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2 The ATLAS experiment

The data analysed in this thesis have been produced during the LHC Run I in the years 2011

and 2012 and collected by the ATLAS experiment. A brief description of the accelerator and a

more detailed description of the ATLAS experiment are given in this chapter with attention to

the subsystems relevant for the analyses described in this thesis. Then a section is devoted to

the description of the data taking operation and monitoring of one of the sub-detectors of the

inner tracker and the improvement of the inner tracker performance through the alignment

of its components.

2.1 The LHC accelerator and collider

The Large Hadron Collider (LHC) [81, 82] is a proton-proton (pp) accelerator and

collider located at CERN in Geneva (Switzerland). The LHC project was first approved

in December 1994 and the LHC was built exploiting the already existing tunnel of

the LEP collider that was switched off in November 2000 to give way to the LHC. At

the time of writing the LHC has successfully operated for three years, from 2010 to

2012, colliding protons at a centre-of-mass energy of 7 and 8 TeV. In addition, the

LHC has collided heavy ions (Pb82+) at a centre-of-mass energy of 2.76 TeV and p-Pb

at a centre-of-mass energy of 5.02 TeV.

The acceleration cycle for proton collisions starts with the production of protons

from ionised hydrogen atoms H+, which are accelerated to 50 MeV in the Linac-2.
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The LHC accelerator and collider The ATLAS experiment

Subsequently, the protons are injected into a chain of injectors, namely the Proton

Synchrotron Booster (PSB), the Proton Synchrotron (PS) and the Super Proton Syn-

chrotron (SPS) as represented in Figure 2.1.

The PS+SPS complex accelerates the proton beams up to 450 GeV. The beams are

then injected in the LHC and accelerated in both directions in the form of spatially

distinct bunches, with an inter-bunch distance of 50ns1) which corresponds to 15m.

The beams are brought to collision in the four interaction points, where the four

LHC experiments (ATLAS, CMS, LHCb and ALICE) are situated. They are collided with a

small crossing angle between the beams of the order of 150− 200 µrad to avoid the

occurrence of parasitic bunch crossings.

One of the main goals of the LHC is the discovery of rare processes. The rate RX

at which a certain processX is produced in a collision is given by the product of the

luminosity of the beams, L, and the cross section of the process, σX , that depends

on the centre-of-mass energy of the collider,
√
s:

Rx = L σ(
√
s). (2.1)

Thus the key performance parameters of the accelerator are:

●
√
s : the centre-of-mass energy, which expresses the energy available in the

collision; this parameter defines the accessible phase-space of the final states

of the reaction as well the mass of the particles that can be created. The pro-

duction cross section (σ) of a certain process is a function of this parameter.

The centre-of-mass energy reached by the LHC is 7 and 8 TeV for 2011 and

2012 datasets, respectively.

● L : is the delivered instantaneous luminosity. This depends on the number

of protons in the bunch, the number of bunches and the configuration of the

magnets (quadrupoles) in the proximity of the experiments, which have to

focus the beams into the point where the collisions take place. The luminosity

can be approximated by:

L =
NB frev N

2
p

4π σ2
T

, (2.2)

where NB denotes the number of bunches, frev is the revolution frequency,

Np is the number of protons per bunch, and σT is the transverse beam size at

1)The design distance between the LHC bunches is 25ns. This has been successfully obtained in a few

test fills during operations and will be the operating bunch distance when operations will be resumed

after the long shutdown period (2013-2014)
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the interaction point. The peak luminosity world record for proton collisions

was obtained the 24th of August 2012 with a value of 7.73 ⋅ 1033 cm−2s−1.

This instantaneous luminosity is so high that for each bunch crossing many

collisions may occur. The average number of additional collisions (or pile-up)

was 9 and 21 for 2011 and 2012 respectively and was characterised in both

years by a widely spread distribution determined by the improvement in the

machine performance throughout the data-taking period.

