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Chapter 4

Event simulation and reconstruction

In this chapter we give an overview of the software packages used to perform the event re-
construction and selection. We first discuss the software framework and briefly present the
Monte Carlo (MC) generators used to simulate events. We then go into more details on the
jet reconstruction and b-quark identification (b-tagging) algorithms. We also discuss the mea-
surement of the Missing Transverse Energy (/ET ) and finally we summarize the different object
definitions and selections we will be using in our analyses.

4.1 ATHENA framework

The software package used is a flexible modular framework called ATHENA [82], which is
derived from the GAUDI framework [83] developed for the LHCb experiment. With its modular
design it can be applied to different types of events, be it proton-proton collisions in ATLAS or
single particles such as cosmic muons traversing the detector. The framework is also designed
such that it can be used for analysis of actually recorded events, or of simulations there-
of. Simulated events are created with Monte Carlo generators and are used to study the
performance of the detector and to validate the reconstruction algorithms.

The framework ensures that the algorithms requested by the user are run in the correct
order. For this, the output of an algorithm is written to a common place in memory called
the ‘transient event data store’, from where the next algorithm can retrieve it and process it
further. The output can also be written to disk; in case the needed input for an algorithm is
not present in the event store, the framework ensures that the data is read from disk. This
setup makes it possible to run the complete chain of algorithms in one single job, or to only
perform a certain part of the chain in a smaller job.

Event simulation

At the time of writing no collisions have been recorded yet in ATLAS. For a preliminary
physics analysis we therefore need first to create events with MC generators and simulate the
detector’s response. In Section 4.2 we go deeper into the MC generators. For the detector’s
response the simulated passage of the created particles through the detector is handled by the
GEANT4 toolkit [84]. This handles the interaction of the particles with the magnetic field and
with the detector material, causing for example multiple scattering, energy loss, and much
more. The toolkit also simulates the response of all sub-detectors and their sensors: a particle
traversing a sensitive element such as a silicon sensor can create a ‘hit’. The consequences of
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88 Chapter 4. Event simulation and reconstruction

Figure 4.1: An example of an ATHENA algorithm chain for the reconstruction of elec-
trons/photons. The balloons are algorithms each performing a specific task. The algorithms
retrieve their information from the transient event data store, where they also store their out-
put. This is then used by the following algorithms in the chain. The Tracker Digits and the
Calorimeter Cells can be simulated or real data.

a hit, such as the drift of the charges in a silicon module and the response of the electronics is
simulated. This final step is called the digitization.

We note that for the simulation of the detector’s response there are several algorithm
packages available. The most detailed is called the ‘full simulation’, which is the most accurate,
but also the most time-consuming in processing. The least detailed simulation is called Atlfast;
although less accurate it is still useful for many analyses and makes it possible to simulate
events in far less cpu-time. For some specific studies it can be useful to combine the full and
fast simulation: AtlfastII contains the full simulation of the Inner Detector, the fast simulation
of the calorimeter and either the full or fast simulation for the muon spectrometer.

In this thesis, all samples analyzed are processed with the full simulation unless stated
otherwise.

Event reconstruction

With either a simulated or a truly recorded event, the next step in the analysis chain is the
event reconstruction. This requires various algorithms to perform the pattern recognition,
track fitting, energy measurement, and much more. A detailed output of the reconstruction
is written to an event summary data (ESD) file, a less detailed summary is written to an
analysis object data (AOD) file. In case of a simulated event these samples also contain ‘truth’
information, that is information from the event simulation which can be used to study the
quality of the reconstruction. As a last step, the samples can be analyzed either within the
ATHENA framework or using ROOT [85] to perform physics analysis.
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Figure 4.1 shows an example of an algorithm chain in ATHENA performing the recon-
struction of an electron or photon candidate. Parts of the information stored in the transient
event data store are written to the data set files, more in the ESD than in the AOD. This
gives the possibility to rerun the ATHENA chain, if for example some calibration constants are
changed. Whether the candidate is finally labeled as an electron or a photon depends on the
object definition used in each specific physics analysis. In Section 4.6 we state the definitions
we will be using in our analysis.

4.2 Event generators

In Section 1.1.1 we discussed how in the collision of two protons the hard scattering is an
interaction of the quark and/or gluon constituents. In the simulation of events both the hard
scattering and the underlying event are taken into account. The physical concept that makes
such simulations possible is factorization, the ability to isolate separate independent phases
of the overall collision. These phases are dominated by different dynamics, and the most
appropriate techniques can be applied to describe each of them separately. For a detailed
review on event generation we refer to [12]. In this section we only discuss the simulation of
the hard scattering.

For the creation of events with Monte Carlo programs we can distinguish two steps: the
first is the selection of the partons from the protons according to the PDFs and the calculation
of their interaction. This is the calculation of the Matrix Element (ME) for a certain process
with an MC generator. The second step is the parton showering used to simulate initial and
final state radiation (ISR and FSR) on the calculated process. We will take the simulation of
tt̄ events to illustrate some of the possible techniques available for MC generators.

Figure 4.2 shows a hard scattering of two gluons producing a t t̄ pair. We note that this is
but one example, there are more processes with a top pair as outcome. The ME of this diagram
is calculated at Leading Order (LO) and is made visible here in black, while additional FSR
is created by a parton showering algorithm, visible in gray. In Chapter 6 we will be analyzing
the tt̄ AcerMC [86, 87] samples, which are created as this example. For the AcerMC samples
the Pythia [88] parton showering is used.

Figure 4.2: Example of t t̄ production at Leading Order (black) combined with parton showering
(gray).

Parton showering is known to be a good approximation for the radiation of extra partons
in the soft and collinear limit only. If we want to incorporate t t̄ events with extra hard jets
it is therefore more accurate to use next-to-leading order (NLO) matrix elements. These do
not only take into account the exact calculation for radiation of an extra gluon or quark,
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they also incorporate the effect of virtual corrections. In Figure 4.3 the two left diagrams are
examples of NLO tt̄ production, with again parton showering applied. MC@NLO [37, 38] is
a MC generator based on this method; for the MC@NLO samples analyzed in this thesis the
Herwig program [89, 90] is used for subsequent parton showering.

