
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

To the bottom of the stop: calibration of bottom-quark jets identification
algorithms and search for scalar top-quarks and dark matter with the Run I
ATLAS data

Pani, P.

Publication date
2014

Link to publication

Citation for published version (APA):
Pani, P. (2014). To the bottom of the stop: calibration of bottom-quark jets identification
algorithms and search for scalar top-quarks and dark matter with the Run I ATLAS data.
[Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/to-the-bottom-of-the-stop-calibration-of-bottomquark-jets-identification-algorithms-and-search-for-scalar-topquarks-and-dark-matter-with-the-run-i-atlas-data(26435dac-b5ce-4f66-8204-12d4c0be9a83).html


3 Object reconstruction

For each collision at the LHC, the information of the various ATLAS sub-detectors is com-

bined and processed (the event is "reconstructed") in order to identify the particles produced

in the pp interaction and to measure their properties. The definition of these objects and their

identification criteria are presented in this chapter. Leptons, particle jets originating from the

production of quarks and missing transverse momentum resulting from escaping particles will

be described.

The particles directly produced in the collision or in the decays of other particles

are not directly "seen". Each particle is reconstructed according to electric signals

acquired in the various ATLAS sub-detectors. The combined information collected

from all or some of the sub-detectors allows the identification of the various par-

ticles that traverse the detector, and the precise measurement of their properties.

This procedure is commonly referred to as event reconstruction. Hence an electron

is a calorimetric deposit matched to a track and a muon is a sequence of hits in

the muon chambers. The aim of this chapter is to provide an introduction of the

physical objects that are used in both of the two analyses described in this thesis,

giving an overview of the algorithms used for the definition of these objects and their

identification criteria. The objects that will be described in this section are: leptons

(electrons and muons1) ), jets from light quarks as well as from bottom quarks and,

1)Due to their very different behaviour, we do not aim to select taus in any of the analyses presented

in this thesis and we will usually refer only to muons and electrons when using the word leptons.
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Leptons: electrons and muons Object reconstruction

finally, missing transverse momentum.

3.1 Leptons: electrons and muons

3.1.1 Electrons

Electrons and photons are both stopped inside the electromagnetic calorimeter

and produce similarly shaped depositions. Their identification steps are very similar

and mainly deviate after the matching of the electromagnetic cluster to a track [99].

Electrons are identified as clusters in the electromagnetic calorimeter by means

of a sliding window algorithm [100]. The algorithm divides the electromagnetic ca-

lorimeter into a grid of elements of size ∆η×∆ϕ = 0.025×0.025 and slides a window

of 5× 5 of these elements across all layers of the calorimeter calculating the sum of

the transverse energy of these cells building up the clusters. The total energy of the

cluster is a linear, η dependent, weighted sum of the contribution of the pre-sampler

and the three calorimeter layers.

Subsequently, tracking informations are extensively used, in order to increase

the electron identification efficiency and limit the bremsstrahlung impact on the

electron trajectory.

For electron Particle Identification (PID) three working points are defined: Loose,

Medium and Tight. They are characterised by requirements of increasing tightness

on the quality of the electron identification and are based on the following criteria:

(a) The extension and shape of the electromagnetic shower in the calorimeter and

the fraction of the hadronic component of the energy deposit.

(b) Quality requirements on the matched Inner Detector track (the most important

of which being the requirement of at least two hits in the Pixel detector of which

one in the B-Layer), are tightened for the Medium and Tight working points.

(c) Matching requirements between the ID track and the calorimeter cluster, such as

the calorimeter energy to track momentum ratio E/p and the track-cluster ∆ϕ

(Tight working point).

The efficiency of the electron reconstruction and identification is measured in
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(a)

(b)

Figure 3.1: Electron identification efficiency for the different PID working points (a) and cal-

ibrated Z → ee invariant mass distribution in data and Monte Carlo (b). Loose, medium

and tight PID definitions are given in the text. The multi-lepton working point accounts for

multiple leptons selections.
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Leptons: electrons and muons Object reconstruction

data using a tag and probe2)method using Z → ee events and compared to the one

obtained in the Monte Carlo simulation. The electron reconstruction efficiency in-

creases with the electron transverse momentum and decreases with the tightness of

the requirements (Figure 3.1). It varies between 70% and 80% for the one used in the

analysis presented in Part 3. The Z peak mass resolution and scale is compared as

well in the same figure.

