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Abstract

The ATLAS (A Toroidal Lhc ApparatuS) experiment is one of the two general purpose
experiments at the Large Hadron Collider (LHC) at CERN, the European Organization
for Nuclear Research. The LHC is a proton-proton and ion-ion collider built in a 27 km
long circular tunnel 100 meter below the surface of the Earth. The maximum energy
at which LHC is capable to collide protons is 14 TeV in the center of mass frame, but
currently it is being operated at half of its maximum energy, i.e. at 7 TeV. The first
collisions at the LHC took place in November 2009. Before that the LHC detectors,
including ATLAS (which was already built and installed in 2007) were commissioned
using muons produced from the interaction of cosmic rays with the Earth atmosphere.

The Inner Detector is one of components of ATLAS detector, which is responsible
for tracking of charged particles. It consists of three independent but complementary
sub-detectors, which are built using different types of charged particle detecting con-
cepts.

This thesis is based on four papers. The first paper documents the first measure-
ment of the top quark charge at the LHC. The analysis is done on the data collected by
ATLAS in the first half of year 2011. The charge is measured with two different tech-
niques and the results from both show that the top quark charge is in agreement with
the Standard Model (SM) prediction.

The second paper is actually a book, written by collaborative efforts of almost all
members of the ATLAS collaboration, describing the status of all the analyses before
the launch of the LHC. I have contributed in two chapters of this book with performing
simulation based analyses of the top quark charge measurement and estimating the
possibility to observe supersymmetric signals with help of tau leptons.

The third paper concerns the search for physics beyond the Standard Model. Sev-
eral extensions of the Standard Model predict the existence of extra gauge bosons heavy
enough to decay to top-antitop pairs. The studies based on the simulation of the pro-
duction of such particles with different masses are performed in order to evaluate the
potential of the ATLAS detector to discover them if they exist.

The last paper summarizes the results of the commissioning of the reconstruction
software for the ATLAS detector with cosmic muons and with the data from the first
proton-proton collisions at the LHC. As a part of ATLAS reconstruction software, the
Inner Detector Global Monitoring tool was also commissioned.
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Chapter 1

Introduction

The modern theory of elementary particles is the Standard Model (SM), which is
based on the group of gauge symmetries SU(3)×SU(2)×U(1). So far, it success-
fully describes almost all the physics processes involving electroweak and strong in-
teractions. The elementary particles in SM are divided into two groups: fermions and
bosons. Bosons are responsible for mediating the interaction and they have integer spin.
Fermions have spin equal to 1/2 and are the particles which feel the force. We distin-
guish two types of fermions: leptons and quarks, reflecting their involvement in the
electroweak and strong interactions. Leptons feel only electroweak interaction, while
quarks can participate also in strong interaction. The property which makes particles
(quarks) to feel strong interaction is called color. Thus quarks are color-charged, while
leptons are colorless. Fermions are grouped in three generation. Fermions from the
first generation, electron (e), electron neutrino (νe), up quark (u) and down quark (d)
constitute the ordinary matter. Members of the second generation are heavier with re-
spect to the ones from the first generation. They are muon (µ), muon neutrino (νµ),
charm (c) and strange (s) quarks. The third generation fermions are the heaviest ones
and are named tau (τ), tau neutrino (ντ ), top (t) and bottom (b) quarks. Two fundamen-
tal properties of fermions, mass and charge are listed in table 1.1. From the same table
we can see that there exist 12 types of fermions. All fermions have antiparticles, which
have the same properties except of the sign of the charge, which is opposite.

Bosons, the carriers of fundamental interactions, described by the SM are of three
types. The massless photon (γ) is the only carrier of the electromagnetic force. Eight
gluons (g), which carry the strong interaction are also massless. The weak interaction
is mediated by three massive bosons, Z, W+ and W−. The mass of Z boson is measured
to be 91.1876 ± 0.0021 GeV [5], while the mass of W bosons is 80.399 ± 0.023 [5].
To explain the massiveness of W and Z bosons a new particle, called Higgs boson
is introduced into the Standard Model [6]. This particle has not yet been observed
experimentally. The discovery of Higgs boson is one of the main goals of the LHC
experiments (see section 4.2).

Although the predictions from the Standard Model are in a very good agreement
with the experimental results it can not be considered to be a fundamental theory. There
are two main reasons for this. The first is that the SM has 19 free parameters. These
parameters are not predicted by the SM and need to be measured experimentally. The
second reason is that it still does not include the theory of the gravity. In addition to
these the SM has several internal problems. A good overview of these problems is
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Quarks Leptons
Generation Symbol Charge Mass [MeV/c2] Symbol Charge Mass [MeV/c2]

1 u +2/3 1.7÷3.1 νe 0 <2×10−6

1 d -1/3 4.1÷5.7 e− -1 0.51

2 c +2/3 1.29+0.05
−0.11 ×103 νµ 0 <0.19

2 s -1/3 100+30
−20 µ− -1 105.7

3 t +2/3 (173.2±0.9)×103 [7] ντ 0 <0.18

3 b -1/3 4.19+0.18
−0.06 ×103 τ− -1 1777

Table 1.1: Three generations of quarks and leptons, their charges and masses.

given in Ref. [8]. Two of them relevant to the work presented in this thesis are listed
below:

• The hierarchy problem: The Higgs boson couples to all particles which have
non-zero mass. This means that the mass of the Higgs particle depends on masses
of all massive particles, when calculating it with higher order radiative corrections
(loop corrections). The scale of these corrections depends on the renormalization
cutoff scale Λ, which is the scale where new physics appears. Assuming that
there is no new physics up to the Planck scale (1019 GeV), the loop corrections
to Higgs mass become much larger than the predicted Higgs mass from the elec-
troweak measurements (∼100 GeV). In order to bring Higgs mass down to the
electromagnetic scale careful fine-tuning need to be done, which is an unnatural
procedure.

• Dark matter problem: The first evidence of dark matter was observed by astro-
physicist Fritz Zwicky in 1933 by estimating the cluster’s total mass based on the
orbital velocities of galaxies in it and comparing it to it’s mass estimated from the
total brightness of the cluster [9], [10]. Since then several other astronomical and
cosmological measurements indicate the presence of dark matter. The amount
(mass) of dark matter in the Universe is estimated to be five times more than the
amount of ordinary matter. The SM does not provide any dark matter candidate.



Chapter 2

Top quark physics

The top quark (t quark) is the heaviest elementary particle. It was discovered in 1995
by the CDF and D/0 collaborations at proton-antiproton collider Tevatron (Fermilab,
USA) [11], [12]. Since its discovery the properties of the top quark such as production
cross-section, decay channels, mass, helicity, charge are being extensively studied by
the scientists working at Tevatron experiments. From the day 1 of the LHC run, the
CMS and the ATLAS collaborations started to search for top quark at the LHC and by
the end of 2009 they confirmed its existence [13], [14].

The decay width of the top quark predicted in the Standard Model at next-to-leading
order is [15]:

Γt =
GFm3

t

8π
√

2

(
1− M2

W

m2
t

)2(
1+2

M2
W

m2
t

)[
1− 2αs

3π

(
2π2

3
− 5

2

)]
, (2.1)

where GF is Fermi coupling constant, mt is the top quark mass, MW is the mass of W
boson and αs is the strong coupling constant. With top mass ∼ 172 GeV, Γt is equal to
1.3 GeV. The lifetime (τt) of the top quark is proportional to 1/Γt and is on the order of
0.5×10−24 s [5]. With this short lifetime, the top quark is expected to decay before top-
flavoured hadrons or tt̄-quarkonium bound states can form [16]. This property makes
the top quark unique from the point of view of its detection techniques. Unlike the
other quarks, which hadronize and are registered as jets of hadrons, the top quark can
be detected via its decay products. It decays to W boson and to one of the down-type
quarks (quark having charge −1/3). Its decay width is expected to be dominated by the
channel t →W +b. The other decay channels, t →W +s and t →W +d are expected to
be suppressed relative to t →W +b by the square of the Cabibbo–Kobayashi–Maskawa
(CKM) matrix elements |Vts| and |Vtd|. The values of these elements and also the |Vtb|
element of the CKM matrix are estimated to be [5]:

|Vtd| = 0.00347+0.00016
−0.00012, (2.2)

|Vts| = 0.00347+0.0011
−0.0007, (2.3)

|Vtb| = 0.999152+0.000030
−0.000045. (2.4)

Thus, since the decay ratio of t →W +b is defined as:

Rt→W+b =
Br(t →W +b)
Br(t →W +q)

=
|Vtb|2

|Vtd|2 + |Vts|2 + |Vtb|2
, (2.5)

in almost 100% of cases the top quark decays to W boson and b quark.
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(a) (b) (c)

Figure 2.1: Feynman diagrams of tt̄ production mechanisms at the lowest order at the LHC.
In 90% of cases top-antitop pairs are produced via gluon fusion (a) and (b), while in 10% of
cases the annihilation of a quark and an antiquark (c) is responsible for the tt̄ production.

2.1 Production of top quarks

The top quark was the last quark to be discovered. The reason for this is its large
mass. Before the launch of the LHC, Tevatron was the only collider able to produce
top quarks. At the LHC, the main production scheme of top quarks is via gluon fusion,
when two gluons interact strongly and produce a pair of top-antitop quarks (tt̄). The
tt̄ production via quark-antiquark annihilation is less frequent, since at the LHC the
particles in both beams are protons, and the only source of an antiquark in protons
is sea quarks. In the Tevatron, where one of the beams consisted of antiprotons, the
production was mostly via qq̄ annihilation due to the presence of valence antiquarks in
antiprotons. Figures 2.1a and 2.1b show the Feynman diagrams of gluon fusion at the
lowest order, while the qq̄ annihilation is described by the diagram in figure 2.1c.

The top quark can also be produced via weak interaction. In this case a single top
or antitop quark is produced (not a pair of tt̄). The Feynman diagrams for the weak
production of single top at the lowest order are illustrated in figure 2.2. The processes
described by the diagrams in the upper row of figure 2.2 are called t-channel. The figure
2.2d shows the single top production via Wt channel, while the diagram in figure 2.2e
illustrates the s-channel.

2.2 Signatures of top-antitop pairs

Two of the analyses described in this thesis use tt̄ production as a signal process. As
discussed earlier in this chapter, the top quark decays to W boson and a b quark with
almost 100% probability. Thus, decay products of a tt̄ pair will consist of one positively
charged and one negatively charged W bosons, one b quark and one b̄ quark. The b and
b̄ quarks further hadronize producing hadronic jets, while W bosons decay either to a
quark and an antiquark of different flavour or to a charged lepton and its corresponding
neutrino. The Feynman diagrams illustrating all possible decay channels of a tt̄ pair
are shown in figure 2.3. Depending on the decay channel of W bosons we define three
types of tt̄ final states:

• Dileptonic channel, when both W bosons decay leptonically. In this case the fi-
nal state consists of two jets coming from b and b̄ quarks, two charged leptons
and two neutrinos. The neutrinos can not be directly detected by ATLAS de-
tector. But they can be detected indirectly via measuring the missing transverse
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(a) (b) (c)

(d) (e)

Figure 2.2: Feynman diagrams of single top tt̄ production mechanisms at the lowest order
at LHC via t-channel (a), (b) and (c), via Wt channel (d) and via s-channel (e). At hadron
colliders the main contribution into single top production is coming from the t-channel.

energy, Emiss
T . Emiss

T is calculated by making use of the fact that the collisions take
place along the z axis and thus the sum of transverse (to the z axis) momentum of
collision products need to be 0. If by summing the momenta of all detected par-
ticles and detector noise we do not get 0 (or close to 0) we conclude that there
was produced a particle (or several of them) which escaped the detector without
interacting with it. The only known particles of such kind are neutrinos.

• Lepton+jets channel, when one of the W bosons decays leptonically, while an-
other decays to quarks. Since these quarks also evolve into jets of hadrons, the
final state in this channel includes one charged lepton, one neutrino and four jets.
Two of the jets are initiated by b (b̄) quarks. These jets can be identified by using
b-tagging algorithms. These algorithms are based on the fact that tracks coming
from decays of B mesons form a secondary vertex (displaced with respect to the
collision vertex) and have relatively big impact parameter [17], [18]. This is the
consequence of B meson’s relatively long lifetime (1.5×10−12 s).

• All-hadronic channel, when both W bosons decay hadronically. This results in
6 jets in the final state.

Table 2.1 shows the measured values of W boson branching fractions [5]. which
are used to calculate the share of each of the tt̄ decay channels. The table 2.2 contains
the results of these calculations. As can be seen from the table, the contribution of
lepton+jets and all-hadronic channels is similar (∼ 45%), while only in about 10% of
cases the tt̄ pair decays via dileptonic channel.

The channels containing taus are considered separately, due to the specificities of
tau lepton reconstruction and identification at ATLAS [19]. Therefore, when talking
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Figure 2.3: Possible decay channels of a tt̄ pair. `+(−) refers to positively (negatively) charged
lepton: electron, muon or tau.

Decay mode Measured branching fraction, %
W+ → e+νe 10.75 ± 0.13
W+ → µ+νµ 10.57 ± 0.15
W+ → τ+ντ 11.25 ± 0.20
W+ → ud̄,cs̄ 67.60 ± 0.27

Table 2.1: Measured branching fractions of W+ boson [5]. Identical values are measured for
the W− boson.

about lepton+jets channel in ATLAS, we mean e+jets and µ+jets. Similarly, dilepton
signature includes only ee, eµ and µµ channels. The pie chart in figure 2.4 shows the
theoretical fractions of each of the tt̄ decay channels.

The event display of one of the first e-µ tt̄ dilepton candidate events with two b-
tagged jets observed at ATLAS is shown in figure 2.5. The electron is shown by the
green track and calorimeter cluster in the 3D view, and the muon by the long red track
intersecting the muon chambers. The two b-tagged jets are shown by the purple cones,
whose sizes are proportional to the jet energies.

tt̄ pair decay channel Fraction
tt̄ → bb̄W+W− → bb̄(`+ν)(qq̄′) 43.8 %
tt̄ → bb̄W+W− → bb̄(qq̄′)(q′′q̄′′′) 45.7 %
tt̄ → bb̄W+W− → bb̄(`+ν)(`−ν̄) 10.5 %

Table 2.2: The fractions of tt̄ pair decay final states.
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Figure 2.4: The fractions of tt̄ decay channels.

Figure 2.5: One of the first e-µ dilepton candidate events observed in ATLAS. The long red
line shows the muon trajectory, while the short green line electron’s trajectory. The green
cluster at the end of the line shows the energy deposition by the electron in the EM calorimeter.
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Chapter 3

Beyond the Standard Model physics

Though the Standard Model was tested in many experiments and has shown good agree-
ment with their results, it is not considered to be a fundamental theory and has several
unsolved problems [8]. Many extensions of Standard Model predict the existence of
New Physics at the TeV scale of energies [20], at which the LHC operates.

3.1 Supersymmetry

One of the most favored extensions of the Standard Model is Supersymmetry (SUSY)
[21]. It implies that all known elementary particles have super-partners in form of heavy
particles with spin shifted by 1/2 with respect to the spin of their partners (ordinary
particles). This means that super-partners of fermions are bosons and vise versa.

The main problem which is solved by introducing a SUSY theory is the so called
hierarchy problem in the Standard Model, when the mass of the Higgs boson acquires
quadratically divergent loop corrections. The solution comes in the form of a contribu-
tion of SUSY particles in the loop corrections, which has exactly the same size as the
one from the ordinary particles, but with opposite sign. Thus the loop corrections from
Standard Model particles are canceled out by their super-partners.

Another feature of SUSY is that it makes possible the existence of Grand Unified
Theories (GUTs) [22], [23], which require the electromagnetic, weak and strong cou-
pling constants to become equal at large (1016 GeV) scale as seen in figure 3.1. Thus
all these forces can be described by one SU(5) or larger group. If the masses of SUSY
particles range from ∼ 100 GeV up to ∼ 1 TeV, the run of coupling constants can be
changed at this scale such that the lines intersect at one point (GUT point).

One of the main advantages of SUSY models is that many of them propose the
Lightest Supersymmetric Particle (LSP) as a candidate for dark matter. This is the
consequence of conserving the symmetry called R-parity, which is needed to be done
to make protons stable when introducing SUSY. The R-parity is defined as:

PR = (−1)2S+3B+L, (3.1)

where S is the spin of the particle, B is the baryon number and L is the lepton number.
This definition results that all the Standard Model particles have R = +1, while for
SUSY particles R = −1. In order to conserve R-parity the SUSY particles should be
born in pairs and their decay products should contain at least one SUSY particle, which
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Figure 3.1: The running of all three Standard Model coupling constants without SUSY (green
lines) and with SUSY (orange lines) if SUSY particles masses are ∼ 1 TeV [1].

implies that the LSP is stable. If it is also neutral and massive it becomes an ideal
candidate for dark matter. Thus SUSY models can solve also one of the astrophysics
problems.

The most studied SUSY model is the one with minimum number of superpartners,
called Minimal Supersymmetric Standard Model (MSSM) [21]. It introduces 105 ex-
tra free parameters. The number of free parameters can be reduced by making extra
assumptions. One of the widely investigated model (among MSSMs) is when SUSY
breaking is gravity-mediated, whcih can be constrained by assuming the unification of
forces at GUT scale. After this assumption only five free parameters remain [24], [21].
This constrained model is named minimal supergravity (mSUGRA). The mSUGRA
parameters are m0 - the scalar masses, m1/2 - the gaugino masses, A0 - soft breaking
trilinear coupling constant, tanβ - the ratio of the vacuum expectation values of the
neutral components of Higgs doublet and the sign of µ - the sign of the Higgsino mass
parameter.

3.2 Heavy neutral bosons

There exist many theories of beyond the Standard Model physics that predict the exis-
tence of extra heavy neutral bosons, commonly referred to as Z′. Here we name some
of the models, where the Z′ can decay to top-antitop pairs. One of such models is the
topcolor assisted technicolour model [25]. The technicolour models assume the exis-
tence of a new gauge interaction which generate the masses of W and Z bosons without
a need to introduce the Higgs boson. In this way technicolor models solve also the
hierarchy problem.

Another solution of hierarchy problem is proposed by the theories assuming the
existence of extra dimensions. In these theories heavy neutral spin-2 particles are in-
troduced, which are the excited states of massless graviton, the carrier of gravitational
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force. The two common theories of extra dimensions are the ADD (Arkani-Hamed,
Dimopoulos, Dvali) model [26], [27] and the RS (Randall, Sundrum) model [28], [29].
In the ADD model our four-dimensional world is on a brane. The extra dimensions are
in form of torus with a radius r. The only force which can propagate to the higher di-
mensions is gravity. Thus gravity is stronger than we see on our brane. This allows to
lower the Planck scale down to 1 TeV by introducing just two extra dimensions with r
of the order of 0.1 mm. The more extra dimensions we require the smaller radius we
need to bring the Planck scale to electroweak scale. In the RS model the Universe is
a five-dimensional space with wrapped geometry. There are two branes: the “Planck”
brane and the “TeV” brane. Our world with a weak gravitational force is situated on
the “TeV” brane, while on the “Planck” brane the gravity is stronger.
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Chapter 4

The ATLAS experiment: detector and physics

The ATLAS (A Toroidal Lhc ApparatuS) experiment is one of two general purpose
experiments at the Large Hadron Collider at CERN, the European Organization for
Nuclear Research. The chapter describes the detector and the physics program of the
ATLAS experiment. It contains also a brief overview of the Large Hadron Collider.

4.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [30] is a hadron collider designed to collide beams
of protons with total energy up to 14 TeV at the center of mass frame of protons (

√
s =

14 TeV). Is is also capable to collide heavy ions (Pb-Pb) at
√

s = 2.76 TeV. The LHC
is situated in a circular 27 km long tunnel buried around 50 to 175 m underground
on the border of France and Switzerland. Currently, the LHC is operating at half of
its maximal energy,

√
s = 7 TeV. The magnets used in the LHC to steer the beams of

colliding particles are made of superconducting materials (Nb-Ti), requiring extremely
low temperatures to stay superconductors. They are cooled down to 1.9 K by a complex
cryogenic system [31] using liquid helium as coolant.

The construction of the LHC started in 2001. In September 2008 the first beams
were circulated in the accelerator rings. However, no collision took place till next
year due to faulty electrical connections between the magnets resulting in mechanical
damage and the release of helium from the cryogenic system of magnets. 53 damaged
magnets were repaired and replaced. As a result of this incident, which took place 9
days after the first beam circulation, the first collisions which were initially expected to
take place at the end of September 2008 were delayed and took place only at the end of
November 2009. The first collisions were at injection energy,

√
s = 900 GeV. The first√

s = 7 TeV collision happened in March 2010. After that the intensity of the beams
was gradually increased. By September 2011 the beams contained 1.6× 1014 protons
each and were colliding with a luminosity of L = 3× 1033 cm−2s−1. The luminosity
is defined such that the number of events of a particular process is given by N = L·σ ,
where σ is the cross-section of the this process. The collision rate was 20 MHz as of
September 2011, but LHC is designed to be able to collide beams at up to 40 MHz
frequency. The collisions take place at four points along LHC. At each of the points
one of the major LHC experiments (ALICE, ATLAS, CMS and LHCb) is installed as
illustrated in Figure 4.1.



14 The ATLAS experiment: detector and physics

Figure 4.1: The locations of the four main LHC experiments.

4.2 Physics program

The ATLAS experiment was designed to explore the not-yet-explored frontiers of the
High Energy particle physics [32]. Its design allows to both study the characteristics of
already known particles and search for new particles predicted by both Standard Model
(SM) and beyond SM theories. The tasks can be divided into the following groups:

• Search for the Higgs boson. The discovery of the Higgs boson is one of primary
goals of the ATLAS experiment. The Higgs boson is the main missing piece of
the SM. It is needed to describe the mechanism by which the particles obtain their
masses. The experiments on the two predecessors of the LHC, the Large Elec-
tron Positron Collider (LEP) and Tevatron have performed the extensive hunt for
the Higgs boson, but have not observe it. The ATLAS is able to either confirm
or refute the existence of the Higgs boson in the whole range of its mass allowed
by the theory. All methods of the Higgs boson search are based on the detection
of its decay products. The ATLAS detector is designed to perform high preci-
sion measurements of the properties of Higgs decay products, such as electrons,
muons, tau leptons, photons, quarks. The expected significance for the discovery
with data corresponding to 10 fb−1 of integrated (by time) luminosity for differ-
ent decay channels at the mass range [115; 600] is shown in figure 4.2 [2]. It can
be noted that in the whole range the signal from the Higgs boson is expected to be
observed by at least two standard deviation significance. The preliminary results
of analyses using real data corresponding from 1.0 to 2.3 fb−1 of integrated lumi-
nosity are summarized in figure 4.3 [3]. The plot shows that, ATLAS can already
exclude with 95% confidence the existence of Higgs boson in the mass ranges
where the solid line dips below the horizontal dashed line at 1. These ranges are
(146; 232)

∪
(256; 282)

∪
(296; 466). But the Higgs particle can be hiding in the

range most favoured by electroweak measurements, which indicate that it should
be lighter than 148 GeV at 90% C.L [5].
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• Precision measurements of the Standard Model parameters. Along with the
Higgs searches ATLAS is designed to perform measurements of a number of SM
parameters. ATLAS can measure many of these parameters with better precision
than the previous experiments. The main fields where ATLAS is capable to per-
form precise measurements include top quark physics, W/Z boson physics and B
physics.

• Search for New Physics. The searches for new particles predicted by the Beyond
Standard Model theories (some of which are described in chapter 3) is also one
of the main goals of the ATLAS experiment. The majority of the new particles
in these theories decay into the known elementary particles which then can be
detected. Depending on the model, the decay products can be leptons, photons,
quarks, neutrinos or any combination of them. ATLAS is performing the searches
for new particles by detecting their decay products.
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Figure 4.2: The Higgs boson discovery significance for the various decay channels and the
combination with an integrated luminosity of 10 fb−1 for masses up to 600 GeV [2].

To perform all above mentioned tasks the ATLAS detector has to have the following
components:

• High performance electromagnetic calorimeters for electron and photon identifi-
cation and precise measurements of their kinematics;

• Full-coverage hadronic calorimeter with high granularity for the precise measure-
ments of jets energy and missing transverse energy;

• Muon system capable to carry out high-precision muon momentum measure-
ments;
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Figure 4.3: The expected and observed sensitivity of the search for the Higgs boson that arises
from combining the results of searches in all decay modes studied to date. The black undu-
lating dashed line shows ATLAS’ predicted sensitivity to the Higgs boson in the mass range
115-600 GeV, based on simulations. The green and yellow bands correspond to the uncertainty
in these predictions. The solid black line shows ATLAS’ limit on Higgs production based on
data collected up to date. ATLAS excludes with 95% confidence the existence of the Higgs
boson in the mass ranges when the solid line dips below the horizontal dashed line at 1 [3].

• Efficient tracking for momentum and charge sign measurements of charged parti-
cles, reconstruction of primary (collision) and secondary (heavy flaviour and tau
lepton decays) vertices;

• Fast triggering and data acquisition systems;

• The tracker and the muon system should be in a strong magnetic field in order
to be able to measure track curvatures of high-momentum (up to several TeV)
particles.

4.3 Overview of the ATLAS detector

The ATLAS is a multipurpose detector designed to perform searches of new physics
as well as to measure the properties of already known particles and processes. The
ATLAS is the largest detector among all LHC detectors. It has cylindrical shape with
25 m in diameter and 44 m in length. It consists of three main detector systems: The
Inner Detector, Calorimeters and Muon System. Each of these detectors in their turn are
made of several sub-detectors. Most of the ATLAS sub-detectors are divided into three
parts: barrel, which is the central part of the particular sub-detector and two end-caps
situated on each side of the barrel part. This division is conditioned by the orientation
of detecting modules with respect to the beam (z) axis. The modules in barrel part are
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oriented parallel to the beam axis, while in the end-caps the modules are placed in x-y
plane. This is done to efficiently detect both particles flying at large angles with respect
to the beam axis and thus crossing the sub-detectors at their central part and the ones
having tracks with small θ , and passing mostly through end-caps.

ATLAS has two magnetic systems in addition to the main detector systems:
Solenoid Magnet, surrounding the Inner Detector and inducing a 2 T magnetic field
and three Toroid Magnets which are constructed such that the magnetic field they pro-
duce has average strength of 0.5 T and covers the area where the chambers of Muon
System are situated. The cut-away view of the ATLAS detector demonstrating its size
and location of its sub-detectors is illustrated in Figure 4.4. The detailed description of
the ATLAS detector can be found in Ref. [33]. The features of the ATLAS detector
needed to understand the work presented in this thesis are summarized in this section.

Figure 4.4: The schematic view of the ATLAS detector illustrating its size and components.

4.3.1 ATLAS coordinate system

ATLAS uses two coordinate systems: spherical and Cartesian. The ATLAS coordinate
system if defined as follows:

• The origin is at the nominal interaction point.

• z-axis is along beam pipe. y points up and x points towards the center of the
accelerator.

• In spherical coordinates, instead of polar angle, θ , pseudo-rapidity is used, which
is defined as:

η = −ln
(

tan
θ
2

)
. (4.1)
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4.4 The Inner Detector

Hundreds of charged particles can be produced as a result of each beam crossing creat-
ing large track density in the volume close to the interaction point. The Inner Detector
(ID) is the innermost sub-detector and is responsible for detecting the tracks of charged
particles. The main tasks of the ID are to measure the momentum of charged particles
with high precision and to reconstruct both primary and secondary vertices with high
accuracy. In order to be able to perform these tasks the ID consists of three independent
but complementary sub-detectors each with high granularity of detecting elements. The
cut-away view of the ID is illustrated in Figure 4.5. At inner radii, where the track den-
sity is high, high-accuracy pattern recognition requirements are met by using layers
of silicon pixels (Pixel detector) and stereo pairs of silicon micro-strip layers (Semi-
Conductor Tracker). At larger radii, the Transition Radiation Tracker (TRT) comprises
several layers of gaseous straw tube elements interleaved with transition radiation mate-
rial. With an average of 36 hits per track, it provides continuous tracking to enhance the
pattern recognition and improve the momentum resolution. In addition to contributions
to pattern recognition and track reconstruction TRT can provide particle identification
by doing electron/pion separation over the large range of energies.

Figure 4.5: Cut-away view of the ATLAS Inner Detector.

The ID design resolutions can be parametrized with the following formula [33]:

σ(pT ) = σ(∞)(1⊕ ps
T /pT ), (4.2)

where σ(∞) is the asymptotic resolution expected at infinite momentum (intrinsic de-
tector resolution) and ps

T is the transverse momentum, for which the intrinsic detec-
tor resolution becomes equal to the one from the multiple-scattering. The expression
(4.2) is an approximation, which works well both at high transverse momentum val-
ues, when the resolution is dominated by the intrinsic detector resolution and at low
transverse momentum values, when the resolution is dominated by multiple scattering.
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Track parameter
0.25 < |η | < 0.50 1.50 < |η | < 1.75
σ(∞) ps

T (GeV) σ(∞) ps
T (GeV)

Inverse transverse momentum (1/pT ) 0.34 TeV−1 44 0.41 TeV−1 80
Azimuthal angle (φ ) 70 µrad 39 92 µrad 49
Polar angle (cotθ ) 0.7×10−3 5.0 1.2×10−3 10

Transverse impact parameter (d0) 10 µm 14 12 µm 20
Longitudinal impact parameter (z0× sinθ ) 91 µm 2.3 71 µm 3.7

Table 4.1: Expected resolution of track parameters at infinite momentum (σ(∞)) and the trans-
verse momentum, ps

T , at which the multiple-scattering contribution equals that of the detector
resolution [33].

The parameters σ(∞) and ps
T for two pseudo-rapidity regions, one in barrel and one in

end-cap, are found in table 4.1.
The tracking performance expectations from simulations are checked both with cos-

mic muons [34] and
√

s = 900 MeV and 7 TeV proton-proton collision data and are
confirmed to be in good agreement with data [35], [36],[37].
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Figure 4.6: Plan view of a quarter-section of the ATLAS Inner Detector showing each of the
major detector elements with its active dimensions and envelopes.

4.4.1 The Pixel detector

The Pixel detector is the closest one to the beam axis. It consists of three concentric
layers of silicon pixel sensors in the central (barrel) part and three disks of sensors in
each of the end-caps. The disks and layers are placed such that any particle coming
from the interaction point and having a trajectory with |η | < 2.5 crosses three layers
of Pixel detector (see Figure 4.6). The sensors are 250 µm thick detectors, made of
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oxygenated n-type wafers with readout pixels on the n+-implanted side of the detec-
tor. Overall 80 million sensors with size 50×400 (600) µm2 are assembled on 1744
identical modules. Each sensor is read out by a separate electronic channel.

4.4.2 The SemiConductor Tracker

The Pixel detector is surrounded by one barrel with four layers of silicon micro-strip
sensors called SemiConductor Tracker (SCT). In each of the end-caps the SCT is made
in a form of nine disks placed such that silicon micro-strips are perpendicular to the
beam axis. Together with three pixel disks at the end-cap part of the Pixel detector
they make it possible to detect particles flying at low angles (downq to |η | < 2.5) with
respect to the beam axis as shown in Figure 4.6. The SCT is made of 4088 two-sided
modules. One module is composed of four silicon detectors. Each pair of these are
bonded together to form 12 cm long readout strips. The pairs are glued on each side
of the module at an angle of 40 µrad. The p+-doped strips are implemented into the
n-doped silicon wafer at 80 µm separation forming p− n configuration. There are
768 active strips per sensor, plus two strips at bias potential to define the sensor edge.
Thus SCT has approximately 6.3 million readout channels. The intrinsic resolution per
module is 17 µm in r-φ plane and 580 µm in z direction.

4.4.3 The Transition Radiation Tracker

The third and outermost sub-detector of the ID is the Transition Radiation Tracker
(TRT) consisting of 73 planes of 4 mm diameter straw tubes in the barrel part and 160
planes in each of the end-caps, thus providing large number of hits (in average 36) per
track. The tubes are filled with gas mixture in following proportions: 70% Xe, 27%
CO2 and 3% O2 [38]. In the barrel region, where the straws are parallel to the beam
axis there are 52 544 straws with length of 144 cm. Each end of the straw is read out by
a separate channel. In the end-caps region, the 37 cm long straws are arranged radially
in wheels making them perpendicular to the beam axis. These straws are read out only
from one end. The total number of straws in both end-caps is 245 760. End-caps and
barrel together provide approximately 351 000 read-out channels [38]. The TRT covers
the pseudo-rapidity range of |η | < 2 (Figure 4.6). Its intrinsic resolution in r-φ plane is
0.13 mm per straw. TRT does not provide measurement of the z coordinate.

4.5 Calorimeters

All calorimeters in ATLAS, except of the Forward Calorimeter, are sampling calorime-
ters made by alternating of layers of active medium and absorbers. They provide good
containment for electromagnetic and hadronic showers, and also limit hadron punch-
through into the muon system. The total thickness of the calorimeters at η = 0 is 11λ
(interaction length). This has shown to be sufficient to reduce the punch-through into
the muon system to an acceptable level. All calorimeters together cover the |η | < 4.9
range. The components of the ATLAS calorimeter system are illustrated in figure 4.7.
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Figure 4.7: Cut-away view of ATLAS calorimeters.

