
A
TL

-P
H

Y
S-

PR
O

C
-2

00
8-

05
6

13
N

ov
em

be
r

20
08

Hadron Collider Physics Symposium (HCP2008), Galena, Illinois, USA

Top Quark Physics at the LHC
Akira Shibata on behalf of the ATLAS and CMS Collaborations
New York University, 4 Washington Place, NY 10012, USA

An overview of the prospects of top quark physics at the LHC is presented. The ATLAS and the CMS detectors are

about to produce a large amount of data with high top quark contents from the LHC proton-proton collisions. A

wide variety of physics analyses is planned in both experiments, and a number of useful insights have already been

obtained regarding their detector performance and physics potential. This summary is based on the talk presented at

the Hadron Collider Physics Symposium 2008, Galena, Illinois, May 27-31, 2008.

1. Introduction

1.1. Top Physics timeline at the LHC

Even though its existence was predicted a few decades ago, and its discovery was made more than a decade ago,
the top quark still plays a major role in the forefront of the experimental and theoretical challenges of high energy
physics. At the LHC, the importance of the top quark can be recognized in a number of perspectives over the lifetime
of the accelerator and the general purpose detectors on the ring, ATLAS and CMS. They are planned to commence
operation later this year. In the past years, the two collaborations studied various aspects of the top quark physics
using Monte Carlo event generators and detector simulation, not only testing the existing analysis methods developed
at the Tevatron experiments, but suggesting a number of new ideas that have shown to be relevant and feasible at
the LHC. This paper provides a brief review of these analyses and shows how they fit together in each phase of
data-taking operation. The results were collected mainly from the Computing System Commissioning analysis in the
ATLAS experiment [1, 2] and the Technical Design Report from CMS [3, 4] with updates where available.

1.2. Top physics: topics of interest and constraints at the LHC

There is a wide variety of accessible top physics topics that are of interest to experimentalists and theorists, using
the LHC data. Some of them are illustrated in Figure 1. The production mechanism of the top quark at the highest
energy regime of our reach is of the primary interest to us. The measurement of the total production cross-section
will enable us to distinguish a number of theoretical predictions by itself. Using additional variables and studying
differential cross-sections, we can further study the nature of the production vertex to search for existence of resonant
structure or anomalous couplings. The properties of the top quark itself need to be measured as well. This includes
mass, width, spin, charge and couplings to other particles including the Yukawa coupling to the Higgs boson. The
top quark decays almost exclusively to a W boson and a b quark, though with a good amount of data we can probe
the precise nature of the |Vtb| vertex and possibly an existence of rare decays. On the other hand, extracting such
measurements is a challenging endeavor: events produced at hadron colliders are known to have a high multiplicity.
Understanding the beam luminosity can be a tricky task. At high luminosity, estimation of pile-up will become a
primary concern. The contribution of non perturbative QCD processes to the observed events has large uncertainties
too. The parton contents of the beam (PDF), the amount of initial state radiation (ISR) and of the accompanying
underlying event have to be taken into account and understood before the experiments can carry out precision
measurements.

Several experimental uncertainties affect the reconstruction of the events: a sound measurement of the jet energies
can only be achieved after extensive calibration efforts. The missing transverse energy (Emiss

T ) measurement requires
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Figure 1: Diagrams illustrating the theoretical interests (left) and the experimental issues (right) related to top quark physics.

The arrows indicate connection between the topics and the objects within tt̄ events.

a global understanding of the detector. Care needs to be taken to avoid possible bias from trigger requirements to
the measured quantities. In addition, the understanding of the b-tagging performance is a complex task in itself and
can be affected by theoretical issues such as the b-fragmentation too.

During the lifetime of the experiment the analysis methods will evolve: early data analysis will use the most reliable
information only. At this point known physics processes can be used to calibrate and better understand the detector
in order to be able to perform more complex analyses. This applies to the case of top quark physics: its observation
will be challenging since it typically requires jets and Emiss

T , however once observed, the tt̄ event topology has a
number of applications that will help us understanding the detector.

1.3. Tevatron and the LHC

The LHC is literally a top factory. Its large center-of-mass energy,
√
s = 14 TeV, will yield the tt̄ production

cross-section of 833 pb, larger than at the Tevatron,
√
s = 1.96 TeV, by a factor of ∼100. The design luminosity of

the LHC is also a factor of 100 larger than the Tevatron luminosity, so statistics will quickly become a non-issue for
many top quark measurements. At its design luminosity, one tt̄ pair is produced almost every second at the LHC as
opposed to 10 pairs per day at the Tevatron.

In addition to the production rate, the tt̄ production mechanism differs significantly. The proton-antiproton
collisions at the Tevatron produce tt̄ pairs predominantly (85% of the cases) through quark-antiquark annihilation,
while the majority of the tt̄ production at the LHC (90% of the cases) is due to gluon-gluon fusion. At the LHC, the
PDF uncertainty for gluon-gluon fusion process is much smaller than at the Tevatron while qq̄ processes entail larger
uncertainty. The total uncertainty on the tt̄ cross-section due to PDF is estimated to be smaller at the LHC [5, 6].