However, when quantum amplitudes of the matrix elements up to NLO are summed, inter-
ference contributions may be positive, negative or zero. To compensate for this, some events
from MC@NLO are generated having negative weights. Typically about 13% of all generated
events in the MC@NLO samples used in this thesis have negative weight.

A problem which arises when combining parton showering with matrix elements up to NLO
is double counting. In Figure 4.3 the most right diagram is a LO t t̄ production, which after
parton showering has the same topology as the middle diagram. Some sort of subtraction or
veto is needed to compensate for this. In MC@NLO the double countings are avoided using
analytic expressions for the first shower emissions.

Double counting

Figure 4.3: The two left diagrams are examples of next-to-leading order t t̄ production (black)
combined with parton showering (gray). The most right diagram illustrates a t t̄ production at
LO with the same topology after the parton showering as the diagram in the middle, which is
produced at NLO. Several techniques are available to prevent such double countings; see text
for more details.

For tt̄ events with more and more extra partons the matrix elements of order α N
s (with

large N) are, at the moment, too difficult to calculate. The Alpgen program [91] can calculate
the ME for tt̄ events with up to 6 extra partons, at Leading Order. Compensating analytically
for the overlap between jets created at ME level or at parton showering level becomes more
difficult (with the ME calculated up to Leading Order only). A solution for this problem is the
division of the phase space: the parton showering after the ME calculation is only used for soft
and collinear radiation. If the parton showering does create an extra hard parton the event is
rejected.

In more technical details: after the parton showering a jet algorithm is applied and the
reconstructed jet of the showered partons is matched to the original ME partons. If no match
is found, the assumption is that the jet is a consequence of hard ISR/FSR and is rejected. This
specific technique is called the MLM matching.1) Another procedure to divide the phase space
is the CKKW matching, see [92]. Figure 4.4 depicts a few examples of t t̄ events with up to
two extra jets. In the lower right diagram the gray gluon is created by the parton showering.
The jet this creates cannot be matched to a parton generated at the ME level and the event
is rejected. This prevents a double counting of the lower left diagram.

1)Free parameters in the MLM procedure are the minimum pT of the parton and the minimum angular
distance ∆R =

√
∆φ2 +∆η2 between two partons, for an event to be generated by the matrix element. The

parameters are set at pT = 20 GeV and ∆R = 0.7 in ATLAS studies.
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Figure 4.4: Approximation of higher order t t̄ production by combining tree level matrix ele-
ments (black) with parton showering (gray). To prevent double counting as in the two lower
diagrams, the parton showering is restricted to only provide soft and collinear radiation.

With different techniques available for event generation the difference between the predic-
tions from several MC generators can be used for a study of the systematic uncertainty of the
generators. A study on the prediction for the t t̄ + n-jet spectrum from different MC genera-
tors is given in [93]; their conclusion is that Alpgen and AcerMC predict a slightly higher jet
multiplicity per event than MC@NLO. We come back to this in Section 6.2.3.

4.3 Jet algorithms

A parton that has participated in a hard scattering hadronizes into a jet which can contain up
to ∼ 10 particles. A jet definition is a set of rules to cluster particles that “belong together”,
ideally (but impossibly) originating from a single parton, or at least corresponding to the
distribution of partons before hadronization. In the busy environment we can expect at ATLAS
this is far from trivial. We can reduce the problem at first to two questions: which particles
get put together into a common jet? And how does one combine their momenta? The last
question is nowadays mostly solved with the direct four-momenta sum (E-scheme), although
other schemes have been used, see for example [94].

In this section we discuss the first question: which particles to put together? A jet leaves
tracks from its charged constituents in the Inner Detector and deposits most of its energy in
the calorimeter, where each incoming particle creates a shower of charged and neutral particles.
Although studies are underway to gain information from the tracks in the ID, see [95], most
jet algorithms only work with the information from the calorimeters. We will discuss step by
step how this information is put together into a jet.
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4.3.1 Algorithm requirements

Based on the study from Ref. [96] a set of basic rules has been assembled in ATLAS for the
jet reconstruction. The most important requirements are:� Infrared safe - The presence or absence of additional soft particles between two par-

ticles belonging to the same jet should not affect the recombination scheme. Generally,
any soft particles not coming from the fragmentation of a hard scattered parton should
not affect the number of jets produced.

� Collinear safe - A jet should be reconstructed independent of whether a certain amount
of transverse momentum is carried by one particle, or a particle is split into two collinear
particles.

� Detector independence - The reconstructed jet and its kinematic variables should
not depend on the detector characteristics, i.e. all detector-specific signal characteristics
and inefficiencies must be calibrated out or corrected as much as possible.

� Order independence - The algorithm should behave equally at the parton, particle
and detector level.

The last two criteria for detector and order independence are the most difficult and are for
now only approximately correct for most algorithms. The first two criteria must be satisfied
however by all algorithms. Yet we will see later that this is also not always the case.

4.3.2 Calorimeter activity reconstruction

The calorimeters in ATLAS have about 200,000 individual cells of various sizes and with
different readout systems, see Section 2.4. Before a jet finding algorithm can be applied to
decide which particles to put together, the cell signals have to be converted into larger signal
objects with physically meaningful four-momenta. Two different object definitions are available
in ATLAS, the calorimeter tower signals and the topological cell clusters.

Figure 4.5 depicts an overview of the three jet reconstruction sequences available with
these two calorimeter objects. For the tower signals there is one sequence; the cell clusters can
however be dealt with in two ways, which differ in the point at which the hadronic energy
calibration is performed. We come back to this in Section 4.3.4, we first give the definition of
the tower signals and the cell clusters.

Calorimeter tower signals

For the tower signals the cells are projected onto a fixed grid in pseudorapidity (η) and azimuth
(φ). The tower bin size is ∆η×∆φ = 0.1×0.1 in the whole acceptance region of the calorimeters,
i.e. in |η |< 5 and −π < φ < π with 100×64 = 6.400 towers in total. Projective calorimeter cells
which completely fit inside a tower contribute their total signal, as reconstructed on a basic
electromagnetic energy scale2), to the tower signal. Non-projective cells and projective cells
larger than the tower bin size contribute a fraction of their signal to several towers, depending
on the overlap fraction of the cell area with the towers. The cell signals are on the basic
electromagnetic energy scale; the tower signal as a sum of (possibly weighted) cell signals is
thus at the same energy scale.

