avagadro number, me and e are the electron mass and charge,
respectively, z is the charge of the incident particle, and Z, A and ρ are the atomic
number, atomic weight and density (g/cm3) of the material.
The universal function φ has maximum at λ ≈ −0.225, which corresponds to the
most probable energy loss ∆mp of the Landau distribution i.e fL(x,∆m) =

φ(λ0)
ξ

and therefore λ in Eq. 3.4 becomes,

λ =
∆−∆mp

ξ
+ λ0 with

∆mp = ξ
[

ln
εmξ

I2
+ 0.200− β2 − δ

]

(3.7)

the density effect denoted by δ is included in the expression of most probable
energy loss which had not been used by Landau. Using the expression for δ =
ln γ2 − 4.447 from Eq. (4.9) of reference [47] for high-energy particle (i.e γ ≡
(1− β2) 1

2 > 100) and taking β ' 1, Eq. 3.7 becomes,

∆mp ' ξ
[

ln
εmξ

I2
− ln γ2 + 3.647

]

' ξ
[

ln
2mec

2ξ

I2
+ 3.647

]

keV, using εm from Eq. 3.5 (3.8)
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Figure 3.14: Efficiency as a function of threshold for different values of noise
at 90% charge collection efficiency (a) and 70% charge collection (b). The SCT
efficiency specification is indicated by a straight line.

Putting ξ from Eq. 3.6 for 285 µm detectors and I = 174 eV gives,

∆mp ' 79.8 keV (3.9)

The Landau theory treats the electrons in very thin absorbers as free. To take
into account the atomic binding of the electrons, the corrected energy-loss distri-
butions can be expressed as the convolution of a Gaussian function with a Landau
distribution as done in [45] and [47]. Thus

fL(x,∆,
√

δ2) =
1√
2πδ2

∫ +∞

−∞
fL(x,∆

′)× exp(−(∆−∆′)2

2δ2
)d∆′ (3.10)

where fL(x,∆,
√
δ2) is the modified Landau distribution with δ2 = σ2 given by,

δ2 =
8

3
ξ
∑

i

li(Zi/Z) ln(2mec
2β2/li) (3.11)

where Zi is the number of electrons in the ith shell of the stopping material, li
is the ionization potential of the ith shell, and the summation is performed over
the shells for which li < 2mec

2β2. The Gaussian width
√
δ2 has been measured

for a 300 µm silicon detector and for different incoming momenta. The values are
given in the Table II of reference [45]. In this chapter the value used for

√
δ2 is 5

keV.
Eq. 3.10 represents the corrected Landau distribution with 100% charge collection
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3.4. Noise Occupancy vs Threshold

efficiency and no detector noise. The standard deviation σtot of the Gaussian
distribution can be defined to take also into account the detector and electronic
noise,

σtot = (δ2 + σ2noise)
1
2 (3.12)

where σnoise is the standard deviation of the Gaussian noise distribution. The
probability distribution function can therefore finally be written as,

fL(x,∆,
√

δ2, σtot) =
1

σtot
√
2π

∫ +∞

−∞
fL(x,∆

′)× exp(−(∆−∆′)2

2σ2tot
)d∆′ (3.13)

To calculate the efficiency, we need to evaluate Eq. 3.13. The integral can not be
solved analytically but has to be calculated numerically. We used ROOT [49] to
evaluate the above equation, where the Landau density function φ(λ) in ROOT is
adapted from CERNLIB [50]. The convolution integration is done by summation
in ROOT.
Fig. 3.13 shows the convoluted Landau distribution for different values of noise. It
can be seen that with increasing noise the distribution broadens leading to lower
efficiencies.
To calculate the detection efficiency, the effects caused by detector capacitances
need to be considered. The inter-strip capacitance as described in the section 3.1.4
creates cross-talk between channels. In the ATLAS SCT modules most of the
charge is collected on a single strip. Charge shared between neighbouring strips
cannot be re-clustered in the binary readout scheme as it is predominantly below
threshold. It is confirmed in a test beam [51] that clusters of more than one strip
make up only a small fraction of the total and are concentrated in a narrow region
in the center between strips.
We consider that charge is deposited on one strip and 10%2 of the signal is lost
from the strip and appears on its neighboring strips. Therefore, for 90% charge
collection and different values of noise, the efficiency as a function of threshold is
shown in Fig. 3.14 (a). The same for 70% charge collection, which corresponds to
irradiated detector is shown in Fig. 3.14 (b). It can be seen that the efficiency is
well above the SCT specification of 99% for a wide range of threshold. In practice
the efficiency of the ATLAS SCT modules will be deteriorated by inefficient chan-
nels: such as dead electronic cells, noisy strips or due to bonding problems. The
effect of inefficiencies on the single track reconstruction efficiency will be discussed
in detail in chapter 6.

2The charge loss due to cross-talk between neighbouring channels is expected to be responsible
for a charge loss of 6% i.e∼0.26 fC and the loss of median charge due to diffusion is 0.13-0.16 fC
as confirmed by test beam measurements described in [52]. Therefore total charge loss due to
charge sharing is expected to be∼ 0.4 fC i.e 10% of the median charge of 4 fC.
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Figure 3.15: Difference between the threshold corresponding to efficiency and
noise occupancy specification as a function of signal to noise ratio. The signal
here is the most probable value of the distribution.

3.4.2 Difference between efficiency and noise occupancy
specification threshold

It is evident in Fig. 3.12 and Fig. 3.14, that for a fixed noise, the specification
thresholds for efficiency and noise occupancy are different. Here the difference
between these two specification thresholds is denoted by τdiff . This quantity has
been calculated for different signal to noise ratios. For a fixed signal of most
probable value 3.2 fC, τdiff is plotted as a function of signal to noise ratio in
Fig. 3.15. It is clear that with increasing noise the width of the window decreases,
because the threshold needed to keep the noise occupancy at the specification
value will increase, and the threshold corresponding to efficiency specification will
decrease. For a noise value of 1800 electrons and 90% charge collection, the width
of the threshold window is 1.5 fC. For 30% loss of charge as expected for irradiated
detectors after 10 years of operation in ATLAS, the width of the threshold window
as a function of signal to noise ratio is also shown in Fig. 3.15. For 2200 electrons
which corresponds to signal to noise ratio of 7 and is expected after 10 years of
operation [51], the corresponding threshold window is 0.52 fC. Thus the threshold
window after irradiation is narrow. This effect is also confirmed by test beam
data [51, 53], although the measured width of the threshold window is lower than
the above calculated values, which may be due to differences between the simple
model described in the previous section and more complicated charge loss and
charge collection processes in the SCT modules.
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Chapter 4

Measurement of Common Mode
Noise in Binary Read-Out
Systems

Estimators for the magnitude of common mode noise in a binary read-out system
are studied using a simple Monte-Carlo program, and the theoretical background is
explained. The occupancy per event is found to be a simple but very sensitive and
specific test for common mode noise, which also leads to a quantitative measure
of common mode noise. We introduce the observable Γ, which at 50% occupancy
directly gives the common mode noise contribution. The autocorrelation function
and the correlation matrix in addition provide information on the coherence length
of common mode noise.
A function is proposed which can be used to measure common mode noise from the
observable Γ for different occupancies. The statistical effects on the measurement
of Γ are reported at the end of the chapter.

4.1 Introduction

This chapter describes methods to detect and measure common mode noise when
silicon microstrip detectors are read out using a binary scheme in which the signals
are compared to a threshold and converted to binary information very early in the
read out chain, i.e. on the front end chip. However, the methods are very general
and can be applied to any analysis of binary data emerging from analogue signals
which may be affected by coherent distortions.
Common mode noise refers to a variation of the signal which affects groups of
channels in a coherent way. It can be caused by a common electromagnetic pick-
up, noise on the supply voltage etc. It adds to the noise and can eventually even
create artificial hit patterns. The susceptibility to common mode noise depends
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4.2. Monte-Carlo Simulation

both on the individual detector module and on the system environment. The
spectrum of the common mode noise is a priori unknown. Most difficult is the
detection of Gaussian common mode noise.
In an analogue read-out scheme the common mode contribution can be measured
on an event-by-event basis. For a group of channels the pedestals are subtracted
from the raw signals and channels with real hits are excluded. Then the average
signal seen on the channels is a good approximation to the common mode noise
contribution, as the single channel random noise cancels to a large extent (depend-
ing on the number of channels in the group). This common mode contribution
can be subtracted from the signals.
Common mode is of particular concern in binary read-out systems as it can not be
measured on an event-by-event basis and therefore a correction for common mode
is impossible. It can only be estimated on a statistical basis, analysing a sample
of events. Therefore, it is vital for a digital system to have negligible common
mode noise. This calls for methods to detect and measure coherent effects, which
can then be used in the system evaluation and optimisation.
A simple Monte-Carlo program has been developed with which different methods
can be tested. This program is described in the next section. The following section
deals with the different methods.

4.2 Monte-Carlo Simulation

For the studies in this note a Gaussian common mode noise has been assumed
as this is most difficult to detect. The generation of the data proceeds in the
following steps:

• for a number of channels signals are generated, event-by-event, from a Gaus-
sian distribution of a width which represents the single channel random noise
of standard deviation σ

• for a group of channels for which a coherent noise with standard deviation
s is to be simulated a single number is taken from a Gaussian distribution
of width s (event-by-event) and added to all signals from that group

• a threshold τ is applied to all signals which generates a stream of binary
data. In order to simulate channel-to-channel variations of threshold, gain
and offset, a fixed set of Gaussian random numbers (one per channel) is
generated at the beginning of a run. These numbers are added to the signals
before the threshold is applied, if channel-to-channel threshold variation is
to be simulated.
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4. Measurement of Common Mode Noise in Binary Read-Out Systems

All signal and noise levels are normalised to the single channel random noise σ.
Also the threshold τ is in units of σ. Unless otherwise stated, threshold variations
are distributed with standard deviation 0.3σ.