The amount of data delivered by the LHC and recorded by ATLAS is measured as lu-

minosity integrated over time (∫ L dt). The recorded data good for physics analyses

is 4.7 fb−1 [83] and 20.3 fb−1 [84] for 2011 and 2012, respectively. The delivered and

recorded luminosity integrated throughout 2011 and 2012 is shown in Figure 2.2.
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Figure 2.1: Schematic representation of the LHC accelerator and injection chain. The four LHC

experiments are indicated as well.
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Figure 2.2: Cumulative luminosity versus time, delivered by the LHC (green), recorded by AT-

LAS (yellow), and certified to be good quality data (blue) during stable beams and for pp

collisions at 7 and 8 TeV centre-of-mass energy in 2011 and 2012.
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2.2 The ATLAS experiment: detector

The ATLAS detector is a general-purpose experiment that detects and records

collisions produced at the LHC. A comprehensive description can be found in Ref. [85].

In this chapter we present a summary of its structure and sub-detectors, in order

to introduce the detection systems and mechanisms of relevance for the presented

analyses.

The ATLAS geometry can be best described in cylindrical coordinates, since they

reflect the detector geometry. The azimuthal angle ϕ (ϕ = 0 on the x direction)

and the polar angle θ (θ = 0 along the positive z axis) are used as default in ATLAS.

In addition to those, a z-boost invariant variable, the pseudorapidity, is commonly

used:

η = − ln(tan
θ

2
) . (2.3)

The ATLAS detector is nominally forward-backward symmetric with respect to

the interaction point. The products of the interaction are detected, measured and

identified in different layers of the detector elements. The detector structure (as

well as each sub-detector) can be divided into three parts:

Barrel The Barrel is the cylindrically symmetrical central part of the detector and

covers a pseudorapidity range of approximately ∣η∣ < 1.4.

End-caps The longitudinal hermeticity of the detector is guaranteed by two circular

structures that close off the two sides of the Barrel. These structures are called

End-caps and extend into a pseudorapidity range of 1.5 < ∣η∣ < 5, with some

overlap with the Barrel coverage.

A cut-out view of the ATLAS detector is shown in Figure 2.3. The magnet configura-

tion comprises a thin superconducting solenoid surrounding the Inner Detector (ID)

creating a magnetic field of 2T, and three large superconducting toroids (one Bar-

rel and two End-caps) of which the coils are arranged with an eight-fold azimuthal

symmetry around the calorimeters. These strong magnetic fields bend the trajecto-

ries of the charged particles allowing for a precise momentum measurement.

From small to large radii around the interaction point, ATLAS is composed of an:

Inner Tracker Tracking of charged particles and vertex reconstruction are achieved

with a combination of high-resolution semiconductor pixel and strip detec-

tors in the inner part of the tracking volume, and straw-tube tracking detec-

tors with the capability to generate and detect transition radiation in its outer
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part. The pseudorapidity coverage provided by this ID is ∣η∣ < 2.5. The reso-

lution achieved by the tracking system momentum measurement is σpT/pT =
0.05%pT(GeV)⊕ 1%.

Calorimetry The calorimeter is placed outside the solenoid covers ∣η∣ < 4.9 and is

composed of sampling electromagnetic and hadronic calorimeters with either

liquid Argon (LAr) or scintillating tiles as the active media. Its main goal is the

absorption of electrons, photons and hadrons and the measurement of their

energy.

The resolution of the calorimeters is given by σE/E = 10%/
√
E(GeV)⊕0.7 for

the electromagnetic calorimeter and σE/E = 100%/
√
E(GeV) ⊕ 10% for the

hadronic one.

Muon system The Muon Spectrometer (MS) surrounds the calorimeter. A muon mo-

mentum resolution of σp/p = 25%/pT(TeV) ⊕ 17%pT(TeV) ⊕ 3% [86, 87] is

achieved in 2011 in the barrel region with three layers of high precision track-

ing chambers and fast triggering chambers. The air-core toroid system gener-

ates strong bending power (1-7Tm) in a large volume within a light and open

structure and minimises multiple-scattering effects.