1.4. ATLAS and CMS

The ATLAS and the CMS detectors were built primarily to discover the Higgs boson. Luckily, the energy scale for
their performance optimization is highly desirable for top quark observation as well. The design of the two detectors
is similar in that they have a cylindrical structure with inner tracking detectors, calorimeters, and muon systems



Figure 1: Top production processes: gluon-gluon scattering diagrams (a)and b)) and quark-
quark scattering diagram c).

Thus, the quarks from W-boson decay can be considered as a clean source of light quarks.
From an experimental point of view, one can characterise the top quark decay by the number of Ws

that decay leptonically. The following signatures can be identified:

• Fully leptonic: represents about 1/9 of the tt̄. Both W-bosons decay into a lepton-neutrino pair, re-
sulting in an event with two charged leptons, two neutrinos and two b-jets. This mode is identified
by requiring two high pT leptons and the presence of missing ET , and allows a clean sample of
top events to be obtained. However, this sample has limited use in probing the top reconstruction
capability of the ATLAS experiment, due to the two neutrinos escaping detection.

• Fully hadronic: represents about 4/9 of all the tt̄ decays. Both Ws decay hadronically, which gives
6 jets in the event: two b-jets from the top decay and four light jets from the W boson decay. In this
case, we do not have a high pT lepton to trigger, and the signal is not easily distinguishable from
the abundant SM QCD multi-jets production, which is expected to be order of magnitudes bigger
than the signal. Another challenging point of this signature is the presence of a high combinatorial
background when reconstructing the top mass.

• Semi-leptonic: Again, about 4/9 of the whole decays. The presence of a single high pT lepton
allows to suppress the SM W+jets and QCD background. The pT of the neutrino can be recon-
structed as it is the only source of missing ET for signal events. This is the most useful channel at
ATLAS.

3 Single Top Production

In the Standard Model single-top production is due to three different mechanisms: (a) W-boson and
gluon fusion mode, which includes the t-channel contribution and is referred to as t-channel or Wg as a
whole (b) associated production of a top quark and a W-boson, denoted Wt and (c) s-channel production
coming from the exchange of a charged boson W∗. The corresponding diagrams are shown in Fig. 2.
We note however that these definitions are valid only at leading order (LO): next to leading order (NLO)
calculations may introduce diagrams which cannot be categorised so unambiguously. The total NLO
cross-section amounts to about 320 pb at the LHC. Among those channels, the dominant contribution
comes from the t-channel processes, which account for about 250 pb; the Wt contribution amounts to
about 60 pb while the s-channel W ∗ mode is expected with a cross-section of about 10 pb [2] [3].

In the following notes, when discussing the analysis strategy in the s- and t-channels, we will use

4

Figure 2: Some of the main tt̄ production diagrams. Gluon-gluon fusion diagrams (left two) are the main production mode at

the LHC while the quark-antiquark annihilation (right) is dominant at the Tevatron.

with superconducting magnets in between. Many sub-detectors are currently being commissioned and calibrated
with cosmic ray muons.

In addition to detector commissioning, the commissioning of the computing facility is an ongoing effort in both
collaborations.

1.5. The LHC expectations in the first year

According to the current schedule, the LHC accelerator will start operation in 2009 with center-of-mass energy less
than the design beam energy (such as 5 TeV + 5 TeV) to avoid time-consuming commissioning required to achieve
energy above 5.5 TeV. The initial luminosity will be lower than the design luminosity by a factor of 1000. The lower
beam energy means that the tt̄ cross-section will be reduced by half. This applies roughly to all background processes
as well. Even with 3 months of uninterrupted data-taking, the integrated luminosity will be less than 100 pb−1. The
number of tt̄ events will therefore be less than 40,000 in the first year of operation. The changes in the initial beam
parameters were determined only shortly before this review was compiled. All studies presented here assume the
design beam energy.

2. Early data analysis - Physics commissioning and first measurements

As explained earlier, at the beginning of the data taking the detector performance will need to be understood
and therefore the top quark observation will not be the first measurement to be done at the LHC. However, the
first observation of the top quark will be an important milestone indicating that physics analysis environment is
well established. Thus, a number of analyses are in preparation aiming for the top observation with the initial data,
followed by cross-section measurements.

2.1. Dilepton channel
4 4 Results
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Figure 2: The expected number of dilepton events in 10 pb−1 as a function of jet multiplicity
in ee (top left), µµ (top right), eµ (bottom left), and all channels combined (bottom right). The
figures show contributions from tt̄ (yellow), WW (red), WZ (dark blue), ZZ (green), W+jets
(gray), DY→ ττ (black), DY→ ee (magenta), and DY→ µµ (cyan).

• As anticipated, the ee and µµ channels suffer from backgrounds of order 20% coming
from DY+jets.

• In all channels, but particularly in the eµ channel, events with two or more jets are
dominated by contribution from tt̄.

• The expected event yields are such that the statistical uncertainty on a cross section
measurement in 10 pb−1 will be of order 10%.