Energy smearing and correction factors are derived in such studies and applied

in the physics analyses in order to improve the agreement between the simulation

and the experimental data.

3.1.2 Muons

The muon detection in the ATLAS detector relies on the two high precision track-

ing systems, namely the Inner Detector and the Muon Spectrometer (MS). In addition

the calorimeter ensures efficient hadron filtering with high purity for muons of mo-

mentum with a minimum of 3 GeV, least they are stopped in the calorimeter system.

The combination of measurements made in the muon system with the ones from

the Inner Detector improves the momentum resolution in the momentum range

6 GeV < pT < 100 GeV, in which the Inner Detector momentum performance is bet-

ter than one of the the Muon Spectrometer. In addition, the matching of the two

independently reconstructed tracks allows the rejection of muons from secondary

interactions as well as the ones from kaon decays in flight.

Four different categories of muons are available, that can be obtained with two

different reconstruction algorithms, one of which - Chain 1[101] - is used in this

thesis.

Combined (CB) muons are based on a fully reconstructed track in the muon spec-

trometer that is matched to an Inner Detector track (pseudorapidity coverage

∣η∣ < 2.5, driven by the ID).

Segment Tagged (ST) muons are a combination of an ID track with a Muon Spec-

trometer segment. They are particularly efficient to recover low momentum

2) The tag and probe method identifies one of the two electrons (the tag) from the Z decay using tight

identification criteria. The second electron (the probe) is selected by means of an orthogonal method (i.e.

a track in the ID) and its invariant mass with the tag electron is required to match the Z invariant mass.

The electron reconstruction and identification efficiency can then be calculated from the probe electron.
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Figure 3.2: Muon reconstruction efficiency as a function of the muon η for muons with pT > 20
GeV, for different muon categories. The panel at the bottom shows the ratio between the

measured and predicted efficiencies [102].

muons that after loosing energy in the calorimeter, do not have enough mo-

mentum to traverse the whole spectrometer.

Calorimeter Tagged (CaloTag) muons are a combination of an ID track and a calori-

meter energy deposit. This type of muons allows to recover efficiency at η ∼ 0,

which is uncovered by the Muon Spectrometer.

Stand-alone muon track reconstruction based solely on the MS measurements. The

MS acceptance determines ∣η∣ < 2.7 for this category of muons.

The efficiency of the muon reconstruction is measured in data using a tag and

probe method using Z → µµ events and found to be always above 95%. It is com-

pared to the one obtained in the Monte Carlo simulation and differs from it by at

most 2% (Figure 3.2). In addition the Z peak resolution and scale is compared

between data and Monte Carloin Figure 3.3(a). By means of these studies, energy

smearing and correction factors to the Monte Carlo simulation are derived. These

corrections, shown in Figure 3.3(b), are then applied in the physics analyses in order

to improve the agreement between the simulation and the experimental data.
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Figure 3.3: (a) dimuon invariant mass for Combined Chain 1 muons, isolated and with pT > 25
GeV. The plot shows the invariant mass for 2012 data and corrected POWHEG simulation

of Z → µµ events. Smearing and scale corrections derived from the full 2012 dataset are

applied. (b) Muon Spectrometer momentum scale correction for Monte Carlo, derived from

Z → µµ data for the Chain 1 reconstruction [102]
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3.1.3 Selected leptons

Both analyses of this thesis rely on muon reconstruction. However, the muons

selected by each analysis are of completely different nature, to the level that what

is considered a good candidate for one analysis is background for the other.

The top squark search (Part 3) targets muons coming directly from the primary

interaction, primary muons, mainly of high transverse momentum. These muons

are required to be geometrically isolated from the other objects in the event, in

particular jets, by means of an angular separation requirement:

∆R(µ, jet) =
√
(ϕµ − ϕj)2 + (ηµ − ηj)2 (3.1)

An additional activity isolation requirement is applied to the isolated muons, for

which the sum of the momentum of all tracks in the vicinity of the muon must be

small:

∑
∆R<0.2

pT < 1.8 GeV. (3.2)

Conversely, the b-tagging analysis (Part 2) aims to identify secondary muons com-

ing from a B hadron decay. They are characterised by a large surrounding activity,

due to the fact that the decay happens usually inside a jet, and has a lower transverse

momentum. Although no effort is made to reject primary muons in the analysis,

they contribute to the background in this case. The summary of all requirements

for the three muon categories are summarised in Table 3.1.