4.3 Methods for Detection and Measurement of

Common Mode Noise

4.3.1 Excess Noise

If the single channel random noise is well known, the common mode noise can be
detected as excess noise. This method requires a very reliable understanding of
the expected single channel random noise and it is not sensitive to the coherence
of common mode. Therefore this is at best a very indirect measure of common
mode noise. It is mentioned here only because it is sometimes used to guess the
presence of common mode noise in a system. It will not be considered further.

4.3.2 log(occupancy) vs. (threshold)2

If the intrinsic noise in a system is purely Gaussian, and in absence of other noise
sources, the probability p of surpassing a threshold τ is given by the complemen-
tary error function

p(τ) =
1

2
erfc

(

τ√
2

)

(4.1)

For thresholds much larger than the single channel random noise (τ À 1) this
probability can be approximated by

p(τ) ≈ 1√
2πτ

exp

(

−τ
2

2

)

⇒ ln(p) ≈ −1

2
τ 2 − ln

(√
2πτ

)

(4.2)

using the asymptotic series for the complementary error function [54]. In fact
this is already a good approximation for τ > 1.5, leading to the conclusion that
purely Gaussian noise should give a straight line in the plot of the logarithm of the
occupancy vs the square of the threshold over much of the useful range. Occupancy
refers to the (normalised) total number of hits in all channels in a run. The power
of this plot is to show non-Gaussian noise contributions as deviations from this
linear fall-off. Gaussian noise contributions, on the other hand, just change the
slope of the linear fall-off. As in the previous method, a good knowledge of
the expected single channel random noise is needed if further conclusions about
Gaussian common mode are to be drawn. This method also cannot distinguish
between correlated and uncorrelated noise. Therefore it is not suitable to detect
Gaussian common mode noise. Fig. 4.1 shows this plot for simulations without
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Figure 4.1: Occupancy (on a logarithmic scale) versus the square of the threshold
τ (in units of the single channel random noise σ). The curves show the result
of the simulation without common mode noise (solid circles), and with common
mode noise of standard deviation 0.5σ (open circles) and 1.0σ (open triangles).
Threshold variation across the channels is not included in this plot.

common mode noise, and with common mode noise of standard deviation 0.5σ
and 1.0σ.

4.3.3 Raw Data Plot

The most basic display of the data is a plot in which the hit map is plotted in
the plane spanned by channel number and event number. This plot is extremely
useful in understanding the data quality as it shows immediately

• dead/noisy/sick channels
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4. Measurement of Common Mode Noise in Binary Read-Out Systems

• channel occupancy

• uniformity across the channels

• uniformity across the events in a run and

• coherent effects on the channels in individual events.

Although this plot does not provide quantitative results, it is clearly an important
diagnostic tool. Fig. 4.2 shows this plot for simulated events with a common
mode noise of standard deviation 0.0σ (a), 0.5σ (c) and 1.0σ (e). The threshold
is set to zero, i.e. the point of 50% efficiency. The first plot, from a simulation
without common mode noise, shows some vertical band structure which is caused
by the simulated threshold variation. The second plot, with common mode noise
of standard deviation half that of the individual channel random noise, clearly
shows an additional horizontal structure. It is even more pronounced in the third
plot (common mode of same size as individual channel random noise).

4.3.4 Occupancy per Event

Common mode noise should lead to a large number of hits in some events and
very few in others, compared with the expectation from the single channel random
noise. Therefore the distribution of the number of hits in an event Ne should be
a measure of coherent noise. Fig. 4.2 (b), (d) and (f) show the histograms of the
number of hits per event (Ne) for the three cases considered in this figure. The
number of simulated channels is 768. While the distribution is narrow without
common mode noise (Fig. 4.2 (b)), it widens strongly when common mode noise
is present ((d) and (f)). Actually one can easily calculate the width of the Ne

distribution which is expected in the absence of common mode noise. In this case
Ne has to follow a binomial distribution, which we denote as Bin(Ne;n, p(τ)) for
n channels and a hit probability p(τ) for the given threshold τ . The mean number
of hits is then

Ne =
n
∑

Ne=0

NeBin(Ne;n, p(τ)) = np(τ). (4.3)

Thus the probability p can be approximated by the observed mean number of hits
per event divided by the number of channels n, and we find for the variance of
the Ne distribution

Var(Ne) = np(1− p) = Ne

(

1− Ne

n

)

(4.4)

Therefore the expected standard deviation can be calculated just from the ob-
served average number of hits per event, without further assumptions. If the
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4.3. Methods for Detection and Measurement of Common Mode Noise

observed distribution is wider, one can conclude that coherent noise is present. In
a real system large channel-to-channel variations of the channel occupancy may
be present, resulting for instance from large channel-to-channel threshold varia-
tions. It should be noted that these variations in general do not widen the Ne

distribution. In the absence of common mode noise and for equal mean number
of hits in all channels, the largest standard deviation is obtained for Ne = n/2. A
smaller or larger Ne leads to a more narrow distribution, according to the above
formula. The Ne for a mixture of channels with different occupancies is the sum of
values taken from narrow distributions and the resulting distribution itself will be
narrow. If the observed Ne is close to n/2 and the channel occupancies vary, then
the standard deviation calculated with the above formula is in fact an overesti-
mate. Therefore a data distribution wider than this calculated standard deviation
still indicates common mode noise.
In order to derive a measure for the common mode noise contribution, one has
to calculate the mean and the variance of the Ne distribution in the presence
of common mode noise. We note that the effect of a shift of the signal by a
common mode noise contribution is equivalent to shifting the threshold by the
same amount, but in the opposite direction. Therefore one can implement the
effect of common mode noise by choosing the threshold τ in each event from a
probability distribution g(τ). For the case of Gaussian common mode noise, which
we will consider here, it is given by

g(τ) =
1

s
√
2π

exp

(

−(τ − τ0)2
2s2

)

, (4.5)

where s is the standard deviation of the common mode noise in units of the single
channel random noise σ, and τ0 is the original threshold. The distribution of
the number of hits per event Ne is then a superposition of binomial distributions
for varying thresholds. Again, we call Bin(Ne;n, p(τ)) the binomial probability
of having Ne hits in an event for n channels and a threshold τ , so that the hit
probability p(τ) is given by eq. 4.1. The probability P (Ne) to obtain Ne hits in
an event when the threshold varies with g(τ) is then

P (Ne) =

∞
∫

−∞

Bin(Ne;n, p(τ))g(τ)dτ (4.6)

and the mean number of hits per event

Ne =
n
∑

Ne=0

NeP (Ne) (4.7)

=

∞
∫

−∞

n
∑

Ne=0

NeBin(Ne;n, p(τ))g(τ)dτ (4.8)

46



4. Measurement of Common Mode Noise in Binary Read-Out Systems

0

20

40

60

80

100

0 50 100
channel number

ev
en

t 
nu

m
be

r

(a)

0

2000

4000

6000

0 200 400 600
Ne

nu
m

be
r 

of
 e

ve
nt

s

(b)

0

20

40

60

80

100

0 50 100
channel number

ev
en

t 
nu

m
be

r

(c)

0

200

400

600

0 200 400 600
Ne

nu
m

be
r 

of
 e

ve
nt

s

(d)

0

20

40

60

80

100

0 50 100
channel number

ev
en

t 
nu

m
be

r

(e)

0

100

200

300

400

0 200 400 600
Ne

nu
m

be
r 

of
 e

ve
nt

s

(f)

Figure 4.2: Hit map from simulations without common mode noise (a), and with
common mode noise of 0.5σ(c) and 1.0σ(e). The corresponding histograms of the
number of hits per event (Ne) are shown in (b), (d) and (f). 768 channels have
been simulated, and the threshold has been set to zero.
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=

∞
∫

−∞

np(τ)g(τ)dτ. (4.9)

The variance of Ne is

Var(Ne) = N 2
e −Ne

2
(4.10)

=

(

n
∑

Ne=0

N2
eP (Ne)

)

−Ne
2

(4.11)

=

∞
∫

−∞

n
∑

Ne=0

N2
eBin(Ne;n, p(τ))g(τ)dτ −Ne

2
(4.12)

=

∞
∫

−∞

(

np(τ)(1− p(τ)) + (np(τ))2
)

g(τ)dτ −Ne
2

(4.13)

= Ne + (n2 − n)
∞
∫

−∞

p2(τ)g(τ)dτ −Ne
2

(4.14)

= Ne(1−Ne) + n(n− 1)

∞
∫

−∞

p2(τ)g(τ)dτ. (4.15)

Here we have made use of the fact that for the binomial distribution np(1− p) =
Var(Ne) = N 2

e −Ne
2
=

n
∑

Ne=0

N2
eBin(Ne;n, p(τ))− (np)2.