As previously mentioned, the LHC provides a bunch crossing every 50ns, which con-

verts into a bunch crossing rate of 20MHz, impossible to entirely record. For this

reason, an online event selection, called trigger system, is employed in ATLAS in order

to select only the most interesting collisions, where a hard scattering has occurred

between the partons inside the protons, from the Minimum Bias background2). The

decision chain is divided into three different stages. The Level-1 trigger is a hard-

ware implemented, fast triggering system. This trigger uses reduced granularity

information from the muon system and the calorimeters and it is able to handle

the incoming bunch crossing rate, reducing it to 75kHz. The following stages of

triggering, the Level-2 and the Event Filter are high level filters that use all detector

information and reduce the total rate incoming to the 400Hz that is possible to write

on disk. With an average event size of 1.5MB this converts to a data storage rate

of 600MB/s. The Level-2 decision is seeded by regions of interest of the detector

based on the objects identified by the Level-1. For these regions, the Level-2 trigger

accesses the full granularity information for all sub-detectors and has a processing

2)Typically, interaction with low momentum transfer between the protons.
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Figure 2.3: A cut-out view of the ATLAS detector with the innermost tracking detectors, fol-

lowed by the calorimeters and enclosed by the largest system, the muon spectrometer. The

magnet toroid structures in the Barrel can be seen between the muon chambers.

time of approximately 40ms. Finally, the Event Filter rebuilds the full event using

the standard ATLAS event reconstruction. The event processing time is about 4 s and

the total data taking rate is achieved by parallelisation of the reconstruction on a

farm of 1500 CPUs.

2.2.1 The Inner Detector (ID)

In order to reconstruct the trajectories of the charged particles produced in the

collisions, ATLAS is equipped with a tracking system built on two different technolo-

gies: silicon planar sensors (pixel and micro-strip) and drift-tube based detectors.

The innermost silicon based detector is the Pixel detector. In the Barrel region

it consists of three concentric cylinders around the beam axis at average radii of

5.05, 8.85 and 12.2 cm (1456 modules), and three disks on each End-cap side, be-

tween radii of 9 and 15 cm (288 modules), respectively. The first of these layers is

the closest to the interaction region, and its radial distance to it drives the impact

parameter resolution; since this is extremely important for an efficient b-jet identi-

fication, the first layer is usually called the B-Layer.
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The pixel sensors are made of oxygenated 250µm thick n-type wafers with read-

out pixels on the n+ implanted side of the detector. Each pixel has a size of 50 ×
400µm2 which determines the intrinsic resolution of the detector and is limited by

the size of the corresponding readout cell on the readout chip. The high granularity

of the innermost tracking system is the crucial element to achieve a robust pattern

recognition in the high occupancy and pile-up environment of ATLAS. It results in an

intrinsic accuracy of 10µm in (r − ϕ) and 115µm in z.

Outside the Pixel detector there is a second silicon based sub-detector, called the

SCT. It comprises 15392 silicon sensors assembled into 4088 independently powered

and operated modules of silicon-strip detectors arranged in four concentric layers in

the Barrel region of the detector (pseudorapidity range extends to ∣η∣ < 1.4) and in 9

disks for each of the two End-caps (pseudorapidity range 1.1 < ∣η∣ < 2.5). The Barrel

modules are of uniform design, with strips approximately parallel to the magnetic

field and the beam axis. The End-cap consists of up to three rings of modules with

trapezoidal sensors and the strip direction is radial with constant azimuthal angle.

Each module is designed, constructed and tested to operate as a stand-alone unit,

mechanically, electrically, optically and thermally. The modules consist of up to four

silicon strip sensors of size 6 cm× 6 cm with a strip pitch of 80 µm. Two sensors on

each side are chained together and a second pair is glued back-to-back with the first

at a stereo angle of 40 mrad, in order to provide three dimensional information.

The outermost element of the Inner Detector (ID) is the TRT. It uses a gas-filled

polyamide drift straw tubes technology and allows for pion versus electron sepa-

ration by absorbing and measuring transition-radiation photons. The TRT provides

only (r, ϕ) information, for which it has an intrinsic accuracy of 130µm per straw.