4.5.1 The Electromagnetic calorimeter

The Electromagnetic (EM) Calorimeter is surrounding the Inner Detector and is a liquid
argon (LAr) detector with accordion-shaped electrodes and lead absorber plates over
its full coverage. The electrodes are made of three layers of copper interlayed with
kapton. The two outer layers are under high voltage, while the middle one is used for
read out of the signal. The gaps between absorbers and electrodes are filled with liquid
argon, which is the active material of the detector. The accordion geometry provides
complete φ symmetry without azimuthal cracks.

When an electron or a photon passes through the calorimeter, it initiates an elec-
tromagnetic shower when interacting with the lead absorbers. The components of the
shower, then ionize the LAr, and the current produced by the drift of the ionization
products towards electrodes is read out as signal. The EM calorimeter is divided into
barrel part (|η | < 1.475) and two end-caps (1.375 < |η | < 3.2). The barrel part has a
cylindrical shape with inner diameter of 2.8 m and outer diameter of 4 m. The length
of the cylinder is 6.4 m. The end-caps have a wheel-shape. They are 0.63 m thick and
with inner diameter of 0.66 m and external diameter of 4.2 m. In the precision mea-
surement region which is defined as |η | < 2.5 the EM consists of three layers in depth.
The rest of the EM is segmented into two layers. The granularity of samplings are η
and layer dependent and are from 0.025×0.25 to 0.1×0.1 in the η-φ plane. In the re-
gion (|η | < 1.8) the EM calorimeter is complemented by presamplers consisting of a
LAr layer of thickness of 1.1 cm (0.5 cm) in the barrel (end-cap) region in order to pick
up the showers which started before the particle reached the EM calorimeter.

4.5.2 The Hadronic Tile calorimeter

The Hadronic Tile Calorimeter (TileCal) is placed behind the EM calorimeter and cov-
ers the range |η | < 1.7. It has a cylindrical shape with internal and external radii of 2.28
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m and 4.25 m respectively. The total length is 11 m. It is made of 14 mm thick lay-
ers of iron absorbers interlayed with 3 mm thick scintillating tiles. When interacting
with iron, a hadron produces a hadronic shower. The signal from the components of
the shower is then collected by the scintillators. The total thickness of the TileCal is
2 m, which corresponds to 8 λ (interaction length). It is segmented in three layers in
depth. The granularity of samplings in the first two layers are 0.1×0.1, while the last
layer has coarser samplings with 0.2×0.1 size in the η-φ plane.

4.5.3 The Hadronic End-cap calorimeter

The Hadronic End-cap calorimeter (HEC) consists of two wheel-shaped parts, each
placed at one of the two ends of the EM calorimeter. Its covers 1.5 < |η | < 3.2 range.
The HEC uses the same detecting technology as the EM calorimeter, but with flat ab-
sorbers made of copper. The first 24 plates of absorbers (counted from the side closer
to the EM calorimeter) have 25 mm thickness, while the remaining 16 are two times
thicker. The size of the readout cells is ∆η ×∆φ = 0.1×0.1 in the region |η | < 2.5 and
0.2×0.2 for larger values of η .

4.5.4 The Forward calorimeter

The purpose of the Forward Calorimeter (FCAL) is to measure both electromagnetic
and hadronic showers at high eta region. Its coverage is 3.1 < |η | < 4.9. The FCAL has
LAr as a sensitive medium, but uses different detecting technology. It consists of three
modules in each end-cap. The first module is intended to register the electromagnetic
shower, while the second and third module is designed to catch the hadronic shower.
All modules are made of copper plates placed next to each other. The plates of the first
module have 12260 holes in them, in which the electrodes are placed. An electrode
consist of a copper-made rod placed into a copper-made tube. The gap between the rod
and the tube is filled with LAr. The second and third modules have 10200 and 8224
electrodes respectively. The electrods in these modules consist of tungsten rods placed
into copper tubes.

4.6 The Muon spectrometer

The outermost sub-detector of the ATLAS is the Muon spectrometer (figure 4.8). It
triggers muons and provides precision measurements of the their track parameters. The
Muon spectrometer is situated in a magnetic field with average strength of 0.5 T, gen-
erated by air-core toroidal magnets. The magnets are configured such that the field
they produce is orthogonal to the trajectories of the muons coming from the interaction
point. The muon system uses four different types of detecting technologies: Monitored
Drift Tubes (MDT), Resistive Plate Chambers (RPC), Thin Gap Chambers (TGC) and
Cathode-Strip Chambers (CSC). The MDTs and the CSCs are used to measure the
track curvature with high precision, while the RPCs and TGCs are primarily aimed for
triggering purposes.
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Figure 4.8: Cut-away view of ATLAS Muon spectrometer.

4.6.1 Monitored Drift Tubes

The MDT is the main technology for the precision measurements of muon track pa-
rameters at ATLAS. The muon passing through the ATLAS detector in the range of |η |
< 2.7 can cross three to eight layers of MDTs. The MDTs are drift tubes filled with
Ar/CO2 (93%/7%) gas mixture under 3 bar pressure. The tubes are aluminum made
with 30 mm in diameter and are concentric around a tungsten-rhenium 50 µm thick
wire. Muons crossing an MDT ionize the gas and the electrons are collected by the
wire which is at 3080 V potential with respect to the tube walls.

4.6.2 Cathode-Strip Chambers

The particle flux at the first layer in the region |η | > 2.0 is above the threshold at which
MDT can provide efficient counting. Therefore the first layer of muon system in the
range 2.0 < |η | < 2.7 consists of cathode-strip chambers, which are multiwire propor-
tional chambers. The strips of the cathodes on one side is parallel to the wire while on
the other side it is perpendicular. The position of the muon trajectory intersection is de-
fined by interpolation between the charges induced on neighbouring strips. The wires
are 30 µm thick. The operation voltage is 1900 V.

4.6.3 Resistive Plate Chambers

The RPCs have a threefold purpose. They provide bunch-crossing identification
(BCID), discriminate based on the muon transverse momentum and provide a comple-
mentary measurement of the muon coordinate which can be used for pattern recognition
and muon track reconstruction. RPCs cover only the barrel region |η | < 1.05. They are
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gaseous parallel electrode-plate detectors. The electric field between the plates is 4.9
kV/mm. The signal is read out through capacitive coupling to metallic strips mounted
on the plates.

4.6.4 Thin Gap Chambers

The TGCs were selected to perform triggering in end-cap region 1.05 < |η | < 2.4.
They, like RPCs, can also provide the measurement of the φ coordinate to complement
the measurements of the MDTs in the bending direction. The TGCs are multi-wire
proportional chambers with small space between wires and the cathode and large space
between the wires.

4.7 Magnets

In order to measure the momentum of charged particle a complex system of supercon-
ducting magnets is employed by ATLAS. It consists of two parts. The first part is a 5.8
m long solenoid surrounding the Inner Detector with diameter of 2.5 m. It generates
a 2 T axial field at the center and 2.6 T at the windings. The field of this magnet is
used to measure the momentum of charged particles in the Inner Detector. The second
part consists of three air-core toroid magnets, each made of eight coils. Each of these
coils is placed in a separate cryostat. The goal of toroid magnets is to bend trajecto-
ries of muons in Muon Spectrometer. In the range |η | < 1.4, the bending is provided by
the large barrel toroid. The two smaller end-cap toroids cover the range of 1.6 < |η | <
2.7, while in the range of 1.4 < |η | < 1.6, the field is generated both by the barrel and
end-cap magnets. The outer size of the magnet system is 22 m in diameter and 26 m in
length. The operational temperature of all magnets is 4.5 K.

Figure 4.9: The geometry of ATLAS magnet system.
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4.8 Trigger

As mentioned in section 4.1, the design frequency of collisions at the LHC is 40 MHz.
It is not possible to record events at this high frequency from all ∼ 108 read-out chan-
nels of the ATLAS detector. Therefore a trigger system is needed to reduce the 40 MHz
input rate to an output rate of about 200 Hz for recording and offline processing. This
limit is conditioned by the average data rate of ∼ 300 MB/s, determined by the com-
puting resources for data storage and processing. The ATLAS trigger chain has three
levels. The level 1 (L1) trigger uses data from the the calorimeters and muon system
to decide weather event looks interesting or not. The output rate of L1 can be up to 75
kHz. L1 is a hardware based trigger. The level 2 (L2) as well as level 3 (Event Fil-
ter, EF) are software based triggers. They can use the data from all sub-detectors, but
L2 reconstructs the data only from the Regions of Interests (RoI) determined by the
L1 trigger. At the input of the Event Filter the data rate is already reduced to 3 kHz.
In its turn the EF reconstruct the full event and based on the predefined signatures se-
lects events to be recorded. The signatures depend on the goal of a particular run and
are based on combinations of reconstructed physics objects, i.e. electrons, muons, jets,
taus, photons or transverse missing energy. There are also signatures when the trigger
is fired if cosmic muon passes through the detector or if inelastic collisions take place.
The schematic view of ATLAS trigger system can be seen in figure 4.10.

Figure 4.10: The schematic view of ATLAS trigger chain.

4.9 Data and simulation processing skim

When a trigger is fired the signals from the whole detector is read out. These signals
come from a single event: either bunch crossing or passage of cosmic muon through
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the detector. They are digitized and saved in a format called Raw Data Objects (RDO).
Then, the reconstruction procedure is performed which converts the digitized signals
from the detector into objects and stores the events in ESD (Event Summary Data)
format. The ESD has an object-oriented representation. Physics analysis can already
be performed using ESD files, but the event size in these files is big since the event
contains the information from all the channels of the detector. Therefore ESD is not
suitable for physics analysis. A reduced event representation, derived from ESD and
called Analysis Object Data (AOD) is more suited for analysis. It contains physics
objects and other elements of analysis interest. To even more reduce the size of an
event, the Derived Physics Data (DPD) is introduced. It is an ntuple-style representation
of event data and can be directly used by the analysis tool ROOT [39], widely used in
High Energy experiments. Events in DPD files contain objects intended to be used by
a particular type of analysis. RDO, ESD and AOD files are produced centrally, while
DPDs are produced either by working groups or by individual users.

The simulation of physics processes at the ATLAS detector are performed in sev-
eral steps. The first step is the event generation, which is the simulation of production
and decay of particles. This is done by using one of C++ or Fortran based event gen-
erators. Pythia [40] and Herwig [41] are among the most widely used event generators
in Particle Physics. The next step is the simulation of interaction of generated particles
with the ATLAS detector. This is done by using GEANT4 simulation toolkit [42] in-
tended to simulate the physics processes of particles interaction with matter. The third
step is so called digitization, which is the simulation ot detector response. After this
step the simulated data has the same format as the real data coming from the detector,
i.e. RDO format. Thus the reconstruction and further steps on simulated data are done
in the same way and with help of the same software as for real data.

All the procedures described above are carried out within the ATLAS software
framework, Athena [43].



Chapter 5

The Inner Detector Global Monitoring

The Inner Detector Global Monitoring (ID Global Monitoring) is a tool which is re-
sponsible for monitoring how the ATLAS Inner Detector (ID) works as a tracker. Com-
bined ID tracks, made of hits from all three sub-detectors are used as the primary tool.
In addition to combined tracks, track segments made by hits from a single sub-detector
are used. Besides tracks, the occupancy of the ID, ID hit timing information and bunch
crossing and level 1 trigger identifiers (BCID and L1ID respectively) are used to mon-
itor the stability and the synchronization of ID sub-detectors. The aim is to determine
both the status of the detectors and the impact which the sub-detector issues have on
the tracking performance of the ID. The ID Global Monitoring was launched in 2005,
when the ID, being still on the surface, took its first cosmic muons data. Since then
it has been continuously developed and commissioned first with cosmic muons and
later with

√
s = 900 GeV and

√
s = 7 TeV proton-proton collisions. The ID Global

Monitoring is part of the ATLAS Data Quality Monitoring (DQM). It produces and an-
alyzes over 250 histograms both in online mode, when a quick feedback is required
and in offline mode, when more detailed analysis is provided. The results shown here
are based on the cosmic muons runs taken from September 2008 till March 2009 and
proton-proton collision runs taken from October 2009 till March 2010. An event with
a cosmic muon passing through the Inner Detector is shown in figure 5.1.

5.1 Software Design and Tools

From the software point of view the ID Global Monitoring is one of the pack-
ages of ATLAS reconstruction software. It is a C++ based package and consists of
several different tools. When each tool is called it produces a set of ROOT [39]
histograms based on the data. The core functionality for this is provided by the
ManagedMonitoringToolBase Athena package from which ID Global Monitoring in-
herits. A basic set of functions is implemented in this package to store histograms in
the Athena Histogramming service, to save and to retrieve the monitoring related infor-
mation.

Figure 5.2 shows the structure of the ID Global Monitoring package and its class
inheritance. In the center is the InDetGlobalMotherMonTool, the base class of all tools,
providing some basic functionality for the monitoring. This is an extension of the
functions provided by ManagedMonitoringToolBase that is common to all monitoring
tools. For tools requiring trigger awareness the class InDetGlobalMotherTrigMonTool
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Figure 5.1: An event display showing the x-y (top left), z-ρ (bottom) and z-y (top right) pro-
jections of the track of a cosmic muon passing through the Inner Detector. The track is shown
by a red line. The hits associated to the track are shown by red squares.
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Figure 5.2: The class structure of ID Global monitor. The blue boxes are the base classes of
all the tools. The boxes in green are tools called by the monitor to produce the Data Quality
histograms. The manager is in yellow.

extends to cover these too. All tools inherit from one of these classes. In addition these,
one monitoring manager, the InDetGlobalManager, is set up to control the execution of
each tool and to set common options. In order to save CPU overhead the manager also
retrieves the data collections used by the monitoring tools.

The ID Global monitoring runs as a part of the ATLAS reconstruction chain. This
means that after reconstruction is finished the monitoring runs on the data produced
by reconstruction. The package relies on both tracking information and information
on raw hits in the detector. It runs both at the data taking stage (onine) and at the
bulk data reconstruction stage (offline). The code is the same for these two modes,
but the infrastructure to run it differs. During online running the checks are primarily
intended to spot problems as they arise and give quick feedback to detector operation
team. The online plots are checked by the General Online Data Quality (DQ) shifter
and can assist the online DQ shifters of the ID sub-detectors. In online running mode
the events are sampled after the level 1 trigger and only a fraction of all recorded events
are passed through the monitoring tools. The main limiting factor for the sampling rate
is the number of monitoring applications running in parallel, which is limited by CPU
capacity. When the monitoring is enabled in the offline reconstruction stage the full run
is checked and the output is made for each trigger stream, making it possible to have
the checks on exactly the data that will be used for physics analyses.

5.2 Monitored Objects and Quantities

5.2.1 Tracks

Tracks are very sensitive to problems which may occur during the operation and re-
construction of the data from the ID. They are the final reconstructed ID objects and
thus they carry information about the ID as a single tracker. Looking at the distribu-
tion of track parameters, number of hits and track quality variables it is possible to
get indications about misalignment, inefficient or noisy modules, wrong magnetic field
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Figure 5.3: Examples of 2D histograms showing distributions of φ0 versus η of tracks in
proton-proton collision run number 155112 (a) and in cosmic muon run 121513 (b). They
show how the distribution looks like when the ID sub-detectors and tracking algorithm are
performing as expected.

map or problems in track reconstruction algorithms. Tracks are the main tool of the
ID Global monitoring. All available ID track collections are used by the ID Global
monitoring. The following parameters of combined tracks made of both from TRT and
Silicon (Pixel + SCT) hits are monitored: azimuthal angle φ0, pseudo-rapidity η , lon-
gitudinal and transverse impact parameters z0 and d0 and charge over momentum q/p.
Besides the track parameters, the track multiplicities (number of tracks per event) and
the χ2/Nd f of track fit are also monitored. Each of the monitored quantities are stored
in one-dimensional (1D) histograms. The track parameters as well as track multiplic-
ities and rates are monitored not only per run, but also for smaller time periods called
Luminosity Blocks (LBs). One LB contains roughly 2 minutes of data taking, but this
can vary due to run conditions and other operational issues. This kind of plots help to
check if the monitored quantities are stable during the run.

In addition to 1D histograms, several 2D histograms are filled with the different
combinations of track parameters, like φ0 vs η or d0 vs φ0. Figure 5.3a shows the φ0
vs η distribution in case of a collision run. The distribution is expected to be homo-
geneous in φ0 and symmetric in η with respect to η = 0. Holes and asymmetries in
this distribution may indicate regions where the tracking is not as efficient as expected.
The distribution of the same parameters for cosmic muon runs are completely differ-
ent as seen on figure 5.3b. As most of the tracks in this plot are tracks from the cosmic
muons, and the muons are coming straightly from the open shaft above ATLAS, they
have φ0 equal to π/2 and η close to 0. Both plots illustrate runs where the ID and
tracking reconstruction algorithms worked as expected.

5.2.2 Hits on tracks

To further check the properties of tracks, the hits associated with a track are considered.
This is done by monitoring the number of hits on track in every sub-detector (Pixel,
SCT and TRT). An example histogram for this check is shown in figure 5.4. As can
be seen from the figure, most tracks have 11 Silicon hits (8 SCT + 3 Pixel), and 30-35
TRT hits. Another important goal is to find areas with malfunctioning detector parts or
inefficient tracking. This is done by both looking at average number of hits on tracks
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Figure 5.4: Number of Silicon hits on track versus number of TRT hits on track, showing the
expected distribution of hits when the tracking is efficient.

by φ0 or η of tracks as well as with help of 2D histograms showing one of coordinates
of the hits versus other. Figure 5.5 illustrates the number of hits versus spatial X and
Y coordinates in runs 155112 (5.5a) and 141561 (5.5b). Run 155112 has the typical
distribution of the hits when the full ID is operational and tracking performs well. In
run 141561 only TRT was operational and the TRT tracking algorithm had a problem
in the code which made it unable to reconstruct tracks crossing the x-axis at its negative
side. As can be seen from the figure, the number of hits at the negative side of the x-axis
is smaller than in other regions of the detector.

5.2.3 Noise occupancy

One of the main parameters monitored by individual sub-detector monitoring systems
is the noise of the detecting units (pixels, strips, straws). For correct track reconstruc-
tion it is important to ensure that the noise is as low as possible and that noisy detecting
elements are known and taken into account. Unlike the individual sub-detector moni-
toring systems, the ID Global monitoring does not monitor the noise of a single detect-
ing element, but it monitors the noise occupancy of the particular whole sub-detector.
Noise occupancy is defined as number of hits not associated with tracks divided to the
number of all detecting channels. This definition was initially chosen for cosmic data
taking mode. As these hits are not necessarily introduced by noisy detector elements
but can also originate from particles whose tracks were not reconstructed, this defini-
tion does not always represent the noise originating from electronics. This is especially
true for collision data taking mode when the particle multiplicity is high. Thus the
Noise occupancy tool monitors a quantity which has contributions both from the elec-
tronic noise and from the tracking algorithm inefficiency. The Noise occupancy tool is
made to mostly serve for online purpose, when a shifter can follow the stability of the
noise occupancy during the run looking at the noise occupancy plotted for last sampled
2000 events.



32 The Inner Detector Global Monitoring

x [mm]

-1000 -500 0 500 1000

y 
[m

m
]

-1000

-500

0

500

1000

0

50

100

150

200

250

300

350

400

450
310×

(a)

x [mm]

-1000 -500 0 500 1000

y 
[m

m
]

-1000

-500

0

500

1000

0

100

200

300

400

500

600

(b)

Figure 5.5: Hit map of the ID barrel hits on track in x-y plane of runs 155112 (a) and 141561
(b). In the run 155112 all the ID sub-detectors were operational and the tracking algorithms
performed well. All 3 layers of Pixel detector and all 4 layers of SCT are seen and the hits
are equally distributed in them. Only TRT was operational in the run 141561 and the TRT
tracking algorithm had a problem in the code, which made it inefficient in the reconstruction
of the tracks crossing the x-axis at its negative side.

5.2.4 Synchronization

One of the main goals of the ID Global Monitoring is to ensure that the ID is synchro-
nized with the LHC clock and ATLAS Level 1 trigger and that the sub-detectors of the
ID are working synchronized against each other. The quantities used for this purpose
are bunch crossing identifier (BCID) and level 1 trigger identifiers (L1ID). Both these
identifiers are cyclic. They go from 0 to 3563 and correspond to each possible cross-
ings of bunches at the LHC. All read-out drivers (ROD) use these identifiers to ensure
that the signals collected from the detecting moduls belong to the same event. It is ex-
pected that the hit occupancy is significantly higher for the BCIDs corresponding the
paired colliding bunches than for the ones corresponding to empty bunches. Figure
5.6a shows the average number of hits in Pixel detector as function of BCID. In this
run the bunches having BCID 1, 201 and 401 are paired (there are 2 bunches with the
same BCID circulating in the LHC in opposite directions) and colliding. Thus the av-
erage number of Pixel hits for events corresponding these BCIDs are more than 650.
In addition to paired bunches, there are 6 unpaired bunches in this run, which do not
collide with other bunches, but they circulate through ATLAS and interact with colli-
mators. While these bunches do not collide, the number of Pixel hits for these BCIDs is
still high enough (200-300) to be distinguished from the noise, which in average gives
4-5 Pixel hits per event. Figure 5.6b shows that significant amount of ID tracks are
reconstructed only in the case of colliding bunches. This is expected despite the high
occupancy of Pixel detector, since the particles produced from the interaction of un-
paired beams with collimators move almost horizontally and do not pass through the
other ID sub-detectors (SCT and TRT) and thus do not satisfy the tracking algorithm
requirements.

The BCID and L1ID taken from the RODs of the ID sub-detectors are checked
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Figure 5.6: a) Example plot showing the average number of Pixel hits as a function of BCID.
The three points with high number of hits (600-700) correspond to the colliding bunches. The
six points where number of hits is 200-300 correspond to non-colliding bunches. They are
clearly distinguishable from the colliding ones. b) Example plot showing the average number
of the ID tracks as a function of BCID. Colliding bunches produce in average 33-35 tracks,
while number of tracks corresponding to BCIDs of unpaired or empty bunches usually does
not exceed 5. The ones which exceed are single events (see the size of the error) when a cosmic
muon passed through the detector.

against each other to verify if all RODs are correctly timed. If a timing mismatched is
observed it is logged in a histogram as in the case of the run 155122 (figure 5.7a), when
during 35 events some of TRT RODs were having different BCIDs than their neighbor
RODs. To trace exactly which RODs were mismatched, one can use the histogram
shown in figure 5.7b. It shows that the RODs number 31-33 and 35 are mismatched
with their neighbors.

5.3 Data Quality Checks

Plots produced by the monitoring packages are checked automatically via the Data
Quality Monitoring Framework (DQMF) [44]. This framework performs automated
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Figure 5.7: a) An example plot of a warning histogram showing that during 35 events the BCID
of some of TRT RODs were mismatched with their neighbor RODs BCIDs. b) An example
plot of a clarifying histogram, helping to trace the RODs which were mismatched.
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checks on the histograms whenever possible. This check is done in addition to the
check performed by a human shifter to provide an initial assessment. The checks can
be as simple as to check if the histogram is not empty and as complex as to check if
the shape of the distribution is as expected. The results of these checks are combined
into DQ flags, provided and stored for each monitoring system. The flags can have
five different values: good (green), flawed (yellow), bad (red), undefined (gray) and off
(black). The online checks need to be confirmed by the offline event reconstruction, on
the one hand to verify the online decision and on the other hand to clarify undefined
flags. The final DQ decisions are stored into a database for further analysis. The ID
Global monitoring sets one DQ flag which is stored in the database under IDGL name.
The flag can be set automatically after the online and offline DQ checks and by the
offline shifter who can override the automatic decision after more detailed checks of
the histograms.

5.4 Summary

When I took the responsibility of the ID Global Monitoring package it had very limited
functionalities and was suited to work only in the regime of cosmic muon detection. I
improved its code, added several new functionalities and added the possibility to work
in the proton-proton collision regime. The long cosmic runs in 2008 and 2009 as well as
collision runs at the end of 2009 and in the beginning of 2010 were used to commission
the performance of the ID Global Monitoring tool. As a result of the commissioning
campaign many histograms were improved and several new histograms were added to
the tool, making it more useful for the shifters. The status of the tool described in this
thesis is as of the beginning of 2010, when I finished my duties as a developer of the ID
Global Monitoring tool. Since then the tool has evolved and some of the descriptions
above are not valid anymore.



Chapter 6

Search for New Physics with heavy particles

There are several unsolved mass problems in the present particle physics. The fact
that W and Z bosons are heavy while photon is massless is presently explained by
Higgs mechanism [6], but the Higgs particle was not observed yet [3] [45]. Precise
electroweak measurements point to the Higgs boson being lighter than 148 GeV at
95% C.L [46]. Such a light Higgs boson means that the Standard Model breaks down
well before the GUT scale.

Another unsolved problem is large difference between masses of elementary
fermions. The top quark, the heaviest elementary particle has the mass close to the
electroweak scale. Its influence on the mass of the Higgs boson leads to a conjecture
that there exist a scalar version of the top, which partially cancels this influence. In
SUSY, one of the theories where such scalar tops exist, the partners of top, bottom
and tau can be light due to the mass splitting introduced by the masses of third family
fermions. If SUSY exists final states of decay of supersymmetric particles might con-
tain excess of tau leptons, top and bottom quarks compared to what is expected in the
SM. Thus production and properties of third family (generation) particles might reveal
properties of beyond the SM physics.

The top quark is one of the most powerful tools used both for constraining the Higgs
boson mass and for search for New Physics. In the SM, all quarks and leptons couplings
to the Higgs boson (Yukawa couplings) are small compared to the top quark coupling.
This introduces large difference between the top quark mass and other fermions masses.
This also makes the top quark to be the main contributor into the loop corrections of the
Higgs mass creating the hierarchy problem mentioned in section 3.1. Thus the value
of the top quark mass and its error put constraints on the Higgs boson mass as seen
in figure 6.1. Therefore it is important to measure the top quark mass as precisely as
possible.

An example of the search for New Physics with top quarks is the search for even
heavier particles decaying to the pair of tt̄ quarks. For this purpose the cross-section
of the tt̄ production needs to be estimated and measured accurately. Any excess in the
estimated tt̄ system invariant mass spectrum can indicate the presence of tt̄ resonances
predicted by several beyond the Standard Model theories (see section 3.2). The mea-
surement of the electric charge of the top quark can directly indicate the New Physics
[47] if the measured value differs from the one, predicted by the SM. The difference
between the expected and measured values of the top quark spin polarization and cor-
relations in tt̄ events can be a sign of New Physics. In some beyond the Standard
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Figure 6.1: Top quark and W boson mass constraints to the Higgs boson mass and SUSY
parameters. The allowed region in the MSSM, corresponding to the light-shaded (green)
and dark-shaded (blue) bands, results from varying the SUSY parameters independently of
each other in a random parameter scan. The allowed region in the SM, corresponding to the
medium-shaded (red) and dark-shaded (blue) bands, results from varying the mass of the SM
Higgs boson from MH = 114 GeV to MH = 400 GeV. (Plot is taken/updated from [4]).

Model theories, the value of the |Vtb| element of the Cabibbo–Kobayashi–Maskawa
matrix described in chapter 2 can be different than the SM prediction [48], [49]. Some
other extensions of the Standard Model predict the Flaviour Changing Neutral Currents
(FCNC) at the tree level [50], [51] while the Standard Model allows only small con-
tribution of the FCNC at the loop level [52], [53]. Thus the search for decays of the
top quark to another up-type quark and a neutral boson can be used to test the Standard
Model and to search for physics beyond it. All above mentioned studies are possible to
conduct thanks to the large mass of the top quark and its short life-time making it the
only quark which decays before hadronizing.

The heaviest lepton, τ lepton, is also a commonly used tool in the searches for New
Physics, especially for SUSY. SUSY models in general violate the e/µ/τ universality.
In some regions of SUSY parameters (large tanβ ) the signatures involving τ leptons
become dominant making τ leptons attractive both for search for SUSY particles and
for measurements of their properties (mainly masses).

As stated above the measurement of the properties of the top are important in the
sense of the search for New Physics. The sensitivity of the ATLAS experiment to the
measurement of the top quark properties is evaluated in the paper “Expected perfor-
mance of the ATLAS experiment: detector, trigger and physics” using Monte Carlo
simulations. The top quark charge is one of these properties. The aim of the mea-
surement of the top quark charge is to check if it has the value predicted by the SM
(+2/3e) or the particle discovered at Tevatron is not a top quark but an exotic quark
with charge −4/3e as claimed in Ref. [47]. The measurement of the top quark charge is
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carried out by reconstructing the charges of its decay products in the lepton+jets chan-
nel of tt̄ events. The charge of the W boson is relatively easy to reconstruct since the
charged lepton (electron of muon) to which it decays has the same charge as the W bo-
son. The measurement of the charge of the b quark is harder. It is measured by two
methods: track charge weighting and semi-leptonic decays of B hadrons. The former
one is based on finding a correlation between the b quark charge and the charges of the
tracks belonging to the jet it forms (b-jet). In the later method the charge of the b quark
is determined via semi-leptonic decays of B hadrons, where the sign of the lepton (de-
cay product of B hadron) can indicate the sing of the b quark charge. Another challenge
of the top quark charge measurement is the correct pairing of the lepton and the b quark
to ensure that they are decay products of the same (anti-)top quark. This is done using
the fact that if they are products of the same (anti-)top quark then their invariant mass
can not exceed the top mass (see figure 1 of paper 2), while if they are not correlated
then their invariant mass can be both less or more than the top quark mass. The results
of the simulations using both methods show that ATLAS is able to distinguish between
the SM and exotic scenarios with 0.1-1 fb−1 data.

The top quark charge has been measured with proton-proton collision data as soon
as enough data (0.7 fb−1) was collected by the ATLAS experiment. The results of this
measurement is documented in the paper “Measurement of the top quark charge in pp
collisions at

√
s = 7 TeV in the ATLAS experiment”. The measurement is done with the

techniques described above except that more advanced way of pairing of the lepton and
b-jet is used for “semi-leptonic decays of B hadrons” method. The pairing is done using
Kinematic Likelihood Fitter to increase the efficiency of the method. The hypothesis
that the top quark is instead an exotic quark with charge −4/3e is excluded at more than
five standard deviations in this paper.

Another simulation based study involving top quarks is documented in paper "On
the Possibility of the Search for Top–Antitop Resonances at the LHC". The paper is
dedicated to the estimation of the possibility to find generic heavy particles (Z′) de-
caying to tt̄ pair at the LHC for

√
s = 14 TeV. The analysis makes use the lepton+jets

signature of tt̄ events. Five different masses of the resonance are considered: 0.7, 1.0,
1.5, 2.0 and 3.0 TeV. Two types of event selection (loose and tight), three methods of
top quark reconstruction (reconstructed mass closest to the generated, highest trans-
verse momentum of top quarks and smallest ∆R between jets) and two ways of Z′

reconstruction (with and without cut on the transverse momentum of top quarks) are
examined. Tight event selection together with the requirement of the reconstructed top
quark mass to be closest to the generated one was selected as the base method. The
cut on the transverse momentum of top quarks has shown to improve the resolution
and accuracy of the Z′ mass measurements. In addition, the case when reconstruction
of the final state is done without making use of b-tagging information is also briefly
studied. The minimal cross-sections of Z′ production needed to discover it are esti-
mated for data corresponding to 1-300 fb−1 of integrated luminosity. The analysis is
phenomenological and does not consider systematic errors and other backgrounds than
direct production of tt̄ events.

Among other studies carried out by the ATLAS collaboration using Monte Carlo
simulations, the ones dedicated to the measurement of SUSY parameters (mostly par-
ticles masses) are documented in paper “Expected performance of the ATLAS experi-
ment: detector, trigger and physics”. By measuring the endpoint of the invariant mass
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distribution of two charged leptons, final products of SUSY particles decays, it is pos-
sible to obtain a relation between masses of lightest neutralino, χ̃1

0, next-to-lightest
neutralino, χ̃0

2 , and slepton, ˜̀ with help of the following equation:

medge
`` = mχ̃0

2

√√√√1−

(
m ˜̀

mχ̃0
2

)2
√√√√1−

(
mχ̃0

1

m ˜̀

)2

. (6.1)

The endpoint measurement for the cases when leptons are electrons or muons is rel-
atively easy since the invariant mass distribution in these cases has sharp edge which
is not the case for tau leptons. Due to the presence of neutrinos from the tau decays,
the mττ distribution (where mττ indicates the visible decay products of tau pairs) falls
off smoothly below the maximum value given by equation 6.1. Despite this, it is still
possible to find the endpoint by fitting mττ distribution with function:

f (x) =
p0

x
· exp

(
− 1

2p2
2
(ln(x)− p1)2

)
, (6.2)

finding the inflection point, mIP, and relating it to the endpoint, mEP, with help of a
linear calibration function:

mIP = (0.47±0.02)mEP +(15±2)GeV, (6.3)

obtained from Monte Carlo-based calibration procedure. Only hadronic decaying tau
leptons could be unambigously identified in the ATLAS setector with help of tau iden-
tification algorithms. Two such algorithms are part of the ATLAS reconstruction soft-
ware. One of them seeds tau candidates from tracks in Inner Detector and searches
for energy deposition in the calorimeter while the other first selects a cluster in the
calorimeter and then looks if there are tracks behind this cluster. At the time of this
study the track-seeded had higher efficiency for low-pT taus while the calorimeter-
seeded was more efficient in high pT region. The endpoint is determined for two SUSY
points: “Coannihilation” and “Bulk”. The estimations show that for “Bulk” point the
endpoint can be measured already with 1 fb−1 of integrated luminosity. Since the cross-
section of the “Coannihilation” point is considerably lower more data (up to 18 fb−1)
is needed to perform a good fit and estimate the endpoint in this case.