At the 50% point (i.e. τ0 = 0, Ne =
1
2
n) the integral in eq. 4.15 has a closed form

[55]:

∞
∫

−∞

p2(τ)g(τ)dτ =
1

4

1

s
√
2π

∞
∫

−∞

[

erfc

(

τ√
2

)]2

exp

(

− τ 2

2s2

)

dτ (4.16)

=
1

4
+

1

2π
tan−1

(

s2√
1 + 2s2

)

. (4.17)

Solving eq. 4.15 for s we obtain in this way at the 50% point:

s2 =
sin(α)

1− sin(α)
; with α ≡ 2π

Var(Ne)− n
4

n(n− 1)
. (4.18)

If the mean occupancy of the channels is 50%, then the common mode noise can be
calculated from the observed mean and variance of the distribution of the number
of hits per event using eq. 4.18.
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A useful generalisation of this formula is found by identifying the n/4 term in
eq. 4.18 with the binomial variance of Ne at the 50% point. We introduce the
observable Γ defined as

Γ2 ≡ sin(α̃)

1− sin(α̃)
; with α̃ ≡ 2π

Var(Ne)−Ne

(

1− Ne

n

)

n(n− 1)
. (4.19)

In the absence of common mode noise Γ is zero no matter how many channels
there are or how the threshold is set. Fig. 4.3 shows the Γ distribution versus the
common mode noise, as predicted by the simulation. The number of channels was
set to n = 768. The different symbols correspond to different threshold settings.
Γ increases strongly for increasing common mode noise. The strongest effect is
observed for zero threshold, i.e. at the 50% point. In this case, by definition,
the quantity Γ approximates the ratio of common mode noise over single channel
random noise

common mode noise ≈ Γ× single channel random noise for Ne ≈
n

2
(4.20)

The effect of channel-to-channel threshold variations is weak, as can be seen by
the comparison of the solid and dotted lines in fig. 4.3, which represent the simula-
tion results without and with channel-to-channel threshold variations of standard
deviation 0.3σ, respectively.
It is obvious that the Ne plot and the observable Γ are very sensitive to common
mode noise. In addition this method is highly specific to the coherence as any
kind of single channel random noise does not broaden the Ne distribution.

4.3.5 Correlation Matrix

The most detailed information on the correlation between the signals from differ-
ent channels is obtained from the correlation matrix. If we consider two channels
x and y, then the correlation between them is

corxy =
〈xy〉 − 〈x〉〈y〉

σxσy
(4.21)

The standard deviation is

σx =
√

〈x2〉 − 〈x〉2 =
√

〈x〉 − 〈x〉2 (4.22)

(similarly for y) as for the binary data xi = x2i . Observing that 〈x〉 is just the
occupancy in channel x, which we call Ωx, and that 〈xy〉 corresponds to the
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Figure 4.3: Γ as a function of the common mode noise. The different symbols
correspond to different threshold settings, as indicated in the figure. Solid lines
indicate the results obtained without simulation of channel-to-channel threshold
variation, dotted lines include such a variation with standard deviation 0.3σ.

occupancy of a hypothetical channel representing the logical AND of the channels
x and y (called Ωx·y) we obtain for the correlation of channels x and y

corxy =
Ωx·y − ΩxΩy

√

Ωx − (Ωx)2
√

Ωy − (Ωy)2
(4.23)

with

Ωx =
number of events with a hit in channel x

total number of events
(4.24)

Ωy =
number of events with a hit in channel y

total number of events
(4.25)

Ωx·y =
number of events with a hit in channels x and y

total number of events
(4.26)
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Figure 4.4: Graphical representation of the correlation matrix for a simulation in
which common mode noise is generated for groups of 32 channels.
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Calculating this quantity for all pairs of channels results in the full correlation
matrix. In the absence of coherent noise (and for infinite statistics) the correlation
corxy of two channels vanishes, no matter what the occupancy of the two individual
channels is. Common mode noise will most likely lead to a positive correlation. In
addition to the detection and quantification of common mode noise the correlation
matrix provides information about the range of coherence. If common mode effects
are bound, for instance, to each read-out chip and there are several chips in the
system, the matrix will show square regions of non-zero correlation. Fig. 4.4
shows the correlation matrix for the case when common mode noise is simulated
for groups of 32 channels. If the common mode is due to some cross talk between
channels, the correlation matrix will show a band structure around the diagonal.

4.3.6 Autocorrelation

Autocorrelation is a powerful technique used in signal processing applications for
revealing hidden periodicities in apparently random noise [56]. It is normally
applied by multiplying the received signal by a copy of itself which is shifted in
time; this is equivalent to taking one vertical column of the left plots in fig. 4.2
and multiplying it by a time-displaced copy of itself. For our purposes, we are
looking for channel correlations rather than time correlations, and we shall define
a discrete form of the autocorrelation function as:

A(m) =
n
∑

i=1

xix(i+m)modn
, (4.27)

where n is the number of channels, and xi is the signal in the ith channel, here
defined so that a ‘hit’ has a numerical value +1 and a ‘zero’ has value −1 (this
facilitates later calculations). In this form, by analogy with fig. 4.2, we are taking
a horizontal row and multiply it by a channel-displaced copy of itself. In our
definition, channels which are shifted beyond n are ‘wrapped around’ using the
mod function. The resulting function, A(m), is the autocorrelogram for a given
event.
At the 50% threshold (zero, in this case) and without correlated noise the time
averaged value for A(m) is

A0(m) =

{

n for m = 0
0 otherwise

(4.28)

At other values of the threshold, the autocorrelogram may be calculated by con-
sidering the expectation value for the variable xixj(i 6= j). Given that the two are
independent and obey Gaussian statistics, the average value is

xixj 6=i = (1− 2p)2 = erf2
(

τ√
2

)

(4.29)
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Figure 4.5: Normalized autocorrelation versus the offset m for a simulation of
768 channels. (a) constant common mode noise of 0.5σ across the channels, (b)
common mode noise varying from 0.1σ at the centre channel to 0.5σ at the edges,
(c) incoherent noise varying from 0.1σ at the centre channel to 0.5σ at the edges.
Channel-to-channel threshold variation was not simulated.

since p(τ) is given by eq. 4.1.
The effect of common mode noise is to effectively change the threshold about its
mean value across all the channels. The analogous result to eq. 4.29 in this case
is

xixj 6=i =
1

s
√
2π

∞
∫

−∞

exp

(

−(τ − τ0)2
2s2

)

erf2
(

τ√
2

)

dτ (4.30)

where s is the common mode standard deviation and the common mode noise is
assumed to be Gaussian. This function is most sensitive to common mode noise
when τ0 = 0, for which the integral has the closed form in eq. 4.31.

xixj 6=i =
2

π
tan−1

(

s2√
1 + 2s2

)

. (4.31)

For small values of common mode noise, the function erf2 in eq. 4.30 may be
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replaced by its Maclaurin expansion around τ0 = 0, which yields

xixj 6=i ≈
2

π
s2 ≈ 0.64s2. (4.32)

To explore the autocorrelation method, a simulation was performed as described
in section 4.2 for 1000 events and 768 channels. The intrinsic noise standard
deviation σ was set to 1 and the common mode varied to illustrate three situations:

(a) common mode noise constant across the channels, with standard deviation
s = 0.5σ

(b) common mode noise varying from 0.1σ at the centre channel to 0.5σ at the
edges

(c) additional incoherent noise varying from 0.1σ at the centre channel to 0.5σ
at the edges

For each of these situations, the autocorrelogram was calculated at threshold
τ = 0. Each of the autocorrelograms has been normalised to its maximum value
(= 768). The results are shown in fig. 4.5. While the autocorrelogram of (b)
is highly suggestive of a position dependence of the underlying common mode
noise, it is important to realise that the same autocorrelogram would result from
common mode noise which is maximum at the centre and minimum at the edges,
due to the commutativity of the multiplication. Interpretation is therefore not as
intuitive as at first sight, and the abscissa should not be interpreted as the channel
number, but as an offset.

4.4 Measurement of Common Mode Noise using

the Observable Γ

This section describes a method to measure common mode noise from the ob-
servable Γ for arbitrary occupancy. At 50% occupancy Γ is a linear function of
common mode noise as described in section 4.3.4. In presence of a fixed amount of
common mode noise, the Γ versus occupancy follows nearly a parabolic shape. A
function is proposed which can fit Γ versus occupancy for a given common mode
noise. Therefore, for a measured Γ value, common mode noise can be calculated
for different occupancies using this function.
A simple Monte-Carlo program is used as described in section 4.2 and [57] to
simulate Γ as a function of occupancy for different values of common mode noise
with the following settings,
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Figure 4.6: (a) Simulation data for Γ versus occupancy for different fixed values of
common mode noise. The fit function Γ shown by solid lines fits within errors bars
(which are defined as ±2%) over a wide range of occupancy. (b) Ratio of simulated
over calculated Γ versus occupancy. Different lines correspond to different values
of common mode noise.

• For a number of channels signals are generated, event by event from a
Gaussian distribution of standard deviation 1 which represents single chan-
nel random noise

• A number is taken event by event from a Gaussian distribution of width s
and added to all channels to simulate common mode noise

• To get different occupancies the threshold is varied

Γ as a function of occupancy for different common mode noise values is shown in
Fig. 4.6 (a). The linear dependence of Γ on common mode noise at the 50% point
can be seen in the plot. Γ is symmetric about 50% occupancy. A good fit of Γ as
a function of occupancy and common mode noise is given by

Γ =
( Common Mode Noise

Single channel random noise

)(

1−

(

|0.5−Occupancy|
)2.15

0.25

)

(4.33)

This parametrization can be solved for the common mode noise contribution and
can be used to estimate the common mode noise contribution from the measured
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Γ i.e

Common Mode Noise

Single channel random noise
≈ Γ
(

1− 4×
(

|0.5−Occupancy|
)2.15) (4.34)

For known values of common mode noise Eq. 4.34 fits within ±2% to the simulated
data in Fig. 4.6 (a) over a wide range of occupancy. The ratio of simulated Γ to
that calculated using Eq. 4.34 is plotted in Fig. 4.6 (b). Fluctuations are roughly
symmetric around 50% occupancy.
The statistical error on this common mode noise measurement comes only from
the error on Γ, as is clear in Eq. 4.34, neglecting the error on the occupancy. The
error on Γ2 given in Eq. 4.19 can be calculated using standard error propagation
formulae [58] and is given by,

σ2Γ2 =
( dΓ2

dNe

)2

σ2
Ne

+
( dΓ2

dV ar(Ne)

)2

σ2V ar(Ne); with

dΓ2

dNe

=
2π

n(n− 1)

(2Ne

n
− 1
)( cos(α̃)
[

1− sin(α̃)
]2

)

dΓ2

dV ar(Ne)
=

2π

n(n− 1)

( cos(α̃)
[

1− sin(α̃)
]2

)

(4.35)

In the absence of common mode noise Ne follows binomial statistics and therefore
errors on mean and variance of Ne in Eq. 4.35 are given by,

σ2
Ne

=
σ2

N

σ2V ar(Ne) =
1

N

(

σ2
(

1 + 3Ne −
3Ne

2

n

)

− σ4
)

with

σ2 = np(1− p) = V ar(Ne) (4.36)

where N denotes the total number of events and is assumed to be large.
In the presence of common mode mode noise, the error on mean and variance can
be found using Gaussian approximation and are given by,

σ2
Ne

=
σ2

N

σ2V ar(Ne) =
2σ4

N
with

σ2 = 〈Ne
2〉 − 〈Ne〉2 = V ar(Ne) (4.37)
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Figure 4.7: (a) Relative error on Γ versus number of events per run for simulation
data at different common mode noise levels. In this plot the threshold is set to
50% occupancy. (b) Relative error on Γ versus number of events. Different curves
correspond to different occupancy, with common mode noise fixed to 0.2. δΓ is
calculated using Eq. 4.38.