• The W+jets background is small. It consists mostly of events with a muon or an
electron from the W boson decay and a fake electron. The rate for these events can be
reduced by improvements in the event selection. For example, the current electron
isolation criteria require isolation in the tracker but not in the calorimeter; algorithms
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Figure 2: The expected number of dilepton events in 10 pb−1 as a function of jet multiplicity
in ee (top left), µµ (top right), eµ (bottom left), and all channels combined (bottom right). The
figures show contributions from tt̄ (yellow), WW (red), WZ (dark blue), ZZ (green), W+jets
(gray), DY→ ττ (black), DY→ ee (magenta), and DY→ µµ (cyan).

• As anticipated, the ee and µµ channels suffer from backgrounds of order 20% coming
from DY+jets.

• In all channels, but particularly in the eµ channel, events with two or more jets are
dominated by contribution from tt̄.

• The expected event yields are such that the statistical uncertainty on a cross section
measurement in 10 pb−1 will be of order 10%.

• The W+jets background is small. It consists mostly of events with a muon or an
electron from the W boson decay and a fake electron. The rate for these events can be
reduced by improvements in the event selection. For example, the current electron
isolation criteria require isolation in the tracker but not in the calorimeter; algorithms
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Figure 3: Jet multiplicity for jets with pT > 30 GeV, normalized to 10 pb−1.



The dileptonic final state is a rare signature where both W bosons, produced by the decay of the top pair,
decay leptonically (electron or muon), and can be triggered with very high efficiency. Although the cross-section for
dileptonic channels is small, this is possibly the first place where the evidence of top events can be seen. The lepton
fake contribution from QCD jets will be small thanks to the requirement the presence of two leptons in the final
state. Therefore the main background comes from Drell-Yan (DY) production and diboson processes. In events with
an electron and a muon in the final state, even DY events will not contribute to the background. Figure 3 shows the
jet multiplicity in dilepton final states assuming 10 pb−1 of data, as obtained in a CMS analysis [7]. A pT threshold
of 16 GeV and 17 GeV was used to trigger single electrons and muons respectively. The offline lepton selection
required two opposite charge leptons with isolation criteria based on the calorimeter and the tracking. Further event
selection simply removed events with low missing ET events and Z events were removed by applying a window cut
on the dilepton mass. The tt̄ signal can be seen clearly in the figure. The signal purity in eµ events is outstanding.
It was estimated that, by counting the number of events with two or more jets, the cross-section can be measured
with a 13% statistical uncertainty and a systematic uncertainty of the same order using 10 pb−1 of data.

2.2. Semileptonic channel

Measurements in the semileptonic (or “lepton plus jets”) channels benefit from large cross-section (30% of the tt̄
events decay into e/µ+jets) and in this channel the top quark can be fully reconstructed from its hadronic decay
products. Combinatorial ambiguity can be large as shown in Figure 4 (left), though a clear top mass peak is visible.
B-tagging can reduce this combinatorial background significantly but is not used in the early-data analysis by ATLAS
[1]. Instead, top quarks are reconstructed by taking the highest pT trijet combination assuming that the jets from the
top decay tend to be collimated in a similar direction. To increase purity, it is required that there is at least one dijet
combination with invariant mass close to the mass of the W boson. With the requirement of Emiss

T >20 GeV and an
isolated electron or muon with pT>25 GeV, the selection efficiency is 18.2% and 23.6% respectively. This is halved
by requirement of W mass. The background can be estimated by fitting a Chebyshev polynomial function while
obtaining the signal yield using a Gaussian. Precision of ∆σ/σ = 7 (stat.) ± 15 (syst.) ± 3 (PDF ) ± 5% (lumi)
was estimated at 100 pb−1. Although this data-driven method is robust against theoretical uncertainties, it is
sensitive to the stability of the fit. An alternative counting method that uses Monte Carlo W + jets sample is
suggested. This method is sensitive to uncertainty on the rate of additional jets, but a competitive precision of
∆σ/σ = 3 (stat.) ± 16 (syst.) ± 3 (PDF ) ± 5% (lumi) has been obtained, and it can serve as a cross check. An
improvement to this analysis is to use a data-driven method to estimate the W + jets background, which is currently
under study.

candidate with the default selection and with the backgrounds added together, is shown in the left plot
of Figure 3. The events where the correct top-quark pair was chosen are clearly visible as the mass peak
(open histogram) on top of a smooth background distribution. This background is composed of events
from non-top processes (light shaded histogram), but is dominated by the (combinatorial) background
from semi-leptonic tt̄ events (dark shaded histogram). The combinatorial background was determined
using the matching of the top candidate with the generated top-quark in a cone of size ∆R < 0.2.

On the right side of Figure 3 we present the reconstructed three-jet mass after the W mass constraint.
The backgrounds are also shown.

Table 3 and 4 show the number of signal and background events in a 100 pb−1 data sample. To give
an indication of the signal purity in the top mass peak region, in the third column of Tables 3 and 4 we
give the number of events in an hadronic top mass region: 141 < mt < 189 GeV. Although not all signal
events are correctly reconstructed, in both the electron and muon analyses the purity of the signal in the
top mass window is close to 80%.
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Figure 3: Left plot: Expected distribution of the three-jet invariant mass after the standard selection.
Right plot: The same after the W -boson mass constraint in a 100 pb−1event sample. Both plots are for
the muon analysis.