In the Barrel region, the straws are parallel to the beam axis and are 144 cm long. In

the End-cap region the 37 cm long straws are arranged radially in wheels. Despite

the fact that the TRT intrinsic resolution cannot compete with the resolution of the

silicon technology, the straw-tube based detectors allow for a high number of sam-

plings (on average 36 per track) and a long lever arm that significantly contribute to

the momentum resolution of the tracks.

2.2.2 The calorimetry system

The ATLAS detector is equipped with a hermetic calorimetry system that is exten-

sively described in Refs. [88] and [89]. It employs different technologies across the

different regions in pseudorapidity and in different sub-detectors and guarantees
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a large pseudorapidity coverage (up to ∣η∣ = 4.9) as well as a good energy measure-

ment of hadrons, photons and electrons. A cut-away view of the calorimetry system

is shown in Figure 2.5.

Both the electromagnetic and the hadronic calorimeters are designed to contain

showers of particles up to the TeV scale, since energy escaping from the calorimeter

results in reduced energy resolution and in punch throughs into the muon system.

For this reason, the electromagnetic calorimeter thickness is 22 and 24 radiation

lengths (X0), for Barrel and End-caps, respectively, and the hadronic calorimeter is

11 interaction lengths (λ) deep.

The electromagnetic calorimeter is a liquid-Argon sampling detector with accordion-

shaped electrodes and lead absorber plates over its full coverage. The accordion

geometry provides complete ϕ symmetry without azimuthal cracks. The thickness

of the lead absorber plates has been optimised in order to compromise costs, full

coverage and high energy resolution in the regions devoted to precision physics.

In the region of ∣η∣ < 1.8, a pre-sampler detector is used to correct for the energy

lost by electrons and photons between the interaction point and the calorimeter.

The pre-sampler consists of an active LAr layer of thickness 1.1 cm (0.5 cm) in the

Barrel (End-cap) region.

The outer hadronic calorimeter employs scintillator tiles as sampling medium

and steel as absorber medium. The tile calorimeter covers the range 0 < ∣η∣ < 1.7.

The hadronic calorimetry is extended to larger pseudorapidities by the Hadronic

End-cap Calorimeter (HEC), a copper/liquid-Argon detector composed of two wheels

per End-cap and located directly behind the End-cap electromagnetic calorimeter.

The Forward Calorimeter (FCal), a copper-tungsten/liquid-Argon detector, pro-

vides calorimetry coverage for the pseudorapidity range of 3 < ∣η∣ < 4.9. The

FCal is approximately 10 interaction lengths thick and consists of three modules in

each End-cap: the first, made of copper, is optimised for electromagnetic measure-

ments, while the other two, made of tungsten, measure predominantly the energy

of hadronic interactions.

2.2.3 The muon spectrometer

The ATLAS muon spectrometer [90], shown in Figure 2.6, is designed to pro-

vide precision muon momentum measurements and a stand-alone trigger subsys-

tem. The muon momentum measurement relies on the magnetic deflection of muon

tracks in the large superconducting air-core toroid magnets. Over the range ∣η∣ < 1.4,
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Figure 2.4: Drawing of the sensors and structural elements traversed by a charged track of

10 GeV pT in the Barrel Inner Detector. The track traverses successively the beryllium beam-

pipe, the three cylindrical silicon-pixel layers (Pixel detector), the four cylindrical double lay-

ers of Barrel silicon-microstrip sensors (SCT), and approximately 36 axial straws contained

in the Barrel transition-radiation tracker modules (TRT).

Figure 2.5: A cut-out view of the ATLAS calorimetry system.
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Figure 2.6: Cut-away view of the ATLAS muon spectrometer

magnetic bending is provided by the large Barrel toroid. For 1.6 < ∣η∣ < 2.7, muon

tracks are bent by two smaller End-cap magnets inserted into both ends of the Bar-

rel toroid. Over 1.4 < ∣η∣ < 1.6, usually referred to as the transition region, magnetic

deflection is provided by a combination of Barrel and End-cap fields. This magnet

configuration provides a field which is mostly orthogonal to the muon trajectories,

while minimising the degradation of resolution due to multiple scattering.