Chapter 7

Concluding remarks and further work

Three different methods of the search for New Physics are presented in the disserta-
tion. One of the searches is performed by measuring the top quark charge from the data
of the ATLAS experiment and comparing the results with the hypothesis of the exis-
tence of an exotic quark with electric charge of −4/3e. As a result of this measurement
the hypothesis assuming that the particle with mass ∼ 172 GeV observed at the LHC
is an exotic quark was ruled out by more than 5 standard deviations. Another analysis
involving top quarks estimates the possibility of the LHC experiments to detect extra
gauge bosons via their decays to top-antitop pair. This can be done by searching for an
excess of events in the top-antitop invariant mass spectrum predicted by the Standard
Model. The third analysis is again based on the simulations and checks the possibility
of the ATLAS detector to reconstruct the end-point of di-tau invariant mass distribution
in the stau co-annihilation region of mSUGRA model. Although the specific models
on which the study was performed are already excluded with the ATLAS data, SUSY
with taus is still a viable model in the slightly higher mass range. If SUSY with taus is
discovered, the techniques to measure mττ endpoint presented in this thesis can be ap-
plied. Several of my colleagues form the University of Bergen are currently analyzing
the ATLAS data trying to find an indication of SUSY with tau leptons.

To perform the above mentioned and any other analysis on the ATLAS detector, one
first needs to ensure that the detector is working as expected. For this purpose a soft-
ware intended to monitor the ATLAS Inner Detector was developed and commissioned
with cosmic muons and with first data from proton-proton collisions at the LHC. The
software is currently running both in online data taking and offline bulk reconstruction
modes and its results are used by shifters to monitor the ATLAS Inner Detector.

Searches of heavy tt̄ resonances have been performed by the ATLAS collaboration
and up to date no evidence of New Physics is observed [54]. The search is performed
continuously, and with more data higher masses of particular types of resonances can
be excluded and lower limits on the production of generic resonances can be set.

SUSY search is one of the tasks in which many of ATLAS collaboration members
are involved. No signal is observed and models with parameters in certain ranges are
excluded [55] [56] [57]. The search for SUSY is also a continuous process. The more
data ATLAS collects the higher masses of SUSY particles can be possibly discovered.
If SUSY is the solution to the hierarchy problem the masses of SUSY particles are
kinematically accesible at the LHC. Thus SUSY will be either discovered or excluded
by the LHC experiments.
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Abstract

A measurement of the top quark charge using the lepton+jets final state resulting from tt̄
pair production ispresented, using data from theATLASdetector. Theresultswereobtained
using proton-proton colli sion data at

√

s = 7 TeV corresponding to an integrated luminosity
of 0.70 fb−1. The hypothesis that the top quark is instead an exotic quark with charge -4/3e
isexcluded at more than fivestandard deviations.
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1 Introduction

Discovered in 1995 bythe CDF and D0 experiments, the top quark is the heaviest known elementary
particle [1]. Its properties might offer a hint of physics beyondthe Standard Model. It is thus of interest
to measure them as precisely as possible. In this note, a measurement of the top quark charge at the
Large Hadron Colli der with 0.70 fb−1 of proton-proton colli sion data at

√
s = 7 TeV is presented.

The top quark charge measurement is based on reconstructing the charges of the top quark decay
products. The dominant decay channel of the top quark, t → W+b(t̄ → W−b̄), has a W boson and a
b-quark in the final state. To measure the top quark charge one needs to determine the charge of both
the W boson and b-quark. While the charge of the W boson can be determined through its leptonic
decay, the b-quark charge isnot directly measurable, as the b-quark hadronisation processresults in a jet
of hadronic particles (b-jet). It is possible however to establish a correlation between the charge of the
b-quark and a weighted sum of the electric charges of the particles belonging to the b-jet (track charge
weighting technique). Semileptonic B-hadron decays (b → c,u+W−,W− → ℓ−+ ν̄ℓ) can also be used.
In this case the sign of the lepton arising from the semileptonic decay defines the sign of the b-quark
charge (soft lepton technique). In the soft lepton approach, the presence of B-oscill ations and semilep-
tonic decays of c quarks dilutes the correlation between the apparent charge of the b-jet and the charge
of the initial b-quark. B-oscill ations also affect the track charge weighting technique.

Both methods of determining the b-jet charge are presented in this note. Final states from tt̄ produc-
tion in which one of the W bosons decays to an electron or a muon, and the other to a quark-antiquark
pair (resulting in apair of jets, j j, tt̄ → ℓ±ν j jbb̄) are used.

The possibilit y that an exotic quark with charge of −4e/3 is produced instead of a Standard Model
top quark wasexcluded bytheD0 Collaboration at the92% C.L. [2] andrecently by theCDF experiment
at the 95% C.L. [2] with methods similar to the ones presented in this note.

2 Detector and Data Sample

The ATLAS detector [3] at the LHC covers nearly the entire solid angle aroundthe colli sion point. It
consists of an inner tracking detector (ID) comprising asili con pixel detector, asili con microstrip detec-
tor anda transition radiation tracker. The ID is surrounded bya thin superconducting solenoid providing
a 2 T magnetic field, and by liquid-argon electromagnetic sampling calorimeters with high granularity.
An iron-scintill ator tile calorimeter provides hadronic energy measurements in the central rapidity re-
gion (|η |< 1.7)1. The end-cap and forward regions are instrumented with liquid-argon calorimeters for
both electromagnetic and hadronic energy measurementsout to |η |< 4.9. The calorimeter system is sur-
rounded byamuonspectrometer incorporating three air-coresuperconducting toroid magnet assemblies.

A three-level trigger system isused to select the high-pT events for this analysis. The level-1 trigger
is implemented in hardware and uses a subset of the detector information to reduce the trigger rate to a
design valueupto 75 kHz. This is followed by two software-based trigger levels that together reducethe
event rate to about 200-400Hz.

Thedata accumulated duringthefirst threemonthsof 2011, withan integrated luminostity of 0.70fb−1

(with uncertainty of 3.7 % [4]) were used to obtain the results presented here.

1The ATLAS coordinate system is right-handed with pseudorapidity, η, defined as η = − ln[tan(θ/2)], where the polar
angle θ is measured with respect to the LHC beamline. The azimuthal angle, φ , is measured with respect to the x-axis, which
points towards the centre of the LHC ring. The z-axis is parallel to the counterclockwise beam viewed from above. Transverse
momentum andenergy are defined as pT = psinθ and ET = E sinθ , respectively.

1
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3 Monte Carlo samples

Simulated top pair events were generated using a next-to-leading-order (NLO) Monte Carlo (MC) gen-
erator MC@NLO [5] with the NLO parton density (PDF) set CTEQ6.6 [6]. Parton showering and the
underlying event were modeled using HERWIG [7] and JIMMY [8]. This sample was normalised to a
cross-section of 164.6 pb, obtained with the latest theoretical computation which approximated thenext-
to-next-to leading order prediction [9]. Single top events were also generated using MC@NLO while
the production of W/Z bosons in association with jets was simulated using the ALPGEN generator [10]
interfaced to HERWIG and JIMMY. Production of the W/Z boson in association with heavy flavours
was simulated separately. Diboson events (WW , W Z, ZZ) were produced using HERWIG.

All Monte Carlo simulation samples were generated with multiple pp interactions (pile-up). These
simulated events were re-weighted so that the distribution of the number of interactions per crossing in
simulation matched that observed in the data. The samples were then processed throughthe GEANT4
[11] simulation and reconstruction software of the ATLAS detector [12]. More details can be found
in [13].

Both data andsimulation wereused to estimatebackgrounds stemming from QCD processes and the
production of aW boson in association with jets, as described in the next section. The POWHEG [14]
generator interfaced with HERWIG and PYTHIA [15] was used as an alternative to MC@NLO for the
study of systematic effects in the simulation of the tt̄ signal process.

4 Event selection

Candidate tt̄ −→W±bW∓b̄ events in which one of the W bosons decays leptonically and the other
hadronically were selected following the criteria used previously in [13]. These events are characterised
by the presenceof an isolated high-pT lepton. In addition, the presenceof a neutrino results in missing
transverse energy (Emiss

T ), and jets are present, both from b-quarks and light quarks from the W boson
decay.

The tt̄ candidates in the electron or muon plus jets final states were first selected with the electron
or muontrigger with a transverse energy (ET ) threshold of 20GeV for electrons and 18GeV for muons.
There had to be exactly one isolated lepton (electron or muon) with ET exceeding 25GeV (electron) or
20 GeV (muon) in the event and this lepton had to be matched to the object firing the lepton trigger.
Jets were reconstructed in candidate events using the standard ATLAS implementation of the “anti-kt ”
algorithm [16] with jet separation parameter R = 0.4. At least four jets with transverse momentum
pT > 25 GeV and within the pseudorapidity range |η | <2.5 were required. The value of Emiss

T had
to exceed 35 GeV for the events with electrons, and 20GeV for the events with muons. To ensure a
goodevent quality, a primary vertex containing at least five charged particles was required, and events
containing jets in poorly instrumented regions with transverse momentum exceeding 20GeV were re-
moved. The transverse massof the leptonically decaying W boson in the event was reconstructed as:

mT (W ) =
√

2pl
T pν

T (1− cos(φ l −φν)), where the measured Emiss
T provided information on the trans-

verse momentum and φ angle of the neutrino. For the events with electrons this masshad to exceed
25 GeV, while the sum of this massand Emiss

T had to exceed 60GeV for the events with muons. Finally,
at least one jet was required to be b-tagged by a well -reconstructed secondary vertex with a weight ex-
ceeding 5.85, as described in [17]. This common selection was followed by requirements specific for
each of the two methods used to reconstruct the charge of b-quarks. For the track charge weighting
method, the presence of a second b-tagged jet was required. Each of the two b-tagged jets had to con-
tain at least two well -reconstructed charged particles with transverse momentum above1 GeV within the
pseudorapidity region |η |<2.5. For the soft lepton method, a muonwith transverse momentum greater

2
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than 4GeV had to be foundwithin a cone of radius ∆R =
√

∆η2+∆φ2 < 0.4 from a jet axis.
Table 1 shows the numbers of events selected in the data and simulated Standard Model processes

with the common requirements described above. Results requiring in addition either a second tagged
b-jet or a soft muon are shown as well . The comparison between data and the simulation of the trans-
verse momentum of the isolated lepton in events passing the common selection are shown in Figure 1.
Backgrounds stemmingfrom single top production, diboson productionandZ+jetsproductionweresim-
ulated to obtain the Standard Model prediction for the numbers of selected events, as shown in Table 1.
Data, as well as simulations, were used to estimate the number of events from QCD processes and from
W+jets production.

Channel µ + jets e+ jets
Selection Preselection 2 b-tags soft muon Preselection 2 b-tags soft muon

tt̄ 3219 1127 895 2242 749 628
Single top 163 35 39 125 25 28
W+jets (DD) 491 39 79 315 25 49
Z+jets 41 4 13 34 3 6
Diboson 8 1 2 5 1 1
QCD (DD) 227 17 41 54 4 9
Total 4200± 700 1220± 190 1070± 190 2800± 400 810± 130 720± 120

Observed 4315 1227 1033 3001 859 844

Table 1: The numbers of events following the standard selection of semileptonic tt̄ events as in [13].
Thenumbers after requiring in addition either asecondb-jet or asoft muonwith pT > 4 GeV areshown
as well . The quoted uncertainties reflect the statistical and the dominant systematic effects described
later. The background contributions that have been estimated using data-driven methods are marked
with (DD).

Thenumber of W +jetseventsexpected in thedatawasestimated assumingthat thetheoretical predic-
tion for the ratio of the number of produced W+ bosons to the number of produced W− bosons (rMC) is
more reliable than the absolute prediction of theW+jets cross-section themselves. The differenceof the
numbers of data events with a positive and negative lepton (DL+

−DL−) passing the nominal selection
in Table 1 was corrected for non-W +jet events using the simulation prediction and then used together
with rMC to infer the total number of W+jets events in the data sample. The number of W±+jets events
was obtained by multiplying (DL+

−DL−) by the factor (rMC +1)/(rMC −1) which was obtained from
simulation.

Eventsfrom QCD multij et processescould enter thedatasampleif they contain alepton(for example
from b-quark decays) or a hadron passing the lepton selection criteria. Both categories are labeled “ fake
leptons” in the following description of the method used to estimate the number of such events. The
so called Matrix Method is based on selecting two categories of events, using loose and tight lepton
selection requirements. Thenumbers of events containing one loose or tight lepton can bewritten as:

N loose = N loose
real +N loose

f ake and Ntight = εrealN
loose
real + ε f akeN loose

f ake (1)

where N loose
real and N loose

f ake are the number of events containing real and fake leptons that passed the loose
lepton requirements, while εreal and ε f ake are the efficiencies for real and fake loose leptons to passthe
tight leptons criteria. These efficiencies are defined as:
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Figure 1: Comparison between the data and the simulation for the transverse momentum of the isolated
lepton in muon + jets (left) and electron + jets (right) events. The error bands indicate statistical and
systematic uncertainties on the predicted number of selected events.

εreal =
Ntight

real

N loose
real

and ε f ake =
Ntight

f ake

N loose
f ake

(2)

Equations1 and 2lead to thenumber of eventswith fake leptonspassing thetight lepton requirement
and thus the standard tt̄ selection:

Ntight
f ake =

ε f ake

εreal − ε f ake
(εrealN

loose
−Ntight) (3)

The efficiency εreal was measured using data control samples of Z bosons decaying to two leptons,
while ε f ake was measured with data in the control regions defined separately for the electron and muon
channels. In these control regions the contribution of fake leptons isexpected to bedominant. They were
selected either requiring low transverse mass(lessthan 20GeV for events with muons) or low missing
tranverse energy (between 5 and 20GeV, for events with electrons). The contribution of real isolated
leptons in the control regions was subtracted using predictions from simulation.

5 Methods of top quark charge determination

The charge of the Standard Model top (or exotic) quark was determined by studying the charges of its
decay products. TheStandard Model top quark isexpected to decay via

t(2/3)
→ b(−1/3)+W (+1),W+

→ ℓ++νℓ (4)

while aquark with exotic charge (t̃) will decay as

t̃(−4/3)
→ b(−1/3)+W (−1),W−

→ ℓ−+ ν̄ℓ (5)
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In the Standard Model the lepton ℓ+ is accompanied by a b-quark (Q = −1/3e). In the decay of the
quark with charge Q =−4/3e, the ℓ− is accompanied by a b-quark.

In order to determine the charge of the heavy decaying quark, the charge of the W boson was first
determined via its leptonic decay. The charge of the b-jet was then determined throughthe charges of
the particles inside the b-jet or through the charge of a soft muon from a semileptonic b-decay. The
pairing of the lepton and b-jet from the same heavy quark was decided upon using two different pairing
techniques for the two methods of determining the b-quark charge. The soft muon method requires a
pairing technique with a higher efficiency, due to the the small b-quark semileptonic branching ratio.
These techniques are described in Sections 5.1 and 5.2.

5.1 Weighting procedure for the b-jet charge and the lepton – b-jet pair ing algor ithm

To determine the b-jet charge aweighting technique [18,19] was employed in which the b-jet charge is
defined asaweighted sum of the b-jet track charges:

Qb jet =
∑i qi|~j ·~pi|

κ

∑i |~j ·~pi|κ
, (6)

where qi(pi) is the charge (momentum) of the ith track, ~j is the b-jet axis direction and κ = 0.5 is a
parameter optimized for the best separation of b- and b̄-jets. The charge weighting procedure was also
optimized for the minimal track pT , the maximal number of tracks used, and the sizeof the cone inside
of which tracks are included. Thedecision to use at most the ten highest pT charged particle tracks with
pT >1 GeV pointing to a b-jet within a cone of ∆R <0.25 follows from the optimization. It was verified
that theoptimization isnot very sensitive to multiple events in one beam crossing (“pile-up”).

To distinguish between theStandard Model andexotic model scenarios the combined charge, Qcomb,
wasused. It isdefined as:

Qcomb = Qb jet ·Qℓ, (7)

where Qb jet and Qℓ are respectively the b-jet charge as measured in Eq. 6 and the lepton charge, where
the b-jet and lepton ℓ were assumed to come from the same top quark. The lepton and b-jet pairing
was performed using the invariant massdistribution of the lepton and the b-tagged jet, m(ℓ,b jet). If the
assignment is correct, m(ℓ,b jet) cannot exceed the top quark mass. Figure 2 shows the invariant mass
distribution for correct and incorrect assignments for the signal simulation after the standard selection.

m(lepton,bjet)  [GeV]
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Figure2: Lepton –b-jet invariant mass spectra for the leptonandb-jet from thesametop quark (red line)
and for those originating in different top quarks (blue line).
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Asthe result of the matching procedure, only the events with the b-jets (b jeta,b jetb) satisfying

m(ℓ,b jeta)< mcr and m(ℓ,b jetb)> mcr (8)

were accepted, and b jeta was matched with the lepton. The optimal value for the pairing masscut was
foundto be mcr = 155 GeV. This value was chosen to maximize the product of efficiency and purity
(ε ×P) in the tt̄ environment in thepresenceof QCD background using thesimulated tt̄ andQCD events.
Thepurity isdefined as the fraction of events with the correct pairing assignment.

The efficiency and purity of the invariant masscriterion for the signal tt̄ sample with two b-tagged
jets are ε= 28 % and P = 87 %, respectively. The efficiency of the invariant masscriterion together
with the requirement of two b-tagged jets when measured onthe sample of events passing the standard
semileptonic tt̄ selection described in Section 4is εtot = 9.3 %.

5.2 Semileptonic decays of B-hadrons and the lepton – b-jet pair ing with theKLFitter

The semileptonic decay branching ratio of B-hadrons to muons is BR(b → µ + ν + X) ≈ 11%. The
muon from such a decay will be identified as a non-isolated muon inside the corresponding b-jet, and
its charge has the same sign as the charge of the b quark that produced the jet. However not all non-
isolated muons in b-jetsareproducts of B-hadron direct decays. They may also originate from sequential
decays of B-hadrons, when a B-hadron decays to a D-hadron (containing a charm quark), which in turn
decays semileptonically. The branching ratio of this decay chain is BR(b → c → µ + ν +X) ≈ 10%.
These muons usually have the opposite charge to the initial b quark charge and thus they contaminate
the selected signal sample. Leptons having opposite charge to the initial b quark may also come from
neutral B-meson oscill ations, when a B0-meson transforms to a B̄0 and viceversa.

Figure 3 ill ustrates the variable Qtest
comb = Qso f tµ × sign(−Qbquark) for different sources of the soft

muon. If the signs of the charges of the soft muonand the b quark are the same, i.e. the charge of the
soft muoncorrectly represents the charge of the b quark, then the variable defined above is equal to -1,
otherwise it is +1. The soft muons coming from the decays of D-hadrons mostly have the wrong sign.
To reducethe number of these muons, a cut on the pT of the soft muonwith respect to the jet axis (prel

T )
of 800MeV was employed, as described later. The distributions of prel

T for soft muons coming from the
decays of B, D and light hadrons are shown in the right hand side of Figure 3.

As described in Section 4the presence of at least one soft muonwas required in each tt̄ event can-
didate in order to tag the b-quark charge. A likelihood based method[13] (Kinematic LikelihoodFitter,
KLFitter) to wasused to determine the correct event topology, specifically the correct pairing of a jet (b-
tagged or not) with the isolated lepton stemming from the semileptonic W decay. TheKLFitter used the
four highest transversemomentum jets in the event, the isolated leptonandthemissing transverse energy
to construct the likelihoodfor each jet to originate either from thedecay of theW boson or directly from
oneof thetop quarks. In addition theKLFitter corrected the energies and directions of thefinal statepar-
ticles with anon-Gaussian parametrization of the energy resolution using transfer functions. The jet that
had thehighest likelihoodto originate from the leptonically decaying top quark was selected. It was later
required that there wasat least onesoft muonin theselected jet. Thismuon had to have prel

T greater than
800MeV. Thisrequirement preferentially removed muonsproduced bycharm decay and light quarks. If
two or moremuonspassed thiscut, theonewith thehighest prel

T was selected. The cut valueof 800MeV
was chosen to maximize the product of efficiency and purity (ε ×P) in the tt̄ environment using the tt̄
simulated events. The efficiency (ε), defined as the ratio of thenumber of muonscoming from thedirect
decay of a B-hadron after applying the prel

T cut to the number of muons from direct B-hadron decays in
the entire prel

T range, is 85 %. The purity (P), defined as the ratio of the number of muons coming from
thedirect decay of aB-hadron to thenumber of muonscomingfrom all sources ( B, D andlight hadrons),

6
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Figure3: Left: thedistribution of Qtest
comb (as introduced earlier). Thedistributions for each hadronflavour

are normalised to 1. Right: the pT of the soft muon with respect to the b-jet direction, prel
T , for b-jets

with pT > 20 GeV, for soft muons originating from B-hadrons, D-hadrons (containing a c quark) and
light hadrons (other), in simulated tt̄ events. Soft muons were required to have transverse momentum in
excessof 4 GeV.

is 70 %. The pT and prel
T of the soft muons before the selection on prel

T are shown in Figures 4 and 5
respectively.

The KLFitter assigned the selected jet to the correct lepton in 68 % of events. The total selection
efficiency relative to the standard semileptonic tt̄ selection described in Section 4was εtot = 4 %. This
number reflects the product of the semileptonic B-hadron branching fraction, the efficiency of selecting
thesoft muonand the efficiency of the cut on prel

T .

6 Results

For the track charge weighting method, the combined b-jet charge, Qcomb was defined as the product
of the b-jet charge and the lepton charge for the b-jet associated with the leptonically decaying W (see
Eq. 7). Figure 6 shows the Qcomb distribution for the data and the Standard Model simulation. Figure 7
showstheresults for thesoft muonmethodwhere the charge Qso f t

comb wasdefined astheproduct of thesoft
muoncharge and the charge of the lepton from theW decay. Goodagreement with the Standard Model
prediction isobserved in both cases.

The values of < Qso f t
comb > (soft muonmethod) and< Qcomb > (track charge weighting method) are

shown in Table2. Thedata are consistent with the Standard Model prediction.

6.1 Systematic uncertainties

Several systematic checks wereperformed to validate the b-quark charge measurement methods.
A calibration of the b-jet track charge weighting technique wasperformed using asampleof bb̄ dijet

events, where both jets were tagged with a secondary vertex tag [17]. In both data and simulation the
charge of oneof the b-jets was tagged with thesoft muonmethod, and the charge of the other wasdeter-
mined with the track charge weighting technique. Agreement between the data and the simulations was
studied for a range of selections on prel

T of the soft muon and as a function of the b-jet transverse mo-
mentum. In theregion of b-jet transverse momentasimilar to that from tt̄ decays themean reconstructed
b-jet charge for the data and the simulation agreewithin a statistical uncertainty of 25%, which is taken
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Figure 4: The comparison between data and simulation of the transverse momentum of soft muons in
muon+ jets (left) and electron + jets (right) events. The error bands indicate statistical and systematic
uncertainties on the predicted number of selected events.

here as a systematic uncertainty. It is then taken into account in Section 7as avariable scale factor (SF)
when estimating the compatibilit y of the result with the Standard Model and exotic quark hypotheses.
The pT distribution of soft muons and the product of the charge of the soft muon and that of the b-jet
belonging to the opposite hemisphere obtained with the track charge weighting method was compared
for bb̄ dijet events in the data and the simulation. Goodagreement was observed. A similar check was
performed for eventswhere asoft muonwasfoundin each of theb-jets. Thedatawascompared with the
simulation for the average product of the charges of the soft muons as a function of the b-jet pT . Good
agreement wasobserved within the statistical errors.

It should be noted that the performance of the jet charge measured here is not comparable to that
which would be needed for B-physics (e.g. B-oscill ations measurement), due to the different jet pT

spectrum and jet multiplicity in the events.
It was also verified, using the sample of events in Table 1, that the distribution of the absolute value

of the reconstructed b-jet charge does not depend onthe charge of the isolated lepton; thus the method
works equally well for b-quarks and b̄-quarks, and there is no correlation between the lepton charge and
the absolute value of the reconstructed b-jet charge. It was verified that the reconstructed b-jet charge
does not depend onthe transverse momentum of the b-jet.

Systematic uncertainties resulting from the limited accuracy of the simulation’s determination of
the missing transverse energy, the energies of jets, electrons, and muons as well as the isolated lepton
selectionefficiency were estimated as in [13]. Uncertainties connected with leptons typically have avery
small effect. Uncertainties connected with the measurement of jets, the amount of initial and final state
radiation and the simulation description of the fragmentation process, have amore significant effect that
differs in the two methods of b-jet charge determination, partly due to the different b-jet-lepton pairing
methods used.

The following sources of systematic uncertainties were considered and are summarized in Table3.

• Description of the Standard Model processes: The systematic uncertainty connected with lim-
ited accuracy of the simulation description of the Standard Model tt̄ production processwas esti-
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Figure 5: The prel
T of soft muons in the muon+ jets channel (left) and the electron + jets channel (right).

The last bin of the histogram includes the overflow. The error bands indicate statistical and systematic
uncertainties on the predicted number of selected events.

mated bycomparing the results obtained with MC@NLO and POWHEG+HERWIG samples.

• Fragmentation modeling: Simulated data generated with fragmentation modeling of PYTHIA
and HERWIG were compared and thedifferencewas taken as theuncertainty due to the choiceof
showering model.

• Top Quark Mass: The uncertainty in the result due to the uncertainty in the top quark masswas
estimated using simulated tt̄ data samples with the top quark massin the range of 165to 180GeV
varying in steps of 2.5 GeV. For the soft muonmethod, the top masswas a fixed parameter when
using the KLFitter. The dependence of the mean value of Qso f t

comb on the top quark masswas fitted
with a parabola. The systematic uncertainty due to the top quark masswas taken as the largest
differencebetween thefit function values for topmasses in the range172.5± 0.9 GeV and the top
massequal to 172.5 GeV. Thesame approach wasused for the track charge weightingmethod, but
astraight line fit wasused in this case.

• ISR/FSR: Initial and final state radiation are the dominant sourceof systematic uncertainty. The
uncertainty was calculated using simulated signal samples where the amount of ISR and FSR was
varied up and down within the range allowed by present data on multij et production, in a range
comparable to those used in Perugia Soft/Hard tune variations in [20]. The maximum deviation
from thenominal valuewasconsidered to bethesystematic uncertainty dueto ISR/FSR. Thelarge
sensitivity to ISR/FSR for the soft muon method is due to the additional jets that can give false
lepton–b-jet pairing in the KLFitter. With more data in the future, this systematic uncertainty can
be reduced bya cut on the likelihood of the fit.

• Amount of background from QCD processes: A data-driven QCD multij et backgroundestima-
tion was employed as described in Section 4. Conservatively a 100 % uncertainty on the sizeof
the QCD backgroundwas taken to calculate the uncertainty on< Qcomb > and< Qso f t

comb >. This
choicewas justified bycomparing several methods of the QCD backgroundestimation.
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Figure6: Comparison of the combined b-jet charge Qcomb in themuon(left) and the electron (right) final
states in the data with the Standard Model expectations for signal and background events. The mean
Qcomb expected for the SM top quark is marked with an arrow. The top quark with Q = −4/3e would
result in the distribution marked with the red dashed line, thus with apositive mean.

• Single top production cross-section: The cross section of single top productionwasvaried within
its theoretical uncertainty and the largest differencefrom the nominal value isquoted asasystem-
atic uncertainty.

• Cross-sections for the W+jets and Z+jets processes: Thenumber of W +jetseventswasestimated
with use of the data as described in Section 4. The uncertainty on the rMC factor was estimated
to be 5%. The resulting uncertainty for W plus 4-jet processes was foundto be 48%. The same
uncertainty was assumed for Z plus 4-jets processes. Thus the cross-sections for W and Z plus 4-
jetsprocesseswerevaried upand down by 48%. Themaximum differencefrom theresult with the
nominal cross-section wastaken to bethesystematic uncertainty. Independently thescalingfactors
correcting the fraction of heavy flavor contributions in simulated W+jets samples were estimated
from colli sion data. Therelative uncertainties onsuch factors were taken to be47% for W bb̄+jets
andW cc̄+jets contributions, and 32% for W c+jets contributions.

• Multiple interactions per beam-crossing (pile-up): Thedependenceof reconstructed < Qcomb >
and< Qso f t

comb > onthenumber of interactions within thebeam-crossing was studied. No significant
dependencewas foundwithin the statistical errors.

7 Statistical methods to exclude the top quark with an exotic charge

Given thegoodagreement between theresultspresented in theprevious section and theStandard Model,
the top quark with an exotic charge of −4/3e can be excluded. To quantify this exclusion a standard
likelihoodapproach [21] wasadopted. Two hypotheses: theStandard Model (null hypothesis) where the
top quark has charge 2/3e, and the exotic quark hypothesis, with a charge of −4/3e, were compared.
In the following, the statistical significance for excluding the exotic charge is presented separately for
the two methods of determining the b-jet charge. The test statistic used to distinguish between different
hypotheses, was either the sample mean combined charge, < Qcomb >, for the weighting method or cor-
responding quantity, < Qso f t

comb >, for the semileptonic method. The expected spread of these variables
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channel
< Qcomb >

Data SM (MC) SM tt̄
e + jets -0.088± 0.020(stat) ± 0.012(syst) -0.084± 0.020 -0.086± 0.021
µ +jets -0.078± 0.018(stat) ± 0.010(syst) -0.081± 0.018 -0.086± 0.019

e/µ + jets -0.082± 0.013(stat) ± 0.011(syst) -0.082± 0.013 -0.086± 0.014

channel
< Qso f t

comb >
Data SM (MC) SM tt̄

e + jets -0.36± 0.07 (stat) ± 0.04 (syst) -0.237± 0.016 -0.266± 0.010
µ + jets -0.26± 0.07 (stat) ± 0.06 (syst) -0.232± 0.015 -0.240± 0.009

e/µ + jets -0.31± 0.05 (stat) ± 0.04 (syst) -0.234± 0.011 -0.251± 0.007

Table 2: Comparison of the data and Standard Model simulation (MC) for the product of b-jet and
isolated leptoncharges, <Qcomb >, andfor the averagevalueof theproduct of thesoft muonandisolated
lepton charges, < Qso f t

comb >. The column marked SM tt̄ indicates the result obtained when using only
the Standard Model tt̄ events selected in the simulated data (no background). For a top quark with the
exotic charge Q = −4/3e, a result equal to the absolute value of SM tt̄ result but with a positive sign
is expected (neglecting the effect of background). The errors on the simulation prediction are statistical
only. A more complete comparison with the predictions of the exotic top quark model can be foundin
Table4.

Source
< Qcomb > (%) < Qso f t

comb > (%)
e + jets µ + jets e + jets µ + jets

ISR/FSR 13.8 11.0 15 24
Other tt̄ modeling uncertainties 2.1 1.6 7 10

W+jets uncertainties 1.2 1.9 1.8 5.5
QCD uncertainties 0.4 1.6 4.0 1.0

Other SM backgroundmodeling uncertainties 2.0 1.0 < 1 1.6
Jet/Emiss

T systematics 7.2 7.6 5 7.5
Lepton systematics 2.9 4.1 2 1.5

b-tagging systematics 1.1 < 1 1 < 1

Total uncertainty (%) 16.2 14.4 18 27

Table3: Systematic uncertainties for <Qcomb > and<Qso f t
comb > in percent. Thetotal uncertainty wascal-

culated byadding the individual ones in quadrature. The estimation of someof thesystematic uncertain-
ties suffers from asmall number of simulated events. Thestatistical error is in these casesconservatively
included in the systematic effect estimation.
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Figure 7: Distribution of the combined charge Qso f t
comb in muon + jets (left-hand side) and electron +

jets (right-hand side) events in the data and Standard Model simulation. (DD) denotes the background
contribution estimated with data-driven methods. Prediction for the exotic top quark with Q =−4/3e is
shown in red dashed line.

due to systematic effects and the limited amount of data was estimated in a large number of pseudoex-
periments, asdescribed below.

Track charge weighting method:
The test statistic for this methodwas themean value of combined b-jet charge (Eq. 7):
< Qcomb > = < Qb jet ·Qℓ >. Theobserved average value of this charge can be expressed as

< Qcomb >= (1− rb − rt) ·Qs + rb ·Qb + rt ·Qt , (9)

where Qs, Qb and Qt are the expected mean combined charges for signal, background and single top
quark processes, respectively, and rb (rt ) is the fraction of the background(single top quark production)
in the candidate events.

It wasassumed that thequantities Qs, Qb, Qt , rb andrt wereuncorrelated Gaussian random variables,
with their mean valuesandstatistical uncertainties estimated from thesimulationsof theStandard Model
top quark and exotic quark scenarios for the existing integrated luminosity, L = ( 0.70 ± 0.02 ) fb−1.
In addition, the mean combined charge, resulting from Eq. 9, was assigned an additional spread using a
Gaussian distribution with the systematic error (seeTable3) used as astandard deviation.