2)The raw signal from the ATLAS calorimeters. See [95] for more details.
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Figure 4.5: Schematic overview of three jet reconstruction sequences: from calorimeter towers
(left), from uncalibrated (center) and from calibrated (right) cell clusters. The most notable
difference is the location of the hadronic calibration. The classification in three software do-
mains is also visible.
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Topological cell clusters

A topological cell cluster is a representation of the three-dimensional “energy blob” left by
the shower of each particle entering the calorimeter. Starting with a seed cell with a high
signal-to-noise ratio, or signal significance Γ = Ecell/σnoise,cell above a level |Γ| > 4 all directly
neighboring cells are collected. The neighbors of these neighbors are again collected if the
cell has |Γ| > 2 and finally a third neighbor is added if the cell has |Γ| > 0. After the initial
clusters are formed, they are analyzed for local signal maxima by a splitting algorithm and
split between those maxima if any are found. This set of threshold is referred to as 4/2/0. We
note that the absolute values of Γ in these cuts are taken with a specific reason: due to noise
the cells can be readout with negative values. The idea is that by taking the absolute value the
contributions from cells with positive noise are canceled by those from negative noise. This is
especially important for the contributions in the second and third neighbor-layer.

At first the clusters are formed using the basic electromagnetic energy scale of the calorime-
ter cells. These can directly be transferred to the jet finding algorithms, as in Sequence II in
Fig. 4.5, or they can be calibrated to a local hadronic energy scale3) as in Sequence III. For
this last calibration the clusters are first classified as electromagnetic, hadronic, or noise, based
on their location and shape. After that, cell signals inside hadronic clusters are weighted with
functions depending on cluster location, energy, and the cell signal density. Then, a correc-
tion for energy losses in inactive materials close to or inside the cluster is applied. Finally, a
correction for signal losses due to the clustering itself (out-of-cluster correction) is applied.

4.3.3 Jet finders

The tower signals and cell clusters are fed to the jet finding algorithms as massless pseudo-
particles. Their directions are fixed by the bin center in the (η ,φ) grid for each tower, or they
are reconstructed from the energy-weighted center for the cluster. The most commonly used
algorithms in ATLAS are a seeded fixed cone finder, based on [96], and the kT algorithm [94,97].

Fixed cone jet finders

The algorithm starts by ordering all input objects in decreasing order in transverse momentum.
The object with the highest pT serves as a seed if its transverse momentum lies above a
certain threshold (1 GeV in ATLAS). All objects which then lie within a cone in η and φ with√

∆η2 +∆φ 2 < Rcone are combined with the seed into a new object; Rcone is the fixed cone radius
and is most commonly 0.4 for narrow jets or 0.7 for wide jets in ATLAS. If the direction of the
new object does not coincide with the previous direction of the jet, objects are (re-)collected
in the new cone and the previous steps are repeated. This stops when the direction of the
four-momenta sum does not change anymore and the jet is subsequently called stable. The
following step is to take the next seed from the input list, from which a new jet is formed with
the same procedure. This stops when no more seeds are available. At this point the created
jets can overlap, that is share constituents. This problem is solved by the split-and-merge step:
jets which share constituents with more than a certain fraction f of the pT of the less energetic
jet are merged. If they share less than the fraction f they are split. In ATLAS the fraction is
set at 0.5.

3)In Section 2.4 the electromagnetic and hadronic showering in jets is discussed. The two differ in the fraction
of the particles’ energy being measured by the calorimeter; thus two calibration schemes are needed.
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We note that this algorithm is in fact not completely infrared safe. For events with only a
few jets this has almost no impact on observables and the cone algorithm performs as good
or even better than the kT algorithm. We come back to this in Section 4.3.5. Complex events
with many jets do however suffer from this IR unsafety, see [95]. Recently the Seedless Infrared
Safe cone algorithm SISCone [98] has been developed and it is anticipated that this will be
available for the first experimental collisions.

Sequential recombination jet algorithms

The sequential recombination jet algorithms are different implementations of one algorithm.
Here we describe the standard implementation as used in ATLAS, the kT algorithm [97].

Starting with a list of objects, be it a tower signal or a cell cluster, or even a parton if
analyzing at for example the truth level, we do:

1. For each object i we define di = pn
T,i where n = 2 for the kT algorithm. For each pair (i, j)

of objects with i 6= j we define

di j = min(pn
T,i, pn

T, j)
∆η2

i j +∆φ 2
i j

R2 , (4.1)

where R is a free variable. This distance parameter allows some control on the size of the
jets and is set at 0.4 for narrow jets and 0.6 for wide jets in ATLAS.

2. Find the minimum of all the di and di j and label it dmin.

3. If dmin is a di j, remove the objects i and j from the list and replace them with a new
object k, which is given by the four-momentum sum of i and j.

4. If dmin is a di, the object i is considered to be a jet by itself and removed from the list.

5. If the list of objects is not empty, go back to step 1.

When the algorithm has terminated, each object we started with is either part of a jet or is
a jet itself. We note that this algorithm is infrared and collinear safe. A recently developed
implementation of the algorithm is a similar recombination scheme, yet with n = −2. This
‘anti kT algorithm’ [99] has the benefit that the jet boundary is resilient with respect to soft
radiation, but flexible with respect to hard radiation. The algorithm thus behaves conically,
yet does not suffer from the infrared unsafety. Very likely, the anti kT algorithm will be the
ATLAS default in future analyses.

4.3.4 Jet calibration

In Figure 4.5 we saw that for the tower signals there is one reconstruction sequence, while
for the cell clusters there are two. These differ in the point at which the hadronic energy
calibration is performed. The raw signals from the calorimeters are namely at first on a basic
electromagnetic energy scale and the cells containing hadronic energy depositions therefore
have to be recalibrated. Tower signals remain at the EM scale, only after the jet finding
algorithm is an hadronic calibration performed. Cell clusters can be immediately calibrated
to hadronic level (Sequence III in the overview), or can remain at the EM scale and the
hadronic calibration is again performed only after the jet finding algorithm (Sequence II in the
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Figure 4.6: The energy resolution of reconstructed jets in a di-jet sample, as a function of the
energy. Left is the result for cone jets (Rcone = 0.7), right for kT jets (R = 0.6). The resolution
is measured in two rapidity regions. The smooth curve corresponds to a fit done with the
function given in Eq. 4.2.

overview). The final step we see in the ‘Jet reconstruction Domain’ in the overview figure is the
Jet Energy Scale Corrections resulting in Physics jets. Those include corrections for residual
non-linearities in the jet response due to algorithm effects, like missing energy from the jet, or
adding energy not belonging to the jet in the clustering procedure.