2.1.4 Selection variations: II

We explored additional ways to kinematically select top events other than the W mass constraint, or to
improve the signal purity after having applied the W mass cut itself. In the commissioning phase, it can
happen that the barrel calorimetry will be better calibrated than the forward one. Therefore, it can be
useful to apply the additional request that the three highest pT jets are all at |η | < 1. The reconstructed
top mass in this case is shown in Figure 4.

The centrality requirement applied after the default selection allows to reach the same signal-over-
background that one obtains after applying the W constraint. Tables 3 and 4 show the signal-over-
background and signal efficiencies for the electron and muon analyses if the centrality requirement is
applied or not in addition to the W constraint (fifth column).

We exploited other variables as well, like the cosθ ∗, which is the angle that one jet forms with the
direction of the incoming proton in the centre of mass of the event (it is expected that the top decay
products are emitted more centrally than the W+jets and jets from QCD) and the total invariant mass of
the event. In the following no cuts on these variables are used in the analysis.
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one isolated electron or muon, with a pT of more than 20 GeV. We veto events with a second identified94

lepton with a pT of more than 10 GeV, so that we have no overlap with the di-lepton search mode.95

We demand at least 4 jets with jη j < 2.5 and pT > 50 GeV, of which at least one jet must have96

pT > 100 GeV. The transverse sphericity ST should be larger than 0.2, and the missing transverse energy97

/ET should be larger than 100 GeV and larger than 0.2 Meff, where Meff is the effective mass. The98

reconstructed transverse massMT from lepton and /ET should be larger than 100 GeV.99

2.2 Backgrounds in Monte Carlo100

After the selection cuts have been applied, clear excesses will be observed in the high /ET and high101

effective mass regions, as shown in Figure 1, in many SUSY models. tt̄ is the dominant background102

process (90%) for the one-lepton mode, andW ± + jets (10%) is the subdominant process. The neutrino103

emitted from the W ± decays causes the /ET in the both processes. Smaller contributions come from104

Z+jets, diboson and single top events and from QCD processes. It is interesting to note that the major t t̄105

background is not formed by the semileptonic (t t̄ ! bb̄  νqq̄ ) top pair events, but, due to theMT and /ET106

cuts, rather the double leptonic (t t̄ ! bb̄  ν  ν) top decay where one lepton is not identified.107
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Figure 1: The /ET and effective mass distributions of the SUSY signal and background processes for
one lepton mode with an integrated luminosity of 1 fb−1. The black circles show the SUSY signal for
the SU3 sample. The hatched histogram show the sum of all SM backgrounds; also shown in different
colours are the various components of the background.

2.3 Data-driven estimation strategies108

We discuss a variety of different methods to estimate the background from data. These methods differ109

in their approach and therefore are influenced by different systematic uncertainties, and they focus on110

different aspects of the background:111

1. estimation of W and tt̄ background from a control sample derived by reversing one of the selection112

cuts (on MT ) (section 2.3.1);113

2. estimation of the semileptonic t t̄ background by explicit kinematic reconstruction and selection on114

top mass (“top box”) (section 2.3.2);115

3. estimation of the double leptonic t t̄ background, where one lepton is missed, by explicit kinematic116

reconstruction of a control sample of the same process with both leptons identified (section 2.3.3);117
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Figure 4: Left: mass of the highest pT trijet combination before applying W mass window cut. Right: Emiss
T spectrum

compared with a SUSY signal and other potential background to SUSY.



3. Top as background to new physics

The measurement of the tt̄ cross-section is important since the NLO theoretical cross-section is highly sensitive to
the QCD scale variation, estimated to be ∼12% [8]. There are ongoing efforts to complete full NNLO calculation in a
near future, presumably reducing the uncertainty by a half. While LHC experiments are challenged to test the theory
at this precision, the measurement is an important input to new physics searches, many of which seek for a final state
topology much similar to top events. This includes among the others some Higgs searches (e.g. H → ττ,WH, tt̄H),
supersymmetry searches and the twin Higgs model (e.g. WH → tb) among others.

Many supersymmetry searches look for a large Emiss
T accompanied by lepton(s) and jets. Signal events typically

have much more missing energy than tt̄ though the estimation of the background coming from the tail of the
distribution is crucial to identify the signal with confidence [1]. This is illustrated in Figure 4 (right). The Emiss

T

tail cannot be estimated reliably from detector simulation, and a number of data-driven methods are being tested.
Such method requires a well-understood control region rich in background but sparse in signal. For this reason, one
proposed method relies on well reconstructed top events to estimate the contamination in the signal region [1].

Obtaining a suitable control region can be problematic depending on the signal model sought after. Signatures of
some SUSY parameter space can overlap largely with tt̄ such as SU4. In this scenario, the event yield from SUSY
in the above-mentioned semileptonic tt̄ analysis can be as large as one fifth of tt̄. It is therefore crucial to measure
tt̄ cross-section by a variety of methods to ensure that consistency is observed in a largest possible phase space.

4. Top as a candle in the dark

Once the first observation of the top quark is established with first few fb−1 of data, and the consistency with the
Standard Model is confirmed, tt̄ events can serve as a standard reference point. New methods have been developed
that are useful to deal with detector performance issues that are otherwise difficult to understand.