In order to take into account possible differences between thedata and thesimulation for the average
b-jet charge, thevalueof < Qcomb > resulting from theprocedure abovewasmultiplied byascale factor,
SF , which wasdefined as theratio of the resultsobtained from data andsimulation control samples. This
scale factor was taken to be arandom distributed Gaussian variable with a mean value SF = 1 and a
spread σ = 0.25. This scale factor resulted in assigning an additional Gaussian spread to< Qcomb >. The
spread is determined from the statistics of the b-jet charge calibration with bb̄ dijet events described in
section 6.1.

Pseudo-experiments in which Qs, Qb, Qt , rb, rt as well as the < Qcomb > systematic error and SF

were sampled from Gaussian distributions were performed for the Standard Model and the exotic sce-
nario. The simulation results with and without the scale factor are compared with the data in Table 4
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below.

Soft muon method:
A similar procedure to that abovewasapplied. Thetest statistic for thesoft muonmethodwasthe average
of the product of the charges of the soft muonand the lepton from the W decay, Qso f t

comb. The mean value

of theQso f t
comb distribution isexpected to benegative for theStandard Model scenario, as shown in Table2,

but positive for the exotic scenario.
The distribution of Qso f t

comb expected for the exotic case was constructed by flipping the +1 and -1 bin
contents of the corresponding simulated distribution for Standard Model tt̄. Then pseudo-experiments
were performed with Poisson variations in the numbers of events with Qso f t

comb = -1 and +1. The same
procedure was repeated for the single top background process, assuming that the singly produced top
quark has the exotic charge as well . The Qso f t

comb distribution for the other background processes were the
same for the two hypotheses, with a Poisson variation of the bin content for each pseudo-experiment.
In each pseudo-experiment the average < Qso f t

comb > value was calculated. The results from one milli on
pseudo-experiments were fitted with a Gaussian and used to calculate the statistical uncertainty for the
average Qso f t

comb for the Standard Model and the exotic scenarios. The results are summarized in Table4.

Model
< Qcomb >

e + jets µ + jets combined
SM -0.084± 0.020(stat) -0.081± 0.018(stat) -0.082± 0.013(stat)

Exotic +0.085± 0.019(stat) +0.088± 0.018(stat) +0.083± 0.013(stat)

Model
< Qcomb > with SF

e + jets µ + jets combined
SM -0.084± 0.028(stat) -0.081± 0.023(stat) -0.082± 0.020(stat)

Exotic +0.085± 0.028(stat) +0.088± 0.023(stat) +0.083± 0.020(stat)
Measured -0.088± 0.022 -0.078± 0.020 -0.082± 0.015

Model
< Qso f t

comb >

e + jets µ + jets combined
SM -0.237± 0.016(stat) -0.232± 0.015(stat) -0.234± 0.011(stat)

Exotic +0.241± 0.016(stat) +0.180± 0.015(stat) +0.209± 0.011(stat)
Measured -0.36± 0.09 -0.26± 0.10 -0.31± 0.07

Table 4: The measured and the expected average values of Qcomb with two scale factor (SF) hypotheses
and for Qso f t

comb. The expected values are for the Standard Model top and the exotic quark scenarios. The
errors on the measured values include both the statistical and the systematic uncertainties.

The distributions of the average < Qcomb > (track charge weighting method) and < Qso f t
comb > (soft

muonmethod) from pseudo-experiments for Standard Model and exotic quark hypotheses are shown in
Figure 8. The arrows point to the< Qcomb > and< Qso f t

comb > observed in the data. Themeasured values
in both methods are consistent with the expectations from the Standard Model.

The measured < Qcomb > and< Qso f t
comb > are each more than 4.5 σ away from the values expected

from the exotic quark hypothesiswhen thetwo leptonflavorsaretreated separately. If electronandmuon
channels are combined, the exotic quark scenario isexcluded at a confidencelevel greater than 5 σ with
either of the b-quark charge measurement methods.
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Figure 8: The expected distributions of < Qcomb > and < Qso f t
comb > obtained from the large number of

pseudo-experiments combining the electron+jets and the muon +jets channels in the Standard Model
(blue) and the exotic (red) scenarios. The measured values from the data are marked with arrows. The
< Qcomb > distribution includes thescale factor (SF) with aspread of 25% resulting from the calibration
of the track charge weighting method.

8 Conclusion

The top quark charge was measured in the isolated-lepton+jets final states using 0.70 fb−1 of data ac-
cumulated in the ATLAS experiment at a center of massenergy of 7 TeV . The results were compared
with expectations for the Standard Model top quark and for a “top-like” quark with an exotic charge of
−4/3e. The exotic scenario isexcluded at more than 5 σ .

14



64 Paper 1

References

[1] CDF Collaboration, F. Abe et al. (1995). ” Observation of Top Quark Production in pp Colli sions
with the Colli der Detector at Fermilab” , Physical Review Letters 74 (14): 2626;
D0 Collaboration, Abachi et al. (1995). ” Search for High Mass Top Quark Production in pp
Colli sions at

√

s = 1.8 TeV” , Physical Review Letters 74 (13): 2422.

[2] D0 Collaboration, V.M. Abazov et al., Experimental Discrimination between Charge2e/3 TopQuark
andCharge 4e/3 Exotic Quark Production Scenarios, Physical Review Letters 98, (2007) 041801;
CDF Collaboration, T. Aaltonen et al., Exclusion of an Exotic Top Quark with -4/3 Electric Charge
Using Soft Lepton Tagging, Physical Review Letters 105 (2010) 101801.

[3] ATLASCollaboration, TheATLASExperiment at theCERNLargeHadronColli der, JINST 3 (2008)
S08003.

[4] ATLAS Collaboration, Luminosity Determination in ppColli sions at sqrt(s) = 7 TeV using the AT-
LASDetector in 2011, ATLAS-CONF-2011-116(2011).

[5] S. Frixione and B.R. Webber, Matching NLO QCD computations and parton shower simulations,
JHEP0206 (2002) 029, hep-ph/0204244.

[6] J. Pumplin et al., New generation of parton distributions with uncertainties from global QCD analy-
sis, JHEP 07 (2002) 12.

[7] G. Corcella et al., HERWIG 6: An Event generator for hadron emission reactions with interfering
gluons (including supersymmetric processes), JHEP 0101 (2001) 010, hep-ph/0011363.

[8] J. M. Butterworth, J. R. Forshaw, and M. H. Seymour, Multiparton interactions in photoproduction
at HERA, Z. Phys. C72 (1996) 637646.

[9] M. Aliev, H. Lacker, U. Langenfeld, S. Moch, P. Uwer, et al., HATHOR: HAdronic Top andHeavy
quarks crOss section calculatoR, Comput. Phys. Commun. 182 (2011) 10341046.

[10] M.L. Mangano et al., ALPGEN, a generator for hard multiparton processes in hadronic colli sions,
JHEP0307 (2003) 001, hep-ex/0206293.

[11] S. Agostinelli et al., Geant4 A Simulation Toolkit, Nucl. Instrum. Meth. A506 (2003) 250.

[12] ATLAS Collaboration, The ATLAS Simulation Infrastructure, Eur. Phys. J. C70 (2010) 823-874.
arXiv:1005.4568 [physics.ins-det].

[13] ATLAS Collaboration, Measurement of the charge asymmetry in top quark pair production in pp
colli sions at sqrt(s)=7 TeV using the ATLAS detector, ATLAS-CONF-2011-106(2011).

[14] S. Frixione, P. Nason and C. Oleari, Matching NLO QCD computations with Parton Shower simu-
lations: thePOWHEG method, JHEP 0711 (2007) 070, arXiv:0709.2092.

[15] T. Sjostrand and S. Mrenna and P.Z. Skands, PYTHIA 6.4 Physics and Manual, JHEP 05 (2006)
026, hep-ph/0603175.

[16] M. Cacciari and G. P. Salam, Dispelli ng the N3 myth for the kt jet-finder, Physics Letters B 641
(2006) no. 1, 57 – 61.

15



65

[17] ATLAS Collaboration, Performance of the ATLASsecondary vertex b-tagging algorithm in 7 TeV
colli sion data, ATLAS-CONF-2010-041(2010).

[18] R.D.Field and R.P.Feynman, A Parameterization of the properties of Quark Jets, Nucl. Phys. B136
(1978) 1–76.

[19] R. Barate et al., Determination of A(b)(FB) using jet charge measurements in Z decays, Phys. Lett.
B426 (1998) 217–230.

[20] P. Z. Skands, TuningMonteCarlo Generators: ThePerugia Tunes, Phys. Rev. D82 (2010) 074018,
arXiv:1005.3457 [hep-ph].

[21] W.A. Rolke, A.M. Lopez, J. Conrad, Limits and Confidence Intervals in Presence of Nuisance
Parameters, Nucl. Instr. Meth. A551 (2005) 493.

16



66 Paper 1



Paper 2: Expected performance of the ATLAS
experiment: detector, trigger and physics



68 Paper 2



69

Top Quark Properties

Abstract
The ATLAS potential for the study of top quark properties and physics beyond

the Standard Model in the top sector, is reviewed in this paper. Measurements

of the top quark charge, the spin and spin correlations, the Standard Model

decay (t→ bW), rare top quark decays associated to flavour changing neutral

currents (t→ qX,X= γ,Z,g) and tt̄ resonances are discussed. The expected

sensitivity of the ATLAS experiment is estimated for an integrated luminosity

of 1 fb−1 at the LHC. For the Standard Model measurements the expected pre-

cision is presented. For the tests of physics beyond the Standard Model , the

5σ discovery potential (in the presence of a signal) and the 95% confidence
level limit (in the absence of a signal) are given.

1 Introduction

Several properties of the top quark have already been explored by the Tevatron experiments, such as the

mass, charge and lifetime, the rare decays through flavour changing neutral currents (FCNC) and the

production cross-sections. The structure of the Wtb vertex and the main top quark decay mode (t→ bW)

within the Standard Model were also investigated together with the measurements of the W-boson he-

licity fractions. Many of these studies were performed by reconstructing tt̄ pairs in the semileptonic,

dileptonic and fully hadronic decay modes. Given the current Tevatron luminosity, most of these studies

are limited by the statistics acquired.

The electric charge of the top quark is one of its fundamental properties and will be probed with high

statistics at the LHC. The measurement of the top quark charge can be performed either by identifying

the charge of its decay products in the main decay channel t→ bW or by studying radiative top quark

processes. At the Tevatron the D0 [1] and CDF [2] collaborations have already initiated the study of

the top quark charge and, with the available statistics, they showed that the data gives preference to the

Standard Model top quark hypothesis (with a charge of +2/3) over the scenario with an exotic quark
(XM) of charge −4/3 and mass ≈ 170 GeV, fully consistent with the present precision electroweak data

[3, 4]. The D0 and CDF exclude the exotic quark hypothesis with 92 and 87 % confidence, respectively.

As the top quark decays before it can form hadronic bound states, a consequence of its high mass,

the spin information of the top quark is propagated to its decay products. This unique behaviour among

quarks allows direct top quark spin studies, as spin properties are not washed out by hadronization.

Through the measurement of the angular distributions of the decay products the information of the top

quark spin can be reconstructed. Top quark spin polarization and correlations in tt̄ events produced at the

LHC are precisely predicted by the Standard Model and are sensitive to the fundamental interactions in-

volved in the top quark production and decay. By testing only the top quark decay, the W-boson polariza-

tion measurement complements top quark spin studies, helping to disentangle the origin of new physics,

if observed. The W-boson polarization states can be measured through the longitudinal (F0), left-handed
(FL) and right-handed (FR) helicity fractions. At the present, the most stringent limits on the W-boson he-
licity fractions were obtained at the Run-II of the Tevatron [5–13]. Analysing 1.9 fb−1 of data, the CDF

experiment measured [5] F0 = 0.62± 0.11 with FR fixed to zero and FR = −0.04± 0.05 with F0 fixed
to the Standard Model expectation for mt = 175 GeV. For 2.7 fb−1, the D0 experiment measured [10]
F0= 0.490±0.106(stat)±0.085(syst) with FR fixed to zero, and FR = 0.110±0.059(stat)±0.052(syst)
with F0 fixed to the Standard Model value.
Within the Standard Model, the Wtb coupling is purely left-handed (at the tree level), and its size is

given by the Cabibbo-Kobayashi-Maskawa (CKM) matrix element Vtb. In Standard Model extensions,
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Table 1: The values of the branching ratios of the FCNC top quark decays, predicted by the SM, the

quark-singlet model (QS), the two-higgs doublet model (2HDM), the minimal supersymmetric model

(MSSM) and SUSY with R-parity violation are shown [30–36].

Process SM QS 2HDM MSSM R6 SUSY
t→ uZ 8×10−17 1.1×10−4 − 2×10−6 3×10−5
t→ uγ 3.7×10−16 7.5×10−9 − 2×10−6 1×10−6
t→ ug 3.7×10−14 1.5×10−7 − 8×10−5 2×10−4
t→ cZ 1×10−14 1.1×10−4 ∼ 10−7 2×10−6 3×10−5
t→ cγ 4.6×10−14 7.5×10−9 ∼ 10−6 2×10−6 1×10−6
t→ cg 4.6×10−12 1.5×10−7 ∼ 10−4 8×10−5 2×10−4

departures from the Standard Model expectation Vtb ≃ 0.999 1 are possible [14, 15], as well as new
radiative contributions to the Wtb vertex [16, 17]. These deviations might be observed in top quark

production and decay processes at LHC. The most general Wtb vertex for on mass shell W-boson, top

quark and b quark, containing terms up to dimension five can be written as

L = − g√
2

b̄γµ (VLPL +VRPR) t W−

µ − g√
2

b̄
iσ µνqν

MW
(gLPL +gRPR)t W−

µ +h.c. , (1)

with q = pt− pb the W-boson momentum and PR(L) the chirality projectors. Additional σ µνkν and kµ

terms, where k = pt+ pb, can be absorbed into this Lagrangian using Gordon identities. If the W-boson
is on its mass shell or it couples to massless fermions qµεµ = 0, and terms proportional to qµ can be

dropped from the effective vertex. The new constants VR, gL and gR [18, 19], are vector like (VR) and
tensor like (gL and gR) anomalous couplings, can be related to f R

1
, f L
2
and fR

2
in Ref. [20] (and references

therein) as f R
1

= VR, f L
2

= −gL and fR
2

= −gR. If we assume CP is conserved, these couplings can be
taken to be real. Within the Standard Model VL ≡Vtb ≃ 0.999 and the other couplings (VR, gL, gR) vanish
at the tree level, while nonzero values are generated at higher orders [21,22]. Indirect limits on the Wtb

vertex anomalous couplings can be inferred from radiative B-meson decays and BB̄ mixing [23]. Taking

into account the current world average [23], BR(B̄→ Xsγ) = (3.55±0.24+0.09
−0.10

±0.03)×10−4, varying
one parameter at a time, the 95% C.L. bounds on VR, gL and gR are in the range [−0.0007,0.0025],
[−0.0015,0.0004] and [−0.15,0.57], respectively [22,24].
Flavour Changing Neutral Currents are strongly suppressed in the Standard Model due to the Glashow-

Iliopoulos-Maiani (GIM) mechanism [25]. Although absent at tree level, small FCNC contributions are

expected at one-loop level, determined by the CKM mixing matrix [26–29]. For the top quark within

the framework of the Standard Model, these contributions limit the FCNC decay branching ratios to

the gauge bosons, BR(t→ qX,X= Z,γ,g), to below 10−12. There are however extensions of the SM,
like supersymmetry (SUSY) [30], multi-Higgs doublet models [31] and models with exotic (vector-like)

quarks [32–34], which predict the presence of FCNC contributions already at tree level and significantly

enhance the FCNC decay branching ratios compared to the Standard Model predictions [35, 36]. The

branching ratio for the different models are shown in Table 1. FCNC processes associated with the pro-

duction and decay of top quarks have been studied at colliders and the observed upper limits on the

branching ratios at 95% C.L., from the direct searches, are shown in Table 2.

Since the top quark mass is much larger than the other quarks, the top quark may play a privileged

role in the electroweak symmetry breaking (EWSB) mechanism. Any new physics connected to the

EWSB could be preferentially coupled to the top quark sector. This would lead to deviations from the

1Three generations of quarks and unitarity of the CKM matrix are assumed.

TOP – TOP QUARK PROPERTIES
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Table 2: Experimental observed upper limits on the branching ratios at 95%C.L. for the FCNC top quark

decays.

LEP HERA Tevatron

BR(t→ qZ) 7.8% [37–41] 49% [42] 3.7% [43]

BR(t→ qγ) 2.4% [37–41] 0.75% [42] 3.2% [44]

BR(t→ qg) 17% [45] 13% [42,46,47] 0.1−1 % (estimated from [46,48])

expected Standard Model tt̄ production rate and could distort the top quark kinematics. New resonances

and gauge bosons strongly coupled to the top quark are expected in a large variety of models, in particular

those with strong EWSB [49–51]. The tt̄ final states are also interesting for leptophobic Z′ bosons which

can appear in Grand Unification Models [52]. These new particles could reveal themselves in the t t̄

invariant mass distribution. At the Tevatron experimental upper limits were set at 95 %C.L. for the

σ(pp̄→ Z′)×BR(Z′ → tt̄) with Z′ masses between 450 GeV and 900 GeV. A topcolor leptophobic Z′ is
ruled out below 720 GeV and the cross section of any narrow Z′ decaying to a tt̄ is less than 0.64 pb at

95%C.L., for Z′ masses above 700 GeV [53].

In this note the ATLAS potential for the study of the top quark properties and tests of physics beyond

the Standard Model in the top quark sector are reviewed for an expected luminosity of 1 fb−1 at the

LHC. The note is organized as follows: the basic event selection and the trigger used are reminded in

Section 2. In Sections 3, 4, 5 and 6 the studies of the top quark charge, the W-boson and top quark

polarisation studies and the Wtb anomalous couplings, the top quark FCNC decays and the production

of tt̄ resonances are discussed respectively. The summary and conclusions are presented in Section 7.

The top quark mass, one of the most important top quark properties, is not investigated here as a separate

note is devoted to this issue [54].

2 Basic event selection

Asmost of the studies performed in this paper are related to either the semileptonic (tt→WWbb→ lνj1j2bb
with l = e,µ) or the dileptonic (tt→WWbb→ lνl′ν ′

bb with l, l
′

= e,µ) decays of tt̄ events, basic criteria
for the event selection were defined for each one of these final state topologies. Changes to the criteria

are to be expected depending on the type of top quark property under study. For the background studies

several sources were considered, tt̄, W+jets, Wbb̄+jets, Wcc̄+jets, Z+jets, WW, ZZ, WZ and single top
events (see the introduction of the Top Chapter for a full list of backgrounds). The backgrounds are also

described in more detail separatly for each section of the note. All signal and background events were

required to pass the single lepton trigger requirements for electrons and muons. The triggers considered

were L1 EM18I (L1 MU20,L1 MU40) for electrons (muons) at L1, e22i (mu20) for electrons (muons)

at L2 and e22i (mu20) for electrons (muons) at the Event Filter (EF) [55].

Different selection criteria are applied for the top quark FCNC analyses, as the final state topology is

different from those considered above. These criteria are explained in Section 5.

Semileptonic topology

In the semileptonic topology, signal events have a final state with one isolated lepton (electron or

muon), at least four jets (two of them from the hadronization of b quarks and labelled b-jets) and large

transverse missing energy from the undetected neutrino. More information on the signal can be found

in the introduction of the Top Chapter. The basic selection criteria were defined by requiring that the

events should have:

TOP – TOP QUARK PROPERTIES
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Table 3: Cumulative efficiencies of the standard top quark selection criteria for the semileptonic and

dileptonic type of events with electrons and muons for the pseudorapidity range |η | ≤ 2.

criterion ε(%) criterion ε(%)
Semileptonic events 100 Dileptonic events 100

1 isol.lept. (pT >25/20 GeV) 58.9 2 isol.lept. (pT >25/20 GeV) 35.5

≥ 4 jets (pT >30 GeV) 34.2 ≥ 2 jets (pT >30 GeV) 31.8

≥ 2 b-tagged 10.5 = 2 b-tagged 8.3

missing ET > 20 GeV 8.5 missing ET > 30 GeV 6.5

• exactly one isolated electron (muon) with |η | < 2.5 and pT > 25 GeV (pT > 20 GeV);

• at least 4 jets with |η | < 2.5 and pT > 30 GeV;

• at least 2 jets tagged as b-jets;

• missing transverse energy above 20 GeV.

Dileptonictopology

In the dileptonic topology, signal events have a final state with two isolated leptons (electrons and/or

muons), at least two jets (tagged as b-jets) and large transverse missing energy from the two undetected

neutrinos. The basic selection criteria were defined by requiring that the events should have:

• exactly two isolated electrons (muons) with |η | < 2.5 and pT > 25 GeV (pT > 20 GeV);

• at least 2 jets with |η | < 2.5 and pT > 30 GeV;

• 2 jets tagged as b-jets;

• missing transverse energy above 30 GeV.

Selectionefficiency

The efficiency of the basic selection criteria was examined using ≈ 450 000 events from the
tt̄→ bWbW→ bqqbℓν,bℓνbℓν signal sample. The results are presented in Table 3.
The effect of the trigger efficiency is investigated separately for the individual analysis.

3 Top quark charge reconstruction

There are several techniques to determine the electric charge of the top quark at hadron collider ex-

periments [56–58]. The top quark charge measurement presented here is based on the reconstruction

of the charges of the top quark decay products. As the dominant decay channel of the top quark is

t→W+b(t̄→W−b̄), the top quark charge determination requires the measurement of both the W boson
and the b quark charges. While the charge of the W boson can be determined through its leptonic decay,

the b quark charge is not directly measurable due to quark confinement in hadrons. In this note two

possible ways to determine the b quark charge were investigated:

TOP – TOP QUARK PROPERTIES
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• The charge weighting technique: this approach is based on finding a correlation between the b

quark charge and the charges of the tracks belonging to the b-jet [59, 60].

• The semileptonic b-decay approach: in this case the b quark charge is determined using the

semileptonic b-decays (b→ c,u+W−,W− → ℓ−+ ν̄ℓ), where the sign of the soft lepton indicates

the sign of the b quark charge.

Two major issues have to be addressed. The first one is to find the selection criteria to perform the correct

pairing of the lepton and the b-jet originated in the same top quark decay. In the Standard Model a b-

jet, coming from a b quark, should be associated with a positive lepton (ℓ+), while in the exotic case it

should be associated with a negative one (ℓ−). The second issue is the assignment of a charge to the b-jet

selected by the pairing criterion. While the former issue is common for both the approaches, the latter

one is tackled in different ways.

3.1 Event generation and selection

The standard tt̄−→W+bW−b̄ samples were used as signal events in both the semileptonic and the dilep-

tonic channels (only electrons and muons are taken as signal). For the background studies, theW+jets
sample was used. The tt̄ all jets channels as well as the semileptonic and dileptonic channels of τ leptons
were analysed as they can contribute to background (all jets channel) and to signal (events with the lep-

tonic decays of τ leptons). In the present analysis the common selection criteria were used, as defined in
Section 2. In addition, for each approach, specific criteria were applied to the events.

3.2 The lepton and b-jet pairing algorithm

The lepton and b-jet pairing was done using the invariant mass distribution of the lepton and the b-tagged

jet, m(l,bjet). If the assignment is correct, m(l,bjet) is limited by the top quark mass, otherwise there is
no such restriction, as can been seen in Figure 1, where the signal sample with the standard cuts applied

was analysed. To find the connection between the b-quarks and reconstructed b-jets and the parton level

leptons and reconstructed leptons, the MC truth was used: the matching was treated as successful if the

cone difference, ∆R between b-quark and b-jet was less than 0.4 (in the lepton case ∆R < 0.2). For

double b-tagged events, only the b-jets that satisfy

m(l,b
(1,2)
jet ) < mcr and m(l,b

(2,1)
jet ) > mcr (2)

were accepted. In the di-lepton case both leptons should fulfill the condition (2). The optimal value

for the pairing mass cut, mcr = 155 GeV, is a trade-off between the efficiency (ε) and purity (P) of the
pairing method. The factor ε(2P − 1)2 was maximised to find the optimum working point. As this
criterion requires events with two b-tagged jets and one combination for the lepton and b-jet invariant

mass must be below mcr and the other one above mcr, the efficiency of the method is small. On the other
hand, this criterion gives a high purity sample as is shown in Section 3.5.1. In the analysis two variants

of b-tagged events treatment were considered. In the first one exactly two b-jets were required while in

the second one two and more b-jets were allowed (the two with the highest pT treated as true b-jets).
Slightly better results were obtained for the former variant and the results presented here correspond to

this case. To suppress the background some additional cuts were tried: W boson mass (MW) window,
top quark mass (mtop) window, etc. By using the combined W boson and top quark mass window the
background can be reduced by factor more than 10 at the expense of a factor 2 loss in signal. The MW
window requires that at least one pair of non b-tagged jets should have an invariant mass within 10 GeV

of the W boson mass. The mtop window requires that the reconstructed W boson can be combined with
a b-jet (not previously paired with a high-pT lepton) to give an invariant mass within 40 GeV of the top

TOP – TOP QUARK PROPERTIES
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Figure 1: Lepton - b-jet invariant mass spectra for the lepton and b-jet pairs from the same top quark (full

line) and from different top quarks (dashed line).

quark mass. This extra mass cut was applied by default in the whole top quark charge analysis using the

weighting approach.

3.3 The jet track charge weighting approach

The determination of the average b-jet charge was done using a weighting technique in which the b-jet

charge is evaluated as the weighted sum of the b-jet track charges:

Qbjet =
∑i qi|~ji ·~pi|

κ

∑i |~ji ·~pi|κ
(3)

where qi(pi) is the charge (momentum) of the ith track inside the jet and ~j is the b-jet axis unit vector.
The κ parameter was optimised for the best separation between b- and b̄-jets and the optimum value
was found to be κ = 0.5. In addition, for the charge weighting technique, it was further required, using
only tracks with pT > 1.5 GeV, that at least two tracks must be found within a cone with ∆R < 0.4 with

respect to the jet axis. For b-jets with more than seven such tracks, only the seven with the highest pT
are used. The parameters of the weighting procedure are the result of a maximisation of the difference

between the mean values of the b- and b̄-jet charge distributions - these mean values were found for a

set of the parameters values (κ and track pT) and compared. For the procedure optimisation the signal
tt̄-sample was used.

3.4 Semileptonic b-decay approach

In this approach the pairing procedure described in Section 3.2 is also used. But in this case the b quark

charge is determined through its semileptonic decay. The sign of the b-jet charge is determined by the

lepton charge within the b-jet,

b→ c,u+ ℓ−+ ν̄ , b̄→ c̄, ū+ ℓ+ +ν.

The lepton from the b-decay will be identified as a non-isolated lepton inside the corresponding b-

jet, and its charge (QnonIs) defines the b quark charge. The non-isolated lepton is searched for among
the tracks pointing to the treated b-jet and originating in the corresponding secondary vertex. Several

processes can lead to an incorrect b quark charge assignment with this approach. Semileptonic decays

of D mesons produced in the B decay chain, and the B0-B̄0 mixing are examples of such processes. To
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suppress the contribution from D mesons, the non-isolated lepton transverse momentum with respect to

the b-jet axis, prelT , can be used. The fact that the lepton prelT from b-decays is, on average, higher than
from D meson decays can be used to diminish this contamination. The prelT cut was optimised using a
sample of ≈ 555000 signal tt̄ events and the value of 1 GeV has been found as the optimum cut. An
additional source of wrong b quark charge assignments is mistagging, i.e. light jets incorrectly tagged as

b-jets.

The main drawback of this approach is that, from all the selected lepton plus b-jet pairs, only those

with a b-jet containing a non-isolated lepton can be used in the analysis. In addition to that, due to

difficulties in selecting a pure sample of electrons from within jets, only muons were taken as the non-

isolated leptons.

3.5 Results

In both approaches, the Standard Model scenario of top quark production and decay is assumed. The

corresponding results are discussed in the following sections.

3.5.1 Weighting technique approach results

As a first step, the efficiency and purity of the lepton b-jet pairing was investigated. Using the events

which passed the selection criteria, the obtained pairing efficiency is ε = 30.5% and the pairing purity
is P = 85.6%. The purity of pairing is defined as P = Ngood/Nall, where Ngood (Nall) is the number of
correctly paired lepton – b-jet pairs (all treated pairs) and the Monte Carlo truth is used to find Ngood.
The b-jet charge spectra reconstructed using the Monte Carlo truth and invariant mass pairing pro-

cedure for the signal tt̄ events are presented in Figure 2, left and right respectively. From Figure 2, the

shift of the b-jet charges associated with ℓ+, Q(+)
bjet , and ℓ−, Q(−)

bjet , (or with b and b̄ quark in the Monte

Carlo case) is clearly seen. The obtained b-jet charge purity, defined as the percentage of b-jets with the

correct charge (Q(+)
bjet < 0 and Q(−)

bjet > 0), is P ≈ 62%. In addition to that, the Qcomb b-jet charge spectrum,

defined as Q(ℓ)×Q(ℓ)
bjet, has been reconstructed. The influence of trigger was also investigated, namely

the lepton level 1 and level 2 triggers as well as the event filter (EF). The results with and without trigger

are summarised in Table 4. No significant impact of the trigger is observed. A small asymmetry in favour

of the positive b-jet charge, as was revealed by the analysis, is due to the dominance of positive charge

in the initial state (two colliding protons).

Note that the peaks at ±1 in Fig. 2 correspond to the cases when all the tracks pointing to a b-jet
have the same charge sign - in this case the weighting procedure (2) gives Qbjet = ±1.

Table 4: The mean b-jet charge associated with positive (Q+) and negative (Q−) lepton and combined
b-jet charge (Qcomb) without (no) and with (yes) EF trigger; two b-tags required.

trigger Q+ Q
−

| Qcomb | Nevent efficiency

no -0.092 ± 0.006 0.103 ± 0.006 0.097 ± 0.004 7129 100.0

yes -0.095 ± 0.006 0.106 ± 0.006 0.101 ± 0.004 6130 86.0

The main background processes for the top quark charge measurement in the semileptonic mode are:

W+ jets production (the most important background in this mode), QCD multi-jets, di-boson and single
top quark production. The single top production is not a genuine background as it gives the same sign

of the b-jet charge asymmetry as the signal. For the selection criteria that were used, the ratio of the

accepted semileptonic tt̄ events to the accepted single lepton ones is more than 15:1. In the dileptonic
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Figure 2: The b-jet charge associated with positive (full line) and negative (dashed line) lepton using the

Monte Carlo truth (left) and invariant mass criteria (right) for the ℓb-pairing.

mode, the background is composed of Drell-Yan pairs (the most significant background), multi-jet QCD

processes and di-boson production [2].

The background studies for this analysis require large Monte Carlo samples (in addition to the stan-

dard cuts the invariant mass criterion is highly restrictive) not available at present. The ideal way to

determine the basic background parameters, the S:B ratio and background charge asymmetry, is to use

the W+jets (dominant background) samples. However, after applying the selection criteria to the avail-

able W+jets samples, only a few events remained (20 lepton b-jet pairs). It is clear that due to poor

statistics the samples are not suitable for a valuable background analysis. Nonetheless, combining the

b-jet charge spectra, obtained for the individual W+jets channels (W+n×jets and Wbb̄, Wcc̄ + n ×jets)

scaled according to their cross sections to 1 fb, a S:B ratio of ≈ 38 ± 8 was obtained. To fix the S:B

ratio we need to include other backgrounds and take a regard for the poor statistics. Taking into account

only the standard cuts with a looseMW window (±30 GeV) a value of 7:1 was obtained for the S:B ratio
which is compatible with that of the CDF background studies [2]. As a result, a nominal S:B ratio of

30:1 has been assumed, with 7:1 as a very conservative lower limit for studying systematic uncertainties

related to the background.

The poor statistics of the available W+jets samples does not enable the background b-jet charge

asymmetry to be determined precisely, the obtained value being ≈−0.02±0.05. On the other hand, as it
was shown by CDF [2], no marked background asymmetry is expected. For this reason, as a background,

we use the signal events but without the pairing of leptons and b-jets. As a consequence the obtained

b-jet charge spectrum is not correlated with the high pT lepton charge and should not have any charge
asymmetry. Assuming the nominal S:B ratio, the spectrum is normalized to 1/30 of the signal statistics.

The analysis showed that this background exhibits practically no asymmetry. For the systematics studies,

a background corresponding to S:B=7:1 was also considered.

To find a realistic b-jet charge distribution, the signal and background distributions are combined. In

Figure 3 (left) the expected b-jet charge (Qcomb) distribution combining the signal with the background
(full line) and the background itself (dashed line) are shown. From the reconstructed b-jet charge spectra

using the two treated backgrounds, the expected mean b-jet charge (assuming the Standard Model) is:

Qcomb = −0.094±0.0042 (stat).

The Qcomb value is obtained as the mean value of the signal plus background (S+B) distribution
combining signal with the background.

In conclusion, ≈ 6000 ℓb combinations could be selected for the top quark b-jet charge analysis,
using the 1 fb−1 sample. The expected combined b-jet charge purity, N(Qbjet < 0)/Nall, is ≈ 0.62±0.01
for the Standard Model case.
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Figure 3: Left: the full S+B b-jet charge (Qcomb) distribution (full line) and the background itself (dashed
line); right: the reconstructed top quark charge (Qcombt ) (full line) and its background (dashed line).