In this thesis we only use jets reconstructed as in sequence I and II. The cell signal weighting
in the jets (after the jet finding algorithm) is the application of the H1 calibration scheme. The
basic idea behind this scheme is that low signal densities in calorimeter cells indicate a hadronic
signal and thus need a signal weight for compensation of the order of the electron/pion signal
ratio, while high signal densities are more likely generated by electromagnetic showers and
therefore do not need additional signal weighting.

The in-situ calibration depicted in the ‘Analysis domain’ of the overview brings the jet
energy to the original parton energy. This can (mostly) only be addressed in the context of a
specific physics analysis, of which the study in Chapter 5 is an example.

4.3.5 Reconstruction performance

In [95, 100] the performance of the different jet finder algorithms is studied. Here we only
highlight a few of the results mentioned. First we consider the resolution σ(Erec)/Erec of the
reconstructed energy of the jet4). The dependence of the resolution on the energy is shown in
Fig. 4.6 for the cone (left) and for the kT algorithm (right) applied to a sample of di-jet events.
The fit to the data is done with a function encompassing three contributions, given by

σ
E =

a√
E(GeV)

+b+
c
E . (4.2)

The first term with the fit parameter a is due to the statistical fluctuations in the energy

4)For a resolution measurement the reconstructed energy must be compared to an energy value it was ‘sup-
posed to be’. For this we do not use the quark energy; we use the energy the jet algorithm measures at particle
level. This definition for the “truth” energy is used throughout this section.
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Figure 4.7: The E reco/Etruth as a function of the true jet energy for three rapidity regions (left),
and the Ereco

T /Etruth
T as function of the rapidity for three ET bins (right). These results are

obtained with the cone jet algorithm (Rcone = 0.4) applied to tt̄ events.

depositions. The second term b is a constant; this is the consequence of the calorimeter non-
compensation and the detector non-uniformities. The last term in the resolution function is
the noise c. From the results in Fig. 4.6 we conclude that the cone algorithm performs better;
especially in the central region the resolution of the kT algorithm is worse at low energies. The
latter also shows a larger noise value.

In [100] the studies show further that no significant difference is measured when comparing
the calibrated and uncalibrated topological clusters. A difference is found when comparing
clusters with towers: the noise term is lower when clusters are used.

Results on tt̄ events

The jet reconstruction performance on t t̄ events has also briefly been studied in Ref. [100].
The results in Fig. 4.7 are obtained using events generated with MC@NLO with the same
jet finder as we have used in the analyses in this thesis, that is the ATLAS cone algorithm
(Rcone = 0.4). We see the E reco/Etruth dependence on the jet energy in three rapidity regions
(left) and its dependence on the rapidity in three energy bins (right).

From the left figure we can conclude that the energy measurements improve at higher
energies. In the right figure we notice at first the dip at |η | ∼ 1.5, which corresponds with the
gap between the barrel and the end-cap calorimeter, see Section 2.4. The intermediate range of
1.00 < |η |< 1.50 is stated explicitly in the left figure to show the quality of the measurement in
the gap region. The reconstruction in the gaps remains difficult, despite the extra calibration
steps made (in all jet algorithms) in this region. We further notice that the jets’ transverse
energies in the lowest ET bin are reconstructed worse than those in the higher ET bins, that
is at low rapidity. At higher rapidities the opposite is the case. This reflects the fact that the
energy increases with η at fixed ET and that Ereco/Etruth improves with increasing energy.

These performance studies however only reflect the reconstruction up to the particle content
of the jets, we must assume that the comparison of the jet energies to the quark energies is
worse. If a systematic uncertainty for the jet energy scale of better than 1% is desired, see [95],
in-situ calibrations for dedicated measurements are necessary.
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4.4 B-tag algorithms

In this section we go into the details of the identification of jets originating from b-quarks,
which will be needed for the analysis in Chapter 6. There are several algorithms used in
ATLAS, we will not discuss all of them. For all details on b-tagging and a full coverage of all
algorithms we refer to [101].

The decay of a b-quark is different from that of the light quarks. The most important
property of the b-quark is that the B-meson or baryon it hadronizes to has a relatively long
lifetime, typically of the order of 1.5 ps (cτB ∼ 450µm). If a B-hadron is produced with a
significant boost γ , its flight distance can be significantly enhanced. With a good reconstruction
tracks can be reconstructed as not pointing to the primary vertex, or a secondary vertex can
be found. Almost all b-quarks decay to a c-quark.5) A semi-leptonic decay of b → c lν leaves
its signature with a soft lepton and missing energy. With the relatively long charm lifetime τc
a tertiary vertex can sometimes be reconstructed, although since τc < τb the third vertex is
often mixed with the secondary.6) A further important property is the relative large mass of 5
GeV or more of the B-hadrons, giving the decay products typically larger opening angles and
transverse momenta relative to the jet direction than those of light quark jets.

With these properties we can divide the available taggers in two categories: the spatial
taggers, using the long life time and displaced vertex, and the soft-lepton taggers, which look
for typical signatures of the lepton produced in the semi-leptonic decays. We will only discuss
the first category. For the soft-lepton taggers we refer to [103] and [104].

4.4.1 Impact parameters

With the displaced decay point of a B-hadron the reconstructed tracks are (ideally) not pointing
to the primary vertex. To quantify this, the two impact parameters of the tracks are used:

� The transverse impact parameter d0: the distance of closest approach of the track to the
primary vertex, measured in the r−φ plane.

� The longitudinal impact parameter z0: the z coordinate of the track at the point of
closest approach in the r−φ plane.

Tracks in a b-jet will have on average larger impact parameters than tracks in a light quark
jet. To emphasize that the secondary vertex must lie along the flight path of the hadron, the
impact parameters are signed: positive if the track crosses the jet axis in front of the primary
vertex and negative if it crosses it behind. Tracks from the primary vertex will have a random
impact parameter sign due to detector resolution, while tracks from the secondary vertex will
have more often a positive impact parameter sign.