4.1. Efficiency of b-tagging

Since a good number of tt̄ events can be obtained with a reasonable purity without using b-tagging, such a sample
can be used to measure the b-tagging performance. One conventional method uses dijet events in which one of the
jets is tagged using soft lepton tag. However the b-tagging performance might vary in events with higher pT jets
and larger jet multiplicity. To extract the b-tagging efficiency in such environment tt̄ events can be used, even if the
production rate is much smaller than dijet events.

One simple method is to count the number of events with different b-tagged jet multiplicity [1]. To obtain the
efficiency, the multiplicity distribution estimated from Monte Carlo simulation including expected background events
is fitted to the observed distribution. This method relies on detector simulation and only the integrated efficiency
can be measured. Precision of ∼5% is expected with 100 pb−1 of data.

Another method tries to identify a pure sample of b-jets by exploiting the tt̄ event topology such as the reconstructed
top mass. However, due to the existence of combinatorial and other physics backgrounds, one can only extract
b-tagging performance on a statistical basis subtracting the background distribution from the histogram. Once
background is properly subtracted, it is then possible to obtain the shape of b-tagging discriminant variable. With it,
b-tagging efficiency can be measured as a function of the selection criteria as shown in Figure 5 (left). This method is
statistically less robust compared to the first method, though with enough data, it can be extended to include other
variables such as pT and η.

4.2. Jet energy scale

The jet energy calibration is crucial for almost all analyses at the LHC including the top mass measurement.
However, the precise measurement of jet energy scale (JES) and jet energy resolution is known to be a non-trivial
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Figure 17: Kinematic selection: (Left): The b-tag weight distribution for the uncorrected sample (un-

filled histogram), for the estimated background sample (filled histogram) and the corrected distribution

calculated from the difference. (data points). Right: Theb-tag weight distribution for the corrected sam-

ple (data points) compared with the distribution for trueb-jets (histogram). Both plots are normalised to

100 pb−1, but use 967 pb−1 of simulated data.

5.3.3 Results for b-tagging efficiency measurement

The results of applying this selection to simulated data including background and scaling the event count

to 100 pb−1 are shown in Table 6. The purity in the 20-40 GeV jet ET bin is rather low, and the back-
ground from the significant contribution of single top is not well-estimated. As for the topological

analysis, this bin is not used for calculating the b-tagging efficiency. The combined b-tagging weight

distribution for the other bins (ET > 40GeV) is shown in Fig. 17. The b-tagging efficiency correspond-

ing to any given cut can be calculated by integration, and thecorresponding statistical errors for various

tag working points can be seen in Table 7.

5.4 Comparison of selection methods

The performance of the different b-jet selection methods are compared in Table 6, which shows the

number of jets selected as a function of jetET , the effective number of jets after background subtraction

procedures have been performed, the corresponding purity of the original sample, and the b-jet fraction

of the final background-subtracted sample, which should be compatible with one.

The different selections have roughly similar overall performance, with the topological selection

giving relatively more jets at highET , and the kinematic selection more at lowET . All selections allow a

pure (after background subtraction) sample of several hundred b-jets to be selected in 100 pb−1 of data,
although the selections of lowET b-jets (20–40 GeV) suffer from large backgrounds.

5.5 Comparison of efficiency measurements

The performance of the differentb-tagging efficiency measurements is compared in Table 7, which shows

the statistical and significant systematic errors for a true tagging efficiency of 0.6 for all methods. The
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Figure 5: Left: The b-tagging discriminant variable distribution estimated using enriched b-jet sample from tt̄ events at 100

pb−1 (points) and the true distribution (line). Right: reconstructed top and W mass as a result of ensemble testing at 1 fb−1

before and after the in-situ calibration.

task. In tt̄ events, one can use the non-b-tagged jets from the top decay since they are known to originate from
the light quarks from the W decay. The current method uses a number of template models with varying scale and
resolution [1] as well as a kinematic fit on the tt̄ event topology to purify the candidate jets [9]. The jet energy scale
can be obtained by fitting the templates to the data. This calibration can be performed in-situ in semileptonic tt̄
events and can improve the stability of top mass measurement significantly as shown in Figure 5 (right).

There is a remaining issue with the jet energy scale when the jet originates from a b quark. In this case an
additional correction is necessary to take into account a larger fraction of energy loss outside the jet cone than in the
case of light jets. A method has been explored that extracts b-jet energy scale (BJES) independent of the top mass
[10] though it has not been proven to be viable. The current best method is to fix the top mass to the known best
value but this is clearly unfavorable.

5. Top property measurement

With increasing amount of data accumulated at the LHC after the early data-taking phase, precision measurements
of the top quark properties are expected to provide new insights into the electroweak symmetry breaking mechanism.
For its heavy mass, the top quark properties may be the first indication of the existence of new physics.