Electrons are of interest only for the top squark search (Part 3). Also in this case

the interesting electrons are the ones coming directly from the interaction vertex.

Similarly to the muon case, a geometrical isolation is applied to the primary elec-

trons, with respect to either jets or b-tagged jets (see following section for details).

Isolated electrons fulfil the additional activity isolation:

∑∆R<0.2 pT

peleT

< 0.1. (3.3)

The summary of all requirements for the electron categories are summarised in Ta-

ble 3.2.
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Secondary muons

Reconstruction Muon category CB

pT Momentum from the ID-MS combined track > 4 GeV

∣η∣ pseudorapidity of the combined track < 2.4

ID track qual-

ity

requirements on the number of hits in the Pixels

Npix, in the SCT NSCT and the number of com-

bined hits in the silicon detectors Nsil.

Npix ⩾ 0,

NSCT ⩾ 5,

Nsil ⩾ 8

Primary muons

Reconstruction Muon category CB or ST

pT Momentum from the ID-MS combined track > 10 GeV

∣η∣ pseudorapidity of the combined track3) < 2.4

ID track qual-

ity

requirements on the number of hits in the Pixels

Npix, in the SCT NSCT and the number of missed

hits in both silicon detectors Nmiss. If 1.0 < ∣η∣ <
1.9 an additional req. is applied for the number of

TRT hits NTRT

Npix ⩾ 1,

NSCT ⩾ 5,

Nmiss ⩽ 3,

NTRT ⩾ 6

Geometrical

Isolation
∆R(µ, jet) > 0.4

Isolated muons

Reconstruction
Muon category

CB or ST

pT Momentum from the ID-MS combined track > 25 GeV

∣η∣ pseudorapidity of the combined track < 2.4

ID track qual-

ity

same requirement as for Primary Muons and im-

pact parameter (z0, d0) requirements with respect

to the primary vertex

∣z0∣ < 1mm,

∣d0∣ < 0.2mm

Geometrical

Isolation
∆R(µ, jet) > 0.4

Activity Isola-

tion

Sum of the momentum of all the tracks (except the

muon) within a cone of ∆R < 0.2
1.8 GeV

Table 3.1: Summary of the selection requirements of all muon categories used in the two analyses

presented in this thesis. Secondary muons are used in the b-tagging calibration presented in

Part 2 and Primary and Isolated muons are used in the search in Part 3. See text for details.
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Primary electrons

PID Electron identification requirements Loose

EMF
Fraction of energy deposited in the elec-

tromagnetic calorimeter
> 0.8

pT

Calculated from the cluster energy and

projected in the transverse plane using

the matched track η

> 10 GeV

∣η∣
pseudorapidity of the electromagnetic

cluster
< 2.47

Geometrical

Isolation from

b-jet

∆R(e, b − jet) > 0.2

Geometrical

Isolation from

jet

∆R(e, jet) > 0.4

Isolated electrons

PID Electron identification requirements Tight

pT

Calculated from the cluster energy and

projected in the transverse plane using

the matched track η

> 25 GeV

Geometrical

Isolation from

b-jet

∆R(e, b − jet) > 0.2

Geometrical

Isolation from

jet

∆R(e, jet) > 0.4

Activity

Isolation

(∑∆R<0.2 pT/ptrackT )

Fraction of the momentum of the

matched track with respect to all other

tracks within a cone of ∆R < 0.2
< 0.1

Table 3.2: Summary of the selection requirements of the two categories of electrons used in

the top squark search (Part 3). See text for details.
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3.2 Jets and b-tagging

Each parton generated in the interaction goes through a hadronization process,

generating a collimated spray of hadrons with null colour charge approximately in

the direction of the original parton. This jet of particles is what is observed in the

detector. Since jets are features of the final state, they cannot be uniquely mapped

on to partons.