The precision chambers are made of Monitored Drift Tubes (MDTs) and of Cathode

Strip Chambers (CSCs), while the trigger is provided by Resistive Plate Chambers (RPCs)

and Thin Gap Chambers (TGCs). The muon spectrometer is the largest detector sys-

tem and extends up to a radius of ∼ 10m and a z-position of 21.5m with respect

to the centre of the ATLAS reference frame. The trigger chambers provide the trig-

ger system with the information about the multiplicity and transverse momentum

of muons. It also complements the precision chambers with additional information

about the track position in the non-bending plane (ϕ coordinate).

2.3 The ATLAS experiment: performance monitoring and

improvement

The ATLAS detector is often denoted as a general purpose experiment, with the

aim to express that behind its design lies the purpose of performing a large variety

of very different measurements with the data collected in the next twenty years of
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data taking.

For this reason, it is of utmost importance to ensure that the detector reaches,

and if possible outperforms, its design requirements.

This can be summarised in three different key points of action:

(a) Guarantee that the detector efficiently records high quality data. This is ensured

by a constant monitoring of the collected data.

(b) Increase the understanding of the detector in order to improve the performance

and achieve a precise simulation description;

(c) Evaluate the time evolution of the detector's performance, both in the long and

in the short term, to ensure the detector's health throughout the experiment

lifetime.

The number of tasks, sub-groups and manpower employed to achieve these results

in a complex detector such as ATLAS is enormous. In this section we will outline two

examples of performance monitoring and improvement, namely the alignment of

the Inner Detector and the monitoring of the acquired data of the SCT.

The former is very important in any physics analysis involving b-jets or isolated

charged particles such as electrons and muons. The knowledge of the position of

each single module of the tracking system, down to the micrometer precision, has an

impact on both the momentum resolution of tracks and the track impact parameter

that are used as input in the b-tagging algorithms introduced in Sec 3.2.2.

The second example will outline the various observables on which the SCT mon-

itoring is based, since the assessment of the quality of the data recorded by the

silicon tracker is of obvious importance for all analyses relying on tracks.

2.3.1 Alignment of the Inner Detector: performance improvement

The precise knowledge of the position of the different modules, layers, disks

and wheels of the sub-detectors that compose the Inner Detector (ID) is of utmost

importance for physics analyses relying on b-jets tagging and or isolated charged

particles.

The main goal of the ID alignment is to ensure that at high transverse momentum

the degradation of momentum resolution due to non perfect alignment does not

exceed 20% of the momentum resolution of a perfectly aligned detector.

The current achieved precision in term of position alignment is shown in Ta-

ble 2.1.
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sub-detector Module Resolution Alignable Objs

x × y [µm ]

Pixel Barrel 10 × 115 1744

End-caps 16 × 140
SCT Barrel 17 × 580 4088

End-caps 30

TRT 130 350848

Table 2.1: Module resolution and number of alignable objects of the ID components. x and

y are the two cartesian coordinates in the plane of the silicon module with x in the most

sensitive direction, or x perpendicular to the TRT straw.

Alignment procedure and track based algorithms

The ID alignment is performed at three different levels of granularity, where col-

lections of detector elements (modules, wires), corresponding to substructures of

various sizes, are treated as rigid bodies with three translational and three rota-

tional degrees of freedom each (2 DoFs for TRT single straws).

At the first level, the sub-detector structures are aligned: all Pixel detectors are

treated as a single unit and SCT and TRT are composed of 3 structures each (Barrel

plus 2 End-caps). At the second level, silicon Barrels and End-cap disks, TRT Barrel

modules and End-cap wheels are considered. The number of degrees of freedom

that are aligned at this level is 1260. At the third level the single modules and wires

are aligned, for a total degrees of freedom of 726800.