5.1. Top mass measurement

One of the most important variable to be measured is the top mass. The precision achieved at the Tevatron is
already nearing an impressive 1 GeV [11]. The LHC experiments will be much less limited in terms of statistics,
though the same types of systematic uncertainties will exist, being typical for hadron colliders. A number of mass
measurement methods have been studied, some are already used at the Tevatron and some are new. The most
prominent “Golden” channel is the semileptonic decay mode where the top quark can be clearly reconstructed.
Combinatorial and physics background (mainly W + jets) can be reduced with b-tagging and tight cuts on the jet
pT . Instrumental background contamination is reduced by requiring large Emiss

T and an isolated high-pT lepton. A
kinematic fit can fully exploit the over constraints that exist in semileptonic tt̄ decays, though a simpler method has
shown to be as competitive and robust. In this method, the top candidate is reconstructed by combining the three jets
nearest to each other in angle and purified using the W mass constraint. Requiring the invariant mass of the hadronic
W and the leptonic b-jet to be greater than 200 GeV and one of the lepton and the leptonic b-jet to be smaller than
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Figure 13: The hadronic top quark mass reconstructed with the χ2 minimization method, fit with a
sum of a Gaussian and a third order polynomial, scaled to 1 fb 1. Left, after C0: mtop 175 0 0 2

GeV, with a width equal to 11.6 0.2 GeV. Right, after C2 and C3: mtop 174 8 0 3 GeV with a

width equal to 11 7 0 4 GeV.
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Figure 14: The hadronic top quark mass reconstructed with the geometric method, fit with a sum of a

Gaussian and a threshold function (left) and with a pure Gaussian (right), scaled to 1 fb 1. Left, after

C1, C2, and C3: mtop 174 6 0 5 GeV, with a width equal to 11.1 0.5 GeV; right, after C2, C3,

C4, and C5: mtop 175 0 0 4 GeV, with a width equal to 14.3 0.3 GeV.

the Gaussian mean fits to 175 0 0 4 GeV with a width of 14 3 0 3 GeV. The width is larger than

with the χ2 minimization method since no attempt is made to perform an event-by-event rescaling

of the light jets. Nevertheless, the contribution of the light jets to the top quark mass resolution can

be removed to first order by computing the top quark mass asmtop Mjjb Mjj M
peak
W . The results

of this geometric method with rescaling are shown in Fig. 15. The width decreases to 106 GeV,

consistent with the results from the χ2 minimization method.
Table 5 summarizes the fit results from all the methods discussed here.
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from 20 to 120 GeV/c2. The error on the maximum of the fitted polynomial is determined
by propagating the errors on the fitted coefficients and taking into account their correlation.
As a cross check, an alternative way of fitting the signal with a gaussian was tried. In this
case the background is first subtracted on a bin-by-bin basis making use of an average back-
ground distribution determined by using all the simulated samples. The results obtained are
comparable.

The fitted maxima are expected to be correlated to the input value of the top mass. This
correlation is proven and fitted by a line (Figure 8.10). The two results at fast and full sim-
ulation are in impressive agreement. The correlation curves can be used to estimate the
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Figure 8.10: Left: correlation between the reconstructed three-lepton invariant mass and the
input top mass at full simulation. Right: expected statistical error on the top quark mass as
a function of the integrated luminosity.

expected statistical error on the top mass as a function of the available amount of data. This
is done by using the number of events expected according to Table 8.13, and the result is
presented in Figure 8.10. From the figure it can be concluded that the measurement of the
top quark mass with this analysis can become, on the statistical footing, competitive already
with other analyses’ total error after the first years of data taking. Moreover the measure-
ment is expected to be dominated by systematic errors in the long range, as explained in the
next section.

8.2.4.4 Systematic errors

The sources of systematic errors can be divided into two main categories: theoretical and
experimental. The former include the description of the hard process and the modelling of
radiation, fragmentation and the underlying event in the simulation, whereas the latter in-
cludes all experimental sources coming from an imperfect detector description. The sources
analysed in what follows are considered as uncorrelated and the corresponding resulting
errors on the top mass are summed in quadrature to form the total systematic error. To eval-
uate the effect of various sources the guidelines described in [200] and in Appendix B are
followed.

CMS

Figure 6: Left: Reconstructed hadronic top mass distribution in the semileptonic decay mode. Right: the correlation between

the tri-lepton invariant mass and the top mass in J/ψ + lepton mode.

160 GeV, a purity of the sample of 78% can be reached within 3 sigma from the reconstructed top mass. The mass
distribution after the final selection is shown in Figure 6 (left). The corresponding efficiency is 0.82%. The mass
extracted from a Gaussian fit is 174.6 ± 0.5 (stat.) ± 0.2 (per 1% JES) ± 0.7 (per 1% BJES) ± 0.4 (ISR/FSR)
for the input top mass of 175 GeV. The in-situ jet energy calibration mentioned in the previous section yields 1%
precision with 1 fb−1 of data but the uncertainty on the b-jet energy scale may be much larger.

The mass measurement based on jet energy is sensitive to potentially large energy scale uncertainties as discussed
above. A method that relies entirely on the lepton information is suggested by CMS [3]. The method requires
semileptonic events where the b quark from the top decay subsequently decays into J/ψ after forming a B meson.
The branching ratio for this decay is of the order of 5.5 × 10−4 and it requires a very large amount of data. The
extraction of the mass relies on Monte Carlo simulation from which the correlation between the peak of the invariant
mass of the three leptons and the mass of the top quark is extracted as shown in Figure 6 (right). The statistical
uncertainty with 20 fb−1 is ∼1 GeV and the systematic uncertainty is dominated by the uncertainty of the MC
generator parameters, estimated to be 1.5 GeV, using TopRex[12] and Pythia[13] generators.