Nevertheless, jets are designed such that their gross properties (energy, momentum,

etc) should reflect as closely as possible the short distance dynamics of the collision

in which they are produced. Many jets of high transverse momentum (pT) may be

present in a single event, and each jet has a high chance of evolving a complex sub-

structure. For much of the region of interest, jet multiplicities and structure can be

described by a combination of fixed-order matrix elements and leading-logarithmic

parton showering or resummation. An approximate representation of jet production

is given in Figure 3.4.

3.2.1 Jets identification, reconstruction and calibration

Jets must be defined by clustering algorithms, and the algorithms are designed

such that the jets clustered from the complex structure of objects in each event ac-

curately represent the physical properties of the partons originated in the hard scat-

tering. It is important to underline that the algorithm does not find jets, but defines

them, such that jets do not exist independently of the algorithm. Consequently, in

order to guarantee the ATLAS measurements to be connected with the fundamental

degrees of freedom of the SM such as quarks and gluons, it needs to be possible to

meaningfully compare the jet reconstruction algorithm definition to the theoretical

calculations and the algorithm needs to be unambiguously communicable between

experiments. For this to be possible, the jet reconstruction algorithm has to comply

a number of properties. Above all it is important that the algorithm is collinear and

infrared safe, which means that the algorithm should not be sensitive to collinear

splitting of the input object (partons) and to the extra radiation of arbitrarily soft

particles.

A number of algorithms have been developed and studied in the last decades.

The jet finding algorithm most commonly used in ATLAS and in the analyses pre-

sented in this thesis belongs to the collection of sequential clustering algorithms,

namely the anti-kT algorithm [103]. These iterative algorithms group objects based

62



Object reconstruction Jets and b-tagging
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Figure 3.4: The production of quarks in a hard scattering interaction and their detection as

jets

on their respective distance, defined as:

dij =min (k2pTi, k
2p
Tj)

∆Rij

D
, (3.4)

and their distance to the beam axis:

diB = k2pTi, (3.5)

where ∆R2
ij = (ηi − ηj)2 + (ϕi − ϕj)2 and kTi, ηi and ϕi are respectively the trans-

verse momentum, the pseudorapidity and the azimuth angle of particle i. p and D

are constants that define the type of algorithm. The (inclusive) clustering proceeds

by identifying the smallest of the distances between dij and diB . If it is a dij , it

recombines entities i and j, otherwise it calls i a jet and removes it from the list of

entities. The distances are recalculated and the procedure repeated until no entities

are left.

Specifically, the anti-kT(0.4) algorithm uses

● p = −1. In the vicinity ∆R < D of a hard object, all softer objects will be

merged with the harder object in order of their closeness in ∆R.

● D = 0.4, scale of the jet structure with respect to the event structure, such that

any pair of jets are at least separated by ∆R =D
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The jet energy calibration relates the jet energy measured with the ATLAS calo-

rimeter to the true energy of the corresponding jet of stable particles entering the

ATLAS detector. Thus calibration corrects for a number of detector effects that af-

fect the jet energy measurement: calorimeter non-compensation, energy losses in

the uninstrumented material, calorimeter hermeticity imperfections, out-of-jet-cone

particles, noise and particle reconstruction efficiency.

ATLAS has developed several calibration schemes, fully documented in Refs. [104,

105], that will briefly be summarised in the following. Each calibration scheme starts

from the measured calorimeter energy at the Electromagnetic (EM) energy scale,

which correctly measures the energy deposited by electromagnetic showers. The

simple Electromagnetic + Jet Energy Scale (EM+JES) calibration scheme applies correc-

tions as a function of the jet energy and pseudorapidity to jets reconstructed at the

electromagnetic scale and for its simplicity was widely used in the 2011 dataset and

consequently in the b-tagging analysis presented in Part 2. The EM+JES calibration

scheme consists of three subsequent steps as outlined below:

I. pile-up correction: The average additional energy due to additional proton-

proton interactions in each collision is subtracted from the energy measured

in the calorimeters using correction constants obtained from in situ measure-

ments.