To this purpose, two main track-based algorithms have been developed and used

in ATLAS:

a) Global χ2 (Baseline) [91]

b) Local χ2 [92]

The Global and Local alignment algorithms rely on the minimisation of a χ2

constructed on track-hit residuals. The alignment χ2 is defined as [93]:

χ2 = ∑
tracks

[r⃗(a, τ)]T V −1 [r⃗(a, τ)] (2.4)

where V is the individual hit covariance matrix; the vector of the residual param-

eters r⃗(a, τ) is defined as the distance between the measured hit position and the
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extrapolated track intersection in the module plane and it depends on the track

parameters τ = (d0, z0, ϕ0, θ, q/p) and the alignment parameters a. The latter are

determined from:

dχ2

da
= 0 ⇒ ∑ [(

dr⃗

da
)
T

V −1 (dr⃗
da
)] δa +∑(

dr⃗

da
)
T

V −1r⃗0 = 0, (2.5)

where r⃗0 refers to the vector of residuals calculated for the initial track parameters.

This requires solving a linear system with a number of equations equal to the number

Degrees of Freedom (DoF).

The individual hit covariance matrix (V) does not have any correlations, i.e. all

measurements including scatterings are assumed to be independent. On the other

hand, correlations between the alignment parameters are considered in Equation

(2.4). The Global χ2 approach is used for systems of equations that involve up to

the entire silicon tracking system (35000 DoFs). However, it is practically impossible

to solve the ∼ 7 ⋅ 105 DoF set of linear equations of the third level alignment without

a dedicated computing hardware. For problems of this size, the Local χ2 algorithm

is used, which neglects correlations between the alignment parameters, and allows

to solve for such a high number of DoFs at the third level of granularity.

The implementation of the track-based alignment within the ATLAS software

framework unifies different alignment approaches and allows the alignment of all

tracking subsystems together. The alignment-specific classes derive from the track

reconstruction software and provide tools for computation of necessary quantities

(residuals, pulls, track derivatives, covariance matrices). Solving the Global χ2 prob-

lem poses a computational challenge as it involves inversion of a large matrix that

may be not sparse and not diagonal. Fast solving algorithms as well as full diago-

nalization have been implemented.

The alignment software also has the ability to introduce constraints on track

parameters (beam spot, primary vertex, momentum from the ATLAS muon system,

momentum charge asymmetry from calorimeter information) or on the alignment

parameters, in order to help control "weak modes" of the solution, which are due to

distortions of the detector.

Monitoring and performance of the detector alignment

The detector alignment is monitored by means of a python-based monitoring in-

frastructure that collects properties of individual tracks, the beam spot, well known

resonances such as K0
s , J/Ψ, Υ, Z for each run recorded by ATLAS. Both the produc-
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tion and the validation of alignment constants are done using the LHC Computing

Grid (LCG), allowing access to all datasets, usage of thousands of CPUs and virtually

unlimited disk storage.

The track residual distributions are also used to monitor and validate the align-

ment sets and to decide whether updates are needed due to considerable detector

movements. Since 2012, whenever detector movements are identified (for exam-

ple in case of change of the cooling or the magnetic field conditions), a new set

of alignment constants is produced on the fly and applied to the data reconstruc-

tion algorithms. In addition, alignment constants are re-computed before each data

reprocessing campaign, approximately two or three times per year.

Residual distributions The performance of the alignment is visible in Figure 2.7,

where residual distributions for Pixel and SCT Barrels in 2011 proton-proton colli-

sions are presented. The distributions are centred at zero and the resolution, indi-

cated in the legend of the plots, approaches that of a perfectly aligned Monte Carlo

simulation.

Correcting weak modes The track-based algorithms guarantee that the various

components of the detector are aligned in order to provide an efficient and good-

quality track fit. A number of detector distortions, that leave the track residuals un-

affected and are not corrected by the track-based algorithm, can still largely bias the

track reconstructed parameters. Such distortions are referred to as "weak modes".

Especially dangerous are misalignments affecting the particle momentum and im-

pact parameters which are key ingredients for physics measurements.

In order to remove weak modes, one needs to rely on additional information,

such as vertex constraints, well-known resonances and calorimeter information.