Not all tracks in a jet are considered in b-tagging. A set of selection criteria is implemented
to only use well measured tracks, to reject fake tracks and to reject tracks from long lived
particles:

� All tracks are taken into account within a distance of ∆R < 0.4 to the jet axis, where
∆R is defined by ∆R =

√
∆φ 2 +∆η2 and thus represents the distance in φ and η space

to the jet axis, independent of the jet reconstruction algorithm and/or cone-size. The

5)The simplest model of a B-meson or B-baryon decay assumes the b-quark is entirely undisturbed by the
accompanying lighter quarks. We note that this “spectator model” is only an approximation, see [102].

6)Examples of charmed hadrons are the D± with a life-time of cτ = 312µm, and the D0 with cτ = 123µm.
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Signed transverse impact parameter significance
-20 -10 0 10 20 30 40

Ar
bi

tra
ry

 u
ni

ts

-610

-510

-410

-310

-210

-110 Tracks in b-jets

Tracks in c-jets

Tracks in light jets

ATLAS

(b) The signed transverse impact parameter sig-
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Figure 4.8: Distributions for the transverse impact parameter for tracks in b-, c- and light
quark jets. The tracks were selected from t t̄ events, see text for details on the selection cuts.

tracks must have a pT > 1 GeV and at least seven hits are required, be it pixel or SCT
hits. For these tracks the impact parameters at the perigee must satisfy |d0| < 1 mm and
|z0 − zpv|sinθ < 1.5 mm. zpv is the longitudinal location of the primary vertex. The pixel
detector must have at least a hit in its innermost layer, the b-layer, and one extra hit.

� From the selected tracks all possible two-track pairs are formed. Only tracks which do
not come too close to the primary vertex are used, that is tracks with L3D/σL3D > 2,
where L3D is the three dimensional distance between the primary vertex and the point
of closest approach of the track to this vertex, and σL3D the error on this parameter.
With the secondary vertex finder, see section 4.4.2, all pairs are rejected that are likely
to come from Ks or Λ decays, or from photon conversion. The location of the vertex is
compared to the location of the innermost pixel layers to cut out secondary interactions
in material.

Figure 4.8 depicts the transverse impact parameter distribution for the tracks remaining
after these selections from a sample of t t̄ events. Figure 4.8(a) shows the distribution for the
signed d0 for different types of jets; to give more weight to correctly measured tracks Figure
4.8(b) shows the significance distribution d0/σd0 .

For this study jets are labeled as a b-jet if a b-quark in the MC truth information is
found with a pT > 5 GeV and a distance of no more than ∆R = 0.3 to the jet direction. If this
hypothesis fails the same is tried with c-quarks and finally with τ leptons. If all fail, the jet
is labeled a light quark jet. The resolution σd0(pT ,η) is the width of a Gaussian fitted to the
difference between the measured and the true impact parameter in different bins of (pT ,η).
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The discriminating power of the impact parameters for b- and other jets is used in several
taggers. The IP1D algorithm relies on only the longitudinal impact parameter z0. The IP2D
relies on the transverse impact parameter d0 and the IP3D uses a two-dimensional distribution
of the longitudinal and transverse impact parameter. In section 4.4.3 we go more into the
details of the algorithms’ formalism.

4.4.2 Secondary vertex finders

To find a possible secondary vertex, all two-track pairs formed earlier are combined in a single
vertex, using an iterative procedure to remove the worst track until the χ 2 of the vertex fit
is satisfactory. The secondary vertex tagging algorithms use three properties of this vertex to
calculate a b-jet likelihood:� The invariant mass of all the tracks in the vertex.

� The ratio of the energy sum of all the tracks in the vertex to the energy sum of all tracks
in the jet.

� The number of two-track pairs.

Figure 4.9 shows the distributions for these three variables obtained from t t̄ events. We em-
phasize that these results are obtained after the track selection mentioned in Section 4.4.1, as
is the case with all further results discussed in this chapter on b-tagging performance. These
distributions have been taken from [105] and we refer to this note for more details.

The available secondary vertex taggers use these properties in different ways: the SV1 uses
a 2D distribution of the first two variables and a 1D distribution of the last variable. The
SV2 tagger relies on one overall 3D distribution of all three observables. We explain how these
properties are combined to give a b-jet likelihood in the next section.

The SV1 and SV2 methods result in one secondary vertex. As mentioned, almost all b-
quarks decay through a c-quark and some have a tertiary vertex. A new algorithm, JetFitter,
uses this property by always looking for two decay vertices. It finds a line along which the
primary, secondary and tertiary vertex are best fitted. For more details we refer to [105].

4.4.3 The b-jet likelihood method

The formalism for most of the b-taggers is identical. For some variable S i, which could be
for example one of the impact parameters or one of the secondary vertex variables mentioned
above, a probability density function (pdf) b(Si) and u(Si) is defined for the b- and light quark
jet hypotheses respectively. As mentioned, some taggers also use two- and three-dimensional
distributions. Any track or vertex thus gets a weight defined by b(Si)/u(Si), which can be
combined into one jet weight ω jet by the definition

ω jet =
NC

∑
j=1




N j
T

∑
i=1

lnω j
i


 =

NC

∑
j=1




N j
T

∑
i=1

ln b j(Si)

u j(Si)


 . (4.3)

where the sum runs over the selected N j
T tracks in each category j: the tracks are divided

into NC categories with dedicated pdfs. In the b-tagging algorithms used so far in ATLAS two
categories exist, i.e. NC = 2: the Shared tracks (tracks with shared hits) and the complementary
subset of tracks called Good tracks. The distributions of the weights b(S i)/u(Si) for tracks with



4.4. B-tag algorithms 101

Secondary vertex mass (GeV)
0 1 2 3 4 5 6 7 8 9 100

0.02

0.04

0.06

0.08

0.1

0.12 b-jets
Light jets

ATLAS

Secondary vertex charged energy fraction
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ar
bi

tra
ry

 u
ni

ts

0

0.01

0.02

0.03

0.04
b-jets
Light jets

ATLAS

Number of two-track vertices
0 5 10 15 20 25 30

Ar
bi

tra
ry

 u
ni

ts

-510

-410

-310

-210

-110

1 b-jets
Light jets

ATLAS

Figure 4.9: The three properties used in SV taggers for b- and light quark jets: vertex invariant
mass (up), ratio of energy in vertex and in jet (left) and the number of two-track pairs used
(right); all results are obtained from t t̄ events. See Section 4.4.2 for more details.

shared hits is thus different than the distributions for so-called Good tracks. See [101] for more
details.