Taking into account the statistical uncertainty of the obtained mean b-jet charge (Qcomb) it can be
stated that the obtained value will differ from 0 by more than 20σ . Using a simple statistical treatment
it is easy to show that for a reliable determination of Qcomb (≥ 5σ ) a sample of ≈ 0.1 fb−1 should
be sufficient. In addition to that the analysis has revealed that the reconstructed b-jet charge is more

influenced by the size of the S:B ratio than by the background asymmetry: going from the pure signal b-

jet charge spectrum to that of the 7:1 mixture of signal and background, the mean b-jet charge decreased

by 14%, while a replacement of the symmetric background by the asymmetric one with an asymmetry

1/4 of the signal one, leads to only 3% change of the charge at the 7:1 S:B ratio.

The direct reconstruction of the top quark charge can be done relying on the obtained value of Qcomb
(see above). Using the Standard Model value of the b quark charge (Qb = −1/3) and the mean re-
constructed value of the b-jet charge (Qcomb), the b-jet charge calibration coefficient Cb = Qb/Qcomb is
3.54±0.16 and the top quark charge then reads:

Qt = Q(ℓ+)+Q(+)
bjet×Cb , Qt̄ = Q(ℓ−)+Q(−)

bjet×Cb (4)

where Q(ℓ±) = ±1 is the lepton charge and Q(±)
bjet is as above.

The reconstructed top quark charge is shown in Figure 3 (right) for the sample of 1 fb−1. The

absolute value of top quark charge obtained by combining Qt and Qt̄ for the above mentioned sample
is Qcombt = 0.67±0.06 (stat)±0.08 (syst). The statistical error assumes that the relative error of Cb is
the same as that of Qcomb. The systematic error of Qcombt can be studied comprehensively only by using

experimental data 2. In this case the main source of the systematic error is the weighting procedure that

influences the coefficient Cb, that should be determined independently on the investigated b-jet charge,
as well as the mean b-jet charge. In our case only the systematics stemming from determination of the

mean b-jet charge were taken into account.

3.5.2 Semileptonic b-decay approach results

The charge of the non-isolated lepton found within the b-jet provides discrimination between the Stan-

dard Model and the exotic hypotheses on a statistical basis. Figure 4 shows the number of b-jets, which

have been paired with positive (left) and negative (right) high pT lepton and which contain inside a non-
isolated lepton, as a function of the charge (QnonIs) of the contained non-isolated lepton. The mean values

2The reconstructed b-jet charge or coefficient Cb for an experimental sample, e.g. dijet bb̄ data, should be compared with
the corresponding Monte Carlo one to look for a possible difference in the b-jet track topology between Monte Carlo and real

data.
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of the non-isolated lepton charge obtained from these figures are:

Q̄(+)
nonIs

=
N(ℓ+)−N(ℓ−)

N(ℓ+)+N(ℓ−)
= −0.32±0.05, Q̄(−)

nonIs
=

N(ℓ+)−N(ℓ−)

N(ℓ+)+N(ℓ−)
= 0.30±0.05,

where Q̄(+)
nonIs
(Q̄(−)
nonIs
) is the mean charge of the non-isolated leptons in the b-jets paired with the positive

(negative) high pT lepton. N(ℓ−) (N(ℓ+)) is the number of b-jets with a negative (positive) charged

lepton. The quantity Q(ℓ)×Q(ℓ)
nonIs
, whereQ(ℓ) is the charge of the lepton paired with the b-jet containing

a non-isolated lepton, can be used to combine both histograms. The obtained mean combined charge in

the Standard Model is Q̄(comb)
nonIs

= −0.31±0.04, showing a potential to distinguish between the Standard

model and exotic hypothesis even with 1 fb−1 of data, as in the case of the exotic scenario the opposite

value of Q̄(comb)
nonIs

is expected.
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Figure 4: Number of b-jets, containing a non-isolated lepton inside, associated with positive (left) and

negative (right) high pT lepton vs the charge of the non-isolated lepton. The contribution of different
sources of leptons are marked by different shading styles.

3.6 Systematic uncertainties

The systematic studies have been done following the prescription described in Section 6 of Chapter

1. The resulting systematic errors are summarised in Table 5. The systematic uncertainty caused by

the top quark mass was estimated from the absolute difference between the Qcomb reconstructed at the
nominal value (175 GeV) and mt=160 and 190 GeV and rescaling to an effective 2 GeV uncertainty. The
systematic uncertainty connected with the signal to background ratio was found assuming that this ratio

is known with 30% uncertainty. The background asymmetry systematics was estimated assuming that

the background charge spectrum asymmetry is at a level of 10% of the signal one.

The systematic uncertainties due to Monte Carlo modeling of tt̄ signal were studied by comparing

samples with different fragmentation parameters: an AcerMC/Pythia sample and the standard signal

MC@NLO/Herwig one, giving values of 18 ± 13% and 16 ± 13% for the weighting and semileptonic

approaches, respectively. The large uncertainties are due to a limited Monte Carlo statistics, so these

values cannot be considered as a reliable estimate of the corresponding systematic uncertainties and are

therefore not included in Table 5.

Pileup background affects the weighting technique procedure, as tracks from additional minimum-

bias interactions get included in the jet charges. The associated systematic uncertainty was evaluated by

comparing the standard sample to a dedicated tt̄ sample including pileup, leading to a shift of 20±18%.

Since the Monte Carlo statistical error is large, and it is expected that any pileup effect can be minimised
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(at least at moderate LHC luminosities) by applying track impact parameter cuts to eliminate tracks from

pileup vertices, this value is also not included Table 5.

Table 5: The systematic uncertainties (%) of the mean reconstructed charge, Qcomb, the weighting tech-
nique and b-decay approaches.

Source Weighting (%) b-decay (%)

jet scale 0.7 0.3

b-jet scale 1.9 6

∆mt 1.3 7

PDF 0.6 –

ISR 2.8 15

FSR 7.8 8

Pile-up – 1.8

Background asymmetry 1 –

S/B ratio 9 –

total 12.5 19.3

4 Polarization studies in tt̄ semileptonic events

The measurements of the W-boson and top quark polarizations in tt̄ events provide a powerful test of

the top quark production and decay mechanisms and are a sensitive probe of new physics. W-boson

or top quark spin information can be inferred from the angular distributions of the daughter particles

in the W-boson or top quark rest frame, respectively. The W-boson can be produced with right, left or

longitudinal polarizations, with corresponding partial widths ΓR, ΓL, Γ0 that depend on new anomalous
couplings [61] (VR, VL, gL and gR) which can appear at the Wtb vertex (see Eq. 1).

4.1 W-boson polarization and tt̄ spin correlation measurements

The probability for the three helicity states of W-boson produced in top quark decay, F0 (longitudinal),
FL (left-handed) and FR (right-handed), can be extracted from the Ψ angular distribution [61] :

1

N
dN

d cosΨ
=
3

2

[

F0

(

sinΨ
√

2

)2

+FL

(

1− cosΨ
2

)2

+FR

(

1+ cosΨ
2

)2
]

, (5)

where Ψ is the angle between the W-boson direction in the top quark rest frame and the charged lepton
direction in the W-boson rest frame obtained by a boost along the W-boson flying direction in the top

quark rest frame. The correlation between the parameter couples (F0,FL), (F0,FR) and (FL,FR) are -0.9,
-0.8 and 0.4, respectively.

Although, in the Standard Model, top quarks are produced unpolarised in tt̄ events, their spins are

correlated [62]. The production asymmetry A in these events, measures the spin correlation and is defined
as

A =
σ(t↑t̄↑)+σ(t↓t̄↓)−σ(t↑t̄↓)−σ(t↓t̄↑)

σ(t↑t̄↑)+σ(t↓t̄↓)+σ(t↑t̄↓)+σ(t↓t̄↑)
, (6)
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where σ(t↑/↓t̄↑/↓) denotes the production cross-section of a top quark pair with spins up or down with
respect to a selected quantisation axis. It can be extracted from the θ1 and θ2 angular distributions [62]:

1

N
d2N

d cosθ1d cosθ2
=
1

4
(1−A|α1α2|cosθ1 cosθ2), (7)

where θ1 (θ2) is the angle between the t (t̄) direction, measured in the tt̄ rest frame, and the direction
of the t (t̄) decay product in the t (t̄) rest frame obtained by a boost along t (t̄) direction in the tt̄ rest

frame, αi is the spin analysing power of the top quark decay product i, which ranges between −1 and 1
and measures the degree to which its direction is correlated with the spin of the parent top quark. The

parameter AD defined in [20], used to measure the production asymmetry in another basis, is extracted
from the Φ angular distribution [62] :

1

N
dN

d cosΦ
=
1

2
(1−AD|α1α2|cosΦ), (8)

where Φ is the angle between the direction of flight of the two spin analysers, defined in the t and t̄ rest
frames respectively.

Table 6: Standard Model values of W-boson polarization parameters(F0, FL, FR) at the next-to-leading
order and tt̄ spin correlation parameters (A, AD) at leading order for a top quark mass of 175 GeV. For A
and AD the asterisk superscript means that mtt̄ < 550 GeV is applied.

F0 FL FR A* AD*
0.695 0.304 0.001 0.422 -0.290

The Standard Model predictions for the W-boson polarization (F0, FL, FR), at next-to-leading or-
der, and tt̄ spin correlation (A, AD), at leading order, are given in Table 6. The ATLAS sensitivity to
these observables has been evaluated with an ATLFAST simulation [20] and a full simulation of a per-

fect detector [63]. A precision of 1% to 5% should be achievable with 10 fb−1 of data, dominated by

systematic uncertainties (in particular from the b-jet energy scale). This measurement requires a com-

plete reconstruction of the tt̄ system and a reliable Monte Carlo description to correct the distortion

induced by trigger, cuts and reconstruction. In this section the robustness of the analysis with a realis-

tic detector simulation including triggering is assessed. Only the semileptonic topology of the t t̄ events

(tt→WWbb→ ℓνj1j2bb with ℓ = e,µ) is used as signal (an analysis using tt̄ dilepton events as signal
can improve the results of this study, especially for the tt̄ spin correlation measurements). In this case the

most powerful spin analysers of the top quark are the charged lepton (α1 = 1) and the least energetic non
b-jet in the top quark rest frame (αjet = 0.51) [64], which are chosen afterwards for the spin correlation
measurement.

4.1.1 Event simulation and selection

The largest statistics Monte Carlo sample was generated with MC@NLO which does not implement t t̄

spin corelations, so it can only be used to study W-boson polarisation. Spin correlations were studied

using the smaller AcerMC sample. In both cases, non-semileptonic tt̄, semileptonic tt̄ which decay to τ ,
W-boson+jets and single top quark events were considered as background. Semileptonic signal events

are characterised by one (and only one) isolated lepton, at least 4 jets, of which at least 2 jets are tagged

as b-jets, and missing transverse energy. Following the common criteria for the semileptonic selection,

all kinematic cuts are summarised in Table 7 together with the corresponding signal efficiencies.

After kinematic cuts are applied, the event is fully reconstructed, as described below. The angles Ψ,
θ1, θ2 and Φ are computed and the polarization parameters are extracted.
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Table 7: Selection cuts used and corresponding efficiencies for semileptonic tt̄ MC@NLO events and tt̄

AcerMC events.

Variables Cuts Efficiency (%)

MC@NLO AcerMC

Lepton exactly 1 identified 57.8 58.7

Jets at least 4 selected jets 59.3 62.1

b-tagging at least 2 are tagged as b 32.0 31.0

Missing energy pmissT > 20 GeV 92.0 92.2

Cumulative efficiency 9.4 9.8

4.1.2 W-boson and top quark reconstruction

The energies of all jets are calibrated according to the comparison with the energies of corresponding

parton level quarks before selection and reconstruction. Then, in the event reconstruction, the light jet

pair with invariant mass mjj closest to the known W-boson mass, mW, is selected to reconstruct the W-
boson which decays hadronically. This W-boson is then combined with one of the b-jets to reconstruct

the top quark. As there are several possible combinations, the one which gives the mass closest to the

top quark mass mt is assumed to be the correct one. The b-jet which is closest to the lepton in ∆R among
the remaining b-jets, is reserved for reconstructing the other top quark whose daughter W-boson decays

leptonically. To reconstruct the W-boson which decays leptonically, the neutrino pT is taken as the
missing transverse energy. Its longitudinal component pz is determined by constraining mlν to mW [63].
When two solutions for pz are found, the one giving mℓνb closer to mt is kept.
Quality cuts |mjjb−mt| < 35 GeV, |mℓνb−mt| < 35 GeV and |mjj−mW| < 20 GeV are applied to

reject badly reconstructed events. At this stage, 2.8% of the signal events are kept for MC@NLO events

and 2.7% for AcerMC events, corresponding to 7000 signal events for 1 fb−1 of data (Table 8). After this

event selection, the main background comes from the tt̄→ τ +X events, where the tau decays to electron

or muon. The number of events from W-boson+jets and single top quark channels is less than 3% of the

selected number of signal events, so we neglect them in the following sections. Due to this cancellation of

the background, the S/B ratio can be affected as much as 20%, which is taken as a systematic uncertainty

(see Table 10).

After event reconstruction, the angle Ψ (W-boson polarization) as well as the angles θ1, θ2 and Φ
(tt̄ spin correlations) are computed using the prescription descibed at the beginning of Section 4. The

measured distributions of cosΨ, cosθ1×cosθ2 and cosΦ are distorted, compared with their distributions
at parton level. The detector resolution results in much smaller smearing effect on the final particles than

that coming from particle radiation, quark fragmentation-hadronization and final event reconstruction.

That is to say, the latter effects dominate the resolution of the reconstructed objects from top quark de-

cay [65]. A correction function, taken from the ATLFAST simulation, is used to recover the distributions

at parton level. With ATLFAST data, the correction function is obtained from the ratio between the two

normalized distributions of the cosΨ (i.e. after reconstruction of the signal and main background events
and at parton level of the pure signal). To correct for the distortion, a weight derived from this function

is applied on all the reconstructed cosΨ of full simulation, on an event by event basis, allowing to re-
cover, as much as possible, the shape of the distribution of the cosΨ of the pure signal at parton level. A
detailed description of the method can be found in [20].
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Table 8: The number of signal (MC@NLO) and the most important background events before (left) and

after (right) selection for 1 fb−1. ∗: in the single top quark decay W→ e/µ/τ +ν mode

Events for Selected events

1 fb−1(×103) full simulation

Signal (tt̄ semileptonic) 250 7000

tt̄→ τ +X 130 710

W (→ lν)+ jets 800 [10,55]

Single t (Wt channel) 25∗ 90

Single t (t channel) 80∗ 55

4.1.3 Impact of the trigger on the analysis

Semileptonic tt̄ events are characterised by a single isolated lepton, which can be used to trigger the

events with high efficiency. Applying the trigger selection to events passing the standard selection cuts,

15% of well reconstructed events are lost. The measurement results with and without trigger applied on

the data, while keeping all other aspects of the measurement unchanged, were compared. The effect of

the trigger on the measurements of the W-boson polarization is almost zero But the effect on the t t̄ spin

correlations is not negligible, and is taken as a systematic error, shown in Table 10.

4.1.4 Measurement of the W-boson polarization

Figure 5 shows the correction function (left) and the reconstructed cosΨ distribution (right) after applying
the correction function. This distribution is fitted to Eq. (5) varying F0, FL and FR, but constrained by
F0+ FL+ FR = 1. The fit is restricted to the region −0.9 < cosΨ < 0.8, which is the most extended
region where the correction is varying slowly. The results are shown in Table 9.
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Figure 5: Left: Correction function taken from ATLFAST simulation fitted with a third order polynomial

function. Right: Normalised reconstructed and corrected distribution of cosΨ, the full line corresponds
to the fit to Eq. (5). The sample has an integrated luminosity of 730 pb−1.

Two complementary methods to extract the W-boson helicity fractions, using the observed angular

distribution between the charged lepton direction in the W-boson rest frame and the W-boson direction in

the top quark rest frame, are currently under development at ATLAS inspired on Tevatron methods [5,66].
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4.1.5 Measurement of tt̄ spin correlation

At parton level, before any phase space cut, the two estimators C = −9× cosθ1 cosθ2 and D = −3×

cosΦ are unbiased [20]. Figure 6 shows the reconstructed distributions of −9× cosθ1 cosθ2/0.51 and
−3× cosΦ/0.51 after correction. It should be stressed that, in the evaluation of the tt̄ spin correlation
parameters, the theoretical value for the spin analyzing power for signal events (0.51) was assumed for

both cases. The means of the distributions are unbiased estimators of A and AD, provided corrections for

/0.512θ*cos1θ-9*cos
-15 -10 -5 0 5 10 15

E
ve

nt
s

20

40

60
80

100

120
140

160

180
200

220

240

ATLAS-1L = 220 pb

/0.51Φ-3*cos
-4 -2 0 2 4

E
ve

nt
s

20

40

60

80

100

120

140

160
ATLAS

-1L = 220 pb

Figure 6: Left: Reconstructed and corrected distribution of −9× cosθ1 cosθ2/0.51. Right: Recon-
structed and corrected distribution of −3× cosΦ/0.51. The integrated luminosity of the sample is 220
pb−1 in each case.

physics effects and detector effects are fully carried out.

Due to the fact that the ATLFAST was used to extract the correction function, an additional system-

atic uncertainty of 0.25 was derived for the A spin correlation parameter. This uncertainty reflects the
different parametrizations of the Monte Carlo simulations. Preliminary studies suggest that this shift can

be removed by using high statistics full simulation samples to derive the correction functions and for this

reason this uncertainty was not included in Table 10.

Table 9: W-boson polarization and top quark spin correlation parameters extracted after triggering. The

indicated errors are statistical and systematic, respectively.

W-boson polarization FL F0 FR
0.29 ±0.02 ±0.03 0.70 ±0.04 ±0.02 0.01 ±0.02 ±0.02

tt̄ spin correlation A AD
0.67 ±0.17±0.18 ±0.25 -0.40 ±0.11 ±0.09

4.1.6 Systematic uncertainties

The systematic uncertainties were estimated with ATLFAST simulation for the factorisation scale, struc-

ture function, ISR, FSR, b-fragmentation, top quark mass, hadronization scheme and pile-up effects, and

with full simulation for the b-tagging efficiency, b-jet energy scale, light jet energy scale and signal to

background ratio (S/B scale) as listed in Table 10, for the measurement of the W-boson helicity fractions

and top quark pair spin correlations respectively.

With data, tt̄ events can be reconstructed without requiring b-jet tagging on the side of top quark

whose daughter W-boson decays leptonically. This can provide a pure sample of b-jets which can be
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Table 10: Systematics for W-boson polarization and top quark spin correlation measurement.

Source of uncertainty FL F0 FR A AD
Factorisation 0.000 0.001 0.001 0.029 0.006

Structure function 0.003 0.003 0.004 0.033 0.012

ISR 0.001 0.002 0.001 0.002 0.001

FSR 0.009 0.007 0.002 0.023 0.016

b-fragmentation 0.001 0.002 0.001 0.031 0.018

Hadronization scheme 0.010 0.016 0.006 0.006 0.008

Pile-up (2.3 events) 0.005 0.002 0.006 0.001 0.005

Input top quark mass (2 GeV) 0.015 0.011 0.004 0.028 0.013

b-tagging efficiency (5%) 0.007 0.002 0.005 0.027 0.07

b-jet energy scale (5%) 0.02 0.002 0.02 0.07 0.015

light-jet energy scale (5%) - - - 0.11 0.017

S/B scale (20%) 0.004 0.002 0.001 0.000 0.004

Trigger - - - 0.10 0.03

TOTAL 0.03 0.02 0.02 0.18 0.09

used to check the uncertainty on the b-tagging efficiency [67]. The b-jet energy miscalibration can also

be obtained from other control samples, such as Z+b-jet events [68].

4.2 Anomalous couplings at the Wtb vertex

The W-boson polarisation is sensitive to new anomalous couplings (VL, VR, gL and gR) associated with
the Wtb vertex. Although the W-boson helicity fractions (F0, FL and FR) depend on these couplings, the
helicity ratios ρR,L ≡ ΓR,L/Γ0 = FR,L/F0, were found to be more sensitive to VL, VR, gL and gR. The
ρR and ρL observables are independent quantities and take the LO values ρR = 5.1× 10−4, ρL = 0.423
in the Standard Model. General expressions for ρR,L in terms of the new anomalous couplings can
be found in Ref. [19]. As for the helicity fractions, the measurement of helicity ratios sets bounds on

VR, gL and gR. A third and simpler method to extract information about the Wtb vertex is through
angular asymmetries involving the angle of the charged lepton in the W-boson rest frame and the W-

boson direction in the top quark rest frame (introduced in the previous section). For any fixed z in the
interval [−1,+1], one can define asymmetries as the difference between the number of events above and
below z, normalised to the total number of events. The most obvious choice is z = 0, giving the forward-
backward asymmetry AFB [18, 69]. The forward-backward asymmetry is related to the W-boson helicity
fractions by AFB = 3

4
[FR−FL]. Other convenient choices are z = ∓(22/3− 1). Defining β = 21/3− 1,

we have A+ = 3β [F0+(1+ β )FR] and A
−

= −3β [F0+(1+ β )FL]. Thus, A+ (A−) only depend on F0
and FR (FL). The LO Standard Model values of these asymmetries are AFB = −0.223, A+ = 0.548,
A
−

=−0.840. They are sensitive to anomalous Wtb interactions, and their measurement allows to probe
this vertex without the need of a fit to the distribution of the angle between the charged lepton direction

in the W-boson rest frame and the W-boson direction in the top quark rest frame. In the present analysis

the ATLAS sensitivity to the ρL, ρR, AFB, A+ and A
−
observables is studied.

4.2.1 Event selection

In this section an alternative two-level likelihood analysis is explored for the semileptonic channel, i.e.

tt̄→W+bW−b̄ where one of the W-bosons decays hadronicaly and the other one decays in the leptonic
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channel W→ ℓνℓ (with ℓ = e,µ). Any other process constitutes a background to this signal. In particular,
it should be noticed that the fully hadronic, dileptonic and semileptonic (with one of the W-bosons

decaying into τν) tt̄ channels are considered backgrounds to the present analysis. Additionally, the
following Standard Model processes were considered as background: single top production, W+jets,
Wbb̄+jets, Wcc̄+jets, Z→ e+e−, Z→ µ+µ−, Z→ τ+τ−, WW, ZZ and WZ. The likelihood analysis
is based on the construction of a discriminant variable which uses distributions of some kinematical

properties of the events. In the first analysis level (called the pre-selection), the common selection criteria

for the semileptonic topology, with the exception of the b-tagging requirement on jets, was applied to the

event. The full event reconstruction was performed using a χ 2, defined by

χ2 =
(mℓν ja−mt)2

σ 2t
+

(mjbjcjd −mt)2

σ 2t
+

(mℓν −mW)2

σ 2W
+

(mjcjd−mW)2

σ 2W
, (9)

where mt = 175 GeV, mW = 80.4 GeV, σt = 14 GeV and σW = 10 GeV are the expected top quark
and W-boson mass resolutions3 , ℓ represents the selected electron or muon, mℓν is the invariant mass

of the electron (muon) and the neutrino, and ja,b,c,d corresponds to all the possible combinations among
the four jets with highest pT (with mℓν ja , mjbjcjd and mjcjd being the corresponding invariant masses).
The neutrino was reconstructed using the missing transverse energy and allowing the pν

z to vary in the

range [−500,+500] GeV. The solution corresponding to the minimum χ 2 was chosen. The jets used
to reconstruct the hadronic W-boson will be labelled “non-b” jets and the remaining two are labelled

“b-jets”. It should be stressed that no b-tagging information was used so far. The pre-selection was

completed by requiring χ2 < 16. In the second level (the final selection), signal and background-like
probabilities were constructed for each event (P

signal
i andPback.

i , respectively) using probability density

functions (p.d.f.) built from relevant physical variables: the cosine of the angle between the leptonic top

quark and the leptonic “b-jet”, the transverse momentum of the hadronic W, the hadronic and leptonic

top quark masses, the transverse momentum of the two “b-jets”, the transverse momentum of the lepton

and the
√

χ2 distribution. It should be stressed that the objective is to test the sensitivity for new physics
exclusion, under the hypothesis that the Standard Model holds, and the simulation was done assuming

no anomalous couplings. Signal (LS = Πn
i=1P

signal
i ) and background (LB = Πn

i=1P
back.
i ) likelihoods

(with n = 8, the number of p.d.f.) are used to define a discriminant variable LR = log10(LS/LB). The
distribution of this variable is shown in Figure 7(a). The final event selection is done by applying the

cut LR > 0.1 on the discriminant variable. The number of signal and background events (normalised to
L = 1 fb−1) after the pre-selection and final selection are shown in Table 11. After the final selection
(including the trigger), the dominant backgrounds are W+jets and semileptonic tt̄ with taus in the final

state (corresponding to 49%, and 29% of the total background, respectively, as shown in Table 12).

The effect of the single lepton trigger on the event selection was studied. The results are summarised

in Table 11. In what follows, only events passing the trigger are considered.

Once b-tagging is well understood, additional information can be used. In this case only jets with

a positive b-tagging weight were considered as “b-jet” candidates for the χ 2 minimisation method. In
addition, the b-tagging weights of these jets were considered as p.d.f.s for the discriminant variable

evaluation. In this case, the number of selected signal and background events for L = 1 fb−1 is expected
to be (6.6±0.1)×103 and (0.9±0.1)×103, respectively. The tt̄ background is expected to be dominant
(72% of the total background, mainly due to the semileptonic channel with taus in the final state) and the

W+jets and single top processes correspond to 15% and 13% of the total background, respectively. The

discriminant variables corresponding to the analysis with and without b-tagging are shown in Figure 7.

3These resolutions are taken from the top quark mass measurement analyses [70]. It should be noticed that σt and σW can
be interpreted as weights for each term of the χ2 definition. By changing their values by a factor ∼ 2, the obtained observables
(ρL, ρR,A+ and A

−
) are the same within the statistical error.
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Table 11: Number of signal tt̄→ ℓνbb̄qq̄′ and background events (and corresponding statistical error),
normalised to L = 1 fb−1, after the pre-selection and final selection for the analysis without b-tagging.
The effect of the trigger on the event selection is also shown.

e+ µ sample e sample µ sample

Total background

presel. (15.8±0.4)×103 (7.2±0.3)×103 (8.6±0.3)×103

final sel. (5.2±0.2)×103 (2.5±0.2)×103 (2.8±0.2)×103

trigger (4.0±0.2)×103 (1.8±0.2)×103 (2.1±0.2)×103

Signal

presel. (27.4±0.2)×103 (12.0±0.1)×103 (15.5±0.1)×103

final sel. (15.2±0.1)×103 (6.5±0.1)×103 (8.8±0.1)×103

trigger (12.6±0.1)×103 (5.8±0.1)×103 (6.9±0.1)×103

Table 12: Background composition and corresponding statistical error, normalised to L = 1 fb−1, after
the final selection, including the effect of the trigger, for the analysis without b-tagging.

e+ µ sample e sample µ sample
W+jets, Wbb̄+jets, Wcc̄+jets (19.6±1.9)×102 (8.8±1.4)×102 (10.3±1.4)×102

Z+jets (1.6±0.4)×102 (1.2±0.4)×102 (0.5±0.3)×102

WZ, ZZ, WW (0.4±0.2)×102 (0.3±0.1)×102 (0.2±0.1)×102

tt̄ (except signal) (13.1±0.6)×102 (5.4±0.3)×102 (7.9±0.4)×102

single top (5.3±0.3)×102 (2.5±0.2)×102 (2.7±0.2)×102

4.2.2 Measurement of the angular distribution and asymmetries

The experimentally observed angular distribution, which includes the tt̄ signal as well as the Standard

Model background, is affected by detector resolution, tt̄ reconstruction and selection criteria [71]. In

order to recover the Standard Model distribution, it is necessary to subtract the background and correct

for the effects of the detector, event selection and reconstruction. For this purpose, two different sets

of signal and background event samples were used: one “experimental” set, which simulates a possible

experimental result, and one “reference” set, which is used to parametrise the effects mentioned, and cor-

rect the previous sample. The procedure is as follows. After subtracting reference background samples,

the full “experimental” distribution is multiplied by a correction function fc in order to recover the Stan-

dard Model one. This correction function is determined by assuming that the charged lepton distribution

corresponds to the Standard Model. In case that a deviation from Standard Model predictions (corre-

sponding to anomalous couplings) is found, the correction function must be modified accordingly, and

the expected distribution recalculated in an iterative process. These issues have been analysed in detail in

Ref. [20], where it was shown that this process quickly converges. The correction function is calculated,

for each bin of the angular distribution, by dividing the number of generated events by the number of

selected events, using the reference sample. In order to avoid non-physical fluctuations due to the limited

amount of Monte Carlo statistics, a smoothing procedure was applied to the obtained correction function.

The value of fc is in the range [0.2,1.4]. Other methods of correcting the angular distribution are under

investigation.

The procedure of correcting for detector and reconstruction effects in the asymmetries is similar to

that used with the full angular distribution, but using only two or three bins. This has the advantage

that the asymmetry measurements are less sensitive to the extreme values of the angular distributions,
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Figure 7: Discriminant variables for the Standard Model background (shaded region) and the t t̄ signal

(full line), normalised to L = 1 fb−1 corresponding to the (a) analysis without b-tagging and (b) analysis

using the b-tagging weights of the “b-jets” selected by the χ 2 minimisation method.

where correction functions deviate from unity. Moreover, it should be noticed that the extreme bins of

the angular distribution have a very significant impact on the measurement of the ρL and ρR helicity
ratios. The values obtained from a fit to the corrected distribution, as well as the angular asymmetries

AFB, A±, are collected in Table 13, with their statistical uncertainties. Although the statistical errors of the

observables obtained for the analyses without and with b-tagging are similar, the use of this tool allows to

improve the signal to background ratio, leading to smaller systematic uncertainties, as discussed below.

Table 13: Expected values and corresponding statistical errors for the helicity ratios and angular asym-

metries. The results for an integrated luminosity of 1 fb−1 (analyses with and without b-tagging) are

shown.

ρL ρR AFB A+ A−

Analysis without b-tagging

e+ µ 0.402 ± 0.050 -0.008 ± 0.008 -0.220 ± 0.025 0.560 ± 0.024 -0.845 ± 0.012

Analysis with b-tagging

e+ µ 0.453 ± 0.048 -0.004 ± 0.007 -0.229 ± 0.026 0.542 ± 0.028 -0.830 ± 0.014

4.2.3 Systematic uncertainties

The study of the systematic uncertainties considered possible errors from different sources: jet energy

scale, luminosity, top quark mass, background level, ISR and FSR, Monte Carlo generator and pile-up.

The jet calibration used in the present analyses is described in Ref. [70]. As for the reference analyses,

full simulation Monte Carlo samples were used for the study of all the systematic sources of uncertainty.

Only the simulated sample used as the “experimental” set (which fakes the data) was changed for each

systematic source of uncertainty. The correction function and the Monte Carlo sample used to perform

the background subtraction were kept unchanged. The impact on the measurements is summarised in

Tables 14 and 15. As the background subtraction is based on Monte Carlo simulation, the background

estimation required a luminosity value and therefore the corresponding systematic uncertainty was con-

sidered. Once the cross-sections for known backgrounds are measured with data, a data-driven normali-
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sation will be possible and the luminosity systematic error should be reduced. Moreover, with data it will

be possible to compare the discriminant variable distributions for selected events obtained from data and

Monte Carlo. This comparison will allow the correction of systematic uncertainties caused by inaccurate

description of data by the Monte Carlo simulation.

Table 14: Sources of systematic uncertainties in the determination of the helicity ratios and angular

asymmetries (analysis without b-tagging).

Source ρL ρR AFB A+ A−

Jet energy scale 0.02 0.003 0.004 0.006 0.002

Luminosity 0.02 0.002 0.006 0.005 0.001

Top quark mass 0.02 0.002 0.009 0.006 0.004

Background 0.01 0.002 0.005 0.003 0.002

ISR+FSR 0.13 0.009 0.044 0.046 0.011

MC generator 0.18 0.013 0.039 0.042 0.001

Pile-up 0.14 0.004 0.053 0.039 0.017

Total 0.27 0.017 0.080 0.074 0.021

Table 15: Sources of systematic uncertainties in the determination of the helicity ratios and angular

asymmetries (analysis with b-tagging).

Source ρL ρR AFB A+ A−

Jet energy scale 0.04 0.001 0.010 0.004 0.002

Luminosity 0.01 0.000 0.006 0.005 0.001

Top quark mass 0.03 0.003 0.013 0.008 0.006

Background 0.01 0.000 0.003 0.002 0.004

ISR+FSR 0.05 0.006 0.024 0.028 0.015

MC generator 0.01 0.008 0.009 0.011 0.000

Pile-up 0.15 0.006 0.012 0.041 0.022

Total 0.16 0.012 0.033 0.052 0.027

4.2.4 Constraints on the anomalous couplings

Using the parametric dependence of the observables on VR, gL and gR (and considering the correlations
between them, which are shown in Table 16), constraints can be set on the anomalous couplings. The

helicity ratios ρR,L and the asymmetries A± were used as input for the program TopFit [19]. The

expected 68% CL allowed regions on the Wtb anomalous couplings for L = 1 fb−1 (analyses with and
without b-tagging) are shown in Figure 8. In addition to the allowed regions of Figure 8, additional

solutions can be found at gR ∼ 0.8. Such solutions are due to a large cancellation between O(gR) and
O(gR2) terms and can be excluded by the measurement at the LHC of the single top cross-section [72].
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Table 16: Correlation matrix for the A±, ρR,L observables.
A+ A− ρL ρR

A+ 1 0.16 -0.73 -0.14

A− 0.16 1 -0.10 0.55

ρL -0.73 -0.10 1 0.42

ρR -0.14 0.55 0.42 1

Figure 8: Expected 68% CL allowed regions on the Wtb anomalous couplings for luminosities of 1 fb−1

(with and without b-tagging), obtained from the ρR,L and A± observables using TopFit.