II. Vertex correction: The direction of the jet is corrected such that the jet orig-

inates from the primary vertex of the interaction instead of the geometrical

centre of the detector. This is a small correction to the jet transverse momen-

tum (∼ 1%) and does not affect its energy.

III. Jet energy and direction correction: The jet energy and direction as recon-

structed in the calorimeters are corrected using constants derived from the

comparison of the kinematic observables of reconstructed jets and those from

truth jets in Monte Carlo simulation.

A second, more sophisticated method was used for the jet calibration for the

analyses using the 2012 dataset, namely the Local Calibration Weighting + Jet En-

ergy Scale (LCW+JES) calibration scheme. This involves an additional calibration step

between the EM level and the Jet Energy Scale (JES) calibration, namely the Local Cali-

bration Weighting (LCW). The LCW calibration method first clusters together topolog-

ically connected calorimeter cells and classifies these clusters as either electromag-

netic or hadronic. Based on this classification energy corrections are derived from
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Figure 3.5: Fractional jet energy scale systematic uncertainty as a function of the jet pT for

central jets calibrated with the LCW+JES scheme [106].

single-pion Monte Carlo simulations. In this case, the energy corrections are applied

directly to calorimeter clusters and are defined without reference to a jet definition

and are therefore called local corrections. This calibration scheme was used in the

2012 dataset and in the search presented in Part 3.

A number of methods are used to assign a systematic uncertainty to the jet cali-

brations, ranging from pT balance measurements in Z/γ+jet events to comparisons

of jets reconstructed from calorimetric information and jets reconstructed from

tracking information. The total uncertainty in 2012 as a function of the jet trans-

verse momentum for central jets is shown in Figure 3.5 for the LCW+JES calibration

scheme. It amounts to roughly 2-3% uncertainty per jet and it is one of the most

important uncertainties for the stop search (see Part 3).

3.2.2 b-tagging algorithms in ATLAS

The lifetime-based bottom quark identification ("b-tagging") algorithms take ad-

vantage of the relatively long lifetime of hadrons containing a b quark, of the order
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of 1.5ps (cτ ≃ 450µm). A B-hadron therefore has a significant flight path length,

travelling on average about 2-3 mm in the transverse plane (for a hadron with mo-

mentum of 30 GeV ) before decaying. They are therefore characterised by topologies

with at least one displaced vertex with respect to the point where the hard-scatter

collision occurred.

Three classes of algorithms [107] aim at identifying such topologies and are sum-

marised in the following.

Impact parameter-based taggers A rather inclusive approach consists of using the

impact parameters of the charged-particle tracks in a jet. The transverse impact pa-

rameter, d0, is the distance of closest approach of the track to the primary vertex

point, in the rϕ projection. The longitudinal impact parameter, z0, is the difference

between the z coordinates of the primary vertex position and of the track at this

point of closest approach in rϕ. The tracks from b-hadron decay products tend to

have rather large impact parameters which can be distinguished from tracks stem-

ming from the primary vertex. Two tagging algorithms exploiting these properties

have been developed in ATLAS: JetProb, used mostly for early data and for the online

trigger b-tagging, and IP3D for high-performance tagging.

Vertex-based algorithms The second approach, more demanding, is to reconstruct

explicitly the displaced vertices. Two main algorithms are used to this effect: the

Secondary Vertex (SV) algorithm, which comes in two versions, SV0 and SV1, at-

tempts to reconstruct an inclusive secondary vertex. A very different algorithm of

this category, the JetFitter algorithm, aims at reconstructing the complete B hadron

decay chain.

Combined tagging algorithms The vertex-based algorithms exhibit much lower

fake (mistag) rates than the impact parameter-based ones, but their efficiency for

actual b-jets is limited by the secondary vertex finding efficiency. Both approaches

are therefore combined to define versatile and powerful tagging algorithms. The

IP3D and SV1 algorithms are combined in a straightforward manner by summing their

respective weights: this is the so-called IP3D+SV1 algorithm. An alternative combina-

tion technique is the use of an artificial neural network, which can take advantage of

complex correlations between the input values. Two tagging algorithms are defined

in this way. IP3D+JetFitter is a combination of the two algorithms IP3D and JetFitter,

while the MV1 algorithm is a neural network-based combination of the results of the
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Figure 3.6: Data over Monte Carlo scale factors for the probability of tagging a b-jet as such.