Large charge-antisymmetric momentum biases, measured in terms of variation

of the sagitta of the track δsagitta, have been removed in the 2011 data using the

difference of energy of electrons and positrons measured in the calorimeters. This

type of weak mode affects the reconstructed momentum as shown in Equation 2.6:

q/p→ q/p(1 + qpT δsagitta). (2.6)

In the equation q is the electron charge and pT its transverse momentum. δsagitta

is the bias on the track transverse momentum induced by alignment distortions

in units of TeV−1 and it is independently measured using the dependence of the

reconstructedZ → µ+µ− invariant mass on the µ+µ− kinematics. Figure 2.8(a) shows
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x 103

(a) Pixel Barrel

x 103

(b) SCT Barrel

Figure 2.7: Residual distribution in Pixel and SCT Barrel. 2011 proton-proton collisions are

compared to perfectly aligned Monte Carlo and the width of each distribution is shown in

the legend.
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(a) Original Alignment (b) Updated Alignment

Figure 2.8: Weak-mode bias in 2011 proton-proton collisions [94]. In the plots η is a function

of the polar angle θ (pseudorapidity η = − ln tan(θ/2)) and phi the azimuthal angle. δsagitta

is bias on the track momentum introduced by the distortion and measured using Z → µµ

events.

a momentum bias (δsagitta) before the alignment correction. Local biases up to 8% can

be observed.

The results after momentum-constrained alignment of the detector are shown

in Figure 2.8(b). Charge-antisymmetric momentum biases have been reduced by an

order of magnitude resulting in a uniform detector response for the momentum

measurement.

2.3.2 SCT monitoring: 2011-2012 detector operations

Ensuring the health and performance of the ATLAS detector as well as the quality

of the recorded data at all times is an important challenge to be faced when doing

physics analyses at the LHC.

Each of the sub-detectors is a complicated system by itself, run, maintained and

operated by a separate team of shifters and experts. In this section we will give

an overview of the performance of one sub-detector, the SCT in the period 2010-

2013 during which the sub-detector has been fully operational and more than 99%

efficient [95].

The quality of the data taking has been constantly monitored both online and

offline, taking into account information from a wide amount of sources to assess

the status of the detector and the quality of the data taking. In addition, these
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Figure 2.9: The mean intrinsic hit efficiency for each layer of the SCT measured in 8 TeV proton-

proton collisions is shown. The continuous line and right-hand axis indicate the fraction of

disabled strips in each layer. [96]

observables have been studied on a longer time scale in order to asses the health of

the detector.

The SCT was fully operational throughout all data taking periods and achieved

data taking efficiencies of 99.9%, 99.6% and 99.1% in 2010, 2011 and 2012 respec-

tively [95]. During the three years of data taking, 99% of strips were active and avail-

able for tracking at all times. The SCT was always powered on. The bias voltage was

maintained at 50V outside of LHC stable beam conditions (Standby) and at 150V dur-

ing stable beams. Using an evaporative cooling system, it was operated cold in order

to mitigate the effects of radiation damage. Calibrations were performed regularly.

In order to optimise the data taking configuration, a common 1 fC hit threshold

was applied across the SCT, which ensured a low occupancy (< 5 ⋅ 10−4) and high hit

efficiency (> 99%) for all strips.

Online and offline monitoring of the SCT

It is important to assess the quality of the data within 24 hours after being

recorded, and propagate this information to the physics analysis teams in terms

of a good run list where defects in the data are indicated. A number of defects that

might occur in the SCT data taking and performance can be defined as intolerable

for the physics analyses, marking the afflicted data as not usable for these purposes.

48



The ATLAS experiment Performance monitoring and improvement
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Figure 2.10: Mean occupancy of each layer of the SCT Barrel as a function of the number of

interactions per bunch crossing in minimum bias pp data. Values for less than 40 interac-

tions per bunch crossing are from 7 TeV collisions; those for higher values correspond to

special test runs at 8 TeV with fewer bunches of protons and higher number of protons per

bunch [96].

This quality control process is generally referred to as offline monitoring.

In the online monitoring instead, during the data acquisition, a certain number of

events, taken from different data streams, are processed on the fly from the online

monitoring infrastructure. This information is used to asses immediately any lack

of quality in the data taking and to promptly instigate further investigation. The

quantities that are monitored are briefly described in the following.