The jet weight is the final variable of the algorithm: if a jet has a weight above a certain
pre-defined cut value it is labeled as a b-jet. Each choice of a cut value has a probability of
rightly tagging a b-jet, but also a probability of mis-tagging a light quark jet. The efficiencies
vary with the algorithms. The best results are from taggers which combine weights as we can
observe in Fig. 4.10, which shows the distributions for the IP2D and the combined IP3D+SV1
taggers.

Taggers for first data

For now the probability density functions b(S) and u(S) used in the different taggers must come
from MC studies, which results in the problem for the first data to come from ATLAS that
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Figure 4.10: The weight distributions for the IP2D tagger (left) and for the IP3D+SV1 (right),
for b-, c- and light quark jets; all results are obtained from t t̄ events.
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Figure 4.11: Distributions of the probability of compatibility with the primary vertex for
individual tracks (left plot) and for all tracks in the jet (right plot) as defined for JetProb.
The cases of b-quark (plain), c-quark (dashed) and light quark jets (dotted line) are shown.
A purified sample of light quark jets means that within a cone of size ∆R = 0.8 around the jet
direction no b- or c-quark may be present, nor a τ lepton. A similar reasoning goes for the
purified c-jets; all results are obtained from t t̄ events.
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Figure 4.12: Rejection of light quark jets versus the b-tagging efficiency for different tagging
algorithms; all results are obtained from t t̄ events.

these might not accurately simulate the behavior of the detector. More simpler but robuster
taggers have been developed for the start-up phase of ATLAS. For the vertexing algorithms,
SV0 is an example. This algorithm tags a jet as a b-jet simply if the B-hadron flight distance
significance calculated from the secondary vertex position exceeds some cut value.

The recommended tagger for the start-up phase is the JetProb algorithm, see [101]. This
calculates for each selected track i the probability Pi that it originated in the primary vertex
by comparing its signed IP significance d i

0/σ i
d0

to a resolution function R for prompt tracks:

Pi =
∫ −|di

0/σ i
d0
|

−∞
R(x)dx, (4.4)

where x is the signed IP significance. The probability of the tracks in a jet can then be combined
into a jet probability Pjet . The benefit of this algorithm is that the resolution function R can be
measured in data using the negative side of the signed IP distribution, which will have little
contribution from heavy-flavor particles. This makes it possible to have an early commissioning
of the algorithm with the first data. In Fig. 4.11(a) the probability for individual tracks Pi is
shown; in Fig. 4.11(b) we show the − log10 Pjet distributions for different types of jets. We
emphasize that a Pjet ∼ 1 implies a high probability for all tracks in the jet to originate in the
primary vertex.

A drawback of this algorithm is that it performs worse than the other, more advanced, algo-
rithms. Figure 4.12 depicts the light quark jet rejection, i.e. 1/εlight , versus the b-jet efficiency:
a rejection of 30 is expected for a b-tagging efficiency of 60%. For comparison, the ultimate
JetFitter algorithm has a rejection of 200. Yet the latter is only the case if the pdfs are correct;
due to possible mis-alignments in the commissioning phase of ATLAS, the performance of the
JetProb is more trustworthy.

Figure 4.12 serves mainly to illustrate the differences between the taggers, the absolute
values of the rejection and tagging efficiency namely also depend on the jet pT and η . Figure
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(a) Jets with 30 < pT < 45 GeV.
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(b) Jets with 60 < pT < 100 GeV.

Figure 4.13: The light quark jet rejection (purified jet sample) as a function of the jet η . The
IP3D+SV1 tagging algorithm is used on two different samples: jets from t t̄ events and from
WH (mH = 120 GeV) events. The cut on the algorithm weight varies from bin to bin, such that
the b-tagging efficiency remains at 60%.

4.13 depicts the rejection as a function of the jet η for two pT bins. These results are obtained
on tt̄ events, and on WH (mH = 120 GeV) events. We observe that in the higher pT bin the
rejection increases, while at the same time the best rejection is achieved on jets around η ∼ 0.7.
The shapes of the different distributions are mostly similar, yet the absolute rejection is lower
for the jets from the WH events. This is attributed to the large binning in pT (on average the
jets in the WH sample have lower pT ), but also among others to the fact that different MC
generators have been used: MC@NLO+HERWIG for the t t̄ events, PYTHIA for the WH. We
refer to [101] for more details on this matter.

4.5 Measurement of the missing transverse energy

In the Standard Model the only particle which goes undetected through ATLAS is the neutrino.
Its presence can be derived by measuring the missing transverse energy /ET : for events with
only one neutrino the /ET is equal to the pT of the missing particle.7) Complications start
when multiple neutrinos are present, there is no way of deriving the different pT ’s from one
/ET measurement. New (unknown) particles might also go undetected, such as the LSP in
supersymmetry models, see Section 1.3. In other words, an accurate measurement of the /ET is
needed to fully reconstruct the event and might lead to a good signature for new physics.

There are two algorithms in ATLAS to determine the /ET . The Object-based algorithm
starts from the reconstructed, calibrated and classified objects in the event, taking also into

7)This is of course assuming a hypothetical detector covering perfectly the entire (η,φ) plane.
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account the deposits outside these objects. The Cell-based algorithm starts from the energy
deposits in calorimeter cells; this procedure is expected to be robust from initial data taking
on and is therefore used throughout this thesis.

The calorimeter is designed such that it covers as much as possible of the (φ ,η)-plane. If
we were to have a perfect sphere-coverage we could also measure the energy in the longitudinal
direction. Yet the beam-pipe entrances make this impossible; with most of the underlying event
disappearing through these pipes we can therefore not say anything about the longitudinal
energy present in the hard-scattering and we are restricted to a transverse energy measurement.

With some gaps between the different sub-detectors, a finite detector resolution and possible
dead or noisy readout channels we also produce fake /ET . The largest contributions of fake /ET
are, in random order:

� Noise - The electronic noise alone in the ∼ 200k readout channels in the calorimeters
contribute about 13 GeV to the width of the /ET distribution, that is before the noise
suppression in the measurement of the ‘/ET calorimeter contribution’ (see further).