Each marker indicates a different calibration methods that exploit a tt̄ dileptonic or semilep-

tonic sample, a sample of b-jets containing a muon (pTrel), and a method based on a system

of independent equations to extract the number of b-jets in the sample (system8).
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IP3D, SV1 and IP3D+JetFitter algorithms. In 2012, the MV1 has become the default tag-

ger for many physics analyses, including the search presented in Part 3 of this thesis.

The calibration of the various b-taggers [108, 109], including MV1, is performed using

a number of different techniques that vary from muon enriched samples to samples

that exploit dileptonic tt̄ events, that allow to directly measure the b-jets tagging

efficiency. Results in terms of data over Monte Carlo ratios for both 2011 and 2012

datasets are shown in Figure 3.6. The c-jet efficiency is measured in an inclusive

sample of jets associated to D0 mesons. The mistag rate due to resolution effects

is measured in an inclusive jet sample by reversing the impact parameter signifi-

cance sign of tracks for impact parameter based tagging algorithms (such as IP3D),

or reversing the decay length significance sign of secondary vertices for secondary

vertex based tagging algorithms (SV). An example of mistag rate scale factors for the

MV1 tagger in the 2012 dataset is given in Figure 3.7.

3.2.3 Selected jets and b-jets

The jets used in this thesis are reconstructed with the anti-kT(0.4) ([103]) jet find-

ing algorithm. The jets used in Part 2 of this thesis have been calibrated according

to the EM+JES [104] calibration scheme, while the ones in Part 3 use the LCW+JES [104]

one. All jets are required to have pT > 25 GeV and ∣η∣ < 2.5. Since all electrons are

also reconstructed as jets, all jets within ∆R < 0.2 from a primary electron (before

the jet-geometrical isolation requirement) are rejected. The b-jets have to fulfil the

same requirements and be tagged as originating from a b quark from one of the
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available taggers. In the analysis presented in Part 2 the performance of almost all

available taggers has been investigated. Instead, in the search presented in Part 3

MV1 has been used to identify b-jets at a loose and tight working point according to

the final investigated selection.

3.3 Missing transverse momentum

The interesting events in hadron colliders are the ones that involve hard scat-

tering of the partons inside the protons. These events are characterised by a high

momentum component in the transverse plane, unlike the more common scattering

events (i.e. Minimum Bias) that involve a small transfer of momentum.

Usually the events are energy-balanced in the transverse plane and not along the

beam direction, due to the unknown component along the beam axis of the centre-

of-mass frame of the hard interaction. However, events with weakly interacting par-

ticles that escape the detector undetected such as neutrinos in the SM, have a large

amount of imbalance in the transverse plane (missing transverse momentum), that
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Figure 3.8: Summary of the resolution of the x and y components of the missing transverse

momentum for various simulated processes.
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is proportional to the escaping particle energy. It is straightforward to understand

that any mis-measurement of the energies of the particles in the event (and in par-

ticular jets) would result in an imbalance in the transverse momentum, mimicking

an escaping particle.

The missing transverse momentum (Emiss
T ) calculation uses reconstructed and

calibrated physics objects. Calorimeter energy deposits are associated with a recon-

structed and identified high-pT parent object in a specific order: electrons, photons,

hadronically decaying τ -leptons, jets and finally muons. In the specific Emiss
T defi-

nition used in this thesis jets are required to fulfil pT > 20 GeV and η < 4.9 and are

calibrated at the LCW+JES energy scale, electrons have pT > 10 GeV and fulfil medium

PID criteria and muons are reconstructed using the Chain 1 algorithm and are re-

quired to have a geometrical isolation from the jets with ∆R > 0.3. Deposits not

associated with any such objects are also taken into account in the calculation; these

form the so called soft term of the Emiss
T and are taken from topological calorimeter

clusters at the LCW energy scale which are not included in any reconstructed object.

The resolution of the missing transverse momentum in Monte Carlo is shown in Fig-

ure 3.8 for different simulated processes and it is found to be between 5 and 30GeV

depending on the total energy in the event.
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