The error on Γ can be found by propagating the error on Γ2 by,

σΓ =
1

2Γ
σΓ2 (4.38)

Finally the error in the measurement of common mode noise using Eqs. 4.34-4.38
is given by,

σCMN =
a√
N
× 2πσ

2n(n− 1)Γ
×
{

cos(α̃)
(

1− sin(α̃)
)2

}

×
{

(2Ne

n
− 1
)2

+ 2σ2
}

1
2

with

a =
1

(

1− 4×
(

|0.5−Occupancy|
)2.15) (4.39)

4.5 Γ Dependence on the Number of Events per

Run

Γ is calculated for samples with different number of simulated events and various
values of common mode noise. As one can expect for lower number of events
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Method specific to sensitive to common mode range of
coherence non-Gaussian Gaussian coherence

excess noise no no no no
log(occ.)vs.thresh.2 no yes no no

raw data plot yes yes yes yes
occupancy per event yes yes yes no
correlation matrix yes yes yes yes
autocorrelation yes yes yes yes

Table 4.1: Comparison of the methods.

per run Γ shows larger statistical uncertainties which flatten for large numbers
of events per run. Fig. 4.7 (a) shows the relative error on Γ when many data
samples with N events are simulated. Different curves correspond to different
values of common mode noise. Fig. 4.7 (b) shows the relative error on Γ vs
number of events for different occupancies, while the common mode noise is fixed
at 0.2. This analysis shows that at least 500 events per run are needed for the
relative error to be less than 5%.

4.6 Comparison and Conclusions

Table 4.1 summarises the features of the different methods considered in this chap-
ter. As the first two methods are not specific to coherence, they are only useful if
there is huge extra noise in the system or if this extra noise is non-Gaussian. For a
basic understanding of the data quality, the raw data plot is very useful and pro-
vides qualitative information on coherent effects. The observable Γ, derived from
the standard deviation of the number of hits per event, yields a quantitative esti-
mate of the common mode noise and is computationally fairly simple to achieve,
given that the normal diagnostics for a binary system include occupancy statistics
in any case. It is very sensitive and specific to the coherence of common mode
noise. The correlation matrix provides in addition detailed information about the
range of coherent effects, as well as the strength of the correlation for each pair
of channels. Similar information is obtained by the autocorrelation method.
A method to calculate common mode noise from the observable Γ at arbitrary
occupancy is given. A parametrization for Γ as a function of occupancy and com-
mon mode noise is given which fits the numerical simulation within ±2% over a
wide range of occupancy and common mode noise values.
The statistical uncertainty of Γ has been analyzed. Typically, data should contain
at least 500 events in order to obtain a Γ value and there-by a common mode noise
estimate with less than 5% statistical uncertainty.
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In large silicon micro-strip detector systems like the ATLAS SCT, which are cur-
rently under construction, noise analysis has to deal with many thousands of
detector modules and several millions of channels. Here it should be useful to
quantify coherent noise on the module level by a single number, for instance the
Γ variable, which will allow to survey all modules and identify problematic areas.
Noise which is coherent between modules and bigger parts of the system can be
assessed by combining channels into bigger units like chips or modules and using
the number of hits in these units as input for the raw data plot or the correlation
matrix.
The methods described in this chapter have been applied to the ATLAS semi-
conductor tracker (SCT) modules which will be discussed in the next chapter.
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Chapter 5

Common Mode Noise
Measurement on ATLAS SCT
Modules

Methods for the measurements of common mode noise in binary read-out systems
have been developed as described in the previous chapter. In the present chapter
these methods are applied to ATLAS SCT silicon micro-strip detector modules.
These modules are using binary readout scheme i.e signals are compared to a
threshold and converted to binary information on the front end chip and there-
fore provide a good case for application of the common mode methods.
The electrical setup used for common mode noise measurement will be described
briefly in the next section, followed by the results obtained with prototype mod-
ules.

5.1 Overview of the Measurement Setup

The SCT End-Cap will be covered by three kinds of modules; inner, middle and
outer as described in chapter 2. These modules differ in the silicon detector dimen-
sions. Outer and middle modules are made of two single sided silicon detectors on
each side with active length of 12.11 cm and 11.7 cm respectively. Inner modules
are formed with a single wafer of 6.1 cm on each side of the module. All three
kinds of modules use the same hybrid and binary electronic chips.
Methods for the measurement of common mode noise described in chapter 4 have
been applied to several Atlas SCT End-Cap modules. The results for one of the
modules are presented here though similar results were obtained using the others.
The modules were measured in the standard electrical tests setup at Freiburg.
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Figure 5.1: Schematics of SCTDAQ system.

Fig. 5.1 shows an overview of the VME1 modules plus software used in the data
acquisition. These are standard components used by the SCT community to
verify the hybrid and module functionality. A brief description of these VME
modules will be given here, where a more detailed description can be found in the
corresponding references.

5.1.1 MuSTARD

The acronym MuSTARD [59] stands for Multi-channel Semiconductor Tracker
ABCD Read-out. The purpose of the device is to receive, store and decode data
from the modules. It can read out data from twelve data streams or six modules
(each detector module produces two data streams, one for each side of the mod-
ule).
The decoded data is used to fill internal histograms, allowing the system to accu-
mulate the data resulting from a burst of triggers. When a burst is finished, the
DAQ program running on the PC reads out the histograms.

1VME stands for VERSA Module Eurocard. A VME crate can hold several electronics
modules and provides a standardised communication bus.
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5.1.2 CLOAC

The CLOAC [60] stands for CLOck And Command. It generates the system clock
of 40 MHz. It also generates fast commands such as L1A and reset commands for
the SCT modules, in the absence of Timing, Trigger and Control system.
The CLOAC can be synchronised to an external clock and can use an external
trigger signal.
The measurements described in this chapter do not use the CLOAC module. The
clock is generated by a SLOG (see below) module in the Freiburg electrical test
setup.

5.1.3 SLOG

The SLOG [61] stands for SLOw command Generator. It allows the generation
of slow commands which are longer than 7 bits for the control and configuration
of ATLAS SCT Front-End chips. It receives clock and fast commands from the
CLOAC, and fans them out to up to 12 detector modules. In the Freiburg test
setup the SLOG is used in stand-alone mode. An internal 40 MHz clock is selected,
allowing SLOG to generate clock and commands.

5.1.4 SCTLV

The SCTLV [62] module provides low voltage power for the digital and analogue
part of the chips (Vdd and Vcc). Each SCTLV module can provide low voltage
power for two detector modules and reads out the thermistors mounted on the
SCT modules.

5.1.5 SCTHV

The SCTHV [63] module provides detector bias for four detector modules at up to
500 V and a maximum current of 5 mA. The absolute over-current limit protection
is at the 5.2 mA.

5.2 Software

SCTDAQ [64] is the data-acquisition software used together with the ROOT his-
togramming and analysis package [49]. Fig. 5.1 shows an overview of the SCT-
DAQ. The System Test Dynamic Link Library (STDLL) can store the required
settings of a module and the way that module is connected to the system, by
reading the system and module configuration files. It is dynamically linked to
ROOT, and its functions and classes are made available in CINT, the ROOT

63



5.3. Application of Methods to ATLAS SCT End-Cap Modules

Signal
Generator

coaxial cable

lemo cable

Module test box

Module

Figure 5.2: An overview of the set-up used for noise injection.

C++ interpreter.
The system is started by running an interpreted macro that calls upon the func-
tions of the shared library to initialise the VME boards and to configure the SCT
detector modules to their default conditions. A set of standard test macros allows
more sophisticated control of the hardware. The system can be controlled either
interactively via macro or via the graphical push-button SCTDAQ menu-bar. The
test macros also make use of the analysis macros, which analyse the histograms
and produce three types of output files: the basic histograms (stored in ROOT
histogram files), the plots (stored in postscript form) and summary data in the
form of ASCII files, which can be uploaded to the SCT-database [65] using Java
script. For the common mode analysis some additional macros were written to
analyse the data.