Intrinsic hit efficiency The intrinsic hit efficiency is defined as the probability of

a hit being registered in an operational detector element when a charged particle

traverses the sensitive part of the element. It is defined as the ratio of the numbers

of recorded hits on a track with pT > 1 GeV (Nhits) to the total expected number of

hits, given by the number of hits plus the number of misses (Nholes).

ε = Nhits

Nhits +Nholes
(2.7)
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Figure 2.11: Number of noisy strips determined offline in the prompt calibration loop as a

function of time from the start of data-taking in 2010 to the end of data-taking in 2013.

The left-hand axis shows the number of strips, and the right-hand axis the fraction of the

total number of working strips in the SCT. [96]

Dead modules and chips are omitted in the efficiency evaluation.

The hit efficiency for each of the SCT layers and disks is shown in Figure 2.9,

together with the fraction of non-working strips in that layer. The figure shows that

the hit efficiency is > 99.5% for all layers and that the inefficiency is correlated with

the number of bad strips, as expected.

Detector occupancy The detector track occupancy is defined as the ratio of the

number of strips giving hits in a given event to the total number of strips. The

SCT design was optimised to minimise the detector occupancy, hence reducing the

confusion in pattern recognition that arises from the high track multiplicity envi-

ronment. The 1% mean strip occupancy design threshold has been reached and, in

2012, exceeded, with no significant loss in tracking efficiency. The detector occu-

pancy has been studied in dedicated runs as a function of the number of interactions

per bunch crossing delivered in the collision and its trend has been found to show a

good linearity (Figure 2.10) and a value smaller than 2% for the Barrel region up to

70 interactions per bunch crossing.
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Figure 2.12: In this plot, the HV current measured in the HV power supply of the ATLAS SCT

Barrel modules are shown by points at four SCT Barrel layers (B3 to B6) . The data were

taken when the LHC beams were off and are compared with the predicted leakage currents

by the Hamburg /Dortmund model. See text for references and details. [96]

Noise occupancy The probability to record a hit due only to noise is measured

in collisions with empty bunch trains. A noisy strip is defined as one with an aver-

age occupancy of more than 1.5% in such empty bunch-crossings. Noisy strips are

identified and monitored, since maintaining a low noise is of crucial importance in

order to maintain high tracking efficiency in the detector. Strips that were noisy, or

showed other problems in previous online calibration runs are excluded. The rate of

noisy strips is observed to rise with luminosity, as radiation provokes single event

upsets, i.e. bit flips in the chip register, that affects the effective readout thresholds.

This is observed in Figure 2.11 where the number of noisy strips determined offline

in the prompt calibration loop are shown as a function of time from the start of

data-taking in 2010 to the end of data-taking in 2013. Often whole chips are af-

fected, leading to large run-to-run fluctuations in the number of noisy strips. The

number is relatively stable during the periods of heavy-ion running at the end of

2011 and in 2013, when the luminosity was relatively low.
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Radiation Damage Irradiation of silicon sensors results in damage in the bulk sili-

con and the dielectric layers, with main effects being the increase in leakage current

of the sensor, the change in the effective doping concentration and a change in the

inter-strip capacitance. A measurement of leakage current during off beam periods

was made and converted to those at a temperature of 0○C, assuming that all HV

currents are due to generation current in the silicon bulk [97].

The experimental measurement was found to be in agreement with the Hamburg--

Dortmund model simulated using FLUKA [98]. The increase in the Leakage Current is

shown in Figure 2.12. Coloured bands indicate 1 σ uncertainty, which is obtained by

quadratically summing up all uncertainties of the model parameters as well as the

temperature measurements. The prediction takes into account the self-annealing

effects using the measured sensor temperatures shown at the top of plots and is

based on the total 7 and 8 TeV collision luminosities delivered to ATLAS, shown by

the black solid line.

The leakage current was observed to be correlated with the increase in integrated

luminosity as expected and excellent agreement between data and predictions is ob-

served over the three years of operations. This indicates that the observed HV cur-

rents are mostly due to bulk generation current and also that the leakage current

modelling incorporating self-annealing effects are well applicable. Although a sig-

nificant increase in leakage current is observed the change in depletion voltage so

far is negligible and the SCT remains far from the type inversion.
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