5 Rare Top Quark Decays and FCNC

This section discusses the study of rare top quark decays via FCNC (t→ qX,X= γ,Z,g) using tt̄ events

produced at the LHC. These decays are strongly suppressed in the Standard Model at tree level due to

the GIM mechanism. In the effective Lagrangian approach [73,74] the new top quark decay rates to the

gauge bosons can be expressed in terms of the κ gtq, κ
γ
tq, (|v

Z
tq|
2+ |aZtq|

2) and κZtq anomalous couplings to
the g, γ and Z bosons respectively, and Λ, the energy scale associated with the new physics.

5.1 Event samples

The signal event samples used in this analysis correspond to tt̄→ bℓνqX, where X= γ,Z→ ℓℓ,g and ℓ =
e,µ . The following common Standard Model samples were considered as background: fully hadronic,
fully leptonic and semi-leptonic tt̄, all from MC@NLO; Wt, s- and t- channels of single top production,
all from AcerMC; W+jets, Wbb̄+jets and Wcc̄+jets, all from ALPGEN; Z→ e+e−, Z→ µ+µ− and

Z→ τ+τ−, all from PYTHIA; WW, ZZ and WZ, all from HERWIG.

5.2 Event selection

The tt̄ final states corresponding to the different FCNC top quark decay modes lead to different topologies

according to the number of jets, leptons and photons. There is however a common characteristic of all

channels under study, i.e. in all of them one of the top quarks is assumed to decay through the dominant
Standard Model decay mode t→ bW and the other is forced to decay via one of the FCNCmodes t→ qZ,
t→ qγ or t→ qg. The QCD backgrounds at hadron colliders make the search for the signal via the fully
hadronic channels (when the W and the Z bosons decay to quarks) difficult. For this reason only the
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Table 17: Selection cuts applied to the FCNC analyses. For the t→ qg channel, Evis, pTg and mqg
represent the total visible energy, the transverse momentum of the jet associated with the gluon and the

reconstructed mass of the top quark with FCNC decay, respectively (see text for details).

Channel tt̄→ bWqγ tt̄→ bWqg tt̄→ bWqZ

Pre-selection = 1ℓ (pT > 25 GeV) = 1ℓ (pT > 25 GeV) = 3ℓ (pT > 25,15,15 GeV)

≥ 2 j (pT > 20 GeV) = 3 j (pT > 40,20,20 GeV) ≥ 2 j (pT > 30,20 GeV)

= 1γ (pT > 25 GeV) = 0γ (pT > 15 GeV) = 0γ (pT > 15 GeV)

6 pT > 20 GeV 6 pT > 20 GeV 6 pT > 20 GeV

Final pTγ > 75 GeV Evis > 300 GeV 2 ℓ same flavour,

selection pTg > 75 GeV oppos. charge

mqg > 125 GeV

mqg < 200 GeV

Trigger e22i, mu20 or g55 e22i or mu20 e22i or mu20

Table 18: The trigger efficiency, in percentage, for the background and signal events after all the other

cuts of the FCNC analyses.

t→ qγ t→ qZ t→ qg

Sig. Back. Sig. Back. Sig. Back.

Trigger 99.6 99.5 99.2 95.0 83.2 82.2

leptonic decays of both W and Z to e and µ were taken into account. Only isolated muons, electrons
and photons separated by ∆R > 0.4 from other reconstructed objects, were considered. Specific pre-

selection and selection cuts were applied for each FCNC channel, as outlined in Table 17. For the

t→ qγ channel, exactly one reconstructed lepton and one reconstructed photon where required in the
events. Additionally, at least two jets were required. For the t→ qg channel, the events had to have

exactly one reconstructed lepton, three jets and no reconstructed photon. Finally, for the t→ qZ channel,

only the events with at least two jets, exactly three reconstructed leptons and no reconstructed photons

were accepted. Therefore, the selection criteria for these channels are orthogonal. The expected number

of background events and signal efficiencies after the final selection are shown in Table 19. The effect of

the trigger on the background and signal events, after all the other cuts, is shown in Table 18. It should be

noticed that the events of the t→ qγ (t→ qZ) channel can be triggered by the lepton or the photon (one of
the three leptons), which results on higher trigger efficiencies, when compared with the t→ qg channel

with just one lepton. For the t→ qγ channel, the dominant backgrounds are tt̄, Z+jets and W+jets
events, which correspond to 38%, 30% and 29% of the total background. The total background for the

t→ qZ channel is mainly composed of tt̄ and Z+jets events (59% and 28% of the total background,
respectively), while for the t→ qg it is mainly composed of W+jets and tt̄ events (which correspond,
respectively, to 64% and 25% of the total background).

For all the channels, the top quark with Standard Model semileptonic decay (t→ bℓν) cannot be
directly reconstructed due to the presence of an undetected neutrino in the final state. The neutrino four-

momentum was estimated with a method similar to the one used in Section 4.2, by finding the pν
Z value

and the jet combination (and the lepton combination in the case of the qZ topology) which minimizes the

following expression:

χ2 =

(

mFCNCt −mt
)2

σ 2t
+

(

mℓaν j −mt
)2

σ 2t
+

(mℓaν −mW)2

σ 2W
+

(mℓbℓc −mZ)
2

σ 2Z
, (10)
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Table 19: The expected number of background events and signal efficiencies after the final selection level

(the trigger is included) of the analyses for each FCNC channel. The corresponding statistical errors are

also shown. The expected background numbers are normalised to L = 1 fb−1.
e µ ℓ

tt̄→ bWqγ:
Total (4.4±0.6)×102 (2.2±0.6)×102 (6.5±0.7)×102

Signal % 3.6±0.2 4.1±0.2 7.6±0.2

tt̄→ bWqZ:

Total (0.3±0.6)×102 (0.1±0.6)×102 (1.3±0.6)×102

Signal % 1.4±0.1 2.5±0.1 7.6±0.2

tt̄→ bWqg:

Total (11.0±0.3)×103 (8.3±0.2)×103 (19.3±0.4)×103

Signal % 1.3±0.1 1.5±0.1 2.9±0.1

where mFCNCt , mℓaν j, mℓaν and mℓbℓc are, for each jet and lepton combination, the reconstructed mass of

the top quark decaying via FCNC, the top quark decaying through the Standard Model, theW-boson from

the top quark with Standard Model decay and the Z boson from the top quark FCNC decay, respectively.

The last term of Eq. 10 was only used in the t→ qZ channel. The following values are used for the

constraints: mt = 175 GeV, mW = 80.42 GeV, mZ = 91.19 GeV, σt = 14 GeV, σW = 10 GeV and σZ =
3 GeV4. No b-tag information was used to reconstruct the event kinematics. The jet chosen to reconstruct

the top quark with Standard Model decay is labeled as b quark. For the t→ qγ and the t→ qZ channels,
the other jet, which was used to reconstruct the top quark with FCNC decay, is denoted by q quark. For

the t→ qg channel, it is assumed that the jet created by the gluon is the most energetic from the two

which reconstruct the top quark with FCNC decay and the other is created by the light quark.

Following the selection cuts, a likelihood-based type of analysis was applied, as described in sec-

tion 4.2. Due to the small statistics of the available full simulation samples, ATLFAST samples were

used to obtain the probability density functions (p.d.f.s). The p.d.f.s of the t→ qγ channel were built
based on the following variables: the mass of the top quark with FCNC decay (mFCNCt ); the recon-

structed mass of the photon and the b quark (mbγ ) and the transverse momentum of the leading photon
(pγ
T). For the t→ qZ channel, the p.d.f.s were based on the following physical distributions: the mass of

the top quark with FCNC decay (mFCNCt ); the minimum invariant mass of the three possible combinations

of two leptons (mmin
ℓℓ
); the reconstructed mass of the Z and the b quark (mbZ); the reconstructed mass of

the two quarks (mqb); the transverse momentum of the third lepton (p
ℓ3

T ) and the transverse momentum

of the light quark (pqT). The following variables were used to build the p.d.f.s of the t→ qg channel: the
mass of the top quark with FCNC decay (mFCNCt ); the mass of the top quark with Standard Model decay

(mℓaν j); the reconstructed mass of the light and the b quark (mqb); the transverse momentum of the b
quark (pbT); the transverse momentum of the light quark (p

q
T) and the angle between the lepton and the

gluon (αℓg). The distributions of the discriminant variables are presented in Figure 9. It can be seen that

ATLFAST describes the fully simulated distributions fairly well, when there are sufficient statistics to

tell.

4These resolutions are taken from the top quark mass measurement analyses [70]. The effect of changing their values was

considered as one of the systematic source of uncertainties. Its impact on the observables is below the statistical error.
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Figure 9: Distributions of the normalised discriminant variables for the expected background and signal

after the final selection level of the t→ qγ channel when the isolated lepton is identified as (a) an electron,
(b) a muon and (c) electron or muon; of the t→ qZ channel when the 3 isolated leptons are identified as

(d) electrons, (e) muons and (f) electrons or muons and of the t→ qg channel, when the isolated lepton

is identified as (g) an electron, (h) a muon and (i) electron or muon.
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Table 20: The expected 95% confidence level limits on the FCNC top quark decay branching ratio, in the

absence of signal, are shown for a luminosity of L = 1 fb−1. The central values are represented together

with the 1σ bands, which include the contribution from the statistical and systematic uncertainties.
−1σ Expected +1σ

tt̄→ bWqγ:
e 4.3×10−4 1.1×10−3 1.9×10−3

µ 4.5×10−4 8.3×10−4 1.3×10−3

ℓ 3.8×10−4 6.8×10−4 1.0×10−3

tt̄→ bWqZ:

3e 5.5×10−3 9.4×10−3 1.4×10−2

3µ 2.4×10−3 4.2×10−3 6.4×10−3

3ℓ 1.9×10−3 2.8×10−3 4.2×10−3

tt̄→ bWqg:

e 1.3×10−2 2.1×10−2 3.0×10−2

µ 1.0×10−2 1.7×10−2 2.4×10−2

ℓ 7.2×10−3 1.2×10−2 1.8×10−2

5.3 Results and systematic uncertainties

In the absence of a FCNC top quark decay signal, expected limits at 95% CL were derived using the

modified frequentist likelihood method [75] and the discriminant variables obtained with the full simu-

lation samples. No cuts on the discriminant variables were used. Using the Standard Model t t̄ production

cross-section these limits were converted into limits on the branching ratios. The central values of these

limits are shown in Table 20. The branching ratio sensitivity for each FCNC channel, assuming a sig-

nal discovery with a 5σ significance, is on average 3.0 times larger than the central values presented in
Table 20.

Several sources of systematic uncertainties were studied following the common criteria used for this

note and the results are shown in Table 21. The jet energy scale (the jet calibration used in the present

analyses is described in Ref. [70]), the luminosity, the influence of the cross-section values, ISR/FSR,

Monte Carlo generator and pile-up effects were studied. For the top quark mass, the full simulation

samples were analysed using the values of 170 and 180 GeV (i.e. p.d.f.s, Eq. 10 and limit computation).

The systematic error was taken from a linear fit of the values found, for a top quark mass error of

±2 GeV. To study the effect of the mass resolutions in Eq. 10, and since no cut is applied to the χ 2
distribution, the ratio σt/σW was changed by a factor 2. The total systematic uncertainties, computed as
the quadratic sum of these individual contributions, are also shown in Table 21. The analysis stability was

also cross-checked by varying the kinematic cuts by about 10%, and the maximum relative change on the

expected 95% CL limits was 3%, 9% and 5% for the t→ qγ , t→ qZ and t→ qg channels, respectively.
Table 20 shows the obtained central values for the BR limits. The±1σ contributions from statistical and
systematic uncertainties (added in quadrature) are also shown. The contribution from the luminosity and

the absolute value of background level may be reduced with data, by normalising to measured processes.

Figure 10 shows the ATLAS 95% CL expected sensitivity for the first fb−1 in the absence of signal,

for the t→ qγ and t→ qZ channels taking into account the contributions from both the statistical and
systematic uncertainties.
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Figure 10: The present 95% CL observed limits on the BR(t→ qγ) vs. BR(t→ qZ) plane are shown
as full lines for the LEP, ZEUS and CDF collaborations. The expected sensitivity at ZEUS, CDF and

ATLAS (together with the statistic plus systematic 1σ band) is also represented by the dotted and dashed
lines.

Table 21: Maximum changes (with respect to the central values of Table 20) of the expected 95% CL

limits for each FCNC top quark decay branching ratio for different systematic error sources.

t→ qγ t→ qZ t→ qg

Source e µ ℓ 3e 3µ 3ℓ e µ ℓ

Jet energy calibration 1% 2% 2% 3% 2% 5% 4% 4% 4%

Luminosity 9% 8% 10% 3% 2% 6% 10% 8% 10%

Top quark mass 7% 7% 6% 6% 4% 12% 7% 5% 5%

Backgrounds σ 6% 10% 7% 4% 7% 12% 17% 16% 15%

ISR/FSR 21% 18% 17% 6% 29% 7% 3% 7% 9%

Pile-up 37% 21% 22% 30% 14% 0% 8% 10% 13%

Generator 34% 18% 4% 4% 14% 14% 5% 0% 4%

χ 2 5% 0% 4% 2% 5% 7% 3% 7% 9%

Total 56% 36% 32% 32% 36% 25% 24% 24% 27%
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6 tt̄ resonances

New resonances or gauge bosons strongly coupled to the top quark could manifest themselves in the t t̄

invariant mass distribution. Due to the large variety of models and their parameters, studies have been

done in a model-independent way searching for a “generic” narrow resonance decaying into tt̄ (semilep-

tonic channel) [51,76]. The ATLAS discovery potential is assessed using the latest available simulations

and detector description, performing the tt̄ event reconstruction along the same lines as done for the

high precision measurement of the top quark mass in the semileptonic decay channel [54]. Alternative

methods are currently under investigation to study the production of high mass resonances (m > 2 TeV),

where the decay products of the top quark are close together, so requiring a modified selection.

6.1 Event generation and selection

In this study, tt̄ resonances were produced with PYTHIA. The Z′ → tt̄ channel without interference in

the Z′ production has been chosen [77]. Only the semileptonic decay (electrons and muons) of tt̄ pairs

is considered. Five samples of Z′ resonances with mass 700 GeV (the lower limit from CDF and D/0

measurements [78,79]), 1000 GeV, 1500 GeV, 2000 GeV and finally 3000 GeV have been produced.

The common tt̄ semileptonic selection criteria were used to accept signal events. Once these criteria

are applied, the main source of physical background to be considered in the search for tt̄ resonances

comes from Standard Model tt̄ events. The other sources of background, dominated by W+jets events,

are negligible [54].

6.2 Data characteristics

6.2.1 tt̄ reconstruction

Several ways to reconstruct the W-bosons and the top quarks have been investigated [54]. The simplest of

them is used here. This method selects, among all jets from light quarks (u,d,c and s), the two jets which

are closest in ∆R to build the hadronic W-boson. The hadronic top quark is reconstructed combining the
nearest b-jet to the hadronic W-boson. For the leptonic side, the constraint on the W-boson mass is used

to compute the longitudinal momentum of the neutrino, identifying the missing transverse energy as the

neutrino transverse momentum. Among the 2 pzν solutions, the one providing the leptonic top quark
mass closest to the mean value of the hadronic top quark mass is chosen. To reduce both the physical

background and the combinatorial background (which dominates), cuts are applied on the hadronic W-

boson mass spectrum, and on both top quark mass spectra. The resulting tt̄ mass distribution, given in

Figure 11, is used as a starting point for the discovery potential determination.

This method does not need a well understood jet energy scale and it is also one of the most efficient.

More sophisticated methods to select the top quarks, such as a kinematic fits of the tt̄-pairs (used by the

D/0 experiment [79]), or a matrix-element motivated method (used by CDF [78]), are not described here.

The method used could be considered as a baseline for the tt̄ resonance search.

6.2.2 Event yield

The reconstruction efficiency of Standard Model tt̄ pairs corresponding to the reconstruction scheme and

cuts described above is shown in Figure 13. The fact that the produced particles are closer together when

the generated tt̄ mass is higher explains the drop of efficiency observed as a function of the tt̄ mass. Part

of the efficiency can be recovered if another jet finding algorithm, better at resolving nearby jets (such as

a cone jet algorithm with smaller cone radius), is used.

Figure 14 gives the reconstruction efficiency of Z′ resonances as a function of their mass. This

reconstruction efficiency is of the same order as for the Standard Model tt̄ pairs. Nevertheless, some
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Figure 11: Standard Model tt̄ mass spectrum.
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small differences arise due to the different production mechanism and spin. Thus, the final result is

not completely model-independent. The purity (fraction of well reconstructed events among all selected

events) in each Z′ sample is of the order of 80-85%.

6.3 Discovery potential

6.3.1 Method and results

The method used to extract the 5σ discovery sensitivity consists of counting the number of Standard
Model tt̄ events in a sliding mass window over the invariant mass spectrum. The 5σ sensitivity means
that an effect is seen over the expected background with a deviation at least 5 times the background

fluctuation in the mass window. The width of the window is twice the detector resolution for a given

resonance mass. Then, the lowest cross section times branching ratio σ ×Br(Z ′ → tt̄) is computed for
the discovery of a resonance at a given mass.

The produced resonances are expected to have a width smaller than the resolution, leading to a

gaussian shape for the reconstructed invariant mass. The discovery potential is thus estimated here only

for narrow tt̄ resonances.

This method, explained in detail in [76], requires as input the Z′ mass resolution (Figure 15), the

reconstruction efficiency of both Standard Model tt̄ events and resonance events, and the purity of the

final samples.

The resulting sensitivity is shown on Figure 16. For example, a 700 GeV Z ′ resonance produced with

a σ ×Br(Z′ → tt̄) of 11 pb should be discovered with a 5σ significance after 1 fb−1 of data taking. The
tt̄ mass spectrum associated with such a case is shown in Figure 17.

6.3.2 Measurement uncertainties

Uncertainties on the sensitivity arise from:

• the reconstruction efficiency for the Z′ signal and tt̄ background. The main contribution arises

from the expected error on the b-tag efficiency, which is set to ±5%.

• the background contribution (Standard Model tt̄). The main contribution comes from the tt̄ cross

section uncertainty +6.2

−4.7
%.

TOP – TOP QUARK PROPERTIES

1031



98 Paper 2

Mass [GeV]
0 200 400 600 800 1000 1200 1400 1600 1800

N
b 

of
 E

ve
nt

s

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

Mass [GeV]
0 200 400 600 800 1000 1200 1400 1600 1800

N
b 

of
 E

ve
nt

s

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

Z’ (700 GeV)

tSM t

-1L=1 fb

ATLAS

Figure 17: Expected tt̄ invariant mass spectrum for the discovery threshold of a 700 GeV Z′ resonance

σ ×Br(Z′ → tt̄) = 11.07 pb with 1 fb−1 of data.

Table 22: Sources of uncertainties considered on the 5σ discovery potential computation.

Source of uncertainty Error (%) Effect on the discovery potential (%)

Reconstruction efficiency 16.6 8.3

Background contribution +6.2

−4.7
3.1

tt̄ mass resolution ±1σresolution 2 to 11

Luminosity 5 2.5

Jet energy scale 5 -

• the tt̄ mass resolution (Figure 15). The effect on the discovery potential increases with the reso-

nance mass.

• the uncertainty on the integrated luminosity.

The 5σ discovery potential is given as a function of the tt̄ resonance mass. The position of the
resonance mass peak depends on the accuracy of the jet energy scale. This will be constrained by the

W-boson and top quark events themselves.

All these quantities have been varied within expected errors. The impact on the sensitivity is reported

in Table 22.

7 Summary and conclusions

The ATLAS sensitivity to the measurement of several top quark properties was reviewed in this paper

for an expected luminosity of 1 fb−1 at the LHC. The precision of several measurements was estimated,

using the full simulation of the ATLAS detector. For the tests of physics beyond the Standard Model

associated with the production of top quarks, the 95% CL limit (in the absence of a signal) was presented.

In Table 23 a summary of the expected sensitivity on these observables is shown, for a luminosity of

1 fb−1. Several sources of systematic errors were considered using an approach common to all studies

appearing in this note.
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Table 23: Expected ATLAS sensitivity for the top quark properties, for a luminosity of 1 fb−1. For the

Standard Model measurements the sensitivity is given as the total error divided by the expected Standard

Model value, for the searches the absolute value is presented.

Observables Expected Precision

Top quark charge (2/3 versus -4/3) ≥ 5σ
Spin Correlations:

A 50%

AD 34%

W-boson Polarisation:

F0 5%

FL 12%

FR 0.03

Angular Asymmetries:

AFB 19%

A+ 11%

A
−

4%

Anomalous Couplings:

VR 0.15

gL 0.07

gR 0.15

Top quark FCNC decays (95% C.L.):

Br(t→ qγ) 10−3

Br(t→ qZ) 10−3

Br(t→ qg) 10−2

tt̄ Resonances (discovery):
σ ×Br (mtt̄=700GeV) ≥ 11 pb

The sensitivity of the ATLAS experiment to the top quark charge measurement was evaluated. The

analysis shows that using the weighting technique, already with 0.1 fb−1 it is possible to distinguish

with a 5σ significance, between the b-jet charges associated with leptons of opposite charges, which
allows to distinguish the Standard Model from an exotic scenario. For the semileptonic b-decay method

the required luminosity is ≃ 1 fb−1. The top quark charge itself was reconstructed relying on a Monte

Carlo calibration of the b-jet charge. Although the reconstruction of the numeric value of the top quark

charge using the weighting technique seems possible with ≃ 1 fb−1, it will be necessary to check the

performance of the method with real data e.g. di-jet bb̄ events, once available. A more realistic treatment

of the background processes will be required for a full understanding of the top quark charge issues.

A study of the W-boson polarisation fractions (F0, FL and FR) and tt̄ spin correlation parameters (A
and AD) has been performed in the semileptonic tt̄ channel. Reconstructed angular distributions were
used to set the ATLAS sensitivity to the measurement of the W-boson polarisations and top quark spin

correlation parameters.

The W-boson polarisation ratios (ρR and ρL) and the angular asymmetries (A+ and A
−
) dependence

on the anomalous couplings (VR, gL and gR) was used to find the sensitivity to the Wtb anomalous
couplings (for the analyses with and without b-tag).

Top quark rare decays through FCNC processes (t→ qZ,qγ,qg) were studied in this note using tt̄

events produced at the LHC. Expected limits on the branching ratios were set at 95% CL in the absence
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of signal.

The discovery potential of the ATLAS experiment for narrow tt̄ resonances decaying in the semilep-

tonic channel, was studied as a function of the resonance mass.
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Measurements from Supersymmetric Events
Abstract
We review the techniques used to reconstruct the decay of supersymmetric par-

ticles and measure their properties with ATLAS at the LHC, concentrating on

strategies to be applied to a data set of integrated luminosity of 1 fb−1 that can

be expected after the first year of operation of the LHC. These techniques are

illustrated using several benchmark points chosen in the mSUGRA parameter

space, but they are applicable to a broader range of supersymmetric (and other

similar) models. The most appropriate methods will be selected and fine-tuned

once (and if) signatures consistent with Supersymmetry are established. Su-

persymmetric cascade decays typically have large transverse missing energy

due to the presence of undectected neutralinos, and have characteristic edges

and thresholds in the dilepton, dijet and lepton-jet invariant mass distributions.

The reconstruction of such edges is the focus of the first part of the paper. The

second part of the paper concentrates on the reconstruction of more specific de-

cay channels, involving light stops, staus and Higgs bosons. The final section

indicates how sparticle masses and other supersymmetric parameters could be

constrained using such measurements.

1 Introduction

Supersymmetry (SUSY) can be discovered by the ATLAS experiment at the LHC during the initial run-

ning period if some coloured sparticles have masses of the order hundreds of GeV and hence production

cross-sections of the order of a few pb. A strategy to establish SUSY discovery is outlined in another

paper in this collection [1], while here we concentrate on parameter measurements that can be performed

with the early data. The same particle identification conventions and selection criteria as in [2] are used

in this paper.

Once a signature consistent with Supersymmetry has been established, the experimental emphasis

will move on to measuring the sparticle mass spectrum and constraining the parameters of the model. In

the case of R-parity-conserving models, the decay chain of sparticles cannot be completely reconstructed,

as sparticles eventually decay into LSPs that can not be detected. For this reason edge positions, rather

than mass peaks, are measured in the invariant mass distribution of sparticle decay products. In R-parity-

violating models sparticles can have long lifetimes and can be detected by studying their decay in-flight

within the detector. These types of signatures are discussed in [3].

A complete coverage of all allowed SUSY models is impossible, so we limit this study to a subset

of the models where SUSY breaking is mediated by gravity (mSUGRA), and to the points in parameter

space described in [2], however the measurement techniques and fit methods developed can be adapted

for many models. During initial data-taking, the error on such measurements will be limited by statistics,

making measurements possible only for models with moderate (. 1 TeV) values of the SUSYmass scale

where enough events can be isolated. In this paper we study the cases of a total integrated luminosity

of 0.5 fb−1 for the “Low Mass” point (SU4) and of 1 fb−1 for the “Bulk” point (SU3), with the idea of

developing the experimental analyses which might be performed after the first year or so of data taking.

Some benchmark points require somewhat larger datasets in order to perform kinematic measurements;

as an example we show a measurement of the dilepton mass edges for the “Coannihilation” point (SU1)

with a dataset corresponding to 18 fb−1.

In sections 3 and 4 we study the decay chain:

q̃L→ χ̃02q(→ ℓ̃
±
ℓ
∓q)→ χ̃01 ℓ+

ℓ
−q (1)
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in events containing two opposite-sign isolated electrons or muons, hard jets and missing energy. Kine-

matic endpoints in the invariant mass spectra of lepton pairs and lepton+jet combinations are fitted and

used to derive relations between the masses of sparticles. In the case of first- and second-generation

squarks, it will often not be possible to experimentally determine squark flavour, so we define m q̃L to be

the average of the masses of the ũL and d̃L squarks, and mq̃R , the average mass of ũR and d̃R.

Events with tau leptons in the final state are studied in Section 5 and di-tau mass edges in the χ̃02
decay chain reconstructed. This signature is particularly important in the co-annihilation region where

the decay into tau stau pairs is favoured.

In Section 6 we analyse events with two hard jets and missing energy in order to to measure the jet

“stransverse mass”. This variable is sensitive to the mass of the right-handed squark in events where a

pair of squarks are produced, each decaying as:

q̃R→ qχ̃01 (2)

A kinematical edge depending on the mass of the light stop is reconstructed in Section 7 by exploiting

the decay:

g̃ → t̃1t → χ̃±

1 bt (3)

and reconstructing the tb invariant mass.
The reconstruction of the lightest Higgs bosons, produced by the χ̃02 decay followed by the Higgs

decay into a pair of b quarks, is investigated in Section 8. Simulations of the “Higgs” point (SU9) show
that if these decays are allowed, then the Standard Model Higgs boson may be initially detected as a

SUSY decay product rather than by signatures that involve its production via Standard Model processes.

In Section 9 the parameters measured in sections 3 to 8 are combined to extract information about the

SUSY model such as the sparticle mass spectrum and the mSUGRA parameters (under the hypothesis

that mSUGRA is realised).

All of these studies use a realistic detector geometry with residual misalignments, and all relevant

Standard Model backgrounds are taken into account, as are the trigger efficiencies. The reconstruction of

final state objects, the event selection criteria, the strategy used to simulate both signal and background

events, and the methods for estimating systematic uncertainties are common across all SUSY analyses

and are discussed in the introduction to this chapter [2].

2 Measurement of endpoints

The decay chain in Eq. (1) is particularly suited to measure the mass of SUSY particles, as the presence in

the final state of charged leptons, missing energy from the escaping neutralino and hadronic jets ensures

a large signal to background ratio. Thus, fit results are not very dependent on the precise measurement of

the Standard Model background. Although we discuss the reconstruction of edges and thresholds within

the mSUGRA framework, the same methodology can be applied to the large variety of SUSY models

where the q̃L decay channel in Eq. (1) is open. In the following we indicate with ℓ only electrons and

muons (with ℓ̃ being their superpartners) while τ leptons are indicated explicitly.
The endpoint in the di-lepton invariant mass distribution is a function of the masses of the particles

involved in the decay. If the sleptons are heavier than the χ̃02 then the decay proceeds through the three
body channel χ̃02 → χ̃01 ℓ+

ℓ
− as in the SU4 model. In this case, the distribution of the invariant mass of

the two leptons has a non-triangular shape described in [4, 5] with an endpoint equal to the difference of

the mass of the two neutralinos:

medge
ℓℓ

= mχ̃0
2

−mχ̃0
1

(4)
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If at least one of the sleptons is lighter than the χ̃02 then the two-body decay channel χ̃02 → ℓ̃±ℓ∓ →

χ̃01 ℓ+ℓ− dominates. The distribution of the invariant mass of the two leptons is triangular with an endpoint
at:

medge
ℓℓ

= mχ̃0
2

√

√

√

√1−

(

m
ℓ̃

mχ̃0
2

)2
√

1−

(mχ̃0
1

m
ℓ̃

)2

. (5)

For the SU3 point, where the ℓ̃R and the τ̃1 are lighter than the χ̃02 , such an endpoint is expected in the
ℓ+ℓ− (τ+τ−) distribution for medge

ℓℓ
= 100.2 GeV (medgeττ = 98.3 GeV). For the SU1 point both ℓ̃R and

ℓ̃L as well as τ̃1 and τ̃2 are lighter than χ̃02 , resulting in a double triangular distribution for the dilepton
invariant mass with two edges.

Measuring the dilepton endpoint allows us to establish a relationship between the masses of the two

lightest neutralinos and any sleptons that are lighter than the χ̃02 . For a determination of the masses of
all the particles involved in the decay chain Eq. (1), further mass distributions involving a jet are used:

mℓℓq, mthr
ℓℓq, mℓq(low) and mℓq(high). Since it is not possible to identify the quark from the q̃L decay, we

make the assumption that it generates one of the two highest pT jets in the event, as is normally the case
if the q̃L is much heavier than the χ̃02 . Hence only the two leading jets are considered. For the mℓℓq

distribution a maximum value of the distribution is expected so the jet giving the lowest mℓℓq value is

used. The mthr
ℓℓq distribution is defined by the additional constraint mℓℓ > medge

ℓℓ
/
√
2, giving a non-zero

threshold value [6, 7]. Since a minimum is sought, the jet giving the highest mℓℓq value is used in this

distribution. The distributions mℓq(low) and mℓq(high) are formed from the lower and higher mlq value of

each event using the same jet as for mℓℓq. Both distributions have well-defined endpoints.

The theoretical values of the kinematic threshold and endpoints listed above can be calculated using

the analytical expressions given in [6, 7]. The theoretical positions of the end points for the SU1, SU3

and SU4 models are summarised in Table 1.

Table 1: Value of the end points of the invariant mass distributions for the three benchmark points

considered in this section. For SU1 the two endpoints correspond to the two available decay chains of

the χ̃02 involving a right or left slepton.

Mass Distribution SU1 end point (GeV) SU3 end point (GeV) SU4 end point (GeV)

medge
ℓℓ

56.1, 97.9 100.2 53.6

medgeττ 77.7, 49.8 98.3 53.6

medge
ℓℓq 611, 611 501 340

mthr
ℓℓq 133, 235 249 168

mmaxlq(low) 180, 298 325 240

mmaxlq(high) 604, 581 418 340

Another advantage of the decay chain in 1 is the possibility of estimating both the SUSY combina-

torial background and the Standard Model background from the data with high accuracy. The technique,

known as flavoursubtraction, is based on the fact that the signal contains two opposite-sign same-flavour
(OSSF) leptons, while the background leptons come from different decay chains, which can be of the

same flavour or of different flavour with the same probability. The background thus cancels in the sub-

traction:

N(e+e−)/β +βN(µ+µ−)−N(e±µ∓) (6)

SUPERSYMMETRY – MEASUREMENTS FROM SUPERSYMMETRIC EVENTS
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where β = 0.86 is an efficiency correction factor equal to the ratio of the electron and muon reconstruc-
tion efficiencies. The value of β is taken from [8, 9], and is assumed in the following to be known with
an uncertainty of 10%.

3 Dilepton edges

3.1 Event Selection

Events with two or three isolated leptons (electrons or muons) with pT > 10 GeV and |η | < 2.5 are
selected. If two leptons are selected, they are required to have opposite signs. If three leptons are

present, the two opposite-sign combinations are considered and treated independently in the rest of the

analysis.

In order to select SUSY events and reject the Standard Model background it is necessary to require

the presence of energetic jets and missing energy. The variables used to discriminate SUSY from the

SM background are the transverse missing energy, the transverse momenta of the four leading jets, the

ratio between the transverse missing energy and the effective mass, and the transverse sphericity (ST ). In

order to optimise the cuts on these variables, the value of:

S ≡ (NOSSF−NOSDF)/
√

NOSSF+NOSDF (7)

is maximized for each SUSYpoint, where NOSSF and NOSDF are the number of same-flavour and different-
flavour lepton pairs respectively.