5.3 Application of Methods to ATLAS SCT End-

Cap Modules

For common mode noise measurements the End-Cap prototype modules are tested
in a Freiburg test box, which provides mechanical support as well as cooling.
The hybrid substrate (GND) is electrically connected to the cooling box and the
box is flushed with Nitrogen. The module is cooled with silicone oil as coolant
provided by a Julabo FP50 chiller. The results presented in this chapter for inner
module E03 are obtained at 15◦C chiller temperature, which corresponds to 35◦C
as measured by the hybrid thermistor. All measurements are performed biasing
the module at 100 V. Only the common mode noise results for module E03 are
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5. Common Mode Noise Measurement on ATLAS SCT Modules

described in this chapter, the complete electrical characterization results can be
found in [66].
The coherent noise effects in the test system are small. In this test common mode
noise was created by injecting a 10 MHz signal of amplitude 0.5 V. The signal
injection was done in a straight forward way by putting the output cable from the
signal pulse generator underneath the module inside the module box. The cable
acts as an antenna emitting a radio frequency. An overview of the set-up is shown
in Fig. 5.2. In this way the extra signal injected is not necessarily all common
mode but we see a significant amount after injection. Results with and without
the signal injection will be compared to see the difference and usefulness of the
common mode noise methods described in the previous chapter.

5.3.1 log(occupancy) vs. (threshold)2

A scan of noise occupancy as a function of threshold was performed as shown
in Fig. 5.3 without noise injection. The log of noise occupancy as a function of
threshold squared is linear and agrees very well with the assumption of Gaussian
noise as described in section 4.3 in the previous chapter.
Fig. 5.4 shows the same plot in the presence of injected noise. The extra noise
changes the slope of the line but does not lead to a specific feature in this plot.
This plot is mainly sensitive to non-Gaussian noise contribution.

5.3.2 Raw Data Plot for Module E03

SCT modules are using ABCD3T [32] binary read-out chips. For the binary
architecture one of the most critical issues is the uniformity of the parameters
of the front-end circuit and especially matching of the discriminator threshold
and the gain. The ABCD3T implements an individual threshold correction in
every channel using a 4-bit DAC (trim DAC) per channel with four selectable
ranges. The module E03 is properly trimmed before performing the measurements
presented here in order to minimize the impact of threshold non-uniformity.
The hit maps for the front and back sides of module E03 at 50% occupancy,
without and with extra noise injection are shown in Fig. 5.5 and 5.6. Common
mode noise which can be seen in the form of horizontal bands in the hit map is
very small in Fig 5.5 and is clearly visible in particular on the back side of the
module in Fig 5.6.
The extra noise is injected from a cable underneath the module, therefore common
mode noise is expected to be more pronounced on the back side as compared to
the front side of the module. As mentioned in the previous chapter this plot does
not give any quantitative information but it is a very useful diagnostic tool.
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Figure 5.3: Log of noise occupancy as a function of threshold squared (fC2) for
the 12 chips on module E03 measured in the Freiburg electrical test setup. The
noise is given for each chip.
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Figure 5.4: Log of noise occupancy as a function of threshold squared (fC2) for
the 12 chips on module E03 measured in the Freiburg electrical test setup with
extra noise due to noise injected.
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Figure 5.5: Hit map for front and back side of module E03 at 50% noise occupancy
without noise injection.
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Figure 5.6: Hit map for front and back side of the module E03 at 50% noise
occupancy with extra noise injected as described in the text.
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Figure 5.7: Distribution of occupancy per event for front and back side of the
module E03. No noise injected here.
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Figure 5.8: Distribution of occupancy per event for front and back side of module
E03 with extra noise injected.
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5.3.3 Occupancy per Event

The occupancy per event for the front and back side of module E03 at 50%
occupancy is shown in Fig. 5.7. In the absence of injected noise the distribution
is Gaussian for both front and back side of the module. The plot is based on a
sample of 300 000 events. The Gaussian fit gives a standard deviation of 23.65
and 25.32 on the front and backside of the module respectively. The standard
deviation is roughly twice the expected standard deviation (13.85) using binomial
statistics. The effect of extra common mode noise on these distributions can
be seen in Fig 5.8, which is measured when injecting extra noise. Due to more
coherent noise on the back side, the distribution of occupancy per event is wider
than on the front side of the module. The peaks on the back side of the module
in Fig 5.8 show that, common mode noise is not uniform across all chips. This is
also clear in Fig. 5.6. In addition the occupancy varies slightly from chip to chip.
The distributions of occupancy per event for all chips without and with extra noise
injection are shown in Fig. 5.9 and 5.10. In the presence of more coherent noise,
the difference in the distributions of occupancy per event among chips can be
seen. Under the influence of coherent noise, the occupancy per event distribution
no longer follows binomial statistics, therefore, the observable Γ has to be used to
measure the common mode noise contribution.

5.3.4 Correlation Matrix

The correlation matrix obtained for all 12 chips with noise injection is shown in
Fig. 5.11. Higher correlation among the chips is visible on the back side of the
module due to the higher level of coherent noise.

5.4 CommonMode Noise Measurement from the

Observable Γ

To quantify the amount of common mode noise present in the system, the Γ
method described in section 4.4 of chapter 4 has been applied to Atlas SCT End-
Cap modules. Eq. 4.34 predicts how the common mode noise σC normalized to
random noise σR varies with the measured Γ and occupancy. However, intrinsic
random noise will generally be unknown, as only the total noise σT , containing
random and common mode noise sources can be measured. Since the common
mode noise adds in quadrature to random noise, therefore using Eq. 4.34 and
σ2T = σ2C + σ2R, we get,

σ2C =
σ2T · a2 · Γ2
1 + a2 · Γ2 with
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Figure 5.9: Distribution of number of hits per event without noise injection for
all chips of module E03.
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Figure 5.10: Distribution of number of hits per event with noise injection for all
chips of module E03.
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a =
1

(

1− 4×
(

|0.5−Occupancy|
)2.15) (5.1)

The common mode noise contribution can be calculated from the measured Γ at
a given occupancy (threshold) and total noise σT using Eq. 5.1, where the total
noise σT is measured from the S-curve2 for every channel of each of the twelve
chips and the results averaged by chip.
The common mode noise calculated for each chip of the module E03 at a thresh-
old corresponding to 50% occupancy, is shown in Fig. 5.12 (a). The data sample
contains 300000 events, errors on the measurement of common mode noise are
smaller than markers. The relative contribution of common mode noise to the
total noise is small because it adds in quadrature to random noise. Fig. 5.12 (b)
shows the average common mode noise on the module as a function of occupancy.
To generate this plot the threshold is varied in 0.025 fC steps. The common mode
noise is decreasing with increase in occupancy both for the front and backsides
of module. To understand this effect a simulation result for common mode noise
contribution of 155 electrons is also shown in Fig. 5.12 (b). It is clear that simu-
lation result is independent of occupancy and therefore this special feature must
come from the module.
The common mode noise by chip in the presence of extra noise due to noise

injection is shown in Fig. 5.13 (a). Due to high coherent noise on the back side of
the module the common mode contribution is high. Here again one can see, the

2S-curve is the plot of number of hits as a function of threshold.
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Figure 5.12: (a) Common mode noise by chip for module E03 using Eq. 4.34 for
measured values of Γ and Occupancy. (b) Common mode noise as a function of
occupancy for the front and backsides of module E03 without noise injection.

common mode noise varies from chip to chip and might be a reason of peaks on the
back side of the module in Fig. 5.8, as discussed in subsection 5.3.3. Fig. 5.13 (b)
shows the average common mode noise for the module as a function of occupancy.
There is around 100 electron decrease in common mode noise with increase in
occupancy from 10% to 90%.
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Figure 5.13: (a) Common mode noise by chip for module E03 for measured values
of Γ and Occupancy. (b) Common mode noise as a function of occupancy for the
front and backsides of module E03 with noise injection.

72



5. Common Mode Noise Measurement on ATLAS SCT Modules

5.5 Conclusions

Common mode noise in a system where the data is read out using a binary scheme
can be measured in several ways as described in previous chapter. Those meth-
ods are successfully applied to measure the common mode noise contribution in
ATLAS SCT modules. The common mode noise contribution on the prequalifi-
cation modules equipped with ABCD3T chips is small. Extra noise was injected
to verify all common mode noise methods. To quantify the common mode noise
contribution the Gamma method is found giving the best results.
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Chapter 6

SCT Simulation and
Reconstruction

Monte Carlo simulation techniques are widely used in High Energy Physics in or-
der to compare theoretical models to the experimental results and to make studies
of the potential of a physics experiment. Simulations are also important during
the detector design phase to develop a detector with optimal discovery potential.
The most sophisticated simulations are full Monte Carlo studies which track in-
dividual particles through a detailed description of the detector geometry. There
are several factors that can degrade the detector performance. In this chapter
the effects of increased SCT noise and inefficiency on single track reconstruction
efficiency of the ATLAS Inner detector is presented.

6.1 SCT Simulation Flow

The ATLAS Inner detector simulation under Athena framework [67] consists of
several steps as shown in Fig. 6.1. The first step of simulation is the hit data
creation. As shown in the diagram there are two ways to get hit data under
Athena. One way is to read hits from the Zebra files. This can be done using data
converters. The Zebra files are generated using the Geant3 simulation for Data
Challenge 1 (DC11) [68].
The second way is to generate hit data using GEANT4 [70]. Both methods are
used in this chapter to generate hit data for the SCT.

1ATLAS computing planned a series of Data Challenges in order to validate its Computing
Model, its software, its data model, and to ensure the correctness of the technical choices to be
made. The purpose of DC1 was to generate several data sets for high-level trigger studies and
for physics analysis.
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Figure 6.1: Simulation flow diagram under Athena framework.

6.1.1 Hits

The simulation of hit data has to start with a description of the detector geometry.
The SCT geometry is described in FADS/Goofy [71] and is available under Athena
since release 6. The geometry parameters are taken from the Nova database. A
particle passing through the geometry undergoes different physics processes. At
this stage Geant4 takes care of the passage of particles through the SCT. The
most important physics processes simulated for the Inner Detector are multiple
scattering, continuous energy loss, bremsstrahlung for electrons, conversions for
photons and nuclear interactions for hadrons. The particle passing through the
SCT deposits energy in the silicon and produces a hit. A hit in GEANT4 is a
snapshot of the physical interaction of a track in the active volume of a detector.
The hit produced in the silicon trackers is characterized by two three dimensional
positions inside the silicon sensors (start and end position), a deposited energy,
a time of deposition, and a track number corresponding to the particle which
produced the hit by interacting with silicon.