� Missed and fake muons - Muons can sometimes escape detection, especially in the
gap regions of the muon spectrometer. Fake muons can be caused for example by high
pT jet punch-throughs from the calorimeter to the muon spectrometer.

� Jet leakage - This is jet energy which is not deposited in the calorimeter, but for
example in the muon spectrometer (without faking a muon) or in the cryostat. For
this last possibility the reconstruction algorithms have compensations, but the large
fluctuations in these deposits can still cause fake /ET .

� Mismeasured jets - Due to mis-calibration of jets, or because of jets passing through
the gaps in the calorimeter. Although the measured jet energies are compensated for
this, the resolution in these areas is worse.

Most of these contributions can be kept to a minimum by a good selection and calibration of
calorimeter cells, which we discuss in the following section. Fake muons are kept to a minimum
by using information from the Inner Detector (ID), missed muons are however more difficult
to compensate for.

4.5.1 Cell-based reconstruction

The Cell-based /ET algorithm uses information from all sub-detectors. It encompasses contribu-
tions from energy deposits in the calorimeters, from measured muons in the muon spectrometer
and the ID, and corrections for energy loss in the cryostat. The component in the x and y di-
rection are thus given by:

6EFinal
x,y = 6EMuon

x,y + 6ECryo
x,y + 6ECalo

x,y . (4.5)

The /ET muon contribution The 6EMuon
x,y is calculated from all muons measured in the

rapidity range |η | < 2.7, that is 6EMuon
x,y = −∑Ex,y. To reduce the amount of fake muons the

muon is to be matched to a track in the ID. With the ID covering the range up to |η | < 2.5,
muons with 2.5 < |η | < 2.7 are free of this requirement.

The resolution of the muon spectrometer is of such good quality that the fake /ET mostly has
contributions from entirely missed muons, or jet punch-throughs which reach the spectrometer.
Missed muons could be accounted for with information from the ID and calorimeter, yet this
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is not yet implemented in ATLAS. As a final note we mention that the energy muons loose in
the calorimeter is taken into account elsewhere, that is in the /ET calorimeter term.

The /ET cryostat contribution The cryostat between the LAr barrel electromagnetic calorime-
ter and the TileCal is thick enough for hadronic showers to loose non-negligible amounts of
energy, see Section 2.4. The /ET reconstruction recovers this loss of energy in the cryostat
using the correlation of energies between the last layer of the LAr calorimeter and the first
layer of the hadronic calorimeter. A similar correction for the end-cap cryostats is applied, see
also [106].

The /ET calorimeter contribution This is the most difficult term in the /ET calculation.
The first step is to reduce the calorimeter noise, for which two possibilities exist. One is to
select only cells with energy depositions above a certain threshold. This selection is still being
refined. A better solution for now is the use of topological cell clusters. In Section 4.3.2 we
explained how these are formed by clustering neighboring cells if these have a high enough
signal-to-noise ratio. The set of threshold 4/2/0 used is optimized to suppress noise, while
keeping the single pion efficiency as high as possible, see [106]. Thus we have:

6ECalo
x,y ∼− ∑

TopoCells
Ex,y. (4.6)

For the best results the cells first however have to be calibrated to account for the different
depositions we get from different particles.

The calorimeter cell calibration

The first step in the calibration is based on the energy density inside the cell. Electromagnetic
showers tend to have higher densities as compared to hadronic showers. For this ‘global calibra-
tion’ two schemes exist: the H1-like, see Section 4.3.4, and the Local-Hadronic8) calibration.
This last scheme uses further information related to the shape and depth of the shower to
classify a topological cluster.

The next step in the calibration improves the /ET measurement by associating each cell
with a reconstructed high pT -object. As each cell can be part of multiple objects, such as an
electron and a jet, the association is performed in a chosen order: electrons, photons, muons,
hadronically decaying τ ’s, b-jets and light jets. If a cell is not associated to any object only
the previously mentioned global calibration is applied, but it is still used in the measurement
of the /ET . Studies have shown the importance of these cells: when excluding them from the
measurement, the mean /ET shifts by about 1 GeV and the resolution worsens by 25%, see [106].

The calibration steps taken in the reconstruction of the objects are redone for each of the
cells in the /ET measurement. Some of these steps are however excluded. In the jet reconstruction
for example an overall scale factor is applied to correct for (among other things) out-of-cluster
effects. This correction must not be applied for the /ET , as the contribution of cells outside the
clusters already accounts for it. The final ‘refined’ contribution of the calorimeter term to the
/ET in eq.(4.5) is now

6ECalo
x,y = −(6ERe f Elec

x,y + 6ERe f Muon
x,y + 6ERe f Tau

x,y + 6ERe f B jets
x,y + 6ERe f Jets

x,y + 6ERe f Out
x,y ). (4.7)

8)Although the name seems to imply the opposite, this scheme is classified in the /ET reconstruction as a
‘global calibration’ scheme.
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Figure 4.14: Left: the /ET linearity, given by (/ET
True − /ET )//ET

True, as a function of the true
/ET . The results at /ET

True ∼ 20 GeV are from Z → ττ events, those at ∼ 35 GeV are from
W → eν and W → µν , those at 68 GeV from semi-leptonic t t̄ events, those at 124 GeV from
supersymmetric Higgs A→ ττ with mA = 800 GeV and those at 280 GeV from events containing
supersymmetric particles at a mass scale of 1 TeV. Right: resolution of the /ET measurement
in the φ -direction for three different physics processes.

Each term is the sum of the calibrated cells inside a specific object. With 6E Re f Out
x,y the sum of

all cells not associated to any of the other objects, all calorimeter cells are taken into account.
With this definition of the calorimeter term the total missing transverse energy in eq.(4.5),
/ET

Final , is referred to as the ‘refined final’ /ET , or in short /ET
Re f Final .