The S variable can be computed from collider data, since no Monte Carlo information is used. By
maximizing the value of S we are maximizing the selection efficiency for signal events while suppressing
the Standard Model and the SUSY combinatorial backgrounds.

In order to improve the sensitivity to the signal, only lepton pairs with an invariant mass mℓℓ <
medge

ℓℓ
+ 10 GeV are considered. Since the true value of the endpoint is a priori unknown, this choice

implies that the edge has already been observed, and that afterwards the selection cuts are optimised as

described here in order to improve the separation between signal and background and the measurement

of the endpoint. We are thus focusing here on determining selection cuts that would allow a precise

measurement of the endpoint with moderate statistics, rather than on finding the first evidence for an

excess of different-flavour lepton pairs or the first evidence for the presence of the edge.

In Table 2 the optimal selection resulting from the scan is shown. For all three points a 2-jet selection

is preferred, leaving out cuts on the third and fourth jets, on ST and on the ratio EmissT /Meff. For the
“Coannihilation” point (SU1) and the “Bulk” point (SU3) the S-value is found to be stable in an interval
around the maximum value. For the “Low Mass” point (SU4) the best S-value is found for the loosest
cut allowed by the available Monte Carlo samples. Hence even looser cuts may be preferred as far as the

value of S is concerned. The cuts on EmissT and the pT of leading jet are however required in order to
have a high trigger efficiency1.

The number of signal and background lepton pairs passing the selection cuts is shown in Table 3. All

numbers are for 1 fb−1. The main Standard Model background is always t t̄ accounting for about 95% of
the total background. The remaining background events are from W, Z and WW, WZ, ZZ production.

The background due to QCD jets is negligible. The fraction of SUSY events in the selected sample with

OSSF leptons is 59% for SU1, 77% for SU3, and 80% for SU4.
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Table 2: Results of the event-selection optimisation for the S-variable Eq. (7) for signal (s) and Standard
Model background (b) with range limit mℓℓ < medge

ℓℓ
+ 10 GeV, for SU1, SU3 and SU4 for 1 fb−1. The

best selection is shown.

pj1T pj2T pj3T pj4T EmissT EmissT /Meff ST sOSSF sOSDF bOSSF bOSDF S

SU1 200 150 - - 120 - - 120 64 69 53 5.1

SU3 180 100 - - 120 - - 615 149 93 92 15.1

SU4 100 50 - - 100 - - 3048 1574 411 419 19.9

Table 3: Number of lepton pairs passing the selection cuts optimized for the SUSY sample SU1 (above),

SU3 (middle) and SU4 (below), for 1 fb−1 of integrated luminosity. The contribution from t t̄ produc-
tion is indicated separately as it constitutes most of the Standard Model background. The remaining

background events are from W, Z and WW, WZ, ZZ production. The background due to QCD jets is

negligible.

Sample e+e− µ+µ− OSSF OSDF

SUSY SU1 56 88 144 84

Standard Model (tt̄) 35 (35) 65 (63) 101 (99) 72 (68)

SUSY SU3 274 371 645 178

Standard Model (tt̄) 76 (75) 120 (115) 196 (190) 172 (165)

SUSY SU4 1729 2670 4400 2856

Standard Model (tt̄) 392 (377) 688 (657) 1081 (1035) 1104 (1063)

3.2 Reconstruction of the dilepton edge

The distribution of the invariant mass of same-flavour and different-flavour lepton pairs is shown in

Fig. 1 for the SUSY benchmark points and backgrounds, after the selection cuts optimized for SU3 (left

plot) and SU4 (right plot), and for an integrated luminosity of 1 fb−1 and 0.5 fb−1 respectively. It can

be seen from regions where the signal does not contribute (i.e. for the Standard Model backgrounds

and for mℓℓ > medge
ℓℓ
for SUSY) that the different-flavour distributions are similar to the same-flavour

backgrounds.

The invariant mass distribution after flavour subtraction is shown in the left plot of Fig. 2 in the

presence of the SU3 signal and for an integrated luminosity of 1 fb−1. The distribution has been fitted

with a triangle smeared with a Gaussian. The value obtained for the endpoint is (99.7±1.4±0.3) GeV
where the first error is due to statistics and the second is the systematic error on the lepton energy scale

and on the β parameter [2]. This result is consistent with the true value of 100.2 GeV calculated from
Eq. (5).

The right plot of Fig. 2 shows the flavour-subtracted distribution in the presence of the SU4 signal for

an integrated luminosity of 0.5 fb−1. The fit was performed using the function from [5] which describes

the theoretical distribution for the 3-body decay in the limit of large slepton masses, smeared for the

experimental resolution. This function vanishes near the endpoint and is a better description of the true

distribution for SU4 than the triangle with a sharp edge. The endpoint from the fit is (52.7± 2.4±

1For this channel, both the lepton triggers and the trigger based on Emiss
T
may be relied upon. The latter are however less

efficient, and they would imply different pT thresholds for electrons and muons.
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Figure 1: Left: distribution of the invariant mass of same-flavour and different-flavour lepton pairs for

the SUSY benchmark points and backgrounds after the cuts optimized from data in presence of the SU3

signal (left), and the SU4 signal (right). The integrated luminosities are 1 fb−1 and 0.5 fb−1 respectively.
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Figure 2: Left: Distribution of invariant mass after flavour subtraction for the SU3 benchmark point with

an integrated luminosity of 1 fb−1. Right: the same distribution is shown for the SU4 benchmark point

and an integrated luminosity of 0.5 fb−1. The line histogram is the Standard Model contribution, while

the points are the sum of Standard Model and SUSY contributions. The fitting function is superimposed

and the expected position of the endpoint is indicated by a dashed line.

0.2) GeV, consistent with the theoretical endpoint of 53.6 GeV.
Since the true distribution will not be known for data, the distribution was also fitted with the smeared

triangle expected for the 2-body decay chain. This also gives a good χ 2 with an endpoint of (49.1±
1.5± 0.2) GeV. A larger integrated luminosity will be required to use the shape of the distribution to
discriminate between the two-body and the three-body decays.

In Fig. 3 the flavour-subtracted distribution of the dilepton mass is shown for the SU1 point at an

integrated luminosity of 1 fb−1 (left) and 18 fb−1 (right) 2. While there is already a clear excess of

SF-OF entries at 1 fb−1 , a very convincing edge structure cannot be located. At 18 fb−1 the two

edges are visible. A fit function consisting of a double triangle convoluted with a Gaussian, the latter

2Only 1 fb−1 of simulated Standard Model background was available. To scale the Standard Model contribution to higher

luminosities a probability density function for the m(ll) distribution was constructed by fitting a Landau function to the 1 fb−1

distribution, assuming statistically identical shapes for e+e−, µ+µ− and e±µ∓ and normalisation according to a β of 0.86. The
systematic uncertainty on the endpoint determination from this procedure was estimated to be a small fraction of the statistical

uncertainty.

SUPERSYMMETRY – MEASUREMENTS FROM SUPERSYMMETRIC EVENTS

1622



110 Paper 2

m(ll) [GeV]

0 20 40 60 80 100 120 140 160 180 200

-1
E

nt
rie

s 
/ 4

 G
eV

 / 
1 

fb

-5

0

5

10

15

ATLAS

 / ndf 2χ  25.08 / 26
Endpoint1  1.20± 55.76 
Norm1     241.2±  2125 
Endpoint2  1.31± 99.26 
Norm2     292.5±  2073 

m(ll) [GeV]

0 20 40 60 80 100 120 140 160 180 200

-1
E

nt
rie

s 
/ 4

 G
eV

 / 
18

 fb

-20

0

20

40

60

80

100

 / ndf 2χ  25.08 / 26
Endpoint1  1.20± 55.76 
Norm1     241.2±  2125 
Endpoint2  1.31± 99.26 
Norm2     292.5±  2073 

ATLAS

 / ndf 2χ  25.08 / 26
Endpoint1  1.20± 55.76 
Norm1     241.2±  2125 
Endpoint2  1.31± 99.26 
Norm2     292.5±  2073 

Figure 3: Distribution of invariant mass after flavour subtraction for the SU1 point and for an integrated

luminosity of 1 fb−1 (left) and 18 fb−1 (right). The points with error bars show SUSY plus Standard

Model, the solid histogram shows the Standard Model contribution alone. The fitted function is super-

imposed (right), the vertical lines indicate the theoretical endpoint values.

having a fixed width of 2 GeV, returns endpoint values of 55.8± 1.2± 0.2 GeV for the lower edge and

99.3± 1.3± 0.3 GeV for the upper edge, consistent with the true values of 56.1 and 97.9 GeV. As can

be seen from Fig. 3 (right) the mℓℓ distribution also contains a noticeable contribution from the leptonic

decay of Z bosons present in SUSY events. Even though the upper edge is located close to the Z mass,
adding a Z peak of fixed mass and width to the fit function only affects the endpoints at the 0.2-0.3 GeV
level. However the Z peak changes the normalisation of the upper triangle so for considerations of
couplings and branching ratios it should be included.

4 Leptons+Jets edges

In events selected for the dilepton analysis in the previous section, jets are added to construct further

distributions as described in Sect. 2. Additional selection cuts are applied to refine the distributions:

mℓℓ < medge
ℓℓ

+∆1 (all distributions) (8)

mℓℓq < medge
ℓℓq +∆2 (mℓq distributions) (9)

Here medge
ℓℓ
and medge

ℓℓq refer to experimental values found in this and the previous section. The value ∆1
is a small number, 10 (3.3) GeV for SU3 (SU4), to account for the fact that the edge stretches slightly

beyond the fitted endpoint. One can see from Fig. 1 that this cut should be very effective for SU4, but

much less so for SU3. The value ∆2 serves a similar purpose, but since the determination of medge
ℓℓq is less

reliable, a looser cut is used, 155 (37) GeV for SU3 (SU4).

The invariant mass distributions mℓℓq and mℓq are shown in Figures 4 and 5 for both the “Bulk” point

(SU3) and the “Low Mass” point (SU4) after efficiency-corrected flavour subtraction.

While the Standard Model background causes considerable bin-by-bin fluctuations for integrated lu-

minosities . 1 fb−1, the net contribution of entries beyond the endpoints is mainly due to combinatorics

from choosing the wrong jet in a true SUSY event. For the distributions where a clear tail is visible, a

straight line is assumed for the background, otherwise it is set to zero. (The statistics box of the plots

indicates which background hypothesis is used.) Since the tail is due to SUSY events, it will not be

known beforehand and a data-driven approach (not described here) would be required.

The lepton+jet distributions have shapes which depend on the sparticle masses [10]. Depending on

the sparticle spectrum, the edge region may contain non-trivial features such as experimentally unde-
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Figure 4: Efficiency-corrected flavour-subtracted distributions of mℓℓq (top) and mthr
ℓℓq (bottom) for SU3

(left) for 1 fb−1 and SU4 (right) with 0.5 fb−1 of integrated luminosity. The points with error bars show

SUSY plus Standard Model, the solid histogram shows the Standard Model contribution alone. The fitted

function is superimposed, the vertical line indicates the theoretical endpoint value.

tectable ‘feet’ containing very few events or vertical drops. For all the relevant distributions of two-body

scenarios, analytic formulas describing the shape in terms of the sparticle masses are known [11, 12].

With low statistics a straight-line fit is likely to give to give a sufficiently good description in many cases.

All the edges and thresholds were fitted with the following formula,

f (m) =
1√
2πσ

∫
exp

(

− (m−m′)2

2σ 2
)

max{A(m′−mEP),0} dm′ +max{a+bm,0} , (10)

where mEP represents the endpoint (or threshold), A is the slope of the signal distribution, while a and
b are the background parameters. The Gaussian smearing gives a smooth transition between the two
straight lines and mimics in a simple way the smearing of an edge due to mismeasurement of jet mo-

menta. The smearing parameter σ was fixed to 15 GeV. The fitted endpoint values were found not to be
very sensitive to the choice of σ in the range 0–20 GeV. Formℓℓq and the mℓq distributions the integration

range is (0, mEP). For the mthr
ℓℓq distribution the lower integration limit is mEP while some 100–200 GeV

above the upper fit range is a safe upper integration limit. The endpoints resulting from the fits to the

distributions in Figures 4 and 5 are summarised in Table 4.

For the “Bulk” point (SU3) the edges are found to be sufficiently well described by a straight line

in Eq. (10) for the signal region, however describing the background region by a straight line results in

large systematic uncertainties in the endpoint fit. In particular, the mℓℓq distribution does not have a clear

edge. Even though the mℓℓq cut in Eq. (9) removes a considerable amount of background for the mℓq(low)
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Figure 5: Efficiency-corrected flavour-subtracted distributions of mℓq(high) (top) and mℓq(low) (bottom) for

SU3 (left) with 1 fb−1 and SU4 (right) with 0.5 fb−1 of integrated luminosity. The points with error bars

show SUSY plus Standard Model, the solid histogram shows the Standard Model contribution alone.

The fitted function is superimposed, the vertical line indicates the theoretical endpoint value.

distribution there is still some background left for the mℓq(high) distribution. A systematic uncertainty is

assigned to account for the background estimation for both fits. In case of mℓq(low) a background-free fit

can be made resulting in a few GeV uncertainty. The mthr
ℓℓq distribution is expected to be concave, so a

systematic uncertainty is added in the estimation when fitting the threshold by a straight line fit.

For SU4, the mℓℓq and both of the mℓq distributions have edges which are well described by the fit

function Eq. (10). This is confirmed by the dominance of the statistical errors over the systematics ones.

The mthr
ℓℓq fit is more problematic resulting in somewhat larger errors. This could be expected since the

contributions from different-family and non-signal same-family peaks in this mass region, whereas they

are close to vanishing in the edge regions of the other distributions. Another reason (although probably

of less importance at 0.5 fb−1 ) is that the threshold edge is concave and only moderately well described

by a straight line.

While the fit values of medge
ℓℓq and mthr

ℓℓq are compatible with the theoretical values, the fitted mmaxlq(high)

and mmaxlq(low) are off by 2σ and 4σ , respectively. This comes from the fact that in SU4 the decay of χ̃02 is a
three-body decay. In such scenarios the mℓq distributions, and in particular mℓq(low) are often so sparsely

populated towards the high mass values that the endpoints are not experimentally deducible from the

edges. Note, however, that there is no hint from the χ 2 of the mℓq(low) fit that we are in such a situation.

This topic is discussed further in Sect. 9.1 where endpoint relations are inverted to give sparticle masses.
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Table 4: Endpoint positions for SU3 and SU4, in GeV. The first error is statistical, the second and third

are the systematic and the jet energy scale uncertainty, respectively. The theoretical values are also given

for ease of comparison to the left of the fitted values. The integrated luminosity assumed is 1 fb−1 for

SU3 and 0.5 fb−1 for SU4.

Endpoint SU3 truth SU3 measured SU4 truth SU4 measured

medge
ℓℓq 501 517±30±10±13 340 343±12±3±9

mthr
ℓℓq 249 265±17±15±7 168 161±36±20±4

mmaxlq(low) 325 333±6±6±8 240 201±9±3±5

mmaxlq(high) 418 445±11±11±11 340 320±8±3±8

5 Tau signatures

5.1 Determination of the di-tau endpoint position

The endpoint of the invariant mass distribution from two taus emerging from a χ̃02 decay,

χ̃02 → τ̃1τ → χ̃01τ±τ∓
, (11)

depends on the masses of the χ̃02 , the χ̃01 and the τ̃1, and therefore can contribute to the determination of
SUSY parameters.

Taus play an important role in scenarios like mSUGRA where χ̃02 is mostly wino, and therefore
preferentially couples to L-type sfermions. The large L-Rmixing in the stau sector significantly enhances
the branching ratio for the decay χ̃02 → τ̃±

1 τ∓ with respect to other leptons. In the scenarios SU1 and

SU3 studied here, for example, the branching ratio for the decays into taus is a factor of 10 larger than

for decays into electrons or muons. Since in many models (including mSUGRA) the τ̃1 is the lightest
slepton, for certain values of the SUSY parameters the only allowed two body decay is χ̃02 → τ̃τ as
χ̃02 → χ̃01h, χ̃02 → χ̃01Z, and χ̃02 → ẽe or µ̃µ are kinematically forbidden.
Finally, whereas mass information about χ̃01 and χ̃02 can often be obtained more precisely from χ̃02

decays into electrons and muons (if these decays are open), decays into taus are needed to probe the τ̃
mass parameters.

In contrast to χ̃02 decays into electrons or muons, the di-tau invariant mass spectrum does not have a
sharp endpoint at the maximum kinematic value. Due to the presence of neutrinos from the tau decays,

the mττ distribution (where mττ indicates the invariant mass of the visible decay products of the tau

pair) falls off smoothly below the maximum value given by either Eq. (4) or Eq. (5). Only hadronic tau

decays are considered for tau identification: the tracking-seeded reconstruction algorithm [13] is used

to reconstruct taus in the “Coannihilation” point (SU1), while the calorimeter-seeded algorithm [13] is

used for the “Bulk” point model (SU3). This choice is motivated by the higher efficiency of the former

in reconstructing the low pT taus that are present in the SU1 model.
The SU1 point also has a considerably lower cross-section than the SU3 point, so different selection

procedures are used to maximize the signal significance. For the SU3 point events are selected with two

taus, EmissT > 230 GeV, and at least four jets with pT greater than 220, 50, 50, 30 GeV respectively. For
the SU1 point the cut on EmissT is relaxed to 100 GeV and at least two jets with pT greater than 100 and
50 GeV respectively. In addition, an elliptical cut in the space of EmissT and the sum pT(1)+ pT(2) of the
two highest pT jets is applied to SU1. The semi-axes of the ellipse are 450 GeV for EmissT and 500 GeV

for the sum of jet pT. This cut exploits the anticorrelation between EmissT and (pT(1)+ pT(2)) which is
different for the signal and the Standard Model background.
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Figure 6: Invariant mass distribution of opposite-sign tau pairs with same-sign tau distribution subtracted,

for the SU1 (18 fb−1, left) and SU3 scenarios (1 fb−1, right). The dashed histogram in the left plot shows

the distribution at the generator level, while points show the reconstruction-level distribution.

The invariant mass distribution emerging after the above cuts are applied is shown in Figure 6 for the

SU1 and SU3 scenarios, where the corresponding distribution of two taus with the same sign of electric

charge is subtracted from tau pairs with opposite sign in order to reduce combinatorial background. This

is possible because uncorrelated and fake taus should arise about as often with the same charge as with

opposite charges. To decrease the SUSY background further, the two taus arising from the same decay

chain are required to have a maximum separation ∆R < 2 in the η-φ -plane.
The following log normal function with three parameters, inspired by [14], is used to fit the mττ

distribution:

f (x) =
p0
x
· exp

(

−
1

2p22
(ln(x)− p1)

2

)

(12)

This function does not contain the endpoint position explicitly, but approaches the x-axis asymptotically.

The endpoint is then derived from the inflection point mIP of the fit function:

mIP = exp

(

−
1

2
p22

(

3−

√

1+
4

p22

)

+ p1

)

(13)

using a Monte Carlo-based calibration procedure.

The inflection point obtained for 14 SU3-like models is plotted against the theoretical endpoint value

for each of these models. The SU3-like points are generated using the ATLAS fast simulation program

[15] and varying the masses of the χ̃02 , the τ̃1 and the χ̃01 separately, while keeping the other two masses
fixed. In Figure 7 the inflection point is plotted as a function of the endpoint mEP and fitted with a straight

line, yielding the following calibration function:

mIP = (0.47±0.02)mEP +(15±2) GeV (14)

The covariance between the slope and the axis intercept is −0.034 GeV.

The fit using function Eq. (12) for the SU1 and SU3 models is shown in Fig. 6 giving an inflection

point at mIP = 48±3 GeV and mIP = 62±8 GeV respectively, which translates into endpoints at mEP =
(70± 6.5stat± 5syst) GeV (SU1) and (102± 17stat± 5.5syst) GeV (SU3) using the calibration relation in
Eq. (14). The systematic uncertainty is dominated by the fitting procedure and is evaluated by changing

the binning and fit ranges. The effects of 1% and 5% jet energy scale uncertainies have been tested and

found to introduce an additional systematic uncertainty on the endpoint measurement well below 3%, so
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Figure 7: Calibration curve showing the relation between the position of the inflection point (measured

and fitted with function Eq. (12) after ATLFAST based detector simulation) and the endpoint (calculated

with equation Eq. (5)) of the di-tau mass distribution. The SU3 point is not included.

they are negligible compared to the systematic error introduced by the fitting procedure. The theoretical

expectation for the SU1 (SU3) endpoint is 78 GeV (98 GeV). The difference between the theoretical

and the extracted endpoint comes from the fitting and fit-calibration procedure rather than from detector

effects. As Fig. 6 (left) shows, the generator-level distribution of the visible products is close to the

reconstruction-level distribution and after fitting gives an endpoint value of 70 GeV for the SU1 scenario

which is the same as for the reconstructed distribution.

5.2 Impact of the tau polarization on the di-tau mass spectrum

The method discussed in the previous section assumes a fixed polarization of the two taus from the χ̃0
2 and

therefore neglects the effect of the polarization on the invariant mass spectra. However, the polarization

of the taus from the decay cascade can vary significantly between different SUSY models. Polarization

effects on the di-tau mass distribution are studied by simulating samples of events where the polarization

of the two taus from the decay Eq. (11) is allowed to vary. The ATLAS fast simulation program [15] is

used to simulate a data sample equivalent to 51 fb−1 of data.

Parity violation in weak interactions in conjunction with momentum and angular momentum conser-

vation leads to a correlation between the visible tau energy and the polarization of the tau. In case of the

decay τ−> ντ π−, since the pion is a scalar particle the neutrino spin is forced to be parallel to that of
the tau and therefore the fixed neutrino helicity determines the neutrino momentum direction. Thus, to

conserve momentum, the direction of the pion momentum is forced to be parallel or antiparallel to that of

the tau depending on the tau polarization. This leads to the pion getting a boost parallel or antiparallel to

the tau momentum resulting in harder and softer pions. This affects the di-tau mass spectrum, as shown

in Fig. 8. The curves in the plot are theoretical predictions from [16]. The invariant masses of taus with

left chirality (LL) are on average smaller than for right (RR) taus.
For decays via the vector mesons ρ and a1, the momentum of the vector meson has the same (oppo-

site) direction as in the case of pions for longitudinal (transverse) polarization of the vector meson.

Adding all hadronic tau decay modes finally yields the invariant mass distributions shown in Figure 8

for the chirality options LL, RR and LR/RL. The position of the trailing edge is clearly shifted for
different polarizations whereas the shape difference calculated in [16] is barely visible after detector
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Figure 8: Left: Di-tau invariant mass spectrum for τ → πντ decays as obtained from Monte Carlo truth

information together with the expectation from theory. Right: Di-tau invariant mass spectrum for all

hadronic decays after an ATLFAST based detector simulation. Both plots show the mass distributions

for the chirality states LL, RR and LR/RL.

As a consequence, the inflection point of the distribution is shifted due to polarization effects. The

maximum difference in the inflection point measurement ∆mIPA(RR−LL) has been found to be 7 GeV
which is comparable to the statistical error on the position of the inflection point presented in the previous

section. Without additional information on the tau polarization we might quickly reach a point where it

is not possible to improve the di-tau endpoint measurement. In this case the achievable precision for an

integrated luminosity of 1 fb−1 for the SU3 model is:

mmaxττ = 102±17stat±5.5syst±7pol

The uncertainty due to the polarization effects dominates over the other systematic uncertainties and

therefore needs special attention. A study of the different polarization dependencies of the decay kine-

matics for different decay modes of the tau might be helpful. As the emission direction of vector mesons

is opposite for longitudinal and transversal states the net effect is determined by the branching ratio into

the two states. It turns out that for the a1 there are as many longitudinal as transverse polarized whereas
for the ρ there are more longitudinal vector mesons, leading to different polarization dependencies.

6 q̃R pair reconstruction

Events where a pair of q̃R particles is produced, and where each decays through the process

q̃R→ χ̃01q (15)

lead to a characteristic signature with two high-pT jets and large EmissT from the escaping neutralinos. q̃R
pair production represents about 10% (5%) of the total SUSY production cross-section for the “Bulk”

point SU3 (“Low Mass” SU4). For both points (and more generally in most of mSUGRA parameter

space) the q̃R decays almost entirely through the process in Eq. (15).
Events with large EmissT and a pair of high-pT jets are selected by requiring:

• EmissT >max(200 GeV, 0.25Meff) and Meff > 500 GeV

• Two jets with pT >max(200 GeV,0.25Meff), |η | < 1 and ∆R > 1
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Table 5: The total event yield and the number of Standard Model background events satisfying selection

criteria for mT2 reconstruction, signal-to-background ratio and signal statistical significance. Only errors

from the detector systematic uncertainties are quoted.

Integrated luminosity (fb−1) Event yield Standard Model S/BSM S/
√
BSM

SU3 1.0 282 ± 20 18 14.7 ±1.1 62.2 ±4.7
SU4 0.5 258 ± 65 9 27.7 ±7.2 83.0 ±21.7

• No additional jet with pT >min(200 GeV, 0.15Meff)

• No isolated leptons and no jets tagged as b jets

• Transverse sphericity ST > 0.2

These selection cuts are tuned using the information from the event generation to select q̃R pair produc-
tion.

The systematic uncertainty originating from the jet and Emiss
T
energy scale and resolution [2] change

the event yield by 7% for the case of SU3 and by 25% for the case of SU4. The systematic effect on the

energy scale and resolution of leptons is negligible.

The total event yield and the number of Standard Model background events satisfying the selection

criteria for 1 fb−1 for SU3 and 0.50 fb−1 for SU4 are given in Table 5 together with the signal-to-

background ratio and the signal statistical significance.

To reconstruct the q̃R mass we use the the mT2 variable [2, 17, 18], sometimes referred to as “stran-

verse” mass. This variable uses the kinematic features of the q̃R decays to reconstruct mq̃R
3 making the

assumption that mχ̃0
1

is known from the measurements in Section 4. The mT2 distributions for the SU3

and SU4 points are shown in Figure 9. As is common for SUSY measurements, the distribution is ex-

pected to have an edge at mq̃R rather than a peak. A linear fit is applied to the right part of the distribution

to determine the edge position at 590±9(stat)+13

−6
(sys)GeV for SU3 and 421±17(stat)+10

−3
(sys)GeV for

SU4. This can be compared to the expected positions of mq̃R = 611 GeV for SU3 and mq̃R = 406 GeV
for SU4. The systematic error accounts for the choice of the fit limits as well as the jet energy scale

systematic.

7 Light stop signature

In the “Low Mass” benchmark point (SU4), the SUSY masses are all in the range m χ̃0
1

= 60 GeV< m <

mt̃2 = 445 GeV. The stop t̃1 is light (mt̃1 = 206 GeV) and always decays by t̃1→ χ̃±

1 b. A detailed analysis
of the phenomenology of this point can be found in [19].

At this SU4 benchmark point the light stop is produced in the gluino decay Eq. (3) which has a

branching ratio of 42%. Associated gluino production with a q̃L or q̃R followed by the decay in Eq. (3)
occurs in ∼ 18% of all SU4 events. In the decay Eq. (3) the final state tb invariant mass distribution has

3For the benchmark point considered here, the effect of the SUSY background (i.e. events other than the q̃R pair production
which pass the event selection) on the position of the edge is small. This has also been shown to be true for other benchmark

points [10]. However, the identification of the edge as a measurement of the q̃R mass may not hold for all the SUSY parameter
space.
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Figure 9: Fit of the sum of the reconstructed mT2 distributions in the selected SUSY and the remaining

Standard Model background events with 1 fb−1 for SU3 and 0.5 fb−1 for SU4.

the upper kinematic endpoint:

Mmax(tb) =

[

m2t +
m2t̃1−m2χ̃±

1

2m2t̃1

(

(m2g̃ −m2t̃1−m2t )+
√

(m2g̃ − (mt̃1−mt)2)(m2g̃ − (mt̃1 +mt)2)
)

]1/2

. (16)

With mg̃ = 413 GeV, mχ̃±
1

= 113 GeVand a top mass of 175 GeV, Eq. (16) gives

Mmax(tb) ∼ 300 GeV. (17)

The other significant decays at this benchmark point which lead to the same final state are:

g̃ → b̃1b → χ̃±

1 tb, (18)

g̃ → b̃1b → t̃1Wb → χ̃±

1 bbW, (19)

g̃ → b̃2b → χ̃±

1 tb, (20)

g̃ → b̃2b → t̃1Wb → χ̃±

1 bbW. (21)

The final states from the decays Eq. (19) and Eq. (21) are equivalent to the final state from the decay

Eq. (3) if the bW invariant mass is close to the top mass. Associated gluino production with left or

right squark followed by these decays occurs in 4% (Eq. (18)), 9% (Eq. (19)), 0.1% (Eq. (20)) and 0.9%

(Eq. (21)) of all SU4 events. Due to the small mass difference between g̃ and the b̃1 or b̃2, the final states
Eq. (18) and Eq. (19) can be suppressed by imposing a minimum cut on the pT of the b jet, while the final
states Eq. (20) and Eq. (21) are suppressed because b jets originating from the gluino decay g̃ → b̃2b are
on the average below the detection threshold.

In order to extract light stop signal from the g̃q̃ events where gluino decays to stop and top, the final
state tb invariant mass distribution in Eq. (3) is reconstructed for top quark decays into hadronic final
states only:

t →Wb → qqb (22)

making no assumptions about the χ̃±

1 decay modes which dominantly produce two additional light-quark

jets. The hardest jet in the event is assumed to be the light-quark jet originating from the decay of the

left or right squark produced in association with the gluino.

We select jets with pT> 20 GeVand |η |< 2.5. In this range the b-tagging efficiency is about 60% [1].
The event selection requires the following:

SUPERSYMMETRY – MEASUREMENTS FROM SUPERSYMMETRIC EVENTS

1631



119

• At least 5 jets in the event with pT > 30 GeV, where

– The hardest jet is a light-quark jet with pT > 100 GeV,

– 2 and only 2 jets are tagged as b jets and they have pT > 50 GeV and

– At least 2 of the light-quark jets have pT > 30 GeV

• EmissT > 150 GeV,Meff > 400 GeV, EmissT /Meff > 0.2

• ST > 0.1 .

Of the Standard Model backgrounds simulated, only events from our t t̄ and QCD samples satisfy
these selection criteria. NoW + jets or Z + jets events pass the cuts.
The dominant detector-performance systematic uncertainties come from the jet and EmissT energy

scale and resolution. Assuming that the uncertainties for 200 pb−1 are the same as for 100 pb−1, i.e.

10% uncertainties on the jet and EmissT energy scale and resolution [20], and including 5% uncertainty

on the b-tagging efficiency, the resulting systematic uncertainty in the number of selected events would
be ∼ 40% for SU4 and ∼ 50% for t t̄ .
The top-bottom invariant mass is reconstructed for events satisfying the selection criteria for the light

stop search:

• Excluding the hardest jet, all light-quark jets with pjetT > 30 GeV are combined into dijet pairs.

• All such pairs with invariant mass within the window |m j j −mW | < 15 GeV are combined with
each of the two b jets and the b j j combination with invariant mass closest to the top mass is
selected.

• The four-vectors of this dijet pair are rescaled such that m j j = mW and mb j j is recalculated and

accepted as top candidate if |mb j j −mtop| < 30 GeV.

• The same b j j combination is combined with the other b jet and mtb calculated, with the require-

ment that the angle between top and bottom be ∆R(t,b) < 2.

The W sideband method [21–23] is used to estimate SUSY combinatorial background originating
from supersymmetric processes in which jet pairs accidentally have an invariant mass within our W -
mass window, and so fakeW bosons. The sidebands used are the regions of dijet invariant mass 30 GeV
below and 30 GeV above ourW -mass window. The fakeW boson contribution to the mtb distribution is

evaluated as the average contribution of the jet pairs from theW sidebands after they have been scaled
linearly to theW mass zone and the procedure of mtb reconstruction has been repeated.

The numbers of signal and the remaining Standard Model background events, together with the total

event yield at 200 pb−1, are listed in Table 6. The mtb distribution reconstructed in signal events without

the subtraction of the SUSY combinatorial background and the SUSY combinatorial background itself

are plotted in Figure 10. The contribution of fakeW bosons in SU4 is higher than the number of events
remaining after subtraction.

The mtb distributions before and after the subtraction of the SUSY combinatorial background are

shown in Figure 10. The background-subtracted distirbution is fitted in order to extract the endpoint.

The resulting mtb distribution is fitted with a triangular function smeared with a Gaussian:

f (M) = A
∫ 1
−1

e−
(M−Mmax

√
1+x
2

)2

2σ2 dx+(a+bM),

where the kinematic endpoint, Mmax, and the smearing, σ , are two of the five fit parameters. The smear-
ing, σ , models the experimental resolution of the reconstructed mtb. The position of the upper kinematic
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Table 6: The number of signal and remaining Standard Model background events and the total event

yield at 200 pb−1. The last row gives the signal-to-background ratio. The errors quoted are from detector

sources of systematic uncertainty.