6.1.2 Digits

The second part of the simulation is to convert hits produced by GEANT4 into
digits. For each sub-detector there is a model of how the ionization in the active
detector element is changed into the digital output of the readout electronics. This
step is called the digitization phase. The output from digitization corresponds to
the real life silicon module output, obtained by using binary electronics. The digit
is mainly characterized by a readout cell, within one of the electronic circuits of
the detector element2, which has recorded a signal above a given threshold. The

2For the SCT a detector element is one side of the SCT module
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simulation of noisy and dead channels in the electronics is a part of digitization.
The inefficiency and extra noise in the SCT is introduced in the digitization phase.

6.1.3 RDO and Reconstruction

The output from the digitization is the so called Raw Data Object (RDO). This
is the format which the reconstruction package needs as input. There exist al-
gorithms in the ATLAS cvs [69] repository to read RDOs and fill a ROOT ntu-
ple(tree [49]). The author of this thesis provided such an algorithm for the SCT
and this algorithm is now in the cvs repository and forms part of the ATLAS soft-
ware release. The last step is to run reconstruction on RDOs. The reconstruction
in a detector simulation involves the reconstruction of the kinematic information
and particle identification. For the Inner Detector tracks are reconstructed from
the hits in the individual detector elements. The standard reconstruction pack-
ages xKalman++ [72] and iPatRec [73] are used. Reconstruction results only from
iPatRec will be presented in this chapter.

6.2 Software Tools

The ATLAS offline software is composed of a set of packages running under the
Athena framework. The programs are written in object oriented C++ and perform
various simulation tasks as described in the previous section. The software tools
used to obtain the results presented in this chapter are described below. The
Athena framework is described in the next subsection and a summary of the
relevant software is given in the following subsections.

6.2.1 Athena Framework

Athena is a framework, which is a specific ATLAS implementation of an under-
lying GAUDI [74] architecture. The GAUDI architecture originally developed by
the LHCb experiment has been extended through collaboration with ATLAS. The
overall principle of the framework is the separation of algorithms and data. The
Athena-Gaudi object diagram is shown in Fig. 6.2. The most important Athena
components are:

• Algorithms: the basic building blocks of user applications, generally accept
input data, manipulate it in some way, and generate new output data. An
algorithm inherits from the framework algorithm abstract class and contains
three methods, initialize() which is executed at the start of the job, execute()
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Figure 6.2: Athena Object diagram.

which is executed for every event and a finalize() which is executed at the
end of the job.

• Data Object: produced/accessed by algorithms, acting as their input and
output.

• Transient Data Stores (TDS): There exist several transient stores acting as
temporary repository for data objects. The idea is to reduce the coupling
between algorithms. Thus, an algorithm will locate input information from
a TDS, and write out newly generated information derived from its pro-
cessing into the TDS again, where it can be later retrieved by downstream
algorithms. The various transient stores are:

- Event Data Store (TES)

- Detector Data Store

- Histogram and Ntuple Store

• Services: provide specific capabilities of the framework e.g Histogram Ser-
vice, Persistency Service, Random Number Generator Service. Services hide
behind abstract interfaces, the specific implementation is selectable at run
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time. The different persistency services provide the functionality needed to
populate the Transient Data Stores from persistent data and vice versa.

• Properties: are adjustable parameters for algorithms and services. They
allow run time configuration and they are specified via a text file, or Python
script at the startup phase of the application.

• Data Converters: convert Data Objects within the transient stores to and
from an equivalent set of persistent objects.

6.2.2 GEANT4

The acronym GEANT [70] comes from GEometry ANd Tracking. GEANT4 is a
toolkit for simulating the passage of particles through matter. It provides a com-
plete set of tools for all the domains of detector simulation including geometry,
tracking, detector response, physics models, run, event and track management,
visualization and user interface. It exploits advanced software engineering tech-
niques and Object Oriented technologies and hence provides the possibility of
validating the physics results at the LHC scale.

6.2.3 FADS/Goofy

FADS/Goofy [71] is the development framework for ATLAS simulation based
on the GEANT4 toolkit. The name stands for Framework for ATLAS Detector
Simulation/GEANT4-based Object-Oriented FollY. FADS/Goofy is a framework
and one needs to use the Goofy executable available under the standard instal-
lation. It is necessary to plug in user-defined modules (like geometry, sensitive
detector, persistency module or magnetic field etc) dynamically to this running
framework, which is available under Athena. Simulation results in this chapter
are obtained using FADS/Goofy.

6.2.4 SCT Digitization

The simulation of the electronic response of the detector to particles for the SCT
is provided by the SCT digitization package. The digitization is the last step
of the full simulation of a detector. The output from digitization is similar to
that which is expected from the readout electronics. The output are the so called
RDOs. A RDO contains a pair of numbers: a strip number and a length of the
cluster above threshold. The RDO will also be used for real data.
The SCT digitization package consists of five classes. It is available under Athena
and is described in detail in [75] and [77] respectively. The SCT digitization works
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as a part of the digitization scheme implemented in the SiDigitization package [76].
The latest developments and status can be found in [78].

6.2.5 iPatRec and xKalman++

The final stage is to convert the digitization output into physical quantities such
as energies, momenta etc. The two pattern recognition programs used are iPatRec
and xKalman++.
The xKalman++ pattern recognition starts the pattern recognition in the TRT
using a histogramming method. This method takes advantage of the many hits
on each track in the TRT to find tracks as spikes in a 2-dimensional (ϕ,1/pT )
distribution. From each track candidate found in the TRT a Kalman filtering
method [79] is used to propagate the track candidate parameters through the sili-
con detectors, layer by layer towards the primary vertex. Each track reconstructed
in the precision layers is then extrapolated back into the TRT and the drift-time
information of the straw hits are used in the fit.
The iPatRec algorithm takes advantage of the low occupancy in the outermost
layers of the silicon detectors. Reconstruction is performed in roads which join the
vertex region to a seed region defined on the outer surface of the inner detector.
A list of modules in the road is created. The digital information in these modules
is decoded, locally clustered and space-points are built from pixel-clusters and
stereo strip-intersections within the same layer. After forming clusters and space
points, track finding proceeds by building a track candidate in a combinatorial
search through space points from the silicon detector, and then adding pixel hits.
Track quality is assessed at each stage of the build by applying quality cuts on the
number of silicon detector hits and the χ2 of the track. The TRT hits are included
in the final stage of the track fit by a histogramming method in a narrow road
around the reconstructed helix of the track. More details can be found in [73]
and [20].

6.3 Hits Creation in the SCT

The first step of the full simulation of a detector is simulating the response of the
active (sensitive) part of the detector. To show the response of a charged particle
in the SCT as implemented in FADS/Goofy, random straight tracks are generated
at the vertex as shown in Fig. 6.3. For 200 GeV muons there is not much bending
in the magnetic field because of the muons high energy. Muons passing through the
sensors deposit energy in silicon and create hits as described in section 6.1.1. Each
of these hits has an energy following the Landau distribution. Energy distribution
both in the Barrel and Endcap parts of the SCT is shown in Fig. 6.4.
The low energy tail is caused by hits produced by secondary tracks. A muon
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Figure 6.3: SCT geometry in FADS/Goofy with 100 µ− tracks in the ATLAS
magnetic field.

passing through the silicon looses energy by continuous processes like ionization
and bremsstrahlung and thus creates a hit. Beside this first hit there exists a small
probability to create a delta ray. The energy deposited in delta rays can give rise
to a second hit. Therefore there could be two hits due to one parent track in the
same sensor. In the digitization phase the charge generated by the second hit is
collected into the appropriate strip and therefore we will have a single digit. To
understand the low energy tail, the energy deposited by primary and secondary
tracks are shown separately in Fig. 6.5. It is visible that mainly secondary hits
contribute to the low energy tail. A slight contribution to low energy tail also
comes from hits in the overlap region (there is a tilt angle for each module in the
barrel SCT and hence two nearby layers have an overlap region).
Hit positions in both barrel and endcap SCT modules are shown in Fig. 6.6. The
upper two plots show local hit positions, while the lower plots show hit positions in
global coordinates. Local coordinates are measured in the module reference frame
for both barrel and endcap parts of the SCT and are shown in plots Fig. 6.6 (a)
and (b). Different shapes of the barrel and endcap sensors are visible in the local
coordinates plot. The hit global coordinates in X-Y and Y-Z projection are shown
in Fig. 6.6. Plot (c) shows the X-Y view of the barrel SCT in global coordinates
and (d) plot shows the Y-Z view of the endcap SCT.
The R vs Z plot for the whole SCT is shown in Fig. 6.7. Four Barrel SCT layers
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Figure 6.4: Energy deposited by µ− in (a) Barrel and (b) Forward SCT modules.
Plots (c) and (d) are the same as (a) and (b) with log scale.

and 9 disks on both sides are visible. The offset in Z between modules can be
seen in the R vs Z plot. In the barrel region there is a tilt angle of 10◦ for each
module and therefore hits can be seen within around 1 cm in the radial direction
in the R vs Z plot.

6.4 Digitization

Digitization is the last step of the full simulation of a detector. Its output are the
digits, comparable to the raw data produced by the real detector.
For the full simulation of the ATLAS detector, it is assumed that all events are
independent. Therefore, digitization of the SCT or Pixel is performed in each
event. An event which is to be digitized may include hit information from several
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Figure 6.5: Energy deposited in Barrel SCT module on a linear (left) and log scale
(right).
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Figure 6.6: Hits in both Barrel and Forward parts of the SCT. See text for details.
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Figure 6.7: R vs Z plot of the SCT.