5.2. tt̄ spin correlation

One interesting property of tt̄ production is the spin correlation between t and t̄. The double differential cross-
section reveals the correlation as follows:

1
N

d2N

d cos θld cos θq
=

1
4

(1−Aκlκq) cos θl cos θq (1)

and it is observable using the decay products (lepton, l, for leptonic top, light jet, q, for hadronic top) as spin
analyzers (with analyzing power κ) of either top in their helicity basis. Standard Model predicts a correlation A
of 0.32. A good understanding of the bias in measured angles is necessary to interpret the observation and the
current method relying on detector simulation estimated precision of 17% with 10 fb−1. Spin correlation becomes
particularly relevant if a tt̄ resonance state is discovered. Theoretical predictions can be distinguished based on this
information, which reflects the spin of the resonant particle.

6. Single top measurement

At the LHC the production process of a single top in the final state has a cross-section of about 1/3 of the tt̄
production. Like tt̄, the production rate of the single top processes will also be larger by a factor of 100 or so compared
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Figure 1.6: Average top mass measurement from Tevatron results [41] (left) and tt̄ cross section
by CDF experiment [42] (right).

Due to the large value of the top mass (∼ 175GeV) which is close to the electroweak sym-
metry breaking scale, the measurement of top quark polarisation is a sensitive probe to new
physics effects beyond the Standard Model. Indeed, alternative theories of electroweak symme-
try breaking suggest special role of the top quark [44] which alters its behaviour away from the
Standard Model prediction. At Tevatron, however, the cross section for single top is minute and
the 3 sigma evidence was claimed only after 10 years of accumulated data. At the LHC, both tt̄
and single top productions, are highly observable with millions of events produced every year.
Therefore, the study of single top is still at its infancy and the LHC data will provide a great
deal of new insight into the property of the top quark through this channel.

1.3.2 Production and decay of the Top Quark

I. INTRODUCTION

The discovery of single-top-quark production will be the flagship measurement of run II

at the Fermilab Tevatron. Preliminary run II results [1] are already surpassing the limits

set by the CDF [2] and D0 [3] Collaborations using data from run I. Over the next few

years, the single-top-quark cross sections will be accurately measured at both the Fermilab

Tevatron [4] and the CERN Large Hadron Collider (LHC) [5]. In order to compare the

coming measurements of single-top-quark production to theory, a detailed understanding of

the predictions for jet distributions, and the associated uncertainties is required.

The measurement of single-top-quark production will provide an excellent opportunity to

study the charged-current weak-interaction of the top quark. Within the standard model,

a measurement of the cross section allows direct extraction of the Cabibbo-Kobayashi-

Maskawa (CKM) matrix element |Vtb|2. In Fig. 1 we see that Vtb appears in the leading-order

(LO) Feynman diagrams for t-channel production [6, 7, 8, 9, 10, 11, 12, 13], s-channel pro-

duction [13, 14, 15, 16, 17, 18], and Wt-associated production [10, 19, 20, 21, 22]. This

paper focuses on s-channel and t-channel production, which have sizable cross sections, and

may be distinguished experimentally by the number of b tags in the final state [23]. Since

the Wt-associated production cross section is small at the Tevatron, and no differential

next-to-leading-order calculation exists, Wt production is not addressed here.
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FIG. 1: Representative leading-order Feynman diagrams for (a) t-channel, (b) s-channel, and (c)

Wt-associated production of a single top quark. The CKM matrix element Vtb appears directly in

the production diagrams.

Models that extend the standard model often predict large corrections to s-channel or

t-channel production, but not to both [24]. Anything that produces an anomalous coupling

[24, 25, 26, 27, 28, 29, 30, 31, 32], or flavor changing neutral current [24, 33], between the top

quark and any other quark opens new production modes in the t-channel, but only slightly

reduces the fraction of b jets in s-channel production. Conversely, any process that allows

2

Figure 1.7: Feynman diagrams of the leading order single top productions. From left, t-channel,
s-channel and Wt. [45]

Unlike tt̄ , whose production is purely through strong interaction, the single top is produced
through the weak interaction. Figure 1.7 shows the leading order production modes of single
top. There are three types of single top production as shown in the figure: t-channel (also called
“W-gluon fusion”), s-channel and W-top associated production (or just “Wt”). The t-channel
production is by far the dominant production followed by Wt and s-channel. The relative size
of cross section among the three channels is different in Tevatron since the LHC collides protons

Figure 7: Feynman diagrams of the leading order single top processes. From left: t-channel, s-channel and tW associated

production.

to the Tevatron. The dominant t-channel process has a cross-section of 244.6 pb, the second largest tW -channel of
62.1 pb and the s-channel of 10.65 pb. Figure 7 shows the Feynman diagrams of each process.

The single top production provides vital information about the top quark, which complements our knowledge
gained from the tt̄ process. It is initiated via the weak interaction between quarks, unlike tt̄, which is a manifestation
of strong interaction. This implies that the study of the single top processes will enable us to test the Standard
Model from a different perspective leading to a universal understanding of the particle.