4.5.2 Reconstruction performance

In [106] the performance of the /ET reconstruction is discussed in detail. We again highlight the
more important results. We will be using the definition of the /ET linearity, given by (/ET

True −
/ET )//ET

True, and the total transverse energy in the calorimeters, which is the scalar sum of ET
of all topological cells that constitute the topological clusters:

ΣET = ∑
TopoCells

ET . (4.8)

Figure 4.14(a) shows the /ET linearity as a function of /ET
True, defined from the sum of all

stable and non-interacting particles in the final state (such as neutrinos, LSPs in supersym-
metric models, etc. . . ). Clearly the /ET with all cells still at electromagnetic scale has a high
offset of ∼ 30%. Only the results around 35 GeV are lower: these are obtained from W → eν
and W → µν with low hadronic activity. The global calibration improves this and together
with the cryostat corrections the linearity is ∼ 1%. The refined calibration does not result in
much better results for the linearity, it does however greatly improve the resolution.

The results for the /ET resolution for different events samples are depicted in Figure 4.15 as
functions of the total transverse energy ΣET . The left figure shows a smaller range for the Z and
W decays, the right figure shows processes with higher values for the total transverse energy.
Fitting the results with a function σ = a ·

√
ΣET , the parameter a varies between 0.53 and 0.57.

This is where the refined calibration is important: for the W decays the parameter is reduced
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Figure 4.15: The /ET resolution as a function of the total transverse energy in the calorimeter
ΣET . The curves are the fits of σ = a ·

√
ΣET to the Z → ττ results (left) and to the A → ττ

events (right).

by ∼ 80% with respect to the global calibration with the cryostat corrections applied. The
fitted function accounts only for statistical fluctuations in the /ET measurement. Deviations to
the fit can be found mostly for low values of ΣET where the noise contributes relatively more,
and for high values of ΣET where the constant term in the resolution of the calorimetric energy
measurement dominates.

The accuracy of the /ET direction measurement is also studied. In Figure 4.14(b) we show
the φ -resolution as a function of the true /ET , measured for three different event samples. The
leptonic decay of the W has the best results, which can be explained by the low hadronic
activity in the event. For t t̄ events the resolution is about a factor 2 larger. Overall it is clear
that the accuracy rapidly increases for higher values of the true /ET .

To study the dependence on energy flowing longitudinally around the beam-pipe, the /ET
resolution is measured with and without the forward calorimeters (FCAL) included. In Z → ττ
events the /ET resolution is respectively 7.8 and 10.1 GeV, see [106], showing the importance
of the FCAL in the regions with high values of η .

4.6 Object definition & selection for the analyses in this thesis

In the Chapters 5 and 6 we present two studies, performed on two different samples. The first
study is performed on samples with 14 TeV center-of-mass energy, the second on samples with
10 TeV center-of-mass energy. The reconstruction of the first is performed with ATHENA v.12,
while for the latter ATHENA v.14 is used.

With the changes in the reconstruction between these two versions, the best performing
object definitions also changed. We present here the definitions as used for the v.14 samples,
and if needed we state what is different for the v.12 samples.



4.6. Object definition & selection for the analyses in this thesis 109

4.6.1 Lepton trigger and selection

In the hadronic environments created in pp collisions isolated high pT charged leptons such as
electrons and muons are clear and clean objects. Their reconstruction is not only of importance
for the offline physics analysis performed on the events, it can also be used in the trigger step
for an early selection on certain channels. In the analysis on the v.12 samples we have not
implemented a trigger selection, only in our second analysis on v.14 samples do we demand
the EF e25i medium1 to have passed when an electron is reconstructed in the event, or the
EF mu20 trigger when a muon is reconstructed. See also Section 2.6.

The uncertainties on the efficiencies of the lepton trigger and of the lepton reconstruction
are expected to be < 1% for the first 100 pb−1, see [29]. With the efficiencies of order 80−90%,
this translates in an uncertainty on the predicted number of selected events of ∼ 1%.

Electrons

Electron candidates are reconstructed by the egamma algorithm, see also [107]. For the candi-
date to be accepted as a good electron it must pass the following cuts:

� The object must pass the medium cuts provided by the algorithm: a set of requirements
based on both the shower shape properties in different compartments of the calorimeter
and on variables combining inner detector and calorimeter information.

� The object must have a pseudo-rapidity of |η | < 2.5. If an electron candidate is found in
the calorimeter crack region 1.37 < |η | < 1.52 it is dismissed as a good electron. See also
Section 2.4.1.

� It must have a transverse momentum pT > 20 GeV.

� It should be isolated. Therefore an isolation cut of ET < 6 GeV is applied, by which we
mean that the sum of additional transverse energy in a cone with radius ∆R = 0.2 around
the electron axis is required to be less than 6 GeV.

For the v.12 samples some cuts are different:

� The previously mentioned medium set of requirements are defined as the isEM set and
contains less calorimeter isolation requirements.

� The crack region is defined as 1.35 < |η | < 1.57. Just as for the v.12 samples, electron
candidates in this region are vetoed.

� The isolation cut is dependent on the electron pT . It can be summarized as
ET,∆R=0.40/pT < 0.20, and ET,∆R=0.20/pT < 0.12.

Muons

Muon candidates are reconstructed by the STACO [108] algorithm. A good muon must pass
the following cuts:

� It should pass the best match cuts provided by the algorithm. This implies it is defined
from the best match combination of the muon chambers and the ID information.

� The candidate must have a pseudo-rapidity of |η | < 2.5.
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� It must have a transverse momentum pT > 20 GeV.

� It should be isolated. The isolation cut is ET < 6 GeV in a cone with radius ∆R = 0.1.

For the v.12 samples the muon selection is again different. For these samples the muons
are reconstructed by the MUID [109] algorithm and the isolation cut of ET < 6 GeV is for a
cone with radius of ∆R = 0.2.

4.6.2 Jets and missing transverse energy

Jet candidates are reconstructed by the ATLAS cone algorithm, see Section 4.3.3, on topo-
logical cell clusters in the v.12 samples and on tower signals in the v.14 samples. In the v.14
samples the jet is required to be isolated from electrons: if an electron candidate has passed
all cuts previously mentioned and lies within a distance of ∆R = 0.20 of a jet candidate, the
jet is rejected. For the v.12 samples this last isolation cut is more severe: if an electron or a
muon candidate lies within a distance of ∆R = 0.40 of a jet candidate, the jet is rejected. For
the two analyses presented in this thesis we apply different cuts on the transverse momentum,
see either Section 5.1 or 6.1.2.

For the missing transverse energy /ET we use the standard ATLAS variable /ET
Re f Final , with

a cut of /ET > 20 GeV unless stated otherwise.