”piled-up3” collisions, depending on the instantaneous luminosity being simulated.
The basic detector element defined in the digitization is a full module in the Pixel
detector: one silicon sensor and its associated electronics, and one side of a module
in the SCT: one or two electrically connected silicon sensors and their associated
electronics. All these detector elements are independent, therefore the digitization
is performed independently for each detector element. Due to the independence
of events and detector elements, a collection of hits or digits contains the hits or
digits for a single detector element and a single event.
The creation of simulated digits from simulated hits requires three main steps:

• the deposited energy is converted into a cloud of charges and this cloud
is then drifted towards the sensor surface. For silicon modules, 2.76 × 102

electron-holes pairs are created per keV of deposited energy,

• the charges are then assigned to individual strips to create charged diodes.
The diode level effects such as cross talk between diodes and leakage current
noise etc, are then simulated by processing these charged diodes,

3At the LHC design luminosity, there will be an average 23 p-p events superimposed in a
single bunch crossing. These events are referred to as pile-up.
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• the charged diodes are then connected to the corresponding readout cells.
The readout cell level effects such as discrimination, noisy cells generation
etc, are implemented here.

For the SCT binary electronics, no pulse-height information will be recorded for
firing strips; only the fact that they were above threshold is known. It should be
noted as mentioned in section 6.2.4, that the SCT data digits do not correspond
to single strips. The ABCD chips cluster the detector data. The smallest unit of
the SCT data is in fact a pair of numbers: a strip index and a length of the cluster.
In order to have the simulated SCT digits in the same format as the data, the
SCT digitization performs clustering of pre-digits4. Pre-digits corresponding to
neighbouring strips are merged into one pre-digit if they are both above threshold.
In the simulation along with the digits, the noise, threshold and inefficiency flags
are also stored. In the next subsection the digitization data produced under
Athena will be discussed.

6.4.1 Digits Creation

The SCT digitization under Athena is unable to digitize hits from GEANT4 at
the time of writing this thesis, i.e Release 7.0.0. The reason is the unavailability
of the Geant4 geometry description in the digitization. This feature will be added
to the digitization package in the near future.
The SCT digitization under Athena can digitze hits from DC1 (Data challenges)
Zebra files. These hits were produced by GEANT3 simulation. The files also con-
tain the digits created by Geant3 digitization. Therefore, it is possible to compare
the output from the digitization under Athena to the old digits. The digitization
gives the RDOs as output into the store gate. The reconstruction is reading its
input from the store gate.
For the digitization study a 20 GeV single muons DC1 dataset is used. The DC1
dataset number is 002217. Since the DC1 geometry description is available in the
digitization, it is possible to get the digits local and global information. Digits
global coordinates in X-Y and R-Z projection are shown in Fig 6.8 (a) and (b).
Comparing the digits global coordinates with the hit coordinates in Fig. 6.7, it can
clearly be seen in the R-Z projection that the coordinate along the strip (stereo
measurement) is not measured by one side of an SCT module and digits are given
at the position of the module center in this coordinate (Z in barrel, R in end-caps).
The charge generated by 20 GeV muons and the cluster size in the barrel SCT is
shown in Fig. 6.9. These results are obtained with modules at 00C, 1% bad chan-
nels, 10% charge sharing with side strips and 7% charge sharing to the backplane.

4A pre-digit is the same as a regular digit. The difference between a digit and pre-digit is
that digits cannot be modified by the user where as pre-digits have to be modified by the user.
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Figure 6.8: SCT Barrel XY view(a) and RZ view(b).
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Figure 6.9: Charge generated in barrel SCT (left) and cluster size (right) by 20
GeV muons.

A threshold of 1 fC is applied in SCT binary electronics. A default Gaussian noise
sigma of 1875 electrons is included in these plots.

6.4.2 Comparison of the Reconstructed Quantities for the

Digitization under Athena and GEANT3 digitiza-
tion

Tracks are reconstructed using the reconstruction programs described in sec-
tion 6.2.5. The input to reconstruction are the RDOs from the digitization. The
DC1 Zebra files also contain the digits obtained by the GEANT3 digitization.
Therefore, GEANT3 digits are also used as input to reconstruction. The recon-
struction results obtained from both digitizations are compared in this section.
The output from the reconstruction is the combined ntuple (CBNT). The CBNT
allows the output from the different algorithms in the Transient Event Store to
be dumped in one common ntuple (hbook or root) and is described in detail
under [80]. The ntuple contains information from reconstructed tracks and also
truth information from HepMC5. Residuals distributions of momentum for RDOs
obtained from both digitizations is shown in Fig. 6.10 (a). The residual is defined
here as the difference between the reconstructed and generated parameter. For
20 GeV muons there is a difference of 40 MeV in the mean values of the two
distributions. To understand the quality of the reconstructed tracks the pull dis-

5The HepMC package is an object oriented event record written in C++ for High Energy
Physics Monte Carlo Generators. More details can be found in [81] and [82].
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Figure 6.10: (a) Momentum residuals for 20 GeV muons using digits from SCT
digitization under Athena and Geant3 digitization. (b) Pulls in 1/Pt for 20 GeV
muons, summed over all η using SCT digitization and Geant3 digits.
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Figure 6.11: (a) Distributions of phi residuals for 20 GeV muons using digits from
the SCT digitization under Athena and GEANT3 digitization. (b) Distributions
of η residuals for 20 GeV muons.

tribution of 1/pT for 20 GeV muons is shown in Fig. 6.10 (b). The pull is defined
as the difference between the reconstructed and generated parameter, normalised
by the error on the reconstructed parameter. Although there is a slight difference
of the r.m.s of the pulls, it is clear that there are few events in the tails.
The residuals distributions of φ and η are shown in Fig. 6.11 (a) and (b). Here φ
is the angle of the tangent to the track at the point of closest approach to origin
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in the transverse plane, with tanφ ≡ py/px and the pseudorapidity is defined as
η = -ln tan(θ/2). The matching between the reconstructed quantities using the
two different digitization schemes seems reasonable. The digitization plots dis-
cussed in the previous subsection and the reconstructed parameters comparison
give the confidence to use the digits obtained by using the SCT digitization under
the Athena framework as input to reconstruction. The reconstruction results are
discussed in the next section.

6.5 Reconstruction Results

The basic aim is to study the effects of increased SCT noise and inefficiency on
the single track reconstruction efficiency of the ATLAS Inner Detector. The in-
efficiency can result from signals below threshold or can also arise from technical
reasons: dead electronic cells, bad bonding contacts or pixels (or strips) masked
because they are noisy.
In the present study hits for both Pixel and SCT are taken from the single 20 GeV
muons DC1 dataset with number 002217 and digitized using Pixel and SCT digi-
tizations respectively. Muons have a Gaussian vertex smearing in x, y and z with
σx = σy = 15 mm and σz = 5.6 cm.
For the Pixel digitization the default job options were used, while for the SCT
different noise and inefficiency were simulated. The SCT threshold has a default
value of 1fC or 6242 electrons. For the SCT the sigma of the Gaussian noise
distribution is by default set to 1875 electrons giving on average 5 in 104 strips
above the acceptance threshold. The noise and inefficiency were generated only
in modules crossed by at least one particle. The SCT inefficiency is simulated
by randomly flagging 1% of strips as being inefficient. In the digitization phase
the random disabling is done by a processor which iterates on all pre-digits of the
given collection and for each of them, sets the disable flag randomly, according to
the given probability.
For the TRT the digits are taken directly from the Zebra file.
The SCT inefficiency has been varied from 0% to 25% and the SCT noise sigma
has been varied from 0 to 2200 electrons. When varying the detector efficiency
the noise sigma is kept constant at the default value and vice versa.
The single muon reconstruction efficiency is used as a measure of the detector
performance to study the effect of increased noise and inefficiency.
The single muon reconstruction efficiency is defined as the ratio of accepted re-
constructed tracks to total tracks. A reconstructed track is accepted if it has:

(a) At least 7 out of an average of 11 hits (ignoring overlaps) from the precision
(Pixel and SCT) layers.

(b) At least 2 out of an average of 3 hits (ignoring overlaps) in the Pixel layers.
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(c) An impact parameter6 |d0| < 1 mm.

The numbers in this definition are somewhat arbitrary. One can in principle define
an accepted track so that the single track efficiency is always 100%. However, in
addition to finding the muon tracks, the pattern recognition algorithm would also
reconstruct many fake tracks. These fake tracks can be due to pile-up tracks
in the case of isolated track searches and randomly aligned noise hits. In the
present study we took the simplest case of single muons tracks without pile-up
and therefore fake tracks are rare and not to be discussed here.
A second definition of efficient tracks is also used in this chapter. This is the so
called TDR [20] definition, and is similar to the above efficiency cuts but requires
9 (instead of 7) precision hits and a hit in the B-layer. This definition is the same
as used in the TDR and therefore allows comparison with results given in it.
The cuts prove very useful, especially when it is important to ensure that a track
comes from the primary vertex or a short-lived particle, such as b-hadron. The cut
on the impact parameter mostly rejects decays of long lived particles, conversions
and interactions in the detector materials and fake tracks. A cut of 1 mm is chosen
so virtually no tracks from B-decays are lost. A hit in the B-layer is required as the
impact parameter resolution depends on the hit closest to the interaction point.