6.1. t-channel single top
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Figure 8: Left: Jet multiplicity distribution of selected t-channel sample. Right: top mass distribution after event selection

using Boosted Decision Trees. Both at 1 fb−1

The t-channel process has by far the largest cross-section and its production rate is roughly proportional to |Vtb|,
a quantity not directly measured elsewhere. The parity violating V+A coupling of the weak interaction can be
tested in this channel by measuring the polarization of the top quark using its decay products. Extracting the
signal in the t-channel single top (and in fact in all others) is challenging due to the large background contribution
coming from tt̄ and W + jets. This is illustrated in Figure 8 (left). It was shown in the Tevatron analyses that
multivariate background rejection techniques are highly effective to purify the single top sample and this has also
been demonstrated in ATLAS [1]. In addition to the cut based selection using isolated lepton, Emiss

T , b-tagging and
jet multiplicity cuts, additional 12 variables were combined using the Boosted Decision Tree method. As a result, a
clear signal can be seen even with 1 fb−1 of data as shown in Figure 8 (right). With 10 fb−1, a 10% precision on the
measured cross-section has been estimated including systematic uncertainties, which translates into a 5% uncertainty
on |Vtb| measurement.



Figure 9: Event display of tt̄ event where pT of the top is around 150 GeV (left) and 250 GeV (right).

6.2. Top-W associated production

Most current single top studies at the LHC rely heavily on Monte Carlo simulation. Further effort is clearly
necessary to reduce this aspect using a more data-driven method like the one found in a CMS analysis [3] shown
here. The associated top-W production has a final state extremely similar to tt̄. To estimate the contamination from
this background, a tt̄ enriched control region is defined by requiring an additional jet. The ratio of the number of
events in the signal and the control regions is calculated from MC for the signal and the tt̄ background separately. It
is then possible to extract the number of signal events by solving equations relating the number of observed events
in each region in terms of these ratios as follows:

S =
Rtt̄(Ns −N0

s )− (Nc −N0
c )

Rtt̄ −RtW
(2)

B =
(Nc −N0

c )−RtW (Ns −N0
s )

Rtt̄ −RtW
+N0

s (3)

Where R are the ratios as mentioned above, Ns (Nc) is the number of observed events in the signal (control) region
and N0

s (N0
c ) is non-tt̄ background in those regions. Non-tt̄ background is still estimated entirely from MC. With

10 fb−1 of data, the estimated uncertainties on the measured cross-section of the semileptonic decay mode are
∆σ/σ = ±7.5% (stat.) ± 16.8% (syst.) ± 15.2% (MC stat.).

7. Top as signature to new physics - tt̄ resonance and boosted top

As well as being background to new physics, the top quarks can themselves be a signal of new physics. Alternative
(non-Higgs) models of electroweak symmetry breaking tend to involve resonances that couple strongly to the top
quark, and therefore top is often called “the best probe for EWSB” in this respect. For example interactions predicted
by theories such as [14–16]:

pp → X → t t̄ (Extra dimensions with resonance X) (4)

pp → b′b̄′ →W−tW+t̄ (Extra generation b′) (5)

pp → g̃ g̃ → g̃t g̃t̄ (Top color with new gauge boson g̃) (6)

can produce top quarks in the final state.



At the simplest level, the measurement of the di-top system may reveal a resonance structure by fully reconstructing
the tt̄ event. However, improvements on resolution will take more efforts. A kinematic fit can improve sensitivity in
lower mass regions. On the other hand, if the resonance is located at a very high mass, the resulting top quarks will
be highly boosted. Under such conditions, the top decay products start to collimate to form a single “top-jet” in an
extreme case.

Figure 9 illustrates how this occurs. While lower pT top quarks spread its decay products widely in the detector
making it difficult to select the correct combination of the objects, when they have a larger boost, the decay products
can be more easily assigned to each top quark. With an even higher boost with pT of the top above 300 GeV,
however, it starts to become impossible to separate all decay products. It then becomes necessary to look into the
substructure of these merged jet objects to distinguish them from high pT jets originating from non-resonant QCD
processes. New methods are under development to achieve this discrimination to improve the efficiency of the signal
in the very high energy regime. For example, “Y-scale”, which is used in KT jet algorithms to determine whether to
merge two energy clusters, can be applied to the clusters within a jet to measure the energy scale at which the jet
would split [17, 18]. A jet containing two clusters originating from a heavy resonance would have high Y-scale while
non-resonant QCD jets have much lower splitting scale. Other signatures such as displaced vertex b-tagging are also
under investigation.

8. Summary

A brief overview was given to summarize the prospect for top quark physics at the LHC. The soon-to-arrive collision
data will provide unmissable opportunity to the field and may lead to significant new discoveries. Both ATLAS and
CMS have plans for studying the full extent of the top quark production mechanism and the top quark properties.
Simulation studies have concluded that the top quark can be observed in an early stage of the experiments and the
proposed new analyses methods are feasible at the LHC. It is hoped and is likely that new insights will be gained
from top quarks throughout the entire lifespan of the experiments.
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