L = 200 pb−1 Initial selection |mb j j −mt| < 30 GeV ∆R(t,b) < 2

without with without with

W sub. W sub. W sub. W sub.
SU4 963 537 224 267 120

tt̄ 99 28 13 9 4

QCD 6 3 2 3 2

Total 1068 ± 426 568 ± 225 239 ± 95 279 ± 109 126 ± 50

SU4 / (tt̄ +QCD) 9.2 ± 4.1 17.3 ± 7.3 14.9 ± 6.3 22.3 ± 9.1 20.0 ± 8.3

endpoint obtained from the 5-parameter fit (Figure 10) is Mmax = 297± 9 GeV with σ = 28± 7 GeV
corresponding to ∼ 10% of theMmax value. The position of the upper kinematic endpoint obtained from
the 4 parameters fit is Mmax = 298± 6(stat)+16

−41
(sys) GeV with σ set to 10% of Mmax. The expected

value of mtb given by Eq. (17) is 300 GeV.
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Figure 10: Left: Reconstructed mtb distributions in signal and SUSY combinatorial background events.

Right: The 5 parameters fit of the sum of the reconstructed mtb distributions in signal and the remaining

Standard Model events after the subtraction of the SUSY combinatorial background; all at 200 pb−1.

8 Higgs signatures in SUSY events

In the context of supersymmetric models, Higgs bosons at the LHC can be produced in proton collisions

either through direct interaction of Standard Model particles, such as gluon-gluon fusion, or through the

decay of a supersymmetric particle produced in the initial interaction.

We will consider the possibility of observing the lightest CP-even h boson via the second mechanism.
In this case, a missing transverse energy signature, typical of R-parity conserving SUSY scenarios, can

be reconstructed in association with the Higgs boson and exploited to reduce the background, making it

possible to study the dominant decay channel h → bb̄, which is otherwise hidden by the enormous QCD
continuum.
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Within mSUGRA the most promising source of Higgs production is the decay of a second-lightest

neutralino. Indeed, χ̃0
2 → χ̃0

1h, if open, dominates the χ̃0
2 → χ̃0

1Z mode, because the two lightest neu-
tralinos are basically gauginos, so that the higgsino-gaugino-Higgs vertex is enhanced with respect to

the higgsino-higgsino-gauge one. However, if the sleptons are lighter than the χ̃0
2 , the decay channels

ℓ̃±ℓ∓ and ν̃ℓν̄ℓ open up, dominating the χ̃0
2 width. As a consequence, we expect that mSUGRA points

interesting for Higgs searches will not show a clear di-lepton signature. The benchmark point chosen for

this analysis is SU9, at which BR(χ̃0
2 → χ̃0

1h) ∼ 87%.
Exploiting the capabilities of the ATLAS detector in missing transverse energy measurement and b

tagging, the passage of weakly interacting particles may be revealed and a bb̄ pair with invariant mass
peaking around the Higgs mass can be reconstructed.

Standard Model events with similar signatures which are backgrounds for this analysis, include

events with neutrino production causing a genuine Emiss
T
signal and QCD events with fake Emiss

T
gen-

erated by instrumental effects. SUSY events can themselves constitute a background, as they contain

many b-jet candidates, both true and mistagged. These can be divided into two categories: SUSY cas-
cades without and with production of a Higgs decaying to bb̄. In the latter case potential signal events
may be incorrectly reconstructed as the selected bb̄ pair is not the one coming from the Higgs decay.
We will refer to the former type simply as “SUSY background” and to the latter as “combinatorial back-

ground”.

The following selection cuts are applied:

1. Emiss
T

> 300 GeV;

2. two light-flavoured jets with pT > 100 GeV;

3. two b jets with pT > 50 GeV;

4. no leptons with pT > 10 GeV.

The first two cuts are typical of SUSY analyses, while the pupose of the last cut is to suppress back-

grounds from tt̄ andW production.
When three or more b jets with transverse momentum greater than 50 GeV are found in a single event,

the second and third leading-pT b-jets are chosen as the candidate Higgs decay pair. This is because an
important source of b jets is the decay of a bottom squark to χ̃0

2 and b and sincemb̃−mχ̃0
2

∼ 500 GeV> mh

the sbottom daughters get more allowed phase space than the Higgs daughters and thus, in general, higher

pT.
In Figure 11 (left) the invariant mass of the selected b jet pairs is shown assuming 10 fb−1 of collected

luminosity. The shaded histogram corresponds to the sum of the Standard Model backgrounds, the

dashed and dotted lines are the SUSY and combinatorial backgrounds respectively. These last two,

together with the tt̄ production, are the most important backgrounds. The black curve is the result of
a least squares fit to a Gaussian function, representing the Higgs resonance, superimposed on a second

degree polynomial background. The estimated number of signal and background events is obtained by

counting the b pairs with invariant mass inside a ±25 GeV range around the fitted peak centre. The
signal significance, computed in the Gaussian approximation as the number of signal events over the

square root of the background, is about 14.

Table 7 summarises the expected event rates after the application of the selection cuts and after the

additional mass window request.

SUSY mass spectrum information is reconstructed in the SU9 model by studying the decay:

q̃L→ χ̃02q → χ̃01hq. (23)
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Figure 11: Invariant mass of the selected b-jet pairs (left) and invariant mass of the system consisting of
the Higgs plus the jet minimising mhq (right) for 10 fb

−1 of integrated luminosity.

Table 7: Summary of the number of expected SUSY and Standard Model events after the application of

the different selection cuts, for 10 fb−1 of integrated luminosity.

SU9 Signal Comb BG Susy BG

No cuts 11050 21950

Cut 1, 2, 3 356 946 908

Cut 4 230 449 433

±25 GeV mass window 179 76 76

Standard Model tt̄ Z W bb̄
Cut 1, 2, 3 133 12 22 43

Cut 4 53 8 10 21

±25 GeV mass window 11 2 4 4

As a consequence of two-body kinematics, the invariant mass of the Higgs-quark system shows both a

minimum and a maximum value, related to different combinations of the masses of the SUSY particles

involved.

The events passing the previous selection cuts, including the mass window cut, are also required to

have at least one b jet with pT > 100 GeV. Furthermore, a veto is imposed on additional b-tagged jets
with pT > 50 GeV. This will result in fewer signal events, but also in a reduced background contamina-

tion yielding a clear distribution shape, albeit with lower signal significance. As in Section 4 the quark

from the q̃L is expected to produce one of the two highest-pT jets and the two distributions mminhq and

mmaxhq are reconstructed using the jet that maximises and minimises the mhq value, respectively. Since

the background events will tend to concentrate toward low mass values, the mminhq (Figure 11, right) is

used to determine the mass upper limit mhq,edge. The mhq,threshold value can determined from the mminhq
distribution.

The mass edge value is obtained by fitting a triangular shape convolved with a Gaussian:

mhq,edge = 695±15 (stat)±3 (syst)±35 (JES),

to be compared to the true value of 732 GeV. The statistical uncertainty is the error on the fitted parameter,
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while the systematic comes from the parameter dependence on the fitting boundaries. An additional 5%

systematic error is expected from the jet energy scale (JES) uncertainty.

The mass threshold evaluation is more challenging, since background events tend to populate the low

mass region. For an integrated luminosity of 10 fb−1, it was not possible to fit to the mass distribution.

However, high-statistics studies performed with a fast simulation of the ATLAS detector show that a

mass threshold value could be extracted from 300 fb−1 of collected data, expected after 3 years of LHC

running at design luminosity.

9 Mass and parameters measurement

This section is devoted to the extraction of SUSY mass spectra and parameters from the measurements

described in the previous sections of this note. As an example, the mSUGRA benchmark points SU3

(with a luminosity of 1 fb−1) and SU4 (with 0.5 fb−1) are chosen to give a flavour of what might be

expected in the initial phase of the experiment in case of a rather optimistic SUSY scenario. The small

luminosity at this stage results in a limited number of available measurements and rather large uncertain-

ties. In such a situation only models with few parameters can be fitted. In Section 9.1 the masses of the

decay chain Eq. (1) are derived from the measurement of the kinematic endpoints described in Section 3

and 4. In Sections 9.2 to 9.4 the parameters of the mSUGRA model are derived instead.

9.1 Measurement of masses from SUSY decays

We use the information from the experimentally measured endpoints to extract the masses of the SUSY

particles. As described earlier in this paper, in many cases analytic expressions have been deduced for

the endpoints expressed in terms of the masses. Examples are shown in Eq. (4) and Eq. (5). If sufficient

endpoints are known, then the masses can be deduced. Here we use a numerical χ 2 minimization based
on the MINUIT package to extract the SUSY particle masses from a combination of endpoints. We

define the χ2 as

χ2 =
n

∑
k=1

(mmaxk − tmaxk (mχ̃0
1

,mχ̃0
2

,m
ℓ̃R

,mq̃L))
2

σ 2k
. (24)

For each of the n endpoint measurements, k, the quantities mmaxk and σk denote the fit value and its

uncertainty respectively. The tmax
k are the theoretical endpoint expressions [6, 10], which contain as

parameters the masses of the two lightest neutralinos, the scalar quark q̃L , and (for the two-body decay
chain only) the scalar lepton ℓ̃R . As a starting point for the fit the generated masses are used. The masses

are constrained to be positive in the fit and the mass hierarchies from the model input are enforced.

With the statistics expected for an integrated luminosity of 1 fb−1 (0.5 fb−1) for SU3 (SU4) we

observe instabilities in the fit. Depending on the fluctuation and precision of the endpoint measurements

the fit does not converge. Some of the measured endpoints have shown possible deviations from the

generated values of up to several standard deviations. Systematic effects to explain such discrepancies

are identified in earlier sections of this article. Significant deviations distort the results and also negatively

affect the fit convergence, especially in the presence of degenerate kinematic endpoint equations. We also

note large correlations (typically larger than 95%) among the fitted parameters. This is expected, since

the endpoints are most sensitive to mass differences. The correlations can also lead to difficulties with

convergence and result in larger uncertainties for the fitted masses.

To show a potential result with early data, we quote here the results from converging fits for both

the SU3 and SU4 points. We use the endpoints from the lepton+jets edges summarized in Table 4 and

the dilepton edge fit from Section 3 (99.7±1.4±0.3 GeV for SU3 and 52.7±2.4±0.3 GeV for SU4).

For the SU3 fit, all dilepton+jets edges are used. In the SU4-fit, we discard the mℓq(low) measurement

as it has been shown not to be very reliable and does not provide additional constraints in three-body
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Table 8: Resulting SUSY particle masses and mass differences within SU3 and SU4 from the χ 2 mini-
mization fit using the dilepton and lepton+jets edges. Shown are the measured masses mmeas and mass
differences ∆mmeas followed first by the parabolic errors as returned by MIGRAD and then by the jet
energy scale errors. When the measured parameter is anticorrelated with the jet energy scale variation,

this is indicated by a ∓ sign. The input Monte Carlo masses mMC and mass differences ∆mMC are also
shown. The integrated luminosity assumed is 1 fb−1 for SU3 and 0.5 fb−1 for SU4.

Observable SU3 mmeas SU3 mMC SU4 mmeas SU4 mMC
[GeV] [GeV] [GeV] [GeV]

mχ̃0
1

88±60∓2 118 62±126∓0.4 60

mχ̃0
2

189±60∓2 219 115±126∓0.4 114

mq̃ 614±91±11 634 406±180±9 416

m
ℓ̃

122±61∓2 155

Observable SU3 ∆mmeas SU3 ∆mMC SU4 ∆mmeas SU4 ∆mMC
[GeV] [GeV] [GeV] [GeV]

mχ̃0
2

−mχ̃0
1

100.6±1.9∓0.0 100.7 52.7±2.4∓0.0 53.6

mq̃ −mχ̃0
1

526±34±13 516.0 344±53±9 356

m
ℓ̃
−mχ̃0

1

34.2±3.8∓ 0.1 37.6

decay scenarios such as SU4. The mℓq(high) endpoint can be measured more reliably and its kinematic

expression only differs from the one of mℓq(low) by a constant factor. The di-tau edges are not used here.

The masses resulting from the χ 2 fit are shown in Table 8 (upper part). The parabolic errors are the
first errors shown in the table and the jet energy scale errors are the second. Asymmetric errors show

a large uncertainty on the positive side. The jet energy scale errors are determined by varying all the

endpoints along with their fully correlated jet energy scale uncertainties and refitting the masses. The

difference in the central values of the fit is taken as the jet energy scale uncertainty for Table 8. One can

see that the jet energy scale errors are small compared to the error on the masses, but might be relevant

to the mass difference measurements.

We note that a fit with SU3 kinematic assumptions applied to the SU4 endpoints also returns consis-

tent masses. The decision about the mass hierarchy would thus have to be based on additional information

from collider data. A possible source is the shape of the dilepton edge as discussed in Section 3.

Besides the masses we can also extract differences of SUSY particle masses. These are more directly

related to the endpoints and we expect to be able to determine them more reliably than the masses of

individual sparticles. For mass differences, a χ 2 similar to Eq. Eq. (24) is used, where the parameters are
written in terms of mass differences to the neutralino χ̃01 . We obtain the results shown in Table 8 (bottom
part).

We conclude that a first look at sparticle masses is possible with early data, although with large

uncertainties. Appropriate model assumptions and additional information will probably have to be used

to constrain the fits.

9.2 Observablesand fit assumptions

To demonstrate the feasibility of parameter determination with initial data, we show the constraints one

would obtain for our benchmark points if one assumed an mSUGRA framework.

The SUSY parameter-fitting package Fittino version 1.4.1 [24] is used, interfaced to a beta version

of SPheno3 [25] to perform the theoretical calculations for a given set of parameters.
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Figure 12: Two-dimensional Markov chain likelihood maps for mSUGRA parametersM0 andM1/2 (left)
as well as tanβ and A0 (right) for sign µ = +1, for benchmark point SU3, with integrated luminosity of

1 fb−1. The crosses indicate the actual values of the parameters for that benchmark point.

The fit is given the measurements presented in sections 3, 4 and 6. The lepton and the jet energy

scale uncertainties are each considered to be 100% correlated between measurements. Uncertainties on

the theoretical predictions are not taken into account. For illustration purposes an additional parame-

ter determination is performed where – following a prescription used in [26] – 1% (0.5%) uncertainty

on the theoretical calculation of the pole masses of coloured (un-coloured) sparticles is assumed. No

correlations between the theoretical uncertainties on the pole masses are considered.

9.3 Markov chain analysis

To obtain a first glimpse of the possible parameter space a Markov chain analysis is performed. With this

technique it is possible to efficiently sample from a large-dimensional parameter spaces. This allows us

to check whether there are several topologically disconnected parameter regions which are favoured by

the given measurements.

Figure 12 shows two-dimensional likelihood maps for M0 and M1/2 (left) as well as tanβ and A0
(right) for sign µ = +1 obtained for the given set of measurements. The plots demonstrate that for a

given sign µ preferred parameters are found around the true parameter points independent of the starting
point. No further preferred regions occur. For M0 and M1/2 a clearly preferred region is found around
the SU3 values of 100 GeV and 300 GeV, respectively. As expected, given the measurements used, the

determination of tanβ and A0 is more difficult. Nevertheless, here too the region around the nominal
SU3 values is the preferred one.

9.4 Parameter determination

In order to determine the derived central values of the parameters and their uncertainties, for each as-

sumption of the sign of µ a set of 500 toy fits are performed. For each fit the observables are smeared
using the full correlation matrix. Simulated annealing followed by a Minuit fit started with the best

parameter estimates from simulated annealing is subsequently run using the smeared observables. The

four-dimensional distribution of parameters obtained from the toy fits is used to derive the parameter

uncertainties and their correlations. Figure 13 shows the one-dimensional projections of parameter dis-

tributions for M0, M1/2, tanβ and A0. The mean and RMS values of the results of the fit are reported in
Table 9. As already indicated by the Markov chain analysis M0 and M1/2 can be derived reliably with

SUPERSYMMETRY – MEASUREMENTS FROM SUPERSYMMETRIC EVENTS

1638



126 Paper 2

uncertainties ± 9.3 GeV and ± 6.9 GeV (RMS of the toy fit results), respectively whereas for tanβ and
A0 only the order of magnitude can be derived from these measurements. The χ 2 distribution of the toy
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Figure 13: Distributions of the mSUGRA parameters obtained with the fits to pseudo-experiment results.

fits can be used to evaluate the toy fit performance. The observed mean χ 2 = 12.6± 0.2 for sign µ =
+1 is compatible with the expected value of Ndo f = 11. The solutions for the wrong assumption sign

µ = −1, also reported in Table 9, cannot however be ruled out as the observed mean χ 2 = 15.4±0.3 is

also acceptable.

10 Conclusions

If the supersymmetric partners of quarks and gluons exist at a moderate mass scale (. 1 TeV) they will

be abundantly produced in pp collisions at the LHC centre-of-mass energy of 14 TeV. In this scenario,
a few fb−1 of ATLAS data will allow the discovery of the new particles [1], once the commissioning of
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Table 9: Results of a fit of the mSUGRA parameters to the observables listed in Sections 3, 4 and 6 for

the SU3 point. The mean and RMS of the distribution of the results from the toy fits is reported. The two

possible assumptions for the digital parameter sign(µ) = +1 sign(µ) = ±1 have been used, resulting in

different preferred regions for the other parameters. The effect of different assumptions on theoretical

uncertainties is also shown.

Parameter SU3 value fitted value exp. unc.

sign(µ) = +1

tanβ 6 7.4 4.6

M0 100 GeV 98.5 GeV ±9.3 GeV

M1/2 300 GeV 317.7 GeV ±6.9 GeV

A0 −300 GeV 445 GeV ±408 GeV

sign(µ) = −1

tanβ 13.9 ±2.8

M0 104 GeV ±18 GeV

M1/2 309.6 GeV ±5.9 GeV

A0 489 GeV ±189 GeV

the detector has been completed and the Standard Model backgrounds have been well understood.

The next step after discovery will be to select specific supersymmetric decay chains to measure the

properties of the new particles. Here we have focused on those measurements that will be possible using

1 fb−1 of integrated luminosity. Specific benchmarks in parameter space have been used to demonstrate

the precision that can be expected from these measurements, but the same (or similar) techniques can be

applied to much of the SUSY parameter space accessible with early LHC data.

For the benchmark points considered, the most promising decay chain involves the leptonic decay

of the next-to-lightest neutralino (χ̃02 → χ̃0
1 ℓ

+
ℓ
−). The invariant mass of the two leptons shows a clear

kinematic maximum (Section 3) which could already be measured with a precision of a few per cent with

the limited data set considered. The combination of one or both leptons with the hardest jets in the event

would allow observation of several other kinematic minima and maxima (Section 4).

For high values of tanβ the decays into taus will be far more abundant than those involving electrons
or muons; the excellent performance expected for the identification and measurement of hadronic τ
decays in ATLASwill also allow observation of the dilepton edge in the τ +τ− invariant mass distribution
(Section 5).

The leptonic decays will not be the only channel for early measurements with supersymmetric de-

cays. The q̃R → qχ̃0
1 decay can be used to determine the q̃R mass (Section 6). The combination of

hadronically decaying top quarks and b-jets in supersymmetric events is also a promising possibility for
low-scale Supersymmetry with decay chains involving scalar top and bottom quarks, as shown by the

reconstruction of the edge of the tb invariant mass discussed in Section 7.
If the χ̃0

2 → χ̃0
1h decay is open, it will provide a substantial source of Higgs bosons. Since the

Standard Model backgrounds can be suppressed by the usual SUSY cuts, it will then become possible to

observe the h → bb̄ decay with moderate (5 fb−1) integrated luminosity (Section 8).
The different channels will provide complementary information about the SUSY mass phenomenol-

ogy. The various measurements will have to be combined to reconstruct the SUSY mass spectrum and

attempt to understand the SUSY-breaking mechanism. In Section 9 it is discussed how a selected set
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of early studies can be combined to obtain the first measurements of supersymmetric masses and of the

parameters of the mSUGRA model. With 1 fb−1 the reconstruction of part of the supersymmetric mass

spectrum will only be possible for favourable SUSY scenarios and with some assumptions about the

decay chains involved. Larger integrated luminosity will help to overcome these limitations, as more

measurements become possible and the precision of each increases.
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INTRODUCTION

The top quark is the heaviest of all known elemen-
tary particles. Since all other quarks have bound states
(mesons), it is quite natural to expect that the top quark
has a bound state which has not been discovered. There
are several theoretical models predicting the existence

of sufficiently heavy resonances decaying into the 
pair. For example, in the framework of the Standard
Model (SM), it is the Higgs boson 

 

H

 

 with a large mass,
which can decay into the top–antitop pair.

However, the probability of SM Higgs boson decay

 

H

 

 to the  pair is relatively low. For example, for the

Higgs boson with a mass of 500 GeV/

 

c

 

2

 

 and a width of

~60 GeV/

 

c

 

2

 

, the branching Br(

 

H

 

  ) is ~0.17 [1–
3]. Nonetheless, the probability of heavy resonance
decaying to the top–antitop quark pair is increased in
theoretical models beyond the Standard Model, such as
the Technicolor model [1] and some other models with
a strong violation of electroweak symmetry [4, 5].
Moreover, if SM is extended by additional gauge sym-
metries or is embedded in the large gauge group, as a
rule, there are new heavy electrically neutral gauge
bosons (the so called 

 

Z

 

' bosons). These neutral bosons
are mixed with the SM 

 

Z

 

0

 

 boson and contribute to all
processes which take place via weak neutral currents.
The fact that these contributions have not yet been dis-
covered imposes the constraints on the mass of the 

 

Z

 

'
boson and the parameters of 

 

Z

 

' – 

 

Z

 

0

 

 mixing. Usually,
experimentally resolvable masses for 

 

Z

 

' bosons are
rather large. The recent results of the CDF collabora-
tion showed with a confidence level of 95% that the 

 

Z

 

'
boson mass should be larger than 850 GeV/

 

c

 

2

 

 [6, 7].

The maximum energy that can be achieved in the
center of a mass system in the near future is 14 TeV at

tt

tt

tt

 

the Large Hadron Collider (LHC) at CERN. On the one
hand, these high energies reveal the capability of the
direct production of heavy resonances with invariant

masses much larger than 850 GeV/

 

c

 

2

 

, but, on the other
hand, the cross section of “direct” production of top–
antitop quark pair (

 

σ

 

 ~ 833 pb), which is the back-
ground event, is increased considerably in this case [1].
Here, the estimation of the minimum cross section nec-

essary for detecting  resonance (denoted by 

 

Z

 

' for cer-

tainty) of different mass at the confidence level 5

 

σ

 

 with

account of the background from direct  pair produc-

tion is presented. Only the lepton + jets (electrons or

muons) channel of the  pair decay is considered (see

Section 1).

1. RESEARCH IN LONG-TERM PERSPECTIVE 
(WITH 

 

b

 

-TAGGING)

 

Z

 

' resonances with masses of  = 700, 1000,

1500, 2000, and 3000 GeV/

 

c

 

2

 

 and widths of 2.3% of the
mass decaying into the top–antitop pair were studied.
The resonance production was calculated using the
event generator PYTHIA [8] without taking into

account the possible interference with the 

 

Z

 

0

 

 or 

 

γ

 

*

bosons. The background process of the direct  pair

production (

 

pp

 

  ) was generated using the gener-

ator MC@NLO [9]. The proton structure function was
described by the function CTEQ6 [10].

Since the value of the Cabbibo–Kobayashi–
Maskawa (CKM) matrix element 

 

|

 

V

 

tb

 

|

 

 ~ 1, almost 100%

of the top quark decays occur in the mode 

 

W

 

 + 

 

b

 

 quark.

tt

tt

tt

MZ '

gen

tt

tt
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The width of this top quark decay channel has the
form [11]

(1)

where 

 

M

 

W

 

 is the 

 

W

 

 boson mass, 

 

G

 

F

 

 is the Fermi con-
stant, 

 

m

 

t

 

 is the top quark mass, 

 

α

 

s

 

 is the strong interac-
tion coupling. Thus, the space–time signature of the

decay of the top–antitop pair produced in 

 

pp

 

 ( ) col-
lisions is significantly determined by the decays of two

 

W

 

 bosons which in turn can decay both in the lepton
channel (

 

W

 

  

 

l

 

ν

 

), which makes up approximately
33% of all decays with account of the contribution of
tau-lepton pair, and the hadronic channel (

 

W

 

  

 

qq

 

')

responsible for approximately 67% of all  pair
decays. The top–antitop pair decay mode, in which one
of the 

 

W

 

 bosons is decayed in the lepton channel and

the other one in the hadronic channel,  

  , is called the “lepton +
jets” mode (see Fig. 1). It makes up approximately
43.5% of all top–antitop pair decays. The decay prod-

ucts in this mode are the  quark pair, one charged
lepton, and the pair of light quarks (i.e., quarks with the
mass smaller than the 

 

b

 

 quark mass). About 46.2% of
all top–antitop pairs are decayed in the “multijet” chan-

nel,     , when both 

 

W

 

bosons yield the quark–antiquark pair. The remaining
10.3% of decays fall in the dilepton channel when both

 

W

 

 bosons are decayed in the lepton channel. As a result,

there are two charged leptons and the  quark pair,

     [12].

Only the lepton + jets channel of the top–antitop
quark pair decay was used in analysis; for this channel,
the event was separated both using the “old” criteria
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used in the previous work [13] and the “new,” less
severe, criteria of event selection. The “old” criteria are
(1) the event should contain one isolated lepton with
pT > 20 GeV/c in the pseudorapidity range |η| < 2.5;
(2) the missing transverse energy in the event should

satisfy the condition  > 20 GeV; (3) there should

be four or more hadronic jets with ET ≥ 40 GeV in the
pseudorapidity interval |η| < 2.5 in the event (two of
these jets should be b jets).

The “new” criteria are (1) in pseudorapidity range
|η | < 2.5 of the event there should be one isolated
electron with pT > 25 GeV/c or an isolated muon with
pT > 20 GeV/c; (2) the missing transverse energy in the

event should satisfy the condition  > 20 GeV;

(3) there should be four or more hadronic jets with ET ≥
30 GeV in the pseudorapidity interval |η| < 2.5 (two of
these jets should be b jets).

Due to these selection criteria, the main background

process for the studied  resonance becomes the SM

 pair. The other sources of the physical background,
where pp  W + jets dominate, become negligible.

As was already noted, the search for the Z' reso-

nance decaying to the  pair was performed based on
lepton + jets events. The objective of the analysis was
reconstruction of the peak in the invariant mass spec-

trum of the  pair corresponding to the sought Z' reso-
nance.

Upon reconstructing the invariant mass of  pair,
the invariant masses of W boson and the t quark

decayed in the hadronic channel (t  Wb  )
were reconstructed, followed by the invariant masses of
t quark decayed in the lepton channel (t  Wb 
lνlb). From two or more hadronic jets which were not
reconstructed as b jets, the combination of two jets
whose invariant mass was the closest to the generated

value of the W boson mass (  = 80.4 GeV/c2) was

chosen. It is necessary to choose the combination of the
hadronic W boson and one of the two b jets to recon-
struct the hadronic top quark. Three methods for select-
ing this combination were considered: the combination
providing the largest transverse momentum of the
reconstructed top quark, the combination with the
invariant mass closest to the generated t quark mass

(  = 175 GeV/c2), and the combination with the

smallest value of ∆R = . Figure 2a
shows the invariant mass of the hadronic t quark recon-
structed using three methods after applying the “old”
and “new” event selection criteria for different Z' boson

masses (the value of the  resonance mass 350 GeV/c2

was used to denote the reconstructed t quark masses in
background events). The efficiency of reconstructing
the hadronic top quark can be increased by introducing
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Fig. 1. “Lepton + jets” decay channel of top–antitop pair.
Only electron and muon are accepted as leptons.
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the additional condition on the mass of the hadronic W

boson, |Mjj – 80.4| < 30 GeV/c2 (see Fig. 2b).

Since, on average, the values of the reconstructed
mass of the hadronic top quark after applying the “old”
selection criteria without the requirement |Mjj – 80.4| <

30 GeV/c2 are closer to  = 175 GeV/c2, this recon-

struction method was chosen for further analysis.

The next step is reconstructing the lepton t quark;
however, because there is only information on the miss-
ing transverse energy in the event, the following
assumption is made for reconstruction: all missing
energy is the consequence of the non-detected neutrino

in the W boson decay (W  lνl), i.e.,  ≡ .

Thus, by solving the quadratic equation MW = 80.4 =

 with respect to , we either

obtain no solution, then the event is rejected or we
obtain two solutions, and then the combination of the
lepton W boson and the second b jet with the closest
value of the invariant mass to the generated value is
chosen.

M top

gen

ET

miss
PT

ν

El Eνl
+( )

2
pl pνl

+( )– pνl

z

Since the transverse momenta of top quarks from

the decay of  resonance are higher than the transverse

momenta of top quarks in direct  pair production, the
additional criterion on the transverse momentum of the

hadronic t quark [13] (  > 200, 250, 300, 350, and

450 GeV/c for the resonances with the masses 700,
1000, 1500, 2000, and 3000 GeV/c2, respectively) can
be used for background suppression. The ratio of the

reconstructed invariant mass of  resonance and the
generated value as a function of the generated values is
shown in Fig. 3a. In Fig. 3b, the resolution of the recon-

structed  resonance as a function of its mass is shown.
It is seen clearly that the application of the criterion on
the transverse momentum of the hadronic top quark
makes the reconstructed value of the invariant mass of
the Z' boson closer to the generated value and improves
its resolution.

The calculation of the minimum cross section nec-

essary for detecting  resonance in the lepton + jets
decay channel was performed using the formula

(2)

where σbkg is the cross section of the direct  pair pro-
duction, L is the assumed integral luminosity of the
accelerator, and �bkg and �sig are the efficiencies of event
selection criteria and additional condition on the trans-
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Fig. 2. (a) Hadronic top quark reconstructed using three
methods after the application of “old” and “new” event selec-

tion criteria depending on the  resonance mass (the value

of Z' mass equal to 350 GeV/c2 corresponds to the results

obtained for the background, direct  pair production;

(b) reconstructed invariant mass of hadronic top quark after
application of “old” event selection criteria (dark squares)
with and (light squares) without the additional condition on

the mass of hadronic W boson (|Mjj – 80.4| < 30 GeV/c2).
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verse momentum of the hadronic top quark within

 ± .

Figure 4 shows minimum cross sections (2), which
are necessary for reaching the confidence level 5σ for
different values of the assumed integral luminosity of
the accelerator depending on the Z' boson mass. For
example, it is seen that, for an integral LHC luminosity

of 300 fb–1, the Z' resonance with a mass of 2 TeV/c2

MZ '

rec
2σZ '

rec

could be detected if its production cross section
exceeds 0.1 pb.

2. RESEARCH IN SHORT-TERM PERSPECTIVE 
(WITHOUT B-TAGGING)

As a rule, at the early stage of operation of an exper-
imental setup, it is practically impossible to determine
whether the hadronic jet was initiated by b quark or not;
however, in this case it is possible to reconstruct had-
ronic jets. Naturally, the selection criteria of the lepton
+ jets event change:

(1) in the event, there should be one isolated lep-
ton with pT > 20 GeV/c in the pseudorapidity interval
|η | < 2.5;

(2) the missing transverse energy in the event should

satisfy the condition  > 20 GeV;

(3) there should be four hadronic jets in the event
with a maximum transverse energy and ET ≥ 40 GeV in
the pseudorapidity interval |η| < 2.5.

The lepton W boson in this case is reconstructed
similar to Section 1. After that, in order to reconstruct
the lepton t quark and hadronic W boson and t quark it
is necessary to choose the combination of four hadronic

jets (12 possible combinations) and two values of .

The combination assumed to be correct was the one
yielding the minimum value of the quantity |χ2/ndf – 1|,
where ndf = 12 and χ2 was calculated using the follow-
ing expression:

(3)

Further, after reconstructing the invariant mass of Z'
boson, the additional condition on the transverse
momentum of the hadronic top quark was imposed. The
obtained ratios of the reconstructed invariant mass of
the resonance and the generated value dependent on the
generated Z' mass are shown in Fig. 5a. Figure 5b
shows the dependence of the resolution of the recon-

structed  resonance on its mass. After the addi-
tional condition on the transverse momentum of the
hadronic top quark was imposed, the invariant mass
of the resonance and the resolution were, on average,
reconstructed better than without this additional con-
dition.

The minimum cross section of  resonance produc-
tion calculated using expression (2) as a function of the
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Fig. 4. Minimum cross section of Z' resonance production
necessary for confidence level 5σ in lepton + jets channel as

a function of  resonance mass for different assumed inte-

gral luminosity of the accelerator.
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resonance mass for different values of the assumed
integral luminosity of the accelerator is shown in Fig. 6.

CONCLUSIONS

In this work, the possibility of detecting the heavy

 resonance at LHC was estimated. The electrically
neutral gauge Z' boson with masses 700, 1000, 1500,
2000, and 3000 GeV/c2 and a width of 2.3% its mass
was chosen as the example. The lepton + jets channel of

the  pair decay was chosen for the search and recon-
struction of the invariant mass of the resonance; in this
case, the main background process was the direct pro-
duction of top–antitop pair, the other sources of back-
ground processes make insignificant contributions.
Moreover, the new additional criterion on the trans-
verse momentum of the “hadronic” t quark was
applied; this criterion made it possible to improve the
reconstruction accuracy for the resonance invariant

mass. The minimum cross section of  resonance pro-

tt

tt

tt

duction, which makes its detection possible in the lep-
ton + jets channel with a confidence level of 5σ for
different values of integral luminosity both with and
without b-tagging, was estimated. It is seen (e.g.,
from Fig. 6) that at LHC integral luminosity 10 fb–1,
Z' resonance with a mass of 2 TeV/c2 could be detected
if the production cross section exceeds 0.7 pb/c2.
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