6.5.1 Effect of SCT Inefficiency

The muon reconstruction efficiency as a function of pseudorapidity for standard
(7 precision hits) and TDR cuts is show in Fig. 6.12 (a) and (b). In this plot
the SCT threshold is set to 1 fC or 6424 electrons and the sigma of the Gaussian
noise distribution has the default value of 1875 electrons. It can be seen that with
increasing SCT inefficiency, efficiency decreases throughout the pseudorapidity
coverage. There is a clear overall degradation in the endcap for |η| > 1.5. This is
due to the change in the Pixel layout and improves if the pixel hits cut is relaxed
from 2 to 1. The muon reconstruction efficiency as a function of pseudorapidity
for standard cuts but 1 hit in pixel layers is shown in Fig. 6.13 (a). The decrease
in efficiency with increasing inefficiency is fairly uniform throughout the pseudo-
rapidity coverage. One can conclude that many tracks are passing through gaps
in the pixel endcap.
The variations of standard and TDR efficiencies with SCT inefficiency are shown
in Fig. 6.13 (b). In this plot the average value of efficiency is plotted in the best
pseudorapidity coverage i.e for |η| < 1.5. In both cases the muon reconstruction
efficiency decreases with increasing SCT inefficiency. With the standard cuts the

6The minimal orthogonal distance to the z-axis; signed according to the reconstructed angular
momentum of the track about the axis.
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Figure 6.12: Efficiency for finding muons versus pseudorapidity for different SCT
inefficiencies. Standard cuts(7 precision hits) (a) and TDR cuts(9 precision hits
with 1 hit in B-layer) (b).
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Figure 6.13: Efficiency for finding muons versus η for different SCT inefficiencies
with standard cuts but 1 pixel hit (a). Efficiency versus SCT inefficiency with
both standard and TDR cuts (b).

91



6.5. Reconstruction Results

|η|
0 0.5 1 1.5 2 2.5

e
ff

ic
ie

n
c
y

0.92

0.94

0.96

0.98

1

SCT noise = 0.0
SCT noise = 1000e
SCT noise = 1800e
SCT noise = 2000e
SCT noise = 2200e

|η|
0 0.5 1 1.5 2 2.5

e
ff

ic
ie

n
c
y

0.92

0.94

0.96

0.98

1

SCT noise = 0.0
SCT noise = 1000e
SCT noise = 1800e
SCT noise = 2000e
SCT noise = 2200e

(a) (b)

Figure 6.14: Efficiency for finding muons as a function of η for different SCT noise
(a) with standard cuts and TDR cuts (b).

efficiency is above the 95% specification level even at 25% SCT inefficiency. For
the TDR cuts the efficiency falls to the 95% specification value around 11% SCT
inefficiency.

6.5.2 Effect of Increased SCT Noise

To see the effects of increased SCT noise on the single muon reconstruction ef-
ficiency, the SCT inefficiency is set to the default value of 1%. The threshold is
set to the default value of 1 fC and the noise sigma is increased from 0 to 2200
electrons (0.35 fC). A noise of 2200 electrons will give rise to 0.5% noisy channels
at the SCT default threshold of 1 fC.
Fig 6.14 shows the muon reconstruction efficiency as a function of pseudorapidity
for different SCT noise values. Fig 6.14 (a) is obtained with standard cuts and
Fig 6.14 (b) with the TDR cuts. In both cases, the efficiency is not much affected
by the increase in SCT noise up to a maximum of 2200 electrons.
It should be noted that the maximum permissible noise will be determined by
the fake rates, not by the efficiency. The reason is that, with a higher fraction of
strips above threshold, the probability of forming fakes will increase. It is there-
fore essential that a study of single track efficiency is complemented by a study
of fake rates.
The efficiency of finding muons as a function of different SCT noise values is shown
in Fig. 6.15. It can be seen that for both the standard and TDR cuts the efficiency
is above the specification value of 95% up to the maximum noise of 2200 electrons.
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Figure 6.15: Efficiency as a function of noise for 20 GeV muons.

6.5.3 Precision Hits

The specification on the number of precision hits (space-points) is ≥ 5 for η ≤ 2.5
and this should be satisfied for the complete lifetime of ATLAS. The layout of
the precision detectors was designed so that a stiff track would cross ≥ 2 pixel
layers and ≥ 4 SCT stereo layers. In addition the B-layer will provide an extra
space-point for as long as is technically feasible.
To get a feeling of how the inefficiency affects the number of precision hits (space-
points), the average number of precision hits as a function of pseudorapidity is
shown in Fig. 6.16 (a). It should be noted that a default value of 1% inefficiency
and a noise charge of 1875 electrons is included in this plot. It is clear that there
is a degradation in the Pixels in the endcap. Many tracks are passing through the
gaps and do not create any hit. In this plot less than 2 hits in the Pixel layers are
not visible because the of hits is averaged over |η|.
By design there is an increasing number of precision hits at large |η| to compensate
for the loss of bending power and to cope with the non-uniformity of the solenoidal
magnetic field as clear in Fig. 6.16 (a). The decrease in the number of precision
hits as a function of inefficiency is shown in Fig. 6.16 (b). The number remains
above the specification value. This again is a proof of the robustness of the Inner
Detector to increased SCT inefficiency.

6.5.4 Discussion

The SCT/Pixel digitization under Athena can read DC1 hits and gives its output
as RDOs. The results of the digitization can be filled into a ntuple by reading
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Figure 6.16: (a) Number of hits seen for 20 GeV muon tracks in the precision
layers. (b) Number of precision hits versus SCT inefficiency.

the RDOs or can be linked to reconstruction. The comparison between the SCT
digitization under Athena and the GEANT3 digitization has been done and the
results from both digitizations are similar.
The effects of increased SCT noise and inefficiency on the single track reconstruc-
tion efficiency have been studied. The DC1 layout shows a degradation in the
Pixel layout where many tracks can pass through the gaps. The single track
reconstruction efficiency decreases to the specification value of 95% for SCT inef-
ficiency of around 11% in the range |η| < 1.5. It should be noted that inefficiency
is introduced in an unrealistic way by randomly killing strips. In the real detector
the inefficiency might be caused by dead readout chips, which will result in more
correlated inefficiency. The increased noise does not have a significant effect on
single track reconstruction efficiency up to a maximum of 0.5% noisy channels.
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Summary and Conclusion

The ATLAS detector will surround one of the four interaction points of the Large
Hadron Collider at CERN. ATLAS is a multi-purpose detector and is designed to
discover and investigate a wide range of possible new physics.
The ATLAS Semi-Conductor Tracker (SCT) is positioned in between the other
two tracking detectors (Pixel and TRT). The SCT will provide precision tracking
for charged particles using silicon micro-strip detectors. The active elements of
the SCT, 4088 detector modules, will be tiled on four barrel cylinders and eighteen
end-cap disks. The silicon sensors of each module have strip layout and are readout
by twelve front-end ASICs featuring binary readout. The performance of the
SCT system mainly depends on two parameters, which are noise occupancy and
detection efficiency. Both of these parameters deteriorate with increasing noise in
the system. If the noise occupancy grows, more hits that are not associated to
any track will be found which will increase the fake track rate. Reading out more
data can cause buffer overflows and hence inefficiencies in the read-out chain. It is
therefore very important to understand the effects of noise and to develop efficient
methods to minimize it.

It is known that silicon detectors contribute to total noise (ENC) mainly via their
capacitances. Capacitance measurements on silicon micro-strip detectors are de-
scribed. A detailed description of the effects of noise on the SCT modules with
binary readout is given. The efficiency of a SCT module is calculated using a Lan-
dau distribution and its convolution with a Gaussian. The width of the window
between thresholds corresponding to efficiency and noise occupancy specifications
is calculated. The calculation predicts that the efficiency will not be affected if the
threshold is increased after 10 years of ATLAS operation in order to keep a clean
signal. However, testbeam measurements on irradiated modules indicate, that
after 10 years of operation the margin of operation will actually be smaller than
predicted by the model, which must be attributed to more complicated charge
collection and loss mechanisms.

Common mode noise is of particular concern in binary read-out systems as it can
not be measured on an event-by-event basis. Methods to measure common mode
noise in binary read-out systems are described. An observable Γ is introduced,
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which is derived from the standard deviation of the number of hits per event and
at 50% occupancy directly gives the common mode noise contribution. The Γ
gives a quantitative estimate of the common mode noise and is computationally
very simple to evaluate. A method to calculate common mode noise from the
observable Γ at arbitrary occupancy is also given. A parametrization for Γ as a
function of occupancy and common mode noise is given which fits the numerical
simulation within ±2% over a wide range of occupancy and common mode noise
levels. The statistical uncertainty of Γ has been analyzed, it is shown that a data
sample should contain at least 500 events in order to obtain a Γ value and there-by
a common mode noise estimate with less than 4% statistical uncertainty.

A part of the work on common mode noise is published already in Nuclear In-
strument and Methods section A [57]. The remaining part will be published as
ATLAS note.

Methods for measurements of common mode noise in binary read-out system have
been successfully applied to ATLAS SCT end-cap modules. These methods are
now in use in the SCT community to measure the common mode noise contribu-
tion. Software for the implementation of these methods is available as a part of
the SCT DAQ.

A Geant4 based simulation for the SCT is performed under the Athena framework.
It is shown that mainly secondary hits contribute to low energy tails of the Landau
distribution. The comparison between the SCT digitization under Athena and
Geant3 digitization has been made. For 20 GeV muons there is a difference of
40 MeV between the mean values of the momentum residual distributions.

The effects of increased SCT noise and inefficiency on the single track reconstruc-
tion efficiency have been studied. The DC1 geometry shows a degradation in
the Pixel layout where many tracks can pass through the gaps. The single track
reconstruction efficiency decreases to the specification value of 95% for SCT in-
efficiency of around 11% in the range |η| < 1.5. The increased SCT noise does
not have a significant effect on the single tracks reconstruction efficiency up to a
maximum of 0.5% noisy channels.
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